
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

Copyright © 2017 the authors

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from this version.

Research Articles: Neurobiology of Disease

Restoration of motor defects caused by loss of Drosophila TDP-43 by
expression of the voltage-gated calcium channel, Cacophony, in central
neurons.

Kayly M. Lembke1,2, Charles Scudder2 and David B. Morton2

1Program in Molecular and Cellular Biosciences, Department of Physiology and Pharmacology, Oregon Health &
Sciences University, Portland, OR, 97239
2Department of Integrative Biosciences, Oregon Health & Sciences University, Portland, OR, 97239

DOI: 10.1523/JNEUROSCI.0554-17.2017

Received: 28 February 2017

Revised: 17 August 2017

Accepted: 19 August 2017

Published: 28 August 2017

Author contributions: K.M.L., C.A.S., and D.B.M. designed research; K.M.L. performed research; K.M.L.,
C.A.S., and D.B.M. analyzed data; K.M.L. and D.B.M. wrote the paper; C.A.S. contributed unpublished reagents/
analytic tools.

Conflict of Interest: The authors declare no competing financial interests.

We wish to thank members of the Morton lab, especially Dr. Jer-Cherng Chang, for critical comments on the
manuscript and helpful discussions during the course of this work. The authors also wish to thank Dr. Graeme
Davis for the gift of the GluRIIAsp fly line, and Dr. Sean Speese for the gift of the UAS-mcd8::GFP; UAS-
LacZ::NLS fly line. Stocks obtained from the Bloomington Drosophila Stock Center (NIH P40OD018537) were
used in this study. This study was supported by grants from NINDS (NS071186) and the ALS Association.

Address for Correspondence: David B. Morton. Department of Integrative Biosciences, Oregon Health
and Science University, 3181 SW Sam Jackson Park Rd. BRB 421 L595, Portland, OR, 97239. Email:
mortonda@ohsu.edu

Cite as: J. Neurosci ; 10.1523/JNEUROSCI.0554-17.2017

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



 

 1 

Paper Topic: Demonstration of cacophony –dependent CNS defects that contribute to the TDP-1 
43 dependent motor program.  2 
 3 
Title: Restoration of motor defects caused by loss of Drosophila TDP-43 by expression of the 4 
voltage-gated calcium channel, Cacophony, in central neurons.  5 
 6 
Abbreviated Title: Central expression of cacophony rescues TDP-43 dependent locomotion 7 
defects in Drosophila.  8 
 9 
Authors and Affiliations: 10 
 11 
Kayly M. Lembke1, 2, Charles Scudder2, David B. Morton2 12 
 13 
1 Program in Molecular and Cellular Biosciences, Department of Physiology and Pharmacology, 14 
Oregon Health & Sciences University, Portland, OR, 97239 15 
2Department of Integrative Biosciences, Oregon Health & Sciences University, Portland, OR, 16 
97239 17 
 18 
Address for Correspondence: David B. Morton. Department of Integrative Biosciences, Oregon 19 
Health and Science University, 3181 SW Sam Jackson Park Rd. BRB 421 L595, Portland, OR, 20 
97239.   21 
Email: mortonda@ohsu.edu 22 
 23 
Number of Pages: 32 24 
 25 
Number of Figures: 7  26 
 27 
Number of Tables: 0 28 
 29 
Word Counts:  30 
Abstract: 248  31 
Introduction: 595  32 
Discussion: 841  33 
 34 
CoI: The authors declare no competing financial interests. 35 
 36 
Acknowledgements: We wish to thank members of the Morton lab, especially Dr. Jer-Cherng 37 
Chang, for critical comments on the manuscript and helpful discussions during the course of this 38 
work. The authors also wish to thank Dr. Graeme Davis for the gift of the GluRIIAsp fly line, and 39 
Dr. Sean Speese for the gift of the UAS-mcd8::GFP; UAS-LacZ::NLS fly line. Stocks obtained 40 
from the Bloomington Drosophila Stock Center (NIH P40OD018537) were used in this study. 41 
This study was supported by grants from NINDS (NS071186) and the ALS Association.  42 
  43 



 

 2 

Abstract 44 
Defects in the RNA-binding protein, TDP-43, are known to cause a variety of 45 

neurodegenerative disease including amyotrophic lateral sclerosis (ALS) and frontotemporal 46 
lobar dementia (FTLD). A variety of experimental systems have shown that neurons are sensitive 47 
to TDP-43 expression levels, yet the specific functional defects resulting from TDP-43 48 
dysregulation have not been well described. Using the Drosophila TDP-43 orthologue TBPH, we 49 
previously showed that TBPH null animals display locomotion defects as third instar larvae. 50 
Furthermore, loss of TBPH caused a reduction in cacophony, a type II voltage-gated calcium 51 
channel, expression and that genetically restoring cacophony in motor neurons in TBPH mutant 52 
animals was sufficient to rescue the locomotion defects. In the present study, we examined the 53 
relative contributions of NMJ physiology and the motor program to the locomotion defects and 54 
identified subsets of neurons that require cacophony expression to rescue the defects. At the 55 
NMJ, we showed mEPP amplitudes and frequency require TBPH. Cacophony expression in 56 
motor neurons rescued mEPP frequency but not mEPP amplitude. We also showed that TBPH 57 
mutants displayed reduced motor neuron bursting and coordination during crawling and restoring 58 
cacophony selectively in two pairs of cells located in the brain, the AVM001b/2b neurons, also 59 
rescued the locomotion and motor defects, but not the defects in NMJ physiology. These results 60 
suggest that the behavioral defects associated with loss of TBPH throughout the nervous system 61 
can be associated with defects in a small number of genes in a limited number of central neurons, 62 
rather than peripheral defects.  63 
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Significance Statement 64 
TDP-43 dysfuction is a common feature in neurodegenerative diseases including ALS, 65 

FTLD, and Alzheimer’s disease. Loss and gain of function models have shown neurons are 66 
sensitive to TDP-43 expression levels, but the specific defects caused by TDP-43 loss of function 67 
have not been described in detail. A Drosophila loss-of-function model displays pronounced 68 
locomotion defects that can be reversed by restoring the expression levels of a voltage-gated 69 
calcium channel, cacophony. We show these defects can be rescued by expression of cacophony 70 
in motor neurons and by expression in two pairs of neurons in the brain. These data suggest that 71 
loss of TDP-43 can disrupt the central circuitry of the CNS, opening up identification of 72 
alternative therapeutic targets for TDP-43 proteinopathies.     73 
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Introduction 74 
Amyotrophic lateral sclerosis (ALS) is the most common adult onset motor neuron disease, 75 

for which there is no cure or treatment that significantly extends life. First described as a unique 76 
disease by Charcot in 1864, ALS is characterized by the progressive, patterned die-back of motor 77 
axons and motor neuron death, causing loss of motor function and ultimately death (Guillain and 78 
Bailey, 1959). Though patient pathophysiology varies, approximately 90% of patient samples 79 
show the presence of insoluble protein aggregates in the somas of motor neurons (Arai et al., 80 
2006; Ayala et al., 2008). In 2006, the RNA binding protein, TDP-43, was identified as a major 81 
protein component in these aggregates (Arai et al., 2006; Neumann et al., 2006). 82 

