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1. Summary

1.1 Abstract

Larval zebrafish offer unique advantages for systems neuroscience, including optical
transparency, genetic accessibility, and conserved vertebrate brain organization.
However, essential behavioral tools and methods remain underdeveloped, while
sophisticated imaging techniques such as two-photon calcium imaging drives research
forward. This study aims to provide advanced but easy to implement methodological
solutions for behavioral research addressing two critical methodological gaps: the lack
of humane, standardized euthanasia protocols, and the limited ability to measure eye
movements in all degrees of freedom during visuomotor behavior.

First, an open-source and modular platform for electrical stunning of zebrafish larvae
was developed. Using controlled alternating current (AC) electrical fields, immediate
loss of behavioral responsiveness and complete suppression of stimulus-evoked
neuronal activity were achieved, as confirmed by two-photon calcium imaging in the
optic tectum. Unlike mostly used methods such as MS-222 overdose, electrical
stunning avoids aversive reactions or inconsistent efficacy, offering a rapid,
reproducible, and ethically refined euthanasia protocol.

Second, both single- and dual-camera eye-tracking systems were established to
simultaneously record vertical and horizontal eye movements in agarose-embedded
larvae during both visual and vestibular stimulation. This enabled characterization of
the vertical optokinetic response (VOKR) and the vertical vestibulo-ocular reflex
(VWOR) - previously unexplored in larval zebrafish. vVOKR exhibited distinct dynamic
properties compared to its horizontal counterpart, including delayed plateauing of eye
positions, no resetting saccades and frequency-dependent phase shifts. Moreover,
during VOKR, spontaneous saccades occurred in both vertical and horizontal planes,
suggesting a more complex oculomotor repertoire than previously recognized.

These methodological advances aim to expand the zebrafish neuroscience toolkit,
enabling more comprehensive analysis of sensorimotor processing and behavior as
well es refinement with regard to animal welfare. The tools are designed for
compatibility with high-resolution imaging and scalable behavioral experiments and are

accessible to laboratories without specialized engineering infrastructure.
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1.2 Zusammenfassung

Larvale Zebrafische sind aufgrund ihrer optischen Transparenz, genetischen
Zuganglichkeit und der konservierten Organisation des Wirbeltiergehirns ein zentrales
Modellsystem der systemischen Neurowissenschaften. Wahrend hochauflésende
bildgebende Verfahren wie 2-Photonen-Calcium-Imaging neuronale Aktivitat im
gesamten Gehirn zuganglich machen, bleibt die quantitative Analyse des Verhaltens
methodisch limitiert. In dieser Arbeit werden experimentelle Ansatze vorgestellt, die
zwei zentrale methodische Herausforderungen adressieren: das Fehlen
standardisierter und tierschonender Euthanasieverfahren far frGhe
Entwicklungsstadien sowie die eingeschrankte Erfassung mehrdimensionaler
Augenbewegungen in visuomotorischen Experimenten.

Hierfir wurde eine offene und modulare Plattform zur elektrischen Durchstromung
larvaler Zebrafische entwickelt. Das kontrollierte Anlegen von Wechselstromfeldern
fuhrte zu einem unmittelbaren Verlust der Verhaltensaktivitat sowie zu einer
vollstandigen Unterdrickung stimulusinduzierter neuronaler Aktivitat. Im Gegensatz
zur Uberdosierung des gebrauchlichen Anasthetikums MS-222 traten dabei keine
aversiven Verhaltensreaktionen auf. Elektrische Durchstromung stellt somit ein
schnelles, reproduzierbares und nicht-aversives Verfahren zur Euthanasie dar.
Zusatzlich wurden ein- und zweikamerabasierte Eye-Tracking-Setups entwickelt, die
eine simultane Messung horizontaler und vertikaler Augenbewegungen bei in Agarose
immobilisierten Larven wahrend visueller und vestibularer Stimulation ermdglichen.
Diese Ansatze erlaubten erstmals eine systematische Charakterisierung der vertikalen
optokinetischen Antwort (VOKR) sowie des vertikalen vestibulo-okularen Reflexes
(VWOR) im larvalen Zebrafisch. Dabei zeigte die vVOKR deutliche Unterschiede zur
horizontalen OKR, darunter ein verzdgertes Erreichen einer stationaren
Augenposition, das Fehlen ausgepragter Ruckstellbewegungen  sowie
frequenzabhangige Phasenverschiebungen. Darlber hinaus wurden spontane
Sakkaden sowohl in der vertikalen als auch in der horizontalen Ebene beobachtet, was
auf ein bislang unterschatztes okulomotorisches Repertoire hinweist.

Die vorgestellten Methoden liefern neue experimentelle Werkzeuge zur prazisen und
umfassenden Verhaltensanalyse larvaler Zebrafische und ermoglichen gleichzeitig
Verbesserungen im Hinblick auf das Tierwohl in der wissenschaftlichen Forschung.
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Die experimentellen Aufbauten sind so konzipiert, dass sie mit hochauflésender
Bildgebung und skalierbaren Verhaltensexperimenten kompatibel sind, und stehen

auch Laboren ohne spezielle technische Infrastruktur zur Verfugung.
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3. Introduction

3.1 The Model Organism Zebrafish (Danio Rerio)

Model organisms are fundamental tools in biological and biomedical research, allowing
scientists to explore complex physiological processes, developmental pathways, and
disease mechanisms in experimentally accessible systems. The zebrafish, a 4 to 6 cm
long tropical teleost native to the northern Indian subcontinent, has emerged as an
important vertebrate model organism in biology and biomedical research within the last
few decades (Bilotta and Saszik, 2001; Fetcho and Liu, 1998; Grunwald and Eisen,
2002; Rinkwitz et al., 2011; Tavares and Lopes, 2013). Especially at the larval stage,
the zebrafish offers a unique combination of vertebrate complexity and optical
transparency. With a brain consisting of only ~100,000 neurons, its optical
transparency allows for almost whole-brain imaging of neuronal activity at single-cell
resolution, using approaches like two-photon calcium imaging and light sheet
microscopy (Ahrens et al., 2013; Feierstein et al., 2015; Renninger and Orger, 2013).
Zebrafish larvae develop externally in optically transparent eggs and rapidly, with the
major organs forming within the first 24-48 hours (Kimmel et al., 1995). At young age
(4 — 6 days post-fertilization), they already display a diverse behavioral repertoire
(Budick and O’Malley, 2000; Marques et al., 2018). These behaviors - such as the
optokinetic response, optomotor response, and vestibulo-ocular reflex - are amenable
to quantitative analysis and offer entry points for dissecting sensorimotor processing
(Beck et al., 2004; Dehmelt et al., 2021; Huang, 2008; Kist and Portugues, 2019; Lim
et al., 2024; Rinner et al., 2005). Another advantage is their high fecundity. A single
breeding pair can produce hundreds of embryos per week, allowing for statistically
robust experimental designs.

Today, zebrafish are used in various research fields, serving as models for different
aspects of biology and disease. For example, in developmental biology, zebrafish are
used to study vertebrate embryogenesis (Haddon and Lewis, 1996; Kimmel et al.,
1995); in neurobiology, they are used for study and modeling brain function and
disorders (Naumann et al., 2016; Portugues et al., 2014); and in toxicology and
pharmacology, they are used for high-throughput drug screening and environmental
hazard assessments (Deeti et al., 2014; Lopez-Luna et al., 2017). Additionally,
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zebrafish models are increasingly applied in cancer biology, cardiovascular research,
and regenerative medicine (Chico et al., 2008; Feitsma and Cuppen, 2008; Mione and
Trede, 2010; Poon and Brand, 2013; Zhao et al., 2015), making them a valuable
system for translational biomedical studies (Stewart et al., 2014), also because about
70% of the zebrafish’ genes are orthologous to humans (Amores et al., 2011; Howe et
al., 2013).

While the zebrafish provides a powerful and versatile model system, it is important to
acknowledge that no single organism can fully address the vast range of biological
questions. A comprehensive understanding of complex biological systems
necessitates not only the selection of an appropriate model but also the application of
suitable experimental tools and technologies specifically tailored to the research

objectives.

3.2 A Young Field of Research — Need for Behavioral
Measuring and Manipulation Methods

Originally, zebrafish were established as a model organism in developmental biology
to study vertebrate embryogenesis (Kimmel et al., 1995), pattern formation, and organ
development (Driever et al., 1996; Haffter et al., 1996) during early life stages. Their
transparency and ex utero development enabled visual observation of various
developmental processes (He et al., 2014), while their small size and rapid
development facilitated high-throughput methods. Over the past 20 years, the role and
importance of the zebrafish as a model organism have expanded and shifted. As new
methods and techniques advanced the field of neurobiology - and population-level
recording techniques such as large-scale electrophysiology and optical imaging shifted
focus from single-neuron measurements to circuit- and brain-wide dynamics (Ahrens
et al., 2013) - the zebrafish's unique characteristics enabled it to enter this field as well.
However, this field is still relatively young, with many experimental tools and protocols
in early stages of development compared to those for other model organisms. For
example, stable, precise, and fast 3D eye-tracking has been available in monkeys
since the last century using search coils - tiny wire coils embedded in soft contact
lenses - that precisely measure the eye’s position as the monkey moves its head within
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a magnetic field (Bartl et al., 1996; Hess et al., 1992; Kenyon, 1985; Tweed et al.,
1990). Due to the tiny eyes of larval zebrafish and the fact that they move underwater,
search coils cannot be used to track eye movements, leaving video recording as the
only viable option for tracking body and eye motion. In zebrafish larvae behavioral
tracking of swimming and eye movements is frequently restricted to a single plane of
observation. In many experimental setups, larvae are embedded in agarose or placed
in shallow water, and movements are recorded from either above, front or the side
(Bianco et al., 2011; Dehmelt et al., 2018; Easter Jr. and Nicola, 1997; Huang, 2008;
Lin and Huang, 2023; Mdlller and van Leeuwen, 2004). This simplification might be
useful for addressing distinct research questions like understanding the OKR in only a
single plane, but for a more comprehensive understanding of behavior, methods that
take multiple dimensions into account are needed.

On the other hand, as a young field, zebrafish neuroscience is characterized by rapid
innovation and adaptation, especially with regard to different imaging methods.
Sophisticated tools such as light-sheet microscopy, whole-brain calcium imaging, and
optogenetics have been successfully applied to =zebrafish larvae, enabling
unprecedented access to brain-wide activity patterns at single-cell resolution (Ahrens
et al., 2013; dal Maschio et al., 2017; Feierstein et al., 2015; Renninger and Orger,
2013). These advanced methods represent a major strength of the model and have
accelerated our understanding of neural circuit function. However, they also tend to be
complex, resource-intensive, and technically demanding. Paradoxically, while imaging
technologies have evolved rapidly, some essential behavioral measurement
techniques - such as eye tracking - remain underdeveloped or overly simplistic. This
mismatch highlights a critical gap in the zebrafish neuroscience toolkit: the need for
comprehensive, scalable and standardized behavioral research tools that are also
simple, accessible, and compatible with existing experimental pipelines. Whereas in
more established fields, such as mouse research, standardized behavioral
apparatuses like the rotarod - a device for measuring motor coordination, balance, and
motor learning (Favre-Guilmard et al., 2009; Korhonen et al., 2008; Marino et al., 2009)
- or the Morris water maze - a circular water tank with a hidden platform used to study,
e.g. learning, memory, and spatial navigation (Anisman and Mcintyre, 2002; Arqué et
al., 2008; CHO et al., 2006; Ruiz-Medina et al., 2008) - are widely distributed and even
professionally manufactured (“Behavioral Research,” 2026), the zebrafish research

community lacks such standardized behavioral measurement and manipulation tools.
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Ideally, these tools should allow researchers to capture more complete behavioral
repertoires while maintaining alignment with real-time brain activity measurements, like
calcium imaging. Two examples of behavioral methods which are currently simplistic
or even missing are the method of (1) measuring combined horizontal and vertical eye
movements and (2) the method of electrical stunning to immobilize, anesthetize or
even euthanize larval zebrafish.

(1) As previously mentioned, eye movement measurements in zebrafish often focus
on only a single plane. This likely arises from the historical development of OKR
assays, where the OKR in larval zebrafish was mainly used as a readout for
investigating visual function (Brockerhoff et al., 1997; Neuhauss et al., 1999) and
tracking horizontal eye movements in larvae is relatively easy. However, the OKR has
now become more important for studying zebrafish ocular behavior itself (Matsuda and
Kubo, 2021). Consequently, simply tracking purely horizontal eye movements is no
longer sufficient. There are valid reasons for primarily studying horizontal eye
movements, such as the OKR, in zebrafish: in their natural habitat, they mostly move
in the horizontal plane, making horizontal compensation of retinal slip crucial for stable
image processing. Nevertheless, zebrafish are also capable of vertical and torsional
eye movements, as they possess the same six eye muscles as all other vertebrates
(Land, 2015). Some studies have already partially described either vertical or torsional
eye movements in zebrafish and goldfish, most often elicited by vestibular stimuli
(Bianco et al., 2012; Migault et al., 2024; Sugioka et al., 2023; Tadokoro et al., 2025;
Takabayashi et al., 2003). However, combined recordings of, for example, vertical and
horizontal movements during OKR stimuli have not been published so far.

(2) Electrical stunning is a method used to anesthetize or euthanize fish through the
controlled application of an electrical field. This approach might be more humane and
reliable for euthanasia compared to currently used methods such as overdoses of the
anesthetic MS-222 or hypothermia (Leyden et al.,, 2022; Readman et al., 2013;
Rombough, 2007; Strykowski and Schech, 2015; Wallace et al., 2018). Although
electrical stunning is already recognized as a legal euthanasia method by the EU
(Directive 2010/63/EU), it is not currently implemented because reliable parameters
are largely unknown, and adequate equipment is not readily available (Kohler et al.,
2017; Lidster et al., 2017).
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In this thesis, | address this specific gap by developing technical solutions for combined
eye tracking of vertical and horizontal movements using a dual-camera setup, as well
as 3D-printable setups for controlled application of electrical fields alongside two-
photon calcium imaging to study electrical stunning. This leads to an initial
characterization of the vertical vestibulo-ocular reflex (vWOR), the vertical optokinetic
reflex (vVOKR), and combined eye movements, along with the first assessment of

electrical stunning as a humane euthanasia method.

3.3 Electrical Stunning: Towards a Humane Euthanasia

Alternative

3.3.1 Pain and Nociception in Fish and the 3R

Why is it necessary to develop alternative anesthesia and euthanasia methods like
electrical stunning, which might be more humane than others? The answer is twofold
and linked to the ongoing discussion of whether and, if so, in what form fish perceive
and suffer pain, as well as to the ethical principle of the 3Rs .

First, it is important to distinguish between nociception, which refers to the sensing of
noxious stimuli with the potential to cause damage of various kinds (Tracey, 2017),
and pain, which is an unpleasant, subjective sensory and emotional experience that
can follow nociception and is always associated with actual or potential tissue damage
(Raja et al., 2020). Nociceptors have been found in different mammalian species,
vertebrates, and invertebrates, and their presence has also been confirmed in fishes
(Sloman et al., 2019; Sneddon, 2018; Sneddon et al., 2014). Notably, their properties
are very similar to those underlying pain in mammals (Ashley et al., 2007, 2006;
Sneddon, 2003), leading to the assumption that fish might also be capable of
experiencing pain. This has been further supported by studies showing changes in
brain activity during noxious stimuli (Dunlop and Laming, 2005; Nordgreen et al., 2007;
Reilly et al., 2008) and aversive changes in behavior and physiology during noxious
treatment (Dunlop et al., 2006; Maximino, 2011; White et al., 2017). In line with that,
anesthetics targeting mammalian nociceptors are also suitable for preventing aversive

behavior in fish (Lopez-Luna et al., 2017; Nordgreen et al., 2009). However, there are
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also good arguments for why, although capable of nociception, fish might not perceive
and suffer pain. One argument is their less developed neural system, most prominently
their lack of a neocortex (Rose, 2002). In humans, the neocortex is both necessary
and sufficient for the feeling of pain (Key, 2016). Also, because pain is thought to be a
subjective sensory and emotional experience and cannot be reduced to activity in
sensory pathways (Raja et al., 2020), this raises the question of the degree to which
fish are even conscious and aware of themselves (Chandroo et al., 2004; Key, 2015).
To this day, the scientific community has not ultimately agreed on whether, and if so in
what form, fish perceive or suffer pain, and there are commentaries for (Merker, 2016)
and against (Key, 2016) pain perception in fish.

So, if it is not clear whether fish are capable of perceiving and suffering pain, is there
a need for developing more humane euthanasia methods? One approach could be the
following: as long as we are unsure whether fish perceive and suffer pain, we should
always look for the least harmful method, accounting for the possibility that fish might
feel pain. This goes hand in hand with the ethical principle of the 3Rs, first introduced
by Russel and Burch (Russel, W. M. S. and Burch, R. L., 1959). Good scientific practice
alone already requires well-designed and planned animal experiments which is further
reinforced by an increasing awareness of the use of animals for scientific research in
society (Clemence and Leaman, 2016). In Germany, the legal basis for this is the EU
Directive 2010/63/EU, which is implemented in the German Animal Welfare Act
(Tierschutzgesetz) and the German Laboratory Animal Welfare Ordinance (Tierschutz-
Versuchstierverordnung). Within these laws, the 3Rs (Replace, Reduce and Refine)
are applied. "Replace" refers to the replacement of animal experiments by alternative
non-animal methods such as tissue cultures or computational approaches, or the
usage of less sentient species, whenever possible. "Reduce" means the overall
reduction of animal numbers to a necessary minimum by optimizing statistical analysis
and methodological procedures. Last but not least, "Refine" refers to the refinement of
existing methods and experimental procedures to keep potential stress and suffering
of animals as low as possible. This is also where the investigation of electrical stunning
as a “refined” euthanasia alternative comes into play, especially because the method
is already foreseen by the relative EU Directive (Directive 2010/63/EU) and the
currently used methods like the overdose of the anesthetic MS-222 (Tricain) are not

yet ideal from an animal welfare point of view.
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3.3.2 Electrical Fields and their Impact on Biological Tissue and Fish

Using electrical fields to manipulate biological tissue is a common method, for example
used to transfer substances through cell membrane via electroporation (Hendricks and
Jesuthasan, 2007; Kotnik et al., 2019). The overall method is generally the same: two
electrodes are placed parallel to each other, with the sample in between, generating a
homogeneous electrical field with specific characteristics to achieve the desired effect
on the sample. The overall voltage (U) and current (I) needed depend on the desired
voltage gradient (E), the distance between the electrodes (d), their surface area (a),

and the conductivity of the medium in between (Cm).

This also applies to using electrical fields to anesthetize or euthanize zebrafish larvae.
Two electrodes are placed around one or more fish to generate an electric field with a
power density (Pr) sufficient for anesthesia or euthanasia. This power density also
depends on the conductivity of the fish (Cf) and, according to Kolz (2006), reaches its

maximum when the ratio of Cm and Ct is one (Kolz, 2006).

Electric fields, when applied to biological tissue, can elicit a broad range of effects. For
example, perturbations in ion homeostasis across cellular plasma membranes which
sometimes can be rapidly rectified by ion pumps (Cho et al., 1999). However, electric
fields stronger than ~60 V/cm can induce structural changes in membranes and
proteins, including conformational changes, potentially resulting in the formation of
irreversible pores, as exploited in electroporation (Lee, 2005). In more severe cases,
irreversible damage to membranes or the initiation of intracellular pathways due to
alterations in ion gradients can lead to cellular death. Larger cells tend to be more
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vulnerable than smaller ones, primarily due to their larger trans-membrane gradient
(Gaylor et al., 1988). Also, different voltage types (direct current (DC), pulsed direct
current (PDC) and alternating current (AC)) and voltage gradients are known to have
different effects on fish. For example, injuries such as tissue disruption, vertebral
dislocations, and even fractures most likely arising from strong muscle contractions
caused by direct electrical stimulation of either muscles or the neuromuscular pathway
are directly linked to voltage gradient, type, and frequency (Lines et al., 2003;
Nordgreen et al., 2008; Robb et al., 2002). However, findings vary regarding how
different types of voltage affect mortality and injuries in fish. According to Reynolds,
using DC or reducing the frequency at PDC results in less injury to large food fish,
whereas AC is more likely to cause tetany, potentially resulting in injury and mortality
(Reynolds, J.B., 1996). Snyder also reported that spinal injuries have mostly been
associated with AC (Snyder, D. E., 2003), and numerous reports indicate that non-DC
waveforms, together with different frequencies, negatively affect injury and survival
rates (Dolan and Miranda, 2004; Lines et al., 2003; Robb et al., 2002; Sharber et al.,
1994; Snyder, D. E., 2003). However, this does not seem to be the case for embryos
and zebrafish larvae, which are found to be more vulnerable to DC (Bohl et al., 2009;
Dwyer and Erdahl, 1995; Henry and Grizzle, 2004; Nguyen et al., 2019).

3.3.3 Euthanasia Methods for Zebrafish within the EU

Within the European Union, the directive 2010/63/EU states the euthanasia methods
which are legal for fish (Directive 2010/63/EU, 2010). Those are percussive blow to the
head, anesthetic overdose, electrical stunning and due to the recently published
Commission Delegated Directive (EU) 2024/1262 also hypothermic shock
(Commission Delegated Directive (EU) 2024/1262 of 13 March 2024 amending
Directive 2010/63/EU, 2024). However, as mentioned before, there are uncertainties
regarding the application of these methods to zebrafish larvae (Figure 1).

Percussive blows to the head are impractical and unsafe for euthanizing zebrafish
larvae due to their small size (only 4mm) (Valentim et al., 2016). An overdose of the
anesthetic MS-222, which induces death in adult fish via asphyxiation and hypoxemia
by blocking gill ventilation (Soivio et al., 1977), also does not reliably work in larvae.
This is because zebrafish larvae primarily rely on cutaneous respiration during early

development (Rombough, 2002; Strykowski and Schech, 2015); gill function only
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becomes essential for meeting basic respiratory demands by 12-14 dpf (Rombough,
2007). Consequently, despite cardiac arrest occurring at high MS-222 concentrations
(900mgl/l), larvae can regain consciousness after being transferred to regular tank
water (Strykowski and Schech, 2015). Moreover, the use of MS-222 has been
associated with aversive reactions in zebrafish, as they can smell the anesthetic even
before the onset of the anesthetic effect (Collymore et al., 2016; Readman et al., 2013).
These reactions include behaviors such as piping, twitching, and erratic swimming, all
indicative of stress (Wilson et al., 2009). Wong et al. showed that zebrafish even prefer
to spend significantly more time in a dark environment than in a bright environment
containing MS-222, suggesting they would rather undergo discomfort than be exposed
to the anesthetic (Wong et al., 2014). Furthermore, the efficacy of MS-222 has proven
variable across individuals, making its use unreliable (Rombough, 2007).

Hypothermic shock is a recently added euthanasia method (sometimes also called
rapid chilling, rapid cooling or hypothermia). This method involves placing fish in cold
water (2-4 °C), with the resulting hypothermic shock thought to slow down cellular
activities, eventually leading to cardiac arrest and death (Strykowski and Schech,
2015). The previously feared formation of ice crystals is now considered disproven in
zebrafish. Therefore, rapid cooling is mostly considered a more humane euthanasia
method than anesthetic overdose, also because the duration of visible distress is much
shorter (Chen et al., 2014; Kohler et al., 2017; Wilson et al., 2009). However, zebrafish
larvae are highly tolerant of cold water and can survive extended exposure (Mocho et
al., 2022). Specifically in larvae, reliable euthanasia requires at least 12 hours of cold
exposure (Wallace et al., 2018), necessitating that animals be kept in a freezer
overnight to ensure death. Also, a recent study suggests that rapid cooling might have
negative effects on zebrafish larvae, as calcium surges in both the pretectum and

hindbrain could be observed during gradual cooling (Leyden et al., 2022).
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Figure 1: Euthanasia methods for different animals in the EU. Although Electrical Stunning is foreseen by the EU
directive 2010/63/EU for killing zebrafish, it is not used because of unknown parameters and unavailable equipment
(Commission Delegated Directive (EU) 2024/1262 of 13 March 2024 amending Directive 2010/63/EU, 2024).

