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predictions of a model for localized Ca21 entry, we have
defined the factors that regulate the presynaptic Ca21 concentration at this synapse.

ABSTRACT
Neurotransmitter is released when Ca21
triggers the fusion of synaptic vesicles with the plasmalemma.
To study factors that regulate Ca21 concentration at the
presynaptic active zones of hair cells, we used laser-scanning
confocal microscopy with the f luorescent Ca21 indicator
f luo-3. The experimental results were compared with the
predictions of a model of presynaptic Ca21 concentration in
which Ca21 enters a cell through a point source, diffuses from
the entry site, and binds to fixed or mobile Ca21 buffers. The
observed time course and magnitude of f luorescence changes
under a variety of conditions were well fit when the model
included mobile molecules as the only Ca21 buffer. The results
confirm the localized entry of Ca21 underlying neurotransmitter release and suggest that Ca21 is cleared from an active
zone almost exclusively by mobile buffer.

MATERIALS AND METHODS
Methods. Hair cells were isolated from the sacculus of the
bullfrog (Rana catesbeiana) by a published method (17). Cells
were bathed in a standard saline solution containing 110 mM
Na1, 2 mM K1, 4 mM Ca21, 118 mM Cl2, 3 mM D-glucose,
and 5 mM Hepes at pH 7.3. Whole-cell voltage-clamp recording was conducted with a patch-clamp amplifier (EPC-7; List
Electronics, Darmstadt, Germany) controlled by a computer
through an experimental interface (LM-900; Dagan Instruments, Minneapolis). Recording pipettes had resistances of
3–5 MV when filled with internal solution containing 200 mM
1
1
21
(NH1
4 )5fluo-3, 104 mM Cs , 2 mM Na , 2 mM Mg , 104 mM
Cl2, 1 mM ATP, 5 mM Hepes at pH 7.3, and bis(2aminophenoxy)ethane-N, N, N9, N9-tetra-acetate (BAPTA) or
EGTA as specified for each experiment. Cellular currents were
filtered with an 8-pole Bessel filter with a corner frequency set
at one-quarter the sampling frequency; their linear components were subtracted with a Py6 routine. Depolarizations
were synchronized to fluorescence signals either by imaging a
probe that moved in response to the voltage-command pulse
or by sampling the voltage-command signal with a second
analog-to-digital converter in the confocal microscope’s computer. Images were acquired using a laser-scanning confocalillumination system (MRC-600; Bio-Rad; ref. 5). Line-scan
images were smoothed with a 3 3 3 mask (1:2:1, 2:8:2, 1:2:1)
that introduced a spread in the time domain of less than 0.6 ms.
Buffered-Diffusion Model. The model evaluated here resembled one used previously (13) but was implemented differently. The movement of Ca21 from the presynaptic active
zone into the cell body was modeled using a system of
difference equations written in QUICKBASIC (Microsoft, Redmond, WA) and evaluated with an IBM-compatible computer.
The model included Ca21 entry through a channel cluster
represented as a point source, diffusion of free Ca21 in the
cytosol, reaction of Ca21 with one or more buffers, and
diffusion of these buffers, either free or bound to Ca21. The
cytoplasm was modeled as nested hemispherical shells, centered about the Ca21-entry site and extending 6 mm into the
cytoplasm. The shell nearest the source was 50 nm thick; more
distant shells progressively increased in thickness. Two boundary conditions were imposed: 6 mm from the point source, the
concentrations of Ca21 and of free and total buffer were fixed
at their initial values; no movement across the plasma mem-

The release of neurotransmitter is initiated by an increase in
cytoplasmic Ca21 concentration that occurs when a presynaptic cell is depolarized. Ca21 enters the cell through voltageactivated channels and binds to a Ca21-sensing protein associated with synaptic vesicles (for review, see ref. 1). This Ca21
sensor is part of a molecular complex that promotes vesicle
fusion with the presynaptic membrane. The rate of exocytosis
is strongly dependent on the Ca21 concentration at the sensor:
Ca21 binding leads to vesicle fusion in a cooperative manner,
with a Hill coefficient of 4 at most synapses (2).
