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KEYWORDS Aims The ultrastructural features of the myocardium in arrhythmogenic right ventricular cardiomyopa-
Arrhythmogenic right thy (ARVC) have not been systematically investigated so far. The recent discovery of gene mutations
ventricular encoding intercalated disc proteins prompted us to perform a transmission electron microscopy study

on endomyocardial biopsies.
Methods and results Twenty-one ARVC probands who fulfilled the international Task Force diagnostic

cardiomyopathy;
Intercalated disc;

Myocyte; criteria underwent right ventricular endomyocardial biopsy and screening of desmosome (D) protein

Pathology; encoding genes. Myocyte intercalated discs were analysed by transmission electron microscope and

Transmission electron the data were compared with those of 10 controls and 10 patients with idiopathic dilated cardiomyo-
microscopy; pathy.

Ultrastructure Extensive fibro-fatty replacement with a residual myocardium of 59 + 23% was found in ARVC biopsy
samples. Pathogenic D gene mutations were identified in 10 (48%): desmoglein-2 in four, desmoplakin in
three and plakophilin-2 in three. Mean D length and D percent length of intercalated disc were signifi-
cantly higher, D number was significantly lower and D gap was widened in ARVC. Moreover, abnormally
located D in 75%, abnormal small junctions in 52%, and pale internal plaques in 32% of ARVC patients
were found in the presence of a normal intercalated disc convolution index.

Conclusion The ultrastructural evidence of intercalated discs remodelling in ARVC, together with the
positive screening of D protein encoding genes in half of probands, are in keeping with an intercellular

junction cardiomyopathy.

hair, i.e. Naxos disease.® More recently, mutations of desmo-
plakin, plakophilin-2, and desmoglein-2 genes have been
found in ARVC, in the absence of skin and hair abnormal-
ities.® 1" Plakoglobin, desmoplakin, plakophilin, and des-
moglein are proteins of the intercellular junctions, i.e.
fascia adherens (FA) and desmosome (D), that are respon-
sible for the mechanical coupling of the myocytes and
provide a continuous cell-to-cell connection to sarcomeric
actin and intermediate filaments. These mechanical junc-
tions are located, together with the electrical coupling
nexus (or gap junction), at the bipolar ends of myocytes in
the intercalated disc. As only little is known about the
ultrastructure of the myocardium in ARVC, we undertook a

Introduction

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is
a myocardial disease affecting the right ventricle, with or
without left ventricular involvement, characterized by
myocardial atrophy and progressive fibro-fatty tissue
replacement accounting for life-threatening ventricular
arrhythmias and sudden death.'™

The disease is heredofamilial in up to 50% of cases® and six
disease genes have been identified so far.>'" A deletion in
plakoglobin has been proved to cause a recessive form of
ARVC associated with palmoplantar keratosis and woolly
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transmission electron microscopic investigation of endomyo-
cardial biopsies with special reference to intercalated disc
morphology.
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Methods

ARVC patients were selected on the basis of: (i) a clinical diagnosis
of ARVC according to the ISFC/ESC Task Force major and minor
criteria;'? (ii) quantitative histomorphometric criteria for ARVC at
endomyocardial biopsy;'® (iii) availability of an endomyocardial
biopsy sample for transmission electron microscopy investigation.

Between 1985 and 2004, a total of 21 patients (10 males and 11
females, mean age 24.5 + 14 years) retrospectively fulfilled the
inclusion criteria. These patients underwent non-invasive and inva-
sive screening at the Cardiology Division of the University of Padua,
Padua, Italy (n=14) and at the Institute of Cardiology, Warsaw,
Poland (n=7). Family history of ARVC was present in nine (43%).
To assess the specificity of intercalated disc abnormalities in the
time interval 2001-04, we prospectively collected a sample of endo-
myocardial biopsies for electron microscopy from 10 consecutive
patients with a clinical diagnosis of idiopathic dilated cardiomyopa-
thy (eight males and two females, mean age 38 + 11, with a disease
duration of at least 6 months, biventricular involvement and NYHA
Class Il and IV, and no evidence of fibro-fatty replacement at his-
tology); and from 10 sex- and age-matched donor hearts (eight
males and two females, mean age 40 + 11) obtained before
cardiac transplantation, who served as normal controls.

