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Heteromeric assembly of KCNQ2 and KCNQ3 subunits underlie the M-current (IKM ), a slowly activating and noninactivating neuronal
K � current. Mutations in KCNQ2 and KCNQ3 genes cause benign familial neonatal convulsions (BFNCs), a rare autosomal-dominant
epilepsy of the newborn. In the present study, we describe the identification of a novel KCNQ2 heterozygous mutation (c587t) in a
BFNC-affected family, leading to an alanine to valine substitution at amino acid position 196 located at the N-terminal end of the
voltage-sensing S4 domain. The consequences on KCNQ2 subunit function prompted by the A196V substitution, as well as by the
A196V/L197P mutation previously described in another BFNC-affected family, were investigated by macroscopic and single-channel
current measurements in CHO cells transiently transfected with wild-type and mutant subunits. When compared with KCNQ2 channels,
homomeric KCNQ2 A196V or A196V/L197P channels showed a 20 mV rightward shift in their activation voltage dependence, with no
concomitant change in maximal open probability or single-channel conductance. Furthermore, current activation kinetics of KCNQ2
A196V channels displayed an unusual dependence on the conditioning prepulse voltage, being markedly slower when preceded by
prepulses to more depolarized potentials. Heteromeric channels formed by KCNQ2 A196V and KCNQ3 subunits displayed gating changes
similar to those of KCNQ2 A196V homomeric channels. Collectively, these results reveal a novel role for noncharged residues in the
N-terminal end of S4 in controlling gating of IKM and suggest that gating changes caused by mutations at these residues may decrease IKM

function, thus causing neuronal hyperexcitability, ultimately leading to neonatal convulsions.
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Introduction
Potassium (K�) currents with distinct kinetic properties, modu-
lation, and pharmacological profile are primary regulators of
neuronal excitability (Shieh et al., 2000). The M-current (IKM) is
a low-threshold, slowly activating and deactivating, and nonin-
activating voltage-dependent K� current widely distributed in
the peripheral nervous system (Brown and Adams, 1980) and in
the CNS (Halliwell and Adams, 1982). IKM plays a crucial role in
repolarizing neuronal membrane potential after a depolarizing
input, thus limiting repetitive firing and causing spike-frequency
adaptation (Rogawski, 2000).

K� channel subunits encoded by several genes of the KCNQ
subfamily underlie IKM, with KCNQ2 and KCNQ3 playing a ma-
jor role at most neuronal sites. Mutations in KCNQ2 (Biervert et
al., 1998; Singh et al., 1998) or KCNQ3 (Charlier et al., 1998), by
reducing IKM function, are responsible for benign familial neo-
natal convulsions (BFNCs), a rare autosomal-dominant idio-
pathic epilepsy of the newborn also known as benign familial
neonatal seizures (Engel, 2001). BFNC-affected patients show
multifocal or generalized tonic-clonic convulsions starting
around the third day of postnatal life and disappearing sponta-
neously after a few weeks or months (Steinlein, 1998). Individuals
affected by BFNC typically display normal psychomotor devel-
opment, although a higher incidence of various epileptic mani-
festations later in life has been reported (Ronen et al., 1993). In
addition to its pathophysiological role in BFNC, IKM is emerging
as a novel therapeutic target for CNS diseases; in fact, IKM activa-
tors such as retigabine and flupirtine (Main et al., 2000; Rund-
feldt and Netzer, 2000; Wickenden et al., 2000; Martire et al.,
2004) appear as promising therapeutic tools against epilepsy
(Rostock et al., 1996), pain (Blackburn-Munro and Jensen, 2003;
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Passmore et al., 2003), anxiety (Korsgaard et al., 2005), dystonia
(Richter et al., 2006), and neurodegenerative disorders (Otto et
al., 2004; Boscia et al., 2006).

The study of the functional consequences of disease-causing
mutations is of crucial relevance to define the pathophysiology of
the disease and to design novel therapeutic strategies. Therefore,
the aim of this work was to identify novel mutations responsible
for BFNC in KCNQ2 or KCNQ3 genes and to study their conse-
quences on IKM function. In particular, we identified a novel
missense mutation responsible for BFNC leading to an alanine to
valine substitution at the N-terminal end of the voltage-sensing
S4 domain of KCNQ2 subunits (A196V; Q2 A/V). The conse-
quences prompted by the A196V mutation on KCNQ2 subunit
function were investigated by macroscopic and single-channel
current analysis in a mammalian heterologous expression sys-
tem; moreover, the functional properties of another previously
described, but not functionally characterized, BFNC allele in
which the KCNQ2 A196V mutation was associated to a leucine to
proline substitution on the subsequent residue (L197P; Q2 AL/
VP) (Moulard et al., 2001), were also evaluated.

The results obtained suggest that, albeit affecting uncharged
residues, both the A196V and the A196V/L197P mutations intro-
duced significant changes in channel sensitivity to voltage, reveal-
ing a previously unexplored functional role of these residues in
KCNQ2 channel gating and highlighting their crucial involve-
ment in BFNC pathophysiology. Furthermore, in both homo-
meric and heteromeric configuration with KCNQ3 subunits, the
A196V mutation introduced an atypical dependence of current
activation kinetics on the conditioning prepulse membrane volt-
age, a phenomenon never described previously. Such functional
changes significantly decreased IKM function, possibly leading to
neuronal hyperexcitability and convulsive manifestations in
BFNC-affected individuals.

Materials and Methods
Mutation analysis in KCNQ2 and KCNQ3 genes. Blood samples were
taken with informed consent from all family members (see Fig. 1 A).
Total DNA was extracted from 5 ml of blood by the phenol/chloroform
technique. All nucleotide numbers refer to the GenBank sequences
NM_004518 (KCNQ2) and NM_004519 (KCNQ3). All exons of KCNQ2
and KCNQ3 were amplified as described previously (Miraglia del Giu-
dice et al., 2000), using 17 and 15 sets of primers, respectively (sequences
are available on request). Amplification was performed in a PE2400 Cy-
cler (PerkinElmer, Foster City, CA) using 20 pmol of each primer and 0.4
U of Taq Gold DNA polymerase (Applied Biosystems, Foster City, CA) in
30 cycles with exon-specific annealing temperature. Mutation analysis
was performed by direct sequencing of all exons with the Big Dye Termi-
nator Cycle Sequencing Kit in an ABI PRISM 310 automated Sequencer
(Applied Biosystems). Fifty healthy and unrelated control subjects were
also checked for the presence of the mutation.

