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Summary 

Drosophila phototransduction is a phosphoinositide- 
mediated and Ca*+-regulated signaling cascade ideal for 
the dissection of feedback regulatory mechanisms. To 
study the roles of intracellular Ca2+ ([Caz+]i) in this pro- 
cess, we developed novel techniques for the measure- 
ment of [Ca*+]i in intact photoreceptors. We genetically 
engineered flies that express a UV-specific rhodopsin in 
place of the normal rhodopsin, so that long wavelength 
light can be used to image [Ca*+]i changes while mini- 
mally exciting the photoreceptor cells. We show that 
activation with UV generates [Ca*+l; increases that are 
spatially localized to the rhabdomeres and that are en- 
tirely dependent on the influx of extracellular Ca*+. Ap- 
plication of intracellular Ca*+ chelators of varying affini- 
ties demonstrates that the Ca*+ influx initial1.y generates 
a large-amplitude transient that is crucial for negative 
regulation. Internal Ca*+ stores were revealed by dis- 
charging them with thapsigargin. But, in contrast to pro- 
posals that IP3-sensitive stores mediate phototransduc- 
tion, thapsigargin does not mimic or acutely interfere 
with photoexcitation. Finally, we identify a photorecep- 
tor-specific PKC as essential for normal kinetics of [Ca*+]i 
recovery. 

Introduction 

Intracellular Ca*+ ([Ca’+]i) plays a crucial role as a sec- 
ond messenger in many signaling processes. Ca2+ has 
spatial and temporal dynamics more complex than 
any other known intracellular messenger (reviewed 
by Tsien and Tsien, 1990; Augustine and Neher, 1992a; 
Nowycky and Pinter, 1993). Ca*+ signals are initiated 
not by enzymatic synthesis (or breakdown), as for 
other messengers, but by ion channels that abruptly 
switch from closed to open states. Each open channel 
can admit millions of ions per second from the extra- 
cellular medium or from an organelle’s lumen into 
the cytosol (Tsien and Tsien, 1990). Because very little 
Ca2+ is free in the cytosol of resting cells, the incoming 
flood of Cati raises the concentration by a very large 
factor. In recent years, a number of studies have sug- 
gested that [Ca*+]i gradients displaying specific intra- 
cellular compartmentalization may be the source of 
functionally relevant CaW in modulating different cel- 
lular functions. The molecular mechanisms of Ca2+ 
action are very diverse and include the regulation of 

kinases and phosphatases to control protein phos- 
phorylation, the formation of Ca2+-calmodulin com- 
plexes that regulate the activity of many proteins, and 
direct binding to Cap-sensit ive celllular targets. In 
many cases, Ca *+ binding to specific regulatory sites 
triggers release of additional stored Ca*+, leading to 
regenerative waves and oscillations of Ca*+, which 
have been the subject of much recent interest (Meyer, 
1991). 

Ca2+ signals that occupy large fractions of a cell are 
easily studied with conventional imaging of fluores- 
cent indicators and have been shown to participate 
in a wide variety of relatively slow and delocalized 
responses (see Tsien and Tsien, 1990, and references 
therein). On  the other hand, transients within smaller 
subcellular volumes on the order of a few cubic mi- 
crons are resolvable with the most advanced optical 
techniques and are believed to control cell responses 
in the subsecond to seconds range (Hernandez-Cruz 
et al., 1990). This includes fusion of large dense-cored 
vesicles in neurons and secretory cell!s (Thomas et al., 
1990;Augustine and Neher, 1992a, 1992b), modulation 
of synaptic strength onto dendritic spines (Guthrie 
et al., 1991; Muller and Connor, 1991), chemotaxis 
(Brundage et al., 1993) and steering alf growth cones 
and pseudopodia (Rehder and Kater, 1992; Zheng et 
al., 1994), and initiation of traveling waves in myo- 
cardium (Cheng et al., 1993). The very highest Ca*+ 
levels are reached in microseconds Ior milliseconds 
within tens or a hundred nanometers from the chan- 
nel mouths. These domains are too small to be re- 
solved directly by standard optical imaging of dif- 
fuselydistributed indicators but havebeen postulated 
to control very fast responses, such <as feedback on 
the channels themselves orexocytosis of primary neu- 
rotransmitters from small clear vesicles (Chad and 
Eckert, 1984; Fogelson and Zucker, 1!)85; Simon and 
Llinas, 1985). 

An important requirement forthe dissection of Ca*+ 
action in modulating complex signialing cascades 
would be theavailabilityof a model system that allows 
a combination of molecular genetics, electrophysiol- 
ogy, and direct Ca2+ imaging. Drosophila melanogas- 
ter photoreceptor neurons are an ideal system for the 
study of [Ca*+]i dynamics in signal transduction. First, 
phototransduction, the cellular process by which the 
energy of an absorbed photon is transduced into a 
graded change in the ionic permeabilities of the 
plasma membrane, has been well characterized ge- 
netically (Pak et al., 1970; Smith et al., 1991b; Zuker, 
1992; Ranganathan et al., 1994). Second, excitation and 
regulation of this G  protein-couplecl signaling cas- 
cade can be monitored electrophysiologically with ex- 
quisite temporal resolution (millisecond kinetics; Har- 
die, 1991; Ranganathan et al., 1991). Thiird, [Ca*+Ji plays 
important regulatory roles in this caslcade (reviewed 
by Ranganathan etal., 1994). Several important studies 
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utilizing fluorescent Ca2+ indicators, photoproteins, 
or Ca2+-sensit ive electrodes, have demonstrated light- 
induced changes in [Ca*+]i in photoreceptors (Brown 
and Blinks, 1974; Brown et al., 1977; Nagy and Stieve, 
1983; Payne and Fein, 1987; O ’Day and Gray-Keller, 
1989; Sandler and Kirschfeld, 1991; Levy and Payne, 
1993; Walz et al., 1994). Of the above techniques, fluo- 
rescence imaging should potentially give the highest 
spatial and temporal resolution. Unfortunately, past 
attempts to measure light-induced current and fluo- 
rescence signals simultaneously in vertebrate (Ratto 
et al., 1988) and invertebrate (Peretz et al., 1994) photo- 
receptors have been compromised severely by the 
inability to separate functionally the stimulating light 
from that required for f luorescence excitation. 

