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Abstract
Dilated cardiomyopathy (DCM) is a primary myocardial disease, the pathology of which is left ventricular
or biventricular dilation and impaired myocardial contractility. The clinical and pathological diagnosis of
DCM is di�cult, and other cardiac diseases must be ruled out. Several studies have reported pathological
�ndings that are characteristic of DCM, including cardiomyocyte atrophy, nuclear pleomorphism, and
interstitial �brosis, but none of these �ndings are DCM-speci�c. In this study, we examined the
morphological differences in ICDs between three groups of patients, a DCM group, a chronic heart failure
group, and a control group.

           A total of 21 autopsy cases, including �ve DCM cases, eight CHF cases and eight control cases,
were retrieved from the archives of the Department of Pathology at Akita University, Japan. The
morphological differences were examined using multiple methods: macroscopic examination, light
microscopy, immunohistochemistry, electron microscopy, and gene expression analyses. We observed
disorganized intercalated discs (ICDs), clearly illustrated by N-cadherin immunostaining in the DCM
group. “Reduction of N-cadherin immunostaining intensity” and “ICD scattering” was DCM-speci�c.

           The results suggest that disorganized ICDs contribute to the development of DCM, and that N-
cadherin immunostaining is useful for determining the presence of disorganized ICDs and for the
pathological diagnosis of DCM.

Introduction
The heart has the ability to adapt to an increase or decrease in load, such as volume overload or pressure
overload, and it compensates for these changes through dilation and hypertrophy 123. Chronic heart
failure (CHF) and DCM are conditions in which the heart cannot adapt to overload and undergoes
irreversible remodeling 4. Heart enlargement occurs due to ventricular remodeling, in which the ventricle
wall becomes thinner over time. The detailed mechanism underlying this remodeling has not been
elucidated but may involve a change in myocardial sheet structure 56.

DCM is a myocardial disease characterized by left ventricular or biventricular dilation and impaired
myocardial contractility 7. Patients with DCM typically exhibit ventricular enlargement and subsequent
cardiac dysfunction, which can be accompanied by arrhythmia, thromboembolism, or sudden death 89.
The most common etiology of dilated cardiomyopathy (DCM) is idiopathic, and reported secondary
causes of DCM include heredity, infection, non-infectious in�ammation, poisoning (alcohol, etc.), trauma,
and endocrine and metabolic disorders 101112. The incidence of DCM is reported to be 5–7 cases per 100
000 people per year 13. Previous reports revealed that the prevalence of DCM was 36.5 cases per 100,000
people per year 14. DCM is associated with contractile impairment and changes in cardiomyocyte shape
15. Cytoskeletal abnormalities may be a common feature of this disease 15. However, the pathogenesis of
DCM remains unclear in most cases 16.
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            Histopathologically, it is di�cult to distinguish between DCM and CHF with marked cardiac
dilation. The characteristic features of DCM include irregular cardiomyocyte hypertrophy, cardiomyocyte
elongation, nuclear pleomorphism, diffuse interstitial �brosis, and myo�brillar loss 17. However, some of
these �ndings are occasionally encountered in dilated hearts resulting from cardiac diseases other than
DCM. To achieve more accurate pathological diagnosis, it would be useful to identify histopathological
�ndings more speci�c to DCM.

            N-cadherin, also known as Cadherin-2 (CDH2) or neural cadherin (NCAD), is encoded by the CDH2
gene. N-cadherin is predominantly expressed in myocardial cells, especially in intercalated discs (ICDs)
18,19. Myocardial cells are joined together mechanically and electrically by N-cadherin–mediated
adherens junctions, which also provide the anchor points for the cytoskeleton within the cytoplasm,
thereby maintaining the structural integrity and polarity of the tissue in the adult organism 18,20,21. The
ability of myocardial cells to adapt to physiological changes may involve the formation of appropriate
junctions by which cells adhere to and communicate with each other 18. Changes in expression and
distribution of N-cadherin are commonly observed during heart development 19.

