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ABSTRACT Phototransduction in Drosophila occurs
through inositol lipid signaling that results in Ca?>* mobilization.
In this system, we investigate the hitherto unknown physiological
roles of calmodulin (CaM) in light adaptation and in regulation
of the inward current that is brought about by depletion of
cellular Ca* stores. To see the effects of a decreased Ca—CaM
content in photoreceptor cells, we used several methods. Trans-
genic Drosophila P[ninaCAP] flies, which have CaM-deficient
photoreceptors, were studied. The peptide inhibitor M5, which
binds to Ca—CaM and prevents its action, was applied. A
Ca?*-free medium, which prevents Ca?>* influx and thereby
diminishes the generation of Ca—CaM, was used. The decrease in
the Ca—CaM level caused the following effects. (i) Fluorescence
of Ca?* indicator revealed an enhanced light-induced Ca?*
release from internal stores. (ii) Measurements of the light-
induced current in P[ninaCA®] cells showed a reduced light
adaptation. (iii) Internal dialysis of M5 initially enhanced exci-
tation and subsequently disrupted the light-induced current. (iv)
An inward dark current appeared after depletion of the Ca**
stores with ryanodine and caffeine. Importantly, application of
Ca—-CaM into the photoreceptor cells prevented all of the above
effects. We propose that negative feedback of Ca—~CaM on Ca**
release from ryanodine-sensitive stores mediates light adapta-
tion, is essential for light excitation, and keeps the store-operated
inward current under a tight control.

Drosophila phototransduction is a phosphoinositide-mediated
and Ca?*-regulated signaling system, readily accessible to a
combination of genetic and physiological dissection in vivo (for
reviews, see ref. 1-5). A major unresolved issue is the role and
regulation of the internal Ca?* stores in Drosophila photo-
transduction. It is generally agreed that light adaptation in
Drosophila is mediated by an increase in cellular Ca?* (6-8);
however, both the site and the mechanism of action of Ca2™" in
light adaptation are still unknown.

Genetic studies in Drosophila photoreceptors have unequiv-
ocally demonstrated that phospholipase C is required for light
excitation (9, 10). However, an excitatory action of Ca?* could
not be demonstrated in isolated Drosophila ommatidia sub-
jected to photolysis of caged Ca?* (11). Likewise, fluorimetric
measurements using Ca?* indicators failed to detect light-
induced release of Ca’?* from intracellular stores (12-14).
Several investigators have, therefore, argued that it is unlikely
that Ca?" release from intracellular stores is involved in visual
excitation of Drosophila (refs. 13 and 14, but see also ref. 15).

In muscle, neurons, and many types of cells, including insect
photoreceptors (16, 17), the endoplasmic reticulum has both
receptors for D-myo-inositol 1,4,5-trisphosphate and another
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Ca?* release channel, the ryanodine receptor (17-20). The
ryanodine receptor responds to an increase in cellular Ca?* by
Ca?*-induced Ca’* release, a mechanism that appears to be
tightly regulated by Ca—calmodulin (Ca—CaM,; ref. 21 and 22).
The Drosophila ryanodine receptor shows 45-47% homology
with the amino acid sequence of the mammalian ryanodine
receptors, including the preserved CaM binding sites (16). The
visual mutant designated neither inactivation nor afterpoten-
tial C (ninaC; ref. 23) encodes two photoreceptor cell-specific
unconventional myosins, p132 and p174, consisting of fused
protein kinase and myosin head domains (24). The NINAC
proteins have been found to be the major CaM binding
proteins in Drosophila photoreceptors (25). In the transgenic
flies, P[ninaCA5], the CaM binding domains of NINAC have
been deleted, resulting in a dramatic reduction of the CaM
content in the photoreceptor cells (25, 26). CaM binding
domains have also been demonstrated in the putative channel
proteins of Drosophila, TRPL (27) and TRP (28), but their
physiological function is unknown (for review, see ref. 5).

In the present study, the effects of Ca—CaM on light adaptation,
light- and chemically induced Ca* release from internal stores,
and the resulting inward current were examined using whole-cell
patch-clamp and fluorimetric recordings from Drosophila pho-
toreceptor cells. We find that negative regulation of Ca—CaM on
Ca?* release from ryanodine-sensitive stores is essential for light
excitation and light adaptation, and for keeping the store-
operated current (Isoc) under a tight control.

MATERIALS AND METHODS

Fly Stocks. White-eyed Drosophila melanogaster of the Oregon-
R-strain (wild type; WT), white-eyed P[ninaC*?] transgenic flies,
and a white-eyed null allele of the rhodopsin Rhl mutant
ninaE° K84 were used for the experiments as indicated.

