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Neural activity plays a key role in pruning aberrant synapses in various neural systems, including the mammalian cortex, where low-
frequency (0.01 Hz) calcium oscillations refine topographic maps. However, the activity-dependent molecular mechanisms remain
incompletely understood. Activity-dependent pruning also occurs at embryonic Drosophila neuromuscular junctions (NMJs), where
low-frequency Ca 2� oscillations are required for synaptic refinement and the response to the muscle-derived chemorepellant Sema2a.
We examined embryonic growth cone filopodia in vivo to directly observe their exploration and to analyze the episodic Ca 2� oscillations
involved in refinement. Motoneuron filopodia repeatedly contacted off-target muscle fibers over several hours during late embryogen-
esis, with episodic Ca 2� signals present in both motile filopodia as well as in later-stabilized synaptic boutons. The Ca 2� transients
matured over several hours into regular low-frequency (0.03 Hz) oscillations. In vivo imaging of intact embryos of both sexes revealed that
the formation of ectopic filopodia is increased in Sema2a heterozygotes. We provide genetic evidence suggesting a complex presynaptic
Ca 2�-dependent signaling network underlying refinement that involves the phosphatases calcineurin and protein phosphatase-1, as well
the serine/threonine kinases CaMKII and PKA. Significantly, this network influenced the neuron’s response to the muscle’s Sema2a
chemorepellant, critical for the removal of off-target contacts.
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Introduction
Understanding the cellular and molecular mechanisms that gov-
ern the formation of neural circuits is a major goal of develop-
mental neurobiology. The initial stages of axon guidance and

target recognition involve multiple chemotropic signals that
may be either attractive or repulsive (for review, see Kolodkin and
Tessier-Lavigne, 2011). Early off-target contacts are removed
during a subsequent period of synaptic refinement or pruning
(Katz and Shatz, 1996; Doll and Broadie, 2014). Synaptic pruning
typically involves mechanisms that are activity-dependent (Fla-
vell and Greenberg, 2008), but the molecular pathways remain
incompletely resolved. The mechanisms governing synaptic
pruning are of clinical interest, given recent studies implicating
either excessive or inadequate synaptic pruning in disorders such
as schizophrenia and autism (Berridge, 2012; Tang et al., 2014;
Sekar et al., 2016).

The Drosophila neuromuscular junction (NMJ) has served
as a powerful genetic model system for studying network de-
velopment and synaptic plasticity (Ruiz-Cañada and Budnik,
2006; Menon et al., 2013). The connections between embryonic
Drosophila motoneurons and body wall muscle fibers are stereo-
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Significance Statement

To address the question of how synaptic connectivity is established during development, we examined the behavior of growth cone
filopodia during the exploration of both correct and off-target muscle fibers in Drosophila embryos. We demonstrate that filop-
odia repeatedly contact off-target muscles over several hours, until they ultimately retract. We show that intracellular signals are
observed in motile and stabilized “ectopic” contacts. Several genetic experiments provide insight in the molecular pathway
underlying network refinement, which includes oscillatory calcium signals via voltage-gated calcium channels as a key compo-
nent. Calcium orchestrates the activity of several kinases and phosphatases, which interact in a coordinated fashion to regulate
chemorepulsion exerted by the muscle.
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typic, making the detection of wiring errors straightforward
(Jarecki and Keshishian, 1995; Chang and Keshishian, 1996).
Drosophila motoneuron growth cones initially contact multiple
off-target muscle fibers (Halpern et al., 1991; Sink and Whiting-
ton, 1991; Chiba et al., 1993) that must be withdrawn during an
early critical period, or they will mature into functional ectopic
synapses (Jarecki and Keshishian, 1995). Synaptic refinement
at the Drosophila NMJ requires presynaptic electrical activity
(White et al., 2001; Carrillo et al., 2010; Vonhoff and Keshishian,
2017a) and a trans-synaptic retrograde chemorepulsive signal
from the muscle fiber, mediated by Semaphorin2a (Sema2a)
(Matthes et al., 1995; Winberg et al., 1998; Carrillo et al., 2010).

Calcium is a key second messenger that orchestrates a variety
of intracellular signaling cascades and axon guidance mecha-
nisms (Gomez et al., 2001; Rosenberg and Spitzer, 2011). At the
developing Drosophila NMJ, Ca 2� influx leads to the activation
of at least two Ca 2�-dependent signaling systems that are re-
quired for the removal of off-target neuromuscular contacts: the
Ca 2�-dependent kinase CaMKII (Carrillo et al., 2010) and the
Ca 2�-dependent adenylyl cyclase Rutabaga (Vonhoff and Kesh-
ishian, 2017a). A remarkable feature of the Ca 2� and cAMP sig-
naling is that both involve episodic activity in the range of 0.01 Hz
(Carrillo et al., 2010; Vonhoff and Keshishian, 2017a). Activity
waves have been widely observed during the development of var-
ious neural systems, including the mammalian visual system
(Meister et al., 1991; Penn et al., 1998; Ackman et al., 2012),
Xenopus spinal cord (Gomez and Spitzer, 1999; Gomez et al.,
2001), and chick motoneurons (Hanson and Landmesser, 2004;
Hanson et al., 2008). However, the molecular means by which
activity oscillations refine neuronal networks are still not com-
pletely resolved.

Using in vivo imaging of singly identified motoneuron growth
cones and synapses, we have examined the cellular and molecular
mechanisms that underlie the pruning and refinement of Dro-
sophila NMJs. These results include an analysis of Ca 2� signaling
and the development of low-frequency oscillatory Ca 2� activity
within embryonic growth cones. Examining growth cone dy-
namics, we characterize the role of the muscle-derived chemore-
pellant Sema2a in influencing filopodial exploration and contacts
onto on- and off-target muscle surfaces.

As noted above, synaptic refinement at the NMJ involves the
presynaptic activity of both CaMKII and Ca 2�-dependent ad-
enylyl cyclase (Carrillo et al., 2010; Vonhoff and Keshishian,
2017a). To identify other signaling systems in the neuron that
may be involved in synaptic refinement, we used genetic ap-
proaches to analyze the role of calcineurin (CaN) and its genetic
interactions within the molecular pathway underlying refine-
ment. Moreover, a locus encoding the mammalian CaN � cata-
lytic subunit has been associated with susceptibility to
schizophrenia (Gerber et al., 2003; Liu et al., 2007) and CaN
knock-out in the mouse forebrain leads to schizophrenia-like
behavior (Miyakawa et al., 2003), suggesting a possible link be-
tween CaN, aberrant refinement, and schizophrenia. Collec-
tively, our studies advance our understanding of how refinement
is regulated in a system of singly identifiable synapses, leading to
precise synaptic connectivity during development.

Materials and Methods
Fly stocks. We thank the following organizations and individuals for pro-
viding stocks: Bloomington Stock Center: elav C155-GAL4(BL458), UAS-
GFP(BL35786), UAS-GCaMP5(BL42037), UAS-myr-TdTomato(BL32223),
UAS-CD8-GFP(BL5137), Dmca1Gnull(BL51994), UAS-Dmca1G-RNAi
(BL39029), UAS-Dmca1D-RNAi(BL33413), UAS-CanA-14D-RNAi

(BL25929), UAS-CanB-RNAi(BL27301), UAS-CanB2-RNAi(BL38971),
CanA-14DLOF(BL22025), CanA-14FLOF(BL17478), CanA1LOF(BL42342),
CaMKIILOF(BL60770), UAS-CaMKII R3(BL29662), UAS-CaMKII T287A

(BL29663),UAS-CaMKIIT287D(BL29665), rut1(BL9404),pp1a96A2(BL23698),
UAS-pp1a96A2(BL23700). Vienna Drosophila Resource Center: UAS-
cacophony-RNAi(5551), UAS-Dmca1D-RNAi(51491), UAS-Ca-Ch-�-
RNAi(27581), UAS-CanA-14F-RNAi(30105), UAS-CanA1-RNAi(32283).
Kyoto Stock Center: UAS-CanA14D-WT(109868) (Nakai et al., 2011),
UAS-CanA14D-H217Q(109869), UAS-CanA14act(116255). R. Ordway,
Pennsylvania State, State College: UAS-cac1-eGFP-786C. T. Littleton,
Massachusetts Institute of Technology and D. K. O’Dowd, University of
California–Irvine: cacTS3, cacNT27 (Rieckhof et al., 2003). A. Kolodkin,
Johns Hopkins Medical School: Sema2aB65(Wu et al., 2011), PKAR2LOF

