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KCNQ1 encodes KCNQ1, which belongs to a family of voltage-
dependent K1 ion channel proteins. KCNQ1 associates with a regu-
latory subunit, KCNE1, to produce the cardiac repolarizing current, IKs.
Loss-of-function mutations in the human KCNQ1 gene have been
linked to Jervell and Lange–Nielsen Syndrome (JLNS), a disorder
characterized by profound bilateral deafness and a cardiac pheno-
type. To generate a mouse model for JLNS, we created a line of
transgenic mice that have a targeted disruption in the Kcnq1 gene.
Behavioral analysis revealed that the Kcnq12/2 mice are deaf and
exhibit a shakerywaltzer phenotype. Histological analysis of the inner
ear structures of Kcnq12/2 mice revealed gross morphological anom-
alies because of the drastic reduction in the volume of endolymph.
ECGs recorded from Kcnq12/2 mice demonstrated abnormal T- and
P-wave morphologies and prolongation of the QT and JT intervals
when measured in vivo, but not in isolated hearts. These changes are
indicative of cardiac repolarization defects that appear to be induced
by extracardiac signals. Together, these data suggest that Kcnq12/2

mice are a potentially valuable animal model of JLNS.

Long QT syndrome (LQTS) is a disorder of ventricular repolar-
ization, characterized by ECGs with prolonged QT intervals and

T-wave abnormalities. LQTS can result in syncope, seizure, and
sudden death as a result of torsades de pointes cardiac arrhythmias
(1, 2). Two inherited forms of LQTS have been reported: Romano–
Ward syndrome (RWS) (3, 4) and Jervell and Lange–Nielsen
syndrome (JLNS) (5). RWS is inherited as an autosomal dominant
trait of variable penetrance. JLNS is relatively rare, transmitted as
a recessive trait, and is associated with deafness in addition to a long
QT interval on the ECG.

At least six loci are associated with inherited LQTS, and five of
the genes have been identified (6–10). Mutations in the KCNQ1
(also called KVLQT1) gene at the LQT1 locus (11p15.5) represent
the most common form of LQTS (11). KCNQ1 encodes a channel-
forming subunit. When expressed alone in heterologous cells,
KCNQ1 (also called KvLQT1) subunits give rise to a voltage-gated
potassium channel with properties unlike any endogenous current
characterized to date. However, when KCNQ1 is coexpressed with
KCNE1 (also called MinK or IsK), their subunits coassemble, giving
rise to a conductance that recapitulates the slow component, IKs, of
the delayed rectifier K1 current (12, 13). Mutations in both KCNQ1
and KCNE1 are associated with RWS and JLNS.

JLNS patients bear a profound bilateral deafness from birth that
is shown to be caused by the absence of a specialized fluid,
endolymph, which bathes the hair cells. The K1 concentration in
endolymph is very high, and the movement of potassium into hair
cells on their stimulation is essential to the transduction of sound
into neural signals. Recycling of K1 from the hair cells back to the
endolymph, thereby maintaining the appropriate high levels of K1

in that fluid, is crucial for normal ear function (for review, see ref.
14). In fact, the proteins of several genes associated with deafness
appear to play a direct role in this recycling pathway (15–18).

Ultimately, K1 are believed to be secreted into the endolymph by
distinct regions of the labyrinth epithelium, namely the stria vas-
cularis of the cochlea and the dark cells of the vestibular system. IKs
is a candidate for endolymph secretion, as Kcnq1 and Kcne1 are
both expressed in the marginal cells of the stria vascularis (19, 20).
In addition, the vestibular dark cells have been shown to produce
an IKs-like current at their apical membranes (21). A requirement
for IKs is further supported by inner ear defects associated with
JLNS patients (20, 22) and the phenotype of the Kcne1 knockout
mice (23).

Although Kcne12/2 mice exhibit inner ear defects very similar
to those seen in patients diagnosed with JLNS, the cardiac
phenotype associated with loss of Kcne1 activity in mice is less
clear. Drici et al. (24) demonstrated the QT interval altered when
a range of heart rates were analyzed. In contrast, Kupershmidt
et al. (25) found no baseline ECG abnormalities in their inde-
pendently generated transgenic Kcne1 knockout mice.

