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1 The pharmacology of the slow afterhyperpolarization (sAHP) was studied in cultured rat
hippocampal pyramidal neurones.

2 Clotrimazole, its in vivo metabolite, 2-chlorophenyl-bisphenyl-methanol (CBM) and the novel
analogues, UCL 1880 and UCL 2027, inhibited the sIAHP with similar IC50s (1 ± 2 mM).

3 Clotrimazole and CBM also inhibited the high voltage-activated (HVA) Ca2+ current in
pyramidal neurones with IC50s of 4.7 mM and 2.2 mM respectively. UCL 1880 was a less e�ective
Ca2+ channel blocker, reducing the HVA Ca2+ current by 50% at 10 mM. At concentrations up to
10 mM, UCL 2027 had no e�ect on the Ca2+ current, indicating that its e�ects on the sIAHP were
independent of Ca2+ channel block.

4 Clotrimazole also inhibited both the outward holding current (IC50=2.8 mM) present at a
potential of 750 mV and the apamin-sensitive medium AHP (mAHP; IC50&10 mM). The other
clotrimazole analogues tested had smaller e�ects on these two currents. The present work also shows
that 100 nM UCL 1848, an inhibitor of apamin-sensitive conductances, abolishes the mAHP.

5 Currents were recorded from HEK293 cells transfected with hSK1 and rSK2. The SK currents
were very sensitive to inhibition by UCL 1848 but were not signi®cantly reduced by the sIAHP

inhibitor, UCL 2027 (10 mM). 10 mM UCL 1880 reduced the hSK1 current by 40%.

6 UCL 2027 appears to be the ®rst relatively selective blocker of the sAHP to be described.
Furthermore, the ability of UCL 2027 to block the sAHP with minimal e�ect on SK1 channel
activity questions the role of this channel in the sAHP.
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Introduction

An afterhyperpolarization (AHP) comprising fast (fAHP),

medium (mAHP) and slow (sAHP) components follows a
train of action potentials in hippocampal pyramidal neurones
(for reviews see Storm, 1990 and Sah, 1996). Large

conductance Ca2+-activated K+ channels (BK channels)
underlie the fAHP and contribute to the repolarization of
action potentials (Lancaster & Nicoll, 1987; Yoshida et al.,

1991). Multiple channels including the apamin-sensitive small
conductance Ca2+-activated K+ channels (SK channels)
underlie the mAHP (Storm, 1987; Stocker et al., 1999). The

channels which underlie the sAHP have not yet been
determined.
The sAHP is characterized by its slow time-course (see

Storm, 1990) and its lack of sensitivity to the bee venom

toxin, apamin and the non-speci®c K+ channel blockers
tetraethylammonium (TEA) and 4-aminopyridine (4-AP)
(Lancaster & Adams, 1986; Lancaster & Nicoll, 1987). There

are no speci®c blockers or openers of the sAHP current

though it can be modulated by the activation of G-protein
coupled receptors (see Sah, 1996).
The sAHP is important for spike frequency adaptation

(Storm, 1990; Sah, 1996) and may serve to limit neuronal
damage due to excessive rises in Ca2+ concentration within
the cells (Vergara et al., 1998). A combination of behavioural

and electrophysiological studies have shown that the sAHP
may also have a role in learning and memory (Moyer et al.,
1992; Disterhoft et al., 1996; Giese et al., 1998; Weiss et al.,

2000). However, a direct test of this hypothesis is hampered
by a lack of speci®c blockers of the sAHP.
It has been shown that K+ channels that are dependent

upon Ca2+ for activation underlie the sAHP (Lancaster &

Adams, 1986). As noise analysis studies have revealed that a
small-conductance channel underlies the sAHP (Sah &
Isaacson, 1995; Valiante et al., 1997), it has been postulated

that the sAHP results from the opening of apamin-insensitive
SK channels (Bond et al., 1999). Recently, three SK channels
(SK1, SK2 and SK3) have been cloned (Kohler et al., 1996).
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When expressed in Xenopus oocytes, SK2 and SK3 formed
apamin-sensitive channels whereas those from SK1 were
insensitive (Kohler et al., 1996; Ishii et al., 1997a). These

results have led to the suggestion that SK1 channels may
underlie the sAHP in hippocampal pyramidal neurones
(Vergara et al., 1998; Bond et al., 1999). However, the recent
®nding that in mammalian cell lines, transfection of SK1

cDNA results in the formation of predominantly apamin-
sensitive channels (Shah & Haylett, 2000a; Strùbñk et al.,
2000) casts some doubt on this. Also, in contrast to the

sAHP, there is no evidence that SK1 channels are subject to
modulation by protein kinases (Xia et al., 1998).
To extend the pharmacology of the sAHP, the present

study has explored the actions of two known types of K+

channel blockers. Firstly, we have tested the action of UCL
1848, a blocker of apamin-sensitive conductances (Benton et

al., 1999) and also of SK1 channels (Shah & Haylett, 2000a).
Secondly, we have examined the e�ects of clotrimazole and
its major in vivo metabolite 2-chlorophenyl-bisphenyl-metha-
nol (CBM) as well as some related compounds. Clotrimazole

is a potent blocker of the intermediate conductance Ca2+-
activated K+ channels (IK channels) found in red blood cells
and lymphocytes (Alvarez et al., 1992; Brugnara et al., 1993;

Rittenhouse et al., 1997b; Logsdon et al., 1997; Dunn, 1998;
Jensen et al., 1999). CBM is also a potent inhibitor of the IK
channels in red blood cells (Rittenhouse et al., 1997b). The

IK channel (commonly referred to as SK4 or IK1) has
recently been cloned (Joiner et al., 1997; Ishii et al., 1997b;
Jensen et al., 1998) and has about 55% sequence identity to

the cloned SK channels.
Using the perforated patch technique, we have recently

demonstrated that the sAHP can be recorded from cultured
hippocampal pyramidal neurones (Shah and Haylett, 2000b).