Preparation. Dissociated ommatidia were prepared from
newly emerged flies (<4 h after eclosion) and whole-cell,
patch-clamp recordings were performed in isolated ommatidia
as described (6, 12). Recordings were made at 21°C with use
of patch pipettes with a resistance of 5-10 M(). Series resis-
tance was carefully compensated (~80%) during all the ex-
periments (6). Signals were amplified using an Axopatch-1D
(Axon Instruments, Foster City, CA) patch-clamp amplifier,
sampled at 5 kHz, and filtered below 2 kHz through a 4-pole
Bessel filter. For fluorescence measurements, data were sam-
pled at either 300 Hz (see Fig. 2) or 30 Hz (see Fig. 5) and
analyzed using a Codas waveform scrolling card (DATAQ,
Akron, OH).

Solution. The bath solution contained 120 mM NaCl, 5 mM
KCl, 10 mM TES buffer [N-Tris-(hydroxymethyl)-methyl-2-
amino-ethanesulfonic acid, pH 7.15], 4 mM MgSOy, and 1.5 mM

Abbreviations: CaM, calmodulin, [Ca?*];, intracellular Ca®* concentra-
tion; NINAG, neither inactivation nor afterpotential protein; Isoc, store-
operated current; LIC, light-induced current; EGTA, ethylene glycol
bis(B-aminoethyl ether)-N,N,N', N'-tetraacetic acid; BAPTA, 1,2-bis(2-
aminophenoxy)ethane-N,N,N’, N'-tetraacetic acid; WT, wild type.
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CaCl, (except when Ca?"-free medium was used as indicated).
The whole-cell recording pipette contained 100 mM potassium
gluconate, 10 mM TES (pH 7.15), 2 mM MgSOj4, 4 mM MgATP,
and 0.4 mM Na,GTP. For measurements of I-V curves, an
internal solution, which blocked K* channels, containing 100 mM
CsCl, 15 mM tetraethylammonium chloride, 2 mM MgSO,, 10
mM TES buffer (pH 7.15), 4 mM MgATP, 0.4 mM Na,GTP, and
30 mM sucrose, was added to the external solution. The chemicals
caffeine, heparin, and CaM were obtained from Sigma and
ryanodine from Alamone Laboratories (Jerusalem). For bath
application of the chemicals, the external solution was replaced
during 1 min through a perfusion system at a rate of eight
chambers per minute.

Fluorescent Measurements. The Ca?" indicator used in this
study was fluo-3 (100 uM, pentapotassium salt, Molecular
Probes). The optical setup and photon counting were only slightly
modified from the previously described setup (12). A Zeiss
Axiovert 35 inverted microscope with a Fluar X40 objective (n.a.
= 1.3) was used. Two light sources illuminated the preparation.
A high-intensity Xenon source (XBO, 150 W) was used to
provide epi-illumination for measuring Ca-indicator fluorescence
and provided intense stimulation of the photoreceptors. A tung-
sten (12-V, 100-W halogen lamp, in conjunction with Schott RG
630 red edge filter or OG 590 orange edge filters and 2 KG3 heat
filters) transillumination light provided illumination for viewing
the preparation (the red filter) and for stimulation of the pho-
toreceptors (the orange filter) in all the experiments (except
where otherwise indicated). The effective intensity of the orange
light stimulus was 2 log units below the saturating intensity of the
light-induced current (LIC). The maximal light intensity of the
transillumination light was attenuated by 1 log unit (except where
otherwise indicated).

RESULTS

Ca—-CaM Restores the Photoresponse Following Disruption
by Ryanodine or Caffeine. Caffeine is known to bring about the
release of Ca?>* from internal stores (17), whereas treatment
with ryanodine either blocks (17) or leads to a release of Ca?*
from ryanodine-sensitive stores, depending on the experimen-
tal conditions (17, 18, 29-31).

