
Abstract Small-conductance calcium-activated potassi-
um channels (SK channels) are gated solely by intracel-
lular calcium ions and their activity is responsible for the
slow afterhyperpolarization (AHP) that follows an action
potential in many excitable cells. Brain slice studies
commonly employ a methyl derivative of bicuculline
(bicuculline-m), a GABAA (γ-aminobutyric acid) recep-
tor antagonist, to diminish the tonic inhibitory influences
of GABAergic synapses, or to investigate the role of
these synapses in specialized neural networks. However,
recent evidence suggests that bicuculline-m may not be
specific for GABAA receptors and may also block the
slow AHP. Therefore, the effects of bicuculline-m on
cloned apamin-sensitive SK2 and apamin-insensitive
SK1 channels were examined following expression in
Xenopus oocytes. The results show that at concentrations
employed for slice recordings, bicuculline-m potently
blocks both apamin-sensitive SK2 currents and apamin-
insensitive SK1 currents when applied to outside-out
patches. Apamin-insensitive SK1 currents run down in
excised patches. The potency of bicuculline-m block also
decreases with time after patch excision. Site-directed
mutagenesis that changes two residues in the outer vesti-
bule of the SK1 pore that confers apamin sensitivity also
reduces run down of the current in patches, and endows
stable sensitivity to bicuculline-m indistinguishable from
SK2. Therefore, the use of bicuculline-m in slice record-
ings may mask apamin-sensitive slow AHPs that are im-
portant determinants of neuronal excitability. In addition,
bicuculline-m-insensitive slow AHPs may indicate that
the underlying channels have run down.
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Introduction

In many neurons, the action potential is followed by a
slow afterhyperpolarization (slow AHP), which is due to
the activation of small-conductance calcium-activated
potassium channels (SK channels). SK channels are not
gated by voltage and are activated by submicromolar
concentrations of intracellular calcium. In the sustained
presence of excitatory neurotransmitter, the slow AHP
becomes increasingly prominent, reflecting the contin-
ued increase of intracellular calcium levels, until the cell
is no longer able to reach threshold for a subsequent ac-
tion potential, a phenomenon termed spike-frequency ad-
aptation, an important regulator of excitability [4, 11,
24,27]. Two types of slow AHPs may be distinguished.
In many neurons, such as hippocampal interneurons
[40], the slow AHP is sensitive to the bee venom toxin
apamin, has relatively faster kinetics and is not regulated
by neurotransmitters. In hippocampal pyramidal neu-
rons, the slow AHP is insensitive to apamin, exhibits
very slow kinetics, and is modulated by neurotransmit-
ter-induced second messengers such as protein kinase A
(PKA) [17, 20,23]. These two types of slow AHPs are
not mutually exclusive, as apamin-sensitive and apamin-
insensitive transmitter-regulated components are present
in many neurons such as vagal motoneurons [29], neo-
cortical neurons [19], and pyramidal neurons of the sen-
sorimotor cortex [30].

Brain slice preparations are commonly used for stud-
ies of synaptic transmission. An attractive feature of the
slice preparation is that much of the intrinsic neuronal
circuitry remains functionally intact, including inhibito-
ry, GABAergic synapses. In brain slice and other tissue
preparations, many investigators have included bicucul-
line, an antagonist of GABAA receptor channels, in the
solution bathing the slice to improve stimulus-evoked re-
sponses, or to probe the role of GABAA receptor chan-
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nels in synaptic responses [5, 15, 22, 25, 32, 34, 35,
36,37]. Bicuculline is supplied as either the free base or
a methyl derivative (herein referred to bicuculline-m)
which uses either chloride, bromide, or iodide as the
counter-ion; the salts are water soluble and are the most
widely employed.