(PKAR2EP(2)2162; Park et al., 2000), UAS-PlexinB (Hu et al., 2001). L.
Griffith, Brandeis University: UAS-CaMKII NTide (Haghighi et al., 2003)
C. F. Wu, University of Iowa: dncM11. A. DiAntonio, Washington
University: MHC-Sh-CD8-GFP (Zito et al., 1999). The isogenic line
Canton-S 5 (CS5) was used as control. As previously described for UAS-
PKA act (Vonhoff and Keshishian, 2017a), UAS-CanA14D act was ex-
pressed using the elav-GeneSwitch-GAL4 driver (Osterwalder et al.,
2001). Flies were reared at 25°C, except of cac flies, which were reared at
room temperature (�22.5°C).

Experimental design and statistical analysis. For each experiment, the
genotype of the control group and sample size are described in the legend
of the corresponding figure. Unless otherwise stated in the text, animals
of both sexes were examined, and no significant differences were detected
on the basis of gender, so the data were therefore pooled. Power analysis
was calculated using GPower software 3.0.10 (University of Duesseldorf)
(Faul et al., 2007), and a sample size for ectopic counts of n � 9 animals
for an � level of 0.05 and a power level of 0.8 was calculated as previously
shown (Vonhoff and Keshishian, 2017a). Statistical significance was
calculated using ANOVA or t test, using Prism-6-Software (GraphPad
Software).

Imaging filopodial motility and Ca transients. Imaging of intact em-
bryos was performed using a Zeiss LSM880, with a 63� oil, 1.4 NA, and
a 40� W, 1.3 NA objective using the super-resolution Airyscan acquisi-
tion and deconvolution mode, or a Bio-Rad1024, with a 40� oil, 1.3 NA
objective. For motoneuron growth cone visualization, elav C155-GAL4
was used to express the membrane bound UAS-cd8-GFP or UAS-myr-
TdTomato. For filopodial analysis, images were collected every 10 s for
10 –100 min. Filopodial length was measured using ZEN (Zeiss Software)
or Imaris (Bitplane). For Ca 2� imaging, embryos expressing UAS-
GCaMP5 and UAS-myr-TdTomato using elav C155 were imaged. One
hour egg lays were set and incubated at 25°C. Embryos were manually
dechorionated and mounted on coverslips in #700 halocarbon oil (Ha-
locarbon Products). To suppress movement, we used embryos homozy-
gous for a null mutation of the myosin heavy chain gene (Mhc1). Mhc1

embryos have apparently normal neuromuscular development, forming
presynaptic motoneuron boutons and localized postsynaptic receptors
(see Fig. 1C). They also have normal condensation of the CNS (see Fig.
1A) and the presence of all peripheral nerves and muscles (see Fig. 1B).
Late-stage wild-type (WT) embryos normally exhibit coordinated peri-
staltic movements along the length of the embryo (Pereanu et al., 2007;
Crisp et al., 2008). Live GCaMP5 Ca 2� imaging of paralyzed, late-stage
Mhc1 embryos reveals the same coordinated peristaltic activity, but in the
form of presynaptic Ca 2� signals at NMJs. This fictive activity indicates
that, despite the Mhc1-induced paralysis, the central pattern generator
required for intersegmental, coordinated motor activity is in place.

Data were collected from terminals of a single neuron, RP3, on mus-
cles 7/6 in segment A3 as previously described (Vonhoff and Keshishian,
2017a) and analyzed using MATLAB (The MathWorks). Exponential-fit
photobleaching correction algorithms were used to calculate F0 at each
time point. Various image acquisition rates (3, 2, 1, and 0.5 Hz) were tested.
At 2 Hz, we observed mean duration of 6.5 � 0.5 s (n � 11 embryos, 68
transients) for Ca2� transients. An acquisition rate of 1 image every 2 s (0.5
Hz) provided the best balance maximizing time resolution while minimizing
photobleaching (see Fig. 3).

Analysis of ectopic contacts. NMJs from third instar larvae were ana-
lyzed as previously described (Berke et al., 2013). Ectopic contacts were
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scored on muscles 7 and 6 in the abdominal segments A2-A7 and iden-
tified as previously described (Vonhoff and Keshishian, 2017a). Fre-
quency of ectopic contacts is presented as mean � SEM.

TrpA1 activation. Stage 16 embryos were stimulated in a PCR machine
as previously described (Carrillo et al., 2010). All data were collected
from male larvae hemizygous for elav-GAL4, expressing one copy of
UAS-TrpA1 and either the corresponding CaMKII construct or in a
Sema2a/� background.

Fourier transform analysis. Oscillatory properties of embryonic Ca 2�-
patterns were analyzed by fast Fourier transform nonlinear least-squares
using Brass software version 3.0 (Biological Rhythm Analysis Software
System; http://millar.bio.ed.ac.uk/PEBrown/BRASS/BrassPage.htm).

Results
Intracellular and episodic Ca 2� signals are detected within
filopodia during the formation of motoneuronal contacts
During early embryonic development, motoneuron growth
cones make multiple contacts with off-target muscles, withdraw-
ing those connections as the NMJ matures (Halpern et al., 1991;
Sink and Whitington, 1991; Chiba et al., 1993). However, a direct
observation of filopodial exploration of off-target sites and pos-
sible Ca 2�signaling within the growth cones has yet to be exam-
ined. We imaged motoneuron growth cones at both on- and
off-target muscles using time-lapse confocal microscopy of intact
embryos. Using the genetically encoded Ca 2� indicator GCaMP,
we also examined the intracellular Ca 2� signals present at these
motile structures, as neurons explored the target domains.

To observe filopodial exploration at developing NMJs, we ex-
pressed membrane-tagged GFP in all motoneurons and imaged
the dynamic behavior of the growth cones. Embryos were ho-
mozygous for Mhc1 to suppress movements that would otherwise
disrupt imaging (see Materials and Methods). We examined the
growth cones exploring the four ventral longitudinal (VL) mus-
cles 6, 7, 13, and 12. The muscles are principally contacted by
axons projecting from the SNb nerve branch, but also receive
transient contacts from adjacent nerve branches, notably the
transverse nerve (TN) (Halpern et al., 1991; Chiba et al., 1993;
Jarecki and Keshishian, 1995; White et al., 2001; Carrillo et al.,
2010; Vonhoff and Keshishian, 2017a).

By 16.5 h after egg lay (AEL) (Campos-Ortega and Harten-
stein, 1985; Pereanu et al., 2007) (embyronic Stage 17a), most
motoneuron growth cones have arrived at their target innerva-
tion sites but still retain motile filopodia (Fig. 1D, D�, magenta
nerve). The TN includes motoneurons that normally innervate
muscle 25 (located adjacent to muscles 7 and 6) and the alary
muscle, as well as neurites from the lateral bipolar dendrite cell
(Gorczyca et al., 1994). Although VL muscles are not normally
innervated by TN motoneurons in WT animals, we repeatedly
observed numerous motile filopodia emerging from the TN (Fig.
1D�, blue nerve) in contact with ectopic sites on these muscles.

