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6 Modeling the calcium homeostasis of �y

photoreceptor cells

Abstract

In neurons, Ca2+ in�ux from the extracellular space often occurs at highly

specialized regions of the membrane. This localization can lead to large in-

creases of the free Ca2+ concentration on the cytosolic side and to signi�cant

decreases on the extracellular side. In �y photoreceptors, the in�ux of Ca2+

ions is localized to a special compartment, the rhabdomere, where concentra-

tions exceeding 200 �M have been measured. Based on the geometry and the

electrical components of �y photoreceptor cells, a model is developed that

predicts the membrane potential for a given time course of the rhabdomeric

Ca2+ concentration. These calculated traces compare favorably with the

measured membrane potential. Furthermore, the model is used to determine

plausible ranges for the current generated by the Na+/Ca2+ exchanger and

the concentration of Ca2+ bu�ers.

Very low a�nity �uorescent Ca2+ indicators are used to measure the

changes of the extracellular Ca2+ concentration in the rhabdomere. With

this technique, it is possible to show that the extracellular Ca2+ concentra-

tion in the rhabdomere decreases after the onset of light stimulation on the

time scale of milliseconds. The model predicts changes in the extracellular

Ca2+ concentration in the rhabdomere that are quantitatively similar to the

measured traces. Together, the data presented here indicate that the model

and its underlying assumptions adequately describe the Ca2+ homeostasis in

the �y retina.
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6 Modeling the calcium homeostasis of �y photoreceptor cells

Introduction

A change in the intracellular free calcium concentration (Cai) is a very im-

portant signal for a wide variety of cellular processes in many cell types.

Often, changes in Cai are constrained to speci�c regions of the cytosol of

cells, allowing cells to utilize Ca2+ signals in di�erent parts of the cell for

di�erent purposes. This restricted localization can be brought about by con-

�ning Ca2+ in�ux to a speci�c region of the plasma membrane. To further

limit the spread of Ca2+ signals, proteins responsible for Ca2+ extrusion and

Ca2+ bu�ers can be localized close to the location of in�ux. Also, the shape

of cells can be modi�ed to create geometrically de�ned small compartments

that limit the di�usion of Ca2+, such as spines of cortical neurons (Koch and

Zador, 1993) or stereocilia of haircells (Lumpkin and Hudspeth, 1998).

Fly photoreceptor cells are a favorable system to study such a compart-

mentalization. They are highly polarized cells featuring a special cytosolic

compartment, the rhabdomere, on the apical side. The rhabdomere consists

of a densely packed stack of small, tube-like protrusions of the plasma mem-

brane, the microvilli (rev.: Hardie, 1985). In its entirety, the rhabdomere acts

as an optical waveguide, a property that can be exploited to quantitatively

measure changes in Cai in this compartment (Chapter 3). The rhabdomeric

microvilli contain the majority of proteins that have been implicated in the

phototransduction, including the light activated channels (Ranganathan et

al., 1994; Huber et al., 1996a; Niemeyer et al., 1996; rev.: Montell, 1999).

These channels open upon light stimulation and are highly permeable for

Ca2+ (Hardie and Minke, 1992; Reuss et al., 1997). Due to the small dimen-

sions of the rhabdomeric microvilli, light stimulation leads to rapid increases

in Cai that exceed 200 �M (Chapter 3; Postma et al., 1999). Ca2+ ions

then di�use from the rhabdomere into the cell body (Ranganathan et al.,

1994; Chapter 4), where changes in Ca2+ concentrations are more modest,

but nevertheless amount to tens of micromolar (Hardie, 1996a; Chapter 2).

To counteract the Ca2+ in�ux, strong Na+/Ca2+ exchanger proteins are lo-

cated in or close to the microvilli (Bauer et al., 1999; Chapters 4, 5), and

high concentrations of calmodulin, a Ca2+-binding protein, have been shown

to exist in the rhabdomere (Porter et al., 1993).

To resolve the Ca2+ dynamics in the small subcellular compartments the

resolution of optical measurements often is unsatisfactory, and hence mod-

eling approaches are taken (e.g. Koch and Zador, 1993; De Schutter and

Smolen, 1998; Lumpkin and Hudspeth, 1998; Postma et al., 1999). Here,

I present a model that integrates the known geometry of �y photoreceptor
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cells with the mechanisms responsible for ion in- or e�uxes. Using suitable

parameters, this model allows to show that the membrane potential can be

calculated from the Ca2+ concentration with reasonable accuracy; this shows

that the measured time course of Carh is consistent with the measured mem-

brane potential. The model also allows determining a range for parameters

that are otherwise di�cult to measure, as the concentration of Ca2+ bu�ers

and the size of the current generated by the Na+/Ca2+ exchanger proteins.

Furthermore it predicts changes in extracellular Ca2+ and K+ concentrations

that compare favorably with measurements.

Material and Methods

Measuring the intracellular Ca2+ concentration in the rhab-

domere The preparation and all experimental details were as described

previously (Chapter 3). Only recordings were used in which both the Carh
and the membrane potential could be measured simultaneously.

Measuring the extracellular Ca2+ concentration in the rhab-

domere After setting up the �y (female Calliphora vicina, mutant chalky)

as described previously (Chapters 2, 3), an electrode with the tip broken to

a diameter of �20 �m was inserted into a small hole, which was cut into the

dorsal part of the cornea and sealed with silicon grease. The electrode was

�lled with �y Ringer solution made of (in mM) 120 NaCl, 4 KCl, 1.4 CaCl2,

4 MgCl2 and 10 HEPES, adjusted to pH 7.1 and supplemented with 0.5 mM

of the very low a�nity Ca2+ indicator X-rhod-5N (XR5N; obtained from

Molecular Probes, Oregon). XR5N has a reported Kd of 350 �M and does

not �uoresce in the absence of free Ca2+. The addition of XR5N is calcu-

lated to have reduced the free Ca2+ concentration in the Ringer solution to

1.03 mM; in the eye, the Ca2+ concentration in the extracellular space prob-

ably was closer to the physiological value of 1.4 mM (Sandler and Kirschfeld,

1991), because the injected dye-containing Ringer was diluted. A drop of the

solution in the electrode was injected into the eye by applying pressure to

the back of the electrode. As the injected volume is unknown it is not possi-

ble to calculate the �nal concentration of the Ca2+ indicator. Furthermore,

the �uorescence intensity due to the Ca2+ indicator diminished during the

duration of an experiment to almost background values. This was surpris-

ing as Weyrauther et al. (1989) reported that �uorescence of Lucifer Yellow

that was injected into the retina reduced with a time course of �1 h. This
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6 Modeling the calcium homeostasis of �y photoreceptor cells

indicates that XR5N is either taken up by cells in the retina or otherwise

removed from the retina much faster than Lucifer Yellow.

After the injection of the dye, the �uorescence was recorded (by using

a 580 nm �uorescence cube) from the deep pseudopupil (Franceschini and

Kirschfeld, 1971) in the ventral part of the eye, as there was no damage

from the injection in that area. By recording from the deep pseudopupil the

contribution of the light originating from the rhabdomeres is maximized (see

also Figure 6.9a).

The �uorescence intensity (F ) measured from the deep pseudopupil can

be converted into free Ca2+ concentration. For this conversion it was as-

sumed that the Ca2+ concentration in the dark-adapted rhabdomere (Cao)

is 1.4 mM (Sandler and Kirschfeld, 1991). The �uorescence intensity during

the latency period (Flat) corresponds to this concentration. Furthermore,

the auto�uorescence of the tissue at the applied excitation wavelengths can

be neglected, as can the �uorescence of XR5N at low Ca2+ concentrations.

Therefore, the output of the photomultiplier in darkness can be taken as the

minimum �uorescence (Fmin). The free Ca
2+ concentration in the extracel-

lular rhabdomere (Carh;ex) is given by:

Carh;ex = KdCao
F � Fmin

Cao (Flat � F ) +Kd (Flat � Fmin)

The Model

The model is based on the known geometry and electrical components of

Calliphora vicina R1-6 photoreceptor cells. The central assumption is that

the three-dimensional geometry of a photoreceptor cell can be reduced to

two dimensions. This assumption is likely to be valid because only very high

light intensities were used for stimulating the cells. The intensities were such

that every rhodopsin molecule was photoconverted at least once in 10 ms.

This implies that also microvilli at the proximal base of the photoreceptor

cells, close to the basal membrane, absorb enough light to activate all trans-

duction units. No attempt was made to account for the tapering of both,

the rhabdomere and the photoreceptor cells (Boschek, 1971) over the depth

of the retina.

A related, but additional assumption made throughout this Chapter is

that the Ca2+ concentration in all microvilli is similar. While this assump-

tion might well hold for the �rst 60 to 100 ms, the duration of a single

bump (Hardie and Minke, 1995), it might break down for longer periods of
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Figure 6.1: Schematic representation of the elements of the model (not to scale). a) The
rhabdomeric microvilli contain the light-activated channels (Huber et al., 1996a; Niemeyer

et al., 1996) and the Na+/Ca2+ exchangers (Bauer et al., 1999; Chapters 4, 5). The ac-

tivity of both types of molecules is supposed to be homogeneously distributed in the

membrane of the microvilli. A �xed Ca2+ bu�er bu�ers the Ca2+ ions in the microvilli.

The lipids in the membrane are modeled to act as a �xed, linear Ca2+ bu�er in the ex-

tracellular space of the rhabdomere. All cations (Na+, K+, Ca2+, Mg2+) di�use in one

dimension in both, the extracellular and the intracellular compartment of the rhabdomere.

The microvilli are connected to the cell body by narrow necks (Boschek, 1971). b) The
membrane of the cell body hosts the voltage-gated K+ channels (Hardie, 1991b; Weck-

ström et al., 1991), the Na+/K+ pump (Baumann et al., 1994) and the resting Na+ and

K+ conductances. Ca2+ ions are bu�ered by a mobile Ca2+ bu�er to which the �uorescent

Ca2+ indicators contribute. The 2-dimensional di�usion in the cell body is calculated only

for free and bound Ca2+ ions, but not for the other cations. For dimensions and further

explanation, see text.

illumination. It has been established that the macroscopic light response is

composed of many superimposing quantum bumps, and a bump-producing

transduction unit might have a refractory period before being able to pro-

duce another bump (Hochstrate and Hamdorf, 1990; Scott and Zuker, 1998).

