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Does Ca®* Reach Millimolar Concentrations after Single Photon
Absorption in Drosophila Photoreceptor Microvilli?

Marten Postma, Johannes Oberwinkler, and Doekele G. Stavenga
Department of Neurobiophysics, University of Groningen, Nijenborgh 4, NL-9747 AG Groningen, The Netherlands

ABSTRACT The quantum bump, the elementary event of fly phototransduction induced by the absorption of a single
photon, is a small, transient current due to the opening of cation-channels permeable to Ca®*. These channels are located
in small, tube-like protrusions of the cell membrane, the microvilli. Using a modeling approach, we calculate the changes of
free Ca®* concentration inside the microvilli, taking into account influx and diffusion of Ca®". Independent of permeability
ratios and Ca?* buffering, we find that the free Ca?* concentrations rise to millimolar values, as long as we assume that all
activated channels are located in a single microvillus. When we assume that as much as 25 microvilli participate in a single
bump, the free Ca®* concentration still reaches values higher than 80 uM. These very high concentrations show that the
microvilli of fly photoreceptors are unique structures in which the Ca®" signaling is even more extreme than in calcium

concentration microdomains very close to Ca®* channels.

INTRODUCTION

Many cell types use changes in cytosolic free calcium
concentration ([Ca®*];,) for intracellular signaling (Berridge,
1998). Often, the changes of [Ca®*]; are spatially and tem-
porally restricted, thereby allowing a multitude of processes
in one cell to be differentially regulated by [Ca®"], (Neher,
1998). Many cell types, especially neurons, have evolved
dedicated mechanisms to better control and localize changes
of [Ca®*].. Often, cells localize Ca®*" channels to special-
ized compartments, like synaptic spines (Koch and Zador,
1993; Petrozzino et al., 1995) or the stereocilia of vertebrate
hair cells (Denk et al., 1995; Lumpkin and Hudspeth, 1995).
In such an arrangement, Ca®" currents cause high local
Ca?" concentrations while a spread of Ca®" into the rest of
the cell body is limited.

Fly photoreceptor cells also exhibit strong localization of
Ca?" permeable cation channels, called transient receptor
potential (TRP) and TRP-like (TRPL). In these cells, light
absorption by rhodopsin triggers a PLC-mediated signaling
pathway that leads—via not fully understood processes—to
the opening of TRP and TRPL channels (Hardie and Minke,
1995; Montell, 1998). All known components of this sig-
naling pathway, including the channels themselves, are sit-
uated in or very close to the microvilli (Niemeyer et al.,
1996; Huber et al., 1996a; Tsunoda et al., 1997; Chevesich
et al., 1997), very slender, tube-like protrusions of the
photoreceptor membrane (Boschek, 1971; Hardie, 1985).

TRP and TRPL channels have been shown to be highly
permeable to Ca?™" (Hardie and Minke, 1992; Reuss et al.,
1997); therefore, light stimulation leads to localized Ca’*
influx into the microvilli from which Ca** diffuses into the
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cell body (Ranganathan et al., 1994). Prolonged stimulation
with bright light leads to massive Ca®" influx and to sus-
tained concentrations in the cell body that might be higher
than 20 uM (Hardie, 1996; Oberwinkler and Stavenga,
1998). This Ca’* influx is functionally highly relevant
because it causes an initial positive feedback at light onset
followed by a subsequent negative feedback on the light
response (Hardie, 1991, 1995; Hardie and Minke, 1994).
Fly photoreceptor cells exhibit an exquisite sensitivity,
because the absorption of a single photon causes already a
pronounced response, a so-called quantum bump (Wu and
Pak, 1978; Hardie, 1991; Hardie and Minke, 1995; Hofstee
et al., 1996). In this paper, we investigate the changes of ion
concentrations in the microvilli during a quantum bump.
Forced by the small dimensions of the microvilli, we adopt
a modeling strategy to tackle this problem, including as
many physiologically realistic parameters as possible. The
results show that, during a quantum bump, the free calcium
concentration inside the microvilli changes dramatically,
possibly reaching millimolar concentrations. This empha-
sizes and urges the reconsideration of the importance of
Ca?" in shaping and regulating the photoresponse of fly
photoreceptor cells, even at low light intensities.

MATERIALS AND METHODS

The model

We approximate a quantum bump, i.e., the current caused by absorption of
a single photon, measured in Drosophila photoreceptor cells under voltage
clamp (Hardie and Minke, 1995), by a I'-function (Fig. 1),

— ep<t)p —t/T
I(Z) = AE ; e (1)

with amplitude 4 = —9.0 pA, time constant 7 = 4.0 ms and parameter p =
2.38. It is unknown how many microvilli contribute to a quantum bump.
When all the channels conducting the current are located within one
microvillus, the current in that microvillus, /., equals the quantum bump
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FIGURE 1 Average of 10 quantum bumps measured under voltage
clamp in a Drosophila photoreceptor cell (open symbols; from Hardie and
Minke, 1995), together with the fitted gamma function (Eq. 1), with
parameters A = —9 pA, 7 = 4.0 ms and p = 2.38 (solid line). The fit is
used as input during the simulations.

current given by Eq. 1. When n microvilli participate and the current is
equally distributed over these microvilli, then 7, (1) = I(¢)/n.

Under physiological conditions, the quantum bump in Drosophila is
carried by four cation types, Na*, K*, Ca®", and Mg>" (Hardie and
Minke, 1992; Reuss et al., 1997),

In=Iha+ I+ Io, + Ly, = 21, 2)
q

with ¢ indicating the ion types. /;, the current of ion type ¢, is the surface
integral of the ion current density, i,

L= ids, 3)

Sm

q

where S, = md,,L,, is the surface of the microvillus membrane (Fig. 2).
The current density i, is associated with the ion flux density j, by

ig = Fzyjg, 4)

with F' the Faraday constant and z, the valence of ion type g, i.e., zy, =
zx = l and z¢, = 2y, = 2. The ions flowing through the membrane cause
changes in the ion concentrations in the microvilli. These concentration
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FIGURE 2 Diagram of a single Drosophila microvillus. A microvillus is
a tube-like protrusion from the photoreceptor cell body, with average
length L, = 1.5 um and diameter d,, = 0.06 wm, connected through a
narrow neck, of length L, = 0.06 wm and diameter d, = 0.035 wm, to the
cell soma. Upon light activation, cation channels open, giving rise to ionic
fluxes through the microvillus membrane. These ionic fluxes, in combina-
tion with diffusion of ions through the neck into the cell soma, lead to
concentration profiles in the microvillus.

