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A Novel Genetic Pathway for Sudden Cardiac Death
via Defects in the Transition between Ventricular
and Conduction System Cell Lineages

In most cases, the underlying cause of death is the rapid
onset of lethal ventricular arrhythmias in the setting of
acquired heart disease. The onset of sudden cardiac
death is multifactorial, and the elucidation of the precise
molecular and cellular pathways responsible for this
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Figure 1. Gene Targeting Strategy of HF-1b Locus

(A) Diagram of the HF-1b endogenous locus, the targeting construct, and the resulting targeted HF-1b locus. Exons are denoted as solid
black rectangles. Restriction sites are as follows: X 5 XhoI, H 5 HpaI, Xb 5 XbaI, N 5 NotI, and S 5 SalI.
(B) Representative Southern blot of genomic DNA from 13 ES clones; clones 1 and 12 show the mutant allele as a result of homologous
recombination.
(C) Northern blot analysis of RNAs from wild-type (1/1), heterozygous (1/2), and homozygous (2/2) HF-1b mice.
(D) Detection of wild-type (1/1) and mutant alleles by PCR analysis of genomic DNA from tail biopsies of progeny from a heterozygous 3

heterozygous cross. The genotypes and their corresponding PCR products are as follows: HF-1b2/2 5 250 bp; HF-1b1/2 5 354 bp and 250
bp; HF-1b1/1 5 354 bp.

overt heart failure or hypertrophy. Via the generation of with the expected Mendelian frequency, thereby indicat-
ing no embryonic lethality. Unlike the previously re-mice that harbor a deficiency in a cardiac transcription

factor that is enriched in ventricular and conduction ported Sp4 knockout mice, which have a high perinatal
mortality rate (i.e., two-thirds die within the first few dayssystem lineages, the present study provides direct evi-

dence for this novel pathway for sudden cardiac death. after birth), z40% of the HF-1b mice survive beyond
6–8 months. The surviving HF-1b-deficient animals are
relatively smaller in size compared to their control lit-

Results termates and are reproductively sterile.

Generation of HF-1b Null Allele Mice
HF-1b is a cardiac transcription factor related to the SP-1 Preferential Expression of HF-1b in Ventricular

and Cardiac Conduction System Cell Lineagesgene family (Zhu et al., 1993). An earlier gene targeting
study of HF-1b (or Sp4), where only the DNA binding in the Developing Heart

During early embryogenesis, HF-1b is expressed pre-domains were removed, revealed that HF-1b/Sp4 is es-
sential for normal murine growth (Supp et al., 1996). Since dominantly in the developing neuroepithelium and the

central nervous system with a uniformly low level ofthis gene targeting strategy could potentially result in a
hypomorphic and/or dominant-negative allele versus a expression in the ventricular segment of the developing

heart tube at E8.5 postcoitum (pc) (data not shown). Bytrue null allele, we introduced a lacZ reporter gene into
the endogenous locus of HF-1b that eliminated the start day 12.5 pc, HF-1b cardiac expression is restricted to

the conotruncus, specifically at the lateral limits of thecodon (Figure 1A). Two targeted embryonic stem cell
clones were used to establish mouse lines carrying the conoventricular boundary and in the interventricular

septum with little or no detectable expression in theHF-1b mutation (Figure 1B), resulting in the complete
inactivation of the endogenous gene as assessed by atrial chamber (Figure 2A). This predominantly ventricu-

lar restricted pattern is maintained from E13.5 pc (FigureNorthern blot analyses (Figure 1C) and also allowing
phenotypic characterization of offspring from heterozy- 2B) up to E17.5 pc, when a gradient is established that

reveals a higher level of HF-1b expression in the leftgous intercrosses (Figure 1D). HF-1b2/2 mice appeared
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Figure 2. Developmental Pattern of HF-1b
Expression in Embryonic Mouse Heart as De-
termined by lacZ Staining

(A) Heart from day 12.5 pc HF-1b embryo. (B)
Hearts from day 13.5 pc wild-type, heterozy-
gous, and homozygous HF-1b embryos.
Transverse (C) and sagittal (D) sections from
two different day 17.5 pc HF-1b2/2 embryos.
(E and F) Serial transverse sections from an
adult HF-1b1/2 mouse. lacZ staining in puta-
tive Purkinje cells (C, arrows), and in AV ring,
His bundle, and bundle branches of the cen-
tral conduction system (D, arrows). Asterisk
in (D) indicates localized lacZ staining in the
right atrial appendage.