It has been assumed that bicuculline is a specific
GABAA antagonist; however, several reports have sug-
gested that in addition to the antagonism of GABAA re-
ceptor channels, bicuculline-m also blocks the slow
AHP. Recordings from dopamine neurons in the ventral
tegmental area and the substantia nigra pars compacta
have shown that bicuculline-m, but not picrotoxin (an-
other GABAA antagonist), blocks the apamin-sensitive
slow AHP. This effect persists in the presence of tetrodo-
toxin (TTX), suggesting that it is not due to reduced cal-
cium entry but rather a direct effect on the SK channels
[31]. Bicuculline-m also potentiates the NMDA-depen-
dent burst firing in these neurons by reducing the slow
AHP, similar to the effects of apamin [14]. In thalamic
reticular neurons, where the role of GABAergic inhibito-
ry synapses in thalamocortical synchronization has been
examined using bicuculline-m [15,36], the methiodide,
methbromide, and methylchloride salts enhance the low-
threshold calcium spike, not seen with picrotoxin, and
which persists in the presence of TTX; this effect is
caused by block of the current underlying the slow AHP,
IsAHP [9].

These results suggest that bicuculline-m may directly
block the channels underlying the slow AHP. Three SK
channels have been cloned and reflect the different phar-
macologies of the slow AHP in neurons: SK2 and SK3
channels are apamin-sensitive, while SK1 channels are
apamin-insensitive [13,16]. Therefore, we examined the

effects of bicuculline methylchloride and the bicuculline
free base on the cloned SK channels.

Materials and methods

Xenopus care and handling were in accordance with the highest
standards of institutional guidelines. Frogs underwent no more
than two surgeries, separated by at least 3 weeks, and surgeries
were performed using well-established techniques. Frogs were
anesthetized with an aerated solution of 3-aminobenzoic acid ethyl
ester. Oocytes were studied 2–8 days after injection with 0.2 ng
mRNA. In vitro mRNA synthesis and oocyte injections were per-
formed as previously described [1]. Outside-out macropatch re-
cordings were made at room temperature (approximately 23°C)
with electrodes pulled from thin-walled, filamented borosilicate
glass (World Precision Instruments) and filled with 120 mM K-
gluconate, 5 mM HEPES, (pH 7.2, adjusted with KOH) supple-
mented with CaCl2 to give a free Ca2+ concentration of 10 µM; the
proportion of calcium binding to gluconate was determined as-
suming a stability constant for calcium gluconate of 15.9 M–1 [8].
To obtain Ca2+ concentrations below 1 µM, 1 mM EGTA was add-
ed to the internal solution and CaCl2 was added as calculated us-
ing published stability constants [21]. Electrode resistance was
typically 1–3 MΩ. Excised patches were superfused with a solu-
tion containing 120 mM K-gluconate, 5 mM HEPES (pH 7.2, ad-
justed with KOH). Patch formation and excision were performed
within ≅ 30 s and drugs were applied by positioning the patch in
front of a series of flow pipes allowing for a solution exchange in
approximately 1 s. Voltage-clamp recordings were performed with
an Axopatch 1B-100/1 headstage (Axon Instruments) or an EPC9
patch-clamp amplifier (HEKA electronics). The data were low-
pass Bessel filtered at 2 kHz and acquired using Pulse software
(HEKA Electronik). Currents elicited by 2-s voltage ramps be-
tween the potentials indicated in the text were acquired at a sam-
pling frequency of 1 kHz. Data analysis was performed using
Pulse (HEKA) and IGOR (Wavemetrics). Concentration/response
curves were obtained as follows: current amplitudes were mea-
sured at the indicated voltage and corrected for run down as indi-
cated in the text, data were normalized to the average of the con-

Fig. 1A–C Concentration/response relationship of bicuculline-m
block of small-conductance calcium-activated potassium channels
(SK2). A Current traces elicited by a 2-s voltage ramp from –60 to
80 mV from an outside out macropatch excised from an oocyte
expressing SK2. The traces were obtained in control solution (c)
and in the presence of 1, 3, 10, 100 µM bicuculline-m (labeled ac-
cordingly) within the first 2 min following patch excision. B Bicu-
culline-m concentration/response curves measured at three times
following patch excision (response curves labeled a and c corre-
spond to time points in panel C). The current measured at –60 mV
was normalized by the response in the control solution prior to
each series and plotted as a function bicuculline-m concentration.

