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Animal models of arrhythmogenic cardiomyopathy
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Arrhythmogenic cardiomyopathies are a heterogeneous group of pathological conditions that give rise to myocardial
dysfunction with an increased risk for atrial or ventricular arrhythmias. Inherited defects in cardiomyocyte proteins in
the sarcomeric contractile apparatus, the cytoskeleton and desmosomal cell-cell contact junctions are becoming
recognized increasingly as major causes of sudden cardiac death in the general population. Animal models have been
developed for the systematic dissection of the genetic pathways involved in the pathogenesis of arrhythmogenic
cardiomyopathies. This review presents an overview of current animal models for arrhythmogenic right ventricular
cardiomyopathy (ARVC), hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) associated with
cardiac arrhythmias and sudden cardiac death.

Introduction
Inherited arrhythmogenic cardiomyopathies are the most common
cause of sudden cardiac death (SCD) in patients under 40 years
of age. According to a recent expert consensus panel,
cardiomyopathies are defined as ‘a heterogeneous group of diseases
of the myocardium associated with mechanical and/or electrical
dysfunction that usually exhibit inappropriate ventricular
hypertrophy or dilatation, and are due to a variety of causes that
frequently are genetic’ (Maron et al., 2006). Advances in molecular
genetics led to the development of a new classification of
cardiomyopathies and the recognition that a subset of inherited
cardiomyopathies is associated with lethal ventricular
tachyarrhythmias (Maron et al., 2006). The most prototypical of
these diseases, arrhythmogenic right ventricular cardiomyopathy/
dysplasia (ARVC/D), commonly presents clinically with ventricular
tachyarrhythmias and tends to affect the right ventricle (RV) more
than the left ventricle (LV) (MacRae et al., 2006). ARVC/D is
typically caused by inherited mutations in desmosomal proteins
(Moric-Janiszewska and Markiewicz-Loskot, 2007). Hypertrophic
cardiomyopathy (HCM) is characterized by a hypertrophied, nondilated LV in the absence of other systemic or cardiac disease. HCM
is most commonly caused by a variety of mutations in genes
encoding proteins that are found in the cardiac sarcomere. Familial
forms of dilated cardiomyopathy (DCM) are characterized by
ventricular enlargement and systolic dysfunction in the absence
of LV hypertrophy. DCM is associated frequently with
supraventricular arrhythmias and SCD (Boussy et al., 2008), and
can be caused by mutations in sarcomeric, cytoskeletal or nuclear
envelope proteins. Other forms of cardiomyopathy, including left
ventricular noncompaction (LVNC) and restrictive cardiomyopathy
(RCM) are less common and are not discussed in this review.
Animal models of arrhythmogenic cardiomyopathies have
contributed to a better understanding of the pathophysiological
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processes leading to both cardiomyopathy and an increased
susceptibility to cardiac arrhythmias (Awad et al., 2008). A variety
of animals have been used to examine the pathological effects of
mutations at both the whole organism/organ level and the cellular
and molecular level (Berul, 2003). Initial animal models typically
involved the serendipitous discovery of an inherited form of
cardiomyopathy, followed by a forward genetic approach to identify
the defect underlying the disease phenotype (Brink and Lochner,
1967; Kittleson et al., 1999). With the advent of genetically modified
mouse models, inherited mutations identified in humans with
cardiomyopathy are now modeled in transgenic or knock-in mice
that may or may not recapitulate the clinical features of the disease
(Berul, 2003). It is important to note that transgenic mouse models
may have limitations from unintended alterations in gene
expression besides the targeted gene. Likewise, single gene
knockout models may introduce compensatory changes in other
related structural genes, which may confound phenotypic results.
However, animal models of arrhythmogenic cardiomyopathy
continue to provide valuable insights into our understanding of the
arrhythmogenic substrate, and the confluence of both
cardiomyopathic and arrhythmogenic phenotypes. In this review,
we will evaluate the current state of animal models of
cardiomyopathies that are associated with cardiac arrhythmias, and
will briefly discuss the new mechanistic insights obtained from
these studies.

