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Sensory hair cells of the inner ear utilize specialized ribbon synapses to transmit 31 

sensory stimuli to the central nervous system. This sensory transmission necessitates 32 

rapid and sustained neurotransmitter release, which relies on a large pool of synaptic 33 

vesicles at the hair-cell presynapse. Work in neurons has shown that kinesin motor 34 

proteins traffic synaptic material along microtubules to the presynapse, but how new 35 

synaptic material reaches the presynapse in hair cells is not known. We show that the 36 

kinesin motor protein Kif1a and an intact microtubule network are necessary to enrich 37 

synaptic vesicles at the presynapse in hair cells. We use genetics and pharmacology to 38 

disrupt Kif1a function and impair microtubule networks in hair cells of the zebrafish 39 

lateral-line system. We find that these manipulations decrease synaptic-vesicle 40 

populations at the presynapse in hair cells. Using electron microscopy, along with in 41 

vivo calcium imaging and electrophysiology, we show that a diminished supply of 42 

synaptic vesicles adversely affects ribbon-synapse function. Kif1a mutants exhibit 43 

dramatic reductions in spontaneous vesicle release and evoked postsynaptic calcium 44 

responses. Additionally, we find that kif1a mutants exhibit impaired rheotaxis, a behavior 45 

reliant on the ability of hair cells in the lateral line to respond to sustained flow stimuli. 46 

Overall, our results demonstrate that Kif1a-based microtubule transport is critical to 47 

enrich synaptic vesicles at the active zone in hair cells, a process that is vital for proper 48 

ribbon-synapse function.  49 

 50 

Introduction: 51 

Sensory hair cells in the inner ear rely on specialized ribbon synapses to encode 52 

auditory and vestibular stimuli. During stimulation, ribbon synapses are capable of 53 

releasing synaptic vesicles at high rates with exquisite precision over long durations 54 

(Nouvian et al., 2006; Mukhopadhyay & Pangrsic, 2022). The morphology of the 55 

presynaptic active zone (AZ) of ribbon synapses is specifically designed to sustain 56 

these release properties. Additionally, hair cells also have efficient mechanisms to 57 

recycle synaptic vesicles in order to sustain release (Wichmann & Moser, 2015; 58 

Pangrsic & Vogl, 2018). Disrupting presynapse morphology or vesicle recycling disrupts 59 

ribbon-synapse function and can lead to hearing and balance impairments (Trapani et 60 

al., 2009; Jing et al., 2013; Kroll et al., 2019; Wan et al., 2019). While considerable work 61 
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has focused on the importance of synaptic vesicle recycling, less is known about how 62 

new synaptic material is made and transported to the presynaptic AZ in hair cells. 63 

Hair cells convert sensory stimuli into electrical impulses to transmit to the brain. 64 

Sensory stimuli deflect cilia-like hair bundles at the apex of the cell, opening 65 

mechanoelectrical transduction (MET) channels and depolarizing the cell in a graded 66 

manner (Gillespie & Walker, 2001). Cell depolarization activates voltage-gated Cav1.3 67 

channels at the presynaptic AZ at the base of the hair cell (Brandt et al., 2003). Calcium 68 

influx through Cav1.3 channels leads to synaptic-vesicle fusion and glutamate release 69 

onto the afferent neuron. Hair cells exhibit rapid and sustained neurotransmission in 70 

part due to a specialized presynaptic structure known as the synaptic ribbon (Moser et 71 

al., 2006; Matthews & Fuchs, 2010). The synaptic ribbon is an electron-dense structure 72 

that anchors synaptic vesicles at the presynaptic AZ, readying them for release. Ribbon 73 

synapses have been shown to be indefatigable, with rapid vesicle replenishment 74 

allowing for sustained release (Griesinger et al., 2005; Holt et al., 2004). But how hair 75 

cells supply sufficient synaptic vesicles at the presynaptic AZ to sustain synapse 76 

function is not fully understood. 77 

Synaptic vesicle recycling, through endocytosis and local recycling of synaptic 78 

materials at the presynapse, has been shown to be critical to maintain synapse function 79 

in neurons and hair cells (Neef et al., 2014; Gallimore et al., 2023). But in neurons, 80 

numerous studies have also outlined the importance of de novo transport of synaptic 81 

material from the cell soma to presynaptic terminals (Santos et al., 2009; Rizzoli, 2014). 82 

In the soma of neurons, new synaptic material is synthesized in the endoplasmic 83 

reticulum (ER), and then packaged and sorted in Golgi. This material leaves the Golgi 84 

as synaptic cargos that are transported along axons via microtubule highways and 85 

kinesin motor proteins. Kinesins transport cargos, such as synaptic-vesicle precursors, 86 

towards the plus-end of microtubules. In neurons, the plus-end of microtubules in 87 

axonal nerve processes are oriented towards the presynapse; thus kinesin-mediated 88 

transport delivers synaptic cargos to the presynapse (Guedes-Dias & Holzbaur, 2019). 89 

KIF1A, a member of the kinesin-3 family, has been shown to play a conserved role in 90 

transporting synaptic-vesicle precursors to neuronal presynapses across multiple 91 

species (Yonekawa et al., 1998; Zhao et al., 2001; Zhao et al., 2001; Pack-Chung et al., 92 

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted May 20, 2024. ; https://doi.org/10.1101/2024.05.20.595037doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.20.595037


 4 

2007; Rizalar et al., 2021). In neurons axons can be extremely long, and cargos must 93 

be transported considerable distances to reach the presynapse. In contrast, hair cells 94 

are compact, polarized epithelial cells. In hair cells the Golgi is located on top of the 95 

nucleus, and the presynaptic AZ is just below the nucleus (Figure 1D, (Siegel & 96 

Brownell, 1986)). Recent work has demonstrated that hair-cell microtubules grow their 97 

plus ends from the cell apex, past the Golgi, and toward the presynaptic AZ (Hussain et 98 

al., 2024; Voorn et al., 2024). Additionally, immunostaining and scRNAseq data have 99 

shown that Kif1a is present in hair cells (Michanski et al., 2019; Sur et al., 2023). 100 

However, whether Kif1a or a microtubule network is required for proper transport of 101 

synaptic-vesicle precursors to the presynaptic AZ in hair cells remains unknown. 102 

To study the role of Kif1a and microtubules in synaptic-vesicle transport in hair 103 

cells, we examined hair cells in larval zebrafish. In zebrafish, hair cells are found in the 104 

inner ear and in the lateral-line system, which are responsible for hearing and balance, 105 

and detection of local water flow, respectively (Figure 1A, (Nicolson, 2005; Sheets et al., 106 

2021)). In larval zebrafish, the inner ear is composed of 5 sensory organs (3 crista and 107 

2 maculae), while the lateral line is made up of clusters of hair cells called neuromasts 108 

that form in lines along the fish. Both of these sensory systems develop rapidly in 109 

zebrafish and are mature when larvae are only 5 days post fertilization (dpf) (Zeddies & 110 

Fay, 2005; Bhandiwad et al., 2013). Importantly, hair cells in the larval zebrafish are 111 

morphologically, genetically, and functionally similar to mammalian hair cells, and many 112 

of the core synaptic molecules are conserved between zebrafish and mammals. For 113 

example, in both mammals and zebrafish: Ribeye makes up the majority of the ribbon 114 

density, Vglut3 is the vesicular glutamate transporter required to uptake glutamate into 115 

synaptic vesicles, and calcium influx through Cav1.3 channels triggers vesicle fusion 116 

(Figure 1E; (Sidi et al., 2004; Obholzer et al., 2008; Lv et al., 2016)). The lateral-line 117 

system has proved particularly advantageous to study hair-cell synapses due to the 118 

superficial location of neuromasts along the body and the transparency of zebrafish at 119 

larval stages. Previous research using both fixed and live imaging approaches in lateral-120 

line organs of larval zebrafish has shown that synaptic vesicles are highly enriched at 121 

the base of lateral-line hair cells (Figure 1C, (Obholzer et al., 2008; Einhorn et al., 122 

2012)). In addition, there are powerful transgenic lines to visualize ribbon synapses or 123 
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monitor ribbon-synapse activity in vivo using genetically-encoded indicators (Zhang et 124 

al., 2018). To complement this functional imaging, established electrophysiological 125 

approaches make it possible to measure vesicle fusion by recording spikes from the 126 

afferent neurons that innervate lateral-line neuromasts (Trapani & Nicolson, 2011). 127 

Together, these experimental advantages and tools make zebrafish an excellent model 128 

to study the role of synaptic-vesicle transport at ribbon synapses in hair cells. 129 

Our study identifies Kif1a as a kinesin motor protein important for transporting 130 

and ultimately enriching synaptic vesicles at the presynaptic AZ in hair cells. We show 131 

that while both zebrafish ohnologues (paralogous sequences that result from complete 132 

genome duplication) of mammalian Kif1a, kif1aa and kif1ab, are expressed in inner-ear 133 

hair cells, only kif1aa is expressed in lateral-line hair cells. We find that kif1aa mutants 134 

are unable to enrich synaptic vesicles at the presynaptic AZ of lateral-line hair cells. 135 

Likewise, wild-type zebrafish exhibit the same loss of synaptic-vesicle enrichment when 136 

microtubules are destabilized. Functionally, we show that kif1aa mutants have normal 137 

evoked presynaptic-calcium responses, but that postsynaptic-calcium responses in 138 

afferent neurons are dramatically reduced. Further, the spontaneous spike rate of 139 

lateral-line afferent neurons is dramatically decreased in kif1aa mutants. Behaviorally, 140 

we find that kif1aa mutants have impaired station holding behavior during rheotaxis–a 141 

behavior that depends on a functional lateral-line system. Overall, our work 142 

demonstrates that a Kif1a-based mechanism is essential to enrich synaptic vesicles at 143 

ribbon synapses in hair cells. This enrichment is essential for ribbon-synapse function 144 

and ultimately for sensory behavior.  145 

 146 

Results 147 

Kif1aa is expressed in lateral-line hair cells and impacts ribbon-synapse counts  148 

Work in neurons has demonstrated that Kif1a is an anterograde kinesin motor that 149 

transports synaptic-vesicle precursors towards the plus ends of microtubules (Okada et 150 

al., 1995). Recent work in both mouse and zebrafish hair cells has demonstrated that 151 

microtubules are polarized, with their plus ends growing toward the cell base, near the 152 

presynaptic AZ (Figure 1B; (Hussain et al., 2024; Voorn et al., 2024)). Further, RNAseq 153 

data indicates robust levels of Kif1a transcripts in mouse auditory hair cells and 154 
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zebrafish hair cells (Lush et al., 2019; Kolla et al., 2020; Sur et al., 2023). Based on 155 

work in neurons, we used zebrafish to test whether Kif1a is a kinesin motor involved in 156 

the transport of synaptic vesicles to ribbon synapses in hair cells. 157 

 In zebrafish, there are two ohnologues of mammalian Kif1a, kif1aa and kif1ab 158 

(Figure 1I). Kif1aa and Kif1ab proteins show a high degree of identity to each other (89 159 

%, NCBI BLAST) and to human KIF1A (84 and 85 % identity respectively, NCBI 160 

BLAST). Recent scRNAseq work has detected widespread expression of both kif1aa 161 

and kif1ab transcripts throughout the zebrafish nervous system (Sur et al., 2023). 162 

Similarly, widespread expression of Kif1a in the nervous system of mice is also well-163 

documented (Okada et al., 1995). We used high-resolution RNA fluorescence in situ 164 

hybridization (RNA-FISH) to verify whether the kif1aa and kif1ab mRNAs are present in 165 

zebrafish hair cells (Choi et al., 2018). We found that only kif1aa mRNA was present in 166 

hair cells of the zebrafish lateral line (Figure 1F-H). In contrast, both kif1aa and kif1ab 167 

mRNA were present in the hair cells of the zebrafish inner ear (Figure 1-S1). In the inner 168 

ear we observed both kif1aa and kif1ab mRNA in the cristae (which detects angular 169 

acceleration), the anterior macula (which detects gravity and is required for balance), 170 

and the posterior macula (which primarily detects auditory stimuli) (Fay & Popper, 171 

2000). 172 

 After validating that Kif1a ohnologues are indeed expressed in hair cells, we 173 

leveraged zebrafish genetics to test whether Kif1a plays a role in the transport of 174 

synaptic vesicles in hair cells. We focused our efforts on a germline kif1aa mutant we 175 

created in a previous study (Hussain et al., 2024). This mutant has a stop codon in the 176 

