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Background: Ventricular arrhythmias (VA) and sudden death are inherited in German Shepherd Dogs (GSDs).

Objectives: To estimate the genetic parameters (heritabilities and correlations) of 3 traits of VA (single premature ventric-

ular complexes (PVCs), 2 consecutive PVCs (couplets), and 3 or more consecutive PVCs—ventricular tachycardia [VT]).

Animals: Three hundred and ninety-eight GSDs.

Methods: Prospective, observational, case control study. Dogs were phenotyped by 24-hour ambulatory ECG from 6 to 45

weeks of age. Edited ECG records included the number of incidents of (1) single PVCs, (2) couplets, and (3) VT.

Results: A data set of 1,239 Holter records from 398 GSDs was used to estimate genetic variables. Phenotypic correlations

for affectedness (binarily coded 0/1) of the 3 traits ranged from 0.55 to 0.74, whereas correlations for severity (continuous values

of 24-hour VA counts) ranged from 0.26 to 0.39. Estimates of genetic correlation among the severity traits were 0.06 to 0.27.

Estimated heritabilities were 0.54, 0.54, and 0.46 for affectedness and 0.33, 0.69, and 0.69 for severity of PVCs, couplets, and

VT, respectively. Month and year of birth and age at ECG recording had significant effects on all 3 traits. Season of ECG

recording had a significant effect on the number of single PVCs, but not couplets or incidents of VT. Age of onset differed, with

single PVCs appearing an average of 4 days earlier than couplets and VT.

Conclusion: These results imply a strong genetic component for this disease but suggest that differences in the 3 traits should

be taken into consideration in studies to identify the underlying genes.
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S
pontaneous ventricular arrhythmia (VA) and sudden
death occur in young German Shepherd Dogs

(GSDs).1–5 The disorder ranges in severity from infrequent
and non-life-threatening single premature ventricular com-
plexes (PVCs) to multiple episodes of rapid polymorphic
ventricular tachycardia (VT). Dogs withVT aremost likely
to die suddenly.1,6,7 No other clinical indicators of abnor-
mality are apparent, and pathological examination of the
hearts of dogs that die suddenly reveal morphologically
normal hearts.1 A window of vulnerability for the presence
of VA and sudden death exists between approximately 3
and 18 months of age, with peak affectedness occurring at
approximately 6–7 months of age.1,6 Affected dogs rarely
have VA after �24 months of age, and when they do, it is
infrequent.1,6 The trait of VT is most commonly observed
in dogs lying at rest and during rapid eye movement sleep.8

Because of the age and behavioral dependence of the
expression of this disease, extensive observation via
24-hour ambulatory ECGmonitoring (Holter monitoring)
is often required to ascertain disease presence and its
severity.
In people, important advances have been made in the

understanding of the genetic basis of inherited arrhythmic
disorders with loss of repolarization reserve including
the long QT syndromes,9–12 Brugada syndrome,13 and
others.14–19 Causative mutations have primarily been

identified in genes encoding specific sodium and potas-
sium channel proteins involved in repolarization.9–19 In
affected GSDs, abnormalities of ion current densities of
potassium channels and calcium cycling indicate a global
disruption of repolarization reserve.20–30 Futhermore, het-
erogeneous sympathetic innervation has been identified.29

Given the failure to identify a singular abnormality, ge-
nome-wide analysis of linkage is more likely to be
successful in identifying the causative loci for VA in GSDs
than a candidate gene approach. In anticipation of con-
ducting a full genome scan for loci linked to the disease,
we performed a genetic characterization of this trait in our
closed colony of GSDs with a high incidence of VA. Our
goals for this study were to estimate the genetic parame-
ters of VA traits and to characterize the progression of the
arrhythmia in this population.

