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[Ca®*], Elevations Detected by BK Channels during Ca®* Influx and
Muscarine-Mediated Release of Ca®* from Intracellular Stores in
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Submembrane [Ca®"], changes were examined in rat chromaf-
fin cells by monitoring the activity of an endogenous Ca®"-
dependent protein: the large conductance Ca®*- and voltage-
activated K* channel (also known as the BK channel). The Ca®*
and voltage dependence of BK current inactivation and con-
ductance were calibrated first by using defined [Ca®"]; salines.
This information was used to examine submembrane [Ca®™],
elevations arising out of Ca®?™" influx and muscarine-mediated
release of Ca®" from intracellular stores. During Ca®* influx,
some BK channels are exposed to [Ca®*]; of at least 60 um.
However, the distribution of this [Ca®*], elevation is highly
nonuniform so that the average [Ca®*], detected when all BK
channels are activated is only ~10 um. Intracellular dialysis with
1 mm or higher EGTA spares only the BK channels activated by
the highest [Ca®"]; during influx, whereas dialysis with 1 mm or

higher BAPTA blocks activation of all BK channels. Submem-
brane [Ca®™]; elevations fall rapidly after termination of short (5
msec) Ca®* influx steps but persist above 1 um for several
hundred milliseconds after termination of long (200 msec) influx
steps. In contrast to influx, the submembrane [Ca®*); elevations
produced by release of intracellular Ca®* by muscarinic acte-
tylcholine receptor (MAChR) activation are much more uniform
and reach peak levels of 3-5 um. Our results suggest that
during normal action potential activity only 10-20% of BK
channels in each chromaffin cell see sufficient [Ca®"], to be
activated.
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The free cytosolic concentration of Ca?* ([Ca®"],) is an important
regulator of numerous cellular functions, including neurotrans-
mitter release, activation of ion channels, and cell death. Because
elevations of [Ca®*]; have such a wide range of possible conse-
quences, it is to be expected that cells would have developed
methods to trigger the various Ca®*-dependent events indepen-
dently of one another. However, exactly how this is accomplished
is not entirely clear. What is known is that the spread of free Ca**
away from Ca®* sources is limited to short distances (Allbritton et
al., 1992) and that the Ca>* sensitivities of intracellular Ca**-
binding target proteins vary widely (Kasai, 1993). These observa-
tions have led to suggestions that localized Ca** elevations in the
immediate vicinity of the various Ca®>*-dependent proteins must
be of central importance (Chad and Eckert, 1984; Simon and
Llinas, 1985; Augustine and Neher, 1992a). If so, appreciation of
the specific consequences of Ca®* elevations requires the eluci-
dation of both the features of the [Ca®"]; elevation, i.e., the
magnitude, time course, and the spatial spread of Ca®*, and a
knowledge of the precise localization and the Ca®" sensitivity of
the Ca®"-dependent target proteins. The present study examines
the relationship between elevations of the submembrane [Ca®*];
in chromaffin cells and one such Ca**-dependent target protein,
the BK channel.
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Amplitudes of [Ca®"]; elevations traditionally have been esti-
mated using exogenous fluorescent Ca®* buffers (Grynkiewicz et
al., 1985). Although these buffers can monitor changes in bulk
[Ca?™]; that follow physiological stimuli, limitations in the meth-
ods used to detect fluorescent signals make it difficult to follow the
localized Ca®" gradients predicted to occur near individual Ca**
channels. Furthermore, introduction of these exogenous buffers
alters many features of the [Ca®"]; elevations (Sala and
Hernandez-Cruz, 1990; Zhou and Neher, 1993). Therefore, there
is increasing interest in using intrinsic Ca**-dependent proteins
or processes to define the amplitudes and time course of [Ca®*];
elevations. In the squid giant axon (Adler et al., 1991) and frog
hair cells (Roberts et al., 1990), this approach has supported the
theoretical expectation that [Ca®*]; elevations during Ca®" influx
are large and rapid. Furthermore, these studies have suggested
that particular Ca?*-dependent processes are coupled closely to
sites of Ca®" influx.

BK channels sense rapid changes in both membrane voltage
and submembrane [Ca®"]; and contribute to action-potential ter-
mination in a number of cell types (Lancaster and Adams, 1986;
Lang and Ritchie, 1987), including rat chromaffin cells (Solaro et
al., 1995). In the present study, BK channels were used to examine
submembrane [Ca?*]; elevations in rat chromaffin cells. The Ca**
sensitivity of two features of BK current, the rate of inactivation
and the fractional activation, was defined by direct introduction of
defined [Ca®*]; into cells. Then this information was used to
determine the amplitude, spatial distribution, and time course of
submembrane [Ca®*]; elevations during depolarization-induced
Ca®" influx and muscarine-mediated elevation of [Ca®"],. Our
results indicate that, whereas some BK channels are located close
to Ca®>* channels and are activated rapidly by the high [Ca®"];
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that occurs around open Ca®" channels during influx, most BK
channels are located at a distance and are activated slowly by the
bulk [Ca**);.

MATERIALS AND METHODS

Chromatffin cell culture. Methods of rat chromaffin cell isolation and
maintenance of chromaffin cell cultures were as described in earlier
reports (Neely and Lingle, 1992a; Herrington et al., 1995; Solaro et al.,
1995). These were based on procedures described in several earlier
studies (Fenwick et al., 1978; Role and Perlman, 1980; Livet, 1984).

Electrophysiological methods. Whole-cell and perforated-patch record-
ings were performed on cells 2-14 d after plating the cells, as previously
described (Neely and Lingle, 1992a, Herrington et al., 1995; Solaro et al.,
1995). In experiments in which an intracellular solution of defined [Ca®*];
was used, the standard whole-cell recording procedure was used (Hamill
et al., 1981). Whole-cell voltage clamp was controlled with the Clampex
program in the pClamp software package (Axon Instruments, Foster City,
CA). Analysis of whole-cell current traces was done with our own soft-
ware. Fitting of current waveforms or extracted data was done using a
Levenberg-Marquardt algorithm for minimization of residuals after ad-
justment of function parameters.

In perforated patch-clamped experiments, uncompensated series resis-
tances (R,) were typically in the range of 815 M), of which 80-90% was
electronically compensated. Values for uncompensated series resistance
and percentage of compensation are provided in the figure legends.
Given the large size of the BK currents in most chromaffin cells, even 2
MQ of uncompensated R, can result in appreciable voltage errors. There-
fore, analysis was limited to those cells in which voltage errors resulting
from the residual uncompensated R, were <20 mV. Series resistances
with the standard whole-cell method were in the range of 4-8 M}, of
which 80% was compensated.

Solutions. The standard extracellular solution contained (in mm): 140
NaCl; 5.4 KCI; 10 HEPES; 1.8 CaCl,, and 2.0 MgCl, titrated to pH 7.4 with
N-methylglucamine (NMG). In experiments in which salines with defined
[Ca?*]; were introduced into cells, CaCl, was excluded in the external saline
(0 [Ca**],). For perforated patch-clamp experiments, the pipette saline
contained the following (in mm): 120 K-aspartate, 30 KCl, 10 HEPES(H™),
and 2 MgCl, adjusted to pH 7.4 with NMG. Membrane permeabilization was
accomplished with a mixture of amphotericin B (Rae et al., 1991) and
pluronic acid, as described previously (Herrington et al., 1995). Osmolarity
was measured by dew point (Wescor Osmometer, Wescor, Logan, UT) and
adjusted between 290-310. Most experiments were done in the presence of
100 or 200 nm apamin to eliminate SK currents from the data traces. In
experiments in which a defined [Ca®"]; was introduced into the cell, the
pipette saline contained the following (in mm): 140 KCl, 20 KOH, 10
HEPES(H™), and HEDTA or EGTA with added CaCl, to make the appro-
priate free Ca>*. 10 HEDTA was used for the 20 and 60 um [Ca>"]; salines,
5 HEDTA for the 10 um [Ca*"]; saline, and 5 EGTA for the 1 and 4 um
[Ca?*]; salines. In experiments in which cells were stepped to +111 mV after
astep to +81 mV, the extracellular Na™ was replaced completely with NMG
to prevent Na* block of BK channels (Yellen, 1984) that results from
intracellular accumulation of Na*. In the absence of NMG, steps from +81
mV to +111 mV often produce anomalous inward currents presumably
reflecting the voltage-dependent block of BK channels by intracellular Na™.
Removal of extracellular Na* abolishes this effect. Extracellular solution
changes and drug applications were accomplished via a multibarrel perfusion
system, as described previously (Herrington et al., 1995). Voltages for
perforated-patch whole-cell recordings have been corrected for a +9 mV
liquid junction potential resulting from the use of aspartate-based pipette
salines.

