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Abstrakt:

Cile: Hlavnim cilem této prace bylo podrobné popsat zmény ve funkci izolovaného
embryondlniho kufeciho srdce vreakci na akutni zmény teploty a stresové podminky

v prostiedi in vitro spole¢né s porovnanim reakce embryonalniho srdce in ovo.

Metody: Zmény ve funkci ¢tyfdenniho kufeciho srdce v prostiedi in vitro jsme pozorovali
pomoci vysokorychlostniho optického mapovani intracelularni dynamiky kalcia pfi tfech
ruznych teplotach. Kontrolni teplota (normotermie) byla 37 °C, 34 °C — hypotermie a 40 °C —
hypertermie. Pro porovnani jsme pfi stejnych teplotich sledovali zmény ve funkci srdce
pomoci videomikroskopie v prostiedi in ovo. Pro zjisténi frekvencnich limiti jednotlivych

srdecnich segmentil jsme provedli experimenty s elektrickou stimulaci in ovo a in vitro.

Vysledky: V pozorovaném teplotnim rozmezi jsme pozorovali témét linedrni zéavislost
sinusov¢ frekvence na teploté. Proti normotermii ¢inila zména sinusové frekvence in vitro
a in ovo pii hypotermii i hypertermii pfiblizné 20%. Pokles teploty ze 37 °C na 34 °C in vitro
nezpusobil vyznamné zmény v amplitudé kalciovych transientli, zatimco narist teploty
ze 37 °C na 40 °C snizil amplitudy v sinich a komorach o 35%, respektive 38%. V prostiedi
kde se pfi vSech teplotach arytmie téméf nevyskytovaly. Hypotermie in vitro pfinesla arytmii
nejméng, zatimco hypertermie vyrazné navysila Cetnost vzniku arytmii. Nej€ast&js$i arytmii
in vitro byl atrioventrikularni (AV)blok (II. a III. stupn¢€), ktery tvofil 56% vSech
pozorovanych arytmii. Popsali jsme rizné typy AV blokl podle lokalizace blokady vedeni
vzruchu. Experimenty s elektrickou stimulaci naznalily, Ze AV bloky byly zplisobeny
pravdépodobnéji tkanovou hypoxii nez limitem AV kandlu pievadét vysoké sinusové
frekvence pfi tachykardiich. Lokalizovali jsme misto ektopické aktivity na predélu komory

a vytokové Casti srdce. Na zakladé epikardialnich aktivacnich map jsme popsali AV reentry.

Zavér: Zmény teploty mély nejvyznamnéj$i dopad na funkci pacemakeru a spolecné
se stresem prostiedi in vitro také na Sifeni vzruchu skrze AV kandl. Nejkritictéjsi oblasti
pro Sifeni vzruchu byl pfedél mezi AV kandlem a komorou, kde dochazi k napojeni pomalu

vedouci tkan¢ AV kanalu na rychle vedouci sit’ trabekul komorového myokardu.

Kli¢ova slova: arytmie, AV kandl, blokdda vedeni vzruchu, kufeci embryo, optické

mapovani, teplota, vyvoj srdce.



Abstract:

Aims: The main objective of this work was to analyze in detail the effects of acute
temperature changes on the function of isolated chick embryonic heart in vitro in comparison

with natural conditions in ovo.

Methods: The effects of temperature change (34 °C, 37 °C and 40 °C — hypo-, normo-
and hyperthermia, respectively) on calcium dynamics in four days old isolated chick hearts
in vitro were investigated by high-speed calcium optical imaging. For comparison
and validation of in vitro measurements, experiments were also performed in ovo using
videomicroscopy. Artificial electrical stimulation experiments were performed in vitro

and in ovo to uncover conduction limits of different heart segments.

Results: We observed almost linear dependence of sinus frequency on temperature in our
temperature range. Sinus frequency during hypothermia and hyperthermia in vitro and in ovo
changed about 20% in comparison with normothermia. We observed no significant changes
in amplitude of calcium transients during temperature change to hypothermia
but hyperthermia caused a significant decrease in amplitude of calcium transients (atria 35%,
ventricles 38%). We observed a wide spectrum of arrhythmias, which occurred spontaneously
even during normothermia in vitro. Occurrence of arrhythmias in vitro significantly increased
during hyperthermia and was reduced during hypothermia, while almost no arrhythmias
occurred in ovo under all temperature conditions. The most common arrhythmia in vitro was
atrioventricular (AV) block (2nd and 3rd degree together comprised 56% of all observed
arrhythmias). Electrical pacing experiments in vitro and in ovo suggested that the AV blocks
were likely caused by relative tissue hypoxia and not by the tachycardia itself. We described
variability of AV block locations. We localized ectopic pacemaker in the transition of
AV canal and the ventricle. We described atrioventricular re-entry using epicardial activation

maps.

Conclusion: The pacemaker and AV canal were the most temperature-sensitive segments
of the embryonic heart. AV canal was particularly sensitive to stress of in vitro conditions.
We suggest that the critical point for conduction is the connection of the fast conducting

ventricular trabecular network to the slow conducting tissue of AV canal.

Key words: arrhythmias, AV canal, chick embryo, conduction block, heart development,

optical mapping, temperature.



Seznam pouzitych zkratek:

APD
ATP
AV
Cav

CMOS

Cx
di-4-ANEPPS

ED
EKG
EM-CCD

HCN
hERG
HH
Nkx
Rhod-2
ROS
SA
Shox
Tbx

action potential duration, doba trvani ak¢niho potencialu
adenosintrifosfat

atrioventrikuldrni

napét'ove fizeny kalciovy kanal

complementary metal oxide semiconductor,

komplementarni polovodi¢ z oxidu kovu

connexin, konexin
4-{B-[2(di-n-butylamino)-6-napthyl]vinyl} pyridinium,

barvivo citlivé na zmény membranového napéti

embryonalni den

elektrokardiogram

electron multiplier-charge coupled device,

zafizeni spojené s ndbojem a zesilovacem elektront
hyperpolarizaci a cyklickymi nukleotidy aktivovany iontovy kanal
human ether-a-go-go-related gene, draslikovy kanal

stadium vyvoje kuteciho embrya dle Hamburgera a Hamiltona
NK transcription factor-related protein, homeobox transkripéni faktor
Rhodamin 2, barvivo citlivé na zmény koncentrace kalcia
reactive oxygen species, reaktivni kyslikové radikaly
sinoatridlni

Short stature homeobox, homeobox transkripéni faktor

T-box transkripéni faktor
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1. UVOD

V soucasné dobé¢ jsou v civilizovaném svété kardiovaskularni onemocnéni nejcastéjsi pricinou
umrti. Se starnutim populace pfibyva srdeCnich arytmii a jejich vyskyt bude v blizké
budoucnosti s nejvetsi pravdépodobnosti stale CastéjSi. Arytmie vyznamné snizuji kvalitu
zivota a jejich 1écba je znacné nakladnd. Poruchy v srde¢nim vydeji béhem fetalniho vyvoje
mohou mit az fatalni vliv na vyvoj celého jedince. Proto pokud je mozné predejit nasledkiim
malignich arytmii prevenci, peclivou diagnostikou a odpovidajici 1€cbou jiz béhem fetalniho
vyvoje, mize byt vyrazn¢ ovlivnéna kvalita zivota dospivajicitho a dospélého jedince.
Studium vzniku arytmii béhem vyvoje srdce tedy zastava dualezitou tlohu a jakékoliv nové
poznatky mohou vést k lepsi prevenci, pfesnéjsi diagnostice a také ke zvySeni efektivity 1écby
arytmii. Pro podrobné studium arytmii béhem embryonalniho vyvoje jsou Uspésné pouzivany
zviteci experimentalni modely.

Tato prace je zaméfena na mapovani potencidlnich pficin arytmii z pohledu vyvojové
kardiologie v souvislosti s akutnimi zménami teploty prostiedi, coz miize odpovidat ndhlému
nastupu horecky anebo podchlazeni u t€hotné. Jako zvifeci model bylo vyuZito stresované
(izolace, prostiedi in vitro) kufeci embryonalni srdce. Tento model v sobé snoubi nékolik
vyhod a pro studium vyvijejiciho se srdce je vyuZivan jiz zna¢nou fadu let. Embryondlni
vyvoj] na kufecim modelu studoval jiz Aristoteles a prvni popisy vyvijejiciho
se kardiovaskularniho sytému sahaji do 17. stoleti (Malpighi, 1672). Vyvoj srdce u kuiete
velmi blizce odpovida vyvoji srdce u Clovéka a diky snadné inkubaci a snadnému pftistupu
k srdci a embryu proti savéim srdcim piestavuje zejména béhem casného embryonalniho
vyvoje jeden z idedlnich modelli pro studium vyvoje srdce a jeho funkce. Pro podrobné
studium zmén ve funkci embryonalniho srdce z pohledu intracelularni dynamiky kalcia bylo
pouzito vysokorychlostni optické mapovéni, které umoznuje sledovat Sifeni vzruchu
s vysokym ¢asoprostorovym rozliSenim a tim precizné lokalizovat blokady vedeni vzruchu

nebo mista ektopické aktivity.
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2. PREHLED PROBLEMATIKY DISERTACNI PRACE

2.1 Stavba a funkce srdce

Srdce je jednim z nejdilezitéjSich organi. Béhem vyvoje plodu je prvnim orgénem,

ktery za€ind fungovat a jeho spravny vyvoj a funkce jsou pro zdravy vyvoj jedince naprosto

zéasadni. Domnivam se, ze si srdce zaslouzi v kazdém ptipadé velkou pozornost a tictu za jeho

neutuchajici, netinavnou a hlavné kli¢ovou ¢innost.

horni duta Zila

pravé plicni
tepny

pravé plicni Zily

polomésicita
chlopen

prava sin

trojcipa
chlopeni

Obrazek 1
Stavba lidského srdce.

Dospél¢ lidské srdce je

hlavové a kréni tepny

plicni tepna

levé plicni tepny

levé plicni Zily

leva sin

dvojcipa
chlopen

leva
komora

© Jungjohann Verlagsgesellschaft mbH

dolni duta Zila prava komora Upraveno dle www.szskm.cz

ctytdutinovy svalovy organ, jehoz hlavnim ukolem je efektivné

pumpovat krev a zajiStovat tak v organismu dostateCnou distribuci kysliku, Zivin

a metabolith. Velikost srdce dospélého cloveéka odpovida ptiiblizn€ velikosti jeho pésti.