versus the right ventricle (Figures 2C and 2D). The high- and 0/40 for 1/2 and 1/1, respectively, in data com-
piled from 16 independent litters). The manner in whichest level of lacZ staining coincides with the developing

conduction system. lacZ-positive cells were observed these homozygous mutants died was characterized as
“sudden death,” since the animals were unexpectedlyon the most anterior aspect of the interventricular sep-

tum and in a subpopulation of subendocardial cells ex- found dead within 24 hr of displaying relatively normal
behavior and activity levels. Within one week of birth,tending down either side of the septum, particularly on

the right ventricular side reminiscent of the branching the incidence of perinatal death for the HF-1b2/2 mice
amounted to 11% (or 4/34). By one month, an additionalbundles and Purkinje fibers of the ventricular conduction

system (Figures 2C and 2D, arrows). lacZ-positive cells 32% (or 11/34) of HF-1b2/2 mice were found dead. Of
the mutant animals that survived past one month of age,were also localized to a very discrete region in the right

atrium (Figure 2D, asterisk). In the adult heart, the clus- 15% (or 5/34) also died unexpectedly around the age
of 6–8 months despite having normal appearance andters of supravalvular cardiomyocytes with the most in-

tensely blue lacZ staining coincided with the primary behavior the previous day.
atrioventricular ring (Figure 2E, arrowhead) and were in
greater abundance at the apex (Figure 2F) when com-

HF-1b-Deficient Mice Are Highly Susceptiblepared to the base (Figure 2E) of the heart. Thus, HF-1b
to Inducible Ventricular Arrhythmiasappears to be preferentially expressed in the ventricular
A detailed analysis of cardiac electrophysiological func-muscle and in components of the cardiac conduction
tion was undertaken in the surviving HF-1b mutant micesystem.
(Figure 3). Heart rate (HR, bpm) and PR interval (ms)
were not significantly different in control (n 5 10) and
mutant (n 5 13) mice, respectively (HR: control 5 461 6HF-1b-Deficient Mice Display

a Sudden Death Phenotype 51 versus 2/2 5 400 6 39; PR: control 5 36 6 5 versus
2/2 5 38 6 4). To gauge the relative inducibility of life-Even though the HF-1b deficiency did not result in em-

bryonic lethality, the HF-1b-deficient animals displayed threatening ventricular arrhythmias, we developed an
electrical stimulation protocol with a miniaturized ven-an increased incidence of postnatal mortality (by 6–8

months of age, 59%, or 20 out of 34 HF-1b2/2 mice died tricular plaque electrode designed to induce ectopic or
reentrant rhythms. This approach involved performingversus 0% for both heterozygous and wild type, i.e., 0/67
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Figure 3. Inducible and Spontaneous Ventricular Arrhythmias in HF-1b Mutant Mice

(A) Representative ECG of inducible ventricular tachycardia in HF-1b mutant mouse. Simultaneous ECC recordings (surface lead I and two
epicardial leads, Epi1 and Epi2) for a HF-1b mutant that experienced ventricular tachycardia resulting from programmed ventricular stimulation
with a single premature stimulus (S1).
(B) Summary of ECG data from HF-1b and wild-type mutant and mice obtained with implantable radio telemetry.

programmed ventricular stimulation during sinus rhythm was surgically implanted to allow transmission and on-
line recording of electrocardiogram (ECGs) from con-and scanning diastole with a single premature stimulus
scious, freely moving, unanesthetized mice. To capture(S1) to determine ventricular refractoriness. Ventricular
spontaneous arrhythmias, continuous ECG recordingstachycardia was induced by a single extra stimulus in
were acquired and stored in full waveform format. Con-all of the mutant HF-1b mice (13 out of 13, Figure 3A). In
tinuous recording of 11 HF-1b mutant animals was ac-contrast, none of the control wild-type or heterozygous
quired (total accumulated time 5 166 days) to qualita-animals displayed ventricular tachycardia after receiving
tively and quantitatively evaluate the arrhythmias anda single extra stimulus, and only short runs of ventricular
to obtain unequivocal ECG evidence for authentic, spon-ectopic rhythm were induced following either double or
taneous sudden death events. Littermate control micetriple ventricular premature stimuli. The induced arrhyth-
were also examined in parallel, revealing no ECG abnor-mias observed in the HF-1b-deficient mice were primar-
malities in over 80 days of continuous recording. Theily monomorphic (11 out of 13) but nonsustained (872 6
incidence of sudden death was higher in HF-1b mutant683 ms VT duration; n 5 12). Subsequently, a systematic
mice (8 out of 11) when compared to their wild-type con-examination (Kubalak et al., 1996) of the rest of the
trols (0 out of 5). The cause of death in these HF-1bsurviving HF-1b2/2 mice (n 5 13) for cardiac chamber
mutant mice was clearly related to the underlying rhythmvolume size, wall thickness, and contractility by echo-
disturbances. While no arrhythmias or conduction ab-cardiography and miniaturized catheterization revealed
normalities were observed in wild-type or heterozygousno evidence of heart failure, injury, and basal or inducible
controls, there were conduction defects in the HF-1bdysfunction (data not shown).
mutant mice that indicated physiological dysfunction at
all levels of the conduction system, i.e., SA and AV node,

