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The M-current regulates the subthreshold electrical excitability of many neu-
rons, determining their firing properties and responsiveness to synaptic input.
To date, however, the genes that encode subunits of this important channel
have not been identified. The biophysical properties, sensitivity to pharmaco-
logical blockade, and expression pattern of the KCNQ2 and KCNQ3 potassium
channels were determined. It is concluded that both these subunits contribute
to the native M-current.

The M-current is a slowly activating and
deactivating potassium conductance that
plays a critical role in determining the sub-
threshold electrical excitability of neurons as
well as the responsiveness to synaptic inputs
(1–3). The M-current was first described in
peripheral sympathetic neurons (4, 5), and
differential expression of this conductance
produces subtypes of sympathetic neurons
with distinct firing patterns (3). The M-cur-
rent is also expressed in many neurons in the
central nervous system (CNS) (1, 6, 7).

To date, the molecular identity of the
channels underlying the M-current remains
unknown. Here we show that the KCNQ2
and KCNQ3 channel subunits can coas-
semble to form a channel with essentially
identical biophysical properties and pharma-
cological sensitivities to the native M-current
and that the pattern of KCNQ2 and KCNQ3
gene expression is consistent with these
genes encoding the native M-current.

The KCNQ potassium channel gene fam-
ily has three members: KCNQ1 (KvLQT1),
KCNQ2, and KCNQ3 (8–12). Injection of
KCNQ2 mRNA into Xenopus oocytes result-
ed in the consistent expression of a relatively
small potassium current that is slowly acti-
vating and deactivating (Fig. 1A). The prop-
erties of this channel are essentially identical
to those described previously (11). In con-
trast, injection of KCNQ3 mRNA did not
result in the expression of a current above
background level. When the KCNQ2 and
KCNQ3 mRNAs were coinjected, however,
the resultant current was 11-fold larger than

that found in cells injected with KCNQ2
mRNA alone (Fig. 1, A and B). The large
increase in current density after coinjection of
KCNQ3 mRNA suggests that the KCNQ3
subunit facilitates expression of the KCNQ2
subunits, possibly by the formation of a het-
eromeric complex of KCNQ2 and KCNQ3
subunits. Expression of a relatively small cur-
rent after KCNQ3 mRNA injection into oo-
cytes has been reported (13), suggesting that
the KCNQ3 subunit can function as a homo-
meric channel under some experimental con-
ditions. It is possible, however, that assembly
with the endogenous Xenopus KCNQ subunit
(14) may facilitate KCNQ3 expression in
these experiments.

In addition to affecting current density,

the KCNQ3 subunit affects the sensitivity of
the KCNQ2 channel to blockade by tetra-
ethylammonium (TEA). The homomulti-
meric KCNQ2 channel was very sensitive to
TEA [dissociation constant (Kd) 5 0.16 6
0.02 mM, n 5 5], whereas channels ex-
pressed after coinjection of KCNQ2 and
KCNQ3 mRNAs were much less sensitive
(Kd 5 3.5 6 0.7 mM, n 5 6). The KCNQ2
and KCNQ3 subunits differ within the pore
region, at a position that determines sensitiv-
ity to blockade by TEA (Fig. 1C). The
KCNQ2 subunit has a tyrosine residue at this
position, which confers high sensitivity to
TEA, whereas the KCNQ3 channel has a
threonine residue, which confers low sensi-
tivity to TEA (15). The intermediate sensitiv-
ity to TEA block of the KCNQ21KCNQ3
channels confirms that the KCNQ2 and
KCNQ3 subunits coassemble into a hetero-
multimeric complex (Fig. 1D), in a manner
closely analogous to heteromultimers of
Shaker channels (16). For comparison, the
native M-current in rat sympathetic neurons
is also moderately sensitive to blockade by
TEA [median inhibitory concentration (IC50)
5 5.8 6 0.2 mM, n 5 3], as is the M-current
found in hippocampal and olfactory cortex
neurons (6). It seems likely, therefore, that if
the KCNQ2 and KCNQ3 subunits contribute
to the native M-channel, they assemble as a
heteromultimeric complex with expression of
both subunits required to achieve normal cur-
rent levels and pharmacological properties.

