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1. INTRODUCTION

1.1. Atrial fibrillation

Atrial fibrillation (AF) is the most prevalent sustained cardiac arrhythmia in the world,
with an estimated prevalence of 2-6% in adults (1-3). It is defined as a heart rhythm with
no P waves and irregular RR intervals on a 12-lead electrocardiogram (ECG) recording
or on a single-lead ECG strip lasting at minimum 30 seconds (provided that
atrioventricular conduction is intact) (1, 4). Older age and several comorbidities such as
hypertension, heart failure (HF), diabetes mellitus, coronary artery disease, valve disease,
hyperthyroidism and obesity contribute to the development and progression of AF (1, 5).
It has a significant impact on health care due to the substantial mortality and morbidity
associated with HF and ischemic stroke (1). Chest pain, poor effort tolerance, dizziness
and disordered sleep are frequent symptoms (1, 6), and the arrhythmia can lead to
cognitive decline or depression as well (1, 7, 8). AF has more patterns based on
presentation, duration and spontaneous cessation of the episodes. Paroxysmal AF resolves
within seven days of onset. In the case of persistent and long-standing persistent AF,
rhythm control strategies are applied. Persistent AF lasts beyond 7 days, while long-
standing persistent AF persists longer than 12 months. In permanent AF, the arrhythmia
is accepted by the patient and physician, and restoration of sinus rhythm (SR) is not a
goal (1). Transition from paroxysmal to persistent or permanent AF is commonly
characterized by progressive structural remodeling of the atria (1, 9).

1.1.1. Treatment of atrial fibrillation

Treatment of AF targets stroke prevention, rate and rhythm control (1), and management
of comorbidities and lifestyle (1, 10). Prevention of ischemic stroke can be achieved by
anticoagulation (novel oral anticoagulant drugs, vitamin K antagonists or low-molecular-
weight heparin) (1) or, in specific cases, by left atrial appendage (LAA) occlusion (1, 11).
The necessity of anticoagulation can be evaluated by stroke risk scores, for example the
CHA:DS»-VA score, which, unlike the previous scoring system, does not include sex as
a risk factor (1). Rate control is often enough to improve the symptoms associated with
AF (1), and it can be achieved by drugs (beta-blockers, non-dihydropyridine calcium

channel blockers, digoxin) (1, 12) or by atrioventricular node (AVN) ablation and
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ventricular pacing (1, 13). Rhythm control aims to restore and maintain SR to reduce AF-
related symptoms (1). Compared to rate control alone, rates of AF progression have been
shown to be significantly lower with rhythm control strategies (1, 14). Rhythm control
can be achieved with antiarrhythmic drugs (propafenone, flecainide, sotalol, amiodarone)
(1), electric cardioversion (1, 15) and catheter ablation (1, 16). The main focus of catheter
ablation is the isolation of pulmonary veins (PVs) by linear lesions around their antrum,
either by point-by-point radiofrequency ablation, single-shot techniques such as
cryoballoon ablation or the novel pulsed field ablation (1, 17, 18). PV isolation is
recommended as a first-line rhythm control treatment option for patients with paroxysmal
AF episodes (1). However, it is not infrequent that AF episodes return after catheter
ablation, therefore many patients require several procedures (1, 19). The difficulties of
the treatment of AF can be explained by the complexity and progressive nature of the
arrhythmia. The recurrence of arrhythmia is caused by an interaction of various factors,
such as increasing AF duration, age, left atrial size, presence of extrapulmonary foci,
accumulation of epicardial fat tissue, or the presence of other atrial substrates (20). For
this reason, particularly in persistent AF, extensive ablation techniques (linear lesions in
the atria, ablation of non-PV foci or ganglionated plexi, ablation of sites where complex
fractionated electrograms or rotors occur, fibrosis-guided voltage mapping and ablation)
may be considered (20-22). Endoscopic (thoracoscopic) and hybrid (endocardial and
endoscopic epicardial) ablation should be considered in patients who have drug refractory
symptomatic persistent AF (1), as epicardial ablation may result more often in long-

standing transmural lesions compared to the endocardial ablation (1, 23).

1.1.2. Pathogenesis of atrial fibrillation

The pathomechanism of AF is highly complex (24-26) (Figure 1). The arrhythmia is
presumed to be induced by a focal electrical activation (trigger). Triggers usually
originate from the PVs, albeit other supraventricular regions have been also identified as
potential sources of AF paroxysms (27, 28). Contrarily, AF recurrences are thought to be
associated with more extensive structural and electrical remodeling of the atria, termed
the AF substrate (29). Any electrophysiological, structural, architectural or contractile
abnormalities affecting the atria that may cause clinically-relevant manifestations are

termed atrial cardiomyopathy (30). It has 4 histological subtypes: cardiomyocyte damage
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(genetic diseases), fibrotic changes (aging), their combination (HF) and non-collagen
deposits (inflammatory infiltrates, atrial amyloidosis) (30). Different stress effects on the
atrial myocardium (hemodynamic overload, oxidative stress, pro-inflammatory
cytokines, infiltration of adipose tissue) may promote the conversion of atrial
cardiomyopathy into an arrhythmogenic substrate (30). Several clinical factors (HF,
hypertension, valve disease, atrial septal defect, atrial flutter, obstructive sleep apnea) can
facilitate atrial remodeling via increase of atrial stretch (31). Elevated left atrial pressure
due to impaired ventricular relaxation, ischemia caused by increased resting heart rate,
enhanced atrial ectopic activity, and shortening of the action potential duration and
effective refractory period may contribute to the development of hyperthyroidism-
induced AF (5). The complex interaction between AF triggers and the remodeled atrial
substrate plays essential role in the persistence of AF (31). Atrial remodeling might be
reversible following elimination of the inciting cause (31), but irreversible structural
alterations can develop as the disease progresses, therefore AF and the underlying disease
should be treated as early as possible (32). Numerous data support that AF is itself a
progressive disease that causes electrophysiological and structural alterations in the atria
that facilitate the initiation or persistence of the arrhythmia. An electrophysiological study
on goats verified the shortening of the atrial effective refractory period and of the cycle
length of AF during the duration of the arrhythmia. These mechanisms were found to be
responsible for the concept that “atrial fibrillation begets atrial fibrillation” (33). It was
discussed that general decrease in atrial conduction velocity and formation of local areas
of structural intra-atrial conduction block presumably also play a role in chronic
electrophysiological adaptation and consequently in the persistence of AF (33). Long-
lasting AF episodes induce structural atrial remodeling (fibrosis, dilatation), promoting
the perpetuance of the arrhythmia. Structural remodeling can be evaluated in an invasive
way by quantifying areas of low-voltage atrial signals, or with magnetic resonance
imaging (MRI) (25, 29). Left atrial deformation parameters, such as echocardiographic
strain imaging, are highly sensitive for non-invasive indirect detection of left atrial tissue
remodeling (30, 34). Global longitudinal atrial strain can even be used to predict future
AF in patients with SR (35). It is of note that many patients already have substantial atrial
damage at the first AF episode, and the arrhythmia induces further electrical and structural

changes in the atria on top of this pre-existing damage (25).
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INFLAMMATORY CITOKINES EPICARDIAL ADIPOSE TISSUE

Figure 1. Pathomechanisms of atrial fibrillation.

Pathophysiological factors underlying atrial fibrillation are illustrated in a schematic
drawing of the atria, pulmonary veins, caval veins and coronary sinus. Green: rotors;

red: focal triggers; yellow: autonomic ganglia; grey: scar (36).

Pulmonary vein triggers

The left atrial myocardium, which extends into the wall of the PVs and forms myocardial
sleeves (MSs), is a well-known site of origin of supraventricular tachyarrhythmias. A
study of human cardiac electrophysiological examinations published in 1998 verified that
the PVs are important sources of ectopic beats, initiating AF paroxysms. These foci
responded to radiofrequency ablation treatment (27). Macroscopic (37-39) and
microscopic (38, 40-44) features of the MSs around PVs were described previously. MSs
were generally longer in the superior than in the inferior PVs (38, 40, 42-44). A study
showed significantly higher prevalence of MSs in the PVs of patients with AF compared
to patients without AF (42). MSs were documented to be significantly longer in the
inferior PVs (44) and in the left superior PVs (41, 42), and significantly thicker in the
right superior PVs (41) in patients with AF than in those without AF. However, some
studies have shown no differences in the prevalence of MS and its distribution among
PVs (43), or in the length and histological feature of MS (38) between patients with and
without AF. In rats, electron microscopic examination showed small groups of
cardiomyocytes possessing features similar to those of pacemaker cells in the

intrapulmonary segments of the PVs (45). For human PVs, only one study is available

10



DOI:10.14753/SE.2025.3172

that documented the presence of cardiomyocytes displaying ultrastructural morphological
characteristics of P-cells and Purkinje fibers (46).

Non-pulmonary vein triggers

Electrophysiological studies indicate that supraventricular regions other than PVs may
also trigger arrhythmias. Ectopic beats arising from the superior vena cava (SVC) were
reported to initiate arrhythmia in 6% of patients with pre-existing paroxysmal AF (47).
Non-PV triggers (crista terminalis, coronary sinus (CS), SVC, left atrial posterior wall)
were found in 11% of patients undergoing AF ablation (48), while other reports
documented a 20-32% frequency of non-PV triggers of AF (49-52). According to the
latter publications, the most common non-PV ectopic areas triggering AF were the SVC
(26-40%) and the left atrium (17.5-42%), predominantly its posterior wall. Besides the
above-mentioned, the crista terminalis (5-15%), vena obliqua atrii sinistri alias ligament
of Marshall (5-15%), interatrial septum (1.5-11%), and the orifice of the CS (1-17%) were
also documented as potential sites of AF triggers (49-52). The inferior vena cava (IVVC)
was identified as the trigger site of AF or paroxysmal atrial tachycardia in a few cases
(53-59). Based on electrophysiological mapping, particular cardiomyocytes of the above-
mentioned non-PV arrhythmogenic foci may exhibit arrhythmogenic activity due to
increased automaticity, triggered activity and microreentrant circuits (28). Despite
detailed electrophysiological characterization, few data have been published about the
macroscopic (39, 60) and microscopic (61-63) morphology of the MS of caval veins, CS
and other non-PV supraventricular arrhythmogenic areas. A previous study found no
difference in the characteristics of MS around the caval veins between patients with and
without a history of AF (63). For some mammalian species, many pacemaker cell-like
cardiomyocytes were documented in the MS throughout the whole length of the CS (64).
However, there are no convincing human data on the presence of pacemaker cell-like or
Purkinje-like cardiomyocytes in caval veins or CS. For the atrial regions, there is some
human and mammalian research documenting the presence of conducting-like cells.
Pacemaker cells were identified in the Eustachian ridges of cats (65). A study on human
and canine hearts showed the presence of Purkinje-like cardiomyocytes and pacemaker
cells in the internodal pathways, the Eustachian ridge and the interatrial conducting

pathway (Bachmann’s bundle) (66).

11



DOI:10.14753/SE.2025.3172

Electrophysiological substrate

Electrophysiological mapping studies revealed complex electrical activations with
reentry circuits in the atria during AF, suggesting a heterogeneous electrophysiological
substrate (26). During reentry, a cluster of cardiomyocytes that were not activated during
the primary depolarization wave regains excitability in time to be discharged before the
impulse has died, and these groups serve as a connecting link to reactivate the areas that
have just been discharged and have recovered from the initial depolarization (67). The
simplest form of functional reentry is the so-called “leading circle reentry”. This type of
reentry has no excitable gap which results in a permanent centripetal activation of the
center of the circuit, rendering it continuously refractory. This refractory area forms a
functional barrier that, like scar tissue, maintains reentry. The small wavelength of
reentrant circuits due to short atrial refractory period and/or slow conduction velocity, as
well as large atria, allow the formation of several reentrant circuits and increase the
likelihood of maintaining the AF episode (22). Rotors are a special type of functional
reentry where the wavefront is spiral shaped. They can be fixed in one place (often to
areas around the PVs) or meander through space and interact with other regions of
functional or anatomic inhomogeneity. They fragment and induce multiple disorganized
waves, which then induce AF (22). Complex fractionated atrial electrograms (CFAES)
represent areas where myocardial fibers are separated or disorganized resulting in slowed,
dyssynchronous, anisotropic local conduction. Termination of AF with ablation of these
sites has been documented. However, CFAEs seems to be rather passive

electrophysiological manifestations of inter-atrial conduction than real drivers of AF (22).

Inflammatory mechanisms

There is increasing evidence that inflammatory mechanisms are involved in the
pathogenesis of AF. Systemic inflammatory conditions, such as psoriasis, rheumatoid
arthritis, inflammatory bowel disease or sepsis, as well as local cardiac inflammation in
pericarditis and myocarditis, were demonstrated to increase the incidence of AF (68).
Emerging evidence supports that not only immune cells but also atrial cardiomyocytes,
fibroblasts and adipocytes can produce pro-inflammatory cytokines and express cytokine
receptors (68). Inflammatory lymphomononuclear infiltrates and focal myocyte necrosis

were found in atrial samples from 66% of patients with lone AF (AF without clinically

12
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evident abnormalities) (69). A study on human and sheep samples suggests that AF is
associated with the fibrotic remodeling of subepicardial fatty infiltrates of the atria, and
that cytotoxic lymphocytes may be involved in this process (70). Enhanced macrophage
infiltration was also shown in the atria of patients with persistent AF (71, 72) and
postoperative AF (73). Significantly elevated levels of acute-phase proteins and
inflammatory cytokines (C-reactive protein (CRP), tumor necrosis factor-alpha (TNF-a,),
serum amyloid A, interleukin (IL)-1, IL-6, IL-8, IL-10, IL-18) were detected in blood
samples of AF patients compared to the SR group (74-76). Elevated serum levels of IL-
18 were significantly associated with AF in the absence of structural heart disease, and
IL-18 levels were significantly higher in persistent than in paroxysmal AF (76). Cytokine
levels were higher in AF patients with structural heart disease compared to lone AF, and
in both persistent and permanent AF compared to paroxysmal AF (74). Polymorphism of
the IL-1 receptor antagonist gene was documented to be an independent predictor of lone
AF, possibly because of an inadequate restriction of inflammatory responses (77).
Inflammasomes are inflammatory signaling cytoplasmic multiprotein complexes that
regulate innate immunity (78, 79). Their activation requires a priming event that induces
the synthesis of “NLR family, pyrin domain containing 3 (NLRP3) and pro-IL-1 via
toll-like receptor—nuclear factor kappa B (NFxB) signaling, and a subsequent triggering
mechanism via inflammasome-related pattern recognition receptors that are expressed
among others in macrophages, neutrophils and epithelial cells (80). Trigger signals
promote the assembly of NLRP3 sensor protein, an adaptor protein (“apoptosis-
associated speck-like protein containing a CARD” [ASC]) and precursor caspase-1,
leading to auto-cleavage of precursor caspase-1 into active/cleaved caspase heterodimers
consisting of p20 and p10 subunits (79, 81). In immune cells, active caspase-1 cleaves
pro-I1L-1B and pro-IL-18, releasing active IL-1p and IL-18 (82, 83) (Figure 2).

Role of NLRP3 inflammasome has been established in numerous cardiovascular diseases,
including arrhythmias, coronary atherosclerosis, myocardial infarction and
cardiomyopathies (68, 84). There is evidence that activation of the NLRP3 inflammasome
in atrial cardiomyocytes and infiltrating macrophages plays a role in the initiation and
maintenance of AF (85). Hypertension, obesity and diabetes are presumed to promote the
development of AF through activation of the NLRP3 inflammasome in atrial

cardiomyocytes (85). Increased NLRP3 inflammasome activity was detected in right

13
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atrial appendages (RAAs) from patients with paroxysmal and long-standing persistent AF
compared to SR controls (71). A mouse model expressing constitutively active NLRP3
resulted in spontaneous premature atrial contractions and triggerable AF (71). Increased
inflammasome priming and triggering (elevated expression of NLRP3, pro-caspase-1,
ASC, cleaved caspase-1, toll-like receptor-4 and NF«B) was confirmed in RAAs from
patients with SR who underwent open heart surgery and developed AF in the
postoperative period compared to those who remained in SR after the operation,
suggesting a pre-existing inflammatory substrate for postoperative AF (73). In addition
to the NLRP3, other inflammasome pathways, namely “NLR family, pyrin domain
containing 1”7 (NALP1) (86), “NLR family CARD domain-containing protein 4”
(NLRC4) (87-89) and “absent in melanoma 2” (AIM2) (87-93) have been identified to
play arole in cardiovascular diseases such as atherosclerosis, acute myocardial infarction,

cardiomyopathies or stroke (Figure 2).

[asc '}*.! 1 KR | Asc |
N, 8 .

<
N
Active caspase-1 |

- v ‘ A
! =| Pro-caspase-1 |—>l

Figure 2. Inflammasome activation.

Specific signals such as damage- or pathogen-associated molecular patterns (DAMPs,
PAMPs), double-strand deoxyribonucleic acid (dsDNA) or flagellin induce the
assembly of inflammasome complex leading to caspase activation and cleavage of
precursor interleukins. The figure was created by Dr. Zsdfia Onddi, in part using

images from Servier Medical Art (94).

Epicardial adipose tissue and atrial fibrosis

Epicardial fat that directly contacts the myocardium has endocrine and paracrine features
that may be associated with myocardial inflammation. It produces a number of

adipokines, chemokines and inflammatory cytokines that diffuse into the neighboring

14



DOI:10.14753/SE.2025.3172

myocardium inducing its fibrotic remodeling. Epicardial fat may extend into the adjacent
myocardium, separating myocytes and contributing to its functional disorganization.
Increased epicardial adiposity induced myocardial inflammation, atrial fibrosis and
altered atrial architecture can predispose to reentry formation and the development of AF
(24, 26, 29, 31). Several signaling pathways are known to participate in the pro-fibrotic
process (pro-inflammatory cytokines, transforming growth factor-p1, connective tissue
growth factor, oxidative stress, the renin-angiotensin-aldosterone system, endothelin-1,
calcium-dependent proteases, extracellular matrix regulatory proteins, hypoxia-inducible
factor-1a) (26), and many comorbidities (advancing age, hypertension, diabetes mellitus,
HF, ischemic heart disease, obesity, valve disease, obstructive sleep apnea) predispose to
atrial fibrosis (26, 95). AF in itself can also induce fibrotic remodeling of the atrial
epicardium (26). In human RAA samples, higher degrees of fibrotically remodeled
subepicardial fatty infiltrates were found in the case of AF, and the degree of the fibrotic
remodeling correlated with the duration of AF (70). Several studies showed an association
of total pericardial fat volume with the prevalence and severity of AF, and with the
recurrence of the arrhythmia after ablation (31). Higher degree of atrial fibrosis correlated
with post-ablation arrhythmia recurrence and increased risk of thromboembolic events
(29). It is of interest, that based on an electrophysiological study, right atrial scar burden
shows good correlation with left atrial scar burden (96). Fibrosis in the MSs of PVs was

also reported to be more severe in patients with AF than in those without (42-44, 97).

Atrial amyloidosis

In case of cardiac amyloidosis, misfolded proteins (predominantly immunoglobulin light
chains or transthyretin) accumulate as focal, multifocal, or diffuse interstitial nodules
surrounding cardiomyocytes or form subendocardial or perivascular aggregates (98).
Atrial amyloidosis can be present as part of cardiac amyloidosis, where atrial involvement
is part of the systemic involvement caused by amyloidosis, or it can appear as isolated
atrial amyloidosis (IAA) that means the sole infiltration of the atria, without affecting the
ventricles (98, 99). In case of IAA, amyloid deposits of atrial natriuretic peptide are
formed in the aging human atrium (98, 99), and this accumulation is exacerbated by atrial
stretch caused by ventricular diastolic dysfunction, mitral valve disease and/or AF (98).

Atrial amyloidosis and IAA have been reported to correlate with the presence and
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duration of AF (99-102). The reason for this may be that amyloid accumulation between
cardiomyocytes may result in the interruption of normal electrical conduction, thus
forming a substrate for atrial tachyarrhythmias (98, 99, 101).

Effects of autonomic nerve system

Both enhanced cholinergic and B-adrenergic tone can induce AF (26). Adrenergic
activation promotes focal activity through enhanced automaticity or induction of calcium-
dependent triggered activity, while increased vagal tone shortens atrial refractoriness by
the induction of the acetylcholine-activated potassium current which predisposes to the
formation of reentry circuits. Enhanced calcium current due to adrenergic activation can
provoke cardiomyocyte hypertrophy and fibrosis (103). Both long-term vigorous physical
training (due to increased parasympathetic tone and atrial dilatation) and lack of physical
activity (due to increased heart rate and comorbidities) were shown to be associated with
an increased risk of AF, while regular moderate physical activity seemed to have

favorable effects regarding supraventricular arrhythmias (104).

Genetic factors

In a prospective cohort study, parental AF was shown to independently predict an
increased risk of AF events in offspring, supporting a genetic susceptibility to developing
AF (105). Genetic mutations and variants underlying AF were reported to affect among
others voltage gated sodium and potassium channels, connexin 40 (Cx40) gap junction
protein, lamin, desmin, natriuretic peptide precursor A and atrial myosin light chain 1
(106-109).

1.2. Anatomy of the cardiac pacemaker and conduction system

In human, the crescent-shaped sinoatrial node (SAN) is located at the junction of the SVC
and the right atrium, beneath the epicardial surface of the proximal sulcus terminalis. Its
tail often penetrates into the crista terminalis. The specialized nodal cells are also striated,
but smaller and paler in color than the working cardiomyocytes. They are embedded in a
matrix of fibrous tissue (110, 111). The AVN is located at the apex of the triangle of Koch
and is directly related to the fibroadipose tissue interposing between the septal portion of

the right atrial vestibule and the crest of the muscular interventricular septum (112). A
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rightward posterior extension of the AVN frequently continues to the level of the CS
ostium (113). The compact node is characterized by a complex architecture of
interweaving cells, while posterior extensions are made up of closely spaced, small cells
(113). The cells of the compact node bunch together and penetrate to the central fibrous
body, forming the bundle of His which then branches on the crest of the muscular
interventricular septum. The right bundle branch and the fascicles of the left bundle
branch are insulated by fibrous sheaths from the subjacent septal musculature. The
terminal ramifications of the ventricular conduction system are the Purkinje fibers (112).
Human Purkinje fibers are somewhat larger in diameter (approximately 20 pm) than
working cardiomyocytes, and possess a light appearance due to the smaller number of
myofibrils (114).

1.3. Markers of the cardiac pacemaker and conduction system

Several markers have been identified that distinguish working myocardium from
pacemaker cells and conducting cardiomyocytes in humans, for example,
hyperpolarization activated cyclic nucleotide-gated potassium channel 1 (HCN1) and 4
(HCN4) (115-119), Cx45 (120, 121), voltage-gated calcium channel subunit alpha 1 D
(Cavl.3) and alpha 1 G (Cav3.1) (115-117, 122) and desmin (114, 123-125). Other
markers, namely contactin 2 (CNTN2) (126, 127), human natural killer-1 (HNK1) (128-
130) and T-box transcription factor 3 (TBX3) (115, 117, 131, 132) were documented to
be present predominantly during embryonic and fetal development.

1.3.1. Connexins

Gap junctions are groups of intercellular channels that provide a direct connection
between the cytoplasm of two adjacent cells to mediate intercellular communication
(133). These channels are formed by connexin proteins, three main isoforms of which are
present in the human heart. Cx40, Cx43 and Cx45 are expressed differently in
cardiomyocytes at distinct sites, which determines the properties of conduction velocity
(133). Cx43 is expressed throughout the working myocardium, Cx40 is restricted to the
atrial myocardium and the ventricular conduction system, whereas Cx45 is mainly
expressed in the pacemaker and conduction system of the heart (120, 121, 134). In human

adults, only trace amounts of Cx45 was detected in the atrial and ventricular working
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myocardium (134), whereas distinct positive signals were found for Cx45 at the AVN
and for Cx40 at the AV-bundle and bundle branches (121). For the human SAN, Cx45
mMRNA was abundant, while mRNA and protein for Cx40 and Cx43 were less abundant
in the SAN than in the right atrial myocardium (115). In human fetal hearts and
developing mouse hearts (120), as well as in adult rat and mouse hearts (135), Cx40 and
Cx45 labeling was prominent in the ventricular conduction tissues. In rats, the SAN and
the AVN proved to be immunopositive for HCN4 and Cx45, but not for Cx43 (136). The
compact AVN of rabbits also expressed mainly Cx45 (137). Based on these data, Cx45
appears to be a specific marker for the cardiac pacemaker and conduction system.

Data on the connexin expression patterns of the MSs of PVs and caval veins are based on
animal studies and differences between species have been reported. The presence of all
cardiac connexins (Cx40, Cx43 and Cx45) was confirmed in the canine SVC, with distinct
areas of abundant Cx43 in the center and diffuse Cx40 signals in the periphery. Such
regions of atypical connexin expression were mainly localized in the proximal part of the
SVC (138). Both Cx40 and Cx43 were detected in isolated cardiac cells from canine
SVCs and PVs (139). In rats, a nodal-like tissue was reported at the junction of the SVC
and the right atrium. From this site, lightly stained cells exhibiting strong Cx45 but no
Cx43 immunoreactivity extended next to both the crista terminalis and the interatrial
groove. Atrial walls and PV myocardium showed intense Cx43 immunostaining, while
Cx45 was absent (136).

1.3.2. Desmin intermediate filament

Desmin is a muscle-specific intermediate filament that is involved in maintaining the
structure of sarcomeres, connecting myofibrils via Z-disks and linking them to the
sarcolemma, nucleus and mitochondria (140). Although desmin is not a specific marker
of the pacemaker and conduction system of the heart, it was reported to be abundant in
the ventricular conduction system and nodal regions in comparison to the ventricular
working myocardium. Most evidence are based on mammalian data, but some human
studies also support these regional differences. Bovine Purkinje fibers were shown to
contain many intermediate filaments, but less myofibrils compared to working
cardiomyocytes (141-143). Other mammalian studies demonstrated a stronger desmin

immunoreactivity of the ventricular conduction system in comparison to working
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cardiomyocytes, both during prenatal development (144, 145) and in the postnatal period
(145, 146). Prominent desmin labeling was also observed in the Purkinje fibers of human
adults (114) and in the ventricular conduction system of human fetuses (125). Strong
desmin immunoreactivity was reported in the developing human SAN and AVN (123)
and in the SAN of fetal rats (145). In adult mice and humans, large amounts of desmin
were found in the SAN as well (124). In rabbits, the atrioventricular conduction axis was
readily identified by the pronounced desmin immunostaining in the cytoplasm of the
conducting cardiomyocytes (137).

In fetal rats, intense desmin labeling was noted in the SVC and the PVs (145). In human
fetuses, the MSs of the PVs, caval veins and CS were strongly positive for desmin, while
the left ventricular working myocardium was immunonegative (125). Studies in human
embryos (123) and fetuses (125, 147) reported a strong desmin immunoreactivity of the
atria, in contrast to a weaker (147) or absent (123, 125) signal from the ventricular
(compact) myocardium. The interatrial conducting pathway displayed intense desmin

immunolabeling compared to working cardiomyocytes in monkeys and sheep (148).

1.3.3. Hyperpolarization Activated Cyclic Nucleotide Gated Potassium Channel 4

The hyperpolarization-activated funny current is a crucial regulator of the diastolic
depolarization of the heart and plays a key role in heart rate control. The main ion channel
responsible for this pacemaker current is the HCN4 which is present abundantly
throughout the pacemaker and conduction system of the human heart while its expression
is sparse in the working myocardium (115-119). Periodic acid-Schiff (PAS)-positive
cardiomyocytes displaying HCN4 immunoreaction, indicating a pacemaking function,
were identified in the PV-left atrial junctions of humans both with and without previous
AF (97).

1.3.4. Human natural killer-1

In human embryos, HNK-1, a marker of the developing conduction system, was present
around the orifice of the common PV primordium, the IVC and the CS, and three HNK-
1-positive connections were detected between the SAN and the region of the right
atrioventricular ring (128). HNK-1 was also demonstrated in 10% of the MSs around PVs
of human adults, both with and without a history of AF (149).
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2. OBJECTIVES

We aimed to perform histological and molecular examinations to enhance the knowledge

about the pathomechanism of AF.

2.1. Analysis of the histological and immunohistochemical features of the myocardial

sleeves around pulmonary veins, caval veins and coronary sinus

We aimed to examine the histological and immunohistochemical features of MSs
ensheathing the veins entering the atria of human hearts, namely the SVC, IVC, PVs and
CS. We set out to investigate the histological background of the widely documented
arrhythmogenic nature of these supraventricular regions by evaluating whether the MSs
contain any cardiomyocytes possessing the conducting phenotype. Furthermore, in our
first study, we targeted the Cx45 gap junction protein to provide support for the potential
arrhythmogenicity of these areas. In a subsequent study, we aimed to investigate regional
differences in desmin intermediate filament immunostaining in human hearts with the
intention of providing further information about the putative conducting phenotype of the

venous MSs.

2.2. Assessment of inflammation in heart failure-associated atrial fibrillation

In this study, we set out to examine the role of atrial substrate in the pathomechanism of
HF-associated AF. Our purpose was to assess if any relation exists between inflammation
and HF-associated AF in human hearts with end-stage HF. The focus of our research was
on inflammasome activation and on infiltration of macrophages into left atrial
myocardium and epicardium. We also intended to analyze the fibrotic remodeling of the

left atrial myocardium and epicardium in the same population.
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3. METHODS

3.1. Characterization of the histological and immunohistochemical features of

myocardial sleeves in the walls of cardiac veins

3.1.1. Human tissues

Hearts were removed from 43 adult human cadavers. Age was known in 11/43 cases and
it ranged from 22 to 86 years. Clinical data was known in 9/43 cases. We also investigated
the heart of a 23-week-old fetus who was born alive but died shortly after birth (Table 1).
Eleven hearts were removed from autopsied cadavers. The other 33 hearts were removed
from donors who gave written consent before their deaths for their bodies to be used for
educational and research purposes at the Department of Anatomy, Histology and
Embryology, Semmelweis University {Willed (Whole) Body 77 Program - WWBP}. The
most of these hearts were educational material and were not identified as a separate organ,
which explains the high proportion of missing demographic and clinical data. The bodies
were stored refrigerated at 1-5 °C until autopsies or fixation, which was carried out 12-72
hours after death. After removal at autopsies, the hearts were immediately fixed.

For adult hearts, PVs were investigated in 26/43, SVC in 34/43, IVC in 18/43 and CS in
19/43 cases, due to technical reasons. For the fetal heart, only the SVC could be analyzed.
In some cases, some PVs were missing due to previous postmortem proceedings. The
excision was extended into the hilum of the lung for PVs, above the level of the azygos
vein for SVCs and to the level of the diaphragm for IVVCs. We examined the entire length
of the CS from its right atrial orifice to the oblique vein of Marshall. The veins were
disconnected from the atria at their ostia and cut transversely into ring-like pieces. Tissue
samples were also obtained from the SAN, AVN, left and right atria, interatrial septum,
left and right ventricles and interventricular septum (Table 1, Figure 3).

