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SANTRUMPOS

AChE - acetilcholinesterazé

AV — prieSirdinis skilvelio

AVN  —prieSirdinis skilvelio mazgas
AVK - prieSirdinis skilvelio kanalas
ChAT - cholino acetiltransferazé

DGV - deSinioji galviné vena
DP — desinysis priesSirdis
DPV - deSinioji plautiné vena

EKNS - ekstrakardiné nervy sistema
HCN4 - kalio natrio hiperpoliarizacija aktyvinamas, ciklinio nukleotido
valdomas kanalo proteinas 4

INS — intrakardiné nervy sistema

IR — imunoreaktyvumas

MA — sinusinio priesirdzio mazgo arterija
MIF - mazos intensyviai florescuojancios lastelés
NDS - normalus asilo serumas

nNOS - neuroniné azoto oksido sintazé

Ns — nervingés skaidulos

NS — nervy sistema

PBS - fosfatinis fiziologinis tirpalas

PGP 9.5 — proteininis geny produktas 9.5

SP — substancija P

SAN  —sinusinis prieSirdZi0 mazgas

SLS  —girdies laidzioji sistema

SNS  —girdies nervy sistema

TH — tirozinO hidroksilazé

uv —uodeginé vena



IVADAS

Autonominé nervy sistema chromotropiskai, dromotropiskai ir inotropis-
kai reguliuoja Sirdies laidziosios sistemos (SLS) veikla [1, 2]. SLS laidumo
ar inervacijos nepakankamumas ir/arba disbalansas salygoja jvairiy aritmijy
atsiradimg ir neretais atvejais staigia mirtj [3]. Priklausomai nuo sutrikimo
pobiidzio ir sunkumo, jie gali biiti koreguojami farmakologiniais prepa-
ratais, jvairiomis chirurginémis intervencijomis, Sirdies stimuliatoriumi, o
sunkiais atvejais ir pacios Sirdies transplantacija [4, 5]. D¢l jvairiy taikomy
gydymo biidy ir jy komplikacijy yra reikalingi detaltis morfologiniai ir
neuromorfologiniai SLS ir jos atskiry daliy tyrimai [1, 2, 6-8].

Zinios apie SLS ir jos inervacija yra ribotos dél tyrimy sudétingumo ir
paprastai apsiriboja Sios sistemos mazgy sandara ir topografija [9-12], bei
jos imunohistocheminémis savybémis. Ankstesniuose tyrimuose didelis
démesys buvo skiriamas bendrai $irdies ir SLS inervacijai [13-19]. Siuose
tyrimuose buvo taikomas histocheminis acetilcholintrasferazés (AChE) me-
todas, kaip cholinerginis neuroninis Zymuo, jj derinant su imunohisto-
cheminiais metodais, pazyméti adrenerginius bei juntamuosius neuronus
[15-19]. Taciau AChE néra tiesioginis ir selektyvus cholinerginés sistemos
zymuo [20-23], todél iki $iy dieny néra aiskus dominuojancios nervy sis-
temos tipas visoje SLS.

Ieskant naujy ar tobulinant jau esamus Sirdies veiklos sutrikimy gydymo
biidus yra naudojami gyviininiai modeliai. Siy tyrimy efektyvumui didele
reikSme turi zinios apie tarprasinius Sirdies anatominius ir neuroanatominius
skirtumus.

Darbo naujumas ir aktualumas

Siame tyrime buvo istirta trijy daZnai naudojamy elektrofiziologiniuose
tyrimuose gyviiny SAN sandara ir jos inervacija. Tai yra pirmas detalus
pelés, triusio ir kiaulés SAN struktairos ir jos inervacijos iStyrimas ir paly-
ginimas simultaniskai taikant imunohistocheminius laidziyjy miocity ir
nervinius Zymenis viso priesirdzio bei pjaviy preparatuose.

Gauti rezultatai atskleidzia, jog SLS inervacija yra kur kas sudétingesné
negu buvo manoma iki $iol. Siuo darbu pirma karta apragytos SAN srityje
esanCiy nerviniy mazgy neurocheminés ypatybés ir naujas atradimas —
nitrerginiai neuronai, kurie pozityviis vien tik neuroninei azoto oksido
sintazei (nNOS).



Darbo tikslas ir uzdaviniai

Darbo tikslas: nustatyti sinusinio priesirdzio mazgo ribas ir inervacija
pelés, triusio ir kiaulés Sirdyse.

Darbo uZzdaviniai:
1. Nustatyti ritmg generuojanciy lasteliy iSsidéstymg deSiniajame prieSir-
dyje.
IStirti sinusinio prieSirdZio mazgo inervacijos gausuma.
IStirti neurony kiiny paplitimg sinusiniame priesirdZzio mazge.
Istirti priesirdZio sinusinio mazgo neurony neurochemines ypatybes.
IStirti sinusinio prieSirdZio mazgo neurony morfologines ypatybes.
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1. LITERATUROS APZVALGA
1.1. Sirdies laidZiosios sistemos tyrimy istorija

Sirdies tyrimy istorija siekia Elijo Klaudijaus Galeno laikus II a. [24]. Sis
graiky gydytojas — filosofas pastebéjo, jog abu skilveliai pulsuoja net tada,
kai Sirdis yra iSimta i§ kraitinés lastos. D¢l Sios priezasties Sirdies automa-
tinio susitraukimo kilmé buvo siejama su vidinémis Sirdies savybémis.
Galenas savo mokymuose savitai aiSkino Sirdies darbg. Jo rastuose teigiama,
jog sirdis veiké kaip kalvio dumplés ar kempiné, jsiurbdama kraujg j prie-
Sirdzius i$siplésdavo ir pilnai prisipildziusi trenkdavosi j kriitinés sieng [24].
Sia teorija buvo vadovaujamasi 15 §imtmediy iki 1628 m., kuomet Viljamas
Harvey iSleido 72 puslapiy knyga ,,On the Motion of the Heart and Blood in
Animals®, kuria i$ esmés buvo pakeista kardiovaskulinés sistemos funkcijos
samprata ir pasitlyta uzdaros kraujotakos teorija, t. y. tiek venomis, tiek
arterijomis tas pats kraujas tekéjo ratu [24].

»AUkso amzius“ Sirdies veiklos tyrimams — tai XIX a. antra pusé ir
XX a. pradzia. Siuo laikotarpiu iskeltos 2 pagrindinés teorijos — nerviné ir
miogeniné. Jy pagrindu yra aiskinama §irdies veikla iki $iy dieny. Siuo lai-
kotarpiu buvo istirtos ir apraSytos atskiros SLS dalys, kurios véliau buvo
apjungtos j vieng bendra sistemg [25-32].

Pirmasis SLS atradimas — tai 1839 m. ¢eky fiziologo — anatomo Jano
Evangelisto Purkinje (1787-1869) atrastas pilky ,,zelatininiy* 1gsteliy tink-
las (véliau pavadintas atradéjo vardu) avies skilveliuose iskart po endo-
kardu. Nors i§ pradziy $ias Igsteles klaidingai priskyré kremzliniam audiniui,
taCiau po 6 mety jau aprasé kaip raumeninés kilmés lasteles [30]. Ilga laikg
Sios SLS dalies funkcija buvo nezinoma ir prireiké beveik §imtmeéio jai
iSsiaiskinti [28, 30].

Didelis indelis tolimesniuose SLS tyrimuose yra Valter Gaskel (1847—
1914) darbai. Jo tyrimuose apraSyta Sirdies peristaltinés veiklos samprata
yra nepakitusi iki misy dieny. Nors V. Gaskel buvo miogeninés Sirdies
veiklos teorijos Salininkas, jis apjungé abi sistemas (raumening ir nerving),
priskirdamas joms atskiras — ritmo vedlio ir reguliacijos funkcijas. Jo dar-
buose aprasoma, jog impulso plitimas prasideda veniniame antyje ir iSplinta
priesirdziuose, o véliau skilveliuose. PrieSirdinéje skilveliy jungtyje impul-
sas pries iSplisdamas i skilvelius yra uzlaikomas. Jo nuomone, tokiag funkci-
ja atliko diferencijuotas raumeninis audinys. Taip pat savo eksperimentais
V. Gaskel jrodé, jog suardzius tam tikras tarppriesirdinés pertvaros zonas
iStinka prieSirdiné skilveliy blokada [25-27, 29, 31].



Ikvéptas Gaskel darby Vilhelmas Hisas (1863—1934) pradéjo tyrimus,
siekdamas nustatyti impulso plitimg i$ prieSirdziy ] skilvelius. Stebédamas
skirtingas embriogenezés stadijas 1893 m. aprasé raumeninio audinio pluos-
ta, kuris véliau buvo pavadintas jo vardu, jungiant] apatines ir virSutines
Sirdies kameras. Jo nuomone, Sis pluostelis tiesiogiai jungé skilvelius su
priesirdziais, bet funkciSkai nereguliavo impulso plitimo greic¢io. Po S$iy
tyrimy fiziologiniais eksperimentais buvo jrodyta, jog skilveliy susitrauki-
mas prasideda suzadinus jy pamatg [27-29].

Viena garsiausiy asmenybiy, tyrusiy SLS, yra japony kilmés gydytojas —
anatomas Suano Tavara (1873—-1952). Gaves finansing paramg, jaunas gy-
dytojas atvyko testi studijas | Vokietija ir vadovaujamas profesoriaus Lud-
viko Aschoff pradéjo Sirdies histologinius tyrimus. Savo darbuose Tavara
pirmasis suprato, jog Purkinje skaidulos jungiasi su Hiso pluoStu, o im-
pulsas prasidéjes priesirdziuose yra uzlaikomas prieSirdziy skilveliniame
mazge. Tokiomis savo jzvalgomis Tavara aprase¢ prieSirdziy skilveling lai-
dzigja sistema, kuri apjungé visas anksciau apraSytas dalis j vieng bendra
visuma [27-29].

1906 m. medicinos studentas Martinas Fliakas (1882-1931), vasaros
praktikos metu, vadovaujamas Arturo Keito (1866-1955) aptiko unikalia
struktiirg, esancig kurmio Sirdies virSutinés tuS¢iosios venos ir desSiniojo
priesirdZio ausytés jungties srityje. Si struktiira turéjo rysj su klajokliu nervu
ir simpatiniu kamienu bei atskirg artering kraujotakg. Kurj laikg $i struktiira
buvo vadinama Keito ir Fliako sinusiniu ausytés mazgu, o véliau pervadinta
sinusiniu prieSirdzio mazgu. Po Tomo Luiso fiziologiniy eksperimenty 1909
m. Sinusinis priesirdzi0 mazgas buvo pripazintas pagrindiniu ritmo vedliu. IS
esmés atradus SAN, buvo aprasytos visos pagrindinés Sirdies elektrinés
sistemos dalys [3, 9, 12, 23, 25-29, 31, 33].

1910 m. Erlange Vokietijos patology draugijos susirinkime, remiantis
ankstesniais tyrimais, buvo patvirtinti histologiniai kriterijai, kuriuos turi
atitikti SLS ir jos atskiros dalys:

1. Lastelés histologiSkai skiriasi nuo darbinio miokardo;

2. Jas galima atpazinti skirtinguose serijiniuose pjtaviuose;

3. Lastelés atskirtos nuo aplinkinio darbinio miokardo jungiamuoju au-

diniu [34].

Nors ne visais atvejais SLS lastelés atitinka visus $iuos kriterijus [35, 36],
tadiau jais daznai yra naudojamasi tiriant SLS klasikiniais histologiniais
dazymo metodais ir Siuolaikiniuose tyrimuose [37, 38].
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1.2. Klasikiné Sirdies laidZiosios sistemos samprata

SLS generuoja elektrinius impulsus, kurie sukelia ritmiskus ir sinchro-
nizuotus miokardo skaiduly susitraukimus priesirdziuose ir skilveliuose [3,
29, 39, 40]. Laidzigja sistema sudaro specializuotas miokardas. Hipotezé,
jog SLS yra neurogeninés kilmeés, nepasitvirtino [3, 41-44]. Aukstesniyjy
stuburiniy gyviiny SLS yra sudaryta i§ sinusinio prieirdzio (SAN) ir prie-
Sirdinio skilvelio mazgy (AVN) bei skilveliy ,laidy“, kuriems priklauso
priesirdinis skilvelio (Hiso) pluostas, kairioji ir deSinioji Hiso pluosto
kojytés ir periferiné skilveliy laidzioji sistema [3, 45]. Nors visy zZinduoliy
SLS islaiko tg padig struktiira ir jos komponentai yra gerai isreiksti, taciau
yra apraSomi tarpri§iniai skirtumai. Kanopiniy gyviny SLS yra gerai
issivyséiusi, o grauziky silpnai. Tuo tarpu zmogaus SLS yra i§sivys¢iusi vi-
dutinidkai [45]. Taip pat yra teigiama, jog SLS isivystymas nepriklauso nuo
gyvino dydzio [46].

PVs

1.2.1 pav. Klasikiné zmogaus SLS schema (modifikuota remiantis [45]).
ATV - apatiné tus¢ioji vena; AVN — priesirdinis skilveliy mazgas; CSK — centrinis
skaidulinis kiinas; DP — deSinysis priesirdis; DS — deSinysis skilvelis; KS — kairysis
skilvelis; End — endokardas; Epi — epikardas; HP — Hiso pluostas; HPK — Hiso pluosto
kojytés; KP — kairysis priesirdis; Myo — miokardas; PkS — Purkinje skaidulos; PVs —

plautinés venos; SAN — sinusinis priesirdzio mazgas; VTV — virSutiné tus¢ioji vena.

SAN atlieka ritmo vedlio funkcijg [3, 29, 39, 40]. IS jo signalas plinta
priesirdziy miokardu, kuris laikomas neatsiejama laidZiosios sistemos dali-
mi, iki AVN. Cia impulsas yra uzlaikomas, o véliau patenka j prieSirdinj
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skilvelio pluosta [3, 29, 39, 40]. Toliau impulsas plinta j Hiso pluosto ko-
jytes (angl. bundle branches — BB) ir periferinj Purkinje tinkla [3]. Cia sig-
nalas dideliu greiciu iSplinta visame miokarde, sukeldamas skilveliy susi-
traukimag nuo vir§tnés iki pamato [3, 29, 39, 40].

Bet kurios SLS dalies (mazgy ar pluosteliy) nepakankamumas salygoja
aritmijy atsiradimag, kurios gali biiti gydomos implantuojant Sirdies stimu-
liatoriy [3]. Antra vertus, ektopinis ritmo vedlio ar laidumo aktyvumo su-
trikimas sglygoja aritmijas, kurioms gydyti taikomos chirurginés interven-
cijos [3].

1.3. Imunohistocheminiai laidZiosios sistemos tyrimai

SLS néra vienalyté sistema sudaryta i§ daugiau ar maziau panasiy las-
teliy. Kiekvienos SLS dalies miocitai atlicka skirtingas funkcijas ir pasizymi
skirtinga citomorfologija, molekuliniu fenotipu ir funkcija [3]. Antra vertus
visi laidziosios sistemos miocitai turi panaSias savybes, kuriomis skiriasi
nuo darbinio miokardo, tokiomis kaip silpniau iSreiksti sarkomerai, sarko-
plazminis tinklas, maZesnis mitochondrijy kiekis ir t. t. [3, 43, 45]. Sios
savybés nesunkiai pastebimos histologiniuose preparatuose [43, 45]. IS
esmés SLS sudaro 2 tipy lastelés, atliekancios skirtingas funkcijas: ritma ge-
neruojancios ir tranzitinés lastelés [43, 45]. Tarpusavyje Sie specializuoti
miocitai skiriasi membraninémis savybémis [43, 45]. Dél skirtingy speci-
finiy plySiniy jungciy savybiy laidusis miokardas yra atkirtas nuo darbinio,
todél jos atlieka ne tik signalo perdavimo, bet ir izoliacing funkcijg [9, 12,
29, 33, 47].

Molekulinés genetikos tyrimai atskleidé, jog skirtingi reguliaciniai me-
chanizmai yra atsakingi uz vienos ar kitos sistemos dalies vystymasi [3, 48,
49]. Vystantis Sirdies kameroms i§ Sirdies vamzdzio dalyvauja daugelis
baltymy, kurie nulemia raumeniniy lIgsteliy diferenciacijg i laidZiuosius ar
darbinius miocitus. Kardiomiocity diferenciacijai yra svarbus baltymai kurie
buvo pavadinti T-box (Thx) transkripcijos veiksniais. Dazniausiai yra
aprasomi Tbx2, Tbx3, Tbx5 ir Tbx18 [3, 12, 29, 33, 48, 50, 51]. Kiekvienas
Ju turi tik jiems biidingg funkcija. Pvz., Tbx18 ekspresija nulemia pirminiy
SAN lasteliy atsiradimg i§ mezenchimos [3]. Tbx3 ir Tbx5 dalyvauja vys-
tantis visai laidziajai sistemai, ta¢iau Tbx3 turi didesng jtaka formuojantis
SAN, o Tbx5 — AVN [3, 45, 48, 49]. Tbx2 ekspresija svarbi vystantis AVN
ir priesirdzio skilveliy kanalui (AVK) [3, 45, 48, 49]. Taikant imunohisto-
cheminius Zymenis galima aptikti $iuos baltymus ir taip atpazinti specia-
lizuotas lasteles [3, 9, 12, 23, 29, 33, 48, 50-52].
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Morfologiniuose SLS tyrimuose taikoma daugelis imunohistocheminiy
zymeny, 1§ kuriy dazniausiai naudojami HCN4 ir Cx45 laidiesiems mio-
citams, Cx43 ir Cx40 darbiniam miokardui zyméti [11, 33, 51, 53, 54].

HCN4 membraninis kanalas yra aptinkamas beveik visose laidZiosios
sistemos dalyse, isskyrus perifering, nuo Hiso pluosto kojy¢iy. HCN4 ka-
nalai yra pagrindinis impulso generavimo Saltinis. Skirtingos sistemos dalys
pasizymi skirtingu HCN4 kanaly kiekiu, todél jos gali kurti automatinj ritma
skirtingu intensyvumu. Kuo didesnis kanaly Kiekis, tuo dazniau atitinkamoje
srityje yra sukeliama depoliarizacija. SAN lgstelése aptinkamas didziausias
HCN4 kanaly kiekis ir dél Sios priezasties mazgas atlieka pagrindinio ritmo
vedlio funkcija. Kiek maziau $iy kanaly yra AVN ir dar maziau Hiso pluoste
[11, 29, 33, 51, 53, 54]. Esant SAN blokadai, AVN, Hiso pluostas ir kitos
SLS dalys, turindios HCN4 kanalus, gali perimti ritmo vedlio funkcija [3,
11, 29, 33, 51, 53, 54], o patologiniais atvejais tapti aritmijy priezastimi [3].

1.3.1 lentelé. Dazniausiai SLS tyrimuose naudojami imunohistocheminiai

zymenys ir jy paplitimas skirtingose dalyse [3]
Genas SAN AVK AVN HP (@) | HP (b) HPK
Cx40 _ - _ - ; "
Cx43 - - - - - -
Cx45 + + + - - _
HCN4 + - + - + -
Tbx3 + + + + + +
Thx2 - + +/— - _ _
Thx18 + - — - - —
Tbx5 + + + + + +

AVK - priesirdinis skilveliy kanalas; AVN — prieSirdinis skilvelio mazgas;
HP — Hiso pluostas; HP (a) — Hiso pluostas ankstyvoje vystymosi stadijoje;
HPk — Hiso pluosto kojytés; SAN — sinusinis priesirdzio mazgas.

Cx40 ir Cx43 yra greitosios pernasos plysiniy jung¢iy baltymai, kurie yra
atsakingi uz greita impulso pernasg miokarde, todél jy gausiai sutinkama
darbiniame miokarde [55, 56]. Tuo tarpu létosios pernasos Cx45 kanaly yra
gausu miocituose, esanciuose aplinkui HCN4 pozityvias lasteles, atsakin-
guose uz impulso uzlaikymga [45, 56, 57].

Remiantis imunohistocheminiais eksperimentais buvo patvirtinti anks-
tesni SLS morfologiniai tyrimai, kuriuose teigiama jog, SAN yra desiniosios
galvinés venos (DGV) ir desiniojo priesirdzio (DP) suaugimo srityje, taciau
visas mazgo lasteliy masyvas apsupa DGV iS priekio, nuo medialinés iki la-
teralinés dalies ir toliau driekiasi tarp pastarosios venos ir galinés skiauterés,
crista terminalis, beveik iki uodeginés venos [11, 47, 58]. AV mazgas prasi-
deda deSiniajame priesirdyje tarpprieSirdinés pertvaros apacioje, nugarinéje
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dalyje prie vainikinio ancio ir uzima Koch‘o trikampio virtng [33], nu-
Sitesia j priek]j ir prieSirdiniame skilveliy kanale (AVK) perveria skaidulinj
zieda. Toliau driekiasi virSutine tarpskilvelinés pertvaros dalimi kaip Hiso
pluostas (nusileidziancioji dalis) ir priekyje i$siSakoja | deSinigja ir kairiajg
Hiso pluosto kojytes [12].

Deréty pabrézti, jog pradéjus taikyti imunohistocheminius metodus, buvo
ir i§plésta SLS savoka, jai priskiriant uzaortinj mazga ir laidziuosius Ziedus,
esancius auksciau dviburio ir triburio voztuvy zio¢iy (1.3.1 pav.) [3, 9, 12,
23, 33, 52]. Be to atrasta ir Hiso pluosto tasa, kuri driekiasi j priekinj kai-
riojo skilvelio paviriy, apsupa aorta per deding puse ir ten pasibaigia. Si
struktiira vadinama aortos ziedu [12].

Plautinis
f,_;*k:mucng\li

Aotios #icdas

< Dedinysis AV

N‘lj_lr_:t]i.:lis

\'0}.!?1\':15-—-1.,_\

Virfus

Kaire ™ i

Apatings

Apacia Nazgo 1505

1.3.1 pav. Laidziyjy miocity issidéstymas aplink mitralinio ir triburio
voztuvy Ziotis, remiantis imunohistocheminiais tyrimais (modifikuota
remiantis[12]).

DHPK - desinioji Hiso pluosto kojyté; HP — Hiso pluostas;

KHPK - kairioji Hiso pluosto kojyté; UAoM — uzaortinis mazgas.

Lasteliy pluostai, apsupantys dviburio ir triburio voztuvy ziotis [11],
detaliau gali biiti tiriami tik taikant imunohistocheminius Zymenis, kadangi
daznai nuo aplinkinio darbinio miokardo néra atskirti jungiamuoju audiniu,
0 jy diferenciacija lemia plySinés jungtys, apsaugancios Nnuo nepageidau-
jamos depoliarizacijos [9, 11, 12, 29, 33]. AV ziedai prasideda i§ AVN Kkai-
riosios ir deSiniosios nugariniy Saky, apsupa mitralinio ir triburio voZtuvy
ziotis ir prieSirdzio priekyje suformuoja uzaortinj mazga (1.3.1 pav.) [9, 12,
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33]. Nusileidziancioji laidziosios sistemos dalis (Hiso pluostas) pereina
Zemiau uzaortinio mazgo ir yra nuo jo atskirtas skaiduliniu ziedu [11, 12].

Taikant HCN4 ir Cx45 Zymenis pastebéta, jog kairysis ir deSinysis Ziedai
skiriasi imunohistocheminémis savybémis. DeSiniajame ziede yra daugiau
HCN4 imunoreaktyviy (IR) lasteliy, o kairiajame stebimos tik pavienés
HCN4 pozityvios Igstelés. Cx45 IR abiejuose AV Zieduose nesiskiria [11].
Siose zonose HCN4 kanalai gali sglygoti aritmijy atsiradimg esant SAN
disfunkcijai [11].

1.4. Sirdies nervy sistema

Sirdies nervy sistema (SNS) atlieka svarby vaidmenj reguliuojant $irdies
susitraukimy daznj, laidumg, miokardo susitraukimo jéga ir koronaring
kraujotakg [19, 39, 59-62]. Yra zinoma, jog po Sirdies transplantacijos ope-
racijos, de¢l denervacijos pacientai negali jausti pooperacinio kriitinés an-
ginos skausmo [63, 64]. Be to, tokie pacientai daznai kenc¢ia nuo ortostatinés
hipotenzijos [63, 64]. Kita dazna problema, jog nejauciamas antiaritminiy
vaisty, kurie tiesiogiai veikia per SN, tokiy kaip $irdj veikianiy glikozidy
ar atropino, poveikis [63, 64].

SNS sudaryta i3 aferentiniy, eferentiniy ir jterptiniy neurony [2, 65],
kurie yra iSsidéste galvos ir nugaros smegenyse, simpatinio kamieno ir vis-
ceraliniuose mazguose ir atlieka iSskirtiniai tik jiems budingg funkcija [1,
2]. SN funkcija yra uztikrinti reikiama kraujo tékme j visas kino sritis [2].
Ji gali buti apibudinta kaip lygiagreti ir didzigja dalimi stochastiska kontiro-
lés sistema, uZztikrinanti stabily Sirdies darbg ir pasireiSkianti be matomo
efekto ir priezasties [2, 65].

Pagal vieta galima iskirti dvi SNS dalis. Tai ekstrakardiné (EKNS) ir
intrakardiné (INS) nervy sistemos. StruktiiriSkai ir funkciskai INS néra
paprasta EKNS projekcijy persijungimo vieta [8, 66]. INS atlieka integruoto
nervinio rezginio, galin¢io priimti ekstrakardinius impulsus ir moduliuoti
vidinius Sirdinius refleksus, funkcijg [2, 8, 67, 68].

Tyrimais jrodyta, jog intrakardiné ir ekstrakardiné SNS gali veikti pri-
klausomai ir nepriklausomai viena nuo kitos [8, 67, 69]. Sie teiginiai pa-
tvirtinti elektrofiziologiniais tyrimais pastebéjus, jog papildomi ekstrakar-
dinés NS impulsai ,,integruojami* intrakardinés NS mazgy. Po Sirdies auto-
transplantacijos visiSkai atskyrus intrakarding NS nuo ekstrakardinés NS,
pagrindines Sirdies reguliacijos funkcijas perima intrakardiné NS [8, 67, 69].

Ankstesniais tyrimais yra jrodyta, jog simpatiniy ir parasimpatiniy eks-
trakardinés NS komponenty stimuliacija gali sukelti jvairias aritmijas, tokias
kaip prieSirdziy virpéjimg ar skilveliy tachiaritmijg [70, 71]. Vélesni kardio-
fiziologiniai tyrimai parodé, jog veikiant intrakardinius mazgus auksto
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daznio elektrostimuliacija arba tiesiogiai paveikiant acetilcholinu, gaunamas
tas pats efektas [72, 73].

Aukitic]i centrai

AFERENTINIAIL
NEURONAI — —
Uspakaliniy Eskneliy ir
klajoklio nervo mazgai ) mlp | Nugaros smegenty neuronai |

¥

Eferentiniai ' Lokalios grandinés
simipatiniai newronai

CNS

neuronsi

Aferentinini

1.4.1 pav. Hipotetiné Sirdies reguliacijos schema pagal A. J. Armour
(modifikuota remiantis [1, 68]).

SNS neuronai komunikuoja per daugybe receptoriy jskaitant angioten-
zing II ir beta adrenerginius receptorius. Tokie duomenys rodo, jog farma-
kologiné terapija gydant irdies ligas gali biiti nukreipta j §ios SNS sinapses.
Be to tokiu budu veikiantys farmakologiniai preparatai gali jtakoti kardio-
miocity darba ne tik per tiesioginius, bet ir netiesioginius mechanizmus [1,
2].

A. J. Armour pasitlytoje schemoje (1.4.1 pav.) pabréziama, jog aukstes-
nieji neuronai gali bati pakeisti Zemesniyjy. Sirdiniai juntamieji signalai
perduodami per kriitininius ekstrakardinius ir intrakardinius neuronus. Taip
pat Sie signalai gali biiti perduodami tiesiai j nugaros ir pailggsias smegenis.
Cirkuliuojantys katecholaminai gali veikti Sirdies motorinj darbg tiesiogiai
arba per intrakardinius neuronus [1, 68].

SNS tyrimus neuromorfologinius tyrimus galima suklasifikuoti j dvi
grupes: vieni nukreipti § EKNS, kiti — j INS dalj [74-92]. Kadangi simpatiné
ir parasimpatiné¢ autonominés NS dalys tarpusavyje stipriai skiriasi savo
morfologija ir cheminémis savybémis [93], EKNS tyrimai daznai apsiriboja
tik vienos i§ sistemy analize. Simpatinés NS tyrimai paprastai apsiriboja tik
proksimaline arba distaline dalimis, t.y. tiria tik simpatinio kamieno mazgus
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Ir nugarinius nervus, arba visceralinius nervus i$éjusius i$ simpatinio ka-
mieno mazgy iki jnervuojamo organo [6, 7, 74-80, 94-100].

