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Localization of Calcium Signals by a Mobile Calcium Buffer in Frog

Saccular Hair Celis

William M. Roberts

Institute of Neuroscience, University of Oregon, Eugene, Oregon 97403

A recent study (Roberts, 1993) of saccular hair cells from
grass frogs (Rana pipiens) has suggested a mechanism by
which the unusually high concentrations of calcium-binding
proteins found in certain sensory receptors and neurons,
particularly in the auditory system, can influence short-range
intracellular calcium signaling. In frog saccular hair cells, the
mechanism operates within arrays of calcium channels and
calcium-activated potassium channels that are involved in
the cells’ electrical resonance and synaptic transmission.
The present study tests the hypothesis that calbindin-D28k,
one of the most abundant proteins in these cells, can serve
as a mobile calcium buffer that reduces and localizes changes
in the intracellular free-calcium concentration ([Ca?*]) by
shuttling calcium away from the channel arrays. Based upon
theoretical analysis and computer modeling, it is shown that
[Ca2*], near one or more open channels quickly reaches a
steady-state level determined primarily by two properties of
the buffer, the mean time (r.) before it captures a free-cal-
cium ion and a replenishment factor (R), which are related
to the buffer’s diffusional mobility (D,,), association rate con-
stant (k,,), and concentration (B,) by r. = (k,.,B;)~*' and R =
B,D,,. Simulation of calcium entry through a channel array
showed that ~ 1.5 mm of a molecule with the diffusional and
binding properties expected for calbindin-D28k (B, ~ 8 mm
calcium-binding sites) is needed to reproduce the previous
experimental results. A lower concentration (B, = 2 mMm) was
almost completely depleted within the channel array by a
modest calcium current (8 pA = 12% of calcium channels
open), but still had two important effects: it caused [Caz*];
to fall steeply with distance outside the array (space con-
stant < 50 nm), and returned [Ca?*], quickly to the resting
level after the channels closed. A high concentration of cal-
bindin-D28k can thus influence the cell’s electrical reso-
nance and synaptic transmission. Its most important func-
tions may be to localize regions of high [Ca?*], and speed
the return of [Ca?*], toward the resting level.
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For calcium to regulate extremely rapid and precisely timed
processes, its sources and receptors must be close together. In
fast synaptic transmission, where calcium can act with a delay
of <200 usec (Llinas et al., 1981; Augustine et al., 1985), the
distance between the channels that admit calcium into the cell
and the receptors that initiate exocytosis is thought to be ~50
nm, little more than the diameter of a synaptic vesicle (Fogelson
and Zucker, 1985). At this distance, [Ca2*], can rise 1000-fold
(>100 M) in a few microseconds after a single calcium channel
opens, and then return more slowly to the resting level when
the channel closes (Simon and Llinas, 1985; Yamada and Zuck-
er, 1992). Such high calcium concentrations are essential to
reduce the time required for calcium ions to bind to receptors.
Early models of calcium diffusion, which assumed that >95%
of the calcium was captured instantaneously by cytoplasmic
buffers (Zucker and Stockbridge, 1983; Chad and Eckert, 1984,
Stockbridge and Moore, 1984), and early measurements of
[Caz+],, which lacked spatial resolution, seemed inconsistent
with such high free-calcium concentrations. However, more re-
cent models that use realistic association rates (Connor and
Nikolakopoulou, 1982; Fogelson and Zucker, 1985; Simon and
Llinas, 1985; Neher, 1986; Zucker and Fogelson, 1986; Parnas
etal., 1989; Sala and Hernandez-Cruz, 1990; Yamada and Zuck-
er, 1992; Nowycky and Pinter, 1993) support the existence of
localized calcium concentrations above 100 um. Methods ca-
pable of detecting highly localized regions of very high [Ca2*],
have provided experimental evidence for calcium concentra-
tions above 100 um (Roberts et al., 1990; Llinas et al., 1992).

Because the concentration gradient within 100 nm of a cal-
cium channel is extremely steep, and the precise spatial ar-
rangement of channels and receptors therefore critical, it is not
surprising that channels are often found in orderly arrays in the
presynaptic membrane (Heuser et al., 1974; Hama, 1980; Pum-
plin et al., 1981; Walrond and Reese, 1985; reviewed by Smith
and Augustine, 1988; Engel, 1991). These arrays probably reflect
the organization of structures that align channels with receptors
and other components of the exocytotic machinery. They also
serve to bring tens or hundreds of calcium channels close to-
gether. If the density of calcium channels in an array is great
enough, the domains of high calcium surrounding individual
channels merge into a larger region, throughout which [Ca2+],
may reach hundreds of micromolar cncentrations (Roberts et
al., 1990, 1991). The simulations presented in this report show
that, during even a weak depolarization of a frog saccular hair
cell, this region probably encompasses the entire 250-nm-di-
ameter channel array at each presynaptic active zone. At active
zones in some other cells, calcium domains around individual
channels may not overlap extensively (reviewed by Augustine
et al., 1991), perhaps because channel arrays are too sparse or
have the wrong shape (linear rather than circular).



The extent to which regions of high calcium around individual
channels overlap is determined by the passive properties of
calcium diffusion and buffering in the cytoplasm. Active trans-
port of calcium out of the cell can have little effect within a few
hundred nanometers of a channel cluster because it would be
impossible to pack into this small area of membrane the
thousands of calcium pumps or exchangers needed to balance
the influx through each open channel (Roberts et al., 1991).
Likewise, for uptake into intracellular compartments to be sig-
nificant, they would have to be packed at great density in a small
volume of cytoplasm around each channel. Even calcium-bind-
ing proteins, which buffer [Ca2*], by capturing free ions, will
have little effect this close to a source if all available sites are
quickly saturated. To avoid saturation, a calcium buffer must
itself be capable of rapid diffusion. Diffusion allows the calcium-
bound buffer to carry calcium away, while the calcium-free buff-
er is continually replenished. As will be shown below, a mobile
buffer can profoundly affect the accumulation of free calcium
near a cluster of channels, as well as the amount of free calcium
that travels deeper into the cell interior. The buffer may thus
influence both fast processes that trigger exocytosis, and slower
processes like posttetanic potentiation that are controlled by
smaller changes in [Ca?+], throughout the presynaptic terminal
(Delaney et al., 1989, 1991; Swandulla et al., 1991).

Large clusters of calcium channels allow for rapid rises in
[Ca?+], but create difficulties in returning it quickly to the resting
level. If one visualizes the spatial distribution of free calcium
at the intracellular face of the membrane as a landscape, with
height representing the calcium concentration, then opening a
calcium channel erects a tall spire above the channel. When the
channel closes, the spire loses its support and collapses within
1 usec, leaving behind a smooth mound of residual calcium that
slowly spreads as it flattens back to the resting level (Simon and
Llinas, 1985). The mound, though much lower than the spire,
persists for hundreds of milliseconds, during which time [Ca2*}],
can remain at >1 uM throughout a region extending more than
1 um from the channel. Near a cluster of channels, the individual
mounds can combine to form a hill more than 10 umM high. Such
extensive regions of high [Ca*], might desynchronize events
that rely on extremely brief calcium signals, and could have
other serious consequences, including cell death (Mattson et al.,
1991). Therefore, cells that contain large clusters of calcium
channels or are repetitively active at high rates may need to
hasten the collapse of the residual calcium mounds.

Based on experiments using frog saccular hair cells (Roberts,
1993), I have proposed that some hair cells use the calbindin-
D28k or related calcium-binding proteins, which are present at
high concentrations throughout their cytoplasm (Dechesne and
Thomasset, 1988; Dechesne et al., 1988a,b, 1991; Oberholtzer
et al., 1988; Rogers, 1989; Shepherd et al., 1989; Gillespie and
Hudspeth, 1991), to expedite the decline in [Ca2+]; after channel
closure. According to this hypothesis, calbindin serves as a mo-
bile calcium buffer that captures most of the incoming calcium
in <100 wusec. By carrying this bound calcium away from the
site of entry, it confines the local rise in [Ca?*]; to an extremely
small volume and rapidly restores [Ca?*]; to its resting level
after channels close. The present modeling study tests the fea-
sibility of this mechanism and provides the theoretical basis for
estimating the buffer’s concentration and binding rate from ex-
perimental data.