The characteristics of the current underlying the sAHP
(sIAHP) in cultured cells are very similar to those observed
when the sIAHP is recorded from slices and the improved

drug access to isolated cells makes them well suited to a study
of agents modifying the sIAHP. In our experiments, the sIAHP

was elicited by a train of action potentials. As Ca2+ entry

through high voltage-activated (HVA) Ca2+ channels is
involved in the generation of the sIAHP in hippocampal
pyramidal neurones (Shah & Haylett, 2000b), it was
necessary to test the e�ects of clotrimazole and its analogues

on Ca2+ currents as well as the sIAHP.
Some of this work has been communicated at the American

Society for Neuroscience meeting (November, 1999).

Methods

Cell culture methods
Hippocampal pyramidal cell culture Hippocampal cells were

cultured as previously described (Shah & Haylett, 2000b).
Brie¯y, a 4-day old Sprague-Dawley rat was decapitated and
coronal brain slices were cut using a McIlwain tissue
chopper. The CA1 and CA3 regions of the hippocampus

were dissected and incubated together for 1 h in Hanks
bu�ered saline solution (HBSS) containing 0.125% trypsin.
Individual cells were then released by trituration and

resuspended in Neurobasal medium supplemented with 2%
B27 serum free supplement, 0.5 mM L-glutamine and 10%
foetal calf serum (FCS). The cells were then plated onto

35 mm Nunc tissue-culture treated plastic dishes (Gibco,
U.K.) that had been previously coated with 0.05 mg ml71

poly-D-lysine (MW4300,000). Cells were maintained in

culture for 15 days using the same growth medium but
without the FCS.

Maintenance and transfection of HEK293 cells HEK293 cells

were grown in Dulbecco's Modi®ed Eagle Medium (DMEM)
supplemented with 2 mM L-glutamine, 50 u ml71 penicillin,
50 mg ml71 streptomycin and 10% FCS. Cells were trans-

fected with both hSK1 (a generous gift from Dr J.P.
Adelman, Vollum Institute, U.S.A.) and CD8 cDNAs using
a modi®ed form of the calcium phosphate method described

previously (Shah & Haylett, 2000a).
A few experiments were performed with rSK2 transfected

stably in HEK293 cells (kindly provided by Dr W. Joiner,

Yale University, U.S.A.).

Electrophysiological studies
Recording of the sIAHP Electrophysiological recordings were

obtained from cells that had been in culture for at least 8
days. All experiments were done at a temperature of
approximately 288C. The culture dishes were superfused at

5 ml min71 with a bathing solution of composition (mM):
NaCl 130, KCl 3, CaCl2 2.5, MgCl2 1.2, HEPES free acid 5,
glucose 10, NaHCO3 26, pH maintained at 7.2 by

continuously gassing with 95% O2/5%CO2. 5 mM DNQX
(6,7-dinitroquinoxaline-2,3-dione) was added to the external
solution to block the AMPA and kainate receptors. Patch

electrodes with resistances of 4 ± 10 MO were pulled from
thin borosilicate glass (Clark Electromedical Instruments;
GC15OTF-15). The tips of the pipettes were coated with
Sylgard (Dow Corning, U.S.A.) and ®re-polished. The tips of

the electrodes were initially dipped into a solution composed
of (mM): KMeSO4 126, KCl 14, HEPES 10, MgCl2 3,
Na2ATP 2, Na2GTP 0.3. The pH was adjusted to 7.25 with

1 M KOH. To obtain perforated patches, the patch electrodes
were then back®lled with the same solution containing
1.2 mg ml71 amphotericin B.

The sIAHP was recorded with an Axoclamp 2A ampli®er
(Axon Instruments) using a hybrid current/voltage clamp
protocol in which a train of 13 action potentials (see Shah &
Haylett, 2000b) was evoked by passing 5 ms current pulses

(at a frequency of 76.5 Hz) under discontinuous current
clamp conditions following which the cell was voltage-
clamped at approximately 750 mV to record the sIAHP

(Axoclamp sampling rate 3 ± 5 kHz). The sIAHP was evoked
every 10 s. The current signals were ®ltered using the
Axoclamp 2A low pass ®lter at 0.3 kHz. For action potential

recording, the voltage signals were ®ltered at 3 kHz. Signals
were recorded on a chart recorder and an oscilloscope. They
were also digitized at 48 kHz (VR-10 digital data recorder;

Instrutech Corporation) and recorded continuously on a
video recorder. sIAHPs were also stored on a computer using
pClamp6 (Axon Instruments) for later analysis. The ®rst 2 s
of the sIAHP were acquired at a sampling frequency of 2 kHz

and the remainder at a sampling frequency of 0.5 kHz. To
measure drug e�ects on action potentials, these were acquired
separately at a sampling frequency of 20 kHz.

Drugs were applied by switching to a superfusion ¯uid
containing the drug using a multiway tap. The inlet tube was
positioned such that the ¯ow was directed onto the patched cell.

