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SUMMARY

Presynaptic resting Ca2+ influences synaptic vesicle
(SV) release probability. Here, we report that a TRPV
channel, Inactive (Iav), maintains presynaptic resting
[Ca2+] by promoting Ca2+ release from the endo-
plasmic reticulum in Drosophila motor neurons, and
is required for both synapse development and neuro-
transmission. We find that Iav activates the Ca2+/
calmodulin-dependent protein phosphatase calci-
neurin, which is essential for presynapticmicrotubule
stabilization at the neuromuscular junction. Thus,
loss of Iav induces destabilization of presynaptic mi-
crotubules, resulting in diminished synaptic growth.
Interestingly, expression of human TRPV1 in Iav-defi-
cient motor neurons rescues these defects. We also
show that the absence of Iav causes lower SV release
probability and diminished synaptic transmission,
whereas Iav overexpression elevates these synaptic
parameters. Together, our findings indicate that Iav
acts as a key regulator of synaptic development and
function by influencing presynaptic resting [Ca2+].

INTRODUCTION

At any time, the Ca2+ concentration ([Ca2+]) within presynaptic

terminals is a function of the complex interplay between events
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driving Ca2+ elevation and Ca2+ sequestration. Presynaptic

Ca2+ elevation, which may occur due to depolarization-induced

opening of voltage-gated Ca2+ channels (VGCCs), triggers SV

exocytosis (Catterall, 2000). While VGCCs are closed, the resting

[Ca2+] is insufficient to trigger SV release but influences SV

release probability and sculpts the spatiotemporal dynamics of

synaptic transmission (Awatramani et al., 2005; Zucker and

Regehr, 2002). However, whether resting [Ca2+] is involved in

other aspects of presynaptic function and whether specific non-

excitatory channels set the resting [Ca2+] remain unknown.

We sought to evaluate the synaptic function of Ca2+ channels

belonging to the transient receptor potential (TRP) superfamily,

which are voltage-independent channels that regulate diverse

neuronal pathways (Venkatachalam and Montell, 2007). How-

ever, the biggest hurdle to evaluating the role of TRP channels

in synapse development and function is the extent of functional

redundancy between the different vertebrate TRP genes (Venka-

tachalam and Montell, 2007). This problem can be overcome by

using Drosophila, because flies express only 13 TRP genes

compared to the 27 in vertebrates (Venkatachalam and Montell,

2007). Moreover, loss-of-function mutations in all 13 Drosophila

TRP genes are available (Fowler and Montell, 2013). We found

that loss-of-function mutations in a Drosophila TRPV channel

gene, inactive (iav) (Gong et al., 2004), result in decreased synap-

tic growth and diminished neurotransmission. Our results indi-

cate that Iav functions in motor neurons (MNs) to regulate ER

Ca2+ release and is required for maintaining presynaptic resting

[Ca2+], which is essential for microtubule stability, synaptic

growth, and SV release probability.
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Figure 1. Alterations in Synaptic Growth and

Morphology in iav1

(A–C) Confocal images of NMJs on muscles 6/7

from larvae of the indicated genotypes stained

with antibodies against the presynaptic marker,

HRP (green), and the postsynaptic marker, DLG

(magenta). Scale bar shown in (A) also applies to

(B) and (C).

(D–F) Confocal images of NMJs on muscle 4 from

larvae of the indicated genotypes stained with

antibodies against HRP (green) andDLG (magenta).

Scale bar shown in (D) also applies to (E) and (F).

(G) Quantification of the number of boutons at

NMJs on muscles 6/7 in larvae of the indicated

genotypes. *p < 0.0001, one-way ANOVA (com-

paring all the iav1 alleles with WT and iav1 ;P[iav+];

#p = 2.5 3 10�5, one-way ANOVA; comparing

ok371 > iavIR with GAL4 and UAS controls); n =

8–30 NMJs per genotype.

(H) Quantification of the number of boutons at

NMJs on muscle 4 in larvae of the indicated

genotypes. *p = 6.3 3 10�6, one-way ANOVA

(comparing all the data sets shown), n = 8–14 NMJs

per genotype.

(I) Quantification of the volume/bouton in larvae of

the indicated genotypes. *p = 0.007, one-way

ANOVA (comparing all the data sets shown), n R 7

NMJs per genotype.

(J) Quantification of the bouton number in larvae of the indicated genotypes. *p < 10�6, one-way ANOVA (comparing the data sets shown in the blue bars with

those in the red bars), n = 11–20 NMJs per genotype.

All values representmean ± SEM. Please consult the Supplemental Information for values. Abbreviations: MN,motor neuron; Cho, chordotonal organ; M,muscle.
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RESULTS

Inactive Is Required for Synapse Growth and
Morphology
Wedetermined the number of synaptic boutons at theDrosophila

third-instar larval NMJs in wild-type and loss-of-function alleles

of the TRP channel genes indicated in Table S1 (available online)

using antibodies against horseradish peroxidase (HRP, which

detects a carbohydrate moiety present on numerous neuronal

glycoproteins; Snow et al., 1987) and Discs large (DLG,

Drosophila ortholog of PSD-95; Cho et al., 1992). Only the larvae

lacking iav (Gong et al., 2004) exhibit fewer synaptic boutons

(muscles 6/7), which are 2-fold larger than control boutons (Table

S1; Figures 1A, 1B, 1G, and 1I). The iavmutants (iav1) also exhibit

diminished bouton numbers at the NMJs on muscle 4 (Figures

1D, 1E, and 1H). The alterations in bouton numbers and size

are rescued by a genomic wild-type iav transgene (P[iav+])

(Figures 1C, 1F, and 1G–1I). The iav1/Df1, iav1/Df2, iav3621, and

iav1 /iav3621 larvae (Gonget al., 2004) also showsimilar alterations

in the bouton number and morphology (Figure 1G).

Iav Functions in Motor Neurons to Regulate NMJ
Synapse Growth
To assess whether synaptic growth defects in iav1 are due to a

requirement for Iav in MNs, we first expressed an RNAi against

iav (UAS-iavIR) in MNs using the VGLUTok371-GAL4 (ok371-

GAL4) driver. Expression of iavIR in wild-type MNs induces a

significant decrease in NMJ bouton number—a phenotype not

observed in the UAS/GAL4 controls (Figure 1G). Furthermore,

expression of UAS-iav in the iav1 MNs using two separate
drivers, ok371-GAL4 and d42-GAL4, rescues the synaptic

growth defects (Figure 1J).

Iav is expressed in chordotonal neurons, where it is required

for hearing (Gong et al., 2004). However, we found that expres-

sion of UAS-iav in the iav1 chordotonal organs using ato-Gal4

(iav1; ato> iav)does not suppress theNMJphenotype (Figure 1J).

Expression of iav in mutant muscles (iav1; mef2 > iav) also does

not restore the bouton number in iav1 (Figure 1J). These data

indicate that Iav functions cell-autonomously in MNs to drive

synaptic growth.

HumanTRPV1, but neitherHumanTRPV4norDrosophila

Nanchung, Rescues the iav1 Synaptic Growth
Phenotype
Within the hTRPV channel subfamily (hTRPV1-6, 25%–27%

identity and 39%–46% similarity with Iav), hTRPV1 and hTRPV4

are the most extensively studied channels (Caterina et al., 1999,

2000; Güler et al., 2002; Watanabe et al., 2002), whose activity

can be manipulated by a host of pharmacological agents (Wata-

nabe et al., 2002; Xia et al., 2011a, 2011b). Here, we asked

whether expression of either hTRPV1 of hTRPV4 in iav1 MNs

would suppress the synaptic growth defects (see Figure S1 for

a comparison of the amino acid sequences of Iav, hTRPV1,

and hTRPV4). Remarkably, expression of hTRPV1 in the iav1

MNs (iav1; ok371 > hTRPV1) suppresses the diminished synaptic

growth (Figures 2A, 2B, and 2J). However, expression of hTRPV1

in wild-type MNs (ok371>hTRPV1) does not promote the forma-

tion of additional boutons (Figures 2C and 2J). We also pharma-

cologically inhibited the hTRPV1 channels expressed in the iav1

MNs by feeding the iav1; ok371 > hTRPV1 larvae the TRPV1
Neuron 84, 764–777, November 19, 2014 ª2014 Elsevier Inc. 765
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Figure 2. Suppression of iav1 Synaptic Growth Defects by Presynaptic Expression of Human TRPV1, but Not Human TRPV4

(A–C) Confocal images of larval NMJs from larvae of the indicated genotypes stained with antibodies against HRP (green) and DLG (magenta).

(D–F) Confocal images of larval NMJs from larvae of the indicated genotypes that were fed the indicated concentrations of capsazepine (CPZ) stained with

antibodies against HRP (green) and DLG (magenta).

(G–I) Confocal images of NMJs from larvae of the indicated genotypes stained with antibodies against HRP (green) and DLG (magenta).

Scale bar shown in (A) also applies to (B)–(I).

(J) Quantification of the NMJ bouton number in larvae of the indicated genotypes. *p = 5.2 3 10�4, one-way ANOVA, n = 9–12 NMJs per genotype.

