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1 General introduction

Calcium signals are arguably the most ubiquitous among all intracellular

signals and are employed by almost all cell types, from unicellular organisms

to highly specialized cells in our own body. Calcium signals are often vital

for the proper functioning of the cells and hence for the survival of the

whole organism. Well-documented examples where calcium plays a crucial

role are the triggering of neurotransmitter release at all chemical synapses

in the brain and the calcium wave that runs on the surface of egg cells just

after it has been fertilized. Despite, or perhaps because of this widespread

occurrence, calcium signals occur in amazingly many di�erent forms. Slow

changes in the free calcium concentration -typically in the range of several

hundreds of nanomoles per liter- can a�ect all parts of the cytosol uniformly.

The other extreme are so-called calcium microdomains that arise on the

intracellular mouth of calcium channels within a few microseconds after the

channel opened. These microdomains extend only 20 nm and the calcium

concentration there reaches several millimoles per liter but only in a tiny

volume (Llinás et al., 1995).

It may therefore not be surprising that cells have evolved a great variety

of mechanisms in order to achieve, to regulate and to tightly control the size,

shape, and time course of the di�erent calcium signals. Amongst them are

calcium in�ux through channels and calcium extrusion due to the action of

exchangers and pumps located in the plasma membrane, as well as calcium

release from and calcium uptake into intracellular organelles. Very important

are also the amount and nature of calcium-binding molecules, often in the

form of special calcium-binding proteins. The precise localization of these

calcium-handling molecules with respect to the geometry of the cell is crucial

in determining the speed and the extent of the resulting calcium signal. This

thesis exempli�es this point by describing the rather extreme, and extremely

localized, calcium signals in �y photoreceptor cells.

1



1 General introduction

Figure 1.1: Schematic drawing of the morphology of �y photoreceptor cells (not to

scale). a) longitudinal cross-section. b) transverse cross-section. Photoreceptor cells

are highly polarized. Close to the basolateral side, the mitochondria are located. The

apical membrane is folded into many small microvilli. All microvilli together are called

the rhabdomere. Very close to the mouth of the microvilli the subrhabdomeric cisternae

(SRC) are located that are part of the endoplasmic reticulum.

The morphology of �y photoreceptor cells

Fly photoreceptor cells are thin, elongated structures surrounded by the

plasma membrane that has two highly di�erent sides, i.e. �y photoreceptor

cells are polarized (Figure 1.1). On the so-called basolateral side close to the

membrane most mitochondria are located (Boschek, 1971). In the basolateral

membrane the ATP consuming Na+/K+ pumps are placed (Baumann et al.,

1994) that are responsible for maintaining a high concentration of potassium

and a low concentration of sodium intracellularly. The basolateral membrane

also contains the voltage-gated potassium channels (Weckström et al., 1991;

Hardie, 1991b). On the opposite, the so-called apical side, the membrane

is folded up into the rhabdomere, a densely packed stack of small tube-

like protrusions, called the microvilli. A microvillus is about 0.7-1.6 �m

long and 60 nm in diameter (rev.: Hardie, 1985). They are connected to

the cell body via a still narrower neck that is 35 nm in diameter (Boschek,

1971; Walz, 1982). At the base of the microvilli, in very close distance to

the plasmalemmal membranes, intracellular organelles are located (Walz,

1982) that belong to the endoplasmic reticulum (ER). These organelles are
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called sub-rhabdomeric cisternae (SRC). Optically, the rhabdomere acts as

a waveguide (rev.: van Hateren, 1989). This means that the light that is

falling onto the eye and that is focused by the corneal facet lenses is trapped

into the rhabdomere and then travels along the rhabdomere down its length.

Consequently, the rhabdomere contains the rhodopsin molecules that are,

by absorbing the photons, at the beginning of the biochemical cascade that

transduces the optical into an electrical signal. Surprisingly, however, the

rhabdomeric microvilli also contain many of the molecules that have been

implied in either the primary transduction cascade or in the modulation

thereof (rev.: Montell, 1999).

Phototransduction

The transduction of an optical into an electrical signal is exquisitely sensitive.

Already the successful absorption of a single photon by a rhodopsin molecule

triggers a quantum bump, a measurable, short-lived current (e.g. Scholes,

1966; Wu and Pak, 1978) that is due to the opening of channels in the

membrane of microvilli. When the photoreceptor cells are stimulated with

stronger lights, many quantum bumps add up and produce a larger light

response.

