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SUMMARY

Through expression of the cloned mouse (mSIo) or human
(hSIo) large-conductance (BK) Ca2�-activated K� channel in
Xenopus Iaevis oocytes and HEK 293 cells, we characterized
the effects of reported blockers and openers of BK channels to
initiate the study of the molecular determinants of BK channel
modulation. In oocytes, iberiotoxin and charybdotoxin, peptidyl
scorpion toxins, were both equally effective blockers of BK
current, although iberiotoxin was significantly more potent than
charybdotoxin. The structurally related peptide kaliotoxin was
not a potent blocker of BK current. Paxilline, a fungal tremor-
genic alkaloid, was an effective but complex blocker of BK
current. Tetrandrine, a putative blocker of type II BK channels,
and ketamine were relatively ineffective. The putative BK open-

ers N5004 and N51619, phloretin, niflumic acid, flufenamic
acid, and 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB)
increased BK current in oocytes at �tM concentrations; many of
these produced biphasic concentration-response relation-
ships. Coapplication of representative blockers and openers
revealed several patterns of interaction, including competitive

and noncompetitive antagonism. NS1 61 9, niflumic acid, and
phloretin were tested by using excised inside-out membrane

patches from HEK 293 cells and were found to increase the
activity of hSIo BK channels and produce a leftward shift in the
G/G��-versus-voltage relationship of these channels. These
results represent the first comprehensive examination of the
molecular pharmacology of BK channels.

BK channels have single-channel conductance values of
>>100 pS in symmetrical K� and are both Ca2� and voltage
dependent (1-5). They can be separated into at least two
classes on the basis of channel kinetics and modulation by

protein phosphorylation (6, 7) and may be capable of being

further classified based on other criteria such as Ca2� and
toxin sensitivity (2, 3, 5, 6). Although found on many cell

types, these channels play particularly important roles in the

excitability and repolarization of both muscle cells and neu-
rons and the regulation of neurotransmitter and hormone

release (8-18). In general, their regulation by both voltage
and Ca2�, their large single-channel conductance, and their
localization on neurons and other secretory and muscle cells

suggest that they are a key element in the control of cellular

excitability (3, 19). In this regard, they represent a major
target for the development of pharmacological agents that

can modulate muscle and neuronal excitability. In particular,
agents that increase BK channel activity, during or after

events that increase intracellular Ca2�, would be expected to
reduce cell excitability and could directly or indirectly reduce
neurotransmitter and hormone release. Activation of BK

channels could therefore have use in protecting cells such as

neurons that are particularly sensitive to overstimulation

and pathogenic Ca2� entry resulting from conditions such as

ischemia (20).
Until recently, activators of K� channels were limited to

the class of KA.� channels. However, blockers of several
families of K� channels have been described and used as

tools in studying K� channel structure and function. The
recent discovery and characterization ofthe peptidyl scorpion
toxin BK channel inhibitors ChTX and IbTX (21-25) have
provided valuable tools in the study of BK channel function

(e.g., see Refs. 26 and 27). Subsequently, a number of addi-
tional blockers and the first openers of these channels have

been described (20, 28-30), but the diversity ofBK channels,

their complex regulation, and the absence of comprehensive
pharmacological profiling in the same system leave many

unanswered questions concerning the universal efficacy of
various compounds on BK channels. An important example is

the peptidyl toxin IbTh, which although quite specific for BK
channels, apparently only blocks one of two major classes of
BK channel in the central nervous system (6).
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The recent cloning and expression ofSlowpoke, a Drosoph-

ila BK channel (31, 32), and its mammalian (mouse, mSlo;

Ref. 33) and, most recently, human (hSlo; Refs. 34 and 35)
homologues offers an opportunity to more rigorously study

the functional effects of putative modulators on relatively

isolated and homogenous BK channel populations expressed
in Xenopus laevis oocytes or in mammalian cells. In the

current study, we evaluated the effects of a number of re-
ported blockers and openers of BK channels on mSlo- and
hSlo-mediated outward currents expressed in X. laevis oo-

cytes. In addition, we tested representatives of each class of

opener for their ability to increase the open probability of
hSlo BK channels expressed in HEK 293 cells and recorded

from excised inside-out membrane patches. The blockers

tested include the peptides IbTX (21, 22), ChTX (24, 25), and
I(TX (36); the alkaloids paxilline (28) and tetrandrine (30);
and the anesthetic (±)ketamine (37). The openers tested

were the benzimidazolones NSOO4 and NS1619 (29, 38-41);

ph.loretin (42); the CI channel blockers niflumic acid, flufe-

namic acid, and NPPB (43-45); the KATP channel opener

cromakalim (46); the tracheal relaxant SCA-40 (47, 48); and

the dihydropyridine Ca2� channel blocker niguldipine (49).

The medicinal herb extract dehydrosoyasaponin I, reported

to be a potent activator when applied to the inside of BK
channels (50), was unavailable for testing.

This comprehensive study had three related goals: to fur-

ther define the pharmacology of this very important class of
ion channels, to determine the pharmacological similarity of
the BK channel gene products ofthe highly homologous mSlo

and hSlo genes, and to determine whether different classes of
BK openers exerted their effects directly on isolated BK

channels. The results allow for the comparison of the effects
of most major classes of BK modulators in the same expres-

sion system.

Experimental Procedures

mSIo and hSIo mRNA Synthesis

The BK clone cDNAs (mSlo and hSlo; in pBluescript KS�) were

linearized with the restriction enzymes SalI (mSlo) or NotI (hSlo),

sites that are downstream of the cDNA inserts, and in vitro tran-
scribed with T3 RNA polymerase (Stratagene, La Jolla, CA) in the
presence of the cap analogue m7G[5’lppp[5’]G (Pharmacia, Piscat-

away, NJ). Template DNA was digested with RNase-free DNase I
(Epicenter Technologies, Madison, WI); the cRNA was extracted with
phenol/chloroform, precipitated with ammonium acetate and etha-
nol, rinsed with 70% ethanol, vacuum-dried and solubilized in

RNase-free water, and stored at - 70#{176}at a concentration of 1.0 �
The mSlo and hSlo constructs used in the experiments did not
contain any of the previously identified alternative splice exons

(33-35).

Oocyte Preparations

Frog oocytes were surgically harvested from mature X. laevis

(Nasco andXenopus 1) that had been anesthetized with 0.15% 3-ami-

nobenzoic acid ethyl ester (Tricaine; Sigma Chemical Co., St. Louis,

MO). The overlying follicle cell layers were removed manually. Only
late-stage V and VI OOCyteS were selected for cRNA injection. Each
oocyte was injected with -50 nl of the appropriate cRNA. After
injection, oocytes were maintained at 17#{176}in ND96 medium consist-

ing of9O mM NaC1, 1.0 mM KC1, 1.0 mM CaC12, 1.0 mM MgC12, and 5.0

mM HEPES, pH 7.5. Horse serum (5%) and penicillin/strepthmycin

(5%) were added to the incubation medium.