Nonlinear least-squares fit to a Langmuir isotherm (continuous
line) yielded an IC50 of 1.1, 1.6 and 1.8 µM for a, b and c, respec-
tively. An offset was included to account for residual, unblocked
current which increased during the time course of recording (C)
from 0.03 in series a to 0.09 in series c. Series a is measured from
the current traces in panel A. C Time dependence of inward cur-
rent recorded at –60 mV as a function of time following patch ex-
cision. Plotted are current values in control solution (closed cir-
cles), 100 µM bicuculline-m (closed squares) and three concentra-
tions/response curves to 1, 3, 10, and 30 µM bicuculline-m (open
circles). The first and last series are indicated by a and c
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trol values obtained immediately before and after each response,
and a single binding isotherm was fit to the normalized data. The
equation used was (fc–ff)·IC50/(x+IC50)+ff, where x is the concen-
tration of drug, fc is the normalized control value in the absence of
drug, ff is the fraction of current not blocked by the drug, and IC50
is the concentration at half-maximum response; a nonlinear least-
squares procedure was used to determine fc, ff, and IC50. All data
points are presented as mean ±SD of n experiments as indicated.
Statistical differences were determined using an unpaired t-test; p
values <0.05 were considered significant. Bicuculline free base
and methylchloride (bicuculline-m), and picrotoxin were pur-
chased from RBI (Natick, Mass., USA).

Results

Bicuculline blocks SK channels

SK channels were expressed in Xenopus oocytes and
outside-out patches were examined using symmetrical
120 mM K+ solutions and a saturating concentration of
Ca2+ (10 µM) in the patch pipette internal solution; cur-
rents were evoked by voltage ramp commands. Applica-
tion of bicuculline-m in the solution bathing outside-out
patches from oocytes expressing apamin-sensitive SK2
channels resulted in a concentration-dependent inhibi-
tion of the current measured at –60 mV, with an
IC50=1.1±0.1 µM (n=3); representative current traces

and concentration/response curves are shown in Fig.
1A, B. SK currents in excised patches demonstrate run
down as a function of time after patch excision which
varied with oocyte batch and was different among the
cloned SK channels; in general the extent of run down
of SK2 is only modest (closed circles, Fig. 1C) [13]. Ini-
tial experiments suggested that bicuculline-m block
changes with time after patch excision. Indeed, when
current amplitude and block were examined at different
time points after patch excision (open circles, Fig. 1C),
the data showed that blocking potency decreases slight-
ly in parallel with run down (Fig. 1B, C). For the repre-
sentative patch shown in Fig. 1, SK2 currents dimin-
ished 11% over 21 min and the IC50 increased from 1.1
to 1.8 µM. On average the IC50 increased from 1.1±0.1
µM to 1.7±0.3 µM over 21 min (n=3) and the run down
was 9±5%. Experiments performed using physiological
ionic conditions (5 mM K+ in the extracellular solution
and 120 mM K+ in the intracellular solution) yielded
similar results (IC50 at 0 mV=1.3±0.2 µM; n=3). These
data show that bicuculline-m blocks SK2 channels at
concentrations which are routinely used in brain slice
experiments to block GABAA receptor channels
(10 µM).

Apamin-insensitive SK1 currents are also blocked by
bicuculline-m when applied to outside-out patches im-