Materials and Methods

Dogs

Dogs were housed in an American Association for the Accredi-

tation of Laboratory Animal Care approved facility, which

conforms to the guidelines for proper animal care as described

within the National Institutes of Health Guide for the Care and Use

of Laboratory Animals. Experiments were approved by the Institu-

tional Animal Care and Use Committee of Cornell University. Data

were collected on GSDs within a long-established (18 years) colony

at Cornell University’s College of Veterinary Medicine. Primary

founders of this colony came from families with incidences of sud-

den death that, under subsequent analysis, were shown to have a

common ancestor.1 Additional affected and unaffected dogs have

been brought into the colony over the years, in part to diversify the

breeding pool. Thirty-eight backcross progeny (GSD � [GSD �
greyhound]) were used for pedigree analysis, but only data from

purebred GSDs were used for the quantitative analysis presented in

the current study. Dogs were born during 1988–2006, and pedigree

information was available for all dogs with phenotypic data. In-
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breeding coefficients were calculated for all dogs using ‘‘proc in-

breed’’ in SAS (v. 9.1, SAS Institute, Cary, NC).

Phenotype Analysis

Ambulatory ECG (Holter monitoring) was performed on all

dogs. Holter monitoring was serially performed with a median of

3.5 recordings each (eg, each dog evaluated at 11, 15, and 18 weeks

of age), although dogs born between 1987 and 1997 had more ex-

tensive monitoring in order to characterize the arrhythmogenic

phenotype. All ECG recordings were edited for correct beat anno-

tation by experienced technicians. Recordings from dogs under 14

weeks of age were 15 hours rather than 24 hours in duration and the

acquisition frequency was 1,000Hz rather than 400Hz. All records

were normalized to 24 hours to enable comparison of data among

all recordings. The term ‘‘record’’ refers to 1 dog’s ECG data re-

corded at 1 age. No treatment was administered before or after

Holter monitoring.

Recordings were made at ages of 3–413 weeks. Because of the

small number of ECG recordings on dogs under 6 and over 45

weeks of age, those records were removed from this analysis. The

frequency of VA in each ECG recording was identified and 3 VA

traits were categorized: single PVCs, 2 consecutive PVCs (couplets),

and 3 or more consecutive PVCs (VT). Some recordings analyzed

with earlier versions of software had such extensive VA that it was

not possible to annotate all beats. In order to give a semiquantifica-

tion of VA, thresholds for beat identification had to be made. In

these records, a threshold of 5,000 PVCs was set as a maximum;

such values were treated as missing data for analyses involving se-

verity. For the analysis of age of onset, data from dogs born in 1988

and 1989 were discarded because ECG recordings were not rou-

tinely collected before 18 weeks of age in those years.

Dogs were categorized as affected or unaffected for each of the 3

traits based on their most severe record for each trait. The cutoff

values for affectedness were4100 PVCs,44 couplets, and 42 VT

in 24 hours. Although sudden death occurred in this population of

dogs, it was not included in the analysis because not all dogs were

kept beyond 6 months of age and were therefore not given the full

opportunity to express this trait.

Statistical Models

Descriptive statistics and Pearson’s correlation coefficients for

affectedness, severity, and age of onset of the VA traits (PVCs, cou-

plets, and VT) were calculated by SAS (v. 9.1, SAS Institute).

Significant fixed effects were identified with univariate analyses.

Variance and covariance components were estimated by restricted

maximum likelihood and procedures in SAS (v. 9.1, SAS Institute).

Heritability (h2) was estimated by

h2 ¼ s2
a=ðs2

a þ s2
eÞ;

where s2
a is the additive genetic variance and s2

e is the residual vari-

ance.

Animals often share common ancestors and consequently share

identity by descent, and animal effects are commonly fitted as ran-

dom effects. Unfortunately, these characteristics are not included in

any of the predefined variance structures by SAS (SAS Institute)

and are therefore ignored in empirical analyses. We developed an

SASmacro,MTCC, on the basis of LORG (coded by Zhiwu Zhang,

http://www.people.cornell.edu/pages/zz19/research/LORG/index.

html), to incorporate the genetic relationships among the dogs. This

macro computes numerical relationship among individuals from a

given pedigree using half storage, extracts the numerical relation-

ship, and assigns genetic parameters in sparse format to generate an

SAS data set that can be directly used by options GDATA or LDA-

TA for multiple trait data.

