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KCNQ2 and KCNQ3, both of which are mutated in a
type of human neonatal epilepsy, form heteromeric po-
tassium channels that are expressed in broad regions of
the brain. The associated current may be identical to the
M-current, an important regulator of neuronal excitabil-
ity. We now show that the RNA encoding the novel
KCNQ5 channel is also expressed in brain and in sym-
pathetic ganglia where it overlaps largely with KCNQ2
and KCNQ3. In addition, it is expressed in skeletal mus-
cle. KCNQ5 yields currents that activate slowly with
depolarization and can form heteromeric channels with
KCNQ3. Currents expressed from KCNQ5 have voltage
dependences and inhibitor sensitivities in common with
M-currents. They are also inhibited by M1 muscarinic
receptor activation. A KCNQ5 splice variant found in
skeletal muscle displays altered gating kinetics. This
indicates a molecular diversity of channels yielding M-
type currents and suggests a role for KCNQ5 in the
regulation of neuronal excitability.

Mutations in all four known KCNQ potassium channel genes
cause human inherited disease. Mutations in KCNQ1 (also
known as KvLQT1) lead to cardiac arrhythmias in the long QT
syndrome (1) that are associated with congenital deafness in
the recessive Jervell and Lange-Nielsen syndrome (2). Muta-
tions in either KCNQ2 or KCNQ3 lead to benign familial neo-
natal convulsions (BFNC),1 a neonatal generalized epilepsy
(3–5). Finally, mutations in KCNQ4 cause autosomal dominant
progressive hearing loss (6).

The expression of KCNQ2 and KCNQ3 appears to be re-
stricted to the nervous system (3, 7). Both subunits are co-
expressed in many areas of the brain, including the cortex,
hippocampus, and thalamus (7, 8), suggesting the formation of
heteromeric KCNQ2/3 channels. This was supported by func-
tional expression in Xenopus oocytes. Currents obtained by
co-expressing both subunits were more than 10-fold larger than
those obtained from homomeric channels (7, 9, 10), and domi-

nant negative mutations in either subunit suppressed currents
from heteromeric channels (7). Currents of KCNQ2/3 hetero-
mers resemble M-currents (11) in their voltage dependence,
kinetics, and sensitivity to inhibitors such as linopirdine and
XE991 (10, 12). M-currents are defined by their electrophysi-
ological and pharmacological characteristics. These potassium
currents are already present at the slightly depolarized poten-
tials at the threshold of action potential firing and are highly
regulated by several second messenger pathways (13). M-cur-
rents are inhibited by the activation of muscarinic receptors
(11, 13–15). Since regulation of M-currents provides a means to
set the firing rate of neurons, it is plausible that a loss of
M-current leads to neuronal hyperexcitability and epilepsy in
BFNC. Moderate changes in the magnitude of these currents
may have profound effects. It was estimated from heterologous
expression of channel mutants found in BFNC that a 25% loss
of KCNQ2/KCNQ3 current may suffice to cause epilepsy (7).

As “M-currents” are defined by a rather broad set of biophys-
ical and pharmacological characteristics, KCNQ2 and KCNQ3
subunits may not be the only molecular basis for these cur-
rents. Indeed, eag-related channels share some features with
M-type currents, but opinions differ as to whether they really
qualify as M-currents (16–19). Furthermore, the voltage and
time dependence of KCNQ4 is similar to that of KCNQ2/3
channels, and KCNQ4 is also inhibited by blockers of M-cur-
rents such as linopirdine, albeit with lower efficiency (6). The
sensitivity to these inhibitors was increased in KCNQ3/4 het-
eromers, suggesting that channels containing KCNQ4 may
underlie some forms of M-currents (6). Furthermore, KCNQ4 is
also inhibited by muscarinic stimulation (20). In contrast to
KCNQ2 and KCNQ3, however, KCNQ4 plays an important role
in hearing (6), and its expression in the central nervous system
is restricted to some areas of the brainstem. This includes
nuclei and tracts of the auditory pathway (21).

