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whether CaM regulation of Ca2+ release 
from internal stores is essential for excita- 

Phototransduction in Drosophila occurs through the ubiquitous phosphoinositide-me- tion by light. 
diated signal transduction system. Major unresolved questions in this pathway are the T o  address these questions, we used 
identity and role of the internal calcium stores in light excitation and the mechanism whole-cell voltage-clamp recordings from 
underlying regulation of Ca2+ release from internal stores. Treatment of Drosophila isolated Drosophila o~n~nat id ia  (18) and ap- 
photoreceptors with ryanodine and caffeine disrupted the current induced by light, plied chemical agents that release Ca2+ 
whereas subsequent application of calcium-calmodulin (Ca-CaM) rescued the inacti- from internal stores. Application of ryano- 
vated photoresponse. In calcium-deprived wild-type Drosophila and in calmodulin- dine, caffeine, or both, either to the bath or 
deficient transgenic flies, the current induced by light was disrupted by a specific inhibitor through the recording pipette to Drosophila 
of Ca-CaM. Furthermore, inhibition of Ca-CaM revealed light-induced release of calcium photoreceptors abolished the light-induced 
from intracellular stores. It appears that functional ryanodine-sensitive stores are es- current (LIC) (Fig. 1A)  (19). This abolish- 
sential for the photoresponse. Moreover, calcium release from these stores appears to ment was accelerated by illumination (n = 

be a component of Drosophila phototransduction, and Ca-CaM regulates this process. 8). Control photoreceptors bathed in nor- 
mal solution or in solution that included 
0.1% dimethyl sulfoxide (DMSO) did not 
reveal any disruption of the photoresponse 

I n  muscles, neurons, and various nonexcit- ceptors (13, 14). Ryanodine- and caffeine- (Fig. 1A).  
able cells, the endoplasmic reticulum is the sensitive Ca2+ stores and a Ca2+-induced When inactivated photoreceptors treat- 
main Ca2+ store that releases Ca2+ through Ca2+-release mechanism exist in photore- ed with ryanodine and caffeine were inter- 
the inositol 1,4,5-trisphosphate (InsP,) re- ceptors of the honeybee drone, and caffeine nally dialyzed with Ca-CaM (5 p M  CaM, 
ceptor or the ryanodine receptor (RyR) (1- affects facilitation and adaptation of the 10 pM CaZ+) ,  a normal light response was 
3) .  Ryanodine (1)  and caffeine (2)  release photoreceptor cells (15). Drosophila photo- restored within 1 min (19, 20) (Fig. 1A).  
Ca2+ through the RyR, which is negatively receptors contain abundant amounts of The complete restoration of the LIC by 
regulated by Ca-CaM (2, 4 ,  5) .  The RyR CaM and have a specific protein, NINAC Ca-CaM in ryanodine-treated cells was also 
also responds to an increase in the intracel- (neither inactivation nor afterpotential C ) ,  obtained at a lower dose (0.2 pM)  of Ca- 
lular concentration of Ca2+ ([Ca2+],), that stockpiles large amounts of CaM in the CaM (n  = 4) (21 ) or when the ryanodine 
thereby mediating Ca2+-induced Ca2+ re- cell (16). The  cloned RyR of Drosophila concentration was increased to 100 p M  
lease (1-6). 
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sengers of Drosophila light excitation. How- when light was applied. LM). Light 3 60- 

ever, an excitatory action of Ca2+ on Dro- was attenuated by 1 log unit at hold- $ 40- 
sophila photoreceptors has not been demon- ing potentias of -60 mV. A the ex- $ 20- 
strated (1 1 ), and fluorimetric measurements periments were done in  normal Ring- E 

of [caz+], failed to detect a light-induced er solution except where indicated. 0; 
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These xudies indicated that Cells were incubated in a ryanodine- and caffeine-containing solution (4 
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recording, with pipette solution that included Ca-CaM (5 p,M CaM and 10 Tl(lapsigargin + Ca-CaM p,M CaZL), was divided by the peak LIC of the same cell recorded 10 to 12 I 5 zn 
min later (Ca-CaM 10 s ,  60 s; n = 5 for each treatment). Cells were also LM --, 
treated with bath application of either ryanodine and caffeine, 0.1 % 
DMSO. or normal Ringer solution 1 min after formation of whole-cell s"  1 n A L  I! 
recording without Ca-CaM in the pipette (no Ca-CaM, DMSO, control, 500 ms 

respect~vely), The peak LC 10 to 12 min after application of chemicals 
was divided by the peak LC before application of chemicals in the same cell. Geometrical averages of 
the ratios were used to summarize the data (bar graphs). The current trace above each bar graph shows 
an example of a response to light that was measured at the end of the chemical treatments. (B) (Upper 
trace) Internal dialysis with thapsigargin (1 0 FM in 0.1 % DMSO). (Lower trace) Addition of Ca-CaM (5 p,M 
CaM and 10 pM Ca2+) to the pipette. 
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(n = 4)- The effect of Ca-CaM was com­
pletely abolished by application of M5 (19), 
a specific peptide inhibitor of Ca-CaM 
(22), Inhibition of the microsomal Ca2 +-
dependent adenosine triphosphatase by 
thapsigargin or cyclopiazonic acid (23) ini­
tially reduced the amplitude and subse­
quently eliminated the LIC. This abolish­
ment, however, was not prevented by Ca-
CaM (Fig. IB) (19), suggesting that Ca2 + 

in stores is required for the LIC. Thus, 
Ca-CaM antagonizes the effects of ryano­
dine and caffeine but not thapsigargin. 

