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Abstract

Phototransduction in Drosophila is mediated by phospholipase C (PLC) and Ca** permeable TRP
channels, but the function of endoplasmic reticulum (ER) Ca®* stores in this important model for Ca**
signalling remains obscure. We therefore expressed a low affinity Ca®* indicator (ER-GCaMP6-150) in
the ER, and measured its fluorescence both in dissociated ommatidia and in vivo from intact flies of
both sexes. Blue excitation light induced a rapid (tau ~ 0.8 s), PLC-dependent decrease in
fluorescence, representing depletion of ER Ca®" stores, followed by a slower decay, typically reaching
~50% of initial dark-adapted levels, with significant depletion occurring under natural levels of
illumination. The ER stores refilled in the dark within 100-200 s. Both rapid and slow store depletion
were largely unaffected in InsP; receptor mutants, but were much reduced in trp mutants. Strikingly,
rapid (but not slow) depletion of ER stores was blocked by removing external Na* and in mutants of
the Na*/Ca”*" exchanger, CalX, which we immuno-localized to ER membranes in addition to its
established localization in the plasma membrane. Conversely, over-expression of calx greatly
enhanced rapid depletion. These results indicate that rapid store depletion is mediated by Na*/Ca**
exchange across the ER membrane induced by Na® influx via the light-sensitive channels. Although
too slow to be involved in channel activation, this Na*/Ca** exchange dependent release explains the
decades-old observation of a light-induced rise in cytosolic Ca** in photoreceptors exposed to Ca**

free solutions.

Significance statement

Phototransduction in Drosophila is mediated by phospholipase C, which activates TRP cation
channels by an unknown mechanism. Despite much speculation, it is unknown whether endoplasmic
reticulum (ER) Ca”* stores play any role. We therefore engineered flies expressing a genetically
encoded Ca”** indicator in the photoreceptor ER. Although NCX Na*/Ca® exchangers are classically
believed to operate only at the plasma membrane, we demonstrate a rapid light-induced depletion
of ER Ca”* stores mediated by Na*/Ca®* exchange across the ER membrane. This NCX-dependent
release was too slow to be involved in channel activation, but explains the decades-old observation

of a light-induced rise in cytosolic Ca** in photoreceptors bathed in Ca** free solutions.



Introduction

Phototransduction in microvillar photoreceptors is mediated by a G-protein coupled phospholipase
C (PLC), which hydrolyzes phosphatidyl inositol (4,5) bisphosphate (PIP,, to generate diacylglycerol
(DAG) and inositol (1,4,5) trisphosphate (InsP3) (reviews: Katz and Minke, 2009; Fain et al., 2010;
Hardie, 2012; Montell, 2012; Hardie and Juusola, 2015; Katz and Minke, 2018; Voolstra and Huber,
2020). In Drosophila photoreceptors, activation of PLC leads to opening of two related Ca**
permeable non-selective cation channels: TRP and TRP-like (TRPL) in the microvillar membrane
(Niemeyer et al., 1996; Reuss et al., 1997). TRP (“transient receptor potential”) is the founding
member of the TRP ion channel superfamily (Montell and Rubin, 1989; Hardie and Minke, 1992;
Minke, 2010; Hardie, 2011; Montell, 2011), so named because the light response in trp mutants is
transient, decaying rapidly to baseline during maintained illumination (Cosens and Manning, 1969;
Minke et al., 1975). Because the most familiar product of PLC activity is InsP3, it was initially thought
that activation of the TRP/TRPL channels required release of Ca** from endoplasmic reticulum (ER)
stores via InsP; receptors (InsP3R) and that in the absence of Ca** influx via TRP channels the stores
depleted leading to the response decay (Minke and Selinger, 1991; Hardie and Minke, 1993).
However, it was subsequently found that phototransduction was intact in InsP;R mutants (Acharya
et al., 1997; Raghu et al., 2000), whilst response decay in trp mutants was associated with severe
depletion of PIP,. This suggested an alternative explanation of the trp decay phenotype, namely
failure of Ca** dependent inhibition of PLC and the consequent runaway consumption of its
substrate, PIP, (Hardie et al., 2001). Nevertheless, a role for InsP; and Ca®* stores in Drosophila
phototransduction remains debated. For example, a recent study reported that sensitivity to light
was attenuated by RNAi knockdown of InsPsR (Kohn et al., 2015), although we were unable to

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

Relevant to this debate, Ca®* imaging reveals a small, but significant light-induced rise in cytosolic

Ca®in photoreceptors bathed in Ca’' free solutions (Peretz et al., 1994; Hardie, 1996; Cook and



Minke, 1999; Kohn et al., 2015). Although some have attributed this to InsPs-induced Ca*" release
from the ER (Cook and Minke, 1999; Kohn et al., 2015), we found that the rise was unaffected in
InsP3R mutants but was dependent upon Na*/Ca®* exchange (Hardie, 1996; Asteriti et al., 2017;
Bollepalli et al., 2017). This suggested that the Ca”" rise was due to Na'/Ca**exchange following Na*
influx associated with the light response. However, it is difficult to understand how such a Ca** rise
could be achieved by Na*/Ca®* exchange across the plasma membrane when extracellular Ca** was
buffered to low nanomolar levels. The source of the Ca*" rise in Ca** free bath thus remains
unresolved, whilst to date there have been no measurements of ER store Ca** levels in Drosophila
photoreceptors. To address this, we generated flies expressing a low affinity GCaMP6 variant in the
ER lumen (de Juan-Sanz et al., 2017). Using this probe we demonstrate and characterise a rapid light-
induced depletion of ER Ca®*, which, like the cytosolic Ca®* signal in Ca®" free bath, was unaffected by
InsP3;R mutations, but dependent on Na* influx and the CalX Na*/Ca*" exchanger. Our results indicate
that the exchanger is also expressed on the ER membrane, that the Na* influx associated with the
light-induced current leads to Ca®* extrusion from the ER by Na*/Ca**exchange and that this accounts

for the rise in cytosolic Ca** observed in Ca®* free solutions.

Materials and methods

Fly stocks

Fruitflies (Drosophila melanogaster) were reared on standard medium (recipe in Randall et al.,
2015). Unless otherwise stated, flies were reared at room temperature (21-23°C) in normal room
light on a 12/12 DL cycle. For dissociated ommatidia, newly eclosed (<2 hours) adults; for in vivo
deep pseudopupil measurements flies were 1-7 days old unless otherwise stated. Both male and
female flies were used with no apparent difference.

3 null mutant lacking TRP channels (Montell and Rubin, 1989;

We used the following stocks: 1) trp
Scott et al., 1997; Wang et al., 2005a), 2) norpA”** - null mutant of PLC (Pearn et al., 1996), 3) calx” -

severe loss of function mutant of the Na*/Ca®" exchanger with no detectable exchanger activity in



the photoreceptors (Wang et al., 2005b), 4) calx® — a strong mutant allele expressing negligible levels
of the Na*/Ca®* exchanger (Wang et al., 2005b; Chen et al., 2015), 5) ninaE-calx/CyO - flies over-
expressing a wild-type calx transgene under control of the ninaE (Rh1) promoter, abbreviated to
pCalX (Wang et al., 2005b), and 6) I(3)itor’®° , a larval lethal null mutant of the InsP; receptor:
referred to as itpr (Venkatesh and Hasan, 1997). All these lines were on a white-eyed (w'**%)
background; however, itpr has a strong mini-w’ transgene inserted near the itpr locus conferring a
red eye pigmentation at least as dark as in wild-type flies. Because this obscured in vivo fluorescence
from the deep pseudopupil (DPP), the mini-w’ transgene in itpr mutants was mutated using CRISPR-
Cas9 methodology for flies used for in vivo measurements (see below).