This could imply that the Ca2+ concentration in a given microvillus �uctu-

ates even under constant illumination. Due to the large number of microvilli,

these �uctuations would not be visible in measured traces of Carh. While

the consequences of these �uctuations in speci�c microvilli have not been

explored quantitatively, it can be argued that the error introduced is small

as long as the �uctuations in the microvilli are small. This condition seems

to be met, as the Ca2+ transients in strongly light-adapted photoreceptor

cells have been shown to be small (Chapter 3).
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6 Modeling the calcium homeostasis of �y photoreceptor cells

Geometry Figure 6.1 gives a schematic overview of the main components

of the model. The cross-section of the cell body was modeled as a two-

dimensional square, with a side length of 7.1 �m; the surface of this cross-

section is equivalent to a circle with a radius of 4 �m. The length of the

model photoreceptor cell was taken to be 211 �m. This yields a total volume

of 1:1�10�14 m3 for the cell body. The surface of the cell body is 6:1�10�9 m2.

The microvilli were assumed to have a length of 1.1 �m, and an outer

diameter of 60 nm (Suzuki et al., 1993). Because membranes have a thickness

of 5 nm, the inner diameter of the microvilli was assumed to be 50 nm. 20

microvilli were assumed to be located in a cross-section of the rhabdomere

(El-Gammal et al., 1987), and their centers to be separated by 75 nm (Suzuki

et al., 1993). The width of the rhabdomere therefore amounts to 1.5 �m.

The di�erence in length of microvilli being situated in di�erent positions in

a given cross-section of the rhabdomere was not taken into account. The

neck connecting the microvilli to the cell body was modeled as a cylinder

with a length of 60 nm and an inner diameter of 35 nm (Boschek, 1971).

Actin �laments, found along the length of microvilli and the neck (Arikawa

et al., 1990), might further reduce the inner volume of microvilli, especially

in the neck region; however, their contribution was neglected. The volume

of a microvillus, including the neck, then works out to be 2:2 �10�21 m3, and

its surface equals 2:0 � 10�13 m2.

Assuming that the microvilli are densely packed (Suzuki et al., 1993),

the total number of microvilli that �t in a rhabdomere of 211 �m length is

90,000. The rhabdomere then has a total internal volume of 2:0 � 10�16 m3

and a surface of 1:8 �10�8 m2. The total volume of the model cell then equals

1.1 � 10�14 m3 and the total surface of the cell amounts to 2:38 � 10�8 m2.

With the speci�c membrane capacitance cm = 0.01 F=m2, the capacitance

of the model cell equals 238 pF. This value is higher than previous mea-

surements (130-160 pF; Jansonius, 1990; Anderson and Hardie, 1996), but

further reducing the cell surface (by reducing the length of microvilli, as this

is the most important parameter determining the cell surface) is incompatible

with the published anatomy.

The extracellular space was divided in a compartment representing the

large intraommatidial cavity found in the �y retina and a compartment cor-

responding to the extracellular space of the rhabdomere. The volume of

the extracellular space of the rhabdomere can be calculated by subtracting

the volume of all microvilli (2:0 � 10�16 m3 including the neck) from the to-

tal volume of the rhabdomere (length of microvilli plus neck times width of

rhabdomere times length of rhabdomere = 3:7 �10�16 m3). The extracellular
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Description Symbol Value

Length of microvillus lmv 1.1 �m

Inner diameter of microvillus dmv 50 nm

Length of neck ln 60 nm

Inner diameter of neck dn 35 nm

Volume of microvillus (incl. neck) vmv 2.2�10�21 m3

Surface of microvillus (incl. neck) Smv 1.7�10�13 m2

Number of microvilli per cell Nmv 90,000

Volume of rhabdomere vrh 2.0�10�16 m3

Surface of rhabdomere Srh 1.8�10�8 m2

Length of photoreceptor cell lpr 211 �m

Length of one side of the cell body lcb 7.1 �m

Volume of cell body vcb 1.1�10�14 m3

Surface of cell body Scb 6.1�10�9 m2

Volume of total cell vtot 1.1�10�14 m3

Surface of total cell Stot 2.38�10�8 m2

Volume of extracellular rhabdomere vrh;ex 7.8�10�17 m3

Volume of intraommatidial cavity (per cell) vic 1.6�10�15 m3

Table 6.1: Geometrical values used in the model. These values are derived from the

known anatomy of the blow�y retina and were not varied throughout this Chapter.

volume of the rhabdomere then amounts to 7:8 � 10�17 m3, while the volume

of the membranes in the rhabdomere equals 8:9 �10�17 m3. The total volume

of the extracellular space (rhabdomere and intraommatidial cavity) was set

to be 6.3 times smaller than the volume of the photoreceptor cell (Hamdorf,

cited in Sandler and Kirschfeld, 1991), and therefore equals 1:7 �10�15 m3 for

each photoreceptor cell. The volume of the part of the intraommatidial cav-

ity that �belongs� to a single peripheral photoreceptor cell therefore amounts

to 1:6 � 10�15 m3. Table 6.1 summarizes the geometrical parameters.

In- and efflux of cations Immunohistochemical studies have shown

that the light-activated channels are homogeneously distributed throughout

the rhabdomere (Huber et al., 1996a; Niemeyer et al., 1996). In the calcula-

tions presented here, the activity of the light-activated channels was therefore

assumed to be homogeneously distributed throughout the rhabdomere.

Drosophila photoreceptors express two types of Na+/Ca2+ exchanger pro-

teins (Haug-Collet, 1999), one of which is dependent on K+ on the same side

as Ca2+ to function. The evidence presented in Chapter 5 indicates that the

exchanger in the cell bodies of Drosophila is not dependent on K+ on both

sides of the plasma membrane. Accordingly, the exchanger was modeled
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6 Modeling the calcium homeostasis of �y photoreceptor cells

here to transport 3 Na+ ions against 1 Ca2+ ion. Equally, there is evidence

(Bauer et al., 1999; Chapters 4, 5) that the exchanger proteins are located

close to or even in the rhabdomere. In the absence of any ultrastructural

data the Na+/Ca2+ exchange activity was modeled as being homogeneously

distributed in the membranes of the rhabdomeric microvilli. The activity

of the Na+/Ca2+ exchanger proteins was assumed to follow a simple Hill-

function with Hill-coe�cient 1 (rev.: Blaustein and Lederer, 1999). Hardie

(1995a) determined that the exchanger current in Drosophila photoreceptor

cell bodies is 10 times stronger when Cai � 20 �M compared to Cai � 1 �M.

As a starting point in the simulations, the Kd of the Ca2+ binding to the

transport site of the exchanger proteins was thus taken to be 18 �M. Note,

however, that this value is unusually high compared to values determined in

other preparations (rev.: Blaustein and Lederer, 1999). The voltage depen-

dence of the exchanger (e.g. Hardie, 1995a) was ignored.

The membrane of the cell body was assumed to contain fast and slow

voltage-gated K+ channels (Weckström et al., 1991). The kinetics of the

voltage-gated channels was modeled as described by Gerster et al. (1997).

Additionally, non-neglible Na+ and K+ resting conductances and the Na+/

K+ pump proteins were assumed to be located in the plasma membrane of

the cell body (Baumann et al., 1994).

All membrane channels were modeled according to the Goldman-Hodg-

kin-Katz theory (Hille, 1992; for application of this theory on �y photore-

ceptor cells: Gerster et al., 1997; Gerster, 1997; Postma et al., 1999). The

light-activated channels are permeable for all physiologically relevant cations

(Na+, K+, Ca2+, Mg2+) and were assumed to have the relative permeability

ratios (w) reported by Reuss et al. (1997) for the trp-dependent channels

(wNa = 0.01; wK = 0.01; wCa = 0.88; wMg = 0.1; see also Postma et al.,

1999).

The photoreceptor cells of �ies possess an axon that makes synaptic con-

tacts with interneurons in the lamina. On the presynaptic side, voltage

dependent Ca2+ channels are present that presumably are important for

regulating the release of neurotransmitter. A small part of the electrical

activity of these channels can be measured when recording in the soma. It

is visible as a minor but distinct shoulder on the membrane potential trace

when the photoreceptor cell depolarizes quickly (Weckström et al., 1992; see

Figure 6.7). The contribution of these channels to the membrane potential

was not taken into account.
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Description Symbol Value Reference

Extracellular Na+ Nao 140 mM Sandler and Kirschfeld (1991)

Intracellular Na+ Nai 10 mM Coles et al. (1985)

Extracellular K+ Ko 140 mM Weckström et al. (1991)

Intracellular K+ Ki 120 mM Coles et al. (1985)

Extracellular Ca2+ Cao 1.4 mM Sandler and Kirschfeld (1991)

Intracellular Ca2+ Cai 160 nM Hardie (1996a)

Extracellular Mg2+ Mgo 4.0 mM see text

Intracellular Mg2+ Mgi 2.0 mM see text

Table 6.2: The ionic concentrations assumed in the model for the resting, dark-adapted
condition. The extracellular concentrations of Na+ and K+ have been determined in the

retinae of honey bee drones.

The resting conditions The ionic conditions were chosen to yield a rest-

ing potential of �60 mV. Since the reversal potential of the trp-dependent

channels is at +11 mV (Reuss et al., 1997), the photoreceptor cell can max-

imally depolarize 71 mV, a value that corresponds closely to the maximal

depolarization observed in the recordings (e.g. Figure 6.2). The resting intra-

and extracellular ion concentrations were chosen as in Gerster et al. (1997;

see also Table 6.2 for references). The concentrations of extracellular or in-

tracellular Mg2+ are not known for �y retinas. Available estimates of the

intracellular total Mg2+ concentration in photoreceptors of the bee drone

amount to �10 mM (Coles and Rick, 1985; Baumann et al., 1989). This

value is almost certainly an overestimate, as Mg2+ can be chelated by other

molecules, most notably ATP. Here, 2 mM is assumed for Mgi, and 4 mM

for Mgo, a value typically used for Ringer solutions. The Nernst potential

for K+ has been reported to be �85 mV (Weckström et al., 1991), consis-

tent with the resting membrane potential of glial cells (see Results). This is

consistent with the values chosen (Ki = 120 mM; Ko = 4 mM). Estimates in

the drone retina, however, indicate that Ko might have been underestimated

(Cardinaud et al., 1994).

