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Summary 
 
In recent years, auditory neuropathy has been identified as a highly significant 

yet largely overlooked factor in age-related and noise-induced hearing loss as 

well as a major constraint of current cochlear implantations. Strategies to trans-

plant progenitor or stem cells to the human cochlea pose a very promising treat-

ment option but have failed so far to reestablish stable peripheral and central 

projections that guarantee improvements in auditory perception. The present 

study contributes to a deeper understanding of the mechanisms underlying ax-

onal pathfinding in the cochlea. 

 

Due to its structural similarity to the human inner ear and its ability for neuronal 

regeneration, the posterior lateral line system (pLL) of zebrafish (Danio rerio) can 

be used as a representative model for the study of auditory neuropathy. To that 

end, we implemented an experimental setting that allowed the analysis of neu-

ronal regeneration of the pLL nerve in zebrafish via long-term in vivo time-lapse 

imaging. Overcoming common limitations in the imaging of living specimens, we 

extended imaging periods for zebrafish larvae to an unprecedented five days. We 

significantly reduced phototoxicity using sodium L-ascorbate (SA) and introduced 

a novel anesthetic protocol combining tricaine and pancuronium. 

 

Experiments performed with our developed setup provided evidence for the im-

portance of hair cells in potentially releasing local guidance cues and revealed 

the complex dynamics of axonal wave sprouting during the process of pLL re-

generation for the first time. By successfully introducing and probing bacterial 

nitroreductase enzymes - NTR 2.0 - in the pLL as the most precise and sophisti-

cated ablation technique for zebrafish cell populations, we established a founda-

tion for further studies investigating the role of different cell types in guiding ax-

onal pathfinding.  

 

With our findings we present a versatile protocol for long-term imaging of 

zebrafish larvae that is of benefit to the zebrafish research community and pro-

vide crucial knowledge to improve the currently poor options for treating auditory 

neuropathy.   
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Zusammenfassung 
 

Auditorische Neuropathien sind in ihrer Bedeutung für die Entstehung von Pres-

byakusis sowie Lärmschwerhörigkeit weitgehend unterschätzt und limitieren dar-

über hinaus den therapeutischen Nutzen von Cochlea-Implantaten. Lösungsan-

sätze, welche die Transplantation von Vorläufer- und Stammzellen zum Ziel ha-

ben, scheitern aktuell an praktischen Voraussetzungen für das Verfahren selbst 

und an dem neurophysiologischen Verständnis für eine erfolgreiche Integration 

implantierter Zellen.  

 

Aufgrund struktureller Homologien zum menschlichen Innenohr sowie der Fähig-

keit zur neuronalen Regeneration eignet sich das Seitenlinienorgan des Zeb-

rabärblings (Danio rerio) als experimentelles Modellsystem zur Untersuchung au-

ditorischer Neuropathien. Die vorliegende Arbeit verfolgt das wissenschaftliche 

Ziel, ein Protokoll für die mikroskopische Langzeitdarstellung axonaler Regene-

ration im Seitenlinienorgan zu etablieren, um die zugrundeliegenden Mechanis-

men neuronaler Zielführung zu analysieren. Durch die Reduktion phototoxischer 

Effekte mittels Ascorbat und der Etablierung eines robusten Anästhesieprotokolls 

unter Verwendung von Tricain und Pancuronium konnte eine mikroskopische 

Langzeitdarstellung lebender Zebrafischlarven über einen Zeitraum von mindes-

tens fünf Tagen in bisher unerreichter Qualität und Dauer realisiert werden.  

 

Die durchgeführten Untersuchungen offenbarten bislang unbekannte Aspekte 

der Dynamik axonaler Regeneration und lieferten zusätzlich Hinweise auf die 

Rolle von Haarzellen bei der axonalen Zielführung. Darüber hinaus setzten wir 

erfolgreich bakterielle Nitroreduktase-Enzyme (NTR 2.0) als präzise und hoch-

spezifische Zellablationstechnik im Seitenlinienorgan ein und schufen hiermit 

eine Grundlage für weiterführende Untersuchungen zur funktionellen Rolle un-

terschiedlicher Zelltypen in der axonalen Wegfindung. 

 

Mit unserem vielseitigen und robusten Bildgebungsprotokoll für Larven des Zeb-

rafischbärblings leisteten wir einen bedeutenden methodischen Beitrag zur For-

schung an diesem Modellorganismus und erhielten zugleich wertvolle 
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Erkenntnisse, die zur Optimierung zukünftiger Therapieansätze für auditorische 

Neuropathien beitragen können.  
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1. Introduction 

1.1 Sensorineural hearing loss 
 
Disabling hearing loss, defined as hearing deficiency of more than 35 dB, affects 

more than 430 million people worldwide [1]. According to the WHO, this number 

is expected to nearly double by 2050. The consequences of this “silent epidemic” 

[2] are profound, encompassing challenges in early language acquisition [3], so-

cial integration [4] and educational attainment [5] as well as socioeconomic dis-

advantage [6] and an elevated risk for depression, anxiety [7] and dementia [8]. 

 

Hearing impairment can vary in severity from mild symptoms to complete deaf-

ness and may be either inherited genetically or acquired due to factors such as  

disease, drugs, acoustic trauma, head injury or aging [1]. One particular kind of 

hearing loss is sensorineural hearing loss in which the impairment of hair cells or 

the vestibulocochlear nerve is observed [9, 10]. Neuronal degeneration of the 

vestibulocochlear nerve includes damage to ribbon synapses, auditory nerve fi-

bers and spiral ganglion neurons. Until recently, this was thought to occur if at all 

secondary to hair cell defects or loss only [11, 12]. Strikingly, recent animal stud-

ies and analyses of postmortem human tissue have highlighted substantial pri-

mary neuronal degeneration in both aged and noise-exposed individuals which 

appears to occur independent of hair cell loss [12-17].  

 

A key reason why primary neuronal degeneration has gone largely undetected 

despite its prevalence is that it eludes routine clinical and histological diagnostics 

leading to its designation as “hidden hearing loss” [11, 18-20]. It is, however, 

thought to contribute to the profound deficits in speech perception observed in 

the elderly which is a phenomenon that could not previously be attributed to hair 

cell deterioration [18, 21-23]. Neuronal degeneration has also been postulated to 

underlie the shortcomings of existing and emerging cochlear implants which rely 

on functional spiral ganglion cells and their peripheral axons for function [24-28]. 

Due to the clinical relevance of neuronal damage in the inner ear, including drug 

associated causes, extensive interest in neuronal regeneration has arisen [29].  
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1.2 Axonal guidance during regeneration  

1.2.1 General principles  

While neuronal structures in the peripheral or autonomic nervous system are gen-

erally able to successfully regenerate to their original targets [30-32], central nerv-

ous system (CNS) neurons are unable to undergo the key steps of regeneration 

and are thereby denied functional recovery [33-35].  