Volume 77 October 1999

changes result in concentration gradients causing ions to diffuse to (or
from) the soma along the length of the microvilli. The resulting ion
concentrations inside the microvillus are determined by the flux-diffusion
equation,

va i(x) 2
T == rfq(x) + DqVZCq,i(x)a (5)

where C_ ;(x) is the concentration of ion type ¢ inside the microvillus at
location x, r,, = d,/2 is the radius of the microvillus, and D, is the
diffusion coefficient for ion type g. The factor 2/r,, is the surface-to-
volume ratio of a cylinder with radius r,,. The microvilli are slender
cylinders, closed on one side and connected by a narrow neck with the
photoreceptor cell soma (Fig. 2). Considering the diffusion coefficients
given in Table 1, the time 7,4 necessary for a particle to diffuse an average
distance x equal to the radius of the microvillus, x = r,,, is smaller than 3
us (14 = mx*/4D), whereas, for an average distance equal to the microvillus
length x = L, 74 is 2—-5 ms. This shows that only diffusion along the length
of the microvillus needs to be taken into account considering the duration
of the bump.
The ion flux density is proportional to the ion permeability P,

Ja= Pofq. 6)

Assuming the validity of the Goldman—Hodgkin—Katz-current equation, f,
is given by

Cq,i(-x) - Cq,o(x)eiﬁqvm
1 — e P¥n

_ZqF .
q_RTa ( )

o) = BV

where C, ,(x) is the ion concentration outside the microvillus; R is the ideal
gas constant and 7 the absolute temperature; V,, is the membrane potential.
Note that an outward current is positive.

In the case of the light-activated channels of Drosophila, the ratios wg
of the ion permeabilities P, and the total permeability P, = = P, i.e., w, =
P/P,, are known (Hardie and Minke, 1992; Reuss et al., 1997). When the
permeability P, is assumed independent of the position x, i.e., equal along
the length of the microvillus, its value can be calculated from the measured
current (e.g., Gerster, 1997),

I
=, (®)
where

e =md F D ZgWq fq(x) dx. 9

qa 0

Parameter values

The quantum bumps, yielding the average quantum bump of Fig. 1 (Hardie
and Minke, 1995), were measured with the following extracellular ionic
concentrations (in mM): [Ca®>"], = 1.5, [Na™], = 120, [K*], = 5.0,
[Mg?*], = 4.0 (Hofstee et al., 1996). Intracellular ion concentrations are
not necessarily identical to the ion concentrations in the patch pipette,
because the cells may transport ions into or out of the cell, and diffusion
between the patch pipette and the cell may not be fast enough for the ion
concentrations to equilibrate. We therefore chose [Ca®*], = 1.6 -+ 10~*
mM, the value measured in dark-adapted Drosophila photoreceptor cells
(Hardie, 1996). The Na*/Ca®"-exchanger needs to work permanently to
keep [Ca®"]; at this concentration; therefore, we worked with a slightly
elevated [Na™]; = 8.0 mM. In the patch pipette 2.0 mM MgSO,, and 4.0
mM MgATP were present; because ATP chelates Mg?", we used
[Mg?*]; = 3.0 mM. For the intracellular potassium concentration, we used
the value in the patch pipette, [K]; = 140.0 mM (Hofstee et al., 1996).
Throughout the calculations, the extracellular ion concentrations were
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TABLE 1 Parameters and their values used in the calculations

Parameter Definition Value Reference

T temperature 293 K Hofstee et al., 1996

[Na*], extracellular sodium concentration 120.0 mM Hofstee et al., 1996

[K*T extracellular potassium concentration 5.0 mM Hofstee et al., 1996

[Ca**], extracellular calcium concentration 1.5 mM Hofstee et al., 1996

[Mg**], extracellular magnesium concentration 4.0 mM Hofstee et al., 1996

[Na*]; intracellular sodium concentration 8.0 mM see text

[K*T, intracellular potassium concentration 140.0 mM Hofstee et al., 1996

[Ca**]; intracellular calcium concentration 1.6 - 107* mM Hardie, 1996

[Mg**]; intracellular magnesium concentration 3.0 mM see text

Ve holding membrane potential —=70 mV Hofstee et al., 1996

L., length of microvillus 1.5 wm Hardie, 1985

d., diameter of microvillus 0.06 wm Hardie, 1985

L, length of microvillus neck 0.06 wm Suzuki et al., 1993

d, diameter of microvillus neck 0.035 wm Boschek, 1971

Dy, diffusion coefficient of sodium 650 pum?s™! Kushmerick and Podolsky, 1969
Dy diffusion coefficient of potassium 1000 wm?s ™! Kushmerick and Podolsky, 1969
Dc, diffusion coefficient of calcium 220 pm?s~! Albritton et al., 1992

Dy diffusion coefficient of magnesium 200 pm?s™! see text

Do diffusion coefficient of buffer 100 um?s™! see text

[cam] concentration of buffer (calmodulin) 0.5 mM Porter et al., 1993

K, 1. macroscopic Ca>" binding constant 800 mM ™! Maune et al., 1992

K, 2. macroscopic Ca®>" binding constant 200 mM ! Maune et al., 1992

K, 3. macroscopic Ca®" binding constant 70 mM ! Maune et al., 1992

K, 4. macroscopic Ca>" binding constant 40 mM ™! Maune et al., 1992

Kpg Ca®" dissociation constant of PS 83.3 mM McLaughlin et al., 1981

Kpg pe Ca’* dissociation constant of PE,PC 3333 mM McLaughlin et al., 1981

assumed to stay constant, as were the concentrations in the cell soma.
These assumptions are justified by the huge difference in volume of a
microvillus (4.2 - 10~2! m?) and that of a cell body (3.9 - 10~ '* m?; Hardie,
1996) or the intraommatidial cavity.