To test the possible existence of ryanodine-sensitive stores in
Drosophila, isolated ommatidia were perfused with caffeine (10
mM) or ryanodine (4 uM) 1 min after formation of whole-cell
recordings. Throughout the experiments, a light pulse was applied
every 1 min. The first response to light was recorded before drug
application (Fig. 1 4 and B, Control). Fig. 1 A and B (second
traces) shows that bath application of caffeine or ryanodine
initially eliminated the sustained response to prolonged illumi-
nation. This effect was followed by total collapse of the photo-
response upon additional light stimuli (Fig. 1 A and B, third
traces). Similar disruption of the photoresponse was obtained by
inclusion of ryanodine or caffeine in the recording pipette (n =
4). The photoresponse was also disrupted when photoreceptors
were internally dialyzed with heparin (Fig. 1C), a known blocker
of the D-myo-inositol 1,4,5-trisphosphate receptor in photorecep-
tors (32). To demonstrate the essential role of Ca—CaM in light
excitation, the LIC was first disrupted by prolonged (12-40 min)
bath application of ryanodine or caffeine. Subsequently, the LIC
was completely restored (in other cells of the same retina) by
application of Ca—CaM through the recording pipette (5 uM
CaM plus 10 uM Ca®*, Fig. 1 B and C, fourth traces). Application
of free CaM (40 uM, n = 5), free Ca?* (10 uM, n = 5), or Ca?*
buffers [0.4 mM ethylene glycol bis(B-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA) or 40 uM 1,2-bis(2-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid (BAPTA),
n = 5] did not rescue the LIC. In some experiments, the time
course of the Ca—-CaM-induced recovery from the effect of
ryanodine or caffeine was measured and found to be <1 min (n =
5). Ca—CaM did not rescue the LIC after heparin treatment (Fig.
1C, fourth trace). These results clearly show that illumination
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FiG. 1. Chemically induced disruption of the photoresponse in WT
cells and its rescue by Ca—CaM. Inward currents are shown in response
to orange (OG-590 Schott) light pulses [horizontal bars above the traces
(logI = —1,A and C; log I = —2, B] at holding potentials of —60 mV.
All the experiments were carried out at normal Ringer’s solution. The
time from formation of the whole-cell recordings is indicated. Cells were
incubated in a ryanodine- or caffeine-containing solution for 12—-40 min.
Control photoresponses were recorded before drugs application. Follow-
ing the disruption of the LIC, internal dialysis with Ca—CaM (5 uM CaM
plus 10 uM Ca?*, in other cells of the same retina) rescued the LIC in the
ryanodine- or caffeine-treated cells (4 and B, fourth trace). Disruption of
the LIC was defined as a reduction, to less then 1%, of the geometrical
average of the ratios between the peak LIC 10-12 min after drug
application and the peak LIC before drug application. A restored LIC was
obtained when this ratio was not statistically different from control LIC
of 100% (Student’s ¢ test, P > 0.05). The control result was obtain by the
same experimental procedure but without application of the chemicals.
Throughout the experiments n = 4-7 in each experiment. (4 and B)
Perfusion of cells with Ringer’s solution containing caffeine (4, 10 mM
in 0.1% dimethyl sulfoxide) or ryanodine (B, 4 uM in 0.1% dimethyl
sulfoxide). Application of 0.1% dimethyl sulfoxide to the bath for 1 h had
virtually no effect on the LIC (n = 4). (C) Heparin sulfate (10 mg/ml) was
applied through the whole-cell recording pipette. The first trace shows a
normal LIC recorded 1 min after formation of whole-cell recordings,
before heparin had any significant effect. Internal dialysis with Ca—CaM
(5 uM CaM plus 10 uM Ca?™) together with heparin did not rescue the
LIC (fourth trace, recorded from another cell of the same retina).

combined with ryanodine, caffeine, or heparin abolishes the LIC
and that Ca—CaM restored the LIC of ryanodine- and caffeine-
treated (but not of heparin-treated) cells.

Light Excitation Depends on Regulation by Ca—CaM. Because
we assume that the light-induced Ca?* influx increases the
Ca—CaM levels of Drosophila photoreceptors, we sought to
prevent this increase by removing external Ca*. In the presence
of extracellular Ca?*, the LIC rapidly decreases to a plateau level
during light (Fig. 1, first traces), whereas in the absence of
extracellular Ca?", this decrease does not occur (Fig. 24, first
trace). An alternative and more specific protocol to decrease the
Ca—CaM level in the cell is to apply M5, a known specific inhibitor
of Ca—CaM (33, 34). Fig. 24 (second trace) shows that inclusion
of M5 (40 uM) in the whole-cell recording pipette during
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FiG. 2. Reduction of cellular Ca—CaM by M5 enhances, temporarily,
both the LIC and Ca®* release from internal stores and subsequently
suppresses the photoresponse. M5 facilitated and then blocked the LIC
of WT flies (4) bathed in Ca?"-free medium or P[ninaC25] cells bathed
in normal Ringer’s solution (B). The control LIC was measured in
Ca?*-free Ringer solution (no Ca?* buffers added) ~10 min before M5
was applied to another cell of the same retina (first trace). Application of
40 uM MS5 into the pipette enhanced and slowed the LIC. The LIC was
abolished 5 min after M5 application (third trace, same cell). The orange
light pulses were attenuated by 1 log unit. (C and D) A reduction in
cellular Ca—-CaM by M5 enabled detection of light-induced release of
Ca?* from internal stores. Simultaneous recordings of LIC (second
traces) and the fluorescence of the Ca?* indicator fluo-3 (100 uM, upper
traces) measured in Ca?"-free medium (0.2 mM EGTA) in P[ninaC*5]
cells. The fluorescence data were sampled at 300 samples per second, and
the background fluorescence was subtracted. The onset of maximal
intensity Xenon light (indicated by a photocell current, bottom trace)
elicited a LIC and excited the fluorescent dye. Because the LIC lagged
behind the indicator fluorescence, the first two to four data points
represent the resting [Ca?*]; (F, thin line). The fluorescence increment
above F reflects the rise in [Ca*]; (AF). AF/F is used to compare the rise
in [Ca2*]; between cells. (C) Control. (D) M5 (100 uM) was present in
the recording pipette (same retina). (E) A histogram summarizing the
results of A and B. The relative peak amplitudes of the LIC of WT and
the P[ninaC*P] cells, before and after the effect of M5 are compared. The
peak LIC 2 min after application of M5 was divided by the peak of the
LIC of the same cell 30 s after the formation of whole-cell recordings,
before M5 had any significant effect. The geometrical average of the
ratios is presented in the bar graphs. Control histograms are presented in
a similar manner. The error bars are the SEM (n = 4-8). The averaged
ratios are statistically different from each other (P < 0.001).

