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Epilepsy affects more than 0.5% of the world's population and has
a large genetic component1. It is due to an electrical hyperexcit-
ability in the central nervous system. Potassium channels are
important regulators of electrical signalling, and benign familial
neonatal convulsions (BFNC), an autosomal dominant epilepsy of
infancy, is caused by mutations in the KCNQ2 or the KCNQ3
potassium channel genes2±4. Here we show that KCNQ2 and
KCNQ3 are distributed broadly in brain with expression patterns
that largely overlap. Expression in Xenopus oocytes indicates the
formation of heteromeric KCNQ2/KCNQ3 potassium channels
with currents that are at least tenfold larger than those of the
respective homomeric channels. KCNQ2/KCNQ3 currents can be
increased by intracellular cyclic AMP, an effect that depends on an
intact phosphorylation site in the KCNQ2 amino terminus.
KCNQ2 and KCNQ3 mutations identi®ed in BFNC pedigrees
compromised the function of the respective subunits, but exerted
no dominant-negative effect on KCNQ2/KCNQ3 heteromeric
channels. We predict that a 25% loss of heteromeric KCNQ2/
KCNQ3-channel function is suf®cient to cause the electrical
hyperexcitability in BFNC. Drugs raising intracellular cAMP
may prove bene®cial in this form of epilepsy.

We cloned the complete complementary DNA of the human
KCNQ3 K+ channel by homology to KCNQ1 (also known as
KVLQT1 (ref. 5)) and determined its genomic structure. We
identi®ed two intronic CA nucleotide repeats which represent
microsatellite markers linked previously to the long arm (q) of
chromosome 8 at band 24, one of the known loci6,7 for BFNC.
Indeed, a partial KCNQ3 cDNA was cloned recently and a KCNQ3
mutation was identi®ed in a BFNC family3. The KCNQ3 protein
(Fig. 1) is 41% identical to KCNQ2, the other K+ channel mutated in
BFNC, and 31% identical to KCNQ1, a K+ channel subunit mutated
in the long QTsyndrome5 (LQTS). It displays the typical structure of
a K+ channel with six transmembrane domains and a pore-forming
P-loop.

KCNQ3 shows similarities to KCNQ2 (ref. 2) in being highly
speci®c for brain (Fig. 2a). Northern blot analysis and in situ
hybridization revealed that both genes are co-expressed in most
brain regions, but there are some regional quantitative differences
(Fig. 2b). Potassium channels are tetramers of identical or homo-
logous a-subunits8±10, raising the possibility that KCNQ2 and
KCNQ3 form heteromeric channels. After co-expressing KCNQ2
and KCNQ3 that had been N-terminally tagged with haemaggluti-
nin (HA) or Flag epitopes in Xenopus oocytes, we were able to co-

KCNQ2   1  MVQKSR------NGGVYPG--------PSGEKKLKVG----FVGLDPG—-
KCNQ3   1  MGLKARRAAGAAGGGGDGGGGGGGAANPAGGDAAAAGDEERKVGLAPGDV

KCNQ2  31  -------APDSTRDGALLIAGSEAPKRGSILSKPRAGGAGAGKP---P-K
KCNQ3  51  EQVTLALGAGADKDGTLLLEGGGRDE-GQRRT-PQGIGLLAKTPLSRPVK

KCNQ2  70  RN-AFYRKLQNFLYNVLERPRGWAFIYHAYVFLLVFSCLVLSVFSTIKEY
KCNQ3  99  RNNAKYRRIQTLIYDALERPRGWALLYHALVFLIVLGCLILAVLTTFKEY

KCNQ2 119  EKSSEGALYILEIVTIVVFGVEYFVRIWAAGCCCRYRGWRGRLKFARKPF
KCNQ3 149  ETVSGDWLLLLETFAIFIFGAEFALRIWAAGCCCRYKGWRGRLKFARKPL

KCNQ2 169  CVIDIMVLIASIAVLAAGSQGNVFATSALRSLRFLQILRMIRMDRRGGTW
KCNQ3 199  CMLDIFVLIASVPVVAVGNQGNVLATS-LRSLRFLQILRMLRMDRRGGTW

