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Abstract 

Selective interplay between microtubules and their regulatory proteins emerged as 

major regulator of neuronal circuit development. However, how microtubule 

posttranslational modifications influence this interplay to govern axon guidance and 

targeting remains elusive. Using loss-of-function and rescue experiments during 

zebrafish development, we show that the microtubule-severing enzyme p60-Katanin 

controls motor axon pathfinding and larval mobility in a dose-dependent manner, and 

plays non-overlapping roles with the related protein Spastin in these processes. 

Notably, we uncover the tubulin glutamylase TTLL6 as a selective and key regulator 

of p60-Katanin activity during axon navigation. In contrast, our study demonstrates 

that, although critical for motor circuit wiring, the highly similar glutamylase TTLL11 

fails to influence p60-Katanin and to rescue the axon targeting errors associated with 

TTLL6 knockdown, which discloses the functional specificity of these long-chain 

glutamylases at a physiological level. Altogether, our work provides in vivo proofs of 

concept that the tubulin code acts in a highly selective manner to tune the activity of 

key microtubule-severers in neuronal circuit wiring of a vertebrate model.  
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Introduction 

Over the past decades, the microtubule (MT) cytoskeleton has emerged as a 

key player in nervous system development. MTs indeed provide mechanical support 

rails for axonal transport as well as mediate key signalling events that contribute to 

the morphological and behavioural changes that neurons undergo during neural circuit 

wiring, from neuron polarisation to synapse formation (Conde and Caceres, 2009; 

Hoogenraad and Bradke, 2009; Dent et al., 2011). The instructive role of 

microtubules in axon navigation processes was initially suggested by live imaging 

studies on cultured neurons showing that asymmetric invasion and stabilization of 

MTs in filopodia predicted growth cone turning and directionality (Williamson et al., 

1996; Zhou et al., 2002).  These analyses were further supported by the work of Buck 

and Zheng (2002), who demonstrated that stabilising or destabilizing MTs on one side 

of a growth cone was sufficient to induce growth-cone turning in vitro. MT dynamics 

and growth directionality within growth cones were shown to be influenced in vitro 

by guidance cues such as Netrin-1, Semaphorin-3a, Wnt3a or Wnt5a (Dent et al., 

2004; Purro et al., 2008; Qu et al., 2013; Li et al., 2014; Shao et al., 2017; Biswas and 

Kalil, 2018). Concomitantly, several MT-interacting proteins were identified as major 

players in growth-cone decision-making behaviours at axon guidance choice points 

during vertebrate or invertebrate embryogenesis (Rothenberg et al., 2003; Lee et al., 

2004; Del Rio et al., 2004; Lewcock et al., 2007; Arbeille and Bashaw, 2018; Fassier 

et al., 2018; Jardin et al., 2018; Slater et al., 2019).  

While these data illustrated the importance of the MT cytoskeleton in axon 

navigation, the molecular mechanisms underpinning the fine-tuned remodelling of 

this network that drive growth cone steering is far from being understood. Neuronal 

MT dynamics are regulated by a myriad of proteins, including MT-severing enzymes 
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that control MT mass/number by promoting MT disassembly or amplification 

depending on the dynamic state of the newly severed ends (McNally and Roll-Mecak, 

2018). Katanin was the first MT-severing enzyme to be identified (Hartmann et al., 

1998) and purified (McNally and Vale, 1993): it is a heterodimer composed of a 

regulatory subunit of 80 kDa (p80-katanin) and a catalytic subunit of 60 kDa (p60-

katanin). Since its discovery, katanin was shown to play a central role in 

neurogenesis, neuronal morphogenesis, migration and plasticity (Sharp and Ross, 

2012; Eom et al., 2014; Mishra-Gorur et al., 2014; Jiang et al., 2017; Lombino et al., 

2019). Notably, p60-katanin - the subunit that bears the MT-severing activity - was 

shown to be required for axon extension of zebrafish primary motor neuron (pMN) in 

vivo (Butler et al., 2010) and axon outgrowth and branching of mammalian neurons in 

vitro (Ahmad et al., 1999, Karabay et al., 2004; Yu et al., 2008). Consistently, in 

developing rodent neurons, p60-katanin is highly enriched during axon outgrowth but 

drastically drops as axons reach their target cells (Karabay et al., 2004). These 

expression data prompted us to examine whether p60-katanin influences growth cone 

directional steering and targeting in vivo as hypothesized by Vitriol and Zheng (2012).  

MT-severing enzymes are regulated by tubulin posttranslational modifications 

(PTM) (Roll-Mecak, 2020; Janke and Magiera, 2020). In particular, tubulin 

polyglutamylation, a complex PTM, which is abundant in neurons (Audebert et al., 

1994) and catalysed by the tubulin tyrosine ligase-like (TTLL) enzymes (van Dijk et 

al., 2007), promotes MT severing by spastin and p60-katanin in vitro (Lacroix et al., 

2010; Valenstein and Roll-Mecak., 2016; Shin et al., 2019). Moreover, the MT-

severing activity of spastin is finely regulated by the number of glutamates on the 

tubulin tails (Valenstein and Roll-Mecak, 2016). Yet, to precisely unravel the 

influence and selectivity of tubulin glutamylation upon different MT-severing-driven 
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physiological processes, analyses of the interplays between specific tubulin 

glutamylases and MT severing enzymes remained to be undertaken in vivo.    

We here address this issue by (i) exploring the role of p60-Katanin in 

zebrafish motor circuit wiring with respect to its highly related severer spastin, and 

(ii) investigating whether the long chain tubulin glutamylases TTLL6 and TTLL11 

that are both expressed in the teleost developing spinal cord (Pathak et al., 2011), may 

selectively tune p60-Katanin activity in this process. Using loss-of-function and 

rescue approaches, we uncover a key role for p60-Katanin in motor axon targeting 

and larval locomotion and establish its non-overlapping function with Spastin in this 

process. We further show that the zebrafish long-chain tubulin-glutamylase TTLL6 

and TTLL11 play crucial but distinct roles in motor axon targeting, and reveal 

TTLL6-mediated tubulin polyglutamylation as a selective regulator of p60-Katanin 

activity in navigating axons. Our data thus provide the first in vivo evidence that the 

tubulin code acts in a highly selective manner to fine-tune the activity of key neuronal 

MT severers during nervous system development.  
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Materials and Methods 

Zebrafish maintenance 

Zebrafish embryos (Danio rerio) were obtained from natural spawning of 

wild-type, p60-katanin mutants (katna1sa18250; Sanger Centre, purchased from the 

ZIRC) or transgenic Tg(Hb9:GFP) (Flanagan-Steet et al., 2005), Tg(Hb9:Gal4) 

(Zelenchuk and Brusés, 2011), and the newly generated Tg(UAS:Spastin-HA) lines. 

All embryos were maintained at 28°C in E3 medium (5 mM NaCl, 0.17 mM KCl, 

0.33 mM CaCl2, 0.33 mM MgSO4, 0.00001% (w/v) Methylene Blue) and staged by 

hours post-fertilisation (hpf) and gross morphology according to Kimmel et al. 

(1995). To prevent pigment formation, 0.2 mM of 1-phenyl-2-thiourea (PTU, Sigma) 

was added to the E3 media from 24 hours post-fertilisation (hpf) onwards.  

All our experiments were made in agreement with the European Directive 210/63/EU 

on the protection of animals used for scientific purposes, and the French application 

decree ‘Décret 2013-118’. The fish facility has been approved by the French ‘Service 

for animal protection and health’, with the approval number A-75-05-25. 

 

Generation of transgenic Tg(UAS:Spastin-HA) fish 

 As thoroughly described in Jardin et al. (2018) for the two transgenic lines 

selectively expressing the long or the short Spastin isoform, the transgenic 

Tg(UAS:Spastin-HA) line that express both isoforms was generated from a cDNA 

construct combining the three elements below in the following order: (i) a SacII-SwaI 

fragment of plasmid ‘T2 US E1B Cit UAS E1B MCS ACR’ (kind gift from Sebastian 

Gerety and David Wilkinson) composed of an ‘alpha-crystallin:mRFP’ cassette for 

screening purposes due to its specific expression in the lens, (ii) a SwaI-AvrII 

fragment from a UAS expression vector (Baraban et al., 2013) allowing specific 
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expression of the transgene in GAL4-expressing cells, and (iii) a SpeI-NotI fragment 

containing the full-length HA-tagged spastin cDNA followed by the SV40 3’UTR 

and polyadenylation signal of the pCS2+ vector. The resulting construct was cloned 

into pBluescrit SKI-SceI (Grabher et al., 2004), which was injected at 30pg/egg into 

freshly fertilised eggs together with I-SceI endonuclease (Roche) and 0.5% phenol red 

in 1X I-SceI digestion buffer (New England Biolabs). Injected fish were raised to 

adulthood and screened for germline transmission by detecting red fluorescence at 72 

hpf in the lens of their progeny, which formed the transgenic Tg(UAS:Spastin-HA) 

line.  

 

Genomic DNA isolation and genotyping 

 Genomic DNA was isolated by incubating larval heads 2 hours at 55°C in 

lysis buffer (100mM Tris Hcl, 2mM EDTA pH8, 0.2% Triton X-100, 250 µg/mL 

proteinase K). Homozygous and heterozygous katna1mutants were identified by PCR 

amplification followed by DNA sequencing (GENEWIZ). The primers used for 

genotyping were the following:  

Katna1sa18250_FOR: 5’-GTAGTACGGAAATCCTCTGTCC-3’ 

Katna1sa18250_REV: 5’-TTGCTTTGATCTAAGAAACCGG-3’.  