Estimates of the maximal available BK current. A modification of the
Hodgkin-Huxley (H-H; 1952) model was used to estimate the maximal
activatable current at +81 mV after any Ca®" influx step or condition-
ing step. After a prepulse, peak current resulting from a step to +81
mV arises from two populations of channels: those that already are
open at the time of the step and those that open after the step. Current
through the first population simply decays in accordance with BK;
inactivation properties. Thus,

11(t) = Linse + exp( = t/T)). (1)
Current resulting from the second population follows the usual H-H
formalism and can be described by:

IZ(t) = (Imax - Iinsl) . (1 - CXP( - t/Tm))" . eXP( - t/q-h)’ (2)
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in which 7, in both equations 1 and 2 represents the inactivation time
constant of the channels, 7, is the activation time constant, n is the
cooperativity in activation, I;,, represents the instantaneous current
amplitude, and 1., the total activatable BK current in the cell. Together,
these equations contain one additional free parameter, i.e., I;,, over the
usual H-H formalism, but this parameter is well defined by the current at
t = 0. BK currents activated after steps to +81 mV were fit, therefore,
with the following:

Ipk(t) = Ii(t) + Iy(t). 3)

Finally, an additional term was included to account for the small amount
of steady-state voltage-dependent, but Ca?*-independent current active
after inactivation of BK current.

RESULTS

Characteristics of Ca®*-dependent K* currents in rat
chromaffin cells

Rat chromaffin cells display two major categories of Ca®*-
dependent K* current: one current results from voltage-
dependent, large conductance BK channels (Neely and Lingle,
1992a), and the other results from voltage-independent, small
conductance SK channels that are sensitive to apamin (Neely and
Lingle, 1992a; Park, 1994). Activation of both types of current is
observed with depolarizing steps that produce Ca?* influx via
voltage-dependent Ca®>" channels (Neely and Lingle, 1992a) and
with the release of intracellular calcium by agents such as musca-
rine and caffeine (Neely and Lingle, 1992b; Herrington et al.,
1995). Over the range of physiological potentials (=60 to +50
mV), chromaffin cell SK channels are more sensitive to Ca>* than
BK channels: maximal activation of SK channels occurs at [Ca®*];
of 2-4 um (Park, 1994), whereas maximal activation of BK chan-
nels at 4 uMm [Ca?*]; occurs only at membrane potentials of +90
mV and above (see Fig. 3). Thus, BK channels may be more
suitable for monitoring submembrane [Ca?*]; elevations that ex-
ceed 4 uMm. In the present study, we have used BK current to study
submembrane [Ca®"]; elevations; SK current was blocked with
100 nM apamin.

Two types of BK currents are found in rat chromaffin cells
(Solaro et al., 1995). This is summarized in Figure 14. Ca** (4
uM) was introduced directly into each of two chromaffin cells
using the standard whole-cell patch-clamp technique. In one cell,
a depolarizing step to +90 mV resulted in a rapidly inactivating
BK current (which we have termed BK; current, resulting from
BK; channels). In the other cell, the step to +90 mV activated a
sustained current (which we have termed BK, current, resulting
from BK, channels). This sustained current is more reminiscent of
BK currents generally found in most other cell types. BK; current
is found in ~75% of rat chromaffin cells; the remaining cells show
either pure BK, current or a mix of BK;/BK current (Solaro et al.,
1995). In this paper, most results use cells with BK; current. In
part, this reflects the greater likelihood of obtaining cells with BK;
current, but also, as will be shown below, certain features of BK;
current are particularly useful for answering some of the questions
considered here. To provide assurance that our conclusions do
not arise from some novel aspect of BK; current, the behavior of
[Ca®"]; in cells with BK| current also is presented in some cases.

For any membrane current to be a useful assay of submem-
brane [Ca®*],, the dependence on [Ca®"]; of some parameter of
channel function must be definable. Toward this goal, the [Ca®*];
dependence of two parameters of BK channel function, the con-
ductance and the inactivation rate, are defined first. Then this
information is used to address four questions: (1) What is the
average [Ca”?"]; detected by BK channels during depolarizing



4346 J. Neurosci., July 15, 1996, 16(14):4344-4359

Figure 1. Properties of BK currents found
in rat chromaffin cells. 4, Examples of BK;
and BK; current traces recorded with pi-
pettes containing 4 uM are shown. Each cell
was held at a holding potential of —60 mV
and stepped to +90 mV for 400 msec. The
voltage step evoked BK; current in the cell
shown on the left and BK current in the cell
shown on the right. B, BK; currents were
recorded with pipettes containing 1, 4, or 20
uM [Ca®"];, respectively, at various voltages.
Each cell was held at —60 mV and stepped
from the holding potential to potentials rang-
ing from —30 to +90 mV in increments of 10
mV. In all cases, the cell was bathed in an
external saline containing 0 [Ca®*],. C, The
time constant of inactivation obtained by fit-
ting current decay with a single exponential is
plotted as a function of [Ca*"];. Each point is
the mean (= SEM) of data collected from
4-6 cells. D, The time constant of current
inactivation is plotted against the membrane
potential at each [Ca*"],. Each point is the
mean (£ SEM) of data collected from 4-6
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steps that produce Ca?* influx via Ca** channels? (2) Are there
inhomogeneities in the [Ca®"]; detected by BK channels under
such conditions? (3) What is the [Ca**]; detected by BK channels
during release of Ca®>* from internal stores by muscarine? (4)
What is the duration of submembrane [Ca®"]; elevations with
short and long Ca** influx steps?

Ca2* and voltage dependence of BK

current inactivation

The Ca®* and voltage dependence of BK; inactivation previously
has been defined for a limited set of [Ca®"]; and voltages by using
ensembles of channel openings from excised patches (Solaro and
Lingle, 1992). Because the present study relies on the behavior of
BK channels in whole-cell recordings, the Ca*" and voltage de-
pendence of the inactivation time constant was determined with
the standard whole-cell technique, using internal salines contain-
ing defined [Ca?"]; (Fig. 1C,D). The previously published excised
patch data are shown for comparison also (Solaro and Lingle,
1992). The whole-cell experiments extend the range of conditions
([Ca?™]; and voltage) over which the inactivation time constant is
defined and indicate that the rate of inactivation becomes faster
with increasing [Ca®*]; and membrane potential, as reported
previously (Solaro and Lingle, 1992; Herrington et al., 1995).
Furthermore, the time constants from the whole-cell experiments
fall reasonably close to those determined from the patch experi-

20 40 O 40 80 120
Test Potential (mV)

ments, suggesting that any discrepancy between the expected and
the real [Ca®*]; at the membrane during whole-cell dialysis is
minimal and much smaller than the changes that result from the
various defined [Ca®*]; solutions. The usefulness of the inactiva-
tion time constant as an indicator of submembrane [Ca®"]; is,
however, somewhat limited because it approaches its limiting
value near only 4 um [Ca®*]; at positive voltages.

Ca?* and voltage dependence of the fractional
activation of whole-cell BK current
Next, the Ca®" and the voltage dependence of BK conductance
was characterized by introducing a saline with a defined [Ca®"];
into the cell and measuring the fractional activation of BK current
at various potentials in the absence of external Ca**. Fractional
activation of BK current was determined by comparing the tail of
BK current elicited by a step to +90 mV after different activation
potentials to the total amount of BK current activated at +90 mV.
The +90 mV step was used because previous excised single-
channel experiments indicated that complete activation of BK
current occurs at this potential at [Ca®>*]; of 4 um or higher
(Solaro, 1995). Thus, current at +90 mV provides a reasonable
estimate of the maximum available current at [Ca**]; of 4 um and
above.