Filopodia emerging from the TN successively extended onto
and retracted from the VL muscles 7 and 6 (Figs. 1D–H), on
surfaces near the muscle fiber insertion site at the segment bor-
der, as opposed to the mid-muscle region where the native mo-
toneuron innervation occurs (Halpern et al., 1991; Broadie and
Bate, 1993; Chiba et al., 1993). The GFP-labeled TN filopodia had
an average life-span of 15.3 � 1.7 min and an average peak length
of 3.6 � 0.3 �m (n � 8 embryos, 93 filopodia scored). Repeated
bouts of filopodial extension and retraction were detected at this
ectopic muscle site over a window of several hours. This corre-
sponds to the developmental period characterized as critical for
synaptic refinement (Jarecki and Keshishian, 1995). In control
embryos, the filopodial contacts usually failed to make the tran-
sition into stable ectopic NMJs (for an example of a transition of

an ectopic filopodial branch to a stabilized ectopic bouton-like
structure, see Fig. 2A). This is in contrast to the previously described
situation in embryos with blocked electrical activity, where ectopic
TN-derived NMJs are frequently observed as stabilized synapses
(Jarecki and Keshishian, 1995; White et al., 2001).

We next examined whether episodic intracellular Ca 2� tran-
sients were present in the TN-filopodia making contact with the
VL muscles. Using GCaMP, we detected robust increases in
GCaMP fluorescence in TN-derived filopodia during early stages
that were characterized by high motility (Fig. 2B). We also ob-
served episodic GCaMP signals in stabilized ectopic contacts
made onto the VL muscles (Fig. 2C). The presence of episodic
Ca 2� signals within the developing contacts is consistent with the
roles that motoneuronal Ca(v)2.1 and Ca(v)3 channels play in
synaptic refinement (see below), as well as the fact that embryonic
ectopic contacts that remain in place will develop into functional
synapses (Chang and Keshishian, 1996; Carrillo et al., 2010).

Calcium oscillations develop during NMJ maturation
During late stages of embryogenesis, Ca 2� transients at the de-
veloping NMJs became progressively more regular and frequent.
GCaMP imaging at 18.5 h AEL revealed a single Ca 2� transient
event every 2 min (0.0083 Hz; Fig. 3C,D), increasing to 1 event/
min at 19.5 h AEL (0.016 Hz; Fig. 3C,E), and finally 2 events/min
during the final 3 h of embryogenesis (0.033 Hz; 20 –23 h AEL;
Fig. 3C,F,G). Although the frequency of Ca 2� events remained
constant during the final 3 h of embryogenesis, the patterning
became regular by 21 h AEL (Fig. 3G). Tested using Fourier trans-
form analysis software, by 21 h AEL, �40% of the embryos dem-
onstrated regular and stable Ca 2� oscillations, with a mean
frequency of 0.033 Hz.

Presynaptic Ca(v)2.1 and Ca(v)3 calcium channels are
required for synaptic refinement
As Ca 2� signals were detected at both ectopic and native mo-
toneuron terminals during the critical period for synaptic refine-
ment, we tested the effect of knocking-down Ca 2� channels on
synaptic connectivity and development. In separate experiments,
RNAi constructs were expressed pan-neurally during embryonic
and larval development to target each of the known genes that
encode � subunits of voltage-gated Ca 2� channels (VGCCs): the
Ca(v)1 channel gene Dmca1D, the Ca(v)2.1 gene cacophony (also
known as Dmca1A), and Ca(v)3 gene Dmca1G (Fig. 4). Com-
pared with control larvae, animals expressing RNAi-knockdowns
of either cacophony or Dmca1G had an elevated frequency of ectopic
contacts (Fig. 4G). By contrast, RNAi-knockdown of Dmca1D did
not have a miswiring phenotype, although Dmca1D-RNAi has been
shown to reduce Ca2� currents in Drosophila larval motoneurons
(Worrell and Levine, 2008). An elevated ectopic frequency was also
observed in larvae expressing the RNAi construct for the auxiliary
Ca2� channel � subunit that is required for channel function (Cat-
terall, 2011; Kanamori et al., 2013).

We next examined larvae bearing viable genetic mutations for
cacophony and Dmca1G, to determine whether they would ex-
hibit a miswiring phenotype similar to that observed in the above
RNAi-knockdown experiments. We tested two hypomorphic cac
alleles, cacNT27 and cacTS3 (Rieckhof et al., 2003). Larvae homozy-
gous for either allele have an elevated frequency of ectopic con-
tacts compared with WT (Fig. 4H). The ectopic frequency in
cacNT27 homozygotes was higher than cacTS3 homozygotes, con-
sistent with their phenotypic severity, as previously characterized
(Rieckhof et al., 2003). Similarly, Dmca1Gnull homozygotes (Ry-
glewski et al., 2012) have a higher frequency of ectopic contacts
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compared to controls. We imaged Ca 2� signals in cacNT27 and
Dmca1Gnull mutant embryos to evaluate the frequency and pattern
of Ca2� signals in developing motoneuron terminals, and found
that the frequency was significantly lowered in both the cacNT27 and
Dmca1Gnull mutants (Fig. 4I). These results provide evidence that
presynaptic Ca2� influx via VGCCs is essential for the removal of
neuromuscular ectopic contacts and that, in either mutant, the fre-
quency of Ca2� transients in embryonic NMJs is reduced.

The calcium-dependent phosphatase CaN is required
presynaptically for the removal of ectopically located
neuromuscular contacts
Given the evidence for episodic Ca 2� influx in growth cones
during the exploration of both off- target and on-target muscles,
we next examined the downstream effectors involved in synaptic
refinement. Our previous studies have implicated a role for both
CaMKII (Carrillo et al., 2010) and the Ca 2�-dependent adenylyl

Figure 1. Live imaging of growth cones reveals that filopodia repeatedly contact off-target muscles during the last hours of embryogenesis. A, Pan-neural CD8-GFP expression in a Stage 17e Mhc1
mutant embryo (21 h AEL) shows unaffected nervous system development. The presence of all peripheral nerves, sensory cells, as well as a condensed CNS is evident. White square represents the
area shown in D that includes the TN and the SNb nerve innervating the internal VL muscles 7, 6, 12, and 13 in the abdominal segment A3. Scale bar, 50 �m. B, Two adjacent hemisegments in an
intact Mhc1 embryo expressing CD8-mCherry using the pan-muscular driver MHC-GAL4, revealing the presence of all body wall muscles. For orientation, the relative position of muscles 4, 5, 6, 7, 12,
13, 26, and 27 is labeled. C, The development of postsynaptic sites in Mhc1 embryos appears unaltered, as postsynaptic GFP-tagged potassium Shaker channels (MHC-Sh-CD8-GFP) transition from
a dispersed (Stage 17b, 17 h AEL, C) to a restricted (Stage 17d, 20 h AEL, C�) localization in bouton-like structures (arrowhead) during embryogenesis. Muscles 6, 7, 12, and 13 are labeled for orientation.
D, Motoneuron filopodia from growth cones on the TN and SNb nerve in a Stage 17a Mhc1 embryo (16.5 h AEL) as revealed by pan-neural GFP expression with a corresponding schematic showing the relative
positions of muscles 6, 7, 12, and 13. Filopodial contacts simultaneously form on muscle 6 from correct (arrowhead) and incorrect (arrow) synaptic partners. Cell bodies from multiple sensory cells, including LBD
that is part of the TN, are also fluorescent. The growth of sensory dendritic filopodia is evident (asterisk). Scale bar, 5�m. E–H, Time-lapse snapshots of the TN in the same intact embryo at different time points,
defining the image shown in D as the starting point. To illustrate filopodial dynamism, the corresponding schematics (E�–H�) depict filopodia extending off the TN at the time of the snapshot (blue) as well as
filopodia that retracted 30 min before the snapshot (red). As reference, the black dot represents the origin of a prominent branch at time 0 shown in D.
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cyclase (Vonhoff and Keshishian, 2017a) in regulating synaptic
refinement at the Drosophila NMJ. A third candidate for acting
downstream of Ca 2� entry is the Ca 2�-dependent protein phos-
phatase CaN. CaN is involved in growth cone motility and turn-
ing behavior (Ferreira et al., 1993; Chang et al., 1995; Lautermilch
and Spitzer, 2000; Wen et al., 2004), but its role in synapse for-
mation and refinement in vivo is not as well defined.

