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1 We have recently shown that the alkaloid methyl-laudanosine blocks SK channel-mediated
afterhyperpolarizations (AHPs) in midbrain dopaminergic neurones. However, the relative potency of
the compound on the SK channel subtypes and its ability to block AHPs of other neurones were
unknown.

2 Using whole-cell patch-clamp experiments in transfected cell lines, we found that the compound
blocks SK1, SK2 and SK3 currents with equal potency: its mean IC50s were 1.2, 0.8 and 1.8mM,
respectively. IK currents were unaffected. In rat brain slices, methyl-laudanosine blocked apamin-
sensitive AHPs in serotonergic neurones of the dorsal raphe and noradrenergic neurones of the locus
coeruleus with IC50s of 21 and 19 mM, as compared to 15mM in dopaminergic neurones. However, at
100 mM, methyl-laudanosine elicited a constant hyperpolarization of serotonergic neurones of about
9mV, which was inconsistently (i.e. not in a reproducible manner) antagonized by atropine and hence
partly due to the activation of muscarinic receptors.

3 While exploring the pharmacology of related compounds, we found that methyl-noscapine also
blocked SK channels. In cell lines, methyl-noscapine blocked SK1, SK2 and SK3 currents with mean
IC50s of 5.9, 5.6 and 3.9 mM, respectively. It also did not block IK currents. Methyl-noscapine was
slightly less potent than methyl-laudanosine in blocking AHPs in brain slices, its IC50s being 42, 37
and 29mM in dopaminergic, serotonergic and noradrenergic neurones, respectively. Interestingly, no
significant non-SK effects were observed with methyl-noscapine in slices. At a concentration of
300 mM, methyl-noscapine elicited the same changes in excitability in the three neuronal types than did
a supramaximal concentration of apamin (300 nM).

4 Methyl-laudanosine and methyl-noscapine produced a rapidly reversible blockade of SK channels
as compared with apamin. The difference between the IC50s of apamin (0.45 nM) and methyl-
laudanosine (1.8 mM) in SK3 cells was essentially due to a major difference in their k�1 (0.028 s

�1 for
apamin and X20 s�1 for methyl-laudanosine).

5 These experiments demonstrate that both methyl-laudanosine and methyl-noscapine are medium
potency, quickly dissociating, SK channel blockers with a similar potency on the three SK subtypes.
Methyl-noscapine may be superior in terms of specificity for the SK channels.
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Introduction

Ca2þ -activated Kþ channels, which are present in most

tissues, play fundamental roles in many important physiolo-

gical processes. Based on their unitary conductance, Ca2þ -

activated Kþ channels have been classically classified as BK

(big conductance), IK (intermediate conductance) and SK
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(small conductance) channels (Latorre et al., 1989). The new

IUPHAR nomenclature recommends to name them KCa1.1,

KCa3.1 and KCa2.x, respectively (Gutman et al., 2003). The

corresponding genes are KCNMA1 for the main subunit of

BK channels, KCNN4 for IK subunits and KCNN1-3 (see

below) for SK subunits, according to the HUGO nomencla-

ture (Gutman et al., 2003).

Only BK and SK channels are highly expressed within the

central nervous system (CNS). BK channels are involved in

spike repolarization and in the fast afterhyperpolarization

(AHP) which follows the action potential (Sah, 1996; Sah &

Faber, 2002). On the other hand, SK channels are involved in

the medium duration AHP (mAHP) which lasts for a few

hundred milliseconds in many neuronal types and dampens

their excitability. They are therefore in a good position to

regulate the firing frequency and pattern of these neurones

(Sah, 1996; Sah & Faber, 2002).

SK- or KCa2.x-channels are activated by low intracellular

concentrations of Ca2þ (100 nM – 1mM) and are not voltage-

dependent. Three homologous mammalian SK channel sub-

units (SK1 or KCa2.1, SK2 or KCa2.2, SK3 or KCa2.3) have

been cloned (Köhlez et al., 1996). Each of these subunits has

six transmembrane domains, a pore-forming region and

intracellular N- and C-termini (Köhlez et al., 1996; Xia et al.,

1998). Calmodulin constitutively binds to the proximal part of

the C-terminus and acts as the Ca2þ sensor (Xia et al., 1998).

In heterologous expression systems, homo- as well as hetero-

meric SK channels have been characterized (Ishii et al., 1997;

Benton et al., 2003; Monaghan et al., 2004).

The localization of the three SK subunits was studied in the

rat brain by in situ hybridization (Stocker & Pedarzani, 2000)

and immunohistochemistry (Sailer et al., 2002). Globally, SK1

and SK2 subunits are highly expressed in cortex and

hippocampus, whereas SK3 subunits are particularly abundant

in subcortical areas, especially in the monoamine cell group

regions (substantia nigra, dorsal raphe, locus coeruleus).

Electrophysiological whole-cell patch-clamp studies, com-

bined in some cases with single-cell RT–PCR, are consistent

with this conclusion. Indeed, as judged by its sensitivity to

apamin, there is strong evidence that a major fraction of the

mAHP of hippocampal CA1 neurones is mediated by channels

comprising SK2 subunits (Stocker et al., 1999). On the other

hand, it seems that SK3 subunits play a major role in the

mAHP of midbrain dopaminergic neurones (Wolfart et al.,

2001) and dorsal vagal motoneurones (Pedarzani et al., 2000)

(see Stocker et al., 2004 for further details).