Models of arrhythmogenic right ventricular
cardiomyopathy/dysplasia (ARVC/D)
ARVC/D is a heritable cardiomyopathy that primarily affects the
RV (Anderson, 2006), and is the most common cause of SCD in
competitive athletes in Italy (Maron et al., 2006). The typical
manifestation of the disease involves the progressive destruction
of desmosomal junctions causing apoptosis and eventual fibrotic
replacement, predominantly of the RV (MacRae et al., 2006).
Autosomal-dominant ARVC/D has been mapped to 12
chromosomal loci, and mutations have been identified in at least
12 genes thus far (Table 1). Two autosomal-recessive forms have
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been described in conjunction with woolly hair and kerataoderma
(i.e. Naxos disease), and with Carvajal syndrome. Most forms of
ARVC/D are caused by inherited mutations in desmosomal
proteins that anchor the intermediate filaments to the desmosomes.
The desmosome is a structural junction that links
cardiomyocytes, and that transmits the tensile force of contraction
from cell to cell (Fig. 1) (MacRae et al., 2006). The desmosome is
comprised of intracellular and extracellular proteins, including
desmoplakin, desmocollin, desmoglein, plakophilin 2 and junction
plakoglobin (Marcus and Towbin, 2006). These proteins bind to
cardiomyocyte intermediate filaments and N-cadherins in a
complex array that tethers cardiomyocytes together through
intermediate filaments (Stokes, 2007). Mutations in several of these
proteins have been shown to destabilize the desmosome junction,
leading to physical separation of cardiomyocytes and apoptosis.
Cellular remodeling of the ventricle includes fibrosis and often
adipogenesis, which incompletely replaces primarily the RV
myocardium. ARVC/D usually presents clinically with
monomorphic ventricular tachycardias. The hypothesized
mechanism of arrhythmogenesis in ARVC/D is conduction block
and formation of macro re-entry circuits that are caused by fibrotic
myocardium resulting from desmosome dehiscence (Wolf and
Berul, 2008). It is still unknown why the RV is targeted uniquely
in this inherited disease.
Several animal models of ARVC/D caused by desmosomal
proteins have been shown to recapitulate important aspects of the
human disease phenotype (Table 1). Mutations in the gene encoding
desmoplakin (DSP) are a classic example of desmosomal
dysfunction leading to the ARVC/D type 8 (ARVC/D-8) phenotype.

Using the human squamous carcinoma line SCC9 as a cellular
model of desmosome formation, it was demonstrated that the Nterminal mutants V30M and Q90R failed to localize to the plasma
membrane, whereas the C-terminal R2834H mutation did not affect
the function of the N-terminus (Yang et al., 2006). Cardiac-specific
overexpression of V30M or Q90R mutant desmoplakin in
transgenic mice resulted in embryonic lethality owing to profound
ventricular dilation. By contrast, cardiac-specific overexpression of
the C-terminal mutant R2834H resulted in viable mice that
developed ventricular enlargement and biventricular
cardiomyopathy, which were detected on echocardiography (Yang
et al., 2006). Histological examination revealed cardiomyocyte
apoptosis, fibrosis and lipid accumulation, which are also found
typically in patients with ARVC/D-8. Cardiac-restricted deletion
of Dsp, encoding desmoplakin, impaired cardiac morphogenesis
and caused embryonic lethality in homozygous knockout mice
(Garcia-Gras et al., 2006). Heterozygous Dsp-deficient mice,
however, exhibited excess adipocytes and fibrosis, increased
apoptosis, defective cardiac contractility and ventricular
arrhythmias, recapitulating the human ARVC/D phenotype.
Plakophilin 2 (or PKP2), a member of the armadillo family of
proteins, is another integral member of the desmosome, where it
binds to desmoplakin, desmocollin, desmoglein and plakoglobin
(Hatzfeld, 2007). PKP2 is the only member of the plakophilin family
to be expressed in the heart, and serves to tether desmosomal
proteins (Rohr, 2007). Pkp2-deficient mouse embryos show
abnormal heart morphogenesis and stability, followed by blood
leakage, cardiac rupture and death on around embryonic day E11.5
(Grossmann et al., 2004). An evaluation of the embryonic hearts

Table 1. Animal models of ARVC/D
Protein
Ryanodine
receptor type 2

Gene
RYR2

Mutation
–

Model type
Spontaneous

Ryr2

R176Q

KI

Mouse

VT induced by isoproterenol or programmed
stimulation, reduced RV end-diastolic volume

Kannankeril et al.,
2006

Laminin receptor

Lamr1

–

Retroposonrelated deletion

Mouse

QRS prolongation, RV fibrosis

Asano et al., 2004

LBD3
(Cypher/ZASP)

Lbd3

–

KO

Mouse

Biventricular dilation, fragmented myocyte Zlines, muscle weakness

Zhou et al., 2001

Lbd3

–

CS KO

Mouse

Early cardiac death, LVNC dilated
cardiomyopathy

Zheng et al., 2009

Dsp

V30M, Q90R,
R2834H,
W233X

CS Tg

Mouse

RV hypertrophy, systolic dysfunction,
cardiomyocyte apoptosis, fibrosis, lipid
accumulation