KCNQ2 219  KLLGSVVYAHSKELVTAWYIGFLCLILASFLVYLAEK--------GE--N
KCNQ3 248  KLLGSAICAHSKELITAWYIGFLTLILSSFLVYLVEKDVPEVDAQGEEMK

KCNQ2 259  DHFDTYADALWWGLITLTTIGYGDKYPQTWNGRLLAATFTLIGVSFFALP
KCNQ3 298  EEFETYADALWWGLITLATIGYGDKTPKTWEGRLIAATFSLIGVSFFALP

KCNQ2 309  AGILGSGFALKVQEQHRQKHFEKRRNPAAGLIQSAWRFYATNLSRTDLHS
KCNQ3 348  AGILGSGLALKVQEQHRQKHFEKRRKPAAELIQAAWRYYATNPNRIDLVA
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Figure 1 Partial alignment of KCNQ2 and KCNQ3 potassium channel subunits

showing the newly identi®ed KCNQ3 N terminus, the cAMP-dependent

phosphorylation site (*) in KCNQ2, and the point mutations introduced here.

Identical residues are marked by black background. Predicted transmembrane

spans S1±S6 and the P-loop (P) are indicated. Positions of introns in both genes

are shown by arrows, but the KCNQ2 exon-intron structure is incomplete2. The

Y284C and A306T (KCNQ2) and G310V (KCNQ3) mutations (circles) were found3,4

in BFNC pedigrees, whereas the G279S (KCNQ2) and G318S (KCNQ3) mutations

(squares) were modelled on mutations in KCNQ1 found14 in dominant LQTS

patients.
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precipitate KCNQ2 with KCNQ3 and vice versa (data not shown).
When expressed in Xenopus oocytes, KCNQ3 elicited currents

(Fig. 3b) that were only barely above background (Fig. 3d), but
resembled the larger depolarization-activated K+ currents observed2

with KCNQ2 (Fig. 3a). Co-injection of both cRNAs yielded currents
(Fig. 3c) that were at least one order of magnitude larger than those
observed with either subunit alone (Fig. 3e). Their voltage depen-
dence and kinetics roughly resembled those of KCNQ1, KCNQ2 and
KCNQ3, but seemed less inwardly rectifying than KCNQ2 currents.
Currents observed after KCNQ1/KCNQ2 co-expression, however,
did not differ signi®cantly from a linear superposition of currents
from the respective homomeric channels. KCNQ1 currents are
changed markedly by co-expressing minK (IsK)11,12, but we
observed no pronounced effect when we expressed KCNQ2 and
KCNQ3 together with this b-subunit at a concentration (0.2 ng per
oocyte) suf®cient to change KCNQ1 currents (data not shown). The
relevance of such an effect would, however, be questionable because
minK is not expressed in signi®cant amounts in brain13.

Because the cytoplasmic N terminus of KCNQ2 contains a
consensus site for cAMP-dependent phosphorylation (Fig. 1), we
raised the intracellular cAMP concentration by applying cpt-cAMP
(8-(4-chlorophenylthio)-cAMP), forskolin and IBMX (3-isobutyl-
1-methylxanthine). This reversibly increased currents with wild-
type (WT) KCNQ2/KCNQ3 by 49 6 16% (6s.d.) (n � 17) (Fig. 3f,
bar B). This increase was largely inhibited by H-89, a blocker of
protein kinase A (PKA) (data not shown). A mutation (S52Q)
eliminating the potential N-terminal phosphorylation site of
KCNQ2 reduced the stimulation by cAMP to 13 6 12% (6s.d.)
(n � 12) (Fig. 3f, bar C), indicating that the current increase
depends on the phosphorylation of this site. Whereas some oocytes
injected with the mutant channel lacked a response to cAMP, in
others a small response remained. This indicates that other pro-
cesses (for example, phosphorylation of alternative sites or endo-
exocytosis of channels) may participate in the current stimulation.
When we introduced a mutation (S52E) in which the negatively
charged glutamate mimics a phosphorylated serine residue, cur-
rents were larger by ,40% (25±65%, 128 oocytes from four
different batches) (Fig. 3f, bar D). These experiments indicate
that the activation of KCNQ2/KCNQ3 channels by cAMP is
mediated by PKA. To show this more directly, we exposed excised
patches from HEK293 cells expressing both channel subunits to the
catalytic subunit of PKA in the presence of Mg-ATP. This led to a
large, reversible enhancement of K+ currents (Fig. 4).