Increasing evidence suggests that SK channel modulation

(by blockers or enhancers) may be useful in various types of

CNS disorders (reviewed in Liégeois et al., 2003). For example,

the classical peptidic SK blocker apamin has been shown to

improve memory in several paradigms (Stackman et al., 2002)

and to reverse deficits induced by a partial hippocampal lesion

(Ikonen & Riekkinen, 1999). Apamin also has antidepressant

effects at low doses (Van der Staay et al., 1999). Several (Dror

et al., 1999; Tsai et al., 1999; Miller et al., 2001; Ritsner et al.,

2002) but not all (Antonarakis et al., 1999; Bonnet-Brilhault

et al., 1999) studies, suggest that an association may exist

between the SK3 channel gene and schizophrenia. Finally,

there is evidence that SK channel enhancers may be useful in

neuronal hyperexcitability disorders (Pedarzani et al., 2001).

Besides the bee venom toxin apamin, various compounds,

both peptidic and nonpeptidic, have been shown to block SK

channels. Peptidic compounds include leiurotoxin (Abia et al.,

1986; Chicchi et al., 1988), PO5 (Zerrouk et al., 1993), tityus

kappa (Legros et al., 1996) and tamapin (Pedarzani et al.,

2002). A clever modification of leiurotoxin yielded a com-

pound called Lei-Dab, which was shown to have a very good

subtype selectivity for SK2 channels (Shakkottai et al., 2001).

Nonpeptidic compounds include d-tubocurarine, bicuculline

quaternary salts and bis-quinolinium cyclophanes, such as

UCL 1684 (Seutin & Johnson, 1999; Campos Rosa et al., 2000;

Finlayson et al., 2001; Liégeois et al., 2003).

Enhancers of these channels include 1-ethyl-2-benzimidazo-

linone (1-EBIO) (Adeagbo, 1999) and chlorzoxazone (Cao

et al., 2001). These compounds act by increasing the sensitivity

of SK channels to Ca2þ (Pedarzani et al., 2001).

While studying quaternary analogs of laudanosine, an

alkaloid related to bicuculline, we recently demonstrated that

the N-methyl analog (Figure 1a) blocks SK channels with the

highest affinity and a good selectivity versus other targets

(Scuvée-Moreau et al., 2002). Its IC50 was found to be 4mM in

binding experiments on brain membranes and it blocked the

apamin-sensitive AHP in dopaminergic (DA) neurones of the

substantia nigra with an IC50 of 15 mM. On the other hand,

methyl-laudanosine does not interact with other targets such

as nicotinic, GABAA, voltage-gated Kþ channels, but it has

some affinity for muscarinic receptors. However, these

experiments did not allow to evaluate the potency of the

Figure 1 Chemical structures of (a) methyl-laudanosine (CH3-L)
and (b) methyl-noscapine (CH3-N).
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compound on the various SK channel subtypes. Nor did they

give an estimate of its on- and off-rates for these channels.

A first aim of this work was to address these questions by

using patch-clamp recordings in cell lines, namely Chinese

hamster ovary (CHO) cells stably expressing the human SK1

channel or the rat SK2 and SK3 channels, and human

embryonic kidney (HEK293) cells expressing IK1. In a next

step, we analyzed the effects of this compound on other

monoaminergic neurones in slices and found that it has a

significant non-SK-mediated effect on serotonergic (5-HT)

neurones of the dorsal raphe, but not on noradrenergic (NA)

neurones of the locus coeruleus. We therefore synthesized an

analog, methyl-noscapine (Figure 1b), which we found to be

devoid of this non-SK-related action. We present here its first

electrophysiological characterization, both in cell lines and in

brain slices.

Methods

Cell culture and SK channel stable transfection

CHO-FlipIn cells were cultured in Ham’s F-12 medium

supplemented with penicillin/streptomycin, 10% fetal calf

serum and 100 mgml�1 Zeocin. Cells were grown in a

humidified atmosphere (5% CO2 and 95% air) at 371C. The

CHO-FlipIn system (Invitrogen, Belgium) was used to

generate CHO cell lines stably expressing SK channels. The

generation of the hSK1-cell line has been previously described

(Pedarzani et al., 2002). SK2 and SK3 were ligated into the

pcDNA5/FRT vector and transfected in CHO FlipIn cells

growing at 60–70% confluency. A measure of 0.9 mg of SK2-

pcDNA5/FRT or SK3-pcDNA5/FRT were cotransfected with

10 mg pOG44 into the CHO FlipIn cells using LipofectAMI-

NEt together with the PLUSt reagent (Invitrogen, Belgium).

Transfected cells were selected in medium containing

100 mgml�1 Hygromycin B. Expression of SK channels was

confirmed by patch-clamp recordings. Furthermore, the

expression of SK2 and SK3 was confirmed by immunocyto-

chemistry. The cell line stably expressing human IK1 channels

was a kind gift of W.J. Joiner and L.K. Kaczmarek (Cao &

Houamed, 1999).

The stability of expression of SK channels and the absence

of cross-contamination of the cell lines was assessed after

several months of culturing by standard immunocytochemical

methods, using the subunit specific antibodies anti-NSK2

(1 : 1000) or anti-CSK3 (1 : 500). Generation and characteriza-

tion of the anti-NSK2 antibody have been described (Cingo-

lani et al., 2002). The anti-CSK3 antibody was raised against

the carboxy-terminus (aa706–719) of SK3 (Accession no.

U69884). The polyclonal rabbit antiserum was generated by

a standard protocol by Eurogentec (Belgium). Subunit

specificity was ensured by transient transfection of SK channel

subunits in cell lines, which were assessed by immunocyto-

chemistry and Western analysis. These experiments showed

that the degree of expression of SK3 was stable over time and

that no cross-contamination occurred.

Patch-clamp recordings in cell lines

Cells plated on a glass coverslip were positioned in a recording

chamber and superfused with a solution at a rate of 2mlmin�1.

The normal solution (low Kþ solution) contained (in mM):

KCl 4, NaCl 140, CaCl2 2, MgCl2 1, HEPES 10, glucose 10.