Electrophysiology

Two-electrode voltage-clamp recording from oocytes. Stan-

dard two-electrode voltage-clamp techniques were used throughout

the experiments (51, 52). In general, recording began 2-6 days after

mRNA injection. Before the start of an experiment, oocytes were
placed in a recording chamber and incubated in modified Barth’s

solution consisting of88 mM NaC1, 2.4 mM NaHCO3, 1.0 mi� KC1, 10

mM HEPES, 0.82 mM MgSO4, 0.33 mr�i Ca(N03)2, and 0.41 mMCaCl2,
pH 7.5. Oocytes were impaled with electrodes (1-2 Mfl), and whole-
cell membrane currents were recorded under two-electrode voltage-
clamp conditions [GeneClamp 500 (Axon Instruments, Foster City,

CA) or Turbo TECO1C (Adams and List, ). Voltage-clamp protocols

typically consisted of a series of 500-750-msec voltage steps in
+20-mV steps from a holding potential of -60 mV to a maximal

potential of + 140 mV (Fig. 1). In most cases, a P14 leak subtraction

protocol was used. A family ofoutward currents was generated under

control conditions for comparison with currents elicited in the pres-
ence of an experimental compound. The currents evoked in control

medium were not typically observed at depolarized potentials at
<+40 mV. Further descriptions ofindividual experimental protocols
and data concerning the possible contributions ofCa2�-activated C1

current to drug effects are presented in Results. Control and drug

solutions were introduced into the recording chamber continually

through the use of a gravity-flow system; solutions were switched
with the use of a rotary valve, which completely exchanged solutions

in <10 sec. In initial experiments, the time required for maximal

drug effect was determined for each compound; all drugs were ap-

plied for 5-10 mm, which was adequate for maximal activation or
inhibition of BK current in every case. A minimum of five oocytes
was used to generate each data point for each compound. All exper-
iments characterizing the effects ofputative BK channel openers and

blockers, except where noted, involved application ofthe opener until
steady state current values were obtained, followed by application of

50 nM IbTX (alone) to estimate the percentage of total current that

was attributable to BK channel expression in the oocyte under volt-

age-clamp conditions. In this manner, BK modulator effects could be

expressed as the percentage change in IbTX-sensitive current, con-
trolling for the variable levels of channel expression from oocyte to
oocyte. Data acquisition and analyses were performed using pClamp

or AxoData-AxoGraph software (Axon Instruments). Graphs illus-
trating concentration-response relationships, best-fit estimations us-

ing one-site or two-site logistic models, and estimations of EC50,

values (where possible) were accomplished with Kaleidograph

graphics software (Abelbeck/Synergy, Reading, PA) and Prism soft-
ware (Graphpad Software, San Diego, CA).

Patch-clamp recordings. HEK 293 cells were plated onto poly-
D-lysine-coated coverslips at 10-20% confluency and transiently

transfected 3 days later with hSlo (in pcDNA3, Invitrogen; 1 �.tg

DNA/35-mm dish) using the lipofectamine method according to the

manufacturer’s instructions (GIBCO-BRL, Gaithersburg, MD). Sta-

bly transfected HEK 293 cells were also prepared and used for some

of the experiments. To prepare clonal cell lines stably expressing

hSlo, cells were split 2 days after transfection and selected for
resistance to G-418 (GIBCO-BRL). After 10-12 days, surviving cells
were clonally isolated, grown to confluence, plated onto coverslips,

and tested for hSlo expression through three methods: reverse tran-
scription-polymerase chain reaction to test for the level of hSlo

mRNA, Western blot analysis to test for protein levels with an hSlo

antibody, and electrophysiologically with whole-cell patch-clamp to

determine hSlo-mediated outward current levels. In the stably

transfected clone used for these experiments, as well as the tran-

siently transfected HEK 293 cells selected for patch recordings, very

high levels of expression were encountered. In the case of transiently

transfected HEK 293 cells, excised patch voltage-clamp recordings

began 24-72 hr after transfection. All patch-clamp recordings (in-

side-out configuration only) were made according to standard tech-
niques (53, 54). An Axopatch 200A amplifier and pClamp 6.0 soft-
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Fig. 1. Effects of an opener and a blocker of BK channels on hSlo-mediated outward current expressed in a Xenopus oocyte. A, Top traces,
membrane currents generated in response to depolarizing voltage steps applied to an hS/o-injected oocyte incubated in control medium or the
BK channel opener phloretin (20 and 50 pi�i, 5 mm) recorded under two-electrode voltage-clamp. Subsequent incubation of the same oocyte in
the peptide BK channel blocker lbTX (50 n�, 10 mm) resulted in suppression of a significant proportion of the outward current, consisting of the
rapidly activating hSlo current component (top traces, far right). The remainder of the current is more slowly activating and has an inward tail
current on return to the -60 mV holding potential that is consistent with the native Ca2�-activated C1 conductance. Bottom traces, difference
currents from which the lbTX-insensitive current has been digitally subtracted to isolate BK current. B, Bottom, I-V relationships for the control
currents and currents remaining in IbTX (left) and for the difference currents in control medium and phloretin.
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ware (Axon Instruments) were used for all recordings, and no

differences were observed in the response of channels from tran-
siently transfected or stably transfected HEK 293 cells. The pipette
filling solution and the bath solution used for inside-out excised

patch recordings contained 140 mM KCI, 20 nmi 3-(N-morpholino)-

propanesulfonic acid, and 0.8 mM K�EGTA, pH 7.2. CaC12 was added

(0.8 mr�) to adjust free [Ca2�J to a calculated value of 10 p.M. Pipettes

(2.5-5.0 M#{189}in bath solution) were pulled from borosilicate glass,
coated with Sylgard, and fire-polished. Actual free [Ca2�J was deter-
mined with a Fura-2 fluorometric assay in accord with the manufac-
turers’ instructions (Molecular Probes, Inc., Eugene, OR). In these
experiments, the free intracellular Ca2� concentration was empiri-
cally determined to be 4.52 �M by this method.

Excised inside-out membrane patches were voltage-clamped at
Vm 80 mV (where Vm V�1�5��) and stepped to potentials
from - 100 mV to + 100 mV in 10-mV, 300-msec steps. The protocol

was repeated 10 times in each case, and the currents elicited were

averaged before further analysis. Background levels of native

current were very low in HEK 293 cells, generally <5% ofthe hSlo
value. Due to the high levels of hSlo expression, patches generally
contained many channels, and drug effects on single channels,
although obvious, were difficult to quantify. However, a small

number of patches contained only a small number of channels,

which allowed us to confirm that the expressed channels had the

single-channel conductance (>280 pS) and Ca2� sensitivity of

hSlo BK channels (34, 35). To compare results obtained from

different patches, currentivoltage relationships were constructed

with the last 50 msec of each current trace at each step voltage.

These values were averaged, and the averages were plotted

against the corresponding voltage steps. Conductance (G) values

were calculated as G = I/Vm. Each experiment was normalized by

dividing G values by Gmax, where Gm� was defined as the largest

G value obtained in each experiment. The values for the group

data were calculated by averaging the G/Gm,,,, values for each

potential within each experimental group. Data are presented as
mean ± standard error and represent a minimum of five patches

for each drug. Drugs (NS1619, niflumic acid, and phloretin; all at

25 j.�M) were applied to patches after a control sequence of voltage

steps. Recording began after - 1-2 mm, and each patch was used

for a single drug. G/Gm�,,, voltage curves for control and drug

experiments were fitted with a Boltzmann relationship ofthe form

G/Gmax (1 + exp[(V#{189} Vm)/k])’ with the use of Kaleidograph

software.
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Compounds

Small-molecule BK modulators, alkaloids, and peptide toxins used
in these experiments were either obtained commercially or, when
necessary, synthesized by our group using modifications of standard

procedures. ChTX was obtained from Peptides International (Louis-

ville, KY), I(TX was obtained from Peptides International or
Research Biochemicals (Natick, MA), paxilline was obtained from

Sigm&Aldrich/Fluka Bulk Chemicals, tetrandrine was obtained

from Aldrich (Milwaukee, WI), and ketamine was obtained from
Sigma. Due to the large amount of IbTX used in this study, we used

synthetic IbTX produced in our laboratories. Synthetic IbTX was

prepared using standard solid phase 9-fluorenylmethoxycarbonyl

chemistry protocols similar to those described previously for the

synthesis of ChTX (25); the principal difference in our protocol was
that each amino acid was coupled through the use of hydroxybenzo-

triazole/diisopropylcarbodiimide activation on an Advanced Chemtec

200 (Louisville, KY) batch peptide synthesizer. The purified peptide
was tested for potency and was found to be identical to that obtained

commercially.’ The benzimidazolones NSOO4 and NS1619 and

SCA-40 were prepared in-house. Phloretin, cromakalim, niflumic

acid, and flufenamic acid were obtained from Sigma. NPPB and
mguldipine were obtained from Research Biochemicals.