Fig. 2A–C Bicuculline-m-induced block of SK1 decreases with
time following patch excision. A Current traces elicited by a 2-s
voltage ramp from –60 to 60 mV from an outside out macropatch
excised from an oocyte expressing SK1. The traces were obtained
in control solution (c) and in the presence of 1, 3, 10, 100 µM
bicuculline-m (labeled accordingly) within the first 2 min (Aa)
and 100 min (Ab) following patch excision. B Bicuculline-m con-
centration/response curves at –60 mV measured at increasing
times following patch excision (response curves labeled a and b
correspond to first and last series illustrated in A and to the time
points labeled a and b in C). The shift in the concentration/re-
sponse curve corresponds to increasing time following patch exci-
sion. Nonlinear least-squares fit to a Langmuir isotherm (continu-
ous line) yielded an increase in IC50 from 1.7 to 8.4 µM measured
2 min and 98 min following patch excision (a and b, respectively).
The fraction of SK1 not blocked by bicuculline-m increased from
0.06 to 0.44 between a and b. C Time dependence of inward cur-

rent recorded at –60 mV (upper panel) and IC50 from concentra-
tion/response curves in B (lower panel) as a function of time fol-
lowing patch excision. Plotted in the upper panel are current val-
ues in control solution (closed circles), 100 µM bicuculline-m
(closed squares) and nine concentration/response curves to 1, 3,
10, and 30 µM bicuculline-m (open circles). The first and last se-
ries are indicated by a and b in the upper and lower panels. The
time course of run down of the control data was described by a
sum of two exponentials (continuous line through closed circles,
upper panel) which was used to correct for run down as described
in the text. The same exponential function was applied to the time
course of the current measured in 100 µM bicuculline-m and the
IC50 allowing only the amplitude to change by fixing the exponen-
tial time constants to that determined for control values (continu-
ous lines through closed squares in upper panel and closed circles
in lower panel, respectively)
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mediately after excision, and concentration/response ex-
periments measured at –60 mV yielded an IC50 of
1.4±0.4 µM, n=4; not markedly different than for SK2
(p=0.4). SK1 currents undergo a greater degree of run
down than SK2 currents ([13]; Fig. 2C). As shown in the
example in Fig. 2C, the current measured at –60 mV
(closed circles) initially increased immediately following
patch excision and was then followed by run down; the
time course could be described by a sum of two expo-
nentials (solid line), one for the increasing and one for
the decreasing phase. Currents within a concentration re-
sponse obtained early after patch excision were subject
to run down which would bias the IC50. Therefore, cur-
rent amplitudes were corrected for run down by normal-
izing to the control current predicted from the time
course of run down.

Figure 2B shows concentration/response curves to
bicuculline-m measured at different times following
patch excision. Initially, SK1 currents were as sensitive to
bicuculline-m as SK2 currents, but the IC50 increased
over time and by the end of the experiment (98 min after
patch excision) the IC50 was 8.4 µM (Fig. 2B, C). Associ-
ated with the decreased affinity between bicuculline-m
and SK1, the fraction of current not blocked by 100 µM
bicuculline-m increased (Fig. 2C, closed squares). Con-
centrations greater than 100 µM have not been evaluated
but, based on the fits of a single binding isotherm to the
concentration response, the fraction of SK1 current not
blocked by bicuculline-m (100 µM) increased from 0.06
to 0.44. The increase in the IC50 for bicuculline-m ap-
peared to parallel the time course of run down. On aver-
age the increase in IC50 from 1.4±0.4 µM to 24.4±
19.8 µM was associated with a run down of 66±22% over
32–98 min (n=4) while the fraction of current not blocked
by bicuculline-m increased from 0.11±0.05 to 0.48±0.21.
The bicuculline-m-resistant current reflects a fraction of
SK channels not blocked by bicuculline-m because sub-
stitution of external K+ for Na+ eliminated the residual in-
ward current in the presence of 100 µM bicuculline-m
and in inside-out patches removal of Ca2+ eliminates the
current. These data show that SK1 and SK2 are equally
sensitive to bicuculline-m but that over time SK1 currents
run down and the block by bicuculline-m decreases.

The rate of current run down of SK1 is strikingly sim-
ilar to the time course of increase of the IC50 suggesting
that these processes are linked (Fig. 2C). Although the
molecular mechanisms responsible for SK channel run
down are not known, the decrease in the current with
time might result from a shift in the Ca2+ sensitivity of
the channels and a reduction in open probability. There-
fore, the Ca2+ sensitivity of the channels was examined
immediately and 20 min after excision of inside-out
patches; however, no shift in the Ca2+ concentration/re-
sponse curve was observed for SK1 and SK2 (data not
shown).

