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Abstract 37 

Behaviorally adequate neuronal firing patterns are critically dependent on the specific 38 

types of ion channel expressed and on their subcellular localization. This study combines 39 

in situ electrophysiology with genetic and pharmacological intervention in larval Drosophila 40 

melanogaster of both sexes to address localization and function of L-type like calcium 41 

channels in motoneurons. We demonstrate that Dmca1D (Cav1 homolog) L-type like 42 

calcium channels localize to both, the somatodendritic and the axonal compartment of 43 

larval crawling motoneurons. In situ patch clamp recordings in genetic mosaics reveal that 44 

Dmca1D channels increase burst duration and maximum intraburst firing frequencies 45 

during crawling-like motor patterns in semi-intact animals. Genetic and acute 46 

pharmacological manipulations suggest that prolonged burst durations are caused by 47 

dendritically localized Dmca1D channels, which activate upon cholinergic synaptic input 48 

and amplify excitatory postsynaptic potentials, thus indicating a conserved function of 49 

dendritic L-type channels from Drosophila to vertebrates. By contrast, maximum intraburst 50 

firing rates require axonal calcium influx through Dmca1D channels, likely to enhance 51 

sodium channel de-inactivation via a fast afterhyperpolarization through BK channel 52 

activation. Therefore, in unmyelinated Drosophila motoneurons different functions of 53 

axonal and dendritic L-type like calcium channels likely operate synergistically to maximize 54 

firing output during locomotion.  55 

 56 

Significance Statement 57 

Nervous system function depends on the specific excitabilities of different types of 58 

neurons. Excitability is largely shaped by different combinations of voltage-dependent ion 59 

channels. Despite a high degree of conservation, the huge diversity of ion channel types 60 

and their differential localization pose challenges in assigning distinct functions to specific 61 

channels across species. We find a conserved role, from fruit flies to mammals, for L-type 62 

calcium channels in augmenting motoneuron excitability. As in spinal cord, dendritic L-type 63 

channels amplify excitatory synaptic input. In contrast to spinal motoneurons, axonal L-64 

type channels enhance firing rates in unmyelinated Drosophila motoraxons. Therefore, 65 

enhancing motoneuron excitability by L-type channels seems an old strategy, but 66 

localization and interactions with other channels are tuned to species-specific 67 

requirements.  68 
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Introduction 69 

Motoneurons (MNs) are the relay output from the central pattern generating (CPG) 70 

networks to the muscles. Although CPGs generate the principle patterns of spiking output 71 

to the muscles (Marder et al., 2005; Grillner et al., 2005; Kiehn, Kullander, 2004), the final 72 

motor output depends not only on network connectivity but also on the intrinsic properties 73 

of MNs, because these compute synaptic input far beyond threshold summation (Kiehn, 74 

1991; Kiehn, et al., 2000; Heckman et al., 2003). Therefore, addressing the specific 75 

contributions of MN membrane currents to the production of rhythmic motor output is 76 

critical to understanding the control of movement in healthy and diseased animals.  77 

 L-type Ca2+ channels play important roles in regulating spinal MN excitability. Localized 78 

to dendrites, these channels may contribute to persistent inward current (PIC) and amplify 79 

synaptic input, especially in the presence of aminergic modulation (Heckman et al., 2003; 80 

2005; Hultborn et al., 2013). The Drosophila homolog of vertebrate Cav1 L-type Ca2+ 81 

channels is Dmca1D (Zheng et al., 1995). Somatic patch clamp recordings from larval 82 

Drosophila crawling MNs indicate a conserved somatodendritic localization of L-type 83 

channels (Worrell, Levine, 2008). However, the function of L-type channels in invertebrate 84 

neurons and the degree to which the regulation of MN excitability is conserved from 85 

insects to vertebrates remain incompletely understood.  86 

 This study shows directly by immunocytochemistry that Dmca1D localizes to patches of 87 

larval Drosophila MN dendritic membrane, but in contrast to spinal MNs, L-type channels 88 

also localize to the axons of Drosophila motoneurons. In situ patch clamp recordings in 89 

genetic mosaics reveal that L-type like channels increase burst duration and maximum 90 

intraburst firing frequencies during locomotion. Combining imaging and current clamp 91 

recordings with acute pharmacological manipulation indicates that dendritic channels 92 

function to amplify excitatory synaptic drive, as in vertebrates. By contrast, axonal Ca2+ 93 

influx through L-type channels promotes maximum MN firing rates by enhancing Na+ 94 

channel de-inactivation via a fast afterhyperpolarization that is caused by transient BK 95 

channel activation (Kadas et al., 2015).   96 
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Methods 97 

Animals: Drosophila melanogaster were reared in standard plastic vials with foam 98 

stoppers on a yeast-cornmeal-syrup-agar diet at 25°C with a 12-h light/dark regimen. 99 

Wandering third instar larvae of both sexes were used for all experiments. Canton-S (CS, 100 

Bloomington stock 64349, RRID: BDSC_64349) and w1118 (Bloomington stock 3605, RRID: 101 

BDSC_3605) larvae were used as wildtype or wildtype-like controls. The homozygous 102 

viable allele of Dmca1D, AR66 (Eberl et al., 1998; obtained from Dr. D. Eberl, University of 103 

Iowa, Iowa City, IA), contains a point mutation causing a hypomorphic phenotype (Ren et 104 

al. 1998) and was used to assess the consequences of reduced Dmca1D function in all 105 

cells.  106 

We used mosaic analysis with a repressible cell marker (MARCM; Lee, Luo, 2001) to 107 

create animals with few Dmca1D null mutant MNs in an otherwise heterozygous 108 

background. We used the null mutant X10 allele of Dmca1D (Bloomington stock 25141, 109 

RRID:BDSC_25141) to create a fly strain containing the X10 allele behind a Flippase 110 

target recognition site (P {neoFRTry+}40A, from Bloomington stock 5759, 111 

RRID:BDSC_5759) to obtain b1 Ca-α1DX10 P {neoFRTry+}40A / CyO P {ActGFP}JMR1. 112 

This strain was crossed to a fly strain containing a heat shock inducible Flippase and the 113 

GAL4 inhibitor GAL80 under the control of the strong tubulin promoter behind the 114 

respective Flippase recognition target site (P{hsFLP}1, y1w* P{UAS-115 

mCD8::GFP.L}Ptp4ELL4; P{tubPGAL80}LL10 P{neoFRT}40A; P{tubP-GAL4}LL7, 116 

Bloomington stock 42725, RRID:BDSC_42725). The heat shock inducible Flippase was 117 

activated by placing embryos two hours after egg laying for 30 minutes from 25 to 34°C. 118 

Egg laying was permitted on fresh grape juice agar for 1 hour.   119 

To restrict Dmca1D-RNAi (VDRC, RRID:SCR_013805, stock 51491 and Bloomington 120 

stock 33413, HMS00294, RRID:BDSC_33413) knock down to two identified MNs per 121 

ventral nerve cord hemisegment, expression was driven under the control of the even-122 

skipped promoter (RN2-GAL4, Bloomington stock 7473, RRID:BDSC_7473, Fujioka et al., 123 

2003). RN2 expresses in MN1-Ib which innervates muscle 1 with big type I terminal 124 

boutons and in MNISN-Is which innervates multiple dorsal muscles via the intersegmental 125 

nerve (ISN) and has small type I terminals (Hoang, Chiba, 2001). MN1-Ib (or short MN1b) 126 

and MNISN-Is (or short MN1s) are also named by their embryonic identities as aCC and 127 

RP2, respectively (Fujioka et al., 2003). In all RNAi experiments inclusion of extra Dicer-2 128 

(UAS-Drc2, Bloomington Stock 24650, RRID:BDSC_24650, Dietzl et al., 2007) was used 129 
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to increase knock down strength as previously reported (Ryglewski et al., 2012; 130 

Hutchinson et al., 2014). 131 

Since RN2 is a relatively weak driver in the third instar, a Flippase strategy was 132 

employed to express the UAS-RNAi constructs in a mosaic fashion under the control of the 133 

particularly strong actin-GAL4 promoter. In this scheme, the Flippase is driven by the weak 134 

RN2 promoter to remove a stop cassette to activate the strong actin-GAL4 promoter. This 135 

resulted in strong RNAi expression in only a small subset of aCC and RPs neurons (see 136 