A sample current record obtained with 10 um [Ca®"]; and a
conditioning step to 5 mV is shown in Figure 24. The trace shows
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Figure 2. Peak and instantaneous currents in BK; cells. In 4, 10 um
[Ca?*]; was introduced into the cell. First the cell was stepped from a
holding potential of —60 to —5 mV for 20 msec and then stepped directly
to +90 mV for 400 msec. After the step to 90 mV, there was a large, ohmic
increase in current (the instantaneous current), which was followed by
some additional transient activation of current. In B, currents were re-
corded using pipettes containing 4, 10, 20, or 60 uM free [Ca®"];. The cells
were stepped from the holding potential (—60 mV for cells with 4 and 10
uM [Ca®*]; —80 mV for cells with 20 and 60 um [Ca®*],) to either —65
(left traces) or to —5 mV (right traces) for 20 msec and then stepped to +90
mV. The instantaneous current at +90 mV became larger at the more
positive conditioning steps and increased further as the [Ca®"]; was
increased. In all cases, cells were bathed in an external saline containing 0
[Ca?*].. Arrows on each trace denote the instantaneous (open arrows) and
peak (closed arrows) current. Sampling period, 500 usec.

that a large BK current is turned on at +90 mV, with some current
activation occurring during the conditioning step. Careful exam-
ination of the trace also reveals that there is an immediate,
instantaneous increase in the current when membrane potential is
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stepped from the conditioning potential to +90 mV. We will refer
to this current as the “instantaneous current” (Fig. 24). It arises
because stepping the membrane potential to +90 mV increases
the driving force on the K™ ions moving through channels that are
open at the conditioning potential, thereby producing an ohmic
and immediate increase in the current. After the instantaneous
increase in BK current, additional activation of BK current occurs
in accordance with the open probability of the channels at +90
mV and the [Ca®*]; present in the cell. This produces a further
increase in BK current, which subsequently peaks and then falls as
inactivation gains predominance. We will refer to the maximum
amplitude of the current at +90 mV as the “peak current.”

Because the open probability of BK channels at +80 mV is near
maximal at [Ca®*]; of 4 um and above (Solaro, 1995), the peak
current at +90 mV is a reasonably good estimate of the maximum
available BK current at the time of the voltage step to +90 mV.
Thus, the fractional activation of BK current at the different
conditioning potentials can be determined simply by computing
the ratio of the instantaneous to the peak current (see Fig. 4). This
ratio defines the fraction of channels open at the conditioning
potential compared with the total number of channels that can be
opened at +90 mV.

What are the possible errors in this approach of computing the
fractional activation of BK current? One error may arise from
imprecise estimates of the instantaneous current. This could result
from two factors: the finite current sampling rate and the finite
settling time of the imposed voltage change. In the first case, the
magnitude of instantaneous current may be overestimated be-
cause of BK current activation during the finite sampling period.
In the second case, early current points after a voltage step may
reflect charging of cell capacitance and slow changes in the com-
mand voltage resulting from series resistance limitations. Because
many of the experiments described in this paper required voltage
protocols with sampling rates as slow as 500 usec, the impact of
these factors on estimates of instantaneous current are summa-
rized in Figure 3 for the two types of whole-cell recording condi-
tions. Currents were digitized at either 50 or 500 usec. At typical
R, and C,, for cells in this study, voltage settling times are
~250-300 usec in cells clamped with the perforated-patch
method and ~75-100 usec for standard whole-cell recordings.
Thus, in perforated patch-clamped cells, the new command po-
tential is not imposed fully for ~250-300 usec, and, in general,
the first sampled point 500 usec after the initiation of the voltage
step is essentially identical to the estimate of instantaneous cur-
rent obtained by sampling at 50 usec intervals (Fig. 34a). In
contrast, in standard whole-cell recordings, current through open
channels seems to sense fully the newly imposed voltage within
~100 psec (Fig. 34b). Once the new command voltage is im-
posed, relatively smaller changes in BK current occur during the
subsequent 50 psec sampling periods, and the ohmic component
through BK channels is apparent as the first point after the
termination of rapid change in current. Thus, for standard whole-
cell recordings, the current measured at 500 psec after the voltage
step overestimates the true amplitude of the instantaneous
current.

To apply a correction for this sampling error, the following
procedure was used. The initial phase of BK current activation is
described well by a simple exponential function (Solaro et al.,
1995). Therefore, BK current was assumed to activate in a pri-
marily linear manner during the first few milliseconds after a
voltage step. The measured current values at 500 and 1 msec were
used, therefore, to calculate the amount of current that would
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Figure 3. Estimation of instantaneous and peak currents. 4, Cells were stepped for 20 msec to —9 mV and then stepped to +81 mV for 200 msec on
the left and 50 msec on the right. A cell was clamped with the perforated-patch method in a, whereas in b the cell was clamped with the standard whole-cell
method with a pipette containing 10 uM [Ca®*];. On the left, currents were digitized with a 500 usec sampling interval and, on the right, with a 50 usec
sampling interval. In both cases, the step to —9 mV results in activation of outward current. However, with more rapid sampling, the step to +81 mV
first reveals more rapid changes in current reflecting the finite voltage settling time and, subsequently, the more slowly developing current reflecting BK
current activation. In a, as shown on the right, ~300 usec is required for the complete development of the “instantaneous” current. Because of the slower
voltage-settling time of cells clamped with the perforated-patch method, current at 500 usec provides a reasonable estimate of the ohmic component of
BK current after the step to +81 mV. Open arrow in each case indicates the measured instantaneous current. In b, by contrast, only ~100 usec is required
for the full development of the “instantaneous current.” For clarity, only the first few points after the voltage step to +81 mV are shown, and the complete
current traces are shown in the insets. An open arrow in each case indicates the measured instantaneous current. The filled arrow on the right indicates
the 500 psec point. Sufficient BK current activation occurs between 100 and 500 psec so that current at the 500 usec point will overestimate the
instantaneous current. As described in Materials and Methods, the change in current between 500 usec and 1 msec was used to calculate the predicted
current at 250 usec, assuming a linear rate of current activation. This calculated value (filled arrow on left) provides a reasonable estimate of the
instantaneous current observed with the faster sampling rate on the right. a, Ry, 12 MQ; C,,, 5 pF; 80% compensated. b, R, 4 MQ; C,,, 5 pF; 80%
compensated. B, BK current activated at +90 mV by 10 uM [Ca®"]; included in the pipette was fit by a modified Hodgkin-Huxley model of current
activation—inactivation. This model accounts for BK inactivation that might occur in the rising phase of the current. The peak current at +90 mV arises
from a population of channels already open (the instantaneous current component), which decays in accordance with BK; inactivation properties
(indicated by the thin line), and a second population, which follows the usual H-H formalism (indicated by the thick line). The true peak current is the
sum of the peak current predicted by the usual H-H formalism and the instantaneous current. Standard whole-cell method. R, 5 M{); C,,,, 6 pF; 80%
compensated.

have been observed at 250 usec, assuming this linear rate of
current activation. The 250 usec extrapolation point was used
because the amplitude of the instantaneous current defined at this
time point agreed well with that obtained by directly sampling at
50 psec intervals. Thus, fractional activation in cells dialyzed with
defined [Ca?"]; salines was obtained by taking the ratio of the
corrected instantaneous current and the measured peak current.

A second problem arose from the fact that the peak current
would be somewhat underestimated by inactivation that might
occur between the voltage step and the time of peak current. We
attempted to estimate the extent of this inactivation by fitting
current traces with a modified Hodgkin—Huxley model (1952) of
current activation—inactivation, as described in Materials and
Methods (Fig. 3B). The peak current given by this fit may some-
what overestimate the true peak current, because this model
assumes independent activation and inactivation gating, whereas
inactivation gating in BK; channels is coupled partially to activa-

tion gating (Solaro and Lingle, 1992). The fitting procedure,
therefore, places an upper limit on the estimate of the true peak
current. The voltages of half-activation (V5,s) obtained by using
amplitude estimates derived from this fitting procedure were
shifted to the right by ~15 mV at 4 um [Ca®"],, 5 mV at 10 um
[Ca?*);, and by smaller values (1-2 mV) at 20 and 60 um [Ca*"];
(Fig. 4). These shifts in Vs, at any individual [Ca**]; were small
compared with the differences in V5, among different [Ca®*]..
Any errors resulting from incorrect estimates of the true peak
current are therefore small. Thus, when comparing the calibration
data to fractional activation data produced by physiological
[Ca**); elevations, we used only the directly measured peak
current values.