Kif1aa motor domain and is predicted to be a null mutation (Figure 1I). This mutant 177 

should impair Kif1a in lateral-line hair cells but leave Kif1a function at least partially 178 

intact in the inner ear and the nervous system, due to the expression of the ohnologue 179 

kif1ab. We found via RNA-FISH that kif1aa mRNA expression was reduced by ~60 % in 180 

lateral-line hair cells in kif1aa mutants compared to sibling controls (Figure 1-S2, 181 

control: 403.3 ± 65.8 puncta; kif1aa: 172.7 ± 48.6 puncta, n = 18 control and 16 kif1aa 182 

neuromasts, unpaired t-test, p < 0.0001). Overall, this reduction in mRNA levels 183 

provides evidence that we have disrupted the kif1aa locus and that there is significant 184 

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted May 20, 2024. ; https://doi.org/10.1101/2024.05.20.595037doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.20.595037


 7 

nonsense-mediated degradation of kif1aa mRNA in the lateral-line hair cells of kif1aa 185 

mutants.  186 

  Before assessing synaptic vesicles in kif1aa mutant hair cells, we first performed 187 

a gross assessment of lateral-line neuromasts using immunohistochemistry to label hair 188 

cells and ribbon synapses (Figure 2A-B). We performed our analyses at 5 dpf, when the 189 

majority of the hair cells are mature, and the lateral-line system is functional. We used 190 

antibodies against Myosin7a (Myo7a) to label hair cells, along with Ribeye b (Rib b) and 191 

Membrane-associated guanylate kinase (MAGUK) to label the pre- and postsynapses 192 

respectively. We found that kif1aa mutants have a similar number of hair cells per 193 

neuromast compared to sibling controls (Figure 2C, control: 15.6 ± 1.3; kif1aa: 16.0 ± 194 

1.7, n = 18 control and 15 kif1aa neuromasts; unpaired t-test, p = 0.399). For our 195 

synapse analysis we examined 2D maximum intensity projections and quantified the 196 

number and area of ribbons and postsynapses. Similar to our previous work on 197 

developing hair cells (3 dpf), we found that there were significantly fewer complete 198 

synapses (paired Rib b-MAGUK puncta) per hair cell in mature lateral-line hair cells (5 199 

dpf) in kif1aa mutants compared to sibling controls (Figure 2D, control: 3.13 ± 0.35; 200 

kif1aa: 2.68 ± 0.14, n = 18 control and kif1aa 15 neuromasts; unpaired t-test, p = 201 

0.00870). Quantification of pre- and post-synapse size at complete synapses revealed 202 

no difference in presynapse size, but slightly larger postsynapses in kif1aa mutants 203 

compared to controls (Figure 2E, presynapse area, control: 0.21 ± 0.02; kif1aa: 0.20 ± 204 

0.02, unpaired t-test, p = 0.345; Figure 2F, postsynapse area, control: 0.19 ± 0.02; 205 

kif1aa: 0.20 ± 0.02, unpaired t-test, p = 0.0498). Overall, we found that Kif1a 206 

ohnologues are present in hair cells in zebrafish. In the lateral-line, loss of Kif1aa does 207 

not alter hair-cell counts but does result in slightly fewer ribbon synapses. 208 

 209 

Kif1aa is essential for synaptic-vesicle distribution in hair cells 210 

Our overall assessment suggests that in kif1a mutants, ribbon synapses are largely 211 

intact, although fewer in number. As previous work in neurons has shown that Kif1a 212 

transports synaptic-vesicle precursors to the presynaptic AZ, we assessed whether loss 213 

of Kif1aa impacts synaptic-vesicle distribution at the presynapse in hair cells. We 214 

imaged both live and fixed preparations to visualize synaptic-vesicle distributions in hair 215 
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cells of kif1aa mutants. To label synaptic vesicles live, we used the vital dye 216 

LysoTracker. This dye has been shown to label acidified organelles, including synaptic 217 

vesicles in lateral-line hair cells (Einhorn et al., 2012). To label synaptic vesicles in fixed 218 

samples, we used immunohistochemistry to label Vglut3, the vesicular glutamate 219 

transporter that labels synaptic vesicles in hair cells of zebrafish and mice (Obholzer et 220 

al., 2008; Schraven et al., 2012) 221 

In line with previous work, we observed an enrichment of LysoTracker dye at the 222 

cell base near the presynaptic AZ in sibling controls (Figure 3A,C; (Einhorn et al., 223 

2012)). In contrast, we did not observe enrichment of LysoTracker at the base of hair 224 

cells in kif1aa mutants (Figure 3B,C). To quantify Lysotracker enrichment, we measured 225 

the base to apex ratio of fluorescence in individual hair cells (Figure 3C). Using this 226 

metric, we found that kif1aa mutants enrich significantly less LysoTracker at the cell 227 

base (Figure 3D, control: 7.38 ± 1.16; kif1aa: 0.52 ± 0.16 n = 10 control and kif1aa 228 

neuromasts, unpaired t-test, p<0.0001). Interestingly, we observed that the base to apex 229 

ratio was less than 1 in Kif1aa-deficient hair cells. This indicates that the LysoTracker 230 

label is more enriched in the hair-cell apex in kif1aa mutants.   231 

Similar to LysoTracker label, and consistent with previous work in lateral-line hair 232 

cells, we observed that Vglut3 immunolabel was enriched at the cell base in sibling 233 

controls (Figure 3E,G; (Obholzer et al., 2008)). This enrichment was not observed in 234 

kif1aa mutants (Figure 3F,G). We quantified enrichment by measuring the base to apex 235 

ratio of Vglut3 immunolabel. We found that the base to apex ratio of Vglut3 label was 236 

significantly reduced in kif1aa mutants compared to sibling controls (Figure 3H, control: 237 

2.24 ± 0.65; kif1aa: 0.45 ± 0.07; n = 12 control and 13 kif1aa neuromasts, unpaired t-238 

test, p<0.0001).  239 

To further verify that kif1aa mutants fail to enrich synaptic vesicles at the base of 240 

lateral-line hair cells, we used immunohistochemistry to label Rab3a and Cysteine string 241 

protein (CSP) (Figure 3-S1A-C and E-G). Rab3a and CSP are synaptic-vesicle markers 242 

that have also been shown to be enriched at the base of lateral-line hair cells (Einhorn 243 

et al., 2012; Kindt & Sheets, 2018). We measured the base to apex ratio of Rab3a and 244 

CSP immunolabels to quantify synaptic-vesicle enrichment. We observed that similar to 245 

our Vglut3 immunolabel, the base to apex ratio of both Rab3a and CSP immunolabels 246 
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were significantly reduced in kif1aa mutants compared to sibling controls (Figure 3-S1D, 247 

CSP, control: 1.86 ± 0.34; kif1aa: 0.58 ± 0.07; n = 10 control and kif1aa neuromasts, 248 

unpaired t-test, p<0.0001 and Figure 3-S1H, Rab3a, control: 1.57 ± 0.30; kif1aa: 0.63 ± 249 

0.15; n = 9 control and kif1aa neuromasts, unpaired t-test, p<0.0001).  250 

In addition to lateral-line hair cells, we also examined synaptic-vesicle distribution 251 

in inner-ear hair cells in kif1aa mutants. For our analysis, we focused on Vglut3 labeling, 252 

as Vglut3 has been shown to be essential for both inner ear and lateral-line function in 253 

zebrafish (Obholzer et al., 2008). First, we examined Vglut3 distribution in cristae. 254 

Interestingly, in sibling controls, we observed that Vglut3 label was only enriched in a 255 

subset of the hair cells (Figure 3-S2A, blue outlines). Previous work has shown that 256 

zebrafish cristae have two main hair-cell types that can be distinguished 257 

morphologically as “tall” and “short” hair cells (Zhu et al., 2020; Smith et al., 2020). In 258 

sibling controls, we found that the tall cells enriched Vglut3 at the cell base. Compared 259 

to tall cells, short cells had nearly undetectable levels of Vglut3 (Figure 3-S2A, yellow 260 

outlines). A difference in Vglut3 immunolabel has also been observed between hair-cell 261 

types in mouse vestibular hair cells where type 2 but not type 1 vestibular hair cells 262 

express Vglut3 (Schraven et al., 2012). Importantly, when we examined kif1aa mutants 263 

we found that tall cells fail to enrich Vglut3 immunolabel at the cell base (Figure 3-S2B, 264 

blue outlines). This observation in kif1aa mutants indicates that kif1ab mRNA in cristae 265 

is not sufficient for normal Vglut3 enrichment in kif1aa mutants (Figure 1-S1B). In 266 

addition to cristae, we also examined Vglut3 immunolabel in the anterior and posterior 267 

macula. Unlike in the cristae, we found that in sibling controls all macular hair cells had 268 

detectable amounts of Vglut3 immunolabel and showed enrichment of Vglut3 at the cell 269 

base (Figure 3-S2C). In general, Vglut3 immunolabel was qualitatively lower yet still 270 

enriched at the cell base in the macular hair cells of kif1aa mutants (Figure 3-S2D). This 271 

indicates that Kif1aa is not essential for normal synaptic-vesicle distribution in macular 272 

hair cells. 273 

Overall, our live and fixed imaging of synaptic-vesicle distribution in kif1aa 274 

mutants indicates that Kif1aa is essential to enriching synaptic vesicles at the 275 

presynaptic AZ of lateral-line hair cells and specifically in tall cells of the cristae. In 276 

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted May 20, 2024. ; https://doi.org/10.1101/2024.05.20.595037doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.20.595037


 10

contrast, loss of Kif1aa has a more moderate impact on synaptic-vesicle distribution in 277 

macular hair cells. 278 

 279 

An intact microtubule network is essential for synaptic-vesicle distribution 280 

Kif1a is known to transport synaptic-vesicle precursors towards the plus ends of 281 

microtubules. Therefore, we employed a pharmacological approach to understand the 282 

role that an intact microtubule network plays in synaptic-vesicle distribution in lateral-line 283 

hair cells. Nocodazole has been shown to block the self-assembly of tubulin and 284 

depolymerize preassembled microtubules (Samson et al., 1979). In addition, recent 285 

work has shown that treatment with 250-500 nM nocodazole can disrupt microtubule 286 

networks in developing lateral-line hair cells (Hussain et al., 2024). We found that 287 

incubating 5 dpf larvae in 250 nM nocodazole for 2 hrs disrupted microtubules in mature 288 

hair cells without any detectable hair-cell death (Figure 4-S1). We used nocodazole 289 

along with LysoTracker label or Vglut3 immunolabel to assess the impact of microtubule 290 

disruption on synaptic-vesicle distribution.   291 

After incubation with 250 nM nocodazole, we observed less basal enrichment of 292 

Lysotracker compared to DMSO controls (Figure 4A-C). To quantify label enrichment, 293 

we measured the base to apex ratio of Lysotracker fluorescence in hair cells (Figure 4C-294 

D). We found significantly less basal enrichment of Lysotracker in nocodazole-treated 295 

hair cells compared to DMSO controls (Figure 4D, control: 6.12 ± 0.93; nocodazole: 296 

1.25 ± 0.40 n = 8 control and nocodazole neuromasts, unpaired t-test, p<0.0001). In 297 

addition, we found significantly less basal enrichment of Vglut3 in hair cells in 298 

nocodazole-treated larvae compared to DMSO controls (Figure 4H-E, control: 5.75 ± 299 

1.61; nocodazole: 2.53 ± 0.65; n = 8 control and nocodazole neuromasts, unpaired t-300 

test, p<0.0001). Together, our nocodazole treatments indicate that an intact microtubule 301 

network and functional Kif1aa are necessary to localize synaptic vesicles at the 302 

presynapse in lateral-line hair cells. 303 

 304 

Kif1aa is important to maintain synaptic vesicles at ribbon synapses 305 

Our live and fixed confocal imaging strongly suggests that synaptic vesicles fail to 306 

enrich at the cell base in kif1aa mutants (Figure 3, Figure 3-S1, S2). To understand how 307 
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synaptic vesicles are impacted specifically at sites of release we examined synaptic 308 

vesicles at individual ribbons in lateral-line hair cells. We first examined our LysoTracker 309 

label more closely at individual ribbons. To detect ribbons within the LysoTracker label, 310 

we used a transgenic line that labels ribbons Tg(myo6b:Rib a-TagRFP). In addition to 311 