TDP-43 contains two RNA binding motifs and a nuclear localization motif (Ayala et al., 83 
2005). In healthy cells, it is primarily localized to the nucleus where it functions to regulate gene 84 
expression and RNA metabolism (Ayala et al., 2008; Ihara et al., 2013). TDP-43 is also found in 85 
the cytoplasm, where it shuttles between the nucleus and the cytoplasm and is present in RNA 86 
granules (Dewey et al., 2012). Post mortem tissue samples taken from ALS patients show a 87 
depletion of TDP-43 from the nucleus, concurrent with the formation of TDP-43 cytoplasmic 88 
inclusions (Kwong et al., 2007; Neumann, 2009; Nishimura et al., 2010). The etiology of TDP-89 
43 proteinopathies is poorly characterized and the relative contributions of loss of nuclear TDP-90 
43 function or a gain of toxicity associated with the formation of inclusions in disease 91 
pathogenesis is unknown (Arai et al., 2006; Hirsch, 2007; Kwong et al., 2007; Neumann, 2009; 92 
Diaper et al., 2013b) . Furthermore, while it is assumed the dying-back of motor axons is 93 
concomitant with a loss of synaptic function at the neuromuscular junction (Bezprozvanny and 94 
Hiesinger, 2013; Liu et al., 2013), the specific function of TDP-43 in maintaining synaptic 95 
functions has not been elucidated (Hirsch, 2007).       96 
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A number of different model systems have been used to study the effect of TDP-43 loss of 97 
function including the fruit fly, Drosophila melanogaster (Casci and Pandey, 2014). The 98 
Drosophila orthologue of TDP-43 is named TBPH and several studies have shown that TBPH is 99 
an essential gene and knockout mutants die just prior to, or soon after adult eclosion and have 100 
severe locomotion defects in third instar larvae (Feiguin et al, 2009; Hazelett et al, 2013; Diaper 101 
et al, 2013; Ayala et al., 2005). To try and understand the molecular basis for these defects, we 102 
carried out a gene profiling experiment and showed that loss of TBPH led to changes in 103 
expression of almost 1,000 genes in the CNS of third instar larvae (Hazelett et al, 2013). 104 
Subsequent experiments identified the type II voltage gated calcium channel, cacophony, as a 105 
particularly important TBPH-regulated gene. In TBPH mutants, there was a 50% reduction in the 106 
protein levels of cacophony, and reversing this reduction in these mutants was sufficient to 107 
rescue the larval locomotion defects (Chang et al., 2014). 108 

Cacophony is the major source of pre-synaptic calcium influx in the pre-synaptic motor 109 
terminals at the neuromuscular junctions (NMJ) (Kawasaki et al., 2004; Peng and Wu, 2007; Lee 110 
et al., 2014). It is also a major component of the somato-dendritic calcium current in motor 111 
neurons (Ryglewski et al., 2012), suggesting that loss of cacophony from either or both of these 112 
locations in TBPH mutants could cause defective larval locomotion.  In our current study, we 113 
extend these observations and find that in addition to motor neurons, expression of cacophony 114 
specifically in the AVM001b and AVM002b neurons is sufficient to rescue TBPH-dependent 115 
larval locomotion.  116 

 117 
 118 
 119 
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Materials and Methods 120 
Animals 121 

All Drosophila stocks were reared at 25°C using standard procedures (Greenspan, 1997). For 122 
all experiments animals of both sexes were used. The D42-GAL4 motor neuron driver (w*; 123 
P{GawB}D42), UAS-CACOPHONY (w*; P{UAS-cac1-EGFP}422A), UAS-TRPA1 (w*; 124 
P{UAS-TrpA1(B).K}attP2), UAS-rpr.c (5824. w1118; P{UAS-rpr.C}14), and UAS-cacRNAi 125 
(y1v1; P{TRiP.JF02572}attP2) fly strains were obtain from the Bloomington stock center 126 
(http://flystocks.bio.indiana.edu/). The following Janelia GAL4 drivers were also obtain from the 127 
Bloomington stock center: R83E12-GAL4 (w*,P{GMR82E12-GAL4}attP2, R12A09-GAL4 128 
(w*;P{GMR12A09-GAL4}attP2, R15A04-GAL4 (w*; P{GMR15A04-GAL4}attP2, R75C05-129 
GAL4 (w*; P{GMR75C05-GAL4}attP2.  130 

The TBPH null mutant, UAS-TBPH and TBPH-GAL4 driver lines were described previously 131 
(Hazelett et al., 2012). In most experiments, the background control line A1 was used. The A1 132 
line was generated at the same time as the TBPH null mutant line by precise excision of a 133 
transposon located just upstream of the TBPH gene (Hazelett et al., 2012). The GluRIIAsp line 134 
was obtained from the Davis Lab. In experiments with the GluRIIAsp fly line, the background 135 
control line w1118 was used (Petersen et al., 1997). The UAS-mCD8::GFP; UAS-LacZ::NLS fly 136 
line was a gift of Dr. Sean Speese.  137 
Crawling Assays 138 

Third instar larvae were rinsed in PBS and placed on 2% agarose plates at either room 139 
temperature or 30C. The crawling paths of the larvae were recorded for 5 minutes using a 140 
moticam 1000 connected to a PC and using the MIPlus07 software (Motic Images). The surface 141 
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temperature of the agarose plates was monitored with a temperature sensor connected to a 142 
LabQuest® Mini (Vernier) connected to a PC. The distance traveled in each video was traced 143 
and quantified using ImageJ software (http://imagej.nih.gov/ij/). The number of full poster-144 
anterior peristaltic waveforms and the number of head turns were counted from these videos for 145 
each genotype. The distance of displacement for each forward crawl was also measured from 146 
these videos, as well as the duration of each wave, using the ImageJ software.  147 
Electrophysiological methods 148 

