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5 Sodium/calcium exchange in Drosophila

photoreceptor cells functions without

potassium and tightly controls the activation

of a calcium-activated potassium conductance

Abstract

The properties of the Na+/Ca2+ exchange activity in Drosophila photorecep-

tor cell bodies was studied with the whole-cell patch-clamp technique in vivo.

Rapid substitution of extracellular ions allowed to measure currents of up to

120 pA associated with the forward and the backward mode of operation.

The Na+/Ca2+ exchange operates in the absence of intra- and extracellular

K+. Operating the exchange current in reverse mode rapidly increases the

intracellular free Ca2+ concentration, as witnessed by strong suppression of

the response to light stimulation. This increase in free Ca2+ concentration

activates a conductance that is highly permeable for Cs+ and K+, but not for

Na+ and Li+ or divalent cations. The fast activation of the Ca2+-activated

conductance suggests that this conductance and the Na+/Ca2+ exchange

proteins are closely co-localized, most probably in the rhabdomere.

The research presented in this Chapter was conducted in collaboration with and in the

laboratory of Dr. R.C. Hardie (Department of Anatomy, University of Cambridge, UK).

It was partly �nanced by the Netherlands Organization for Scienti�c Research (NWO).
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5 Properties of the Drosophila Na+/Ca2+ exchanger

Introduction

Na+/Ca2+ exchangers are highly e�cient Ca2+ extrusion mechanisms that

have been demonstrated in a great variety of tissues (rev.: Blaustein and Led-

erer, 1999). While most studies on Na+/Ca2+ exchange have concentrated

on the cardiac Na+/Ca2+ exchanger, the exchanger also plays a crucial role

in neurons to counterbalance Ca2+ in�ux. In sensory neurons, changes of

the intracellular free Ca2+ concentration (Cai) often are functionally highly

signi�cant due to their e�ect on the adaptational state of the cell (rev.: Torre

et al., 1995). Cai is therefore regulated rapidly and tightly in these cells; of-

ten Na+/Ca2+ exchangers have been implicated in this process, for example

in vertebrate rods (rev.: McNaughton, 1995), haircells (Ikeda et al., 1992;

Boyer et al., 1999) and olfactory neurons (Jung et al., 1994; Reisert and

Matthews, 1998).

In �y photoreceptor cells -a model system for PLC-mediated Ca2+ entry

(revs: Minke and Selinger, 1996; Montell, 1997)- channels open when the

cells are stimulated with light. The channels are highly permeable for Ca2+

(Hardie and Minke, 1992; Reuss et al., 1997) and located exclusively in the

rhabdomere (Ranganathan et al., 1994; Huber et al., 1996a; Niemeyer et al.,

1996). The rhabdomere consists of densely packed, tube-like protrusions of

the plasma membrane, the microvilli (rev.: Hardie, 1985). The Ca2+ in�ux

into the rhabdomere causes very high Ca2+ transients in the rhabdomere

(Chapter 3; Postma et al., 1999), and the steady state Cai level reached

throughout the cell can amount to more than 10 �M (Hardie, 1996a; Chap-

ter 2). These high Ca2+ concentrations have a profound in�uence on the elec-

trical response (Hardie, 1991a, 1995a) and are counterbalanced by e�cient

Na+/Ca2+ exchange (Armon and Minke, 1983; Hochstrate, 1991; Hardie,

1995a, b; Gerster, 1997). Since the Na+/Ca2+ exchanger proteins are most

probably located in the rhabdomere (Chapter 4; Bauer et al., 1999), Ca2+ is

removed faster from the rhabdomere than from the cell body. (Chapter 4).

This might be functionally very important as most of the Ca2+-dependent

regulations of the phototransduction cascade are believed to take place in

the rhabdomere.

CALX, a Na+/Ca2+ exchanger homologous to the vertebrate cardiac

Na+/Ca2+ exchanger NCX1 has been cloned in Drosophila (Ruknudin et

al., 1997; Schwarz and Benzer, 1997). Recently, a second gene, homologous

to the vertebrate Na+/(Ca2+ + K+) exchangers found in rods (Cervetto et

al., 1989; Schnetkamp, 1989), has been identi�ed (Haug-Collet et al., 1999)

and termed NCKX30C. Both genes are expressed in the photoreceptor cells
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of Drosophila (Schwarz and Benzer, 1997; Haug-Collet et al., 1999). We

have therefore studied Na+/Ca2+ exchange in Drosophila photoreceptor cell

bodies in vivo and �nd that it does not require K+, suggesting that at least

part of the exchanger proteins are not encoded by NCKX30C. The exchanger

proteins present in Drosophila photoreceptor cells functionally shield a Ca2+-

activated K+ conductance, indicating that this conductance is co-localized

with the exchangers to the rhabdomere.