Histology

Right ventricular endomyocardial biopsy samples were obtained at
the junction between the ventricular septum and the anterior
right ventricular free wall via the femoral vein using the long
sheath technique (disposable Cordis bioptome, Miami, FL, USA).
Biopsy specimens were fixed in 10% phosphate-buffered formalin
(pH 7.35) and processed for histologic examination. Seven-
micron-thick paraffin-embedded sections were serially cut and
stained by hematoxylin-eosin and Heidenhain trichrome.

The pathological diagnosis of ARVC was established on the basis of
a significant amount of myocardial atrophy and fibro-fatty tissue
replacement evaluated on samples stained with Heidenhain tri-
chrome. Histomorphometric analysis was performed using an
image analyser system and commercially available software (Image-
Pro Plus Version 4.0) according to a previously described method. '3

Transmission electron microscopy

Endomyocardial biopsy samples were routinely fixed in 2.5% glutar-
aldehyde in 0.1 M/L phosphate buffer (pH 7.3) and postfixed in buf-
fered 1% osmium tetroxide for 1 h. Samples were then dehydrated in
a series of ethanol and embedded in Epon 812. Semithin sections
were first evaluated at light microscope before proceeding to ultra-
thin sections. Thin sections were stained with uranyl acetate and
lead citrate and examined under a Hitachi H-7000 electron micro-
scope equipped with digital camera. Before analysing electron
micrographs, tissue sections were inspected to avoid contraction
bands and artefactual changes. Myocyte nucleus, cytoplasmic orga-
nelles, lipid droplets, glycogen amount, and sarcolemma as well as
interstitial space abnormalities were evaluated.

As far as intercalated discs are concerned, random fields of many
longitudinally sectioned myocytes were analysed to obtain a total of
10 intercalated discs per patient. Intercalated discs were first
photographed at low magnification to measure their total length,
then all portions containing D, FA, and nexus were photographed
again for further analysis at a final magnification of x30000 and
x60000. By histomorphometric analysis system, the intercalated
disc length was evaluated both as straight end-to-end distance
and as real distance following its profile. Then, convolution index
was expressed as the real distance of intercalated disc divided by
the end-to-end distance. Moreover, D and nexus length (micron),
D and nexus percent length of intercalated disc, D and nexus
number per 10 p unit length of intercalated disc, and D and FA
gap size (nm) were calculated. All values are expressed as

mean + SD. Junctional changes, including both D and FA, were
then evaluated.

Ultrastructural morphology was analysed by three independent
observers (C.B., E.C., and M.D.B.) blinded to the clinical diagnosis.

Genetic analysis

ARVC patients were screened for desmoplakin, plakophilin-2,
TGFbeta3, and desmoglein-2 mutations by denaturing high-
performance liquid chromatography (DHPLC) and subsequent
direct sequencing of amplicons showing abnormal elution profiles.
Patients did not show either effort-induced polymorphic ventricular
arrhythmias nor gross skin/hair abnormalities, thus mutation
screening of RyR2 and plakoglobin was not performed. PCR amplifi-
cations were performed using standard protocols (Tag Gold, Applied
Biosystems), as previously reported.® ' DHPLC analysis was
performed using WAVE® Nucleic Acid Fragment Analysis System
3500HT with DNASep® HT cartridge (Transgenomic Ltd, NE, USA).
Temperatures for sample analysis were selected using
WAVEMAKER™ software. All amplimers showing a change in DHPLC
pattern were sequenced using the BIG DYE dideoxy-terminator
chemistry on an ABI 3730XL DNA sequencer (PE Applied
Biosystems). Chromas 1.5 and LASERGENE (DNASTAR) softwares
were used to edit, assemble, and translate DNA sequences. A
control group of 100 healthy and unrelated subjects (200 alleles)
from the same population was used to assess whether detected
mutations were common DNA polymorphisms.