Because trp, norpA and calx mutants all undergo light-dependent retinal degeneration (Stark et al.,
1989; Wang et al., 2005b; Sengupta et al., 2013), care was taken to use young flies (< 2 days old) in
which the retina was intact as judged by the appearance of the deep pseudopupil (DPP). For each of

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

in behaviour was noted, the results were pooled.

Generation of ER-GCaMP6-150 and RGECO1 flies

ER-GCaMP6-150 (cDNA obtained from Dr T Ryan) is a low affinity GCaMP6 variant, which is targeted
to the ER lumen using the N-terminal signal peptide of calreticulin and the C-terminal KDEL retention
motif (de Juan-Sanz et al., 2017). RGECO1 (cDNA from Addgene MA) is a red fluorescent genetically
encoded Ca* indicator with a Kd of 450 nM and a 12-fold dynamic range (Dana et al., 2016), which
we targeted to the microvilli by adding a C-terminal tag consisting of the C-terminal (amino acids
863-1045) of norpA PLC. The constructs were cloned into the pCaSpeR4 vector, which contains a
mini-w” gene as transfection marker and the ninaE (Rh1) promoter that drives expression exclusively
in photoreceptors R1-6. The final constructs (ninaE-ER-GCaMP6-150, abbreviated to ER-150 and
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ninaE-RGECO1-norpACT, referred to as RGECO1) were injected into w~° embryos and transformants

recovered on 2" and 3™ chromosomes. The transgenes were crossed into various genetic



backgrounds, all on a w"* background, as required. Flies used for experiments contained just one
copy of ER-150 or RGECO1 and had a pale orange eye colour from the mini-w” transfection marker,
which was weak enough not to compromise fluorescence measurements from the DPP

To express ER-150 in InsP3R null (itpr) whole eye mosaics: ER-150/Cy,;FRT828B, /(3)itpr9°B‘o/TM6 flies
were crossed to yw;P{w+, ey-Gal4, UAS-FLP}/CyO;P{ry+ FRT82B}P{w+,GMR-hid},3CLR/TM6
(Bloomington stock #5253). Non-Cy and non-TM6 F1 from this cross have itor homozygote null
mosaic eyes (Stowers and Schwarz, 1999; Raghu et al., 2000; Bollepalli et al., 2017) and express ER-

150 in R1-6 photoreceptors.

Generation of white eraser (WE) flies

To remove expression of the mini-w” transfection marker and create white-eyed flies in itpr mutants
used for in vivo DPP measurements and in ER-150 flies used for immuno-staining, we designed a tool
called white eraser (WE). The DNA construct used for creating the WE strain contains: 1) two
homologous DNA fragments corresponding to the mini-w* for HDR (arm 1 corresponds to
nucleotides 1 to 2895 in mini-w", and arm 2 corresponds to nucleotides 2944 to 4136 in mini-w"), 2)
DsRed, which is flanked by the homologous arms and inserts in mini-w" to create mini-w”*, 3) two
copies of two gRNAs targeting the mini-w” marker, expressed under control of the U6 promoter
(targets CCGCAGTCCGATCATCGGATAGG (gRNA1) and CTTCTTCAACTGCCTGGCGCTGG (gRNA2) in the
mini-w" gene), 4) GFP expressed under control of the 3xP3 promoter to distinguish the WE transgene
from the mutated mini-w’, and 5) a transgene encoding Cas9, which is expressed under the control
of the actin5C (Act5C) promoter. To eliminate mini-w” expression, we crossed flies with the mini-w*
marker to the WE flies. The progeny can have either of two types of the mutations in mini-w": mini-
w”F? and mini-w* The mini-w”**” is due to homology directed repair (HDR) using the template in
the WE transgene (Fig. 1). The mini-w* is generated by non-homologous end joining (NHEJ) which

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

probability of mutating the mini-w* was not dependent on the location of the target transgene.



However, the probability of converting mini-w" into mini-w”" is dependent on the distance

between the WE insertion site and the target transgene. If the distance is <4 Mbp, about 16% of
mini-w are converted to mini-w”? and 57% of mini-w" are converted to mini-w*. If the distance is

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

Fluorescence measurements

Fluorescence measurements were made as previously described (e.g. Satoh et al., 2010; Asteriti et
al., 2017) on an inverted Nikon TE300 microscope (Nikon UK) from dissociated ommatidia or in vivo
by imaging the DPP in intact flies immobilized with low melting point wax in plastic pipette tips. For
ER-150 excitation light (470 nm) was delivered from a blue power LED (Cairn Research UK) and
fluorescence observed using 515 nm dichroic and OG515 long-pass filters. RGECO1 fluorescence was
excited and imaged via a white power LED and an RFP filter set. Fluorescent images were sampled
and analyzed using an Orca 4 camera and HCImagelive software (Hamamatsu); but for most
experiments fluorescence of whole ommatidia (via 40x oil objective), or DPP (20x air objective) was
directly measured via a photomultiplier tube (Cairn Research UK), sampled at up to 1 kHz and
analyzed with pCLAMP v.10 software (Molecular Devices, CA). Following each measurement, the
ommatidium/fly was exposed to intense, photo-equilibrating red (2-4 s, 640 nm ultra-bright LED)
illumination to reconvert metarhodopsin (M) to rhodopsin (R), and allowed to dark adapt before the

next measurement.

For 2-pulse experiments, green light was supplied by a “warm-white” power LED (Cairn Research UK)
filtered by a GG 475 filter (resulting A..x 546 nm). The green illumination was calibrated in terms of
effectively absorbed photons by measuring the rate at which it converted M to R

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



Dissociated ommatidia were prepared from newly eclosed flies as previously described (e.g. Reuss et
al., 1997; Katz et al., 2017) and plated in a chamber containing control bath with (in mM): 120 NaCl,
5 KCl, 10 N-Tris-(hydroxymethyl)-methyl-2-amino-ethanesulphonic acid (TES), 4 MgCl,, 1.5 CacCl,, 25
proline and 5 alanine, pH 7.15 (all chemicals from Sigma Aldrich). For Ca** free measurements,
dissociated ommatidia were individually perfused with a Ca’' free solution (0 Ca®*, 1 mM Na,EGTA,
otherwise as above) by a nearby (~20-50 um) puffer pipette and measurements made ~20-45 s after
perfusion onset. For Na* free solutions NaCl was substituted for equimolar N-methyl D-glucamine Cl

(NMDG).