Phototransduction in Drosophila is mediated by a 
phospholipase C (PLC) effector molecule (Hotta and 
Benzer, 1970; Pak et al., 1970; Bloomquist et al., 1988); 
l ight-dependent activation of rhodopsin activates a 
heterotrimeric G  protein of the G, family (Lee et al., 
1990) that regulates PLC activity (Scott, Hardy, and 
C. 5. Z., unpublished data). PLC catalyzes the break- 
down of the minor membrane phospholipid phos- 
photidyl inositol4,5-bisphosphate (PIP2) into the well- 
known second messengers inositol 1,4,5-trisphosphate 
(IPs) and diacylglycerol (DAG; reviewed by Berridge, 
1993). The actual signal that gates the light-activated 
membrane channels remains unknown, but proposed 
models have implicated either an IP3-dependent eleva- 
tion in [Ca*+]i owing to release from IP3-sensitive inter- 
nal stores (Ca2+-gating model; Minke and Selinger, 
1991) or an IP3-dependent depletion of internal pool 
Ca2+ (capacitative release model; Hardie and Minke, 
1993). In the latter model, loss of Ca* from internal 
stores is proposed to mediate opening of plasma 
membrane channels through direct protein-protein 
communication between the membrane channels 
and an internal store Ca2+ sensor (Berridge, 1993). 

Although the role of Caz+ in excitation is not clear, 
we and others have shown previously that the light- 
activated channels are highly permeable to Ca2+ and 
that influx of extracellular Ca*+ ([Ca2+],,,) is required 
for mediating sequential positive and negative feed- 
back regulation of phototransduction (Hardie, 1991; 
Ranganathan et al., 1991). These regulatory circuits 
provide fundamental properties to photoreceptors: 
rapid response kinetics (Ranganathan et al., 1991) and 
broad dynamic response range (Hardie et al., 1993). 
TheCa*+-dependent positive regulation is responsible 
for causing rapid onset of the light response and is 
mediated by as yet unknown mechanisms. The Ca2+- 
dependent negative regulation is required for two re- 
lated processes: rapid deactivation of the light re- 
sponse and adaptation (i.e., the mechanism that 
regulates the gain of photoexcitation to prevent re- 
sponse saturation). An electrophysiological screen for 
phototransduction mutants with abnormal light- 
activated current kinetics demonstrated that mutants 
in a photoreceptor cell-specific isoform of protein 
kinase C (eye-PKC; Schaeffer et al., 1989; Smith et al., 

1991a) are specifically defective in all aspects of Ca2+- 
dependent negative regulation (Ranganathan et al., 
1991; Hardie et al., 1993). To study the spatial and tem- 
poral dynamics of [Caz+], in this model G  protein-cou- 
pled signaling cascade, we have now developed a 
preparation of Drosophila photoreceptors suitable 
for simultaneous high resolution Ca*+ imaging and 
electrophysiological analyses. We utilize this prepara- 
tion to characterize the role of light-induced Ca*+ 
changes in intact photoreceptor cells. 

Results and Discussion 

Retuning Photoreceptor Spectral Sensitivity Allows 
Fluorescence Imaging of Caz+ 
Fluorescent indicators that reflect changes in Ca2+ lev- 
els as changes in f luorescence intensity or spectral 
properties have proven to beextremely useful in char- 
acterizing biological signal transduction processes 
(Tsien and Tsien, 1990). However,  a fundamental prob- 
lem that has prevented the use of these agents in 
the measurement of [Ca”]i in photoreceptors is the 
difficulty of using f luorescence techniques in cells 
that are themselves highly sensitive to light. For exam- 
ple, the extremely dense packing of receptor mole- 
cules in photoreceptor cells and the high photosen- 
sitive cross-sectional area of rhodopsin result in a 
quantum catch efficiency of 0.7-0.95 at the spectral 
absorption peakof rhodopsin, and dark-adapted cells 
generate saturating responses with less than 1% pho- 
toconversion of rhodopsin to the active state. In con- 
trast, Ca2+-indicator molecules typically have lower 
quantum efficiencies (0.05-0.5); only 1% or less of all 
the emitted photons are collected and detected, and 
thousandsto mill ionsofdetectioneventsarerequired 
for accurate measurements and high resolution im- 
ages. These difficulties have prevented direct analyses 
of the kinetics of Cap changes in response to activa- 
tion and during deactivation of the phototransduction 
cascade. 