MATERIALS AND METHODS

Cloning and Functional Expression of KCNQ5—A partial cDNA en-
coding a novel KCNQ channel fragment was isolated by screening a
human thalamus cDNA library (CLONTECH) using a KCNQ3 cDNA as
a probe. It was extended by 59- and 39-rapid amplification of cDNA ends
techniques using a Marathon kit (CLONTECH) of human adult brain
cDNA. The KCNQ5 gene was localized on human chromosome spreads
using fluorescent in situ hybridization by Genome Systems. The
KCNQ5 cDNA (all splice variants of Fig. 1B) was cloned into pTPN, a
derivative of the Xenopus oocyte expression vector pTLN (22) which
contains an additional PacI site 39 to the NruI site. After linearization
with HpaI, capped cRNA was transcribed using SP6 RNA polymerase
in the mMessage mMachine kit (Ambion). Xenopus oocytes were pre-
pared by collagenase treatment, injected with 10 ng of cRNA, and
incubated for 2–3 days at 17 °C. A dominant negative KCNQ5 mutant
(G278S) and a KCNQ3 mutant (T323Y) were constructed by recombi-
nant PCR. In some experiments, KCNQ5 (or the G278S mutant) was
co-expressed at a 1:1 ratio with KCNQ2 or KCNQ3, or the respective
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dominant negative mutants KCNQ2(G279S) and KCNQ3(G318S) (7), or
the KCNQ3(T323Y) mutant using again a total cRNA amount of 10 ng
per oocyte. The human M1 receptor cDNA was obtained by PCR am-
plification from human fetal brain cDNA (CLONTECH) and was cloned
into the pTPN vector. 10 and 5 ng of KCNQ5 and M1 receptor cDNAs,
respectively, were co-injected into Xenopus oocytes. Conventional two-
electrode voltage clamp measurements were performed at room tem-
perature in ND96 saline (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM

MgCl2, 5 mM HEPES, pH 7.4) using a Turbotec (npi Instruments)
amplifier and pClamp (Axon Instruments) software. For cation selec-
tivity measurements, NaCl was replaced by equimolar amounts of the
respective chloride salt. When using TEA-chloride, this inhibitor re-
placed equivalent amounts of NaCl. For experiments examining the
effect of muscarinic receptor stimulation, 1.6 mM Ca21 was replaced by
Mg21 to reduce the activation of endogenous Ca21-activated chloride
channels.

Tail current analysis was used to estimate apparent Popen (Fig. 4).
From a holding potential of 280 mV, oocytes were clamped to values
between 2100 and 1 40 mV for 2 s. Since variant III does not reach
steady-state activation even after more than 10 s, the parameters
obtained for this splice form do not reflect steady-state values. Tail
currents were measured at 230 mV by extrapolating to the time when
the voltage was changed. Since channel gating is slow compared with
the voltage jump, these currents are proportional to the number of
channels that are open at the prepulse voltage.

Northern Blot and in Situ Hybridization—Multiple tissue Northern
blots (CLONTECH human 7760-1, human brain II 7755-1, and human
brain III 7750-1) were hybridized overnight at 68 °C in 7% SDS, 10%
polyethylene glycol 6000, 1.53 SSPE (SSPE, 150 mM NaCl, 10 mM

NaH2PO4, 1 mM EDTA, pH 7.4), 100 mg/ml denatured herring sperm
DNA with a 32P-labeled AflIII/EcoRI fragment of pTPN-KCNQ5 that
covers the last 1.1 kilobase pairs of the open reading frame. Blots were
washed three times for 40 min in 0,1% SDS in 0.13 SSC (SSC, 150 mM

NaCl, 15 mM sodium citrate, pH 7.0) at 50 °C and exposed on X-Omat
film (Eastman Kodak Co.). mRNA was isolated from the NG108-15 cell
line using the Trizol reagent (Life Technologies, Inc.) and oligo(dT)
Dynabeads (Dynal), and 1.8 mg per lane were separated on a gel con-
taining formaldehyde. The RNA was transferred to Hybond-N mem-
brane and probed with a human KCNQ3 and a rat KCNQ5 probe. For
the in situ hybridization of rat brain sections, a 1.1-kilobase pair rat
KCNQ5 fragment (obtained by PCR and covering the equivalent region
of 170–1290 base pairs of human KCNQ5) was subcloned into pBlue-
script, and radioactive sense and antisense cRNAs were transcribed
(Maxiscript, Ambion) using T3 and T7 RNA polymerase, respectively,
and hydrolyzed to roughly 200–300-base pair fragments. In situ hybrid-
ization was performed as described (23). The rat brain sections were
exposed to film, and the rat superior cervical ganglion section was
dipped in a photoemulsion.