Mutagenesis of KCNQ2 cDNA and heterologous expression of wild-type
and mutant KCNQ2 cDNAs. Mutations were engineered on human
KCNQ2 cDNA cloned into pcDNA3.1 by sequence overlap extension
PCR with Pfu DNA polymerase, as described previously (Castaldo et al.,
2002). Channel subunits were expressed in Chinese hamster ovary
(CHO) cells by transient transfection. CHO cells were grown in 100 mm
plastic Petri dishes in DMEM containing 10% fetal bovine serum, non-
essential amino acids (0.1 mM), penicillin (50 U/ml), and streptomycin
(50 �g/ml) in a humidified atmosphere at 37°C with 5% CO2. For elec-
trophysiological experiments, the cells were seeded on glass coverslips
(Carolina Biological Supply Company, Burlington, NC) and transfected
on the next day with the appropriate cDNAs using Lipofectamine 2000
(whole-cell recordings; Invitrogen, Milan, Italy) or Polyfect (single-
channel recordings; Qiagen, Valencia, CA), according to the manufac-
turer’s protocol. A plasmid encoding for enhanced green fluorescent

protein (Clontech, Palo Alto, CA) was used as transfection marker; total
cDNA in the transfection mixture was kept constant at 4 �g.

Whole-cell electrophysiology. Currents from CHO cells were recorded
at room temperature (20 –22°C) 1 d after transfection, using a commer-
cially available amplifier (Axopatch 200A; Molecular Devices, Union
City, CA) and the whole-cell configuration of the patch-clamp tech-
nique, with glass micropipettes of 3–5 M� resistance. The extracellular
solution contained the following (in mM): 138 NaCl, 2 CaCl2, 5.4 KCl, 1
MgCl2, 10 glucose, and 10 HEPES, pH 7.4 with NaOH. The pipette
(intracellular) solution contained the following (in mM): 140 KCl, 2
MgCl2, 10 EGTA, 10 HEPES, 5 Mg-ATP, 0.25 cAMP, pH 7.3–7.4 with
KOH. The pCLAMP software (version 6.0.4) was used for data acquisi-
tion and analysis.

To generate conductance–voltage (G/V) curves, the cells were held at
�80 mV and then depolarized for 0.75–3 s from �80 to �20 mV using
an incremental pulse of 10 mV, followed by an isopotential pulse at 0 mV
of 350 ms; the current values recorded at the beginning of the 0 mV pulse
were measured, normalized, and expressed as a function of the preceding
voltages. The data were then fit to a Boltzmann distribution of the fol-
lowing form: y � max/[1 � exp(V1/2 � V )/k], where V is the test poten-
tial, V1/2 is the half-activation potential, and k is the slope factor; this
method only gives a rough estimate of the number of gating charges
displaced during channel activation. However, a more elaborate analysis
(such as the use of multiple Boltzmann to fit the G/V data or the assess-
ment of the limiting slope conductance) required complex measure-
ments, which were hampered by the current tendency to rundown and by
the slow time course of the currents to reach steady-state conditions,
requiring several minutes to record families of currents scanning the
entire voltage range using smaller (2–5 mV) voltage steps. To analyze
current activation kinetics, the current traces recorded in response to
incremental voltage steps were fitted to a double-exponential function of
the following form: y � ampf exp(�t/�f) � amps exp(�t/�s), where ampf

and amps indicate the amplitude of the fast and slow exponential com-
ponents, respectively, whereas �f and �s indicate the time constants of
these components. When the prepulse voltage dependence of the activa-
tion kinetics were studied, the cells were subjected to a 3 s prepulse to
potentials ranging from �100 to �40 mV, followed by an isopotential
step at 0 mV; the currents recorded at 0 mV were then fitted to the
previously described double-exponential function. TEA blockade was
quantified by measuring the percentage of current inhibition produced
by a 2 min application; the effects of retigabine were quantified by mea-
suring the negative shift in the midpoint potential of activation after a 3
min drug exposure.

Single-channel electrophysiology. For single-channel recordings, chan-
nel activity in cell-attached patches was measured 48 –96 h after transfec-
tion. Pipettes had resistances of 7–15 M� when filled with a solution of
the following composition (in mM): 150 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2,
and 10 HEPES, pH 7.4 with NaOH. Cells were bath perfused with a
solution containing the following (in mM): 175 KCl, 4 MgCl2, and 10
HEPES, pH 7.4 with KOH to clamp the resting membrane potential near
0 mV. Recording and analysis methods were similar to those described
previously (Selyanko and Brown, 1999; Li et al., 2004a,b). Currents were
recorded using an Axopatch 1-D amplifier (Molecular Devices). The data
were acquired with Pulse software (Bruxton, Seattle, WA), sampled at 5
kHz, and filtered at 500 or 200 Hz. Single-channel data were analyzed
using PulseFit and TAC (Bruxton) software. Open and closed events
were analyzed by using the “50% threshold criterion.” All events were
carefully checked visually before being accepted. Open probability (Po)
histograms were generated using TACFit (Bruxton). Our estimate of the
total number of channels in a given patch is based on two common
assumptions: (1) that all of the channels in a patch will behave in an
identical manner (i.e., they are homogeneous) and (2) that the Po of one
channel does not depend on the gating state of the other(s) (i.e., they are
independent). Under these reasonable assumptions, the presence of only
one channel in a patch can be assumed if no superimposed openings are
observed for a sufficiently long period of time that depends on the Po of
any given channel, and in the case of multiple channels in the patch, the
number of open channels is governed by the binomial distribution
(Horn, 1991). In our case, we evaluated the total number of channels in
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the patch by continuously recording for �1 min at strongly depolarized
potentials, at which Po is highest (�0.2). Using this method, we estimate
a maximal error rate of 3.8%, which is within the error of the pooled
measurements. When superimposed openings were observed, the total
number of channels in the patch was estimated from the maximal num-
ber of superimposed openings. At any given potential, the single-channel
amplitude (i) was calculated by fitting all-point histograms with single-
or multi-Gaussian curves. The difference between the fitted “closed” and
“open” peaks was taken as i. Po/V relationships were fitted by a Boltz-
mann equation, and the single-channel conductance was obtained from
the slope of the i/V chord fitted by linear regression using GraphPad
Prism version 4.0 for Windows (GraphPad Software, San Diego, CA).