Material and Methods

Preparation All experiments were carried out on isolated ommatidia of

freshly emerged (less than 2 hours old) adult �ies (Drosophila melanogaster).

Usually, Oregon wild type animals were used, however, for some experiments

the �ies carried the white or the trpl/white double mutation. No di�erences

between the di�erent strains were found with respect to the studied phenom-

ena. The preparation of the isolated ommatidia was carried out as described

by Hardie (1991b). In short, eyes were dissected o� the head while the head

was immersed in dissecting solution (see below). The retinae then were care-

fully separated from the cornea. Subsequently, the ommatidia were isolated

and stripped o� the surrounding glial cells by gently triturating the reti-

nae in chilled dissecting solution supplemented with 10% fetal calf serum.

During this treatment, the photoreceptor cells lost their axon. The isolated

ommatidia then were allowed to settle in the recording chamber mounted

on an inverted microscope. Standard patch-clamping techniques were used

to record whole-cell currents from single R1-6 photoreceptors, identi�ed by

their capacitance (50-70 pF; Hardie, 1991b); experiments were carried out

at the physiological resting potential of �70 mV, except where indicated

otherwise.

Solutions All solutions were made of chemicals obtained from Sigma. The

dissecting solution contained (in mM): 120 NaCl, 5 KCl, 4 MgCl2, 10 N-Tris

(hydroxymethyl)-methyl-2-amino-ethanesulphonic acid (TES), 30 sucrose.

The normal bath solution contained 120 NaCl, 5 KCl, 4 MgCl2, 1.5 CaCl2,

10 TES, 25 proline, and 5 arginine. This solution was varied as detailed

in the text and �gure legends by leaving away KCl or CaCl2 (in this case

1 EGTA was added) or by replacing NaCl by LiCl or CsCl. However, all

bath solutions were adjusted to a pH of 7.15 at 20ÆC (the temperature at

which all experiments were carried out) with either HCl or the hydroxide of
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5 Properties of the Drosophila Na+/Ca2+ exchanger

the main monovalent cation. All bath solutions were also adjusted to an os-

molarity of 282 mosm, by adding either H2O or sucrose. When extracellular

K+ was present, a 5 s puls of bath solution containing 1 mM ouabain was

pu�ed onto the cell (see below), to ensure that the Na+/K+ ATPase was

blocked completely.

Intracellular (electrode) solutions were based on gluconate as the main

anion to block a Cl� conductance (Hardie and Mojet, 1995). A junction po-

tential of 10 mV, resulting from the di�erent intra- and extracellular anions,

was corrected for. All intracellular solutions contained (in mM) 4 Mg-ATP,

0.4 Na2-GTP, 1 NAD, 2 MgCl2 and 10 TES and 130 mM of X-Glu, where

X is a monovalent cation (or a combination of two monovalent cations, as

indicated in text or legends). K+-free intracellular solutions regularly con-

tained 15 TEACl, to block the voltage dependent K+ conductances (Hardie,

1991b); the concentration of X-Glu then was reduced accordingly. The pH of

intracellular solutions was adjusted to 7.15 and the osmolarity to 276 mosm.

Ion substitions Extracelllular solutions were changed by pressure-ejec-

ting the substituting solution from a wide (diameter approximately 10 �m)

pu�er pipette, the mouth of which was positioned at a distance of �50 �m

from the cell. Two pu�er pipettes containing di�erent solutions could be used

in the same experiment. The bath solution was re-substituted by washing the

whole recording chamber. Due to the geometry of the ommatidia (cylinders

�100 �m long, 15 �m in diameter, with a central cavity; rev.: Hardie, 1985),

the exchange of solutions was not fast (0.5-1 s); additionally, the timing of

the solution exchange di�ers slightly between di�erent recordings, as it was

triggered by hand. The bars in the �gures indicating the removal of Nao,

therefore, only roughly correspond to the period where the cells were exposed

to a Na+-free extracellular solution.