            Previously, using a rabbit AV shunt model, we conducted a morphological observation study of
cardiomyocytes and ICDs in compensatory heart enlargement due to volume overload 22. When volume
load was applied to the heart, sarcomere formation occurred at the ICDs 22. In the process, we noticed
that very few studies have described the morphological changes of ICDs in dilated remodeling in the
compensated and decompensated phases in human heart samples. Consequently, it remains unclear
how the ICD morphology differs between normal heart, CHF, and DCM. In this study, we examined the
morphological differences in ICDs among these three groups using multiple modalities: macroscopic
�ndings, light microscopy, immunohistochemistry, electron microscopy, and gene expression analyses.
Our results reveal that ICD disorganization is a characteristic of DCM and demonstrate that N-cadherin
immunohistochemistry is useful for identifying this feature.

Results
Clinical features and follow-up information

            The clinical diagnosis and autopsy �ndings of each case are shown in Table 1. The average ages
of the patients in each group were as follows: control, 65 years; CHF, 66.8 years; and DCM, 50.4 years.
The patients in the DCM group were younger than those in the other two groups. In addition, all patients
with DCM were male. The DCM patients had no relevant family history, i.e., they were sporadic cases.
Average heart weights were as follows: control, 375.0 g; CHF, 581.9 g; and DCM, 537.0 g. Heart weight did
not signi�cantly differ between the CHF and DCM groups. The average EF values were as follows: control,
71.7%; CHF 50.1%; and DCM, 18.6%. In the DCM group, EF was signi�cantly reduced, and EF decreased as
DCM increased. No correlation between heart weight and EF was observed in the control and CHF groups.

Differences in macroscopic �ndings among the three groups
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i. DCM vs. Control

       Macroscopically, in the DCM group, the lumen of the LV was remarkably dilated, and the wall was thin
in comparison with the control group (Figure 1A). The LV wall was uniformly thin, and irregular �brosis
was observed on the entire LV wall. Average LV wall thickness was 14.1 mm in the control group, 12.5
mm in the CHF group, and 7.2 mm in the DCM group (Table 1). Estimated LV volume was highest in the
DCM group; average left ventricle (LV) volumes were as follows: control, 289.6 mm2; CHF, 772.4 mm2; and
DCM, 2394.7 mm2. On the other hand, in the control group, the LV wall had a constant thickness, as in the
DCM group, but no �brosis was observed in the coronal section of the heart (Figure 1A).

ii. DCM vs. CHF

       The lumen of the LV was dilated to a greater extent in the DCM group than in the CHF group (Figure
1A, 3A). The estimated LV volume was signi�cantly higher in the DCM group than in the CHF group (Table
1), and the LV wall was signi�cantly thinner in the DCM group than in the CHF group (Table 1). However,
these values varied widely in the CHF group: some cases were as dilated as in DCM, whereas others were
similar to the control group.

iii. CHF vs. Control

       The lumen of the LV was more dilated in the CHF group than in the control group (Figure 2A, 3A). The
LV wall was thinner in the CHF group than in the control group, whereas LV volume as signi�cantly higher
in the CHF group. However, the degrees of LV dilation and �brosis, LV wall thickness, and LV volume
varied widely among the cases.