Lyginant jvairiy gyviiny ekstrakardine nervy sistema bendroji inervacijos
schema islieka panasi. Taciau lyginant net evoliuciSkai artimy Zmogbez-
dzioniy autonoming NS yra stebimi simpatinio kamieno skirtumai, kadangi
zvaigzdinio mazgo strukturos ir kakliniy simpatinio kamieno mazgy mor-
fologija yra nevienoda, o tai nulemia ir skirtingas simpatiniy nervy i$sidés-
tymo variacijas [94, 100, 101]. Sie skirtumai yra badingi tik simpatinei NS,
o parasimpatinés inervacijos Sakos visais atvejais islieka tos pacios [94, 100,
101].

Pregangliniai simpatiniai neuronai, reguliuojantys Sirdies aktyvuma, yra
T1-T5 nugaros smegeny segmentuose [93, 102]. Jy aksonai sgveikauja Su
virsutinio, vidurinio ir apatinio kakliniy ir virSutinio kriitininio simpatinio
kamieno mazgy neuronais [6, 7, 102]. Simpatinés NS nervai, sudarantys Sir-
dies rezginj arba tiesiogiai pasiekiantys $irdj, yra vadinami atitinkamai pagal
mazgus, kuriuose prasideda — virSutinis, vidurinis ir apatinis kakliniai ir
kraitininis Sirdiniai nervai [6, 7]. Su pastaraisiais plinta ir juntamosios skai-
dulos, kurios prasideda Cg—Thg nugariniuose mazguose [6, 7]. Pregangliniy
neurony neurotransmiteris yra acetilcholinas, o postgangliniy — norepinef-
rinas [93, 103]. Pagrindinis norepinefrino $altinis yra amino riigstis tirozi-
nas, kuris fermenty pagalba verCiamas dihidrofenilaninu ir véliau dopa-
minu. Toliau dalyvaujat fermentui B hidroksilazei i§ dopamino sintetinamas
norepinefrinas [104, 105]. Simpatinés nervinés stimuliacijos metu norepi-
nefrinas iSskiriamas j sinapses. Be nervinés stimuliacijos $is procesas yra
reguliuojamas ir kitais reguliaciniais mechanizmais, kuriuose dalyvauja o2
adrenerginiai receptoriai [104, 105]. Simpatinis aktyvumas didina Sirdies
susitraukimy daznj ir miokardo susitraukimo jéga [93, 103-105].

Uzmazginiai eferentiniai parasimpatiniai nervai skiriasi nuo simpatiniy
tuo, jog jie prasideda smegeny kamiene ir sudaro sinapses su uzmazginiais
neuronais, esanciais inervuojamuose organuose arba $alia jy [93]. Parasim-
patiniai Sirdies rezginio nervai — tai virSutinés ir apatinés klajoklio nervo
Sakos, atsiSakojusios gerkly nervo bei kriitininés klajoklio nervo Sakos [6, 7,
94, 100, 101]. Acetilcholinas yra pagrindinis ikimazginiy ir uzmazginiy pa-
rasimpatiniy neurony neurotransmiteris [4, 93]. Acetilcholinas sintezuo-
jamas dalyvaujant fermentui cholinacetiltransferazei (ChAT) i§ laisvo cho-
lino ir acetyl-koenzimo A [4, 21]. Acetilcholinas kaupiamas vakuolése, i5si-
skyres parasimpatinés stimuliacijos metu aktyvuoja postsinaptinius muska-
rininius ir preganglinius nikotininius receptorius [106, 107]. Poveikis bai-
giasi suskilus acetilcholinesterazei [106—108]. Parasimpatiniai pregangliniai
cholinerginiai neuronai, sudarantys sinapses su uzmazginiais neuronais,
esanciais pacioje Sirdyje, yra galvos smegeny kamieno dvejinio branduolio,
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nucleus ambiguus, ventralingje lateralingje srityje [109], kiek maziau nu-
gariniame klajoklio nervo branduolyje, nucleus dorsalis n. vagi, ir srityje
tarp abiejy Siy branduoliy [110]. Parasimpatinis aktyvumas mazina Sirdies
susitraukimy daznj, priesirdziy ir skilveliy miokardo susitraukimo jéga, bei
AVN laiduma [1, 2, 93].

Tiek simpatinis, tiek parasimpatinis Sirdies poveikis yra reguliuojamas
juntamyjy neurony. Kadangi miokardo iSemijos sukeltas skausmas jaucia-
mas kairéje rankoje ir/arba kairéje kriitinés puséje, buvo manoma [2], kad
juntamieji neuronai yra kairés pusés kriitininiuose nugariniuose mazguose,
ganglion spinale [111]. Taciau neuroanatominiais tyrimais jrodyta, jog afe-
rentiniai neuronai jnervuojantys Sird] yra abiejuose virSutiniuose klajoklio
nervo mazguose, ganglion nodosum, ir abiejy pusiy C7-T4 nugariniuose
mazguose [111]. Taip pat jy juntamyjy neurony aptinkama pacioje INS [2].
Parasimpatiniy centriniy eferentiniy neurony darbas daugiausia priklauso
nuo arteriniy baroreceptoriy funkcijos [2, 8]. Simpatiné eferentiniy neurony
veikla priklauso nuo kriitininiy refleksy ir yra maziau priklausoma nuo
centrinés kontrolés [1, 2].

Fiziologiniu poziariu aferentiniai neuronai pernesa informacija apie
nuolat kintancig Sirdies terpg. Dauguma aferentiniy neurony perduoda in-
formacijg apie kintan¢ig mechaning ir/arba cheming terpe aplink jy neuritus
[2, 93]. Pavyzdziui ~75 proc. virSutinio klajoklio nervo mazgo neurony
perduoda cheminj, kiek maziau ~35 proc. mechanosensorinj signalg [112].

Nugariniy mazgy neuronai dazniausiai atlicka multimodalinj signalo
perneSimg (mechaninj ir cheminj) [2]. Intrakardiniouse ir ekstrakardiniuose
visceraliniuose mazguose esantys juntamieji neuronai taip pat pasizymi
multimodalinémis savybémis [2]. Dauguma juntamyjy neurony yra jautras
adenozinui, kurio didesnis kiekis iSsiskiria vystantis miokardo iSemijos
atveju [113]. Taip pat mechanoreceptoriy neurity gausiai aptinkama ant
aortos, kurie reguliuoja jos dinamika [1, 2].

Tiek EKNS, tiek INS buvo apradyti jterptiniai neuronai. Si lasteliy grupé
jsiterpusi tarp eferentiniy ir aferentiniy neurony. Jy aksonai sudaro pro-
jekeijas ne tik nerviniy mazgy viduje, bet ir su kity mazgy neuronais ir tokiu
buidu, sujungdami nervinius mazgus atlieka vietinés grandinés funkcija [1,
68]. Manoma, jog $ie neuronai iSsiskiria savo dideliu kiinu (~30 um) [2].
Yra tyrimy kuriuose teigiama, jog jterptiniai neuronai yra pozityvis kate-
cholaminy Zymenims [114-116].
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1.5. Intrakardinio nervinio rezginio morfologija

Nervai ir nervinés skaidulos iS ekstrakardinio nervinio rezginio peréje
Sirdies vartus sudaro intrakardinj rezginj, i§ kurio toliau tesiasi nervai ir
nervinés skaidulos, inervuojancios priesirdziy ir skilveliy miokarda [7, 81,
85, 90, 103]. Nervinés skaidulos iSplinta nuo Sirdies pamato iki virSiinés, jy
didziausias tankis yra prieSirdziuose, kiek mazesnis — prieSirdziy skilve-
lin¢je vagoje ir maziausias — Sirdies virsuneje [7, 103].

Pagrindinis vidinis Sirdies inervacijos Saltinis yra priesirdziy epikardinis
rezginys, kuris susiformuoja iSkart nervams peréjus Sirdies vartus [81, 84,
88, 89, 91]. Intrakardinis rezginys gali buti suskirstytas j smulkesnius
subrezginius. Pagrindinés Sirdiniy subrezginiy vietos yra skirstomos pagal jy
funkcing reikSme arba anatoming vieta.

Daugelio zinduoliy epikardinis rezginys islaiko panasig struktiirg, todél
kardiofiziologiniuose tyrimuose puikiai tinka eksperimentiniy gyviiny
modeliai [81-83, 86, 89, 117]. Tac¢iau yra apraSoma ir nemazai tarprasiniy
anatominiy skirtumy [62, 81-83, 85-87, 89, 118-121]. Paprastai evoliu-
ciSkai Zemesniy gyviny epikardinis nervinis rezginys sudarytas i§ maziau
subrezginiy, geriau i$sivys¢iusiy gyviny epikardinio nervinio rezginio mor-
fologija panaSesné j zmogaus, taciau daznai skiriasi inervuojamos zonos
plotas, mazgy dydis, neurony skaicius ir t. t. [62, 81-83, 86, 89, 118-121].

Remiantis tyrimais yra sudaromos intrakardinio nervinio rezginio sche-
mos, jj dalinant j maZesnius subrezginius. Tokie ,,Sirdilapiai* gali skirtis
priklausomai nuo autoriy. Pvz., J. A. Armour ir bendraautoriy yra sitiloma
10 gangliniy subrezginiy schema, i$ kuriy 5 i$sidéste priesirdziuose, o kiti 5
aplinkui skilvelius esanciuose riebaluose [121]. Lietuvoje paprastai nau-
dojama schema, kurioje priesirdziy nervinis rezginys suskirstas j 7 subrez-
ginius:

e kairjji vainikinj;

e desinjjj vainikinj;

e ventralinj deSiniojo priesirdZio;

e ventralinj kairio prieSirdZio;

e kairjji dorsalinj;

e vidurinj dorsalinj;

e desinjjj dorsalinj [89].

Zmogaus §irdies desinjjj prieirdj paprastai inervuoja 2 — ventralinis ir
dorsalinis desiniojo priesirdzio — epikardiniai rezginiai. Kairjjj priesirdj 3 —
ventralinis kairiojo priesirdzio, vidurinis dorsalinis, kairysis dorsalinis
subrezginiai. Desinjji skilvelj inervuoja 1 — deSinysis vainikinis subrezginys,
kairjjj skilvelj taip pat vienas — kairysis vainikinis subrezginys [89].
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XX a. antroje puséje imta dométis intrakardiniy mazgy anatomija ir
funkcija [97, 122—-125]. Daugiausia intrakardinio rezginio mazgy aptinkama
epikardiniuose riebaluose uz aortos, aplink priesirdziy skilveling vaga ir
didzigsias (plautines) Sirdies venas [62, 118-120]. Poveikis Sirdies funkcijai
priklauso nuo iSoriniy Saltiniy, taciau yra reguliuojamas vidiniy nerviniy
mazgy, kurie turi savo atskiras $irdies inervacijos zonas [62]. Yra aprasomi
vidiniai juntamieji aferentiniai keliai, kurie tiesiogiai jtakoja intrakardines
simpatines ir parasimpatines reakcijas [93].

Taip pat dométasi INS nervy ir mazgy imunohistocheminés ypatybémis
pelés, ziurkés, jiros kiaulytés bei primaty Sirdyse [83, 125-127]. Siais
tyrimais parodyta, jog intrakardiniuose mazguose esancios lastelés pasizymi
gausia imunohistochemine jvairove. Dazniausia yra analizuojami choliner-
giniai ir adrenerginiai neuronai bei MIF Igstelés. Siuose tyrimuose buvo
apraSyti bifenotipiniai neuronai pasizymintys ChAT ir TH IR, kurie yra
aptinkami tik INS ir ekrinénése prakaito liaukose [126]. Bifenotipiniai
ChAT ir nNOS neuronai buvo aprasyti ziurkeés, juros kiaulytés ir triusio INS
[84, 125, 127]. Siuose tyrimuose teigiama, jog visi nNOS pozityviis neu-
ronai buvo pozityvis ChAT, taciau ne visos ChAT nervinés lgstelés pasi-
zyméjo nNOS IR [84, 125, 127]. Be visy minéty nerviniy lagsteliy grupiy,
juros kiaulytés INS dar buvo aprasyti SP IR neuronai [122].

1.6. Sirdies laidZiosios sistemos inervacijos tyrimai

Daugelyje ankstesniy tyrimy, siekiant nustatyti laidZiosios sistemos iner-
vacijg, taikyti imunohistocheminiai metodai, skirti parodyti andrenergines
nervines skaidulas ir nervus bei histocheminé AChE reakcija — choliner-
ginius komponentus [13-15, 17, 19, 60]. Siais tyrimais nustatyta, jog SLS
yra kur kas gausiau inervuota nei aplinkinis — darbinis miokardas [13-15,
17-19, 60, 128]. SLS gausus smulkiy nerviniy skaiduly tinklas yra su-
formuotas iS nervy jéjusiy pro Sirdies vartus ir plintanciy i§ intrakardiniy
mazgy [13].

Daugumos gyviiny SAN nervai pasiekia panasiai. Nervai apsupa DGV i
pilvinés, Soninés ir nugarinés pusiy. Pacioje SAN srityje dauguma nervy
iSsiSakoja | smulky Ns tinklg. Nervai, pasiekiantys SAN priekin¢je DGV
dalyje, suformuoja keleta Saky, kurios jsilieja | gausy sinusinio mazgo
nerviniy skaiduly tinklg, 0 patys toliau driekiasi per visg mazgo ilgj lygia-
greciai ribinei Sirdies vagai, sulcus terminalis, iki uodeginés venos (UV) ir
ja apjuosia. Sie nervai taip pat suformuoja 3akas, kurios jsilicja j SAN Ns
tinklg visame savo kelyje. Kiek plonesni nervai medialiau DGV taip pat
leidziasi link UV ir su anksCiau minétais nervais sudaro ziedg aplink pas-
taraja [13, 14]. Nugaringje DGV dalyje auksc¢iau desiniosios plautinés venos
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SAN sritj pasiekia keletas stambiy nervy, kurie Sakojasi ir jsilieja i gausy
nerviniy skaiduly tinklg sinusinio mazgo kiine ir uodegoje. Dalis jy jungiasi
su nervais, einanciais lygiagreciai ribinei Sirdies vagai [13, 14].

Lyginant atskiras SLS dalis ir mazgus tarpusavyje nustatyti tam tikri
tarprii§iniai panaSumai ir skirtumai. Pvz., zmogaus SLS stebimas inervacijos
mazejimas pereinant nuo SAN iki Hiso pluosto ir jo kojy¢iy [17, 19]. Kity
gyviiny, kaip pvz., juros kiaulytés, ziurkés ar triuSio inervacijos tankis SAN
ir AVN nesiskiria [15, 16]. Tadiau daugumos gyviiny SLS inervacija
zenkliai sumazéja Hiso pluosto kojytéms peréjus i Purkinje skaidulas ir
daznai tankiu nesiskiria nuo aplinkinio darbinio skilveliy miokardo[13-19,
60, 128].

Tiriant zmogaus SAN inervacijg pastebéta, jog centriné SAN dalis yra
gausiau inervuota nei periferiné¢ [17, 19]. Be to nerviniy skaiduly tankis
7mogaus SLS kinta priklausomai ir nuo individo amziaus — didZiausias yra
stebimas vaikystéje, o véliau mazéja [17].

1.7. Nervy ir nerviniy skaiduly cheminis tipas Sirdies laidZiojoje
sistemoje

Kiekybiniais tyrimais buvo siekiama i$siaiskinti dominuojant] nerviniy
skaiduly tipa jaucio, juros kiaulytés, kiaulés, Suns ir Zmogaus Sirdies
laidziojoje sistemoje. Juose stebéta, jog AChE Ns sudaré 60-80 proc. visy
skaiduly, todé¢l buvo teigiama, jog SLS didZiausia veiklos jtaka turi cho-
linerginé inervacija. Kitas gausus inervacijos $altinis — tai TH IR Ns [15-19,
60]. Be Siy dviejy gausiy Ns grupiy stebétos ir juntamosios skaidulos,
pasizymin¢ios CGRP ir SP IR [15, 17-19, 60, 128]. Nemazas démesys SNS
tyrimuose yra skiriamas nNOS nerviném skaidulom, ta¢iau pastaryjy kiekis
SLS nebuvo vertintas [84, 129].

Nors AChE metodas yra taikomas iki Siol kaip cholinerginés inervacijos
indikatorius, tadiau yra nemazai tyrimy, kritikuojanéiy $io metodo tin-
kamumg [23, 108, 130], kadangi AChE yra aptinkama adreneginiuose ir
juntamuosiuose neuronuose [130]. Be to taikant AChE metodg buvo paste-
béta, jog nervai iSskirtinai pasizymintys TH IR, buvo pozityviis AChE ir ne
visi AChE pozytivios skaidulos pozityvios — ChAT [87, 131]. Acetilcholing
(ACh) cholinerginiuose neuronuose sintetina cholinacetiltransferazé (ChAT)
[21], sis fermentas yra sitlomas kaip tikslesnis cholinerginiy neurony
7ymuo [22, 23]. Tadiau tyrimy, taikanéiy biitent §j Zymenj ne tik SLS, bet ir
visos Sirdies inervacijai yra tik keletas [23, 88, 127, 132—134].
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2. MEDZIAGA IR TYRIMO METODAI

Tyrimui panaudota 25 suaugusiy C57BL/6J-linijos peliy, 22 Naujosios
Zelandijos triusiy (4—6 savaiciy amziaus; 420-940 g svorio) ir 21 negyvy
gimusiy arba neiSgyvenusiy pirmaja gimimo dieng parSeliy ir 3 jauny
kiauliy (3—4 ménesiy, 25-40 kg) Sirdys. Pelés ir triuSiai gauti i§ Lietuvos
sveikatos moksly universiteto Veterinarijos akademijos vivariumo. Gyvii-
nams buvo atlikta eutanazija taikant stuburo kaklinés dalies dislokacija.
ParSiukai gauti i§ tkininko A. Banionio gyvulininkystés tikio.

Tyrimai atlikti gavus Valstybinés maisto ir veterinarinés tarnybos leidima
Nr. 0206 bei laikantis geros laboratorinés praktikos reikalavimy.

2.1. Tiriamos Sirdies paruoSimas

Po gyviino (pelés, triusio) eutanazijos kritinés lagsta buvo atveriama
perpjaunant Sonkaulines kremzles. Pelés Sirdis, iki iSsiplaus kraujas, per-
fuzuojama fosfatiniu fiziologiniu tirpalu (PBS), jvedus kateterj j kairjji
skilvelj. Triusiy ir parSeliy Sirdys perfuzuojamos jas iSémus i$ kratinés
lastos, retrogradiniu biidu jvedus katerj j aortg ir ja uzspaudus auksCiau
kateterio jvedimo vietos. Po perfuzijos atliekama prefiksacija tokiu pat budu
susvirksc¢iant 20-40 ml 4 proc. paraformaldehido PBS tirpalo (pH-7.4).

2.2. Viso priesirdzio preparatai

Po pirminés fiksacijos prieSirdziai atskiriami nuo skilveliy. Tokia prie-
Sirdziy ,.kepuré* adatélémis pritvirtinama prie specialaus silikoninio pado.
Nuo jos pasalinami perikardo likuciai. Tuomet preparatas apverciamas
endokardu j virSy, nuo jo atsargiai nukerpama tarppriesirdiné pertvara. Sie-
kiant iSgauti kuo plonesnj preparata, dalis Sukiniy raumeny ir galin¢ skiau-
teré nukerpama. Toks preparatas apverciamas epikardu j virSy, iStempiamas.
D¢l audiniy storio kiaulés prieSirdZio preparatas ruoSiamas kitaip — DGV
perkerpama medialinéje dalyje ir tik tada preparatas iStempiamas. Po Siy
procediry preparatai buvo fiksuojami 40 min. 4 proc. paraformaldehido
PBS tirpale (pH - 7,4). Véliau atliekamos imunohistocheminés reakcijos pa-
zyméti laidziuosius miocitus (HCN4), cholinerginius (ChAT), adrenerginius
(TH), nitrierginius (nNOS) ir juntamuosius (SP) nervinius komponentus
(antikiiny sgrasas pateikiamas 2.2.1 lenteléje), pagal 2.2.2 lenteléje
apraSytus protokolus. Dazniausia naudotos antikiiny kombinacijos buvo
HCN4+ +PGP9.5, HCN4+ChAT, ChAT+nNOS, ChAT+TH ir SP+PGP9.5.
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2.2.1 lentelé. Tyrime naudoty antikiiny sqrasas

Antigenas Seimininkas| Skiedimas Gamintojas Katalogo nr.
Pirminiai:

ChAT Ozka 1:100 Chemicon* AB144P

TH Triusis 1:500 Chemicon? AB152

TH Pelé 1:200 Chemicon® MAB-318

TH Avis 1:800 Chemicon® AB1542

Sp Juros 1:1000 | Abcam? AB1053

kiaulyté

SP Triusis 1:800 ImmunoStar’ 20064

PGP 9.5 Pelé 1:200 ABD Serotec” 7863-1004

PGP 9.5 Triusis 1:500 ABD Serotec® 7869-0504

HCN4 Pelé 1200 | SuessMarg oo 20D
Biosciences

HCN4 Triusis 1:100 Chemicon® AB5808

nNOS Pelé 1500 | SamaCruz g s30)
Biotechonology

Antriniai:

Ozka ©° Asilas 1:300 Chemicon® AP180C

Pele ©° Asilas 1:300 Chemicon* AP192C

Pele DyLiont ®488 Asilas 1:300 Abcam® AB96875

Pele F1TC Asilas 1:100 Jackson ; 1715-095-151
Immunoresearch

Avis 1€ Asilas 1:100 Chemicon? AP184F

Jaros kiaulyte "¢ | Asilas 1:100 Chemicon' AP193F

Triugis ° Asilas 1:300 Chemicon® AP182C

Triusis F'C Asilas 1:100 Chemicon® AP182F

Chemicon International, Temecula, California, USA.

Abcam, Cambridge, UK.
*ImmunoStar Incorporation, Wisconsin, USA.
*AbD Serotec, Kidlington, UK.
>StressMarq Biosciences Incorporation, Cadboro Bay, Victoria, Canada.
®Santa Cruz Biotechnology, Dallas, TX, USA.

7Jackson Immunoresearch, West Grove, PA, USA.
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2.2.2 lentelé. Imunohistocheminiy reakcijy protokolai

Viso prieSirdZio preparatai

uzhermetizuoti bespalviu nagy laku

Etapas 5 e [ Triusis [ Kiaulé Pjaviai
ISplovimas . .
PBS buferiu 3 x 10 min. 3 x 5 min
Audini Dehidratuojama 30°, 50°, 70°, 90°, 96°

I koncentracijos spiritu po 10 min. kiekviename ir Neatliekama
dehidratavimas o ;

100° 3 x 10 min.
A:;?;?&Emo Audiniai inkubuojami 2-3 val. Dent’o tirpalu Neatlickama
praal (1 dalis DMSO: 4 dalys 100° etanolio) cathe
didinimas

. Audiniai per naktj (6—12 val.) inkubuojami 30% .
Balinimas H,0; (1dalis) ir Dent‘o (4 dalys) tirpalu. Neatlickama
Rehidratavimas Audll:llal feh@ramOJaml 70°, 50°, 30° spiritu po Neatliekama

10 min. kiekviename
I3plovimas o o
PBS Triton | one: 0:3%, Kone. 1%, 3 x 10 min. Kone. 0,5%,
. 3 x 10 min. 3 x 10 min.
X-100 tirpale
Nespecifini 2 val. 5% NDS 40 min. 5%
antiEﬁn 4 irPBSir0,5% | 2-3 val. 5% NDS ir PBSir 1% | NDS ir PBS ir
| Triton X-100 Triton X-100 tirpalu. 0,5% Triton
blokavimas - -
tirpalu X-100 tirpalu
18-48 val. 8-12 val.
pirminiy pirminiy
. antikiiny (pagal | 48-72 val. pirminiy antikiiny antikiiny (pagal
Inkubavimas P D . P
irminiais gamintojo (pagal gamintojo rekomendacijag | gamintojo
gn tikiinais rekomendacijg) | 2.2.1 lentelé) ir PBS su 0,5% rekomendacija)
ir PBS su 0,5% | Triton X-100 miSiniu ir PBS su 0,5%
Triton X-100 Triton X-100
miSiniu miSiniu
Audiniy
iSplovimas 3 x 10 min. 3 X 5 min.
PBS
ﬁ‘;ﬁg‘;\‘}imas 1-2 val. PBS

S 4-6 val. PBS ir antriniy antiktiny tirpalu ir antriniy
antrinials antikiiny tirpalu
antikiinais 4P
Audiniy
iSplovimas 3 x 10 min. 3 x5 min.
PBS

Audiniai i$tempiami ant objektinio stikliuko ir uzdengiami
Audiniy dengiamuoju stikliuku naudojant terpg Vectashield H-1000 arba
dengimas H-1200 (Vector Laboratories, JAV). Dengiamojo stiklelio kratai

DMSO - dimetilsulfoksidas (CHs),SO,; H,O, — vandenilio peroksidas;
NDS — normalus asilo serumas, PBS — fosfatinis fiziologinis tirpalas.
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2.3. Sinusinio prieSirdZio mazgo pjiiviy preparatai

Siekiant patikslinti HCN4 Igsteliy iSsidéstyma prieSirdZio sienoje, pjuviy
preparatams buvo atkerpami DP gabaliukai i trijy viety aplink DGV, pa-
liekant nedidelg venos dalj ir ribing skiauterg. Vienas gabaliukas iSkerpamas
priekinéje deSiniosios venos dalyje, antras — Sonin¢je DGV dalyje ir tre-
Cias — tarp nugarinés DGV dalies iki uodeginés venos. Paruosti meéginiai
fiksuoti 40 min. 4 proc. paraformaldehido PBS tirpale (pH — 7.,4).

Pasibaigus fiksacijai audiniai 3 kartus po 10 minuciy plauti PBS tirpale.
Po plovimo, siekiant uztikrinti krioprotekcija, kuri apsaugo nuo Saldymo
metu sukeliamo lasteliy suardymo, audiniai pamerkti i 20 proc. sacharozés
PBS tirpalg kol paskes (4-12 valandy, priklausomai nuo audiniy storio).
Audiniai uzsaldyti, naudojat greitojo Saldymo terpg¢ (Triangle Biomedical
Sciences, USA), suorientuoti taip, kad matytysi visas SAN skerspjivis ir
visi priesirdzio sienos sluoksniai (epikardas, miokardas ir endokardas).
Kriotomu HM 560 (Microm, Vokietija) —22 °C temperatiiroje atpjauti
20 um storio pjiiviai, elektrostatiniu biidu pritvirtinti prie objektiniy stik-
liuky Superfrost Plus (Menzel Glaser, Vokietija), po 3-5 pjuvius ant
kiekvieno ir i§dziovinti kambario temperatiiroje. Toliau atliekamos imuno-
histocheminés reakcijos pagal 2.2.2 lenteléje pateikta protokola.

2.4. Kiekybiné ir statistiné analizé

Tik tie preparatai, kuriuose imunohistocheminés reakcijos buvo ryskios ir
kontrastingos, buvo naudoti tolimesnei analizei. Nervinés strukttiros tirtos ir
fotografuotos konfokaliniu mikroskopu LSM 700 (Carl Zeiss, Jena, Vokie-
tija). Vaizdai analizuoti laisvos prieigos programa FIJI, naudojant auto-
matinius skai¢iavimus, prie$ tai apdorojant vaizda, i$ jo pasalinant triukSma
ir fong. Nerviniy skaiduly uzimamas plotas matuotas SAN galvoje, kiine ir
uodegoje, lyginant zonas tarpusavyje ir su aplinkiniu darbiniu miokardu.
Skaiduly ploto vertinimui rankiniu biidu buvo parenkamas plotas, tokiu
budu iSvengiant tus¢iy lauky. Skaiduly plotas iSreikStas procentais, kurj
uzémé parinktame plote. Uzimamam plotui jvertinti buvo panaudota po 3
kiekvienos risies gyviino Sirdis. Nerviniy skaiduly uZzimamas plotas buvo
matuotas kiekvienai zonai ir Zymeniui atskirai parinktuose 95-135 pju-
viuose (po 30-45 i8S kiekvieno gyviino).