Right and left atrial structures (Figure 3) were systematically investigated in 9 adult
cadavers with known demographic data (3 males, median age: 50.0 [IQR 44.0-52.0]
years). Medical history was known in 8/9 cases. 6/8 patients had cardiac disease, namely
hypertension (n=2), chronic ischemic heart disease (n=1), acute myocardial infarction
(n=1), hypertrophic obstructive cardiomyopathy (n=1), dilated cardiomyopathy (n=1),
left ventricular hypertrophy (n=1) and pulmonary embolism (n=1). Nevertheless, none of

them had previously been diagnosed with AF.
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Table 1. Demographic and medical data of patients, and data of histological analyses. (Adopted from reference (150) with modifications.)
AVN: atrioventricular node; CS: coronary sinus; FA: formaldehyde; HE: hematoxylin-eosin; HOCM: hypertrophic obstructive cardiomyopathy; IAS:
interatrial septum; IVC: inferior vena cava; IVS: interventricular septum; LA: left atrium; LAD: left anterior descending artery; LV: left ventricle; NA:
not available; PFA: paraformaldehyde; RA: right atrium; RV: right ventricle; SAN: sinoatrial node; SVC: superior vena cava

Case (ylszs) Sex Medical history Cause of death Fixation Investigated tissue Stain
1-4 NA NA NA NA FA SvC HE, trichrome
5-9 NA NA NA NA FA SVC, SAN, RA HE, trichrome
10 NA NA NA NA FA IVC, RA HE, trichrome
11 NA NA NA NA FA CS, RA, IAS, IVS, LV HE, trichrome
12-14 NA NA NA NA FA SVC, IVC, PV HE, trichrome
15 NA NA NA NA FA SVC, PV HE, trichrome
16, 17 NA NA NA NA FA SVC, CS, PV HE, trichrome
18 NA NA NA NA FA IVC, CS, PV 18, el [
hematoxylin
19-23 NA NA NA NA FA PV HE, trichrome
SVC, IVC, CS, PV (in
24, 25 NA NA NA NA FA case 24), SAN, AVN, HE, trichrome
RA, LA, IAS, IVS, LV
T bra.in Qeath after prolonged. SVC, IVC, CS, PV, .
26 44 female Sl tomy’ resuscitation from sudden card.lac FA SAN, AVN, RA, LA, HE, trichrome
death due to pulmonary embolism IAS, IVS, RV, LV
27 NA NA NA NA frozen SVC, CS, LV Cx43 (1:50)
cerebral vascular lesion, cardiac
)8 31 female .pacem.aker, myocardial cachexi.a due tg persistent methanol SVC, IVC, CS, PV, HE, trichrome,
infarction, percutaneous immobility LA, IAS Cx45 (1:50)
coronary intervention (LAD)
SVC,PV,SAN AVN, | /RO
29 64 male NA NA ethanol | RA, LA, Iﬁ\?’ IVS, RV, (1:4000—1:5000),
Cx45 (1:50-1:100)
30 NA NA NA NA FA SVC, RA HE, desmin (1:200)
31 NA NA NA NA FA SVC, RA, RV HE, desmin (1:200)
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SVC, SAN, RA, IAS,

HE, trichrome,

2 W R NA L FA RV desmin (1:200)
SVC, CS, RA, IAS, HE, trichrome,
33 NA | NA NA NA FA IVS, LV desmin (1:200)
34 NA | NA NA NA FA | SVC,IVC,CS, PV, LA |  HE, trichrome,
desmin (1:200)
HE, trichrome,
35 NA NA NA NA FA PV desmin (1:200)
L UL, i, 1 HE, trichrome
36 50 female NA suicide by hanging FA SAN, AVN, RA, LA, des;nin (1:40 03
IAS, IVS, RV, LV '
SVC, IVC, CS, PV, HE, trichrome,
37 22 female none suicide by hanging FA SAN, AVN, RA, LA, desmin (1:200), iron
IAS, IVS, RV, LV hematoxylin
B postoperative left ventricular failure SVC, IVC, CS, PV, HE, trichrome,
38 86 female eversion caro t’i d endarterec tom’ due to chronic ischemic heart FA SAN, AVN, RA, LA, desmin (1:400),
y disease IAS, IVS, LV Congo red
HOCM, hypertension, ischemic postoperative multiorgan failure SVC, IVC, CS, PV, HE, trichrome,
39 54 female stroke, liver cirrhosis, small and vasoplegia; congestive heart FA SAN, AVN, RA, LA, desmin (1:400),
bowel obstruction surgery failure IAS, IVS, RV, LV Congo red
respiratory failure due to SVC, IVC, CS, PV, HE. trichrome
40 43 male chronic alcohol abuse pneumonia; accompanying disease: FA SAN, AVN, RA, LA, des;nin (1:40 03
left ventricular hypertrophy IAS, IVS, RV, LV '
41 48 male nicotinism left Ventricular. failure due to dilated FA SS[:/I\% ’ AI;\\;SZ Ei” 1;\12’ HE, t.richr.ome,
cardiomyopathy IAS, IVS, RV, LV desmin (1:400)
sudden cardiac death due to acute SVC, IVC, CS, PV, HE. trichrome
42 52 male master footballer, nicotinism myocardial infarction caused by FA SAN, AVN, RA, LA, des;nin (1:40 03
severe three coronary vessel disease IAS, IVS, RV, LV ’
. SVC, IVC, CS, PV, .
43 51 female none subarachnoid hemorrhage, PFA SAN, RA, LA, IAS, HE, trichrome,
respiratory sepsis IVS, RV, LV desmin (1:400)
23- HE, trichrome,
44 week NA NA NA ethanol SV SARI\i} R L% Carmine, desmin
fetus (1:5000), Cx45 (1:75)
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Figure 3. Demonstration of the examined regions of the hearts.

A: The azygos vein (AV) draining into the superior vena cava (SVC), the SVC and the
right atrial appendage (RAA). B: The SVC, the region of the sinoatrial node (SAN) and
the right atrium (RA). C: The crista terminalis (CT). D: The RA and the inferior vena
cava (IVC). E: The left atrial inferior wall (LAIW), the coronary sinus (CS) and the left
ventricle (LV). F: The atrioventricular nodal (AVN) region bordered by the interatrial
septum (1AS), the tricuspid valve (TV) and the aortic root (AO). G: The left ventricle
(LV), the interventricular septum (IVS) and the right ventricle (RV). H: The left superior
(LSPV), inferior (LIPV), right superior (RSPV) and inferior (RIPV) pulmonary veins,
the roof of the left atrium and the LAIW. I: The left atrial ridge (LAR) located between
the left atrial appendage (LAA) and the LSPV. J: The IAS. Regions of interest are
marked by yellow squares. The cutting planes are marked by dotted lines.
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The research was accepted by the Regional and Institutional Committee of Science and
Research Ethics, Semmelweis University (No. 122/2016) and the Research Ethics
Committee of the Medical Research Council of Hungary (No. 1\VV/1555-1/2021/EKU).

3.1.2. Tissue processing for histology

Except for one heart from which frozen sections were prepared, specimens were fixed in
4% formaldehyde (n=39), in 4% paraformaldehyde (n=1), in 70% ethanol (n=2, including
the fetal heart), or in methanol (n=1). After dehydration in ascending concentrations of
ethanol, tissue samples were embedded in paraffin and sections of 3-6 um thickness were
made. For general histology, sections were stained with hematoxylin-eosin and Krutsay’s
trichnrome. Intracellular glycogen was shown by Best’s Carmine stain (151). Hardly
visible muscle striations of the small pacemaker cells were visualized by Heidenhain's
iron hematoxylin two steps staining (ferric ammonium sulfate and hematoxylin).
Amyloid deposits were demonstrated by Congo red stain (Table 1).

For frozen sections, the specimens were embedded in Cryomatrix (Shandon, Thermo
Fisher Scientific, Waltham, Massachusetts, US), frozen in liquid nitrogen, and stored in
a deep freezer (-80 °C). Cryosections of 10 um thickness were mounted on poly-L-lysine

coated slides, fixed in cold (+4 °C) acetone for 10 minutes and dried in air.

3.1.3. Connexin 45 and connexin 43 immunohistochemistry

Immunostainings were carried out as described in our previous paper (152). Cx45
immunohistochemistry was performed on samples from two adults and the 23-week-old
fetus (Table 1). Specimens were fixed in ethanol/methanol and embedded in paraffin.
After deparaffinization and rehydration through graded alcohol concentrations, the slides
were washed 3 times in phosphate-buffered saline (PBS). Heat-induced citrate-based
antigen retrieval (Vector Laboratories; Cat# H-3300) was performed for 30 minutes.
Cx43 immunostaining was carried out on the frozen sections of one adult heart (Table 1).
Before immunohistochemistry, the slides were rehydrated in PBS and permeabilized with
0.3% Triton X-100 for 40 minutes.

Cx45 and Cx43 immunostaining were performed as follows: protein blocking was carried
out for 15 minutes with 1% bovine serum albumin in PBS, followed by overnight

incubation at 4 °C with primary antibodies. Cx45 was detected using a rabbit polyclonal
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antibody (Santa Cruz Biotechnology Inc; Cat# sc-25716; dilution 1:50 or 1:100 for adults
and 1:75 for fetal heart), and Cx43 was detected using a goat polyclonal antibody (Santa
Cruz Biotechnology Inc; Cat# sc-6560; dilution 1:50). Secondary antibodies (biotinylated
goat anti-rabbit immunoglobulin G and biotinylated horse anti-goat immunoglobulin G
[Vector Laboratories]) were applied at a dilution of 1:200 for 1 hour. Endogenous
peroxidase activity was then quenched with 0.6% hydrogen peroxide (Sigma-Aldrich) in
PBS for 10 minutes. After formation of the avidin-biotinylated peroxidase complex
(Vectastain Elite ABC kit; Vector Laboratories), the binding sites of the primary
antibodies were visualized by 4-chloro-1-naphthol (Sigma-Aldrich; Cat# C8890).

3.1.4. Desmin immunohistochemistry

Desmin immunostaining was performed on samples obtained from 15 adults and the 23-
week-old fetus (Table 1), as described in our previous paper (150). Sections fixed with
formaldehyde, paraformaldehyde or ethanol were investigated. After deparaffinization
and rehydration through graded alcohols, slides were washed three times in PBS.

Desmin immunohistochemistry of the ethanol-fixed sections was prepared as follows:
heat-induced citrate-based antigen retrieval was carried out (Vector Laboratories; Cat#
H-3300) for 30 minutes. Protein blocking was performed for 20 minutes with 1% bovine
serum albumin in PBS, followed by overnight incubation at 4 °C with mouse monoclonal
antibody against human desmin (Dako; Clone D33; Cat# M0760; dilution 1:4000 for
adults and 1:5000 for fetal heart). Biotinylated horse anti-mouse 1gG (Vector
Laboratories; dilution 1:200) was used as a secondary antibody for 1 hour, followed by
qguenching endogenous peroxidase activity with 0.6% hydrogen peroxide (Sigma-
Aldrich) in PBS for 10 minutes. After formation of the avidin-biotinylated peroxidase
complex (Vectastain Elite ABC kit; Vector Laboratories), the binding sites of the primary
antibody were visualized by 4-chloro-1-naphthol (Sigma-Aldrich; Cat# C8890).

For desmin immunohistochemistry on formaldehyde-fixed, paraffin-embedded tissue
sections, a heat-induced Tris-EDTA-based antigen retrieval method was applied (Dako;
Target Retrieval Solution pH-9). Desmin was detected using a mouse anti-human desmin
monoclonal antibody (Dako; Clone D33; Cat# M0760; dilution 1:200 or 1:400) overnight
at 4 °C. (Similarly to Cx45, different anti-desmin antibody concentrations were used for

the individual hearts due to the differences in their histological characteristics. However,
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the same antibody dilution was used for different regions of a single heart.) All other steps
of the immunohistochemistry protocol (application of peroxidase and protein block, post
primary blocking, incubation with secondary antibody, application of 3,3’-
diaminobenzidine (DAB) as chromogen, counterstaining of nuclei with hematoxylin)
were carried out at room temperature (25 °C) using the Novolink™ Polymer Detection
System (Leica Biosystems; Cat# RE7140-K).

3.1.5. Double labeling of connexin 45 and desmin

We performed double immunofluorescence staining for Cx45 and desmin. Cx45 was
detected with a rabbit polyclonal antibody (Santa Cruz Biotechnology, Inc.; Cat# sc-
25716; dilution 1:50) and desmin with a mouse monoclonal antibody (Dako; Clone D33;
Cat# M0760; dilution 1:5000). Goat anti-rabbit 1gG conjugated to Alexa Fluor 488 and
goat anti-mouse IgG conjugated to Alexa Fluor 594 (Invitrogen) were used as fluorescent

secondary antibodies. Cell nuclei were stained with DAPI (Vector Laboratories).

3.1.6. Visualization of slides

Sections were mounted with aqueous Poly/Mount (Polyscience, Inc., Warrington, PA)
and examined under a Zeiss Axiophot photomicroscope and/or Zeiss confocal microscope
system. Fluorescent images were captured with an Olympus DP50-CU digital camera
(Olympus Optical Co., Ltd.), while an automated whole-slide imaging system (3D-

Histotech, Budapest, Hungary) was used to visualize other sections.

3.1.7. Immunohistochemical quantitative analysis

Semiquantitative analyses for the intensity of desmin immunostaining of 4 hearts (Case
No 37, 40, 41, 42) were performed. The ventricular subendocardial region, ventricular
working myocardium, SAN, SVC and CS were investigated in all cases and the PV in 3/4
cases. For each structure of a given heart, three distinct regions with the same sizes were
analyzed. These regions were chosen to be representative of the whole section regarding
the proportion of conducting-like cardiomyocytes exhibiting strong desmin expression
and weakly immunopositive working cardiomyocytes. At first, signal intensity of the
strongly immunoreactive cells of the conducting system and the extracardiac MSs was

compared with that of weaker labeled ventricular working cardiomyocytes. For this
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analysis, twenty cardiomyocytes were chosen from each region (Figure 4A). Thereafter,
differences between signal intensity at representative areas of the ventricular conduction
system or MSs and the working ventricular myocardium were investigated (Figure 4B).
The total size of the analyzed areas was equal for each region.

The ImageJ (Image Processing and Analysis in Java) 1.51 k program (NIH, Bethesda,
MD, US) was used to perform semiquantitative analyses. We used the Color
Deconvolution plugin for stain separation of hematoxylin-DAB-stained images and
selected the derived DAB image for quantification. The software converted each pixel of
the Red Green Blue images to grayscale using a special formula, and consequently the
desmin signal intensity was expressed in gray values. The software calculated the mean
gray values (MGV) for each selected cell and area. MGV was the sum of the gray values
of all pixels in the circled area divided by the number of pixels, expressed in gray-level
units. A lower MGV indicated a stronger desmin signal intensity.

The amount of the difference in cell or area MGVs among different heart structures was
estimated by a mixed effect regression model. We used two separate models for the cell
and area MGVs (as outcome variables). The models contained the cardiac structures as
explanatory variables and a random intercept was assigned to each heart. (A compound
symmetry correlation structure was assumed.) For the estimation of confidence intervals
for the difference between the groups and the p-value, a Tukey method adjustment was
made to handle the multiple comparisons. All statistical analyses were calculated by R
software (153) using the Ime4 (154) package for mixed effect regression models, and

emmeans (155) for multiplicity correction in pairwise comparisons.

S =Y

Figure 4. Quantitative analysis of desmin immunostaining for superior vena cava.

A: Mean gray values of twenty cells displaying strong desmin immunoreactivity framed
by yellow were averaged for the sample. B: The mean gray value of a representative

area of a given size marked by yellow square was calculated. Scale-bars: 50 um (150)
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3.2. Investigation of inflammasome activation in end-stage heart failure-associated

atrial fibrillation

3.2.1. Human samples

De-identified left atrial specimens from the explanted hearts of 24 patients with end-stage
ischemic HF who underwent heart transplantation were acquired from the Transplantation
Biobank of the Heart and Vascular Center, Semmelweis University, Budapest, Hungary.
The samples were immediately snap frozen in liquid nitrogen after excision and were kept
at -80°C until further processing. Formalin-fixed, paraffin-embedded tissue samples were
also prepared for histology. The project was approved by the Institutional and National
Ethics Committee (ETT TUKEB 7891/2012/EKU (119/P1/12.)) and ETT TUKEB
1VV/10161-1/2020). All patients provided written informed consent. Half of the individuals
had no documented AF (SR group, n=12) and the other half had sustained (persistent or
permanent) AF (AF group, n=12). All patients were male, aged 43-64 years, with a body
mass index of 18.2-33.2 kg/m?, an ejection fraction of 10-36% and a left atrial length of
47-82 mm. None of the patients suffered from diabetes mellitus. The only significant
difference between the two groups was for procalcitonin, which was irrelevant as this

value was within the reference range (<0.5 pg/l) in all cases (Table 2).

Table 2. Demographic and medical data of patients enrolled into the analysis of
inflammasome activation in end-stage heart failure-associated atrial fibrillation.

Adopted from reference (156) with modifications. Values are presented as number (%), mean
(SD) or median [interquartile range]. BMI: body mass index; CRP: C-reactive protein; CRT:
cardiac resynchronization therapy; EF: ejection fraction; F: female; LA: left atrial; M: male;
NYHA: New-York Heart Association; PCT: procalcitonin; Q1/ Q3: first/ third quartile; SD:
standard deviation; WBC: white blood cell

Patients with sinus Patients with atrial |
rhythm (n=12) fibrillation (n=12) p-vajue

Age (years), median [Q1, Q3] 56.5 [48.0 — 60.0] 57.5 [54.5 — 60.5] 0.400
Sex (M / F), n (%) 12 (100) /0 (0) 12 (100) / 0 (0) 1.00
BMI (kg/m?), mean (SD) 27.6 (3.8) 25.8 (4.0) 0.278
Etiology of heart failure, n (%)

Ischemic 12 (100) 12 (100) 1.00

Non ischemic 0 (0) 0 (0)
NYHA stage, n (%)

I 0 (0) 1(9)

I 7 (58) 7 (64) 0.482

vV 5 (42) 3(27)

Missing data 0 (0) 1(9)
Echocardiography parameters

EF (%), mean (SD) 21.7 (8.1) 23.8 (4.0) 0.434
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LA length, mean (SD) 58.6 (8.4) 64.2 (7.9) 0.107
Artificial heart valve, n (%) 0 (0) 1(8) 1.00
CRT, n (%) 3 (25) 5 (42) 0.667
Medication, n (%)

Parenteral loop diuretics 3 (25) 4 (33) 1.00

Parenteral inotropic support 3(25) 4 (33) 1.00

Parenteral vasopressor agent 0 (0) 1(8) 1.00

Sacubitril/valsartan 4 (33) 1(8) 0.317
Mechanical circulatory support, n (%) 1(8) 1(8) 1.00
Mechanical ventilation 0 (0) 1(8) 1.00
Ventricular tachycardia 1(8) 4 (33) 0.317
Diabetes mellitus 0 (0) 0 (0) 1.00
Infection

Presence of infection 4 (33) 4 (33) 1.00

Antibiotic treatment 3 (25) 4 (33) 1.00

WBC (G/I), median [Q1, Q3] 7.6 [6.7—9.5] 8.9 [6.6 —9.4] 0.875

CRP (mg/l), median [Q1, Q3] 4.7[1.6-9.7] 3.0[24-44] 0.514

PCT (ng/l), median [Q1, Q3] 0.03 [0.02 —0.05] 0.10 [0.05 - 0.13] 0.006

Missing data, n (%) 1(8) 2 (17) '

3.2.2. Assessment of inflammasome activation

The expression of inflammasome sensors (NALP1, NLRP3, AIM2, NLRC4) and their
downstream signaling (ASC, caspase-1, p20/22 subunits of cleaved caspase-1, IL-1p,
cleaved IL-1B) was analyzed by Western blot, as described previously (157) with
modifications. Left atrial frozen tissue samples were homogenized in 1x
radioimmunoprecipitation assay buffer (RIPA; Cell Signaling Technology, Danvers, MA,
US) containing 1x HALT Protease and Phosphatase Inhibitor cocktail (Thermo Scientific,
Waltham, MA). The protein concentrations of the samples were determined by
bicinchoninic acid assay kit (Thermo Scientific). Equal quantities of protein from each of
the samples were mixed with 1/4 volume of Laemmli buffer comprising B-
mercaptoethanol (Thermo Scientific), loaded onto 4-20% Tris-glycine sodium dodecyl
sulfate-polyacrylamide gels (Bio-Rad, Hercules, CA, US) and electrophoresed. Proteins
were transferred to a polyvinylidene difluoride membrane (Bio-Rad) using the Trans-
Blot® Turbo™ Transfer System (Bio-Rad). Membranes were blocked in 5% bovine
serum albumin (Bio-Rad) dissolved in Tris-buffered saline containing 0.05% Tween-20
(0.05% TBS-T; Sigma, St. Louis, MO, US) for 2 hours at room temperature and then
incubated overnight at 4°C with primary antibodies (Cell Signaling; NALP1: Cat# 4990S,
dilution 1:2500; NLRP3: Cat# 15101S, dilution 1:2500; AIM2: Cat# 12948S, dilution
1:2500; NLRC4: Cat# 12421S, dilution 1:2500; ASC: Cat# 13833S, dilution 1:5000;
caspase-1: Cat# 3866S, dilution 1:1000; cleaved caspase-1: Cat# 4199S, dilution 1:1000;
IL-1pB: Cat# 12703S, dilution 1:1000; cleaved IL-1p: Cat# 83186S, dilution 1:1000). After
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three washes in TBS-T, the membranes were probed with corresponding HRP-conjugated
secondary antibodies (Cell Signaling) for 2 hours and washed in TBS-T. After incubation
with enhanced chemiluminescence kit (Bio-Rad), signals were detected by Chemidoc
XRS+ (Bio-Rad). Image analysis was carried out using Image Lab™ 6.0 software (Bio-
Rad). Five samples (2 from the SR group and 3 from the AF group) were excluded from
analysis due to low-quality homogenates. Glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) was used as a loading control.

3.2.3. Assessment of macrophage infiltration

To assess the number of macrophages in the myocardial and epicardial areas of left atrial
samples from the SR (myocardium: n=6, epicardium: n=4) and AF (myocardium: n=7,
epicardium: n=6) groups, immunohistochemistry was carried out as described previously
(158) to stain ionized calcium-binding adaptor molecule 1 (Ibal, marker of monocyte—
macrophage lineage) (159, 160). First, antigen retrieval was performed on deparaffinized
sections (pH=6 citrate buffer, at 95°C for 15 minutes). After quenching endogenous
peroxidase activity (3% H20> solution in PBS), the sections were blocked in appropriate
sera (2.5% goat, bovine serum or milk in PBS). Ibal was detected by a rabbit polyclonal
antibody (Fujifilm Wako; Cat# 019-19741; dilution 1:2000) that was incubated with the
sections overnight in diluted blocking solution at 4°C. Sections were then washed three
times in PBS and incubated for 1 hour with an anti-rabbit 1gG conjugated with a
peroxidase polymer (ImmPress reagents, Vector Laboratories, Burlingame, CA, US).
After washing three times for 10 minutes, the specific signal was developed with DAB
(ImmPACT DAB EqV Peroxidase (HRP) Substrate, Vector Laboratories). Stained slides
were mounted with ProLong Gold Mounting Media (Invitrogen, Carlsbad, CA, USA). A
Leica DM3000 bright field microscope (Leica Microsystems, Wetzlar, Germany) was
used to visualize and image the specific staining.

The number of monocytes and macrophages in left atrial samples was determined by the
ImageJ 1.51 k program. The average number of Ibal-positive cells with at least 35 pm?
size were calculated for unit areas of both the myocardium and the epicardium. The size
of unit area was different for the myocardium and the epicardium. For the myocardium,
3-5 unit areas per section were analyzed based on the size of the myocardial area. For

epicardial samples, 5-16 unit areas were analyzed in a single section. Sometimes, no
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epicardial or myocardial region could be identified. In these cases, Ibal-positive cells
were counted only for the existing tissue. Photos were captured at 40x objective

magnification. Data were normalized to the mean values of the SR group (Figure 5).

Figure 5. The method for quantitative analysis of macrophage infiltration.

Left atrial macrophages were counted over several unit areas and averaged for the
sample. Myocardial (yellow squares) and epicardial (red squares) regions were

analyzed separately. Hematoxylin-eosin. Scale bar: 1000 um (156)

3.2.4. Evaluation of fibrosis

After routine formalin-fixed, paraffin-embedded specimen processing, 4 um thick
sections were prepared and stained with Masson’s trichrome (SR group: n=6, AF group:
n=7). A Leica DM3000 bright field microscope was used to visualize the sections and
take the images. The percentage of total and interstitial fibrosis was assessed by the
ImageJ 1.51 k program. The percentage of total fibrosis was defined as the proportion of
fibrotic areas in relation to the total area of the section. The RGB Stack plugin was used
to split the images into three 8-bit grayscale images, from which the red one was chosen.
Thereafter, the threshold was set to mark the whole area of the section which was then
measured. After that, the threshold was reset to indicate only the fibrotic regions that were
marked by blue on the original images. The area of fibrotic regions was measured as well.
Finally, the fibrotic area and total area was divided and multiplied by 100 to get the
percentage of total fibrosis. The percentage of interstitial fibrosis was measured by
correlating the amount of interstitial fibrosis to a modified area of the section. In case of

both the fibrotic and reference area for interstitial fibrosis calculation, the epicardium,

32



DOI:10.14753/SE.2025.3172

subepicardial fibrotic region and perivascular fibrosis were neglected. These areas were
removed at the beginning of the image analysis. The following steps were identical to

those described for the quantification of total fibrosis (Figure 6).

Figure 6. Assessment of total and interstitial fibrosis of left atrial samples.

The method is presented step by step. Masson’s trichrome. Scale bars: 1000 um (156)

3.2.5. Statistical analysis

In the case of categorical data, numbers and percentages were presented and comparisons
between two groups were made using the Fisher's exact test or the Chi-square test. For
continuous variables, the Shapiro-Wilk test was used to test normality. In the case of a
normal distribution, data were presented as mean and standard deviation or mean and
standard error of the mean, and comparisons between two groups were made using an
unpaired Student’s t-test. In the case of a non-normal distribution, data were presented as
median with interquartile range, and comparisons between two groups were made using
the Mann-Whitney test. Correlation and regression analysis was used to evaluate the
correlations of cleaved caspase-1 with the inflammasome sensors and the markers of their
downstream signaling. Outlier analysis was performed by ROUT test (Q=1%) for
macrophage infiltration and fibrosis. One outlier was identified in both the epicardial
macrophage subgroup and the interstitial fibrosis subgroup of SR samples. Outliers were
excluded from statistical analysis. All analyses were carried out using GraphPad Prism 8.
(GraphPad Software Inc). A P-value <0.05 was considered statistically significant.
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4. RESULTS

4.1. Histology of the cardiac pacemaker and conduction system of human adults

The SAN and AVN regions, as well as the ventricular conduction system, were readily
identified by hematoxylin-eosin and trichrome stains. Small pacemaker cells embedded
within a matrix of fibrous connective tissue around the sinoatrial nodal artery and in the
adventitial layer of the artery were characteristic of SAN (Figure 7.A). The compact AVN
was identified at the apex of the triangle of Koch, at the base of the interatrial septum.
Histologically, the AVN consisted of a nest-like structure of spindle-shaped cells
arranged in a network and long, parallel bundles of myocardial fibers around it. Large
cardiomyocytes (Purkinje fibers) with pale cytoplasm and peripheral myofibrils were
observed in the ventricular conduction system, which was located in the interventricular
septum, just beneath the endocardium. These cells were embedded in dense fine fibrous
connective tissue and formed the left and right bundle branches of the heart’s conducting
system (Figure 7.B). Ventricular conducting cardiomyocytes contained large amounts of
intracellular glycogen, in contrast to ventricular working cardiomyocytes.

A pronounced Cx45 immunoreactivity could be detected in the SAN (Figure 7.C) and
AVN regions. Cx45 was also present in the bundle branches (Figure 7.D). Contrarily, no
Cx45 signal was found in the ventricular working myocardium (Figure 7.D). The Cx45
immunostaining of atrial regions was heterogeneous, presumably due to the co-presence
of working cardiomyocytes and conductive bundles in the atria. Cx43 immunoreaction
was marked at the intercalated discs throughout the ventricular working myocardium
(Figure 7.E).

Both pacemaker cells of the SAN (Figure 7.F) and AVN and Purkinje fibers of the
ventricular conduction system (Figure 7.G) showed strong desmin immunoreactivity in
comparison to the weaker labeling of the adjacent atrial and ventricular working

myocardium (Figure 7.G).
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Figure 7. The cardiac pacemaker and conduction system.

A: Pacemaker cells (arrows) of the sinoatrial node, trichrome (150). B: Purkinje fibers
(PF, arrowheads) and ventricular working myocardium (WM), trichrome. C: Presence
of Cx45 in the SAN. D: PFs positive for Cx45 and immunonegative ventricular WM
(152). E: Ventricular WM immunoreactive for Cx43 (arrowheads); lipofuscin granules
are yellow. F: Pacemaker cells of the SAN positive for desmin. G: PFs immunoreactive
for desmin and weakly staining ventricular WM. SNA: sinoatrial nodal artery.
Scale bar: 50 um (4, B), 85 um (C), 100 um (D), 25 um (E), 230 um (F, G)
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4.2. Histological features of the venous myocardial sleeves and the atria of human

adults

4.2.1. Myocardial sleeves of the pulmonary veins

Left atrial myocardial extensions forming MSs were observed around the venous wall of
the majority of the PVs examined. MSs were present on the outer side of the venous
adventitia (Figure 8.A,B) and they consisted of bundles displaying various courses. In the
case of 25/26 hearts (96%), at least one PV had MS. All PVs were excised and
investigated individually. MS was identified around 12/13 left superior PVs (92%),
around 15/17 left inferior PVs (88%), around 12/15 right superior PVs (80%) and around
12/12 right inferior PVs (100%). The MS usually disappeared before the vein reached the
hilum of the lung, but in a few cases, it was present at the level of the hilum.

Bundles of large cardiomyocytes with a median diameter of 18.1 um [IQR 16.5-19.7 um]
were detected in several PVs. These cardiomyocytes possessed lightly stained cytoplasm
and peripheral myofibrils similarly to the Purkinje fibers of the ventricular conduction
system. Among these cardiomyocytes, a fine collagen fiber network was frequently
present (Figure 8.C). Clusters of small and thin cardiomyocytes resembling the
pacemaker cells of the SAN were also frequently observed in the MSs of PVs. They were
typically embedded in a network of fine dense connective tissue and sometimes showed
a reticular arrangement. A small SAN-like structure was identified in the most distal part
of the MS around the left superior PV of a 43-year-old man. In the center of the structure
was a small artery with a pacemaker cell-like cardiomyocyte in its adventitia. Pacemaker
cells embedded in connective tissue clustered around the artery (Figure 8.D). Small SAN-
like structures were also identified in the MS of the left inferior PV of an individual with
unknown medical history.