The differences in histopathological �ndings among the three groups

The histopathological �ndings in the control, CHF, and DCM group are summarized in Table 2. In general,
histological �ndings of DCM hearts included cardiomyocyte hypertrophy, cardiomyocyte elongation,
nuclear pleomorphism, diffuse interstitial �brosis, and myo�brillar loss. All cases in the DCM group
shared these �ndings. On the other hand, some cases in the CHF group did not exhibit these �ndings,
whereas others did. Myo�brillar disarray, vacuolization, granuloma, and in�ammatory cell in�ltration was
not observed in any of the three groups.

i. DCM vs. Control

Histologically, in the DCM group, cardiomyocytes were thinner than in the control group, and diffuse
�brosis was observed between cardiomyocyte bundles (Figure 1B, 1C HE). ICDs were partially but not
clearly visible. Consequently, the units of cardiomyocytes were unclear. In the control group, we observed
no �brosis between cardiomyocyte bundles (Figure 2B, 2C HE), and ICDs were relatively clearly visible
between the cardiomyocytes.

ii. DCM vs. CHF
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In the CHF group, ICDs were visible between cardiomyocytes, but their structures were irregular and
di�cult to see (Figure 3B, 3C HE). In some cases in the CHF group, the ICDs were slightly irregular, as in
DCM. Moreover, in some cases in the CHF group, �brosis was present in the cardiomyocyte bundles, but
to widely varying degrees.

iii. CHF vs. Control

Histologically, there is no signi�cant difference between the CHF and control group.

Differences in immunohistochemical �ndings of N-cadherin immunostaining among the three groups

i. DCM vs. Control

In the DCM group, immunohistochemical staining for N-cadherin revealed that the ICDs were
disorganized and wider than in the control and CHF groups (Figure 1B, 1C N-cad). The ICDs were
signi�cantly elongated in the long-axis direction of the cardiomyocytes. Pathological �ndings in the ICDs
included duplication, curving, meandering, zigzagging, and scattering. Moreover, N-cadherin
immunostaining intensity in the DCM group was lower than that in the control group, and ICDs were
obscure. By contrast, in the control group, the ICDs were clearly stained by N-cadherin antibody and were
almost straight (Figure 2B, 2C N-cad).

ii. DCM vs. CHF

ICDs were wider in the DCM group than in the CHF group (Figure 1B, 3C N-cad), and were spatially widely
scattered in cardiomyocytes. Also, N-cadherin immunostaining intensity in the DCM group was lower than
in the CHF group. In some cases in the CHF group, ICDs were as wide as in DCM.

iii. CHF vs. Control

           ICD width and N-cadherin immunostaining intensity did not signi�cantly differ between the CHF
and control groups (Figure 2C, 3C N-cad). However, in the CHF group, the ICDs were a bit wider than in the
control group, and had a stepwise appearance and slightly crooked. ICD scattering was not observed in
both groups.

Transmission electron microscopy �ndings of ICDs in each group

i. DCM vs. Control

In the DCM group, ICD ultrastructure was deteriorated and disorganized (Figure 4A); speci�cally, the
interdigitation of ICDs was disrupted throughout the tissue, the junctions between cardiomyocytes and
ICDs were obscured, and the sarcomeres were arranged in a complex manner. On the other hand, in the
control group, the interdigitation repeated at regular intervals (Figure 4B), and the junctions between
cardiomyocytes and ICDs were clearly visible. The ICDs and sarcomeres of the control group were not
deteriorated. 
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ii. DCM vs. CHF

ICD width was greater in the DCM group than in the CHF group (Figure 4A, 4B). Some of the sarcomeres
had disappeared, and the remaining ones were arranged in a complex manner. In the CHF group, the ICD
ultrastructure was preserved in the CHF group, and interdigitation of ICDs was also retained.         

iii. CHF vs. Control

            In the CHF group, ICDs were bit wider than in the control group, spanning about two sarcomeres
(Figure 4C). However, the ICD ultrastructure was preserved in both groups, and interdigitation of ICDs was
also retained.       

Measurement of cardiomyocyte length, ICD width, and scattering in each group

   Average cardiomyocyte lengths were as follows: control, 99.85 μm; CHF, 100.89 μm; and DCM, 123.39
μm (Figure 5A). We observed no signi�cant differences among the groups. Average ICD widths were as
follows: control, 2.56 μm; CHF, 3.72 μm; and DCM, 5.80 μm (Figure 5B); the widths differed signi�cantly
between the control and DCM groups. In the CHF group, we observed variation from values ranging near
those in the control group to near those in the DCM group. Average ICD scattering was as follows: control,
6.07 μm; CHF, 7.60 μm; and DCM, 23.50 μm (Figure 5C). The scattering differed signi�cantly between the
DCM group and the control and CHF groups.