The proposed mechanism involves three essential steps (Fig.
1): (1) the binding of calcium to a cytoplasmic buffer, (2) the
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Figure 1. Schematic diagram of the buffered diffusion model. The
cytoplasm (fop compartment) contains a high concentration of one or
more small calcium-binding proteins (shaded circles) that are free to
diffuse. Initially, [Ca2*], is lower than the buffer’s dissociation constant
(K,), so most of the calcium-binding sites (indentations in shaded circles)
are unoccupied. A calcium ion (solid circle) entering through a channel
(1) encounters and binds to an unoccupied buffer molecule. The buffer
holds the calcium ion for several milliseconds (on average), long enough
to wander ~1 uM (2) before releasing it. Meanwhile, other calcium-free
binding proteins diffuse into the vicinity of the channel (3), ready to
capture the next ion. Arrows denote diffusion (i.e., random movement
the buffer and calcium).

diffusion of calcium-bound buffer away from the point of cal-
cium entry, and (3) the replenishment of calcium-free buffer
from the surrounding volume of cytoplasm. A related mecha-
nism has previously been described as the “facilitated diffusion”
of calcium through epithelial cells (Bronner, 1989; Feher et al.,
1989, 1992). This usage is somewhat confusing because the same
term is commonly used to describe processes that assist the
movement of lipophobic molecules across cell membranes, in
which case diffusion truly is facilitated (i.e., the rate of move-
ment is increased). In the case of calcium binding to a mobile
cytoplasmic protein, bound calcium diffuses slower than free
calcium. Rather than speeding diffusion, it allows calcium to
travel in an inactive form (i.e., bound to a carrier protein). This
process will be called “buffered diffusion” in this article. Buf-
fered diffusion is entirely passive, involving simply the revers-
ible binding of calcium to a buffer and diffusion of the calcium-
buffer complex down its concentration gradient.

The possible effects of high concentrations of mobile calcium
buffers have not previously been investigated over the short
time and distance scales relevant to fast calcium-mediated pro-
cesses. Previous theoretical treatments of buffered diffusion in
epithelial cells (Feher et al., 1989, 1992)), neurons (Connor and
Nikolakopoulou, 1982; Sala and Herniandez-Cruz, 1990; Now-
ycky and Pinter, 1993), and other cells (Kutchai et al., 1970;
Speksnijder et al., 1989) have considered spatially diffuse cal-
cium entry through large regions of the cellular surface, rather
than through a tight cluster of channels. Simon and Llinas (1985)
modeled buffered calcium diffusion near an array of channels,
but with a low concentration (50 um) of mobile calcium buffer.
One theoretical report (Neher, 1986) has also considered buf-
fered diffusion away from a point source, but in the simple case
in which the local depletion of the mobile buffer was ignored
(i.e., for small calcium currents). However, local depletion is
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Table 1. Definitions of symbols and their standard values

Name Definition Standard value

Constants

G Initial (resting) concentration of
free calcium in the cytoplasm;
spatially uniform

De, Coeflicient of diffusion for free
calcium in cytoplasm

Dy, Coefficient of diffusion for the
buffer in cytoplasm; applies to
both calcium-free and calcium-
bound buffer

B, Concentration of mobile calcium
binding sites (i.e., the concen-
tration of calcium buffer times
the number of calcium binding
sites per molecule of buffer);
includes calcium-bou 1 and
calcium-free sites; spatially uni-
form

B, Initial concentration of calcium-
free mobile calcium binding
sites (in equilibrium with C,)

K, Dissociation constant for calcium 1 um — G,
from buffer

ko, Rate constant for calcium bind-
ing to the buffer

kow Rate constant for calcium disso- k..,
ciation from the buffer

I, Current through a single open

calcium channel at —50 mV

Mean time for the buffer to cap-
ture a free calcium ion at the

initial buffer concentration: 7,

= (konBo) ™!

R Factor that determines the buf-
fer’s effectiveness when deplet-
ed near the source of calcium:
R = DB,

Variables to be calculated in the simulations

C Change in free calcium from the
resting level: C = [Ca?*], — Cy;
varies in time and space; ini-
tially, C = 0 at every point in
the cytoplasm.

B Concentration of calcium-free
buffer; varies in time and
space; initially, B = B, at every
point in the cytoplasm

C, Steady-state value of C; varies

with position

Steady-state value of B; varies
with position

<l um

200 um? sec!

20 um? sec~!

By(K,; + C))/Cy

2 mm

1.5 x 108 M~ sec!

0.8 pA

3.3 usec

40 fM m? sec™!

This table lists the constants and variables used in the buffered diffusion model.
Unless explicitly stated otherwise, the standard values were used for all simula-
tions.

shown here to be a crucial factor that requires that the cell use
a buffer that is either very mobile or very concentrated if it is
to be effective at sites of large calcium influx. The three main
goals of the present study were (1) to provide a general under-
standing of the possibilities and limitations of buffered diffusion
from point sources, (2) to provide the theoretical basis for the
interpretation of experimental data, and (3) to incorporate pre-
vious physiological and anatomical data into a model of the
presynaptic calcium concentration in frog saccular hair cells.

Materials and Methods

Geometrical assumptions

Two models of the cytoplasmic space were used, one using simple
geometrical assumptions (diffusion from a single point into a large vol-
ume), the other incorporating more spatial details. There were two main
reasons for beginning with the simple model. On a conceptual level, it
allows one to understand the basic principles of buffered diffusion with-
out introducing unnecessary complexity. On a computational level, it
makes the calculation of the complete time course of changes in [Ca2*],
tractable. This model is useful for understanding the effect of a mobile
buffer on [Ca2+], near a single channel, or far enough from a cluster of
channels that they appear as a single point source. The second model
was needed to investigate the spatial variations in [Ca?+], within a cluster
of channels, and to relate the simulations to previous experimental data.
The price of the greater spatial detail in the second model was the greatly
increased computation time, which made it impractical to calculate the
time course of changes in [Ca?*],. Instead, only the steady-state [Ca2*],
was calculated. As will be shown below, this steady-state calculation is
useful for understanding the calcium concentration profile within an
array of channels during maintained depolarizations. No attempt was
made to incorporate the hair cell’s overall shape or size into either model
because, on the distance scale of interest here, the hair cell’s plasma
membrane is nearly flat and the cytoplasmic volume nearly infinite (see
below).

Initial and boundary conditions

In the simple model, calcium was assumed to enter at the point in the
center of the flat side of a 10-um-radius hemisphere and be removed
at the far boundary by a process that held [Ca?*], constant at the far
boundary. The details of the calcium removal process were not specified
because small changes in [Ca?*], at the far boundary would have little
effect on the local [Ca?*], near a source, which is hundreds or thousands
of times higher. The model is thus appropriate for physiological rates
of calcium entry, but not for sustained massive calcium influx that
overwhelms the cell’s ability to extrude calcium (Roberts, 1993). For
simplicity, the model excluded calcium extrusion across the membrane
surface (i.e., the flat surface of the hemisphere). As mentioned above,
calcium transporters would have to be highly concentrated near channels
to significantly lower [Ca2*], locally. The hemispherical shape was cho-
sen because its radial symmetry simplified the computation.

Although the volume of a 10-um-radius hemisphere is smaller than
a frog saccular hair cell (Roberts et al., 1990), there is little benefit in
modeling a larger space. The effect of the finite radius can easily be
computed for unbuffered diffusion, by comparing the calculated values
of [Ca2+]; to the theoretical values for diffusion from a point source into
an infinite volume (Crank, 1975). Within 500 nm of the source, the
difference was <5%. The effect of the finite volume was even less with
a mobile buffer, which caused [Ca?*], to fall much more steeply with
distance from the source (Neher, 1986; see also below). The geometrical
assumptions are therefore appropriate for buffered diffusion in hair cells,
but not for smaller presynaptic terminals. Although the same basic
principles apply, accurate modeling of calcium diffusion in the confines
of a small presynaptic terminal would require knowledge of its size and
shape.

A different geometry was used for the more computationally intensive
simulation of calcium entry through an array of channels. To reduce
the computation time, only a 2 um cube of cytoplasm was modeled.
Calcium entered through a cluster of channels located near the center
of one face. Because this volume was assumed to be part of a larger
intracellular space, both calcium and buffer were allowed to cross the
distant boundaries (i.e., the five faces of the cube that did not contain
the channel cluster). At these boundaries, [Ca?*]; and the concentration
of calcium-free buffer (B; see Table | for definitions of variables) were



constrained to remain at their initial values. There is a small error
associated with these boundary conditions, which can be estimated using
the hemisphere model. At the distance of the closest face of the cube
(1 um from the center), the steady-state value of [Ca2+*], during the largest
calcium current studied (8 pA) was slightly increased (C,, & 200 nm;
see Fig. 54), while B, was reduced by 14% (see Fig. 5B) from its initial
value of B,. This change in C, is insignificant compared to the thou-
sandfold larger changes within the clusters (see Figs. 7-11); the as-
sumption that B = B, at the boundary caused the values of B to be
slightly overestimated throughout the cubical volume.