Neurony kiinai skai¢iuoti ir matuoti tik viso prieSirdzio preparatuose.
Neurony diametras iSreikstas trumposios ir ilgosios asiy aritmetiniu vidur-
Kiu. Duomeny analizei naudotas dviejy nepriklausomy imciy t testas, nau-
dojant IBM SPSS 20 programg. Duomenys laikyti patikimais parinkus
95 proc. pasikliovimo lygmeni (p<0,05).
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3. REZULTATAI IR JU APTARIMAS
3.1. HCN4 pozityviy lasteliy iSsidéstymas

Visy tirty gyviny Viso priesirdzio preparatuose HCN4 pozityvios lgstelés
buvo iSsidéste¢ panaSiai (3.1.1 pav.). SAN stebétas DGV ir DP jungties
srityje. Mazgas prasidéjo DGV priekinéje dalyje, toliau tesési Sonine venos
dalimi per ribing Sirdies vaga ir beveik pasieké uodeging veng (UV). Viso
priesirdZzio preparatuose stebéta, jog pelés SAN HCN4 lasteliy uzimamas
plotas buvo 3,1+0,1 mm?, triudio 18,0+2,4 mm? ir kiaulés 52+5,2 mm®. Dél
didelio HCN4 lasteliy uzimamo ploto SAN sritis buvo padalinta j tris dalis:
galvg — priekinéje deSiniosios venos dalyje, kiing — Soninéje deSiniosios
venos dalyje ir uodega nugarin€je deSiniosios venos dalyje iki uodeginés
venos (3.1.1 pav.). Sios dalys viena j kita peréjo be aiskiy riby.

. .
W DGY - kinas’.

.
° kinas. *

1mm

3.1.1 pav. HCN4 lgsteliy iSsidéstymas aplink desinigjq galvine veng (DGV),

(@) pelés, (b) triusio ir (c) kiaulés viso prieSirdZio preparatuose.
Zalia spalva pazymétos HCN4 pozityvios Igstelés. Raudona ChAT (a, b) ir PGP9.5 (c)
pozityvios nervinés struktiiros. Balta punktyrine linija apibréztas plotas, kuriame stebétas
didziausias HCN4 pozityviy lasteliy masyvas. Raudona punktyriné linija skiria zonas
(galva, kina, uodega) SAN srityje. (a) stréliy galai zymi siaurg HCN4 lasteliy pluosta
apsupantj DGV i§ medialinés pusés. (c¢) geltonu punktyru pazymétos deSiniosios DGV
ziotys. DGV — desinioji galviné vena; DPV — deSinioji plautiné vena; UV — uodeginé vena;
VPV - vidurinioji plautiné vena.

Nors SAN islaiké panaSy lagsteliy iSsidéstyma visy tirty gyviny prie-
Sirdziuose, taciau Viso SAN preparatuose buvo nustatyti tarprasiniai skir-
tumai. Pelés SAN HCN4 lgstelés taip pat stebétos vidingje DGV dalyje
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(3.1.1 pav. (a) — stréliy galai). Cia jos sudaré siaura pluostelj. Triugio ir
kiaulés priesirdziuose, vidingje DGV dalyje, HCN4 Igsteliy aptikta nebuvo.
Dél $io pluostelio, pelés SAN forma buvo panasi | pasaga (3.1.1 pav. a),
kuri DGV apsupo i$ vidinés, pilvinés ir Soninés pusiy (zr. 67 psl. 2 pav. ir
77 psl. 3 pav.). Triusio (3.1.1 pav. b, taip pat zr. 57 psl. 1 pav.) ir kiaulés
(3.1.1 pav. c) SAN - kablio formos, kurio pradzia pilvinégje DGV dalyje, 0o
kiinas nusitgsé¢ per Soning DGV dalj beveik iki uodeginés venos. Deréty
pabrézti, jog kiaulés DGV buvo perkirpta medialinéje dalyje, todél mazgas
atrodo kaip pailga strukttra (3.1.1 pav. ¢). Visy tirty gyviiny Sirdyse HCN4
lasteliy masyvas stipriai iSplatéjo mazgo kiine, nugarin¢je DGV dalyje.

Viso prieSirdzio preparatai atskleidé, jog SAN yra vientisa struktiira,
sudaryta i§ daugybés lgsteliy. Taciau juose buvo galima iSskirti centring —
»kompaktiskaja* — ir perifering SAN dalis. Centring dali sudar¢ pagrindinis
HCN4 lasteliy masyvas (3.1.1 pav. balta punktyriné linija), kuriame Igstelés
buvo iSsidésciusios tankiai bei keliais sluoksniais. Perifering dalj sudare
HCN4 pozityviy lIgsteliy ,,rankoveés®, kurios nuo pagrindinio lgsteliy masyvo
nusitesé tolyn j deSiniojo prieSirdZzio miokardg (zr. 57 psl., 1 pav. b-e).
Prickinéje DGV dalyje jos beveik pasieké uzaortinj mazgg, o Sonuose —
vainikine vagg. PrieSirdZio pjiiviuose mazgo centrg sudaré kompaktiskai is-
sidés¢iusios HCN4 pozityvios lgstelés, o ,,rankovés® atrodé kaip pavieniai
miocitai, jsiterpe j darbinj miokarda. Sios struktiiros buvo biidingos visoms
tirtoms rusims. Ankstesniais morfologiniais tyrimais taip pat aprasyta cent-
rin¢ ir periferiné SAN dalys, taciau juose buvo teigiama, kad dalys yra
atskiros ir izoliuotos viena nuo kitos [33, 135, 136].

Kadangi HCN4 , rankovés® nepasieke tarppriesirdinés vagos ir AV tran-
zitinés zonos [137-144], funkciniu pozitriu jos téra periferinés mazgo dalys,
galinCios atlikti ritmo vedlio funkcija Siose srityse. Idomu tai, kad toks
HCN4 lasteliy i$sidéstymas papildo elektrofiziologinius eksperimentus, Ku-
riais nustatyta, jog pirminj impulsa gali generuoti ne tik SAN centriné dalis,
bet ir stipriai nutolusios periferinés mazgo dalys [145].

Pjuviy preparatuose mazgo centre gerai matési SAN arterija. Triusio ir
kiaulés SAN ji sudaré 2-3 $akas. Siy kraujagysliy vieta nebuvo pastovi
(3.1.2 pav. b, c¢). Pelés SAN arterija Saky nesudaré ir paprastai buvo paciame
mazgo centre (3.1.2 pav. a).

SAN pjuviy preparatuose visos HCN4 pozityvios lastelés atitiko klasi-
kinius laidZiyjy SLS miocity poZymius t. y. buvo apsuptos jungiamuoju au-
diniu ir jas buvo galima stebéti gretimuose pjiiviuose [34]. PrieSirdZio sienos
atzvilgiu, HCN4 lastelés skirtingose mazgo zonose buvo iSsidéste nevieno-
dai. SAN galvoje jos sudaré platy prieSirdzio pavirSiaus, ta¢iau miokardo
sienos atzvilgiu plong sluoksnj, esantj iSkart po epikardu. Kane Igsteliy
masyvas iSplatéjo ir uzémeé visa priesirdzio sienos skerspjtivio plota, o kiinui
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pereinant j uodega, Sis masyvas siauréjo ir uodegoje sudaré siaurg pluostelj,
esantj iSkart po endokardu (zr. 58 psl., 2 pav. a—c).

100 pm

100 pm f 100 pm

3.1.2 pav. HCNA4 lgsteliy issidéstymas aplink mazgine arterijq (a) pelés,
(b) triusio, (c) kiaulés SAN pjiviy preparatuose ir HCN4 ,, rankovés ““ viso
priesirdzio preparatuose (d) pelés, (e) triusio, (f) kiaulés SAN periferinése

dalyse.
Zalia spalva pazymétos HCN4 lastelés, raudona — (a, b, d, e) ChAT ir (c, f) PGP9.5
pozityvios nervinés struktiiros. MA — priesirdZiy sinusinio mazgo arterija.

Panasus specializuoty lgsteliy iSsidéstymas parodytas ir ankstesniuose
tyrimuose atliekat 3D rekonstrukcijas i§ SAN pjuviy [37, 135]. Taciau dél
padriko HCN4 lasteliy i$sidéstymo mazgo periferingje dalyje buvo
rekonstruojama tik centriné mazgo dalis [9, 11, 37, 52, 54, 58, 146].

3.2. Sinusinio priesirdzio mazgo inervacijos $altiniai ir nerviniy
skaiduly uZimamas plotas

Visoms tirtoms rasims buvo biidinga panasi j SAN sritj plintanciy nervy
schema. Dalis ekstrakardiniy nervy, pateke pro Sirdies vartus veninéje dalyje,
sudaré Sakas, kurios apjuosé DGV is§ priekinés ir Soninés pusiy. Kiti nervai
nusidrieké iki intrakardiniy mazgy esanciy greta SAN (zr. 59 psl., 3 pav.;
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61 psl. 7 pav.; 71 psl., 6 pav.; 80 psl., 6 pav.; 81 psl., 7 pav.). I$ jy nervai per
nugaring DGV dalj auks$¢iau DPV pasiecké SAN kiing ir tarp DPV bei UV —
uodega. Keletas smulkiy nervy sudar¢ kilpa aplink UV nugarine dalj. Pa-
nasus nerviniy komponenty iSsidéstymas stebétas ankstesniuose tyrimuose
taikant histocheminius ir imunohistocheminius metodus [13, 14, 81-83, 88,
147].

Nervai, pasiek¢ SAN, Sakojosi ir sudaré gausy nerviniy skaiduly tinkla,
kuris atitiko HCN4 pozityviy lgsteliy uzimama sritj. Visais atvejais SAN Ns
kiekis buvo didesnis negu darbiniame miokarde. Pjaviy preparatuose gausi
inervacija stebéta aplik HCN4 pozityvias lasteles, lyginant su darbiniu mio-
kardu. Didelis Ns kiekis taip pat apraSytas ir ankstesniuose tyrimuose tai-
kant kitas metodikas viso priesirdzio preparatuose, pvz., laidziuosius mioci-
tus nudazius Alciano méliu, 0 nervus — histochemine AChE reakcija [14].

Kiekybiné¢ analizé parodé, jog Ns skaiduly tankis skirtingose SAN
zonose yra nevienodas. Pelés (zr. 72 psl., 2 lentelé) ir triusio (3.2.1 lentelé)
SAN didziausias nerviniy skaiduly tankis buvo stebétas galvoje ir ma-
zZiausias uodegoje. Kiaulés didziausias Ns tankis stebétas kiine, o maziausias
uodegoje (3.2.2 lentelé).

3.2.1 lentelé. Skirtingy cheminiy tipy Ns uZimami plotai (vidurkis +
standartiné paklaida um®) triusio SAN skirtingose zonose ir priesirdziy
darbiniame miokarde

Sritis PGP9.5 TH ChAT nNOS SP
Galva 3,41+0,05 1,90+0,03% | 1,47+0,04F | 0,34+0,03° | 0,19+0,01
Kiinas 3,25+0,04 1,84+0,03% | 1,24+0,03™ | 0,66+0,03° | 0,19+0,01
Uodega 2,23+0,04" | 1,2240,04F | 0,95+0,02F | 0,59+0,02° | 0,21+0,01
SAN 2.06:0,04" | 1,6940,02% | 1,2940,02™ | 0,55:0,02" | 0,20+0,00"
bendrai
Darbinis 0,7020,02" | 031+0,01" | 030+0,01" | 0,15+0,01" | 0,04+0,00"
miokardas

“Statistiskai reikdmingas skirtumas lyginant to paties neurocheminio fenotipo Ns uzimama
plota skirtingose mazgo zonose (p<0,05).

"Statistiskai reik§mingas skirtumas lyginant Ns uzimama plota SAN bendrai su darbiniu
miokardu (p<0,05).

*Statistikai reik§mingas skirtumas lyginant TH ir ChAT Ns uzimamga plota (p<0,05).

Nerviniy skaiduly pasiskirstymo analizé skirtingose mazgo zonose atlikta
pirma karta. Ankstesniuose tyrimuose Ns tankis vertintas SLS mazguose,
Hiso pluoste ir Hiso pluosto kojytése [15-19, 60, 128]. Siuose tyrimuose
aprasomi tam tikri tarprii§inai skirtumai. Pvz. jiros kiaulytés SAN ir AVN
N tankis yra toks pats, o0 zmogaus SAN didesnis negu AVN. Antra vertus
dazniausiai tokiuose tyrimuose yra stebétas laipsninis Ns mazéjimas perei-
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nant i§ vieno mazgo j kitg ir t. t. Be to daugumai raisiy yra budinga, jog Hiso
pluostui peréjus j kojytes, o Sioms j Purkinje skaidulas, inervacija Zenkliai
mazeja ir beveik nesiskiria nuo aplinkinio darbinio miokardo [15-19, 60,
128].

3.2.2 lenteleé. Skirtingy cheminiy tipy Ns uZimami plotai (vidurkis +
standartiné paklaida um®) kiaulés SAN skirtingose zonose ir priesirdziy
darbiniame miokarde.

Sritis PGP9.5 TH ChAT nNOS SP
Galva 2,89+0,08" | 1,55+0,047 | 1,15+0,04F | 0,18+0,01" | 0,22+0,01
Kinas 3,150,117 | 1,88+0,05° | 1,36+0,06 " 0,16+0,01 0,22+0,01
Uodega 1,85£0,07 | 1,010,047 | 0,73£0,03* | 0,15+0,01° | 0,22+0,01
SAN 2.68+0,06" | 1,49:0,03™ | 1,08+0,03™ | 0,1640,00" | 0,22+0,00'
Bendrai
Darbinis 0.70£0,02" | 023+0,01" | 0,130,000 | 0,06+0,00" | 0,09+0,00"
miokardas

“Statistiskai reikdmingas skirtumas lyginant to paties neurocheminio fenotipo Ns uzimama
plota skirtingose mazgo zonose (p<0,05).

TStatistiskai reik§mingas skirtumas lyginant Ns uzimama plota SAN bendrai su darbiniu
miokardu (p<0,05).

*Statistiskai reik§mingas skirtumas lyginant TH ir ChAT Ns uzimama plota (p<0,05).

Detaliau buvo analizuoti Ns uzimami plotai triusio (3.2.1 lentelé) ir
kiaulés SAN (3.2.2 lentelé). Triusio SAN bendras Ns uzimamas plotas buvo
didesnis negu kiaulés. Lyginant skirtingo cheminio tipo Ns uzimamus plotus
stebéta, kad triusio SAN TH, ChAT ir nNOS Ns buvo daugiau, o SP maziau
negu kiaulés SAN. Abiejy gyviiny SAN vyravo TH pozityvios Ns. Triusio
SAN maziausiai buvo SP Ns, o kiaulés — nNOS.

DidZiausias TH Ns uzimamas plotas triusio SAN buvo stebétas galvoje ir
maziausias uodegoje. Kiaulés TH Ns daugiausiai buvo kiine ir maziausiai
uodegoje.

Kita didelé grupé — tai ChAT pozityvios Ns. TriuSio SAN jy taip pat
buvo daugiausiai galvoje ir maziausiai kiine, o kiaulés daugiausiai kiine ir
maziausiai uodegoje. Abiejy riiSiy SAN SP nervinés skaidulos visose mazgo
zonose buvo pasiskirs¢iusios vienodai. Kiaulés SAN nNOS Ns daugiausiai
buvo galvoje ir maziausiai kiine, o triuSio daugiausiai kiine ir maziausiai
galvoje.

Gauti rezultatai prieStarauja ankstesniy tyrimy duomenims, kadangi juose
buvo teigiama, jog SAN dominuoja cholinerginés Ns [15, 17-19, 60, 128].
Toks rezultaty skirtumas galé¢jo buti gautas dél skirtingy tyrimy metody.
Siam tyrimui buvo pasirinktas cholinacetiltransferazés (ChAT) imunohisto-
cheminis zymuo, kadangi acetilcholinas cholinerginiuose neuronuose yra
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sintetinamas veikiant Siam fermentui [21]. Be to tyrimais jrodyta, kad ChAT
yra tikslus cholinerginiy neurony ir Ns pozymis [22, 23]. Ankstesniuose
kiekybiniuose tyrimuose cholinerginém nerviném struktirom zyméti buvo
taikomas AChE histocheminis metodas. Visos AChE pozityvios nervinés
struktliros buvo priskiriamos cholinerginém [15, 17-19, 60]. Ta¢iau AChE
metodas néra tiesioginis cholinerginés NS zZymuo, §io fermento taip pat yra
aptinkama adrenerginiuose ir juntamuosiuose neuronuose [130]. Taip pat
neuroanatominiuose tyrimuose buvo pastebéta, jog nervai sudaryti i§ vien
TH pozityviy Ns yra pozityvis AChE, bet nepozityviis ChAT [87, 131].

3.3. Sinusinio priesirdZio mazgo neuronai ir nerviniai mazgai
Lyginant SAN inervacijos sandarg stebéti zenkliis tarprusiniai skirtumai,
kadangi triusio ir kiaulés SAN buvo rasti neuronai ir nerviniai mazgai,
iSsibarste po visa SAN plotg (3.3.1, 3.4.1 ir 3.4.2 pav.). Pelés SAN neurony

kiiny nebuvo rasta.

HCN4+ CN4 HCN4+

100 pm 100 pm 100 pm

100 pm 100 pm

3.3.1 pav. Nervai ir nedideli nerviniai mazgai (raudona) kiaulés SAN
isiterpe tarp HCN4 (zZalia) pozityviy lgsteliy klosciy.
(a—f) SAN optiniai pjaviai skirtingame gylyje, nuo epikardo (a) gilyn link endokardo (f).
Nuotraukose ¢ ir d matomi neuronai jsiterpg tarp miokardo lgsteliy.
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Tiek kiaulés, tiek triusio SAN pjuviy preparatuose neuronai buvo stebéti
tik atsitiktiniuose pjuviuose, todél neurony skaiius, pasiskirstymas, ir
neurocheminis fenotipas buvo tirti tik viso priesirdzio preparatuose.

Nervy atzvilgiu neuronai ir nerviniai mazgai triusio ir kiaulés SAN buvo
iSsidéste panasiai. Nerviniai mazgai apsupo nerva, taip pat lastelés stebétos
Salia nervo ar jsiterpusios tarp pastarojo nerviniy skaiduly. Tac¢iau mazgy ir
nervy iSsidéstymas miokardo atzvilgiu skyrési, kadangi triusio SAN jie
buvo stebéti epikarde. Kiaulés SAN Sios struktiiros stebétos ne tik epikarde,
bet ir jsiterpusios tarp HCN4 pozityviy miocity klos¢iy (3.3.1 pav.).

Triusio SAN biidingi mazi nerviniai mazgai ir pavienés nervinés lastelés.
Suskaiciavus 5 triusiy SAN esancius neuronus (n=288) nustatyta, jog vi-
dutiniSkai triusio SAN buvo 57,2410 (nuo 41 iki 93) nerviniy lasteliy.
TriuSio SAN nervinj mazgg sudaré 3,6+0,3 neuronai. DidZiausias nervinis
mazgas triusio SAN buvo sudarytas 1§ 14 neurony. Vidutiniskai triusio SAN
buvo rasti 12,4+1,2 (nuo 8 iki 15) nerviniai mazgai. Viso mazguose buvo
iSsidéste 78,6+6,0 proc. neurony. Dominavo labai mazi mazgai, kuriuose
buvo iki 4 neurony, ir tik nedidelé magy grupé buvo sudaryta i§ 5 ir daugiau
neurony (3.3.2 pav.). Vidutinis pavieniy neurony skaicius sieké 12,0+£3 (nuo
4 iki 19) ir sudaré 21,4+6,0 proc. nuo visy stebéty nerviniy lasteliy SAN
zonoje (3.3.2 pav.).

% B Mazgy skai¢ius M Neurony skaicius
60

50 T-|— -

40

— I+

30

20
10

O -

<10 | 11-50 | 50—1oo| >100

Triusis | Kiaulé |
Neurony skaifius nerviniame mazge

3.3.2 pav. Nerviniy mazgy ir neurony skaiciaus pasiskirstymas triusio ir
kiaulés SAN.

*StatistiSkai reik§mingas skirtumas lyginant su mazgais sudarytais i§ 2—4 neurony triusio
SAN (p<0,05).

tStatistiskai reikSmingas skirtumais lyginant su mazgais sudarytais i§ 11-50 neurony
kiaulés SAN (p<0,05).
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Kiaulés SAN buvo gausu nerviniy mazgy, kurie pasizyméjo dideliu
neurony skai¢iumi. Dél Sios priezasties kiaulés SAN vertintas vidutinis
mazgy skai¢ius ir vidutinis neurony skaitius nerviniame mazge. Siai
analizei panaudoti 4 kiaulés SAN preparatai. Vidutinis mazgy skaicius buvo
97,5+10,1 (nuo 75 iki 120). Taip pat rasta ir pavieniy neurony, taciau jy
skaicius labai mazas (<10 neurony visame SAN plote). [vertinus 163 atsi-
tiktinai pasirinktus mazgus nustatyta, jog juos vidutiniskai sudar¢ 21,3+2.4
(nuo 2 iki 187) neuronai. Taigi vidutiniSkai kiaulés SAN srityje buvo iSsi-
deste vir§ 2000 neurony ir tai yra ~35 kartais daugiau negu triusio SAN.
Antra vertus kiaulés SAN plotas yra 3 kartus didesnis nei triusio, todél
1 mm? tenka 41 neuronas, o triuio 3 (~10 karty maZiau). Dél Sios prie-
zasties galima daryti prielaida, kad SAN nerviniy lasteliy kiekis néra
priklausomas tik nuo gyvino dydzio.

Pagal neurony skaiciy kiaulés SAN mazgai buvo suskirstyti j grupes:

e mazi (<10 neurony),

e vidutiniai (11-50 neurony),

e dideli (51-100),

¢ labai dideli (>100 neurony).

Kiaulés SAN daugiausiai buvo mazy ir vidutiniy nerviniy mazgy. Taciau
atsizvelgiant | bendra neurony skaiciy, daugiausiai neurony buvo susitelke
vidutinio dydZio mazguose, o mazuose maziausiai (3.3.2 pav.). Nerviniai
mazgai ir neuronai SAN srityje taip pat buvo paminéti ankstesniuose dar-
buose, tiriant triusio, kiaulés ir Suns Sirdis [14, 81, 148], ta¢iau Siuose ty-
rimuose detali SAN nerviniy komponenty analizé nebuvo atlickama. Kitose
kiaulés INS rezginio mazguose buvo apraSomi, kiek didesni nerviniai
mazgai, vidutiniskai sudaryti i§ ~31 neurono, nei SAN srityje [81].

Kiaulés ir triusio SAN mazgai skyrési ne tik neurony skaic¢iumi, bet ir
paciy nerviniy lgsteliy dydziu. Vidutinis neurono diametras kiaulés SAN
buvo statistiskai reikSmingai didesnis (19,2+0,3 um) negu triusio (16,5%0,2
um). Neuronai, esantys triuSio SAN, buvo mazesni uz esancius kitose
priesirdziy (23,102 um) ir skilveliy (24,8+0,2 um) nerviniuose mazguose
[132]. Neuronai, esantys triusio SAN nerviniuose mazguose buvo mazesni
(16,2+0,3 um) uz pavienius (17,2+0,6 um), Sis skirtumas buvo statistiskai
reikSmingas. Pavieniai ir mazguose esantys neuronai, rasti triusio skilve-
livose, tarpusavyje dydziu nesiskyré [132]. D¢l to galima daryti prielaida,
jog nerviniy lasteliy dydis yra priklausomas nuo intrakardinio subrezginio.
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3.4. Neurony jvairové sinusiniame priesirdZio mazge

Ankstesniuose tyrimuose SAN esatys neuronai nebuvo analizuoti imu-
nohistocheminiais metodais [13, 14]. Sis tyrimas yra pirma detali SAN
srityje esan¢iy neurony imunohistocheminé analizé triusio ir kiaulés Sirdyse.

Atsizvelgiant j neurony neurochemines ypatybes, stebéti zenklds tarp-
riSiniai  skirtumai. Triusio SAN buvo rasti 3 skirtingy tipy neuronai
(3.4.1 pav.), kurie pasizyméjo ChAT, nNOS ir bifenotipiniu (ChAT+nNOS)
imunoreaktyvumu (IR). Kiaulés SAN (3.4.2 pav.) be Siy 3 tipy nerviniy
lasteliy, stebéti TH ir bifenotipiniai (CHAT+TH) neuronai. Be to, kiaulés
SAN buvo biidingos ir mazos intensyviai florescuojancios lastelés (MIF),
pasizymincios TH IR. Nors bifenotipiniy ChAT+TH, TH pozityviy neurony
triusio SAN neaptikta, taCiau Sios lgstelés stebétos prieSirdziy intrakar-
diniuose mazguose, i$ kuriy iSeinantys nervai inervuoja SAN [84]. Taip pat
MIF lgsteliy buvo rasta triusio skilveliuose [132].

nNOS

3.4.1 pav. ChAT, nNOS ir bifenotipiniai neuronai triusio SAN.
Raudona spalva zymi ChAT, Zalia nNOS pozityvius neuronus. Zvaigzdute paZzymétas
bifenotipinis neuronas (a—c). Rodyklémis pazyméti vien nNOS pozityviis neuronai (a, C).

ChAT, TH ir bifenotipiniai ChAT+nNOS bei TH+nNOS neuronai buvo
aprasSyti kity zinduoliy INS mazguose [61, 83, 88, 124, 126, 134], taciau
bitina pabrézti, jog Siame tyrime pirma karta aprasyti neurony kinai,
pasizymintys vien nNOS (3.4.1 ¢ ir 3.4.2 d pav., baltos rodyklés) IR. Anks-
¢iau aprasytiems nNOS IR neuronams buvo budingas bifenotipiSkumas su
ChAT IR [23, 125, 126]. Sis atradimas gali bati grindZiamas posnataliniu
INS vystymusi, kadangi yra zinoma, jog Siuo laikotarpiu kai kuriy rasiy
zinduoliy nervinés Igstelés geba keisti neurochemines savybes [149]. Antra
vertus, tiek kiaulés, tiek triusio SAN neuronai nebuvo tyrinéti imunohisto-
cheminiais metodais, todél vien nNOS pozityvios lastelés gali bati isskir-
tinai budingos tik Siy risiy SAN inervacijai, panasiai kaip ChAT+TH
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bifenotipiniai neuronai, kurie yra buidingi i$skirtinai tik INS ir prakaito liau-
koms [126].

Jiros kiauly¢iy Sirdyse buvo aprasyti SP IR neuronai [122], taciau tiriant
triusio ir kiaulés SAN buvo stebétos tik SP IR skaidulos.

3.4.2 pav. Nerviniy mazgy ir neurony jvairove kiaulés SAN.
Baltos rodyklés nurodo vien TH pozityvius neuronus (a), pilkos — MIF lasteles (a, b).
Baltomis zvaigzdémis pazymétos bifenotipines ChAT+TH nervines lasteles (c). (d)
iliustruoja ChAT ir nNOS nervines lastelés, baltos rodyklés zymi vien nNOS pozityvius
neuronus, baltos zvaigzdés bifenotipines ChAT+nNOS, o pilkos vien ChAT pozityvias

nervines lgsteles.
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Ivertinus 5 viso priesirdzio preparatus (286 neuronus) nustatyta, kad
bendrai triusio SAN dominavo ChAT pozityvios lgstelés. Jos sudaré
50,3+4,9 proc. Sioje srityje stebéty Iasteliy. Kita didelé lasteliy grupé, tai
bifenotipiniai (ChAT+nNOS) neuronai, kurie sudaré 35,5+4,2 proc. Maziau-
sia grupé 14,2+1,7 proc. — tai grynai nNOS pozityvios lgstelés (3.4.3 pav.).
Skirtumai tarp skirtingo neurocheminio fenotipo lgsteliy grupiy buvo sta-
tistiskai reikSmingi (3.4.3 pav.).

% EChAT nNOS ChAT+nNOS
60 * -
50
* *
) I [ J
30 I
20 ” o
I
10 - I |
0
SAN nerviniuose Pavieniai SAN bendrai
mazguose

3.4.3 pav. Triusio SAN dominuojantis neurony fenotipas priklausomai
nuo issidestymo.
*StatistiSkai reikSmingas skirtumas lyginant skirtingo fenotipo nerviniy lasteliy grupes
(p<0,05).

Pavieniy ChAT, nNOS ir bifenotipiniy neurony skai¢ius buvo panasus.
SAN nerviniuose mazguose statistiSkai reikSmingai dominavo vien ChAT
pozityvios lgstelés, o maziausias skai¢ius buvo vien nNOS IR neurony
(3.4.3 pav.).