LysoTracker measurements, we also used transmission electron microscopy (TEM) to 312 

visualize individual synaptic vesicles at ribbons. 313 

 In control hair cells, we observed an intense LysoTracker label or halo 314 

surrounding individual ribbons (Figure 5A-B). This halo likely represents the population 315 

of synaptic vesicles tethered to the ribbon and is comparable to previous observations 316 

in lateral-line hair cells (Einhorn et al, 2012). We quantified the amount of LysoTracker 317 

in ROIs directly on individual ribbons. We measured Lysotracker intensity in a single 318 

place that encompassed the center of the ribbon. Using this approach, we found that 319 

the amount of Lysotracker at individual ribbons was significantly reduced in kif1aa 320 

mutants compared to sibling controls (Figure 5C, control: 2582 ± 450; kif1aa: 1810 ± 321 

650, n = 18 control and kif1aa neuromasts, unpaired t-test, p = 0.0003). This indicates 322 

that there is less Lysotracker label and likely fewer synaptic vesicles at ribbons in kif1aa 323 

mutants. 324 

To quantify synaptic vesicles more definitively, we used transmission electron 325 

microscopy (TEM) to visualize ribbons in lateral-line hair cells. We only examined 326 

micrographs that contained images of a centrally sectioned ribbon adjacent to a well-327 

defined postsynaptic density (Figure 5D-H). We quantified three main populations of 328 

synaptic vesicles localized in the vicinity of ribbons. We define these populations as 329 

following: 1) “vesicles tethered to the ribbon”; 2) “ready releasable vesicles” located 330 

directly beneath the ribbon; and 3) “reserve pool of vesicles” residing within 200 nm of 331 

the ribbon (Figure 5E, zones shaded in blue and orange, and a yellow dashed line) 332 

(Lenzi et al., 1999; Nouvian et al., 2006). We found that all three of these synaptic-333 

vesicle populations were reduced in kif1aa mutants compared to sibling controls (Figure 334 

5I, readily releasable, control: 7 ± 1.8; kif1aa: 3.7 ± 2.0, unpaired t-test, p<0.0001; 335 

Figure 5J, tethered, control: 21.1 ± 3.5; kif1aa: 13.4 ± 5.3, unpaired t-test, p = 0.0001; 336 

Figure 5K, reserve pool, control: 36.3 ± 23.0; kif1aa: 9.7 ± 5.9, unpaired t-test, p = 337 

0.0005). Our TEM quantification of synaptic vesicles is consistent with our LysoTracker 338 
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labeling at ribbons, indicating that LysoTracker can be a quantifiable way to measure 339 

synaptic vesicles at ribbons using confocal microscopy. Overall, using both of these 340 

methods, we find that synaptic vesicles are depleted at ribbons in kif1aa mutants. 341 

 342 

Loss of Kif1aa does not impact mechanosensitive or presynaptic calcium 343 

responses  344 

Our results indicate that loss of Kif1aa in lateral-line hair cells dramatically decrease 345 

synaptic vesicle localization at the hair-cell base and at ribbon synapses (Figures 3, 5 346 

and Figure 3-S1). But what impact this impairment in localization has on synaptic-347 

vesicle release at ribbon synapses was unclear. Before examining vesicle release, 348 

performed several control experiments in kif1aa mutants and sibling controls.  349 

Prior to assessing vesicle release in lateral-line hair cells, we first examined the 350 

localization of voltage-dependent calcium channels (CaV1.3). CaV1.3 channel 351 

localization can impact presynaptic calcium responses as well as both spontaneous and 352 

evoked vesicle fusion (Brandt et al., 2005; Trapani & Nicolson, 2011). In addition, 353 

calcium channels have been shown to be transported in synaptic precursor vesicles 354 

(Petzoldt, 2023). We used immunohistochemistry to examine CaV1.3 clusters and Rib b 355 

to label ribbons (Figure 6A-B). For our analyses we examined maximum intensity 356 

projections and quantified the number of puncta, along with the 2D area, average 357 

intensity, and integrated density of CaV1.3 puncta. We first quantified the number of 358 

paired CaV1.3-Rib b puncta and found that there were significantly fewer paired puncta 359 

per hair cell in kif1aa mutants compared to sibling controls (Figure 6C, control: 4.13 ± 360 

0.39; kif1aa: 3.59 ± 0.41; n = 13 control and 9 kif1aa neuromasts, unpaired t-test, p = 361 

0.00550). Fewer paired CaV1.3-Rib b puncta per cell is consistent with an overall 362 

reduction in the number of complete synapses per cell we observed in kif1aa mutants 363 

(Figure 2D). Looking more closely at CaV1.3 puncta, we did not observe a significant 364 

difference in the average size of CaV1.3 puncta between sibling controls and kif1aa 365 

mutants (Figure 6D, control: 0.14 µm2 ± 0.02; kif1aa: 0.15 µm2 ± 0.02; n = 13 control 366 

and 9 kif1aa neuromasts, unpaired t-test, p = 0.0953). However, both the mean intensity 367 

and integrated intensity of CaV1.3 puncta were significantly higher in kif1aa mutants 368 

compared to controls (Figure 6E, mean intensity, control: 1685 ± 459; kif1aa: 2961 ± 369 
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1002, unpaired t-test, p = 0.000600; Figure 6F, integrated intensity, control: 229.0 ± 370 

73.6; kif1aa: 444.1 ± 180.2, unpaired t-test, p = 0.000900; n = 13 control and 9 kif1aa 371 

neuromasts). Together, our CaV1.3 immunolabeling experiments indicate that although 372 

there are fewer paired CaV1.3-Rib b puncta in kif1aa mutants, on average more CaV1.3 373 

channels may reside within each CaV1.3 puncta.  374 

After examining CaV1.3 channel localization at ribbon synapses we also did 375 

control experiments to assess hair-cell function. We first examined mechanosensation 376 

and presynaptic calcium responses. These are two activity-dependent events in hair 377 

cells that are required to drive synaptic vesicle fusion at ribbon synapses. To assess 378 

hair-cell mechanosensation we used two independent methods: FM 1-43 labeling and 379 

calcium imaging. Numerous studies have demonstrated that the vital dye FM 1-43 is a 380 

straightforward way to assess whether hair cells have intact mechanotransduction 381 

channels (Gale et al., 2001; Meyers et al., 2003). When applied to the media zebrafish 382 

are housed in, FM 1-43 enters mechanotransduction channels in lateral-line hair cells in 383 

seconds (Seiler & Nicolson, 1999). In contrast, mutants lacking mechanotransduction 384 

fail to label with FM 1-43. When we applied FM 1-43 to kif1aa mutants we found similar 385 

intensities of label compared to sibling controls (Figure 7-S1A-C, control: 2182 ± 227.1; 386 

kif1aa: 2034 ± 302.8, n = 8 control and 9 kif1aa neuromasts, unpaired t-test, p = 0.276). 387 

Normal FM 1-43 label in kif1aa mutants indicates that mechanosensation is largely 388 

intact. 389 

To obtain a more sensitive readout of hair-cell mechanosensation we used 390 

stimulus-evoked calcium imaging. We stimulated lateral-line hair cells with a fluid jet to 391 

evoke activity (Figure 7A) and read out calcium activity using a transgenic line that 392 

expresses membrane-localized GCaMP6s specifically in hair cells 393 

(myo6b:memGCaMP6s) (Lukasz & Kindt, 2018; Zhang et al., 2018). This transgenic line 394 

can be used to image mechanosensation-dependent calcium signals in apical hair 395 

bundles, as well as calcium signals at the base of the cell that are associated with 396 

presynaptic-calcium influx (Figure 7A-B,D). We first examined calcium signals in apical 397 

hair bundles. In response to a 500-ms stimulus, we observed similar response 398 

magnitudes (∆F/F GCaMP6s) in kif1aa mutants compared to sibling controls (Figure 399 

7B,D,F,G, control: 86.1 ± 24.2; kif1aa: 78.9 ± 18.7, n = 8 control and kif1aa neuromasts, 400 
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unpaired t-test, p = 0.514). Together our FM 1-43 labeling and calcium imaging 401 

experiments indicate that mechanosensation is intact in lateral-line hair cells of kif1aa 402 

mutants. 403 

 After assessing mechanosensation, we used the same transgenic line 404 

(myo6b:memGCaMP6s) and stimulation approach to examine presynaptic calcium 405 

responses at the hair-cell base. In responses to a 500-ms stimulus, we observed similar 406 

presynaptic-response magnitudes (∆F/F GCaMP6s) in kif1aa mutants compared to 407 

sibling controls (Figure 7C,E,H,I, control: 121.7 ± 57.6; kif1aa: 124.1 ± 51.5, n = 8 408 

control and kif1aa neuromasts, unpaired t-test, p = 0.930). Overall, our data indicate 409 

that both mechanosensitive and presynaptic responses in lateral-line hair cells are 410 

largely normal in kif1aa mutants. 411 

 412 

Loss of Kif1aa alters spontaneous release and postsynaptic calcium responses  413 

Our initial calcium imaging experiments suggests that presynaptic responses in kif1aa 414 

mutants are relatively normal (Figure 7C). Because kif1aa mutants fail to enrich 415 

synaptic vesicles at the presynaptic AZ, we hypothesized that vesicle release could still 416 

be impaired despite normal presynaptic-calcium responses. Therefore, we used 417 

additional functional approaches to examine the postsynaptic outcome of fewer synaptic 418 

vesicles.  419 

Similar to hair cells in other species, zebrafish lateral-line hair cells release 420 

glutamate-filled synaptic vesicles at rest. Established work has shown that this release 421 

generates spontaneous spikes in neurons of the posterior lateral-line ganglion (pLLg)–422 

neurons that innervate posterior lateral-line neuromasts (Figure 1A, (Trapani & 423 

Nicolson, 2011)). We used loose-patch electrophysiology recordings to measure 424 

spontaneous spikes in pLLg neurons (Figure 8A). To quantify the rate of spontaneous 425 

spiking, we measured the number of spikes per minute over a 5-min window. We 426 

observed a marked ~80 % decrease in the average afferent spike rate in kif1aa mutants 427 

compared to sibling controls (Figure 8B-C, control: 207.5 ± 148.3, kif1aa: 42.03 ± 19.70; 428 

n = 8 control and 13 kif1aa cells, unpaired t-test, p = 0.0007). This indicates that a 429 

reduction in synaptic vesicles at the presynapse in kif1aa mutants results in fewer 430 

vesicles released at rest. 431 
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To assess evoked postsynaptic activity, we used calcium imaging. For our 432 

imaging, we used a transgenic line that expresses GCaMP6s specifically in neurons in 433 

the pLLg (en.sill,hsp70l:GCaMP6s) (Zhang et al., 2018). We stimulated hair cells with a 434 

fluid jet and used this line to measure evoked calcium signals in the afferent terminal 435 

beneath lateral-line hair cells (Figure 8D-F). In responses to a 500-ms stimulus, we 436 

observed that postsynaptic calcium responses (∆F/F GCaMP6s) in kif1aa mutants were 437 

dramatically reduced compared to sibling controls (Figure 8E-H, control: 82.6 ± 27.9; 438 

kif1aa: 27.2 ± 24.7, n = 10 control and 9 kif1aa neuromasts, unpaired t-test, p = 0.0003). 439 

Together, our postsynaptic electrophysiology and calcium imaging indicate that loss of 440 

Kif1aa and fewer synaptic vesicles leads to impaired release of synaptic vesicles. 441 

 442 

Kif1aa is required for normal rheotaxis behavior, but not acoustic startle behavior 443 

After verifying that loss of Kif1aa impaired synapse function in lateral-line hair cells, we 444 

assessed what impact this impairment had on behavior. We examined two hair-cell 445 

mediated behaviors in zebrafish: the acoustic startle response and rheotaxis. The 446 

acoustic startle response is well-characterized zebrafish behavior where a rapid escape 447 

reflex occurs in response to an acoustic or vibrational stimulus (Kimmel et al., 1974; 448 

Granato et al., 1996). This behavior relies primarily on hair cells in the posterior macula 449 

(saccule), as well as hair cells in the lateral line (Granato et al., 1996; Holmgren et al., 450 

2021). Rheotaxis, whereby fish orient into an oncoming current and hold their position to 451 

avoid being swept downstream, is a multisensory behavior where the lateral-line organ 452 

is used to sense changes in water flow (Coombs et al., 2020). Loss of lateral-line 453 

function in larval zebrafish leads to an inability to station hold (i.e., hold position at the 454 

source of oncoming water flow) during bouts of rheotaxis behavior (Newton et al., 455 