Electrical stunning is currently not used as a euthanasia method in zebrafish. While
the relevant EU directive foresees its use, little is known about the effects of different
electrical fields on zebrafish larvae and their relation to death. Furthermore, adequate
equipment for applying electrical stunning protocols is not readily available (Kohler et
al., 2017). Although some protocols have been established for larger fish, primarily in
the context of slaughter (Lines et al., 2003), their applicability to laboratory zebrafish
remains poorly studied (Mocho et al., 2022). Critical parameters such as the needed
voltage gradient, exposure time, voltage type, water conductivity, and the resulting
power density remain unknown (Lidster et al., 2017). While different aspects of
electrical stunning have been investigated in various fish species, the electrical
parameters were often not systematically varied, and the stunning and euthanasia
effects, both behavioral and neurophysiological, were not systematically recorded
(Bohl et al., 2010; Mocho et al., 2022; Teulier et al., 2018). Teulier et al. exposed adult

zebrafish to electrical fields for 5 seconds at a voltage gradient of 3 V/cm and a
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conductivity of 400 uS/cm and found no effect on survival (Teulier et al., 2018). In
another study, Russell J. Bohl et al. applied a voltage gradient of 15 V/cm at a
conductivity of 60 uS/cm to zebrafish embryos, achieving a mortality rate close to 100%
for young developmental stages (Bohl et al., 2009). Gross et al. investigated the effect
of different DC voltage gradients on rainbow trout at different developmental stages,
also considering the influence of water conductivity. At a conductivity of 220 uS/cm
and a voltage gradient of 10 V/cm, a mortality rate of 100% was achieved in 7 dpf
larvae (Gross et al., 2015). Nguyen et al. showed that a voltage gradient of 20 V/cm
and a resulting power density of 860 yW/cm3 still resulted in a 100% survival rate for
4 dpf zebrafish larvae. However, they hypothesized that mortality rates would increase
at higher voltage gradients and power densities (Nguyen et al., 2019). Finally, Mocho
et al. demonstrated that pulsed direct current (PDC) with a voltage gradient of 25 V/cm
for a 1-minute exposure duration can reliably euthanize zebrafish larvae on a
behavioral level (Mocho et al., 2022), but also here parameters were not systematically
varied and no correlates of neuronal activity was taken into account to ensure stress-

free euthanasia.

3.4 Measuring Combined Vertical and Horizontal Eye

Movements

3.4.1 Zebrafish Larvae: Need for Vertical Eye Movement Measurements?

Understanding how neural circuits generate adaptive behavior requires precise and
quantitative descriptions of the behaviors themselves. In larval zebrafish, oculomotor
behavior has become a central readout for circuit analysis because eye movements
are tightly linked to visual and vestibular processing and can be measured easily with
good temporal precision (Brysch et al., 2019; Leyden et al., 2021). In the past, most
oculomotor studies in zebrafish have focused on horizontal eye movements,
particularly the horizontal optokinetic reflex, which stabilizes visual input during
locomotion and head motion (Beck et al., 2004; Dehmelt et al., 2021; Easter Jr. and
Nicola, 1997; Huang, 2008; Rinner et al., 2005). This reflex minimizes retinal image
slip and thereby maintains visual acuity, an essential requirement for prey capture,

predator avoidance, and navigation. Horizontal OKR paradigms have therefore
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become standard assays to probe visual motion processing and sensorimotor
transformations in larval zebrafish. However, zebrafish live and swim in a three-
dimensional aquatic environment. During natural behavior, larvae move along both
horizontal and vertical axes, encounter water currents, and perform pitch and roll body
rotations (Davis et al., 2025; Ehrlich and Schoppik, 2017a; Ravan et al., 2025; Sugioka
et al., 2023). These ecological conditions inevitably generate vertical retinal image
motion, which to some degree must be compensated by vertical eye movements to
stabilize gaze and maintain visual function. Furthermore, zebrafish possess all relevant
eye muscles to move their eyes horizontally, vertically, and torsionally (Kasprick et al.,
2011), and previous studies have shown direction-selective neurons in the zebrafish
optic tectum and pretectum that encode vertical motion (Wang et al., 2019; Zhang et
al., 2022). So vertical motion and the ability to encounter for that must be relevant for
zebrafish. Yet vertical oculomotor behavior in larval zebrafish has received almost no
attention compared with horizontal eye movements, although the need for
compensatory eye movements exists. Characterizing vertical oculomotor behavior is
therefore essential for several reasons. First, it enables a complete description of the
zebrafish oculomotor repertoire, which is necessary for linking neural activity to
behavior in circuit-level studies. Second, it provides insight into how zebrafish adapt to
ecological challenges such as vertical locomotion and hydrodynamic perturbations.
And third, it allows comparison with other vertebrates, where vertical gaze control has
been extensively studied, facilitating cross-species understanding of conserved
oculomotor mechanisms. Therefore, incorporating vertical eye movements into the
study of larval zebrafish oculomotor behavior is a necessary step toward a complete
and mechanistic understanding of how neural circuits support adaptive behavior in a

three-dimensional environment.

3.4.2 The Oculomotor System in Zebrafish

The larval zebrafish has become an increasingly important model organism in
oculomotor research (Orger, 2016; Portugues et al., 2014). Due to the rapid
development of their visual system, zebrafish larvae are able to perform several eye
movements and visual reflexes, such as the optokinetic response, as early as 4 dpf
(Easter and Nicola, 1996). Further visually driven behaviors, like phototaxis, looming

escape, hunting behavior, and the optomotor response (OMR), occur at 5 and 6 dpf
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(Bilotta and Saszik, 2001; Neuhauss, 2003). At this stage, all extraocular muscles are
present, and the neuronal projections to 10 different retinorecipient brain areas are
functional (Baier and Wullimann, 2021). Like all vertebrates, zebrafish larvae possess
3 pairs of eye muscles (Figure 2A) which enable them to move their eyes in three
orthogonal axes (horizontal, vertical, torsional, see Figure 2B): the medial rectus (MR),
responsible for moving the eye temporal-nasally; the lateral rectus (LR), responsible
for nasal-temporal movements; the superior rectus (SR), responsible for eye elevation;
the inferior rectus (IR), moving the eye downwards; and the inferior and superior
oblique (IO, SO), generating torsional eye movements with a certain degree of

depression or elevation (Kasprick et al., 2011; Kels et al., 2015).

optic tectum
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Figure 2: Zebrafish oculomotor system. A) Ventral view of the six extraocular eye muscles of a 96 hpf larvae
(adapted from Tulenko and Currie, 2020). B) Rotation axis of the zebrafish eye. C). Distribution of preferred
directions of direction-selective neurons in the optic tectum. 0/360°: up, 90°: NT, 180°: down, 270°: TN (adapted
from Wang et al., 2019).

All muscles are innervated by three cranial nerves. Their somata comprise three cranial
nuclei (nlll, nIV and nVI). The nlll lies in the midbrain and controls the medial rectus,
inferior rectus, and the inferior oblique via ipsilateral projections, as well as the superior
rectus via contralateral projections. The nlV contralaterally controls the superior
oblique, and the nVI, also ipsilaterally, controls the lateral rectus. Both nlV and nVI lie
in the hindbrain (Bellegarda et al., 2025; Spencer and Porter, 2006; Tulenko and
Currie, 2020).

Zebrafish exhibit a diverse array of eye movements, that can generally be categorized
into slow and fast types. In foveated animals, such as primates, rapid eye movements
(saccades) facilitate the alignment of objects of interest with the high-acuity region of
the retina. Conversely, zebrafish and other lateral-eyed animals lacking a defined
fovea primarily utilize eye movements to stabilize the visual field rather than to focus

on specific points (Dowell et al., 2024; Robinson, 1981). This stabilization relies on
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optic flow mediated self-motion estimation (Britten, 2008; Kubo et al., 2014; Wang et
al., 2019; Warren and Hannon, 1988). Optic flow refers to the motion of objects and
surfaces within a visual scene, resulting from the relative movements between an
observer and the scene (Koenderink and van Doorn, 1987). Through this optic flow,
animals can estimate their own locomotion and based on their strategy, actively adjust
their trajectory or eye positions. In zebrafish, the optic tectum and pretectum primarily
process this optic flow, utilizing a large set of neurons tuned to different directions and
motion patterns. Specifically, each direction-selective neuron exhibits a preference for
one of four local directions: up, down, temporal-nasal, or nasal-temporal (Gabriel et al.,
2012; Hunter et al., 2013; Wang et al., 2019; Zhang et al., 2022). Due to their swimming
behavior, zebrafish predominantly experience horizontal motion with only minor
vertical shifts (Ehrlich and Schoppik, 2017b). However, the number of direction-
selective neurons coding for vertical up and down motion is approximately equal to the
number of neurons encoding horizontal motion (Wang et al., 2019; Zhang et al., 2022),
see Figure 2C. This suggests that vertical motion, in addition to horizontal motion, is

relevant for zebrafish.

3.4.3 The Optokinetic Response and the Vestibulo-Ocular Reflex

Maintaining a stable retinal image is essential for accurate visual perception across all
vertebrates. Two principal reflexes mediate this stabilization: the vestibulo-ocular reflex
(VOR) and the optokinetic response (OKR). The VOR is activated by vestibular input
during head movements and is present in zebrafish as well as in mammals and birds.
When vestibular input becomes unreliable - such as during prolonged or low-frequency
motion - the OKR provides a visual-based compensatory mechanism to maintain
image stability (Robinson, 1981).

The OKR is a fundamental visuomotor behavior that functions to stabilize the image
on the retina during whole-body or environmental motion. This reflexive eye movement
is elicited by large-field motion across the retina and serves to reduce retinal slip
through a combination of smooth pursuit movements (slow phase) and rapid resetting
saccades (quick phase) (Beck et al., 2004). The OKR has been evolutionarily
conserved across vertebrates, suggesting its critical role in visual perception and motor
control. The OKR can be reliably evoked by displaying rotating vertical gratings to the

fish, either using a drum or more sophisticated visual stimulation approaches
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(Brockerhoff, 2006; Dehmelt et al., 2021). In response to this stimulation, the larval
zebrafish will perform the OKR, which, as previously mentioned, consists of two
components: the slow and the fast phase (Figure 3A). During the slow phase, the fish
visually follows the visual grating with its eyes to compensate for retinal slip until a
certain eye deflection is reached. Then, during the fast phase, the eyes quickly move
back towards a more neutral position. The OKR is tuned to several angular velocities,
spatial frequencies, and contrasts (Mueller and Neuhauss, 2010; Rinner et al., 2005).
To quantify this tuning, a gain, which describes the ratio of eye velocity to stimulus
velocity and thus how well the animal can compensate for retinal slip, can be
calculated. Although the gain increases with age, it is always below one, indicating that
the fish never perfectly manages to follow the stimulus and always lags behind (Beck
et al., 2004; Dehmelt et al., 2021). Also, the gain is asymmetrical, with higher values

for temporal-nasal movements (Qian et al., 2005; Roeser and Baier, 2003).
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Figure 3: OKR and VOR. A) Visual stimulation setup and exemplary eye trace for the horizontal OKR (adapted from
Neuhauss et al., 1999). B) Vestibular stimulation setup and exemplary eye trace for the horizontal VOR (adapted
from Mo et al., 2010). C) Vestibular stimulation setup and exemplary eye trace for the torsional VOR (adapted from
Bianco et al., 2012).

In zebrafish, the OKR has been extensively characterized in the horizontal domain,
whereas the vertical domain remains largely unexplored (Beck et al., 2004; Dehmelt et
al., 2021; Easter Jr. and Nicola, 1997; Huang, 2008; Rinner et al., 2005). However, in
other species, including primates, cats, and even rabbits - the latter being lateral-eyed
animals like zebrafish that lack foveate vision - the vertical OKR is well-described
(Collewijn, 1980; Erickson and Barmack, 1980; Kitama et al., 2001; van den Berg and

Collewijn, 1988). In rabbits, for example, vertical eye movements are less interrupted
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by resetting saccades and can be sustained for more than 10 seconds at their
maximum deflection. They also reach higher angles (> 20°) compared to horizontal
eye movements (< 15°), and the gain for up-down stimulation is slightly higher than for
down-up stimulation (Erickson and Barmack, 1980). Additionally, in goldfish, a recent
study has provided evidence for a VOKR that is very similar to the well-known hOKR
in its overall pattern (Tadokoro et al., 2025).

The VOR is a reflex mediated by the vestibular system, which detects angular and
linear acceleration of the head via the semicircular canals and the otolith organs,
respectively (Bagnall and Schoppik, 2018). In contrast to the OKR, which is more
effective at slower velocities or in situations involving passive environmental motion,
the VOR is tuned to rapid, high-frequency accelerations, such as those that occur
during swim bouts (Beck et al., 2004; Masseck and Hoffmann, 2009). However, it
should be noted that the angular VOR is thought not to be present in larval zebrafish
because the semicircular canals only become functional after one month due to their
small size (Lambert et al., 2008). Until that age, zebrafish larvae are presumably only
able to perform linear VOR based on vestibular input from the otolith organs. The VOR
can be experimentally evoked in zebrafish by rotating the animal in either complete
darkness or light, effectively isolating vestibular contributions from visual input (Bianco
et al., 2012; Lambert et al., 2008; Lim et al., 2024; Mo et al., 2010; Sun et al., 2018).
In response to these stimuli, the eyes perform conjugate compensatory movements by
rotating in the counter-stimulus direction. To date, most studies have investigated
horizontal eye movements in response to vestibular stimuli (Figure 3B). Depending on
the orientation of the larvae within the VOR setup, e.g., horizontal vs. vertical
embedding (Beck et al., 2004; Mo et al., 2010), different combinations of vestibular
inputs (semicircular vs. otolith) can be examined. Some studies also report a torsional
VOR (Bianco et al., 2012; Leary et al., 2025) (Figure 3C), and a few describe vertical
eye movements in response to body rotation in zebrafish and goldfish (Sugioka et al.,
2023; Tadokoro et al., 2025; Takabayashi et al., 2003).

Altogether, the zebrafish oculomotor system provides a robust model for exploring the
neural basis of eye movements. Therefore, it is essential to understand the full
behavioral repertoire of the fish. With regard to the OKR and VOR, several aspects,
such as the investigation of vVOKR and vVOR, are still missing, which is one focus of

this study.
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4. Aims and Objectives

The aim of this project was to close a critical gap in zebrafish neuroscience research
where underdeveloped and sometimes simplistic behavioral technology and tools limit
further investigation of zebrafish behavior alongside sophisticated and advanced
complex imaging methods by developing comprehensive behavioral research tools
that are accessible, modular and compatible with existing experimental pipelines.
These tools were then applied to publish previously missing results in the fields of

animal welfare and the oculomotor system. The specific objectives were:

1. Electrical Stunning
a. Development of two experimental setups for controlled application of electric
fields to i) free swimming larvae alongside camera tracking and ii) agarose-
embedded larvae alongside simultaneous visual stimulation and 2-photon
calcium imaging
b. Investigation of electrical stunning as an alternative euthanasia method on

behavioral and neurophysiological level

2. Vertical Optokinetic Eye Movements
a. Development of an experimental setup for tracking vertical eye movements of
agarose-embedded larvae alongside vestibular (and visual) stimulation
b. Further development of an existing visual stimulation arena (Dehmelt et al.,
2018) for combined tracking of vertical and horizontal eye movements
c. Characterization of the vWOR and the vOKR and comparison to the hOKR
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5. Key Results

5.1 Electrical Stunning

5.1.1 Modular Setups for Application of Electrical Fields alongside Behavioral
Tracking, Visual Stimulation and Calcium Imaging

To examine the effects of electrical stunning at both behavioral and neurophysiological
levels, two setups were developed and constructed. The first setup allowed for the
application of various electrical fields to free-swimming larvae while simultaneously
tracking their behavior using an infrared camera. The second setup enabled the same
electrical stimulation on single, agarose-embedded, and thus restrained, larvae,
coupled with 2-photon calcium imaging and full surround visual stimulation. Both
setups were controlled by a programmable power source (GW Instek ASR2050R) and
custom-written software (synchASRcontrol, (Burkhardt and Arrenberg, 2024)).

The core of the behavioral setup is a multi-layer exposure chamber, consisting of a
56x36x36 mm polystyrene box. This box has a dielectric strength of 22 — 55 kV/mm at
20 °C to ensure electrical insulation, and it is surrounded by a 3D-printable box that
houses the wiring and a snap-action switch-based safety mechanism (MAR
1005.0404, MARQUARDT, Germany). The switch is operable at up to 400 V and only
allows electricity to flow when the lid is closed. Inside the polystyrene box, two stainless
steel electrodes, covering opposing faces, are held in place by a 3D-printable frame.
This frame also features a rigid net cage (PA-405/47, 405um, Eckert, Waldkirch,
Germany) in the middle to ensure that larvae remain centered within the electric field
during exposure. Both the lid and the surrounding chamber have a large, transparent
window to enable behavioral recording via a camera positioned above, along with
diffuse illumination at a 940nm wavelength from below. For protection against leakage
currents, a RCCB type B (F200, B Type, ABB Ltd (Asea Brown Boveri), Zirich,
Switzerland) was inserted between the chamber and the power source. Video
recording was performed using a camera equipped with a 6mm objective
(DMK23UV024, The Imaging Source Europe GmbH, Bremen, Germany) and an IR
long-pass filter (SCHOTT RG780, Edmund Optics Inc., Barrington, USA), see Figure
4A.
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Figure 4: Setups for Investigation of Electrical Stunning. A) Behavioral setup that allows the application of electrical
fields on multiple free swimming zebrafish larvae while video-tracking their behavior. B) Programmable power
source GW Instek ASR2025R for generation of arbitrary electrical fields. The power source is controlled by the
Python written software synchASRcontrol. C) Setup for electrical stunning of single larvae alongside visual
stimulation and 2-photon calcium imaging (adapted from Burkhardt et al., 2025).

The electrical stunning setup for 2-photon calcium imaging and visual stimulation of
single larvae consisted of two 2x3 mm stainless steel electrodes with a thickness of
0.5mm. These electrodes were placed 3 mm apart in a 50 mm petri dish and held in
place by a 3D-printed electrode frame. A 200 um copper plate was welded onto the
back of the electrodes to allow for cable soldering. The electrode frame enclosed the
electrodes on three sides to prevent unwanted contact with the microscope objective.
A LED array, consisting of 18 650 nm LEDs, enabled 360° visual stimulation,
synchronized with the microscope scanning via an Arduino Nano. The microscope and
the electrical stunning setups were electrically separated using a modified SM1L05
lens tube containing an insulating polymer insert. Temporal information about the
electrical field application and the visual stimulation were recorded using an Arduino
Uno and custom-written Python software and were synchronized with the imaging
process (Figure 4B). Both setup designs ensure safety and experimental flexibility

while remaining straightforward enough to be constructed by laboratories without

33



specialized engineering infrastructure and therefor meeting the requirements of

advanced but still accessible tools needed for zebrafish neuroscience research.

5.1.2 AC Fields evoke Immediate Loss of Behavior and Consciousness

To determine an effective and humane protocol for electrical stunning in zebrafish
larvae, a comprehensive evaluation of different electrical parameters was conducted,
focusing on the type of current, frequency, voltage gradient, and exposure duration.
Zebrafish larvae at 4 dpf were exposed to direct current (DC), alternating current (AC),
or pulsed direct current (PDC at 60 Hz or 6 Hz, duty cycle 50%) under controlled
laboratory conditions using the previously described behavioral electrical stunning
setup. Mortality was assessed by using a multimodal criterion that included loss of
equilibrium, absence of spontaneous locomotion, cessation of gill ventilation, and lack
of response to tactile stimulation, corresponding to the fourth stage of anesthesia in
fish, which describes overdose (Sneddon, 2012). At the highest tested exposure
duration of 32 seconds and a voltage gradient of 50 V/cm, all voltage types achieved
100 % mortality (Figure 5A). However, AC was identified as the most suitable modality
due to its ability to consistently produce rapid behavioral incapacitation while
minimizing morphological damage. When using these parameters, all larvae exhibited
a rapid loss of equilibrium - interpreted as a proxy for loss of consciousness - within
0.89 + 0.38 s, indicating that this method induces a very fast onset of anesthesia-like

insensibility (Figure 5B).

In contrast, DC and low-frequency PDC treatments often resulted in visible
morphological abnormalities, including curvature of the body axis, opaque brain tissue,
and, in severe cases, skeletal deformations such as kyphosis, lordosis, or scoliosis.
These effects were particularly evident at longer exposure durations (16 and especially
32s) and appeared to be exacerbated by the increased joule heating associated with
these current types at 32s exposure duration. AC, by comparison, was associated with
only moderate heating and produced either no immediate morphological changes or
only a delayed onset of mild tissue abnormalities. Due to its combination of
effectiveness and reduced physical damage, the AC 60 Hz condition was selected as

the standard for all subsequent behavioral and neurophysiological experiments.
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During the initial phase of electrical exposure, larvae frequently exhibited rapid, short-
duration bursts of tail movement. To test whether these movements reflected voluntary
escape behaviors - suggesting a period of residual consciousness - or instead
represented passive, stimulus-induced muscle contractions, high-speed video analysis

was conducted on agarose-embedded larvae with their tails cut free.
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Figure 5: Behavioral results of electrical stunning. A) Mortality rates of different voltage types for different exposure
durations at voltage gradient of 50V/cm. B) Time to loss of equilibrium for different voltage types. For comparison,
the time to loss of equilibrium for MS-222 (336mg/l) is shown (Leyden et al., 2022). C) Total tail angle of a larva
during exposure. D) Lateral displacement profile before and during electrical stunning (adapted from Burkhardt et
al., 2025).

In this setup, the larva was exposed to the optimized AC field (50 V/cm, 60Hz, 32 s),
and tail movements were recorded at a high temporal resolution. Kymograph analysis
of tail angle over time revealed an initial large-amplitude deflection coinciding with the
field onset, followed by regular oscillations that closely matched the 60 Hz frequency
of the applied electric field (Figure 5C). These tail movements lacked the rostro-caudal
curvature propagation typically observed in active swimming, which is necessary to
generate forward motion (Miller and van Leeuwen, 2004, Figure 5D left). Instead, the
entire tail underwent synchronized bilateral contractions (Figure 5D right). Further, both

the tail beat amplitude and the larval body length decreased during exposure,
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consistent with a tonic, symmetric muscle contraction rather than dynamic, volitional
movement. Thus, these results suggest that the tail movements observed during
electrical stunning do not indicate continued sensory awareness or volitional behavior

but are represent passive, stimulus-induced muscle contractions.

