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Abstract  35 

Phototransduction in Drosophila is mediated by phospholipase C (PLC) and Ca2+ permeable TRP 36 

channels, but the function of endoplasmic reticulum (ER) Ca2+ stores in this important model for Ca2+ 37 

signalling remains obscure.  We therefore expressed a low affinity Ca2+ indicator (ER-GCaMP6-150) in 38 

the ER, and measured its fluorescence both in dissociated ommatidia and in vivo from intact flies of 39 

both sexes. Blue excitation light induced a rapid (tau ~ 0.8 s), PLC-dependent decrease in 40 

fluorescence, representing depletion of ER Ca2+ stores, followed by a slower decay, typically reaching 41 

~50% of initial dark-adapted levels, with significant depletion occurring under natural levels of 42 

illumination. The ER stores refilled in the dark within 100-200 s. Both rapid and slow store depletion 43 

were largely unaffected in InsP3 receptor mutants, but were much reduced in trp mutants. Strikingly, 44 

rapid (but not slow) depletion of ER stores was blocked by removing external Na+ and in mutants of 45 

the Na+/Ca2+ exchanger, CalX, which we immuno-localized to ER membranes in addition to its 46 

established localization in the plasma membrane. Conversely, over-expression of calx greatly 47 

enhanced rapid depletion. These results indicate that rapid store depletion is mediated by Na+/Ca2+ 48 

exchange across the ER membrane induced by Na+ influx via the light-sensitive channels. Although 49 

too slow to be involved in channel activation, this Na+/Ca2+ exchange dependent release explains the 50 

decades-old observation of a light-induced rise in cytosolic Ca2+ in photoreceptors exposed to Ca2+ 51 

free solutions. 52 

 53 

Significance statement  54 

Phototransduction in Drosophila is mediated by phospholipase C, which activates TRP cation 55 

channels by an unknown mechanism. Despite much speculation, it is unknown whether endoplasmic 56 

reticulum (ER) Ca2+ stores play any role. We therefore engineered flies expressing a genetically 57 

encoded Ca2+ indicator in the photoreceptor ER. Although NCX Na+/Ca2+ exchangers are classically 58 

believed to operate only at the plasma membrane, we demonstrate a rapid light-induced depletion 59 

of ER Ca2+ stores mediated by Na+/Ca2+ exchange across the ER membrane. This NCX-dependent 60 

release was too slow to be involved in channel activation, but explains the decades-old observation 61 

of a light-induced rise in cytosolic Ca2+ in photoreceptors bathed in Ca2+ free solutions. 62 

  63 
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Introduction 64 

Phototransduction in microvillar photoreceptors is mediated by a G-protein coupled phospholipase 65 

C (PLC), which hydrolyzes phosphatidyl inositol (4,5) bisphosphate (PIP2) to generate diacylglycerol 66 

(DAG) and inositol (1,4,5) trisphosphate (InsP3) (reviews: Katz and Minke, 2009; Fain et al., 2010; 67 

Hardie, 2012; Montell, 2012; Hardie and Juusola, 2015; Katz and Minke, 2018; Voolstra and Huber, 68 

2020). In Drosophila photoreceptors, activation of PLC leads to opening of two related Ca2+ 69 

permeable non-selective cation channels:  TRP and TRP-like (TRPL) in the microvillar membrane 70 

(Niemeyer et al., 1996; Reuss et al., 1997).  TRP (“transient receptor potential”) is the founding 71 

member of the TRP ion channel superfamily (Montell and Rubin, 1989; Hardie and Minke, 1992; 72 

Minke, 2010; Hardie, 2011; Montell, 2011), so named because the light response in trp mutants is 73 

transient, decaying  rapidly to baseline during maintained illumination (Cosens and Manning, 1969; 74 

Minke et al., 1975). Because the most familiar product of PLC activity is InsP3, it was initially thought 75 

that activation of the TRP/TRPL channels required release of Ca2+ from endoplasmic reticulum (ER) 76 

stores via InsP3 receptors (InsP3R) and that in the absence of Ca2+ influx via TRP channels the stores 77 

depleted leading to the response decay (Minke and Selinger, 1991; Hardie and Minke, 1993). 78 

However, it was subsequently found that phototransduction was intact in InsP3R mutants (Acharya 79 

et al., 1997; Raghu et al., 2000), whilst response decay in trp mutants was associated with severe 80 

depletion of PIP2. This  suggested an alternative explanation of the trp decay phenotype, namely 81 

failure of Ca2+ dependent inhibition of PLC and the consequent runaway consumption of its 82 

substrate, PIP2 (Hardie et al., 2001). Nevertheless, a role for InsP3 and Ca2+ stores in Drosophila 83 

phototransduction remains debated. For example, a recent study  reported that sensitivity to light 84 

was  attenuated by RNAi knockdown of InsP3R (Kohn et al., 2015), although  we were unable to 85 

confirm this using either RNAi or null InsP3R mutants (Bollepalli et al., 2017). 86 

 87 

Relevant to this debate, Ca2+ imaging reveals a small, but significant light-induced rise in cytosolic 88 

Ca2+ in photoreceptors bathed in Ca2+ free solutions (Peretz et al., 1994; Hardie, 1996; Cook and 89 



 

4 
 

Minke, 1999; Kohn et al., 2015). Although some have attributed this to InsP3-induced Ca2+ release 90 

from the ER (Cook and Minke, 1999; Kohn et al., 2015), we found that the rise was unaffected in 91 

InsP3R mutants but was dependent upon Na+/Ca2+ exchange (Hardie, 1996; Asteriti et al., 2017; 92 

Bollepalli et al., 2017). This suggested that the Ca2+ rise was due to Na+/Ca2+exchange following Na+ 93 

influx associated with the light response. However, it is difficult to understand how such a Ca2+ rise 94 

could be achieved by Na+/Ca2+ exchange across the plasma membrane when extracellular Ca2+ was 95 

buffered to low nanomolar levels. The source of the Ca2+ rise in Ca2+ free bath thus remains 96 

unresolved, whilst to date there have been no measurements of  ER  store Ca2+ levels in Drosophila 97 

photoreceptors. To address this, we generated flies expressing a low affinity GCaMP6 variant  in the 98 

ER lumen (de Juan-Sanz et al., 2017). Using this probe we demonstrate and characterise a rapid light-99 

induced depletion of ER Ca2+, which, like the cytosolic Ca2+ signal in Ca2+ free bath, was unaffected by 100 

InsP3R mutations, but dependent on Na+ influx and the CalX Na+/Ca2+ exchanger. Our results indicate 101 

that the exchanger is also expressed on the ER membrane, that the Na+ influx associated with the 102 

light-induced current leads to Ca2+ extrusion from the ER by Na+/Ca2+exchange and that this accounts 103 

for the rise in cytosolic Ca2+ observed in Ca2+ free solutions. 104 

 105 

Materials and methods 106 

Fly stocks 107 

Fruitflies (Drosophila melanogaster) were reared on standard medium (recipe in Randall et al., 108 

2015). Unless otherwise stated, flies were reared at room temperature (21-23oC) in normal room 109 

light on a 12/12 DL cycle. For dissociated ommatidia, newly eclosed (<2 hours) adults; for in vivo 110 

deep pseudopupil measurements flies were 1-7 days old unless otherwise stated. Both male and 111 

female flies were used with no apparent difference. 112 

We used the following stocks: 1) trp343 - null mutant lacking TRP channels (Montell and Rubin, 1989; 113 

Scott et al., 1997; Wang et al., 2005a), 2) norpAP24 - null mutant of PLC (Pearn et al., 1996), 3) calxA - 114 

severe loss of function mutant of the Na+/Ca2+ exchanger with no detectable exchanger  activity in 115 
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the photoreceptors (Wang et al., 2005b), 4) calxB – a strong mutant allele expressing negligible levels 116 

of the Na+/Ca2+ exchanger (Wang et al., 2005b; Chen et al., 2015), 5) ninaE-calx/CyO -  flies over-117 

expressing a wild-type calx transgene under control of the ninaE (Rh1) promoter,  abbreviated to 118 

pCalX  (Wang et al., 2005b), and 6) l(3)itpr90B.0  , a  larval lethal null mutant of the  InsP3
  receptor: 119 

referred to as itpr (Venkatesh and Hasan, 1997).  All these lines were on a white-eyed (w1118) 120 

background; however, itpr has a strong mini-w+ transgene inserted near the itpr locus conferring a 121 

red eye pigmentation at least as dark as in wild-type flies. Because this obscured in vivo fluorescence 122 

from the deep pseudopupil (DPP), the mini-w+ transgene in itpr mutants  was mutated using CRISPR-123 