To determine whether bicuculline-m is an open chan-
nel blocker, bicuculline block was examined using
0.3 µM Ca2+ in the patch pipette (internal solution), a
concentration close to the IC50 [16,39] where the open
probability of the channels will be reduced compared to
the saturating concentrations used in the previous experi-
ments. Under these conditions, bicuculline-m concentra-
tion/response measurements show that the IC50 is not
different to when 10 µM Ca2+ was present in the patch
pipette (1.5±0.1 µM; n=2, p=0.8).

Fig. 3A–C Mutations E330D, H357N in the outer vestibule of
SK1 reduce the time-dependent shift of bicuculline-m-induced
block of SK1. A Current traces elicited by a 2-s voltage ramp from
–60 to 80 mV from an outside out macropatch excised from an
oocyte expressing SK1 (E330D,H357N). The traces were obtained
in control solution (c) and in the presence of 1, 3, and 100 µM
bicuculline-m (labeled accordingly) within the first 2 min (a) and
28 min (c) following patch excision. B Bicuculline-m concentra-
tion/response curves measured at three times following patch exci-
sion (response curves labeled a and c correspond to concentra-
tion/response traces in panel Aa and Ac, respectively and to time
points labeled a and c in panel C). The IC50 for the three series
were 1.1, 1.4 and 1.8 µM for a, b and c, respectively and the frac-
tion of current not blocked by bicuculline-m increased from 0.02
to 0.05. C Inward current recorded at –60 mV (upper panel) and
IC50 (lower panel) as a function of time following patch excision.
Plotted are current values in control solution (closed circles),
100 µM bicuculline-m (closed squares) and three concentra-
tions/response curves to 1, 3, 10, and 30 µM bicuculline-m (open
circles). The first and last series are indicated by a and c
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Residues influencing run down and reduced bicuculline
sensitivity

Two amino acids residing on opposite sides of the deep
pore are responsible for apamin-induced block of SK2
channels, and substitution of these residues into SK1 en-
dows apamin sensitivity [13]. In the course of those pre-
vious studies it was noticed that the doubly mutated,
apamin-sensitive SK1 channels (E330D, H357N) also
showed reduced run down (unpublished observation).
Therefore, the bicuculline-m sensitivity of SK1 (E330D,
H357N) currents was examined. Bicuculline-m blocks
SK1 (E330D, H357N) currents with an IC50 not different
from that of SK2 or SK1 currents immediately after
patch excision (Fig. 3A, B). The average IC50 was
0.9±0.2 µM (n=3). However, similar to SK2 currents,
SK1 (E330D, H357N) currents showed reduced run
down (30±6%) compared to SK1 and stable bicuculline-
m sensitivity; the IC50 increased to 1.3±0.5 µM over
27 min (Fig. 3B, C).

Voltage dependence of bicuculline-m-induced block

Bicuculline-m affected inward currents more than out-
ward currents for both SK1 and SK2 channels (see Figs.
1A, 2A). Therefore, the IC50 for bicuculline-m was ex-
amined as a function of voltage for SK1 and SK2
(Fig. 4). The concentration/response relationship was de-
termined from a series of voltage ramps for the different
concentrations of bicuculline-m by measuring the current
at 10-mV increments between –60 and 80 mV (Fig. 4A,
B lower panel, respectively; the closed symbols repres-
ent inward current and the open symbols represent out-
ward current). The concentration/response at each volt-
age was fit with a single binding isotherm (see Materials
and methods) and the derived IC50 was plotted as a func-
tion of voltage (Fig. 4C). The results show that for in-
ward currents, at voltages less than 0 mV in symmetrical
K+, the bicuculline-m IC50 changed little as a function of

voltage but significantly increased for outward current as
the voltage became positive. The mean data from three
patches were fit with a single exponential plus an offset,
yielding a voltage dependence of 37.9 mV/e-fold change
in the concentration of bicuculline-m for SK2 (Fig. 4C,
closed circles), and was 30.7 mV (n=4, Fig. 4C, open
circles) for SK1. Application of the Woodhull equation
[38] suggests that the fraction of the membrane electric
field influencing bicuculline-m block (δ) assuming a sin-
gle charge on bicuculline-m is 0.83 and 0.67 for SK1 and
SK2 channels, respectively.