Yang et al., 2006

Dsp

–

CS KO, KO

Mouse

Polymorphic VT, LV dilation, myocyte fibrosis,
reduced fractional shortening

Garcia-Gras et al.,
2006

Plakophilin 2

Pkp2

–

KO

Mouse

Embryonic lethality, RV wall thinning,
hemopericardium

Grossman et al., 2004

Desmocollin 2

dsc2

–

EMK

Zebrafish

Myocardial contractility dysfunction, reduced
desmosomal plaques, loss of desmosome
midlines

Heuser et al., 2006

Junction
plakoglobin

Jup

–

KO

Mouse

Spontaneous VT, increased RV volume, reduced
RV function with age and exercise training

Kirchhof et al., 2006

jup

–

EMK

Zebrafish

Aberrant valvulogenesis, decreased heart size,
bradycardia, cardiac edema

Martin et al., 2009

Desmoplakin

Animal
Phenotype
Canine (Boxer) Sustained VT, syncope, SCD, RV failure, reduced
expression of wild-type RyR2

Reference
Basso et al., 2004;
Meurs et al., 2006

CS, cardiac-specific; EMK, embryonic morpholino knockdown; KI, knock-in; KO, knockout; LV, left ventricle; LVNC, left ventricular noncompaction; RV, right ventricle; SCD, sudden
cardiac death; Tg, transgenic; TI, tamoxifen-inducible; VT, ventricular tachycardia.

564

dmm.biologists.org

PERSPECTIVE

Models of arrhythmogenic cardiomyopathy

DCM
HCM

Cytoskeleton
Sarcomere
Desmosome

?

Disease Models & Mechanisms DMM

ARVC/D

Myofilament

Nucleus

ARRHYTHMIA

Sarcoplasmic
reticulum

Fig. 1. Inherited defects associated with various types of cardiomyopathy.
A variety of genetic alterations in proteins that are involved in the
cardiomyocyte cytoarchitecture manifest as cardiac arrhythmias and
cardiomyopathy. HCM is caused typically by mutations in genes encoding
proteins of the sarcomere, which is the fundamental contractile unit of the
heart. DCM may be caused by mutations in some of the same sarcomeric
genes, or in genes encoding cytoskeletal, nuclear envelope or transcription
coactivator proteins. ARVC/D is caused typically by mutations in genes
encoding desmosomal proteins, which comprise a key intercellular adhesive
structure. Discrete changes in these structural and contractile elements of the
cardiomyocyte have predictable effects on the phenotype of both
cardiomyopathy and arrhythmias, as demonstrated in animal models.

revealed evidence for myocardial wall thinning and aneurysm
formation, which are also observed in patients with ARVC/D-9.
Junction plakoglobin (JUP) is another essential desmosomal
protein which, when absent, causes an ARVC/D-12 phenotype in
mice. Haploinsufficient Jup+/– mice developed RV dilation, reduced
RV function and spontaneous ventricular ectopy (Kirchhof et al.,
2006). Using a perfused heart preparation, an increased incidence
of ventricular tachycardias of RV origin and prolonged RV
conduction times were demonstrated. However, based on histology
and electron microscopy, there was no evidence of changes in
myocardial structure or desmosomal appearance, which suggests
that Jup+/– mice only partially mimic the clinical ARVC/D
phenotype. At present, there is no mouse model of desmocollin 2
(DSC2) mutations, which are identified in patients with ARVC/D11.
In addition to mouse models, embryonic morpholino
knockdown has been used in zebrafish to evaluate the effects of
gene inhibition on embryogenesis. A morpholino is a synthetic
antisense oligonucleotide with a high affinity for RNA, which acts
as a blocker of translation and/or mRNA splicing (Chen and Ekker,
2004). Morpholino-induced knockdown of jup or dsc2 expression
in zebrafish resulted in significant effects on cardiogenesis (Heuser
et al., 2006; Martin et al., 2009). Zebrafish with reduced jup
expression (morphants) developed small hearts, cardiac edema and
valvular dysfunction leading to intrachamber reflux (Martin et al.,
2009). Morphants exhibited a reduced number of desmosome and
adheren junctions in the intercalated discs, consistent with the
clinical ARVC/D-12 phenotype. However, morphants also showed
Disease Models & Mechanisms