Cas9 methodology  for flies used for in vivo measurements (see below). 124 

 Because trp, norpA and calx mutants all undergo light-dependent retinal degeneration (Stark et al., 125 

1989; Wang et al., 2005b; Sengupta et al., 2013), care was taken to use young flies (≤ 2 days old) in 126 

which the retina was intact as judged by the appearance of the deep pseudopupil (DPP). For each of 127 

these mutants, measurements were also made on flies reared in darkness and because no difference 128 

in behaviour was noted, the results were pooled. 129 

 130 

Generation of ER-GCaMP6-150 and RGECO1 flies  131 

 ER-GCaMP6-150 (cDNA obtained from Dr T Ryan) is a low affinity GCaMP6 variant, which is targeted 132 

to the ER lumen using the N-terminal signal peptide of calreticulin and the C-terminal KDEL retention 133 

motif (de Juan-Sanz et al., 2017). RGECO1 (cDNA  from Addgene MA) is a red fluorescent genetically 134 

encoded Ca2+ indicator with a Kd of  450 nM and a 12-fold dynamic range (Dana et al., 2016), which 135 

we targeted to the microvilli by adding a C-terminal tag consisting of the C-terminal (amino acids 136 

863-1045) of norpA PLC. The constructs were cloned into the pCaSpeR4 vector, which contains a 137 

mini-w+ gene as transfection marker and the ninaE (Rh1) promoter that drives expression exclusively 138 

in photoreceptors R1-6. The final constructs (ninaE-ER-GCaMP6-150, abbreviated to ER-150 and 139 

ninaE-RGECO1-norpACT, referred to as RGECO1) were injected into w1118 embryos and transformants 140 

recovered on 2nd and 3rd chromosomes. The transgenes were crossed into various genetic 141 
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backgrounds, all on a w1118 background, as required. Flies used for experiments contained just one 142 

copy of ER-150 or RGECO1 and had a pale orange eye colour from the mini-w+ transfection marker, 143 

which was weak enough not to compromise fluorescence measurements from the DPP 144 

To express ER-150 in InsP3R null (itpr) whole eye mosaics: ER-150/Cy;FRT82B, l(3)itpr90B.0/TM6 flies   145 

were crossed to yw;P{w+, ey-Gal4,UAS-FLP}/CyO;P{ry+,FRT82B}P{w+,GMR-hid},3CLR/TM6  146 

(Bloomington stock #5253).  Non-Cy and non-TM6 F1 from this cross have itpr homozygote null 147 

mosaic eyes (Stowers and Schwarz, 1999; Raghu et al., 2000; Bollepalli et al., 2017) and express ER-148 

150 in R1-6 photoreceptors.  149 

 150 

Generation of white eraser (WE) flies 151 

To remove expression of the mini-w+ transfection marker and create white-eyed flies in itpr mutants 152 

used for in vivo DPP measurements and in ER-150 flies used for immuno-staining, we designed a tool 153 

called white eraser (WE). The DNA construct used for creating the WE strain contains: 1) two 154 

homologous DNA fragments corresponding to the mini-w+ for HDR (arm 1 corresponds to 155 

nucleotides 1 to 2895 in mini-w+, and arm 2 corresponds to nucleotides 2944 to 4136 in mini-w+), 2) 156 

DsRed, which is flanked by the homologous arms and inserts in mini-w+ to create mini-wDsRed, 3) two 157 

copies of two gRNAs targeting the mini-w+ marker, expressed under control of the U6 promoter 158 

(targets CCGCAGTCCGATCATCGGATAGG (gRNA1) and CTTCTTCAACTGCCTGGCGCTGG (gRNA2) in the 159 

mini-w+ gene), 4) GFP expressed under control of the 3xP3 promoter to distinguish the WE transgene 160 

from the mutated mini-w+, and 5) a transgene encoding Cas9, which is expressed under the control 161 

of the actin5C (Act5C) promoter. To eliminate mini-w+ expression, we crossed flies with the mini-w+ 162 

marker to the WE flies. The progeny can have either of two types of the mutations in mini-w+: mini-163 

wDsRed and mini-w* The mini-wDsRed is due to homology directed repair (HDR) using the template in 164 

the WE transgene (Fig. 1). The mini-w* is generated by non-homologous end joining (NHEJ) which 165 

creates an indel in the mini-w+ (Fig. 1). ~73% of the mini-w+ were mutated in our tests. The 166 

probability of mutating the mini-w+ was not dependent on the location of the target transgene. 167 
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However, the probability of converting mini-w+ into mini-wDsRed is dependent on the distance 168 

between the WE insertion site and the target transgene. If the distance is <4 Mbp, about 16% of 169 

mini-w are converted to mini-wDsRed and 57% of mini-w+ are converted to mini-w*. If the distance is 170 

>4 Mbp, then nearly all of the mutants are mini-w*. 171 

 172 

Fluorescence measurements   173 

Fluorescence measurements were made as previously described (e.g. Satoh et al., 2010; Asteriti et 174 

al., 2017) on an inverted Nikon TE300 microscope (Nikon UK) from dissociated ommatidia  or in vivo 175 

by imaging  the DPP in intact flies immobilized with low melting point wax in plastic pipette tips. For 176 

ER-150 excitation light (470 nm) was delivered from a blue power LED (Cairn Research UK) and 177 

fluorescence observed using 515 nm dichroic and OG515 long-pass filters. RGECO1 fluorescence was 178 

excited and imaged  via a white power LED and an RFP filter set. Fluorescent images were sampled 179 

and analyzed using an Orca 4 camera and HCImagelive software (Hamamatsu); but for most 180 

experiments fluorescence of whole ommatidia (via 40x oil objective), or DPP (20x air objective) was 181 

directly measured via a photomultiplier tube (Cairn Research UK), sampled at up to 1 kHz and 182 

analyzed with pCLAMP v.10 software (Molecular Devices, CA). Following each measurement, the 183 

ommatidium/fly was exposed to intense, photo-equilibrating red (2-4 s, 640 nm ultra-bright LED) 184 

illumination to reconvert metarhodopsin (M) to rhodopsin (R), and allowed to dark adapt before the 185 

next measurement.  186 

 187 

For 2-pulse experiments, green light was supplied by a “warm-white” power LED (Cairn Research UK) 188 

filtered by a GG 475 filter (resulting λmax 546 nm). The green illumination was calibrated in terms of 189 

effectively absorbed photons by measuring the rate at which it converted M to R 190 

spectrophotometrically, as previously described (Hardie et al., 2015). 191 

 192 
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Dissociated ommatidia were prepared from newly eclosed flies as previously described (e.g. Reuss et 193 

al., 1997; Katz et al., 2017)  and plated in a chamber containing control bath with (in mM): 120 NaCl, 194 

5 KCl, 10 N-Tris-(hydroxymethyl)-methyl-2-amino-ethanesulphonic acid (TES), 4 MgCl2, 1.5 CaCl2, 25 195 

proline and 5 alanine, pH 7.15 (all chemicals from Sigma Aldrich). For Ca2+ free measurements, 196 

dissociated ommatidia were individually perfused with a Ca2+ free solution (0 Ca2+, 1 mM Na2EGTA, 197 

otherwise as above) by a nearby (~20-50 μm) puffer pipette and measurements made ~20-45 s after 198 

perfusion onset. For Na+ free solutions NaCl was substituted for equimolar N-methyl D-glucamine Cl 199 

(NMDG). 200 

 201 

Immunocytochemistry 202 

All immunostaining was performed using whole mounts of newly eclosed or 1-day-old adult eyes. To 203 

test whether a subset of CalX is present in the ER, we used ER-150 as an ER marker. Because pigment 204 

from the mini-w+ transfection marker included in the ER-150 transgene contributes to 205 

autofluorescence, we mutated the mini-w+ transgene with the white eraser (WE).  We performed 206 

double staining using anti-CalX and anti-GFP, which recognized ER-150. For CalX staining in w1118 and 207 

calxB, we used rabbit anti-CalX  (Wang et al., 2005b), and TO-PRO-3 (ThermoFisher, T3605) at a 1:500 208 

dilution was added as a nuclear counterstain during secondary antibody incubation. To conduct the 209 

immunostaining, we fixed whole flies in PBS (9 g/L NaCl, 144 mg/L KH2PO4 and 795 mg/L Na2HPO4, 210 

pH 7.4) plus 4% paraformaldehyde on ice for 2 hrs. After fixation, we dissected out the eyes in PBS + 211 

