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2 Light dependence of calcium and membrane

potential measured in blow�y photoreceptors

in vivo

Abstract

Light adaptation in insect photoreceptors is caused by an increase in the

cytosolic Ca2+ concentration (Cai). To better understand this process, we

measured Cai in vivo as a function of adapting light intensity in the white-

eyed blow�y mutant chalky. We developed a technique to measure Cai under

conditions as natural as possible. The calcium indicator dyes Oregon Green

1, 2 or 5N were iontophoretically injected via an intracellular electrode into a

photoreceptor cell in the intact eye; the same electrode was also used to mea-

sure the membrane potential. The blue-induced green �uorescence of these

dyes could be monitored by making use of the optics of the facet lens and

the rhabdomere waveguide. The use of the di�erent Ca2+-sensitive dyes that

possess di�erent a�nities for Ca2+ allowed the quantitative determination

of Cai in the steady state. Determining Cai as a function of the adapting

light intensity shows that Cai is regulated in a graded fashion over the whole

dynamic range where a photoreceptor cell can respond to light. When a pho-

toreceptor is adapted to bright light, Cai reaches stable values higher than

10 �M. The data are consistent with the hypothesis that the logarithm of the

increase in Cai is linear with the logarithm of the light intensity. From the

estimated values of Cai we derive that the Ca
2+-bu�ering capacity is limited.

The percentage of the Ca2+ in�ux that is bu�ered gradually decreases with

increasing Cai. At Cai levels above 10 �M, bu�ering becomes minimal.

The research presented in this Chapter has been published as:

Oberwinkler J, Stavenga DG (1998) J Gen Physiol 112:113-124.
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2 In vivo measurement of calcium in �y photoreceptor cells

Introduction

The cytosolic free concentration of Ca2+ ions (Cai) is one of the most impor-

tant regulation factors in biological cells, in�uencing a great number of cel-

lular processes. This holds particularly for insect photoreceptor cells, where

Cai has been shown to play a key role in the regulation of the light-sensitivity

(Bader et al., 1976; Autrum, 1979; Muijser, 1979; Tsukahara, 1980; Walz,

1992). More speci�cally, Cai has been implicated in the control of numerous

cellular processes in �y photoreceptors, e.g., in the modulation of the light-

activated ion-channels (Hardie, 1991a, 1995a, b; Hardie and Minke, 1994b),

the activation of the Na+/Ca2+ exchanger (Hardie, 1995a, b), the regulation

of many enzymes involved in the transduction cascade (revs: Selinger et al.,

1993; Minke and Selinger, 1996; Montell, 1999), the activation of mitochon-

dria (Fein and Tsacopoulos, 1988; Mojet et al., 1991), and the migration

of pigment granules in the photoreceptor cells (Kirschfeld and Vogt, 1980;

Howard, 1984; Hofstee and Stavenga, 1996).

Cai has been reported to rise in insect photoreceptors cells during light

stimulation (Howard, 1984; Hardie, 1991a, 1996a; Peretz et al., 1994b; Ran-

ganathan et al., 1994; Walz et al., 1994). In �y photoreceptors, the main

part of this increase in Cai is caused by the in�ux of extracellular Ca2+

through the light-activated channels (Howard, 1984; Hardie, 1991a, 1996a;

Hardie and Minke, 1994b; Peretz et al., 1994b; Ranganathan et al., 1994).

Therefore, in an intact eye Cai will not only depend on processes inside the

photoreceptors themselves, but also on the ionic conditions in the extracel-

lular space. With respect to Ca2+, these can vary considerably (Sandler and

Kirschfeld, 1988, 1991; Ziegler and Walz, 1989; Rom-Glas et al., 1992; Peretz

et al., 1994a).

In the past, Cai of insect photoreceptors and its dynamic regulation

has been measured either in isolated ommatidia (Peretz et al., 1994b; Ran-

ganathan et al., 1994; Hardie, 1995a, 1996a,b) or in slice preparations of the

retina superfused with Ringer solutions (Coles and Orkand, 1985; Hochstrate

and Juse, 1991; Walz et al., 1994). Both of these techniques are likely to

strongly in�uence the extracellular ion concentrations and hence to a�ect

Cai. In an alternative approach, the light dependence of the Ca2+ home-

ostasis in insect photoreceptors has been studied via measurements of the

Ca2+ concentration in the extracellular space (Sandler and Kirschfeld, 1988,

1991, 1992; Rom-Glas et al., 1992; Peretz et al., 1994a); however, the pos-

sibly strong in�uence of intracellular Ca2+ bu�ering (Hardie, 1996a) and of
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Ca2+ release from intracellular stores (Walz et al., 1995; Hardie, 1996b; Cook

and Minke, 1999) on Cai could not be studied in this way.

To better understand the regulation of Cai under natural, physiological

conditions, we developed a technique to directly measure Cai in the intact

eye, by using �uorescent Ca2+ indicator dyes with varying a�nity for Ca2+.

We thus were able to estimate Cai as a function of adapting light intensity.

We �nd that bright illumination of �y photoreceptors causes surprisingly

high levels of Cai, probably even exceeding 10 �M.

Materials and Methods

Preparation All experiments were performed on female blow�ies (Cal-

liphora vicina, white-eyed mutant chalky) taken from a laboratory culture.

The mutant chalky was chosen because screening pigments and a functional

pupil mechanism are lacking. The animals were immobilized with wax and

a small hole was cut in the cornea that was immediately sealed with sili-

con grease. A silver wire was placed as reference electrode in the same eye.