 

RNA extraction and RT-PCR analysis 

 For sequence analysis of katna1 mRNA, total mRNA of 24-hpf katna1+/+ and 

maternal zygotic katna1-/-MZ zebrafish embryos were extracted with Trizol according 

to the manufacturer’s instructions. Katna1 transcripts were reverse-transcribed and 

PCR-amplified using the SuperScript™ III One-Step RT-PCR System with 
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Platinum® Taq (ThermoFisher Scientific, Illkirch, France) from 200 ng of katna1+/+ 

and katna1-/-MZ RNA extracts using the following primers:  

Katna1RTPCRex3-4_FOR: 5’-ATGTGGAGCACAGATCGTCTCCATGTG-3’ 

Katna1RTPCRex5-6_REV: 5’-CAGCAATGTCATCCCATGTGACATTGGG-3’. 

For quantitative RT-PCR analysis of katna1 homologous gene expression levels, 

RNAs were extracted from 5 independent pools of 10 katna1+/+, 10 katna1-/-MZ and 

one pool of 10 wild-type embryos (24 hpf) using the RNeasy Mini-kit (Qiagen, 

Courtaboeuf, France) and reverse-transcribed using the Superscript RT II Kit with 

random hexamers (Invitrogen, ThermoFisher Scientific, Illkirch, France).  qPCR was 

performed using a SYBR Green master mix (EurobioGreen qPCR Mix, Hi-ROX; 

Eurobio Scientific, Courtaboeuf, France) using the primers listed in Table 1. The 

relative quantification method was used to calculate the expression levels of the genes 

of interest normalized to lsmb12 and relative to the cDNAs from 24-hpf wild-type 

embryos. Values are shown as means ± SEM. 

 

Whole-mount in situ hybridization 

A 3’-fragment of katna1 cDNA was isolated from a collection of 24-hpf zebrafish 

embryo mRNAs using the SuperScript® III One-Step RT-PCR system (Invitrogen) 

with the following forward and reverse primers: 5’-

AGAGTGGATTTACTCAAGATCAACC-3’ and 5’-

AAGCTTGACTTGTACGCAGTGAACC-3’. The RT-PCR product was cloned into 

the TOPO® TA cloning pcr4 vector (Invitrogen) and sequenced. The katna1 

digoxigenin-labelled sense and antisense riboprobes were synthetized from the 

linearised recombinant TOPO® TA cloning vector using T7 and T3 RNA Polymerase 

(Promega) according to the supplier’s instructions. Whole-mount in situ hybridisation 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted January 20, 2022. ; https://doi.org/10.1101/2022.01.20.477127doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.20.477127


9 
 

experiments were performed at 18 and 24 hpf using standard procedures (Macdonald 

et al., 1994). Pictures were acquired with a binocular stereomicroscope (Leica 

M165C) combined with an HD camera (Leica IC80 HD), then adjusted for brightness 

and contrast with the NIH Image J software. 

 

Morpholinos and RNA injections 

Morpholino oligonucleotides (MO) blocking p60-katanin/katna1, ttll6, ttll11 

or spastin translation initiation sites as well as the standard control MO were 

developed by GeneTools (Philomath, USA) and designed as follows:  

MOctl: 5’-CCTCTTACCTCAGTTACAATTTATA-3’,  

MOp60Kat: 5’-CTCATTGATCTCCCCCAAACTCATC-3’,  

MOkatna1aug1: 5’-CATCCTGTAAGTTAAAGTGGTCAGT-3’ (Butler et al., 2010),  

MOTTLL6 : 5’-CTGGTGTCCCCATTCTGATCTCTTC-3’ (Pathak et al., 2011) and 

MOTTLL11 : 5’-CGGCTGATTTGTTATCTCATCTAGG-3’,  

MOspATG1: 5’-ATTCATTCACCCTTCTCGGGCTCTC-3’ (Jardin et al., 2018), 

COMOspATG1: 5’-ATTGATTCAGCCTTGTCGCGCTGTC-3’ (Jardin et al., 2018). 

MOp60Kat was injected at 1.3 and 3.4 pmol/embryo, MOkatna1aug1 at 0.9 pmol/embryo, 

MOTTLL6 at 0.2 pmol/embryo, MOTTLL11 at 0.8 pmol/embryo, MOspATG1 and 

COMOspATG1 at 0.4 pmol/embryo. Universal control MOctl morpholino was injected 

at all these doses depending on the controlled knockdown experiment. All 

morpholinos were injected at two-cell stage. Human full-coding KATNA1 cDNA was 

isolated from a human fetal brain Marathon-ready cDNA collection (Clontech, 

Invitrogen) with the following forward and reverse primers: 5’-

ATATAGGATCCATGTACCCATACGATGTTCCAGATTACGCTAGTCTTCTTA

TGATTAGTGAG-3’ and 5’-
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ATATATCTAGATTAGCATGATCCAAACTCAAATATC-3’, and subsequently 

cloned into pCS2+ BamH1/XbaI restriction sites for rescue experiments. Zebrafish 

spastin full-length cDNA was amplified and HA-tagged by PCR from the IMAGE 

clone BG728071 with 5’-ATACTCGAGCAAGCTTGATTTAGGTGA-3’ forward 

and 5’-

GGCTCTAGATCAAGCGTAGTCAGGCACGTCGTAAGGGTAACTAGCGCCTA

CGCCAGTCGTGTCTCCGT-3’ reverse primers, and cloned into pCS2+ using the 

XhoI/XbaI restriction sites included in the primers. Human KATNA1, mouse TTLL6 

and TTLL11 (cDNAs provided by C Janke), as well as zebrafish spastin mRNAs were 

in vitro transcribed from the corresponding linearized pCS2+ constructs using SP6 

mMessage mMachine kit (Ambion) and injected at one-cell stage. For rescue 

experiments, KATNA1 mRNA was injected at 120 or 180 pg/embryo, spastin 

transcript at 150 pg/embryo, and both TTLL6 and TTLL11 at 120 pg/embryo. 

 

Touch-evoked escape response test and manual tracking 

To assess the motor behaviour of control, mutant, morphant and rescued 72-

hpf larvae, we performed a touch response test by applying a tactile stimulus with a 

pair of forceps and analysing the larval escape behaviour under a Leica M165 C 

binocular stereomicroscope equipped with a Leica IC80 HD camera. Swimming 

speed and covered distance of each larva were quantified using the Manual Tracking 

plugin included in the Fiji software as reported in Fassier et al. (2010).  

 

Whole-mount immunohistochemistry  

Zebrafish embryos were fixed in PBS/4% paraformaldehyde during 2 hours at 

room temperature, washed 3 times with PBT1% (1% Triton X-100 in PBS) and 
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permeabilised using a 0.25% trypsin solution (Gibco) at 25°C when embryos were 

older than 24 hpf. Embryos were then blocked for two hours in PBT1% supplemented 

with 10% normal goat serum and incubated with primary antibodies overnight at 4°C 

in PBT1%/1% normal goat serum. The following primary antibodies were used: Znp-

1 (1/100; ZIRC, University of Oregon), Zn-5 (1/200; ZIRC, University of Oregon) 

and GFP (1/1000; Molecular Probes). After several washes in PBT1%, embryos were 

incubated overnight at 4°C with the appropriate secondary antibody (Alexa Fluor 488 

or 555 at 1/1000, Molecular Probes).  

For glutamylated Tubulin staining, embryos were fixed in Dent’s fixative 

(80% Methanol/20% DMSO) overnight at 4°C. After rehydration in regressive 

methanol/PBS-0.5% Tween 20®, embryos were blocked in PBT1% supplemented 

with 1% DMSO, 1% bovine serum albumin and 5% normal goat serum, and 

sequentially incubated with primary antibodies, GT335 (1:1000, Adipogen) and 

PolyE (1:1200; provided by C. Janke), and adequate secondary antibodies. Images 

were acquired using a fluorescence microscope equipped with an Apotome module 

(Zeiss, Axiovert 200M), a 20x objective (NA 0.5), the AxioCam MRm camera (Zeiss) 

and the Axiovision software (Zeiss). Images were processed with the NIH Image J 

software. Each figure panel corresponds to a projection image from a z-stack of 2-µm 

sections.  

 

Time-lapse videomicroscopy assay 

Control and MOp60Kat-injected Tg(Hb9:GFP) embryos were anesthetised with E3 

medium containing tricaine and embedded in 0.8% low-melting agarose in a 35-mm 

glass dish (Iwaki). Time-lapse videomicroscopy recording of spinal motor axon 

outgrowth was carried out at 28°C in E3 medium (supplemented with tricaine) using a 
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Leica DMI 6000B inverted spinning-disk microscope with a 40x immersion objective 

(NA 1.4) and a 491-nm 100-mW Cobolt calypso laser over 30 hours. Embryos 

immobilised at 22 hpf were filmed with a 20x immersion objective over 48 hours. In 

both cases, z-stacks of 80-µm-thick sections were acquired every 8 minutes with a 

step size of 1 µm using an EMCCD camera (Photometrics Quantem 512 SC) and the 

Metamorph software (Molecular Devices) and compiled into time-lapse movies. 

 

Statistical Analysis  

All data were obtained from at least two to three independent experiments. 