The maximal permeability for both, the fast and the slow component

of the voltage-gated K+ channels, was taken to be to 1:9 � 10�8 m=s. The

constant �resting� Na+ conductance was assumed to have a permeability

of 2:7 � 10�9 m=s. In order to maintain the resting membrane potential at

�60 mV, an additional resting K+ conductance had to be assumed, with

permeability 2:9 �10�8 m=s. The currents calculated from these permeability

values are only assumed to �ow across the surface of the cell body (Scb =

6:1 � 10�9 m2). Note that Gerster et al. (1997) expressed the permeability
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6 Modeling the calcium homeostasis of �y photoreceptor cells

values relative to the total surface of the cell (Scb = 1:6 � 10�9 m2 in their

model). Accounting for this di�erence in membrane surface, the values used

here represent a reduction of the current through the voltage dependent K+

channels by a factor of �8 compared to the currents calculated by Gerster

et al. (1997). The current generated by the Na+/K+ pump was set to be IP
= 0.19 nA. This pump current balances the Na+ and K+ �uxes at a resting

potential of �60 mV, as long as the current due to the Na+/Ca2+ exchanger

is neglected. Since only the �rst 500 ms of illumination were investigated,

the pump current was assumed to be constant.

The parameter set used here represents considerable changes compared

to the values used by Gerster et al. (1997) and Gerster (1997). It was chosen

because it yields a higher input resistance of the modeled cell. The input

resistance is calculated to be 30.5 M
 (Oberwinkler and Vanhoutte, unpub-

lished), a value that agrees well with the experimental data (e.g. Anderson

and Hardie, 1996).

Ca2+ buffering Often di�erences between changes in the total amount of

Ca2+ and changes in the free Ca2+ concentration are measured (e.g. Hardie,

1996a). These di�erences are usually well explained by the presence of sub-

stances that bind Ca2+, thus lowering the free Ca2+ concentration. An

important aspect thereby is whether the Ca2+-binding substance (the Ca2+

bu�er) can di�use itself or not (e.g. Roberts, 1994; revs: Neher, 1998, De

Schutter and Smolen, 1998). Importantly, �uorescent Ca2+ indicators bind

Ca2+ and can have fairly high di�usion constants (rev.: De Schutter and

Smolen, 1998). In �y photoreceptors, the concentration of the Ca2+-binding

protein calmodulin is known to be high in the rhabdomere (Porter et al.,

1993). Furthermore, the rhabdomere is a structure rich in membranes, that

are known to bind Ca2+, although with low a�nity (McLaughlin et al., 1981).

In the model, we assume that the Ca2+ bu�er in the cell body is mobile and

has the same di�usion constant as Ca2+, i.e. DB = 220 �m2
=s, in order not

to underestimate the di�usion constant of the mobile Ca2+ bu�er. Values as

high as 200 �m2
=s have been reported for the di�usion coe�cient of Ca2+

indicators in vivo (Hall et al., 1997, rev.: De Schutter and Smolen, 1998).

In the rhabdomere we assume that the Ca2+ bu�er does not di�use on the

time scale of our measurements, due to the smallness of the compartment.

All intracellular Ca2+ bu�ers have been assumed to have a Kd of 20 �M,

which roughly corresponds to the Kd of the Ca2+ indicator Oregon Green

5N (OG5N; Haugland, 1996; Dabdoub and Payne, 1999) and the two low
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a�nity binding sites of calmodulin (Maune et al., 1992). The binding reac-

tions between Ca2+ and the bu�ers were assumed to be always in equilibrium

(instantaneous bu�er assumption).

In the extracellular space of the rhabdomere, Ca2+ bu�ering is assumed

to be solely due to Ca2+ binding to the lipid membranes. As the Kd of

the phospholipids for Ca2+ is much higher than the concentrations of ex-

tracellular Ca2+, the bu�ering reactions can be approximated with a linear

function (Neher, 1998). Taking the surface of membranes in the rhabdomere

to be 1:8 � 10�8 m2, and the volume of the extracellular space in the rhab-

domere to be 7:8 � 10�17 m3 the e�ective concentration of all phospholipids

can be calculated to be 547 mM by assuming that a single phospholipid

molecule occupies 0:7 � 10�18 m2 (McLaughlin and Brown, 1981). Zinkler et

al. (1985) showed that 6.25% of all phospholipids in rhabdomeric membranes

of �ies are phosphatidylserines (PS), and the remaining main phospholipids

are phosphatidylcholines (PC) or phosphatidylethanolamines (PE). The re-

ported Kd's for Ca2+-binding of these phospholipids (McLaughlin et al.,

1981) were divided by 1.5 to account for the e�ects of the surface potential

(Postma et al., 1999). Using an e�ective Kd of 55.5 mM for PS and 222 mM

for PC and PE, the ratio of bound Ca2+ to free Ca2+ works out to be 2.9 in

the extracellular space of the rhabdomere. Therefore, a �xed, instantaneous,

linear Ca2+ bu�er with a bu�ering ratio of 2.9 was included when modeling

the changes of extracellular Ca2+ in the rhabdomere. No Ca2+ bu�er was

assumed to be present in the intraommatidial cavity.

Diffusion Di�usion in the microvilli was modeled in only one dimension as

described previously (Postma et al., 1999). However, to keep the simulation

time within reasonable bounds, a coarser resolution was chosen. Typically,

the microvillus was split up in 6 compartments and the concentrations were

calculated at the boundaries of each compartment. The di�usional pro�les

of all four cations considered were calculated.

Both free Ca2+ ions and Ca2+ bound to bu�er were modeled to di�use in

two dimensions in the cell body. Typically, the cell body was divided in a grid

yielding 11 � 11 compartments, and the concentration was calculated at the

crossing points of the grid. Higher resolutions yielded very similar results

but considerably increased the time for calculation. The di�usion of free

and bound Ca2+ ions was assumed to take place along the grid-lines. The

concentration of the three other cations (Na+, K+, Mg2+) was calculated

as the average concentration of the ion inside the cell body, as the relative

95



6 Modeling the calcium homeostasis of �y photoreceptor cells

changes in their concentration were much smaller than the relative changes

of Cai.

The models describing the di�usion in the rhabdomere and in the cell

body were connected to each other by calculating the ion �ux over the mi-

crovillar neck for all four cations and updating the concentrations in the

rhabdomere and the cell body accordingly. The in�ux region of the cell

body was located in the middle of one side, on a length of 1.5 �m, which is

equal to the width of the rhabdomere.

The di�usion of the cations on the extracellular side of the rhabdomere,

was treated in a manner identical to the calculations of the intracellular

side. Only the 1-dimensional di�usion along the length of the microvilli

was considered, and the possible di�usion in a perpendicular direction at

the base of the microvilli was neglected. The intraommatidial cavity was

treated as one large compartment with a homogeneous distribution of all ion

concentrations.

Calculating the membrane potential from the free Ca2+ con-

centration in the rhabdomere Using intracellular recordings and ex-

ploiting the natural optics of �y eyes, the membrane potential and the free

Ca2+ concentration in the rhabdomere, Carh, can be measured simultane-

ously (Chapter 3). Due to the waveguide properties of the rhabdomere (van

Hateren, 1989), the strongest �uorescence signal comes from the central part

of the rhabdomere when measuring Carh. In this Chapter it is assumed that

the quanti�ed Carh values represent the concentration at the midpoint of

the modeled microvilli, being 0.55 �m away from both the distal tip and the

neck.

Carh increases shortly after the onset of the illumination, due to Ca2+

in�ux. Using the model outlined above, the Ca2+ in�ux through the light-

activated channels was calculated from the changes in Carh. All changes in

the Ca2+ concentration due to di�usion, Ca2+ removal by the exchanger and

bu�ering have been taken into account. Following the approach of Postma et

al. (1999), the calculated Ca2+ in�ux is then converted into a light-induced

permeability value. From the known ratios of relative permeabilities of the

Na+, K+ and Mg2+ ions (Reuss et al., 1997) the �uxes of these ions can be

calculated as well. The time course of the total current, Itot, then follows

as the current through the light-activated channels plus the other currents

produced by the Na+/Ca2+ exchanger, the Na+/K+ pump, the resting con-

ductances and the voltage dependent K+ channels. The total current Itot
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then allows to calculate the change in membrane potential that can subse-

quently be compared with the measured membrane potential. The formulae

for implementing this model are given in the Appendix.

The chosen approach is the reverse of that taken by Gerster (1997) who

derives the changes in ion concentrations from the membrane potential, via

a calculation of the light-induced permeability. Initial trials quickly showed

that this alternative approach is not feasible, as the membrane potential in

the recordings used here approaches the equilibrium potential of the light-

induced current, making it impossible to calculate meaningful values for the

light-induced permeability under these conditions.

Results

Calculating the membrane potential from the time course of Ca2+

concentrations in the rhabdomere

The �rst aim of this study was to establish that the model can be used to

calculate the membrane potential from the Ca2+ concentration in the rhab-

domere, without making it necessary to choose unlikely values for some of the

parameters. It was reasoned that this test is useful, as a failure of the model

to reproduce the measured membrane potential would immediately indicate

that the model is inadequate. Figure 6.2 shows that a reasonable �t between

the calculated and the measured membrane potential can indeed be obtained.