abnormal valvulogenesis, and it is unclear whether this has clinical
relevance. To model the physiological effects of a premature stop
codon mutation, Heuser et al. (Heuser et al., 2006) performed
morpholino knockdown of dsc2 in zebrafish. Morphants exhibited
hearts with edema, bradycardia, reduced desmosomal areas, loss
of desmosomal midlines and reduced contractility, as measured by
fractional shortening. Rescue of the morphant phenotype by coinjection of wild-type human DSC2 mRNA implicated desmocollin
2 as a protein that is crucial for desmosomal function (Heuser et
al., 2006). Whereas zebrafish morpholino models may offer insights
into cardiac development and desmosomal organization in the
absence of specific ARVC/D-associated genes, they do have
important limitations because the morphology of the fish heart is
very different from the human heart. Moreover, morpholino studies
are limited typically to the embryonic stage and to knockdown
models, whereas the aforementioned knock-in animal models offer
a more accurate representation of the pathophysiology of human
disease.
There are fewer animal models of ARVC/D caused by mutations
in genes encoding non-desmosomal proteins. To date, there are no
models for ARVC/D-1, 3, 4 and 6, and the molecular basis of these
syndromes remains to be elucidated at the whole animal level.
Asano et al. (Asano et al., 2004) identified a mouse model of
ARVC/D-5 while generating mice for the screening of anti-diabetic
compounds. They found a line of mice with an intron-processed
retroposon in the laminin receptor 1 (Lamr1) gene locus, which
resulted in translation of a Lamr1 protein with a 13-amino acid
deletion (Asano et al., 2004). Lamr1-mutant mice developed RV
dysplasia and fibrosis, which had limited extension to the LV. The
findings in Lamr1-mutant mice were confirmed in two lines of
transgenic mice that expressed mutant Lamr1, either systemically
or only in the heart (Asano et al., 2004). All strains of mutant
Lamr1-transgenic mice were very susceptible to ARVC/D,
suggesting that normal Lamr1 function is essential for normal
cardiomyocyte adhesion. Although mutations in CYPHER/ZASP
(also known as LBD3) were implicated previously in ARVC/D-7
(Moric-Janiszewska and Markiewicz-Loskot, 2007), it has been
proposed more recently that these patients develop a different
disease phenotype consisting of isolated noncompaction of the LV
myocardium, associated with DCM. Models of cardiomyopathy that
result from mutations in CYPHER/ZASP exist, including a CYPHER
knockout (Zhou et al., 2001) and a conditional CYPHER knockout
(Zheng et al., 2009), both of which develop severe biventricular
DCM and early postnatal death. However, mutations in this
sarcomeric Z-line protein are not associated primarily with
arrhythmias, and thus CYPHER/ZASP is not within the scope of
this review.
Mutations in the ryanodine receptor type 2 gene (RYR2) have
been proposed to cause ARVC/D-2 (Dokuparti et al., 2005),
although this association has been questioned subsequently by
several groups (Wehrens, 2007). These patients typically have
exercise- or emotion-induced ventricular tachycardia, often
referred to as catecholaminergic polymorphic ventricular
tachycardia, or CPVT. Most patients with CPVT have structurally
normal hearts, although a subset might develop a mild
cardiomyopathy with incomplete penetrance. Given its unique role
in exercise-induced ventricular arrhythmias without significant
evidence of cardiomyopathy, it is likely that the syndrome caused
565
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by RyR2 mutations represents a separate entity from ARVC/D (Tiso
et al., 2001). One notable model of the contribution of RYR2
abnormalities in the ARVC/D phenotype is a spontaneously
generated canine boxer (Basso et al., 2004). This model was found
subsequently to have differential expression of the ryanodine
receptor, with decreased RYR2 expression in the RV (Meurs et al.,
2006), which may contribute to the ARVC/D phenotype. Further
research is necessary to delineate the exact contribution of RYR2
to RV cardiomyopathy, and to determine whether there is a direct
or indirect ultrastructural relationship between the desmosome and
the sarcoplasmic reticulum.
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Models of hypertrophic cardiomyopathy (HCM)
Familial hypertrophic cardiomyopathy (FHC) is an inherited
disorder primarily involving the sarcomere, which results in the
concentric hypertrophy of the ventricle (Marian, 2008). FHC is
significant because it is the most common cause of SCD in the
young. Many components of the sarcomere, when affected by
genetic mutations, have been proven to lead to a HCM phenotype.
Three sarcomeric genes have been implicated in over 70% of FHC
cases in humans: MYH7, MYBPC3 and TNNT2, which encode for
the myosin heavy chain, myosin-binding protein C and troponin
T proteins, respectively (Keren et al., 2008). Additionally, genetic
mutations in troponin I, and in the signaling proteins G1 and Rho
have been implicated in FHC with arrhythmias. The precise
mechanisms by which functional defects within the sarcomere
could evoke arrhythmias remains incompletely understood,
although experimental studies in animal models of HCM have
pointed to abnormal ATP use and disturbances in Ca2+ cycling
(Keren et al., 2008). Re-entrant arrhythmias could also arise in the
presence of myocyte disarray and interstitial fibrosis, which are
hallmarks of hypertrophic hearts. Table 2 lists the relevant FHC
animal models for arrhythmogenic cardiomyopathy. For a more