All peptides were prepared as 100 �M aqueous stock solutions, and

individual aliquots were brought to the final desired concentrations
in modified Barth’s solution just before use. Other compounds were

initially prepared as 20 mM stock solutions in DMSO, and final

solutions were prepared immediately before use. An exception was

tetrandrine, which was prepared as a 5 nmi stock solution in DMSO.
Paxilline and niguldipine are light sensitive, and care was taken to

protect them from light.

Results

Oocyte Experiments with Blockers

IbTX and ChTX. Outward currents expressed in oocytes

previously injected with the hSlo construct were qualita-
tively and quantitatively different from currents in control

cells. In particular, control oocytes had currents that typi-

cally were slowly activating, and at -60 mV holding poten-
tials had tail currents that were inward. In mSlo and hSlo

cRNA-injected oocytes, current amplitudes were generally

two to four times that of control oocytes and had very rapid
activation and some degree of inactivation or current reduc-

tion over the course of voltage clamp episodes of 500-750-
msec duration. Unfortunately, the native current, primarily

Ca2�-activated C1 current, had much the same voltage ac-
tivation range as hSlo-mediated currents, although it was
more slowly activating than BK currents [Figs. 1 and 2 (see
also Fig. 5)]. To facilitate this differentiation, all of the cur-

rents used for drug evaluation were elicited at step voltages

of + 120 to + 140 mV and were measured at the earliest
possible time point during the step depolarization. This cor-
responded to the initial peak ofthe control current, usually at
-30 msec into the voltage step, and maximized the difference
in the activation kinetics of the two currents. This was nec-

essary because the use of C1 channel blockers to attenuate
the native oocyte current was precluded, due to the influence

of many of these blockers on BK currents (43, 44). To isolate

and quantify BK current and its response to drug solutions,

we used the peptide BK channel-blocking toxin IbTX. This

was previously shown to be effective at blocking most hSlo-

1 � K Gribkoff, J. T. Lum-Ragan, C. G. Boissard, D. J. Post-Munson, N. A.
Meanwell, J. T. Starrett, Jr., E. S. Kozlowski, J. L. Romine, J. T. Trojnacki,
M. C. McKay, J. Zhong, and S. I. Dworetzky, unpublished observations.

A. _

I’

o:i � i’o 160 1000

[Drug] nM

Fig. 2. A, Depression of hSlo and mSlo BK currents by the specific
peptide BK blocker lbTX. In this and all subsequent graphs, each data
point was obtained by measurements on a minimum of 5 and a max-
imum of 10 oocytes. All error bars represent ± standard error. Exposure

to IbTX over a wide concentration range (0.1-250 nM) produced very
similar current responses and EC� values for both hSlo and mSlo
(values in text). These data were best fit assuming a single site of IbTX
interaction. The traces represent typical current families in control
medium and in IbTX. B, Amplitudes of current responses from hSlo-
injected oocytes were reduced in the presence of another potent pep-
tidyl inhibitor of BK channels, ChTX. Compared with IbTX, ChTX (0.1-
500 nM) was not as potent or sensitive in blocking hSlo currents, as
revealed by a shallower concentration response and a significantly
greater EC50 (values in text). It was not clear whether the shallower
curve of ChTX inhibition represents two sites of interaction because the
curve was not clearly biphasic.

mediated current at concentrations >25 riM (34); therefore, at
50 nM (used throughout these experiments), we could be

certain of nearly complete BK blockade (see Fig. 2A), allow-
ing for an estimate of the percentage of the total current

mediated by hSlo expression. This was used to normalize

expression levels in most of the following experiments (e.g.,

Figs. 1 and 5).
To demonstrate the utility of IbTX, we first character-

ized the concentration-response relationship for the block-

ade of outward current; as with other compounds used in

this study, we were also interested in determining the

degree of pharmacological identity between hSlo and its
close homologue mSlo (identity � 98%). IbTh was applied

to oocytes expressing either mSlo or hSlo at concentrations

of 0. 1-250 nM for 10 mm (maximal effects were always
observed by 10 mm). IbTX produced a consistent concen-

tration-dependent blockade of the hSlo- and mSlo-medi-
ated component of outward current, at higher concentra-
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Fig. 3. Potent inhibition of hSlo currents by the nonpeptidyl BK blocker
paxilline. Oocytes were exposed to this diterpene alkaloid over a wide
concentration range (1 nM to 7.5 SM), and paxilline seemed to interact
at two sites, with high and low affinities. Note that some lbTX-sensitive
current was present even at high paxilline concentrations.
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tions leaving a more slowly activating residual current

that was essentially identical to native current (Fig. 2A).

The IbTX concentration-response relationship for both
hSlo and mSlo was best fit assuming a single site of

interaction; the estimated EC50 for hSlo was 7.9 nM, and

the EC50 for mSlo was 9. 1 nM. IbTX was equally effective
on both BK channel homologues and was maximally effec-

tive at 25-50 nM. The reduction of hSlo current by IbTX

was reversible; although washout began quickly, complete

recovery required wash times >2 times the duration of

exposure to the peptide. IbTX produced no significant ef-
fect on native current when applied at high concentrations

to uninjected control oocytes (250 nM for 10 mm; currents

104. 1 ± 7.5% of control, five oocytes). As mentioned above,

for the subsequent examination of BK openers, IbTX was

used at a supramaximal concentration of 50 nM.

The close structural homologue of IbTX, ChTX (0.1-500

nM, 10 mm), was as effective as IbTX at high concentrations
in blocking BK current (Fig. 2B). In these experiments, the
effects on mSlo-mediated current were not examined. Al-
though equally effective, the potency of ChTX was signifi-
cantly lower than the potency of IbTX, and the resulting
curve was shallower (EC50 values: ChTX, 30.8 nM; IbTX, 7.9

imi). Similar to IbTX, the effects of ChTX were reversible on

return to control medium. ChTX had no effect on native

current in uninjected control oocytes when applied at 500 nM

for 10 mm (current amplitudes, 98.4 ± 6.3% of control, five

oocytes).
Paxilline. The alkaloid paxilline was applied at 11 differ-

ent concentrations between 1.0 nrvi and 7.5 �.tM to oocytes

expressing hSlo. As with the peptide blockers IbTX and

ChTX, maximal effects of the compound were observed by

10-mm incubation. Unlike the peptide blockers, the concen-

tration-dependent inhibition ofhSlo current by paxilline was

characterized by at least two components (Fig. 3); the result-
ant concentration-response relationship was best fit assum-

ing two sites of interaction: a high affinity site (9. 1 ni&) and a

low affinity site (0.53 LM). The high affinity interaction ac-

counted for approximately one half of the total inhibition of

current produced by paxilline. The effects were reversible
with washing, but currents returned to baseline values more
slowly than was observed with the peptide blockers, partic-
ularly after high concentrations of paxilline. Paxilline had

only a small effect on native current in uninjected oocytes; at

7.5 j.tM (10 mm), a small increase in native current was

observed (to 110.4 ± 6.9% of control, five oocytes).
Kaliotoxin, tetrandrine, and ketamine. The effect of a

third putative peptide blocker of BK channels, KTX, was

examined at 0. 1-1.0 �LM (Fig. 4). Only a small reduction in

hSlo current was observed relative to the effects of IbTX;

however, this reduction was concentration dependent and

reversible. Higher concentrations were not tested due to lim-

ited availability of the peptide. This peptide was much less
potent than either IbTX or ChTX, although its efficacy could
not be estimated from these limited data.