2023). 456 

To assay the acoustic startle response in our kif1aa mutants we used a Zantiks 457 

automated behavioral system. We presented larvae in a 12-well plate with acoustic 458 

vibrational stimuli of 3 levels of intensity (level 3 highest, level 1 lowest), with 5 trials per 459 

intensity level. Each trial was done with a 2-min inter-stimulus interval (ISI) to avoid 460 

habituation. Using Zantiks software, larvae were recorded and tracked throughout the 461 

experiment (Figure 9-S1A-B). We found that our kif1aa mutants were able to respond to 462 
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a single non-habituating stimulus at the same rate as sibling controls at each stimulus 463 

intensity level (Figure 9-S1C, n = 38 control and 13 kif1aa larvae, 2-way ANOVA, level 464 

3: p = 0.999, level 2: p = 0.999, level 1: p = 0.994, no stimulus: p = 0.586, 5 dpf). 465 

Because we saw no difference in kif1aa mutants in our acoustic startle assay, we 466 

decided to push this assay further to see if our mutants could maintain responses when 467 

presented with repeated or habituating stimuli with short ISIs. For this assay we first 468 

administered 3 non-habituating stimuli with a 2-minute ISI, followed by a train of 30 469 

habituating stimuli with a 5-second ISI. We also tested recovery from habituation; here 470 

we administered one stimulus at 20 s, 40 s, 1 min, and 2 min each after the last 471 

habituating stimulus. Using this paradigm, we found that kif1aa mutants habituate at the 472 

same rate as sibling controls (Figure 9-S1D, n = 38 control and 25 kif1aa larvae, 2-way 473 

ANOVA with multiple comparisons, across stimulus and genotype, p = 0.545). In 474 

addition, the rate of recovery after habituation was not significantly different between 475 

kif1aa mutants and sibling controls (Figure 9-S1D, n = 38 control and 25 kif1aa larvae, 476 

2-way ANOVA with multiple comparisons, across stimulus and genotype, p = 0.620). 477 

Overall, our acoustic startle assays indicate that loss of Kif1aa does not impair this 478 

escape reflex. 479 

 Our immunostaining demonstrated that synaptic-vesicle enrichment was less 480 

affected in hair cells of the inner ear in kif1aa mutants (Figure 3-S2). This may allow 481 

inner ear hair cells in kif1aa mutants to function normally, as the acoustic startle is a fast 482 

reflex and may not require sustained synaptic vesicle release. Therefore, we examined 483 

rheotaxis behavior, a hair-cell mediated behavior that is reliant on lateral-line hair cells, 484 

as synaptic vesicle populations in these hair cells were dramatically impaired in kif1aa 485 

mutants. To evaluate rheotaxis behavior, we used a custom microflume to present 486 

laminar flow to zebrafish at 6 dpf, at a rate of ~10 mm s-1 (Figure 9A; (Baker & 487 

Montgomery, 1999; Newton et al., 2023)). We recorded the behavior of larvae with an 488 

overhead camera 10 s before flow (pre-stimulus) and for 20 s during flow stimulus using 489 

infrared (850 nm) illumination to eliminate visual cues. We measured spatial use of the 490 

chamber, distance traveled, and rheotaxis events (orienting in flow) during flow. We first 491 

we examined the spatial use of the flow chamber, we found that when performing 492 

rheotaxis, wild-type siblings were predominantly positioned in the space at the front of 493 
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the arena, in the region of the highest flow (Figure 9B; white dashed box). In contrast, 494 

kif1aa mutants cumulatively show less positioning in high-flow regions, indicating a 495 

reduced ability to station hold (Figure 9B). During bouts of rheotaxis, we also observed 496 

that kif1aa mutants accumulated along the side of the arena in a small lateral gradient in 497 

the laminar flow field (Figure 9B; orange dashed box). Together, these observations 498 

indicate that kif1aa mutants have an impaired ability to maintain position during 499 

rheotaxis. To determine why kif1aa mutants showed a reduced station holding, we 500 

evaluated whether there were differences in the metrics of rheotaxis behavior for the 501 

first (0-10 s) and last half (10-20 s) of stimulus. When we examined distance traveled 502 

during rheotaxis, we found that during the last half of the stimulus, kif1aa mutants 503 

traveled a reduced total distance compared to wild-type siblings (Figure 9C, 0-10 s, 504 

control: 43.33, kif1aa: 37.26, p = 0.532; 11-20 s, control: 50.08, kif1aa: 35.07, p = 505 

0.0728, n = 43 controls and 30 kif1aa larvae). Importantly, we did not observe a 506 

difference in total distance traveled before the onset of flow, indicating that motor 507 

function is largely intact in kif1aa mutants (Figure 9C). Further, we observed a trend 508 

toward fewer rheotaxis events in kif1aa mutants during the last half of stimulus, though 509 

it did not reach significance (Figure 9D, 0-10 s, control: 3.21, kif1aa: 3.03, p = 0.532; 11-510 

20 s, control: 4.53, kif1aa: 3.70, p = 0.0728, n = 43 controls and 30 kif1aa larvae).  511 

Taken together, our acoustic startle and rheotaxis assays demonstrate that while 512 

kif1aa mutants can respond normally to discrete acoustic stimuli, their ability to 513 

effectively station hold during rheotaxis behavior in sustained flow stimuli is impaired. 514 

This suggests that a large population of synaptic vesicles is important for behaviors that 515 

require sustained neurotransmission. 516 

 517 

Discussion 518 

Our work in zebrafish demonstrates that both Kif1a and an intact microtubule network 519 

are essential to localize synaptic vesicles properly at the presynaptic AZ. Our functional 520 

assays reveal that hair cells lacking Kif1a release fewer synaptic vesicles, leading to 521 

impaired afferent responses. Importantly, deficits in hair-cell vesicle release results in 522 

impaired station-holding during rheotaxis–a behavior mediated by the lateral-line 523 

sensory system. Altogether, our work highlights a new pathway that ensures an 524 
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adequate supply of synaptic vesicles reaches the cell base to maintain high rates of 525 

release at specialized ribbon synapses. 526 

 527 

Accessory machinery and cargo in transport vesicles  528 

Our work demonstrates that lateral-line hair cells lacking Kif1aa have less enrichment of 529 

synaptic markers (Figure 3, Figure 3-S1) and fewer synaptic vesicles at the presynaptic 530 

AZ (Figure 5). This finding is consistent with studies in neurons in both mice and C. 531 

elegans where disruptions in Kif1aa orthologues Kif1a/UNC-104 result in significantly 532 

fewer synaptic vesicles at presynapses (Hall & Hedgecock, 1991; Okada et al., 1995). 533 

In neurons, synaptic-vesicle precursors are made de novo in the ER-Golgi network 534 

located in the cell soma. After budding from the trans-Golgi, these precursors are 535 

carried to presynaptic terminals along axonal microtubules via kinesin motors and 536 

mature into synaptic vesicles at the presynapse (Santos et al., 2009; Rizzoli, 2014). 537 

Precursor vesicles can contain many presynaptic components including: Rab3a, CSP, 538 

Vglut, Piccolo, Bassoon, SNARE proteins, Neurexins and calcium channels (reviewed 539 

in: (Petzoldt, 2023)). In our kif1aa mutants we show that several of these cargos such 540 

as Rab3a, CSP, and Vglut3 fail to localize properly at the presynaptic AZ in hair cells 541 

(Figures 3, Figure 3-S1). Although we did observe more CaV1.3 channels per 542 

presynapse (Figure 6F), we also observed fewer complete synapses (Figure 2D) and 543 

fewer Rib b-CaV1.3 paired puncta (Figure 6C) in kif1aa mutants. Fewer complete 544 

pairings could be due to a requirement for Kif1aa to transport material (ex: Ribeye and 545 

CaV1.3) during synapse formation. This is consistent with our previous work that 546 

revealed subtle defects in ribbon formation in lateral-line hair cells lacking Kif1aa 547 

(Hussain et al., 2024). Overall, our work on hair cells suggests that Kif1a plays a 548 

conserved role in the transport of synaptic material to the presynaptic AZ of neurons 549 

and hair cells. 550 

An important part of transport is not only the kinesin motor moving cargo along 551 

microtubules, but also adaptors that link specific cargos to motors. Work in neurons 552 

suggests that the Kif1a motor relies on the adaptor protein MAP kinase activating death 553 

domain (Madd) to transport synaptic vesicle precursors. Specifically, Madd is thought to 554 

provide a linkage between Rab3a present on synaptic-vesicle precursors and Kif1a 555 
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(Niwa et al., 2008; Hummel & Hoogenraad, 2021). In our study, and other work on hair 556 

cells, Rab3a has been shown to be a marker of synaptic vesicles in hair cells (Uthaiah & 557 

Hudspeth, 2010; Einhorn et al., 2012). Along with other synaptic markers, we found that 558 

in kif1aa mutants, Rab3a immunolabel was not enriched at the hair-cell presynapse 559 

(Figure 3-S1E-H). Based on this result and work in neurons, it is possible that Rab3a is 560 

part of the link that is required to facilitate the transport of new synaptic-vesicle 561 

precursors from the Golgi in hair cells. In the future it will be interesting to examine the 562 

localization of various synaptic vesicle markers in rab3a mutants or to lesion other 563 

transport partners such as Madd to determine whether they are also required to 564 

accumulate synaptic vesicles at the presynapse in hair cells. 565 

 566 

Mechanisms to maintain synaptic vesicle populations at the presynapse 567 

We found that fewer synaptic vesicles in kif1aa mutants were accompanied by impaired 568 

spontaneous and evoked activity in lateral-line afferent neurons (Figure 3, Figure 5, 569 

Figure 8). But despite a dramatic reduction in synaptic vesicles and activity, some 570 

synaptic vesicles were still present at ribbon synapses and activity was not completely 571 

abolished (Figures 5, Figure 8). Based on these results it is likely that there are 572 

alternate mechanisms in play that ensure synaptic vesicles reach the presynapse. For 573 

example, other kinesin motors could work in tandem with Kif1a to transport synaptic 574 

vesicle precursors. In support of this idea, immunolabeling results have shown that 575 

another kinesin, Kif3a, colocalizes with ribbons (Michanski et al., 2019). Alternatively, it 576 

is possible that synaptic-vesicle precursors may simply reach the presynapse through 577 

diffusion. Studies on ribbon synapses suggest that synaptic vesicles are able to freely 578 

diffuse within the cytosol until affixing to the ribbon (Holt et al., 2004; LoGiudice & 579 

Matthews, 2009). Based on these diffusion studies, it is possible that synaptic and 580 

precursor vesicles in kif1aa mutants diffuse from their site of origin near the Golgi until 581 

they eventually encounter and bind to a ribbon. In this scenario, although diffusion is 582 

less efficient than directed transport, it may allow enrichment of enough synaptic 583 

vesicles to explain the residual function at synapses in kif1aa mutants.  584 

 In many types of neurons, especially those with long axons, it is essential that 585 

new synaptic-vesicle precursors are actively transported, as presynaptic terminals are 586 
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located at considerable distances from the cell soma. In these circumstances, the 587 

diffusion of synaptic-vesicle precursors is not practical. In addition to de novo synthesis 588 

and transport of synaptic material from the Golgi to the presynapse, at both neuronal 589 

synapses and ribbon synapses, endocytosis and local synaptic vesicle recycling also 590 

function to maintain synapse function. For example, work in hippocampal neurons has 591 

demonstrated that robust recycling of synaptic vesicles can maintain stable and 592 

consistent synaptic release even during high frequency and sustained stimulation 593 

(Gallimore et al., 2023). In hair cells, multiple forms of endocytosis have been 594 

characterized at ribbon synapses including clathrin-mediated endocytosis and bulk 595 

endocytosis; there is also evidence of kiss-and-run fast endocytosis (Neef et al., 2014). 596 

In the future, it will be important to more carefully explore whether endocytic pathways 597 

are disrupted in hair cells lacking Kif1aa. 598 

 While there are several pathways in hair cells capable of recycling synaptic 599 

material, it is less clear where this recycling occurs. For example, most of the recycling 600 

could occur locally at the presynaptic AZ. Synaptic material could also reenter the cell 601 

apically and be re-trafficked to the presynapse at the cell base. Additionally, it is possible 602 

that both apical and basal locations could be used for recycling synaptic material. 603 