British Journal of Pharmacology vol 132 (4)

sAHP blockers in hippocampal pyramidal neuronesM.M. Shah et al890



Recording of Ca2+ currents The presence of an extensive
dendritic tree made it di�cult to voltage-clamp cultured
hippocampal pyramidal cells, so Ca2+ currents were studied

using freshly dissociated cells. The pyramidal cells were
isolated and plated as described above. Recordings were
made from cells between 3.5 and 8 h after isolation.
The cells were superfused with a solution of the

following composition (mM): NaCl 115, KCl 2, CaCl2 2,
MgCl2 0.5, glucose 11, HEPES 10, pH adjusted to 7.4 with
1 M NaOH. 25 mM TEA, 0.3 mM tetrodotoxin (TTX) and

5 mM DNQX were added to the external solution to block
K+ channels, Na+ channels and AMPA and kainate
receptors respectively. Whole cell patch-clamp recordings

were made with a List EPC-7 ampli®er using 7 ± 10 MO
pipettes ®lled with the following solution (mM): CsCl 135,
CaCl2 0.5, MgCl2 2, HEPES 10, EGTA 3, Na2ATP 2,

Na2GTP 0.3, pH adjusted to 7.3 with 1 M NaOH. The
Ca2+ current was elicited using a procedure similar to that
described by Deak et al., (1998). The cells were voltage-
clamped at 780 mV. Then, using a ramp protocol, the

cells were depolarized from 7100 mV to +40 mV at a
speed of 1400 mV s71 every 10 s. The leak current was
determined by using Cd2+ (200 mM) to block the high

voltage-activated (HVA) calcium currents. As the measured
series resistance was less than 5 MO and the maximum
voltage error calculated to be less than 5 mV, series

resistance compensation was not applied. The signals were
®ltered at a frequency of 1 kHz (8 pole Bessel ®lter) and
digitized at a sampling frequency of 3.33 kHz using

pClamp6 software (Axon Instruments).

Experiments using HEK293 cells transfected with hSK1
cDNA Transiently transfected cells were identi®ed by

adding CD8 antibody coated microspheres (Dynabeads M-
450 CD8, Dynal, U.K.) to the cells 30 min before use
(Jurman et al., 1994). HEK293 cells were used a minimum of

24 h after transfection. Cells were superfused at 5 ml min71

with the following solution (mM): NaCl 150, KCl 5, MgCl2 1,
CaCl2 2, glucose 10, HEPES 10, pH adjusted to 7.4 with 1 M

NaOH. Whole cell recordings from isolated cells were made
with pipettes of resistances of 3 ± 5 MO when ®lled with the
following solution (mM): KCl 130, HEDTA 5, HEPES 10,
Na2ATP 2, MgCl2 3, CaCl2 0.67, pH adjusted to 7.2 using

1 M KOH. The calcium concentration was calculated to give
1 mM free calcium using the program `REACT' (G.L. Smith,
Dept. of Physiology, University of Glasgow, U.K.). Cells

were voltage-clamped at 780 mV using a List EPC-7
ampli®er. 100 ms voltage steps were made at 100 ms intervals
from 7140 mV to +40 mV in 20 mV increments every

minute (see Figure 8). Signals were stored on a computer
using pClamp6 (sampling frequency of 5 kHz) for further
analysis.

Data analysis

Data were analysed using pClamp6 software. The current

traces shown in the illustrations are the average of three
records. Drug e�ects on the sIAHP are recorded as the
average amplitude of three successive records of the sIAHP in

the presence of the drug expressed as a percentage of the
average amplitude of six successive records prior to drug
application. The e�ects of drugs on action potential duration

were measured at 720 mV. The e�ects of drugs on the time-
course of the IAHP were measured by ®tting the following
empirical equation to the recorded current:

y � y0 � A1e
ÿt=t1 � A2e

ÿt=t2 � A3e
ÿt=t3 �1�

where A1 and t1 are the amplitude and decay time constant
respectively of the current underlying the mAHP (mIAHP); A2

and t2 are the amplitude and time constants of the growth
phase of the sIAHP; and A3 and t3 are the amplitude and time
constants of the decay phase of the sIAHP. Note that this
requires A2 to be negative. t is the time from switching to

voltage-clamp and y0 represents the holding current at the
voltage-clamp potential. Results are expressed as mean+
s.e.mean. Statistical analysis was carried out using Student's

t-test (paired or unpaired as appropriate).
When analysing the e�ects of drugs on the HVA Ca2+

current, the average peak current of the last two records in

the presence of the drug (2 min bath application) was
expressed as a percentage of the average peak current of
two successive records obtained both before application of

the drug and after its washout. This was necessary in order to
allow for run-down of the Ca2+ currents with time. Data was
collected only from cells in which the Ca2+ current recovered
to within 70% of the control after washout.

To minimize series resistance errors and the contribution of
a signi®cant amount of delayed recti®er current, the
amplitude of SK currents was measured at a potential of

740 mV. The amplitude of the SK current in the presence of
the drug was expressed as a percentage of the average of the
amplitude before application of the drug and that after

washout.
Concentration-inhibition curves were ®tted with the Hill

equation:

y � ymax�In�=�IC50
n � �In�� �2�

where y is the percentage inhibition, [I] is the drug

concentration, ymax is the maximum percentage inhibition
and n is the Hill coe�cient. The IC50 value is the
concentration of drug causing 50% of the maximal attainable

inhibition. ymax was constrained to 100%, because the
currents could be abolished by high concentrations of all
agents tested.

Materials

Tissue culture reagents and materials were purchased from

Life Technologies, U.K. All chemicals were obtained from
Sigma, U.K. except for CBM, UCL 1880 and UCL 2027
which were synthesized by the authors (Z. Miscony, M.