For further analysis of the splice site mutation c.542 +5G>A in
DSP gene, mRNA was isolated from 2.5 mL whole blood of the
patient, using PAXgene™ Blood RNA kit (Qiagen) following the sup-
plier protocol. The corresponding cDNA was obtained from an
RT-PCR reaction using 1 ng total RNA. The following primers were
used in the first round PCR to amplify the fragment corresponding
to exons 1-4: 5GGTAGCGAGCAGCGACCTC3" and 5'CTCATCCACCCC
AAACATTC3'. DSP cDNA product was re-amplified by using nested
PCR oligonucleotides (5'GACCTGCGCTACGAGGTGA3' and 5CTGGG
CAAAACACTCATCCA3’). The nested PCR product was directly
sequenced.

Statistical analysis

Comparisons between the three groups were performed by analysis
of variance (ANOVA) and Student’s t-test. All continuous variables
were expressed as the mean value +1 SD for each measurement.
Due to the small sample size and the different variabilities across
the groups, a Mann-Whitney test for all possible combinations of
mean pairs was also performed. All tests were two-tailed. To
account for multicomparison problem and for increasing the type |
error associated with the usage of multiple tests on the same
data, we used a Bonferroni correction and thus, we considered
only the P-values (P <0.016) as statistically significant. Linear
regression analysis (Pearson correlation) was used to correlate the
ultrastructural parameters with age.

Results
Clinical findings

Main clinical features of ARVC patients are summarized in
Table 1.

Histology

After informed consent, endomyocardial biopsy samples
were obtained in each patient (mean 2.1 + 0.7 samples
per patient) for a mean biopsy area of 1.4 + 0.6 mm?.

At histomorphometric evaluation, the endomyocardial
biopsy area consisted of 59 4+ 23% myocardium, 21 + 20%
fibrous tissue, and 18 + 17% fatty tissue. Myocyte
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abnormalities, consisting of dysmetric and dysmorphic
nuclei and cytoplasmic vacuolization, were observed in all.

Genetic study

Mutation screening of ARVC genes desmoplakin, plakophi-
lin2, TGFbeta3, and desmoglein2 was performed in all 21
unrelated probands.

Pathogenic mutations were identified in 10 patients (48%):
three of them resulted to carry a desmoplakin mutation
(K470E, A566T, K1583R, c.542 + 5G>A), three a plakophilin-2
mutation (V5871, N670fs683X, Q707X), and four a desmo-
glein-2 mutation (G100R, E418fs419X, Q557X, E712K). In
one patient, two different desmoplakin missense mutations
(K470E and A556T) were found. No TGFbeta3 mutations
were detected. None of the nucleotide changes were ident-
ified in 100 control subjects from the same population. All
missense mutations occurred in residues highly conserved
among species.

Table 1 Main clinical features in ARVC patients
n %
Male 10 48.0
Mean age (years) 24.5 + 14
Family history of ARVC 9 43.0
Syncope 4 19.0
ECG
Inverted T-wave >V2 10 48.0
QRS >120 ms 8 38.0
LBBB ventricular arrhythmias 18 86.0
Positive SAECG 12 57.0
Two-dimensional echo
RV aneurysms 11 52.0
RV dilatation 15 71.0
LV involvement 5 24.0
Therapy
Implantable cardioverter defibrillator 4 19.0
Catheter ablation 2 9.5
Antiarrhythmic drug therapy 18 86.0

LBBB, left bundle branch block; LV, left ventricle; RV, right ventricle;
SAECG, signal-averaged ECG.

Two nonsense mutations (Q707X in plakophilin-2 and
Q557X in desmoglein-2) and two insertion-deletion
mutations (N670fs683X in plakophilin-2 and E418fs419X in
desmoglein-2) cause insertion of a premature stop codon,
with consequent truncation of the C-terminal domains.

Mutation c.542 +5G>A alters the donor splicing site
of intron 2. After reverse transcription of lymphocytes
RNA, DSP cDNA corresponding to exons 1-3 was nested—
PCR amplified and sequenced. This analysis failed to
detect aberrant transcripts and showed only the wild-type
allele, suggesting that the aberrant transcripts would be
degraded, most likely through nonsense-mediated mRNA
decay.™

Transmission electron microscopy

Golgi apparatus, sarcoplasmic reticulum, and T-tubules
abnormalities were never found in ARVC. Normally arranged
myofibrils within the sarcomeres with defined Z-bands were
visible in all ARVC cases. Lipofuscin deposits were seen in a
similar amount in ARVC and controls. Polymorphic mitochon-
dria were observed in six and irregular cristae in five ARVC
cases vs. none of the controls.