Electron micrographs show evidence that both clathrin-mediated endocytosis and bulk 604 

endocytosis occur near the presynapse (Siegel & Brownell, 1986; Lenzi et al., 2002; 605 

Kamin et al., 2010). In addition, studies using FM 1-43 uptake to measure endocytosis 606 

in hair cells have shown that endocytosis may also occur more apically and undergo 607 

recycling in the Golgi (Griesinger et al., 2002, 2005). Endocytosis in hair cells has also 608 

been studied using the membrane tracer mCLING (Revelo et al., 2014). Work using 609 

mCLING revealed evidence that synaptic material is recycled apically, as well as basally 610 

at the presynapse via local recycling of synaptic vesicles and bulk endocytosis. Overall, 611 

it is likely that de novo synthesis and transport of synaptic material from the Golgi, bulk 612 

endocytosis, and local synaptic vesicle recycling all work together to supply synaptic 613 

vesicles for release at ribbon synapses. In the future it would be interesting to create 614 

transgenic zebrafish that label synaptic vesicles in hair cells. In vivo imaging of this 615 

transgenic line could be used to understand how synaptic vesicles are transported and 616 

recycled in living hair cells–and how these processes are perturbed in kif1aa mutants.  617 
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 618 

Impact of Kif1a loss on zebrafish behavior and in human patients 619 

In humans mutations in the KIF1A gene lead to a rare inherited condition collectively 620 

known as KIF1A-associated neurological diseases (KANDs) (Nair et al., 2023). Because 621 

KIF1A is expressed broadly in the nervous system, there is extensive damage to 622 

neurons in the brain and spinal cord in KAND patients. Further, while optic nerve 623 

atrophy and vision impairment are also a part of KAND, hearing loss is a less well-624 

studied symptom of this disease (Lee et al., 2015; Montenegro-Garreaud et al., 2020; 625 

Pennings et al., 2020). Our work suggests that in addition to neurons, KIF1a may also 626 

play an important role in sensory hair cells. Our study was able to highlight this role 627 

more clearly because zebrafish have two ohnologues of mammalian KIF1a, Kif1aa and 628 

Kif1ab (Figure 1I). Based on published scRNAseq data (Sur et al., 2023), in our kif1aa 629 

zebrafish mutants it is likely that Kif1ab compensates for loss of Kif1aa in most neurons. 630 

This allowed us to focus on phenotypes relevant to hair cells in the lateral line, which 631 

only express kif1aa (Figure 1F-H). Behaviorally, our kif1aa mutants have normal 632 

acoustic startle responses (Figure 9-S1). Normal startle behavior could be due to 633 

contributions from hair cells in the zebrafish inner ear which are less affected in our 634 

kif1aa mutants (Figure 3-S2). Alternatively, it is possible that fewer synaptic vesicles are 635 

needed for this reflexive behavior. Importantly, our rheotaxis experiments demonstrated 636 

that kif1aa mutants are unable to maintain position in flow (Figure 9B). Further, the 637 

deficits in rheotaxis behavior occurred during the last 10 s of stimulus (Figure 9C, D), 638 

suggesting that the inability to maintain synaptic vesicles at hair-cell presynapses may 639 

underlie these deficits. The continuous flow applied during our rheotaxis experiments 640 

demands a near constant supply of synaptic vesicles, specifically from lateral-line hair 641 

cells. In future studies, it will be important to rescue Kif1a in hair cells to ensure that our 642 

behavioral phenotypes are due to defects that arise specifically in hair cells. 643 

Overall, our work suggests that inner ear deficits may contribute to phenotypes in 644 

human KAND patients. For example, KAND is associated with cerebellar ataxia, and 645 

although there is evidence of cerebellar atrophy in KAND patients, it is possible that 646 

there are also contributions from the inner ear, particularly the vestibular system where 647 

hair cells must maintain sustained release of synaptic vesicles for proper balance 648 

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted May 20, 2024. ; https://doi.org/10.1101/2024.05.20.595037doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.20.595037


 22

(Paprocka et al., 2023). In the future it will be important to assess KAND patients 649 

carefully for hearing and balance deficits. In addition, our kif1aa zebrafish could be used 650 

to understand the role KIF1a plays in hair cells or to assess pathogenic variants in 651 

KIF1a.  652 

 653 

Our current study highlights how an understudied mechanism–Kif1a-based transport–654 

functions to enrich synaptic vesicles at ribbon synapses in hair cells. In the future it will 655 

be important to understand how this transport works alongside recycling and endocytic 656 

pathways to supply the near constant demand for synaptic vesicles at ribbon synapses. 657 

A powerful way to study synaptic vesicle dynamics is by using live imaging and sensitive 658 

readouts of release, such as afferent recordings. The zebrafish lateral line provides an 659 

excellent model to apply these approaches in future studies. 660 

 661 

Methods 662 

Zebrafish husbandry 663 

Zebrafish (Danio rerio) lines were maintained at the National Institutes of Health (NIH) 664 

under animal study protocol #1362-13. Zebrafish larvae (0-7 dpf) were raised in 665 

incubators at 28°C in E3 embryo medium (5�mM NaCl, 0.17 mM KCl, 0.33�mM CaCl2, 666 

and 0.33 mM MgSO4, buffered in HEPES, pH 7.2) with a 14hr:10hr light:dark cycle. 667 

Lines were maintained in a Tu or TL background. 668 

For rheotaxis experiments embryos were shipped at 1 dpf from NIH to 669 

Washington University-St. Louis and maintained under IACUC protocol #23-0078, and 670 

subsequently, raised in incubators at 28°C in embryo media2 (15 mM NaCl, 0.5 mM 671 

KCl, 1 mMCaCl2, 1 mM MgSO4, 0.15 mM KH2PO4, 0.042 mM Na2HPO4, 0.714 mM 672 

NaHCO3) with a 14hr:10hr light:dark cycle. After 4 dpf, larvae were raised in 100-200 ml 673 

of EM in 250 ml plastic beakers and fed rotifers daily.  674 

All experiments were performed on larvae at 3-6 days post fertilization (dpf). 675 

Neuromasts L1-L4 were used for all analyses, except the CaV1.3 immunolabel where 676 

L1-L4, D1 and O1 were examined, and our TEM analysis where cranial neuromasts M1, 677 

along with the POs, and SOs were examined. Larvae were chosen at random and used 678 

at an age where sex determination is not possible. The previously described mutant and 679 
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transgenic lines were used in this study: kif1aaidc24, Tg(myo6b:memGCaMP6s)idc1Tg, 680 

Tg(en.sill,hsp70l:GCaMP6s)idc8Tg , Tg(myo6b:Cr.ChR2-EYFP)ahc1Tg, Tg(myo6b:ctbp2a-681 

TagRFP)idc11Tg (also referred to as: Tg(myo6b:rib a-TagRFP)idc11Tg) and Tg(myo6b:YFP-682 

Hsa.TUBA)idc16Tg (Monesson-Olson et al., 2014; Zhang et al., 2018; Wong et al., 2019; 683 

Ohta et al., 2020; Hussain et al., 2024)  684 

The kif1aa germline mutant has been previously described (Hussain et al., 2024). 685 

This Crispr-Cas9 mutant has a complex INDEL that leads to a disruption in Kif1aa at 686 

amino acid 166, in exon 6, within the kinesin motor domain (Figure 1I). This INDEL also 687 

disrupt a Bsl1 restriction site in exon 6. Genotyping was done using standard PCR 688 

followed by a Bsl1 restriction enzyme digest. Kif1aa genotyping primers used were as 689 

follows: kif1aa_FWD 5’-AACACCAAGCTGACCAGTGC-3’ and kif1aa_REV 5’-690 

TGCGGTCCTAGGCTTACAAT-3’. Kif1aa mutants were compared to either 691 

heterozygous and wild-type siblings (sibling controls) or to wild-type siblings as stated in 692 

the text. 693 

 694 

Nocodazole treatment 695 

To destabilize microtubules, Tg(myo6b:YFP-Hsa.TUBA)idc16Tg larvae at 5 dpf were 696 

incubated in 250 nM nocodazole (Sigma-Aldrich, SML1665) for 2 hours. Nocodazole 697 

was diluted in E3 media for a final concentration of 250 nM nocodazole and 0.1 % 698 

DMSO. After effective nocodazole treatment YFP-Hsa.TUBA labeling was visually 699 

disrupted. For controls, larvae were incubated in media containing 0.1 % DMSO. After 2 700 

hours, larvae were fixed for immunohistochemistry or prepared for LysoTracker labeling 701 

(see below).  702 

 703 

Lysotracker labeling, and imaging 704 

After 2 hours of nocodazole treatment, 100 nM LysoTracker Red DND-99 705 

(ThermoFisher, L7528) was added to the media for 15 min. Larvae were then 706 

embedded in 1 % low melt agarose prepared in E3 media containing 0.03 % tricaine 707 

(Sigma-Aldrich, A5040, ethyl 3-aminobenzoate methanesulfonate salt), 100 nM 708 

LysoTracker and either 250 nM nocodazole or 0.1 % DMSO. A similar labeling approach 709 

was used for Lysotracker labeling in kif1aa mutants. LysoTracker Red DND-99 was 710 
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used to label Tg(myo6b:YFP-Hsa.TUBA)idc16Tg larvae while LysoTracker Green DND-26 711 

(ThermoFisher, L7526) was used to label Tg(myo6b:rib a-TagRFP)idc11Tg larvae. 712 

Transgenic larvae were incubated in 100 nM LysoTracker dye in E3 media for 15 min 713 

and mounted in 1 % low melt agarose prepared in E3 media containing 0.03 % tricaine 714 

and 100 nM Lysotracker dye. 715 

To image LysoTracker label, samples were imaged live on a Nikon A1R upright 716 

confocal microscope using a 60x 1 NA water objective lens. Denoised images were 717 

acquired using NIS Elements AR 5.20.02 with an 0.425 µm z-interval. Z-stacks of whole 718 

or partial neuromasts were acquired in a top-down configuration using 488 and 561 nm 719 

lasers.  720 

 721 

FM 1-43 labeling, imaging and analysis 722 

To assay mechanotransduction using FM 1-43, larvae at 5 dpf were incubated in 3 µM 723 

FM 1-43 (Thermofisher, T3163) in E3 media for 35 s. Larvae were then washed 3× in 724 

E3 and mounted in 1 % low melt agarose prepared in E3 media with 0.03 % tricaine. 725 

After mounting larvae were imaged on a Nikon A1R upright microscope using a 60x 1 726 

NA water objective lens. Denoised images were acquired using NIS Elements AR 727 

5.20.02 with an 0.425 µm z-interval. Z-stacks of whole neuromasts were acquired in a 728 

top-down configuration using 488 and 561 nm lasers. Z-stacks were further processed 729 

in FIJI. Z-stacks were max-projected and thresholded to obtain the mean intensity of the 730 

FM 1-43 label per neuromast. 731 

 732 

Immunohistochemistry  733 

Immunohistochemistry was performed on whole larvae. Zebrafish larvae were fixed with 734 

4 % paraformaldehyde in PBS for 3-4�hrs at 4�°C. After fixation samples were washed 735 

5�×�5�min in PBS�+�0.01 % Tween (PBST), followed by a 5-min wash in H2O. 736 

Larvae were then permeabilized with ice cold acetone (at -20�°C) for 5�min. Larvae 737 

were then washed again in H2O for 5�min, followed by a 5�×�5-min washes in PBST, 738 

and then blocked overnight at 4�°C with PBST containing 2 % goat serum, 2 % fish 739 

skin gelatin and 1 % bovine serum albumin (BSA). Primary antibodies were diluted in 740 

PBST containing 1 % BSA. Larvae were incubated in primary antibodies overnight at 741 
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4�°C. After 5�×�5�min washes in PBST to remove the primary antibodies, larvae 742 

were incubated in diluted secondary antibodies (1:1000) in PBST containing 1 % BSA 743 

for 3�hrs at room temperature. After 5�×�5�min washes in PBST to remove the 744 

secondary antibodies, larvae were rinsed in H2O and mounted in ProLong Gold Antifade 745 

(ThermoFisher, P36930). 746 

 747 

Primary antibody list 748 

Antigen Species; 

subtype 

Concentration Catalog or reference 

Pan-Maguk Mouse; IgG1 1:500 Millipore MABN7 

Myo7A Rabbit 1:1000 Proteus 25-6790 

Vglut3 C-term Rabbit 1:1000  (Obholzer et al., 2008) 