We next investigated the effects of point mutations on the
function of homo- and heteromeric channels to understand further

Figure 2 Expression patterns of KCNQ2 and KCNQ3. a, Northern blot analysis of

KCNQ3 expression. Among the human tissues analysed, KCNQ3 mRNA was

found only in brain (left panel). Within brain (centre and right panels), expression

occurs in most regions, but transcript levels are low in the spinal cord and corpus

callosum. b, In situ hybridization of rat brain slices with antisense probes directed

against KCNQ2 (left) and KCNQ3 (centre). Right panel shows control hybridization

with a KCNQ2 sense probe. KCNQ2 and KCNQ3 expression overlaps in large

areas of the brain, but KCNQ3 expression is higher in several nuclei, for example

the amygdala and thalamic nuclei.
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Figure 3 Functional expression of KCNQ channels in Xenopus oocytes.

a, Voltage-clamp traces of KCNQ2. b, Traces of KCNQ3. c, 1:1 co-expression of

KCNQ2 and KCNQ3 (note different scales). d, Control oocyte (clamp protocol

shown in inset). e, Mean currents at +40 mVof different KCNQs (for example, 2WT

means KCNQ2 wild type). Measurements are from a single batch of oocytes

(n . 8, error bars indicate s.e.m.). f, Effect of raising intracellular cAMP (see

Methods) on currents measured as in e (error bars indicate s.e.m.). Currents were

normalized to those of the respective oocyte before applying cAMP (bars B, C), or

to oocytes of the same batch injectedwith WTKCNQ2/KCNQ3 (bar D). 2S52Q and

2S52E indicate KCNQ2 mutants deleted for the PKA site or mimicking a phos-

phorylated PKA site, respectively.
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the pathomechanism of epilepsy. Y284C, a BFNC mutation4 in the
pore region of KCNQ2, did not abolish channel function. Currents
were reduced to ,30±60% (not shown), and a 1:1 co-expression
with KCNQ3 again yielded much larger currents (Fig. 5a, bar D). To
mimic the situation in a (heterozygous) patient with this dominant
disease, we injected KCNQ2(Y284C), KCNQ2, and KCNQ3 at a
ratio of 1:1:2 (Fig. 5a, bar B). Compared with wild-type KCNQ2/
KCNQ3 heteromers, this combination reduced currents by only
20±30%. The only known BFNC mutation in KCNQ3, G310V, also
affects a residue in the pore region3. We could not detect currents
with KCNQ3(G310V), but in view of the low currents of wild-type
KCNQ3 this does not prove a total loss of function. When co-
injected 1:1 with KCNQ2, we observed large currents that were
,50% of wild-type heteromeric currents (Fig. 5b, bar L). A co-
injection scheme mimicking the situation in a heterozygous
patient (Fig. 5b, bar J) again resulted in currents reduced by
only 20% compared with wild type. In addition to these pore
mutations, we tested the effect of a KCNQ2 missense mutation
(A306T)4 in transmembrane domain S6 and of an insertion of ®ve
base pairs (1592ins5bp)2 in the carboxy terminus of KCNQ2 that
leads to a truncated protein. Both mutations cause BFNC (refs 2, 4).
Again, when co-expressed with wild-type KCNQ2 and KCNQ3
at a 1:1:2 ratio, the reduction in currents was in the range of 20±
40% (Fig. 5c, bars R, S). On the basis of titration experiments
(not shown), similar reductions in currents would be expected
in patients with a deletion of KCNQ2 on one allele4. In all cases,
we did not observe physiologically signi®cant changes in ion
selectivity or gating kinetics with mutant/wild-type hetero-
meric channels. This includes heteromeric channels with muta-
tions in the P-loop, which retained the high K+/Na+ permeability
ratio (.40) of wild-type channels. Thus, none of these BFNC
mutations exerted a dominant-negative effect (de®ned by a current
reduction of .50%).