(K and L) Quantification of the NMJ bouton numbers in larvae of the indicated genotypes that were fed the indicated concentrations of CPZ. The overall increased

baseline of the bouton number in all the genotypes here was a result of raising the flies on instant food. In (K), *p = 10�9, one-way ANOVA, n = 14–28 NMJs per

genotype. In (L), n.s. represents ‘‘not significant,’’ p = 0.22, unpaired Student’s t test, n = 15 NMJs per genotype.

(M) Quantification of the NMJ bouton number in larvae of the indicated genotypes. *p = 4.4 3 10�4, unpaired Student’s t test, n = 8–9 NMJs per genotype;

#p = 1.3 3 10�5, unpaired Student’s t test, n = 18–24 NMJs per genotype.

All values represent mean ± SEM. Abbreviations: WT, wild-type; MN, motor neuron; n.s., not significant.
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Figure 3. Disruption of the Presynaptic

Microtubule Cytoskeleton in iav1

(A) Confocal image of an NMJ from wild-type (WT)

larvae stained with antibodies against Futsch

(magenta).

(B) Magnification of the boxed region in (A). White

arrow points to a synaptic Futsch loop.

(C) Same as (A), but in iav1 larvae. Scale bar shown

in (A) also applies to (C).

(D) Same as (B), but in iav1 larvae. Red arrows point

to synaptic Futsch punctae.

(E) Quantification of the number of Futsch loops per

NMJ in the indicated genotypes. *p = 3.6 3 10�4,

Student’s t test, n = 10–14 NMJs per genotype.

(F) 3D reconstruction of a wild-type (WT) synaptic

bouton stained with antibodies against HRP

(green) and tubulin (magenta).

(G) Magnification of the boxed region in (F). Dashed

lines represent synaptic microtubule loops.

(H) Same as (F), but in iav1 larvae. Arrows point to

fragmented microtubules. Scale bar shown in (F)

also applies to (H).

(I) Schematic depicting the role of Futsch phos-

phorylation status on the regulation of presynaptic

microtubule stability.

All values represent mean ± SEM. Abbreviations:

MAP-1b, microtubule associated protein-1b; P,

phosphorylation.
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antagonist, capsazepine (CPZ) (Zygmunt et al., 1999). CPZ re-

verses the hTRPV1-mediated suppression of the iav1 synaptic

growth phenotype in a dose-dependent manner (Figures 2D–

2F and 2K), whereas even 300 mM of CPZ does not decrease

synaptic growth in control iav1; P[iav+] neurons that lack

hTRPV1 (Figure 2L). In contrast, expression of neither hTRPV4

nor Drosophila Nanchung (Nan, the second TRPV gene in

Drosophila; Kim et al., 2003) in the iav1MNs suppresses the syn-

aptic growth defects (Figure 2J).

To test whether elevating MN neuronal activity is sufficient to

suppress the iav1 synaptic growth phenotype, we expressed a

constitutively active bacterial Na+ channel, NaChBac (Kuzmen-
Neuron 84, 764–777, N
kin et al., 2004; Luan et al., 2006), in the

iav1 MNs. NaChBac depolarizes the host

neurons and decreases their threshold

for firing action potentials (Kuzmenkin

et al., 2004). In contrast to the rescue we

observed with expression of hTRPV1,

the iav1 NMJ synaptic growth defects

persist following the expression of

NaChBac (Figures 2G–2I, and 2M). These

data indicate that the synaptic growth

phenotype at the iav1 NMJs depends on

the selective loss of TRPV channel activity

rather than diminished MN excitability.

Decreased Microtubule Stability in
iav1 Motor Neurons
The decrease in synaptic bouton number

with a concomitant increase in bouton

volume in iav1 is reminiscent of the pheno-
type observed in larvae lacking genes such as wingless (Miech

et al., 2008; Packard et al., 2002), vapb (encoding Vesicle Asso-

ciated Membrane Protein-B) (Nishimura et al., 2004; Pennetta

et al., 2002), futsch (the fly ortholog of the gene encoding

mammalian microtubule associated protein-1b, MAP-1b) (Roos

et al., 2000; Zhang et al., 2001), and pp2A-B0 (a subunit of the

PP2A protein phosphatase) (Viquez et al., 2006). Because dimin-

ished stability of presynapticmicrotubules underlies the synaptic

defects in these mutants, we assessed the structure of the pre-

synaptic microtubules in iav1. First, we found that the number of

the characteristic Futsch loops is reduced by �50% within iav1

synapses compared to controls (Figures 3A–3E). Moreover, in
ovember 19, 2014 ª2014 Elsevier Inc. 767
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Figure 4. Role of Calcineurin in the iav1 Synaptic Growth Phenotype

(A–C) Confocal images of NMJs from larvae of the indicated genotypes stained with antibodies against HRP (green) and DLG (magenta). Scale bar shown in (A)

also applies to (B) and (C).

(D and E) 3D reconstruction of synaptic boutons from larvae of the indicated genotypes stained with antibodies against HRP (green) and tubulin (magenta).

Please note that only themicrotubules within the NMJ boutons are shown by applying an ‘‘HRPmask’’ (see Experimental Procedures). Scale bar shown in (D) also

applies to (E).

(F andG) Confocal images of NMJs from larvae of the indicated genotypes stained with antibodies against HRP (green) and DLG (magenta). Scale bar shown in (F)

also applies to (G).

(H and J) Confocal images of NMJs from larvae of the indicated genotypes stained with antibodies against Futsch (magenta). Scale bar shown in (H) also

applies to (J).

(I and K) Magnification of the boxed regions in (H) and (J), respectively. Scale bar shown in (I) also applies to (K). Arrows in (K) point to Futsch loops.

(legend continued on next page)
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contrast to the Futsch loops within control boutons (Figure 3B,

arrow points to a Futsch loop), Futsch appears punctate within

some iav1 boutons (Figure 3D, red arrows point to Futsch

punctae). Next, 3D reconstructions of synaptic boutons stained

with an anti-tubulin antibody revealed the characteristic loop-like

structures that microtubules form within wild-type boutons (Fig-

ures 3F and dashed lines in Figure 3G). However, microtubules

appear fragmented in iav1 boutons (Figure 3H, arrows) further

indicating that the presynaptic microtubules exhibit diminished

stability at the iav1 NMJs.

Diminished Calcineurin Activity Underlies the Synaptic
Growth Defects in iav1

The stability of presynaptic microtubules depends on the level

and/or phosphorylation status of Futsch (Franco et al., 2004;

Miech et al., 2008; Packard et al., 2002; Roos et al., 2000) (Fig-

ure 3I). Thus, futsch-deficient larvae exhibit diminished bouton

numbers and increased bouton size (Roos et al., 2000)—a

phenotype similar to that observed in iav1. The Drosophila

homolog of glycogen synthase kinase-3b (GSK-3b), Shaggy

(Sgg), phosphorylates Futsch, causing the latter to dissociate

from microtubules (Franco et al., 2004; Gögel et al., 2006;

Miech et al., 2008) (Figure 3I). Following the dissociation of

Futsch, microtubules become destabilized and fragmented

(Figure 3I), resulting in the formation of fewer boutons, which

are increased in size (Franco et al., 2004; Miech et al., 2008).

The protein phosphatase, calcineurin, counteracts the kinase

activity of GSK-3b by dephosphorylating microtubule-associ-

ated proteins, resulting in microtubule stabilization (Figure 3I)

(Gong et al., 2000a, 2000b). Because calcineurin is a Ca2+/

calmodulin-activated protein phosphatase (Lynch and Micha-

lak, 2003; Rinne et al., 2009), we hypothesized that loss of

Iav-dependent cytosolic Ca2+ elevations may result in dimin-

ished calcineurin activity, which in turn may affect microtubule

stability (Figure 3I). Indeed, knocking down Drosophila calci-

neurin (canA1) in wild-type MNs using two RNAi lines (UAS-

canA1IR and UAS-canA1FB5) (Dijkers and O’Farrell, 2007) results

in decreased number of synaptic boutons compared to controls

(Figures 4A, 4B, 4O, S2A, S2B, and S2G). Furthermore, larvae

that carried the canA1 loss-of-function allele (Nakai et al.,

2011) in trans with a deficiency uncovering canA1 locus

(canA1-/Df-canA1) exhibit decreased bouton numbers compared

to the canA1�/+ heterozygotes (Figures S2C, S2D, and S2G).

However, MN-specific knockdown of canA1 in iav1 does not

further decrease synaptic growth (Figures 4C and 4O), suggest-

ing that canA1 and iav may function in a common pathway.

Loss of CanA1 also results in an increase in bouton area
(L–N) Confocal images of NMJs from larvae of the indicated genotypes stained w

also applies to (M) and (N).

(O) Quantification of the NMJ bouton number in larvae of the indicated genotype

(P) Quantification of the NMJ bouton number in larvae of the indicated genotype

10�6, unpaired Student’s t test, n.s. represents p > 0.05, n = 16–18 NMJs per ge

(Q) Quantification of the number of Futsch loops per NMJ in larvae of the indicate

*p = 1.8 3 10�6, Student’s t test, n.s. represents p > 0.05, n = 13–16 NMJs per g

(R) Quantification of the NMJ bouton number in larvae of the indicated genotypes

genotype.