perfusion with Ca?*-free medium enhanced the amplitude (Fig.
2E) and slowed down the light response. The facilitation of the
LIC by M5 in Ca®*-free medium, however, was transient, and
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long (>3 min) applications of M5 in Ca?"-free medium sup-
pressed and then completely eliminated the LIC (Fig. 24, third
trace). The disruption of the LIC was accompanied by production
of an inward current in the dark (see below). At normal (1.5 mM)
external Ca?", M5 had virtually no effect on the LIC (n = 5),
apparently due to the presence of excessive amounts of endog-
enous CaM (25) and production of Ca-CaM upon Ca?* influx.
Thus, under these conditions generation of endogenous Ca—CaM
was probably in excess of the maximal amount of M5 (100 uM)
that we used. A more direct evaluation of the effect of M5 on the
waveform of the LIC was made possible using transgenic Dro-
sophila flies, P[ninaC*P], in which the endogenous level of CaM
in the photoreceptors is markedly reduced (25). Application of
MS5 to P[ninaC*P] cells bathed in Ca?*-containing solution, had
effects similar to application of M5 into WT photoreceptors
bathed in Ca?>"-free solution (Fig. 2 4 and B, second traces). In
P[ninaC*P] flies, dialysis of the cells with M5 initially enhanced
the LIC, producing a “square-like” large photoresponse (Fig. 2 B,
second trace, and E) but subsequently caused a total elimination
of the photoresponse (Fig. 2B, third trace). This enhancement
and subsequent suppression of the LIC by M5 was eliminated by
dialysis of the cells with M5 together with Ca—CaM (Fig. 34, third
trace; see below). These results clearly demonstrate that endog-
enous Ca-CaM is essential for light excitation.

Ca-CaM Inhibits Ca?* Release from Internal Stores and
Regulates Light Adaptation. To examine if M5 causes an exces-
sive release of Ca?* from internal stores, simultaneous measure-
ments of the LIC and fluorescence of Ca?* indicator (fluo-3)
were conducted in mutant photoreceptors, P[ninaC*8), bathed in
Ca?"-free medium (including 0.2 mM EGTA). To estimate the
release of Ca?* from intracellular stores, the ratio AF/F was
calculated (F is the average fluorescence level reflecting the
resting intracellular concentration of Ca?*, [Ca?*];, and AF is the
average peak increase in fluorescence reflecting the increase in
[Ca?*];). In agreement with previous studies on WT flies (12-14),
the photoreceptors of P[ninaC*B] flies, bathed in Ca?"-free

P[ninac28]
Control Ca-CaM Ca-CaM + M5
\ﬁﬁ
M - -
B : B
4 - WT Plninac*t]