We further examined the protective ef­
fect of Ca-CaM using flies in which the 
CaM concentration in the photoreceptors 
was reduced by expression of an altered 
ninaC transgene, P[nmaCAB] (16, 24-26). 
In this transgene, the DNA sequence en­
coding the CaM binding sites of ninaC is 
deleted (16). The LIC of F[ninaCAB] was 
greater during the plateau phase and had a 
slower response termination than that of 
wild-type (WT) flies (n = 7) (27). Both 
caffeine and ryanodine blocked the LIC of 
F[ninaCAB] as in WT cells (19). However, 
compared with cells from WT flies, a much 
larger concentration of Ca-CaM was re­
quired to rescue the blocking effect of caf­

feine in P[ninaCAB] flies (Fig. 2). This result 
is consistent with the reduced amount of 
CaM in P[ninaCAB] flies (16) and suggests 
that in WT photoreceptors endogenous Ca-
CaM may participate in regulation of Ca2 + 

release from internal Ca2 + stores. 
A critical question is whether Ca-CaM 

plays a regulatory role in light excitation 
that can be demonstrated without appli­
cation of ryanodine and caffeine. We di­
minished the effective amount of cellular 
Ca-CaM by reducing either the [Ca2+] i or 
the amount of endogenous CaM. In the 
presence of external Ca2 + , the LIC has an 
initial transient phase followed by a pla­
teau phase of smaller amplitude caused by 
Ca 2 + influx that mediates light adaptation 
(28). When Ca 2 + was removed from the 
external medium, light adaptation was re-
versibly eliminated (Fig. 3A). To further 
reduce the effective concentration of en­
dogenous Ca-CaM, we internally dialyzed 
the cells through the recording pipette 
with M5 and removed Ca 2 + from the ex­
ternal medium. These conditions virtually 
abolished the LIC (19). Partial recovery of 
the photoresponse was obtained when 
Ca 2 + was restored to the external medium 
(Fig. 3B). The blocking effect of M5 in 

Ca2+-free medium was prevented when 
M5 was dialyzed together with Ca-CaM 
but not when M5 was applied together 
with free CaM (Fig. 3, C and D) (19) or 
with Ca 2 + (19). Apparently, removal of 
Ca 2 + from the external medium was re­
quired to make Ca-CaM a limiting factor 
for excitation. At normal concentrations 
of external Ca2 + , the large Ca 2 + influx 
during illumination (12-14) and the en­
suing production of Ca-CaM probably 
override the effect of M5. 

As an alternative method to reduce the 
amount of Ca-CaM in the cells, we used 
P[ninaCAB] flies. Application of M5 into 
the photoreceptors of P[ninaCAB] flies 
largely inhibited the photoresponse within 
4 min and virtually abolished the light 
response within 10 min in the presence of 
1.5 mM external Ca 2 + (Fig. 3E) (19). This 
disruption of the LIC appeared to result 
from blocking of Ca-CaM action because 
addition of Ca-CaM restored the LIC (Fig. 
3F) (19). Application of Ca2+-free CaM 
(Fig. 3G) (19) or Ca 2 + (19) rather than 
Ca-CaM did not reduce the effect of M5. 
We conclude that when Ca-CaM becomes 
the limiting factor in P[ninaCAB] or in 
Ca2+-deprived WT photoreceptors, M5 
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Fig. 2 (left). Concentration of Ca-CaM required to rescue the LIC of 
P[ninaCAB] or WT cells after treatment with caffeine. The LICs of P[ninaCAB] ^ MR + c.a-c.aM * M5 + CaM 
and WT cells were abolished by internal dialysis of caffeine (10 mM, n = 5). 
Ca-CaM (1 jxM) restored the LIC of WT but not of P[ninaCAB] cells (M), 
whereas 10 |JLM CaM and 20 JULM Ca 2 + rescued the LIC of both (19). Data 
presentation and averaging are as in Fig. 1A. Fig. 3 (right). Ca-CaM is 
essential for light excitation. Each set of LIC traces was recorded from the 
same cell (except where indicated otherwise). Chemicals (40 fxM M5, 40 fxM 
CaM plus 80 JULM Ca 2 + , and 40 JJLM free CaM) were applied through the 
recording pipette as indicated. External [Ca2+] is also indicated. (A) The effect 
of removing external Ca 2 + on the waveform of the LIC is shown. (B) M5 
reversibly blocked the LIC of WT flies bathed in Ca2+-free medium. (C) 
Ca-CaM protected the LIC from the blocking effect of M5 in Ca2+-free v ' ' " " J ! _ ^ L ^ ! L _ 1 nAI 
medium. (D) Free CaM without added Ca 2 + did not protect the LIC from the ~S I 
blocking effect of M5. The disruption of the LIC was not due to Ca 2 + buffering j 500 ms 
by CaM because inclusion of 0.4 mM EGTA (n = 4) or 40 JJLM BAPTA (n = 4) f 
without CaM did not abolish the LIC. (E) M5 blocked the LIC of the transgenic 
flies, P[ninaCAB], at normal external [Ca2+ ] . Control responses in (E) and (F) L M 