Results

The forward and reverse mode of operation of the Na+/Ca2+ exchanger

are readily observed in Drosophila photoreceptor cell bodies in vivo

All plasmalemmal Na+/Ca2+ exchangers characterized so far transport one

positive net-charge against each Ca2+ ion transported, independent of the

direction of transport (rev.: Blaustein and Lederer, 1999). The transport of

Ca2+ therefore is electrogenic, i.e. it gives rise to a current. Using typical

intracellular (Nai = 20 mM) and extracellular (Cao = 1.5 mM) solutions, the
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Figure 5.1: Manipulating extracellular Na+ elicits currents from an electrogenic Na+/

Ca2+ exchanger in Drosophila photoreceptor cell bodies. a) Removing extracellular Na+

(Nao) elicits an outward current that inactivates with a time constant of a few seconds.

Restoring Nao then produces an inward current that equally inactivates. b) The inactivat-

ing outward and inward currents are dependent on the availability of extracellular Ca2+.

When extracellular Ca2+ was absent, an outward de�ection of the current was seen that
was caused by an inhibition of an inward current, as the resistance was increased in the

absence of Nao (not shown; see text for further details). c) The charge integral over the

currents shown in b) was calculated and adjusted to yield zero (dotted line) at the be-

ginning of Nao removal. The charge integral over the inactivating currents is nearly zero,

when the charge integral over the Ca2+-independent current is subtracted. The patch

electrode contained either 20 mM Na+ and 110 mM K+ (a) or 10 mM Na+, 110 mM Li+

and 10 mM TEA (b). Nao was replaced by Li+ in all panels; in a), the normal extracellu-

lar solution was used, while in b), the extracellular solution was K+ free. The Ca2+-free
solution contained 1 mM EGTA.

reverse mode (i.e. uptake of Ca2+ into the cell) can be strongly favored by

removing the extracellular Na+ (Nao) and replacing it with Li+; this results

in an outward current. When Nao is resubstituted after a while, the forward

mode (Ca2+ extrusion out of the cell) is favored, giving rise to an inward

current. Figure 5.1a shows that these currents can readily be measured

in Drosophila cell bodies. Current amplitudes of up to 120 pA have been

measured (in the forward mode) using this paradigm.

Figure 5.1b shows that the inactivating currents attributed to the Na+/

Ca2+ exchanger are dependent on the presence of Cao, as must be expected

for these currents. Figure 5.1b also shows a Ca2+-independent component of

the current that was often observed during ion substitution. This current was

caused by inactivation of an inward current, as the resistance was increased

in the absence of Nao (data not shown). The charge integral (Figure 5.1c)

of the currents shown in Figure 5.1b demonstrates that this conductance
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5 Properties of the Drosophila Na+/Ca2+ exchanger

Figure 5.2: Removal of Nao reversibly blocks the light response and the run-down current.

a) The maximal current amplitude of the current induced by a 10 ms test �ash given each

second is plotted. When Nao is removed, the light response is suppressed, but it recovers

completely when Nao is restored. b) Exemplary traces of the �ash-induced current at
times indicated in a). c) Voltage ramps show that the strongly outward-rectifying run-

down current is suppressed during Nao removal; when Nao is present again, the run-down

current recovers. The numbers indicate approximately when the voltage ramp was applied

during a similar experiment as the one shown in a). The suppression of light response or

run-down current cannot be explained by the removal of Nao, but strongly indicates that

Cai is increased during the absence of Nao. The patch-electrode in a) and b) contained

20 mM Na+ and 110 mM K+, while in c) it contained 20 mM Na+ and 110 mM Li+. The

extracellular solution in a) and b) contained 5 mM K+, that was absent in c). Nao was
replaced by Lio in all panels.

contributes equally to the current in the presence and the absence of Cao;

it is therefore unlikely that it represents the so-called run-down current (see

below) of light-activated channels (Hardie and Minke, 1994a). The Cao in-

dependent current reversed at +50 mV (data not shown). This, and its

dependence on Nao, argues against an unspeci�c leak current. However, this

conductance was rather variable and we did not investigate it further.

The Na+/Ca2+ exchanger operating in reverse mode should increase Cai.