Continuous Telemetric Monitoring Reveals His bundle, and distal Purkinje fibers. All of HF-1b mu-
Spontaneous Sudden Cardiac Death Due tant mice examined had intermittent sinus pauses (Fig-
to Widespread Conduction Defects and Ventricular ure 4A), while none were observed in the control mice.
Arrhythmogenesis in HF-1b2/2 Mice HF-1b mutant mice also show a high incidence of sinus
To determine if life-threatening arrhythmias contributed bradycardia and AV block (Figures 4B and 4C) as well
to the sudden death of the HF-1b mutant mice, im- as spontaneous ventricular tachycardia (Figures 4D–4E).
plantable radio telemetry was used to continuously These data are most consistent with the arrhythmias
monitor electrocardiographical data from both wild-type observed in the setting of end stage heart failure that

can be associated with idioventricular arrhythmias asand mutant mice (Figure 3B). A microradio transmitter
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Figure 4. Representative ECGs from HF-1b
Mutant Mice Obtained with Implantable Ra-
dio Telemetry

(A) Sinus pause and sinus bradycardia in HF-
1b mutant mouse. AV block in HF-1b mutant
mouse, representative example of 28 (B) and
38 AV block (C). Spontaneous ventricular
tachycardia in HF-1b mutant mouse (D).
Spontaneous ventricular tachycardia, asys-
tole, and sudden death in an HF-1b mutant
mouse (E).

well as ventricular arrhythmias. The pattern of arrhyth- (Figures 2E and 2F) were indeed part of the central con-
duction system since the same corresponding areasmias at the time of death indicates a pattern often seen

in the setting of end stage heart failure where a mixture also costained with Cx40 and b-galactosidase (Figures
5A–5C). To establish the role of HF-1b in defined regionsof tachycardia and bradycardia degenerates into asys-

tole as opposed to ventricular fibrillation (Figure 4E). How- of the cardiac conduction system, we analyzed the Cx40
expression patterns in both wild-type and HF-1b mutantever, since there was no associated evidence of hyper-

trophy, heart failure, or dilated cardiomyopathy, the mice. Cx40 immunolocalized to the appropriate compo-
nents of the conduction system, including the proximalarrhythmias in these HF-1b mutant animals reflects a

primary electrophysiological defect as opposed to sim- region of the AV node, His bundle, bundle branches
(data not shown), and in the peripheral Purkinje fibersply reflecting a secondary effect related to heart failure.
in both wild-type and mutant littermates (Figures 5D–5I).
However, there were distinct differences in the cellularMarked Defects in Cardiac Conduction System

Cell Lineages in the HF-1b-Deficient Mice distribution of Cx40-containing gap junctional plaques
between wild-type and mutant mice, particularly in theTo determine if the widespread arrhythmias reflected

structural defects in the cardiac conduction system, we distal Purkinje cells (Figures 5D–5I). Cx40 expression,
as assessed by the number of Cx40-positive myocytesemployed markers that differentiate the conduction tis-

sue from ventricular myocytes. During the first 3 weeks per total Purkinje cells, demonstrated there were mark-
edly fewer cells expressing Cx40 in HF-1b mutant miceof postnatal life, the connexins become localized in a

restricted manner to the intercalated discs as the adult (45%) when compared to their littermate controls (84%)
(Figure 5J). Furthermore, the distribution of Cx40 withinventricular cells attain their rod shape and as the distal