To solve this problem, we reasoned that sufficient 
separation of the excitation spectra of rhodopsin and 
the Ca*+ indicator should allow us to measure indica- 
tor f luorescence with minimal cross-excitation of the 
photoreceptor cell. Figure IA illustrates the action 
spectra of wild-type RI-6 Drosophila photoreceptors 
(Hardie, 1983; Feiler et al., 1988), showing that these 
cells have absorption spectra spanning the long- 
wavelength UV and visible spectra, a range that covers 
the excitation maxima of all currently available Ca2+ 
indicators (Tsien, 1989). To achieve acceptable spec- 
tral separation, we genetically retuned the spectral 
properties of RI-6 cells by generating transgenic ani- 
mals expressing a modified rhodopsin in their RI-6 
photoreceptor cells. These animals now express a 
UV-sensitive rhodopsin transgene (Rh1+4 h,, = 365 
nm; Feiler et al., 1992), in a genetic background car- 
rying a deletion of the rhodopsin gene normally ex- 
pressed in the RI-6 cells (nir~aE/~~; OTousa et al., 1985; 
Zuker et al., 1985). Figure IB displays the action spec- 
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Figure 1. Spectral Properties of RI-6 Photoreceptors Expressing 
Rhl versus Rh3 or Rh4 
(A) Spectral sensitivity of RI-6 photoreceptors from wild-type 
flies expressing Rhl rhodopsin (Feiler et al., 1988,1992; Britt et 
al., 1993). The action spectra (from Feiler et al., 1992) were ob- 
tained from ERG measurements of white-eyed flies using the 
light-clamp technique of Franceschini (1979). The sensitivity of 
the cell is inversely related to light flux at any given wavelength. 
These cells are sensitive to UV as well as visible light, spanning 
the 350-600 nm range. 
(6) Spectral sensitivity recordings from ninaF;P[Rbl+ll] transgenic 
animals from Feiler et al., 1992 (see text for details). The UV light 
used to stimulate these cells was obtained from an argon laser 
providing 351 and 364 nm light. The green light used to excite 
the fluorescence Ca% indicator Ca-orange (Molecular Probes, 
Oregon) was obtained from a HeNe laser tuned to 543.5 nm. 
The Ca-orange dye has excitation maxima at 550 nm and emission 
maxima at approximately 575 nm (Molecular Probes). 

tra of photoreceptors from w;P[W17+4~;ninaFr~~ flies 
(referred to as Rh1+4), demonstrating the dramatic 
shift in their sensitivity, with responses dropping off 
steeply by 440 nm. These cells are otherwise physio- 
logically similar to wild-type photoreceptor cells 
(Feiler et al., 1992). In the studies described below, 
we make use of these photoreceptors in combination 
with Calcium Orange (Ca-orange), a BAPTA-derived 
Ca2+ indicator with an excitation maximum at 554 nm 
and Ko = 328 nM (Molecular Probes, Oregon) to mea- 
sure directly the dynamics of [Ca’+]i during the light 
response. 

light-Dependent Changes in [Ca2+]i Result from 
Extracellular Influx, not ,Internai Release 
To analyze simultaneously, in real time, the light- 

dependent CaZf changes and the eiectrophysiological 
responses to light, we carried out whole-cell patch- 
clamp recordings in dissociated Rhl-i-4 photorecep- 
tors internally dialyzed through the patch pipettewith 
200 uM Ca-orange. To achieve high temporal and spa- 
tial resolution in recording [Ca’+]i, the cells were im- 

aged on a high speed laser scanning confocal micro- 
scope acquiring images at 30 frames per second (30 
Hz sampling rate; see Experimental Procedures) (Tsien 
and Bacskai, 1994).All cellswerefirst tested forthresh- 
old sensitivity (see ,Experimental Procedures) and al- 
lowed to dialyze for 5 min following establishment of 
whole-cell mode, toensureequilibration of intracellu- 
lar indicator concentrations. To compare directly the 
kinetics of [Ca’+]r with the light-induced electrical re- 
sponse, we plotted the average f luorescence intensity 
of the cell together with light-activated1 currents (Vr,,,ld 
= -40 mV). Figures 2A and 28 show that strong pulses 
of 543.5 nm (green) light used to record Caz+ levels 
evoke a small, noisy inward current in E!hl+4 photore- 
ceptors and are associated with a slow Ca*+ rise that 
reaches a plateau typically within 1 s. These small, 
noisy responses are consistent with the extremely 
poor sensitivity of the photoreceptor’s at this wave- 
length (see Figure 1). In contrast, a superimposed 
weak UV flash (33 ms duration) results in a rapidly 
activating and deactivating electrical response associ- 
ated with a rapid rise in [Ca’+]i. The kinetics of the 
UV-induced Ca2+ rise is similar to the rate of current 
activation (Figure 2B), consistent with the idea that a 
fraction of the light-activated current is carried by Ca2+ 
(Ranganathan et al., 1991; Hardie and Minke, 1992). 

The light-dependent elevations of [Ca*]r could re- 
sult from the release of Ca*+ from internal stores, entry 
of extracellular Ca2+, or a combination of the two. To 
study the relative contributions of extracellular and 
internal pool Ca2+, we recorded electrical responses 
and Ca*+ signals in Rhl+4 photoreceptors under vary- 
ing concentrations of [Ca*+],,,. Figure 3A shows that 
photoreceptors recorded in nominally zero [Ca2+lout 
solutions show electrical responses with characteris- 
tic slow kinetics (Ranganathan et al., 7991) but show 
no associated changes in [Ca”]r. Repeated attempts to 
improvethe signal-to-noise ratiowith signal averaging 
over individual acquisitions from multiple cells failed 
to reveal any Ca*+ transient in the absence of external 
Ca2+ (Figure 3B). To prove that these results are not 
dueto artifactual depletion of internal stores resulting 
from incubation in bath solutions lacking Ca*+, we 
recorded from photoreceptors in which we used 
rapid, local solution exchange tovary[Ca2+],,,. Figures 
3C-3E show that the normal rise in [Ca!+]i in response 
to a UV flash with 1.5 mM [Ca2+],,r is instantly abol- 
ished by local perfusion with azero CaZc solution but 
can be restored upon reintroduction of the high Ca2+ 
solution. Rather than an increase, under zero Ca2+ 
conditions, the cells show a light-dependent decrease 
in [Ca’+]i (Figure 3D), possibly owing to lefflux through 
the light-activated channels. Thus, although we can- 
not rule out the possibility that very small Ca2+ 
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changes below the threshold of detection may result 
from internal release (see below), influx of external 
Ca*+ is responsible for all measured light-dependent 
changes in [Ca”]i. 

