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Abstract
Sudden unexplained death in epilepsy (SUDEP) is a catastrophic complication of human idiopathic
epilepsy, with an estimated prevalence of up to 18%. A molecular mechanism and an identified
therapy have remained elusive. Here we find that epilepsy occurs in mouse lines bearing dominant
human LQT1 mutations for the most common form of cardiac long QT syndrome (LQTS), which
causes syncopy and sudden death. KCNQ1 encodes the cardiac KCNQ1 (KvLQT1) delayed rectifier
channel, which has not been previously localized to the brain. We have shown that it is expressed in
forebrain neuronal networks and brainstem nuclei, regions in which a defect in the ability of neurons
to repolarize after an action potential can produce seizures and dysregulate autonomic control of the
heart. That LQTS mutations in this gene cause epilepsy reveals the dual arrhythmogenic potential of
an ion channelopathy co-expressed in heart and brain, and motivates a search for genetic diagnostic
strategies to improve risk prediction and prevention of early mortality in persons with seizure
disorders of unknown origin.

INTRODUCTION
Sudden unexplained death in epilepsy (SUDEP) accounts for 2% – 18% of mortality in
epilepsy, which exceeds the expected rate in the general population by nearly 24 times (1,2).
By definition, postmortem examination does not reveal the cause of death or evidence of
primary pulmonary or cardiac pathology. The commonly cited clinical risk factors predisposing
to SUDEP are: early onset intractable epilepsy, male sex, age 20 to 40 years, generalized
seizures, exposure to multiple anticonvulsant medications, and poor compliance with
medications (3). Apnea due to central respiratory depression and cardiac failure mediated by
autonomic dysregulation are two major pathogenic mechanisms implicated in SUDEP (4).
Since Russell first documented cardiac asystole during a seizure in 1906, a wide range of
cardiac arrhythmias thought to be of cerebral origin have been reported, ranging from atrial
fibrillation, supraventricular tachycardia, prolonged QT intervals, and torsades de pointes (4,
5), supporting the idea that “arrhythmogenic epilepsy” is one of many possible SUDEP
mechanisms. Although neural defects leading to cardiorespiratory arrest have long been
suspected, the biological mechanisms of SUDEP have never been confirmed and their direct
link to cortical hyperexcitability has not been identified.

Among many potential cardiac pathologies for SUDEP, focus has recently shifted to a specific
set of molecular targets, the LQT genes. The long QT syndrome (LQTS) is a well recognized
cause of fatal ventricular arrhythmias and sudden unexplained death in young people and can
be caused by mutations in 10 or more genes, including 8 ion channels (6). Mutations in these
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genes prolong the cardiac action potential. The clinical syndrome is classically defined by
hypotensive syncopal episodes, but distinguishing between these spells and certain seizure
auras with or without myoclonus can be difficult (7). Combined EEG/ECG studies confirm
the high prevalence (33–44%) of cardiac arrhythmias in individuals with true epileptic seizures
(7–11). Indeed, a presumptive clinical seizure phenotype was found in up to one-third of
genotyped LQTS patients, including 22% of those with confirmed LQT1 mutations, suggesting
that an LQT gene could underlie neuronal hyperexcitability (12). The simultaneous presence
of seizures and LQTS in these individuals might also be coincidental, since there are multiple
genetic and acquired etiologies for both epilepsy and LQTS. An important clue that they could
be related arose from the initial observation that one gene for LQTS, encoding a cardiac
voltage-gated sodium ion channel associated with ventricular fibrillation and sudden death
(13,14), is co-expressed in certain limbic regions of brain such as the entorhinal cortex and
amygdala (15). In these regions there are low thresholds for aberrant network synchronization
where prolonged depolarization may also trigger primary brain seizures. Although no LQTS
ion channel gene mediating fast membrane rhythmicity has been directly linked to a
neurocardiac phenotype predisposing to SUDEP to date, a single ion channelopathy accounts
for pleiotropic phenotypes in heart and brain in the Timothy Syndrome, in which a mutation
of an L-type calcium channel gene underlies both cardiac arrhythmia and autism (6,16).
Further, mutation of RyR2, an intracellular ryanodine receptor mediating calcium homeostasis
in neurons and cardiomyocytes leads to both seizures and exercise-induced catecholaminergic
polymorphic ventricular tachycardia (CPVT)(17).

Mutations in the KCNQ1 gene at the LQT1 locus (11p15.5) underlie the most common form
(approximately half of genotyped cases) of LQTS in the population (6). This gene encodes the
α-subunit of the tetrameric voltage-gated potassium channel KvLQT1 (Kv7.1). LQT1
mutations decrease the slow repolarizing IKS current, which causes the underlying cardiac
phenotype (18–20). Two mouse models, each carrying a dominant point mutation in the
Kcnq1 gene found in LQT1 patients, reproduce the human cardiac LQT phenotype (21). They
also display auditory defects, in accordance with the accepted expression pattern of KCNQ1
in heart and auditory hair cells, but no epileptic phenotype was reported (21,22). Most studies
of KCNQ1 failed to find mRNA transcripts or KvLQT1 in the brain, precluding a role for this
channel in the central nervous system (Table S1). Nevertheless, we reexamined this question
because, if present in neural networks, arrhythmogenic cardiac mutations in this channel might
also cause epileptiform changes in brain, thereby revealing a unifying cause of both idiopathic
epilepsy and cardiac arrhythmia, as well as an identifiable risk factor for SUDEP.