RESULTS

Primary Structure and Tissue Distribution of KCNQ5—By
homology screening of a human brain cDNA library with
KCNQ3, we isolated a novel member of the KCNQ gene family
that we named KCNQ5 (Fig. 1). It encodes a protein of 897
amino acids that has a predicted molecular mass of ;99 kDa. It
has six transmembrane domains, a P-loop, and a carboxyl-
terminal conserved cytoplasmic region (the “A-domain”) (24)
(which may be involved in subunit interactions (25)) like the
other four known KCNQ proteins with which it shares roughly
40% overall identity. Similar to other KCNQ channel cDNAs (3,
8, 26), we detected several splice variants in the cytoplasmic,
carboxyl-terminal tail (Fig. 1B). Most of our functional studies
were performed with variant I, which we had isolated from
brain.

By using fluorescent in situ hybridization of human met-
aphase cells, the KCNQ5 gene was localized to the long arm of
chromosome 6 (6q14). Northern analysis revealed that KCNQ5
is mainly expressed in brain and skeletal muscle (Fig. 2A). Its
mRNA is present in many regions of the human brain, includ-
ing the cerebral cortex, occipital pole, frontal and temporal
lobes, putamen, and the hippocampus (Fig. 2B). In these re-
gions, it is co-expressed with KCNQ2 (3) and KCNQ3 (7). Some
regions that express significant levels of KCNQ2 or KCNQ3
(e.g. cerebellum, medulla, and thalamus) (7, 8) express only low

to undetectable levels of KCNQ5. In situ hybridization of rat
brain sections largely confirmed this distribution of KCNQ5
within the central nervous system (Fig. 3A). In addition, it
revealed significant expression in the piriform cortex, the en-
torhinal cortex, the pontine medulla, and the facial nucleus. In
apparent contrast to the human Northern analysis (Fig. 2B),
there was also a faint signal in the rat cerebellum (Fig. 3A). A
weak expression in the rat cerebellum was subsequently con-
firmed by Northern analysis (data not shown).

M-currents have often been studied in sympathetic neurons
(10–12, 14, 15, 27–29). This includes neurons of the rat supe-
rior cervical ganglion, which has recently been shown (10) to
express both KCNQ2 and KCNQ3. In situ hybridization re-
vealed that this ganglion also expresses KCNQ5 (Fig. 3C). A
system frequently used to study neuronal M-currents is the
NG108-15 mouse neuroblastoma 3 rat glioma cell line. These
cells were recently shown to co-express KCNQ2 and KCNQ3
(18, 19). Northern analysis revealed that these cells also ex-
press KCNQ5 (Fig. 2C). Thus, this cell type expresses all three
subunits.

Properties of KCNQ5 Channels—We expressed the three
splice variants of KCNQ5 (Fig. 1B) in Xenopus oocytes and
investigated the associated currents by two-electrode voltage
clamping. Since there were no conspicuous differences between
variants I and II, we focused on variants I and III that we had
isolated from brain and skeletal muscle, respectively. Both
forms of KCNQ5 yielded currents that needed several seconds
to activate fully upon depolarization (Fig. 4, A and B). This
activation was faster than with KCNQ4 (6) but slower than
with KCNQ2 (3) (see also Fig. 7B) and in particular KCNQ1
(30, 31). Interestingly, gating kinetics differed markedly be-
tween both splice forms. The muscle isoform III showed a faster
initial activation but did not reach steady-state activation even
after 10 s. By contrast, the brain isoform I initially activated
more slowly but reached steady-state after 2–3 s (for time
constants, see legend to Fig. 4). This difference in gating kinet-
ics is also apparent when a typical M-current voltage clamp
protocol is employed. Although the brain variant yields cur-
rents that kinetically resemble M-currents (Fig. 4C), the mus-
cle variant III does not show the typical current relaxations
after hyperpolarizing voltage steps (Fig. 4D).