Significant progress has been made in elucidating the role of
Ca21 as a trigger for neurotransmitter release. The use of
fluorescent Ca21 indicators has shown that Ca21 entry is
localized to small regions of the cell (3–7); at least in the frog’s
hair cell, these regions correspond to presynaptic active zones
(5). Theoretical analysis suggests that, in less than a millisecond, depolarization elevates the Ca21 concentration immediately adjacent to the presynaptic membrane into the range of
hundreds of micromolar (8–13). Indirect measurements, based
upon the activation of Ca21-sensitive channels and competition for Ca21 binding with exogenous buffer, support this
inference (14, 15). With such an elevated local Ca21 concentration, efficient triggering of exocytosis does not require that
the synaptic vesicle’s Ca21 sensor have a high affinity for Ca21;
in fact, the sensor in retinal bipolar cells has a dissociation
constant for Ca21 of '200 mM (16).
Although the prevalent view of transmitter release depends
upon the attainment of a high, localized Ca21 concentration at
the Ca21-sensing site of a docked synaptic vesicle, it has not
heretofore been possible to test this hypothesis by measuring
changes in Ca21 concentration within tens of nanometers of
the plasmalemma, where the Ca21 sensors reside. By taking
advantage of the structural simplicity of the afferent synapse
from the hair cell, the internal ear’s sensory receptor, we have
measured changes in Ca21 concentration only 50–450 nm from
the presynaptic membrane. By comparing our results with the
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brane was permitted except for a step Ca21 current into the
first shell.
The buffering of Ca21 was described with a one-step kinetic
scheme; all interactions extraneous to rate-limiting Ca21 binding were disregarded. The values of the rate constants and
diffusion constant for BAPTA were assumed to be identical to
those for fluo-3. We additionally assumed the diffusion constants of free buffers to differ negligibly from those of Ca21bound buffers.
The model was iteratively evaluated at time increments of
100 ns; this step size was determined by checking that all
solutions were stable and that the use of smaller increments did
not significantly alter the results. The model’s parameter values
were initially selected to reflect the behavior of the chemical
species in vitro, and subsequently refined by comparison to
fluorescence data. Unless otherwise noted, the diffusion constant
of free Ca21 was taken as 60 3 10211 m2zs21 (18) and that of
fluo-3 as 4 3 10211 m2zs21; the indicator’s on rate constant was
set at 1.39 3 109 s21zM21 and its off rate constant at 550 s21.

RESULTS
Measurement of the Presynaptic Ca21 Concentration. Individual active zones were identified in frog saccular hair cells
loaded with the Ca21 indicator fluo-3. This compound binds
reversibly to presynaptic dense bodies (17), active-zone structures found in cells that release neurotransmitter in response
to graded changes in membrane potential. In the frog’s hair
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cell, each dense body is a fibrillar sphere, about 400 nm in
diameter and lacking a membrane, identifiable in living cells by
differential-interference-contrast microscopy (5). Because the
dense body is situated within 50 nm of the presynaptic membrane (14, 19), the fluorescence of fluo-3 in this structure
provides a readily calibrated measure of the Ca21 concentration at the active zone (17).
To measure the time course of Ca21 entry with high
temporal resolution, we used the line-scan feature of a laserscanning confocal microscope. In this protocol, a 400-nm-wide
transect across an isolated hair cell loaded with 200 mM fluo-3
was repeatedly scanned to create a two-dimensional image in
which one axis was distance, the other time (Fig. 1D). The
brightness of each pixel in this image therefore represented the
fluorescence intensity of the Ca21 indicator at a particular
position and time. To ensure that the transect intercepted a
presynaptic active zone, we simultaneously imaged the cell
using differential-interference-contrast (Fig. 1 A) and epifluorescence optics (Fig. 1B). Fluo-3 characteristically labeled
several presynaptic dense bodies located at the cellular periphery (5, 17). While a line-scan image was being acquired, the
membrane was depolarized, eliciting an inward Ca21 current
(Fig. 1C). Recorded as an increase in fluo-3 fluorescence, the
resulting rise in the concentration of free intracellular Ca21
could be calibrated by exposure of synaptic bodies to indicatorsaturating Ca21 concentrations (17).