CaN is a heterodimeric Ca 2�/calmodulin-dependent serine/
threonine protein phosphatase composed of a catalytic subunit,
CanA, and a regulatory subunit, CanB (Klee et al., 1979). In Dro-
sophila, three genes encode distinct isoforms of CanA subunits
(CanA-14F, CanA-14D, and CanA1), whereas two isoforms of

CanB subunits are encoded by the genes CanB and CanB2 (Takeo
et al., 2006). We tested a role of CaN in synaptic refinement by
expressing RNAi constructs pan-neurally for all three CanA
genes as well as the two CanB genes in separate experiments. This
was done in the presence of a Dicer2 transgene that effectively
enhances the RNAi knockdown of CaN genes (Tomita et al.,
2011). RNAi knockdown of each of the three CanA genes or CanB
led to an elevated frequency of ectopic contacts compared with
controls (Fig. 5D). Knockdown of CanB2 showed a small but not
significant increase in ectopic contact frequency (Fig. 5D).

We tested whether animals bearing mutations in each of the
CanA genes would match the miswiring phenotype observed

Figure 2. In vivo imaging of ectopic contacts during embryogenesis reveals the formation of bouton-like structures and intracellular Ca 2� signals. A, A�, Time-lapse images of the formation of
an ectopic contact on muscle 6 in an intact embryo expressing CD8-GFP pan-neurally. At early stages (Stage 17a, �16.5 h AEL, A), a prominent filopodium formed from the TN. Several hours later
(Stage 17e, A�), motile filopodia are no longer observed, and an ectopic branch on muscle 6 that failed to retract showed bouton-like morphology (arrow). Scale bar, 5 �m. B, C, Motoneuron
filopodia and terminals from the TN and SNb nerves at two different stages in the same animal. Changes of intracellular Ca 2� are revealed by increases in GCaMP fluorescence (“flashes,” B�, C�)
compared with the basal fluorescence (B, C). Ca 2� signals are observed in ectopic filopodia branching off the TN (arrows) at early (B�) stages of embryogenesis when most motoneuron growth cones
are motile, as well as at late stages (8 h later, C�) when native SNb terminals showed bouton-like structures.
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with expression of the RNAi constructs. Indeed, an elevated fre-
quency of ectopic contacts was observed in mutant larvae ho-
mozygous for each of the three CanA genes (Fig. 5E). A high
frequency of ectopic contacts was also observed in CanA-14D/�
heterozygotes (Fig. 5E). The genetic specificity of the miswiring
phenotype was confirmed by examining animals bearing chro-

mosomal deficiencies that spanned the CanA gene loci (data not
shown). To further confirm the presynaptic role of CanA for
synaptic refinement, we expressed WT CanA14D either in all
neurons or all muscles in CanA-14D/� heterozygotes. A signifi-
cant rescue of the miswiring phenotype was observed only with
the pan-neural expression of WT CanA14D (Fig. 5F). No rescue

Figure 3. Low-frequency Ca 2� oscillations are observed at single motoneuron terminals in late embryogenesis. A, Motoneuron terminals from the SNb nerve in segment A3 of a Stage 17e
embryo as revealed by the basal GCaMP fluorescence imaged with enhanced acquisition parameters to better visualize anatomy. Ai–Aiv, Dynamic changes in intracellular Ca 2� are quantified at the
single-cell level by comparing basal GCaMP fluorescence (Ai, Aiv) with increased fluorescent levels (Aii, Aiii). Scale bars: A, 5 �m; Ai–Aiv, 10 �m. B, Example of changes in intracellular Ca 2� in
boutons of a single motoneuron, RP3, as measured by changes in GCaMP basal fluorescence (	F/F) imaged every 300 ms (2 Hz). The pattern reveals that activity events last for several seconds before
GCaMP fluorescence returns to baseline. C, Frequency of GCaMP flashes at different developmental stages. A twofold increase in the intracellular Ca 2� events was observed between Stages 17c-d
(18.5–19.5 h AEL) and the last embryonic Stage 17e (20 h AEL), reaching an average frequency of 2 events/min during the last hours of embryonic development (n � 7, 10, 14, 10, 8, 14, 7, 10, and
8, respectively). D–G, Examples of GCaMP patterns at different developmental stages measured at a single motoneuron, RP3, imaged every 2 s (0.5 Hz). Ca 2� signals progress from variable activity
patterns (D–F ) to a coordinated oscillatory pattern as observed in late embryos (G).
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was observed by the pan-neural expres-
sion of a catalytically inactive mutant form
of CanA14D, containing an amino acid sub-
stitution at His217 to glutamine (CanA14D-
H217Q) (Takeo et al., 2012), suggesting
that phosphatase activity is required for
the removal of ectopic contacts.

To test whether elevated CaN function
would similarly disrupt synaptic refine-
ment, we expressed pan-neurally three
different constructs: CanA14D-WT, as
well as a constitutively active form of
CanA14D (CanA14D act) and CanA-14F
(CanA14Fact) as separate gain-of-function
(GOF) experiments (Sullivan and Rubin,
2002; Nakai et al., 2011). In contrast to the
above loss-of-function (LOF) experi-
ments, no increased frequency of ectopic
contacts was observed (Fig. 5E).

The molecular pathway underlying
synaptic refinement involves Ca 2�-
dependent signaling involving CaN,
PKA, and protein phosphatase-1 (PP1)
function
We next performed genetic interaction
tests to determine whether a functional
relationship existed between CaN and any
of the genes previously described as being

Figure 4. LOF of the voltage-gated Ca(v)2.1 cacophony and Ca(v)3 Dmca1G Ca channels leads to miswiring. A, Schematic of the
musculature of the ventral portion of one abdominal hemisegment of a third instar larva showing muscle fibers 6, 7, 12, 13, 15, 16,

4

and 17. On muscles 7 and 6, the ectopic contacts (red, arrows)
are shown in the typical locations in which they are observed
next to the native stereotypic motoneuron contacts (arrow-
head). Blue represents TN. Green represents segmental nerve
b (SNb). Gray represents segmental nerve d (SNd). Blue dashed
square represents the area shown in images of ectopic con-
tacts in Figures 4, 5, and 7. B–F, Ectopic contacts on muscles 7
and 6 were detected in third instar larvae in genetic manipu-
lations that affect voltage-gated Ca 2� channels. Ectopic con-
tacts comprised all different bouton types, ranging from
ectopic Type 1b endings emerging from the TN (D) or from
motoneurons innervating neighboring muscles (E), as well as
Type II endings (C, F). C–F, Arrow indicates ectopic contact.
Arrowhead indicates native innervation. Scale bars: B, D, F, 40
�m; C, 25 �m; E, 15 �m. G, Frequency of ectopic contacts in
larvae expressing RNAi constructs for all genes encoding for �
subunits of voltage-gated Ca 2� channels, cacophony (cac,
Ca(v)2.1), Dmca1D (Ca(v)1), and Dmca1G (Ca(v)3), as well as
for the Ca 2� channel � subunit, using the pan-neural
elavGAL4 C155 driver. Control groups included elavGAL4 flies
crossed to either W1118 or UAS-GFP flies, and experimental
lines were compared with their corresponding control for sta-
tistical significance. Data are calculated as the percentage of
ectopic-containing hemisegments per larva, averaged over
the number of animals (�SEM; n � 19, 12, 22, 8, 26, and 18
animals, respectively; p � 0.005, 0.006, and 0.008, respec-
tively). H, Frequency of ectopic contacts in WT and homozy-
gous and heterozygous larvae for cacNT27, cacTS3, and Dmca1G
(n � 51, 36, 61, 17, 10, 34, and 18 animals, respectively; p �
1.1 � 10 
18, 8.8 � 10 
8, 0.01, and 1.1 � 10 
6, respec-
tively). I, Frequency of GCaMP5 flashes in Stage 17e embryos
in control, cacNT27, and Dmca1G homozygotes, measured at a
single motoneuron as described in Figure 3 (n � 21, 13, and
13, respectively; p � 0.0004 and 0.009, respectively).
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required for refinement. We first tested
the interaction between CanA and the
Ca 2� channel gene cacophony, using
cacNT27/� heterozygotes that show ele-
vated ectopic contact frequency. A sup-
pression of the phenotype was observed in
all double heterozygotes of CanA and
cacNT27 (Fig. 6A). The ectopic contact fre-
quency observed in cacNT27/� animals
was significantly lower in the double het-
erozygote cacNT27,�/�,CanA14F as well
as in cacNT27/�;;CanA1/�. Similarly,
cacNT27,�/�,CanA14D heterozygotes
showed a suppressed ectopic frequency com-
pared with CanA14D/� mutants (Fig. 6A).