Increasing Cai strongly modulates the light response of Drosophila photore-

ceptor cells (Hardie, 1991a, 1995a). Monitoring the light response while

manipulating the Na+/Ca2+ exchanger therefore allows to demonstrate the

increase in intracellular Ca2+ concentration caused by the exchanger. A

corresponding experiment is shown in Figure 5.2a. The maximal current

amplitude evoked by a 10 ms test �ash (given every second) was measured

during an ion substitution experiment similar to the one in Figure 5.1a. Re-

moving Nao quickly reduces the amplitude of the �ash response. This cannot
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be attributed to the removal of Nao alone, since Li
+ also permeates the light-

activated channels and the extracellular concentration of Ca2+, which is the

main permeant ion of the light-activated channels (Reuss et al., 1997), was

not changed. The reduction of the �ash response therefore has to be at-

tributed to the increase in Cai. After resubstituting Nao the �ash response

completely recovered, but with a slower time course. In Figure 5.2b, ex-

emplary �ash responses before (1) and during (2) Nao removal and at the

beginning (3) and at the end (4) of the recovery are shown.

Fly photoreceptors exhibit sometimes spontaneous activation of the chan-

nels that are normally opened only as a consequence of light stimulation;

the current associated with the spontaneous activation of the light-activated

channels has been termed run-down current (Hardie and Minke, 1994a, b).

An increased intracellular Ca2+ concentration inhibits the run-down current

(Hardie and Minke, 1994b). In Figure 5.2c, the current-voltage relationship

was measured in a cell that showed the typically outward-rectifying run-down

current (Hardie and Minke, 1994a) with voltage ramps. The outwardly rec-

tifying current was strongly reduced when Nao was removed and recovered

after it was replaced. This demonstrates again that Cai is increased during

the absence of Nao.

The Na+/Ca2+ exchanger in Drosophila cell bodies does not require K+

Two genes encoding di�erent types of Na+/Ca2+ exchangers have been iso-

lated from Drosophila and are expressed in the photoreceptor cells (Schwarz

and Benzer, 1997; Haug-Collet et al., 1999). By analogy to the respective

vertebrate homologues, it can be expected that CALX exchanges 3 Na+ ions

for 1 Ca2+ ion. NCKX30C is homologous to the exchanger in vertebrate

rods (Haug-Collet et al., 1999), that exchanges 4 Na+ ions against 1 Ca2+

ion and 1 K+ ion (Cervetto et al., 1989; Schnetkamp et al., 1989). To de-

termine which exchanger is expressed in the photoreceptor cell bodies of

Drosophila, we investigated the K+ dependency of the exchange currents.

Figures 5.3a and b show that the currents attributable to the Na+/Ca2+

exchanger were essentially una�ected by removing extracellular K+. We can

therefore conclude that Ca2+ uptake by the reverse mode of the exchanger

does not require extracellular K+.

Hardie (1995a) reported Na+/Ca2+ exchange currents in the forward

mode in the absence of intracellular K+. In Figure 5.3c we con�rm this

�nding and show that the exchanger in Drosophila cell bodies works without

any K+ present, intra- and extracellularly. The outcome of this experiment
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5 Properties of the Drosophila Na+/Ca2+ exchanger

Figure 5.3: The Na+/Ca2+ exchanger in

Drosophila photoreceptor cell bodies does

not require K+. In a), the currents evoked

by manipulating Nao under physiological K+

conditions are shown. In b), the solution re-

placing Nao did not contain K+. In c), no

K+ was present, neither intracellularly, nor

in any of the extracellular solutions. The
currents characteristic of an activation of the

Na+/Ca2+ exchanger are seen under all con-

ditions. The recordings in a) and b) are from

the same cell that was recorded with a patch

electrode containing 110 mM K+ and 20 mM

Na+. The recording in c) was done at a hold-

ing potential of �10 mV, to avoid currents

through a Ca2+-activated conductance (Fig-
ure 5.4); the patch-electrode therefore con-

tained 96 mM Cs+, 10 mM TEA and 26 mM

Na+. Nao was replaced with Lio in a) and

b), but with Cso in c).

shows clearly that the exchange activity in Drosophila photoreceptor cells

does not require K+ on either side of the membrane. This result strongly

argues that exchangers are present in Drosophila photoreceptor cell bodies

homologous to the vertebrate NCX1-3 exchangers that do not require K+

for transporting Ca2+.