Intracellular recordings were made from the larval body wall muscle 6 in abdominal segment 149 
3 using glass microelectrodes as previously described (Engel, 2008). Recordings were carried out 150 
at room temperature in extracellular HL3 saline which contained (in mM): 70 NaCl, 5 KCl, 20 151 
MgCl2, 10 NaHCO3 115 sucrose, 5 trehalose, 5 HEPES, and either 0.5, 1.0, or 2.0 CaCl2 (as 152 
specified in text). Membrane potentials were recorded using an Axoclamp-2A amplifier (Axon 153 
Instruments), digitized at 10 kHz and stored with a Digidata 1440A digitizer (Axon Instruments) 154 
connected to a PC (Dell). Excitatory junctional potentials (EJPs) were generated by injecting 155 
current into severed axons, at 0.5 Hz, via a suction electrode and an A310 Accupulser (World 156 
Precision Instruments) through an isolation transformer. The average single EJP amplitude of 157 
each recording was taken from 30-35 EJPs, whose amplitudes were measured using Clampfit 158 
10.2 software (Molecular Devices, Axons Instruments). Spontaneous miniature end plate 159 
potentials (mEPPs) were recorded over 3 minutes and analyzed using Mini Analysis 6.0.0.7 160 
(Synaptosoft Inc.). Quantal content was calculated as the ratio of mean EJP amplitude divided by 161 
the mean mEPP amplitude, and then averaging recordings across all NMJs for a given genotype. 162 
For acute cacophony block, larvae were incubated in plectreurys toxin (PLTX-II, from Alomone 163 
Labs) for 5 minutes. 164 
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To record patterns of motor activity from the ventral nerve cord, third instar larvae were cut 165 
open along their dorsal midline, pinned open and extracellular recordings were made from 166 
peripheral nerves projecting from the 2nd and 7th neuromeres of the intact central nervous system. 167 
Nerves were suctioned en passant with a glass suction electrode and recorded using an A-M 168 
Systems Differential AC Amplifier, digitized at 10kHz and stored with the Digidata 1440A 169 
digitizer as above. Recordings were made in HL-3.1, which contained (in mM): 70 NaCl, 5 KCl, 170 
4 MgCl2, 10 NaHCO3 115 sucrose, 5 trehalose, 5 HEPES, and 1.8 mM CaCl2. To activate the 171 
motor program and stimulate fictive crawling, preparations were acutely incubated with 30 μM 172 
pilocarpine (Johnston and Levine, 1996). Recordings were made over 10 minutes and bandpass 173 
filtered (100Hz to 10 kHz) using Clampex software (Molecular Devices).  174 

Sampled data from the nerves in the 2nd and 7th abdominal segments and a time stamp from 175 
the Digidata 1400A were passed to a custom program as comma-delimited text files. The 176 
program rectified and averaged the data into 1000-1200 50 ms bins. For each epoch of binned 177 
data, plots were prepared and auto- and cross-correlations were computed after subtracting the 178 
mean value for the epoch, which greatly increased the readability. The autocorrelation can be 179 
visualized as sliding a copy of the first half of the epoch across the full epoch and computing a 180 
correlation coefficient for each 50-ms increment in delay. Delays at which peaks align in the two 181 
data epochs produce high positive correlations, while delays at which peaks align with valleys 182 
produce high negative correlations. Generally, given measurements, Y1, Y2, …., YN at time X1, 183 
X2, …., XN, the lag k autocorrelation function r is defined as: 184 

= ∑ ( − )( − )∑ ( − )  
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Time of the first peak after t=0 yields the period of the bursts in each trace. Cross correlations are 185 
computed according to a similar method except that the two half-data epochs are derived from 186 
data from both traces (2nd and 7th abdominal segments) in the same animal. The cross correlation 187 
r at delay d of two series x(i) and y(i) where I = 0, 1, 2,…,N-1, is defined as: 188 

= ∑ [( ( ) − )( ( − ) − )]∑ ( ( ) − ) ∑ ( ( − ) − )  

Where mx and my are the means of the corresponding series. 189 
Again, times at which peaks in two traces align produce high correlations. The first peak of the 190 
cross correlation gave the time delay between the A7 and A2 bursts. Averaged, auto-, and cross-191 
correlation data were written as comma delimited text files that were readable by Microsoft 192 
Excel for additional manipulation (sometimes trace amplitudes were normalized) and plotting.  193 
Immunohistochemistry 194 

To visualize the expression pattern of the GAL4 lines used, each driver line was crossed with 195 
the w*; UAS-mCD8::GFP; UAS-LacZ fly line. Third instar larva from these crosses were 196 
filleted, while keeping their CNS’s intact, in ice-cold HL3 saline and fixed in 4% 197 
paraformaldehyde in PBS with 1% Triton X for 10 minutes at room temperature, followed by 15 198 
minutes at room temperature with agitation. Preparations were then washed with PBS with 1% 199 
Triton X three times for 5 minutes with agitation at room temperature. Samples were blocked in 200 
SEA Block (CALBIOCHEM) for 15 minutes at room temperature. The preparations were then 201 
incubated 3 times overnight at 4°C in anti-GFP in 50% glycerol (1:200; Thermo Fisher). 202 

Following incubation in primary antibodies, the preparations were washed 4 times for 30 203 
minutes in PBS with 1% Triton X with agitation. The preparations were then incubated 3 times 204 
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overnight at 4°C in goat anti-rabbit IgG Alexa Fluor 488 (ThermoFisher). Following incubation, 205 
samples were washed four times for 30 minutes in PBS with 1% Triton X and incubated for 30 206 
minutes in vectashield (Vectorlabs). The samples were then mounted in vectashield and imaged 207 
using an Olympus FV1000 laser scanning confocal.  208 
Experimental Design and Statistical Analysis  209 
 GraphPad Prism 6 software was used to generate the graphs in this work. Data sets were 210 
either analyzed for significance using an ordinary one-way ANOVA with a Sidak’s multiple 211 
comparison test (Figures 1, 3, 6, 7) or multiple t-tests with Holm-Sidak multiple comparison 212 
correction (Figure 5). A 95% confidence interval was used to determine significance (p<0.05). 213 
See figure legends for sample sizes, P values, and associated F- and t- values.  214 

 215 
Results 216 

Expressing cacophony in centrally located neurons rescues the TBPH mutant crawling 217 
defect  218 

Larval crawling is a highly stereotyped behavior characterized by the synchronous 219 
contraction of muscles on the left and right side of the body (Fox et al., 2006). Forward crawling 220 
is generated by peristaltic waves of muscle contractions which travel from posterior to anterior 221 
body wall segments (Fox et al., 2006). These peristaltic waves are generated by central pattern 222 
generators and are dependent upon firing of motor neurons in the ventral nerve cord (VNC) 223 
(Inada et al., 2011). We have previously shown that loss of TBPH causes a dramatic reduction in 224 
the distance that larvae crawl, which can be rescued by driving cacophony expression in motor 225 
neurons using the D42-GAL4 driver (Chang et al., 2014). These results suggested that the 226 
reduced crawling distances were therefore due to a motor neuron specific defect in the TBPH 227 
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mutants. However, closer inspection of the D42-GAL4 driver has revealed it shows expression 228 
not only in motor neurons of the VNC, but also cells in the protocerebrum of the brain and 229 
peripheral sensory neurons along the body wall (Sanyal, 2009). Therefore, we examined another 230 
motor neuron driver described as being more specific for motor neurons, OK6-GAL4 (Sanyal, 231 
2009). As previously described, expressing TBPH with the TBPH-GAL4 driver only partially 232 
rescued the larval crawling defects (Figure 1A). By contrast, expressing cacophony in motor 233 
neurons using the OK6-GAL4 driver in the TBPH mutant was, like the D42-GAL4 driver, more 234 
effective at restoring the distance crawled than rescue with TBPH (Figure 1A).  235 