The apparent voltage dependence of bicuculline-m-in-
duced block may result either from an intrinsic voltage
dependence or to a “knock-off” effect by K+ ions passing
through the pore [2]. To distinguish between these possi-
bilities, the IC50 for bicuculline was determined as a
function of voltage when the concentration of K+ in the
internal pipette solution was lowered to 20 mM while the
external K+ concentration was maintained at 120 mM

Fig. 4A–C Voltage dependence of bicuculline-m-induced block
of SK2 and SK1. A Bicuculline-m concentration/response rela-
tionship of SK2. Upper panel: current traces elicited by a 2-s volt-
age ramp from –60 to 80 mV from an outside out macropatch ex-
cised from an oocyte expressing SK2. The traces were obtained in
control solution (c) and in the presence of 1, 3 and 10 µM bicucul-
line-m (labeled accordingly) within the first 2 min following patch
excision. Lower panel: concentration/response curves measured at
20-mV increments from –60 to 80 mV; concentration/response
curves measured for inward and outward currents are displayed
with closed and open circles, respectively (the concentration/re-
sponse curve was not measured at the reversal potential of 0 mV).
Nonlinear least-squares fit to a Langmuir isotherm (continuous
lines) yielded an increase in IC50 from 1.0 at –60 mV to 2.8 µM at
80 mV. The fraction of SK2 not blocked by bicuculline-m in-
creased from 0.05 at –60 mV to 0.1 at 80 mV. B Bicuculline-m
concentration/response relationship of SK1, protocol as described
in panel A. The IC50 increased from 1.2 at –60 mV to 8.2 µM at
80 mV and the fraction of SK1 not blocked by bicuculline-m in-
creased from 0.11 at –60 mV to 0.18 at 80 mV. C IC50 for SK2
(closed circles, n=3) and SK1 (open circles, n=4) plotted versus
patch potential. The data were fit with a single exponential plus
a constant (continuous curve) yielding 1.05+0.29·eV/37.9 and
1.43+0.4·eV/30.7 for SK2 and SK1, respectively
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(Fig. 5). Figure 5A shows a series of current traces in re-
sponse to voltage ramps from –60 to 100 mV in different
bicuculline-m concentrations with 20 mM K+ in the
patch pipette. Decreasing internal K+ shifted the reversal
potential ≅ 30 mV in the positive direction and decreased
the outward current. Concentration/response curves mea-
sured at 10 mV increments are shown in Fig. 5B; the in-
crease in unblocked current with increasing voltage
probably reflects a greater contribution from leak current
at more positive voltages under these conditions in
which the outward current is dramatically reduced. The
mean IC50 for bicuculline-m-induced block of SK2 at
–60 mV was 1.7±0.1 µM (n=2). To compare the voltage
dependence to that in symmetrical K+, the IC50 was dis-
played relative to the baseline value (Fig. 5C) and shows
that the voltage dependence in low internal K+ was shift-
ed by ≅ 30 mV compared to that in symmetrical 120 mM

