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Abstract 69 

Calpains are calcium dependent, cytosolic proteinases active at neutral pH. They do not 70 

degrade but cleave substrates at limited sites. Calpains are implicated in various pathologies 71 

such as ischemia, injuries, muscular dystrophy, and neurodegeneration. Despite so, the 72 

physiological function of calpains remains to be clearly defined. Using the neuromuscular 73 

junction of Drosophila of both sexes as a model, we performed RNAi screening and 74 

uncovered that calpains negatively regulated protein levels of the glutamate receptor GluRIIA 75 

but not GluRIIB. We then showed that calpains enrich at the postsynaptic area, and the 76 

calcium-dependent activation of calpains induced cleavage of GluRIIA at Q788 of its C-77 

terminus. Further genetic and biochemical experiments revealed that different calpains 78 

genetically and physically interact to form a protein complex. The protein complex was 79 

required for the proteinase activation to downregulate GluRIIA. Our data provide a novel 80 

insight into the mechanisms by which different calpains act together as a complex to 81 

specifically control GluRIIA levels and consequently synaptic function.  82 

 83 

  84 

Key words:  Calpain, Calcium, Glutamate receptor, Drosophila Neuromuscular junction, 85 

GluRIIA, GluRIIB, GluR, Cytosolic proteinase, Cytoplasmic cysteine protease. 86 
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 88 

Significance Statement 89 

Calpain has been implicated in neural insults and neurodegeneration. However, the 90 

physiological function of calpains in the nervous system remains to be defined. Here, we 91 

show that calpain enriches at the postsynaptic area and negatively and specifically regulates 92 

GluRIIA but not IIB level during development. Calcium-dependent activation of calpain 93 

cleaves GluRIIA at Q788 of its C-terminus. Different calpains constitute an active protease 94 

complex to cleave its target. This study reveals a critical role of calpains during development 95 

to specifically cleave GluRIIA at synapses and consequently regulate synaptic function.  96 

 97 

 98 

 99 

 100 

 101 

 102 
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Introduction 103 

Calpains are a family of calcium-activated cytoplasmic cysteine proteases, which are 104 

ubiquitously expressed in various mammalian tissues and are functionally active at neutral 105 

pH (Franco and Huttenlocher, 2005; Hanna et al., 2008). Members of the calpain family act 106 

in pathological processes associated with calcium overload such as ischemia and Alzheimer’s 107 

disease (Bano et al., 2005; Lee et al., 2000; Vosler et al., 2011; Xu et al., 2007). For example, 108 

calpains cleave multiple synaptic proteins including both inotropic and metabotropic 109 

glutamate receptors in excitotoxic conditions, as well as in synaptic plasticity (Baudry and Bi, 110 

2017; Chan and Mattson, 1999; Doshi and Lynch, 2009; Xu et al., 2007). However, little is 111 

known of the precise physiological function of calpain-dependent cleavage of target proteins 112 

at synapses during normal development.  113 

  Calpains exist in organisms ranging from bacteria to humans (Ono et al., 2016; Sorimachi 114 

et al., 2011). To date, fifteen different calpains have been identified in mammals and four in 115 

Drosophila (Friedrich et al., 2004; Sorimachi et al., 2011). Unlike most proteases, calpains do 116 

not destroy but cleave their substrates at limited sites to modulate their function. Calpain 1 117 

(μ-calpain) and calpain 2 (m-calpain) are the most ubiquitous and well-studied calpain family 118 

members. They are activated in vitro by micromolar and millimolar concentrations of 119 

calcium, respectively (Ono et al., 2016; Sorimachi et al., 2011). Conventional calpain 1 and 2 120 

are heterodimers composed of a large catalytic subunit with four domains (dI-dIV) and a 121 

small regulatory subunit with two domains (dV and dVI). Heterodimerization of the large and 122 

small subunits occurs through a unique interaction between their C-terminal domains 123 

(Sorimachi et al., 2011; Strobl et al., 2000). There are two calcium-binding sites within the 124 

crystal structure of the enzymatically active domain II of μ-calpain (Moldoveanu et al., 2002). 125 

These sites, together with domains IV and VI interact with calcium and are required for full 126 

enzymatic activity. Calpastatin is an endogenous calpain inhibitor that binds and inhibits 127 

calpains via its calpain-inhibitor domains when the proteases are activated by calcium (Hanna 128 

et al., 2008). Unlike mammalian calpains, Drosophila calpains comprise a large subunit only 129 

and calpastatin has not been identified in Drosophila (Friedrich et al., 2004).  130 

     The efficiency of neurotransmission is determined by the level of neurotransmitter 131 

receptors at the postsynaptic densities (PSDs). However, the molecular mechanism by which 132 

the level of neurotransmitter receptors at synapses is regulated is not well understood. At 133 

Drosophila neuromuscular junction (NMJ) synapses, there are two subtypes of glutamate 134 

receptors (GluR), GluRIIA and GluRIIB, which are developmentally, biophysically, and 135 

pharmacologically distinct (DiAntonio et al., 1999; Marrus et al., 2004; Schmid et al., 2008). 136 
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For example, the postsynaptic sensitivity to glutamate is much higher at synapses enriched 137 

for GluRIIA than at synapses enriched for GluRIIB (Schmid et al., 2008). Previous studies 138 

show that GluRIIA and GluRIIB receptors are differentially regulated via independent 139 

pathways (Albin and Davis, 2004; Chen et al., 2005; Davis et al., 1998), although the 140 

molecular mechanisms that control different subtypes of GluRs remain elusive. To uncover 141 

new pathways that control GluR expression at NMJ synapses, we have carried a genetic 142 

screen and identified a critical role for calpains in specifically regulating the abundance of 143 

GluRIIA but not GluRIIB at the Drosophila NMJs. We show that calpains enrich at the 144 

postsynaptic area and cleaves GluRIIA but not GluRIIB at its C-terminal in a calcium-145 

dependent manner. As calcium is a highly versatile intracellular signal that regulates many 146 

different cellular functions, our finding of calpain proteinases activated by calcium under 147 

physiological conditions at NMJ synapses offers novel insights into the myriad of calcium-148 

mediated processes at other cellular contexts. 149 

 150 

Materials and Methods 151 

Drosophila Stocks and Genetics. All fly stocks (both males and females) were maintained on 152 

standard cornmeal food at 25ºC. All flies were obtained from Bloomington Drosophila Stock 153 

Center (http://flystocks.bio.indiana.edu) or Tsinghua University Drosophila Stock Center 154 

(China, http://center.biomed.tsinghua.edu.cn) unless otherwise noted. The w1118 strain was 155 

used as the wild-type control in all experiments. Transgenic flies carrying UAS-calp A were 156 

generated as follows. The full-length cDNA of calpain A was amplified by PCR from a 157 

cDNA prepared from the adult w1118 strain and cloned into a pUAST-attB vector (Zhao et al., 158 

2015). The following primers were used (forward: 5' gaattcatggacgacttgaggggattctt 3’, 159 

reverse: 5' tctagattacgaatatattgtgcgctctatccac 3’). The plasmid was injected into flies carrying 160 

an attP2 docking site or attP40 (Best Gene Inc.). UAS-calpain A-GFP flies were generously 161 

provided by Dr. H. Araujo at the Federal University of Rio de Janeiro (Fontenele et al., 162 

2013). GluRIIA-GFP and GluRIIB-RFP flies were documented in Schmid et al., 2008, and 163 

Myc-tagged GluRIIA (RRID: BDSC64258) and GluRIIB (RRID: BDSC64259) flies were 164 

reported in Petersen et al., 1997. 165 

       Immunohistochemistry. Standard immunocytochemistry was performed as described 166 

previously with minor modifications (Li et al., 2016). Third instar larvae were dissected in 167 

ice-cold calcium–free HL-3 saline, and then fixed in either 100% methanol on ice for 10 min 168 

(for anti-GluRIIA and anti-GluRIIB) or 4% paraformaldehyde for 30 min (for all other 169 

antibodies), followed by washing with 0.2 %Triton X-100 in phosphate buffered saline. The 170 
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following primary antibodies were used: mouse anti-GluRIIA (1:500; #8B4D2, 171 

Developmental Studies Hybridoma Bank (DSHB), RRID:AB_528269), rabbit anti-GluRIIB 172 

(1:2500; from Dr. Aaron DiAntonio, Washington University, RRID:AB_2568753), Alexa 173 

649-conjugated anti-horseradish peroxidase (anti-HRP, 1:100, Jackson Immuno Research, 174 

RRID:AB_2340866), rabbit anti-calp A and anti-calp B (1:500, from Dr. Endre Kókai, 175 

Department of Medical Chemistry, Faculty of Medicine, University of Debrecen, Hungary, 176 

RRID:AB_2569845), mouse anti-Discs large (Dlg, 1:1000, Developmental Studies 177 

Hybridoma Bank, RRID:AB_528203), mouse anti-HA (1:100; Sigma, RRID:AB_514505), 178 

rabbit anti-His (1:300; Abcam, RRID:AB_443105), rabbit anti-dPAK (1:500; from Zipursky 179 

lab, UCLA), rabbit anti-α-Spectrin and anti-β-Spectrin (1:500;  from Dubreuil lab, University 180 

of Illinois), mouse anti-Fasciclin II, mouse anti-Futsch (1:50; DSHB), and mouse anti-GFP 181 