In this study, we describe the production and phenotype of
mice with a targeted disruption of the Kcnq1 gene. The pheno-
types of the Kcnq12/2 mice resemble patients with JLNS. These
mice suffer from deafness and vestibular dysfunction because of
profound morphological abnormalities of the inner ear. ECG
analysis revealed that Kcnq12/2 mice exhibit altered cardiac
repolarization in vivo. Thus, Kcnq1 is essential for both inner ear
homeostasis and normal cardiac function in mice.

Methods
Generating Kcnq1 Mutant Mice. The targeting vector, pJV1, carries
a 5.6-kb XbaI fragment containing 1 kb of sequences 59 of exon
2 and 4.5 kb of sequences 39 of the exon. Exon 2 itself is disrupted
by the insertion of a PGK–Neomycin fusion. The vector also
carries the diptheria toxin gene for negative selection. Forty-five
micrograms of linearized vector DNA was electroporated into
mouse embryonic stem cells derived from 129ySv 3 129ySv-CP
embryos (26). Geneticin-resistant colonies were analyzed by
Southern blot. Cell lines correctly targeted on the 59 end show
a 12-kb EcoRI fragment in addition to the 13-kb EcoRI fragment
specific to the wild-type chromosome. Clones correctly targeted
on the 39 end show an 11.5-kb EcoRV fragment in addition to the
10.2-kb band generated by the wild-type chromosome. Of 179
clones tested, 15 showed patterns indicative of the appropriate
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recombination events. Chimeric founders from two independent
cell lines were bred to C57BLy6 females, and then heterozygous
progeny from each line were interbred to generate Kcnq11/1,
Kcnq11/2 and Kcnq12/2 animals for evaluation. Genotyping of
mice was done on genomic DNA by PCR using the following
primers: forward primer 59 CCAGGAGTGGGTGGTTCTAC
39, reverse primer 59GCCAGCACTAAAGATCTTGC 39, Neo
forward primer 59 CGCTTCCTCGTGCTTTACG 39. Amplifi-
cation by using the forward and reverse primers gives a 240-bp
product specific to the wild-type (1y1) allele. Amplification by
using the Neo forward and reverse primers gives a 370-bp
product specific to the null allele. Heterozygous (1y2) mice give
both the 240- and 370-bp products.

RNA Analysis. Tissues were homogenized in TRIZOL Reagent
(Life Technologies, Grand Island, NY) by using a power ho-
mogenizer and RNA isolated according to Life Technologies
protocols. Kcnq1 RNA was quantified by Northern blot as
previously described (27).

Histological Analysis. All animal heads were hemisectioned and
fixed in 4% paraformaldehyde for 16 h. Animals between
postnatal day 8 (P8) and P70 were euthanized, skinned, fixed,
and then decalcified in RDO rapid decalcifier (Apex Engineer-
ing Products Corporation, Plainsfield, IL), according to the
manufacturer’s instructions. The tissue was embedded in paraf-
fin, sectioned (7 mm), and counterstained with hematoxyliny
eosin for histological analysis.

In Vivo ECG Recordings. ECG measurements were obtained as
previously described (28). Wild-type and Kcnq2/2 mice of similar
age (2–3 months) were sedated with 25 mgykg diazepam via i.p
injection and placed in a prone position in a heated and shielded
box with all four extremities immersed in 3 M KCl-filled wells to
reduce skin resistance. A custom-built ECG amplifier (Vi-
braspec, Bear Island, ME) with a high-frequency filter of 1,000
Hz and 2,000-fold gain was used to record two bipolar limb leads
(leads I and II) for 5–7 min. Signals were digitized continuously
at 1 kHz by using a custom-built data acquisition and analysis
system (National Instruments, Austin, TX).