All values represent mean ± SEM. Abbreviations: MN, motor neuron; WT, wild-ty
(Figure S2H) and destabilization of presynaptic microtubules

(Figures 4D and 4E; white arrows in Figure 4E point to

fragmented tubulin within boutons). These data indicate that

presynaptic loss of calcineurin decreases synaptic growth,

increases the size of the boutons, and causes presynaptic

microtubule destabilization at the larval NMJ—phenotypes

that bear striking resemblance to those displayed by iav1.

We also found that expression of a constitutively active

CanA1, which does not require elevations in cytosolic Ca2+ to

be fully active (UAS-canA1CA; Dijkers and O’Farrell, 2007), in

the iav1 MNs suppresses the synaptic growth defects (Figures

4F and 4P), whereas expression of CanA1CA in wild-type MNs

does not affect the overall bouton numbers (Figures 4G and

4P). Expression of CanA1CA in the iav1 MNs also restores the

bouton size (Figure S2H) and the number of Futsch loops within

the NMJ boutons (Figures 4H–4K and 4Q) but does not affect the

number of Futsch loops in wild-type animals (Figure 4Q). How-

ever, overexpression of CanA1CA in the MNs of the futsch hypo-

morphs, futschN94 (Roos et al., 2000), does not suppress the

observed synaptic growth deficits (Figure S2I). These epistatic

analyses indicate that futsch functions downstream of canA1,

which in turn functions downstream of iav, in the regulation of

synaptic growth.

Finally, if calcineurin function is decreased in iav1, lowering the

activity of the counteracting kinase, Sgg, may suppress the iav1

synaptic growth phenotype. Indeed, expression of dominant-

negative sgg (sggDN) in the iav1 MNs also suppresses the synap-

tic growth defects (Figures 4L–4N and 4R). Together, these

findings indicate that diminished calcineurin activity underlies

the synaptic growth defects observed in iav1.

ER Ca2+ Release Regulates NMJ Synapse Morphology
and Development
Because calcineurin function is promoted by ER Ca2+ release

(Lynch and Michalak, 2003; Rinne et al., 2009), we first as-

sessed whether ER Ca2+ release plays a role in NMJ synapse

development. If so, depleting the MN ER Ca2+ stores may alter

the number and size of the NMJ boutons. Indeed, RNAi-medi-

ated knockdown of the ER Ca2+ pump, SERCA (ok371 > ser-

caIR), which is required for maintaining Ca2+ levels within the

ER lumen (Dormer et al., 1993; Sanyal et al., 2005), leads to

decreased synaptic growth (Figures 5A, 5B, and 5J). Similar re-

sults were obtained with Kum170, a dominant-negative SERCA

allele (Sanyal et al., 2005) (Figures 5D and 5J). Knockdown of

SERCA in MNs also results in an increase in the size of NMJ

boutons (Figure 5K)—morphological alterations reminiscent of

the iav1 synapses.
ith antibodies against HRP (green) and DLG (magenta). Scale bar shown in (L)

s. *p = 4.2 3 10�6, one-way ANOVA, n = 12–16 NMJs per genotype.

s. Horizontal bars above the graph indicate data from WT and iav1. *p = 2.9 3

notype

d genotypes. Horizontal bars above the graph indicate data from WT and iav1.

enotype.

. *p = 1.43 10�6, Student’s t test, n.s. represents p > 0.05, n = 10–18 NMJs per

pe; n.s., not significant.
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Figure 5. Role of ER Ca2+ Release in NMJ Synapse Development

(A–G) Confocal images of NMJs from larvae of the indicated genotypes stained with antibodies against HRP (green) and DLG (magenta).

(H and I) Confocal images of NMJs from larvae of the indicated genotypes expressing Lysozyme-KDEL::GFP (KDEL-GFP) stained with antibodies against GFP

(green). Arrows point to distal boutons.

Scale bar shown in (A) also applies to (B)–(G).

(J) Quantification of the NMJ bouton numbers in larvae of the indicated genotypes. *p = 5.53 10�9, one-way ANOVA (comparing the indicated data sets), n = 9–27

NMJs per genotype; #p = 1.3 3 10�8, one-way ANOVA (comparing the indicated data sets), n = 13–14 NMJs per genotype.

(K) Quantification of the relative bouton area in larvae of the indicated genotypes. *p = 6.4 3 10�4, unpaired Student’s t test, n = 9–11 NMJs per genotype.

#p = 6.2 3 10�10, unpaired Student’s t test, n = 14–16 NMJs per genotype.

(L) Quantification of the NMJ bouton numbers in larvae of the indicated genotypes. *p = 3 3 10�6, unpaired Student’s t test, n = 17–21 NMJs per genotype.

(M) Quantification of the relative ER Ca2+ levels as assessed by fura-2 imaging in control N2A cells and in N2A cells overexpressing (overexp.) the indicated TRPV

channel. *p = 3.4 3 10�10, unpaired Student’s t test, n = 8–9 independent coverslips containing control or iav transfected cells (number of cells per field R 8).

#p = 4 3 10�5, unpaired Student’s t test, n = 8 independent coverslips containing control or TRPV1 transfected cells (number of cells per field R 10).

All values represent mean ± SEM. Abbreviations: WT, wild-type; n.s., not significant.
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Next, we examined the effects of lowering ER Ca2+ release by

decreasing the levels of the genes encoding the ER Ca2+ release

channels, ryanodine receptor and inositol trisphosphate recep-

tor (RyR and itpr, respectively) (Hasan and Rosbash, 1992).
770 Neuron 84, 764–777, November 19, 2014 ª2014 Elsevier Inc.
Loss of a single copy of RyR (RyR16/+), which results in dimin-

ished ER Ca2+ release (Sullivan et al., 2000), leads to a decrease

in the number and an increase in the size of the NMJ boutons

(Figures 5E, 5J, and 5K). Similarly, presynaptic expression of
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Figure 6. Subcellular Distribution of Iav,

hTRPV1, and hTRPV4 in Drosophila Larval

Motor Neurons

(A–C) Confocal images of MN cell bodies in ventral

nerve cord dissected from larvae expressing

Iav and KDEL-GFP in motor neurons stained

with aIAV (A, magenta), aGFP (B, green), and

merge (C). Scale bar shown in (A) also applies to

(B) and (C).

(D–F) Same as (A)–(C), but with larvae over-

expressing hTRPV1 instead of Iav. An antibody

against hTRPV1 was used. Scale bar shown in (D)

also applies to (E) and (F). Arrows indicate coloc-

alization between hTRPV1 and KDEL-GFP in the

nuclear envelope and other regions of the ER.

(G–I) Same as (A)–(C), but with larvae over-

expressing hTRPV4 instead of Iav. An antibody

against hTRPV4 was used. Scale bar shown in (G)

also applies to (H) and (I). The arrowheads point to

‘‘tubular’’ structures that are decorated by hTRPV4

in MN cell bodies.
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an RNAi against itpr (UAS-itprIR) using panneuronal or MN-spe-

cific drivers (elav > itprIR and ok371 > itprIR respectively) leads to

reduced NMJ bouton numbers (Figure 5J). Importantly, none of

these manipulations enhance the iav1 synaptic phenotypes (Fig-

ures 5C, 5F, and 5J; n.s., p > 0.05, one-way ANOVA). We also

asked whether promoting ER Ca2+ release in iav1 would sup-

press the synaptic growth defects. To promote ER Ca2+ release

we used theRyR24D03/+ flies that carry one extra copy of theRyR

gene and exhibit elevated ER Ca2+ release (Gao et al., 2013).

Remarkably, introduction of RyR24D03/+ leads to a partial sup-

pression of the iav1-associated alterations in bouton numbers

(Figures 5G and 5L). These data indicate that the iav1 synaptic

growth defects arise as a result of diminished Ca2+ release

from the ER.

Because the MN ER traverses the axons and is found at the

NMJs, defects in extension of ER into the axon terminus may

also result in decreased Ca2+ release. Thus, we evaluated ER

distribution in the iav1 NMJs by expressing the ER marker

Lysozyme-KDEL::GFP (using UAS-Lyso::GFP-KDEL; herein

referred to as KDEL-GFP). Consistent with previous observa-

tions (Chouhan et al., 2010), we found that ER is distributed

throughout the MN axons and is also located within some, but

not all, of the synaptic boutons (Figure 5H; arrows indicate ER

in distal boutons). Despite an obvious decrease in the total num-

ber of boutons, presynaptic KDEL-GFP distribution is largely

unchanged in iav1 compared to controls (Figure 5I; arrows indi-

cate ER in distal boutons). Therefore, ER trafficking to the axon

terminal is not significantly altered in iav1.
Neuron 84, 764–777, N
Expression of channels that promote

ER Ca2+ release results in a partial deple-

tion of the ER Ca2+ stores in cultured cells

(Wegierski et al., 2009). We evaluated

whether Iav, TRPV1, and TRPV4 expres-

sion in Neuro2A (N2A) cells results in

lower ER Ca2+ levels. Expression of either

Iav or TRPV1 in N2A cells results in an
�50% decrease in ERCa2+ levels (Figure 5M). However, expres-

sion of TRPV4 does not affect the ER Ca2+ content (Figure 5M).

Together, these data are consistent with a role for Iav and TRPV1

in regulating ER Ca2+ release, which is essential for synaptic

development.