0.1% Triton X-100, and incubated the samples in blocking buffer (100 mM Tris·HCl pH 7.5, 150 mM 212 

NaCl, 0.1% Triton X-100, 10% normal goat serum) at room temperature for 1 hr. We subsequently 213 

incubated the samples with primary antibodies diluted in blocking buffer at 4°C for two days. After 214 

washing the samples three times in PBS + 0.1% Triton X-100, we incubated the samples with 215 

secondary antibodies at 4°C overnight. We washed the samples three times in PBS + 0.1% Triton X-216 

100, and mounted them in Vectashield (Vector labs). We acquired images using a Zeiss LSM 700 217 

confocal microscope with optical sections at 1 m using a Plan-Apochromat 63x objective.  218 
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 219 

Antibodies for immunostaining 220 

Primary antibodies: 1:500 chicken anti-GFP (ThermoFisher, A10262) to recognize ER-150, 1:200 221 

rabbit anti-Calnexin (Rosenbaum et al., 2006), 1:250 rabbit anti-CalX (Wang et al., 2005b) and 1:500 222 

mouse anti-ATP5A (Abcam, ab14748). Secondary antibodies: 1:200 goat anti-chicken Alexa Fluor 488 223 

(ThermoFisher, A10262), 1:200 goat anti-rabbit Alexa Fluor 568 (ThermoFisher, A11036), anti-mouse 224 

Alexa Fluor 568 (ThermoFisher, A11004) and 1;200 goat anti-rabbit Alexa Fluor 488 (ThermoFisher, 225 

A11008).   226 

 227 

Experimental Design and Statistical Analysis  228 

Statistical tests (unpaired 2-tailed t-tests or one-way ANOVA with Tukey’s post-hoc test) were 229 

performed using Graphpad Prism (v5.0). Relevant p values and sample sizes are indicated on figures 230 

or in text. Figures show mean ± SEM for each group and also the individual values for each 231 

experiment. For measurements from dissociated ommatidia, we noted that most variability was 232 

between flies rather than between ommatidia from the same fly. Therefore data were collected 233 

from (typically) 3-5 ommatidia per fly and then averaged. Unless otherwise stated each data point 234 

on figure panels from dissociated ommatidia (e.g. Fig. 3C,D) represents the average of ommatidia 235 

from one fly, and further statistics (t-tests etc) were performed across these averages.  236 

 237 

 238 

RESULTS 239 

Monitoring ER Ca2+ with ER-targeted GCaMP6-150 240 

In order to monitor Ca2+ levels in ER stores, we targeted a low affinity GCaMP6 variant (Kd 150 μM 241 

Ca2+) to the ER using a construct with the N-terminal signal peptide of calreticulin and a C-terminal 242 

KDEL retention motif (de Juan-Sanz et al., 2017). We engineered flies expressing this construct (“ER-243 

150”) in the major class of R1-6 photoreceptors using the ninaE (Rh1 rhodopsin) promoter. In 244 
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fluorescent images of whole-mounts or dissociated ommatidia, extensive “patchy” GCaMP 245 

fluorescence could be seen throughout the R1-6 photoreceptor cell bodies, with particularly 246 

prevalent signal in perinuclear ER (Figs. 2, 3 and 5). To confirm that ER-150 was targeted to the ER, 247 

we performed double labeling using anti-GFP to recognize ER-150, and an antibody against Calnexin, 248 

which localizes to the ER (Schrag et al., 2001; Rosenbaum et al., 2006). As expected, we found that 249 

ER-150 and Calnexin co-localized extensively in R1-6 photoreceptors (Fig. 2A). We also performed 250 

double labeling using the mitochondrial marker ATP5A and found little or no indication of 251 

colocalization with ER-150 (Fig. 2B).  Expression of the ER-150 transgene had no discernible effect on 252 

photoreceptor structure at the light microscopic level (e.g. Figs. 2 and 5) or physiology as assessed 253 

by electroretinogram (Fig. 2C,D). 254 

 255 

To calibrate the maximum and minimum fluorescence from the ER-150 probe, dissociated 256 

ommatidia were perfused with  bath solution supplemented with the Ca2+ ionophore ionomycin (250 257 

μM, pH 7.25) and 10 mM Ca2+ (Fig. 2E). This resulted in only a small (~10-20%) increase in 258 

fluorescence above the initial resting value, and even  some of this might be attributed to an 259 

expected pH increase (de Juan-Sanz et al., 2017). This implies that resting Ca2+ concentration in the 260 

stores was close to saturating levels for ER-150,   indicating a resting store Ca2+ concentration of at 261 

least ~0.5 mM (Fig. 2G). When ionomycin-treated ommatidia were subsequently exposed to Ca2+ 262 

free (1 mM EGTA) bath, fluorescence rapidly decayed to very low levels, recovering rapidly on 263 

reperfusion with ionomycin/Ca2+ containing solution (Fig. 2F). After background correction, the 264 

dynamic range (Fmax/Fmin) of the probe measured in this way was 46.2 ±7.8 fold (mean, SEM, n=4), in 265 

excellent agreement with the published in vitro value of 45 (de Juan-Sanz et al., 2017). 266 

 267 

ER-150 Ca2+ signals from dissociated ommatidia 268 

In response to the blue excitation (a super-saturating stimulus for the photoreceptors), after a short 269 

delay of ~100 ms the initial ER-150 fluorescence in wild-type ommatidia decayed rapidly over ~2 270 
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seconds to, on average, about 50% of the initial level with an approximately exponential time course 271 

of less than 1 s (0.77 ± 0.13 s, mean ± SEM, n = 30 ommatidia from 8 flies). This decay was blocked in 272 

null mutants of PLC (norpAP24) indicating that the ER Ca2+ stores were depleted as a consequence of 273 

activation of the phototransduction cascade (Fig. 3A,B). High frame rate movies (10-50 Hz) showed 274 

uniform decay of the fluorescence throughout the ommatidium (Fig. 3A, Movie 1), and for 275 

convenience measurements were subsequently made with photomultiplier tube (PMT) 276 

measurements collecting fluorescence imaged from single ommatidia.  277 

 278 

There was some variability in the extent (~20-80%) and speed of store depletion (tau 350 -1200 ms) 279 

from fly to fly, with the most extensive rapid depletion occurring in ommatidia from very young flies 280 

(<1 hr post eclosion) reared in room light (Fig.  3B). When fluorescence was tracked over longer time 281 

periods (30 s) there was usually a partial recovery indicating refilling of the stores during maintained 282 

blue excitation. Particularly in those ommatidia in which the stores had undergone more extensive 283 

rapid depletion, this could often be seen to occur in two phases (~5-10s and ~15-30s: Fig. 3B). After 284 

photo-reisomerization of M to R with bright long wavelength light (see methods) and return to the 285 

dark the fluorescence recovered fully over 2-3 minutes, again with two distinct phases (Figs. 3E,F).  286 

 287 

Given that phototransduction in Drosophila is mediated by PLC, the most obvious explanation for 288 

the rapid light-induced store depletion might seem to be release of Ca2+ from the ER via InsP3 289 

receptors. However, when ER-150 was expressed in null mosaic eye mutants (itpr) of the only InsP3 290 

receptor gene in the Drosophila genome (Raghu et al., 2000), rapid store depletion persisted with 291 

similar time course and extent (Fig. 3B,C). This is perhaps not surprising, because the rise in cytosolic 292 

Ca2+  in Drosophila photoreceptors exposed to Ca2+ free bath was also found to be unaffected in itpr 293 

mutants (Bollepalli et al., 2017), despite an earlier claim to the contrary (Kohn et al., 2015).  294 

However, just like the cytosolic Ca2+ rise seen in Ca2+ free bath (Asteriti et al., 2017), the rapid light-295 

induced store depletion was dependent upon external Na+, being severely attenuated in a reversible 296 
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manner when perfused with solutions where Na+ was substituted for NMDG+. This dependence on 297 

external Na+ suggested that the rapid store depletion might be dependent upon Na+/Ca2+ exchange.  298 

In support of this, ER-150 fluorescence measured in calxA , a severe loss of function  mutant of the 299 

NCX Na+/Ca2+ exchanger (Wang et al., 2005b), showed a very similar behaviour to wild-type 300 

ommatidia perfused with Na+ free solutions, with the loss of the rapid store depletion signal (Fig. 301 