The starting point is the measured Ca2+ concentration at the midpoint of

the microvilli (Figure 6.2a). Carh values that exceed 200 �M are not well

characterized, due to the saturation of OG5N. Therefore, these values were

replaced by a linear increase to a peak at 300 �M, reached 20 ms after the

onset of illumination, and a subsequent linear decrease. This time course of

Carh closely follows the �uorescence traces obtained with the non-saturating

Ca2+ indicator Fluo5N (Chapter 3). Figure 6.2b shows the calculated cur-

rents through the light-activated channels in the rhabdomere. The currents

through the other channels and the current generated by the Na+/Ca2+ ex-

changer are plotted in Figure 6.2c. Together, these currents (Figure 6.2b,

c) cause the ion concentrations to change in the rhabdomere and the cell

body. Figure 6.2d shows the resulting Ca2+ concentrations in 3 places in

the rhabdomere and in the cell body; note that the Ca2+ concentration in

the midpoint of the microvilli is identical to the Ca2+ concentration used as

the starting point of the calculations (Figure 6.2a). The currents across the

membrane (Figure 6.2b, c) also cause a change in the membrane potential

(Figure 6.2e). The reasonable match between the calculated and the mea-
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6 Modeling the calcium homeostasis of �y photoreceptor cells

Figure 6.2: The model can accurately predict the membrane potential from the time

course of Carh (a), when the parameters are chosen appropriately. The Ca2+ concentration

that has been measured in the rhabdomere is taken in modi�ed form (see Results) to
represent the free Ca2+ concentration in the center of the modeled microvillus (a). In order

to achieve this Ca2+ concentration during the calculations, the light-activated permeability

needs to be varied. This results in cation currents through the light-activated channels

(b). Other currents, due to the K+ and Na+ channels and the Na+/Ca2+ exchanger

also contribute to the total net current that �ows across the membrane (c). The ionic

currents change the ion concentrations in the rhabdomere and the cell body. The changes

in the free Ca2+ concentration at the tip of the modeled microvillus, its center and its

base, close to the neck is shown in (d), together with the spatially averaged free Ca2+

concentration in the cell body. The total net current changes the membrane potential.

The calculated membrane potential can be compared with the measured traces (e). The

bu�er concentration in the rhabdomere for this calculation was 500 �M, and in the cell

body 100 �M. The activity of the exchanger was modeled with Kd = 18 �M and IX;max

= �0:55 nA. The trace for Carh (a) was smoothed by averaging over a 5 ms time window.
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Figure 6.3: Only when the Ca2+ concentration in the central part of the rhabdomeric

microvilli rises to values above 200 �M, the initial part of the calculated and the measured

membrane potential �t. The peak Ca2+ concentration in the center of the microvillus

was varied as shown in the upper row panels. From these traces the membrane potential

traces were calculated (lower row panels). In a) and c) the values exceeding 100 �M or
200 �M were set to 100 �M or 200 �M, respectively. The calculated membrane potentials

repolarize faster than the measured trace (b, d, arrows). In the other panels, peak values

of 300 �M (e, f); 450 �M (g, h) and 600 �M (i, j) were assumed. The calculated membrane

potentials repolarize slower than the measured membrane potential (arrow heads). This

does, however, not allow to conclude that the Ca2+ concentration in the rhabdomere

does not reach values that high, as other explanations can be found (see Discussion,

Figure 6.11). The parameters of all calculations were identical to those used in Figure 6.2.

sured membrane potential indicates that the model and the parameter set

can be used as a working hypothesis and a basis for further investigations.

However, the parameter set used in this calculation is not a unique set of

parameters that produces acceptable �ts between the measured and the cal-

culated membrane potential. In the following, the consequences of varying

some of the parameters are explored.
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6 Modeling the calcium homeostasis of �y photoreceptor cells

The Ca2+ concentration in the rhabdomeric microvilli during the initial

transients

Carh rises to very high concentrations shortly after the onset of bright illu-

mination, in dark-adapted photoreceptor cells. The Ca2+ indicator OG5N,

but not the lower a�nity indicator Fluo5N, becomes saturated under these

conditions (Chapter 3). This �nding was interpreted as to indicate that the

peak values for Carh exceed 200 �M (taking the Kd of OG5N to be 20 �M;

Haugland, 1996; Dabdoub and Payne, 1999). This conclusion was tested by

modeling the changes of the membrane potential and using time courses for

Carh that were modi�ed to have lower peak values. In Figure 6.3a, all val-

ues of Carh exceeding 100 �M were set to 100 �M. The resulting calculated

membrane potential remains at values lower than the measured membrane

potential during the peak of Carh (Figure 6.3b, arrow). In Figure 6.3c, the

threshold for the maximal values of Carh was set to 200 �M. Again, the

calculated membrane potential declines faster (Figure 6.3d. arrow) than the

measured membrane potential, and it goes through a stable plateau that is

also not seen in the measured trace.

In the remaining panels of Figure 6.3, the time course of Carh was modi-

�ed as described for Figure 6.2a (see above). The peak values were chosen to

be 300 �M (Figure 6.3c), 450 �M (Figure 6.3d) and 600 �M (Figure 6.3d).

The membrane potential traces calculated from these time courses for Carh
are shown in Figures 6.3f, h, j. Their initial phase �ts the measured mem-

brane potential better than the calculated traces in Figures 6.3b and d (ar-

rows). However, they all show an overestimation of the depolarization after

about 100 ms of illumination (arrowheads). This indicates that the necessary

in�ux of Ca2+ was overestimated. It is, however, not possible to conclude

that this overestimation is caused by assuming too high concentrations for

Carh, as this can also be explained by an overestimation of Ca2+ extrusion

via the Na+/Ca2+ exchanger or an overestimation of the di�usion through

the neck (see Discussion). Overall, these calculations con�rm that the peak

concentrations of Carh exceed 200 �M.

Properties of the Na+/Ca2+ exchanger

The activity of the Na+/Ca2+ exchanger is modeled to be solely depen-

dent on the local Ca2+ concentration with a simple Hill-relationship (rev.:

Blaustein and Lederer, 1999). In this relation two parameters, the dissocia-

tion constant (Kd;X) and the maximal current (IX;max), need to be speci�ed.

Figure 6.4 shows that IX;max critically determines the calculated membrane
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Figure 6.4: The current generated by the Na+/Ca2+ exchanger critically determines the

quality of the �t between the calculated and the measured membrane potential. Under-
estimating (a) or overestimating (c) the current generated by the Na+/Ca2+ exchanger

changes the calculated membrane potential. The exchanger current in (b) was modeled

with a Kd;X of 18 �M and a maximal current IX;max = �0:55 nA. In a) IX;max was

reduced to �0:27 nA and in c) increased to �1:1 nA. Other parameters of the calculation

were as in Figure 6.2.

potential after the cessation of the initial transients, i.e. after 300-500 ms

of illumination. There is no net uptake of Ca2+ then, and consequently, an

amount equal to the extruded Ca2+ must �ow in. Setting the current gen-

erated by exchanger to half (Figure 6.4a) or twice (Figure 6.4c) its original

value (Figure 6.4b) yields membrane potentials that are quite incompatible

with the measured membrane potential. For 6 cells investigated, on average

a current of �0:35 nA (� 0.09 nA SD) generated by the exchanger 500 ms

after the onset of illumination produced good �ts. The average Ca2+ con-

centration in the rhabdomere was 23 �M (� 6 �M SD). When taking the

dissociation constant to be Kd;X = 18 �M (Hardie, 1995a; see above), the

corresponding maximal current (IX;max) then is �0:62 nA.

The a�nity of the exchanger's transport site for Ca2+, expressed asKd;X ,

on the other hand can be largely varied without much deterioration of the

�ts. Figure 6.5a shows that reducing the Kd;X to 2 �M does not visibly im-

prove the �t between the calculated and the measured membrane potentials.

Increasing the Kd;X to 50 �M deteriorates the �t somewhat at the transition

between peak and plateau of the membrane potential (Figure 6.5c, arrow).

These calculations show that a Kd for the exchanger as high as 18 �M is
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6 Modeling the calcium homeostasis of �y photoreceptor cells

Figure 6.5: Low a�nities between Ca2+ ions and the Ca2+ transport site of the Na+/

Ca2+ exchanger are consistent with the data. Changing the Ca2+ a�nity of the exchanger

(Kd;X) from 2 �M (a) to 18 �M (b) or to 50 �M (c) changes the calculated membrane

potential only slightly. The only discernible e�ect is that the calculated membrane poten-

tial repolarizes somewhat slower when the dissociation constant (Kd;X) of the Na+/Ca2+

exchanger is high (c, arrow). Panel b) is identical to Figure 6.4b and is reproduced for

comparison. IX;max was adjusted to roughly yield the same depolarization after 500 ms

of illumination (a: IX;max = �0:31 nA; b: IX;max = �0:55 nA; c: IX;max = �1:0 nA);

other parameters were as in Figure 6.2.

consistent with the available data. The current generated by the exchanger

after 500 ms of illumination has to be �0:35 nA in order to extrude all the

Ca2+ �owing in at that moment. This corresponds to a Ca2+ in�ux through

the light activated channels of �0:7 nA.

The concentration of Ca2+ bu�ers in cell body

The amount of Ca2+ bu�ering in photoreceptor cells is an important ques-

tion for understanding the Ca2+ homeostasis in these cells, since this value

has important consequences for the distribution of the Ca2+ concentration in

the cell body (Chapter 4). It was therefore attempted to estimate an upper

bound for the concentration of the Ca2+ bu�er in the cell body. Using high

bu�er concentrations (> 1 mM) depleted the extracellular space in the rhab-

domere within 50 ms of illumination (data not shown), causing the physically

impossible situation where more Ca2+ in�ux was required for reaching the

measured value of Carh than could be provided from the extracellular space.

This implies that the concentration of intracellular Ca2+ bu�er cannot be

higher than 1 mM in all cells of the retina.
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Figure 6.6: The e�ects of di�erent concentrations of Ca2+ bu�er in the cell body. Vary-

ing the bu�er concentration in the cell body from 200 �M (a) to 600 �M (b) changes the

calculated membrane potential, but not in a way that can be distinguished from varying

other parameters (Figures 6.3, 6.4, 6.11). However, the calculated spatially averaged free

Ca2+ concentration in the cell body (c) is strongly dependent on the assumed bu�er con-

centration. The dashed lines indicate the range of values that are compatible with earlier

measurements (Chapters 2-4). This allows to conclude that the bu�er concentration in the
cell body does not exceed 800 �M. Bu�er concentrations lower than 200 �M can however

be consistent with the available data (see Discussion, Figure 6.11). The parameters of the

calculations were as in Figure 6.3i and j, except that the extracellular Ca2+ concentration

was kept constant at 1.4 mM.