Tail current analysis was used to estimate activation param-
eters. Both variants begin to activate at voltages around 260
mV and show a decrease in apparent Popen at voltages more
positive than approximately 120 mV (Fig. 4, E and F). This
may be due to an inactivation process at positive voltages as
observed, e.g. with KCNQ1 (32, 33). The apparent half-maxi-
mal activation did not show a large difference between these
isoforms (V1⁄2 ; 246 6 1 mV and V1⁄2 ; 248 6 1 mV for isoforms
I and III, respectively). This is more negative than with
KCNQ4 (V1⁄2 ; 210 mV) (6), but it is in the same range as
values for KCNQ2 (V1⁄2 ; 237 mV) (3) and KCNQ2/3 hetero-
mers (V1⁄2 ; 240 mV) (10). It fits nicely with values measured
for native M-currents in cervical sympathetic ganglion cells
(V1⁄2 ; 245 mV) (10). Ion substitution experiments (Fig. 4G)
revealed that KCNQ5 currents (isoform I) are highly selective
for potassium. Other experiments (not shown) yielded a Rb1 ;
K1 . Cs1 . Na1 selectivity sequence.

We studied the pharmacology of KCNQ5 using the brain
variant I (Fig. 5). Tetraethylammonium (TEA) was a poor
inhibitor with an IC50 of about 70 mM (Fig. 5A), whereas bar-
ium was more effective (.60% inhibition at 1 mM and 0 mV;
data not shown). Linopirdine and XE991, which are rather
specific inhibitors of M-type currents (10, 12, 34, 35), were
much more potent and inhibited KCNQ5 with an IC50 in the
50–70 mM range (Fig. 5A). This is higher than the values
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reported for KCNQ2/KCNQ3 heteromers (linopirdine, 4 mM;
XE991, 0.6 mM) (10). When comparing these results to native
M-currents, however, one should bear in mind that oocyte-
expressed channels may differ in their sensitivity to inhibitors.
Additionally, we identified niflumic acid as an activator of
KCNQ5 currents. At 0.5 mM, it shifted the apparent Popen by
approximately 20 mV to negative voltages (Fig. 5B). This re-
sembles effects of niflumic acid on IsK channels (36), which are
heteromers of KCNQ1 and KCNE1 (30, 31).

We also co-expressed KCNQ5 with several b-subunits of the
KCNE gene family. When we expressed KCNQ5 (variant I)
with KCNE1 (minK, IsK) (37) at levels that drastically activate
and slow KCNQ1 currents (30, 31), we observed a reduction in
the magnitude of these currents that also activated slightly
slower (data not shown). The kinetic effect, however, might be
explained by a superposition with a current formed by KCNE1
with xKCNQ1 which is endogenous to Xenopus oocytes (30).
Since KCNE1 could not be detected in brain and skeletal mus-
cle by Northern analysis (38), an interaction with KCNQ5 is

unlikely to be of physiological relevance. KCNE2 (Mirp1) (39),
which shows significant expression in skeletal muscle, led to a
slightly faster activation of KCNQ5 (muscle variant III).
KCNE3 (39, 40), which interacts with KCNQ1 to form consti-
tutively open channels (40), also suppressed KCNQ5 (variant I)
currents in a dose-dependent manner (data not shown). The
lack of drastic effects on channel properties, however, raises
doubts on the physiological significance of these findings.