Statistics. Data are expressed as the mean � SEM. Statistically signifi-
cant differences between the data were evaluated with the Student’s t test
or with the ANOVA followed by the Student–Newman–Keuls test ( p �
0.05).

Results
Clinical data
Individual II-1
The proband (Fig. 1A) is the first child of healthy, unrelated
parents. She was born by C-section for podalic presentation at 39
weeks of gestation after an uneventful pregnancy; her birth
weight was 2900 g, length was 47 cm, and head circumference was
36 cm. Apgar scores were 8/10 and 9/10 at 1 and 5 min, respec-
tively. Tonic seizures started 2 d after birth, accompanied by short
(1–3 min) but frequent periods of apnea and cyanosis, with nor-
mal interictal status. Analysis of serum, urine, and CSF were nor-
mal and ruled out metabolic disturbances or an infectious pro-
cess. Ultrasound imaging of the brain was normal. The girl was
treated with phenobarbital (PB) at a loading dose of 20 mg/kg,
followed by a maintenance dose of 5 mg/kg. Seizures rapidly
stopped. The child became mildly hypotonic for a few days and
then completely recovered. At 2 months of age, she was seizure-
free, had a normal psychomotor development, and her neurolog-
ical examination was unremarkable. PB was gradually discontin-
ued, but 10 d later she presented again with a cluster of seizures
characterized by a diffuse hypertonia accompanied by apnea and
cyanosis, followed by unilateral or bilateral clonic movements of
the limbs. Seizures lasted for 1–3 min and repeated frequently
over 2 d. Interictal electroencephalograms (EEGs) in the active

phase showed focal abnormalities, spikes
or sharp waves in the central regions.
Brain magnetic resonance imaging was
normal. PB was reintroduced leading to a
rapid cessation of seizures. No additional
seizures have been reported since then, de-
spite treatment discontinuation at 8
months of age. At 5 years of age, she has a
normal neurological development and
EEG, and she remains seizure-free.

Individual II-2
The younger sister of the proband is a 13-
month-old infant. She was born full-term
after a normal pregnancy and delivery; on
the second day of life, she suffered from
brief repeated focal seizures. Extensive in-
vestigations including neuroimaging and
metabolic tests were negative. Neurologi-
cal evaluation was normal. Seizures were
treated with carbamazepine with com-
plete remission. An attempt of drug with-
drawal at 8 months of age led to seizure
relapse; she was then treated with carbam-
azepine until 1 year of age. At 13 months,

she is seizure-free, the EEG is normal, and she shows normal
psychomotor development.

Individuals I-1 and I-2
The mother of the proband (I-2) suffered from neonatal seizures.
Seizures stopped within a few days but recurred afterward during
the first year. She was therefore treated with PB and phenytoin
until the sixth year of age. Since then, no additional seizure oc-
curred, and she shows normal neurological exam and develop-
ment. Neurological history was unremarkable for the father of
the proband (I-1).

Molecular genetic analysis
KCNQ2 and KCNQ3 gene mutation analysis performed on the
index case revealed a heterozygous missense mutation (c587t) in
KCNQ2 (Fig. 1B), whereas no mutation was found in KCNQ3.
The same KCNQ2 mutation was also found in the affected
mother and sister of the proband, but not in the unaffected father
and in 50 control subjects, consistent with the segregation of the
phenotype. The c587t KCNQ2 mutation leads to the substitution
of the alanine at position 196 with a valine residue (A196V; Q2
A/V) (Fig. 1B); position 196 is located at the N-terminal end of
the S4 voltage sensor, before the first of the six positively charged
arginines within this region (R198) (Fig. 1C). The alanine residue
at this position is conserved among all KCNQ-type subunits,
except for KCNQ3, where the corresponding residue is missing
from the primary sequence. In most non-KCNQ K� channel
subunits, hydrophobic residues (L, V, I) occupy this position. In
another BFNC-affected family, Moulard et al. (2001) also de-
scribed the same KCNQ2 mutation in association, on the same
allele, with a missense mutation affecting the subsequent highly
conserved L residue, resulting therefore in the double mutation
A196V�L197P (Q2 AL/VP).

Steady-state and kinetic properties of the macroscopic
currents formed by KCNQ2, KCNQ2 A/V, and KCNQ2
AL/VP homomeric channels
To characterize the electrophysiological properties of the K�

channels formed by the subunits carrying the described BFNC-

Figure 1. Genetic analysis of the BFNC family. A, Pedigree of the family. The proband is indicated by an arrow. B, Double-strand
partial sequencing of KCNQ2 and deduced amino acid sequence in the unaffected (I-1) and BFNC-affected (II-1) individuals. The
missense mutation c587t is indicated by an arrow. C, Sequence alignment of the S4 domain of the indicated potassium channel
subunits (Clustal W; http://www.ebi.ac.uk/clustalw/); larger font sizes indicate the mutant residues investigated here. Previously
described BFNC-associated mutations are indicated with smaller font sizes. The arrow at the bottom spans the S4 segment,
according to Aggarwal and MacKinnon (1996).
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associated mutations, CHO cells were
transfected with the cDNAs encoding for
wild-type or mutant subunits, and the re-
sulting currents were recorded by means
of the whole-cell configuration of the
patch-clamp technique.

Heterologous expression of KCNQ2
subunits led to the appearance of voltage-
dependent K�-selective currents charac-
terized by a rather slow time course of ac-
tivation and deactivation and a threshold
for current activation around �60 mV
(Fig. 2A–C). Functional voltage-
dependent K� currents were also gener-
ated by channels composed of KCNQ2
subunits carrying the A196V or the
A196V/L197P mutations; the density of
these currents was identical in KCNQ2-,
KCNQ2 A/V-, and KCNQ2 AL/VP-
transfected cells, being, respectively, 35 �
8, 37 � 4, and 44 � 6 pA/pF at �20 mV
(n � 7 for each group; p � 0.05).