5.1.3 Complete Loss of Visual Driven Brain Activity during Electrical Stunning

To assess the impact of electrical stunning on neural function and to confirm the
effectiveness of the previously chosen parameter set (AC, SIN, 60Hz, 50V/cm, 32s),
in vivo two-photon calcium imaging of zebrafish larvae during visual stimulation (full-
field luminance flashes) alongside exposure to an electrical field was conducted. In
non-verbal animal models, unconsciousness is operationally defined as loss of
behavioral responsiveness accompanied by characteristic neural state changes
(Mashour, 2024; Mashour and Hudetz, 2018). Neural readouts of unconsciousness
range from global measures of brain integration, such as perturbational complexity
(Casali et al., 2013) or large-scale connectivity changes during anesthesia (Boly et al.,
2012), to local measures of sensory responsiveness. Because the optic tectum is the
principal visual processing center in larval zebrafish and drives visually guided
behaviors (Del Bene et al., 2010; Roeser and Baier, 2003), calcium imaging of tectal
and pretectal neurons can provide a robust measure of sensory suppression and
breakdown of visual sensorimotor processing under anesthesia (Leyden et al., 2022).
Therefore, imaging focused on the optic tectum, where distinct neuronal populations
are known to respond reliably to on- and off-luminance transitions (Muto et al., 2013;
Thompson et al., 2016). Baseline recordings revealed stimulus-locked neural
responses, characterized by distinct periodic fluctuations in calcium signals across
segmented neurons. However, the application of the electric field rapidly and strongly
altered neuronal activity. The onset of electrical exposure initiated a high-amplitude,
fast-propagating calcium wave, accompanied by strong spatial drift and lasting
morphological distortions, which made consistent neuron tracking across time points
difficult (Figure 6A). Following this initial event, fluorescence intensity gradually
declined, punctuated by slower secondary calcium waves that differed in temporal

dynamics and propagation characteristics.
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Figure 6: 2-Photon imaging results of electrical stunning. A) Mean image fluorescence before (baseline), during
(shock) and after (recovery) electrical stunning. B) Power spectral density (PDS) analysis of mean fluorescence.
Dashed vertical line indicates the visual stimulus frequency. C) Example and mean calcium traces of 20% best
correlated ROIs before and after electrical stunning. D) ROI cross-correlation matrices for baseline and recovery.
E) Mean autocorrelation function (ACF) for baseline and recovery. Gray shows ACF for visual stimulus (regressor)
itself. F) Histogram of absolute ROI correlation coefficients for baseline and recovery (adapted from Burkhardt et
al., 2025).

Power spectral density (PSD) calculations across all image pixels showed an absence
of the stimulus frequency (0.1667 Hz) during the stunning and recovery phases,
indicating that visual processing ceased entirely. Instead, signal power shifted toward
low frequencies, reflecting slow, non-specific calcium fluctuations (Figure 6B).
Segmented cell-based correlation analyses further supported these findings (Figure
6C). Prior to electrical stunning, 3.5% of neurons exhibited strong correlation or anti-
correlation with the stimulus. After electrical exposure, no neurons met this criterion,
and the correlation structure across neurons collapsed into a uniform, globally
synchronous pattern (Figure 6F). Cross-correlation matrices (Figure 6D) and
autocorrelation functions (Figure 6E) reflected this shift, with stimulus-locked
periodicity completely abolished after electrical stunning. These results indicate that
electrical stunning, when employing AC at 60Hz and 50V/cm for 32 seconds, induces
an immediate and irreversible loss of stimulus-driven neuronal activity. This reflects a
shutdown of sensory processing, thereby suggesting a rapid onset of

unconsciousness.
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5.2 Vertical and Horizontal Eye Movements

After having established and validated suitable parameters for electrical stunning as a
controlled and more humane method of euthanasia, we next turn to the second major
methodological gap addressed in this thesis: the investigation of vertical and combined
eye movements in larval zebrafish. In contrast to the electrical stunning approach,
which focused on refining experimental manipulation and animal welfare, this second
line of work aimed to expand the measurable behavioral repertoire of the model
organism larval zebrafish. Specifically, | sought to develop and apply experimental
setups that enable quantification of vertical optokinetic (VOKR) and vestibulo-ocular
(VWOR) responses - behaviors that have not been studied so far as the recording of

eye movements in larval zebrafish is mostly restricted to the horizontal plane.

5.2.1 Setups for Investigating Vestibular and Visually Driven Vertical and
Horizontal Eye Movements

To investigate vertical and horizontal eye movements in larval zebrafish, two custom-
built experimental setups were developed. These setups allowed for precise control of
both visual and vestibular stimulation, as well as accurate eye-tracking in multiple
dimensions. For vertical vestibulo-ocular reflex (vWWOR) experiments, a rotating setup
named KEBAB (Kinematic Evaluation of Behavior during Animal Body-roll) was
developed and constructed in-house. This apparatus enabled controlled rotation of
individual zebrafish larvae around their rostral-caudal body axis (roll). The system was
assembled using standard components from the Thorlabs 30 mm cage system,
integrating an examination chamber, infrared illumination, simple visual stimulation via
two LEDs, and a camera path along a single rotation axis. A Nema 17 stepper motor
(ACT Motor GmbH, Germany) was used to precisely rotate the entire setup. To ensure
electrical connectivity and continuous data transfer from the rotating camera system to
a stationary PC, a rotating electrical slip ring was (BQLZR 0.48”, 12 Wire, 2A, 240V,
Amazon) employed. lllumination was provided by 850 nm IR and white LED diodes;
each paired with a 120-grid diffuser to ensure uniform lighting. Zebrafish larvae were
embedded on a custom-designed triangular stage in 1.6% low melting point agarose,
as described in Wang et al. (2020). Agarose surrounding the eyes were carefully

removed to allow for free eye movements. The stage was then mounted on a 3D-
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printed holder and secured within the setup. System operation was controlled via an
Arduino Uno microcontroller with an A4988 RepRap stepper motor driver (Figure 7A).
Remote control from a PC is facilitated using the Python library Telemetrix
(https://mryslab.github.io/telemetrix/). The custom Python-based software vxPy
(https://github.com/thladnik/vxPy) controlled rotation of the setup, presentation of

visual stimuli, video recording, and real-time eye tracking.
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Figure 7: Setups for investigating vestibularly and visually driven vertical and horizontal eye movements. A) KEBAB,
used to examine vertical eye movements during rotation of a single larva. All main parts are assembled by using
standard Thorlabs components. Stepper motor, visual stimulation and eye tracking are controlled by vxPy. B) Setup
with two cameras to simultaneously record vertical and horizontal eye movements. Two laterally placed displays
(only one shown) are used for advanced visual stimulation. The complete setup is controlled by vxPy (adapted from
Burkhardt et al., 2026).

To assess optokinetic responses (VOKR and hOKR), the visual stimulation arena
described in Dehmelt et al., 2018 was modified to allow for simultaneous horizontal
and vertical eye tracking. To simultaneously capture both horizontal and vertical eye
movements, the displays located in front of and behind the fish were removed. Two
cameras, one placed above and one in front of the fish, were used in conjunction with
IR backlights positioned below and behind the fish. Larvae were positioned in the
center of a translucent, water-filled container, using the same embedding technique
described before. A 3D-printed black lid was placed in direct contact with the water
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surface to suppress reflections at the water-air interface; a similar cover is placed at
the bottom of the container. Both covers included a central opening to allow IR
illumination and unobstructed camera views. The two remaining displays, one each on
the left and right sides of the fish, were used to present the visual stimuli and are

sufficient to elicit robust OKR behavior (Figure 7B).

5.2.2 vOKR Does Exist in Larval Zebrafish but Differs from hOKR

To characterize the repertoire of vertical eye movements in larval zebrafish, the vertical
vestibulo-ocular reflex (vWOR) was first assessed. Larvae were embedded in agarose
and subjected to controlled roll-axis rotations (clockwise and counter-clockwise), while
vertical eye movements were recorded in complete darkness.

Across three tested rotation velocities (22.5 °/s, 45 °/s, and 90 °/s), eye position traces
followed a near-sinusoidal pattern, closely aligned with head orientation (Figure 8A).
Maximal eye deflection occurred at 90° and 270° head positions, and the amplitude of
vertical eye movements slightly increased with stimulus velocity. No saccades (neither
resetting nor spontaneous saccades) were observed during the rotational stimulus
phases, while a low rate of spontaneous saccades (0.82/min) was detected during the
interspersed pause periods. The vVWOR gain was highest at 90 °/s rotation velocity,
reaching 0.17 (Figure 8B). Phase lag measurements were minimal, with both slightly
positive and negative values near zero, reflecting near-synchronous coupling of eye

and head motion.
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Figure 8: vWOR in zebrafish larvae. A) Stimulus triggered average (STA) of eye position during full rotation.
Envelopes show standard deviation. B) Gain as ratio of sinus-fitted eye position to head position (adapted from
Burkhardt et al., 2026).

To assess the vertical optokinetic response (VOKR), zebrafish larvae were exposed to

vertically rotating visual stimuli composed of horizontally oriented black-and-white
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stripes. Eye tracking was conducted with two cameras to monitor horizontal and
vertical movements simultaneously (Figure 9A). Upon stimulus onset, larvae exhibited
an initial eye movement lasting 4 - 5 seconds in the direction of the stimulus, after
which eye position reached a plateau and remained largely unchanged (Figure 9B).
After that start response, spontaneous saccades occurred intermittently in both
directions, often involving both vertical and horizontal components (Figure 9A).
Comparisons with horizontal OKR (hOKR), elicited by horizontally rotating vertical
stripes, revealed that while the hOKR produced ongoing slow phases with resetting
saccades, the VOKR response flattened early (Figure 9B). The average vertical
deflection for vVOKR peaked at 5.81° + 0.38°, substantially lower than hOKR amplitudes
(16.92° £ 0.61°). Nonetheless, the spatial frequency and angular velocity tuning of the
VOKR closely resembled that of the hOKR (Figure 9C and D).

Given the transient nature of the VOKR during constant rotation, sinusoidal velocity-
modulated stimuli were employed to extend the temporal window of visually driven
vertical eye movements. These stimuli gradually increased and decreased velocity in
alternating directions, allowing measurement of responses over full cycles. Under
these conditions, larvae generated sinusoidal vertical eye movements in line with
stimulus position (Figure 9E). No vertical resetting saccades were observed, although
spontaneous horizontal saccades occurred. First, the repetition rate (rr) was varied
while keeping angular velocity and spatial frequency constant, then the angular velocity
and spatial frequency of the sinusoidal velocity function was systematically varied while
repetition rate constant at 0.125Hz (Figure 9G and H). Vertical eye movements
followed the stimulus closely for rr values between 0.5 Hz and 0.0078 Hz. At slower
repetition rates, while gain declined, the dynamic range increased - reaching up to 10°
at the lowest rates tested. Stimulus-triggered averages (STA) of eye position revealed
systematic changes in phase lag with repetition rate. At high rr (0.25-0.5 Hz), eye
movements lagged behind the stimulus, whereas at lower rr (<0.125 Hz), a phase
advance emerged (Figure 9H). In these cases, the eyes began to reverse direction
before the stimulus completed its deceleration, suggesting anticipatory movement or
adaptation. The transition from lag to lead corresponded with a shift from positive to
negative phase angles. This inversion indicates that eye velocity changes were aligned
with decreasing stimulus acceleration, potentially implicating acceleration-sensitive or

adaptive neural mechanisms.
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Figure 9: vOKR in response to constant and sinusoidal rotating grating. A) Example eye traces for horizontal and
vertical eye movements during constant vVOKR stimulation. Arrowhead indicates initial vertical start response during
stimulation. B) Average cumulative eye position during constant vVOKR with saccades removed. Arrowhead
indicates the vertical start response and the subsequent plateau while horizontal eye position remains around zero.
C) Mean amplitude within 4s after stimulation onset for vVOKR and hOKR. Envelopes show SEM. D) Gain tuning to
spatial frequency for vVOKR and hOKR. E) Example eye traces for horizontal and vertical eye movements during
sinusoidal vOKR stimulation. F) Dynamic range of vertical eye movements during sinusoidal vVOKR. Dashed lines
show mean dynamic range of individual fish. G) Gain tuning to spatial frequency for sinusoidal vOKR. H). Average
response to one stimulus period for different repetition rates (rr) during sinusoidal vVOKR. The phase lag/advance is
visible and indicated by dashed vertical line (turning point of stimulus) (adapted from Burkhardt et al., 2026).
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5.2.3 Zebrafish Larvae Exhibit Distinct Pure Vertical and Pure Horizontal
Spontaneous Saccades During vVOKR

During the experiments, zebrafish larvae exhibited spontaneous saccadic eye
movements in both vertical and horizontal planes during optokinetic stimulation (Figure
10A), while no saccades were observed during vestibulo-ocular reflex testing.
Significantly, the frequency of saccades during VOKR stimulation was similar to that
observed in the absence of visual stimulation, suggesting these saccades were
spontaneously generated rather than stimulus-driven. Moreover, neither the direction
of the visual stimulus nor its temporal profile (constant versus sinusoidal) significantly
altered saccade rates during VOKR. VOKR-evoked saccades were systematically
analyzed to differentiate their directional components, classifying 4696 detected
saccades into four distinct categories based on their plane of motion. Clusters 1 and 2
comprised saccades with exclusively vertical (10.5%) or horizontal (14.0%)

components, respectively.
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Figure 10: Vertical and horizontal saccades during vOKR and hOKR. A) Schematic of minor axis length change
(ellipse fitting) during vertical and horizontal saccades. During vertical saccades, the minor axis length in the top
camera is expected to change, whereas the minor axis length in the front camera should remain constant. For
horizontal saccades the expectation is vice versa. These length changes together with the angle between the major
axis and the body axis were used to detect pure vertical and horizontal eye movements. (B) Difference image of
the eyes’ pre-saccadic (green) and post-saccadic (magenta) positions for pure vertical and pure horizontal example
saccades. Arrows indicate the area where position changed. For pure vertical saccades, the top camera showed
changes only at the lateral parts of the eyes, whereas the front camera exhibited changes at the dorsal and ventral
parts of the eyes. Conversely, during pure horizontal saccades, the image changes were reversed (change at lateral
parts of eyes in front camera and at anterior/posterior parts of eyes in the top view camera). (C) Saccade amplitude
scatter plot of pure vertical and pure horizontal saccades (adapted from Burkhardt et al., 2026).

The remaining 75.5% of saccades involved deflections in both planes. However,
combined eye movements in these clusters could not be reliably separated due to a

method-dependent projection artifact: large horizontal displacements occasionally
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distorted the apparent shape of the eye in the frontal view, thereby confounding vertical
axis estimation and leading to misclassifications of purely large horizontal saccades.
Pure vertical and pure horizontal saccades were further illustrated by visual
confirmation through false-color imaging of pre- and post-saccadic frames (Figure
10B). Pure vertical saccades rarely surpassed 10° and sometimes included minor
horizontal deviations. In contrast, pure horizontal saccades demonstrated greater
amplitudes, with some exceeding 30°, underscoring a functional asymmetry between

vertical and horizontal saccadic capabilities in larval zebrafish (Figure 10C).
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6. Discussion

A central goal of this thesis was to help zebrafish neuroscience to mature
methodologically by improving available behavioral readouts, which are wide
established for mammalian model organisms but are still in the early stages for
zebrafish research, and improving animal welfare by investigating a more reliable and
humane euthanasia method, which is currently missing - especially for zebrafish
larvae. | therefore developed and validated two complementary methodological
platforms: one for controlled behavioral and physiological manipulation using electrical
fields, alongside behavioral recording and 2-photon calcium imaging; and another for
expanding oculomotor readouts beyond the horizontal axis through either
simultaneous measurement of vertical and horizontal eye movements or pure vertical
eye movements recording during visual and vestibular stimulation.

In the electrical stunning project, the resulting setups provide a reliable, modular, and
experimentally well-controlled way to apply defined electrical fields to larval zebrafish
while monitoring behavior and neural responsiveness in vivo. These setups not only
enabled the identification of robust parameters for rapid euthanasia with minimal
morphological damage but also provided novel neurophysiological validation for
euthanasia protocols. Moreover, working with this platform revealed some engineering
constraints essential for routine adoption and scalability. These insights structure the
first part of the discussion: | first interpret the biological and neurophysiological findings
from electrical stunning and then use them to outline the challenges that a next-
generation stunning technology must address to become a widely adoptable standard.
In the VOKR project, the experimental approach was deliberately versatile: by
extending existing visual stimulation arenas and implementing single- and dual-camera
tracking, we quantified vertical optokinetic behavior (vOKR) in zebrafish larvae. This
provided the first systematic descriptions of larval zebrafish VOKR dynamics in the
literature, alongside comparisons to the vestibulo-ocular reflex (WWOR). However, also
these experiments revealed some limitation of the methodological advance: when
horizontal and vertical components co-occur, the mapping from 3D eye rotations to 2D
camera projections becomes ambiguous, making vertical estimates unreliable -

particularly during large horizontal deflections. Accordingly, the second part of the

45



discussion turns from what the dual-camera system enabled to what it still cannot
unambiguously resolve and how this could be remedied in future applications.

The discussion will conclude by weighing these options against this thesis’s guiding
principle - methods that meaningfully expand behavioral access while remaining
practical, modular, and adoptable - and identifying the most promising direction for

future work.

6.1. Electrical Stunning

6.1.1. Electrical Stunning is a reliable and humane Euthanasia Alternative

One of the objectives of this study was not only to evaluate the behavioral and
neurophysiological effects of electrical stunning on zebrafish larvae but also to develop
a robust and transferable euthanasia protocol which can reliably be used by labs
worldwide. Therefore, parameters that are both effective and feasible to implement
across international laboratory settings were prioritized (e.g. using AC at a frequency
near 50/60 HZ, which is available worldwide). 50 V/cm alternating current (AC) at 60
Hz for 32 seconds was identified to be the most reliable configuration, achieving 100%
mortality with minimal variability and morphological damage. While both 16 s and 32 s
exposures yielded full mortality at this field strength, only the longer duration was used
to confirm reliable suppression of stimulus-associated neural activity using calcium
imaging, ensuring greater consistency under variable conditions. Notably, this
parameter set remains effective even when power density is reduced, indicating a
safety margin for experimental variations. Due to its compatibility with common lab
infrastructure and alignment with regulatory guidelines (e.g., EU Directive
2010/63/EU), this protocol offers a readily adoptable refinement for zebrafish
euthanasia.

A key advantage of electrical stunning over established methods is its rapid onset of
unconsciousness, which is an important factor when working towards minimization of
potential distress and suffer (“AVMA Guidelines for the Euthanasia of Animals,” 2020).
In our experiments, loss of equilibrium - used as a proxy for loss of consciousness
(Meyer, 2015) - occurred within about one second (0.89 + 0.38 s) after exposure to 50
V/ecm AC. This is significantly faster than anesthesia using MS-222, which typically

takes 15-34 seconds depending on concentration and developmental stage (Collymore
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et al., 2016; Ferreira et al., 2022; Leyden et al., 2022; Wilson et al., 2009). While rapid
cooling induces unconsciousness within 15s, it requires up to 12 hours of exposure to
ensure lethality in larvae, which raises concerns about prolonged distress (Chen et al.,
2014; Wallace et al., 2018). By contrast, electrical stunning delivers both rapid stunning
and definitive euthanasia, with no recovery observed in any larvae even after overnight
monitoring. The absence of aversive behaviors, as observed during anesthesia with
MS-222 (Mocho et al., 2022), further underscores the method’s potential to reduce
potential stress.

Among the waveform types tested - direct current (DC), pulsed direct current (PDC),
and alternating current (AC) - sinusoidal AC was most suitable for euthanizing larval
zebrafish. While all waveforms induced rapid behavioral incapacitation, DC and low-
frequency PDC caused severe morphological damage, such as body axis deformities
and tissue ruptures, likely due to strong muscle contractions (Lines et al., 2003;
Nordgreen et al., 2008; Robb et al., 2002) and higher Joule heating during exposure.
These effects are not only welfare-relevant but could also compromise subsequent
applications, such as tissue analysis. In contrast, AC treatments produced minimal
structural abnormalities, with temperature increases remaining within biologically
tolerable limits (<38 °C) (Adam et al., 2000; Halloran et al., 2000; Hardy et al., 2007;
Murtha and Keller, 2003). This also minimizes emotional discomfort for observers and
operators - an often-overlooked but still important aspect of humane euthanasia
(“AVMA Guidelines for the Euthanasia of Animals,” 2020). Given its efficacy, low risk
of tissue damage, and compatibility with standard laboratory settings, AC at 50 V/cm
and 60 Hz is recommended for electrical euthanasia of zebrafish larvae.

These findings show that electrical stunning with optimized parameters (50 V/cm AC,
60 Hz, 32 s) provides a highly effective and humane euthanasia method for zebrafish
larvae. Although tested specifically at 4 dpf, the method should be equally effective for
older larvae, as sensitivity to electric fields is thought to increase with body size (Bohl
et al., 2010). The immediate loss of equilibrium and complete cessation of coordinated
stimulus-driven brain activity indicate rapid unconsciousness. As electrical stunning is
already a permitted euthanasia method for fish in the European Union, its adoption in
laboratory protocols would offer a meaningful refinement aligned with the 3Rs principle.
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6.1.2. Slow Propagating Calcium Waves

During the investigation of neuronal activity alongside simultaneous electrical stunning,
a rapid and synchronous rise in intracellular calcium levels - a fast-propagating calcium
wave - that coincided with the onset of the electric field could be observed. This initial
calcium influx is likely driven by electroporation-induced transmembrane ion flow,
particularly from the extracellular space (Cho et al.,, 1999), and may contribute to
mitochondrial dysfunction, ATP depletion, and subsequent disruption of ionic
homeostasis, ultimately leading to cell death (Duchen, 1999; Garcia-Dorado et al.,
2012; Hajnoczky et al., 2003; Smaili et al., 2009). Although the precise mechanisms of
organismal death via this AC-based electrical stunning remain to be fully elucidated,
the involvement of multiple, potentially interacting, cell death pathways is probable
(Batista Napotnik et al., 2021). In addition to this initial wave, a series of slow
propagating calcium waves emerged in the larval zebrafish brain approximately 10-15
minutes after treatment. Preliminary and unpublished epifluorescence recordings of
individual 4 dpf transgenic zebrafish larvae showed that these waves tend to propagate
from caudal to rostral brain regions with variable velocities and intensities — displaying
an increase in speed over time (Figure 11B). Their onset occurred several minutes
after electrical exposure and persisted as discrete events, often recurring multiple
times per individual fish with an inter-wave interval of approximately 10 min (Figure
11A).
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Figure 11: Preliminary results for slow propagating calcium waves following electrical stunning. A) Normalized mean
fluorescence intensity of video frames. Peak 0 marks the initial wave during electrical stunning. Peak | and following
mark the slow propagating waves following electrical stunning. B) Individual lag maps for each slow propagating
wave in A (Burkhardt and Fischer et al., unpublished).
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Interestingly, similar waves could be observed in fish euthanized by sodium azide (data
not shown), a chemical that induces cell death via mitochondrial dysfunction without
directly disturbing membrane integrity or ionic gradients. Although the spatial and
temporal characteristics of the sodium azide-induced calcium waves and also their
origins differed from those observed post-electrical stunning, this finding might suggest
that the phenomenon is not specific to electrical stunning or electroporation-related
damage. Instead, it could imply a broader physiological response, potentially linked to
the cellular processes of organismal death or coordinated ionic dysregulation during
terminal neuronal collapse. These calcium waves could not be observed in surviving
fish. Thus, the presence of these waves correlated strongly with irreversible organismal
death, rather than reversible neuronal silencing or immobilization.

Brust-Mascher and Webb (1998) first reported calcium waves in fish keratocytes after
application of electrical pulses with a voltage gradients ranging from 55 to 120 V/cm
(Brust-Mascher and Webb, 1998). These waves exhibited a rapid rise phase and a
slow decay, propagating within the cell at an average speed of 66 £ 40 um/s. These
characteristics closely resemble those of the initial calcium wave observed in the
zebrafish brain during electrical stunning in the present study, which also propagated
across the brain within a few seconds. According to Brust-Mascher and Webb, the
electric field stimulated calcium influx through plasma membrane calcium channels.
Once intracellular calcium reached a certain threshold, additional calcium was thought
to be released from internal stores, leading to a propagating wave. Notably, they
excluded electroporation as the underlying mechanism for the initial calcium rise, as
no structural damage to cells was observed. Observations of slow propagating calcium
waves following an initial event also comes from Xu et al. (2017), who described a
calcium wave in the zebrafish brain that started in the hindbrain approximately 1801 +
291.2 seconds after cardiac arrest and propagated in a caudal-to-rostral direction (Xu
et al., 2017). This wave was associated with neuronal death and brain damage. The
delay between cardiac arrest and the onset of this wave is comparable to the timing of
the first slow propagating calcium wave observed in this study post electrical stunning,
and the slow propagation speed described by Xu et al. also closely matches our
observations (approximately 48 seconds across the brain). Similar waves have also
been reported in rats following decapitation, where massive ion channel activation
results in a loss of membrane potential and synchronized neuronal depolarization. Rijn

et al. (2011) recorded a slow (5-15s), large-amplitude EEG wave approximately 50
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seconds after decapitation of a rat (Rijn et al., 2011). This wave was hypothesized to
result from a massive opening of ion channels leading to a depolarizing event. Due to
the lack of energy following decapitation, neurons could no longer maintain their
transmembrane potential, resulting in oscillations and ultimately the observed wave,
which has been interpreted as a marker of neuronal death (Zandt et al., 2011).