We previously showed that refinement re-
quired components of a cAMP-dependent
pathway, including the adenylyl cyclase Ruta-
baga, the cAMP-phosphodiesterase Dunce,
PKA, and PP1 (Vonhoff and Keshishian,
2017a). Therefore, we investigated whether
CanA interacts genetically with any of
these molecules. We tested for a suppres-
sion of the ectopic contact phenotype ob-
served in CanA14D/� heterozygotes, by
crossing CanA14D females to males mu-
tant for rutabaga (rut1), dunce (dncM11),
PKA subunit-R2 (PKAR2LOF), and pro-
tein phosphatase-1 (PP1a96A). Similar
ectopic frequencies in the double heterozy-
gotes CanA14D, �/�, rut1 and CanA14D,
�/�, dncM11 were observed compared
with CanA14D/� animals (Fig. 6B). By
contrast, a significant reduction of the
CanA14D/� phenotype was observed in
CanA14D/�; PKAR2LOF/� and CanA14D/
�;;PP1a96A/� double heterozygotes (Fig.
6B). These results suggest that CaN, PKA,
and PP1 may function in the same signaling
pathway underlying refinement.

In mammalian neurons PKA phosphory-
lates protein inhibitor-1 (I1�), which in turn
inhibits PP1. By contrast, CaN dephos-
phorylates I1�, activating PP1 (Oliver
and Shenolikar, 1998). Thus, we hypoth-
esized that CaN and PKA may also regu-
late common targets in opposite ways,
although their interactions in Drosophila
are less well understood, and I1� has as
yet no known fly homolog (Ceulemans et

Figure 5. The Ca 2�-dependent phosphatase CaN is required presynaptically for refinement. A–C, The segmental border region
of muscles 7 and 6 of a third instar larvae is shown from a mutant for each of the three genes encoding for a regulatory CaN subunit
A (CanA) CanA14F (A), CanA1 (B), and CanA14D (C). Arrow indicates ectopic contact. Arrowhead indicates native innervation. Scale
bars: A, 25 �m; B, C, 40 �m. D, Frequency of ectopic-containing hemisegments in larvae expressing RNAi for the indicated CaN
genes using the elav-GAL4 driver. The control group included elav-GAL4 flies crossed to W1118 (n � 19, 19, 21, 22, 26, and 16,
respectively; p � 0.02, 0.005, 0.002, and 0.003, respectively). E, Ectopic frequency in WT (white), and CanA14F, CanA1, and
CanA14D homozygotes and heterozygotes (dark gray) (n � 51, 18, 21, 15, 26, 20, and 25, respectively; p � 1.6 � 10 
6, 0.0002,
2.1 � 10 
6, and 8.7 � 10 
5, respectively). F, As a rescue experiment, the elevated ectopic frequency observed in CanA14D/�
heterozygotes is reduced only by the pan-neural expression of a CanA14D WT transgene (CanA14D/�;UAS-CanA14D-WT/�;
elavGS-GAL4,UAS-CD8-GFP/�). By contrast, no rescue was observed following the panmuscular expression of CanA14D WT
(CanA14D/�;UAS-CanA14D-WT/�;MHCGAL4,UAS-CD8-mCherry/�) or the pan-neural expression of a catalytically inactive

4

mutant form of CanA14D, containing an amino acid substitu-
tion at His217 to glutamine (CanA14D-H217Q) (CanA14D/�;
UAS-CanA14D-H217Q/�;elavGS-GAL4,UAS-CD8-GFP/�)
(n � 21, 9, 10, and 18, respectively; p � 0.0002). G, GOF
experiments involved the pan-neural expression of the
CanA14D WT transgene (elav-GAL4/�;UAS-CanA14D-
WT/�) or a constitutively active form of CanA14D (UAS-
CanA14D act/elavGS-GAL4,UAS-CD8-GFP), as well as CanA14F
(elav-GAL4/�;UAS-CanA14D-WT/�). No effects on connec-
tivity were observed in these manipulations (n � 18, 12, and
8, respectively). *p � 0.05. **p � 0.01. ***p � 0.001.
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al., 2002; Bennett et al., 2006). We reasoned that increased PKA
function would cause phenotypes similar to those seen with de-
creased CaN function. Therefore, we used PKAR2LOF mutants
that have elevated PKA activity due to mutations in the regulatory
subunit R2 (Park et al., 2000), and crossed them to cacNT27 mu-
tants. Consistent with our hypothesis, a rescue of the miswiring phe-
notype was observed in cacNT27/�; PKAR2LOF/�hemizygous males
and cacNT27/�; PKAR2LOF /� heterozygous females (Fig. 6C).
Although PKA and PP1 functions were previously described as
being required for refinement, their functional interaction within

the signaling pathway remained untested.
Therefore, we hypothesized that the ecto-
pic contact phenotype observed in
PKAR2LOF mutants may be caused by an
elevated inhibition of PP1, similar to the
phenotype observed in PP1a96A mutants.
Testing this, we observed a suppression of
the miswiring phenotype by the pan-
neural expression of PP1 in PKAR2LOF

mutants, whereas no rescue was observed
in the PKAR2LOF/�; PP1a96A/� double
heterozygotes (Fig. 6C). These results
suggest that CaN, PKA, and PP1 likely
function together, downstream of Ca 2�

influx, to mediate off-target contact
removal.

Misregulation of CaMKII function
results in miswiring
How might CaN, PKA, and PP1 collec-
tively regulate the removal of ectopic
contacts during synaptic refinement? A
previous study showed that presynaptic
CaMKII function is essential for synaptic
refinement at the Drosophila NMJ (Car-
rillo et al., 2010). In mammalian cells,
CaMKII function is regulated by both
CaN and PP1 activity (Shields et al., 1985;
Oliver and Shenolikar, 1998). The interaction
between these molecules in Drosophila is less
well understood, and whether they act in the
same signaling pathway for refinement re-
mains an open question. Therefore, we per-
formed genetic interaction tests to examine
whether the ectopic phenotype observed in
CanA14D/� heterozygotes is rescued by
CaMKII mutations. An elevated ectopic con-
tact frequency was observed in CanA14D/�;;;
CaMKII/� double heterozygotes (Fig. 7D).
This indicates that reduced CaMKII-
dependent phosphorylation does not
compensate for reduced CaN function.
Whereas the miswiring phenotype ob-
served in cacNT27 mutants was rescued by
lowering CaN function (Fig. 6), reduced
CaMKII function in cacNT27 mutants did
not rescue the miswiring phenotype, given
the elevated ectopic contact frequency ob-
served in cacNT27/�;;;CaMKII/� double
heterozygotes (Fig. 7D). These results sup-
port the view that CaMKII function is crit-
ical for synaptic refinement. Therefore,
we sought to further examine the role of

CaMKII in the removal of ectopic contacts.
We first examined the phenotype of both LOF and GOF of

CaMKII in motoneurons (Fig. 7E). Four different CaMKII con-
structs were examined: (1) the inhibitory transgene CaMKII-
Ntide; (2) the mutated form CaMKII-T287A, which has normal
Ca 2�-dependent activity but blocked autophosphorylation;
(3) the mutated form CaMKII-T287D, which is constitutively
active and Ca 2�-independent; and (4) the WT form CaMKII-R3
(Fig. 7E). A significant elevated ectopic frequency was observed

