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Inactivating and Noninactivating Ca?+- and Voltage-Dependent K+
Current in Rat Adrenal Chromaffin Cells

C. R. Solaro, M. Prakriya, J. P. Ding, and C. J. Lingle

Washington University School of Medicine, Department of Anesthesiology, St. Louis, Missouri 63110

The properties of Ca?*- and voltage-dependent K+ currents
and their role in defining membrane potential were studied
in cultured rat chromaffin cells. Two variants of large-con-
ductance, Ca?* and voltage-dependent BK channels, one
noninactivating and one inactivating, were largely segre-
gated among patches. Whole-cell noninactivating and in-
activating currents resulting from each of these channels
were segregated among different chromaffin cells. Cell-to-
cell variation in the rate and extent of whole-cell current
decay was not explained by differences in cytosolic [Ca?+]
regulation among cells; rather, variation was due to differ-
ences in the intrinsic properties of the underlying BK chan-
nels. About 75% of rat chromaffin cells and patches ex-
press inactivating BK current (termed BK)) while the re-
mainder express noninactivating BK current (termed BK,).
The activation time course of both currents is similar, as
is the dependence of activation on [Ca?*] and membrane
potential. However, deactivation of BK; channels is slower
than that of BK, channels.

The functional role of these BK channel variants was
studied in current-clamp recordings. Although both BK,
and BK, currents contribute to action potential repolariza-
tion, cells expressing BK; current are better able to fire re-
petitively in response to constant current injection. Block-
ade of BK, current by charybdotoxin abolishes this behav-
ior, showing that afterhyperpolarizations mediated by BK,
current are permissive for repetitive firing. Thus, important
properties of chromaffin cell membrane excitability are de-
termined by the type of BK current expressed.

[Key words: BK channels, inactivation, chromaffin cells,
Ca+-dependent K* currents, afterhyperpolarizations, cate-
cholamine secretion, K* channel inactivation]

Rat adrenal chromaffin cells express two kinds of calcium-ac-
tivated potassium current (Neely and Lingle, 1992a). One cur-
rent, termed BK current, results from a large-conductance, volt-
age- and calcium-dependent channel that is blocked by tetra-
ethylammonium (TEA) ions (Marty, 1981; Marty and Neher,
1985; Neely and Lingle, 1992a). The second current, termed SK
current, is voltage independent and is blocked by apamin and
curare (Neely and Lingle, 1992a; Park, 1994). Unlike BK cur-
rent described in most other cell types, BK current in the ma-
jority of rat chromaffin cells exhibits rapid and complete inac-
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tivation (Solaro and Lingle, 1992; Herrington et al., 1995). In-
activation of whole-cell BK current results from the intrinsic
inactivation of single BK channels, which we have studied in
excised patches both from rat chromaffin cells and PC12 cells
(Solaro and Lingle, 1992). We have also shown that noninacti-
vating BK channels can be observed in patches from some cells.
The presence of inactivating and noninactivating BK channels
in separate membrane patches raises the possibility that chro-
matfin cells can differentially express different types of BK
channels.

BK channels in most mammalian cells exhibit sustained ac-
tivity in the presence of a fixed voltage and cytoplasmic calcium
concentration ([Ca?*},). In addition, they undergo rapid activa-
tion and deactivation following changes in membrane potential
(Adams et al., 1982; Neely and Lingle, 1992a). Therefore, these
channels are thought to sense rapid changes in both membrane
voltage and [Ca’*], and have been proposed to play a role in
fast action potential repolarization (Adams et al., 1982; Lancas-
ter and Adams, 1986; Lancaster and Nicoll, 1987; Lancaster and
Pennefather, 1987; Lang and Ritchie, 1987, 1990). Inactivating
and noninactivating members of the voltage-gated K* channel
family are thought, in general, to underly distinct physiological
processes (Hille, 1992). By analogy, inactivating BK current in
rat chromaffin cells might be expected to play a physiological
role different than that of noninactivating BK current.

Here, we show that inactivating and noninactivating BK chan-
nels are segregated among distinct chromaffin cells. We describe
the relative occurrence of inactivating and noninactivating BK
channels among rat chromaffin cells and PC12 cells and com-
pare some of the properties of these two natural BK channel
variants. We show that the differences in the time course of BK
current following robust elevations of cytosolic [Ca?*]; result not
from differences in the time course of [Ca?*], changes, but from
the intrinsic properties of the BK channels themselves. Further-
more, whether cytosolic [Ca®*] is elevated by depolarization-
elicited influx, muscarine-induced release from cytosolic Ca?*
stores, or via direct introduction of Ca?* from a recording pi-
pette, a similar diversity in BK current behavior is observed.
Current-clamp experiments demonstrate that the ability of chro-
maffin cells to repetitively fire action potentials depends criti-
cally on the type of BK current present. Expression of a specific
BK channel variant may permit particular action potential firing
patterns in response to sustained depolarizing stimuli. These pat-
terns may, in turn, influence the temporal properties of secretion
stimulated by particular secretagogues.

Materials and Methods

Chromaffin cell culture. Methods of rat chromaffin cell isolation and
maintenance of cultures were as described in Neely and Lingle (1992a)



and Herrington et al. (1995), and were based on procedures described
in several earlier studies (Fenwick et al., 1978; Kilpatrick et al., 1980;
Role and Perlman, 1980; Livett, 1984). Each chromaffin cell dispersion
was typically done on adrenal medullas from three to four rats of about
2-3 months age.

Culture of PCI2 cells. PC12h cells (Hatanaka, 1981) were main-
tained in gelatinized 50 ml tissue culture flasks containing 10 ml of
plating media [Dulbecco’s Modified Eagle’s medium (DMEM), 10%
fetal bovine serum (FBS), and 5% horse serum (HS)]. Flasks were
stored in a humidified incubator at 37°C with 5% CO,. Cells were pas-
saged weekly by gently washing cells from the flask wall into a 15 ml
plastic centrifuge tube, and triturating with a Pasteur pipette until cell
clumps were broken into mostly single cells. Cells were counted using
a hemacytometer, and plating media was added to obtain a density of
10* cells per ml. Ten milliliters of this suspension were added to new
tissue culture flasks, which were then placed back into the incubator.
Cells left over from passaging were plated onto collagen-coated (Vitro-
gen, Celltrix Labs) 35 mm tissue culture dishes (Corning) and incubat-
ed. For some experiments, nerve growth factor (100 ng/ml) or dexa-
methasone (1 wm) was added to the cell suspension just before plating.
Currents were recorded from PC12 cells 1-7 d after plating.

Electrophysiological methods. Whole-cell and single-channel cur-
rents were recorded 2-14 d after chromaffin cells were plated. Most
whole-cell currents were recorded using the perforated patch method
(Horn and Marty, 1988), with amphotericin as the permeabilizing agent
(Rae et al., 1991). For experiments in which a solution of defined [Ca?*],
was introduced into cells, the standard whole-cell recording procedure
was used (Hamill et al., 1981). Whole-cell currents were recorded with
an Axopatch 1-A amplifier (Axon Instruments, Foster City, CA) using
a 500 M() feedback resistor. Single-channel currents were recorded with
an Axopatch 1C amplifier (Axon Instruments) using a 50 G{) feedback
resistor. For current-clamp experiments, the perforated-patch method
was used with an Axoclamp 2A amplifier (Axon Instruments) in single-
electrode discontinuous mode.