The pH was adjusted to 7.4 using NaOH and the osmolarity

ranged from 295 to 305mOsm. The superfusate highly

concentrated in Kþ (high Kþ solution) contained (in mM):

KCl 144, CaCl2 2, MgCl2 1, HEPES 10, glucose 10. The pH

was adjusted to 7.4 using KOH and the osmolarity ranged

from 290 to 305mOsm.

Patch pipettes (borosilicate glass) were pulled using a Sutter

P-87 electrode puller and filled with an internal solution

consisting of (mM): KCl 130, EGTA 10, CaCl2 8.751, MgCl2
1.08, HEPES 10 yielding a free (unchelated) [Ca2þ ] of 1mM.

The pH was adjusted to 7.2 using KOH and the osmolarity

ranged from 275 to 290mOsm. In a few experiments, the

concentration of CaCl2 and MgCl2 were 6.76 and 1.2mM to

yield a free [Ca2þ ] of 300 nM, or 4.11 and 1.368mM to yield

a free [Ca2þ ] of 100 nM. The free [Ca2þ ] were calculated by

EqCal (Biosoft). When filled with the internal solution, the

patch electrodes had a tip resistance of 3–4MO.
Currents were recorded using standard whole cell voltage

clamp recording techniques at room temperature (21–231C)

using a RK-400 Biologic amplifier. Voltage command proto-

cols and data acquisitions were controlled using Wintida

(Heka Electronik, Lambrecht, Germany). For the methyl-

laudanosine experiments, we used a holding potential of

�100mV and performed 1 s ramps from �100 to þ 50mV at

10 s intervals. The protocol was the same for the methyl-

noscapine experiments, except that the holding potential was

�80mV and ramps were from �80 to þ 70mV. To obtain the

reversal potential of the apamin-sensitive current in SK cell

lines, we measured membrane currents at various potentials

(from �100 to þ 40mV, every 20mV) in the absence and in

the presence of 300 nM of the drug. Straight lines were fitted to

the data and the intersection between the lines was determined

visually.

In the methyl-laudanosine concentration–response experi-

ments, a supramaximal concentration of apamin (300 nM) was

applied at the end of each experiment and SK currents were

defined as currents that were sensitive to this concentration of

apamin. In the methyl-noscapine study, SK currents were

defined as currents that were sensitive to 100 mM methyl-

laudanosine, since this concentration of the drug produced a

block that was equivalent to the one produced by 300 nM

apamin (see Results). The mean percentage of the inward

current measured at the holding potential that was resistant

either to 300 nM apamin or 100 mM methyl-laudanosine was 43,

40 and 25% for SK1, SK2 and SK3 cells, respectively.

Data were stored on the hard drive of a microcomputer. The

final series resistance, calculated according to Armstrong and

Gilly (Armstrong & Gilly, 1992) did not exceed 7MO. No

attempt was made to compensate it electronically. Junction

potentials were negligible using the above-specified recording

conditions.

In most cases, drugs were applied through a fine needle

positioned close to the cell, via a series of gravity-fed

reservoirs. The superfusion of the drugs was controlled either

by Wintida or manually.

For the kinetic experiments, we used a fast superfusion

system consisting of two 1.5mm diameter square capillaries

(Bioscience Tools, San Diego, CA, U.S.A.) forming an angle

ofB301 and having their tips close together. The two tips were

positioned B200 mm from the recorded cell. The solution
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flowing out of one capillary was the same as the general

superfusion solution whereas the test solution (i.e. containing

a channel blocker) flew from the other one. The system

was optimized by using a slightly supra-atmospheric super-

fusion pressure. Validation experiments using the high and low

Kþ solutions showed that the time constant of solution

exchange was 14.971.0ms (n¼ 8). In order to evaluate on-

and off-rates of channel blockers, we measured the kinetics of

variation of the holding current at �80mV. Wash-ins and

wash-outs could be well fitted with monophasic exponentials.

Data analysis was performed off-line. The following set of

validation experiments were performed in order to confirm

that the currents were carried by potassium and were Ca2þ -

dependent.

Untransfected cells did not express significant apamin-

sensitive currents. In transfected SK cell lines, the amplitude of

the current was dependent upon the free intracellular Ca2þ

concentration. Indeed, in the presence of 100 nM free Ca2þ ,

the amplitude of the current was �288772, �3127180,

�5277149 pA for SK1, SK2 and SK3, respectively (n¼ 3).

In the presence of 300 nM Ca2þ , the amplitude was

�5057267, �4837226, �4637233 pA for SK1, SK2 and

SK3, respectively (n¼ 3). In the presence of 1mM free

intracellular Ca2þ , currents had an average value of

�24187902, �22157690 and �17837997 pA, for SK1,

SK2 and SK3, respectively. Finally, the reversal potential of

SK currents varied according to the Nernst equation for Kþ .

Given the ionic concentration used in our study, the predicted

reversal potential for a Kþ current was �87.7mV in the low

Kþ solution and þ 2.6mV in the high Kþ solution. Our

measurements yielded values of �89.174.8mV (n¼ 6) and

þ 4.778.4mV (n¼ 6) (data not shown), which were very close

to expected values.

IK currents were defined as those that were blocked by

30 mM clotrimazole, a supramaximal concentration for the

blockade of these currents (Jensen et al., 1998).

Intracellular recordings in brain slices

The method used has been described previously (Seutin et al.,

1997; Scuvée-Moreau et al., 2002). Briefly, male Wistar rats

(150–200 g) were housed and handled in accordance with

guidelines of the National Institute of Health (NIH Publica-

tions No. 85–23, 1985). They were anesthetized with chloral

hydrate (400mgkg�1 i.p.) and decapitated. The brain was

rapidly removed and placed in cold (B41C) artificial

cerebrospinal fluid of the following composition (in mM):

NaCl 126, KCl 2.5, NaH2PO4 1.2, MgCl2 1.2, CaCl2 2.4,

glucose 11, NaHCO3 18, saturated with 95% O2 and 5% CO2

(pH 7.4). A block of tissue containing the midbrain or the pons

was placed in a Vibratome (Lancer) filled with the same

solution and cut in horizontal (substantia nigra) or transverse

(dorsal raphe and locus coeruleus) slices (thickness: 350 mm).