(1:300; Snata Cruz, RRID:AB_627695). Alexa 488- or 568-conjugated anti-mouse, anti-182 

rabbit or anti-rat secondary antibodies (Molecular Probes) were used at 1:500. A nuclear dye 183 

To-PRO-3 Iodide (Molecular Probes) was used at 1:700.  184 

      Immunoblotting (IB) and Immunoprecipitation (IP). Western blotting was performed as 185 

described previously (Zhao et al., 2015). Third instar larvae muscles were homogenized in 186 

ice-cold RIPA lysis buffer (50 mM Tris-HCl at pH 7.4, 150 mM NaCl, 0.1% SDS, 1% NP-187 

40), with a protease inhibitor (Set 1, Roche). The lysates were centrifuged at 18000 x g for 10 188 

min and the resulting supernatant was used for western blotting with the following primary 189 

antibodies: mouse anti-GluRIIA (1:1000), rabbit anti-RFP (1:700, Creative Diagnostic, 190 

RRID:AB_2433853), rabbit anti-calp A and anti-calp B (1:1000), mouse anti-β-actin and 191 

anti-α-tubulin (1:50,000, Millipore). The secondary antibody was HRP-conjugated anti-192 

mouse IgG or anti-rabbit IgG (Sigma) used at 1:50000. Protein bands were visualized using a 193 

chemiluminescent HRP substrate (Millipore). For immunoprecipitation (IP), larval muscle 194 

lysates were incubated with appropriate antibodies (2 μg antibody). Protein complexes were 195 

precipitated with Dynabeads (Thermo Scientific) for further analysis.  196 

      Calcium Treatment of Larval Muscles. To induce activation of the endogenous calpains, 197 

larvae were dissected in Ca2+-free HL-3 saline. For unstimulated control preparations, this 198 

saline included 0.5 mM EGTA. For stimulated preparations, dissected larvae were then 199 

incubated with HL-3 solution containing 10 mM CaCl2 and 10 μM ionomycin (Sigma, 200 

#19657) for 30 min and then washed in 0 mM Ca2+ and left at rest for 10 min. For calpain 201 

activity inhibition, 10 μM PD150606 (Abcam, #ab141464) was added to the solution for 30 202 

min prior to the addition of calcium. For immunohistochemistry, differently treated groups 203 

were dissected and processed together to ensure equivalent treatments. For western blotting, 204 
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lysates from different groups were IPed with anti-Myc (2 μg) and the resulting 205 

immunoprecipitates were detected with anti-Myc (1:1000).  206 

    Optogenetic Manipulation of Calcium Influx. For optogenetic manipulation of calcium 207 

influx, the following genotypes were used: C57-Gal4/+; UAS-ChR2/+, C57-Gal4 Calp A 208 

RNAi/+; UAS-ChR2/+, and C57-Gal4 αID RNAi/+; UAS-ChR2/+. Larvae expressing blue 209 

light-sensitive ChR2 by C57-Gal4 were kept in consistent darkness and raised in standard 210 

food containing 0.1 mM all-trans-retinal (ATR) (Sigma, R2500) that is necessary for the 211 

production of functional ChR2 (Honjo et al., 2012). Late 3rd instar larvae were subjected to 212 

intermittent exposure of blue light of ~480 nm by a fluorescent microscope. The light 213 

illumination protocol included five rounds of 10 min light stimulation followed by a 30 min 214 

break. During the 10 min illumination period, the light turned on and off for 30s each for 10 215 

times. Larvae expressing ChR2 exhibited apparent muscle contractions upon illumination, 216 

validating the genotypes.  217 

     Cell Culture and Plasmid Construction. Drosophila S2 cells were cultured as previously 218 

described (Li et al., 2016). S2 cells (RRID: CVCL_Z232) were maintained at 25°C in a 219 

serum-free medium (SF-900 II, Gibco). Cultured cells were resuspended in the medium at a 220 

final concentration of 1×106 cells/ml medium and plated at 1 ml/well in six-well culture 221 

plates. Plasmids were added after 24 h growth in the culture plates. Cells expressing 222 

exogenous proteins of interest were transfected using Cellfectin II reagent (Invitrogen) and 223 

expression was induced with 0.5 mM CuSO4 for 48 h. Cells were lysed in RIPA buffer for 1 224 

h at 4ºC.  225 

For in vitro GluRIIA cleavage assay, GluRIIA was subcloned into pAC5.1 plasmids to 226 

produce N-terminally Flag-tagged fusion proteins. Transfected S2 cells were lysed in RIPA 227 

buffer and the lysates were diluted (1:1) in 2× calpain buffer (1× calpain buffer: 0.1% Triton, 228 

20 mM HEPES, pH 7.5) (Bano et al., 2005). After adding 10 mM CaCl2 to the lysates, 229 

samples were kept at 37°C for 1 h for proteolysis to occur. To inhibit calpain activity, lysates 230 

were incubated with 10 μM PD15606 for 30 min prior to the addition of calcium. The 231 

reaction was stopped by adding 5× SDS loading buffer and subjected to western blotting with 232 

anti-Flag (1:1000).  233 

The following fusion proteins were co-expressed in S2 cells: Calp A-His with Calp B-His, 234 

Calp C-His, Calp D-His or Flag-Calp B. For IP, lysates from S2 cells were incubated with 235 

specific antibodies (3 μg) including rabbit anti-calpain A or mouse anti-Flag and 236 

subsequently precipitated with 50 μl Dynabeads (Life Technology). An equal amount of 237 

rabbit or mouse IgG (3 μg, Sigma) was used as a negative IP control.          238 
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Prediction and verification of calpain cleavage sites in GluRIIA. CaMPDB (calpain for 239 

modulatory proteolysis database) (duVerle et al., 2011) and GPS-CCD 1.0 program (calpain 240 

cleavage detector) (Liu et al., 2011) were used to identify putative calpain cleavage sites in 241 

the peptide from G785 to F840 in the cytoplasmic region of GluRIIA. Both programs 242 

predicted two high score calpain cleavage sites at Q788 and K791. For site-directed 243 

mutagenesis, the predicted GluRIIA cleavage sites were mutated with the KOD-Plus-244 

Mutagenesis Kits (KOD-201, F0934K, China) according to the manufacturer’s recommendations. 245 

The following primers were used to mutate the predicted sites to alanine for cleavage assay. 246 

For Q788A mutation, we used forward primer (5’ 247 

cgaaaggggcgagctggcgaagatgaagaacaagtggtggaagaacc 3’) and reverse primer (5’ 248 

ggttcttccaccacttgttcttcatcttcgccagctcgcccctttcg 3’). For K791A mutation, we used forward 249 

primer (5’ cgaaaggggcgagctgcagaagatggcgaacaagtggtggaagaacc 3’) and reverse primer (5’ 250 

ggttcttccaccacttgttcgccatcttctgcagctcgcccctttcg 3’). For Q788A-K791A double mutation, we 251 

used forward primer (5’ cgaaaggggcgagctggcgaagatggcgaacaagtggtggaagaacc 3’) and reverse 252 

primer (5’ ggttcttccaccacttgttcgccatcttcgccagctcgcccctttcg 3’). GluRIIA with or without 253 

mutations expressed in S2 cells was tested for calpain cleavage. To facilitate calpain cleavage, 254 

we treated S2 cells with 4-hydroxy nonenal (HNE) (Calbiochem, #393204) at various 255 

concentrations.  256 

     Electrophysiology. Intracellular recordings from Drosophila muscles were performed 257 

essentially as described (Zhao et al., 2015). Briefly, wandering third instar larvae were 258 

dissected in calcium free HL3 saline (70 mM NaCl, 5 mM KCl, 20 mM MgCl2, 10 mM 259 

NaHCO3, 5 mM trehalose, 5 mM HEPES, 115 mM sucrose; pH 7.3). Excitatory junction 260 

potentials (EJPs) and miniature EJPs (mEJPs) were recorded from muscle 6 of abdominal 261 

segment A2 or A3 in HL3 saline containing 0.5 mM Ca2+ using intracellular microelectrodes 262 

(10 20 M ) filled with 3M KCl, and processed with Clampfit 10.2 software. All 263 

electrophysiological responses were recorded using an Axoclamp 2B amplifier (Axon 264 

Instruments) in Bridge mode and analyzed using Clampfit 10.2 software. Only recordings 265 

from cells with resting potentials  -60 mV and input resistances > 6 MΩ were analyzed. 266 

     Image Acquisition and Data Analysis. Images were collected using an Olympus Fluoview 267 

FV1000 confocal microscope with a 40x/3NA or 60x/3NA oil objective and FV10-ASW 268 

software (RRID: SCR_014215) or with a Leica confocal microscope using a 40x/3NA oil 269 

objective and LAS AF software (RRID:SCR_013673). All images of muscle 4 type Ib NMJs 270 

for any specific experiment were captured using identical settings to allow for statistical 271 
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comparisons among different genotypes. Immunostaining intensities were quantified using 272 

Image J (National Institutes of Health, Bethesda, MD, USA, RRID:  SCR_003070), with anti-273 