Javadzadeh-Tabatabaie and C.R. Ganellin) using procedures
that will be described elsewhere. UCL 1848 was made by Dr
J. Chen (Dept. of Chemistry, UCL).

Stock solutions of clotrimazole (Figure 1A), 2-chlorophe-
nyl-bisphenyl-methanol (CBM; Figure 1B), 3-{N-[1-(2-chlor-
ophenyl)-1,1-diphenyl]methyl}aminopyridine (UCL 1880;
Figure 1C) and 2-triphenylmethylaminothiazole (UCL 2027;

Figure 1D) and 1,1'-(pentane-1,5-diyl-)-N,N'-(pentane-1,5-
diyl)bis-(4-aminoquinolinium)ditri¯uoro-acetate (UCL 1848;
Figure 1E) were made up in dimethyl sulphoxide (DMSO)

and stored at 48C. These were then diluted to the appropriate
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concentrations in the external bathing solution. The max-
imum concentration of DMSO applied (0.1%) had no e�ect

on the sIAHP.

Results

Stable recordings of the sIAHP lasting for up to 60 min could
be obtained from the cultured hippocampal cells, as described

previously (Shah & Haylett, 2000b). In this series of
experiments, the currents peaked on average 500 ms after
the train of action potentials and had a decay time constant

(t3, Equation 1) of 1.03+0.04 s (n=57).

Effects of clotrimazole and its derivatives on the sIAHP

Clotrimazole was ®rst tested at a concentration of 3 mM
which, within 2 min of application, reduced the amplitude of
the sIAHP by 69.1+3.7% (n=6; Figure 2A). This e�ect was

reversible within 5 min of washout. In light of the blocking
e�ect of clotrimazole, the related compounds CBM, UCL
1880 and UCL 2027 were all tested at 3 mM. CBM, UCL

1880 and UCL 2027 inhibited the sIAHP at this concentration
by 61.7+5.8% (n=7; Figure 2B), 71.8+7.0% (n=8; Figure
2C) and 77.6+3.9% (n=5; Figure 2D) respectively. With all

three compounds, block of the sIAHP was maximal within
2 min and the e�ect was reversible within 10 min (see Figure
5 for examples). The concentration-inhibition curves for each
agent were determined next and these are illustrated in Figure

3. The IC50 values for clotrimazole, CBM, UCL 1880 and
UCL 2027 came to 1.69+0.04 mM, 2.2+0.5 mM, 1.2+0.1 mM
and 1.1+0.2 mM respectively with corresponding Hill coe�-

cients of 1.34+0.04, 1.3+0.3, 1.4+0.1 and 1.5+0.2. The
sIAHP could be abolished at the maximal concentrations
tested and indeed there was some suggestion that a small

inward current was revealed, though this was not investigated
further.

The IAHPs were also ®tted with Equation 1 to give
estimates of the time to peak and the decay time constant
(t3). These estimates did not include measurements of the

sIAHPs in which the current amplitude was reduced to below
20 pA in the presence of the drug (at concentrations of 3 mM
and 10 mM) when t3 and time to peak could no longer be

reliably measured (see Figure 8A,C). For clotrimazole, UCL
1880 and UCL 2027, at concentrations of 3 mM and lower,
there were no signi®cant di�erences in the times to peak and

the t3 of the sIAHP in the absence and presence of the drug
(see Table 1). Although it is not immediately apparent from

Figure 1 Chemical structures of clotrimazole (A), CBM (B), UCL
1880 (C), UCL 2027 (D) and UCL 1848 (E).

Figure 2 E�ects of clotrimazole and analogues on the sIAHP

recorded from hippocampal pyramidal neurones. The traces under
control conditions and in the presence of clotrimazole (A), CBM (B),
UCL 1880 (C) and UCL 2027 (D) have been superimposed in each
panel. The calibration bars in (B) and (D) also apply to (A) and (C)
respectively.

Figure 3 Concentration-inhibition curves for the sIAHP and the
HVA Ca2+ current. Each point is the mean+s.e.mean of 3 ± 7
observations. The lines show least squares ®ts of the Hill equation
with ymax constrained to 100%. The IC50 values are given in the text.
The key shown in panel (A) applies to panels (B), (C) and (D), also.

British Journal of Pharmacology vol 132 (4)

sAHP blockers in hippocampal pyramidal neuronesM.M. Shah et al892



the trace presented (Figure 2B), on average both t3 and the
time to peak were signi®cantly altered (Table 1) in the
presence of 3 mM CBM.

Effects of clotrimazole and its derivatives on action
potentials

Since action potentials were used to evoke the sIAHP and a
change in the action potential width can a�ect the
amplitude of the sIAHP (see Shah & Haylett, 2000b), it

was important to establish whether any of the agents
modi®ed the action potential. To take into account possible
use-dependence of their action, the e�ects of the com-

pounds on the width of the last action potential in the
train were measured. At concentrations up to 3 mM,
clotrimazole and UCL 1880 had little e�ect on the action

potential width (Figure 4A and Table 2). In the presence of
either clotrimazole or UCL 1880 at a concentration of
10 mM, however, the action potential tended to widen
though the increase was not signi®cant (Table 2). The

action potentials became broader in the presence of CBM
and UCL 2027 at concentrations of 3 mM and 10 mM (Table
2; Figure 4B), though the e�ects were statistically

signi®cant only at 3 mM. The amplitude of the action
potentials were little a�ected in the presence of all drugs
tested (see Figure 4C,D for examples).