Although OK6-GAL4 showed more restricted expression specific to the motor neurons in the 236 
ventral nerve cord, it also showed expression in the brain hemispheres (Sanyal, 2009). To 237 
explore in more detail which cells require expression of cacophony to restore locomotion in the 238 
TBPH mutants, we tested a variety of additional driver lines that showed restricted expression in 239 
discreet sets of cells in the ventral nerve cord and brain and had been shown to affect larval 240 
crawling behaviors (Vogelstein et al., 2014). The drivers tested were R75C05-GAL4, which 241 
shows expression in the AVMOO1b/2b cells in the brain, R82E12-GAL4, which shows 242 
expression in the A08n cells in the CNS, R12A09-GAL4, which shows expression in the TINa 243 
cells in the ventral nerve cord, and R15A09-GAL4, which shows expression in the SeIN161 cells 244 
in the CNS (Vogelstein et al., 2014). Unlike using the TBPH driver to restore TBPH levels, 245 
which partially rescued adult lethality (Hazelett et al., 2012), none of the drivers used to express 246 
cacophony were able to rescue lethality. 247 

These experiments revealed two additional drivers, R75C05-GAL4 and R12A09-GAL4 that 248 
were sufficient to rescue locomotion when used to express cacophony in the TBPH mutant 249 
background (Figure 1A). Of the two, only R75C05-GAL4 was sufficient to rescue the crawling 250 
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defect to the same extent as the motor neuron driver OK6-GAL4. R75C05-GAL4 drives 251 
expression in the AVM001b/2b neurons whose cell bodies are located in the protocerebrum of 252 
the Drosophila brain. Activation of these cells had previously been shown to produce a 20% 253 
increased probability of larval escape behavior during larval crawling (Vogelstein et al., 2014). 254 
Restoring TBPH only in the AVM001b/2b neurons using the R75C05-GAL4 driver in the TBPH 255 
mutant background increased the distance crawled relative to the TBPH mutant, although this 256 
increase was not statistically significant. To test whether increased levels of cacophony in a wild 257 
type background was sufficient to increase crawling distance, we also expressed cacophony with 258 
Elav-GAL4, OK6-GAL4, and R75C05-GAL4 in a wild type background. None of these larvae 259 
showed any difference in crawling distance compared to controls (Figure 1B). 260 

The total distance crawled is a relatively crude measure of the output of the motor program 261 
and is insufficient to identify specific defects in the motor program of TBPH mutant animals. To 262 
examine the TBPH mutant crawling behavior in more detail, we quantified the frequency of 263 
anterior-posterior peristaltic waves, the time in which it took these waves to traverse the body 264 
completely, and the total displacement resulting from each wave. We then examined how driving 265 
cacophony in all motor neurons and more discreetly in the AV00M1b/2b cells altered these 266 
parameters (Figure 1).  267 

TBPH mutants show an 80% reduction in the number of complete anterior-posterior 268 
peristaltic waves in the 5-minute observation period compared to background controls (Figure 269 
1C). This reduction was partially rescued by expressing TBPH with the TBPH driver, and a more 270 
complete rescue was achieved by expressing cacophony in motor neurons using the OK6-GAL4 271 
driver (Figure 1C).  Similarly, driving cacophony with R75C05-GAL4 also partially rescued this 272 
parameter, although not as fully as the motor neuron driver (Figure 1C). The time taken for a 273 
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complete peristaltic wave to travel the length of the larvae took approximately twice as long in 274 
TBPH mutant larvae compared to control animals (Figure 1D). This parameter was also rescued 275 
by TBPH and by driving cacophony with both the motor neuron and R75C05-GAL4 drivers. Of 276 
the 50 complete anterior-posterior peristaltic waves TBPH mutants completed over 5 minutes, 277 
approximately 60% of these failed to produce forward displacement (Figure 1D), which was 278 
measured as averaging 0.25mm (Figure 1F). This contrasts with the control and all the rescues in 279 
which almost each complete peristaltic wave produced displacement of approximately 1.0 mm 280 
(Figure 1E & F).  281 

These results show that the behavioral defects in TBPH mutants can be rescued not only by 282 
restoring cacophony broadly in all motor neurons, but also, surprisingly, by selectively restoring 283 
it in the discreet set of AVM001b/2b neurons located in the brain.  There appears to be relatively 284 
little qualitative or quantitative differences in the restoration of the behavior by expressing 285 
cacophony in these two different populations of neurons.  286 

To verify the expression patterns of the OK6-GAL4 and R75C05-GAL4 driver lines used in 287 
our experiments, both driver lines were crossed with flies expressing UAS-mCd8::GFP. Animals 288 
expressing OK6>mCD8::GFP show broad expression within lateral motor neurons of the 289 
neuropil, as well as expression in cells located in the brain (Figure 2B). This expression pattern 290 
matches those previously reported by (Vogelstein et al., 2014). Animals expressing 291 
R75C05>mCD8::GFP show localized, bilateral expression in two cells whose cell bodies appear 292 
to be housed in the protocerebrum of the brain (Figure 2C). This expression is identical to the 293 
expression pattern reported by Vogelstein et al. 2014, in which those cells were identified as 294 
AVM001b and AVM002b. It should be noted that axonal projections from those cell bodies were 295 
occasionally observed extending into the ventral nerve cord, but never leaving the CNS. To 296 
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verify the AVM001b/2b cells were present in TBPH mutants, we also expressed 297 
R75C05>mCD8::GFP in the TBPH mutant background (Figure 2D). The AVM001b/2b cells 298 
appear to be intact in the TBPH mutant background.     299 
Synaptic transmission at the NMJ 300 

Cacophony is required for evoked neurotransmitter release at the larval NMJ (Kawasaki et 301 
al., 2004; Kuromi et al., 2004). As we measured a significant reduction of pre-synaptically 302 
localized cacophony at the larval NMJ in TBPH mutants (Chang et al., 2014), it seemed likely 303 
that evoked synaptic transmission would be defective in TBPH mutants.  Surprisingly, when we 304 
measured the amplitude of the evoked excitatory junctional potentials (EJPs) in TBPH mutant 305 
larvae, we found no significant difference compared to controls (Figure 3A). We made these 306 
measurements at a variety of calcium concentrations as the size of the cacophony-dependent EJP 307 
amplitude is dependent on the external calcium concentration (Lee et al., 2014), but detected no 308 
significant difference in the EJP amplitude comparing TBPH mutants with controls in 1 mM 309 
extracellular calcium (Figure 3A). We also failed to see a difference at calcium concentrations 310 
between 0.5 and 2 mM (data not shown). In addition to measuring evoked neurotransmitter 311 
release, we analyzed spontaneous neurotransmitter release by measuring the amplitude and 312 
frequency of miniature end plate potentials (mEPPs). At 1 mM calcium, TBPH mutants had 313 
significantly smaller mEPPs compared to control animals (Figure 3B & C). This effect was also 314 
detected at 2 mM calcium, though not at 0.5 mM (data not shown). These observations were 315 
similar to those reported for another TBPH mutant allele (Diaper et al., 2013a, 2013b) To 316 
determine whether this reduction was due to the loss of TBPH, we expressed TBPH in the TBPH 317 
mutants using the TBPH-GAL4 driver. The mEPP amplitude was significantly increased, 318 
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suggesting the reduced size was due to loss of TBPH. However, expressing cacophony either in 319 
the motor neurons or with the R75C05-GAL4 driver failed to rescue this phenotype (Figure 3C).  320 