The multiple slow-propagating waves observed in the present study post electrical
stunning also share some features with a phenomenon known as spreading
depolarization (SD), which was previously described in both mammalian and insect
brains. SD refers to a slow-moving wave of depolarization that propagates across brain
tissue at a velocity of 2-6 mm/min (Takano et al., 2007). This leads to a complete loss
of membrane potential due to ionic gradient collapse, resulting in transient silencing of
neural activity. In mammals, SD has been associated with neuronal damage in the
context of stroke and traumatic brain injury (Dreier and Reiffurth, 2015; Shuttleworth et
al., 2020), and it has also been observed in neurocritical care settings in humans,
where it transiently suppresses cortical activity. SD is further associated with structural
cellular alterations such as swelling, fragmentation of the endoplasmic reticulum,
dendritic spine disruption, and other morphological distortions (Shuttleworth et al.,
2020).

Slow propagating calcium waves observed in zebrafish larvae following electrical
stunning and subsequent death might likely reflect a process of progressive
bioenergetic collapse that triggers recurrent spreading depolarization-like events
rather than left over physiological neuronal activity. During electrical stunning neural
tissue is exposed to strong electric fields capable of inducing membrane depolarization
and electroporation, resulting in uncontrolled ion flux and acute calcium entry into
neurons (Cho et al., 1999; Morotomi-Yano et al., 2014). Although most cells may
survive the immediate exposure, electroporation-associated membrane injury and
calcium overload will most likely impair mitochondrial function, leading to delayed ATP
depletion and gradual failure of ATP-dependent ion pumps such as the Na*/K*-ATPase
(Duchen, 1999; Garcia-Dorado et al., 2012; Nicholls, 2008). As metabolic reserves
decline, extracellular potassium accumulates and glutamate might be released from
depolarized neurons, conditions known to trigger SD (Andrew et al., 2017; Astrup et
al., 1980; Leis et al., 2005). During SD, neurons undergo massive sodium and calcium
influx accompanied by potassium efflux, producing large intracellular calcium

transients (Ayata and Lauritzen, 2015; Dreier, 2011). In metabolically compromised
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brain tissue, SD events can recur repeatedly and eventually culminate in terminal
spreading depolarization, marking the irreversible collapse of neuronal ion
homeostasis (Dreier et al., 2018). Experimental inhibition of mitochondrial respiration
using sodium azide induces neuronal calcium influx, demonstrating that metabolic
failure alone can generate large calcium elevations resembling those seen after
electrical stunning (Marino et al., 2007). Furthermore, SD events impose substantial
energetic demands because restoration of ion gradients requires ATP, and repeated
waves are commonly observed in metabolically stressed tissue as partial recovery
alternates with renewed depolarization (Bosche et al., 2010; Dreier et al., 2017).
Calcium in this context likely acts primarily as a downstream reporter of global ionic
collapse rather than the principal propagating signal, as extracellular potassium
accumulation and glutamate-mediated depolarization are considered the main drivers
of SD propagation (Andrew et al., 2017). Together, these findings support a model in
which electrical stunning initiates membrane injury and mitochondrial dysfunction,
leading to energy failure after a latent period that triggers spreading depolarization-like
waves due to increased extracellular potassium levels whose associated calcium influx

appears as the slow propagating waves observed in zebrafish brain tissue.

6.1.3. Open Questions regarding Electrical Stunning as a Euthanasia Method

Besides the still not fully answered question about the mechanism and the meaning of
the slowly propagating calcium waves, two further questions with regard to electrical
stunning of zebrafish larvae remain unanswered. First, although electrical stunning has
an immediate onset, causing fish to lose equilibrium, behavior, and coordinated
neuronal activity within a second, the extent of stress larvae experience during
exposure is unclear. Second, it is unknown how much the method damages the
larvae’s tissue, which could potentially complicate or even prevent subsequent post-
mortem experiments such as toxicology, morphological studies, or transcriptomics.

In the past, stress as a result of exposure to different noxious stimuli was measured
using the stress protein (hsp70) response in zebrafish larvae (Bai et al., 2022; Scheil
et al.,, 2010; Xiong et al., 2017). To investigate potential stress during electrical
stunning and hopefully further confirm the method as a more humane alternative than
overdoses with MS-222 or hypothermia, hsp70-measurements could be conducted

within all three groups, allowing direct comparison of stress responses to the
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euthanasia methods. Another way of quantifying stress during and after electrical
exposure could be the measurements of cortisol which is as major stress hormone
regulating multiple organismal responses to stressful stimuli (Mommsen et al., 1999).
Whole-body or tissue cortisol assays exist which could be used for that purpose,
allowing a final confirmation of electrical stunning as a humane and less stressful
euthanasia method (Steenbergen et al., 2012; Yeh et al., 2013).

To examine possible morphological effects of electrical stunning on different zebrafish
tissues, zebrafish tissue could be analyzed post electrical stunning using hematoxylin
and eosin staining of both treated and control larvae (Sabaliauskas et al., 2006). Such
stainings would allow for a precise description of zebrafish morphology after exposure
and investigation of possible alterations like neuronal swelling or shrinking, abnormal
intercellular spaces, signs of hypertrophy, atrophy, karyolitic processes and many
more and have already been used in the past to characterize morphological changes

after euthanasia via MS-222 and eugenol (Ayala-Soldado et al., 2023).

6.1.4. Electrical Stunning: Limitations and further Directions

The electrical stunning setups introduced in this thesis were developed solely for larval
zebrafish. However, for daily use in routine laboratory procedures, where both larval
and adult zebrafish must be euthanized for various reasons, this represents a current
limitation. To enable regular use beyond larvae, a more robust and user-friendly
electrical stunning chamber must be developed. Ideally, it should be 3D-printable,
allowing laboratories worldwide to easily fabricate it themselves. Additionally, the
chamber's capacity should be increased for convenience, and the setups adapted for
adult fish. Finally, the electric circuits generating the field must be simplified, eliminating
the need for the programmable power source used in this study. One approach is to
design a modular stunning system compatible with standard zebrafish housing or
breeding tanks. A preliminary layout demonstrated its feasibility (Figure 12). By
adjusting the distance between the two electrodes, the setup can accommodate both
larval and adult zebrafish using the same electrical circuit.

Beyond further development of the setup itself, applying an electrical field to zebrafish
larvae may offer further opportunities to refine experimental procedures and help
establish standards for behavioral assays in larval zebrafish. One promising avenue is

the adaptation of electrical stunning as a reversible anesthesia method for larval and
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adult zebrafish. The aim would be to achieve a rapid, consistent, and fully reversible
anesthetic state through the applications
of electrical fields without triggering
aversive behaviors, physiological stress,
or longer lasting effects (Francis and
Dingley, 2015). The experimental
platform developed in this study already
allows precise exposure of larval
zebrafish to different electrical fields while

monitoring behavioral and

neurophysiological responses in real time

using IR-camera recording and 2-photon

— T e— ~ ==, calcium  imaging. By systematically
e e varying parameters such as voltage type,
\’:

amplitude, frequency, and exposure
duration, conditions that reliably suppress

sensory processing and motor output
J/ while enabling full recovery within a

5
e defined timeframe could potentially be

Figure 12: Concept drawing of a 3D-printable setup. ; ;
Concept drawing of a modular and 3D-printable setup for found. This approach would prowde a

electrical stunning, suitable for both larval and adult _ ; ;
zebrafish and compatible with standard zebrafish non pharmacologlcal alternative to

breeding tanks (Burkhardt et al., unpublished). chemical anesthetics like MS—222, which

often elicit aversive reactions and exhibit variable efficacy in larvae (Mocho et al.,

2022). It could also streamline workflows by eliminating preparation and washout
times. Preliminary work which investigated so called electro immobilization does exist
(Nguyen et al., 2019; Reid et al, 2019) and underpins the feasibility of
electroanesthesia. Since the induction of unconsciousness is rapid and predictable at
defined voltage gradients, | hypothesize that adjusting amplitude or exposure time
could enable temporary neural suppression below the threshold for irreversible
damage.

Electrical stunning offers a promising methodological advancement for zebrafish
research. The developed setups enable controlled application of electrical fields while
remaining compatible with common experimental approaches such as behavioral

tracking and two-photon calcium imaging. Our results demonstrate that AC-based
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electrical stimulation induces rapid loss of behavioral responsiveness and suppression
of visually evoked neural activity, supporting its potential as a reliable and humane
alternative to current euthanasia protocols. Although further work is required to refine
parameters and adapt the system for broader laboratory use, the presented approach
provides a practical and accessible solution for implementing electrical stunning in
zebrafish experiments.

Having addressed this methodological challenge and thereby bringing zebrafish animal
welfare closer to standards used in mammals, the discussion now turns to the second
major topic of this thesis: the investigation of vertical eye movements in larval
zebrafish. Like the field of electrical stunning, this area has historically received
comparatively little methodological attention. As discussed in the following sections,
the newly developed camera-based eye-tracking approaches enabled robust
investigation of vertical eye movements alongside visual and vestibular stimulation
while revealing important limitations of current camera-based experimental setups that

point toward future technical improvements.

6.2. Vertical Optokinetic Eye Movements

6.2.1. vOKR vs. vVOR Performance

In contrast to the robust horizontal optokinetic response (hOKR), the vertical
optokinetic response (VOKR) in larval zebrafish exhibits much reduced performance.
During constant rotation stimuli, the vOKR consists of a brief initial eye movement
toward the stimulus, followed by a plateau phase at ~10° deflection without further
tracking or resetting saccades - unlike the hOKR's well-defined alternating slow and
quick phases. This absence of vertical resetting saccades is in contrast with reports in
adult goldfish, which display occasional but distinct vertical quick phases despite
minimal slow-phase responses (Tadokoro et al., 2025). The reason of the difference
so far is unclear but may reflect developmental or species-specific adaptations (Easter
and Nicola, 1996; Leary et al., 2025).

During VOKR stimulation, larval zebrafish frequently generate saccades that most of
the time include both a horizontal and vertical component. These saccades are not
stimulus-locked, indicating they are rather spontaneous than visually driven. Notably,

this activity occurs under visual stimulation but is entirely suppressed during vestibular
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stimulation, suggesting that vestibular inputs exert stronger inhibition on spontaneous
saccade generation than visual inputs in the vertical domain. From an ethological
perspective, a strong VOKR may offer limited functional utility for larval zebrafish.
Vertical rotations most likely occur infrequently or are rapidly compensated by
vestibular and postural reflexes, thereby reducing the need for prolonged vertical gaze
stabilization through the OKR. (Masseck and Hoffmann, 2009; Robinson, 1981;
Sugioka et al.,, 2023). Furthermore, while spontaneous vertical saccades are
uncommon, their presence indicate that the oculomotor apparatus and extraocular
muscles can accommodate vertical movements — which rules out mechanical
constraints as the basis for the diminished vVOKR amplitude and gain.

Interestingly, the tuning properties of the transient vVOKR - such as spatial frequency
and angular velocity preferences - closely match those of the hOKR, indicating that
early visual processing is not the bottleneck. This observation, together with the larger
dynamic range observed in VVOR, indicates limitations within the visuomotor
transformation pathway. In particular, motoneurons exhibiting high vertical eye position
thresholds could be selectively engaged by vestibular rather than visual inputs (Aksay
et al., 2000; Brysch et al., 2019), or there may be distinct motoneuron populations
specialized for different saccadic types (Brysch et al., 2019; Dowell et al., 2025; Leyden
et al., 2021).

6.2.2. Phase Advance at lower Repetition Rates

In this study, a striking phase advance was found in the vertical optokinetic response
of larval zebrafish during low-frequency sinusoidal stimulation. Specifically, the eyes
began to reverse their direction prior to the stimulus during the deceleration phase of
unidirectional motion. This finding seems counterintuitive, as optokinetic responses
typically exhibit a phase lag, reflecting inherent sensorimotor delays. The consistency
and immediacy of this behavior across stimulus repetitions strongly argue against
learned or predictive mechanisms, which would require longer periods of exposure or
explicit training (Marsh and Baker, 1997; Miki et al., 2018). Interestingly, this phase
advance shares some similarities with the motion aftereffect (MAE) - a phenomenon
where prolonged motion exposure leads to illusory motion in the opposite direction
(Anstis et al., 1998). However, several key differences suggest a different underlying

mechanism. Unlike the classic MAE, the observed eye reversal occurred while the
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visual stimulus was still in motion and was reliably elicited after only a few seconds of
stimulation - much shorter than the durations typically required to induce MAE in
zebrafish (Pérez-Schuster et al., 2016; Wu et al., 2020). One possible account for the
phase advance involves reciprocal inhibition between two populations of direction-
selective neurons tuned to opposing velocities. Over time, the population selective for
the stimulus direction might adapt, narrowing the activity gap between the two groups
until stimulus deceleration disinhibits the non-preferred population, eliciting a reverse-
direction vVOKR. Yet, this adaptation occurs far more rapidly than prior reports of motion
aftereffect in zebrafish (Pérez-Schuster et al., 2016; Wu et al., 2020). Alternatively,
phase advances might arise because DS neurons - beyond velocity tuning - are also
sensitive to acceleration (Cao et al., 2004; Thiel et al., 2007), interpretable as swift
adaptation; hence, they could drop activity even as the stimulus persists in the same
direction without acceleration. Here, opposing eye movements need not be visually
guided but could stem from passive elastic recoil within the oculomotor plant (Miri et
al., 2022). Consistent with this idea, centripetal movements emerged only after
stimulus velocity reversal, such that vVOKR toward eccentric positions invariably
matched stimulus direction. One way to disentangle these possibilities would be to use
a visual vVOKR stimulus that, after a short period of acceleration followed by constant
stimulus velocity, ends in one of three ways: a sudden stop of motion, prolonged
stimulus movement without changing velocity, or a defined deceleration trajectory
approaching 0 °/s. Depending on the eye’s response, this would provide further
evidence on whether the observed phase advance reflects MAE-like behavior or

acceleration tuning and passive back drift.

6.2.3. Dual Camera Eye Tracking: Limitations and further Directions

In this study a dual-camera system was used for concurrent tracking of vertical and
horizontal eye movements in larval zebrafish. Compared to single-plane tracking
methods, this is a substantial improvement, as different eye movements in multiple
planes can be recorded simultaneously (Figure 13A). However, this method which also
involves fitting ellipses to binarized eye images from two orthogonally aligned cameras
imposes a fundamental constraint on accuracy and robustness for multi-axis eye
movements, arising from optical distortions and geometric uncertainties in projecting

the 3D eye onto 2D planes. Specifically, rotations involving both horizontal and vertical
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movements cause apparent geometry changes in camera views that do not linearly
correspond to actual angular displacements. This highlights a general problem: the
eyes of larval zebrafish are not ideal for camera-based tracking solutions. From a
dorsal view, the laterally placed eyes have an elliptical shape, making visual tracking
of horizontal eye movements - based on background subtraction and subsequent
ellipse fitting, using the angle of the major axis as a readout of eye position -
straightforward. From a frontal view, the eyes also have a slightly elliptical shape,
allowing an easy initial ellipse fit, which however changes once the fish start moving

its eyes horizontally (Katz et al., 2021).
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Figure 13: Saccade Clusters during vertical OKR (vVOKR) stimulation. (A) Four different saccade types have been
observed and can be distinguished by their appearance in the vertical and horizontal eye trace. Example vertical
(blue) and horizontal (red) eye traces show characteristics of each cluster type. Scale on the right corresponds to
all eye traces. Note, that cluster 3 and 4 contain both mixed (vertical-horizontal) and pure horizontal saccades.
Cluster 3 and 4 were therefore not further analyzed. (B) Scatterplot of apparent horizontal and vertical amplitudes
of all observed saccades, clustered by the saccade type during vVOKR stimulus (adapted from Burkhardt et al.,
2026).

Therefore, two problems arise when tracking vertical eye movements. First, during
large horizontal eye movements, the frontal projection shifts from elliptical towards

spherical, which can alter the major axis angle and thus yield false vertical eye
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positions. This projection artifact becomes even more pronounced when the fish's eyes
are slightly rotated around the torsional axis - for example, if it is not perfectly
horizontally embedded. Second, from the front, the laterally placed eyes are partially
obscured by the fish's body - which, although transparent - may interfere with
background subtraction and subsequent ellipse fitting. These problems are unlikely to
affect horizontal eye tracking, as vertical movements are too small to significantly alter
the major axis, and the fish's body is much thinner from dorsal to ventral than from
caudal to rostral, making transillumination and background subtraction much easier.
These compound motions thus generate a “crosstalk”, appearing as eye movements
in both horizontal and vertical planes despite potentially dominant uniaxial component
(Figure 13B, cluster 3 and 4). A prominent challenge therefore is the misinterpretation
of mixed saccades - those with both vertical and horizontal components - due to the
described projection artifacts. Especially when large horizontal deflections lead to more
circular projections in the frontal view, this increases uncertainty in vertical orientation
estimates, leading to over- or underestimation of small vertical components. This issue
was evident in the data, where slow-quick phase dynamics characteristic of the
horizontal optokinetic response (hOKR) appeared - albeit at reduced amplitudes - in
the vertical traces. Although these might suggest true vertical components during
hOKR, projection distortions confound such interpretations. While metrics like changes
in minor axis length effectively validated pure vertical or horizontal saccades, they fail
to decompose multidimensional movements under dynamic stimuli. Given the
zebrafish eye's anatomy and oculomotor range, many saccades and optokinetic

responses might likely involve multi-axis motion.

Future refinements of the experimental setup could allow disentangling vertical,
horizontal, and torsional components of eye motion. In mammals, precise tracking of
3D-eye-positions is often reached by using search coils that precisely measure the
eye’s position as the animal moves them within a magnetic field (Bartl et al., 1996;
Hess et al., 1992; Kenyon, 1985; Tweed et al., 1990). Due to the tiny eyes of larval
zebrafish and the fact that they move underwater, search coils unfortunately are no
real option, leaving video recording as the only viable option for tracking eye motion.
Another approach for video recording of eye movements could be the use of
retroreflective markers glued to the fish’s eye, enabling precise 3D tracking. This
approach has been successfully applied in adult goldfish (Tadokoro et al., 2025),

58



however, the small size of the larval zebrafish eye again makes this approach nearly
impossible. One straightforward extension would therefore be the addition of a third
camera, for example positioned at an oblique angle or along the rostral-caudal axis.
This configuration would provide a third projection plane, enabling full 3D triangulation
of eye surface markers via stereophotogrammetric methods. Such approaches are well
established in biomechanics (Chhimpa et al., 2025) and could, in principle, be adapted
to larval zebrafish through the use of high-resolution optics and synchronized imaging.
As an alternative to multi-camera hardware, inverse kinematic models based on the
known anatomical geometry of the eye could be employed to infer 3D orientations from
2D projections. These models could incorporate symmetry assumptions,
biomechanical rotation constraints, and the geometry of extraocular muscle
attachments. Optimization algorithms could then be used to estimate eye orientations

that best reproduce the observed elliptical projections across one or multiple views.

6.3. Conclusion

A central motivation of this thesis was to address a growing imbalance in zebrafish
neuroscience: while neural recording technologies have advanced rapidly, behavioral
and animal welfare methodologies have lagged behind. The guiding principle of this
work was therefore to develop methodological solutions that expand behavioral access
while remaining practical, modular, and readily adoptable within existing experimental
infrastructures.

The electrical stunning platform is one such innovation. It enables controlled exposure
of zebrafish larvae to defined electrical fields while remaining compatible with
behavioral tracking and two-photon imaging. This technically accessible system
facilitates investigations and implementation of electrical stunning as a euthanasia
method. The rapid loss of behavioral responsiveness and suppression of visually
evoked neural activity under AC stimulation suggest it as a fast, reproducible
alternative to common methods like anesthetic overdose or hypothermic shock.
Crucially, it aligns with the refinement principle of the 3Rs by minimizing potential stress
and suffering.

This thesis's second contribution tackles another but equally important key limitation in

larval zebrafish behavioral assays: the restricted dimensionality of traditional eye-
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tracking methods. While the horizontal optokinetic response has long been a standard
for visuomotor studies, vertical eye movements have received little attention despite
their ecological and neurobiological importance. The dual-camera tracking system
developed here simultaneously measures vertical and horizontal movements,
revealing a distinct vertical optokinetic response with dynamic properties differing from
the horizontal one.

When evaluated against the guiding principle of this thesis - methods that meaningfully
expand behavioral access while remaining technically accessible - the two
methodological approaches offer complementary strategies. Electrical stunning refines
experimental conditions and enhances animal welfare, while multidimensional eye
tracking enriches measurable behavioral outputs, forging stronger links between
neural activity and behavior. The results presented and discussed in this thesis
demonstrate that both methodologies enabled the discovery of novel findings: namely,
the first parameter set for humane and rapid euthanasia of zebrafish larvae, supported
by comprehensive behavioral and neurophysiological data, and the first
characterization of vertical eye movements in larval zebrafish, encompassing both
visually and vestibularly driven movements. Both technical approaches prioritize
modular design, compatibility with existing imaging pipelines, and use of widely
available components, lowering adoption barriers for labs without specialized
engineering expertise.

Among the outlined future directions, expanding multidimensional behavioral
measurements holds particular promise. As brain-wide neural recordings become
widely used, capturing comparably rich behavioral data will be essential for signal
interpretation. Extending behavioral assays beyond single-dimensional readouts -
such as purely horizontal eye movements - towards more comprehensive descriptions
of sensorimotor behavior therefore represents a critical step towards bridging neural
dynamics and behavior. In this sense, the methodological developments presented in
this thesis should be viewed less as finalized experimental tools and more as
conceptual frameworks for expanding the zebrafish behavioral toolkit. By
demonstrating that practical, modular, and accessible solutions can substantially
increase behavioral resolution in zebrafish experiments, this work contributes to the
broader effort of aligning behavioral methodologies with the rapidly advancing

technologies used to observe the vertebrate brain.
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Two methods dominate the way that zebrafish larvae are euthanized after experimental
procedures: anesthetic overdose and rapid cooling. Although MS-222 is easy to apply, this
anesthetic takes about a minute to act and fish show aversive reactions and interindividual
differences, limiting its reliability. Rapid cooling kills larvae after several hours and is not listed as
an approved method in the relevant European Union directive. Electrical stunning is a promising
alternative euthanasia method for zebrafish but has not yet been fully established. Here we
characterize both behavioral and neurophysiological effects of electrical stunning in 4-day-old
zebrafish larvae. We identified the electric field characteristics and stimulus duration (50V/cm

alternating current for 32 s) that reliably euthanizes free-swimming larvae and agarose-embedded
larvae with an easy-to-implement protocol. Behavioral analysis and calcium neurophysiology
show that larvae lose consciousness and stop responding to touch and visual stimuli very quickly
(<1s). Electrically stunned larvae no longer show coordinated brain activity. Their brains instead
undergo a series of concerted whole-brain calcium waves over the course of many minutes before

the cessation of all brain signals. Consistent with the need to implement the 3R at all stages of
animal experimentation, the rapid and reliable euthanasia achieved by electrical stunning has
potential for refinement of the welfare of more than 5 million zebrafish used annually in biomedical

research worldwide.