A final potential source of error arises from contamination of the
measured currents with the voltage-dependent, Ca®*-independent
K™ current. The amplitude of this current in rat chromaffin cells is
typically ~1-1.5 nA at +90 mV so that contamination of the estimate
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Figure 4. Fractional activation of BK; current at various [Ca?*]; and

voltages. The instantaneous current was normalized to the peak current
activated at +90 mV. This ratio represents the fractional activation of BK
current at various conditioning potentials. Each point represents the mean
(= SEM) of 6-7 cells. Procedures for estimating the instantaneous current
and factors that may affect estimates of both peak and instantaneous
current are described in Results. Fractional activation values obtained at
each [Ca®"]; were fit with a single Boltzmann function that included a
voltage-independent nonzero term. The voltage-independent term for
each fit represents the amount of non-BK current activated by the voltage
step to +90 mV during the first sampling interval. Fits were constrained to
G ax Of 1.0. The voltages of half-activation (V) and slope factors at the
various [Ca®*]; were as follows: 4 um [Ca?*];, 48.2 mV with a slope factor
of 13.1 mV; 10 um [Ca"];, 3.4 mV with a slope factor of 15.3 mV; 20 uM
[Ca®*];,. —22.0 mV with a slope factor of 14.1 mV; and 60 um [Ca*"],
—41.6 mV with a slope factor of 15.8 mV. The dotted lines indicate the
fractional activation data obtained by fitting each current trace with a
modified Hodgkin—Huxley function and estimating the peak current from
the fit, as described in Materials and Methods.

of both the instantaneous and peak currents is ~5-8%. An error of
this magnitude is substantially less than the differences that result
from the various defined [Ca®*]; solutions.

The above considerations were applied in determining the
fractional activation of BK current at various [Ca?"]; and voltages.
Resulting fractional activation curves are shown in Figure 4. The
procedure yielded roughly similar conductance—voltage curves for
both BK; and BK, currents (Solaro et al., 1995). The values for the
voltages of half-activation (V) are within the range of estimates
of V5, obtained from single BK channels in excised chromaffin
cells patches (Solaro, 1995). Qualitatively, the results indicate
that, at ~0 mV, submembrane [Ca®*]; must exceed 60 um to
result in maximal BK current activation, whereas at 4 um [Ca®*];
there is minimal activation of BK current. At voltages exceeding
+80 mV, BK current is activated maximally at [Ca®*]; of 4 uM or
above. At 1 um [Ca®*],, BK current is activated detectably, al-
though only at very positive potentials (Fig. 1B). Finally, at 500 nm
[Ca®"],, virtually no BK current activation can be seen even at
+90 mV (data not shown).

Fractional activation of BK current during
depolarization-elicited Ca®* influx

To use the fractional activation data of Figure 4 to assay the
[Ca®"]; detected by BK channels during Ca** influx, the maximal
activatable BK current must be defined for each cell. Therefore,
the instantaneous and peak currents elicited by Ca?* influx in
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cells clamped in the perforated patch-clamp configuration were
characterized. Figure 54 shows traces from a cell in which cur-
rents activated during a voltage step to +81 mV are compared
with and without a 200 msec conditioning step to +1 mV. Test
pulses to +81 mV were used, because there is minimal Ca®* influx
at this potential and BK currents can be viewed with minimal
contamination from other currents. Because of the Ca®" influx
that occurs during the loading step to +1 mV, BK current acti-
vated during the step to +81 mV greatly exceeds the purely
voltage-dependent K™ current activated by stepping directly to
+81 mV. The instantaneous current after the Ca®>* loading step
indicates that a substantial number of BK channels are open at
this time. Examination of the fractional activation curves in Figure
4 indicates that, at +1 mV, submembrane [Ca®*]; must be in
excess of 4 um to produce an instantaneous current of this
magnitude. Now, if the maximum number of BK channels that can
be activated by the step to +81 mV can be defined, it would
provide a way of more precisely defining the average [Ca®"];
detected by BK channels during Ca** influx.

To define the maximal BK current that can be activated at +81
mV, Ca®" influx was increased progressively by increasing the
duration of a —9 mV Ca** loading step in an attempt to load the
cell with Ca?* sufficiently so as to activate all BK channels (Fig.
5B). The resulting behavior of the instantaneous and peak cur-
rents shows several features worth noting. (1) Even the short
duration Ca?* influx steps produce a clear, instantaneous current.
The peak current at +81 mV with such small influx steps is almost
all instantaneous current. (2) Small increments in the duration of
Ca?" influx increase both the peak and the instantaneous cur-
rents. However, as the duration of the influx step is increased
further (influx steps >30-40 msec), the instantaneous current
plateaus, whereas subsequent increases in Ca®>" influx increase
only the peak current. Eventually (typically after 100-300 msec of
Ca®* influx), the peak current also reaches a maximal level (Fig.
5C). (3) After long (typically 100 msec) Ca** loading steps, rates
of inactivation of BK; current at +81 mV increase to values that
suggest the residual submembrane [Ca®"]; is equal to or above
3-5 uMm (Solaro et al., 1995). The fractional activation data of
Figure 4 indicate that this [Ca®*]; should be sufficient to produce
maximal BK conductance (g,,,,) at +81 mV. (4) With even longer
Ca®”" loading steps, both the instantaneous and the peak current
amplitude of BK; current begin to decrease. This decrease reflects
inactivation of BK; channels at the potential of the Ca*" loading
step, as reported previously (Solaro et al., 1995).

Figure 5C shows the effect of varying the Ca?*-influx duration
on the instantaneous and the peak current in a cell with BK,
current. The basic behavior of the BK, current is similar to BK;
current. However, in contrast to BK; current, the instantaneous
current in BK{ cells consistently shows a tendency to increase
slowly with the loading-step duration. This point is discussed later.

Does the maximal peak current provide an estimate of the
maximal available current at the time of the +81 mV voltage step?
This was tested in two ways. First, Ca?" influx through Ca®*
channels was increased by changing the extracellular [Ca®"] from
1.8 to 9 mwm to test whether increases in Ca®" influx result in the
additional recruitment of any “silent” BK channels that are not
active in the 1.8 mm [Ca®*], saline (Fig. 64). In 9 mm [Ca®*],, the
instantaneous current amplitude elicited by short influx steps is
increased relative to the current elicited in 1.8 mm [Ca®*],.
However, the maximal peak current amplitudes are similar in both
cases, suggesting that all of the BK channels that are activated at
+81 mV in the 9 mm [Ca®*], saline also can be activated in the 1.8
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Figure 5. Effect of varying the duration of the Ca®>* influx
step on instantaneous and peak currents. 4, Outward cur-
rent in a perforated patch-clamped cell is shown with and
without Ca®* influx. The cell was held at —69 mV and
stepped to +81 mV with or without a conditioning step to
+1 mV. On the left, the direct step to + 81 mV activates :
only Ca”*-independent, voltage-dependent K* current. On '
the right, the step to +1 mV produces Ca?* influx and 1
results in activation of BK current at +81 mV. Note the
prominent instantaneous current at +81 mV. Closed and
open arrows indicate peak and instantaneous currents, re-
spectively. B, The variation of peak and instantaneous cur-
rents with increasing influx is demonstrated in a cell with
BK; current. The cell was held at —69 mV, stepped to —9
mV to produce Ca®" influx, and then stepped to +81 mV.
The duration of the influx step was varied from 0 to 140
msec in increments of 10 msec. The resulting current traces
are shown on the /left, and the instantaneous (squares) and
peak (circles) current amplitudes at +81 mV for each Ca*"
influx step are plotted against the duration of the influx step
on the right. Only every other current trace is shown for
clarity. Perforated-patch method. R, 9.5 MQ; C,,, 5.5 pF;
80% compensated. C, Same as B, but in a cell expressing
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mwm [Ca®*], saline, albeit at longer Ca®" influx steps. Second, in
three cells, the effect of an additional depolarization to +111 mV
after the +81 mV step was tested. After Ca®”* influx steps of 200
msec or longer, this depolarization resulted in no additional
increase in conductance over that observed at +81 mV (Fig. 6B),
indicating that maximal conductance had been achieved. It is
worth noting that because substantial inactivation of BK current
occurs in many cells during the Ca** loading step, the maximal
peak current at +81 mV will not represent al/l the BK current in
a given cell but, rather, the activation of all available BK current.

The fractional activation of BK channels activated by Ca®*
influx steps long enough to produce maximal activation of BK
current was determined by using the above approach in perfo-
rated patch-clamped cells at influx potentials in the —20 to +15
mV range (Fig. 7). Then these data were compared with the
calibration data in Figure 4. The comparison showed that, after
Ca®" influx steps of long duration (100-400 msec), the average
submembrane [Ca**"); in different cells varies over a wide range,
from somewhat under 10 um in some cells to over 20 uM in others.