The kinetic properties of the KCNQ21
KCNQ3 channel were markedly similar to
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Fig. 1. The KCNQ2
and KCNQ3 potassi-
um channel subunits
form heteromultim-
ers. (A) Currents re-
corded in Xenopus oo-
cytes after injection of
KCNQ2 mRNA, KCNQ3
mRNA, or an equimolar
ratio of KCNQ2 and
KCNQ3 mRNAs (30,
31). Currents elicited
by 2-s voltage steps
from a holding potential of 270 mV
over the range 260 to 0 mV in
10-mV increments. The currents in
KCNQ3 mRNA–injected oocytes
were not substantially larger than
those seen in uninjected cells. (B)
Histogram showing the average current response to a voltage-clamp step to 0 mV from 270 mV in cells
injected with KCNQ2, KCNQ3, or an equimolar ratio of KCNQ2 and KCNQ3 mRNAs (45 ng of each
mRNA was injected per oocyte). Average current responses in the three sets of cells were significantly
different to each other (P , 0.001, n 5 19 to 22). (C) Effect of 1 mM TEA on currents elicited from
oocytes injected with KCNQ2 mRNA or an equimolar ratio of KCNQ2 and KCNQ3 mRNAs. The voltage
clamp protocol was the same as that used in (A). The KCNQ21KCNQ3 mRNA mixture was diluted to
reduce current density. (Inset) Comparison of the deduced amino acid sequence in the pore region
around the residue controlling TEA sensitivity [equivalent to position 449 in the Shaker H4 channel (16)].
D, Asp; G, Gly; K, Lys; P, Pro; T, Thr; Y, Tyr. (D) Dose-response curves for TEA block of KCNQ2 channels
and KCNQ21KCNQ3 channels. Figure shows averaged data fitted with the Hill equation with average
parameters obtained from fits to individual cells. For KCNQ2, Kd 5 0.16 6 0.02 mM (n 5 5) and the
Hill coefficient was set to unity. For KCNQ21KCNQ3, Kd 5 3.5 6 0.7 mM, Hill coefficient 5 0.82 6
0.03 (n 5 6).
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those of the native M-current. Characteristic
kinetic properties of the M-current include a
relatively negative activation curve, a sub-
stantial steady-state conductance at 230 mV,
and slow activation and deactivation kinetics
(3, 5). By use of the classic M-current volt-
age-clamp protocol (4), the KCNQ21
KCNQ3 channel closely replicated the wave-
form of the native M-current (Fig. 2A). The
activation waveform was similar for the two
currents, although the native current appeared
to activate slightly faster (Fig. 2B). The con-
ductance-voltage curves were very similar for
the two channel types with the threshold for
activation near 260 mV and most of the
channels activated at 230 mV (Fig. 2C). The
deactivation kinetics of the M-current are
biphasic (17), and this was also true for the
KCNQ21KCNQ3 channel (Fig. 2D). Both
channel types had similar time constants for
the two components of deactivation. Deacti-
vation time constants at 250 mV for the
M-current were 145 6 25 ms and 838 6 125
ms (fast component, 55 6 3% of total; n 5
4), and for KCNQ21KCNQ3 were 171 6 12
ms and 857 6 146 ms (fast component, 49 6
3%; n 5 9). At 260 mV these values were,
for the M-current, 126 6 28 ms and 934 6

117 ms (fast component, 60 6 2%; n 5 4),
and for KCNQ21KCNQ3, 149 6 9 ms and
741 6 69 ms (fast component, 59 6 3%; n 5
9). For both the native M-current and the
KCNQ21KCNQ3 channels, the time con-
stant of the fast component was voltage sen-
sitive (Fig. 2E), whereas the slow component
was relatively insensitive to voltage over the
same voltage range.

Although the kinetic properties of the
KCNQ21KCNQ3 channel were very similar
to those of the native M-current, it is impor-
tant to establish other criteria that can be used
to determine the molecular identity of the
native conductance. One obvious approach is
to determine the sensitivity of candidate
channels to muscarinic inhibition, the charac-
teristic that gives the M-current its name. We
find that the KCNQ21KCNQ3 channel is
strongly inhibited by muscarine when coex-
pressed in Xenopus oocytes with the m1 mus-
carinic receptor (18). This criterion is too
broad to be very useful for at least two rea-
sons. First, a wide range of potassium cur-
rents in addition to the M-current are inhib-
ited in sympathetic neurons after muscarinic
receptor stimulation (19). Second, many dif-
ferent cloned potassium channels are inhibit-

ed after stimulation of coexpressed m1 mus-
carinic receptors. The M-current is sensitive
to blockade by Ba21 ions (1) and the
KCNQ21KCNQ3 channel is similarly sensi-
tive (67 6 3% block by 1 mM Ba21, n 5 5).
This criterion is also too broad, however,
with many other potassium channels showing
a similar sensitivity to Ba21 ions.