The slice containing the region of interest was placed on a

nylon mesh in a recording chamber (volume 500 ml). The tissue
was held in position with an electron microscopy grid weighed

down by short pieces of platinum wire. The slice was

completely immersed in a continuously flowing (B2mlmin�1),

heated solution (351C) of the same composition as indicated

above. Structures were visualized by transillumination,

using a stereomicroscope. The substantia nigra was identified

as a semilucent area rostral and caudal to the medial terminal

nucleus of the accessory optic tract (Paxinos & Watson,

1986). The dorsal raphe nucleus was identified as a semilucent

region dorsal and medial to the fasciculus longitudinalis

medialis (Paxinos & Watson, 1986). The locus coeruleus,

located laterally to the fourth ventricule, was identified

by its clearly defined, bright and translucent appearance

when viewed with transmitted light (Paxinos & Watson,

1986).

Intracellular recordings were made using glass microelec-

trodes filled with KCl 2M (resistance 70–150MO). All

recordings were made in the bridge balance mode, using an

NPI SEC1L amplifier (NPI Electronic GmbH, Tamm,

Germany). The accuracy of the bridge was checked through-

out the experiments by examining the voltage deflection

induced by a small (�50 pA) current injection. The potential

of the extracellular medium was measured at the end

of each experiment and its absolute value was within 5mV

of that set to zero at the start. Membrane potentials and

injected currents were recorded on a Gould TA240 chart

recorder (Gould Instrument Systems, Valley View, OH,

U.S.A.) and on a Fluke Combiscope oscilloscope (Fluke

Corp., Everett, WA, U.S.A.). The Flukeview software was

used for off-line analysis.

The characteristics of DA neurones recorded intracellularly

have been described previously (Seutin et al., 1997; Scuvée-

Moreau et al., 2002). All putative 5-HT neurones displayed

characteristic features of these neurones as described pre-

viously (Vandermaelen & Aghajanian, 1983), including broad

action potentials with a slight shoulder on their falling phase.

The majority of the cells were spontaneously active, with

a prominent (amplitude measured from the spike threshold:

10–20mV) AHP which reached its peak 20–40ms after the

action potential and decayed slowly over a period 4200ms.

Their mean input resistance was 252720MO (n¼ 29). When

neurones were not spontaneously active, a continuous small

depolarizing current (10–30 pA) was applied in order to evoke

spike discharges. In agreement with previous reports on DR

5-HT neurones (Innis et al., 1988), superfusion of 5-HT

(30–50mM) induced a marked hyperpolarization (8.471mV)

and a decrease in apparent input resistance in all tested

neurones (n¼ 5).

All presumed NA neurones (n¼ 23) were spontaneously

active. Their spikes were followed by a prominent (amplitude

measured from the spike threshold: 10–20mV) AHP which

reached its peakB10ms after the action potential and decayed

gradually over a period of 200ms. The mean input resistance

of these neurones was 133715MO (n¼ 23). Previous experi-

ments in our laboratory have shown that such cells are

hyperpolarized by a2 agonists such as clonidine and are

therefore probably noradrenergic.

Drug effects on the apamin-sensitive AHP in monoaminer-

gic neurones were quantified as the percent reduction of the

surface area of the AHP (in mVs) which was blocked by a

largely supramaximal concentration of apamin (300 nM, Seutin

et al., 1997). Averages of four sweeps were considered in all

cases. Because the amplitude of the AHP is very sensitive to

the firing rate, care was taken to compare all AHPs of one cell

at the same firing rate; this usually required only very small

adjustments of the injected currents (i.e. less than 20 pA). In

these experiments, increasing concentrations of methyl-lauda-

nosine or methyl-noscapine were superfused before the

application of apamin.
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Excitability of monoaminergic neurons was assessed by

applying long (B1 s) depolarizing pulses of increasing in-

tensities at about 4–5 s intervals and counting the number of

action potentials elicited by the different pulses. Averages of

four pulses of similar intensities were considered in the analysis

of the results. Absolute values of injected currents were

different among individual cells; intensities were chosen to

produce increasing numbers of action potentials from 0 to 6

per pulse in control conditions. Baseline membrane potential

was set at �65mV by negative current injection. In all

experiments, we tested one concentration of methyl-noscapine

and of apamin which completely blocked the mAHP (300 mM
and 300 nM, respectively).

The antagonism at GABAA receptors was quantified as the

ability to antagonize the reduction in input resistance induced

by 3mM muscimol. Input resistance was measured by the

amplitude of the steady-state voltage deflection elicited by

passing a small hyperpolarizing current (�20 to �60 pA).

Some experiments were performed in the presence of

tetrodotoxin (TTX) (0.5 mM) in order to minimize indirect

effects.

Data analysis and statistics

The effect of the channel blockers was quantified according

to the Hill equation E¼Emax/[1þ (IC50/x)
h], where x is the

concentration of the drug and h the Hill coefficient.

For the kinetic experiments, data were analyzed according

to the following equations (Chen et al., 2003):

ton ¼ 1=ðkþ1�½blocker� þ k�1Þ ð1Þ

toff ¼ 1=k�1 ð2Þ

with Kd¼ k�1/kþ 1, and assuming that the IC50 of an ion

channel blocker in a bioassay is similar to its Kd.

Eq. (1) shows that the ton of two compounds can be very

different even if their kþ 1 is similar, provided that their k�1,

and hence their Kd, is very different (see Figure 2e).