In the calculations, we assume that the microvillus (Fig. 2) has a length
L, = 1.5 pum and diameter d,,, = 0.06 wm and that the neck has a length
L, = 0.06 um (Suzuki et al., 1993) and diameter d,, = 0.035 wm (Boschek,
1971; Hardie, 1985). For the diffusion coefficients of the ions in the
microvillus we take Dy, = 650 um?s~", D, = 1000 um?s~" (Kushmerik
and Podolsky, 1969), D, = 220 wm’s~ ' (Albritton et al.,, 1992) and
Dy = 200 wm?s~! (calculated with limiting conductivity values for the
Mg?*- versus Ca®*-ion; Robinson and Stokes, 1959). The parameter
values used in the calculations are summarized in Table 1.

The holding potential of the cell yielding Fig. 1 was —70 mV. Whether
the clamp also holds for the microvillar membrane depends on the length
constant of the microvillus: A = Vr R /(2R;), with R, the specific
membrane resistance and R; the specific resistance of the cytoplasm.
Possible space clamp problems are most severe at the peak of the bump
current. With a peak current I = —9 pA and an electromotive force V,, —
E., = —70 —9 = —=79mV (Reuss et al., 1997) the peak conductance is
g = 111 pS, yielding R,, = 25 Qcm? when assuming that the current is
restricted to a single microvillus. With R; = 70 Qcm (Rall, 1977), we find
that the minimal length constant of a microvillus is 7.5 um, resulting in a
voltage difference between the tip and the neck of, at most, 1.5 mV. This
shows that the space clamp of the microvillar membrane is indeed present
to a very good approximation.

The permeability ratios of the two light-dependent channel types of the
Drosophila photoreceptor, TRP and TRPL, are given in Table 2, together
with those for the mixture of TRP and TRPL channels encountered in the
wild-type photoreceptor cells under divalent free conditions (values from
Reuss et al., 1997). The permeability ratios for wild-type photoreceptor
cells under physiological conditions have not been determined. However,
the flash responses obtained from photoreceptor cells of the #p/ mutant are
(under physiological conditions) indistinguishable from those from wild-
type flies (Niemeyer et al., 1996; Reuss et al., 1997). This argues that the
permeability ratios in wild-type flies under physiological conditions are

largely identical to those found for the TRP channels in the #7p/ mutants.
Nevertheless, we first investigate the effects of different permeability
ratios.

RESULTS

Permeability, ion currents, and
concentration changes

We calculate the time course of the light-induced perme-
ability P, using the I'-function (Eq. 1) fitted to the quantum
bump of Fig. 1 and the parameter values given in Table 1.
Figure 3 shows the results for the three different permeabil-
ity ratios (Table 2) investigated. The resulting light-induced
permeability is highest with all channels being TRP (case 1,
Table 2), and it is almost three times lower with all channels
being TRPL (case 3, Table 2). This can be explained by
considering that P, is inversely proportional to the sum of all
permeability ratios w, each multiplied by f, (Eqgs. 8 and 9).
In case of the TRP channels, the large w, dominates, but it
is multiplied with a low f, resulting in a high permeability

TABLE 2 Permeability ratios of channels for the three
investigated cases*

Case Channels Wea Whg Wna Wi
1 TRP 0.88 0.10 0.01 0.01
2 TRP/TRPL 0.85 0.11 0.02 0.02
3 TRPL 0.58 0.20 0.11 0.11

*Values from Reuss et al., 1997.
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FIGURE 3 Time course of the total light-activated permeability, P,
during a quantum bump for three different permeability ratios (Table 2).

P,. In contrast, when we consider TRPL channel permeabil-
ity ratios, wy, dominates, which is multiplied by a high £,
giving a smaller permeability P,. At the membrane potential
Vi = —70 mV, the values of the f; are mainly determined
by the extracellular ion concentrations. Hence, the differ-
ence between f, and fy, results from the lower value of
[Ca®"], compared to [Na™],.

Equally, the currents for each ion type (Fig. 4) depend on
the assumed permeability ratios (Table 2). The permeability
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ratios of TRP channels (case 1) lead to a high proportion of
the total current being carried by Ca®>*. The permeability
ratios of TRPL channels (case 3) yield a fourfold increase in
the Na™ current compared to the TRP channel permeability
ratios, whereas the Ca”>* current is reduced by a factor of 3.
The permeability ratios of TRP and TRPL combined (case
2) always give intermediate values.

In Fig. 5, the calculated spatiotemporal profiles of the ion
concentrations in the microvillus are shown, considering
only TRP channels (case 1). The shapes of the spatiotem-
poral profiles for the other permeability ratios investigated
(Table 2) are similar (data not shown). For quantitative
comparison, we calculated the spatial average of the con-
centration profiles. The time courses of the spatially aver-
aged ion concentrations are presented in Fig. 6. Kinetically,
the concentration changes are almost perfectly paralleling
the shape of the light-induced current (Figs. 1, 4, and 5).
This is caused by the diffusion being rapid (2—5 ms), com-
pared to the changes in light-induced current that last tens of
milliseconds. The concentration changes for Na*, Mg**,
and also for Ca®", are in the millimolar range for the three
cases studied (Table 2). The concentration of K™ changes
only very little, because the holding potential V,, = —70
mV is close to the Nernst potential of potassium Ey =
—84 mV.

