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Summary

What are calcium signals?

Changes in the intracellular calcium concentration are called calcium signals.

Calcium signals are crucial for the physiology of most biological cells and

therefore for the functioning of whole organisms. Well-established examples

of processes that depend on calcium signals are: the synaptic transmission

of information between two nerve cells, the contraction of muscles and the

storage of information in memory. Often, a calcium signal is generated by

calcium ions �owing from the extracellular space into the cell through small

channels in the membrane. The in-�owing calcium ions can increase the in-

tracellular calcium concentration rapidly and by as much as 10, sometimes

even 100, times because the intracellular calcium concentration usually is

very low. The increase of the calcium concentration can be readily detected

by molecules that bind to calcium ions. The calcium-binding molecules sub-

sequently regulate physiological processes of the cell, depending on whether

they are bound to calcium.

An important aspect of calcium signaling is that it can be localized,

i.e., the calcium concentration can be di�erent in di�erent parts of the cell.

Because calcium ions normally can move quite fast and freely inside the

cells, which tends to equalize the calcium concentration between the di�erent

parts, cells have developed special mechanisms to maintain the localization

of calcium signals. One possibility is to place the calcium channels to remote

parts of the cell body that are linked to the rest of the cell only via narrow

connections (Figure 7.1a). Another possibility is to place molecules that

extrude calcium ions from the cell very close to the channels through which

calcium ions �ow in (Figure 7.1b). Finally, high concentrations of substances

binding to the in-�owing calcium ions can constrain the region of increased

calcium concentration (Figure 7.1c).

Below, I will show that the light sensitive cells in the eyes of �ies, called

the photoreceptor cells, use all of these possibilities to produce changes of the
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Figure 7.1: Three principles allowing to constrain the increase of the intracellular calcium

concentration to a part of the cell. a) The calcium channels, through which the calcium

enters the cell (upward arrows) are located in a small part of the cell that is linked to the

rest of the cell only via a narrow connection. b) Molecules that extrude the in-�owing

calcium back to the outside (the sodium/calcium exchangers) are located close to the

calcium channels. c) A high concentration of calcium binding molecules is present in the
cell.

calcium concentration that are extremely large and highly localized. This

makes the photoreceptor cells of �ies an attractive object for the study of

local calcium signals.

The �y photoreceptor cell, the model system studied in this thesis

Photoreceptor cells respond to light with a change of the electrical poten-

tial between the inside and the outside of the cell. A complex biochemical

cascade, which is not yet fully understood, underlies the generation of this

electrical signal. It starts with the absorption of light by special molecules

called rhodopsin. The �nal result of the chain of biochemical events is that

channels in the membrane open (Figure 7.2b), allowing ions, especially cal-

cium ions to enter the cell, thus changing the electrical potential.

The channels that open during light stimulation are not uniformly dis-

tributed in the cell membrane, but are concentrated in the rhabdomere (Fig-

ure 7.2a, b). The rhabdomere consists of a large number of microvilli, tiny,

tube-like protrusions of the cell membrane, that are packed together to form

a highly ordered stack. In addition to the channels, most other molecules nec-

essary for generating the electrical signal, including the rhodopsin molecules,

are located in the microvilli (Figure 7.2b). The microvilli are all connected
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Figure 7.2: a) Schematic drawing of a �y photoreceptor cell. It consists of a cell body and
a rhabdomere that is made of a large number of microvilli. b) Each microvillus contains

rhodopsin molecules that absorb light and thereby are activated. The activation of the

rhodopsin molecule is signaled to the calcium channels via a G-protein and a phospholipase

C (PLC). The molecules that transport the signal between the PLC and the channels are

not yet identi�ed. The �nal result of the signaling cascade is that the channels open and

thereby allows calcium to �ow into the microvilli. Therefore the calcium concentration

increases in the microvilli and calcium di�uses from the microvilli into the cell body.

to the cell body via a small neck that reduces the speed of di�usion of cal-

cium ions from the microvilli in the large cell body (as shown in Figure 7.1a).

Therefore, and because the microvilli are so small, calcium ions �owing into

the microvilli rapidly and strongly increase the calcium concentration there.

However, there remains a signi�cant calcium �ux due to di�usion from the

microvilli into the cell body that causes the calcium concentration to rise

there as well.