The regeneration of axonal fibers is a complex process. For successful recovery 

two basic requirements must be met: the cell body needs to remain intact to allow 

for protein synthesis [36] and peripheral growth-stimulating factors must outbal-

ance inhibitory substrates [37]. Axonal regeneration therefore relies on both a 

regeneration-friendly environment and intrinsic regenerative capacity [33, 38]. Ef-

fective regeneration in the peripheral nervous system is known to begin with the 

degeneration of damaged axons in a well-orchestrated process known as Wal-

lerian degeneration [39] which is mediated by dedifferentiated Schwann cells and 

macrophages [40, 41]. Subsequently, neurons must overexpress several regen-

eration-associated genes such as ATF-3 and c-Jun to promote neurite outgrowth 

and sprouting of nerve stumps along their former pathway [42-44]. The efficacy 

of this procedure is contingent upon Schwann cells expressing neurotrophic fac-

tors and forming tubular guidance structures, called Bands of Büngner [45].  

Axonal guidance is a process defined by axons navigating to their specific tar-

gets. During that process regrowing neurites form an actin-supported growth 

cone at their tip which serves to monitor the extracellular environment and exe-

cutes axonal growth [46]. Chemotrophic factors that get secreted by target cells 

or expressed on cell surfaces or matrices are supposed to guide the growth cones 

towards their target by binding specific receptors [47]. These molecular signals 

can either attract (chemoattractant) or repel (chemorepellent) the growing neu-

rites [48]. 
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1.2.2 The auditory nerve  
 
The auditory nerve is composed of around 30.000 myelinated nerve fibers [16] 

whose bipolar neurons are situated in the spiral ganglion within the modiolus of 

the cochlea. Centrally, the nerve cells project to the cochlea nuclei in the brain-

stem, and peripherally to the Organ of Corti where type I neurons innervate inner 

hair cells and type II neurons target outer hair cells [49, 50]. Thereby, the eighth 

cranial nerve exhibits a histological dichotomy [51] with its peripheral axons my-

elinated by Schwann cells and its central projections by oligodendrocytes. The 

area in which the myelination changes is referred to as PNS-CNS transition zone 

(Fig. 1) [52-54]. Oligodendrocytes are associated with anti-regenerative effects 

[55, 56] while Schwann cells have been shown to promote axonal regeneration 

in other tissues [57-59]. Nevertheless, like all cranial nerves the auditory nerve 

possesses only a very low intrinsic regenerative potential and does not re-grow 

central or peripheral projections after nerve damage [60, 61].  

 

Figure 1 

 
 
Figure 1 - Auditory neuron and its projections 
Bipolar neurons of the spiral ganglion innervate hair cells in the periphery, and project centrally 

to the cochlear nucleus in the brain stem. The auditory neuron is myelinated by Schwann cells in 

the peripheral part (blue-bordered boxes), while oligodendrocytes myelinate central axonal pro-
jections (light blue boxes). The area in between is referred to as transition zone (area between 

dashed lines). 
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1.3 Cell transplantation after neuronal damage to the inner ear  
 
The problem of initiating neuronal regeneration in the cochlea has been success-

fully overcome through the transplantation of stem cells or reprogrammed endog-

enous cells as these transplanted cells have shown the capacity to survive, dif-

ferentiate and grow axonal fibers toward hair cell targets [62-65]. This therapeu-

tical approach demonstrated encouraging results in vitro, as wells as in animal 

studies and first clinical trials [62, 63, 66, 67] while local delivery options included 

endoscopic surface transplantation through the cerebellopontine angle cistern or 

systemic delivery by intravenous application [68]. However, as only a limited 

number of studies indicated a quantifiable increase in neuronal signaling follow-

ing intervention, cell transplantation has yet to attain the requisite level of effi-

ciency necessary for clinical implementation [62, 69, 70]. One of the challenges 

frequently highlighted by investigators is the urge for a more comprehensive un-

derstanding of the peripheral tonotopic organization of transplanted cell popula-

tions as tonotopy is one of the most fundamental aspects of auditory perception 

[60, 61, 71]. In many experimental approaches, the reinnervation of hair cells has 

been studied through self-organizing mechanisms, often resulting in non-specific 

target finding [64, 65, 70]. This poses a problem as insufficient innervation of hair 

cells is not only functionally ineffective but potentially detrimental. Unguided 

roaming axonal peripheral fibers may act disruptive with regard to tonotopic in-

nervation and negatively impact clinical outcomes. Gaining insight into underlying 

mechanisms of axonal guidance towards targets is therefore pivotal to enhance 

the efficacy of current transplantation techniques.  

1.4 The zebrafish  

1.4.1 The zebrafish as a model organism 
 
The zebrafish (Danio rerio) is widely seen as an important and powerful model 

organism in the field of human biomedicine and physiology and is used to study 

questions of development [72], behavior [73], drug discovery [74] and disease 

[75]. This freshwater fish offers several advantages such as rapid ex utero devel-

opment and the capacity to produce large numbers of offspring [76-78]. However, 

the central role of the zebrafish larva is largely attributed to its optical clarity, 
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which allows complex biological processes to be observed in remarkable detail 

[79-82], as well as its robust ability to regenerate internal organs [83, 84] and 

parts of the central nervous system [85].  

 

Due to its homology to the human auditory system in both anatomical [86, 87] 

and functional aspects [88], the zebrafish’s lateral line system has become an 

excellent and increasingly popular model for the human auditory system. The 

small teleost fish even shares significant genetic similarities with mammals [89] 

allowing the study of congenital hearing disorders such as Usher syndrome or 

Waardenburg-Shah syndrome [90, 91].  

1.4.2 The organization of the posterior lateral line organ 
 
Mechanosensory hair cells are expressed in the zebrafish’s vestibular organ and 

in its lateral line system. This network of superficially located sensory organs 

known as neuromasts covers the body and head of the fish and is responsible 

for detecting water flow. Neuromasts are rosette-shaped cell clusters that contain 

10 to 20 mechanosensory hair cells along with non-sensory cell types known as 

supporting and mantle cells. Upon deflection of their ciliary processes in the 

aqueous environment, hair cells depolarize and release neurotransmitters [92], 

thereby transducing pressure gradients that are essential for the fish’s orientation 

[93]. The neuromasts are arranged in a sequential pattern and at stereotypical 

positions along the fish’s trunk and tail forming the posterior lateral line system 

(Fig. 2). The bipolar neurons of the lateral line ganglion, which is situated 

posterior to the otic vesicle on the fish’s head, provide synaptic innervation to hair 

cells. Outgoing fibers afferently and efferently innervate the neuromasts in a se-

quential order and build up to the pLL nerve. Centrally, they project to the hind-

brain, where a human-like central somatotopy can be observed [94].  
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Figure 2 - Overview of pLL and neuromast anatomy 

Schematic illustrates a 4 dpf zebrafish larva with the pLL ganglion (green dot) and its peripheral 

projections that form the pLL nerve (green line) which extends towards the fish’s tail. The red dots 

represent neuromasts that respond to anterior-posterior water movements while the red open 

circles indicate neuromasts that detect water flow in dorsal-ventral direction. T refers to terminal 
neuromasts which often vary in number and position. Close-up of two neuromasts with pLL con-

nections in blue box: Each neuromast comprises hair cells (red), supporting cells (grey) and man-

tle cells (yellow). Capula indicated in light blue. Multiple axons (green) afferently innervate hair 

cells. 

1.4.3 Posterior lateral line nerve regeneration   
 
Unlike the human auditory network, the zebrafish larva exhibits remarkable re-

generative capacity demonstrating the ability to fully recover neuromasts and the 

pLL nerve within days without subsequent physical impairment [38, 95]. Laser 

axotomy between the pLL ganglion and the first neuromast is a reproducible and 

reliable method to destroy the pLL nerve in order to initiate its regeneration [38]. 