Two additional compounds were examined for their ability

to inhibit hSlo current: the alkaloid tetrandrine and the
anesthetic ( ± )ketamine. Even at very high concentrations
(>100 p.M), neither compound produced a significant degree

of reduction of hSlo current (Fig. 4). The small decrease

observed in response to tetrandrine may represent a vehicle

effect rather than an effect of the compound. Due to the

limited solubility of tetrandrine in DMSO, the final concen-

tration of the vehicle at 100 �.tM tetrandrine was 2%, which

depressed BK currents to almost the same degree as the
solutions containing both tetrandrine and DMSO. This was

the only instance in this study when vehicle effects were

demonstrated; in all other cases, vehicle concentrations were

kept well below levels that directly influenced outward cur-

rents.

Oocyte Experiments with Openers

Two of the putative openers examined in this study, the

benzimidazolones NSOO4 and NS1G19, were found to in-

OCH3

(�Ketamlne H3� 0��CH3� Tetrandrlne

I’

0.1 1 10 100 1000

[Drug] uM

Fig. 4. The effects of several putative BK channel blockers on hSlo-
injected oocytes. The peptide KTX produced a relatively small but
concentration-dependent depression of current. The medicinal alkaloid
tetrandrine had no significant effect on hSlo currents at these concen-
trations, which were very high relative to effective concentrations of
lbTX or ChTX. Likewise, the anesthetic agent (±)ketamine, also re-
ported to be a BK channel blocker, produced only a marginal depres-
sion at a high concentration.
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crease native current when applied at high concentrations to

uninjected or water-injected control oocytes. However, the
activation kinetics of the native Cl current was very slow,

and the effects of these compounds were principally observed
late in long depolarizing voltage steps. Thus, effects on these

currents did not contribute significantly to evaluations of
opener efficacy (performed very early in the voltage step; see

Fig. 5C). For example, application of 100 j.�M NS1619 for 5

mm, which caused large increases in native current late with

higher voltage steps (>100 mV), produced only a small in-

crease in the native current, to 117.1 ± 9.0% ofcontrol (seven

oocytes), when the effect was measured early in the voltage
step (at times comparable to those used for BK current mea-
surement). In oocytes expressing BK channels, the effect of

NS1G19 on BK current was more than 1 order of magnitude

greater, and the contribution of increases in native current

was negligible. Likewise, the effects of NSOO4 and phloretin

on peak BK currents could not be attributed to their effects

on native background current. N5004 at 100 p.M, the highest

concentration used in these experiments, produced a small
decrease in the native current (to 83.3 ± 5.3% of control, five

oocytes), and phloretin also produced a small decrease in
native current (to 84.7 ± 2.2% of control at 225 �M, five

oocytes). Similarly, compounds that were putative blockers of
the native current, but openers ofBK channels (e.g., niflumic

acid) had only small effects on the quantification of the re-

sults (reducing the apparent effect of the compounds), due to

the methods of current measurement and to our observation
that at the concentrations used in these experiments, the Cl

channel blockers were modestly effective at reducing the

small contribution of native current (values given below).

Benzimidazolones: NSOO4 and NS1619. The benzimida-

zolones NSOO4 and NS1619 were both highly effective at

increasing BK current in oocytes (Fig. 5, A-C). Both of these

compounds, which differ structurally only by the substitution

of a trifluoromethyl substituent at the para position on the
phenol ring for NS1619, produced a maximum increase of BK

current in excess of 200% of control values. Calculation of

absolute maximum effects and accurate estimates of EC50
values were prevented by the limited solubility of the com-

pounds at > 100 �tM. NS1619 was soluble to 200 �tM, but it was

used at this concentration only in some of the competition

studies (see below) because its effects were difficult to re-

verse. No significant difference in the effect of NSOO4 was

observed on currents produced by expression ofmSlo or hSlo.

‘ �I0 6o

Control NS1619 5 0 pM NS1619 100 tM IbTX 50 nM

hSIo - injected

� �: �: � �

. +140 mY

� � - 40 mY

�

v� ___l2iiA
200 me

Fig. 5. A, Application of the benzimidazolone BK channel opener NSOO4 to oocytes expressing mSlo or hSlo BK channels produced similar
concentration-dependent increases in BK outward current. Although not very potent, NSOO4 and the other effective openers characterized in this
study have great potential utility as pharmacological tools because extracellular application under whole-cell recording conditions resulted in
significant increases in BK current. B, The closely related compound NS1619 also effectively increased BK (hSlo) current. The shallow
concentration-response relationship may suggest a multiphasic interaction of this compound not observed with NSOO4 (see text and Fig. bA).
C, Current families generated by identical voltage-clamp protocols in hSlo-injected (top) and control (bottom) oocytes. The application of NS1 619

to the hSlo-injected oocyte produced a concentration-dependent increase in the outward current measured at an early point in the voltage pulse.
Arrows, the region of the current responses used for measuring the effects of compounds on hSlo. Note that although NS1 61 9 produced a
significant increase in a slowly activating component of native current visible late in these long current pulses, there is no significant effect on native
current at the early points typically used for assessing drug effects on hSlo (see text).
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Fig. 6. The putative BK channel opener phloretin produced similar
biphasic concentration-response relationships when applied to oo-
cytes expressing either mSlo or hSlo BK channels.

212 GribkoffetaL

Both compounds achieved maximal effect within 5 mm of
application and were generally easily reversible to 100 �tM.

Phioretin. Application of phloretin to oocytes expressing

either mSlo or hSlo resulted in significant increases in out-

ward current, but the profile of the concentration-response
relationship was different from that obtained with the ben-
zimidazolones (Fig. 6). In particular, the data for both con-

structs were best fit assuming two sites ofinteraction, as was
the case with the inhibitor paxilline. The estimated EC50
values for the higher affinity site were 31.4 and 34.6 �M for

mSlo and hSlo, respectively. The values for the lower affinity

site could not be estimated due to the limited solubility at

>200 �LM. The effects ofphloretin were maximal at 5 mm and
were reversible.

The C1 channel blockers niflumic acid, flufenamic
acid, and NPPB. Niflumic acid and its closely related ana-

logue flufenamic acid were both effective at increasing BK-

mediated currents (Fig. 7, A and B), and niflumic acid (1-500

�M) ‘had very similar effects on both mSlo- and hSlo-medi-

ated currents. The concentration-response relationships of
these openers could also be best described by assuming two

sites of interaction, although the degree of interaction with
the higher affinity site was less with these compounds than

with phloretin. NPPB increased BK-mediated outward cur-
rent (Fig. 7B), but no effect was observed at 20 �tM. Therefore,

NPPB was the least potent of all of the effective BK openers
that we tested. The maximum effect of NPPB could not be
estimated because it was insoluble at > 100 ELM. As expected,

application of these C1 channel blockers produced a reduc-
tion in the native current in uninjected oocytes at the highest

concentrations used in these experiments (niflumic acid at

500 �M reduced currents to 30.7 ± 2.5% of control, five

oocytes; flufenamic acid at 500 �M reduced currents to 27.8 ±

2.8% of control, five oocytes; NPPB at 100 �tM reduced cur-

rents to 40.4 ± 3.0% of control, five oocytes).

Effects of other putative BK openers: cromakalim,
SCA-40, and niguldipine. Three additional compounds, the

KATP opener cromakalim, the tracheal relaxant SCA-40, and
the dihydropyridine niguldipine, previously reported to open

natively expressed BK channels, were tested on oocytes ex-
pressing BK channels (Fig. 8). Even at high concentrations,

cromakalim and SCA-40 did not produce any significant ef-

Flufenamic Acid

1’o loo 10’oO

[Drug] uM

Fig. 7. Increases in BK-mediated outward current produced by the
Cl channel-blocking compounds niflumic acid (A, mSlo and hSlo) and
flufenamic acid and NPPB (B, hSlo only). Note biphasic relationships for
both niflumic acid and flufenamic acid. NPPB could not be evaluated at
concentrations of >100 �M because of marginal solubility in the re-
cording medium. NPPB has not previously been reported as an opener

of BK channels.

fect on BK-mediated outward current. Due to limited solu-

bility, niguldipine could not be evaluated at >5 �M; there was

no effect of the compound at the tested concentrations.