In perforated patch experiments, uncompensated series resistance (R,)
was typically 5-20 M}, of which 80-95% was electronically compen-
sated. In most cases, residual uncompensated R, was less than 2 MQ}
which, for currents up to 5 nA, results in at most a 10 mV error in the
effective command potential. Larger errors (10-20 mV) were consid-
ered tolerable in experiments when an accurate measurement of current
time course was not critical. Values for R, and the percentage compen-
sation for specific experiments are provided in the figure legends. Cell
voltages during whole-cell recordings were controlled with the Clampex
program from the pCLAMP software package (Axon Instruments, Foster
City, CA). Similarly, Clampex was used to generate repetitive voltage
pulse sequences to activate BK channels in single-channel recordings.
Analysis of whole-cell and single-channel currents was done with our
own software.

Data analysis. Currents or extracted data were fitted using a Leven-
berg-Marquardt search algorithm to obtain nonlinear least-squares es-
timates of function parameters. Kinetic properties of whole-cell and
ensemble average currents were described by fitting currents with a
Hodgkin-Huxley model of inactivating current (Hodgkin and Huxley,
1952):

1) = I sm(ny=h(0) (H
with
m(t)y = 1 — exp(—t/t,),
h(t) = hyy — (B — 1.0)xexp(~t/7)), )

where [, is the maximal activatable outward current, 7, is the acti-
vation time constant, » is the cooperativity in the activation process, T,
is the inactivation time constant, and h, is the fraction of residual
noninactivating current. In most experiments, 100 or 200 nM apamin
was added to the external saline to minimize the contribution of SK
current to the Ca**-dependent current.

Solutions. The usual extracellular solution contained the following
(in mm): 140 NaCl; 5.4 KCI; 10 [N-(2-Hydroxyethyl)piperazine-N'-(2-
ethanesulfonic acid)] (HEPES); 1.8 CaCl,, and 2.0 MgCl,, pH 7.4, ad-
justed with N-methylglucamine (NMG). For perforated patch experi-
ments, the pipette saline contained the following (in mm): 120 K-as-
partate, 30 KCI, 10 HEPES(H'), 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
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point (Wescor Osmometer) and adjusted within 3% (internal saline, 290;
external saline: 305). Tetraethylammonium ion (TEA), charybdotoxin
(CTX), iberiotoxin (IBX), and apamin were each added directly to the
extracellular saline without additional adjustments.

For single-channel recordings, cells were bathed in the extracellular
saline used for whole-cell recordings described above. Just prior to
patch excision, the solution bathing the cell was changed to the 0 Ca**
saline described below. For inside-out single-channel recordings, the
pipette saline contained (in mm) 140 KCl, 20 KOH, 2 MgCl,, 10 HE-
PES, pH 7.0, adjusted with 1 N HCI. The cytosolic saline used during
excised inside-out patch recordings was the following (in mm): 140
KClI, 20 KOH, 10 HEPES, 5 Ethylene glycol-bis(B-aminoethyl ether)
N,N,N’,N’-tetraacetic acid (EGTA) with added CaCl, to make the de-
sired free [Ca?*], pH 7.0, adjusted with 1 N HCL. N-Hydroxyethylethyl-
ene-diaminetriacetic acid (HEDTA) was used to buffer Ca* in solutions
with desired free [Ca?*] greater than 2 pMm. Estimates of free [Ca>*]
were determined as described previously (Solaro and Lingle, 1992; Her-
rington et al., 1995).

Voltages for perforated-patch whole-cell recordings have been cor-
rected for a +9 mV liquid junction potential, which results from the
use of a K-aspartate-based pipette saline. A correction was also made
for the +3 mV liquid junction potential that arose when chioride-based
salines were used for introducing high [Ca?*] into cells.

Solution exchange and drug applications were accomplished as de-
scribed previously (Herrington et al., 1995). Pluronic acid was from
Molecular Probes, Eugene, OR. All other chemicals were from Aldrich
or Sigma. Charybdotoxin (CTX) and recombinant iberiotoxin (IBX)
were the generous gifts of our colleagues at the Merck Research Labs.
CTX, obtained from Peninsula Labs, was used in some experiments.
Nerve growth factor (NGF) was the kind gift of Dr. Eugene M. Johnson
(Washington University, St. Louis).

Results

Selective expression of single BK, and BK, channels in rat
chromaffin cells

Single-channel recordings from excised inside-out patches of rat
chromaffin cells reveal two distinct types of BK channels (Fig.
1). Both channel types have a similar single-channel conduc-
tance (~270 pS in symmetrical K*). Activation of both types
requires [Ca?*]; and membrane depolarization, but one form in-
activates within 35-50 msec at 2 uMm Ca?*, or higher (Solaro
and Lingle, 1992). A tabulation of the frequency of observation
of each channel type shows that the two types appear to be
differentially segregated among patches (Table 1). In particular,
of 446 patches, 338 (75.8%) contained exclusively inactivating
BK channels, 41 (9.2%) contained exclusively noninactivating
BK channels, and the remaining 15% contained both types of
channel. Since patches with inactivating channels usually con-
tained 3-10 channels, these distributions are unlikely to result
from the random expression of two BK channel variants on all
chromaffin cells. These data suggest two possibilities: each type
of BK channel occurs in clusters, or a particular chromaffin cell
expresses one type preferentially. Recordings of whole-cell BK
current shown below support the latter possibility. We will refer
to inactivating BK channels as “BK, channels’ and the resulting
whole-cell current as ““BK, current.” We term BK channels that
exhibit sustained activity “BK_ channels” and the underlying
whole-cell current “BK, current.”

BK, and BK, channels have also been observed in patches
from PCI12 cells (Solaro and Lingle, 1992), a rat adrenal chro-
maffin cell pheochromocytoma cell line (Hatanaka, 1981). As
shown in Table 1, excised patches from cultured PC12 cells
express about equal proportions of BK; and BK, channels, while
over time, irrespective of whether cells are grown in NGF or
dexamethasone, the relative occurrence of BK, channels increas-
es.
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Figure 1. Two kinds of Ca?*- and A :
voltage-dependent K* channels in rat
chromaffin cells. In A, an excised in-
side-out patch from a rat chromaffin
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BK channel is observed. The ensemble Tt
average shown below indicates that the 0
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ceeds 0.8 at this [Ca?*] and voltage.

Whole-cell recordings reveal either an inactivating or
nonnactivating voltage- and Ca?*-dependent current

Depolarizing voltage steps activate a large Ca**-dependent out-
ward current in both rat (Neely and Lingle, 1992a) and bovine
{Marty and Neher, 1985) chromaffin cells. The current—voltage
relationship often exhibits a characteristic “‘hump” or “N-
shape™ that reflects, in part, the voltage dependence of Ca**
current activation. However, the exact time course and amplitude
of this outward K* current are complex functions of membrane
voltage, submembrane [Ca?*],, Ca?" current kinetics, and the
kinetic properties of the underlying K* channels. Consequently,
few conclusions about the intrinsic activation and inactivation
properties of the Ca?*-dependent K* current can be made from
the shape of whole-cell currents activated by simple depolarizing
voltage steps.

We have found that properties of whole-cell voltage- and

Table 1. Number of excised patches containing only BK,, only
BK,, or both BK, and BK, channels

BK, and
Cell type BK, BK, BK, Total
Rat chromaffin 338 (75.8%) 41 (9.2%) 67 (15.0%) 446
PC12 (untreated) 8 (23.5%) 18 (52.9%) 8 (23.5%) 34
PC12 (+ NGF) 0 4 0 4
PCI12 (+ DEX) 1 13 0 14

Numbers in parentheses indicate the percentage of total patches. NGE nerve
growth factor; DEX, dexamethasone. Chromaffin cell patches with only BK;
channels usually contained 3—10 channels, while patches with only BK, chan-
nels contained less than 4 channels.