Highly convoluted nuclei with dense aggregates of chro-
matin beneath the nuclear membrane were detected in
all ARVC cases, and nuclear changes in keeping with
apoptosis/early apoptosis were observed in five (24%).
Microsteatosis with intracellular lipid droplets was detected
in 18 (86%) and increased glycogen granules in all, while
they were rarely observed in controls. Increased interstitial
collagen and cellular debris were detected in all ARVC cases.
Endothelial cell ultrastructural abnormalities were not
observed.

Intercalated discs findings

Major findings are reported in Table 2. The mean D length,
the D percent length of intercalated disc, the D gap, and
the FA gap were significantly higher in ARVC than in controls,
and both the D and nexus number per 10 . unit length of
intercalated disc were lower in ARVC than in controls
(Figures 1 and 2). No difference was found in terms of
convolution index. Moreover, the mean D length was
higher and the D number per 10 . unit length of intercalated
disc was lower in ARVC than in dilated cardiomyopathy,

Table 2 Intercalated discs: morphometric ultrastructural findings
Intercalated disc ARVC (21) DC (10) Controls (10) P-value ARVC P-value P-value
vs. controls ARVC vs. DC DC vs. controls

Convolution index 3.0+ 0.9 2.8+ 0.5 2.8+ 0.6 0.34 0.18 0.76

D mean length (.m) 0.31 + 0.08 0.23 + 0.1 0.16 + 0.08 <0.001 0.04 0.11

n, D/10 wm unit length 3.34 + 0.9 4.2 +0.8 5.54 + 2.3 0.01 0.02 0.10

D percent length of 9.8 +3.2 8.4+2.2 57+ 1.4 <0.001 0.16 0.008
intercalated disc (%)

Nexus mean length (pm) 0.34 + 0.15 0.31 + 0.07 0.32 +0.16 0.78 0.47 0.69

n, Nexus/10 pm unit length 0.29 + 0.86 0.23 + 0.32 0.78 + 0.54 0.03 0.64 0.02

Nexus percent length of 1.2 +1.8 1.14 + 1.5 3.0+ 2.5 0.07 0.93 0.08
intercalated disc (%)

D mean gap (nm) 29.33 + 8.95 24.21 + 2.1 21.78 + 3.42 0.004 0.03 0.19

FA mean gap (nm) 41.49 + 20.36 28.39 + 5.1 27.18 + 10.72 0.03 0.02 0.67

DC, dilated cardiomyopathy.
After Bonferroni correction, only P < 0.016 are significant.
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(A)

Figure 1 Panoramic view of cardiac myocyte intercalated discs. (A) ARVC patient who was negative at genetic screening. Widened gap of FA (arrow) and abnor-
mal position of Ds at the level of myofilaments line (arrowheads) are visible. (B) ARVC patient with desmoplakin gene splice site mutation (c.542 + 5G>A). Note
the abnormal position of long Ds (arrowhead) and the widened gap of FA (arrow). (C) Control case. Regular membrane (arrows) and intercalated disc between

adjacent myocytes. Original magnification: x 15 000.

whereas no statistically significant difference was found
when assessing the other parameters. ANOVA and Man-
n-Whitney tests were performed and have produced
similar results.

Abnormal small junctions composed of series of repeating
couplings were observed in 11 out of 21 ARVC cases (52%)
(Figure 2A) and abnormally located Ds in 75% of ARVC but
were never found in dilated cardiomyopathy and controls.
Moreover, pale internal plaques were found in 32% of ARVC
(Figure 3) and 30% of dilated cardiomyopathy vs. none of
controls.

No statistically significant differences were found between
genotype-positive (10 cases) and genotype-negative

(11 cases) ARVC patients. In particular, the convolution
index was 3.2 4+ 1.1 vs. 3.06 + 1.2 (P=0.9), the D length
0.29 +0.08 vs. 0.27 + 0.07 (P=0.6), the D number per
10 p unit length of intercalated disc 3.4 + 0.8 vs. 3.6 + 1.2
(P=0.8), and the D gap 29,6 + 12.4 vs. 27.3 + 6.16
(P=0.6).