RESULTS
KCNQ1 and MinK brain expression patterns

There are conflicting reports in the literature on whether mRNA for the ion channel KvLQT1
is expressed in the mammalian central nervous system (see Table S1). We confirmed the
unequivocal presence of KCNQ1 subunit mRNA in multiple regions of the developing and
adult wildtype mouse and adult human brain by RT-PCR and localized the channel protein
within the nervous system using two different subunit-specific polyclonal antibodies.
Sequencing of PCR amplicons confirmed the expression of KCNQ1 isoforms that lead to a
functional channel protein in the heart, as well as of a previously undescribed transcript specific
to the human central nervous system (Fig. 1A–C). We also confirmed the presence of mRNA
transcripts of MinK (KCNE1), a known modulatory subunit of heart KCNQ1-containing
channels, in multiple mouse and human brain regions (Fig. 2A–B). Expression of MinK was
detected at three different stages of mouse development (Fig. 2A). Using a commercial α-
subunit-specific antibody to KvLQT1, we confirmed the presence of the corresponding wild-
type protein in the mouse brain and heart at the expected apparent molecular weight of 75 kDa
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(Fig. 2C, Fig. S1A). We also confirmed the presence of MinK protein in hippocampus, cortex
and heart, at the expected molecular weight of 15 kDa (Fig. 2D, Fig. S1B). The commercial
antibody to MinK also detected a 90 kDa immunoreactive band in whole mouse brain,
hippocampus and cortex (Fig. 2E, Fig. S1B). We postulated that this band represents a complex
of a single KvLQT1 pore-forming α-subunit (75 kDa) and a single MinK subunit (15 kDa) that
is not disrupted by heat and SDS. This was confirmed by co-immunoprecipitation, in which
the 90 kDa band was detected by anti-MinK immunoblotting of brain lysate samples
immunoprecipitated by either the KvLQT1 specific antibody or MinK antibody (Fig. 2F, Fig.
S6C), consistent with previous reports (23,24).

Immunofluorescence revealed the regional localization pattern of KvLQT1 in the adult
wildtype mouse brain (Fig. 3). We found prominent protein expression within hippocampal
network pathways involved in epileptogenesis, including granule cells of the dentate gyrus,
pyramidal cells of the CA1-3 regions, and hilar interneurons. We observed moderate to strong
neuropil staining in the region of the mossy fiber pathway coursing from the hilus to CA3, but
this labeling could be attributed to either granule cell mossy fiber axons or to CA3 pyramidal
cell processes. We noted additional staining in neurons within most cortical layers, in thalamus,
and in scattered glia-like cells within white matter tracts. KvLQT1-positive neurons also
populated the medullary dorsal motor nucleus of the vagus and the nucleus ambiguus,
brainstem centers contributing preganglionic parasympathetic innervation via the vagal nerve
to the heart (Fig. 4A–C). No KvLQT1-positive cells were apparent in the intermediolateral
columns of the thoracic spinal cord where preganglionic sympathetic neurons innervating the
heart reside.

Cortical and cardiac abnormalities in mice with human LQTS mutations
We next analyzed mouse lines engineered to carry the orthologous point mutations in Kcnq1
that underlie two human long QT syndromes (Fig. 5, Fig. S2). Mice carrying the A340E
mutation (A341E in humans) in the S6 transmembrane helix model the Romano Ward
syndrome (autosomal dominant form of familial LQTS with ventricular tachyarhythmias).
Mice homozygous for T311I (T312I in humans) in the pore region display a complex phenotype
of deafness and LQT intervals resembling patients with Jervell and Lange-Nielsen syndrome
(autosomal recessive form of familial LQTS associated with deafness and tachyarrhythmias)
(21). We examined cortical and cardiac rhythms in both mutant lines by simultaneously
monitoring EEG and ECG in freely moving mice. Analysis of 19 mutant adult animals revealed
that all displayed epileptiform EEG spike discharges and ECG arrhythmnias, in comparison
with unaffected littermates, which exhibited only rare non-epileptiform waves or isolated
cardiac premature ventricular contractions (PVCs) of no pathological significance (Table 1).
Both knock-in lines exhibited frequent bilateral interictal epileptiform discharges represented
by sharp waves, spikes, and polyspikes at an average rate of ~3 spikes/min. Although
homozygous mutants displayed more cortical spikes than heterozygotes, this trend did not
reach statistical significance between genotypes (ANOVA, P = 0.27). EEG abnormalities in
the mutants also consisted of prolonged runs of focal slow waves, mainly in the temporal
regions. We also observed a variety of aberrant ECG events (~1.5/min) not present in wildtype
littermates (Table 1). Unlike recordings previously described in genetically identical but
sedated mice (21,25), awake mutant mice displayed clear spontaneous cardiac rhythm
disturbances, including atrial fibrillation, atrial flutter, premature ventricular contractions, and
episodic atrio-ventricular conduction block (Figures S3–S5). Comparisons of standard ECG
parameters for heart rate variability between homozygous mutants and wildtype controls
sampled during 2 minute periods of inactivity revealed no significant differences (Table S2).