These �ndings are summarized in Table 2. Reduction of N-cadherin stainability was de�ned as a clear
reduction in immunostaining relative to the control group. Moreover, we de�ned ICD widening as a width
of 4 µm or more, and ICD scattering as 15 µm or more. Reduction of N-cadherin immunostaining intensity
and the ICD scattering were observed exclusively in the DCM group, whereas ICD widening was not group-
speci�c.

Gene expression analysis of ICD-associated proteins by quantitative real-time PCR

          We performed quantitative real-time PCR to analyze the expression of CDH2, CTNNB1, DSC2, DSG2,
GJA1, TRPV2, and VCL in each group. The ∆Ct values for CDH2, CTNNB1, DSC2, DSG2, GJA1, TRPV2, and
VCL are shown in Figure 6. The expression level of VCL was signi�cantly lower in DCM (4.57) than in the
control group (5.61) (P<0.05). The expression levels of CDH2, CTNNB1, DSC2, DSG2, GJA1, and TRPV2
did not differ signi�cantly among the groups.

Immunohistochemical �ndings of vinculin in each group

            In the control group, vinculin immunohistochemistry stained the ICD, myocardial cell membrane,
and sarcomere (Figure 6B). The immunostaining of vinculin was also weaker than that of N-cadherin;
consequently, it was di�cult to recognize the ICD. Similar �ndings were obtained in the CHF group (Figure
6C). In the DCM group, the ICD was almost entirely obscure for vinculin immunostaining (Figure 6D).
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Discussion
Because N-cadherin is generally localized in ICDs, it stains as a single well-ordered band between
cardiomyocytes. Our �ndings revealed that in the DCM group, ICDs were stretched, fragmented, and
degraded. Consequently, we hypothesized that N-cadherin immunostaining intensity of ICDs was
reduced. This reduction in N-cadherin immunostaining intensity was not observed in the CHF or control
groups. In general, the dilated phase of HCM is macroscopically similar to DCM; however, in such cases,
we observed no change in the N-cadherin immunostaining intensity in the ICDs (see Supplementary Fig.
S1 online). This �nding was speci�c to DCM. DCM can be induced by knockout of the N-cadherin gene
2324. Moreover, germline mutations have been reported in genes coding for ICD-associated membrane
proteins in some DCM cases 25. Our study supports these previous �ndings and suggests that DCM is a
disorder of the ICDs. Moreover, our TEM observations revealed that in the DCM group, interdigitation of
ICD ultrastructure was deteriorated and disorganized, and the junctions between cardiomyocytes and
ICDs were obscured. These �ndings may be associated with the reduction of N-cadherin immunostaining
intensity.

We then measured cardiomyocyte length, ICD width, and ICD scattering. ICD scattering differed
signi�cantly between the DCM group and the CHF and control groups. We concluded that ICD scattering
was a characteristic �nding in DCM that would be useful for diagnosing this condition. In CHF, ICD width
varied widely among cases, with some ICDs as wide as those in DCM and others only as wide as those in
the control group. This observation suggests that ICD width gradually increases as heart failure
progresses. Furthermore, patients in their twenties tended to have lower ICD width in both the CHF and
control groups, implying that this factor may be related to age. Accordingly, we concluded that ICD width
would not be useful for diagnosing DCM. In a previous study, we reported that control cardiomyocyte
length was 130.1 ± 32.6 µm 26. In this study, cardiomyocyte length differed signi�cantly between the
DCM group and the remaining two groups. However, relative to our previous �ndings, cardiomyocytes
were not signi�cantly elongated in the DCM group. Accordingly, we concluded that cardiomyocyte length
would not be useful for diagnosing DCM.