Following the process of Wallerian degeneration, the fish’s ganglion cells grow 

projections towards their peripheral hair cell targets. Similarly to the peripheral 

nervous system, the initiation of regeneration is dependent on the axons endog-

enous mechanisms of regrowth [96], whereas the process of basic axonal guid-

ance towards the fish’s tail appears to be externally mediated by Schwann cells 

as their absence results in erratic axonal growth [38, 96]. However, the underlying 

mechanisms and molecular guidance cues that allow axonal fibers to target and 
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reinnervate neuromasts remain poorly understood [38, 96]. Specific cells that 

may create an environment in which branching occurs have not been identified 

to this day, and research has been inconclusive about the role of hair cells and 

the neuromast as a whole [38]. As noted by previous investigators, it is crucial to 

ascertain more accurate ablation mechanisms for specific cell types in order to 

facilitate a more nuanced analysis of their role in the release of guidance mole-

cules [38]. Furthermore, as axons regrow in a typical tonotopic fashion and with 

largely preserved innervation [96], it remains to be assessed whether there is 

competition for targets during the process of regeneration. As transplanted cells 

in the inner ear undergo a comparable process of integration into the human au-

ditory network, the PLL nerve is a prime and unique example to study regenera-

tive behavior of peripheral projections. 

 

1.5. In vivo time-lapse imaging 

1.5.1 Emerging potential  
 
In every living organism, molecules and cells engage in dynamic interactions that 

unfold at various time scales ranging from microseconds to days [97-99]. This 

complex interplay determines all biological processes and is a fundamental de-

terminant of health and disease [100, 101]. In order to understand pathomecha-

nisms and develop treatments, it is therefore crucial to study physiological and 

pathological processes in living specimen and at real time [102]. 

 

Time-lapse imaging has become a powerful tool for tracking dynamics of cellular 

biology. Major breakthroughs and rapid advances in molecular biology and imag-

ing technology, such as super-resolution microscopy and fluorescent labelling, 

have enabled the analysis beyond the diffraction limit, providing a more detailed 

understanding of biological processes at a molecular level [103, 104].  

1.5.2 Limitations in zebrafish 
 
Other than in cell culture models, time-lapse imaging in living organisms over an 

extended period remains to be extremely challenging [38, 105]. Especially the 
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use of anesthetics and high-powered laser light causes early tissue degeneration 

and premature lethality in specimens [106, 107]. Phototoxicity occurs due to the 

formation of reactive oxygen species. During short imaging procedures, photo-

damage remains undiscovered in many cases because detrimental effects are 

often delayed [108] and zebrafish can withstand oxidative stress to a certain ex-

tent through gene expression and enzyme activity [109]. During prolonged expo-

sure to high-energy light conditions such as time-lapse imaging, however, the 

zebrafish’s own antioxidant capacities are rapidly overwhelmed, making it partic-

ularly vulnerable and more sensitive to phototoxic effects than other animal mod-

els [110, 111]. Tricaine methanesulfonate (3-aminobenzoate methanesulfonate, 

MS-222) hereafter referred to as tricaine is a widely used and the only FDA-ap-

proved anesthetic for fish. It is essential for sample immobilization, yet acts highly 

toxic on its own [112, 113]. Therefore it adds to the toxic side effects of phototox-

icity resulting in fish rarely surviving more than 24 to 48 h [38, 107]. Considering 

these shortcomings, previous studies have repeatedly questioned current imag-

ing protocols, highlighted the drawbacks of tricaine and emphasized the neces-

sity for alternative immobilization techniques [106, 114]. Consequently, future ef-

forts must aim to reduce toxic effects under intensified imaging conditions at all 

stages of zebrafish larval development.   

 

1.6. NTR 2.0 - cell specific ablation  
 

Cell specific ablation in zebrafish has recently been achieved using cell specific 

expression of bacterial nitroreductase [115]. This enzyme is capable of reducing 

nitro groups on aromatic rings of prodrugs such as metronidazole (MTZ), thereby 

leading to the formation of cytotoxic compounds. Selective toxicity is achieved by 

expressing NTR exclusively in the desired cell population.  
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2. Research objectives  
 
Cell transplantation to the human cochlea represents a promising approach for 

the treatment of auditory neuropathy. Despite the survival and development of 

the transplanted cell’s peripheral axons, the inability of specific target finding is a 

significant limitation to the efficacy of current curative treatment options. As a 

regenerating analogue of the human auditory nerve, the zebrafish larval pLL 

nerve is a prime and unique example to study successful neuronal recovery and 

axonal guidance in real time. Yet, prolonged in vivo time-lapse fluorescence mi-

croscopy of the fish’s regenerative pLL is limited by premature specimen death 

due to drug side effects and phototoxicity.  

 

We therefore intended to answer the following questions:  

 

1. In vivo live imaging:  

• Which experimentally accessible protocol allows the visual characteriza-

tion of axonal guidance and target finding at a high spatio-temporal level 

in zebrafish larvae over prolonged time periods of multiple days?  

 

2. Dynamics of axonal regeneration: 

• What are the dynamic features underlying pLL nerve regeneration?  

• How do hair cells as neuronal targets influence pLL nerve guidance?  

• How can we investigate regeneration in relation to the roles of specific cell 

types?  
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3. Materials and Methods 

3.1 Zebrafish 

3.1.1 Animal husbandry and genetic strains 
 
All experiments were conducted in our laboratory at The Rockefeller University, 

in strict accordance with the guidelines and regulation approved by The Rocke-

feller University’s Institutional Animal Care and Use Committee (IACUC). The 

zebrafish were housed and maintained under standard conditions [116]. All ex-

periments were performed on zebrafish larvae at 4 days post fertilization (dpf) 

and of both sexes. After paired mating, the fertilized eggs were cleaned, har-

vested and separated into groups of approximately 30 eggs. The zebrafish em-

bryos were transferred to a 100 mm2 Petri dish containing 40 ml of E3 medium 

and kept in an incubator at 28°C. Before the experiment, the larvae were fed with 

dry larvae food at 4 dpf.  

The following transgenic lines were used in different combinations:  

Tg(myo6b:actin-GFP; cmlc2:GFP) [117] (kindly provided by Katie Kindt) 

                             X 

Tg(HGn39D-GFP; cry1a:GFP) [118] (kindly provided by Katie Kindt) 

                                   X 

Tg(cldnb:lyn-mscarlet) [119] (kindly proided by Ajay Chitnis) 

The Tg(myo6b:mcherry-2A-NTR2.0) line was generated by multiside gateway 

cloning via the Tol2kit [120]. Instructions for producing the entry clone were taken 

from the Invitrogen multiside gateway manual. The middle entry vector carrying 

a GAP-mCherry-2A-NTR2.0 (pME-NTR2.0) cassette was PCR amplified from the 

plasmid5xUAS:GAP-mCherry-P2A-NfsB_VvF70A/F108Y,he:tagBFP2 (Addgene 

plasmid #158653) [115] using the following primer: 
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- Forward: 

5´-GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATCCACCGGCC3`  

- Reverse:  

5´- TCTTTCCTACAGCTCCTGGGCAACACCCAGCTTTCTTGTACAA-3` 

A BP recombination reaction was used to introduce the subsequent amplicon into 

a pDONR221 vector via a BP recombination reaction. The 5´-entry vector (p5E) 

containing the myo6b promoter (p5E-myo6b) was kindly provided by Katie Kindt 

[117], and the 3´-entry vector (p3E) containing poly A (p3E-polyA) was provided 

with the Tol2Kit. All three vectors were then combined into a destination plasmid 

using an LR recombination reaction. The expression clone was purified and in-

jected into one-cell stage zebrafish embryos. 