Role of Internal Ca*+ Stores in Photoexcitation 
The finding that extracellular Ca2+ is required for all 
measurable light-dependent changes in [Ca’+]i is intri- 
guing, since current models for photoexcitation in 
Drosophila propose an obligatory role for IPrmedi- 
ated release of intracellular Caz+ (Minke and Selinger, 
1991; Hardie and Minke, 1993). To test these models, 
we attempted to demonstrate pharmacologically the 
presence of IPs-sensitive internal Caz+ pools in Dro- 
sophila photoreceptors by examining the effect of 
thapsigargin, a drug known to release Ca2+ from IPs- 
sensitive stores. Since the molecular action of thapsi- 
gargin is to inhibit the re-uptake of Caz+ into these 
internal stores and thereby cause irreversible store 
depletion (Thastrup et al., 1990), we should also be 
able to test the requirement of these stores for pho- 
toexcitation. Figure 4A shows that application of 1 PM 
thapsigargin to Rh1+4 photoreceptors results in a 
steady increase of [Ca’+]i over several minutes, dem- 
onstrating that IP3-sensitive stores in fact exist in these 
cells. Similar results were observed in the absence 
of external Ca2+ (data not shown), indicating that the 
sourceof CaF is indeed intracellular. Butthapsigargin 
application did not abolish the light response, even 
after complete depletion of stored Ca* as determined 
by full saturation of the rise in [Cb+]i (Figure 4A). In- 
stead, the rise in [Ca*+]i was associated only with a 
partial desensitization (adaptation) of the electrical re- 
sponse (Figure 4B), likely owing to activation of Ca2+- 

- 

Figure 2. Simultaneous Recording of Average [CaZ+], and Light-Activated Currents during a Light Response 

In this and all following panels, electrical responses are shown in black, and [Ca*li is shown in red. Scale for [Ca?‘], ils shown as a bar 
reporting arbitrary fluorescence units (F. U.). 
(A) Recordings in Rh1+4 photoreceptors demonstrating that the kinetics of [Ca*+li rise follows the kinetics of photoreceptor cell 
activation. Cells were held at a potential of -40 mV and subjected to 5 s of continuous 543.5 nm (green) light to record [Caz+li at 
maximal temporal resolution (30 Hz; this period is demarked by the two short arrows). The long arrow indicates the position of a 33 
ms flash of UV light used to stimulate the photoreceptor cell. All recordings were done in physiological solutions witlh 1.5 mM [Ca2+10,,, 
(see Experimental Procedures). 
(B) The same response as in (A), with an expanded time scale to show details of the light-induced rise in [CaZ+]i. Note that the UV light 
causes adaptation of the maintained green response, consistent with Ca2+-dependent desensitization (Ranganathani et al., 1994). 
(C)A superimposition of light-induced [CaZ”Ji changes in four different cells. All Ca2+ responses were normalized to the peak response. 
The time of the UV flash is marked by the arrow. 
(D) A comparison of the kinetics of light-induced [Ca2+li changes between Rh1+4 and mutants defective in a photoreceptor cell-specific 
PKC (inaC; Rh1+4) (Ranganathan et al., 1991; Smith et al., 1991a). Loss of eye-PKC function leads to severe defects inI [Caz+li recovery. 
Calcium responses are normalized to peak response. Shown are two inaC alleles. 

dependent negative regulatory mechanisms (Brown, 
1986; see below). 

Since “capacitative” influx models in which the 
depletion of Ca*+ from IR-sensitive internal stores is 
transduced into opening of plasma membrane chan- 
nels (Berridge, 1993; Putney and Bird, 1993) have also 
been proposed for mediating excitation (Hardie and 
Minke, 1993), we considered the possibility that thap- 
sigargin-sensitive stores are involved in this process. 
If store depletion is the signal for excitation, pharma- 
cological depletion of the stores should mimic light 
excitation. Figure 4B shows that depletion of internal 
Caz+ by thapsigargin did not itself evoke any change 
in baseline conductance, indicating that these stores 
are unlikely to mediate photoexcitation through such 
a mechanism. 

Average [Ca’+]i Does Not Regulate Recovery 
from Adaptation 
Since changes in [Ca’+]i are known to drive feedback 
regulation of Drosophila phototransduction (re- 
viewed by Ranganathan et al., 1994), it iis possible that 
the dynamics of [Ca”+]i determine the rate of these 
regulatory processes. To investigate this, we com- 
pared the kinetics of the light-dependent Ca*+ 
changes with the kinetics of photoreceptor adapta- 
tion. We measured recovery from adaptation as the 
recovery of sensitivity to 33 ms green test f lashes that 
followed an adapting UV flash (Figure 5A, electrical 
trace). A comparison of the baseline co’nductance be- 
fore and after the UV response shows that this re- 
sponse causes a rapid adaptation of the green light- 
induced current. Figure 5B shows that the kinetics of 
Ca*+ recovery is well correlated with the recovery from 

Figure 3. All Measurable Changes in [Ca*+]i Result from Extracellular Influx, Not Internal Release 