Affectedness (for PVCs, couplets, and VT coded as binary, un-

affected/affected) was analyzed with SAS (v. 9.1) ‘‘proc glimmix,’’

using the model

PrðY ¼ 1Þ ¼ yðmþ dogGþ eÞ;

where Pr(Y 5 1) denotes the probability a dog is affected; y is the

cumulative normal distribution function, which is the probit link

between the linear predictor on the right-hand side and the proba-

bility for a specific outcome on the left-hand side; m is a fixed model

intercept; dogG is the random genetic effect of dog, �(0,As2
G)

where A is the additive genetic relationship matrix and s2
Gis the ad-

ditive genetic variance; and e is the random residual error.

Preliminary analyses included terms for sex, birth year, and in-

breeding, but none of these was significant (P 4 .10), and thus they

were not included in subsequent analyses.

Age of onset for the 3 severity traits was analyzed using ‘‘proc

mixed’’ in SAS (v. 9.1) using the following animal model:

Y ¼ mþ byearþ traitþ dogGþ dogPEþ e;

where Y is age of onset; m is a fixed model intercept; byear is the

dog’s year of birth; trait indicates as to which trait the age corre-

sponds to; dogG is the random additive genetic effect of dog, �(0,
As2

G); dogPE is the random permanent effect of dog, �(0, Is2
PE)

where I is an identity matrix and s2
PEis the permanent environmen-

tal variance; and e is the random residual error.

Severity traits (PVCs, couplets, or VT) were analyzed with SAS

(v. 9.1) ‘‘proc mixed,’’ using the model

logðYÞ ¼ mþ bmonyearþ seasonþ ðb1Þageþ ðb2Þage2 þ dogG
þ dogPEþ e;

where Y is the number of PVCs, couplets, or VT in the ECG re-

cording; m is a fixed model intercept; bmonyear is the dog’s month

and year of birth; season is the season of ECG recording (4 seasons,

where January-March is season 1); fit as a covariate, age is the age in

weeks of dog at ECG recording; dogG is the random additive ge-

netic effect of dog, �(0, As2
G); dogPE is the random permanent

effect of dog, �(0, Is2
PE); and e is the random residual error. Pre-

liminary analyses included terms for sex and inbreeding, but neither

term was significant (P o .10) and therefore they were not included

in subsequent analyses. Covariance components between each 2

traits were obtained from bivariate analyses.

Results

Three hundred and ninety-eight GSDs with 1,239 re-
cords were included in the analysis. Inbreeding
coefficients for the dogs ranged from 0 to 0.375, with an
average of 0.126. The minimum VA count recorded for
all traits was 0. Across all records, the maximum re-
corded VA counts were 88,234 PVCs, 30,068 couplets,
and 14,205 incidents of VT. Other summary statistics are
presented in Table 1.

Table 1. Proportion of German Shepherd Dogs (n 5

398) affected and summary statistics of ventricular ar-
rhythmia data.

PVCs Couplets VT

% Affected 69 56 51

Range 0–88,234 0–30,068 0–14,205

Mean 2,373 223 48

Standard deviation 7,731 1,527 502

PVCs, single premature ventricular complexes; couplets, 2 con-

secutive PVCs; VT, ventricular tachycardia.
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Pattern of Inheritance