Simulations began with all calcium channels closed and [Ca?*], = C,
throughout the cytoplasm. The cell was assumed to contain a total
concentration, B,,, of mobile calcium buffer, which included the cal-
cium-free (B,) and calcium-bound (B,,, — B,) forms. B,, remained spa-
tially uniform throughout the simulation because the buffer’s diffusional
mobility was assumed not to be influenced by its binding calcium. Under
this assumption, calcium-bound and calcium-free forms can be consid-
ered together as a single species with respect to diffusion, which implies
that the spatial distribution of total buffer is unaffected by calcium
(Neher, 1986). This assumption excludes other interesting, and perhaps
physiologically important, possibilities that are beyond the scope of this
article.

The mobile calcium buffer
The binding of calcium to the buffer followed the simple scheme

Kon
Ca + Buffer = Ca-Bulffer,

where K, = k,i/k,,. Initially, the mobile buffer was assumed to be in

equilibrium with the spatially uniform free calcium, leading to a spatially

uniform initial concentration (B,) of calcium-free buffer:

K,
=B, |—%=). 1
B,= B (K(/ ; co> M

It is important to bear in mind that B,,, B,, and B all represent
concentrations of mobile buffer. It is quite possible that cytoplasmic
calcium-binding proteins also bind to fixed sites, creating an additional
immobile fraction of buffer with a spatial distribution determined by
the spatial distribution of fixed binding sites. However, the existence of
immobile buffer would not influence the spatial uniformity of B,,, unless
calcium binding influenced the buffer’s immobilization. As will be shown
below (Fig. 2), an immobile fraction of buffer can slow the rise and fall
in [Ca2+], following the opening or closing of calcium channels, but does
not influence the steady-state calcium concentration established around
a particular set of open channels.

The basic theory

The extent to which calcium accumulates near a point of entry depends
upon how rapidly it can diffuse away; the smaller its coefficient of
diffusion (D.,), the greater the accumulation. If diffusion is the only
process operating, the rate at which the concentration changes (8C/dt)
at each point in space (x, y, z) is proportional to the sum of the second
spatial derivatives of the concentration, taken in the three cardinal
directions (Crank, 1975):

aC <azc C azc>

—=D,|l—+—+——).

at ax? a9y? 9z?

C is usually defined as the fotal concentration of the solute, but to
simplify the equations that follow, it is defined here as the change from
the resting level:

)

C=[Ca*], - G

Because subtracting a constant does not alter the derivatives in Equation
2, the diffusion equation also holds for this definition of C.

When a calcium buffer is present, additional terms must be included
to represent the rate at which calcium associates and dissociates from
the buffer. For the binding scheme shown above, the association rate
is k,.B(C + C,), and the dissociation rate is k.« (B,,, — B). Using Equation
1 and the definition of K, to eliminate B,,, the dissociation rate becomes
kB, — B) + k_.B,C,. Taking the difference between the association
and dissociation rates, and rearranging terms, yields the net rate at which
the buffer removes free calcium: k,,[BC ~ (K, + Co)(B, — B)]. Sub-
tracting this rate of calcium loss from the rate of accumulation due to
diffusion alone (Eq. 2) gives the net rate of change of C:
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aC aC  3C  &C

—= — + + =] - - - B

5 = D ( " o azz> kulBC = (K, + Co)By ~ B (3)
A second equation, identical in form to Equation 3, describes the buffer’s
diffusion and binding of calcium:

aB #B B B
T eDpl =+ =+ 22 - ~ Ky + Co)B, — B 4
- < et 3 M) kalBC = (K, + Co)Bo ~ B, (4)

where Dy, is the diffusion coeflicient for the mobile calcium buffer.
Steady-state solutions, B, and C,,, are found by setting 3B8/3t = 0 and
dC/dt = 0. Equations 3 and 4, along with appropriate initial and bound-
ary conditions, comprise the model used for the simulations. The initial
conditions were C = 0 and B = B, throughout the cytoplasmic space.
For the simulations of diffusion into a 10-um-radius hemisphere, the
boundary conditions were C = ( at all times at the hemispherical bound-
ary; no flux of calcium across the flat (membrane) face except through
one or more channels, each having a single-channel current of I; and
no flux of buffer across any boundary. In the simulations of diffusion
into the 2-um-cube, the boundary conditions were changed such that B
was constrained to equal B, at the five cytoplasmic boundaries.

Relationships among the parameters

Nine constant parameters (B, By, Dan Konw ko Ki Co Do, and 1)
have been introduced to describe calcium and the mobile buffer (see
Table 1). These constants, plus the location of each calcium channel in
the membrane and the times at which each is open, determine C and
B at each point in time and space. Two of these (k; and B,,) do not
appear in Equation 3 or 4, or in the boundary conditions. k4 is redun-
dant because it is specified by k., and K. B,, is not relevant because it
is By, not B,,,, that determines the amount of buffer available to capture
incoming calcium.

Relationships between the remaining seven parameters allow further
simplifications. K, and C, can be combined because they appear only
as a sum in Equations 3 and 4. Three additional relationships, which
can be verified by substitution into Equations 3 and 4, allow results
corresponding to one set of parameters to be applied to other combi-
nations. If « is any positive number, then

Rule 1. To scale the time axis by « (i.e., make all changes occur «
times faster), multiply D, Dy, k.., and I by «, while leaving B, K,
and C, unchanged.

Rule 2. To scale (multiply) B and C by &, multiply B,, C,, K,, and I,
by «a, divide k., by «, and leave D, and D,, unchanged.

Rule 3. Multiplying Dy, and k,, by «, dividing B, by «, and leaving
the other four parameters unchanged, causes B to be divided by «
without changing C,..

If the properties of two buffers (Dy,, B, k.. K,) and (D%, B k',
K’)) satisfy K, = K’ k..B, = k’,.B%, and Dy B, = D3, B’,, then Rule 3
can be applied with « = By/B’, to show that they produce the same C,,.
This relationship can be restated as the following important theorem:

Theorem 1. For given values of C,, Dc,, and I, the effect of a mobile
calcium buffer on C,; is completely determined by three factors: (1) the
mean time, 7. = (k,.B,)~', before a free-calcium ion is captured at the
initial buffer concentration, (2) a factor, R = B,D,,, that determines
how rapidly the calcium-free buffer is replenished near a site of calcium
influx (see Theorem 2, below), and (3) K.

For a buffer that diffuses more slowly than calcium, the
buffer’s depletion is greater (by a factor of D.,/D,,) than the
reduction in C, that it produces

Any buffer that is not infinitely mobile (D, < co) becomes depleted
[i.e., the concentration of calcium-free buffer (B) decreases, and calcium-
bound buffer (B,,, — B) increases] near a source of calcium, to an extent
determined by how fast it can be replenished by diffusion. Let C*,
denote the value of C, that would occur without the mobile buffer.
There is a simple relationship between the steady-state reduction in free
calcium produced by the buffer (C*; — C,.) and the amount of buffer
depletion (B, — B,)), which shows why a cell must produce a calcium
buffer that is either highly mobile or highly concentrated to be effective
near a source of calcium for which C¥*, > 100 um. It is easiest to begin
with the special case of a hypothetical calcium buffer that diffuses as
fast as free calcium (D, = Dg,). Because calcium would then diffuse
away from a source at the same rate whether or not it were bound to
the buffer, the increase in total mobile calcium near the source in the
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presence of the buffer (C,; + B, — B,,) would equal the increase in mobile
calcium without the buffer (C*,), which implies that C*, — C, = B, —
B.. Therefore, in the special case of Dy, = D, the buffer would be
depleted by the same amount as the reduction in free calcium that it
produced.

In the more likely case of Dy, < Dc,, the buffer’s depletion is greater
because it is replenished more slowly. To convert this problem to the
simple case discussed in the preceding paragraph, one applies Rule 3
with o = D¢,/ Dy, to show that one can substitute a lower concentration
(B, = By/a and B’ = B,/a) of a buffer that diffuses as fast as free
calcium to produce the same C,. This proves:

Theorem 2. At every point in space, the steady-state reduction in free
calcium produced by a mobile buffer is proportional to the steady-state
depletion of the buffer: C*, — C,, = (B, — B.)Dy,/Dc,. The maximum
reduction in C,, that can occur (when B, = 0) is ByDy,/De.,.

Therefore, for a calcium-binding protein that diffuses 1/10th as fast
as calcium to reduce C,, by 100 um, its concentration would need to be
>1 mm. Theorem 2 can be used to deduce B, from the buffer’s effect
on C,, during a saturating calcium influx, if the ratio Dy,/Dc, is known.