Purkinje system becomes mature (Angst et al., 1997). the cells themselves was altered in HF-1b mutant hearts.
Normally, there is a redistribution of Cx40 from the cyto-In the murine heart, connexin 40 (Cx40) has been shown

to be a sensitive marker for central and peripheral con- sol to the cell membrane during early postnatal develop-
ment representing the formation of functional gap junc-duction system (Gourdie et al., 1993; Delorme et al., 1995).

lacZ-positive areas in the adult HF-1b mutant hearts tion plaques at the cell membrane (Litchenberg et al.,
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Figure 5. Immunolocalization of HF-1b and Connexin 40 in the Cardiac Conduction System

Colocalization of HF-1b (A) and Cx40 (B) in the AV node and branching bundle of an adult HF-1b mutant mouse (C). Expression pattern of
connexin 40 (Cx40) in the distal Purkinje fibers of wild type (D and F) compared to HF-1b-deficient mouse (E and G). (H) and (I) are higher
magnification views of the insets in (F) and (G). Note the more random distribution of Cx40 expression in the HF-1b null mutant. Alignment
of Cx40 to cell borders is more easily identified in the wild-type animal (H, arrowheads) as compared to the mutant mouse (I, arrowheads).
Quantitation of Cx40 expression was performed by two different criteria: (1) by determining the relative number of Cx40-positive myocytes
with clusters of Purkinje cells (J) and (2) by determining the relative intracellular distribution pattern of Cx40 protein either at the cell membrane
(presumably functional gap junction plaques) or randomly distributed (nonfunctional) within the cell (K). Values are representative of two
separate sets of wild-type and HF-1b mutant hearts. All Cx40-positive areas within 2–3 separate sections were analyzed for each animal.
Note that in the HF-1b null heart, less cells within clusters of Purkinje cells were expressing Cx40 and those that were expressing Cx40 in
mutant hearts had a more random distribution pattern within the cells.
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2000). In wild-type mice, z79% of Cx40-positive Pur- rhythm disturbances, electrophysiological studies were
kinje cells displayed Cx40 immunostaining distributed performed on enzymatically isolated adult ventricular
at the cell borders in comparison to 46% of immuno- cells from wild-type HF-1b and 2/2 mutant littermates
positive sites located randomly within the cell (Figures using patch-clamp techniques (Figure 7). Action poten-
5F, 5H, and 5K). In contrast, mutant hearts showed only tials, stimulated at a physiological rate (5 Hz) and mea-
32% of Cx40-positive staining at cell borders, while 68% sured by whole-cell patch-clamp technique, were signif-
displayed a random distribution (Figures 5G, 5I, and 5K). icantly prolonged as indicated by the time of 50%
These results suggest that HF-1b-dependent downstream repolarization (1/1 5 10.6 6 3.0 ms versus 2/2 5 25.3 6
pathways may play a role in trafficking of the Cx40 protein 7.4 ms; p , 0.08) and of 90% repolarization (1/1 5
to gap junctional sites. Interestingly, we have recently de- 32.5 6 8.7 ms versus 2/2 5 86.3 6 15.3 ms; p , 0.006)
tected parallel differences in the cellular distribution pat- (Figure 7B). Although the action potential duration re-
tern for Cx43, a gap junction protein that is predomi- vealed intrinsic variability, the pooled APD data demon-
nantly expressed in the working myocardium (L. W. N., strated that, on average, mean action potential duration
R. S., V. T. B. N.-T., K. R. C., S. W. K., and R. G. G., was significantly prolonged in HF-1b mutant cells. The
unpublished data). Together, these findings are consis- larger scatter of action potential duration (APD) ob-
tent with growing evidence supporting the role of altered served in the HF-1b-deficient mice suggested a greater
connexin distribution in arrhythmogenesis (Kirchoff et spatial heterogeneity of APD in ventricular myocytes
al., 1998; Simon et al., 1998; van der Velden et al., 1998).