Inhibition of KCNQ5 by M1 Receptor Stimulation—One of
the defining features of M-currents is their inhibition via mus-
carinic receptors. We therefore co-injected Xenopus oocytes
with cRNAs encoding KCNQ5 and the M1 muscarinic receptor,
respectively. Muscarinic stimulation led to a transient activa-
tion of Ca21-activated chloride currents that are endogenous to
Xenopus oocytes. KCNQ5 currents were measured before mus-
carinic stimulation and more than 2 min after stimulating M1
receptors with either 10 mM muscarine or oxotremorine methio-
dide. After this time, the Ca21-activated chloride currents had
largely disappeared due to desensitization processes. KCNQ5

FIG. 1. Primary structure of the KCNQ5 protein. A, alignment of human KCNQ1 through KCNQ5. The brain splice variant I of KCNQ5 is
shown. This includes an exon beginning at residue 373 (marked by vertical lines below the sequence). Residues that are identical in all five proteins
are shown on a black background. The predicted transmembrane domains S1 through S6, the pore-forming P-loop, and the highly conserved
cytoplasmic A-domain (24) are indicated by lines above the sequence. A consensus site for cAMP-dependent phosphorylation is indicated by an
asterisk. B, three splice variants of KCNQ5. Variant I (also shown in A) was found by reverse transcriptase-PCR in brain, whereas variants II and
III were found in skeletal muscle. Variant III introduces a second protein kinase A consensus site as indicated by the asterisk and adds six
positively charged residues. C, dendrogram of KCNQ channels using the ClustalX program.
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currents were inhibited typically by more than 80% after M1
receptor stimulation (Fig. 6). Thus, KCNQ5 also shares this
type of regulation with neuronal M-currents.

Interactions with Other Neuronal KCNQ Proteins—As sev-
eral KCNQ subunits can assemble to form heteromeric chan-
nels (6, 7, 9, 10), we investigated whether KCNQ5 can assemble
with KCNQ2 or KCNQ3 with which it is co-expressed in many
regions of the brain and in sympathetic ganglia. We co-ex-
pressed KCNQ2 with KCNQ5 using constant total amounts of
cRNA but different ratios of cRNA concentrations to allow for
different stoichiometries of channel assembly. In none of these
co-injection experiments did the magnitude of currents signif-
icantly differ from those elicited by either homomeric KCNQ2
or KCNQ5 channels (Fig. 7A). Furthermore, the kinetic prop-
erties of currents could not be distinguished from a linear
superposition of both currents (Fig. 7B). This is in contrast to

the large current increase upon co-expression of KCNQ2 with
KCNQ3 (7, 9, 10). As a further test, we co-expressed KCNQ5
with a dominant negative mutant of KCNQ2 (G279S) (7) and
also WT KCNQ2 with the equivalent mutant of KCNQ5
(G278S). When expressed by themselves, these mutants did not
yield currents. The currents resulting from these co-expression
experiments were approximately 50% of WT KCNQ5 or
KCNQ2 currents (Fig. 7A). This current level would be ex-
pected in the absence of an interaction because 50% of WT RNA
was injected to keep the total amount of cRNA constant.

Kinetic analysis revealed that currents of oocytes co-injected
with KCNQ2 and KCNQ5(G278S) activated like KCNQ2 cur-
rents and that KCNQ2(G279S)/KCNQ5 injected oocytes gave
currents that kinetically resembled KCNQ5 currents (Fig. 7B).
This suggests that either these subunits do not interact or that
the (presumably tetrameric) channels containing one or more
mutated subunits do not yield currents. In the latter case,
however, the current observed after a 1:1 co-expression of WT
and mutant subunits should be reduced to less than 10% of WT
if the subunits do not show any preference in assembly. Since
this is not the case (Fig. 7A), it is concluded that KCNQ2 and
KCNQ5 do not interact strongly.

Similar tests were applied to study a possible KCNQ3-KCNQ5
interaction (Fig. 7C). KCNQ3 by itself yields currents that are
barely above background in Xenopus oocytes (7, 10). When co-
expressed with KCNQ5, KCNQ3 increased currents (by a factor
of .2) when co-injected at a low KCNQ3/KCNQ5 ratio. However,
it led to a decrease in currents when present at higher ratios (Fig.
7C). The dominant negative KCNQ3 mutant G318S (7) signifi-
cantly suppressed KCNQ5 currents. These experiments suggest
that KCNQ3 and KCNQ5 form heteromers.