All ECG recordings were evaluated manually in a blind fashion.
To minimize beat-to-beat variability, a signal-averaged ECG was
generated from 30 sec of continuous recordings by using the
R-wave peak as the fiduciary point (29). For every ECG parameter
evaluated, measurements were taken from both leads, and the
larger of the two values in either lead was consistently used for
comparative analysis. P-wave duration was measured from the first
deflection of the P-wave to the point where it rejoins the isoelectric
line, whereas P-wave amplitude was measured as the difference
between the maximum and minimum P-wave voltages. The area
under the P-wave was measured by integrating the voltage over the
duration of the P-wave. PR interval was measured from the
beginning of the P-wave to the beginning of the QRS complex. QRS
amplitude was measured as the difference between the maximum
and minimum voltage peaks of the QRS complex, whereas QRS
duration was measured from the first deflection of the Q-wave (or
R-wave when the Q-wave was absent) and the end of the S-wave
(defined as the point of minimum voltage in the terminal phase of
the QRS complex). The QT interval was measured from the
beginning of the QRS complex to the end of the T-wave, where the
end of the T-wave was defined as the point where the T-wave
merges with the isoelectric line. The JT interval was calculated by
subtracting the QRS duration from the QT interval. The RR
interval was taken as the mean RR interval over the 30-sec
recording period, and the corrected QT interval (QTc) was calcu-
lated by using the following conversion formula: QTc 5 QTy
SQRT(RRy1,000) (29). The T-wave area was measured by inte-
grating the voltage between the end of the QRS complex (minimum

QRS voltage) and the end of the T-wave. ECG parameters for one
test animal were excluded from the data presented in Table 1 on the
basis of Dixon’s test for outliers.

At the termination of the ECG recordings, the mice were
anesthetized with pentobarbital (50 mgyg, i.p.), weighed, and their
hearts were removed via midsternal thoracotomy, rinsed with
saline, and weighed. After measurement of lung and total heart
weight, the atria were removed, the heart was blotted dry on filter
paper ('10 sec), and the ‘‘dry’’ ventricular weight was obtained.

Isolated Perfused Heart Preparation. Mice were anesthetized with 25
mgykg of i.p. pentobarbital. Hearts of 8 Kcnq11/1 and 10 Kcnq12/2

mice were isolated and perfused in the Langendorff mode as
described (30). Briefly, after a surgical level of anesthesia was
confirmed, the heart was removed via midsternal thoracotomy. The
aorta was then cannulated and the left atrium removed. Retrograde
perfusion through the aorta was carried out at a constant perfusion
pressure of 68 mmHg at 37°C. The flow of Thebesian veins was
drained via a thin metal cannula (27 gauge) pierced through the
apex of the left ventricle. To maintain a constant heart rate, the
hearts were paced at a cycle length of 125 ms by using a bipolar
tungsten electrode sutured onto the right atrium. The hearts were
immersed in modified Tyrode’s solution of 37°C and allowed to
equilibrate for 15 min before ECG recordings were obtained.
Krebs–Henseleit perfusion buffer containing (mM): NaCl (118),
KCl (4.7), CaCl2 (2.0), MgSO4 (1.2), Na-EDTA (0.5), NaHCO3
(25), KH2PO4 (1.2), and glucose (11), was prepared at the time of
the experiment and equilibrated with 95% O2 1 5% CO2 for at least
1 h before the experiment, yielding a pH of 7.4.

Volume-Conducted ECG and Monophasic Action Potential (MAP) Mea-
surements. The volume-conducted ECG and MAP technique was
adapted from isolated rabbit heart (31). Action potential wave-
forms obtained with MAP electrodes are well correlated with
action potential recordings obtained by the conventional micro-
electrode technique (32). Three Ag-AgCl electrodes were placed in
a simulated Einthoven configuration at a distance of 1–2 mm from
the epicardial surface. Bipolar ECG leads 1, 2, and 3 were recorded
with DC-coupled differential bioamplifiers (EP Technologies,
Mountain View, CA). A bipolar Ag-AgCl MAP contact electrode
(tip diameter 0.25 mm) was custom built to accommodate the small
mouse heart size. After stable ECG signals were obtained, the
following action potential mapping protocol was carried out for
each heart: first, MAP recordings were obtained from two to four
epicardial sites near the base of the right and left ventricle. Great
care was taken to record consistently from equivalent sites in each
heart. Next, the MAP catheter was inserted into the left ventricle
(LV) via the mitral valve, and MAP recordings were obtained from
two to three endocardial sites of the LV septum. Finally, a small
window was cut into the right ventricle (RV), and MAP recordings
were obtained from two to three endocardial sites of the RV
septum. MAPs were recorded with a commercially available MAP
amplifier (EP Technologies). ECG and MAP signals were digitized
at 2,000 samplesysec with a commercially available data acquisition
system (PowerLab, A. D. Instruments, Milford, MA). ECG analysis
was carried out as described for the in vivo ECG recordings. The
duration of the monophasic action potential was measured at
the level of 30%, 50%, 70%, and 90% repolarization [action
potential duration (APD)30, APD50, APD70, APD90] and values
from each site (RV epicardial, RV septum, LV epicardial, LV
septum) averaged for each heart.