CaV1.3 Rabbit 1:500 (Sheets et al., 2011) 

Ribeye b Mouse; IgG2a 1:10,000 (Sheets et al., 2011) 

Pan-CTBP Mouse; IgG2a 1:1000 Santa Cruz 55502 

Rab3a Mouse; IgG1 1:1000 Synaptic System 107 011 

Acetylated 

Tubulin 

Mouse; IgG1 1:5000 Sigma T7451 

CSP Rabbit 1:1000 Sigma AB1576 

GFP Chicken 1:1000 Thermofisher A10262 

 749 

Secondary antibody list 750 

Antigen Species; 

fluorophore 

Concentration Catalog or reference 

Mouse 

IgG2a 

Goat; Alexa 555, 

Alexa 633 

1:1000 ThermoFisher A-2113, A-

21241   

Mouse 

IgG1 

Goat; Alexa 488, 

Alexa 633 

1:1000 ThermoFisher A-21121, A-

21240 

Rabbit IgG Goat; Alexa 488, 

Alexa 555, Alexa 

1:1000 ThermoFisher A-11008, A-

21428, A-21071 
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633 

 751 

RNA-FISH to detect kif1aa and kif1ab mRNA in hair cells 752 

To detect mRNA for kif1aa and kif1ab we followed the Molecular Instrument RNA-FISH 753 

Zebrafish protocol, Revision Number 10 (https://files.molecularinstruments.com/MI-754 

Protocol-RNAFISH-Zebrafish-Rev10.pdf), with a few minor changes to the preparation 755 

of fixed whole-mount larvae as follows. For our dehydration steps we dehydrated using 756 

the following methanol series: 25, 50, 75, 100, 100 % methanol, with 5 min for each 757 

step in the series. To permeabilize we treated larvae with 10 µg/mL proteinase K for 20 758 

min. RNA-FISH probes were designed to bind after the motor domain of zebrafish 759 

kif1aa and kif1ab (Figure 1I, Molecular Instrument Probe lot # RTD364, RTD365, using 760 

B2 and B3 amplifiers respectively). Tg(myo6b:Cr.ChR2-EYFP)ahc1Tg larvae were labeled 761 

using these probes; the strong EYFP label is retained after  RNA-FISH and allows for 762 

delineation of hair cells within the whole-mount larvae. After the RNA-FISH protocol the 763 

larvae were mounted in ProLong Gold Antifade (ThermoFisher, P36930).  764 

 765 

Confocal imaging of RNA-FISH and immunolabels 766 

Fixed immunostained and RNA-FISH samples were imaged on an inverted LSM 780 767 

laser-scanning confocal microscope with an Airyscan attachment using Zen Blue 3.4 768 

(Carl Zeiss) and an 63x 1.4 NA Plan Apo oil immersion objective lens. Neuromast and 769 

inner ear z-stacks were acquired every 0.15�µm. The Airyscan z-stacks were auto 770 

processed in 3D. Experiments were imaged with the same acquisition settings to 771 

maintain consistency between comparisons. For presentation in figures, images were 772 

further processed using Fiji.  773 

 774 

Quantification of RNA-FISH and synaptic components 775 

Z-stack image acquisitions from zebrafish confocal images were processed in FIJI 776 

(Schindelin et al., 2012). Researchers were blinded to genotype during analyses. Hair-777 

cell numbers were counted manually based on Myo7a, Cr.ChR2-EYFP, YFP-Hsa.TUBA 778 

or Acetylated tubulin label. Each channel was background subtracted using the rolling-779 

ball radius method. Then each z-stack was max-intensity projected. A mask was 780 
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generated by manually outlining the region or interest in the reference channel (ex: hair 781 

cells via Myo7a, Acetylated tubulin or Tg(myo6b:Cr.ChR2-EYFP)). This mask was then 782 

applied to the z-projection of each synaptic component or RNA-FISH channel.   783 

We then used automated quantification to quantify puncta using a customized 784 

Fiji-based macro previously described (Jukic et al., 2024). In this macro, each masked 785 

image was thresholded using an adaptive thresholding plugin by Qingzong TSENG  786 

(https://sites.google.com/site/qingzongtseng/adaptivethreshold) to generate a binary 787 

image of the puncta (presynaptic, postsynaptic, CaV1.3 cluster or RNA-FISH puncta). 788 

Individual synaptic or RNA-FISH puncta were then segmented using the particles 789 

analysis function in Fiji. A watershed was applied to the particle analysis result to break 790 

apart overlapping puncta. After the watershed, the particle analysis was rerun with size 791 

and circularity thresholds to generate ROIs and measurements of each punctum. For 792 

particle analysis, the minimum size thresholds of 0.025 μm2 (Rib b, CaV1.3, kif1aa and 793 

kif1ab RNA-FISH particles) and 0.04 μm2 (Maguk) were applied. A circularity factor of 794 

0.1 was also used for the particle analysis. The new ROIs were applied to the original z-795 

projection to get the average intensity and area of each punctum.  796 

To identify paired synaptic components, images were further processed. Here, 797 

the overlap and proximity of ROIs from different channels (ex: pre- and post-synaptic 798 

puncta) were calculated. ROIs with positive overlap or ROIs within 2 pixels were 799 

counted as paired components. The ROIs and synaptic component measurements 800 

(average intensity, area) and pairing results were then saved as Fiji ROIs, jpg images, 801 

and csv files.  802 

 803 

Synaptic vesicle quantification of live and fixed labels 804 

Z-stack image acquisitions from live or fixed confocal images were processed and 805 

quantified in FIJI. A minimum of 3-6 hair cells per neuromast analyzed. Hair cells with a 806 

clear side view were used for base to apex analyses. For base to apex, two rectangular 807 

ROIs with an area of 2.25 x 0.65 µm (L x W), were placed above and below the nucleus 808 

of each hair cell, in 1 z-slice. Nuclei were identified based on Acetylated tubulin or YFP-809 

Hsa.TUBA labeling. The mean values were measured in all ROIs. The ratio of the base 810 

to apex was measured per hair cell to assess the enrichment of synaptic vesicles. Ratio 811 
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values for hair cells were then averaged for a single neuromast base to apex 812 

fluorescence value. To quantify Lysotracker fluorescence at ribbons, a circular ROI was 813 

drawn around the ribbon indicated by Rib a-mCherry fluorescence, and the mean value 814 

was measured in FIJI. 815 

 816 

Startle behavior 817 

A Zantiks MWP behavioral system was used to assess acoustic startle responses in 818 

larvae at 5 dpf as previously described (Giese et al., 2023; Jukic et al., 2024). The 819 

Zantiks system tracks and monitors behavioral responses using an infrared camera at 820 

30 frames per second. During the tracking and stimulation, a Cisco router connected to 821 

the Zantiks system was used to relay x, y coordinates of each larva in every frame. A 822 

12-well plate was used for behavioral analyses. Each well was filled with E3 and 1 larva. 823 

All fish were acclimated in the plate within the Zantiks chamber in the dark for 15 min 824 

before each test. A vibrational stimulus that triggered a maximal proportion of animals 825 

startling in control animals without any tracking artifacts (due to the vibration), was used 826 

for our strongest stimuli. We used 4 different levels of intensity (1-4, increasing in 827 

intensity), with level 4 as the highest intensity stimulus. For our initial startle assay, each 828 

larva was presented with stimuli from intensity levels 1-3, 5 times, with 100 s between 829 

trials. For each animal, the proportion of startle responses out of the 5 trials was plotted. 830 

For our habituation and recovery assay, a non-habituating stimulus, followed by a 831 

habituating stimulus train, and lastly recovery stimulus was performed as previously 832 

described (Marsden & Granato, 2015). Our non-habituating stimulus was presented 3 833 

times (intensity level 4), with 100 s between trials. This was followed by a habituating 834 

train of 30 stimuli (same stimulus intensity), presented with 5 s in between each 835 

stimulus. We then presented recovery stimuli once each at 20 s, 40 s, 1 min, and 2 min 836 

after the last stimulus in the habituating train. The proportion of startle responses out of 837 

the initial 3 non-habituating stimuli and the proportion of responses at each habituation 838 

block and recovery stimulus were plotted. To qualify as a startle response, a distance 839 

above 4 pixels or ∼1.9 mm was required within 2 frames after stimulus onset. Larvae 840 

were excluded from our analysis if no tracking data was recorded. Startle behavior was 841 

performed on at least three independent days. 842 
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 843 

Rheotaxis behavior 844 

A custom microflume (previously described in: (Newton et al., 2023)) was used as the 845 

experimental apparatus for rheotaxis behavior. Laminar water flow of a constant velocity 846 

was provided by a 6V bow thruster motor (#108-01, Raboesch) inserted into the flume. 847 

An Arduino (UNO R3, Osepp) was programmed with custom scripts to coordinate the 848 

timing of the flow and video recording. An array of 196 LEDs emitting infrared light (850 849 

nm) provided illumination for video capture through a layer of diffusion material (several 850 

Kimwipes sealed in plastic) and the translucent bottom of the flume. A monochromatic 851 

high-speed camera (SC1 without IR filter, Edgertronic.com) with a 60 mm manual focus 852 

macro lens (Nikon) was used to record behavioral trials at 60 fps. The flume was filled 853 

with EM media (28 °C) and the arena placed within the flume. Due to the heat 854 

generated by the IR lights, the temperature was monitored and miniature ice packs (2 × 855 

2 cm; −20 °C) were used to maintain a consistent temperature range of 27–29 °C. For 856 

each rheotaxis behavior test, individual 6 dpf larval zebrafish were transferred by pipette 857 

to the arena within the flume and their swimming activity was monitored for ~10 s to 858 

ensure that it exhibited burst-and-glide swimming behavior; larva that did not exhibit 859 

normal swimming behavior during the pre-trial period were not included in the analysis. 860 

Each larva was genotyped after behavior acquisition and analysis. A total of 43 wild-type 861 

siblings and 30 kif1aa mutant larvae were analyzed. Rheotaxis behavior was assessed 862 

blind, prior to genotyping. Data was collected from 6 experimental sessions on separate 863 

days. 864 

Larval fish were tracked using DeepLabCut as previously described (Newton et 865 

al., 2023). In brief, video files were downsampled to 1000 x 1000 px and cropped. A 866 

previously created and trained single animal maDLC project was used to annotate 867 

seven unique body parts (left and right eyes, swim bladder, four points along the tail) on 868 

each larva. Videos were analyzed with the maDLC project, and the detections were 869 

assembled into tracklets using the box method. The original videos were overlaid with 870 

the newly labeled body parts to check for trackelet accuracy. Misaligned tracklets were 871 

manually adjusted. Rheotaxis behavior was annotated and analyzed using a previously 872 

created custom Python feature extraction script (SimBA) that defined positive rheotaxis 873 
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events as when the larvae swam into the oncoming water flow at an angle of 0 degrees 874 

± 45 degrees for at least 100 ms.  Videos processed through DeepLabCut analysis were 875 

converted to AVI format using the SimBA video editor function and imported into SimBA 876 

as previously described.  877 

 878 

Calcium imaging and electrophysiology 879 

Larvae for electrophysiology recordings were either in a Tg(myo6b:Cr.ChR2-EYFP) 880 

transgenic background or a nontransgenic background. For calcium imaging either 881 

Tg(myo6b:memGCaMP6s)idc1Tg or Tg(en.sill,hsp70l:GCaMP6s)idc8Tg  transgenic larvae 882 

were used. To prepare larvae for calcium imaging and electrophysiology, 3-6 dpf larvae 883 

were anesthetized in 0.03 % Tricaine-S (SYNCAINE/MS-222, Syndel), pinned to a 884 

Sylgard-filled perfusion chamber at the head and tail. Then larvae were paralyzed by 885 

injection of 125 µM α-bungarotoxin (Tocris, 2133) into the heart cavity, as previously 886 

described (Lukasz & Kindt, 2018). Larvae were then rinsed once in E3 embryo media to 887 

remove the tricaine. Next, larvae were rinsed three times with extracellular imaging 888 

solution (in mM: 140 NaCl, 2 KCl, 2 CaCl2, 1 MgCl2, and 10 HEPES, pH 7.3, OSM 889 

310±10) and allowed to recover prior to calcium imaging or electrophysiology. 890 