We also quantified the frequency of spontaneous vesicle release in TBPH mutants. The 321 
frequency of mEPPs in TBPH mutants was significantly lower than that of control animals 322 
(Figure 3E). This reduction was not rescued by expressing TBPH under the control of the TBPH 323 
promoter (Figure 3E). It was, however, restored by expressing cacophony in motor neurons using 324 
the OK6 driver (Figure 3E). Notably, there was no significant increase in the frequency of 325 
mEPPs when we expressed cacophony with the R12A09-GAL4 (data not shown) or R75C05-326 
GAL4 drivers (Figure 3D), suggesting the alterations in mEPP frequency were not associated 327 
with the behavioral defects of TBPH mutants.  328 

The finding that the TBPH mutants have unchanged EJP amplitude despite having reduced 329 
mEPP amplitude suggested that synaptic homeostasis had compensated for the reduced mEPP 330 
amplitude. Synaptic homeostasis is the process whereby synaptic strength is maintained within 331 
physiological ranges, especially when faced with perturbations of synaptic function, such as the 332 
loss of presynaptic voltage gated calcium channels or post-synaptic glutamate receptors 333 
(Turrigiano, 2007). At the Drosophila NMJ, there is accumulating evidence for several parallel 334 
signaling pathways acting to generate changes in quantal content to compensate for an altered 335 
post-synaptic response (Turrigiano, 2007).  Based on these findings, we calculated quantal 336 
content of the EJP in TBPH mutants show that there is a significant increase in quantal content 337 
(Figure 3E), confirming that the NMJ in TBPH mutants is capable of synaptic homeostasis. 338 
Previous studies have shown that the signaling pathways that generate homeostasis converge on 339 
cacophony to enhance presynaptic calcium influx and thus neurotransmitter release (Frank et al., 340 
2006; Müller and Davis, 2012; Frank, 2014).  341 
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As cacophony levels are reduced in TBPH mutants and they nevertheless exhibit synaptic 342 
homeostasis, it is possible that no further homeostasis was possible. To test this, we imposed a 343 
post synaptic challenge by genetically expressing a loss of function allele of the alpha-2 subunit 344 
of the glutamate receptor (GluRIIAsp16) in the TBPH mutant (Petersen et al., 1997). As expected, 345 
the EJP amplitude in the GluRIIASP16 mutants was unchanged while the mEPP amplitude was 346 
reduced, thereby indicating the expected higher quantal content compared to controls (Figure 3E) 347 
as previously described (Petersen et al., 1997).  When this mutation was combined with the 348 
TBPH mutant, there was no additional increase in quantal content (Figure 3E).  349 

An unexpected result from the analysis of synaptic transmission was the apparent cacophony 350 
dependence of  the frequency of mEPPs (Figure 3E) as this parameter is not normally believed to 351 
be directly regulated by voltage-dependent calcium channels (Lee et al., 2014). To confirm that 352 
the frequency of mEPPs was cacophony dependent, we used the small peptide plectreurys toxin 353 
(PLTX-II) to block cacophony function. PLTX-II is a specific, irreversible inhibitor of type II 354 
voltage gated calcium channels and blocks cacophony function specifically (King, 2007). We 355 
measured both EJP amplitudes and mEPP frequencies in the presence of a high concentration (2 356 
nM) of PLTX-II (Figure 4). In the presence of PLTX-II, EJP amplitude was, as expected, 357 
reduced by over 95% in both the TBPH mutant and control animals, confirming the cacophony 358 
dependence of the EJPs (Figure 4A). The frequencies of mEPPs were similarly reduced by over 359 
60% in both the TBPH mutant and control animals, suggesting that acute cacophony function is 360 
also required to regulate the spontaneous release of vesicles (Figure 4B). The amplitude of the 361 
mEPPs was, as expected, unaffected by PLTX-II (Figure 4C).  362 

These results demonstrate some defects in synaptic transmission due to the loss of TBPH, 363 
some of which can be reversed by expression of cacophony in motor neurons.  However, the lack 364 
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of concordance between the cacophony-dependence of synaptic physiology and behavior 365 
suggests that these defects are not sufficient to explain the defects in larval locomotion. 366 
CNS Motor Output 367 

Forward larval crawling is generated by peristaltic waves traversing the length of the larval 368 
body wall in an anterior to posterior fashion (Fox et al., 2006). The rhythmicity of these waves is 369 
likely to be generated by a central pattern generator (CPG) (Marder and Bucher, 2001; Kohsaka 370 
et al., 2012). The CPG generates rhythmic bursts of activity within a segment and also 371 
coordinates patterns of bursts between segments to generate a delay between bursts in adjacent 372 
segments (Inada et al., 2011; Kohsaka et al., 2012; Fushiki et al., 2016). Experiments blocking 373 
the activity of motor neurons have shown that motor neurons in the ventral nerve cord (VNC) are 374 
not merely downstream effectors of the CPG, but function to regulate the propagation of the 375 
patterned activity between adjacent segments (Inada et al., 2011).  Our behavioral analysis has 376 
shown that TBPH mutants show far fewer anterior-posterior peristaltic waves (Figure 1B), a 377 
higher occurrence of incomplete waves (Figure 1D), and longer times-to-completions of their 378 
peristaltic waves (Figure 1C) than background controls. These components of the behavior can 379 
be restored by expressing cacophony in both motor neurons and neurons in the brain. To 380 
determine whether restoring expression of cacophony in these populations of neurons had the 381 
same effect on the output from the CPG, we monitored the motor output from the CNS in semi-382 
intact larvae.  383 

We made focal extracellular recordings en passant from intact peripheral nerves projecting 384 
on muscle 6/7 in abdominal segment 2 (A2) and abdominal segment 7 (A7; Figure 5, Figure 6).  385 
When the preparation was bathed only in saline solution, we observed spontaneous bursting in 386 
control animals that became more reliable with the addition of pilocarpine. Subsequent 387 
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experiments used pilocarpine (30 μM) to activate the motor program and has been shown 388 
previously to stimulate fictive crawling (Johnston and Levine, 1996; Baudoux et al., 1998).  No 389 
consistent bursting was observed in mutant animals, even with the addition of pilocarpine, 390 
although non-patterned activity was clearly visible (Figure 6A).  391 

In order to quantify the motor patterns from the nerves innervating A7 and A2, we first 392 
rectified each trace and grouped each data point into bins of 50ms (Figure 5A, 5B). Each 393 
rectified trace was then run through an autocorrelation function (Figure 5C). Autocorrelation is a 394 
mathematical tool for finding non-random patterns within a time-dependent data set and can be 395 
used to measure the similarity between observations as a function of the time lag between them 396 
(Ryan, 2006).  From the lag time of the first peak, we calculated the frequency of bursts for the 397 
nerves innervating A7 and A2 (Figure 5C). To calculate the lag time between corresponding A7 398 
and A2 bursts, the A7 and A2 recordings were cross-correlated. Cross-correlation is a 399 
mathematical tool in which the similarity of two series is measured as a function of the 400 
displacement of one relative to the other (Ryan, 2006). The lag time between A7 and A2 bursts 401 
was calculated from the cross-correlation coefficient (Figure 5D).  402 