Dospélé srdce ma dveé siné (levou a pravou) a dv€ komory (levou a pravou),

jejichz kontrahovanim a ochabovanim zabezpecuje pumpovani krve (Obr. 1). Kontrahovani

srdecni svaloviny sini a komor neprobiha nahodile, ale probihd rytmicky a koordinované.
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Rytmus kontrahovani je fizen specializovanou tkani— pfevodnim systémem srde¢nim.
Ptevodni systém srde¢ni a sledovani jeho funkce béhem casnych embryondlnich stadii

je jednim z hlavnich predméta této prace.

Srdce zajistuje cirkulaci krve ve dvou obéhovych systémech. Prvnim z nich je télni obé¢h,
ktery svym pumpovanim zajistuje leva sin a leva komora. Druhym z nich je plicni ob¢h,
jehoz cirkulaci zajiStuje prava siii s pravou komorou. Stavba srdecni tkan¢ se sklada
z vnitini vrstvy srdce — endokardu, stfedni vrstvy pracovniho myokardu a vnéjsi povrchové

vrstvy epikardu. Srdce je chranéno obalem, ktery se nazyva osrdecnik neboli perikard.

Kromé¢ zakladni funkce biomechanické pumpy pro krevni obéh ma srdce jeste dalsi dilezitou,
mén¢ znamou funkci. Srdce totiz v druhé tadé vystupuje také jako organ endokrinni,
protoze jeho myokard produkuje nékolik druhli hormont. Byly popsany hormony,
které jsou produkovdny v myokardu sini a ovliviluji metabolismus sodnych kationti
a tim 1 krevni tlak a funkci ledvin a nadledvin. Nejznaméjsi z nich je atridlni natriureticky

peptid a natriureticky peptid typu B (de Bold et al., 1981, Mackawa et al., 1988).

13



2.11 Vyvoj srdce

Srdce je u obratlovcl prvnim organem, ktery zacne plné¢ vykonavat svou funkci. Pro rychly
a spravny embryonalni vyvoj je totiz nutna velmi efektivni distribuce kysliku, zivin
a metabolitl. U ¢lovéka zacina srdce bit mezi 21. a 22. dnem vyvoje, u kufeciho embrya

zacina fungovat jiz okolo 36 h od oplozeni (Clark, 1984, Kirby, 2007).

Prvnim krokem vyvoje srdce je gastrulace, po které dochazi ke zformovéni jednoduché
srdecni trubice fuzi bilaterarnich plotének prekardialniho mesodermu. Bunky podilejici se
na stavb¢ srdce pochdzeji ze dvou hlavnich skupin progenitord, prvniho a druhého
kardiogenniho pole. Srde¢ni trubice ma ptivod v prvnim kardiogennim poli a je v této fazi
a prostor mezi nimi vypliiuje tzv. srde¢ni rosol. Po zformovéani primitivni trubice bunky
z prvniho kardiogenniho pole zpomali proliferaci a rlst srdce pokracuje hlavné v oblasti
vtokové a vytokové Casti zaclelovanim mezenchymalnich bun¢k z okolniho druhého
kardiogenniho pole. Z rovné trubice se jejim zakiivenim nésledovné stava srdecni klicka,
coz je prvni znak asymetrie ve vyvoji srdce. V pozdé&jSim vyvoji je savéi a ptaci srdce
procesem septace rozdéleno na 4 oddily — 2 sin€ a 2 komory. Sin€ a leva komora maji sviij
ptvod hlavné v prvnim kardiogennim poli a prava komora s vytokovou casti ve druhém
kardiogennim poli (Buckingham et al., 2005, Christoffels et al., 2006, Snarr et al., 2007).
Méné znamé, ovSem ne mén¢ dulezité, je tieti kardiogenni pole, které hraje zdsadni roli
pfi formovani sinoatridlniho uzlu (Bressan et al., 2013). Pfi tvorb& aortopulmonarniho septa
se svou imigraci zapojuji buiiky, které maji sviij pivod v srde¢ni neurélni listé (Kirby et al.,
1983) a béhem tvorby epikardu se svou imigraci zapojuji buiikky z proepikardialniho organu,

viz Obr. 2 (Wittig a Munsterberg, 2016).

2.111 Casny vyvoj ku¥eciho embryonalniho srdce

Na zacatku vyvoje kufeciho embryonélniho srdce dochazi ke zformovani primitivni srde¢ni
trubice mezi 26 — 29 h vyvoje, coz odpovida dle Hamburgera a Hamiltona stddiu 8 (stadium
HH 8, Hamburger a Hamilton, 1951). Svou vendzni Casti je trubice orientovana kaudalné
a arterialni Cast je orientovana kranidlné (Obr. 2). Oblast budoucich komor je jiz patrna
vyvoje. Do 36 h vyvoje (HH 10) srdce zacind pravidelné bit a pumpovat krev. Kontrakce
probihaji pomalu izotropicky od venodzni k arterialni Casti, coZ odpovida pomalé uniformni

rychlosti vedeni vzruchu v primitivni srde¢ni trubici (Kamino et al., 1981, Clark, 1984).
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SHF CNC
anterior te

ole

N AE

FHF
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posterior

Epikard
HH 8 HH 9 HH 13 HH 15 HH 18 HH 24
Upraveno dle Wittig a Musterberg 2016

Obrazek 2

Proces formovani srde¢ni klicky u kureciho embryonalniho srdce u stadii HH 8 — 24.

Proces formovani srdecni trubice zacina splynutim plotének prekardialniho mesodermu. Zpocatku
Je primitivni trubice tvorena hlavné bunikami z prvnitho kardiogenniho pole (HH 8 — 9). Srdecni klicka
se formuje hlavné zaclefiovanim bunck druhého kardiogenniho pole (Cervené tecky, HH 9 — 24).
PrFi formovani vytokove casti prispivaji svou imigraci také bunky srdecni neuralni listy (modré tecky,
HH 15— 24). K formovani epikardu (oznacen pruhy) dochazi diky imigraci bunék z proepikardialniho
organu (HH 18 —24). FHF — prvni kardiogenni pole (oznaceno zelené), SHF — druhé kardiogenni
pole (oznaceno cervené), HT — srdecni trubice, A —sin, RA — prava sin, LA —leva sin, RV — prava
komora, LV —leva komora, C—vytokova cast, CNC — srdecni neuralni lista, PE — proepikardialni

organ, T — trunkus.

U stadia HH 11 (40 — 45 h) zac¢ina proces formovani srdecni klicky a srde¢ni trubice se zafina
ohybat doprava. Z funk¢niho hlediska jiz lze zaznamenat rozdil v rychlosti vedeni vzruchu
a tedy v rychlosti kontrakce v oblasti budouciho atrioventrikularniho (AV) kanélu (Arguello
et al., 1986). Tento rozdil v rychlosti vedeni vzruchu postupné nartsta a je jiz zietelny u stadia
HH 15 (50 -55h) (Arguello et al., 1986, de Jong et al., 1992, Sedmera et al., 2004).
Oblast budoucich sini a komor se v pribéhu dal§iho vyvoje zvétSuje a u stadia HH 16
(51 -56h) se okolo 53h vyvoje zafind mezi sinémi a komorami zuzovat segment,
ktery je posléze odd€luje. Dochazi k morfologicky patrnému formovani AV kanalu
(Patten, 1964), ktery v ramci embryonalniho srdce 1 v této disertacni praci zastava klicovou
ulohu. Z hlediska pumpovani krve pocind plnit funkci primitivni chlopné a z pohledu
elektrofyziologického zacina zastdvat funkci dulezitého propojeni budoucich sini a komor.
U stadii HH 16 az 17 (51 — 64 h) také zaind proces formovani trabekul, které hraji velmi

dalezitou roli pfi kontrakci srdce. U srdecni klicky zajistuje sit’ trabekul svym velkym
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povrchem efektivni transport zivin do srdecni tkané i pii pomalém lokalnim proudéni krve
(Moorman a Lamers, 1992, Sedmera et al., 1997). U stadii HH 17 — 18 (52 h — embryonélni
den 3, ED3) zac¢ina byt jiz patrny pfedél mezi budouci levou a pravou komorou, ktery tvori
vznikajici mezikomorové septum (de la Cruz et al., 1997, Sedmera et al., 2004). U stadia HH
18 (ED3) ma srdce tvar pismene C a je u né¢j mozné rozeznat jednotlivé segmenty
a prechodové zony mezi nimi (Gittenberger-de Groot et al., 1995, Manner, 2000). U tohoto
stddia se zacinaji v oblasti AV kandlu a vytokové casti formovat endokardidlni polStarky
vyplnéné srdeCnim rosolem, které poté v primitivnim srdci plni ulohu jednoduchych chlopni
a zabranuji tak zpétnému proudéni krve. Béhem pozd¢jsiho vyvoje se endokardialni polstarky
castecné podileji na vyvoji findlnich chlopni (Patten et al., 1948, De la Cruz et al., 1983,
Oosthoek et al., 1998). Vyvoj srdce dale pokracuje ptes stadium HH 21 (ED3,5 — viz Obr. 3)

zejména expandovanim vnéjsiho zakiiveni komory.

Obrazek 3
Embryonalni kureci srdce — stadium HH 21.

V oblasti komor lze videét houbovitou sit vyvijejicich
se trabekul. RA—prava sin, LA-leva sin,
RV —prava komora, LV—leva komora, OT-

wytokova cast.

Béhem ctvrtého embryondlniho dne (ED4, stddium HH 23) intenzivné laterdlné expanduje
oblast budoucich sini a za¢ina byt poprvé patrny pocatek rozdélovani sini na pravou levou.
V této fazi zacCina byt také patrny tzv. interventrikularni Zzlabek, jehoz piitomnost
naznacuje pokrok v separaci komor na pravou a levou (Patten, 1964, Sedmera et al., 2004).
Srdce se nachazi ve fazi, kdy jsou zfetelné patrné jednotlivé srdeCni segmenty,
coz se projevuje 1 z funkéniho hlediska. Rychlost vedeni vzruchu a tudiz 1 rychlost kontrakce
se nyni u jednotlivych segmentl znac¢né 1isi. Oblast sini a komor se v tuto chvili vyznacuje
proti AV kandlu a vytokové €asti vyrazné vyssi rychlosti vedeni vzruchu a tudiz i rychlejSimi
kontrakcemi (Arguello et al., 1986). Tento rozdil v rychlosti vedeni u jednotlivych srdecnich
segmentll zajiStuje zvysSeni efektivity pumpovani krve a je analogicky se zpomalenim
vedeni vzruchu v AV uzlu u dospélého srdce. Srdecni sténa se sklada jiz ze tii vrstev.