The intactness of the optics of the eye was checked before and after prepara-

tion, by inspecting the deep pseudopupil (Franceschini and Kirschfeld, 1971).

The animal was placed in a holder that allowed adjustment of its orientation.

The holder with the animal was then positioned on the micromanipulator-

controlled stage of a Leitz Orthoplan epi-�uorescence microscope.

Electrophysiology Conventional electronic equipment was used to mea-

sure the intracellular membrane potential and to pass current through the

electrode (Axoclamp 2A, Axon Instr.; operated in bridge mode). The elec-

trodes were pulled on a P-87 (Brown and Flaming, Sutter Instr.) from

borosilicate glass (1.5 mm outer diameter, 0.86 mm inner diameter, Clark

Instr.), and their tip was �lled with a solution containing 5 mM of calcium

indicator dye (Oregon Green 1, 2 or 5N, Molecular Probes, in the follow-

ing abbreviated as OG1, OG2 and OG5N, respectively) in 0.1 M KCl. The

shank was then back�lled with 0.1 M KCl solution. The electrodes had a

resistance of 150-250 M
 in the tissue. The procedure of electrical recording

was as follows. First, the tip of the electrode was adjusted at the optical axis

of the objective, at a level 150 �m below the focal plane. The stage of the

microscope with the �y in the holder was then moved under the objective,

so that the electrode penetrated the eye through the hole at a level 150 �m

below the corneal surface and the �y was advanced so far that a penetrated

cell was approximately co-axial with the objective.
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2 In vivo measurement of calcium in �y photoreceptor cells

Dye Filling After impalement, the cell was dye-�lled by applying pulses

of �1.2 to �2.2 nA at 0.5 Hz (50% duty cycle). The process of �lling lasted

at most 5 min, but was usually complete after 1-2 min. Sometimes no current

was necessary, because cells �lled simply by di�usion of the dye from the tip

of the electrode. The �lling of a cell was immediately apparent from the

distinct �uorescence emerging from one of the facet lenses. As outlined in

the Results, excessive concentrations of the dye induced alterations of the

electrical response of the photoreceptor cells. Therefore, as a precaution, the

process of dye �lling was checked in regular intervals by visually judging the

intensity of the �uorescence and �lling was stopped when the intensity of the

�uorescence reached values su�cient from optical recordings. Recordings of

cells that were subsequently found to display alterations in their peak-plateau

transitions (indicative of excessive additional Ca2+ bu�ering) were rejected

(see Results).

Optical setup Two light sources, a 75 W xenon lamp and a 100 W halo-

gen lamp, delivered the test and adapting light beam, respectively. Shutters

(Uniblitz, Vincent Associates; rise time < 3 ms) and grey �lters controlled

the light �ux in both light paths independently. A 50% mirror combined

the beams, which then passed the microscope's �uorescence cube (Leitz DM

510, i.e. blue excitation causing green emission). A 10x objective (NA 0.25,

Spindler and Hoyer) projected the blue illumination onto the �y eye. The

green emission was measured by a photomultiplier (R928, Hamamatsu). A

small diaphragm (diameter 0.2 mm) in the image plane was adjusted so that

only the �uorescence emerging from the brightly shining facet lens was se-

lected. The background due to a distinct auto�uorescence of the cornea thus

was minimized.

Data acquisition The signals from the electrode ampli�er and the pho-

tomultiplier were �ltered at 2 kHz (Krohn-Hite, model 3343) and sampled at

5 kHz per channel by a CED 1401 interface (Cambridge Electronic Design).

Further processing of the data was performed o�-line.

Photography After �lling a cell with OG1 the �y was placed in a �uores-

cence microscope (Nikon Diaphot) equipped with a Nikon F-601M camera

containing a black and white �lm (Ilford SFX; 200 ASA pushed to 800 ASA).

The blue (477 nm) induced green (>510 nm) �uorescence was photographed

with a dry objective (4x, NA 0.1, Spindler and Hoyer; Figure 2.1) as well
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as a water immersion objective (SW25, NA 0.6, Leitz; Figure 2.1c and d).

In Figure 2.1a, a halogen light source delivered additional side illumination

for recognition of the eye and facet pattern. To identify the stained cell,

the eye was �rst illuminated during 5 s with 380 nm light for creating the

highly �uorescent visual pigment state M0 (Stavenga et al., 1984). Then the

green (546 nm) induced red emisssion (>580 nm) was photographed (water

immersion SW25; Figure 2.1d).

Quantitative data analysis To estimate Cai quantitatively as a func-

tion of the adapting light, we �rst adapted the photoreceptor cells for 5 s to

a given light intensity, and then probed the �uorescence with a bright test

�ash. The �uorescence signal at the beginning of the test �ash thus repre-

sents the Cai signal due to the adapting light. At the end of the test �ash

the signal is dominated by the Ca2+ in�ux caused by the much brighter test

�ash. Because we used non ratiometric Ca2+ indicators it was necessary to

ensure that changes in dye concentration (caused by bleaching or by active

transport out of the cell) did not corrupt the measurements. When using the

high a�nity dyes OG1 or OG2, we therefore took the di�erence in the �uores-

cence signal between the beginning and the end of the �uorescence trace for

the quantitative analysis. Any change in the magnitude of the �uorescence

signal at the end of the test �ash, i.e. when the dye is saturated, indicated

that the concentration of the dye changed. For the data from OG5N, this

procedure was not possible, because due to the low a�nity of OG5N for Ca2+

the signal does not saturate. We therefore took the di�erence between the

initial �uorescence of the photoreceptor cell adapted to di�erent light inten-

sities and the initial �uorescence signal of the dark adapted photoreceptor

cell. This method requires regular checks for changes in the magnitude of

the �uorescence signal from the dark adapted photoreceptor. Because the

magnitude of the �uorescence signal of our single wavelength dyes depends

on the concentration of the dye, we normalized the data in order to be able to

compare data from di�erent cells. The quantitative values from a single cell

describing the in�uence of the adapting light were normalized between the

value of the lowest adaptation intensity and the value of the highest adapta-

tion intensity, and subsequently plotted as a function of the light intensity.