This, however, does not rule out the possibility that the concentration

of Ca2+ bu�ers is higher in the investigated cell compared to the other cells

in the retina, due to the added Ca2+ indicator. In order to estimate an

upper bound for the bu�er concentration in the cell that was injected with

indicator, the peak of Carh was set to 600 �M (as in Figure 6.3i), in order

to maximize the di�usional in�ux into the cell body. It was further assumed

that the Ca2+ concentration in the extracellular space of the rhabdomere

does not change. Figures 6.6a and b show that the in�uence of the Ca2+

bu�er on the calculated membrane potential is not very large. It is therefore

not possible to determine the concentrations of the bu�er by comparing the

calculated and the measured membrane potential. However, the concentra-

tion of the bu�er has a profound in�uence on the free Ca2+ concentration

in the cell body. Figure 6.6c shows the spatially averaged concentration for

di�erent concentrations of Ca2+ bu�er. At bu�er concentrations of 100 �M

or less, the Ca2+ concentration in the cell body rises very quickly, in the �rst

100 ms of illumination to peak at more than 40 �M. During the subsequent
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6 Modeling the calcium homeostasis of �y photoreceptor cells

decline Ca2+ ions di�use in the reverse direction, from the cell body into the

rhabdomere where they are extruded by the exchanger. At bu�er concen-

trations above 800 �M, the free Ca2+ concentration in the cell body only

rises monotonically, not reaching even 10 �M after 500 ms of illumination.

These calculated data can be compared with measurements of Ca2+ induced

�uorescence obtained from the whole cell (Chapters 2, 3) and from di�erent

locations across the cell body (Chapter 4). From these measurements, it can

be concluded that the Ca2+ concentration in the cell body reaches more than

10 �M in less than 500 ms. This indicates that the bu�er concentration in

the cell body, including the arti�cially added Ca2+ indicator, does not exceed

800 �M. With these data it is not possible to obtain an estimate for the lower

bound of the concentration of the Ca2+ bu�er in the cell body, as (1) the

free Ca2+ concentration in the rhabdomere might have been overestimated

(Figure 6.3) and (2) the di�usion across the neck might be more restricted

than assumed here (see Discussion).

The concentration of Ca2+ bu�er in the rhabdomere

In Drosophila, calmodulin was found to be present at 0.5 mM in the rhab-

domeres (Porter et al., 1993). With 4 Ca2+-binding sites per calmodulin

molecule this indicates the presence of 2.0 mM Ca2+-binding sites, being

a considerable Ca2+ bu�er. In order to investigate how much Ca2+ bu�er

is present in the rhabdomeres of Calliphora photoreceptors, the membrane

potential was calculated from the measured time course of Carh as before

(Figures 6.2 - 6.6) and the assumed concentration of Ca2+ bu�er in the

rhabdomere was varied (Figure 6.7). The higher the assumed concentration

of the bu�er, the faster the membrane potential depolarizes. This can be

readily understood considering that the bu�er must �rst be �lled before the

Ca2+ concentrations can rise to values higher than 200 �M. The extra Ca2+

in�ux for �lling the bu�er depolarizes the membrane more rapidly. When

comparing the calculated traces with the measured membrane potential, it

is immediately apparent that the measured membrane potential depolarizes

2-3 ms earlier than the calculated traces. This delay between the measured

and calculated membrane potential is caused by the delayed onset of the in-

crease of the �uorescence intensity described in Chapter 3 (see also Hardie,

1996a; Walz et al., 1994). The cause of this delay is not well understood

(see Discussion in Chapter 3), but it is accentuated by the in�uence of the

voltage-gated Ca2+ channels in the synaptic terminals (Weckström et al.,

1992). These channels depolarize the membrane potential more rapidly and
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Figure 6.7: The concentration of Ca2+ bu�er in the rhabdomere determines the speed

of depolarization of the membrane potential at the onset of the light stimulus. The con-

centration of the Ca2+ bu�er in the rhabdomere was varied as indicated in the �gures.

The time to peak in the calculated membrane potential (arrows) shortens as the bu�er
concentration increases. Comparing these traces with the measured membrane potential

is complicated by 2 factors: 1. The measured membrane potential is distorted by voltage-

gated Ca2+ channels in the axon terminals (Weckström et al., 1992). This produces the

double peak, the second peak (dashed lines) being caused by the light induced currents.

2. The measured membrane potential depolarizes 2-3 ms earlier than the �uorescence

signal from the Ca2+ indicator increases (Chapter 3). This causes the delay between the

measured and calculated membrane potential. It can be concluded that the concentration
of the Ca2+ bu�er in the rhabdomere is higher than 500 �M and does not exceed 1000 �M

(see Results for details). The parameters of the calculations were as in Figure 6.2, except

that Carh was smoothed by averaging over a 1 ms time window.

cause the double peak of the membrane potential visible in Figure 6.7. The

�rst peak is thought to be caused by the voltage-dependent Ca2+ channels

in the presynaptic terminal (Weckström et al., 1992); the peak of the mem-

brane potential that can be attributed to the light-induced current occurs

�3 ms later (Figure 6.7, dashed lines). The peak of the calculated membrane

potential occurs around the same time as the second peak (dashed line) when

assuming that 500-750 �M Ca2+ bu�er is present in the rhabdomere (Fig-
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ure 6.7c, d), while it takes substantially more (or less) time when assuming

less (or more) Ca2+ bu�er, respectively (Figure 6.7). This indicates that in

the rhabdomere 500-750 �M Ca2+ bu�er is present. The 2-3 ms delay at the

onset of depolarization does not signi�cantly corrupt this conclusion. For

short periods, the change of Carh is an integral of the fraction of the light-

activated current that is carried by Ca2+, while the change of the membrane

potential is proportional to the integral of the total light-activated current. It

is therefore not critical how long it takes to reach the peak of the membrane

potential or that of Carh. In other words: if there was more Ca2+ bu�er in

the rhabdomere, the peak of the membrane potential that is caused by the

light-activated current, would need to occur earlier than is observed. This

argument neglects the contribution of the voltage dependent K+ channels

during the period where the measured membrane potential is higher than

the calculated value. It can, however, be estimated that the current through

the voltage dependent K+ channels is less than 30% of the Ca2+ current

through the light-activated channels during the 6 ms before the calculated

membrane potential reaches similar values as the measured traces. It seems

therefore likely that the concentration of Ca2+ bu�er in the rhabdomere is

below 1 mM; the best �ts are obtained with values between 500 and 750 �M.

It could be argued that additional Ca2+ bu�ers with slower binding kinet-

ics are present. However, the binding kinetics of calmodulin are fast enough

to justify the assumption of instantaneous bu�ering (Martin et al., 1992; see

also Postma et al., 1999). Equally, the kinetics of the indicator OG5N, which

might contribute to the Ca2+ bu�er in the rhabdomere, is likely to be fast,

since the structurally very similar calcium indicator Calcium Orange 5N has

been shown to have very fast binding kinetics (Escobar et al., 1995).

Changes in the free Ca2+ concentration in the extracellular rhabdomere

The large changes in free Ca2+ concentration in the rhabdomeric microvilli

(Chapter 3; Postma et al., 1999) are partly due to the very small internal

volume of these structures. The extracellular space in the rhabdomere, how-

ever, is still smaller, and therefore considerable changes of the free Ca2+

concentration in the extracellular space of the rhabdomere can be expected.

In order to quantitatively assess these changes, the very low a�nity Ca2+

indicator XR5N (Kd = 350 �M) was applied to the extracellular space of

the �y retina. Injecting this indicator gives a faint red �uorescence that is

strongest in the deep pseudopupil. Figure 6.8a shows that the intensity of

the �uorescence from the deep pseudopupil of a dark-adapted �y decreases
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Figure 6.8: The Ca2+ concentration in the extracellular space of the rhabdomere de-
creases quickly after the onset of light stimulation. The �uorescence intensity of the very

low a�nity Ca2+ indicator XR5N was measured from the deep-pseudopupil, after XR5N

was injected into the extracellular space of the eye (a, b). From this trace, the change in

Ca2+ concentration can be calculated (c, d; see text for details). Shortly after light onset,

the Ca2+ concentration decreases from 1.4 mM to 0.8 mM after �70 ms and then recovers

to 1.1 mM. The sampling rate was 10 kHz and the data were subsequently smoothed by

averaging over a 1 ms time window (10 consecutive values).

shortly after the onset of the light. It reaches a minimum �70 ms later

and then partially recovers (Figure 6.8b). Recordings obtained from similar

experiments showed similar time courses but were quantitatively di�erent.

The recording in Figure 6.8a and b was chosen because it showed the largest

modulation of �uorescence intensity. Figure 6.8c and d shows the free Ca2+

concentrations that have been calculated from the �uorescence intensity val-

ues (Figure 6.8a and b) as detailed in Material and Methods.

The measured time course of the extracellular Ca2+ concentration in the

rhabdomere can be compared with traces that have been calculated with the

model. Similar as for the intracellular Carh (see Materials and Methods),

most of the signal from the rhabdomere should come from its central part.
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Figure 6.9: Comparison between the predictions of the model and the measured time

course of the extracellular Ca2+ concentration in the rhabdomere (thick line in all panels).

The calculations in this �gure were performed with the parameters used in Figure 6.2; in

the panels b)-d), one of these parameters was changed as described below. a) The pre-

dicted time course for the Ca2+ concentration in the center of the rhabdomere �ts the

experimental data better than the predicted time course for the Ca2+ concentration in

the intraommatidial cavity. This indicates that a large part of the signal measured in
Figure 6.8 indeed originates from the rhabdomeres. b) The assumed peak concentration

of the Ca2+ concentration in the rhabdomeric microvilli (traces as in Figure 6.2a, e, i)

in�uences the predicted change in extracellular Ca2+ concentration in the rhabdomere.