Iav and hTRPV1, but Not hTRPV4, Localize to the ER
Next, we sought to identify the subcellular distribution of Iav

and TRPV1 in larval MNs. Although we could detect Iav in larval

chordotonal organs using established antibodies (Gong et al.,

2004) (Figure S3A), we could not detect Iav in wild-type larval

MNs using these antibodies. These findings are consistent

with the difficulties in observing the native expression patterns

of some Ca2+ channels owing to their low expression levels

(Ly et al., 2008; Venkatachalam et al., 2008). Therefore, we

evaluated whether Iav overexpression, which suppresses the

iav1 phenotypes, would reveal the protein’s subcellular distri-

bution. We found that overexpressed Iav colocalized with

KDEL::GFP in MN cell bodies (Figures 6A–6C) and muscle (Fig-

ure S3B). Using anti-TRPV1 antibodies (Tominaga et al., 1998),

we found that hTRPV1 also colocalizes with KDEL-GFP in the

MN cell bodies (Figures 6D–6F). In contrast, hTRPV4 over-

expressed in MNs does not show overlap with KDEL-GFP (Fig-

ures 6G–6I, arrowheads point to hTRPV4 expression). Hence,

both Iav and hTRPV1, which suppress the NMJ defects

observed in iav1, are expressed in the ER, whereas hTRPV4,

which does not suppress the iav1 NMJ growth defects, is not

localized to the ER.
ovember 19, 2014 ª2014 Elsevier Inc. 771
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Figure 7. Diminished Presynaptic Resting Ca2+ Levels and Neurotransmission at the iav1 Synapses

(A) Structure of tdTomato-P2A-GCaMP5 (tdT-P2A-GCaMP). Cleavage at the P2A site (indicated by scissors) disengages the two fluorophores.

(B) Confocal images showing the expression of GCaMP5 and tdTomato (tdT) at the NMJ in larvae of the indicated genotypes.

(C) Quantification of the GCaMP5:tdTomato intensity ratios in wild-type (blue line) and iav1 (red line) at the indicated [Ca2+]ext. The blue and red curves were

obtained by fitting the respective mean values to sigmoidal functions using Origin6 (OriginLab corporation). *p = 0.04, unpaired Student’s t test, n = 7–8 NMJs per

genotype; #p = 0.02, unpaired Student’s t test, n = 7–8 NMJs per genotype.

(D) EJP traces obtained from recordings performed on larval NMJs of the indicated genotypes ([Ca2+]ext = 0.5 mM).

(E) Quantification of the amplitude of the EJPs obtained from recordings performed on larvae of the indicated genotypes. *p = 5.1 3 10�4, one-way ANOVA

(comparing all the data sets shown), n = 6–8 NMJs per genotype.

(legend continued on next page)
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Loss of Iav Results in Decreases in Presynaptic Resting
[Ca2+]
Next, we asked whether loss of Iav results in diminished cyto-

solic [Ca2+] at NMJ termini. To evaluate resting [Ca2+] within

presynaptic boutons, we expressed GCaMP5G (GCaMP) (Aker-

boom et al., 2012) linked via a 2A peptide (P2A) to tdTomato

(tdT)—a Ca2+-insensitive fluorescent protein (Figure 7A) (Dan-

iels et al., 2014). The 2A peptide is cleaved by native endopro-

teases in Drosophila neurons (Inagaki et al., 2012), leading to

the separation of GCaMP5G from tdTomato—both of which

are expressed at the NMJ (Figure 7B). Because the two fluoro-

phores are translated as a single polypeptide, the levels of

tdTomato can be used to normalize the levels of GCaMP5G.

This ratiometric normalization is important for determining

resting [Ca2+], which does not involve the measurement of

robust alterations from baseline. Our analysis revealed that

the relative ratios of the GCaMP5G:tdTomato fluorescence in-

tensities in WT and iav1 are comparable when the recordings

are performed in extracellular bath solution containing 1.5 mM

[Ca2+] (Figure 7C). However, when the bath [Ca2+] over the

same NMJs is dropped to 0.5 mM and 0 mM, the intensity ratios

show a significant decline in iav1 boutons (Figure 7C). Remark-

ably, the intensity ratio at WT NMJs does not change even

after 9 min in a solution containing no Ca2+. These data indicate

that the resting cytosolic [Ca2+] at NMJ bouton terminals is

sustained by release of Ca2+ from intracellular stores and the

ability of these stores to maintain presynaptic resting [Ca2+] is

compromised in iav1.

Loss of Iav Results in Diminished Synaptic Transmission
and SV Release Probability
We hypothesized that owing to the critical roles of presynaptic

Ca2+ in SV release and synaptic transmission (Jahn and Fassha-

uer, 2012), evoked excitatory junctional potentials (EJPs) may be

diminished at iav1 NMJs. Indeed, at 0.5 mM extracellular [Ca2+]

([Ca2+]ext), the EJP amplitudes are �50% lower at the iav1

NMJs compared to controls (Figures 7D and 7E). However,

canA1-deficient NMJs, which also show a decrease in the

number of synaptic boutons, do not exhibit a corresponding

decrease in EJP amplitude (Figure 7E). Thus, although Iav regu-

lates NMJ growth and morphology via calcineurin, Iav regulates

synaptic transmission independent of calcineurin.

We also found that the amplitude and frequency of sponta-

neous mini-EJPs (mEJPs) are unchanged in iav1 (Figures S4A

and S4B). Hence, the quantal content (EJP amplitude/mEJP

amplitude), indicative of the number of SVs released per evoked

event is�50% decreased in iav1 (Figure 7F). The diminished EJP
(F) Quantification of the quantal contents obtained from recordings performed on l

all the data sets shown), n = 6–8 animals per genotype.

(G) Quantification of the relative quantal contents in iav1 normalized to the iav1; P[i

n = 5–7 NMJs per genotype; #p = 5.3 3 10�5, unpaired Student’s t test, n = 7–1

(H) EJP trace obtained from paired-pulse recordings performed on larval NMJs o

(I) Quantification of the paired-pulse ratio (% change in the amplitude of the secon

in the larvae of the indicated genotypes. *p = 0.01, one-way ANOVA, n = 5–7 an

(J) Quantification of the EJP amplitudes in larvae of the indicated genotypes. *p

(K) Quantification of the quantal content in larvae of the indicated genotypes. *p

(L) Quantification of the paired-pulse ratio in larvae of the indicated genotypes. *

All values represent mean ± SEM. Abbreviations: WT, wild-type; n.s., not signific
and quantal content in iav1 are rescued by expression ofUAS-iav

in MNs (Figures 7E and 7F).

If the decreased quantal content at iav1 NMJs is a conse-

quence of a decrease in presynaptic resting [Ca2+], raising

[Ca2+]ext during neurotransmission may restore the quantal con-

tent. To test this hypothesis, we recorded quantal contents at

[Ca2+]ext concentrations of 0.25 mM, 0.4 mM, and 0.75 mM.

We found that the relative decrease in quantal content in iav1 is

most severe at 0.25 mM [Ca2+]ext (�70% lower than in controls),

and becomes progressively less pronounced at higher [Ca2+]ext
(Figures S4C and 7G). At 0.75 mM [Ca2+]ext, the quantal content

in iav1 is not significantly different than in controls (Figures S4C

and 7G; p = 0.6, unpaired Student’s t test; n = 4–5 NMJs per

genotype). These data indicate that the synaptic transmission

defects in iav1 are primarily a consequence of diminished pre-

synaptic resting Ca2+ levels, which can be suppressed by

increasing the amounts of Ca2+ entering the boutons through

the VGCC.

Examination of the presynaptic ultrastructure by electron mi-

croscopy revealed that the iav1 NMJs do not display significant

alterations in other parameters involved in regulating SV release

(Figures S5A–S5C). Previous studies have found a third- to

fourth-order dependence of neurotransmitter release upon

[Ca2+]ext, and this cooperativity is decreased in mutations

affecting the levels of the SV Ca2+ sensor, Synaptotagmin (Jan

and Jan, 1976; Littleton et al., 1994). The Ca2+ cooperativity

also reflects the number of VGCCs participating in the release

of a single SV (Matveev et al., 2011). We found that Ca2+ coop-

erativity of neurotransmitter release in both controls and iav1

larvae, as determined by the slopes of the double-logarithmic

plots of quantal content and [Ca2+]ext (Jan and Jan, 1976; Little-

ton et al., 1994), remains unchanged (Figure S4C; slopes in con-

trol and iav1 are 3.4 and 3.5, respectively). Taken with the lack of

alterations in SV number or distribution in iav1, these data argue

against a role for an exocytic block in the iav1 neurotransmission

defects.

Cytosolic Ca2+ concentration at axon terminals influences SV

release probability, which can be evaluated using the paired-

pulse ratio of evoked potentials (Zhang et al., 2009; Zucker

and Regehr, 2002). When the resting [Ca2+] at a synapse is

low, stimulus-induced elevation in presynaptic [Ca2+] will induce

the exocytosis of relatively fewer synaptic vesicles (SVs), result-

ing in a smaller evoked EJP. However, if a second stimulus, i.e.,

the paired pulse, is provided before the resting Ca2+ returns to

baseline, the presynaptic Ca2+ will elevate sufficiently, leading

to the exocytosis of the remaining SVs. Therefore, the higher

the ratio of amplitudes of evoked responses following the first
arvae of the indicated genotypes. *p = 1.13 10�5, one-way ANOVA (comparing

av+] means at the indicated [Ca2+]ext. *p = 3.53 10�4, unpaired Student’s t test,

0 NMJs per genotype.

f the indicated genotypes ([Ca2+]ext = 0.5 mM).

d EJP to that of the first EJP when the twowere separated by duration of 50ms)

imals per genotype.