To estimate the dependence of Cai on the light intensity, we calculated the

expected �uorescence signal as a function of the light intensity with the func-

tion F (Cai) = Cai
h
=(Cai

h +Kd
h). Since our in vivo method does not allow

a direct calibration of the indicators, we used the Kd values published by
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2 In vivo measurement of calcium in �y photoreceptor cells

Haugland (1996): OG1: Kd = 0.16 �M; OG2: Kd = 0.58 �M; OG5N: Kd =

20 �M. Hill-coe�cients were taken equal to 1, except for OG5N, for which

repeatedly Hill-coe�cients lower than one have been reported (e.g. Ukhanov

et al., 1995); we used a value of 0.7, derived from �tting the data published

for Calcium Green 5N (Haugland, 1996). Using this function, we calculated

the expected �uorescence as a function of the light intensity, for functions of

Cai depending on the light intensity. The resulting functions of �uorescence

depending on the light intensity were normalized (again between the value

for the lowest light intensity and the value for the highest light intensity, i.e.

between log I = �3 and log I = 2), to allow comparison with the measured

data.

Results

A new method to measure cytosolic Ca2+ dynamics in photoreceptors

of insect compound eyes in vivo

The preferred method for recording the membrane potential of individual in-

sect photoreceptors in intact animals is to insert an electrode through a small

hole in the cornea and to subsequently impale a photoreceptor cell. Here we

demonstrate that this technique can also be used to inject calcium indicator

dyes into a penetrated cell. Figure 2.1a shows an eye of a blow�y where one

cell was dye-�lled, photographed through a dry objective. One facet lens

clearly shines up. Neutralizing the cornea by using a water immersion objec-

tive (Kirschfeld and Franceschini, 1969) allows examination of the subcellular

distribution of the dye, because it is then possible to focus onto the tips of the

rhabdomeres and the cell bodies; Figure 2.1b depicts this optical situation

diagramatically (for a detailed account of the anatomy of the �y retina see

Hardie, 1985). Figure 2.1c shows the blue-induced green �uorescence of the

stained cell. Both the soma and rhabdomere of one of the photoreceptor cells

�uoresce, indicating that the dye is distributed throughout that photorecep-

tor cell and that part of the excited �uorescence is e�ciently guided by the

rhabdomere. To visualize the localization of the stained cell within the om-

matidial lattice of the �y's eye, we exploited the bright red �uorescence of

the M0 state of the visual pigments (Stavenga et al., 1984, see Materials and

Methods) when illuminated with green light. The green-induced red �uores-

cence (Figure 2.1d) of the same part of the retina as in Figure 2.1c shows the

rhabdomere of the stained cell (arrow), an R5 cell, and the regular pattern

of �uorescing rhabdomeres; of course, the green-induced red �uorescence of

the dye is much weaker than the blue-induced green �uorescence.
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Figure 2.1: Photographs of a dye injected photoreceptor cell. a) Left eye of a white-

eyed mutant blow�y Calliphora vicina photographed with a dry objective. The facet
lens overlying the dye-injected cell clearly shines up (scale bar 0.2 mm). b) Diagram of

the photoreceptor organization and the recording situation after optically neutralizing the

cornea with a water immersion objective (Kirschfeld and Franceschini, 1969). c) Blue-

induced green �uorescence photographed through a water-immersion objective, showing

that the rhabdomere and the cell body of the stained cell �uoresce. d) Green-induced red

�uorescence of the same eye region showing the characteristic pattern of the rhabdomeres;

one rhabdomere -belonging to the stained cell- is brighter than the others (arrow), allowing

to identify the stained cell as an R5 photoreceptor (scale bar in c) and d) 20 �m).

Under the physiological optical conditions used in the experiments, light

emitted from the rhabdomere leaves the eye within an angle of 1-2Æ (van

Hateren, 1984), while the �uorescence coming from the cell body is expected

to irradiate from the cornea within an angle of �11Æ (assuming a diameter of

the cell of �10 �m and a focal distance of 50 �m of the facet lens). Because

the objective aperture is �14Æ, the photomultiplier samples a mixture of

light emitted by the rhabdomere and the cell body; however, the ratio of the

amount of light sampled from the two cellular compartments depends on the

precise alignment of the investigated cell's visual axis with the microscope

objective. This inevitably varied from one recording to another.

From such a dye-�lled cell, we recorded simultaneously the light-induced

changes of the membrane potential and the accompanying �uorescence, us-

ing the low a�nity dye OG5N (Figure 2.2). As in all experiments presented

here, the cell was dark adapted for 1 min before and between the record-

ings. Illumination causes, after a delay of a few ms, a rapid depolarization
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2 In vivo measurement of calcium in �y photoreceptor cells

Figure 2.2: Simultaneous recording of membrane potential (a, b) and Ca2+ induced

�uorescence (c, d) from a dark adapted photoreceptor illuminated with saturating light.

The same data are shown with high (a, c) and with low temporal resolution (b, d). The cell

was injected with the low a�nity dye OG5N. The �uorescence signal increases very fast

after opening the shutter and peaks after �100 ms before levelling o� towards a plateau.