Researchers were blind to genotype during the acquisition. 891 

Calcium responses in the hair cells and afferent process were acquired on a 892 

Swept-field confocal system built on a Nikon FN1 upright microscope (Bruker) with a 893 

60x 1.0 NA CFI Fluor water-immersion objective. The microscope was equipped with a 894 

Rolera EM-C2 EMCCD camera (QImaging), controlled using Prairie view 5.4 (Bruker). 895 

GCaMP6s was excited using a 488 nm solid state laser. We used a dual band-pass 896 

488/561�nm filter set (59904-ET, Chroma). For evoked measurements, stimulation was 897 

achieved by a fluid jet, which consisted of a pressure clamp (HSPC-1, ALA Scientific) 898 

and a glass pipette (pulled and broken to achieve an inner diameter of ~50 µm) filled 899 

with extracellular imaging solution. A 2-s or 500-ms pulse of positive or negative 900 

pressure was used to deflect the hair bundles of mechanosensitive hair cells along the 901 

anterior-posterior axis of the fish. For GCaMP6s imaging in hair bundles or at the 902 

presynapse the Tg(myo6b:memGCaMP6s)idc1Tg line was used. For GCaMP6s imaging 903 

in the afferent terminal beneath lateral line hair cell, the 904 
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Tg(en.sill,hsp70l:GCaMP6s)idc8Tg  line was used. GCaMP6s measurements were 905 

performed on larvae at 4 and 5 dpf. Each neuromast (L1-L4) was stimulated four times 906 

with an inter-stimulus interval of ~2 min. To acquire GCaMP6s evoked responses, 5 z-907 

slices (0.5 µm step for mechanosensation, 1.5 µm step for presynaptic and 2.0 µm step 908 

for the afferent process) were collected per timepoint for 80 timepoints at a frame rate of 909 

20 ms for a total of ~100 ms per z-stack and a total acquisition time of ~8 sec. 910 

Stimulation began at timepoint 31; timing of the stimulus was triggered by an outgoing 911 

voltage signal from Prairie view.  912 

GCaMP6s z-stacks were average projected, registered, and spatially smoothed 913 

with a Gaussian filter (size = 3, sigma = 2) in custom-written MatLab software as 914 

described previously (Zhang et al., 2018). The first 10 timepoints (~1 sec) were 915 

removed to reduce the effect of initial photobleaching. Registered average projections 916 

analyzed in Fiji to make intensity measurements using the Time Series Analyzer V3 917 

plugin. Here circular ROIs were placed on hair bundles or synaptic sites; average 918 

intensity measurements over time were measured for each ROI, as described 919 

previously (Lukasz & Kindt, 2018). GCaMP6s data was excluded in the case of 920 

excessive motion artifacts. Presynaptic responses were defined as >20% ∆F/F0. Hair-921 

bundle responses were defined as >20% ∆F/F0. Postsynaptic responses were defined 922 

as >5% ∆F/F0 and a minimum duration of 500 ms. Calcium imaging data then plotted in 923 

Prism 10 (Graphpad). The first 20 timepoints were averaged to generate an F0 value, 924 

and all responses were calculated as ∆F/F0. The Area under the curve (AUC) function 925 

of Prism was used to determine the peak value for each response. Responses 926 

presented in figures represent average responses within a neuromast. The max ∆F/F0 927 

was compared between sibling and kif1aa mutants. 928 

Extracellular postsynaptic current recordings from afferent cell bodies of the 929 

posterior lateral-line ganglion (pLLg) of zebrafish at 3-6 dpf were performed as 930 

previously described (Trapani & Nicolson, 2011; Lukasz et al., 2022). Briefly, 931 

borosilicate glass pipettes (Sutter Instruments, BF150-86-10 glass with filament) were 932 

pulled with a long taper, with resistances between 5 and 15 MΩ. The pLLg was 933 

visualized using an Olympus BX51WI fixed stage microscope equipped with a 934 

LumPlanFl/IR 60x 1.4 NA water dipping objective (N2667800, Olympus). An Axopatch 935 
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200B amplifier, a Digidata 1400A data acquisition system, and pClamp 10 software 936 

(Molecular Devices, LLC) were used to collect signals. To record spontaneous 937 

extracellular currents, afferent cell bodies were recorded using a loose-patch 938 

configuration with seal resistances ranging from 20 to 80 MΩ. Recordings were done in 939 

voltage-clamp mode, and signals were sampled at 50 μs/point and filtered at 1 kHz.  940 

The number of spontaneous events from one neuron per min was quantified from a 5-941 

min recording window using Igor Pro (Wavemetrics). 942 

 943 

Transmission electron microscopy  944 

Larvae were genotyped at 2 dpf using a larval fin clip method to identify kif1aa and wild-945 

type siblings to prepare for TEM (Wilkinson et al., 2013). Larval tail DNA was genotyped 946 

as described above. At 5 dpf kif1aa and wild-type siblings were fixed in freshly prepared 947 

solution containing 1.6 % paraformaldehyde and 2.5 % glutaraldehyde in 0.1�M 948 

cacodylate buffer supplemented with 3.4% sucrose and 2 µM CaCl2 for 2 h at room 949 

temperature, followed by a 24-h incubation at 4�°C in a fresh portion of the same 950 

fixative. After fixation, larvae were washed with 0.1�M cacodylate buffer with 951 

supplements, and post-fixed in 1 % osmium tetroxide for 30�min, and then washed 952 

with distilled water. Larvae were, dehydrated in 30 – 100 % ethanol series, which 953 

included overnight incubation in 70 % ethanol containing 2% uranyl acetate, and in 954 

propylene oxide, and then embedded in Epon. Transverse serial sections (60-70�nm 955 

thin sections) were used to section through neuromasts. Sections were placed on single 956 

slot grids coated with carbon and formvar, and then sections were stained with uranyl 957 

acetate and lead citrate. All reagents and supplies for TEM were from (Electron 958 

Microscopy Sciences). Samples were imaged on a JEOL JEM-2100 electron 959 

microscope (JEOL Inc.). Whenever possible, serial sections were used to restrict our 960 

analysis to central sections of ribbons adjacent to the plasma membrane and a well-961 

defined postsynaptic density.   962 

To quantify ribbon area, ROIs were drawn in FIJI outlining the electron-dense 963 

ribbon, excluding the filamentous “halo” surrounding the ribbon. Vesicles with a 964 

diameter of 30–50 nm and adjacent (within 60 nm of the ribbon) to the “halo” were 965 

counted as tethered vesicles. Readily releasable vesicles were defined as tethered 966 
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vesicles between the ribbon and the plasma membrane. To quantify reserve vesicles, 967 

we counted vesicles that were not tethered to the ribbon but were within 200 nm of the 968 

edge of the ribbon. All distances and perimeters were measured in FIJI. 969 

 970 

Statistics 971 

All data shown are mean and standard deviation unless stated otherwise. All replicates 972 

were biological-distinct animals and cells. Wild-type zebrafish animals were selected at 973 

random for drug treatments. Kif1aa mutants were compared to sibling controls which 974 

were either wild-type siblings or a combination of wild-type and or kif1aa heterozygous 975 

siblings obtained from the same clutch. All experiments were performed blind to 976 

genotype. In all datasets dot plots represent the ‘n’. N represents either the number of 977 

neuromasts, hair cells, synapses or puncta as stated in the legends. All experiments 978 

were replicated on multiple independent days. For our zebrafish experiments a 979 

minimum of 3 animals and 8 neuromasts were examined. An exception is our TEM 980 

experiments where we examined ribbon synapses in 7 neuromasts from 4 wild-type 981 

siblings and 4 neuromasts from 3 kif1aa mutants. Sample sizes were selected to avoid 982 

Type 2 error. Statistical analyses were performed using Prism 10 software (GraphPad) 983 

or in R for our rheotaxis assays. A D’Agostino-Pearson normality test was used to test 984 

for normal distributions. To test for statistical significance between two samples with 985 

normal distributions, an unpaired t-test was used. For acoustic startle assays, a 2-way 986 

ANOVA with multiple comparisons was used. A Sidak test was used to correct for 987 

multiple comparisons. For rheotaxis behavior: data wrangling, cleaning, and figure 988 

generation were performed with R and performed as previously described (Newton et 989 

al., 2022). The mean duration, number, total distance traveled, and mean latency to the 990 

onset of rheotaxis events were calculated for 10 s bins (pre-stimulus, first 10 s of 991 

stimulus, and last 10 s of stimulus) using SimBA and analyzed in R using generalized 992 

linear mixed models (GLMM) and post hoc t-tests (Satterthwaite method). Type III 993 

ANOVAs provided significance values for the fixed effects of the GLMMs (see 994 

Supplementary Tables 1,2). A p-value less than 0.05 was considered significant. All 995 

error bars and ± are standard deviation, unless stated otherwise. 996 

 997 
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Figure 1. kif1aa is expressed in lateral-line hair cells in zebrafish.  1029 

(A) Schematic of a larval zebrafish at 5 dpf. Hair cells are present in the inner ear and 1030 

lateral line (blue). Hair cells are innervated by neurons in the posterior lateral-line 1031 

ganglion (pLLg) located near the inner ear (green). (B-C) The lateral line is composed of 1032 

clusters of hair cells called neuromasts (5 dpf). The apex of hair cells project from the 1033 

center of these clusters, while the ribbon synapses are located at the base of the cells. 1034 

Neuromasts can be viewed from the top-down B or from the side C. An individual hair 1035 

cell in B and C is outlined in yellow. Within hair cells, microtubule networks extend along 1036 

the apical-basal axis (B). At the base of hair cells, synaptic vesicles (Vglut3 label, green) 1037 

are enriched near the presynapse or ribbons (CTBP, magenta) (C). (D) Within hair cells 1038 

the Golgi is located above the nucleus (gray oval, n in B-C). The Golgi is where 1039 

synaptic-vesicle precursors are made de novo. Kinesin motors could be used to 1040 

transport vesicles along microtubules to the cell base. (E) Synaptic vesicles surround 1041 

the presynapse or ribbon in hair cells. Synaptic vesicles contain Rab3a, CSP and 1042 

Vglut3. Beneath the ribbon CaV1.3 channels are clustered adjacent to the postsynaptic 1043 

density (PSD). (F-H) RNA-FISH reveals that kif1aa (orange) but not kif1ab (cyan) 1044 

mRNA is present in lateral-line hair cells (YFP, gray) at 5 dpf. (H-I) Overview of the 1045 

Kif1aa and Kif1ab proteins and major domains (coiled coil (CC), fork-head associated 1046 

(FHA), pleckstrin homology (PH)). The location of the germline kif1aa lesion in the 1047 

kinesin motor domain within exon 6 is indicated. The red dashed line indicates the 1048 

regions encompassed by the RNA-FISH probe. The scale bar in B, C and H = 5 µm. 1049 
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 1050 

Figure 2. Kif1aa mutants have fewer ribbon synapses  1051 

(A-B) Example immunolabel of neuromasts at 5 dpf in a kif1aa mutant (B) or sibling 1052 

control (A). Myosin7a (Myo7a) labels hair cells, Ribeye b (Rib b) labels ribbons or 1053 

presynapses, and Maguk labels postsynapses. (C) The number of hair cells per 1054 

neuromast is the same in kif1aa mutants compared to sibling controls (control: 15.6 ± 1055 

1.3; kif1aa: 16.0 ± 1.7, unpaired t-test, p = 0.399). (D) Kif1aa mutants have fewer 1056 

complete synapses per cell (control: 3.13 ± 0.35; kif1aa: 2.68 ± 0.56, unpaired t-test, p = 1057 

0.00870). (E) In kif1aa mutants the average area of Rib b puncta (presynaptic) was 1058 

similar to sibling controls (control: 0.21 µm2 ± 0.023; kif1aa: 0.20 µm2 ± 0.02, unpaired t-1059 

test, p = 0.345). (F) In kif1aa mutants the average area of Maguk puncta (postsynaptic) 1060 

was slightly larger compared to sibling controls (control: 0.19 µm2 ± 0.02; kif1aa: 0.20 1061 

µm2 ± 0.02, unpaired t-test, p = 0.0498). n = 18 control and 15 kif1aa neuromasts in C-1062 

F. Scale bar in A = 5 µm. 1063 
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 1065 

Figure 3. Kif1aa mutants enrich less LysoTracker and Vglut3 at the presynapse. 1066 