Transient/Plateau

Ca-CaM Ca-CaM
+ M5

FIG. 3. Inhibition of Ca~CaM by M5 in P[ninaC»5] cells reduces the
transient to plateau ratio of the LIC. (4) Ca—CaM (40 uM CaM and 80
puM Ca?*) protected the LIC from disruption by M5 (40 uM M5) in
P[ninaC*P] photoreceptors in normal Ca?>* medium (third trace). Ca—
CaM alone lowered the plateau phase (second trace) relative to control
(first trace). LM, light monitor. (B) The transient to plateau ratios of the
LIC in P[rinaC25] cells depends on regulation by Ca—CaM. The peak
transients of the LICs were divided by the corresponding plateau values
measured 500 ms after light onset (orange light, attenuated by 1 log unit).
Geometrical averages of the ratios are presented for each experimental
condition as indicated. The recording pipette contained 40 uM CaM and
80 uM Ca?* (Ca—CaM), or 40 uM M5, 40 uM CaM, and 80 uM Ca?*+
(MS5 plus Ca-CaM). The averaged ratios are statistically different from
each other (P < 0.001). Four to eight cells were used.
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medium, failed to show light-induced increase in [Ca®*]; above
the resting [Ca®*]; (AF/F = 0.00, n = 4, Fig. 2C). However,
internal dialysis for 2 min with M5 (100 uM, same retina) caused
a significant increase of [Ca?"]; in response to light (AF/F =
0.61 = 0.02, n = 4, Fig. 2D). The LIC, which accompanied the
fluo-3 fluorescence during dialysis with M5, was larger and faster
than the LIC that was recorded without M5. Similar results were
described for WT cells, bathed in Ca’?*-free medium during
dialysis with M5 (15). The results of Fig. 2 thus suggest that
Ca—CaM regulates light-induced Ca?* release from internal
stores.

The decrease of the LIC from transient to plateau is a typical
manifestation of light adaptation (35). Fig. 3 shows that the LIC
in P[ninaC*%] flies is characterized by a smaller ratio between the
peak transient and plateau phases than WT flies (Figs. 1 and 3)
as previously found for ninaC flies (36). However, the basis for
this phenotype has not been studied. We found that application
of Ca-CaM without M5 decreased the plateau level of the
P[ninaC*P] response and increased the peak transient to plateau
ratio, thus, making the LIC of the transgenic flies more similar to
that of WT (Fig. 3). Furthermore, dialysis of the cells with M5
together with Ca—CaM had the opposite effect to that of Ca-CaM
alone because it made the response more “square-like” and
reduced the transient to plateau ratio (Fig. 3). Accordingly, the
difference in the waveforms of the LIC between WT (Fig. 1, first
traces) and P[ninaC*B] (Figs. 2 and 3) appears to result from a
reduced CaM level in the transgenic flies. This low CaM level may
reduce light adaptation by decreasing the inhibitory effect of
Ca—CaM on Ca?" release from internal stores.

To support the above notion, the intensity-response function
of P[ninaC*B] cells, which were internally dialyzed with Ca-
CaM, was compared with that curve of untreated cells (Fig. 4).
A significant shift of the curve to a range of more intense lights
was observed in photoreceptors dialyzed with Ca—CaM, indi-
cating that addition of Ca—CaM confers light adaptation
properties to the mutant photoreceptors. In WT photorecep-

100 -
80 | /
S
o /
E 60 | no Ca-CaM / 10 pM Ca-CaM
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‘l>> 40
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Fic. 4. Application of Ca—CaM into P[ninaC*®] cells shifts the
intensity-response function to stronger lights. Normalized peak LIC of
cells bathed in normal medium is plotted against increasing intensities
of 500-ms white flashes with 1-min interval between test pulses
(halogen lamp, which provided transillumination, log I = —2.5 was
equivalent to log I = —1.0 of the orange lights used in the other
figures). The effect of internal dialysis of Ca—CaM (10 uM CaM and
20 pM Ca?*) was measured 2 min after formation of whole-cell
recordings (®, n = 6) and compared with the intensity-response curve
measured before application of Ca—CaM (O, n = 6). All the current
traces were normalized to the averaged peak amplitude of the un-
treated cells in response to maximal intensity white light (the averaged
maximal amplitude was 6.9 nA for untreated cells and 6.8 nA for
treated cells).
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tors, internal dialysis with Ca—CaM had no effect (n = 5),
probably because of the larger amount of endogenous Ca-
CaM (25, 37). The above results thus demonstrate that Ca—
CaM regulates light adaptation.