The depolarization of the membrane, however, displays still faster kinetics. All traces are

averages of 9 recordings.

of the cell membrane, reaching a peak after �10 ms (Figure 2.2a); subse-

quently, the receptor potential levels o� to a plateau value (Figure 2.2b).

The blue-induced green �uorescence appears to follow a similar, although

somewhat slower time course. First, during the opening of the shutter the

�uorescence signal rises to an initial plateau (initial level, Figure 2.2c, d).

This is the sum of tissue auto�uorescence and �uorescence of the dye due

to resting Cai. Then, after a short delay (�3 ms), the emission very rapidly

increases, indicating an abrupt rise in Cai (Figure 2.2c). The peak occurs

after �100 ms, and the subsequent decrease to a plateau of the �uorescence

distinctly lags that of the receptor potential (Figure 2.2d).

The e�ect of the Ca2+ indicator dyes on the membrane potential

All Ca2+ indicator dyes are also Ca2+ bu�ers. Increasing the intracelluar

Ca2+ bu�ering capacity by introducing the dyes can considerably alter the

dynamics and the regulation of Cai (e.g. Neher, 1995). Because �y photore-

ceptors are thought to react sensitively to changes in the Ca2+ homeostasis

(Muijser, 1979; Hardie, 1995b) we checked for changes in the waveform of
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Figure 2.3: The e�ects of dye �lling on the membrane potential. The photoreceptor cell

was impaled with an electrode containing OG2 and then �lled without applying current.

Traces 1, 2 and 3 were measured 1 min, 4 min and 6 min after impalement, respectively,
by a 1 s stimulus of saturating intensity. While the �uorescence signal (c, d) increases

with time of impalement, indicative for an on-going dye-loading, the membrane potential

response (a, b) of the cell during the light stimulus is hardly changed. Only after turning

the stimulus o�, a distinct prolongation of the depolarizing afterpotential can be seen,

due to an increase in the concentration of the dye (b). The �uorescence traces in d) are

smoothed by adjacent averaging with a window size of 20 sample points (equivalent to

4 ms) and therefore the rising phase that is visible in c) is not discernible in d). The traces

in e) and f) were obtained from a di�erent preparation in which no cell had been dye-�lled;
these traces are averages of 5 recordings. They show that the tissue auto�uorescence is

essentially constant, except for a small, transient increase in �uorescence signal (?) that

can be attributed to a light induced change in redox state of mitochondrial �avoproteins

(Stavenga and Tinbergen, 1983).
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2 In vivo measurement of calcium in �y photoreceptor cells

the membrane potential due to loading with the dyes. The cell of Figure 2.3

spontaneously �lled with OG2, i.e. without the need to apply current. The

�rst measurement was taken at �1 min after impalement of the cell, the fol-

lowing after 4 and 6 min, respectively. The �uorescence signal (Figure 2.3c,

d) increased with time, indicating that the cell progressively took up more

of the dye. Following light-o�, the time course of the afterdepolarization be-

came prolonged. The afterdepolarization is -at least partially- caused by the

Na+/Ca2+ exchanger (Hochstrate, 1991), which in Calliphora photoreceptor

cells can generate currents stronger than 1 nA (Gerster, 1997). Therefore,

the prolongation of the afterpotential indicates that the Na+/Ca2+ exchanger

extrudes more Ca2+ when the dye concentration increases. This is in line

with an increased bu�ering of Ca2+ ions by the dye, which leads to an in-

crease in the total concentration of Ca2+ at comparable concentrations of

free Ca2+. We consistently found that the dyes prolonged the duration of

the afterdepolarization, even at concentrations that were di�cult to detect

photometrically. However, the waveform of the receptor potential during

light-on remained virtually unchanged (Figure 2.3a, b), suggesting that the

rising dye concentration did not appreciably a�ect the phototransduction

process.

Generally, the e�ect of the dye on the membrane potential during the

light stimulus was inconspicuous, but peak values sometimes increased by

a few mV after �lling the cell; in some cases the peak to plateau transition

of the membrane potential at the onset of light stimulation was accelerated

after dye �lling. When cells were �lled too much, the typical reduction of the

peak-plateau transition, caused by a substantial increase in Ca2+ bu�ering

(Bader et al., 1976; Muijser, 1979; Tsukahara, 1980; Walz et al., 1994) could

be observed; these cells then were rejected.

In addition to the �uorescence from the dyes, we measured the tissue aut-

o�uorescence from an eye of which no cell was injected with a Ca2+ indicator.

This tissue auto�uorescence remained essentially constant upon illumination

(Figure 2.3e, f). Nevertheless, occasionally a very slight, transient increase in

auto�uorescence could be noticed in this background (? in Figure 2.3f), prob-

ably due to the light-induced, transient redox changes of the �avoproteins

in the photoreceptor mitochondria (Stavenga and Tinbergen, 1983; Mojet

et al., 1991). Sometimes, such a small increase in �uorescence also was ob-

served when measuring from a cell �lled with the high a�nity dyes, i.e. in

Figure 2.3d (?); this small increase might also be attributable to the ob-

served increase of the auto�uorescence, that is, to transient changes in the

redox state of the �avoproteins. In the processed experiments, this variation
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Figure 2.4: Membrane potential (a, b) and �uorescence (c, d) signal from two cells

injected with the high a�nity dyes OG1 (a, c) and OG2 (b, d), respectively. The dark
adapted cells were illuminated for 5 s with light of saturating intensity. The �uorescence

signal increases monotonically upon stimulation and does not display the peak that can

be seen when using the low a�nity dye OG5N (Figure 2.2). This indicates that the

high a�nity dyes OG1 and OG2 are saturated by the levels of Cai reached under bright

illumination. This implies that in these conditions Cai exceeds 10 �M, the concentration

where OG2 saturates (Haugland, 1996). Traces in a) and c) are averages of 5 recordings,

traces in b) and d) are averages of 7 recordings.

in the background signal was fully negligible compared to the light-induced

changes in dye �uorescence.