100 200 300 400 0

T 7 171 Tl
100 200 300 400
ms

Ca?*-dependent K* current are better studied using the following
protocol: first, cells are depolarized to potentials that activate
Ca*" influx through voltage-gated Ca?* channels, thereby load-
ing the cell with Ca?* (Herrington et al., 1995); second, follow-
ing so-called “loading steps,” cells are depolarized further to
+81 mV. At +81 mV, near the equilibrium potential for Ca?*
(Ecp), Ca?* influx is terminated, while BK current is activated
by the positive membrane potential and [Ca**]; previously de-
livered by the loading step. Such a protocol is illustrated in Fig-
ure 2, in which a 250 msec step to +1 mV (the loading step) is
followed by a step to +81 mV (the test step) either in the pres-
ence or absence of extracellular Ca?*. For the cells shown in
Figure 2A and B, the test step to +81 mV that follows a loading
step results in the robust activation of Ca?*-dependent current.
In Figure 24, Ca?*-dependent current following the loading step
decays rapidly to an amplitude similar to that of the voltage-
dependent current activated in the absence of extracellular Ca**
(Ca** ). In contrast, the Ca?"-dependent current shown in Figure
2B decays only slowly over the 500 msec test step. For the
moment, we will refer to these currents as presumed BK; and
BK, currents, respectively. Because both of these currents are
absent when Ca?*, is removed or when the cell is stepped di-
rectly to +81 mV without a loading step, both are strictly de-
pendent on Ca?" influx for activation.

Macroscopic currents observed at +81 mV following eleva-
tion of cytosolic Ca?* exhibit some variability in the extent of
inactivation. Despite this variation, whole-cell current appears to
be either predominantly inactivating (BK;) or predominantly
noninactivating (BK,). For example, despite some variability in
inactivation time constants in cells with inactivating current,
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Figure 2. Two kinds of whole-cell Ca?*- and voltage-dependent out-
ward current in rat chromaffin cells. In A, currents from a cell with
inactivating Ca’*- and voltage-dependent K* current (BK, current) are
illustrated, while, in B, currents from a cell with a more sustained Ca?*-
and voltage-dependent current (BK, current) are shown. The voltage
command protocol is shown on the fop, and current traces activated
either in the presence or absence of extracellular Ca?* are shown on the
bottom. From a holding potential of —69 mV, each cell was stepped to
+1 mV for 250 msec before a subsequent step to +81 mV. In A, a
completely decaying Ca?*-dependent current is observed during the step
to +81 mV, while in B there is a substantial amount of more sustained
Ca?*-dependent current activated during the step to +81 mV. The dif-
ferences in the amount of Ca**-dependent current activated during the
step to +1 mV presumably reflect differences in the amount of Ca?*
influx in the particular cell and are not correlated with the presence of
sustained or decaying Ca**-dependent current. The amplitude of current
activated at +81 mV in the absence of external Ca?* is identical to that
activated at +81 mV without a preceding Ca?*-loading voltage step. In
A, R 9.5 M{), 80% compensation; C,, : 5 pF; in B, R: 12 M{}, 80%
compensated, C,: 4 pE

most cells exhibit BK current which inactivates 95-100% within
300 msec following a step to +81 mV with elevated cytosolic
[Ca?*]. In contrast, a smaller fraction of cells express BK current
that is noninactivating or has inactivated less than 50% within
300 msec following a step to +81 mV. The fractions of cells
exhibiting either BK; or BK, current, respectively, correlated
well with the fraction of patches containing either BK; or BK|
channels. This issue will be addressed in more detail below (see
Fig. 7).

In the next sections, we ask whether the type of BK current
observed can be explained by different underlying BK channels
or by some difference in the regulation of cytosolic [Ca?*].

Effects of loading step potential on BK current activation

The effect of varying the loading step potential on whole-cell
Ca?*- and voltage-dependent current was examined (voltage pro-
tocol shown with top traces of Fig. 3A). In the first case (Fig.
3A, middle traces), test steps to +81 mV that followed loading
steps of at least 100 msec duration activated a presumed BK|
current that decayed with a time constant of 50-100 msec. In
the second case (bottom traces of Fig. 3A), a presumed BK|
current was activated by the test step and decayed more slowly,
over hundreds of milliseconds. For each cell, the peak currents
activated during both the loading step and during the test step
to +81 mV are plotted in Figure 3B. Both current measurements
exhibit the usual bell-shape characteristic of Ca?>*-dependent K*
current in chromaffin cells (Marty and Neher, 1985; Neely and
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Figure 3. Current—voltage curves in chromaffin cells with either BK;
or BK, current. In A, currents were activated by conditioning steps to
potentials from —44 through +76 mV followed by a step to +81 mV,
which terminates Ca?* influx. The holding potential was —69 mV. The
voltage protocol is displayed on the top and numbers correspond to
different command voltages (/- —44 mV; 2: —14 mV; 3: 16 mV; 4: 46
mV; 5: 76 mV). Middle traces display currents activated in a cell with
BK, current, while bottom traces are from a cell with BK, current. For
the cell with BK, currents, R: 10.4 M{}; 80% compensated; C,,: 9.4 pF;
for the cell with BK, currents, R: 13 M{), 80% compensated; C,: 5.5
pE In B, peak outward current measured either during the conditioning
potential (open circles) or following the step to +81 mV (filled circles)
is plotted as a function of the command potential for the sets of currents
illustrated in A. The top panel plots amplitudes from the cell with BK;
current, while the bottom panel corresponds to the cell with BK, current.
In both cases, the voltage-dependent K+ current amplitude at each po-
tential, assuming a linear increase in current between —20 mV and +80
mV (cf. Marty and Neher, 1985), was subtracted in order to obtain the
amplitude of current dependent solely on Ca?* influx. Peak current dur-
ing the conditioning potential exhibits bell-shaped activation typical of
Ca?*-dependent current. For the cell with BK; current, peak current
activated at +81 mV following Ca>" influx shows a bimodal shape
reflecting increased inactivation of BK current at voltages that produce
maximal Ca?* influx.

Lingle, 1992a). Peak current measured during the test step is
consistently shifted to more negative potentials relative to the
current activated during the loading step. This shift is expected
since activation of current at +81 mV reflects only the amount
of Ca?* delivered by the loading step, while activation of current
during the loading step is limited by the voltage-dependence of
BK current activation. For the BK, current, peak current mea-
sured during the step to +81 mV exhibits an anomalous depen-
dence on the loading potential, illustrated by the “notch” in the
peak current profile of Figure 3A. As shown previously (Her-
rington et al., 1995), this anomalous reduction of peak current
is exaggerated by longer duration loading steps and is more se-
vere for loading potentials that favor Ca?* influx. Reduction of
peak current under these conditions is most simply explained by
inactivation. Consistent with this result, inactivation of single
BK; channels is favored both by higher [Ca?*], and stronger
depolarization (Solaro and Lingle, 1992). In sum, these results
suggest that in some cells BK current is largely inactivating,
while in others the BK current is mostly sustained.
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Figure 4. The time course of current at +81 mV following strong
Ca?* loading steps reflects BK channel gating behavior and not Ca?*
clearance. The top traces illustrate the command voltages used to ac-
tivate current in a cell with BK, current (middle traces) and a cell with
BK, current (bottom traces). The command protocol was identical in
both cases. From a holding potential of —69 mV, the cells were stepped
to —9 mV for 200 msec to elevate cytosolic [Ca?*]. The voltage was
then stepped to +81 mV with or without an intervening 300 msec
recovery period at —89 mV. In both cells, following the recovery period
cytosolic [Ca?*] remains sufficiently elevated to cause robust activation
of BK current during the subsequent step to +81 mV. The diminution
of BK current that occurs during the steps to +81 mV must therefore
reflect inactivation of the current, which differs markedly in the two
cases. The cells were held at —69 mV for 30 sec between each voltage
command sequence. For the cell with BK.-type current, R;: 11.5 M{);
80% compensated; C,: 10.8 pF; for the cell with BK-type current, R:
8 M(Y; 80% compensation; C,,: 8.0 pE

