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Abstract
Background/Objective—Arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/
C) is characterized by ventricular arrhythmias, sudden death, and fatty or fibrofatty replacement of
right ventricular myocytes. Recent studies have noted an association between human ARVD/C and
molecular remodeling of intercalated disc structures. However, progress has been constrained by
limitations inherent to human studies. Here, we studied the molecular composition of the intercalated
disc structure in a naturally occurring animal model of ARVD/C (boxer dogs).

Methods—We studied hearts from 12 boxers with confirmed ARVD/C and two controls.
Ventricular sections from four animals were examined by immunofluorescent microscopy. Frozen
tissue samples were used for western blot analysis. Proteins investigated were N-cadherin,
plakophilin 2, desmoplakin, plakoglobin, desmin, and connexin43 (Cx43).

Results—In control dogs, all proteins tested by immunofluorescence analysis yielded intense
localized signals at sites of end-to-end cell apposition. In contrast, myocardial tissues from ARVD/
C-afflicted boxers displayed preservation of N-Cadherin staining but loss of detectable signal for
Cx43 at the intercalated disc location. Western blots indicated that the Cx43 protein was still present
in the samples. Gene sequencing analysis revealed no mutations in desmoplakin, plakoglobin, Cx43,
or plakophilin 2.

Conclusions—Mutation(s) responsible for ARVD/C in boxers lead, directly or indirectly, to severe
modifications of mechanical and electrical cell-cell interactions. Furthermore, significant reduction
in gap junction formation may promote a substrate for malignant ventricular arrhythmias. This model
may help advance our understanding of the molecular basis, pathophysiology and potential
therapeutic approach to patients with ARVD/C.
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Introduction
Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy (ARVD/C) is an inherited
myocardial disease of unresolved pathogenesis that is associated with sustained monomorphic
ventricular tachycardia and sudden cardiac death (SCD). Pathological lesions are distinctive
and include progressive cardiac myocyte atrophy with replacement by fatty or fibro-fatty tissue
most prominent in (but not limited to) the right ventricle.1 The arrhythmias are most commonly
induced by exercise and, in humans, it is estimated that ARVD/C is responsible for as many
as 10% of unexplained sudden cardiac deaths that occur under the age of 65.2-4

Recent studies have linked ARVD/C in humans with mutations in proteins of the cardiac
desmosome5, a component of the intercalated disc essential for the mechanical coupling
between cardiac cells.6 Though the loss of mechanical coupling may explain some of the
phenotypical characteristics of the disease, it does not account for its highly arrhythmogenic
nature, particularly in those cases where severe arrhythmias occur in the absence of substantial
replacement of myocardium with fatty or fibrous tissue.5,7 In 2004, the group of Saffitz
reported a significant disruption of gap junction integrity in hearts of patients afflicted with
Naxos disease (caused by plakoglobin mutation).8 Further evidence of a link between
desmosomes and gap junctions in the heart came recently from the analysis of cardiac tissue
obtained from patients with Carvajal syndrome (a truncation of desmoplakin).7
Immunofluorescence staining of intercalated disc proteins showed the preservation of N-
cadherin (and other proteins) at the sites of cell-cell apposition. However, gap junction plaques
were absent or drastically reduced.7,8 Interestingly, Cx43 was still detectable by Western blot.
8 These studies showed a link between desmosomal and gap junction integrity and were the
first to postulate failure of this interaction as a potential pathophysiologic mechanism in
ARVD/C.

The studies of Kaplan et al opened a fundamental venue for the understanding of the cellular
and molecular mechanisms underlying the arrhythmic behavior prevalent in patients with
ARVD/C.7,8 Yet, both Naxos and Carvajal diseases are rare, and some of the analysis on the
mechanisms responsible for these syndromes is severely limited by the strict constraints
inherent to human research. Recently, Basso et al reported inherited ARVD/C in boxer dogs.
9 The clinical manifestations of the disease in these animals included a high incidence of
ventricular tachycardia and SCD. Here, we have applied immunochemical techniques to
characterize the molecular phenotype of the cardiac intercalated disc in boxer dogs afflicted
with ARVD/C. Our results are consistent with those reported by Kaplan et al indicating a
significant loss of immunodetectable intercalated disc structures.7,8 In particular, afflicted
boxers showed a drastic loss of gap junction plaques at the sites of cell apposition. The results
strongly suggest that, as in the case of inherited ARVD/C in humans, the disease in boxers is
associated with a significant remodeling of the structures involved in cell-cell communication.
These experiments further validate the use of the boxer dogs as a model of the disease and
support the notion that loss of gap junctions may represent a substrate in the development of
ARVD/C-related ventricular arrhythmias.