Cardiomyocytes displaying a morphology similar to Purkinje fibers or pacemaker cells
were identified around the PVs of 24/26 hearts (92%). As for the individual PVs, these
cells were present in 10/13 left superior PVs (77%), 11/17 left inferior PVs (65%), 9/15
right superior PVs (60%) and 5/12 right inferior PVs (42%). The amount of the special
cardiomyocytes was different in each sample, namely some MSs were composed of
exclusively Purkinje-like or pacemaker cell-like cardiomyocytes, while others contained
only some groups of these cells. Special cardiomyocytes were present in the samples of

young and old female and male patients as well, both with cardiac disease and with no
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medical history. Best’s Carmine stain confirmed that the MSs of PVs were enriched in
cardiomyocytes containing abundant intracellular glycogen supporting their potential
conducting phenotype (Figure 8.E). It is of note, however, that 31% of the PVs possessing
a MS lacked pacemaker cell-like and Purkinje-like cardiomyocytes.

Intense Cx45 labeling was observed in several regions of the MSs around the examined
PVs. Cx45 immunoreaction was predominantly present at the intercalated discs linking
the adjacent cardiomyocytes (Figure 8.F). Prominent desmin labeling was also detected
in myocardial extensions into PVs. Contrary to Cx45, desmin was present throughout the
cytoplasm of the cardiomyocytes (Figure 8.G). Highly immunoreactive cardiomyocytes
frequently exhibited a morphological phenotype similar to Purkinje fibers or nodal
cardiomyocytes. While several cardiomyocytes showed strong staining for desmin, less
immunoreactive cardiomyocytes were also observed. The rate of the highly
immunoreactive bundles varied among PV samples. Double immunofluorescence
analysis of desmin and Cx45 revealed a strong sarcomeric and junctional pattern for
desmin immunostaining. The intense Cx45 labeling was confined to the intercalated
discs, where it overlapped to a large extent with desmin (Figure 8.H).

In an 86-year-old female patient with chronic ischemic heart disease and hypertension,
amyloid deposits were observed in the vessel walls and MSs of all four PVs, but mainly
in the wall of the right inferior PV.

37



DOI:10.14753/SE.2025.3172

Figure 8. Myocardial sleeves of the pulmonary veins.

A: Macroscopic image of the cross section of a pulmonary vein (PV) with myocardial
sleeve (MS). B: Microscopic image of the cross section of a PV with MS, trichrome. C:
Purkinje-like cardiomyocytes in the MS of a PV, trichrome. D: Pacemaker cell-like
cardiomyocytes around a small artery in the MS of a PV, hematoxylin-eosin. E: Bundle
of glycogen-rich cardiomyocytes, carmine. F: Presence of Cx45 in the MS of a PV
(arrowheads). G: Desmin positive cardiomyocytes in the MS of a PV. H: Double
labeling of desmin (red) and Cx45 (green) in the MS of a PV; DAPI stains the nucleus
blue (150). Scale bar: 2000 ym (B), 50 um (C, G), 60 um (D, E), 45 um (F), 10 um (H)
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4.2.2. Myocardial sleeve of the superior vena cava

MSs were found around 34/34 SVCs of human adults (100%) (Figure 9.A,B). The MS
was lacking from the joining of the azygos vein in every case, therefore only smooth
muscle cells were detected at the level of the opening of the azygos vein or beyond it.
Bundles of large cardiomyocytes with a median diameter of 29.4 um [IQR 27.9-32.5 um]
possessing the phenotypic characteristics of Purkinje fibers were commonly observed in
the MSs (Figure 9.C). Small and thin cardiomyocytes resembling pacemaker cells were
also identified (Figure 9.D). Purkinje-like or pacemaker cell-like cardiomyocytes were
often embedded in networks of fine collagen fibers. Altogether, these cells were identified
in 30/34 SVCs (88%), and their numbers were different in each sample. In 3 cases, no
cardiomyocytes with special morphological signs were found, while in the case of the
frozen sample, the presence of any such cells could not be clearly evaluated due to
technical reasons. Special cardiomyocytes were present in the samples of young and old
female and male patients as well, both with cardiac disease and with no medical history.
Abundant intracellular glycogen content was found in the MS of the SVC (Figure 9.E).
In a 54-year-old female, we identified a small SAN-like structure in the MS around the
distal part of the SVC.

Cx45 was extensively present at the intercalated discs (Figure 9.F), while Cx43
immunoreaction proved to be weak. MSs of SVCs were frequently strongly
immunopositive for desmin (Figure 9.G). Although prominent desmin labeling was
detected in a large number of cardiomyocytes, but less immunoreactive myocardial fibers
were also observed. The rate of the cardiomyocytes exhibiting strong desmin labeling
varied among SVC samples.

Small amyloid deposits were observed in the vessel wall of the SVC of an 86-year-old
female patient with chronic ischemic heart disease and hypertension.
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Figure 9. Myocardial sleeve of the superior vena cava.

A: Macroscopic image of the cross section of a superior vena cava (SVC) with
myocardial sleeve (MS). B: Microscopic image of the cross section of a SVC with MS,
trichrome. C: Purkinje-like cardiomyocytes in the MS of a SVC, trichrome. D:
Pacemaker cell-like cardiomyocytes embedded in dense fibrous tissue in the MS of the
SVC of a 54-year-old female with hypertrophic obstructive cardiomyopathy, trichrome.
E: Bundle of cardiomyocytes containing abundant intracellular glycogen, carmine. F:
Presence of Cx45 in the MS of a SVC (arrowheads). G: Cardiomyocytes
immunoreactive for desmin in the MS of a SVC. Scale bar: 3600 um (B), 50 um (C),
35 um (D), 80 um (E), 60 um (F), 130 um (G)
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4.2.3. Myocardial sleeve of the inferior vena cava

MSs were found around 14/18 IVCs (78%) (Figure 10.A,B). Although MS usually
covered only the proximal part of the IVC, in some cases it was also present at the level
of the diaphragm. Occasionally, cardiomyocytes were also present in the substance of the
Eustachian valve (Figure 10.C). Bundles of cardiomyocytes possessing the phenotypic
characteristics of Purkinje fibers (Figure 10.D) as well as small and thin cardiomyocytes
resembling pacemaker cells (Figure 10.E) were commonly identified in the MSs. These
cardiomyocytes were often embedded in fine collagen fiber networks. Purkinje-like or
pacemaker cell-like cardiomyocytes were identified in 14/18 IVCs (78%), and their
amount was different in each sample. Special cardiomyocytes were present in the samples
of young and old female and male patients as well, both with cardiac disease and with no
medical history. Small amyloid deposits were observed in the MS around the IVVC of an

86-year-old female patient with chronic ischemic heart disease and hypertension.

Figure 10. Myocardial sleeve of the inferior vena cava.

A, B: Macroscopic (A) and microscopic (B, trichrome) images of the cross section of
an inferior vena cava (IVC) with myocardial sleeve (MS). C: Cross sections of the
Eustachian valve containing cardiomyocytes, trichrome. D: Purkinje-like cells in the
MS of an IVC, hematoxylin-eosin. E: Pacemaker cell-like cardiomyocytes in the MS of
an IVC, trichrome. Scale bar: 5200 um (B), 100 um (C), 60 um (D), 45 um (E)
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4.2.4. Myocardial sleeve of the coronary sinus

MSs were found around 19/19 CSs (100%) (Figure 11.A,B). The MS thinned towards the
distal CS and generally reached the Vieussens valve. Rarely, some cardiomyocytes were
present beyond the valve, around the final portion of the great cardiac vein, but none of
these showed the morphological features of pacemaker or conducting cells. Bundles of
cardiomyocytes with a median diameter of 22.7 um [IQR 20.7-25.5 um] possessing the
phenotypic features of Purkinje fibers were commonly observed in the MSs (Figure
11.C). Small and thin cardiomyocytes resembling pacemaker cells were also identified
(Figure 11.D). Purkinje-like or pacemaker cell-like cardiomyocytes were commonly
embedded in fine collagen fiber networks. Altogether, these cells were identified in 17/19
CSs (89%), and their amount was different in each sample. In one case, no special
cardiomyocytes were found, while in the frozen sample the presence of such cells could
not be clearly distinguished for technical reasons. Special cardiomyocytes were present
in young and old females and males as well, both with cardiac disease and with no medical
history. Cardiomyocytes, often with a special phenotype, were frequently observed inside
the Thebesius valve, at the right atrial orifice of the CS (Figure 11.E).

Cx45 was extensively present at the intercalated discs (Figure 11.F), while Cx43 labeling
could barely be observed. Prominent desmin labeling was detected in a large number of
cardiomyocytes from many samples (Figure 11.G), albeit less immunoreactive
myocardial fibers were also observed. Numerous large amyloid deposits were observed
both in the vessel wall and in the MS of the whole CS of an 86-year-old female patient
with chronic ischemic heart disease and hypertension (Figure 11.H).

In three samples, small SAN-like structures were identified in the middle part of the CS.
In a 22-year-old female, we detected a central artery surrounded by thin cardiomyocytes
embedded in connective tissue (Figure 12.A). Pacemaker cell-like cardiomyocytes were
also present in the adventitial layer of the artery (Figure 12.B). The diameter of pacemaker
cell-like cardiomyocytes was 2-5 um. Heidenhain's iron hematoxylin stain confirmed the
presence of muscle striations inside these cells (Figure 12.C). In a sample with unknown
medical history, several pacemaker cell-like cardiomyocytes forming networks were
detected in the adventitial layer of an artery within the MS. Muscle striations of these
small cells were confirmed by Heidenhain's iron hematoxylin. In the third CS sample,

also of unknown medical history, one very small SAN-like structure was identified.
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Figure 11. Myocardial sleeve of the coronary sinus.

A: Macroscopic image of the cross section of a coronary sinus (CS) sample. LA: left
atrium; LV: left ventricle. B: Microscopic image of the cross section of a CS with
myocardial sleeve (MS), trichrome. C: Purkinje-like cardiomyocytes in the MS of a CS,
trichrome. D: Pacemaker cell-like cardiomyocytes (arrows) in the MS of a CS,
hematoxylin-eosin. E: Cardiomyocytes within the substance of the Thebesius valve,
hematoxylin-eosin. F: Presence of Cx45 in the MS of a CS (arrowheads) (152). G:
Cardiomyocytes immunoreactive for desmin in the MS of a CS. H: Amyloid deposits in
the vessel wall and within the MS of a CS, Congo red. Scale bar: 7000 um (B), 50 um
(C), 110 um (D, E-inset 2), 3000 um (E), 150 um (E-inset 1), 35 um (F), 60 um (G),
75 um (H)
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Figure 12. Sinoatrial node-like structure within the myocardial sleeve of the coronary

sinus.

A: A small sinoatrial node-like structure (encircled by yellow line) within the
myocardial sleeve of the coronary sinus (CS), trichrome. B: Small cardiomyocytes in
the adventitial layer of a small artery and in the dense connective tissue around the
artery, trichrome. The tunica media of the artery is marked by double arrow. C: Small
pacemaker cell-like striated cardiomyocytes (marked by arrows) in the adventitial layer
of the small artery, Heidenhain's iron hematoxylin.

Scale bar: 200 um (A), 35 um (B), 11 um (C)
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4.2.5. Quantitative analysis of desmin immunostaining

Quantitative analysis of desmin immunolabeling on sections of 4 adult hearts showed a
significant difference in immunopositivity between ventricular working cardiomyocytes
and Purkinje fibers. However, the desmin positivity of the working myocardium was also
evident. Highly immunoreactive cardiomyocytes of the MSs around the SVC, PV and CS
samples exhibited significantly stronger desmin signal intensity than the ventricular
working cardiomyocytes (Figure 13.A).

Less immunoreactive cardiomyocytes (presumably working cardiomyocytes) were also
present in the MSs in addition to the strongly stained conducting-like cells, leading to
slightly different results when analyzing the signal intensities of representative areas.
However, the signal intensity of desmin in all venous MSs was significantly stronger than
that of the ventricular working myocardium. Extensive non-staining connective tissue
between cardiomyocytes could also result in the higher mean gray value of an area. This
problem was particularly present in SAN samples, in which therefore the desmin signal
intensity did not differ from that of the working myocardium (Figure 13.B).

As an example, Figure 14 shows the regions analyzed in Case No 37.
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Figure 13. Desmin signal intensity differences between heart structures.

A-B: Pooled analysis of cells (A) and areas (B) from 4 hearts (cases 37, 40, 41, 42).
Lower mean gray value indicates stronger desmin signal intensity. Medians, first and
third quartiles as well as minimum and maximum values excluding the outliers are
presented for each structure. A: The desmin signal intensity of PF, pacemaker cells of
the SAN, and highly immunoreactive cells of the venous MSs was significantly stronger
than the desmin signal intensity of ventricular working cardiomyocytes. Due to the
large number of particles analyzed, there were significant differences in desmin signal
intensity between PF and cardiomyocytes from the MSs, as well as between some
venous structures. However, these differences are clinically irrelevant. B: Less
pronounced differences were verified between mean gray values of the representative
areas. However, the desmin signal intensity of the PF area and all venous MSs was
significantly different from WM. CS: coronary sinus; MS: myocardial sleeve; NS: non-
significant; PF: Purkinje fibers; PV: pulmonary vein; SAN: sinoatrial node; SVC:

superior vena cava; WM: ventricular working myocardium
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Figure 14. Quantitative analysis of desmin immunostaining.

A-F: Analyzed regions of Case No 37, desmin immunostaining. A: WM displaying weak
immunopositivity. B, C: Strongly immunoreactive PF of the ventricular conduction
system (“B” images) and pacemaker cells of the SAN (“C” images). D-F: MS of the
SVC (“D” images), PV (“E” images) and CS (“F” images) consists of both strongly
immunoreactive and weakly labeled cardiomyocytes. Abbreviations: see legend of
Figure 13. Scale bars: 50 um
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4.2.6. Right and left atrial structures

Purkinje-like or pacemaker cell-like cardiomyocytes were frequently observed in
different right and left atrial regions. The occurrence of these special cardiomyocytes
differed between the atrial regions of those 9 hearts, whom atrial samples were examined
in details. Occurrence of the Purkinje-like or pacemaker cell-like cardiomyocytes was the
highest in the interatrial septum (78% of the samples), while 67% of the left atrial
posterior wall, left atrial inferior wall and left atrial vestibule (the region between the
LAA and the mitral anulus) samples lacked these special cardiomyocytes. It is of note
that Purkinje-like or pacemaker cell-like cardiomyocytes were the most numerous in the
atrial samples of the 54-year-old female patient with hypertrophic cardiomyopathy.
Nevertheless, these cells were also present in each examined atrial regions of the 22-year-
old female patient with no medical history (Table 3). In the fossa ovalis and its limbus,
networks of thin cardiomyocytes resembling the pacemaker cells of the SAN were
frequently observed (Figure 15.A). For the methanol-fixed heart, Cx45 was detected at
the intercalated discs in the roof of the left atrium (Figure 15.B) and the limbus fossae
ovalis.

Amyloid deposits were observed in the atrial samples of two hearts. For an 86-year-old
female patient with hypertension and chronic ischemic heart disease, amyloid deposits
were observed in both atria but predominated in the LAA, the left atrial inferior wall and
the left atrial vestibule. For the ventricular samples of this heart, amyloid was detected
only in arterial walls but not in the myocardium. For a 54-year-old female patient with
hypertrophic cardiomyopathy and hypertension, large amyloid deposits were detected in
the left atrial ridge (Figure 15.C), but smaller deposits were also present in the interatrial
septum, the LAA, the left atrial posterior wall and the left atrial inferior wall. Amyloid

was not detected in the ventricular samples.
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Table 3. Semiquantitative assessment of the prevalence of cardiomyocytes possessing
the phenotype of pacemaker or conducting cells for the atrial regions of 9 adult hearts.
Age, sex, medical history and cause of death are detailed in Table 1.
~ :none;.  :few; N several
CT: crista terminalis; IAS: interatrial septum; LAA: left atrial appendage; LAIW: left
atrial inferior wall; LAPW: left atrial posterior wall; LAR: left atrial ridge; NA: not
available; RAA: right atrial appendage; ROOF: roof of the left atrium; VEST: left atrial
vestibule

Case | CT | RAA | IAS | ROOF | LAPW | LAIW | LAA | LAR | VEST

Figure 15. Histological characteristics of atrial regions.

A: Networks of thin cardiomyocytes resembling the pacemaker cells of the SAN in the
fossa ovalis, trichrome. B: Presence of Cx45 in the roof of the left atrium (arrowheads).
C: Large amyloid deposits in the left atrial ridge, Congo red.

Scale bar: 70 um (A), 55 um (B), 130 um (C)
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4.3. Histological features of the human fetal heart

In the 23-week-old human fetus, pacemaker cells of the SAN and Purkinje fibers of the
ventricular conduction system could not be clearly distinguished from working
cardiomyocytes. However, the SAN region could be identified by its localization and its
artery. Myocardial extensions into the SVC were observed (Figure 16.A). Strong desmin
labeling was detected in the MS of the SVC and at the SAN region (Figure 16.B). The
Cx45 immunoreaction was intense in cells surrounding the sinoatrial nodal artery and in

the MS of the SVC in comparison to the ventricular working myocardium (Figure 16.C).

SVC e

SNA

Figure 16. Histological features of a 23-week-old human fetal heart.

A: Myocardial extensions around the wall of the superior vena cava (SVC). The
sinoatrial node (SAN) and its artery (SNA) are located close to the right atrial orifice of
the SVC, hematoxylin-eosin (150). B: Strong desmin immunoreaction in the myocardial

sleeve of the SVC and at the SAN region (150). C: Intense Cx45 labeling in the cells
around the SNA and in some cardiomyocytes (red arrows) around the SVC.
Scale bar: 300 um (4), 330 um (B), 80 um (C)
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4.4. Inflammation and fibrosis in end-stage heart failure-associated atrial fibrillation

4.4.1. Inflammasome activation

There was no significant difference in the expression of inflammasome sensors between
the AF and SR groups. There was a strong tendency that protein expression of cleaved
caspase-1 (p20, p22) was increased in the AF versus SR group (p=0.051). No signal was
detected for NALP1 (Figure 17.A,B). The expression of cleaved caspase-1 correlated
significantly with the expression of both IL-1p (p=0.005) and its cleaved form (p=0.004)
in the whole population. In the AF group, the expression of cleaved caspase-1 correlated
significantly with the expression of IL-1B (p=0.01) and its cleaved form (p=0.01) as well,
indicating the presence of inflammation in AF patients. However, in the SR group, the
expression of cleaved caspase-1 did not correlate with either IL-1p or its cleaved form
(p>0.05). Notably cleaved caspase-1 level showed no correlation with the expression of
ASC or inflammasome sensors (p>0.05), suggesting a primary effect on inflammasome
activity (triggering) rather than on inflammasome priming (Figure 17.C).

Two samples showed pronounced activity of inflammasome sensors and downstream
signaling. Patient AF2 did not suffer from any infection close to the heart transplantation,
but was an obese smoker. Patient Sinus9 required inotropic support for advanced HF, and
was treated for a catheter-related bloodstream infection. However, his inflammatory

markers got normal a week before transplantation and control blood culture was negative.

4.4.2. Macrophage infiltration

Enhanced presence of macrophages was found in the left atrial myocardium of the AF
group compared to the SR group. The mean of average macrophage number per unit area
at the myocardium was 1.80 (min: 0, max: 5.67) in the SR group and 11.9 (min: 0.667,
max: 34.8) in the AF group. Likewise, macrophages were more abundant in the left atrial
epicardium of the AF group than of the SR group. After the exclusion of an outlier at the
SR group, the mean of average macrophage number per unit area at the epicardium was
0.311 (min: 0, max: 0.600) in the SR group and 2.04 (min: 0, max: 5.14) in the AF group
(Figure 18.A). Neither difference was significant, however, there was a tendency towards
increase for the AF samples (p=0.09 for myocardial samples, p=0.21 for epicardial
samples). Distribution of macrophages was heterogeneous within a given sample, both in
the AF and in the SR groups (Figure 18.B).
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Figure 17. Inflammasome activation in heart failure-associated atrial fibrillation.
A: Western blot detection of inflammasome markers in left atrium of patients with sinus
rhythm and atrial fibrillation (AF). Samples excluded for poor quality homogenates are

presented in parentheses. B: Analysis of normalized band intensities of inflammasome
markers (p>0.05, Student’s t-test; N=9-10). Results are expressed as mean+ standard
error of the mean. C: Correlation and regression analysis of inflammasome sensors and
markers of their downstream signaling. Cleaved caspase-1 was correlated with
interleukin-14 and its cleaved form in both the total population (p=0.005 and 0.004,
respectively) and the AF group (p=0.01), but not in the sinus rhythm group. No
correlation was found with any of the inflammasome sensors (p>0.05). (Pearson-

correlation; n=9-10). Continuous data passed the Shapiro-Wilk normality test (156).

52



DOI:10.14753/SE.2025.3172

Myocardium Epicardium

g g
E *In=67 E °In=36
c c 5 o
(0] Q
>3 30 28, o
%_ ] _g_ @
o E 20 oOE 3
o > =]
iy Zge
g 10 2 1
© ©
S o $ o )
4 < Sinus AF
Sinus (M) AF (M)
<
)
b !
Sinus(E) - T
————————— \\“s ~~~~~~‘~~
Bl e

e~

Figure 18. Macrophage infiltration in heart failure-associated atrial fibrillation.
A: The average number of macrophages per unit area in both left atrial myocardium
and epicardium was higher in the atrial fibrillation (AF) samples than in the sinus
rhythm group, but differences were not significant (p>0.05, Student’s t-test; n=3-7).
Results are expressed as mean + standard error of the mean. B: Representative images
of Ibal-positive macrophages in left atrial myocardium (M) and epicardium (E) of
patients with AF and sinus rhythm (scale bars: 500 um). Heterogeneous accumulation
of macrophages within a given sample is shown in the high magnification images (scale

bars: 60 um). Continuous data passed the Shapiro-Wilk normality test (156).
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4.4.3. Left atrial fibrosis

Mean percentage of total fibrosis was 19.5% (min: 6.80%, max: 44.5%) in the SR group
and 14.5% (min: 4.92%, max: 24.1%) in the AF group. After the exclusion of an outlier
at the SR group, mean percentage of interstitial fibrosis was 7.94% (min: 5.85%, max:
9.81%) in the SR group and 8.74% (min: 4.82%, max: 18.4%) in the AF group (Figure
19.A). Histological examination of left atrial samples showed no relevant difference in
the amount of total fibrosis and interstitial fibrosis between the AF and SR groups (p=0.43
for total fibrosis, p=0.73 for interstitial fibrosis) (Figure 19.B).
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Figure 19. The extent of left atrial fibrosis in heart failure with sinus rhythm or atrial
fibrillation.

A: There was no difference in the percentage of either total or interstitial fibrosis
between the two groups (p>0.05, Student s t-test; n=5-7). Results are expressed as mean
+ standard error of the mean. B. Representative images of total (T) and interstitial (1)
fibrosis in the sinus rhythm and atrial fibrillation (AF) groups (scale bars: 1000 um).
Continuous data passed the Shapiro-Wilk normality test (156).
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5. DISCUSSION

Our results provide a remarkable insight into the histological and molecular
characteristics of supraventricular myocardial tissue, and thus contribute to the
understanding of the pathophysiological factors responsible for the initiation and
maintenance of AF.

5.1. Myocardial sleeves of the pulmonary veins, caval veins and coronary sinus

5.1.1. Microscopic anatomy of the myocardial sleeves

In the current study, the majority of the investigated veins were ensheathed by a MS. MS
was present in 89% of the PVs, which is comparable with the literature data. In previous
studies, the rate of the human PVs possessing a MS varied between 68-100%, presumably
due to the high heterogeneity of the examined specimens (38, 40-44, 149). Similarly to
our findings, the MS was detected on the adventitial side of the vein, separated from the
venous wall by a fibrofatty tissue layer (38, 41-43). For our samples, the MS has thinned
towards the hilum of the lung and it has extended to the hilum only in a few cases. Other
human data indicates that MSs may cover the PVs beyond the hilum of the lung (43).

In our study, MS was identified around all SVCs but only around the 78% of the IVCs.
Previous papers reported the presence of MS around the SVC in 76-78% of cases (39,
63), while its frequency was quite variable (0-76% of cases) for the IVC (39, 63). The
histological results of both the current and previous studies correlate with the literature,
that documents SVC as a common origin of atrial arrhythmias (49, 50, 52), compared to
the IVC, that has been reported as a trigger site of AF only in a few case reports (53-59).
While we did not observe any cardiomyocytes in the azygos veins, a study of 131 samples
documented myocardial extensions in 6% of the terminating azygos veins (39).

We found MSs around all CSs, similarly to some previous human reports (60, 61, 161).
In contrast, in another study, only 7% of CSs contained myocardial extensions, but this
study performed only macroscopic analyses and therefore may have underestimated the
true prevalence of MS around CS (39). Given our findings, it is rather strange that CS has
been documented as a trigger site of non-PV atrial arrhythmias in only 1-17% of the cases

(48-52). We observed cardiomyocytes around the terminal part of the great cardiac vein
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only in a few cases, similar to Chauvin et al. (61). It is interesting that Liidinghausen et
al. reported that MS generally covers the terminal part of the great cardiac vein (60).

We identified cardiomyocytes with morphological features of pacemaker cells or
Purkinje-fibers in 61% of PVs (69% of PVs with MS), 88% of SVCs of adults, 78% of
IVCs (100% of IVCs with MS) and 89% of CSs. These values may underestimate the true
incidence of cardiomyocytes with specialized phenotype, as multiple staining procedures
did not allow serial sectioning. Our findings of a high number of pacemaker cell-like and
Purkinje-like cells in the MSs are a novelty, as the majority of previous microscopic
studies have not found similar cells. There is only one human study on the presence of
specialized cardiomyocytes in the MSs of PVs (46). The authors identified rows of
Purkinje-like cells and clusters of pacemaker cell-like cardiomyocytes in the MSs around
the left superior PVs of four patients with AF, while all specimens that had no history of
AF lacked these structures. Their findings were confirmed by electron microscopy (46).
It is important to note that in our study, pacemaker cell-like and Purkinje-like
cardiomyocytes were also present in individuals without a history of AF, suggesting that
the presence of these cells alone does not explain the development of AF. In addition, the
prevalence of these cells showed no correlation with sex, age and cardiovascular history,
again suggesting their general presence. We hypothesize that the presence of pacemaker
cell-like and Purkinje-like cardiomyocytes may provide an electrophysiological basis for
the development of atrial arrhythmias, but that the manifestation of arrhythmias requires
the coexistence of other factors, such as pathophysiological changes in atrial tissue.

To the best of our knowledge, our research is the first to demonstrate the presence of cells
displaying the morphological signs of Purkinje fibers and pacemaker-cells in the MSs of
human caval veins. As for CS, we found another human study reporting cardiomyocytes
with specialized characteristics (161). Barcelo et al. reported numerous Purkinje-like cells
in CS samples near the entrance of the oblique vein of Marshall, and a group of
pacemaker-like cells with much interposed connective tissue, resembling of a nodal
structure (161). However, unlike our publications, this article (161) lacked convincing
photographic documentation of these structures. Consequently, our study is the first to
report conclusive data on the presence of pacemaker cell-like and Purkinje-like
cardiomyocytes in caval veins and CS. The fact that these cells are present with almost

56



DOI:10.14753/SE.2025.3172

the same frequency around caval veins and CS as around PVs underlines the clinical
relevance of non-PV arrhythmogenic triggers.

We identified SAN-like structures in the MSs of three CS samples. These structures are
probably of embryonic origin, since in the embryonic heart, bilateral pacemaking regions
are present in the vicinity of the sinus horns and common cardinal veins (162). During
development, the embryonic left pacemaking area may migrate near the CS orifice, where
nodal tissue was found repeatedly by histological examinations (163). This is in line with
our observations, however, image documentation of the old communications referred by
Momma et al. (163) is unavailable, similarly Barcel6 et al. did not provide photographic
documentation of the alleged CS node (161). Double SAN has also been documented in
a rare disease called right atrial isomerism (164-169), in which “some paired structures
on opposite sides of the left-right axis of the body are symmetrical mirror images of each
other, and have the morphology of the normal right-sided structures” (168). The
malformation can be explained by the loss of Paired-like homeodomain transcription
factor 2c (Pitx2c), a protein physiologically involved in left-right cardiac morphogenesis
(167, 169). It is of note that in our cases we excluded right atrial isomerism, as none of
the following co-morbidities were present: bilateral SVC (165-167, 170) from which the
left one drains to the roof of the left atrium (170), absence of the CS (164, 165, 167, 170),
abnormal drainage of the PVs (164, 165, 167, 168, 170), atrial septal defect or common
atrium (164, 165, 167, 170) and other major cardiac anomalies (164, 165, 167, 168, 170).
Another human study found a small node-like structure consisting of a group of small
cells, loose connective tissue and two arteries, but in contrast to our results, this was
identified in the LAA of a young patient treated for atrial tachycardia (171). The possible
presence of a left SAN has also been theorized to be associated with a persistent left SVC
draining into the CS (163). This anomaly has a prevalence of 0.2-3% in the general
population (172). The malformation results from persistence of embryonic left common
cardinal vein and the caudal part of the left superior cardinal vein (172, 173), therefore its
developmental background differs from persistent left SVC with right atrial isomerism
(173). We did not confirm persistent left SVC in any of our cases. It is interesting that
although several studies have shown that this form of persistent left SVC may be
associated with sick sinus syndrome (162), ectopic pacemaker activity triggering

supraventricular arrhythmias (28, 162, 174-177) and left P-wave axis suggesting an
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ectopic pacemaker in CS (163), histological proof of left SAN in this condition is lacking.
Only right SAN was found even in the absence of right SVC (178). In our cases, the
presence of left SAN-like structure was independent of any form of left SVC and was
also present in a young, healthy subject, raising the suspicion that a remnant of embryonic
left SAN may also be present in structurally intact hearts. In addition, we also identified
SAN-like structures in samples (1 left superior PV, 1 left inferior PV, 1 SVC) where, to
the best of our knowledge, their presence had not been previously published. However,
the functional significance of SAN-like structures requires further investigation. Based
on the light microscopic similarity between the SAN-like structures in CS and the true
SAN, it is possible that these structures could be the source of the so-called low atrial
rhythm. However, more detailed studies would be needed to prove this.

We detected amyloid deposits in the MSs of an old female patient, especially around the
CS. Although the well-known atrial amyloidosis been shown to predispose to AF (99-
102), there is little literature on amyloid deposition in the MSs of PVs (43, 179), IVC
(180) and CS (181). Furthermore, there are no publications on amyloid in SVC. We found
amyloid deposits in the PVs of only one heart, but the low incidence may be explained
by the relatively small number of cases. Contrarily, in high volume human cohorts with
a mean age of about 75 years, amyloid deposits were present in 53-55% of the MSs of
PVs (43, 179). It is worth noting that although Steiner et al. found a higher frequency of
amyloid deposits in patients with AF than in those without AF, the difference was non-
significant (43). Consequently, it is a debate whether amyloid deposits in the MSs of PVs
pay a role in the pathogenesis of AF, and how often they occur in the caval veins and CS.