By linear regression analysis, no correlation was found
in ARVC cases between age and any of the D ultrastruc-
tural parameters investigated (convolution index
R? = 0.000335, D mean length R? =0.0769, D number per
10w unit length of intercalated disc R®=0.00612, D
percent length of intercalated disc RZ=0.0117, D mean
gap R? =0.00556).
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(A)

Figure 2 Mechanical junctions of intercalated discs in ARVC. (A) ARVC patient who was negative at genetic screening. Panoramic view of the pale intercalated disc
junctions with long D (arrow) and series of short Ds. Nexus is not visible. In insert, close-up of repeating short Ds (arrowheads). Original magnification: x 15 000. (B)
ARVC patient with desmoplakin gene mutation (K1583R). Panoramic view of the pale intercalated disc junctions showing the same features observed in A. Ininsert,
close-up of repeating short Ds (arrowheads). Original magnification: x 15 000. (C) Same patient as Figure 2A. Segment of the intercalated disc exhibiting disar-
rangement of filaments and widening of FA gap (arrows). Original magnification: x 30 000. (D) Same patient as Figure 2B. Segment of the intercalated disc exhibiting
long D (arrowhead), disarrangement of filaments, widening of FA gap (arrows), and abundant glycogen particles. Original magnification: x 30 000.

Discussion

Despite the amount of investigation on the morphologic
aspects and on the aetiopathogenesis of ARVC, few investi-
gators addressed the ultrastructural features so far. In this
study, we first analysed by transmission electron microscopy
and morphometric analysis a consecutive series of ARVC
patients with a clear-cut clinical and histological diagnosis,
providing evidence of highly convoluted nuclei, increased
lipid droplets, and intercalated disc remodelling.

Intercalated discs and ARVC

Three types of intercellular junctions, i.e. D, FA, and nexus,
exhibiting different functions and precise localization,

provide the basis for the functional syncytium of cardiac
muscle.”™" D accounts for the mechanical stability of
cell-to-cell connections, while FA for the transmission of
force developed by contracting myofibrils. The FA is
formed by cadherins, i.e. calcium-dependent cell-to-cell
adhesion molecules that are connected with the actin
network in a complex with intracellular attachment proteins
(a-, B-, <y- catenins, and others). The Ds show an
electron-dense cytoplasmic plaque, comprising an outer
plaque and an inner plaque, through which the intermediate
filaments appear to loop. At this level, y-catenin (i.e. plako-
globin) interacts with D cadherins, i.e. desmocollins and
desmogleins, and with desmoplakin, which in turns binds
to intermediate filaments. This D-intermediate filaments
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Figure 3 Paleness of D internal plaques (arrows) in ARVC (A) vs. control (B). Original magnification: x 30 000.

complex forms a continuous transcellular network of struc-
tural proteins that is crucial for maintaining the integrity
of tissues and organs exposed to mechanical stress, such
as the skin and the heart. Lack of normal communication
between myocytes leads to functional injury. Although the
abnormal distribution and expression of junctional proteins
have been described in several myocardial diseases,'® 24
information concerning the intercalated disc structure in
ARVC has been limited so far. The growing interest on inter-
cellular junction follows the identification of a 2 bp deletion
in plakoglobin in Naxos-ARVC and of desmoplakin,
plakophilin-2,%®° and more recently of desmoglein-2""
gene mutations in dominant ARVC, and the evidence that
plakoglobin null-mutant mouse embryos show decreased
myofibre compliance and reduced cell-to-cell adhesion as
a consequence of defects in D number and structure.?
Impairment of myocyte cell-to-cell adhesion has been advo-
cated as a possible common pathway in ARVC. Failure of D to
couple cells will inevitably lead to tissue and organ fragility.
As with mutations in plakoglobin, defects in other D proteins
could result in altered integrity at cardiac cell-to-cell
junctions that is sufficient to promote myocyte death
under stress conditions. Then, repair takes place through
fibro-fatty replacement, providing the anatomical basis for
life-threatening re-entry arrhythmias and progressive heart
failure.