Immunocytochemistry

All immunostaining was performed using whole mounts of newly eclosed or 1-day-old adult eyes. To
test whether a subset of CalX is present in the ER, we used ER-150 as an ER marker. Because pigment
from the mini-w’ transfection marker included in the ER-150 transgene contributes to
autofluorescence, we mutated the mini-w" transgene with the white eraser (WE). We performed
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double staining using anti-CalX and anti-GFP, which recognized ER-150. For CalX staining in w
calx®, we used rabbit anti-CalX (Wang et al., 2005b), and TO-PRO-3 (ThermoFisher, T3605) at a 1:500
dilution was added as a nuclear counterstain during secondary antibody incubation. To conduct the
immunostaining, we fixed whole flies in PBS (9 g/L NaCl, 144 mg/L KH,PO4 and 795 mg/L Na,HPO4,
pH 7.4) plus 4% paraformaldehyde on ice for 2 hrs. After fixation, we dissected out the eyes in PBS +
0.1% Triton X-100, and incubated the samples in blocking buffer (100 mM Tris-HCl pH 7.5, 150 mM
NaCl, 0.1% Triton X-100, 10% normal goat serum) at room temperature for 1 hr. We subsequently
incubated the samples with primary antibodies diluted in blocking buffer at 4°C for two days. After
washing the samples three times in PBS + 0.1% Triton X-100, we incubated the samples with
secondary antibodies at 4°C overnight. We washed the samples three times in PBS + 0.1% Triton X-

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

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



Antibodies for immunostaining

Primary antibodies: 1:500 chicken anti-GFP (ThermoFisher, A10262) to recognize ER-150, 1:200
rabbit anti-Calnexin (Rosenbaum et al., 2006), 1:250 rabbit anti-CalX (Wang et al., 2005b) and 1:500
mouse anti-ATP5A (Abcam, ab14748). Secondary antibodies: 1:200 goat anti-chicken Alexa Fluor 488
(ThermoFisher, A10262), 1:200 goat anti-rabbit Alexa Fluor 568 (ThermoFisher, A11036), anti-mouse
Alexa Fluor 568 (ThermoFisher, A11004) and 1;200 goat anti-rabbit Alexa Fluor 488 (ThermoFisher,

A11008).

Experimental Design and Statistical Analysis

Statistical tests (unpaired 2-tailed t-tests or one-way ANOVA with Tukey’s post-hoc test) were
performed using Graphpad Prism (v5.0). Relevant p values and sample sizes are indicated on figures
or in text. Figures show mean + SEM for each group and also the individual values for each
experiment. For measurements from dissociated ommatidia, we noted that most variability was
between flies rather than between ommatidia from the same fly. Therefore data were collected
from (typically) 3-5 ommatidia per fly and then averaged. Unless otherwise stated each data point
on figure panels from dissociated ommatidia (e.g. Fig. 3C,D) represents the average of ommatidia

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

RESULTS

Monitoring ER Ca** with ER-targeted GCaMP6-150

In order to monitor Ca** levels in ER stores, we targeted a low affinity GCaMP6 variant (Kd 150 pM
Ca’") to the ER using a construct with the N-terminal signal peptide of calreticulin and a C-terminal
KDEL retention motif (de Juan-Sanz et al., 2017). We engineered flies expressing this construct (“ER-

150”) in the major class of R1-6 photoreceptors using the ninaE (Rh1 rhodopsin) promoter. In



fluorescent images of whole-mounts or dissociated ommatidia, extensive “patchy” GCaMP
fluorescence could be seen throughout the R1-6 photoreceptor cell bodies, with particularly
prevalent signal in perinuclear ER (Figs. 2, 3 and 5). To confirm that ER-150 was targeted to the ER,
we performed double labeling using anti-GFP to recognize ER-150, and an antibody against Calnexin,
which localizes to the ER (Schrag et al., 2001; Rosenbaum et al., 2006). As expected, we found that
ER-150 and Calnexin co-localized extensively in R1-6 photoreceptors (Fig. 2A). We also performed
double labeling using the mitochondrial marker ATP5A and found little or no indication of
colocalization with ER-150 (Fig. 2B). Expression of the ER-150 transgene had no discernible effect on
photoreceptor structure at the light microscopic level (e.g. Figs. 2 and 5) or physiology as assessed

by electroretinogram (Fig. 2C,D).

To calibrate the maximum and minimum fluorescence from the ER-150 probe, dissociated
ommatidia were perfused with bath solution supplemented with the Ca** ionophore ionomycin (250
UM, pH 7.25) and 10 mM Ca** (Fig. 2E). This resulted in only a small (~10-20%) increase in
fluorescence above the initial resting value, and even some of this might be attributed to an
expected pH increase (de Juan-Sanz et al., 2017). This implies that resting Ca’* concentration in the
stores was close to saturating levels for ER-150, indicating a resting store Ca®* concentration of at
least ~0.5 mM (Fig. 2G). When ionomycin-treated ommatidia were subsequently exposed to Ca**
free (1 mM EGTA) bath, fluorescence rapidly decayed to very low levels, recovering rapidly on
reperfusion with ionomycin/Ca** containing solution (Fig. 2F). After background correction, the
dynamic range (Fpax/Fmin) Of the probe measured in this way was 46.2 +7.8 fold (mean, SEM, n=4), in

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

ER-150 Ca*" signals from dissociated ommatidia
In response to the blue excitation (a super-saturating stimulus for the photoreceptors), after a short

delay of ~100 ms the initial ER-150 fluorescence in wild-type ommatidia decayed rapidly over ~2

10



seconds to, on average, about 50% of the initial level with an approximately exponential time course
of less than 15 (0.77 £0.13 s, mean * SEM, n = 30 ommatidia from 8 flies). This decay was blocked in

F2%) indicating that the ER Ca”* stores were depleted as a consequence of

null mutants of PLC (norpA
activation of the phototransduction cascade (Fig. 3A,B). High frame rate movies (10-50 Hz) showed
uniform decay of the fluorescence throughout the ommatidium (Fig. 3A, Movie 1), and for

convenience measurements were subsequently made with photomultiplier tube (PMT)

measurements collecting fluorescence imaged from single ommatidia.

There was some variability in the extent (~20-80%) and speed of store depletion (tau 350 -1200 ms)
from fly to fly, with the most extensive rapid depletion occurring in ommatidia from very young flies
(<1 hr post eclosion) reared in room light (Fig. 3B). When fluorescence was tracked over longer time
periods (30 s) there was usually a partial recovery indicating refilling of the stores during maintained
blue excitation. Particularly in those ommatidia in which the stores had undergone more extensive
rapid depletion, this could often be seen to occur in two phases (~5-10s and ~15-30s: Fig. 3B). After
photo-reisomerization of M to R with bright long wavelength light (see methods) and return to the

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

Given that phototransduction in Drosophila is mediated by PLC, the most obvious explanation for
the rapid light-induced store depletion might seem to be release of Ca** from the ER via InsP;
receptors. However, when ER-150 was expressed in null mosaic eye mutants (itpr) of the only InsP;
receptor gene in the Drosophila genome (Raghu et al., 2000), rapid store depletion persisted with
similar time course and extent (Fig. 3B,C). This is perhaps not surprising, because the rise in cytosolic
Ca®* in Drosophila photoreceptors exposed to Ca®* free bath was also found to be unaffected in itpr
mutants (Bollepalli et al., 2017), despite an earlier claim to the contrary (Kohn et al., 2015).
However, just like the cytosolic Ca* rise seen in Ca®" free bath (Asteriti et al., 2017), the rapid light-

induced store depletion was dependent upon external Na*, being severely attenuated in a reversible
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manner when perfused with solutions where Na* was substituted for NMDG". This dependence on
external Na* suggested that the rapid store depletion might be dependent upon Na*/Ca®* exchange.
In support of this, ER-150 fluorescence measured in calx” , a severe loss of function mutant of the
NCX Na*/Ca®" exchanger (Wang et al., 2005b), showed a very similar behaviour to wild-type
ommatidia perfused with Na® free solutions, with the loss of the rapid store depletion signal (Fig.