were recorded from other cells in the same retina without chemicals in the 
pipette. (F) Ca-CaM protected the LIC from the blocking effect of M5 in P[ninaCAB]. (G) Free CaM did not protect the LIC from the blocking effect of M5. 
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Fig. 4. A reduction in functional cellular CaM by M5 enables detec­
tion of light-induced release of Ca 2 + from internal stores. Simulta­
neous recordings of LIC (middle traces) and the fluorescence of the 
Ca 2 + indicator fluo-3 (100 fxM, upper traces) measured in Ca2+-free 
medium in photoreceptors of WT flies. Ca2+-free (0.2 mM EGTA) 
solution was used to prevent influx of Ca 2 + . The fluorescence data 
were sampled at 300 samples per second, and the background 
fluorescence was subtracted. The onset of light (indicated by a 
photocell current, bottom traces) elicited a LIC and excited the 
fluorescent dye. Because the LIC lagged behind the indicator fluo­
rescence, the first two to four data points represent the resting 
[Ca2+]| (F, thin line). The fluorescence increment above F reflects the 
rise in [Ca2+]; (A/=). AF/F is used to compare the rise in [Ca2+]; 
between cells (12). (A) Control. (B) M5 (100 fxM) was included in the 
recording pipette (same retina). Similar results were obtained under 
the same experimental paradigm in P[ninaCAB] cells. 
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inhibits light excitation by further de­
creasing the amount of endogenous Ca-
CaM, resulting in total disruption of the 
photoresponse. 

The disruption of the photoresponse by 
M5 might be explained by assuming that 
release of Ca2 + from internal stores is re­
quired for light excitation and that func­
tional stores require a negative feedback of 
Ca-CaM to prevent their depletion. We 
made simultaneous measurements of LIC 
and Ca2+-indicator (fluo-3) fluorescence in 
photoreceptors bathed in Ca2+-free medi­
um (including 0.2 mM EGTA). To esti­
mate the release of Ca2 + from intracellular 
stores, we calculated the ratio AF/F (F is the 
average fluorescence reflecting the resting 
[Ca2+] i, and AF is the average peak increase 
in fluorescence reflecting the increase in 
[Ca2+]t). Photoreceptors of both WT and 
P[nmaCAB] flies, bathed in Ca2+-free medi­
um, failed to show light-induced increase in 
[Ca2+] i above the resting [Ca2+] i (AF/F = 
0.00, n = 4) (Fig. 4A) (12-14). However, 
photoreceptors that were internally dialyzed 
for 2 min with M5 (100 |JLM, same retina) 
did show_ increased [Ca2+] t in response to 
light (AF/F = 0.79 ± 0.06 in WT and 
0.61 ± 0.02 in P[nmaCAB]; n = 4) (Fig. 4B). 
The LIC in M5-dialyzed cells was larger, 
and reached its maximum about three times 
faster, than that from cells in Ca2+-free 
medium without M5 and then decayed rap­
idly. The time to peak current (from light 
onset) was 232.2 ± 44.0 ms (n = 4) in 
untreated cells and 72.6 ± 26.8 ms (n = 5) 
in M5-treated cells, consistent with the ef­
fect of [Ca2+]{ on the waveform of the LIC 
(28, 29). Thus, inhibition of endogenous 
Ca-CaM results in enhanced Ca2 + release 
from intracellular stores, suggesting that 
Ca-CaM negatively regulates the release 
process. 

The genetic evidence that phospho-
lipase C is required for phototransduction 
in Drosophila (9, 10) and our finding that 
the photoresponse is disrupted both by ry­
anodine and caffeine raise the question as 

to the mechanism by which these two 
Ca2+-release systems interact (3, 6). Re­
lease of Ca2 + by InsP3 could be the trigger 
for amplification and spatial spread of the 
Ca2 + signal by Ca2+-induced Ca2 + release 
through the ryanodine receptor as suggested 
for the honeybee drone (15). Ca-CaM may 
be required to curb the release or to en­
hance uptake of Ca2 + into the internal 
stores during light excitation. 
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