Figure 4 Examples of the e�ects of the compounds on action
potential width and amplitude. E�ects of (A) 3 mM UCL 1880 and
(B) 3 mM CBM on the last action potential in a train. The dotted lines
represent the last action potential in the train before application of
the agents. The records are superimposed so as to align the upstroke.
The negligible e�ect of CBM on the amplitude of the action
potentials in a train is seen by comparing (C) (in the absence) with
(D) (in the presence) of the drug. The action potentials shown in (B)
are from the records in (C) and (D). The calibration bars in (B) and
(D) also apply to (A) and (C) respectively.

Table 1 E�ect of the compounds on the decay time constant (t3; (A)) and the time to peak (TP; (B)) of the sIAHP

(A)
t3 in the t3 in the

Control t3 presence of Control t3 presence of
Drug (s) 1 mM drug (s) (s) 3 mM drug (s)

Clotrimazole 1.38+0.22 1.09+0.13 0.91+0.08 0.79+0.09
CBM 0.99+0.09 0.81+0.10 1.11+0.15 0.77+0.07*
UCL 1880 0.96+0.09 0.92+0.09 1.00+0.07 1.07+0.15
UCL 2027 0.62+0.10 0.57+0.09 1.24+0.11 0.98+0.14

(B)
TP in the TP in the

Control TP presence of Control TP presence of
Drug (s) 1 mM drug (s) (s) 3 mM drug (s)

Clotrimazole 0.50+0.06 0.50+0.04 0.46+0.07 0.50+0.06
CBM 0.38+0.03 0.39+0.06 0.49+0.06 0.58+0.06*
UCL 1880 0.45+0.03 0.45+0.01 0.48+0.03 0.51+0.05
UCL 2027 0.43+0.02 0.43+0.02 0.47+0.04 0.52+0.05

t3 and the time to peak were estimated by ®tting the sIAHP traces with Equation 1. Each value is the mean+s.e.mean of 3 ± 7
observations. *Indicates signi®cant e�ects at the 5% level (paired t-test).

Table 2 E�ect of the compounds on action potential width (APW)

APW in the APW in the APW in the
Control presence of Control presence of Control presence of

Drug APW (ms) 1 mM drug (ms) APW (ms) 3 mM drug (ms) APW (ms) 10 mM drug (ms)

Clotrimazole 0.95+0.12 1.07+0.14 1.07+0.17 1.18+0.22 0.66+0.11 1.84+0.52
CBM 1.14+0.20 1.18+0.20 1.00+0.13 1.33+0.16** 1.13+0.24 1.70+0.35
UCL 1880 1.38+0.38 1.43+0.42 1.35+0.17 1.66+0.22 1.25+0.24 2.05+0.40
UCL 2027 0.90+0.15 1.17+0.37 1.36+0.25 2.08+0.38* 1.80+0.17 2.26+0.35

The width of the last action potential in the train was measured at a potential of 720 mV. Each value is the mean+s.e.mean of 3 ± 7
observations. * and ** indicate signi®cant e�ects at the 5% and 1% level respectively using the paired t-test.
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Effect of clotrimazole on the outward holding current at
750 mV

The sIAHP was recorded at a holding potential of 750 mV.
As the resting membrane potential of these cultured
hippocampal pyramidal neurones is usually in the range
755 to 770 mV, there is normally an outward holding

current (see Figure 5A,C) Clotrimazole inhibited the outward
holding current (Figure 5A), the e�ect being concentration-
dependent. The concentration-inhibition data were ®tted with

a Hill equation having a Hill coe�cient of 1.2+0.1 and an
IC50 value of 2.8+0.1 mM (Figure 5B). In keeping with this,
the resting membrane potential was also signi®cantly

decreased in the presence of 3 mM and 10 mM clotrimazole
by 5.4+1.1 mV (n=7; P50.05) and 8.7+2.4 mV (n=4;
P50.05) respectively.

CBM, UCL 1880 and UCL 2027 had smaller and more
variable e�ects on the outward holding current (see Figure
5C for an example). The percentage inhibition of the holding
current and the decrease in the resting membrane potential

were 44.4+8.1% (n=3; P=0.01) and 4.6+1.9 mV (n=3;
P=0.1) for 10 mM CBM; 29.5+14.3% (n=4; P=0.1) and
3.7+1.8 mV (n=4; P=0.1) for 10 mM UCL 1880; and

36.8+19.0% (n=3; P=0.2) and 5.2+1.7 mV (n=3;
P=0.1) for 10 mM UCL 2027.

Effect of the compounds on Ca2+ currents

Clotrimazole has been reported to inhibit the L-type Ca2+

channels in cardiac myocytes (Thomas et al., 1999) and is
also a potent inhibitor of channels formed by the expressed
human cardiac L-type Ca2+ channel a1c subunits (Fearon et
al., 2000). Since hippocampal pyramidal neurones express L-

type Ca2+ channels as well as N-, P-, Q-, R- and T-type
channels (Christie et al., 1996), it seemed essential to test the
e�ects of the compounds on the Ca2+ currents. As cultured

hippocampal pyramidal neurones cannot be adequately
voltage-clamped, we necessarily studied the Ca2+ currents in
freshly dissociated neurones. Both low voltage-activated

(LVA) and high voltage-activated (HVA) Ca2+ currents can
be evoked in these cells (see Figure 6). At a holding potential
of 750 mV, only the HVA Ca2+ currents would be expected
to contribute to the generation of the sIAHP (Shah and

Haylett, 2000b). Hence, only the e�ects of the compounds on
the HVA Ca2+ currents were examined in detail.