5.1.2. Immunohistochemical characteristics of the myocardial sleeves

Given the paucity of data on the immunohistological features of human MSs (97, 128,
149), we performed specific immunostainings to support the specialized phenotype of the

Purkinje-like and pacemaker cell-like cardiomyocytes of the MSs.

Connexin 45

We observed strong staining for Cx45 throughout the impulse-generating and conduction
system of the heart, but no immunopositivity was detected in the working myocardium.

It is in agreement with previous human and mammalian studies that reported Cx45 as a
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specific marker for the cardiac pacemaker and conduction system (115, 120, 121, 134-
137). Our investigations verified for the first time the presence of Cx45-positive
cardiomyocytes in the wall of human PVs, SVC, and CS. Previous data on the connexin
expression patterns of the MSs of PVs and caval veins are exclusively based on animal
research (136, 138, 139), and human data are lacking. Our findings that ventricular
working myocardium lacked Cx45 signal, while the pacemaker and conducting structures
and MSs were rich in Cx45, strongly support the hypothesized specialized phenotype of
MSs. The abundant presence of Cx45 in MSs may provide a histological basis for

supraventricular arrhythmias arising from PVs and non-PV ectopic foci.

Desmin

Based on previous human studies documenting strong desmin immunostaining of the
SAN, AVN and ventricular conduction system compared to the weaker labeling of the
working myocardium (114, 123-125), we further characterized the MSs, targeting this
general myocyte marker. As in previous studies, we observed an apparent difference in
the immunostaining of desmin between working cardiomyocytes and cells of the impulse
generating and conduction system. Convincing data on desmin labeling in human MSs
have been documented only for fetal hearts (125), therefore, we examined specimens both
from adult and fetal hearts. In our study of human adults, desmin immunoreactivity was
found to be significantly stronger in the MSs of PVs, SVC and CS than in the ventricular
working myocardium. Consequently, it is probable that desmin highlights not only the
pacemaker and conduction system, but also the supraventricular regions in which
arrhythmogenic foci may appear. We identified cardiomyocytes strongly immunoreactive
for desmin in the majority of the MSs, irrespective of age, sex and cardiovascular history.
Although a human study on PVs showed desmin positive spindle-shaped cardiomyocytes,
but the image of this report indicated that these cells were present only dispersedly and
other cardiomyocytes were immunonegative for desmin (182). These data are therefore
not convincing, as our detailed analyses indicated that strong desmin labeling was present
in large bundles of cardiomyocytes instead of discrete myocardial cells. We also observed
strong desmin labeling in the MS of fetal SVC. This is in agreement with Yamamoto et
al. who documented strong desmin immunopositivity in the PVs, caval veins and CS of

human fetal hearts compared to immunonegative left ventricular working myocardium
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(125). Our novel finding is that desmin expression is higher in potentially arrhythmogenic
foci than in the working myocardium not only in fetuses but also in adults.

The desmin in Purkinje fibers is thought to provide support against mechanical strain
(141), bind glycogen and contribute to maintaining the structural integrity of these large
cells (114). Desmin may play a role in the cytoarchitecture of the Bachmann’s bundle
(148) and in mitochondrial function (140, 183). In fetuses, mechanical stress caused by
the involvement of venous walls in atrial development was presumed to induce desmin
expression (125). Impaired desmin cause abnormal calcium distribution that may result
in arrhythmia (109). Consequently, desmin may have an important role in the function of
the conduction system. However, the use of desmin as a selective marker for conducting

cardiomyocytes seems implausible, as it is also expressed by the working myocardium.

5.2. Microscopic anatomy of the atria

Several atrial regions (crista terminalis, RAA, Eustachian ridge, interatrial septum, left
atrial posterior wall, mitral annulus, LAA, ligament of Marshall) have been reported as
potential trigger sites of atrial arrhythmias (28, 48). We frequently observed Purkinje-like
or pacemaker cell-like cardiomyocytes in the atria, predominantly in the interatrial
septum, and they were also present in a young patient without any medical history. We
detected Cx45 at the top of the left atrium and in the interatrial septum, further supporting
the potential conducting nature of these regions. Similar to our results, previous human
studies have shown that certain atrial areas have conducting phenotype. In human
embryos, three HNK-1-positive pathways were demonstrated between the SAN and the
right atrioventricular ring (128). Studies on human embryos (123) and fetuses (125, 147)
reported strong desmin immunoreactivity of the atria compared to weaker (147) or absent
(123, 125) signal at the ventricular (compact) myocardium. Although one might assume
that these regions lose their conducting properties in the postnatal period, Scherf et al.
have shown that Purkinje-like cardiomyocytes and pacemaker cells are also present in
adult humans in the internodal pathways, Eustachian ridge and Bachmann’s bundle (66).
These results, together with ours, suggest that certain atrial regions have conductive
properties, which may provide a basis for the arrhythmias that originate from atrial foci.
We observed amyloid in two hearts. In an 86-year-old female, deposits were detected in

both atria, but predominantly in the left atrium, while in a 54-year-old female, large
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amyloid deposits were found in the left atrial ridge. IAA has been documented in 80% of
the elderly population, predominantly in women (43). Atrial amyloidosis has been
reported to predispose to AF (99-102), and interestingly, serum amyloid A levels, known
to be associated with amyloidosis (184), were shown to correlate with AF (74). However,
none of our patients with atrial amyloid had AF, suggesting that other pathophysiological
factors are also required for the development of this arrhythmia.

5.3. Developmental explanation for supraventricular specialized cardiomyocytes

There may be a developmental explanation for the conducting phenotype of MSs. The
venous pole expressing TBX18 and HCN4 in the primary heart tube shows high
pacemaker activity. During later embryonic development (in mice, around embryonic day
9.5), pacemaker activity confines to the SAN, while the myocardium of the sinus venosus
and sinus horns adopts an atrial working phenotype. Insufficient “atrialization” of
structures derived from the sinus venosus (SVC [right sinus horn), crista terminalis [right
venous valve], CS ostium [right atrial orifice of the left sinus horn], ligament of Marshall
[left sinus horn]) can result in persisting focal automatic activity. This may explain why
we found pacemaker cell-like and Purkinje-like cardiomyocytes in these areas. The PV
myocardium develops independently of the sinus venosus and, surprisingly, exhibits an
atrial working myocardial phenotype (TBX18/HCN4-negative) (185-187).

5.4. The association of inflammation with atrial fibrillation in end-stage heart failure

It is controversial whether there are differences in the features of MSs in patients with AF
and those in SR. HCN4 positive cardiomyocytes, indicative of pacemaking function, have
been identified in the PV orifices of humans with and without AF (97). Similarly, we
demonstrated the presence of pacemaker-like and conducting-like cardiomyocytes in the
MSs of several non-AF individuals. These results suggest that the presence of specialized
cardiomyocytes alone does not trigger AF, and the question of which factors are required
for the development of AF is still open. We aimed to examine atrial samples from HF
patients, in whom it is a particular mystery who develop AF and who remain in SR.

Our research was the first to analyze the differences in inflammation in cardiac tissue
samples between HF patients with SR and those with AF. Inflammatory mechanisms are

well-known predisposing factors for AF (68). Elevated serum cytokine levels have been
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associated with various types of this arrhythmia (74, 76), and increased NLRP3
inflammasome activity has been reported in AF patients (71, 73, 85). HF is a known risk
factor for AF and their pathophysiology is similar in many respects. However, numerous
patients suffering from HF never develop AF, suggesting pathological differences
between HF with AF and HF with SR. Although the role of inflammatory molecules,
including the NLRP3 inflammasome (188-191), AIM2 and NLRC4 (88), IL-1 (188, 189,
192,193) and IL-18 (188, 192), has been demonstrated in the pathomechanism of HF, no
publication has addressed the role of inflammatory processes in the pathomechanism of
HF-associated AF in atrial tissue. Given the lack of data, we focused on differences in
inflammasome activation between HF patients with SR and AF.

We verified increased inflammasome activity in left atrial samples from patients with HF-
associated AF compared to HF patients in SR. Some previous studies have also shown
higher inflammatory activity in HF patients with AF than in those with SR (194-196), but
in contrast to us, they analyzed markers (CRP, IL-6, TNF-a) in blood samples (194-196)
instead of atrial tissue. Li et al. reported that patients with paroxysmal, persistent or
permanent AF had elevated serum levels of IL-10 and TNF-o compared to those with AF
only, but after adjusting for variables such as sex, age and HF, the difference was not
significant (75). This finding was explained by the high rates of comorbidities such as HF
in the first three groups, compared to structurally intact hearts in the lone AF group (75).
Elevated CRP and IL-6 levels in AF patients have been associated with an increased risk
of HF-related hospitalization (197). These studies also suggest higher inflammatory
activity in HF-associated AF, but like the above reports, they analyzed blood samples.
The uniqueness of our study is that it was the first to analyze myocardial rather than serum
samples to investigate the inflammatory processes underlying HF-associated AF.

It is unclear which phase of inflammasome activation is involved in AF. We confirmed a
strong tendency towards increase in the expression of cleaved caspase-1 and its
significant correlation with IL-1p and cleaved IL-1[ expression in persistent AF samples.
These findings suggest an enhanced triggering for inflammasome activation in persistent
AF associated with end-stage HF. Yao et al. observed an increase in active caspase-1
protein levels in the RAAs from paroxysmal and long-standing persistent AF patients
compared to SR controls, suggesting that triggering is an important mechanism in both
paroxysmal and persistent AF (71). They showed that NLRP3-inflammasome priming
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also plays a role in persistent AF (as supported by increased protein levels of NLRP3,
ASC and NF«B compared to controls) (71). In contrast, we observed no significant
differences in the expression of any type of inflammasome sensor between AF and SR
groups, and cleaved caspase-1 levels did not correlate with inflammasome sensor
expression, suggesting that inflammasome priming has no relevant role in HF-associated
sustained AF. Interestingly, RAAs from SR patients who underwent heart surgery and
developed postoperative AF showed increased inflammasome priming and triggering
(increased expression of NLRP3, pro-caspase-1, ASC, cleaved caspase-1, toll-like
receptor-4, NFkB) compared to patients who remained in SR, suggesting a pre-existing
inflammatory substrate for postoperative AF (73). These results altogether support a role
for inflammasome activation in various forms of AF, but there is no consensus on the role
of priming and triggering processes in each type of AF. Although a prominent role of
inflammasome activity in the maintenance of AF in patients with end-stage HF seems
plausible, there is no strong evidence that this factor is responsible for this particular form
of AF. Further studies are needed to determine possible causal relationships, correlations
and consequences, to identify possible prognostic factors and to assess whether
inflammasome activation has a diagnostic role in end-stage HF-associated AF.

Both the current and some other studies (194-196) suggest that inflammation in the
presence of HF may induce the development and persistence of AF. We found that not
only inflammasome activity but also macrophage infiltration was more pronounced in left
atrial samples from AF patients compared to the SR group, although the number of
macrophages was not significantly different. A recent review on NLRP3 signaling in AF
raised the question: “does activation of cardiomyocyte inflammatory signalling recruit
and activate macrophages and other inflammation-associated leukocytes in the heart?”
(68). Our study seems to support this theory. Other studies have also shown increased
infiltration of macrophages in atrial samples from AF patients, both in persistent (71, 72)
and postoperative (73) AF. Lymphomononuclear infiltrates were more frequent in the
PV-left atrial junction of patients with AF than in patients with SR (97). Taken together,
these data suggest a possible role for macrophage infiltration in the pathogenesis of AF.
In HF patients, serum levels of certain macrophage-secreted markers [TNF-ao (196), 1L-6
(195)] have been shown to be higher in AF than in SR. In our study, cleaved caspase-1

was correlated with the expression of IL-1pB, a macrophage-secreted cytokine, in HF-
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associated AF. Measurement of serum levels of these markers may help predict the
occurrence of HF-associated AF, but further studies are needed before clinical use.

Despite the proven role of NLRP3 inflammasome activation in the pathomechanism of
AF, drug targeting is still in its infancy. Currently, the main focus is on inhibiting NLRP3
transcription or post-translational modifications, as well as inhibiting IL-13, ASC or
caspase-1. The major drawbacks of these strategies are the off-target effects due to lack
of specificity (85). NLRP3-mediated anti-inflammatory colchicine reduced AF
recurrence after cardiac surgery or PV isolation (198, 199). In a pilot trial, treatment with
canakinumab (anti-IL-13 antibody) was associated with a non-significantly lower
incidence of AF recurrence after electrical cardioversion (200). Our results also suggest
that a drug that selectively targets the inflammasome signaling pathway could potentially

reduce the incidence of persistent AF in HF patients.

5.5. Atrial fibrosis in end-stage HF-associated atrial fibrillation

We found no difference in the amount of left atrial fibrosis in patients with AF and SR.
There is conflicting literature on the relationship between fibrosis and AF in HF. In
advanced HF, extensive atrial fibrosis expressed by collagen volume fraction has been
reported to be present regardless of the presence or absence of AF (201). This correlates
with our results. However, another study in HF patients has shown that collagen type-I
synthesis indicating increased severity of myocardial fibrosis, is independently associated
with coexisting AF (202). Although it cannot be clearly stated that the extent of atrial
fibrosis in HF patients is not related to the occurrence of AF, our results suggest that the

role of other factors, such as inflammatory processes, must be taken into account.

5.6. Limitations

Histological characterization of MSs in the wall of cardiac veins was limited by the small
number of cases and the high proportion of hearts with unknown medical history.

The evaluation of inflammation in HF-associated AF was limited by the high
heterogeneity of patients with end-stage HF undergoing heart transplantation. Some of
those included in the study were treated for infection, had renal or hepatic failure, or
required mechanical ventilation or circulatory support shortly before transplantation. The

possible impact of these factors on inflammatory pathways cannot be clearly excluded.
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6. CONCLUSIONS

In the present studies, we investigated the potential pathomechanisms of AF. In the MSs
of human PVs, caval veins and CS, as well as in some atrial regions, we found
cardiomyocytes that microscopically show features of cardiac pacemaker and conduction
system cells. Our study is the first to show pronounced Cx45 immunoreactivity in the
MSs, further supporting the hypothesis that these regions have arrhythmogenic properties.
Immunostaining for desmin was apparently stronger in the pacemaker and conduction
system of the heart and in supraventricular arrhythmogenic regions than in the ventricular
working myocardium. Although desmin cannot be used as a selective marker of the
pacemaker and conduction system of the heart, it is noteworthy that the prominent desmin
immunostaining coincides with MSs ensheathing the veins entering the heart, which are
the sites of arrhythmogenic foci. Taken together, these morphological and molecular
findings support the hypothesis that arrhythmogenic foci are present in several
supraventricular regions that are well-known trigger sites of atrial tachyarrhythmias.

We investigated inflammation-related differences in failing human hearts with SR and
AF. Our study was the first to investigate this issue in cardiac tissue samples. We found
tendency towards increase in the expression of cleaved caspase-1 and its significant
correlation with the expression of interleukin-1p and its cleaved form in the AF samples.
These findings indicate that enhanced inflammasome activity (triggering) may cause AF
in patients with end-stage HF. Tendentiously higher macrophage infiltration also
indicates higher levels of inflammation in AF samples, whereas HF-associated AF seems
to be independent of cardiac fibrosis.

Our studies suggest that pacemaker- and Purkinje-like cardiomyocytes present in venous
MSs do not induce AF per se. Similarly, the degree of left atrial fibrosis in HF patients is
not associated with AF. Only inflammatory processes were associated with the prevalence
of AF in a group of HF patients, suggesting that an increased inflammatory state is
necessary for the development of AF, at least in certain patient populations.
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7. SUMMARY

Prevalence of AF is about 3% in the adult population and it is often associated with HF.
The cornerstone of the rhythm control therapy for AF is catheter ablation targeting the
isolation of the PVs, which, however, has a one-year success rate of only 70%, even
despite multiple interventions. Long-term efficacy of catheter ablation therapy is limited
by the structural remodeling of the atria that facilitates the perpetuance of the arrhythmia.
Several factors have been implicated in the pathomechanism of AF, such as epicardial fat
accumulation, atrial fibrosis and inflammation, imbalance of the autonomic nerve system,
and arrhythmogenic foci in PVs and other supraventricular areas. However, the
microscopic and molecular basis of arrhythmogenic supraventricular foci and the
predisposing factors for the development of HF-associated AF are rarely investigated.
Therefore, we focused on these two issues.

We have shown that glycogen-positive cardiomyocytes displaying morphological
features of SAN pacemaker-cells and ventricular Purkinje fibers, are present in MSs of
human PVs, caval veins and CSs. Compared to the working cardiomyocytes, many of
these cells showed a strong immunoreaction for Cx45 gap junction protein and desmin
intermediate filament, similarly to SAN, AVN and ventricular conduction system. These
findings were observed irrespective of sex, age and medical history. The prominent
staining of Cx45 and desmin suggests a pacemaker and/or conducting phenotype of the
venous MSs, which, however, does not always trigger arrhythmias by itself.
Inflammatory mechanisms were investigated in left atrial samples from patients with end-
stage ischemic HF who either had sustained AF or no AF episodes. No differences were
observed in the expression of inflammasome sensors between the two groups.
Nevertheless, cleaved caspase-1 increased near significantly and showed significant
correlation with the expression of interleukin-1p and its cleaved form in the AF group. A
trend toward increase in the number of left atrial macrophages was observed in the AF
group compared to the SR group as a sign of the inflammatory state. The amount of
fibrosis did not differ between the two groups. Our observations were the first to show
increased inflammasome activity in left atrial samples from patients with HF-associated
AF compared to patients with HF and SR. These results may have therapeutic relevance

for patients with HF and concomitant AF.
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BACKGROUND Pulmonary vein (PV) myocardium is a known source
of atrial fibrillation. A debated question is whether myocardial
extensions into caval veins and coronary sinus (CS) have similar
properties. No studies have documented specific pacemaker and/
or conducting properties of human extracardiac myocardium.

OBJECTIVE The purpose of this study was to characterize the his-
tology and immunohistochemical features of myocardial sleeves
in the wall of cardiac veins.

METHODS Sections of 32 human hearts were investigated. Speci-
mens of PVs, superior caval vein (SVC), CS, sinoatrial and atrioven-
tricular nodes, and left ventricle were stained with Best's Carmine
for selective staining of intracellular glycogen. Anti-connexin45
(Cx45)- and Cx43-specific antibodies were used to determine the
conduction properties of extracardiac myocardium.

RESULTS Myocardial sleeve was found in the wall of PVs of 15 of 16
hearts, 21 of 22 SVCs, and 8 of 8 CSs. Bundles of glycogen-positive

cardiomyocytes exhibiting pale cytoplasm and peripheral myofibrils
were observed in the venous sleeves. Strong (x45 and weak (x43
labeling was detected in the extracardiac myocardium. Similar
staining pattern was observed for the pacemaker and conduction
system, whereas ventricular myocardium exhibited prominent
(x43 and no Cx45 immunoreactivity.

CONCLUSION Myocardial fibers of PVs, SVC, and CS exhibit
morphology similar to that of Purkinje fibers and are enriched in
glycogen. We provide data for the first time on prominent positive
staining for Cx45 in the extracardiac myocardium, indicating its
potential pacemaker and/or conducting nature.

KEYWORDS Cardiac muscle sleeve; Caval vein; Connexin45;
Coronary sinus; Glycogen; Immunohistochemistry; Pulmonary
vein; Purkinje-type morphology

(Heart Rhythm 2018;15:258-264) © 2017 Heart Rhythm Society.
All rights reserved.

Introduction

Myocardial sleeves of pulmonary veins (PV) play a critical
role in the mechanism of atrial fibrillation (AF). Macroscopic
features of these areas were described previously.' During
the last decade, growing attention has prompted investigation
into the microscopic properties of the extracardiac
myocardial sleeves.”" ® Perez-Lugones et al’ documented
the presence of cardiomyocytes exhibiting ultrastructural
morphology of P-cells and Purkinje fibers (PFs) in the wall
of human PVs. Although it is accepted that atrial tachyar-
rhythmias are frequently triggered from caval veins and

This work was supported by institutional funds and by Istvan Apathy
Foundation’s Research Grant 2014-2016. Address reprint requests and
correspondence: Dr. Agnes Nemeskéri, Semmelweis University, H-1085
Budapest, Ulléi dt 26, Hungary. E-mail address: nemeskeri.agnes@med.
semmelweis-univ.hu.

1547-5271/$-see front matter © 2017 Heart Rhythm Society. All rights reserved.

coronary sinus (CS),” ' limited data have been published
about the macroscopic’ and microscopic morphology '™
of the myocardial sleeves of these regions. Moreover, there
is a general lack of research on the immunohistochemical
characterization of caval and CS myocardial sleeves.
Immunohistochemical markers to distinguish working
myocardium and pacemaker or conducting cells have been
established. In addition to several determinants of conduction
in the heart, such as HCN4 and HNK-1 (CD57), connexin
(Cx) isoforms, of which gap junction channels are composed,
are also proteins characteristic of cardiac pacemaker tissues.
Cx40, Cx43, and Cx45 are found differentially expressed in
cardiomyocytes at various sites, which determine the charac-
teristics of conduction velocity.'” Cx43 is present throughout
the working myocardium, whereas Cx40 is confined to the
atrial myocardium and the ventricular conduction system.
Cx45 is predominantly expressed in the impulse generating

https://doi.org/10.1016/j.hrthm.2017.09.044
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and conduction system but is present in substantially lower
amounts in working myocardium.'®"’

Methods
Human tissues
Thirty-two adult human hearts were removed from cadavers at
12-72 hours postmortem age that were maintained at 1°-5°C
until fixation. The ages of deceased individuals ranged from
60 and 81 years. Their medical histories were unknown. Prior
to death, donors had provided written consent for the use of
their bodies for education and research (Willed Whole Body
Program). The work was approved by the Regional and Institu-
tional Committee of Science and Research Ethics, Semmelweis
University (Research Ethics committee approval 122/2016).
Because of technical reasons, the heart could be excised
together with PVs in only 16 of 33 subjects and with superior
caval vein (SVC) in 22 of 33 subjects. The excision was
extended into the lung hilum in the case of PVs, above the
level of the azygos vein in the case of SVC, and as far as
the orifice of great cardiac vein in the case of CS. The veins
were then separated from the atria at the level of their ostia
and cut transversely. CSs of 8 of 33 subjects were suitable
for further tissue processing. Tissue samples were obtained
from the sinoatrial and atrioventricular nodes, the atria, the
anterior wall of the left ventricle, and the interventricular
septum. Specimens were fixed in either 4% formaldehyde,
or in 70% ethanol or methanol. After dehydration in graded
concentrations of alcohol, tissue samples were embedded in
paraffin, and 3- to 4-pm sections were made.

Tissue processing for histology

For general histology, paraffin sections were stained with
hematoxylin and eosin or trichrome. Intracellular glycogen
was demonstrated by Best’s Carmine stain, which is a stain
specific for glycogen content. Best’s Carmine staining was
performed as described.'®

Immunohistochemistry

For Cx45 immunohistochemistry, specimens were fixed in
ethanol/methanol and embedded in paraffin. After deparaffini-
zation and rehydration through graded alcohols, the slides were
washed 3 times in phosphate-buffered saline (PBS).
Heat-induced antigen retrieval method was applied using
Tris-based (Target Retrieval Solution pH-9; Dako, Santa Clara,
California, US) or citrate-based (Sigma, Rocklin, California,
US; H-3300) antigen unmasking solution, respectively. For
Cx43 immunohistochemistry, frozen sections were prepared.
Specimens were embedded in Cryomatrix (Shandon, Thermo
Fisher Scientific, Waltham, Massachusetts, US), frozen in
liquid nitrogen, and stored in a deep freezer (—80°C). Cryosec-
tions 10-pm thick were mounted on poly-L-lysine coated
slides, fixed in cold (+4°C) acetone for 10 minutes, and air-
dried. Before immunostaining, the slides were rehydrated in
PBS and, permeabilization with 0.3% Triton X-100 was per-
formed for 40 minutes.

Cx45 and Cx43 immunostaining were performed as
follows. Protein blocking was carried out for 15 minutes
with 1% bovine serum albumin in PBS, followed by over-
night incubation at 4°C with primary antibodies. Cx45 was
detected using a rabbit polyclonal antibody (sc-25716; dilu-
tion 1:100; Santa Cruz Biotechnology Inc), and Cx43 was de-
tected using a goat polyclonal antibody (sc-6560; dilution
1:50; Santa Cruz Biotechnology Inc). Secondary antibodies,
which included biotinylated goat anti-rabbit immunoglobulin
G and biotinylated horse anti-goat immunoglobulin G (Vec-
tor Labs) were used, followed by endogenous peroxidase ac-
tivity quenching step using 3% hydrogen peroxide (Sigma) in
PBS. After formation of the avidin-biotinylated peroxidase
complex (Vectastain Elite ABC kit; Vector), the binding sites
of the primary antibodies were visualized by 4-chloro-1-
naphthol (Sigma).

The sections were covered by aqueous Poly/Mount (Poly-
science Inc, Warrington, PA) and examined using a Zeiss
Axiophot photomicroscope. An automated whole-slide imag-
ing system (3D-Histech, Budapest, Hungary) was used to visu-
alize the sections.

Results

Myocardial sleeve of the PVs

Extensions of left atrial myocardium could be observed in the
PVs of 15 of 16 hearts (94%) and formed bundles displaying
various courses (Figures 1A and 1B). Bundles of large
cardiac cells (median diameter 18.1 um; interquartile range
[IQR] 16.5-19.7 um) resembling PFs based on their lightly
stained cytoplasm and peripheral myofibrils were detected
in the PVs of 14 hearts. Among these cardiomyocytes, a
dense network of fine collagen bundles was present
(Figures 1C and 1D). Best’s Carmine staining confirmed
that PV myocardium was enriched in cardiomyocytes
containing abundant glycogen (Figure 1E). Intense Cx45
labeling was observed in the myocardial sleeve of PVs.
The Cxs were clustered in intercalated discs (Figure 1F).

Myocardial sleeve of the SVC

Myocardial sleeve composed of fibers displaying a mainly spi-
ral course was found around 21 of 22 SVCs (95%) (Figures 2A
and 2B). In 1 case, some groups of myocardial fibers were pre-
sent at the root of the azygos vein, but no cardiac cells were
found in the portion distal to this point. Bundles of Purkinje-
like cardiomyocytes (median diameter 29.4 um; IQR 27.9-
32.5 um) embedded in connective tissue were identified in
20 SVCs (Figure 2C). Similar to the PVs, abundant intracel-
lular glycogen content was found in SVC myocardium
(Figure 2D). Intense Cx45 positivity with a pattern similar to
that shown in Figure 1F was observed (Figure 2E). No Cx43
staining in the sinoatrial node, sparse labeling in the vicinity
of the sinoatrial node (mixed population of atrial and pace-
maker cells), and marked positivity were detected in the atrial
working myocardium (data not shown).
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Figure 1

Histology of the PV myocardium. A: Myocardial extensions into the wall of PVs (LS, LI, RS, RI). Circumflex artery is filled with yellow resin

mixture. Red line indicates the area that was cut out for histology. B: Transverse section of PV with myocardial sleeve. HE = hematoxylin and eosin. C: Large
cardiomyocytes with lightly staining cytoplasm at the area indicated by the circle in panel B. D: Trichrome stain showing myocardial fibers (red) isolated by
fibrous tissue (blue). E: Bundle of myocardial cells containing large amount of glycogen. F: Prominent connexin 45 (Cx45) positivity in intercalated discs (inset,
arrows). Scale bar: 5000 pm (B); 40 um (C); 30 pm (D); 70 um (E); 30 um (F); 20 um (F, inset). LA = left atrium; LI = left inferior; LS = left superior; PV =

pulmonary vein; RA = right atrium; RI = right inferior; RS = right superior.

Myocardial sleeve of the CS

Cardiac muscle was present in 8 of 8 CS specimens (100%)
(Figure 3A). The course of cardiomyocyte bundles was spiral
closer to the venous lumen and predominantly longitudinal at
the outer circumference (Figure 3B). Purkinje-like myocar-
dial fibers (median diameter 22.7 um; IQR 20.7-25.5 um)
embedded in a network of collagen fibers were identified in
7 CSs (Figures 3C and 3D). Immunostaining revealed that
Cx45 labeling was as prominent in intercalated discs as in
PV and SVC (Figure 3E). Cx43 labeling could barely be
observed in the myocardial sleeve of CS (data not shown).

Histology of the working myocardium and
conduction system of the heart

Ventricular conducting cells were rich in glycogen in contrast
to ventricular working myocardium (Figures 4A—4C).
Compared to the extracardiac myocardium, no Cx45 signal

could be detected in working myocardium, whereas
conducting cells proved to be strongly positive
(Figure 4D). Weak Cx45 immunoreactivity was present in
the atria. Cx43 label was marked throughout ventricular
working myocardium (Figure 4E). Prominent Cx45 immuno-
reactivity was detected in the region of the sinoatrial node.
Cx45 was present at the atrioventricular nodal region and
in the atrioventricular bundle as well (data not shown).

Discussion

Characteristics of myocardial extensions around
PVs

Left atrial myocardium has been demonstrated to extend into the
wall of PVs in 68%—100% of cases.”*° No specialized cells
were observed in these previous studies; however, Perez-
Lugones et al’ analyzed electron microscopic images of human
PV myocardium and reported the presence of P-cells and PFs.
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Figure 2

Histology of the SVC myocardium. A: Cardiomyocyte bundles with spiral course (yellow lines). Sinoatrial nodal artery is with red resin mixture. Red

line indicates area that was cut out for histology. B: Transverse section of SVC with myocardial sleeve. HE = hematoxylin and eosin. C: Purkinje-like myocardial
cells at the area indicated by the circle in panel B. D: Glycogen-containing cardiomyocytes. E: Prominent connexin45 (Cx45) immunoreactivity in intercalated
discs (arrows). Scale bar: 1750 um (B); 30 um (C); 30 pm (D); 20 um (E). SVC = superior caval vein

Nguyen et al'’ found PAS-positive cells, further supporting
specialized characteristics of PVs. In the current study, bundles
of cardiomyocytes displaying the characteristic features of PFs
were identified in almost all PV, SVC, and CS samples. These
cells contained high amounts of glycogen in their cytoplasm and
were found to be embedded in a dense network of fine collagen
fibers.