Effects of Coapplication of BK Openers and Blockers:
Iberiotoxin and Paxilline Antagonism of the Effects of the
BK Openers NS1619 and Phloretin

Limited competition studies were performed with repre-

sentatives of two classes of BK opener, NS1619 and phlor-

etin, and two blockers, the peptide IbTh and the alkaloid

paxilline. Coapplication of NS1619 (1-100 �M) and a supra-

maximal concentration of IbTX (50 riM) resulted in some

reduction of the effects of NS1619 but not the expected com-

plete blockade (Fig. 9A). Likewise, phloretin (1-225 p.M) was

coapplied with IbTh (50 nM), and there was a reduction but
not a complete block ofthe actions ofthe opener. Specifically,

in the presence ofIbTX, phloretin seemed to interact with the
BK channels in a monophasic manner, with an apparent
elimination of the higher affinity interaction (Fig. 9B). Over-
all, the potencies of NS1619 and phloretin were reduced in
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Fig. 8. The putative BK channel openers cromakalim SCA-40 and
niguldipine had no significant effect on BK current. All of these com-
pounds have been reported to open native BK channels, but SCA-40
and cromakalim did not produce any detectable increase in current,
even at very high concentrations. Niguldipine could not be evaluated at
>5 p.M because of limited solubility.

IbTX, but it was not possible to estimate the effects on effi-

cacy due to limited solubilities and because of the unique
requirements of this group of experiments. In particular, the

control values for the curves generated in the presence of the

openers alone in Fig. 9, A and B, are included for visual

qualitative comparison, but caution must be exercised in
using these for direct quantitative comparisons with the
curves generated in the presence of IbTX. The control current
values in the presence of supramaximal IbTX, against which

the effects of openers were compared, normally defined for
activators as the percent increase in IbTX-sensitive current,
were defined for these experiments as the percentage in-
crease in remaining outward current. This was necessary

because at the outset of the experiments, the IbTX-sensitive
current had been antagonized. This was not an issue in the
subsequent series ofexperiments with paxilline, as the IbTh-

sensitive component could still be used for control purposes.
Coapplication of NS1619 (1-200 �M) or phloretin (1-225

_) and paxilline (100 nr�i and 1.0 �M) produced complex

profiles of interaction (Fig. 10, A and B). In both groups of
experiments, paxilline concentrations were chosen based on
the data presented in Fig. 3. In these earlier experiments,

100 nM paxilline was found to produce maximal antagonism

of a higher affinity site, although 1.0 �M produced maximal

antagonism of both higher and lower affinity sites. In the
present experiments, paxilline at 100 nr�i competitively an-
tagonized the effects of NS1619, and the concentration-re-

sponse relationship for NS1619 was now clearly biphasic

(Fig. 1OA). In 1.0 �M paxilline, the effects of NS1619 were
completely blocked (Fig. bA). The coapplication of paxilline

and phloretin, both of which had biphasic interactions with
BK channels when applied alone (Figs. 3 and 6), produced a

concentration-dependent competitive antagonism of the
higher affinity component of the effects of phloretin. The

lower affinity component may have been completely blocked
at both concentrations of paxilline, but this could not be

tested further due to the limited solubility of phioretin.

[Phloretin] uM

Fig. 9. Coapplication of a supramaximal concentration of IbTX (50 nM)
and NS1619 (b-bOO �M, A) or phloretin (1-225 �M, B) resulted in a
reduction but not total suppression of the increases in BK current
produced by these openers. The effect of lbTX on the biphasic rela-
tionship generated by phloretin suggests that the greatest effect of the
peptide is to block the higher affinity interaction. See text for details of
normalization procedures.

HEK 293 Cell Excised Patch Experiments

Application of 25 �M NS1619 (six patches), 25 �M niflumic

acid (five patches), or 25 �M phloretin (five patches) to ex-

cised inside-out membrane patches produced increases in

channel activity, as indicated by increases in the amplitudes

of averaged currents, throughout the tested voltage range.

When normalized relative to control values (11 patches),

G/G�,,j� relationships were shifted to the left by each of these
compounds (Fig. 11). The V#{189}values were 25.18 ± 0.76 mV for

control patches, -9.22 ± 1.03 mV for NS1619, 8.39 ± 1.11
mV for niflumic acid, and 7.66 ± 0.87 mV for phloretin. The

differences in V#{189}values between the groups were highly
significant (analysis ofvariance; F = 269.7, p < 0.0001), and
each of the drug groups was significantly shifted left relative
to the control value (Tukey-Kramer multiple comparisons
test, control versus each ofthe drug groups, p < 0.001). There
was no difference between the shifts produced by niflumic
acid and phloretin (p > 0.05), but NS1619 produced a signif-
icantly greater leftward shift in the G/Gm,� relationship than

either niflumic acid or phloretin at this single tested concen-
tration (Tukey-Kramer, p < 0.001). The absolute shift in V#{189}

for NS1619 at 25 �M relative to control was 34.40 mV (95%
confidence limit = 30.99-37.81 mV); for niflumic acid, the
shift was 16.79 mV (confidence limit = 13.17-20.41 mV); and
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Discussion

Our results demonstrate that expression of the mouse and
human Slowpoke homologues mSlo and hSlo in Xenopus
oocytes can be used for the quantitative functional assess-

ment of the interaction of putative modulators with cloned

BK channels. This is the first broad-spectrum study of the
pharmacology of both openers and blockers of these impor-

tant channels carried out in the same expression and assay

system. The oocyte expression system coupled with two-elec-
trode voltage-clamping is easy to perform and provided the

required low level of response variability necessary to com-

pare the effects of many compounds at multiple concentra-

tions. In general, the effects of drugs on the currents ex-
pressed in oocytes, given the demonstrated lack of significant

openers tested, is strongly suggestive of an indirect action of
these specific compounds on native BK channels (see below).

We also demonstrated that representatives of each class of
effective opener increased hSlo currents in patches from

HEK 293 cells and increased the apparent voltage sensitivity

of these channels under conditions of constant free intracel-
lular Ca2�. The rank order of this effect (NS1619 > phlor-
etin -� niflumic acid) could be predicted from the oocyte

experiments (see below), suggesting that both expression

systems and experimental techniques validly assessed the

effects of drugs on BK channels. The use of a second expres-

sion system demonstrated that the effects of these com-
pounds on cloned BK channels was direct and did not involve
mechanisms independent of the channel of interest, such as

drug-dependent alteration of local Ca2� concentrations.
We found that both ChTX and IbTX, peptides derived from

scorpion toxins, were equally effective inhibitors of hSlo-

mediated BK current, although IbTh was somewhat more
potent. The pattern ofinteraction of ChTX was different, and
it is not known whether the shallower concentration-re-
sponse curve observed with ChTX represented multiple sites

of interaction. IbTX was equally effective and potent on cur-

rents mediated by mSlo and hSlo. The alkaloid paxilline had

214 GnbkoffetaL
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Fig. 10. The nonpeptidyl BK inhibitor paxilline, when coapplied with

NS1 61 9 (1-200 j.�M, A) or phloretin (1-225 �M, B) at concentrations that
effectively blocked a higher affinity site (1 00 nM) or all of the paxilline-

sensitive current (1 .0 SM), produced a surprising degree of functional
antagonism of the effects of these openers. A, At a lower concentration,
paxilline (1 00 nM) competitively antagonized the effects of NS161 9;
note that under these conditions, NS1 6b 9 produced a clearly biphasic
concentration-response relationship not observed in the absence of
paxilline. At 1.0 �M, paxilline effectively blocked all effects of NS1619,

making it a more useful blocker than the peptide lbTX for the functional
antagonism of the effects of this class of channel activators. B, Paxilline
competitively antagonized the higher affinity component of the interac-
tion of phloretin with hSIo BK channels; effects on the lower affinity
component could not be determined due to the upper limits of solubility
for this compound at 225 �M.

for phloretin, the shift was 17.52 mV (confidence limit =

13.90-21.14 mV).

