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Abstract

Background Pulmonary vein (PV) myocardium is a known sourcatoal fibrillation. A
debated question is whether myocardial extensioiescaval veins and coronary sinus (CS)
have similar properties. No studies have documespedific pacemaker and/or conducting
properties for the human extracardiac myocardium.

Objective The aim was to characterize the histology and imwhistochemical features of
myocardial sleeves in the wall of cardiac veins.

Methods Sections of 32 human hearts were investigated.i®pes of PVs, superior caval
vein (SVC), CS, sinoatrial and atrioventricular eednd left ventricle were stained with
Best's Carmine for selective staining of intrackafuglycogen. Anti-connexin (Cx)-45 and
Cx43 specific antibodies were used to determinetmeluction properties of extracardiac
myocardium.

Results Myocardial sleeve was found in the wall of PVs bf16 hearts, 21/22 SVCs and 8/8
CSs. Bundles of glycogen positive cardiomyocytdslating pale cytoplasm and peripheral
myofibrils were observed in the venous sleeveargtiCx45 and weak Cx43 labeling was
detected in the extracardiac myocardium. Similaingtg pattern was observed at the
pacemaker and conduction system, while ventriculcardium exhibited prominent Cx43
and no Cx45 immunoreactivity.

Conclusion Myocardial fibers of PVs, SVC and CS exhibit semimorphology to that of
Purkinje fibers and are enriched in glycogen. Wavjgle data for the first time, on the
prominent positive staining for Cx45 in the extrattac myocardium, indicating its potential
pacemaker and/or conducting nature.

Keywords. pulmonary vein; caval vein; coronary sinus; cardracscle sleeve; Purkinje-type

morphology; glycogen; connexin 45; immunohistochetmyi
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Introduction

Myocardial sleeve of pulmonary veins (PV) play gical role in the mechanism of
atrial fibrillation (AF). Macroscopic features dfdse areas were described previotidly.
During the last decade, growing attention has pteohfp the microscopic properties of the
extracardiac myocardial sleevet®In the wall of human PVs, Perez-Lugones €t al.
documented the presence of cardiomyocytes exhghititnastructural morphology of P-cells
and Purkinje fibers (PFs). Although accepted th@lgachyarrhythmias are frequently
triggered from caval veins and coronary sinus §&%)imited data has been published about
macroscopitand microscopic morpholo{*of the myocardial sleeves of these regions.
Moreover, there is a general lack of researchennimunohistochemical characterization of
caval and CS myocardial sleeves.

Immunohistochemical markers to distinguish workmgocardium, pacemaker or
conducting cells are established. Besides sevetatminants of conduction in the heart, such
as HCN4 and HNK-1, connexin (Cx) isoforms, of whgdp junction channels are comprised
are also characteristic proteins of cardiac pacemiagsues. Cx40, Cx43 and Cx45 are found
differentially expressed in cardiomyocytes at vasigites, which determines the
characteristics in conduction veloci/Cx43 is present throughout the working myocardium,
whereas Cx40 is confined to the atrial myocardiuweh the ventricular conduction system.
Cx45 is predominantly expressed in the impulse ggimg and conduction system, while it is

present in substantially lower amounts in the wagkinyocardiunt®*’

Methods
Human tissues
Thirty two adult human hearts were removed fromawads at 12-72 hours

postmortem age kept at 1% until fixation. The ages of deceased individualsged
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between 60 and 81 years. Their medical historigs weknown. Prior to death donors gave
written consent for the use of their bodies foradion and research {Willed (Whole) Body
Program - WWBP}. The work has been ethically appobisy the Regional and Institutional
Committee of Science and Research Ethics, Semneelwaversity (Research Ethics
committee approval 122/2016).

Due to technical reasons, the heart could be ex¢tsgether with PVs only in 16/33
and with SVC in 22/33 subjects. The excision wasmded into the lung hilum in the case of
PVs, above the level of azygos vein regarding SW€ as far as the orifice of great cardiac
vein in the case of CS. The veins were then segdfaam the atria at the level of their ostia
and were cut transversely. CSs of 8/33 subjects suaitable for further tissue processing.
Tissue samples were obtained from the sinoatridlagnoventricular nodes, the atria, anterior
wall of the left ventricle and the interventricukgptum. Specimens were either fixed in 4%
formaldehyde, or in 70% ethanol or in methanoleAfiehydration in graded concentrations
of alcohol, tissue samples were embedded in paraffd 3-4um sections were made.