Figure 2 Blockade of SK currents by methyl-laudanosine in transfected cell lines. (a), (b) and (c) IV ramps from �100 to þ 50mV
obtained in control conditions and in the presence of increasing concentrations of methyl-laudanosine (in mM) and of 300 nM apamin
(APA) in a SK1, a SK2 and a SK3 cell, respectively. For clarity, only currents measured in the presence of 2–3 concentrations of
methyl-laudanosine are shown. The dashed line indicates the 0 current level. (d) Concentration–response curves obtained with
methyl-laudanosine at the holding potential (�100mV) in cells transfected with SK1, SK2 or SK3 channels. The maximal effect was
defined as the amplitude of the current blocked by 300 nM apamin. (e) Comparison of the kinetics of wash-in and wash-out of the
effects of 10 mM methyl-laudanosine (gray trace) and 10 nM apamin (black trace) in a SK3 cell. The traces were scaled to allow a
better comparison. The holding potential was �80mV.
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Numerical values are expressed as means7s.e.m. Statistical

analysis was performed using Student’s t-test or a one-way

ANOVA followed by Dunnett’s post hoc test when distribu-

tions were normal. Otherwise, a non–parametric test (Mann–

Whitney or Kruskal–Wallis test) was used. The level of

significance was set at Po0.05.

Drugs and solutions

Apamin was purchased from ICN Laboratories, or Sigma and

stock solutions (333� ) were prepared in distilled water.

Methyl-laudanosine and methyl-noscapine were synthesized

and isolated as iodide salts in our laboratory. Their stock

solutions (at least 100� ) were also prepared in distilled water.

All other compounds were obtained from Sigma, except

tetrodotoxin (ICN, Aurora, OH, U.S.A.) and SR95531, which

was a generous gift from Sanofi-Synthelabo (Paris, France).

Noscapine and clotrimazole were first dissolved in DMSO.

Final solutions contained less than 1% DMSO and all other

solutions in experiments using these compounds contained the

same final concentration of DMSO.

Results

Methyl-laudanosine equipotently blocks SK1, SK2
and SK3 currents in cell lines

In a high Kþ solution and using an intracellular solution

yielding 1mM free internal Ca2þ , voltage ramps (�100 to

þ 40mV) resulted in inwardly rectifying currents as shown in

Figure 2. The amplitude of the inward current at �100mV

ranged from �1.2 to �8 nA. We measured the blocking

potency of various concentrations of methyl-laudanosine

(from 100 nM to 100 mM). As already mentioned, 300 nM

apamin was used as a reference.

As can be seen in Figure 2, neither apamin nor methyl-

laudanosine completely blocked recorded currents. This has

also been reported by others (Dale et al., 2002). The fraction of

inward current blocked at �100mV in the three SK cell lines

by 300 nM apamin ranged between 40 and 90%. The exact

nature of the apamin-resistant current is unknown (see

Discussion).

Methyl-laudanosine inhibited SK1, SK2 and SK3 currents

in a concentration-dependent manner. The IC50 of methyl-

laudanosine was 1.270.2, 0.870.1 and 1.870.6mM for SK1,

SK2 and SK3 currents, respectively (n¼ 11, 11 and 12)

(Figure 2). These values were not significantly different from

each other (P¼ 0.18, Kruskal–Wallis test). Hill coefficients

were 1.170.1, 0.870.1 and 0.970.1 in the three cell lines,

respectively.

A concentration of 100 mM methyl-laudanosine inhibited a

slightly more important fraction of the inward current

measured at �100mV than 300 nM apamin (10972, 11172

and 10673% of the current blocked by apamin, for SK1, SK2

and SK3 cells, respectively), but the difference was not

significant for any cell line (Student’s t-test). The blockade of

SK currents by methyl-laudanosine did not appear to be

voltage-dependent in the range of voltages which were

examined.

On the other hand, methyl-laudanosine did not block IK

currents. At a concentration of 100mM, it inhibited only

774% of the clotrimazole-sensitive current (NS, Student’s

t-test) in IK cells (n¼ 7, data not shown).

The effect of methyl-laudanosine is quickly reversible

While performing the concentration–response experiments, we

noticed that the effect of methyl-laudanosine was much more

quickly reversible than the one of apamin. This was further

characterized in the SK3 cells. The results are summarized in

Table 1. Concerning methyl-laudanosine, we only measured

off-rates using three different concentrations of the drug.

It can be seen that these rates were only 3–4 times greater

than the exchange rate of our system (15ms, see Methods),

suggesting that our estimation is not completely accurate (see

Discussion). However, off-rates measured for the three

different concentrations of the compound were not signifi-

cantly different from each other (P¼ 0.771, one-way ANO-

VA), suggesting that our values are not too much distorted.

These experiments allowed us to estimate that the k�1 for this

compound is X20 s�1 (Figure 2e). Because off-rates are slower

than on-rates, we did not attempt to estimate the latter, since

our observations would be even less accurate. On the other

hand, both on- and off-rates were much slower for apamin,

whose k�1 was found to be around 0.028 s�1 (Figure 2e,

Table 1).

Methyl-laudanosine blocks apamin-sensitive AHPs
in 5-HT and NA neurones, but induces a steady
non-SK-mediated hyperpolarization in 5-HT neurones

Figure 3 shows the blockade by methyl-laudanosine of the

apamin-sensitive AHP in 5-HT and NA neurones. An effect

Table 1 Kinetic aspects of SK3 current blockade by methyl-laudanosine and apamin

Compound Concentration ton (s) toff (s) Steady-state IC50

Methyl-laudanosine 1mM ND 0.05170.012a (6) 1.870.6 mM (12)
10mM ND 0.06270.010a (5)
100mM ND 0.05670.010a (7)

Apamin 10 nM 1.945* (8) 29.67876.377b (8) 0.4570.05 nM (2)
100 nM 0.695* (8) 42.37576.208b (8)

ND¼not determined (because the event was too fast as compared with the speed of solution exchange of our set-up).
Values within parentheses represent the number of experiments.
*Only the median value is given because the normality test failed. The two values are significantly different from each other (Po0.001,
Mann–Whitney rank-sum test).
a,bThese values are not significantly different from each other.

