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Figure 1. TBPH mutant larvae show defective motor behavior, which can be rescued by cacophony expression in selected neurons. A, TBPH-null mutants (tbphD) crawl shorter distances than
control larvae, which is partially rescued with the expression of a TBPH cDNA using a TBPH-GAL4 driver in the TBPH mutant background. Expression of cacophony in motor neurons using either the
D42-GAL4 or the more specific OK6-GAL4 driver also rescues this effect. A variety of addition drivers were also used to express cacophony, the most effective of which was the R75C05-GAL4 driver.
Expression of tbph with the R75C05-GAL4 driver did not elicit a significant rescue of this effect. Data were analyzed using ordinary one-way ANOVA with a Sidak’s multiple-comparisons test
(F(7,154) � 48.58, p 
 0.0001). ****p 
 0.0001. ***p � 0.001. *p � 0.0238. B, Expression of cacophony, with a variety of driver lines in the wild-type background, has no effect on total distance
crawled (F(3,53) � 2.492, p � 0.0701). C–F, A more detailed examination of the crawling behavior shows cacophony expression in either motor neurons or using the R75C05-GAL4 driver rescues all
measured components of crawling behavior. C, Frequency of peristaltic waves. Loss of TBPH led to an 80% reduction in the number of complete waves that progressed along the body, which was
partially rescued with tbph or cacophony expression (F(4,69) � 27.46, p 
 0.0001). ****p 
 0.0001. ***p � 0.05. **p � 0.0131. *p � 0.0172. D, Duration of peristaltic wave. The time taken for
a complete peristaltic wave to traverse the larva was significantly increased in tbph mutants, which was rescued with either tbph or cacophony expression (F(4,44) � 11.40, p 
 0.0001). ****p 

0.001. ***p�0.004. **p�0.0031. E, Number of waves producing displacement. The peristaltic waves in TBPH mutants were less likely to cause the larvae to move forward compared with controls,
which was also rescued by tbph and cacophony expression (F(4,41) � 26.22, p 
 0.0001). ****p 
 0.001. F, Distance moved per peristaltic wave. For those waves that did produce displacement,
the distance traveled was reduced in TBPH mutants, which was again rescued by TBPH and cacophony expression (R(4,41) � 16.8). ****p 
 0.001. Data are mean � SEM of at least 10 animals.



ined how driving cacophony in all motor
neurons and more discreetly in the
AV00M1b/2b cells altered these parameters
(Fig. 1).

TBPH mutants show an 80% reduc-
tion in the number of complete posterior-
anterior peristaltic waves in the 5 min
observation period compared with back-
ground controls (Fig. 1C). This reduction
was partially rescued by expressing tbph
with the tbph driver, and a more complete
rescue was achieved by expressing cacoph-
ony in motor neurons using the OK6-
GAL4 driver (Fig. 1C). Similarly, driving
cacophony with R75C05-GAL4 also par-
tially rescued this parameter, although not
as fully as the motor neuron driver (Fig.
1C). The time taken for a complete peri-
staltic wave to travel the length of the lar-
vae took approximately twice as long in
TBPH mutant larvae compared with con-
trol animals (Fig. 1D). This parameter was
also rescued by tbph and by driving ca-
cophony with both the motor neuron and
R75C05-GAL4 drivers. Of the 50 com-
plete posterior-anterior peristaltic waves
TBPH mutants completed over 5 min,
�60% of these failed to produce forward
displacement (Fig. 1D), which was mea-
sured as averaging 0.25 mm (Fig. 1F). This contrasts with the
control and all the rescues in which almost each complete peri-
staltic wave produced displacement of �1.0 mm (Fig. 1E,F).

These results show that the behavioral defects in TBPH mu-
tants can be rescued not only by restoring cacophony broadly in all
motor neurons, but also, surprisingly, by selectively restoring it in
the discreet set of AVM001b/2b neurons located in the brain.
There appear to be relatively little qualitative or quantitative dif-
ferences in the restoration of the behavior by expressing cacoph-
ony in these two different populations of neurons.