Homomeric channels carrying the A/V
substitution in KCNQ2 exhibited a signif-
icant rightward shift in the midpoint po-
tential for activation, with no concomitant
change in the slope of the conductance–
voltage curve (Fig. 2B). In fact, for
KCNQ2 and KCNQ2 A/V homomeric
channels, the V1/2 were, respectively,
�39.7 � 1.2 and �16.6 � 1.2 mV (n � 10
for each group; p � 0.05), whereas the k
were, respectively, 10.7 � 1.0 and 11.5 �
0.9 mV/e-fold (n � 10 for each group; p �
0.05). Interestingly, significant changes in
both the midpoint activation potential as
well as in the slopes of the G/V curves were
prompted by homomeric incorporation
of the AL/VP double substitution; in fact,
when conditioning depolarizing pulses of
750 ms were used to avoid excessive cur-
rent rundown, the V1/2 and the k of
KCNQ2 and KCNQ2 AL/VP homomeric
channels were �29.2 � 1.0 and �5.7 �
1.2 mV ( p � 0.05), and 10.6 � 0.8 and
14.5 � 1.0 mV/e-fold ( p � 0.05), respec-
tively (Fig. 2C).

K� currents carried by homomeric
channels composed of KCNQ2 and
KCNQ2 A/V subunits displayed activa-
tion kinetics, which were adequately fitted
by a sum of two exponential functions
(Fig. 2D) (Wang et al., 1998; Castaldo et
al., 2002), with no noticeable difference in
the fast or slow time constants (�f and �s,
respectively) between the two channels. For KCNQ2 homomeric
channels, at any given potential above �40 mV, the relative am-
plitude of the fast component, called Af, largely dominated over
that of the slow component, called As; thus, the ratio of Af and As,
expressed as Af/Af � As, was �80% at all potentials investigated
(Fig. 2E). In contrast, in KCNQ2 A/V homomeric channels, the
Af/Af � As ratio was significantly decreased for potentials higher
than or equal to �20 mV (Fig. 2E), suggesting that the relative

amplitude of the slow component As assumed a progressively
increasing weight with stronger depolarizations.

The activation kinetics of the K� currents flowing through
KCNQ2 AL/VP homomeric channels were dramatically slowed
down when compared with those of KCNQ2 channels, with a
complete ablation of the fast component of current activation;
thus, in the voltage range between �40 and �20 mV, KCNQ2
AL/VP current activation kinetics were properly fitted by a single-

Figure 2. Steady-state and kinetic properties of the macroscopic currents carried by KCNQ2, KCNQ2 A/V, and KCNQ2 AL/VP
homomeric channels. A, Representative current traces elicited by KCNQ2 (Q2), KCNQ2 A/V (Q2 A/V), and KCNQ2 AL/VP (Q2 AL/VP)
channels recorded from transiently transfected CHO cells in response to depolarizing pulses of 10 mV increments from �80 to
�20 mV from a �80 mV holding potential (current scale, 200 pA; time scale, 1 s). Solid lines represent single-exponential (Q2
AL/VP) or double-exponential (Q2, Q2 A/V) fits of the current traces. B, C, Steady-state activation curves of Q2 and Q2 A/V channels
(B; 3 s conditioning pulses) or Q2 and Q2 AL/VP channels (C; 0.75 s conditioning pulses). Continuous lines represent Boltzmann fits
of the experimental data. D, Activation time constants obtained by fitting to a biexponential function the current traces from Q2,
Q2 A/V, and Q2 AL/VP channels. Open symbols, Slow time constants; filled symbols, fast time constants. E, Relative amplitudes of
the fast and slow current activation components, expressed as Af/Af � As, for Q2 and Q2A/V channels as a function of membrane
voltage. Asterisks denote Q2 A/V values significantly different from the corresponding Q2 values ( p � 0.05).
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exponential function having time constants identical to those of
�s of both KCNQ2 and KCNQ2 A/V channels (Fig. 2D).

The described mutations did not alter channel selectivity for
K� over Na� ions because no changes were observed in the
macroscopic current reversal potential (Vrev) measured in our
recording conditions for KCNQ2, KCNQ2 A/V, and KCNQ2
AL/VP homomeric channels (Vrev was �78.8 � 2 mV, �75.2 �
2.1 mV, and �76.8 � 2, respectively for the three channels; n �
4 – 6; p � 0.05 against each other).

Single-channel analysis of the currents carried by KCNQ2,
KCNQ2 A/V, and KCNQ2 AL/VP homomeric channels
Given the interesting effects on macroscopic gating seen in the
KCNQ2 A/V and AL/VP mutants, we then decided to examine
the channels at the single-channel level. In particular, we ascer-
tained whether the shifts in voltage dependence produced by the
mutations observed in whole-cell recordings would be reflected
in parallel effects on the voltage dependence of channel open
probabilities. To this aim, because currents carried by KCNQ-
type subunits undergo strong modulation by intracellular as well
as membrane-associated molecules (Marrion, 1997), we used the
cell-attached configuration for single-channel recordings, to
avoid possible perturbation of the intracellular milieu and retain
intact the biochemical machinery required for IKM modulation.
Figure 3A shows typical recordings obtained from CHO cells
transfected with KCNQ2, KCNQ2 A/V, and KCNQ2 AL/VP
cDNAs at various values of membrane potentials (�50, �30,
and 0 mV). Openings of KCNQ2 channels were consistently ob-

served at �50 mV; in contrast, openings of
homomeric channels carrying both A/V
and AL/VP mutations were never ob-
served at �50 mV but were only detected
at more positive membrane potentials
(higher than or equal to �30 mV). When
computing the averaged probability of
opening at each potential for several
patches, we obtained the single-channel
Po/V curves described in Figure 3B, which
were then fitted to the same form of the
Boltzmann distribution described previ-
ously. The maximal open probability of
homomeric KCNQ2 channels was 0.29 �
0.04; this maximal value was not affected
by the A/V or the AL/VP mutations
(0.29 � 0.01 and 0.25 � 0.02, respectively;
n � 4 – 8). However, both mutations
caused an �20 mV rightward shift in the
midpoint potential for activation
(KCNQ2, �36.3 � 5.1 mV; KCNQ2 A/V,
�16.4 � 5.0 mV; KCNQ2 AL/VP,
�14.5 � 6.6 mV; n � 4 – 8; p � 0.05), with
no concomitant modification of the slope
value (KCNQ2, 13.4 � 4.9 mV/e-fold,
KCNQ2 A/V, 11.7 � 3.8 mV/e-fold;
KCNQ2 AL/VP, 11.1 � 5.1 mV/e-
fold; n � 4 – 8). Finally, despite these
marked changes in opening voltage depen-
dence, the single-channel conductance for
K� ions was not affected by the mutations,
being 7.4 � 0.8, 8.3 � 1.4, and 7.4 � 0.9 pS
for KCNQ2, KCNQ2 A/V, and KCNQ2
AL/VP channels, respectively (n � 4–8).

