
Motoneurones transform synaptic input to the discharge

patterns that underlie movement. Each spike in a motor

axon induces a contraction in the muscle fibres innervated.

For this reason spike frequency regulation in motoneurones

is a functionally important element in this transformation.

It has been known for many years, that motoneurones

respond to a sustained depolarizing current by a train of

action potentials that gradually adapts from a high initial

firing frequency to a lower frequency in steady state (Kernell,

1965). This activity-dependent change in excitability is

important for the mechanical output of the muscle fibres

innervated by a motoneurone (Binder et al. 1996). The

adaptation can be separated in three phases: initial, early

and late (Sawczuk et al. 1997). It is currently thought that

different mechanisms might contribute to the three phases

of adaptation (Kernell, 1999). However, the underlying

cellular properties and their regulation by metabotropic

transmitter receptors have not been elucidated.

Among the possible mechanisms that could contribute to

regulation of excitability in motoneurones, activation of an

M-current is a good candidate (Aiken et al. 1995), especially

for the early phase of adaptation. The M-current, so called

because it is reduced by acetylcholine acting at muscarinic

receptors, is a slowly activating voltage-regulated K+ current

(for review see Brown & Yu, 2000). It activates near the

resting membrane potential and does not inactivate during a

sustained depolarization. It is now accepted that most

M-currents are mediated by members of the KCNQ K+

channel family because these channels generate a current

that shares many characteristics with the M-current,

including voltage dependence, kinetics, and pharmacology

(Wang et al. 1998; Schroeder et al. 2000). An M-like current

has been recorded previously in primary cultures of

dissociated cells from the spinal cord of the mouse (Nowak

& Macdonald, 1983). Moreover, in situ hybridization

experiments show that mRNAs for subunits are present in

the anterior horn of the spinal cord of the adult mouse

(Dedek et al. 2001). However, the existence of an M-current

in spinal motoneurones has not yet been demonstrated.

This study was undertaken to investigate whether an

M-current, carried through KCNQ channels, contributes

to the regulation of the excitability in mature spinal

motoneurones. In the absence of slice preparations with

viable motoneurones from the spinal cord of adult

mammals, experiments were performed using turtles. The

intrinsic response properties of motoneurones in in vitro
preparations from the spinal cord of the adult turtle are

remarkably similar to the properties of spinal motoneurones

in the cat and seem to be generated by the same set of ion

channels (Perrier & Hounsgaard, 2000). Using intracellular

Rapid Report

An M-like outward current regulates the excitability of spinal
motoneurones in the adult turtle
Aidas Alaburda, Jean-François Perrier and Jørn Hounsgaard

Department of Medical Physiology, Panum Institute, University of Copenhagen, Copenhagen N. DK 2200, Denmark

The excitatory action of muscarine on spinal motoneurones was investigated with intracellular

recordings in a slice preparation from adult turtles. In these cells muscarine is known to facilitate a

persistent inward current mediated by L-type Ca2+ channels. When this effect was blocked by

nifedipine, muscarine still increased the excitability. In voltage clamp, a slowly activating outward

current, generated during depolarizing voltage commands and deactivating as a tail current on

return to the holding voltage, was reduced by muscarine. This outward current was activated when

the voltage was stepped to potentials positive to _60 mV, was voltage sensitive and had a

deactivation time constant of ~80 ms. These findings are compatible with an M-current. This

possibility was also supported by the finding that the current was reduced by XE-991 – a selective

blocker of the KCNQ potassium channels underlying M-currents in other cell types. Our findings

suggest that an M-like current, mediated by a KCNQ channel, contributes to the intrinsic response

properties of motoneurones in the adult spinal cord by increasing adaptation of repetitive firing and

decreasing the slope of the frequency–current relation.

(Received 20 December 2001; accepted after revision 11 March 2002)

Corresponding author J. Hounsgaard: Department of Medical Physiology, Panum Institute, University of Copenhagen,
Blegdamsvej 3, Copenhagen N. DK-2200, Denmark.   Email: j.hounsgaard@mfi.ku.dk

Journal of Physiology (2002), 540.3, pp. 875–881 DOI: 10.1113/jphysiol.2001.015982

© The Physiological Society 2002 www.jphysiol.org



recordings in voltage- and current-clamp mode, we now

show that an M-like current, probably mediated by KCNQ

channels, contributes to the adaptation of discharge

frequency in motoneurones. Part of this work has been

published previously in abstract form (Alaburda et al.
2001).