To verify the expression patterns of the OK6-GAL4 and R75C05-
GAL4 driver lines used in our experiments, both driver lines were
crossed with flies expressing UAS-mCd8::GFP. Animals expressing
OK6�mCD8::GFP show broad expression within lateral motor
neurons of the neuropil, as well as expression in cells located in
the brain (Fig. 2B). This expression pattern matches those previ-
ously reported by Vogelstein et al. (2014). Animals expressing
R75C05�mCD8::GFP show localized, bilateral expression in two
cells whose cell bodies appear to be housed in the protocerebrum of
the brain (Fig. 2C). This expression is identical to the expression
pattern reported by Vogelstein et al. (2014), in which those cells were
identified as AVM001b and AVM002b. It should be noted that ax-
onal projections from those cell bodies were occasionally ob-
served extending into the ventral nerve cord, but never leaving
the CNS. To verify the AVM001b/2b cells were present in tbph
mutants, we also expressed R75C05�mCD8::GFP in the TBPH
mutant background (Fig. 2D). The AVM001b/2b cells appear to
be intact in the tbph mutant background.

Synaptic transmission at the NMJ
Cacophony is required for evoked neurotransmitter release at the
larval NMJ (Kawasaki et al., 2004; Kuromi et al., 2004). As we mea-
sured a significant reduction of presynaptically localized cacoph-
ony at the larval NMJ in tbph mutants (Chang et al., 2014), it

seemed likely that evoked synaptic transmission would be defec-
tive in tbph mutants. Surprisingly, when we measured the ampli-
tude of the evoked EJPs in TBPH mutant larvae, we found no
significant difference compared with controls (Fig. 3A). We
made these measurements at a variety of calcium concentrations
as the size of the cacophony-dependent EJP amplitude is depen-
dent on the external calcium concentration (Lee et al., 2014), but
detected no significant difference in the EJP amplitude compar-
ing tbph mutants with controls in 1 mM extracellular calcium
(Fig. 3A). We also failed to see a difference at calcium concentra-
tions between 0.5 and 2 mM (data not shown). In addition to
measuring evoked neurotransmitter release, we analyzed sponta-
neous neurotransmitter release by measuring the amplitude and
frequency of mEPPs. At 1 mM calcium, tbph mutants had signifi-
cantly smaller mEPPs compared with control animals (Fig. 3B,C).
This effect was also detected at 2 mM calcium, although not at
0.5 mM (data not shown). These observations were similar to
those reported for another tbph mutant allele (Diaper et al.,
2013a, b). To determine whether this reduction was due to the
loss of TBPH, we expressed tbph in the tbph mutants using the
TBPH-GAL4 driver. The mEPP amplitude was significantly
increased, suggesting that the reduced size was due to loss of
tbph. However, expressing cacophony either in the motor neu-
rons or with the R75C05-GAL4 driver failed to rescue this
phenotype (Fig. 3C).

We also quantified the frequency of spontaneous vesicle re-
lease in tbph mutants. The frequency of mEPPs in tbph mutants
was significantly lower than that of control animals (Fig. 3E). This
reduction was not rescued by expressing tbph under the control
of the tbph promoter (Fig. 3E). It was, however, restored by ex-
pressing cacophony in motor neurons using the OK6 driver (Fig.
3E). Notably, there was no significant increase in the frequency of
mEPPs when we expressed cacophony with the R12A09-GAL4
(data not shown) or R75C05-GAL4 drivers (Fig. 3D), suggesting

Figure 2. Expression patterns of the GAL4 drivers. A, Expression pattern of D42-GAL4 driving UAS-mCD8::GFP expression. Signal
is enhanced with GFP antibody. B, Expression pattern of OK6-GAL4 driving UAS-mCD8::GFP expression; signal is enhanced with GFP
antibody. C, Expression of R75C05-GAL4 driving UAS-mCD8::GFP; signal is enhanced with GFP antibody. D, Expression of R75C05-
GAL4 driving UAS-mCD8::GFP in the tbph mutant background (TBPH
). Ten larvae were visualized for each construct. Scale bars,
50 �m.



that the alterations in mEPP frequency were not associated with
the behavioral defects of tbph mutants.