Kadangi viso priesirdzio preparatuose metodiskai buvo galima atlikti tik
dvigubg imunohistocheminj zym¢jima, kiaulés SAN nerviniy mazgy ir neu-
rony analizé buvo atliekama preparatuose, kuriuose taikytas ChAT+nNOS ir
ChAT+TH zymé¢jimai.

Ivertinus 79 mazgus (1293 neuronus) esancius keturiy parSeliy viso prie-
Sirdzio preparatuose, kurioje taikytas dvigubas ChAT+nNOS Zyme¢jimas,
nustatyta, jog dominavo vien ChAT pozityvios (65,5+4,4 proc.) nervinés
lastelés, kiek mazesn¢ grupe (21,6+3,5 proc.) sudar¢ bifenotipinés ir
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maziausig (12,9+£2,6 proc.) grynai nNOS IR neuronai. Skirtumai tarp skir-
tingo imonohistocheminio neurony tipo grupiy buvo statistiskai reikSmingi
(3.4.4 pav.).

%o

70 :
60
Sn afl—
40
20 ¥
*
\ o En
0 .
ChAT | nNOS ChAT+nNOS ChAT | TH | ChAT+TH
ChAT+nNOS preparatai ChAT+TH preparatai

3.4.4 pav. Skirtingo fenotipo neurony pasiskirstymas kiaulés SAN
nerviniuose mazguose.
*StatistiSkai reikSmingas skirtumas lyginant skirtingo fenotipo neurony grupes (p<0,05).

Grupéje, kurioje taikytas dvigubas ChAT+TH imunohistocheminis zy-
meéjimas, buvo jvertinti 43 nerviniai mazgai (902 neuronai), esantys 4 viso
priesirdzio preparatuose. Cia stebétos dvi stambios, savo dydziu statistiskai
reikSmingai nesiskirian¢ios grupés. Tai bifenotipiniai (47,6+7,1 proc.) ir
ChAT IR (45,5+7,3 proc.) neuronai. Siuose preparatuose maziausiai buvo
grynai TH IR (6,9+3,3 proc.) neurony (3.4.4 pav.).

Tyrime stebéta neurony dydzio priklausomybé nuo imunohistocheminio
tipo (3.4.1 ir 3.4.2 lentelés). Triusio SAN maziausi buvo ChAT IR neuronai,
bei didziausi bifenotipiniai (3.4.1 lentelé). Kiaulés SAN didZiausi neuronai
buvo ChAT IR (3.4.2 lentel¢). Kiek mazesni buvo bifenotipiniai neuronai ir
maziausi nNOS. Neurony dydzio priklausomybé nuo imunohistocheminio
tipo yra aprasSyta ir pelés INS priesirdziy mazguose ir triuSio skilveliuose
[83, 132]. Zinios apie lasteliy dydzio skirtumus gali bati naudingos atliekant
elektroninés mikroskopijos eksperimentus interpretuojant nerviniy lasteliy
cheming sudétj.
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3.4.1 lentelé. Nerviniy lgsteliy dydzio parametry (vidurkis + standartiné

paklaida um) priklausomybé nuo neurocheminio fenotipo triusio SAN.

1;:;‘;2““ I\g]z;/lll:)ls n Diametras Trumpoji asis Ilgoji asis
ChAT 22 15,78+0,77" 12,02+0,62 19,54+0,81*
Pavieniai |nNOS 15 17,81+1,41 13,17+0,87 22,44%2,10
neuronai | ChAT+nNOS | 23 18,02+0,96' 13,04+0,60 23,00+1,13*"
Bendrai 60 | 17,160,59* 12,70+0,39 21,61+0,76*
ChAT 121 | 14,92+0,31' 12,42+0,30 17,41%0,41*
SAN nNOS 25 17,20+0,72" 14,20+0,83" 20,21+0,86"
erotai [ChATHINOS | 80 | 17472045 | 139:0,44" | 20,97+0,55%
Bendrai 226 | 16,23+0,26* 13,27+0,25 19,2040,33*

*StatistiSkai reikSmingas skirtumas lyginant pavienius ir SAN nerviniy mazgy neuronus

(p<0,05).

"Statistiskai reiksmingas skirtumas lyginant nNOS ir bifenotipinius neuronus su ChAT
pozityviomis lastelémis toje pacioje grupéje (p<0,05).

3.4.2 lentelé. Nerviniy lgsteliy dydziy parametry (vidurkis + standartiné
paklaida um) priklausomybé nuo neurocheminio fenotipo kiaulés SAN.

Preparato l\{ervinis n Diametras Trumpoji aSis Ilgoji asis
tipas Zymuo

ChAT + TH ChAT 34 | 21,21+0,59* | 18,34+0,62" | 24,09+0,72*
TH 25 | 18,38+0,86' 15,12+0,83" 21,64%1,20"

ChAT+TH 33 | 19,43+0,57 16,32+0,48 22,54+0,68

ChAT +nNOS |ChAT 32 | 20,64%0,75" 17,87+0,88" 23,40+1,00
nNOS 32 | 16,12#0,63*" | 13,3240,58"" | 18,92+0,88*"

ChAT+nNOS | 33 | 19,1240,81 15,960,93 22,27+1,08

*StatistiSkai reikSmingas skirtumas lyginant su ChAT pozityviais neuronais toje pacioje
Preparatut grupéje (p<0,05).
StatistiSkai reikSmingas skirtumas lyginant TH neuronus su lgstelémis stebétomis
ChAT+nNOS preparatuose (p<0,05).
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ISVADOS

1. Ritmg generuojancios lastelés pelés, triusio ir kiaulés prieSirdZziuose
yra i$sidésCiusios panasiai:
a) Uzima beveik trecdalj deSiniojo priesirdzio ploto;
b) Suformuoja kompaktiskg centring mazgo dalj;
) Sinusinio priesirdZzio mazgo krastuose formuoja ,,rankoves®, kurios
nusidriekia tolyn  prieSirdzio miokarda.

2. Visy tirty gyviny sinusinio prieSirdzio mazgo sritis nepriklausomai
nuo vietos ir nerviniy skaiduly tipo gausiau inervuota negu aplinkinis
darbinis miokardas. TH pozityvios nervinés skaidulos buvo dominuojancios.
Maziau buvo ChAT pozityviy nerviniy skaiduly. SP ir nNOS nerviniy
skaiduly buvo maziausiai.

3. Pelés SAN nerviniy mazgy ar pavieniy neurony neaptikta. TriusSio
SAN issidéste nedaug pavieniy neurony ir mazy nerviniy mazgy. O kiaulés
SAN budingi dideli nervinai mazgai sudaryti i§ daug neurony.

4. SAN buvo nustatyti skirtingo cheminio tipo neuronai:

a) Triusio SAN buvo rasti 3 tipy neuronai: grynai pozityviis ChAT,
NNOS ir bifenotipiniai ChAT+nNOS;

b) Kiaulés SAN neuronai buvo 5 tipy: grynai pozityvias ChAT, TH ir
nNOS bei bifenotipiniai ChAT+nNOS ir ChAT+TH.

5. Neurony dydis priklauso nuo lastelés neurocheminio fenotipo ir gy-
viino risies.
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1 spite of the fact that the rabbit is being widely used a3 a laboratory animal in experimental newrocardi-
ology. neural control of SAN cells in the rabbit heart has been insufficiently examined thus far. This study
analyzes the distribution of SAN cells and their innervation pattern employing fluorescent immunohis-
tochemistry on rabbit whole mount atrial preparations. A dense network of adrenergic [ positive for TH),
chalinergic (positive for ChAT), nitrergic (positive for aNOS) and possibly sensory (positive for SP) NFs
together with numerous neuronal somata were identified on the RRCV where the main mass of SAN cells
positive for HCN4 were distributed as well. In general, the area oocupied by SAN cells comprised nearly
the entire RROV and possessed a three to four times denser network of NFs compared with adjacent
atrial walls. Adrenergic NFs predominated noticeably in-between SAN cells. Solitary neuronal somata
of somata gathered into small clusters were positive solely for ChAT or aNOS, respectively or simulta-
neously for both neuronal markers (ChAT and nNOS). Neuronal somata positive for nNOS were more
frequent than thase positive for ChAT. In conclusion. findings of the present study demonstrate a dense
and complex ganglionated neural network of both autonomic and sensory NFs, closely related 1o SAN

Keywonds:
Simoatrial nodal cells
InRervation

Cardix peurons
Immunohistochemisiry
Anatomy

Rabbsit

cells which spread widely on the RRCV and extend as sheeves of these cells toward the walls of the rabbit
RA

© 2016 Published by Elsevier GmbH.

1. Introduction

SAN cells send electrical signals to heart muscle, initiating its
contraction. These cells have been an object of investigation in
many pathological cases as SAN cells may be a trigger of sud-
den cardiac death (Christoffels and Moorman, 2000), Employing
histological and immunohistochemical techniques, specialized car-
diac cells of different functions were observed in the SAN area:
pacemaker, transitional myocardial and insulation cells (Atkinson
et al, 2013; Bharati and Levine, 1991 ; Liu et al, 2007; Tellez et al_,
2006, HCN4 has been considered as a specific protein of pacemaker
cells, allowing a reliable morphological identification of SAN cells
(Atkinson et al., 2013; Liu et al., 2007; Tellez et al., 2006).

Physiological studies have shown that acetylcholine and nor-
adrenaline can modulate the rate of SAN myocytes and action

Abbreviations:  ACKE, acetylcholinesterase; ChAT, choline acetyltransferase;
HCN4, hyperpalarization activated cyclic ncleotide.gated potassiom channed 4;
NFs, merve fibers; nNOS, neuronal oxide synthase; RA, right aerial or right atrium;
RRCV. root of the right cranial vein (superior vena caval. SAN, sinoatrial nodal or
sinoatrial mode; 3P, substance P; TH, tyrosine hydroxylase.

* Commesponding avthor ai: Instituie of Anatomy, Faculty of Medicine, Lithuanian
University of Health Sciences. A Mickeviciaus Street 9, Kaunas LT-24307, Lithuania.
Ted: «370 37 327313, fax: <370 37 20733; mobile: +I70 682 10366,

E-mail auddresi: L miust pass s@smuani It (DH Paaral

Bitpe/fdxded.orgl 101016 jaan F01 603007
ORMD-0602) © F01E Published by Elsevier GmbH.
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potential duration of atrial myocytes over a wide range (Verkerk
et al., 2012). This effect may be explained by G protein regulation
that suppresses muscarinic sensitivity and parasympathetic tone.
It may prove to be a target for the treatment of SAN bradycardia
or tachyecardia (Verkerk et al, 2012). Moreover, stimulation of
postganglionic NFs results in complex changes of pacemaker
excitability in SAN cells (Fedorov et al., 2006). Such physiological
findings correspond to neurcanatomical observations that the
SAN possesses a considerably higher density of NFs relative to
the adjacent myocardium (Crick et al, 1999, 1996, 1994; Pauza
et al, 2013, 2014ab: Roberts et al.. 1989; Roberts, 1991a) and that
two RA neural subplexuses (the dorsal and ventral ones) supply
the SAN neural network in various mammalian species and the
human (Batulevicius et al, 2005, 2003; Brack, 2014; Pauza et al.,
2000, 1999; Rysevaite et al, 2011; Saburkina et al, 2014, 2010),
Densities of cholinergic, adrenergic, and peptidergic (sensory) NFs
differ significantly among the animal species (Chow et al., 2001:;
Crick et al, 1999, 1996, 1994). Many previous studies aiming to
identify the distribution of nerve fibers in the heart were based on
histochemical staining for acetylcholinesterase {AChE) which was
considered a trustworthy marker of cholinergic nerve fibers (Crick
et al, 1994, 1996, 1999; Chow et al., 2001). However, AChE was
also abundantly identified among sensory and sympathetic nerve
fibers (Koelle, 1955; Saburkina et al, 2010; Pauza et al, 2014a,b)
and, therefore, AChE histochemical staining was altered to an
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Table 1

Primary and secondary antisera used in the stsdy.
Antigens Host Dilation Company Catalog number
Primary
CHAT Goat 1100 Chemicon® ARVLAP
™ Maouse V=400 Chemicon* MABIE
™ Sheep 1800 Chemicon* ARISAZ
CCRP Mouse 1:800 Abcam® ARSS2D
P Guinea pig 1:1000 Abcam® ARSI
PGPOS Maouse 1:200 ABD Serotect TBE3-1004
nNS Mouse 1:500 Santa Cruz Biotechonclogy” SC-5302
HONS Mouse 1:200 SMIC- 3200
Goat™ Doakey 1:300 Chemicon” AP1BOC
Muouse™r? Domkey 1300 Chemicon”® AP192C
MarugeSviine sua Donkey 1:300 Abcam® ABUGETS
Mouse™ Donkey 1:100 Jackson mmunoresearch’ 715005151
Sheep"™ Donkey 1100 Chemicon* AFB4F
Guinea pig™ Donkey 1100 Chemicon® AP1OIF

¥ Jackson Immanaresearch, Wst Grove, PA, LSA.

immunohistochemical method for choline acetyltransferase
(ChAT) which is the crucial enzyme in acetylcholine synthesis
(Nachmansohn et al, 1946). Recently, immunochistochemical label-
ing for ChAT has been approved as the most reliable cholinergic
marker for parasympathetic nerve fibers (Arvidsson et al, 1997:
Hoover et al., 2004; Saburkina et al, 2010; Pauza et al,, 2014ab).
Therefore, this study was designed to simultaneously determine
the distribution of SAN cells and their innervation in whole mount
preparations of the rabbit heart employing immunohistochemical
methods for reliable determination of autonomic innervation and
SAN cells in order to compare their morphologic patterns with
those in other mammalian hearts examined previously (Crick etal.,
1994, 1996, 1999; Pauza et al, 2013, 2014ab; Roberts, 1991ab;
Roberts et al., 1989; Yamamaoto et al., 2006).

2. Material and methods
2.1. Study material

Twenty two young (4-6 week old) New Zealand rabbits of either
gender weighing 420-940 g were used in accordance with local and
state guidelines for the care and use of laboratory animals (Permis-
sion No. 0206). Nineteen hearts were used for whole mounts and
three hearts for transverse section preparations.

22, Whaole-mount preparations

Following animal euthanasia, hearts were dissected from the
chest, cleaned with 0.01 M phosphate buffer saline (PBS) and the
coronary vessels were retrogradely perfused with PBS. Afterwards,
the atria were dissected from the ventricles and the interatrial sep-
tum. Then, the atria were flattened and pinned in a Petri dish with
a silicone bottom. The flattened specimen was fixed for 40 min
at 4°C in 4% paraformaldehyde solution in 0.01 M phosphate
buffer (pH=7.4). In order to decrease background light for laser
scanning microscopic examination, tissues were bleached using
a dimethyl sulfoxide and hydrogen peroxide solution, and dehy-
drated as reported previously (Dickie et al, 2006), Subsequently,
whole-mount preparations were rehydrated through a graded
ethanol series (in each for 10min), washed 3« 10min in 0.01 M
PBS containing 0.5% Triton X-100 (Serva, Heidelberg, Germany).
Non-specific binding was blocked for 2h in PBS confaining 5%
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normal donkey serum (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA). Afterwards, the specimens were incubated
with an appropriate combination of primary antisera for 48-72h
at 4°C(Table 1). Afterwards, whole-mounts were washed 3 times
for 10min in 0.01M PBS and incubated with an appropriate
combination of secondary antisera for 4 h at room temperature
(Table 1) Four combinations of antisera were used in this study
in order to identify: (1) the SA nodal cells and cholinergic neural
components {HCN4 + ChAT), (2) the biphenotypic neuronal somata
and nerve fibers (ChAT +nNOS and ChAT+TH) and (3) general
distribution of nerves, nerve fibers and neuronal somata as well
as adrenergic neural structures and small intensively fluorescent
(SIF) cells (PGPO.5 + TH).

During the last stage, specimens were washed 3 times for 10 min
in 0.01 M PBS, mounted with Vectashield Mounting Medium (Vec-
tor Laboratories, Inc.. Burlingame, CA, USA), cover slipped and
sealed with clear nail polish.

2.3, Sectioned rissue preparations

In order to obtain transverse sections of walls of the rabbit RA
and RRCV, three rabbit hearts were dissected, perfused and pre-
fixed as described above. In order to compare the densities of NFs
distributed between cardiac cells positive for HNC4 from distinct
localities on RRCV, the SAN region was comparatively divided into
three parts as described previously (Pauza et al, 2013, 2014ab).
SAN cells were categorized into three groups: SAN cells distributed
on the medial part of the RRCV were considered to be the head
of the SAN, the lateral ones that extended along the terminal
groove o be the body, and their dorsal portion allocated toward
the RRCV as the SAN tail (Fig. 1a). Following 40 min fixation at
4°C in 4% paraformaldehyde solution in 0.01 M phosphate buffer
(pH =7.4), tissues were washed 3« 10 min in PBS and cryoprotected
by immersion in PBS containing 20-25% sucrose until their com-
plete sinking (4 °C, 24 h). Fellowing cryoprotection, the tissues were
frozen using a tissue-freezing medium (Triangle Biomedical Sci-
ences, USA) for sectioning. The pieces of the sampled tissues were
orientated on a cryomicrotome stage so that the slice cutting plane
would be perpendicular to the interatrial septum, right atrial wall
and the terminal groove and all layers (epicardium, myocardium
and endocardium) could be well discernible in the slice. Tis-
sues were sectioned into 20 pm slices using a cryomicrotome HM
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Fig- 1. Distribution of SAN cells posithve for HON (in green | newronal somata | arrowheads | and NFs positive for ChAT (in red)) in the rabbin whiole-mount atnal preparation,
Mote the abundant newronal somata positive for ChAT [armowheads) on the base of the beft atrium [BLA ] in panel 2 (a) General view of the distribution of cells positive for
KN4 and NFs positive for ChAT. The dotted line approcimately outlines the region on the BRCV with the Largest concentration of cells positive for HONA. The boxed areas
bee in parel 3 are comespondingly enlanged a3 the belt side panels b-e. SAN cells are strongly positive for HONA bath in the bead (b, body (d}.and 1l (e ] of the SAN area and
of Lhe dorsal side of the RRCY (<L Dther abbreviations: ROV - orifice of the right oranisl vein; RFY and MPY - orifices of the right and middle pulmonary veind, OV - arifice
of the caudal veln, AWRA - amenor wall of RA: LWRA - lateral wall of RA (For interpretathon of the referendes (o codor (m this figure legend, the reader is referred 1o the webi

wersion of the article.

560 (Microm, Germany) at -22°C and sections were mounted
onto Superfrost Plus microscope slides (Menzel Glaser, Germany ).
Afterwards, immunchistochemical procedures were performed as
earlier described applying an appropriate combination of primary
and secondary antisera (Table 1) Finally, specimens were washed
3 times for 5-8min in 0,01 M PBS and mounted with Vectashield
Mounting Medium (Vector Laboratories, Inc., Burlingame, CA, USA)
and cover slipped. Both positive and negative controls were used.

24, Cueantitative and statistical analysis

Both whole-mount preparations and RA wall transverse sec-
tions, in which immunohistochemical reactions showed the most
well defined contrast were used for quantitative analysis, Neural
structures were examined and digital images were acquired using
a microscope LSM 700 (Carl Zeiss, Jena, Germany L

Intrinsic ganglia and neuronal somata were morphometrically
analyzed in five whole mount preparations labeled simultaneoushy
for ChAT and nNOS, The size of clearly visible neuronal somata was
measured on digital images and expressed as the mean of their long
and short axes, The densities of NFs within distinct portions of the
SAN area(head, body and tail | were evaluated in transverse sections
of the walls of the RRCV and RA from three rabbits double labeled
for HCN4(PGP9.5, HCN4/ChAT, and HON4[TH. In order to random-
ize the sampling, the same immunohistochemical reactions were
repeated twice on the neighboring senial sections obrained ar an
interval of 500-800 jum. Digital images were randomly taken from
the whole SAN area occupied by HON4-positive cells and the adja-
cent myocardium of the RA wall which was free of HCN4-positive
cells, NFs were analyzed within all portions of the SAN region in
comparison o the adjacent RA myecardium. The density of NFs
was expressed in percentage of the area occupied by NFs.

Data in tables are presented as absolute numbers (n), means
(M} and standard errors (SE). Statistical analysis for density of MFs
and the aumber of NFs within distinet regions of SAN and atrial
areas was performed using the two-sample independent r-test with

the aid of IBM 5PSS software (package 20, IBM). Differences were
considered significant when p < 0,05,

3. Results
1.1, Distribution of HONS-positive cefls

In whole mount preparations, HON4-positive cells were widely
distributed on the RRCV, The uninterrupted mass of these cells sur-
rounded the RRCV from the anteérior, lateral and dorsal sides and
extended along the terminal groove toward the root of the caudal
vein. The pattern of the distribuition of the main mass of these cells
was reminiscent of 2 hook shape hanging on the RRCV. In the dorsal
part of the RRCV, these cells expanded medially and almost reached
the interatrial groove (Fig. 1a). When SAN cells positive for HCN4
were homogenously distributed on the anterior side of the RRCV
and alongside the terminal groove (Fiz. 1b and ). these cells were
patchily arranged in the SAN tail ( Fig. 1e). The transition zones from
head ro tail of the SAN gradually transformed from one to the other
without clear limits. In addition, the HCN4-positive cells spread as
“cellular sleeves”™ from their main mass to the anterior and lateral
sides ofthe RRCV toward the righrauricle and lateral RAwall (Fig. 1d
and e},

In contrast to whole mount preparations, transversal sections
of the RRCV demonstrate a specific distribution of HCN4 positive
cells within the myocardial wall in different SAN regions. In the
SAN head, these cells were located near the epicardium as a thin
cellular rim (Fig. 2a). Rarely, solitary HCN4-positive cells penetrat-
ing deeper into the wall of the RRCV may be seen as well. In the
SAN body, HCNA-positive cells were widely and densely dissemi-
nated between the epicardium and endocardium, and commonly
occupied the whole wall of the RROV (Fig. 2b). In general, the men-
tioned “sleeves” of the HCN4-positive cells expanded from the SAN
body toward the epicardium and endocardium of the lateral RA
(Fig. 2b). HCN4-positive cells accupied the mid-myocardium and
appeared as.abundle of these cellsin the SAN tail (Fig_ 2c). Normally,

57



& H. Miokaitis of al / Amnals of Analomy 205 (2016} 112-121

Fig- L Distribution of SAN cells positive for HICRA (in green) and NFs positive for ChAT {in red] in transverse sections of the wall of the rabbit RA at different parts of the SAN

arcd bead 2], body () and Lail (c). The baxed afeas in pancls 3~ afe conmespondingly enlarged 15 pamels a'-c'. Abbreviad
CT - crusta vermiaslia. (For intefpretation of the referendes 10 colod i this Agune legend, the feader i relernad Lo the web ve

some profiles of detached HCN4-positive cells could be widely seen
within the walls of the RA and the RRCV (Fig. 2c).

3.2. Wewral pathways (o the SAN region

The distribution of nerves proceeding to the RRCV and the
RA. where the highest density of HCN4-positive cells was iden-
tified, is seen in whole mount preparations (Fig. 3a). Compared
with adjacent RA regions, the RRCV with the wide distribution of
HCN4-positive cells contained an obviously denser meshwork of
NFs (Fig. 1c and d vs. 1e) Topographically, the area with the high-
est density of NFs corresponded tothe “hooked ™ distribution of SAN
cells positive for HON4 (Figs. 3a vs. 1a)

The morphologic pattern of nerves supplying the area on the
RRCV with SAN cells was similar in every examined heart. Com-
monly, séveral epicardial nerves from the intrinsic néuronal eluster
that was regularly localized along the interatrial groove on the base
of the left atrium extended toward the wide SAN region on the RRCY
and the lateral wall of the RA, including the right auricle (Fig. 3a).

3.3, Distriburion and density of NFs in the SAN region

Transverse sections of RCCV demonstrated that the thickest
nerves at the SA nodal cells were distributed in the epicardium.
Some larger nerves werne also observed in adventitia of nodal artery,
endocardium and near SA nodal cells. However, SA nodal cells pos-
itive for HCN4 were mainly accompanied by a dense meshwork of
nerve fibers (Fig. 2).

Based on calculations of NFs in transverse sections of the RRCV
and the adjacent RA areas, the mean density of NFs within the rab-
bit SAN region was fourfold compared with the neighboring RA
myocardium (Table 2). Moreover, the density of NFs positive for TH
was fivefold between SAN cells in respect to the adjacent contractile
RA myocard ium,

Distribution of NFs was different in various parts of the SAN
area. The highest density of NFs positive for PGPO.5, TH and ChAT

A - SAN amery; RAC - right atrial chamber;
bl thee aniche.

was identified at the head. while the lowest one - in the tail of
the SAN area (Figs. 3 and 4; Table 2). Contrarily, NFs positive for
SP and nNOS were the most plentiful in the tail and the body of
the SAM area, correspondingly (Table 2). Noteworthy, the coex-
istence of two neurotransmitiers in the same NF was usual for
NFs positive for ChAT and nNOS, but it was not characteristic for
NFs positive for TH and SP distributed within the rabbit SAN area
(Fig. 5).

14, Neuronal somata within the SAN region

In addition to neérves and NFs, intrinsic neuronal somata were
abundantly revealed in the rabbit SAN region (Table 3} In this
region, the rabbit heart contained 57.2 = 10,1 nerve cell bodies
that were scattered solitarily or clustered into small ganglia with
36 +0.3 nerve cells. The solitary nerve cells and ganglionic cells
were distributed unevenly within the SAN area, but 78,6 £ 6.0% of
neuronal somata were identified in the ganglia (Table 3),

Neuronal somata found within the SAN area were either positive
for ChAT[50.3 £ 4.9%). nNOS[14.2 + 1.7%) or were biphenotypic; i.e.
positive simultaneously for ChAT and nMOS (355 = 4.2%; T 3).
The neuronal somata solely positive for nNOS were mainly dis-
tributed solitarily while the ChAT positive and biphenotypic nerve
cells were more commaon in ganglia ( Table 3). No cell bodies posi-
tive for TH were found in the rabbit SAN region on the RROV, Mast
of nerve terminals observed around neuronal somata were positive
for ChAT (Fig. &)

The sizes of intrinsic neuronal somata were dependent on their
distribution and chemical phenotype. Neuronal somata located at
the SAN region were smaller than ganglionic nerve cells distributed
on the base of the lefr atrium (Fig. 3a, 41 Mostly, solitary nei-
ronal somata were larger than ones lecated within the ganglia, but
the size differences between neuronal somata positive for distinct
neuronal markers were statistically significant only between ChAT
positive neuronal somata in comparison with nNOS positive and
biphenotypic ones {Table 4],

e
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Fig. 3. Whole-mount preparation of the rabbit atria 10 demonsrate the distribution of ganglionated nerves and NFs positive for PGPOLS (in red) and for TH (in green ) in
various parts of the SAN. The dotted line in paned 3 approximately outlines the region on the RRCV with the largest density of myocardial NFs positive for ChAT and TH. The
boed areas in panel & are correspondingly enlarged as panels b-2. Paned b demaonstrates the meshwork of NFs in the SAN head, © - in the body, and d = in the SAN tail. Panel
e demonstrates scme nerves around the OV, Arrowheads in panel a point to chusters of newronal somata on the base of the left atrium [ELA) and to solitary neuronal somata
located at the body part of the SAN area in panel ¢ Solid arrows in panel 2 show Joceiiing cardisc nemwes that proceed to newronal clusters {ammowheads] an Lhe base of
the beft atrium, while Lhe small armows indscate the epscardial nenoes extending from nearonal chasters loward the SAN ares. Other abbreviations: ROV - ornifice of the right
cramial vein; RFY = site of the root of right pulmonary vein; OV = orifice of the caudal vein: AWRA - anterior wall of RA; IWRA = lateral wall of RA. {For interpretation of the
references to color in this Agure legend. the reader is referred 1o the web version of the asticle.)