3.1.2 Secondary marker screening of zebrafish larvae  
 
For initial screening, 4 dpf larvae were transferred to a six well plate using a glass 

pipette and anaesthetized in 287 µM tricaine. Adequate depth of anesthesia was 

checked by gently touching the tail with a hair loop and confirmed by the absence 

of a touch escape response. Larvae were manually examined for secondary flu-

orescent marker expression and visual signs of malformation under a fluores-

cence microscope. Embryos with secondary marker expression were selected 

and transferred back into E2 medium for recovery.  

3.1.3 Agarose mounting and anesthesia of larvae 
 
The pre-screened larvae were moved into a six-well plate and anaesthetized us-

ing 673 µM tricaine. Four larvae were then carefully plated under a dissection 

microscope in the center of a 35 mm glass-bottomed dish using a Pasteur pipette. 

The pipette was then used to remove as much of the remaining anesthetic as 

possible, leaving the larvae in a small drop of liquid. A drop of 1% UltraPure low 

melting point agarose was added to the larvae which had been preheated in a 

water bath at around 40°C. To ensure that the animals were fully moistened, the 

larvae and the agarose were sucked up and down the Pasteur pipette multiple 

times and then placed in the center of the glass-bottom dish. To ensure a thin 
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layer of agarose, just enough to cover the larvae, most of the agarose was re-

moved. The four larvae were then positioned flat on their sides with their heads 

pointing to the left, using a hair loop or a hair knife to ensure an unobstructed 

view of the larvae’s body axis. Until the agar began to solidify, the larvae were 

constantly pushed towards the dish’s coverslip to avoid buoyancy. After five 

minutes the dish was inverted to prevent the individuals from floating and left for 

35 min at 28°C to ensure complete consolidation of the agarose. 

Prior to transfer to the microscope, the solidified agarose was overlaid with an 

anesthetic solution. This solution consisting of 67 µM tricaine, 546 µM pancu-

ronium, and 2 mM SA dissolved in E3 medium was freshly prepared and gently 

swirled by hand. 4-5 ml of the mixture was carefully added to each dish of the 

agarose-embedded fish and left covered for 45 min. The waiting period was es-

sential to ensure complete paralysis of larvae before being exposed to fluores-

cent light, thus preventing the formation of a pocket in the agarose due to twitch-

ing. The larvae were re-checked for a sustained heartbeat before proceeding with 

imaging.  

3.1.4 Survival characterization experiments 
 
The drug solutions of Fig. 3 and 4 were applied to the mounted larvae and the 

dish was kept at 28°C for 72 h with a lid on to prevent evaporation. Survival was 

assessed by monitoring the presence of a strong heartbeat using a 4x Zeiss 

epifluorescence microscope every 24 h. The number of individual heartbeats was 

counted for a period of 1 min to determine the larva’s heart rate. 

3.1.5 UV-A light exposure 
 
Unmounted larvae were kept in a closed dish and exposed to 375 nm light for 

different time intervals. UV illumination was provided by the Thorlabs M375L4 

LED, positioned at a distance of 10 cm from the zebrafish larvae.   

3.1.6 NTR 2.0 treatment protocol 
 
4 dpf larvae were mounted and screened for particularly strong expression of the 

secondary marker. The drug mixture containing tricaine, pancuronium and SA 

was prepared as described in 3.1.3 500 µM metronidazole was added to the 
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solution which was then shaken at 300 rpm for a period of 45-60 min. During this 

step the mixture remained covered to prevent exposure to light. The solution was 

then poured onto the agarose-embedded larvae and imaging was performed. 

3.1.7 Microinjection of zebrafish embryos  
 
One-cell stage embryos of wild type fish (TL/AB) were injected using a glass nee-

dle on the Drummond Nanoject II Auto-Nanoliter Injector. The injector was loaded 

with 4 µl solution of 25 ng/µl plasmid DNA and 125 ng/µl Tol2transpoase mRNA 

in distilled water. Approximately 1.5 µl of the solution containing myo6b:mcherry-

2A-NTR2.0 DNA was injected into the yolk of each egg. The injected embryos 

were screened and reared until founders were identified and recovered. 

3.2 Microscopic imaging 

3.2.1 Time-lapse live imaging protocol  
 
Microscopic imaging was conducted following agarose embedding and anesthe-

sia of larvae (3.1.3). During imaging the specimens were kept in a closed tem-

perature-controlled chamber (H301-K-FRAME) set at 28°C.  

The zebrafish larvae were imaged on a multi-point super-resolution confocal mi-

croscope (VT-iSIM) with a 60X 1.3NA silicone-oil objective lens respectively. Ex-

citation wavelengths of 488 nm (GFP) and 561 nm (mScarlet) were used and 

pictures were taken at 2 µm intervals with 30 frames per stage position. Both 

fluorophores were imaged with 0.2-0.4 mW. To capture the entire length of the 

larvae’s lateral line system, the samples were imaged at multiple overlapping 

stage positions that were later interpolated and stitched with custom Python  

scripts [121] developed by members of the laboratory. The acquisition of all stage 

positions for all four mounted larvae lasted between 40-45 min per timepoint. 

Twice a day each stage position was manually corrected to account for growth 

and sample drifting. Under these conditions larvae were imaged for 3-5 days. 

After the time-lapse, the interpolated stacks from the corresponding nerves were 

stitched together, and their maximum intensity projection was reviewed using FIJI 

[122]. 
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3.2.2 Velocity measurements of regeneration 
 
To measure the velocity of regenerating axonal fibers over their full length, im-

ages for Fig. 3D were acquired 24 h after nerve ablation. Images were tiled and 

stitched using custom-made Python scripts [121]. Length of regenerated axonal 

fibers were measured with the measuring tool offered by FIJI [122]. To follow the 

path of regenerated nerves, a series of lines was drawn, and their displacement 

was quantified by measurements of their cumulative length. Micrometers per hour 

was finally calculated by converting these measurements from pixels to microm-

eters. 

3.2.3 Axonal fiber defasciculation and hair cell count 
 
Axonal defasciculation was defined as the initial visible branching of an axon to-

wards a neuromast, deviating from the general axonal trajectory. Chronological 

arrangements of branching events were compared at the time resolution of the 

45-minute acquisition interval. Hair cell number was quantified using the GFP 

signal in inbred zebrafish carrying the Tg(myo6b:actin-GFP; cmlc2:GFP) 

transgenes or estimated by analyzing the labeled cell membranes in inbreds of 

the Tg(cldnb:lyn-mscarlet) line. 

