
Copyright © 2019 Kadas et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International license, which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Research Article: Confirmation | Development

Postnatal Increases in Axonal Conduction
Velocity of an Identified Drosophila Interneuron
Require Fast Sodium, L-Type Calcium and
Shaker Potassium Channels

https://doi.org/10.1523/ENEURO.0181-19.2019

Cite as: eNeuro 2019; 10.1523/ENEURO.0181-19.2019

Received: 15 May 2019
Revised: 6 June 2019
Accepted: 12 June 2019

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 1 

Title: Postnatal Increases in Axonal Conduction Velocity of an Identified 1 
Drosophila Interneuron Require Fast Sodium, L-Type Calcium and Shaker 2 
Potassium Channels  3 
 4 
Abreviated title: Postnatal increase of  axonal conduction velocity  5 
 6 
Dimitrios Kadas 1, Carsten Duch 2, Christos Consoulas 1 7 
 8 
1 Laboratory of Experimental Physiology, National and Kapodistrian 9 
University of Athens, 11527 Athens, Greece 10 
2 Institute of Developmental Biology and Neurobiology, Johannes 11 
Gutenberg University Mainz, 55122 Mainz, Germany  12 
 13 
Corresponding author 14 
Dimitrios Kadas (PhD) 15 
Laboratory of Experimental Physiology 16 
Medical School,  17 
National and Kapodistrian University of Athens 18 
Micras Asias 75, Goudi,  19 
GR-11527, Athens 20 
GREECE 21 
tel. :    +30-210-746-2701 22 
FAX : +30-210-746-2571 23 
e-mail: dimkadas@gmail.com 24 
 25 
Number of pages: 46 26 
Number of figures (8), tables (2),  27 
Number of words for Abstract (246), Introduction (480), and Discussion 28 
(1750) 29 
Conflict of Interest: No conflict of interest 30 
Acknowledgements: DK was funded by the Hellenic Ministry of Education, 31 
Research and Religion within the framework of the action “SUPPORT OF 32 
POSTDOCTORAL RESEARCHERS” of the OP “Development of Human 33 
Resources, Education and Lifelong Learning ", 2014-2020, which is being 34 
implemented by the IKY and was co-financed from the European Social Fund 35 
and the Greek Public. Support by the German Research Foundation (DFG, DU 36 
331/6-2) to CD is gratefully acknowledged.  37 
 38 
E-mail address of all Authors 39 
Duch Carsten: cduch@uni-mainz.de 40 
Consoulas Christos: cconsoul@med.uoa.gr 41 
 42 
Keywords: giant fiber, Drosophila, postnatal, action potential propagation, 43 
voltage gated ion channels  44 
 45 
 46 



 

 2 

Abstract 47 

During early postnatal life, speed up of signal propagation through many central 48 

and peripheral neurons has been associated with an increase in axon diameter 49 

or/and myelination. Especially in unmyelinated axons postnatal adjustments of 50 

axonal membrane conductances is potentially a third mechanism but solid 51 

evidence is lacking. Here we show that axonal action potential conduction 52 

velocity in the Drosophila giant fiber interneuron (GF), that is required for fast 53 

long distance signal conduction through the escape circuit, is increased by 80% 54 

during the first day of adult life. Genetic manipulations indicate that this postnatal 55 

increase in action potential conduction velocity in the unmyelinated GF axon is 56 

likely owed to adjustments of ion channel expression or properties rather than 57 

axon diameter increases. Specifically, targeted RNAi knockdown of either Para 58 

fast voltage-gated sodium, Shaker potassium (Kv1 homologue), or surprisingly, 59 

L-type like calcium channels counteracts postnatal increases in GF axonal 60 

conduction velocity. By contrast, the calcium-dependent potassium channel 61 

Slowpoke (BK) is not essential for postnatal speeding, though it also significantly 62 

increases conduction velocity. Therefore, we identified multiple ion channels that 63 

function to support fast axonal action potential conduction velocity, but only a 64 

subset of these are regulated during early postnatal life to maximize conduction 65 

velocity. Despite its large diameter (~ 7μm) and postnatal regulation of multiple 66 

ionic conductances, mature GF axonal conduction velocity is still 20-60 times 67 

slower than that of vertebrate Aβ sensory axons and α motoneurons, thus 68 
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unraveling the limits of long range information transfer speed through 69 

invertebrate circuits. 70 

 71 

 72 

 73 

Significance statement 74 

 75 
 76 
An effective mechanism to increase information processing speed through neural 77 

circuits is enhancing plasma membrane insulation through optimizing 78 

myelination, a means that cannot be capitalized on un-myelinated invertebrate 79 

axons. We identify postnatal adjustments of the expression levels of fast sodium, 80 

Shaker potassium, and L-type calcium channels as a mechanism to almost 81 

double axonal conduction velocity in the Drosophila giant fiber axon, the core 82 

component for long range information transfer through a neural circuit optimized 83 

for fast escape responses. However, despite the regulation of multiple ion 84 

channels, mature giant fiber axonal conduction velocity still lacks magnitudes of 85 

order behind that of myelinated vertebrate fibers, thus hinting to long distance 86 

information transfer as a size-constrain in the evolution of invertebrate circuits. 87 

     88 
  89 

90 
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INTRODUCTION (480 words) 91 

 92 

 93 

Central nervous system development is not completed at birth, but early 94 

postnatal life is accompanied by structural and physiological refinement of 95 

neuronal circuits to adjust function to the new life conditions (Webb et al., 2001). 96 

In mammals, the first 2-3 weeks after birth are characterized by changes in 97 

synapse number (Kano et al., 2018) and strength (Maffei, Turrigiano, 2008) as 98 

well as changes in passive and active membrane properties to adjust network 99 

activity (Fulton, 1986; Viana et al., 1994; Zou, Hablitz, 1996; Vincent, Tell, 1997; 100 

Cabanes et al., 2002). 101 

Moreover, in many central and sensory neurons axonal action potential (AP) 102 

conduction velocity is increased postnatally, thus accelerating the speed of long 103 

rang information transfer through the nervous system (NS). Mis-regulation of this 104 

mechanism has been linked to neurological and psychiatric disorders, such as 105 

epilepsy and schizophrenia (Scharfman, McCloskey, 2009; Jaaro-Peled et al., 106 

2009; Duncan et al., 2010; Pun et al., 2012). In the vertebrate NS axonal 107 

conduction velocity is most effectively increased by myelination (Peters and Muir, 108 

1959; Gibson et al., 2014) and this process extends far into postnatal life 109 

(Barnea-Goraly, 2005). In unmyelinated axons, conduction velocity can 110 

potentially be regulated by changes in diameter, but up-regulation is limited by 111 

space constraints. As an additional mechanism, changes in axonal ionic 112 

conductances have been suggested (Foster et al., 1982; Fitzgerald, 1985, 1987; 113 
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Fulton, 1987). Although the spatial and temporal patterns of ion channel 114 

expression are regulated differentially during NS postnatal development, the 115 

contributions of these processes to adjustments of axonal conduction velocity are 116 

incompletely understood.  117 

We employ a combination of Drosophila genetics and electrophysiology to 118 

unravel ionic mechanisms that cause postnatal increases in AP propagation 119 

speed in an identified interneuron of the Giant Fiber System (GFS). The GFS is 120 

an anatomically and electrophysiologically well characterized neural circuit which 121 

mediates the jump-and-flight escape reflex in response to a threatening stimulus. 122 

The large diameter giant fiber (GF) interneuron receives sensory input in the 123 

brain and relays this information via a descending axon to the escape motor 124 

circuit in the ventral nerve cord (King, Wyman, 1980; Tanouye, Wyman, 1980; 125 

Trimarchi, Schneiderman, 1993; Hammond, O’Shea, 2007). Therefore, axonal 126 

conduction velocity through the GF axon is critical for fast escape. 127 

We demonstrate that postnatal adjustments of ion channel expression in the GF 128 

interneuron increase axonal conduction velocity by 80% during the first day of 129 

adult life. Our data indicate that increases in the expression of fast voltage-gated 130 

sodium, Shaker potassium (Kv1 homologue), and to our surprise, L-type like 131 

calcium channels mediate postnatal increases in GF axonal conduction velocity. 132 

Moreover, other active conductances, such as the BK channel, Slowpoke, also 133 

increase conduction velocity, but they do not substantially affect postnatal 134 

speeding. Therefore, we identified multiple ion channels that function to support 135 

fast axonal action potential conduction velocity, but only a subset of these are 136 
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regulated during postnatal life to tune the unmyelinated GF axon to maximum 137 

speed.  138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 

 147 

 148 

 149 

 150 

 151 

 152 

 153 

 154 

 155 

 156 

157 
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MATERIALS AND METHODS 158 