The inheritance of the arrhythmia showed no clear
pattern of simple recessive or dominant inheritance
(Fig 1 indicates a pedigree sample). Based on pedigree
information, there was no indication of a sex bias in
affectedness. Mildly affected dogs (only PVCs) produced
severely affected pups with VT—some of which died sud-
denly—as well as mildly affected and unaffected pups.
Matings between dogs with VT produced unaffected
pups in addition to mildly affected and severely affected
pups. Matings between affected and unaffected GSDs
also produced a full spectrum of phenotypes from
unaffected to severely affected. Matings between 2 un-
affected dogs did not produce affected pups, although
there have been few such pairings to assess in our colony.
The severity of phenotypes in GSDs � Greyhound

backcross dogs mirrored the range observed in purebred
GSDs (Table 2). As with purebred GSDs, there was
no clear pattern of simple recessive or dominant inheri-
tance (Fig 2). One pup in the F1 litter was affected (PVCs
only) whereas the other 4 were unaffected. Two un-
affected F1s (1 male and 1 female) were bred to affected
GSDs to generate the backcross generation. Of 38 back-
cross pups, 23 (61%) were affected with at least single
PVCs (2 of those dogs were classified as affected for
VT—one had 3 and the other had 5 runs of VT—but they
were well below the threshold for single PVCs). The most
severely affected backcross pup had an ECG with over

13,000 episodes of VT. Another backcross dog had the
highest number of single PVCs counted in a 24-hour
ECG: 103,655.

Affected versus Unaffected

Every dog was classified as affected or unaffected for
each trait. Heritability estimates for affectedness were
moderately high (0.46–0.54) and fairly consistent across
traits (Table 3). Phenotypic correlations across traits
were significantly positive, ranging from 0.55 to 0.74 (Ta-
ble 3). Because of the structure and small size of the
population, genetic correlations for affectedness could
not be calculated.

unaffected

single PVCs

VT

single PVCs & VT

Fig 1. Sample German Shepherd Dog pedigree coded for affectedness for single premature ventricular complexes (PVCs) (gray) and ven-

tricular tachycardia (VT) (black). Symbols that are half gray and half black indicate that the dog was affected with both single PVCs and VT.

Unfilled symbols indicate unaffected status. Circles signify females; squares signify males.

Table 2. Proportion of Greyhound � German Shep-
herd Dogs backcross dogs (n 5 38) affected and
summary statistics of ventricular arrhythmia data.

PVCs Couplets VT

% Affected 55 32 32

Range 0–103,655 0–9,979 0–13,637

Mean 3,235 234 151

Standard deviation 11,407 1,317 1,320

PVCs, single premature ventricular complexes; couplets, 2 con-

secutive PVCs; VT, ventricular tachycardia.
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Age of Onset

Age of onset was determined for dogs affected for one
or more of the VA traits. Ages of onset were not uniform
across the traits (P 5 .0042). On average, onset of single
PVCs (14.9 weeks) occurred more than 4 days earlier
than onset of VT (15.5 weeks) and couplets (15.7 weeks).
The estimate for heritability for age of onset was 0.34.
Additionally, birth year was a significant fixed effect
(P 5 .001), with a trend toward earlier onset in the more
recent years. Phenotypic correlations for age of onset be-
tween the traits were all significantly positive, ranging
from 0.47 (onsets of PVCs and VT) to 0.82 (onsets of
couplets and VT).

Fixed Effects

Month and year of birth (fit as 1 variable: birth-
month-year) was a significant fixed effect, as were the
linear and quadratic values of the covariate age at ECG
recording (Table 4) for all 3 VA severity traits. A signifi-
cance level of Po.10 was used to determine what fixed
effects would be included in the models. Neither sex nor
inbreeding level was significant (P4.10) in any analysis.
Based on univariate analysis, birth-month-year had a
significant effect (Po.002) on the 3 traits. Season of
ECG recording was significant for PVCs (P 5 .074), but
not for couplets or VT. Spring (April-June) conferred the
highest risk.
Age at ECG recording (linear and quadratic values)

had a highly significant effect on PVC counts for all 3

traits (P o .0001). The regression curves for all 3 traits
indicate that the incidence of VA increases with age up to
a point, after which it declines at approximately 35 weeks
for PVCs, 33 weeks for couplets, and 36 weeks for VT
(Fig 3A–C). Not only does ‘‘improvement’’ come later
for VT, but the rate of decrease in arrhythmic activity is
slower than that for PVCs or couplets. The differences in
the scale of the regression curve graphs reflect the dispar-
ity in the ranges of the trait values. It should be
emphasized that whereas generalizations can be made
about the age of onset, age of peak affectedness, and
rates of increase and decrease in severity, each affected
dog appears to have its own trajectory with regard to
these attributes.