Potential arrhythmogenic role of caval veins and CS

Increasing interest recently has been devoted to non-PV
ectopic beats, which proved to be responsible for 20%-—
32% of all AF cases.'""'> Among patients with non-PV—

initiating AF, SVC triggers were found in about
40%.°'"'? Tn the SVC wall, myocardial sleeve was
detected in 76%-78% of all cases.”'* The CS area were
recognized as a site of tachyarrhythmias in 1%-17% of
all non-PV ectopies.'""'” Two studies noted the presence
of myocardium in all CSs examined,”®>!  whereas
DeSimone et al’ reported that only 7% of CSs contained
myocardial extensions from the right atrium. To the best
of our knowledge, the present study demonstrates for the
first time that cells displaying PF morphology are present
in human SVC and CS myocardium. The question arises
whether this may indicate possible arrhythmogenicity of
these regions. We intend to investigate hearts removed
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Figure 3

- i

Histology of the CS myocardium. A: Myocardial sleeve around wall of the CS. Right coronary artery (green) and circumflex artery (yellow) are filled

with synthetic resin. Red line indicates area that was cut out for histology. B: Cross-section of the CS orifice. HE = hematoxylin and eosin. C: Bundles of
Purkinje-like cardiomyocytes run around the lumen at the area indicated by the circle in panel B. D: Trichrome stain showing myocardial fibers having lightly
staining cytoplasm (red) are separated by connective tissue (blue). E: Connexin45 (Cx45) immunoreactivity is prominent in intercalated discs (arrows). Scale bar:
900 pm (B); 45 um (C); 40 um (D); 30 um (E). LA = left atrium; LV = left ventricle; RA = right atrium.

from deceased patients with evidence of extracardiac loci of
atrial arrhythmias to clarify this issue.

Immunohistochemical characterization of
extracardiac myocardial sleeves

In this study, immunostaining was performed in order
to characterize the immunophenotype of extracardiac
myocardium. To date, positivity for HNK-1 (CD57), which
is an antigen to the developing conduction system,”” and
reactivity for the cardiac pacemaker antigen HCN4 have
been detected in human studies.'”*

According to previous data, Cx45 was detected at very
low levels in atrial and ventricular working myocardium,'®
whereas distinct positive signal was found at the atrioventric-
ular node of human adults.!” Therefore, Cx45 seems to be a
specific marker of the conduction system. In the current

study, strong staining for Cx45 was observed throughout
the impulse-generating and conduction system of the heart,
whereas almost no immunopositivity could be detected in
working myocardium.

Data on the Cx expression patterns of cardiac veins are
based on animal research, and differences among distinct
species have been reported. In canine SVC, the presence of
all cardiac Cxs (including Cx45) were reported, with distinct
areas characterized by abundance of Cx43 in the center and
diffuse Cx40 signals in the periphery. Such areas of atypical
Cx expression were mainly present in the proximal portion of
the SVC, usually in the outer circumference of the myocar-
dial sleeve.”* Both Cx40 and Cx43 were observed in isolated
cardiac cells from canine great veins, with a higher amount of
Cx43 in the SVC than in the PVs. The absence of Cx45 signal
was presumably caused by paraformaldehyde fixation or
injury of the cell membrane.”” In rat, a nodal-like tissue
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Figure 4  Histology of left ventricular myocardium. A: Trichrome staining of working myocardium (WM) and a bundle branch (BB) (inset) composed of car-
diomyocytes with pale cytoplasm. B, C: WM shows almost no sign with glycogen-specific Best’s Carmine staining (B), whereas a large amount of glycogen is
recognized at the BB (C). D: Connexin45 (Cx45) immunoreactivity is prominent at the BB but barely detectable in the WM. E: At the WM, marked positivity for
Cx43 is detectable in the intercalated discs (arrows). Yellow-brown intracellular granules in the vicinity of nuclei are lipofuscin pigments. Scale bar: 80 pm (A); 40

pm (A-inset); 160 um (B); 100 pm (C); 90 pm (D); 12 um (E).

looping around the junction of right atrium and SVC was
reported. From the junction, lightly stained cells extended
next to both the crista terminalis and the interatrial groove.
Although nodal-like cells proved to be strongly positive for
Cx45 and negative for Cx43, atrial walls and PV myocardium
exhibited intense Cx43 but no Cx45 immunostaining in rat.”®

The current study documents for the first time the presence
of Cx45-positive myocardial fibers in the wall of human PVs,
SVC, and CS. Based on the difference between Cx45 immuno-
positivity of working myocardium and pacemaker and/or con-
ducting structures, our findings regarding the prominent Cx45
staining of extracardiac myocardial fibers might provide some
support for the presumed specialized nature of these areas.
Because Cx43 labeling was weak in the myocardial sleeves,
it can be hypothesized that extracardiac myocardium in PVs,
SVC, and CS contains predominantly cardiomyocytes with
pacemaker and/or conducting properties.

Study limitation

Immunohistochemistry is not an adequate method for report-
ing amounts of protein expression. Therefore, quantitative
western blot analysis, which is suitable for determining the

relative abundance of distinct proteins, would add weight
to our observations.

Conclusion

The presence of Purkinje-like cardiomyocytes exhibiting
strong glycogen positivity was documented in the myocardial
sleeves of human PVs, SVC and CS. This research is the first
to demonstrate pronounced Cx45 positivity of extracardiac
myocardium, which may provide some support for the
presumed arrhythmogenicity of the myocardial sleeves
ensheathing PVs, caval veins, and the CS.

Acknowledgment

We thank the technical staff of Department of Anatomy, His-
tology and Embryology and 2nd Department of Pathology,
Faculty of Medicine, Semmelweis University for important
contributions.

References

1. Nathan H, Eliakim M. The junction between the left atrium and the pulmonary
veins: an anatomic study of human hearts. Circulation 1966;34:412-422.

Downloaded for Anonymous User (n/a) at Semmelweis University from ClinicalKey.com by Elsevier on April 09,
2025. For personal use only. No other uses without permission. Copyright ©2025. Elsevier Inc. All rights reserved.


http://refhub.elsevier.com/S1547-5271(17)31192-X/sref1
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref1

264 DOI'10 14753/SE 2025 3172 Heart Rhythm, Vol 15, No 2, February 2018

2. Saito T, Waki K, Becker AE. Left atrial myocardial extensions onto pulmonary 14. Kholova I, Kautzner J. Morphology of atrial myocardial extensions into human

veins in humans: anatomic observations relevant for atrial arrhythmias. J Cardi- caval veins: a postmortem study in patients with and without atrial fibrillation.
ovasc Electrophysiol 2000;11:888-894. Circulation 2004;110:483-488.

3. DeSimone CV, Noheria A, Lachman N, Edwards WD, Gami AS, Maleszewski JJ, 15. Severs NJ, Rothery S, Dupont E, Coppen SR, Yeh HI, Ko YS, Matsushita T,
Friedman PA, Munger TM, Hammill SC, Packer DL, Asirvatham SJ. Myocar- Kaba R, Halliday D. Immunocytochemical analysis of connexin expression in
dium of the superior vena cava, coronary sinus, vein of Marshall, and the pulmo- the healthy and diseased cardiovascular system. Microsc Res Tech 2001;
nary vein ostia: gross anatomic studies in 620 hearts. J Cardiovasc Electrophysiol 52:301-322.
2012;23:1304-13009. 16. Vozzi C, Dupont E, Coppen SR, Yeh HI, Severs NJ. Chamber-related differences

4. Ho SY, Cabrera JA, Tran VH, Farré J, Anderson RH, Sénchez-Quintana D. in connexin expression in the human heart. J Mol Cell Cardiol 1999;
Architecture of the pulmonary veins: relevance to radiofrequency ablation. Heart 31:991-1003.
2001;86:265-270. 17. Kreuzberg MM, Liebermann M, Segschneider S, Dobrowolski R,

5. Kholova I, Kautzner J. Anatomic characteristics of extensions of atrial myocar- Dobrzynski H, Kaba R, Rowlinson G, Dupont E, Severs NJ, Willecke K.
dium into pulmonary veins in subjects with and without atrial fibrillation. Pacing Human connexin31.9, unlike its orthologous protein connexin30.2 in the
Clin Electrophysiol 2003;26:1348-1355. mouse, is not detectable in the human cardiac conduction system. J Mol

6. Hassink RJ, Aretz HT, Ruskin J, Keane D. Morphology of atrial myocardium in Cell Cardiol 2009;46:553-559.
human pulmonary veins. A postmortem analysis in patients with and without 18. Totty BA. Mucins. In: Bancroft JD, Gamble M, eds. Theory and Practice of His-
atrial fibrillation. J Am Coll Cardiol 2003;42:1108-1114. tological Techniques. London, UK: Churchill Livingstone; 2007. p. 163-200.

7. Perez-Lugones A, McMahon JT, Ratliff NB, Saliba WI, Schweikert RA, 19. Nguyen BL, Fishbein MC, Chen LS, Chen PS, Masroor S. Histopathological sub-
Marrouche NF, Saad EB, Navia JL, McCarthy PM, Tchou P, Gillinov AM, strate for chronic atrial fibrillation in humans. Heart Rhythm 2009;6:454-460.
Natale A. Evidence of specialized conduction cells in human pulmonary veins 20. Liidinghausen M, Ohmachi N, Boot C. Myocardial coverage of the coronary sinus
of patients with atrial fibrillation. J Cardiovasc Electrophysiol 2003;14:803-809. and related veins. Clin Anat 1992;5:1-15.

8. Tsai CF, Tai CT, Hsieh MH, Lin WS, Yu WC, Ueng KC, Ding YA, Chang MS, 21. Chauvin M, Shah DC, Haissaguerre M, Marcellin L, Brechenmacher C. The
Chen SA. Initiation of atrial fibrillation by ectopic beats originating from the anatomic basis of connections between the coronary sinus musculature and the
superior vena cava. Circulation 2000;102:67-74. left atrium in humans. Circulation 2000;101:647-652.

9. Lin WS, Tai CT, Hsieh MH, Tsai CF, Lin YK, Tsao HM, Huang JL, Yu WC, 22. Blom NA, Gittenberger-de Groot AC, DeRuiter MC, Poelmann RE,
Yang SP, Ding YA, Chang MS, Chen SA. Catheter ablation of paroxysmal atrial Mentink MMT, Ottenkamp J. Development of the cardiac conduction tissue in
fibrillation initiated by non—pulmonary vein ectopy. Circulation 2003; human embryos using HNK-1 antigen expression: possible relevance for under-
107:3176-3183. standing of abnormal atrial automaticity. Circulation 1999;99:800-806.

10. Katsivas AG, Manolis AG, Vassilopoulos C, Ioannidis P, Giotopoulou A, 23. Kholoval, Niessen HWM, Kautzner J. Expression of Leu-7 in myocardial sleeves
Kyriakides Z. Electroanatomical mapping of a right atrial tachycardia originating around human pulmonary veins. Cardiovasc Pathol 2003;12:263-266.
within the inferior vena cava. Hellenic J Cardiol 2004;45:187-190. 24. YehHI, Lai YJ, Lee SH, Lee YN, Ko YS, Chen SA, Severs NJ, Tsai CH. Hetero-
11. Lee SH, Tai CT, Hsieh MH, Tsao HM, Lin YJ, Chang SL, Huang JL, Lee KT, geneity of myocardial sleeve morphology and gap junctions in canine superior
Chen YJ, Cheng JJ, Chen SA. Predictors of non-pulmonary vein ectopic beats vena cava. Circulation 2001;104:3152-3157.
initiating paroxysmal atrial fibrillation: implication for catheter ablation. J Am 25. Yeh HI, Lai YJ, Lee YN, Chen YJ, Chen YC, Chen CC, Chen SA, Lin CI,
Coll Cardiol 2005:46:1054—1059. Tsai CH. Differential expression of connexin43 gap junctions in cardiomyocytes
12. Chang HY, Lo LW, Lin YJ, et al. Long-term outcome of catheter ablation in isolated from canine thoracic veins. J Histochem Cytochem 2003;51:259-266.
patients with atrial fibrillation originating from nonpulmonary vein ectopy. J Car- 26. Yamamoto M, Dobrzynski H, Tellez J, Niwa R, Billeter R, Honjo H,
diovasc Electrophysiol 2013;24:250-258. Kodama I, Boyett MR. Extended atrial conduction system characterised by
13.  Hashizume H, Ushiki T, Ahe K. A histological study of the cardiac muscle of the the expression of the HCN4 channel and connexin45. Cardiovasc Res

human superior and inferior venae cavae. Arch Histol Cytol 1995;58:457-464.

2006;72:271-281.

Downloaded for Anonymous User (n/a) at Semmelweis University from ClinicalKey.com by Elsevier on April 09,
2025. For personal use only. No other uses without permission. Copyright ©2025. Elsevier Inc. All rights reserved.


http://refhub.elsevier.com/S1547-5271(17)31192-X/sref2
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref2
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref2
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref3
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref3
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref3
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref3
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref3
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref4
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref4
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref4
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref4
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref5
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref5
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref5
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref5
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref6
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref6
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref6
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref7
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref7
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref7
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref7
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref8
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref8
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref8
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref9
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref9
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref9
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref9
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref10
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref10
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref10
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref11
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref11
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref11
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref11
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref12
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref12
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref12
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref13
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref13
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref14
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref14
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref14
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref14
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref15
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref15
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref15
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref15
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref16
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref16
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref16
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref17
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref17
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref17
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref17
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref17
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref18
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref18
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref19
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref19
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref20
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref20
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref20
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref21
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref21
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref21
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref22
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref22
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref22
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref22
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref23
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref23
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref23
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref24
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref24
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref24
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref25
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref25
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref25
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref26
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref26
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref26
http://refhub.elsevier.com/S1547-5271(17)31192-X/sref26

OSSZEFOGLALO KOZLEMENY

Uj felismerések a pitvarfibrillicid
genezisében ¢s fenntartasaban:
az egyeénre szabott kezelés lehetoségei
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A pitvarfibrillicié prevalencidja a felnttkorosztilyban koriilbeliil harom szdzalék. A ritmuskontroll céljabél alkalma-
zott katéterablatids terdpia alapjat jelenleg a pulmonalis véndk izoldcidja képezi, amelynek egyéves sikerardnya azon-
ban tobbszori beavatkozdssal sem emelhetd 70% folé. A beavatkozds hossz tava eredményességét a pitvarokban
bekovetkezd elektromos és strukturdlis remodellacio korldtozza, amely az arrhythmia tartés fennmaradasahoz vezet.
Az epicardialis zsirszoveti akkumuldcid, a pitvari fibrosis, az autoném idegrendszeri hatdsok, valamint a kilonféle
arrhythmogen gécok lehetséges szerepét szimos tanulmdany elemezte. A pitvari epicardialis zsirszovet mennyisége,
gyulladds indukdlta fibroticus dtalakuldsa és a myocardium zsiros infiltraciéja, példdul obesitas esetén, pitvarfibrillacié
fellépésére hajlamosit. Az autoném szabalyozas egyenstlyanak megviltozdsa, példdul rendszeres sporttevékenység
hatdsara, a triggerelt aktivitds fokoz6dasa, valamint a pitvari refrakter periédus csokkenése révén indukalhat ritmusza-
vart. Hatékony terdpia a lehetséges arrhythmogen trigger és szubsztritmechanizmusok egyénre szabott komplex
befolydsoldsa altal valésulhat meg. A fibroticus folyamatok a renin-angiotenzin-aldoszteron rendszer gitlisa révén
lassithatok. A neuromodulicids lehetéségek magukban foglaljdk a renalis denervaciét, illetve a ganglionablatiét, és az
antikoaguldns terdpia pitvari remodellaciot gatld hatdsardl is ismertek adatok. A katéterablatids beavatkozdsok lehet-
séges 0j irdnyait a jobb és bal pitvari linearis laesiok alkalmazdsa, a heges tertiletek homogenizaldsa mellett a komplex
frakcionalt pitvari elektrogramok, rotorok és az ectopids fokuszok ablatidja képezik. Mindezek mellett kiemelt fon-
tossagt a fennallo rizikdfaktorok, tgymint obesitas, hyperlipidaemia, hypertonia, diabetes mellitus és obstruktiv alva-
si apnoe hosszu tava, tervezett kezelése.

Orv Hetil. 2018; 159(28): 1135-1145.

Kulcsszavak: pitvarfibrillacié, pitvari remodellacié, zsirszovet, autoném idegrendszer, egyénre szabott kezelés

Novel mechanisms in the initiation and maintenance of atrial fibrillation:
tailored individual treatment

Atrial fibrillation affects approximately three percent of the adults. Ablation strategies targeting the isolation of the
pulmonary veins are the up-to-date cornerstones for atrial fibrillation ablations. However, a one-year success rate of
repeated interventions is not more than 70%. Long-term efficacy of catheter ablation is presumably limited by electri-
cal and structural remodeling of the atria, which results in a progressive increase in the duration of atrial fibrillation
to become sustained. The potential pathophysiological importance of the epicardial adipose tissue, atrial fibrosis,
autonomic nervous system and arrhythmogenic foci are documented by several studies. Increased volume, inflamma-
tion induced transformation to fibrosis and myocardial infiltration of atrial subepicardial fat in obese patients result
in higher risk of atrial fibrillation development. Changes in atrial autonomic innervation under some conditions in-
cluding regular physical exercise strongly promote arrhythmogenesis via the mechanism of enhanced triggered activ-
ity or abbreviated atrial refractoriness. Individualized management of possible trigger and substrate mechanisms are
proposed to provide a novel basis for the effective treatment of atrial fibrillation. Pro-fibrotic signalling pathways can
be inhibited by the suppression of renin-angiotensin-aldosterone system. Neuromodulation strategies include renal
sympathetic denervation and ganglionic plexi ablation. Anticoagulation therapy has also been shown to reduce the
burden of abnormal atrial remodeling. Possible novel catheter ablation techniques are used for right or left atrial
linear lesions, scar homogenization and catheter ablation of complex fractionated atrial electrograms, rotors or ec-
topic foci. Beside these new management strategies, clinical consideration of factors of particular risks as obesity,
hyperlipidaemia, hypertension, diabetes and obstructive sleep apnoe are also essential.

DOI: 10.1556/650.2018.31087 ® © Szerzé(k) m 2018 = 159. évfolyam, 28. szam = 1135-1145.
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Roviditések

BMI = (body mass index) testtomegindex; CFAE = (complex
fractionated atrial electrogram) komplex frakcionalt pitvari
clektrogram; DE-MRI = (delayed enhancement MRI) kés6i
kontraszthalmozdisos technikdval végzett sziv-MRI; FACM =
(fibrotic atrial cardiomyopathy) ,,k6t8szovetes pitvari szivizom-
elfajulas”; FIRM = (focal impulse and rotor modulation) fokalis
impulzus- és rotormodulicié; HMG-CoA = (3-hydroxy-3-me-
thyl-glutaryl-coenzyme A) 3-hidroxi-3-metil-glutaril-koenzim-
A; LOM = (ligament of Marshall) Marshall-ligamentum; MRI
= (magnetic resonance imaging) magneses rezonancias képal-
kotds; NOAC = (novel oral anticoagulant) 6j tipust oralis anti-
koagulans; OSAS = (obstructive sleep apnea syndrome) obst-
ruktiv alvasi apnoe szindréma; PAR = (protease-activated
receptor) protedz aktivélta receptor; PF = pitvarfibrillici; PVI
= (pulmonary vein isolation) pulmonalisvéna-izolicio; RAAS =
(renin-angiotensin-aldosterone system) renin-angiotenzin-ald-
oszteron rendszer; SC = sinus coronarius; VCI = vena cava in-
ferior; VCS = vena cava superior; VP = vena pulmonalis

A pitvarfibrillaci6 (PF) a leggyakoribb szivritmuszavar,
amelynek prevalenciija a felnGttkorosztalyban korilbeliil
3%, a betegségben 80 éves életkor felett pedig minden
negyedik ember érintett. 2010-ben vilagszerte koriilbe-
lil 33,5 millié egyén szenvedett PE-ban [1]. Jellemz&en
progressziv lefolyast, vagyis a kezdetben csupin alkal-
manként fellépd ritmuszavar az idé muldsaval dllandésul.

Altalanosan elfogadott, hogy a ritmuszavart fokalis
elektromos aktivicié (trigger) valtja ki, amely nagyrészt a
tidvénak (vena pulmonalisok, VP-ok) teriiletérdl szar-
mazik. Ezzel szemben a PF fenntartisiban kiterjedt
elektromos és strukturdlis pitvari remodellacié (arrhyth-
mogen szubsztrit) szerepét feltételezik [2]. A PF-trigge-
rek, valamint a remodelldlt pitvari szubsztrait komplex
interakci6janak fontos szerepet tulajdonitanak a perzisz-
tens PF fennmaradasaban.

A pitvari remodellicié kezdetben vélhetSen reverzibi-
lis folyamat, amelynek el6idéz6i kozott olyan tényezbket
tartanak nyilvin, mint a hypertonia, a szivelégtelenség,
a Dbillentylbetegség, a pitvar kotSszovetes adtalakulasa
(fibrosis), az obstruktiv alvisi apnoe szindréma (OSAS),
valamint a pitvari flattern, pitvari septumdefektus, ame-
lyek a falfesziilés fokozdsa révén fejtik ki hatdsukat [3].
Szamos esetben mar az elsé PF-epizdd jelentkezése el6tt
bekovetkezik a pitvarok karosodasa, remodellacioja.
A remodellalt pitvarban fellép6 PF napok-hetek alatt
elektromos és strukturalis valtozasokat idéz els [4].

A pitvari kdrosodas és a kovetkezményes PF patome-
chanizmusiban kozrejatszik a renin-angiotenzin-aldo-
szteron rendszer (RAAS) aktivacidja altal kivaltott fibro-
sis, zsiros infiltracid, gyulladasos folyamatok, az autoném
idegrendszer egyenstlyinak megbomlisa, az ioncsator-
nik mkodészavara, a fokozott alvadékonysig, valamint
az oxidativ stressz dltal medidlt folyamatok. A szoveti
szinten torténé szerkezeti véltozdsokat mukodésbeli
funkciézavar kiséri, amely az elektrofiziologiai sajatossi-
gok megviltozdsa révén fokozza a PF kialakuldsinak
kockazatit és a ritmuszavar allandésulasat. A PF hatteré-
ben all6 szubsztrit a primer folyamat progresszidjit
okozva korldtozza a katéterablatiés beavatkozasok siker-
aranyat [4-6] (1. tablizat).

1. tiblazat | A pitvari remodellici6 hitterében szerepet jatszo tényezdk

Klinikai faktorok Szovettani faktorok — Patofiziolégiai faktorok

Hypertonia Zsiros infiltracié RAAS
Obesitas Fibrosis Oxidativ stressz
Diabetes mellitus ~ Gyulladas Toncsatornak

Szivelégtelenség Alvadasi faktorok

Billentytibetegség Autoném idegrendszer
COPD Elektrofizioldgiai tényezGk
OSAS

COPD = krénikus obstruktiv tiidSbetegség; OSAS = obstruktiv alvasi
apnoe szindroma; RAAS = renin-angiotenzin-aldoszteron rendszer

A tovabbiakban szeretnénk bemutatni a PF kivaltasa-
ban és fenntartdsiban jelenleg ismert patoldgiai folyama-
tokat, a triggerforrisként szolgalé anatémiai struktdra-
kat, elektromos kivalté tényezSket, az epicardialis
zsirszovet és a pitvarfal zsiros infiltracidjat, az autoném
idegrendszer és az alvadasi faktorok szerepét, valamint
kilonféle genetikai tényezdket (1. abra).

A pitvarfibrillacio kivaltasaban (trigger)
forrasként szolgal6é anatémiai struktarak

Vena pulmonalis evedetii fokalis impulzusok

A VP-ok kordl a bal pitvari myocardium nyutlvinyai altal
képzett szivizomhiively teriiletén jelen 1év8 ectopids in-
gerképzd tékuszok a PF kivéltisa szempontjabol kiemel-

2018 m 159. évfolyam, 28. szam
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1. dbra

A pitvarfibrillicié hétterében all6 lehetséges mechanizmusok

A sémds abra hits6 nézetben abrizolja a bal és a jobb pitvart.
A bal felsé pulmonalis véna koriili teriilet a reentrymechaniz-
must, a bal alsé negyed az autoném ganglionok szerepét, a jobb
felsé pulmonalis véna a fokdlis triggereket, mig a jobb alsé ne-
gyed a heg jelent8ségét szemlélteti

kedd jelentséggel birnak. Egy 1998-ban publikdlt,
elektrofiziolégiai vizsgilaton alapulé human tanulmdany
eredményei arra utalnak, hogy a PF-paroxizmusok hétte-
rében 4ll6 arrhythmogen gbécok tobbsége a bal oldali,
illetve a felsé VP-ok teriiletére lokalizalhat6, és a PE-t
triggerelS ectopias jelek radiofrekvencids ablatiot kove-
téen megszlinnek [7]. A VD faliban jelen 1évS ectopids
pacemaker-sejtcsoportok a ritmuszavart fokozott auto-
micidjuk révén valthatjak ki, amelynek sejtélettani alapjat
a maximdlis diasztolés potencidl abszolat értékének
csokkenése képezi [8].

Huissaguerve és misai kozleményének megjelenése 6ta
a PF katéterablatios terdpidjanak alapjat a VP-szdjadékok
korkoros izolalasa jelenti [7]. Ismert azonban, hogy a
pulmonalisvéna-izolicié (PVI) egyéves sikerardnya — an-
tiarrhythmias gydgyszer alkalmazasa nélkil — tobb be-
avatkozas esetén sem emelheté 70% folé [9]. A siker-
arany figgetlen az alkalmazott médszertdl (cryoablatio
versus radidfrekvencids ablatio) [10].

A hatékonysiagot tobb tényez§ korlidtozza. Egyrészt a
jelenlegi eszkdzokkel nem minden esetben hozhaté 1étre
tartés laesio, kovetkezésképpen gyakran kigjul a VP-ok
és a bal pitvar kozott kapesolatot teremt$ szivizomhii-
vely vezet6képessége, az ablatio sordn létesitett hegben
ingeriiletvezetésre képes rések keletkeznek. Masrészt je-
lenleg még nem ismertek kelléen a PF-t fenntarté me-
chanizmusok [11].

Newm vena pulmonalis evedetii fokalis
impulzusok

Egy tanulmany tanasaga szerint a PF-ablatioban részesii-
16 betegek esetében akar 11%-ban nem VP-eredetli goc

az indukalt tartés PF forrdsa [12]. Az indukalt nem tar-
tés pitvari arrhythmidk esetén ez az ariny még jelentd-
sebb, akir 60% is lehet [13]. Mds kozlemények a nem
VP-eredetd PF gyakorisigat 20-32% kozott hatirozzik
meg. A nem VP-eredet(i pitvarfibrillalé betegek csoport-
jaban a leggyakoribb ectopias ingerképzé goc a vena cava
superior (VCS, 26-40%), valamint a bal pitvar teriilete
(17,5-42%-ban), a leggyakrabban a hats6 szabad fal.
Emellett a crista terminalis (5-15%), a vena obliqua atrii
sinistri (Marshall-ligamentum [LOM], 5-15%), a sep-
tum interatriale (1,5-11%), valamint az ostium sinus co-
ronarii (1-7%) szerepét is leirtdk a nem VP-eredetd PF
vonatkozasiban [14-17].

Az elektroanatémiai térképezések arra utalnak, hogy a
nem VP-lokaliziciéja triggerek jol meghatirozott anaté-
miai régiékba (alsé mitralis gy(rd, bal pitvar hats6 fala,
interatrialis septum [fossa ovalis és annak limbusa], crista
terminalis, Eustach-billentyd, sinus coronarius [SC],
VCS, bal fiilcse, perzisztild bal VCS, LOM) tomoriilnek
(2. abra). E teriileteken olyan szivizomrostok vannak je-
len, amelyek fokozott automicia, triggerelt aktivitas és
lokélis microreentrykorok egytittes hatdsa kovetkeztében
arrhythmogen aktivitdssal birhatnak [18].

Kugler és mtsai Purkinje-rost morfologiaja, glikogén-
ben gazdag szivizomrostokat figyeltek meg a VP, a VCS,
valamint a SC korili myocardium tertiletén. A szerzék
ezekben a régidkban a sziv ingerképzé és ingeriiletveze-
t6 rendszerében a magas expressziot mutaté conne-
xin-45 fehérje kifejezett pozitivitisat tapasztaltik, amely
az extracardialis myocardium lehetséges ingerképz6/in-
geriiletvezet§ természetére utalhat [19].

*

pitvari | septum
VPIS VPID

L g

bal pitvar hatsé fala

crista

bal fiilcse e
terminalis

jobb fiilcse

sinus coronarius

2. dbra Fokalis triggerek kiinduldsi helyeként azonositott jobb és bal

pitvari régiok

Pulmonalisvéna-eredetii triggerek eredete: bal felsé (VPSS) és
alsé (VPIS), jobb felsG (VPSD) és als6é (VPID) tiiddSvéndk. Nem
pulmonalisvéna-eredet( bal pitvari triggerek forrdsai: Marshall-
ligamentum (#*), bal fiilcse, a bal pitvar hatsé fala. Jobbpitvar-
eredetii arrhythmogen gocok kiindulasi helyei: crista terminalis,
jobb fiilcse, vena cava superior (VCS) és inferior (VCI). A sinus
coronarius, valamint a pitvari septum arrhythmogen tulajdonsi-
ga is ismert
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Jobbpitvar-evedetii trigyerek

A nem VP-eredetd triggerek egyik legjelent&sebb forra-
saként szimon tartott VCS teriiletén az embriondlis si-
nus venosusra jellemzs spontin ingerképzésre képes sz6-
vet van jelen. A jobb felsé VP anatémiai kozelsége miatt
nehézséget jelenthet az ezen régiokbol szarmazo trigge-
rek elkiilonitése. Az arrhythmogen fokusz a leggyakrab-
ban szegmentalis ablatidval izolalhat6, amelynek soran a
gbctdl proximalisan, annak kozvetlen kézelében hozzak
létre a laesiét. Ritkan el6forduld szovédményként a si-
nuscsomé vagy a nervus phrenicus sériilését, illetve a
VCS sztkiiletét irtik le, viszonylag kevés esetben [18].

A crista terminalis eredetd PF-triggerek a legkorabbi
aktivicié helyén végzett fokalis ablatioval elimindlhatok.
Szovédményként a jobb oldali nervus phrenicus sériilése
fordulhat el6. Az Eustach-billentydi a crista terminalis
als6 folytatasa, amely elkiiloniti a vena cava inferior
(VCI) szdjadékat a SC-tél. Egy macskin végzett tanul-
many [20] pacemakersejtek jelenlétét irta le az Eustach-
billentyti tertiletén. A VCI csupin néhany tanulmany
esetén bizonyult PF-trigger kiindulasi helyének. Ennek
magyarazata az, hogy az embriondlis fejl6dés soran a
VCI atrialisati6ja csupdn részlegesen kovetkezik be. Azo-
nositott goc esetén fokdlis ablatio végzendd [18].

Alkalmanként a jobb fiilcse lateralis részérél, valamint
a tricuspidalis gy(r( teriiletérdl eredd triggerek is azono-
sitasra kertilnek [18].