HRP staining as an internal control for quantification. An arbitrary threshold was set for each 274 

channel and used for all relevant images. The average intensity of GluR signal within the 275 

region of interest (ROI) defined by HRP staining was normalized to the average of HRP 276 

intensity. To quantify protein levels of target proteins, positive signals on western blots from 277 

multiple independent repeats were calculated using ImageJ and normalized to the loading 278 

control. Each experiment was repeated at least three times. Statistical comparisons were 279 

performed using GraphPad prism 6. All data were expressed as mean ± standard error of the 280 

mean (SEM).  281 

     Statistical analyses: Different groups were compared by one-way ANOVA with Tukey’s 282 

post hoc tests for pair-wise comparisons or Student’s t tests when appropriate. In all figures, the 283 

data are presented as mean ± SEM; *p < 0.05, **p < 0.01 and ***p < 0.001. The exact  p 284 

values, F values, t values and coefficient of determination (R2) of statistical analysis are 285 

reported. All comparisons were between a specific genotype and the control unless otherwise 286 

indicated. 287 

     288 

Results  289 

Calpains negatively regulate synaptic and total GluRIIA protein levels. 290 

To elucidate the molecular pathways that control synaptic expression of GluRs, we screened 291 

500 selected RNAi lines (one line was tested for one gene) under the control of the muscle 292 

specific C57-Gal4. We used green fluorescent protein (GFP) intensity of the GluRIIA-tagged 293 

with GFP at its C-terminus as a readout for the screening. GluRIIA-GFP was confined to 294 

individual PSDs and functioned as the endogenous GluRIIA (Qin et al., 2005; Schmid et al., 295 

2008). From the 500 RNAi lines tested we identified 18 lines (3.6%) associated with 296 

significant upregulation of GluRIIA at NMJ terminals (Extended data Figure 1-1). Among 297 

these 18 genes, we focused on the calcium-dependent protease calpain. Four distinct genes 298 

encoding calpains have been described in Drosophila, though the calpain C might not have 299 

proteolytic activity as the active site residues are mutated (Friedrich et al. 2004).  300 

    We verified the screening results by examining synaptic GluRIIA levels in multiple 301 

calpain mutants carrying transposon insertions (calp AKG13868, calp BEY17422 and calp DEY02271); 302 

of these mutants, calp AKG13868 and calp BEY17422 express reduced levels of calpain protein and 303 

proteinase activity (Reinecke et al., 2011). Consistently, homozygous mutants for calp A, B, 304 

and D showed increased abundance of GluRIIA but not GluRIIB at NMJ synapses (Fig. 1A). 305 
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In support of the staining results, western blotting showed a significant three-fold increase in 306 

the total protein level of GluRIIA in different calpain mutants. Compared with wild-type 307 

control, the relative GluRIIA intensity was 320 ± 4.5 for Calp AKG (p = 0.00005), 300 ± 5.3 308 

for Calp BEY (p = 0.00002), and 320 ± 5.5 for calp DEY (p = 0.00006) (F(3,8) = 148.3, R2 = 309 

0.9820, ANOVA; Fig. 1B, D). To determine the specificity of calpain for GluRIIA, we 310 

performed immunoblotting against red fluorescent protein (RFP)-tagged GluRIIB (Schmid et 311 

al., 2008; antibody against GluRIIB for western analysis was not available), and showed that 312 

GluRIIB-RFP levels were unaltered by calpain A and B knockdown. Compared with control, 313 

the relative GluRIIB intensity was 100 ± 7.5 for Calp ARNAi (p = 0.9709) and 100 ± 5.6 for 314 

Calp BRNAi (p = 0.9716) (F(2,6) = 0.0297, R2 = 0.0098, ANOVA; Fig. 1C, D), demonstrating 315 

the specificity of calpain on GluRIIA.  316 

    We determined whether calpain was sufficient to cleave GluRIIA in vivo by using the 317 

Gal4/UAS system to overexpress calpain A. Synaptic and total GluRIIA levels were 318 

significantly decreased when calpain A was over-expressed by C57-Gal4 (Fig. 1E-G). 319 

Moreover, overexpression of calpain A in postsynaptic muscles fully rescued the increased 320 

GluRIIA phenotype in calpain A mutants. The relative intensity of GluRIIA was 46 ± 2.5 for 321 

Calp AOE (p = 0. 0013), 320 ± 4.9 for Calp AKG (p = 0.00004), and 100 ± 6.1 (p = 0.3254) for 322 

the rescue compared with wild type (F(3,56) = 2253, R2 = 0.9918, ANOVA; Fig. 1E, F). 323 

Together, these results demonstrate that calpain A is both required and sufficient to 324 

downregulate GluRIIA. 325 

 326 

Temperature sensitive temporal inactivation of calpain leads to upregulation of 327 

GluRIIA at NMJ 328 

In the results shown above, calpain activity was chronically downregulated or up-regulated 329 

from embryonic stage. As it is not obvious that eliminating calpain directly leads to the large 330 

increase in GluRIIA, we examined the time course of the increase in GluRIIA elicited by 331 

calpain RNAi by using the temperature-sensitive Gal80ts system (McGuire et al., 2003). 332 

When embryos and larvae were raised at 18ºC, Gal80ts suppressed Gal4, blocking calpain 333 

RNAi expression, and GluRIIA remained normal. Compared with the control of C57-334 

Gal4>Gal80ts, the relative GluRIIA intensity was 130 ± 3.4 for C57-Gal4>Calp ARNAi (p = 335 

0.0092) and 100 ± 5.5 for C57-Gal4>Calp ARNAi+Gal80ts (p = 0.1223) (F(2,27) = 5.6, ANOVA; 336 

Fig. 2A, C). RNAi knockdown of calpain A activity for 18 h but not for 6 or 12 h induced a 337 

slight but significant upregulation of GluRIIA (Fig. 2A,C), while a longer time of calpain 338 

inactivation at 30ºC (1 day to 5 days) up-regulated GluRIIA levels to a greater extent at NMJ 339 
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synapses. The relative GluRIIA intensity of C57-Gal4> Calp ARNAi+Gal80ts was 130 ± 2.1 at 340 

18 h (p = 0.0098), 230 ± 3.2 at 1 day (p = 0.0012), and 430 ± 5.1 at 5 day (p = 0.00005) after 341 

temperature shift (F(3,44) = 369.3, R2 = 0.9599, ANOVA; Fig. 2A-C). Moreover, both C57-342 

Gal4>Calp ARNAi and C57-Gal4>Calp ARNAi+Gal80ts showed increased GluRIIA levels when 343 

raised at 30ºC for 18 hs (Fig. 2C), although this increase tended to be significantly higher in 344 

C57-Gal4>Calp ARNAi (p = 0.0126; R2 = 0.7096, t(20) =  5.224, unpaired t test; Fig. 2C). When 345 

raised at 30ºC for a longer time of 1 or 5 days, we did not observe significant differences 346 

between the two genotypes (p = 0.5813; R2 = 0.1828, t(20) =  1.458, unpaired t test  at 1 day 347 

and p = 0.6772; R2 = 0.1032, t(20) =  1.333, unpaired t test at 5 days; Fig. 2C), probably due to 348 

similar levels of calpain knockdown during larval development. Together, these data reveal 349 

that temporal calpain inactivation induced an increase in GluRIIA abundance at NMJ 350 

synapses. 351 

 352 

Calpain A is enriched at the postsynaptic NMJ 353 

Previous studies have shown that human calpains 1 and 2 are ubiquitously expressed (Baudry 354 

and Bi, 2016; Cao et al., 2007; Hood et al., 2004). To examine if calpains were localized at 355 

NMJ, we first tested the specificity of calpain antibodies. We found an apparent decrease in 356 

the staining intensity of calpain A at the NMJ of Calp AKG mutants and calpain A RNAi 357 

knockdown (Fig. 3A). Consistently, Calp AKG mutants and  RNAi knockdown by C57-Gal4 358 

showed 60%  and 85% decrease of the total protein level, respectively (Fig. 3C, D).The 359 

relative calpain A protein level was 40 ± 5.2% (p = 0.0005) and 15 ± 1.2% (p = 0.00001) of 360 

the wild-type control in calp AKG13868 homozygous mutant and C57-Gal4-RNAi knockdown, 361 

respectively (Fig. 3C, D). Similarly, calp BEY17422 homozygous mutants showed a 50% 362 

decrease (p = 0.0001), while calpain B RNAi driven by C57-Gal4 exhibited an 84% decrease 363 

(p = 0.00001) of calpain B protein level (F(2,6) = 505.1, R2 = 0.9941, ANOVA; Fig. 3C, D).  364 

     We then showed that calpain A immunoreactivity surrounded presynaptic terminals 365 

labeled by anti-HRP staining (Fig. 3A). Moreover, calpain A overlapped and surrounded the 366 

postsynaptic marker Dlg, the Drosophila homolog of PSD-95, which labels the subsynaptic 367 

reticulum (SSR) (Fig. 3A). Interestingly, confocal imaging of synaptic boutons at the third 368 

instar larval NMJ demonstrates that calpain A immunoreactivity is located underneath the 369 

postsynaptic GluRIIA clusters (Fig. 3B). Calpain B immunoreactivity shows a similar 370 

distribution and localizes at the postsynaptic site and muscle (data not shown). In summary, 371 

both calpains are enriched at the postsynaptic NMJ.   372 
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     Previous studies have shown that a large number of proteins are cleaved by calpains in cell 373 

cultures (Franco et al., 2005; Glading et al., 2002). To test the specificity of the negative 374 

regulation of GluRIIA by calpains at the NMJ, we examined other synaptic proteins to which 375 

there were specific antibodies available. The intensities of Dlg, Fasciclin II (FasII), Futsch, 376 

dPAK, and spectrins at NMJs were unchanged when calpain A was knocked down or when 377 

calpain A was overexpressed in postsynaptic muscles by C57-Gal4 (p > 0.05; Fig. 3E, F), 378 

demonstrating that calpains specifically and negatively regulate GluRIIA level at NMJ.    379 