 159 

Drosophila strains and culture. Flies were raised on standard corn flour-yeast-160 

agar medium at 24ºC in a humidified incubator. Adult 1 hour post-eclosion and 24 161 

hours post-eclosion flies of both sexes were used for all experiments. The GF-162 

split-Gal4 strain [17A04_p65ADZp (attp40); 68A06_ZpGdbd (attP2)], which 163 

drives expression in the two giant fiber interneurons only (von Reyn et al., 2014), 164 

was crossed to the following strains containing UAS insertions: y1 v1; P{UAS-165 

GFP.VALIUM10}attP2 used as a control (Bloomington Stock Center, 35786; 166 

RRID:BDSC_35786), y1 sc* v1; P{TRiP.HMS00868}attP2 that expresses dsRNA 167 

for RNAi of para (Bloomington Stock Center, 33923; RRID:BDSC_33923), y1 sc* 168 

v1; P{TRiP.HMS00294}attP2 that expresses dsRNA for RNAi of DmCa1D 169 

(Bloomington Stock Center, 33413; RRID:BDSC_33413), y1 sc* v1; 170 

P{TRiP.HMC03576}attP40 that expresses dsRNA for RNAi of shaker 171 

(Bloomington Stock Center, 53347; RRID:BDSC_53347), y1 sc* v1; 172 

P{TRiP.HMS05837}attP40 that expresses dsRNA for RNAi of shal (Bloomington 173 

Stock Center, 67976; RRID:BDSC_67976), y1 sc* v1; P{TRiP.HMC04093}attP40 174 

that expresses dsRNA for RNAi of slowpoke (Bloomington Stock Center, 55405; 175 

RRID:BDSC_55405), y1 w*; PUAS-NaChBac-EGFP}1/TM3, Sb1 that expresses 176 

EGFP-tagged bacterial sodium channel (NaChBac) (Bloomington Stock Center, 177 

9467; RRID:BDSC_9467). For light microscopic analysis of Shaker channels 178 

along the GF axon, a protein trap fly strain (Bloomington Stock Center, 59423; 179 

RRID:BDCS_59423) with endogenously GFP-tagged Shaker channels (y1w* 180 
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Mi{PT-GFSTF.2}ShMI10885-GFSTF.2) was recombined with the GF-split-Gal4 line and 181 

UAS-cd4-tomato (w;GMR17A04-pBPp65ADZpUw attP40  UAS-cd4::td-182 

tomato;GMR68A06-pBPZpGAL4DBDUw attP2). The homozygous recombinant 183 

expresses GFP tagged shaker channels and UAS-cd4-tomato in the GF. 184 

 185 

Effectiveness of RNAi constructs used 186 

Although we have not measured the RNAi knock down efficacy in the giant fiber 187 

interneuron, four out of the five UAS-RNAi constructs used in this study have 188 

previously been validated in Drosophila motoneurons. The RNAi for DmCa1D 189 

calcium channels (Bloomington Stock Center, 33413; RRID:BDSC_33413) 190 

causes a 70% reduction on larval motoneuron L-type calcium current as 191 

measured by somatic voltage clamp recordings (Kadas et al., 2017). This has 192 

further been confirmed by immunocytochemistry for Dmca1D in larval 193 

motoneuron somata (Kadas et al., 2017) and by calcium imaging (Schützler et 194 

al., 2019). UAS-slo-RNAi (Bloomington Stock Center, 55405; 195 

RRID:BDSC_55405) has been tested in with the same Gal4 driver in the same 196 

types of larval motoneurons and causes a reduction in slow mediated transient 197 

outward current by about 50% (Kadas et al., 2015). Therefore, we expect knock 198 

down efficacy of slo-RNAi in the GF to be slightly lower than that of Dmca1D-199 

RNAi. The UAS-Shal RNAi construct has been validated to cause more than 200 

80% of shal mediated outward current by electrophysiological studies in the 201 

same larval motoneurons (Schaefer et al., 2010), and knock down efficacy has 202 

been further confirmed in adult Drosophila motoneurons (Ryglewski, Duch, 203 
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2009). For UAS-para-RNAi knock-down efficacy has not been quantified in 204 

Drosophila neurons. However, effectiveness and specificity have been validated 205 

indirectly by showing that UAS-para-RNAi has similar effects like para 206 

hypomorphic mutations (Kaas et al., 2016). 207 

 208 

Electrophysiological preparation and recordings. Flies were anesthetized briefly 209 

glued to a thin metal wire attached to the neck with cyanoacrylate adhesive 210 

allowed to recover from anesthesia at least for 30 min. To stimulate electrically 211 

the GF neurons or thoracic motoneurons, a pair of uninsulated tungsten 212 

electrodes was used to penetrate the eyes or thorax, respectively. A similar 213 

electrode was used to record from the DLM5-6 or TTM. A fourth tungsten 214 

reference electrode was placed into the scutellum or the abdomen (Kadas et al., 215 

2012).  216 

Brain stimulation was performed by delivering stimuli (0.15ms in duration) with a 217 

Grass S88 stimulator (W. Warwick, RI U.S.A.), while DLM or TTM muscle action 218 

potentials were acquired in the 300Hz to 10KHz frequency range and amplified 219 

100X by a differential AC amplifier (A-M systems model 1700). Data were 220 

digitized with an analogue-to-digital converter (Digidata 1200, Molecular Devices) 221 

and without filtering were analyzed and displayed with Clampex 8.1 version 222 

software (Molecular Devices). 223 

 224 

Confocal microscopy. All images were acquired with a Leica SP8 confocal laser 225 

scanning microscope. (Leica Microsystems Inc, RRID:SSR_004098) with 226 
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excitation wavelengths at 488 nm (Argon laser) and at 561 nm (DPSS laser). 227 

Detection was conducted with photomultipliers at wavelengths between 495 and 228 

515 and between 570 and 600 nm, respectively. Giant fiber diameter was 229 

measured live in freshly dissected animals with a 63x water dipping lense and a 230 

z-step size of 1 μm. Co-localization analysis of GFP-tagged shaker channels and 231 

the GF  interneuron was conducted in fixed and cleared preparations using a 40x 232 

oil lens (NA: 1.25). Maximum magnification used was zoom factor 3.5, and 290 233 

nm z-step distances, thus yielding voxel dimensions of 86 x 86 x 290 nm (x,y,z). 234 

 235 

Statistical analysis. Statistics were performed with GraphPad Prism 6.00 for 236 

Windows (La Jolla California USA, www.graphpad.com). Data were tested for 237 

normality (D'Agostino & Pearson omnibus normality test) and unpaired t-test was 238 

used to compare between pairs. Data were presented as means and SEM, and 239 

significance levels were defined as *p < 0.05; ** p < 0.01, ***p < 0.001 and **** 240 

p<0.0001. 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 
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RESULTS 250 

 251 

GF conduction velocity increases over the first day of adult life 252 

 253 

On each side of the Drosophila CNS the giant fiber system (GFS) consists 254 

of a Giant Fiber (GF) interneuron that receives sensory information to its 255 

dendrites located in the brain and relays this information through a descending 256 

axon to two thoracic motor sub-circuits: the GF-TTM (tergotrochanteral muscle) 257 

system, controlling the extension of mesothoracic legs during escape jumping, 258 

and the GF-DLMs (dorsal longitudinal flight muscles) system, controlling wing 259 

downstroke during flight initiation (Fig. 1A). In the GF-TTM and GF-DLM 260 

pathways, the GF makes mixed electrical and chemical (cholinergic) synapses 261 

with the TTM jumping motoneuron (TTMn) and the peripherally synapsing 262 

interneuron (PSI) (Sun, Wyman, 1996; Allen et al., 1999; Blagburn et al., 1999; 263 

Phelan et al., 1996; Allen, Murphey, 2007). The PSI synapses directly onto the 264 

axons of the five motoneurons (MN1-5) that innervate the dorsal longitudinal 265 

flight muscles (DLMs). MN1-4 innervate the ventralmost 4 DLM fibers, whereas 266 

MN5 innervates the two dorsalmost DLM fibers (Fig. 1A; King, Wyman, 1980; 267 

Koto et al., 1981; Ikeda, Koenig, 1988; Sun, Wyman, 1997; Koenig, Ikeda, 2005; 268 

Allen et al., 2006). The GF to DLM flight muscle pathway comprises one synapse 269 

(PSI to MN1-5) more than the GF to TTM pathway (Fig. 1A), thus adding the time 270 

for one chemical synaptic transmission onto the signal delay between GF and 271 

muscle. Therefore, the typical escape response is a jump followed by flight. 272 



 

 12 

To investigate whether the GF interneuron and /or the downstream motor circuits 273 

are subject to functional changes during early postnatal life, circuit performance 274 

was compared by electrophysiological recordings in newly eclosed (1hour Post-275 

Eclosion, 1hPE) and 1 day old mature flies (24 hours Post-Eclosion, 24hPE). We 276 

bypassed all sensory neurons and synaptic input computation times in the GF 277 

dendrites by direct electrical stimulation of the GF interneuron. Electrical 278 

stimulation of the GF elicits a muscle potential in the TTM and in the DLM 5-6 279 

muscles (fig. 1Ai, ii). The response latency (the time between GF stimulation and 280 

muscle potential; fig. 1B) is the sum of the durations for action potential 281 

conduction through the GF, PSI and respective motoneuron axons, plus the time 282 

for synaptic transmission. As stated above, for the DLM branch, the PSI to MN5 283 

synaptic delay adds to this latency (Tanouye, Wyman, 1980; Engel, Wu, 1992; 284 

Kadas et al., 2012). Therefore the latency of the GF-DLM5-6 (1.45 ± 0.03ms) 285 

pathway is significantly (statistical test and p values are provided in figure 286 

legends) longer than that of the GF-TTM (1.13 ± 0.02ms) pathway (fig. 1Aii, 1Bi, 287 