Statistical significance of the data was evaluated using the non-parametric Mann-

Whitney test when comparing two groups assuming non-Gaussian distributions. The 

Kruskal–Wallis ANOVA test with Dunn’s post-test or the One-Way ANOVA test 

with Bonferroni’s post-test were used when comparing more than two groups 

assuming non-Gaussian or Gaussian distribution, respectively. Data distribution was 

tested for normality using the D’Agostino and Pearson normality test. All Statistical 

analyses were performed using GraphPad Prism 5.00 (GraphPad Software, San 

Diego, CA).   
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Results 

p60-Katanin knockdown alters zebrafish spinal motor axon outgrowth and 

pathfinding in a dose-dependent manner 

A morpholino-based functional screening aiming at identifying key MT-severing 

enzymes in zebrafish motor circuit wiring revealed the influence of both Spastin and 

p60-Katanin in this process. Consistently, p60-Katanin transcript is markedly 

expressed in the zebrafish developing spinal cord at embryonic stages where primary 

(18 somites) and secondary (24-26 hpf) motor axons initiate their outgrowth into the 

periphery (Fig. S1). To explore the role of zebrafish p60-Katanin in motor axon 

navigation, we performed in toto immunohistochemistry and in vivo live imaging 

experiments in wild-type or Tg(Mnx1:GFP) embryos (i.e., expressing the GFP in 

motor neurons) injected with different doses (1.3 or 3.4 pmol/embryo) of  p60-

Katanin (MOp60Kat) or control (MOCtl) morpholinos. These analyses showed that p60-

Katanin knockdown affected both pMN and sMN axon targeting in a dose-dependent 

manner (Figs. 1 & 2). Indeed, while low doses of MOp60Kat (MOp60Kat/1.3 pmol) elicited 

aberrant branching of ventrally projecting pMN (CaP) axons compared to MOCtl 

(arrowheads, Fig. 1A-B), higher doses of MOp60Kat (MOp60Kat/3.4 pmol) significantly 

impaired their outgrowth compared to CaP axons from both MOCtl and MOp60Kat/1.3 

pmol embryos (asterisks, Fig. 1A-C). The different pMN axon phenotypes of 

MOp60Kat/1.3 pmol and MOp60Kat/3.4 pmol embryos were equally rescued by injecting 

proportional doses (120 or 180 pg/embryo) of human KATNA1 mRNA (Fig. 1A-C). 

Moreover, the analysis of sMN axons also revealed different axon pathfinding defects 

between these two sets of morphants (i.e., embryos injected with MOp60Kat). Some 

dorsal motor nerves of MOp60Kat/1.3 pmol larvae appeared abnormally split in distinct 

fascicles and mistargeted (empty arrows, Fig. 2A-B) compared to control dorsal 
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nerves (full arrows, Fig. 2A-B and Movies 1, 2). In contrast, the vast majority of 

dorsal nerves failed to form in MOp60Kat/3.4 pmol larvae compared to MOCtl and 

MOp60Kat/1.3 pmol (Fig. 2A,C) larvae. Furthermore, MOp60Kat/3.4 pmol morphants, and to a 

lesser extent MOp60Kat/1.3 pmol larvae, showed misrouted rostral nerves that were 

aberrantly targeted caudally (empty arrowheads, Fig. 2A,D and Movie 4); this 

phenotype was barely observed in control larvae (full arrowheads, Fig. 2A-D and 

Movie 3). Moreover, a significant number of MOp60Kat/3.4 pmol larvae (57%) exhibited 

sMN axons that exited the spinal cord at ectopic sorting points (asterisks, Fig. 2A,E), 

compared to MOp60Kat/1.3 pmol (10%) and MOCtl larvae (3%). Similar axon pathfinding 

defects were observed following the injection of the p60-Katanin morpholino 

(MOkatna1aug1) used in Butler et al. (2010), strengthening the phenotypic specificity 

(Fig. S2). Notably, the sMN axon targeting errors of both MOp60Kat/1.3 pmol and 

MOp60Kat/3.4 pmol larvae were fully rescued by injecting proportional doses of human 

KATNA1 mRNA (Fig. 2A-E), which confirmed that these axon pathfinding defects 

were specifically due to a dose-dependent lack of p60-Katanin.  

 Altogether, our data show that p60-Katanin controls vertebrate motor axon 

navigation in a dose-dependent manner, in addition to its well-defined role in axon 

extension.  

 

 P60-Katanin and Spastin play distinct roles in spinal motor axon targeting 

  Zebrafish p60-Katanin and Spastin were suggested to have different but 

related functions in pMN axon outgrowth (Butler et al., 2010). To support this 

paradigm, we showed that the respective depletion of either p60-Katanin or Spastin 

causes different sMN defects including the abnormal splitting of the dorsal nerve (Fig. 

2A) or the ectopic sorting of motor neuron somata from the spinal cord (Jardin et al., 
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2018). However, both morphants also exhibited overlapping sMN axon pathfinding 

defects (e.g., the aberrant caudal targeting of the rostral nerve) that could reflect 

functional redundancy. To assess the specificity of these closely related MT-severing 

enzymes in motor neuron development, we conducted cross-rescue analyses. We 

showed that ubiquitous overexpression of human spastin (i.e., injection of 150 pmol 

of human spastin-encoding SPG4 mRNA in 1-cell stage morphant embryos) failed to 

rescue the branching and pathfinding defects of both pMN (Fig. 3A-B) and sMN (Fig. 

3A,C-D) axons from MOp60Kat/1.3pmol morphants unlike human p60-katanin 

overexpression (Figs. 1 & 2). Conversely, the same dose of human SPG4 mRNA 

efficiently rescued the pathfinding errors of zebrafish spastin morphants (Jardin et al., 

2018). Likewise, ubiquitous overexpression of human p60-katanin (using the same 

dose of KATNA1 mRNA as that injected to rescue p60-katanin morphant phenotypes) 

failed to alleviate the axon targeting defects of Spastin-depleted pMN (Fig. S3A) and 

sMN axons (Fig. S3B-C). To strengthen these results, we conducted motor neuron-

targeted cross-rescue experiments using the UAS/GAL4 system. To this aim, we 

injected 1.3 pmol of p60-katanin morpholino in double Tg(Hb9:GAL4;UAS:Spastin-

HA) transgenic embryos that mosaically expressed an HA-tagged version of zebrafish 

Spastin in spinal motor neurons. Again, CaP axons of MOp60Kat/1.3pmol-injected 

Tg(Hb9:Gal4;UAS:Spastin-HA) embryos appeared twice more branched than control 

Tg(Hb9:GAL4;UAS:Spastin-HA) axons, whether they overexpressed Spastin (HA+; 

red arrowheads; Fig. 3E-F) or not (HA-; yellow arrowheads; Fig. 3E-F). However, it 

should be noted that the expression of Spastin-HA in sMN from MOp60Kat/1.3pmol-

injected Tg(Hb9:GAL4;UAS:Spastin-HA) larvae was too mosaic to assess its impact 

on dorsal and rostral nerve targeting. 
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These data demonstrate that p60-Katanin and Spastin play non-overlapping roles in 

vertebrate motor axon outgrowth, branching and targeting.  

 

p60-Katanin knockdown causes severe deficit in larval mobility 

  We next investigated the functional consequences of the morphant axon 

pathfinding defects on larval locomotion using a touch-evoked escape response test. 

Morphant larvae injected with 1.3 or 3.4 pmol of MOp60Kat had a curved-tail 

phenotype, which was more penetrant with increasing doses of morpholinos (Movies 

5, 6, 8). Furthermore, both types of morphants showed a striking loss of motility 

compared to control larvae, although they clearly responded to touch stimulation (Fig. 

4A and Movies 5, 6, 8). Both MOp60Kat/1.3pmol and MOp60Kat/3.4pmol morphants indeed 

swam over shorter distances (Fig. 4B) and at a slower speed (Fig. 4C) than control 

larvae. The injection of 120 pg of human KATNA1 transcript in MOp60Kat/1.3pmol 

morphants (or 180 pg of human KATNA1 mRNA in MOp60Kat/3.4pmol morphants) 

suppressed the curved-tail phenotype and locomotor deficit of these two sets of 

mophants (Fig. 4A-C and Movies 5-9), unlike the injection of zebrafish spastin/spg4 

mRNA (Fig. 4A-C and Movie 10). These rescue assays are totally consistent with the 

rescue of the pMN and sMN axon targeting defects described in Figs 1 & 2. 

Altogether, these data ascertain a specific role for p60-Katanin in zebrafish motor 

circuit wiring and larval locomotor behaviour. 

 

katna1 mutant show similar morphological, behavioural and motor axon 

pathfinding defects to p60-katanin morphants 

To validate the specificity of the p60-Katanin morphant phenotypes, we 

undertook the characterisation of the katna1sa18250 mutant from the Sanger Centre 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted January 20, 2022. ; https://doi.org/10.1101/2022.01.20.477127doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.20.477127


17 
 

(hereafter called katna1 mutant). This zebrafish ENU mutant harboured a point 

mutation (G>A) in the donor splice site of katna1 intron 4 (Fig. 5A). Both zygotic 

(katna1-/-Z) and maternal zygotic (katna1-/-MZ) mutants developed normally (unlike p-

80 katanin mutants; Hu et al., 2014), with the exception of 23% of them showing a 

curved-tailed phenotype (Fig. 5B-C) like p60-katanin morphants (Movie 6). 