The best �t is obtained with peak values of �300 �M for the intramicrovillar Ca2+ con-

centration. c) The concentration of Ca2+ bu�er in the cell body strongly in�uences the

changes calculated for the extracellular Ca2+ concentration in the rhabdomere. High

Ca2+ bu�er concentrations in the cell body reduce the extracellular concentration present
after 500 ms illuminations. The calculations that best �t the measured trace are obtained

assuming 100 �M Ca2+ bu�er concentrations in the cell body. d) The amount of ex-

tracellular bu�ering determines the speed of decrease of the Ca2+ concentration in the

extracellular rhabdomere. Assuming no bu�ering leads to calculated time courses that

show a minimum �7 ms after light onset. Such a peak is not seen in the measured trace.

Conversely, assuming bu�ering to be 3 times more e�ective than what is predicted from

the properties of the phospholipid membranes (see text), slows down the decrease of the

Ca2+ concentration in the extracellular rhabdomere. In panels a)-c) Carh was smoothed
by averaging over a 5 ms time window, in d) with a 1 ms time window.
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This conclusion is supported by the calculations shown in Figure 6.9a. Using

the same parameter set as in Figure 6.2 a reasonable �t can be obtained also

for the extracellular Ca2+ concentration in the rhabdomere. The calculated

change in the intraommatidial cavity, on the other hand, displays distinctly

slower kinetics. Therefore, a large part of the �uorescence signal stems from

the extracellular region within the rhabdomere.

The peak concentration assumed for Carh has a profound e�ect on the

calculated changes of the extracellular Ca2+ concentration in the rhabdomere

(Figure 6.9b). There, the best �t was obtained when assuming that Carh rises

to values between 300 and 450 �M. It is however conceivable that the di�u-

sion through the neck was overestimated in these calculations, and reducing

the di�usion through the neck could allow for higher peak values of Carh
(see Discussion). Equally, the calculated change in the extracellular rhab-

domeric Ca2+ concentration strongly depends on the assumed concentration

of Ca2+ bu�ers in the cell body (Figure 6.9c); the best �ts are obtained with

�100 �M Ca2+ bu�er in the cell body. The Ca2+ bu�er in the extracellu-

lar space of the rhabdomere is taken to be linear and instantaneous with a

bu�ering ratio of 2.9 (see above). Figure 6.9d shows that this value is reason-

able, as neglecting this bu�er makes the calculations show a negative peak

shortly after light onset. Equally, increasing the bu�ering ratio by a factor of

3 makes the decrease in extracellular Ca2+ concentration to be considerably

slower than the measured trace. In these calculations, however, the e�ect of

the Ca2+ indicator was not taken into account, as its e�ective concentration

is not known.

Changes in the extracellular K+ concentration

Potassium ions leave the photoreceptor cells during light stimulation through

the light activated channels, as they also are permeable for K+ (Reuss

et al., 1997). Mainly however, they leave the photoreceptor cells through

the voltage-dependent channels and possibly through a resting, voltage-

independent potassium conductance, as modeled here. Because the extra-

cellular space is considerably smaller than the intracellular space (Sandler

and Kirschfeld, 1991) and the resting extracellular K+ concentration is low,

a considerable increase in the extracellular K+ concentration can be ex-

pected. Measurements with ion-selective electrodes have indeed shown that

illumination causes K+ to accumulate in the extracellular space of the retina

(Sandler and Kirschfeld, 1991; Coles et al., 1985). Besides photoreceptor

cells, the �y retina contains glial cells, the so-called secondary pigment cells.
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6 Modeling the calcium homeostasis of �y photoreceptor cells

Figure 6.10: The membrane po-

tential of the glial cells follows the

calculated change of the K+ Nernst

potential. The eye was stimu-

lated with bright light that passed
through a NAL 575 nm �lter, and

the change of the membrane poten-

tial of a glial cell was measured. The

K+ Nernst potential was calculated

with the K+ concentration in the

intraommatidial cavity and assum-

ing the intracellular K+ concentra-

tion in the glial cells to be constant
at 120 mM. The parameters used

for the calculation were identical to

those used in Figure 6.2.

Upon illumination of the eye, these cells show a much slower and smaller

depolarization compared to the photoreceptor cells (Hochstrate, 1989). The

resting potential in these cells is �25 mV lower than in the photoreceptor

cells, which yields an absolute potential of �85 mV. This in excellent agree-

ment with the assumed potassium Nernst potential EK = �86 mV (Ko =

4 mM; Ki = 140 mM; Weckström et al., 1991), indicating that the membrane

potential of the glial cells is determined by EK. In order to assess the change

of EK induced by light stimulation, the membrane potential of glial cells

was recorded. In Figure 6.10 the membrane potential of a glial cell during

strong illumination is compared with EK calculated by taking the calculated

changes of the extracellular K+ concentration in the intraommatidial cav-

ity and assuming a constant intracellular K+ concentration of 120 mM. The

time courses of the two curves match reasonably well. This can be taken as

an indication that the assumed values for the ratio of intra- to extracellular

volume of 6.3 (Hamdorf, cited in Sandler and Kirschfeld, 1991) and for the

K+ currents through the ion channels are not unrealistic.

Discussion

In this Chapter, a model based on the physiology of �y photoreceptor cells

is developed. It takes into account the geometry of the cells and the known

mechanisms that allow ions to enter or leave the cells. Generally, an ad-

vantage of such a model is that it allows to investigate the validity of the

underlying assumptions and to predict the time course of physical parameters
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that are di�cult to measure directly. Accordingly, the main result of this

Chapter is that the model can, despite its limitations and simpli�cations,

calculate the change of the membrane potential with reasonable accuracy,

starting from the Ca2+ concentration in the rhabdomere, thus con�rming

that the underlying assumptions are consistent. Furthermore, the model

seems to reproduce reasonably well the measured changes in extracellular

Ca2+ concentration in the rhabdomere (Figures 6.8, 6.9) and the K+ Nernst

potential (Figure 6.10). By varying the relevant parameters of the model, it

was possible to constrain the range of the concentration of Ca2+ bu�ers to

0.5-1 mM in the rhabdomere, and to less than 800 �M in the cell body of

cells that were injected with the Ca2+ indicator OG5N.

The di�usion from the microvilli through the neck into the cell body

The connection between the microvilli and the cell body is formed by a nar-

row neck that was modeled here as a cylinder that is 60 nm long and 35

nm in diameter (Postma et al., 1999). In anatomical pictures, however, the

neck sometimes appears to be narrower (e.g. Walz, 1982). It furthermore

contains an actin �lament and the dense, membranous subrhabdomeric cis-

ternae (SRC) are located at its mouth on the side of the cell body (Walz,

1982; Arikawa et al., 1990; Suzuki et al., 1993). Hence, di�usion through the

neck might be more restricted than was assumed in the calculations presented

above.

When running the model with reduced di�usion through the neck, the cal-

culated membrane potential did not change substantially (Figure 6.11). Even

reducing the di�usion to 14% of its original value did not compromise the

quality of the �t. Reducing the di�usion further to 7% of its original value,

however, induces visible deviations (data not shown). The relative stability

of the calculations with respect to the di�usion through the neck can be

explained by considering that under conditions where di�usion through the

neck is assumed to be fast, a high Ca2+ concentration builds up in the region

of the cell body where the rhabdomeric microvilli are connected. This Ca2+

accumulation then diminishes the di�usion through the neck in a similar way

as occurs when reducing the speed of di�usion geometrically. Reducing the

di�usion through the neck, however, puts more stringent constraints on the

concentration of the Ca2+ bu�er in the cell body. In order to achieve a spa-

tially averaged concentration of 10 �M after 500 ms (see above; Figure 6.6)

with the di�usion through the neck reduced to 14% of the original value, the

concentration of Ca2+ bu�er in the cell body must not exceed 300 �M (data
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6 Modeling the calcium homeostasis of �y photoreceptor cells

Figure 6.11: The e�ect of reducing the di�usion rate through the neck on the calculated

membrane potential and Ca2+ concentration in the extracellular space of the rhabdomere.

The di�usion through the neck was reduced to 50% (a, b), 25% (c, d) or 14% (e, f) of the

value used in all previous Figures. The calculations were performed assuming the peak

Ca2+ concentration in the rhabdomeric microvilli to reach 300 �M (a, b; same trace for

Carh as in Figure 6.3e), 450 �M (c, d; same trace for Carh as in Figure 6.3g), or 600 �M
(e, f; same trace for Carh as in Figure 6.3i). Ca2+ bu�er in the cell body was assumed to

be 100 �M (a-d) or 50 �M (e, f). All other parameters were as in Figure 6.2. Reducing

the di�usion through the neck does not deteriorate the �t between the calculated and the

measured membrane potential. This also demonstrates that Ca2+ concentrations in the

microvilli as high as 600 �M are not incompatible with the measured data (Figure 6.3;

see text). Reduced di�usion through the neck, however, results in worse �ts between the

calculated and measured Ca2+ concentration in the extracellular rhabdomere (d, f).

not shown). Figure 6.11 also shows that the time course of the extracellular

Ca2+ concentration in the rhabdomere is strongly dependent on the assumed

di�usion through the neck. Judging from the extracellular Ca2+ concentra-

tion data, a reduction in di�usion to 14% seems to be too much, with values

between 33% and 100% (no reduction in di�usion) giving better �ts.
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The concentration of Ca2+ bu�ers in di�erent compartments of the

photoreceptor cell

A previous study in Drosophila indicated that less than 1% of the in�owing

Ca2+ appears in the cell body as free Ca2+, the rest being bu�ered or ex-

truded (Hardie, 1996a). In Calliphora photoreceptor cells, comparing the in-

tracellular increase in free Ca2+ with the extracellular decrease under similar

illumination conditions (Sandler and Kirschfeld, 1988) led to the conclusion

that much less Ca2+ bu�ering takes place (Chapter 2). The results presented

here indicate that as much as 600 �M of endogenous bu�er could be present

in the photoreceptor cells without totally depleting the extracellular Ca2+.

However, such high Ca2+ concentrations are not compatible with the mea-

surements of the extracellular Ca2+ concentration in the rhabdomere. These

measurements indicate that the endogenous intracellular Ca2+ bu�er concen-

tration does not exceed 100 �M (Figure 6.9c). The latter estimate, however,

does not take into account that the proteins present in the intraommatidial

matrix might represent a signi�cant Ca2+ bu�er. Additional Ca2+ bu�ering

in the intraommatidial matrix would allow for higher concentrations of Ca2+

bu�ers in the cell body.