One problem with our measurement method was that adjacent ICDs could not be clearly distinguished
due to the collapse of ICDs. The ICDs were broken and stretched, and some were in contact with adjacent
ICDs. In this study, we excluded cardiomyocytes in which the N-cadherin–stained area was spread to the
adjacent cardiomyocytes, as well as ICDs that were di�cult to measure. Hence, it is possible that the ICD
width in our study was smaller than the actual ICD width. Similarly, ICD scattering may have been smaller
than the actual values in the cases we examined.

Taken together, our �ndings suggest that reductions in N-cadherin immunostaining intensity and the ICD
scattering are characteristic �ndings in DCM that could be useful for the diagnosis of DCM. We
experienced one case that was clinically diagnosed as DCM, but whose pathological �ndings on autopsy,
such as an absence of ICD scattering and no decrease in N-cadherin immunostaining intensity, were not
consistent with a diagnosis of DCM. This case is presented in Supplementary Fig. S2 online. On the other



Page 8/22

hand, another case was clinically diagnosed as CHF, but the pathological �ndings on autopsy, such as
the presence of ICD scattering and decrease in N-cadherin immunostaining intensity were consistent with
a diagnosis of DCM. This case is presented in Supplementary Fig. S3 online. Until now, few pathological
�ndings have been reported to be speci�c to DCM, and thus it has been di�cult to arrive at a pathological
diagnosis. Our study showing that reduction in N-cadherin immunostaining intensity and the ICD
scattering are characteristic features of DCM should make it possible to arrive at a pathologically
de�nitive diagnosis of this disease in many patients.

ICDs consist of multiple proteins, including β-catenin, desmoglein 2, desmocollin 2, plakophilin,
plakoglobin, connexin 43, and others (14). We analyzed the expression of ICD-associated genes, which
revealed that VCL expression was signi�cantly lower in the DCM group than in the control group. Maeda
et al. reported that DCM is associated with de�ciency of metavinculin, an isoform of vinculin found in
cardiomyocytes 27. Olson et al. revealed that vinculin and metavinculin play critical roles in cardiac
structure and function, and that mutations in metavinculin may lead to DCM 28. Consistent with previous
studies, our �ndings showed that expression of VCL was downregulated in DCM. In cardiomyocytes,
vinculin and metavinculin co-localize in ICDs, and both proteins are located at principal sites of
contractile force transmission 28,29. Our observations suggested that one of the etiologies of DCM is the
disorganization of ICD due to the downregulation of VCL expression. On the other hand,
immunohistochemical staining for vinculin was positive in both ICDs and sarcomeres, and it was di�cult
to clearly observe ICD deterioration and disorganization. Consequently, no difference was apparent
between the groups, and it would be di�cult to apply these �ndings to routine pathological diagnosis. We
concluded that immunohistochemical staining of N-cadherin is more useful for diagnosis of DCM than
immunostaining for vinculin.

From both morphological and molecular biological standpoints, the ICDs in the DCM group were
deteriorated and disorganized. We hypothesized that the deterioration and disorganization of ICDs
diminished N-cadherin immunostaining intensity. The ICD is very important for the exertion of cardiac
contractile force 28. Thus, DCM may suppress the cardiac contractile force via collapse of the ICD.
However, the role of ICDs in this disease is not yet completely understood. Elucidation of the functions of
ICDs is important for understanding heart diseases such as DCM.