Ca2+ accumulation due to the reverse mode of the Na+/Ca2+

exchanger rapidly activates a cationic conductance

Hardie (1995b) described a Ca2+-activated conductance that required rela-

tively high levels of Cai (threshold 5 �M) for activation and that could only

be seen when the Na+/Ca2+ exchanger was blocked. When substituting

Cso for Nao at �70 mV holding potential, a current was observed that dif-

fered markedly from the exchange currents observed normally (Figure 5.4a).

Changing the holding potential proved that in addition to the exchange cur-

rents a conductance was activated that reversed around 0 mV. Measuring

the current-voltage relationship with voltage ramps (Figure 5.4b) con�rmed

the reversal potential of �0 mV and showed that the conductance was in-

wardly rectifying. These properties indicate strongly that this conductance
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Figure 5.4: The Na+/Ca2+ exchanger operating in the reverse mode readily activates
a conductance. a) When Nao is replaced by Cso, the resulting currents are strongly de-

pendent on the holding potential. At negative holding potentials, an additional inward

component is visible that becomes outward at positive holding potentials. b) The current-

voltage relationship of the conductance activated during the absence of Nao. Voltage

ramps were applied before and during the absence of Nao, and the obtained recordings

subtracted. The resulting curve shows a reversal potential of �0 mV, and inward recti�-

cation. The activation of the conductance by the reverse mode of operation of the Na+/

Ca2+ exchanger indicates that it is activated by an increase in Cai. To block the voltage
activated K+ conductances (Hardie, 1991a), the intracellular electrode contained 96 mM

Cs+, 26 mM Na+ and 10 mM TEA. Extracellularly, K+ was absent.

is identical to the conductance described by Hardie (1995b). In the experi-

ments reported here, however, the reverse mode of the Na+/Ca2+ exchanger

was employed to increase Cai, and this leads to a relatively fast activation of

the conductance. In contrast, when Cai was increased by perfusing the cell's

interior with solutions containing high Ca2+ (Hardie, 1995b), the kinetics of

activation were slower and activation did not occur at all as long as the ex-

changers could remove Ca2+ (Hardie, 1995b). Therefore, the Ca2+-activated

conductance probably is localized close to the exchanger, possibly even in a

specialized compartment of the cytosol that is protected by the action of the

Na+/Ca2+ exchanger.

The Ca2+-activated conductance is permeable for K+ and Cs+, but not

for Na+ and Li+

The reversal potential of �0 mV under the conditions of the experiment

shown in Figure 5.4 indicates that the current was carried mainly by Cs+,

as the equilibrium potential for Cs+ in this experiment was 7 mV. As the
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5 Properties of the Drosophila Na+/Ca2+ exchanger

Figure 5.5: The Ca2+-activated conductance is permeable for Cs+ and K+, but not for

Li+, Na+ or Ca2+. a) Depending on whether Lio or Cso is used as substitute for Nao, a

large di�erence in the recorded currents is obtained. Only with Cso, a strong inward com-

ponent is visible, indicating that Cs+ but not Li+ permeates the Ca2+-activated conduc-

tance. These recordings also show that Ca2+, which is present extracellularly, and Na+,

present intracellularly, did not permeate the Ca2+-activated conductance substantially.
b) A similar di�erence is observed when 8 mM K+ is added to the Li+-based extracellular

solution used for substituting Nao. This shows that K+ permeates the Ca2+-activated

conductance as well. c) The permeation of K+ through the Ca2+-activated conductance

can also be demonstrated with an extracellular solution entirely based on K+. In a), the

patch-electrode contained 120 mM Na+ and 10 mM TEA, while extracellular K+ was

absent throughout the experiment. In b), the patch-electrode contained 120 mM Li+,

2 mM Na+ and 10 mM TEA, while in c) the patch-electrode was �lled with a solution

containing 110 mM K+ and 20 mM Na+.

equilibrium potentials for Na+ and for Ca2+ were higher than +85 mV, these

ions probably did not permeate to a signi�cant extent through the Ca2+-

activated conductance. Furthermore, when substituting Nao with Lio, we did

not observe this conductance (Figure 5.1). To con�rm that Cs+ permeates

this conductance much better than Li+, we compared these two ions directly

in the same cell (Figure 5.5a). The reversal potentials for Cs+ and Li+

under the conditions of this experiment were similar (> 85 mV), but a large

di�erence in the evoked currents was observed. Only with Cso as substitute

for Nao, an inward current was seen, con�rming that Cs+ permeates this

conductance well, while Li+ does not. Again, it can also be concluded that

Na+ did not permeate this conductance, as the strong outward gradient for

Na+ did not result in an outward current, when Lio replaced Nao.