Results and Discussion
To inactivate Kcnq1, we generated mice with insertion of a
neomycin cassette into exon 2 (Fig. 1). Exon 2 is the first exon
common to all known isoforms. Heterozygous mice carrying this
mutation were bred to obtain Kcnq12/2, Kcnq11/1, and
Kcnq11/2 mice, as described in Methods. Northern analysis

Casimiro et al. PNAS u February 27, 2001 u vol. 98 u no. 5 u 2527

G
EN

ET
IC

S



demonstrated that Kcnq1 mRNA was absent in the heart tissue
of Kcnq12/2 mice and present at half dosage in Kcnq11/2 mice
(Fig. 1E). Using the more sensitive reverse transcription–PCR
analysis, we detected a Kcnq1yNeo fusion transcript. Sequence
analysis of the transcript revealed that it was unlikely to make a
functional protein product because of numerous stop codons
contributed by Neo (data not shown). Kcnq12/2 mice were
present at normal Mendelian frequency at weaning (20y77), and
preliminary analyses did not indicate any increase in mortality in
mice up to 4 months old. By P5, Kcnq12/2 mice had difficulty
righting themselves when placed on their backs. The mice were
examined at P20, and they exhibited hyperactivity characterized
by rapid head bobbing and an intermittent bidirectional circling.
This behavior is symptomatic of inner ear defects and is usually
referred to as a shakerywaltzer phenotype (33). When dropped
onto a surface, mutant mice landed on their backs, a behavior
indicative of a vestibular defect (34). To ascertain auditory
function of Kcnq12/2 mice, the Preyer reflex was tested on
animals aged 4 weeks and older. Kcnq12/2 mice failed to
demonstrate Preyer’s ref lex, whereas the response from
Kcnq11/2 and wild-type mice was normal. Together, these results
indicate that Kcnq1 expression is important for vestibular and
auditory function in mice.

Histological Analysis of Inner Ear Morphology. To determine the
requirement of Kcnq1 gene function in endolymph production, we
examined inner ear structures at P0, P3, P5, P8, P20, and P70 (Fig.
2), reasoning that an inability to maintain endolymph would be
manifest by a collapse of the spaces normally containing that fluid.
In the cochlea, endolymph is contained within the cochlear duct,

which is bound on one side by Reissner’s membrane and on the
other side by the basilar membrane. The basilar membrane supports
the organ of Corti, the location of the auditory hair cells. At P0 in
Kcnq12/2 mice, Reissner’s membrane appeared morphologically
normal (Fig. 2A). However, by P3, Reissner’s membrane had
collapsed onto the spiral limbus and the tectorial membrane of the
organ of Corti (Fig. 2B). The reduced volume of endolymph
continues throughout all ages examined. By P70, Kcnq12/2 mice
displayed extensive degradation of the inner and outer hair cells in
all turns of the cochlea (Fig. 2C).