The zebrafish (Danio rerio) is one of the most common model organ-
isms in neuroscience and biomedical research, with more than 5 million
individuals used in animal experiments annually™*. Because this figure
excludes many animals used just for breeding instead of experiments,
or animals used below the legal age limit (5 days post fertilization, or
dpf), the total number is even higher. Also, it is expected that the overall
number will further increase owing to the promising characteristics
of this model organism and its continued spread into many areas of
research’. Good scientific practice alone already requires well-designed
and planned animal experiments’, but this is further reinforced by an
increasing awareness of the use of animals for scientific research in
society” and the still unanswered question of to what extent fish perceive
and suffer from pain’~. Within the European Union (EU), directive
2010/63/EU states the legal euthanasia methods for fish: percussive
blow to head, anesthetic overdose and electrical stunning. However,

uncertainties persist concerning the application of these methods to
zebrafish larvae (Fig. 1a).

First, percussive blows to the head are not practical or safe to perform
because larvae are only 4mm in size”. Second, overdose of the anesthetic
MS-222, which in adult fish leads to death through asphyxiation and
hypoxemia due to blocked gill ventilation™, does not reliably work on
zebrafish larvae, as they rely on cutaneous gas exchange during early
gill development'""*. At 12-14dpf, cutaneous gas exchange is no longer
sufficient to meet the minimal respiratory requirements'. Thus, despite
the onset of a cardiac arrest when using a high concentration of MS-222
(900 mg/l), zebrafish larvae regain consciousness when transferred back
to regular tank water''. Moreover, MS-222 triggers aversive reactions in
zebrafish'*"". Behaviors such as piping, twitching and erratic swimming
have been observed in fish when exposed to both unbuffered and butt-
ered MS-222 solutions'”. Fish even seem to prefer to spend more time in
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Fig. 1 | Developing a protocol for humane euthanasia via electrical stunning.
a, An illustration of different euthanasia methods for zebrafish. b, The electrical
stunning chamber with cuboid net container allows imaging of behavior. ¢, The

Meurophysiological assessment of electrical stunning

2p calcium imaging

LED array

brain activity of immobilized animals can be measured via 2-photon (2p) calcium
imaging during visual stimulation and electrical stunning.

a dark environment than in an illuminated environment containing the
anesthetic MS-222, which may indicate that fish would rather undergo
discomfort than be exposed to MS-222 (ref. 17). Furthermore, the efficacy
of MS-222 is variable across animals'".

Another euthanasia method that is not universally permitted by law
for zebrafish but is often used after special approval by the local authorities
is rapid cooling, in which the animals are placed in cold water (2-4°C).
The resulting hypothermic shock is thought to cause death by slowing the
rate of cellular activities and neural impulses, finally leading to cardiac
arrest'". It is mostly considered a humane alternative to an anesthetic
overdose, because fish exhibit signs of distress over a much shorter period
compared with MS-222-treated animals'®'*. While the onset of uncon-
sciousness is probably fast', zebrafish larvae survive long periods in cold
water”. In fact, rapid cooling in larvae younger than 14 dpf requires an
exposure of at least 12h for reliable euthanasia®. These results highlight
how little is known about the exact timing of death resulting from this
method at early stages of development, prolonging the time window in
which suffering is possible™.

Legislation including the relevant EU directive alternatively permits
the application of electricity for euthanasia and refers to this as electrical
stunning, even if death, not stunning, is the intended outcome. Electrical
stunning protocols have successfully been established for larger fish™.
However, its suitability has scarcely been investigated for laboratory
zebrafish™ and electrical stunning has never been successfully established
as a humane euthanasia method for zebrafish. Knowledge about reliable
parameters including voltage gradient, exposure duration, voltage type,
the needed water conductivity and the resulting power density in the fish
body are missing'. There is also no known adequate and approved equip-
ment available on the market that could be used for this purpose'” (see
Mocho et al.” for a previous report on electrical stunning ™). Euthanasia
by electrical stunning is most likely to be achieved by asphyxiation of the
stunned fish™. In small fish larvae with sufficient cutaneous oxygen supply,
the mechanism of euthanasia is probably cell death due to unrecoverable

damage to the cell membrane integrity or energy depletion of the fish™.
Larger cells seem particularly susceptible to electric-field-induced mem-
brane damage™, which is why the effectiveness of electrical stunning is
expected to increase with fish size. Also, different voltage types (such as
direct current (DC), pulsed direct current (PDC) or alternating current
(AC) and the associated frequencies) are thought to directly influence
mortality rate and tissue damage™ ', Different aspects of electrical stun-
ning have been investigated for various fish species at different stages of
development, but the parameters were often not systematically varied and
the effects of electrical stunning on zebrafish behavior and brain activity
were not systematically recorded**"**. To the best of our knowledge, there
is not a single study in which potential suffering and stress associated
with electrical stunning was quantified in zebrafish, nor in which neural
correlates of such experiences were quantified, such as changes to sensory
processing induced by the euthanasia method.

Here, we investigated electrical stunning as an alternative humane
euthanasia method for zebrafish larvae on both the behavioral and the
neurophysiological level using calcium imaging (Fig. 1b,c). We examined
and compared different voltage types (DC, PDC and AC) and exposure
durations (2s to 32s) and their influence on mortality rate and tissue
damage. We identified a set of parameters that reliably work at a voltage
frequency close to the main frequency of 50 or 60 Hz and for a standard
embryo medium conductivity of 670 uS/cm (ref. 33), resulting ina 100%
mortality rate. Besides behavioral examination we also investigated neu-
ronal activity patterns using calcium imaging, confirming the total loss
of coordinated and stimulus-associated neuronal activity and behavior
during and after electrical stunning.

Results

Mortality rates and behavioral effects of electrical stunning

To identify the optimal parameter set encompassing voltage gradient,
voltage type and exposure duration for electrical stunning, we exposed
larvae to DC, AC (60 Hz) or PDC (60Hz or 6 Hz, duty cycle 50%)
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Fig. 2 | Electric AC fields are well suited for euthanasia of larvae. a, A schematic
of the experimental setup. b, The protocol for assessing mortality. x is the exposure
duration that was systematically varied over trials. ¢, The logical matrix defining
under which condition within the experimental procedure a larva was considered
dead. d, Mortality rates of different voltage types for different exposure durations
at a voltage gradient of 50 V/cm. The asterisks indicate significances by z-test

for proportions followed by Bonferroni correction between exposure durations
for the same voltage type (colored asterisks) and between voltage types for the
same exposure duration (black asterisks); *P < 0.05, **P <0.01, “**P<0.001,

##44P < 0.0001. The envelopes show 95% Wilson confidence intervals. n =400
larvae, n =4 shock exposure trials with 5 larvae each. e, The time to loss of
equilibrium for different voltage types (animal numbers are provided next to

the hash symbols) For comparison, the time to loss of equilibrium for MS-222

Exposure duration (s)

(336 mg/1)™ is shown in gray. f, Morphological effects of electrical stunning at

50 V/cm, 3255, directly after exposure. g, Mortality rates of 16 s and 32 s exposure
duration for different voltage gradients at AC voltage. The asterisks indicate
significance by z-test for proportions followed by Bonferroni correction between
voltage gradients and exposure durations; *P < 0.05, **P < 0.01, ***P < 0.001,
“***P<0.0001. The envelopes show 95% Wilson confidence intervals. n=240,
n=4 shock exposures with 5 larvae each. h, The mean power density and current
density of different voltage types for different exposure durations at 50 V/cm.
Power and current densities were calculated on the basis of measured currents
during the experiment. The dashed lines indicate the expected power density
without joule heating (light blue, DC; black, AC and PDC). Light blue y axis on the
right is for DC and the black y axis on the right for AC and PDC experiments. The
envelopes show s.d.

electric fields (50 V/cm) in the water bath (Fig. 2a, n=20 larvae per
condition; 4 trials with 5 animals per trial). Mortality was assessed as
loss of equilibrium, lack of locomotor activity, lack of gill ventilation
and lack of responses to tactile stimuli (Fig. 2b,c and Methods). For five
different exposure durations (from 32s to 2 s in logarithmic steps), we
conducted four independent trials involving five larvae each. Different
mortality rates occurred at different exposure times depending on the
type of voltage used. At 32s of exposure, all voltage types resulted in
100% mortality. For 16 of exposure, only 60 Hz PDC was not able to
reach a 100% mortality rate. At 8s of exposure, significant divergence
in mortality rates among voltage types emerged for the first time
(z-test for proportions, P <0.01), with rates dropping below 20% for
all types at 2 s (Fig. 2d). Behavioral loss of equilibrium was immediate
across all voltage types, occurring within 900 ms (AC, 0.895+0.38s;
DC,0.645+0.255; PDC60Hz, 0.735+0.28s; PDC6Hz, 0.725+0.225
(average +s.d.)), suggesting an instant onset of loss of sensation (that
is, anesthesia) (Fig. 2e)".

Depending on the voltage type used, several morphological changes,
including body curvature, opaque brain tissue and sometimes fractures,
could be observed for longer exposure durations (32s and 165s) for all
voltage types. Morphological abnormalities were recorded directly, 15 and
30min after exposure. These included visible destruction of tissue, skin
and eyes as well as severe deformation of the body axis (lordosis, kyphosis
and scoliosis) for DC and 6 Hz PDC and only up to medium-grade body
axis deformation for AC and 60Hz PDC (Fig. 2f and Supplementary
Fig. 1). Many AC-treated larvae showed no morphological phenotype
directly after stunning and only developed a phenotype over the course
of 30 min. None of the larvae exhibiting abnormalities survived.

Because AC voltage and exposure durations of 16 and 32 s achieved
100% mortality with a fast onset and only minimal morphological abnor-
malities, we next refined these parameters with regard to the voltage gradi-
ent. We tested five different voltage gradients (from 45 V/cm to 20 V/cm)
for 16s and 32 s exposure duration. Already for 45 V/cm, mortality rates
differed significantly, and only the 32 s trial still reached 100% mortality
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rate (z-test for proportions, P <0.0001) (Fig. 2g). We therefore concluded
that AC (60 Hz), 50 V/cm and 325 is a reliable and effective parameter
set to achieve 100% mortality rate, and it was used for all subsequent
calcium imaging experiments to assess the effects of electrical stunning
on the neurophysiological level. To extend our observation period and
confirm that no larvae recover, we conducted another, independent
experiment using our optimal parameter set (AC, 60Hz, 50 V/cm, 32s)
and we included one additional observation time point in the morning of
the day following the electrical stunning. Again, all larvae were dead after
the 30 min recovery period. None of the larvae came back to life overnight
and none of them showed a heartbeat the next morning (n=20 larvae, 4
trials with 5 fish each).

Electrolysis and joule heating
During experiments using the exposure chamber, electrolysis could be
observed as small bubbles formed at the electrode surfaces. Because the pH
of the E3 medium remained stable at 7 after electrical stunning, this was
not investigated further. However, electrolysis effects should be explored
more comprehensively for a final implementation of electrical stunning.
Furthermore, an increase in temperature and, thus, in electrical cur-
rent was observed during exposure to AC, DC and PDC for all exposure
durations. Temperature increases ranged from 1.26+0.33°C for PDC
(60Hz) and 2 s exposure duration to 24.25+0.22°C (average +s.d.) for
DCand 325 exposure duration (Supplementary Fig. 2). The temperature
rise was 13.3+0.53°C for AC (60 Hz), 50 V/cm, 325, with 36.1°C being
the maximum temperature reached. The observed change in temperature
is due to joule heating, where an electric current heats a medium. In turn,
the conductivity changes, which again influences the current magnitude.
These effects lead to a rise in power density in the exposure chamber,
which in principle could have influenced the mortality rates (Fig. 2h).
No rise in temperature was observed during calcium imaging experi-
ments (see below), where a single larva was agarose-embedded between
two small electrodes. This is most likely due to the substantially smaller
electrode surfaces and the proportionally larger E3 volume in the Petri
dish, which serves as a heat sink. To rule out that the temperature rise and
increased power density affect mortality rates for ACat 50 V/cmand 325
exposure duration, and to ensure comparability between the mortality
rate experiments using the exposure chamber and the calcium imaging
experiments not using it, a transfer experiment was carried out where
single agarose-embedded larvae were exposed to an AC field with 50V/
cm for 32 s using the small electrodes (Methods). After exposure, larvae
were freed from agarose and mortality was determined using the same
behavioral criteria as used for free-swimming experiments. No difference
in mortality rate was observed (1 =6 larvae with 100% mortality rate).
Thus, even in the absence of a rise in power density associated with the
exposure chamber, 100% mortality can be achieved with AC at 50 V/cm
and a 32 s exposure duration.

Swim bursts during electrical stunning

Within the first seconds of exposure to any tested electrical field, we
observed short bursts of tail movements, either during or after loss of
equilibrium (Supplementary Video 1). If this corresponded to a planned
locomotion behavior, this might have implications regarding the state of
the animal and associated potential of suffering. To rule out any such kind
of active locomotion, we recorded a high-speed video of a single embed-
ded larva with its tail cut free and exposed to an AC field at 50 V/cm for
325 (Fig. 3a). A kymograph of the total angle of the tail revealed a strong
initial tail deflection at exposure onset followed by a tail beat frequency
perfectly matching the 60 Hz sinusoidal frequency of the electric field
applied, strongly suggesting that the observed muscle movements were
passively driven by the electric field (Fig. 3b.e, top and Supplementary
Video 2). Furthermore, both tail beat amplitude and standard length"‘“
decreased during exposure (preexposure 3.9 mm, intraexposure 3.1 mm;
Fig. 3¢), presumably as a result of bilateral tail muscle contraction driven
by the electric field. Also, the spatiotemporal curvature pattern of the tail

differed drastically for tail undulations during exposure as compared with
a spontaneous swim bout (Fig. 3d). During the spontaneous swim bout,
the point of maximal curvature traveled along the tail in rostrocaudal
direction for each tail undulation at a frequency of 20 Hz (Fig. 3¢, bottom),
which is conducive to forward swimming . However, during electric field
exposure, the stereotypic spatiotemporal pattern could not be observed,
that is, the complete tail contracted at once in an abnormal, bilaterally
synchronized fashion.

The observed phenomenon might be related to the pseudo-forced
swimming described previously”’, although the voltage type used in that
study was DC.

Loss of visually driven neural activity during electrical
stunning

To quantify and compare neuronal activity before, during and after
electrical stunning, two-photon calcium imaging was performed while
applying a simple and strong visual on—off stimulus (full-field flash) and
simultaneously exposing larvae to an electric field (AC, SIN, 60 Hz, 50 V/
cm, 32s; Fig. 4a). Recordings were done in the optic tectum, which is
known to be a hub in visual processing and contains different populations
of neurons well responding to on and off flashes™*. Because the visual
system of zebrafish larvae develops rapidly, strong optokinetic responses
and associated sensory-driven neural activity are already established by
4dpf (refs. 40,41). The absence of such sensory-driven activity can thus
serve as a reliable indicator of defective neural processing.

Mean fluorescence time courses across all pixels obtained from the
calcium recordings before (baseline), during (shock) and after (recov-
ery) electrical stunning revealed drastic changes in activity patterns and
overall intensities (Fig. 4b). Exposure to the electrical field also gave rise
to a fast-propagating calcium wave (<2s) with high mean fluorescence
intensities along with strong spatial drifts (>20 pm), resulting in perma-
nent morphological changes that impeded consistent segmentation of
individual neurons across recording time (Supplementary Video 3). After
exposure, mean fluorescence intensity across each image frame decreased
until the occurrence of further, slowly (>2s) propagating calcium waves,
with different characteristics than the initial wave (Fig. 4b). Due to these
strong changes in fluorescence intensity, adjustment of laser power and
photomultiplier tube (PMT) gain between individual recordings was
necessary to avoid overexposure and damage to the PMTs. Thus, abso-
lute fluorescence intensities cannot and should not be compared across
recordings.

To investigate whether visual processing still occurred during and
after electrical stunning, the mean power spectral density (PSD) of all
pixels within a recording was analyzed across all fish, where for intact
vision-related processing the stimulus main frequency (0.1667 Hz) should
not be affected much by spatial drifts of the larva in the recording window
(Supplementary Fig. 3). As expected, PSD analysis revealed a total loss of
the visual stimulus main frequency (0.1667 Hz) during shock and recovery
(P<0.01 between 0Hz and 0.22Hz for shock and recovery recording,
two-way repeated-measures analysis of variance (ANOVA) followed by
Tukey’s honest significant difference (HSD) test; Fig. 4¢,d). A further PSD
analysis covering only the period during exposure to the electric field
(32s) confirmed this observation (Fig. 4d, middle, inset). Furthermore,
the mean power density strongly increased toward lower frequencies
during shock and recovery recordings, representing the observation of
brain-wide, slowly changing calcium intensity.

Next, we segmented neurons in each the baseline and recovery
recording to ask how the population tuning to the visual stimuli changed.
The optic tectum contains diverse sets of neurons, some correlated and
others anti-correlated or not correlated with our luminance stimulus.
Also, on average, fluorescence time courses of neurons should inherit
some form of periodicity as the stimulus itself consisted of various
periodic parts. By contrast, during and after exposure, all these charac-
teristics should have vanished to confirm loss of intact neural processing
and the effectiveness of electrical stunning as a euthanasia method. In
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Fig. 3 | The AC field drives direct muscle contractions. a, A schematic of the
experimental setup. Agarose surrounding the larva’s tail has been removed. b, Left,
a schematic of larva illustrating tail displacement during electrical stunning. The
orange arrows indicate the skeleton used for computing the total tail angle. Right,
the total tail angle during exposure. The arrows indicate a spontaneous swim bout
and the exposure onset. The inset shows the tail angle during exposure, which

perfectly matched a 60 Hz sinusoidal wave. ¢, The length of the larva during (left)
and before (right) electrical stunning. d, Top, the lateral tail displacement profile
during electrical stunning. Bottom: the lateral tail displacement profile during the
spontaneous swim bout. e, Top, the power spectrum during electrical stunning.
Bottom, the power spectrum during the spontaneous swim bout. n=2.

total, 4,958 segmented regions of interest (ROIs) were analyzed during
baseline recording and 3,369 ROIs during recovery (n=7 fish). The
difference in number of detected ROIs is due to the technical difficulty
of detecting ROIs during recovery. Neurons in the optic tectum showed
diverse activity patterns during baseline recording with regard to visual
stimulation, where 3.5% of the overall number of neurons were corre-
lated or anti-correlated to the visual regressor with a correlation coef-
ficient above 0.3 (Fig. 4e,h). During recovery recordings, not a single
neuron had a correlation coefficient higher than 0.3. Also, a Levene test
revealed a significant difference in the variance of correlation with the
visual regressor between both recordings (P <0.0001). To characterize
the stimulus-related activity, we quantified the pairwise cross-correlation
between the 20% best correlated neurons within each fish for both
baseline and recovery recording (Fig. 4f). Neurons within each matrix
were sorted by their correlation coefficient from positive to negative,
resulting in a structure with two visible anti-correlated populations (red
and blue) during baseline recording. These populations correspond to
neurons responding to either the on or off phase of the visual stimulus.
No similar structure could be found during the recovery recording,
where almost all neurons correlated with each other, which could be
explained by an overall synchronous decrease in fluorescence due to
the fading out of the initial calcium wave. Finally, an autocorrelation
function (ACF) of both recordings yielded a perfect periodic pattern
for the baseline recording representing the periodic stimulus-related
activity pattern, and nothing but linear decrease during the recovery
recording (Fig. 4g).

All these results strongly indicate that, during electrical stunning
and afterward, no neural processing with respect to visual perception
was possible, as the dominance of monotonous calcium signals indicates
nonintact brain activity and presumable loss of sensation.

Discussion

In this study, we investigated electrical stunning as an alternative euthana-
sia method for zebrafish larvae. We systematically evaluated different volt-
age types, voltage gradients and exposure durations, resulting in a robust
parameter set that can be implemented under real-world conditions (32 s,
50 V/em, AC, 100% mortality). We further demonstrated that observed
tail movements during exposure are unrelated to any kind of voluntary
locomotion and that electrical stunning provokes an immediate loss of
coordinated neuronal activity—and, therefore, probably suppresses any
sensation that could arouse suffering. Importantly, larvae never recovered
from this terminal state, and their rapid loss of equilibrium confirms
that electrical stunning minimizes the remaining time window before
complete incapacitation, especially compared with previously established
euthanasia methods.

Reliable parameters are straightforward to implement

One of our major aims was not only to comprehensively examine the
effects of electrical stunning on behavioral and neurophysiological levels
but also to devise a reliable parameter set that can be implemented in
practice across international and disciplinary boundaries. Therefore, an
important consideration was to also examine a sinusoidal AC voltage with
a frequency near 50 or 60 Hz, as is common in many countries. While
both 32sand 16s exposures lead to 100% mortality at 50 V/cm (Fig. 2d),
we recommend 32 s to account for possible variations in specific future
implementations. We confirmed the loss of stimulus-associated neural
activity only for a 32s exposure and not for a 16 s exposure, posing a limita-
tion to the 16s. Despite joule heating raising the resulting power density to
1.4W/em’ after 32 s during behavioral assays (Fig. 2h), the calcium imag-
ing experiments showed that 0.85W/cm” is in fact sufficient to reliably
euthanize zebrafish larvae. This is in accordance with published findings
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Fig. 4| Absence of sensory-evoked neural activity during and after electrical
stunning. a, A schematic of the experimental setup positioned under the two-
photon microscope. The yellow dot indicates the imaged brain area (optic tectum).
b, Mean calcium signals for baseline, shock and recovery recording for all fish (one
trace per fish). The light-blue bar indicates exposure duration. The LED stimulus
trace indicates when a visual stimulus was used or not. The arrows highlight

the occurrence of slowly propagating calcium waves occurring after electrical
stunning,. ¢, The mean PSD for baseline, shock and recovery recording (green, red
and dark blue as used in b). The envelopes show s.d. The dashed line indicates the
visual stimulus main frequency of 0.1667 Hz. The asterisks indicate periods with
significant differences to baseline recording (two-way repeated-measures ANOVA

Abs(r)

Time lag (s)

followed by Tukey’s HSD test; *P <0.05, “*P<0.01, ***P < 0.001, ****P < 0.0001).

d, The inset of ¢ for baseline, shock and recovery recordings. e, Example calcium
traces of neurons (black) (anti-)correlated with the stimulus (gray), and mean
correlation traces (green and dark blue) of 20% best correlated ROIs for baseline
and recovery recording. f, ROI cross-correlation matrices for baseline and recovery
recording (top and bottom). g, The mean ACF for baseline and recovery recording
(top and bottom). The envelopes show s.d. Gray shows the ACF for the stimulus
(regressor) itself. h, A histogram of absolute ROI cross-correlation coefficients
(Abs(r)) for baseline and recovery recordings. Hash symbols indicate the overall
number of neurons (ROIs) used. P value derived from Levene test. n=7.

that a calculated power density of 0.7 W/cm'® with PDC at 50 Hz, 25 V/cm
and 1120-1130 pS/cm (ref. 20) is sufficient to euthanize zebrafish larvae,
whereas a power density of 0.00086 W/cm’ using AC at 12.5V/cm and
2000 pS/cm (ref. 42) has no influence on the survival rate. Although the
conductivity of small fish species is thought to be less than 30 pS/cm (ref.
43)and, therefore, the conductivity of a zebrafish larva is most likely even
smaller, our medium for electrical stunning with a conductivity of 680 uS/
cm was chosen specifically to be consistent with a standard E3 embryo
medium (5mM NaCl, 0.17 mM KCl, 0.33 mM CaCl,, 0.33mM MgSO,
and 107°% methylene blue) as it is commonly used for zebrafish larvae™.

The suggested parameters should be easy to implement in an electrical
stunning setup owing to their characteristics, and the principle layout of
the exposure chamber introduced in our experimental setup (Fig. 1band
Supplementary Fig. 4) might provide a possibility to build and establish
safe and adequate devices as required by the EU directive 2010/63/EU"".