Ca-CaM Prevents Ca?* Store Depletion and Thereby Inhibits
Production of an Inward Current. To measure changes in cellular
Ca?" solely resulting from store depletion by chemical agents and
not by light activation of the phototransduction cascade, we used
the ninaE°" %84 mutant. The major fraction of photoreceptors of
this mutant do not respond to light because of the absence of a
major opsin, Rhl (38). Therefore, the mutant photoreceptors
that were used did not show light-induced Ca?* release during
excitation of the fluorescent Ca®* indicator. Fig. 54 shows that
bath application of ryanodine plus caffeine to ninaE°“k%# cells
bathed in Ca?*-free solution produced a slow inward current,
referred to as store-operated current (Isoc) and an increase in
fluo-3 fluorescence (Fig. 5G). The increase in fluo-3 fluorescence
was due to release of Ca?* from internal stores because Ca’*
influx was prevented by the Ca?*-free external medium that
included EGTA (0.2 mM, 12). The presence of Ca—CaM in the
recording pipette prevented both the release of Ca?* and the
induction of Isoc, following bath application of ryanodine plus
caffeine (Fig. 5B). Treatment with ryanodine plus caffeine also
caused production of Isoc when cellular Ca?* was maintained at
~200 nM (14) either by 10 mM EGTA and 5 mM Ca?* (Fig. 5
C and G), or by 10 mM BAPTA and 6 mM Ca?" applied through
the pipette (n = 4). This procedure prevented an increase in the
averaged cellular Ca?* (Fig. 5 C and G), suggesting that Isoc is
not caused by an increase of cellular Ca?* per se but rather by
depletion of the Ca?* stores. Control experiments in cells per-
fused with the same Ca?" buffers, but without application of
ryanodine plus caffeine, did not produce Isoc or an increase in
fluo-3 fluorescence within a 15-min time interval (n = 4). Fig. 5D
shows that application of M5 to ninaE“%8% cells bathed in
Ca?"-free medium also resulted in an inward current similar to
Isoc which was accompanied by a small release of Ca?* from
internal stores (Fig. 5G). The slow onset of Isoc from the time of
drug application (Fig. 54) could be due to a strong negative effect
of endogenous Ca-CaM on Ca?* release from internal stores.
This notion was supported by bath application of ryanodine plus
caffeine during dialysis with M5, which shortened the onset time
of Isoc and Ca?" release from >1 min (Fig. 54) to <20 s (Fig.
5E) measured from the time of drugs application. The relatively
small increase in cellular Ca?>* observed in Fig. 5 E and G could
be due to a slow, undetectable release of Ca?>* caused by M5
before ryanodine plus caffeine application. Isoc was also pro-
duced in WT cells, either by bath application of ryanodine plus
caffeine (Fig. SF) or by their application through the recording
pipette. The onset of this current was also relatively slow (n = 5).
To estimate the release of Ca?* from intracellular stores by
ryanodine plus caffeine or M5 under the various conditions in the
ninaE° k%% mutant, the geometrical average of the ratios AF/F
(AF/F) was calculated (Fig. 5G). The results of Fig. 5 suggest that
ryanodine plus caffeine, which release Ca?* and presumably
deplete internal Ca?* stores also induced an inward current
(Isoc) in the dark, whereas application of Ca—CaM prevented
both the release of Ca?* from the internal stores and the
induction of Isoc.

Characteristics of the Store-Operated Current. The light-
sensitive channels of Drosophila frequently undergo spontaneous
uncontrolled activation during prolonged whole-cell recordings,
producing inward current in the dark (39). Depletion of the
internal Ca?* stores by ionomycin mimics this uncontrolled
activation of the light-sensitive channels in the dark (40). This
dark current is characterized by a close to zero reversal potential,
inward and outward rectification, a maximal amplitude in a
divalent free solution, a dose-dependent inactivation by Ca®>* or
Mg?*, and a total block by lanthanum (39, 41, 42).