Fig. I I . A, Conductance (G/GM�)-versus-voltage plots for the effects
of 25 jtM NSb6b9, 25 �M niflumic acid, and 25 �M phloretin, relative to

control conductance values, on hSIo BK channels expressed in HEK
293 cells. All recordings were from inside-out membrane patches re-
corded in symmetrical 140 mr�i K�, and free intracellular Ca2 concen-
tration = 4.52 �M (see text for details). All of the openers produced a
significant shift to the left of the conductance-voltage relationship, with
NS1619 being the most effective opener of these channels at this
concentration. B, Examples of averaged currents (averages of 10

sweeps) from an inside-out membrane patch from a HEK 293 cell
expressing hSIo; application of the benzimidazolone NS1619 produced
a rapid and significant increase in BK current.

and interfering effects of these compounds on native cur-
rents, identified the Sb protein as the target of drug action
rather than another protein in the native cell that was not

expressed in the present experiments. Likewise, the lack of

effects ofsome compounds, such as several ofthe putative BK
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2 p Reinhart, personal communication.

a complex effect on hSlo currents, reflecting at least two
affinities. The EC50 for the high affinity interaction was

approximately equal to the value obtained with IbTh, mak-

ing this compound a very potent nonpeptidyl inhibitor of
these channels, as reported previously for native channels

(28). In this expression system, other reported inhibitors of
native channels, including KTX, ketamine, and tetrandrine,

were relatively or absolutely ineffective in reducing BK cur-

rent. The rank order of inhibition determined from these

experiments was paxilline (high affinity site) -� IbTX
ChTX >> KTX.

A number of compounds, including the benzimidazolones,

phloretin, and the C1 channel blockers, were found to be
effective activators of these channels. When tested, these

compounds had identical effects on mSlo- and hSlo-mediated

currents, and representatives ofthese chemical series opened

hSlo BK channels in excised patches. These latter findings

were in agreement with previous studies demonstrating di-
rect activation of isolated native and cloned BK channels by
representatives of these classes of opener (20, 29, 38-43).

The rank order of activation by these effective compounds

was NS1619 - NSOO4 > phloretin - niflumic acid -� flufe-

namic acid > NPPB. Other compounds, such as SCA-40, did
not produce increases in BK-mediated outward current.

These results may reflect (for both ineffective openers and
blockers) an indirect effect on native BK channels (47) or the

requirement of further molecular modification (via splice

variation or subunit interactions) of the basic BK channel

used in these studies (see below).

Coapplication studies, although not intended as an exhaus-
tive survey of the range of interactions of these classes of
opener and blocker, did provide some interesting and useful
information. This was particularly true when considering the
data from coapplication of IbTX and the openers. It had been

our assumption, primarily based on our unpublished obser-

vations concerning the inability of radiolabeled IbTh to be
displaced by NSOO4 or NS1619, that IbTX would completely

block the effects of the openers. That it did not do so even at

supramaximal concentrations suggests that the toxin may
not be displaced by the opener but rather that its block of the

channel is nevertheless reduced in its presence. The complete

blockade ofthe effects ofNSl6l9 by paxilline suggests that it

may be more useful in studies in which the effects of a BK
opener on a native system need to be completely antagonized.

In general, these results confirm findings from previous

studies and extend the range of pharmacological tools avail-

able for the experimental manipulation ofBK channels. Most
importantly, the primary goal of this study was the charac-

terization ofthe pharmacology of cloned mammalian (includ-

ing human) BK channels and was an initial effort to define
the molecular determinants of phenotypic variation in BK
channels. A substantial literature has accumulated over the
past decade describing the pharmacology of native BK chan-

nels, particularly focusing on the peptidyl BK channel inhib-
itors exemplified by ChTX (6, 9, 14, 26) and IbTX (21, 22, 27).
This pioneering work resulted in the discovery and charac-

terization of a number of useful and effective tools for study-
ing the function of these channels, as well as revealing sig-
nificant variation in the pharmacology of these channels as
expressed in different cell populations. Of special interest is

the previous finding that neuronal BK channels can be clas-

sified into at least two general classes based on their single-

channel kinetic profile, the effects of channel phosphoryla-

tion, and, most relevant to this study, their response to the
peptidyl channel inhibitors ChTX and IbTX (6).2 Specifically,

one class of neuronal BK channel (type II) seems to be rela-

tively resistant to the blocking action of these peptides, al-
though the second class is highly sensitive. Results of other
studies suggest that there are a number of variant BK chan-

nels, based on their sensitivity to Ca2� and other pharmaco-

logical agents (3). This phenotypic variation suggests several

possibilities. BK channels could comprise a multimember
family of channels similar to other K� channel families;
alternative splice variation could underlie observed differ-
ences; post-translational modification of the channel pro-

tein(s) could be responsible for reported phenotypic varia-

tions; or association of the BK channel with additional
proteins (receptors and/or regulatory proteins) could result in

functional variants of BK channels. Combinations of these
variables could further contribute to BK channel diversity.

The cloning and expression of mSlo (33) and its human

homologue hSlo (34, 35) allowed us to use these cloned chan-
nels to begin to examine the molecular pharmacology of BK

channels expressed in relative isolation. In addition, elucida-

tion of the molecular biology of BK channels has given us

some insight into which of the theoretical sources of pheno-

typic variation cited above may be the more likely candi-

dates. For example, so far only a single family member has

been cloned from mammalian (including human) genomic
libraries, although the identification of a number of alterna-

tive splice variants in dSlo, mSlo, and hSlo strongly suggests

a source of channel variation and may be responsible for
some of the differences in Ca2� sensitivity of native BK

channels (31, 34, 35, 55). The discovery and partial charac-

terization of a BK channel �3-protein, an apparent regulatory

protein or subunit, may also add another source of pharma-
cological variability (56, 57), and a recent report suggesting
that the presence of the �3-protein can affect the response to

some pharmacological agents (58) is consistent with this

possibility. Our results, based on experiments with Sb ho-
mologues that do not have the alternative splice exons and in

the absence of heterologously expressed n-protein, confirm
that the peptidyl BK inhibitors ChTX and IbTX and the

nonpeptide paxilline interact directly with the Sb protein.

The other proposed inhibitors, tetrandrine, ketamine, and
(possibly) KTX, may not be acting directly on the BK channel

or may only be effective when the channel is otherwise con-

figured (by splice variation or additional subunits). We
should also note, however, that we cannot rule out the pos-
sibility that a native regulatory protein may exist in the

Xenopus oocyte, affecting the pharmacology of mSlo and

hSlo.

One of the most novel and potentially interesting results of
this study was the discovery of the biphasic interactions of
some blockers and openers with BK channels. This was evi-

dent in the concentration-response relationship of the
blocker paxilline and was most compelling for the opener
phloretin, where similar biphasic relationships were ob-
served when it was applied to oocytes expressing either mSlo

or hSlo. Although this biphasic interaction was not seen with
IbTX, biphasic concentration-response relationships were ob-
served to a greater or lesser degree with all of the classes of
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opener (note the effects ofNSl6l9 in paxilline; Fig. bA). The
nature of these two sites, whether they represent two sepa-
rate sites of drug interaction (receptors) on the BK channel,

different affinity states of the same site, or some form of

post-translational modification remains to be determined.
However, caution must be exercised in the interpretation of
all oocyte data because the expression system can affect such
factors as post-translational modification. It was not possible

in the current study to generate extensive concentration-
response data for these compounds in the HEK 293 cell

patch-clamp experiments. Assuming that this phenomenon
was not a unique result of the expression system, these

observations could lead to a greater understanding of drug!

channel interactions and to the determination of whether

these sites are actually receptors for endogenous ligands that
play a role in the regulation of native BK channel function.