Figure 6. Genetic interaction tests indicate that CanA may function in a pathway that involves Ca 2� signaling, PKA, and PP1
function for refinement. A, The ectopic frequency observed in cacNT27 /� heterozygotes was reduced in genetic backgrounds
heterozygous for CanA mutations (n � 54, 21, 29, 13, and 29, respectively; p � 0.003, 0.004, and 0.002, respectively). B, The
elevated ectopic frequency observed in CanA14F/� heterozygotes was reduced in mutant backgrounds that affect PKA and PP1
function (n � 20, 8, 12, 23, and 21, respectively; p � 0.02 and 0.04, respectively). C, A genetic background for increased PKA
function suppresses the elevated ectopic frequency observed in cacNT27 /� heterozygotes and in larvae overexpressing PP1 pan-
neurally (n � 12, 54, 19, 20, 10, 18, 12, 18, 21, and 22, respectively; p � 9.9 � 10 
6, 0.04, 0.0004, and 8.2 � 10 
6). *p � 0.05.
**p � 0.01. ***p � 0.001.
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Figure 7. Misregulation of CaMKII function affects synaptic refinement in a pathway that likely involves Ca 2� signaling and PP1. A–C, Ectopic contacts on muscles 7 and 6 are shown in larvae
expressing a WT CaMKII form (CaMKII-R3, A), a Ca 2�-dependent mutant CaMKII T287A (B), and a constitutively active CaMKII form (CaMKII T287D, C). Arrow indicates ectopic contact. Arrowhead
indicates native innervation. Scale bars: A, B, 40 �m; C, 25 �m. D, The elevated ectopic frequency observed in cacNT27/�and CanA14F/�heterozygotes was not suppressed in CaMKII heterozygous
mutants (n � 54, 20, 19, 18, 6, and 19, respectively). E, Elevated ectopic frequency was observed in larvae expressing genetic constructs that increase and (Figure legend continues.)
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in larvae with loss of CaMKII function as well as when autophos-
phorylation was blocked. Similarly, overexpression of either the
WT R3 form or the constitutively active T287D transgene both
showed a significantly elevated ectopic contact phenotype.

CaMKII is inhibited by PP1-dependent dephosphorylation
in mammalian cells (Shields et al., 1985). Therefore, we tested
whether a similar relationship occurred in Drosophila, and hy-
pothesized that elevated CaMKII activity would be balanced by
increased PP1 function. Indeed, the high frequency of ectopic
contacts observed in larvae overexpressing the WT CaMKII-R3
form was significantly reduced by coexpression of PP1 (Fig. 7E).
As expected, no rescue of the phenotype was observed in animals
coexpressing the autophosphorylation LOF CaMKIIT287A and
PP1 (Fig. 7E).

These results indicate that CaMKII is a key component of the
molecular pathway underlying refinement, and that several mol-
ecules work together for its regulation. Why does increased as
well as decreased CaMKII function negatively affect refinement?
One hypothesis involves the possibility of an optimal range for
CaMKII activity, where deviations in either direction would
cause a phenotype. This would be similar to the situation ob-
served elsewhere for several cAMP-dependent functions, such as
reduced memory performance (Tully and Quinn, 1985), satellite
bouton formation (Lee and Wu, 2010), sensory neuron dendrite
complexity (Copf, 2014), and ectopic contact removal (Vonhoff
and Keshishian, 2017a). However, we hypothesized that the
CaMKII-GOF phenotype may be due to reduced neural excitabil-
ity, as observed in larval motoneurons expressing the constitu-
tively active form CaMKII-T287D (Park et al., 2002).

To test whether there is a loss of excitability in embryonic
neurons, we live-imaged Ca 2� transients in motoneuron termi-
nals of embryos expressing either the GOF CaMKII-T287D or the
autophosphorylation mutant CaMKII-T287A. The frequency of
Ca 2� transients was significantly reduced in embryos expressing
the GOF-T287D form. By contrast, the frequency of Ca 2� events
in embryos expressing the LOF-T287A did not differ from con-
trols. This implies that the miswiring observed in the GOF T287D
animals may be due to the reduced Ca 2� transient frequency,
which would place CaMKII function upstream of Ca 2� signaling
in the molecular pathway. Therefore, we further tested whether
the miswiring phenotype observed in T287D animals was due to
reduced Ca 2� influx or, alternatively, to abnormal regulation of
CaMKII function. For this, we coexpressed the temperature-
sensitive, Ca 2�-permeable cation channel TrpA1 (Hamada et al.,
2008; Pulver et al., 2009) together with the T287D construct,
and activated it at different frequencies by using a variety of
temperature-shift protocols, providing another source of Ca 2�

influx in addition to the native Ca 2� oscillation regulated by the
central pattern generator (Fig. 3). No rescue of the miswiring
phenotype was observed in T287D animals stimulated with any
of the activation patterns, which included 1:10 duty cycles (8 s of

activation at 28°C [8 s ON] followed by 80 s of inactivation at
18°C [80 s OFF], as well as 30 s ON: 300 s OFF, Fig. 7G; and 15 s
ON: 150 s OFF; data not shown), 1:20 and 1:40 duty cycles (8 s
ON: 150 s OFF, and 8 s ON: 300 s OFF, respectively; Fig. 7G). By
contrast, introducing additional Ca 2�influx following the 8 s
ON: 300 s OFF pattern was sufficient to rescue the miswiring
observed in animals expressing the T287A isoform, which is ac-
tivated by Ca 2� transients but has blocked autophosphorylation.
No rescue was observed following activation patterns with in-
creased frequencies or duty cycles.

This result suggests that the lack of autophosphorylation in
the CaMKII-T287A animals can be compensated for by increas-
ing the frequency of Ca 2� transients to maintain CaMKII func-
tion in an optimal level. Increasing Ca 2� transients at too high
frequencies likely leads to CaMKII overactivation, a similar sce-
nario seen in animals expressing the constitutively active form
CaMKII-T287D. Furthermore, no rescue of the miswiring ob-
served in animals expressing the inhibitory construct CaMKII-
Ntide was accomplished following any of the activation patterns.
These results suggest that overactivation of CaMKII affects ecto-
pic removal by misregulation of molecular components of the
signaling pathway downstream of Ca 2� influx in addition to re-
ducing membrane excitability. This indicates a key role of
CaMKII in the molecular pathway underlying ectopic removal, in
which several molecules regulate CaMKII to maintain its func-
tion within an optimal range.

Dmca1G, CaN, and CaMKII may function in the same
molecular pathway to regulate Sema2a-
dependent chemorepulsion
Previous studies have shown that ectopic contact removal from
off-target muscles depends on Sema2a, a chemorepellant se-
creted by the muscle that binds to its presynaptic receptor, Plex-
inB, to induce repulsion (Matthes et al., 1995; Winberg et al.,
1998; Hu et al., 2001; Ayoob et al., 2004). The activity-dependent
removal of ectopic contacts is proposed to occur by modulating
the motoneuron’s responsiveness to Sema2a-dependent chemore-
pulsion (Carrillo et al., 2010; Vonhoff and Keshishian, 2017a).
Therefore, we performed genetic interaction tests to examine
whether the molecular components identified above may func-
tion in the same molecular pathway as Sema2a. For this, we tested
Dmca1G/�, CanA14F/�, and CaMKII/� heterozygotes that
each show relatively normal connectivity similar to WT animals
but provide a sensitized genetic background to test for interac-
tions with Sema2a heterozygotes. A significant enhancement
of the ectopic contact phenotype was observed in all double
heterozygotes, suggesting genetic interactions between the tested
genes (Fig. 8).

To further test a relationship between CanA and chemorepul-
sion, we asked whether the ectopic phenotype observed in
CanA14D mutants could be rescued by the pan-neural overex-
pression of the Sema2a receptor, PlexinB (Ayoob et al., 2006).
CanA14D mutants overexpressing PlexinB significantly reduced
the ectopic frequency (Fig. 8A), suggesting that CanA acts upstream
of chemorepulsion. By contrast, pan-neural overexpression of the
Ca(v)2.1 gene cacophony showed no rescue of the CanA14D pheno-
type, suggesting that CanA acts downstream of Ca2�, consistent
with its known role as Ca2�-dependent phosphatase.