METHODS 
Slice preparation
Transverse slices (1.5–2 mm thick) were obtained from the
lumbar enlargement of adult turtles (Chrysemys scripta elegans)
anaesthetized by intraperitoneal injection of 100 mg sodium
pentobarbitone and killed by decapitation. The surgical
procedures complied with Danish legislation and were approved by
the controlling body under the Ministry of Justice. Experiments
were performed at room temperature (20–2 °C) in  normal Ringer
solution containing (mM): 120 NaCl; 5 KCl; 15 NaHCO3; 2 MgCl2;
3 CaCl2; and 20 glucose, saturated with 98 % O2 –2 % CO2 to
obtain pH 7.6. Calcium-free cobalt solution was prepared by
replacing CaCl2 with CoCl2.

Recordings
Intracellular recordings in current-clamp and voltage-clamp
mode were performed with an Axoclamp-2A amplifier (Axon
Instruments, Inc., Union City, CA, USA). The sharp electrode
technique used allows stable intracellular recordings lasting up to
4 h. Glass pipettes were filled with 1 M potassium acetate. To
reduce electrode capacitance in voltage-clamp recordings, pipette
tips were coated with Sylgard. Voltage-clamp recordings were
performed in discontinuous service mode at a sample rate of
5–8 kHz, with a gain of 0.7–1.5 nA mV_1 and a low-pass filter of
0.1 kHz. Motoneurones were selected for study if they had a stable
membrane potential more negative than _50 mV. Data were
sampled at 20 kHz with a 12-bit analog-to-digital converter
(Digidata 1200, Axon Instruments) and displayed by means of
Axoscope and Clampex software (Axon Instruments) and stored
on a hard disk for later analysis.

Drugs
In all experiments, synaptic potentials were eliminated with
6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX, 25 mM; Tocris
Cookson Ltd, Bristol, UK), either DL-2-amino-5-phosphono-
pentanoic acid (DL-AP5, 50 mM; Tocris) or D(_)-2-amino-7-
phosphonoheptanoic acid (AP7, 25 mM; Tocris), and strychnine
(10 mM). In voltage-clamp experiments, action potentials were
blocked with tetrodotoxin (TTX, 1–2 mM; Alomone Labs,
Jerusalem, Israel). The hyperpolarization-activated inward mixed
cation current was blocked with ZD 7288 (50–100 mM, Tocris).
L-type Ca2+ channels were blocked with nifedipine (20–40 mM;
Sigma). Other drugs used: (±)-muscarine chloride (muscarine,
5–12.5 mM; Sigma), 10, 10-bis(4-pyridinylmethyl)-9(10 H)-
anthracenone (XE991, 1–10 mM; provided by NeuroSearch A/S,
Denmark) and atropine (3.5 mM).

Data quantification and representation
Instantaneous firing frequency was calculated as the inverse value
of interspike intervals. The steady state frequency was measured
during the last 500 ms of current pulses lasting 3s. Frequency–
current plots (f–I) were obtained using the steady state frequency
as a function of current. The slope of the f–I relation was measured
as the slope of the straight line fitting the initial linear part of
f–I (least squares method; Microcal Origin software,  OriginLab
Corp., Northampton, MA, USA).

Input resistance at the resting membrane potential was obtained
from the relation between the amplitude of a small current pulse
and the steady state voltage change induced by this stimulus.

The voltage-clamp protocol consisted of 2 s depolarizing commands
of stepwise increasing amplitude from a level of _60 mV. A
presumed M-current was studied as the slow outward deactivation
tail current observed when stepping back to _60 mV from
different levels of depolarization. The peak of the tail current was
quantified as the average amplitude of the current measured from
30 to 50 ms after stepping to _60 mV (Shapiro et al. 2000). The
time constant of the tail current was evaluated by fitting the
current during the 200 ms following the peak of the tail with a
single exponential (Microcal Origin software). For some of the
recordings, the signal was filtered by means of the substitute
average technique (Clampfit software).

Data were analysed statisticallyby using a two populations (paired
and independent) t test (Microcal Origin software). Significance
was accepted when P < 0.05. Data are presented as means
± standard error of means (s.E.M.).

RESULTS 
Multiple excitatory actions of muscarine
In spinal motoneurones from adult turtles, muscarine

increases excitability by facilitating a persistent inward

current mediated by L-type Ca2+ channels (Delgado-

Lezama et al. 1997; Svirskis & Hounsgaard, 1998). In

agreement, we found that extracellularly applied muscarine

altered the firing pattern evoked by a depolarizing current

pulse. Rather than adapting from an early high firing

frequency to a lower frequency in steady state (Fig. 1A and

B), the rate of discharge, in the presence of muscarine,

accelerated after the initial adaptation to a higher level in

steady state and an afterdepolarization was observed after

the pulse (n = 4; Fig. 1A and B). In addition to the delayed

increase in firing frequency, however, we noted that the

initial rate of firing during the pulse was also facilitated by

muscarine (Fig. 1A and B). While nifedipine, a selective

blocker of L-type Ca2+ channels, readily blocked the delayed

increase in discharge rate and the afterdepolarization

(n = 2), the general increase in excitability in the presence

of muscarine was unaffected (n = 8, Fig. 1A and B).