general discussion of animal models with HCM only, Morimoto
offers an excellent review (Morimoto, 2008).
Cardiac troponin T (TNNT2 or cTnT) encoded by the TNNT2
gene composes the sarcomeric thin filament, and is necessary for
normal cardiac contractile function (Keren et al., 2008). TNNT2
is essential for normal heart development in the mouse embryo,
and mice with a null allele at the TNNT2 locus undergo early
embryonic death from impaired fibrillogenesis and uncoupling of
troponin I and tropomyosin (Nishii et al., 2008). A transgenic rat
model overexpressing human TNNT2 that was truncated at exon
16 was used to demonstrate systolic and diastolic dysfunction, as
well as ventricular tachycardia (VT) and fibrillation, following
exercise (Frey et al., 2000). By contrast, transgenic rats
overexpressing wild-type TNNT2 were found to have myocardial
hypertrophy and improved cardiac performance in the absence of
cardiac arrhythmias (Frey et al., 2000). Thus, there are several robust
mouse and rat models of TNNT2 mutations, which reproduce the
predisposition to both HCM and/or ventricular arrhythmias when
this filament is compromised.
Patients with some TNNT2 mutations, however, exhibit a much
higher incidence of arrhythmias than would be expected based on
the subtle degree or absence of cardiac hypertrophy, suggesting that
these TNNT2 defects are somehow involved directly in the
arrhythmia generation (Knollmann and Potter, 2001). To evaluate
this hypothesis further, Knollmann et al. (Knollmann et al., 2003)
created transgenic mice overexpressing the I79N-mutant Tnnt2.
Similar to findings in patients carrying this mutation, Tnnt2-I79N
mutant mice were significantly more likely to develop ventricular
arrhythmias when compared with wild-type mice, or even with
other troponin T mutant mice. This selected Tnnt2 mutation in
mice markedly increased the sensitivity of cardiac myofilaments
to Ca2+, thus providing insight into the enhanced vulnerability to
ventricular arrhythmias.

Table 2. Animal models of arrhythmogenic mutations causing hypertrophic cardiomyopathy
Protein
Cardiac troponin T

-Myosin heavy
chain ( -MHC)
Troponin I +
α-MHC
-Myosin heavy
chain ( -MHC)
Myosin binding
protein C
G 1

Gene
Tnnt2

Mutation
–

Model type
KO

Animal
Mouse

Phenotype
Embryonic lethal, asystole, myofilament
disarray

Reference
Nishii et al., 2008

Tnnt2

I79N

CS Tg

Mouse

Absence of hypertrophy or fibrosis,
isoproterenol-induced ventricular
ectopy, stress-induced non-sustained
VT

Knollmann et al.,
2003

Tnnt2

F110I
R278C

CS Tg

Mouse

Isoproterenol- or pacing-induced VT in
the F110I Tg, but not R278C Tg, mouse

Baudenbacher et al.,
2008

Tnnt2

Deletion of
exon 16

CS Tg

Rat

VT, SCD, ventricular dilation

Frey et al., 2000

Myh6

R403G

KI

Mouse

Pacing-induced VT, variable LV
hypertrophy, severe myocyte disarray

Wolf et al., 2005

Myh6
Tnni3

R403G (Myh6) +
G203S (Tnni3)