Hartwig et al., 2008; fly strain courtesy Dr. S. Sanyal, BIOGEN-Idec, Cambridge, MA, 137 

USA). This scheme creates genetic mosaics, so that non-GFP labeled MNs could be used 138 

as internal controls to evaluate RNAi knock down efficacy. Although the VDRC stock 139 

51491 has previously been reported to yield 30 to 70 % knock down of Dmca1D current as 140 

recorded from larval MN somata (Worrell, Levine, 2008), we found that the TRiP RNAi 141 

construct (HMS00294, RRID:BDSC_33413) yielded a stronger and more reliable knock 142 

down when tested by somatic patch clamp recordings or by immunolabeling. Therefore, 143 

HMS00294 (full genotype: y1 sc* v1; P{TRiP.HMS00294}attP2) was used to address the 144 

function of Dmca1D in larval MNs during locomotion. TRiP.HMS00294 has been targeted 145 

with a VALIUM vector (Vermillion-attB-loxP-Intron-UAS-MCS) to an attP-landing site on 146 

the third chromosome of Drosophila (Ni et al., 2009).  As genetic controls, we used 147 

animals with the same VALIUM vector inserted at the same attP landing site in the same 148 

genetic background (Bloomington Stock 35786, RRID:BDSC_35786), but without siRNAi 149 

(Ni et al., 2008).  150 

Larval preparation: Third instar larvae were dissected in normal saline (composition in 151 

mM: 128 NaCl, 2 KCl, 1.8 CaCl2, 4 MgCl2, 5 HEPES, and 35 sucrose to adjust osmolality 152 

to 300mOsm kg−1; pH was adjusted to 7.25 with 1 M NaOH). Larvae were pinned dorsal 153 

side up in silicone elastomere (Sylgard 184, Dow Corning, Wiesbaden, Germany) lined 154 

petri dishes with minute pins through the mouthhooks and the tail. Animals were dissected 155 

along the dorsal midline, and the dorsal cuticle and muscles were stretched laterally and 156 

pinned down with two minute pins on each side. After removal of the gut and esophagus, 157 

the VNC was exposed, mounted onto an upright fixed stage Zeiss Axioskop 2 FS plus 158 

fluorescence microscope, and viewed with a 40x water-immersion objective. When 159 

constantly perfused with saline, about 20 % of the larval preparations spontaneously 160 

produced crawling-like motor patterns as characterized by peristaltic waves of rhythmic 161 

contractions which propagate from posterior to anterior (Fox et al., 2006; Heckscher et al., 162 

2012).  163 



 

6 
 

Electrophysiology: Extracellular nerve root recordings were conducted as recently 164 

described (Kadas et al., 2015). To facilitate access to RP2 and aCC MNs with the 165 

recording electrode, the ganglionic sheath was digested by focally applying 1% protease 166 

(Protease Type XIV from Streptomyces griseus, Sigma Aldrich cat. # P5147; CAS 9036-167 

06-0) in normal saline with a large patch pipette (1 MΩ tip resistance). Recording patch 168 

pipettes with a tip resistance of 6-8 MΩ were pulled from borosilicate glass (1.5 mm OD, 169 

1.0 mm ID without filament, World Precision Instruments) with a vertical pipette puller (PC-170 

10, Narishige). After protease treatment, the preparation was rinsed with 5 ml normal 171 

saline for 2 minutes before patching onto the MNs. For current clamp recordings 172 

electrodes contained internal solution of the following composition (in mM): 140 173 

Kgluconate, 2 MgCl2, 2 Mg-ATP, 10 HEPES, 11 EGTA, glucose to adjust osmolality to 174 

300mOsm kg−1, pH 7.25. External solution was normal saline (see above). For voltage 175 

clamp recordings of Ca2+ currents TEA-Cl (Sigma Aldrich, cat # T2265, CAS 56-34-8) and 176 

4-AP (Sigma Aldrich, cat # 275875, CAS 504-24-5) were used to block K+ currents, and 177 

TTX (300 nM, Roth Chemicals, Germany, cat # 6973.1, CAS 4368-28-9) was used to 178 

block sodium current. The internal patch solution consisted of (in mM): 140 CsCl, 2 Mg-179 

ATP, 0.5 CaCl2, 1.1 EGTA, 20 TEA-Br, 0.5 4-AP, 10 Hepes. The pH was adjusted to 7.24 180 

with CsOH; osmolality was to 323 mOsm kg−1; osmolality of the respective external 181 

solution was adjusted to 320 mOsm kg−1 with sucrose.  182 

All recordings were conducted in a bath volume of 300μl under constant saline flow (~ 2 183 

ml minute) at 24° C with an Axopatch 200B amplifier (Molecular Devices). Data were 184 

digitized with a Digidata 1322A (Molecular Devices) at a sampling rate of 10 kHz. Before 185 

approaching the cell, the offset potential was nulled manually. Upon obtaining a gigaohm 186 

seal, fast capacitive artifacts were compensated manually in patch mode at a holding 187 

potential of -70 mV. Whole cell configuration was achieved with gentle negative pressure. 188 

Recordings were carried out with serial resistances between 10 and 15 MΩ. For voltage 189 

clamp recordings whole cell capacitance was determined and compensated using the 190 

Axopatch 200B C-slow dial. Voltage errors caused by series resistance were predicted at 191 

90%, and compensated for by 40–50% at a time constant of 2 μs. In voltage clamp mode 192 

input resistance was calculated from the linear slope of the I-V relationship at subthreshold 193 

command potentials and subtracted off-line. In current clamp input resistance was 194 

calculated identically but not corrected. Ca2+ currents were induced by voltage steps from -195 

90 to +20 mV in 10 mV increments from a holding potential of −90 mV.  196 
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Intrinsic excitability of MNs was determined in current clamp mode by somatic square 197 

pulse current injections. At a resting membrane potential of -60 mV square pulse currents 198 

of 400 ms duration were applied in 10 pA increments from -40 to + 90 pA.   199 

MN firing patterns during crawling-like movements were recorded in current clamp in 200 

gap-free acquisition mode. Larval movements were monitored visually. Larval locomotion 201 

was not induced but all recordings shown were spontaneously occurring motor patterns. 202 

All electrophysiological data was acquired and analyzed with PClamp 10.4 software 203 

(Molecular Devices, RRID:SCR_011323).  204 

MN postsynaptic responses to nicotinic acetylcholine receptor activation were recorded 205 

with somatic whole cell recordings in current clamp mode. The receptor agonist nicotine (2 206 

x 10-5 M, Sigma Aldrich, cat # N3876, CAS, 54-11-5) was pressure applied focally to MN 207 

dendrites with a sharp microelectrode connected to a Picospritzer II (General Valve 208 

Corporation). Pulse duration was 3 ms and pressure was set to 20 psi. 209 

Calcium imaging: The genetically encoded calcium indicator GCaMP6s (20xUAS-210 

GCaMP6s attP40, Bloomington Stock 42746, RRID:BDSC_42746) was expressed in MNs 211 

under the control of RN2-GAL4. An Orca Flash 4.0 LT CMOS camera (C11440-42U; 212 

Hamamatsu Photonics K.K.) with HOKAWO 2.10 software was used for image acquisition. 213 

Exposure times were between 75 and 100ms. Image series were streamed. Raw data 214 

were exported to Microsoft Excel 2010, and ΔF/F was calculated as previously described 215 

(Duch, Levine, 2002; Ryglewski et al., 2017). 216 

Immunocytochemistry: For immunostainings of GFP, the active zone marker bruchpilot 217 

(brp) and Dmca1D channels, larvae were dissected in saline, fixed in paraformaldehyde 218 

(4% in 0.1 M PBS) for 45 minutes, washed 6 times 20 minutes in PBS (0.1 M), and 4 times 219 

30 minutes in PBS-TritonX (0.5%). Then preparations were incubated with primary 220 

antibodies (rabbit anti-GFP, Invitrogen, A11122, RRID:AB_221569, 1:400; mouse anti-Brp, 221 

nc82, DSHB, RRID:AB_2314867, 1:200; goat anti-Dmca1D, Santa Cruz, sc-32083, 222 

RRID:AB_653056, 1:400) overnight at 4°C in PBS-TritonX (0.1%). Specificity of the 223 

antibody for Drosophila Dmca1D channels was tested by Western blotting (Fig. 1C), 224 

immunocytochemistry on larval muscle (Fig. 1D), Dmca1DX10 mutant versus control 225 

embryos (Fig. 1Di), control as compared to Dmca1D RNAi knock down MN somata (Figs. 226 