= 0.01, Student’s t test, n = 6 NMJs per genotype.

= 0.002, unpaired Student’s t test, n = 6 NMJs per genotype.

p = 1.5 3 10�4, unpaired Student’s t test, n = 5–6 NMJs per genotype.

ant.
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and second pulses, respectively (known as paired pulse facilita-

tion), the lower is the probability of SV release, and vice versa.

Consistent with the observation that the iav1 NMJ synapses

have reduced SV release probability, the paired-pulse ratio is

increased by�50% at iav1NMJs (Figures 7H and 7I). Expression

of UAS-iav in the iav1 MNs restores the SV release probability

(Figure 7I).

Overexpression of Iav in Wild-Type MNs Results in
Increased SV Release Probability and
Neurotransmission
If Iav is a determinant of presynaptic resting Ca2+ levels, raising

its expression level may sensitize the synapse to releasing more

SVs. Indeed, overexpression of iav in wild-type MNs leads to a

�50% increase in EJP amplitude and quantal content (Figures

7J and 7K). We also found that the elevation in EJP amplitudes

following iav overexpression is a consequence of increased SV

release probability as determined by a decrease in the paired-

pulse ratio (Figure 7L). Interestingly, overexpression of iav in

MNs also results in the formation of fewer synaptic boutons, indi-

cating that the number of synaptic boutons at the larval NMJ ex-

hibits a bell-shaped dependence on the expression levels of Iav

(Figure S5H). We also found that overexpression of RyR or Itpr

also leads to the formation of fewer synaptic boutons at the

Drosophila NMJ (data not shown). Thus, the consequence of

iav overexpression on the number of synaptic boutons is likely

due to an increase in presynaptic Ca2+ rather than a specific

effect of Iav per se. However, overexpression of iav in the MNs

does not lead to an increase in the total number of punctae

formed by the active zone (AZ)-specific structural protein

Bruchpilot (Brp) (Kittel et al., 2006) (Figure S5I; p = 0.4, unpaired

Student’s t test). Therefore, the increase in SV release following

iav overexpression is a consequence of elevated resting Ca2+

levels rather than due to alterations in the number of SV release

sites.

DISCUSSION

Iav-Mediated Calcineurin Activation Regulates
Presynaptic Microtubule Stability, Bouton Morphology,
and Bouton Numbers
Here we show that Iav functions in larval MNs to regulate the

development and function of the NMJ. Although expression

of UAS-iav in the iav1 MNs rescues the defects in NMJ

growth and synaptic transmission, this does not alter the iav1

locomotion defects (data not shown). In contrast, expression

of UAS-iav in the iav1 chordotonal neurons suppresses the

locomotion defects (data not shown) but does not impact the

NMJ phenotypes. Thus, the iav1 NMJ and proprioceptive phe-

notypes arise separately in the MNs and chordotonal neurons,

respectively.

The phenotype of diminished synaptic bouton numbers with

an increase in bouton size observed in iav1 occurs due to

destabilization of presynaptic microtubules. Furthermore, our

investigation revealed that in the absence of Iav, presynaptic

microtubule stability, and bouton numbers are diminished due

to decreased calcineurin activity. Thus, constitutively active

calcineurin suppresses these iav1 phenotypes. However, ex-
774 Neuron 84, 764–777, November 19, 2014 ª2014 Elsevier Inc.
pression of the constitutively active calcineurin does not sup-

press the synaptic growth defects in the futsch hypomorphs,

indicating that futsch functions downstream of calcineurin. Pre-

vious studies have also implicated the other Ser/Thr protein

phosphatase, PP2A, in regulating microtubule stability and

NMJ development by antagonizing Sgg (Viquez et al., 2006,

2009). Because PP2A is Ca2+ independent, these observations

suggest that distinct signals can lead to similar alterations in

NMJ synapse morphology via Futsch.

The transcription factor nuclear factor of activated T cells

(NFAT) is activated by calcineurin (Clipstone and Crabtree,

1992; Jain et al., 1993). However, our findings suggest the iav1

and calcineurin mutant phenotypes studied here are unlikely to

be NFAT dependent, because NFAT knockouts display an in-

crease in bouton number (Freeman et al., 2011) rather than

the decrease observed in the iav1 and calcineurin mutants.

Thus, in the context of NMJ synapse development, calcineurin

appears to function via Futsch rather than NFAT.

Iav Regulates ER Ca2+ Release and Presynaptic Resting
[Ca2+] in Drosophila Larval MNs
Several lines of evidence indicate that Iav and TRPV1 regulate

ER Ca2+ release. First, decreasing ER Ca2+ release independent

of Iav recapitulates the iav1 synaptic growth and morphological

phenotypes. Moreover, loss of SERCA results in decreased

EJP amplitude but normal minifrequency and amplitudes (Sanyal

et al., 2005)—defects similar to those observed in iav1. Second,

elevated ER Ca2+ release via RyR suppresses the iav1 synaptic

growth and morphological phenotypes. Third, expression of

Iav or TRPV1 in N2A cells results in the partial depletion of ER

stores. Fourth, overexpressed Iav and TRPV1 are localized to

the ER in the MN cell bodies. Interestingly, native TRPV1 in

mammalian DRG neurons have been shown to localize to the

ER and also permit ER Ca2+ release (Castro et al., 2009; Gal-

lego-Sandı́n et al., 2009), although the biological significance

of TRPV1 in the ER has so far remained unknown. The ER local-

ization of Iav and TRPV1 is not simply an artifact of overexpres-

sion of a membrane protein, because overexpressed hTRPV4 is

not localized to the ER in MN cell bodies. Most importantly, Iav is

required for maintaining synaptic resting [Ca2+] in the absence of

extracellular Ca2+. These data strongly support the notion that

Iav regulates Ca2+ release from an intracellular store to maintain

the presynaptic resting [Ca2+]. Several studies have found that

the ionic environment in the synaptic cleft could be tightly insu-

lated such that [Ca2+] in synaptic clefts can drop dramatically

during bursts of synaptic transmission, thereby severely limiting

Ca2+ entry into the presynaptic termini (Borst and Sakmann,

1999; Egelman and Montague, 1999; Rabl and Thoreson,

2002; Rusakov and Fine, 2003; Stanley, 2000). Although the syn-

aptic cleft in aDrosophilaNMJ is likely permeable to extracellular

ions because these synapses are not tightly insulated by glial

cells (Fuentes-Medel et al., 2009), more tightly insulated synap-

ses such as those in vertebrate CNS might be more dependent

on ERCa2+ release tomaintain the strength of synaptic transmis-

sion during intense stimulation.

The role of Iav in maintaining presynaptic resting [Ca2+] is not

uncovered till the extracellular [Ca2+] is dropped to 0.5 mM.

We speculate that endogenous decreases in synaptic [Ca2+]
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to the lower end of the 0.5–1.5 mM range in iav1 might result

in subthreshold activation of calcineurin. However, since the

extracellular [Ca2+] at a Drosophila larval NMJ is not known,

we cannot rule out the possibility that Iav regulates the activity

of calcineurin via a mechanism independent of the resting

[Ca2+].

Our findings also allow us to speculate that Iav could function

in homeostatic control of presynaptic [Ca2+]. The activity of Iav

may be suppressed at resting [Ca2+] via proteins such as

calmodulin such that a drop in resting [Ca2+] could result in Iav

disinhibition and channel opening. Indeed, ER Ca2+ release via

TRPV1 has been shown to be strongly suppressed by calmod-

ulin binding to a C-terminal calmodulin binding domain on

TRPV1 (Gallego-Sandı́n et al., 2009). Interestingly, Iav also

contains a C-terminal calmodulin binding domain, which may

underlie the homeostatic control of Iav activity.
Evoked Neurotransmission at the Drosophila Larval
NMJ Depends on Iav Dosage and Presynaptic [Ca2+]
Rather Than the Number of Release Sites
Owing to its function in the regulation of presynaptic resting

[Ca2+], Iav influences SV release probability and the amplitude

of evoked neurotransmission without affecting the Ca2+ coop-

erativity of SV release. Furthermore, Iav regulates neurotrans-

mission in a dose-dependent manner consistent with a critical

function of the protein in evoked neurotransmission. Although

calcineurin inhibits SV cycling at the Drosophila NMJ (Kuromi

et al., 1997) and promotes synaptic growth, calcineurin does

not play a role in Iav-dependent regulation of synaptic trans-

mission. Moreover, our findings indicate that presynaptic

Ca2+, rather than the number of SV release sites, is the major

factor in regulating the evoked SV release. Thus, at higher

extracellular [Ca2+], the Ca2+ entering via the VGCC compen-

sates for the lower resting [Ca2+] in iav1, thereby resulting

in normal synaptic transmission despite the reduction in the

number of NMJ boutons and AZs (number of Brp punctae

per NMJ, iav1;P[iav+] = 413.1, iav1 = 339.4, p = 0.01, Student’s

t test, n = 11 NMJs per genotype). Thus, synaptic transmission

does not change proportionally with the number of synaptic

boutons or even the number of AZs per synapse. Indeed,

only �50% of AZs at a Drosophila larval NMJ participate in

SV release (Peled and Isacoff, 2011), and although both vapb

and futsch mutants have fewer synaptic boutons, they exhibit

elevated evoked synaptic transmission (Chai et al., 2008;