758 J. Scuvée-Moreau et al Characterization of SK channel blockers

British Journal of Pharmacology vol 143 (6)



similar to the one observed upon application of 300 nM apamin

was always obtained in the presence of 100 mM methyl-

laudanosine. Concentration–response curves in the three

monoamine cell groups are shown in Figure 3c. Curve fitting

yielded IC50 values of 2172 and 1972 mM in 5-HT and NA

neurones, respectively (n¼ 6 in both cases). Hill coefficients

were 1.170.1 and 1.1570.3, respectively. In these experi-

ments, increasingly positive current had to be injected in order

to maintain the same firing rate in 5-HT neurones, suggesting a

tonic hyperpolarizing effect of methyl-laudanosine. This was

confirmed in an additional set of experiments (Figure 3d). In

the presence of 1mM TTX, 100mM methyl-laudanosine induced

a hyperpolarization of 971mV from �65mV. This effect was

antagonized by 1–10mM atropine (not shown), but with a quite

variable potency. Indeed, the amplitude of the blockade could

be 0% (n¼ 1), B50% (n¼ 3) or 90% (n¼ 1). This suggests a

partial implication of muscarinic receptors, in agreement with

previous binding data (Scuvée-Moreau et al., 2002). The

reason for such an inconsistent effect of atropine is unknown.

Apamin never produced such a hyperpolarization. On the

other hand, methyl-laudanosine had no significant effect on

action potential parameters (amplitude and duration at mid-

height) of any of these cell types (Table 2).

Methyl-noscapine blocks SK1, SK2 and SK3 currents
in cell lines

For these experiments, we used 100mM methyl-laudanosine as

the reference, since this concentration blocked all SK channels

to the same extent as 300 nM apamin. Figure 4 shows the

ability of methyl-noscapine to block the various SK currents.

Its IC50 was 5.970.9, 5.670.8 and 3.970.8mM for SK1, SK2

and SK3 currents, respectively (n¼ 11, 11 and 12). These

values were not significantly different from each other

(P¼ 0.06, Kruskal–Wallis test). The compound was signifi-

cantly less potent than methyl-laudanosine on SK1 and SK2

(Po0.001, Student’s t-test), but not on SK3 currents

(P¼ 0.07). Hill coefficients were 0.870.1 in the three cell

lines. The effect of methyl-noscapine was very quickly

reversible in all cell lines.

On the other hand, methyl-noscapine failed to significantly

block IK currents. At a concentration of 100 mM, it blocked the

clotrimazole-sensitive current by only 1077% (NS, Student’s

t-test) (n¼ 4).

Finally, the corresponding tertiary amine, noscapine, which

is used in some countries as an antitussive agent, had very little

effect on SK currents. At a concentration of 100 mM, it

inhibited only 978, 22710 and 1973% of the current

blocked by 100 mM methyl-laudanosine in SK1, SK2 and

SK3 cells, respectively (n¼ 4, 5 and 5). Its effect was only

significant in SK3 cells (Po0.001, Student’s t-test).

Methyl-noscapine specifically blocks apamin-sensitive
AHPs in DA, 5-HT and NA neurones

As shown in Figure 5, methyl-noscapine blocked mAHPs in all

monoaminergic cell groups, albeit with overall less potency

than methyl-laudanosine. Its IC50 in DA, 5-HT and NA

neurones was 4274, 3778 and 2973 mM (n¼ 6), respectively.

These values were significantly different from those obtained

with methyl-laudanosine in DA (Po0.001, Student’s t-test)

and NA cells (Po0.05), but not in 5-HT neurones (P¼ 0.08).

Hill coefficients were 170.2, 0.9870.03 and 1.0470.05 in the

three cell types, respectively. An effect equal to the one of

Figure 3 Methyl-laudanosine blocks apamin-sensitive AHPs in brainstem monoaminergic neurones, but has a nonspecific effect in
5-HT neurones. (a) Effect of increasing concentrations of methyl-laudanosine on the AHP of a 5-HT neurone. Apamin and 100 mM
methyl-laudanosine blocked about 80% of the mAHP. (b) Same experiment on a NA neurone of the locus coeruleus. It can be seen
that the fast AHP is unaffected, but that a major part (B60%) of the mAHP is blocked both by apamin and by the highest
concentration of methyl-laudanosine. (c) Concentration–response curves for the blockade of AHPs in the three monoamine cell
groups (the concentration–response curve in DA neurones was taken with permission from Scuvée-Moreau et al., 2002). The
maximal effect was the surface area of the AHP which was blocked by 300 nM apamin. (d) One experiment showing that methyl-
laudanosine directly hyperpolarizes 5-HT neurones, but does not modify their input resistance. The drug was superfused during the
period indicated by the bar �20 pA current pulses (1 s in duration) were injected throughout the experiment. Tetrodotoxin was
present throughout the experiment.
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300 nM apamin was reached in the three cell types with 300mM
methyl-noscapine. Contrary to methyl-laudanosine, methyl-

noscapine (300 mM) did not significantly affect the membrane

potential of any of these neurones, including the 5-HT cells

(n¼ 8, 6 and 3 in 5-HT, DA and NA neurones) (data not

shown). Furthermore, this compound had no effect on other

electrophysiological parameters of these cell types (Table 2).