3B,C).  302 

 303 

Nevertheless, despite the loss of rapid store depletion, under both these conditions (Na+ substitution 304 

or calxA mutant), there was a much slower decay, which often eventually resulted in levels lower 305 

than in normal bath (mean ~45% of initial Fmax).  A similar slow phase was also observed in 306 

ommatidia from itpr null mosaic eyes during perfusion with NMDG+, although it appeared 307 

significantly less pronounced than in controls (Fig. 3B,D). Whilst the slow phase was only normally 308 

observed in dissociated ommatidia under conditions where Na+/Ca2+exchange was blocked, as 309 

described below a similar delayed slow phase was routinely observed in vivo in intact flies. 310 

 311 

Ca2+ release from ER stores under Cao
2+ free conditions 312 

From these results it seems likely that the rapid, Na+/Ca2+ exchange dependent depletion of the ER 313 

stores is responsible for the light-induced rise in cytosolic Ca2+ previously reported in ommatidia 314 

perfused with Ca2+ free solutions (Peretz et al., 1994; Hardie, 1996; Cook and Minke, 1999; Kohn et 315 

al., 2015; Asteriti et al., 2017).  It was therefore of interest to explore store depletion in ommatidia 316 

under similar Cao
2+ free conditions. After short-term local perfusion (20-30 s) with Ca2+  free (1 mM 317 

EGTA) bath solution, a rapid light-induced store depletion signal was still observed reaching similar 318 

low values to those in normal (Ca2+ containing) bath, but now with a ~2-fold slower time course (Fig. 319 

4A,B), which would be consistent with the slower kinetics of the light-induced current (and hence 320 

Na+ influx) in Ca2+ free solutions.  The time course appeared similar  to that of the cytosolic Ca2+ rise  321 

previously reported in  Ca2+ free solutions using GCaMP6f (Asteriti et al., 2017). However, to 322 
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compare store depletion and cytosolic Ca2+ rise  directly, we co-expressed the red fluorescent Ca2+ 323 

indicator, RGECO1 (Dana et al., 2016) together with ER-150 in the same flies and measured store 324 

depletion and cytosolic Ca2+ rises  under Ca2+  free conditions in the same ommatidia.  After scaling, 325 

the time course of store depletion and cytosolic Ca2+  rise overlapped  closely, in both cases having a 326 

latency of ~200 ms (Fig 4C). Store depletion was largely complete after ~2-3 s, whilst, as  would be 327 

expected in the absence of further release, after peaking after ~2 s, cytosolic Ca2+ monitored by 328 

RGECO1 then  declined to near baseline levels over the following seconds (Fig 4C).  Furthermore we 329 

found a strong correlation between the extent of store depletion and the amplitude of the rise in 330 

cytosolic Ca2+ in the same ommatidia, whilst the speed of depletion (time to 50% depletion) and 331 

cytosolic Ca2+ rise were also strongly correlated (Fig 4D,E). 332 

 333 

Over a longer time course (30 s), ommatidia perfused with Ca2+ free solutions showed the first  rapid 334 

phase of store refilling, but then levels declined monotonically to levels below those observed in 335 

control bath (Fig. 4F ). To test the sensitivity of ER store Ca2+ to external Ca2+ over yet  longer periods, 336 

ommatidia were perfused with Ca2+ free solution and fluorescence monitored continuously for 337 

several minutes. In wild-type flies, ER-150 fluorescence  decayed to low levels (~10% of initial value ) 338 

within ~ 3 minutes (t½  = 56 s ± 11.4 s,  n = 4), indicating depletion of the stores to  ~ 20-50 μM,  and 339 

then recovered quickly (t½ =11.4 s ±1.5 s,  n=4 )  on return to normal Ca2+ containing bath (Fig. 4H). 340 

In wild-type flies, such continuous excitation light simultaneously activates the (highly Ca2+ 341 

permeable) light-sensitive TRP channels; to prevent this, similar measurements were also made in 342 

null PLC mutants (norpAP24).  Store Ca2+ still decayed in Ca2+ free bath, but now considerably more 343 

slowly (t½ = 205 s ± 32 s, n = 4). Recovery on return to Ca2+ containing bath was still rapid, although 344 

slightly slower (t½ = 17.5 s ± 1.3 s,n =4) and only partial on the time course of the experiments (Fig. 345 

4I).  346 

 347 
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The dependence of rapid store depletion on CalX or external Na+ would be most simply explained by 348 

Na+/Ca2+ exchange across the ER membrane in response to Na+ influx via the light-sensitive channels. 349 

However, NCX exchangers like CalX are generally assumed to operate only at the plasma membrane. 350 

An alternative suggestion might be that the dependence on Na+/Ca2+exchange was due to some 351 

inhibitory effect(s) of the increase in cytosolic [Ca2+], which ensues as a result of failure of the 352 

Na+/Ca2+ exchanger to extrude Ca2+ across the plasma membrane.  If this were the case, one would 353 

predict that store depletion would no longer be blocked in ommatidia perfused with solutions 354 

lacking Ca2+ as well as Na+. However, once again, rapid store depletion was essentially blocked with 355 

perfusion by such 0Ca / 0Na solutions, and even the slower phase of decay was less pronounced 356 

than in the presence of external Ca2+ (Fig. 4G). This leaves direct Na+/Ca2+exchange across the ER 357 

membrane as the only obvious explanation for the rapid store depletion, and,  given their similar 358 

time course, we propose that this  accounts for the rise in cytosolic Ca2+ observed in Ca2+ free 359 

solutions. 360 

 361 

Immunolocalization of CalX   362 

Previously CalX has been reported to immunolocalize to the microvillar membrane of the 363 

rhabdomeres (Wang et al., 2005b; Halty-deLeon et al., 2018). However, if the rapid store depletion is 364 

mediated by Na+/Ca2+ exchange across the ER membrane, then obviously we predict that the CalX 365 

exchanger should also be present here. We therefore re-examined CalX immunolocalization using a 366 

mutant allele (calxB), which expresses very low levels of CalX (Wang et al., 2005b; Chen et al., 2015) 367 

as a negative control for background signal. As previously reported, anti-CalX immunostaining in 368 

control flies (w1118) was predominantly observed in the microvillar membrane of the rhabdomeres 369 

(Wang et al., 2005b) of both newly eclosed (Fig. 5A, B) and 1-day old flies (Fig. 5E). In addition, there 370 

was less-pronounced, but nevertheless distinct staining on intracellular membranes (Fig. 5). We co-371 

labelled the photoreceptor cells with a nuclear stain (TO-PRO-3) and found prominent intracellular 372 
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signal in the perinuclear area, consistent with ER localization (Fig. 5). Both the rhabdomeral and 373 

intracellular signals were absent in calxB mutants confirming specificity of the antibody (Fig. 5E).   374 

 375 

To test whether the intracellular CalX staining localized to the ER, we exploited ER-150 as an ER 376 

marker, using anti-GFP to recognize ER-150. In order to eliminate screening pigment 377 

autofluorescence from  w+ expression  in the ER-150 transgene, we created a tool called the white 378 

eraser (WE), which is a transgene that supplies Cas9 and guide RNAs to mutate mini-w+ through 379 

Cas9-mediated HDR or NHEJ (Fig. 1; see Materials and Methods). After mutating the mini-w+ 380 

associated with the ER-150 transgene with WE, we performed double labeling using anti-CalX and 381 

anti-GFP. The most prominent anti-GFP (ER-150) staining was again in the perinuclear region, which 382 

is a major site for the ER (Fig. 5C and D) and overall, we found that the intracellular CalX staining 383 

largely co-localized with ER-150, supporting the proposal that CalX is present throughout the ER (Fig. 384 

5C and D). 385 

 386 

Monitoring ER Ca2+ stores in vivo 387 

In order to obtain healthy cells, dissociated ommatidia need to be prepared from newly eclosed flies 388 

within ~2-3 hours of eclosion (e.g. Reuss et al., 1997; Katz et al., 2017). To monitor store [Ca2+] in 389 

vivo from mature adult flies, we measured ER-150 fluorescence from the deep pseudopupil (DPP) of 390 

completely intact flies using a low power (20x) air objective (e.g. Satoh et al., 2010; Asteriti et al., 391 