(A) Rh1+4 cells recorded under conditions of zero external Ca* were stimulated with a 33 ms flash of weak UV light at time = 1.3 s 
(arrow). Note the complete lack of detectable rise in [W’]i. The slowed kinetics of the light-activated current is consistent with zero 
[Ca2+lout conditions (Hardie, 1991; Ranganathan et al., 1991). 
(B) Averaged [Ca2+li following UV stimulation in four different cells under zero [Ca*+],.t, further demonstrating the lack of detectable 
light-induced [Caz+li release from intracellular stores. 
(C-E) Rapid local solution exchange to zero [Ca*] OUt reversibly abolishes light-induced rise in [Ca2+li. Under normal physiological 
solutions (C; 1.5 mM [Caz+]&, UV-induced electrophysiological responses are accompanied by a rise in [Ca2+li (also see Figure 2). 
However, local perfusion of zero [Ca?‘] OUf solution (D) using pressure ejection from a large bore pipette eliminates .Ihe light-induced 
rise in [Caz’],. Reintroduction of 1.5 mM [Caz+lout conditions (E) restores the light-dependent change in [Caz+]i. Recordings were made 
at Vho,d = -40 mV. 
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Figure 4. Application of Thapsigargin Causes Ca 2+ Release but Does Not Mimic or Suppress the Light Response 

(A) Thapsigargin (1 PM) was added to the bath at t = 40 s (indicated by the upwards arrow). This application resulted in a steady 
elevation of [Ca*+], indicating the presence of thapsigargin-sensitive stores. However, electrophysiological recordings of current fluxes 
demonstrate no change from baseline conductance resulting from depletion of these stores. 
(B) Shown are electrical responses to green test flashes at t = 45,205, and 265 s, respectively. Although the light responses are reduced 
in amplitude, they are not abolished, even with saturation of the thapsigargin-induced elevation in [Caz+],. Recordings were carried 
out at Vhord = -40 mV, in physiological solutions with 1.5 mM [Ca*&. 
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Figure 5. Kinetics of Recovery of Average 
[Ca*+], Matches Recovery from Adaptation 
(A) Rh1+4 cells were stimulated with a 33 
ms adapting UV flash as described in Ex- 
perimental Procedures. Shown is the Cal+ 
and current traces following termination 
of the light response (arrow). The recovery 
and kinetics of adaptation were monitored 
by giving the cells weak non-adapting 
green test flashes that report photorecep- 
tor sensitivity (see Experimental Proce- 
dures). Shown are the responses to the 
green flashes (33 ms duration) delivered at 
1 s frequency. The same flashes were also 
used to measure [Ca2+li. The recovery of 
photoreceptor sensitivity correlates well 
with the recovery of [Ca*+], to baseline. 
(B) Shown is the average recovery of [Cal], 
in four different cells, reported as a frac- 
tional increaseover preflash levelsand nor- 
malized to peak fluorescence (+ SD). Su- 
perimposed in this graph are the average 
test flash response amplitudes in the same 
cells, expressed as a percentage of the fully 
recovered amplitude (closed circles). This 
analysis demonstrates good correlation of 
the rate of recoveryof photoreceptorsensi- 
tivity and [Ca2+li. Recording conditions 
were as described in Experimental Proce- 
dures. Error bars represent SD. 

time (set) 
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adaptation, suggesting that the kinetics of photore- 
ceptor adaptation might be controlled by the dynam- 
ics of [Caz]i (see also Levy and Fein, 1985; Walz, 1992). 

To test further the possibility that changes in aver- 
age [Cari mediate adaptation, we asked whether ex- 
perimental conditions in which the recovery of [Ca”+]i 
is disrupted lead to defects in photoreceptor adapta- 
tion. To prevent the normal recovery of [Ca”]r, we 
recorded from Rh1+4 photoreceptors in the presence 
of C&and in the absence of external Na+, a manipula- 
tion that abolishes extrusion of [Ca”]r by inhibiting 
the Na+/Ca2+ exchanger (Lagnado and McNaughton, 
1990). In this case, repeated UV stimulation should 
produce step-like increases in average [Ca2+]r. Indeed, 
Figure 6 shows that replacement of all external Na+ 
with Cs+ results in light-induced elevations in [Ca2+]r 
that do not fully return to baseline. Remarkably, 
though each flash of light causes a step-like increase 
in average [Ca*+]r, electrophysiological recordings 
demonstrate that photoreceptor adaptation neverthe- 
less recovers fully after each stimulus (Figure 6, 
boxes). These results demonstrate that there is no 
functional link between average[Ca2+]rand adaptation 
recovery mechanisms and highlight the fundamental 
distinction between average Ca2+ levels in the cytosol 
and the modulation of the signaling machinery. In 
contrast, inhibition of [Ca2+]i re-uptake by thapsigar- 
gin causes a maintained adapted state (Figure 4). A 
model that explains these results is that light-depen- 
dent changes in [Ca*+]i relevant for photoreceptor ad- 
aptation occur in a highly localized subcellular com- 
partment whose recovery kinetics depends on local 
diffusion or re-uptake into internal stores. Indeed, we 
demonstrate below that spatially localized transients 
of Ca*+are present in Drosophila photoreceptor cells, 
and they are responsible for mediating negative regu- 
lation of phototransduction. 