1E-F), and Dmca1DX10 mutant MNs in genetic mosaics (Figs. 1G-H). Following incubation 227 

with primary ABs preparations were washed 6 times 30 minutes in PBS and incubated in 228 

secondary ABs (donkey anti rabbit-Alexa-488, Jackson ImmunoResearch, Cat # 711-546-229 

152 RRID:AB_2340619; donkey anti mouse-Alexa 555, Thermo Fisher Cat #  A-31570; 230 
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RRID:AB_2536180; donkey anti goat-Alexa 647, Jackson ImmunoResearch, Cat # 705-231 

605-147 RRID:AB_2340437; all 1:1000) over night at 4°C. Then preparations were 232 

washed 6 times 30 minutes in PBS, dehydrated in an ascending ethanol series (50, 70, 90, 233 

100%, 10 minutes each), cleared and mounted in methylsalicylate.  234 

Western blotting:  Flies were anesthetized on ice for 10 minutes. Then brains were 235 

removed quickly (< 30 s per brain)  and immediately homogenized in 85 μl sample buffer 236 

(2x concentrated: 125 mM 4x Tris-HCl/SDS, pH 6.8, 20 % glycerol, 4 % SDS, 20 mM 237 

dithiothreitol, 0.001 % bromophenol blue (all Biorad) in ddH2O). Samples were boiled for 238 

three minutes, spinned down for 30 s at 13,000 rpm, and stored at -28°C until used. Upon 239 

usage, samples were boiled for three minutes directly out of the freezer, spinned down for 240 

1 min at 13,000 rpm and immediately loaded into gel pockets. The SDS-PAGE gel 241 

consisted of a 4 % stacking gel (pH 6.8) and a 5 % running gel (pH 8.8). Electrophoresis 242 

buffer consisted of: 25 mM Tris base, 190 mM glycine, and 0.1 % SDS (all Biorad) in 243 

ddH2O.  Pockets were loaded with 85 μl samples containing 10 brains per lane. Band size 244 

was determined using Spectra Multicolor High Range Protein Ladder (Life Technologies, 245 

Germany, # 26625), 40 μl per lane. The electrophoresis was run at room temperature 246 

(~22°C). Large vertical electrophoresis chambers (40 ml, 15x100 μl pockets, with 1.5 mm 247 

thick spacers, Hoefer, Inc, Holliston, MA, USA) guaranteed good separation of protein 248 

bands. Proteins were run through the stacking gel at a constant current of 20 mA (~1.5 h). 249 

Upon reaching the running gel, current was increased to 30 mA until the bromophenol blue 250 

front reached the bottom of the gel (~5 h). Proteins were transferred onto nitrocellulose 251 

membrane (Biorad) overnight at 4°C at a constant voltage of 35 V using transfer buffer (25 252 

mM Tris base, 192 mM glycine (both Biorad), 15 % methanol (Sigma, Germany) in 253 

ddH2O). Next day the nitrocellulose membrane was washed in ddH2O for 10 min. 254 

Nitrocellulose was washed 3 x 20 min in Tris-buffered saline with Tween 20 (TBST; 10 mM 255 

Tris pH 7.5 (Biorad) and 150 mM NaCl, 0.1 % Tween 20 (both Sigma, Germany), in 256 

ddH2O), then blocked for two hours at room temperature in 10 % milk powder (Sigma 257 

Germany) in TBST, and washed again in TBST 3 x 20 min. Antibodies were prepared in 258 

2.5 % milk powder in TBST and not mixed to avoid cross-reaction. As loading control 259 

polyclonal rabbit α-heatshock protein 90 (hsp 90) antibody was used 1:1000 (Cell 260 

Signaling, Cat#4874, RRID:AB_2121214). Polyclonal rabbit α-GFP IgG antibody 261 

(Invitrogen, A-11122, RRID:AB_221569) was used 1:400 to detect GFP-tagged Drosophila 262 

Dmca1A voltage gated Ca2+ channel (~210 -240 kDa), goat α-N-type Ca2+ channel α1B 263 

antibody (L-17, sc-32083, RRID:AB_653056, Santa Cruz Biotechnology, Inc, CA, USA) 264 

was used 1:400 to detect L-type like Drosophila Dmca1D voltage gated Ca2+ channel 265 
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(~270-280 kDa, dependent on splice variants). The nitrocellulose membrane was cut 266 

horizontally with a razor blade to separate the part of the membrane where the loading 267 

control was expected (at 84 kDa) from the rest of the gel to avoid antibody cross-reaction. 268 

Furthermore, lanes were separated vertically with a razor blade to incubate each lane 269 

separately with the desired antibody. Incubation was done in 14 ml Falcon tubes at 4°C 270 

overnight on a 3D-shaker.  Then membranes were washed in TBST for 3 x 20 min. 271 

Secondary antibodies were goat α-rabbit IgG antibody, (H+L) HRP conjugate (Millipore, 272 

AP307P, RRID:AB_92641) and rabbit α-goat IgG antibody, HRP conjugate (Millipore, 273 

AP106P, RRID:AB_92411), both used at 1:5000 for two hours at room temperature, 274 

shaking. Afterwards the membrane was rinsed five times with TBST and washed 3 x 20 275 

min with TBST. Band detection was done after 5 min incubation using Immobilon Western 276 

Chemiluminescent HRP Substrate (Millipore, WBKLS0500). For detection with a 277 

chemiluminescence detection system (Fusion-SL 4.2) and Fusion Bio-1D software (both 278 

Peqlab, Germany) all pieces were re-assembled in a transparent sheet protector so that 279 

the original membrane was restored.  280 

Image acquisition and processing: Immunolabeled whole mount preparations were 281 

scanned with a Leica SP8 confocal laser scanning microscope with a 40 x oil immersion 282 

lens (NA 1.2). Confocal setting for Alexa 488, 568, and 647 dyes were: Argon laser 283 

excitation at 488 and detection between 500 and 530 nm. Solid state laser excitation at 284 

561 nm and detection between 570 and 600 nm. Helium-neon laser excitation at 633 and 285 

detection between 640 and 690 nm. Alexa 488 and 647 were excited and scanned 286 

simultaneously, but Alexa 568 was scanned separately to avoid signal cross talk (SP8 287 

sequential scan mode). Laser and detector settings were switched after each frame.   288 

Images were processed with AMIRA4.1 (RRID:SCR_014305), ImageJ 289 

(RRID:SCR_003070), and Corel Draw X7 (RRID:SCR_014235) software.   290 

Experimental Design and statistical analysis: All analysis was conducted with Microsoft 291 

Excel 2010 and SPSS Statistics 22 (RRID:SCR_002865). Using the Shapiro-Wilk test, 292 

datasets were considered normally distributed at p > 0.1 and presented as means and 293 

standard deviations. Parametric testing was used for statistical comparison of 294 

experimental groups (Students T-test for comparison of two groups, and ANOVA with LSD 295 

and/or Newman-Keuls posthoc testing for comparisons of more than two groups).  If the 296 

criterion for normal distribution was not met, data were presented as box plots (medians 297 

and quartiles in boxes and 10 % and 90 % values as error bars). Kruskal-Wallis ANOVA 298 

was used for statistical analysis of non-parametric data. Mann and Whitney U-test was 299 
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used for pairwise comparison of two groups, and for post hoc testing following detection of 300 

statistical significance with the Kruskal-Wallis test. Significance was accepted at p < 0.05 *; 301 

p < 0.01 **; p < 0.001 ***.  Sample size was not computed a priori because no information 302 

on expected effect sizes was available, and we did not use vertebrate animals. Instead, for 303 

key findings we report the level of significance, the variance, and the numbers of 304 

experiments, which together provide information on statistical power. In some cases we 305 

also provide information about effect sizes. Effect size for normally distributed data was 306 

calculated as Cohen’s d (difference between the means of the experimental and the 307 

control group divided by the pooled standard deviation). For non-parametric data effect 308 

size r was calculated by dividing the standard score by the square root of sample size 309 