3B,C).

Nevertheless, despite the loss of rapid store depletion, under both these conditions (Na* substitution
or calx* mutant), there was a much slower decay, which often eventually resulted in levels lower
than in normal bath (mean ~45% of initial F,,,,,). A similar slow phase was also observed in
ommatidia from itpr null mosaic eyes during perfusion with NMDG", although it appeared
significantly less pronounced than in controls (Fig. 3B,D). Whilst the slow phase was only normally
observed in dissociated ommatidia under conditions where Na*/CaZ‘”exchange was blocked, as

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

Ca” release from ER stores under Ca,>* free conditions

From these results it seems likely that the rapid, Na*/Ca”*" exchange dependent depletion of the ER
stores is responsible for the light-induced rise in cytosolic Ca** previously reported in ommatidia
perfused with Ca’* free solutions (Peretz et al., 1994; Hardie, 1996; Cook and Minke, 1999; Kohn et
al., 2015; Asteriti et al., 2017). It was therefore of interest to explore store depletion in ommatidia
under similar Ca,** free conditions. After short-term local perfusion (20-30 s) with Ca** free (1 mM
EGTA) bath solution, a rapid light-induced store depletion signal was still observed reaching similar
low values to those in normal (Ca** containing) bath, but now with a ~2-fold slower time course (Fig.
4A,B), which would be consistent with the slower kinetics of the light-induced current (and hence
Na® influx) in Ca®* free solutions. The time course appeared similar to that of the cytosolic Ca** rise

previously reported in Ca”" free solutions using GCaMP6f (Asteriti et al., 2017). However, to
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compare store depletion and cytosolic Ca®* rise directly, we co-expressed the red fluorescent Ca**
indicator, RGECO1 (Dana et al., 2016) together with ER-150 in the same flies and measured store
depletion and cytosolic Ca** rises under Ca** free conditions in the same ommatidia. After scaling,
the time course of store depletion and cytosolic Ca®* rise overlapped closely, in both cases having a
latency of ~200 ms (Fig 4C). Store depletion was largely complete after ~2-3 s, whilst, as would be
expected in the absence of further release, after peaking after ~2 s, cytosolic Ca** monitored by
RGECO1 then declined to near baseline levels over the following seconds (Fig 4C). Furthermore we
found a strong correlation between the extent of store depletion and the amplitude of the rise in
cytosolic Ca** in the same ommatidia, whilst the speed of depletion (time to 50% depletion) and

cytosolic Ca®* rise were also strongly correlated (Fig 4D,E).

Over a longer time course (30 s), ommatidia perfused with Ca** free solutions showed the first rapid
phase of store refilling, but then levels declined monotonically to levels below those observed in
control bath (Fig. 4F ). To test the sensitivity of ER store Ca’* to external Ca® over yet longer periods,
ommatidia were perfused with Ca* free solution and fluorescence monitored continuously for
several minutes. In wild-type flies, ER-150 fluorescence decayed to low levels (~10% of initial value )
within ~ 3 minutes (t%2 =56 s+ 11.4s, n=4), indicating depletion of the stores to ~ 20-50 uM, and
then recovered quickly (t% =11.4 s +1.5 s, n=4) on return to normal Ca** containing bath (Fig. 4H).
In wild-type flies, such continuous excitation light simultaneously activates the (highly Ca**
permeable) light-sensitive TRP channels; to prevent this, similar measurements were also made in
null PLC mutants (norpA™?). Store Ca® still decayed in Ca** free bath, but now considerably more
slowly (t% = 205 s + 32 s, n = 4). Recovery on return to Ca** containing bath was still rapid, although
slightly slower (t% = 17.5 s £ 1.3 s,n =4) and only partial on the time course of the experiments (Fig.

41).
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The dependence of rapid store depletion on CalX or external Na* would be most simply explained by
Na*/Ca® exchange across the ER membrane in response to Na® influx via the light-sensitive channels.
However, NCX exchangers like CalX are generally assumed to operate only at the plasma membrane.
An alternative suggestion might be that the dependence on Na*/Ca**exchange was due to some
inhibitory effect(s) of the increase in cytosolic [Ca**], which ensues as a result of failure of the
Na*/Ca* exchanger to extrude Ca* across the plasma membrane. If this were the case, one would
predict that store depletion would no longer be blocked in ommatidia perfused with solutions
lacking Ca** as well as Na*. However, once again, rapid store depletion was essentially blocked with
perfusion by such 0Ca / ONa solutions, and even the slower phase of decay was less pronounced
than in the presence of external Ca** (Fig. 4G). This leaves direct Na*/Ca**exchange across the ER
membrane as the only obvious explanation for the rapid store depletion, and, given their similar
time course, we propose that this accounts for the rise in cytosolic Ca** observed in Ca®* free

solutions.

Immunolocalization of CalX

Previously CalX has been reported to immunolocalize to the microvillar membrane of the
rhabdomeres (Wang et al., 2005b; Halty-deLeon et al., 2018). However, if the rapid store depletion is
mediated by Na*/Ca®* exchange across the ER membrane, then obviously we predict that the CalX
exchanger should also be present here. We therefore re-examined CalX immunolocalization using a
mutant allele (calx®), which expresses very low levels of CalX (Wang et al., 2005b; Chen et al., 2015)
as a negative control for background signal. As previously reported, anti-CalX immunostaining in
control flies (w''*¥) was predominantly observed in the microvillar membrane of the rhabdomeres
(Wang et al., 2005b) of both newly eclosed (Fig. 5A, B) and 1-day old flies (Fig. 5E). In addition, there
was less-pronounced, but nevertheless distinct staining on intracellular membranes (Fig. 5). We co-

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

intracellular signals were absent in calx® mutants confirming specificity of the antibody (Fig. SE).

To test whether the intracellular CalX staining localized to the ER, we exploited ER-150 as an ER
marker, using anti-GFP to recognize ER-150. In order to eliminate screening pigment
autofluorescence from w’ expression in the ER-150 transgene, we created a tool called the white
eraser (WE), which is a transgene that supplies Cas9 and guide RNAs to mutate mini-w’ through
Cas9-mediated HDR or NHEJ (Fig. 1; see Materials and Methods). After mutating the mini-w’
associated with the ER-150 transgene with WE, we performed double labeling using anti-CalX and
anti-GFP. The most prominent anti-GFP (ER-150) staining was again in the perinuclear region, which
is a major site for the ER (Fig. 5C and D) and overall, we found that the intracellular CalX staining
largely co-localized with ER-150, supporting the proposal that CalX is present throughout the ER (Fig.

5C and D).

Monitoring ER Ca** stores in vivo

In order to obtain healthy cells, dissociated ommatidia need to be prepared from newly eclosed flies
within ~2-3 hours of eclosion (e.g. Reuss et al., 1997; Katz et al., 2017). To monitor store [Ca*]in
vivo from mature adult flies, we measured ER-150 fluorescence from the deep pseudopupil (DPP) of
completely intact flies using a low power (20x) air objective (e.g. Satoh et al., 2010; Asteriti et al.,
2017). Although the rhabdomere patterns themselves appeared dark in the fluorescent DPP, a
diffuse halo of fluorescence emanating from the ER-150 probe generates a large and easily
measureable signal in response to the blue excitation (Fig. 6A).