Bright light causes Cai to increase into the high micromolar range

Fluorescence measurements of cells injected with the low a�nity dye OG5N

(Kd = 20 �M; Haugland, 1996) yielded somewhat variable results. The time

to peak ranged from 100 ms to almost 1 s; the time required for reaching

a stable plateau takes 2-4 s. This variability might be the result of slight

di�erences in the alignment of the investigated cells. Because the Ca2+ in�ux

occurs in the rhabdomeres, and the Ca2+ ions di�use from the rhabdomere

into the cell body rather slowly (Ranganathan et al., 1994), a variation in

the ratio of light sampled from the rhabdomere and from the cell body could

cause a variation in the observed time course of the �uorescence signal.
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2 In vivo measurement of calcium in �y photoreceptor cells

No peak in the �uorescence signal was observed when high a�nity dyes

(OG1 or OG2; Kd = 0.16 �M and 0.58 �M, respectively; Haugland, 1996)

were used (Figure 2.4a, b). The �uorescence signal then increased mono-

tonically towards a stable plateau that was reached after 100-400 ms. These

�ndings are fully consistent with the di�erence in a�nity for Ca2+ of the dyes

used, suggesting that Cai attains values where the high a�nity dyes OG1

and OG2 are saturated. Because OG2 saturates at Cai � 10 �M (Haugland,

1996), Cai exceeds this range during the peak observed with the low a�nity

dye OG5N.

Steady state Cai after adaptation to di�erent light intensities

To measure the dye �uorescence with an acceptable signal to noise ratio, it

is necessary to use very high light intensities. To assess Cai at moderate and

intermediate intensities, we employed a double pulse paradigm, where an

adapting light stimulus was followed by a bright test �ash. We adapted the

photoreceptors for 5 s at a given intensity, and then probed the �uorescence

with a short (0.2-0.5 s) test �ash. An adaptation time of 5 s was considered

su�cient, because both the stability of the membrane potential and the �uo-

rescence measurements indicated that after 5 s Cai reached a stable plateau

value and that di�usion of the Ca2+ ions had reached an equilibrium. We

assume, therefore, that the subcellular distribution of Cai in the cytosol is

fairly homogeneous after 5 s.

Figure 2.5 shows an example of such an experiment. The high a�nity dye

OG1 was used. The �uorescence signal at the beginning of the bright test

�ash increases with increasing adapting light intensity in the low intensity

range, but it saturates at high intensities. Again, we con�rmed that this is

caused by saturation of the dye by using the low a�nity dye OG5N. This

dye reports an increase in Cai, even up to the highest intensities used (see

below).

We repeated the experiment of Figure 2.5 with all three dyes (OG1, OG2,

OG5N) in nine cells (three for each dye) from six animals. Figure 2.6 sum-

marizes the experiments. In order to correct for the di�erent absolute sensi-

tivities of the di�erent cells, the V= log I curve of the peak receptor potential

of each cell was �tted separately to a logistic function: V = VmaxI
n
=(In+1)

(Laughlin, 1981). The light intensity I is taken here relative to the light

intensity that causes a half maximal peak depolarization; this intensity was

assigned the value log I = 0. Furthermore, the potential values were normal-

ized to the maximal peak depolarization (Vmax). Figure 2.6a presents the
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Figure 2.5: Example of the double pulse experiments used to determine Cai as a function

of light intensity. Membrane potential traces are given in the left hand column. The dye-

injected (OG1) and dark-adapted cell was stimulated with an adapting light (5 s), the
intensity of which is indicated for each experiment. Intensities are expressed relative to

the light intensity that caused a half maximal peak depolarization; this intensity was

assigned the value log I = 0. After adapting for 5 s, the level of Cai was probed with a

bright test �ash (500 ms). The �uorescence signal measured during this test �ash is shown

in the right hand column on an expanded time scale. The horizontal line at the beginning

of the �uorescence traces indicates the initial �uorescence value when no adapting light was

given. With increasing adapting intensity, the initial value of the �uorescence (indicated

by arrows) increases. At the highest adapting intensities used, no increase in �uorescence
can be observed during the test �ash due to saturation of the high a�nity dye OG1. All

traces shown are averages of 5 recordings.
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2 In vivo measurement of calcium in �y photoreceptor cells

Figure 2.6: Summary of the double

pulse experiments. a) Normalized de-

polarization of the peak (�lled symbols)

and plateau (open symbols) of the mem-

brane potential are given as a function
of adapting light intensity. The smooth

curves are obtained by �tting the logistic

function V = VmaxI
n=(In+1) to the ex-

perimental data (exponent n = 0:45 for

peak values and 0.47 for plateau values;

the normalized Vmax for plateau values

was �tted to be 0.43). The light inten-

sity I is taken relative to the light inten-
sity that causes a half maximal peak de-

polarization; this intensity was assigned

the value log I = 0. b) Normalized �u-

orescence increase caused by the adapt-

ing light for the three dyes used (sym-

bols connected by thin lines); data from

three di�erent cells are shown for each

dye. Normalization procedures for all
panels are explained in Materials and

Methods. The membrane potential and

�uorescence data obtained with a spe-

ci�c dye are indicated with the same

symbol. The �uorescence increase re-

ported by OG1 and OG2 rises with in-

creasing adapting light intensity and sat-

urates at bright light. The signal that
was obtained with OG5N continues to

increase up to the highest intensities.