Severity of Phenotype

Phenotypic correlations for severity of VA traits
ranged from 0.26 to 0.39 (Table 5). Genetic correlation
estimates for VA trait severity were calculated using the
averages of the respective genetic variance estimates.
Likewise, the heritability estimates were averaged over
all bivariate estimates obtained for the different combi-
nations; the results are in Table 5. Estimated heritability
was moderate for single PVCs (0.33), but high for cou-
plets (0.69) and VT (0.69). Genetic correlations between
the severity traits were positive, ranging from 0.06 to 0.27
(Table 5). Phenotypic correlations between the severity
traits and age of onset for each trait were also estimated.
The number of PVCs was negatively correlated with the
ages of onset for PVCs (�0.20; P o .0001), couplets
(�0.18; P o .0001), and VT (�0.15; P 5 .0017). That is,
dogs with an earlier age of onset, for any of the 3 traits,
had more single PVCs. Also, couplet severity was
negatively correlated with couplet age of onset (�0.09;
P 5 .0310).

Discussion

The important new findings of this study regarding VA
in young GSDs were that (1) the traits (PVCs, couplets,
and VT) characterizing the disorder are not inherited

unaffected
single PVCs

VT

single PVCs & VT

Fig 2. Backcross (GSD� [GSD�Greyhound]) family coded for affectedness for single premature ventricular complexes (PVCs) (gray) and

ventricular tachycardia (VT) (black). Symbols that are half gray and half black indicate that the dog was affected with both single PVCs and

VT. Unfilled symbols indicate unaffected status. Circles signify females; squares signify males. GSD, German Shepherd Dogs.

Table 3. Heritability estimates (underlined, on diago-
nal) and phenotypic correlations of affectedness (below
the diagonal).

PVCs Couplets VT

PVCs 0.54

Couplets 0.70 0.54

VT 0.55 0.74 0.46

PVCs, single premature ventricular complexes; couplets, 2 con-

secutive PVCs; VT, ventricular tachycardia.
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by simple recessive or dominant inheritance and (2) the
heritability estimates for the traits were moderate to high
and phenotypic and genotypic correlations were positive,
but not high.

Pattern of Inheritance: Dependence on Correct
Phenotype Identification

Several factors have contributed to the difficulty in es-
tablishing that VA in GSDs (henceforth referred to as
GSDIVA for German Shepherd Dog Inherited Ventric-
ular Arrhythmias) is inherited, particularly using
pedigrees of GSDs outside of the colony. First, the ex-
pression of arrhythmias is present for a limited window
of time (age-dependent) and must be identified during
that period or it will be missed.6 Previously, we reported
the influence of age in the recognition of the disorder6;
however, we had not separated out the types of VA ob-
served. In this study, the 3 traits indicate differences with
regard to age of onset and trends in severity with age.
Consequently, affected dogs that are tested before 16
weeks of age or after approximately 2 years of age can be
misclassified as unaffected or the severity may be under-
estimated. Examination of the regression plots for the
increase and decline of VA as well as results from our
previous studies1,6 suggest that screening for GSDIVA
would be most effective between the ages of 25 and 45
weeks of age. This age range would most accurately
differentiate affected and unaffected dogs. While per-
forming more than one 24-hour ECG would improve the
reliability of the diagnosis, it also increases the expense.
Another consideration in our definition of phenotype
was the selection of 4100 PVCs as being affected. We
could state that by placing this number too high, affected
dogs are classified as unaffected. However, by placing
this number lower, the converse would be true. It is inev-
itable in phenotyping many disorders that the line of true
delineation of normal and abnormal is blurred. We have
also found that a phenylephrine challenge can be used to
identify affected dogs at earlier ages.2

Another difficulty in identifying VA by routine ECG is
the dependence of behavior in exposing the arrhythmia,

Table 4. F values and type I error probabilities (P values) of fixed effects and covariates.