(Cohen, 1988). 310 

 311 

312 
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Results  313 

Dmca1D channels localize along MN axons and to patches of MN dendrites  314 

 Dmca1D underlies L-type like Ca2+ current that can be recorded from the somata of 315 

larval RP2 (MNISN-Is) and aCC (MN1-Ib) MNs (Worrell, Levine, 2008). However, the 316 

localization of Dmca1D channels has not been tested directly in invertebrate neurons.  317 

Prior to analyzing Dmca1D localization in third instar larval MNs with extensively branched 318 

dendrites (appr. 3000 μm total length; Figs. 1A, B), we confirmed specificity of a 319 

commercially available polyclonal antibody (see methods) for Dmca1D channels by 320 

Western blotting (Fig. 1C). Brain homogenate from wildtype flies yielded a single band at 321 

the predicted size of Dmca1D protein (274 kDa, Fig. 1C, α-Dmca1D, left lane). No bands 322 

were detected at the predicted sizes for the other two Drosophila VGCCs, namely DmαG 323 

(T-type like, 350 kDa) and Dmca1A (P/Q, N-type like, 210 kDa; Ryglewski et al., 2012). 324 

Moreover, the single band at the predicted size of Dmca1D (274 kDa) was also present in 325 

brain homogenate from DmαG null mutants (Fig. 1C, α-Dmca1D, right lane). A knock-in 326 

scheme, pan-neuronal GFP-tagged UAS-Dmca1A transgene expression in a Dmca1A null 327 

mutant background (Kawasaki et al., 2002), excluded possible detection of Dmca1A. Brain 328 

homogenate from this group was run separately with putative α-Dmca1D and α-GFP AB.  329 

Again, the putative α-Dmca1D AB yielded a single band at 274 kDa (Fig. 1C, α-Dmca1D, 330 

middle lane). By contrast, α-GFP yielded a signal at the predicted weight for Dmca1A 331 

(~210-240 kDa, Fig. 1C, α-GFP, left lane, asterisk), but no signal in brain homogenate 332 

from Canton S controls. This excluded detection of Dmca1A channels, although a previous 333 

study suggested this AB to detect Dmca1A (Astorga et al., 2012). 334 

 Four additional lines of evidence for AB specificity were provided by 335 

immunocytochemistry. First, this AB yielded prominent immunolabel in larval muscle (Fig. 336 

1D), which is known to express Dmca1D Ca2+ channels (Gielow et al., 1995; Singh, Wu, 337 

1999). Second, the AB yielded immunopositive label in the CNS of heterozygous 338 

Dmca1DX10 mutant embryos which were balanced over CyO P{Act-GFP}, and thus also 339 

GFP positive (Fig.1 Di, left). By contrast no α-Dmca1D label and no GFP were present in 340 

homozygous Dmca1DX10 mutant embryos (Fig.1 Di, right). Third, mosaic RNAi knock 341 

down of Dmca1D in subsets of MNs (see methods) reduced the intensity of 342 

immunolabeling with this AB in MNs expressing Dmca1D-RNAi and GFP as compared to 343 

internal control MNs without transgene expression (Fig. 1E). To rule out possible artificial 344 

effects of GFP on Dmca1D expression, we also created mosaic GFP expression in 345 

subsets of MNs without any RNAi. There, all MN somata revealed similar Dmca1D 346 
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immunopositive signal (Fig. 1F), independent of GFP expression. Finally, evidence for AB 347 

specificity was provided by the absence of label in Dmca1DX10 null mutant MNs. Since 348 

Dmca1D null mutants are embryonic lethal, we employed the MARCM technique (Lee, 349 

Luo, 2001) to create singled out Dmca1DX10 null mutant but GFP positive MNs in an 350 

otherwise heterozygous background (see methods).  No detectable AB label was found in 351 

GFP positive null mutant MNs (Fig.1G), but neighboring heterozygous neurons were 352 

labeled (Fig. 1G). By contrast, controls for mosaic GFP expression that did not carry the 353 

Dmca1DX10 mutation showed Dmca1D immunolabel in GFP positive and in GFP negative 354 

neurons (Fig. 1H). Taken together, these data provided multiple lines of evidence that this 355 

antibody was specific for Dmca1D channels.  356 

 Triple immunolabeling of larval RP2 and aCC MNs with α-GFP (RN2-GFP), neuropil 357 

regions with the active zone marker, α-Brp, and α-Dmca1D revealed localization of 358 

Dmca1D channels to multiple neuronal compartments (Fig. 2; 15 animals tested). 359 

Continuous Dmca1D label was found along all MN axons in all segmental nerve roots 360 

(Figs. 2C, white arrows).  Dmca1D was also detected in axons of other neurons which 361 

projected in CNS commissures or through segmental nerve roots (Fig. 2C, white 362 

arrowheads), indicating axonal Dmca1D localization in multiple different types of neurons. 363 

MN somata showed also immunopositive signal for Dmca1D channels (Fig. 2C, white 364 

asterisks), though it remained unclear whether somatic label reflected functional L-type 365 

channels in the membrane, or channel production. As suggested by previously published 366 

voltage clamp recordings (Worrell, Levine, 2008), patches of Dmca1D label were also 367 

detected in MN dendrites (Figs. 2E-G, white arrowheads, asterisks for dendrite without 368 

Dmca1D). Therefore, Dmca1D channels localized along larval MN axons and clustered to 369 

some dendritic segments of the same MNs. The clustered appearance of Dmca1D to 370 

patches of MN dendrites is reminiscent of L-type channel localization in dendrites of spinal 371 

MNs (Heckmann et al., 2003; Anelli et al., 2007), but the axonal localization has not been 372 

reported in vertebrate MNs.  373 

Genetic mosaics allow probing Dmca1D function selectively in identified larval MNs 374 

A general problem in addressing cell intrinsic ion channel function during network 375 

activity is that bath applied pharmacological blockers may affect all neurons in the network. 376 

Therefore, we employed Drosophila genetics to target Dmca1D RNAi together with GFP 377 

as a reporter to subsets of larval crawling MNs (Flippase strategy, see methods). The 378 

comparison of Dmca1D immunolabel intensities in MN somata with and without RNAi (see 379 

above, 10 animals) indicated that Dmca1D immunopositive label was reduced in MNs with 380 
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GFP and RNAi expression (Fig. 1E, right panel), but not in internal control MNs in the 381 

same preparation (Fig. 1E, right panel). By contrast, in control animals with mosaic GFP 382 

but no RNAi expression, GFP positive and GFP negative MNs displayed similar Dmca1D 383 

immunolabel intensities (Fig. 1F, n = 10). This indicated that targeted Dmca1D RNAi knock 384 

down to subsets of MNs was effective. 385 

Voltage clamp recordings confirmed that RNAi knock down of Dmca1D in MNs reduced 386 

L-type-like current amplitude by about 70 % as compared to internal controls (Fig. 3A-C). 387 

The remaining current was likely not the result of compensatory up-regulation of other 388 

VGCCs, because blockers for Dmca1A (PLTXII) and DmαG (amiloride, Ryglewski et al., 389 

2012) had no effect. In genetic mosaics, non-RNAi expressing MNs displayed similar 390 

maximum current amplitudes at 0 mV as MNs in control animals for genetic background. 391 

By contrast, RNAi expressing MNs displayed significantly reduced L-type current 392 

amplitudes, which were similar to those in heterozygous AR66 mutants (Fig. 3C). 393 

Therefore, our Flippase RNAi scheme provided a useful tool to reduce Dmca1D 394 

expression selectively in a subset of identified MNs without affecting other parts of motor 395 

network (but see below for potential indirect effects of genetic knock down through 396 

development).  397 

Dmca1D reduces MN firing responses to moderate amplitude somatic current injection  398 

Representative MN1s firing responses to somatic square pulse current injections are 399 

depicted in figures 3D and 3E. For both control (Fig. 3D) and targeted Dmca1D RNAi 400 

knock down (Fig. 3E) the voltage traces for two current injection amplitudes (40 pA and 50 401 

pA) are superimposed. For better visualization additional four voltage responses for 402 

current injection amplitudes of 10, 20, 40, and 60 pA are shown for another control MN1s 403 