Other investigators previously explored the ultrastruc-
tural features of ARVC.2*?” |In particular, in 1989,
Guiraudon®’ first showed that intercalated discs may
present pale structure and flattened convolutions with
rare or small D and decreased filaments in the area of FA,
but few cases of ARVC were investigated and not quantitat-
ive data were provided. The loosening of all attachments
with poor cohesion of the myocytes has been postulated to
explain their dissociation with adipose tissue infiltration.?’
Our results confirm these preliminary findings, showing a

substantial remodelling of intercalated discs in ARVC.
Abnormal small junctions composed of series of repeating
couplings and elongated D have been observed in ARVC,
which are quite similar to those reported in Carvajal
syndrome, a disease caused by a recessive mutation of des-
moplakin,?® but were never observed in dilated cardiomyo-
pathy or in controls. Moreover, a decreased D number per
unit tissue area was observed in ARVC and controls and D
were often relocated in a wrong position, i.e. where the
FA is usually placed in normal myocytes. The reason for
this remodelling is not known and further genetic studies
and immunohistochemical localization of cell-to-cell junc-
tion proteins are required. Note that the D gap was wider
in ARVC than in dilated cardiomyopathy and controls. This
could be an effect of abnormal expression of transmem-
brane proteins that establish intercellular contacts. At the
cytoplasmic face, the intercalated discs are frequently
pale both in ARVC and dilated cardiomyopathy, which
might suggest an abnormal composition of proteins that
bind cytoplasmic tails of B-catenin in the FA and cadherins
in D. The absence of abnormal small junctions and abnor-
mally located D in dilated cardiomyopathy supports the
view that these features should be considered as a specific
marker of ARVC. Whether these abnormalities would be
present in concealed forms as an early diagnostic marker
remains to be elucidated in prospective electron microscopy
studies. At present, we cannot recommend electron
microscopy for routine diagnostic purposes but only for
research.

In nearly half of the cases, we found evidence of D pro-
teins encoding gene mutations, i.e. desmoplakin,
plakophilin-2, and desmoglein-2. In contrast, in the remain-
ing genotype-negative ARVC cases, other still unknown
disease-causing genes are likely to be involved. This could
explain why D remodelling was present at ultrastructural
level in both genetic-positive and genetic-negative ARVC
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patients, as to support the view that many ARVC forms have
to be considered as intercellular junction cardiomyopathies
due to D proteins abnormalities.

As far as electrical coupling is concerned, a decreased
nexus number has been found both in ARVC and dilated
cardiomyopathy. It is noteworthy that remodelling of
nexus has been already reported in Carvajal syndrome and
in Naxos-ARVC.2%?° The authors postulated that an abnormal
linkage between mechanical junctions and the cytoskeleton
might be directly responsible for gap junctions remodelling.
Our data seem in keeping with the hypothesis that a similar
remodelling of electrical junction occurs in ARVC and dilated
cardiomyopathy.

Nuclear and cytoplasmatic abnormalities in ARVC

Convoluted nuclei, similar to those recently described by
Runge et al.*® and interpreted as an early expression of
apoptosis, have been observed in the majority of our ARVC
patients. We previously demonstrated the occurrence of
myocyte apoptosis in more than one-third of ARVC cases
on endomyocardial biopsy by applying both transmission
electron microscopy and TUNEL.' As plakoglobin can also
act as a signalling molecule by the induction of anti-
apoptotic protein Bcl-2,32 further studies are required to
establish the link between cell-to-cell junctions and intra-
cellular signalling pathways.

Apart from the exceptional reports of mitochondrial
abnormalities,*® a lot of attention has been paid on intra-
cellular lipid droplets,**35 which were present in the
majority of our ARVC cases. The presence of multiple sarco-
plasmic vacuoles of lipidic nature in cardiac myocytes,
mostly replacing the myofibril component, has been inter-
preted as a possible marker of myocyte transdifferentiation
into adipocytes.3®

Conclusions

ARVC is characterized by intercalated discs ultrastructural
abnormalities consisting of decreased D number and
increased D length, pale D and abnormal small junctions,
and intercellular gap widening in the absence of convolu-
tion. These ultrastructural features, together with the dem-
onstration of D protein encoding genes mutations in half of
the cases, are strongly in keeping with a cell-to-cell junction
cardiomyopathy.®”
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