Whole-cell BK,; current decay reflects inactivation and not
Ca?* clearance

We next determined whether the decay of presumed, whole-cell
BK, current does, in fact, reflect inactivation rather than reduc-
tion of [Ca?*], by cytoplasmic clearance mechanisms. First,
[Ca?*];, was elevated by a 200 msec loading step to —9 mV.
Then BK; current was activated in one of two ways: first, by a
test step to +81 mV, which immediately followed the loading
step or, second, by a test step that followed a “recovery” step
to —89 mV during which cytoplasmic Ca** might be cleared
(Fig. 4). If the BK, current decay reflected rapid clearance of
Ca?* rather than inactivation, there should be no activation of
BK current during the test step that followed the recovery step.

This was not observed. Instead, BK current activation and in-
activation were essentially unchanged, even after recovery steps
up to 300 msec in duration. This result indicates that cytosolic
[Ca?*] remains elevated during the entire recovery step. There-
fore, the decay of BK; current can only reflect inactivation and
not Ca?* clearance.

A similar protocol applied to a cell with a presumed BK|
current is also shown in Figure 4. As for the experiment above,
a period of recovery at —89 mV produces little reduction of
cytosolic [Ca?*] elevated by a 200 msec loading step to —9 mV.
It should also be noted that, despite clear differences in the
whole-cell currents illustrated in Figure 4, there is a slow de-
crease in outward current at +81 mV in the cell with BK, cur-
rent, which may reflect some intrinsic inactivation of this cur-
rent, although at a markedly slower rate.

Effects of increasing the duration of Ca** influx on BK, and
BK, currents

The above protocols used long loading steps in order to produce
robust elevations of cytosolic [Ca?*]. Such elevations presum-
ably saturate cytoplasmic Ca?* clearance mechanisms and allow
[Ca?*], to stay sufficiently elevated to maximally activate BK
current. With smaller Ca?* loads, one might expect the time
course of BK currents activated by the test step to reflect, at
least in part, the time course of Ca*" clearance mechanisms. BK,
current should decay quickly as Ca?* is cleared following ter-
mination of influx. As the Ca?* load is increased, BK, currents
should become progressively prolonged and larger. BK, current
should be similar to BK, current for small Ca** loads but should
become progressively inactivated as Ca** loads are increased.

To test these ideas, cytoplasmic [Ca?*] was elevated using
progressively longer loading steps before a test step to +81 mV
(Fig. 5A). For a cell with presumed BK; current (middle traces
of Fig. 5A), the peak current activated by the test step increases,
while the rate of decay shows little change as the Ca?* load is
increased. For a cell with presumed BK, current, the peak cur-
rent activated by the test step also increases with longer loading
steps, but the decay of current is progressively slowed. Figure
5B illustrates currents from the cells shown in A recorded with
three different loading potentials and a wider range of loading
step durations. For BK, current (left traces), as the duration of
the loading step is increased or the loading potential made more
positive, peak current is first increased and then suppressed. For
the longest loading steps to +11 mV, most BK; current is in-
activated during the loading step so that very little current is
activated by the subsequent test step. For a cell with BK, current
(right traces), a larger Ca?>" load results in more persistent acti-
vation of current during the test step. Thus, following the longest
loading step to +11 mV, BK, current activated at +81 mV
shows little decrement over hundreds of milliseconds.

The time constant of BK current decay during the test step
was measured and plotted as a function of loading step duration
(Fig. 5C). For BK, currents, the time constant gradually increas-
es for loading steps up to about 100 msec in duration, then
decreases for longer loading steps. In contrast, the time constant
of decay for BK| currents increases continually with the loading
step duration until it becomes imprecisely defined. This is con-
sistent with the idea that the time course of BK current is de-
termined largely by the rise and fall of submembrane [Ca?*] for
loading steps of 100 msec or less. For longer loading steps, BK|
current continues to mirror the behavior of submembrane [Ca?*].
In contrast, both the increased rate of BK, current decay and the
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Figure 5. Effect of varying the Ca’>* loading step duration on the behavior of BK current activated at +81 mV. In A, the rop traces illustrate
command voltage sequences used to activate currents shown in the bottom two sets of traces. The cells were clamped at —69 mV and stepped for
different times (0, 150, 300, 450 msec) to —9 mV (middle traces) or —29 mV (bottom traces) before a subsequent step to +81 mV. The traces
activated by stepping directly to +81 mV from —69 mV show current that is strictly voltage dependent, while currents activated at +81 mV
following an intervening command step to either —9 or —29 mV reflect current that depends on Ca** influx. Middle traces illustrate current in a
cell with inactivating BK current, while bottom traces illustrate current in a cell with more sustained BK current. The time between each stimulation
was 20 sec. Cells were briefly repolarized to —34 mV before returning to —69 mV at the end of the traces. For the cell with BK; current: R: 9.5
M), 80% compensated; C,: 5.0 pF; for the cell with BK, current: R;: 9.5 M{), 80% compensated; C,: 6.0 pE In B, currents activated by protocols
similar to those in A are displayed for the same two cells but with three different loading potentials (fop: +11 mV; middle: —9 mV; bottom: —29
mV). For the cell with BK, current (left traces), more positive loading potentials result initially in more robust activation of BK current followed
by appreciable inactivation of current during the loading step. For the cell with BK, current (right traces), more positive command potentials and
longer loading steps results in slower decline of BK current during the steps to +81 mV, indicative of a slower rate of clearance of Ca** from the
cell. The cell with BK, current may contain a small component of inactivating BK current. In C, the time constants of decay of BK current activated
at +81 mV following loading steps to —9 mV for a BK| cell (filled circles) and a BK_ cell (open circles) are plotted as a function of loading step

duration. At loading steps longer than about 500 msec it was not possible to determine meaningful decay rates for the BK, cell.

suppression of peak current argue that the time course of BK;
current reflects the intrinsic inactivation of the underlying chan-
nels. The experiments in Figure S also point out that either the
cytosolic [Ca?*] falls very little over a | sec period following
robust [Ca?*], elevation, or that [Ca’*], remains at a concentra-
tion above that which is necessary for maximal activation of BK
current at +81 mV.

BK, and BK, currents activated when cytosolic {Ca®*] is
elevated either by muscarinic receptor activation or by
inclusion of Ca?* in the recording pipette

Cytosolic [Ca?*] in rat chromaffin cells can also be elevated by
muscarinic receptor-induced release of Ca?* from intracellular
stores (Neely and Lingle, 1992b; Herrington et al., 1995). Figure
6 compares currents recorded from cells exhibiting either pre-
sumed BK, (Fig. 64,B,C) or presumed BK; (Fig. 6D,E,F) current
during muscarine-induced [Ca?*], elevations. In most cells, steps
to +81 mV result in large, almost completely inactivating out-
ward currents during the muscarine-induced Ca?* elevation (Fig.
6D, E). In such cells, Ca?* loading protocols also give rise to an
inactivating, Ca?"-dependent current (Fig. 6F). In some cells,
however, steps to +81 mV result in large, noninactivating out-
ward currents during the action of muscarine (Fig. 64, slow time
base; Fig. 6B, representative single sweeps). In such cells, a

loading protocol always revealed a Ca?*-dependent, noninacti-
vating current (Fig. 6C).