Moreover, katna1-/-MZ larvae at 6-days post-fertilisation (dpf) showed defective 

inflation of the swimming bladder, a gas-filled organ that regulates buoyancy and is 

essential for survival in most teleost species (Fig. S4). To test the consequences of the 

katna1sa18250 mutation on mRNA splicing, we undertook RT-PCR analyses. They 

showed that these mutants lacked wild-type katna1 transcript but expressed mis-

spliced transcripts with aberrant insertions of different-sized intron-4 fragments, 

which all led to a frameshift and the appearance of a premature STOP codon at the 

same amino-acid position (Fig. 5D-F). This truncating mutation depleted a large 

portion of the protein including the ATPase domain, suggesting that homozygous 

katna1 mutants are null mutants. We next assessed the locomotor behaviour of 72-hpf 

katna1-/-MZ mutants using the touch-evoked escape response test. Following touch 

stimulation, katna1-/-MZ mutants showed an altered startle response, which was 

characterised by a reduced swimming speed and, to a lesser extent, shorter swimming 

distances (Fig. 5G-H). This locomotor deficit was associated with robust defects of 

sMN axon pathfinding, including the abnormal splitting of the dorsal nerves (white 

arrows, Fig. 5I-K) and, less frequently, the caudal misrouting of the rostral nerves 

(Fig. S5). Notably, the percentage of heterozygous versus homozygous mutant larvae 

with dorsal or rostral nerve defects (Figs. 5J and S5), as well as the number of 

misguided dorsal and rostral projections per katna1+/- and katna1-/-Z larva (Figs. 5K 
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and S5) confirmed the dose effect of p60-Katanin on motor axon targeting, as 

revealed by the morphant analysis.  

Although less severely affected, katna1-/-Z and katna1-/-MZ mutants 

recapitulated the morphological, behavioural and axon pathfinding defects of p60-

katanin morphants. These combined results thus ruled out the possibility of non-

specific effects due to morpholino injection or ENU mutagenesis. Interestingly, RT-

qPCR analysis of the expression level of mRNAs encoding p60-Katanin-related 

proteins from the meiotic clade of ATPases (Monroe et al., 2016) revealed a 

significant increase in the transcript levels of two MT-severing enzymes, Spastin 

(spast), and Fidgetin (fign), and a katna1 paralogue, Katanin-like 2 (katnal2), in 

katna1-/-MZ embryos compared to controls (Fig. 5L). This analysis suggests that 

genetic compensation by some katna1-related genes, like katnal2 or fign, may account 

for the milder phenotype of katna1 null mutants. 

 

Knockdown of MT glutamylases TTLL6 and TTLL11 affects spinal motor axon 

targeting  

 Since p60-Katanin and Spastin have non-overlapping roles in motor circuit 

wiring (Fig. 4 and Fig. S3), we assessed whether the functional specificity of these 

two MT-severing enzymes could be underlain by their preference for distinct 

populations of MTs. We chose to focus on Tubulin glutamylation, a MT post-

translation modifications (PTM) which was known to be enriched in all neuronal 

compartments (Janke and Kneussel, 2010) and to promote spastin and katanin-

mediated MT-severing in vitro (Sharma et al., 2007; Lacroix et al., 2010; Valenstein 

and Roll-Mecak, 2016, Shin et al., 2019). Notably, long-chain-generating 

glutamylases, TTLL6 and TTLL11 were shown to influence the activity of spastin, 
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and to a lesser extent of katanin, in non-neuronal cells (Lacroix et al., 2010). The 

enrichment of ttll6 and ttll11 trancripts in the zebrafish developing spinal cord at 

stages of motor axon outgrowth (Pathak et al., 2011) prompted us to examine whether 

these two enzymes could be involved in this developmental process. We first verified 

the presence of polyglutamylated MTs in zebrafish spinal motor axons with two 

antibodies recognizing both long and short chains of glutamates (GT335) or long 

chains only (polyE). Glutamate side chains were detected in both pMN axons at 26 

hpf and sMN tracts at 72 hpf (Fig. 6A-B). To investigate the role of this PTM in 

motor circuit wiring, we carried out loss-of-function analyses of TTLL6 and TTLL11 

glutamylases using morpholinos targeted against their translation initiation site 

(MOTTLL6 and MOTTLL11). TTLL6 and TTLL11 morphants were indistinguishable in 

terms of gross morphology as both showed a ventrally curved body axis at 72 hpf 

(Fig. 6C, upper panels). This morphological phenotype was previously associated 

with ciliary defects in TTLL6 morphants (Pathak et al., 2011) and could suggest a 

similar involvement of TTLL11 in zebrafish cilium biogenesis and/or motility. The 

analysis of pMN and sMN axon outgrowth and targeting in these two sets of 

morphants revealed substantial differences (Fig. 6C middle and bottom panels). While 

TTLL11 and TTLLL6 knockdown equally led to aberrant branching of ventrally 

projecting pMN axons (i.e., CaP axons; arrows, Fig. 6C-D), only the depletion of 

TTLL11 significantly impaired their elongation compared to control CaP axons 

(asterisks, Fig. 6C,E). Moreover, TTLL6-depleted larvae showed a significant number 

of split and misguided dorsal nerves (empty arrows, Fig. 6C) compared to control 

larvae (full arrows, Fig. 6C,F), as described for MOp60Kat/1.3pmol larvae (Fig. 2). In 

contrast, numerous dorsal tracts were missing in TTLL11 morphants compared to 

TTLL6 morphants and controls (Fig. 6C,H). Furthermore, while 25% and 19% of 
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sMN rostral projections were abnormally targeted caudally in TTLL6 and TTLL11 

morphants (empty arrowheads, Fig. 6C,G), rostral nerves of TTLL11-depleted larvae 

appeared mostly defasciculated (bracket, Fig. 6C), which was barely observed in 

TTLL6 morphant and control larvae (Fig. 6C,I). Furthermore, TTLL11 (97%) and to a 

lesser extent TTLL6 morphants (33%) showed sMN axons that exited the spinal cord 

at ectopic sorting points (asterisks, middle and bottom panels, Fig. 6C,J), as well as 

misrouted sMN somata that abnormally emigrated from the spinal cord (14% and 

47% of the morphant larvae, respectively; yellow arrows, bottom panels; Fig. 6C,K). 

These two phenotypes were never observed in control larvae (Fig. 6C,J-K). Notably, 

similar migratory defects of sMN somata were described as a characteristic feature of 

spastin morphants and mutants (Jardin et al., 2018). 

Although partially overlapping, the motor neuron phenotypes of TTLL6 and 

TTLL11 morphants suggested that these two as yet indistinguishable polyglutamylases 

could differentially regulate motor circuit wiring. Furthermore, the significant 

phenotypic similarities associated with TTLL6 or TTLL11 knockdown and the 

depletion of p60-Katanin or Spastin hinted at a functional relationship between 

Tubulin glutamylation and MT severing in vertebrate motor axon targeting. 

  

TTLL6 and TTLL11 have related but distinct functions in motor axon 

outgrowth and navigation 

 To assess the specificity of TTLL6 and TTLL11 morphant phenotypes and to 

clarify the functional selectivity or redundancy of these related enzymes, we carried 

out rescue and cross-rescue experiments by co-injecting MOTTLL6 or MOTTLL11 with 

120 pg of mouse TTLL6 or TTLL11 transcripts. Notably, overexpression of mouse 

TTLL6 but not TTLL11 significantly alleviated the morphological and motor axon 
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outgrowth defects of TTLL6 morphants (Fig. 7A, C-J). Reciprocally, overexpression 

of TTLL11 but not TTLL6 substantially rescued the morphological and pMN/sMN 

axon pathfinding defects of TTLL11 morphants (Fig. 7B, C-J). 

Overall, these analyses reveal that these two biochemically similar 

glutamylases play non-redundant key roles in zebrafish development, and specifically 

in spinal motor axon extension and navigation. 

 

Only TTLL6-mediated MT polyglutamylation rescues the swimming deficit and 

motor axon targeting defects associated with p60-katanin partial knockdown  

 The overlapping phenotype between p60-katanin and TTLL morphants led us 

to hypothesize that at least one of these glutamylases could specifically enhance p60-

Katanin activity during zebrafish motor circuit wiring. We thus assessed whether 

TTLL6 or TTLL11 overexpression could attenuate or rescue the larval locomotion 

deficit and motor axon pathfinding errors associated with the partial depletion of p60-

Katanin (i.e., injection of 1.3 pmol of morpholino). Co-injection of 120 pg of mouse 

TTLL6 transcript, but not TTLL11 mRNA, fully restored the touch-induced escape 

behaviour (i.e., complete rescue of both the swimming speed and covered distances) 

of 72-hpf MOp60Kat/1.3pmol morphant larvae compared to controls (Fig. 8A-C). 

Consistently, overexpression of TTLL6 in MOp60Kat/1.3pmol embryos significantly 

reduced the number of supernumerary CaP axon branches (Fig. 8A,D) and 

respectively decreased by 58% and 60% the number of split/misrouted dorsal nerves 

and caudally targeted rostral nerves per larva (Fig. 8A,E-F). In contrast, TTLL11 

overexpression failed to alleviate both pMN and sMN axon targeting defects of 

MOp60Kat/1.3pmol larvae (Figure 8A,D-F). 
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Altogether, these results provide the first in vivo proof of concept that  

selective modification of MT-glutamylation pattern by overexpression of a specific 

Tubulin glutamylase, herein TTLL6, can rescue the motor neuron and locomotor 

defects associated with p60-Katanin partial depletion.  