Effect DF

PVCs Couplets VT

F P F P F P

Birth-month-year 56 1.83 .0011 2.15 .0001 2.39 o.0001

Season of ECG 3 2.32 .0743 1.18 .3144 1.33 .2631

Age at ECG—linear 1 49.59 o.0001 75.48 o.0001 33.36 o.0001

Age at ECG—quadratic 1 25.18 o.0001 42.87 o.0001 16.93 o.0001

PVCs, single premature ventricular complexes; couplets, 2 consecutive PVCs; VT, ventricular tachycardia.

Table 5. Heritability estimates (underlined, on diago-
nal), additive genetic correlations (above diagonal), and
phenotypic correlations (below diagonal) of the severity
of ventricular arrhythmia traits.

PVCs Couplets VT

PVCs 0.33 0.06 0.14

Couplets 0.39 0.69 0.27

VT 0.26 0.34 0.69

PVCs, single premature ventricular complexes; couplets, 2 con-

secutive PVCs; VT, ventricular tachycardia.
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particularly in mildly to moderately affected dogs. Holter
monitoring provides an opportunity to observe VA dur-
ing rest or sleep that might not be present during the
excitement of ECG examination. Thus, screening for
GSDIVA should be performed by 24-hour Holter mon-
itoring and not by routine ECG recordings.
In this study, we considered different types of VA as

different traits, but an important trait we were unable to
assess was sudden death. Because death is the only health
consequence of this disorder, it is an important factor to
consider in the inheritance. We have previously made the
observation that only dogs with the rapid polymorphic
VT die.1 However, the presence of VT is not an exact
surrogate for sudden death. In our early work, we noted
that 50% of dogs that had VT survived the first 2 years of
life and subsequently lived a normal lifespan without
cardiac compromise such as heart failure or syncope.1

The reason for death in 1 dog with VT and not in another
remains a mystery in terms of both the genetics and
the mechanism of deterioration of VT to a fatal
rhythm.7,28 In humans, the relationship among genetics,
arrhythmias, and sudden death is also under investiga-
tion.14–18 Our division of the overall disease trait into
multiple traits was supported by the observed differences
in heritability estimates and ages of onset and the fairly
low estimates of genetic correlation among the 3 traits.
Another consideration in determining the pattern of

inheritance is the genetic background of dog breeds. In
an earlier study,1 outcross (n 5 5) and backcross (n 5 11)
pups of affected GSDs and Beagles showed that none of
the F1 generation was affected and only 4 of the back-
cross generation were very mildly affected.1 However, in
our study here, outcross and backcross to the Greyhound
yielded 1 mildly affected dog in the F1 generation,
whereas many backcross dogs were severely affected.
Furthermore, when unaffected GSDs were crossed with
affected GSDs, the phenotypic spectrum of affectedness
was similar to that of mating 2 affected GSDs. Thus,
both penetrance and expressivity of the phenotype are
likely to be influenced by susceptibility and protective
modifier alleles that differ between dog breeds.
Our results do not support a simple mode of inheri-

tance. GSDIVA is most likely polygenic and/or
multifactorial in origin. Such a conclusion is not unusual
as multiple genes are thought to be at the root of other
cardiac diseases of the dog.31 Even many inherited ar-
rhythmias in humans that are considered to be ‘‘single
gene’’ diseases also show genetic heterogeneity and evi-
dence for modifier genes.11,13,19

Heritability Estimates

Heritability is the proportion of phenotypic variation
in a given population that derives from genetic variation
rather than from environmental factors. Because herita-
bility estimates reflect the amount of variation in
genotypic effects compared with the variation in envi-
ronmental effects without being absolute measurements
of the respective contribution of each to a phenotype, the
heritability estimates for GSDIVA reported in this study
apply only to this population of dogs. However, the re-

sults provide information relative to the potential
response to breeding selection. With higher heritability,
as is the case with GSDIVA, the greater the impact se-
lection against a trait in a breeding program will have in
eliminating that trait in a breed.32,33 In addition, the rel-
atively high heritability estimates for the traits of VA in
GSDIVA indicate a greater likelihood of finding evi-
dence of linkage to a genetic marker.