We have also examined the properties of voltage-dependent
outward current activated when [Ca?*]; is elevated by including
Ca?* in the recording pipette (Fig.6G,H). Outward current was
elicited by voltage steps to +81 mV with 4 pm Ca’* in the
recording pipette saline and with 200 nM external apamin. Figure
6G shows examples of two cells with inactivating current, while
Figure 6H shows two cells with relatively noninactivating cur-
rent. Such currents are certainly contaminated by strictly volt-
age-dependent K* currents, but such contamination is minor
(Fig. 6I). The average peak voltage-dependent K* current in
cells in which Ca?* is not elevated is typically less than 1 nA
at +81 mV. Thus, irrespective of the method of elevating cy-
tosolic [Ca?*], chromaffin cells ‘exhibit BK current that is either
largely inactivating or relatively noninactivating.

To compare the phenotypic diversity of BK currents recorded
using these different methods, Figure 7 plots histograms of the
number of recordings of BK currents with particular inactivation
time constants. In Figure 7A, the inactivation time constant was
measured for whole-cell current recorded when [Ca®*], was el-
evated either by a voltage step to cause Ca?* influx or by mus-
carine-induced release of stored Ca?*, (Neely and Lingle, 1992b;
Herrington et al., 1995). In Figure 7B, the inactivation time con-
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Figure 6. BK; and BK, current when [Ca?*] is elevated by release from intracellular stores. Traces in A, B, and C are from a cell that exhibited
BK, type current, while traces in D, E, and F are from a cell with BK; type current. In A and D, slow time-base records of membrane current are
displayed. Upward deflections correspond to current resulting from command steps to +81 mV applied at 0.5 Hz. During the period indicated by
the bar, 50 uM muscarine was applied to each cell, resulting in elevation of cytosolic [Ca?*] and activation of BK current. In D, the extracellular
saline contained nominally O Ca?*. The calibration bar in A also applies to D. In B and E, faster time-base records of command steps indicated by
the symbols in A and D are displayed (cell with BK, current: sweeps 11, 17 and 26; cell with BK; current, sweeps, 11, 17, and 22). Sweep 11
corresponds to current activated by the voltage step to +81 mV prior to muscarine application. The calibration bar in E also applies to B. In C
and F, depolarizing steps were used to elevate cytosolic [Ca?*] prior to subsequent steps to +81 mV. In C, the holding potential was —69 mV and
the cell was stepped to either —49 or —9 mV for 800 msec prior to a step to +81 mV. In F, from a holding potential of —69 mV the cell was
stepped to either ~59 mV or +1 mV for 250 msec before the step to +81 mV. In both cases, the external saline contained 200 nm apamin. The
calibration bar in F also applies to C, with C having the slower time base. For the cell with BK| type current: R.: 21 M{); 80% compensated; C,.:
6 pF; for the cell with BK; type current: R.: 8.7 M{}; 80% compensated; C,: 6.5 pE In G and H, cells were voltage clamped with the standard
open-pipette method (Hamill et al., 1981) with 4 um Ca?* in the pipette. From a holding potential of —63 mV, the voltage-was stepped to +87
mV. G shows traces from two cells with inactivating current and H shows traces from two cells with relatively noninactivating current. In /, traces
from two cells with pipette saline containing 80 pM EGTA are shown. In all cases, the external saline contained 200 nM apamin. G-/ share the

same calibration bars.

stant was measured for whole-cell currents recorded when
[Ca?*], was directly introduced from the recording pipette. When
inactivation did not occur or when the inactivation time constant
was too slow to be well defined, an entry was placed in the bin
corresponding to the largest time constant. For an additional
comparison, inactivation time constants for inside-out patches
containing exclusively inactivating BK channels were deter-
mined from ensemble averages at +60 mV and with 2 or 4 um
Ca?*, (Fig. 7C). The faster macroscopic inactivation rates cor-
relate well with the single-channel inactivation rates, and the
distributions obtained for each recording method are remarkably
similar. With elevated pipette [Ca?*], current inactivated with a
time constant of less than 100 msec in 28 of 36 (78%) cells.
With the less well-defined elevation of cytosolic {Ca*>*] by mus-
carine or depolarization-elicited influx, 49 of 66 (74%) cells had
BK current that inactivated with a time constant of less than 110

msec. This indicates qualitatively the fraction of cells that ex-
press BK current that inactivates by over 95% within 300 msec
at +81 mV during elevated cytosolic [Ca®*]. Together with Ta-
ble 1, these distributions show that about 75% of the chromaffin
cells and patches contain BK currents that inactivate almost
completely within 300 msec. The remaining cells or patches
exhibited either no inactivation or current that inactivates less
than 50% within 300 msec.

These distributions indicate that there is some variability in
the range of BK current behavior as defined by the whole-cell
inactivation time constant. Although the inactivation rates of
most whole-cell currents approach the nearly limiting inactiva-
tion rate defined in inside-out patches at +60 mV with [Ca?*],
greater than 2 pM (Solaro and Lingle, 1992), whole-cell current
can range from completely inactivating to noninactivating. For
muscarine- or depolarization-induced elevations of cytosolic
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Figure 7. The frequency distribution of BK current inactivation time
constants in cells and patches. In A, inactivation time constants were
measured from the decay of current during a voltage step to +81 mV
at the peak of the response to muscarine (e.g., Fig. 6B or E) or from
currents following prolonged depolarizing conditioning steps (e.g., Fig.
6C or F). In B, inactivation time constants were measured for currents
activated by voltage steps to +87 mV with pipette [Ca®*] of 4, 10, 20,
or 60 um. For both A and B, if a cell exhibited no appreciable inacti-
vation, the cell was included in the highest bin. In C, inactivation time
constants were measured from ensemble currents generated by voltage
steps to +60 mV with 2 pM or 4 pM Ca?*, using inside-out patches
held at —40 mV. The plot displays the frequency distribution of patches
with different inactivation time constants. Only patches with solely in-
activating channels were included in this distribution. See Table 1 for
the fraction of patches containing BK, channels or mixtures of BK, and
BK, channels. Voltage steps were typically 400 msec in duration.

[Ca?*], it is likely that, in some cells, the elevation of [Ca?*], is
not large enough to produce maximal inactivation rates of BK
current, thereby resulting in the appearance of more slowly in-
activating current. However, this is unlikely to be the explanation
for the occurrence of totally noninactivating current, since the
activation rate of BK current in such cells is not noticeably
slower than that for inactivating current. Furthermore, some vari-
ability in BK inactivation is still observed when [Ca?*] greater
than 4 pM is directly introduced into the cell through the re-
cording pipette. This suggests that variability in macroscopic
inactivation behavior may also result from intrinsic variability
in the properties of BK current among different cells. However,
our observations are generally consistent with the view that the
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variability in extent of inactivation of BK currents among chro-
maffin cells does not represent a continuum of BK current be-
haviors, but rather two qualitatively distinct types of behaviors,
predominantly inactivating and predominantly noninactivating,
resulting from differential expression of two phenotypic forms
of BK channel. Within these two general groupings of current
behavior, additional variability may reflect some differential ex-
pression of different BK channel variants, heteromultimer for-
mation, BK channel modification, or modulation; however, this
issue is not addressed by the present data. Although we have no
information about the possible reasons for the two types of BK
phenotype, we have noted that some chromaffin cell dispersions
appeared to be relatively enriched in cells with BK, current.