Current activation kinetics of KCNQ2 A/V channels depend
on the prepulse voltage
Activation kinetics of the K� conductance in the squid axon
depend on the potential of conditioning prepulses, such that ac-
tivation is slower with more hyperpolarized conditioning pulses
(Cole and Moore, 1960). This “Cole-Moore effect” is thought to
be attributable to the driving of the channels into deeper closed
states at more negative voltages, thus requiring more time to
reach the open state after depolarization. Current activation ki-
netics of homomeric KCNQ2 channels were insensitive to
changes in the preceding voltages; Figure 4A shows representa-
tive KCNQ2 current traces at 0 mV recorded after 3 s condition-
ing pulses to �100 or �60 mV, as indicated. At 0 mV, �f, �s, and
their amplitude ratio Af/Af � As were not significantly different
when conditioning pulse potentials between �100 and �40 mV
were used (Figs. 4B,C). Unexpectedly, we observed a striking
effect of conditioning pulse potential for the KCNQ2 A/V mutant
that is the inverse of the Cole-Moore effect. Indeed, the activation
kinetics of KCNQ2 A/V homomeric channels were markedly
slower when the 0 mV test pulse was preceded by more depolar-
ized (higher than or equal to �80 mV) conditioning pulses (Fig.
4A). We analyzed this effect as in Figure 2 both in terms of alter-
ations in �f and �s and in their amplitude ratios. In KCNQ2 A/V
channels, �f appeared to be unaffected by the conditioning pre-
pulse voltage. In contrast, in the same channels, a �60 mV con-
ditioning prepulse significantly increased �s value at 0 mV (Fig.
4B); the largest effect was on the relative amplitude ratio Af/Af �
As, which, for KCNQ2 A/V but not KCNQ2 channels, became

Figure 3. Single-channel properties of KCNQ2 (Q2), KCNQ2 A/V (Q2 A/V), and KCNQ2 AL/VP (Q2 AL/VP) homomeric channels. A,
Representative single-channel sweeps obtained at the membrane potentials indicated on the left. The current levels for the closed
(C) or the open (O) state are also indicated on the left. Amplitude scale, 1 pA; time scale, 500 ms (200 ms in the enlarged views). B,
Single-channel Po/V curves of KCNQ2, KCNQ2 A/V, and KCNQ2 AL/VP homomeric channels; continuous lines are Boltzmann fits of
the experimental data. C, Unitary current–voltage relationships of single KCNQ2, KCNQ2 A/V, and KCNQ2 AL/VP channels. Straight
lines represent linear fits of the experimental data; each data point was calculated from four to eight patches.
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increasingly smaller (smaller �f fraction),
with more depolarized prepulses (Fig.
4C).

Interestingly, the introduction of the
L197P mutation into the A196V back-
ground seemed to “lock” the channels into
highly slowed activation kinetics that were
similar to those of KCNQ2 A/V channels
after depolarized conditioning prepulses;
such slow kinetics were unaffected by the
conditioning prepulse voltage (Fig. 4A);
in particular, the activation time constants
at 0 mV were 723 � 241 and 655 � 123 ms
when conditioning prepulses of �100 or
�60 mV, respectively, preceded the 0 mV
test pulse (n � 4 –7; p � 0.05).

Gating kinetics of several K� channels
can be profoundly affected by changes in
the extracellular concentrations of mono-
valent and divalent cations (Silverman et
al., 2000; Consiglio and Korn, 2004). The
described changes in current activation ki-
netics introduced by the KCNQ2 A/V mu-
tation did not appear to be affected by an
increase (from 5 to 50 mM) in the extracel-
lular concentration of K� ions ([K�]e) or
by the removal of extracellular Mg 2� ions
([Mg 2�]e). In fact, when measured at �40
mV, the Af/Af � As amplitude ratio of
KCNQ2 A/V channels were, respectively,
0.62 � 0.03, 0.64 � 0.06, and 0.54 � 0.06
when the holding voltage was �90 mV
and 0.37 � 0.03, 0.34 � 0.07, and 0.28 �
0.01 when the test potential was preceded
by a 3 s prepulse to �60 mV in control
conditions with 5 [K�]e and 1 [Mg 2�]e, or
with 50 mM [K�]e and 1 [Mg 2�]e, or with
5 mM [K�]e and 0 mM [Mg 2�]e, respec-
tively (n � 3–10 cells tested in each experimental condition; p �
0.05).

The described mutations in S4 did not modify current sensi-
tivity to the extracellular exposure to the pore blocker tetraethyl-
ammonium (TEAe). In fact, the percentage of current inhibited at
0 mV by 0.3 mM TEAe in homomeric KCNQ2, KCNQ2 A/V, and
KCNQ2 AL/VP channels was 63 � 9, 63 � 1, and 61 � 4%,
respectively; 3 mM TEAe inhibited the current carried by the same
channels by 89 � 2, 84 � 6, and 90 � 2%, respectively ( p � 0.05)
(Fig. 5A). Moreover, the exposure to the KCNQ channel activator
retigabine (10 �M) caused similar leftward shifts in the voltage
dependence of activation for KCNQ2, KCNQ2 A/V, and KCNQ2
AL/VP channels (by 19 � 2, �18 � 2, and �16 � 1 mV, respec-
tively) (Fig. 5A); the effects of both 3 mM TEA and 10 �M retiga-
bine were fully reversible after washout. Interestingly, when
KCNQ2 A/V channels were activated by square pulses to depo-
larizing potentials, retigabine was found to markedly slow down
current activation kinetics (Fig. 5B). At 0 mV membrane poten-
tial, KCNQ2 A/V activation �f was increased, whereas the Af/Af �
As ratio was decreased by 10 �M retigabine exposure (Fig. 5C,D).
Furthermore, hyperpolarizing prepulses up to �100 mV were
unable to recover fast gating in KCNQ2 A/V channels during
retigabine exposure (Fig. 5D). However, current activation kinet-
ics of KCNQ2 (Fig. 5) and KCNQ2 AL/VP channels (data not
shown) were unaffected by 10 �M retigabine.