Spatial Profile of Ca21 Concentration. The spatial extent of
the increase in free Ca21 concentration depended on the

FIG. 1. Experimental protocol. (A) In a differential-interference-contrast light micrograph of an isolated hair cell, three of the four presynaptic
dense bodies in this plane of focus are visible as round, refractile structures attached to the inner surface of the presynaptic membrane (arrowheads).
(B) Acquired simultaneously with the image in A, a confocal fluorescence image shows that fluo-3 labels the four presynaptic dense bodies. The
line with the double arrowhead represents the transect scanned in D. (C) During the course of imaging, the cell was depolarized for 300 ms from
a holding potential of 270 mV to 215 mV (upper trace). This stimulus elicited a sustained whole-cell Ca21 current (lower trace). Because there
are '20 active zones per cell (5, 14, 17), the Ca21 current at a single active zone was '5% of the whole-cell current. (D) A confocal line-scan image
was produced by scanning the transect delineated in B every 2 ms for a period including the depolarization shown in C. During the Ca21 influx,
the fluo-3 fluorescence at the active zone first increased rapidly adjacent to the membrane, then gradually rose further away. (The spatial scale
bar in D also applies to A and B; the temporal calibration in D also applies to C.)
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duration of Ca21 influx. By the end of a prolonged depolarization, the Ca21 concentration rose throughout the cytoplasm
(5, 7). Within a few milliseconds of a depolarization’s onset,
however, the concentration change was restricted to the region
of the cell immediately adjacent to the presynaptic membrane
(Fig. 1D). This spread demarcated the subdomain of the cell
affected by increases in Ca21 concentration during physiological stimulation of fast synapses, whose activation lasts approximately 1 ms (20).
To analyze Ca21 homeostasis in a cell, it is essential to
demonstrate the source of diffusing Ca21. The release of Ca21
from internal stores is apparently not prominent in hair cells
(7). Moreover, our earlier study (5) demonstrated that the
fluorescence increase at an active zone depends upon Ca21
influx from the bathing medium. In corroboration of this
result, we additionally observed a close correlation between
Ca21 current and fluorescence at presynaptic active zones.
While an indicator-loaded cell was depolarized to various
degrees, the Ca21 current and fluorescence change at a
presynaptic dense body were recorded (Fig. 2A). Comparison
of the relation between fluorescence change and membrane
potential with a graph of current versus membrane potential
revealed that presynaptic Ca21 concentration varied directly
with whole-cell Ca21 current (Fig. 2B).
Because neurotransmitter release is critically dependent
upon the Ca21 concentration at the presynaptic membrane, we
investigated the factors regulating this local concentration. The
Ca21 pump acts too slowly to affect the presynaptic Ca21
concentration during a brief, physiologically relevant stimulus;
this ion pump instead returns the concentration to its resting
level over several seconds after the imposition of a Ca21 load
(7). By contrast, Ca21 buffer would be expected to effectively
attenuate the change in the presynaptic free Ca21 concentration (15, 21). Because fixed buffer might eventually be saturated by Ca21 influx, such a buffer would not necessarily affect
the steady-state Ca21 concentration near an entry site (13). If
fixed buffer were highly concentrated in presynaptic dense
bodies, however, it might attenuate the brief increase in Ca21
concentration associated with physiological stimuli. To examine these possibilities, we quantified the influences of both
mobile and fixed buffers on the Ca21 concentration at presynaptic active zones.