Acknowledgments

The authors acknowledge Ms Mary Ellen Charter, Ms
Kristie Garcia, and Ms Courtney Friedel for technical
assistance.

This study was supported in part by grants from the
AKC Canine Health Foundation and the Collaborative
Research in Veterinary Medicine and Collaborative Re-
search in Preclinical and Clinical Sciences Programs of
the Cornell University College of Veterinary Medicine.

References

1. Moı̈se NS, Meyers-Wallen V, Flahive WJ, et al. Inherited

ventricular arrhythmias and sudden death in German Shepherd

Dogs. J Am Coll Cardiol 1994;24:233–243.

2. Moı̈se NS, Moon PF, Flahive WJ, et al. Phenylephrine in-

duced ventricular arrhythmias in dogs with inherited sudden death.

J Cardiovasc Electrophysiol 1996;7:217–230.

3. Moı̈se NS, Gilmour Jr RF, Riccio ML, et al. Diagnosis of in-

herited ventricular tachycardia in German Shepherd Dogs. Am J

Vet Med Assoc 1997;210:403–410.

4. Moı̈se NS, Gilmour Jr RF, Riccio ML. An animal model of

sudden arrhythmic death. J Cardiovasc Electrophysiol 1997;8:98–

103.

5. Moı̈se NS. Inherited arrhythmias in the dog: Potential exper-

imental models of cardiac disease. Cardiovasc Res 1999;44:37–46.

6. Moı̈se NS, Riccio MJ, Flahive WJ, Gilmour Jr RF. Age de-

pendent development of ventricular arrhythmias in a spontaneous

animal model of sudden cardiac death. Cardiovasc Res 1997;34:

483–492.

7. Gelzer ARM, Mo„se NS, Koller ML. Defibrillation of Ger-

man Shepherds with inherited ventricular arrhythmias and sudden

death. J Vet Cardiol 2005;7:97–107.

8. Moı̈se NS, Dugger DA, Brittain D, et al. Relationship of ven-

tricular tachycardia to sleep/wakefulness in a model of sudden

cardiac death. Pediatr Res 1996;40:344–350.

9. Antzelevitch C. Ionic, molecular, and cellular bases of QT-

interval prolongation and torsade de pointes. Europace 2007;9

(Suppl 4):iv4–iv15.

10. Jensen SM, Stattin EL, Rydberg A. Long QT syndrome can

be effectively treated. Important to identify mutation carriers. La-

kartidningen 2007;104:2866–2870.

11. Priori SG, Napolitano C. Genetic defects of cardiac ion

channels. The hidden substrate for torsades de pointes. Cardiovasc

Drugs Ther 2002;16:89–92.

12. Splawski I, Shen J, Timothy KW, et al. Spectrum of muta-

tions in long-QT syndrome genes. KVLQT1, HERG, SCN5A,

KCNE1, and KCNE2. Circulation 2000;102:1178–1185.

13. Antzelevitch C, Brugada P, Brugada J, et al. Brugada syn-

drome: A decade of progress. Circ Res 2002;91:1114–1118.

14. Farwell D, GollobMH. Electrical heart disease: Genetic and

molecular basis of cardiac arrhythmias in normal structural hearts.

Can J Cardiol 2007;23(Suppl A):16A–22A.

15. Makita N, Tsutsui H. Genetic polymorphisms and ar-

rhythmia susceptibility. Circ J 2007;71(Suppl A):A54–A60.