 

TTLL6 selectively regulates p60-Katanin-driven motor axon targeting 

TTLL6 overexpression in non-neuronal cells was shown to influence spastin 

severing activity (Lacroix et al., 2010). Furthermore, ectopic dendritic recruitment of 

TTLL6 induced by Tau missorting locally and specifically stimulated MT-severing by 

spastin in hippocampal neurons (Zempel et al., 2013). To test whether the rescue of 

MOp60Kat/1.3pmol morphant phenotypes by TTLL6 overexpression specifically relies on 

TTLL6-mediated stimulation of p60-Katanin remaining activity or involves other MT 

severing proteins (especially Spastin), we reproduced the same rescue experiments in 

a p60-katanin null mutant background (katna1-/-MZ). We here showed that TTLL6 

overexpression (as TTLL11 overexpression) failed to rescue the axon pathfinding 

errors and locomotor deficit of katna1-/-MZ mutants while a significant rescue of these 

phenotypes was obtained following human KATNA1 overexpression (Fig. 9A-E). 

These results, which strikingly contrast with the beneficial impact of TTLL6 

overexpression on MOp60Kat/1.3pmol morphants, ascertain the selectivity of TTLL6-

mediated MT polyglutamylation as a regulator of p60-Katanin activity during motor 

axon targeting. 

 
Discussion 

Among the myriad of molecules shown to play prominent roles in axon 

guidance, special focus has been given to MT regulatory proteins due to their 

prominent roles in integrating and translating extracellular guidance signals into 
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changes in growth-cone morphology and behaviour  (Lowery and Van Vactor, 2009; 

Dent et al., 2011; Kolodkin and Tessier-Lavigne, 2011).  

p60-Katanin is required for accurate motor axon navigation  

The MT-severing enzyme p60-katanin is known to be a decisive player in 

axon elongation (Ahmad et al., 1999; Karabay et al., 2004 Butler et al., 2010) and 

branching (Yu et al., 2008). Although enriched in mouse developing axons and 

growth cones during the whole outgrowth process (Karabay et al., 2004), the role of 

this MT-severer in axon steering had yet never been established. Using loss-of-

function approaches during zebrafish embryogenesis, we have here unveiled a key 

role for p60-Katanin in spinal motor axon navigation and targeting. Intriguingly, p60-

Katanin regulates this developmental process in a dose-dependent manner, 

emphasising the need of fine-tuning its activity in vivo. Interestingly, the orthologue 

of p60-katanin in the Drosophila exerts a MT-plus-end depolymerising activity in 

vitro in addition to its known severing activity (Zhang et al., 2011; Diaz-Valencia et 

al., 2011). The balance between these two functions seems to be influenced by its 

concentration, with the maximal depolymerisation rate occurring at a lower 

concentration than the maximal severing rate (Diaz-Valencia et al., 2011). This dual 

function of p60-katanin was reported to regulate MT dynamics at the actin cortex to 

fine-tune the cell migration of Drosophila S2 cells by suppressing protrusion. (Zhang 

et al., 2011). Thus, if applicable in vivo in a vertebrate model, this concentration-

dependent versatile role of p60-katanin may provide an explanation for the dose-

dependent effects of p60-Katanin depletion on axon outgrowth and targeting. 

Furthermore, while we recently reported a role for Spastin in zebrafish motor 

axon pathfinding (Jardin et al., 2018), our cross-rescue experiments have here 

demonstrated that these two enzymes show non-overlapping functions in this process. 
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This is consistent with the observation that spastin and p60-katanin are differentially 

involved in MT remodelling in non-neuronal cells (Lacroix et al., 2010 and Shin et 

al., 2019) as well as in axon branch formation in cultured rodent hippocampal neurons 

(Yu et al., 2008). The functional specificity of these MT severers in axon branching 

has been previously linked to (i) their distinct subcellular distribution (with spastin 

being enriched at branch points) and (ii) the differential regulation of their severing 

activity by the MT-associated protein Tau, which more efficiently protects MTs from 

being severed by p60-katanin than by spastin (Qiang et al., 2006; Yu et al., 2008). 

While these mechanisms could also underlie their functional specificity in axon 

navigation, the present study provides compelling evidence for the central role of MT 

polyglutamylation in their differential regulation.  

Along these lines, depletion of the two long-chain tubulin glutamylases 

TTLL6 or TTLL11 leads to motor axon targeting defects that are strikingly similar to 

those described for p60-Katanin (present study) and/or Spastin (Jardin et al., 2018) 

mutants and morphants. Furthermore, TTLL6-mediated polyglutamylation is here 

shown to a selective regulator of p60-Katanin-activity during motor axon targeting. 

Indeed, overexpression of TTLL6, but not TTLL11, rescues the axon pathfinding 

errors associated with p60-Katanin partial knockdown most likely by boosting the 

activity of residual p60-Katanin, as suggested by its lack of beneficial effect in p60-

Katanin null mutants. Remarkably, interactions between the p60-katanin regulator 

Tau and MTs were shown to be sensitive to tubulin polyglutamylation levels in vitro 

(Boucher et al., 1994), as established for spastin and katanin MT-severing activities 

(Valenstein and Roll-Mecak, 2016; Shin et al., 2019). Overall, the model that emerges 

from all these observations is that MT polyglutamylation patterns by distinct 

glutamylases may selectively regulate the activity of MT-severing enzymes by 
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concomitantly (i)  promoting their catalytic activity (i.e., increasing their coupling 

with the tubulin C-terminal tail, their hexamerization and ATPase activity; White et 

al., 2007; Valenstein et al., 2016; Shin et al., 2019; Zehr et al., 2020) and (ii) 

influencing the MT-binding affinity and/or activity of their regulators including Tau 

(Yu et al., 2008) and CRMPs (Ji et al., 2018). 

However, beyond their molecular specificity, the characteristic axon 

pathfinding phenotypes due to the depletion of p60-Katanin or Spastin may also be 

the readout of their involvement in different axon guidance pathways. This was 

shown to be the case for M1 and M87/M61 Spastin main isoforms that were 

respectively identified as key effectors of BMP and Neuropilin-1 pathways in motor 

circuit wiring (Jardin et al., 2018). Interestingly, the regulatory p80-katanin subunit is 

required for Sonic hedgehog (Shh) signalling during neocortical development (Hu et 

al., 2014). Since we show that katna1 mutants fail to inflate their swimming bladder, 

a process dependent on the Shh pathway (Winata et al., 2009), a role for p60-Katanin 

in Shh-mediated axon guidance (Yam and Charron, 2013) may be suggested. 

Differential regulation of axon pathfinding by long-chain Tubulin 

glutamylases in vivo 

Fine-tuning of MT dynamics and organisation is crucial for several cellular 

processes – including neuronal connectivity – and its dysfunction has been involved 

in an increasing number of human diseases (Gerdes and Katsanis, 2005; Breuss and 

Keays, 2014; Marchisella et al., 2016). Tubulin PTMs, including glutamylation, have 

been described as key mechanisms to generate sub-populations of MTs with distinct 

properties and cellular functionalities (Janke and Kneussel, 2010; Janke and Magiera, 

2020). Based on their enzymatic specificity (addition of short or long glutamate side 

chains) and substrate preference (alpha- versus beta-subunit of tubulin dimers), TTLL 
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enzymes indeed catalyse different polyglutamylation patterns on MT outer surface 

(van Dijk et al., 2007). These distinct patterns were suggested to selectively and 

gradually fine-tune the activity of MT interactors including MT severers. However, 

cellular and physiological data confirming this selective regulation were still lacking 

until very recently. So far, excessive accumulation of neuronal tubulin glutamylation 

due to carboxypeptidase (CCP) depletion was shown to impair axonal transport and 

cause massive neurodegeneration in mice and humans (Magiera et al., 2018; Shashi et 

al., 2018). Recently, Bodakuntla et al. (2021) have shown that the axonal transport 

defects and Purkinje cell degeneration caused by CCP1-depletion-induced tubulin 

hyperglutamylation were selectively rescued by the knockout of the alpha-tubulin 

glutamylase TTLL1 but not by that of the beta-tubulin glutamylase TTLL7. This 

study thus confirms the relevance of the tubulin code in neuronal homeostasis. 

Revealing an additional level of complexity in the tubulin code, our study shows that 

two long chain tubulin glutamylases with similar substrate specificity (van Dijk et al., 

2007) are not functionally redundant and differentially regulate the activity of key MT 

interactors (here p60-Katanin) in the development of vertebrate neuronal connectivity. 

Our results therefore imply that TTLL6 and TTLL11 may selectively fine-tune MT 

severers by generating distinct MT glutamylation patterns (i.e., the number of added 

glutamate residues, the precise targeted site...). Tackling the issue of the tubulin code 

specificity and its impact on key MT-dependent physiological processes will 

undoubtedly represent a major technological challenge for the forthcoming years.  

In conclusion, our work reveals the key role of the MT-severing enzyme p60-

Katanin and its selective control by MT polyglutamylation in motor axon navigation. 

By establishing the specific roles of two tubulin polyglutamylases in this 

developmental process, we show how subtle variations between tubulin-modifying 
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enzymes, which are not easily detectable by in vitro experiments, can lead to highly 

different functional readouts in vivo. Together with previous studies on the key role of 

MT tyrosination in the mouse developing brain (Erck et al., 2005; Marcos et al., 

2009), our analysis reinforces the need to dissect the involvement of the tubulin-

modifying enzymes in neuronal circuit wiring. One avenue of research would be to 

investigate the role of MT acetylation, which was shown to regulate p60-Katanin 

activity (Sudo and Baas, 2010; Mao et al., 2014), in axon guidance. Finally, 

dissecting the function and regulation of p60-Katanin in vivo may provide novel 

insight into the aetiology of human neurodevelopmental disorders caused by 

mutations disrupting the interactions between katanin regulatory (p80) and catalytic 

(p60) subunits (Hu et al., 2014; Mishra-Gorur et al., 2014).   
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Figure Legends 

Figure 1. pMN axon outgrowth and branching are sensitive to p60-Katanin levels. 