A still more stringent test was performed by exploiting the
differential sensitivity of heteromers to inhibition by TEA.
KCNQ5 is poorly inhibited by TEA (Fig. 5, A and C). This is
consistent (41) with the absence of a tyrosine residue at posi-
tion 283 following the highly conserved GYGDK sequence in
the P-loop (Fig. 1A). Indeed, KCNQ2, which has a tyrosine at
that position, is more sensitive to TEA, whereas KCNQ3, which
lacks this tyrosine, is rather insensitive (IC50 5 224 mM) (10,
42). When KCNQ3 and KCNQ5 were co-injected, the sensitiv-
ity to TEA was decreased (Fig. 5C), again indicating the for-
mation of heteromeric channels. To support this result further,
we generated a mutant of KCNQ3 in which the threonine at
position 323 was replaced by tyrosine (T323Y). This mutant is
expected to be more sensitive to TEA. However, and probably
related to the fact that even WT KCNQ3 expresses poorly in
Xenopus oocytes (7, 10), we could not detect currents from
KCNQ3(T323Y). Work on other potassium channels indicated
that the affinity of the blocker TEA increases with the number
of tyrosines at this position within the tetrameric channel (41).

FIG. 2. Northern blot analysis of
KCNQ5 expression. A, among different
human tissues, expression of KCNQ5 is
highest in brain and skeletal muscle. B, in
the human brain, KCNQ5 is broadly ex-
pressed in several different regions. This
includes prominent signals in the cortex,
the occipital pole, frontal and temporal
lobes, the putamen, and the hippocam-
pus. C, the NG108-15 neuroblastoma 3
glioma cell line, which has been exten-
sively used as a model system to study
M-currents, expresses both KCNQ3 and
KCNQ5.

FIG. 3. In situ hybridization of adult rat brain sections (A) and
a rat superior cervical ganglion (C). B and D are the corresponding
sense controls. Consistent with the distribution determined by North-
ern analysis (Fig. 2B), KCNQ5 is highly expressed in the cortex, hip-
pocampus, and the caudate putamen. CA3, CA3 field of the hippocam-
pus; CPu, caudate putamen (striatum); Ent, entorhinal cortex; Pn,
pontine nucleus; Fn, facial nucleus.
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Thus, one would expect that KCNQ3(T323Y)/KCNQ5 hetero-
mers are more sensitive to TEA than are the corresponding WT
heteromers, and this is indeed the case (Fig. 5C). Importantly,
these experiments show a change in intrinsic properties of
channels by a point mutation which do not depend on the level
of surface expression. Since KCNQ3 yields only very small
currents in oocytes, and because KCNQ3(T323Y) does not give
currents by itself, this unambiguously demonstrates the forma-
tion of KCNQ3/5 heteromeric channels.

As KCNQ5 is co-expressed with both KCNQ2 and KCNQ3 in
many brain regions, we also co-expressed all three subunits at
1:1:1 cRNA ratio in oocytes. Currents could not be distin-
guished from a superposition of KCNQ2/KCNQ3 with KCNQ3/
KCNQ5 currents (data not shown).

DISCUSSION

Our work suggests that KCNQ5, in addition to KCNQ2 and
KCNQ3, contributes to M-type potassium currents in broad

regions of the brain and in sympathetic neurons. KCNQ2 and
KCNQ3 co-expression yields currents that are at least 10-fold
larger than those of KCNQ2 (7, 10). By contrast, KCNQ5 will
lead to a more moderate increase in M-currents when co-ex-
pressed with KCNQ3 but may either increase or decrease cur-
rents when co-expressed with both KCNQ2 and KCNQ3 in the
same cell. This is because the amount of KCNQ3 available to
form the more “efficient” KCNQ2/KCNQ3 heteromers is re-
duced by binding to KCNQ5. Thus, in addition to forming a
novel M-type current by itself or together with KCNQ3,
KCNQ5 may also down-regulate the number of KCNQ2/
KCNQ3 heteromers. Since all three KCNQ subunits are
broadly, but differentially, expressed in brain, there will be
various types of M-type currents in different neuron popula-
tions. Furthermore, different M-type channels may be ex-
pressed within single neurons. This will clearly be the case for
NG108-15 cells, which have been used as a model system to