Mouse

VT, ventricular dilation, severe heart
failure

Tsoutsman et al.,
2008

Myh7

Q403

Tg

Rabbit

VT, cardiac hypertrophy

Ripplinger et al.,
2007

Mybpc3

–

KO

Mouse

Inducible VT, HCM

Berul et al., 2001

Ras

–

TI CS Tg

Mouse

Atrial fibrillation, VT, conduction block,
HCM

Ruan et al., 2007

KI

Tg crossed
line

CS, cardiac-specific; HCM, hypertrophic cardiomyopathy; KI, knock-in; KO, knockout; LV, left ventricle; SCD, sudden cardiac death; Tg, transgenic; TI, tamoxifen-inducible; VT,
ventricular tachycardia.
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Baudenbacher et al. (Baudenbacher et al., 2008) extended
these findings by demonstrating that increased myofilament Ca2+
sensitivity is an independent risk factor for arrhythmia
susceptibility. Transgenic mice with Ca2+-sensitizing mutations
in Tnnt2 (I79N and F110I) or that overexpress slow skeletal
troponin I (Tnni1 or ssTnI) had an increased propensity towards
arrhythmias, whereas the non-sensitizing Tnnt2 mutation R278C
did not (Baudenbacher et al., 2008; Fiset and Giles, 2008).
Interestingly, the risk of developing VT was directly proportional
to the severity of Ca2+ sensitization of the myofilaments. When
the Ca2+-sensitizing drug EMD 57033 was administered to nontransgenic mice, they reproduced the susceptibility to VT
following cardiac pacing that was found in mice with Ca2+sensitizing mutations. Additionally, administration of the Ca2+desensitizing agent blebbistatin, rescued transgenic and EMD
57033-treated mice from arrhythmias. Mice with enhanced Ca2+
sensitization had shorter effective refractory periods, more beatto-beat variability of action potential durations, and increased
dispersion of ventricular conduction velocities at increased heart
rates, suggesting that Ca2+ sensitization creates a substrate for
functional re-entry and arrhythmias (Baudenbacher et al., 2008).
Thus, Ca2+ sensitization has emerged as an important mechanism
for arrhythmogenesis in HCM.
Another essential element of the sarcomere that is involved in
myocyte contraction is -myosin heavy chain (-MHC). By
interdigitating and sliding past the troponin-tropomyosin complex,
the myosin heavy chain is involved directly in transmitting and
actuating force along the axis of the sarcomere (Keren et al., 2008).
Genetic alterations in the myosin heavy chain have been shown to
cause sarcomere disarray, resulting in ventricular arrhythmias and
hypertrophy. A knock-in mouse that is heterozygous for the
mutation R403G in -MHC (also known as Myh6) (R403G+/–) was
shown to be susceptible to VT following intracardiac programmed
stimulation and exhibited a variable degree of LV hypertrophy.
When controlling for genetic background by examining inbred
strains in identical environments, no correlation was found between
the amount of fibrosis and/or myocyte disarray and susceptibility
to arrhythmias, supporting the view that hypertrophy and
arrhythmogenesis may be two distinct phenotypic outcomes from
a common pathological process, and that there may be a doseindependent effect of fibrosis upon arrhythmia risk (Wolf et al.,
2005). Additionally, the -MHC-R403G mouse line was crossed
with a cardiac-specific transgenic line overexpressing G203Smutant cardiac troponin I (Tnni3), implicating troponin I in the
severity of arrhythmogenesis in HCM (Tsoutsman et al., 2008). The
double mutant mouse line showed increased postnatal mortality
reaching 100% by day 21, with severe conduction-system block,
VT, ventricular dilation and cardiac fibrosis. The development of
DCM in double mutant mice was unexpected since both single
mutant lines were shown previously to be hypertrophic (Wolf et
al., 2005; Tsoutsman et al., 2006).
Additionally, a transgenic rabbit model of the mutation R403Q
in -myosin heavy chain (-MHC, also known as MYH7) was
created to investigate arrhythmogenic vulnerability and myofibril
disarray in HCM (Marian et al., 1999; Ripplinger et al., 2007).
Transgenic rabbits showed an increased vulnerability to ventricular
arrhythmias compared with wild-type rabbits. Cardiac magnetic
resonance imaging (MRI) revealed LV transmural fiber rotation,
Disease Models & Mechanisms
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suggesting that structural tissue remodeling might underlie
increased arrhythmogenesis. Thus, the myosin heavy chain is
essential in maintaining the structural integrity of the sarcomere,
which upon breakdown manifests in HCM and sometimes DCM.
Other models for HCM include support structures to the
sarcomere, such as myosin binding protein C (MYBPC3), and
signaling molecules such as G1. One notable model of MYBPC3
is a transgenic model created by Berul (Berul et al., 2001).
Homozygous transgenic mice expressing truncated Mybpc3
showed HCM, whereas heterozygous transgenic mice exhibited a
mild HCM. Following intracardiac programmed stimulation, a
significant increase in VT was noted in homozygous (64%) and
heterozygous (20%) transgenic mice, compared with wild-type
control mice (0%).
Signaling cascades such as the Ras–Raf–mitogen-activated
protein kinases pathway have been shown to be involved in both
cardiac remodeling and arrhythmogenesis (Ruan et al., 2007).
Transgenic mice with a tamoxifen-inducible cardiac-specific
overexpression of the Ras signaling protein exhibited early-onset
ventricular hypertrophy, followed seven days later with ventricular
arrhythmias. The onset of arrhythmias correlated temporally with
cellular action potential prolongation, altered outward K+ currents
and a loss of protein kinase A (PKA) phosphorylation of
phospholamban, thus altering intracellular calcium handling. This
effect, in turn, caused these mice to be more susceptible to
ventricular arrhythmias.