Previous estimates and measurements of [Ca®"]; have
suggested that [Ca®" ], might be especially high close to the
mouth of Ca®" channels, in so-called microdomains (Llinas
et al., 1995; Neher, 1998). However, even there [Ca2+]i is

time (ms)

current (pA)

IA B

! TRPL

TRP/TRPL

C —————— Mgz+

FIGURE 4 Light-induced currents of Na™, K*, Ca?*, and Mg”, assuming permeability ratios of (4; case 1, Table 2) TRP channels, (B; case 2, Table
2) a mixture of TRP and TRPL channels, and (C; case 3, Table 2) TRPL channels.
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FIGURE 5 Time course of concentration profiles in a microvillus for (4) Na*, (B) K*, (C) Ca**, and (D) Mg?", calculated for the permeability ratios
of TRP channels (case 1, Table 2); the current is assumed to flow through one single microvillus. For Na*, Ca®>*, and Mg>", the bump leads to concentration

changes in the millimolar range in the microvillus.

thought not to rise higher than 2.0 mM at most (Llinas et al.,
1992; Roberts, 1994; Aharon et al., 1994); the [Ca”]i
values calculated above seem, therefore, extraordinarily
high. In the following, we thus investigate factors that might
have led to an overestimation of [Ca®"]; in the microvilli.

High affinity Ca®* buffer

So far, we neglected the influence of calcium buffering. Fly
microvilli contain 0.5 mM calmodulin (Porter et al., 1993).
This high concentration and the limited space in a microvil-
lus suggest that calmodulin might be the most important
Ca”" binding protein present. Calmodulin has four binding
sites with different affinities. The steady-state binding can be

described by an Adair—Klotz equation (Maune et al., 1992),
x = [Cal]y — [cam]y

Kix + 2K, K% + 3K, KKx + 4K KKK x* 0
1+ le + K1K2x2 + K1K2K3x3 + K1K2K3K4x4’ ( )

where x denotes the free [Ca®"],, [cam],,, the concentration
of the buffer (taken to be 0.5 mM; Porter et al., 1993), and
[Ca],, the total Ca?* concentration (free plus bound Ca*").
The macroscopic Ca* binding constants K, (i = 1, 2, 3, 4)
are 200, 800, 70, and 40 mM ! for Drosophila calmodulin
under approximately physiological conditions (Maune et al.,
1992; Table 1). In our simulations, we implemented Eq. 10
describing the steady state, thereby ignoring the kinetic
properties of the Ca®* association and dissociation pro-
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FIGURE 6 Time course of average concentrations of (A) Ca®>*, (B) Na*, (C) K™, and (D) Mg®" (assuming that the bump occurs in one microvillus)
for three different permeability ratios (Table 2), i.e., the permeability ratio of TRP channels (solid line), of a mixture of TRP and TRPL channels (dashed
line), and of TRPL channels (dotted line). Under the physiological conditions used for the calculations, the changes of [Ca®"]; and [Na*],, although
dependent on the permeability ratio chosen, are in all cases in the millimolar range, as holds for the change of [Mg?*],. [K*]; changes only little during

a bump, no matter what permeability ratios are chosen.

cesses. This simplification can probably be made without
compromise for the association reactions because the time
constants of these reactions are in the order of milliseconds
or smaller for all four binding sites (Maune et al., 1992;
Martin et al., 1992). Also, the dissociation of Ca®™" from the
low affinity binding sites of calmodulin is fast (800 s ';
Martin et al., 1992). However, the dissociation of Ca**
from the high affinity binding sites might have been over-
estimated because the rate constant for this reaction is only
17 s~ ' (Martin et al., 1992).

Calmodulin might be free to diffuse in the microvilli;
however, in smooth muscle cells, diffusional freedom of
calmodulin is limited (Luby-Phelps et al., 1995). In the
microvilli, there are many proteins that bind calmodulin.
Some, e.g., TRPL (Warr and Kelly, 1996) and neither
inactivation nor other potential C (NINAC) (Porter et al.,
1995), possibly bind calmodulin even at low [Ca®"];, indi-

cating that the effective diffusion constant for calmodulin
might indeed be small. We have investigated two extreme
cases, one in which the diffusion coefficient of calmodulin
is assumed to have the high value D, = 100 um? ',
which is similar to the diffusion coefficient of the small
fluorescent Ca”>* indicator fluo-3 (Hall et al., 1997). This
diffusion coefficient is assumed to be independent of the
amount of Ca®>" bound to calmodulin. In the second case,
we assumed calmodulin to be immobile. For investigating
the effects of Ca®" buffering, we chose the permeability
ratios of the TRP channels, because they probably are
closest to the permeability ratios found in wild-type photo-
receptor cells under physiological conditions (see above).
In Fig. 7, we compare the time courses of the spatially
averaged free Ca®>" concentrations when considering differ-
ent assumptions about Ca>* buffering: no Ca?* buffer, an
immobile Ca®>* buffer, and a mobile Ca®>" buffer. Both the
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FIGURE 7 Time courses of the spatial average of [Ca®"]; in a microvil-

lus calculated with different calcium buffer models: no calmodulin present
in the microvillus (solid line), 0.5 mM immobile calmodulin with 4 Ca®*
binding sites (dashed line), and 0.5 mM mobile calmodulin with 4 Ca**
binding sites and diffusion coefficient D,,, = 100 um?s~ ' (dotted line).
The macroscopic binding constants of the 4 binding sites of Drosophila
calmodulin are taken from Maune et al. (1992). The association and
dissociation reactions of Ca?* with the calmodulin are assumed to be in
equilibrium and are described by the Adair—Klotz-equation (Eq. 10; see
text). The calculations assume the permeability ratios of TRP channels
(case 1, Table 2) and that a bump is produced in a single microvillus. The
calmodulin influences the dynamics of [Ca®"];, but has virtually no effect
on the peak of [Ca®*]; reached during a bump.

mobile and the immobile buffer delay the rise of the free
Ca’®" concentration by ~2 ms compared to a buffer-free
situation. However, the peak concentrations reached are
virtually independent of the buffering (Fig. 7); the differ-
ences found are smaller than 1.0 mM. This shows that the
4 X 0.5 = 2.0 mM Ca**-binding sites offered by calmod-
ulin are saturated with Ca’>" at the peak of the Ca®>* con-
centration. As commonly found (e.g., Sala and Hernandez-
Cruz, 1990; Roberts, 1994), the mobile and the immobile
buffer have opposing effects during the decrease of the free
Ca** concentration. An immobile buffer slows the decrease
in free Ca®" concentration as the buffer releases the bound
Ca’" during the decrease. The mobile buffer, in contrast,
increases the speed of the concentration decrease, because it
diffuses out of the microvilli together with bound Ca*",
thereby increasing the effective diffusion for Ca**. In con-
clusion, the incorporation of a high (2.0-mM Ca®* binding
sites) concentration of endogenous buffer does not substan-
tially reduce the rise of free Ca®>* concentrations into the
millimolar range in the microvilli.