1Biii, 1Ci), although the net effect size is only about 0.3 ms, indicating that fast 288 

chemical synaptic transmission between PSI and MN5 takes only about one third 289 

of a millisecond. Please note that synaptic transmission between the GF and the 290 

TTMn is dominated by the electrical component of the mixed synapse. If the 291 

electrical component is blocked, the chemical component of the GF/TTMn 292 

synapse increases the latency in the GF-TTM pathway almost to the level of the 293 

GF-DLM5-6 pathway (Allen, Murphey, 2007; Pézier et al., 2016).  294 
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Comparing the response latency of the GF-DLM5-6 branch between one 295 

hour and one day old flies reveals a significant shortening during the first day of 296 

postnatal life from 1.66 ± 0.02ms at 1hPE to 1.45 ± 0.03ms at 24hPE (fig. 1Ai, 297 

1Aii, 1Bi, 1Ci). Similarly, 1 day old flies exhibit a shorter GF-TTM latency 298 

response (1.13 ± 0.02ms) in comparison to 1 hour old flies (1.32 ± 0.02ms; 299 

fig.1Ai, 1Aii, 1Biii, 1Ci). Therefore, during the first day of adult life (1-24hPE), 300 

response latency of both branches of the GFS is decreased by ~0.2 ms, which 301 

equals to an improvement of 14% for the GF-DLM branch (0.21ms) and 17% for 302 

the GF-TTM branch (0.19ms; fig. 1Bi, 1Biii, 1Ci). Additional measurements at 48 303 

hrs post eclosion indicated that postnatal maturation was completed by 24 hrs 304 

because response latency did not further decrease at 48 hrs (figs. 1Ciii, Civ). 305 

Measurements at 12 hrs revealed intermediated values as compared to 1 hr and 306 

24 hrs post eclosion (figs. 1Ciii, Civ)., thus indicating that conduction velocity is 307 

likely steadily increased during the first day of adult life. Although net effect size 308 

is only ~0.2 ms, this increase in conduction velocity may be of biological 309 

relevance considering that it is close to the normal difference of information 310 

processing speed through the GF-TTM versus the GF-DLM path, which ensures 311 

that jumping precedes flight initiation (see above).  A similar net decrease in 312 

latency in both GFS branches seems important to maintain the time difference in 313 

jump and succeeding flight initiation, and it indicates functional maturation of 314 

common circuit elements (axons/synapses). We next aimed at pinpointing the 315 

cellular site that underlies the postnatal increases in information transfer. 316 
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To test for potential maturation of the motoneurons and/or the 317 

neuromuscular synapses, we stimulated the motoneurons directly by inserting 318 

tungsten electrodes into the thoracic nerve cord and recorded the responses 319 

from the DLM and the TTM muscle, respectively. The latency between 320 

motoneuron activation and muscles responses of 1 hour old flies was not 321 

significantly different from that of 1 day old flies, for both, the DLM branch (1hPE 322 

0.95 ± 0.03ms, 24hPE 0.97 ± 0.03ms; fig. 1A, 1Bii, 1Cii) and the TTM branch 323 

(1hPE 0.80± 0.04ms, 24hPE 0.84 ± 0.02ms; fig. 1A, 1Biv, 1Cii). Hence, 324 

motoneuron axonal conduction speed and neuromuscular transmission delay do 325 

not undergo postnatal changes. This leaves GF axonal conduction speed as 326 

cause for postnatal speeding of GF. 327 

The action potential conduction time in the GF axon can be estimated by 328 

subtracting the TTMn-to-TTM latency from the GF-to-TTM latency. Note that the 329 

GF to TTMn synapse is dominated by electrical transmission, and thus, does not 330 

add notable time to the latency. According to this calculation the GF axonal 331 

conduction duration decreased by 80% during the first day of postnatal period, 332 

from 0.52 ± 0.04ms in 1hPE flies to 0.29 ± 0.03ms in 24hPE flies (~0.23ms; fig. 333 

1A, 1Ciii, table1). Considering that the axon of the GF is approximately 0.6mm 334 

long, this equals to an  increase in axonal conduction velocity from 1.15 ± 335 

0.09m/s at 1hPE to 2.07 ± 0.21m/s in 24PE flies (fig. 1A, 1Civ, table 2). We next 336 

aimed at addressing the ionic basis of this postnatal increase in axonal 337 

conduction velocity of the GF interneuron.  338 

 339 
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 340 

Voltage-gated sodium and L-type calcium channels contribute to the GF 341 

conduction velocity increase postnatally 342 

     343 

Potential mechanisms underlying postnatal increases in axonal conduction 344 

velocity are (i) an enlargement in axon diameter (this would result in decreased 345 

axial resistance, thus increasing the length constant ; Hodgkin, 1954), (ii) 346 

improving glial wrapping (this would result in increased membrane resistance, 347 

thus increasing ; Moore et al., 1978), and (iii) hypothetically, changes in the 348 

complement, properties, and/or densities of ion channels located in the axonal 349 

membrane. First, axon diameter changes can be ruled unlikely because it has 350 

been suggested that the axon of the GF reaches its final diameter before 351 

eclosion (Allen et al., 1998). Indeed, confocal images demonstrate that the GF 352 

outer axon diameter (~7μm) is not different between 1hPE and 24hPE flies (fig. 353 

2). But note that CLSM just uncovers the outer axon diameter. EM would be 354 

required to rule out small changes in the effective inner diameter that determines 355 

axoplasmatic resistance. However, we feel that subtle differences in effective 356 

axon diameter that might be hidden to CLSM diameter measurements are 357 

difficult to reconcile with the observed 80% increase in conduction velocity. 358 

Second, the GF is a non-myelinated invertebrate axon, thus making major effects 359 

of glial insulation on action potential conduction speed unlikely. Please note that 360 

GF axonal conduction velocity is roughly similar to that of unmyelinated C fibers 361 

in vertebrates (see discussion). Therefore, we hypothesized that postnatal 362 
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changes in the expression of axonally localized voltage-gated ion channels may 363 

underlie postnatal AP conduction velocity increases in the GF. 364 

To test this, we manipulated the expression levels of selected ion 365 

channels specifically in the GF by targeting UAS-transgenes with a split-GAL4 366 

driver that expresses solely in the GF interneurons (von Reyn et al., 2014), and 367 

compared axonal conduction velocity at 1h (1hPE) and at 24 post adult eclosion 368 

(24hPE). This approach ideally requires identical levels of RNAi knock down 369 

efficacy in the GF interneuron at both stages. To exclude largely different 370 

expression levels of Gal4 at both staged, we estimated knock-down efficacy in 371 

the GF by expressing UAS-RNAi for GFP under the control of the GF selective 372 

split-GAL4;UAS-mcd8-GFP driver and compared fluorescence intensity at both 373 

stages (figs. 2D-G). At 1hPE targeted expression of UAS-GFP-RNAi decreased 374 

mean GFP fluorescence intensity in the GF interneuron highly significantly (figs. 375 

2D, F) by ~70% (fig. 2G), thus demonstrating significant effects of RNAi at 1hPE. 376 

GFP fluorescence was not further decreased at 24hPE (figs. 2D, F, G). Although 377 

this approach provides only a rough estimate of RNAi knock down efficacy, and 378 

generalization for different RNAi constructs is not readily possible, these data 379 

indicate that UAS-RNAi expression in the GF may provide roughly similar knock-380 

down efficacy at 1h and at 24hPE. However, this does not exclude different 381 

knock down efficacies of UAS-RNAi constructs for different ion channels. Four of 382 

the five UAS-RNAi constructs for different ion channels used in this study (see 383 

below) have previously been confirmed to cause 50-70% knock-down efficacy in 384 

larval Drosophila motoneurons by means of electrophysiology and/or 385 
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immunocytochemistry (see methods). Taken together, it seems plausible to 386 

assume that each RNAi constructs used caused knock down of the respective 387 

channels in the GF neuron, and that for a given ion channel knock down efficacy 388 

was similar at both stages tested.   389 

We first tested the contribution of voltage-gated sodium channels for 390 

axonal conduction velocity. Fast sodium channels are required for action 391 

potential generation and propagation in the GF (Tanouye, Ferrus, 1985; Tanouye 392 

et al., 1981; von Reyn et al., 2014). The only gene encoding fast voltage-gated 393 

sodium channels in Drosophila is paralytic (para) or DmNav (Feng et al., 1995; 394 