2017). Although the rhabdomere patterns themselves appeared dark in the fluorescent DPP, a 392 

diffuse halo of fluorescence emanating from the ER-150 probe generates a large and easily 393 

measureable signal in response to the blue excitation (Fig. 6A). 394 

Whilst showing similarities to responses observed in dissociated ommatidia, there were also notable 395 

differences.  Although the fluorescence showed an initial rapid decay with a similar time course to 396 

that observed in ommatidia (tau 0.81 ± 0.17 s n = 14), the fluorescence now decayed by only ~10% 397 

(9.1 ± 0.8%, n=14) cf ~20-80% in dissociated ommatidia (compare Figs. 3 and 6). This fast phase was 398 
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again largely eliminated in calxA mutants but not in itpr null mosaic eyes, supporting its identification 399 

as Na+/Ca2+ exchange dependent extrusion from the ER stores. The marked difference in the extent 400 

of rapid depletion compared to measurements made in dissociated ommatidia appeared largely to 401 

reflect the age of the flies, because DPP measurement made from intact, newly eclosed flies (< 2 402 

hours) showed much more pronounced (20-50% ) rapid depletion and an overall time course more 403 

similar to  measurements from dissociated ommatidia (Fig. 6A,C). 404 

 405 

Despite the smaller extent of rapid store depletion  in intact adult flies, over longer time courses (30 406 

s) there was a second, delayed decay phase with a roughly exponential time constant of 5-10 s ( 7.0 407 

± 0.9 s, n =14), which resulted in depletion  to levels, on average ~ 50% of initial Fmax – (range ~20% -408 

80%). This second phase appeared broadly similar in time course and extent to the slow phase seen 409 

in dissociated ommatidia from calxA mutants or after removal of external Na+. A similar slow phase, 410 

albeit further delayed, was also still present in  DPP measurements from calxA mutants, and the final 411 

level of depletion reached after 30-60 s continuous blue excitation in calxA  was similar or lower than 412 

in wild-type (Fig. 6 A,D).  The slow phase of depletion was also still detected in in vivo measurements 413 

of itpr mosaic eyes (after mutating the associated mini-w+ transgene using the white eraser tool). 414 

Although on average this appeared to be slightly delayed compared to controls (Fig. 6A), this was 415 

not significant, indicating that, like the rapid phase, the slow depletion of ER in the photoreceptors 416 

does not require InsP3-induced Ca2+ release from stores. 417 

 418 

After maximal depletion was reached (typically ~ 50% after 30-60s), and following M to R photo-419 

reisomerization, fluorescence was re-measured after varying times in the dark. Full recovery of the 420 

initial level was obtained after 100-200 s with an exponential time course of ~40-50s – similar to the 421 

slower phase of recovery measured in dissociated ommatidia (Fig. 6E,F). Although the rapid refilling 422 

seen in dissociated ommatidia during maintained blue excitation was not usually observed in dark-423 
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adapted flies, a rapid refilling phase was often seen in traces recorded after ~30-60s of dark 424 

adaptation following an episode of blue excitation, as well as in newly eclosed flies (e.g. Figs. 6A,E). 425 

 426 

 427 

Over-expression of the Na+/Ca2+ exchanger accelerates store depletion 428 

As an additional test for the involvement of Na+/Ca2+ exchange in store depletion, we over-expressed 429 

the CalX exchanger using the ninaE promoter. Previously we showed that this resulted in a  5-8 fold 430 

increase in Na+/Ca2+ exchange activity across the plasma membrane (Wang et al., 2005b)  and also 431 

greatly enhanced the light-induced rise in cytosolic Ca2+, which can be detected in the absence of 432 

bath Ca2+ (Asteriti et al., 2017).  In flies (pCalX) over-expressing the CalX exchanger, the depletion of 433 

ER stores was also dramatically enhanced and accelerated (Fig. 7A). Thus, after a brief delay (~75 ms) 434 

ER-150 fluorescence in vivo (from the DPP) decayed rapidly to ~25% of the initial  level within ~ 1 435 

sec, with an exponential time constant of  194 ± 9 ms (n = 10), which is ~4x faster than in a wild-type 436 

background. In the maintained presence of blue excitation the stores then rapidly refilled (tau ~5s), 437 

probably representing further equilibration of the Na+/Ca2+ exchanger as Na+ levels subsided 438 

following the peak-plateau transition of the response to light and extrusion of Na+ by Na+/K+-ATPase.  439 

Further refilling in the dark then proceeded with a similar time course to wild-type (Fig. 7C) 440 

 441 

Intensity dependence of store depletion 442 

The blue excitation used for monitoring ER-150 fluorescence is a super-saturating stimulus for the 443 

photoreceptors. In order to measure store depletion in response to physiologically relevant levels of 444 

illumination in vivo, we used two-pulse protocols, first stimulating the eye with calibrated green light 445 

(λmax 546 nm) of different intensities and then measuring the instantaneous fluorescence. 446 

Measurements were made using both 4 s pre-illumination in order to measure the intensity 447 

dependence of the rapid component of depletion, and also with 30 s pre-illumination to include 448 

both fast and slow components (Fig. 8). As would be expected from the responses to saturating blue 449 
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illumination, 4 s pre-illumination resulted in maximally only ~10% depletion, whilst 30 s pre-450 

illumination induced up to ~40% depletion. The intensity dependences of both components were 451 

broadly similar. With relatively modest intensities up to ~30000 effectively absorbed photons per 452 

photoreceptor per second (equivalent to ~1 photon per microvillus per sec) there was actually a 453 

small (2-5%) but significant increase in fluorescence following both long (30 s) pre-illumination, 454 

indicative of Ca2+ uptake by the stores; however, at higher intensities, the stores became 455 

progressively depleted with 50% maximum achievable depletion obtained with ~300000 456 

photons/sec. For reference, full daylight intensities correspond to ~ 500000 457 

photons/photoreceptor/sec (Juusola et al., 2017), so that substantial depletion can be expected be 458 

occurring in the physiological range. The steady-state reached after 30 s was primarily the result of 459 

the slow phase of store depletion mediated by a Na+/Ca2+ exchange independent mechanism, and 460 

the intensity dependence of store depletion after 30 s was very similar in calxA mutants (Fig. 8D).  461 

 462 

We also measured the intensity dependence of store depletion in vivo in pCalX flies over-expressing 463 

the Na+/Ca2+ exchanger (Fig. 8C,D). When tested immediately after brief (2 s) pre-adapting flashes, 464 

the stores were profoundly depleted in pCalx flies by intensities >100x dimmer than those required 465 

to deplete stores in wild-type backgrounds. However, when determined using long (30 s) pre-466 

adapting steps of light the stores had clearly refilled during the maintained illumination, and now 467 

showed similar intensity dependence to wild-type flies.  This suggests that in the short term Na+/Ca2+ 468 

exchange results in release of Ca2+ from the stores due to the initial surge of Na+ influx during the 469 

peak of the light response, but over the long term (30 s) as [Na+] subsides to lower levels following 470 

light adaptation, the exchanger actually contributes to refilling the stores.  471 

 472 

Lack of substantial store depletion in trp mutants 473 

TRP (“transient receptor potential “) ion channels are so-called because the electrical response to 474 

maintained light from photoreceptors in  trp mutants is transient, decaying to baseline within 475 
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seconds (Cosens and Manning, 1969; Minke et al., 1975). For many years it was thought that this 476 

decay reflected depletion of ER Ca2+ stores due the lack of influx via the Ca2+ permeable TRP 477 

channels (Minke and Selinger, 1991; Hardie and Minke, 1993; Cook and Minke, 1999). However, an 478 

alternative explanation was later proposed when it was found that the decay of the light response 479 

was associated with the near total depletion of PIP2 in the microvillar membrane, explained by the 480 

failure of Ca2+ dependent negative feedback to inactivate PLC (Hardie et al., 2001). But whether ER 481 

Ca2+ stores are depleted in trp mutants had never been directly investigated. To address this, we 482 

expressed ER-150 in a trp343 null mutant background. Both in vivo (DPP) and in dissociated 483 

ommatidia, we found that ER Ca2+ was actually very resistant to depletion in trp343 mutants (Fig. 9). A 484 

small (~5-10%) rapid depletion was still observed but with a ~2-fold slower time course than that in 485 

wild-type controls. There was however no sign of the subsequent slow depletion, and the low levels 486 

routinely observed in a wild-type background were never approached. The residual rapid depletion 487 

was presumably still mediated by Na+/Ca2+ exchange as it was largely abolished with Na+ substitution 488 

by NMDG in dissociated ommatidia (Fig. 9A,C). The lack of substantial store depletion in trp mutants 489 

might suggest that CalX expression on the ER membrane was reduced in trp mutants; however, anti-490 