Steady-state and kinetic properties of the macroscopic
currents formed by KCNQ2 and KCNQ2 A/V subunits
expressed heteromerically with KCNQ3 subunits
KCNQ2 subunits are thought to assemble with KCNQ3 subunits
to form IKM at most neuronal sites (Wang et al., 1998; Cooper et
al., 2000). When compared with homomeric KCNQ2 channels,
heteromeric KCNQ2�KCNQ3 channels displayed a reduced
TEAe sensitivity; such reduction was unaffected by the A/V mu-
tation in KCNQ2. In fact, the percentage of current at 0 mV
inhibited by 0.3 and 3 mM TEAe was 9 � 4 and 52 � 6% or 9 � 3
and 51 � 9% in heteromeric KCNQ2�KCNQ3 or KCNQ2
A/V�KCNQ3 channels, respectively. In addition, the current
density similarly increased by approximately threefold when ei-
ther KCNQ2 or KCNQ2 A/V subunits were coexpressed with
KCNQ3 subunits (102 � 9 and 97 � 12 pA/pF, respectively).
These results suggested that the A/V mutation did not interfere
with KCNQ2 subunit incorporation into heteromeric channels
with KCNQ3 subunits. As shown in Figure 6A, heteromeric
channels composed of KCNQ2 A/V�KCNQ3 subunits, when
compared with KCNQ2�KCNQ3 channels, displayed gating
changes qualitatively similar to those of homomeric KCNQ2 A/V
channels; in fact, the V1/2 and the slopes (k) were �20.6 � 1.2 and
�47.9 � 1.3 mV, and 12.9 � 0.9 and 8.6 � 1.1 mV/e-fold, re-
spectively, for KCNQ2 A/V�KCNQ3 and KCNQ2�KCNQ3
heteromeric channels (n � 3; p � 0.05 for both parameters) (Fig.

Figure 4. Current activation kinetics of KCNQ2 A/V channels depend on prepulse membrane voltage. A, Representative current
traces elicited by depolarizing pulses to 0 mV preceded by 3 s conditioning pulses at �100 or �60 mV, as indicated, from KCNQ2
(Q2), KCNQ2 A/V (Q2 A/V), and KCNQ2 AL/VP (Q2 Al/VP) channels. Current scale, 200 pA; time scale, 1 s. B, Activation �f and �s

values at 0 mV for KCNQ2 (n � 3–5) and KCNQ2 A/V (n � 6 –11) channels obtained after �100 mV (filled bars) or �60 mV
(empty bars) conditioning pulses of 3 s duration. The asterisk denotes a KCNQ2 A/V value significantly different ( p � 0.05) from
the corresponding KCNQ2 value. C, Relative amplitudes of the fast and slow current activation components, expressed as Af/Af �
As, as a function of the conditioning prepulse voltage (Vprepulse) for KCNQ2 and KCNQ2 A/V channels. Asterisks denote KCNQ2 A/V
values significantly different from the corresponding KCNQ2 values ( p � 0.05).
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6A). Furthermore, current activation kinetics of heteromeric
channels formed by KCNQ2 A/V and KCNQ3 subunits de-
pended on the prepulse voltage (Fig. 6B), being markedly slower
when the test pulse was preceded by conditioning prepulses at
�60 mV; in particular, when the currents carried by
KCNQ2�KCNQ3 heteromeric channels were measured at 0 mV,
�f, �s, and Af/Af � As were 58 � 6 ms, 1169 � 631 ms, and 0.85 �
0.04% after a conditioning pulse at �100 mV and 78 � 10 ms,
878 � 339 ms, and 0.78 � 0.04% after a conditioning pulse at
�60 mV. In contrast, for KCNQ2 A/V�KCNQ3 heteromeric
channels, the same parameters were 104 � 30 ms, 652 � 222 ms,
and 0.93 � 0.04% after a conditioning pulse to �100 mV and
157 � 50 ms, 1191 � 186 ms, and 0.59 � 0.04% after a condi-
tioning pulse at �60 mV. Thus, both �s and Af/Af � As ratios of
KCNQ2 A/V�KCNQ3 heteromeric channels were significantly
affected by the prepulse voltage ( p � 0.05). To quantify the pre-

pulse voltage dependence of the macro-
scopic currents, we integrated for each
experimental group (KCNQ2, KCNQ2
A/V, KCNQ2�KCNQ3, and KCNQ2
A/V�KCNQ3 channels) the currents elic-
ited by the 0 mV test pulse for both condi-
tioning prepulses of �100 or �60 mV; the
normalized difference between these val-
ues, expressed as percentage, indicates the
amount of prepulse-dependent current.
As shown in Figure 6C, KCNQ2 subunits
carrying the A/V mutation, both in homo-
meric or heteromeric configuration with
KCNQ3 subunits, introduced a qualita-
tively and quantitatively similar prepulse
voltage dependence of the currents at 0
mV. However, no significant dependence
on prepulse membrane voltage was ob-
served for the currents carried by KCNQ2
subunits, either alone or in heteromeric
configuration with KCNQ3 subunits
(Fig. 6C).

Discussion
In the present study, we found a novel
missense mutation in the KCNQ2 gene in
a family affected by BFNC; this mutation
(A196V; A/V) involved an uncharged res-
idue, conserved among all KCNQ mem-
bers except for KCNQ3, located at the
N-terminal end of the S4 voltage sensor.
Electrophysiological analysis of the func-
tional changes prompted by this genetic
variant revealed that KCNQ2 A/V sub-
units introduced dramatic gating changes
with no concomitant modification in the
amount of macroscopic current ex-
pressed. In fact, channels incorporating
KCNQ2 A/V mutant subunits showed a
decreased sensitivity to voltage, requiring
stronger depolarizations to become acti-
vated. These gating changes reflect true
mutation-induced modifications of chan-
nel behavior rather than being the conse-
quence of the many potential artifacts as-
sociated with intracellular dialysis during
whole-cell recordings, as suggested by the
convergence of the results obtained from

macroscopic and single-channel current measurements.
KCNQ2 channels display two open states with different open-

ing kinetics (Selyanko and Brown, 1999). The present results re-
vealed that, in KCNQ2 channels, the slower opening transition
only accounted for �20% of the macroscopic currents at poten-
tials above �40 mV; such slower transition was markedly en-
hanced in KCNQ2 A/V mutant channels, reaching up to 60% of
the total current kinetics at more depolarized potentials. The
introduction of a second mutation at the amino acid position
immediately past the A196 residue, reproducing the double sub-
stitution AL/VP caused by a KCNQ2 mutant allele from a differ-
ent BFNC-affected family (Moulard et al., 2001), retained similar
steady-state consequences on the opening voltage dependence;
moreover, current activation kinetics of KCNQ2 AL/VP channels
were markedly slowed down, causing the fast opening compo-