Another approach is the use of selective
blocking drugs. Two drugs that are useful in
establishing the identity of the M-channel
are linopirdine and 10,10-bis(4-pyridinyl-
methyl)-9(10 H)-anthracenone (XE991) (20).
Linopirdine blocks the M-current at micro-
molar concentrations by direct channel block-
ade (21–23). The IC50 for block of the M-
channel in sympathetic neurons by linopir-
dine is in the range 3.4 to 7.0 mM (22, 23).

Fig. 2. Comparison of kinetic properties of native
M-current in SCG neurons with KCNQ21KCNQ3
heteromultimers. (A) Current response to traditional
M-current voltage-clamp protocol for native current
(32) and KCNQ21KCNQ3 channels. Holding poten-
tial was 230 mV and membrane potential was
stepped to more negative potentials for 1 s in 10-
mV increments. Apparent differences in the current waveforms are largely due to the presence of a
linear leak current in the recordings from SCG neurons that is relatively smaller in the oocytes. The initial
phase of M-current reactivation in SCG neurons is obscured by activation of the A-current. (B)
Activation of M-current and KCNQ21KCNQ3 channels from a holding potential of 260 mV in 5-mV
increments. (C) Conductance-voltage curves fitted with a single Boltzmann function. For the native
M-current the fit is to averaged data points, with Vn 5 244 mV and kn 5 28.8 mV (n 5 6, bars are
SEMs). For KCNQ21KCNQ3 channels, Vn 5 240 6 1 mV and kn 5 26.8 6 0.1 mV (n 5 6, bars are
SEMs). Conductance-voltage curves for KCNQ21KCNQ3 channels were constructed with tail currents
at 260 mV after depolarizing voltage steps from a holding potential of 270 mV. (D) Deactivation
process had two time constants for both channel types. Time constants for deactivation are shown next
to current traces for steps from 230 mV holding potential to 250 mV (top trace) or 260 mV.
Biexponential fits are superimposed on the experimental data. (E) Reciprocal time constant for fast
deactivation of the native M-current and KCNQ21KCNQ3 channels. Data points are averages from
three to nine cells for the native M-current and nine cells for KCNQ21KCNQ3. Data were fitted with
the equation (5) 1/t 5 a0(b0) exp[6(Vm 2 V0)/y], where Vm is the membrane potential, a0(b0) 5 3.8
s21, V0 5 245.4 mV, and y 5 18.3 mV for the native M-current and a0(b0) 5 3.0 s21, V0 5 246.7
mV, and y 5 20.9 mV for the KCNQ21KCNQ3 channel. The native M-current was recorded from SCG
neurons in intact, isolated ganglia and the KCNQ21KCNQ3 currents were recorded in Xenopus oocytes,
both at room temperature.

Fig. 3. Channel blockade by XE991 of the M-
current and KCNQ21KCNQ3 channels. (A)
Blockade of M-current in SCG neurons by XE991.
Holding potential was 230 mV and step poten-
tial was 250 mV for 1 s. The shift in holding
current after drug application is due to the inhi-
bition of M-current activated at the holding po-
tential. (B) Blockade of KCNQ21KCNQ3 chan-
nels by XE991. Holding potential was 260 mV
and the cell was repetitively depolarized to 230
mV for 1 min to reach steady-state blockade. Tail
currents were recorded at 260 mV. (C and D)
Dose-response curves for linopirdine (E) and
XE991 (F) for blockade of M-current (C) and
KCNQ21KCNQ3 channels (D). Maximal block
was 93 6 2% of native M-current and 100% of
KCNQ21KCNQ3 channels. Data points are aver-
ages and error bars represent SEMs. (E) Effect of
10 mM XE991 on the firing properties of a phasic
sympathetic neuron recorded from the SCG.
Membrane potential was held at 260 mV and the
depolarizing current step was 0.2 nA for control
and XE991 application. (Inset) Voltage-clamp re-
cording of the IAHP before and after application of
10 mM XE991. Recordings were done as described
(3). Calibration bar, 200 ms and 0.1 nA.
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The related compound XE991 has an IC50 of
0.98 6 0.15 mM (Fig. 3C). Only one class of
voltage-gated potassium channels had a phar-
macological profile similar to that of the na-
tive M-current: the KCNQ channels, which
were blocked by both XE991 and linopirdine
at very similar concentrations to the native
M-current (Table 1). Of particular interest
was XE991, which had both high affinity and
selectivity for the native M-channel and
KCNQ channels. No eag- or Shaker-related
channel tested had a similar sensitivity. Un-
like the KCNQ2 and KCNQ3 channels, the
KCNQ1 channel cannot contribute to the na-
tive M-channel because the KCNQ1 gene is
not expressed in either sympathetic ganglia
(24) or the CNS (8).