CalX immunostaining of the  photoreceptor ER was similar in wild-type controls and trp343  mutants 491 

(Fig. 9E,F). A more likely explanation is simply the much reduced net inward current (and hence Na+ 492 

influx) in response to light in trp mutants. 493 

 494 

 495 

Discussion 496 

Drosophila phototransduction has long been an influential model for phosphoinositide and Ca2+ 497 

signalling, but despite much speculation virtually no information is available on the function and 498 

roles of ER Ca2+ stores. In the present study we measured ER Ca2+ levels using a low affinity GCaMP6 499 

variant targeted to the photoreceptor ER lumen, where it generated bright fluorescence throughout 500 

the ER network. The probe (ER-GCaMP6-150), originally developed and expressed in mammalian 501 
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neurons (de Juan-Sanz et al., 2017), has a 45-fold dynamic range, which we confirmed in situ, and 502 

allows measurements of ER luminal [Ca2+] with excellent signal to noise ratio. Not only could we 503 

monitor ER Ca2+ levels in dissociated ommatidia, it was also straightforward to make in vivo 504 

measurements from the eyes of completely intact flies. Our results demonstrate rapid light-induced, 505 

PLC dependent depletion of the ER Ca2+ stores, which refilled in the dark over a time course of 100-506 

200 s. 507 

 508 

Strikingly our results indicate that the rapid light-induced store depletion was mediated by Na+/Ca2+ 509 

exchange.  Drosophila CalX belongs to the NCX family of Na+/Ca2+ exchangers (Schwarz and Benzer, 510 

1997), which are generally considered to act only at the plasma membrane (Blaustein and Lederer, 511 

1999). Although Drosophila CalX clearly does function at the plasma membrane (e.g. Wang et al., 512 

2005b), our results now provide compelling evidence that it also operates across the ER membrane. 513 

To our knowledge NCX activity has not previously been reported on the ER; however, Na+/Ca2+ 514 

exchange on internal membranes is not without precedent: for example NCX has been reported on 515 

the inner nuclear membrane providing a route for Ca2+ transfer between nucleoplasm and the 516 

nuclear envelope and hence ultimately the ER network with which it is continuous (Wu et al., 2009).  517 

In addition a dedicated mitochondrial Na+/Ca2+ exchanger (NCLX) plays important roles in uptake and 518 

release of mitochondrial Ca2+ (Palty and Sekler, 2012). 519 

 520 

The time course of the Na+/Ca2+ dependent rapid store depletion in Ca2+ free solutions  appeared 521 

very similar to the rise in cytosolic Ca2+  reported from dissociated ommatidia in Ca2+ free bath, the 522 

source of which has been a subject of debate for over 20 years (Hardie, 1996; Cook and Minke, 523 

1999). It had recently been claimed that this “Ca2+ free rise” was due to InsP3-mediated release from 524 

ER Ca2+ stores (Kohn et al., 2015); however, we found that it was unaffected in null mutants of the 525 

InsP3R (Asteriti et al., 2017; Bollepalli et al., 2017). Instead, we found that the Ca2+ free cytosolic rise 526 

was dependent upon Na+/Ca2+ exchange (Asteriti et al., 2017), but it was difficult to understand how 527 
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this could be mediated by a plasma membrane exchanger when extracellular Ca2+ was buffered with 528 

EGTA to low nanomolar levels.  Our demonstration of rapid Na+/Ca2+ dependent release of Ca2+ from 529 

ER with a very similar time course (Fig. 4C) now provides an obvious mechanism for this Ca2+ free rise 530 

and seems finally to have resolved this long-standing enigma. Interestingly the Na+/Ca2+ dependent 531 

rapid store depletion signal was most pronounced in very young flies around the time of eclosion, as 532 

always used in dissociated ommatidia preparations used for Ca2+ imaging.  Also of note, we found 533 

that trp mutants were very resistant to depletion, both in vivo and in dissociated ommatidia. This 534 

argues strongly and directly against the hypothesis that the trp decay phenotype reflects depletion 535 

of the ER Ca2+ stores (Minke and Selinger, 1991; Cook and Minke, 1999). 536 

 537 

 Although up to ~80% rapid store depletion could be observed in newly eclosed adults, even in one 538 

day old flies the rapid store depletion signal in vivo was much reduced (to ~10%). However, a much 539 

slower depletion was observed in mature adults in vivo, and in dissociated ommatidia after Na+/Ca2+ 540 

exchange was blocked. The origin of this slow phase depletion remains uncertain: in dissociated 541 

ommatidia from young flies this slower depletion was ~50% attenuated, but not blocked in null 542 

InsP3R mutants (itpr), whilst in vivo measurements of the slow depletion phase in adult itpr mutants 543 

appeared similar to wild-type. This suggests that although Ca2+ release via InsP3 receptors may 544 

contribute to the  slow depletion in young flies, some other mechanism(s), such as Ca2+ release via 545 

ryanodine receptors, is largely responsible. 546 

 547 

Physiological roles 548 

Our evidence strongly suggests a novel role for NCX exchangers in mediating Na+/Ca2+ exchange 549 

across the ER membrane, but its physiological significance is unclear. Although rapid store depletion 550 

was routinely observed under our experimental conditions, the Ca2+ released into the cytosol from 551 

the ER seems unlikely to play a direct role in phototransduction. Firstly, it has a latency of ~100 ms 552 

(cf ~10 ms for the light-induced current), and secondly it will in any case be swamped by the much 553 
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more rapid Ca2+ influx via the light-sensitive channels. Thus measurements of cytosolic Ca2+  in 0 Ca2+ 554 

bath indicated a rise to only ~200-300  nM, which compares with much faster rises in the high 555 

micromolar range due to direct Ca2+ influx via the light-sensitive TRP channels (Hardie, 1996; 556 

Oberwinkler and Stavenga, 2000; Asteriti et al., 2017). One possible role for an ER Na+/Ca2+ 557 

exchanger would be that it normally operates as a Ca2+ uptake mechanism; only briefly giving Ca2+ 558 

extrusion (and store depletion) following the extreme, and unnatural conditions of many of our 559 

experiments – namely, the sudden onset of bright illumination from a dark-adapted state, which 560 

results in a massive transient surge of Na+ influx. Rapid Ca2+  uptake (store refilling), presumably via 561 

re-equilibration of the exchanger as the initial Na+ level subsided during the peak-to-plateau 562 

transition, was in fact routinely observed during maintained blue illumination (e.g. Figs. 3,6,7). 563 

Furthermore, it is perhaps significant, that despite lacking the rapid depletion phase, the final level 564 

of store Ca2+ (i.e. after 30 s illumination)  in calxA mutants was  if anything lower than that in wild-565 

type backgrounds, even though the cytosolic Ca2+  levels experienced in calxA mutants are much 566 

higher because of the failure to extrude Ca2+ across the plasma membrane (Wang et al., 2005b).   567 

Although store depletion seems unlikely to contribute to activation of the phototransduction 568 

cascade, we cannot exclude the possibility that it may play some role in long term light adaptation. 569 

Maintenance of ER Ca2+ levels is also important for many other cellular functions including protein 570 

folding and maturation, where Ca2+ is a cofactor for optimal chaperone activity (Carreras-Sureda et 571 

al., 2018).  With conspicuously high cytosolic Ca2+ levels in the presence of light, photoreceptors face 572 

unusual homeostatic challenges and Na+/Ca2+ exchange across the ER may provide an important 573 

additional mechanism.  In principle the balance between forward and reverse Na+/Ca2+ exchange 574 

(i.e. uptake vs release) by an ER Na+/Ca2+ exchanger will depend upon the Na+ gradient across the ER 575 

membrane and whether this is actively regulated. To our knowledge  there is no information on ER 576 

Na+ levels; although luminal Na+ in the nuclear envelope (which is continuous with the ER) has been 577 

reported to be concentrated (84 mM) in nuclei from hepatocytes by Na/K-ATPase expressed on  578 

nuclear membranes (Garner, 2002). Finally, we cannot exclude the possibility that Na+/Ca2+ exchange 579 
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across the ER might play only a minor physiological role, but is an unavoidable consequence of the 580 

presence of functional CalX protein in ER  membranes during protein synthesis and targeting. At 581 

least this may account for the enhanced depletion signal measured around the time of eclosion  582 

when there may be a rapid final phase of protein synthesis for the developing rhabdomere  (Hardie 583 

et al., 1993). 584 

 585 

Conclusion 586 

Our results provide unique insight into ER Ca2+ stores in Drosophila photoreceptors. The ER-GCaMP6-587 