Conductances permeable for Cs+, but not for Li+ and Na+ are usually

permeable for K+ (Hille, 1992). We demonstrated this for the Ca2+-activated
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conductance by adding 8 mM K+ to an Li+-based extracellular solution

(Figure 5.5b). The addition of extracellular K+ resulted in an additional

inward component of the cell, as expected from the inward gradient of K+.

Also, substituting Nao with an extracellular solution entirely based on K+

gave rise to an even larger inward current (Figure 5.5c), con�rming that

the Ca2+-activated conductance is well permeated by K+ ions. Altogether,

these results demonstrate that the conductance investigated here has the

properties of an inwardly rectifying, Ca2+-activated K+ conductance.

Discussion

In this study, the Na+/Ca2+ exchanger proteins expressed in the cell bodies

of Drosophila photoreceptors was investigated in vivo. The key �ndings are

(1) that this exchanger does require K+ on neither the extra- nor the intracel-

lular side to function and (2) that the exchanger tighly controls the activation

of a Ca2+-activated K+ conductance, suggesting that the exchanger and the

Ca2+-activated K+ conductance are both located in the rhabdomere.

Na+/Ca2+ exchange in Drosophila photoreceptor cell bodies does not

require K+

Removing extracellular Na+, when millimolar intracellular Na+ was present,

resulted in an outward current that quickly inactivated; re-substituting the

extracellular Na+ evoked inward currents of up to 120 pA that quickly de-

cayed to baseline as well. These currents are indicative of Ca2+ transport

by an electrogenic Na+/Ca2+ exchanger. Several control experiments sup-

port this interpretation: the currents are only observed when Ca2+ was

present in the Na+-free extracellular solution (Figure 5.1b). Additionally,

the charge integral over the currents is zero (after the subtraction of the

Ca2+-independent components; Figure 5.1c), showing that the charge trans-

ported in reverse mode is identical to the charge subsequently transported

during the forward mode of operation. This demonstrates that all the Ca2+

that was taken up during the removal of Nao was extruded again when Nao
was restored. Finally, the reversible suppression of the light response and of

the run-down current strongly indicates that Cai was increased during the

absence of Nao. In conclusion, these observations �rmly establish that an

electrogenic Na+/Ca2+ exchanger is at the origin of the currents observed

when manipulating Nao.
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5 Properties of the Drosophila Na+/Ca2+ exchanger

The typical currents associated with the reverse and forward modes of

operation were also observed in the absence of extracellular (Figure 5.2a) and

intracellular K+ (Figure 5.2b). This indicates that at least a part of the Na+/

Ca2+ exchangers expressed in the photoreceptor cell bodies of Drosophila are

not encoded by the NCKX30C gene. In this respect the exchangers in the

Drosophila photoreceptor cell bodies seem to be similar to the exchangers in

the rhabdomeres of squids that also do not require K+ (Bauer et al., 1999).

This �nding raises the question of where the K+ dependent exchanger that

are reportedly expressed by the same cells (Haug-Collet et al., 1999) are

located. The present �ndings do not allow to rigorously rule out that a small

population of Na+/(Ca2+ + K+) exchangers is present in �y photoreceptor

cell bodies. One possibility to explain why two di�erent types of exchangers

might be found in the same subcellular compartment is to assume that the

Na+/(Ca2+ +K+) exchangers only work in the submicromolar range of Ca2+

concentrations. It is not known if Ca2+ extrusion under these conditions is

also con�ned to the rhabdomere. This hypothesis would imply that the two

exchanger types have radically di�erent Ca2+ a�nities; the Na+/(Ca2+ +

K+) would thereby ful�ll the �house-keeping� role traditionally assigned to

plasma membrane Ca2+ ATPases (rev.: Blaustein and Lederer, 1999). An

alternative possibility is that the axon terminals, which are known to host

highly active synapses (Uusitalo et al., 1991) and that were absent from the

investigated cells, possess Ca2+ extrusion proteins di�erent from those found

in the cell body.