Having observed that ectopic filopodia branching off the TN
extended and retracted on VL muscles during the final hours of
embryogenesis (Fig. 1), we next asked whether reduced chemore-
pulsion would affect the dynamics of ectopic TN filopodia. We
expressed membrane-tagged fluorescent probes pan-neurally

4

(Figure legend continued.) decrease CaMKII function. Pan-neural overexpression of PP1 re-
duced the ectopic frequency observed in larvae expressing the CaMKII WT form R3, but not the
Ca 2�-dependent form T287A (n � 23, 19, 18, 18, 26, 15, 29, 17, and 29, respectively; p �
1.5E-05, 0.001, 0.0009, 0.0005, 8.1 � 10 
5, and 0.03, respectively). F, The frequency of
GCaMP5 flashes is significantly reduced in embryos expressing the constitutively active form
CaMKIIT287D but not in embryos expressing CaMKIIT287A (n � 27, 12, and 9, respectively; p �
0.004). G, The temperature-sensitive Ca 2�-permeable channel TrpA1 was coexpressed with
different CaMKII constructs, and temperature was cycled in a PCR machine following different
activation protocols during the critical period of refinement (n � 8, 13, 18, 7, 10, 5, 17, 19, 13,
12, 19, and 10, respectively; p � 0.008). *p � 0.05. **p � 0.01. ***p � 0.001.
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Figure 8. CanA and CaMKII may function in a pathway that involves Ca 2� signaling and Sema2a-dependent chemorepulsion for refinement. A, Genetic interactions were observed between
heterozygous mutants for the trans-synaptic chemorepellant sema2a and heterozygotes for Dmca1G, CanA14F, and CaMKII. Rescue experiments by the pan-neural expression of PlexB
(CanA14D/�;;UAS-PlexinB/elavGS-GAL4,UAS-CD8-GFP) or Cacophony (CanA14D/�;;UAS-cacophony/elavGAL4,UAS-TdTomato) in CanA14D mutants (n � 34, 18, 25, 18, 17, 13, 27, 11, and 11,
respectively; p�0.0002, 0.03, 0.02, and 0.0002, respectively). B, C, Motoneuron filopodia from growth cones on the TN and SNb nerve in a Stage 17a Mhc1 embryo (16.5 h AEL) are shown as revealed
by pan-neural TdTomato expression in a control animal (B) and a heterozygous Sema2a mutant (C). Arrow indicates ectopic filopodial contact. Arrowhead indicates native innervation. Muscles 7 and
6 are labeled for orientation. D, In vivo imaging of fluorescently tagged filopodia in intact embryos revealed that reduced Sema2a levels increased the frequency of ectopic filopodia branching off the
TN (top: n � 9 and 6 embryos; p � 0.03) and maximum filopodial length (middle: n � 110 and 131 filopodia; p � 0.001), whereas it decreased the average filopodial life span (bottom: n � 71
and 51 filopodia; p � 0.04). Data are mean � SEM. E, Frequency of GCaMP5 flashes recorded at a single RP3 bouton in 17e embryos in control and in Sema2a heterozygotes. F, Additional Ca 2�

transients do not reduce ectopic frequency in Sema2a/� heterozygotes. The TrpA1 channels were expressed pan-neurally in Sema2a heterozygotes, and temperature was cycled in a PCR machine
following different activation protocols (n � 8, 13, 18, 7, 10, 5, 17, 19, 13, 12, 19, and 10, respectively). *p � 0.05. **p � 0.01. ***p � 0.001.
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and analyzed morphological properties of ectopic TN filopodia
in control and Sema2a heterozygous animals (Fig. 8B–D). We
observed an increase in the frequency of TN filopodia as well
as in the maximum filopodial length in Sema2a heterozygotes,
whereas the average filopodial life span was decreased (Fig. 8D).
To test whether Sema2a-dependent signaling acts downstream of
presynaptic Ca 2�, we live-imaged Ca 2� signals in motoneuron
terminals in Sema2a/� heterozygotes. Peristaltic activity as fic-
tive motor waves was observed in Stage 17e Sema2a/� heterozy-
gotes that was indistinguishable of the activity pattern observed
in control embryos. At the single-cell level, a similar frequency of
Ca 2� transients was observed in Sema2a/� heterozygotes and
control animals (Fig. 8E). To further test that Ca 2� signaling may
be positioned upstream of Sema2a signaling, we expressed the
TrpA1 channel in Sema2a/� heterozygotes. Increased presynap-
tic Ca 2� influx did not reduce the ectopic frequency of Sema2a/�
animals to WT levels in any of the TrpA1 activation protocols
tested (Fig. 8F).

It should be noted that the genetic interaction tests of this
study demonstrate functional relationships and do not necessar-
ily imply direct physical interactions between the molecules. Al-
though the simplest explanation is that the molecules participate
in a common signaling pathway, it remains possible that multiple
pathways are at play. Nevertheless, these genetic tests provide
important evidence for unraveling the molecular mechanisms
underlying synaptic refinement, and support our view that
chemorepulsion plays a key role in the formation and refinement
of off-target contacts in vivo. In summary, our results support the
view that CaN, PKA, PP1, and CaMKII regulate the neuron’s
response to muscle-derived repulsion for the refinement of syn-
aptic connectivity.

Discussion
We provide the first direct evidence for episodic Ca 2� signals at
developing growth cones during the exploration of off-target and
on-target synaptic partners at the Drosophila NMJ. Our results
support a model in which presynaptic electrical activity and Ca 2�

influx through VGCCs regulate the neuron’s responsiveness
to Sema2a-dependent chemorepulsion exerted by the muscle.
Consistently, imaging of intact embryos demonstrated that de-
creased Sema2a levels promoted ectopic filopodial contacts and
that Sema2a-dependent signaling may be acting downstream of
presynaptic Ca 2� influx.

Calcium signals are observed during the formation and
removal of ectopic contacts
Multiple in vitro studies have described a role for Ca 2� in regu-
lating growth cone dynamics (Schubert et al., 1978). Ca 2� regu-
lates the elongation and motility of filopodia and lamellipodia
(Kater and Shibata, 1994; Rosenberg and Spitzer, 2011) and plays
a role in chemotropic turning behavior (Gomez and Zheng, 2006;
Zheng and Poo, 2007). However, the role of Ca 2� signaling dur-
ing the innervation of correct and incorrect synaptic partners is
not as well understood.

In Drosophila embryos, the silencing of electrical activity in-
creases the appearance of inappropriate neuromuscular contacts
that develop into functional synapses (Jarecki and Keshishian,
1995; White et al., 2001; Carrillo et al., 2010). Restoring electrical
activity within an early critical period, spanning from late em-
bryogenesis to the early first larval stage, rescues the miswiring
phenotype (Jarecki and Keshishian, 1995). We live-imaged the
formation and retraction of motoneuron filopodia during the
innervation of muscles in intact embryos. Filopodia can newly

form, extend onto, and retract from off-target muscles during
several hours of late embryogenesis, within the previously deter-
mined critical period. Live imaging of embryos revealed transient
Ca 2� signals that became progressively regular and oscillatory at
developing NMJs. In addition, the GCaMP signals were detected
in filopodia that explored ectopic sites. Given previous evidence
that episodic Ca 2� signaling at a specific low frequency is critical
for the normal removal of ectopic contacts in a Sema2a-dependent
fashion (Carrillo et al., 2010), we hypothesize that the regularly
spaced, low-frequency Ca2� transients observed in these ectopic
contacts are a crucial part of a refinement mechanism.

There is good evidence that Ca 2� transients usually inhibit
filopodial exploration. Increases in intracellular Ca 2� levels sup-
pressed filopodial growth and elongation in cultured molluscan
neurons (Cohan et al., 1987; Mattson and Kater, 1987). Also, in
Xenopus neurons, in vivo imaging showed that high frequencies
of Ca 2� transients in growth cones caused stalling and axon re-
traction (Gomez and Spitzer, 1999). One conclusion is that the
rate of axon outgrowth is inversely related to the frequency of
endogenous growth cone Ca 2� transients. Although reduced
Ca 2� signaling could lead to neurite overgrowth and ectopic con-
tacts, we observed no evidence of motoneuronal overgrowth in
cacNT27 mutant embryos, where the number of synaptic boutons
at native NMJs remained unaltered (Rieckhof et al., 2003). There-
fore, we favor the hypothesis that the presence of ectopic contacts
is due to alterations in the removal mechanism rather than to
overgrowth.