Electrical stunning reduces time window to onset of
euthanasia

We have demonstrated that loss of equilibrium can be reliably induced
within a single second using electrical stunning, which is an important
aspect when evaluating an euthanasia method". On a behavioral level,
an animal is likely to be unconscious from the time point on its losing

its righting reflex (which in our study is equivalent to the loss of equi-
librium)*. Tricaine (MS5-222) is known to work relatively slowly in this
respect, as it takes between 25s and 34s for adult zebrafish to lose equi-
librium at a concentration of 250 mg/l (refs. 15,16,45). Even at 336 mg/l it
takes about 15s for larvae until the loss of the righting reflex™. Although
for rapid cooling the time window to onset decreases to less than 155 for
larval zebrafish, a constant exposure to cold is still required for 12h to
ensure reliable euthanasia*'. The much faster onset time (0.89s+0.38s,
average +s.d. for AC, 50 V/cm) for electrical stunning therefore has an
immediate effect on the reduction of any possible stress and suffering.
Aversive reactions shown by larvae as reported for tricaine use™ were
not observed.

AC is the best-suited voltage type for electrical stunning

Depending on voltage type and voltage gradient, different injuries such
as tissue disruption, vertebral dislocations and even fractures are known
to occur in fish. These injuries most likely arise from strong muscle
contractions caused by direct electrical stimulation of either muscles or
the neuromuscular pathway and are influenced by the voltage type used
as well as the voltage gradient and frequency”™*"". There are different
findings regarding how different types of voltage affect mortality and
injuries in fish. According to ref. 31, using DC or reducing the frequency
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at PDC results in less injury to fish whereas AC is most likely to cause
tetany, potentially resulting in injury and mortality. Also, ref. 48 reported
that spinal injuries have mostly been associated with AC, and there are
numerous reports about non-DC waveform that together with different
frequencies negatively affected injury and survival rates™""~"". However,
this does not seem to be the case for embryos and zebrafish larvae, which
are found to be more vulnerable to DC******". This concurs with our
findings, where DC (50 V/cm, 32s) led to severe tissue destruction and
ruptures (Fig. 2f). DC treatment was also associated with the highest
reached temperatures due to joule heating (up to 46.9 +0.4°C), which
probably contributed to the morphological defects of larvae via thermal
denaturation of proteins. During treatments with AC, however, the tem-
perature increased only mildly and stayed below 38°C (50 V/cm, 325, AC
35.034:0.77°C), a temperature that is frequently used for live zebrafish
in genetic experiments™ *, while only up to medium body axis deforma-
tions could be observed. However, further studies are needed to ascertain
whether cells and tissue of AC-euthanized larvae remain intact and useable
for any postmortem analyses. Although the DC-associated injuries and
body deformations are unlikely to impact larval welfare relative to AC,
given DC's loss of equilibrium also occurring in within 15 (0.645+0.255),
the observable injuries might misconstrue electrical stunning as an unsuit-
able euthanasia method. To avoid this issue and taking into account that
a good euthanasia method should also consider the emotional effect on
observersand operators™, we endorse AC as the most compelling voltage
type for electrical stunning applications on zebrafish larvae.

Electrical stunning with AC is followed by widespread
propagating calcium waves

Over the course of investigating neuronal activity during and after electrical
stunning, we observed a strong synchronous rise of intracellular calcium
(also referred to as a fast-propagating calcium wave) alongside the onset
of the electrical field as well as concomitant morphological changes. Most
likely, this first wave was caused by the influx of calcium from extracellular
space driven by the electric field™. This influx might in turn have led to
ATP depletion and mitochondrial failure due to the loss of membrane
potential, further causing imbalance of calcium and potassium and,
finally, cell death™ . The exact mechanism underlying cell and organ-
ismal death in zebrafish larvae via AC-based electrical stunning remains
unclear. Several (interacting) cell death pathways have been discussed in
a recent review on the effects of electroporation™. Although we did not
characterize the differences between the initial fast-propagating and fol-
lowing slow-propagating calcium waves in detail, they seemed to differ in
propagating speed, maximum calcium intensity and place of origin. The
slow-propagating calcium waves (as seen by eye) might be similar to earlier
observations in zebrafish larvae, where a slow wave occurred after cardiac
arrest, traveling in a caudal-rostral direction and thought to be associated
with neuronal death and brain damage"'. Other brain-wide calcium waves
in zebrafish larvae, akin to what is called a spreading depolarization*,
could be observed in the context of heat-induced neural dysfunctions™. In
rats, the presence of a large-amplitude electroencephalography wave after
decapitation has been described. It was assumed that the wave reflects a
massive opening of ion channels (depolarizing wave) that occurred owing
to neurons lacking energy, which might have led to a breakdown of trans-
membrane potential, leading to oscillations and the observed wave**
Although a comprehensive elucidation of the mechanism and relevance
of these slow-propagating calcium waves necessitates further investiga-
tion, our findings, alongside perception of visual stimuli and behavior of
larvae during and after electrical stunning, argue against their association
with suffering or stress.

Electrical stunning is an effective alternative euthanasia
method

In summary, our results suggest that electrical stunning, when using the
proposed parameters, is an effective euthanasia method for zebrafish
larvae. Although only examined for 4dpf in this study, the suggested

parameter set is most likely to also reliably work for older zebrafish larvae,
as vulnerability of fish to electrical current is thought to increase with
body size™. Besides immediate loss of equilibrium, the irrevocable loss
of coordinated and sensory-driven neuronal activity strongly indicate
rapid onset of unconsciousness during treatment™. As far as we know,
the only other studies examining neuronal activity alongside exposure of
electrical fields to fish were performed applying electroencephalography
on African catfish and cichlids. In these studies, a general epileptiform
insult could be observed, which was followed by fibrillation after electri-
cal stunning®*. The slowly propagating calcium waves after electrical
stunning observed in this study encourage further investigation, but they
most likely do not influence the efficacy of the euthanasia method itself
or the animal’s welfare. Given the fact that electrical stunning is already
a permitted euthanasia method for fish in the EU, its implementation
in laboratory routines could plausibly contribute to a refinement in the
sense of 3R (replacement, reduction and refinement)** across many
disparate research labs.
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Methods

Animals

Animal experiments were permitted by the local government authorities
(Regierungspraesidium Tuebingen) and conducted in accordance with
German federal law and Baden-Wiirttemberg state law. Zebrafish larvae
(Danio rerio) were reared on a 14/10h light/dark cycle at 28°C in E3
medium (5mM NaCl, 0.17mM KCl, 0.33 CaCl and 0.33 MgSO,) with
0.01% methylene blue. Wild-type (nacre +/—) larvae were used for the
mortality rate and behavioral experiments. Transgenic zebrafish expressing
GCaMPof [ Tg(HuC:H2B-GCaMPaf)jf7Tg] were used for the two-photon
calcium imaging experiments. The top 10-20% of larval zebrafish with
high calcium indicator expression levels were selected from all fish at 3 dpf
for in vivo calcium imaging experiments using an epifluorescence stereo-
scope. All behavioral and calcium imaging experiments were performed
on 4 dpf zebrafish larvae at room temperature. Supplementary Tables 1-3
contain lists of experimental groups and animals used per group.

Exposure chamber for mortality rate experiments

To determine mortality rates of multiple free-swimming larvae, an expo-
sure chamber covering a volume of 50 % 36 x 15 mm was designed and
built out of polystyrene. The internal dimensions of the exposure chamber
represent a trade-off between the space needed to safely expose multiple
larvae to an electric field and the required voltage gradients. To protect
against leakage currents, the programmable power source GW Instek
ASR2050R (Good Will Instruments) was connected to the exposure
chamber by a residual-current circuit breaker (F200, B Type, ABB Ltd
(Asea Brown Boveri)). This guaranteed safe operation for both AC and
DC voltages. Two stainless-steel electrodes (36 x 15mm) with a thick-
ness of 1 mm were placed inside the chamber at a distance of 50 mm. A
custom-made 3D-printed electrode holder was used to hold the elec-
trodes in place and to ensure the exact distance of 50 mm. This electrode
holder also included a rigid net with an aperture of no more than 405 pm
(PA-405/47, Eckert), in which larvae could be placed during exposure.
This ensured that larvae were always exposed to the center of the electric
field (Supplementary Figs. 4 and 5a). Electrodes were constructed by the
precision mechanics workshop of Eberhard Karls University, Tuebingen,
Germany. All polymer components were constructed and 3D-printed
in the lab (Ultimaker3, Ultimaker B.V,, ink: Ultimaker Material PLA
Black, diameter 2.85 mm). For safety reasons, operation of the exposure
chamber depends on a snap-action switch that requires a closed lid.
The lid and bottom of the chamber are transparent to enable diffuse
back illumination at 920 nm from below and behavioral recording from
above. A light-emitting diode (LED) array containing 48 LEDs with a 50°
emission angle and a diffuser (frosted glass) was used for illumination.
Recording was done at up to 30 Hz using a camera (DMK23UV024, The
Imaging Source Europe GmbH) with a 6 mm objective and an infrared
(IR) longpass filter (SCHOTT RG780, Edmund Optics). Both the power
source and the camera recording were controlled by the custom-written
Python software ‘synchASR2000-control™. The software allowed us to
individually set voltage type (DC, PDC and AC), overall voltage, maximum
current, frequency and exposure duration.

Determining mortality rates

For each experiment, the exposure chamber was filled with 24 mL of
room-temperature E3 medium (680 pS/cm conductivity). Five larvae
were transferred into the chamber, followed by a 5min acclimatization
period. After that period, the temperature of the E3 medium inside
the chamber was measured once using a digital thermometer (GMH
3200 Series, Greisinger) and the lid was closed. An electric field was
then applied for a specific exposure duration. In the case of controls,
no electric field was applied. During the exposure, larvae were video
recorded. The recording was synchronized with the onset of the electric
field via the Python software using a timestamp. Immediately after the
exposure, the lid was opened and the temperature was measured again.
Larvae were then moved into a dish of fresh E3 (room temperature).

To determine mortality rates, all larvae were visually examined via a stereo
microscope directly after exposure to an electrical field and a second time
after a 30 min recovery period in fresh E3 (Fig. 2b). Mortality was defined
by the following criteria: no activity of any kind, loss of equilibrium, no
operculum movement and no startle response (tested by a strong tactile
stimulus in the form of poking with a blunt metal needle). Together with
muscle tone and cardiac failure (which were not assessed here), these
criteria correspond to the fourth stage of anesthesia in fish, describing
overdose”'. Muscle tone observation was excluded owing to the ability of
electrical fields to cause muscle tension. Meanwhile, cardiac arrest is not
a suitable criterion for death in larval zebrafish, because their small size
ensures that oxygen diffusion into vital tissue is sufficient for survival even
after the heart stops beating''. Heartbeat may persist for up to 10 min after
euthanasia with MS-222 and 40 min after hypothermic shock''. Some
studies even report that MS-222-treated larvae were able to recover their
heartbeat when subsequently transferred to fresh water'"". Also, in our
study, cardiac arrest rates (as assessed via visual inspection using a ste-
reoscope) differed from mortality rates for exposure durations between
2sand 32 s (Supplementary Fig. 6). Larvae were considered dead only if
all tested criteria were met at both two observation points (directly after
exposure and after the 30 min recovery period) (Fig. 2c). After the second
observation point, all larvae were put into ice water for 20 min and were
then transferred into a freezer where they were kept for at least 48h to
ensure proper euthanasia for potentially survived fish. In total, 600 fish
were used in 30 different groups, with each group containing 4 independ-
ent trials with 5 fish each (Supplementary Table 1). Significant differences
between different voltage types and between exposure durations within
each voltage type were determined by z-test for proportions followed by
Bonferroni correction. To further minimize potential stress and suffering
and to ensure animal welfare, a pilot trial with 20 larvae anesthetized with
MS-222 (168 mg/l) and 20 nonanesthetized larvae exposed to 50 V/cm for
325 (DC) was conducted before all experiments. Because results revealed
no increased mortality rates for MS-222 and no visible difference in animal
behavior during exposure, all subsequent experiments were carried out
without anesthetic (z-test for proportions, P> 0.05; Supplementary Fig. 7).

Determining loss of equilibrium

Loss of equilibrium was determined by hand using the video recordings
from the mortality rate experiments and the image processing package
Fiji”". The time difference between the exposure onset of electrical stun-
ning and the first frame where larvae departed from the upright position
was measured. Not all recorded larvae from the mortality experiments
could be analyzed, because they sometimes swam into the shadow cast
by the electrode frame, which made it impossible to observe the time
point of loss of equilibrium. Therefore, the number of larvae analyzed in
this regard differed from the total number of larvae recorded. In total,
295 fish were analyzed.

Setup for simultaneous calcium imaging and electrical
stunning

For calcium imaging experiments, a two-photon IR laser (Coherent
Chameleon Vision S, Coherent) at a wavelength of 920 nm was used
and calcium signals were recorded using a movable-objective micro-
scope (MOM; Sutter Instruments) with GaAs PMTs, C7319 Hamamatsu
preamplifiers and the MScan software (2016 version) by Sutter.
All recordings were conducted in the optic tectum, scanning a single
plane per fish approximately 40-70 pm deep with a 20x/1.0 objective
(Zeiss W Plan-Apochromat 421452-9800) at a frequency of 2Hz and a
magnification of 1.8. To conduct calcium imaging alongside simultane-
ous visual stimulation and exposure to an electric field, a setup contain-
ing a LED ring with 18 x650nm LEDs (EVERLIGHT Electronic, EVL
383-2SDRD/S5, 125med) and a centered 50 mm Petri dish with two
small stainless-steel electrodes was developed. The electrodes (2% 3 mm,
0.5mm thick) were placed at a distance of 3mm in the Petri dish using a
custom-made 3D-printed frame. The frame enclosed the electrodes from
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three sides to avoid any unwanted possible contact with the microscope
objective (Supplementary Figs. 5c and 8). To connect the electrodes to
the power source, a 200-um-thin copper plate was welded to their back
sides to allow soldering of cables. The power source was controlled by the
custom-written Python software ‘synchASR2000-control’ To present a
strong visual on/off stimulus, the LED ring was connected to an Arduino
NANO, controlling the power supply of the LEDs. To gate the LEDs dur-
ing laser scanning, the Arduino NANO considered the fly-back signal
provided by the MOM. On/off signals from the LEDs, fly-back signal
from the MOM and the onset signal of the electrical field were recorded at
100 Hz via an Arduino UNO and another custom-written Python software
called ‘recSignals-control’ The whole setup was electrically separated from
the microscope objective by a modified SM 1105 lens tube containing an
insulating plastic spacer.

Calcium imaging alongside electrical stunning and visual
stimulation

For all calcium imaging experiments, the following shock parameters
were used: 325, 50 V/cm, AC, SIN. For each experiment, a single zebrafish
larva was embedded in 1.6% agarose gel (Biozym Sieve GeneticPure
Agarose 850080 mixed with E3 medium) between the electrodes (Fig. 4a).
The embedding was performed in the absence of any anesthetic drugs.
Agarose is electrically neutral, so the electrical conductivity of the gel is
determined by the liquid added™. Therefore, it can be assumed that the
conductivities of E3 medium and agarose gel were approximately the
same and it was unlikely to affect the homogeneity of the electric field.
Each experiment consisted of three subsequent recordings: baseline
recording (6 min, 3 min of which with visual stimulation), shock record-
ing (6 min with visual stimulation) and recovery recording (12 min with
visual stimulation) (Fig. 4b). Recordings were done in the optic tectum,
which is known to be a hub in visual processing and contains different
populations of neurons responding well to on and off flashes™*. In total,
seven fish were imaged.

Swimming burst analysis
A high-speed recording (IDT iN8-81 camera) with a sampling rate of
500 Hz was performed on a single agarose-embedded 4 dpf larva (nacre
+/—) using the exposure chamber without the rigid net (Fig. 3a). Agarose
was removed around the tail to observe exposure-related movements, as
described in Arrenberg . Recording was performed for 10s (exposure
onset was approximately 1s after the start of recording). Electrical stun-
ning was performed with a sinusoidal AC field, 60 Hz, 50 V/cm, for 32s.
To analyze the recordings, images were first smoothed using a
median filter (filter size 20 x 20 pixels) to remove noise. Afterward, the
gray values of all pixels were first inverted and then binarized. Areas
smaller than 600 pixels in size were removed to clear the image, leaving
only the silhouette of the fish. A skeleton of the silhouette represent-
ing the spine of the fish was computed to track tail deflections. Lateral
displacement of the tail was defined as the distance (in pixels) of each
skeleton pixel to the fish’s original rostrocaudal axis, normalized to the
mean displacement during the spontaneous swim bout and field expo-
sure. The total tail angle (in degrees) was calculated for each frame by
computing the angles between all neighboring pixels on the skeleton and
then taking the sum along the entire tail. Tail length was normalized to
the shortest skeleton computed using 1D interpolation. In total, two fish
were recorded and analyzed.

Transfer experiment

To compare results across experiments on free-swimming and embedded
larvae, a transfer experiment was conducted. A single larva was embedded
in 1.6% agarose between the small electrodes in the setup for simultane-
ous calcium imaging and electrical stunning, and a shock (325, 50 V/cm,
AC) was applied. Directly after shock application, the larva was carefully
freed, and mortality was assessed using the behavioral criteria described
above. In total, six fish were examined.

Analysis of ROIs and cross-correlation matrices

All data analysis was done in Python. Baseline and recovery recordings
were registered to s.d. z projection, and ROIs were segmented using
suite2p”. The calcium signal (AF/F,, that is, fluorescence changes relative
to baseline) at time point f was calculated as in ref. 22. The calcium signal
of each ROI was calculated for the second half of the baseline recording
(visual stimulus present) and during the period preceding onset of a
slow-propagating wave for the recovery recording, which differed across
trials. The overall number of ROIs for baseline and recovery recording
differed, which could be explained a combination of morphological
changes during electrical stunning, the overall decrease in calcium activity
and the increase of synchronized activity among ROIs that led to poor
segmentation results in the recovery recordings.

Regression-based identification of stimulus-encoding neurons was
used in this study to quantify alterations of vision-related activity during
and after electrical stunning™. For this purpose, an ‘o’ regressor was
computed by first resampling the recorded on/off signals of the visual
stimulus to 2 Hz and then convolving them with a calcium impulse
response function using an exponential decay time constant of 1.61s for
GCaMPef. ROLs were then correlated with the on regressor to test how
well their activities matched the expected calcium signal of a neuron
responding to light onsets. Distributions of correlation coefficients for
baseline and recovery recording were analyzed via a Levene test.

To generate cross-correlation matrices, ROIs were sorted by their
correlation coefficient (from positive to negative correlation with the
stimulus) and a cross-correlation matrix of the 20% best correlated ROIs
was computed. Matrices of all fish were brought to the same size (mean
size of all matrices) using linear interpolation. A weighted average matrix
was then computed, based on the total number of ROIs per fish.

PSD analysis

Welch’s PSD method was used for estimating the power density of fluo-
rescence at different frequencies for all recordings (baseline, shock and
recovery). Because recordings during exposure to an electrical field were
affected by strong spatial drifts of the preparation and image registration
and across-frames segmentation of ROIs were therefore not possible,
the PSD for each pixel in each recording for all fish was calculated,
using the entire recording length of each raw image time series without
any preprocessing. Calcium traces for all pixels were first detrended by
subtracting the mean, then PSDs were calculated. Finally, the mean PSD
spectrum of all pixels was calculated for all recordings. To prove that a
large drift in the recording will not affect the mean PSD spectrum in a
major way, and that the most prominent frequencies will still be visible, a
100-pixel drift over 720 frames (6 min) was simulated for a stable baseline
recording and PSD was calculated subsequently (Supplementary Fig. 3).
PSD results were analyzed via two-way repeated-measures ANOVA with
Tukey’s HSD test.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data from this study are available from the corresponding author
upon request.
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Vertical optokinetic eye movements in the larval zebrafish
David-Samuel Burkhardt'*, Gabriel Mdller'*, Laurian Deligand’?, Christiane Fichtner, Tim C. Hladnik"* and

Aristides B. Arrenberg’#

ABSTRACT

The optokinetic response (OKR), a reflex enabling stable visual
processing by minimizing retinal slip, has been well characterized in
teleosts over the last decades. Although previous work on teleost
OKR mostly focused on its horizontal component, mammals are
known to perform vertical and torsional OKR in addition to horizontal
OKR. In this study, we characterized the vertical optokinetic response
(VOKR) in larval zebrafish and compared it with the horizontal
OKR (hOKR} and the wvertical vestibulo-ocular reflex (vWOR). Our
simultaneous camera-based tracking of vertical and horizontal eye
positions revealed a distinct vOKR in larval zebrafish, but with a much
smaller dynamic range compared with the hOKR and without any
quick phases (resetting saccades). When presented with constant
roll-rotating visual stimuli, zebrafish exhibited a brief initial vertical eye
rotation in the direction of the stimulus, followed by a period without
further slow phase response and interspersed with only spontanecus
saccades. This behavior confrasts sharply with the periodical
occurrence of resetting saccades (quick phases) during hOKR. The
initial vertical response is tuned to similar spatial frequencies and
angular velocities as the hOKR. We furthermore showed that the vWOR
has amuch larger vertical dynamic range than the vOKR, demonstrating
that the neuronal circuitry itself — and not the oculomotor plant — is the
limiting factor. Although itis unclear whether the observed differences
in vertical versus horizontal optokinetic control have an adaptive
value for zebrafish, the identified differences are drastic and
informative for further studies on visuomotor circuits in teleosts.

KEY WORDS: Vertical optokinetic response, Danio rerio, Vertical eye
movements, Vertical vestibulo-ocular response, Oculomotor circuits

INTRODUCTION

Eye movements are ubiquitous and essential in vertebrates, enabling
animals to stabilize their gaze and process visual information
efficiently. Investigation of eye movements provides wvaluable
insights into the neural circuitry underlying sensory perception,
motor coordination and behavior. In all vertebrates, eye movements
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are controlled by six extraocular muscles that enable horizontal,
torsional and vertical rotations (Land, 2015), which correspond to
yaw, pitch and roll rotations, respectively, in lateral-eyed animals.
It 1s well established in mammals that all three directions of eye
movement are used to counteract visual movements based on either
vestibular or visual input, thereby stabilizing gaze position and
minimizing retinal slip (Erickson and Barmack, 1980; Kitama et al.,
2001; Seidman et al., 1995; van den Berg and Collewijn, 1988; Van
der Steen and Collewijn, 1984).

Visual gaze stabilization is mediated via the optokinetic response
(OKR) to large-field visual motion. This reflex is exhibited across
vertebrate species and consists of two components: a slow phase
involving relatively slow following of the visual stimulus by the eye,
and a resetting quick phase (a type of saccade), which moves the eye
in the opposite direction of the stimulus once the maximum eye
excursion is reached. The speed during the slow phase can be related
to stimulus speed to calculate the gain, where unity corresponds to
perfect ocular following (Dehmelt et al., 2021; Glasauer and Straka,
2022; Holm-Jensen and Peitersen, 1979; Rinner et al., 2005). The
larval zebrafish 1s a powerful model system for studying eye
movements, their underlying circuitries and development (Brysch
et al., 2019; Dowell et al., 2024, 2025; Easter and Nicola, 1997;
Matsuda and Kubo, 2021; Orger, 2016). This species combines a
fully functional visual system, with the six extraocular eye muscles
needed for movement in all directions (Bellegarda et al., 2025;
Kasprick et al., 2011), and a vestibular system that enables eye
movements in response to acceleration and orientation within
a gravitational field (Beck et al., 2004; Lambert et al., 2008; Lim et al.,
2024). Previous studies have extensively characterized horizontal
eye movements in larval zebrafish (Beck et al., 2004; Dehmelt et al.,
2021; Easter and Nicola, 1997; Huang and Neuhauss, 2008; Rinner
et al., 2005). Teleosts readily navigate in three dimensions in the
water column, which suggests that vertical motion and vertical eye
movements are important in these animals as well. Tadokoro et al.
(2025) recently investigated the full repertoire of the OKR and VOR in
adult goldfish. Furthermore, vertical and torsional eye movements
elicited by vestibular — not visual — stimulation have been studied
in larval xenopus (Lambert et al., 2008), goldfish (Graf and Meyer,
1983; Tadokoro et al., 2025) and larval zebrafish (Bianco et al.,
2012; Sugioka et al., 2023); and in archer fish, 3D motions of eyes,
including vertical movements, can be measured with a stereo camera
setup (Ben-Simon et al., 2009). However, visually driven vertical eye
movements during the optokinetic response (vOKR) have been
largely overlooked in the teleost literature, and little is known about
their expression and underlying circuitry.