Zhang et al., 2001).
EXPERIMENTAL PROCEDURES

Immunohistochemistry and Confocal Imaging

Wandering third-instar larvae were filleted in ice-cold PBS by cutting the

body wall open along the dorsal midline and removing the visceral organs

except the brain and nerves. The fillet was fixed in 4% PFA in PBS for

30 min. The fixed fillets were washed with 0.1% Triton X-100 in PBS before

incubation with primary antibodies overnight at 4�C. Antibody dilutions were

as follows: 1:200 rabbit anti-HRP (Jackson ImmunoResearch), 1:100 mouse

anti-DLG (Parnas et al., 2001), 1:50 mouse anti-NC82 (Wagh et al., 2006),

1:50 mouse anti-Futsch (Fujita et al., 1982), 1:100 mouse anti-a-tubulin

(Thazhath et al., 2002), 1:200 mouse anti-GFP (Invitrogen), 1:200 rabbit

anti-TRPV1 and anti-TRPV4 (Alomone Labs), and 1:200 GFP-Booster (Chro-
motek). The rat anti-Iav antibody (anti-serum GNIEb; Gong et al., 2004) was

precleared by incubating the antibody with fixed iav1 fillets at a concentration

of 1:100. Subsequently, the precleared antibody was used at dilution of 1:5.

The monoclonal antibodies against DLG, NC82, Futsch, and a-tubulin were

obtained from the Developmental Studies Hybridoma Bank developed under

the auspices of the NICHD and maintained by The University of Iowa,

Department of Biology, Iowa City, IA 52242. The samples were then washed

and probed with fluorophore-conjugated secondary antibodies (1:400, Alexa

Fluor 488/568/647) (Invitrogen) at room temperature for 1.5 hr and then

mounted on glass slides with Vectashield (Vector Labs). Confocal images

were obtained using a Nikon A1 Confocal Laser Microscope System (Nikon).

For NMJ bouton counting, a 603 oil objective was used to focus on the

NMJs on abdominal segment 3.

Evaluation of NMJ Presynaptic [Ca2+] Using tdTomato-P2A-

GCaMP5G

Third-instar larval fillets were prepared in ice-cold HL-3.1, which contained

(in mM): 70 NaCl, 5 KCl, 1.5 CaCl2, 4 MgCl2, 10 NaHCO3, 5 trehelose, 115

sucrose, and 5 HEPES. A total of 7 mM L-glutamic acid was added to HL-

3.1 to desensitize glutamate receptors and prevent muscle contraction during

the course of experiment. The VNCs was severed from the dorsal brain

lobes to prevent peristalsis. Dissected fillets were allowed to equilibrate to

room temperature in HL3.1 containing 1.5 mM Ca2+ for at least 15 min before

imaging. Type 1b boutons on muscle M13 of abdominal segment A4 were

brought to focus with a 1003 water-immersion objective on an Olympus

BX51Wl microscope. Images were captured with an Andor Technology

EMCCD camera (DU860) under the control of Ando IQ software. Subse-

quently, fluorescence signals were captured for tdTomato and for GCaMP5G.

The bath solution was then exchanged to HL3.1 containing 0.5mMCaCl2. Two

minutes after bath exchange, fluorescence signals were captured at the same

settings. Bath solution was then further exchanged to nominally Ca2+ free

HL3.1. Fluorescence signals were then captured again 2 min and 9 min after

bath exchange. Recorded images were analyzed using Andor IQ software. Re-

gions not containing an axon terminal and close to a region of interest (ROI)

were selected as background. Average pixel intensity from the background re-

gions was subtracted from that of ROI for each fluorescence channel.

Ca2+ Imaging in N2A Cells

N2A cells were cultured in DMEM (Invitrogen) supplemented with 5% fetal

bovine serum. Cells were transfected with TRPV cDNA or control vector using

X-tremeGENE 9 DNA transfection reagent (Roche) at 1:4 DNA-to-reagent ratio

according to the manufacturer’s instructions. One day later, transfected cells

were trypsinized and seeded onto poly-D-lysine-coated glass coverslips.

Another day later, cells were loaded with 10 mM fura2-AM (Invitrogen) in cul-

ture medium for 30 min. The glass coverslips were mounted onto a chamber

containing 500 ml of bath solution (125 mM NaCl, 5 mM KCl, 10 mM MgSO4,

10 mM KH2PO4, 1 mM CaCl2, 5.5 mM glucose, and 5 mM HEPES [pH 7.4]).

Fura-2 signals, which represent cytosolic free [Ca2+], were recorded by

340/380 nm excitation and 510 nm emission, using a TiE Wide-Field Fluores-

cence Imaging System (Nikon). The background-subtracted emission ratio

(R340/380) was measured and calculated by NIS Elements imaging software

(Nikon).

To evaluate the total ER Ca2+ content, we completely released the ER Ca2+

stores using thapsigargin (TG) while simultaneously evaluating the resulting

elevation in cytosolic Ca2+, which is indicative of the total ER Ca2+ levels

(Wegierski et al., 2009). Baseline fura-2 fluorescence was first acquired for

1 min, before replacing the bath solution with Ca2+-free bath solution. Three

minutes after removing bath Ca2+, 5 mM TG was added to the bath, and the

fluorescence images were recorded for another 6 min. The amplitude of the

R340/380 was taken to be the total ER Ca2+ content of those cells.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

Drosophila strains  

The existing strains used in the study were Canton-S, w1118, iav1 (Gong et al., 2004), 

iav3621 (Gong et al., 2004), iav1; P[iav+] (Gong et al., 2004), Df(1)BSC276 

/FM7h/Dp(2;Y)G, Y (Df1) (Bloomington Drosophila  Stock Center), Df(1)ED6878 /FM7h 

(Df2) (Bloomington Drosophila  Stock Center), Df(3L)Exel6120, P{XP-

U}Exel6120/TM6B, Tb1 (Dfnan) (Bloomington Drosophila  Stock Center), UAS-iav (Kwon 

et al., 2010), UAS-nan (kind gift from Dr. Craig Montell, UCSB), UAS-iavIR(JF01904) 

(Bloomington Drosophila  Stock Center), ok371-GAL4 (Brand and Perrimon, 1993; 

Meyer and Aberle, 2006), d42-GAL4 (Sweeney and Davis, 2002), n-syb-GAL4  (Pauli et 

al., 2008), mef2-GAL4 (Ranganayakulu et al., 1996), ato-GAL4  (Hassan et al., 2000), 

UAS-NaChBac (Luan et al., 2006), UAS-hTRPV1 (Marella et al., 2006), UAS-lysozyme-

KDEL::GFP  (Snapp et al., 2004), kum170 (Sanyal et al., 2005), UAS-sercaIR(JF01948) 

(Bloomington Drosophila  Stock Center), RyR16 (Sullivan et al., 2000), UAS-itprIR(JF01957) 

(Bloomington Drosophila  Stock Center), RyR24D03 (Gao et al., 2013), canA1KO2-2 

(canA1-/-, (Nakai et al., 2011)), UAS-canA1IR(JF01871) (Bloomington Drosophila  Stock 

Center), UAS-canA1FB5 (Dijkers and O'Farrell, 2007), UAS-canA1CA (Dijkers and 

O'Farrell, 2007), UAS-sggDN (Bourouis, 2002), nan36a (Kim et al., 2003), trp1 (Montell et 

al., 1985), trpγG4 (kind gift from Dr. Craig Montell, UCSB), trpL302 (Niemeyer et al., 

1996), painGAL4 (Tracey et al., 2003), pyx3 (Lee et al., 2005), trpA11 (Kwon et al., 2008), 

wtrw2 (Kwon et al., 2008), futschN94 (Roos et al., 2000).  

The iav1 allele was previously attributed to a premature STOP codon in the iav gene 

(C1363T leading to Q455X) (Gong et al., 2004). However, when we resequenced the 
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iav1 genomic DNA, we found that the actual mutation in the iav gene is C908T. We 

found that C1363 is not mutated in iav1. Nevertheless, the lack of Iav protein in the iav1 

chordotonal neurons (Figure S3A) indicates that this newly identified mutation also 

leads to the absence of Iav protein as described (Gong et al., 2004).  

 

Fly husbandry and chemical feeding 

All flies were reared at room temperature (~22°C). Except for the experiments with 

capsazepine feeding, all flies were raised in standard fly food (1 L of liquid fly food 

contained: 95 g agar, 275 g Brewer’s yeast, 520 g of cornmeal, 110 g of sugar, 45 g of 

propionic acid, and 36 g of Tegosept was dissolved in 92 ml of 95% ethanol). For the 

drug feeding experiments, 2.5 g of instant fly food (formula 4-24 plain, Carolina 

Biological Supply Company) with an additional 0.5 g of inactive yeast was suspended in 

6 mL water with capsazepine or the vehicle solvent (methanol (1% v/v)). 