Materials and Methods
Pathology

Hearts were fixed in 10% phosphate-buffered formalin and weighed. Wall thickness and
chamber sizes were routinely assessed.10 Transmural tissue blocks were removed from the
anterior, lateral, and posterior right ventricle (RV) and RV outflow tract; anterior, lateral, and
posterior left ventricle (LV); anterior, medial, and posterior ventricular septum; and left and
right atrial walls. Tissue sections were cut 5 μm thick and stained with hematoxylin and eosin
and Masson's trichrome stains for routine histopathologic evaluation.
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Immunolocalization experiments
Transmural blocks were taken from the LV free wall. The blocks were approximately 1.5 cm
in length and 1 cm in width. The blocks were fixed in 10% buffered formalin, embedded in
paraffin, and sectioned into 4 μm-thick slices. Protocols for immunolocalization of the relevant
proteins followed those previously published.8 Briefly, sections were blocked in 3% BSA,
0.01% Triton buffer for 2 hours, and then incubated overnight at 4°C with the appropriate
primary antibodies. After incubation, samples were rinsed in PBS and then incubated with the
appropriate secondary antibodies for an additional period of 45 minutes, mounted and
examined with a Zeiss Axiovision 2a microscope equipped with a 63X lens and Axioplan 2E
imaging with structural illumination (Apotome). Primary antibodies used were the following:
polyclonal rabbit anti-Cx43 (Chemicon), monoclonal mouse anti-PKP2a and 2b (BioDesign),
polyclonal rabbit anti-DP (Serotec), polyclonal rabbit anti-pan cadherin (Sigma), monoclonal
mouse anti-plakoglobin (Sigma), and polyclonal rabbit anti- desmin (Scy Tek). Secondary
antibodies used were Alexafluor 598 goat anti-mouse, and Alexafluor 484 goat anti-rabbit
(Molecular Probes).

Immunochemical detection of intercalated disc proteins in canine cardiac tissue lysates
Frozen tissue samples from one boxer (#6) and one unafflicted mongrel were homogenized in
Laemmli buffer, and whole protein amounts measured by a Lowry protein assay. Proteins were
separated by SDS-PAGE using an 8-16% tris-glycine gradient gel (Invitrogen), transferred
onto nitrocellulose, blocked for 1 hour at room temperature with 5% non-fat milk in PBS-
Tween (.5%), probed with the same antibodies specified for the immunofluorescence analysis.
Cx43 was detected using an antibody that recognizes the amino terminal domain of the protein
(Cx43NT, Fred Hutchinson Cancer Research Center). To ensure equal loading, blots were
stripped with Restore Western Blot Stripping Buffer (Pierce), blocked again with 5% NFM in
PBS-T for 1 hour at room temperature, and then incubated with primary monoclonal antibody
to α cardiac actin (Fitzgerald).

Genetic Screening
RNA was isolated from the hearts of an afflicted boxer as well as from an un-afflicted mongrel
dog. This RNA was reverse transcribed (Superscript III, Invitrogen) and subjected to PCR for
amplification. As a first screening, we sequenced the cDNA coding for desmoplakin (DP),
plakophilin 2 (PKP2), plakoglobin (PG), and connexin43 (Cx43). A series of primers were
designed to amplify successive, overlapping fragments of each cDNA. These products were
purified and sequenced by the DNA core sequencing facility at SUNY Upstate Medical
University (Syracuse NY). Sequences derived from the afflicted boxer, from the control dog,
and those predicted from the NCBI database were compared using ChromasPro Version 1.33
software (Technelysium Pty Ltd).