Figure 5. Retigabine delays current activation kinetics of KCNQ2 A/V channels. A, Current responses from KCNQ2 (Q2), KCNQ2
A/V (Q2 A/V), and KCNQ2 AL/VP (Q2 AL/VP) channels, as indicated, to membrane voltage ramps from �100 to �40 mV (ramp
speed, 116.6 mV/s; ramp frequency, 0.08 Hz). After recording the current responses in control conditions (C), the cells were
subsequently exposed to 3 mM TEA (1 min), followed by washout (3 min), and to 10 �M retigabine (RT; 3 min), before final washout
(W). Current scales, 500 pA for Q2, 200 pA for Q2 A/V and Q2 AL/VP; time scale, 200 ms. B, Representative current traces elicited by
depolarizing pulses to 0 mV preceded by 3 s conditioning pulses at�100 mV for KCNQ2 and KCNQ2 A/V channels before (C) or after
3 min of exposure to 10 �M RT, as indicated. Current scales, 500 pA for KCNQ2 or 200 pA for KCNQ2 A/V; time scale, 1 s. C, Activation
�f and �s values for KCNQ2 (n�4) and KCNQ2 A/V (n�3) channels (0 mV test pulse; 3 s conditioning pulse at�100 mV) recorded
in C (empty bars) or after exposure to 10 �M RT (filled bars). The asterisk denotes a value significantly different (p � 0.05) from the
corresponding control. D, Relative amplitudes of the fast and slow current activation components, expressed as Af/Af � As, as a
function of the conditioning prepulse voltage (Vprepulse) for KCNQ2 (triangles; n � 4) and KCNQ2 A/V channels (squares; n � 3),
before (empty symbols) or after (filled symbols) retigabine exposure. Asterisks denote values (Q2 A/V�RT) significantly different
( p � 0.05) from the corresponding controls (Q2 A/V no RT).
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nent to become undetectable. The biophysical results presented
suggest that two kinetically distinct pathways exist for KCNQ2
channel opening and that, in A/V mutant channels, different pre-
pulse potentials determine the distribution of channels between
the two pathways. Whether these two open states result from
different active configurations of the voltage sensors, as recently
proposed by structural models comparing the Kv1.2 and KvAP
open configurations (Yarov-Yarovoy et al., 2006), or from more
subtle structural changes unrelated to the position of the voltage-
sensing domains, remains to be established.

Changes in voltage-dependent gating have been described
previously in heterologously expressed channels carrying BFNC-
causing mutations affecting charged residues in the S4 segment of
KCNQ2, namely the R207W (Dedek et al., 2001) and the R214W
(Castaldo et al., 2002) substitutions. In contrast, the only other
known BFNC mutation in KCNQ2 affecting an uncharged resi-
due in S4, the M208V substitution, has been shown not to affect
the midpoint potential for current activation but rather to
slightly increase the slope of the conductance to voltage curve and
to lower the amount of expressed current (Singh et al., 2003),
suggesting that the M208V mutation reduced IKM function by
mechanisms additional to gating alterations. However, the max-
imal probability of opening and the single-channel conductance
of KCNQ2 A/V and KCNQ2 AL/VP mutant channels were sim-
ilar to KCNQ2 channels; these results, together with the observa-
tion of an unaltered channel sensitivity to the pore blocker TEA
and of an unchanged K�/Na� selectivity ratio, suggested that
changes in gating, rather than altered pore properties, mainly
accounted for the impaired channel function caused by the mu-
tations here investigated.

S4 hydrophobic residues are involved in K� channel voltage-
dependent gating (Lopez et al., 1991; McCormack et al., 1991),
and it has been proposed that the gating differences between
Shaker (Kv1) and Shaw (Kv3) channels are mainly accounted for
by sequence differences with respect to S4 uncharged amino acids
(Smith-Maxwell et al., 1998). Uncharged amino acids also oc-
cupy the positions corresponding to A196 and L197 in the Kv1.2
voltage-gated K� channel (Fig. 1C) whose crystal structure has
been recently solved (Long et al., 2005a). The intimate mecha-
nism for voltage-sensing in K� channels is still an open matter of
debate, and various models have been proposed to account for
the multitude of results obtained with various techniques (Tom-
bola et al., 2006). In particular, based on the structural data for
Kv1.2 and KvAP channels (Jiang et al., 2003), it has been proposed
that membrane depolarization causes a paddle structure formed
by two antiparallel �-helices (S3 and S4) to move outwardly, thus
placing the positively charged residues of S4 nearer to the extra-
cellular side of the membrane (Long et al., 2005b). According to
this paddle model, but also consistent with other gating models
involving less pronounced S4 conformational changes (Tombola
et al., 2006), sequence modifications at the N-terminal end of the
S4 domain, the region affected by our mutations and in which the
most important voltage-sensing arginines are located (Aggarwal
and MacKinnon, 1996; Seoh et al., 1996), could interfere with the
kinetics of S4 movement during channel activation, ultimately
leading to delayed pore opening.