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Effect of Mobile Buffer. To determine the effect of mobile
Ca21 buffer on the time course of changes in presynaptic Ca21
concentration, we loaded hair cells with different concentrations of exogenous buffer and measured the change in local
Ca21 concentration during depolarization. In general, high
concentrations of mobile buffer limited the spread of Ca21
from the entry site and attenuated the change in local Ca21
concentration (Fig. 3). In the absence of any mobile buffer save
fluo-3, a detectable concentration of free Ca21 reached the
cell’s center within 100 ms. At the opposite extreme, 10 mM
BAPTA essentially restricted the increase in free Ca21 concentration to the presynaptic dense body.
The effect of exogenous mobile buffer in attenuating the
fluo-3 fluorescence signal was determined by measuring the
change in presynaptic fluorescence intensity associated with
different Ca21 currents. With increasing concentrations of
exogenous buffer, the fluorescence intensity became less sensitive to the Ca21 current. Fig. 4 shows the change in concentration of Ca21-bound fluo-3 at the presynaptic dense body as
a function of whole-cell Ca21 current with four different
intracellular concentrations of BAPTA. In a weakly buffering
environment (Fig. 4A), 200 mM fluo-3 became saturated
during large Ca21 influxes. In a strongly buffering environment, however, the indicator was not saturated: the change in
fluorescence remained directly proportional to the current
(Fig. 4 B–D). The slope of the relation between change in
fluorescence and Ca21 current decreased with increasing
buffer concentration, approaching zero for the highest concentration. Because of the high concentration of mobile Ca21
buffer in an intact hair cell (21), the normal physiological
response would likely resemble that in the presence of 3 mM
BAPTA.
The most important test of a quantitative model of presynaptic Ca21 dynamics is that it accurately predict the Ca21
concentration near the presynaptic membrane. Without the
need to invoke any fixed Ca21 buffer, the localized Ca21-entry
model successfully fit the change in presynaptic fluo-3 fluorescence in response to Ca21 current at several exogenous
buffer concentrations (Fig. 4). The model additionally predicted the slope of the fluorescence signal as a function of
current and the saturation point of fluo-3 fluorescence as
functions of Ca21 current. The agreement of the model with
the data provides direct, quantitative confirmation of the

FIG. 2. Linear dependence of presynaptic Ca21 concentration on Ca21 current. (A) The fluo-3 fluorescence intensity in the dense body depended
on the magnitude of the Ca21 current. While a transect through a presynaptic active zone was scanned (Top), the cell was depolarized from a holding
potential of 270 mV to six different levels (Middle). The magnitude of the whole-cell Ca21 current depended on the extent of depolarization
(Bottom). The transients at the ends of some traces represent Ca21 tail currents. (B) The change in fluorescence intensity (dotted line) during a
depolarizing pulse had the same dependence on membrane potential as the Ca21 current (solid line). As long as the indicator did not become
saturated with Ca21, the change in fluo-3 fluorescence was linearly proportional to the whole-cell Ca21 current. The fluorescence signal was
normalized to the maximal average value.

9530

Biophysics: Issa and Hudspeth

FIG. 3. The effect of exogenous mobile buffer upon the change in
fluo-3 fluorescence intensity in response to Ca21 current. During
recordings from three different cells, the spatial extent of fluo-3
fluorescence was progressively restricted by inclusion in the recording
pipettes of increasing concentrations of buffer (A, 200 mM fluo-3; B,
200 mM fluo-3 plus 3 mM BAPTA; C, 200 mM fluo-3 plus 10 mM
BAPTA). The peak Ca21 currents were 0.9 nA for A, 0.7 nA for B, and
1.1 nA for C.

localized Ca21-entry hypothesis of presynaptic activation proposed in the mid-1980s (8–12).
Temporal Profile of Ca21 Concentration. The rate of increase in presynaptic free Ca21 concentration determines the
delay between presynaptic depolarization and neurotransmitter release. Two processes influence the time course of changes
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in presynaptic Ca21 concentration: the kinetics of Ca21channel gating and the dynamics of Ca21 buffering and
diffusion. In a voltage-clamped hair cell depolarized to 215
mV, Ca21 channels open completely in less than 1 ms (22).