Balpitvar-evedetii triggerek

A bal pitvar hatsé fala embriondlis, anatomiai és elektro-
fiziolégiai szempontbdl a VP-ok folytatasinak tekinthe-
t6, ezaltal kifejezett arrhythmogen tulajdonsidggal bir. A
hatsé fal elektromos izolaci6ja a széles antralis VP-izola-
cids vonalaknak a bal pitvar tetején (roof) és aljan (floor)
létrehozott vonalszer( laesiokkal torténd Osszekotésével
végezhetS. Az eljaras sordn tigyelni kell arra, hogy a ra-
diéfrekvencias energia leadasa soran ne karosodjon a ko-
zelben elhelyezked$ oesophagus [18].

A SC pitvari szivizommal behiivelyezett szakasza
3-5,5 cm hosszasaga. Ez a szakasz PF-triggerként, illet-
ve reentrykorok részeként egyarant szolgilhat. A LOM a
bal VCS anatémiai maradvanya, és a Vieussens-billenty(
szintjében nyilik a SC-ba. A SC-eredet triggerek fokalis
ablatioval vagy a SC teljes izolacidja révén elimindlhatok.
A SC izolicidja az endocardialis (bal pitvar), valamint az
epicardialis felszin (SC belfelszine) fel6l egyarint elvé-
gezhetd [18].

Az interatrialis septum, kiilondsen a fossa ovalis/lim-
bus, tovabba a mitralis gylrd teriiletén azonositott PE-
triggerek elimindldsa fokalis ablatioval lehetséges [18].

A bal fiilcse szajadékanak hatsé részérdl eredd trigge-
rek esetenként valdjaban a bal oldali VP-ok vagy a LOM
tertiletérdl szarmaznak. Valodi bal fiilcsei trigger azono-
sitdsa esetén a fiilcse mechanikus funkciézavaranak kivé-
dése céljabdl fokalis ablatio végzendd [18].

A LOM-bdl szdrmazé triggerek azonositisa a SC-on
keresztiil torténd kaniildlassal lehetséges. Trigger azono-
sitdsa esetén endocardialis iton (a bal pitvar fel6l) vég-
zett elektromos izoldcié javasolt. Ritkan sziikséges a SC-
on keresztiil végzett direkt kaniilalds vagy etanol
LOM-ba injektildsa az izolicié komplettilisihoz. Az
esetenként perzisztild bal VCS, amely a LOM embrio-
ndlis megfelelGje, csakugyan PF-triggerként szolgalhat.
A bal VCS a bal fiilcse és a bal oldali VP-ok kozott he-
lyezkedik el, és kozvetlen kapcsolatban dll a SC-val. A
tipusos esetben kitagult SC-on keresztiil a véna retrog-
rad aton érhetS el [18, 21].

Elektrofiziologiai mechanizmusok

Valészind, hogy a PF elinditasaért VP-eredetd triggerek
felelnek [7], a ritmuszavar fenntartdsanak mechanizmu-
sai azonban nem ismertek pontosan. Az elmult években
tobb ezzel kapcsolatos elmélet latott napviligot. Elekt-
roanatémiai térképezésre alapuld feltételezések felvetet-
ték annak lehet8ségét, hogy az ectopias fékuszokon ki-
vill egyéb mechanizmusok is szerepet jiatszanak a PF
kivaltidsiban és fenntartdsiban [5].

Kimutattik, hogy PF sorin a pitvarokban olyan reen-
trykorokkel jellemezhet6 komplex elektromos aktivacié
zajlik, amely heterogén elektrofiziolbgiai szubsztrit je-
lenlétét feltételezi [5]. A reentry létrejottének elektro-
anatémiai alapja, hogy a szivizomrostok egy csoportja
nem aktivalodik a kezdeti depolarizacids folyamat hata-
sdra, hanem az eredeti impulzus megsztinése el6tt valik
gjra ingerelhetévé. Ezeken a szivizomrostokon keresztiil
olyan sejtcsoportok juthatnak gjra ingeriiletbe, amelyek-
ben éppen csak lezajlott az eredeti depolariziciés folya-
mat [8].

yLeading civcle reentry”

A funkcionalis reentry legegyszertibb formédja az arrhyth-
miaszubsztratum nélkiili ingeriilet-korforgas (,,leading
circle reentry”). Az ilyen tipust reentrykor nem tartal-
maz ingerelhetd rést, ezéltal az aktivici6 dllanddan a kor
kozepe felé iranyul, amelyet igy az ingeriilethullimok
folyamatosan refrakter allapotban tartanak. Ez a refrakter
teriilet olyan funkciondlis gitat képez, amely az allandé
anatoémiai barrierekhez (heg) hasonléan képes fenntarta-
ni a reentrykort [8, 22].

SMultiple wavelet” elmélet

Kitagult pitvar, valamint révid hullimhossza (lasst veze-
tési sebesség /rovid refrakter periddus) reentrykorok ese-
tén lehet6vé vilik, hogy egyidejtileg szimos reentrykor
legyen jelen, amelyek folyamatosan vandorolva egymas-
sal talalkoznak, és vagy kialszanak, vagy @jabb hulld-
mocskakat képeznek [8, 22]. Ez a ,multiple wavelet”
elmélet, amely szerint a PF annal tartésabb, minél tobb
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hulldimocska van jelen a pitvarokban. Az egyiittesen el6-
fordul6 hullimok szdma a pitvar dsszfeliiletétdl és a pit-
vari impulzus hullimhosszatdl fiigg. Mivel kitagult és
valtoz6 ingeriletvezetési tulajdonsigokkal biré pitvar-
izomzatban tobb ,,wavelet” lehet jelen, a pitvartagulat a
PF fontos rizikofaktora. A nervus vagus stimulicidja a
pitvari akcids potencidlnak a teljes szivciklushoz képest
tortént relativ rovidiilése miatt hajlamosit PF-ra. A szé-
les /bifazisos P-hullamok, kés6i potencialok, fragmentalt
pitvari elektrogramok fokozott rizikét jelentenek PF ki-
alakulasira [23].

Rotorelmélet

A rotorok a funkciondlis reentry specifikus formai, ame-
lyeknek szerepet tulajdonitanak a PF fenntartdsiban. A
rotorok esetében a hullimfrontnak spiralis formdja van, és
a hullimfront és a hullam vége egy gyujtépontban talal-
kozik. A hullimfront terjedési sebessége a gyajtépont he-
lyén a legalacsonyabb, ezért itt a hullimfront képtelen
ingerelni a rotor kdzpontjaban elhelyezkedd szévetet. Ez
a mag a ,,leading circle” reentrykdzpontjidhoz hasonléan
funkcionalis blokkot képez azzal a kiilonbséggel, hogy a
rotor kdzpontjiban 1év6 szovet valdjiban nem refrakter,
csupan a gyajtépontban fenndlld alacsony vezetési sebes-
ség miatt nehezen ingerelhetd. Mindebbdl az kovetkezik,
hogy mig a ,leading circle” modell esetén a reentrykor
a kozéps6 teriilet ingerelhetetlensége miatt allanddan
ugyanazon a helyen marad, addig a rotor igen Osszetett
moédon képes a térben vandorolni. A rotorok képz&désé-
hez sziikséges, hogy a hullamfront valamiféle barrierrel
talilkozzon, amely lehet strukturalis akadaly (példaul
heg) vagy valamiféle funkcionalis elektromos inhomoge-
nitas, anizotrépia a myocardiumban (példaul pitvari ext-
raszisztolé hatdsara). Anizotropian azt értjiik, amikor a
szivizomszovet ingeriiletvezetd képessége a szivizomros-
tok lefutasi iranyanak figgvényében jelentds valtozatossi-
got mutat. A rotorok esetenként egy meghatirozott terii-
leten (példdul VP-ok koriili tertilet) stabilan rogziilhetnek.
A hullimfrontok a myocardium organikus vagy funkcio-
nalis inhomogén teriileteivel interakciéba lépve feltore-
dezhetnek, majd szimos rendezetlen hullimot indukalva
kaotikus elektromos aktivitist idézhetnek el6 a pitvarok-
ban [22]. A t6bb ezer cikluson keresztiil stabil vagy atme-
neti, instabil rotorok feltérképezése endocardialis térké-
pezés ttjan (64 elektrédas ,,basket catheter”), valamint
testfelszini elektrodakat (példaul 252 db) magaban fogla-
16 térképezbrendszer révén egyarint lehetséges [5].

A FIRM- (fokalis impulzus- és rotormoduldci6) tera-
pia lényege a fokélis impulzusok és rotorok katéterablati-
6s elimindcidja. Tartésan pitvarfibrillalé betegek eseté-
ben 97%-ban igazoltik rotor vagy fokdlis impulzusok
jelenlétét. Az arrhythmogen forrast 24%-ban jobb pitvari
régiodkra lokalizaltak [11]. Hocini és mtsas arra utalnak,
hogy a jobb pitvari ablatiéval kiegészitett beavatkozasok-
nak magasabb a sikerardnyuk, mint a hagyomanyos elji-
rasoknak [24]. Osszegzésképpen megillapithat6, hogy

néhany lokalizdlt arrhythmogen forras hatdsara a pitvar-
ban elektromos dezorganizicié kovetkezik be, amely a
PF kialakuldsa szempontjabdl fokozott rizikét jelent. A
FIRM-ablatio révén ezen arrhythmogen forrasok aktivi-
tasa megsziintethetd vagy mérsékelhets [11].

Komplex frakcionilt pitvari elektrogramok

Perzisztens PF esetén a folyamatos pitvari elektromos
aktivitdssal jellemezhet6 komplex frakcionalt pitvari
elektrogramok (CFAE) lehetséges ablatiés célpontként
ismertek [25]. A CFAE-k kialakuldsa szimos mechaniz-
mussal magyarazhaté. A myocardiumnak olyan tertilete-
in fordulnak el8, ahol a szivizomrostok egymadstél elkii-
l6niilten, rendezetleniil vannak jelen. ValdszintGsithetd,
hogy a CFAE-k a pitvaron beliili ingeriiletvezetés passziv
megnyilvanuldsai, nem pedig a PF kivaltéi [22].

Perzisztens PF esetén a CFAE-ket tartalmazé régiok
gyakran a bal pitvar >50%-4ra kiterjednek. Mivel a CFAE-
helyek jelent&s hanyada nem specifikus, indokolttd valt a
PF fenntartasiban kritikus szereppel bird teriiletek azo-
nositasa, a CFAE-k morfolégiajan alapulé szelektiv elji-
rasok kidolgozasa [26].

Egy dllatmodell tantisaga szerint ibutilid (I11I-as oszta-
lyt antiarrhythmias szer) alkalmazasa mérsékli a pitvari
reentrymechanizmusokat, ellenben a PE-t generalé foka-
lis gbcok aktivitasara nincs hatdssal. Elképzelhets, hogy
az ibutilid alkalmazasat kovetSen is fennmaradé CFAE-k
teriiletén végzett ablatidval eliminalhaték a PF fenntartd-
sdban kritikus szereppel bir6 régiok, ami a beavatkozds
hatékonysaginak és a hossza tav arrhythmiamentesség-
nek a fokozédasiat eredményezheti. Egy randomizalt-
kontrolllt, ketts vaktanulmany soran perzisztensen pit-
varfibrillilé, kordbban PVI-n atesett betegek korében a
CFAE-ablatiét megel6z6en alkalmazott ibutilid hatdsira
a bal pitvar CFAE-t tartalmazé felszine nagyobb mérték-
ben csokkent (8% versus 1%), tovabba a PF gyakrabban
terminalédott (71% versus 56%), mint placebo adasa ese-
tén [26].

A pitvarfibrillacio-ablatio okozta arvhythmogen
és egyeb hosszn tavi hatasok

Ismert, miszerint a PF-ablatiot kovetSen hetekkel-hona-
pokkal gybégyszeres terdpidra nehezen reagild, gyakran
tartos pitvari tachycardia vagy atipusos pitvari flattern
alakulhat ki, amely ismételt katéterablatiés beavatkozds
elvégzését teheti sziikségessé. Ezek a ritmuszavarok leg-
t6képpen kiterjedt pitvari linedris laesiok képzése esetén
lépnek fel, és szubsztratjukat az inkomplett hegvonalak
talajan kifejl6dé reentrykorok képezik [27].

Emellett tobb vizsgalat eredménye utal arra, hogy a
kiterjedt ablatio a bal pitvar szisztolés funkci6janak kiro-
sodasihoz vezethet, amelynek kovetkeztében magasabb
thromboembolids kockizattal kell szamolni [28, 29].
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Epicardialis zsirszovet €s pitvari fibrosis

Az epicardialis zsirszovet a mesenterialis zsirhoz hasonl6-
an endokrin funkciéval is rendelkezik, tovabba gyullada-
sos folyamatok helyszinéiil szolgilhat. Ezzel szemben a
parietalis pericardiumon kiviil es6 paracardialis zsirszévet
vélhetGen nem jatszik szerepet endokrin és gyulladasos
folyamatokban. Az epicardialis zsirszovet altal szekretdlt
adipokinek, chemokinek és gyulladasos citokinek szaba-
don diffundilhatnak az alatta fekvé myocardiumba, an-
nak fibroticus elvaltozasat elidézve. Obesitas esetén a
zsirszovet fibroticus dtalakuldsra val6 hajlama fokozott. A
subepicardialis zsirszévet arrhythmogen volta a gyullada-
sos mediatorok, adipokinek altal kozvetitett parakrin ha-
tassal, valamint a gyulladas indukalta fibrosis talajan vég-
bemend remodellaciéval magyarazhaté. A myocardiumba
infiltrdl6 subepicardialis zsirszovet fibrosisanak talajan
bekovetkez§ szerkezeti dtalakulds az érintett teriileteken
elektromos disszocidciot okoz, az ingertiletvezetés lassul
és heterogénné valik, unidirekcionalis blokkok és reentry-
korok képzédnek, ezaltal fokozddik a PF kialakuldsanak
és fennmaraddsdnak val6szindisége [2, 3, 5, 6].

A pitvari fibrosis szempontjabél riziktényezdként te-
kintend6 az idGskor, a hypertonia, a szivelégtelenség, az
obesitas, a szivbillenty(i-betegség, az OSAS fennallasa,
toviabbd maga a PF is hajlamosit epicardialis talsalya ko-
tészovetes elfajuldsra a pitvarokban. A fibrosist el6idézé
folyamatban szdmos tényez§ (gyulladaskeltd citokinek,
oxidativ stressz, transzformalé novekedési faktor-béta,
RAAS, kalciumdependens protedzok, extracellularis
mitrixot szabdlyozé fehérjék, hypoxia indukalta faktor-
1-alfa, endothelin-1) szerepet jitszik. A fokozott fizikai
terhelés vagy gyulladis okozta kévetkezményes fibrosis
[30] szerepe szintén jelentds.

Haemers és mtsai szivmitéten dtesett betegek jobb fiil-
csébdl szarmazd szovetmintdin vizsgiltak az esetenként
jelent8sen fibroticus (remodelldlt) zsiros infiltratumok-
nak a PF patomechanizmusdban betoltott szerepét. A PF
az epicardialis remodellcié szignifikdns klinikai predik-
toranak bizonyult. CD8+ citotoxikus T-lymphocytik
aggregatumait is lefrtdk a subepicardialis zsirszévetben,
ami arra utal, hogy a zsiros-kotGszovetes infiltritumok
teriiletén immunreakci6 is zajlik. Mivel a pitvari zsirszo-
vet fibrosisiban szamos klinikai tényezének szerepe le-
het, a szerz6k juhoknal gyors pitvari ingerléssel perzisz-
tens PE-t kivaltva is végeztek elemzéseket. Ezt a modellt
alkalmazva a PF szoveti szint(i hatasai jelentGs bal kamrai
funkciézavar hidnyaban vizsgilhatok. A pitvarfibrillilo
juhok esetén a zsiros infiltraitumok teriiletén nagyobb
aranyban voltak jelen lymphocytaaggregitumok, mint a
kontrollallatokban [31].

A pitvari fibrosis kiemelt jelent&ségére utal, hogy fel-
merilt a ,kotészovetes pitvari  szivizom-elfajulds”
(FACM) mint 6nall6 fogalom alkalmazasa. A pericardia-
lis zsirszovet Ossztérfogata arinyos a PF gyakorisigival
és salyossagaval, tovabba az ablatiot kovetS arrhythmia-
visszatérés valdszindtségével [3]. A pitvari fibrosisnak

mindemellett a kriptogén stroke-ok kialakuldsiban is
szerepet tulajdonitanak. Fokozott pitvari fibrosis esetén
gyakrabban észlelhet§ a bal fiilcsében spontan echékont-
raszt, valamint thrombus [2].

A pitvari fibrosis mértékének jelentisége
a katéterablatio sikevességére

Szamos katéterablatiés vizsgalat elemezte a pitvari fibro-
sis mértékének jelentGségét. A pitvari fibrosis kimutatha-
té szovettani Gton, elektrofizioldgiai médszerekkel (pit-
vari fesziiltségértékek csokkenése), tovabbd késGi
kontraszthalmozasos technikaval végzett sziv-MRI (DE-
MRI)-vizsgilattal. A DE-MRI lehet8séget nyqjt a pitvari
fibrosis noninvaziv Gton torténé mennyiségi meghataro-
zdsara. Az eljaras lehet&vé teszi a fibroticus és az ép myo-
cardium differencialasit. Meghatirozhaté a fibroticus
myocardium teljes pitvarfali térfogathoz viszonyitott
%-os mennyisége. A szdzalékos értékeken alapulé Utah-
klasszifikicié négyfokozatt skalan jellemzi a pitvari fib-
rosis kiterjedtségét: 1.: <10% fibrosis; II.: 10-20% fibro-
sis; III.: 20-30% fibrosis; IV.: >30% fibrosis. PF-ban
szenvedS populacidban a kés6i kontraszthalmozast te-
riiletek jellegzetes lokalizaciéi a bal VP-antrum, tovabba
a bal pitvar hatsé és oldals6 fala. Perzisztens PF esetén
ezek a régiok, kiilonosen a bal pitvar eliils6 és hatso falat
illetéen, fokozottabb kiterjedést mutatnak. A pitvari fib-
rosis mértéke, tovabbd a legnagyobb fibroticus teriilet
mérete jelentds hatdssal van az ablatiét kovetd arrhyth-
mia-visszatérésre. Eszerint magas ablatiés sikerarany var-
haté Utah I. stidiumban, tovabba kisméret(i fibroticus
teriiletekkel biré Utah II. és I1I. staidiumban. Nagymére-
tl fibroticus régiok, tovabba Utah IV. stidium esetén a
sikeres ablatio esélye csekélyebb [2, 5, 32].

Az ablatiot kovetoen fennmarado rvesidualis
fibrosis szervepe

A katéterablatio célja krénikus transmuralis laesio [étre-
hozatala. A DE-MRI lehet6vé teszi az ablatio sordn kép-
zett hegek, valamint a residualis fibrosis megitélését. A
visszatér$ ritmuszavarmentes talélés igazoltan Osszefigg
a residualis fibrosissal [33]. Amig a stabil heges laesio az
ablatiot kovet§ arrhythmiamentesség szempontjabol
kedvezd, addig progressziv fibrosis esetén a ritmuszavar
visszatérése varhat6 [2].

Autonom idegrendszeri hatasok

Az autoném idegrendszer aktivacidja jelent8s elektrofi-
ziologiai valtozasokat idézhet el§ a pitvarokban, pitvari
tachyarrhythmidk indukcidjat el6idézve [22, 34].

A sziv vegetativ beidegzése

A sziv vegetativ beidegzésében a sziven kiviili (extrinsic),
valamint a sziven beliili (intrinsic) ganglionoknak egya-
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rant jelentSs szerepiik van. Az intrinsic autoném ideg-
rostok f6ként a pitvarokban, kiilondsképpen a bal pitvar-
VP junkcié kozelében, az epicardium alatt talalhatok. Az
itt elhelyezkedd ganglionplexusoknak kozvetit§ szere-
ptik van az autoném stimulusok arrhythmogenesisében.
A ganglionsejtek mintegy 30%-a adrenerg és kolinerg
immunfenotipussal egyarint rendelkezik, emiatt a szim-
patikus és paraszimpatikus idegrostok szelektiv radio-
frekvencias ablatidja nehézségekbe titkozhet [22, 34].

Autonom hatdisok sejtszintii mechanizmusai

Az autoném pitvari remodellicié magaban foglalja az
extrinsic (szimpatikus és paraszimpatikus), valamint a
komplex idegi halézatot képezd intrinsic ganglionok
szintjén torténd funkcionalis viltozasokat. A béta-adre-
nerg, illetve a kolinerg ténus fokoz6dasa, a katecholami-
nerg és a vagustonus egyensulyanak megviltozasa egya-
rant PF-t indukdlhat [5]. A fokozott adrenerg ténus a
fokdlis ectopids gbcok automicidjanak fokozisa, illetve
kalciumdependens triggerelt aktivitis novelése révén
valthat ki ritmuszavart, mig a kifejezett vagusténus az
acetilkolindependens kdliumaramot indukalva a pitvari
refrakter periédus csokkenése révén reentrykorok kiala-
kuldsinak kedvez. A vagusténus fokozdddsa sordn a ref-
rakteritds csokkenése jelentds regiondlis kiilonbségeket
mutat, ami hozzajarul a fokozott vagusténus PF-t indu-
kal6é hatdsihoz. A PF tartdssa valdsiban kiemelt szerep
jut a strukturdlis remodelliciénak. A béta-adrenerg sti-
mulacié altal kivaltott fokozott kalciumaram géntransz-
kripcids véltozisokat indukdlva szivizomsejt-hyper-
trophiat és fibrosist idéz el6 [34].

Tirsbetegségek és életmodbels tényeziok szerepe
az autonom idegrendszers hatiasokon kevesztiil

Az autondém idegrendszeri hatdsokat kiilonféle tarsbe-
tegségek befolyasoljak [22]. Egyes kérallapotok (példaul
myocardialis infarctus) esetén az autoném idegrostok
aktivitdsa fokoz6dhat, ami pitvari és kamrai arrhythmiak
fellépését idézheti el6. Jellemz§ a pitvari szimpatikus in-
nervacié fokozédasa magas frekvencidjt tartés PF kiala-
kuldsaban [34].

Az ut6bbi években tobb vizsgalat foglalkozott a fizikai
aktivitds és a PF Osszefiiggésével. A mérsékelt testedzés
kedvez6 hatasaval ellentétben az alloképességi sportok
versenyszint izése esetén a PF hajlama magasabbnak
bizonyult. Noha az idskorban végzett rendszeres séta a
ritmuszavar kialakuldsa szempontjabél minden bizony-
nyal kedvezd, napi szinten végzett futas esetén fiatal fér-
fiaknal a PF gyakorisiga magasabbnak bizonyult. Nielsen
és mitsni metaanalizise hasonlé eredményeket igazolt.
Eszerint a hosszt tiva, intenziv sporttevékenység, to-
vabba a fizikai aktivitds teljes hidnya egyarant fokozza a
PF rizikéjit, mig a rendszeres mérsékelt testmozgds a PF
szempontjabodl kedvezd hatassal birhat. A PF kialakulasa

szempontjibdl kedvezétlen fizikai aktivitds pontos mér-
téke ugyanakkor igen nehezen hatirozhaté6 meg [35,
36]. Egy hazai kozlemény tantisiga szerint heti 3-5 6ra-
nyi testmozgas szimos pozitiv egészségi elénye mellett
nem noveli a PF kockazatat [37].

A fizikai aktivitisnak az dltalinos egészségi allapotra és
a cardiovascularis rendszerre, igy a PF kialakuldsdra kifej-
tett hatdsaban szimos patofiziolégiai tényezd jatszik sze-
repet. Az aerob testedzés soran a paraszimpatikus tonus,
a baroreceptorok érzékenysége, valamint a szivizomros-
tok kolinerg érzékenysége fokozodik, ami egyiittesen a
pitvari refrakteritds csokkenését elGidézve PF-t indukal-
hat. Ujabban az epidemiolégiai adatokon kiviil [38] hu-
mdn biokémiai és MRI-vizsgalatokkal is igazoltik [39,
40], hogy az elhtiz6dé bal és jobb pitvari fizikai terhelés
és a kovetkezményes emelkedett pulmonalis nyomas él-
sportolokban fokozott pitvari fibrosist is okoz, amely a
PF kivaltasaban is szerepet jatszik. A nem extrém sport-
terhelés (testedzés) soran megnyilvanul6é paraszimpati-
kus ténusfokozédis ugyanakkor a PF szempontjibol
protektiv hatéssal is birhat [5, 34]. Ezzel szemben, amint
Nielsen és mitsai kifejtik, a mozgisszegény életmédd elhi-
zashoz, diabeteshez, hypertonidhoz és coronariabeteg-
séghez vezethet, valamint a szivfrekvencia novekedését
okozhatja, eziltal fokozva a PF elSfordulasi gyakorisi-
git. A rendszeres mérsékelt fizikai terhelés a felsorolt té-
nyez8k mérséklésével csokkenti a PF kockdzatat [36].

Az autonom idegrendszeven kevesztiil hato

Ve

terapias lehetoségek

Az auton6m idegrendszer moduldcidja lehetGséget nyadjt
a pitvari remodellicié folyamatinak befolydsoldsira. Az
autoném idegrendszer tulzott aktivitisa gatolhatd
gyogyszerek révén, eszkozos tton, emellett a rendszeres
sporttevékenység is kedvez$ hatasa. Az antiarrhythmids
gyogyszeres terapidk jelentds része hatassal van az auto-
ném idegrendszerre. A béta-blokkolok széles korben al-
kalmazott, a szimpatikus idegi aktivitast gitlé gyogysze-
rek, amelyek az elektromos cardioversio utin visszatérd,
valamint a posztoperativ PF megel6zése szempontjabol
is kedvez6 hatdsanak bizonyultak. Az els6ként alkalma-
zando6 gyogyszeres kezelés mellett az alabbiakban ismer-
tetett eszk6zOs beavatkozasok is a neuromodulicids te-
rapids lehet&ségek kozé sorolanddk. Mivel a szivre hatéd
autondém idegi struktirik egymdssal jelentés mértékben
egyiittmiikodnek, a neuromoduliciés terdpiak sordn egy
adott tertiletet célz6 beavatkozasok egyéb struktarakra is
hatassal lehetnek. A szimpatikus denervicié hossza tava
hatdsai jelenleg nem ismertek [5, 34].

A szimpatikus beidegzés gitlisa elérhetd dtmeneti
aton a nervus vagus cervicalis szakaszanak stimuldciéja-
val, vagy végleges mddon, a ganglion stellatum denerva-
cidjaval. A baroreflex eszk6zos aktivalasa a sinus caroti-
cus direkt Gton torténd stimuldlasa révén lehetséges. A
nervus vagus stimulaciohoz hasonldan ez az eljaras is je-
lent&sen csokkenti a szimpatikus idegi aktivitast. Enyhe
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foka stimulacio sordn a pitvari refrakter periddus nagyfo-
ka, kedvezétlen csokkenése nem kovetkezik be. A szo-
matikus idegek transzkutin stimulacidja (példaul a tra-
gus teriiletén) autonémreflex-vilaszokat eredményezhet
[34].

A PVI soran gyakran a VP-ok koriili ganglionplexus
részleges ablatidja is bekovetkezik. Ez jarulékosan torté-
nik, de ezenfeldl vizsgaltik a célzott ganglionablatio ha-
tasat is, valtoz6 eredménnyel. Egyes vizsgalatok tantisiga
szerint ganglionablatidval kiegészitett PVI esetén maga-
sabb sikerardny varhat6, mint kizarélagos PVI-t kovets-
en. Mas tanulmanyok ugyanakkor arrél tesznek emlitést,
hogy a terdpias célit ganglionablatiénak olykor paradox
hatésa is lehet [5, 22, 34].

Az endovascularis tton végzett renalis szimpatikus de-
nervacio gyogyszeres terapiara nem reagalé hypertensio
esetén kisérleti kezelési modszer. Az eljaras a szimpatikus
idegi aktivitas csOkkentése révén a PF neuromodulacios
terdpidjaban is haszndlatos lehet. A renalis szimpatikus
denervicié kozvetlen hatist gyakorolhat a pitvari
szubsztrtra. A beavatkozas kovetkeztében a RAAS akti-
vitdsa csokken, a pitvari fibrosis, gyulladas, apoptézis
mérséklédik [5, 34]. Az atrioventricularis csomora hatd
paraszimpatikus idegek stiumulaldsa a gyogyszeres keze-
lésre nem reagalé magas kamrafrekvencidja PF frekven-
ciakontroll-terdpidjinak lehetséges invaziv megoldasa le-
het [41,42].

Fokozott alvadékonysag

A PF fennallasa fokozott alvadékonysaggal jaré allapot.
A fokozott alvadékonysag szintén arrhythmogen hatasu.
A PF idején fenndll6 ischaemia aktivalja az alvadasi fakto-
rokat, amelyek protedz aktivilta receptorokat (PARs) sti-
muldlva szivizomsejt-hypertrophiat, gyulladisos reakci-
6t, valamint fibroblastaktivicié talajin pitvari fibrosist
idéznek el6. A fokozott alvadékonysag altal aktivalt fo-
lyamatok a pitvarok strukturalis remodellacidjit elSidéz-
ve megzavarjak a szivizomrostok kozotti ingeriiletveze-
tést, és ezdltal a PF szubsztratjaul szolgalnak [5, 43].

Patkianybdl izolalt pitvari fibroblastokban thrombin
hatdsdra a fibrosist és gyulladast indukdl6 folyamatok fo-
kozoédasat figyelték meg. A thrombint gatlé dabigatrin
mérsékelte ezeket a hatdsokat. Thrombomodulinmuta-
cié miatt fokozott alvadékonysigra hajlamos fenotipusa
transzgenikus egerek esetén konnyebben lehetett PE-
epizodokat indukélni, és azok tartdsabb ideig dlltak fenn,
mint a vad fenotipusban. Mindezek az adatok arra utal-
nak, hogy a fokozott alvadékonysiaggal jaré allapotok-
nak szerepiik lehet a PF-szubsztrat kialakuldsiban. A
NOAC-ok eredményesen gitoljak a pitvari fibroticus fo-
lyamatokat és a PF szubsztratjinak kialakuldsit, ezaltal
késleltethetik a PF progresszidjat, tovibba a pitvari
thrombusképz&dést és a kovetkezményes stroke kialaku-
lasat [43].

Genetikai tényezSk

A , Framingham Heart Study” tanulmany igazolta, hogy
PE-ban szenvedd egyének leszarmazottainak egyéb PE-
ra hajlamosité koérillapotok fenndllasitél fiiggetleniil fo-
kozédott a PF-rizikéjuk [44]. Egyes nukleotidpolimor-
fizmusok (példaul a 4q25-6s kromoszémalocuson)
feltételezhetGen hajlamositanak PF kialakuldsira. A
4q25-6s locus a PITX2-es (paired-like homeodomain
transzkripcids faktor-2) géntSl nem messze helyezkedik
el, amelynek az embrionalis szivfejlédés soran kulcssze-
repe van a VP koriili myocardiumhiively kialakuldsiban
[45].