Mee et al., 2004). We lowered the amount of para expression in the GF 395 

interneuron by targeted expression of para-RNAi. For both stages tested (1hPE 396 

and 24hPE), this resulted in a significant decrease in axonal conduction velocity 397 

in the GF interneuron (figs. 3A, B), which was calculated from measurements of 398 

the response latency increases in the GF-TTM pathway with and without para 399 

RNAi (figs. 3Bi, 3Biii, 3Ci). The latency between TTMn and TTM was not affected 400 

because the RNAi knockdown was targeted to the GF only (figs. 3Bii, 3Biv, 3Cii). 401 

Keeping in mind that the GF axonal conduction time equals the time difference 402 

between the GF-TTM and the TTMn-TTM latencies, para RNAi knockdown in the 403 

GF increases axonal conduction time from 0.52 ± 0.04ms to 0.69 ± 0.04ms at 404 

1hPE and from 0.29 ± 0.03ms to 0.47 ± 0.03ms at 24hPE (fig. 3Ciii, table1). This 405 

corresponds to a 32% decrease in GF axonal conduction velocity at 1hPE (1.15 406 

± 0.09m/s in control to 0.87 ± 0.05m/s in para RNAi knockdown), but in a 62% 407 

decrease in conduction velocity at 24hPE (from 2.07 ± 0.21m/s in control to 1.28 408 
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± 0.08m/s in para RNAi knockdown) (fig. 3A, 3Civ, table2). Therefore, para RNAi 409 

had a stronger effect in more mature GF interneurons. However, even in the 410 

presence of para RNAi we found a postnatal decrease in GF conduction time of 411 

0.21ms (from 0.69 ± 0.04ms to 0.47 ± 0.03ms; fig. 3Ciii, table1), corresponding to 412 

a postnatal speeding of only 47% (fig. 3Aii, table2), roughly half the postnatal 413 

speeding found in control (80%; fig. 3Ai, 8, table2).   414 

Since GF action potential conduction velocity was decreased upon 415 

lowering the amount of Para channels, we hypothesized that conversely, an 416 

upregulation of voltage-gated sodium channel expression will increase GF axonal 417 

conduction velocity. Although Drosophila Para channels have been functionally 418 

characterized in Xenopus oocytes (Lin et al., 2009), UAS-para transgenes have 419 

so far not been successfully expressed in flies (Lin and Baines, 2015). Therefore, 420 

we drove expression of a transgene encoding the bacterial sodium channels, 421 

NaChBac, specifically in the GF (GF split-Gal4). Functional sodium current 422 

through NaChBac expressed in Drosophila neurons and muscles has previously 423 

been demonstrated (Luan et al., 2006; Nitabach et al., 2006). We predicted that 424 

an increase in the total number of (bacterial + native) sodium channels will 425 

increase axonal conduction velocity. Indeed, for both stages tested (1hPE and 426 

24hPE), the latency in the GF-TTM pathway was significantly lower in flies 427 

expressing the NaChBac transgene than in control ones (fig. 4Bi, 4Biii, 4Ci). 428 

Again, given that expression was restricted to the GF interneuron, the latency 429 

between TTMn and TTM remained unchanged following NaChBac transgene 430 

expression (fig. 4Bii, 4Biv, 4Cii). Thus, in contrast to the increased axonal 431 
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conduction time upon para RNAi knockdown, the expression of extra sodium 432 

channels significantly decreased conduction time in the GF axon of 1hPE flies 433 

(0.52 ± 0.04ms vs 0.35 ± 0.02ms) and of 24hPE flies (0.29 ± 0.03ms vs 0.16 ± 434 

0.03ms) (fig. 4Ciii, table1), and therefore, increased GF conduction speed (1.15 ± 435 

0.09m/s vs 1.71 ± 0.10m/s) at 1hPE and (2.07 ± 0.21m/s vs 3.75 ± 0.70m/s) at 436 

24hPE (fig. 4A, 4Civ). Therefore, with extra sodium (NaChBac) channel 437 

expression, the postnatal increase in action potential conduction velocity is 438 

further enhanced to 119% (fig. 4Aii, table2), as compared to the 80% 439 

enhancement in control (fig. 4Ai, 8, table2). To sum up, sodium channels control 440 

axonal conduction speed in the GF and may contribute to postnatal maturation.  441 

We next tested possible contributions of other voltage-gated ion channels 442 

localized in the axon. It has recently been demonstrated that L-type calcium 443 

channels encoded by Dmca1D localize to motoneuron axons, where they 444 

augment high frequency firing (Kadas et al., 2017). Targeted DmCa1D RNAi 445 

knockdown, specifically in the GF, dramatically increased response latency in the 446 

GF-TTM pathway at both stages examined (fig. 5Bi, 5Biii, 5Ci). Given that the 447 

TTMn and its neuromuscular junction with TTM (TTMn/TTM) do not contribute to 448 

that change in response latency (fig. 5Bii, 5Biv, 5Cii), the data demonstrate that 449 

DmCa1D RNAi knockdown significantly increases GF axonal conduction time, 450 

both at 1hPE (0.52 ± 0.04ms vs 0.73 ± 0.05ms) and at 24hPE (0.29 ± 0.03ms vs 451 

0.64 ± 0.04ms; fig. 5Ciii, table1). Noticeably, this corresponds to a decrease in 452 

GF axonal conduction speed of 40% (1.15 ± 0.09m/s vs 0.82 ± 0.06m/s) at 1hPE 453 

and a much higher decrease of 120% (2.07 ± 0.21m/s vs 0.94 ± 0.06m/s) at 454 
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24hPE (fig. 5A, 5Civ, table2). Consequently, in DmCa1D RNAi knockdown flies 455 

postnatal speeding of GF axonal conduction velocity was reduced to just 15% 456 

(fig. 5Aii, table2), as compared to 80% in control (fig. 4Ai, 8, table2). Hence, in 457 

addition to reducing conduction speed at both stages tested, DmCa1D plays a 458 

major role in postnatal conduction velocity speeding.  459 

 460 

 461 

Shaker and Slowpoke potassium channels control the GF conduction 462 

velocity, but only Shaker contributes to its postnatal increment 463 

 464 

In addition to having identified two voltage-gated channels mediating inward 465 

current that increase action potential conduction velocity, we also tested for 466 

potential roles of potassium outward currents. We tested the Drosophila 467 

homologs of the mammalian KV1 and KV4 voltage-gated potassium channels, 468 

such as Shaker and Shal, and the BK channel homolog Slowpoke. In Drosophila 469 

motoneurons, Shaker and Shal mediate fast activating, fast inactivating voltage-470 

gated potassium currents (Ryglewski, Duch, 2009), while Slowpoke underlies 471 

transient calcium-activated potassium currents (Kadas et al., 2015). Expression 472 

of each of these potassium channels was reduced by selective expression of the 473 

respective UAS-RNAi transgenes specifically in the GF interneuron (von Reyn et 474 

al., 2014).    475 

Axonal localization of Shaker potassium channel in Drosophila DLM flight 476 

MNs has previously been demonstrated by immunocytochemistry (Ryglewski, 477 
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Duch, 2009). Although light microscopy lacks sufficient spatial resolution to 478 

unambiguously assign labeled ion channel proteins to the membrane of an 479 

identified neuron in situ, high resolution confocal laser microscopy of UAS-tomato 480 

expressing GF axons in animals with endogenously GFP-tagged Shaker 481 

channels suggested that Shaker channels likely localize to the GF axonal 482 

membrane (figs. 6A-C). Representative projection views show the GF axons 483 

between the cervical connectives and their axon terminals in the thoracic 484 

neuromere, as well as many additional Shaker positive descending axons (fig. 485 

6A). Single optical sections (0.3 μm section thickness) reveal patches of GFP 486 

tagged Shaker channels that co-localize with segments of UAS-tomato positive 487 

GF axonal membrane (figs. 6B, C), whereas the lumen of the large diameter GF 488 

axons is mostly devoid of Shaker label. This indicated functional Shaker channel 489 

localization to the GF axonal membrane.  490 

Targeted RNAi knockdown of shaker (sh) in the GF significantly increased 491 

the latency in the GF-TTM pathway at both stages, though the effect is smaller at 492 

1hPE (figs. 6Ei, 6Eiii, 6Fi). Again, motoneuron axonal conduction and 493 

neuromuscular transmission were not significantly affected by the expression of 494 

sh RNAi in the GF interneuron (fig. 6Eii, 6Eiv, 6Fii). Sh RNAi knockdown in the 495 

GF of 1hPE flies did not cause a statistically significant change in the GF 496 

conduction time (0.56ms ± 0.05ms vs 0.52 ± 0.04ms of control; fig. 6Fiii, table1). 497 

By contrast, sh RNAi knockdown in the GF of 24hPE flies significantly enhanced 498 

the GF conduction time (0.29 ± 0.03ms vs 0.41 ± 0.04ms of controls fig. 6Fiii, 499 

table1). Consequently, sh RNAi knockdown decreased GF axonal conduction 500 
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speed significantly at 24hPE (2.07 ± 0.21m/s vs 1.46 ± 0.14m/s), but not at 1hPE 501 