Results
Clinical Profile

Hearts were obtained from a total of 12 ARVD/C-afflicted boxers (9 studied by the Section of
Cardiology, College of Veterinary Medicine, Cornell University and 3 studied by the Animal
Medical Center in New York, NY). Animals were clinically diagnosed with ARVD/C by means
of echocardiography, electrocardiography and 24-hour ambulatory electrocardiographic
(Holter) monitoring. The clinical diagnosis was later confirmed by gross and histopathological
examinations. Table 1 shows the general characteristics of the population. Ventricular
tachycardia was present in 10 of the 12 dogs while atrial arrhythmias including atrial fibrillation
were less common. Although polymorphic ventricular arrhythmias were present in dogs with
clinical signs of left myocardial failure, monomorphic ventricular arrhythmias with a wide

Oxford et al. Page 3

Heart Rhythm. Author manuscript; available in PMC 2007 November 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



positive R wave in the anterior limb leads was the dominant pattern of arrhythmia (see Figure
1). These results were consistent with those previously described.11 Episodes of ventricular
arrhythmias were often correlated with exercise or emotional stress, as it has been described
both in the boxer and humans with ARVD/C.5,9 Eight dogs had evidence of myocardial failure
based on clinical and echocardiographic examinations. Two of the twelve dogs also had mild
subaortic stenosis (gradient < 40 mmHg). Six of the twelve dogs presented with syncope. The
circumstances of death were sudden and unexpected in six of the twelve, while the remaining
six were euthanized for medical reasons.

Pathological findings
Moderate right ventricular chamber dilation was judged on inspection to be present in 5 boxer
dogs (41.7.3%) (Figure 2A). Hearts from all 12 boxer dogs displayed histopathological lesions
that closely resembled those of human patients with ARVD/C,12,13 as well as lesions reported
in an established spontaneous animal model of ARVD/C in the boxer dog.9 Most characteristic
was substantial replacement of RV myocytes with adipocytes, or with adipose and fibrous
tissue. This occurred in two morphologic patterns. The fatty form was characterized by
diffusely distributed, multifocal regions of adipose cell replacement within the RV wall and
trabeculae, extending from epicardium towards endocardium, and often associated with mild
interstitial fibrosis (Figure 2B and 2C). The fibro-fatty form consisted of regions of focal or
diffuse RV myocyte atrophy with adipose tissue and replacement-type fibrosis (Figure 2D and
2E). Both the fatty and fibro-fatty forms contained surviving myocytes embedded within areas
of fat, and fibro-fatty tissue, respectively. Myocarditis, characterized by focal or multifocal
inflammatory lymphocytic infiltrates associated with myocyte death, was identified in the RV
of 5 of the 12 ARVD/C boxer dogs (41.7%). Left ventricular sections contained relatively
minor lesions consisting largely of mild interstitial fibrosis or focal, fibrous tissue replacement,
or scant, focal lymphocytic infiltrates. Overall, histopathological features of the 12 boxer dogs
in the present study were consistent with the recent description of ARVD/C in the boxer dog.
9 We therefore moved to assess the subcellular localization of intercalated disc proteins.

Immunolocalization of intercalated disc proteins in ARVD/C-afflicted boxers
Subcellular localization of relevant intercalated disc proteins was determined only in those
hearts that were retrieved and fixed within two hours after time of death. The latter criteria
avoided artifacts caused by postmortem proteolysis. Moreover, these experiments focused on
tissue samples obtained from the left ventricular free wall since myocardial architecture was
better preserved in these regions, compared with the RV which was characterized by substantial
myocyte atrophy and fibro or fibro-fatty replacement.