Atropine reduced the nifedipine-insensitive increase in

excitability induced by muscarine (Fig. 1A and B; n = 3).

The muscarine-induced increase in excitability that

remains in the presence of nifedipine is compatible with

the reduction of an M-like K+ current (Marrion, 1997).

The experiments presented in the remaining part of this

paper aimed at testing this hypothesis. These experiments

were performed in the presence of nifedipine.

Muscarine sensitivity of the tail current
To test whether the muscarine-induced increase in

excitability was due to the reduction of an M-like current,

we performed voltage-clamp experiments. In the presence

of TTX, the tail current following voltage commands from

depolarized levels to _60 mV was used as an index of the

A. Alaburda, J.-F. Perrier and J. Hounsgaard876 J. Physiol. 540.3



M-current (see Methods). Over the accessible voltage range,

the amplitude of the tail current increased with increasing

amplitude of the depolarizing voltage step (Fig. 2A, arrow

on left traces; n = 32). The deactivation time constant for

the tail current was 78.2 ± 6.4 ms. When the membrane

potential was stepped from _60 mV to _30 mV the tail

current accounted for 6.2 ± 0.6 % of the total current

evoked during voltage commands.

Muscarine significantly reduced the amplitude of the tail

current (_47.4 ± 2.7 %; n = 4; P < 0.05) (Fig. 2A and B),

but not its voltage sensitivity (Fig. 2B).

Firing pattern and tail current are sensitive to block
of KCNQ channel
XE991 is known to be a selective blocker of the KCNQ family

potassium channels underlying M-currents in other cell

types (Wang et al. 1998). In all 10 cells tested, XE991 added
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Figure 1. Multiple excitatory effects of muscarine
A, response of a motoneurone to a depolarizing current pulse. Muscarine (12.5 mM) increased early spiking,
induced discharge acceleration and afterdepolarization. Addition of nifedipine (20 mM) blocked discharge
acceleration and afterdepolarization, but did not affect the increase in excitability. Atropine (3.5 mM)
partially blocked excitatory effect of muscarine. B, instantaneous spike frequency as a function of time (same
data as in A). All recordings from the same cell.



to the extracellular medium increased the firing rate

during depolarizing current pulses (Fig. 3A and B). The

slope of f–I was increased by 17.6 ± 2.3 % (P < 0.00005)

and the f–I was shifted to the left (Fig. 3C). The effect of

XE991 on the tail current was tested in voltage clamp in the

presence of TTX. Application of XE991 reduced the

amplitude of the tail current by 71.4 ± 4.7 % (n = 6; P
< 0.005) (Fig. 4A). A similar voltage-sensitive tail current

was present after replacement of the extracellular calcium

by cobalt, a non-selective Ca2+ channel blocker (Fig. 4B;

n = 9). The tail current amplitudes evoked by stepping

voltage from _30 mV back to _60 mV in normal and

Ca2+-free media were not significantly different (P > 0.05).

Therefore Ca2+-dependent potassium currents cannot

account for the tail current. XE991 significantly reduced

the amplitude of the tail current in Ca2+-free medium

(51 ± 3.9 %; n = 5; P < 0.00005) (Fig. 4C).

Ionic basis of the M-like current in motoneurones
The ionic basis of the XE991-sensitive tail current was

investigated in voltage clamp in the presence of TTX. The

tail current was evoked by steps from a depolarized

potential (from _28 mV to _36 mV) to a test level that was

decremented by 5 mV in successive trials from _50 mV to

_110 mV (inset in Fig. 4D). The slow, hyperpolarization-

activated mixed cation current, which is known to be

present in motoneurones (Hounsgaard et al. 1988), was

blocked by extracellular application of ZD 7288 (BoSmith

et al. 1993; Harris & Constanti, 1995). The tail current

recorded under these conditions was quantified and plotted

as a function of voltage (Fig. 4D). In all experiments the

I–V relations for the tail current before and after

application of XE991 crossed between _80 mV and

_90 mV (_86.4 ± 1.4 mV; n = 5), a value compatible with

the reversal potential for K+ ions.