Az elmalt években szamos fesziiltségtiiggd natrium- és
kaliumcsatornat érinté mutaciot, illetve variacidét azonosi-
tottak a PF hatterében. A PF-hoz tarsulé kidliumcsatorna-
varidnsok tobbsége a csatorna fokozott mikodését idézi
eld, aminek kovetkeztében a pitvarban a repolarizicié
hamarabb kovetkezik be, az akcids potencial idStartama
és a refrakter periddus rovidiil, s ez reentrykorok kialaku-
lasdnak kedvez. A kaliumcsatornik funkcidveszté mutici-
Oja a pitvari akcids potencidl id6tartamanak megnyulisin
keresztiil, korai utédepolarizaciét okozva valt ki PF-t. A
tesziiltségfiggd natriumcsatorndk funkciényerd, -vesztd
varidciéi egyarant arrhythmogen szubsztritot eredmé-
nyeznek. A connexin 40 gap junction proteint kbédold
gén mutacidja a pitvarokban az ingeriiletvezetési sebesség
csokkenéséhez vezet, ami reentrykorok képzddésének
kedvez. Jelatviteli faktoroknak és egyéb (lamin, natriure-
ticus peptid prekurzor) molekulidknak a variaciéit is azo-
nositottik a PF hatterében [46, 47 ].

A pitvari miozinkonnydlincot kédol6 MYL4-génen
beliili deletiénak a recessziven 6rokl6dé, korai kezdetd
PF patogenezisében tulajdonitanak szerepet [48].

A pitvarfibrillacio szerepe a pitvarfibrillacio
patomechanizmusaban

Egy tanulmdny tantsiga szerint tarsbetegségekkel nem
rendelkezd, paroxismalisan pitvarfibrillilé betegeknél at-
lagosan 15 ¢év alatt 18%-ban fejlédik ki tartés PF [49].
Rovidebb ideig tarté paroxismusok esetén kisebb, mig
hosszabb fennallas esetén nagyobb gyakorisiggal alakul
ki krénikus ritmuszavar [50]. Kémiai vagy elektromos
cardioversio nagyobb sikerardnnyal végezhetd rovid ide-
je fennallé PF esetén. Ezek a megfigyelések arra utalnak,
hogy a PF a hattérben all6 tényez6ktdl figgetleniil, 6n-
magdaban progressziv betegség, és lefolydsa sordn olyan
elektrofiziologiai és szerkezeti elvaltozasokat okoz, ame-
lyek el6segitik Gjabb PE-epizédok kialakuldsat, valamint
a ritmuszavar dllandosulasit [23].

Wigffels és mesai (1995) 12 kecske pitvari epicardiuma-
ra szamos elektroédat varrtak, majd 2-3 hét malva egy
kiils6leg csatlakoztatott pacemaker segitségével mester-
séges uton PF-t idéztek el§. Amig a folyamat elején, si-
nusritmus fennallasa mellett, az indukalt PF-epizdédok
csupan néhany mdsodpercig tartottak, és jellemzdGen
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spontin sziintek, addig a ritmuszavar hosszan tarté mes-
terséges fenntartdsa a PF idGtartamanak progressziv no-
vekedését okozta, mig végiil a ritmuszavar tartdssa vilt,
és tobbé nem sziint meg magitol. 24 6ran keresztiil
fenntartott PF hatdsira a PF indukdlhatésiga 24%-rél
76%-ra fokozddott. A pitvari effektiv refrakter periédus
az els6 24 o6raban pitvarszerte jelentésen csokkent. A
krénikus PF kialakulasaval parhuzamosan a pitvari elekt-
rogramok morfolégidja is megviltozott, az amplitaddd
csokkenése mellett nagyfoktl fragmentacié és az izo-
elektromos szakaszok megsziinése valt jellemzévé [23].

A tanulminy sordn azt is megfigyelték, hogy hosszan
fennall6 PF esetén a pitvari refrakter periédus a fiziologi-
as reakciotol eltéréen nem csokken az ingerlési frekven-
cia novelésének hatdsira. Ennek jelent&ségét az adja,
hogy amennyiben cardioversiot kovetGen a jelentSs frek-
venciacsokkenést nem kiséri a refrakter periddus kells
megnyulasa, a helyreallitott sinusritmus ideje alatt a pit-
varban kritikusan révid marad a refrakter periédus, ami a
PF korai gjrainduldsat okozhatja egy pitvari extrasziszto-
1é hatdsara [23].

A tanulmdny soran tapasztalt pitvari refrakteritas csok-
kenése és az ezzel parhuzamosan rovidilé fibrillacids
ciklushossz mellett vélhetSen egyéb tényezdk (a pitvarok
tagulata, a pitvaron beliili ingeriiletvezetési sebesség alta-
lanos csokkenése, helyi ingeriiletvezetési blokkok) is sze-
repet jatszhatnak a krénikus elektrofiziolégiai adaptacio-
ban és ezaltal a PF tart6ssa valasiban [23].

A Wigffels és mtsai (1995) altal kozolt atrial fibrilla-
tion begets atrial fibrillation” (a PF Gjranemzi 6nmagat)
elmélet értelmében tehat a PF talajan olyan elektrofizio-
légiai valtozdsok kovetkeznek be, amelyek az effektiv
refrakter periddus csokkenése révén a ritmuszavar tovab-
bi fennmaraddsat okozzik [23]. Hosszu ideje fennalld
PF esetén a bal pitvarban remodelliciés folyamatok ko-
vetkeznek be, amelyek elektrofiziolégiai (bal pitvari szig-
nalok alacsony fesziiltségértéke), valamint képalkotd
(MRI-) moédszerekkel is igazolhaték. Fontos tényezd,
hogy a PF folyamatos fennallisinak idGtartamaval ard-
nyosan a pitvari elektromos aktivitas egyre komplexebbé
valik, a PF indukélta pitvari remodellicié pedig a ritmus-
zavar kés6i staidiumdban egyre inkabb elsegiti az Gjabb
epizddok kialakuldsit [4]. Emellett nyilvinvaléva valt,
hogy a PF strukturalis viltozasokhoz (pitvari fibrosis, bal
pitvari dilatacid) is vezet, ezaltal is elGsegitve a ritmusza-
var dllandésulasat. A pitvari remodellacié tehat kivaltja,
majd fenntartja a ritmuszavart, ami énront6 kér moédjdra
felgyorsitja a remodellacié folyamatat. Fontos tényezd
azonban, hogy a PF klinikai megjelenése és lefolyasa
egyénenként igen viltozatos, tovabbd az emlitett struk-
turdlis remodellacié nem pitvarfibrillilé betegek eseté-
ben is jelen lehet [2]. A sinusritmus fenntartasanak el6-
nyeként tartjak szimon a PF indukalta pitvari kdrosodas
mérsékl6dését, az elektromos és strukturilis remodella-
ci6 esetleges visszaforditasat (reverz remodellacio).

A tarsbetegségek szerepe

Az elmult évtizedekben szdmos rizikéfaktort azonositot-
tak a PF kialakuldsaban, valamint a PF-epizédok visszaté-
résének hatterében, tgymint idSs életkor, hypertonia,
obesitas, szivelégtelenség, kronikus vesebetegség, OSAS,
az aortabillenty meszesedése, dohanyzis, intenziv
sporttevékenység, a testedzés hidnya, PE-ban eltoltott
id6, genetikai faktorok, pericardialis zsirszovet [4, 5].
Egy nemrégiben megjelent kozlemény adatai szerint a
prachypertensio, valamint az emelkedett ¢homi vércu-
korszint normal teststlyt egyének esetén is hajlamosit 4j
keletd PF kialakuldsara [51]. Hosszt ideje fennall6 PF,
valamint cardiovascularis tirsbetegségek jelenléte esetén
a bal pitvarban remodelliciés folyamatok kovetkeznek
be [4]. Az akut myocardialis infarctust kovetd idGszak-
ban 6-21% gyakorisiggal 1ép fel PF [52].

Az obesitas jelentosége a pitvarfibrillacio
patogenezisében

A Danish Diet, Cancer, and Health Study tanulmany ki-
mutatta, hogy a testtomegindex (BMI) novekedésével
parhuzamosan a véletleniil felfedezett PF kockazata fo-
kozédott [53].

Nalliah és mtsai részletesen ismertetik az elhizasnak a
PF patogenezisében feltételezett szerepét. Az elhizds he-
modinamikai, szerkezeti és elektromos miikodészavart
okoz a pitvarokban, a pitvar fibroticus dtalakuldsa jellem-
26, ezaltal fokozza a PF kialakuldsinak és progresszija-
nak rizikéjat. Obesitas esetén nemritkin alakul ki di-
asztolés diszfunkcid, amely mellett a PF gyakrabban
jelentkezik perzisztens formaban, stlyosabb tiinetekkel.
Allatmodell esetén azt tapasztaltak, hogy teststilygyara-
podas hatdsira pitvari megnagyobboddssal, kamrai
hypertrophiaval, pericardialis zsirdepoziciéval, hetero-
gén ingeriiletvezetéssel jellemezhet6 progressziv remo-
dellicié kovetkezik be, amelynek talajin a PF gyakoribba
valik. A pericardialis zsir tartés obesitas esetén leginkdbb
a bal pitvar hatsé falat infiltrdlja [3].

Az obstruktiv alvasi apnoe szevepe
a pitvarfibrillacio patomechanizmusiban

Az OSAS jellemzdje a fels6 légutak alvas kozbeni atme-
neti kollapszusa, amely hypoxiat, hypercapniat, koéros
melltiri nyomdsvaltozast, valamint autoném idegrend-
szeri talmiikodést okoz. Ezek a patofizioldgiai mecha-
nizmusok kolcsonos egymadsra hatdssal novelhetik a PF
rizikéjat. Rdadasul OSAS esetén fokozott cardialis remo-
dellaciot és szisztémds gyulladast igazoltak, amely ténye-
z6knek szintén szerepiik lehet a PF genezisében és fenn-
tartasiban [54].
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A tarsbetegségek kezelésének szevepe
a pitvarfibrillicio terapidajaban

A rendellenes pitvari remodelliciéért felel6s kockdzati
tényezdk jelentSs csokkentését célzo terapia lehetévé te-
szi a PF-szubsztrait mérséklését. Intenziv testsulycsok-
kentés, valamint az egyéb tarsuld rizikofaktorok (csok-
kent ejekcids frakcidju szivelégtelenség, revascularisatiot
igényld ischaemiis szivbetegség, mitralisbillentyl-beteg-
ség) evidencidkon alapuld, hatékony kezelése reverz
szubsztratremodellaciot elidézve a PF-ban eltoltott id6
csokkenését és az ablatio sikerardnydnak javulasit ered-
ményezheti. Pitvarfibrillalé betegeknél, eredményes bil-
lentyti- vagy coronariamtitét utan érdemes a sinusritmus
visszaallitasit megpréobalni. Kimutattak, hogy a pitvari
fibroticus folyamatok mérsékelhet6k a RAAS és a HMG-
CoA-reduktiz gitlisa (angiotenzinkonvertiléenzim-
gitlok, angiotenzinreceptor-blokkoldk, statinok), tovab-
b4 tobbszorosen telitetlen zsirsavak alkalmazasa révén.
A csokkent ejekcids frakcidju szivelégtelenség gyogy-
szeres terdpidja (angiotenzinkonvertildéenzim-gatlok,
béta-blokkolok, mineralokortikoidreceptor-antagonis-
tak) mellett a kozponti szimpatikus ténusra haté mo-
xonidinnek is szerepet tulajdonitanak a PF prevencidja
szempontjabol [3-5].

Kovetkeztetések

A PVI a PF altalanosan elfogadott, széles korben alkal-
mazott terapids modszere, amelynek sikeraranya azon-
ban, kiilénosen perzisztensen pitvarfibrillalé egyének
esetén, a javulé eredmények ellenére sem emelhets egy
bizonyos hatar f61é. Noha az ablatiot kovetd arrhythmia-
visszatérés oka a korai id6szakban a VP-ok szajadékanal
képzett heg vezetSképességének a helyredllasa, kés6bb a
PE-szubsztrat progredidldsa miatt Gjul ki a ritmuszavar.
PF esetén a terapias siker novelése érdekében tehdt olyan
kezelési stratégiakra is sziikség lehet, amelyek a PF pa-
tomechanizmusaban szerepet jatsz6 szamos lehetséges
tényezdt figyelembe véve célozzak meg a ritmuszavar
elimindldsait. A PF fenntartisiban jelentGséggel bird,
Gjonnan felismert faktorok (pitvari epicardialis zsirszovet
és fibrosis, nem VP-eredet(i arrhythmogen gécok, roto-
rok, autoném idegrendszeri hatisok) mértéke nagyfoka
egyéni valtozatossigot mutat. Ezeknek a tényezSknek
a vizsgalatira egyre tobb noninvaziv moédszer (CT,
DE-MRI, testfelszini térképezés) all rendelkezésre. Az
arrhythmogen trigger- ¢és szubsztritmechanizmusok
azonositasa olyan egyénre szabott terapids modszerek
(fibrosis mérséklése a RAAS gatlasin keresztiil, hegek
homogenizalisa, rotorok és nem VP-eredetii fékuszok
ablatiéja, neuromodulicié) kidolgozasit teszik lehet6vé,
amelyek alkalmazasa a jelenleg evidenciakon alapulé VP-
ablatio hossza tava eredményességére is kedvez6 hatas-
sal lehet. Mindezek mellett, a tartds terdpids siker érde-
kében, elengedhetetlen a fenndllé kockdzati tényezSk
hatékony csokkentése, illetve kezelése.

Anyagi tamogatds: A kozlemény megirasa, illetve a kap-
csolédo kutatémunka anyagi timogatisban nem része-
stilt.

Szerzoi munkamegosztis: K. Sz.: Szakirodalmi adatok
gytjtése, a kézirat piszkozatinak megirasa, abrik elkészi-
tése. D. G.: Szakirodalmi adatok gytijtése, a kézirat pisz-
kozatinak megirasa. P. I.: A dolgozat koncepcidjanak
kialakitasa, a megfogalmazottak pontositisa. A cikk vég-
leges valtozatit valamennyi szerz§ clolvasta és jéva-
hagyta.
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Abstract

Aims Inflammatory pathways are increasingly recognized as an important factor in the pathophysiology of both heart failure
(HF) and atrial fibrillation (AF). However, there is no data about inflammation-related histological and molecular alterations in
HF-associated AF. The objective of our study was to investigate inflammatory pathways and fibrosis in end-stage HF-
associated AF.

Methods and results Left atrial samples of 24 male patients with end stage ischemic HF undergoing heart transplantation
were analysed. Twelve patients suffered from sustained AF while the others had no documented AF. The expression of inflam-
masome sensors and their downstream signalling were investigated by Western blot. No differences were observed in the ex-
pression of inflammasome sensors between the two groups, while cleaved caspase-1 increased tendentiously in the AF group
(P =0.051). Cleaved caspase-1 also showed significant correlation with the expression of interleukin-1f and its cleaved form in
the total population and in the AF group (P < 0.05). The presence of myocardial and epicardial macrophages were assessed by
ionized calcium-binding adaptor molecule 1 (Ibal) immunostaining. Number of macrophages showed a tendency towards
elevation in the left atrial myocardium and epicardium of AF compared with SR group. The amount of total and interstitial
fibrosis was determined on Masson’s trichrome-stained sections. Histological assessment revealed no difference between
AF and SR groups in the amount of either total or interstitial fibrosis.

Conclusions This is the first study on inflammation-related differences between HF with SR or AF showing elevated inflam-
masome activity and enhanced macrophage infiltration in left atrial samples of patients with AF.

Keywords Heart failure; Atrial fibrillation; Inflammasome; Macrophages; Fibrosis
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Backgrou nd is lack of publications investigating whether the presence of
AF is associated with enhanced inflammation in atrial tissues

Atrial fibrillation (AF) is the most common sustained cardiac  of HF patients.

arrhythmia. Heart failure (HF) is a known risk factor for AF;

however, numerous HF patients never develop AF indicating

presumable pathological differences between the types of

HF associated with AF or sinus rhythm (SR). There is a grow- Aims

ing number of evidence that inflammatory mechanisms con-

tribute to the pathogenesis of AF.>? Although inflammasome ~ We aimed to assess whether there is a relationship between

activity is observed among patients with HF generally,® there  inflammation and HF-associated AF in failing human

© 2022 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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hearts. The focus of our research was on canonical inflamma-
some activation.

Methods

De-identified human left atrial samples from explanted hearts
of 24 patients with end-stage ischemic HF undergoing heart
transplantation were obtained from the Transplantation
Biobank of the Heart and Vascular Center at Semmelweis
University, Budapest, Hungary. The project complies with
the Declaration of Helsinki and it was approved by the institu-
tional and national ethics committee (ethical permission
numbers: ETT TUKEB 7891/2012/EKU (119/PI/12.) and ETT
TUKEB 1V/10161-1/2020). All patients provided written in-
formed consent. Half of the patients had no documented
AF (SR, n = 12) and the other half suffered from persistent
AF (AF, n = 12). All individuals were male between
43—-64 years of age (SR: median 56.5 [IQR 48-60] years, AF:
median 57.5 [IQR 54.5-60.5] years) with body mass index of
18.2-33.2 kg/m? (SR: median 28.9 [IQR 25.0-30.2]kg/m?,

Table 1 Patient characteristics

AF: median 25.8 [IQR 23.5-28.8]kg/m?), ejection fraction of
10-36% (SR: median 20 [IQR 18-25]%, AF: median 24 [IQR:
22-26]%) and left atrial length of 47-82 mm (SR: median 58
[IQR 52-65]mm, AF: median 63 [IQR 59-66]Jmm). None of
them suffered from diabetes mellitus (Table I).

Inflammasome activation was assessed by Western blot
from tissue lysates prepared from left atrial samples as previ-
ously described.? The expression of inflammasome sensors
(NLR family, pyrin domain containing 1 and 3 [NALP1, NLRP3],
absent in melanoma 2 [AIM2], NLR family CARD
domain-containing protein 4 [NLRC4]) and their downstream
signalling (apoptosis-associated speck-like protein containing
a CARD [ASC], caspase-1, interleukin-18) were analysed
(Supplementary Figure). Five samples (two from SR and three
from AF) were excluded due to low-quality homogenates
(Figure 1A). Image analysis was performed using Image
Lab™ 6.0 software (Bio-Rad, Hercules, CA, USA).

To assess the presence of macrophages in the epicardial
and myocardial areas of left atrial samples (Figure 2A) from
SR (myocardium: n = 6, epicardium: n = 4) and AF (myocar-
dium: n = 7, epicardium: n = 6) groups, immunohistochemis-
try was performed to stain ionized calcium-binding adaptor

Patients with sinus
rhythm (n = 12)

Patients with atrial
fibrillation (n = 12)

Age (years)
Sex (M/F)
BMI (kg/m?)
Aetiology of heart failure
Ischemic
Non-ischemic
NYHA stage
I
1]
[\
Echocardiography parameters
EF (%)
LA length
Artificial heart valve
CRT
Medication
Parenteral loop diuretics
Parenteral inotropic support
Parenteral vasopressor agent
Mechanical circulatory support
Mechanical ventilation
Ventricular tachycardia
Diabetes mellitus
Infection
Presence of infection
Antibiotic treatment due to infection
White blood cell count (G/L)
CRP (mg/L)
PCT (ug/L)

56.5 (48.0-60.0) 57.5 (54.5-60.5)
12 (100)/0 (0) 12 (100)/0 (0)
28.9 (25.0-30.2) 25.8 (23.5-28.8)

12 (100) 12 (100)
0(0) 0(0)
0(0) 1(9)
7 (58) 7 (64)
5 (42) 3(27)
20 (18-25) 24 (22-26)
58 (52-65) 63 (59-66)
0(0) 1(8)
3 (25) 5 (42)
3 (25) 4(33)
3 (25) 4(33)
0(0) 1(8)
1(8) 1(8)
0(0) 1(8)
1(8) 4(33)
0(0) 0(0)
4 (33) 4(33)
3(25) 4(33)
7.6 (6.7-9.5) 8.9 (6.6-9.4)
4.7 (1.6-9.7) 3.0 (2.4-4.9)

0.03 (0.02-0.05)

The most relevant baseline characteristics of the patients whom left atrial tissues were examined are listed. All patients were male with
ischemic cardiomyopathy. In case of categorical variables, data are presented as number (%), while in case of continuous variables, me-

dian values (interquartile range) are shown.

BMI, body mass index; CRP, C-reactive protein; CRT, cardiac resynchronisation therapy; EF, ejection fraction; F, female; LA, left atrial; M,

male; NYHA, New-York Heart Association; PCT, procalcitonin.
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Figure 1 Inflammasome activation in heart failure-associated atrial fibrillation. (A) Western blot detection of inflammasome markers in left atrial sam-
ples of ischemic HF patients with SR (blue) and AF (red). Samples excluded due to low-quality homogenates are shown in parentheses. GAPDH is
shown as loading control. No signal could be detected for NALP1 (not shown). (B) Analysis of normalized band intensities of inflammasome markers
(P > 0.05, Student’s t-test; n = 9-10). (C) Correlation and regression analysis of inflammasome sensors and markers of their downstream signalling
based on Western blot detection. Cleaved caspase-1 showed correlation with interleukin-1p and its cleaved form both in the total population
(P = 0.005 and 0.004, respectively) and in AF group (P = 0.01), but not in SR group. No correlation was found with any inflammasome sensors

(P > 0.05, Pearson-correlation; n = 9-10). Continuous data passed the Shapiro—Wilk normality test.
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molecule 1 (Ibal, marker of monocyte—macrophage lineage).
An outlier was identified by ROUT test (Q = 1%) in the epicar-
dial subgroup of SR and was excluded from data analysis.
The amount of total and interstitial fibrosis was deter-
mined on Masson’s trichrome-stained sections (SR: n = 6,
AF: n = 7). Percentage of total fibrosis was defined as the
amount of fibrotic regions compared with the whole area
of the section, while the amount of interstitial fibrosis was
correlated to a modified area which did not include the epi-
cardium, subepicardial fibrotic area and fibrosis surrounding
vascular structures (Figure 3A). An outlier at the interstitial

fibrosis subgroup of SR was excluded from statistical
analysis.

Stained sections were visualized and images were acquired
using Leica DM3000 bright field microscope (Leica
Microsystems, Wetzlar, Germany). For fibrosis and macro-
phage quantification, ImageJ (Image Processing and Analysis
in Java) 1.51 k program was applied. Continuous data were
presented as mean * standard error of the mean or median
with interquartile range. Categorical data were presented as
numbers (percentages). Comparisons of two groups were
performed using unpaired Student’s t-test. All analyses were
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Figure 2 Left atrial macrophage infiltration in heart-failure associated atrial fibrillation. (A) The method for quantitative analysis of macrophage infil-
tration is demonstrated on a haematoxylin—eosin stained section. Left atrial macrophages were counted at several unit areas and averaged for the
sample. Myocardial (yellow squares) and epicardial (red squares) regions were investigated separately (scale bar: 1000 um). (B) Average macrophage
number per unit area was higher at both the myocardium and the epicardium of the AF samples compared with the SR group. However, this difference
was not significant (P > 0.05, Student’s t-test; n = 3—7). (C) Representative images about the presence of Ibal positive macrophages in the myocardium
(M) and epicardium (E) of AF and SR patients. Different amount of macrophage accumulation at the high-magnification images indicates heteroge-
neous distribution of these cells within a given sample (scale bars: 60 um). Continuous data passed the Shapiro—Wilk normality test.
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conducted using GraphPad Prism 8. (GraphPad Software Inc).
We considered a P-value of <0.05 to be statistically
significant.

Results

No significant differences were observed in the expression of
any types of inflammasome sensors between AF and SR

groups. There was a strong tendency that cleaved caspase-1
was increased in the AF group versus the SR group
(P = 0.051) (Figure 1B). Furthermore, it showed significant
correlation with the expression of interleukin-13 and its
cleaved form (P < 0.05). This correlation was observed in
the total population and in AF group alone but not in SR
group. In contrast, cleaved caspase-1 level showed no corre-
lation with the expression of inflammasome sensors, suggest-
ing overall a primary effect on inflammasome activity rather
than on inflammasome priming (Figure IC).
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Figure 3 Amount of left atrial fibrosis in heart failure with sinus rhythm or atrial fibrillation (A) Assessment of total and interstitial fibrosis after
Masson’s trichrome-staining of left atrial samples (scale bars: 1000 pum). (B) Percentages of both total and interstitial fibrosis proved to be the same
at the two groups (P > 0.05, Student’s t-test; n = 5-7). (C) Representative images of total (T) and interstitial (I) fibrosis from SR and AF groups (scale

bars: 1000 um). Continuous data passed the Shapiro—Wilk normality test.
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We found enhanced macrophage presence in the left atrial
myocardium of AF compared with SR group. Likewise, macro-
phages were present in a higher number in the left atrial epi-
cardium of AF than of SR. Neither differences were however
significant due to high variability (Figure 2B,C).

Histological assessment of left atrial samples revealed no
relevant difference between AF and SR groups in the amount
of total fibrosis and interstitial fibrosis (Figure 3B,C).

Discussion and conclusions

Inflammasomes are well-characterized signalling complexes
that regulate immune responses. Their activation involves
priming (transcription of inflammasome components and ef-
fectors) and triggering (enhancing the assembly of the inflam-
masome complex). Elevated protein levels of active caspase-1
and NLRP3 as well as enhanced macrophage infiltration in
atrial tissue were reported in chronic and postoperative AF,
suggesting that NLRP3 inflammasome activation might con-
tribute to these phenomena.’? Additionally, some previous
studies verified elevated inflammatory markers (C-reactive
protein, interleukin-6, tumour necrosis factor-alpha) in

venous blood samples of HF patients suffering from AF com-
pared with HF patients with SR,*® while another group
showed that patients with typical (paroxysmal/persistent/
permanent) AF had significantly elevated serum concentra-
tions of interleukin-10 and tumour necrosis factor-alpha
compared with patients with AF only. This result was
explained by the relatively high (20%) presence of HF in typ-
ical AF group compared with the absence of any structural
heart diseases in the case of lone AF.” Elevated serum levels
of high-sensitivity C-reactive protein and interleukin-6 were
demonstrated to strongly associate with the risk of
HF-related hospitalization among patients with AF.2 The
current research was the first that analysed inflammation-
related differences between HF patients with SR and AF in
cardiac tissue samples. In our study, protein levels of inflam-
masome sensors were unaltered between AF and SR groups,
indicating unaffected priming signal. However, tendency to-
wards increase in the expression of cleaved caspase-1 and
its significant correlation with the expression of (cleaved)
interleukin-1p in AF samples suggest enhanced triggering
for inflammasome activation in end-stage HF-associated AF.

The main limitation of this study is the lack of enough ev-
idence that inflammasome activity contributes directly to
maintaining AF in patients with end-stage HF. Further studies
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are needed to define any causalities, correlations and conse-
quences, to determine possible prognostic factors and to
evaluate whether inflammasome activation has a diagnostic
role in end-stage HF-associated AF.

In  conclusion, this is the first study on
inflammation-related differences in failing human hearts with
SR and AF that analysed cardiac tissues. It verified that in-
flammasome activity may associate with AF in patients with
end-stage HF. Enhanced macrophage infiltration also indi-
cates higher levels of inflammation in AF samples, while
HF-associated AF may be independent of cardiac fibrosis.
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1 | INTRODUCTION

Abstract

Myocardial sleeve around human pulmonary veins plays a critical role in the patho-
mechanism of atrial fibrillation. Besides the well-known arrhythmogenicity of these
veins, there is evidence that myocardial extensions into caval veins and coronary
sinus may exhibit similar features. However, studies investigating histologic proper-
ties of these structures are limited. We aimed to investigate the immunoreactivity of
myocardial sleeves for intermediate filament desmin, which was reported to be more
abundant in Purkinje fibers than in ventricular working cardiomyocytes. Sections of
16 human (15 adult and 1 fetal) hearts were investigated. Specimens of atrial and ven-
tricular myocardium, sinoatrial and atrioventricular nodes, pulmonary veins, superior
caval vein and coronary sinus were stained with anti-desmin monoclonal antibody.
Intensity of desmin immunoreactivity in different areas was quantified by the Image)
program. Strong desmin labeling was detected at the pacemaker and conduction sys-
tem as well as in the myocardial sleeves around pulmonary veins, superior caval vein,
and coronary sinus of adult hearts irrespective of sex, age, and medical history. In the
fetal heart, prominent desmin labeling was observed at the sinoatrial nodal region and
in the myocardial extensions around the superior caval vein. Contrarily, atrial and ven-
tricular working myocardium exhibited low desmin immunoreactivity in both adults
and fetuses. These differences were confirmed by immunohistochemical quantitative
analysis. In conclusion, this study indicates that desmin is abundant in the conduction

system and venous myocardial sleeves of human hearts.
KEYWORDS

arrhythmia, caval vein, conduction system, coronary sinus, desmin, pulmonary vein

and heart failure. Several pathophysiological factors have been re-
ported in the background of atrial fibrillation, namely atrial fibro-

Atrial fibrillation is the most common sustained cardiac arrhythmia. sis (Gal & Marrouche, 2017; Haemers et al., 2017; Lau et al., 2016;

It can associate with serious complications such as ischemic stroke Nattel, 2017), epicardial adipose tissue (Haemers et al., 2017; Lau
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et al., 2016), inflammatory mechanisms (Haemers et al., 2017; Yao
& Veleva, 2018), autonomic nerve activity (Chen et al., 2014; Lau
et al., 2016), electrophysiological mechanisms (Lau et al., 2016;
Nadadur et al., 2016; Waks & Josephson, 2014) and presence
of arrhythmogenic foci (Haissaguerre et al., 1998; Santangeli &
Marchlinski, 2017).

Left atrial myocardium extending into the wall of pulmonary
veins and forming myocardial sleeves are well-known sources of
supraventricular tachyarrhythmias. Electrophysiological studies
indicate that myocardial extensions into caval veins and coronary
sinus exhibit similar feature (Chang et al., 2013; Lee et al., 2005; Lin
et al., 2003; Santangeli et al., 2016; Santangeli & Marchlinski, 2017;
Yamaguchi et al., 2010). Arrhythmogenicity of these regions
has a well-established developmental background (Christoffels
et al., 2010; Christoffels & Moorman, 2009; Weerd & Christof-
fels, 2016). However, human studies investigating histologic proper-
ties of these structures are limited.

Previously, we examined the connexin 45 immunoreaction to
detect the cardiac conduction system and found prominent posi-
tive staining in the myocardial sleeves of pulmonary veins, superior
caval vein and coronary sinus, indicating their potential pacemaker
and/or conducting nature (Kugler et al., 2018). In the current study,
we intended to investigate regional differences in desmin immunos-
taining in human hearts to provide further information about the
presumed conducting phenotype of the venous myocardial sleeves.
Desmin is a muscle-specific intermediate filament that plays role in
maintaining the structure of sarcomeres, interconnecting the myo-
fibrils through the Z-disks and linking them to the sarcolemma, the
nucleus, and mitochondria (Capetanaki et al., 2007). Albeit desmin
is not a dedicated marker for the cardiac pacemaker and conduc-
tion system, it was reported to be more abundant in the ventricu-
lar conduction system (Liu et al., 2020; Yoshimura et al., 2014) and
the nodal regions (Liu et al., 2020; Mavroidis et al., 2020) than in
the ventricular working myocardium of human hearts. Intermediate
filaments in Purkinje fibers may play a supportive role against me-
chanical strain during heart contraction (Eriksson & Thornell, 1979)
or they might bind glycogen particles and help maintaining the
structural integrity of these large cells with peripheral myofibrils
(Yoshimura et al., 2014). Impaired desmin has been documented to
cause filament assembly defects and abnormal distribution of Ca%*
that may result in cardiac arrhythmias and conduction defects (Su
etal., 2022).