Low affinity, high capacity Ca®* buffer

The phospholipids of membranes bind calcium ions with
low affinity (McLaughlin et al., 1981). The surface-to-
volume ratio of a microvillus is very large. Therefore, the
effective concentration of phospholipids is very high, which
could lead to a considerable amount of calcium being buftf-
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ered by these molecules. In rod photoreceptors, it has been
estimated that this effect has dramatic consequences for the
diffusion of Ca®" ions in the space between the discs
(McLaughlin and Brown, 1981). The effectiveness of mem-
branes as Ca®" buffers depends critically on the phospho-
lipid composition of the membranes, because anionic phos-
pholipids have a higher affinity for Ca>* and, additionally,
cause the surface potential to be negative. A negative sur-
face potential leads to an increased concentration of cations
at the surface of the membranes, which facilitates their
binding to the membranes. However, unlike the discs of
vertebrate rods, the microvilli of invertebrate photoreceptor
cells seem to have only a small concentration of the prin-
cipal anionic phospholipid phosphatidylserine (PS) (Paulsen
et al., 1983; Zinkler et al., 1985). The rhabdomeric mem-
brane of fly photoreceptor cells contains approximately
50% phosphatidylethanolamine (PE), 25% phosphatidyl-
choline (PC), and 5% PS. Assuming that each phospholipid
occupies an area of 0.7 - 10~ '® m? (McLaughlin and Brown,
1981) and that the microvillus membrane only consists of
phospholipids, we derive that the effective concentrations
for PE, PC, and PS are [PE],,, = 80 mM, [PC],,, = 40 mM,
and [PS],,, = 8 mM.

The Gouy—Chapman theory of the diffuse double layer
(Israelachvili, 1991) predicts that the surface potential due
to the PS lipids at the ionic resting conditions is j, = —5.5
mV (Appendix 2). It follows from the Boltzmann equation
that such a surface potential increases the concentration of
divalent cations at the membrane surface 1.54-fold as com-
pared to the bulk concentrations. To check the significance
of the membrane as a calcium buffer, we included low
affinity immobile calcium buffers with the Ca®" dissocia-
tion constants of the phospholipids (Kpr = Kpc = 333.3
mM and Kpg = 83.3 mM; McLaughlin et al., 1981) in our
model, taking into account the increased Ca®" concentra-
tion at the membrane. In the simulations, we assumed that
the Ca?" binding reaction to the phospholipids is always in
the steady state. The calculations show that inclusion of the
phospholipid calcium buffers only slightly reduces the peak
calcium concentration from 24 mM to 21 mM, when 0.5
mM mobile calmodulin is assumed to be present. With
immobile or no calmodulin present, the effect of the phos-
pholipid buffers is even less significant.

These calculations, however, are an overestimation of the
effect of phospholipid Ca®" buffering.

1. The effective phospholipid concentrations used are prob-
ably too high because the rhabdomeric membranes con-
tain high amounts of membrane proteins.

2. The surface potential was assumed to stay constant dur-
ing the simulations. The huge changes in cationic con-
centrations and the binding of Ca®* to the phospholipids
itself, however, would reduce the surface potential and
hence the concentration of Ca®" at the membrane
surface.

3. Mg®" has similar binding constants to the phospholipids
as Ca®" (McLaughlin et al., 1981). Mg?* therefore com-
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FIGURE 8 Time courses of the (spatial) average of [Ca®"]; in a microvillus assuming that more than one microvillus participate in a bump. The lines
from top to bottom of each panel correspond to 1, 7, 19, 37, 61, and 91 microvilli participating in a bump, respectively. In the calculations, the permeability
ratios of TRP channels are assumed (case 1, Table 2). (4) No calmodulin; (8) 0.5 mM immobile calmodulin with 4 Ca>* binding sites; (C) 0.5 mM mobile

calmodulin with 4 Ca®* binding sites and a diffusion coefficient D, ,, =
in the model (see text for details on Ca®" buffers).

petes with Ca?" in binding to phospholipids, an effect
that we neglected.

We conclude that the Ca®>* buffering by phospholipids does
not significantly change the high Ca®" concentrations in the
microvilli during a bump.

Number of participating microvilli

Up to now, we have assumed that all the TRP and TRPL
channels that are opened during a bump are located in one
microvillus. However, it is conceivable that channels in
adjacent microvilli, surrounding the microvillus in which
the absorption of the photon took place, are also activated.
This situation has been demonstrated to occur in the ventral
photoreceptor cells of Limulus (Stieve, 1986).

In the following, we assume that, in Drosophila photo-
receptor cells, a fast process transports the signal to chan-
nels located in microvilli that are in the vicinity of the
microvillus that contains the activated rhodopsin. Assuming
the microvilli are hexagonally packed, we obtain n = 1, 7,
19, 37, 61, and 91 equally participating microvilli when we
stepwise increase the number of participating microvilli,
always adding one ring of microvilli. The current per mi-
crovillus then becomes 7,(f) = I(f)/n (see Materials and
Methods). Using the reduced current per microvillus, 7, we
have calculated the spatially averaged free calcium concen-
tration. We have included the Ca>* buffering by phospho-
lipids and considered the following three cases: no calmod-
ulin (Fig. 8 4), immobile calmodulin (Fig. 8 B), and mobile
calmodulin (Fig. 8 C); the quantitative details of the three
cases are described above. For quantitative comparison, we
plotted the peak values of the free calcium concentrations of
each curve of Fig. 8, 4—C versus the number of microvilli in
Fig. 9.