In conclusion, in this study we presented the initial char-

acterization of the molecular pharmacology of cloned BK
channels and the first comprehensive study of BK channel
pharmacology. We confirmed the direct effects of some puta-

tive and proven openers and inhibitors of these important
channels and characterized their actions on BK currents. In

addition, we revealed some important differences between
the responses of some native channels and the cloned chan-

nels examined here, as exemplified by the relative lack of

effects of the type II BK channel blocker tetrandrine and the

putative BK opener SCA-40.

References

1. Barrett, J. N., K L. Magleby, and B. S. Pallotta. Properties of single
calcium activated potassium channels in cultured rat muscle. J. Physiol.
(Lond.) 331:211-230 (1982).

2. Farley, J., and B. Rudy. Multiple types of voltage-dependent Ca2� -

activated K� channels of large conductance in rat brain synaptosomal
membranes. Biophys. J. 5&919-934 (1988).

3. Latorre, R., A. Oberhauser, P. Labarca, and 0. Alvarez. Varieties of calci-

urn-activated potassiumchannels. Annu. Rev. Physiol. 51:38�-399 (1989).
4. Magleby, K L., and B. S. Pallotta. Calcium dependence of open and shut

interval distributions from calcium-activated potassium channels in cul-
tured rat muscle. J. Physiol. (Lond.) 344:584-604 (1983).

5. McManus, 0. B. Calcium-activated potassium channels: regulation by
calcium. J. Bioenerg. Biomembr. 23:537-560 (1991).

6. Reinhart, P. H., S. Chung, and I. B. Levitan. A family of calcium-
dependent potassium channels from rat brain. Neuron 2:1031-1041
(1989).

7. Reinhart, P. H., S. Chung, B. L. Martin, D. L. Brautigan, and I. B. LeVitan.
Modulation of calcium-activated potassium channels from rat brain by
protein kinase A and phosphatase 2k J. Neurosci. 11:1627-1635 (1991).

8. Bielefeldt, K, and M. Jackson. A calcium-activated potassium channelcausesfrequency-dependent action-potential failures in a mammalian

nerve terminal. J. Neurophysiol. 70:284-298 (1993).
9. Brayden, J. E., and M. T. Nelson. Regulation of arterial tone by activation

of calcium-dependent potassium channels. Science (Washington D. C.)
256:532-535 (1992).

10. Leblanc, N., X. Wan, and P. M. Leung. Physiological role of Ca2�-activated
and voltage-dependent K� currents in rabbit coronary myocytes. Am. J.
Physiol. 286:Cl523-C1537 (1994).

11. Petersen, 0. H., and Y. Maruyama. Calcium-activated potassium channels
and their role in secretion. Nature (Lond.) 307:693-696 (1984).

12. Robitaille, R., and M. P. Charlton. Presynaptic calcium signals and trans-mitterrelease are modulated by calcium-activated potassium channels.
J. Neurosci. 21:297-305 (1992).

13. Robitaille, R., M. L. Garcia, G. J. Kaczorowski, and M. P. Charlton.
Functional colocalization of calcium and calcium-gated potassium chan-
nels in control of transmitter release. Neuron 11:645-655 (1993).

14. Stretton, D., M. Miura, M. G. Belvisi, and P. J. Barnes. Calcium-activated
potassium channels mediate prejunctional inhibition ofperipheral sensory
nerves. Proc. Nati. Acad. Sci. USA 89:1325-1329 (1992).

15. Wang, G., P. Thorn, and J. R. Lemos. A novel large-conductance Ca2�
activated potassium channel and current in nerve terminals of the rat
neurohypophysis. J. Physiol. (Lond.) 457:47-74 (1992).

16. Wang, )L, T. Inukai, M. Greer, and S. Greer. Evidence that Ca2�-activated
K� channels participate in the regulation of pituitaryprolactin secretion.
Brain Res. 662:83-87 (1994).

17. Wang, Y., and D. A. Mathers. Ca2�-dependent K� channels of high con-
ductance in smooth muscle cells isolated from rat cerebral arteries. J.
Physiol. (Lond.) 462:529-545 (1993).

18. Wann, K T., and C. D. Richards. Properties of single calcium-activated
potassium channels of large conductance in rat hippocampal neurons in
culture. Eur. J. Neurosci. 6:607-617 (1994).

19. Rudy, B. Diversity and ubiquity of K channels. Neuroscience 25:729-749

(1988).
20. Olesen, S-P. Activators of large-conductance Ca2�-dependent K� chan-

nels. Exp. Opin. Invest. Drugs 3:1181-1188 (1994).
21. Candia, S., M. L. Garcia, and R. Latorre. Mode of action of iberiotoxin, apotentblocker of the large conductance Ca�2-activated K+ channel. Bio-

phys. J. 63:583-590 (1992).
22. Galvez, A., G. Giminez-Gallago, J. P. Reuben, L. Roy-Constancin, P.

Feigenbaum, G. J. Kaczorowski, and M. L. Garcia. Purification and char-
acterization of a unique, potent, peptidyl probe for the high conductance
calcium-activated potassium channel from venom of the scorpion Buthus
tamulus. J. Biol. Chem. 265:11083-11090 (1990).

23. Giangiacomo, K M., M. L. Garcia, and 0. B. McManus. Mechanism of
iberiotoxin block of the large-conductance calcium-activated potassium
channel from bovine aortic smooth muscle. Biochemistry 31:6719-6727

(1992).
24. Miller, C., E. Moczydlowski, R. Latorre, and M. Phillips. Charybdotoxrn, a

protein inhibitor of single Ca2�-activated K� channels frommammalian
skeletal muscle. Nature (Lond.) 313:316-318 (1985).

25. Sugg, E. E., M. L. Garcia, J. P. Reuben, A. A. Patcheft, and G. J. Kaczo-
rowski. Synthesis and structural characterization of charybdotoxin, a po-
tent peptidyl inhibitor of the high-conductance Ca2�-activated K� chan-
nel. J. Biol. Chem. 265:18745-18748 (1990).

26. Asano, M., K Masuzawa-Ito, T. Matsuda, Y. Suzuki, H. Oyama, M.
Shibuya, and K SUgita. Functional role of charybdotoxin-sensitive K�
channels in the resting state ofcerebral, coronary and mesenteric arteries
of the dog. J. Pharmacol. Exp. Ther. 267:1277-1285 (1993).

27. Suarez-Kurtz, G., M. L. Garcia, and G. J. Kaczorowski. Effects of charyb-
dothxin and iberiotoxin on the spontaneous motility and tonus of different
guinea pig smooth muscle tissues. J. Pharmacol. Exp. Ther. 259:439-443

(1991).
28. Knaus, H.-G., 0. B. McManus, S. H. Lee, W. A. Schmalhofer, M. Garcia-

Calvo, L. M. H. Helms, M. Sanchez, K M. Giangiacomo, J. P. Reuben, A.
B. Smith III, G. J. Kaczorowski, and M. L. Garcia. Tremorgenic indole
alkaloids potently inhibit smooth muscle high-conductance calcium acti-
vated potassium channels. Biochemistry 33:5919-5828 (1994).

29. McKay, M. C., S. I. Dworetzky, N. A. Meanwell, 5.-P. Olesen, P. H.
Reinhart, I. B. LeVitan, J. P. Adelman, and V. K Gribkoff. Opening of
large-conductance calcium-activated potassium channels by the substi-

tuted benzimidazolone NSOO4. J. Neurophysiol. 71:1873-1882 (1994).