Materials And Methods
Case selection

A total of 21 autopsy cases were retrieved from the archives of the Department of Pathology at Akita
University, Japan. Among them were �ve cases of DCM and eight cases of CHF; the remaining eight
cases were assigned to the control group (Table 1). Patients in the control group had no other cardiac
diseases such as coronary heart disease or valvular disease. In the CHF group, all cases were diagnosed
with chronic heart failure with enlargement of the left ventricle. All patients of CHF group had presenting
clinical symptoms of heart failure, and had decreased ejection fraction (EF). This group includes 7 cases



Page 9/22

of heart failure due to valvular disease and ischemic heart disease, and one case after chemotherapy.
Speci�c cardiac disease cases, such as DCM, hypertrophic cardiomyopathy (HCM), Fabry's disease and
etc., are excluded. In general, DCM is associated with clinically remarkable cardiac enlargement and
reduced EF, as well as histopathologically irregular cardiomyocyte hypertrophy, cardiomyocyte elongation,
nuclear pleomorphism, diffuse interstitial �brosis, and myo�brillar loss. All cases in the DCM group were
diagnosed clinically and pathologically.

            The wall thickness and volume of the LV were measured based on the macroscopic �ndings at
autopsy. The long and short diameters of the LV lumen at the short axis view were measured, and LV
volume was estimated by the following formula:

Formalin-�xed, para�n-embedded (FFPE) samples of all cases were collected and sectioned at a
thickness of 1.5 μm. These sections were stained with hematoxylin–eosin (HE).

All procedures were performed in accordance with the ethical standards of the Helsinki Declaration. The
study was approved by the institutional ethical committee of Akita University (approval number: 1246).

Immunohistochemistry of N-cadherin and vinculin

            FFPE samples of all cases were sectioned to a thickness of 4 μm, and the sections were subjected
to immunohistochemical staining using anti-N-cadherin antibody (mouse monoclonal antibody [clone
6G11v; Dako Corp, Carpinteria, CA, USA) (dilution 1:50), and anti-vinculin antibody (mouse monoclonal
antibody [clone 2B5A7]; Proteintech, Rosemont, IL, USA) (dilution 1:500). Immunostaining for N-cadherin
and vinculin was performed on a Ventana Discovery XT autostainer (Ventana Medical Systems, Inc.,
Tucson, AZ, USA).

           

Observation of ultrastructure in ICDs by transmission electron microscopy

            A piece of LV from each case was harvested at autopsy and �xed in 2.5% glutaraldehyde solution.
These pieces of tissue were cut into cubes (1 × 1 × 1 mm).  Ultra-thin sections stained with lead citrate
and uranyl acetate were observed by transmission electron microscopy (TEM) (H-7650; Hitachi, Ltd.,
Tokyo, Japan).

Measurement protocol for ICDs and cardiomyocytes

            Microscopic slide images were obtained using a NanoZoomer digital slide scanner (Hamamatsu
Photonics, Hamamatsu, Japan). Using a whole slide image viewing software, “NDP view2” (Hamamatsu
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Photonics, Hamamatsu, Japan), we measured cardiomyocyte length (Figure 5A-a), ICD width (Figure 5A-
b), and ICD scattering (Figure 5A-c) in all cases. One hundred ICDs and cardiomyocytes were measured,
and the average was calculated. Cardiomyocyte length was measured between adjacent ICDs, including
the cardiomyocyte nucleus.

Quantitative real-time polymerase chain reaction

            The expression of ICD-related genes, which were previously reported, were evaluated by real-time
PCR18. Expression of CDH2 (Hs00983053_m1), CTNNB1 (Hs00355045_m1), DSC2 (Hs00951428_m1),
DSG2 (Hs00170071_m1), GJA1 (Hs00748445_s1), TRPV2 (Hs00901648_m1), and VCL
(Hs00419715_m1) was evaluated by TaqMan quantitative real-time PCR assays (Thermo Fisher
Scienti�c, Waltham, MA, USA) using RNA extracted from freshly frozen tissues. GAPDH (Hs02786624_g1)
was used as an endogenous control to normalize target gene expression. Quantitative real-time PCR was
performed on a 7900HT Fast Real-Time PCR System (Applied Biosystems, Life Technologies, Grand
Island, NY, USA), and data were collected and analyzed using the SDS 2.3 software. All assays were
performed in triplicate. Gene expression was quanti�ed by calculating ∆Ct values, where Ct = threshold
cycle and ∆Ct = Ct of target gene – Ct of GAPDH. Changes in expression were analyzed using DataAssist
2.0 (Applied Biosystems).