This shows that Cai is regulated in a

graded fashion over the whole intensity

range and that Cai levels exceed 10 �M

at high light intensities. The bold lines

are �ts to the experimental data ob-
tained by calculating the �uorescence

(F ) as a function of Cai according to

F (Cai) = Cai
h
=
�
Cai

h +Kd
h
�
and nor-

malizing, as detailed in the Materials

and Methods section. Cai was assumed

to increase with a simple power function

of adaptation light intensity yielding the

curve shown in c) (see Results).
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resulting peak and plateau values as a function of relative light intensity. The

Vmax values ranged for the peak from 60 to 82 mV (average 72 � 6 mV SD)

and for the plateau from 19 to 40 mV (average 30� 6 mV SD); the exponent n

for the peak values ranged from 0.40 to 0.47 (average 0.44 � 0.02 SD) and for

the plateau values from 0.42 to 0.58 (average 0.50 � 0.05 SD). The V= log I

curves appeared to be homogeneous and are fully consistent with similar

measurements reported in the literature (Laughlin and Hardie, 1978; Mati¢

and Laughlin, 1981; Sandler and Kirschfeld, 1988; Roebroek and Stavenga,

1990); this suggests again that the dyes did not seriously a�ect the mem-

brane potential. The �uorescence signals measured during the test �ashes

were evaluated quantitatively as described in Materials and Methods. Fig-

ure 2.6b shows the resulting dependency of the �uorescence signal on the

adapting light intensity for the three di�erent dyes.

Obviously, the results for the high a�nity dyes OG1 and OG2 are quite

di�erent from those for OG5N (Figure 2.6b). While the signals obtained with

OG1 or OG2 both show saturation, the signal obtained with OG5N increases

with light intensity even up to the highest intensities used. In addition, while

the signals of OG1 and OG2 already show a pronounced increase at the

lowest intensities, with OG5N this occurs only at log I � 0. The di�erences

between OG1 and OG2 are rather inconspicuous. Mainly, OG1 seems to

become activated in average at intensities half a log-unit lower than OG2,

as can be seen from the leftward shift in the activation curves of OG1 with

respect to the curve of OG2. Taken together, the important �ndings of these

experiments are (1), that Cai is regulated over the whole intensity range

where the photoreceptor can respond to light, and (2), that OG1 and OG2

are saturated at intensities about one log-unit above the intensity for half-

maximal activation of the peak membrane potential. This demonstrates that

at bright adaptation intensities, the plateau values of Cai exceed 10 �M, the

saturation value of OG2 (Haugland, 1996).

The slope of the �uorescence vs log I plots is almost linear in the low

intensity region for OG1, in the region between log I = �2 to log I = 0:5 for

OG2 and in the high intensity region for OG5N. This seems to imply that

log Cai rises linearly with log I . To get a more quantitative picture of the

changes of Cai caused by light adaptation, we have therefore tried to describe

the dependency of Cai on the light intensity with a simple power function:

Cai(I) = Cai;da+aI
b; Cai;da denotes here Cai in the dark-adapted state, as-

sumed to be 0.16 �M, the value found for Drosophila (Hardie, 1996a). The

experimental data were then �tted by taking a = 2.5 �M and b = 0:5, result-

ing in the curve shown in Figure 2.6c; the bold lines in Figure 2.6b represent
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2 In vivo measurement of calcium in �y photoreceptor cells

the simulated �uorescence values, calculated as described in the Materials

and Methods section. The similarity between measured and simulated data

suggests that the function chosen for describing Cai is appropriate. As shown

in Figure 2.6c, at log I = 2, Cai equals 25 �M. We are well aware that the

accuracy of this approach is limited. With slight variations of the parameters

a and b, reasonable good �ts can still be obtained, whilst yielding consid-

erably di�erent values for Cai, especially for high light intensities. It was

no longer possible to obtain a good �t between the simulated �uorescence

functions and our data, when the parameter a was chosen smaller than 2

or the parameter b smaller than 0.5. Yet even with this combination of pa-

rameters, Cai at log I = 2 is still estimated reach 20 mM. Therefore, the

values of Figure 2.6c can be considered to be a conservative estimate. The

value for Cai;da, the dark adapted Cai, in�uences the simulated �uorescence

curves neglibly, and it was thus not possible to estimate it with our data. We

therefore used 0.16 �M, the value measured in Drosophila (Hardie, 1996a)

throughout the simulations.

Discussion

Measuring calcium in insect photoreceptors

We demonstrate in this Chapter that it is possible to measure the light-

induced changes of Cai in photoreceptor cells in the intact eye of �ies by

using �uorescent Ca2+ indicators. The �uorescence signal can be measured

simultaneously with the light-induced receptor potential. Dye �lling causes

alterations of the membrane potential (Figure 2.3a, b) that appear to be

consistent and at least qualitatively explainable with the bu�er action of the

dyes. An increase in bu�er capacity leads to an increased amount of Ca2+

ions to enter the cell before a given concentration is reached. This in turn

causes the Na+/Ca2+ exchanger to be activated for a longer period to extrude

the extra load of Ca2+; the afterdepolarization is therefore prolonged.