Dual simultaneous EEG/ECG recordings showed that interictal hypersynchronous cortical
discharges often coincided with either prolongation of the cardiac RR interval (time between
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two consecutive R waves) and premature ventricular contractions or asystole (Fig 7A). These
patterns are consistent with autonomic instability and have been described in SUDEP patients
(26) (Fig. 6A, Figures S3–S5 and Table 1). Cortical discharges also occured without
concomitant arrythmia (Fig. 6B, Fig. S6). We analyzed the frequency of concurrent
neurocardiac events to better evaluate a possible interaction between the observed EEG and
ECG abnormalities. We found that about 24% of all cortical discharges were concurrent with
ECG events, while approximately 62% of cardiac abnormalities occurred in association with
epileptiform discharges. Therefore, although ECG abnormalities could occur in the absence of
cortical discharges, the majority were coupled with abnormal synchronous EEG activity.

Epilepsy and SUDEP in LQTS mice
VideoEEG monitoring detected frequent partial and generalized seizures in all mutant animals
but not in wildtype littermates. Two main seizure types were observed. The first was
characterized by sudden arrest of activity, followed by tonic extension and whole body
convulsive movements (Video S1). The EEG correlate was a pattern of bilateral rhythmic high-
voltage sharp wave discharges evolving into a higher frequency rhythmic discharge (Fig. 7A).
The second and more common type consisted of partial motor seizures characterized by
behavioral arrest and subtle clonic movements of the jaw, head, limbs, or entire body (Video
S2). The EEG correlate was low-voltage rhythmic slow activity interspersed with spike and
slow-wave discharges coinciding with the clonic movements (Fig 7B). The prevalence of
witnessed convulsive seizures was 33% in the heterozygous animals and 80% and 60% in
A340E and T311I homozygous mice, respectively. Subtle partial seizures with EEG correlates
were seen in all mutants, with a mean frequency reflecting the genotype (8.7, 4.7, and 0 per
hour in A340E homozygotes, heterozygotes, and wildtype, respectively; and 9.7, 6, and 0 per
hour in T311I homozygotes, heterozygotes, and wildtype, respectively). During peri-ictal and
ictal states we observed a similar range of ECG abnormalities as those seen during inter-ictal
periods.

Although Kcnq1 A340E and T311I mutant mice typically live into adulthood, prolonged
monitoring resulted in the fortuitous capture of a terminal event. Over a period of several hours,
a T311I/T311I homozygote showed frequent partial seizures with subtle behavioral
manifestations evolving into electro-clinical non-convulsive status epilepticus. This period was
characterized by profound bradycardia punctuated by frequent ventricular escape beats and
runs of ventricular fibrillation. Electrographic seizure activity gradually evolved into a burst
suppression-like pattern with concomitant severe cardiac depression (heart rate of 120–160
bpm) for many hours, electrocerebral silence, visibly shallow respirations, and ultimate cardiac
arrest (Fig. 7C).

DISCUSSION
We localized KvLQT1, a principal myocardial potassium channel, in central neurons, and
found that mice bearing human LQT1 mutations in this channel display seizures and malignant
cardiac arrhythmias. Our study identifies mutation of KCNQ1, a previously unrecognized
neuronal potassium channel in brain, as a cause of epilepsy and provides a neurobiological
basis for seizures witnessed in humans bearing mutations in this gene. Since these mutations
also cause life-threatening cardiac arrhythmias, they are a molecular risk factor for sudden
death in epilepsy (SUDEP). The two mouse models with human LQT1 mutations define a
candidate excitability-linked mechanism for SUDEP. Mutant KvLQT1 repolarization defects
expressed within the forebrain and brainstem autonomic outflow pathway could compromise
a direct relay between the epileptic brain and cardiac pacemaking. We observed brief seizures
in both mutant knock-in strains and the majority of the events were similar to subtle human
partial seizures. In the EEG, cortical discharges were often, but not always followed within
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two hundred milliseconds by cardiac conduction disturbances. The high incidence of
concurrent EEG/ECG events in the presence of either LQT mutation is consistent with an
intermittant dysfunctional neurocardiac interplay, presumably under the influence of other
extrinsic autonomic or humoral factors modulating brain excitability and cardiac pacemaking
that maintain normal function until the onset of profound bradycardia, hypotension, and death
following a prolonged seizure.

The presence of KvLQT1 in neurons within mouse vagal brainstem nuclei raises the possibility
that this channelopathy may influence cardiorespiratory physiology. Along with
parasympathetic slowing of the heart, the vagal nerve also controls motor tone in the upper
airway and stimulates neurogenic pulmonary edema, a finding often reported at autopsy of
SUDEP cases (4,27,28). It is therefore plausible that excitability defects in these efferent
pathways depress respiration, contributing additional vulnerability during the post-ictal period.
In our witnessed instance of SUDEP in a T311I/T311I mouse, there was a loss of brain wave
activity and slowed respiration, followed by a progressive lethal bradycardia during the
terminal event. This sequence mirrors that of the only reported human SUDEP case with
simultaneous intracranial recording (29).