Calcium and voltage-sensitivity of BK, and BK, channels

The results above show that BK current in rat chromaffin cells
exhibits a broad range of behavior, ranging from completely in-
activating to essentially noninactivating. This appears to reflect
intrinsic differences in the properties of the BK channels rather
than differences in cytosolic [Ca>*] regulation. We next wished
to determine whether any other functional aspects of presumed
BK; and BK, currents might differ. This was approached in three
ways: first, by defining the activation rates of BK channels in
excised inside-out patches; second, by examination of BK chan-
nel deactivation rates; and, third, by comparing the fractional
activation of whole-cell BK; and BK, current during voltage
steps when Ca?* is introduced into the cell through the recording
pipette.

Activation and deactivation of BK, and BK, channels. The
activation time course of single BK; and BK, channels recorded
in excised inside-out patches was compared using the protocol
shown in Figure 84 and B. Ensemble average currents were
generated and fitted by a Hodgkin-Huxley model (see Materials
and Methods) to obtain estimates of the rate and cooperativity
of activation. BK, and BK_ channels showed no obvious differ-
ences in these parameters. At +60 mV and 2 um Ca?*,, acti-
vation time constants were 10.2 = 4.5 msec (mean * standard
deviation, n = 7) for BK, channels, and 8.7 msec (mean, n =
2) for BK, channels. Estimates of cooperativity were 1.06 =+
0.30 for BK, channels, and 0.70 for BK, channels. Thus, we
expect activation of BK; and BK, channels to follow a similar
time course immediately following short-duration depolariza-
tions with elevated submembrane [Ca?*].

To compare deactivation, patches containing either BK| or
BK, channels were briefly stepped to +60 mV and then repo-
larized to —40 mV in the presence of 2 um Ca’*, (Fig. 8C).
Ensemble tail currents were generated, and deactivation time
constants were measured by fitting an exponential function to
the current decay. Deactivation of BK; channels was best fitted
by two exponential components (7., = 2.4 = 0.46 msec (mean
+ SEM); 1., = 12.0 = 3.0 msec; fraction slow = 0.6; n = 6)
while a single exponential could adequately describe BK, chan-
nel deactivation (1 = 2.0 = 0.3 msec; n = 4). BK, channels
deactivated with a time course that was similar to the fast com-
ponent of BK, deactivation; however, there was no evidence for
a slower second component.

Voltage and Ca’*-dependence of whole-cell BK current. A
second component of deactivation may represent an open state
unique to BK; channels and suggests that some differences in
steady-state Ca>* and voltage dependence of BK, and BK, chan-
nel p(open) might exist. Single-channel experiments have shown
that BK, channels exhibit pronounced steady-state inactivation
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Figure 8. The time course of activation for BK, and BK_ channels is
similar, but deactivation time course differs. BK; channels (4) or BK,
channels (B) in inside-out patches were held at —40 mV and stepped
to +60 mV every 3 sec using the voltage protocol shown. A and B
show the time course of P, calculated by averaging idealized records.
These traces were fitted with a Hodgkin-Huxley model for inactivating
current (see Materials and Methods) as shown by solid lines superim-
posed on the averages. The patch in A contained at least five BK, chan-
nels and 70 sweeps were averaged. The patch in B contained a single
BK, channel, and 110 sweeps were averaged. Parameters of the fits are
given in the text. Because the exact number of inactivating channels
for the patch shown in A was unknown, N*P, rather than P, was cal-
culated, where N is the number of channels in the patch. Dotted lines
are drawn at zero P,. In C, inside-out patches containing either BK; or
BK, channels were held at —40 mV, depolarized to +60 mV for 10

with [Ca?*]; of 2 uM and above (Solaro and Lingle, 1992; Her-
rington et al., 1995). Furthermore, both the time course of ac-
tivation and peak BK; current during a voltage step is limited
by the appreciable inactivation that occurs during the rising
phase of the current. These limitations preclude a simple com-
parison of the Ca?* and voltage dependence of BK; and BK,
steady-state open probability. Thus, it was desirable to have an
independent method to compare the Ca?* and voltage depen-
dence of BK current. To accomplish this, BK current activation
was examined in whole-cell recordings in which 4 pm [Ca?*]
was directly introduced into the cell from the recording pipette.

Single-channel experiments indicate that near +87 mV with
Ca?*; at concentrations of 4 M and higher, the open probability
of BK channels is near maximal. Therefore, peak whole-cell
current measured at +87 mV with a comparable [Ca?*]; would
provide an indication of the maximum available BK current at
the time of a voltage step. The fraction of available BK channels
activated by a conditioning voltage step prior to a step to +87
mV can then be estimated from the amount of current active
immediately following the step to +87. The ratio of the current
immediately following a step to +87 mV to the peak current
activated at +87 mV provides an estimate of the fractional ac-
tivation of BK current at the conditioning voltage. As shown in
Figure 9A, when the membrane potential is stepped from the
conditioning voltage to +87 mV, there is an instantaneous, ohm-
ic step of current that reflects current activated during the con-
ditiong step. This is followed by slower, additional activation
due to the stronger test pulse. Thus, the ratio of instantaneous-
to-peak current measured during the test pulse when plotted
against the conditioning voltage estimates the voltage depen-
dence of BK current activation (Fig. 9B). This procedure will
overestimate the fractional activation at any conditioning poten-
tial by the amount of inactivation that occurs between the in-
stantaneous and peak current at +87 mV. Since activation at
+87 mV is rapid compared to inactivation, this error is minor.
A second error will result from the contamination of traces by
voltage-dependent K* current. Since the amount of voltage-de-
pendent K* current at +87 mV is typically less than 10% of the
peak BK current, this error also should be minor.

Figure 94 illustrates instantaneous and peak outward currents
activated from two conditioning potentials with 4 um Ca?*, for
a cell with predominantly BK, current (BK cell) and a cell with
predominantly BK, current (BK, cell). Figure 9B plots the nor-
malized G-V curves obtained in this fashion for six BK; cells
and five BK, cells. The voltage of half activation (V) at 4 pMm
for BK; cells was 48.2 = 1.4 mV with a slope factor of 13.1 =
1.3 mV (fitted value with 90% confidence limit). For BK| cells,
the Vg, was 54.1 £ 2.2 mV with a slope factor of 14.8 = 2.1
mV. The similarity of these values supports the idea that the
Ca?* and voltage dependence of activation does not differ ap-