Because neurotransmission occurs almost immediately upon
Ca21 influx (23), the Ca21 concentration at the synaptic
vesicle’s Ca21 sensor must rise extremely rapidly.
In an attempt to resolve the rapid changes in presynaptic
Ca21 concentration that occur at the onset of Ca21 influx, we
measured the average fluorescence intensity at dense bodies
during the first 30 ms of step depolarizations. The time course
of the fluo-3 signal revealed two phases of Ca21-concentration
increase (Fig. 5A). The f luorescence intensity increased
quickly during the initial 6 ms of a depolarizing pulse; this rapid
rise represented the increase in Ca21 concentration in the
presynaptic dense body. In the second phase, the fluorescence
intensity rose significantly more slowly; this slower phase
reflected augmented fluorescence in cytoplasmic regions adjacent to the active zone, including those above and below the
plane of focus (17).
Fast though it was, the observed fluorescence increase at the
onset of a depolarizing pulse was inevitably delayed by the
filtering properties of the detection system. To compensate for
this delay, the profile of fluo-3–Ca21 concentration derived
from the model was subjected to sampling and filtering similar
to those imposed upon the experimental data. The resultant
profile closely resembled the experimentally determined profile in the rapidly rising phase (Fig. 5A), indicating that the
underlying events occurred on a time scale consistent with the
model’s predictions.
The Ca21 concentration remained elevated after the conclusion of a depolarizing pulse. Fluo-3 fluorescence decreased
in the dense body with an approximately exponential time
course characterized by an average time constant of 17 ms (Fig.
5B). With a low buffer concentration, 200 mM fluo-3, the
clearance time constant depended linearly on the magnitude
of the Ca21 current (Fig. 5C). With buffer concentrations
exceeding 3.2 mM, however, the time constant was independent of the Ca21 current’s magnitude. The clearance time
constants for small Ca21 currents were similar for all buffer
concentrations.

FIG. 4. The role of mobile buffer in attenuating the presynaptic Ca21 concentration. The changes in concentration of Ca21–fluo-3 complex in
the dense body during the first 30 ms of depolarizing pulses (squares) are plotted as functions of the whole-cell Ca21 currents for four concentrations
of exogenous mobile Ca21 buffer (A, 200 mM fluo-3, two cells, two active zones; B, 200 mM fluo-3 plus 3 mM BAPTA, one cell, two active zones;
C, 200 mM fluo-3 plus 6 mM BAPTA, two cells, two active zones; D, 200 mM fluo-3 plus 10 mM BAPTA, one cell, two active zones). Points at
which the model was evaluated are shown with diamonds connected by lines. The discrepancy between the data and the model’s predictions for
the lowest concentration of buffer might have arisen from the presence of fixed buffer or the persistence of some endogenous mobile buffer. Because
the fluorescence intensity very near the membrane was attenuated by the lateral resolution of the microscope, the predicted values for the
concentration of Ca21–fluo-3 complex were weighted by the Gaussian function describing the microscope’s lateral resolution (17). The cellular
boundary was set at the half-height position of the Gaussian curve. In calculating the predicted changes for the instance of 200 mM fluo-3, the total
Ca21 concentration was set such that half the indicator was bound to Ca21 at rest, as was the case experimentally; for all other simulations, the
total Ca21 concentration was adjusted to give a free Ca21 concentration of 2–3 nM. For estimation of the intracellular Ca21 concentration from
fluo-3 fluorescence, the fluorescence intensity of 200 mM fluo-3 saturated with Ca21 was determined from the maximum cytoplasmic intensity
attained after extensive cellular depolarization in experiments lacking exogenous Ca21 buffer other the indicator (17).