These findings establish the crucial role of KCNQ1 in neuronal network synchronization and
epileptogenesis. It is a member of the KCNQ gene family encoding five voltage-gated delayed
rectifier K+ channels (KCNQ1-5), four of which (KCNQ2-5) are also expressed in the brain.
Interestingly, the hippocampal immunostaining pattern of KvLQT1 overlaps with networks
expressing KCNQ2 and KCNQ3 proteins (Kv7.2 and Kv7.3 respectively), both of which are
also linked to epilepsy by a variety of mutations in human and mouse (30,31). The KvLQT1
protein is a pore-forming α-subunit of a channel complex that co-assembles with the β-subunit
encoded by KCNE1 (MinK), but not any other member of the KCNQ family, forming a channel
that generates the slow delayed rectifier potassium current (IKS) in human cardiac myocytes.
Functional effects of the KCNQ1 mutations producing epilepsy in our models have been
extensively studied in Xenopus oocytes where they exert dominant-negative suppression of
outward potassium currents when co-expressed with wildtype KvLQT1 subunits (18,19). The
presence and co-assembly of KvLQT1 and MinK in mouse brain (Fig 2) suggests that the
protein may modulate neuronal excitability as a KvLQT1/MinK complex as IKS does in heart.

The molecular consequences of KCNQ1 mutations fall into several categories: impaired
channel assembly and trafficking, dysfunctional ion channel gating, altered interaction with
second messengers, and inhibition of binding to regulatory proteins. Almost 300 human
KCNQ1 mutations have been identified to date and the majority of variants in the pore region
or voltage sensor lead to loss of function and LQTS with or without congenital deafness, a few
gain of function mutations are associated with familial atrial fibrillation or short QT syndrome
(32,33). Individuals with truncations and point mutations in the C terminus are either
asymptomatic or exhibit borderline QT prolongation and a mild clinical phenotype (34). The
imperfect correlation between channel physiology and the clinical phenotype in different
tissues suggests the possibility that not all human KCNQ1 mutations may give rise to an
epileptic phenotype, or may do so only on permissive genomic backgrounds.

The difficulty of distinguishing clinically between syncopy and seizure represent a major
challenge to the accuracy of genotype to phenotype correlations in LQT/epilepsy patients.
Considering that the most common ictal events observed in the mouse LQT1 models were
partial seizures lasting less than ten seconds without prominent clonic movements, it is likely
that infrequent subclinical seizure activity in humans with KCNQ1 mutations is often
undetected. This is consistent with the experience in epilepsy monitoring units where very brief
partial, temporal lobe EEG seizures in otherwise healthy individuals may go unnoticed (35).
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Although the detection of individuals with epilepsy at risk for SUDEP represents a major
clinical challenge, the prevalence of occult cardiac arrhythmia in idiopathic epilepsy is
understudied and potentially larger than currently assumed. Russell commented in 1906 that
“…cardiac arrest does occur in some cases of epilepsy and … may be far commoner than is
suspected. If observations were made on the pulse at the onset of fits by those whose work
brings them into contact with epileptic patients in considerable numbers, it would soon be
established whether such cardiac arrest be of occasional or of frequent occurrence” (5). Our
literature review of the past 30 years yielded over 80 case reports of seizures associated with
cardiac arrythmia, and 47% of these were associated with asytole. A recent report on prolonged
ambulatory ECG monitoring in a small group of epilepsy patients revealed that 21% had
bradycardia associated with seizures, and 3 of 4 of these showed potentially fatal asystole
(36). Our two mouse models recapitulated the association of epilepsy and a spectrum of cardiac
arrythmias, including SUDEP, observed repeatedly in clinical settings and will be useful in the
search for therapies to prevent SUDEP. Adrenergic β blockade and implantable pacemakers
may prove useful for gene-directed prophylaxis (37–39). Finally, mutations in other LQT
channels and their interacting subunits expressed in the brain may also cause epilepsy with an
increased risk of SUDEP. Here, we suggest that the practicing clinician consider the
neurocardiological ramifications of idiopathic epilepsies. Comprehensive clinical and
genotypic LQT risk profiling in patients with idiopathic seizure disorders, followed by
appropriate therapy, may reduce the likelihood of fatal arrhythmia in these individuals.

MATERIALS AND METHODS
Detection of KCNQ1 and MinK brain expression

Mouse brain and heart isolation—Mice were euthanized by cervical dislocation. Whole
brain and heart were promptly removed under sterile, RNA-ase free conditions, dissected, and
frozen immediately on dry ice.

Human brain tissue—Deidentified frozen human postmortem brain tissue samples were
obtained from the Department of Pathology (Texas Children’s Hospital).

Brain tissue RNA extraction—Tissues were homogenized with a Tissue Tearor and RNA
was extracted using Trizol (Life Technologies) following the manufacturer’s standard protocol.