(A) Immunolabelling of pMN axons in 26-hpf embryos injected with a control 

morpholino (MOCtl; n=32), 1.3 or 3.4 pmol of p60-katanin morpholino (MOp60Kat/1.3pmol, 

n=32; MOp60Kat/3.4pmol, n=32) or co-injected with the same two doses of p60-katanin 

morpholino and 120 (for MOp60Kat/1.3pmol) or 180 (for MOp60Kat/3.4pmol) pg of human 

KATNA1 transcript (MOp60Kat/1.3pmol + mRNAKATNA1, n=32; MOp60Kat/3.4pmol + 

mRNAKATNA1, n= 32) using Znp-1 antibody. Lateral views of the trunk, anterior to the 

left. Arrowheads and asterisks respectively indicate hyper-branched and truncated CaP 

axons. Scale bar: 50µm. (B-C) Mean number of branches (B) and truncated CaP axons 

(C) per embryo. Quantifications were performed on 24 spinal cord hemisegments located 

around the yolk tube per embryo. Box and Whisker graphs. ***p≤0.001. Kruskal–Wallis 

ANOVA test with Dunn’s post test. Whiskers indicate the Min/Max values.  

 

Figure 2. p60-katanin knockdown markedly affects secondary motor axon 

targeting. (A) Immunolabelling of sMN tracts in 72-hpf Tg(Hb9:GFP) larvae injected 

with control morpholino (MOCtl; n=32), p60-katanin morpholino (MOp60Kat/1.3pmol, 

n=32 and MOp60Kat/3.4pmol, n=32) or co-injected with p60-katanin morpholino and 

human KATNA1 mRNA (MOp60Kat/1.3pmol + mRNAKATNA1, n=32; MOp60Kat/3.4pmol + 

mRNAKATNA1, n=32) using Zn-5 and GFP antibodies. Lateral views of the trunk, 

anterior to the left. Right panels are higher magnifications of left panels. Dotted lines 

mark lateral myosepta. Full arrowheads and full arrows respectively show normal 

rostral and dorsal nerves. Empty arrowheads and empty arrows respectively indicate 

misguided rostral and dorsal projections. Asterisks point at aberrant exit points of 

sMN axons from the spinal cord. Scale bar (left panels): 50 µm. Scale bar (right 
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panels): 25 µm. (B-D) Mean number of misguided dorsal projections (B), missing 

dorsal projections (C) and misguided rostral nerves (D) per larva. Quantifications 

were performed on 24 spinal hemisegments around the yolk tube per larva. Box and 

Whisker graphs. *p≤ 0.05; **p≤ 0.01; ***p≤ 0.001; Kruskal–Wallis ANOVA test 

with Dunn’s post test. Whiskers indicate the Min/Max values. (E) Percentage of 

larvae with ectopic sorting of sMN axons from the spinal cord. ***p≤ 0.001; Chi2 

test. 

 

Figure 3. Ubiquitous or motoneuron-targeted overexpression of Spastin fails to 

rescue spinal motor axon defects of p60-katanin morphants. (A) Upper panels: 

Immunolabelling of pMN axons in 26-hpf wild-type embryos injected with a control 

morpholino (MOCtl; n= 30), 1.3 pmol of p60-katanin morpholino (MOp60Kat /1.3pmol, 

n= 30) or co-injected with 1.3 pmol of MOp60Kat and human spastin-encoding SPG4 

mRNA (MOp60Kat /1.3 pmol + mRNASpast, n= 30) using Znp-1 antibody. Arrowheads 

point at supernumerary branches of CaP pMN axons. Middle and lower panels: 

Immunolabelling of sMN axons in 72-hpf Tg(Hb9:GFP) larvae injected with MOCtl 

(n= 10), 1.3 pmol of MOp60Kat (n= 10) or co-injected with MOp60Kat  and human SPG4 

mRNA (MOp60Kat /1.3 pmol + mRNASpast, n= 10) using Zn-5 and GFP antibodies. Dotted 

lines indicate lateral myosepta. Full arrowheads and full arrows respectively show 

normal rostral and dorsal nerves. Empty arrowheads and empty arrows respectively 

indicate misguided rostral and dorsal projections. All images are lateral views of the 

trunk, anterior to the left. Scale bars: 25 µm. (B-D) Mean number of CaP pMN 

branches (B), misguided/split dorsal nerves (C) and misguided rostral nerves (D) per 

embryo or larva. Quantifications were performed on 24 spinal hemisegments around 

the yolk tube per embryo (B) or larva (C-D). Box and Whisker graphs. ***p≤ 0.001; 
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ns: non-significant (p>0.05); Kruskal–Wallis ANOVA test with Dunn’s post test (B, 

D) and One-way ANOVA with Bonferroni’s post test (C). Whiskers indicate the 

Min/Max values. (E) Immunolabelling of pMNs in 26-hpf double transgenic 

Tg(Hb9:Gal4; UAS:Spastin-HA) embryos injected with a control morpholino or 1.3 

pmol of p60-katanin morpholino using Znp-1 and HA antibodies. Empty white and 

pink arrowheads respectively point at spastin-HA-negative and -positive CaP axons of 

MOCtl- injected Tg(Hb9:Gal4;UAS:Spastin-HA) embryos. Yellow and red arrowheads 

respectively indicate spastin-HA-negative and -positive CaP axons of MOp60Kat/1.3pmol-

injected Tg(Hb9:Gal4;UAS:Spastin-HA) embryos. (F) Mean number of branches per 

100 Spastin-positive and -negative CaP pMN axons in 26-hpf 

Tg(Hb9:Gal4;UAS:Spastin-HA) control and MOp60Kat/1.3pmol-injected embryos. At 

least 100 neurons were analysed per condition.  Box and Whisker graph. ***p≤ 

0.001; ns: non-significant (p>0.05); Kruskal–Wallis ANOVA test with Dunn’s post 

test. Whiskers indicate the Min/Max values. 

  

Figure 4. Loss of p60-Katanin causes a dramatic decrease in zebrafish larval 

mobility. (A) Touch-evoked escape behaviour of 72-hpf larvae injected with a control 

morpholino (MOCtl; n= 90), increasing doses of p60-katanin morpholino 

(MOp60Kat/1.3pmol; n=102 and MOp60Kat/3.4 pmol; n=85), or co-injected with MOp60Kat 

morpholino and human KATNA1 or zebrafish spastin mRNA (MOp60Kat/1.3pmol + 

mRNAKATNA1, n= 91; MOp60Kat/1.3pmol + mRNASpast, n= 87; MOp60Kat/3.4pmol + 

mRNAKATNA1, n= 97). Each line represents the trajectory of one larva after touch 

stimulation while the distance between two dots indicate the distance covered by a 

larva between two consecutive frames. Scale bar: 5mm. (B-C) Mean swimming 

distance (B) and speed (C). Box and Whisker graphs. ***p≤0.001; ns: non-significant 
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(p>0.05); Kruskal–Wallis ANOVA test with Dunn’s post test. Whiskers indicate the 

Min/Max values. 

 

Figure 5. Zebrafish katna1 mutants show similar morphological, behavioural 

and motor axon targeting defects to p60-katanin morphants. (A) Sequence 

analysis of control and katna1 mutant genomic DNA. Dotted line indicates the 

junction between exon 4 (pink background) / intron 4 (white background). The green 

arrowhead points at the nucleotide substitution affecting the donor splice site of intron 

4 (G in control; black arrowhead) in katna1 mutants (G>A). (B) Gross morphology of 

72-hpf control (katna1+/+) and katna1 homozygous mutant (katna1-/-) larvae. Arrows 

point at the curved-tail phenotype of some mutant larvae. Scale bar: 0.5 mm. (C) 

Percentage of control (+/+) and maternal zygotic katna1 mutant (-/- MZ) larvae 

exhibiting a curved-tail phenotype. ***p≤0.001; Chi2 test. (D) Schematic 

representation of the RT-PCR strategy used to test the impact of the katna1 splice-site 

mutation on katna1 mRNA splicing. Dotted lines indicate intron splicing. Arrows 

represent the primers used for RT-PCR analysis. Primers were designed on 

exon/intron junctions to avoid contamination by genomic DNA amplification. In: 

intron; Ex: exon. (E) RT-PCR analysis of katna1 intron-4 splicing on total RNA 

extracts from katna1+/+ and katna1-/- MZ embryos.  Homozygous katna1-/- MZ 

embryos lack wild-type transcript and show different populations of mis-spliced 

transcripts (1, 2 and 3). (F) Sequence analysis of katna1 mis-spliced transcripts. 

Sequences corresponding to exon 4, intron 4 and exon 5 are respectively indicated in 

pink, white and blue. The splice-site mutation is highlighted in green. Mis-spliced 

transcripts include various sized insertions of intron 4, which all lead to a frameshift 

and the occurence of a premature stop codon at the same amino-acid position (red 
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asterisk). (G-H) Mean swimming distance (G) and mean swimming speed (H) of 72-

hpf katna1+/+ and katna1-/- MZ larvae in a touch-evoked escape response test. Box and 

Whisker graphs. * p≤0.05; ***p≤0.001; Mann Whitney test. Whiskers indicate the 

Min/Max values. (I) Immunolabelling of sMN axons in 72-hpf controls (katna1+/+, 

n=34), as well as heterozygous katna1+/-, n=53), homozygous zygotic (katna1-/-Z, 

n=33) and maternal zygotic (katna1-/- MZ, n=12) mutant larvae using Zn-5 antibody. 