Whilst showing similarities to responses observed in dissociated ommatidia, there were also notable
differences. Although the fluorescence showed an initial rapid decay with a similar time course to
that observed in ommatidia (tau 0.81 £ 0.17 s n = 14), the fluorescence now decayed by only ~10%

(9.1 £0.8%, n=14) cf ~20-80% in dissociated ommatidia (compare Figs. 3 and 6). This fast phase was
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again largely eliminated in calx* mutants but not in itpr null mosaic eyes, supporting its identification
as Na*/Ca”" exchange dependent extrusion from the ER stores. The marked difference in the extent
of rapid depletion compared to measurements made in dissociated ommatidia appeared largely to
reflect the age of the flies, because DPP measurement made from intact, newly eclosed flies (< 2
hours) showed much more pronounced (20-50% ) rapid depletion and an overall time course more

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

Despite the smaller extent of rapid store depletion in intact adult flies, over longer time courses (30
s) there was a second, delayed decay phase with a roughly exponential time constant of 5-10s ( 7.0
+ 0.9 s, n =14), which resulted in depletion to levels, on average ~ 50% of initial F,., — (range ~20% -
80%). This second phase appeared broadly similar in time course and extent to the slow phase seen
in dissociated ommatidia from calx" mutants or after removal of external Na*. A similar slow phase,
albeit further delayed, was also still present in DPP measurements from calx* mutants, and the final
level of depletion reached after 30-60 s continuous blue excitation in calx® was similar or lower than
in wild-type (Fig. 6 A,D). The slow phase of depletion was also still detected in in vivo measurements
of itpr mosaic eyes (after mutating the associated mini-w" transgene using the white eraser tool).
Although on average this appeared to be slightly delayed compared to controls (Fig. 6A), this was
not significant, indicating that, like the rapid phase, the slow depletion of ER in the photoreceptors

. . 2
does not require InsPs-induced Ca“" release from stores.

After maximal depletion was reached (typically ~ 50% after 30-60s), and following M to R photo-
reisomerization, fluorescence was re-measured after varying times in the dark. Full recovery of the
initial level was obtained after 100-200 s with an exponential time course of ~40-50s — similar to the
slower phase of recovery measured in dissociated ommatidia (Fig. 6E,F). Although the rapid refilling

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

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

Over-expression of the Na*/Ca® exchanger accelerates store depletion

As an additional test for the involvement of Na*/Ca”** exchange in store depletion, we over-expressed
the CalX exchanger using the ninaE promoter. Previously we showed that this resulted in a 5-8 fold
increase in Na*/Ca®* exchange activity across the plasma membrane (Wang et al., 2005b) and also
greatly enhanced the light-induced rise in cytosolic Ca**, which can be detected in the absence of
bath Ca** (Asteriti et al., 2017). In flies (pCalX) over-expressing the CalX exchanger, the depletion of
ER stores was also dramatically enhanced and accelerated (Fig. 7A). Thus, after a brief delay (~75 ms)
ER-150 fluorescence in vivo (from the DPP) decayed rapidly to ~25% of the initial level within ~ 1
sec, with an exponential time constant of 194 + 9 ms (n = 10), which is ~4x faster than in a wild-type
background. In the maintained presence of blue excitation the stores then rapidly refilled (tau ~5s),
probably representing further equilibration of the Na*/Ca** exchanger as Na* levels subsided
following the peak-plateau transition of the response to light and extrusion of Na* by Na*/K*-ATPase.

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

Intensity dependence of store depletion

The blue excitation used for monitoring ER-150 fluorescence is a super-saturating stimulus for the
photoreceptors. In order to measure store depletion in response to physiologically relevant levels of
illumination in vivo, we used two-pulse protocols, first stimulating the eye with calibrated green light
(Amax 546 nm) of different intensities and then measuring the instantaneous fluorescence.
Measurements were made using both 4 s pre-illumination in order to measure the intensity
dependence of the rapid component of depletion, and also with 30 s pre-illumination to include

both fast and slow components (Fig. 8). As would be expected from the responses to saturating blue
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illumination, 4 s pre-illumination resulted in maximally only ~10% depletion, whilst 30 s pre-
illumination induced up to ~40% depletion. The intensity dependences of both components were
broadly similar. With relatively modest intensities up to ~30000 effectively absorbed photons per
photoreceptor per second (equivalent to ~1 photon per microvillus per sec) there was actually a
small (2-5%) but significant increase in fluorescence following both long (30 s) pre-illumination,
indicative of Ca** uptake by the stores; however, at higher intensities, the stores became
progressively depleted with 50% maximum achievable depletion obtained with ~300000
photons/sec. For reference, full daylight intensities correspond to ~ 500000
photons/photoreceptor/sec (Juusola et al., 2017), so that substantial depletion can be expected be
occurring in the physiological range. The steady-state reached after 30 s was primarily the result of
the slow phase of store depletion mediated by a Na*/Ca®* exchange independent mechanism, and

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

We also measured the intensity dependence of store depletion in vivo in pCalX flies over-expressing
the Na*/Ca* exchanger (Fig. 8C,D). When tested immediately after brief (2 s) pre-adapting flashes,
the stores were profoundly depleted in pCalx flies by intensities >100x dimmer than those required
to deplete stores in wild-type backgrounds. However, when determined using long (30 s) pre-
adapting steps of light the stores had clearly refilled during the maintained illumination, and now
showed similar intensity dependence to wild-type flies. This suggests that in the short term Na*/Ca**
exchange results in release of Ca®* from the stores due to the initial surge of Na* influx during the

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

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

Lack of substantial store depletion in trp mutants
TRP (“transient receptor potential “) ion channels are so-called because the electrical response to

maintained light from photoreceptors in trp mutants is transient, decaying to baseline within

18



seconds (Cosens and Manning, 1969; Minke et al., 1975). For many years it was thought that this
decay reflected depletion of ER Ca®* stores due the lack of influx via the Ca®* permeable TRP
channels (Minke and Selinger, 1991; Hardie and Minke, 1993; Cook and Minke, 1999). However, an
alternative explanation was later proposed when it was found that the decay of the light response
was associated with the near total depletion of PIP, in the microvillar membrane, explained by the
failure of Ca** dependent negative feedback to inactivate PLC (Hardie et al., 2001). But whether ER
Ca’* stores are depleted in trp mutants had never been directly investigated. To address this, we

expressed ER-150 in a trp**

null mutant background. Both in vivo (DPP) and in dissociated
ommatidia, we found that ER Ca®* was actually very resistant to depletion in trp®>*’ mutants (Fig. 9). A
small (~5-10%) rapid depletion was still observed but with a ~2-fold slower time course than that in
wild-type controls. There was however no sign of the subsequent slow depletion, and the low levels
routinely observed in a wild-type background were never approached. The residual rapid depletion
was presumably still mediated by Na*/Ca”* exchange as it was largely abolished with Na* substitution
by NMDG in dissociated ommatidia (Fig. 9A,C). The lack of substantial store depletion in trp mutants
might suggest that CalX expression on the ER membrane was reduced in trp mutants; however, anti-

*3 mutants

CalX immunostaining of the photoreceptor ER was similar in wild-type controls and trp
(Fig. 9E,F). A more likely explanation is simply the much reduced net inward current (and hence Na*

influx) in response to light in trp mutants.