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FIG. 5. Temporal profile of f luo-3 f luorescence. (A) The average
f luorescence profile of f luo-3 in the dense body during the first 26
ms of a depolarizing pulse is shown. The data resulted from 478
depolarizations from 60 cells whose average Ca21 current was 0.6 6
0.4 nA. The average profile (thick line with diamonds) included data
from a variety of buffering conditions: 200 mM f luo-3, 200 mM f luo-3
plus 1 mM, 3 mM, 6 mM, 8 mM, or 10 mM BAPTA, and endogenous
cellular buffer, as sampled with the perforated-patch technique (24)
and with f luo-3 introduced as its acetoxymethyl ester. Fluorescence
intensity was normalized to the value 6 ms after the onset of the
depolarizing pulse, at the end of the rapid phase of f luorescence
increase. The initial rate of increase in f luorescence did not depend
significantly on the concentration of mobile buffer. The slow rising
phase in the last third of each trace stemmed from contamination of
the f luorescence signal by out-of-focus f luorescence (17). The
predicted profile (thin line) had an initial rising phase significantly
more abrupt than that of the experimentally measured profile. When
the predicted profile was manipulated like the experimental data,
however, the resulting profile displayed a rising phase similar to that
of the experimentally determined profile (dashed line with squares).
The manipulations to the predicted profile included sampling at
2-ms intervals, smoothing with a 1:3:1 moving mask, and averaging
with duplicated profiles offset by 12 ms and 22 ms. (B) The
clearance of f luo-3 f luorescence at the end of the depolarizing pulse
is shown for cells loaded with the variety of buffers used in A. The
experimentally measured f luorescence profile for small Ca21 current magnitudes (thick line) decayed more slowly than the theoretically determined profile in which f luo-3 in the cytoplasm was
assigned the same diffusion constant, 12 3 10211 m2zs21, as in water
(thin line). If the diffusion constant of f luo-3 in the model was
decreased to 4 3 10211 m2zs21, the theoretically determined profile
(dashed line) matched the experimental measurement. (C) Clearance time as a function of Ca21 current at different buffer concentrations. At a low buffer concentration, 200 mM f luo-3, the f luorescence clearance time at the end of a depolarizing pulse (solid
squares) depended upon the degree of buffer saturation, and hence
upon the Ca21 current. In contrast, the clearance time (open circles)
for a high buffer concentration, 200 mM f luo-3 plus 10 mM BAPTA,
was independent of the magnitude of the Ca21 current. For small
current magnitudes, the clearance time was approximately equal for
all buffer concentrations.
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The decline in fluorescence at the end of a depolarizing
pulse was significantly slower than predicted for the diffusion
of free Ca21. This result is not surprising: the majority of Ca21
that enters a cell is captured by buffer (13, 25–27). If the local
buffer has an adequate capacity and a sufficiently small
dissociation constant for Ca21 binding, the majority of the
Ca21 should be cleared from the entry site at the buffer’s rate
of diffusion. In fact, the results of our simulations with
different diffusion constants for Ca21 confirmed that the
fluorescence and free Ca21 concentration profiles should have
been nearly independent of the diffusion constant of Ca21.
The predicted time course of fluo-3 fluorescence, and in
particular the rate of Ca21 clearance at the conclusion of a
pulse, should instead have been sensitive to the diffusion
constant of fluo-3. The experimentally observed decline in
fluorescence was well fit by assuming a cytoplasmic diffusion
constant for fluo-3 and BAPTA of 4 3 10211 m2zs21, approximately one-third that measured in solution (Fig. 5B). Because
transient cytoplasmic binding decreases the mobility of Ca21
chelators structurally similar to fluo-3 (28, 29), this estimate for
the indicator’s cytoplasmic diffusion constant seems reasonable.
Potential Role of Fixed Ca21 Buffer. An alternative explanation for the prolonged decline of presynaptic fluo-3 fluorescence is that fixed buffer at the active zone, loaded with
Ca21 during the depolarizing pulse, releases Ca21 at the pulse’s
end (13). The effect of a fixed buffer on the fluorescence
profile depends upon the buffer’s total concentration and upon
the dissociation constant for Ca21 of the fixed buffer relative
to that of fluo-3. If the local concentration of fixed buffer were
small compared with that of mobile buffer, then the fixed
buffer would have a negligible effect on the clearance profile.