Intriguingly, the A196V mutation introduced an unusual de-
pendence of the macroscopic current activation kinetics on the
prepulse voltage. The fact that the activation kinetics of K� chan-
nels depend on the preceding voltage was described �45 years
ago in the squid axon by Cole and Moore (1960), who observed
that K� current activation kinetics were delayed by prepulses to
more negative membrane potentials. This phenomenon

Figure 6. Steady-state and kinetic properties of heteromeric KCNQ2�KCNQ3 and KCNQ2
A/V�KCNQ3 channels. A, Steady-state activation curves of KCNQ2�KCNQ3 (Q2�Q3) chan-
nels (1:1 cDNA ratio; n � 3) and KCNQ2 A/V�KCNQ3 (Q2 A/V�Q3) channels (1:1 cDNA ratio;
n � 8). Continuous lines represent Boltzmann fits of the experimental data. B, Representative
current traces elicited by KCNQ2�KCNQ3 or KCNQ2 A/V�KCNQ3 heteromeric channels in re-
sponse to a depolarizing pulse to 0 mV preceded by 3 s conditioning prepulses to �100 or �60
mV, as indicated by the arrows (current scale, 500 pA; time scale, 1 s). C, Quantification of the
prepulse-dependent current (for details, see Results) in KCNQ2 (n � 4), KCNQ2 A/V (n � 8),
KCNQ2�KCNQ3 (n�3), or KCNQ2 A/V�KCNQ3 (n�8) channels. Asterisks denote KCNQ2 A/V
and KCNQ2 A/V�KCNQ3 values significantly different from the corresponding controls (KCNQ2
and KCNQ2�KCNQ3, respectively) ( p � 0.05).
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prompted the suggestion that channel proteins transit through
several closed conformations before opening and that transitions
among the deepest closed states are rate-limiting for channel
opening, a conclusion later confirmed also from gating current
measurements in Kv2.1 (Taglialatela and Stefani, 1993) and in
Kv1.1 channels (Bezanilla et al., 1994). However, our results show
that the activation kinetics of KCNQ2 channels carrying the
A196V mutation showed a phenomenon opposite to the Cole-
Moore effect, namely an acceleration of gating kinetics by pre-
pulses at hyperpolarizing voltages. Therefore, more depolarized
prepulse potentials would allow mutant channels to preferen-
tially populate an energetically favorable conformation in which
the voltage sensors would be trapped in the inactive position, thus
delaying their displacement to the active state, and, consequently,
channel opening. Given that the mutation involved the substitu-
tion of a smaller and more polar alanine residue with a larger and
more hydrophobic valine residue, it seems possible to speculate
that, in such trapped configuration, the N-terminal end of the S4

region encompassing the mutation resides in a more hydropho-
bic environment possibly represented by the membrane bilayer
or by other protein regions.

Gating kinetics of several K� channels, including those of the
Ether-a-go-go family (Terlau et al., 1996; Tang et al., 2000), are
modulated by extracellular cations such as Mg 2�; moreover, the
occupation of sites in the permeation pathway by K� ions is
known to interfere with the motion of the gates (Ortega-Saenz et
al., 2000). The fact that the gating properties of KCNQ2 A/V
channels, similarly to KCNQ2 channels, were not affected by the
removal of Mg 2� or by changing the concentrations of K� ions
in the extracellular solution, suggested that the gating modifica-
tions introduced by the presently described A/V mutation in
KCNQ2 did not involve an altered sensitivity to extracellular
cations.

Gating changes may interfere with state-dependent drug
binding. In particular, retigabine is a novel anticonvulsant that
binds to an hydrophobic pocket of the activation gate formed by
the S5 and S6 segments of neuronal KCNQ channels (Schenzer et
al., 2005; Wuttke et al., 2005), thus stabilizing the open channel
conformation. In KCNQ2 A/V channels, whose activation gating
is slowed by depolarizing prepulses, retigabine favored the slower
opening kinetics irrespectively of the prepulse voltage; this result
highlights a reciprocal interaction between the voltage sensor and
the inner gate before channel opening.

Intriguingly, the KCNQ2 double substitution AL/VP also re-
moved the prepulse voltage dependence of channel opening ki-
netics and caused a marked slowing in the activation gating, sug-
gesting that these two mutations represent a spectrum of
functional derangement in which fast-gating kinetics could be
introduced by hyperpolarizing prepulses in A196V singly substi-
tuted channels, whereas in the double A196V/L197P mutant
channels, fast gating cannot be recovered by membrane voltages
as negative as �100 mV.

The described changes in channel function prompted by the
A196V mutation were not only observed in homomeric configu-
ration but also in heteromeric configuration with KCNQ3 sub-
units. Given that IKM seems to be mainly formed by heteromeric
channels encompassing KCNQ2 and KCNQ3 subunits (Wang et
al., 1998; Cooper et al., 2000), this suggests that the gating alter-
ations introduced by the mutation may be relevant for the patho-
physiology of the disease in the described family and provide a
plausible explanation for its dominant hereditary transmission.

Mutation-induced IKM impairment may occur by several
mechanisms: some mutations preferentially alter the intracellular

stability and trafficking of subunits (Soldovieri et al., 2006),
whereas others interfere with their polarized neuronal targeting
(Chung et al., 2006) or with their function once normally inserted
into the plasma membrane (Dedek et al., 2001; Castaldo et al.,
2002). Both the A196V and the A196V/L197P mutations appear
to belong to the latter group, although the present results, ob-
tained in non-neuronal context, cannot rule out a possible effect
of the mutation on channel trafficking or localization.

Despite a wealth of studies addressing the molecular mecha-
nisms responsible for BFNC pathogenesis, little is known on the
cellular and developmental basis of the convulsive manifestation
in the affected individuals. The gating changes introduced by the
KCNQ2 A/V mutation herein investigated and, in particular, the
novel dependence of current activation kinetics on the prepulse
voltage, suggest that the mutation-induced functional derange-
ment of IKM may more prominently affect those neurons, such as
GABAergic interneurons, firing at relatively high frequencies and
whose resting membrane potential is more depolarized and
closer to the threshold for spike initiation. The recent observation
that, in hippocampal (Lawrence et al., 2006), striatal (Shen et al.
2005), and cerebellar (Forti et al., 2006) GABAergic interneu-
rons, IKM controls interspike interval, firing frequency, and over-
all network excitability, seems to lend support to this hypothesis.
Moreover, during the first weeks of postnatal life, GABAergic
neurons undergo age-dependent developmental switching from
excitatory to inhibitory (Owens et al., 1996), suggesting that, in
addition to changes in intrinsic excitability, also neuronal syn-
chronization by excitatory synaptic activity may participate in
BFNC pathogenesis (Okada et al., 2003); mutation-induced en-
hanced excitatory drive may ultimately lead to network hyperex-
citability, thus predisposing to BFNC.
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