The finding that the tbph mutants have unchanged EJP am-
plitude despite having reduced mEPP amplitude suggested that
synaptic homeostasis had compensated for the reduced mEPP
amplitude. Synaptic homeostasis is the process whereby synaptic
strength is maintained within physiological ranges, especially
when faced with perturbations of synaptic function, such as the
loss of presynaptic voltage-gated calcium channels or postsynap-
tic glutamate receptors (Turrigiano, 2007). At the Drosophila
NMJ, there is accumulating evidence for several parallel signaling
pathways acting to generate changes in quantal content to com-
pensate for an altered postsynaptic response (Turrigiano, 2007).
Based on these findings, we calculated quantal content of the EJP
in TBPH mutants show that there is a significant increase in
quantal content (Fig. 3E), confirming that the NMJ in tbph mu-
tants is capable of synaptic homeostasis. Previous studies have
shown that the signaling pathways that generate homeostasis

converge on cacophony to enhance presynaptic calcium influx
and thus neurotransmitter release (Frank et al., 2006; Müller and
Davis, 2012; Frank, 2014).

As cacophony levels are reduced in tbph mutants and they
nevertheless exhibit synaptic homeostasis, it is possible that no
further homeostasis was possible. To test this, we imposed a post-
synaptic challenge by genetically expressing a loss-of-function
allele of the �-2 subunit of the glutamate receptor (GluRIIA sp16)
in the tbph mutant (Petersen et al., 1997). As expected, the EJP
amplitude in the GluRIIA SP16 mutants was unchanged while the
mEPP amplitude was reduced, thereby indicating the expected
higher quantal content compared with controls (Fig. 3E) as pre-
viously described (Petersen et al., 1997). When this mutation was
combined with the tbph mutant, there was no additional increase
in quantal content (Fig. 3E).

An unexpected result from the analysis of synaptic transmis-
sion was the apparent cacophony dependence of the frequency of
mEPPs (Fig. 3E) as this parameter is not normally thought to be

Figure 3. Synaptic physiology at the larval NMJ is defective in TBPH mutants. A, Representative examples of EJPs from control and TBPH mutant larvae. B, EJP amplitude is unchanged in all
genotypes tested. Data were analyzed using ordinary one-way ANOVA with a Sidak’s multiple-comparison test (F(4,80) � 0.5015, p � 0.7347). C, Representative example of mEPP control and TBPH
mutant larvae showing smaller and less frequency mEPPs in TBPH mutants. D, The mEPP amplitude is reduced in TBPH mutants (red), which is rescued by expression of TBPH (black), but not by
expression of cacophony (pink). ***p 
 0.001. *p � 0.0127. F(4,80) � 6.074 ( p � 0.0003). E, The mEPP frequency is reduced in TBPH mutants and is not rescued by TBPH expression, but is rescued
by expression of cacophony in motor neurons, but not with the R75C05-GAL4 driver. ***p � 0.0458. **p 
 0.0001. F(4,79) � 7.644 ( p 
 0.0001). F, Quantal content. The quantal content of the
EJPs was calculated as the ratio of EJP amplitude to mEPP amplitude as was increased in both TBPH and glutamate receptor mutants. The double mutant showed no further increase in quantal
content. **p � 0.0143. *p � 0.047. R(2,61) � 3.940 ( p � 0.0246). All experiments were performed in 1 mM calcium. Data are mean � SEM of at least 10 animals.



directly regulated by voltage-dependent calcium channels (Lee et
al., 2014). To confirm that the frequency of mEPPs was cacoph-
ony dependent, we used the small peptide PLTX-II to block ca-
cophony function. PLTX-II is a specific, irreversible inhibitor of
Type II voltage-gated calcium channels and blocks cacophony
function specifically (King, 2007). We measured both EJP ampli-
tudes and mEPP frequencies in the presence of a high concentra-
tion (2 nM) of PLTX-II (Fig. 4). In the presence of PLTX-II, EJP
amplitude was, as expected, reduced by �95% in both the TBPH
mutant and control animals, confirming the cacophony depen-
dence of the EJPs (Fig. 4A). The frequencies of mEPPs were sim-
ilarly reduced by �60% in both the TBPH mutant and control
animals, suggesting that acute cacophony function is also required
to regulate the spontaneous release of vesicles (Fig. 4B). The am-
plitude of the mEPPs was, as expected, unaffected by PLTX-II
(Fig. 4C).