Clotrimazole reduced the HVA Ca2+ current in a

concentration-dependent manner (see Figures 3A, 6A,B).
The ®tted Hill equation had a Hill coe�cient of 1.7+0.2 and
an IC50 of 4.7+0.4 mM (Figure 3A). At concentrations of

3 mM and 10 mM, a signi®cant e�ect on the LVA Ca2+ current
was also observed (see Figure 6A,B). CBM also inhibited the
HVA Ca2+ current in a concentration dependent manner

(Figure 3B). The concentration-inhibition curve yielded an
IC50 value of 2.4+1.0 mM with a Hill coe�cient of 2.7+0.4.
UCL 1880 was a less potent blocker of the Ca2+ current. The
block of the HVA Ca2+ current by UCL 1880 was dose-

dependent (Figure 3C) with an IC50 value of approximately
10 mM. The low solubility of the compound in the external
solution did not allow concentrations greater than 10 mM to

be tested.
UCL 2027 did not block the HVA Ca2+ current at

concentrations of either 3 mM or 10 mM (Figures 3D and 6C).

Thus, in terms of Ca2+ channel and sIAHP block, it is the
most selective of the four compounds tested.

Effects of UCL 1848, clotrimazole and its analogues on
the mIAHP

Slice recordings from hippocampal pyramidal neurones have

shown that a mAHP precedes the apamin-insensitive sAHP
(Storm, 1987; see Storm 1990 for a review). The mAHP
current (mIAHP) is at least partially sensitive to the bee-

venom toxin apamin (see Stocker et al., 1999). In a
proportion of our cultured cells, a largely apamin-sensitive
mIAHP can also be detected (Shah & Haylett, 2000b).

Application of 100 nM UCL 1848 abolished this mIAHP

(n=4) but had no signi®cant e�ect on the sIAHP (per cent
inhibition=73.6+5.0%, n=6; Figure 7A). The selective
e�ect of UCL 1848 on the mIAHP is clearly seen when a

Figure 5 E�ects on the outward holding current (at a potential of
750 mV) of (A) 10 mM clotrimazole and (C) 10 mM UCL 2027. In
both traces the action potentials have been removed to make it easier
to see the e�ects of the compounds on the outward holding current,
the sIAHP and the mIAHP. The axis break shown in (A) represents
150 s. (B) The concentration-inhibition curve for clotrimazole on the
outward holding current. The curve was obtained by ®tting the
points to the Hill equation with ymax constrained to 100%. The
number of observations for each point are shown in brackets.

Figure 6 E�ects of (A) 3 mM clotrimazole, (B) 10 mM clotrimazole
and (C) 10 mM UCL 2027 on the Ca2+ current recorded from freshly
dissociated hippocampal neurones. The voltage protocol shown in
(D) was applied to evoke both the low voltage-activated (LVA) and
the high voltage-activated (HVA) Ca2+ current. In each case, 200 mM
Cd2+ was also applied to determine the magnitude of the HVA Ca2+

current. The calibration bar shown in (C) also applies to (A) and (B).
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di�erence plot is constructed (Figure 7B). Since UCL 1848 is

a selective inhibitor of apamin-sensitive conductances
(Benton et al., 1999), these e�ects are consistent with the
previously reported lack of sensitivity to apamin of the sIAHP

(Lancaster & Nicoll, 1987; Shah & Haylett, 2000b).
The e�ects on the mIAHP of clotrimazole, UCL 1880 and

UCL 2027 were also studied in cells exhibiting this current.

3 mM clotrimazole had no detectable e�ect on the mIAHP

(2.1+4.9% inhibition, n=3) whereas at 10 mM, the mIAHP

was clearly reduced (Figure 8A). This e�ect of clotrimazole
can be most easily seen when the current underlying the AHP

(IAHP) in the presence of clotrimazole is subtracted from the
current in its absence (see Figure 8B). The proportion of
mIAHP that was reduced by 10 mM clotrimazole was estimated

to be 56.8+3.9% (n=4) by ®tting to Equation 1. In contrast,
UCL 1880 and UCL 2027 at a concentration of 10 mM had
little e�ect on the mIAHP (75.1+1.9% inhibition (n=3) and

711.6+12% inhibition (n=3; Figure 8C) respectively). In
support of this data, when the IAHP in the presence of UCL
1880 or UCL 2027 is subtracted from the IAHP present under
control conditions, no currents resembling the mIAHP are

observed (Figure 8D). These results suggest that at
concentrations greater than 3 mM, clotrimazole may inhibit
the apamin-sensitive mAHP present in these cells. UCL 1880

and UCL 2027, on the other hand, appear to be selective for
the sIAHP.

Effect of UCL 1880 and UCL 2027 on SK channels

It has been suggested that SK1 channels may underlie the

sIAHP (Bond et al., 1999). As the rat clone, rSK1, does not
form functional channels (Shah, unpublished observations;
Hirschberg et al., 1999), the human clone, hSK1, was
expressed in HEK293 cells. As UCL 1880 and UCL 2027

inhibit the sIAHP, these compounds were tested on the
hSK1 current. HEK293 cells transfected with hSK1 cDNA
displayed large standing currents when whole cell record-

ings were made using patch pipettes containing 1 mM free
Ca2+ and when a step protocol from 7120 mV to
+40 mV was applied (see Figure 9). The hSK1 current

was inhibited by 10 nM UCL 1848 (see Figure 9A) as

described previously (Shah & Haylett, 2000a). Application
of 10 mM UCL 1880 reduced the hSK1 current by
44.2+3.0% (n=3; Figure 9B). However, with UCL 2027,