Increasing the intracellular bu�er capacity by introducing Ca2+ bu�ers

normally induces pronounced changes in the light response. The peak to

plateau transition is diminished and the response kinetics are slowed down

(Bader et al., 1976; Muijser, 1979; Tsukahara, 1980; Walz et al., 1994; Hardie,

1995b). We also observed these e�ects at high dye loads. However, usually

this could be avoided and we carefully checked for these alterations of the

waveform. Since the membrane potential is a sensitive measure of photore-

ceptor function, we conclude that our manipulations have not, or at most

weakly, in�uenced the Ca2+ homeostasis during the light response.
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Changes in Cai induced by light stimulation

Bright light stimulation of insect photoreceptors in isolated ommatidia (Per-

etz et al., 1994b; Ranganathan et al., 1994; Hardie, 1996a) or perfused eye

slices (Walz et al., 1994) rapidly increases Cai to high concentrations. In

Drosophila (Hardie, 1996a) and the drone (Walz et al., 1994), the increase in

Cai is fast and consistently saturates high a�nity dyes after �200 ms. Using

Mag-Indo-1, Hardie (1996a) estimated that Cai reaches values up to 50 �M

in isolated Drosophila photoreceptor cells. Here we show that Cai reaches

similar values in photoreceptor cells of Calliphora in vivo (Figures 2.2, 2.4).

The saturation of OG2 upon bright illumination indicates that in Calliphora

Cai reaches values exceeding 10 �M.

The adaptation experiments (Figures 2.5, 2.6) allow to estimate how Cai
depends on the light intensity (Figure 2.6c). Quantitative measurements

of Cai with �uorescent indicators are often complicated by the fact that the

indicators have di�erent properties in the cytoplasm of cells than in solutions.

However, since the Kd-values of the indicators only have been reported to

increase when the indicator is brought into the cytosol (e.g. Hardie, 1996a), it

is unlikely that we overestimated Cai. We conclude that Cai reaches values

at least up to 20 �M when illuminated with the brightest intensity used

in this study. Surprisingly, these high values are not only reached during

short and local Ca2+ peaks, but are maintained after several seconds of light

adaptation, implying that these high concentrations are sustained during

prolonged periods. The �uorescence signal at high light intensities reaches a

stable level after at most 2-4 s (Figures 2.4-2.6), showing that the distribution

of Ca2+ ions then is in a steady state. In Limulus, only the R-lobe shows a

dramatic increase in Cai; this increase is spread over a distance of at least

20 �m (Ukhanov and Payne, 1995). Therefore it seems likely that high values

of Cai are also reached in the cell bodies of Calliphora photoreceptor cells

that have a diameter of �10 �m.

Bu�ering of the Ca2+ in�ux

The �nding that Cai reaches very high values is supported by measurements

of changes of the extracellular calcium concentration with Ca2+-selective

electrodes (Sandler and Kirschfeld, 1988). In the drone, the glia cells do not

take up Ca2+ (Coles and Orkand, 1985) and volume changes in the retina are

small (Orkand et al., 1984; Ziegler and Walz, 1989). Assuming that this is

also the case in the blow�y, and that there is no substantial Ca2+ release from

internal stores (Ranganathan et al., 1994; Hardie, 1996a; Cook and Minke,
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2 In vivo measurement of calcium in �y photoreceptor cells

Figure 2.7: a) Comparison of changes

in Cai (�Cai = Cai � Cai;da = aI
b,

continuous bold line, taken from Fig-

ure 2.6c) and changes in the total Ca2+

concentration (�Catot, �) measured

by Sandler and Kirschfeld (1988, their

Figure 1c). The �Catot values were

derived using the formula �Catot =

�Cao=R. The ratio R between the vol-

ume of the photoreceptors and the ex-

tracellular space was assumed to be 6.3

(Sandler and Kirschfeld, 1991), and the
change in extracellular Ca2+ concentra-

tion (�Cao) was calculated assuming

that in the dark adapted state the extra-

cellular Ca2+ concentration amounts to

1.4 mM (Sandler and Kirschfeld, 1991).

At log I = 2 the two curves approximate

each other. At lower intensities, how-
ever, �Catot values are larger than the

values obtained with the dyes. This indi-

cates that the in�ux of Ca2+ is bu�ered.

b) Bu�ering coe�cient of the Ca2+ in-

�ux (Binf = �Catot=�Cai) shown as a

function of adapting light intensity. c)

Same data plotted as a function of Cai.

The continuous line was obtained by �t-
ting a simple bu�er model (see Discus-

sion). The bu�ering of the Ca2+ in�ux

reduces with increasing Cai, and at Cai
levels above 10 �M bu�ering becomes

minimal.

1999) we can calculate from the decrease in extracellular calcium measured

by Sandler and Kirschfeld (1988, their Figure 2.1c) the amount of Ca2+

entering the photoreceptors (�Catot; symbols in Figure 2.7a) and compare

the resulting values with our estimates of the increase in Cai (�Cai; bold

line in Figure 2.7a). The calculated values appear to be in good agreement

with the values of the light induced Cai increase at log I � 2. Both curves

have a similar slope at these high intensities.
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However, at light intensities below log I = 2, �Catot > �Cai, or, the

amount of Ca2+ entering the photoreceptor cells from the extracellular space

is larger than the increase of Cai (Figure 2.7a). This di�erence can be ex-

plained by assuming that the Ca2+ in�ux is bu�ered, e.g. by uptake in orga-

nelles or binding to proteins. The bu�ering coe�cient Binf = �Catot=�Cai
is presented in Figure 2.7b as a function of light intensity, and in Figure 2.7c