compared to wild-type mice. To confirm this hypothesis,
Recently, minK (or IsK or KCNE1), a small protein

action potentials were measured in ventricular myocytes
that heterodimerizes with KvLQT1 to generate a delayed

isolated from left ventricular (LV) septal cells and fromrectifier K1 current in mammalian cardiac myocytes
LV epicardial cells near the apex. The perforated patch-(Barhanin et al., 1996), has been shown to be a marker
clamp technique was used to ensure APD measurementsof the cardiac conduction system in the murine heart
were obtained under more physiological conditions.(Kupershmidt et al., 1999). Since the cardiac expression
Consistent with our previous whole-cell recordings (Fig-pattern of HF-1b is almost superimposable to that of
ure 7B), septal APDs from HF-1b mutant mice wereminK during heart development, we analyzed minK ex-
significantly prolonged compared to those from litter-pression via an RNase protection assay using RNA har-
mate control animals, while apical APDs were not signifi-vested from the intact ventricle of wild-type, heterozy-
cantly different (Table 1). Interestingly, APDs obtainedgous, and HF-1b mutant mice. While the transcript levels
from the septal endocardial cells of HF-1b mutant ani-of both KvLQT1 and Kv1.5 remain relatively unchanged,
mals were significantly prolonged compared to apicalthere was a significant induction of minK in the ventricles
cells, reflecting greater transmural heterogeneity of re-of HF-1b mutant mice when compared to their littermate
polarization in the HF-1b mutant mice.controls (Figures 6A and 6B).

To establish whether this increased minK mRNA level
reflected the ectopic expression of minK outside of the

HF-1b-Deficient Mice Display a Decrease in theconduction system per se in HF-1b mutant mice, the
Density of a Delayed Rectifier K1 Currentcellular distribution of minK was determined by in situ

analyses in hearts at two distinct temporal windows, Earlier work in normal adult mouse ventricular myocytes
neonatal and adult (Figures 6C–6H). In wild-type neonatal has shown that depolarizing voltage-clamp steps acti-
hearts, minK expression was highly expressed in the vate a number of outward K1 conductances (Zhou et
atrioventricular junction and extended posteriorly in an al., 1998; Xu et al., 1999a): qualitatively, these can be
organized pattern reminiscent of the cardiac conduction described as a Ca12-independent transient outward cur-
tissue along both sides of the interventricular septum rent and a rapidly activating, slowly inactivating delayed
(Figures 6C and 6E). In HF-1b mutant neonatal hearts, rectifier K1 current. Since action potential duration is
minK was detected in the atrioventricular junction at levels regulated at least in part by repolarizing K1 currents,
similar to those in the wild type. However, the organized these conductances were measured under voltage-
expression in the ventricular septum seen in wild-type clamp. The superimposed current records in Figure 7C
mice was replaced by a dispersed, intense hybridization demonstrate that the rapidly activating, slowly inactivat-
signal throughout the septum (Figures 6D and 6F), re- ing delayed rectifier in myocytes from homozygotes was
flecting a developmental defect in conduction system

significantly decreased. In contrast, neither the transient
formation in HF-1b mutant mice. In the adult heart of

outward K1 current nor the K1 current that regulateswild-type mice, minK mRNA was downregulated in the
resting membrane potential (IK1) were changed signifi-adult heart to background levels (Figure 6G). In contrast,
cantly when control and HF-1b-deficient myocytes werein the mutant adult hearts, downregulation of minK only
compared (Figure 7C). The I–V plots in Figure 7D showoccurred in the ventricular septum (negative results not
that K1 current (measured at the peak and at the endshown), while the entire transmural myocardium dis-
of the 500 ms voltage-clamp steps) was reduced sub-played abundant expression of minK (compare Figures
stantially at membrane potentials corresponding to the6G and 6H), consistent with the earlier persistent, ec-
plateau and repolarization phases of the action poten-topic expression observed in the mutant neonatal hearts.
tial. Taken together, these results suggest that a se-
lective reduction in the density of the delayed rectifierHF-1b-Deficient Mice Display Increased Action
(IK, slow) is largely responsible for the action potential pro-Potential Duration, Heterogeneity, and Dispersion
longation and dispersion seen in HF-1b2/2 mutantsTo gain insight into the cellular defects responsible for

the observed alterations in the ECG and the induced (Zhou et al., 1998; Xu et al., 1999b).
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Figure 6. Induction and Mislocalization of
minK Expression in Ventricles from HF-1b
Mutant Mice

(A) Representative RNase protection assay of
K1 channels Kv1.5 and KvLQT1, and minK
mRNA levels in HF-1b2/2 and control mice
(1/2, 1/1). Note that minK is induced while
Kv1.5 and KvLQT1 remained almost un-
changed in HF-1b2/2 mice. Total RNA (10 mg)
from ventricles of HF-1b2/2 pups (3–4 weeks
old) and their littermate controls from inde-
pendent litters (n 5 6) were assayed. Lane 1,
unprotected riboprobe sizes of GAPDH (a 5