0 40 80 120 160
Influx Duration (ms)

However, in the majority of the cells, the average submembrane
[Ca*"]; is ~10 pm.

BK channels close to Ca®** channels can be unmasked
by EGTA

Although the above result indicates that the average [Ca®");
detected by individual BK channels at the end of long Ca** influx
steps is ~10 uM, it does not rule out large variations in the [Ca**);
detected by individual BK channels arising from differences in the
distances between BK and Ca®* channels. Thus, BK channels
located close to Ca®" channels would experience high [Ca®"];,
and those located at a distance, low [Ca”*];. If this is true, the
exogenous Ca”* buffers, EGTA and BAPTA, might differentiate
between those BK channels close to Ca** channels and those
more distant. The equilibrium Ca?™" affinities of these two buffers
are comparable, but because the Ca*>* binding rate of EGTA is
~100 times slower than BAPTA, EGTA should be unable to
buffer [Ca®"]; as effectively as BAPTA in the immediate vicinity of
Ca®* channels (Neher, 1986; Stern, 1992). Thus, if BK channels
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Figure 6. The maximal peak current elicited at +81 mV with long Ca®" influx steps defines the maximal available BK conductance. 4, The cell was
stepped from the holding potential (—69 mV) to —9 mV to produce Ca** influx and then stepped to +81 mV. The top traces show currents elicited in
external saline containing 1.8 mM [Ca®"],, whereas the bottom traces show currents in the same cell in external saline containing 9 mm [Ca®*],. On the
right, the instantaneous and peak currents are plotted against the duration of the influx step. In both salines, the maximal peak currents at +81 mV reach
the same amplitude. Perforated-patch method. R, 15.5 M(); C,,, 7.8 pF; 80% compensated. B, The cell was stepped to —9 mV for varying durations to
produce Ca?* influx and then stepped to +81 mV for 50 msec to activate the BK current robustly. After 50 msec at +81 mV, the cell was stepped to +111
mV to detect the extent of BK current activation at +81 mV. External Na* was replaced with N-methyl-D-glucamine (NMG) to circumvent the effects
of intracellular Na* block of BK channels at positive voltages (Yellen, 1984; see Materials and Methods). After short Ca®* loading steps, there is some
additional activation of BK current at +111 mV beyond what is seen at +81 mV. However, after Ca®" influx steps of 150 msec and longer, additional
activation at +111 mV does not occur, indicating that maximal activation of BK current has been achieved at +81 mV. Perforated-patch method. R, 11

MQ; C,,, 4.5 pF; 80% compensated. Sampling period, 500 usec.

are coupled closely to Ca?* channels, EGTA should be less
effective than BAPTA in preventing their activation during influx.
This approach has been used in past studies to demonstrate
coupling between Ca®" and BK channels in the frog hair cell
(Roberts, 1993) and between Ca®" channels and secretory vesicles
in the terminals of the squid giant axon (Adler et al., 1991).

BK currents were activated with intracellular EGTA in the
range of 80 uMm to 5 mM, using the standard whole-cell technique
(Fig. 84). In 80 um EGTA, the behavior of the instantaneous and
peak current elicited by Ca** loading steps of different durations
primarily approximates what is observed in cells studied with the
perforated patch-clamped method. Instantaneous current reaches
a plateau, whereas the peak current slowly increases with loading-
step duration and then decreases as inactivation accumulates at
—9 mV. However, at higher concentrations of EGTA, the results
differ. At 400 um EGTA, peak current exhibits an interesting
biphasic behavior, decreasing at first but then rebounding as the
influx step duration is increased further. The instantaneous cur-
rent, however, shows only a steady decrement under these condi-
tions. At 1 mMm EGTA, almost all of the current activated at +81
mV at all Ca®>* loading steps is instantaneous current. This
current becomes smaller as the influx duration is increased. At 5
mm EGTA, also, almost all of the peak current elicited with both
the short and long influx steps is instantaneous current, which
rapidly becomes attenuated as the influx step duration is in-
creased. The average instantaneous current recorded with 5-20
msec voltage steps to —9 mV was 5253 = 548 pA in perforated
patch-clamped cells (n = 17), 5147 = 642 pA with 80 um EGTA
(n = 10), 5041 = 908 pA with 1 mm EGTA (rn = 7), and 5833 *

1293 pA with 5 mm EGTA (n = 5). Thus, about the same amount
of BK current is activated by brief Ca®* influx steps irrespective of
the presence or absence of EGTA. In contrast, BAPTA at con-
centrations of 1 and 5 mm completely blocked activation of BK
current, whereas 400 um BAPTA eliminated most BK current
(Fig. 8B).

What do these results indicate? EGTA at concentrations of 1
mMm or above abolishes the slowly developing increase in peak
current seen in perforated patch-clamped cells (Fig. 5) and in cells
dialyzed with 80 um EGTA (Fig. 84). However, it does not
abolish the instantaneous current elicited with short influx steps,
suggesting that the BK channels producing this current are lo-
cated sufficiently close to Ca?" channels so as to be unaffected by
the buffering action of EGTA. The close proximity to Ca®*
channels probably leads to high [Ca®"]; around these BK chan-
nels, producing their rapid inactivation and leading to attenuation
of the instantaneous current as the influx step duration is in-
creased. In contrast, the gradual increase in the peak current seen
in perforated patch-clamped cells (Fig. 5B) and with 80 um EGTA
(Fig. 84) probably reflects the activation of BK channels at
increasing distances from Ca®* channels. The substantial time-
dependent activation of this current at the long influx durations at
+81 mV implies that the average open probability of these BK
channels is low and suggests that they experience relatively low
[Ca®"],.

The current traces at 400 um EGTA (Fig. 94) lend particular
support to the idea of nonuniformity in the [Ca®"]; detected by
different BK channels. This EGTA concentration seems optimal
to produce a clear separation between the fall of the early instan-
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Figure 7. The fractional activation of BK; current elicited by large Ca**
influx steps corresponds to an average submembrane [Ca®*]; of 10-20 uMm.
Ca?" influx in perforated patch-clamped cells was elicited by loading steps
between —20 and +11 mV, which were followed by steps to +81 mV. In
each cell, the duration of the Ca®>" loading step was increased progres-
sively by using the protocol shown in Figure 5. The fractional activation of
BK current for a given Ca®* influx potential was measured by calculating
the ratio of the instantaneous to the peak current for the trace showing the
maximal peak BK current. In some cases, traces for which the Ca®*
loading-step durations were longer than the duration that elicited the
maximal peak BK current were used. The fractional activation data
obtained at various Ca* influx potentials from 34 cells are shown here.
Solid lines are the fractional activation calibration curves from Figure 4.

taneous BK current and the slowly developing peak current. The
rapid and severe inactivation of the early instantaneous current
evident at the longer influx durations suggests that the BK chan-
nels producing this current are exposed to high [Ca**];. In con-
trast, the substantial time- and voltage-dependent activation of
BK current at +81 mV over a period when the instantaneous
current is abolished almost completely suggests that the BK chan-
nels contributing to the slowly developing current must be ex-
posed to lower [Ca?"];. The biphasic behavior of the peak current
observed in cells with BK; current is not seen in cells with BK
current (Fig. 9B), emphasizing that it is a consequence of the
inactivation behavior of BK; channels.

In sum, the above results indicate that some fraction of BK
channels in chromaffin cells are sufficiently close to Ca** channels
to be unaffected by EGTA. Furthermore, when EGTA is used to
unmask these BK channels, Ca** influx steps with durations >50
msec progressively and fully inactivate them. This rapid inactiva-
tion is consistent with the hypothesis that these BK channels are
activated by relatively high [Ca®*],. In contrast, in perforated
patch-clamped cells, the instantaneous current always maintains a
plateau, with only a small decrement after longer Ca®" influx
steps. The unmasking of the inactivation of some BK channels in
the presence of high EGTA suggests that, in normal cells, the
apparent plateau really reflects a balance of inactivation of BK
channels closest to sites of Ca* influx and additional activation of
channels just outside of these regions. Thus, the plateau may
reflect a changing population of active BK channels. We envision
the population of BK channels contributing to the instantaneous
current in BK; cells as an annulus around points of Ca?* influx
that moves outward as the proximal channels become inactivated
during the long influx steps. Furthermore, as the Ca*>* loading-
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step duration is increased, the instantaneous component would
arise from a progressively larger population of BK channels sens-
ing, on average, a progressively lower submembrane [Ca®*];. In
BK, cells, on the other hand, with longer Ca** influx steps the
activation of more distant BK channels simply results in a gradual
increase in the size of the instantaneous current, as noted earlier
(Fig. 5C).