 

Image quantification 

In some analyses, Z-series were exported as TIFF files into the Image-Pro Plus 

software (Media Cybernetics) for deconvolution and 3-dimensional reconstructions. 

Bouton volumes were determined after 3D reconstruction using available functions in 

Image-Pro Plus. For determining the area of the synaptic boutons, the total area stained 

by DLG was divided by the number of boutons at that NMJ. In the data shown in 

Figures 4G-4H, an “HRP-mask” was applied by isolating the signal of the relevant 

channel that overlapped with HRP using Image-Pro Plus. 
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NMJ Electrophysiology 

NMJ electrophysiology was performed as described previously (Yao et al., 2009). 

Briefly, wandering third instar larvae were dissected in ice-cold, zero calcium HL-3 (70 

mM NaCl, 5 mM KCl, 20 mM MgCl2, 10 mM NaHCO3, 115 mM sucrose, 5 mM 

trehalose, and 5 mM HEPES; pH 7.2.), and rinsed with HL-3 containing indicated Ca2+ 

concentration. The fillet was incubated in the latter solution for at least 3 minutes before 

recording. Recordings were made from body-wall muscles 6 (abdominal segment 3) 

with sharp electrodes filled with a 2:1 mixture of 2 M potassium acetate and 2 M 

potassium chloride. Data were collected only when resting membrane potential was 

below −60 mV. EJPs were evoked by directly stimulating the hemisegmental nerve 

through a glass capillary electrode (internal diameter, ~10 μm) at 0.2 Hz. Stimulus 

pulses were generated by pClamp 8 software (Axon Instruments Inc). The applied 

currents were 6 μA ± 3 with fixed stimulus duration at 0.3 ms. Twenty to thirty evoked 

EJPs were recorded for each muscle for analysis. Miniature EJP (mEJP) events were 

collected for 5 min. Both EJPs and mEJPs were amplified with an Axoclamp 2B 

amplifier (Axon Instruments, Foster City, CA) under bridge mode, filtered at 10 kHz and 

digitized at 10 kHz (for EJPs) and 40 kHz (mEJPs) respectively with pClamp 8.0. 

Experiments were performed at room temperature (20°C – 22°C). 

EJPs and paired-pulse stimulation were analyzed with pClamp 8.0 software (Axon 

Instruments). The mEJPs were analyzed using the Mini Analysis Program (Synaptosoft 

Inc., Decatur, GA). The EJPs amplitudes were corrected by nonlinear summation 

(Feeney et al., 1998). The quantal content of evoked release was calculated from 

individual muscles by the ratio of the average EJP amplitude over the average mEJP 
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amplitude. The Ca2+ cooperativity of neurotransmission was calculated as described 

(Jan and Jan, 1976; Littleton et al., 1994). 

 

Transmission electron microscopy  

NMJ ultrastructural imaging was done as described previously (Yao et al., 2009). 

Briefly, wandering third instar larvae were filleted at room temperature in Ca2+ free HL-3 

medium and subsequently fixed overnight in 2% paraformaldehyde/2.5% 

glutaraldehyde/0.1 M cacodylic acid (pH 7.2). The pre-fixed fillets were then processed 

inside a Ted Pella Bio Wave microwave with vacuum attachments.  Samples were fixed 

again, followed by 3x water rinses, post-fixed with 2% aqueous osmium tetroxide, and 3 

more rinses with Millipore water.  A graded series of ethanol concentrations from 30-

100% was incorporated as the initial dehydrant followed by propylene oxide as a final 

dehydrant.  Samples were gradually infiltrated with 3 increasing propylene oxide and 

Embed 812 ratios up to full resin under vacuum. Samples were allowed to infiltrate in 

pure resin overnight on a rotator.  The samples were embedded into flat silicone molds 

and cured in the oven at 62oC for three days. The polymerized samples were sectioned 

and stained with 1% uranyl acetate for 10 minutes followed by lead citrate for 1 minute 

before TEM examination.  TEM images were captured using a JEOL JEM 1010 

transmission electron microscope with an AMT XR-16 mid-mount 16 mega-pixel digital 

camera.   

 

Statistical analyses 
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Comparisons between pairs of datasets were made using Student’s t-test. Multiple 

datasets were first compared using One-way ANOVA. Pairwise comparisons were 

made within the ANOVA test by applying the Bonferroni post-hoc correction.  

 

STATISTICS (related to the data shown in all figures) 

All values represent mean ±SEM  

Figure 1G Bouton number: WT = 68.2±3, iav1 = 37.1±1.9; iav1/Df1 = 37.6±2, and 

iav1/Df2 = 37.7±3.3; iav3621 = 41±2.6; iav1/iav3621 = 45.2±2.2; iav1; P[iav+] = 61±2.3 ; 

UAS-iavIR = 58.3±3.9, ok371-GAL4 = 69.5±4.7, ok371>iavIR = 45.2±2.5 

Figure 1H  Bouton number: WT = 23.9±1.1, iav1 = 16.1±1, iav1;P[iav+] = 21.1±1.1  

Figure 1I Volume per bouton (m3): WT = 1±0.2, iav1 = 2.3±0.5, iav1; P[iav+] = 

0.6±0.2 

Figure 1J Bouton number: iav1; UAS-iav = 39.5±3.0, iav1; ok371-GAL4 = 44.3±2.9, 

iav1; ok371>iav = 58.1±2.5, iav1;;d42-GAL4 = 40.8±3.3, iav1; d42>iav = 64.9±4.1, iav1; 

ato-GAL4 = 37.8±3.4, iav1; ato>iav = 42.5±3.2, iav1, mef2>iav = 34.8±2.5  

 

Figure 2J Bouton number: iav1; UAS-TRPV1 = 43.3±2.5, iav1; ok371>hTRPV1 = 

67.7±3.2, ok371>hTRPV1 = 67.2±6; iav1; ok371>hTRPV4 = 41.3±1.9; iav1; ok371>nan 

= 40.9±2.8 

Figure 2K Bouton number in iav1; ok371>hTRPV1: 0 M CPZ = 83.9±3.6, 100 M 

CPZ = 74.4±2.2, 300 M CPZ = 52.2±2.0 

Figure 2L Bouton number in iav1;P[iav+]: 0 M CPZ = 64.3±3.2, 300 M CPZ = 

71.5±4.7 
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Figure 2M Bouton number: UAS-NaChBac = 65.9±4.2, iav1; UAS-NaChBac = 

40.9±3.7, ok371>NaChBac = 69.0±2.2, iav1; ok371>NaChBac = 53.1±2.3 

 

Figure 3E Number of Futsch loops per NMJ: iav1; P[iav+] = 5.9±0.4, iav1 = 2.9±0.5 

 

Figure 4O Bouton numbers: UAS-canA1IR = 72.6±5.1, ok371>canA1IR = 47.7±2.2, 

iav1; ok371>canA1IR = 47.9±1.9 

Figure 4P Bouton numbers: iav1; UAS-canA1CA = 42.9±1.6, iav1; ok371>canA1CA = 

60.2±2.5, UAS-canA1CA = 59.2±2.6, ok371>canA1CA = 54.2±1.6 

Figure 4Q Number of Futsch loops per NMJ: iav1; UAS-canA1CA = 3.6±0.4, iav1; 

ok371>canA1CA = 7.4±0.5, UAS-canA1CA = 7.0±0.5, ok371>canA1CA = 6.2±0.6 

Figure 4R Bouton numbers: iav1; UAS-sggDN = 42.1±1.9, iav1; ok371>sggDN = 

65.6±3.8, UAS-sggDN = 68.4±3.6, ok371>sggDN = 75.6±3.5 

 

Figure 5J Bouton numbers: UAS-sercaIR = 66.1±1.9, ok371>sercaIR = 49.0±2.4, iav1; 

ok371>sercaIR = 41.6±2.7, Kum170/+ = 46.1±5.7; RyR16/+ = 47.3±2.8, iav1; RyR16/+ = 

41.4±1.9, UAS-itprIR = 66.8±2.7; elav>itprIR = 43.5±3.0, ok371>itprIR = 40.9±2.7, iav1; 

UAS-itprIR = 41.6±2.9, iav1; ok371>itprIR = 41.9±3.0 

Figure 5K Relative bouton area, UAS-sercaIR = 1±0.06, ok371>sercaIR = 1.7±0.1, +/+ 

= 1±0.03, RyR16/+ = 1.6±0.05 

Figure 5L Bouton numbers: iav1 = 37.1±1.9, iav1; RyR24D03/+ = 52.1±1.8, RyR24D03/+ 

= 46.5±2.1 
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Figure 5M Relative ER Ca2+ levels: Iav control = 0.97±0.06, Iav overexpressing = 

0.49±0.04; TRPV1 control = 1±0.07, TRPV1 overexpressing = 0.46±0.05; TRPV4 

control = 1±0.02, TRPV4 overexpressing = 0.88±0.06 

 