These results demonstrate some defects in synaptic transmis-
sion due to the loss of TBPH, some of which can be reversed by
expression of cacophony in motor neurons. However, the lack of
concordance between the cacophony dependence of synaptic
physiology and behavior suggests that these defects are not suffi-
cient to explain the defects in larval locomotion.

CNS motor output
Forward larval crawling is generated by peristaltic waves travers-
ing the length of the larval body wall in an posterior to anterior
fashion (Fox et al., 2006). The rhythmicity of these waves is likely
to be generated by a central pattern generator (CPG) (Marder
and Bucher, 2001; Kohsaka et al., 2012). The CPG generates
rhythmic bursts of activity within a segment and also coordinates
patterns of bursts between segments to generate a delay between
bursts in adjacent segments (Inada et al., 2011; Kohsaka et al.,
2012; Fushiki et al., 2016). Experiments blocking the activity of
motor neurons have shown that motor neurons in the ventral
nerve cord are not merely downstream effectors of the CPG, but
function to regulate the propagation of the patterned activity
between adjacent segments (Inada et al., 2011). Our behavioral
analysis has shown that tbph mutants show far fewer anteropos-
terior peristaltic waves (Fig. 1B), a higher occurrence of incom-
plete waves (Fig. 1D), and longer times to completions of their
peristaltic waves (Fig. 1C) than background controls. These com-
ponents of the behavior can be restored by expressing cacophony
in both motor neurons and neurons in the brain. To determine
whether restoring expression of cacophony in these populations

of neurons had the same effect on the output from the CPG, we
monitored the motor output from the CNS in semi-intact larvae.

We made focal extracellular recordings en passant from intact
peripheral nerves projecting on muscle 6/7 in A2 and A7 (Figs. 5,
Fig. 6). When the preparation was bathed only in saline solution,
we observed spontaneous bursting in control animals that be-
came more reliable with the addition of pilocarpine. Subsequent
experiments used pilocarpine (30 �M) to activate the motor pro-
gram and has been shown previously to stimulate fictive crawling
(Johnston and Levine, 1996; Baudoux et al., 1998). No consistent
bursting was observed in mutant animals, even with the addition
of pilocarpine, although nonpatterned activity was clearly visible
(Fig. 6A).

To quantify the motor patterns from the nerves innervating
A7 and A2, we first rectified each trace and grouped each data
point into bins of 50 ms (Fig. 5A,B). Each rectified trace was then
run through an autocorrelation function (Fig. 5C). Autocorrela-
tion is a mathematical tool for finding nonrandom patterns
within a time-dependent dataset and can be used to measure the
similarity between observations as a function of the time lag be-
tween them (Ryan, 2006). From the lag time of the first peak, we
calculated the frequency of bursts for the nerves innervating A7
and A2 (Fig. 5C). To calculate the lag time between correspond-
ing A7 and A2 bursts, the A7 and A2 recordings were cross-
correlated. Cross-correlation is a mathematical tool in which the
similarity of two series is measured as a function of the displacement
of one relative to the other (Ryan, 2006). The lag time between A7
and A2 bursts was calculated from the cross-correlation coefficient
(Fig. 5D).

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

Of the 30% of tbph-null mutant recordings eliciting a cross-
correlation peak, the average delay between segments 7 and 2 was
8 s (Fig. 6D). This delay is twice as long as the 4 s delay measured
in controls. Restoring TBPH with the TBPH-GAL4 driver re-
versed this effect. Restoring cacophony with the OK6 and R75C05
driver also reversed this effect. Indeed, restoring cacophony with

Figure 4. Effect of the Cacophony irreversible antagonist PLTX-II on NMJ synaptic transmission. A, The EJP amplitude is blocked by �90% in both control and TBPH mutant larvae. Data were
analyzed using multiple t tests with Holm–Sidak multiple-comparison correction. ****p 
 0.00001 (t(18) � 11.8485, t(20) � 7.13139). B, PLTX-II significantly reduces mEPP frequency in both
control and TBPH larvae. ****p � 0.000268908 (t(18) � 4.45932). ***p � 0.000231752 (t(20) � 4.7188). C, PLTX-II has no effect on mEPP amplitudes in either control or TBPH larvae ( p �
0.0947586, t(18) � 1.75391; p � 0.151073, t(20) ratio � 1.54309). Data are mean � SEM of at least 10 animals.