100 wm?s™~

! is assumed. In all cases, the Ca>* binding to phospholipids is included

The calculated Ca?* concentrations (Figs. 8 and 9)
strongly depend on the number of microvilli participating in
the bump. When we do not take buffering by calmodulin
into account, the peak of the Ca’>* concentrations is in-
versely proportional to the number of microvilli (Fig. 9); for
example, at n = 91, the peak of the Ca®* concentration is,
consequently, lowered to 0.24 mM. The situation is more

= \o\.\o
o4 \
& (o]
4]
2 0.01 \0
—®— no calmodulin ~x
1E-34 —O— immobile caimodulin
—X— mobile calmodulin
1E-4+ Tt ———
1 10 100

number of microvilli

FIGURE 9 Peak values of the spatial average of [Ca**]; in the microvil-
lus (from Fig. 8) versus the number of microvilli participating in the bump.
Without calmodulin (solid circles), the peak of [Ca®"]; reduces linearly
with the number of participating microvilli. The immobile calmodulin
(open circles) causes an additional reduction of the peak of [Ca®'],
compared to the situation without calmodulin, when more than 19 mi-
crovilli participate. The mobile calmodulin (crosses) already causes this
additional reduction when more than 7 microvilli are considered. However,
when no more than 25 microvilli are assumed to participate in the produc-
tion of a bump, the peak of the spatially averaged [Ca®*]; is higher than 80
uM for all buffer models.
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complex for the models that include calmodulin: as already
shown (Fig. 7), the Ca®" buffering has little effect when
assuming that only one microvillus participates. The same
occurs when allowing » = 7 microvilli to take part at the
bump. Further increasing the number of participating mi-
crovilli leads to strong nonlinear lowering of free Ca®"
concentrations (Figs. 8 and 9), the mobile buffer being more
effective in reducing the Ca®* concentrations than the im-
mobile buffer. At » = 91 microvilli participating in the
bump, the peak Ca”* concentrations (Fig. 9) are 9 and 2 uM
for immobile and mobile buffers, respectively. In the Dis-
cussion, however, we will argue that it is unlikely that more
than 25 microvilli participate in a single bump, leaving more
than 80 uM for the peak of the free Ca®" concentration,
even when assuming a highly mobile Ca®" buffer with 2.0
mM Ca®" binding sites.

DISCUSSION

In this paper, we calculate the free concentrations of Ca*"
(and other ions) inside the microvilli of Drosophila photo-
receptor cells during a quantum bump. Assuming that all
activated channels are situated in a single microvillus, we
invariably arrive at free Ca®* concentrations in the milli-
molar range, regardless of the assumptions made about
permeability ratios and Ca®* buffering. In contrast, the
calculated free Ca®>* concentrations depend strongly on the
number of microvilli assumed to share the current of a
bump, potentially reducing the free calcium concentration
into the micromolar range, when the number of microvilli
increases to above 20.

How many microvilli participate in a bump?

Fly photoreceptor cells exposed to bright continuous light
stimulation respond with a sustained response that consists
of a superposition of bumps, giving rise to shot noise (Wu
and Pak, 1978). An analysis of this shot noise in the sheep
blowfly Lucilia led Howard et al. (1987) to conclude that
the maximum number of simultaneously active bumps is as
high as the number of microvilli, suggesting that a bump is
produced in a single microvillus. However, this analysis
was performed on light-adapted photoreceptor cells, and it
is not clear that also in dark-adapted cells a single microvil-
lus can sustain a bump. Because bumps in dark-adapted
cells are larger than in light-adapted ones (Wu and Pak,
1978), several microvilli might participate in a bump.

The only rhabdomeric photoreceptor cell, for which there
is a direct estimate of the number of microvilli participating
in a bump, is the ventral photoreceptor cell of the horseshoe
crab Limulus polyphemus. In this preparation, it has been
demonstrated that more than 1000 microvilli participate in a
bump (Stieve, 1986). However, phototransduction in Limu-
lus ventral photoreceptor cells is, at least quantitatively,
different from the phototransduction in Drosophila because
the bumps of Limulus are about 200 times larger, the latency
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is much longer, and the kinetics of the bump current is much
slower (Dorldchter and Stieve, 1997). In Limulus, the light-
induced current seems to be at least partly activated by an
increase of [Ca®"]; due to light-induced release of Ca*"
from stores (Payne et al., 1986; Ukhanov and Payne, 1995,
1997). This mechanism of activation could not be shown for
TRP or TRPL channels in Drosophila (Hardie, 1995, 1996).
An alternative hypothesis of phototransduction, the capaci-
tative Ca”* entry hypothesis (Hardie and Minke, 1995), has
also not received any experimental evidence (Hardie, 1995,
1996; Acharya et al., 1997). It has also been proposed that
the activation of TRP and TRPL in Drosophila results from
conformational changes spreading through a network of
transduction proteins connected by the inactivation no other
potential D (INAD) protein (Montell, 1998). Recently,
polyunsaturated fatty acids have been shown to activate
heterologously expressed TRPL channels and have been
implicated in the activation of TRP and TRPL channels in
vivo (Chyb et al., 1999). Because adjacent microvilli are in
close contact with each other (Suzuki et al., 1993), it is
conceivable that these fatty acids, produced in the vicinity
of the activated rhodopsin, diffuse laterally and across the
membrane to neighboring microvilli. Although the rise in
[Ca®*], the capacitative Ca" entry, and fatty acid hypoth-
esis straightforwardly allow for many microvilli to partici-
pate in a single bump, the conformational change hypothe-
sis rather suggests that all the current of a bump is generated
in a single microvillus.