Methyl-noscapine (100–300mM) was devoid of GABAA

antagonism: indeed, it did not modify the decrease in input

resistance induced by muscimol (3 mM), while the GABAA

antagonist SR95531 (10 mM) completely reversed the effect of

muscimol (n¼ 3) (data not shown).

Methyl-noscapine has the same effect as apamin
on the excitability of monoaminergic neurones

In order to explore the consequences of AHP blockade on the

excitability of the three types of monoaminergic neurones, the

effect of maximally active concentrations of methyl-noscapine

and apamin on the number of spikes induced by long

depolarizing pulses of increasing intensities was explored. As

shown in Figure 6, both methyl-noscapine (300 mM) and

apamin (300 nM) induced a significant increase in the excit-

ability of midbrain dopaminergic (n¼ 5) and locus coeruleus

noradrenergic (n¼ 6) neurons. Dorsal raphe serotonergic

neurons had a more variable response to the application of

AHP blockers with only four out of seven cells showing an

increase in their excitability. There was no apparent difference

in the electrophysiological characteristics of the two types of

cells.

Discussion

The aim of this work was to characterize the blockade of SK

channels by methyl-laudanosine and methyl-noscapine. Our

cell line experiments demonstrate that both compounds are

able to block all of the apamin-sensitive current in the three

SK cell lines whereas they do not affect IK currents. We

consistently observed that a fraction of the current in the SK

cell lines was not blocked by any SK channel blocker. The

reason for this is unclear. Others have suggested that a fraction

of SK current is not sensitive to apamin in this kind of

preparation (Dale et al., 2002). In support of this conclusion,

these authors showed that the apamin-resistant current

behaved like a SK current in terms of Ca2þ dependence,

relative permeation of monovalent cations, resistance to

blockers of other channels and sensitivity to cyproheptadine.

Because we did not perform these experiments, we cannot

draw conclusions about the nature of the apamin-insensitive

current, which could be a blocker-resistant SK current or

another endogenous current of the cells. The latter hypothesis

is rather unlikely, however, because untransfected cells had

currents that were much smaller than the apamin-insensitive

current in the transfected cells. Methyl-laudanosine tended

to block more current than apamin in the three cell lines.

However, the difference was not significant overall. Because

methyl-laudanosine did not alter any other electrophysiologi-

cal parameter than the mAHP in slices (except in 5-HT

neurones), we do not think that the observation in cell lines is

due to the blockade of other channels than the SK channels.

Both methyl-laudanosine and methyl-noscapine blocked

mAHPs in slices with IC50s that were about an order of

magnitude larger than their IC50s in the cell lines. It is possible

that the pharmacology of cloned channels is different from the

one of native channels, particularly if the latter turns out to

be heteromeric. Such a difference between heteromeric and

homomeric channels has been demonstrated in heterologous

expression systems (Benton et al., 2003; Monaghan et al.,

2004). Another possible explanation for this difference is that

the access of both compounds to the channels was more

difficult in the slices. It could be argued that the same holds for

Table 2 Lack of effect of 100 mM methyl-laudanosine and 300 mM methyl-noscapine on various electrophysiological
parameters of monoaminergic neurones

Methyl-laudanosine Methyl-noscapine

Control Drug n Control Drug n

DA neurones
AP amplitude (mV) 5072.5a 5072.5a 4 55.872.0 55.672.0 8
AP duration (ms) 1.370.2a 1.370.2a 4 1.170.1 1.170.1 8
R cell (MO) 231722a 231722a 4 145717 147717 6
Ih

b 1070.6a 1070.6a 4 11.571.0 1270.8 6

5-HT neurones
AP amplitude (mV) 5972.1 5872.6 6 5871.3 5871.2 7
AP duration (ms) 1.570.07 1.570.07 6 1.270.02 1.270.03 7
R cell (MO) 165715 Not tested 6 289737 291737 7

NA neurones
AP amplitude (mV) 59.870.9 59.870.9 6 57.971.4 57.571.7 8
AP duration (ms) 1.170.06 1.170.06 6 1.170.04 1.170.03 8
R cell (MO) 108716 Not tested 6 119725 120725 7

aData from Scuvée-Moreau et al. (2002).
bA putative effect of the drug on the amplitude of this current was evaluated in current-clamp by measuring the amplitude of the
depolarizing sag produced by the activation of the current during a 100–150pA hyperpolarizing current injection from �60mV.
Values represent the number of experiments.
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apamin; however, the toxin was used at a largely supramax-

imal concentration which is very likely to produce a full

blockade in both preparations.

Our experiments show that methyl-laudanosine equipotently

blocks all SK channel subtypes, but that its use as a SK

blocker may be problematic in some neurones because of its

non-SK-mediated effect that we have observed only in 5-HT

neurones so far. Indeed, it was not found in DA, NA or

hippocampal pyramidal neurones (this paper and Scuvée-

Moreau et al., 2002). On the other hand, methyl-noscapine

appears to be another valuable tool to probe the physiological

roles of SK channels. Indeed, we did not observe any

significant non-SK channel-mediated effects with this com-

pound and our data show that it should affect neither

conventional voltage-dependent Naþ , Kþ and Ih channels,

nor GABAA receptors. Interestingly, we recently found that

the non-SK action of methyl-laudanosine (which is a racemic

mixture) is due to its (�) enantiomer (Scuvée-Moreau et al.,

2004). Therefore, the (þ ) enantiomer of methyl-laudanosine

may also represent a good pharmacological tool.

Methyl-noscapine modulated the excitability of monoami-

nergic neurones very similarly to apamin. Although, as

expected, an increase in excitability was observed in all

dopaminergic and noradrenergic neurones which were tested,

this was not the case in serotonergic neurones. In 40% of these,

no increased excitability was observed, neither with methyl-

noscapine nor with apamin. The explanation for this observa-

tion is unknown and deserves further investigation.