269Genetics of Arrhythmias in German Shepherds



16. Antzelevitch C. Molecular genetics of arrhythmias and car-

diovascular conditions associated with arrhythmias. J Cardiovasc

Electrophysiol 2003;14:1259–1272.

17. Keating MT, Sanguinetti MC. Molecular and cellular mech-

anisms of cardiac arrhythmias. Cell 2001;104:569–580.

18. Towbin JA. Molecular genetic basis of sudden cardiac death.

Cardiovasc Pathol 2001;10:283–295.

19. Brugada J, Brugada R, Brugada P. Channelopathies: A new

category of diseases causing sudden death. Herz 2007;32:185–191.

20. Gilmour Jr RF, Moı̈se NS. Triggered activity as a mecha-

nism for inherited ventricular arrhythmias in German Shepherd

Dogs. J Am Coll Cardiol 1996;27:1526–1533.

21. Freeman LC, Pacioretty LM, Moı̈se NS, et al. Decreased

density of Ito in left ventricular myocytes from German Shepherd

Dogs with inherited arrhythmias. J Cardiovasc Electrophysiol 1997;

8:872–883.

22. Sosunov EA, Anyukhovsky EP, Shvilkin A, et al. Abnormal

cardiac repolarization and impulse initialization in German Shep-

herds Dogs with inherited ventricular arrhythmias and sudden

death. Cardiovasc Res 1999;42:65–79.

23. Merot J, Probst V, Debailleul M, et al. Electropharmacolog-

ical characterization of cardiac repolarization in German Shepherd

Dogs with an inherited syndrome of sudden death. J Am Coll Card-

iol 2000;36:939–947.

24. Sosunov EA, Gainullin RZ, Moı̈se NS, et al. b1 and b2-ad-
renergic receptor subtype effects in German Shepherd Dogs with

inherited lethal ventricular arrhythmias. Cardiovasc Res 2000;48:

211–219.

25. Steinberg SF, Alcott SA, Pak E, et al. Beta-receptors increase

in cAMP and induce abnormal CA cycling in the German Shepherd

sudden death model. Am J Physiol Heart Cir Physiol 2002;282:

H1181–H1188.

26. Obreztchikova MN, Sosunov EA, Anyukhovsky EP, et al.

Heterogeneous ventricular repolarization provides a substrate for

arrhythmias in German Shepherdmodel of spontaneous arrhythmic

death. Circulation 2003;108:1389–1394.

27. Sosunov EA, Obreztchikova MN, Anyukhovsky EP, et al.

Mechanisms of alpha adrenergic potentiation of ventricular ar-

rhythmias in German Shepherd Dogs with inherited arrhythmic

sudden death. Cardiovasc Res 2004;61:715–723.

28. Protas L, Sosunov EA, Anykhovsky EP, et al. Regional dis-

persion of L-type calcium current in ventricular myocytes of

German Shepherd Dogs with lethal cardiac arrhythmias. Heart

Rhythm 2005;2:172–176.

29. Dae M, Ursell P, Lee R, et al. Heterogeneous sympathetic

innervation in German Shepherd Dogs with inherited ventricular

arrhythmias and sudden death. Circulation 1997;96:1337–1342.

30. Moı̈se NS. From cell to cageside: Autonomic influences on

cardiac rhythm in the dog. J Small Anim Pract 1998;39:460–468.

31. Parker HG, Meurs KM, Ostrander EA. Finding cardiovas-

cular disease genes in the dog. J Vet Cardiol 2006;8:115–127.

32. Todhunter RJ, Bliss SP, Casella G, et al. Genetic structure of

susceptibility traits for hip dysplasia and microsatellite informative-

ness of an outcrossed canine pedigree. J Hered 2003;94:39–48.

33. Smith GK. Advances in diagnosing canine hip dysplasia.

J Am Vet Med Assoc 1997;210:1451–1457.

270 Cruickshank et al