Discussion

Drosophila phototransduction has long been an influential model for phosphoinositide and Ca**
signalling, but despite much speculation virtually no information is available on the function and
roles of ER Ca”" stores. In the present study we measured ER Ca®* levels using a low affinity GCaMP6
variant targeted to the photoreceptor ER lumen, where it generated bright fluorescence throughout

the ER network. The probe (ER-GCaMP6-150), originally developed and expressed in mammalian
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neurons (de Juan-Sanz et al., 2017), has a 45-fold dynamic range, which we confirmed in situ, and
allows measurements of ER luminal [Ca®'] with excellent signal to noise ratio. Not only could we
monitor ER Ca?* levels in dissociated ommatidia, it was also straightforward to make in vivo
measurements from the eyes of completely intact flies. Our results demonstrate rapid light-induced,
PLC dependent depletion of the ER Ca®* stores, which refilled in the dark over a time course of 100-

200ss.

Strikingly our results indicate that the rapid light-induced store depletion was mediated by Na*/Ca®*
exchange. Drosophila CalX belongs to the NCX family of Na*/Ca** exchangers (Schwarz and Benzer,
1997), which are generally considered to act only at the plasma membrane (Blaustein and Lederer,
1999). Although Drosophila CalX clearly does function at the plasma membrane (e.g. Wang et al.,
2005b), our results now provide compelling evidence that it also operates across the ER membrane.
To our knowledge NCX activity has not previously been reported on the ER; however, Na*/Ca®*
exchange on internal membranes is not without precedent: for example NCX has been reported on
the inner nuclear membrane providing a route for Ca** transfer between nucleoplasm and the
nuclear envelope and hence ultimately the ER network with which it is continuous (Wu et al., 2009).
In addition a dedicated mitochondrial Na*/Ca** exchanger (NCLX) plays important roles in uptake and

release of mitochondrial Ca** (Palty and Sekler, 2012).

The time course of the Na*/Ca** dependent rapid store depletion in Ca®* free solutions appeared
very similar to the rise in cytosolic Ca®* reported from dissociated ommatidia in Ca** free bath, the
source of which has been a subject of debate for over 20 years (Hardie, 1996; Cook and Minke,
1999). It had recently been claimed that this “Ca’* free rise” was due to InsP;-mediated release from
ER Ca®* stores (Kohn et al., 2015); however, we found that it was unaffected in null mutants of the
InsP3R (Asteriti et al., 2017; Bollepalli et al., 2017). Instead, we found that the Ca* free cytosolic rise

was dependent upon Na*/Ca®* exchange (Asteriti et al., 2017), but it was difficult to understand how
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this could be mediated by a plasma membrane exchanger when extracellular Ca®* was buffered with
EGTA to low nanomolar levels. Our demonstration of rapid Na*/Ca*" dependent release of Ca** from
ER with a very similar time course (Fig. 4C) now provides an obvious mechanism for this Ca** free rise
and seems finally to have resolved this long-standing enigma. Interestingly the Na*/Ca®* dependent
rapid store depletion signal was most pronounced in very young flies around the time of eclosion, as
always used in dissociated ommatidia preparations used for Ca®* imaging. Also of note, we found
that trp mutants were very resistant to depletion, both in vivo and in dissociated ommatidia. This
argues strongly and directly against the hypothesis that the trp decay phenotype reflects depletion

of the ER Ca®* stores (Minke and Selinger, 1991; Cook and Minke, 1999).

Although up to ~80% rapid store depletion could be observed in newly eclosed adults, even in one
day old flies the rapid store depletion signal in vivo was much reduced (to ~10%). However, a much
slower depletion was observed in mature adults in vivo, and in dissociated ommatidia after Na*/Ca*
exchange was blocked. The origin of this slow phase depletion remains uncertain: in dissociated
ommatidia from young flies this slower depletion was ~50% attenuated, but not blocked in null
InsPsR mutants (itpr), whilst in vivo measurements of the slow depletion phase in adult itpr mutants
appeared similar to wild-type. This suggests that although Ca®* release via InsP; receptors may
contribute to the slow depletion in young flies, some other mechanism(s), such as Ca’* release via

ryanodine receptors, is largely responsible.

Physiological roles

Our evidence strongly suggests a novel role for NCX exchangers in mediating Na'/Ca®* exchange
across the ER membrane, but its physiological significance is unclear. Although rapid store depletion
was routinely observed under our experimental conditions, the Ca** released into the cytosol from
the ER seems unlikely to play a direct role in phototransduction. Firstly, it has a latency of ~100 ms

(cf ~10 ms for the light-induced current), and secondly it will in any case be swamped by the much
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more rapid Ca®* influx via the light-sensitive channels. Thus measurements of cytosolic Ca** in 0 Ca**
bath indicated a rise to only ~200-300 nM, which compares with much faster rises in the high
micromolar range due to direct Ca" influx via the light-sensitive TRP channels (Hardie, 1996;
Oberwinkler and Stavenga, 2000; Asteriti et al., 2017). One possible role for an ER Na*/Ca®*
exchanger would be that it normally operates as a Ca®* uptake mechanism; only briefly giving Ca**
extrusion (and store depletion) following the extreme, and unnatural conditions of many of our
experiments — namely, the sudden onset of bright illumination from a dark-adapted state, which
results in a massive transient surge of Na* influx. Rapid Ca®* uptake (store refilling), presumably via
re-equilibration of the exchanger as the initial Na* level subsided during the peak-to-plateau
transition, was in fact routinely observed during maintained blue illumination (e.g. Figs. 3,6,7).
Furthermore, it is perhaps significant, that despite lacking the rapid depletion phase, the final level
of store Ca”* (i.e. after 30 s illumination) in calx* mutants was if anything lower than that in wild-
type backgrounds, even though the cytosolic Ca** levels experienced in calx* mutants are much
higher because of the failure to extrude Ca”" across the plasma membrane (Wang et al., 2005b).
Although store depletion seems unlikely to contribute to activation of the phototransduction
cascade, we cannot exclude the possibility that it may play some role in long term light adaptation.
Maintenance of ER Ca®" levels is also important for many other cellular functions including protein
folding and maturation, where Ca”" is a cofactor for optimal chaperone activity (Carreras-Sureda et
al., 2018). With conspicuously high cytosolic Ca®* levels in the presence of light, photoreceptors face
unusual homeostatic challenges and Na*/Ca** exchange across the ER may provide an important
additional mechanism. In principle the balance between forward and reverse Na*/Ca** exchange
(i.e. uptake vs release) by an ER Na*/Ca** exchanger will depend upon the Na* gradient across the ER
membrane and whether this is actively regulated. To our knowledge there is no information on ER
Na® levels; although luminal Na® in the nuclear envelope (which is continuous with the ER) has been
reported to be concentrated (84 mM) in nuclei from hepatocytes by Na/K-ATPase expressed on

nuclear membranes (Garner, 2002). Finally, we cannot exclude the possibility that Na*/Ca*" exchange
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across the ER might play only a minor physiological role, but is an unavoidable consequence of the
presence of functional CalX protein in ER membranes during protein synthesis and targeting. At
least this may account for the enhanced depletion signal measured around the time of eclosion
when there may be a rapid final phase of protein synthesis for the developing rhabdomere (Hardie

et al.,, 1993).