l ight-Dependent Caz+ influx Creates Spatially 
Localized Transients 
To define the spatial dynamics of light-induced Ca2+ 
changes, we imaged [Ca2’]i in Rh1+4 photoreceptors 
at the highest practical spatial and temporal resolu- 
tion possible on our confocal microscope and carried 
out repeated trials of weak intensity UV flashes. Sev- 
eral such trials were averaged temporally, and the re- 
sulting images ratioed to a preflash image to reflect 
relative changes in [Ca*+J. Figure 7 shows a series of 
images from such a cell showing a clearly identifiable 
rhabdomere. At the time of the UVflash (t = 0), [Ca*+]i 
is still at preflash levels throughout the cell. Remark- 
ably, the first response to the UV stimulus is seen as 
a highly localized elevation in [Ca’+]r at the junction 
of the rhabdomere and cell body, a finding consistent 
with localization of light-sensitivechannelsatthe base 
of the rhabdomeres. This initial response is followed 
rapidly in the subsequent frames by a generalized 
increase in [Ca*+]i at the rhabdomere, which generates 
a dramatic gradient of Ca* levels within the cell (note 
that Ca2+ levels also rise in the cell body, but to a much 

lesser degree). These findings raise the possibilitythat 
compartmentalization of [Ca’+]r changes may be im- 
portant in photoreceptor function. 

The High Transients of Ca2+ Are Required 
for Regulation of Phototransduction 
What is the functional role in phototransduction of 
these localized transients of [Ca2+J? To demonstrate 
that the Ca2+ influx generates a transient which is es- 
sential for photoreceptor function, we tested the ef- 
fect of different intracellular Ca2+ chelators on the 
light and Ca*+ response. Figures 8C and 8D show that 
intracellular dialysis of Rhl+4cells with 2 mM BAPTA, 
a Ca2+ buffer with a Ko(Ca2+) = 100 r-&I (Tsien, 1980), 
resulted in a nearly complete loss of negative regula- 
tion. This is demonstrated by the presence of large, 
nondeactivating currents in response to even weak, 
brief f lashes of UV light. These maintalined currents 
showed no recovery in the time scale of our experi- 
ments and caused full saturation of the ‘excitation ma- 
chinery,as no further light responsescould beelicited 
from these photoreceptors. As a medium-affinity Ca2+ 
chelator, we chose Trans-5, Ko(Ca2+) = 6.0 PM (Adams 
et al., 1988), a novel compound with close homology 
to BAPTA (only a subtle stereochemica.1 alteration is 
responsible for a 60-fold decrease in Caz+ affinity). Un- 
IiketheAPTRAseriesofchelators, inwhich theBAPTA 
binding site is severely truncated, Trans-5 retains high 
selectivity for Ca*+ over Mg2+. Trans-5 also avoids the 
potential photochemical complications caused by ni- 
tro substituents in chelators such as 5,.nitro-BAPTA. 
Figure8E demonstrates that application of Trans-5 also 
results in the presence of large, nondeactivating cur- 
rents that show no recovery in the time scale of our 
experiments. In contrast, recordings in the presence 
oftheCaz+bufferAnis-1 (Kd(Ca2+)= 1.8 mM; Irving and 
da Silva, 1963) produced responses indistinguishable 
from those of wild-type photoreceptors (compare Fig- 
ures 8A and 8F). Together, these results demonstrate 
that the light-dependent Ca*+ influx generates micro- 
molar range, highly localized transients that are essen- 
tial to drive negative regulation. 

An Eye-Specific Protein Kinase C Is Required 
for Ca*+ Recovery following Activation 
of the Visual Cascade 
Since localized [Ca”+]r drives critical aspects of photo- 
receptor cell regulation, the molecular mechanisms 
that determine the spatial and temporal dynamics of 
cytosolic Ca* are of great interest. We asked whether 
any Drosophila phototransduction mutants known to 
be defective in regulation also have altered Ca2+ recov- 
ery kinetics. In wild-type Rh1+4 photoreceptors, the 
kinetics of [Ca2+]r recovery following a UV flash is far 
slower than the rate of deactivation of the light- 
activated current (Figures ZA and 28). Exponential fits 
to these data showed current deactivation time con- 
stants of 33.7 2 10.9 ms and Ca2+ recovery time con- 
stants of 30.2 f 4.2 s. The kinetics of Ca2’ recovery is 
remarkably conserved between cells recorded under 
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Figure 8. Localized Transients of [Ca2+ji of 
Micromolar Amplitude Are Required for 
Negative Regulation 

(A and B) Electrical and [Ca2+], responses in 
a Rh1+4 photoreceptor ~cell with 1.5 mM 
[CaZ+],,,. (B) shows an expanded time scale. 
Recording conditions are as described in 
Experimental Procedures. 
(C and D) Addition o:f 2 mM BAPTA 
(Ko(Caa)= 100 nM) to internal solution de- 
stroys negative regulation, resulting in 
large, noninactivating electrical responses 
and maintained elevatiorns in [Ca2+]+ The 
light responsedeactivates within 200 ms in 
control cells (B), whereas it takes over 30 s 
in the presence of BAPTA. Note the slowed 
rise of [Ca2+], consistent with the buffering 
action of BAPTA (D). 
(E) Addition of 2 mM Tranis-5 (K,,(Ca*+)= 6.0 
PM) to internal solutions shows a similar 
phenotype as with BAPTA, demonstrating 
that [Cayi transients must rise to several 
micromolar. 
(F) Addition of 4 mM Anis-l (K&a*+)= 1.5 
mM) to internal solutions has no effect, in- 
dicating that [Ca*+J transiients do not rise 
to the millimolar level. All recordings were 
at Vh,,rd = -40 mV and in physiological solu- 
tions, except for the presence of internal 
Ca*+ buffers as noted. Arrows indicate the 
location of the UV flash. 

similar conditions (Figure 2C), consistent with a finely we showed that eye-PKC function is required for ter- 
regulated Ca2+ extrusion/uptake process. Figure 2D mination of the light response and that entry of extra- 
shows that mutants defective in eye-PKC (Rangana- cellular Ca2+ is required for activation of this PKC 
than et al., 1991; Smith et al., 1991a) display a dramatic (Smith et al., 1991a). Thus, light-activated opening of 
slowed recovery of light-induced [Ca*+]i (time con- membrane channels leads to entry of Cat+, which then 
stants of 111.1 rf: 9.5 s  versus 30.2 + 4.2 s). Previously, activates eye-PKC to mediate response deactivation. 