Both optokinetic and optomotor responses stabilize fish gaze
and posture based on optic flow mediated self-motion estimation
(Britten, 2008; Festl et al., 2012; Kubo et al., 2014; Wang et al.,
2019, 2020; Warren and Hannon, 1988). Optic flow is mainly
processed in the optic tectum and pretectum by making use of a
diverse set of neurons, tuned to different directions and motion
patterns. Each direction-selective neuron prefers one out of four

93

-
(=}
o
=
(aa]
I
+—
c
Q
=
=
Q
o
>
SN
Y—
o
‘@
=
=
=
o}
—_



RESEARCH ARTICLE

local directions: up, down, temporal-nasal (TN) and nasal—temporal
(NT) motion (Gabriel et al., 2012; Hunter et al., 2013: Wang et al.,
2019; Zhang et al., 2022). Although zebrafish are thought to
predominantly experience horizontal motion (TN and NT) owing to
their swimming behavior (Ehrlich and Schoppik, 2017), the number
of neurons that are direction-selective for vertical up or down visual
motion is approximately equal to those encoding horizontal visual
motion (Wang et al., 2019; Zhang et al., 2022). Therefore, vertical
motion, be it pure up/down translation or roll or pitch rotations,
seems to be very relevant for zebrafish.

In this study. we simultaneously recorded horizontal and vertical
eye movements in 4-day-old zebrafish larvae (4 days post fertilization,
dpf) while eliciting both horizontal and vertical OKR (hOKR and
vOKR) by visual stimulation. Further, we quantified the vertical
vestibulo-ocular response (VWOR), a reflex that works in concert with
the OKR and relies on information from the semicircular canals and
otoliths to respond to head acceleration and position. We compared the
vVOR dynamics with those of the vOKR. Although we show that the
vOKR does exist in larval zebrafish, its characteristics strongly differ
from those of the hOKR.

MATERIALS AND METHODS

Animals

Animal experiments were permitted by the local govemment
authorities (Regierungspraesidium Tuebingen) and conducted in
accordance with German federal law and Baden-Wiirttemberg state
law. Zebrafish [Danio rerio (Hamilton 1822)] larvae were reared on a
14 h:10 h light:dark cycle at 28°C in E3 medium (5 mmol 1! NaCl,
0.17 mmol 1" KCL, 0.33 mmol 1" CaCl, 0.33 mmol 1= MgS0,)
with 0.01% Methylene Blue. All experiments were performed on
4 dpf zebrafish larvae, which are known to reliably perform hOKR
(Easter and Nicola, 1997).

Setup for VOR experiments
To examine vertical eye movements of the VOR, a setup named
KEBAB (Kinematic Evaluation of Behavior during Animal Body
roll) with the ability of rotating a single larva around its rostral—caudal
axis (roll) was developed and built in-house. For the most part,
standard Thorlabs components were used to build an examination
chamber, infrared (IR) illumination for eye-tracking, visual
stimulation and a camera path — all on a single axis using the
30 mm Thorlabs cage system (Fig. S6). A Nema 17 stepper motor
(ACT Motor GmbH, Germany) was used to rotate the whole setup. To
provide electricity and enable data transfer from the steady world to
the rotating camera system, its USB cable was connected via a rotating
electrical slip ring (BQLZR 0.48 inch 12 Wire 2A 240V, Amazon).
Both IR illumination and visual stimulation consisted of LED
diodes (850 nm, white) with a 120-grid diffuser to provide uniform
illumination. Recording was performed at ~20 frames s~' using a
monochromatic  camera (DMK23UV024, The Imaging Source
Europe GmbH). For examination, larvae were embedded on a
triangle stage in 1.6% low melting agarose as described in Wang et al.
(2020). Agarose around the eyes was removed to allow ocular
movements (Fig. 54). The stage was then clipped to a custom-made
3D-printed mount. The whole KEBAB setup was operated via an
Arduino Uno with an A4988 RepRap stepper motor driver and the
Python library Telemetrix (https:/mryslab.github.io/telemetrix/) to
enable remote control via a PC. The custom written Python-based
software vxPy (https:/github.com/thladnik/vxPy) was used to control
setup rotation, visual stimulus presentation, camera recording and eye
tracking. The noise floor of the setup was measured using anesthetized

larvae (168 mg 17" MS222; Fig. S7).
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To investigate the vertical VOR, a stimulus protocol consisting
of 2x3 stimulation phases, each framed by a 30 s pause phase,
was conducted in complete darkness. During the stimulation
phases, the KEBAB performed eight full rotations at 90, 45 or
225 deg s7! velocity in either the clockwise or counter-
clockwise direction. Both directions were performed for each
head rotation velocity. During the pause phases, no rotation was

performed.

Data analysis of VOR experiments

First, all eye traces of stimulation phases were smoothed using a
rolling mean filter with a window size of 2 s and centered around a
0 deg axis to remove noise and outliers. The VOR score was
calculated simular to Sun et al. (2018) by Fourter-transforming all
eye traces into the power spectrum and then taking the amplitude at
the head’s rotation frequency (0.25, 0.125 or 0.0625 Hz) in degrees
as the corresponding score. For gain and phase lag calculation, a
sine function was fitted to the stimulus triggered average (STA) of
eye velocity to obtain the full amplitude of eye movements. The gain
was then calculated as the ratio between the amplitude of eye
velocity and the stimulus velocity. Phase lag was calculated using
cross-correlation.

In our vVOR experiments, we only used a single front camera,
whereas in our vOKR experiments two cameras (top and front) were
used. During vOKR, we noticed that spontaneous horizontal eye
movements occurred. Therefore, we carefully inspected the vVOR
videos and confirmed that no major horizontal eye movement
components occurred. This observation is mainly based on the
continuous visibility of the eye lens protruding on the side in the
projected front camera recording (see also Movie 1).

Setup for vOKR and hOKR experiments

For recording horizontal and vertical OKR behavior, a modified
version of the visual stimulation arena described in Dehmelt et al.
(2018) was used. To record horizontal and vertical eye movements
simultaneously, the stimulation displays in front and at the back of
the fish were removed. Despite the removal of two displays, the
visual stimuli of the two remaining displays still covered ~30%
of the zebrafish field of view (Fig. S5, calculated according to Dunn
and Fitzgerald, 2020), which should suffice to elicit a reliable OKR.
(Dehmelt et al., 2021). An additional camera (DMK23UV024,
The Imaging Source Europe) was positioned in front of the fish
additionally to the camera from the top and the corresponding
IR backlight was positioned behind the fish. Fish were positioned
in the middle of the arena in a water-filled translucent container,
and the cameras were adjusted so that both had a good view of the
head and the eyes of the fish. A black lid was placed onto the
container, making sure that it had direct contact with the water
surface to prevent unwanted reflections at the water-air surface.
A similar cover was placed on the bottom of the container for the
same reason. Both the lid and bottom cover had a small hole in
the middle to allow the IR bottom backlight to reach the fish and
the camera from the top to see the fish. The two remaining
displays on the left and the right side of the fish were used
for OKR stimulus presentation and were sufficient to elicit
OKR behavior. For each recording, a single zebrafish larva was
embedded into 1.6% agarose. The procedure was similar to that
described for the vVOR experiments, but to enable both vertical and
horizontal eye movements along with high-quality video recording
in the IR spectrum, the agarose around and in front of the eyes was
removed, leaving a small triangular portion to stabilize the head
(Fig. 54).
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vOKR and hOKR stimulus protocols

To assess whether zebrafish larvae exhibit a vOKR and characterize
its tuning to different stimulus parameters, a constant rotation OKR
stimulus was used. To characterize the vOKR tuning, stimulus
parameters known to encompass the range of best hOKR tuning
were adapted from Dehmelt et al. (2021). All possible combinations
of six different spatial frequencies and five different angular
velocities were tested (Table S1). The stimulus protocol consisted of
alternating stimulation phases where the stimulus would rotate
either clockwise or counter-clockwise, framed by 60 s pause phases
with a static grating. The order of spatial frequency and angular
velocity pairs was randomized for each recording, as well as the
initial direction of rotation, with each parameter pair rotating both
clockwise and counter-clockwise.

Because larvae only responded within the first few seconds
to a constant rotating stimulus, a second stimulus protocol using
sinusoidally modulated rotation was designed with the aim of
eliciting a more robust and prolonged vOKR. The number of
stimulus periods within 1 s is defined as the repetition rate. First,
vOKR tuning to 10 different repetition rates was examined,
keeping the angular velocity and spatial frequency constant at
12.5 deg s~ and 0.0611 cycle deg™", respectively (Table S2). Each
repetition rate was displayed twice in a randomized order and with
randomized directions, with one stimulation phase consisting of six
stimulus periods. Stimulation phases were framed by 20 s pause
phases with a static grating.

After characterizing the vOKR tuning to repetition rate, the vVOKR
tuning to angular velocity and spatial frequency was assessed, using
the same parameter range as for the constant rotation stimulus
protocol with the sinusoidal modulation at repetition rate of 0.125 Hz
(Table S1).

Data analysis of vOKR experiments

All eye traces were filtered with a median filter with a window size
of 1 s to remove noise while preserving the velocity profile of the
saccadic eye movements. Saccadic eye movements were detected
using a multi-step process, including identifying the start and end
points of each saccade based on the first and second derivatives of
the eye traces laying within a time window of 0.5 s. Thresholds of
I deg minimal deflection, 30 or 10 deg s~' peak velocity during
saccadic movements (for hornizontal and vertical eye movements
respectively) and 20 or 10 deg s~ average velocity ( for horizontal
and vertical eye movements respectively) were applied, with the
values selected based on visual inspection of the data. If multiple
potential start and end time points were detected for a single saccade,
amplitude, average velocity, change in direction of eye movements,
and peak acceleration were used with different weightings to
determine the most appropriate start and end points. This was the
same for both recordings using the constant and sinusoidal rotating
stimulus. After start and end time points of each saccade had been
determined in a last step, the frames before and after both start and end
time point were screened for eye deflection differences. If in the frame
before or after start or end a more extreme eye deflection was reached
that exceeded 0.5 deg, the time point for start or end was shified to the
frame with the eye trace extremum. Saccades were detected
individually for each eye and camera.

The gain during the constant rotation stimulus was calculated by
taking the ratio of the eye deflection with removed saccades within
the first 4 s of each stimulation phase to the corresponding stimulus
position. Cumulative average eye positions were calculated by
removing all saccades and then averaging all eye traces across all
stimulation phases. This same process was applied to the first 15 s,
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but without removing saccades, to better illustrate the initial vertical
response.

Recordings performed alongside the sinusoidal rotating stimulus
were often disrupted by spontaneous saccades, although showing an
overall sinusoidal pattern. A combined Wiener and median filter
were applied to remove high-frequency eye movements, and the
signal was detrended afterwards. All further analysis was done using
the average response to one stimulus period (stimulus-triggered
average, STA). Eye response periods where 50% of all data points
exceeded the standard deviation over all other periods within the same
stimulation phase were removed from the STA to account for
potential distortions by left over saccades. Gain was calculated by
taking the ratio of a peak-to-peak sine function plus linear function
fitting over the STA and the peak-to-peak stimulus position (similar
to Dehmelt et al., 2021). Because the STA of long phases (small
repetition rates) exhibited a plateau of maximum eye deflection which
would drastically impair the fit of the sine curve, these plateaus were
excluded from the fitting process. For vOKR and hOKR (but not
vVOR), we fitted the sinusoidal function to the eye position STA
instead of the eye velocity STA, because eye position STAs were less
noisy. The fitting results were similar (data not shown).

Dynamic range was calculated as the difference between the
maximum and minimum eye positions of the STA. The top of
descent (ToD), used for analyzing phase lag, was defined as the
point at which a rolling mean of the STA gradient decreased by half
of the standard deviation after the peak of the sine curve. The phase
lag was then calculated as the difference between the ToD of the
stimulus and the ToD of the STA.

To analyze different saccade types, all saccades during vOKR. and
hOKR constant rotation stimuli were sorted corresponding to their
apparent direction components into four clusters (Fig. S3A.B). When
honizontal and vertical movements were detected on both horizontal
and vertical eye traces and occurred within a time window of 5
frames, they were assigned to the same saccade and sorted nto the
corresponding clusters 3 or 4. If no corresponding saccade was found
in the other eye trace, the saccade was characterized as only vertical or
horizontal, respectively (clusters | or 2). In rare cases, multiple
saccades occurred in one camera eye trace within the window and
were therefore not assigned to any cluster. To verify the correct
detection of pure vertical and pure horizontal saccades, the change of
the minor axis length (i.e. the minor axis of the fitted ellipse) was
calculated, taking the difference between the axis length before and
after the saccade in pixels and dividing 1t by the major axis length of
the eye to normalize it (Fig. S3C). The normalization step was
necessary because the overall axis length is in pixels and therefore the
overall change also varied between larvae. The difference images of
pre- and post-saccade eye positions were calculated using Imagel
(Schindelin et al., 2012).

RESULTS

vVOR has a large dynamic range and is driven by rotational
head position

To demonstrate that zebrafish larvae are capable of large vertical eye
movements, we first performed vVOR experiments. Animals were
mounted in 1.6% agarose in a setup that allowed controlled rotations
about the caudo-rostral axis (clockwise and counter-clockwise roll;
CW and CCW) alongside tracking of vertical eye movements.
Vertical eye movements were recorded in the dark via a camera
placed on the same rotation axis (Fig. 1A). Three different angular
velocities (22.5, 45 and 90 deg s~') were tested to examine vertical
eye movements elicited by vestibular input. In total, n=9 larvae were
used in this experiment. Throughout the experiments, the larvae
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Fig. 1. Vertical vestibulo-ocular reflex in larval zebrafish. (A) Schematic of the experimental setup (KEBAB; Kinematic Evaluation of Behavior during
Animal Body roll) used to examine vertical eye movements during constant rotation of the fish. The setup was driven by a stepper motor and controlled via
the open-source software vxPy. Bottom: illustration of tracking vertical eye movements. (B) Raw eye traces of the left and right eye during rotation at

90 deg 5. The symbols (dot, square and triangle) indicate the eye position displayed in A. One stimulation phase contained 8 full rotations, either clockwise
or counter-clockwise. (C) Stimulus triggered average (STA) of eye positions during full rotation at 90, 45 and 22.5 deg s~ for all stimulation phases and
across all fish (n=9). Envelopes show the standard deviation. Gray dashed lines indicate the dynamic range. (D) Saccade rate during rotation and pause

phase. (E) Vestibulo-ocular reflex (VOR) score for 80 deg s ' (blue), 45 deg s 1

(green) and 22.5 deg s~ (red). VOR score only contained eye movements

at the head rotation frequency. (F) Gain as ratio of sinus-fitted eye velocity to head velocity. (G) Phase lag as temporal difference between sinus-fitted eye

velocity to head velocity.

exhibited a nearly perfect sinusoidal pattern of vertical eye position
changes in response to the full rotations about the caudo-rostral
axis, with the maximal eye deflection occurring at 90 and 270 deg
head positions (Fig. 1B; Movie 1). Occasionally, the eye traces
contained small outliers, which could be traced back to trregularly
occurring vibrations of the stepper motor driving the setup. The
average dynamic range of both eyes increased with head velocity,
reaching a maximum at 90 deg s~' (32.326.4 deg; 29.3+6.2 and
27.0£5.9 deg for 45 and 22.5 deg sl respectively; meants.d.)
(Fig. 1C). Interestingly, the larvae did not perform any saccades
during the head rotations, whereas the saccade rate during the pause
phases, when no rotation was performed, was 0.82 saccades min~!
(Fig. 1D). To analyze only the components of the vertical eye
movements related to the stimulus frequency, Fourier analysis was
performed to calculate the VOR score. The VOR scores differed
with regard to the angular velocities but were nearly normally
distributed for all angular velocities, with means=s.d. of 15.9+3.4,
13.9+3.4 and 13.0+3.3 deg for 90, 45 and 22.5 deg s~ angular
velocity, respectively (Fig. 1E). The fact that the vVOR score (15.9,
13.9 and 13.0 deg; mean) and the dynamic range half amplitude
(16.2, 14.7, 13.5 deg: mean) were close to each other indicates
that the eye movements were almost solely driven by the rotational
head position. The vVOR gain revealed differences across the
angular velocities, peaking at 0.33 for 90 deg s~! (Fig. 1F). The
phase lag was small throughout (<2 deg), suggesting that the eyes

nearly simultaneously moved together with the head, with almost no
delay (Fig. 1G).

vOKR has much smaller dynamic range than hOKR and
vertical quick phases are absent

To investigate the existence and functionality of the vOKR
in zebrafish, a horizontally striped black and white pattern was
rotated vertically around the fish at a constant angular velocity.
Eye movements were tracked in two dimensions using top and front
cameras to record both horizontal and vertical eye movements
(Fig. 2A). Various angular velocities and spatial frequencies were
tested to assess the vOKR (Table 51). Each combination of stimulus
parameters was presented for 60 s, followed by a 60 s pause phase
(Fig. 2B). When presented with a constantly rotating vertical
optokinetic stimulus, the zebrafish larvae did not exhibit the typical
pattern of slow and quick phases observed in the hOKR. Instead, the
eyes followed the visual stimulus for the first 4-5 s, reaching a
plateau-like position from which they did not move further. This ‘start
response’ was primarily visible in the frontal camera, suggesting it
was limited to the vertical component (Fig. 2C). After reaching the
plateau, the eyes began performing spontaneous saccades in both
clockwise and counter-clockwise (with and against the stimulus
direction) directions, which were visible from both the frontal and top
cameras, indicating that these saccades might have both vertical and
horizontal components (Fig. 2B). Between the spontaneous saccades,
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Fig. 2. No vertical quick phases after initial zebrafish vertical optokinetic

response (VOKR). (A) Schematic of the setup with two cameras

simultaneously recording the horizontal (top) and vertical (front) eye movements. The second display on the right side of the fish is not shown in this

illustration. Green arrows indicate the direction of the stimulus rotation and the corresponding eye rotation. (B) Stimulus protocol and example vertical (blue)
and horizontal (red) eye traces of one stimulation phase of one fish. Green arrows indicate direction of rotation of the stimulus. A static stimulus with the first
spatial frequency (f,,) was followed by the rotational stimulus with the first angular velocity (v,,) after a constant pause, the stimulus rotated in the opposite
direction with negative angular velocity, v,y. This pattern was repeated with all the different £, and v, combinations until the final stimulus set (f, , v, ,). During
the first seconds, only the vertical eye trace shows a deflection {open arrowhead). Vertical dotted lines indicate cutout of C. (C) Average eye position of all
fish and all visual stimulations for the first 15 s. Vertical eye trace (blue) shows a distinct rise (open arrowhead) in the first 4 s (green dashed line) whereas
the average horizontal eye position (red) does not change during vOKR. (D) Average cumulative eye position with saccades removed for vOKR (top) and
horizontal OKR (hOKR; bottom) stimuli. The vertical start response is visible (open arrowhead). Blue lines indicate front camera readings (vertical eye trace),
red lines horizontal eye traces. (E) Mean amplitude within first 4 s after stimulus onset and s.e.m. for each stimulus parameter pair. Blue, vertical amplitude
for vOKR; red, horizontal amplitude for hOKR. (F) Gain tuning to spatial frequency and temporal frequency for all different angular velocities. Lines show
meansts.e.m. Blue, gain for vertical eye trace for vOKR stimulation; red, gain calculated for horizontal eye trace for vOKR stimulation. Dashed horizontal line

indicates a gain of 0. n=10 fish.

the eyes remained stationary or slowly drifted back towards a more
neutral position. On average, the vertical plateau-like position
was held during stimulation with the eyes drifting back to neutral
positions in the subsequent pause phase (Fig. S1A). To visualize this
surprising start response behavior, we compared the beginning phases
of vOKR and hOKR (Fig. 2D). For hOKR, we used the same
stimulus protocol but with vertical stripes and horizontal instead of
vertical rotation (Fig. 2D). When removing all saccades during
vertical and horizontal OKR and calculating the average cumulative
eye trace during stimulation, the hOKR revealed the well-known
constant slope in the direction of the stimulus, whereas the vOKR
flattened out after approximatelv 4-5s. Vertical eve movements

during the horizontal stimulus protocol were also apparent, as
observed in the front camera (Fig. 2D). The presence of larger eye
position changes in the front camera during hOKR suggests that
larval zebrafish either perform a small vertical component during the
hOKR or that the projection of the eye onto the front camera is
systematically affected by horizontal eye position changes. For the
vOKR,, horizontal eye position (measured by the top camera and
removing saccades) remained stable around zero during vertical eye
movements (Fig. 2D).

To examine the tuning of the start response during vOKR for
different spatial frequencies and angular velocities, and to compare
it with the tuning of hOKR. the eve position amplitude (half the
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dynamic range) and the gain were calculated for the first 4s of
stimulation, after which the eye deflection reached the previously
described plateau. The dynamic range tuning was quite similar
for vOKR and hOKR (Fig. 2E). For all angular velocities, the
dynamic range was around zero for the highest spatial frequency
of 0.138 cycles deg™!, then increased with lower spatial
frequency until reaching a maximal deflection for either 0.061 or
0.041 cycles deg™' (hOKR and vOKR, respectively) before starting
to decline again. Additionally, the dynamic range of eye positions
increased with angular velocity, with the dynamic range being
more narrowly tuned during hOKR than during vOKR. The
maximum amplitude for hOKR after 4s was 16.92+0.61 deg
(at 28.12 deg s~' and 0.041 cycles deg™"), and 5.81=0.38 deg for
vOKR (at 28.12 deg s~ and 0.027 cycles deg™).

The vOKR gain was generally higher for slower angular velocities
(Fig. 2F). Within a single angular velocity, the gain showed unimodal
tuning in the range from 0.018 to 0.138 cycles deg™" and peaked at
medium spatial frequencies around 0.04 to 0.06 cycles deg~!. The
same pattern held true when comparing the gain with temporal
frequencies, where the slower the angular velocity, the lower
the temporal frequency that elicited the highest gain. To further
confirm that the eye movements recorded within the first seconds
of stimulation only contamed a vertical OKR, the gamn was also
calculated for the horizontal eye movements during vOKR
stimulation. The resulting values all lay around zero, indicating that
no notable horizontal component was present in the early part of the
vOKR.

Periodic vOKR shows phase shifts depending on the time
period to stimulus reversal

Because the constant roll-rotating visual stimulus only elicited a
transient vOKR within the first 4-5 s, a second sinusoidal rotation
stimulus was used to extend the duration for which the eyes would
follow the visual motion. The stimulus contained the same striped
black and white pattern, but the rotation velocity followed a
sinusoidal profile (Fig. 3A). As a result, the stimulus slowly gained
speed in one direction until reaching the maximum angular velocity,
then decreased again until coming to a full stop before accelerating
in the opposite direction. This stimulus introduced a new parameter,
the repetition rate, which indicated the frequency of the sinusoidal
veloeity envelope and provided information on how quickly the
maximum velocity was reached. Overall, the sinusoidal stimulus
elicited sinusoidal vertical eye movements corresponding to the
stimulus position, whereas no stimulus-associated horizontal
eye movements were visible in the top camera (Movie 2). During
stimulation, larvae showed spontaneous horizontal saccades that
also led to deflections in the vertical eye position but did not disrupt
the overall sinusoidal pattern. Just as for the constantly rotating
stimulus, no vertical resetting quick phases could be observed in
response to the sinusoidal stimulus (Fig. 3B).