Vnitini vrstvu tvofi endokard, stfedni vrstva je tvofena myokardem a vné&jSi vrstvu tvori
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epikard (Hara et al., 2016). U stadia HH 24 (ED4,5) dochazi ke zformovani srde¢ni klicky
ve tvaru pismene S (Manner et al., 1993, Manner, 2000, de la Cruz a Markwald, 1998).
V této fazi jsou vendzni a arterialni pol jiz umistény vedle sebe na bazi srdce (Steding a Seidl,
1980). Myokard wvnitinitho zakfiveni komory je pokryt endokardialnimi polStaiky,
které plynule prechazeji z oblasti AV kanalu az do distalni oblasti vytokové Casti srdce
(Gittenberger-de Groot et al., 1995). Od stadia HH 24, kdy neni jesté¢ srdce plné¢ septovano
a funguje v rdmci jednoho ob¢hového systému, vyvoj dale pokracuje ¢im dal komplexnéji

az do faze plné septovaného Ctyirdutinového srdce, které zajistuje dva krevnimi ob¢hy.
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2.2 Prevodni systém srdecni a elektrofyziologie srdce

Ptevodni systém srdecni je specializovana cast srdecni svalové tkdné, kterd ma schopnost
generovat elektrické impulsy a diky své vysoké elektrické vodivosti umoziuje koordinované
a efektivné rozvadét elektrické vzruchy nutné ke kontrakci srdce. Na elektrické impulsy
generované a rozvadéné prevodnim systémem reaguje svym kontrahovanim pracovni
myokard, ¢imz je udavan vlastni autonomni rytmus kontrahovani srde¢ni svaloviny
(tzv. srde¢ni automacie), ktery ma uspotadanou aktivaéni sekvenci a zajiStuje tak velmi
efektivni pumpovani krve. Funkce pfevodniho systému je u dosp€lého srdce modulovana

vegetativnim nervovym systémem.

Kapitola o prevodnim systému zastava v této praci velmi vyznamnou roli, protoze vznik
arytmii je Casto spojen s funkci pfevodniho systému srde¢niho. Srde¢ni arytmie ve své
podstaté znamena poruchu srdecniho rytmu, tedy poruchu tvorby elektrickych impulst anebo

jejich vedeni.

2.21 Struktura a funkce prevodniho systému

SA uzel

Myokard sini

AV uzel

Hisuv svazek
Tawarova rameénka
Purkynova vlakna

Myokard komor

Upraveno dle www.netterrimages.com

Obrazek 4

Schéma pievodniho systému srde¢niho u dospélého lidského srdce.
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Pfevodni systém srde¢ni je slozen znéckolika segmentd, které jsou schopné tvorit
a koordinovan¢ vést elektricky vzruch (Obr.4). Rytmus je udavan prvnim oddilem
pfevodniho systému tzv. sinoatrialnim (SA) uzlem. Generovany vzruch je rychle rozveden
internodalnimi sinovymi spoji a Bachmanovym svazkem skrze myokard sini a poté dorazi
do atrioventrikuldrniho uzlu. V atrioventrikularnim uzlu je vedeni mezi sinémi a komorami
zpomaleno. Nasleduje Histv svazek, ktery predstavuje jediny vodivy spoj ve vazivové
elektrické izolaci mezi myokardem sini a komor. Déle pokracuje levé a pravé Tawarovo
raménko, Purkynova vlakna a nakonec je aktivovan pracovni myokard komor (Bonow et al.,

2008).

2.22 Sinoatrialni uzel

U dospélého lidského srdce se jedna o kapkovity utvar o velikosti cca 15 x 3 mm sloZeny
ze specializovanych bun¢k, ktery se nachdazi v oblasti usti horni duté zily do pravé siné
asi 1 mm pod povrchem epikardu (Bonow et al., 2008). SA uzel zastava roli hlavniho
srdeCniho pacemakeru a je mistem, kde dochazi k tvorbé elektrickych impulst, ¢imz je
udavan srde¢ni rytmus. Za normalnich podminek je rytmus o frekvenci 60 — 100 stahii/min
udavan timto hlavnim pacemakerem, ktery je pfirozenym zdrojem srdecni automacie.
Tento vyjimecny fenomén je umoznén diky pfitomnosti specialnich iontovych kanall —
hyperpolarizaci a cyklickymi nukleotidy aktivovanych (HCN) iontovych kanali (zejména
HCN4), které jsou netradicné aktivovany b&hem hyperpolarizace membrany.
Béhem hyperpolarizace membrany se tyto kanaly oteviraji a zpiisobuji pomalou depolarizaci,
ktera piekrocenim prahového potencidlu vyusti rychlou depolarizaci v akéni potencial a cely
cyklus se poté opakuje (DiFrancesco, 1993). SA uzel tvofi tzv. pacemakerové buiiky,
které se vyznacuji pravé expresi HCN4, coZ je vSeobecné uznavany pacemakerovy marker

(Mommersteeg et al., 2007a, Mommersteeg et al., 2007b, DiFrancesco, 2010)

2.23 Atrioventrikularni uzel a komorovy prevodni systém

Atrioventrikularni uzel je po dominantnim SA uzlu druhym pacemakerem s pomalejsi
spontanni frekvenci 40 —50/min. Béhem normdlnich podminek je jeho pomalejsi
pacemakerova aktivita zastitovana rychlejSim SA uzlem. Pokud vSak dojde k pozastaveni
funkce hlavniho pacemakeru nebo k blokddé pfevodu jim generovanych vzruchd,
tak AV uzel ptebere ulohu pacemakeru. V AV uzlu dochdzi po ptevodu vzruchu skrze
myokard sini ke zpomaleni vedeni vzruchu, které se nazyva atrioventrikularni zpozdéni.

Toto zpozdéni ma své fyziologické opodstatnéni, protoze diky nému srdce pumpuje krev
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s vysokou efektivitou. Na AV uzel navazuje Hisiiv svazek, coz je jediné vodivé propojeni
mezi myokardem sini a komor. Pokud by tato elektricka izolace neexistovala, nemohlo by
srdce efektivné pumpovat krev (Kolditz et al., 2007). Na Histv svazek v mezikomorovém
septu dale navazuji pravé a levé Tawarovo raménko, kterd jsou od pracovniho myokardu
elektricky odizolovana (Tawara, 1906). Nakonec se komorovy pievodni systém vétvi
na Purkynova vldkna, jez jsou elektricky napojena na pracovni myokard komor a elektricky
ho aktivuji zralym zplisobem aktivace od hrotu smérem k bazi srdce. Tento zpiisob aktivace
je dalSim pfizptisobenim funkce srdce pro zvySeni efektivity pumpovéani krve. V ramci

myokardu komor probiha transmuralni aktivace smérem od endokardu do epikardu.

2.24 Role konexina

Sinovy a komorovy myokard tvofi tzv. funkéni syncitium (soubuni). To znamena, ze buiky
od sebe navzajem nejsou izolovany, ale jejich cytoplasma je propojena tzv. vodivymi spoji
neboli gap junctions. Proto podnét, ktery vznikne kdekoli v sinich nebo komorach vyvola
pokazdé kompletni kontrakci srdce. Srdce tedy pracuje jako funkéni celek podle zédkona
,»vSe nebo nic* (Silbernagl a Despopoulos, 2004).

Propojeni mezi sousednimi kardiomyocyty vodivymi spoji neboli nexy je zprosttedkovano
pory, které jsou tvofeny transmembranovymi proteiny zvanymi konexiny (Willecke et al.,
2002). Konexiny se v membrané vyskytuji ve form& hexamerl, které tvoii tzv. konexon.
Konexony mohou byt homomerické (slozené z jednoho typu konexinu) anebo heteromerické
(slozené z riznych konexintl). Spojenim dvou konexont vznika pdr ¢i kandl, viz Obr. 5

(Wei et al., 2004).

I [
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=)
= X
c
©
x
Konexon Homomericky Heteromericky Homomericky Heteromericky
Kanal Homotypicky Homotypicky Heterotypicky Heterotypicky
Upraveno dle Wei et al. 2004
Obrazek 5

Typy vodivych spojeni.

Druhy oligomerizace konexinit v konexony a moznosti jejich propojent pri tvorbé kanalu.
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U cloveka bylo identifikovano vice nez 20 rGznych konexini (Cx), vsrdei je jich
exprimovano ovSem pouze pet a nejvyznamnéj$i znich jsou Cx40, Cx43 a Cx45.
Tyto konexiny maji odliSnou elektrickou vodivost (Davis et al., 1995, Coppen et al., 1998).
Pro pfevodni systém jsou vyznamné Cx40 a Cx45, Cx43 je exprimovan v pracovnim
myokardu. Cx45 je exprimovdn v SA a AV uzlu a méa na svédomi pomalé vedeni vzruchu
v téchto segmentech. Cx40 ma nejvyssi vodivost a jeho exprese je typicka pro rychle vedouci
sin¢ a His-Purkynav systém v komorach (Gros a Jongsma, 1996, Coppen et al., 1999). Prave
vyvoje srdce, si zaslouzi zvySenou pozornost, protoze diky pfitomnosti heterotypickych
vodivych spojeni Cx40/Cx45 (viz Obr. 5) mohou mit snizenou vodivost a mohou byt

nachylné na vznik blokad vedeni vzruchu (Desplantez, 2017).

2.25 Elektrofyziologie dospélého srdce

b)
+30 mV |
-90 mV
1 sec
75 mV Purkynova viakna
—_—

1sec

Sine e)  +30mv
c)

-80 mv
1sec

-60 mV
1sec

AV uzel Komory

Upraveno dle Munshi et al. 2012

Obrazek 6
Ak¢eni potencialy jednotlivych segmentii u dospélého lidského srdce.
(a) Pacemakerové potencialy SA uzlu. (b) Akcni potencialy sini. (c) Pacemakerove potencialy AV uzlu.

(d) Akcni potencialy Purkynovych viaken. (e) Akcni potencidly komorového pracovniho myokardu.