(1.15 ± 0.09m/s vs 1.07 ± 0.10m/s) (fig. 6A, 6Fiv). Given that sh RNAi 502 

knockdown reduced GF conduction at 24hPE by 42%, but only by 7% at 1hPE 503 

(table2), postnatal conduction speeding was only 36% (fig. DAii, table2), as 504 

compared to 80% in control (fig. 6Di, table2).  505 

Targeted RNAi knockdown of shal in the GF caused a small but statistically 506 

significant increase of the latency recorded in the GF-TTM pathway at 1hPE (fig. 507 

7Bi, 7Biii, 7Ci), without affecting the latency between TTMn and TTM (fig. 7Bii, 508 

7Biv, 7Cii). By contrast, it did not significantly affect response latency of the GF-509 

TTM pathway at 24hPE (fig. 7Bi, 7Biii, 7Ci). Similar to sh RNAi knockdown, the 510 

almost negligible increase in response latency in the GF-TTM pathway at 1hPE 511 

did not account for a statistically significant increase in the GF conduction time 512 

(fig. 7Ciii). Indeed, shal RNAi knockdown had only small effects on GF 513 

conduction velocity, a 6% at decreases at 1hPE (1.15 ± 0.09m/s vs 1.09 ± 514 

0.06m/s) and a 14% decrease at 24hPE (2.07 ± 0.21m/s vs 1.82 ± 0.17m/s) (fig. 515 

7A, 7Civ, table2). Therefore, Shal RNAi knockdown lowered postnatal speeding 516 

in GF conduction velocity only minimally, from 80% in controls (fig. 7Ai, 8, table2) 517 

to 67 % (67%; fig. 7Aii, table2). 518 

Finally, RNAi knockdown of slowpoke (or slo) significantly increased GF-TTM 519 

pathway latency (fig. 8Bi, 8Biii, 8Ci) and axonal conduction time in the GF (fig. 520 

8Ciii) at both stages tested (1hPE and 24hPE). Again, TTMn to TTM was not 521 

affected (fig. 8Bii, 8Biv, 8Cii) by slo RNAi knockdown in the GF. Given that slo 522 

RNAi exerted a slightly stronger effect at 24hPE than at 1hPE (56% decrease in 523 
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the GF conduction speed at 24hPE vs 35% at 1hPE; table2), the postnatal 524 

speeding of the GF conduction velocity in the presence of slo RNAi knockdown 525 

was reduced from 80% in control to 56% with slo RNAi expression (fig. 8A, 8Civ, 526 

8, table2). 527 

In summary, Shaker voltage-gated and Slowpoke calcium-activated potassium 528 

channels significantly increase axonal conduction velocity in the GF. However, in 529 

the presence of constant RNAi expression, postnatal speeding of the GF axonal 530 

conduction is affected much stronger with sh RNAi than with slo RNAi (see fig. 531 

6A vs 8A). Knockdown of para reduces postnatal speeding to a similar amount 532 

as sh RNAi (see fig. 3A vs 6A). By contrast, targeted expression of Dmca1D 533 

RNAi eliminates postnatal speeding of axonal conduction velocity almost 534 

completely (see fig. 5A). In sum, postnatal upregulation of both Shaker outward 535 

and sodium inward current likely contributes to the postnatal increase of the GF 536 

axonal conduction speed, but up-regulation of L-type calcium channels seems 537 

most important. 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 
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DISCUSSION   (1750 words) 547 

 548 

 549 

AP conduction velocity in the GF interneuron increases postnatally 550 

 551 

We show that information transfer through the Drosophila GFS becomes 552 

significantly faster during the first 24h of adult life. We ruled out functional 553 

changes in the PSI and/or the PSI/MN synapse, because these contribute only in 554 

the GF-DLM pathway, but both GFS branches showed similar decreases in 555 

response latency. This is in accord with previous findings that electrical (GF to 556 

TTMn, GF to PSI; Phelan et al., 1996; Jacobs et al., 2000) and chemical (PSI to 557 

MN1-5; Allen et al., 2006) synapse formation are completed during pupal stages. 558 

We also ruled out postnatal changes of MNs or neuromuscular synapses, 559 

because muscle response latencies to MN firing remained unaltered, and MN 560 

axons expand over the developing DLM muscles already by ~10h APF 561 

(Fernandes, Keshishian, 1996, 1998; Consoulas et al., 2002). Consequently, 562 

decreased response latency is caused by an 80% increase in GF axonal 563 

conduction velocity from 1.15 ± 0.09m/s at 1hPE to 2.07 ± 0.21m/s at 24PE. 564 

Although AP travel time through the GF axon is decreased by only 0.2ms, at the 565 

scale of a fruit fly this might be relevant. For a threat approaching with ~30km/h 566 

(roughly the speed of a frog tongue) 0.2ms provide an advantage of 1.6mm, 567 

more than half a fly’s body length. 568 
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Axonal conduction velocity can be increased by enlarging axon diameter, 569 

improving plasma membrane insulation by myelination (Hartline, Colman, 2007; 570 

Fitzgerald, 1985; Fulton, 1987), or by adjusting ion channel expression levels, or 571 

by modifying channel properties (see below). First, although glial wrapping may 572 

affect conduction velocity in unmyelinated invertebrate axons (Dutta et al., 2016), 573 

we judge this mechanism unlikely, because mature GF conduction velocity is 574 

~2m/s, comparable to vertebrate unmyelinated C-fibers. Second, GF 575 

morphological maturation is reportedly completed during pupal life (Allen et al., 576 

1998), and we experimentally ruled out postnatal increases in outer axon 577 

diameter by CLSM. Therefore, we hypothesized changes in ion channel 578 

expression or in ion channel function to underlie postnatal conduction velocity 579 

increases. Postnatal changes in sodium and potassium currents are reported in 580 

rat optic nerve (Foster et al., 1982). In trigeminal ganglion sensory neuron (Aδ) 581 

postnatal conduction velocity increases are accompanied by a sharpening of AP 582 

shape (Cabanes et al., 2002). GF action potentials depend on sodium inward 583 

and potassium currents (Tanouye et al., 1981; Tanouye and Ferrus, 1985; von 584 

Reyn et al., 2014).  Therefore, we first tested the role of fast sodium channels. 585 

 586 

 587 

Increased sodium channel expression is required for GF postnatal 588 

speeding  589 

 590 
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Moderate RNAi knock-down of para (DmNav) decreased GF axonal conduction 591 

velocity. Similarly, in unmyelinated axons innervating the rat cranial meninges, 592 

reduced extracellular sodium concentrations or low doses of sodium channel 593 

blockers decrease conduction velocity (De Col et al., 2008). By contrast, 594 

overexpressing of bacterial sodium channels (NaChBac) increased GF axonal 595 

conduction velocity. Since voltage-gated sodium channels mediate the rising 596 

phase of the AP via positive feedback (Catterall, 2000), increased channel 597 

numbers likely accelerate depolarization speed. Conversely, a faster 598 

depolarization may accelerate sodium channel inactivation and thus increase 599 

repolarization speed.  600 

Reducing sodium channel expression affected GF conduction velocity in mature 601 

flies significantly stronger than in newly eclosed ones. Therefore, the GF likely 602 

becomes equipped with a larger number of fast sodium channels during the first 603 

day of adult life. Alternatively, axonal conductance velocity could be regulated by 604 

the expression of different sodium channel isoforms. A variety of Para splice 605 

variants with different activation/inactivation kinetics exist (Olson et al., 2008; Lin 606 

et al., 2009), and sodium current amplitude is affected by activity dependent 607 

regulation of para mRNA levels and translation (Baines et al., 2001; Baines, 608 

2003; Mee et al., 2004; Murano et al., 2008).  609 

 Similarly, in mammals, the ten genes (SCN1A-SCN11A; Goldin, 2001) encoding 610 

sodium channel α-subunits show differential expression patterns during postnatal 611 

maturation. Although it is known that the expression of TTX sensitive, fast Nav1.6 612 

and Nav1.7 channels increases postnatally (Felts et al., 1997), while the 613 
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expression of TTX resistant, slower kinetics Nav1.8 and Nav1.9 channels peaks 614 

earlier (Benn et al., 2001), a direct link to postnatal adjustments of conduction 615 

velocities has not been made. In rat DRG, TTX resistant sodium channels may 616 

contribute to the slow conduction velocity of unmyelinated C fibers (Ogata, 617 

Tatebayashi, 1992).  618 

Therefore, especially in non-myelinated axons the regulation of ion channel 619 

expression seems to provide an effective means to adjust conduction velocity. 620 

However, despite our finding that overexpression of bacterial sodium channels 621 

increased conduction velocity, whereas reduction of para transcript by RNAi 622 

reduced conduction velocity, we cannot rule that normal postnatal speeding may 623 

be caused by additional mechanisms, such as the expression of accessory 624 

subunits, differential splicing, or channel phosphorylation. Auxiliary subunits of 625 

voltage gated ion channels can increase sodium channel functional diversity and 626 

affect channel biophysical properties as well as trafficking and surfacing (Tseng 627 

et al., 2007). Furthermore, channels expression and function are also regulated 628 

by phosphorylation (Scheuer, 2011). Therefore, in addition to postnatal increases 629 

of channel expression levels multiple additional mechanisms could in principle 630 

increase GF axonal conduction velocity during the first day post eclosion. A direct 631 

proof for increased sodium channel expression levels as the cause for GF 632 

speeding would require single cell qRT-PCR of FISH. 633 

 634 

L-type calcium channels are required for postnatal increases in GF axonal 635 

conduction velocity 636 
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 637 