Immunofluorescence analysis was conducted for the following proteins (the structure in which
they integrate is indicated in parentheses): Cadherin (adherens junctions; see Figure 3),
Plakophilin 2, Desmoplakin and Plakoglobin (desmosomes; Figure 4), Connexin43 (gap
junctions; Figure 5), and Desmin (intermediate filaments; Figure 6). For the sake of
consistency, tissue sections depicted in Figures 3-5 originate from the same hearts (either
control mongrel, or case number 7 in Tables 1 and 2). A summary of the data is presented in
Table 2. Samples obtained from control canines revealed that all proteins yielded intense
localized signals at sites of end-end cell apposition, corresponding to the location of the
intercalated disc. As shown in Figure 3, the distribution of cadherin in an ARVD/C afflicted
heart was not different from that of the control animals. Also, plakophilin 2 and desmoplakin
were present in the ARVD/C afflicted hearts. In one case (see Figure 4, panel B), the signal
for plakophilin 2 was comparable to that observed in control; in three other cases, the signals
were more sporadic and of weaker intensity than those obtained from the control animal (table
2). Similarly, desmoplakin was localized at the sites of cell apposition in all four dogs, though
the intensity of the fluorescent signal was decreased when compared to that in the control
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(Figure 4D), whereas plakoglobin staining was not observed (Figure 4F). Perhaps most relevant
from the perspective of arrhythmogenesis was the finding that tissue samples from all 4 ARVD/
C boxer hearts, examined under the same conditions (i.e., stained in parallel and photographed
using identical exposures), revealed no detectable signal originating at the end-end sites for
Cx43. Indeed, the image shown in Figure 5B was obtained from the same heart stained for
cadherin (Figure 3B), plakophilin 2 (Figure 4B) and desmoplakin (figure 4D). While signal
for those proteins was clearly detected, gap junction plaques were not recognizable. Finally,
tissue obtained from a control animal and treated with antibody to the intermediate filament
protein desmin revealed an intense line of staining corresponding to the site of end-end contact,
as previously described (see Figure 6A).5,6 A similar result was observed in the heart of one
afflicted dog (case #7; see Figure 6B and table 2). However, in the remaining 3 boxer hearts,
desmin could be detected throughout the cell, but a complete lack of signal was detected at the
intercalated disc (Figure 6C). Overall, these results indicate a loss of gap junction plaques in
ARVD/C afflicted hearts, even in cases where other structures involved in intercellular
coupling remained identifiable at the sites of end-end contact.

Heart tissues from ARVD/C-afflicted dogs were collected within the first 2 hours after time
of death; additional control experiments assessed whether this time frame could have interfered
with the detection of gap junction plaques. Tissue from control canines was collected and
placed into formalin either immediately after euthanasia (Figure 7, T0) or 2 hours post mortem
(Figure 7, T2). Images taken with identical exposure times revealed that Cx43 signals were
not affected by harvesting the tissue 2 hours post mortem. These results strongly suggest that
the loss of Cx43 observed in ARVC/D –afflicted dogs occurred not because of the timing of
tissue harvesting, but because of the pathological condition per se.

Western blots for intercalated disc proteins in samples obtained from ARVD/C-afflicted
boxers

Fluorescence microscopy allowed us to determine whether the molecular integrity of the
intercalated disc was disrupted in ARVD/C-afflicted animals. As a next step, we explored
whether the intercalated disc proteins were still present in tissue extracts obtained from an
afflicted animal. Results are shown in Figure 8. All Western blots were obtained from the heart
of one control animal, and one boxer dog (case # 6). Protein extracts were separated by
conventional SDS-PAGE, transferred to nitrocellulose membranes and probed with antibodies
specific for the proteins indicated on the right side of each panel. Separate samples were
obtained from the right or left ventricles of either control or ARVD/C afflicted boxer dogs
(location of the samples are noted by asterisks in Figure 1). Each lane was loaded with the
same amount of total protein. As loading control, membranes were stripped and re-probed for
either actin or heat shock protein 90 (hsp90). The results show that all proteins ran at the
mobility predicted from their estimated molecular weight. For most of the proteins, signals of
similar density were obtained from samples collected from the right or left ventricles, once
loading was compensated by protein content. These results indicate that loss of detectable
signal from the intercalated disc was not due to a loss of total protein content. Rather, our results
suggest an inability of the pertinent proteins to localize and form a discrete functional unit.
Yet, it is interesting to note that Western blots for PKP2 consistently showed a higher mobility
band that was very weak in the control animal and much more intense in the sample obtained
from the afflicted dog (see arrow in Figure 8). Whether this band relates to the possible genetic
modification causative of ARVD/C in these animals remains to be determined. Finally,
immunoblots from Cx43 revealed that the density of the high mobility band (relative to the
band with lower mobility) was higher in the samples taken from the afflicted boxers. The latter
would correlate with the apparent loss of gap junction plaques at the membrane, and is
consistent with observations obtained in the hearts of patients afflicted with other variants of
ARVD/C.7,8 We also noticed that, for equivalent loading, the intensity of the low mobility
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band in the right ventricle of the control dog was significantly higher than in the left ventricle
of the same animal. This observation, though consistent in Western blots from the same heart,
awaits confirmation in samples obtained from other control animals.