RT-PCR—Gene specific primers were designed to unique regions of human (Genbank
accession AJ006345) and mouse (accession AJ251835) KCNQ1 isoforms and human
(accession NM_000219) and mouse (accession NM_008424) MinK transcripts. Forward
primers for detection of the human KCNQ1 isoforms 1 and 2 were amplified across exons
1a-1/2 (5′-CGCGTCTACAACTTCCTCG-3′) and exons 1b-1/2 (5′-
TTTCTGGCTCTCGGGAATTT-3′), respectively. The identical reverse primer was used to
amplify both human KCNQ1 isoforms (5′-ATCCAGAAGAGAGTCCCCGT-3′). Mouse
KCNQ1 primers were used to amplify across exons 1a – 3/4 (5′-
GGGTTGGAAGTGTTTCGTGT-3′ and 5′-CGGATACCCCTGATAGCTGA-3′. The
forward primer for the detection of human MinK transcripts targeted the 5′ end of the transcript
(5′-GAGGATCCATTGGAGGAAGG-3′) and the reverse primer was positioned in the coding
exon (5′-AGGCCTTGTCCTTCTCTTGC-3′, 388bp). An identical strategy was employed in
designing the detection primers for mouse MinK transcripts (forward; 5′-
CTACCTCTGCACCGTCCATC-3′; reverse; 5′-AGCAAGCTCTGAAGCTCTCC-3′). PCR
amplifications used 30 cycles with one minute extension time. RT-PCR was performed using
SuperScriptIII™ RT-PCR System (Invitrogen, Life Technologies) according to the supplied
protocol. An aliquot of the PCR amplification was analyzed on a 2% agarose gel and the
products were purified using the QIAquick PCR purification kit (Qiagen) and submitted for
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sequencing. Amplicon sequences were compared to those in GenBank to insure accurate and
appropriate amplification of the desired gene.

KvLQT1 and MinK protein expression—Whole mouse brain, cortex, hippocampus and
heart were extracted, flash frozen on dry ice, and subsequently homogenized on ice with a
Tissue Tearor in RIPA buffer containing protease and phosphatase inhibitors (Santa Cruz).
Total protein concentrations in the cell lysate were determined using the Bio-Rad Protein Assay
(Bio-Rad). Forty micrograms of each sample was separated on 8% Tris–glycine SDS
polyacrylamide gels, analyzed by Western blot (WB) using rabbit polyclonal anti-KvLQT1
antibody (1:200 in vehicle; Millipore) or anti-MinK antibody (1:250 in vehicle, Millipore)
HRP-tagged goat anti-rabbit F(ab′)2 secondary antibody (1:500 dilution in vehicle, Molecular
Probes) and subsequently detected with a commercial chemiluminescent substrate
(SuperSignal; Pierce Chemical). For immunoprecipitation experiments, cell lysates were
diluted to 1 mg/mL and each 1 mL sample was precleared for 1 h with 30 μL of protein A-
Sepharose (Pharmacia) and incubated overnight with 5 μg of anti-KvLQT1 antibody (Sigma)
or anti-MinK (Millipore). All incubations were performed at 4 °C with constant rotation.
Antibody-bound protein complexes were captured by the addition of 30 μL of protein A-
Sepharose and incubated for another 2 h. Protein A-Sepharose was pelleted by centrifugation
and the immunoprecipitated protein complexes were eluted using SDS-PAGE sample buffer
prior to SDS-PAGE and Western blotting as described above. The antigenic regions of both
commercial antibodies target unique sequences in the C-terminus of KvLQT1 not found in any
other voltage-dependent potassium channel (Fig. S8). Specific immunoreactivity for KvLQT1
was confirmed in transiently transfected HEK293 cells (Fig. S9).

Immunofluorescence in mouse brain sections
Preparation of brain sections—C57BL/6J mice (2–3 months old) were perfused
intracardially with PBS and fixed with 4% paraformaldehyde in PBS. Brains were removed,
cryoprotected for 1–2 days at 4°C in 30% sucrose in PBS, frozen in embedding medium, and
cut into 20 μm sections using a cryostat maintained at −20°C. The sections were then directly
mounted on slides for processing.

Immunofluorescence—The brain sections were rinsed three times in PBS and incubated
for 1 hour in antibody vehicle (10% BSA, 0.3% Triton X-100 in PBS). Next, the sections were
incubated overnight (15–20 hours) at room temperature with affinity purified rabbit polyclonal
anti-KvLQT1 antibody (1:250 dilution in vehicle; Millipore). Subsequently, sections were
washed three times in antibody vehicle and incubated for one hour in Alexa Fluor 488 goat
anti-rabbit F(ab′)2 secondary antibody (1:1000 dilution in vehicle, Molecular Probes). Control
experiments performed by incubating slices with only secondary antibodies showed an absence
of background staining. Finally, sections were rinsed once in vehicle and twice in PBS and
then air dried at room temperature for 30 minutes. Once dry, the slides were cover-slipped and
mounted using ProLong Gold anti-fade reagent with DAPI (Invitrogen). Images were captured
using an Olympus IX71 microscope and SimplePCI software. Whole images were colored to
reflect the fluorphore used and were contrast adjused using Adobe Photoshop Elements 2.0.

Simultaneous EEG and ECG Recordings
Kcnq1 knock-in mouse lines and littermate wildtype control mice ranging from 23 days to 7
months of age were handled in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and surgically implanted under avertin anesthesia with a microminiature
connector attached to silver wire electrodes (0.005-inch diameter). EEG electrodes were
positioned through cranial burr holes overlying the cortical surface in the subdural space over
the brain, and two ECG electrodes were implanted subcutaneously by trocar on either side of
the thorax and secured with sutures. After at least one day of post-surgical recovery,
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simultaneous cortical EEG and ECG activity was recorded in freely moving mice monitored
for periods of 3–24 hours per day over multiple days using a digital video monitoring system
(Stellate Systems, Harmonie software, versions 5.0b and 6.1c). Each animal was monitored by
EEG/ECG for an average of 35 hours. The recordings were collected from five A340E/
A340E mice, three A340E/+ mice, four A340E wildtype littermates, five T311I/T311I mice,
six T311I/+ mice and three T311I wildtype littermates. Video-EEG and ECG recordings were
analyzed by an individual blinded to the genotype while ensuring that comparisons in each
animal displayed similar states of arousal and background activity. The behavioral phenotype
of the recorded mice was assessed by reviewing the digital video associated with each
electrographic epoch.