Conclusion

Our results provide unique insight into ER Ca®* stores in Drosophila photoreceptors. The ER-GCaMP6-
150 probe lights up an extensive ER network and indicates a high luminal Ca®* concentration
probably in excess of 0.5 mM. Our results reveal a rapid, and uniform light-induced depletion of the
ER stores mediated by the CalX Na*/Ca** exchanger expressed on the ER membrane. The resulting
extrusion of Ca®* into the cytosol can readily account for the rise in cytosolic Ca** observed in
dissociated ommatidia in Ca®* free solutions (Hardie, 1996; Cook and Minke, 1999; Kohn et al., 2015;
Asteriti et al., 2017), thus resolving this decades old mystery. In addition to the rapid depletion, we
also resolved a much slower depletion that appears to be independent of Na*/Ca®* exchange and
also largely independent of InsPs-induced Ca”* release. The physiological significance of the ER
Na*/Ca®" exchange activity remains uncertain. It is perhaps more likely that it serves as a low affinity
Ca’* uptake mechanism supplementing the SERCA pump, and that rapid depletion is only seen
during unnatural abrupt bright stimulation from dark-adapted backgrounds leading to massive Na*
influx and reverse exchange. Ultimately, in order to resolve the physiological significance of Na‘/Ca®*
exchange across the ER membrane it will probably be necessary to selectively disrupt Na*/Ca**
exchange on the ER without affecting the exchanger on the plasma membrane, which is known to
play very important roles in Ca®* homeostasis in the photoreceptors with direct consequences for

channel activation and adaptation (Wang et al., 2005b).
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Figure 1. Creation of white-eraser (WE) to mutate mini-w” transgenes. Genetic introduction of the WE insertion with a
mini-w" transgene leads to mutation of the mini-w" either through HDR or NHEJ. The WE encodes two copies of two guide
RNAs (gRNA1 and gRNA2) expressed under control of the U6 promoter, and Cas9 expressed under control of the actin5C
promoter. This can lead to HDR due to the two homology arms corresponding to the mini-w" transgene (blue dashed lines).
If HDR takes place, DsRed, which is expressed under control of the 3xP3 promoter, is inserted in the mini-w”, thereby
creating the mini-w" e, Alternatively, if NHEJ takes place, a mutation is introduced in the mini-w", creating mini-w*. The
3xP3-GFP is a negative marker to distinguish the mutated transgene from WE
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Figure 2. Expression and calibration of ER-150.
A, Optical sections of ommatidia from newly-eclosed flies expressing ER-150 co-labelled with anti-GFP (to recognize ER-
150, green) and anti-Calnexin (independent ER marker, magenta) show extensive co-localization (note that ER-150 - under
control of the ninaE promoter- is expressed only in R1-6 photoreceptor cells, but Calnexin is also expressed in R7 and R8
cells). Top: longitudinal view; scale bar: 10pum. Below: transverse view; scale bar: 5 pm. B, Similar optical sections co-
labelled with anti-GFP (ER-150, green) and a mitochondrial marker anti-ATP5a (magenta) indicate little or no co-
localization. C, Electroretinogram (ERG) responses to 1s flashes of increasing intensity in ER-150 files and wild-type control
( 1“8) D, response intensity (V/log |) functions from maintained negative component of the ERG (average of final 100 ms
of responses before the off transient; mean + SEM n=6 flies). E, Fluorescence measured from a dissociated wild-type
ommatidium expressing ER-150. Following the rapid decay (store depletion) and partial recovery induced by the onset of
the blue excitation light (see also Fig. 3B), the ommatidium was perfused with bath solution containing 250 uM ionomycin,
10 mM CaCl, (25 mM TES, pH 7.25). Fluorescence first decayed briefly before rapidly increasing slightly beyond the initial
dark adapted F, (dotted line). F, In an ommatidium already exposed to 250 uM ionomycin, subsequent perfusion with 0
> (1mM EGTA) solution rapidly reduced fluorescence to near zero (zero level, dotted line, indicated by brief breaks in
the blue excitation), recovering rapidly on reperfusion with Caz+/ionomycin containing solution. G, Theoretical calibration
curve for ER-150 assuming a dynamic range of 45, Kd 150 uM and Hill coefficient of 1.6 (de Juan-Sanz et al., 2017).
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Figure 3. Measuring ER luminal Ca” levels in dissociated ommatidia

A, Normalized fluorescence from wild-type ommatidium expressing ER-150: after a brief ~100 ms delay, store ca® rapidly
declined in response to the saturating blue excitation. Right: images from Movie 1 (20 Hz) at onset of blue (t = 0) and after
2's; 2s image also shown after adjusting auto-exposure to facilitate comparison with t = 0 image. Scale bar 10 um. B, ER-
150 fluorescence from dissociated ommatidia on a longer time scale (averaged traces from 14-30 ommatidia from 3-8 flies
per trace). Wild-type shows rapid depletion followed by partial refilling with two distinct phases during the maintained
blue excitation; in very young flies (<1 hr post eclosion) depletion was more extensive. Rapid depletion, indistinguishable
from wild-type was seen in ommatidia from null InsP3R mosaic eyes (itpr). Rapid depletion was blocked In the same
ommatidia perfused with Na* free solution (130 NMDG" substituted for Na*), leaving a much slower, but ultimately more
profound depletion. Similar behaviour was seen in mutants of the Na+/Ca2+ exchanger (ca/xA) in normal bath. This slow
phase of store depletion was less pronounced in itpr mutants. In norpAP24 there was no depletion beyond a slight decay
due to bleaching. € & D, Statistics: mean + SEM from traces as in B, each point derived from the average trace (3-8
ommatidia) from one fly. G, minimum values (normalised to F,,,) reached during rapid depletion phase (2 - 4 s); itpr
mutants were not significantly different from wild-type (p = 0.33, 2-tailed t-test), but rapid depletion was largely blocked
after NMDG substitution and in calx” flies. D, Slow depletion (values reached after 30 s) was slightly more pronounced in
calx* mutants than wild-type; whilst after NMDG substitution, itpr mutants showed less slow depletion than wild-type (2-
tailed t-tests). E, Refilling of store ca® following depletion: repeated ER-150 fluorescence traces from one ommatidium
after different times in the dark (2 s - 65 s) following initial depletion (first, dark-adapted trace, in red) and reisomerization
of M to R by red illumination. F, Averaged time course of store refilling from such measurements (mean + SEM, n = 8
ommatidia) showing recovery in two phases.

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

ER-150. The blue excitation light serves also as stimulus and induces rapid epletion of the ER Ca stores. Total duration of
movie is 2 seconds.
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Figure 4. ER store depletion in dissociated ommatidia in Ca*" free solutions.

A, Normalized ER-150 fluorescence in response to blue excitation control bath and in the same ommatidia perfused for
~30 s with Ca”" free bath (0 Ca®*, 1mM EGTA). Average traces from 5 ommatidia in 3 otherwise wild-type flies. Inset (right)
expanded scale to show increase in latency (arrows). B, Time constants (tau) of rapid depletion from exponential fits to
decay. C, Store depletion (ER-150 fluorescence, blue trace, expressed as F/F,.,) and cytosolic ca* (RGECOL1 fluorescence,
green trace expressed as AF/F,;) measured from the same ommatidia (average of 17 ommatidia from 5 otherwise wild-type
flies). Stippled green trace: RGECO1 data replotted after inverting and rescaling to compare time courses. D, Peak RGECO1
AF/F,values (cytosolic Caz+) from these ommatidia showed correlated with the extent of store depletion (ER-150 Fpin/Fmax
values) in the same ommatidium. E, Time to 50% depletion (t;,; ER-150) in these ommatidia also correlated with the t;/, for
the rise in cytosolic Ca®. F, Store depletion (ER-150 fluorescence): averaged from 10 ommatidia from 2 wild-type flies in
control bath and during 0 ca® perfusion, monitored over 30 s. G, Store depletion (ER-150 fluorescence) measured from
wild-type ommatidia over 30s in control bath, and same ommatidia during perfusion with 0 Na (130NMDG, 1.5 Ca, 4 Mg; n
= 8) and 0Ca/ONa (130NMDG, 0Ca 1mM EGTA, 4 Mg; n=3). H, ER-150 fluorescence (normalised to fluorescence at time
zero) measured continuously during perfusion with 0 Ca” (ImM EGTA) in a wild-type background; the ER stores depleted
almost completely within ~ 3 minutes and then rapidly refilled on re-exposure to normal ca® containing bath. I, During 0
Ca perfusion in a PLC null (norpAm) background, store Ca”" declined more slowly, recovering partially on reperfusion with
Ca®* containing bath.
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CalX + TO-PRO-3

Figure 5. ER localization of CalX.