Models of dilated cardiomyopathy (DCM)
DCM is characterized by decreased cardiac function and
enlargement of the heart, and represents the most common form
of non-ischemic cardiomyopathy. About 30% of DCM cases are
caused by inherited mutations in a variety of proteins that are found
in the cytoskeleton, sarcomere and nuclear envelope (Hershberger
et al., 2009). There is a considerable body of evidence in animal
models supporting the idea that cytoskeletal and sarcomeric
mutations may manifest in DCM with a predisposition to
arrhythmias. Many mutations in sarcomeric proteins, including the
troponins, may manifest differentially in either HCM or DCM, and
thus there is not always a clear genotype-phenotype correlation in
animal models of DCM (Table 3).
Genetic mutations in myosin have been shown to cause DCM
and reduced fractional shortening in mice, but have not yet
demonstrated increased susceptibility to arrhythmias (Schmitt et
al., 2006). However, defects in modulators of myosin function have
been shown to induce arrhythmias in mice with a DCM phenotype.
For example, the mammalian enabled (Mena) and vasodilatorstimulated phosphoprotein (VASP) proteins are actin cytoskeletal
signal modulators, which are required for normal cardiogenesis and
function (Eigenthaler et al., 2003). Specifically, the Ena-VASP
proteins are crucial for actin filament formation, which is involved
in cell adhesion, cell motility and cell growth (Eigenthaler et al.,
2003). Transgenic mice with cardiac-specific overexpression of the
N-terminal Ena-VASP homology domain (VASP-EVH1) exhibited
a severe DCM phenotype and showed an increased susceptibility
to bradycardia and early postnatal lethality (Eigenthaler et al., 2003),
which resulted from the displacement of endogenous VASP and
Mena proteins from intercalated disks in cardiac myocytes. Thus,
Ena-VASP, a modulator of myosin function, contributes to actin
567
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Table 3. Animal models of arrhythmogenic mutations causing dilated cardiomyopathy
Protein
Ena-VASP

Affected gene
Vasp

Mutation
–

Model type
CS Tg

Animal
Mouse

Phenotype
Bradycardia, early lethality, DCM,
myocyte hypertrophy

Reference
Eigenthaler et al.,
2003

Neuron-restrictive
silencer factor
(NRSF)

Rest

–

CS DN Tg

Mouse

Non-sustained VT, SCD, DCM

Kuwahara et al.,
2003

Vinculin

Vcl

–

CS KO

Mouse

Ventricular arrhythmias, SCD, DCM

Zemljic-Harpf et al.,
2007

Lmna

–

KO

Mouse

Atrial fibrillation, AV conduction
defects, sustained VT, DCM

Wolf et al., 2008

Lmna

N195K

KI

Mouse

Second-degree AV block, marked
diurnal HR variability, DCM

Mounkes et al., 2005

Pln

R14del

KI

Mouse

VT, premature death, DCM, cardiac
fibrosis

Haghighi et al., 2006

Lamin-A/C

Phospholamban

Disease Models & Mechanisms DMM

AV, atrioventricular; CS, cardiac-specific; DCM, dilated cardiomyopathy; DN, dominant-negative; HR, heart rate; KI, knock-in; KO, knockout; SCD, sudden cardiac death; Tg, transgenic;
VT, ventricular tachycardia.