applied at 10 mM, there was little inhibition (1.6+5.6%,
n=5; Figure 9C).
UCL 2027 was also tested on HEK293 cells stably

expressing rSK2 channels, which have been suggested to
underlie the apamin-sensitive part of the mIAHP (Stocker et
al., 1999). HEK293 cells expressing rSK2 displayed similar
currents to those expressing hSK1 (Figure 9) when patched

onto with 1 mM free Ca2+ and a step protocol from
7120 mV to +40 mV applied. 10 mM UCL 2027 had only
a small e�ect on the SK2 current (per cent inhibi-

tion=13.3+6.5%, n=5; P=0.1). The mIAHP in these

Figure 7 E�ects of 100 nM UCL 1848 on the mIAHP and the sIAHP.
(A) Traces of the IAHP before and after application of UCL 1848
superimposed. (B) The current sensitive to UCL 1848 (current in the
absence of the drug subtracted from the current in its presence).

Figure 8 E�ects of (A) 10 mM clotrimazole and (C) 10 mM UCL
2027 on the mIAHP and sIAHP. The traces in the presence and absence
of the compounds have been superimposed. Clotrimazole and UCL
2027 sensitive currents were obtained by subtraction and are shown
in (B) and (D). The insets in (A) ± (D) are on an expanded time base.
The calibration bars in (B) and (D) apply also to (A) and (C)
respectively.

Figure 9 E�ects of (A) 10 nM UCL 1848, (B) 10 mM UCL 1880 and
(C) 10 mM UCL 2027 on current produced by application of the step
protocol shown in (A) to HEK293 cells transfected with SK1 cDNA.
The recordings were made under whole cell conditions using patch
pipettes containing 1 mM free Ca2+. In each case, the current-voltage
curves are also plotted (the dashed lines indicate the maximum
recovery after washout). The time calibration shown in (A) also
applies to (B) and (C).

British Journal of Pharmacology vol 132 (4)

sAHP blockers in hippocampal pyramidal neuronesM.M. Shah et al 895



hippocampal neurones is abolished by UCL 1848 and not
surprisingly, 1 nM UCL 1848 also caused a large inhibition of
the rSK2 current by 73.5+6.2% (n=3).

Discussion

In seeking to identify compounds that may block the sIAHP,
we selected for investigation clotrimazole and some simple
analogues. Clotrimazole proved to be an e�ective blocker,

inhibiting the sIAHP with an IC50 of 1.7 mM. The structurally
related compounds CBM (Figure 1B), UCL 1880 (Figure 1C)
and UCL 2027 (Figure 1D) were also e�ective with similar

IC50s. The imidazole ring in the clotrimazole molecule is not
essential for the suppression of the sIAHP as CBM, an in vivo
metabolite of clotrimazole lacking this ring, was also an

e�ective inhibitor. The activities of UCL 1880 and UCL 2027
provide further evidence that the imidazole ring is not crucial
for activity. These results also indicate that the cytochrome
P450 inhibitory action of clotrimazole is not involved in the

reduction of the sIAHP as this e�ect requires the presence of
the imidazole ring (Rittenhouse et al., 1997b). UCL 2027's
activity indicates additionally that a chlorine atom in the

triphenyl group is not essential.
The value of any pharmacological agent is enhanced if it

demonstrates selectivity for a particular target. Clotrimazole

is particularly broad in its actions, not only inhibiting IK
channels (see introduction) but also BK channels (Ritten-
house et al., 1997a; Wu et al., 1999), voltage-gated K+

channels (Hatton & Peers, 1996; Kim & Greger, 1999; Wu et
al., 1999) and Ca2+ channels (Thomas et al., 1999; Fearon et
al., 2000). In this study clotrimazole, not altogether
surprisingly, was found to dose-dependently reduce the

outward holding current present at a potential of 750 mV
(Figure 5A,B), suggesting that it inhibits one or more of the
conductances involved in maintaining the resting membrane

potential of these neurones. This e�ect was only weakly
shared by the other compounds studied.
It is necessary to consider whether the inhibition of the

sIAHP is attributable to block of the underlying K+ current or
to a reduction in the rise in [Ca2+]i as a consequence of Ca2+

channel inhibition. Clotrimazole inhibited the sIAHP with an
IC50 of 1.7 mM whereas the IC50 for block of the HVA Ca2+

current was greater, at 4.7 mM. This suggests that Ca2+

channel inhibition is unlikely to be the sole mechanism for
inhibition of the sIAHP and since direct channel block by

clotrimazole has been demonstrated for IK and BK channels,
inhibition of K+ channels seems likely. Compared with
clotrimazole, CBM had similar potency as a blocker of the

HVA Ca2+ channels. The HVA Ca2+ current in hippocampal
pyramidal neurones has multiple components, with L-, N-,
P-, Q- and R-type Ca2+ channels contributing to the current

(Christie et al., 1996). The near complete block of the HVA
Ca2+ current with clotrimazole and CBM thus shows that
these agents block all the channels involved. The large Hill
coe�cients suggest that the a�nities of these agents for the

channels are not widely dispersed.
UCL 1880 and in particular UCL 2027 were less potent

blockers of the HVA Ca2+ current. With UCL 2027 it was

possible to obtain a complete block of the sIAHP in the
absence of any e�ect on the Ca2+ current, suggesting its
e�ects are independent of a reduction of Ca2+ entry.