 380 

Calpains regulate synaptic function at NMJ 381 

To determine whether the observed changes in GluRIIA level would affect synaptic 382 

transmission in calpain mutants, we recorded excitatory junction potentials (EJPs) and 383 

miniature excitatory junction potentials (mEJPs) at muscle 6 using intracellular electrodes 384 

when calpain expressions were altered (Fig. 4A). We found that the average of EJPs 385 

amplitude was normal when calpain expressions were altered (p > 0.05,  ANOVA; Fig. 4A, 386 

B). However, we found a significant increase in the average amplitude and frequency of 387 

mEJPs in calpain mutants. The average mEJPs was 1.2 ± 0.05 mV for wild-type control, 1.9 388 

± 0.02 mV for Calp AKG (p = 0.00001), 1.8 ± 0.01 mV for Calp BEY (p = 0.00002), and 1.6 ± 389 

0.01 mV for Calp DEY (p = 0.0199) (Fig. 4A, C, D). In contrast, overexpression of calpain A 390 

(calp AOE) led to the opposite; the average mEJPs was 1.0 ± .02 mV for Calp AOE (p = 0.0181; 391 

Fig. 4A, C, D). Consistent with GluRIIA upregulation, the intensity Bruchpilot (Brp), a major 392 

constituent of presynaptic active zone characterized by T bar, was increased when calpains 393 

were knocked down in post- but not pre-synaptic site (Fig. 4E, F). Conversely, calpain 394 

overexpression in post- but not pre-synaptic site resulted in a decrease of Brp intensity (Fig. 395 

4E, F). The increase in GluRIIA and Brp abundance assayed by fluorescence microscopy is 396 

positively correlated with increased amplitude and frequency of mEJP at the NMJ synapses.  397 

 398 

Cytoplasmic calcium negatively regulates GluRIIA abundance via calpain 399 

Calcium homeostasis involves an intricate interplay between calcium influx across the 400 

plasma membrane and calcium release from the calcium stores, Golgi apparatus and 401 

endoplasmic reticulum (ER) (Berridge et al., 2003; Clapham, 2007). As calpains are calcium-402 

dependent proteinases, we hypothesized that calcium might negatively regulate GluRIIA 403 

level via calpains. To test the hypothesis, we manipulated cytoplasmic calcium levels by 404 

RNAi knockdown of genes encoding calcium channels in the plasma membrane and calcium 405 

stores (Fig. 5A; Extended data Figure 5-1). The potassium-dependent sodium/calcium 406 
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exchanger (Nck) and plasma membrane calcium ATPase (PMCA) on the plasma membrane 407 

remove intracellular calcium from the cell (Desai and Lnenicka, 2011; Haug-Collet et al., 408 

1999), while the α1D and α1T voltage-gated calcium channels (Kanamori et al., 2013) and 409 

the ryanodine receptor channels (RyR) increase cytoplasmic calcium by facilitating calcium 410 

influx across the plasma membrane and releasing calcium from the calcium stores, 411 

respectively (Bi et al., 2014) (Fig. 5A). Postsynaptic knockdown of both Nck and PMCA 412 

channels by C57-Gal4 resulted in a specific and significant reduction in synaptic and total 413 

protein levels of GluRIIA but not GluRIIB. In contrast, knockdown of α1D, α1T, and RyR 414 

led to the opposite (Fig. 5B). Compared with control, the relative GluRIIA intensity was 40 ± 415 

3.4 for NckRNAi (p = 0.00001) and 50 ± 3.5 for PMCARNAi (p = 0.001) (F(2,33) = 480.8, R2 = 416 

0.9866, ANOVA; Fig. 5C), while the relative intensity of GluRIIA was 280 ± 4.5 for α1DRNAi 417 

(p = 0.0002), 250 ± 3.8 for α1TRNAi (p =  0.0008), and 270 ± 5.6 for RyRRNAi (p = 0.0004) 418 

(F(3,44) = 119.3, R2 = 0.8906, ANOVA; Fig. 5C). Different from altered GluRIIA levels, the 419 

GluRIIB intensity remained normal (F(5,66) = 1.982, R2 = 0.1305, ANOVA; Fig. 5B, C). 420 

Furthermore, to test whether the calcium regulated GluRIIA level change was mediated 421 

through calpains, we examined genetic interaction between calpain A and Nck or α1D. We 422 

found that upregulation of GluRIIA level upon knocking down of calpain A was inhibited by 423 

concomitant knockdown of Nck but not α1D (Fig. 5E, F). Compared with wild-type control, 424 

the relative GluRIIA intensity was 315 ± 5.3 for Calp ARNAi (p = 0.00005), 120 ± 8.2 for 425 

RNAi knockdown of both calpain A and Nck (p = 0.3305), and 370 ± 4.5 for RNAi 426 

knockdown of both calpain A and α1D (p = 0.00001) (F(3,44) = 505, R2 = 0.9718; Fig. 5F). 427 

Compared with GluRIIA levels in Calp ARNAi, the relative GluRIIA intensity was 120 ± 8.2 (p 428 

= 0.0009) for RNAi knockdown of calpain A and NCK and 370 ± 4.5 (p = 0.0013) for RNAi 429 

of calpain A and α1D (F(2,33) = 8.504, R2 = 0.9551, ANOVA; Fig. 5F). Taken together, these 430 

results indicate that cytoplasmic calcium levels negatively regulate synaptic and total 431 

GluRIIA protein levels via calpain.  432 

    We further examined the role of calpain in regulating GluRIIA levels by treating larval 433 

muscles with the calcium ionophore ionomycin to cause calcium influx (Palmer and Tsien, 434 

2006; Teodoro et al., 2013). Calcium treatment specifically reduced GluRIIA but not 435 

GluRIIB levels (Fig. 5G, H). The reduction of GluRIIA by calcium was inhibited when the 436 

muscles were pretreated with PD150606, a cell-permeable calpain inhibitor (Wang et al., 437 

1996). The relative intensity of GluRIIA was 40 ± 5.5 for calcium treated samples (p = 438 

0.00005) and 100 ± 8.3 for calpain inhibitor treated samples (p = 0.2048) compared with 439 

untreated control (F(2,42) = 393, R2 = 0.9493, ANOVA; Fig. 5G, H).  440 
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These results of genetic and pharmacological analysis together support that calcium 441 

negatively regulates GluRIIA but not GluRIIB levels via calpains. 442 

  443 

Calcium influx mediated by optogenetic manipulations results in GluRIIA reduction via 444 

calpain 445 

To identify for a more physiological condition that promotes calpain activation for GluRIIA 446 

cleavage, we designed an experiment to optogenetically induce calcium influx as previously 447 

described (Kanamori et al., 2013). We subjected intact and free moving larvae expressing 448 

channelrhodopsin-2 (ChR2), a cation channel gated by intermittent illumination of blue light  449 

(Fig. 6A, B) (Honjo et al., 2012). We found that controlled light exposure resulted in a 450 

significant reduction of GluRIIA at NMJ (Fig. 6C, D; the relative GluRIIA intensity was 50 ± 451 

4.8 upon light stimulation, p = 0.008; t(28) =  27.29, unpaired t test). Calcium influx to neurons 452 

is dependent on voltage gated calcium channel (VGCC) upon ChR2 activation (Goold and 453 

Nicoll, 2010; Kanamori et al., 2013). Consistently, we found that ChR2 activation-induced 454 

GluRIIA reduction was dependent on VGCC, as synaptic GluRIIA level was not significantly 455 

decreased upon light exposure when αID, a subunit of VGCC, was knocked down (p = 456 

0.3201; t(28) =  1.054, unpaired t test; Fig. 6C, D). Furthermore, the observed reduction of 457 

GluRIIA upon illumination was inhibited upon calpain A knockdown (p = 0.2304; t(28) = 458 

1.095, unpaired t test; Fig. 6C, D). These results indicate that light induced synaptic GluRIIA 459 

reduction is calcium and calpain dependent. Of note, blue light stimulation did not 460 

significantly decrease synaptic GluRIIA level compared to untreated controls when α1D or 461 

calpain A was knocked down (Fig. 6D). These results together indicate that calcium induced 462 

activation of calpains is likely to occur under certain physiological conditions. 463 

 464 

Calcium-dependent cleavage and interaction of GluRIIA with calpain 465 

The negative regulation of GluRIIA by calpain does not necessarily indicate that calpain 466 

cleaves GluRIIA directly. To detect possible GluRIIA truncation by calpains, we expressed 467 

N-terminal Myc-tagged GluRIIA and GluRIIB in muscles with the myosin heavy chain 468 

(MHC) promoter. Muscle preparations were treated with calcium and the muscle lysates were 469 

immunoprecipitated with anti-Myc. The intensity of the 120 kDa band representing full-470 

length GluRIIA showed no apparent change following calcium treatment, while an additional 471 

band of about 105 kDa appeared. The 105 kDa band was recognized by anti-Myc, which 472 

recognizes the N-terminal tag, and is therefore expected to be the N-terminal large part of 473 