At the end of a current pulse, the fixed buffer would have little
bound Ca21 to contribute to the pool of free Ca21. If the
concentration of fixed buffer were to substantially exceed that
of fluo-3, however, this buffer would maintain the local free Ca21
concentration and thus create a plateau in the fluo-3 fluorescence
profile at the dissociation constant of the fixed buffer.
Three observations suggested that fixed buffer does not play
a significant role at the active zone during moderate Ca21
currents. First, no plateau was apparent in the fluorescenceclearance profile. This result indicates that there was not a
large amount of fixed buffer at the active zone with a dissociation constant between 100 nM and 100 mM. Second,
consistent with the first observation, the local change in fluo-3
fluorescence as a function of Ca21 current was of the magnitude and time course anticipated if exogenous buffer were the
only significant Ca21 buffer (Figs. 4 and 5). Finally, for
nonsaturating Ca21 currents, the time constant for Ca21
clearance in the presence of 10 mM BAPTA equalled that with
lower buffer concentrations (Fig. 5C).
The presynaptic dense body is well situated to regulate the
presynaptic Ca21 concentration (13). Two findings, however,
suggest that the structure has little such effect. Because there
appears to be no significant amount of fixed buffer near the
active zone, the dense body evidently does not act as a Ca21
sink. Moreover, Ca21 bound to fluo-3 and other mobile buffers
progresses rapidly through the dense body, so this structure
does not provide a barrier to Ca21 diffusion. If the dense body
should prove to bind endogenous buffer as it binds fluo-3 and
other substances (17), the structure might serve as a repository
for Ca21 buffer; there is no evidence, however, to suggest that
this is the case.

DISCUSSION
By providing a consistent picture of the spatial pattern and
time course of elevation in the free Ca21 concentration at the
presynaptic active zone, the results presented here validate a
specific model of localized Ca21 homeostasis involved in
neurotransmitter release (13). In particular, our data indicate
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that the free Ca21 concentration only 50–450 nm from the
Ca21 sensor of the synaptic vesicle is predominantly determined by the activity of mobile Ca21 buffer. The model of Ca21
homeostasis also permits estimation of the concentration even
closer to the sensor: the average Ca21 concentration between
the plasmalemma and dense body is about 1 mM during a
depolarization to 220 mV or roughly 200 mM during a more
physiologically relevant depolarization of 5 mV from the
resting potential. These values are consistent with the requirement for a relatively high local Ca21 concentration to trigger
synaptic-vesicle fusion and neurotransmitter release (16) and
with the indirect measurement of Ca21 concentration at the
hair cell’s presynaptic active zone (14).
The hair cell’s functions place extraordinary demands upon
its synapses. To mediate the localization of sound sources by
measurement of phase differences in the signals reaching the
two ears, hair cells must release synaptic transmitter in an
oscillatory manner at frequencies approaching 10 kHz (30). To
achieve such rates of transmitter release, the Ca21 concentration at sites of vesicle exocytosis must be modulated with a
period as short as 100 ms. The exceptional rapidity of activation
and deactivation of the hair cell’s Ca21 channels (22) helps to
meet this specification. Of equal importance, however, is the
reduction of the local Ca21 concentration at the end of each
cycle of Ca21 channel. As the present results demonstrate,
mobile Ca21 buffer is of critical importance in returning the
Ca21 concentration toward its resting level and thus reducing
the rate of transmittter release. In contrast to its importance
in cells whose exocytotic rate is far smaller (31), fixed buffer
plays little role in the rapid modulation of Ca21 concentration
in hair cells: by retaining Ca21 near its site of entry, fixed buffer
might even reduce the rate at which synaptic release could be
modulated. For this reason, evolution may have reduced the
concentration of fixed Ca21 buffer at the presynaptic active
zones of hair cells even as it increased the amount of mobile
buffer to an exceptional level.
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