«—

msec, and then repolarized to —60 mV for 100 msec. The traces (la-
beled BK, and BK,) show average P, during repolarization and were
generated by averaging idealized opening and closings after repolari-
zation. Maximal P, is plotted downward to emphasize deactivation and
scaled to the same peak amplitude to facilitate comparison. The time
course of BK; repolarization was best fit by the sum of two exponentials
(A ¥ exp(—tt,) + Ay, * exp(—t/t,,,), while a single exponential
[A * exp(—t/7)] could sufficiently describe BK, repolarization. Fits are
shown as solid lines superimposed on the traces, and the time constants
are as shown. Additional parameters are given in the text. The dorred
line indicates zero P,.
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Figure 9. Ca?*- and voltage dependence of BK, and BK current measured
in whole-cell recordings with defined pipette [Ca**]. In A, on the fop, the
voltage-protocol used to activate BK current during a whole-cell recording
with 4 um Ca®* is shown. Typical currents activated by the voltage steps
are shown for a BK, cell (on the leff) and for a BK, cell (on the right). In
both cases, following a depolarizing conditioning step to the indicated po-
tentials, when the voltage is stepped to +87 mV, there is an ohmic step of
current followed by a slower additional activation of current. For the BK,
cell, the level of current after inactivation of BK current provides an indi-
cation of contaminating voltage-dependent K* current. Small depolarizing
conditioning steps result in small ohmic steps followed by a large additional
activation at +87 mV. For the cell with BK, current: R: 6.2 M(; C_: 6.5
pF; 80% compensated. For the cell with BK| current: R: 6.7 M(}; C: 7.0
pF; 80% compensated. In B, the instantaneous current amplitude was in
each case normalized to the peak current activated at +87 mV. This value
reflects the fractional activation of maximal activatable BK current at the
particular conditioning potential. Points correspond to estimates from six
BK; cells and five BK| cells. Each set of values was fit with a single
Boltzmann function that included a voltage-independent nonzero term. Fit-
ted values are provided in the text. The voltage-independent term for each
fit represents the amount of BK current activated by the voltage step to
+87 mV during the first sampling interval.
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preciably between BK, and BK, currents in rat chromaffin cells.
This may seem surprising, given the differences in deactivation
behavior; however, it is possible that subtle differences in the
Ca?** dependence of activation are overlooked by this method.

Sensitivity of BK, and BK, currents to TEA, charybdotoxin,
and iberiotoxin

Single BK, and BK, channels exhibit a similar sensitivity to ex-
tracellular TEA, with 50% blockade between 200 and 300 pm
(Yellen, 1984; Solaro and Lingle, 1992). Whole-cell BK; and
BK, currents measured at +81 mV were also blocked to a sim-
ilar degree by TEA. TEA (300 pm) blocked BK, currents by
542 * 6.5% (mean * SD; n = 3) and BK, currents by 54.5 *=
5.9 (n = 10).

BK currents are also known to be sensitive to the scorpion
toxins, charybdotoxin (CTX) (Miller et al., 1985) and iberiotox-
in (IBX) (Candia et al., 1992; Giangiacomo et al., 1992), al-
though resistant channels from brain have been described (Rein-
hart et al., 1989). The sensitivity of rat chromaffin cell BK cur-
rent to CTX and IBX was examined both in outside-out patches
and in whole-cell recordings. Both BK, and BK, current were
sensitive to 100 nm CTX (not shown); however, while BK_ cur-
rent was usually blocked completely, block of BK; current was
much more variable. Similar results were obtained using IBX.
Currents that were resistant to CTX were similarly resistant to
IBX. Possible explanations for variable toxin sensitivity will be
examined in more detail elsewhere (manuscript in preparation).

Current clamp behavior of cells expressing BK; and BK|
currents

The functional role of BK channels in chromaffin cells has not
been directly demonstrated; moreover, the functional signifi-
cance of two BK channel types is not clear. To address this issue,
cells expressing either BK; or BK| currents were examined under
current clamp in the presence of apamin so that all voltage-
independent, Ca?*-activated K* current was abolished. Single-
action potentials were elicited by brief, superthreshold, depolar-
izing current injections. As shown in Figure 104, the basic ac-
tion potential waveform is similar for a cell with BK, current
and one with BK, current, although there is some tendency for
cells with BK, current to have more pronounced afterhyperpo-
larizations. In both cases, removal of extracellular Ca?* slows
the second half of the repolarization phase of the action poten-
tial, suggesting that BK current is activated only during the later
phases of repolarization. On average, however, the effect of Ca?*
removal was smaller in BK, cells than in BK; cells. Since re-
moval of Ca?* can produce a variety of effects unrelated to re-
duction of BK current activation, we attempted to more selec-
tively remove the contribution of BK current to action potential
repolariziation using CTX. Although CTX is less effective on
BK, current than on BK|, current, blockade of BK, current by
100 nm CTX typically exceeds 50% without affecting voltage-
dependent K* current. As this concentration, CTX results in a
marked slowing of the action potential repolarization in BK;
cells (Fig. 10B). These results show that BK current is activated
during repolarization and the effect of BK current is more pro-
nounced in BK, cells.

We next wished to examine whether BK, and BK, cells
showed differences in their ability to fire action potentials re-
petitively. Both Na* and Ca?* currents contribute to chromaffin
cell action potentials (Kidokoro and Ritchie, 1980), and during
repetitive firing the relative contribution of Na* current to chro-
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Figure 10. BK current contributes to
action potential repolarization and in-
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maffin cell action potentials typically diminishes due to inac-
tivation. As a consequence, marked changes in action potential
amplitude and duration can occur, depending on whether an
action potential arises exclusively from Ca?* influx or from
both Na* and Ca?* influx. As one measure of the ability to fire
repetitively, the number of action potentials with peak ampli-
tude exceeding O mV during a 2 sec period of depolarizing
current injection was determined (Fig. 10C). Qualitatively, the
ability of a cell to fire repetitively during constant current in-
jection differs markedly between BK; and BK, cells. In partic-
ular, over a rather broad range of injected current, BK; cells
are able to fire repetitively during a 2 sec depolarizing pulse.
These action potentials exceed O mV and are of short duration,
characteristic of action potentials with a prominent Na* current
component. In contrast, BK, cells may fire repetitively at the
smallest levels of injected current. However, the peak ampli-
tude of action potentials in BK, cells rapidly falls to voltages
below 0 mV and the action potential duration becomes mark-
edly prolonged, characteristic of action potentials arising pre-
dominantly from Ca?* currents. In the right panel of Figure
10C, the number of action potentials over a 2 sec period that
exceed a peak amplitude of 0 mV is plotted as a function of
the amount of injected current. This plot indicates that BK,
cells are more competent to repetitively fire action potentials,
at least during block of SK current by apamin.

If the properties of a particular BK current variant were im-

10 pA 10 pA

portant for determining the ability of chromaffin cell to fire
repetitively, blockade of BK channels should alter the electrical
firing behavior of those chromaffin cells for which BK current
is critical. The CTX results described above suggested that the
contribution of BK current to repolarization was more substan-
tial in BK; cells than in BK, cells. Given the slower deactiva-
tion rate of BK; channels, it seemed possible that BK, current
may give rise to a more prolonged afterhyperpolarization in
BK, cells, perhaps facilitating recovery of voltage-dependent
Na* channels from inactivation. If BK, current were in some
way permissive for repetitive firing, one would predict that
reduction of BK; current by CTX should convert a tonically
firing BK, cell into a phasically firing cell. In contrast, CTX
would be expected to have little effect on the response of BK,
cells to depolarizing current injection. This expectation is con-
firmed in Figure 10D. This experiment clearly shows that func-
tional BK; current is critical for the ability of chromaffin cells
to fire repetitively.

Although both BK channel types contribute to action potential
repolarization in different rat chromaffin cells, the faster deac-
tivation kinetics of BK, current apparently minimize the contri-
bution of BK, current to any afterhyperpolarization in BK, cells.
In contrast, the slower deactivation kinetics of BK, current are
apparently sufficient to permit a slightly more substantial after-
hyperpolarization that is required for the subsequent initiation of
action potentials.



Other similarities and differences between cells expressing BK,
or BK_ currents

The selective expression of either a noninactivating or inacti-
vating BK channel by particular rat chromaffin cells raises the
possibility that other differences between the two types of cells
may exist. However, we find no other membrane current corre-
lated with the presence of BK; or BK| current. These currents
include voltage-dependent Na*, voltage-dependent K+, SK, and
a muscarine-activated nonselective cation current (Ding and Lin-
gle, unpublished observations).