Filling the photoreceptor cells with a �uorescent Ca2+ indicator increases

the amount of Ca2+ bu�ers. Comparing the increases in the average Ca2+

concentration in the cell body with measured data (Chapters 2, 4) indicates

that the total concentration of bu�ers, endogenous plus the added indicator,

does not exceed 800 �M.

The concentration of Ca2+ bu�ers in the rhabdomere could be esti-

mated to be between 500 and 1000 �M. This estimate, being obtained from

Calliphora photoreceptor cells, is slightly lower than one can expect from

the 2.0 mM Ca2+-binding sites of calmodulin that have been reported for

Drosophila rhabdomeres (Porter et al., 1993). It is unclear, how much of the

bu�er capacity estimated in this Chapter is endogenous. Taking the bu�er

concentration in the cell body to be 800 �M, only 100 �M of which is en-

dogenous, as much as 700 �M of the bu�er in the rhabdomere could arise

from the added Ca2+ indicator. On the other hand, it is conceivable that the

concentration of the Ca2+ indicator in the rhabdomere is much lower than in

the cell body, due to restricted di�usion at the neck. In this scenario, almost

all of the bu�er in the rhabdomere could be endogenous.
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6 Modeling the calcium homeostasis of �y photoreceptor cells

Changes in extracellular ion concentrations

While it has long been appreciated that changes in intracellular Ca2+ con-

centration can carry important signals, the same could be true for changes

in extracellular Ca2+ concentration, as has been suggested on the basis of

theoretical considerations (Edelman and Montague, 1999). Recently, exper-

imental evidence has been provided that depletion in extracellular Ca2+ in

the narrow synaptic cleft can be a factor determining the transmission ef-

�ciency of synapses (Borst et al., 1999). In the limited extracellular space

of insect photoreceptors, changes in the free Ca2+ concentration have been

reported repeatedly (Sandler and Kirschfeld, 1988, 1991; Ziegler and Walz,

1989; Peretz et al., 1994a). However, the geometry of the rhabdomere sug-

gests that Ca2+ concentration changes in the extracellular space surrounding

the microvilli might be more pronounced. Furthermore, the changes might

occur on a time scale that cannot be resolved with ion-selective electrodes,

the preferred means of measuring extracellular Ca2+ previously. Employing

very low a�nity �uorescent Ca2+ indicators, such fast changes are demon-

strated here (Figure 6.8). The time course of the measured changes and the

changes predicted by the model match well (Figure 6.9). While both mod-

eling and experiment show the existence of fast and pronounced changes in

the extracellular Ca2+ concentration in the rhabdomere, it must remain open

whether these changes have a physiological signi�cance, for example in lim-

iting the current through the light-activated channels and thereby enhancing

light adaptation.

The changes in the extracellular K+ concentration predicted by the model

compare reasonably with the measured changes in the membrane potential

of glial cells, provided that the membrane potential of these cells is governed

by the potassium Nernst potential EK (Figure 6.10). This �nding supports

the values that have been assumed for the volume of the extracellular space

and the strength of the potassium currents. It also lends credibility to the

estimates calculated with the model for changes in the concentration of other

ions. For example, the model predicts that the extracellular Na+ concentra-

tion changes only in small amounts, in the intraommatidial cavity and in the

rhabdomere. After 500 ms of illumination, the extracellular Na+ concentra-

tion decreases (for the calculation shown in Figure 6.3i, j) only by 14 mM,

from 140 mM to 126 mM. The corresponding rise in intracellular Na+ is

even more modest, from 10 mM to 12 mM. This indicates that, at least for

illuminations as short as 500 ms, the Na+ Nernst potential does not col-

lapse; it remains su�ciently high for driving a Na+/Ca2+ exchanger with a
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3:1 stoichiometry. For estimating the Na+ concentration during longer light

stimulation, it would be necessary to take into account the activation of the

Na+/K+ pump (Gerster et al., 1997) that has been neglected here.

Conclusion

The model presented here integrates the current knowledge about the elec-

trical components of Calliphora photoreceptor cells. It shows that the as-

sumptions are quantitatively consistent, and it allows to make predictions

about parameter values that have not been determined. Equally important,

it shows where the present knowledge is not yet su�cient, as exempli�ed

by the equivocal results that can be obtained with largely di�ering values

for the speed of di�usion in the neck. It is hoped that this model provides

a framework for testing hypotheses and interpreting future results. It may

even help designing future experiments in order to better understand the

functioning of this cell type.

Appendix

In the following, the formulae used for implementing the model are given.

The forward Euler method was used for time integration. The time step

typically was chosen to be �t = 10 �s; smaller time steps did not change the

result of the calculations.

Di�usion in the microvillus

Di�usion in the microvillus is modeled as described by Postma et al. (1999).

The microvillus is divided in nmv compartments of equal length (typically,

nmv = 6). The concentration of ions is determined at the borders of the

compartments, thus on nmv + 1 points. The volume associated with point

x, vxmv, is given by the volume of the microvillus divided by nmv, for 1 <

x < nmv+1. The volume associated with the point located at the tip of the

microvillus, v1mv, is half the value of other compartments. Also, the volume

associated with the point that is closest to the neck, vnmv+1mv , is assumed to

be the same as v1mv plus the volume of the entire neck. The di�usional �uxes

in the microvillus can be expressed for each ion type q as currents Iq;D :
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I
x;t
q;D =

8>>><
>>>:

�q;mvOmv

�
C
x+1;t
q;f � C

x;t
q;f

�
for x = 1

�q;mvOmv

�
C
x+1;t
q;f + C

x�1;t
q;f � 2C

x;t
q;f

�
for 1 < x � nmv

�q:mvOmv

�
C
x�1;t
q;f � C

x;t
q;f

�
for x = nmv + 1

Cq;f indicates the free concentration of ion type q, Omv the surface of the

cross-section of the microvillus, and �q;mv = �DqzqF=�xmv; F denotes the

Faraday constant, �xmv the length of one compartment of the microvillus

and zq the valence of ion type q.

Di�usion in the extracellular space of the rhabdomere

The extracellular space that surrounds the modeled microvillus is subdivided

in an equal amount of compartments (nmv) as the microvillus. Equally,

the ion concentrations are calculated on the borders of these compartments,

yielding nmv + 1 points. However, the ion concentration at the �rst point,

located at the tip of the microvillus, is also thought to represent the concen-

tration in the larger intraommatidial cavity. Therefore, the volume that is

associated with this point (v1ex) is the volume of the intraommatidial cavity

plus half of the volume of an extracellular rhabdomeric compartment. Simi-

larly, the point that is closest to the neck has an associated volume (vnmv+1ex )

given by the sum of half of the volume of an extracellular rhabdomeric com-

partment plus the extracellular volume of the neck region. The formulae for

calculating the currents due to extracellular di�usion are given by:

I
x;t
q;ex;D =

8>>><
>>>:

�q;mvOex;mv

�
C
x+1;t
q;ex;f � C

x;t
q;ex;f

�
for x = 1

�q;mvOex;mv

�
C
x+1;t
q;ex;f + C

x�1;t
q;ex;f � 2C

x;t
q;ex;f

�
for 1 < x � nmv

�q;mvOex;mv

�
C
x�1;t
q;ex;f � C

x;t
q;ex;f

�
for x = nmv + 1

The index ex indicates that the symbol represents an extracellular value.

Di�usion in the cell body

Di�usion in the cell body is calculated in two dimensions for the free (index

f) and the bound (index b) Ca2+ ions. Di�usion is supposed to take place

along the x- and the y-axis. The two-dimensional plane is divided in ncb

compartments along each axis, with ncb typically equaling 11. This results
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in (ncb + 1)
2
grid points for each of which the concentration of free and

bound Ca2+ is calculated. The di�erence scheme employed assigns a volume

to each point that corresponds to the volume of the cell body divided by

n
2
cb. Points on the border of the modeled cell body are assigned half of this

volume, and points in the corner a quarter. Furthermore, the surface through

which di�usion takes place is given by Ocb = (Lcb=ncb)Lpr, where Lcb =

7.1 �m is the length of one side and Lpr = 211 �m the length of the modeled

photoreceptor cell. The distance between two grid-points, �xcb, is given by

Lcb divided by ncb. De�ning �Ca;cb = �DCa;gzCaF=�xcb, the currents due

to di�usion (ID) are given by:

I
x;y;t
D;g = �Ca;cbOcb

�
C
x;y�1;t
Ca;g + C

x;y+1;t
Ca;g + C

x�1;y;t
Ca;g + C

x+1;y;t
Ca;g � 4C

x;y;t
Ca;g

�
for the points de�ned by x and y that are not on a border of the modeled

cell body;

I
x;y;t
D;g = �Ca;cbOcb

�
1
2
C
x;y�1;t
Ca;g + 1

2
C
x;y+1;t
Ca;g + C

x+1;y;t
Ca;g � 2C

x;y;t
Ca;g

�
for points on the border that is de�ned by x = 1. For the other borders, this

formula needs to be adjusted by appropriately changing the x- and y-values;

I
x;y;t
D;g = �Ca;cbOcb

�
1
2
C
x;y+1;t
Ca;g + 1

2
C
x+1;y;t
Ca;g � C

x;y;t
Ca;g

�
for the point in the corner de�ned by x = y = 1. Again, for the other corners,

the indices need to be adjusted. In all cases, the index g can stand for f or

b, indicating free or bound Ca2+.