(Fig. 3G) and another Dmca1D RNAi knock down (Fig. 3H). In both, control (Figs. 3D, G) 404 

and following targeted Dmca1D knock down (Figs. 3E, H), MN1s shows a characteristic 405 

biphasic depolarization upon square pulse current injection that results in a marked delay 406 

to the first action potential and has previously been described (Choi et al., 2004; Ping et 407 

al., 2011). Both the fast depolarization to about -40mV followed by a slower depolarization 408 

to firing threshold and the resulting delay to the first action potential have been attributed 409 

to Shal (Kv4) channels, because RNAi knock down of Shal eliminates the biphasic 410 

depolarization and the delay to firing (Schaefer et al., 2010). In agreement with earlier 411 

reports (Worrell, Levine, 2008) knock down of Dmca1D significantly increased the 412 

frequency of MN firing responses to somatic square pulse current injections (Figs. 3D-H). 413 
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This was likely caused by a reduction in the amount of Ca2+ activated K+ outward currents 414 

(Worrell, Levine, 2008). However, we found increases in MN firing responses only for 415 

current injection amplitudes (20-70 pA) which resulted in moderate firing frequencies of 10-416 

90 Hz (Figs. 3F-H). But note that Dmca1D RNAi knock down did not cause significant 417 

increases of MN firing frequencies in responses to somatic current injection amplitudes 418 

that evoked locomotion-like firing frequencies (Fig. 3F, > 90 Hz at current amplitudes ≥ 80 419 

pA, see also Figs. 7G-J). In square pulse protocols, we did not increase the amplitude of 420 

injected current above 90 pA because this often resulted in unstable recordings from the 421 

small somata of larval Drosophila MNs. However, ramp current injections that resulted in 422 

peak firing frequencies above 100 Hz showed decreased firing frequencies upon blockade 423 

of Dmca1D (see Figs. 7D, G-K). Therefore, a reduction of Dmca1D channels increased 424 

MN responsiveness to somatic current injections in the lower frequency range (< 90 Hz), 425 

did not affect MN firing rates in medium range locomotion-like frequencies (90-110 Hz), but 426 

decreased maximum intraburst firing frequencies (> 120 Hz, see Figs 7G, I). However, 427 

somatic current injections likely did not account for MN firing responses to normal network 428 

input. Therefore, we next recorded MNs in situ during crawling-like locomotor patterns in 429 

semi-intact preparations (Figs. 4, 5). 430 

Dmca1D is not required for gross motor coordination during crawling  431 

Larval forward crawling is characterized by rhythmical waves of segmental MN bursts 432 

which propagate from the posterior to the anterior abdominal segments (Fox et al., 2006; 433 

Heckscher et al., 2012; Kadas et al., 2015). Crawling-like motor patterns were displayed 434 

spontaneously by larvae that were dissected along the dorsal midline (Fig. 4A, see also 435 

Kadas et al., 2015). Characteristic delays between motor bursts in posterior and anterior 436 

segments could either be recorded extracellularly from segmental nerve roots (Fig. 4B) 437 

which contain about 30 MN axons (Hoang, Chiba, 2001), or observed visually under the 438 

microscope. Cycle period (onset from one burst to the next in the same segment) was 439 

statistically similar in wildtype controls, AR66 Dmca1D hypomorphic mutants, targeted 440 

RNAi in MNs, and genetic controls for the mutant and RNAi strains (Fig. 4C). Similarly, 441 

rhythmicity and segmental delays were not significantly different in any of these 442 

genotypes. Therefore, Dmca1D channels were not required for coordinated crawling-like 443 

motor output, or for the overall central nervous regulation of locomotion speed.  444 

 445 

 446 
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Dmca1D enhances MN excitability during locomotion  447 

To probe L-type Ca2+ channel function during locomotion specifically in MNs we utilized 448 

our Flippase strategy. Dmca1D RNAi was targeted to random subsets of larval RP2 449 

(MNISN-Is) and aCC (MN1-Ib) MNs, to then record either RNAi knock down or control 450 

MNs (Figs. 4D, E, 5). In few instances we were able to conduct dual patch clamp 451 

recordings (data not shown), either from two control MNs (see GFP positive aCC MNs in 452 

Fig. 4D), or from a control and a Dmca1D RNAi knock down aCC MNs in the same 453 

segment (see Fig. 4E for mosaic expression). The recordings indicated similar intrinsic 454 

excitabilities and similar spontaneous activity patterns of sister control aCC MNs (n =4), 455 

but different excitabilities (n = 3) and different spontaneous activity patterns (n =1) of 456 

control versus Dmca1D knock down aCC MNs (not shown).  However, dual in situ 457 

recordings were technically challenging, resulting in insufficient data for thorough analysis, 458 

especially since only one mosaic animal displayed typical crawling-like locomotor patterns 459 

during dual recording. Therefore, for further analysis we compared individual recordings 460 

from MNs in seven mosaic RNAi knock down animals and seven genetic controls (Figs. 461 

5A-I). 462 

Representative recordings of a control (Fig. 5A) and a Dmca1D RNAi knock down MN-463 

1s (Fig. 5B) during crawling-like locomotor patterns indicated that RNAi knock down of L-464 

type like Ca2+ channels reduced MN firing responses to normal CPG activity. 465 

Quantification revealed that burst and synaptic drive potential duration were significantly 466 

reduced by Dmca1D knock down (Figs. 5C-E). By contrast, the amplitude of the synaptic 467 

drive potential remained unaltered (Fig. 5C, F). MNs with reduced L-type like Ca2+ current 468 

fired significantly fewer action potentials per burst (Fig. 5G), though the mean intraburst 469 

firing rate remained unaltered (Fig. 5H). The maximum intraburst firing rates were 470 

significantly reduced following targeted Dmca1D knock down (Fig. 5I). Therefore, Dmca1D 471 

channels likely affect two aspects of MN firing patterns during locomotion: they increase 472 

drive potential and burst duration, and they increase maximum intraburst firing rates. This 473 

likely enhances muscle contraction power for each segmental wave of MN excitation. 474 

Similarly, in vertebrates L-type channels enhance muscle force production at a given 475 

synaptic drive to MNs (Heckman et al., 2003).  476 

Dendritic Dmca1D channels enhance MN responses to excitatory synaptic input 477 

In contrast to dendritic L-type channels in vertebrate MNs, Dmca1D localizes to the 478 

somatodendritic and to the axonal domains of larval Drosophila MNs (Fig. 1). We next tried 479 
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to obtain insight as to whether increased MN firing responses to CPG input were caused 480 

by axonal or dendritic Dmca1D channels, or both. In vertebrate MNs L-type Ca2+ channels 481 

are thought to contribute to persistent inward current (PIC), which enhances synaptic drive 482 

to dendrites, and thus prolongs MN bursting (Heckman et al., 2003; Hultborn et al., 2013). 483 

Given that we observed Dmca1D localization to patches of larval Drosophila MN dendrites 484 

(see Fig. 2), and that Dmca1D knock down in postsynaptic MNs shortened burst and drive 485 

potential duration (Fig. 5D, E), we hypothesized dendritic amplification of excitatory 486 

postsynaptic potentials (PSPs) by L-type like Ca2+ channels also in Drosophila MNs. To 487 

test this we compared the responses of MNs with normal and reduced Dmca1D current to 488 

cholinergic synaptic input (Figs. 5J-L). To circumvent potential developmental effects that 489 

may be caused by genetic manipulation through development, we combined focal 490 

pressure application of the cholinergic agonist nicotine (2x10-5 M) with acute 491 

pharmacological blockade of Dmca1D with lanthanum (La3+, 1 μM). To prevent indirect 492 

effects via the network, we recorded PSPs in response to nicotine puffs in the presence of 493 

the sodium channel antagonist TTX to block action potentials.  Focal nicotine application to 494 

larval MN dendrites reliably induced PSPs that could be recorded from the MN soma and 495 

typically contained a prolonged shoulder (Fig. 5J, arrowhead).  Acute blockade of Dmca1D 496 

by bath application of La3+ eliminated this shoulder (Fig. 5J, red trace) and significantly 497 

shortened the PSP (Figs. 5J, K). This indicated that dendritic L-type channels normally 498 

prolong MN postsynaptic responses to cholinergic input.  499 

By contrast, PSP amplitude was not reduced (Fig. 5L). Changes in PSP amplitude as 500 

caused by Dmca1D knock down were likely masked by a concomitant reduction in Ca2+ 501 

activated outward K+ current, since we have previously shown that BK channels reduce 502 