Our data indicate that sodium channels account only partially for GF axonal 638 

conduction velocity increases. Targeted RNAi knockdown of DmCa1D L-type 639 

calcium channels in the GF strongly decreased axonal conduction velocity at 640 

both stages tested, and it abolished postnatal speeding almost completely. An 641 

acute function of Dmca1D in fast AP conduction is difficult to reconcile with the 642 

slow activation kinetics of most L-type channels (Mermelstein et al., 2000; 643 

Yasuda et al., 2003). But note that L-type channel activation kinetics can be 644 

altered by alternative splicing and auxiliary subunits (Birnbaumer et al. 1998; 645 

Lipscombe 2002; Liu et al. 2003). Ten different Dmca1D isoforms are annotated, 646 

and Drosophila HVA channels interact with auxillary β- and α2  subunits. In larval 647 

MNs calcium influx through Dmca1D indirectly reduces AP duration, rise and 648 

decay times, and refractory period (Kadas et al., 2017), parameters which vary 649 

inversely with conduction velocity in mammalian unmyelinated fibers (Paintal, 650 

1967; Swadlow and Waxman, 1976). Therefore, axonal L-Type channels may 651 

acutely increase GF conduction velocity. 652 

Alternatively, activity dependent calcium influx through L-type channels may 653 

regulate the expression levels of other ion channels (Flavell, Greenberg, 2008), 654 

but this possibility is difficult to reconcile with the much stronger effect of 655 

Dmca1D RNAi at 24h as compared to 1h post eclosion. However, a reduction of 656 

Dmca1D expression by targeted RNAi expression critically counteracts the 657 

normal increases in GF conduction velocity.  Postnatal regulation of L-type 658 

channel expression has also been reported in spinal cord (Jiang et al., 1999) and 659 
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sinoatrial node (Protas et al., 2001). At this point we cannot pinpoint whether 660 

Dmca1D current has a direct effect on conduction velocity, or whether calcium 661 

influx through Dmca1D channels alters the transcriptional level or properties of 662 

other ion channels, thus affecting GF conduction velocity indirectly. Ideally, one 663 

would measure expression levels of multiple channels with and without Dmca1D 664 

RNAi at both stages, but single cell qRT-PCR or FISH are beyond the scope of 665 

this study. 666 

 667 

 668 

Shaker and BK channels increase GF conduction velocity and postnatal 669 

speeding 670 

 671 

Outward potassium currents play crucial roles in limiting sodium channel 672 

inactivation or promoting de-inactivation (Baranauskas, 2007). In mammals and 673 

Drosophila, the fast AP afterhyperpolarization depends on A-type and BK 674 

potassium channels (Lancaster, Nicoll, 1987; Sah, Faber, 2002; Kadas et al., 675 

2015). In the GF targeted RNAi knockdown of different potassium channels had 676 

different effects (table 2): Shal-RNAi (Kv4 homolog) had only small effects on 677 

conduction velocity and speeding. Slo-RNAi (BK homolog) reduced conduction 678 

velocity at both stages and reduced speeding by ~25 %. Shaker-RNAi (Kv1 679 

homolog) reduced axonal conduction speed only in mature flies, thus limiting 680 

postnatal speeding. Shaker channels localize to the axons of Drosophila central 681 

neurons (Rogero et al., 1997), motoneurons (Ryglewski and Duch, 2009), and 682 
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likely also the GF axonal membrane (this study). In Shaker mutants APs 683 

recorded from the GF axon showed a prolonged repolarization (Tanouye et al., 684 

1981; Tanouye and Ferrus, 1985). Slowpoke channels sharpen AP shape and 685 

shorten refractory period in Drosophila motoneurons (Kadas et al., 2015, 2017). 686 

Hence, Shaker and Slo are candidates for increasing GF axonal conduction 687 

velocity.  688 

Given that shaker RNAi knockdown affects GF axonal conduction velocity at 689 

24hPE but not at 1hPE, it seems likely that Shaker channel expression and 690 

localization to the GF axonal membrane is upregulated during the first day of 691 

adult life. Postnatal up-regulation of Shaker has also been described in rat 692 

neocortical and TG neurons, sympathetic neurons and in mouse hippocampus 693 

(Grosse et al., 2000; Seifert at al., 1999; McFarlane, Cooper, 1992; Bordey 694 

Sontheimer, 1997; Guan et al., 2011). However, on the level of 695 

immunocytochemistry for Shaker channels that were endogenously tagged with 696 

GFP, we could not find any evidence for a significant upregulation of Shaker 697 

protein levels, neither in the GF axonal membrane nor in neighboring descending 698 

axons. One possible explanation is that newly emerged flies (1hPE) lack auxiliary 699 

subunits (e.g. hyperkinetic) that render Shaker channel functional, or that other 700 

co-factors increase Shaker current through a given amount of channels during 701 

the first day of adult life. Although the precise mechanism requires further study, 702 

our data show that postnatal regulation of Shaker is required for postnatal 703 

increases of AP conduction velocity in the GF.  704 
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In sum, fast sodium current through Para channels, L-type calcium current 705 

through Dmca1D channels as well as A-type potassium current through Shaker 706 

and BK current through Slowpoke channels all increase axonal AP conduction 707 

velocity, most likely through AP sharpening.  Postnatal regulation of either the 708 

expression levels (including appropriate trafficking to plasma membrane) or the 709 

function of these channels during the first day of adult life co-operatively 710 

increases AP conduction velocity by 80%, but the relative contributions of each 711 

channel are different. Regulating the expression levels and/ or properties of 712 

axonal ion channels provides a valuable means for increasing the speed of 713 

information transfer in unmyelinated axons, and thus, is likely a critical factor in 714 

invertebrate nervous system development and evolution. Therefore, direct 715 

measures of transcript levels or studies of mechanisms (e.g. differential splicing, 716 

post-translational modification, auxiliary subunits) controlling ion channel 717 

function, during postnatal maturation, will be needed to discriminate among these 718 

possibilities. By contrast, in the vertebrate NS myelination provides a more 719 

effective means, and thus mature conduction velocity of the unmyelinated GF 720 

remains about 20-60 times slower than that of vertebrate Aβ sensory axons and 721 

α motoneurons, despite roughly similar diameters.  722 

   723 

  724 

 725 
 726 
 727 
 728 
 729 
 730 
 731 
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 1009 

FIGURE LEGENDS 1010 

 1011 

Figure 1. The GF axonal conduction velocity increases 80% during postnatal 1012 

maturation. A, GFS schematic depiction at 1hPE (Ai) and 24hPE (Aii) control 1013 

flies. Average latency ± SEM for GF-DLM5-6, GF-TTM, MN5-DLM5-6 and TTMn-1014 

TTM branches are indicated between dotted lines. Lower boxes on GF indicate 1015 

the latency in the GF axon. Upper boxes on GF indicates the GF axonal speed. 1016 

The percentage of the GF speeding (80%) during the first day of the fly life is 1017 
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presented in the gray-black arrow. B, 10 overlapping sweeps of action potentials 1018 

recorded from DLM5-6 muscles, after GF (Bi) or MN5 (Bii) stimulation, and from 1019 

TTM muscle, after GF (Biii) or TTMn (Biv) stimulation, at 1hPE (gray) and 1020 

24hPE (black) flies. Times above double arrows indicate the latency, which is 1021 

measured as the interval of time between the stimulus artifact (black arrow) and 1022 

the onset of the initial phase of muscle potential (white arrow). Underlined time 1023 

values show the difference in latency measurements between the two stages. C, 1024 

Latency measurements in the GF-DLM5-6 and GF-TTM pathways (Ci), in the 1025 

MN5-DLM5-6 and TTMn-TTM sub-pathways (Cii), in the GF axon (Ciii) and 1026 

measurements of the GF axonal speed (Civ), at 1hPE (50% black) ), 12hPE 1027 

(70% black) and 24hPE or 48hPE  (black) flies. Underlined time values between 1028 

dotted arrows indicate the latency difference between1hPE and 24hPE. Data are 1029 

shown as means ± SEM (Ci-iii). Dots on box plots showcase the measurements 1030 

from individual flies (Civ). Asterisks indicate p values from one-way ANOVA with 1031 

posthoc Dunnett's tests (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).  1032 

GFS, Giant Fiber System; GF, Giant Fiber; 1hPE, 1 hour Post-Eclosion; 24hPE, 1033 