filament structure and function. When Ena and VASP are disrupted,
mice show a DCM phenotype, which results from weakened cellcell interactions and which may impair normal cardiac conduction
and lead to arrhythmias.
Another modulator of myosin, the transcriptional regulator
neuron-restrictive silencer factor (NRSF), was shown to be involved
in arrhythmogenesis in cardiac-specific transgenic mice that
overexpress dominant-negative Nrsf (Kuwahara et al., 2003). These
mice developed a DCM phenotype and were susceptible to both
VT and advanced second-degree heart block. Nrsf (also known as
Rest) suppression was shown to upregulate the expression of
ventricular If and ICa,T ion channels, which are usually restricted
to pacemaker and Purkinje cells, suggesting that increased
automaticity may underlie the predisposition to VT.
In cardiomyocytes, there is a tight interaction between the
cytoskeleton and the nuclear envelope, which is forged by the
nuclear lamina intermediate filament lamin (Wolf et al., 2008).
Mutations in lamin have recently been shown to cause the DCM
phenotype with arrhythmias. Heterozygous lamin knockout
(Lmna+/–) mice were shown to develop an age-dependent
atrioventricular nodal disease, atrial arrhythmias and VT (Wolf et
al., 2008). Lmna+/– mice also developed DCM with decreased
fractional shortening on echocardiography and abnormally shaped
nuclei on histology. In another study, transgenic mice
overexpressing N195K-mutant Lmna developed severe
bradyarrhythmias and sinoatrial exit block in addition to the DCM
phenotype (Mounkes et al., 2005). At the cellular level, increased
fibrosis and abnormal desmin localization were demonstrated,
suggesting that changes in cell-cell coupling in mutant hearts may
underlie the arrhythmia propensity.
Other notable models of DCM associated with arrhythmias
include a transgenic mouse with cardiac-specific overexpression
of R14del-mutant phospholamban (Pln) (Haghighi et al., 2006), and
a cardiac-specific vinculin (Vcl) knockout mouse (Zemljic-Harpf
et al., 2007). Both models exhibited an increased incidence of early
SCD, DCM and advanced heart failure. Thus, several animal
models demonstrate that disruptions in cytoskeletal interactions
with the sarcomere, nuclear envelope, and within other cytoskeletal
elements, may manifest differentially in DCM with an increased
incidence of both atrial and ventricular arrhythmias.
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Current insights into mechanisms of arrhythmogenesis
in animal models
The ‘final common pathway’ hypothesis by Towbin and Bowles was
one of the first attempts to link structural protein mutations to the
major presentations of heart failure: most notably dilated and
hypertrophic cardiomyopathies (Bowles et al., 2000). According to
this hypothesis, DCM arises primarily from alterations in
cytoskeletal proteins, whereas ARVC/D is caused by structural
weakening of the desmosome, which predisposes the RV to fibrosis
and dilation (Stokes, 2007). Likewise, HCM is thought to arise from
disruptions of sarcomere function, and from abnormal calcium
handling and sensitization. Although this hypothesis was
revolutionary in organizing the relationship between subcellular
structures and cardiac function, the exact mechanisms underlying
arrhythmogenesis in these diseases remained unexplained.
Current animal models have allowed us to begin to unlock the
mechanisms underlying arrhythmogenic cardiomyopathies. These
mechanisms may be divided into disorders of automaticity,
triggered activity (such as delayed afterdepolarizations) and re-entry
circuits (Wolf and Berul, 2008). In ARVC/D, RV fibrosis may
contribute to conduction-system block or the separation of
myocytes, which may promote re-entrant arrhythmias. Moreover,
downregulation of connexin-43 may contribute to heterogeneity
in repolarization and an increased likelihood of ventricular
arrhythmias (Boukens et al., 2009). Likewise, reduced expression
of connexin-43 in a Syrian cardiomyopathic hamster model of HCM
was shown to lead to increased action potential dispersion and a
propensity to develop VT at 20 weeks of age (Sato et al., 2008).
Arrhythmias in patients with HCM or DCM may also be reentrant in nature, in particular in structurally remodeled hearts with
myocyte disarray and fibrosis (Wolf and Berul, 2008). However, an
increased susceptibility to arrhythmia has also been noted in
patients and mice with HCM-linked mutations in which structural
remodeling is absent. The increased expression of ion channels that
are involved in pacemaking (If and ICa,T) in hypertrophic hearts
might lead to increased automaticity (Wolf and Berul, 2008).
Recent studies have also revealed that Ca2+ sensitization of
myofilaments in HCM may promote afterdepolarizations and
triggered arrhythmias (Baudenbacher et al., 2008). In fact, the
degree of Ca2+ sensitization appears to be linked to the inducibility
dmm.biologists.org
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of ventricular arrhythmia, at least in mouse models (Baudenbacher
et al., 2008). Although it is generally believed that desensitization
of the myofilaments plays a role in the pathogenesis of DCM, the
etiology of the arrhythmias associated with this condition remains
poorly understood (Wolf and Berul, 2008). Finally, intracellular Ca2+
handling may be directly or indirectly impaired in inherited
arrhythmogenic cardiomyopathies, suggesting that triggered
activity as a result of afterdepolarizations might initiate
arrhythmias.
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Conclusions
Common inherited arrhythmias that are associated with
cardiomyopathies arise from mutations in structures that span the
entire cardiomyocyte, including the sarcomere, desmosome,
cytoskeleton and the nuclear envelope. Although these regions
seem disparate, the common unifying theme is that genetic defects
leading to ineffective contraction cause ventricular remodeling,
ultimately leading to cardiomyopathy. The resultant changes in
ventricular fibrosis, hypertrophy and disordered calcium
homeostasis create a substrate for arrhythmogenesis to occur.
Further research is necessary to refine our understanding of the
subtle ways in which these diseases are interrelated and to develop
a common mechanism and nomenclature to describe these
diseases. Current models show us that arrhythmogenicity and heart
failure are separate entities in affected mutants, but that they may
have a compounding effect as well. Thus, animal models will
continue to serve as the key for unlocking the mechanism of how
arrhythmogenic cardiomyopathies develop, and will continue to be
useful in novel pharmacological therapies for treating the disease
in humans.
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