PSP amplitude in these MNs (Kadas et al., 2015), and Ca2+ activated dendritic outward 503 

conductances are known to reduce the amplitude of prolonged PSPs in many central 504 

neurons (Faber, Sah, 2003). We further confirmed dendritic Dmca1D channel activation 505 

upon focal nicotine application by Ca2+ imaging (Fig. 6). Nicotine puffs to larval MN 506 

dendrites caused relative increases in local dendritic calcium indicator fluorescence 507 

(GCaMP6s) by 60-80 % (Figs. 6A, C). Following pharmacological blockade of Dmca1D 508 

channels by bath application of La3+ dendritic calcium signals were decreased to about 20 509 

% (Figs. 6B, C). No run down in nicotine evoked local dendritic calcium responses was 510 

observed within 5 minutes in saline (Fig. 6D), but significant reductions were observed 511 

already 3 minutes after bath application of La3+ (Fig. 6D).  These results were consistent 512 
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with a role of dendritically localized Dmca1D channels in boosting synaptic drive to MN 513 

dendrites, and thus prolonging MN burst duration during locomotion.  514 

Axonal Dmca1D channels enhance maximum MN firing rates 515 

Dendritic Dmca1D function did not explain the reduction in maximum firing rates during 516 

locomotion upon Dmca1D RNAi in MNs (see Fig. 5I), because synaptic drive potential 517 

amplitude remained unaltered (Fig. 5F). Therefore, decreased maximum MN intraburst 518 

firing rates in Dmca1D knock down were not simply a consequence of reduced 519 

depolarization amplitude. We have recently shown that BK channels encoded by slowpoke 520 

(slo) promote maximum intraburst firing rates by increasing the amplitude of a fast 521 

afterhyperpolarization (fAHP), thus promoting de-inactivation of fast Na+ channels (Kadas 522 

et al., 2015). Similarly, in many fast spiking mammalian neurons Kv3 channels augment 523 

AP repolarization and the recovery of Na+ channels from inactivation (Baranauskas et al., 524 

2003). Based on these reports we hypothesized that axonally localized Dmca1D channels 525 

(see Fig. 2C) may activate transient BK channels, and thus, indirectly enhance Na+ 526 

channel de-inactivation during high frequency firing. Three sets of analysis were 527 

conducted to test this hypothesis: 528 

First, we confirmed by Ca2+ imaging that action potentials caused axonal Ca2+ influx 529 

(Fig. 7A). Retrograde electrical stimulation of MN axons with a suction electrode placed en 530 

passant on the respective motor nerve evoked distinct axonal Ca2+ signals (Fig. 7A, middle 531 

trace). The amplitude of the axonal Ca2+ signals increased with the number of action 532 

potentials until saturation at 4 to 5 action potentials at 100Hz (Fig. 7A, bottom trace). MN 533 

axonal Ca2+ signals were significantly reduced upon targeted expression of Dmca1D RNAi 534 

in MNs (Fig. 7Ai). Therefore, axonal Dmca1D channels as detected by 535 

immunocytochemistry were functional, not simply a reflection of axonal transport, and 536 

mediated activity dependent axonal Ca2+ influx.  537 

Second, if Ca2+ influx through Dmca1D channels was indeed necessary for a BK 538 

mediated fAHP, which in turn enhanced the release of fast Na+ channels from inactivation, 539 

RNAi knock down of Dmca1D in MNs should have similar effects on firing rates and fAHP 540 

as loss of BK. Therefore, we compared maximum MN intraburst firing frequencies and 541 

fAHP amplitudes and durations during locomotor patterns in controls (Fig. 7B, top black 542 

traces), following selective Dmca1D RNAi in MNs (Fig. 7B, middle red traces), and in slo4 543 

mutants (Fig. 7B, bottom blue traces). In comparison to wildtype controls and to internal 544 

control MNs in genetic mosaics, maximum intraburst firing rates were significantly 545 

decreased in slo mutants (Kadas et al., 2015) and following Dmca1D RNAi knock down in 546 
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MNs (Figs. 7B-D). Similarly, as compared to controls, the fAHP was smaller (Figs. 7B, C, 547 

E) and slower (Figs. 7B, C, F) in slo mutants and following Dmca1D RNAi knock down in 548 

MNs. Since Dmca1D RNAi did not eliminate all L-type current (see Figs. 3A-C) reductions 549 

in fAHP amplitude and maximum firing frequency were not as pronounced as in slo 550 

mutants, but statistically significant when compared to internal control MNs in mosaic 551 

animals (p < 0.01, unpaired T-test) or to wildtype MNs (Figs. 7D-F). This indicated that 552 

axonal L-type channels maximized intraburst firing rate by quickly releasing Na+ channels 553 

from inactivation via a fAHP mediated by BK channel activation.  554 

However, results from Ca2+ channel knock down through development must be viewed 555 

with caution, because Ca2+ influx may affect multiple aspects of neuronal differentiation 556 

(Spitzer, 2006), may cause compensatory changes in the expression of other ion channels 557 

(Marder, Goaillard, 2006), and L-type channels can link neural activity and gene 558 

expression (Flavell, Greenberg, 2008). Therefore, we next tried to gather additional 559 

support for our data by acute pharmacological blockade of Dmca1D. Larval MNs were 560 

recorded in current clamp, and ramp current injections were adjusted to mimic MN 561 

crawling bursting patterns (Fig. 7G). In this setting, acute blockade of Dmca1D by bath 562 

application of La3+ (1 μM) reduced maximum firing rates (Figs. 7H-I) and the amplitude of 563 

the fAHP (Figs. 7H, J), and it increased the duration to maximum fAHP amplitude (Figs. 564 

7H, K).  Therefore, results from both sets of experiments, permanent RNAi knock down 565 

and acute blockade, support the hypothesis that Dmca1D channels enhance and sharpen 566 

the fAHP amplitude to increase MN maximum firing rate during locomotion. 567 

 568 

Discussion 569 

A conserved role for L-type Ca2+ channels in augmenting MN excitability 570 

By combining immunocytochemistry with targeted genetic and pharmacological 571 

manipulation, calcium imaging, and in situ patch clamp recordings during locomotor-like 572 

behavior, this study shows that L-type Ca2+ current functions in Drosophila MNs to 573 

facilitate burst durations and maximum firing rates during rhythmical crawling behavior. 574 

Similarly, in vertebrate spinal cord MNs burst duration and spike numbers are increased by 575 

L-type channels (Heckman et al., 2003), thus indicating a conserved role of VGCCs in 576 

augmenting MN excitability from fruit fly larvae (this study) to mammals (Heckman et al., 577 

2003). However, differences exist between species in how Ca2+ channels operate in 578 

conjunction with other conductances in mediating this function (Bouhadfane et al., 2013). 579 
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We find the Drosophila L-type homolog Dmca1D to be localized to the axonal and dendritic 580 

compartment of MNs (see below) and propose that dendritically located channels increase 581 

burst duration whereas axonal channels may promote maximum intraburst firing rates. The 582 

proposed dendritic function resembles that of spinal MN L-type channels, whereas the 583 

axonal function has not been described before. At present it remains unclear whether 584 

axonal and dendritic L-type channels are different splice variants of Dmca1D, possibly with 585 

different kinetics. Addressing these questions by focal voltage clamp recordings from the 586 

soma versus the axon or by protein isoform isolation and analysis from isolated central 587 

versus peripheral parts of these MNs was beyond the scope of this study.   588 

Dendritic Dmca1D channels boost excitatory synaptic drive to MNs  589 

Spinal MN dendrites can generate persistent inward current (PIC), which is either 590 

mediated directly by Ca2+ influx through dendritic L-type channels (Heckman et al., 2003), 591 

or indirectly by Ca2+ activated non-selective cation currents (Ican; Perrier, Hounsgaard, 592 