Of the recordings made on the TBPH null mutant, only 30% of recordings elicited an 403 
autocorrelation peak. These animals showed an average frequency of 5 bursts per minute, a 50% 404 
reduction from the 10 burst per minute of the control (Figure 6C). Restoring TBPH with the 405 
TBPH-GAL4 driver reversed this effect. Restoring cacophony with either the OK6 and R75C05 406 
driver also reversed this effect. It should be noted that, because these recordings are made en 407 
passant, there is likely intact sensory neuron feedback acting on the motor program.    408 

Of the 30% of TBPH null mutant recordings eliciting a cross correlation peak, the average 409 
delay between segments 7 and 2 was 8 seconds (Figure 6D). This delay is twice as long as the 4 410 
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seconds delay measured in controls. Restoring TBPH with the TBPH-GAL4 driver reversed this 411 
effect. Restoring cacophony with the OK6 and R75C05 driver also reversed this effect. In fact, 412 
restoring cacophony with the R75C05 driver produced the most robust reversal of this effect.  413 
The AVM001b/2b cells are not an integral component of the motor circuit 414 

Activation of AV001b/2b cells has been reported to drive escape behavior in crawling larvae 415 
(Vogelstein et al., 2014) and we have shown genetically driving cacophony in these cells, in the 416 
TBPH mutant restores larval crawling behavior and rhythmic motor bursts. We therefore asked 417 
whether this rescue could be reproduced by acute activation of these cells in the TBPH mutant 418 
background. To answer this question, we drove the temperature-activated channel, TrpA1, under 419 
UAS/GAL4 control with the R75C05-GAL4 driver in the TBPH mutant background. TrpA1 420 
(transient receptor potential A1) is one of three thermosensation channels in Drosophila that 421 
detect subtle changes in ambient temperature and can be activated by warm temperatures (Neely 422 
et al., 2011; Luo et al., 2016).   423 

Larval crawling was measured at 25°C, when TrpA1 is inactive, and 30°C, a temperature that 424 
activates TrpA1, over 5 minutes (Figure 7). To confirm that the UAS-TrpA1 was being activated 425 
on our apparatus, we expressed it using the OK6-GAL4 driver and observed that at 30°C, the 426 
animals were, as expected, completely paralyzed (Figure 7A).  At room temperature they 427 
crawled the same distance as controls (Figure 7B). Driving UAS-TrpA1 with the R75C05-GAL4 428 
driver in the TBPH mutant background had no effect on crawling distance at 30°C (Figure 7A), 429 
crawling no further than either parental control. Because we could not rule out the possibility of 430 
a sensory defect in the TBPH mutants that could be causing them to simply not sense the 431 
elevated temperature, we repeated the experiment with animals in which we drove UAS-432 
cacophony with the R75C05-GAL4 driver. These animals show an increase in distance crawled 433 
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over time at 30°C, a similar increase to that observed in the control animals (Figure 7A). These 434 
results suggest that the cacophony rescue is not solely due to the activation of the AVM001b/2b 435 
cells, but rather is likely dependent upon the chronic restoration of cacophony in the TBPH 436 
mutants throughout development. To test whether reducing cacophony in the AVM001b/2b 437 
neurons had the opposite effect, we expressed UAS-cacRNAi in these cells and found that this 438 
had no effect on larval crawling (Figure 7C). Similarly, driving this UAS line with either the 439 
D42-GAL4 or Elav-GAL4 drivers also had no effect on crawling distance (data not shown).  440 

As the AVM001b/2b cells act on the motor circuit, we tested whether eliminating these cells 441 
would inhibit larval crawling behavior (Figure 7C). In order to kill these cells, we made use of 442 
the gene reaper (rpr), the protein that activates programmed cell death in Drosophila (Chen et al., 443 
1996; Mohseni et al., 2009). We drove UAS-rpr in a wild type background under the pan 444 
neuronal driver Appl-GAL4, in addition to the OK6-GAL4, and R75C05-GAL4 drivers. To 445 
verify that expression of UAS-rpr with R75C05-GAL4 was, in fact, killing the cells, we 446 
simultaneously drove UAS-mCD8::GFP with rpr and tested for fluorescence in the brain (Figure 447 
7D). We saw no fluorescence in the brain, verifying that expression of UAS-rpr was sufficient to 448 
kill the cells. Embryos in which UAS-rpr was driven with ApplX-GAL4 or OK6-GAL4 failed to 449 
hatch into the first instar. Driving UAS-rpr with R75C05-GAL4, however, produced third instars 450 
that crawled normally (Figure 7C).  It therefore appears that killing these cells is not sufficient to 451 
inhibit larval crawling.   452 
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Discussion 453 
We have shown that genetically restoring the Type II voltage gated calcium channel 454 

cacophony in the AVM001b and AVM002b cells in our TBPH mutant is sufficient to restore 455 
larval crawling and rhythmic motor bursts. TBPH mutants show significant defects in larval 456 
crawling (Figure 1), subtle changes in spontaneous release at the neuromuscular junction (Figure 457 
3), and significant loss of rhythmic motor bursts (Figure 6). Surprisingly, driving cacophony in 458 
the AVM001b/2b cells, in the TBPH mutant background, was sufficient to rescue both larval 459 
crawling and rhythmic motor pattern. It was not, however, sufficient to rescue the changes in 460 
synaptic physiology at the neuromuscular junction, suggesting changes in physiology at this 461 
location are not sufficient to drive whole-animal motor defects.  462 

TBPH has previously been reported to function in regulating both mEPP amplitude and 463 
frequency of spontaneous release (Diaper et al., 2013a). Here, we failed to elicit a rescue in the 464 
frequency of spontaneous release, but we did observe a TBPH-dependent rescue in mEPP 465 
amplitude, confirming a function for TBPH in regulating the amplitude of mEPPs. Spontaneous 466 
neurotransmitter release is a core element of synaptic communication in mature neurons and is 467 
thought to function in modulating activity-dependent transmission and synaptic homeostasis 468 
(Fatt and Katz, 1952; Frank et al., 2006; Lee et al., 2010). Our inability to rescue changes in 469 
mEPP amplitude while rescuing rhythmic motor bursts suggests this parameter does not directly 470 
regulate larger, systems-dependent behavior, like crawling. This conclusion is further supported 471 
by the fact that, though driving cacophony with the R75C05-GAL4 driver rescued TBPH mutant 472 
crawling, these animals showed no rescue in frequency of spontaneous release at the 473 
neuromuscular junction. Therefore, it appears that TBPH-dependent changes in physiology at the 474 
neuromuscular junction are not driving the observed crawling defects.    475 
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Cacophony is the primary voltage-gated calcium channel at the Drosophila NMJ and is 476 
known to regulate evoked neurotransmission (Lee et al., 2014). It localizes with other 477 
presynaptic active zone proteins, bruchpilot and RIM, at active zones and expression of 478 
hypomorphic versions of the channel, like cacs, causes significant reductions in EJP amplitude 479 
(Kawasaki et al., 2004; Fouquet et al., 2009; Graf et al., 2012; Lee et al., 2014). Blocking 480 
cacophony channels irreversibly with PLTX-II similarly caused a reduction in EJP amplitude 481 
(Figure 4). Although cacophony is known to regulate evoked neurotransmitter release, it is not 482 
known to directly regulate spontaneous release (Lee et al., 2014). Therefore, not only was it 483 
initially surprising that our TBPH mutant showed no reduction in evoked release, but equally 484 
surprising that driving UAS-cac with the OK6-GAL4 driver was sufficient to rescue the 485 
frequency of spontaneous release. To test directly whether cacophony regulates the frequency of 486 
spontaneous release, we pharmacologically blocked endogenous cacophony channels with 487 
PLTX-II. Blocking cacophony with PLTX-II reduces the frequency of spontaneous release, 488 
while not reducing mEPP amplitude (Figure 4). Therefore, it appears that cacophony does, in 489 
fact, function in regulating the basal frequency of spontaneous release at the NMJ.  490 