30. Wang, G., and J. R. Lemos. Tetrandrine blocks a slow, large-conductance,
Ca2�-activated potassium channel besides inhibiting a non-inactivating
Ca2� current in isolated terminals of the rat neurohypophysis. Pfluegers
Arch. 421:559-565 (1992)

31. Adelman, J. P., K-Z. Shen, M. P. Kavanaugh, R. A. Warren, Y.-N. Wu, A.
Lagrutta, C. T. Bond, and R. A. North. Calcium-activated potassium
channels expressed fromcloned complementary DNAS. Neuron 9:209-216
(1992).

32. Atkinson, N. S., G. A. Robertson, and B. Ganetzky. A component of calci-
um-activated potassium channels encoded by Drosophila Sb locus. Science
(Washington D. C.) 253:551-555 (1991).

33. Butler, A., S. Tsunoda, D. P. McCobb, A. Wei, and L. Salkoff. mSlo, a
complex mouse gene encoding “maxi” calcium-activated potassium chan-
nels. Science (Washington D. C.) 261:221-224 (1993).

34. Dworetzky, S. I., J. T. Trojnacki, and V. K Gribkoff. Cloning and expres-
sion of a human large-conductance calcium-activated potassium channel.
Mol. Brain Res. 27:189-193 (1994).

35. Tseng-Crank, J., C. D. Foster, J. D. Krause, R. Mertz, N. Godinot, T. J.
DiChiara, and P. H. Reinhart. Cloning, expression, and distribution of
functionally distinct Ca2�-activated K� channel isoforms from human
brain. Neuron 13:1315-1330 (1994).

36. Crest, M., G. Jacquet, M. Cola, H. Zerrouk, A. Benslimane, H. Rochat, P.
Mansuelle, and M.-F. Martin-Eauclaire. Kaliotoxin, a novel peptidyl in-
hibitor of neuronal BK-type Ca2�-activated K� channels characterized
from Aridroctonus mauretanicus venom. J. Biol. Chem. 267:1640-1647
(1992).

37. Denson, D. D., P. Duchatelle, and D. C. Eaton. The effect of racemic
ketamine on the large conductance Ca2�-activated potassium (BK) chan-
nels in GH3 cells. Brain Res. 638:61-68 (1994).

38. Lee, K., I. C. M. Rowe, and M. L. J. Ashford. NS 1619 activates BK�A
channel activity in rat cortical neurones. Eur. J. Pharmacol. 280:215-219
(1995).

39. Olesen, 5.-P., E. Munch, P. Moldt, and J. Drejer. Selective activation of
Ca2�-dependent K� channels by novel benzimidazolone. Eur. J. Pharma.
col. 251:53-57 (1994).

40. Olesen, 5.-P., E. Munch, F. Watjen, and J. Drejer. NS 004- an activator of
Ca2�-dependent K� channels in cerebellar granule cells. NeuroReport
5:1001-1004 (1994).

41. Olesen, 5.-P., F. Watjen, and A. G. Hayes. A novel benzimidazolone,

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Blockers and Openers of Cloned BK Channels 217

NSOO4, activates large-conductance Ca2�-dependent K� channels in aortic
smooth muscle. Br. J. Pharmacol. 11O:C25 (1993).

42. Koh, D.-S., G. Reid, and W. Vogel. Effect of the flavoid phloretin on Ca2�
activated K� channels in myelinated nerve fibres ofXenopus laevis. Neu-
rosci. Lett. 165:167-170 (1994).

43. Ottolia, M., and L. Torn. Potentiation oflarge conductance K�a channels by
mflumic, flufenamic and mefenamic acids. Biophys. J. 67:2272-2279
(1994).

44. White, M. M., and M. Aylwin. Nifiumic and fiufenamic acids are potent
reversible blockers of Ca2�-activated Cl channels in Xenopus oocytes.

Mol. Pharmacol. 37:720-724 (1990).
45. Wu, G., and 0. P. Hamill. NPPB block of Ca� k-activated C1 currents in

Xenopus oocytes. Pfluegers Arch. 420:227-229 (1992).

46. Carl, A., S. Bowen, C. H. Gelband, K M. Sanders, and J. R. Hume.
Cromakalim and lemakalim activate Ca2�-dependent K� channels in Ca-
nine colon. Pfluegers Arch. 421:67-76 (1992).

47. Cook, S. J., K Archer, M. Martin, K H. Buchheit, J. R. Fozard, T. Muller,
A. J. Miller, K R. F. Elliot, R W. Foster, and R. C. Small. Further analysis
of the mechanisms underlying the tracheal relaxant action of SCA-40.
Br. J. Pharmacol. 114:143-151 (1995).

48. Laurent, F., A. Michel, P. A. Bonnet, J. P. Chapat, and M. Boucard.
Evaluation of the relaxant effects of SCA4O, a novel charybdotoxin-

sensitive potassium channel opener, in guinea-pig isolated trachealis.
Br. J. Pharmacol. 1O&622-626 (1993).

49. Klockner, U., and G. Isenberg. The dihydropyridine mguldipine modulates
calcium and potassium currents in vascular smooth muscle cells. Br. J.
Pharmacol. 97:957-967 (1989).

50. McManus, 0. B., G. H. Harris, K M. Giangiacomo, P. Feigenbaum, J. P.
Reuben, M. E. Addy, J. F. Burka, G. J. Kaczorowski, and M. L. Garcia. An
activator of calcium-dependent potassium channels isolated from a medic-
inal herb. Biochemistry $26128-6133 (1993).

51. Boyle, M. B., and L. K Kaczmarek. Electrophysiological expression of ion
channels in Xenopus oocytes, in Electrophysiology and Microinjection:

Methods in Neurosciences (P. M. Conn, ed). Vol. 4. Academic Press, New
York, 157-173 (1991).

52. Stuhmer, W. Electrophysiological recording fromXenopus oocytes, in Ion
Channels: Methods in Enzymology (B. Rudy and L. E. Iverson, eds.). Vol
207. Academic Press, New York, 319-339 (1992).

53. Hamill, 0. P., A. Marty, E. Neher, B. Sakmann, and F. J. Sigworth.
Improved patch-clamp techniques for high-resolution from cells and cell-
freemembrane patches. Pfluegers Arch. 391:85-100 (1981).

54. Penner, R. A practical guide to patch clamping, in Single-Channel Record-
ing (B. Sakmann and E. Neher, eds.). Plenum Press, New York, 3-30

(1995).
55. Lagrutta, A., K-Z. Shen, R A. North, and J. P. Adelman. Functional

differences among alternatively spliced variants ofSlowpoke, a Drosophila
calcium-activated potassium channel. J. Biol. Chem. 269:20347-20351

(1994).
56. Knaus, H.-G., K Folander, M. Garcia-Calvo, M. L. Garcia, G. J. Kaczo-

rowski, M. Smith, and R. Swanson. Primary sequence and immunological
characterization of a-subunit of high conductance Ca2�-activated K�

channel fromsmooth muscle. J. Biol. Chem. 269:17274-17278 (1994).
57. Knaus, H.-G., M. Garcia-Calvo, G. J. Kaczorowski, and M. L. Garcia.

Subunit composition ofthe high-conductance calcium-activated potassium
channel fromsmooth muscle, a representative of the mSlo and slowpoke
family of potassium channels. J. Biol. Chem. 269.3921-3924 (1994).

58. McManus, 0. B., L. M. H. Heims, L. Pallanck, B. Ganetzky, R. Swanson,
and R. J. Leonard. Functional role of the � subunit of high conductance
calcium-activated potassium channels. Neuron 14:645-650 (1995).

Send reprint requests to: Dr. Valentin K Gribkoff, Central Nervous System
Drug Discovery, Department 405, Bristol-Myers Squibb Pharmaceutical
Research Institute, 5 Research Parkway, Wallingford, CT 06492. E-mail:
gribkoff.v@bms.com

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