The otolith organs consist of two sac-like swellings called the
saccule and utricle, which respond to linear acceleration. The most
dramatic effect of the loss of Kcnq1 function was observed in the
saccule, where at P0 the vestibular membrane had collapsed on the
otoconia of the saccular macula, the site of the sensory hair cells
(Fig. 2D). This situation is somewhat ameliorated during develop-
ment, such that by P8, a small cavity is present in the saccule of
Kcnq12/2 mice (Fig. 2E). Hair-cell degeneration was not observed
in the saccule even at P70 (Fig. 2F). At P8, the vestibular membrane
of the utricle was noticeably shrunken in Kcnq12/2 mice (Fig. 2G).
The loss of endolymph was progressive, and by P70, vacuoles were
observed in the sensory epithelium, suggesting hair-cell degenera-
tion (Fig. 2H). In addition, there was a loss of connective tissue that
underlies the utricle (Fig. 2 G and H).

The second set of balance organs are the fluid-filled semicir-
cular ducts, which respond to angular acceleration. By P5,
Kcnq12/2 mice showed a loss of the endolymph-filled lumen and
a collapse of the vestibular membrane. The sensory hair cells of
the semicircular canals are localized to the cristae ampullaris.
The onset of hair-cell degeneration in the cristae was both early
and severe, as indicated by the appearance of vacuoles in the
sensory epithelium at P8. These were strikingly evident by P20.
By P70, the cristae of Kcnq12/2 mice had undergone extensive
degradation, which affected the hair cells, the transitional epi-
thelium, and the inner core of the cristae (Fig. 2I).

The morphological phenotypes associated with Kcnq12/2 mice
appear less severe than those reported for Kcne12/2 mice (23). For
example, in Kcne12/2 mice, Reissner’s membrane was observed
lying along the lateral wall of the cochlea in a state of complete
collapse, whereas in age matched Kcnq12/2 mice there was only a
partial collapse. The apparent severity of the Kcne1 phenotype is
particularly striking given that, whereas both Kcne1 and Kcnq1
mutant mice are expected to lack the IKs channel, only Kcnq12/2

mice will also lose the activity of KCNQ1 acting alone. The disparity
between phenotypes suggests that KCNE1 function in the inner ear
may not be exclusive to IKs, and KCNE1 may partner other channel
subunits necessary for endolymph secretion. We also note that the
severity of the Kcnq1 phenotype in the various vestibular and
auditory compartments is not equivalent, indicating that the ex-
pression pattern andyor the subunit composition of endolymphatic
secreting channels may be distinct in each compartment.

The deafness and collapse of the endolymphatic spaces ob-
served in Kcnq12/2 mice is reminiscent of that reported in Nkcc1
mutant mice (18, 35, 36) and in Kcne1 knockout mice (23). Nkcc1
is expressed at high levels on the basolateral membrane of
marginal cells of the stria vascularis (37) and encodes a Na-K-Cl
cotransporter. This cotransporter is believed essential in the
penultimate step of recycling of K1 back into the endolymph
from the hair cells. Kcnq1 and Kcne1 are expressed at the apical
side of the marginal cells (20). The localization of the proteins
and the loss-of-function phenotypes in mice and humans thus
suggests that KCNQ1 and KCNE1 play a critical role in the final
step of K1 recycling and therefore in the production of the high
K1 concentrations essential for inner ear function.

Analysis of Cardiac Function. To evaluate Kcnq1 function in the
murine heart, we examined ECGs recorded from Kcnq11/1 and
Kcnq12/2 mice. Examples of the ECG recordings are shown in Fig.