(A-C) Example live image of Lysotracker Red (green) to label synaptic vesicles in 1067 

neuromasts at 5 dpf in a kif1aa mutant (B) or sibling control (A). The dashed box in 1068 

each images indicates the hair cells magnified and outlined with a solid line in (C). n 1069 

indicates nucleus, and dashed boxes indicate example ROIs of the apical and basal 1070 

regions used for intensity analysis in D. (D) Quantification of LysoTracker shows that in 1071 

kif1aa mutants there is significantly less enrichment at the cell base compared to sibling 1072 

controls (control: 7.38 ± 1.16; kif1aa: 0.52 ± 0.16, n = 10 kif1aa and control neuromasts, 1073 

unpaired t-test, p<0.0001). (E-G) Example immunostain of Vglut3 to label synaptic 1074 

vesicles in neuromasts at 5 dpf in a kif1aa mutant (F) or sibling control (E). The dashed 1075 

box in each images indicates the hair cells magnified and outlined with a solid line in 1076 

(G). n indicates nucleus, and dashed boxes indicate example ROIs of the apical and 1077 

basal regions used for intensity analysis in H. (H) Quantification reveals that Vglut3 is 1078 

significantly less enriched at the cell base in kif1aa mutants compared to sibling controls 1079 

(control: 2.24 ± 0.65; kif1aa: 0.45 ± 0.07, n = 12 control and 13 kif1aa neuromasts, 1080 

unpaired t-test, p<0.0001) Scale bar in A and E = 5 µm and 2 µm in C and G. 1081 

 1082 
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 1085 

Figure 4. An intact microtubule network is required to enrich LysoTracker and 1086 

Vglut3 at the presynapse. 1087 

(A-C) Example live image of LysoTracker Red (green) to label synaptic vesicles in 1088 

neuromasts at 5 dpf in wild-type larva treated with 250 nM nocodazole (B) or DMSO 1089 

control (A). The dashed box in each image indicates the hair cell magnified and outlined 1090 

with a solid line in (C). n indicates nucleus, and dashed boxes indicate example ROIs of 1091 

apical and basal regions used for the analysis in D. (D) Quantification shows 1092 

significantly less LysoTracker enrichment at the cell base in nocodazole-treated larvae 1093 

compared to DMSO control (control: 6.12 ± 0.93; nocodazole: 1.25 ± 0.40, n = 8 control 1094 

and nocodazole neuromasts, unpaired t-test, p<0.0001). (E-G) Example immunolabel of 1095 

Vglut3 to label synaptic vesicles in neuromasts at 5 dpf in larva treated with 250 nM 1096 

nocodazole (F) or DMSO control (E). The dashed box in each image indicates the hair 1097 

cell magnified and outlined with a solid line in (G). n indicates nucleus, and dashed 1098 

boxes indicate example ROIs of the apical and basal regions used for intensity analysis 1099 

in H. (H) Quantification reveals significantly less Vglut3 enrichment at the cell base in 1100 

nocodazole-treated larvae compared to DMSO controls (control: 5.75 ± 1.61; 1101 

nocodazole: 2.53 ± 0.65, n = 8 control and nocodazole neuromasts, unpaired t-test, 1102 

p<0.0001). Scale bar in A and E = 5 µm and 2 µm in C and G. 1103 
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 1105 

Figure 5. Kif1a is important to maintain synaptic vesicles at ribbon synapses 1106 

(A-B) Example live images of neuromasts at 5 dpf in a kif1aa mutant (B) or sibling 1107 

control (A) at 5 dpf. Synaptic vesicles are labeled with LysoTracker Green (green), and 1108 

ribbons are labeled with Rib a-TagRFP (magenta). The yellow dashed lines in A and B 1109 

were used to create the insets shown to the side. The top inset image shows the base 1110 

of this single hair cell labeled with Lysotracker (green) and Rib a-TagRFP (magenta), 1111 

while the bottom inset shows just LysoTracker (gray). Insets are only a partial projection 1112 
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(single cell) of the larger image. The yellow dashed circles indicated ROIs used to 1113 

quantify LysoTracker intensity at ribbons. (C) The average LysoTracker intensity at 1114 

ribbons is significantly lower in kif1aa mutants compared to sibling controls (control: 1115 

2582 ± 450; kif1aa: 1810 ± 650, n = 17 control and kif1aa neuromasts, unpaired t-test, p 1116 

= 0.0003). (D) Schematic of an individual hair cell with a ribbon (black dashed box) like 1117 

ones examined for TEM. (E-H) Representative TEM images of ribbon synapses from 1118 

kif1aa mutants (G-H) or wild-type sibling controls (E-F) at 5 dpf. In E “tethered vesicles” 1119 

are in blue, “readily releasable vesicles” in orange, while “the reserve pool” within 200 1120 

nm of the ribbon is encompassed by the yellow dashed line. (I-K) All synaptic vesicle 1121 

pools are reduced in kif1aa mutants compared to sibling controls (I, readily releasable, 1122 

control: 7 ± 1.8; kif1aa: 3.7 ± 2.0, unpaired t-test, p<0.0001; J, tethered, control: 21.1 ± 1123 

3.5; kif1aa: 13.4 ± 5.3, unpaired t-test, p = 0.0001; K, reserve pool, control: 36.3 ± 23.0; 1124 

kif1aa: 9.7 ± 5.9, unpaired t-test, p = 0.0005). n = 14 control kif1aa ribbons in I-J, and n 1125 

= 12 control and 13 kif1aa ribbons in K. Scale bar in A = 5 µm, inset is 0.1 µm, F = 250 1126 

nm. 1127 

 1128 

 1129 

 1130 

 1131 

and is also made available for use under a CC0 license. 
was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 105 

The copyright holder for this preprint (whichthis version posted May 20, 2024. ; https://doi.org/10.1101/2024.05.20.595037doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.20.595037


 42

 1132 

Figure 6. There are fewer paired Cav1.3-Rib b puncta in kif1aa mutants 1133 

(A-B) Example immunostain of neuromasts at 5 dpf in kif1aa mutants (B) or sibling 1134 

control (A). Ribeye b (Rib b) labels ribbons or presynapses, and CaV1.3 labels calcium 1135 

channels. Insets to the side show high magnification images of individual synapses. (C) 1136 

The number of paired Rib b-CaV1.3 puncta is significantly reduced in kif1aa mutants 1137 

compared to sibling controls (control: 4.13 ± 0.39; kif1aa: 3.59 ± 0.41; n = 13 control and 1138 

9 kif1aa neuromasts, unpaired t-test, p = 0.00550). (D) The average size of CaV1.3 1139 

puncta was similar between sibling controls and kif1aa mutants (control: 0.14 ± 0.02; 1140 

kif1aa: 0.15 ± 0.02, unpaired t-test, p = 0.0953). (E-F) The mean intensity and 1141 

integrated intensity of CaV1.3 puncta were significantly higher in kif1aa mutants 1142 

compared to controls (E, mean intensity, control: 1685 ± 459; kif1aa: 2961 ± 1002, 1143 

unpaired t-test, p = 0.000600; F, integrated intensity, control: 229.0 ± 73.6; kif1aa: 444.1 1144 

± 180.2, unpaired t-test, p = 0.0009). n = 13 control and 9 kif1aa neuromasts in C-F. 1145 

Scale bar in A = 5 µm, inset is 0.5 µm. 1146 
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1149 
Figure 7. Kif1aa mutants have normal mechanosensitive and presynaptic 1150 

responses.  1151 

(A) Overview of the scheme used to assess evoked calcium responses in lateral-line 1152 

hair cells. A fluid-jet is used to deliver flow stimuli to lateral-line neuromasts. A 1153 
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membrane-localized GCaMP6s (myo6b:memGCaMP6s, green) expressed in hair cells 1154 

is used to measure fluid-jet evoked calcium signals in apical hair bundles or presynaptic 1155 

calcium signals at the cell base. (B-E) Top-down images show optical planes of 1156 

memGCaMP6s in neuromast hair bundles (B,D) or at the presynapse (C,E). Heatmaps 1157 

show spatial representations of ∆ GCaMP signals during evoked mechanosensitive (B-1158 

C) and presynaptic (D-E) activity during a 500-ms stimulation (stim) compared to 1159 

prestimulus (prestim) in sibling controls and kif1aa mutants. (F-I) Traces show the 1160 

average mechanosensitive (F) and calcium presynaptic (H) calcium responses in sibling 1161 

control and kif1aa mutant hair cells (n = 8 neuromasts). Dot plots show that the average 1162 

mechanosensitive (G) and presynaptic (I) calcium responses are similar in sibling 1163 

control and kif1aa mutant hair cells (G, control: 86.1 ± 24.2, kif1aa: 78.9 ± 18.7, n = 8 1164 

control and kif1aa neuromasts, unpaired t-test, p = 0.514; I, control: 121.7 ± 57.6, 1165 

kif1aa: 124.1 ± 51.5, n = 8 control and kif1aa neuromasts, unpaired t-test, p = 0.930, 5 1166 

dpf). Scale bar in B-E = 5 µm. 1167 
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Figure 8. Afferent neurons in kif1aa mutants have fewer spontaneous spikes and 1180 

reduced evoked responses.  1181 

(A) Overview of the scheme used to record spontaneous spiking from afferent cell 1182 

bodies in the posterior lateral-line ganglion (pLLg). Glass pipettes pulled with long 1183 

tapers were used to record extracellularly in a loose-patch configuration. (B) 1184 

Representative 10 s traces show spiking in pLLg neurons in sibling control (top) and 1185 

kif1aa mutant (bottom). (C) Quantification shows that the average number of spikes per 1186 

min in kif1aa mutants is significantly lower than sibling controls (control: 207.5 ± 148.3, 1187 

kif1aa: 42.03 ± 19.70; n = 8 control and 13 kif1aa cells, unpaired t-test, p = 0.0007, 3-6 1188 

dpf). (D) Overview of the scheme used to assess evoked calcium responses in the 1189 

afferent terminals beneath lateral-line hair cells. A fluid-jet is used to deliver flow stimuli 1190 

to lateral-line neuromasts. A transgenic line (en.sill,hsp70l:GCaMP6s) expressed in 1191 

posterior lateral-line afferents is used to measure fluid-jet evoked GCaMP6s calcium 1192 

signals in afferent terminals beneath neuromasts. (E-F) Top-down images show optical 1193 

planes of GCaMP6s in afferent terminals. Heatmaps show spatial representations of ∆ 1194 

GCaMP signals in afferent terminals during a 500-ms stimulation (stim) compared to 1195 

prestimulus (prestim) in sibling control and kif1aa mutants. (G) Traces show the average 1196 

response in the afferent terminal in sibling control and kif1aa mutants (n = 10 control 1197 

and 9 kif1aa neuromasts). (H) Dot plot shows that the average response in the afferent 1198 

terminal is significantly lower in kif1aa mutants compared to sibling control (control: 82.6 1199 

± 27.9, kif1aa: 27.2 ± 24.7; n = 10 control and 9 kif1aa neuromasts, unpaired t-test, p = 1200 

0.0003, 4-5 dpf). Scale bar in E-F = 5 µm and 1 s in B. 1201 
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 1202 

Figure 9. Station holding within flow stimulus is impaired in kif1aa mutants. 1203 

(A) Top-down view of the working section of the microflume apparatus. Blue arrows 1204 

indicate the direction of water flow. A larval fish performing behavior is included for 1205 

scale. (B) Two-dimensional heat maps showing spatial use/cumulative positioning 1206 

during flow stimulus. Wild-type siblings (B) predominantly maintain position in the space 1207 

at the front of the arena (white dotted lines) in the strongest part of the flow. Cumulative 1208 

positioning in the source of the flow is reduced for kif1aa mutants (white vs. orange 1209 

dotted lines) indicating impaired ability to station hold. (C) Box and whisker plots of total 1210 

distance traveled during rheotaxis events. Under flow stimulus, the total distance 1211 

traveled by kif1aa mutant larvae was significantly reduced compared to wild-type 1212 

siblings during the second half (11-20 s) of flow stimulus (control: 50.08 nm; kif1aa: 1213 

35.07 nm, adjusted p = 0.017 (11-20 s)). (D) Box and whisker plots of the mean number 1214 

of rheotaxis events. Under flow stimulus, kif1aa mutant larvae trended toward fewer 1215 

rheotaxis events during the last half (11-20 s) of stimulus, though the difference was not 1216 
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significant (control: 4.53 events; kif1aa: 3.70 events, adjusted p = 0.0728). n = 43 wild-1217 

type and 30 kif1aa mutant larvae were tested.  1218 
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