Table 2
Comparnson of densities of nerve fibers [NFs) between thiee parts of the S0 nodal (SAN) regson (head, body, and Lail) and right sl myosasdiam, The density is expreisad
im percent of the anca occupied by NFs within the mansally selected equal in size areas

Region PCPOS ™ ChaT NS w

Head 341 & 005 1,80 + 003 147 & .04 .34 + 003 019 & 081
Hody 325 & 004 184 + 0,03 066 + 003 0.19 & 0.01
Tail 223 : 004 122 + 004 058 + 0.0 021 £ 000
Cheerall in SAN 206 £ 004 167 + 002 055 + 002 0.0 £ 001
Arrial myocandium 070 <+ DuiF 031 £ aal 030 £ 0ol 015 & ool 004 £ DDl

° Densities of the same immunohisiochemical type NFs type in head, body and tail of SAN were statistically different at p<0L05
Differences between the area of NFs in atria myecardium and SAN in general | statistical significant at p< 005}
Differences between the dendity of MFs positive for ChAT and TH were statistically significant at p <0005,

Comparing the size of ganglionic neuronal somata from the SAN 4. Discussion
area and the base of left atrium, somata of any chemical pheno-
type from the SAN region were significantly smaller than those that This study is the first demonstration of the simultaneous dis-

were observed on the base of left atrium (Table 4). Solitary biphe- tribution of SAN cells positive for HCN4 and the innervation of
notypic neuronal somata were significantly larger compared with these cells in both whole-mount preparations and transverse sec-

ones pasitive for ChAT (Table 4L tions of the rabbit RA and RRCV, utilizing methods of luorescent
Tahle 3
The number and percentages of selitary and ganglionic neuronal somata of defferent chemical phepotype identified in the rabbix SAN area.
Category Chemical phenotype Rurmber per anie Petcemtage in category Owverall pereentage
Mean Mean Range Mean Range
ChAT 44412 0.1 £ 57 123-500 BT 431 43-200
NS 3.0 405 188+ 58 155-500 54 + 09 23-73
Solicay Baphenatypic 46+ 18 312402 0-556 T4 & 28 0-163
In geneval 120+ 3.0 - - 214 £ 6O G3-442
ChAT 242 + 65 340-853 415 £63 15.6-537
Garglion nNOS 5.0 408 17-208 EE 4 10 T0-116
B Biphenatypic 160 4 16 253-518 181 £ 45 1B6-424
In general 452 + 8.8 - 186 + 6.0 55.8-90.7
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Table 4

Size (in pm?) and measurements {in jum) of long and short axis of neuronal somana revealed in the SAN arca compared with ganglionis neuronal somata distributed on the

bbase of beft atrium.

Category and location Chemical phenotype n Mean size Long axis Short axis
Mean Range Mean Range
ChAT -3 158 & 0.8 195 £ 08" 138-288 12.0 £ 0E' T6-215
Solitary newronal nhNOE 15 178+ 14 24221 135-40.1 132 £ 08 8.1-204
somata in SAN region Biphye: 3 1804 10 3011 16.4-37.4 13.0 & 06 95-219
I general &0 172+ 06" 216 = 08" 135-40.1 127 & 04! T6-218
ChAT 121 148+ 03 174+ 04 §5-31.7 124 : 03 60-210
Ganglionic neuranal nhOS 25 172207 2032 £ 00 118-35 142 £ 087 75247
smemata in SAN region Biphenotypic 80 175 £ 05 210 = 0614 126-385 4.0 £ 0.4 6.5-250
I general 226 162 + 03" 192 £ 03" B5-385 133 +£03 6.5-259
ChAT 130 239 4 0.4 184 3 04 19.1-376 10,4 1 0.4 G6-305
gl soiwboal NOS 136 213404 %7 205 133-412 168 03 103-282
m’" Biphenotyphc 128 U304 287 205 205-449 200 £ 0.4/ 122-311
Akriom I general 304 231 203 TWE£03 133-449 187 £ 02 Q=321
"5 i difference n ganglionic and solitary neuronal somata in the SAN arca.
! difference somata positive for ChAT in comgparizon with nNOS positive and biphenotypic ones in distinct categories.

i somata from distint categories and locations.

immunohistochemistry, The present findings prove that there is
a much wider distribution of SAN cells positive for HCN4 on
the RRCY and adjacent RA walls than has been previously con-
sidered (Atkinson et al, 2013; Liu et al, 2007; Tellez et al,
2006). The demonstrated area of distribution of HCN4-positive
cells (Fig. 7) corresponds only in part with the localization of
SAN cells identified earlier in the mouse, rat and rabbit (Atkinson
et al, 2013; Dobrzynski et al, 2005 Yamamoto et al, 2006;

Liu et al, 2007; Pauza et al., 2013, 2014ab; Tellez et al. 2006).
Interestingly. the region of the main mass of these cells overlaps
the leading pacemaker sides identified in cardiac electrophys-
iological studies (Fedorov et al. 2006) Based on the study
by Fedorow et al. (2006), it may be implied that the lead-
ing pacemaker side is the SAN body and, in some cases, the
SAN head. The revealed “sleeves™ of HON4-positive cells at the
edges of their massive dissemination may be reminiscent of the

Flg. 7. Schematic drawing summuarizing the present findings on the bocalization and distribaition of the SAM (pacemaker) cells pasitive for HONS (green area), nearonal
chusters. (red triangles) and fram them owtspreading the main epicardial nerves (in red ) that suppdy the SAN ares in the rabbét hear. The dotted Ene demarcates the limits
of the heart hiluen. Arrews indicate extrinsic nerves acoessing the rabbix heart on the medial side of the RRCY and a1 the bilurcation of the pulmenary trunk. Abbreviations:
RCY - erifice of the right cramial wein: RFY. MPY, and PV - orifices of the right, middle and left pulmonary veins; SCauV - sinus of the caudal vein: Ao - erifice of aona. [For
interpretation of the references to color in this figure legend, the reader is refermed to the web version of the article.)
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possible internodal pathways of the cardiac conductive system
acknowledged earlier in a number of papers (Anderson and Ho,
19498; Ayettey et al. 1988; Benvenuti et al., 1997 James, 2001;
Kafer, 1991; Racker, 1999; Sherf and James, 1979; Thompson,
1983). However, the examined whole mount preparations of the
rabbit atria and the RRCV, as well as whole mount preparations
of the rabbit interatrial septum (our unpublished observations),
did not confirm the occurrence of an internodal pathway in the
rabbit atria since the demonstrated cellular “sleeves™ positive for
HCN4 did not reach the typical region of the atrioventricular node
in the rabbit interatrial septum. Our findings demonstrate that
these cellular “sleeves™ positive for HCN4 are simply the periph-
eral extensions of SAN cells that proceed outwardly along the RA
wall. Noteworthy, analogous cellular “sleeves” positive for HCN4
were previously identified in the mouse heart (Pauza et al., 2013).
Therefore, it may be summarized that the distribution of SAN cells
in some mammalian hearts, including the rabbit, encompasses the
lateral, anterior and posterior sides of the RRCV, extending behind
the terminal groove on the lateral side of the RA, but does not reach
the typical region of the atrioventricular node in the interatrial
septum (Fig. 7). Certainly, these extensions of HCN4-positive pace-
maker cells contribute to better propagation of electrical impulses
between the SA nodal pacemaker cells and working cardiomy-
ocytes in the rabbit RA.

Both the access and the pathways of nerves that supply the rab-
bit SAN region and the density of NFs in this region which were
identified in the present study are similar to those that were ascer-
tained previously in whole-mount atrial preparations of the rabbit
and mouse (Pauza et al. 2014a.b; Richardson et al.. 2003; Rysevaite
et al. 2011: Roberts, 1991a,b; Roberts et al, 1989; Saburkina et al.
2014). Based on this fact, it may be concluded that innervation of
the mammalian SAN region is extensively developed and extremely
complex compared with other cardiac regions, including the atrio-
ventricular nodal innervation.

Contrary to earlier investigations (Chow et al, 2001; Crick et al.,
19499, 1996, 1994), the present observations identified evident pre-
dominance of adrenergic NFs between the rabbit SAN cells positive
for HCN4. Most probably, this difference to earlier data may be
explained by the use of the histochemical AChE method in former
studies, in which all structures stained histochemically for AChE
were claimed to be cholinergic (Anderson, 1972; Chow et al._ 2001;
Crick et al, 1994, 1996, 1999). As our previous studies demon-
strate, many neural structures stainable by the AChE histochemical
method were not cholinergic if they were simultaneously immuno-
histochemically labeled for ChAT (Saburkina et al, 2010; Pauza
et al, 2014ab)

The present observations continue earlier investigations begun
by Roberts (Roberts. 1991a; Roberts et al, 1989) who demon-
strated ganglionic cells in the typical region of the rabbit SA node.
As was shown in this study, neuronal somata, distributed exten-
sively in the rabbit SAN region almost over the whole RRCV, were
positive both for aNOS and ChAT, and were even simultaneously
positive for ANDS and ChAT. It is worth mentioning that purely
nitrergic intrinsic cardiac neuronal somata were identified for the
first time in the mammalian heart as it has previously been consid-
ered that cardiac nitrergic nerve cells are exclusively biphenotypic
ones; Le. they are simultaneously positive for ChAT as well (Mawe
et al, 1996 Richardson et al., 2003; Yasuhara et al., 2007 ). Presum-
ably, this novel finding of the present study is determined by the
particular postnatal development of cardiac ganglia discovered in
several mammalian species, in which intrinsic cardiac nerve cells
may shift their chemical characteristics during the postnatal period
(Horackova et al., 2000; Brack, 2014}

Based on morphometric data of this study, it may be considered
that neuronal somata distributed on the rabbit RRCV and positive
for distinct neuronal markers are different in their size similarly
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as intrinsic cardiac ganglionic cells in the mouse (Rysevaite et al.,
2011). For instance, neuronal somata positive for TH are signifi-
cantly larger compared with those that were positive for ChAT or
were bi ic; Le. were simultaneously positive for ChAT and
TH(Rysevaite et al., 201 1). Although the detected relationship of the
neuronal somata size with its chemical phenotype needs further
investigations in the hearts of other species: it is promising that the
measurements of neuronal somata may support a reliable identifi-
cation of functionally different nerve cells in transmission electron
microscopy which is exceptionally important in the examination of
synaptic connections within intrinsic cardiac ganglia, but which is
methodologically challenging when it requires a combination with
immunochistochemistry.

Lastly, it is worth noticing that the typical intrinsic cardiac
biphenotypic neuronal somata in many mammalian species and
human were exceptionally positive for ChAT and TH (Brack, 2014;
Mawe et al., 1996, Weihe et al., 2005). In the rabbit SAN region,
biphenotypic neuronal somata were determined as well. However,
the biphenotypic nerve cells in the rabbit were simultaneously
positive for ChAT and nNOS. The ChAT/nNOS coexistence in the
same neuronal somata supports the concept that parasympathetic
control of the SAN in some mammalian species is presumably
implemented by both cholinergic and nitrergic inputs.
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Fluorescent i emistry on the candiac fystem in whole mount mouse hean preparations
demonsirates a particularly dense and complex network of nerve fibres and casdiomyocytes which ane positive

Rearhved ia revised form 10 July 2014 tothe hyperpolari tivated cyclic ide-gated potassium channel 4 (HCN4- positive cardiomyocytes)
m:.’:r:;-w“ in the sinoatrial node region and adiacent areas around the root of Aght cranial vein. The present study was
alable designed to investigate the morphologic and histochemical pattern of nerve fibres and HON4-positive
K - cardiomyocytes using fluorescent techniques and /'or ebectron microscopy. Adrenergic and cholinergic nerve fi-
Sinoatrial nede bres wgether with HON4- positive cardionyocytes were identified using primary antibodies for tyrosine hydrox-
Innervation choline acetylmansdemase ylase [TH), choline acetyliransferase [ChAT), and the HONA channel respectively, Amid HON4-positive
Tyrosine hyd roogylase cardiomyocytes, Muorescence and electron microsoopy data demonstrated a dense distribution of nerve fibres
HOW immunare active for ChAT and TH. In addition, nove| electron microscopy data revealed that the mouse sinoatrial
Mouse § node contained excusvely unmyelinated nerve fibres, in which the majority of axons posses varicosities with
Electron micoscopy chear mediatony vesicles that cin be clissified as cholinergic. Synapses occurred without any clear teminal con-
mecthon with the effector cell, Le. these synapes were of "en passant” fype. In general, the morphologic pattem of
innervation of mouse HCN4-positive cardiomyocytes identified wsing electron microscopy comesponds well to
the dense network of nerve fibres demonstrated by fAuorescent i mmunohistoche mistry in mouse sinoatrial
node and adjacent areas. The complex and extraordinarily dense innervation of HON4-positive cardiomyocytes
in Mo finoatrial node uhderping the importance of neural regulition for the cardiac conduction Syslem.
Based on the present observations, it is conduded that the ocourrence of numerous nerve fibres nearby atrial
cardiomyocytes serves a5 a novel reliable extracelular criterion for discrimination of 5A nodal cand Dmyodytes
using electron micmoscopy.

© 2014 Baevier Lid. All rights reserved

1. Introduction dense, widespread and complex network of cholinergic and

Previous studies have shown that atrioveniricular conduction is pref-
erentially sensitive to sympathetic activity, whereas sinoatrial (SA) auto-
maticity & espedially responsive to parasympathetic influence [1.2].
Despite this, the anatomical evidence suggests that cholinergic innenva-
tion is dense throughout the cardiac conduction system of many mam-
mualian species, incuding human [3-9]. Contradictions berween the
physiological effects of autonomic stimulation and the neurochemical
phenotype of nodal innervation were enhanced by our recent findings
from whole mount mouse heart preparations [ 10,11]. In these studies,
double Libelling Muorescent immunohstochemistry demonstrated a
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nerve fibres in and around the SA and atrioventricular nodal areas
This was similar in neighbouring aneas around the root of right cranial
vein, below the orifice of the coronary sinus and along the atrioventricu-
lar ring. Whikt the morphology of HON4-positive or SA nodal
cardiomyocytes has been investigated previously [12-20], the reported
network of nerve fibres was so unusual with respect to other cardiac re-
gions, that these areas were considered worthy of further examination.

To do this, it is necessary to perform immunchistochemistry for
HCMN4-positive cardiomyocytes, cholinergic and adrenergic nerve fibres.
However, fluorescent microscopy is spatially imited and does not allow
for the structural relationships of distinct nerve fibres with cardiac
myocytes to be visualized. The refore, electron microscopy B necessary
to facilitate discrimination of cells immunchistochemically labelled for
distinct antigens and the cormect identification of myocyte/ neuronal mor-
phology. Therefore, duepmem study was designed (o examine the mor-
phology and innervation of HCN4-positive or SA nodal cardiomyocytes
using two distinct imaging methods—fluorescent immunohistochemistry
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and transmission electron microscopy. The aims of this study are to de-
termine (1) the distribution of HON4-posi tive candiomyocytes in rdation
to network of nerve fibres on the sinuses of ight cranial and caudal vains,
(2) the density of nerve fibres within the neural network of the SA nodal
area, and (3) how autonomic nerve fibres are related to HON4-positive
cardiomyocytes in the mouse SA nodal area using electron microscope
method.

2. Materials and methods

Thirty two 2-4 month-old C57BL/6)-linear mice of either sex were
used for this study. Animals were deeply anesthetized with ether and
cuthanized by cervical dislocation in accordance with local and state
guidelines for the care and use of laboratory animals (Permission No.
0206), which also conform to the European Union directive on the pro-
tection of animals for scientific research (2010/63/EU).

2.1. Whole mount fluorescent immunohis toche mistry

Five mice were used for whole mount preparations to immung-
histochemically identify intrinsic cardiac nerve fibres and HCN4-
positive cardi as previously described [ 10]. In brief, following
cuthanasia and a medial thoracotomy, a metal catheter was inserted
transmyocardially into left ventricular cavity, where hearts were per-
fused in situ with phosphate buffered saline (PBS, 0,01 M) at room tem-
perature via the coronary arteries by the aid of special gear that allowed
perfusion using constant pressure ( 100-110 mm Hg). Once cardiac per-
fusion was confirmed and coronary blood was washed through, hearts
‘were removed from the chest and placed into a dissecting dish contain-
ing cold 0.01 M PBS. The left and right atrial walls, appendages and
interatrial septum were separated and pinned on a silicone pad in a dis-
secting dish, for fixation for 25 min at 4 °C in 4% paraformaldehyde
(PFA) solution in 0.01 M phosphate buffer (P8, pH 7.4).

To decrease tissue autofluorescence. the famened tissues were
cleared using an ethanol with dimethy lsulfoxide (205 DMS0), hydro-
gen peraxide in ethanol (6%, H;0,) and dehydrated through a graded
ethanol series as reported by Dickie et al [21] The whole-mount prep-
aratiors were then rehydrated with 10-minute successive washes
through a graded ethanol series, washed, and permeabilized in 3
x 10-minute changes of 001 M PBS containing 0.5X Triton X-100
(Carl Roth, Karlsruhe, Germany). Nonspecific binding was blocked for
2 h in PBS containing 5% normal donkey serum (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) and 0.5% Triton
X-100. Preparations were subsequently washed (3 = 10 min) in 001
M PBS and incubated in a mixiure of two primary polyclonal antibodies
to identify sympathetic and cholinergic nerve fibres and SA nodal
cardiomyocytes for 24-48 h in a dark humid chamber at 4°C
(Table 1), After three 10 min-washes in 0.01 M PBS, the whole-mount

Talske 1

Prienary and secondary antisera used |n the study.
Antigen et Diuson Suppher Catalogoe namber
Frimary
ChAT ot i (hemema’ ARl
™ Rabbt 1500 Chemaon’ AB152
™ Sheep 1800 Chemicon® AB1542
PCPOS Rabbet 1500 AbD Serotec” TREH-0504
HOWA Rabbwt 1100 Chemicon® ABSBOS
Secomdary
Cout™ Deniey 1:300 Chemicon® APIB0C
Rabbit™ Donkey 17300 Chemicon® AP1E2C
Rabbit™ Dorkey 1:100 Chemicon® AP1E2F
Sheep"™ Dorikey 1:100 Chemicon® AF1B4F
Rabbit™= Daskey 1:100 Chemicon® AP1E2B

* Chemmicon international, Temeoula, California, USA.
* AHD Sevotec, Kidlington, UK.
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preparations were incubated in an appropriate combination of second-
ary antibodies for 4 h in a dark humid chamber on a shaker stage at
room temperature (Table 1). All antibodies were diluted in 0.01 M
PES. Finally, the specimens were washed in 0.01 M PBS, incubated for
2 hin a DMSO and PBS mixture, 1:4 (v:v) ratio, and mounted in
Vectashield Mounting Medium (Vector Laboratories, California, USA).
Acover slip was placed on the tissue and then sealed with clear nail pol-
ish. Positive and negative controls |omission of primary and or second-
ary antibodies] were used.

The stained preparations were analysed utilizing an Axiclmager Z1
fluorescence microscope equipped with filters o observe the isothiocoy-
anate (FITC) and cyanine (Cy3) tagged secondary antibodies along with
an Apotome2 and digital monochrome camera AxioCam MEm using
AxioVision software (version 4.8.1., Zeiss, Gottingen, Germany ). When
necessary, the same whole-mount preparations were additionally
analysed and photographed employing a laser-scanning microscope
(LSM 700 with ZEN 2010 software, Zeiss, Jena, Germany).

22, Heart sections fluorescent imsmunohistoc hemistry

In order to verify the presence of SA nodal cardiom in remote
sites from typical regions, two hearts were fixed for 4 days a4 “Cin 4%
PFA in 0.01 M PB (pH 7.4). Hearts were embedded in paraffin and sec-
tioned into 4-5 pm thick slices employing a rotatory microtome (HS
3555, Microm, Walldor, Germany) and applied onto Superfrost Ultra
Plus microscope slides (Thermo Scientific, Braunschweig, Germany)
and dried for up to 12 h at 50 "C. Sections were rehydrated and subject-
ed to antigen retrieval in Tris-EDTA baffer (pH 9) at 90 "C for 20-40 min
in a microwave oven [ HistosPro, Milestone, Sorisole, Italy ). Double la-
belling immunochistochemistry for HCN4 along with sympathetic and
cholinergic neuronal markers was followed according to protocol de-
scribed above and cover-slipped for analysis. A standard Masson's
trichrome staining procedure was used to differentiate connective tis-
sue, working myocardium and conduction system. In addition, a Period-
ic acid-Schiff reaction was used o detect higher level of ghycogen in SA
nodal cardiomyocytes.

2.3. Trunsmission electron microscopy (TEM)

For TEM examination, 13 mice of either sex were used. Animals were
prepared according to the procedures used for whole mount tissue
preparation described above. However, when the hearts were washed
out from the blood, perfusion was switched to a solution containing
2% PFA and 025% glutaraldehyde in 0.1 M PB (pH 7.4). After fixation,
hearts were excised from the chest and tissue samples of 1-2 = 2=
3 mm from three defined sites (Fig. 1), were extirpated using a dissect-
ing microscope, fine scissors and tweezers in a Petri dish containing 0.1
M PES, Tissue samples were postfixed in the original fixative solution for
at keast 4 h at room temperature or overnight at 4 "C. Subsequently, tis-
sue samples were treated with the eleciron microscopy fixative osmium
tetroxide ( 1%) in 0.1 M PB(pH 7.4) for 2 h, dehyd rated through a graded
ethanol series and embedded in a mixture of resins Epon 812 and
Araldite (Sigma-Aldrich, Steinheim. Germany) using an automated tis-
sue processor {Lynx IL EMS, Hatfield, PA. USA). Before the final resin po-
hymerization at 60 "C, tissue samples were canefully onientated for their
transverse sectioning in flat embedding moulds under a stereoscopic
microscope (Stemi 200005, Zeiss, Gottingen, Germany ).

24, Electron microscopy immunohistochemistry

For EM immunchistochemistry, hearts of 12 mice were prepared,
perfused and fixed as described above avoiding glutaraldehyde in the
fiocative, due to its strong inhibitory effect on tissue immunogeniciry.
Tissue samphes were harvested from the same cardiac sites as for rou-
tine TEM (Rg. 1). The immunohistochemical reactions were performed
on tssue samples in accordance with protocol suggested by Goehler
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Fig 1. Maarophotegraphs ofithe ventral (2] 3nd right donodateral (1) views of the pressurc-inflated by 208 gelatin mouse heanm 1o Dsrate e haee main ocations of the Hempe pes
sampled for the slecron micToscopic sudy described In this masnusoipt: 1, the aneromedial side of the roat of the right cranil veis {ROV): 2, the fateral sade of the roar of the ROV,
Inschuding thee right aerial wall along thie ierminad groove: 3, the posteroliseral side of the oot of the ROV, inchuding the dorsad par ofthe root of the cavdal vein (CV]. Other abbreviations:
An—amcending aortac ALV —anterior ke ventricle; ARV —anterior right ventricie: AWRA—anterior wall of the right atrium; AWLA —anrerior wall of the left aoriums LAs—left aurnicle; LOV-
e it cramiad wesing PV <|ieft prsllmonany vein; LA=left atriam, LV=left veniricke: MPV-midd e polmonany wein; PFT—padmonary trunk; PLV - posteriar left ventricle ; PRV —posterion right ven-
triche; RA~right atrivm, RAn-right sonche: BPV-nght pulmaonany veing RV-right ventricle SAN--sinnatrial node,

etal.|22] In brief, tissue samples were incubated with 13 H,0, in meth-
anol for 10 min. After blocking of unspecific protein binding sites for 2 h
in PBS containing 5% normal donkey serum (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) and 0.5% Triton X-100, samples
were incubated with the primary polyclonal antibodies for either sym-
pathetic, cholinergic nerve fibres or SA nodal cardiomyocytes (see
Table 1) for at least 18 h. Samples were washed in 0.1 M PB before incu-
bation with the secondary antibody (see Table 1) for at least 4 h. After
additional washes. visualization of the immunoreaction was performed
by the 3,3 -diaminobenzidine ( DAB) reaction enhanced by 1.5% nickel
ammonium sulphate. Following visualization, tssue samples were
washed 3 = 10 min in 0.1 M PB, delydrated, embadded into a mixtune
of Epon 812 and Araldite resins, and onentated as described above,
From the resin embedded tissue blocks, semi-thin sections were cut
(1 pm) and staimed with methylene blue according to Rigdway [ 1986).
Ultra-thin sections (50- to 70-nm thick) were cut with a Leica ulirami-
crotome {model UCT, Leica Mikrosysteme Handelsges mb.H., Viena,
Austria), mounted on 600 mesh thin-bar support nickel grids (Agar sci-
entific, Essex, UK. Tissue sections were stained with uranyl acetate and
Iead citrate with an automated TEM stainer (model QG-30005C, RMC,
Tucson, Arizona, USA). Finally, ultrathin sections were investigated
with a Termai BioTwin Spirit G2 transmission electron microscope
(FEL, Eindhoven, The Netherlands) at 80-120 kV. Electron microscope
images were taken with a bottom mountad 16 Mega pixel TEM CCD
camera using TIA software (Eagle 4k, FEI, Eindhoven, the Netherlands),

2.5 Quanification of nerve fibres

To assess the density of nerve fibres, stacks of confocal microscope
images were oriented so that nerve fibres could be visualized as sec-
voned transversally. Using ZEN 2010 software ( Zeiss, Germany ), the di-
mensions of each image stack were converted, Le. z dimensions wene
converted to y or to X dimensions according to orientation of nerve -
bres in areas of interest. Following this conversion, we reduced the
number of images in each 2-stack, averaging every fifth or tenth image
compiling the overall z-stack of 200 images. Background of images
was removed and images were binarized adjusting threshold value
level from 45 to 65. Anally, the number of nerve fibnes was automatical-
Iy calculated in every image from the whole stack using the FIJI feature
from the software module “Analyse particles”. To determine the density

of nerve fibres in electron microscopy images, every nerve fibre or

singular axon was assessed and counted in areas of 1600 square
microns, Le. inone window area of a nickel grid.

2.6, Seoristical analysis

Data are expressed as mean £ standard error of the mean (SEM).
Statistical anabysis for nerve fibre density and the number of nerve fibres
related anatomically o CCMs within distinct regions of sinoatrial nodal
area wene performed using two-sample independent r-test by the aid of
IBM SPSS software (package 20, |EM). Differences were considered sig-
nificant when P< 0.05,

3. Resulis

An illustration of HCN4 -positive cardiomyocytes and nerve fibres
immunoreactive for ChAT is shown in Fig. 2, As shown, HONS- and
ChAT-immunaoreactive cells around the mouse 5A nodal region were
readily identifiable. More imporantly, HON&-immunoreactive SA
nodal cardiomyocytes were widely distributed around the oot of
right crandal vein and formed a well -defined horseshoe-shaped bound-
ary by the side of terminal groove and along the course of 5A nodal ar-
tery (Fig 2). Slender and narrow HCN4-immunoreactive myocytes
extended from the main mass of the sinoatrial node (SAN) towards
the right auricle, the root of right pulmonary vein, and the root of caudal
vein (Fg. 21

An illustration of HONG-positive cardiomyocytes and nerve fibres at
the electron microscope level is shown in Figs. 3 [HCN4) and 4 (ChAT)
respectively, Using TEM, HCN4-immunoreactive cardiomyocytes were
determined in all sites investigated (Figs. 1 and 2). Electron dense im-
munoreaction precipitate was well defined on the cell membrane of
HCN4-positive cardlomyocytes, thus allowing these cells to be readily
discriminated from regular atral cardiomyocytes (RCMs, Fig. 3,
which lacked electron dense immunoreaction precipitate around the
cell membrane. In general, qualitative observations demonstrated that
the majority of the labelled HCN4-positive cardiomyocytes contained
sparse myofibrils and had scanty sarcoplasmic reticulum, and their pro-
files were smaller in size compared to regular atrial cardiomyocytes
(Fig. 3). Whilst the transverse profile of HON4-positive cardiomyocytes
did vary in size and shape, the morphological pattern of the myofibrils
i some cardiomyocytes labelled for HCN4 was similar to myofibrls in
RCMs. Despite this, in general terms at the electron microscope level,
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Fig. 1. Electron migrographs demonsirating the SA nodal cardiomyocytes (0CM)] Labellod with antibodty for HONA in the mouse SA nodal anea, - Groups of sparse 5A nodal candiomyocyies
(O], prominent due foelectron demse procipitates of the immMunoraadion, are DCated fearty the regular srial candioamyocyte (ROM ). The Labelled cells (COM) demondtr sle the typcal
Featunes of the 5A nadal cardiomyocytes: cells ane loosely spread owt, they profiles are evidenty smaller compared with the regular candicmyocytes | RCM) and their derse myofibrls ori-
ented indifferent dredions: b Higher magnification of the bosed area in pane] 2 shows the presende of elecron deve prec plales on can dom o yies mmnoneactive for R and the
inlabeelled regular cardia mocyies (ROMC L 1 et of yies imimmnoreactive for HIONA (OCM) and possessing the Typecal features of SA nodal cardionmiacyles.
Mokt the nasmerous urmyelruted nerve fibre (UNF) soompanied the HOW troe noddl e d: Two 54 nodal cardiomyodtes (CCM) ibsdled unmstakably for
HICPA poifan Characte st icn of reguler Cardicemaypodytes [ROW ) —ehet pegularty arsermed dene emofiheds and the phe il modhondria inoera radd Benaten Ehem Nate the densiny of
R that contan urshesthed axons with synapi vesiches, Abbreviations. En—endoc rdial cell, Co—collagen fibres, Fo—fibroblast, Cap —capdlary. Scabe bar—1 jam for panels a, <. and
w500 am for pane b

HON4-positive cardiomyocytes could be discriminated from RCMs even
in control tissue samples (Figs. 3, 4). In contrast to the electron micro-
scope images, mouse cardiomyocytes immunoreactive for HON4 using
bright field light microscopy were indiscernible from regular atrial
cardiomyocytes, as illustrated in the transverse section of the SAN in
HAg 5.