Sequencing of cDNA coding for junctional proteins in ARVD/C-afflicted boxers
Most of the mutations linked to ARVD/C in humans have been found in genes coding for
desmosomal proteins.5 In addition, our data demonstrated significant Cx43 remodeling in the
afflicted hearts. We therefore tested for modifications in the sequence of the cDNA coding for
DP, PKP2, PG and the gap junction protein Cx43. The ARVD/C afflicted boxer sequence was
compared to that obtained from an unafflicted mongrel, and also compared to the sequence
reported in the dog genome (extrapolated from a boxer dog, NCBI). Consistent with the results
obtained from Western blot, no signs of early termination, frame-shifts or missense mutations
were encountered. Whether other proteins that associate to the intercalated disc are mutated
remains to be determined.

Discussion
Previous studies have documented strong similarities between the clinical and pathological
manifestations of ARVD/C in humans and those observed in purebred boxer dogs.9 Studies
in humans have linked a number of cases of ARVD/C to mutations in desmosomal proteins5
and the studies of Kaplan et al, carried out in patients with Naxos disease8 and with Carvajal
syndrome,7 have shown that mutations in desmosomal proteins can lead to a loss of gap
junction plaques. Here, we have utilized a spontaneous canine model of ARVD/C to
demonstrate that this condition is associated with a substantial loss of gap junction plaques as
well as with remodeling of other intercalated disc structures. Overall, these data support the
notion that ARVD/C may be a disease involving the molecular integrity of the intercalated disc
as a whole.

We found significant loss of gap junction plaques in tissues from ARVD/C-afflicted animals.
Yet, Western blot analysis showed that the Cx43 protein was indeed present in the tissue lysates.
This apparent discrepancy may be due to our technical limitations in detecting a diffuse
fluorescent signal in the immunolocalization experiments. Indeed, under normal conditions,
the high concentration of connexin protein within a small area of the cell (at the plasma
membrane) allows for proper visualization of the gap junction plaques by fluorescence
microscopy. However, if the gap junction plaques are disorganized, with a diffuse protein
pattern in the intracellular space, the immunofluorescent signal can fall below the level of
detection even though the connexin protein is still identifiable in the cell lysate by Western
blot.7,8 This observation has been reported in a variety of other circumstances, both in
cardiac7,8 and in non-cardiac tissues14 and our results conform to the previous reports. It is
also possible that part of the Cx43 signal detectable by Western blot originates from cells other
than cardiac myocytes; indeed, cardiac fibroblasts are known to express Cx43; whether
adipocytes in the area of the infiltrates would express Cx43 remains to be determined. Finally,
it should be noted that altered phosphorylation may be an additional factor of functional
relevance; previous studies have noted that phosphorylation of a variety of proteins is altered
in the context of heart failure (with some proteins, such as RyR2, showing
hyperphosphorylation15-16).

We found loss of desmin signal at the intercalated disc in three of the four dogs studied (see
Figure 6C). Yet, in those three cases, immunoreactive desmin was still detected in the
intracellular space, thus suggesting that the lack of signal at the site of end-end contact was a
feature of the molecular phenotype of these animals, rather than an artifact of tissue
preservation. The latter bears some similarity with observations made in the heart of a patient
afflicted with Carvajal syndrome and may be suggestive of a disarray of the intermediate
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filaments at the intercalated disc due to the lack of organization of the desmosome.7 Our results
show that desmoplakin signals were, though present, more sporadic and of weaker intensity.
It is tempting to speculate that the loss of desmin signal may be related to changes in the integrity
of the desmin-desmoplakin interactions. Additional experiments, exploring the ultra-structure
of desmosomes and intermediate filaments in afflicted boxers, seem necessary to properly
address this possibility.