Figure 6. Dissociation of Average [Ca2+li and Adaptation: A Requirement for [Ca*+], Compartmentalization 

Photoreceptors were recorded in the presence of extracellular Cs+ and in the absence of Na+ to block the Na+/Ca2+ exchanger (see 
Experimental Procedures). Shown are 200 s of [Caz+li recordings, with UV flashes at 10,40,80,120, and 160 s, respectively. The recovery 
and kinetics of adaptation were analyzed as described in Experimental Procedures. In the presence of Cs+, each UV flash leads to a 
step-like increase in average [Ca*‘]r (see text for details). However, photoreceptors still respond normally to each UV flash and recover 
from the adapting UV stimulus at each new level of [Caz+],. The boxed areas display enlargements of the adaptation test: shown are 
responses to the green test flashes before (arrow) and after the UV stimulation, demonstrating full recovery of sensitivity. 

Figure 7. Spatial Localization of Light-Induced Ca* Transients in Rh1+4 Photoreceptors 
Shown are sequential images of a cell in response to a 33 ms UV stimulus at t = 0. Ca*+ changes relative to preflash levells are displayed 
using a pseudocolor scale. Images were acquired at video frame rate (30 Hz). The rhabdomere of this cell (rhabdo) is distinctly resolved 
from the cell body (nucl. = nucleus). By the third image (t = 67 ms), the first response in [Ca*+], is noted as a highly localized increase 
at the base of the rhabdomere. This time window (33-67 ms) is consistent with the time latency of the light response (Ranganathan 
et al., 1994). The subrhabdomeric Ca*+ burst is followed rapidly by a wave of elevated [Ca2+li largely localized to the rhabdomere. The 
[Ca*+J in the cell body also rises, but to a lesser degree. To enhance signals above noise, we time averaged images from five identical 
flash trials, and each resulting image was subjected to 3 pixel x 3 pixel spatial averaging. This pixel averaging does not reduce our 
spatial resolution, since pixel sizes are much smaller than optical resolution at this magnification (see scale bar). The black and white 
photograph in the bottom, right hand panel shows the same cell at high contrast levels to emphasize the difference between cell 
body and rhabdomere. 
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Recent studies of the role of eye-PKC in photoreceptor 
cell adaptation were interpreted to suggest that this 
protein functions to limit the rise of [Ca”+]i through 
inhibition of intracellular Ca2+ release mechanisms 
(Hardie et al., 1993). Our  data support an alternative 
model in which eye-PKC acts to enhance the rate of 
removal of intracellular Ca*+. Thus, eye-PKC functions 
in a regulatory loop in which Ca2+ entry is required 
for its activation, and once activated, it regulates the 
kinetics of Ca2+ recovery (negative feedback). A ge- 
netic screen for enhancers and suppressors of eye- 
PKC mutants may identify the molecular components 
that generate and modulate the spatial and temporal 
patterns of [Ca2+]i in Drosophila photoreceptors. 

Concluding Remarks 
The present studies have revealed a hierarchy of 
[Ca*‘J localization in Drosophila photoreceptors. 
High speed confocal imaging with a spatial resolutioh 
of about 1 pm and a temporal resolution of 33 ms 
demonstrated that influx of Ca2+ through light- 
activated channels causes [Ca’+]i to rise earlier and 
higher in the rhabdomeres than in the rest of the cell. 
Rhabdomeres consist of tightly packed microvilli, ap- 
proximately l-2 brn in length and 30-50 nm wide, so 
that all parts of the rhabdomere are within 25 nm of 
the plasma membrane. Thus, the study of light- 
induced [Ca*+]i dynamics in this organelle offers the 
unique opportunity of studying large-amplitude sub- 
membrane Ca2+ changes during signal transduction. 
The subcellular distribution of light-activated chan- 
nels was not previously known. The finding that they 
are concentrated in the rhabdomeres makes func- 
tional sense because the transduction molecules are 
then clustered for maximum speed of response. This 
is particularly important to photoreceptor neurons, 
which rely on very fast temporal resolution to resolve 
closely spaced visual stimuli. 

The existence of functionally relevant, ultramicro 
domains of high [Ca”]i has been postulated in a num- 
ber of signaling process (reviewed by Augustine and 
Neher, 1992a). Theoretical calculations indicate that 
[Ca2+]i can reach tens to hundreds of micromolar 
within IO-100 nm from each conducting channel. 
Such ultramicro domains would not only be too small 
to be resolved by present optical techniques but reach 
[Ca2+]i levels far above the sensitivity range of typical 
f luorescent indicators (Tsien, 1989). In this work, we 
have demonstrated the existence and physiological 
importance of ultramicro domains in Drosophila pho- 
toreceptors, as shown by the profound effect of the 
medium affinity chelator Trans-5, which blocked de- 
activation of the light response (negative regulation) 
as effectively as the much higher affinity chelator 
BAPTA. If negative regulation were controlled directly 
by the submicromolar to low micromolar [Ca2+li levels 
that Ca-orange can resolve, then the staircase of mea- 
sured [Ca2+li in Figure 6 should have caused cumula- 
tive increases in adaptation, and Trans-5 should have 
had too low an affinity to buffer [Ca*]i and affect re- 

sponse kinetics significantly. Instead, negative regula- 
tion seems to result from submicroscopically local- 
ized [Ca2+]i transients that are comparable to or higher 
than 6 PM, the Trans-5 Ko for Ca*+. Together, these 
results provide experimental evidence for afunctional 
requirement of spatially localized [Ca*+]i in intracellu- 
lar signaling. 