Immunofluorescent microscopy revealed a different pattern of dis-
ribution of HCN4-positive cardiomyocytes within the wall of the root
of right cranial vein. On the whole mount preparations; the distribution
of HCM4-positive cardiomyocytes was fairly superficial and extended
20-30 pm up the wall of RRCV. Both the electron and fluorescent

microscope observations of transverse sections through the wall of
the root of right cranial vein demonstrated a deeper distribution of
HCN4-positive cardiomyocytes as these cells were often identified
transmurally (Figs. 2. 5).

Using fluorescence microscopy, all sites in which the HCN4-positive
cardiomyocytes were immunoreactive for HON4, there was a compre-
hensive and fine meshwork of nerve fibres. As illustrated in the whole
mount preparation stained for ChAT and TH (Fig. 6), this network was
rich in both cholinergic and adrenergic nerve fibres that possessed
axons with a high amount of varicosities [ Figs. 2, 6). In the SAN region,
ChAT-immunoreactive and TH-immunoreactive nerve fibres were

Fig 2 Wheole-mount fleorescent |mmunohis o he mesry of the mouse right strium to demonstrate the detributon S nodal myocytes mmunonesctive for HUNG and cholinergic newral
stnactunes (Entrirsic norves, ganghia, and nerve fbees ). Atrial appendages, left atricem, ke raty il septien and roots of pulmonary veins were dissectod inorder 1o flatenthe right strial wall
Miyocytes imemunaneactive fior HON are Labedled in green, cholinergic (ChAT) newral structones - inned, the combined mmunoresctivity image (ChAT & HONA ) is shown inpamels a L g r,
and 5. Arrowheads indicate the right. sided ganglionic chaster (RGC), from which epicandial nerves [ arrow shows one of them ) extend towands the SA nodal region. The bomed areas
(b though 8o 3} in the led epper pandl (3] are enlarged 4 the comesponding irsemed figure paneh and do exhibit distribution of cardiac cells immunoresctive for HONA with cholinergic
merve mestwork at the roots of right cranial (ROV) and caudal ((V) veins. Other abbreviations: AWRA—anterior wall of right atrium; ROV —arifice of right cranial weing (V=root of casdal
viin; RA-right strium; RAu—right suricle. (For interpectation of the references. o cobour im this figure legend, the reader & refiersed o the wieh wersion of this article)
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Fig. 4. Ebectron micrographs demonstrasing the profiles of the unenyelinated nerve Sbres [UNF ) sdjacent to the mosse SA nodal odlls (COM ) that havetypical morpholegic pattern of nodal
candiomyocytes, Le. the sparse, imegularly arranged myofibrils, rumerous ghyeogen granules and miochondria, a2 The LINFs accompanying the SA nedal car dioenyocytes | OO ). Note the
mumencas axonal varcesies wigh abundant round, small. clear vesicies [asterisks | Al axons are incompiesely enveloped by Schwana oell and a fragment of their plisma membrame sin
direct contact with the basal Lami na surrounding the whcle LINF, Some vancosites are locabed in close contact with 5A nodal cardiomyocytes (| C0M]) and theeir basal bemdnas { armowheads )
are coalesced: br Electron micrographs of kow magnification to Slustrate the immunoreactive for ChAT nerve fibees LUINFs between SA nodal cardiomyocytes (C0M). The boxed area b en-

Larged as paned o o High magnification of the based anea in paneel b shows the presence of eleciron dense precipitaies on thiee axons ctinve for ChAT [ar | and negative
| anterisks) within UNF adjacend to SA nodal crdiomyacytes (CUM). Note the differently sired axonal varioosities [asterisks) ihat are negative for ChAT, d: Unmiyelinabed nerve fibee (LUNF)
wilh varicosiies containing small clear vesicles | aerila | and two ive for TH (an 1L Oher. Pof Co—collagen Fibves. Scale bars—1 pm.

equally abundant (Fig. 6 ). Compared with atrial areas adjacent tothe  HCN4-positive cardiomyocytes was similar. However, they were
root of right cranial vein, the density of nerve fibres amid the HON4-  significantly higher in respect to neighbouring atrial zones with

immunoreactive cdls was 3-4 fold higher (Fig 6; Table 2). data corresponding well using both fluorescent and electron
The EM data conclusively demonsirates that all of the nerve fibres  microscopy.
identified were composed exclusively of unmyelinated nerve fibres Unmyelinated nerve fibres with numerous axonal varicosities

and involved axons with both cholinergic and adrenergic neurotrans-  were  predominantly close to HCN4-positive cardiomyocytes
mitters. This is best llustrated in the Auorescent images (Fig 6) with  (Figs. 4. 7). The dosest unmyelinated nerve fibres were located
supporting evidence in the EM figures (Fig. 4d, black amowheads). The  0.06 pm from HCMN4-positive cardiomyoecytes, but occasionally
axons within unmyelinated nerve fibres had varicosities with abundant some were 2 pm or more away from HCN4- positive cardiomyocytes.
round, small, clear, and a few dense-cored vesicles (Ag 4). Anumber of  In the mouse SAN, the average distance between HCN4-positive
unmyelinated nerve fibres had axons that were incompletely enveloped cardiomyocytes and unmyelinated nerve fibres was less than 0.5
by Schwann cells with a fragment of their plasma membrane in direct  pm (Fig. 7). The axons adjacent to HCN4-positive cardiomyocytes
contact with the basal lamina surrounding the whole unmyelinated  HCN4-positive cardiomyocytes of the sinoatrial node region were
nerve fibre (Fig. 4). These unmyelinated nerve fibres had varicosities  immunoreactive for all of the neuronal markers examined in this
and were distributed regularly in the vicinity of HCN4-positive  study (Fig. 4). To note, HCN4-positive cardiomyocytes from the SA
candiomyocytes of the SA nodal region (Figs. 3.4, 7). nodal areas were closely associated by at least one unmyelinated

As shown in Table 2, the density of unmyelinated nerve fibres  nerve fibre or axon, but the majority of these cells were in close
within the distinct zones of the root of right cranial vein with  proximity 1o 2-3 unmyelinated nerve fibres (Fig. 7).
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Fig. 5. Tensverse sections of the mogse SA nodal area at e anterome dial side of the root of the ROV (a) and at the lateral side of the root of the ROV (d) 1o demonstrate the ransmural
distritntion ol SA nodal candicamyocytes mmundoneactive fod BCNA [in green] and the hagh demsity of nenve filres immiunoneactive Sor CRAT-IR {in ned ). Panel b and ¢ a3 veell 38 panels ¢
and {display the Sbmequent TanTverse $e0Bond of he rood of the mouse ROV at the $ame ocaticns cormespondinghy 43 (he sochons ihowt in paseh 3 and d bl these sabseguent sctions
were dyed by Maswon's trichrome stain (b e) and hisochemically of periodic add-5hiff reaction (c. ), Motice that Masson's trichrome and perindic acd-Shiff saining does reveal
wnspecifically the 5A nodal cardioomyocyies immunoreactive for HON [ amowheads indicate some these cells), Ditver abbreviations: MA=-5A nodal artery; BACh-right atrial chamber
RAu=right auricle; CT—terminal crest, ST=terminal groove. (For inferpretation of the references to colour in this figure legend. the reader i refermed 1o the web version of ihis articke. )

4, Discussion

This stady compared neursanatomical observations from the mou s
cardiac conduction system acquired by two distinct imaging methods,
To the best of our knowledge, this is the first study to do this and com-
pare immunofluorescent and electron microscope observations in this
species. More importantly, novel quantitative data comparing results
from fluorescent and electron microscope images demonstrates a
dense multi-layered network of nerve fibres in dose proximity to
HCN4-positive cardiomyocytes in the mouse 54 nodal area and adjacent
areas around the root of right cranial vein. At the immunofluorescent
microscopy level, it was demonstrated that this dense neural network
possesses nerve fibres IR for both ChAT and TH. Electron microscope ex-
amination has confirmed that the dense neural network undentably in-
terlaces with HON4-positive cardiomyocytes and that this network
invelves only unmyelinated nerve fiboes. Applying electron microscopy
method, we were successful to show a transmural distribution of HONS-
positive cardiomyocytes. To note, the ultrastructure of many HCN4-
positive cardionyocytes may be distinet from typical 5A nodal or pace-
maker cells as revealed by immunoelectron histochemistry,

Our data demonstrates that a large amount of axons within unmy-
elinated nerve fibres are incompletely enveloped by Schwann cells
and a certain portion of their plasma membrane is in direct contact
with the basal Limina surrounding the whole profile of the unmyelinat-
ed nerve fibre. Since these axonal gaps have almost an unimpeded con-
tact with interstitial space between HON4-positive cardiomyocytes and

regular candiac myocytes (RCMs), it is conceivable that these fibres are
invotved in autonomic control of cardiac function as alluded to by previ-
ous studies | 23-25 ] Mone importantly, there is robust evidence that un-
myelinated nerve fibres mediate the effects resulting from direct
stimulation of efferent cervical vagus nerves controlling heart rate
|26, atrioventricular conduction and left ventricular performance [27].
Axons within unmyelinated nerve fibres and free axonal terminals
had abundant varicosities with numerous round, small, clear, and a
few dense-core vesicles and only one type of synapse that appears to
ocour “in passing” Le. “En passant” and without terminal connections,
was ientified between HON4-positive cardiomyocytes and axons in
the tissue samples studied. In contrast to published observations and
common belief, close neuromuscular contacts that are characteristic
for cardiac myocytes from the right atrium, ventricles, interatrial and in-
terventricular septum in mouse | 13,14 ], guinea pig 28] and sheep | 18]
were not determined in the present study,

The discrimination and demonstration of HON4-positive
cardiomyocytes in whole heart preparation became possible following
immunohistochemical approach developed by us [10]. The findings of
the present study demonstrate that cardiomyocytes immunoreactive
for HCN4 were scattered widely beyond the typical SAN area to the
roots of right cranial and caudal veins To note, cardiomyocytes immu-
noreactive for HON4 had a distinet ultrastructure that allows the reliable
identification of these cells at the electron microscope level, even with-
out any imimunochistochemical labelling. Based on these identifiable ul-
trastructural particularities, these cells may be readily recognizable in
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Tabile 2

Densities of nerve fibres (NFs) immmunorneactive for both ChAT and TH in equal areas 1000 jen”) of distinct sites of the root of right cranial vein (RRCV ) and right atrial regions adjacent 1o
ROV Sniemated o learon (TEM) and Liner scanning (LSM) microscope impes. N Tepresen (s (e numiber of NFS 2ssessed in e semples obGined from Me Cardiad Sies Mar e thown

a6 the bomed areas in Figs 1. 24 and Ga

Site of samples TEM N I5M N Pvaloe (TEM vs LSM))
Asteromedial side of the RRCY (sive 1, Head of SA nodal region) 54 & 04 154 44+ 004 40279 ang
Later al sade of the RROY (site 2, body of SA nodal region) 32i04 % 39 & 005 00 0067
Dorsolatersl side of the RRCY (site 3, i of SA nodsl regen) 12i04 n 315 4 008 3502 s
I general (sines 1-3) 43+ 03" k-3 ] 40 & oe” 118,426 (Y ey ]
Right atrial reghons adjacent to RECY (in general) 08 + 04" 4 10 + 002 11861 009

® The mean densities of MFs in the examined sites of the root of right canial veinocmpared to the right strial ones were significandy diffesent 2t p = (5.

the areas in which HON4-positive cardiomyocytes were located deep
between other cardiac myocytes or amid dense, impenetrable areas
for antisera penetration, i.e. in which cardiac myocytes with a typical
ultrastructure of SA nodal cardiomyocytes were weakly or even not
positive for HCN4, This is particularly important, since our data ane
not in acoord with previous studies | 29-31). One report, demonstrated
that the SAN was a highly compact group of cells that forms a comma-
shaped transmural structure, which Liu et al [30] used an ANP-
negative, Cx43-negative/ HCN4-positive immunolabelled criteria to de-
fine the SA node, described as being unigue (o mouse. At other levels
of their shoed preparations, SAN cells do become loosely packed and
begun to ‘diffuse’ with other cells types, which is in accord to the data
in the current study. At all times however, the SAN region was reported
o be surrounded by connective tissues, which were not Libelled in the
current study. One limitation of the aforementioned study is that the
histological study did not utilize whole atria preparations, but concen-
trated on transmural analysis. In the current study, we performed a
macro immunoclogical investigation using whole atria tissues Therefore
some of the discrepancies in the data could reside in preparation differ-
ences. Cryostat sectioned tissue stained for HCW4 and connexin 45 dem-
onstrated that the situation in rats may be more akin to the current
study, Le. there was a more diffuse area populated with SAN cells,
which included the surrounding area of the superior vena cava (which
corresponded to the right caudal vein in the mouse ) [29] and up to
the right superior pulmonary vein. These data do accord with the cur-
rent study that also demonstrated pacemaker cells to be situation in
the interatrial groove. However, due to the fact that Yamomaoto et al.
[29] also used cardiac sections. the true extent of how far HCN4-
positive cardiomyocytes are present in atrial tissue was probably
underestimated.

4 1. Ulirastruciune

The ultrastructure of HON4-positive cardiomyocytes from the typical
sinoatrial nodal region has been previously examined, in which cardiac
tissue was sectioned transversely. In these studies, HON4-positive
cardiomyocytes are usually described as small, round cells with
electron-lucid cytoplasm containing few myofibrils, poor sarcoplasmic
reticulum, and few mitochondria. According to dassical report by
James et al [32], the central part of the SAN is composed of typical
nodal or P cells, the transverse profiles of which are oval or round in
shape and much smaller than regular myocardial cells (ROMs ). A popu-
lation of HCN4-positive cardiomyocytes residing on periphery of SAN
represents the all-intermediate stages between the typical HCN4-
positive cardiomyocytes and RCMs that have the increasing numbers
of myofibrils, large mitochondria, and electron-dense cytoplasm, Inter-
estingly, the atrioventricular node, for instance, has only 5% of typical
HCM4-positive cardiomyocytes as the majority of atrio-ventricular
nodal cells are “transitional cardiac myocytes® | 19]. The immunodectron
microscope investigation in the current study confirmed that the vast
majority of cardiomyocytes immunoreactive for HONA within sincatrial
node vary in size, shape, and amount of myofibrils. In all examined
samples from the sinoatrial nodal area, we observed numerous HON4-
immunoreactive cells that resembled regular cardiac myocytes and

could be classified a5 ransitional cardiac myocytes according to their
size, shape and amount of myofibrils. Based on our fluorescent and elec-
tron microscope observations, we confirm findings by Shimada et al. [20]
concerning the disssmination of numerous spindle-shaped HCN4-
positive cardiomyocytes with ramifications at their ends within the
mouse sinoatrial node, The dense cholinergic innervation of SAN region
has been previously demonstrated in a range of mammalian species that
have applied histochemical staining for AChE [3-8] as well as by immiu-
nohistochemistry for choline transporters [9] and choline acetyltransfer-
ase | 10]. The data presented with the current study confirm earlier
electron microscope observations about distribution of unmyelinated
nerve fibres within sinoatrial node area in the mouse | 13), rabbit [15]
and human | 33). Despite this, we did not confirm previous electron mi-
croscope observations concerning the distribution of myelinated nerve
fibres that were characteristic for rabbit SAN [15]. Nonetheless, coupled
axons containing two distinet enzymes (ChAT and TH) were regularly
observed within the neural network of mouse sinoatrial node applying
fluorescent double immunolabelling on whole mount preparations.

5. Concluding remarks

Novel data presented within provide information on the density of
the TH and ChAT immunoreactive nerve fibres that are associated with
the SA nodal cardiomyocytes. These findings were obtained simulta-
neously by different methods of microscopy (conventional light, LSM
and TEM) prove a complex meshwork of TH and ChAT immunoreactive
nerve fibres in the SA nodal area and demonstrate cose association with
HON4-paositive cardiomyocytes. Original quantitative examination of
nerve fibre density confirms a high density of innervation that was
shown in whole-mount preparations using fluorescent immunohisto-
chemistry. Electron microscope observations show a transmural distri-
bution of HCN4 positive cardiac myocytes in addition to evidence of
their ultrastructure, which is distinet from the ordinary SA nodal and
atrial myocytes. We therefore provide an updated extracel lular criterion
for discrimination of A nodal cardi cytes Le. the adjacency of range
(one to a few) unmyelinated nerve fibres to SA nodal cardiomyocytes,
Therefore, the presence of unmyelinated nerve fibres adjacent to
HCN4-positive cardiomyocytes appears to beneficial, for the reliable dis-
crimination of these cdbs at the electron microscope bevel that is not re-
liant on immunohistochemical labelling that is known to damage
cellular ultrastructure and worsen discrimination of labelled cells in
this way. This extracellular feature of HON4-positive cardiomyocytes
warrants further investigation in other animal species and for other
parts of cardiac conduction system.
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imnage b Solitary dender SA nodal cardinmyocytes (asterisks | intermingled with UNFs lo-
cabed just beneath the epicasdial sudface (Ep). Note the numenous nerve fibres adpscent o
&4 nodal cardiomyncytes Other abbreviations: Co—bundles of collagen fibres. Scale bars—
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The mouse heart is a popular model to study the function and autonomic control of the spedal ized cardiac con-
duction system ((CS). However, the precise identity and anatomical distribution of the intrinsic cardiac nerves
that modulage the funcion of the mouse CCS have not been adequately studied, We aimed at determining the
organization and digribugon of the intrinsic candiac nerves that supply the CC5 of the mouse. In wihale mouse
heart preparations, intrinsic neural structures were revealed by histochemical staining for acetylcholinesterase

e e (AChE). Advenergic, cholinergic and peptidergic neural components. were identified, respectively, by immuno-
Arireemiricaitar mode and rings histochemical labeling for tyrosine hydraxylase (TH), chaline acetyltransferase (ChAT), calditonin gene related
Inneraiion peptide [CGRP L substance P (SP), and protein gene product 9.5 (PGP9.5). Myocytes of the (05 were identified
Cardiac ganglia by immunal deling of hyperpolaization activated cyclic nucleotide-gated potassium channel 4 (HOW). In addi-
Mewrons tion, the presence of 005 myocytes in atypical locations was verified using Muorescent i 1 i
Conduction sysem performed on routine parallin sctions, The results demonstrate That our MICTeSCopic epicandial nervesonientat-
Ho ed toward the sinuatrial nodal (SAN) region derive from both the dorsal right atrial and right ventral nerve
M“"“"‘m""“'m‘"‘ subplexuses. The atrioventricular nodal (AVN) region is typically supplied by a single intrinsic nerve derived
Aceryicholinesterase from the left dorsal nenve subplexus at the posterior interatrial groove. SAN myocytes positive for HONG were
Immunchistochemistry widely distributed both on the medial, anterior, Literal and even posterior sides of the root of the right cranial
Mowe | supenor caval ) vein The distribution of HON4-positve myocytes in the AVN region was ako wider than previ-
ously considened. HON4-positive cells and thin slivers of the AVN extended 1o the roots of the ascending aora,
posteriorly 1o the orifice of the coronary sinus, and even along bath atrioventricular rings. Notwithstanding
the fact that cholinergic nerve fibers and axons clearly predominate in the mouse CCS, adrenergic nerve fibers
and aons are abundant therein 5 well Alisgether, these results provide new insight into the anatomical
Ibasis of the neural control of the mouse (CS.
© 2013 Ebsevier BY, All ights reserved.
1. Intreduction node (SAN), atrioventricular node (AVN ], atnioventncular bundle, and

The morphology of the cardiac conduction system (CCS) and its
nerve supply have been studied in whole-mount preparations or
histological sections in several animal species, induding humans
(Bojsen-Moller and Tranum-Jensen, 1971; Anderson, 1972ab:
Bojpen-Moller and Tranum-jensen, 1972; Roberts et al. 1989; Crick
etal, 1996a, 1999; Chow et al., 2001). A number of neurcanatomical
studies have shown that all regions of the CCS possess a signifi-
cantly higher density of nerve fibers than the adjacent working
myocardium (Crick et al., 1996b). However, within the CC5, the
density of nerve fibers varies between the regions of the sinuatrial
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University of Health Sciences, A Mickeviciaus Street 9, Kaunas LT-44307, Lithuania
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156507023 - see front matter © 2003 Elevier BV, All rights reserved,
it dolorg 10, 1016 Lauinew 201101 006

the components of CCS on the ventricular walls, as well as among spe-
cies, Le. humans, pig. guinea pig, calf, etc. Similarly, the density of cho-
linergic. adrenergic, and peptidergic nerve fibers differs significandy
among the CCS components and species (Crick et al, 1996b, 1999),

In the human heart, as well as the hearts of all mammalian species
we have examined to date, both the dorsal and ventral right atrial neural
subplexuses ane the source of the SAN neural network, while the left or
middle dorsal neural subplexuses supply the AVN region (Pauza et al,
1999, 2000; Batulevicius et al, 2003, 2006; Saburkina and Pauza, 2006;
Saburkina et al, 2010; Rysevaite et al, 2011a). The neural meshwork
of the AVN region is usually comprised by minute endocardial nerves
extending from epicardial gangha distributed in the dorsal-pesterior
interatrial groove. However, in the dog heart there are additional thin
endocardial nerves that spread from the ventral and dorsal right atrial
subplexuses toward the AVN zone (Pawza et al, 2002). Our investiga-
tions on the general distribution, architecture and neurochemistry of
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Table 1

Primary and seoondary antisera used [n the snady,
Anitigen Host Dilution Supplier Catalog nsmber
Primary
ChAT Gaat 12100 Chemicon® AB144P
™ Rabbit 1:500 Chemicon” AB152
™ Sheep 1:800 Chemicon® AR5
CCRP Rabbit 14000 Chemicon” ABSI20
P Babbit 1:800 ImenunaStar™ 064
PGP A5 Rabbit 1:500 ABD Serobec THEE {50
HCN4 Rabbit 1100 Chemicon” ABSE08
Secondary
Gaat Dankey 12300 Chemeioa’ APIEOC
Rabibie 7 Donliey 1:300 Chemécon’ APIE2C
Rabibie ™ Donley 12100 Chemicon’ APIE2F
Sheep ™ Donloey 12100 Chemicon® APIBAF

* Chemicon International, Temecula, Californis, LSA.
" Iemmuna Star Incorperacion. Wisconsin, LISA
© Abl Serocec, Kidlingron, LUK

the intrinsic nerve plexus in the mouse heart demonistrated the access of
extrinsic cardiac nerves at the right and left cranial veins onto the heart
base, where they interblend within the ganglionated nerve plexus of the
heart hilum (Rysevaite et al, 2011ab). The latter studies demonstrated
that nerves and neural bund bes extend epicardially from the nerve phex-
us of the heart hilum to the atria and ventricles forming the beft dorsal
dorsal right atrial, right ventral, and ventral left atrial neural subplexuses.

Abundant cholinergic (positive for choline acetyltransferase, ChAT)
and adrenergic (positive for tyrosine hydroxylase, TH) nerve fibers
were revealed within nerves accessing the mouse heart, but TH-
immunoreactive nerve fibers were clearly predominant within the
epicardium of the dorsal and ventral left atrium, whereas the major-
ity of ChAT-positive fibers procceded onto the heart base toward the
intrinsic ganglia and the epicardium of the root of the right cranial
vein (Rysevaite et al. 2011b). In the mouse heart. the intrinsic ganglia
are concentrated close to the pulmonary veins on the left atrium,
Most neuronal somata are ChAT-immunoreactive, while -4% are TH-
immunareactive, and - 14 of ganglionic neurons are biphenotypic for
ChAT and TH. Substance P-positive and calcitonin gene-relative peptide-
immunoreactive nerve fibers are abundant in the mouse epicardium
and within intrinsic ganglia (Rysevaite et al, 2011b),

The use of immunohistochemistry to identify specific proteins
representing the specialized cells of the CCS demonstrated that these
cells spread mare widely within both the right atrium and the interatrial
septum than previously considered (Anderson et al. 2009; Aanhaanen
et al, 20100, In rat and rabbit hearts, CCS cells that are positive for
HCM4 and connexin 45, but negative for connexin 43, extend downwards
from the supenor vena cava in the interatrial groove and are capable of
independent pacemaker activity (Yamamoto et al. 2006). Additionally,
these specific cells are distributed as particular rings alongside both
atrioventricular orifices in rats, mice. and guinea pigs (Yamameoto
etal, 2006; Yanni et al, 2009), These rings took their origin from an in-
ferior extension of the atrioventricular node, but the right ring runs
around the vestibule of the tricuspid valve, whereas the left ring encircles

Fig. 1. Macrophotographs of ventral {a), right lasecal [b] and darsal ¢ wiews and schematie drawings of ventral {d j and dersal {#) surfaces of the root of the right cramial wein (RO
diemnoastrate posithve im e histochemical staining for ACHE in the sivuacrial noda] area distributed abong the course of the sknuatrial nedal anery i the mowse heart. The white
dashed bine indicates the SAN area with ks three portions — head. body and tail; the armowbeads peing o the SAN artery: the red curved and bramsched lines in the deawings rep-
resent the coarse of SAN amery, while the gray area is the SAN region stained in brownish due 10 AChE histochernical reaction. Abbreviations: AWRA — anterior wall of right amrieng
15 — anterior [in a] and darsal (in ) groove of the Interarrial sepham; RA — right atriem; RAa — right auricle; RROV — reot of the right cranial vein: RFY — right’ pulmonany vein
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Fig. 2 Micrephotographs of the root of the mouse right crantd vein (2 and <) and the right lateral surface of the @rdiac sepea (b and d ) stained histechemically for ACHE The boxed
areas [cand d] in the upper (2 and b) panels are enlarged as lower (¢ and d) pandls o demonstrate the inrinsic nenves (amows] and nerve bundles stained in brown. Note the
demse network of AChE- positive nerve fibers in the outlined area of the SAN (c| ) as well as the siroagly brown area in ihe region of the AVN and it posterior [PNE] and anterior
(ANE) extensions. Asterisks demarcaie the course of artery of the SAN that is owtlined by the black dashed line and in which iis head and body 2ones are marked. Abbreviations:
ANE = anterior extension of atrioventricular node; AVN = atrioventricular nodal area; AWRA = external {ina and ¢} and intemnal (in d | sarface of the anterior wall of right atrium:;
5 ~ imternal surface of comonany simus; HIS = His bundle; IAS — interatrial septum; VS — interveniricular sepium anterior; RRCY — root of the right cranial veing PNE — postenior

extension of sricventTicular node.

the mitral valve, On returning toward the atrial septum, the tricuspid
ring crosses over the penetrating part of the AVN, reuniting with the mi-
wral ring to form the spedific “retroaortic node™ (Yanni et al. 2009),

The mouse heart has been widely used to investigate mechanisms
of AV conduction (Aanhaanen et al, 2010) and electrophysiology of
the sinuatrial node (Verheljck et al, 2001; Lis et al, 2007; Glukhov
et al., 2010, This species is also appropriate to investigate molecular
mechanisms of sympathetic-parasympathetic imbalance in cardiac
arrhythmia and as a novel cardiac ablation model [ Bernstein et al,
2011; Lang et al, 2011; Rose et al, 201 1), However, to date, the inner-
vation of the mouse CCS has not been investigated in any detail.
Therefore, the study presented here was designed (o examine pre-
cisely the localization, structural organization and immunoreactivity
of intrinsic cardiac nerves and ganglia that are anatomically related
o the CCS of the mouse.