FIG. 4. Electrophysiological properties of KCNQ5. Both the splice variant I (found in brain) and splice variant III (found in muscle) were
expressed in Xenopus oocytes and examined by two-electrode voltage clamping. Both variants activate slowly upon depolarization, but form I (A)
initially activates slower than the muscle form III (B). Starting from a holding potential of 280 mV, the voltage was stepped for 0.8 s to values
between 2100 and 1 40 mV in steps of 10 mV, followed by a voltage step to 230 mV (see inset, A). Channel activation by depolarization was fitted
(for 2 s steps) by a sum of three exponential functions. For a step to 120 mV, the rate constants were t1 5 37.2 6 2.2 ms, t2 5 246 6 17 ms, and
t3 5 1112 6 91 ms for splice variant I, whereas the constants were t1 5 24.5 6 0.8 ms, t2 5 163 6 6 ms, and t3 5 1690 6 46 ms (6 S.E., n 5 16)
for variant III. This difference in kinetics also results in different curves when a typical M-current protocol is used (C, variant I; D, variant III).
Variant I induces currents that kinetically resemble M-currents. In this protocol, the membrane voltage is clamped for 1 s to voltages between 230
and 290 mV in steps of 210 mV, from a holding potential of 230 mV. This was followed by a step to 230 mV (C, inset). E and F, apparent open
probabilities of variants I (E) and variant III (F) as a function of voltage obtained from tail current analysis as described under “Materials and
Methods.” Mean values obtained from 12 oocytes are shown. Fitting a Boltzmann equation yielded V1⁄2 5 246 6 1 mV and an apparent gating
charge of z 5 2.8 6 0.1 for isoform I and V1⁄2 5 248 6 1 mV and an apparent gating charge of z 5 2.5 6 0.1 for isoform III. For this fit, values at
potentials more positive than 110 mV were excluded, as these are probably affected by a second (inactivation) gating process that leads to a
decrease of apparent Popen at more positive potentials. G, ion selectivity of KCNQ5 currents (variant I). Extracellular sodium was replaced by
equimolar amounts of potassium. The reversal potential is shown as a function of the potassium concentration. This yielded a slope of 51 mV/decade
potassium concentration, indicating a highly selective potassium channel. Data are from 10 oocytes from 2 different batches. E—G, the error bars
are smaller than the symbols.
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study M-currents and which co-express KCNQ2, KCNQ3, and
KCNQ5.

KCNQ5 is also prominently expressed in human skeletal

muscle (Fig. 2A). This is also true for the rat, in which Northern
analysis revealed KCNQ5 expression in that tissue, but prob-
ably at lower levels (data not shown). The function of KCNQ5

FIG. 5. Pharmacology of KCNQ5 and KCNQ3/5 heteromers. A, inhibition of KCNQ5 homomers by extracellular linopirdine (down
triangles), XE991 (up triangles), and TEA (squares). IC50 values of 51 6 5 mM, 65 6 4 mM, and 71 6 17 mM, respectively, were obtained from the
plotted fit curves. B, niflumic acid alters the voltage dependence of the apparent Popen. In the presence of 500 mM niflumic acid (open circles), the
voltage dependence is shifted about 20 mV toward negative potentials. C, TEA sensitivity is altered in KCNQ3/5 heteromers. Co-expression of
KCNQ5 and KCNQ3 (1:1) (diamonds) increased the IC50 value to ;200 mM, and co-expression with the KCNQ3 (T323Y) mutant (circles) decreased
the IC50 to ;30 mM. Data points in A and C are the means 6 S.E. of 4–12 individual measurements. Popen was determined as in Fig. 4.

FIG. 6. Inhibition of KCNQ5 currents by stimulating M1 receptors that were co-expressed in Xenopus oocytes. A, currents before
stimulating the M1 receptor; B, currents observed 3 min after applying 10 mM muscarine. The pulse protocol is shown in the inset of B. No effect
of 10 mM muscarine or oxotremorine methiodide was found in oocytes injected with KCNQ5 alone (data not shown). Isoform III was similarly
inhibited by stimulating M1 receptors (not shown).