Our experiments do not allow to determine what effect SK

channel blockade will have on the firing pattern and firing rate

of brain monoaminergic neurons under physiological condi-

tions. We are currently addressing this question by using single

cell recordings and iontophoresis of methyl-laudanosine and

methyl-noscapine in anesthetized rats (Seutin et al., 2002;

Waroux et al., in preparation).

One of the main interests of both methyl-laudanosine and

methyl-noscapine probably lies in their quickly reversible

effect. We attempted to quantify this for methyl-laudanosine in

SK3 cells. The accuracy of our measurements was unfortu-

nately limited by the speed of solution exchange of our fast

superfusion system. Indeed, this speed was less than 10 times

Figure 4 Methyl-noscapine blocks SK1, SK2 and SK3 currents in
transfected cell lines (IV ramps from �80 to þ 70mV). (a), (b) and
(c) Representative experiment performed in a SK1, a SK2 and a SK3
cell, respectively. The dashed line indicates the 0 current level. All
concentrations are in mM. (d) Concentration–response curves for
methyl-noscapine in the three cell lines at the holding potential
(�80mV). The maximal effect was defined as the current blocked by
100 mM methyl-laudanosine.

Figure 5 Methyl-noscapine blocks apamin-sensitive AHPs in
brainstem monoaminergic neurones. (a) Effect of increasing
concentrations of methyl-noscapine on the AHP of a DA neurone.
(b) Concentration–response curves for the blockade of AHPs by
methyl-noscapine in the three monoamine cell groups. The maximal
effect was defined as in Figure 3.
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faster than the toff of methyl-laudanosine. Therefore, our

measurements probably overestimate the real toff. Because the

measured toff values were roughly similar for three concen-

trations of the drug, as expected from the theory, we can

nevertheless conclude that the real value is not far from our

estimate, which was B50ms. This would yield a k�1 value

X20 s�1 (using the equation k�1¼ 1/toff). Assuming that the

IC50 is close to the Kd for an ion channel blocker (see

Methods), the kþ 1 of methyl-laudanosine should be close to

1.1� 107M�1 s�1. For apamin, we found that the k�1 is

B0.028 s�1 (using the same equation and the mean of the

values reported in Table 1 for toff) and the kþ 1 lies between 1.4

and 6 107M�1 s�1 (depending on the method used to calculate

it). Thus, the difference in affinity between the two compounds

is essentially due to a major difference between their k�1.

The mean residency time of methyl-laudanosine and apamin

should be p50ms and B36 s, respectively. Methyl-laudano-

sine can therefore be considered as an intermediate drug and

apamin as a slow drug, according to Hille (2001). This

conclusion is consistent with recent single-channel inside-out

experiments that we have performed on transiently transfected

SK channels. A flickering block was observed with methyl-

laudanosine, whereas a much slower block was found for

apamin (Seutin, Mizielinska and Marrion, unpublished

observations).

We believe that the interest of rapidly dissociating SK

blockers may be double. First, they may be a valuable addition

to the pharmacological armamentarium of SK blockers,

because their effect will be much more readily reversible than

the one of high-affinity blockers. Indeed, wash-out of apamin

effects are rarely reported in brain slice experiments. In

addition, because of their quaternary nature, methyl-laudano-

sine and methyl-noscapine are highly water-soluble and can be

used for iontophoretic application in vivo (see above).

Figure 6 Effect of methyl-noscapine and apamin on cell excitability. a, c, e and f: Action potentials (truncated in the figure) were
elicited by 400 pA (a) and 150 pA (c, e, f) depolarizing current pulses before and during the application of 300 mM methyl-noscapine
followed by 300 nM apamin; membrane potential was set at �65mV by a continuous current injection of �270 pA (a) or �170 pA
(c) or �10 pA (e). b, d and g: The number of action potentials elicited by the pulses are plotted against the level of intensity of the
injected current. Methyl-noscapine and apamin induced a similar significant increase in the number of action potentials evoked
(*Po0.05; **Po0.005) in dopaminergic and noradrenergic neurons. The variability of the effect on DR neurons is illustrated by the
examples given in (e) and (f). Values are means of five (b), six (d) and seven (g) experiments. Note that SK channel blockade had
variable consequences on the AHP observed at the end of the pulse in the various cell types.
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Secondly, with the perspective of developing SK channel

blockers with therapeutic applications in the CNS, low-affinity

SK blockers may be more tolerable than high-affinity

compounds. Apamin has clearly a very narrow therapeutic

window. Several toxic effects, including convulsions and even

neurodegeneration, have been reported (Habermann & Cheng-

Raude, 1975; Mourre et al., 1997; van der Staay et al., 1999). It

will be important to evaluate this aspect for low-affinity

compounds. Although very speculative, a parallel might be

drawn with Naþ channel blockers. All compounds in clinical

use, such as phenytoin and carbamazepine, are low-affinity

compounds whereas the high-affinity toxin tetrodotoxin is

extremely toxic. Similarly, in the field of D2 receptor blockers,

low affinity blockers such as clozapine induce significantly less

extrapyramidal side effects than potent antagonists such as

haloperidol (Kapur & Seeman, 2001), although it is clear that

other factors may contribute in this case.

The compounds described in this paper will probably

not provide CNS therapeutic effects because of their quatern-

ary nature. Therefore, in parallel with the discovery of

water-soluble pharmacological tools, we are developing

basic compounds which are more likely to cross the blood–

brain barrier after systemic administration. Further electro-

physiological and behavioral experiments will be needed to

determine their potential interest in therapeutics. Another

important step will also be to develop subtype-specific

blockers.

In conclusion, methyl-laudanosine and methyl-noscapine

are medium potency, quickly dissociating SK channel blockers

with no significant selectivity for one SK channel subtype.

Methyl-noscapine appears to be more selective versus non-SK

targets.
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