Lateral views of the trunk, anterior to the left. Insets are higher magnifications of a 

dorsal nerve. Empty arrows point at split/misguided dorsal nerves. Scale bars: 25 µm, 

inset: 10 µm. (J) Percentage of larvae with dorsal nerve defects. **p≤0.01; 

***p≤0.001; Chi2 test. (K) Mean number of misguided dorsal projections. Box and 

Whisker graphs. ***p≤0.001; ns: non-significant; Kruskal–Wallis ANOVA test with 

Dunn’s post test. Whiskers indicate the Min/Max values. (L) RT-qPCR analysis 

showing the differential expression levels of p60-Katanin-related genes from the 

Meiotic Clade ATPases in control and katna1-/- MZ larvae. * p≤0.05; **p≤0.01; ns: 

non-significant. Unpaired t-test. 

 

Figure 6. TTLL6 and TTLL11 knockdown differentially affects spinal motor axon 

outgrowth and pathfinding. (A-B) Immunodetection of polyglutamylated 

microtubules (MTs) in 26- and 72-hpf wild-type embryos using GT335 (A) and poly 

E (B) antibodies that respectively label both short and long chains of glutamates or 

long chains only. Lateral views of the trunk, anterior to the left. Polyglutamylated 

MTs are observed in pMN (26 hpf) and sMN (72 hpf) axons. Scale bars: 25 µm. (C) 

Upper panels: Overall morphology of 72-hpf control (MOCtl), TTLL6 (MOTTLL6) and 

TTLL1 (MOTTLL11) morphant larvae. Both TTLL6 and TTLL11 morphants exhibit a 

severe ventrally curved body-axis phenotype compared to MOCtl-injected larvae. 
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Scale bars: 250 µm. Middle panels: Immunolabelling of pMNs in 26-hpf MOCtl 

(n= 30), MOTTLL6 (n= 30) and MOTTLL11 (n= 30) embryos using Znp-1 antibody. 

Arrows and asterisks respectively indicate hyper-branched and truncated CaP axons. 

Lower panels: Immunolabelling of sMN axons in 72-hpf Tg(Hb9:GFP) larvae 

injected with MOCtl (n= 30), MOTTLL6 (n= 30) or MOTTLL11 (n= 30) larvae. Dotted 

lines delineate lateral myosepta. Full arrowheads and full arrows respectively point at 

normal rostral and dorsal nerves. Empty arrowheads and empty arrows respectively 

indicate misguided rostral and dorsal projections. Brackets show defasciculated 

rostral nerves. Asterisks and yellow arrows respectively indicate the ectopic sorting of 

spinal motor neuron axons and somata from the spinal cord. Scale bars: 25 µm. (D-K) 

Quantifications of pMN and sMN defects in embryos and larvae immunolabelled in 

panel C. Mean number of branches (D) and truncated CaP axons (E) per embryo. 

Mean number of split/misguided dorsal nerves (F), misrouted rostral nerves (G), 

missing dorsal nerves (H) and defasciculated rostral nerves (I) per larva. 

Quantifications were performed on 24 spinal hemisegments located around the yolk 

tube per embryo or larva. Box and Whiskers graphs. ***p≤0.001; ns: non-significant; 

Kruskal–Wallis ANOVA test with Dunn’s post test. Whiskers indicate the Min/Max 

values. (J-K) Percentage of larvae with ectopic sorting of secondary motor neuron 

(sMN) axons (J) or somata (K) from the spinal cord. ***p≤0.001. Chi2 test. 

 

Figure 7. TTLL6 and TTLL11 play non-redundant roles in spinal motor axon 

outgrowth and navigation. (A) Rescue and cross-rescue experiments of TTLL6 

morphant phenotypes by co-injection of mouse TTLL6 or TTLL11 transcripts. (B) 

Reciprocal rescue and cross-rescue experiments of TTLL11 morphant phenotypes by 

co-injection of mouse TTLL11 or TTLL6 transcripts. (A-B) Upper panels: Overall 
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morphology of 72-hpf control, morphant and rescued larvae. Scale bars: 250 µm. 

Middle panels: immunolabelling of pMN axons with Znp-1 antibody in 26-hpf 

embryos injected with control (MOCtl, n=19), TTLL6 (MOTTLL6, n=22), TTLL11 

(n=19) morpholinos or co-injected with MOTTLL6 or MOTTLL11 and mouse TTLL6 or 

TTLL11 mRNA (MOTTLL6 + mRNATTLL6, n=20; MOTTLL6 + mRNATTLL11, n=21; 

MOTTLL11 + mRNATTLL11, n=19; MOTTLL11+ mRNATTLL6, n=18).  Arrows and 

asterisks respectively indicate hyper-branched and truncated CaP axons. Bottom 

panels: Immunolabelling of sMN axons with Zn-5 and GFP antibodies in 72-hpf 

Tg(Hb9:GFP) larvae injected with control (MOCtl, n=22), TTLL6 (MOTTLL6, n=22), 

TTLL11 (n=21) morpholinos or co-injected with MOTTLL6 or MOTTLL11 and mouse 

TTLL6 or TTLL11 mRNA (MOTTLL6 + mRNATTLL6, n=19; MOTTLL6 + mRNATTLL11, 

n=22; MOTTLL11 + mRNATTLL11, n=17; MOTTLL11 + mRNATTLL6, n=22).  Dotted lines 

delineate lateral myosepta. Full arrowheads and full arrows respectively indicate 

normal rostral and dorsal nerves. Empty arrowheads and empty arrows respectively 

point at misguided rostral and dorsal projections. Middle and bottom panels: lateral 

views of the trunk, anterior to the left. Scale bars: 25 µm. (C-J) Quantifications of 

pMN and sMN defects in embryos and larvae immunolabelled in panels A and B. 

Mean number of branches (C) and truncated CaP axons (D) per embryo. Mean 

number of split/misguided dorsal nerves (E), misrouted rostral nerves (F), missing 

dorsal nerves (G) and defasciculated rostral nerves (H) per larva. Quantifications were 

performed on 24 spinal hemisegments located around the yolk tube per embryo or 

larva. Box and Whisker graphs. * p≤0.05; ***p≤0.001; ns: non-significant; One-Way 

ANOVA test with Bonferroni’s post-test (C, F) or Kruskal–Wallis ANOVA test with 

Dunn’s post test (D-E, G-H). Whiskers indicate the Min/Max values. Percentage of 
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larvae with ectopic sorting of sMN axons (I) and somata (J) from the spinal cord. 

**p≤0.01; ***p≤0.001; ns: non-significant. Chi2 test. 

 

Figure 8. Selective rescue of motor neuron and locomotion defects associated 

with p60-katanin partial knockdown by TTLL6 overexpression. (A) Upper panels: 

Tracking analysis of 72-hpf larvae injected with a control morpholino (MOCtl, n=30), 

1.3 pmol of MOp60Kat (MOp60Kat/1.3pmol, n=30) or co-injected with 1.3 pmol of MOp60Kat 

and mouse TTLL6 (MOp60Kat/1.3pmol + mRNATTLL6, n=30) or TTLL11 mRNAs 

(MOp60Kat/1.3pmol + mRNATTLL11, n=30) in a touch-evoked escape response test. Each 

line represents the trajectory of one larva after touch stimulation while the distance 

between two dots indicate the distance covered by a larva between two consecutive 

frames. Scale bar: 5 mm. Middle panels: Immunolabelling of pMN axons with Znp-1 

antibody in 26-hpf embryos injected with control morpholino  (MOCtl, n=20), 1.3 

pmol of MOp60Kat (MOp60Kat/1.3pmol, n=21) or co-injected with MOp60Kat/1.3pmol and 

mouse TTLL6 (MOp60Kat/1.3pmol + mRNATTLL6, n=19) or TTLL11 mRNA (MOp60Kat + 

mRNATTLL11, n=16). Arrows indicate hyper-branched CaP axons. Bottom panels: 

Immunolabelling of sMN axon tracts using Zn-5 and GFP antibodies in 72-hpf 

Tg(Hb9:GFP) larvae injected with a control morpholino (MOCtl, n=20), 1.3 pmol of 

MOp60Kat (MOp60Kat/1.3pmol, n=20) or co-injected with MOp60Kat/1.3pmol and mouse TTLL6 

(MOp60Kat/1.3pmol + mRNATTLL6, n=19) or TTLL11 (MOp60Kat + mRNATTLL11, n=20) 

mRNAs. Dotted lines delineate lateral myosepta. Full arrowheads and full arrows 

respectively point at normal rostral and dorsal projections. Empty arrowheads and 

empty arrows respectively indicate misguided rostral and dorsal tracts. Middle and 

lower panels: Lateral views of the trunk, anterior to the left. Scale bar: 25 µm. (B-C) 

Mean swimming distance (B) and speed (C) of the set of larvae tracked in panel A. 
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Box and Whisker graphs. ***p≤0.001; ns: non-significant (p>0.05); Kruskal–Wallis 

ANOVA test with Dunn’s post test. Whiskers indicate the Min/Max values. (D-F) 

Quantifications of pMN and sMN defects in embryos and larvae immunolabelled in 

panel A. Mean number of branches (D) per embryo. Mean number of split/misguided 

dorsal nerves (E) and misrouted rostral nerves (F) per larva. Quantifications were 

performed on 24 spinal hemisegments located around the yolk tube per embryo or 

larvae. Box and Whisker graphs; *p≤0.05; **p≤0.01; ***p≤0.001; ns: non-

significant; One-Way ANOVA test with Bonferroni’s post-test (D) or Kruskal–Wallis 

ANOVA test with Dunn’s post test (E-F). Whiskers indicate the Min/Max values.  