The Drosophila phototransduction cascade is con- 
sidered one of the best genetic models of phospho- 
inositide-mediated signal transduction. In this study, 
we demonstrate the presence of internal Ca*+ stores 
pharmacologically consistent with IPs sensitivity but 
show that these stores are not required for the light 
response. Thus, Drosophila photoexcitation may de- 
pend on IPS-sensitive Ca*+ stores with novel pharma- 
cological properties rendering them insensitive to 
thapsigargin or may depend on a non-IPX-sensitive 
store. Alternatively, photoexcitation may be mediated 
through direct action of inositol phosphates or phos- 
phatidylinositol bis-phosphate breakdown. It should 
now be possible to test these models rigorously using 
a combination of [Ca”]i measurement, electrophysio- 
logical recording, and pharmacological and genetic 
manipulation of the photoreceptor cell environment. 

Experimental Procedures 

DNA Constructs and Transgenic Animals 
Rh1+4 consists of the entire structural gene for the UV-sensitive 
Rh4 rhodopsin under the control of the Rhl promoter. The con- 
structs weregenerated as described (Feiler et al., 1992). The modi- 
fied opsins were subcloned into a P element transformation vec- 
tor containing the rosy+ gene as a selectable marker (Karess and 
Rubin, 1984) and introduced into animals carrying a deletion of 
the endogenous Rhl rhodopsin gene. Drosophila P element- 
mediated germ-line transformation was carried out as described 
(Karess and Rubin, 1984). Multiple independent lines were ob- 
tained and subjected to expression studies by biochemical, phys- 
iological, and Western blot analyses. The R state of Rh4 has an 
absorption maxima at 375 nm, and the M  state has maxima at 
465 nm (Feiler et al., 1992). 

Fly Stocks 
inacalleles were originally obtained from W. Pak and character- 
ized in this laboratory (Smith et al., 1991a). ninaEJ17 stock is a null 
alleleof Rhl (OTousaetal., 1985;Zuker etal.,1985).Thewild-type 
stock used in these studies is w “‘El. All stocks were constructed 
using standard balancer stocks (Lindsley and Zimm, 1992). 

Electrophysiological Recordings 
Preparations of isolated Drosophila photoreceptors and patch- 
clamp methodology were as previously described (Ranganathan 
et al., 1991). Recordings were made in bath solution containing 
120 mM NaCI, 4 mM KCI, 1.5 mM CaC&, 10 mM HEPES-KOH, 
5 mM proline, and 25 mM sucrose (pH 7.15). Internal solution 
contained 90 mM potassium gluconate, 45 mM KCI, 10 mM 
HEPES-KOH, 2 mM M&I,, 3 mM Mg-ATP, 0.5 mM Na-GTP, and 
0.2 mM Ca-orange (Molecular Probes). For experiments blocking 
the Na+/Ca* exchanger, recordings were made in bath solutions 
in which Na+ was replaced by 120 mM CsCI. For the experiments 
described in Figures 3C-3E, the local perfusion consisted of 124 
mM NaCI, 4 mM KCI, 8 mM MgC12, 10 mM HEPES-KOH, 5 mM 
proline, and 25 mM sucrose (pH 7.15). 

Photoreceptors were excited with UV light at 351/364 nm as 
described in Confocal Microscopy. All cells were dark-adapted 
prior to whole-cell recordings and were matched for sensitivity 
by monitoring quantum bump generation. Typical stimulating 
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light produced nonsaturating electrical responses under physio- 
logical solutions. For quantitation of photoreceptor deactiva- 
tion, time constants for current relaxation were measured from 
single exponential fits to tail currents of the light response 
(Dolph et al., 1993). A minimum of four different cells were char- 
acterized in each case. 

Confocal Microscopy 
Fluorescence imaging was performed on a custom-made confo- 
cal microscope enabling full frame image acquisition at video 
rates (Tsien and Bacskai, 1994). A HeNe laser operating at a wave- 
length of 543.5 nm (CreNe, Melles Criot) was used as the excita- 
tionsourcetoilluminateCa-orange(Molecular Probes),andfluo- 
rescence emission was detected at >560 nm by placing a barrier 
filter (Omega Optical) in front of the photomultiplier tube. The 
confocal pinhole was large and generally allowed optical sec- 
tioning as thick as the cell to maximize collection efficiency and 
minimize the excitation power needed. An argon laser (Coher- 
ent) operating in the ultraviolet (principally351 and 364 nm) was 
used as the stimulus source and was gated with an electrome 
chanical shutter (Newport) controlled by the imaging computer. 
ANikon4Ox (NA = 1.3)or60x (NA = 1.4)oil immersionobjective 
was used on an inverted microscope (Zeiss, IM35). Single wave- 
length images were acquired and stored on an optical memory 
disk (Panasonic TQ2028F) at up to 30 frames per second. Time 
course plots were generated by averaging the pixel intensities 
within the entire cell for successive video images. Pseudocolor 
images were generated from the single wavelength images by 
calculating a ratio of fluorescence versus an arbitrarily defined 
time zero. The resulting ratios were pseudocolored from blues 
to reds to indicate relative changes in [Ca2+Ji from low to high, 
respectively, and then digitally smoothed with a 3 x 3 convolu- 
tion kernel. 
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