Ca 2�-dependent regulation of chemorepulsion
during refinement
Electrical activity plays a crucial role in the refinement of neural
networks during development (Wiesel and Hubel, 1963). How-
ever, the mechanisms by which neural activity regulates the ef-
fects of guidance cues for proper neural circuit connectivity
remain incompletely resolved. In vitro studies have shown that
electrical activity modulates neural responses to chemotropic fac-
tors, such as netrin-1-induced attraction and myelin-associated
glycoprotein-induced repulsion (Ming et al., 2001) in Xenopus
neurons, as well as the repellent action of ephrin-A in mouse
retinal ganglion cells (Nicol et al., 2007).

Our results indicate that ectopic contact removal depends on
presynaptic Ca 2� influx through VGCCs. Consistent with this
result, blockade of Ca 2� influx by Ca 2� channel blockers has
been shown to suppress filopodial formation and growth cone
elongation in vitro (Mattson and Kater, 1987). However, VGCCs
are not the only source of the Ca 2� involved in growth cone
behavior. In cultured Xenopus neurons, integrin-dependent,
non–voltage-gated channels influence growth cone turning.
Filopodial Ca 2� transients on one side of the growth cone pro-
mote turning from that side (Gomez et al., 2001). Similarly, the
regulation of growth cone dynamics by axon guidance molecules,
such as netrin-1, relies on other sources of Ca 2� signals. In cul-
tured cortical neurons, netrin-1 promotes axon branching by
localized Ca 2� transients (Tang and Kalil, 2005), in cultured
Xenopus neurons netrin-1-induced turning responses depended
on Ca 2� influx through plasma membrane Ca 2� channels, as
well as Ca 2�-induced Ca 2� release from cytoplasmic stores
(Hong et al., 2000). Although our results indicate a crucial role
for VGCCs in ectopic contact removal, a role for Ca 2�-induced
Ca 2� release in synaptic refinement in Drosophila remains
untested.

An alternative hypothesis is that growth cone responses to
attractive and repulsive signals are altered in cac and Dmca1G
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mutants due to changes in the resting level of intracellular Ca 2�.
Changes in growth cone Ca 2� concentrations are known to in-
duce attraction as well as repulsion (Zheng, 2000; Wen et al.,
2004), and a specific range of intracellular Ca 2� concentration
regulates neurite outgrowth (Cohan et al., 1987; Mattson and
Kater, 1987). Whereas a precise quantification of the Ca 2� con-
centrations in intact fly motoneuron growth cones remains to be
determined, our results indicate that the frequency of Ca 2�

events at the NMJ in late embryos is reduced in VGCC mutants.

A model for the mechanism underlying
activity-dependent refinement
Calcium regulates various effectors (Clapham, 2007; Toth et al.,
2016). Our results provide evidence for the role of the Ca 2�-
dependent phosphatase CaN in refinement, a protein that is
widely expressed in the nervous system (Klee et al., 1979, 1998).
In flies, CaN regulates sleep (Nakai et al., 2011; Tomita et al.,
2011), and CaN-LOF inhibits endocytosis of synaptic vesicles
(Kuromi et al., 1997) and reduces bouton number (Wong et al.,
2014). However, its role in activity-dependent synaptic refine-
ment is not well established.

In vitro studies have also identified a role of CaN in the regu-
lation of growth cone motility (Ferreira et al., 1993). Whereas
blockade of CaN inhibits neurite outgrowth (Chang et al., 1995;
Lautermilch and Spitzer, 2000; Graef et al., 2003), additional
studies have shown that CaN promotes chemorepulsion in
growth cones (Wen et al., 2004; Forbes et al., 2012). Our results
are consistent with this idea, as CaN-LOF manipulations in-
creased ectopic contact frequency whereas the CaN-GOF manip-
ulations caused no connectivity defects.

In backgrounds with reduced Ca 2� levels, such as in cacNT27

mutants, we found that reducing CaN activity decreased ectopic
frequency. One explanation involves the possibility that CaMKII
activity is also reduced under low Ca 2� conditions. CaMKII
function is required for proper refinement and may be inhibited
by PP1 (Fig. 7E) (Shields et al., 1985). Because PP1 function is
known to be promoted by CaN (Oliver and Shenolikar, 1998),
reducing PP1 activation by decreasing CaN function (or by in-
creasing PKA function; Fig. 6B,C) may increase CaMKII activity
under low Ca 2� conditions, which would promote ectopic con-
tact removal.

We propose a model where CaMKII is a key regulator for
ectopic contact removal. CaMKII can act as a frequency decoder
of Ca 2� transients (Deisseroth et al., 1995; Smedler and Uhlén,
2014). Furthermore, in vitro studies showed that CaMKII is re-
quired for neurite outgrowth (Goshima et al., 1993; Tang and
Kalil, 2005) and suggest that CaMKII function promotes che-
moattraction rather than chemorepulsion (Zheng et al., 1994;
Wen et al., 2004; Forbes et al., 2012). However, our results show
that CaMKII-LOF manipulations increase ectopic contact fre-
quency. We hypothesize that CaMKII-dependent phosphoryla-
tion of molecules in the signaling pathway downstream of the
Sema2a receptor, PlexinB, is required for ectopic contact re-
moval. Furthermore, we observed that CaMKII function is re-
quired to be maintained within an optimal level for proper
function, whereas CaMKII-LOF and -GOF manipulations both
lead to miswiring. A similar optimal range has been previously
described for intracellular cAMP levels, PKA, and PP1 (Vonhoff
and Keshishian, 2017a). Here, we provide evidence for differen-
tial effects on refinement following CaMKII misregulation.
Increased CaMKII function due to the expression of the consti-
tutively active form T287D reduced the frequency of Ca 2� tran-
sients at the embryonic NMJ, likely by reducing membrane

excitability as observed in larval motoneurons (Park et al., 2002).
By contrast, Ca 2� transient frequency was unaltered by the ex-
pression of the T287A construct, suggesting that decreased
CaMKII function affects mechanisms other than excitability and
Ca 2� influx, some of which may act downstream of PlexinB
activation (Koropouli and Kolodkin, 2014). Consistently, intro-
ducing an additional source of Ca 2� influx rescued the T287A-
dependent phenotype by a pattern adjusted to restore CaMKII
activation at an optimal level. Because of the lack of autophos-
phorylation, CaMKII-T287A is predicted to be transiently acti-
vated every 30 s according to the native Ca 2� oscillation (Fig. 3).
Our data suggest that adding a brief Ca 2� pulse every 5 min to the
native pattern during the last hours of development might bring
CaMKII-T287A activity levels to comparable ones of the WT-
CaMKII. By contrast, no rescue of the phenotype was observed by
introducing additional Ca 2� transients in animals with inhibited
or constitutively active CaMKII.

We propose a model in which Ca 2� activates several effectors,
such as the kinase CaMKII, the phosphatase CaN, and the
adenylyl-cyclase Rutabaga, which elevates intracellular cAMP
levels. Presynaptic cAMP is required to promote PKA function.
In turn, PKA and CaN interact with PP1 to regulate CaMKII for
proper refinement. These ideas are further explored in a review
(Vonhoff and Keshishian, 2017b). These results provide a coher-
ent picture of the links between neural activity, chemorepulsion,
and the refinement of synaptic connectivity. A remaining task is
to identify the manner in which these signals ultimately influence
cytoskeletal dynamics and neurite retraction.

Notes
Supplemental material, time-lapse videos of embryonic growth
cone behavior and Ca transients, can be viewed at the website link
to the H.K. laboratory (http://mcdb.yale.edu/people/haig- kesh-
ishian). This material has not been peer reviewed.
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