GluRIIA (Fig. 7A). Pretreatment of muscles with the calpain inhibitor PD150606 blocked 474 
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calcium-induced truncation of GluRIIA (Fig. 7A). To test the specificity of the calcium-475 

induced truncation of GluRIIA, we probed immunoblots of anti-Myc immunoprecipitates 476 

from muscle lysates expressing Myc-tagged GluRIIB with anti-Myc antibody and found no 477 

truncation of GluRIIB upon calcium treatment (Fig. 7B), demonstrating specific cleavage of 478 

GluRIIA at its cytoplasmic C-terminal by calpains.  479 

To verify the calcium-dependent cleavage of GluRIIA by calpains, we performed similar 480 

experiments in S2 cells. S2 cells expressing Flag-GluRIIA were lysed and subjected to 481 

western analysis with anti-Flag (Fig. 7C). The intensity of Flag-GluRIIA appeared constant 482 

following calcium treatment, but a cleaved GluRIIA fragment of 105 kDa appeared. The 483 

intensity of the GluRIIA fragment increased with increasing calcium concentrations from 1 to 484 

10 mM. Comparing with 0.1 ± 0.05 arbitrary units (a.u.) for untreated controls, calcium 485 

treatment at 10 mM led to a significantly increased intensity of GluRIIA fragment intensity at 486 

0.8 ± 0.08 a.u. (p = 0.00002, R2 = 0.9893; Fig. 7C, D), while calpain inhibitor treatment 487 

reversed the effect of calcium treatment to wild-type level (p = 0.1174; F(4,10) = 53.54, 488 

ANOVA). The molecular weight of the cleaved GluRIIA fragment was about 105 kDa in S2 489 

cells (Fig. 7C), similar to that seen in vivo (Fig. 7A), suggesting that calcium-dependent 490 

truncation of GluRIIA by calpains occurred at similar sites in vivo and in S2 cells (Fig. 7A, B, 491 

C).  492 

  Previous studies have shown that domain I of mammalian calpains 1 and 2 contains a 493 

short N-terminus that is cleaved by autolysis, either during or following activation (Cong et 494 

al., 1989; Siman and Noszek, 1988). To determine if calpain activation requires autolysis to 495 

cleave GluRIIA, we examined calpains A and B fragments in calcium-treated cells by 496 

western analysis. Autolysis of calpain A and calpain B resulted in the appearance of calpain 497 

fragments at lower molecular weights. The densities of these autolytic calpain fragments 498 

increased with increasing calcium concentrations (Fig. 7C). The relative intensity of calpain 499 

A fragments was 0.1 ± 0.04 a.u. for untreated control and 1.3 ± 0.06 a.u. for 10 mM calcium 500 

treated cells (p = 0.00001); the autolytic fragments of calpain A was inhibited when the 501 

calpain inhibitor was added (p = 0.0232; F(4,10) = 93.89, R2 = 0.9742; Fig. 7C, D). These 502 

results demonstrate a close parallel between the levels of autolysis and calpain activity, in 503 

accordance with previous reports (Jekely and Friedrich, 1999; Park and Emori, 2008). 504 

      Since calpain is enriched at the postsynaptic area and cleaves GluRIIA, we examined 505 

whether calpain was associated with GluRIIA. S2 cells co-transfected with plasmids 506 

encoding Flag-GluRIIA, calp A-His and calp B-His were treated with or without calcium (Fig. 507 

7E, F). IP of cell lysates with anti-Flag resulted in co-IP of calpain A and calpain B (Fig. 7E). 508 
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Reciprocally, cell lysates IPed with anti-calp A resulted in co-IP of Flag-tagged GluRIIA (Fig. 509 

7F). The association of calpain A and calpain B with GluRIIA were specific since IP with a 510 

control non-specific IgG did not show any positive bands (Fig. 7E, F). In line with the notion 511 

of calcium-induced GluRIIA cleavage by calpains, calpain-GluRIIA association was found to 512 

be calcium dependent, since non-treated samples showed weak or no co-IP band (Fig. 7E, F). 513 

 514 

GluRIIA is cleaved by calpain at Q788 515 

To precisely map the calpain cleavage site, we first predicted calpain cleavage sites in 516 

GluRIIA by bioinformatics software. Based on the size of the cleaved GluRIIA fragment, we 517 

expected that the calpain cleavage site in GluRIIA could be near V800. Analysis of the 518 

peptide from G785 to F840 of GluRIIA with two different calpain cleavage prediction 519 

programs CaMPDB (calpain for modulatory proteolysis database) (duVerle et al., 2011) and 520 

GPS-CCD 1.0 (calpain cleavage detector) (Liu et a., 2011) predicted two high score calpain 521 

cleavage sites at Q788 and K791 (Fig. 8A). Cleavage at either site could theoretically result in 522 

N-terminal GluRIIA fragment of 105 kDa as shown in figure 7. The level of cleaved GluRIIA 523 

fragments compared with the full-length protein was very low, indicating that only a small 524 

fraction of overexpressed GluRIIA was cleaved by the endogenous calpains (Fig. 7C). To 525 

increase calpain cleavage efficiency, we followed an established protocol which employs 526 

hydroxynonenal (HNE), a chemical that induces calcium overload in the cell (Sahara and 527 

Yamashima, 2010). Cell lysates of S2 cells incubated with various concentrations of HNE 528 

were electrophoresed and immunoblotted with anti-GluRIIA. One apparent band of 105 kDa 529 

representing the N-terminal fragment of GluRIIA was detected (Fig. 8B).  530 

      We then performed mutational analysis for the two predicted sites together or individually 531 

for calpain sensitivity (Fig. 8C). S2 cells expressing wild-type GluRIIA, single or double 532 

amino acid mutated GluRIIA were lysed and the lysates were electrophoresed and 533 

immunoblotted with anti-GluRIIA. The wild-type GluRIIA and K791A mutant GluRIIA, but 534 

not Q788A-K791A or Q788A mutant GluRIIA were cleaved by calpain in the presence of 535 

HNE (Fig. 8C), indicating that Q788 is the calpain cleavage site. 536 

Different calpains form a protein complex to downregulate GluRIIA  537 

As shown in figure 1, knockdown of different calpains resulted in similar increases of 538 

GluRIIA at NMJ synapses, suggesting that they might work synergistically in a similar 539 

genetic pathway. To test this possibility, we examined the genetic interactions between 540 
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different calpains and found that GluRIIA was significantly upregulated at NMJ synapses in 541 

trans-heterozygous mutants for two different calpain genes, whereas mutants heterozygous 542 

for a single calpain gene showed normal levels of GluRIIA (Fig. 9A). Compared with the 543 

wild-type, the relative intensity of GluRIIA was unchanged for the heterozygous single 544 

calpain gene mutants (p > 0.05; F(3,44) = 0.9460, R2 = 0.0805) but significantly upregulated 545 

for the trans-heterozygous mutants (p < 0.001; F(3,44) = 849.4, R2 = 0.9830, ANOVA; Fig. 546 

9B). These results indicate that different calpains might act in the same genetic pathway to 547 

downregulate GluRIIA at NMJ synapses.  548 

     We speculated that such genetic interactions between calpains may be accomplished via 549 

biochemical interactions. To determine if calpain A physically interacted with calpain B in 550 

vivo, we performed co-IP assay. Expression of calpain A-GFP by C57-Gal4 led to GluRIIA 551 

downregulation, indicating that it functions as the endogenous calpain A (Data not shown). 552 

Lysates of muscle samples from calpain A-GFP-expressing larvae were immunoprecipitated 553 

(IP) with an antibody against GFP. The immunoprecipitates were then subjected to 554 

immunoblotting (IB) analysis with antibodies against calpain B (Fig. 9C). We found that 555 

calpain A interacted with calpain B in vivo (Fig. 9C). We noted that calpain A did not form 556 

homodimer, given that anti-GFP immunoprecipitated calpain A-GFP only, but not the 557 

endogenous calpain A, though both were expressed at comparable levels (Fig. 9C). This is 558 

consistent with a previous report that no homodimerization of calpain B was observed (Park 559 

and Emori, 2008). Furthermore, a physical interaction between calpains was confirmed in 560 

cultured S2 cells. IP of calpain A resulted in co-IP of calpains B, C, and D (Fig. 9D). 561 

Similarly, IP of calpain B resulted in co-IP of the other calpains A and C (Fig. 9E). The 562 

calpain complex did not appear to be regulated by calcium since the interaction was 563 

unchanged by calcium treatment (Fig. 9F).  564 

     In support of the physical interactions, we showed that calpain A co-localized with calpain 565 

B in discrete puncta within muscle cells (Fig. 9G) and both calpains were enriched at the 566 

postsynaptic area. In addition, calpain A was also substantially co-localized with calpains B, 567 