To contrast the behaviour of BFNC mutants with a dominant-
negative effect, we constructed KCNQ2(G279S) and KCNQ3(G318S).
These mutations were modelled on KCNQ1(G291S), a pore
mutation that is found14 in the dominant Romano±Ward LQTS
and which has a dominant-negative effect15. In contrast to the
BFNC mutants studied above, these mutants exerted a dominant-

negative effect on heteromeric channels both in the presence
and in the absence of the respective wild-type subunit (Fig. 5a,
b). The inhibitory effect of the KCNQ2 mutant was somewhat
larger.

The overlapping expression pattern, the ability to associate
physically, the large increase in currents upon co-expression, and
the observation that mutations in KCNQ2 and KCNQ3 cause
clinically identical diseases suggest that BFNC is due to a loss of
KCNQ2/KCNQ3 heteromeric channels. Surprisingly, our experi-
ments predict that this loss of function is quite small. This applies
for missense mutations as well as for C-terminal deletions and gene
deletions, both of which are rather common mutation types2,4 in
BFNC. This is in contrast to the dominant LQTS, where mutations
in KCNQ1 act in a dominant-negative manner13,15. It is tempting to
speculate that dominant-negative mutations in KCNQ2 or KCNQ3
may lead to more severe phenotypes. The slight loss of channel
function predicted for BFNC patients implies that expression levels
of KCNQ2/KCNQ3 channels are at a critical level during the early
period of life in which this transient form of epilepsy occurs. The
fact that the stimulation of KCNQ2/KCNQ3 currents by cAMP is
within the range of the reduction of currents in BFNC suggests new
ways in which this and possibly other forms of epilepsies may be
treated pharmacologically. M
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Figure 4 Effect of PKA on KCNQ2/KCNQ3 channels expressed in HEK293 cells.

a±c, Currents from an inside-out patch in presence of 2mM Mg-ATP before

addition of PKA (a),1min after addition of PKA (b), and after wash-out (c). Clamp

protocol is shown in the inset in a. d, Effect of PKA on currents measured as in a±c

(n � 6, error bars indicate s.e.m.). PKA stimulated currents by 66 6 22% (centre

bar). This effect was largely reversible as currents returned to 14 6 8% above the

original level after wash-out (right bar). Currents were normalized to the respec-

tive current before applying PKA (left bar).
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Figure 5 Functional analysis of KCNQ2 and KCNQ3 mutations. Effect of pore

mutations in KCNQ2 (a) or KCNQ3 (b) and of non-pore mutations in KCNQ2 (c) on

KCNQ2/KCNQ3 currents (same total amount of RNA). KCNQ2(Y284C),

KCNQ2(A306T), KCNQ2(ins5bp) and KCNQ3(G310V) are BFNC mutations2±4,

whereas KCNQ2(G279S) and KCNQ3(G318S) mimic a dominant-negative KCNQ1

mutation14,15. a, KCNQ2(G279S) exerts a strong dominant-negative effect with

(bar C) or without (bar E) wild-type KCNQ2. The BFNC mutation KCNQ2(Y284C)

lacks a dominant-negative effect (bars B, D), as does KCNQ3(G310V) (b, bars J, L).

The arti®cial KCNQ3(G318S) mutation has a dominant-negative effect (bars K, M)

(smaller than the one of KCNQ2(G279S) in a). In c, a mutation in S6 (A306T)4 and a

truncation (1592ins5bp)2 reduce currents by ,40% (bars R and S, respectively).

The KCNQ2(ins5bp) mutant did not enhance KCNQ3 currents (bar U). Different

batches of oocytes were used in a, b and c. Within each panel, a single batch was

used. Bars, mean values from .11 oocytes; error bars, s.e.m.
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Methods

Cloning of KCNQ3 and generation of mutants. Expressed sequence tags

(IMAGE Consortium cDNA clones16, accession numbers AA001392,

AA019129 and H86050) homologous to KCNQ1 were extended at both ends

by screening human brain cDNA libraries and by polymerase chain reaction

(PCR) after reverse transcription of RNA (RT-PCR) techniques. The start ATG

was assigned to the ®rst ATG in frame following an upstream stop codon. The

cDNA was inserted into the expression vector PTLN (ref. 17) which uses

Xenopus b-globin untranslated sequences to boost expression in Xenopus

oocytes. The genomic structure of KCNQ3 was determined by amplifying

genomic sequences from human DNA using exonic primers and sequencing the

products. The sequence of KCNQ3 exons and adjacent intronic stretches were

deposited in the GenBank/EMBL database (accession numbers AF071478±

AF071491). In introns 1 and 7, we discovered the microsatellite markers

D8S558 and D8S1835 that map to chromosome 8q24. Mutagenesis was done

using recombinant PCR and the Pfu DNA polymerase. Constructs were veri®ed

by sequencing using ABI 377 or 310 automated sequencers.