Between the absorption of a photon and the opening of membrane chan-

nels, a complex and still not fully understood chain of biochemical events

underlies the transduction of the signal (Figure 1.2). It is however clear

that the rhodopsin molecule that absorbed a photon activates a G-protein,

that, in turn, activates a protein called phospholipase C (PLC; rev.: Mon-

tell, 1999; Figure 1.2, steps 1 and 2). This protein, when activated, cleaves

a speci�c type of lipid molecule present in the membrane, the so-called

phosphatidylinositol-bisphosphate (PIP2), into two parts. The �rst part,

called inositol-trisphosphate (InsP3), is soluble in the cytosol, while the other

part, diacylglycerol (DAG), remains in the membrane of the microvilli. It

is still controversially debated how the phototransduction cascade proceeds

from these two substances, InsP3 and DAG. One hypothesis (Figure 1.2a;

Hardie and Minke, 1993; Cook and Minke, 1999) suggests that InsP3 causes

calcium to be released from the SRC; the reduced concentration of calcium

in this compartment of the ER is then thought to activate channels in the

plasma membrane. This pathway of signal transduction has already been

demonstrated in a variety of other cell types (rev.: Berridge, 1995). More

recently, Chyb et al. (1999) have demonstrated that poly-unsaturated fatty

acids, substances that can be produced by further metabolizing DAG, can
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1 General introduction

Figure 1.2: Two hypotheses of phototransduction. When a rhodopsin molecule is acti-

vated due to the absorption of a photon, the G-protein transmits (step 1) the activation to

the phospholipase C (PLC) (step 2). The phospholipase C splits a molecule called PIP2
into InsP3 (step 3a) and DAG (step 3b). The �capacitative calcium entry� hypothesis

(a) assumes that InsP3 di�uses to the InsP3-receptor (InsP3-R) that is located in the

subrhabdomeric cisternae (SRC; step 4a). The InsP3 in turn opens and lets calcium �ow

from the SRCs into the cytosol. The reduction of the calcium concentration in the SRCs
is thought to constitute the signal for the plasmamembrane channels to open (step 5a).

The alternative hypothesis (b) assumes that the other product of the PLC activity, DAG,

is metabolized into poly-unsaturated fatty acids (PUFA; step 4a), that are able to directly

open the membrane channels (step 5b). The straight arrows indicate the direction of the

calcium �ux. See text for further explanation.

activate the same channels that are normally activated by light stimuli (Fig-

ure 1.2b). Whether this pathway represents the physiological route of acti-

vation, however, remains to be demonstrated.

Biophysically, two types of light-activated channels can be distinguished.

One type of channel is dependent on the presence of the product of the trp

gene. This type of channel is highly permeable for calcium ions (Hardie and

Minke, 1992; Reuss et al., 1997) and has a small single channel conductance

(Reuss et al., 1997). The other type of channels is eliminated when the

product of the trpl gene is missing. This channel-type is much less speci�c

for calcium ions than the trp-dependent channel-type, and its single chan-

nel conductance might be as much as 10 times larger (Hardie et al., 1997;

Reuss et al., 1997). The product of the trp gene is 10 times more abun-

dant in the photoreceptor cells than the product of the trpl gene (Xu et

al., 1997). This might indicate that the trp- and trpl -dependent channels
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Figure 1.3: Diagram of the pathways through wich calcium can modulate the transduc-

tion cascade. Calcium �owing through the trp- and trpl-dependent channels increases the

calcium concentration very rapidly in the microvilli (Chapter 3). a) An increased calcium

concentration has been shown to directly modulate the trp- and trpl-dependent channels,

but also the phospholipase C (PLC) and the protein kinase C (PKC) that can phosphory-

late the trp-dependent channels. b) A high concentration of the calcium-binding protein

calmodulin is present in the microvilli. In its calcium-bound form, it activates the Cam-

kinase II that phosphorylates arrestin. This phosphorylation is necessary for arrestin to
turn o� activated rhodopsins. Calcium-bound calmodulin furthermore directly inactivates

the trpl-dependent channels and might also regulate the trp-dependent channels and the

PLC.

each contribute about 50% of the total light-induced current. However, the

contribution of the trpl -dependent channels seems to be much less than 50%

under physiological recording situations (Niemeyer et al., 1996; Reuss et al.,

1997). This apparent contradiction has been resolved by demonstrating that

calcium �owing into the microvilli di�erentially regulates the two types of

channels: the activity of the trp-dependent channels becomes enhanced by

the rising calcium concentration, while the trpl -dependent channels are in-

hibited (Hardie, 1995a; Reuss et al., 1997). This is just one example that

illustrates the importance of calcium for the regulation of the light response.

Calcium regulation of phototransduction

A change in the intracellular calcium concentration regulates the sensitivity

in almost every sensory cell, e.g., in vertebrate photoreceptor cells, in hair
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1 General introduction

cells of the inner ear that are used for hearing, and in olfactory neurons that

allow us to smell (revs: Torre et al., 1995; Jaramillo, 1995; Menini, 1999).