150 probe lights up an extensive ER network and indicates a high luminal Ca2+ concentration 588 

probably in excess of 0.5 mM. Our results reveal a rapid, and uniform light-induced depletion of the 589 

ER stores mediated by the CalX Na+/Ca2+ exchanger expressed on the ER membrane. The resulting 590 

extrusion of Ca2+ into the cytosol can readily account for the rise in cytosolic Ca2+ observed in 591 

dissociated ommatidia in Ca2+ free solutions (Hardie, 1996; Cook and Minke, 1999; Kohn et al., 2015; 592 

Asteriti et al., 2017), thus resolving this decades old mystery. In addition to the rapid depletion, we 593 

also resolved a much slower depletion that appears to be independent of Na+/Ca2+ exchange and 594 

also largely independent of InsP3-induced Ca2+ release. The physiological significance of the ER 595 

Na+/Ca2+ exchange activity remains uncertain. It is perhaps more likely that it serves as a low affinity  596 

Ca2+ uptake mechanism supplementing the SERCA pump, and that rapid depletion is only seen 597 

during unnatural abrupt bright stimulation from dark-adapted backgrounds leading to massive Na+ 598 

influx and reverse exchange. Ultimately, in order to resolve the physiological significance of  Na+/Ca2+ 599 

exchange across the ER membrane it will probably be necessary to selectively disrupt Na+/Ca2+ 600 

exchange on the ER without affecting the exchanger on the plasma membrane, which is known to 601 

play very important roles in Ca2+ homeostasis in the photoreceptors with direct consequences for 602 

channel activation and adaptation (Wang et al., 2005b).  603 
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FIGURE LEGENDS 732 

Figure 1. Creation of white-eraser (WE) to mutate mini-w+ transgenes. Genetic introduction of the 733 

WE insertion with a mini-w+ transgene leads to mutation of the mini-w+ either through HDR or NHEJ. 734 

The WE encodes two copies of two guide RNAs (gRNA1 and gRNA2) expressed under control of the 735 

U6 promoter, and Cas9 expressed under control of the actin5C promoter. This can lead to HDR due 736 

to the two homology arms corresponding to the mini-w+ transgene (blue dashed lines). If HDR takes 737 

place, DsRed, which is expressed under control of the 3xP3 promoter, is inserted in the mini-w+, 738 

thereby creating the mini-wDsRed. Alternatively, if NHEJ takes place, a mutation is introduced in the 739 

mini-w+, creating mini-w*.  The 3xP3-GFP  is a negative marker to distinguish the mutated transgene 740 

from WE.   741 

 742 

 743 

Figure 2. Expression and calibration of  ER-150.  744 

A, Optical sections of ommatidia from newly-eclosed flies expressing ER-150 co-labelled with anti-745 

GFP (to recognize ER-150, green) and anti-Calnexin (independent ER marker, magenta) show 746 

extensive co-localization (note that ER-150 - under control of the ninaE promoter- is expressed only 747 

in R1-6 photoreceptor cells, but Calnexin is also expressed in R7 and R8 cells). Top: longitudinal view; 748 

scale bar: 10μm. Below: transverse view; scale bar: 5 μm.  B, Similar optical sections co-labelled with 749 

anti-GFP (ER-150, green) and a mitochondrial marker anti-ATP5a (magenta) indicate little or no co-750 

localization.  C, Electroretinogram (ERG) responses to 1s flashes of increasing intensity in ER-150 files 751 

and wild-type control (w1118). D, response intensity (V/log I) functions from maintained negative 752 

component of the ERG (average of final 100 ms of responses before the off transient; mean ± SEM 753 

n=6 flies).  E, Fluorescence measured from a dissociated wild-type ommatidium expressing ER-150. 754 

Following the rapid decay (store depletion) and partial recovery induced by the onset of the blue 755 

excitation light (see also Fig. 3B), the ommatidium was perfused with bath solution containing 250 756 

μM ionomycin, 10 mM CaCl2  (25 mM TES, pH 7.25). Fluorescence first decayed briefly before rapidly 757 

increasing slightly beyond the initial dark adapted F0 (dotted line).  F, In an ommatidium already 758 

exposed to 250 μM ionomycin, subsequent perfusion with 0 Ca2+ (1mM EGTA) solution rapidly 759 

reduced  fluorescence to near zero (zero level, dotted line, indicated by brief breaks in the blue 760 

excitation), recovering rapidly on reperfusion with Ca2+/ionomycin  containing solution.  G, 761 

Theoretical calibration curve for ER-150 assuming a dynamic range of 45, Kd 150 μM and Hill 762 

coefficient of 1.6 (de Juan-Sanz et al., 2017).  763 

 764 

 765 
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 766 

Figure 3. Measuring ER luminal Ca2+ levels in dissociated ommatidia   767 

A, Normalized fluorescence from wild-type ommatidium expressing ER-150: after a brief ~100 ms 768 

delay, store Ca2+ rapidly declined in response to the saturating blue excitation. Right: images from 769 

Movie 1 (20 Hz) at onset of blue (t = 0) and after 2 s;  2s image also shown after adjusting auto-770 

exposure to facilitate comparison with t = 0 image.  B,  ER-150 fluorescence from dissociated 771 

ommatidia on a longer time scale (averaged traces from  14-30 ommatidia from 3-8 flies per trace). 772 

Wild-type shows rapid depletion followed by partial refilling with two distinct phases during the 773 

maintained blue excitation; in very young flies (<1 hr post eclosion) depletion was more extensive. 774 

Rapid depletion, indistinguishable from wild-type was seen in ommatidia from null InsP3R mosaic 775 

eyes (itpr). Rapid depletion was blocked In the same ommatidia perfused with Na+ free solution (130 776 

NMDG+ substituted for Na+), leaving a much slower, but ultimately more profound depletion. Similar 777 

behaviour was seen in mutants of the Na+/Ca2+ exchanger (calxA) in normal bath. This slow phase of 778 

store depletion was less pronounced in itpr mutants. In norpAP24 there was no depletion beyond a 779 

slight decay due to bleaching. C & D, Statistics: mean ± SEM from traces as in B, each point derived 780 

from the average trace (3-8 ommatidia) from one fly. C, minimum values (normalised to Fmax) 781 

reached during rapid depletion phase (2 - 4 s); itpr mutants were not significantly different from 782 

wild-type (p = 0.33, 2-tailed t-test), but rapid depletion was largely blocked after NMDG substitution 783 

and in calxA flies. D, Slow depletion (values reached after 30 s) was slightly more pronounced in calxA  784 

mutants than wild-type; whilst after NMDG substitution, itpr mutants showed less slow depletion 785 

than wild-type (2-tailed t-tests).  E, Refilling of store Ca2+ following depletion: repeated ER-150 786 

fluorescence traces from one ommatidium after different times in the dark (2 s - 65 s) following 787 

initial depletion (first, dark-adapted trace, in red) and reisomerization of M to R by red illumination. 788 

F, Averaged time course of store refilling from such measurements (mean ± SEM, n = 8 ommatidia) 789 

showing recovery in two phases. 790 

 791 

Movie 1 20 frames per second movie of initially dark-adapted, otherwise wild-type dissociated 792 

ommatidium expressing ER-150. The blue excitation light serves also as stimulus and induces rapid 793 

depletion of the ER Ca stores.  Total duration of movie is 2 seconds. 794 

 795 

 796 

Figure 4. ER store depletion in dissociated ommatidia in Ca2+ free solutions.  797 

A,  Normalized ER-150 fluorescence in response to blue excitation control bath and in the same 798 

ommatidia perfused for ~30 s with Ca2+ free bath (0 Ca2+, 1mM EGTA). Average traces from 5 799 
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ommatidia in 3 otherwise wild-type flies. Inset (right) expanded scale to show increase in latency 800 