Fig. 1. Construction of the JV1 allele of Kcnq1, inserting the PGK–NeomycinR
genefusionintoexon2. (A)Cartoondescriptionofthe300-kbmouseKcnq1gene.
ATG denotes in-frame start codons for splice variant I (exon 1a) and splice variant
II (exon 1d); TGA in exon 16 represents translational stop site (43, 44). (B) Strategy
for generating the JV1 allele. The wild-type (i) and mutant JV1 chromosomes (ii)
are depicted. Filled rectangles indicate exons, and hatched rectangles in (ii)
indicate probes used to identify mutant cell lines. (C) Identification of mutant cell
lines by Southern analyses. (Upper) Cell lines correctly targeted on the 59 end
show a 12-kb EcoRI fragment (lanes 1 and 2) in addition to the 13-kb EcoRI
fragment specific to the wild-type chromosome (lanes 3 and 4). (Lower) Clones
correctly targeted on the 39 end show an 11.5-kb EcoRV fragment in addition to
the 10.2-kb band generated by the wild-type chromosome. (D) Detection of
wild-type and mutant alleles by PCR analysis of genomic DNA of progeny from a
crossofheterozygousmice.ArrowsinBii indicaterelativepositionofprimersused
in this assay to generate a 370-bp product specific to the mutant allele and a
240-bp product specific to the wild-type allele. (E) RNA analysis in mutant mice.
RNA was prepared from hearts of 4-week-old wild-type (1y1), heterozygous
(1y2), and mutant mice (2y2) and assayed for Kcnq1 expression by Northern
blot. In the blot depicted, a full-length cDNA clone of Kcnq1 was used as a probe.
Identical results were obtained when blots were probed separately with cDNA
clones of exons 1–10 or 11–15 (data not shown). Hybridization with a probe for
mouse elongation factor (EF) confirmed equal loading of RNA in each lane.
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3. Kcnq12/2 mice displayed significant increases in most ECG
parameters (Table 1), although no differences in heart rate (RR-
interval) were observed. The most striking change in Kcnq12/2

mice occurred in the morphology of the T-wave. The area of the
T-wave in Kcnq12/2 mice was nearly doubled relative to the
controls. In almost every case during the blind trial, a mouse that
displayed the extended T-wave could be correctly identified as a
mutant. Interestingly, abnormal T-wave morphology is a common
finding in LQT1 patients (38). Furthermore, the QT interval, QTc,
and JT interval were all significantly prolonged in Kcnq12/2 mice.
These data indicate that ventricular repolarization was altered in
Kcnq12/2 mice. Similarly, P-wave area and duration were signifi-
cantly increased in Kcnq12/2 mice, indicating that atrial repolar-
ization was also compromised.

To further investigate how Kcnq1 expression influences car-
diac repolarization in mice, we compared the cumulative pro-
portions of Kcnq11/1 and Kcnq12/2 mice for each measured QTc
value (Fig. 4). Aside from the longer QTc values associated with
the Kcnq12/2 genotype, this graph illustrates several salient
points. First, it shows that the range of QTc values produced for
the 32 mice (16 of each genotype) evaluated in this study extends
from 40 to 83 ms, and that every mouse with a QTc , 65 ms was
wild type (Kcnq11/1). Second, every mouse that had a QTc . 73
ms belonged to the Kcnq12/2 genotype. Third, approximately
half of the Kcnq11/1 mice had QTc values that overlapped with
those measured for the Kcnq12/2 mice. Thus, as in clinical
practice, QTc values can serve as a predictor of genotype,
particularly at either end of the spectrum, but the degree of
overlap in the upper range of wild-type QTc values indicates that
QTc alone is not sufficient to predict genotype. Hence, our data
indicate that Kcnq1 expression contributes to the repolarization
capabilities of the murine heart.

Drici et al. (24) and Kupershmidt et al. (25) analyzed the
cardiac phenotype of two independent lines of Kcne12/2 mice

Fig. 2. Histological analysis of inner ear structures of Kcnq11/1 and Kcnq12/2

mice. (A–C) Midmodular sections of cochlea at P0 (A), P3 (B), and P70 (C). Note
the collapse of Reissner’s membrane at P3 (B) and degeneration of inner and
outer hair cells at P70 (C). (D–F) Details of the saccule at P0 (D), P8 (E), and P70

Fig. 3. Representative surface ECG traces (lead II) recorded in vivo from two
Kcnq11/1 mice (upper two traces) and two Kcnq12/2 mice (lower two traces).
To better illustrate how the end of the T-wave was measured, the indicated
portion of the ECG trace (Upper Right) was magnified as shown (Inset).