 

Figure 9: TTLL6 fails to rescue the axon pathfinding errors and locomotor 

deficits of p60-katanin null mutants. (A) Immunolabelling of sMN axon tracts with 

Zn-5 antibody in 72-hpf katna1+/+ (n= 57), katna1-/-MZ (n= 61) and katna1-/-MZ larvae 

injected with the transcripts encoding mouse TTLL6 (n= 56), TTLL11 (n= 54) or 

human p60-katanin (n= 69). Lateral views of the trunk, anterior to the left. Right 

panels are higher magnifications of the boxed region in left panels. Arrows point at 

split/misguided dorsal nerves. Scale bars: 25 µm.  (B-C) Quantifications of dorsal 

nerve defects. Quantifications were performed on 24 spinal hemisegments located 

around the yolk tube of each larva immunolabelled in panel A. (B) Percentage of 

larvae with dorsal nerve defects. (C) Mean number of split/misguided dorsal nerves 

per larva. (D) Mean larval swimming speed in the escape-touch response test. 

Swimming speed values were extracted from tracking analysis of 72-hpf katna1+/+ 

(n= 65), katna1-/-MZ (n= 74) and katna1-/-MZ larvae injected with the mRNAs encoding 

mouse TTLL6 (n= 78), TTLL11 (n= 78) or human p60-katanin (n= 47). (E) 

Percentage of larave showing a curved-tail phenotype. (C-D) Box and Whisker 
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graphs; ***p≤0.001; ns: non-significant (p>0.05). Kruskal–Wallis ANOVA test with 

Dunn’s post test. Whiskers indicate the Min/Max values. (B, E) **p≤0.01; 

***p≤0.001; ns: non-significant (p>0.05). Chi2 test. 

 

Table 1: Primers used for qPCR analysis 

 

Gene  Forward sequence (5’-3’) Reverse sequence (5’-3’) 

spast AAGGCAGACAGAGCCAGAAAA TGAAAGCAGATTGCCCAGAAG 

katnal2 GAGGCTGCCAAGCGATTAGT GGCGACAGGATTCCAGTGAA 

Fign CCCGCACAAGCATTCATCAG CCACTGCATCTTTAAGCCTGT 

Fignl1 TCCAGGCACTGGTAAAACCC CCTTCCCCGACCCATTTTGA 

katnal1 GTCTGCAGAGATGCGTCGAT ATGGTGACCGGCATCTGAAG 

vps4a AGCATCTCATGGGTGCGATT GAGCTTCTTTGGCTCCCTCC 

lsm12b GAGACTCCTCCTCCTCTAGCAT GATTGCATAGGCTTGGGACAAC 

   

Figure S1. p60-katanin transcript is enriched in the zebrafish developing nervous 

system  

Whole-mount in situ hybridisation with p60-katanin sense (upper panel) and antisense 

(bottom panel) riboprobes at 18 somites and 24 hours post-fertilisation (hpf).  Lateral 

views of the embryos, anterior to the left. p60-katanin is highly enriched in the 

developing nervous system at both 18 somites and 24 hpf, two stages at which pMN 

and sMN axons exit the spinal cord to navigate towards their muscle targets. Scale 

bars: 200 µm. 
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Figure S2. p60-katanin knockdown using the published morpholino MOkatna1aug1 
induces identical spinal motor axon defects to MOp60Kat morpholino. (A) 
Immunolabelling of sMN tracts in 72 hours-post-fertilisation (hpf) transgenic 

Tg(Hb9:GFP) larvae injected with control (n=40) or MOkatna1aug1 (n=40) morpholinos, 

using Zn-5 and GFP antibodies. Lateral views of the trunk, anterior to the left. Bottom 

panels represent higher magnifications of top panels. Dotted lines delineate lateral 

myosepta. Full arrowheads and full arrows respectively point at normal rostral and 

dorsal nerves. Empty arrowheads show misguided rostral nerves. Asterisks indicate 

ectopic sorting points of sMN axons from the spinal cord. (B-C) Quantifications of 

sMN defects in larvae immunolabelled in panel A. Mean number of missing dorsal 

nerves (B) and misguided rostral nerves (C) per larva. Quantifications were 

performed on 24 spinal hemisegments located around the yolk tube per larva. Box and 

Whisker graphs. ***p≤0.001; Mann Whitney test. Whiskers indicate the Min/Max 

values.  
 

Figure S3: Overexpression of human p60-katanin fails to rescue spinal motor 

axon outgrowth and pathfinding defects of spastin-depleted larvae. (A) Mean 

number of shorter CaP axons per embryo in 26-hpf embryos injected with control 

(COMOspATG1, n=10), spastin morpholino (MOspATG1, n=10) or co-injected with 

MOspATG1 and human KATNA1 mRNA (n=10).  (B-D) Mean number of misrouted 

rostral nerves (i.e., caudally targeted; B), missing rostral nerves (C) and missing 

dorsal nerves (D) per larva in 72-hpf larvae injected with control (COMOspATG1, 

n=29), spastin morpholino (MOspATG1, n=30) or co-injected with MOspATG1 and 

human KATNA1 mRNA (n=29). (A-D) Quantifications were performed on 24 spinal 

hemisegments located around the yolk tube per embryo or larva. Box and Whisker 

graphs. ***p≤0.001; ns: non-significant; One-Way ANOVA test with Bonferroni’s 

post-test (A, C) or Kruskal–Wallis ANOVA test with Dunn’s post test (B, D). 

Whiskers indicate the Min/Max values.  
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Figure S4: Maternal zygotic katna1 mutants show defective inflation of the 

swimming bladder. Gross morphology of 6-days-post-fertilisation (dpf) control 

(katna1+/+) and maternal zygotic mutant (katna1-/-MZ) larvae. Insets are higher 

magnifications of the swimming bladder framed by dotted boxes.  Maternal zygotic 

katna1 mutants failed to inflate their swimming bladder. Scale bars: 0.5 mm. 

 

Figure S5: Zebrafish katna1 mutants display misguided rostral motor nerves. (A-

B) Quantifications of rostral nerve defects in 72-hpf controls (katna1+/+, n=34), and 

heterozygous (katna1+/-, n=53), homozygous zygotic (katna1-/-Z, n=33) and maternal 

zygotic (katna1-/-MZ, n=12) katna1 mutant larvae using Zn-5 antibody. (A) 

Percentage of larvae with rostral nerve defects. *p≤0.05; ***p≤0.001; Chi2 test. (B) 

Mean number of misguided rostral projections. Box and Whisker graphs. *p≤0.05; ns: 

non-significant; Kruskal–Wallis ANOVA test with Dunn’s post test. Whiskers 

indicate the Min/Max values. 

 

Movies 1, 2: p60-katanin knockdown strikingly impairs spinal motor axon 

navigation  

Movie 1: Time-lapse videomicroscopy of motor axon outgrowth in control 

Tg(Hb9:GFP) larvae. Frames were acquired with a spinning disk microscope and a 

20x objective every 8 minutes from 20 to 72 hpf. 

Movie 2: Time-lapse videomicroscopy of motor axon outgrowth in MOp60Kat-

injected Tg(Hb9:GFP) larvae. Frames were acquired with a spinning disk 

microscope and a 20x objective every 8 minutes from 20 to 72 hpf. 

 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted January 20, 2022. ; https://doi.org/10.1101/2022.01.20.477127doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.20.477127


54 
 

Movies 3, 4:  p60-katanin knockdown leads to the abnormal splitting of the 

dorsal nerve.  

Movie 3: Time-lapse videomicroscopy of dorsal motor nerve outgrowth in 

control Tg(Hb9:GFP) larvae. Frames were acquired with a spinning disk 

microscope and a 40x objective every 8 minutes from 40 to 72 hpf. 

Movie 4: Time-lapse videomicroscopy of dorsal motor nerve outgrowth in 

MOp60Kat-injected Tg(Hb9:GFP) larvae. Frames were acquired with a spinning disk 

microscope and a 40x objective every 8 minutes from 40 to 72 hpf. 

 

Movies 5-10: The swimming deficit of p60-katanin morphants is rescued by 

overexpression of human KATNA1 transcript but not by zebrafish spastin 

mRNA. 

Movie 5: Touch-evoked mobility of 72-hpf control larvae. 

Movie 6: Touch-evoked mobility of 72-hpf MOp60Kat/1.3pmol-injected larvae. 

Movie 7: Touch-evoked mobility of 72-hpf larvae injected with MOp60Kat/1.3pmol 

and 120 pg of human KATNA1mRNA. 

Movie 8: Touch-evoked mobility of 72-hpf MOp60Kat/3.4pmol-injected larvae. 

Movie 9: Touch-evoked mobility of 72-hpf larvae injected with MOp60Kat/3.4pmol 

and 180 pg of human KATNA1 mRNA. 

Movie 10: Touch-evoked mobility of 72-hpf larvae injected with MOp60Kat/1.3pmol + 

150 pg of zebrafish spastin mRNA. 
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