(arrows). B, Time constants (tau) of rapid depletion from exponential fits to decay.  C, Store 801 

depletion (ER-150 fluorescence, blue trace, expressed as F/Fmax) and cytosolic Ca2+ (RGECO1 802 

fluorescence, green trace expressed as ΔF/F0) measured from the same ommatidia (average of 17 803 

ommatidia from 5 otherwise wild-type flies). Stippled green trace: RGECO1 data replotted after 804 

inverting and rescaling to compare time courses. D, Peak RGECO1 ΔF/F0 values (cytosolic Ca2+) from 805 

these ommatidia showed correlated with the extent of store depletion (ER-150 Fmin/Fmax values) in 806 

the same ommatidium. E, Time to 50% depletion (t1/2 ER-150) in these ommatidia also correlated 807 

with the t1/2 for the rise in cytosolic Ca2+. F, Store depletion (ER-150 fluorescence): averaged from 10 808 

ommatidia from 2 wild-type flies in control bath and during 0 Ca2+ perfusion, monitored over 30 s. G, 809 

Store depletion (ER-150 fluorescence) measured from wild-type ommatidia over 30s in control bath, 810 

and same ommatidia during perfusion with 0 Na (130NMDG, 1.5 Ca, 4 Mg; n = 8) and 0Ca/0Na 811 

(130NMDG, 0Ca 1mM EGTA, 4 Mg; n=3). H, ER-150 fluorescence (normalised to fluorescence at time 812 

zero) measured continuously during perfusion with 0 Ca2+ (1mM EGTA) in a wild-type background; 813 

the ER stores depleted almost completely within ~ 3 minutes and then rapidly refilled on re-814 

exposure to normal Ca2+ containing bath. I, During 0 Ca perfusion in a PLC null (norpAP24) 815 

background, store Ca2+ declined more slowly, recovering partially on reperfusion with Ca2+ 816 

containing bath.  817 

 818 

 819 

Figure 5. ER localization of CalX.  820 

A, B, Optical sections of ommatidia from newly eclosed w1118 flies co-stained with anti-CalX (green) 821 

and TO-PRO-3 (blue), which counterstains nuclei. Anti-CalX staining is observed in the rhabdomeres 822 

of R1-6 and to lesser extent R7 (small central rhabdomere). In addition, weaker, but clear staining 823 

was observed in the cell bodies including the perinuclear ER membrane (yellow arrows).  A, 824 

Longitudinal view. B, Transverse view. C-D, Optical sections of single ommatidium from newly 825 

eclosed flies expressing ER-150 were co-stained with anti-GFP (ER-150 as ER marker, green) and anti-826 

CalX (magenta). C, Longitudinal view. D, Transverse view. Merged images show extensive co-827 

localization in the cell body. Yellow arrows indicate perinuclear (ER) staining. E, Anti-CalX (green) and 828 

TO-PRO-3 staining  controls for antibody specificity in 1 day old flies. Anti-CalX staining is absent in 829 

both rhabdomere and cell body in the severe hypomorphic mutant calxB. Scale bars: 10 μm in A and 830 

C, and 5μm in B, D and E. 831 

 832 

 833 
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Figure 6.  Monitoring ER store [Ca2+] in vivo from ER-150 fluorescence in the deep pseudopupil.  834 

A, ER-150 fluorescence traces from DPP (image  right)  in intact 1-5 days old adult flies in wild-type 835 

(mean of traces from n = 17 flies), calxA (n = 11), itpr mosaic eyes (n = 12), norpAP24 (n = 6) and also 836 

very young (<2 hr) wild-type flies (n = 6). An initial rapid ~10% depletion, was suppressed in calxA, 837 

but not in itpr mutants. A second slow phase of depletion was still present (albeit delayed) in calxA, 838 

whilst in norpAP24 there was no store depletion.  B, Rapid depletion from DPP of a single wild-type fly 839 

on faster time scale: fluorescence sampled at 500 Hz and averaged from 34 repeated episodes of 840 

blue excitation (with 4 s bright red illumination to reisomerize M to R and 60 s dark adaptation 841 

between each episode). Inset (right) on a faster time base. The kinetics, including a ~100 ms delay, 842 

were similar to those recorded from dissociated ommatidia (cf Figs. 3 & 4). Red curve - exponential 843 

fit to the decay (τ = 590 ms). C &D, Statistics (mean ± SEM; each data point from a different fly) from 844 

traces as in A. C, Minimum value reached during rapid depletion phases (2-4s); calxA mutants 845 

showed less depletion but  itpr mutants were not significantly different from wild-type (1-way 846 

ANOVA with Tukey’s post-test).  D, Minimum value reached after 30-60 s; neither itpr nor calxA 847 

mutants differed significantly from wild-type (1-way ANOVA, Tukey’s post test), but young (<2hr) 848 

wild-type flies now showed less long-term depletion (2-tailed t-test with respect to older wild-type). 849 

E, ER-150 fluorescence traces from a wild-type fly: red trace initial dark-adapted trace, subsequent 850 

traces measured after 30, 60 and 200 s dark recovery.  F, normalized store refilling time course 851 

(mean ± SEM n=10 flies, red curve, 1 exp fit, tau = 43.7s) from such traces.  852 

 853 

Figure 7. CalX overexpression accelerates and enhances rapid store depletion (in vivo DPP). 854 

A, ER-150 fluorescence measured in vivo from the DPP in intact flies in wild-type and in flies 855 

overexpressing the Na+/Ca2+ exchanger (pCalX). Rapid depletion was massively enhanced in pCalx 856 

flies. Following the initial rapid depletion, ER stores in pCalx flies showed rapid refilling over 10-20s 857 

during the maintained blue excitation. B, Traces in pCalX on faster time scale (Y-axis scale same as 858 

A): red, initially dark adapted and then after 30-100s in the dark. C&D, time course of store refilling 859 

in pCalX compared to wild-type: after an initial rapid phase (D,  pCalx data replotted on faster time 860 

course), the slower phase of ER store refilling had a similar time course in wild-type, calxA and pCalx 861 

flies.  However, the fast phase was enhanced in pCalX.  862 

 863 

Figure 8. Intensity dependence of store depletion in vivo measured from DPP  864 

Flies were pre-illuminated with green light (540 nm) of various intensities for either 2, 4 or 30s and 865 

store Ca2+ measured from ER-150 fluorescence immediately afterwards. A,  ER-150 fluorescence 866 

traces from wild-type fly with 30 s green pre-illumination. Blue trace shows initial dark-adapted 867 
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fluorescence traces (no green pre-illumination). B, intensity dependence of depletion derived from 868 

such traces  after both 4 s pre-illumination (i.e. monitoring the rapid, Calx dependent store 869 

depletion) and after 30 s (predominantly non-CalX dependent depletion); intensity expressed in 870 

effectively absorbed photons per microvillus per second. Note there was significant store depletion 871 

under intensities equivalent to bright daylight (dotted arrow): but at relatively dim intensities there 872 

was a  slight filling of stores above the dark-adapted levels. C, Traces from fly overexpressing CalX 873 

(pCalX) with 2 s green pre-illumination. D, intensity dependence of rapid depletion from such traces 874 

was sensitized by several orders of magnitude in pCalx (pCalX 2s); but after 30 s pre-illumination 875 

(which allows for rapid refilling phase – see Fig. 7)  pCalX flies appeared as resistant to depletion as 876 

wild-type. calxA mutants showed behaviour broadly similar to wild-type  for long (30s) pre-877 

illumination protocols. 878 

 879 

Figure 9. trp mutants are resistant to store depletion 880 

A, ER-150 fluorescence in dissociated ommatidia from wild-type (data from Fig. 3) and null trp343 881 

mutants (average trace, n = 6 ommatidia, 3 flies). Only ~ 10% rapid depletion was detected in trp. 882 

This was likely still due primarily to Na+/Ca2+ exchange as it was largely prevented by perfusion with 883 

NMDG+ substituted for Na+ (trp NMDG). B, Similarly, store depletion measured in vivo (from DPP) in 884 

trp mutants (n = 6) was much less pronounced than in wild-type flies. Wild-type data replotted from 885 

Fig. 6). C, Minimum ER-150 fluorescence values reached in trp343 mutants were much less (p < 0.0001 886 

on two-tailed t-tests) than in wild-type (wt); but NMDG perfusion still suppressed depletion further. 887 

In vivo DPP values are minimum values reached over 30 s; values from dissociated ommatidia are 888 

from rapid depletion phase only (4-10 s). D, Time constant of rapid depletion phase from dissociated 889 

ommatidia (single exponential fits) was ~2-fold slower in trp343 mutants. E, Longitudinal optical 890 

sections of ommatidia stained for anti-Calx in trp343 and wild-type control (w1118). Scale bar 10 μm.   891 

F, transverse optical sections; yellow arrows, perinuclear ER; white arrows (R), rhabdomere. Scale 892 

bar 5 μm. 893 




