Overall, these and other data support the notion that ARVD/C is associated with the loss of the
spatial organization of the molecular components that normally maintain mechanical and
electrical coupling between cardiac myocytes. It is important to emphasize that the samples
utilized for immunochemistry were obtained from the left ventricles, and showed minimal
fibro-fatty infiltration and a reasonable preservation of the myocardial architecture (see Figures
3-7). The latter suggests that, as pointed out by the results of Kaplan et al 7-8, the disruption
of molecular coupling between the cells may precede the proliferation of fibrous and fatty
tissue. Overall, the data point to a cross-talk between structures involved in mechanical
coupling with those that maintain electrical communication between cells. As previously
pointed out by Saffitz et al 17, at least two possible mechanisms can explain this cross-talk: a)
There is a series of inter-molecular interactions between the components of both structures.
Disruption of one molecule can interfere with the function of another, hence triggering a
domino effect with the final disruption of the gap junctions. b) The two structures (desmosomes
and gap junctions) may be molecularly independent. Yet, the physical strain imposed by the
regular contraction of the heart will, in the absence of a functional mechanical coupling, lead
to the disruption of the gap junction plaque.

With regards to the first mechanism, it is worth noting that previous studies have shown
intermolecular interactions between Cx43 and other proteins that localize, at least under
specific conditions, at the intercalated disc. Most relevant are the findings that Cx43 associates,
directly or indirectly, with ZO-1,18-20 β-catenin,21 p120-catenin22 and with components of
the sodium channel complex that localize at the intercalated disc.23 While the functional role
of these protein-protein interactions has not been clearly established, they likely modulate
intercellular communication and perhaps, play a role in coupling between inter- and
intracellular signaling in Cx43-expressing tissues such as heart. Whether they represent a
molecular network that could be disrupted by ARVD/C-relevant mutations is an interesting
hypothesis that remains to be assessed.

With regards to the second mechanism, cell adhesion is generally recognized as a preamble to
gap junction formation.24-29 Weak mechanical coupling due to desmosomal disruption could
exert physical stress and eventually the physical separation of the neighboring myocytes, thus
preventing the docking of the connexons and the disruption of the gap junction plaque. These
hypotheses remain to be tested and also await further assessment for the specific mutation or
mutations that are primarily responsible for ARVD/C in the boxer population.

Our experiments failed to identify a mutation in the three desmosomal proteins screened: DP,
PG, and PKP2. We chose to sequence these genes based on previous data indicating their role
in several cases of inherited human ARVD/C.5, 30 Furthermore, no mutation was found in the
cDNA coding for Cx43. Yet, it is important to note that we could not obtain information as to
the family history of the afflicted animal from whom the samples were taken. Moreover, we
do not know whether this group of dogs suffered from a variety of diseases, where ARVD/C
is an end point. Yet, the familial nature of the disease in this breed.31 supports the notion that
the disease may be caused by a yet unknown genetic defect. In humans, investigators have
reported a high incidence of PKP2 mutations in familial cases, but a very low incidence in the
sporadic cases of the disease.32 Interestingly, our Western blot data for PKP2 revealed an
intense band at ∼99 kD, directly beneath the signal corresponding to PKP2. A band of much
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lower intensity was observed in the same location in the control lanes (Figure 8). It is important
to note that this lower band has previously been detected in Western blots for PKP233, and
may be the result of post-translational modification of the protein. We speculate that the
mutation causative of ARVD/C in this animal may be in a molecule functionally or structurally
related to PKP2, which could secondarily disrupt the integrity of the intercalated disc structure.

Our results are consistent with the hypothesis that loss of gap junction-mediated coupling may
be one of the substrates for arrhythmogenesis in ARVD/C. Yet, it is important to note that
actual analysis of electrical communication has not been conducted as of yet. Studies in
heterozygous Cx43-deficient mice have suggested that propagation can be maintained
following a reduction in the abundance of Cx43 protein34, though the animals are more
susceptible to ischemia-induced arrhythmias35. Furthermore, Danik et al (2004) used a
conditional Cx43 knockout model to demonstrate that a reduction in cardiac Cx43 to about
18% from control correlated with a 50% decrease in conduction velocity and a significant
increase in the inducibility of lethal tachyarrhythmias.36 Their results supported the notion
that preservation of Cx43 expression is necessary for normal electrical synchrony in the heart.
In our case, we have observed a loss of gap junction plaques, yet functional measurements
have not been conducted as of yet. Thus, while the loss of gap junction plaques is suggestive
of a loss of cell-cell communication, further experiments are necessary to assess whether
electrical coupling has also been affected.