as a function of Cai. Clearly, the bu�ering capacity is limited, and at Cai �

10 �M (corresponding to log I = 1:5) bu�ering becomes minor. The values of

10-20 obtained for the bu�ering coe�cient at Cai � 1 �M are more than an

order of magnitude lower than the estimates for photoreceptors of Drosophila

(Hardie, 1996a) or Limulus (O'Day and Gray-Keller, 1989). We note that the

obtained bu�ering values are subject to a number of uncertainties. Firstly,

mismatching the stimulation intensities of Sandler and Kirschfeld's (1988)

measurements with respect to our experiments might have a�ected the esti-

mation of the values for Binf . In addition, our calculations assume that there

is no extracellular Ca2+ bu�ering; the bu�ering coe�cients for the Ca2+ in-

�ux would be underestimated by the factor of extracellular Ca2+ bu�ering,

if this assumption does not hold. Also, if the assumptions of a constant

extracellular volume and the non-involvement of the glial cells in the Ca2+

homeostasis do not hold, this will obviously modify the quantitative values

of Binf . However, if Ca2+ bu�ering is assumed to be constant at a high

bu�ering coe�cient Binf throughout the light intensity range studied, there

would not be enough extracellular Ca2+ to sustain a Ca2+ in�ux that causes

Cai to rise to 20 �M. We calculate a maximal value for Binf of 11 under

those conditions, by dividing the extracellular Ca2+ concentration (1.4 mM;

Sandler and Kirschfeld, 1991) with the product of the maximal value of Cai
(20 �M) and the ratio of intracellular to extracellular volume (6.3; Sandler

and Kirschfeld, 1991). Hereby we assume again that the following condi-

tions hold: (1) there is no extracellular Ca2+ bu�ering; (2) the glial cells do

not participate in the Ca2+ homeostasis; (3) there is no substantial Ca2+

release from internal stores. Therefore, the important point that we wish

to emphasize here is that the ratio of bu�ered to free calcium very likely is

not constant and this limitation of the bu�ering capacity results in high Cai
values in bright light. This conclusion is not a�ected by the uncertainties in

calculated values for Binf .

Another possible reason for the high discrepancy between the values

for Binf derived here and those reported by Hardie (1996a) is the di�erent

method. The estimate of Hardie (1996a) is based on the ratio of in�ux (mea-

sured by integrating the current) to free Cai measured with optical methods.
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2 In vivo measurement of calcium in �y photoreceptor cells

Any Ca2+ extruded in the period of integrating the current (possibly by the

Na+/Ca2+ exchanger) contributes to the bu�ering, while in our approach,

this Ca2+ reappears in the extracellular space, and thus does not contribute

to the bu�ering. Therefore our values are necessarily lower than the estimate

made by Hardie (1996a).

Probably, there are many di�erent bu�er mechanisms with di�erent a�ni-

ties and capacities. However, it is possible to calculate the parameters of a

single, equivalent bu�er from the values of Figure 2.7c. We have �tted the

data points of Figure 2.7c to a simple bu�er model, taking

Catot

Cai
= 1 +

B

Kd +Cai

where Catot is the total Ca
2+ concentration and B the total concentration

of a bu�er with dissociation constant Kd. The bu�ering coe�cient of the

Ca2+ in�ux (Binf) was calculated by

Binf (I) =
Catot (I)�Catot;da

Cai (I)�Cai;da

where Catot;da is the total Ca
2+ concentration in the dark. The smooth line

in Figure 2.7c was obtained by taking B = 18 �M and Kd = 0.77 �M.

Comparison with other cellular processes dependent on calcium

Illumination of invertebrate photoreceptors with bright light induces a rapid

activation of mitochondrial respiration, presumably due to a rise in Cai (Fein

and Tsacopoulos, 1988). In the white-eyed blow�y mutant chalky, illumina-

tion causes a rapid change in the redox state of mitochondrial �avoproteins

(Stavenga and Tinbergen, 1983). A comparison of the intensity dependence

of this process (Mojet et al., 1991) with the present calcium measurements

yields that the transient shift in the redox state of �avoproteins occurs when

Cai levels rise above �1 �M. At these concentrations, the mitochondria are

indeed likely to take up considerable amounts of Ca2+ (e.g. Miyata et al.,

1991; Babcock et al., 1997).

The pupil mechanism of wild type �y photoreceptors, existing of pigment

granules migrating inside the cell soma, has also a distinct dependence on

Ca2+ in�ux (Kirschfeld and Vogt, 1980; Howard, 1984; Hofstee and Stavenga,

1996). The measurements of the intensity dependence of this system, to-

gether with that of the receptor potential (Roebroek and Stavenga, 1990),
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also show that the pupil gets activated at Cai levels � 1 �M. In addition

to increasing the signal to noise ratio of the receptor potential at high light

intensities (Howard et al., 1987), the function of the pupil in wild type pho-

toreceptors may therefore be to avoid very high Cai levels.

A change in both the membrane potential and Cai is caused by the same

underlying event, i.e. a change in the permeability of the light activated

channels. Curiously, whereas the plateau membrane potential saturates at

log I � 1-2, Cai shows a continous rise with intensity (Figure 2.6). Appar-

ently, the light-dependent permeability increases with illumination intensity

even at the brightest light intensities. Because bu�ering becomes minimal

with large calcium loads, i.e. Cai > 10 �M (Figure 2.7), the rise in light-

dependent permeability translates superlinearly into a rise in Cai. In ad-

dition, high Cai possibly activates a K+ conductance (Weckström, 1989)

resulting in a reduced rise in membrane potential.
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