3.2.4 Laser axotomy 
 
The pLL nerve regeneration studies were preceded by nerve transection. Abla-

tions were performed using a 375 nm ultraviolet laser from a targeting laser illu-

minator (iLas) attached to the VT-iSIM. At 60x magnification, pLL axons were 

ablated between the lateral line ganglion and the first neuromast approximately 

100 µm posterior to the ganglion. The nerve was revisited 5 minutes after ablation 

to check for sufficient irradiation. The latter was confirmed by the complete ab-

sence of GFP signal in the targeted region. If required, additional laser ablation 

was performed.          

3.3 Statistical analysis 
 
Statistical analysis was performed with Graph Pad Prism V.9.1.1 for macOS 

(GraphPad Software, Boston, Massachusetts USA, www.graphpad.com). Data 
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presented are shown as means ± SEM. Statistical differences between group 

means were assessed using unpaired t-tests and considered significant at 

p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).  

 

 

3.4 Chemical agents and cloning material 
 

• Ethyl 3-aminobenzoate methanesulfonate (tricaine methanesulfonate, 

MS-222; Mr = 261.3 g/mol) was obtained from Sigma-Aldrich Inc. (St. 

Louis, Mo, USA).  The stock solution was prepared at a concentration of 

15 mM in 17 mM tris buffer solution at pH 7, and kept at 20 ˚C. To achieve 

a concentration of 673 µM, aliquots of the stock solution were diluted with 

system water and stored at 4°C until use. 

• Pancuronium bromide (Mr = 732.7 g/mol) was obtained from Sigma-Al-

drich Inc. and kept as a powder at 4°C. The solution was prepared at a 

concentration of 546 µM immediately prior to use. 

• Sodium L-ascorbate (vitamin C; Mr = 198.1 g/mol) was obtained from 

Sigma-Aldrich Inc. and dissolved in deionized water to prepare solutions 

with concentrations of 2 mM, 20 mM, or 200 mM. 

• Metronidazole (Mr = 171.2 g/mol) was acquired from Sigma-Aldrich Inc. 

and stored as a powder at 4°C in a light protected area. The solution was 

prepared at a concentration of 500 µM prior to use. 

• E3 medium was prepared from 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 

0.33 mM MgSO4, and 1 μg/mL methylene blue. 

• UltraPure low melting point agarose was obtained by Thermo Fisher Sci-

entific Inc. (Waltham, MA, USA) and dissolved in system water to create a 

concentration of 1%. The mixture was heated up in a commercial micro-

wave until fully liquid and stored in a water bath at 30°C until use.  

• MultiSite Gateway Three-Fragment Vector Construction Kit was pur-

chased from Thermo Fisher Scientific Inc. 
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• 5xUAS:GAP-mCherry-P2A-NfsB_VvF70A/F108Y,he:tagBFP2, was ob-

tained from Addgene (Addgene plasmid # 158653; 

http://n2t.net/addgene:158653 ; RRID:Addgene_158653) and deposited 

by Jeff  S Mumm [115]. 

3.5 Laboratory equipment 
 

• VT-iSIM, microlens-based, super-resolution confocal microscope (Vis-

iTech international Ltd., Sunderland, UK)  

• Primostar 3, widefield light microscope (Carl Zeiss Microscopy GmbH, 

Jena, Germany) 

• iLas, targeted laser illuminator (BioVision Technologies Inc., Exton, PA, 

USA) 

• LS/LX laser λ: 488 nm, 561 nm (Coherent Inc., Saxonburg, PA, USA) 

• UNO-T, microscope thermal controller (Okolab S.r.l., Pozzuoli, Italy) 

• H301-K-FRAME, temperature-controlled stage top chamber set (Okolab 

S.r.l.) 

• Nanoject II Auto-Nanoliter injector, automated microprocessor-controlled 

microinjection pipet (Drummond Ltd, Birmingham, AL, USA) 

• Thorlabs M375L4 – ultraviolet LED (Thorlabs Inc., Newton, NJ, USA) 

• Benchtop Chilling/Heating Incubator with non-programmable control (Tor-

rey Pines Scientific Inc., Carlsbad, CA, USA ) 

• Centrifuge 5425/5425 R (Eppendorf AG, Hamburg, Germany) 

• D0400 AccuPlate Hotplate (Labnet International Inc., Edison, NJ, USA) 

• Mastercycler X40 (Eppendorf AG) 
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• 35 mm dish, No. 1.5 coverslip, 14 mm glass diameter, uncoated (MatTek 

Life Sciences Inc., Ashland, MA, USA) 

• 3,5 ml Pasteur pipettes (Thermo Fisher Scientific Inc.) 

• Greiner Bio-One cellstar Polystyrene 6-well cell culture multiwell plates 

(Thermo Fisher Scientific Inc.) 

• Petri dish 100 mm x 25 mm (Sigma-Aldrich Inc.) 
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4. Results 

4.1 Improved immobilization results by new drug mixture  

4.1.1 Identifying synergistic effect of pancuronium combined with tricaine 
 
In many areas of zebrafish investigation, immobilization of specimens is crucial 

for successfully conducting experiments with tricaine being the most commonly 

used anesthetic. For microscopic experiments, the drug is typically applied to the 

agarose mixture in which the specimens are mounted as well as to the liquid 

media surrounding the mounted sample. Given its considerable toxic side effects 

observed at even low concentrations of 600 to 700 µM, we aimed to reduce 

tricaine concentrations by combining the anesthetic with a neuromuscular block-

ing agent for immobilization. To capitalize on their synergistic effects, the ap-

proach involved mimicking human anesthesia strategies, where anesthetics, an-

algesics and neuromuscular blocking drugs are combined.  

 

We decided to use the long-lasting and non-depolarizing muscle relaxant pancu-

ronium bromide – hereafter referred to as pancuronium – which blocks acetyl-

choline binding by inhibiting its receptor. To evaluate the bioavailability and con-

centration necessary for the paralysis of larvae, we first administered pancu-

ronium alone into the egg water of freely swimming and mounted zebrafish larvae 

and observed its effect up to 5 days. We discovered that concentrations of around 

546 µM sufficiently paralyzed 4 dpf larvae while lower concentrations lacked po-

tency and higher concentrations inhibited effective mounting due to tissue insta-

bility. Despite sufficient paralysis under room light, the use of pancuronium alone 

resulted in specimens twitching when exposed to high energy light, indicating that 

the drug was not suitable for use as a standalone approach. We discovered that 

twitching could be prevented by adding a minimal concentration (67 µM) of 

tricaine. 

4.1.2 Prolonged survival in conditions using pancuronium 
 
As we demonstrated that the combination of tricaine and pancuronium allows 

sufficient paralysis under microscopical conditions, we wanted to compare the 
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survival rates of mounted larvae in drug mix to survival rates of fish treated with 

a single drug and larvae in egg water respectively. Survival rates were deter-

mined by the presence of a robust heartbeat under microscopical observation. 

Our data showed that only 6% of larvae that had been exposed to tricaine sur-

vived for a period of three days. In contrast, 75% of 4 dpf larvae that were 

mounted in the presence of pancuronium (546 µM) survived for the same period, 

exhibiting similar survival rates to those exposed to the pancuronium-tricaine mix-

ture (Fig. 3A). Notably, these survival rates were comparable to the number of 

vital larvae swimming freely in egg water.  