Since Ca2+ entry through HVA Ca2+ channels will depend
on the time course of the action potential, and in particular
its duration, the e�ects of the agents on this parameter were

also determined. At the maximal concentration tested, all the
compounds broadened the action potentials. This e�ect was
also observed at the lower concentration of 3 mM for both
CBM and UCL 2027. An increase in action potential width is

not surprising for clotrimazole which has been shown to
block BK channels (Rittenhouse et al., 1997a; Wu et al.,
1999) and voltage-gated K+ channels (Hatton & Peers, 1996;

Kim & Greger, 1999; Wu et al., 1999;). A complicating factor
is that any Ca2+ channel block by the compounds would lead
to a reduction in Ca2+ entry and reduced activation of BK

channels. Nevertheless action potential broadening, by
whatever mechanism, would tend to increase Ca2+ entry
and so potentially enhance the sIAHP, as is indeed seen with

charybdotoxin (Shah & Haylett, 2000b). The reduction in the
sIAHP produced by, for example, UCL 2027, even though the
action potentials were somewhat broader, shows that it is a
potent blocker of the current per se.

Since many of the cells studied also exhibited a mIAHP, it
was possible to examine the e�ects of the compounds on
this current as well. In these cells the current is nearly all

apamin-sensitive (Shah & Haylett, 2000b) and in keeping
with this, UCL 1848 also inhibited a large component of
the current. In situ hybridization studies have shown that

the mRNA for both SK1 and SK2 is detectable in
hippocampal pyramidal cells (Stocker et al., 1999) and
since the IC50 for inhibition of the mIAHP by apamin is

estimated to be 0.5 nM, a value more in keeping with SK2
than SK1, it is proposed that the underlying channel is a
homotetramer of SK2 (though a heteromultimer with SK1
is not excluded; Stocker et al., 1999). UCL 1848 blocks not

only homomeric SK1 channels (Shah & Haylett, 2000a) but
also expressed SK2 channels (the present study). These
®ndings are consistent with the involvement of either

homomeric SK1 or SK2 channels or a heteromer of the
two in the mIAHP.

Clotrimazole also inhibited the mIAHP (Figure 5 and 8) but

in view of its action on the HVA Ca2+ current it is not
possible to attribute this with any certainty to either SK or
Ca2+ channel block. At 10 mM, UCL 1880 had little e�ect on
the mIAHP. At this concentration it blocks a large fraction of

the HVA Ca2+ current so it would appear that SK channel
activation is not linearly related to Ca2+ entry though HVA
channels. It is interesting in this context, to note that it has

been suggested that SK channels are speci®cally activated by
Ca2+ entry through L-type (HVA) channels with which they
co-localize (Marrion & Tavalin, 1998). As yet, it is not

known which HVA Ca2+ channels are important for the
generation of the mIAHP in hippocampal pyramidal neurones.
It is possible that UCL 1880 may preferentially inhibit one

type of HVA Ca2+ channel and thereby allow su�cient Ca2+

entry through others for the generation of the mIAHP. The
lack of e�ect on the mIAHP also indicates that UCL 1880
does not block the SK channels underlying this current. This

would seem to exclude a role for SK1 channels which were
blocked by UCL 1880.

UCL 2027 had only small e�ects on either the mIAHP or

the homomeric SK1 and SK2 channels, while selectively
blocking the sIAHP. The lack of e�ect of UCL 2027 on both
the mIAHP and SK channels does of course allow for the
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possibility that either channel could contribute to the mIAHP
(Stocker et al., 1999). If SK subunits are involved in the
sIAHP, then clearly the assembly of the subunits into the

functional channel must be quite di�erent to their normal
incorporation into apamin-sensitive channels, since the
channel pharmacology, kinetics and modulation by agonists
are so strikingly distinct.

It should, however, be emphasized that the present study
used the human SK1 channels whereas the pyramidal cells
were from rat. This raises the unlikely possibility that a

species di�erence confounds the interpretation of the results
and a that a study with the rat clone might provide evidence
for the role of SK1 channels in either the mIAHP or the sIAHP

of rat hippocampal pyramidal neurones.
Although the present work has identi®ed UCL 2027 as the

®rst selective blocker of the sIAHP, much remains to be done. In

particular, the directness or otherwise of its action has still to be
established. This is likely to be di�cult for several reasons.
Though attempts have been made to identify the native
channels that underlie the sAHP in hippocampal neurons (see

e.g., Bekkers, 2000), unambiguous single channel recordings
have yet to be reported. Also, the molecular composition of the
channel is unknown and indeed the present ®ndings (see also

Shah & Haylett, 2000a, Strùbñk et al., 2000) add to the
evidence against the only previous suggestion on the point,
namely, that SK1 channels make a major contribution. Finally,

the sAHP is subject to modulation by a number of kinases and
phosphatases (Pedarzani et al., 1998; Krause & Pedarzani,
2000) and it is possible that UCL 2027 could block by
activation of an inhibitory mechanism of this kind. Although

the structural similarity of UCL 2027 to clotrimazole, a proven
K+ channel blocker, makes it tempting to suppose that the
former compound also acts directly on the channels, we have

no direct evidence on this crucial point which remains for
further study.
In conclusion, the present study has extended the

pharmacology of the sIAHP and identi®ed the ®rst selective
blocker of the current, UCL 2027. This compound, and more
active and selective congeners, could prove useful as tools for

establishing the physiological role of the sIAHP as well as in
the identi®cation of its molecular correlate.

We are grateful to Professor D.H. Jenkinson and Dr G.W.J. Moss
for their helpful discussions. This work was funded by the
Wellcome Trust. M. Shah is an MRC scholar.
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