1999; Bouhadfane et al., 2013).  PIC boosts synaptic drive and thus enhances MN 593 

responses to a given synaptic drive (Heckman et al., 2004). Similarly, we found that L-type 594 

channels in Drosophila MNs enhance excitatory synaptic input to dendrites. This 595 

interpretation is supported by (i) shorter synaptic drive potentials and burst durations 596 

during locomotion in MNs with selective RNAi knock down of Dmca1D, (ii) by shorter 597 

durations of excitatory postsynaptic responses to focal nicotine puffs to MN dendrites 598 

following selective RNAi knock down of Dmca1D in MNs, and (iii) by reduced dendritic 599 

calcium elevations upon focal dendritic nAChR activation following pharmacological block 600 

of Dmca1D. Together these data indicate a highly conserved function of L-type channels in 601 

enhancing excitatory synaptic input to MN dendrites. In mammals, L-type Ca2+ current 602 

enhances MN firing rates and affects the pattern of MN recruitment (Collins et al., 2001; 603 

2002).  604 

Finally, in spinal MNs L-type current mediated PIC is contingent upon supraspinal 605 

aminergic control that facilitates locomotion (Heckman et al., 2003; Perrier, Delgado-606 

Lezama, 2005; Hultborn et al., 2013). Amines also facilitate locomotion in invertebrates 607 

(Horvitz et al., 1982; Duch, Pflueger, 2011; Brembs et al., 2007), including Drosophila 608 

larvae (Fox et al., 2006), again pointing to conserved molecular strategies for the 609 

regulation of motor power output, though direct aminergic modulation of MN ion channels 610 

remains to be investigated in invertebrates.  611 

Axonal Dmca1D channels enhance MN maximum firing rates 612 
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Evidence for L-type channels in non-synaptic axonal membrane exists also for 613 

hippocampal neurons (Tippens et a., 2008), leech neurons (Beck et al., 2001), rat optic 614 

nerve and spinal dorsal column white matter (Ouardouz et al., 2003; Brown et al., 2001; 615 

2003), though the precise functions remain speculative. Since activity dependent Ca2+ 616 

influx through VGCCs has numerous functions in axonal growth and synaptogenesis, it is 617 

difficult to distinguish between developmental and coding functions of axonal Ca2+ 618 

channels (Bucher, Goaillard, 2011).  Our study provides evidence for axonal Ca2+ influx 619 

through L-type channels upon MN firing, thus indicating a coding function for MN axonal 620 

Dmca1D channels. Multiple sets of experiments are in agreement with the hypothesis that 621 

MN axonal L-type channels maximize intraburst firing rate by quickly releasing Na+ 622 

channels from inactivation via a fAHP mediated by BK channel activation. First, targeted 623 

Dmca1D RNAi knock down in subsets of MNs reduced maximum intraburst firing rates 624 

during locomotion (Fig. 5I). Second, when mimicking MN crawling burst shape by somatic 625 

current injections, maximum intraburst firing rates were reduced by acute pharmacological 626 

blockade of Dmca1D (Fig. 7G,H). Therefore, Dmca1D enhances MN excitability 627 

independent of synaptic mechanisms. Third, we have previously reported a reduction in 628 

MN maximum intraburst firing rates upon acute blockade and/or genetic knock down of slo 629 

encoded BK channels (Kadas et al., 2015). Slo increases MN firing rates by mediating a 630 

fAHP that augments the release of fast Na+ channels from inactivation (Kadas et al., 631 

2015).  We now report that RNAi knock down of Dmca1D in MNs mimics the effects of slo 632 

on fAHP amplitude and duration (Fig. 7B-F), thus indicating that slo functions downstream 633 

of Ca2+ influx through Dmca1D. However, given that Ca2+ influx through L-type channels 634 

may affect multiple aspects of neural differentiation (Spitzer, 2006), or alter transcriptional 635 

programs (Flavell, Greenberg, 2008), our data from RNAi knock down of Dmca1D must be 636 

interpreted with caution. Nonetheless, we judge it unlikely that Dmca1D affects the fAHP in 637 

MNs via indirect developmental effects, because acute pharmacological blockade of 638 

Dmca1D also decreased the amplitude and increased the duration of the fAHP (Figs. 7G-639 

J). Therefore, reduced fAHP amplitude and firing rates in MNs were unlikely caused by 640 

indirect developmental effects of Dmca1D knock down, but rather by reduced acute slo 641 

activation because of reduced activity dependent Ca2+ influx. 642 

 643 

In summary, our data indicate a conserved role for L-type VGCCs in enhancing MN 644 

excitability. Although synaptic input amplification by dendritic L-type channels exists in 645 

spinal MNs (Heckman et al., 2003) and in insect MNs (this study), we found no evidence 646 

for PIC in Drosophila MNs. Given that spinal MN dendrites extend spatially by about a 647 
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factor 10-20 further than larval Drosophila MNs (Duch, Ryglewski, 2016), we speculate 648 

that PIC might be a specialization of the immensely far reaching vertebrate MN dendrites 649 

(Heckman et al., 2003; 2004). In addition, our data indicate that Ca2+ influx through axonal 650 

L-type channels is required in Drosophila MNs to support high frequency firing through BK 651 

channel mediated fAHP and Na+ channel de-inactivation. Therefore, L-type channels 652 

subserve distinctly different functions in different neuronal compartments, but both 653 

functions cooperate in increasing MN firing rates during locomotion. BK channel activation 654 

by axonal Ca2+ influx through VGCCs is also required for maximum firing rates of other 655 

central neurons, including CA1 pyramidal neurons (Gu et al., 2007), indicating that similar 656 

mechanisms are employed by different types of central neurons. However, this axonal 657 

mechanism does not seem to exist in vertebrate MNs and might well be a unique feature 658 

of unmyelinated invertebrate motor axons. We suggest that fascilitation of MN excitability 659 

by L-type channels is an old strategy, but interactions with other conductances and 660 

strategic placement to specific motoneuronal compartments seem well adapted to the 661 

distinctly different requirements in morphologically different nervous systems of different 662 

species.   663 
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Figure legends 790 

 791 

Fig 1: Verification of antibody specificity for Dmca1D channels  792 

(A) Representative intracellular dye fill of MN-1s in the ventral nerve cord of a third instar 793 

larva (B) superimposed with a reconstruction of the dendrites and the initial axonal 794 

segment. (C) Western blotting with AB sc-32083 against brain homogenate of Canton S 795 

controls, DmαG null mutants, and Dmca1A null mutants with pan-neuronal expression of 796 

Dmca1A-GFP each yielded a single band at the predicted molecular weight for Dmca1D 797 

channels (274 kDa). By contrast α-GFP against brain homogenate of Dmca1A-GFP knock 798 

in animals yielded a signal at ~210-240 kDa (see asterisks, predicted size for Dmca1A) but 799 

not for head homogenate from Canton S. (D) AB sc-32083 labels Dmca1D channels (red) 800 

in larval muscle. (Di) AB sc-32083 labeled CNS in heterozygous Dmca1DX10 mutant 801 

embryos (left) which were balanced over CyO P{Act-GFP} and thus GFP positive. By 802 

contrast no α-Dmca1D label and no GFP were present in homozygous Dmca1DX10 mutant 803 

embryos (right). (E) Mosaic expression of GFP together with Dmca1D RNAi revealed no 804 

Dmca1D immunolabel in somata of GFP positive knock down MNs (encircled by narrowly 805 

dotted line), but clear label in internal control MN somata (encircled by dotted white lines). 806 

(F) By contrast, mosaic expression of GFP without RNAi showed clear Dmca1D 807 

immunolabel in all MN somata, with GFP (narrowly dotted lines) and without GFP 808 

expression (dotted white lines). (G-H) Mosaic analysis with a repressible cell marker 809 

(MARCM) was used to generate Dmca1DX10 (null) mutant, GFP labeled MNs in an 810 

otherwise heterozygous and unlabeled background. (G) Single optical section through a 811 

representative GFP labeled (green) Dmca1DX10 mutant MN (soma and primary neurite 812 

only). Dmca1D immunocytochemistry (red) in the same optical section reveals numerous 813 

immunopositive processes, but no label in the Dmca1DX10 mutant MN (outlined by 814 

narrowly dotted white line, asterisk). By contrast, other MN somata (outlined by dotted 815 

white circles) exhibit Dmca1D immunopositive label. (H) To control for potential artificial 816 

effects of GFP expression, mosaic GFP expression (green) was combined with Dmca1D 817 

immunostaining (red). GFP positive MN somata (narrowly dotted white line) showed 818 

similar Dmca1D immunopositive signal as compared to GFP negative MN somata. 819 

 820 

Fig 2: Dmca1D channels localize along MN axons and to patches of MN dendrites  821 