Assuming that mainly TRP channels determine the bump
size, the number of channels simultaneously open at the
peak of the quantum bump current can be inferred from the
single-channel conductance of TRP channels (4 pS; Reuss
et al., 1997), the reversal potential (11 mV; Reuss et al.,
1997), and the bump size (9 pA; Hardie and Minke, 1995)
to be ~27. It has recently been shown that, in Drosophila
photoreceptor cells, TRP and TRPL do not form heteromul-
timers with properties different from pure TRP and TRPL
channels (Reuss et al., 1997), but it is unknown how many
subunits of TRP (or TRPL) form a functional channel.
Because there are, on average, ~100 TRP proteins present
in a microvillus (Huber et al., 1996a), there would be
enough TRP present in a single microvillus to produce the
peak current of a bump, even when four TRP proteins were
needed to produce a functional channel (Phillips et al.,
1992). Therefore, from considering the number of open
channels, it seems possible, although by no means neces-
sary, that all channels activated during a bump are localized
in a single microvillus. In contrast, it seems unlikely that the
open probability of activated TRP channels is so low that
the bump is distributed over a large (i.e., >25) number of
microvilli.

In conclusion, based on the available evidence, we cannot
decide how many microvilli participate in the production of
a bump. The more recent hypotheses for the activation of
TRP and TRPL favor a small number of microvilli, or even
a single microvillus, whereas the number of channels simul-
taneously open at the peak of the bump indicate that the
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number of participating microvilli is unlikely to be higher
than 25. We therefore have to conclude that the peak of the
free Ca®" concentration reached in the microvilli during a
bump is in the range of 0.08-22 mM (Fig. 9).

The effects of reduced calmodulin content

Bumps measured by Scott et al. (1997) and Scott and Zuker
(1998a) are much larger than the bumps measured by Har-
die and Minke (1995) and Hofstee et al. (1996). This dif-
ference in size can be explained by the lack of Mg®" in the
bath solution in the measurements of Scott et al. (1997) and
Scott and Zuker (1998a), because Mg®" at physiological
concentrations is known to impose a 3—5-fold block on TRP
channels (Hardie and Mojet, 1995). Furthermore, the cal-
modulin content of photoreceptor cells in the Drosophila
cam mutant used by Scott et al. (1997) and Scott and Zuker
(1998a) is reduced to 10% of that found in wild-type flies
(Scott et al., 1997).

Using the bump measurements of Scott and Zuker
(1998a) in the cam mutant, we have calculated the Ca**
concentration inside the microvilli (Fig. 10). The larger
bumps and the reduced endogenous Ca®" buffer lead to
even higher Ca®" concentrations inside the microvilli than
those calculated previously. When we assume that the bump
is produced in one microvillus, the spatially averaged free
Ca®" concentration reaches 75 mM (Fig. 10). Even when
assuming 91 microvilli to participate in a bump, Ca®”" inside
these microvilli peaks at 0.7 mM under these conditions.
Taking again 25 microvilli as a reasonable upper bound for
the number of participating microvilli, we arrive at 3.0 mM
for the peak of [Ca’"];, showing that, under these unphys-
iological conditions, the peak of the free Ca®" concentration
is in the millimolar range. Since the bumps were approxi-
mately normal in shape under these conditions, it seems that
the phototransduction machinery can function when ex-
posed to millimolar calcium concentrations.

The role of Ca2* in shaping the quantum bumps

Ca?" influx has a profound role in shaping the light re-
sponse of Drosophila photoreceptor cells (Hardie, 1991;
Ranganathan et al., 1991; Hardie and Minke, 1994). It has
been shown that the Ca®" influx causes an early positive
feedback and a subsequent negative feedback on TRP chan-
nels, and a negative feedback on TRPL channels (Reuss et
al., 1997). The positive feedback on TRP channels is ex-
tremely rapid (Hardie and Minke, 1994; Hardie, 1995), but
its molecular mechanism has not yet been elucidated. The
later negative feedback might be dependent on many pro-
teins; a defective response termination has been described in
the mutants inaC (Ranganathan et al., 1991; Hardie et al.,
1993), inaD (Shieh and Niemeyer, 1995; Shieh and Zhu,
1996; Shieh et al., 1997; Adamski et al., 1998) and ninaC
(Porter et al., 1995). Furthermore, the TRP protein has one
calmodulin binding site, whereas TRPL has two binding
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FIGURE 10 (4) Time courses of the spatially averaged [Ca**]; and (B)
the peak of the spatially averaged [Ca®*]; for different number of microvilli
calculated for a quantum bump measured in a cam-mutant (Scott and
Zuker, 1998a). For the calculations, we use the parameters 4 = —25 pA,
T =4 ms, and p = 2.38 in the gamma function. For the Ca®>* buffer, we
assume 0.05 mM mobile calmodulin with a diffusion constant of D,,, =
100 um?s~'. The Ca*>* binding to phospholipids was included as well (see
text for further details). For the intra- and extracellular ion concentrations
(mM) we assumed [Ca®*]; = 1.6 - 1074, [Ca®"], = 1.5, [Na®"], = 0.1,
[Na*], = 124.0, [K']; = 135.0, [K*], = 4.0, [Mg"]; = 2.0, and
[Mg?*], = 0.0 (Scott and Zuker, 1998a). Under these unphysiological
conditions, bumps are much larger due to the lack of extracellular Mg>*.
The larger bump amplitude together with the reduced buffer concentration
yields much higher values of [Ca®*],.

sites (Phillips et al., 1992; Warr and Kelly, 1996), both of
which have been shown to be involved in the termination of
the light response (Scott et al., 1997). The proteins ePKC
(INAC), INAD, NINAC, TRP, and TRPL are all located in
the microvilli (Scott and Zuker, 1998b; Montell, 1998) and
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therefore are, already during the response to a single photon,
exposed to Ca®* concentrations calculated to be in the range
between 0.08 and 22 mM. It therefore becomes likely that
all available Ca®"-dependent feedback mechanisms are
fully activated during the quantum bump, especially be-
cause the early positive and the later negative feedback have
been shown to be activated by micromolar Ca*" concentra-
tions (Hardie, 1995). The difference, therefore, between the
early positive feedback and the later negative feedback
should be caused by kinetic differences in the regulatory
mechanisms rather than by differences in their Ca* affin-
ity, already during a single bump. Interestingly, Hardie
(1995) provided evidence that the Ca®" affinity of the late
negative feedback is actually higher than the Ca?" affinity
of the fast positive feedback.