C, and D in S2 cells (Fig. 9H).  568 

    The observed biochemical interactions between different calpains may somehow affect 569 

calpain activity in vivo. However, synaptic and total levels of calpain A and B were not 570 

interdependent; the total protein level and synaptic staining of calpain A were unaffected by 571 

calpain B or D knockdown (Fig. 10A-D), and calpain B expression remained normal 572 

following calpain A or D knockdown (Fig. 10A-D). For example, compared with wild-type 573 

control, the relative intensity of calpain A in calp BRNAi was 105 ± 4.5 (p = 0.9045) and the 574 
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intensity of calpain B in calp ARNAi was 103 ± 5.4 (p = 0.9203; Fig. 10C). We therefore 575 

examined the effect of one calpain on the activity of another, using calpain autolysis as a 576 

readout. We found that the calcium-induced autolysis sites of calpain A or calpain B were 577 

altered leading to a larger calpain fragment compared with wild-type when one of the other 578 

calpains was mutated (Fig. 10E), suggesting a regulatory role for the calpain complex in 579 

calcium-induced autolysis and activation of individual calpains. Our results from genetic and 580 

biochemical analyses together support that Drosophila calpains work as a complex (Fig. 10F) 581 

to cleave their substrates. Different calpains act together, probably as a protein complex, to 582 

control GluR levels during development. In the absence of one calpain, the activity of other 583 

calpains is compromised, suggesting that the full activity of calpains requires the integrity of 584 

the calpain complex.   585 

     586 

Discussion      587 

Although many studies have focused on the pathological role of calpains, the function of 588 

calpain during normal development remains obscure. The data presented here uncover a 589 

previously unknown role of calpains at the Drosophila NMJ synapses. First, we present 590 

multiple lines of evidence that calpain is enriched at the postsynaptic area and required to 591 

down-regulate GluR levels in a calcium-dependent manner. Second, we provide genetic and 592 

biochemical evidence that different calpains function together, probably as a protein 593 

complex. While mammalian calpains act as heterodimers, we reveal in the present study a 594 

new mode of calpain activity regulation, ie., Drosophila calpains work as heteromultimers. 595 

 596 

GluRIIA is specifically cleaved by calpains 597 

Neurotransmission efficiency is determined by the level of neurotransmitter receptors at the 598 

PSDs (Anggono and Huganir, 2012). Therefore, the regulation of glutamate receptors at 599 

synapses has been under intensive studies (DiAntonio et al., 1999; Marrus et al., 2004; 600 

Schmid et al., 2008). However, the molecular mechanism responsible for regulating the 601 

expression of neurotransmitter receptors at synapses is still poorly understood. Using genetic 602 

screening, together with optogenetic manipulation and calcium treatment, we revealed that 603 

GluRIIA protein levels were specifically and negatively regulated by calcium-dependent 604 

calpains during development.  605 

     Extensive studies have demonstrated robust homeostatic regulation at the Drosophila 606 

NMJ. Genetic or pharmacological manipulations that impair the protein level or activity of 607 

postsynaptic GluRs cause a compensatory increase in presynaptic action-potential-evoked 608 
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neurotransmitter release; the increase in evoked release precisely compensates for the 609 

decrease in GluR sensitivity and, thereby, maintains a normal level of transmission (Davis 610 

and Muller, 2014; Frank, 2016). We showed that calpains negatively regulated mEJP 611 

amplitude and frequency at NMJs, consistent with previous studies demonstrating that 612 

quantal size and mEJP frequency are increased when GluRIIA is overexpressed (DiAntonio 613 

et al., 1999; Petersen et al., 1997; Sigrist et al., 2002). The increase in mEJP amplitude and 614 

frequency in calpain mutants can be explained by the elevated levels of GluRIIA and Brp 615 

protein at synapses (Fig. 1 and Fig. 4E, F). GluRIIA mutant exhibits a large decrease in mEJP 616 

amplitude with no change in EJP amplitude, probably due to homeostatic regulation, while 617 

overexpression of GluRIIA leads to an increase in mEJP amplitude with an increase of EJP 618 

amplitude (Petersen et al., 1997), indicating that there is no compensatory downregulation of 619 

quantal content. In the latter case, different effects on EJP amplitude were observed in a more 620 

quantitative manner by using different gene dosage of GluRIIA (DiAntonio et al., 1999). 621 

Specifically, increased EJP amplitude is observed at synapse overexpressing a low level of 622 

GluRIIA, while overexpression of GluRIIA at a high level leads to normal EJP amplitude 623 

(DiAntonio et al., 1999). This latter case is consistent with our finding that a high 3-fold 624 

increase of GluRIIA level in calpains mutant did not lead to upregulation of EJP amplitude. It 625 

is possible that the increase in mEJP amplitude is compensated by a downregulation of 626 

quantal content to maintain normal EJP amplitude in calpain mutants (Fig. 4). Our finding of 627 

normal EJP amplitudes regardless of up- or down-regulations of GluRIIA abundance upon 628 

calpain manipulations further support homeostatic regulation at Drosophila NMJ.  629 

     Previous studies showed that GluRIIA and GluRIIB exhibit competing effects and 630 

interdependence as a result of the selective absence of GluRIIA or GluRIIB-type at NMJ 631 

(DiAntonio et al., 1999; Schmid et al., 2008). If the primary effect of calpains was 632 

specifically on GluRIIA, we would expect to see an opposite change in GluRIIB level. 633 

However, this is not what we observed. Instead, we observed that GluRIIB was normally 634 

localized and its levels were unchanged when GluRIIA was upregulated resulting from 635 

calpain mutation or knockdown, suggesting a distinct regulation of subunit composition by 636 

calpains at the NMJ.  637 

     At the Drosophila NMJ, the postsynaptic calcium has been speculated to regulate the 638 

sensitivity and synaptic localization of GluRIIA (Thomas and Sigrist, 2012). However, how 639 

calcium regulates GluRIIA at NMJ is yet to be investigated. Our findings in the present study 640 

showed a critical role of calcium in regulating postsynaptic GluRIIA levels via calpain. In 641 
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Drosophila muscles and S2 cells, calcium-dependent activation of calpain resulted in the C-642 

terminus cleavage of GluRIIA but not GluRIIB. We note that the percentage of cleaved 643 

GluRIIA by calpains is low by western analysis (Figures 7 and 8). This low cleavage 644 

efficiency is consistent with previous findings (Abe and Takeichi, 2007; Bano et al., 2005; 645 

Xu et al., 2007). However, immunostaining showed apparent changes in GluRIIA level at 646 

NMJ upon manipulating calpain expressions (Figures 1 and 2). Multiple possibilities could 647 

explain the discrepancy between low cleavage efficiency by western analysis and apparent 648 

changes in GluRIIA level by immunostaining. First, synaptic GluRIIA is part of the total 649 

GluRIIA and calpain may preferentially cleave GluRIIA at NMJ on a subset of GluRIIA 650 

which is physically accessible and sensitive to calpain cleavage due to specific 651 

posttranslational modifications. The enzymatic activity of calpains could also be 652 

differentially regulated at different cellular locations. Alternatively, calpain may indirectly 653 

regulate GluRIIA level by other mechanism such as translation regulation. 654 

      There are a few reports that calpain is involved in the regulation of protein synthesis. For 655 

example, ischemia-induced calpain activation targets translation initiation factor 4G1 for 656 

cleavage, leading to reduced translation (Vosler et al., 2011). On the other hand, calpain 657 

stimulates protein synthesis by truncating B56a, the regulatory subunit of PP2A which 658 

inhibits the Akt/mTOR/S6 signaling during mGluR-dependent long term depression (Zhu et 659 

al., 2017). Though multiple independent lines of evidence support that Drosophila calpains 660 

targets GluRIIA for cleavage, there is still a possibility the calpain negatively regulates 661 

GluRIIA level through other unknown mechanisms including translational regulation. 662 

      Where does GluRIIA get cleaved by calpains within the cell? As calpains are enriched in 663 

the postsynaptic area where calcium transients are produced by spontaneous and evoked 664 

transmitter release (Desai and Lnenicka, 2011), it is possible that calpain cleaves GluRIIA at 665 

the postsynaptic area. Alternatively, calpain might cleave GluRIIA at the endoplasmic 666 

reticulum (ER) when it is synthesized. As an obvious decrease in GluRIIA intensity was 667 

observed upon calcium treatment for a short time of 30 min, we favor the first scenario in 668 

which calpain cleaves GluRIIA mostly at the postsynaptic site. 669 

Calpain interacts with and cleaves dozens of target proteins (Franco and Huttenlocher, 670 

2005; Sorimachi and Ono, 2012). In the present study, we found that calpains specifically 671 

targets GluRIIA but not other synaptic proteins at the Drosophila NMJ terminals. We further 672 

found a physical interaction between calpain and GluRIIA in a calcium-dependent manner. 673 

To our knowledge, this is the first demonstration of calcium-facilitated interaction of calpain 674 
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with its target protein in cultured cells. It will be of interest to test if other substrates of 675 

calpains identified so far also interact with calpains in a calcium dependent manner.   676 

 677 

Calpains are active under physiological conditions 678 

Calpain activation is triggered by abnormally high calcium levels associated with pathologies 679 

such as ischemic insults and neurodegeneration (Bano et al., 2005; Lee et al., 2000; Xu et al., 680 

2007), but the in vivo role of calpain under physiological conditions is largely unknown. Our 681 

genetic and optogenetic results indicate that calcium induced activation of calpains is likely 682 

to occur under certain physiological conditions at NMJ synapses during development. As 683 

calcium signaling is involved in a variety of molecular and cellular processes in development 684 

and disease, our findings of the present study offer a novel insight into the role of calcium 685 

signaling pathways. How and where calpains are activated by calcium within a cell remains 686 

to be elucidated. 687 

 688 

Different calpains form an active protease complex    689 

Multiple independent lines of evidence showed that different calpains, at least calpains A, B 690 

and D form a complex in which each is essential for the normal proteinase activity to control 691 

GluRIIA level. Drosophila calpain B was originally demonstrated to work as monomers 692 

based on in vitro studies of E. coli produced recombinant protein (Park and Emori, 2008), 693 

rather than as heterodimers such as mammalian calpains 1 and 2 (Sorimachi et al., 2011; 694 