Di�usion across the neck

For the three ion types, Na+, K+ and Mg2+, the currents due to di�usion

across the neck are given by:

I
t
q;n =

�DqzqF

Ln
OnNmv

�
C
x;t
q � C

t
q;cb

�
where q only represents Na+, K+ and Mg2+ and x = nmv + 1. Ln = 60 nm

is the length of the neck, On is the surface of a cross-section through the

neck and Nmv is number of microvilli. Because the free Ca2+ concentration

can be spatially inhomogeneous, the free Ca2+ concentration at the mouth

117



6 Modeling the calcium homeostasis of �y photoreceptor cells

(CM
Ca;f ) of the neck needs to be taken into account. C

M
Ca;f represents the

concentration at the center of one side of the modeled cell body:

C
M;t
Ca;f = C

1;(ncb+1)=2
Ca;f;cb

Taking again x = nmv + 1, the Ca2+ current due to di�usion through the

neck (ICa;n) is:

I
t
Ca;n =

�DCazCaF

Ln
OnNmv

�
C
x;t
Ca;f � C

M;t
Ca;f

�
Note that these currents are expressed for the whole rhabdomere, as the cur-

rents through individual necks are multiplied with the number of microvilli

(Nmv = 90,000).

The currents across the membrane of the rhabdomeric microvilli

The concentration of free Ca2+ in the center of the microvillus (cmv), is

assumed to be given by the measured trace Carh (Figures 6.2a, 6.3a, c, e,

g, i). The Ca2+ in�ux through the light-activated channels (ICa;L) at the

center of the microvillus is adjusted in order to reach the value given by

Carh at each time step. ICa;L can be broken down into three components:

the Ca2+ current caused by the changing Ca2+ concentration (I�Ca), the

Ca2+ current caused by the exchanger (IX) and the Ca2+ current caused by

di�usion (ID). With x = cmv, this can be written as:

I
x;t
Ca;L = I

x;t
�Ca + 2I

x;t
X � I

x;t
Ca:D

where

I
x;t
�Ca =

FzCav
x
mv

�t

�
C
x;t
Ca;tot � C

x;t+1
Ca;tot

�

I
x;t
X =

1

nmvNmv

IX;max

C
x;t
Ca;f

C
x;t
Ca;f +Kd;X

I
x;t
Ca;D =

�DCazCaF

�xmv
Omv

�
C
x�1;t
Ca;f + C

x+1;t
Ca;f � 2C

x;t
Ca;f

�

CCa;tot is the total Ca
2+ concentration, calculated as the sum of free (CCa;f )

and bound (CCa;b) Ca
2+ concentrations. IX;max is the maximal current the

exchanger molecules in the cell can generate, and Kd;X is the dissociation

constant for Ca2+ binding to the exchanger. Note that the exchanger always
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produces an inward current, and that therefore IX;max always has negative

values.

The light-activated Ca2+ current at the center of the microvillus now

allows to calculate the light-induced permeability PL of the light-activated

channels (Gerster, 1997; Postma et al., 1999). For these calculations, the

Goldman-Hodgkin-Katz equation (Hille, 1992) is assumed to be valid. Again

taking x = cmv, PL is given by:

P
t
L = I

x;t
Ca;L

1� e
�t
Ca

SxmvzCawCa�
t
CaF

�
C
x;t
Ca;ex;fe

�t
Ca � C

x;t
Ca;f

�
where

�
t
Ca =

�V
t
mzCaF

RT

S
x
mv denotes the microvillar membrane surface associated with point x, Vm

the membrane potential, R the molar gas constant and T = 293 K the

temperature. wCa (always assumed to be 0.88, the value determined for the

trp-dependent channels; Reuss et al., 1997) is the relative permeability of

the light activated channels for Ca2+ (Postma et al., 1999). When Carh is

very noisy, it can happen that this formalism produces negative values for

PL. In this case, PL was set to 0.

The light-induced permeability PL is assumed to be the same along the

length of each microvillus (Postma et al., 1999). Therefore, the currents

through the light-activated channels IL;q can be obtained for each ion-type

q.

I
t
q;L =

Nmv

1� e
�t
q

P
t
Lzqwq�

t
qF

nmv+1X
x=1

S
x
mv

�
C
x;t
q;ex;fe

�t
q � C

x;t
q;f

�

The total light-activated current IL is the sum of the current carried by each

ion-type q:

I
t
L =

X
q

I
t
q;L = I

t
Na;L + I

t
K;L + I

t
Ca;L + I

t
Mg;L

Likewise, the total current generated by the exchanger IX can be obtained

by integrating spatially over the length of the microvillus:

I
t
X = IX;max

nmv+1X
x=1

 
C
x;t
Ca;f

C
x;t
Ca;f +Kd;X

S
x
mv

Smv

!
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The currents across the membrane of the cell body

The concentration of ion type q in the intraommatidial cavity (Cq;ic) is as-

sumed identical to the ion concentration at the distal tip of the extracellular

part of the rhabdomere:

C
t
q;ic = C

1;t
q;ex

The resting Na+ and K+ currents (INa;R and IK;R) are thus given by:

I
t
q;R = Pq;RScbzq�

t
qF

C
t
q;ice

�t
q � C

t
q;cb

1� e
�t
q

where q only represents Na+ and K+. Pq;R is the permeability of the rest-

ing conductance for ion type q. The current through the voltage-gated K+

channels (IK;V ), accordingly, is calculated as:

I
t
K;V =

�
P
t
K;V;f + P

t
K;V;s

�
ScbzK�

t
KF

C
t
K;ice

�t
K � C

t
K;cb

1� e�
t

K

where the permeability for the fast and the slow component (PK;V;f and

PK;V;s) are calculated as described by Gerster et al. (1997), except for the

di�erent values for the maximal permeabilities (see main text). Scb = 6:1 �

10�9 m2 is the surface of the cell body.

Calculating changes of the membrane potential and of the ion

concentrations

Itot, the total current, is calculated as:

I
t
tot = I

t
L + I

t
X + I

t
K;V + I

t
K;R + I

t
Na;R + IP

where IP = �0:19 nA is the current generated by the Na+/K+ pump. The

change in membrane potential is obtained as:

�V t
m =

�1

cmStot
I
t
tot�t

with cm = 0.01 F=m2 being the speci�c capacitance and Stot = 2:38�10�8 m2

the total surface of the cell membrane.

De�ning �
x
q;mv = �t= (zqFv

x
mv), where v

x
mv is the volume that is associ-

ated with point x in the microvillus, the changes of the concentration of each

ion type in the microvillus are calculated with the following equations:
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�C
x;t
Na = ��

x
Na;mv

�
I
x;t
Na;D + 3I

x;t
X + I

x;t
Na;L � �

x;t
Na

�
�Cx;t

K = ��
x
K;mv

�
I
x;t
K;D + I

x;t
K;L � �

x;t
K

�
�C

x;t
Ca;tot = ��

x
Ca;mv

�
I
x;t
Ca;D � 2I

x;t
X + I

x;t
Ca;L � �

x;t
Ca

�
�C

x;t
Mg = ��

x
Mg;mv

�
I
x;t
Mg;D + I

x;t
Mg;L � �

x;t
Mg

�
where

�
x;t
q =

�
0 for 1 � x < nmv + 1

I
t
q;n=Nmv for x = nmv + 1

As before, the index D indicates currents due to di�usion, the index n the

currents due to di�usion through the neck, the indexX the current generated

by the exchanger and the index L the current through the light-activated

channels.

Taking �q;cb = �t= (zqFvcb), where vcb indicates the total volume of

the cell body, the changes of the ionic concentrations in the cell body are

calculated as:

�Ct
Na;cb = ��Na;cb

�
I
t
Na;n + I

t
Na;R � 3IP

�
�Ct

K;cb = ��K;cb

�
I
t
K;n + I

t
K;R + I

t
K;V + 2IP

�
�Ct

Mg;cb = ��Mg;cbI
t
Mg;n

The change of the total Ca2+ concentration in the cell body is calculated

for each point de�ned by the indices x and y. vcb therefore becomes v
x;y
cb to

indicate the volume associated with a point given by x and y; consequently,

�Ca;cb becomes �
x;y
Ca;cb:

�C
x;y;t
Ca;tot;cb = ��

x;y
Ca;cb

�
I
x;y;t
D;f + I

x;y;t
D;b

�
For the points that represent the region where the neck of the microvilli

connects to the cell body, the current due to di�usion through the neck is

added to the currents of the above formula.

For calculating the changes of extracellular ion concentrations, �xq;ex was

analogously de�ned as �xq;ex = �t=(zqFv
x
ex), for each point x in the extra-

cellular rhabdomere. The changes in extracellular ion concentrations are

consequently (for the entire rhabdomere) given by:
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�C
x;t
Na;ex = �

x
Na;ex

�
�I

x;t
Na;ex;D + 3NmvI

x;t
X +NmvI

x;t
Na;L + �

x;t
Na

�
�C

x;t
K;ex = �

x
K;ex

�
�I

x;t
K;ex;D +NmvI

x;t
K;L + �

x;t
K

�
�C

x;t
Ca;ex;tot = �

x
Ca;ex

�
�I

x;t
Ca;ex;D � 2NmvI

x;t
X +NmvI

x;t
Ca;L

�
�C

x;t
Mg;ex = �

x
Mg;ex

�
�I

x;t
Mg;ex;D +NmvI

x;t
Mg;L

�
with

�
x;t
Na =

�
I
t
Na;R � 3IP for x = 1

0 for 1 < x � nmv + 1

and

�
x;t
K =

�
I
t
K;R + I

t
K;V + 2IP for x = 1

0 for 1 < x � nmv + 1

Calculating the free Ca2+ concentration

The newly calculated values for the total Ca2+ concentration in the mi-

crovilli and the cell body can now be converted into new values for the free

Ca2+ concentration. Assuming instantaneous bu�ering by a single bu�er

with concentration B and dissociation constant Kd;B = 20 �M, the relation

between CCa;tot and CCa;f is given by (the spatial and temporal indices being

omitted):

CCa;tot = CCa;f + CCa;b = CCa;f +B
CCa;f

CCa;f +Kd;B

Transforming this equation to isolate CCa;f yields:

CCa;f =
1

2

�
CCa;tot �Kd;B �B +

q
(CCa;tot �Kd;B �B)

2
+ 4Kd;BCCa;tot

�

Due to the linear Ca2+ bu�ering in the extracelluar rhabdomere, CCa;ex;f is

given by:

CCa;ex;f = CCa;ex;tot=(1 + fB;ex)

The extracellular bu�ering factor, fB;ex, was typically set to 2.9 in the rhab-

domere, and to 0 in the intraommatidial cavity.
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