Choice of standard parameter values

A standard set of parameter values was used as the point of departure
in simulations that varied one of the values. The buffer was assumed
to have properties consistent with its presumed size (28 kDa), and with
previous experimental measurements in frog saccular hair cells (Roberts,
1993). Based upon recent measurements of the mobility of globular
proteins in axons (Popov and Poo, 1992), the value Dy, = 20 um? sec~!
was chosen. The buffer’s mean capture time for calcium, . = 3.3 usec,
was chosen to equal that of 500 um BAPTA [1,2-bis(o-aminophen-
yoxy)ethane-N, N, N’, N'-tetraacetic acid; see Roberts, 1993). The buffer’s
initial concentration (B, = 2 mm) was also taken from Roberts (1993),
although the correct method of estimating B, from the data was not
known at the time; a better estimate is derived below. The rate constant
(k,,) for calcium binding to the buffer was then determined from the
values of 7. and B, (k,, = [+B,] ' = 1.5 x 10 M~ sec™').

For a protein, such as calbindin-D28k, that has multiple calcium-
binding sites, B, represents the concentration of sites, which is greater
than the concentration of the protein.

The native buffer’s affinity for calcium has not been determined. The
value of K, + C, = | um used for these simulations could correspond
to C, = 100 nM and K, = 900 nM, or any other combination that adds
to 1 um. A value of K, = 1 uM was chosen because a much higher affinity
for calcium would cause a significant fraction of the buffer to be calcium
bound at the resting calcium concentration (i.e., a large B,,, would be
needed to attain a given B,), and a much lower affinity would interfere
with the buffer’s ability to return [Ca?*]; rapidly to the resting level. The
usual value was used for calcium’s mobility in cytoplasm: D, = 200
wm? sec~' (e.g., Nowycky and Pinter, 1993). The large single-channel
current (I, = 0.8 pA) used in these simulations was based upon current-
noise measurements (Roberts et al., 1990). It corresponds to the current
through a single calcium channel in a frog saccular hair cell at —50 mV.

Computer programs

An electrochemical dynamics simulation program (AXON ENGINEER, Aeon
Software, Eugene, OR) was used to calculate the time course of the rise
and fall of C in the hemisphere model. The volume was modeled as a
series of 84 concentric hemispherical shells of three different thicknesses.
The 30 innermost shells were each 3.33 nm thick, the next 27 shells
were 33.3 nm, and the remaining shells were 333 nm thick. The in-
nermost shell contained the calcium source, which supplied calcium
ions at a constant rate. The program used a variable time-step procedure
that allowed accurate calculation of both the fast concentration changes
close to the source and the slower changes far away (Figs. 2, 3). The
program’s output was checked against the solutions of two simple cases:
an immobile buffer and an infinitely mobile buffer, for which analytical
solutions are known (Crank, 1975; Neher, 1986).

This simulation program could not be applied to arrays of channels
because symmetry was required to reduce three-dimensional diffusion
to a one-dimensional problem. Instead, diffusion from an array of chan-
nels into a 2 um cube of cytoplasm was simulated using a spreadsheet
(excEL, Microsoft, Inc., Bellevue, WA). The cytoplasmic space was di-
vided into small cubical compartments, with two cells in the spreadsheet
assigned to each compartment. One cell computed C,,, the other B,
The values of C,, and B,, were calculated by iteration, using the finite
difference method of Crank (1975). At each step, new estimates of C,,

and B, in a given compartment were calculated, based upon the previous
values in the current compartment and the six neighboring compart-
ments, to satisfy the steady-state condition of no net flux of calcium or
buffer into the compartment:

DL 2 (Crw= C) = Lky[B.C..— (K, + Co) By — B =0, (5)
DnuL E (B: w B\\) - L3kun[B\\C\\ - (Kll + C())(Bo - B\\)] = O) (6)

where C,,, and B, are, respectively, the steady-state free-calcium and

iss

calcium-free buffer concentrations in the ith neighbor of the current
compartment, and L is the length of one edge of the compartment.
Equations 5 and 6 were solved for C,, and B,, and the two formulas
were entered into the two cells corresponding to each cytoplasmic com-
partment:

1
C.= g(E Ciw = (Lkow/D)[B,C = (Ky + Co)(B, — Bn)]>, M

1
B, = g(E B, = (L?ko/Dy)B,C, = (K, + Co)(By — Bn)]>- ®)

The formulas in compartments along the borders were modified such
that there was no diffusion across the cell membrane except at the point
sources, which provided constant fluxes, and at the distant cytoplasmic
border, where the concentrations were constant. After thousands of
iterations, the values throughout the spreadsheet reached a stable pattern
that satisfied the steady-state conditions at each point in space. All
simulations were iterated until the maximum concentration change in
any cell was 100 fm.

To reduce the number of compartments needed to simulate a (2 ym)?
volume of cytoplasm, a nested series of spreadsheets was constructed,
with each calculating concentrations in a smaller volume with higher
spatial resolution. The largest volume consisted ofa 13 x 13 x 13 array
of cubes, each 160 nm on a side. One face of the array corresponded
to the membrane, with the channel array at its center. The second
spreadsheet was a 13 x 13 x 13 array of 80 nm cubes. The boundary
values for the second and each subsequent spreadsheet were taken from
the corresponding compartments in the previous spreadsheet. Subse-
quent spreadsheets were a 13 x 13 x 13 array of 40 nm cubes, a 25 x
25 x 13 array of 20 nm cubes, a 49 x 49 x 13 array of 10 nm cubes,
anda 97 x 97 x 6 array of 5 nm cubes. Concentrations at the membrane
were taken from the most superficial layer of the last spreadsheet.

Results

Diffusion from a point source into a large volume

To investigate the importance of the buffer’s diffusional mobility
in avoiding its local depletion, I first considered a simple ge-
ometry, in which calcium diffused from a single point source in
a flat membrane into a large hemispherical volume. Two sizes
of current were considered: /., = 0.8 pA (the current through a
single hair cell calcium channel), or I, = 8 pA.

Figure 2 shows that a mobile buffer is more effective than a
fixed buffer in suppressing the rise in [Ca?*], and hastening its
return to the resting level. With no buffer, [Ca?+], at a distance
of 55 nm from a point source of calcium rose to a steady level
within a few hundred microseconds (Fig. 24). With a mobile
buffer, the rise was also initially rapid, but had a slow component
associated with partial depletion of the calcium-free buffer (Fig.
2C), and reached a lower steady state. Setting Dy, = 0 to im-
mobilize the buffer (dashed curves) caused [Ca?*], to follow an
intermediate trajectory. For the first ~50 usec, the fixed and
mobile buffers were equally effective. After that, the fixed buffer
became locally saturated with calcium (Fig. 2C), causing [Ca?*];
to rise to the same level as without buffer. The mobile buffer
also suffered substantial depletion (25% for I, = 0.8 pA; 98%
for I., = 8 pA), but was still able to reduce the steady-state
[Caz*]; (by 80% and 30%, respectively).

The large depletion of the mobile buffer 55 nm from an 8§ pA
calcium source (Fig. 2C) is probably significant for frog saccular
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Figure 2. The time course of the rise (4) and fall (B) in free calcium (expressed as the change in [Ca?*], from the resting level: C = [Ca?*], — )
at a distance of 55 nm from a point of calcium influx. Thin curves correspond to a single calcium channel (I, = 0.8 pA); the thick curves, to I, =
8 pA. The highest calcium concentrations occurred without any calcium buffer (labeled none), and the lowest with a mobile calcium buffer. A fixed
calcium buffer (dashed lines) had an intermediate effect during the rise in C, but did not lower the steady state (i.e., the curves for fixed buffer and
no buffer converged at t = 100 msec). During the falling phase (B), [Ca2*]; returned more quickly to the resting level with a mobile buffer than
with a fixed buffer or no buffer. The concentrations of the calcium-free forms of the fixed (dashed curves) and mobile (solid curves) buffers are shown
in C and D. Standard buffer properties were used for the mobile buffer (Table 1). The fixed buffer differed only in that Dy, = 0.

hair cells, because a similar current density occurs within the
hair cell’s 250-300-nm-diameter channel clusters (i.e., 10 open
calcium channels within a 110 nm diameter circle; see below).
Figure 2 shows that 2 mm of mobile calcium-binding sites that
diffuse at a rate appropriate for a 28 kDa protein is not sufficient
to avoid depletion when 10 calcium channels are open within
a radius of 55 nm.

The mobile buffer’s most dramatic effects on the time course
of calcium concentration changes occurred following the closure
of the calcium channels (Fig. 2B), when it caused [Ca?*], to
decline ~100 times faster than without buffer. Starting from a
level of 400 um (I, = 8 pA), the mobile buffer brought [Ca2+],
below 10 um in 100 usec, and below 1 um in 1 msec. The fixed
buffer had little effect on the rate of decline, and at times of
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Figure 3. The time course of the rise (4) and fall (B) in free calcium, and the corresponding fall (C) and rise (D) in calcium-free buffer, at the
distances indicated: 25, 55, 95, 150, 250, and 550 nm from a point source of calcium (8 pA). The solid curves were computed with the mobile
calcium buffer, and the dashed curves without calcium buffer. Standard parameter values were used (Table 1).