Fig. 5A–C Voltage dependence of bicuculline-m-induced block
of SK2 in asymmetrical K+. A Current traces elicited by a 2-s volt-
age ramp from –60 to 100 mV from an outside out macropatch
containing 20 mM internal K+ (20 mM K-gluconate, 100 mM Na-
gluconate, 5 HEPES, pH 7.2 with NaOH) excised from an oocyte
expressing SK2. The traces were obtained in control solution (c)
and in the presence of 3, and 100 µM bicuculline-m (labeled ac-
cordingly) within 2 min following patch excision. B Concentra-
tion/response curves measured at 20-mV increments from –60 to
100 mV; concentration/response curves measured for inward and
outward currents are displayed with closed and open circles, re-

spectively. The IC50 increased from 1.7 µM at –60 mV to 3.3 µM
100 mV and the fraction of SK2 not blocked by bicuculline-m in-
creased from 0.07 at –60 mV to 0.3 at 100 mV. C The change in
IC50 relative to baseline determined from the exponential fits
(∆IC50) for SK2 in symmetrical 120 mM K+ (closed circles) and
asymmetrical K+ (open circles) plotted versus patch potential. The
data represent the mean ±SD for three patches (symmetrical K+)
and two patches (asymmetrical K+). The absolute values of the
IC50 were fit with a single exponential plus a constant (continuous
curve) yielding 1.05+0.29·eV/37.9 and 1.72+0.04·eV/30.0 for sym-
metrical and asymmetrical K+, respectively

Fig. 6A–D Concentration/response relationship of block of SK2
and SK1 by the free base of bicuculline. A Concentration/response
curves measured at –60 and 80 mV of SK2. The free base was add-
ed from a stock solution of 100 mM in dimethylsulfoxide (DMSO).
Concentrations greater than 100 µM did not readily dissolve in the
recording solution and were not tested. Hence the data were fit
with a single Langmuir isotherm with the offset forced to zero. The
IC50 of block by bicuculline free base increased from 34.4 µM at
–60 mV to 76.5 µM at 80 mV. Inset: current traces elicited by volt-
age ramps from –60 to 80 mV in control solution (c) and in the
presence of 30, and 100 µM bicuculline (labeled accordingly).
B Concentration/response curves measured at –60 and 80 mV of
SK1. The IC50 increased from 38.9 µM at –60 mV to 123.4 µM at
80 mV. Inset: current traces elicited by voltage ramps from –60 to
80 mV in control solution (c) and in the presence of 30, and
100 µM bicuculline (labeled accordingly). C Voltage dependence of
block of SK2 by bicuculline free base. The data were fit with a sin-
gle exponential function yielding 35.7+10.1·eV/45.5. D Voltage de-
pendence of block of SK1 by bicuculline free base. The data were
fit with a single exponential function yielding 36.3+12.5·eV/41.4



K+. This result indicates that at least part of the apparent
voltage dependence of bicuculline-m-induced block is
due to destabilization of binding by K+ ions passing
through the pore, a “knock-off” effect, and that bicucul-
line-m blocks SK channels by a direct occlusion of the
pore.

Bicuculline-m block from the inside of the membrane
was also examined. Although some sensitivity was ob-
served, it was markedly less than that seen for external
bicuculline-m application, with 100 µM blocking
10.08±9.34% (n=8) of the inward current at –80 mV and
30.31±11.01% (n=8) of the outward current at 80 mV.

The effects of bicuculline free base were also exam-
ined. The free base of bicuculline blocked SK1 and SK2
channels but with lower affinity than the methylchloride
salt; concentration/response curves measured at –60 mV
yielded an average IC50 of 46.3±9.9 µM for SK1 (n=5)
and 63.3±23.9 µM for SK2 (n=3) when examined imme-
diately after patch excision. The block by the free base
was voltage dependent with the IC50 increasing between
–60 and 80 mV from 34.4 µM to 76.5 µM for SK2 and
38.9 µM to 123.4 µM for SK1 (Fig. 6A, B). When plot-
ted versus patch potential (Fig. 6C, D) the IC50 versus
voltage was well described by an exponential function
yielding an average voltage dependence of 47.0±8.3 mV
(n=3) and 41.6±5.9 mV (n=5) for SK2 and SK1, respec-
tively. Similar to that observed for the methylchloride
salt the IC50 of the free base block of SK1 increased with
time following patch excision (data not shown). Thus, at
concentrations which effectively block GABAA receptor
channels (10 µM), the free base form of bicuculline will
have little effect on SK channels.