The ECG arrhythmias were categorized according to established criteria (21,25,40) and in
consultation with a cardiologist board-certified in cardiac electrophysiology (RF). EEG
abnormalities were defined according to widely accepted standards (41,42). Briefly, the EEG
waveforms were classified as epileptiform if (i) the waveforms assumed any one of these
configurations: a spike, a spike and slow wave complex, a sharp wave or a sharp and slow
wave complex; (ii) the epileptic spike or sharp wave was distinct and clearly defined against
the baseline background. The waveform was classified as a spike if the duration was 20–70msec
and as a sharp wave if the duration was 70–200 msec. EEG waveforms were classified as non-
epileptic sharp transients in accord with widely accepted criteria if (i) they were sharply
contoured waveforms that appeared as part of the background, (ii) they appeared only once in
the entire recording segment, and (iii) the configuration, duration, and phase criteria did not
comply with that of a definite epileptic discharge.

Statistical analysis
Absolute counts of EEG and ECG events were obtained by examining two separate 1-hour
recordings from six animals per mutant genotype (homzygotes and heterozygotes) and from
four A340E and three T311I corresponding wildtype littermates. The EEG and ECG
abnormalities were scored as concurrent if the ECG event occurred within 200 milliseconds
of the EEG ictal or inter-ictal discharge. Prolonged runs of atrial fibrillations, ventricular
fibrillations or other cardiac event clusters, observed commonly in both mouse lines, were
counted as a single event. Statistical analysis of EEG and ECG events was done with Microsoft
Excel 2007 Analysis ToolPak (Microsoft) employing ANOVA to assess differences between
event frequencies between genotypes in both lines.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. KCNQ1 RNA transcripts are present in the mouse and human brain
(A) RT-PCR with primers targeting the 5′ end of the channel revealed Kcnq1 mRNA transcripts
in the heart and brain of a newborn mouse and multiple regions of the brain and heart of 10
day old pup and 11 week old adult mouse.
(B) RT-PCR of adult human brain with primers targeting the 5′ end of the KCNQ1 mRNA
reveals the presence of the functional isoforms A (IF1; 151 bp) and B (IF2; 162 bp) of
KCNQ1 in multiple regions of the brain and heart. A previously undescribed brain isoform
(IFB1; 344 bp) was also detected in human brain.
(C) Schematic depiction of the alternative splicing of the 5′ end of KCNQ1 transcripts. The
transcripts for IsoA and IsoB forms have either exon 1 or exon 2 in the 5′ end, respectively.
Sequencing of the novel brain isoform (IFB1) revealed the presence of a 192 bp exon
(designated exon 1×) occurring immediately following exon 1. The nucleotide sequence of
exon 1× is shown.
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Figure 2. MinK RNA transcripts and protein are present in the brain and associate with KvLQT1
(A) RT-PCR with primers targeting the 5′ end of the murine Kcne1 (MinK, Isk) transcript
revealed the presence of Kcne1 in the heart and brain of newborn mouse and in the brain, heart
and skeletal muscle of an 11-day-old pup and 11-week-old adult mouse (393 bp).
(B) RT-PCR of adult human brain with primers targeting the 5′ end of the channel reveals the
presence of KCNE1 transcripts in multiple regions of the human brain and heart (388 bp).
(C) KvLQT1 protein subunits in the mouse brain. Immunoreactive bands with apparent
molecular weight of ~75 kDa corresponding to murine KvLQT1 pore-forming α-subunits were
detected in protein lysates of mouse brain and heart by Western immunoblotting (IB) with the
polyclonal antibody to KvLQT1.
(D) MinK protein subunits in the mouse cortex, hippocampus and heart. Immunoreactive bands
with apparent molecular weight of ~15 kDa corresponding to murine MinK subunits were
detected in protein lysates of mouse cortex, hippocampus and heart by Western
immunoblotting with the polyclonal antibody to MinK.
(E) Immunoreactive bands at ~90 kDa were detected in protein lysates of mouse whole brain,
cortex and hippocampus using the antibody to MinK.
(F) Immunoreactive bands at ~90 kDa were detected in co-immunoprecipitates (IP) of mouse
whole brain with antibodies to KvLQT1 and MinK, followed by immunoblotting with the
antibody to MinK.
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Figure 3. KvLQT1 immunoreactivity is distributed throughout regions important for
epileptogenesis in the adult mouse brain
(A) We observed moderate to strong KvLQT1 immunoreactivity in the somata of cells in the
hippocampal formation, including pyramidal neurons in CA1–CA3, granule cells of the dentate
gyrus, and hilar interneurons. KvLQT1 antibody also labeled a majority of somata in the
neocortex and thalamus, as well as glia-like processes in subcortical white matter tracts (wm)
and the dentate granule cell layer. Moderate to strong neuropil staining was evident in the
stratum lucidum (sl) where CA3 pyramidal cell apical dendrites and granule cell mossy fibers
reside. Boxes correspond to regions shown at higher magnification in B-F.
(B) Detailed view of KvLQT1 staining in the dentate gyrus/hilar region, showing the CA3
pyramidal cell (sp) layer of the hippocampus, the granule cell (gc) layer of the dentate gyrus,
and hilar interneurons (arrows). We observed intense staining of conspicuous processes that
emanated from the granule cell layer and resembled type 1 radial glia-like cells.
(C) High magnification view of the hippocampal CA3 region showing strong staining of somata
in the pyramidal cell layer and neuropil staining in stratum lucidum. Staining in stratum
lucidum could be attributable to granule cell mossy fiber axons or CA3 pyramidal cell apical
dendrites.
(D) A detailed view of the CA1 pyramidal cell layer showing strong KvLQT1 somatic staining.
(E) KvLQT1-labeled cells in deep neocortical layers..
(F) Enlarged view of staining of KvLQT1 in neuronal soma in the dorsal thalamus. so, stratum
oriens; sr, stratum radiatum. Scale bars: a, f, 200 μm; b–e, 50 μm.
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Figure 4. Distribution of KvLQT1 immunoreactivity in brainstem regions in the adult mouse brain
(A) Coronal sections of the medulla oblongata, KvLQT1 immunofluorescence was strong in
somata of cardiac-related nuclei, including the dorsal motor nucleus of the vagus and the
nucleus ambiguus, which are boxed and shown at higher magnification in B and C, respectively.
(B) High magnification view of KvLQT1 somatic staining in the dorsal motor nucleus of the
vagus.
(C) High magnification view of KvLQT1 somatic staining in the nucleus ambiguus. Scale bars:
a, 200 μm; b, c, 50 μm.
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Figure 5.
Schematic diagram of the KvLQT1 α-subunit showing the location of the LQT1 mutations. A
single six transmembrane diagram of KvLQT1 subunit showing the location of the two human
mutations studied in the mutant mouse models (black circles; T311I and A340E). The aligned
sequence of the highly conserved pore region of the human and mouse channel is shown.
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Figure 6. Aberrant brain-heart events in Kcnq1 mutant mice during interictal discharges and
cortical seizures
A) EEG recordings show frequent bilateral interictal discharges over temporal cortical regions
of A340I homozygote with concomitant AV conduction block following P wave in ECG
tracing.
B) Representative example of the intermittent nature of cortical-cardiac cycle events in
KvLQT1 mutant mice. Cortical EEG discharges sometimes but not always coincided with
cardiac events (Table 1). Here, ECG events occur concurrently with the two initial EEG ictal
spikes but not with the third. The scale bar is the same in both A and B.
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Figure 7. Mice with mutations in KvLQT1 have seizures and sudden death
(A) Representative EEG tracing of a wild-type littermate (top) and a T311I heterozygous mouse
(bottom) at the onset of a spontaneous convulsive seizure. Remainder of seizure recorded with
4 electrode EEG montage is shown in Video S1.
(B) Representative EEG tracing of a wild-type littermate (top) and a A340E heterozygous
mouse (bottom) showing onset of a spontaneous subtle partial seizure. Remainder of the seizure
recorded with 4 electrode EEG montage is shown in Video S2.
The scale bar is the same for both A and B.
(C) Sequential EEG-ECG tracings recorded at various stages (1–5) during a terminal seizure
in T311I/T311I mutant. Upper traces, unilateral cortical EEG activity, lower traces, ECG. The
scale bars in both the EEG and ECG traces are 0.5 s and 200 mV.