Analysis of tissue distribution. For northern blot analysis, we used human

RNA blots (Clontech) and a radiolabelled 526-base-pair NotI/HindIII fragment

from KCNQ3 as a probe. For in situ hybridization, 1.5-kilobase antisense and

control sense RNA probes labelled with 35S were transcribed by T3 or T7 RNA

polymerases from KCNQ2 and KCNQ3 partial clones in pBluescript using the

Maxiscript kit (Ambion). Template DNA and unincorporated nucleotides were

removed. Probe sizes were reduced by controlled alkaline treatment. In situ

hybridization was done as described18, with the following modi®cations: after

washing in PBS, sections were acetylated without ultraviolet crosslinking, and

were exposed to Kodak Biomax X-ray ®lm.

Expression in Xenopus oocytes and HEK cells and electrophysiology. After

linearization of the constructs, capped cRNA was synthesized using SP6 RNA

polymerase and the mMessage mMachine kit (Ambion). For KCNQ1, we used

isoform 0 (ref. 15). Xenopus oocytes were prepared, injected (generally with 5 ng

cRNA), and handled as described19. After 1±2 days, currents were examined at

room temperature in saline containing (in mM) 96 NaCl, 2 KCl, 3 MgCl2, 0.2

CaCl2, and 5 HEPES (pH 7.4) using two-electrode voltage clamping with a

TurboTec ampli®er (NPI). To raise intracellular cAMP, we applied 200 mM cpt-

cAMP, 10 mM forskolin and 1 mM IBMX for 15 min. For kinase inhibition,

oocytes were exposed for .6 h to 100 mM H-89 (Calbiochem). HEK 293 cells

were transiently transfected with KCNQ2 and KCNQ3 cDNAs subcloned into

pCDNA3 (Invitrogen) using Lipofectamin (Gibco). The inside-out con®guration

of the pach-clamp technique was used with borosilicate glass pipettes (5 MQ

resistance) and an Axopatch 200-A ampli®er (Axon). Currents were ®ltered at

250 Hz, digitally sampled at 500 Hz, and analysed with pClamp (Axon) and Sigma

Plot (Jandel Scienti®c) software. The bath solution contained, in mM: 140 K, 140

aspartic acid, 2 MgCl2, 5 HEPES, 2 EGTA (pH 7.3 adjusted with KOH); pipette

solution: 140 Na, 5 K, 145 aspartic acid, 2 CaCl2, 2 MgCl2, 5 HEPES (pH 7.3

adjusted with NaOH). Excised patches were superfused with bath solution

containing 2 mM Mg-ATP or 2 mM Mg-ATP and 40 U m-1 PKA catalytic subunit

from bovine heart (Calbiochem) where noted.
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The thymus represents the major site of the production and
generation of T cells expressing ab-type T-cell antigen receptors1.
Age-related involution2 may affect the ability of the thymus to
reconstitute T cells expressing CD4 cell-surface antigens that are
lost during HIV infection3; this effect has been seen after chemo-
therapy and bone-marrow transplantation4,5. Adult HIV-infected
patients treated with highly active antiretroviral therapy
(HAART) show a progressive increase in their number of naive
CD4-positive T cells6,7. These cells could arise through expansion
of existing naive T cells in the periphery8 or through thymic
production of new naive T cells9,10. Here we quantify thymic
output by measuring the excisional DNA products of TCR-gene
rearrangement. We ®nd that, although thymic function declines
with age, substantial output is maintained into late adulthood.
HIV infection leads to a decrease in thymic function that can be
measured in the peripheral blood and lymphoid tissues. In adults
treated with HAART, there is a rapid and sustained increase in
thymic output in most subjects. These results indicate that the
adult thymus can contribute to immune reconstitution following
HAART.

In humans, there is no known way to distinguish phenotypically
between cells that have recently emigrated the thymus and long-