Tissue processing for histology

For general histology, paraffin sections were g@iwith hematoxylin and eosin (HE)
or trichrome. Intracellular glycogen was demonstidty Best’'s Carmine stain, which is a
specific stain for glycogen content. Best’'s Carnsteen was performed as described.

I mmunohistochemistry

For Cx45 immunohistochemistry, specimens were fireethanol/methanol and
embedded in paraffin. After deparaffinization aetlydration through graded alcohols, the
slides were washed three times in phosphate-bdffsakne (PBS). Heat-induced antigen
retrieval method was applied using Tris-based (@&Rgtrieval Solution pH-9; Dako) or
citrate-based (Sigma; H-3300) antigen unmaskingt®wl, respectively. For Cx43

immunohistochemistry, frozen sections were prepaéeecimens were embedded in
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Cryomatrix (Shandon), frozen in liquid nitrogen astdred in deep freezer (-80). 10um
thin cryosections were mounted on poly-L-lysinetedsslides, fixed in cold (+2C) acetone
for 10 minutes and air dried. Before immunostairtimg slides were rehydrated in PBS and
permeabilization with 0,3% Triton X-100 was carrma for 40 minutes.

Cx45 and Cx43 immunostainings were prepared aswsll Protein blocking was
carried out for 15 minutes with 1% BSA in PBS. Hsvfollowed by overnight incubation at 4
°C with primary antibodies: Cx45 was detected withlabit polyclonal antibody (Santa Cruz
Biotechnology, Inc.; sc-25716; dilution 1:100), Gx#as detected with a goat polyclonal
antibody (Santa Cruz Biotechnology, Inc.; sc-65@lition 1:50). Secondary antibodies,
which included biotinylated goat anti-rabbit IgGddmiotinylated horse anti-goat IgG (Vector
Labs) were used and followed by endogenous persaidativity quenching step using 3%
hydrogen peroxide (Sigma) in PBS. After formatidhe avidin-biotinylated peroxidase
complex (Vectastain Elite ABC kit; Vector), the Hing sites of the primary antibodies were
visualized by 4-chloro-1-naphthol (Sigma).

The sections were covered by aqueous Poly/MounygBience, Inc., Warrington,
PA) and examined by Zeiss Axiophot photomicroscdpeautomated 3D-Histotech whole

slide imaging system was used to image the sections

Results
Myocardial sleeve of the pulmonary veins

Extensions of left atrial myocardium could be obsdrin the PVs of 15/16 (94%)
hearts and formed bundles displaying various co{fige 1A,B). Bundles of large cardiac
cells (median diameter 18,1 (IQR: 16,5 — 197) resembling of PFs due to their lightly
stained cytoplasm and peripheral myofibrils wereeded in the PVs of 14 hearts. Among

these cardiomyocytes, dense network of fine colldgendles was present (Fig. 1C,D). Best's



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

Carmine staining confirmed that PV myocardium wasched in cardiomyocytes containing
abundant glycogen (Fig. 1E). Intense Cx45 labelag observed in the myocardial sleeve of
PVs. Connexins were clustered in intercalated disics 1F).
Myocardial sleeve of the superior caval vein

Myocardial sleeve composed of fibers displayingmyaspiral course was found
around 21 of 22 (95%) SVCs (Fig. 2A,B). In one ¢asene groups of myocardial fibers were
present at the root of the azygos vein but no aardells were found in the portion distal to
this point. Bundles of Purkinje-like cardiomyocy{esedian diameter 29,4 (IQR: 27,9 — 32,5)
um) embedded in connective tissue were identifie20iSVCs (Fig. 2C). Similar to PV
abundant intracellular glycogen content was foumthe SVC myocardium (Fig. 2D). We
observed intense Cx45 positivity with a similartpat as we described in Fig. 1F (Fig. 2E).
No Cx43 staining in the sinoatrial node, sparsellag in the vicinity of sinoatrial node
(mixed population of atrial and pacemaker cells) ararked positivity were detected in the
atrial working myocardium (data not shown).
Myocardial sleeve of the coronary sinus