To test the hypothesis that Isoc is caused by activation of the
light-sensitive channels, we compared the main properties of Isoc
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Fi6. 5. Ryanodine plus caffeine, either alone or with M5, induces
an inward current (Isoc, lower traces) and Ca?* release from internal
stores in ninaE°"*/K84 flies (upper traces). Ca?*-free medium was used
(0.2 mM EGTA). The fluorescence data were sampled at 30 samples
per second and are presented in counts per second. M5, Ca—CaM and
EGTA were included in the recording pipette. A large variability in the
waveform and peak amplitude of Isoc was found in the various
experiments. (4) Application of 4 uM ryanodine plus 10 mM caffeine.
(B) Inclusion of 5 uM CaM plus 10 uM Ca?* in the pipette prevented
the ryanodine plus caffeine-induced current and the increase in
cytosolic Ca?*. Experimental conditions as Fig. A. Only the first 6 min
of the 12-min recordings are shown. (C) Internal dialysis with Ca-
EGTA buffer (5 mM Ca?* and 10 mM EGTA), which buffered the cell
to an ~200 nM Ca?* (14), followed by bath application of ryanodine
plus caffeine prevented the increase in cellular Ca?* but not the
induction of Isoc. (D) Application of M5 produced an inward current
in the dark which was accompanied by an increase in fluo-3 fluores-
cence. Experimental paradigm similar to A except that 100 uM M5 was
applied through the pipette. Formation of whole-cell recordings
started 4 min before the beginning of the trace in D. The inward current
was accompanied by an increase in fluo-3 fluorescence in four cells. In
one cell, the inward current was approximately two times slower and
smaller and no increase in fluorescence was observed. (E) M5 accelerates
the ryanodine plus caffeine-induced current. Experimental paradigm
similar to that of 4 except that 100 uM MS5 was applied through the
recording pipette for 2 min and then ryanodine plus caffeine were applied
to the bath. The inward current was induced within 20 s. (F)) Application
of 4 uM ryanodine plus 10 uM caffeine to WT cells in the dark induced
Isoc (n = 6). Experimental paradigm similar to 4 except that fluo-3 was
not included in the recording pipette and cells were maintained in
darkness during the entire experiment. (G) Quantitative summary of the
fluorescent measurements of ninaE”“/K34 cells (traces in A-E above). To
estimate the release of Ca?* from intracellular stores by ryanodine (rya)
plus caffeine (caf), the geometrical average AF/F was calculated. The bar
graphs show the geometrical average of the AF/F ratios calculated from
different cells (4-6 cells). Control experiments in which the Ca?*-
insensitive dye, fluorescein, was used instead of fluo-3 indicated that the
increase in fluorescence was not due to volume changes.
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to those of the above current. The current-voltage relationship
(I-V curve) was measured from a family of current traces elicited
by voltage steps between —80 mV and plus 100 mV in intervals
of 20 mV. The I-V curves were obtained in WT photoreceptors
2-8 min after induction of Isoc by ryanodine plus caffeine (Fig.
6) when the LIC was already disrupted. The I-} curve of Fig. 6
(external [Ca?*] = 0) shows an inward and outward rectification
that is typical for the I-} curve of the light-activated channels in
cells bathed in Ca?>*-free medium during spontaneous activation
(41, 43). Fig. 6 also shows that at 1.5 mM external [Ca?*], the
inward current was inactivated (41). The reversal potential (Erey),
which was measured from the I-V curve, was ~3 mV (E ., of the
LIC in WT is =17 mV). Inactivation of the chemically induced
current in Ca?>"-free medium was also obtained by increasing
external Mg?* from 4 to 11 mM (n = 4; ref. 42). Application of
La3* blocked Isoc in a manner similar to the La3™ block of the
spontaneously activated current (n = 4; ref. 39). Bath application
of either ryanodine or caffeine may induce inward current in the
dark similar to Isoc, but because of their slow action, the resulting
current could not be reliably separated from the spontaneous
uncontrolled openings of the light-sensitive channels. Our results,
therefore, suggest that the current produced in the dark by
application of ryanodine plus caffeine (Isoc) is similar to the
current produced by the spontaneous uncontrolled activation of
the light-sensitive channels, suggesting that Isoc reflects activa-
tion of the light-sensitive channels following Ca?* store depletion
with ryanodine plus caffeine or M5.

DISCUSSION

Calmodulin Regulation of Ca?* Release from Ryanodine-
Sensitive Stores Is Essential for Light Excitation. The LIC was
rescued by Ca—CaM after ryanodine- or caffeine-induced (but
not heparin-induced) disruption of the light response. This
rescue was prevented by M5 (15), suggesting that functional
ryanodine-sensitive stores are essential for light excitation and
that Ca—CaM specifically antagonized the disruption by ryan-
odine and caffeine (Figs. 1 and 2).

Recent studies in Drosophila have failed to detect light-induced
Ca?" release from internal stores, suggesting that release of Ca?*
from internal stores is not required for visual excitation (13, 14).
Our results suggest that this failure is most likely due to a problem
in signal detection. The small size of these stores in Drosophila
(44, 45) and the negative feedback that is exerted by Ca—CaM on
the release mechanism (Fig. 2C) appear to produce only a small
and local Ca®" release. This release is difficult to detect by the
integral of the Ca?" indicator fluorescence that is measured over
the entire cell (12-14). The suppression of the photoresponse by

0 Ca®* 1.5 mM Ca?*
(nA) 3.5 0 Ca®
1.5 mM Ca?*
-120 120 (mV)
1nA
500 ms
-3.5

F1G. 6. Isoc arises from activation of the light-sensitive channels.
Increasing external [Ca?*] inactivated Isoc in WT photoreceptors.
The I-V curves were measured 2-8 min after Isoc was induced by
ryanodine plus caffeine (4 uM ryanodine and 10 mM caffeine), and
examples of curves from a single cell are presented. The pipette
solution included ions that blocked K* channels. Increasing external
Ca?* inactivated the inward current. Current traces were elicited by
500-ms voltage steps (—80 to +100 mV in intervals of 20 mV) in a cell
bathed in Ca?"-free medium (at a holding potential of —20 mV; 0
Ca?*, O) and 2 min after 1.5 mM Ca?" was added to the bathing
solution (1.5 Ca?*, @, recorded from the same cell). The graphs are the
current-voltage relationships (/-V curves) measured from the peak
amplitudes of the presented currents (right traces, n = 4).
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ryanodine, caffeine, and M5 is most easily explained by assuming
that release of Ca?* from internal stores is required for light
excitation. This release is normally controlled by a negative
feedback through Ca—-CaM. Accordingly, excessive release by the
above agents can lead to a complete depletion of the stores and
disruption of the light response. Increasing the negative control
by application of exogenous Ca—CaM may curb the excessive
release and restore the photoresponse because it prevents ex-
haustion of the Ca?* stores.