Jednotlivé ¢asti srdce a prevodniho systému se liSi svymi elektrickymi vlastnostmi, protoze
jsou riznou rychlosti pievodu elektrického vzruchu uzplisobeny pro koordinované
kontrahovani srde¢ni svaloviny, ¢imz muze byt zajisténo efektivni pumpovani krve. Lisi se

zejména rozdilnou expresi iontovych kanalt a také konexinti, jak bylo uvedeno v piedchozi
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kapitole. Diky rozdilné expresi iontovych kanalu maji také rizné oblasti srdce a ptfevodniho

sytému rizny pribéh akéniho potencialu (Obr. 6).

2.251 Ak¢éni potencialy srde¢nich segmentii

Pro pacemakerové bunky SA uzlu a AV uzlu jsou typické tzv. pacemakerové potencialy
(Obr. 6a, c). lontové mechanismy zajistujici akéni potencialy zde uvedu pouze zjednoduseng.
Pribéh pacemakerového potencidlu se vyznacuje fazi spontanni depolarizace, coZ znamena,
ze misto klidového membranového potencidlu, ktery je typicky pro kardiomyocyty
pracovniho myokardu, membranovy potencidl po pribéhu akéniho potencidlu opét zacne
pozvolna nartistat. Za tento jev je zodpovédny sodno-draselny iontovy proud tzv. ,funny
current* probihajici skrze HCN4 kanaly, které propoustéji sodné a draselné kationty. Ke konci
faze spontanni depolarizace se postupné oteviraji napétové fizené kalciové kanaly T-typu
zpusobujici vtok kalcia. AZ membranovy potencial dosahne prahové hodnoty, tak dojde
k rychlejsi depolarizaci zvySenym vtokem kalcia pomoci napétové fizenych kalciovych
kanalt L-typu. Po ptekroceni membranového potencidlu do pozitivnich hodnot se oteviou
draslikové kandly a odtokem draselnych kationti dojde k postupné hyperpolarizaci
membrany, béhem niz dojde k uzavteni kalciovych kandlt L-typu. Rytmickym opakovanim
tohoto cyklu je zajiSténa srde¢ni automacie a udavani rytmu pacemakerem (DiFrancesco,
1993, DiFrancesco, 2010). Aktivita pacemakeru je tedy vysoce zavislad na intracelularni

oscilaci kalcia, které hraje pfi udavani srdecniho rytmu naprosto zasadni roli.

Kardiomyocyty pracovniho myokardu a Purkynovych vldken maji proti pacemakerovym
bunikdm odliSny pribéh akéniho potencialu (Obr. 6b, d, €) zejména diky ptitomnosti rychlych
napétove fizenych sodikovych kanalii Nav1l.5 a také tim, ze v dobé mezi akénimi potencialy
maji klidovy membranovy potencial. Jakmile na membranu pracovniho kardiomyocytu dorazi
vlna depolarizace, oteviou se rychlé sodikové kandly a rychlym vtokem sodnych kationtl
do buiiky dojde k prudké depolarizaci. Poté nastupuje tzv. faze plato, jsou otevieny kalciové
kanaly L-typu a draslikové kanaly. Kationtové proudy téchto kanalti smétuji kazdy opacnym
smérem a po urcitou dobu (cca 200 ms) udrzuji membrénovy potencidl na viceméné
konstantni hodnoté. Tato faze, jeZ se nazyva absolutni refrakterni faze, je velmi dulezita,
protoze zamezuje vzniku krouZivych vzruchlli a znemoziiuje tetanickou kontrakci myokardu,
kterd muZe nastat u kosterniho svalu. Poté dojde k uzavieni kalciovych kanall a draslikové
kanaly postupné hyperpolarizuji membranu az na hodnotu klidového membranového

potencialu (Silbernagl a Despopoulos, 2004).
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2.252 Sprazeni excitace a kontrakce

Béhem akéniho potencidlu u pracovniho kardiomyocytu dochazi otevienim napétove
tizenych kalciovych kanald k lokalnimu nértstu intracelularni koncentrace kalcia v oblastech,
kde se blizko membrany nachazi membrana sarkoplazmatického retikula. Kalcium se poté
vazena ryanodinové receptory (RyR), které se nachdzeji na membrané sarkoplazmatického
retikula, ze kterého poté dochdzi k masivnimu vyliti dal§iho kalcia do cytosolu. Tento jev
se v angl. originalu nazyva ,,calcium induced calcium release*. Vyrazné zvyseni intracelularni
koncentrace kalcia vede timto zptisobem az ke spusténi kontrakce pfi¢né pruhované svaloviny
kardiomyocytu. Timto zpiisobem je spfazena excitace kardiomyocytu s jeho kontrakci. Sila
kontrakce se zvySuje se stoupajici koncentraci kalcia v cytosolu (Silbernagl a Despopoulos,

2004, Kho et al., 2012).

2.253 Zaznam elektrické aktivity srdce pomoci EKG
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Upraveno dle www.netterimages.com

Obrazek 7

Casovy pritbéh akénich potenciali a zaznam EKG elektrické aktivity srdce.

Vpravo je vyobrazen casovy prithéh akénich potencialii jednotlivych srdecnich segmentii. Vpravo dole
je vyobrazen zaznam elektrokardiogramu (EKG), ktery barevne koresponduje s postupnou aktivaci

Jjednotlivych segmentii.
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Elektrickou aktivitu srdce 1ze znamenavat pomoci elektrokardiografie. Pomoci povrchovych
svodi pfipevnénych na kGzi je mozno snimat prostorové zmény potencidlu vznikajici
pfi podrazdéni srde¢ni svaloviny. EKG miZze podat informaci o poloze srdce, tepové
frekvenci, rytmu, plivodu a Sifeni vzruchll a o repolarizaci a poruchach téchto dé&ju.
Nevypovida vSak nic o kontraktilit¢ a preCerpavacim vykonu srdce. Potencidlové rozdily,
které jsou snimany, vznikaji na rozhrani podrazdénych a nepodrazdénych oblasti myokardu.

Zaznam elektrické aktivity srdce pomoci jednoho ze svodii klasického dvanéctisvodového
EKG je vyobrazen na Obr. 7. Aktivace sini odpovida viné¢ P, komplex QRS je tvofen
aktivaci komorového pracovniho myokardu a T vlna odpovida repolarizaci komor (Silbernagl

a Despopoulos, 2004).

2.26 Vyvoj pirevodniho systému

Vyvoj srdce probihd smérem od primitivni srde¢ni trubice az ke Ctyrdutinovému srdci,
pficemz v kazdé fazi vyvoje je hlavnim ukolem srdce efektivné pumpovat krev. V piipadé
primitivni srdecni trubice je feSeni tohoto Ukolu v celku snadné, protoZe cely myokard
je elektricky propojen. S postupem vyvoje srdce je vSak nutné zajistit ¢im dal koordinovangj$i
elektrickou aktivaci, aby byla zachovana dostate¢na efektivita pumpovani. U ¢tyfdutinového
srdce je, krom¢ udavani rytmu pacemakerem, hlavnim ukolem pfevodniho systému po rychlé
aktivaci sini nechat dostatek casu pro jejich kontrakci a vypuzeni krve do komor,
coz je zajiSténo zpomalenim vedeni vzruchu v AV uzlu, a potom rychle aktivovat komory
smérem od hrotu k bazi. K tomuto cili spéje vyvoj ptevodniho systému skrze riznd vyvojova
stadia, kdy smér aktivani sekvence vzdy odpovidd sméru toku krve. Vyvoj ptrevodniho
sytému jde tedy ruku v ruce s morfogenezi srdce a nasleduje naroky na zachovani efektivniho

pumpovani krve v kazdé fazi jeho vyvoje.

Vznik arytmii ¢asto souvisi s funkci prevodniho systému, coz plati i béhem jeho vyvoje.
Aby bylo mozné 1épe vysvétlit, jakym zplsobem dochazi ke vzniku arytmii souvisejicich
s funkci pfevodniho systému béhem vyvoje, je nejdiive nutné pochopit mechanismy fidici

jeho indukei a diferenciaci (Gourdie et al., 2003, Christoffels et al., 2010).

2.261 Mechanismy vyvoje prevodniho systému

Béhem prvnich peristaltickych kontrakci a pocatku funkce primitivniho trubicovitého
embryonalniho srdce neni vyvinut Zadny pfevodni systém. Jakmile se vyvoj posune do stadia
srdecni klicky, dochazi ke vzniku ptrechodovych zoén mezi rychle a pomalu vedoucim

myokardem, coz lze povaZovat za pocatek vyvoje prevodniho systému. Bunky pievodniho
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systému se od pracovnich kardiomyocytt 1isi zejména expresi HNK-1 (human natural killer,
lidsky pfirozeny zabije¢), Tbx3 (T-box transkripcni faktor) a dalSich faktort (Blom et al.,
1999, Hoogaars et al., 2004). Pirechodové zdény se nachédzeji v oblasti sinus venosus,
kde dochézi k formovani budouciho SA uzlu, dale v oblasti AV kanalu, v oblasti primarniho
prstence, ze kterého se po dokonceni septace formuje Histiv svazek a Tawarova raménka
a voblasti vytokové casti srdce. U srde¢ni klicky diky rozdilu v rychlosti vedeni
jednotlivych zon jiz vznikd v AV kanalu atrioventrikularni zpozdéni (Moorman et al., 1998).
Pomoci retrovirovych studii bunécnych linii na kufecim zarodku byla vyvracena hypotéza,
ze prevodni systém ma sviij pivod v bunikdch neurdlni liSty. Bylo prokazano, ze AV uzel,
Histv svazek, Tawarova raménka a Purkynova vlakna se diferencuji vyhradné¢ z myocyti
(Gourdie, 1995). Builky neuralni listy se vSak podileji na autonomni inervaci pfevodniho
systému a také na fibrozni izolaci Hisova svazku (Gurjarpadhye et al., 2007). Diferenciace
bunék pievodniho systému spocivd v zablokovani programu pro vyvoj V pracovni
kardiomyocyty a zachovani ,,primitivniho® fenotypu pifevodniho systému (Bakker et al.,
2010), ktery se potom dale specializuje (Gourdie et al., 1998). Nejdiive se diferencuje
a zacina fungovat SA uzel (Bressan et al., 2013). Pozdé&ji dochazi k vyvoji AV uzlu
a nejpozdéji se diferencuje komorovy prevodni systém (Moorman et al., 2010). S maturaci
komorového pievodniho systému a souvisejicim vyvojem trabekularizace se méni nezraly typ
aktivace komor od baze k hrotu smérem ke zralé aktivaci od hrotu k bazi (Chuck et al., 1997,
Reckova et al., 2003, Sedmera et al., 2004).