The TRP channels, PLC and ePKC (INAC), are bound
together in a supramolecular complex by the INAD protein
(Huber et al., 1996a; Tsunoda et al., 1997; Chevesich et al.,
1997). This close colocalization has been shown to be
important for both activation and inactivation of the photo-
transduction cascade (Shieh and Niemeyer, 1995; Shieh and
Zhu, 1996; Shieh et al., 1997; Tsunoda et al., 1997; van
Huizen et al., 1998; Adamski et al., 1998). Because the TRP
channels are the major Ca>* channels and the ePKC activity
depends strongly on Ca®", Montell (1998) has suggested
that one function of the colocalization in the supramolecular
complex is to expose the ePKC rapidly to high Ca** con-
centrations. Our results, however, indicate that Ca®>* con-
centrations rise rapidly throughout the microvillus, and
therefore, the supramolecular complex may have a different
role, possibly the fast and efficient phosphorylation of
INAD (Huber et al., 1996b), TRP (Huber et al., 1998) and
NINAC (Li et al., 1998) by the ePKC.

The magnitude of the quantum bumps diminishes and the
kinetics of the bumps accelerates when the photoreceptor
cells are exposed to steady light, i.e., the photoreceptors
light adapt (Wu and Pak, 1978; Wong et al., 1982; Howard
et al., 1987). These adaptation effects are attributed to an
increased [Ca®"]; (Muijser, 1979; Hardie, 1991, 1995). The
levels of [Ca?*]; reached during prolonged, bright stimula-
tion might be higher than 20 uM (Hardie, 1996; Oberwink-
ler and Stavenga, 1998), which is still much lower than the
microvillar concentrations we calculate during a single
bump. Consequently, the Ca>* level reached during light
adaptation must drive regulatory processes with a slow time
course compared to the duration of a bump. The bump
amplitude appears to be pre-set by the Ca®" level due to the
light adaptation and to be independent of the Ca®" concen-
trations transiently reached inside the microvilli during the
bump.

Functional constraints of microvillar design

We have argued that the Ca®" concentrations inside the
microvilli reach very high values, because the diffusional
space inside the microvilli is limited due to their small
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diameter. Effectively, the microvilli act as extended mi-
crodomains (Neher, 1998): the high Ca®" concentrations
normally found only close to the channels exist throughout
the length of the microvillus. Microvilli, however, neces-
sarily have a small diameter to obtain a high membrane
density that allows for high concentrations of rhodopsin
molecules, a crucial property for high sensitivity. Further-
more, the flying lifestyle of flies demands phototransduc-
tion to be exceptionally rapid, in turn forcing a close colo-
calization of all components in the signal transduction
cascade, including the light-activated channels. The demand
for microvilli with small diameters thus potentially conflicts
with the necessity to localize the channels to the rhab-
domere, because it leads to the extremely high Ca®*" con-
centrations we calculate. The flies seem to make good use of
the apparently opposing constraints imposed on the design
of the microvilli, as witnessed by the extremely rapid and
powerful Ca?*-mediated feedback mechanism acting on the
transduction cascade that help to generate a sensitive, fast,
and reliable response to a wide variety of light stimuli.

APPENDIX A: DIFFERENCE SCHEME

Because the microvillus length is L,, = 1.5 um and the neck length is L, =
0.06 wm, we divide the microvillus into N = (L,,, + L,)/L,, = 26 sections,
hence there are N + 1 = 27 grid points. The grid points are at x, = kAx,
with £k = {0, ..., N}.

A second-order numerical scheme for the flux-diffusion equation (Eq.
5) then is

aC, 2 D
W=—rf]0'|'2E(C1_CO)» (Ala)
dC, 2 D
W = — r—]k + E (Ckfl - 2Ck + Ck+1)5
1<k<N-1 (Alb)
Cv- 2 1
at gl N
D S
+ ZE mCN_Z — Gyt mCN , (Ale)

where C) is the ion concentration and j, the flux density at x,; Cy is the
(constant) ion concentration in the cell body and f = O,/O,, is the ratio of
the cross-sections of neck and microvillus. The coefficients containing f
involve a modified surface-to-volume ratio at the microvillus-to-neck
transition. In this model, we assume that there is no influx of ions at the
neck membrane.

The integral in Eq. 9 was calculated with the trapezoidal integration
rule.

APPENDIX B: MEMBRANE SURFACE POTENTIAL

The concentration of ions CZ at a charged surface is given by the
Boltzmann equation,

C?= Cle ", (B1)
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where CF is the bulk concentration of ions with charge z, B = F/(RT) and
i, is the surface potential. The surface potential can be determined from the
Stern equation (Israelachvili, 1991),

CrR—-—1D)+Cik— 1)+ Cy(k ' —1)

k2
vawr-n-2 g

2eRT (B2)

where, & = 7.08 - 1071 C?N"'m ™2, k = ¢~ #¥s and the charge density o(k)
is given by

[PE]lot
C3' ik + Ko

[Pc]tot
C3' I + Kpe

R L PR T,
CR+Kps) T

o(k) = rmFC§+k2(

where o, is the surface charge density when divalent cations are absent.
The surface charge density o, is determined by the 5% negatively charged
PS present in the microvillar membrane, because PS is the only major
charged phospholipid at physiological pH. Therefore,

005X —1.6 - 107"
T 07 10"

=—1.14 - 10*Cm %

The values for the ionic concentrations at resting conditions are C3* =
3.0 mM (only Mg, Table 1), C; = 148 mM (Na* and K*, Table 1),
C, = 140 mM (gluconate, Hofstee et al., 1996) and C2~ = 3.0 mM (SO3 ",
Hofstee et al., 1996). Mg?" dissociation constants are Kpy = Kpc = 333
mM and Kpg = 125 mM (McLaughlin et al., 1981). Using these values and
the effective concentrations of the phospholipids calculated in the text, we
obtain a surface potential for the resting conditions of ), = —5.5 mV.
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