403 bp), Kv1.5 (b 5 258 bp), KvLQT1 (c 5 199
bp), and minK (d 5 135 bp). Lane 2, HF-1b2/2

(n 5 9); Lane 3, HF-1b1/2 (n 5 6); Lane 4,
HF-1b1/1 (n 5 7). Protected fragments of
GAPDH 5 316 bp, Kv1.5 5 181 bp, KvLQT1 5

170 bp, and minK 5 106 bp.
(B) Fold increase of Kv1.5, KvLQT1, and minK
mRNAs in HF-1b 1/1, 1/2, and 2/2 mice.
Quantitation of radioactivity was performed
and values were normalized with GAPDH sig-
nal. Fold increase was calculated with value
from 1/1 mice as a reference of 1.00. Kv1.5:
1/2 5 1.64 6 0.08; 2/2 5 1.32 6 0.2.
KvLQT1: 1/2 5 1.14 6 0.18; 2/2 5 1.26 6

0.16. minK: 1/2 5 2.46 6 0.55; 2/2 5 3.32 6

0.58 (p , 0.01). Values are mean 6 SEM.
(C–H) Comparison of minK expression in the
wild-type and HF-1b mutant hearts at neona-
tal and adult stage via in situ hybridization. (C)
Neonatal wild-type hearts display restricted
hybridization signal to the atrioventricular
junction and extends as a gradient towards
the apex. (D) In HF-1b mutant neonatal
hearts, minK is detected as a diffused signal
that includes ventricular septum and ventric-
ular free wall. (E) One hundred times magnifi-
cation of interventricular septum of wild-type
and (F) HF-1b mutant neonate. minK expres-
sion in similar sections from wild-type and
mutant adult hearts. (G and H) Signal is re-
duced to background levels throughout the
wild-type heart (G), not detectable by the sen-
sitivity of our method. (H) Strong hybridization
signal is detected in epicardial myocyctes in
HF-1b mutant adult hearts.

Discussion 1999). This recruitment process is continuous through-
out the early stages of heart development. Successful
morphological and functional transition between myo-HF-1b Pathways Play a Critical Role in the

Electrophysiological Transition between genic and conduction system lineages is critical for es-
tablishing the graded changes in action potential dura-Ventricular and Conduction System Cell Lineages

Maintenance of normal cardiac rhythm in a mature heart tion, pacemaker activity, repolarization, and contractility
phenotypes that are distinct features of ventricular, SArequires the development of specialized pacemaker and

conduction system that initiates and propagates the nodal, AV nodal, and Purkinje cell lineages. Each of
these cells displays a distinct subset of genes that con-cardiac impulse in a uniform pattern, thus ensuring syn-

chronous contraction and unidirectional blood flow. fer the specific electrophysiological phenotype in the
central conduction, distal conduction, and ventricularConduction system cell lineages include the sinoatrial

and atrioventricular nodes that contain pacemaker cells muscle cells. In the ventricular chamber of the mouse,
connexin 40 is localized to the myocardial componentthat determine the heart rate, as well as the His-Purkinje

system that delivers the impulse to the ventricular myo- of the conduction system. In contrast, connexin 43 is
predominantly expressed throughout the ventricularcardium, and is responsible for transmural activation

in the left ventricle. Recently, retroviral lineage tracing myocardium, although coexpression of both Cx40 and
Cx43 occurs in some distal Purkinje fiber networksstudies in an avian system have provided compelling

evidence that conduction cells are derived from cardio- (Gourdie et al., 1993). minK, a subunit of one type of
heteromeric potassium channel that regulates repolar-myogenic precursors in the tubular heart (Cheng et al.,
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Figure 7. HF-1b2/2 Mice Have Prolonged
and Heterogeneous Action Potential Dura-
tions and a Decrease in the Density of a De-
layed Rectifier K1 Current

(A) Representative action potentials recorded
from ventricular myocytes isolated from con-
trol (1/1) and HF-1b2/2 animals. Stimulation
frequency was 5 Hz. Dashed line indicates
zero membrane potential. Time and mem-
brane potential calibrations are the same for
both action potentials.
(B) Scattergram comparing action potential
durations at 50% (APD50) and 90% (APD90) re-
polarization from control (n 5 14) and HF-1b2/2