2 | METHODS
2.1 | Human tissues

The work has been ethically approved by the Regional and Insti-
tutional Committee of Science and Research Ethics, Semmelweis
University (Research Ethics 79 committee approval 122/2016) and
the Research Ethics Committee of the Medical Research Council of
Hungary (No. IV/1555-1/2021/EKU). The study was performed in
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accordance with the ethical standards as laid down in the 1964 Dec-
laration of Helsinki and its later amendments or comparable ethical
standards.

Demographic data, medical records of patients, and basic data
of histological analyses are demonstrated in Table 1. Hearts were
removed from cadavers of 15 adult humans. Clinical data were un-
known in 8/15 cases. The heart of a 23-week-old fetus who was
born alive but died at the early perinatal period was also investi-
gated. Prior to death, 7 donors gave written consent for the use of
their bodies for education and research {Willed (Whole) Body 77
Program - WWBP}. The remaining 9 hearts were removed from
human cadavers during autopsies in possession on ethical approval.
Cadavers were kept at 1-5°C until autopsies or fixation, which was
performed at 12-72h postmortem age. After removal during autop-
sies, hearts were immediately fixed.

Due to technical reasons, pulmonary veins were investigated
in 11/16 and superior caval veins in 14/16 cases. The veins were
separated from the atria at the level of their ostia and were cut
transversely. Coronary sinus was investigated in 9/16 cases. Tis-
sue samples were also obtained from sinoatrial and atrioventricular
nodes, left and right atrium, left and right ventricle, and interven-
tricular septum. Specimens were fixed either in 4% formaldehyde
(n=14) or in 70% ethanol (n=2, including the fetal heart). After
dehydration in graded concentrations of alcohol, tissue samples
were embedded in paraffin and 3-6 um sections were prepared. For
general histology, paraffin sections were stained with hematoxylin-

eosin and trichrome.

2.2 | Immunohistochemistry

After deparaffinization and rehydration through graded alcohols,
slides were washed three times in phosphate-buffered saline (PBS).

Thereafter, desmin immunohistochemistry of ethanol-fixed sec-
tions was prepared as follows. Heat-induced citrate-based antigen
retrieval method was applied (Vector Laboratories; Cat# H-3300)
for 30min. Protein blocking was carried out for 20min with 1%
bovine serum albumin in PBS, followed by overnight incubation at
4°C with mouse monoclonal antibody against human desmin (Dako;
Clone D33; Cat# M0760; dilution 1:4000 for adults and 1:5000 for
fetal hearts). Biotinylated horse anti-mouse IgG (Vector Laborato-
ries; dilution 1:200) was used as a secondary antibody which was
followed by an endogenous peroxidase activity-blocking step using
0,6% hydrogen peroxide (Sigma-Aldrich) in PBS for 10 min. After the
formation of the avidin-biotinylated peroxidase complex (Vectastain
Elite ABC kit; Vector Laboratories), the binding sites of the primary
antibody were visualized by 4-chloro-1-naphthol (Sigma-Aldrich;
Cat# C8890).

For desmin immunohistochemistry performed on formaldehyde-
fixed, paraffin-embedded tissue sections, a heat-induced Tris-EDTA-
based antigen retrieval method was applied (Dako; Target Retrieval
Solution pH-9). Detection of desmin was performed by using mouse
anti-human desmin monoclonal antibody (Dako; Clone D33; Cat#
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MO0760; dilution 1:200 or 1:400) overnight at 4°C. Two different
primary antibody concentrations were used due to the somewhat
different histological characteristics of the individual specimens.
Nevertheless, for different regions of a single heart, the same anti-
desmin antibody dilution was applied. All the other steps of the im-
munohistochemical protocol (application of peroxidase and protein
block, post-primary blocking, incubation with secondary antibody,
applying the 3,3’-diaminobenzidine as chromogen, counterstaining of
the nuclei with hematoxylin) were performed at room temperature
(25°C) with Novolink™ Polymer Detection System (Leica Biosystems;
Cat# RE7140-K).

Double labeling immunofluorescence analysis for connexin 45
and desmin was also prepared. Connexin 45 was detected with a
rabbit polyclonal antibody (Santa Cruz Biotechnology, Inc.; Cat# sc-
25716; dilution 1:50), while desmin was detected with mouse mono-
clonal antibody (Dako; Clone D33; Cat# M0760; dilution 1:5000).
For fluorescent secondary antibodies, goat anti-rabbit I1gG conju-
gated to Alexa Fluor 488 and goat anti-mouse 1gG conjugated to
Alexa Fluor 594 were applied (Invitrogen). Cell nuclei were stained
with DAPI (Vector Laboratories).

Sections were covered by aqueous Poly/Mount (Polyscience,
Inc.) and examined by Zeiss Axiophot photomicroscope and/or Zeiss
confocal microscope system. Fluorescent images were captured
with an Olympus DP50-CU digital camera (Olympus Optical Co.,
Ltd.), whereas an automated 3D-Histotech whole slide imaging sys-

tem was used to image other sections.

2.3 | Immunohistochemical quantitative analysis

ImageJ (Image Processing and Analysis in Java) program was applied
to perform a semiquantitative analysis for the intensity of desmin
immunostaining at formaldehyde-fixed sections of 5 hearts. At least
the ventricular subendocardial region, ventricular working myo-
cardium, and one vein was examined in all cases but if possible, six
different structures (superior caval vein, pulmonary vein, coronary
sinus, sinoatrial node, ventricular conduction system, ventricular
working myocardium) were investigated. For each structure, three
representative regions were analyzed in the case of 4/5 hearts. Sig-
nal intensity of the immunoreactive cells of the conducting system
and the extracardiac myocardial sleeves was compared with the ven-
tricular working cardiomyocytes. For this analysis, an equal number
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of cardiomyocytes were chosen from every region. Difference be-
tween signal intensity at representative areas of the ventricular con-
duction system or myocardial sleeves and the working myocardium
was also investigated. The total size of the analyzed areas was equal
for each region. The Colour Deconvolution plugin was used to im-
plement stain separation of hematoxylin-DAB stained images and
the derived DAB image was chosen for quantification. Mean gray
values of selected cells and areas were then measured and diagrams
were created to demonstrate results. More details about quantita-

tive analysis are documented in the Supplementary material.

3 | RESULTS

3.1 | AQuantitative analysis of desmin
immunostaining

Quantitative analysis of desmin labeling was prepared on the sec-
tions of formaldehyde-fixed adult hearts (n=5). Investigation of
one heart is detailed below (Figure 1), while quantifications of
the other 4 specimens are shown in the Supplementary material
(Figures S1-S10). Distinct structures of the heart were investi-
gated (Figure 1a,d,g,j). There was a marked difference in immu-
nopositivity between ventricular cardiomyocytes and Purkinje
fibers (Figures 1b,e) and also between representative areas of
the ventricular myocardium and conduction system (Figures 1c,f).
Nevertheless, desmin positivity of the working myocardium was
obvious. Both highly immunoreactive individual cardiomyocytes
and representative region of the myocardial sleeve around the
coronary sinus exhibited stronger staining than ventricular myo-
cardium (Figures 1h,i). Myocardial sleeve of the superior caval vein
displayed similarly prominent desmin labeling (Figures 1k,l). Based
on the quantitative analysis, strongly immunoreactive cells of the
conducting system and extracardiac myocardial sleeves exhibited
much more prominent desmin signal intensity than ventricular
working cardiomyocytes (Figure 1m). However, signal intensities
of the examined representative areas differed less. This can be
attributed to the mixture of strongly stained conducting-like cells
with less immunoreactive working cardiomyocytes in the myo-
cardial sleeves. Furthermore, non-staining connective tissue be-
tween cardiomyocytes also resulted in higher mean gray values of
the examined areas (Figure 1n).

FIGURE 1 Quantitative analysis of desmin labeling for a formaldehyde-fixed heart. At the encircled region of ventricular working
myocardium (a), both individual cardiomyocytes (b), and the framed area (c) exhibit moderate immunopositivity (a-inset). At the ventricular
subendocardial region (d), Purkinje fibers display strong labeling (e), while some cardiomyocytes are stained weakly (f). In the myocardial
sleeve of the coronary sinus (g), most cardiac cells are strongly immunopositive (h) but some cells show modest reaction (i). In myocardial
extensions around the superior caval vein (j), most cardiomyocytes display prominent labeling (k), while some cells are weakly positive (l).
During quantification, pronounced reduction of mean gray value for Purkinje fibers and strongly immunoreactive cells of the extracardiac
myocardial sleeves indicates much stronger desmin signal intensity for these cells than ventricular working cardiomyocytes (m). There was
less remarkable difference in mean gray values between representative areas of the ventricular subendocardial region or myocardial sleeves
and the working myocardium (n). Scale-bars: 40pum (a-inset), 50 um (b, c, e, f, h, i, k, ), 1000 um (a, d, g), 2000 pm (j).
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3.2 | Cardiac pacemaker and conduction
system of the adult hearts
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In the adult hearts, regions of the sinoatrial and atrioventricular nodes
as well as the ventricular conduction system at the subendocardial
layer of the interventricular septum could be easily identified by

hematoxylin-eosin and trichrome stainings. Small pacemaker cells
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embedded in dense fibrous tissue around the sinoatrial nodal artery
and in its adventitial layer as well were characteristic of the sinoatrial
node (Figure 2a), while the apex of the triangle of Koch was the site of
compact atrioventricular node embedded in the muscular part of atri-
oventricular septum and surrounded by elongated transitional cells
(data not shown). In the ventricular conduction system, large cardio-

myocytes (Purkinje fibers) possessing pale cytoplasm and peripheral
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FIGURE 2 Desminimmunostaining of the cardiac pacemaker and conduction system. Representative histology images (Krutsay's
trichrome) of the sinoatrial node and the ventricular septum (a, b). Small pacemaker cells embedded in dense connective tissue surrounding
the sinoatrial nodal artery (a) are characteristic for the sinoatrial node (a-inset). Left ventricular working myocardium (right side) and the
subendocardial conduction system (left side). Purkinje fibers exhibit large cytoplasm with peripheral myofibrils and are embedded in
connective tissue (b). An extended area of the ventricular septum is shown in b-inset. Strong immunopositivity for desmin at the sinoatrial
nodal region of ethanol-fixed (c) and formaldehyde-fixed (d) hearts. Adjacent atrial working myocardium exhibits weaker labeling (lower part
of image [c]; d-inset). Compared to the weak staining of the working myocardium (right), desmin labeling is pronounced in the ventricular
conduction system (left) of the ethanol-fixed (e) and formaldehyde-fixed (f) hearts. Label: SNA, sinoatrial nodal artery. Scale-bars: 100 um

(a, b, d, d-inset, e, f), 200 um (c), 500 pm (b-inset), 1000 pm (a-inset).
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myofibrils were identified. These cells formed the left and right bun-
dle branches (Figure 2b). Both pacemaker cells of the sinoatrial and
atrioventricular nodes and Purkinje fibers of the ventricular conduc-
tion system exhibited strong desmin immunoreactivity compared to
the weaker labeling of the surrounding atrial and ventricular working
myocardium. These differences were detected at ethanol-fixed and
formaldehyde-fixed sections as well (Figures 2c-f; Table 2).
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3.3 Myocardial sleeves of pulmonary veins,
superior caval veins and coronary sinus in the
adult hearts

Myocardial sleeves were present around all examined pulmonary
vein, superior caval vein, and coronary sinus samples (Figures 3a-c).

Bundles of cardiomyocytes exhibiting similar morphology to

o
A

%
o P 7

FIGURE 3 Desminimmunostaining of the venous myocardial sleeves. Representative histology images (hematoxylin-eosin [b] and
Krutsay's trichrome [a, c]) of the myocardial sleeves. Cross-section of a pulmonary vein. This part of the vein is partially covered by

myocardial sleeve. Cardiomyocytes are localized on the outer side of the venous adventitia (a). Cross-section of a superior caval vein with
myocardial sleeve (b). Transverse section of the coronary sinus in the level of its right atrial orifice. Myocardial sleeve is present around the
venous wall (c). Prominent desmin immunoreactivity was observed in the myocardial sleeves around pulmonary veins of ethanol-fixed (d) and
formaldehyde-fixed (e) hearts. Desmin labeling is remarkable in myocardial extensions around both the ethanol-fixed (f) and formaldehyde-
fixed (g) superior caval veins. In the myocardial sleeve of the formaldehyde-fixed coronary sinus, several cardiomyocytes show pronounced
immunoreactivity for desmin as well (h). Scale-bars: 100 pm (d-h), 2000 pm (b), 2000 um (a, c).
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Purkinje fibers or pacemaker cells were present in all myocardial
sleeves investigated, albeit their amount was different in each
sample (Table 2). Purkinje-like cardiomyocytes were larger in size
than working cardiomyocytes and possessed pale cytoplasm and
peripheral myofibrils, while nodal-like cardiomyocytes had particu-
larly small diameter. These conducting-like cells were frequently
embedded in fine collagen fiber networks. Intense desmin immu-
noreactivity was detected in myocardial extensions into pulmo-
nary veins of both ethanol-fixed and formaldehyde-fixed hearts
(Figures 3d,e). Similarly, myocardial sleeves of superior caval veins
proved to be strongly immunopositive for desmin compared to the
atrial and ventricular working myocardium (Figures 3f,g). Abundant
desmin labeling could be also observed in the myocardial sleeves
surrounding the formaldehyde-fixed coronary sinus samples (Fig-
ure 3h). The amount of cardiomyocytes showing prominent desmin
staining differed between the samples (Table 2). Strongly immuno-
reactive cardiomyocytes frequently displayed similar morphologi-

cal phenotypes to Purkinje fibers or nodal cardiomyocytes.

3.4 | Double-immunolabeling of desmin and
connexin 45 in an adult heart

Double labeling immunofluorescence analysis for desmin and con-
duction system marker connexin 45 showed a strong sarcomeric
and junctional pattern for desmin labeling in the myocardial sleeve
of the ethanol-fixed pulmonary vein (Figure 4a). Although connexin

45 immunoreactivity was also intense, it was restricted to the
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intercalated discs (Figure 4b) where it overlapped extensively with
desmin (Figures 4c,d). The co-localisation of these two markers fur-

ther supports the presumed arrhythmogenicity of this region.

3.5 | Human fetal heart

In the 23-week-old human fetus, pacemaker cells of the sinoatrial
node and Purkinje fibers of the ventricular conduction system
could not be differentiated clearly from working cardiomyocytes.
However, the sinoatrial nodal region could be identified based on
its localization and its artery. Myocardial extensions into the supe-
rior caval vein could be observed (Figures 5a,b). Similarly to human
adults, prominent desmin labeling was detected in the myocardial
sleeve of the fetal superior caval vein. Immunoreaction for desmin

was also intense at the sinoatrial nodal region (Figure 5c).

4 | DISCUSSION

Although there is a growing knowledge of the possible pathomecha-
nisms of supraventricular tachyarrhythmias, the histologic charac-
teristics of the arrhythmogenic regions are still obscure. Based on
previous human (Kugler et al., 2018; Nguyen et al., 2009; Perez-
Lugones et al., 2003) and animal (Masani, 1986) studies, it seems that
cardiomyocytes with a similar phenotype to the cardiac pacemaker
or conduction cells are present in the myocardial sleeves around pul-

monary veins, caval veins and coronary sinus. Few data are available

FIGURE 4 Double-labeling of desmin and connexin 45 in the myocardial sleeve of a pulmonary vein. Cardiomyocytes display intense
red fluorescence which means strong positivity for desmin (a). Connexin 45 expression (green) is detected only between neighboring
cardiomyocytes (b) where it colocalizes with desmin resulting in yellow fluorescent signal (c). Double-immunolabeling of desmin and
connexin 45 is also demonstrated at a more extensive area (d). Nuclei are stained with DAPI (blue). Scale-bars: 10 pum (a-d).
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FIGURE 5 Histology of a 23-week old human fetal heart. Longitudinal section of superior caval vein. Myocardial extensions can be
observed around the wall of the vein. Sinoatrial node with its artery is localized near to the right atrial orifice of the superior caval vein.
Hematoxylin-eosin (a). Krutsay's trichrome staining indicates that the myocardial sleeve (red) is localized outside of the venous adventitia
(blue) (b). Compared to the adjacent atrial myocardium, desmin immunoreactivity is strongly positive in both the myocardial sleeve around
the superior caval vein and the sinoatrial node (c). Labels: SNA, sinoatrial nodal artery; SCV, superior caval vein. Scale bars: 200pum (a, c),
400pum (b).

about the immunohistologic features of these regions in humans
(Blom et al., 1999; Kholova et al., 2003; Kugler et al., 2018; Nguyen
et al., 2009) and animals (Yamamoto et al., 2006; Yeh et al., 2001;
Yeh et al., 2003).

In the current study, we aimed to further characterize the myo-
cardial sleeves with the comparative examination of a general marker
of myocytes, the desmin. In the left ventricular myocardium, progres-
sively increased desmin intensity was reported with increasing fetal
age in humans (Kim, 1996). It was also found that bovine Purkinje
fibers possess numerous intermediate filaments but less myofibrils
compared to working cardiomyocytes (Eriksson et al., 1978; Eriksson
& Thornell, 1979; Thornell & Eriksson, 1981). Later mammalian studies
verified stronger desmin immunoreactivity for the ventricular con-
duction system compared to the working cardiomyocytes both during
the prenatal development (Franco & Icardo, 2001; Ya et al., 1997) and
in adults (Vitadello et al., 1990; Ya et al., 1997). Abundant desmin la-
beling was detected also in the Purkinje fibers of humans (Yoshimura
et al., 2014). Obvious difference in desmin immunostaining was ob-
served between ventricular working cardiomyocytes and Purkinje fi-
bers during the current research as well. Intense desmin labeling was
reported in the developing human sinoatrial and atrioventricular nodes
(Liu et al., 2020). In adult mice and human samples, a high amount of
desmin was found in the sinoatrial node as well (Mavroidis et al., 2020).
Similarly, stronger desmin immunoreactivity was detected in the si-
noatrial node compared to the atrial working myocardium in our
study. The atrioventricular conductive axis of rabbits could be easily

distinguished by prominent desmin immunostaining within the cyto-
plasm of conducting cardiomyocytes (Ko et al., 2004).

Conducting phenotype of the myocardial sleeves might be ex-
plained by developmental factors. Embryonic systemic veins have
a substantial overlap in gene expression with the future sinus node.
Tbhx3 and Hcn4 expressing venous pole of the primary heart tube ex-
hibits high pacemaker activity while later it confines to the sinoatrial
node. Incomplete atrialization of sinus venosus-derived structures,
such as superior caval vein (right sinus horn), crista terminalis (right
venous valve), coronary sinus ostium (atrial entrance of the left sinus
horn), and ligament of Marshall (remnant of the left sinus horn) may
result in the persistence of focal automatic activity. Development
of the pulmonary venous myocardium is different as it forms inde-
pendently from the sinus venosus, and displays an atrial working
myocardial phenotype and gene program (Tbx18/Hcn4-negative;
Christoffels & Moorman, 2009; Christoffels et al., 2010; Weerd &
Christoffels, 2016).

Data about desmin labeling of extranodal supraventricular re-
gions is sparse. In fetal rats, strong desmin immunoreactivity was
noted in the sinoatrial node, the superior caval vein, and the myo-
cardium along pulmonary veins (Ya et al., 1997). Interatrial conduct-
ing pathway was reported to exhibit strong desmin immunolabeling
compared to working cardiomyocytes in monkeys and sheeps (Ya-
maguchi et al., 2009). However, description of desmin expressing
supraventricular structures in human adults is lacking. Only fetal
data are available which indicates that similarly to the ventricular
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conduction system, atrial walls, pulmonary veins, caval veins, and
coronary sinus are strongly positive for desmin, while the left ven-
tricle is immunonegative. Mechanical stress caused by involvement
of the venous walls in atrial development was thought to induce de-
smin expression (Yamamoto et al., 2011). Studies on human embryos
(Liu et al., 2020) and fetuses (Grigore et al., 2012) reported strong
desmin immunoreactivity of the atria compared to weaker (Grigore
etal., 2012) or absent (Liu et al., 2020) signal at the ventricular (com-
pact) myocardium.

Based on the lacking data for desmin expression in supraven-
tricular regions of human adults, we examined specimens both from
fetal and adult hearts. Strong labeling for desmin in the myocardial
sleeve of the fetal superior caval vein is in agreement with Yama-
moto et al's (2011) report but interestingly, prominent desmin im-
munoreactivity was found in the pulmonary and non-pulmonary
venous myocardial sleeves of adults as well. Consequently, it is
likely that desmin highlights not only the pacemaker and conduction
system but also those supraventricular regions which may trigger
atrial tachyarrhythmias. Quantification of desmin labeling verified
a considerable difference in signal intensity between the ventric-
ular subendocardial region or venous myocardial sleeves and the
working myocardium supporting the theory that desmin marks the
supraventricular regions in which arrhythmogenic foci may appear.
Interestingly enough, cardiomyocytes exhibiting conducting-like
phenotype and strong desmin immunoreactivity were identified in
the venous myocardial sleeves of all hearts irrespective of age and
cardiovascular history. It is also of note that albeit working myocar-
dium displayed weaker signal intensity than the conduction system,
its desmin positivity was obvious. Therefore application of desmin
as a selective marker for pacemaker or conducting cardiomyocytes

does not seem to be plausible.

5 | CONCLUSIONS

Based on the results of the current study on human hearts, we
conclude that immunostaining of desmin intermediate filaments is
obviously stronger for the ventricular conduction system as well
as for supraventricular arrhythmogenic regions than for ventricular
working myocardium. Although desmin cannot be applied as a selec-
tive marker for the cardiac pacemaker and conduction systems, but
prominent desmin immunoreaction coincides with the territory of
pulmonary and nonpulmonary myocardial sleeves, the sites of ar-

rhythmogenic foci.
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Supplementary material

Detailed immunohistochemical quantitative analysis of four specimens

Detailed immunohistochemical quantitative analysis for desmin was performed in the case of
four hearts (Case No. 8, No. 11, No. 12 and No. 13). Six different structures (ventricular
working myocardium and conduction system, sinoatrial node, superior caval vein, pulmonary
vein, coronary sinus) were investigated in each case except one sample where pulmonary vein
myocardium could not be examined due to technical reasons. For each structure of a given
heart, three distinct regions with the same sizes were analysed. These regions were chosen to
be representative for the whole section regarding the proportion of conducting-like
cardiomyocytes exhibiting strong desmin expression and weakly immunopositive working
cardiomyocytes. At first, signal intensity of the strongly immunoreactive cells of the conducting
system and the extracardiac myocardial sleeves was compared with the weaker labeled
ventricular working cardiomyocytes. For this analysis, twenty cardiomyocytes were chosen
from each region (Figure S1.a). Those regions where less than twenty strongly immunoreactive
cells could be counted were excluded from this analysis. Thereafter, difference between signal
intensity at representative areas of the ventricular conduction system or myocardial sleeves and
the working myocardium was also investigated (Figure S1.b). The total size of the analysed

areas were equal for each region.

Below we demonstrate the analysis of one of the four hearts (Case No. 12) step by step (Figures
S2-S6) and present the diagrams of desmin signal intensity in the labeled cells and in the labeled
areas of all hearts (Figures S7-S10). ImageJ (Image Processing and Analysis in Java) program
was applied to perform semiquantitative analyses for the intensity of desmin immunostaining.
The Colour Deconvolution plugin was used to implement stain separation of hematoxylin-DAB
stained images and the derived DAB image was chosen for quantification. Lower mean gray

value indicates stronger desmin signal intensity.

As demonstrated by the diagrams below, differences in mean gray values were prominent
between the strongly immunoreactive cardiomyocytes and the ventricular working
cardiomyocytes (Figures S7.a, S8.a, S9.a, S10a). However, signal intensities of the examined
representative areas differed less and larger error bars marked the higher heterogeneities of the
calculated values. This can be explained by the intermingling of strongly stained conducting-

like cells and less immunoreactive working cardiomyocytes in the myocardial sleeves.
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Furthermore, extensive connective tissue between cardiomyocytes could also result in the

higher mean gray value of an area especially in the case of sinoatrial nodal samples (Figures

S7.b, S8.b, S9.b, S10b).

Figure S1. Quantitative analysis of desmin immunostaining for a superior caval vein sample. Mean
gray values of twenty cells displaying strong desmin immunoreactivity framed by yellow were measured
and averaged for the sample (a). Thereafter the mean gray value of a representative area with a given

size marked by yellow square was calculated (b). Scale-bars: 50 um
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Figure S2. Case No. 12, interventricular septum, left side. Analysed regions are marked by red squares

in case of the left ventricular subendocardium and by yellow squares in case of the working myocardium
(a). Ventricular working cardiomyocytes of the three regions displayed weak immunopositivity (b),
while conducting cardiomyocytes at the subendocardial region exhibited notably stronger desmin
labeling (c). Scale-bars: 2000 um (a), 50 um (b, c)
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Figure $3. Case No. 12, sinoatrial node. Analysed regions of the sinoatrial node are marked by red

squares (a). Pacemaker cells of the three regions displayed prominent immunopositivity (b). Scale-bars:
1000 pm (a), 50 pm (b, ¢)
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Figure S4. Case No. 12, superior caval vein. Analysed regions of the superior caval vein are marked

by red squares (a). Although several cardiomyocytes of the three regions displayed prominent desmin
labeling, regions showing less immunoreactive cells were also detected (b). Scale-bars: 2000 pm (a), 50

um (b, ¢)
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Figure S5. Case No. 12, pulmonary vein. Analysed regions of the pulmonary vein are marked by red

squares (a). Although several cardiomyocytes of the three regions displayed prominent desmin labeling,
regions showing less immunoreactive cells were also detected (b). Scale-bars: 2000 um (a), 50 um (b,

¢)
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Figure S6. Case No. 12, coronary sinus. Analysed regions of the coronary sinus are marked by red

squares (a). Although several cardiomyocytes of the three regions displayed prominent desmin labeling,

regions showing less immunoreactive cells were also detected (b). Scale-bars: 2000 um (a), 50 um (b,

c)



DOI:10.14753/SE.2025.3172

desmin signal intensity in the labeled cells

200

[y

[8)]

o
1

100+

mean gray value

a1
o
1

WM PF SAN SCV PV CS

1nanl .

desmin signal intensity in the labeled areas

mean gray value

200

N
a1
T

100

a1
T

o

(b)

WM PF SAN SCV

T T
PV CS

Figure S7. Quantitative analysis for all examined structures of Case No 12. Average mean gray values

are presented for each structure as well as mean gray value ranges marked by error bars. Lower mean

gray value indicates stronger desmin signal intensity. Differences in desmin signal intensity were more

prominent between ventricular working cardiomyocytes and the conducting cardiomyocytes or highly

immunoreactive cells of the venous myocardial sleeves (a) while less pronounced differences were

verified between mean gray values of the representative areas (b).
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Figure S8. Quantitative analysis for all examined structures of Case No. 8. Average mean gray values

are presented for each structure as well as mean gray value ranges marked by error bars. Lower mean

gray value indicates stronger desmin signal intensity. Differences in desmin signal intensity were more

prominent between ventricular working cardiomyocytes and the conducting cardiomyocytes or highly

immunoreactive cells of the venous myocardial sleeves (a) while less pronounced differences were

verified between mean gray values of the representative areas (b).



DOI:10.14753/SE.2025.3172

desmin signal intensity in the labeled cells desmin signal intensity in the labeled areas

2001 2001 _
o 1504 o 1504 [
=) >
: : -
> >
> >
< 100+ & 100+ iL
(@] (@]
c = 4
@ ) [
(3] [}
- ﬂ ﬂ ﬁ H |_x—‘ -
0 I I I I I I (a) 0 I I 1 I I 1 (b)
WM PF SAN SCV PV CS WM PF SAN SCV PV CS

Figure §9. Quantitative analysis for all examined structures of Case No. 11. Average mean gray values
are presented for each structure as well as mean gray value ranges marked by error bars. Lower mean
gray value indicates stronger desmin signal intensity. Differences in desmin signal intensity were more
prominent between ventricular working cardiomyocytes and the conducting cardiomyocytes or highly
immunoreactive cells of the venous myocardial sleeves (a) while less pronounced differences were

verified between mean gray values of the representative areas (b).
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Figure S10. Quantitative analysis for all examined structures of Case No. 13. Average mean gray
values are presented for each structure as well as mean gray value ranges marked by error bars. Lower
mean gray value indicates stronger desmin signal intensity. Differences in desmin signal intensity were
more prominent between ventricular working cardiomyocytes and the conducting cardiomyocytes or
highly immunoreactive cells of the venous myocardial sleeves (a) while less pronounced differences

were verified between mean gray values of the representative areas (b).



	elolapok
	Doktori értekezés_Kugler Szilvia_köttetésre
	Heart_Rhythm_2017
	Presence of cardiomyocytes exhibiting Purkinje-type morphology and prominent connexin45 immunoreactivity in the myocardial  ...
	Introduction
	Methods
	Human tissues
	Tissue processing for histology
	Immunohistochemistry

	Results
	Myocardial sleeve of the PVs
	Myocardial sleeve of the SVC
	Myocardial sleeve of the CS
	Histology of the working myocardium and conduction system of the heart

	Discussion
	Characteristics of myocardial extensions around PVs
	Potential arrhythmogenic role of caval veins and CS
	Immunohistochemical characterization of extracardiac myocardial sleeves
	Study limitation

	Conclusion
	Acknowledgment
	References


	Orvosi Hetilap_2018
	ESC Heart Failure_2022_open access
	Inflammasome activation in �end�&hyphen;�stage heart �failure�&hyphen;�associated atrial fibrillation
	Background
	Aims
	Methods
	Results
	Discussion and conclusions
	Acknowledgements
	Conflict of interest
	Funding
	References

	J Anat_2023
	Strong desmin immunoreactivity in the myocardial sleeves around pulmonary veins, superior caval vein and coronary sinus supports the presumed arrhythmogenicity of these regions
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Human tissues
	2.2|Immunohistochemistry
	2.3|Immunohistochemical quantitative analysis

	3|RESULTS
	3.1|Quantitative analysis of desmin immunostaining
	3.2|Cardiac pacemaker and conduction system of the adult hearts
	3.3|Myocardial sleeves of pulmonary veins, superior caval veins and coronary sinus in the adult hearts
	3.4|Double-­immunolabeling of desmin and connexin 45 in an adult heart
	3.5|Human fetal heart

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


	J Anat_2023_suppl mat