>10 msec it actually maintained elevated calcium levels. Fol-
lowing closure of a single open channel (I, = 0.8 pA), the mobile
buffer was highly effective in returning [Ca2+], to near the initial
level within 100 usec.

Figure 3 shows the time course of the rise and fall in [Ca?*];
at various distances (25-550 nm) from a source (I, = 8 pA),
with and without a mobile buffer. The first feature to note is
the wide range of time delays before the calcium concentration
rose, from <1 usec at 25 nm to >1 msec at 550 nm. The delay
represents the time required for calcium to diffuse a given dis-
tance, and illustrates the necessity for a close spatial association
of calcium sources and receptors in fast processes. For the dis-

tances most relevant to the calcium concentration within one
of the hair cell’s channel clusters (<150 nm from the center;
see below), the delays were very short (< 10 usec), and not greatly
influenced by the buffer.

Within 55 nm of the source in the presence of the mobile
buffer, most of the change in [Ca2+], was complete in <100 usec
after the calcium influx began (Fig. 34) or ended (Fig. 3B). Based
upon the 300 usec time constant of calcium tail currents (Roberts
etal., 1990), this time is less than the average time that a calcium
channel remains open. Therefore, the opening or closing of each
nearby calcium channel in a cluster is expected to cause the local
calcium concentration to change abruptly, then approach a steady
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Figure 4. The effect of varying K, on the steady-state calcium concen-
tration (C,,) with I, = 8 pA. Curves correspond to K, + C;, = 1 mm,
100 pM, 10 um, 1 umM, 100 nm, and 10 nM. The thick curve corresponds
to the standard buffer (K, + C, = 1 um). Other parameters had the
standard values (Table 1). Under physiological conditions, where C, =
100 nM, a value of K, + C, = 10 nm would not be possible.

state that peérsists until another nearby channel opens or closes.
More distant sources can contribute to slower changes in [Ca?*],,
but these changes are also smaller. Thus, to a first approxima-
tion, changes in [Ca?*], near the membrane in a hair cell’s pre-
synaptic channel cluster occur in steps that correspond to each
opening or closing of a nearby channel. This observation greatly
simplifies thinking about the calcium landscape, because it means
that the steady state associated with a particular pattern of open
and closed channels approximates the instantaneous landscape
much of the time. It is also important computationally, because
the steady state is easier to calculate than the complete time
course of the concentration change. In the steady state, mobile
buffers, but not fixed buffers, can influence [Ca2+]; (Fig. 2).

The buffer’s affinity for calcium is unimportant close to a
calcium channel, where [Ca?*], > K,

It is reasonable to assume that a cytoplasmic calcium-binding
protein that acts as a mobile calcium buffer would have a K,
between 10 nm and 100 um. Figure 4 shows that varying K,
within this range of values (i.e., holding Dy, By, and k., constant,
while varying k,;) has little effect on the steady-state calcium
concentration close to an 8 pA calcium source. At distances
<100 nm from the source, changing K, had almost no effect on
C.,, for values of K, + C, < 10 um. Raising K, + C, to 100 um
caused at most a 50% increase in C; at distances <100 nm from
the source. The observation that K, has little influence on C
close to a source is important for interpreting experimental data
related to the cell’s endogenous calcium buffer, for which K is
not known (Roberts, 1993).

The importance of a high concentration of a highly mobile
buffer in resisting local depletion

To assess the importance of the buffer’s concentration and dif-
fusional mobility in counteracting its local depletion, I calcu-
lated the steady-state calcium and buffer concentrations near an
8 pA calcium source while (1) varying B, (Fig. 5, solid curves)
between 0.2 mM and 20 mm, and (2) varying Dy, (Fig. 5, dashed
curves) over a range that spanned the likely values for small
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Figure 5. Comparison of the effects of buffer mobility (D) and con-
centration (B,) on C,,. Increasing either Dy, or B, decreased free-calcium
(4) and increased calcium-free buffer (B), expressed as a percentage of
the initial concentration (B,/B,). Dashed curves. Dy, = 2, 5, 10, 20, 50,
100, and 200 um? sec—*. Solid curves: B, = 0.2, 0.5, 1, 2, 5, 10, and 20
mM. All other parameters had the standard values (Table 1). The thick
curves correspond to the standard set.

proteins in cytoplasm. Reducing either D,, or B, below the
standard values caused nearly complete depletion of the buffer
for hundreds of nanometers from the source (Fig. 5B). Increasing
either Dy, or B, above the standard values resulted in less de-
pletion of buffer near the source (Fig. 5B), and therefore a steeper
decline in [Ca?*], with distance from the source (Fig. 54). There-
fore, both D;, and B, contribute to the buffer’s effectiveness.
Under conditions where the buffer was highly depleted near the
source (i.e., when Dy, or B, was reduced below the standard
value), their effects were nearly identical (i.e., dividing B, by a
factor of 2, 4, or 10 had the same effect on [Ca2+], as dividing
Dy, by the same factor; Fig. 54; see Theorem 2, above). Under
conditions where the buffer was not completely depleted near
the source (i.e., when D, or B, was raised above the standard
value), increasing B, was more effective than increasing Dy, (i.e.,
multiplying B, by 2.5, 5, or 10 caused a steeper decline in [Ca?*];
than multiplying D, by the same factor; Fig. 54).

The different effects of changing B, or Dy,, depending upon
the extent to which the buffer is locally depleted, will be useful
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Figure 6. The prototypic presynaptic channel cluster used in the simulations shown in Figures 7-11. 4, A freeze-fracture electron micrograph of
a presynaptic particle array on a frog saccular hair cell. Four rows of particles are surrounded by a few larger depressions. Each particle in the four
rows was assumed to correspond to an individual ion channel. B, The channel identities, which were assigned to obtain a ratio of 85 calcium
channels/40 K, channels, using an algorithm that maximally interspersed the two types. Open circles correspond to K, channels, and the solid
circles to calcium channels. Large stippled circles correspond to the depressions in 4. The dashed grid corresponds to the grid in Figure 7, and
shows the 500 x 500 nm area beneath which the simulated calcium concentration is shown in Figures 7, 8, 10, and 11. 4 and B are shown at the

same scale.

later in estimating these two factors from experimental data. In
the terminology used in Theorem 1, the mean capture time, .
= (k,,B,)"', which depends upon B, but not Dy, is most im-
portant near a calcium source under conditions that do not
deplete the buffer. The other factor, R = Dy, B,, which is influ-
enced equally by changes in either Dy, or B,, is most important
far from the source and/or when the buffer is highly depleted
atthe source. In the limiting case of a very small calcium current,
when buffer depletion does not occur, R is not important and
7. alone determines the buffer’s effect on [Ca?*], (Neher, 1986).
Figure 5 illustrates that, in the opposite extreme when the buffer
is completely depleted at the source (as would occur during a
large calcium current, or with low buffer concentration or low
buffer mobility), changing 7, while holding R constant has no
effect on C, (i.e., the three pairs of curves corresponding to
dividing R by factors of 2, 4, or 10 superimpose, even though
the two curves in each pair have different values of 7). There-
fore, information about . and R can be obtained by observing
the buffer’s effect during, respectively, small and large calcium
currents.

A model of buffered calcium difiusion near the hair cell’s
presynaptic channel array

To see how the calcium concentration varied within an array
of channels, I chose a realistic spatial arrangement of channels
in one of a frog saccular hair cell’s ~20 presynaptic clusters,
and computed the steady-state calcium concentration with some
of the channels open. Within 100 nm of one or more open
calcium channels, this steady state is approached during the
average time that individual channels remain open (300 usec;
see Fig. 3), and is therefore a useful approximation to the in-

stantaneous calcium concentration. Slightly farther (> 500 nm)
from the channels, where a steady state is achieved only after
tens or hundreds of milliseconds (Fig. 3), the calculations are
relevant only for maintained calcium currents. Figures 7-11
show the results of such steady-state simulations for a variety
of conditions.

First, it was necessary to define the structure of a “typical”
presynaptic site, including the precise location of each calcium
channel. To compare the simulations to previous physiological
measurements (Roberts et al., 1990; Roberts, 1993), it was also
necessary to assign positions to the calcium-activated potassium
(K.,) channels that had served as the calcium sensors in exper-
iments that inferred the local [Ca2* ], within the channel clusters
from the percent activation of the whole-cell K., current, while
replacing the cell’s endogenous mobile calcium buffer with var-
ious exogenous calcium buffers.