Sinoatridlni uzel je vyjime¢ny jak svou funkci, tak svym vyvojem. Je prvnim oddilem
pievodniho systému a dokonce 1 prvnim oddilem srdce, ktery se zacina specifikovat.
Pacemakerové buiiky jsou totiz jeSté predtim, nez zapocne samotnd morfogeneze srdce,
fyzicky formovany a molekularné programovany ve tfetim kardiogennim poli procesem
fizenym Wnt (signalni proteiny rodiny Wnt) signalizaci (Bressan et al., 2013). Pro spravnou
diferenciaci a konec¢ny osud pacemakerovych bun€k je zdsadni ptitomnost transkripéniho
faktoru Shox2 (Short stature homeobox, homeobox transkripni faktor). Hlavni oblasti
exprese tohoto faktoru byly pozorovany v myokardu sinus venosus vcetné oblasti
sinoatridlniho uzlu a zilnich chlopni (Mommersteeg et al., 2007b). Pro spravnou funkci
pacemakeru béhem vyvoje je u savclu dilezita také endotelinova signalizace (endotelin —
signalni peptid se silnymi vazokonstrikénimi ucinky), kterd ovliviiuje frekvenci jeho rytmu
(Karppinen et al., 2014). Lokalizace prvniho mista aktivace pacemakeru byla zkoumana jiz
pted delsi dobou na potkanich embryich (Hirota et al., 1985). Pfi uplném pocatku funkce

embryonalniho srdce bylo misto aktivace lokalizovano v levé ¢asti sinus venosus,
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béhem nékolika hodin se vSak misto prvni aktivace pfesunulo na pravou stranu, kde byl
posléze lokalizovan definitivni pacemaker. Podobna situace byla popsana u ptacich embryi,
kde zbytky levostranné aktivity byly pozorovany za normalnich podminek u malého zlomku
pozdgjsich vyvojovych stadii (Sedmera et al., 2006). Zadna levostranna aktivace vsak
u rozsahlych skupin testovanych normalnich mySich embryi pozorovana nebyla (Leaf et al.,
2008, Ammirabile et al., 2012, Benes et al., 2014).

O mechanismech regulujicich specifikaci ostatnich segmentd ptfevodniho systému béhem jeho
vyvoje je znamo vyrazné mén¢ nez o vyvoji pacemakeru. Jednim z popsanych mechanismii,
ktery ovlivituje diferenciaci komorovych kardiomyocytd smérem k fenotypu pievodniho
systému, je puasobeni neuregulinu (signalni protein vazajici se na ErbB receptory —
erythroblastic leukemia viral oncogene, receptory s tyrosin kinazovou aktivitou).
Tato molekula mé vSak pro embryonélni kardiomyocyty jest¢ také mnoho dalSich dilezitych
funkci a jeji plsobeni je zasadni pro preziti této bunécné populace (Liu et al.,, 2010).
Dtlezitym mechanismem, ktery ovliviiuje diferenciaci Purkynovych vldken u kufete,
je signalizac¢ni kaskada neuregulin/Erb spole¢né s endotelinovou signalizaci (Gourdie et al.,
1998, Gourdie et al., 2003, Takebayashi-Suzuki et al., 2000, Sedmera et al., 2008). DalSimi
vyznamnymi faktory, které se podili konkrétné na formovani Hisova svazku a Tawarovych
ramének, jsou Nkx2.5 (NK transcription factor-related protein, homeobox transkripcni
faktor), Irx3 (Iroquois-class homeodomain protein, homeobox transkripéni faktor) a T-box
transkripéni faktory (Jay et al., 2004, Jerome a Papaioannou, 2001, Moskowitz et al., 2004,
Hoogaars et al., 2007, Aanhaanen et al., 2009, Zhang et al., 2011, Frank et al., 2012).

2.262 Epigeneticka determinace pifevodniho systému

Diferenciace embryonalnich myocytli smérem k pfevodnimu fenotypu je fizena takeé
epigenetickymi faktory, ze kterych je nejzésadnéj$i mechanické zatizeni. Experimenty
s nezatizenymi embryonalnimi srdci in vitro ukézaly, ze komorovy pfevodni systém
u nezatizenych srdci podstoupil de-diferenciaci smérem k méné zralému fenotypu. Tomuto
fenoménu bylo mozné zabranit zatizenim komor pomoci kapic¢ky silikonového oleje
injikovaného do komory (Sankova et al., 2010). Tyto experimenty pomohly k rozuzleni
otazky, ktera vzesla z pfedchozich studii v prostiedi in vivo. Bylo zde zji$téno, Ze zvySené
hemodynamické zatizeni vedlo ke zrychleni a proti tomu snizené zatizeni vedlo k inhibici
diferenciace pfevodniho systému. Hlavnim mechanismem bylo pfimé plisobeni na napéti
myocytll spiSe nez signalizace z endokardu indukovana smykovym napétim (Reckova et al.,

2003, Hall et al., 2004).
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Dalsi studie na kufecich embryich in vivo ukazala, Ze hypoxie muze ptispét k maturaci
aktivace od hrotu k bazi. Jednim z moznych vysvétleni téchto jevli miize byt pozorované
zvyseni apoptdzy v oblasti myokardu AV kanalu (Nanka et al., 2008). Dalsim faktorem
ovlivitujicim spravny vyvoj vazivové izolace AV spojeni je vyvoj epikardu a jeho invaze
do oblasti mezi sinémi a komorami pfispivajici k formovani vazivového srde¢niho skeletu.
Poruchy v jeho vyvoji mohou vést az k pre-excitaci komor (Kolditz et al., 2007, Kolditz et al.,
2008). Elektricka izolace Hisova svazku je také zavisla na imigraci bun¢k srde¢ni neuralni

listy (Gurjarpadhye et al., 2007).

2.263 Elektrofyziologie vyvijejiciho se srdce

Elektricka aktivita embryonalniho srdce se odviji hlavné od vyvoje exprese iontovych kanald,
pump a prenasecii a také od vyvoje propojeni kardiomyocytti vodivymi spoji. Béhem casnych
fazi vyvoje se kardiomyocyty primitivni srde¢ni trubice vyznacuji ak¢énimi potencialy,
které svym prubéhem blizce odpovidaji pacemakerovému potencidlu SA uzlu (viz Obr. 6a).
Diky témto vlastnostem jsou izolované ¢asné embryonalni kardiomyocyty schopné spontanni
depolarizace (Sperelakis, 1982). Stoupajici faze akcniho potencidlu embryonalniho srdce
je pomald diky akci napétové fizenych kalciovych kanalti L- a T-typu. Akéni potencialy
nejsou ovlivnény pisobenim blokatori sodikovych kanalti, mohou byt vSak kompletné
inhibovéany plsobenim blokatort kalciovych kanal. Pro elektrickou aktivitu embryonalniho
srdce je tedy naprosto kliCova intracelularni dynamika kalcia (Linden et al., 1982).
Béhem pozd¢jsiho vyvoje pracovniho myokardu je schopnost spontanni depolarizace
omezena pouze na pacemakerové builky. Rytmickd aktivita je zajiStovana pomoci
vyvijejiciho se pacemakeru, ktery se nachazi v oblasti sinus venosus hlavné diky akci HCN
kanala (Kamino et al., 1981, DiFrancesco, 1993, Chen et al., 2010). Funkce embryonalniho
pacemakeru béhem vyvoje se odliSuje od mechanismt fidicich funkci SA uzlu u dospélého
srdce. Béhem embryonalniho vyvoje funkce pacemakeru zdsadné zavisi na tzv. kalciovych
hodinach (calcium clock), kde dalezitou roli zastdva sodikovy a vapnikovy vyménik — NCX
(sodium-calcium exchanger), ktery hraje vyznamnou roli béhem casné faze depolarizace

(Haddock et al., 1997, Wakimoto et al., 2000).
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2.3 Klinicky vyznam poruch srdeéniho rytmu béhem vyvoje srdce

Poruchy rytmu u vyvijejiciho se plodu maji znacny vliv na jeho vyvoj a mohou
ve vyjimecnych piipadech vést az k jeho smrti. Vzdy vSak ovliviiuji zivotaschopnost a vyvoj
plodu a mohou mit trvalé nésledky pro Zivot novorozence a poté i dospélého clovéka.
Proto je nutné jejich vznik odhalit co nejdiive a pokud dojde k diagnostikovani vazné arytmie,
je dulezité rovnéz pristoupit k odpovidajici 1€cbé co nejdiive. Diagnostika arytmii u plodu
vSak diky komplikované piistupnosti a elektrické aktivité srdce matky neni snadnou

disciplinou (Sedmera et al., 2015).

2.31 Zakladni rozdéleni srde¢nich arytmii

Srde¢ni arytmie ve své podstaté¢ znamend poruchu srde¢niho rytmu, ke které mtze dochazet
béhem tvorby nebo Sifeni vzruchu. Arytmie tak mizeme obecné rozdé€lit do dvou skupin

podle mechanismu jejich vzniku.