FIG. 7. Interactions between KCNQ2 and KCNQ5 (A and B) and KCNQ3 and KCNQ5 (C). A, currents at the end of a 2-s pulse to 0 mV
from a holding potential of 280 mV of oocytes injected with different combinations of KCNQ cRNAs (always 10 ng of total amount of RNA). The
current amplitude elicited by co-injecting KCNQ2 and KCNQ5 could be explained by a linear superposition of currents. Co-injection of KCNQ5 with
the dominant negative mutant KCNQ2(G279S) (7) or of KCNQ2 with the equivalent mutant KCNQ5(G278S) leads to a roughly 50% reduction in
current amplitude, which is consistent with a lack of interaction since only 50% of WT cRNA was injected. B, normalized current traces of
experiments used for A. Currents elicited by the depolarizing pulse to 0 mV are shown. KCNQ2 (labeled Q2) activates faster than KCNQ5 (Q5),
and the co-expression of both yielded currents that may be explained by a linear superposition. Co-injecting KCNQ2 with the dominant negative
(and otherwise non-functional) mutant KCNQ5(G278S) yielded currents that were kinetically similar to KCNQ2, and currents from a KCNQ5/
KCNQ2(G279S) co-injection resembled KCNQ5 currents. C, interactions between KCNQ3 and KCNQ5 measured as in A. KCNQ3 yields only very
small currents in Xenopus oocytes (7, 10). Currents were enlarged when KCNQ5 was co-expressed with small amounts of KCNQ3 and were reduced
when co-expressed with larger amounts. The dominant negative mutant KCNQ3(G318S) decreased currents significantly below 50% of WT KCNQ5
currents that would be expected from the injected 50% of WT KCNQ5 cRNA in this experiment.
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in skeletal muscle is presently unclear. To the best of our
knowledge, there are no reports of M-type currents in that
tissue. Given the kinetic properties of the skeletal muscle splice
variant III, which does not yield “M-type” gating kinetics in
typical voltage clamp protocols (Fig. 4D), this may not be sur-
prising. One report stated that linopirdine (215 mM) increased
the twitch tension of mouse diaphragm muscle upon direct
electrical stimulation (43). Although the mechanism is not
clear, one might speculate that this is due to the inhibition of
muscular KCNQ5 channels.

Mutations in either KCNQ2 or KCNQ3 lead to BFNC, a
neonatal human epilepsy (3–5). Mutations underlying this dis-
order (which include KCNQ2 gene deletions on one allele) (5)
lack dominant negative effects (3, 7). The predicted loss of
KCNQ2/KCNQ3 current is small (7). The effects of mutations
in KCNQ5 on neuronal excitability are more difficult to predict
and will depend on the relative expression levels of these sub-
units. In cells expressing only KCNQ5, or in cells expressing
KCNQ5 and KCNQ3, a loss of KCNQ5 function would entail an
increase in excitability that could lead to epilepsy. The situa-
tion is more complex in neurons expressing KCNQ2, -3, and -5,
since KCNQ2/KCNQ3 channels yield larger macroscopic cur-
rents than do KCNQ3/KCNQ5 heteromers. Thus, depending on
the particular situation, a loss of KCNQ5 function could lead to
either an increase or a decrease in M-current magnitude. On
the other hand, certain types of KCNQ5 mutations (e.g. domi-
nant negative ones) could reduce overall M-type currents in
neurons co-expressing all three subunits independent of their
relative expression levels. Thus, KCNQ5 may be a good candi-
date gene for epileptic disorders, even though no epilepsy locus
has been assigned so far to human chromosome 6q14 where
KCNQ5 maps. In addition, since M-current activators may be
useful for treating epilepsy, and because drugs inhibiting M-
currents may be useful for treating the cognitive deficits in
Alzheimer’s disease (12, 34, 35), the identification of KCNQ5 as
a mediator of M-currents opens new perspectives for the treat-
ment of neurological disorders.
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Addendum—After submission of our manuscript, Lerche et al. (44)
have also reported the cloning of KCNQ5.
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