Submembrane [CaZ?*]; elevations caused

by intracellular Ca®* release

Rat chromaffin cells display robust muscarinic acetylcholine re-
ceptor (mAChR)-mediated release of Ca** from intracellular
stores, presumably via an IP;-mediated process (Neely and Lingle,
1992b; Herrington et al., 1995). The time course of the Ca®*
elevation can be monitored by repeated steps to +81 mV to
activate BK current during the application of muscarine (Her-
rington et al., 1995). Using this protocol in cells with BK; current,
large inactivating BK currents are seen during the muscarinic
response, which typically lasts ~15-20 sec (Fig. 10). At the peak
of the muscarinic response, the inactivation time constants of BK;
currents are typically 40—60 msec (Herrington et al., 1995; Solaro
et al.,, 1995). Based on inactivation time constants from Figure 1,
the implication is that the submembrane [Ca®*]; reaches 3-5 um
during the peak of the response. Analysis of the rates of inacti-
vation of successive traces during the peak of the [Ca®*]; elevation
also shows that [Ca®*]; remains elevated above 1 um for several
seconds (typically 4—-6 sec with 15 sec 50 um muscarine applica-
tions). Thus, during each of the 400 msec +81 mV voltage steps,
it is unlikely that there are dramatic temporal variations in the
[Ca®"];. Instead, submembrane [Ca®*]; seems to remain fairly
constant during these steps.

We compared the submembrane [Ca®"]; elevation resulting
from mAChR activation with the elevation caused by Ca*" influx.
The consequences of influx are demonstrated by the top trace in
Figure 10B, in which the cell was stepped to —9 mV for 25 msec
to elicit influx and then stepped to +81 mV. Ca*" influx resulted
in the typical activation of BK current, and, after a step to +81
mV, there was the usual instantaneous current with some addi-
tional slow current activation. Then external Ca®>* was removed,
and 50 um muscarine was applied to the cell, during which the
previous voltage protocol was applied every 1.25 sec. At the peak
of the muscarine-induced [Ca®*]; elevation, the step to —9 mV
resulted in little detectable activation of BK current and little
instantaneous current at +81 mV. However, a large, slowly acti-
vating current was observed that inactivates more rapidly (time
constant = 48 msec) than the current resulting from Ca?* influx
(time constant = 69 msec). These inactivation rates indicate that,
after termination of the 25 msec influx step, the average submem-
brane [Ca®*]; quickly falls below the [Ca®"]; persisting during
mAChR-induced submembrane [Ca?*]; elevation. However, the
instantaneous current of the muscarine-induced response is sig-
nificantly smaller than the instantaneous current resulting from
influx. This indicates that, during the step to —9 mV, BK channels
sense a higher average submembrane [Ca®" ], when the source of
Ca®" is influx through Ca®" channels rather than release from
intracellular stores.

These results argue that the mAChR-induced [Ca**]; elevation
is quite uniform over most of the response. Based on inactivation
rates, release of intracellular Ca** by mAChR activation elevates
the average submembrane [Ca®"] to ~4 uM, yet little or no BK
current activation occurs at —9 mV during the muscarine re-
sponse. Because detectable instantaneous current after steps to
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Figure 8. EGTA eliminates the slowly developing increase in peak current but not the instantaneous current, whereas BAPTA eliminates all BK current.
A, EGTA at concentrations ranging from 80 uM to 5 mM was introduced into cells, and BK current was elicited with Ca>" influx. Cells were held at —69
mV, stepped to —9 mV to produce Ca®" influx, and then stepped to +81 mV. The duration of the step to —9 mV was increased from 0 to 220 msec in
increments of 20 msec. Shown below are the peak (circles) and the instantaneous (squares) currents plotted against the duration of the Ca** influx step.
The first voltage step was ignored in this plot, because it does not result in any Ca** influx. The dotted line in each case indicates the amplitude of the
steady-state Ca*"-independent, voltage-dependent current at +81 mV. As the EGTA concentration is increased, the slowly developing rise in peak
current is eliminated. B, BAPTA at concentrations of 400 uM and 1 and 5 mM was introduced into each of three chromaffin cells. BAPTA even at 400
uM is quite effective in eliminating BK current. Note the different y-axis scales in A.

+81 mV would be expected if even 10% of BK channels were
exposed to 10 uM [Ca®*], the previous result suggests that few, if
any, BK channels are exposed to [Ca®*] as high as 10 um.
Furthermore, at the peak of the response to muscarine, steps from
+81 to +111 mV produce no additional time-dependent activa-
tion of BK current (data not shown), suggesting that there are
very few BK channels exposed to [Ca®*] <4 um. This implies that
the mAChR-induced submembrane [Ca®*]; elevation may affect a
significant portion of the membrane, with the minimal and max-
imal submembrane [Ca®"]; probably varying less than two- to
threefold.

Short Ca2?* influx steps activate some BK channels
with near-maximal open probabilities

Results obtained with high concentrations of exogenous buffers
(Figs. 8, 9) suggest that the instantaneous current at +81 mV after
short depolarizing steps to —9 mV arises from a fraction of BK;
channels seeing a high [Ca®"];, whereas the instantaneous current
resulting from long influx steps arises from a population of chan-

nels seeing, on average, a lower [Ca®"],. In the former case, if the
BK channels underlying the instantaneous current see sufficient
[Ca®™]; so as to be maximally or near-maximally activated at —9
mV, an additional increment in cytosolic [Ca®*]; should have little
or no effect on the amplitude of the instantaneous current. In
contrast, the same additional increment in cytosolic [Ca®*];
should increase the instantaneous current resulting from long
influx steps, in which the average [Ca®*]; is on the order of 10 um
(Fig. 7). This hypothesis was tested by using the elevation of
[Ca®*]; by mAChR activation as a means to produce the addi-
tional [Ca®"]; increment. As argued earlier, mAChR activation
produces a relatively uniform submembrane [Ca®*] of ~3-5 um.
Furthermore, no BK channels detect [Ca?"]; sufficient to produce
substantial activation at —9 mV.

BK current evoked by muscarine and a 5 msec Ca*" influx step
were compared to the current evoked by the Ca** influx step
alone. The 5 msec depolarization to —9 mV resulted in an
instantaneous current of 4355 pA (Fig. 114). Subsequent mAChR
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Figure 9. 400 um EGTA uncovers BK chan-
nels closely associated with Ca?* channels
from those at a distance. A4, Two examples of
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uM EGTA in the cell are shown. The voltage
protocol is the same as that in Figure 8. Am-
plitudes of the peak (circles) and instantaneous
(squares) currents plotted against the duration
of the influx step are shown on the right. The B
dotted line in each case indicates the amplitude
of the steady-state Ca®*-independent, voltage-
dependent current in each cell. In each case,
the instantaneous current becomes progres-
sively smaller as the duration of the influx step
is increased. The peak current becomes
smaller in the first few influx steps but then
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recovers as the influx step duration is still in-
creased. B, The behavior of BK current with

400 um EGTA in the cell is shown. Instanta-
neous current is more or less steady, and
peak current increases with increasing influx
duration.
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activation immediately before the next depolarizing step elevated
submembrane [Ca?*]; further but produced little change in the
instantaneous current, yet the rate of BK current inactivation at
+81 mV placed submembrane [Ca®"]; near 4 um. This suggests
that the BK channels activated during the short influx step already
are sensing a [Ca®"]; of at least 60 um. In contrast, after long
influx steps, mAChR activation immediately before the influx step
consistently enhances the instantaneous current. For instance, as
shown in Figure 11B, after a 50 msec influx step, the instantaneous
current increased from 4121 to 7119 pA. Assuming that the
current elicited at +81 mV with mAChR activation is the maximal
BK current available for activation, the fractional activation of BK
channels at —9 mV increased from 0.31 to 0.54, indicating an
increase in submembrane [Ca®*]; from 10 um to ~15 um (from
Fig. 4). This change in [Ca®"]; is consistent with the addition of
the ~4 um [Ca®*]; that normally results from mAChR activation
(Fig. 10). Essentially identical results were obtained in four cells
with a 0.25% average increase in fractional activation after a short
(5-10 msec) influx step and a 57% average increase after a long
(50-100 msec) influx step. Together with the EGTA data (Fig. 8),
these results suggest that the BK channels that contribute to the
instantaneous current during short Ca®>" influx steps sense aver-
age submembrane Ca®" concentrations of at least ~60 um,
whereas BK channels that contribute to the instantaneous current
with long influx steps sense average submembrane Ca®>* concen-
trations closer to 10 uM.