(A-D) Triple label (A) of ventral nerve cord with GFP expression in MNs MN1-Ib and 822 

MNISN-Is (B, green) under the control of RN2-GAL4, α-Dmca1D immunolabel (C, red), 823 

and α-Brp immunolabel as a neuropil marker (D, blue).  Dmca1D localization (red) was 824 
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detected in MN somata (asterisks), segmental nerve roots (arrows), and in axon 825 

commissures (arrowheads). (E-G) Selective magnifications indicate Dmca1D (G, red) 826 

localization (arrows) to patches of MN dendrites (F, green). 827 

 828 

Fig 3: Dmca1D mediated L-type current decreases MN firing responses to somatic current 829 

injection  830 

 (A) Representative somatic voltage clamp recording of a control MN-1s (Na+ and K+ 831 

channels blocked) shows L-type like Ca2+ current (black trace) upon stepping from -90 to 0 832 

mV that is reduced upon Dmca1D RNAi expression (red trace). (B) Current/voltage 833 

diagram for average Dmca1D currents as recorded from control MNs (black) and following 834 

Dmca1D-RNAi (red). Error bars depict SD. (C) Maximal L-type current (Imax) in MN-1s is 835 

similar in CantonS wildtype MNs (dark gray bar) and in internal control MNs (black bar) in 836 

genetic mosaics, but significantly reduced in heterozygous AR66 Dmca1D mutants (light 837 

red bar) and following Dmca1D RNAi expression in subsets of MNs in genetic mosaics 838 

(dark red bar). Bars depict means, error bars SD, and number or recordings in each group 839 

is listed in brackets. (D-E) Representative firing responses to somatic square pulse current 840 

injections of 40 (black trace in D, red trace in E) and 50 pA (gray trace in D, orange trace 841 

in E) for an internal control MN-1s (D) and for MN-1s with expression of Dmca1D RNAi 842 

(E). (F) Average response firing frequency for square pulse current injections between -40 843 

and +90 pA in control MN-1s (black) and in MN-1s with Dmca1D RNAi (red). Error bars 844 

represent SD, asterisks indicate statistical significance (* p<0.5; ** p<0.01; *** p<0.001; 845 

ANOVA with LSD posthoc testing). (G-H) Representative firing responses of another 846 

control (G) and another Dmca1D RNAi (H) MN-1s for current injection amplitudes of 10, 847 

20, 40, and 60 pA.  848 

 849 

Fig 4: Dmca1D channels enhance MN firing responses to synaptic input from the CPG  850 

(A) Schematic of neuromuscular system in dissected third instar larva. (B) Representative 851 

extracellular nerve root recordings of crawling-like locomotor activity from abdominal 852 

segments 4 and 6. (C) Cycle period was statistically similar in controls (CS and w1118, left 2 853 

black boxes; GFP in MNs, right black box), in Dmca1D hypomorphic AR66 mutants 854 

(orange box), and with Dmca1D RNAi in MNs (red box; Kruskal Wallis ANOVA, p=0.37). 855 

(D) Mosaic GFP expression (green) in a subset of larval MNs. (E) Mosaic GFP and 856 

Dmca1D RNAi in a subset of larval MNs.  857 

 858 
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Fig 5: Dmca1D channels prolong MN bursts and increase MN maximum firing rates during 859 

crawling  860 

(A-B) Representative activity patterns of a control (A, black trace) and of a Dmca1D RNAi 861 

MN1s (RP2, B, red trace) during crawling. The gray shaded areas are enlarged in Ai and 862 

Bi, respectively. (C-I) Quantification of burst parameters (C) revealed that selective knock 863 

down of Dmca1D in MN1s (RP2) increased burst duration (D, p < 0.01, effect size r = 864 

0.47), drive potential duration (E, p < 0.01, r = 0.52), the number of spikes per burst (G, p < 865 

0.01, effect size Cohen d = 1.2), and the maximum intraburst firing rate (I, p < 0.01, effect 866 

size Cohen d = 1.05), but had no effect on drive potential amplitude (F) or mean intraburst 867 

firing rate (H). (J) Representative postsynaptic responses to focal nicotine puffs onto RP2 868 

dendrites before (black trace) and after acute blockade of Dmca1D with La3+ (1μM, red 869 

trace). Dmca1D block significantly reduced PSP duration (K, p < 0.01, effect size r = 0.31) 870 

but not PSP amplitude (L, p=0.73). Boxes in D-F and K-L depict medians and quartiles, 871 

the errors bars show the 10 and 90% values. Bar diagrams in G-I show means ± SD. 872 

Numbers of animals per experimental group are depicted above bars or boxes, and 873 

numbers in brackets indicate number of bursts analyzed per animal. Asterisks indicate 874 

statistical significance (** p < 0.01; Mann and Whitney U-test for non-parametric testing; 875 

Students T-test for normally distributed data).  876 

 877 

Fig 6: MN Dendritic Dmca1D channels open upon nAChR activation  878 

(A-Aii) Representative example of in situ view onto larval MN dendrites with a CMOS 879 

camera before (A), during (Ai, red arrow), and after (Aii) focal pressure application of 880 

nicotine (2 x 10-5 M, red arrow). Red area indicates region of interest (ROI1). (B-Bi) Same 881 

view as in (A), but with acute pharmacological blockade of Dmca1D by bath application of 882 

La3+ (1 μM) before (B), during (Bi, red arrow), and after (Bii) focal pressure application of 883 

nicotine (2 x 10-5 M, red arrow). (C) Representative examples of dendritic Ca2+ signals 884 

(ΔF/F) as taken from red dotted region before (black trace) and after La3+ application (red 885 

trace).  (D) Quantification shows that dendritic Ca2+ signals remained unaltered when 886 

comparing nAChR activation after 1 min, 2 min, or 5 minutes (white bars, means and SD), 887 

but were reduced significantly (p < 0.01, ANOVA with LSD posthoc test) after 3 and 6 min 888 

in La3+ (red bars, means and SD).   889 

 890 

Fig 7: Dmca1D channels cause axonal Ca2+ influx and increase MN maximum firing rates  891 

(A) Axonal Ca2+ signals as evoked by antidromically evoked MN spikes. Top row shows 892 

original imaging data, middle trace relative change (ΔF/F) in GCaMP6s fluorescence, and 893 
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bottom trace indicated number of action potentials. (Ai) Relative changes (ΔF/F) in 894 

GCaMP6s fluorescence in MN axons in responses to 1, 2, 3, or 4 action potentials is 895 

significantly reduced with expression of Dmca1D RNAi in MNs. (B) Representative trains 896 

of spikes during bursting activity as recorded during crawling-like locomotor activity in a 897 

control (top black trace), a Dmca1D RNAi (middle red trace) and a slo4 mutant MN1s 898 

(lower blue trace). Spikes from each trace at maximum firing rate are shown as overlay in 899 

(C). Maximum firing rate (D) and fAHP amplitude (E) were significantly lower in slo mutant 900 

(blue bars) and Dmca1D knock down MNs (red bars, Cohen’s d effect size 1.6, statistical 901 

power is 0.84 at the given sample size of 7 and a 95% confidence interval) as compared to 902 

the respective controls (gray and black bars), whereas the duration until maximum fAHP 903 

amplitude was significantly increased (F, Cohen’s d effect size 1.36, statistical power is 904 

0.79 at the given sample size of 7 and a 95% confidence interval).  (G-K) Acute blockade 905 

of Dmca1D with La3+ (1 μM) altered MN firing responses to ramp current injection that 906 

were adjusted to mimic MN1s bursting as observed during crawling. (I) Pharmacological 907 

blockade of Dmca1D by bath application of La3+ (1 μM) significantly reduced maximum 908 

intraburst firing rate. (J) fAHP amplitude was also significantly reduced and (K) the 909 

duration to maximum fAHP amplitude was significantly increased upon Dmca1D blockade. 910 

Asterisks indicate statistical significance (D-F, ** p < 0.01; ANOVA with LSD posthoc test; 911 

(I-K, ** p < 0.01; paired T-Test). 912 
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