We tested different repetition rates while keeping the maximum
angular velocity constant (12.5 deg s™') and using only one spatial
frequency close to the optimum (0.061 cycles deg™") (Table S2).
The parameters were similar to those used by Dehmelt et al. (2021)
for horizontal OKR. For repetition rates between 0.5 and 0.0078 Hz,
vertical eye positions followed the stimulus. Repetition rates greater
than (.5 Hz did not elicit any response (Fig. 3C; Fig. S2A). The gain
was calculated as the ratio of the amplitude of a fitted sinusoidal
function to the eye position and the amplitude of the sinusoidal
function of stimulus position. The gain was relatively high for
repetition rates between 0.5 and 0.125 Hz (maximum of 0.19 at
(.25 Hz). but started to decrease for lower repetition rates until
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reaching a value of 0.03 (at 0.0078 Hz) (Fig. 3C). However, the eye
traces themselves showed a clear sinusoidal pattern for low
repetition rates, and the dynamic range even increased with lower
repetition rates. For the highest repetition rates that did not elicit any
response, the dynamic range was around zero, but reached around
10 deg for the lowest two repetition rates. Analyzing the STA of eye
position for all repetition rates revealed a phase lag with regard to
stimulus position, which moved from positive phase angles towards
negative ones with decreasing repetition rates (Fig. 3D). For high
repetition rates (0.25 and 0.5 Hz), the eyes therefore seemed to lag
behind the stimulus, which was expected. However, for lower
repetition rates (0.0078 to 0.125 Hz), the eye movement preceded
stimulus position change, which is counterintuitive. This negative
phase lag meant that the eyes already started moving in the opposite
direction during the slow-down of the current stimulus (before the
sign of the stimulus velocity would change). For the highest repetition
rate with responses (0.5 Hz), the phase lag was 65.76=13.31 deg.
whereas for the lowest repetition rate (0.0078 Hz), the phase lag was
—59.37=15.69 deg (i.e. a phase advance). When analyzing those
phase advances with regard to the eye’s acceleration, we found that
the sign of eye velocity only changed during slow-down of the
stimulus, ie. after the acceleration tumed negative (Fig. 2D, right
panel). This phenomenon can potentially be explained by the motion
aftereffect or acceleration coding neurons and will be discussed
further below.

The vOKR to a repetition rate of 0.125 Hz had the smallest phase
lag and was used to investigate the tuning to spatial frequency. The
angular velocities and spatial frequencies were varied following the
constant rotation stimulus protocol (Table S1). The dynamic range
of vertical eye movements during sinusoidal vOKR overall revealed
a similar pattern compared with the constant rotating stimulus
(Fig. 3E). On average, the dynamic range of eye position was small
for high spatial frequencies, then began increasing, and after peaking
at 0.041 or 0.061 cycles deg™', it declined again for lower spatial
frequencies. The maximum dynamic range for the slowest angular
velocity (5.55 deg s was 331+244 deg, and the maximum
dynamic range for the fastest angular velocity (28.12 deg s™') was
6.21£3.02 deg. When examining individual fish, much higher
dynamic ranges, up to > 10 deg (red dashed lines, Fig. 3E) occurred in
some fish. Two fish exhibited very distinet dynamic range tuning
properties that stood out from the rest (purple and blue dashed lines,
Fig. 3E). For high spatial frequencies, their dynamic range was much
smaller (<1 deg) than in the other fish. Furthermore, their maximum
dynamic range for slower angular velocities was also relatively small,
only starting to match the others as angular velocities increased.

The tuning of vOKR to spatial frequency and temporal frequency
was similar for sinusoidal and constant rotation stimuli. However,
the overall gains were higher for the sinusoidal rotation stimulus,
reaching a maximum gain of 0.23+0.03 (at 5.55 deg s~' and
0.041 cycles deg™!; see Fig. 3F).

Zebrafish larvae generate pure vertical and pure horizontal
spontaneous saccades

In our recordings, saccadic eye movements were detected during both
vOKR and hOKR stimulation. During vWOR, no saccades were
visible. Saccadic movements occurred in both the horizontal and
vertical planes. Interestingly, the saccade rate during vOKR stimulation
was similar to the rate during no stimulation, suggesting that these were
purely spontaneous (Fig. 4A). Furthermore, neither the stimulus
direction nor the type of stimulation (constant versus sinusoidal)
influenced the saccade rate during vOKR stimulation. During hOKR,
most saccades occurred against the direction of the stimulus. mirroring
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. (A) Sinusoidal rotation stimulus scheme. Two different sinusoidal stimuli were used. In

the repetition rate tuning stimulus, the maximum angularvelomty and the spatial frequency were constant while different repetition rates were tested. In the
spatial frequency tuning stimulus, the repetition rate was kept constant while spatial frequency and angular velocity were altered. CW, clockwise; CCW,
counterclockwise: v,, angular velocity; RR, repetition rate; f,, spatial frequency. (B) Example recording with vertical (blue) and horizontal (red) eye traces.
Spontaneous saccades during the sinusoidal response did not disturb the response but shifted it by the amplitude of the saccade (arrowheads). Note the
different y-axis scales. (C) Mean and standard error of gain (blue) and full dynamic range (gray) over repetition rate. Insets show average response to one
stimulus period over all fish for repetition rates 3.0, 0.125 and 0.0078125 Hz (n=8 fish). (D) Left: average response to one stimulus period for different

repetition rates. The timescale is normalized to one stimulus period. Vertical dashed line indicates turning point of stimulus position. Right: phase lag of the
vOKR (gray lines) for different repetition rates, and acceleration value of the stimulus (black lines) at the time point of eye movement direction change (phase
lag). Data points are color-coded with respect to their repetition rate and show mean and standard deviation. Insets show example average responses to one
stimulus period of one fish. Green curve indicates stimulus position; red curve shows sine fit to average eye trace. Black arrows indicate the phase lag
between stimulus and average response. (E) Dynamic range for each stimulus parameter set. Data points indicate mean of all fish (n=11 fish). Dashed lines
show mean dynamic range of single fish, colored according to their mean amplitude. (F) Mean gain with standard error over spatial frequency (left) and
temporal frequency (right) for all different angular velocities (see color legend).

the well-known pattern of resetting quick phases during stimulation.
To further characterize saccadic eye movements during vOKR
stimulation, saccades were sorted into four clusters based on their
occurrence with or without corresponding eye movements in the other
plane (Fig. S3A.B). A total of 4696 detected saccades were analyzed
during vOKR. The first cluster contained saccades with only a vertical
component (10.5% of all saccades), whereas saccades with only a
horizontal component were sorted into cluster 2 (14.0% of all
saccades). Saccades with apparent deflections in both the vertical and
horizontal planes were sorted into clusters 3 and 4, depending on their
direction (75.5%). Large deflections in the horizontal plane caused a
more spherical (less elliptical) appearance of the eye in the frontal
camera. This projection artifact often effected false estimates of vertical
eye position, as the detected major axis angle was affected by the

ellipse fit to the now more spherical shape. Therefore, it was virtually
impossible to extract the true vertical and horizontal components of
apparently combined eye movements. For this reason, clusters 3 and 4
were not further analyzed, and they likely contain pure horizontal
saccades and/or true vertical-horizontal combined eye movements
(but no pure vertical saccades).

To ensure that clusters 1 and 2 exclusively contained pure vertical
(Movie 3) and pure horizontal (Movie 4) saccades, and that saccadic
eye movements within a single plane were not affected by the above-
mentioned projection artifact, the change in length of the eye’s fitted
minor axis was examined (Fig. 4B). For pure vertical movements,
the minor axis length was expected to change in the horizontal plane
(top view) and stay constant in the vertical plane (front view).
Conversely, during pure horizontal eye movements, the minor axis
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Fig. 4. Characterization of vertical and horizontal saccades. (A) Comparison of the saccade rate (vertical*horizontal saccades) during vertical
vestibulo-ocular reflex (vVOR), vOKR and hOKR. For all stimuli, data from the stimulation parameters that elicited the highest number of saccades are
shown. (B) Schematic of minor axis length change (ellipse fitting) during vertical and horizontal saccades. During vertical saccades, the minor axis length in
the top camera (Ly.p) is expected to change, whereas the minor axis length in the front camera (Lgan) should remain constant. For horizontal saccades, the
expectation is the reverse. These length changes, together with the angle between the major axis and the body axis, were used to detect pure vertical and
horizontal eye movements (see also Fig. S3). (C) Difference image of the eyes' pre-saccadic (green) and post-saccadic (magenta) positions for pure vertical
and pure horizontal example saccades. Arrowheads indicate the area where position changed. For pure vertical saccades, the top camera showed changes
only at the lateral parts of the eyes, whereas the front camera exhibited changes at the dorsal and ventral parts of the eyes. Conversely, during pure
horizontal saccades, the image changes were reversed (change at lateral parts of eyes in front camera and at anterior/posterior parts of eyes in the top view
camera). (D) Saccade amplitude scatter plot of pure vertical and pure horizontal saccades.

length change was expected to occur in the vertical plane while
remaining at zero in the horizontal plane (Fig. S3D). Analysis of the
minor axis change distribution during both pure vertical and pure
horizontal saccades yielded the expected results, thereby confirming
the accurate detection of pure vertical and pure horizontal saccades.
To illustrate examples of pure vertical and horizontal eye
movements, false color images of pre- and post-saccadic camera
recordings were created (Fig. 4C).

Pure vertical saccades almost never exceeded 10 deg in magnitude
but frequently exhibited a slight horizontal deflection of a few degrees
(Fig. S3B). In contrast, pure horizontal saccades had much larger
amplitudes, reaching over 30 deg for some of them (Fig. 4D).

Comparison of vOKR, hOKR and vVOR performance levels
Our findings are summarized in the comparison chart in Fig. 5.
Comparing the vOKR and vVOR is especially intriguing, as both
involve the same extraocular eye muscles but are driven by different
sensory inputs. Although resetting saccades are a characteristic
feature of the hOKR, they did not occur during the vOKR or vVOR.
Interestingly, spontaneous saccades were regularly observed in both

directions (against and with stimulus direction) during the vOKR,
whereas no saccades were present during the vVOR, as indicated in
Fig. 4A. This suggests that the vestibular roll stimulation or vVOR
suppresses spontaneous saccadic eye movements.

To better understand the limits and maximal capabilities of the
OKR and VOR, we compared the dynamic range and gain across the
different reflexes (Fig. 5A). Although the dynamic range for both
constant rotation and sinusoidal vOKR was around 10 deg, the
dynamic range for vVOR was about three times larger. This striking
difference indicates that the vertical deflection range utilized during
vOKR is not limited by the maximum possible vertical oculomotor
range of the plant and is consistent with recent findings in adult
goldfish (Tadokoro et al., 2025). However, the dynamic range of
vVOR and hOKR reached similar levels. The gain values for vVOKR
were smaller compared with hOKR and vVOR, whereas the gains
for hOKR and vWOR were similar (Fig. 5B).

DISCUSSION

This study provides the first characterization of the vOKR in larval
zebrafish and compares it with the hOKR and the vVOR. Although
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Fig. 5. Performance comparison between vOKR, vWOR and hOKR.

(A) Comparison of the dynamic range. For constant rotation (vOKR and
hOKR), double the one-directional amplitude was used as the dynamic range.
For all stimuli, data of recordings with stimulus parameters that elicited the
highest gain are shown. (B) Comparison of the gain (ratio of eye position to
stimulus position after 4 s). For all stimuli, data of recordings with stimulus
parameters that elicited the highest gain are shown. All bars show means+s.d.
For vOKR, filled bars represent values for the constant rotation stimulus
whereas open bars represent values for the sinusoidal rotation stimulus.

Gain

hOKR has been intensively studied in zebrafish, the vOKR
performance remained elusive, even though vertical and torsional
OKR have been well described in various species such as primates,
cats and even rabbits, which are also lateral-eyed animals and,
like zebrafish, do not have foveate vision (Collewijn, 1980;
Erickson and Barmack, 1980; Faroog, 2004; Kitama et al., 2001;
van den Berg and Collewijn, 1988). As zebrafish serve as a model
system for vertebrate visuomotor circuitry, it is essential to know
the full behavioral repertoire of the fish. By employing a novel
experimental setup, we were able to track both horizontal and
vertical eye movements simultaneously while the fish was presented
with vertically or horizontally rotating visual stimuli.

Low vOKR performance levels

In mammals, both the hOKR and vOKR consist of slow phases where
the eye follows the stimulus, and resetting quick phases during which
the eye rapidly moves in the opposite direction to allow for another
slow phase (Erickson and Barmack, 1980; Garbutt et al., 2003;
Ghasia and Tychsen, 2014; Robinson, 1981). In our vOKR
experiment with a constant rotation stimulus, zebrafish revealed a
markedly different response pattern. During the first seconds of
stimulation, the fish vertically rotated its eyes in the direction of the
stimulus. However, after reaching a certain degree of deflection, the
eyes did not move further and did not perform any resetting saccades.
This contrasts sharply with a recent study in adult goldfish where
regularly occumring resetting saccades during vOKR have been
reported (Tadokoro et al., 2025). However, the authors mentioned
that owing to the minimal generated slow phase components, these
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resetting  saccades were unexpected but had excluded any
misdetection. This leaves the question whether the absence of any
resetting saccades in larval zebrafish vOKR is a species-specific
difference or whether they emerge at later developmental
stages. Moreover, the zebrafish performs spontaneous saccades at
regular intervals during vOKR stimulation, often with a horizontal
component. This lack of suppression of spontaneous saccade
generation during vOKR is in striking contrast to the vWOR, where
not a single saccade occurred during vestibular stimulation. Although
the vOKR is highly robust in humans, in rabbits it appears to be less
effective than the hOKR, with fewer and more irregular resetting
saccades, where the eyes often remained at their maximum deflection
for over 10 s (Erickson and Barmack, 1980).

Generally, the OKR is used to compensate for low-frequency
rotations, whereas the vestibulo-ocular reflex is used for high-
frequency rotations of the body (Masseck and Hoffmann, 2009;
Robinson, 1981). This principle likely also applies to the vertical
domain of the zebrafish sensory-motor systems, although we did not
explicitly test it in the present study and used different speed
regimes for vVOR and vOKR stimulation. We speculate that the
vOKR is presumably more relevant for slow and low-frequency roll
rotations. Body rotations around this axis probably occur less
frequently than for the yaw axis that elicits the hOKR. Such roll
rotations are likely quickly adjusted by the gravity-guided posture
control mechanisms (Sugioka etal., 2023 ), which leaves no need for
vertical resetting saccades or high dynamic range vOKR responses.
Constant visual roll rotation should be very uncommon in healthy
fish, which mainly modulate body yaw and — to a lesser extent —
body pitch during swimming and navigation (Budick and O’Malley,
2000; Ehrlich and Schoppik, 2017; Mearns et al., 2020).

Saccades during wvisual stimulation could be classified into
four clusters based on their vertical and horizontal components
(Fig. S3A,B). Although there are some uncertainties regarding the
reliability of the combined horizontal and vertical saccades as
large horizontal movements often mask vertical components by
projection artifacts in the frontal camera, the presence of pure
vertical (Movie 3) and pure horizontal (Movie 4) saccades alone
demonstrates that zebrafish larvae can precisely control their eye
muscles to generate saccades with specific vertical and horizontal
components. Interestingly, both vertical and horizontal saccades
were equally observed during both vOKR and hOKR experiments,
although OKR performance was much higher for hOKR (Fig. SIB).
The vertical saccades during yaw rotation stimuli are likely
spontaneous (i.e. not directly driven by the motion stimulus).
Further studies are needed to investigate the role of combined versus
pure horizontal and vertical saccades for zebrafish task performance
and to reveal the ontogenetic performance levels of older larvae and
adult zebrafish. Notably, the transient vOKR during constant
rotation displayed a spatial frequency and angular velocity tuning
that was highly similar to that previously observed for the hOKR
(Dehmelt et al., 2021; Rinner et al., 2005).

However, the absolute peak gain values of our hOKR
differed from a previous study, with the reported hOKR having
approximately three-times higher gain levels than our hOKR at
similar angular velocities and spatial frequencies (Rinner et al.,
2005), which can potentially be explained by the smaller steradian
size of our stimulus arena. Nevertheless, the tuning curve shape
of hOKR to velocity and spatial frequency is similar. The
dynamic range was signmficantly different between the vertical
and horizontal OKR, with the hOKR reaching much larger eye
positions. This is particularly interesting given that during the
vVOR, zebrafish were able to achieve three-times absolute higher
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vertical eye positions than during vOKR. Together with the high
initial vOKR gain and the reported vertical motion sensitivity in the
pretectum (Wang et al., 2019), these findings suggest that the
limiting factor for vOKR is neither visual motion sensitivity nor the
oculomotor plant. Instead, these results point towards the inability
of diencephalic direction-selective neurons in recruiting high
levels of motoneuron pool activity needed for very peripheral
eye positions. This could be caused by motoneurons with high
eye position thresholds only being recruited by vestibular and not
by visual input (Aksay et al., 2000; Brysch et al., 2019) or by the
presence of saccade-type specific motoneuron populations (Brysch
et al,, 2019; Dowell et al., 2025; Leyden et al., 2021).

Phase advances during low repetition rates might be related
to adaptation or acceleration tuning

Using the sinusoidal rotation stimulus, it was possible to evoke a
long-lasting sinusoidal vOKR that followed the stimulus position.
For low repetition rates that resulted in extended periods of
unidirectional stimulus motion, the eyes reached their maximum
vertical deflection already after several seconds and remained at that
plateau. One might expect the eyes to stay at the plateau until the
stimulus changed direction, at which point the eyes would move in
the opposite direction away from the plateau. However, the eyes
appeared to start rotating in the opposite direction several seconds
before the stimulus changed direction, i.e. the stimulus was still
moving in the original direction (just slower). This was true for all
repetitions during a stimulation phase and did not evolve over time
(Fig. S2C), which is why predictive behavior occurring after a
training period with a repetitive stimulus can be ruled out (Marsh
and Baker, 1997; Miki et al., 2018).

This phenomenon shares some similarities with the motion
aftereffect, an illusion of motion in a certain direction caused by
prior exposure to motion in the opposite direction {Anstis et al.,
1998). The motion aftereffect can reliably be elicited by moving
visual stimuli (Braun et al., 2006; Chen et al., 2014; Watamaniuk
and Heinen, 2007) and is also known to be present in larval
zebrafish with regard to both the optomotor and optokinetic
response (Lin et al, 2019; Najafian et al., 2014; Pérez-Schuster
et al., 2016; Wu et al., 2020). After prolonged hOKR stimulation,
fish exhibit a hOKR in the opposite direction during a stationary
stimulus, and the duration of the reversed response depends on the
duration of the initial stimulation. At least 200s of hOKR
stimulation is necessary to induce a motion aftereffect according
to Pérez-Schuster et al. (2016). Two key differences to the behavior
observed in this study are that (1) zebrafish began moving their eyes
in the opposite direction while the stimulus was still moving, and
(2) our observed phase-advanced vOKR occurred for stimulation
periods much shorter than 200 s. For the lowest repetition rate, the
duration of stimulus rotation in one direction was over 2 min,
whereas for a repetition rate of 0.125 Hz, the stimulus rotated for
only 4 s in one direction, and a small phase advance was already
visible. One potential explanation for the occurrence of the phase
advance could be an interplay between two mutually inhibiting
populations of direction-selective neurons coding for opposite
velocities. The population coding for the stimulus direction may
adapt over time, until the difference between the two population’s
activities is so small that a deceleration of the stimulus disinhibits
the non-stimulated direction-selective population, which induces a
vOKR in the opposite direction. However, the fast adaptation (<4 s
for 0.125 Hz repetition rate) would be much faster than previously
reports on motion aftereffect in zebrafish (Pérez-Schuster et al.,

2016; Wu et al., 2020).
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An alternative explanation for the occurrence of phase advances
is that the direction-selective neurons — in addition to their tuning to
velocity — are tuned to acceleration as well (Cao et al., 2004; Thiel
etal., 2007), which can be interpreted as a quick form of adaptation,
and thus they might lose much of their activity when the stimulus is
still running in the same direction but acceleration approaches zero.
In this scenario, the occurring eye movements into the opposite
direction (back to the null position) would not necessarily be
visually driven, but could simply result from passive drift of the
eyes back to the resting position (Miri et al., 2022). In line with this
hypothesis, centripetal eye movements (which can be interpreted
more safely as visually driven) only occurred after the stimulus
velocity had switched sign (Fig. 3D), i.e. vVOKR towards peripheral
positions was always going in the same direction as the stimulus.

Further studies are needed to determine the mechanisms that
underlie the observed apparent phase advance of vertical optokinetic
responses to slowly repeating sinusoidal rotation stimuli.

Uncertainties associated with projection-based eye

tracking

The dual-camera setup used for all recordings enabled simultaneous
tracking of horizontal and vertical eye movements in zebrafish larvae.
However, many eye movements were visible in both horizontal and
vertical eye traces. In particular, saccades with large amplitudes were
often visible in both cameras. We tracked horizontal and vertical eye
movements in larval zebrafish by fitting an ellipse to the binarized eye
image and caleulating the angle between the major axis and the body
midline. This method should be relatively robust as compared with a
previously reported method based on searching the largest distance of
2 pixels within a binarized and segmented eye (Dehmelt et al., 2018)
and has also been used to measure vertical eye positions in a previous
study (Bianco et al., 2012).

This method can reliably track both pure vertical and pure
horizontal eye movements, which can be confirmed by inspecting
raw eye traces and measurements such as the change in length of the
eye’s fitted minor axis during saccadic eye movements and difference
images during saccades (see above). However, the method raises
some uncertainties regarding combined vertical and horizontal eye
movements. Although a large number of eye movements are visible in
both the horizontal and vertical planes, the method reaches its limits
when attempting to disentangle the wvertical and horizontal
components of apparently mixed eye movements. Large horizontal
eye movements often (but not always) lead to a misdetection of
vertical eye position in the frontal camera, caused by an ill-defined
ellipse fit with a major’'minor axis ratio closer to | than for eye
positions without horizontal components. This change in projection
shape could affect the calculated vertical angle and therefore mask the
true vertical component of the movements. The change in projection
shape in the frontal camera was especially apparent during hOKR
recordings, where the stereotypical slow/quick phase pattern was also
observed in the vertical eye trace, albeit with a much smaller
amplitude. This even resulted in a small apparent tuning of vertical
eye movements to hOKR stimulation (Fig. S1B). If these eye
movements were genuine, it would suggest that the hOKR had a
constant vertical component, which would be surprising, even
considering the potential for small body pitch owing to imprecise
embedding of the larva. Nevertheless, combined vertical and
horizontal eye movements are found to be present in adult goldfish
(Tadokoro et al., 2025) and are most likely also present in zebrafish.

Taken together, our data show that pure horizontal and pure
vertical saccades do exist, as well as combined movements,
although the true vertical and horizontal components of possible
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mixed saccades could not be revealed in this study. The precise
measurement of vertical components in apparent horizontal-vertical
saccades is hampered by methodological caveats, and a different
tracking method of the dual-camera recordings needs to be performed
in the future to improve our understanding of the horizontal and
vertical components of mixed saccades in larval zebrafish.

Conclusions

In this study, we characterized the vOKR in larval zebrafish and
compared its characteristics with the hOKR and the vVOR. Larval
zebrafish do perform vOKR, and several basic differences from the
hOKR could be identified. One major difference was the absence
of resetting vertical saccades during vOKR. The reason for this
needs to be explored in future studies. Given that vertical rotation
encoding neurons exist (Wang et al., 2019; Zhang et al., 2022), a better
understanding of the downstream neuronal processes controlling
eye movement and saccade genemtion could help explain the
behavioral differences between vertical and horizontal OKR. Such
neurophysiology experiments could also shed light on the differences
in dynamic range between vOKR and the vVOR. Additionally, further
behavioral experiments are necessary to understand the apparent
vOKR phase advance for sinusoidal rotation stimuli in the context of
adaptation or acceleration tuning. Our charactenization of the vOKR in
larval zebrafish provides information on a hitherto elusive behavior
and points towards specific questions that will enable a more
comprehensive understanding of the neuronal processing of visual
information and the control of eye movements.
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