This is also observed in �y photoreceptor cells. When the cells are stimulated

with light, their sensitivity for additional light stimulation becomes reduced,

i.e. the cells become light adapted. For this light adaptation to take place, the

intracellular calcium concentration needs to increase (Muijser, 1979). How

calcium brings about light adaptation has recently begun to be unraveled.

It has become clear that calcium acts on many di�erent targets (Figure 1.3).

Calcium is believed to directly act (Figure 1.3a) on the light-activated chan-

nels, because the di�erential regulation of the two types of light-activated

channels described above is observed within at most a few milliseconds of

increasing the calcium concentration (Hardie, 1995a). In addition, calcium

has been shown to directly a�ect the activity of the PLC (Running Deer et

al., 1995) and a protein termed protein kinase C (PKC), that is also located

in the microvilli (Huber et al., 1998). Without this PKC, light adaptation

is severely impeded (Hardie et al., 1993). The PLC and PKC are tightly

coupled in a complex that is held together by a protein called INAD and

that also contains the trp-gene product (Huber et al., 1996a).

The calcium-sensing protein calmodulin is present in high concentrations

in the rhabdomeric microvilli (Porter et al., 1993). Calmodulin in its active,

calcium-bound form is itself an important regulator of phototransduction

(Figure 1.3b). It activates a protein named Cam-kinase II that phospho-

rylates arrestin. Preventing this phosphorylation severely reduces the con-

centration of arrestin that can bind to activated rhodopsin and terminate

its activity (Scott et al., 1997; Alloway and Dolph, 1999). This in turn

causes the light response to terminate abnormally slowly (Scott et al., 1997).

Calmodulin can also bind to the trp- and trpl -dependent channels (Phillips

et al., 1992; Warr and Kelly, 1996; Scott et al., 1997). It has been shown

that this interaction is important to inactivate the trpl -dependent channels

(Scott et al., 1997). Furthermore, calmodulin might also regulate the PLC

(Richard et al., 1997).

While these regulatory actions of calcium all take place in the rhab-

domeric microvilli, an increase in the calcium concentration in the cell body

also leads to regulatory reactions. It causes small pigment granules to ag-

gregate near the rhabdomere (Kirschfeld and Vogt, 1980) in order to absorb

light (Kirschfeld and Franceschini, 1969); this pigment migration has been

termed intracellular pupil. Increasing the calcium concentration in the cell

body activates the mitochondria (Fein and Tsacopoulos, 1988), presumably

to induce the mitochondria to augment the production of ATP. Mitochondria
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can also take up calcium (rev.: Bernardi, 1999) and thereby play an impor-

tant role in the regulation of the calcium concentration in the cell body.

Together, these data show that calcium plays a crucial role in regulating

the light response of �y photoreceptor cells. A good understanding of how the

light response is regulated, therefore, requires the kinetics and absolute values

of the free calcium concentration to be known quantitatively in the di�erent

compartments of the photoreceptor cells, especially in the rhabdomere. This

thesis is the account of an attempt to provide these data.

Outline of the thesis

Quantitative calcium measurements in �y photoreceptor cells have previ-

ously been done only in isolated cells of the fruit�y Drosophila melanogaster.

Since these cells do not resist to strong, adapting light stimuli when they are

isolated, a new preparation was developed. This preparation is introduced in

Chapter 2 and the methods employed for measuring calcium quantitatively in

the photoreceptor cells in the larger �y Calliphora vicina are explained. This

method is used to determine how the average intracellular calcium concen-

tration in the photoreceptor cells depends on the stimulating light intensity.

In Chapter 3, this method is re�ned in order to measure the calcium

concentration only in the rhabdomere. It is shown that very high calcium

transients, exceeding 200 �M, occur in the rhabdomeres.

In Chapter 4, it is shown, using fast �uorescent imaging, that the cal-

cium concentrations in the rhabdomere and in the cell body are similar in the

steady state, after the calcium transients in the rhabdomere have decayed.

Using a modeling approach, it is demonstrated that this �nding implies that

calcium in�ux and calcium extrusion, which is mediated by Na+/Ca2+ ex-

changers, must be co-localized.

In Chapter 5, the properties of the calcium-extruding Na+/Ca2+ ex-

changer in the photoreceptor cells of Drosophila are explored by using the

patch-clamp technique. The main �ndings are that the exchanger does not

require potassium to function, and that it tightly regulates the activity of

calcium-activated potassium channels.

In Chapter 6, �nally, the data obtained in the previous Chapters are inte-

grated into a model that allows simulating the ion �uxes in �y photoreceptor

cells. The model shows that the quantitative measurements of the calcium

concentration in the rhabdomere are consistent with what is known about

the geometry and physiology of the photoreceptor cells. Furthermore, it is

7



1 General introduction

shown that experimental data of changes of extracellular ion concentrations

match the predictions of this model reasonably well.
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