Activation of AVM001b and AVM002b cells with channel rhodopsin caused a slightly 491 
higher probability of larvae to present escape behavior during crawling (Vogelstein et al., 2014). 492 
The function of these cells in third instar larvae or adults has not been characterized beyond that 493 
report. Therefore, it was quite surprising that restoring cacophony in these cells, in the TBPH 494 
mutant, was sufficient to rescue both the crawling and rhythmic motor bursts.  This result 495 
suggests these cells are either part of, or act on, the motor program in such a way as to regulate 496 
the rhythmic pattern of motor neuron bursts. How they do this remains unclear. Restoring TBPH 497 
only in these cells was not sufficient to rescue the crawling defect. However, this could have 498 
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been due to the counteracting effect of cytotoxicity of TBPH overexpression (Hanson et al., 499 
2010; Vanden Broeck et al., 2013; Casci and Pandey, 2015).   500 

To determine whether the restoration of locomotion is specific to cacophony expression or 501 
whether it could also occur with general activation of these cells, we tested whether activation of 502 
the AVM001b/2b cells with TrpA1 in the TBPH mutant could also restore locomotion. We 503 
observed no rescue of the crawling defect, suggesting that it was dependent upon the restoration 504 
of cacophony specifically, not just an acute activation of these cells (Figure 7). The possibility of 505 
a thermosensory defect in TBPH mutants was also ruled out, as animals expressing cacophony 506 
under the R75C05-GAL4 driver completely rescued the increase in distance crawled at 30°C. We 507 
also showed that eliminating these cells had no effect on crawling (Figure 7). Therefore, it seems 508 
that the rescue of crawling behavior is specific to the chronic restoration of cacophony in the 509 
AVM001b/2b cells through development.  510 