2.311 Poruchy tvorby vzruchu

Pti poruchéach v tvorbé vzruchu dochédzi ke zménam sinusového rytmu. Normalni sinusova
frekvence u ¢lovéka je mezi 60 az 100/min. Pokud pfesdhne 100/min jedna se o sinusovou
tachykardii a frekvence pod 60/min je oznacovana jako sinusova bradykardie. V obou
pfipadech je rytmus pravidelny, pokud je frekvence kolisava jedna se o sinusovou arytmii.
U dospélého srdce je sinusovy rytmus fizen vegetativnimi nervy (sympatikus,
parasympatikus) pfes f-adrenergni a cholinergni receptory (Silbernagl a Despopoulos, 2004).
PriliSna stimulace sympatikem zptsobuje tachyarytmie a muze vést az k srdecni zastave.
Dal§im faktorem, ktery vyrazné ovliviiuje funkci sinusového uzlu, je teplota. Vliv teploty
na funkci pacemakeru nabyva zna¢né na vyznamu u embryondlniho srdce, které jesté neni
inervovano. Zmény teploty méni celkovou kinetiku a zejména zvysSeni teploty vede
az k tvorbé blokli vedeni vzruchu. Pokud dojde k vypadku tvorby rytmu ze sinusového uzlu,
projevi se jina ohniska (AV uzel, komorovy pacemaker) s pomalejsi frekvenci (25 — 55/min).
Vsechny tyto ektopické pacemakery jsou za normalnich podminek aktivni, jejich aktivita
je vsak ptebita nejrychlejsi frekvenci dominantniho pacemakeru — sinusového uzlu. Tato 1 jina
potencidlni ohniska ektopie hraji roli pfi vzniku arytmii, pokud dojde k jejich projeveni
a zacnou naruSovat pfirozeny rytmus. Velmi castym zdrojem nepravidelnosti rytmu
je ektopickd tvorba vzruchi mimo pacemaker, ktera zpisobuje sifiové ¢i komorové

extrasystoly (Silbernagl a Despopoulos, 2004, Sarre et al., 2006, Bonow et al., 2008).
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2.312 Poruchy Sifeni vzruchu

Pti poruse Sifeni vzruchu vznikaji bloky vedeni elektrického vzruchu, které vétSinou vedou
k bradyarytmiim. Nejvyznamnéjsi je blok atrioventrikularni, ktery ma 3 stupné. U 1. stupné
dochazi pouze ke zpomalovani vedeni. Pti II. stupni dochézi k obcasnému vypadku
AV ptevodu a III. stupeit znamena uplny blok vedeni vzruchu ze sini do komor.
Pfi AV bloku se mohou projevit ektopicka centra aktivace — AV uzel nebo komorovy
pacemaker. Tyto divérné zndmé klinické situace se daji vypozorovat i u kufeciho zarodku
od 3. dne vyvoje (Sedmera et al., 2002). AV blokiim béhem fetalniho vyvoje je nize vénovana
samostatnd kapitola. DalSim mechanismem vzniku arytmii poruchou vedeni vzruchu
je krouzivy vzruch, tzv. reentry. Jedna se o Casty arytmogenni mechanismus, ktery zpisobuje
fadu tachyarytmii. Po depolarizaéni fazi srde¢niho akéniho potencidlu nasleduje
tzv. refrakterni faze, kdy nelze k depolarizaci vybudit kardiomyocyty jakkoli silnym
stimulem. Vzruch v srdci vyhasne a je obnoven az dal§im impulsem ze sinoatrialniho uzlu.
Pokud vSak nebyla né&jaka cast tkdn¢ plné aktivovéna (napf. poSkozena tkan po infarktu
myokardu), vzruch se touto drahou vrati na misto iniciace a nastane cyklickd aktivace.
Krouzivy vzruch mize vznikat v malé oblasti tkdn¢ nebo se muize vyskytovat az v ramci
celého srdce, kdy se vzruch vraci vodivym spojenim pies vazivovou elektrickou izolaci
sini a komor mimo Hisiiv svazek, coz skrze tzv. preexcitaci komor vede az k AV reentry

tachykardii (Silbernagl a Despopoulos, 2004, Bonow et al., 2008).

2.32 Arytmie béhem vyvoje lidského plodu

Poruchy srde¢niho rytmu u lidského plodu neboli fetdlni arytmie jsou bé€zné detekovany
béhem standardniho porodnického vysetfeni u nejméné 2% téhotenstvi (Copel et al., 2000,
Jaeggi a Nii, 2005). Arytmie tvoii zhruba 10 — 20% diagn6z stanovenych pii kardiologickém

vySetfeni srdce u vyvijejiciho se plodu (Srinivasan a Strasburger, 2008).

2.321 Klinické metody pro diagnostiku fetalnich arytmii

Elektrokardiograficky pfistup neni pro diagnézu funkce vyvijejiciho se srdce u plodu diky
mnoha limitacim tou nejvhodnéj$i metodou. Presnéjsi a efektivnéj$i je relativné nova
magnetokardiografie, pomoci které 1ze monitorovat elektrickou aktivitu vyvijejiciho se srdce
(Strasburger et al., 2008, Strasburger a Wakai, 2010). Tato metoda vSak neni zatim pfili$
rozSifena a je preferovana az po 20. tydnu téhotenstvi, protoZze béhem casnéjSich fazi
t€hotenstvi je méné spolehlivd. Diky svym vyhoddm zaujiméd prvni misto v této oblasti

diagnostiky echokardiografie a je hlavni metodou pro diagnostiku fetdlnich arytmii.
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Pomoci echokardiografie je navic mozné, kromé& podrobné analyzy srde¢niho rytmu,
také rozpoznat dal§i odchylky od normalniho vyvoje srdce, které se poji s dlouhodobé&j$imi
nebo pfetrvavajicimi poruchami rytmu. Této vyhody lze vyuzit jak v Casné fazi, tak také
v pokrocilejsich fazich téhotenstvi. Typickym piikladem mutze byt odhaleni hydropsu plodu,
jehoz soucasti byva pleurdlni nebo perikardidlni vypotek a ascites. Zavaznost srdecniho
selhani mize byt monitorovana a klasifikovana pomoci skoérovaciho systému a tzv. ,,stupné
srde¢niho selhani* (Huhta, 2005). Pomoci tfi zdkladnich echokardiografickych méda (B-mod,
M-méd a Doppler) je mozné urcit frekvence sinovych a komorovych kontrakci
a jejich Casové souvztaznosti. Ekvivalentem pro P vinu na kardiogramu je A vlna,
ktera je detekovana v pulznim Dopplerovském modu v mitralnim usti anebo pomoci M-médu
jako pohyb stény sin€¢. Analogicky je urCen pocatek sinové systoly jako zacatek zpétného
proudéni v horni duté Zzile. Zacatek komplexu QRS je urfen zavienim atrioventrikularni
chlopné, otevienim polomésiCité chlopné a anterogradnim Dopplerovym tokem v aorté.
Soucasny zaznam Dopplerova médu z horni duté zily a aorty pfinasi informaci o ¢asovém
intervalu mezi sifiovou a komorovou systolou, coz odpovida ¢asim mezi P vlnou
a komplexem QRS na zdznamu z EKG. Diky témto parametrim je mozné stanovit rychlost
srdecniho tepu, AV zpozdéni a také diagnostikovat rizné typy poruch srde¢niho rytmu

méfenim mechanické reakce srdenich komor na elektrickou stimulaci (Sedmera et al., 2015).

2.322 Klasifikace a 1é¢ba fetalnich arytmii

Fetalni arytmie 1ze pro zjednoduseni rozdé¢lit do tii zakladnich skupin (Jaeggi a Nii, 2005):

1) Nepravidelnosti v rytmu, které jsou zplsobeny ektopickymi tudery (extrasystolami)

a které nejcastéji vychazeji z ektopickych mist v oblasti sini
2) Tachyarytmie, které jsou definovany srdecni frekvenci vyssi nez 180 tderid za minutu

3) Bradyarytmie, u kterych srde¢ni frekvence klesa pod 110 uderti za minutu

2.3221 Extrasystoly

Extrasystoly vychazeji z té€chto tfi zakladnich skupin nejlépe, co se tyCe zavaznosti dopadu
na zivotaschopnost a dalsi vyvoj plodu (Reed, 1989). Vergani et al. uvadi, ze u 38% piipadi
z celkovych 87 plodi s extrasystolami doSlo k odeznéni symptomil in utero a u 49% béhem
porodu. Pouze u jednoho novorozence vyzadoval jeho stav navazujici terapii a u dalSich deviti
novorozencl byla jeden rok po narozeni arytmie stdle pfitomnd avSak bez nutnosti 1écby.

U dvou plodi doslo k proméné extrasystol na supraventrikularni tachykardii in utero.
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Tyto dva pfipady podstoupily farmakologickou 1écbu, kterd byla Uspésna, a diky tomu
nedoslo k zadnému dopadu na dal3i vyvoj plodu. Zadny piipad z celé skupiny 87 plodi nebyl

spojen se strukturdlnimi vadami srdce (Vergani et al., 2005).

2.3222 Tachyarytmie

Nejcastéjsi tachyarytmii, kterd se vyskytuje u plodu, je supraventrikularni tachykardie. Tento
typ arytmie se vyskytuje ve tiech riznych formach: AV reentry tachykardie, dale permanentni
junkéni reciprocni tachykardie a tetim typem je siflovd ektopickd tachykardie. Druhou
elektrického impulsu v tzv. makro-reentry okruhu lokalizovaném v sini. Kone¢na diagndza,
kterd presné rozlis§i mezi témito druhy tachyarytmii, je provadéna vétSinou az po narozeni,
pokud arytmie béhem t€hotenstvi pretrvava, anebo se vraci. Strategie 1écby vétSiny druht
tachyarytmii u plodd bez vyvinutého hydropsu je zalozena na transplacentalni aplikaci
digoxinu (srde¢ni glykosid). Léciva jako sotalol (neselektivni beta-blokator a antiarytmikum
III. tfidy), flekainid (antiarytmikum I. tfidy — blokator sodikovych kanéli) nebo amiodaron
(antiarytmikum III. tfidy — blokator draslikovych kanald) jsou vétSinou vyhrazena pro 1écbu
plodi s vyvinutym hydropsem anebo pro 1écbu rezistentnéjSich druhti tachyarytmii.
Lécba je na misté 1 v ptfipadech, kdyz se jednd o ¢isté sinusovou tachykardii s typickymi
frekvencemi okolo 180 —200/min, kterd byvéa zplisobena stresem plsobicim na plod,
tyreotoxikdzou plodu, anémii atd. (shrnuto v Sedmera et al., 2015). Jaeggi a Nii v rdmci své
observa¢ni studie uvadé¢ji, Ze tachykardie byla pfitomna u 57% ze skupiny 67 ploda
s diagnostikovanou vaznou arytmii a byla zde nejCastéjSi pozorovanou arytmii.
Supraventrikularni tachykardie byla pfitomna u 40% ptipadd, sifiovy flutter u 11% piipadi
a sinusova tachykardie se vyskytovala pouze u 6% piipadii (Jaeggi a Nii, 2005).