Channel locations were assigned according to the hypothesis
that each intramembrane particle in the presynaptic array (Hama,
1980) corresponds to a channel (Jacobs and Hudspeth, 1990,
Roberts et al., 1990). Freeze-fracture electron micrographs re-
veal a characteristic pattern of parallel rows of large intramem-
brane particles at each presynaptic site (Fig. 64). Similar pre-
synaptic particle arrays have been observed in many types of
cells, and are thought to correspond to clusters of calcium chan-
nels (Pumplin et al., 1981; see also Adler et al., 1991; Cohen et
al., 1991; Robitaille and Charlton, 1992). However, both cal-
cium channels and K., channels are present in the presynaptic
arrays of hair cells (Roberts et al., 1990, 1991); K., channels
are closely associated with presynaptic calcium channels at other
synapses as well (Stockbridge and Ross, 1984; Lancaster and
Nicoll, 1987; Robitaille and Charlton, 1992; Callaway et al.,
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The steady-state calcium concentration (C.,) within 5 nm of the membrane (i.e., in the outermost 97 x 97 array of 5 nm cubes) during

a constant 8§ pA calcium current. In this simulation, each of the 85 calcium channels was assigned a current of 0.094 pA, which is ~12% of the
current through a single calcium channel. The simulation thus shows the “time-averaged™ calcium landscape when an average of 10 calcium
channels in the cluster are open. The locations of the calcium channels (solid circles) and K, channels (open circles) are projected on the plane
above. The open circles below mark the position of the K, channels on the calcium landscape to show the calcium concentration at the K, channel

sites.

1993). Rather than attempting to idealize the *“‘typical” geom-
etry, I selected one average-sized array to serve as the prototype,
and measured the x,y-coordinates of the 125 large intramem-
brane particles (Fig. 6.8). Since there was no way to distinguish
calcium channels from K, channels, identities were assigned
by an algorithm that maximally interspersed the two types (i.e.,
assumed that channels of the same type repelled each other and
attracted the opposite type, then assigned identities to minimize
the repulsion). All simulations used the channel ratio deter-
mined from physiological experiments (85 calcium/40 K, chan-
nels; Roberts et al., 1990). There were some ambiguities in
delineating the borders of the particle array, and in deciding
whether a given “particle” in the photograph represented one
channel or two closely spaced channels. The identifications
therefore represent, to some extent, an idealization based upon
the principle that presynaptic channels tend to occur in rows
(see Augustine et al., 1985).

Two types of simulations were performed to show the pre-
dicted calcium profile in and around the channel cluster when
the membrane potential is held depolarized to a level that opens
an average of 10 calcium channels in the array (12% of the 85
channels, I, = 8 pA, V, = —50 mV; Roberts et al., 1990).
Even though the whole-cell calcium and K., currents at this
membrane potential quickly reach stable levels that last for
hundreds of milliseconds, the calcium landscape within each
channel cluster continues to change rapidly during this time, as

individual calcium channels flicker open and shut. The opening
of each channel raises a spire of calcium above it that rapidly
approaches a steady state that persists until the channel closes
a few hundred microseconds later. An easy way to obtain an
instantaneous picture of the calcium landscape is therefore to
freeze a particular configuration of open channels, and compute
the steady-state [Ca2*], around them. Although this “frozen”
landscape does not give an entirely accurate instantaneous pic-
ture, because one or more spires may be rising or falling at any
instant in time, it shows the spatial variation in [Ca*], that is
present within the cluster. For some purposes, a time-averaged
calcium landscape is more informative than the instantaneous
picture. “Time-averaged™ simulations were performed by as-
signing the 85 calcium channels equal fractions of the total 8
pA current (0.094 pA each). Like the “frozen” simulation, this
“time-averaged” simulation represents an approximation to the
true calcium landscape. However, it will become evident that
both approximations are excellent during maintained depolar-
izations (see below).

Figure 7 shows the “time-averaged” calcium topography with
the standard mobile buffer, in which height represents the steady-
state calcium concentration close to the membrane (i.e., in the
outermost layer of 5 nm cubes; see Materials and Methods).
The array of calcium channels (solid circles) and K., channels
(open circles) is projected onto a plane above, and the K, chan-
nels onto the calcium landscape below to show the approximate
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Figure 9. The decline in C, with distance into the cell (perpendicular
to the membrane), along a line that intersected the membrane at the
center of the channel cluster [same simulations as Figure 8§D (without
buffer) and E (with the standard buffer)]. The small discontinuities in
slope are artifacts at the borders of the nested spreadsheets (see Materials
and Methods).

average calcium concentration that each K, channel would ex-
perience when each calcium channel is open 12% of the time.
Figure 8E shows the same landscape viewed from the side.
The mobile buffer greatly constricted the region of high [Ca®]..
Without the buffer, C, was >350 um at the edge of the 500 nm
x 500 nm region shown (Fig. 84,D). With the buffer, C, fell
precipitously to near zero at the edge of the cluster (Fig. 8B,F).
As in Figures 2 and 3, there was a nearly complete local
depletion of the buffer (Fig. 8C,F). Two additional significant
features of the buffer depletion are also apparent. First, B varied
smoothly with position, as compared to the jagged profile of
C... Second, there was little difference between the “frozen” (Fig.
8C) and ““time-averaged” (Fig. 8F) buffer profiles. Therefore,
during a maintained depolarization that opens an average of 10
calcium channels in the cluster, the buffer profile does not de-
pend greatly on which particular channels are open, and there-
fore does not change significantly as individual channels open
and close. The fact that B, is nearly constant in time during a
constant calcium current removes the nonlinearity associated
with buffer depletion from the diffusion equations (Egs. 3, 4),
leaving a linear relationship between I, and C,. This linearity
implies that the “time-averaged” C,,, which was calculated by
assigning each calcium channel its average current, is the same
as the true average of C that would be obtained over times long
enough to include the opening and closing of many calcium
channels. The constancy of B, also means that changes in [Ca?*],
following the opening or closing of each channel occur even
more rapidly than is seen in Figure 2, in which the slow depletion
of buffer created the slow component of the change in [Ca®*],.
With a constant buffer profile, the slow components disappear,
causing [Ca?*], to step more abruptly. Thus, the “frozen” and
“time-averaged” computations are excellent approximations to
the instantaneous and time-averaged calcium profiles during a
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maintained depolarization that establishes a nearly constant
buffer profile.

The buffer’s effect on calcium-activated potassium channel
activation was assessed by measuring the mean calcium con-
centration at the 40 K., channel sites (open circles in Fig. 8).
The values were (mean + SD), for time-averaged with buffer
(Fig. 8E), 188 + 24 umMm; time-averaged without buffer (Fig. 8D),
374 + 27 um; instantaneous with buffer (Fig. 8B), 209 + 143
uM; instantaneous without buffer (Fig. 84), 393 + 150 uM. An
additional simulation (time-averaged with buffer) was carried
out with /., = 8.1 pA, which produced a mean calcium con-
centration of 192 = 24 um. From the difference between the
averages when I, = 8.1 pA and I, = 8 pA, one can calculate
the steepness of the increase in [Ca2*]; with calcium current: 4.1
um/0.1 pA = 41 uM/pA. By comparing this value to the slope
without buffer (slope = 374 um/8 pA = 47 um/pA; unbuffered
calcium accumulation is proportional to I,; Crank, 1975), one
can determine the buffer’s effectiveness at maintaining the low
[Ca?*], as I, is increased above 8 pA. That the slope with buffer
was only 13% less than without buffer shows that, even though
the 2 mm standard buffer reduced calcium accumulation by 50%
during an 8 pA calcium current, it was almost completely ex-
hausted in the process, and had little effect on the increase in
[Ca2+]; caused by additional calcium influx.

The mobile buffer also caused C,, to decline steeply with dis-
tance into the cell. Figure 9 shows the decline with distance
perpendicular to the cell surface with and without the mobile
buffer.

Possible effects of the presynaptic body

Hair cells, like retinal photoreceptors and some pineal neurons,
have a large presynaptic body associated with each afferent syn-
apse. A monoclonal antibody raised against mouse retina (B16;
Balkema, 1991) labels the synaptic ribbons in photoreceptors
of all vertebrates examined, and has been used to purify one
component, an 88 kDa protein. B16 also labels the presynaptic
bodies of hair cells (Roberts and Hagedorn, 1992). In frog sac-
cular hair cells, the ~400-nm-diameter body is spherical or
ovoid, and is located in the cytoplasm adjacent to the channel
array, separated from the membrane by a distance approxi-
mately equal to the diameter of a synaptic vesicle (~40 nm;
Gleisner et al., 1973; Hama and Saito, 1977; Jacobs and Hud-
speth, 1990; Roberts et al., 1990). Given the large size and close
association of the synaptic body with the channel array, it is
important to consider how it could influence calcium diffusion.