(F). Note the complete collapse of the vestibular membrane at P0 (D) and
partial recovery by P8 (E). (G–I) Details of the utricle at P8 (G), P70 (H), and the
crista ampullaris at P70 (I). Note the collapse of the vestibular membrane at P8
(G) and vaccuoles appearing in the sensory epithelium by P70 (H, I). IHC, inner
hair cells; O, otoconia; OHC, outer hair cells; RM, Reissner’s membrane; SM,
saccular macula; SL, spiral limbus; SV, stria vascularis; TM, tectorial membrane;
UM, utricular macula; V, vaccuoles; VM, vestibular membrane.
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and reported no baseline ECG abnormalities. However, Drici et
al. demonstrated an altered QT–RR relationship that translates
to a longer QT at slow heart rates and a shorter QT interval at
fast heart rates. In contrast, the Kcnq12/2 mice displayed sig-
nificant baseline differences in most aspects of the ECG. The
disparity between the two phenotypes is not surprising consid-
ering that, whereas expression of Kcnq1 remains high throughout
mouse development, Kcne1 is down-regulated in adult mouse
hearts (24, 25). These expression studies are thus consistent with
a distinct role for Kcnq1 in adult cardiac function and with the
relatively more severe phenotype associated with loss of Kcnq1
gene function compared with Kcne1 mouse mutants.

A modest slowing of conduction appeared to occur in
Kcnq12/2 mice because their PR and QRS intervals were slightly
longer compared with those measured from Kcnq11/1 litter-
mates. Interestingly, Kuperschmidt et al. (25) recently reported
that when they replaced the Kcne1 coding sequence with the lacZ
gene, expression of lacZ is largely restricted to parts of the
conduction system in the mouse heart, thereby suggesting that
IKs may play a role in the murine cardiac conduction system.
However, no conduction disturbances have been reported in the
two lines of Kcne12/2 mice (24).

No gross morphological defects were observed in any of the
hearts, but both total heart weight (124 6 28 and 163 6 35 mg
per Kcnq11/1 and Kcnq12/2 hearts, respectively; P , 0.01) and
dry ventricular heart weights (101 6 19 vs. 125 6 27 mg; P ,
0.01) were increased in the Kcnq12/2 mice. No significant
differences were observed in body weight (24 6 5 and 25 6 5 g
for Kcnq12/2 and Kcnq11/1 mice, respectively; P . 0.05). To
determine whether the increase in heart weight may have

contributed to the altered ECG characteristics, we checked for
a correlation between heartybody weight ratio and the various
ECG parameters, but none was discovered. For examples of this
analysis, see supplemental data on the PNAS web site (www.
pnas.org). In addition, no significant differences were observed
in body weight or lungybody weight ratio (5.4 6 1.0 mg of lungyg
of body weight, n 5 12, and 5.1 6 1.0 mgyg, n 5 9, for Kcnq12/2

and Kcnq11/1 mice, respectively; P . 0.05), indicating that heart
failure was also probably not responsible for the ECG changes.
Possibly the mild cardiac hypertrophy of Kcnq12/2 mice is
related to their hyperactivity associated with the inner ear

Fig. 4. Cumulative proportion of mice with a given QTc for Kcnq11/1 (F) and
Kcnq12/2 mice (E).

Fig. 5. Representative ECG traces (A) and MAP (B, C) traces recorded in vitro
from isolated perfused hearts from Kcnq11/1 and Kcnq12/2 mice. MAP traces
were recorded from both right ventricular epicardial (B) and septal (C) surfaces.

Table 1. Comparison of ECG parameters in Kcnq11y1 and
Kcnq12y2 mice

Parameters Kcnq11y1 Kcnq12y2 P-value

RR, ms 132 6 18 128 6 18 0.5
Pamp, mV 3 1022 21 6 5 29 6 8 ,0.001
P-wave duration, ms 12 6 1 13 6 2 0.03
P-wave area (V*ms 3 1021) 13 6 3 19 6 6 ,0.001
PR, ms 37 6 5 41 6 4 0.016
QRS duration, ms 9 6 1 10 6 2 0.016
QRS amplitude (mV 3 1022) 148 6 39 236 6 65 ,0.001
JT, ms 60 6 11 71 6 11 0.006
QT, ms 69 6 11 82 6 11 0.003
QTc, ms 61 6 11 72 6 5 ,0.001
T-wave area (V*ms 3 1021) 71 6 24 141 6 55 ,0.001

All data are presented as mean 6 SD. Sample sets of 16 were used for both
Kcnq12y2 and Kcnq11y1 mice. Data sets were compiled by using Student’s t test.