Picrotoxin is another widely used compound for inhi-
bition of GABAA-mediated responses. However, the
concentration of picrotoxin generally employed in brain
slice experiments (100 µM) did not significantly reduce
either SK1 or SK2 currents. At tenfold higher concentra-
tions (1 mM) picrotoxin produced a variable but signifi-
cant reduction of outward (32±13%, n=4; p=0.03) and
inward (36±15%, n=4; p=0.02) currents (data not
shown).

Discussion

The results presented here demonstrate that bicuculline-
m potently blocks cloned SK channels at concentrations
routinely employed in brain slice experiments. There-
fore, the methyl derivative of bicuculline can no longer
be regarded as a selective antagonist of GABAA receptor
channels. As the cloned SK channels probably represent
the channels which are responsible for the slow AHP and
spike-frequency adaptation in native neurons, the use of
bicuculline-m in brain slice experiments may have pro-
found effects on excitability parameters such as firing
frequencies and accommodation, compromising interpre-
tations of the role of GABAA synapses. Similarly, exper-
iments designed to evaluate the AHP in a GABAergic-
free background using bicuculline will also be compro-

mised. In contrast, picrotoxin, another commonly em-
ployed GABAA antagonist, has no effect on cloned SK
channels at a concentration routinely used for brain slice
studies.

Like many channels, cloned SK channels undergo run
down following patch excision. The molecular basis for
channel run down is not understood but may be due to
the loss of associated intracellular second messenger
proteins such as protein kinases [6,18], protein phospha-
tases [26], or inositol phosphates [3, 12,33]. Consistent
with this hypothesis, the extent of SK current run down
shows considerable variability among different batches
of oocytes. There is also an intrinsic distinction between
SK1 and SK2 channels as run down is much more pro-
nounced for SK1 channels. Interestingly, for both chan-
nels, block by bicuculline-m and bicuculline free base is
also altered with time after patch excision, and although
there is no clear evidence that run down and altered sen-
sitivity are functionally coupled, in all experiments they
correlated well; the extent of current decrease was pro-
portional to the increase of the IC50 for both forms of
bicuculline. This suggests that in addition to a decrease
in channel activity, run down, presumably initiated by an
intracellular process, imposes a slow conformational
change on the outer vestibule of the SK channel pore
which reduces the affinity for external bicuculline. This
process is affected by residues in the outer vestibule of
the pore, as substitution of two amino acids from SK2
into SK1 reduced the extent of run down and the shift in
the IC50 to that seen for SK2. Immediately after patch
excision, SK1 and SK2 channels show similar block by
bicuculline-m or free base, suggesting that the molecular
determinants for binding are found in both channel
types. There are only three amino acid differences in the
pore region between SK1 and SK2 [16] and two of these
are important for the altered topography of the outer ves-
tibule with time after excision. These results suggest that
the pore region is not maintained in a rigid conforma-
tion. This is consistent with the observations presented
by Guillemare and coworkers who showed that the bio-
physical properties and sensitivity to neurotoxins of the
brain delayed-rectifier K+ channels Kv1.2 were affected
by the levels of channel expression in Xenopus oocytes
[10].

Several recent reports have shown that in brain slice
experiments bicuculline-m blocks the IsAHP [9, 14,31].
However, in some preparations this is clearly not the
case. For instance, in whole-cell recordings from hippo-
campal pyramidal neurons, a prominent apamin-insensi-
tive IsAHP remains in the presence of bicuculline-m at
concentrations which block the IsAHP in other brain re-
gions, and effectively block the cloned channels [26].
Hippocampal pyramidal neurons are one of the few cell
types in which only an apamin-insensitive slow AHP has
been reported. If SK1 channels underlie the slow AHP in
hippocampal pyramidal neurons, then the lack of bicu-
culline-m sensitivity may indicate that the channels have
undergone run down. Further, bicuculline-m application
may have obscured an apamin-sensitive slow AHP, simi-
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lar to other cell types which demonstrate both compo-
nents [7, 19, 28,30].
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