Measuring the calcium concentration in photoreceptor cells in the intact

eye of �ies

A very popular method to measure the calcium concentration inside cells is

to introduce substances, so-called calcium indicator dyes, into the cell that

change their optical properties when they bind to calcium. For example, the

calcium indicator dyes I used in this thesis emit green �uorescence light when

they are illuminated with blue light. Because the intensity of the emitted
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green light is stronger when the calcium indicator dyes bind to calcium,

one can infer the concentration of calcium by measuring the intensity of

the emitted green light. This optical method allows measuring the calcium

concentration with a temporal resolution of about a millisecond. I could

show that the calcium concentration, especially in the rhabdomere, can rise

very quickly. Thus, the high temporal resolution of the optical measuring

technique turned out to be indeed necessary

I introduced the calcium indicator dyes into the cell by dissolving them

in water and transferring this solution into a tiny pipette made of glass. To

approach the photoreceptor cells with the pipette, it is su�cient to cut a

small hole in one part of the cornea of the �y's eye. The other parts of

the eye are not damaged by this operation. The very tip of this pipette is

less than a micrometer wide, and it is possible to push with this small tip

through the membrane of a photoreceptor cell without seriously damaging

the cell. When the tip of the electrode is inside the photoreceptor cell, the

calcium indicator dye can di�use into the cell. In addition, it is thus possible

to measure the electrical potential between the inside and the outside of

the cell by connecting the pipette to an electrical ampli�er. This technique,

however, only works well when the cells that are impaled with the pipette

are not too small. I therefore used the relatively large blow�ies (Calliphora

vicina) for this work.

The main results of my thesis

Chapter 2: Measuring the calcium concentration in cells remaining in the

intact organ can be di�cult. Accordingly, the calcium concentration inside

�y photoreceptor cells was previously only measured after the photorecep-

tor cells had been isolated from each other. However, cells in the intact

eye are much healthier, and are not vulnerable to damage by the high light

intensities necessary for the measurement of the calcium concentration. Iso-

lated photoreceptor cells, however, can not withstand these light intensities.

Using photoreceptor cells in the (almost) intact eye, I could quantitatively

measure how the calcium concentration, averaged throughout the whole cell,

depends on the intensity of the stimulating light. Surprisingly, stimulat-

ing the photoreceptor cells with bright light intensities induces the calcium

concentration to reach values, that are about 10 times higher than those

normally found in other cell types. Calcium indicators can only measure the

calcium concentration in a certain range. Because of the large changes of

the calcium concentration in the �y photoreceptor cells, I had to use several
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types of indicator dyes. However, this also has an advantage. Comparing

the measurements obtained with the di�erent calcium indicator dyes, I could

determine the calcium concentration in the photoreceptor cells much more

accurately than it would have been possible with only one calcium indicator

dye.

Chapter 3: Because of the special geometry of the �y photoreceptor cells,

I expected that the calcium concentration in di�erent parts of the cell is not

always the same. It seemed especially interesting to know the calcium con-

centration in the rhabdomere, as the calcium in�ux takes place only there.

It turned out that working on photoreceptor cells in the intact eyes has an

additional advantage. I could show that the natural optics of the �y's eye

are perfectly suited to measure the calcium concentration in the rhabdomere.

My results clearly demonstrate that the calcium concentration in the rhab-

domere can indeed be very di�erent from the average calcium concentration

in the cell. Turning on the stimulating light causes the calcium concentra-

tion in the rhabdomere to rise extremely fast and to reach extraordinarily

high values being more than 10 times higher than the already high average

calcium concentrations. These high calcium concentrations exist only for

a short time in the rhabdomere, because the calcium concentration decays

rather rapidly after having reached its maximum. This form of a calcium

signal is often called a calcium transient. Calcium transients are thought to

be very important, e.g., for the proper functioning of synapses. Quite likely,

the calcium transients in the rhabdomere are also very important for the

functioning of the photoreceptor cells. However, previously calcium tran-

sients in the rhabdomere had only been postulated on theoretical grounds,

while here I could demonstrate their existence and quantitatively measure

their time course.

Chapter 4: All cells that allow calcium to enter also need to extrude

it. This is also true for the photoreceptor cells of �ies. This process, the

calcium extrusion, is only poorly understood in �y photoreceptor cells, and

many other systems too. Here I show that calcium is extruded from �y

photoreceptor there, where it �ows in, i.e. from the rhabdomere. I arrived

at this conclusion by theoretically analyzing the di�usion of calcium ions

in the photoreceptor cells. When the calcium extrusion takes place in the

rhabdomere, I calculated that the calcium concentration should have the

same value everywhere throughout the photoreceptor cell, after the decay
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of the calcium transients. If the calcium extrusion takes place elsewhere,

the calcium concentrations in the rhabdomere and in the other parts of the

cell should be considerably di�erent. To test these predictions, I measured

the distribution of the calcium concentration in a single cell with a so-called

confocal microscope. I could show that the calcium concentration throughout

the cell is indeed constant, after the initial calcium transient has decayed.