Figure 7C Intensity Ratios (GCAMP5G;tdTomoato): At [Ca2+]ext = 1.5 mM, WT = 

0.102±0.014, iav1 = 0.112±0.026; [Ca2+] = 0.5 mM, WT = 0.112±0.012, iav1 =  

0.070±0.015; [Ca2+] = 0 mM, WT = 0.101±0.013, iav1 = 0.059±0.009 

Figure 7E EJP amplitudes: iav1; [iav+] = 25.8±2.7, iav1 = 12.4±1.1, iav1/Df = 12.7±1.9, 

iav1; ok371>iav = 25.5±2.5, canA1-/+ = 24.1±4.6, canA1-/Df-canA1 = 22.3±3.1 

Figure 7F Quantal content: iav1; P[iav+] = 18.8±2.1, iav1 = 8.6±1.2, iav1/Df1 = 

8.8±1.1, iav1; ok371>iav = 20.5±2.5 

Figure 7G Relative quantal content: At [Ca2+]ext = 0.25 mM, iav1; P[iav+] = 1±0.1, iav1 

= 0.3±0.1; [Ca2+] = 0.4 mM, iav1; P[iav+] = 1±0.1, iav1 =  0.6±0.1; [Ca2+] = 0.75 mM, iav1; 

P[iav+] = 1±0.1, iav1 = 0.9±0.2 

Figure 7I Paired-pulse ratio normalized to the genomic rescue mean (%): iav1; 

P[iav+] = 95.0±7.8, iav1 = 134.7±10.5, iav1/Df1 = 142.9±12.5, iav1; ok371>iav = 

112.8±3.2 

Figure 7J EJP amplitudes: iav1; P[iav+] = 25.8±2.7, ok371>iav = 40±3.6 

Figure 7K Quantal content: iav1; P[iav+] = 18.8±1.9, ok371>iav = 30.9±2.0  

Figure 7L Paired-pulse ratio normalized to the genomic rescue mean (%): iav1; 

ok371>iav = 112.8±3.2, ok371>iav = 79.9±4.0 
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Figure S2G Bouton numbers: canA1-/+ = 67.9±4.9, canA1-/Df-canA1 = 45.2±3.4, UAS-

canA1FB5 = 82.6±2.9, ok371>UAS-canA1FB5 = 53.3±2.7  

Figure S2H Relative bouton areas: UAS-canA1IR = 1±0.05, ok371>canA1IR = 1.8±0.1, 

canA1-/+ = 1±0.07, canA1-/Df-canA1 = 2.0±0.3, iav1; ok371>canA1CA = 1±0.1, iav1; UAS-

canA1CA = 1.5±0.1 

 Figure S2I Bouton numbers: WT = 68.2±3.0, futschN94 = 49.4±1.8, futschN94; UAS-

canA1CA = 49.8±1.4; futschN94; d42>canA1CA = 47.9±2.1  

 

Figure S4A mEJP amplitudes: iav1; P[iav+] = 1.4±0.1, iav1 = 1.6±0.2, iav1/Df1 = 

1.4±0.1, iav1; ok371>iav = 1.3±0.1, ok371>iav = 1.4±0.2, canA1-/+ = 1.6±0.1, canA1-/Df-

canA1 = 1.55±0.05 

Figure S4B mEJP frequencies: iav1; P[iav+] = 1.9±0.3, iav1 = 2.4±0.3, iav1/Df1 = 

2.2±0.3, iav1; ok371>iav = 1.7±0.2, ok371>iav = 2.2±0.5 

Figures S4C Quantal content: At [Ca2+]ext = 0.25 mM, iav1; P[iav+] = 1.9±0. 2, iav1 = 

0.6±0.1; [Ca2+] = 0.4 mM, iav1; P[iav+] = 10.6±0.7, iav1 =  5.9±0.5; [Ca2+] = 0.5 mM, iav1; 

P[iav+] = 18.8±1.9, iav1 =  8.6±1.1; [Ca2+] = 0.75 mM, iav1; P[iav+] = 26.9±2.5, iav1 = 

24.3±3.8 

 

Figure S5D SV number/bouton area: iav1; P[iav+] = 8.5±2.8, iav1 = 8.8±1.2 

Figure S5E SV number/AZ length: iav1; P[iav+] = 9.3±1.1, iav1 = 9.5±1.9 

Figure S5F SV diameter: iav1; P[iav+] = 38.9±0.7, iav1 = 38.9±0.9 

Figure S5G Quantal content values from Figure S4C plotted in log10 scale.  
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Figure S5H Bouton numbers: UAS-iav = 67.3±3.8, ok371>iav = 44.8±2.0, d42>iav = 

44.7±2.1 

Figure S5I Number of Brp punctae per NMJ: UAS-iav = 474.4±21.9, ok371>iav = 

513.6±33.0 
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SUPPLEMENTAL TABLE 1 (Related to Figure 1) 

NMJ bouton counts in TRP mutants at larval A3 segment, muscles 6/7.  

 Genotype Bouton Count (mean ± S.E.M) 

 WT (Canton-S) 68.2±3.0 

TRPC 

trp
1
 68±3.2 

trpG4
 67.4±3.9 

trpL
302

 71.4±4.8 

TRPA 

pain
GAL4

 64.4±3.2 

pyx
3
 71.8±5.0 

trpA1
1
 68.4±4.5 

wtrw
2
 63.9±4.5 

TRPV 

nan
36a

/Df
nan

 73.8±5.7 

iav
1
 37.1±1.9 
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Figure S1 (related to Figure 2)
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FIGURE S1. Alignment of the primary amino acid sequences of human TRPV1, human TRPV4, and 
Drosophila Iav. The numerical values on the right indicate the positions of the amino acids in the 3 proteins. 
Black shaded boxes indicate residues that are conserved in at least 2 of the 3 proteins being aligned.
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Figure S2 (related to Figure 4)
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FIGURE S2. Calcineurin regulates NMJ bouton numbers and morphology via Futsch
(A-F) Representative confocal image of 3rd instar larval NMJs from larvae of the indicated genotypes stained 
with antibodies against the presynaptic marker, HRP (green) and the postsynaptic marker, DLG (magenta). 
Scale bar shown in (A) also applies to (B-F).
(G) Quantification of the NMJ bouton numbers in larvae of the indicated genotypes. *, p = 5.4x10-4, #, p = 
4.7x10-6, unpaired Student’s t-tests, n = 7-21 NMJs per genotype.
(H) Quantification of the relative bouton area in larvae of the indicated genotypes. *, p = 1.7x10-4; #, p = 0.02; 
¶ = 3.4x10-5; unpaired Student’s t-tests, n =7-16 NMJs per genotype.
(I) Quantification of the NMJ bouton numbers in larvae of the indicated genotypes. *, p = 9.3x10-9, one-way
ANOVA (comparing all the data sets), n = 16-30 NMJs per genotype. 
All values represent mean ±SEM. Please consult the Supplementary Files for all values. 
Abbreviations: WT, wild-type; MN, motor neuron.
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Figure S3 (related to Figure 6)
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FIGURE S3. Iav expression in larval chordotonal neurons and muscle
(A) Representative confocal images of larval chordotonal neurons in larvae of the indicated genotypes stained 
with DAPI (blue), the neuronal marker, anti-HRP (purple), anti-Iav (green). Dashed ovals indicate chordotonal 
dendrites exhibiting Iav expression. Scale bar shown in the panel on the top-left applies to all panels.
(B)  Representative confocal images of larval muscle of the indicated genotypes stained anti-Iav (magenta) and
KDEL-GFP (green). Arrows indicate colocalization at the nuclear envelope. Scale bar shown in the panel on the
left applies to all panels.
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Figure S4 (related to Figure 7)
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FIGURE S4. Alterations in evoked neurotransmission at the iav1 NMJs 
(A) Quantification of the amplitude of the mEJPs obtained from recordings performed at 0.5 mM Ca2+ on larvae of
the indicated genotypes.
(B) Quantification of the frequency of the mEJPs obtained from recordings performed at 0.5 mM Ca2+ on larvae of 
the indicated genotypes.
(C) Quantification of the quantal content obtained from recordings performed on larvae of the indicated 
genotypes at the indicated extracellular Ca2+ concentrations ([Ca2+]

ext
). The blue and red curves were obtained by 

fitting the respective mean values to sigmoidal functions using Origin6 (OriginLab corporation).
All values represent mean ±SEM. Please consult the Supplementary Files for all values and information on 
statistical tests employed. Abbreviations: n.s., not significant.
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Figure S5 (related to Figure 7)
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FIGURE S5. The iav1 synaptic boutons do not exhibit ultrastructural alterations in SV release machinery
(A-C) Transmission electron micrographs of boutons from muscle 6 of 3rd instar larvae of the indicated 
genotypes. Scale bar shown in (A) apply to (A-C). 
(D-F) Quantification of then indicated parameters in the indicated genotypes.
(G) Quantification of the Ca2+ cooperativity of SV release in larvae of the indicated genotypes at the indicated 
extracellular Ca2+ concentrations ([Ca2+]

ext
). Both axes are in the log

10
 scale. The blue and red lines were 

obtained by linear fitting of the respective mean values using Origin6 (OriginLab corporation). “n” refers to the 
slope of the lines.
(H) Quantification of the bouton numbers in the indicated genotypes. *, p = 1.01x10-7, one-way ANOVA, 
n = 15-19 NMJs per genotype. 
(I) Quantification of the number of Brp punctae per NMJ in larvae of the indicated genotypes. 
All values represent mean ±SEM. Please consult the Supplementary Files for all values and information on 
statistical tests employed. Abbreviations: n.s., not significant.
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