In Drosophila photoreceptor cells, exchange currents of up to 120 pA

were measured. Vertebrate exchangers have been reported to have maximal

turn-over rates of �5000=s (Niggli and Lederer, 1991; Hilgemann, 1996),

corresponding to a maximal current of �0.8 fA per molecule. Assuming that

the exchangers in Drosophila photoreceptor cell bodies have similar turnover

rates we can estimate that there are about 150,000 exchanger molecules in

one cell. If they are all located in the rhabdomeric microvilli, this amounts to

5 molecules per microvillus, when assuming 30,000 microvilli in a Drosophila

photoreceptor cell (rev.: Hardie, 1985).

A novel, Ca2+-activated K+ conductance

In Figure 5.4 we provide evidence that a Ca2+-activated conductance previ-

ously described by Hardie (1995b) is a K+ conductance under physiological

ionic conditions. This conductance has unusual properties, because it is

Ca2+-activated and inwardly rectifying, and it has a very small single chan-
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nel conductance (< 0.5 pS; Hardie, 1995b). Furthermore, the Ca2+-activated

K+ conductance in Drosophila cell bodies seems not to be blocked by TEA.

These features do not �t with the two Ca2+-activated K+ conductances de-

scribed in Drosophila (Gho and Mallart, 1986), and also do not �t with the

traditional classi�cation of Ca2+-activated K+ channels (Hille, 1992). It is

therefore likely that the conductance investigated here represents a novel

Ca2+-activated K+ conductance. The genetic potential of Drosophila should

help to further investigate the genetic and molecular basis of this conduc-

tance.

The function of the Ca2+-activated K+ conductance is not clear. Its in-

ward-rectifying current-voltage relationship raises questions about how much

current �ows through this conductance under physiological conditions, as the

K+ gradient in the insect retina only allows outward currents (Weckström et

al., 1991). As discussed in Chapter 2, Cai continues to rise with increasing

light intensity, even when the steady state membrane potential is already in

saturation. This indicates that there is a further mechanism counteracting

the depolarizing current through the light-activated channels, in addition to

the voltage-gated K+ currents. The Ca2+-activated K+ conductance might

be a good candidate for this function, since its unusual high threshold of

activation (> 5 �M, Hardie, 1995b) coincides with the steady state intracel-

lular Ca2+ concentration at the highest light intensity that does not saturate

the steady state membrane potential (Chapter 2).

Na+/Ca2+ exchangers and the Ca2+-activated conductance are

co-localized in the rhabdomere

The most striking property of the Ca2+-activated K+ conductance is its

unusual behaviour when Cai is raised. Hardie (1995b) reports that this con-

ductance can only be activated when the Na+/Ca2+ exchanger is blocked

by removing Nao; even then, the time needed to activate the current was

rather long and strongly dependent on the Ca2+ concentration inside the

patch-electrode. Allowing the Na+/Ca2+ exchanger to work in its reverse

mode, and thereby raising Cai, activates the Ca2+-activated K+ conduc-

tance rather quickly (Figure 5.4). These observations strongly suggest that

the Na+/Ca2+ exchanger functionally shields the Ca2+-activated K+ con-

ductance; only when the exchanger cannot reduce Cai in the vicinity of

the Ca2+-activated K+ channels, or when it actually increases Cai at this

location, the channels open. As the exchanger proteins in �y photorecep-

tor cell bodies are located in the microvilli of the rhabdomere (Chapter 4),
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we conclude that the Ca2+-activated K+ conductance is also localized in

the microvilli. In line with this, the very small single channel conductance

(< 0.5 pS; Hardie, 1995b) allows that at least 1 channel of this conductance

is located in each microvillus. Hardie (1995b) shows that at a holding poten-

tial of �80 mV (that also corresponds to an electromotive force of �80 mV

under the speci�c conditions employed) a current of 700 pA �ows through

the Ca2+-activated K+ conductance. Assuming again 30,000 microvilli per

photoreceptor cell (Hardie, 1985), a single channel conductance of 0.3 pS

or smaller would be needed to have on average one open channel in each

microvillus.
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