A, B, Optical sections of ommatidia from newly eclosed w'* flies co-stained with anti-CalX (green) and TO-PRO-3 (blue),
which counterstains nuclei. Anti-CalX staining is observed in the rhabdomeres of R1-6 and to lesser extent R7 (small central
rhabdomere). In addition, weaker, but clear staining was observed in the cell bodies including the perinuclear ER
membrane (yellow arrows). A, Longitudinal view. B, Transverse view. C-D, Optical sections of single ommatidium from
newly eclosed flies expressing ER-150 were co-stained with anti-GFP (ER-150 as ER marker, green) and anti-CalX (magenta).
C, Longitudinal view. D, Transverse view. Merged images show extensive co-localization in the cell body. Yellow arrows
indicate perinuclear (ER) staining. E, Anti-CalX (green) and TO-PRO-3 staining controls for antibody specificity in 1 day old
flies. Anti-CalX staining is absent in both rhabdomere and cell body in the severe hypomorphic mutant calx®. Scale bars: 10
pm in Aand C, and 5um in B, D and E.
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Figure 6. Monitoring ER store [Caz+] in vivo from ER-150 fluorescence in the deep pseudopupil.

A, ER-150 fluorescence traces from DPP (image right, scale bar 10 um) in intact 1-5 days old adult flies in wild-type (mean
of traces from n = 17 flies), calx’ (n=11), itpr mosaic eyes (n =12), norpAP24 (n=6) and also very young (<2 hr) wild-type
flies (n = 6). An initial rapid ~10% depletion, was suppressed in calx”, but not in itpr mutants. A second slow phase of
depletion was still present (albeit delayed) in cale, whilst in norpAP24 there was no store depletion. B, Rapid depletion
from DPP of a single wild-type fly on faster time scale: fluorescence sampled at 500 Hz and averaged from 34 repeated
episodes of blue excitation (with 4 s bright red illumination to reisomerize M to R and 60 s dark adaptation between each
episode). Inset (right) on a faster time base. The kinetics, including a ~100 ms delay, were similar to those recorded from
dissociated ommatidia (cf Figs. 3 & 4). Red curve - exponential fit to the decay (t = 590 ms). C &D, Statistics (mean + SEM;
each data point from a different fly) from traces as in A. C, Minimum value reached during rapid depletion phases (2-4s);
cal" mutants showed less depletion but itpr mutants were not significantly different from wild-type (1-way ANOVA with
Tukey’s post-test). D, Minimum value reached after 30-60 s; neither itpr nor calx mutants differed significantly from wild-
type (1-way ANOVA, Tukey’s post test), but young (<2hr) wild-type flies now showed less long-term depletion (2-tailed t-
test with respect to older wild-type). E, ER-150 fluorescence traces from a wild-type fly: red trace initial dark-adapted trace,
subsequent traces measured after 30, 60 and 200 s dark recovery. F, normalized store refilling time course (mean * SEM
n=10 flies, red curve, 1 exp fit, tau = 43.7s) from such traces.
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Figure 7. CalX overexpression accelerates and enhances rapid store depletion (in vivo DPP).

A, ER-150 fluorescence measured in vivo from the DPP in intact flies in wild-type and in flies overexpressing the NaJ'/Ca2+
exchanger (pCalX). Rapid depletion was massively enhanced in pCalx flies. Following the initial rapid depletion, ER stores in
pCalx flies showed rapid refilling over 10-20s during the maintained blue excitation. B, Traces in pCalX on faster time scale
(Y-axis scale same as A): red, initially dark adapted and then after 30-100s in the dark. C&D, time course of store refilling in
pCalX compared to wild-type: after an initial rapid phase (D, pCalx data replotted on faster time course), the slower phase
of ER store refilling had a similar time course in wild-type, calx and pCalx flies. However, the fast phase was enhanced in
pCalX.
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Figure 8. Intensity dependence of store depletion in vivo measured from DPP

Flies were pre-illuminated with green light (540 nm) of various intensities for either 2, 4 or 30s and store Ca®* measured
from ER-150 fluorescence immediately afterwards. A, ER-150 fluorescence traces from wild-type fly with 30 s green pre-
illumination. Blue trace shows initial dark-adapted fluorescence traces (no green pre-illumination). B, intensity dependence
of depletion derived from such traces after both 4 s pre-illumination (i.e. monitoring the rapid, Calx dependent store
depletion) and after 30 s (predominantly non-CalX dependent depletion); intensity expressed in effectively absorbed
photons per microvillus per second. Note there was significant store depletion under intensities equivalent to bright
daylight (dotted arrow): but at relatively dim intensities there was a slight filling of stores above the dark-adapted levels. C,
Traces from fly overexpressing CalX (pCalX) with 2 s green pre-illumination. D, intensity dependence of rapid depletion
from such traces was sensitized by several orders of magnitude in pCalx (pCalX 2s); but after 30 s pre-illumination (which
allows for rapid refilling phase — see Fig. 7) pCalX flies appeared as resistant to depletion as wild-type. calX mutants
showed behaviour broadly similar to wild-type for long (30s) pre-illumination protocols.
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Figure 9. trp mutants are resistant to store depletion

A, ER-150 fluorescence in dissociated ommatidia from wild-type (data from Fig. 3) and null trp343 mutants (average trace, n
= 6 ommatidia, 3 flies). Only ~ 10% rapid depletion was detected in trp. This was likely still due primarily to Na‘*/ca*
exchange as it was largely prevented by perfusion with NMDG" substituted for Na® (trp NMDG). B, Similarly, store
depletion measured in vivo (from DPP) in trp mutants (n = 6) was much less pronounced than in wild-type flies. Wild-type
data replotted from Fig. 6). C, Minimum ER-150 fluorescence values reached in trp343 mutants were much less (p < 0.0001
on two-tailed t-tests) than in wild-type (wt); but NMDG perfusion still suppressed depletion further. In vivo DPP values are
minimum values reached over 30 s; values from dissociated ommatidia are from rapid depletion phase only (4-10 s). D,
Time constant of rapid depletion phase from dissociated ommatidia (single exponential fits) was ~2-fold slower in trp“
mutants. E, Longitudinal optical sections of ommatidia stained for anti-Calx in trp343 and wild-type control (wlm). Scale bar
10 um. F, transverse optical sections; yellow arrows, perinuclear ER; white arrows (R), rhabdomere. Scale bar 5 um.
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