The spatial relationship between the body and the plasma
membrane may be more complex than simply a sphere next to
a plane. In transmission and freeze-fracture electron micro-
graphs (Gleisner et al., 1973; Hama and Saito, 1977; Hama,
1980; Jacobs and Hudspeth, 1990; Roberts et al., 1990), the
membrane often appears to curve slightly around the body,
resulting in a relatively uniform spacing between the two. To
incorporate this relationship into the diffusion model, the body
was represented as a truncated sphere, with the flat face parallel
to the plasma membrane at a distance of 40 nm. The area of
close apposition was a 250-nm-diameter circle.

Because the body is neither surrounded by nor appears to
contain membranous structures, one likely possibility is that it
does not impede diffusion of calcium or buffer, and thus has no
effect on [Ca?+],. To test other possibilities, simulations were
performed making two assumptions that represent opposite ex-
tremes. In Figure 10, 4 and B were computed assuming that
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Figure 10. Possible effects of the presynaptic body on C,, and B,, near the membrane. The body was represented as a sphere, 400 nm in diameter,
with a thin slice removed to create a 250-nm-diameter flat face that was located parallel to the cell membrane at a distance of 40 nm. Two extreme
cases are shown. In 4 and B, the body was assumed to form a barrier through which neither calcium nor buffer could pass. In C and D, both
calcium and buffer could diffuse into the body, but calcium was captured instantly by an unsaturable buffer within. Shown are “time-averaged™

simulations using standard parameter values (Table 1).

the body was a diffusion barrier for both calcium and buffer.
For Figure 10, C and D, I assumed that the body was an un-
saturable sink for calcium, and transparent to the buffer. Such
a sink could arise if the body contained such a large number of
calcium-binding sites that equilibrium never occurred within
the time scale of these simulations, or if it contained a calcium
buffer that became mobile only after binding calcium. As ex-
pected, placing a sink or a barrier so close to the cluster had
major effects on the calcium concentration, although it was sur-
prising to find that the calcium concentration within 5 nm of
the membrane reached 100 uM with an unsaturable sink only
40 nm away. The instantaneous calcium concentrations at the
40 K., channel sites were (mean = SD) 420 + 80 um if the
body formed a barrier, and 105 + 21 umM if it was a sink. In
either case, C,, fell steeply beyond the edge of the cluster.

A higher buffer concentration reduces depletion

One additional simulation was carried out to show the effect of
a very high buffer concentration (Fig. 11). In this case, B, was
raised to 10 mM, and k,, lowered to 3 x 107 Mm~! sec™!, to
maintain the same 7, as for the standard buffer. This higher

concentration of buffer thus had the same effect as the standard
buffer during small calcium currents that did not cause depletion
(Neher, 1986; Roberts, 1993), but was much more resistant to
depletion during large calcium currents. The average calcium
concentration at the K., channel sites was 90 = 18 um (I, = 8
pA), and the slope of the relationship between I, and [Ca?*];
was 13 uM/pA. Comparing this value to the slope without buffer
reported above (47 uMm/pA) shows that the mobile buffer was
still quite effective at I, = 8 pA (i.e., the buffer reduced the
slope by 72%).

Discussion

Comparing theory to experiments

The simulations of buffered calcium diffusion presented in this
article show that a calcium-binding protein, such as the 28 kDa
calbindin or related protein that is abundant in many types of
hair cells, can have a major impact on the local calcium con-
centration near a cluster of channels if it is present in sufficient
concentration to provide millimolar concentrations of mobile
calcium-binding sites. These findings demonstrate the feasibility
of the mechanism that I proposed to explain experimental find-




ings obtained from frog saccular hair cells (Roberts, 1993). This
model was based upon comparisons between the effects exog-
enous calcium buffers introduced through whole-cell recording
pipettes, and the cell’s endogenous calcium buffer capacity mea-
sured using the perforated-patch technique (Korn et al., 1991).
The simulations reproduced the two main experimental find-
ings: (1) the buffer reduced the calcium concentration reported
by K, channels, and (2) the buffer was significantly depleted by
a calcium current of 8 pA (= 24 ions/usec = 12% of calcium
channels open). The standard buffer appeared to suffer some-
what greater depletion than the hair cell’s native buffer, as judged
by the slope of the relationship between I, and C, at I, = 8
pA (compare the calculated 13% reduction in this slope to the
~40% reduction shown in Fig. 34 of Roberts, 1993). This slope
is an important factor in determining the frequency and damp-
ing of the hair cell’s electrical resonance (Ashmore and Attwell,
1985), and presumably is equally important in setting the steep-
ness of the relationship between presynaptic depolarization
(which opens the calcium channels) and postsynaptic response.
If frog saccular hair cells contained only 2 mwm of the standard
buffer, the buffer’s effect would be limited to shifting the voltage
dependence of calcium-mediated processes, but could have little
influence on the steepness of their voltage dependence once the
buffer was depleted.

Theorems 1 and 2 can be used to make quantitative estimates
of B, and k,, from the previous experimental data. When com-
paring the effects of high-affinity exogenous buffers, such as
BAPTA, to the native buffer, Theorem 1 states that there are
three properties that may determine C,: 7., R, and K,. The K,
for BAPTA is ~100 nM, which may be much lower than the
native buffer’s K, (Feher et al., 1989, 1992). However, for a
given value of B, K, makes little difference unless it is near or
above 100 um (Fig. 4). K, does influence the total amount of
buffer (B,,) that must be present to yield a given initial concen-
tration of calcium-free buffer (B,), particularly if K, < C,. How-
ever, in the case of an exogenous buffer introduced through a
whole-cell pipette, both B, and C, are determined by the com-
position of the intracellular saline in the pipette, which can be
adjusted to yield the desired value of B, (Eq. 1). The value of
B,, for the native buffer cannot be determined by this method,
but as long as one is interested in B, rather than B, it is
reasonable to ignore possible differences in K. This leaves only
7. and R to consider.

The value of 7, can be determined during very small calcium
currents, in which case R is not important (i.e., the buffer is not
depleted; Neher, 1986; Roberts, 1993). During the smallest cal-
cium currents that could be measured, the hair cell’s endogenous
buffer had the same effect on steady-state K., channel activation
as ~500 um BAPTA (Roberts, 1993). The BAPTA was intro-
duced through large whole-cell pipettes (2—4 um diameter) in a
saline that contained ~ 10 nm free calcium, which implies that
nearly all of the BAPTA was initially calcium free. Therefore,
the 7, for the native buffer must have been similar to that of
500 um BAPTA (3.3 usec), which was the standard value used
in Figures 7-11.

To separate the two factors that contribute to 7, (k,, and B,),
one needs to observe the buffer’s effect on C,, during large cur-
rents that cause nearly complete local depletion (Theorem 2).
During large calcium currents, the reduction in C,, caused by
the hair cell’s native buffer was intermediate between the re-
duction caused by 800 um BAPTA and 1.6 mm BAPTA (Rob-
erts, 1993). From Theorem 2, one can conclude that 800 um x
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Figure 11. The “time-averaged™ calcium (4) and buffer (B) concen-

trations at the membrane with a high concentration of mobile buffer
(B, = 10 mm). k,, was lowered to give the same value of =, as for the
standard buffer. Other parameter values were the standard (Table 1).

Dyupra/Dey < ByDy/De, < 1.6 mM X Dyapra/De,. Several mea-
surements of D,,pr4 in cytoplasm (see Nowycky and Pinter,
1993) indicate that it is about the same as D, which is 10 times
the value used for Dy, in these computations. Therefore, the
data indicate that 8 mm < B, < 16 mm. To test whether such
high buffer concentrations would lead to less depletion than was
seen with B, = 2 mm, a simulation was performed using B, =
10 mm and 7. = 3.3 psec (Fig. 11). This amount of buffer ap-
peared to suffer somewhat less depletion than the native buffer
(the calculated slope of the relationship between I, and C, was
reduced by 72%, compared to the slope without buffer). The
data and simulations therefore suggest a native buffer concen-
tration at the low end of the estimated range: B, = 8§ mm.
Since each molecule of calbindin-D28k binds four to six cal-
cium ions (Leathers et al., 1990), the estimated value of B,
corresponds to a calbindin concentration of ~1.5 mm. This
estimate should be interpreted cautiously, since errors in the
estimates of Dy, and Dy,pq could give a two- to threefold error
in B,. Nevertheless, calbindin is one of the most abundant pro-
teins in the cytoplasm of these hair cells (Shepherd et al., 1989;
Gillespie and Hudspeth, 1991); calbindin or calretinin (a 29
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kDa protein with 58% amino acid sequence identity to calbin-
din-D28k; Rogers, 1987) immunoreactivity is found in hair cells
from many species (Dechesne and Thomasset, 1988; Dechesne
et al., 1988a,b, 1991; Rogers, 1989), and has been reportedly
found in excess of 1 mM in some hair cells (Oberholtzer et al.,
1988). If B, = 8 mM, then k,, = 4 x 10" M~ sec~', similar to
values reported for related calcium-binding proteins (Feher et
al., 1989, 1992).