4.1.3 Pancuronium compensates for tricaine’s negative effects on heart 
rate 
 
To assess weather stability in cardiovascular activity was a contributing factor to 

the superiority in survival of pancuronium treated larvae compared to those ex-

posed to tricaine, we measured the heart rate of exposed individuals. Heart rate 

declined significantly within the first hour of tricaine exposure, whereas it re-

mained stable in larvae exposed to pancuronium or the pancuronium-tricaine 

mixture (Fig. 3B). Although the parasympatholytic effect of pancuronium faded 

until the 48-h mark, the heart rate of fish in the mixture remained stable (Fig. 3C). 

At that time, attempts to measure heart rates of fish exposed to tricaine were not 

successful as most fish had already died. 

4.1.4 Significantly lower influence on neuronal activity with pancuronium 
 
Since analyzing neuronal activity was the primary objective of our experiments, 

we examined the effects of the administered drugs under our experimental con-

ditions. As an indirect measure, we assessed the rate of neuronal regeneration 

following nerve transection, performed according to our laser ablation protocol. 

While regeneration velocity in larvae exposed to pancuronium was slower than 

in larvae exposed to egg water, it was significantly faster than in larvae treated 

with tricaine (Fig. 3D). Notably, nerve regeneration in the drug mix was hardly 

altered compared to the control group.  
 
 
 
 



 29 

 

Figure 3 

 
 
Figure 3 - Effects of various conditions for the immobilization of larvae.  
(A) The curves illustrate the proportion of larvae that survive prolonged exposure to 673 µM 
tricaine, 546 µM pancuronium and 546 µM pancuronium with 67 µM tricaine, in comparison to 

egg water controls. The error bars depict the means ± SEMs from 54 larvae in each of 3 inde-

pendent experiments (except for egg water condition with only 18 larvae) (B) A histogram of larval 

heart rates 1 h following exposure to varying conditions illustrates a depressed rate in 673 µM 

tricaine, whereas normal rates are observed in the presence of pancuronium or the mixture. 

(C) Heart rate stability of pancuronium or the mixture was confirmed 48 h after the exposure be-

gan. Due to low survival in tricaine over 48 h, the data is not shown. The bars represent 
means ± SEMs for 12 fish in a single experiment. (D) The extent of nerve regeneration in  

Et(HGN39D) was assessed in different solutions. Bars represent means ± SEMs for 7 fish in 

tricaine, 10 fish in pancuronium, 7 fish in pancuronium and tricaine, 8 fish in egg water, pooled 

from 8 experiments. p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).  
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4.2 Sodium L-ascorbate greatly reduces phototoxicity 

4.2.1 Identifying concentration levels for using sodium L-ascorbate 
 
We decided to test the efficacy of SA a water-soluble antioxidant to protect the 

fish from cell damage. Initial tests were performed to assess the toxicity of SA at 

varying concentrations. Under a concentration of 200 mM we observed the death 

of all larvae within a single day while only 25% of larvae survived three days 

under 20 mM (Fig. 4A). Notably, 2 mM did not show any toxicological effects. 

Consequently, we decided to cease concentrations exceeding 20 mM and to fo-

cus on 2 to 20 mM for further experiments.  

4.2.2 Optimal sodium L-ascorbate concentrations to reduce phototoxicity  
 

The ability and, if applicable, potency of SA was assessed using an ultraviolet 

LED (Thorlabs M375L4) capable of probing many larvae at significantly higher 

and continuous light exposure (375 nm) than under microscopical conditions. Our 

data revealed that more than 50% of untreated larvae exposed to UV-light died 

within the first 2 h with nearly all failing to survive the complete 3-h observation 

period highlighting the lethal effect of phototoxicity (Fig. 4B). While more than half 

of the larvae in 2 mM SA survived the period of 3 h, 20 mM SA exhibited a strong 

protective effect with 85% survival overall. We found 2 mM to be sufficient for our 

milder microscopic conditions, while 20 mM were adequate for short but very in-

tense exposures.   
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Figure 4 
 

 
Figure 4 - The effects of sodium L-ascorbate (SA) on larval survival 

(A) Exposures 24 h to 72 h reveals an optimal concentration of 2 mM SA for freely swimming 

zebrafish larvae. Error bars represent means ± SEMs for 24 fish in each of three independent 

experiments. (B) The survival curves for larvae exposed to continuous ultraviolet illumination in 

the absence of SA, in 2 mM SA or in 20 mM SA demonstrate a robust protective effect of the 
drug. Error bars represent means ± SEMs for 46 fish in each of three independent experiments. 

 

4.3. Imaging protocol enables recording of complete pLL 
nerve regeneration 

4.3.1 Incorporation of the drug mixture into an appropriate experimental 
protocol 
 
Based on our collective findings, we developed a long-term imaging protocol for 

zebrafish larvae of 4 dpf or older (Fig. 5A). First, larvae were screened for sec-

ondary fluorescence markers by application of 287 µM tricaine for a maximum 

duration of 30 min to minimize tricaine’s side effects. To allow successful mount-

ing, larvae had to be reliably immobilized. Due to pancuronium’s effect on muscle 

tone, which made the specimens fragile and impossible to mount, pancuronium 

could not be used at that time point. We therefore administered a concentration 

of 673 µM tricaine to positively selected individuals and subsequently placed 

them in a glass bottom dish in groups of four. Prior to the administration of 40°C 
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agarose, as much tricaine as possible was removed to prevent dilution of aga-

rose. Once the polysaccharide was added, a hair loop was used to orient the 

individuals towards the bottom of the glass until agarose began to solidify. That 

position allowed the closest contact to the objective for imaging. The dish was 

then left for the agarose to conceal for 30 min before the agarose was covered 

by egg water mixed with 67 µM tricaine, 546 µM pancuronium, and 2 mM SA. An 

additional 45 min waiting period ensured adequate anesthesia and allowed the 

agarose to solidify completely.  

4.3.2 PLL nerve regeneration imaged at unprecedented length  
 
To verify long-term applicability of our protocol, we conducted long-term time-

lapse video microscopy of posterior lateral line nerve regeneration. Testing the 

limits of our protocol, we worked with high illumination settings, long exposure 

times and induced further stress to the larvae by laser axotomy of the pLL nerve 

posterior to its ganglion. The transgenic line Et(HGN39D-GFP) X Tg(Cldn-

B:lyn-mScarlet) was selected for this purpose as visualization of the lateral line 

nerve in green and hair cell membranes in red was feasible. To ensure optimal 

maintenance of water temperatures, the dish was heated to 28°C throughout the 

entire imaging session. Imaging on the VT-iSIM was carried out following suffi-

cient laser ablation of the pLL nerve. The imaging procedure for each fish ex-

ceeded 10 min, with multiple stage positions used to encompass the entire length 

of the pLL organ. Images were taken at 45 min intervals as four fish were imaged 

in succession.   