(n 5 17) cells. The hatched bars indicate the
mean 6 SEM for each data group. Note that
the difference in mean APD50 between con-
trols and HF-1b2/2 (10.6 6 3 ms versus 25.3 6

7.3 ms, respectively) was not statistically sig-
nificant (p 5 0.8, unpaired Student’s t test,
with Welch’s correction). However, the differ-
ence in mean APD90 (control 5 32.5 6 8.7 ms
versus 2/2 5 86.3 6 15.3 ms) was statisti-
cally significant (p 5 0.006).
(C) Representative families of membrane cur-
rents from voltage-clamped ventricular myo-
cytes from wild-type (1/1, left panel) and
from HF-1b2/2 (right panel). Currents were ac-
tivated by 500 ms voltage-clamp steps (from
2120 mV to 160 mV, in 10 mV increments).
Holding potential was 280 mV. Currents were
normalized to cell membrane capacitance in
each case: 1/1 5 99.4 pF; 2/2 5 108 pF.
Horizontal arrow to the left of each superim-
posed set of current records indicates the
zero current level. Current density and time
calibrations are identical for both sets of cur-
rent records.
(D) Comparison of mean 6 SEM current–
voltage relationships for ventricular myocytes
from 1/1 and 2/2 mice. Peak current density
versus membrane potential from 9 1/1 and
6 2/2 cells (left panel). Isochronal current
density measured at the end of the 500 ms
voltage-clamp steps (right panel).

ization of the heart, displays a restricted pattern of ex- AV node, the atrioventricular ring, branching bundles in
the interventricular septum, and the distal His-Purkinjepression in the central and distal conduction system,

with little expression in ventricular muscle cells per se fibers. The timing of onset of HF-1b appearance during
cardiac development coincides with the process of the(Kupershmidt et al., 1999). The precise factors that are

responsible for the transition from ventricular to Purkinje recruitment of myogenic precursors into the conduction
system. Mice that harbor a complete deficiency in HF-1bfiber cells are unknown. Recently, perivascular derived

factors have been implicated by retroviral lineage trac- display a 100% penetrance of severe conduction de-
fects that are evident in the entire conduction system.ing studies that demonstrated that this transition occurs

in close proximity to coronary arterioles. The expression pattern of conduction system–specific
markers are markedly abnormal with a decrease in theThe present study provides several independent lines

of evidence to support a critical role of HF-1b/SP4, a number of distal Purkinje fiber cells and an upregulation
of a conduction system–specific marker, e.g., minK, inmember of the SP-1 transcription factor gene family, in

the electrophysiological transition between ventricular the ventricular chamber. Further evidence of defects in
the electrophysiological phenotype of ventricular mus-and conduction system cell lineages. As documented

via a knockin of lacZ into the endogenous locus, the cle cells includes a marked increase in action potential
heterogeneity (prolonged action potentials in septal en-HF-1b gene displays a restricted pattern of expression

within the ventricular chamber and is preferentially ex- docardial cells but not in apical epicardial cells), a selec-
tive decrease of the rapidly activating, delayed rectifierpressed in conduction system lineages, including the
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critical component of the potassium channel that is de-Table 1. Spatial Dispersion of Action Potential Durationa

fective in a subset of long QT patients, does not produce
Control 2/2 any evidence of arrhythmias or lethality (Charpentier et

Septal Endocardial 67.2 6 8.0 (13) 92.9 6 6.5 (15)b,c al., 1998; Drici et al., 1998). To date, there have been
Apical Epicardial 53.4 6 4.9 (15) 48.9 6 12.2 (8) no previous reports of genetically based mouse models

of authenticated sudden cardiac death. The results ofa APD (ms) measured at 90% repolarization.
the present study support the concept that the mouseb p , 0.009 control septal versus 2/2 septal cells.

c p , 0.001 2/2 septal versus 2/2 apical cells. can be engineered to be a valid model of cardiac sudden
death, and the technology exists to accurately quantitate
complex rhythm disturbances, even in animals at an
early age with spontaneous heart rates in excess of 500K1 current and sudden cardiac death characterized by
beats per minute. The insights gained from the monitor-ventricular arrhythmias. Remarkably, all of the pheno-
ing data suggest that it will indeed be feasible to identifytypes in the HF-1b mice were restricted to features that
modifiers of this complex electrophysiological pheno-control the electrophysiological phenotype of ventricu-
type in a manner analogous to what has already beenlar muscle and conduction system cells, with no effects
accomplished with regard to contractility and heart fail-on cardiac chamber morphogenesis, dilation, hypertro-
ure phenotypes (Chien, 1999; Hirota et al., 1999; Minami-phy, or basal contractile function. Thus, a HF-1b-depen-
sawa et al., 1999). It will become of particular interestdent pathway appears to selectively orchestrate the
to interbreed HF-1b2/2 mice with strains that harborelectrophysiological phenotype of ventricular muscle
modifications in targets that have been proposed tocells, which results in the defective formation of conduc-
suppress or promote the sudden death phenotype.tion system cell lineages.