Strobl et al., 2000). However, our results showed that different calpains acted together in vivo 695 

to downregulate GluRIIA. Specifically, we showed that different calpains co-localized and 696 

interacted physically in vivo and in cultured cells. Drosophila calpains do not form 697 

homodimers at least for calpain A (this study) and calpain B (Park and Emori, 2008), but 698 

instead formed multimers consisting of different calpains, though the domain mediating 699 

calpain-calpain interaction remains to be defined. Our finding of a calpain complex is 700 

supported by a previous study demonstrating that different calpains in Drosophila function 701 

synergistically downstream of calcium transients to trigger dendritic pruning of sensory 702 

neurons during metamorphosis (Kanamori et al., 2013). Similarly, mammalian calpains 8 and 703 

9, which are specifically expressed in the gastrointestinal tract, interact physically to form a 704 

protein complex called “gastric calpain” involving in gastric mucosal defense (Hata et al., 705 

2010). Thus, in addition to the conventional calpain heterodimers such as calpains 1 and 2 706 

consisting of a large and a small subunit, heterodimers or heteromultimers of different 707 

calpains without a small subunit are emerging as a new mode of calpain activity regulation. 708 
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Legends 899 

Figure 1. Calpains negatively regulate synaptic and total levels of GluRIIA but not GluRIIB 900 

protein. A, Synaptic levels of GluRIIA but not IIB were increased in both calpain mutants 901 

and postsynaptic RNAi knockdown larvae. Representative images of NMJ4 synapse from 902 
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different genotypes double-stained with anti-GluRIIA (green) and anti-GluRIIB (magenta). 903 

Scale bar, 10 μm. See also extended data Figure 1-1 for a list of positive RNAi lines 904 

identified for increased GluRIIA expression at NMJ. B, Total GluRIIA protein levels were 905 

increased in calpain mutants. Representative immunoblots detected with anti-GluRIIA in 906 

different genotypes. β-actin was used as a loading control. C, Representative immunoblots 907 

showing RFP-tagged GluRIIB levels in different genotypes. β-actin was used as a loading 908 

control. D, Quantitative analysis of total GluRIIA and GluRIIB-RFP protein levels. n = 3, 909 

***p < 0.001; ns, no significance by one-way ANOVA with Tukey’s post hoc test. Data are 910 

presented as mean ± SEM.  E, Calpain A overexpression reversed synaptic GluRIIA levels in 911 

calpain A mutants. Representative images of NMJ4 synapse from wild-type, calp AOE (UAS-912 

calp A/C57-Gal4), calp AKG, and rescue (calp AKG; UAS-calp A/C57-Gal4) co-stained with 913 

anti-GluRIIA (green) and anti-HRP, a neuronal membrane marker (magenta). Scale bar, 2 914 

μm. F, Quantitative analysis of fluorescence intensity of synaptic GluRIIA levels from 915 

different genotypes. n = 15 NMJs, **p < 0.01, ***p < 0.001; ns, no significance by one-way 916 

ANOVA with Tukey’s post hoc test. Data are presented as mean ± SEM. G, Representative 917 

immunoblots showing total GluRIIA and calpain A protein levels from different genotypes. 918 

α-tubulin was used as a loading control.  919 

 920 

Figure 2. Temperature sensitive temporal calpain inactivation leads to upregulation of 921 

GluRIIA at NMJ. A, Table of GluRIIA levels at NMJ synapses of C57-Gal4>Calp 922 

ARNAi+Gal80ts after temperature shift from 18ºC (labeled in blue) to 30ºC (labeled in yellow). 923 

*p < 0.1, **p < 0.01, ***p < 0.001 by one-way ANOVA with Tukey’s post hoc test. B, 924 

Representative images of NMJ4 synapse from different genotypes after temperature shift 925 

from 18ºC to 30ºC for 1 day double-stained with anti-GluRIIA (green) and anti-HRP 926 

(magenta). Scale bar, 2 μm. C, Quantitative analysis of fluorescence intensity of synaptic 927 

GluRIIA levels from indicated genotypes. n = 8, 10 and 12 NMJs for each time point for 928 

control (C57-Gal4>Gal80ts), RNAi knockdown (C57-GAL4>Calp ARNAi) and the temperature 929 

sensitive genotype (C57-Gal4>Calp ARNAi+Gal80ts), respectively. *p < 0.1, **p < 0.01, ***p 930 

< 0.001; ns, no significance by one-way ANOVA with Tukey’s post hoc test. Data are 931 

presented as mean ± SEM.   932 

 933 

Figure 3. Calpain A enriches at postsynaptic NMJ. A, Calpain A enriches at postsynaptic 934 

NMJ. Representative images of NMJ4 synapses from different genotypes, stained with anti-935 

Dlg (magenta), anti-Calp A (green) and anti-HRP (blue). Scale bar, 2 μm. B, Representative 936 
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images of wild-type NMJ4 synapse, stained with anti-GluRIIA (magenta) and anti-calp A 937 

(green). Scale bar, 2 μm. C, Representative immunoblots probed with anti-calp A and anti-938 

calp B  showing calpain protein level in different genotypes. β-actin was used as a loading 939 

control. D, Quantitative analysis of the total protein level of calpains in calpain mutants and 940 

RNAi knockdown larvae. n = 3, ***p < 0.001 by one-way ANOVA with Tukey post hoc test. 941 

Data are presented as mean ± SEM. E, A set of synaptic proteins remain unchanged at NMJs 942 

when calpains are knocked down or overexpressed in the post-synaptic muscles. 943 

Representative images of NMJ4 synapses from indicated genotypes double-stained with 944 

antibodies against indicated synaptic markers. The intensities of DLG, dPAK, α-spectrin, β-945 

spectrin, Futsch, and Fasciclin II levels were unchanged upon knockdown or overexpression 946 

of calpains in post-synaptic muscles by C57-Gal4. Scale bar, 2 μm. F, Quantitative analysis 947 

of fluorescence intensity of synaptic tested proteins in indicated genotypes. n = 8, p > 0.05 by 948 

one-way ANOVA with Tukey post hoc test. Data are presented as mean ± SEM. 949 

 950 

Figure 4. Calpains regulate synaptic function. A, Representative recordings of EJPs and 951 

mEJPs from different genotypes. B_D, Quantitative analysis of EJP amplitudes (B), mEJP 952 

amplitudes (C), and mEJP frequencies (D) from different genotypes. Mean EJP amplitudes 953 

were normal while mean mEJP amplitudes and frequencies in calpain mutants were 954 

significantly higher than wild-type but lower in calpain-overexpressing NMJs. n = 17, 14, 11, 955 

14, and 9 recordings for wild type, calp AKG, calp BEY, calp DEY, and calp AOE, respectively. 956 

*p  < 0.05, **p < 0.01, ***p < 0.001; ns, no significance by one-way ANOVA with Tukey 957 

post hoc test. Data are presented as mean ± SEM. E, Post- but not pre-synaptic knockdown of 958 

calpains gives rise to up-regulation of Brp at synapses. Brp intensity is increased upon 959 

calpain knockdown while calpain overexpression reduces Brp intensity at NMJ. 960 

Representative confocal images of NMJ4 synapses stained with anti-Brp (green) and HRP 961 

(magenta) from different genotypes of control, calp ARNAi, calp BRNAi, calp AOE under the 962 

control of muscle specific C57-Gal4 or neuron specific Elav-Gal4. Scale bar: 2 μm. F, 963 

Quantitative analysis of fluorescence intensity of synaptic Brp in indicated genotypes, n = 10 964 

NMJ terminals for each genotype, *p < 0.05, ***p < 0.001; ns, no significance by one-way 965 

ANOVA with Tukey post hoc test, data are presented as mean ± SEM.  966 

Figure 5. Cytoplasmic calcium negatively regulates GluRIIA level via calpain. A, Diagram 967 

depicting various calcium channels on different membrane organelles. B, Intracellular 968 

calcium negatively regulates synaptic GluRIIA. Representative images of NMJ4 synapses 969 
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from different genotypes co-stained with anti-GluRIIA (green) and anti-GluRIIB (magenta). 970 

Scale bar, 2 μm. See also extended data Figure 5-1 for a list of RNAi lines for Ca2+ channels 971 

tested for GluRIIA expression at NMJ. C, Quantitative analysis of fluorescence intensity of 972 

synaptic GluRIIA and GluRIIB in different genotypes. n = 12 NMJs, **p < 0.01, ***p < 973 

0.001; ns, no significance by one-way ANOVA with Tukey’s post hoc test. Data are 974 

presented as mean ± SEM. D, Calcium negatively regulates GluRIIA protein levels. Bar 975 

graph shows densitometric analysis of the relative levels of GluRIIA. n = 3, **p < 0.01, ***p 976 

< 0.001 by one-way ANOVA with Tukey’s post hoc test. Data are presented as mean ± SEM. 977 

E, Representative confocal images of NMJ4 synapses from indicated genotypes double-978 

stained with anti-GluRIIA (green) and HRP (magenta). Calpain A and calcium channels were 979 

knocked down either singly or simultaneously using the muscle specific C57-Gal4. Scale bar, 980 