24 hours Post-Eclosion; PSI, Peripherally Synapsing Interneuron; MN5, 1034 

Motoneuron 5; DLM, Dorsal Longitudinal Muscle; TTM; Tergotrochanteral 1035 

Muscle; St, Stimulation site, Re, Recording site; S, stimulus; R, Record. 1036 

 1037 

 1038 

 1039 

Figure 2. The GF axon diameter does not increase postnatally, and GFP-RNAi 1040 

decreases GFP fluorescence similarly at 1h and 24h post eclosion. A, 1041 

Representative confocal image stacks of the GF interneuron axons between the 1042 

neck connectives and the terminals in the VNC at 1hPE (A) and at 24hPE (B). To 1043 

avoid potential histology artifacts images were taken live in saline with a 60x 1044 

water dipping lens from freshly dissected animals with UAS-cd4-tomato 1045 

expression in the GF. White boxes indicate areas shown as selective 1046 

enlargements in (Ai) and (Bi). C, Quantification from 14 axons at each stage 1047 

shows that GF axon diameter is similar at 1hPE and 24hPE (p > 0.6, Students T-1048 
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test). VNC, Ventral Nerve Cord. (D-G) In comparison to control (D) targeted GFP 1049 

RNAi knock down reduces GFP fluorescence at both stages tested, 24hPE (E) 1050 

and 1hPE (F). (G) Quantification of mean gray levels in 8 bit tiff images of the GF 1051 

axon (0-254 gray levels) reveals a significant reduction by about 70%, but no 1052 

differences between both stages tested (ANOVA with Newman Keuls posthoc 1053 

testing). ** indicates P < 0.01, n.s. indicates p > 0.3.      1054 

 1055 

 1056 

Figure 3. Para-RNAi decreases postnatal conduction velocity speeding in the 1057 

GF. A, GF schematic depiction at 1hPE (gray) and 24hPE (black) in controls (Ai) 1058 

as compared to 1hPE (orange) and 24hPE (red) in flies with para RNAi (Aii). GF 1059 

axonal conduction velocity (dotted arrow) is given for each experimental group. 1060 

The percentage of the GF postnatal speeding in control (gray-black arrow, 80%) 1061 

is strongly reduced by para RNAi knockdown (orange-red arrow, 47%). B, 1062 

Representative TTM muscle action potentials recorded after GF (Bi) or TTMn 1063 

(Bii) stimulation at 1hPE (gray) and at 24hPE (black) in control flies as compared 1064 

to para RNAi knockdown (Biii, GF stimulation; Biv, TTMn stimulation) at 1hPE 1065 

(orange) and at 24hPE (red). Times above double arrows and between dotted 1066 

lines indicate the latency between GF (or TTMn) and TTM. Latency differences 1067 

between stages are underlined for control and for para RNAi knockdown. C, 1068 

Latency measurements in the GF-TTM pathway (Ci), in the TTMn-TTM sub-1069 

pathway (Cii), in the GF axon (Ciii) and measurements of the GF axonal speed 1070 

(Civ), at 1hPE (gray) and 24hPE (black) in controls and at 1hPE (orange) and 1071 

24hPE (red) in flies expressing para RNAi transgene. Underlined times between 1072 

dotted arrows indicate the latency difference between the two stages in control 1073 

and para RNAi knockdown. Data are shown as means ± SEM (Ci-iii). Dots on 1074 

box plots showcase the measurements from individual flies (Civ). Asterisks 1075 

indicate p values from one-way ANOVA with posthoc Dunnett's tests (*p < 0.05, 1076 

***p < 0.001, ****p < 0.0001).  1077 

 1078 
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Figure 4. Expression of extra sodium channels (NaChBac) increases postnatal 1079 

conduction velocity speeding in the GF. A, GF schematic depiction at 1hPE 1080 

(gray) and 24hPE (black) in controls (Ai) as compared to 1hPE (light orange) and 1081 

24hPE (neon red) in flies expressing NaChBac channels (Aii). GF axonal 1082 

conduction velocity (dotted arrow) is given for each experimental group. The 1083 

percentage of the GF postnatal speeding in control (gray-black arrow, 80%) is 1084 

strongly increased by NaChBac channels expression (light orange-neon red, 1085 

119%). B, Representative TTM muscle action potentials recorded after GF (Bi) 1086 

or TTMn (Bii) stimulation at 1hPE (gray) and at 24hPE (black) in control flies as 1087 

compared to flies expressing NaChBac channels (Biii, GF stimulation; Biv, 1088 

TTMn stimulation) at 1hPE (light orange) and at 24hPE (neon red). Times above 1089 

double arrows and between dotted lines indicate the latency between GF (or 1090 

TTMn) and TTM. Latency differences between stages are underlined for control 1091 

and for NaChBac channels expression. C, Latency measurements in the GF-1092 

TTM pathway (Ci), in the TTMn-TTM sub-pathway (Cii), in the GF axon (Ciii) 1093 

and measurements of the GF axonal speed (Civ), at 1hPE (gray) and 24hPE 1094 

(black) in controls and at 1hPE (light orange) and 24hPE (neon red) in flies 1095 

expressing NaChBac transgene. Underlined times between dotted arrows 1096 

indicate the latency difference between the two stages in control and flies 1097 

expressing NaChBac sodium channels. Data are shown as means ± SEM (Ci-iii). 1098 

Dots on box plots showcase the measurements from individual flies (Civ). 1099 

Asterisks indicate p values from one-way ANOVA with posthoc Dunnett's tests 1100 

(**p < 0.01, ***p < 0.001, ****p < 0.0001).  1101 

 1102 

 1103 

  1104 

 1105 

 1106 

Figure 5. DmCa1D-RNAi almost eliminates postnatal conduction velocity 1107 

speeding in the GF. A, GF schematic depiction at 1hPE (gray) and 24hPE (black) 1108 

in controls (Ai) as compared to 1hPE (cyan) and 24hPE (blue) in flies with 1109 
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DmCa1D RNAi (Aii). GF axonal conduction velocity (dotted arrow) is given for 1110 

each experimental group. The percentage of the GF postnatal speeding in 1111 

control (gray-black arrow, 80%) is extremely reduced by DmCa1D RNAi 1112 

knockdown (cyan-blue arrow, 15%). B, Representative TTM muscle action 1113 

potentials recorded after GF (Bi) or TTMn (Bii) stimulation at 1hPE (gray) and at 1114 

24hPE (black) in control flies as compared to DmCa1D RNAi knockdown (Biii, 1115 

GF stimulation; Biv, TTMn stimulation) at 1hPE (cyan) and at 24hPE (blue). 1116 

Times above double arrows and between dotted lines indicate the latency 1117 

between GF (or TTMn) and TTM. Latency differences between stages are 1118 

underlined for control and for DmCa1D RNAi knockdown. C, Latency 1119 

measurements in the GF-TTM pathway (Ci), in the TTMn-TTM sub-pathway 1120 

(Cii), in the GF axon (Ciii) and measurements of the GF axonal speed (Civ), at 1121 

1hPE (gray) and 24hPE (black) in controls and at 1hPE (cyan) and 24hPE (blue) 1122 

in flies expressing DmCa1D RNAi transgene. Underlined time values between 1123 

dotted arrows indicate the latency difference between the two stages in control 1124 

and DmCa1D RNAi knockdown. Data are shown as means ± SEM (Ci-iii). Dots 1125 

on box plots showcase the measurements from individual flies (Civ). Asterisks 1126 

indicate p values from one-way ANOVA with posthoc Dunnett's tests (*p < 0.05, 1127 

**p < 0.01, ***p < 0.001, ****p < 0.0001). 1128 

 1129 

Figure 6. Shaker channels are localized in the GF axon and Sh-RNAi decreases 1130 

postnatal conduction velocity speeding. A-Aii, Projection views of a 1131 

representative confocal image stack from the GF with UAS-cd4-tomato 1132 

expression (red) and Shaker channel expression as visualized by an 1133 

endogenous GFP tag (green). Dotted white boxes in (Ai) indicate the areas 1134 

which are selectively enlarged in (B) and in (C) and shown as z-projections of 1135 

1μm (3 optical sections). White arrowheads demark areas with overlap of 1136 

patches of GF axonal membrane (red) and Shaker-GFP label. The GF axonal 1137 

lumen is mostly devoid of Shaker-GFP label.  D, GF schematic depiction at 1hPE 1138 

(gray) and 24hPE (black) in controls (Di) as compared to 1hPE (violet) and 1139 

24hPE (purple) in flies with Sh RNAi (Dii). GF axonal conduction velocity (dotted 1140 
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arrow) is given for each experimental group. The percentage of the GF postnatal 1141 

speeding in control (gray-black arrow, 80%) is strongly reduced by Sh RNAi 1142 

knockdown (violet-purple arrow, 36%). E, Representative TTM muscle action 1143 

potentials recorded after GF (Ei) or TTMn (Eii) stimulation at 1hPE (gray) and at 1144 

24hPE (black) in control flies as compared to Sh RNAi knockdown (Eiii, GF 1145 

stimulation; Eiv, TTMn stimulation) at 1hPE (violet) and at 24hPE (purple). Times 1146 

above double arrows and between dotted lines indicate the latency between GF 1147 