Table 2. Comparison of ECG and action potential parameters
from isolated Kcnq11y1 and Kcnq12y2 hearts

Parameters Kcnq11y1 (n 5 8) Kcnq12y2 (n 5 10)

QT, ms 63.6 6 9.1 64.2 6 9.6
RV epicard

APD90, ms 44.6 6 4.5 43.3 6 7.3
APD30, ms 3.3 6 0.4 3.1 6 0.7

RV septum
APD90, ms 60.0 6 6.1 56.7 6 5.2
APD30, ms 7.1 6 1.5 6.7 6 1.9

LV epicard
APD90, ms 50.3 6 7.6 53.2 6 8.3
APD30, ms 4.7 6 0.9 4.1 6 0.7

LV septum
APD90, ms 49.1 6 9.4 49.3 6 7.6
APD30, ms 7.4 6 2.4 7.9 6 1.2

All data are presented as mean 6 SD. Data sets were compared by using
Student’s t test, with P . 0.05 for all APD comparisons between Kcnq11y1 and
Kcnq12y2 mouse hearts. LV, left ventricle; RV, right ventricle.
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defects or related to loss of Kcnq1 in the heart andyor other
tissues where it is strongly expressed.

The in vivo ECG data recorded from the diazepam-sedated mice
indicate there may be a higher degree of heterogeneity in cardiac
repolarization in mice that lack the ability to express Kcnq1, because
these mice displayed enhanced P- and T-wave areas. To evaluate
whether regional differences in cardiac repolarization do exist in
these mice, we recorded monophasic action potentials from four
specific regions of isolated mouse hearts (see Table 2 and Fig. 5).
However, no significant differences in APD30 or APD90 were
observed in isolated Kcnq12/2 compared with Kcnq11/1 mouse
hearts, although the previously reported differences between mu-
rine epicardial and endocardial (septal) action potentials (39) were
clearly evident (Fig. 5, compare B and C). We also measured APD50
and APD70 for each region, but these also showed no significant
differences (data not shown). Consistent with the lack of APD
differences in the isolated perfused heart preparation, the ECGs
recorded in the same experiment also showed no differences in
QRS or T-wave morphology (Fig. 5A) or QT interval (Table 2).
Thus the repolarization abnormalities observed in vivo were not
apparent in our in vitro preparation and analyses.

At present, it is not immediately apparent why deletion of the
Kcnq1 gene in mice (or humans) results in the observed cardiac
phenotypes. The in vivo ECG results indicate repolarization
deficits, but the underlying electrophysiological mechanisms
responsible for these deficits remain to be elucidated. There are
several possible explanations why QTc and other ECG differ-
ences were observed in vivo but not in the isolated heart
preparation. First, autonomic andyor hormonal influences may

have contributed to the observed phenotypes in vivo (40, 41).
Another possibility is that the sedatives used (diazepam vs.
pentobarbital) could have contributed to the different ECG
results produced from the in vivo vs. the in vitro experiments (42).
Although less likely, we cannot exclude the possibility that
technical issues such as electrode placement, inherent variability
in APD measurements, and perfusion conditions could also have
compromised our ability to observe repolarization defects in
vitro. These caveats notwithstanding, our data suggest the po-
tentially interesting possibility that extracardiac factors are nec-
essary to induce the cardiac phenotype seen in Kcnq12/2 mice.

The data presented here suggest that Kcnq12/2 mice represent a
potentially valuable animal model for JLNS. Although JLNS and
other forms of inherited LQTS represent only a minority of clinical
cases, the acquired forms induced by drugs and disease are thought
to affect many of the same cardiac ion channels that have been
linked to congenital LQTS. Thus, the inherited form offers a model
for understanding the molecular and physiological correlates of the
acquired form. Future studies may seek to identify the specific
patterns of Kcnq1 expression in the murine heart and to determine
which current(s) rely on Kcnq1 expression in vivo.

Note Added in Proof. Association of deafness and gastric hyperplasia
with disruption of the mouse Kcnq1 gene was recently demonstrated by
Lee et al. (45). The same exon was disrupted in both studies.
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