What fraction of BK channels is sufficiently close to Ca®*
channels to be maximally activated by the short influx steps? To
determine this, the instantaneous current at +81 mV activated by
short Ca®™" influx steps was compared with the total BK current in

Influx Duration (ms)

the cell. Total BK current was determined roughly by steps to +81
mV during mAChR-induced [Ca®*); elevation. Inactivation be-
fore the +81 mV step was minimized by holding at negative
potentials before stepping to +81 mV, and the amount of inacti-
vation during the rising phase of the current at +81 mV was
accounted for by fitting the current with the modified Hodgkin—
Huxley function described in Materials and Methods. Using this
procedure, in 15 cells the instantaneous current activated at +81
mV after 5-10 msec depolarizations to —9 mV involved 17.7 =
6.7% of the total population of BK channels. If the maximal BK
current were really 50% higher, the fraction of BK channels
exposed to [Ca?*] of 60 um or higher would be 11.9 *+ 4.5%.

Clearance of Ca®* after influx
The persistence of submembrane [Ca®*]; after the termination of
Ca®" influx was studied by evoking Ca?* influx with depolariza-
tions of different durations. Then the amount of BK current
activation that can occur after a variable recovery period after the
termination of the influx step was determined (Fig. 12). This
protocol showed that, with very small Ca®* influx steps, submem-
brane [Ca**] fell very rapidly; a step to +81 mV 5 msec after the
termination of Ca®" influx resulted in no detectable BK current
activation (Fig. 124). However, as the influx step was made
longer, residual BK current activation was seen at progressively
later time points after the termination of Ca®" influx. With Ca**
influx steps of 50 msec or longer, BK current activation often was
seen hundreds of milliseconds after the termination of the
influx step.

In fact, when the Ca®* loading steps are 200 msec or longer,
rates of BK current inactivation at +81 mV often remain very
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Figure 10. Ca®" influx elevates the av-
erage submembrane [Ca®"]; to higher
levels than does mAChR activation. A,
A perforated patch-clamped cell was
held at —69 mV and stepped repeatedly
to +81 mV for 400 msec every 1.25 sec.
After 5 sec, muscarine (50 uM) was ap-
plied for a period of 20 sec. Outward
currents elicited before, during, and af-
ter the muscarine application are shown.
For clarity, not all traces have been plot-
ted. The peak current in each trace is
plotted against time in the bottom plot.
mAChR stimulation results in the re-
lease of Ca®>* from intracellular stores,
which elicit large, inactivating BK cur-
rents here. Note that after the first surge
of [Ca®*],, BK currents are suppressed
briefly before rebounding. This is attrib-
utable to Ca’*-induced inactivation of
BK current and its subsequent recovery
as [Ca®"]; levels fall (Herrington et al.,
1995). Perforated-patch method. R, 13
MQ; C,,, 6 pF; 80% compensated. B,
The [Ca®?*); elevation resulting from
mAChR activation is compared directly
with that resulting from influx in the
same cell. Top trace shows BK current
elicited in normal external saline with a
25 msec influx step to —9 mV, followed
by a 400 msec step to +81 mV. Bottom
trace shows current elicited during a
muscarine response from the same cell
in a zero external [Ca®"] saline with the
same voltage protocol applied every 1.25
sec. Note that the instantaneous current
elicited with Ca®* influx is significantly
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fast even hundreds of milliseconds (200-400 msec) after the
termination of the influx step. For instance, in the cell shown in
Figure 12, the time constant of inactivation stays near its
limiting value, ~50 msec, for 200-300 msec after the termina-
tion of a 400 msec influx step. This indicates that the submem-
brane [Ca?"] remained ~3-5 um during this period. Longer
periods of recovery after termination of influx result in the
slowing of the inactivation rate, indicating a gradual fall in the
submembrane [Ca®*],, What is noteworthy is that even after
long recovery times, e.g., 800 msec, the rates of inactivation still
correspond to a submembrane [Ca®*]; above 1 um. Note that
the current elicited at +81 mV increases initially as the recov-
ery step at —80 mV is increased (Fig. 12D). This results from
the recovery from inactivation of BK channels that have inac-
tivated during the Ca** loading step (Solaro et al., 1995).

Because detectable activation of BK current can occur at +81
mV with [Ca®*]; as little as 1 uM (Fig. 1), the complete absence of
BK current after the shortest loading steps suggests that [Ca®*];
falls from at least 60 to <1 um within 5 msec after the termination
of Ca*?” influx. In contrast, after longer Ca®* loading steps (>20
msec), [Ca®"]; falls at rates that depend on the magnitude of the
Ca®" load, although the high [Ca®*]; in the immediate vicinity of
Ca®" channels must still drop rapidly to the average cytosolic
[Ca?™]); levels.

larger than that produced by mAChR
stimulation, but the peak current is
smaller and the rate of inactivation is
slower. Closed and open arrows indicate
the peak and instantaneous current, re-
spectively. Perforated-patch method. R,,
14.4 MQ; C,,, 7 pF; 80% compensated.
Sampling period, 500 usec.

DISCUSSION

In this study, we determined the Ca®" sensitivity of BK channels
in chromaffin cells and then examined the range of [Ca®"]; de-
tected by BK channels after Ca®" influx and the release of Ca®*
from internal stores. The key findings follow. (1) During Ca**
influx, ~10-20% of the BK channels in the cell detect submem-
brane [Ca®"]; probably as high as 60 um. (2) Although these BK
channels are associated closely with Ca®* channels, most BK
channels in chromaffin cells must be at some appreciable distance
from Ca®" channels. (3) The high concentrations of Ca>* in the
vicinity of Ca?* channels fall rapidly after termination of Ca®"
influx. (4) Release of intracellular Ca*>* by mAChR stimulation
produces a relatively uniform submembrane [Ca®*]; elevation of
~3-5 pm.

We have assumed that the Ca>" and voltage dependence of
BK channel activation and inactivation are comparable in
perforated-patch recordings and under the conditions of our
calibration measurements involving standard whole-cell record-
ings. In view of reports of BK channel modulation (Reinhart et al.,
1991; Twitchell and Rane, 1993; Bielefeldt and Jackson, 1994),
this is an assumption that will have to be addressed further.
However, at present, it is supported by the following observations.
(1) After excision of BK; channels in hundreds of inside-out
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Figure 11. The average fractional activation of open BK channels after
short depolarizations is higher than the average fractional activation of
open BK channels after long depolarizations. A4, BK current was elicited
in a perforated patch-clamped cell with a step to =9 mV for 5 msec to
produce Ca®" influx and immediately followed by a step to +81 mV. The
voltage protocol was repeated every 1.5 sec, and, immediately after the
second episode, 50 uM muscarine was applied. Shown here are the current
traces immediately before and after the muscarine application. Instanta-
neous and peak current before muscarine application were 4355 and 5097
pA. Instantaneous and peak current after muscarine application were
4121 and 13232 pA. B, The Ca?* influx step was increased to 50 msec in
the same cell. As before, 50 um muscarine was applied after the second
episode. Shown here are the current traces immediately before and after
muscarine application. Instantaneous and peak currents before muscarine
application were 4414 and 7900 pA. Instantaneous and peak currents after
muscarine application were 7119 and 12138 pA. Closed and open arrows
indicate peak and instantaneous currents, respectively. Perforated-patch
method. R, 14 MQ); C,,, 6 pF; 80% compensated. Sampling period, 500
usec.

patches, we have never observed changes in inactivation proper-
ties or sensitivity to [Ca®*]. (2) Properties of BK; current in cells
recorded with the perforated-patch method are identical imme-
diately before and after activation of phospholipase C by mAChR
activation (data not shown), implying that there are no persistent
effects on BK channels of any mAChR-activated kinases. (3) The
limiting BK inactivation rates are similar both in perforated-patch
and whole-cell recording, irrespective of the methods of [Ca®*]
elevation (Neely and Lingle, 1992b; Herrington et al., 1995; So-
laro et al.,, 1995). Although these are indirect arguments, there is
no observation that requires us to reject this assumption.
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Amplitudes of submembrane [Ca elevations

detected by BK channels

The results argue that the submembrane [Ca?*]; elevations resulting
from Ca®" influx are highly nonuniform. Specifically, 5 msec after
initiation of Ca** influx, ~10-20% of BK channels are exposed to
[Ca**]; high enough to produce maximal activation at —9 mV. This
places the submembrane [Ca®"]; detected by these BK channels near
60 uM and possibly higher. Because these channels are activated by
short Ca?* influx steps rapidly and maximally, they are positioned
ideally to play a role in rapid repolarization of the membrane poten-
tial during action-potential activity, a role previously demonstrated
for BK; current in rat chromaffin cells (Solaro et al., 1995). The other
80% of BK channels are activated only by prolonged Ca®" influx
steps and detect lower [Ca®"];. With long influx steps that activate all
available channels, the average submembrane [Ca®*]; approaches 10
uM. Because the channels in this latter category are not exposed to
[Ca?*); sufficient to produce their rapid recruitment during single
action potentials, it is unlikely that they participate in the process of
action-potential repolarization. Instead, they might function under
conditions that involve Ca®>* release from intracellular stores.