HF-1b contains an SP-1-like C2H2 zinc finger DNA
binding domain and has previously been shown to act Defects in the Transition between Ventricular

and Conduction System Cell Lineages: A Newas a transcriptional activator in ventricular muscle cells
(Zhu et al., 1993). Since transgenic mice that condition- Mechanistic Pathway for Cardiac Sudden Death

Although sudden cardiac death is a major manifestationally overexpress HF-1b in the ventricular muscle do not
display any conduction system defects at the physiolog- of heart disease, understanding of the mechanism that

leads to its onset is very limited at present. Recently,ical level (data not shown), it is unlikely that HF-1b is
acting dominantly to promote the conversion of ventric- the discovery of heritable mutations in potassium and

sodium channel genes that can confer a risk for suddenular muscle cells to conduction system lineages. Clearly,
other cues are required, and the possibility exists that death due to their effects on prolonging the QT interval

and the action potential duration were reported (CurranHF-1b may be acting as a positive regulator for the
activation of distinct panels of ion channels and connex- et al., 1999; Roden and Spooner, 1999). However, only

20% of family members harboring the disease gene ulti-ins in both lineages. The development of mice that har-
bor lineage-restricted mutations in HF-1b with cre-lox mately display the cardiac sudden death phenotype. In

addition, sudden cardiac death in its most common formtechnology (Chen et al., 1998; Hirota et al., 1999) should
allow a critical examination of the mechanistic pathways is associated with cardiomyopathy and/or heart failure

in the absence of ion channel mutations per se. Theseand downstream target genes in the HF-1b pathway that
controls the electrophysiological transition of ventricular considerations strongly suggest that additional path-

ways to induce sudden death must exist. The discoveryto conduction system cells.
of this “second hit” required to produce sudden death
would be of importance in understanding the pathwaysA Genetically Based Model of Cardiac Sudden

Death due to Ventricular Arrhythmias that control normal cardiac rhythm and in identifying
new therapeutic targets to intervene in this disease.in HF-1b-Deficient Mice

The development of genetically based mouse models Currently, cardiac sudden death is largely untreatable
via drug-based approaches, and implantable defibrilla-to study the factors responsible for sudden cardiac

death due to lethal arrhythmias has proven to be a signif- tors are the only currently accepted form of therapy.
The present study provides clear evidence that de-icant challenge. The mouse model poses several prob-

lems arising from (1) its rapid heart rate, (2) a short fects in the pathways that guide and/or maintain the
recruitment of ventricular cells into the conduction sys-refractory period, and (3) the small mass of the mouse

heart, which has been proposed to confer resistance tem lineage may underlie the onset of serious life-threat-
ening ventricular arrrythmias and sudden death. In theto ventricular fibrillation (Jalife, 1999). The difficulty is

compounded by differences in the ionic currents that absence of HF-1b, there is a selective dysregulation
of a panel of genes that are involved in the divergentunderlie the action potential between mouse and larger

mammalian species and the technological difficulties of electrophysiological phenotypes of these distinct cell
types. This produces a “confused” electrophysiologicalthe long-term, continuous, and accurate acquisition of

the electrocardiographic monitoring required to cap- identity of both ventricular and conduction system lin-
eages characterized by action potential prolongation,ture the sudden death event. Mice that harbor mutant

channel genes identical to those found in the human dispersion, and heterogeneity, i.e., the anatomic sub-
strate for lethal ventricular arrhythmias. As a result, sto-long QT studies do not display a sudden cardiac death

phenotype, although arrhythmias can sometimes be de- chastic events eventually lead to the onset of sudden
cardiac death due to lethal ventricular arrhythmias thattected (Folco et al., 1997; Barry et al., 1998; London et

al., 1998). Similarly, a knockout of the minK gene, a are classically found in the setting of severe end stage
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