2. Materials and methods

Forty three 2-4 month-old C57BL/G}-inear mice of either gender
were used (0 examine the intrinsic cardiac newral plexus. Animals
were deeply anesthetized with ether and euthanized by cervical dis-
Ipcation in accordance with local and state guidelines for the care
and use of laboratory animals (Permission No. 0206),

21, Non-sectioned pressure distended heart preparafions

After cuthanasia, the mowse chest was opened and the heart was per-
fused with (L01 M phosphate-buffered saline (PBS: 0.9% MaCL pH 7.4),via

a cannula inserted into the left ventricular cavity, Eighteen whole (Le.,
non-parcebed and non-sectioned ) hears were prepared for histochemical
acetylcholinesterase (AChE) staining of the nerve plexus, as described
previously (Pauza et al, 1999), The flabby atrial walls were pressure in-
flated in situ by a transmyocardial injection of a 20 warm water solu-
tion of gelatin into the atria and ventrickes. Once the injected pelatin
Jjelled, the heart was removed from the chest and immersed in a cham-
ber filled with PBS at room temperature. Subsequently, the pericandi-
um, pulmonary arteries, and mediastinal fat wene gently separated
from the heart base. The prepared hearts were preficed for 30 min at
4 °Cina 4% paraformaldetyde solution and 0.01 M phosphate buffer
(pH 7.4). In order to stain intrinsic neural elements distributed within
cardiac septa, eleven pressure-distended hearts were dissected to ex-
pose the interatrial and interventricular septa by cutting off the walls
of both atria and ventrides. Aftler prefoation, the heart preparations were
wiashed for 12 h at 4°C in PBS containing hyahuronidase (05 mg/100 ml,
Carl Roth, Karkrube, Germany) and placed for 3 h at 4°C in Kamewshy-
Roots medium, &5 desaried previously (Pauza et al. 1999), Fnally, heart prep-
arations stained for ACHE were foed and stored in a 4% paraformaldeliyde so-
fution and Q01 M phasphate buffler (pH 741

22, Whele-mouni preparafions

To examine the intrinsic cardiac neural plexus using immunofiuo-
rescence, hearts perfused with PBS 25 were removed from the chest
and placed into a dissecting dish containing cold 0.01 M PBS as de-
scribed previously {Rysevaite et al., 200 1b). For optimal visualization
of both specialized conducting myocytes and neural structures, the
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Fig. 3. Whol
gangia, an appendages wnd
are labeled reen (o), the merged |mir

SAN regiom A ol imerinc cardiac g
o o,
displiy the overlapped distriby
bodty, and tail in the upper panel mean the por
cawdal weim, LA — befit atrium; LA — beft suricle; LOV

of right pulmonary vein: MPV - orifice of middle pol

the mouse SAN region. Abbrey
Mamened satace of ket cranial vein
B rary el

atrfal walls and the interatrial septum were separated from the ven-
tricles and then pinned on a siicone pad in a dissecting dish, in
which tissues were prefixed for 25 min at 4 “Cin a 4% paraformalde-
hyde solution in 001 M phosphate buffer (pH 74). To deorease

weeactive (IR) oonducthe my
seecied to famen the atria C
T i panels 4, d and e—g. ATows

mer, RGO means the nghe-saded gangi-
larged a5 the lower panels (b

arifice of
= ofifxe

a
arifice ol left pulmona

background light during Muorescence microscopy, the tssues wene
cleared wsimg a dimethylsulfoxide and hydrogen peroxide solution
and dehydrated as reported previously (Dickie et al,, 2006), After tissue
dearing, the whole-mount preparations were rehydrated by sucoessive
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10-menuke washes through a graded ethanol series, then washed, and
permeabilized in 3« 10-minme changes of 001 M PES containing
5% Triton X- 100 { Carl Roth, Karlsrahe, Germany | Nonspecific binding

was biocked for2 hin PES containing 5% normal donkey serum (Jackson
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Fig. 5 Macrephetegraphs of the dorso-crarial [3-c) and ventral (d. e] surfaces of the meuse heart stmed hstochemically for ACHE demosstragbng past of ivirinsic candlac nerve
plexus, the dorsal righa aerial [ DRA ) and right vestral | RV nerve sub plexises, associated with the SAN region. The black dashed line indicates the SAN area with iis theee portoas—head.
body and tail: the asterisks peini i the course of the SAN artery. The boued area i the upper ( a) paned auslines the ama on he mouse heart, which is shown in the lower (b, panch The
|- panels display che persistent pography and simelr appearance of three dorsal right atmial (b, ¢} and ane right venirad (d, e} subplexal nerves [whice armowheads and roman ng-
merals in b and <) edendrg from the right ganglion clater o the SAN region in two mouse bearts stained hisiochemically for ACRE. White amows point to the right-sided
preganglonated nerves accessing the right ganglion cluster | black arvowheads |, wiiie amowheads—rhe DRA and BV subplexal epiandial nerves exiending ivwand the SAN regicn,
dinable black armow heads—the left ganglon cluster, Abbreviations: C5 — coronary sipes; OV = caudal cava vein; DRA — dorsal right atrial nerve subplexus; 15 = goove of interatrial
sepium; Lau = left awricle; LPV — hefit pulmonany wein: LA — left amrum, LV — beft weniricle; MPY — middle pulmonany wein: RA = right atrium, RAw — right acricke: ROV — right canial
veinc ROV = root of right cranl vein; BFY = rght pulmonary veinc BY = night vestnicle: BV = right veniral penve sbplexss

three 10 min-washes in 0.01 M FBS, the whole-mount heart prepara-  Thereafter the specimens were again washed in 0.01 M PBS, incu-
tions were incubated inan appropriate combination of secondary anti- bated for 2 h in a dimethylsulfoxide and PBS mixture, 1:4 [viv)
bodies for 4 h in a dark hemid chamber on a shaker stage at room ratio, and mounted in Vectashield Mounting Medium (Vector Labo-
temperature (Table 1). All antibodies were diluted in 001 M PBS. ratories, California, USA). Acover slip was placed on the tissue and
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Table 2
The mean numbser and the range of intrinsc cardiac newrons in general per ane beart,

oven (Milestone HistosPro, Sorisole, Italy ), according to the protocol de-
scribed above,

wwmﬁmnﬁwnﬂttmﬂarﬂln the left (LGC) ganglionic disters from 11
e The differences between RGC and LEC are in-
significant at p= 06,

24, Microscopic examination and quantitative analysis

The number of neurons Mean + SE Ramge
n general 1804 4 176 1121-2621 Thie newral structures stained histochemically for AChE were ex-
Per garglion 221428 11=101% amined sterecscopically at 6-50= magnification using a Stemi 200
o ‘:;:: = b €S stereomicroscope (Zeiss, Gottingen, Germany) applying transient

light from fiber optic illuminators | Zeiss, Gottingen, Germany). The
stereoscopically observed ganglia and nerves were photographed

Fig. & Drawings of the ventral (a) and dorsal | b] views of the pressure-inflated mouse hieart, and of the right side of the interatrial and interventricular septa (). Here we flistrate
the morphologic pattern of the intringic cardiac ganglionated plexus ssociatod with the SAN and AVN regions. Large portions of both the right atrium and right ventricle were re-
moved to expose the cardisc septa from the rght side (). The nerve plexus [deawn in red) was outlined from a cardiac i staimed hisy ' for ACHE, while the
rewral meshwork in the SAN and the AVN regions ane revealied by immunafloorescence for HON4, TH and (AT, Black point tothe inerinsic
cardiise nerves that extend toward the SAN (2 and b) and AVN (] regions. In red the polygonal bubbled areas depict the intrinsic cardiac garghia the thin wiggle and ramifying
lines — the intriesic nerves linked anatomically with the SAN and AVN regiors, and the dense tiny network insinuates the comparatively demsest neusal network distributed ot re-
ghons adjacent 1o SAN and AVM. The numbers on the nerves exsending sowarnd the SAM and AVN regions indicate the percentage of prepasations in which these drawn nees were
identified Abbreviations: Ao — ascending sorta: AVN — negion of typical arioventricular node; AWRA — anterior wall of the right ariam: C5 — cosonany simus: OV — caudal vein;
DRA — dorsal right atrial nenve sabplexus: IAS — interamial septam: IVS — inberventricalar sepum;: LAw — beft awricle: LOV — left crarial cava vemn; LGC — left ganglion cluster: LD —
et dorsal subplexus: LV — beft pulmonary vein: LV — lefit veniicle: MPV — middle pulmosary vein: FT — pulmonany trunk; Ao — right awricke; ROV — right aranial cava vein:
R — right ganglion duster: RPY — right pulmenary vein: BY — right venivicle: RY — right ventral subplexus: SAN — regeon of rypical si A node: SMT — i ra-
beculae: VIA = ventral keft atrial subpiexss.

then sealed with clear nail polish. Both positive and negative con-
trols were used.

23, Heart sections

Toverify the presence of conductive myocytes in atypical cardi-
ac bocations, hearts were fixed for 4 days at 4 °C in a 4% parafor-
maldehyde solution in 0.01 M phosphate buffer (pH 7.4) and
routinely embedded in paraffin and sectioned in 4-5 pm thick slices
employing a rotatory microtome, Heart tissue sections were stuck on mi-
croscope slides by electrostatic arraction [Superfrost Uitra Plius, Thermo
Scientific, Braunschweig. Germany) and dried up to 12 hat 50 °C. Dou-
ble immunostaining for HCN4 and neuronal markers, & well as
cover-dipping, was conducted after rehydration and antigen retrieval
in Tris-EDTA buffer (pH 9} at 90 °C for 20-40 min in a microwave

using a digital camera Axiocam HR: (Zeiss, Gottingen, Germany ), Adjust-
ments for final images and measurements of cardiac newral structures
‘were performed using AxioVision 4.8.1 software (Zeiss, Jena, Germany).
‘Whaole-mount preparations stained immunohistochemically were
analyzed utilizing an Axiolmager £1 fluorescence microscope (Zeiss,
Gottingen, Germany ) equipped with a set of filters to observe the Aluo-
rescein isothiocyanate (FITC) and cyanine (Cy3) fluorescence, an
Apotome (Zeiss, Gottingen, Germany ). and a digital monochrome
camera AxioCam MRm [Zeiss, Gottingen, Germany). When neces-
sary, the same whole-mount preparations were additionally ana-
Iyzed and photographed employing a laser scanning microsoope
LSM 700 (Zeiss, Jena, Germany) with its ZEN 2010 software (Zeiss,
Jena, Germany).

The number of neurons inside intrinsic cardiac ganglia was es-
timated in 0.3-05pm optical sections of the whole-mount

Fig. 7. Whole-mount preparation of the mosse stria shows the marphologic pattem of the dholinergic (ThAT, in rod | and adrenergic (TH, in green) neoral mesbworks in the SAN
region. Left and right atriad appendages, interatrial septum, and vemdricles were extirpated in oeder to Matten the atria. The root of the right cranial vein was cot medially with the
aim of unbending it Thick arrows point 1o the epicardial nerves that extend toward the SAN region; thin arrows point to some epicardial nerves with predominant adrenergic nerve
fibers on the wallof the lefrcranial vein | LOV] and with prevabent cholinergic nerve fibers om the beft atrium (LA): BGC meeans the right-sided ganglionic duster; double arrowheads
point to the lelt ganglionic cluster. The boxed areas in the beft upper () panel are enlarged asb-L Ind, e, g k | and k we dlustrate the dense noural meshwork of the ChAT -
murareactive (IR} and TH-IR merve fiters within distinct parts (head, bady, amd uil) of the SAN region. Aderisks in d and ¢ demancate the course of the SAN amery. In L 1, and |
the epicindial nenoes oo ntaining a distinot ratio of ChAT aod TH immunoneactive nerve fibers ane shown by dose-up. Abbreviations: ROV — onifice of right cranial vein: OV — oeifice
of caudal veim; LCV — flatmenaed surface of left cranial welm; BV MPY, LIV — roots of right, middle and left pulmonary welms: 5T — ierminal groove; Biu — right aoiche: RA — right
atrium, LA — loft atrium,

80



DH. P el / Auhonomic Mesroacienoe
preparations in silice by counting exclusively the PGP 9.5 number of neurons residing in the intrinsic cardiac ganglia, since
immuno-reactive nerve cells that contained well-visible nucle it was evident that some neuron nuclei appeared in more than

The latter rule was followed to avoid the overestimation of the one optical section
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and tail (g=i}. Note §

location.

miical analysis

Data were processed using the Origin Lab software version 6,1
Originlab Corporation, Northampton, Massachusetts, USA)L Data
are expressed as mean £ standard error of the mean [ SEM ), Statisti-
cal analysis of the number of neurons related anatomically via epi-
cardial nerves to SAN and AVN regions was performed using
ane-way analysis of variance (ANOVA). Differences were considered
significant when p<0.05

3. Results

1. 1. Morphologic pattern of the nerve plexus of the SAN region

Upon histochemical staining for AChE, the elongated brownish
SAN area appears on one side of the terminal groove and along the
course of the SA nodal artery, which comresponds 1o the
prolongation of the lateral branch of the right cardiomediastinal ar-
tery (Fig. 1: Halpem, Bright-field microscopy of the

NSk

ratzon o demonsirate the CLRE

e

active | green. arows| and ChAT immuncneaciave [ red] nerve fibers at disfinet

mmunoreactive nerves fibers, independently from their

Fine varicosities al

SAN region in combimation with AChE histochemistry revealed a
dense network of AChE positive nerve fibers (F 2], Fluorescence
HCM4 performed on both whole-mount
preparations and whole-heart sections confirmed that the brownish
area stained histochemically for AChE around the root of the rght
cranial vein (RRCY) overlaps entrely with the distribution of
HCN4-positive SAN myocytes in this area (Figs. 3 and 4). Myocytes
positive for HCN4 were mostly concentrated on the medial, ventral,
lateral and dorsal sides of the RRCY forming a poorly demarcated
horseshoe-shaped collar almost around the whole RRCV, but slivers
of HCM4-positive cells extended far away from the main mass of
these cells wward the right atrium, rght auricle and the root of
the caudal vein (Fig. 3). The SAN region comprised by the mass of
the HCMA positive cells around the RROV was considered as the
mouse SAN region, in which the broadest part. the head, locates on
the medial and ventral sides of the RRCV, the intermediate portion,
the body, along the terminal groove, and the last part, the
scends dorsally from the end of the terminal groove toward the
root of the caudal vein (Figs. 1 and 3)

immunohistochemistry f

, de-
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Fig. 9. Macrophotographs of the right side of the cardiac sepa in five mice m demansirace te endocardial partay of the left dorsal (LD) sabplexal necve and its branches (whine
arrowheads ) extending wward the AVN region | histochemical staireng for AChE]L The right atvium and right senmcle were oot off to expose the septa from the right side a5 shown
Im Fig 6. Note the persstent topagraphy and kesser morphologic varabiliny of the endocardial septad nerve and it branches (white armowheads) that expand on the right side of the
|mperatrial sepum from the left dorsal subplesus (LD) towand the AYN region. Abbreviations; Ao — asoending 20ma AVN — atnioventmoular nodal region; AWRA — remnder of
anéerior wall of right atrium; CA — canal of conus ameriosus CSV ~ crista supraventricalaris: His — bundle of His; IAS — interatrial septum: VS — inferventricudar septum: W=
some perves of beft dorsal subplexus:; OLEV — orifice of left cranial veinc PNE — posterior extension of AVN: FT = pulmonary trunk; RV — orifice of right pulmanary vein;
SMT — sepiomarginal trabeculae,
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Fig. 10. Wheole-moont preparation of
oward ool of ascendmg sorta (Ao). ickes were cut off &0 flaiten and expone the / abore, The baxed are v upper [ 4] panel are enlarged 2 b-j
Cholinergic [ChAT) nerve fibers ane labeled in green, the merged immunomeadivity (ChAT + HON4) i shown in a d, g and | AbbreviaBions: Ao — oot of sscending
200t AVN = fypical alriowe Lar o all reggion - ALY, LUV, PLV — anierior Lateral and posserior sdes of eft ventride; ARV, LRV, PRV — anterior, Laberal and posterion side of right ventriche.
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Fig. 11. Microphotographs from 4 mouse heart section a3 shown in Lhe right lower pan of the keft (a) panel o validate the distribution of conduding myocyies immunoreactive for
HCNA (in green ) and abundant ChAT- IR nerve fibers (in red ) 8t the root of the sscending sorta (Aa). The bomed ansas (B-¢) in the beft (2] panel are enlarged a8 the left [b-<) panels

o exhiber the conductive MyocTes acompanied by e ous chollnengic narve Bbers. Armow

indicate some cholinergic nere fibers, armwhieddi — ondiactive Chrdiac Myocyes,

ek — Working cardiad myocyies. Abbrevasont RAC — chamber of right Smmimm LA — lumen of soending Joma: Sel — semilunal ousp, WAD — wall of Jscending Joda;
ACTEV — amerior ousp of trcuspid valve: AWRA — antenor wall of fght atrium, C5Y — orist supraventriculars VS — (nenventrbodas sepium: LWC — left venmicular ¢hambey

The SAN receives the AChE positive tiny epicardial nerves from the
ganglionated nerve plexus on the heart base that was earlier defined
in detail by us as the nerve plexus of the heart hilum {Rysevaite et al,
201 1a). The right-sided duster of ganglia located within this plexus
on the left atrium at the root of the right pulmonary vein is the sole
source of epicardial nerves extending towand the SAN region
(Figs. 3 and 5). That cluster is comprised mostly by several ganglia
containing variable numbers of neurons (Fig. 5, Table 2). The ganglia
of the right cluster are comprised by numerous interconnected
inter-ganglionic nerve fibers that connect also with the left gangliondc
cluster (Fig. 3). From the rght ganglia, epicardial nerves reach the
SAN both by the venral and dorsal surfaces of the right arium
(Figs. 5 and 6). The head of the SAN receives the single steréomicro-
scopically identifiable and persistent cpicandial nerve that arises
from the right ventral (RV) subplesus (Figs. 5 and 6). In all
pressure-distended heart preparations examined, that nerve coursed
diagonally o the junction of the ROV and right auricle where it be-
came gradually thinner and penetrated into the myocardium
{Fig. 5). Both body and tail of the SAN were supplied by 3 persistent
epicardial nerves that onginated from the dersal night atrial (DRA)
subplexus (Figs. 5 and 6). In all hearts, two epicardial perves arose
cranially from the right ganglia and coursed directly from the heart
hilum to the body of the SAN, while the third one extended more cau-
dally andd coursed toward the SAN rail and the root of the caudal vein
(Figs. 5 and 6).

Within the mouse SAMN region we identified a dense meshwork of
fine ChAT-positive fibers that were dispersed around HCN4 immuno-
reactive myocytes [Fig 3). Double immunostaining for ChAT and TH
revealed that the neural meshwork within the SAN region consisted
of numerous nerve bundles, singular nerve fibers and axons with var-
icosities, but was devoid of any neuwronal somata (Fig 7). Both ChAT
and TH immunoreactive nerve structures displayved distinct densities
Howewver, the ChAT positive nerve fibers and Dowons were more nu-
merous near cardiac myocytes than TH immunoreactive nerve fibers,
which were chiefly located around blood vessels (Fig. 7). Finally, we
identified only a few CGRP- and/or SP-puositive nerve fibers in the
whole area around the root of the RCV that was occupied by HCN4-
positive cells Fig. 8).

1.2, Neural routes and morphology of nerve plexues of the AVN region

Similar to the SAN region around the root of the RCV, a remark-
ably dense network of AChE pesitive nerve fibers concentrated on
the lowest part of the mouse interatrial septum extending from
the orifice of the LOV and the aomic root (Figs. 2 and 9). In the
whole-mount atrial preparations the positivity to HCN4 of the
myocytes within the AVN region was evidently weaker than the
SAN region (Figs. 3 and 10). However, cardiac myocytes immunore-
active to HCHA in the lower portion of the interatrial septum extended
beyond the typical AVN region and theird istribution coincided with the
seplal area that stained brown on AChE histochemistry (Fgs. 9and 10).
Moreover, thick sleeves containing celbs positive for HONY expand ed to-
ward the root of the ascending aorta and bundle of His, and thin slivers
of these cells extended even alongside both atrioventricular rings
(Figs. 10and 11).

AChE-positive nerves enter the AVN mostly from the left ganglion
cluster (LOC), which localizes near the roots of the left and middle pul-
manary veins (Fgs. 3,6, 7, and 9), The LGC consists of several ganglia of
differing size that contain variable numbers of gangbonic celis (Figs 3,
Gand 7; Table 2), LGC ganglia were interconnected by numerous nerves
that also connected them to the ganglia of the right ganglionic cluster
(RGC) located near the dorsal interatrial groove, at the root of the right
pulmonary vein (Figs 3, 6, and 7). In general, the AVN region was sup-
plied by a cearly identifiable septal endocardial nerve that arose
from the LCC in the middle pulmonary vein (Figs. 6,9, and 12). In
all examined pressure-distended heart pre parations, that nerve ex-
rended dorsoventrally on the right side of the interatrial seprum,
where it gradually became thinner, ramified and penetrated into
the septal myocardium (Fig. 9).

Numerous ChAT and TH positive nerve bundles and fibers spread
endocardially toward the AVN region (Fig. 12). At the ventral edge of
the interatrial septum, the endocardial nerves branched out from the
LGC and merged with a network of ChAT-positive and TH-positive
nerve fibers that spread from the side of the ventral interatrial groowve
and aortic root (Fig. 12).

The typical AVN region contains a fine neural meshwiork of choliner-
gic nerve fbers whose density is greater than the surmounding tssees.
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Such a network occupies the entire lower portion of the interatrial sep-
tum (Figs. 12 and 13). Similar to the SAN region, in the AVN region cho-
linergic nerve fibers predominate over adrenergic fibers (Fig. 13).

In sharp contrast to either node, cells of the His bundle are weakly
positive to HCN4 and accompanied by sparser cholinergic and adren-
ergic nerve fibers (Fig. 12). On the other hand, neither AVN nor His
bundle seems to contain CGRP- or SP-positive nerve fibers.

13 The number of intrinsic nerve cells supplying the mouse SAN and
AVN regions

Thie number, appearance and size of neural ganglia supplying the
mouse SAN and AVN regions, as well as the number of neurons in
these ganglia varied substantially from heart to heart, as summarized
in Table 2. Nevertheless, quantitative confocal microscopy of gangli-
onic cells immunoreactive to PGP 95 suggests that approximately
1000 intrinsic cardiac neurons residing within the RGC may influence
the function of the mouse SAN, whereas for the AVM, the number of
such neurons inside the LGC is slightly lower (Table 2). However,
the difference is not statistically significant.

4, Discussion

This ical ex focuses on the intrinsic cardiac
nerves and ganglia that are anatomically related to the mouse CCS, The
morphologic pattern of the intrinsic CCS nerve plexus was revealed in
non-sectioned, pressure-inflated hearts by histochemscal AChE staining.
The technique is particularly suitable for the purposes of investigating
the topography and architecture of the fine intrinsic nerve plexuses in
the mouse heart, and differs substantally from earlier neurcanatomical
mﬁudﬂmmﬁntﬁﬂuﬁdmhﬂd@dmhﬂu
flartened whole mounts. In addition. combined i shisto
brmMandlﬂﬂﬂwcdummlﬂwaMhdtM|md
nerve meshwork in the CCS regions, as well as the functionally distinct
nerve fibers proceeding via epicardial nerves from the ganglionated neu-
ral plexus of the heart hilum toward the various (CS regions. Based on
stercomicroscopy, we demonstrate that the SAN is supplied only by 4
tinmy but topographically persistent epicardial nerves derived from both
the dorsal right atrial (3 nerves) and the right ventral (1 nerve) nerve
subplexuses. Surprisingly, the AVN receives only 1 interatrial nerve orig-
inated from the beft dorsal nerve subplexus. Immunchistochemically, all
epicardial nerves entering the SAN region indude both cholinergic and
the adrenergic nerve fibers, but the cholinergic fibers predominate in-
side the interatrial nerve coursing toward the AVN region. The fine neu-
ral meshworks are appreciably denser in the SAN and AVN than the
surrounding cardiac tissues. While in the mouse CCS cholinergic nerve
fibers predominate, adrenergic nerve fibers constitute a particularly
dense network as well.

The morphology of the CCS and its nerve supply have been
studied in several animal species, induding humans (Bojsen-Moller
and Tranum-Jensen, 1971; Anderson, 1972ab; Bojsen-Moller and
Tranum-jensen, 1972; Roberts et al. 1989; Crick et al, 1996h,
1999; Chow et al.. 2001 ). In the above studies, the specialized tissues
of the CCS were typically revealed using unspecific staining methods,
ie. histochemistry for AChE, Masson's trichrome, hematooylin and
eosin, methylens blue and tolukdine blue stains. Employing immunohis-
tochemistry for specific CCS markers like HON4 (Baruscotti et al, 2005;
Liu et al. 2007; Yanni et al. 2009), we managed to demonstrate dearly
the distribution of the SAN and AVN in whole-mount preparations of
the mouse heart

The miurine SAN has been described as a ~ 1.5 mm structure that ex-
tends parallel to the crista terminalis and is separated from atrial musdle
by connective tissue at the border both with the crista terminalis and the
atrial septum ( Liu et al, 2007 ). Here we demonstrate that the mouse SAN
is a poorly demarcated horseshoe-shaped collar around the root of the
right crandal vein. The limits of distribution of the SAN cells in the right

atrium are rather obscure; numerous skivers of SAN cells extend substan-
tially in space from the main mass of the node toward the rght atrial
wall, the appendage, and the right cranial and caudal veins, Presumably,
the demonstrated extensions of the SAN cells may impact action poten-
tial conduction from the SAN into the surrounding more hyperpolarized
atrial muscle (Oosthoek et al, 1993; Verheijck et al, 1998; Boyeit ef al,
2000).

Here we demonstrate HON4-positive cells within the typical AVN re-
gion and along both atrioventricular rings. This is only partly consistent
with an earlier study in the rat heart that showed expression of HON4 in
the atrioventricular ring bundle (including the atrioventricular node )
encircling the tricuspid valve, but not in the atrioventricular ring bundle
encircling the mitral valve (Yamameoto et al, 2006). We show also that
HCN4 positive myocytes outspread as a ventral extension of the AVN
toward the root of the ascending aorta. Contrary to the AVN and
atrioventricular (His) bundle, whose well-known roles are, respec-
tively, to delay the electrical impulse from the atria and to relay
that impulse from the AVN to the ventricular myocandium (Rozanski
and Jalife, 1986; Anumonwo et al, 1990; McGuire et al, 1996, the func-
tional valee of the atrioventricular rings and the ventral AVN extension
toward the root of the ascending aorta remains unchear. It is possible
that in the mouse heart the expansive distribution of deeves and thin
slivers of HON4-positive AV nodal cells may somehow relate o the
wealdy developed His bundle and its fascicles in the mouse cardiac ven-
triches as was demonstrated in the present study employing immuno-
histochemistry for HCN4 on whole-mount preparations.

Histochemical AChE staining of the inrinsic nerve plexus in the
pressure-inflated hearts and subsequent stereomicrosoopic examination
enabled us to display both the precise topography and 3-dimensional ar-
chitecture of the nerves coursing in the direction of the mouse CCS. In
general, the newrcanatomy of the mouse CCS is comparable to the rat,
guinea pig. and dog and even humans, but there are significant wpo-
graphical species-dependent differences regarding SAN and AVN inner-
vation, In dogs (Pauza et al, 1999, 2002), humans (Pauza et al, 2000),
guinea pigs (Batulevicius et al, 2005), rats (Batulevicius et al, 2003),
and sheep (Saburkina et al, 2010) the nerves supplying the SAN and
AVN regions branch off from the ganglia located in the vicinity of the
nodes: i.e. the root of the right cranial vein, the dorsal interatrial groove,
the interatrial septum and the coronary sinus. In contrast, in the mouse
heart such ganglia reside at comparatively larger distances from either
node; Le. the heart base of the left atrium, near the limits of the heart
hilum.

W estimate that - 1000 intrinsic neurons nesiding within the mght
cluster at the interatrial groove of the left airium are invehied in the neu-
ral regulation of the mouse SAN. On the other hand, the mouse AVN re-
ceives neural input from ~860 intrinsic nerve cells laying in the left
ganglion cluster beneath the opening of the middle pulmonary vein on
the left atrium. Unforiunately, there i no direct evidence that all neu-
rons located in ganglia innervate the mouse COCS regions and control car-
diac impulse generation and conduction. Further functional studies will
be necessary to prove this definitely, a5 was done in the rat heart, in which
it was clearly shown that electrical stimulation of the right and the left
neuronal dusters resulted in negative chronotropic and dromotropic ef-
fects in the SAN and AVN, respectively [ Sampaio et al, 2003).