In conclusion, our data show that TBPH-dependent defects at the NMJ are insufficient to 511 
explain the TBPH-dependent locomotion observed in Drosophila larvae. Furthermore, restoring 512 
the TBPH-dependent loss of cacophony in either motor neurons or a discrete set of central 513 
neurons is sufficient to restore the locomotion defects. If these effects are mirrored in human 514 
TDP-43 proteinopathies, our observations could open new avenues to investigate alternative 515 
therapeutic targets for these neurodegenerative diseases.  516 
  517 
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Figure Legends 652 
Figure 1. TBPH mutant larvae show defective motor behavior, which can be rescued by 653 
cacophony expression in selected neurons. A. TBPH null mutants crawl shorter distances than 654 
control larvae, which is partially rescued with the expression of a TBPH cDNA using a TBPH-655 
GAL4 driver in the TBPH mutant background. Expression of cacophony in motor neurons using 656 
either the D42-GAL4 or the more specific OK6-GAL4 driver also rescues this effect. A variety 657 
of addition drivers were also used to express cacophony, the most effective of which was the 658 
R75C05-GAL4 driver. Expression of TBPH with the R75C05-GAL4 driver did not elicit a 659 
significant rescue of this effect. Data analyzed using ordinary one-way ANOVA with a Sidak’s 660 
multiple comparisons test (****P < 0.0001, ***P = 0.001, *P = 0.0238; F(7,154)=48.58, 661 
P<0.0001). B. Expression of cacophony, with a variety of driver lines in the wild type 662 
background, has no effect on total distance crawled (F(3, 53)=2.492, P=0.0701). C-F. A more 663 
detailed examination of the crawling behavior shows cacophony expression in either motor 664 
neurons or using the R75C05-GAL4 driver rescues all measured components of crawling 665 
behavior. C. Frequency of peristaltic waves. Loss of TBPH led to an 80% reduction in the 666 
number of complete waves that progressed along the body, which was partially rescued with 667 
TBPH or cacophony expression (****P <0.0001, ***P=0.05, **P=0.0131, *P=0.0172; 668 
F(4,69)=27.46, P<0.0001). D. Duration of peristaltic wave. The time taken for a complete 669 
peristaltic wave to traverse the larva was significantly increased in TBPH mutants, which was 670 
rescued with either TBPH or cacophony expression (****P<0.001, ***P=0.004, **P = 0.0031; 671 
F(4,44) = 11.40, P<0.0001). E. Number of waves producing displacement. The peristaltic waves 672 
in TBPH mutants were less likely to cause the larvae to move forward compared to controls, 673 
which was also rescued by TBPH and cacophony expression (****P<0.001; F(4,41)=26.22, 674 
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P<0.0001). F.  Distance moved per peristaltic wave. For those waves that fid produce 675 
displacement, the distance travelled was reduced in TBPH mutants, which was again rescued by 676 
TBPH and cacophony expression. (****P<0.001; R(4,41)=16.8). Data represent the mean and 677 
SEM of at least 10 animals. 678 
Figure 2. Expression patterns of the GAL4 drivers. A. Expression pattern of D42-GAL4 driving 679 
UAS-mCD8::GFP expression. Signal is enhanced with GFP antibody. B. Expression pattern of 680 
OK6-GAL4 driving UAS-mCD8::GFP expression; signal is enhanced with GFP antibody. C. 681 
Expression of R75C05-GAL4 driving UAS-mCD8::GFP; signal is enhanced with GFP antibody. 682 
D. Expression of R75C05-GAL4 driving UAS-mCD8::GFP in the TBPH mutant background 683 
(TBPHΔ). Ten larvae were visualized for each construct. Scale bars represent 50 μM.  684 
Figure 3. Synaptic physiology at the larval NMJ is defective in TBPH mutants. A. 685 
Representative examples of excitatory junctional potentials (EJPs) from control and TBPH 686 
mutant larvae. B. EJP amplitude is unchanged in all genotypes tested. Data was analyzed using 687 
ordinary one-way ANOVA with a Sidak’s multiple comparison test (F(4,80)=0.5015, P=0.7347). 688 
C. Representative example of miniature end plate potentials (mEPPs) control and TBPH mutant 689 
larvae showing smaller and less frequency mEPPs in TBPH mutants. D. The mEPP amplitude is 690 
reduced in TBPH mutants (red), which is rescued by expression of TBPH (black), but not by 691 
expression of cacophony (pink; ***P<0.001, *P=0.0127; F(4,80)=6.074, P=0.0003). E. The 692 
mEPP frequency is reduced in TBPH mutants and is not rescued by TBPH expression, but is 693 
rescued by expression of cacophony in motor neurons, but not with the R75C05-GAL4 driver 694 
(***P=0.0458, **P<0.0001; F(4,79)=7.644, P<0.0001).  F. Quantal content. The quantal content 695 
of the EJPs was calculated as the ratio of EJP amplitude to mEPP amplitude as was increased in 696 
both TBPH and glutamate receptor mutants. The double mutant showed no further increase in 697 
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quantal content (**P = 0.0143, *P=0.047; R(2,61)=3.940, P=0.0246). All experiments were 698 
carried out in 1 mM calcium. Data represent the mean and SEM of at least 10 animals.  699 
Figure 4. Effect of the Cacophony irreversible antagonist PLTX-II on NMJ synaptic 700 
transmission. A. The EJP amplitude is blocked by over 90% in both control and TBPH mutant 701 
larvae. Data were analyze using multiple t-tests with Holm-Sidak multiple comparison correction 702 
(****P<0.00001; t(18)= 11.8485, t(20)=7.13139).  B. PLTX-II significantly reduces mEPP 703 
frequency in both control and TBPH larvae (****P=0.000268908, t(18)= 4.45932; 704 
***P=0.000231752; t(20) = 4.7188).  C. PLTX-II has no effect on mEPP amplitudes in either 705 
control or TBPH larvae (P=0.0947586, t(18)  = 1.75391; P=0.151073, t(20) ratio = 1.54309). 706 
Data represent the mean and SEM of at least 10 animals. 707 
Figure 5.  Extracellular recordings of motor bursts from intact nerves were analyzed via auto-708 
correlation and cross-correlation. A. Extracellular recordings were made of intact nerves 709 
innervating abdominal segment 2 (A2) and abdominal segment 7 (A7). The example trace was 710 
taken over 60 seconds of a control animal. B. To smooth and decrease the size of the data file, 711 
each trace was rectified and data averaged into 1200 bins of 50 ms. C. In order to calculate the 712 
frequency of motor bursts in each recording, an autocorrelation was performed and the auto-713 
correlation coefficient taken from the peak of the first lag (lag 1). Note that the peak at t=0 is 1.0 714 
because the undelayed data correlates perfectly with itself. D. In order to calculate the time 715 
between A7 and A2 bursts, a cross-correlation was performed on each set of recordings. The 716 
time between bursts was extrapolated from the first peak of the cross-correlation.     717 
Figure 6.  The motor output from the CNS of TBPH null mutants is un-patterned and 718 
uncoordinated. A. Representative examples of the motor output shows that control larvae exhibit 719 
regular, patterned motor bursts that progress from abdominal segment 7 (A7) and abdominal 720 
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segment 2 (A2). By contrast, recordings from TBPH mutant larvae show infrequent, poorly 721 
defined, uncoordinated bursts (recordings from 3 different TBPH mutant larvae are shown). B. 722 
Representative examples of recordings from TBPH mutant larvae expressing TBPH and 723 
cacophony in motor neurons (OK6>CAC), and Cacophony in AV001b/2b cells (R75C05>CAC) 724 
showing that the patterned output is restored. C-E. Quantification of patterned bursting 725 
parameters using autocorrelation and cross correlation of rectified recordings. Data was analyzed 726 
using ordinary one-way ANOVA with a Sidak’s multiple comparison test. C. Frequency of 727 
motor bursts. An autocorrelation analysis was performed on each recording (see text for details) 728 
to test whether the bursting showed non-randomness. Less than 50% of the recordings from 729 
TBPH mutant larvae showed non-random bursting. For the TBPH mutant larvae that showed 730 
nonrandom bursting, the frequency of bursts was reduced by approximately 50% compared to 731 
control larvae. This reduction was restored by expression of either TBPH or cacophony in both 732 
motor neurons and the AVM001b/2b cells (R75C05>CAC; D) (*P=0.0002, **P=0.004, 733 
***P<0.0001; R(4,43)=11.39, P<0.0001). D. Bursting delay between A7 and A2. The offset 734 
between bursts in A7 and A2 was calculated from cross correlations (see text for details) 735 
between A7 and A2 traces in each animal. The non-random pattern recordings from TBPH 736 
mutant larvae exhibited an offset between A7 and A2 motor neurons of approximately twice that 737 
of the control animals. This increased delay was restored by expression of both TBPH and 738 
cacophony (****P=0.0001, ***P=0.0006, **P=0.0016, *P=0.0039; F(4,36)=6.214, P=0.0007). 739 
All recordings were done in HL3.1 saline solution containing 1.8 mM calcium and 30 μM 740 
pilocarpine. Recordings were taken from A2 and A7 motor nerves of at least 10 animals of each 741 
genotype. Data represent the mean and SEM of at least 10 animals.  742 



 

 32 

Figure 7.  TrpA1 activation of AVM001b and AVM002b cells does not rescue crawling in 743 
TBPH mutants. A. Larval crawling was measured at 30oC over 5 minutes and total distance 744 
crawled recorded. TBPH mutants show no increase in larval crawling at 30oC. Driving UAS-745 
TrpA1 with the R75C05-GAL4 driver in the TBPH mutant background showed no increase in 746 
larval crawling at 30oC compared to the parental controls. Driving cacophony with the R75C05-747 
GAL4 driver, however, showed a significant increase in distance crawled at 30oC compared to 748 
the parental cotrols and restoring the total distance crawled to the same level as the wild type 749 
controls. Driving UAS-TrpA1 expression with the OK6-GAL4 driver in a wild type background 750 
produced immediate paralysis. Data was analyzed using ordinary one-way ANOVA with a 751 
Sidak’s multiple comparison test (****P<0.0001, ns1 P=0.09, ns2 P=0.0855; R(5,51)=116.9, 752 
P<0.0001). B. Larval crawling at room temperature over 5 minutes prior to being placed at 30oC. 753 
TBPH mutants show reduced crawling. Driving UAS-TrpA1 with the R75C05-GAL4 driver in 754 
the TBPH mutant background had no effect on larval crawling compared to the parental controls, 755 
whereas driving cacophony expression with the R75C05-GAL4 driver restored crawling at room 756 
temperature (****P<0.0001; F(5,50)=20.78, P<0.0001). C. Elimination of AVM001b/2b 757 
neurons has no effect on larval crawling. Embryos in which UAS-rpr was driven with either 758 
ApplX-GAL4 or OK6-GAL4 failed to hatch into the first instar (denoted by Ο). By contrast, 759 
third instar animals in which UAS-rpr was driven by R75C05-GAL4 showed no defects in 760 
crawling behavior. Driving UAS-cacRNAi with the R75C05-GAL4 driver had no effect on 761 
crawling distance (F(3, 50)=2.251, P= 0.0938). D. Driving UAS-rpr and UAS-mCD8::GFP with 762 
R75C05-GAL4 does not produce fluorescence in the area occupied by the AVM001b/2b cells, 763 
indicating those cells have been killed in development. Data represent the mean and SEM of at 764 
least 10 animals. 765 
