Consistent with the high selectivity of
XE991 for the M-current is its effect on the
firing properties of sympathetic neurons. In the

rat, there are two classes of sympathetic neu-
rons: phasic-firing neurons, which have a rela-
tively large M-current, and tonic-firing neurons,
which do not express an M-current (3). We
have shown previously that differential expres-
sion of the M-current is the primary determi-
nant of the different firing properties of phasic
and tonic neurons (3). This conclusion is con-
firmed by the observation that blocking the
M-current in phasic neurons with 10 mM
XE991 converts the firing properties from pha-
sic to tonic without affecting any other electro-
physiological properties, including the slow af-
ter-hyperpolarization (Fig. 3E).

The expression pattern of KCNQ2 and
KCNQ3 genes in sympathetic ganglia is con-
sistent with these genes encoding subunits of
the M-channel. The expression of multisub-
unit proteins is often regulated by limiting the
expression of a single subunit, and this is

apparently true for the M-current. The supe-
rior cervical ganglia (SCG) contain only pha-
sic neurons, whereas the prevertebral sympa-
thetic ganglia (celiac ganglia and superior
mesenteric ganglia) contain predominantly
tonic neurons (Fig. 4A). The gene regulating
expression of the M-channel should, there-
fore, be expressed at substantially lower lev-
els in prevertebral sympathetic ganglia than
in the SCG, and KCNQ2 gene expression
does in fact closely parallel M-current ex-
pression in these ganglia (Fig. 4B). Of the 24
different voltage-gated potassium channel
genes tested to date, no other gene has a
similar expression pattern in sympathetic
ganglia (25, 26). The KCNQ3 gene was ex-
pressed at approximately equal levels in both
SCG and prevertebral ganglia (Fig. 4C). The
KCNQ3 subunit expresses poorly or not at all
when expressed by itself in vitro and it is
likely, therefore, that M-current expression in
sympathetic ganglia is determined primarily
by regulation of KCNQ2 gene expression.

In the CNS, the M-current is expressed in
many neurons in the cortex and hippocampus
but has not been described in the cerebellum.
In contrast to the peripheral nervous system,
KCNQ2 gene expression does not parallel
M-current expression in these CNS regions,
and the KCNQ2 gene was expressed at rela-
tively high levels in all three regions (Fig.
4D). The KCNQ3 gene, however, was ex-
pressed at much lower levels in the cerebel-
lum than in cortex and hippocampus, like the
M-current (Fig. 4E), suggesting that regula-
tion of KCNQ3 gene expression is also im-
portant in determining M-current expression
levels in vivo. This conclusion is consistent
with the in vitro results demonstrating that
expression of the KCNQ21KCNQ3 hetero-
multimeric channel is much more efficient
than that of the KCNQ2 homomultimer.

Taken together, these results strongly sug-
gest that the KCNQ2 and KCNQ3 subunits
contribute to the native M-channel. The
KCNQ21KCNQ3 channel is the only known
potassium channel that can reproduce the
unique kinetic properties of the native M-cur-

Table 1. Comparison of M-current and cloned potassium channels: IC50 for
linopirdine and XE991 blockade. The number of cells is indicated in paren-
theses. IC50 values (mean 6 SEM) are expressed in micromolar. In cases where
the IC50 values were .100 mM, the exact value is not reported owing to

limited solubility of the drug. It has been suggested that eag-related potas-
sium channels might encode the M-current (29), and all the eag-related
channels expressed in SCG (26) were tested in addition to representative
examples of delayed-rectifier and A-channels.

M-current
KCNQ2

1KCNQ3
KCNQ2 KCNQ1 eag1 erg1 erg3 elk1 Kv1.2 Kv4.3

XE991
0.98 6 0.15 0.6 6 0.1 0.71 6 0.07 0.75 6 0.05 49 6 6* .100 .100 .100 .100 43 6 7

(3) (6) (6) (7) (6) (4) (6) (5) (5) (5)

Linopirdine
7.0 6 1.1† 4.0 6 0.5 4.8 6 0.6 8.9 6 0.9 31 6 3* 53 6 4 85 6 5 37 6 4‡ 68 6 6 86 6 14

(5) (6) (5) (6) (9) (6) (5) (7) (4) (4)

*Blockade of the eag1 channel was incomplete with 82 6 1% (n 5 4) blockade by 1 mM linopirdine and 56 6 2% (n 5 6) blockade by 100 mM XE991. †Data adapted from
Costa and Brown (23); a similar value of 3.4 6 0.3 mM was obtained by Lamas et al. (22). ‡The IC50 for block of elk1 channels by linopirdine was highly voltage dependent, and
the value shown is for a step to 210 mV. IC50 values ranged from 26 6 3 mM at 220 mV (n 5 7) to 144 6 10 mM at 130 mV (n 5 3).