Dlouhodoba tachykardie u plodu ma ve vétSin¢ ptipadii zavazny charakter a Casto vede
k hydropsu plodu anebo dokonce k jeho smrti. Simpson a Sharland uvadéji, ze hydrops
se vyskytoval u 41% ze skupiny 127 ploda s diagnostikovanou tachykardii. U 75 plodd,
kde nebyl vyvinut hydrops, bylo pfistoupeno k transplacentalni 16cbé (nejcasteji digoxinem)
s kladnou odezvou a velmi vysokou UspéSnosti preziti do narozeni (96%). Proti tomu vSak
pouze dv¢ tietiny plodl s vyvinutym hydropsem reagovaly na transplacentalni 1écbu pozitivné
a pouze 73% z nich ptezilo do narozeni (Simpson a Sharland, 1998). Je tedy patrné, ze pokud
dojde u plodu k vyvinuti hydropsu, jednd se o zna¢n¢ negativni prognosticky faktor spojeny
s vaznymi hemodynamickymi dopady, které prameni bud’ ze samotnych arytmii anebo

arytmii spojenych se strukturadlni vadou srdce. Jedna z nejnovéjSich studii vSak popisuje
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1 velmi efektivni 1écbu plodd s vyvinutym hydropsem. Celkovych 84 ploda
s diagnostikovanou supraventrikuldrni tachykardii tvofily dvé skupiny. V prvni znich
(n=150) byla zvolena léCba intravenéznim poddnim digoxinu t¢hotné a u druhé znich
(n=34) bylo pfistoupeno k oralnimu podani flekainidu. Jako uspéSna lécba zde bylo
definovano sniZeni srde¢ni frekvence u plodu o vice nez 15%. U plodt bez hydropsu tGspésné
ucinkoval flekainid v 96% ptipadi proti digoxinu, ktery byl u¢inny v 79% ptipadi. U ploda
s vyvinutym hydropsem byl digoxin uspésny pouze ve 38% ptipadi (n=21), flekainid
uspésné ucinkoval v 86% ptipadil (n = 7) a pfi kombinaci flekainidu s amiodaronem dokonce
byla 1écba 100% uspé€sna (n=7). U ploda s hydropsem, které byly léceny digoxinem,
doslo béhem tehotenstvi anebo kratce po narozeni ke 43% Umrtnosti. Pti 1é¢bé flekainidem

vSak k zadnému umrti nedoslo. (Sridharan et al., 2016).

2.3223 Bradyarytmie

Permanentni anebo dlouhodobé bradykardie ptedstavovaly vrameci jiz vySe uvedené
observacni studie 43% pftipadl s diagnostikovanou vaznou arytmii (Jaeggi a Nii, 2005).
Téchto 43% tvotil 38% kompletni AV blok (3. stupn€) a zbylych pouhych 5% tvoftily
sinusové bradykardie. Co se tyce léCby bradykardii, jeji pole plsobnosti je vyrazné
omezengj$i a komplikovanéjsi nez je tomu u 1éCby tachykardii. Pokud se naptiklad jedna
o kompletni AV blok zplsobeny materndlnimi protilatkami, doporucuje se 1écba pomoci
stimulantli beta-receptorti, kortikosteroidii anebo imunosupresiv. V piipadé, Ze je nutno
piistoupit k implantaci umélého srdecniho pacemakeru, je potieba pouzit specidlni
pacemakery miniaturnich rozmérti a zvolit miniméalné invazivni techniky jako napft. fetalni
endoskopii. Pokud dojde ke vzniku hydropsu, je nutno k zékroku pfistoupit co nejdfive,
aby mohl byt Uspés$ny (Liddicoat et al., 1997, Sydorak et al., 2001, Eghtesady et al., 2011,
Nicholson et al., 2012).

Sinusova bradykardie se vyznacCuje pravidelnym rytmem s AV pievodem v poméru 1:1
a pomalou frekvenci kontrakei sini. Jednoducha sinusovéd bradykardie mlze byt zplisobena
stresem plodu s epizodami hypoxie a opétovnym obnovenim krevniho obé&hu, kdy mozek
syndromem prodlouzeného QT intervalu. Proto vSichni novorozenci, u nichz béhem vyvoje
doslo k poklesu srdecni frekvence pod tfeti percentil, by méli byt na toto téma peclivé
vySetfeni co nejdiive po narozeni (Mitchell et al., 2012). Sinusové bradykardie jsou obecné
jen velmi vzacné zplsobeny piimou dysfunkci SA uzlu. Pokud je u plodu diagnostikovéana

bradykardie, je vzdy nutné vyloucit supraventrikuldrni bigeminie nebo trigeminie
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s doprovodnym AV blokem. Poznavacim znakem téchto poruch byva sinova
frekvence vys$i nez komorovd a také vyskyt nepravidelnosti v srde¢nim rytmu.
Dopad na plod byvad v piipadé téchto nesrovnalosti nevyznamny a tento typ arytmii

vétsinou nevyzaduje 1écbu (shrnuto v Sedmera et al., 2015).

2.3224 Atrioventrikularni blok béhem fetalniho vyvoje

Nejcastéjsi pri¢inou vzniku bradykardie u plodu je vrozeny atrioventrikularni blok,
kterému vénuji samostatnou kapitolu, protoze v této praci zastava vyznamnou ulohu.
AV blok 1. stupné¢ je charakterizovan prodlouzenim intervalu AV pievodu se zachovanym
pomérem pievodu 1:1. Je nutné si uvédomit, ze interval AV pievodu béhem vyvoje plodu
postupné nartistd a piesna Cisla se v echokardiografii 1isi také podle pouzitych modu.
Standardni hodnoty pro 30.—34. tyden vyvoje jsou 122,7 + 11,1 ms pro Doppleriv mod
v levé komote, 116,5 + 8,8 ms pro Doppleriv mod v horni duté zile a aorte, 142,4 + 14,2 ms
pro siiovou kontrakci a komorovou systolu métenou pomoci TDI (Tissue Doppler Imaging,

tkanové Dopplerovské vySetfeni) u baze volné stény pravé komory (Nii et al., 2006).

AV blok 2. stupné rozliSujeme na dva rizné typy. Prvnim z nich je Wenckebachlv typ
(Mobitz 1), ktery je charakterizovan postupnym prodluZzovanim intervalu AV pievodu,
az nakonec dojde k vypadku jedné¢ komorové kontrakce, potom se cely proces opakuje. Druhy
je Mobitzliv typ (Mobitz II), ktery je charakteristicky ndhlym vypadkem komorové kontrakce,
zatimco interval AV prevodu se neméni. Specificky typ AV bloku typu Mobitz II je blok

s AV pfevodem v poméru 2:1, kde kazdy druhy sifniovy impuls neni pfeveden na komory.

wvewr

ktery ma vysoky negativni vliv na dal§si vyvoj plodu a casto vede aZ kjeho smrti.
Pti tomto typu AV bloku je aktivita sini a aktivita komor naprosto nezavisla, coZ ma vétSinou
za duasledek zavaznou a dlouhodobou bradykardii. Jediny fyziologicky zpusob,
jak vykompenzovat snizeny srdec¢ni vydej, je Frank-Starlingliv mechanismus, jehoZ kapacita
je v8ak behem casnych fazi vyvoje limitovana, jak popisuje studie na kufecim modelu
(Benson et al., 1989, Kockova et al., 2013). Pokud zvyseni sily stahu nestaci na kompenzaci
nasledk vazné bradykardie, néasleduje srde¢ni selhani, které celkem rychle vede ke vzniku

hydropsu plodu a posléze k jeho odumrti.

Vznik kompletniho srdecniho bloku Casto souvisi s riznymi vrozenymi strukturdlnimi vadami

srdce (Stewart et al., 1983, Jaeggi a Nii, 2005, Vergani et al., 2005). Schmidt uvadi, ze 53%
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plodi s diagnostikovanym kompletnim srdecnim blokem mélo vrozenou srdecni vadu
(Schmidt et al., 1991). Dalsi vyznamnou pfi¢inou vzniku kompletniho srdecniho bloku jsou
matetskd autoimunitni onemocnéni, jakymi jsou napf. lupus erythematodes, Sjogrentv
syndrom, revmatickd artritida ¢i jiné revmatické onemocnéni. Tato onemocnéni se projevuji
zvySenymi hladinami protilatek anti-Ro/SSA (Anti-Sjogren’s-syndrome-related antigen A,
antigen Ro proteinu) a anti-La/SSB (Anti-Sjogren’s-syndrome-related antigen B, antigen
Lupus La proteinu) v krvi matek. Riziko vzniku kompletniho srde¢niho bloku u matek
s pozitivnim nalezem protilatek anti-Ro/SSA se pohybuje okolo 2% (Brucato et al., 2001).
Tyto protilatky zptsobuji zanét myokardu a specificky ovliviiuji funkci AV uzlu, coz vede
k riznym stupiitim poruch AV pievodu, které se zpravidla zac¢inaji projevovat okolo 20. — 24.
tydne t¢hotenstvi. Dal$im disledkem pisobeni téchto protilatek mize byt endomyokardialni
fibr6za u plodu nebo novorozence. Diky tomu, Ze kompletni srdecni blokada je spojena
s velmi vysokou mortalitou dosahujici 18% az 43% ptipadi (Jaeggi a Nii, 2005),
bylo vyvinuto znaéné uUsili zaméfené na prevenci tdchto autoimunitnich onemocnéni. Zenam
s pozitivnim nalezem autoprotilatek byly oraln¢ anebo intravendzné¢ podavany kortikosteroidy
(Reinisch et al., 1978, Friedman et al., 2009), vyskytla se u nich vSak v reakci na tuto 1écbu
fada nezadoucich ucinkii. Jednalo se o oligohydroamnion, adrendlni supresi plodu, retardaci
intrauterinniho rustu atd. Lécba kortikosteroidy je tedy doporucena pouze v piipadech,
kdy se jedna o zavazny typ AV bloku s vyraznou dlouhodobou bradykardii a vysokym
rizikem vzniku hydropsu. Samotné prodluZovéani intervalu AV pifevodu vede u anti-Ro
a anti-La pozitivnich matek jen vzacné k pokrocilej§im typlim AV bloku (Jaeggi et al., 2011)
a lécba kortikosteroidy v téchto pfipadech neni doporucena. V relativné neddvné dobé¢ byla
profesiondlnim sdruZenim American Heart Association sepsdna doporuceni tykajici se
diagnézy a lécby srde¢nich chorob u plodu vcéetné arytmii béhem prenatdlniho vyvoje.

V3se bylo shrnuto do dokumentu Scientific Statement (Donofrio et al., 2014).