In conclusion, we have provided evidence demonstrating that ARVD/C in the boxer canine
breed correlates with a substantial loss of myocyte gap junction plaques and other intercalated
disc structures. These changes are observed in the presence of well preserved left ventricular
myocardial structure. Our data support the hypothesis that intercalated disc remodeling
originates at the cellular/molecular level and that this may represent a fundamental substrate
that contributes to the clinical and pathologic characteristics of ARVD/C. Additional studies
will be necessary to identify the responsible mutation in these animals and to elucidate the
molecular cascades and/or the cellular events that lead to the loss of structures essential for
intercellular communication in the heart.
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Figure 1.
Electrocardiographic trace (leads X, Y and Z) obtained during 24-hour Holter recording from
a boxer dog presented with clinical signs of syncope. In this case, a run of monomorphic
ventricular tachycardia degenerated into polymorphic ventricular tachycardia, eventually
reverting, spontaneously, to sinus rhythm.
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Figure 2.
Pathological findings in boxer dogs afflicted with ARVD/C. Panel A: Heart from a dog with
syncope and ventricular tachycardia. Gross specimen (left) and longitudinal four-chamber cut
(right) illustrate cardiomegaly. Tissue sections examined by immunohistochemistry were taken
from the anterolateral right ventricular wall (cranial star) and the left ventricular caudal wall
(posterior star). Panels B and C. Histopathology of right ventricular (RV) wall from a boxer
with ventricular tachycardia and fatty form of ARVD/C (Hematoxylin-eosin stain). B. There
is diffuse myocyte loss associated with adipose tissue replacement extending predominantly
from the epicardium to the mid-mural region (Magnification x2). C. Marked fatty replacement
of atrophic myocardium is evident with small islands of surviving myocytes surrounded by fat
(Magnification x10). Panels D and E. Histopathology of RV wall from a boxer with ventricular
tachycardia (Massonâ€™s trichrome stain). D. Diffuse subepicardial myocyte loss associated
with adipose tissue and replacement-type fibrosis representative of the fibro-fatty form of
ARVD/C (Magnification x4). E. Fibro-fatty tissue repair is evident (Magnification x10)
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Figure 3.
Immunohistochemical analysis of the adherens junctions protein cadherin in canine cardiac
samples obtained either from a control animal (panel A) or from the heart of a boxer afflicted
with ARVD/C (panel B; case # 7 in Table 1 and 2). Notice the preservation of the cadherin
staining in the afflicted animal.
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Figure 4.
Immunohistochemical analysis of the desmosomal proteins plakophilin 2 (panels A and B),
desmoplakin (panels C and D) and plakoglobin (panels E and F) in canine cardiac samples
obtained either from a control animal (panels A, C and E) or from the heart of a boxer afflicted
with ARVD/C (panels B, D and F; case # 7 in Table 1 and 2). Notice the preservation of the
staining in the afflicted animal, though detectable desmoplakin signal was more sporadic and
of lesser intensity.
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Figure 5.
Cx43 expression and localization in control and afflicted canine cardiac tissues.
Immunofluorescence images obtained from a control animal showed intense, regularly spaced
signals located at sites of end-end apposition (panel A). In contrast, no selective signal was
detected in tissue from an ARVD/C afflicted dog (panel B; case # 7 in table 1 and 2).
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Figure 6.
Desmin expression and localization in control and afflicted canine cardiac tissue.
Immunofluorescence images were obtained from control (panel A) and two different afflicted
animals (panels B and C corresponding to samples from case # 7 and case # 6, respectively).
For control, desmin staining was found throughout the cell, most prevalent at the site of the
intercalated disc. A similar pattern was found for one afflicted boxer (panel B) whereas a loss
of signal at the site of end-end contact was observed in the three other afflicted dogs studied
(see, e.g., panel C).

Oxford et al. Page 16

Heart Rhythm. Author manuscript; available in PMC 2007 November 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Cx43 expression and localization in control canine cardiac tissue harvested at time of death
(T0), or 2 hours postmortem (T2). Data show preservation of Cx43-immunoreactive protein
within the time frame used in this study.
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Figure 8.
Western blots obtained from ventricular tissue collected from either control or an afflicted
boxer. LV or RV indicate that samples were collected from the left or the right ventricle,
respectively. Proteins analyzed were cadherin (CAD), plakophilin 2 (PKP2), desmoplakin
(DP), plakoglobin (PG), connexin43 (Cx43) and desmin (Dsm). Hsp90: Heat shock protein.
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