 
Fig. 5B and 5C demonstrate that, for the first time, our imaging setup allowed to 

record the detailed dynamics of pLL nerve regeneration at length, in short time 

intervals and without visible tissue degeneration. The mean time for full regener-

ation of the axons from the site of injury all the way to the larvae’s tail was 

63.9 ± 5.5 h (95 % confidence interval). Multiple imaging sessions were per-

formed for an average of 75 ± 4.5 h (95 % confidence interval), with consistent 

imaging quality throughout. In some cases, imaging was conducted for up to 

110 h with specimens remaining fully vital. Minor drifts of the larvae growing out 

of the field of interest were compensated by occasional readjustments. The spec-

imens did not exhibit any observable mobility over the course of the experiments.  
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Figure 5 
 

 
 

Figure 5 - Time-lapse microscopy of pLL nerve regeneration 

(A) A timeline presents the sequence of various procedures that precede the beginning of imag-

ing. (B) A series of four panels illustrates the regenerative process of a pLL nerve in an Et(HGN39-

D) X Tg(Cldn-B:lyn-mScarlet) larva taken at 24 h intervals. The series commences 1 h post tran-

section with an ultraviolet laser. Following laser transection of the nerve fibers between the first 

neuromast and the pLL ganglion on the left side of the figure, the fibers begin to regrow towards 

the terminal neuromasts on the right-hand side of the image. The scale bars represent 200 µm. 
(C) Four higher-power micrographs portray the innervation of a neuromast by an axon of the pLL 

nerve at intervals of 2.25 h following transection. The specimen showed no discernible signs of 

degeneration throughout the course of the prolonged imaging period. The scale bars represent 

50 µm. 
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4.4 Characterization of neuronal regeneration 

4.4.1 Laser axotomy reveals characteristics of axonal regeneration 
dynamics 
 

Our imaging protocol allowed to observe the dynamics of the regenerating pLL 

nerve at high temporal resolution. Assessing the general dynamics of nerve re-

generation, we found that after initial sprouting of a faster growing pioneer axon, 

several waves of axons followed at different times. To understand the overarch-

ing pattern of nerve regeneration, it was important to first characterize branching 

activity towards each neuromast across fish. We defined the time of first visible 

branching towards neuromasts as the moment of decision making as we consid-

ered this to be the instant in which molecular cues and passing fibers might in-

teract and cause defasciculation. In assessing branching, it became evident that 

defasciculation typically occurred in a sequential pattern with neuromasts situ-

ated closer to the head exhibiting a greater probability to be targeted first (Fig. 6). 

This result was not necessarily unexpected, given that these neuromasts were 

the first to have the opportunity to engage with regrowing axons. However, there 

was a high variability with repeated cases of regrowing fibers passing several 

neuromasts before approaching one. Nevertheless, all neuromasts were eventu-

ally innervated subsequent to waves of axonal growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 
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Figure 6 - General regeneration dynamics of pLL nerve                                                            

4 dpf zebrafish larvae were imaged after performing neurectomy of the pLL nerve by UV laser 

ablation. The dataset illustrates the first visible branching and the order of each neuromast within 
the pLL collective. Fish included had at least 7 neuromasts innervated throughout the experiment. 

Neuromasts L6-L8 are collectively referred to as terminal neuromasts. Indicated is the mean 

± SEMs of n= 14 fish.  
 

4.4.2 Hair cell number negatively correlates with the order of branching 

 

Hair cells are one of the main components of neuromasts and a potential source 

of molecular signaling. Given the wide variability in hair cell numbers across neu-

romasts, we examined the relation between the number of hair cells and the like-

lihood of being targeted by regrowing axons. Our findings revealed that neuro-

masts that are branched towards early exhibit a significantly higher number of 

hair cells than those targeted later (Fig. 7).  

 
Figure 7 
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Figure 7 - Hair cell number affects branching order  

Larvae of the transgenic line (myo6b:acbt1-GFP) were used to label hair cells. 80 neuromasts of 

n=10 fish were grouped according to hair cell counts and plotted against the position within the 

branching pattern. The initial attempt of branching was counted. Neuromasts were grouped to 

allow reasonable comparison. The graph depicts mean ± SEMs. p < 0.05 (*), p < 0.01 (**) and 

p < 0.001 (***) by unpaired t-test. 
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4.4.3 NTR2.0 – Cell specific ablation  
 
To further investigate hair cells as the potential source of guidance cues, we 

aimed to analyze pLL nerve regeneration in the complete absence of hair cells 

within neuromasts. We therefore generated new transgenic zebrafish lines ex-

pressing NTR 2.0 under a hair cell specific promotor. Apoptosis of hair cells as a 

consequence of DNA crosslinking started 3 h after metronidazole administration 

(Fig. 8A). The mean time required for a neuromast to lose its entire hair cells was 

4.6 h (Fig. 8B). We compared germline expressing larvae with specimens that 

were stochastically injected and therefore randomly expressed NTR2.0 in sub-

sets of hair cells (Fig. 8C). Subsequent application of MTZ led to cell specific 

death while non-expressing cells remained unaffected. 

 
Figure 8 
 

 
 
 
Figure 8 - Reliable cell specific ablation through NTR2.0 

(A) Neuromast of Tg(myo6b:mcherry-2A-NTR2.0) were treated with MTZ. Intervals indicate the 

time after drug application. (B) A histogram illustrates the time interval following the administration 

of MTZ, during which the complete loss of hair cells in neuromasts occurred. Neuromasts n = 14, 
mean ± SEM. (C) Left image: Stochastically injected eggs carrying the NTR 2.0 construct in some 

hair cells (red) before MTZ was added. Right image: Six hours after MTZ application: All hair cells 

carrying the NTR 2.0 construct were dead while non expressing cells (green, indicated with arrow) 

survived the treatment. 
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5. Discussion 
 

We implemented an experimental setting that allowed the analysis of neuronal 

regeneration of the pLL nerve in zebrafish by long-term in vivo time-lapse imaging 

and analyzed the dynamics of axonal pathfinding as a model for human cell trans-

plantation to the cochlea. Overcoming common limitations in the imaging of living 

specimens, we microscopically observed zebrafish larvae for multiple days by 

optimizing drug intervention and reducing phototoxicity. Our data revealed dy-

namic aspects underlying pLL nerve regeneration as well as novel evidence sup-

porting the importance of hair cells for specific target finding. Moreover, by suc-

cessfully implementing NTR 2.0 as a reliable cell-specific ablation system for the 

lateral line system of zebrafish, we created a framework for identifying cell types 

that are essential for pLL regeneration and axonal pathfinding. 
 

Two significant obstacles must be addressed to conduct in vivo time-lapse imag-

ing of zebrafish larvae. First, it is essential to avoid twitching due to inadequate 

anesthesia as it moves fish out of focus. Furthermore, imaging sessions are lim-

ited to a maximum of 48 h because premature specimen death occurs as a con-

sequence of anesthetic side effects and phototoxicity [38, 107]. 

 

Our data demonstrated that only 6% of larvae exposed to the anesthetic tricaine 

survived beyond three days, corroborating findings from previous studies [38, 

123]. Consequently, alternative approaches have been tested over the years. At-

tempts to enhance survival by combining tricaine with other anesthetics, such as 

isoflurane or isoeugenol, have been conducted but proved ineffective in extend-

ing survival times [107]. Other studies have explored the potential of optimized 

environmental conditions using advanced imaging chambers equipped with en-

hanced oxygen and water supply systems. While these setups successfully pro-

longed specimen survival over several days, effective immobilization was only 

achieved in mutant larvae that were generally incapable of movement [114], 

thereby limiting the broader applicability of this approach for further investiga-

tions. Other groups worked on endogenous expression of α-bungarotoxin which 

is a highly selective and irreversible inhibitor of nicotinic acetylcholine receptors 

in muscle [107, 124]. A key limitation of this approach, however, was its restriction 
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to very early developmental stages, rendering it unsuitable for further application. 