Discussion

The primary finding in this article is that rat chromaffin cells
exhibit considerable functional heterogeneity in the properties of
the Ca?*- and voltage-activated BK currents they express. About
75-80% of cells studied expressed mostly inactivating BK, cur-
rent, while the remainder express a sustained or more slowly
inactivating BK_ current. Thus, BK current phenotype is strongly
segregated among chromaffin cells. The presence of either BK;
or BK, current is not correlated with any other electrophysio-
logical property of chromaffin cells, including the type or
amount of Na* current, voltage-dependent K* current, apamin-
sensitive SK current, or nicotinic acetylcholine receptor-gated
current expressed, or the ability of muscarine to release Ca>*
from intracellular stores or activate a nonselective cation current.

Besides differing in inactivation, BK, and BK, channels ex-
hibit different deactivation behavior. However, there are no ob-
vious differences in the ranges of [Ca2*], and voltage required
to activate BK; and BK, currents or in the rates of activation.
This suggests that the two currents are activated by similar phys-
iological stimuli. This assertion, though, must be tempered by
the limited range of conditions over which activation was ex-
amined.

Using the BK currents as an assay for submembrane [Ca?*],
we demonstrate that the time course of [Ca?*], elevation pro-
duced by depolarization proceeds in a qualitatively similar fash-
ion, regardless of the type of BK current present. Furthermore,
clearance of Ca?*, following muscarine-induced release of intra-
cellular stores or following short or long loading pulses appears
to proceed in a qualitatively similar fashion in chromaffin cells
with different BK currents. These considerations would suggest
that both BK, and BK, channels respond similarly to short du-
ration [Ca?*], elevations, presumably like those associated with
activation of Ca?* channels during action potentials. With pro-
longed [Ca?*], elevation, differences in inactivation between the
two BK channel types would become more important (Herring-
ton et al., 1995).

Molecular components responsible for BK current diversity in
chromaffin cells

Mammalian BK channels are now thought to arise from the ex-
pression of a gene (Butler et al., 1993) homologous to the Slo
locus of Drosophila (Adelman et al., 1992). Diversity in BK
channel function may arise from alternatively spliced variants
(Adelman et al., 1992; Butler et al., 1993) or by association with
accessory subunits (Knaus et al., 1994). We have identified two
alternatively spliced Slo variants from rat chromaffin cell and
PC12 cDNA libraries (Saito et al., 1994). Although a molecular
mechanism of inactivation has not been identified, these initial
results indicate that multiple BK channel subunits may be avail-
able for expression within chromaffin cells.

Diversity in BK current phenotype could arise from a number
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of mechanisms. First, the two types of currents could result from
expression of two distinct BK channels, each composed of en-
tirely distinct subunits. Second, channels could be assembled by
heteromultimeric combinations of at least two channel subunit
types (Isacoff et al., 1990; Covarrubias et al., 1991), one of
which confers inactivation. Third, distinct BK current pheno-
types may result from identical channel proteins, which are dif-
ferentially altered by some posttranslational process. These is-
sues are currently being addressed.

BK channel variants and electrical excitability

The behavior of chromaffin cell membrane potential depends on
the type of BK current present. Specifically, BK, current appears
to permit chromaffin cells to fire action potentials repetitively
over a broad range of injected depolarizing currents. Although
any pattern of voltage behavior reflects a complex interplay of
a number of ionic conductances, these results argue strongly that
the type of BK current expressed critically determines the type
of firing pattern observed. Thus, cells that express BK; current
respond to depolarizing stimuli with a tonic firing pattern, while
BK, cells exhibit a phasic firing pattern. It is interesting to note
that phasic and tonic firing patterns have been found in guinea
pig adrenal chromaffin cells (Holman et al., 1994).

Consistent with the proposed role of BK channels in many
cell types (Pennefather et al., 1985; Lancaster and Adams, 1986;
Lang and Ritchie, 1987, 1990), both BK; and BK, currents con-
tribute to action potential repolarization in chromaffin cells.
However, the their contributions to repolarization appear to dif-
fer. BK, current produces more prolonged afterhyperpolariza-
tions, thereby permitting repetitive firing in chromaffin cells.
This is a new functional role for a BK-type current, and, inter-
estingly, it stems not from the channel’s most remarkable fea-
ture, i.e., inactivation, but rather from its slower deactivation
kinetics.

One might therefore ask what the functional significance of
inactivation is, given that no obvious inactivation appears to
occur during a series of action potential waveforms (Ding, un-
published observations). Previous work has demonstrated that
significant inactivation of BK, current does occur following mus-
carine-induced elevation of cytosolic [Ca?*] (Herrington et al.,
1995). At membrane potentials in the range of —40 to —50 mV,
muscarine-induced release of Ca?* from cytosolic stores can re-
sult in inactivation of over half the BK; current (Herrington et
al., 1995), while a similar elevation in a cell with BK, current
results in a small but sustained activation of outward current.
Thus, during and just after a response to muscarine, a cell with
BK, current might switch from a tonic to a phasic pattern of
firing, while firing patterns for cells with BK, current would be
relatively unchanged. We therefore propose that the magnitude
of BK current inactivation during muscarine-induced elevation
of cytosolic [Ca?*] may be so large that depolarizing stimuli
following the muscarine-induced response may be less able to
produce repetitive firing. This would effectively convert a cell
capable of firing tonically in response to depolarizing stimuli to
one that may only fire phasically. .

Some fraction of rat chromaffin cells express macroscopic
current, which appears to contain both inactivating and noninac-
tivating components. If such current results in large measure
from the expression of both inactivating and noninactivating BK
channels, how might such cells behave under current clamp?
During constant current injection we would expect that the pres-
ence of BK, current would act in a phenotypically dominant
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fashion and permit repetitive action potential firing. The pres-
ence or absence of slowly deactivating BK; current would be
the primary determinant of how a cell responds during current
injection.

Implications for secretory behavior

The different patterns of firing behavior between BK; and BK,
cells may be important for the response to secretagogues. In
particular, cells with different types of BK current may show
quite different patterns of action potential firing given similar
depolarizing stimuli. Thus, the secretory response to the same
depolarizing secretagogue might differ between the two types of
cells. The differences between cells with BK, and BK, current
are also interesting in light of the possibility that secretion of
particular catecholamines may be differentially regulated (Doug-
lass and Poisner, 1965; Vollmer et al., 1992). In fact, the per-
centage of rat chromaffin cells that express predominantly BK -
type current behavior corresponds well with the 80% of rat chro-
maffin cells known to express phenylethanolamine-N-methyl-
transferase (Verhofstad et al., 1985; Tomlinson et al., 1987; our
unpublished observations), the enzyme required for synthesis of
epinephrine (EPI) from norepinephrine (NE). At present, phys-
iological differences between distinct chromaffin cell subpopu-
lations have not been described. It will therefore be interesting
to determine whether EPI-secreting chromaffin cells express
mostly BK; channels and NE-secreting chromaffin cells express
predominantly BK, channels.

The results presented here show that a grossly homogeneous
cell population expresses a current with a remarkably diverse
range of functional characteristics. If it turns out that a unique
physiological consequence is associated with the selective ex-
pression of a particular BK current phenotype, it would provide
one of the clearest examples of a cell’s ability to express a par-
ticular type of K* channel tailored for a particular functional
role.
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