Cardiac muscle was present in 8 of 8 (100%) CSisyers (Fig. 3A). The course of
cardiomyocyte-bundles was spiral closer to the uetomen and predominantly longitudinal
at the outer circumference (Fig. 3B). Purkinje-likgocardial fibers (median diameter 22,7
(IQR: 20,7 — 25,5um) embedded in network of collagen fibers were ffied in 7 CSs (Fig.
3C,D). Immunostaining revealed that Cx45 labeliagsas prominent in intercalated discs as
were described in PV and SVC (Fig. 3E). Cx43 latgetiould barely be observed in the
myocardial sleeve of CS.
Histology of the working myocardium and conduction system of the heart

The ventricular conducting cells were rich in glgea contrary to the ventricular

working myocardium (Fig. 4A,B,C). As compared te tixtracardiac myocardium, no Cx45
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signal could be detected in the working myocardiwmije conducting cells proved to be
strongly positive (Fig. 4D). Weak Cx45 immunoreeityi was present in the atria. Cx43 label
was marked throughout the ventricular working mydean (Fig. 4E). At the region of
sinoatrial node prominent Cx45 immunoreactivity wiagected. Cx45 was found to be

present at the atrioventricular nodal region anth@atrioventricular bundle as well.

Discussion
Characteristics of myocardial extensions around pulmonary veins

It has been demonstrated that left atrial myocandextends into the wall of PVs in a
68-100% proportioi:*® No specialized cells were observed except Pergphes et af.who
analyzed electron microscopic images of human PYaardium and reported the presence of
P cells and PFs. Nguyen et“4found PAS-positive cells, further supporting spézed
characteristics of PVs. In the current study busidliecardiomyocytes displaying the
characteristic features of PFs were identifiedimnast all PV, SVC and CS samples. These
cells contained high amount of glycogen in thetopjasm and they were found to be
embedded in a dense network of fine collagen fibers
Potential arrhythmogenic role of caval veins and coronary sinus

Increasing interest has been recently devotednePMb ectopic beats that proved to be
responsible for 20% - 32% of all AF cas&$? Among patients with non-PV-initiating AF,
SVC triggers were found in about 409%:*In the wall of SVC, myocardial sleeve was
detected in 76% - 78% of all cas€$.CS area were recognized as sites of tachyarrhgthmi
in 1% - 179%"?of all non-PV ectopies. Two studies noted the gmes of myocardium in all
CSs examine€d“°while DeSimone et dlreported that only 7% of the CSs contained
myocardial extensions from the right atrium. To best of our knowledge, the present study

demonstrates for the first time that cells dispigy’°’F morphology are present in human SVC
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and CS myocardium. The question arises whethenthisindicate possible
arrhythmogenicity of these regions. We intend i@stigate hearts removed from deceased
patients who possessed evidenced extracardiaoflatiial arrhythmias to provide data for
the clarification of this issue.

I mmunohistochemical characterization of extracardiac myocardial sleeves

In order to characterize the immunophenotype okttieacardiac myocardium, we
carried out immunostainings. Until now, positivir HNK-1, which is an antigen to the
developing conduction systémand reactivity for the cardiac pacemaker antig&iN4 were
detected by human studi€s

According to previous data Cx45 was detected at heav levels in atrial and
ventricular working myocardiutffwhereas distinct positive signal was found at the
atrioventricular node of human adul{sTherefore Cx45 seems to be a specific markereof th
conduction system. During the current study, stretagning for Cx45 was observed
throughout the impulse generating and conductistesy of the heart, whereas almost no
immunopositivity could be detected in the workingaoardium.

Data on the connexin expression patterns of caxdiancs are based on animal
researches. Differences regarding distinct spewgge published. In canine SVC, the
presence of all cardiac connexins including Cx48eweported, with distinct areas
characterized by abundance of Cx43 in the centtddfuse Cx40 signals in the periphery.
Such areas of atypical connexin expression weralgnpresent in the proximal portion of the
SVC, usually in the outer circumference of the naydial sleevé® Both Cx40 and Cx43
were observed in isolated cardiac cells from cagneat veins, with a higher amount of Cx43
in the SVC than in the PVs. The absence of Cx4hadiyas presumably caused by
paraformaldehyde fixation or injury of the cell memrane?® In rat, a nodal-like tissue looping

around the junction of right atrium and SVC wasorégd. From the junction lightly stained
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cells extended both next to the crista terminai the interatrial groove. While nodal-like
cells proved to be strongly positive for Cx45 aegative for Cx43, atrial walls and PV
myocardium exhibited intense Cx43 but no Cx45 imastaining in rat>