Goldman et al. Page 18

Sci Transl Med. Author manuscript; available in PMC 2010 October 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Goldman et al. Page 19

Ta
bl

e 
1

Su
m

m
ar

y 
of

 th
e 

nu
m

be
r 

of
 E

E
G

 a
nd

 E
C

G
 a

bn
or

m
al

iti
es

 d
et

ec
te

d 
in

 th
e 

A3
40

E 
an

d 
T3

11
I c

oh
or

t

Th
e 

da
ta

 re
pr

se
nt

 th
e 

m
ea

n 
nu

m
be

r o
f a

bn
or

m
al

iti
es

 g
iv

en
 a

s m
ea

n 
± 

SE
M

 o
bt

ai
ne

d 
fr

om
 re

pr
es

en
nt

at
iv

e 
an

im
al

s f
ro

m
 tw

o 
se

pe
ar

at
e 

on
e-

ho
ur

 re
co

di
ng

s,
ev

al
ua

te
d 

by
 a

 p
er

so
n 

bl
in

de
d 

to
 th

e 
ge

no
ty

pe
 o

f t
he

 a
ni

m
al

.

M
ou

se
 li

ne
 (n

)

T
ot

al
 In

te
ri

ct
al

 E
E

G
ab

no
rm

al
iti

es
 (p

er
ho

ur
)

T
ot

al
 In

te
ri

ct
al

 E
C

G
ab

no
rm

al
iti

es
 (p

er
 h

ou
r)

*

C
on

cu
rr

en
t E

E
G

 a
nd

E
C

G
 a

bn
or

m
al

iti
es

(p
er

 h
ou

r)

Pe
rc

en
ta

ge
 o

f t
ot

al
E

E
G

 e
ve

nt
s w

ith
co

nc
ur

re
nt

 E
C

G
ev

en
t (

co
nc

ur
re

nt
E

E
G

+E
C

G
/to

ta
l

E
E

G
)

Pe
rc

en
ta

ge
 o

f t
ot

al
E

C
G

 e
ve

nt
s w

ith
co

nc
ur

re
nt

 E
E

G
ev

en
t (

co
nc

ur
re

nt
E

E
G

+E
C

G
/to

ta
l

E
C

G
)

Pa
rt

ia
l s

ei
zu

re
s

(p
er

 h
ou

r)
C

on
vu

ls
iv

e 
se

iz
ur

es
**

A
34

0E
/A

34
0E

 (3
)

23
0.