Ca-CaM Regulates Light Adaptation. It is well established that
light adaptation of invertebrate photoreceptors is mediated by
Ca?* (6,7, 35). In the present study, we have demonstrated that
Ca?* exerts its action through calmodulin. The action of Ca—~CaM
on light adaptation can be best illustrated in P[rinaC8] photo-
receptors in which Ca-CaM is a limiting factor. Accordingly,
modulation of the transient to plateau ratio of the LIC (Figs. 2
and 3) and the shift of the intensity-response function to intense
lights following application of Ca-CaM (Fig. 4) indicate that
Ca—CaM enhances adaptation, whereas M5 antagonizes this
effect. We, therefore, suggest that the role of Ca?* influx in light
adaptation of Drosophila is to produce Ca-CaM, which then
limits Ca®>" release from internal stores through a negative-
feedback mechanism. Such a process has been previously de-
scribed for skeletal and cardiac muscles (21, 22, 46, 47). Release
of Ca?* from internal stores also creates Ca—-CaM complexes that
inhibit Ca®* release, thereby further contributing to the negative-
feedback mechanism.

Ca-CaM Prevents Store Depletion That Activates the Light-
Sensitive Channels in the Dark. We found that ryanodine plus
caffeine caused release of Ca?* from internal stores and induced
Isoc after a long delay. M5 accelerated the action of ryanodine
plus caffeine, whereas Ca—CaM prevented the induction of Isoc
(Fig. 5). Production of Isoc, by ryanodine plus caffeine, also
occurred when cellular Ca?* was maintained at 200 nM by
Ca?"-EGTA or Ca?*-BAPTA buffers, which prevented the rise
in cellular Ca?* during Isoc. This suggests that the store-depletion
process, and not the average rise in cellular Ca?*, is the mecha-
nism that activates the surface membrane channels. The similarity
between Isoc and the current resulting from a spontaneous
uncontrolled activation of the light-sensitive channels may be due
to an accelerated induction of this current by the chemical agents.
The effect of thapsigargin, the microsomal Ca-ATPase inhibitor
(48), on Drosophila photoreceptors has been previously studied,
but no excitatory effect has been found (ref. 13 but see also refs.
40 and 49). However, coexpression of Drosophila TRP and TRPL
(but not of each one individually) in Xenopus oocytes resulted in
activation of store-operated inward current following Ca?* store
depletion with thapsigargin (49). It is possible that thapsigargin
fails to deplete the Ca?* stores in Drosophila photoreceptors due
to an insufficient leak of Ca?* from the internal stores (13). It
should be noted that the physiological function of the store-
operated inward current as well as the role of Ca—CaM binding
to TRP, TRPL, and possibly other proteins in Drosophila pho-
totransduction require further studies.

CONCLUSIONS

In the present study, the physiological role of Ca—CaM was mainly
examined by measuring the LIC—the last step of the phototrans-
duction cascade. Ca—CaM is known to regulate multiple cellular
processes; therefore, several stages of phototransduction are
probably affected by Ca—CaM. Nevertheless, the simplest hypoth-
esis that explains the results of the present study is that light
releases only a small amount of Ca?>* from the D-myo-inositol
1,4,5-trisphosphate-sensitive stores. The resulting modest rise in
intracellular Ca?* triggers Ca?"-induced Ca?* release (17) from
ryanodine-sensitive stores and this amplifies the light response.
Hence, amplification through Ca?* release from internal stores is
essential for light excitation. The failure of photolyzed, caged
Ca?* to excite the cells (11) further suggests that a rise in cellular
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Ca?* by itself is not sufficient to excite the cells and that store
depletion may also be required for excitation. Ca?>*-induced Ca*
release is a powerful mechanism for amplification, but it can
easily lead to exhaustion of Ca?™ in the stores, as occurs artificially
upon treatment with ryanodine and caffeine. The strong negative
effect of Ca—CaM on Ca>" release is, therefore, an essential safety
mechanism to prevent exhaustion of the Ca* stores and disrup-
tion of the photoresponse. Importantly, Ca—CaM also regulates
light adaptation by negative feedback on Ca’* release. The
present study thus strongly suggests a central role for Ca—CaM in
negative regulation of Ca®* release from the ryanodine-sensitive
stores; Ca—CaM is essential for light excitation, regulates light
adaptation, and keeps the store-operated inward current under a
tight control.
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