Therefore, the molecules that remove calcium ions from the cell (so-called

sodium/calcium exchangers) are located in or close to the rhabdomere. This

shows that the design principle illustrated in Figure 7.1b is realized in �y

photoreceptor cells. As a consequence of this design, one should expect that

calcium is removed faster from the rhabdomere than from other parts of the

cell, when the stimulating light is turned o�. Again, experimental testing

showed this hypothesis to be correct. Because the calcium concentration in

the rhabdomere determines the sensitivity of the photoreceptor cell, quickly

removing calcium from the rhabdomere improves the speed with which the

sensitivity recovers. This should be a clear functional advantage for the �ies.

In an increasing number of other cell types both calcium in�ux channels and

calcium extruding are found in the membrane of small, separate parts of the

cell. This is probably caused by functional advantages, similar to those that

I have demonstrated here, of this design principle.

Chapter 5: In �y photoreceptor cells two di�erent types of sodium/cal-

cium exchangers are believed to be present. The two types have di�erent

properties, since one of them needs potassium ions to function, but not the

other. Until now, it was unknown which type of sodium/calcium exchanger is

located in the rhabdomere of �y photoreceptor cells. To investigate this ques-

tion, I isolated photoreceptor cells of the fruit�y (Drosophila melanogaster)

and studied them with the so-called patch-clamp technique. This technique

has the advantage that it is possible to precisely control the concentration

of ions inside and outside of the cell. When I removed potassium completely

from the inside and the outside of the cell, the sodium/calcium exchanger

molecules still worked. This is a strong indication that sodium/calcium ex-

changer molecules are present in the rhabdomere that do not depend on

potassium ions.

Chapter 6: Describing the processes that take place inside a cell mathe-

matically allows evaluating critically the understanding of the whole system.

By comparing predicted and measured results, a mathematical model addi-
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tionally provides the means to constrain values that have not yet been mea-

sured. In order to test the information I gathered in the previous Chapters,

I developed a mathematical model that describes the relevant processes in

the photoreceptor cells. It describes the in�ux of calcium ions, their di�usion

in the various regions of the cell and their extrusion from the rhabdomere.

It furthermore takes into account all other known processes in the cell that

in�uence the electrical potential between the cell's inside and outside. Using

the measured calcium concentration in the rhabdomere as starting point, I

used the model to predict the change of the electrical potential and compared

them with my measurements. It turned out that the predictions of the model

match with the measured traces rather well, provided the parameters the val-

ues of which have not yet been determined are chosen reasonably. The calcu-

lations also con�rm that there is a considerable amount of calcium-binding

molecules inside the rhabdomere (as indicated in Figure 7.1c). A further

advantage is that the model cab be used to quantitatively predict how other

ion concentrations, that have not yet been measured, change during light

stimulation. For example, the model predicts that the calcium concentra-

tion between the microvilli of the rhabdomere, i.e. in the extracellular space

of the rhabdomere, decreases quickly and considerably, due to the strong cal-

cium in�ux at the beginning of the light stimulation. I was able to con�rm

this, using again optical measuring techniques. The model developed here

therefore seems to reasonably describe the movement of calcium ions in the

di�erent parts of the photoreceptor cell.

This model thus nicely rounds o� the four years of research I have been

conducting on the in�ux, the di�usion and the extrusion of calcium ions in

the �y photoreceptor cells, because it integrates the results described in the

previous Chapters with the already available knowledge.

Outlook

It has long been recognized that calcium signals in �y photoreceptor play

a very important role for the functioning of these cells. An increase of the

calcium concentration, caused by light stimulation, is necessary for the de-

sensitization of the photoreceptor cells. Changing the sensitivity is crucial

for photoreceptor cells that need to operate equally well under very di�er-

ent illumination conditions, e.g. on a cloudy dawn and on a bright, sunny

day. Light adaptation is a very complex phenomenon, which in�uences many

biochemical processes in the photoreceptor cells. Having described how the

calcium concentration changes in di�erent parts of the photoreceptor cell, it
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is now possible to ask how precisely the local calcium concentrations regu-

late the physiology of these cells. In order to answer this question, it will be

necessary to identify the molecules that interact with calcium ions, and what

the e�ect of this interaction on their physiological function is. These data

then can be combined in order to improve our understanding of the complex

phenomenon light adaptation. The �ndings of this thesis may help to achieve

this goal. I expect that the insight obtained from working on photoreceptor

cells will contribute to similar research in other cell types and to our general

understanding of calcium signals.
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