0±
51

.7
10

6.
0±

27
.0

74
.6

±3
7.

3
30

.1
±1

0.
3

62
.9

±1
9.

3
8.

7±
0.

9
4

A
34

0E
/+

 (3
)

13
0.

8±
42

.3
68

.6
±1

8.
2

21
.0

±1
5.

0
12

.3
±5

.8
33

.3
±2

4.
5

4.
7±

0.
9

1

A
34

0E
 w

ild
ty

pe
 (4

)
2±

0.
72

**
*

0.
9±

0.
16

 *
**

*
0

0
0

0
0

T3
11

I/T
31

1I
 (3

)
27

8.
5±

76
.7

10
1.

7±
41

.6
74

.7
±3

7.
3

23
.6

±6
.7

66
.5

±1
1.

6
9.

7±
0.

9
3

T3
11

I/+
 (3

)
17

7.
3±

9.
7

65
.0

±2
1.

6
53

.6
±1

7.
4

29
.3

±8
.7

83
.5

±1
.5

6±
1

2

T3
11

I w
ild

ty
pe

 (3
)

2.
5±

1.
74

**
*

1.
4±

0.
9 

**
**

0
0

0
0

0

* Th
e 

m
ot

io
n 

ar
te

fa
ct

 p
re

ve
nt

ed
 a

cc
ur

at
e 

as
se

ss
em

en
t o

f a
ss

oc
ia

te
d 

EC
G

 a
bn

or
m

al
iti

es
 d

ur
in

g 
pa

rti
al

 a
nd

 c
on

vu
ls

iv
e 

se
iz

ur
es

.

**
Th

e 
st

oc
ha

st
ic

 c
ha

ra
ct

er
 o

f c
on

vu
ls

iv
e 

se
iz

ur
es

 p
ro

m
pt

ed
 th

ei
r q

ua
nt

ifi
ca

tio
n 

in
 a

bs
ol

ut
e 

co
un

ts
 p

er
 g

en
ot

yp
e.

**
* Th

e 
ve

ry
 ra

re
 E

EG
 a

bn
or

m
al

iti
es

 o
bs

er
ve

d 
in

 w
ild

 ty
pe

s w
er

e 
m

or
ph

ol
og

ic
al

ly
 d

iff
er

en
t f

ro
m

 th
os

e 
se

en
 in

 th
e 

m
ut

an
ts

. T
he

y 
w

er
e 

re
pr

es
en

te
d 

by
 lo

w
 to

 m
od

er
at

e 
vo

lta
ge

 b
ro

ad
 b

as
ed

 sh
ar

p 
w

av
es

 o
r l

ow
vo

lta
ge

 sh
ar

p 
sp

ik
es

 n
ot

 fo
llo

w
ed

 b
y 

a 
sl

ow
 w

av
e.

 T
he

ir 
m

or
ph

ol
og

ic
al

 a
ttr

ib
ut

es
 w

er
e 

co
ns

is
te

nt
 w

ith
 n

on
-e

pi
le

pt
ifo

rm
 sh

ar
p 

tra
ns

ie
nt

s a
s o

pp
os

ed
 to

 th
e 

ab
no

rm
al

 w
av

ef
or

m
s f

ou
nd

 in
 th

e 
m

ut
an

t l
in

es
. T

he
re

w
er

e 
no

 p
ar

tia
l o

r g
en

er
al

iz
ed

 c
on

vu
ls

iv
e 

se
iz

ur
es

 o
bs

er
ve

d 
in

 w
ild

 ty
pe

 li
tte

rm
at

es
.

**
**

Th
e 

EC
G

 a
bn

or
m

al
iti

es
 se

en
 m

os
t f

re
qu

en
tly

 in
 th

e 
m

ut
an

t a
ni

m
al

s w
er

e 
pr

em
at

ur
e 

at
ria

l c
om

pl
ex

es
, a

tri
al

 fi
br

ill
at

io
n 

w
ith

 ru
ns

 o
f v

en
tri

cu
la

r t
ac

hy
ca

rd
ia

, a
tri

al
 fl

ut
te

r, 
an

d 
ep

is
od

ic
 a

tri
o-

ve
nt

ric
ul

ar
co

nd
uc

tio
n 

bl
oc

k.
 T

he
 so

le
 E

C
G

 a
bn

or
m

al
ity

 se
en

 in
 b

ot
h 

A3
40

E 
an

d 
T3

11
I w

ild
 ty

pe
 li

tte
rm

at
es

 w
er

e 
ra

re
 p

re
m

at
ur

e 
ve

nt
ric

ul
ar

 c
om

pl
ex

es
.

Sci Transl Med. Author manuscript; available in PMC 2010 October 8.