Statistical analysis

Statistical analysis was performed with the GraphPad Prism 8 software program for Windows (GraphPad
Software, San Diego, CA, USA). Data regarding cardiomyocyte length, ICD width, and ICD scattering are
expressed as dot plots of the average from each case. Gene expression data obtained by RT-PCR are
expressed as the average of each group. Statistical analysis was performed using Student's t-test after
one-way ANOVA. P<0.05 was considered to indicate statistical signi�cance.
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Tables
Table 1. Clinical diagnosis and autopsy findings of each case

Twenty-one autopsy cases were retrieved from the archives of the Department of

Pathology at Akita University, Japan. We classified these cases into three groups (control, CHF,

and DCM) based on the clinical diagnoses and histological findings. The average ages of the

patients in each group were as follows: control, 65 years; CHF, 66.8 years; and DCM, 50.4

years. The patients in the  DCM group were younger than those in the other two groups; in

addition, all DCM patients were male. Average heart weights in each group were as follows:

control, 375 g; CHF, 581 g; and DCM, 730 g. 
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Table 2  Summary of pathological findings in three groups

Pathological and immunohistochemical findings from the control, CHF, and DCM groups are

summarized in this table.  Deterioration of N-cadherin immunostaining was defined as a

reduction in immunostaining relative to the control group.  Moreover, ICD widening was

defined as a width of 4 µm or more, and ICD scattering as 15 µm or more. The meanings of the

symbols used in this table are as follows:

(−): This finding is absent in most cases.

(±): This finding is present in some cases.

(+): This finding is present in most cases.
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Figures
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Figure 1

Pathological and immunohistochemical �ndings in dilated cardiomyopathy. A: Macroscopically, we
observed severe dilation of the bilateral ventricles. LV wall thickness in the DCM group was relatively
uniform, but the wall was thinner in DCM than in the other two groups. B: ICDs were partially but not
clearly observed, and cardiomyocyte units were unclear. (N-cadherin immunostaining; scale bar, 20 µm;
original magni�cation, ×400). C: Characteristic �ndings of DCM included cardiomyocyte atrophy, nuclear
pleomorphism, and interstitial �brosis (H-E staining; scale bar, 20 µm; original magni�cation, ×400).
Immunohistochemistry revealed that N-cadherin immunostaining was lower in the DCM group than in the
CHF and control groups (N-cadherin immunostaining; scale bar, 5 µm; original magni�cation, ×1000). ICD



Page 17/22

width was approximately 2–8 sarcomeres and was signi�cantly elongated in the long-axis direction of
the cardiomyocytes. The ICDs were scattered, had a stepwise shape, and were highly curved.

Figure 2

Pathological and immunohistochemical �ndings in control cases. A: Macroscopically, we observed no
dilation of the bilateral ventricles. The LV wall had a uniform thickness. B: ICDs could be clearly observed,
and cardiomyocyte units were clear. (N-cadherin immunostaining; scale bar, 20 µm; original
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magni�cation, ×400). C: Histologically, ICDs were observed between cardiomyocytes (H-E staining; scale
bar, 20 µm; original magni�cation, ×400). Each cardiomyocyte could be clearly distinguished.
Immunohistochemistry for N-cadherin revealed positive staining at ICDs, and ICDs were thin and �at. (N-
cadherin immunostaining; scale bar, 5 µm; original magni�cation, ×1000). ICD width was within two
sarcomeres.