Fig. 4. KCNQ2 and
KCNQ3 mRNA expression
in different rat sympa-
thetic ganglia and brain
regions determined by
RNase protection analy-
sis. (A) Histogram show-
ing the distribution of pha-
sic neurons in prevertebral
and paravertebral sympa-
thetic ganglia. Neurons in
SCG are exclusively phasic
(n 5 36), whereas only
42% of the neurons in the
CG and 15% in SMG are phasic (n 5 52 and
40, respectively). [Data adapted from Wang
and McKinnon (3).] (B) KCNQ2 mRNA ex-
pression in sympathetic ganglia (33). Sam-
ples tested were prepared from superior cer-
vical ganglia (SCG), celiac ganglia (CG), and
superior mesenteric ganglia (SMG). KCNQ2
expression in the CG and SMG was 30 and
19%, respectively, relative to expression in
the SCG (average of two experiments). (C)
KCNQ3 mRNA expression in sympathetic
ganglia. (D) KCNQ2 mRNA expression in
three brain regions. Samples tested were
prepared from cortex, hippocampus (Hippo.),
and cerebellum (Cereb.). (E) KCNQ3 mRNA
expression in three brain regions. All samples contained 5 mg of total RNA, and the cyclophilin gene (cyc)
was used as a positive internal control and yeast tRNA as a negative control.
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rent, and several different pharmacological
agents have very similar effects on the native
M-current and the KCNQ21KCNQ3 channel.
In particular, the compound XE991 is highly
selective for both the M-current and KCNQ
channels. Finally, the KCNQ2 gene is the only
known potassium channel gene that is ex-
pressed in a pattern that parallels the distribu-
tion of the M-current in peripheral sympathetic
ganglia. These data make a compelling case for
the hypothesis that the KCNQ21KCNQ3
channel is a molecular correlate of the M-cur-
rent in sympathetic neurons.

The KCNQ2 and KCNQ3 genes are also
abundantly expressed in the CNS, and it is
likely that the KCNQ21KCNQ3 subunits
contribute to the M-current in central neu-
rons. This conclusion is consistent with the
observation that mutations in either the
KCNQ2 or KCNQ3 genes result in an inher-
ited autosomal dominant epilepsy (10–12).
The very similar phenotypes produced by
mutations in either of these two distinct genes
(27) can be explained by the observation that
both gene products are required to produce
full expression of functional channels. Iden-
tification of the physiological function of the
channel encoded by the KCNQ2 and KCNQ3
genes may facilitate the development of
symptomatic treatments for these epilepsies.
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Linkage of ATM to Cell Cycle
Regulation by the Chk2 Protein

Kinase
Shuhei Matsuoka, Mingxia Huang, Stephen J. Elledge*

In response to DNA damage and replication blocks, cells prevent cell cycle pro-
gression through the control of critical cell cycle regulators. We identified Chk2, the
mammalian homolog of the Saccharomyces cerevisiae Rad53 and Schizosaccha-
romyces pombe Cds1 protein kinases required for the DNA damage and replication
checkpoints. Chk2 was rapidly phosphorylated and activated in response to rep-
lication blocks and DNA damage; the response to DNA damage occurred in an
ataxia telangiectasia mutated (ATM)–dependent manner. In vitro, Chk2 phospho-
rylated Cdc25C on serine-216, a site known to be involved in negative regulation
of Cdc25C. This is the same site phosphorylated by the protein kinase Chk1, which
suggests that, in response to DNA damage and DNA replicational stress, Chk1 and
Chk2 may phosphorylate Cdc25C to prevent entry into mitosis.

When DNA is damaged, cells activate a re-
sponse pathway that arrests the cell cycle and
induces the transcription of genes that facilitate
repair. The failure of this response results in

genomic instability, a mutagenic condition that
predisposes organisms to cancer. In eukaryotes,
this checkpoint pathway initiated by DNA dam-
age consists of several protein kinases, includ-
ing the phosphoinositide kinase (PIK) ho-
mologs ATM, ATR, Mec1, and Rad3 and the
protein kinases Rad53, Cds1, Chk1, and Dun1
(1). In mammals, in response to DNA damage,
ATM controls cell cycle arrest in G1 and G2

and also prevents ongoing DNA synthesis (1).
ATM controls G1 arrest by activation of p53
(2), which induces transcription of the Cdk
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