2 μm. F, Quantitative analysis of fluorescence intensity of synaptic GluRIIA in different 981 

genotypes. n = 12 NMJs, **p < 0.01, ***p < 0.001; ns, no significance by one-way ANOVA 982 

with Tukey’s post hoc test. Data are presented as mean ± SEM. G, Calcium treatment 983 

reduced GluRIIA abundance via calpain. Representative images of wild-type NMJ4 synapses 984 

co-stained with anti-GluRIIA (green) and anti-GluRIIB (magenta). Muscle cells were treated 985 

with vehicle dimethylsulfoxide (DMSO), calcium (10 mM), and calcium (10 mM) plus 986 

calpain inhibitor PD150606 (20 μM). Scale bar, 2 μm. H, Quantitative analysis of 987 

fluorescence intensity of synaptic GluRIIA and GluRIIB upon calcium treatment. n = 15 988 

NMJs, ***p < 0.001; ns, no significance by one-way ANOVA with Tukey’s post hoc test. 989 

Data are presented as mean ± SEM. 990 

 991 

Figure 6. Calcium influx mediated by optogenetic manipulation results in GluRIIA reduction 992 

via calpain. A, A schematic of optogenetic manipulation of calcium influx. Blue light 993 

activates ChR2 that in turn promotes calcium influx via VGCC. B, Light stimulation protocol 994 

consists of five rounds of 10 min light stimulation followed by 30 min break. During the 995 

illumination period, the light turns on and off for 30 s each for 10 times. C, Light stimulation 996 

resulted in GluRIIA reduction via calpain. Representative images of NMJ4 synapses from 997 

different genotypes co-stained with anti-GluRIIA (green) and anti-HRP (magenta). Scale bar, 998 

2 μm. D, Quantitative analysis of fluorescence intensity of synaptic GluRIIA in different 999 

genotype with or without blue light illumination. n = 15 NMJs, ***p < 0.001; ns, no 1000 

significance by one-way ANOVA with Tukey’s post hoc test. n.s., not significant. Data are 1001 

presented as mean ± SEM.  1002 

 1003 
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Figure 7. Calcium-dependent cleavage of GluRIIA at C-terminus by calpain. A, B, Calpain 1004 

specifically cleaves GluRIIA at its C-terminus. Diagram showing location of Myc tags at N-1005 

termini. Arrow indicates putative cleavage site. Black bar at the C-terminal of GluRIIA 1006 

denotes anti-GluRIIA epitope. Muscle cells were treated with vehicle (DMSO), calcium, and 1007 

calcium plus the calpain inhibitor PD150606. Lysates were subjected to IP with anti-Myc 1008 

followed by immunoblotting with anti-Myc. Black arrowheads indicate full-length GluRIIA 1009 

(A) or GluRIIB (B). Open arrowheads indicate truncated N-terminal band of GluRIIA. C, 1010 

Calpain autolysis-associated cleavage of GluRIIA. S2 cells expressing Flag-GluRIIA were 1011 

treated with vehicle (DMSO), calcium at the indicated concentrations, and calcium plus 1012 

PD150606. Black arrowheads indicate full-length, open arrowheads indicate N-terminal 1013 

fragment of GluRIIA. Arrows indicate autolytic bands of calpains. D, Concentration-1014 

dependency of calcium-induced truncation of GluRIIA and calpain autolysis. Quantitative 1015 

analysis of the level of GluRIIA, calpain A and calpain B fragments in arbitrary units (a.u.). n 1016 

= 3, *p < 0.05, **p < 0.01, ***p < 0.001; ns, no significance by one-way ANOVA with 1017 

Tukey’s post hoc test. Data are presented as mean ± SEM. E, F, Calcium-dependent 1018 

interaction of calpain with GluRIIA. S2 cells co-expressing Flag-IIA and calp A-His or calp 1019 

B-His were treated with vehicle (DMSO) and calcium (10 mM). Lysates were IPed with anti-1020 

Flag antibody or mouse IgG as a control, followed by immunoblotting (IB) with anti-His and 1021 

anti-Flag (E). In (F), lysates were IPed with anti-calp A or rabbit IgG as a control, followed 1022 

by western analysis with anti-Flag and anti-calp A. In E and F, black arrowheads indicate 1023 

GluRIIA/calpain interaction, white arrowheads indicate GluRIIA fragments, and arrows 1024 

indicate calpain autolysis fragments. 1025 

 1026 

Figure 8. GluRIIA is cleaved by calpain at Q788. A, Bioinformatics analysis of a peptide 1027 

from G785 to F840 of GluRIIA for putative calpain cleavage sites. An analysis using 1028 

CaMPDA (www.calpain.org/prediction_view.rb) showed Q788, M790, K791, and N797 as 1029 

calpain cleavage sites, while an analysis using GPS-CCD 1.0 (http://ccd.biocuckoo.org) 1030 

identified Q788 and K791 as putative calpain cleavage sites. B, HNE induces cleavage of 1031 

GluRIIA by calpain in a concentration-dependent manner. S2 cells expressing Flag-GluRIIA 1032 

were treated with vehicle (DMSO), and HNE at the indicated concentrations. Black arrow 1033 

indicates the N-terminal fragment of GluRIIA at 105 kDa, while grey arrow indicates an 1034 

unspecific band. β-actin was used as a loading control. C, S2 cells expressing wild-type full-1035 

length Flag-IIA, single or double amino acid mutant GluRIIA at Q788 and K791 were 1036 

analyzed by immunoblotting with anti-GluIIA. Black arrow indicates the N-terminal 1037 
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fragments of GluRIIA. β-actin was used as a loading control. Red arrow indicates the calpain 1038 

cleavage site in GluRIIA (based on accession No: NP_523484) but not GluRIIB (based on 1039 

accession No: AAF52269).  1040 

 1041 

Figure 9. Different calpains form a protein complex to downregulate GluRIIA. A, Different 1042 

calpains interact genetically to downregulate IIA at NMJs. Representative images of NMJ 1043 

synapses from different genotypes co-stained with anti-GluRIIA (green) and anti-GluRIIB 1044 

(magenta). Scale bar, 2 μm. B, Quantitative analysis of fluorescence intensity of synaptic 1045 

GluRIIA from indicated genotypes. n = 12, ***p < 0.001; ns, no significance by one-way 1046 

ANOVA with Tukey’s post hoc test. Data are presented as mean ± SEM. C, Calpain A 1047 

interacts physically with calpain B in vivo. Lysates were extracted from wild-type and calp 1048 

A-GFP. Muscle lysates were IPed with anti-GFP and detected with indicated antibodies on 1049 

western blots. Asterisks indicate IgG heavy chain at 55 kDa. D, E, Calpains interact with 1050 

each other in S2 cells. S2 cells expressing tagged proteins were IPed with anti-calp A (D) or 1051 

anti-Flag (E), followed by immune-blotting (IB) analysis with the indicated antibodies. 1052 

Asterisks indicate IgG heavy chain at 55 kDa. F, Interaction of calpain A and B is not 1053 

affected by calcium. The lysates were IPed with anti-calp B or rabbit IgG as a control and 1054 

subsequently detected by western analysis using the indicated antibodies. G, Representative 1055 

images of calp A-GFP-expressing muscles co-stained with anti-GFP (green) and anti-calp B 1056 

(magenta). A higher magnification of the inset is shown in the lower panels. Scale bar, 5 μm. 1057 

H, HA-tagged calpain A and His-tagged other calpains were substantially co-localized in S2 1058 

cells. S2 cells were stained with anti-HA (green) and anti-His (magenta). Scale bar: 5 μm.  1059 

 1060 

Figure 10. Calpain activity but not protein level depends on the integrity of calpain complex. 1061 

The expression of calpain A and B is not dependent on each other. A, B, Representative 1062 

images of NMJ4 synapses from indicated genotypes co-stained with GluRIIA (green) and 1063 

calp A (magenta) (A) or calp B (magenta) (B). Scale bar, 2 μm. C, Quantitative analysis of 1064 

fluorescence intensities of synaptic GluRIIA, calpain A, and calpain B in different genotypes. 1065 

n = 11 NMJs, ***p < 0.001; ns, no significance by one-way ANOVA with Tukey post hoc 1066 

test. Data are presented as mean ± SEM. D, Representative immunoblots showing the total 1067 

protein levels of calpains in different genotypes. β-actin was used as a loading control. E, 1068 

Muscle lysates from different genotypes were subjected to western blotting with anti-calp A 1069 

or anti-calp B. α-tubulin was used as a loading control. Black arrowhead indicates full-length 1070 
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calpain, while open arrowhead indicates autolytic fragments of calpains in wild-type larvae. 1071 

Arrows indicate autolytic calpain fragments in calpain mutants. F, Different calpains act 1072 

together, probably as a protein complex, to control GluR levels during development. In the 1073 

absence of one calpain, the activity of other calpains is compromised, suggesting that the full 1074 

activity of calpains requires the integrity of the calpain complex.  1075 

 1076 

Extended data tables  1077 

Figure 1-1. List of RNAi lines identified with increased GluRIIA expression at NMJ. 
#
RNAi 1078 

lines were obtained from the Bloomington stock center (BL) and Tsinghua University 1079 

Drosophila stock Center (THU). (+++ strong), (++ moderate) and (+ week) denote 1080 

upregulation of GluRIIA compared with wild type.    1081 

Figure 5-1. List of RNAi lines for calcium channels tested for GluRIIA expression. #RNAi 1082 

lines were obtained from the Bloomington stock center (BL) and Tsinghua University 1083 

Drosophila stock Center (THU). PM* denotes plasma membrane. The GluRIIA level for each 1084 

RNAi line was compared with wild type. 1085 






