Figure 3
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Pathological and immunohistochemical �ndings in cases of chronic heart failure. A: Macroscopically, we
observed mild-to-moderate dilation of the bilateral ventricles. The LV wall was thinner than in the control
group. Depending on the cause of CHF, such as acute myocardial infarction, thickness was sometimes
uneven. B: ICDs could be seen relatively clearly, and the units of cardiomyocytes were clear. (N-cadherin
immunostaining; scale bar, 20 µm; original magni�cation, ×400). The width of the ICDs was slightly wider
in the CHF group than in the control group. C: Histologically, ICDs were observed between
cardiomyocytes, but their structures were somewhat irregular and hard to see (H-E staining; scale bar, 20
µm; original magni�cation, ×400). Immunohistochemistry for N-cadherin revealed that the width of the
ICDs was approximately two to six sarcomeres, and was wider than in the control group (N-cadherin
immunostaining; scale bar, 5 µm; original magni�cation, ×1000). The ICDs had a stepwise appearance
and were crooked.

Figure 4

Transmission electron microscopy �ndings of intercalated discs in each group. A: In the DCM group, ICDs
were deteriorated and disorganized, the interdigitation of ICDs was disrupted throughout the tissue, and
the junctions between cardiomyocytes and ICDs were obscured. Sarcomeres were arranged in a complex
manner (scale bar, 1 μm; original magni�cation, ×6000). B: In the control group, ICD ultrastructure was
preserved. The �nger-like folds of ICDs, called interdigitation, repeated at regular intervals (scale bar, 1
μm; original magni�cation, ×6000). C: In the CHF group, ICDs were wider than in the control group, about
two sarcomere widths. However, ICD ultrastructure as preserved. Interdigitation of ICDs was retained
(scale bar, 1 μm; original magni�cation, ×6000).
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Figure 5

Cardiomyocyte length, ICD width, and ICD scattering in each group. A: Morphology of cardiomyocytes
and ICDs in each group was observed in N-cadherin–stained specimens. Cardiomyocyte length (a), ICD
width (b) and ICD scattering (c) were measured. B: Cardiomyocyte length was signi�cantly greater in the
DCM group than in the control and CHF groups (a). ICD width was signi�cantly greater in the DCM group
than in the CHF and control groups (b), and differed signi�cantly between the CHF group and the control
group. The variation in the CHF cases was large. ICDs were more scattered in the DCM group than in the
CHF and control groups (c). Statistical signi�cance of differences between groups was determined using
one-way ANOVA: *, P<0.05; **, P<0.001.
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Figure 6

Expression of genes associated with intercalated discs, and immunohistochemical staining of vinculin. A:
Expression of CDH2, CTNNB1, DSC2, DSG2, GJA1, TRPV2, and VCL genes in the LV samples from the
three groups was evaluated by TaqMan quantitative real-time PCR. Expression of CDH2, CTNNB1, DSC2,
DSG2, GJA1, and TRPV2 did not differ signi�cantly between the DCM group and the CHF and control
groups. By contrast, expression of VCL was lower in the DCM and CHF groups than in the control group.
The statistical signi�cance of differences between groups was determined by one-way ANOVA: *,
P<0.001. B: In the positive control group, immunohistochemistry revealed positive staining for vinculin in
the ICD, myocardial cell membrane, and sarcomere. Immunostaining of vinculin was weaker than that of
N-cadherin, and the ICD was hard to recognize. The ICD was lightly stained (vinculin immunostaining;
scale bar, 5 µm; original magni�cation, ×1000). C: As in the control group, the ICD stained lightly for
vinculin. The myocardial cell membrane and sarcomere were also stained (vinculin immunostaining;
scale bar, 5 µm; original magni�cation, ×1000). D: In the DCM group, vinculin immunostaining was even
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weaker than in the CHF group, and ICDs were di�cult to recognize. ICDs were deteriorated and
disorganized (vinculin immunostaining; scale bar, 5 µm; original magni�cation, ×1000).
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