In this study, we demonstrated that there are abundant ChAT and
TH-immunoreactive nerve fibers within all epicardial nerves entering
the SAM and AVN regions, as well as in the fine dense nerve mesh-
work within each node. Previously, a dense and complex cholinergic
innervation of the SAN and AVN regions was demonstrated based
on histochemistry for AChE in mouse, rat, rabbit, dog. pig. calf and
humans (Bojsen-Moller and Tranume-Jensen. 1972; Kent et al. 1974;
Crick et al.. 1994, 1996a; Petrecca and Shrier. 1998; Crick et al, 1999),
as well as by immunchistochemistry to ChAT in the mouse (Rysevaite
et al, 2011b) and to choline transporters in guinea pig (Hoover et al,
2004). However, we were unable to confirm the rank order in relative
nerve density in the SAN, AVN and His bundle, a5 was reported by
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Such a network accupies the entire lower portion of the interatrial sep-
turn (Figs. 12 and 13). Similar to the SAN region, in the AVN region cho-
linergic nerve fibers predominate over adrenergic fibers (Fig 13).

In sharp contrast to either node, cells of the His bundle are weakly
positive to HCN4 and accompanied by sparser cholinergic and adren-
ergic nerve fibers (Fig. 12). On the other hand, neither AVN nor His
bundle seems to contain CGRP- or SP-positive nerve fibers.

13 The number of intrinsic nerve cells supplying the mouse SAN and
AVN regions

The number, appearance and size of neural ganglia supplying the
mouse SAN and AVN regions, as well as the number of neurons in
these ganglia varied substantially from heart to heart, as summarized
in Table 2. Nevertheless, quantitative confocal microscopy of gangli-
onic cells immunoreactive to PGP 95 suggests that approximately
1000 intrinsic cardiac neurons residing within the RGC may influence
the function of the mouse SAN, whereas for the AVM, the number of
such neurons inside the LGC is slightly lower (Table 2). However,
the difference is not statistically significant.

4, Discussion

This ical ex. focuses on the intrinsic candiac
nerves and ganglia that are anatomically related to the mouse CCS. The
morphologic pattern of the intrinsic CCS nerve plexus was led in
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atrium are rather obscure; numernous slivers of SAN cells extend substan-
tially in space from the main mass of the node toward the rght atrial
wall, the appendage, and the right cranial and caudal veins, Presumably,
the demonstrated extensions of the SAN cells may impact action poten-
tial conduction from the SAN into the surrounding more hyperpolarized
atrial muscle (Oosthoek et al, 1993; Verheijck et al, 1998; Boyett et al,
2000).

Here we demonstrate HON4-positive cells within the typical AVN re-
gion and along both atrioventricular rings. This is only partly consistent
with an earlier study in the rat heart that showed expression of HCNG in
the atrioventricular ring bundle (inchuding the atrioventricular node )
encircling the tricuspid valve, but not in the atrioventricular ring bundle
encircling the mitral valve (Yamamoto et al, 2006), We show also that
HCMNA positive myocytes outspread as a ventral extension of the AVN
toward the root of the ascending aorta. Contrary to the AVN and
atrioventricular (His) bundle, whose well-known roles are, respec-
tively, to delay the electrical impulse from the atria and to relay
that impulse from the AVN to the ventricular myocandium (Rozanski
and Jalife, 1986; Anumonwo et al, 1990; McGuire et al, 1996), the func-
tional value of the atrioventricular rings and the ventral AVN extension
toward the root of the ascending aorta remains unclear. It is possible
that in the mouse heart the expansive distribution of seeves and thin
slivers of HON4-positive AV nodal cells may somehow relate o the
wealdy developed His bundle and its fascicles in the mouse cardiac ven-
triches as was demonstrated in the present study employing immuno-
histoc y for HONA on whole-mount preparations.

non-sectioned, pressure-inflated hearts by histochemical AChE staining.
The technique is particularly suitable for the purposes of investigating
the topography and architecture of the fine intrinsic nerve plexuses in
the mouse heart, and differs substantially from earlier neurcanatomical
approaches of the mammalian CCS that relied on histological sections or
flattened whole mounts. In addition, combined immunochistochemistry
for TH, ChAT, and HCM4 allowed us to reveal the subtle dense intramural
nerve meshwork in the CCS regions, as well as the functionally distinct
nerve fibers proceed ing via epicardial nerves from the ganglionated neu-
ral plexus of the heart hilum toward the various CCS regions. Based on
stercomicroscopy, we demonstrate that the SAN is supplied only by 4
tiny but topographically persistent epicardial nerves derived from both
the dorsal right atrial (3 nerves) and the right ventral (1 nerve) nerve
subplexises. Surprisingly, the AVN receives only 1 interatrial nerve orig-
inated from the left dorsal nerve subplexus. Lall
epicardial nerves entering the SAN region indude both cholinergic and
the adrenergic nerve fibers, but the cholinergic fibers predominate in-
side the interatrial nerve coursing toward the AVN region. The fine neu-
ral meshworks are apprecilably denser in the SAN and AVN than the
surrounding candiac tissues. While in the mouse OCS cholinergic nerve
fibers predominate, adrenergic nerve fibers constitute a particularly
dense network as well.

The morphology of the CC5 and its nerve supply have been
studied in several animal species, induding humans (Bojsen-Moller
and Tranum-Jensen, 1971; Anderson, 1972ab; Bojsen-Moller and
Tranum-Jensen, 1972; Roberts et al. 1989; Crick et al, 1996h,
1999; Chow et al., 2001 ). In the above studies, the specialized tissues
of the CCS were typically revealed using unspecific staining methods,
ie. histochemistry for AChE, Masson's trichrome, hemaioxylin and
eosin, methylene blue and toluidine blue stains, Employing immunohis-
tochemistry for specific CCS markers like HON4 (Baruscort et al, 2005;
Livet al, 2007, Yanni et al, 2009), we managed to demonstrate clearly
the distribution of the SAN and AVN in whole-mount preparations of
the mouse heart

The murine SAN has been described as a ~ 1.5 mm structure that ex-
tencls parallel to the crista terminalis and is separated from atrial muscle
by connective tissue at the border both with the crista terminalis and the
atrial septum (Liv etal, 2007 ). Here we demonstrate that the mouse SAN
is a poorly demarcated horseshoe-shaped collar around the root of the
right crandal vein. The limits of distribution of the SAN cells in the night

&9

Histochemical AChE staining of the infrinsic nerve plexus in the
pressure-inflated hearts and subsequent stereomicrosoopic examination
enabled us to display both the precise topography and 3-dimensional ar-
chitecture of the nerves coursing in the direction of the mouse CCS. In
general, the neurcanatomy of the mouse CCS is comparable to the rat,
guinea pig. and dog and even humans, but there are significant twpo-
graphical species-dependent differences regarding SAN and AVN inner-
vation, In dogs (Pauza et al, 1999, 2002), humans (Pauza et al, 2000),
guinea pigs (Baulevicius et al, 2005), rats (Batulevicius et al, 2003),
and sheep (Saburkina et al. 2010) the nerves supplying the SAN and
AVN regions branch off from the ganglia located in the vicinity of the
rodes: i.e. the root of the right cranial vein, the dorsal interatrial groove,
the interatrial septum and the coronary sinus. In contrast, in the mouse
heart such ganglia reside at comparatively larger distances from either
node; Le. the heart base of the left atrium, near the limits of the heart
hilum.

We estimate that - 1000 intrinsic neurons residing within the mght
cluster at the interatrial groove of the left atrium are involved in the neu-
ral regulation of the mouse SAN. On the other hand, the mouse AVN re-
ceives newral input from ~860 intrinsic nerve cells Laying in the left
ganglion cluster beneath the opening of the middie pulmonary vein on
the left atrium. Unioriunately, there i no direct evidence that all neu-
rons bocated in ganghia innervate the mouse CCS regions and control car-
diac impulse generation and conduction. Further functional studies wall
be necessary to prove this definitely, a5 was done in the rat heart, in which
it was clearly shown that electrical stimulation of the right and the left
neuronal dusters resulted in negative chronotropic and dromotropic ef-
fects in the SAN and AVN, respectively [ Sampaio et al, 2003).

In this study, we demonstrated that there are abundant ChAT and
TH-immunoreactive nerve fibers within all epicardial nerves entering
the S5AN and AVN regions, as well as in the fine dense nerve mesh-
work within each node, Previously, a dense and complex cholinergic
innervation of the SAN and AVN regions was demonstrated based
on histochemistry for AChE in mouse, rat, rabbit, dog. pig. calf and
humans (Bojsen-Moller and Tranume-Jensen. 1972; Kent et al. 1974;
Crick et al, 1994, 1996a; Petrecca and Shrier. 1998; Crick et aL, 1999),
as well as by immunchistochemistry to ChAT in the mouse (Rysevaite
et al, 2011b) and to choline transporters in guinea pig (Hoover et al,
2004). However, we were unable to confirm the rank order in relative
nenve density in the SAN, AVN and His bundle, as was reported by
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Crick et al. in calfl and guinea pig hearts (Crick et al., Im 1999). The
preparations used in our study revealed

dﬂmmmﬂ:nl’tMTmellxnwuhms.\HmdAWmﬂms
and a comparatively sparser network along the His bundle. Neverthe-
less, the presence of abundant adrenergic nerve fibers in both nodes
of the mouse CCS suggests that apparently both are under significant
adrenergic influence as well. Therefore, our observations in the mouse
contrast with earlier reports in other mammalian spedies, including
humans, in which cholinergic nerve fibers and muscarinic receptors
represent the predominant population within the nodes and reflect
the superiority of the inhibitory cholinergic system in cardiac conduc-
tivity (Crick et al, 1994). As such, the present findings provide a novel
anatomical basis for further physiological experiments, especialy those
aimed at improving the reatment of cardiac arthythmia by experimen-
tal ablation of distinct atrial areas (Bernstein et al, 2011).
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SUMMARY
ABBREVATIONS

AChE - acetylcholinesterase

ANS  —autonomic nervous system

CCS - cardiac conductive system

ChAT - choline acetyltransferase

Ccv — caudal vein

HCN4 - hyperpolarization activated cyclic nucleotide-gated potassium
channel 4

MPV - middle pulmonary vein

NA — nodal artery

NFs —nerve fibers

nNOS - neuronal nitric oxide synthase
PGP9.5 — protein gene product 9.5

RA — right atrium

RCV  —right cranial vein

RPV  —right pulmonary vein

RRCV - root of the right cranial vein

SAN  —sinoatrial node
SP — substance P
TH — tyrosine hydroxylase
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BACKGRUOND AND NOVELTY OF THE STUDY

Autonomic nervous system (ANS) modulates cardiac conductive system
(CCS) activity and its abnormal activity may lead to arrhythmias or even
sudden death [1]. The sinoatrial node (SAN) is the primary pacemaking
component that generates the electric impulse in heart [2]. Morphology,
neuromorphology and physiology of SAN are an object of interest since it
was discovered [3, 4].

To date morphological studies of SAN usually focused either on its
myocardial anatomy or innervation [4-6]. Earlier neuroanatomical studies
were performed only on cross section preparations and only a few used
whole mounts [6-8]. Neuroanatomical studies that performed a quantitative
analysis of SAN neural components were based on histochemical acetyl-
cholinesterase (AChE) method as cholinergic marker, combining it with
histochemical methods to detect adrenergic and sensory neural components.
These studies revealed that cholinergic neural components are dominant
ones in all parts of the CCS [8, 9]. However, AChE is criticized as non-
selective method by many investigators [10-12]. Since acetylcholine is
synthesized by the choline acetyltransferase (ChAT) in cholinergic neurons
[13], this enzyme is suggested as a reliable marker of cholinergic neural
components [10-12]. There is a lack of studies that used this marker in
general cardiac innervation [14-16], not to mention the neuroanatomy of
CCs.

Hearts of mouse, rabbit and pig are a widely used in cardio physiological
experiments. To date, there are only few studies that analyzed both, the
distribution of pacemaker cells and their innervation. Besides there are no
studies that examined interspecific differences of these structures in the
aforementioned cardio physiological models. This is the first study that
simultaneously analyzed both innervation and structure of SAN in whole
mount and cross section preparations, by using a multiple imunohis-
tochemical staining for pacemaker cells and neural components.

Results of this study showed that the distribution of pacemaker cells is
much wider and the innervation of SAN cells is more complex than it was
considered before. It also revealed the distribution of nerve fibers of distinct
chemical phenotype in different zones within the sinoatrial node. In addition
to this, the immunohistochemical analysis of neurons within sinoatrial node
was conducted for the first time. Finally, a novel finding, nitrergic neurons
that were purely positive for neuronal nitric oxide synthase (nNOS), was
observed in this study.
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AIM OF AND OBJECTIVES OF THE STUDY

The aim of the study: to identify limits and innervation of the sinoatrial
node in hearts of mice, rabbits and pigs.

Objectives:

. To examine the distribution of pacemaker cells within the right atrium.

. To examine the density of innervation within the sinoatrial node.

3. To examine the distribution of neuronal somata within the sinoatrial
node.

4. To examine neurochemical properties of neurons within the sinoatrial
node.

5. To compare the morphology of neurons within the sinoatrial node.

N -

MATERIAL AND METHODS

25 mice, 22 rabbits and 21 piglets and 3 young adult pigs’ hearts were
used in this study. A multiple immunohistochemical staining for HCN4
(pacemaker cells), ChAT (cholinergic neurons), TH (adrenergic neurons),
nNOS (nitrergic neurons) and SP (sensory neurons) markers, were applied
on whole mount and cross section preparations.

Whole-mount preparations

Following animal euthanasia, hearts were dissected from the chest,
washed out from the blood with 0.01M phosphate buffer saline (PBS) and
coronary vessels were retrogradely perfused with PBS. Afterwards, the atria
were dissected from the ventricles and the interatrial septum. Then, the atria
was flattened and pinned in a Petri dish with a silicone bottom. The
flattened specimen was fixed for 40 min at 4° C in 4% paraformaldehyde
solution in 0.01 M phosphate buffer (pH=7.4). In order to decrease
background light for laser scanning microscopic examination, tissues were
bleached using a dimethyl sulfoxide and hydrogen peroxide solution.
Subsequently, whole-mount preparations were rehydrated through a graded
ethanol series (in each for 10 min), washed 3%x10 min in 0.01 M PBS
containing 0.5% Triton X-100. Non-specific binding was blocked for 2
hours in PBS containing 5% normal donkey serum. Afterwards, the
specimens were incubated with an appropriate combination of primary
antisera for 4872 hours at 4° C (Table 1). After that, whole-mounts were
washed 3 times for 10 min in 0.01 M PBS and incubated with an appropriate
combination of secondary antisera for 4 hours at room temperature. During
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the last stage, specimens were washed 3 times for 10 min in 0.01 M PBS,
mounted with mounting medium, cover slipped and sealed with clear nail
polish.

Sectioned tissue preparations

In order to obtain transverse sections of walls of the right atrium (RA)
and root of the right cranial vein (RRCV), hearts were dissected, perfused
and prefixed as described above. In order to compare the densities of NFs
distributed between cardiac cells positive for HNC4 distinct localities on
RRCV, specimens were taken from 3 specific zones in SAN region: (1)
from frontal part of RCV, (2) lateral part of RCV, (3) between dorsal part of
RCV and CV. Following 40 min fixation at 4° C in 4% paraformaldehyde
solution in 0.01 M phosphate buffer (pH=7.4), tissues were washed 3x10
min in PBS and cryoprotected by immersion in PBS containing 20-25%
sucrose until their complete sinking (4° C, 24 h). Then, following cryo-
protection, the tissues were frozen for sectioning. The pieces of the sampled
tissues were orientated on a cryomicrotome stage so that the slice cutting
plane would be perpendicular to the interatrial septum, the right atrial wall
and the terminal groove and all layers (epicardium, myocardium and
endocardium) could be well discernible in the slice. Tissues were sectioned
into 20 um slices using a cryomicrotome at —22° C and sections were
mounted onto microscope slides. Afterwards, immunohistochemical proce-
dures were performed as earlier described by applying an appropriate
combination of primary and secondary antisera (Table 1). Finally, speci-
mens were washed 3 times for 5 min in 0.01 M PBS and mounted with
mounting medium and cover slipped.

Quantitative and statistical analysis

Both whole-mount preparations and RA wall transverse sections, in
which immunohistochemical reactions were the most contrast and sharp,
were used for quantitative analysis. The size of clearly visible neuronal
somata was measured on digital images and expressed as the mean of their
long and short axes. The densities of NFs within distinct portions of the
SAN area were evaluated in transverse sections. The density of NFs was
expressed in percentage of the area occupied by NFs.

Ganglia and neurons were calculated in whole mount preparations.
Ganglia size was evaluated by the number of neurons within. Long and
short axes of neurons were measured. Diameter of somata was expressed by
the mean of short and long axis.
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Table 1. Primary and secondary antisera used in the study

. A Catalog
Antigen Host Dilution Company number.
Primary:
ChAT Goat 1:100 Chemicon* AB144P
TH Rabbit 1:500 Chemicon* ABI152
TH Mouse 1:200 Chemicon* MAB-318
TH Sheep 1:800 Chemicon* AB1542
SP Guinea pig | 1:1000 | Abcam? AB1053
SP Rabbit 1:800 ImmunoStar’ 20064
PGP 9.5 Mouse 1:200 ABD Serotec” 7863-1004
PGP 9.5 Rabbit 1:500 ABD Serotec” 7869-0504
HCN4 Mouse | 1:200 | SuessMarq SMC-320D
Biosciences
HCN4 Rabbit 1:100 Chemicon* AB5808
nNOS Mouse ;500 | SamtaCruz - on ga0y
Biotechonology
Secondary:
Goat ©? Donkey 1:300 Chemicon' AP180C
Mouse < Donkey 1:300 Chemicon' AP192C
Mouse Py-ight @488 Donkey 1:300 Abcam® ABY6875
Mouse "' Donkey | 1:100 | Jackson 5 | 715-095-151
Immunoresearch
Sheep 1€ Donkey 1:100 Chemicon' AP184F
Guinea pig "™ Donkey 1:100 Chemicon' AP193F
Rabbit ¥ Donkey 1:300 Chemicon' AP182C
Rabbit "' Donkey 1:100 Chemicon* AP182F

Chemicon International, Temecula, California, USA.

Abcam, Cambridge, UK.

*ImmunoStar Incorporation, Wisconsin, USA.

*AbD Serotec, Kidlington, UK.

>StressMarq Biosciences Incorporation, Cadboro Bay, Victoria, Canada.
®Santa Cruz Biotechnology, Dallas, TX, USA.

7Jackson Immunoresearch, West Grove, PA, USA.
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RESULTS
Distribution of HCN4 cells in SAN area

HCN4 positive cells were similarly distributed around RCV in all
investigated species (Fig. 1). The main mass of cells formed a “hook” shape
figure around RCV, which started in the frontal part of RCV and extended
downward to CV and almost reached its orifice. HCN4 cells occupied
3.1+0.1 mm? in mouse, 18.0+2.4 mm? rabbit and 52.2+5.2 mm? pig area of
RA. Some minor interspecific differences were also observed. HCN4 cells
formed thin bundle in the medial side of RCV in mouse SAN different than
in rabbit and pig. In the medial side of RCV of rabbit and pig HCN4 cells
were not observed.

Due to a wide distribution of HCN4 positive cells, SAN was divided into
3 parts (Fig. 1): “head” (at frontal part of RCV), “body” (at lateral part of
RCV) and “tail” (rest of the area to caudal vein).

tal =

»
A 2 mm S -"|:1'|r1'|
1. mm < M cV S

et

Fig. 1. The distribution of HCN4 cells around RCV in mouse (a), rabbit (b)

and pig (c) whole mount preparations.
White dotted line demarks the area of HCN4 cells. Red dotted line demarks the limits of
zones (head, body and tail). Yellow dotted line demarks the orifice of RCV (box c).
Arrowheads in box (a) indicate some HCN4 cells in the medial side of RCV. CV - caudal;
vein; MPV — middle pulmonary vein; RPV — right pulmonary vein; RVC - right cranial
vein.

Whole mount preparations revealed that SAN is uninterrupted structure.
However, it was possible to distinguish central and peripheral parts of the
node in both whole mount and cross section preparations. The central part of
the node was formed by the main mass of HCN4 positive cells. In this
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region HCN4 cells were densely distributed and clustered in several layers.
Peripheral part of SAN consisted of HCN4 cells “sleeves” that extended far
the main mass node to the right atria myocardium (Fig. 2). In frontal part of
the node these structures almost reached the roots of aorta and atrioven-
tricular groove in lateral. These “sleeves” looked like a solitary HCN4
positive cells in cross section preparations.

100-pum _. et 200 pm

Fig. 2. The distribution of HCN4 positive cells in central and peripheral

parts of SAN.
HCN4 cells around SAN artery in (a) mouse, (b) rabbit and (c) pig SAN center in cross
section preparations. HCN4 peripheral “sleeves” in whole mount preparations of (d) mouse,
(e) rabbit and (f) pig SAN. NA — nodal artery.

Various distributions of HCN4 cells were observed within atria wall in
different zones of the node. In the head of SAN they formed a thin plate
widely spread right under epicardium. In body of SAN these cells were
distributed throughout the whole myocardial wall around the nodal artery or
its branches and in the tail of the node cells formed a thin bundle close to
endocardium.
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Innervation of SAN

SAN contained a dense meshwork of NFs that corresponded to the area
of HCN4 cells in all investigated species. The density of NFs in SAN area
was ~4 times higher than in working myocardium in all investigated species.
The highest density of nerve fibres in mouse and rabbit SAN was observed
within head and the lowest in tail. The highest density of NFs in pig SAN
was observed in body and the lowest in tail.

NFs densities of distinct neurochemical phenotype were analysed more
detailed in rabbit and pig SAN. TH NFs were dominant in both species.
Another big group of NFs were ChAT positive. SP and nNOS NFs took the
minority. SP NFs were distributed equally in all areas of SAN in both
species.

Neurons and ganglia within the sinoatrial node

No neuronal somata were found in mouse SAN. Neurons and ganglia
were present in the area of rabbit and pig SAN. Most of neurons and nerves
in rabbit SAN were found within epicardial layer. Ganglia and nerves in pig
SAN were also found descended into myocardium (Fig. 3). Such ganglia
were observed interrupted between the clusters of HCN4 cells.

Solitary neurons and small ganglia (3.6+0.3 neurons in each) were
typical for rabbit SAN. In general rabbit SAN contained 57.7+10 neurons.
78.6+6.0 % of neurons were clustered in small ganglia. The biggest number
of ganglia consisted of 2—4 neurons, and only few, 5 or more neuronal
somata. 21.4+6.0 % of all observed nerve cells were scattered solitary
(Fig. 4).

Pigs SAN contained 97.5+£10.1 that consisted of 21.3+2.4 neurons
(~2000 neurons per SAN). Solitary neurons were also observed, but number
of these cells were insignificant (<10 neurons per SAN). Based on size,
ganglia were divided into groups as follows: small (<10 neurons); medium
(11-50 neurons); big (51-100); very big (>100 neurons).

Small and medium sized ganglia took the majority. The biggest number
of neurons was observed in medium sized and the lowest in small ganglia
(Fig. 4).

Size of neurons varied between species. Pig’s SAN neurons were bigger
(19.2+0.3 pum) than rabbit’s (16.5£0.2 pm). Solitary neurons in rabbit SAN
were bigger (17.2+£0.6 um) than those observed in SAN ganglia (16.2+0.3

pum).
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100 pm 100 pm 100 pm

100 pm 100 pm 100 pm

Fig. 3. Nerves and neurons interrupted between the clusters of HCN4

positive cells.
a — foptical sections in different depth, from the epicardium (a) down to endocardium (f).

% B Number of ganglia ~ ® Number of neurons
60
50 T T T
40
30 =
20 %

w .i

0

1 | 2-4 | >5 | 11-50 50-100 | >100
Rabbit |

Number of neurons per ganglia

Fig. 4. The distribution of various size ganglia and neurons within ganglia

in rabbit and pig SAN.
*Significantly different from ganglia that consisted of 2—4 neuros in rabbit’s SAN (p<0.05).
tSignificantly different from ganglia that consisted of 11-50 neurons in pig’s SAN
(p<0.05).
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The variety of neurons within sinoatrial node

3 phenotypes of neurons were observed in rabbit SAN that were positive
for ChAT, nNOS and biphenotypic — ChAT+nNOS (Fig. 5). In general,
ChAT neurons were dominant ones and contained 50.3+4.9 % of all ob-
served neural cells (Fig. 6). 35.5+4.2 % neurons were biphenotypic and
14.2+1.7 % nNOS positive.

+nNOS | b nNOS

Fig. 5. Several neuronal somata positive for ChAT (in red), nNOS (in

green), and simultaneously for both neuronal markers.
Biphenotypic neuronal soma is marked with asterisk (boxes a—c). Arrowheads points to
purely nNOS positive neurons (boxes a, c).

% EChAT ®=nNOS = ChAT+nNOS
60

50

40

—— %

30

—

20 *
I
10 - I —

0 T T 1
SAN ganglia Solitary neurons SAN in general

Fig. 6. The distribution of neurons of distinct phenotype in rabbit SAN.
*Statistically different between the groups of cells of distinct chemical phenotype.

Some differences of distributions were observed between solitary and
SAN ganglia neurons groups. Solitary neurons of distinct neurochemical
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type were distributed equally. In SAN ganglia ChAT positive neurons were
dominant and the smallest group was purely nNOS positive cells.

5 chemical phenotypes of neural cells were observed in pig’s SAN.
These neurons were purely positive for ChAT, nNOS, TH and biphenotypic
— positive for ChAT+nNOS and TH+ChAT. SIF cells were also observed in
this area (Fig. 7).

Fig. 7. Neurochemical variety of neurons within pig’s SAN.
a — white arrowheads point to TH positive neurons. a—b grey arrowheads point to SIF cells.
¢ — asterisks point to biphenotypic ChAT+TH neurons. In panel d, white arrowheads point
to purely nNOS positive neurons, white asterisks — biphenotypic ChAT+nNOS neurons and
grey asterisks — purely ChAT positive neurons.
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Since it was technically possible to make only double immunohisto-
chemical labelling, ganglia and neurons in pig SAN were evaluated in
preparations double labelled for ChAT+TH or ChAT+nNOS. The measu-
rements of distinct neuronal somata were also performed in these two
groups.

In the preparations double labelled for ChAT+nNOS, ChAT positive
neurons were the dominant ones (figure 8). This group formed 65.5+4.4 %
of all observed neurons, and the smallest group 12.9£2.6 % was purely
nNOS positive cells. 21.6+3.5 % of neural cells were biphenotypic
(ChAT+nNOS).

In preparations double labelled for ChRAT+TH, purely ChAT positive and
biphenotypic neurons were dominant. These two groups of neural cells were
equal in size. 47.6+7.1 % of neurons were biphenotypic and 45.5+7.3 %
ChAT positive. Purely TH positive cells formed the smallest group. Only
6.9+3.3 % of neurons were of this type (Fig. 8).

Y%

70
60
50 4
40 +
30
20 +
10 - -
0 |
ChAT nNOS (_hAT+nN()S ChAT | ChAT+TH
ChAT+nNOS preparations ChAT+TH preparations

Fig. 8. The distribution of neurons of distinct phenotype in pig SAN.
*Statistically different between the groups of cells of distinct chemical phenotype.

Correlation between neurons size and neurochemical phenotype was
observed. In rabbit SAN ChAT positive neurons were the smallest and the
biggest were biphenotypic (ChAT+nNOS) neurons. In SAN of pig the
biggest were ChAT and the smallest nNOS positive neurons.
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CONCLUSIONS

1. Pacemaker cells were similarly distributed in the right atria of mouse,
rabbit and pig hearts. Pacemaker cells:

a) occupied 1/3 of right atria;

b) formed a compact and central parts of node;

c¢) formed extensions that descendent far from the main mass of node.

2. SAN were denser innervated compared to working myocardium
independently from the area of node and nerve fibers type. TH positive
nerve fibers were dominant. Less frequent were ChAT positive nerve fibers.
SP and nNOS nerve fibers took the minority.

3. No ganglia or solitary neurons were observed in mouse SAN. Sparse
of solitary neurons and small ganglia were found in rabbit SAN. Plentiful of
various size ganglia were common for pig SAN.

4. Neurons of various chemical phenotypes were found in SAN area:

a) 3 types of neurons were found in rabbit SAN that were positive for
ChAT, nNOS and biphenotypic — positive for ChAT+nNOS.

b) 5 types of neurons were typical within pig SAN that were positive
for ChAT, TH, nNOS and biphenotypic positive for ChAT+TH and
ChAT+nNOS.

5. Neurons sizes correlated with cells chemical phenotype and animal
species.
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