DISCUSSION 
In the present study we have demonstrated that an M-like

current contributes to the intrinsic response properties in

spinal motoneurones in the adult turtle. Several arguments

favour the hypothesis that this current is an M-current. It
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Figure 2. Muscarine-sensitive tail current
In the presence of nifedipine, depolarizing voltage steps activated a voltage-sensitive slowly activating non-
inactivating outward current relaxing as a tail (A, left). Addition of muscarine (12.5 mM) reduced this current
(A, right). Insets: tail currents at a higher resolution. Voltage sensitivity of the tail current was not affected by
muscarine (B). Action potentials were blocked by TTX.



activates slowly during depolarizing voltage commands

from _60 mV and deactivates as a tail current when

voltage is stepped back. It does not inactivate during a

sustained depolarization of several seconds. It is voltage

sensitive. It persists in the presence of cobalt. The

deactivation time constant of the tail current was ~80 ms,

compatible with previously reported values (Brown &

Adams, 1980). It is inhibited by XE991, a specific blocker

of KCNQ family potassium channels. The XE991-sensitive

tail current was inverted between _80 and _90 mV, i.e. at a

value compatible with a potassium current. Finally,

muscarine inhibits the tail current without affecting its

voltage sensitivity, as shown before for M-currents in

other cell types (Shapiro et al. 2000).

The amplitude of the M-like current recorded in

motoneurones is small compared to the global current.

However, the fact that the current activates just below

the threshold for spike generation makes this current

important for regulating spike initiation and excitability in

spinal motoneurones.

M-currents in other neurones are mediated by K+ channels

expressing KCNQ2 and KCNQ3 subunits (Wang et al.
1998) and KCNQ5 subunits (Schroeder et al. 2000).

Although expression of K+ channels of the KCNQ family in

motoneurones has not yet been shown, the presence of

mRNAs for the KCNQ2 and KCNQ3 subunits in the

ventral horn provides good candidates (Dedek et al. 2001).

Benign familial neonatal convulsions is a form of epilepsy

associated with frequent seizures in the first weeks of life. It

is believed that the disease is due to a mutation of KCNQ2

and KCNQ3 subunits (Singh et al. 1998; Charlier et al.
1998). For some of the patients, the disease is followed later

in life by myokymia and involuntary contractions of

skeletal muscles (Dedek et al. 2001). Under physiological

conditions, the presence of the M-current in motoneurones

could play a role in preventing involuntary movements by

reducing their excitability.

The M1 muscarinic acetylcholine receptor is a candidate

for muscarinic M-current inhibition (Marrion et al. 1989;

Selyanko et al. 2000). However, recent data obtained from
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Figure 3. Block of KCNQ channels increases excitability of motoneurones
In current clamp, addition of XE991 (1 mM) enhanced the response to a suprathreshold depolarizing current
pulse (A). XE991 reduced the early adaptation of firing frequency (B), shifting the steady state f–I relation to
the left and increasing its steepness (C). The data in B were obtained in response to a 1.4 nA depolarizing
current pulse lasting 3s. Recordings from the same cell, in the presence of nifedipine.
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Figure 4. Block of KCNQ channels reduces the tail current
In voltage clamp, addition of XE991 (1 mM) reduced the voltage-sensitive tail current (arrows in A). A similar
voltage-sensitive tail current present in cobalt Ringer (B and C) was reduced by XE991 (5 mM) (C). B and C
are from different motoneurones. The ionic basis of the XE991 sensitive current was investigated by applying
hyperpolarized voltage steps of increasing amplitude (protocol illustrated in D) in the presence of ZD 7288
(100 mM). The amplitude of the tail current was measured as a function of the potential before and after
addition of XE991 (5 mM) (D). The 2 curves were crossing at _86 mV, value which indicates the reversal
potential for ions carrying the tail current. Action potentials were blocked by TTX. A and D in the presence of
nifedipine.



M1 receptor knock-out mice (Shapiro et al. 2001) suggest

that activation of M1 receptors inhibits L-type Ca2+

channels. The subtypes of muscarinic receptors facilitating

L-type Ca2+ channels and suppressing M-like current in

turtle motoneurones remain to be identified.

In addition to up-regulation of L-channels and down-

regulation of the channel responsible for the M-like current,

as reported in the present paper, muscarine clearly has

additional, undescribed effects on motoneurones. These

include increased input resistance (Svirskis & Hounsgaard,

1998) and reduced spike afterhyperpolarization (Lape &

Nistri, 2000). It is not yet known if each cholinergic

synapse controls all these channels in parallel or only a

subset of channels.
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