(or TTMn) and TTM. Latency differences between stages are underlined for 1148 

control and for Sh RNAi knockdown. F, Latency measurements in the GF-TTM 1149 

pathway (Fi), in the TTMn-TTM sub-pathway (Fii), in the GF axon (Fiii), and 1150 

measurements of the GF axonal speed (Fiv), at 1hPE (gray) and 24hPE (black) 1151 

in controls and at 1hPE (violet) and 24hPE (purple) in flies expressing Sh RNAi. 1152 

Underlined times between dotted arrows indicate the latency difference between 1153 

the two stages in control and Sh RNAi knockdown. Data are shown as means ± 1154 

SEM (Fi-iii). Dots on box plots showcase the measurements from individual flies 1155 

(Fiv). Asterisks indicate p values from one-way ANOVA with posthoc Dunnett's 1156 

tests (*p < 0.05, ***p < 0.001, ****p < 0.0001). 1157 

 1158 

Figure 7. Shal-RNAi does not affect postnatal conduction velocity speeding in 1159 

the GF. A, GF schematic depiction at 1hPE (gray) and 24hPE (black) in controls 1160 

(Ai) as compared to 1hPE (violet) and 24hPE (purple) in flies with Shal RNAi 1161 

(Aii). GF axonal conduction velocity (dotted arrow) is given for each experimental 1162 

group. The percentage of the GF postnatal speeding in control (gray-black arrow, 1163 

80%) is not significantly reduced by Shal RNAi knockdown (violet-purple arrow, 1164 

67%). B, Representative TTM muscle action potentials recorded after GF (Bi) or 1165 

TTMn (Bii) stimulation at 1hPE (gray) and at 24hPE (black) in control flies as 1166 

compared to Shal RNAi knockdown (Biii, GF stimulation; Biv, TTMn stimulation) 1167 

at 1hPE (violet) and at 24hPE (purple). Times above double arrows and between 1168 

dotted lines indicate the latency between GF (or TTMn) and TTM. Latency 1169 

differences between stages are underlined for control and for Shal RNAi 1170 

knockdown. C, Latency measurements in the GF-TTM pathway (Ci), in the 1171 
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TTMn-TTM sub-pathway (Cii), in the GF axon (Ciii) and measurements of the 1172 

GF axonal speed (Civ), at 1hPE (gray) and 24hPE (black) in controls and at 1173 

1hPE (violet) and 24hPE (purple) in flies expressing Shal RNAi transgene. 1174 

Underlined time values between dotted arrows indicate the latency difference 1175 

between the two stages in control and Shal RNAi knockdown. Data are shown as 1176 

means ± SEM (Ci-iii). Dots on box plots showcase the measurements from 1177 

individual flies (Civ). Asterisks indicate p values from one-way ANOVA with 1178 

posthoc Dunnett's tests (***p < 0.001, ****p < 0.0001).  1179 

 1180 

Figure 8. Slo-RNAi affects slightly postnatal conduction velocity speeding in the 1181 

GF A, GF schematic depiction at 1hPE (gray) and 24hPE (black) in controls (Ai) 1182 

as compared to 1hPE (mint green) and 24hPE (green) in flies with Slo RNAi 1183 

(Aii). GF axonal conduction velocity (dotted arrow) is given for each experimental 1184 

group. The percentage of the GF postnatal speeding in control (gray-black arrow, 1185 

80%) is moderately reduced by Slo RNAi knockdown (mint green-green arrow, 1186 

56%). B, Representative TTM muscle action potentials recorded after GF (Bi) or 1187 

TTMn (Bii) stimulation at 1hPE (gray) and at 24hPE (black) in control flies as 1188 

compared to Slo RNAi knockdown (Biii, GF stimulation; Biv, TTMn stimulation) 1189 

at 1hPE (mint green) and at 24hPE (green). Times above double arrows and 1190 

between dotted lines indicate the latency between GF (or TTMn) and TTM. 1191 

Latency differences between stages are underlined for control and for Slo RNAi 1192 

knockdown. C, Latency measurements in the GF-TTM pathway (Ci), in the 1193 

TTMn-TTM sub-pathway (Cii), in the GF axon (Ciii) and measurements of the 1194 

GF axonal speed (Civ), at 1hPE (gray) and 24hPE (black) in controls and at 1195 

1hPE (mint green) and 24hPE (green) in flies expressing Slo RNAi transgene. 1196 

Underlined time values between dotted arrows indicate the latency difference 1197 

between the two stages in control and Slo RNAi knockdown. Data are shown as 1198 

means ± SEM (Ci-iii). Dots on box plots showcase the measurements from 1199 

individual flies (Civ). Asterisks indicate p values from one-way ANOVA with 1200 

posthoc Dunnett's tests (**p < 0.01, ***p < 0.001, ****p < 0.0001).  1201 

 1202 
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 1203 

 1204 

 1205 

 1206 

 1207 

Table 1. Latency measurements in the GF-TTM pathways, in the TTMn-TTM 1208 

sub-pathways and in the GF axon at 1hPE (gray) and 24hPE (black) control as 1209 

compared to 1hPE and 24hPE in flies where genes encoding ion channels were 1210 

expressed or knocked down specifically in the GF interneurons. The latency in 1211 

the GF axon is estimated by subtracting the TTMn-TTM latency from the GF-1212 

TTM latency. Data are shown as means ± SEM. (n), number of preparation 1213 

tested. 1214 

   1215 

 1216 

 1217 

 1218 

Table 2. % increase (+) or decrease (-) in GF axonal conduction speed due to 1219 

targeted expression or knockdown of genes encoding ion channels in the GF 1220 

interneurons at 1hPE (gray) and 24hPE (black) flies, or during the first day of the 1221 

fly life (1-24hPE). Asterisks indicate p values from one-way ANOVA with posthoc 1222 

Dunnett's tests (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).  1223 

 1224 
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Table1. Latency measurements 
                                    GF-TTM                         TTMn-TTM      GF=(GF-TTM)-(TTMn-TTM) 
                              Mean±SEM                      Mean±SEM                       Mean±SEM 
                                     (n)                                     (n)                                     (n)   
Genotype 1hPE 24hPE 1hPE 24hPE 1hPE 24hPE 
 
Control 

 
1.32±0,02ms 
     (7) 

 
1.13±0,02ms 
     (9) 

 
0.80±0,04ms 
     (5) 

 
0.84±0,02ms 
     (8) 

 
0.52±0,04ms 
      (7) 

 
0.29±0,03ms 
      (9) 

Para-
RNAi 

 
1.52±0,03ms 
     (8) 

 
1.29±0,03ms 
     (8) 

 
0.83±0,03ms 
     (5) 

 
0.82±0,03ms 
     (5) 

 
0.69±0,04ms 
      (8) 

 
0.47±0,03ms 
      (8) 

 
NaChBac 
 

 
1.21±0,02ms 
     (9) 

 
1.02±0,01ms 
     (8) 

 
0.86±0,02ms 
     (6) 

 
0.86±0,02ms 
     (7) 

 
0.35±0,02ms 
      (9) 

 
0.16±0,03ms 
      (8) 

DmCa1D-
RNAi 

 
1.59±0,03ms 
     (9) 

 
1.48±0,02ms 
     (9) 

 
0.86±0,02ms 
     (5) 

 
0.84±0,02ms 
     (6) 

 
0.73±0,05ms 
      (9) 

 
0.64±0,04ms 
      (9) 

Sh-RNAi  
1.43±0,04ms 
     (8) 

 
1.25±0,02ms 
     (8) 

 
0.87±0,03ms 
     (5) 

 
0.84±0,03ms 
     (5) 

 
0.56±0,05ms 
      (8) 

 
0.41±0,04ms 
      (8) 

Shal-RNAi  
1.42±0,03ms 
     (9) 

 
1.17±0,02ms 
     (8) 

 
0.87±0,02ms 
     (6) 

 
0.84±0,03ms 
     (7) 

 
0.55±0,03ms 
      (9) 

 
0.33±0,03ms 
      (8) 

Slo-RNAi  
1.58±0,04ms 
     (9) 

 
1.31±0,02ms 
     (10) 

 
0.87±0,01ms 
     (5) 

 
0.86±0,02ms 
     (7) 

 
0.71±0,04ms 
      (9) 

 
0.45±0,03ms 
     (10) 
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Table2. % change in GF axonal conduction speed                                 
 
 

    
 % change due to “knockdown” or        

“expression” of genes encoding          
ionic channels                      

 

% change due to 
postnatal 
maturation 
 

Genotype 1hPE 24hPE 1-24hPE 

 
Control 

 
------- 

 
------    80% 

 *** 
 

Para-RNAi 
   -32% 

 * 
  -62% 

 *** 
   47% 

 *** 
 

NaChBac 
   +49% 

 *** 
   +81% 

 ** 
   119% 

 **** 
 

DmCa1D-RNAi 
   -40% 

 ** 
   -120% 

 **** 
   15% 
  “ns” 

 
Sh-RNAi 

   -7% 
  “ns” 

   -42% 
 * 

   36% 
*** 

 
Shal-RNAi 

   -6% 
  “ns” 

   -14% 
   “ns” 

   67% 
*** 

 
Slo-RNAi 

   -35% 
 ** 

   -56% 
 ** 

   56% 
**** 