The current study documents for the first timeghesence of Cx45 positive
myocardial fibers in the wall of human PVs, SVC &ff. Based on the difference between
Cx45 immunopositivity of the working myocardium ating pacemaker and/or conducting
structures, our findings regarding the prominend&gtaining of the extracardiac myocardial
fibers might provide some support for the presusyaetialized nature of these areas. Since
Cx43 labeling was weak in the myocardial sleevesan be hypothesized that extracardiac
myocardium in PVs, SVC and CS contains predomiga@tdiomyocytes with pacemaker
and/or conducting nature.
Limitation

Immunohistochemistry is not an adequate methodefoorting amounts of protein
expression. Therefore application of quantitatiwstern blot analysis which is suitable for

determining relative abundance of distinct proteuasild add weight to our observations.

Conclusions

1. Presence of Purkinje-like cardiomyocytes exhmbistrong glycogen positivity was
documented in the myocardial sleeves of human BVE and CS.

2. This research is the first to demonstrate praned Cx45 positivity of the
extracardiac myocardium which might provide somgpsut for the presumed

arrhythmogenicity of the myocardial sleeves endhegtPVs, caval veins and CS.
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Figure 1. Histology of the PV myocar dium. Myocardial extensions into the wall of PMsS( LI,

RS RI). LA andRA= left and right atria. Circumflex artery is fillag by yellow resin mixture.

Red line shows the area which was cut out for lugio(A). Transverse section of a PV with
myocardial sleeve (B). Large cardiomyocytes witfinlly staining cytoplasm at the area signed by
circle at picture B (C). Trichrome staining showattmyocardial fibers (red) are isolated by
fibrous tissue (blue) (D). A bundle of myocardialls containing much glycogen (E). Prominent
Cx45 positivity in intercalated discs (inset, arg)WF). Scale bar: 500dn (B); 40um (C); 30

um (D); 70um (E); 30um (F); 20um (F-inset).
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Figure 2. Histology of the SV C myocardium. Cardiomyocyte bundles with spiral course (yellow
lines). Sinoatrial nodal artery is filled up by nebin mixture. Red line shows the area which was
cut out for histology (A). Transverse section ofSWith myocardial sleeve (B). Purkinje-like
myocardial cells at the area signed by circle eiiupe B (C). Glycogen containing
cardiomyocytes (D)In intercalated discs, Cx45 immunoreactivity is proemn(E, arrows). Scale

bar: 1750um (B); 30pum (C); 30um (D); 20um (E).
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Figure 3. Histology of the CS myocardium. Myocardial sleeve around the wall of G&=right
atrium,LA andLV= left atrium and ventricle. Right coronary artégyeen) and circumflex artery
(yellow) are filled up by synthetic resin. Red lisigows the area which was cut out for histology
(A). Cross section of the CS orifice (B). Bundlé$arkinje-like cardiomyocytes run around the
lumen at the area signed by circle at picture B T@rhrome staining shows that myocardial
fibers having lightly staining cytoplasm (red) aeparated by connective tissue (blue) (D). Cx45
immunoreactivity is prominent at intercalated di@€sarrows). Scale bar: 9Q@n (B); 45um

(C); 40um (D); 30um (E).
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Figure 4. Histology of the left ventricular myocardium. Trichrome staining of the working
myocardium \WVM) and a bundle brancBB, inset) composed of cardiomyocytes with pale
cytoplasm (A). WM shows almost no sign with glycogpecific Best's Carmine staining (B),
while much glycogen is recognized at the BB (C4&xmmunoreactivity is prominent at tB8
but barely detectable in tMgM (D). At the WM, marked positivity for Cx43 is detable in
intercalated discs (arrows). Yellow-brown intragkdl granules in the vicinity of nuclei are
lipofuscin pigments (E). Scale bar: gt (A); 40um (A-inset); 16Qum (B); 100um (C); 90um

(D); 12um (E).
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