Nevertheless, the selective targeting of muscle contraction avoids major interfer-

ence with the nervous system and represents an appealing approach for immo-

bilization. 

 

Pancuronium is a muscle relaxant that we identified as an agent suitable as its 

long-lasting effect allowed for extended long-term imaging over several days. 

Overcoming limitations of the approaches mentioned above, the combination with 

minimal doses of tricaine not only immobilized specimen without significant 

twitching but also counteracted what is presumably the most lethal aspect of 

tricaine - cardiac depression – through pancuroniums vagolytic activity, a side 

effect that has been described in other individuals before [125]. Moreover, the 

combination of agents ensured compliance with the ethical standards that would 

have been violated by the exclusive administration of pancuronium while also 

allowing reversible application. Following the formation of the blood-brain barrier 

at 3 dpf, pancuronium does not exert any effect on the central nervous system 

[126]. However, our observation of a slight delay in nerve regeneration suggests 

that the muscle relaxant still impacts the peripheral nervous system. The delay 

was less pronounced than with tricaine alone and was not evident when pancu-

ronium was combined with tricaine. These findings indicate that the suppressive 

effect of tricaine on neuronal activity may be alleviated by the comparatively 

milder action of pancuronium, leading to a net effect closer to that of the control 

condition. Nevertheless, the discrepancies highlight the need for more compre-

hensive investigations on neuronal side effects of pancuronium in the future.  

 

We further refined our protocol by the additional administration of SA which re-

duced phototoxicity and allowed for the first time to conduct imaging sessions for 

at least five days. Our experiments proved to be successful with larvae of 4 dpf, 

a developmental stage in which specimens were most vulnerable to tricaine and 

phototoxicity [123]. Consequently, we presume that the drug mixture is suitable 

for use and adaptation in most age groups of zebrafish. Furthermore, the protocol 

was applicable to investigations of a variety of pLL activities at different temporal 

resolutions and experimental manipulations including pharmacological agents, 

laser ablations, and genetic manipulations. One obstacle that needed to be 
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addressed in the usage of SA concerned its narrow therapeutic range. It was 

crucial to mount larvae in a closed dish to prevent evaporation and a consequent 

increase in SA concentration. In addition, SA was a highly unstable compound 

that significantly lost potency when stored, necessitating occasional renewal 

[127]. 

 

Our newly developed protocol reduced toxic side effects and thus enabled the 

consistent imaging of specimens under a variety of conditions. As we propose 

that some larvae died as a consequence of SA deterioration, renewal bears the 

potential to stabilize or further prolong the average lifetime of individuals. With 

larvae typically suffering from starvation around that developmental stage [128], 

additional improvements in nutrition supply could even further optimize the pro-

tocol. Such interventions could involve interim feeding or attempts to delay yolk 

sac absorption. In total, we provided a versatile, robust and easily adaptable so-

lution for long-term in vivo imaging that will be of significant benefit to the wider 

zebrafish research community.  

 
The extend to which auditory cell transplantation will improve quality of live and 

clinical outcomes depends on the successful integration of neurons into the au-

ditory network. Previous animal models such as mice or rats used to investigate   

axonal pathfinding post-cell transplantation lacked the ability to observe dynamic 

processes in vivo and in real time [129-131]. By ablating the zebrafish posterior 

lateral line nerve in vivo and observing neuronal regeneration, we mimicked the 

regrowth of neuronal projections towards peripheral targets. Despite the ten-

dency towards sequential innervation, we found individual neuromasts to exhibit 

a notable degree of variability in attracting passing neuronal fibers. One study 

analyzing branching behavior characterized two subsets of pLL ganglion neurons 

in followers and leaders according to heterogenous expression of the transcrip-

tion factor neuroD [132]. Comparably, branching behavior may be attributed to 

varying expression of guidance receptors or of afferent neurons’ ligands across 

axon populations. This principle has been proposed to underlie the retinotopic 

organization of the visual system [133, 134] and may also contribute to axonal 

regeneration of the pLL nerve. In our observations, axonal regrowth occurred in 

multiple waves of sprouting with up to five distinct waves that varied in timing and 
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in the number of axonal fibers involved. Supporting the alternative hypothesis that 

extrinsic factors predominantly guide axonal target finding, we found extensive 

probing behavior consistent with previous descriptions in zebrafish motor axons 

[135] with neurites extending and retracting randomly before specifically targeting 

a neuromast. 

 

Prior research in zebrafish has indicated that neuromasts critically influence gen-

eral axonal guidance during regeneration as regrowing fibers displayed erratic 

growth following neuromast ablation via copper sulfate treatment but regrew on 

normal trajectories upon neuromast regeneration [38]. However, the role of indi-

vidual cell types within the neuromast in mediating signaling cues remained in-

conclusive. Underlying cell ablation techniques of previous studies that aimed to 

investigate branching behavior in the absence of individual cell subsets lacked 

efficacy or specificity [38, 136-138]. For instance, laser ablation of hair cells re-

quired not only a significant investment of time and expertise in manually target-

ing cells in a cell-by-cell basis, but also impeded regeneration of the lateral line 

and damaged the surrounding tissue [139]. Due to limited accuracy hair cells 

were often only partially ablated and fluorescence bleaching masked residual 

cells and compromised image quality [139]. In other studies, the aminoglycoside 

neomycin proved to be highly hair cell specific. Yet, it was not efficient enough 

despite elevated concentration and prolonged exposure time [140], likely due to 

its low ability to affect immature hair cells [141, 142]. 

 

We were especially intrigued by the potential correlation between hair cell num-

ber and the likelihood of being targeted as these cells pose the most natural 

source of guiding signals [63, 143]. Our findings support the existence of such 

correlation. However, coincidental variables such as older age of neuromast and 

frontal position in the PLL were not considered as confounders in our study. 

 

To specifically investigate the role of hair cells, we established the NTR 2.0 abla-

tion system [115] in the pLL, allowing consistent and reliable ablation of hair cells 

within 5 h. The timing of the ablation could be precisely determined by the incor-

poration of metronidazole, and we observed no toxic side effects as previously 

demonstrated for such doses [115]. Due to the adaptability to other cell types via 
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cell-specific promoters [144, 145], our system will allow a structured analysis of 

the role of every cell type represented in the neuromast.   

 

Overcoming major obstacles in time-lapse imaging and cell specific analysis in 

zebrafish, our study provides the basis for acquiring a deeper understanding of 

axonal pathfinding and achieving peripheral integration of transplanted neurons 

in humans. Yet, we still face several challenges in the development of effective 

transplantation. Transplanted cells must not only connect peripherally with their 

targets but also to central neurons. Previous studies indicate that multiple factors 

within the central nervous system create an unfavorable environment for regen-

eration, inhibiting the initiation of central target finding [42, 55, 146, 147]. In addi-

tion, the potential for tumor genesis and the induction of autoimmune responses 

represent a critical concern that requires thorough and immediate evaluation 

[148]. With cochlear implants being the greatest achievement in auditory rehabil-

itation during the last century, neuronal cell transplantation could potentially be 

the next step for a more pervasive treatment of hearing loss and potentially other 

neurodegenerative disorders. Axonal regrowth might in the future complement a 

treatment concept like gene therapy for hair cells, which is currently already in 

early clinical trials [149]. 
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