Spatial arrangement of BK and Ca®** channels

BK channels in many cell types, including rat chromaffin cells,
require [Ca®"]; in excess of 5 uM for activation at physiological
potentials (McManus, 1991), indicating that they have to be
positioned reasonably close to Ca?* channels to see the required
[Ca?*),. However, this has been verified in only a few cell types.
Among these, the frog saccule hair cells (Roberts et al., 1990) and
the presynaptic terminals of the frog neuromuscular junction
(Robitaille et al., 1993) are reported to possess BK channels
tightly colocalized with Ca®* channels. In the frog hair cell, this
colocalization is reported to lead to [Ca®*]; in excess of 1 mm
around the BK channels. Colocalization remains less certain in
hair cells from other species (Art et al., 1995). In the neurons of
Helix, only a subset of Ca®>*-dependent K™ channels are coupled
to Ca?* channels (Gola and Crest, 1993), and, in bovine chro-
maffin cells, BAPTA is more effective than EGTA in suppressing
Ca®*-activated K™ current (Marty and Neher, 1985), suggesting
that at least some of the Ca*"-activated K" channels are colocal-
ized with Ca*>* channels.

Possible distances between BK channels and Ca®* channels can
be calculated based on the published formalism for the diffusion
profile of Ca?* away from single Ca®>" channels (Neher, 1986;
Stern, 1992). Assuming single channel Ca®* currents in the range
of 0.2-0.5 pA, these equations indicate that a BK channel sensing
[Ca**); of 60 uM must be 13-30 nm from the nearest Ca®"
channel. Thus, the 10-20% of BK channels in rat chromaffin cells
that see [Ca®>"]; of 60 uM or higher are probably within this
distance from Ca®" channels. However, it is important to note
that this estimate is critically dependent on the single channel
Ca®* current value, a parameter subject to errors in its estimation
(Silberberg and Magleby, 1993). Despite this uncertainty, a key
question that arises is whether the BK channels “close” to Ca**
channels are coupled to Ca®" channels by some specific mecha-
nism or whether an apparent “coupling” can arise simply from
random positioning of a large number of BK and Ca** channels
in the membrane.

Two facets of the results are consistent with the view that the
BK channels exposed to the highest [Ca®"]; may constitute a
distinct population coupled to Ca®>* channels by a specific mech-
anism. First, the relative insensitivity of the instantaneous current
produced by the short Ca?* influx steps over a wide range of
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Figure 12.  Submembrane [Ca®"]; drops rapidly after short influx steps but persists at significant levels for long durations after long influx steps. The cell
was held at —69 mV, stepped to —9 mV to produce Ca** influx, and then stepped back to —80 mV for variable recovery periods before applying a step
to +81 mV to activate BK current again. The recovery period duration at —80 mV ranged from no recovery (0 msec) to several seconds. In A4, the influx
step was 5 msec long; the recovery steps at —80 mV were incremented by 5 msec. In B, the influx step was 10 msec in duration; the recovery steps were
incremented by 10 msec. In C, the influx step was 100 msec in duration; the recovery steps were incremented by 100 msec. In D, the influx step was 400
msec; the recovery steps were incremented by 200 msec. The inactivation time constants of BK currents elicited at +81 mV in D are shown in the inset
on the right. Because channels recover from inactivation during the initial recovery steps, large increases in BK current elicited at +81 mV are observed
as the recovery duration is increased. Perforated-patch method. R, 9 MQ; C,,,, 6 pF; 80% compensated.

EGTA concentrations suggests that the BK channels underlying
this current are not located at a continuum of distances from Ca®*
channels. This result is inconsistent with a scenario in which
channels are distributed randomly. Second, in the presence of 400
uM EGTA, BK currents exhibit an interesting biphasic behavior
(Figs. 8, 9), which may be explained most simply by the presence
of two populations of BK channels: one population colocalized
with Ca?" channels that is activated rapidly during Ca®* influx
and a second population that is activated only with prolonged
Ca?" influx and, presumably, located further away from Ca®*
channels. In addition, simulations show that a random distribution
of BK and Ca®" channels in the cell membrane is insufficient to
account for 10-20% BK channels detecting [Ca*"]; of 60 uM or
higher (Prakriya et al., 1996).

Clearance of Ca®* after influx

The results show that the high [Ca®*]; in the vicinity of open Ca**
channels must fall quite rapidly on termination of Ca®" influx.
After very short influx steps (5 msec) comparable to the widths of
single-action potentials (Solaro et al., 1995), BK channels that are
activated almost maximally during Ca** influx fail to be activated
by steps to +81 mV just 5 msec after the termination of Ca**

influx. This represents a [Ca®*]; drop from at least 60 to under 1
puM—almost two orders of magnitude. Diffusion of Ca®*" from
points of Ca®™" entry can, in principle, account adequately for this
rapid fall in submembrane [Ca®*];. In contrast, after Ca*>" influx
durations of 50 msec or longer, average submembrane [Ca®"];
relax to under 1 um over hundreds of milliseconds and even
seconds. The time course of this relaxation presumably reflects
the nature of Ca®>* sequestration and removal agents such as
mitochondria, Na*/Ca?* exchangers, and Ca?*/ATPases. Mito-
chondria have been shown to sequester Ca>* during Ca*>* influx
and gradually release it into the cytosol on termination of influx
(Werth and Thayer, 1994). Furthermore, there is recent evidence
that mitochondria are involved in shaping part of the [Ca**]; fall
after very long influx steps in rat chromaffin cells (Herrington et
al., 1996; Park et al., 1996).

Implications for secretion

Our results indicate that influx of Ca** raises the submembrane
[Ca®"]; to at least 60 uM in some locations, whereas release of
intracellular Ca>* by mAChR activation raises submembrane
[Ca**); to peak levels of only ~4 um. Although the absolute
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magnitude of the [Ca®*); elevations produced by mAChR activa-
tion is less than that produced by influx, the elevation produced by
mAChR activation persists much longer and seems to affect a
significantly greater portion of the chromaffin cell membrane.
Based on estimates of the Ca?* dependence of exocytosis from
bovine chromaffin cells (Knight and Baker, 1982; Augustine and
Neher, 1992b) indicating that secretion can be initiated at [Ca®*);
lower than 1 uM, our results are consistent with previous reports
implicating mAChRs in eliciting secretion in rat chromaffin cells
(Wakade and Wakade, 1983; Malhotra et al., 1988). This contrasts
with bovine chromaffin cells, in which release of Ca?>* from
intracellular stores by mAChR activation produces relatively weak
elevations in [Ca®"]; (Cheek et al., 1989; O’Sullivan et al., 1989)
and is ineffective in producing secretion (Fisher et al., 1981; Kim
and Westhead, 1989).

In sum, our results indicate that during brief depolarizations,
although most BK channels in the cell are not activated at all,
10-20% of the BK channels are driven to near-maximal open
probabilities. The calibration data suggest that these BK channels
are exposed to [Ca®™]; of at least 60 um. Furthermore, they are
insensitive to slow Ca®" buffers, suggesting that they are located
close to Ca®" channels. Because rat chromaffin cells express
multiple types of Ca®>" channels (M. Prakriya and C. J. Lingle,
unpublished observations), it remains to be determined whether
an association exists between the BK channels exposed to the
highest [Ca®*]; and a specific Ca>* channel subtype.
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