Other quantitative comparisons between the experimental data
and the model reveal some differences. During an 8 pA calcium
current, the mean calcium concentration reported by K, chan-
nels was 520 um (Roberts, 1993), which is larger that the sim-
ulations predict even without a buffer (374 um; Fig. 8D). One
is tempted to attribute such a difference to the presynaptic body
and densely packed synaptic vesicles slowing diffusion away
from the membrane (Fig. 104). However, given the range of
possible explanations, including having assumed too large a
diffusion coefficient for calcium or too great an average sepa-
ration between calcium channels and K, channels, or a system-
atic error in the procedure used to estimate calcium concentra-
tions from the activation of the K, current, it seems premature
to try to draw any firm conclusion. In any case, the important
qualitative conclusions described below, and the quantitative
estimate of B, given above, are not significantly affected by
uncertainty in the exact value of [Ca?*],. The estimate of B,
relied upon comparisons between different buffers, and required
knowing the ratio of Dy,pra 10 Dp,, but not [Ca2+],.

The buffer speeds the fall in [Ca?*], after channels close

In many types of hair cells, the membrane potential undergoes
a damped oscillation following any disturbance. This electrical
resonance, which is part of the filter that tunes cells to particular
frequencies, is produced by the calcium-mediated interaction
between the calcium channels and K., channels that are the
subject of this report. It requires that [Ca?*], rise and fall with
each cycle of the oscillation, and can occur at several hundred
hertz (Crawford and Fettiplace, 1981; Ashmore, 1983; Lewis
and Hudspeth, 1983; Ashmore and Attwell, 1985; Art and Fet-
tiplace, 1987, Hudspeth and Lewis, 1988a,b; Roberts et al.,
1988). A similar requirement probably exists for phase-locked
synaptic transmission to occur, and is the basis of the specu-
lation that the high concentrations of calcium-binding proteins
are involved in preserving high-frequency phase information in
auditory pathways (Carr, 1986; Dechesne et al., 1988; Rogers,
1989; Zettel et al., 1991). Figures 2 and 3 show that calcium-
binding proteins indeed can greatly speed the falling phase of
[Ca2*]; near a cluster of channels, but only if the buffer is mobile.
This effect can occur despite the buffer’s local depletion. A cell
might thus gain an advantage by using a mobile buffer at a low
enough concentration for it to be depleted locally at the site of
calcium entry, thereby allowing large increases in {Ca2*], when
the channels open, while still causing a rapid fall in [Ca?*], when
the channels close. The ability of the buffer to sharpen calcium
transients may be a critical part of its function.

The mobile calcium buffer confines high [Ca?*]. to synaptic
sites

A second potentially important function of the buffer is to keep
micromolar calcium concentrations from spreading. While some
neurons have evolved ways to physically isolate regions of high
[Ca2*], (e.g., dendritic spines), hair cells are compact and do not
tolerate high calcium throughout the cytoplasm; when perfused

internally with >100 um calcium through a whole-cell pipette,
hair cells lose their rigid cylindrical shape and become ‘‘hair-
balls” (spheres with protruding tufts of stereocilia; W. M. Rob-
erts, unpublished observations). Under normal physiological
conditions, the mobile buffer may defend against the spread of
such high calcium levels away from the presynaptic sites by
causing [Ca?+], to decline approximately exponentially with dis-
tance from the channel cluster, with a space constant of <50
nm (Figs. 7-11). Similar local effects of mobile calcium-binding
proteins might also be important in their apparent ability to
protect cells from calcium toxicity (Baimbridge et al., 1981;
Mattson et al., 1991).

The difference between a calcium concentration that falls in-
versely with distance (without a mobile buffer) and exponen-
tially with distance (with a mobile buffer; Neher, 1986) may
seem subtle, but is in fact quite important. A good example to
consider is the case of calcium channels spread uniformly over
a large, flat area of membrane. Without a mobile buffer, the
contribution of an individual channel to the [Ca2+], at a distance
r declines in proportion to 1/r (Crank, 1975; see Roberts et al.,
1990). However, this decline is offset by the larger number of
channels at greater distances, which increases in proportion to
r. Therefore, the net contribution of all channels at distance r
from any point near the membrane does not decline as r in-
creases. In other words, if the decline in [Ca2+], is no steeper
than 1/r, the effect of the large number of distant calcium sources
is as great as the smaller number of nearby sources. By increasing
the steepness of this decline, the mobile buffer effectively silences
these distant sources, creating highly localized concentration
changes. Similarly, the mobile buffer can isolate each presyn-
aptic active zone from the effects of neighboring active zones
that are more than a few hundred nanometers distant.

The difference between instantaneous and time-averaged
calcium concentrations

The likely possibility that individual calcium receptors expe-
rience widely varying calcium concentrations that depend upon
the random opening of nearby channels (Fig. 84, B) has impor-
tant consequences for the interpretation of the average behavior
of receptors that have a nonlinear dependence on [Ca?*],. This
difficulty has previously been investigated with respect to cal-
cium-mediated exocytosis, where the apparent cooperativity of
calcium action in triggering transmitter release was found to
vary between | and >4 (e.g., Katz and Miledi, 1970; Llinas et
al., 1982). One interpretation is that these differences depended
upon whether the change in calcium influx was due to a change
in the current through each open channel or to a change in the
number of open channels, and if the number of open channels
did change, whether a calcium receptor was likely to be close
to more than one open channel (Fogelson and Zucker, 1985;
Zucker and Fogelson 1986; reviewed by Augustine et al., 1991;
but see Simon and Llinés, 1985; Llinas, 1991). A similar dif-
ficulty arises in using whole-cell K., currents to deduce kinetic
schemes for the binding of calcium to individual K., channels
(Hudspeth and Lewis, 1988b) or to infer [Ca?+], (Roberts, 1993).
Such an error may explain why the relationship between I, and
[Ca?*], inferred from whole-cell K., currents was not a straight
line through the origin when no calcium buffer was present
(Roberts, 1993). Given the expected complexity of the spatial
and temporal changes in [Ca?*];, it is impressive that these cells
can so accurately regulate the kinetic properties of their K,
channels, as is required to produce a particular frequency of



electrical resonance (Ashmore and Attwell, 1985). The possible
role of the mobile buffer in regulating the resonant frequency
has yet to be determined.

The sites of vesicle fusion

One of the most striking features of the calcium profile predicted
by these simulations is its steep falloff at the edge of the channel
array, compared to a more gradual decline without a mobile
buffer. Therefore, it would seem reasonable to expect that the
calcium-binding sites that trigger synaptic exocytosis in these
hair cells would be as close to the calcium channels as they are
at other synapses, where the concentration of mobile calcium
buffer is probably much lower. In freeze-fracture preparations,
sites of vesicle fusion with the presynaptic membrane may
sometimes be visible as shallow depressions located immedi-
ately adjacent to the active zone particle arrays (Heuser et al.,
1974; Walrond and Reese, 1985), within 50 nm of the putative
calcium channels. In hair cells, similar depressions are common,
but are usually located 100-200 nm from the edge of the particle
array (Fig. 6; Hama, 1980; Jacobs and Hudspeth, 1990), where
[Ca?*]; is predicted to be much lower than within the array. The
buffered diffusion model therefore supports the interpretation
of Hama (1980) that these depressions at hair cell active zones
are not fusion sites, but instead are the openings of coated pits
and/or anastomosing tubules that may be involved in mem-
brane recycling. Based upon transmission electron micrographs
showing rows of synaptic vesicles (Hama and Saito, 1977) and
occasional Q-figures (Jacobs and Hudspeth, 1990) in the narrow
space between the synaptic body and the presynaptic membrane,
freeze-fracture preparations showing possible vesicle attach-
ment sites in the furrows between rows of intramembrane par-
ticles (Hama, 1980), and the steep decline in [Ca?*], with dis-
tance from the channel array, it is most likely that the exocytotic
sites at hair cell synapses are located alongside the calcium
channels (Hama, 1970), as they are at other synapses, and that
the more distant depressions in the membrane are associated
with rapid membrane recycling needed to balance the high rest-
ing rate of transmitter release in these nonspiking cells.

Our understanding of synaptic transmission in hair cells is
clearly still rudimentary. In particular, direct measurements of
how transmitter release depends on calcium and calcium buffers
would be very useful. The theoretical results presented in this
study, in conjunction with previous experimental findings, in-
dicate that a mobile cytoplasmic calcium buffer, possibly cal-
bindin-D28k, i1s an important part of the short-range calcium
signaling involved in synaptic transmission and electrical res-
onance in these cells.
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