2.323 Spojitost strukturalnich poruch srdce se vznikem fetalnich arytmii

Zpisob, jakym souvisi vznik arytmii u plodu se strukturadlnimi poruchami srdce, zatim neni
zieteln€ popsan. Nekteré studie Zadny jasny vztah mezi vznikem arytmii u plodu
a strukturalnimi poruchami srdce nenalezly. V ramci jedné monitorovaci studie bylo zjiSténo,
ze ze 17 ploda, u kterych byly pozorovany ektopické tdery, pouze dva plody mély strukturni
poruchy srdce. Zadné strukturalni zmény nenalezli u péti plodi, které trpély tachykardii.
Proti tomu vSak Ctyfi z osmi plodl, které mély bradykardii, byly postizeny vaznymi

strukturnimi poruchami srdce (Stewart et al., 1983). Dalsi studie popisuje pouze 2 plody
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postizené vyraznou strukturdlni poruchou srdce ze skupiny deseti plodi, u kterych byla
diagnostikovdna vyznamna arytmie (supraventrikularni tachykardie a AV blok druhého
stupné) z celkovych 614 plodt s diagnostikovanym nepravidelnym srde¢nim rytmem (Copel
et al., 2000). Na druhou stranu je vSak také uvadeéno, ze strukturalni poruchy srdce s poruchy
srde¢niho rytmu souviseji. Schmidt et al. uvadi, ze vice nez polovina z celkovych 55 ploda
s pozorovanym AV blokem tfettho stupné méla pfidruzené strukturni poruchy srdce
(izomerismus levé sin€ a poruchu AV napojeni) (Schmidt et al., 1991). Vergani et al.
pozorovali strukturdlni poruchy u péti ze Sesti plodd s bradykardii z celkového poctu
144 plodt s diagnostikovanou fetalni arytmii. Pouze dva ze Ctyf jedincl postizenych
AV blokem priezili (Vergani et al., 2005). Eronen uvadi, ze u 12 plodu (tfi supraventrikularni
a tfi ventrikularni ektopické aktivity, ctyfi AV bloky a dvé sinusové bradykardie) byla spojena
vyznamna arytmie se strukturdlni poruchou z celkové skupiny 125 ploda s diagnostikovanou
vyznamnou arytmii (Eronen, 1997). Eronen dale pozorovala 95% uspésnost pieziti u ploda
se samotnou vyznamnou arytmii, kdezto skupina plodl, které mély vyznamnou arytmii
spojenou se strukturalni poruchou, vykazala 75% tUmrtnost. Zajimavé je, zZe Umrtnost
u skupiny plodi, které mély pouze strukturalni poruchu, ¢inila pouze 67%. Na zakladé téchto
observacnich studii je moZzné piredpokladat, Ze bradyarytmie jsou Ccastéji spojené
se strukturni vadou a maji také horsi disledky nez tachyarytmie nebo nepravidelny rytmus,

které jsou Casto léCitelné anebo odezni samy béhem dalsiho vyvoje srdce.

2.324 Prevodni systém jako piivodce arytmii béhem fetalniho vyvoje

V klinické praxi je vSeobecn€ znamo, ze prevodni systém srdecni miize byt pivodcem poruch
srdeCniho rytmu (Braunwald et al., 2001). Tato nachylnost v souvislosti s vyvojem
pfevodniho systému byla zkoumdna na mySim transgennim modelu. Detailni analyza
vyvijejiciho se pfevodniho systému byla provedena na srdcich embryonalnich stadii ED9,5 —
15,5 pomoci specidlniho barveni a nasledné 3D rekonstrukce. Ptitomnost markeri
vyvijejiciho se prevodniho systému byla pozorovéana v sinoatridlnim uzlu, levé a pravé Zilni
chlopni, v nepravém septu, v levém a pravém AV prstenci, v Hisové svazku, v Tawarovych
raménkach, v trabekule septomarginalis, v Bachmanové svazku, v zadni sténé levé siné
v okoli usti plicnich zil a u pozdé€jSich stadii 1 ve sténach plicnich zil (Jongbloed et al., 2004).
Tato pozorovani podporuji hypotézu, ze struktury odvozené béhem vyvoje z pievodniho
systtmu mohou pozdé€ji slouzit jako substrdt pro vznik arytmii u dospélého srdce.
Dtlezité pozorovani provedl Gonzalez a kolektiv skrze srovnéavaci studii mezi skupinou

pacientll s levostrannou sifiovou tachykardii pramenici z oblasti, kde se spojuje mitralni
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prstenec s aortdlnim, a skupinou mySich embryi. Odvodil, ze k vyvoji specializovaného
pfevodniho systému v této arytmogenni oblasti dochdzi na 11,5 dni embryonalniho vyvoje
(Gonzalez et al., 2004). Vyjimecnou pozornost si z vyvojového hlediska vSak zasluhuje ptivod
myokardu plicnich zil v oblasti jejich napojeni na levou siil. Tato oblast méa z pohledu vyvoje
svlyj pavod v druhém kardiogennim poli (Mommersteeg et al., 2007a). Oblast okolo usti
plicnich zil je u ¢loveka velmi frekventovanym zdrojem fibrilace sini, a proto byva casto
proveden zékrok, ve kterém je tato oblast pomoci ablace skrze zavedeny abla¢ni katetr
elektricky izolovéna od okolniho myokardu. Tento zakrok (katetrizacni ablace) je ¢im dal
Castéjsi, protoze vyskyt fibrilace sini v populaci stadle nartistd (Ames a Stevenson, 2006).
Dalsi studie na mysich detailné popsala, jak pfispivaji bunééné linie prvniho a druhého
kardiogenniho pole k formovani pievodniho systému. V nejcasnéjSich fazich exprese byl
HCN4 popsan jako marker prvniho kardiogenniho pole. Béhem pozdniho prenatdlniho
a asného postnatalniho vyvoje jiz HCN4 vystupoval jako marker celého pfevodniho sytému
(Liang et al., 2013). Pokud dojde k naruseni programu udrzujiciho pfirozeny fenotyp
myokardu plicnich zil (napf. snizeni exprese transkripénich faktorti Nkx2.5, Pitx2c — Pituitary
homeobox, nebo zvyseni exprese Shox2), zane se v této oblasti projevovat pacemakerovy
fenotyp (Cx40 negativni, HCN4 pozitivni). Pravé abnormalni exprese HCN4 v oblasti Usti
plicnich zil miZe mit poté za nasledek tvorbu ektopickych vzrucht vedoucich az k fibrilaci

sini (Mommersteeg et al., 2007a, Ye et al., 2015).

2.325 Spontanni arytmie béhem embryonalniho vyvoje

Tato oblast embryonalnich arytmii je diky n€kolika divodim prozkoumana zatim jen velmi
malo. V prvni fadé vyzkum nardzi na metodologické komplikace, které jsou u savci
zpusobeny nizkou pfistupnosti diky cetnym obalim chranicim embryo. Zasadnim zlomem
v tomto problému byl pfinos ultrazvukovych metod s vysokym rozliSenim (Phoon et al., 2002,
Phoon, 2006, Nomura-Kitabayashi et al., 2009, Lo et al., 2010). Souc¢asné k pokroku v tomto
ohledu vyrazné pfispél vyvoj echokardiografie lidského plodu (Maeno et al., 1999, Pedra et
al., 2002). Druhym divodem nizké prozkoumanosti spontdnnich arytmii je jejich vzéacny
vyskyt, diky némuz je nutné mapovat rozsahlé skupiny embryi, aby bylo mozné tyto jevy
vubec zpozorovat. Z vyse uvedenych divodii byla vétSina spontannich embryonalnich arytmii
pozorovana pii ,,mirnych® odchylkach od fyziologickych podminek, protoze monitorovani

srdecni funkce sav¢ciho embrya naprosto neinvazivni cestou je témeéf nemozné.
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Razné typy arytmii byly odhaleny pozorovanim izolovanych mySich embryonalnich srdci
pomoci simultanniho optického mapovani membranového napéti a intracelularni dynamiky
kalcia (Valderrabano et al., 2006). Hlavnim predmétem této studie bylo Sifeni vzruchu skrze
AV spojeni béhem piechodu od nezralého vzorce aktivace komor od baze k hrotu smérem
ke zralému zpiisobu aktivace od hrotu k bazi. Autor zde navrhuje, ze po piechodu ke zralému
zpusobu aktivace komor mohou pozistatky ptivodniho AV prstence stale prechodné prevadet
vzruch, coz muze piispivat ke vzniku arytmii a mohou takto vystupovat jako piipadny
arytmogenni substrat. Béhem studie bylo zpozorovano, ze za normalnich podminek se arytmie
vyskytovaly jen vzécné. Bylo zaznamendno pouze nékolik AV blokid (4%) a ve &tyfech
ptipadech z celkovych 309 embryondalnich srdei doSlo ke wvzniku junkéniho rytmu.
Ovsem po pridani isoproterenolu (agonista B-adrenergnich receptortl) frekvence vyskytu
arytmii vyrazné narostla a v 6% pfipadll se vyskytla komorova ektopicka aktivita. Nasledny
ptidavek karbacholu (agonista acetylcholinovych receptort) k srdcim jiz stimulovanym
isoproterenolem zpuisobil v oblasti AV prstence disociaci pfevodu vzruchu na Sifeni smérem
do komor ale zaroven také smérem opa¢nym u 10% srdci (ED10,5 — ED11,5). U srdci starSich
nez ED9,5 byl zpozorovan také reentry mechanismus, ktery trval pouze po dobu n¢kolika
udert. Behem studie rozséhlé skupiny mysich srdci byly také zaznamendny ojedinélé ptipady
spontannich nepravidelnosti rytmu. Jednalo se o sinoatrialni bloky, AV bloky a proménlivé

aktivacni vzorce sini (Sankova et al., 2010).

2.4 Experimentalni modely pro vyzkum arytmii béhem vyvoje srdce

Pro vyzkum embryondlnich arytmii jsou hojné pouZivané savéi modely, zejména mys
(Mus musculus). Kufeci embryonalni model (Gallus gallus) je stary a klasicky model
vyzkumu tykajiciho se vyvojové kardiologie. V posledni dobé je diky svym vyhodam v této
oblasti hojné pouzivano danio pruhované (Danio rerio) neboli zebficka a pro vyzkum arytmii
byla pouZzivana i octomilka obecna (Drosophila melanogaster). Dale vSak tyto posledni dva
ani jiné modely, kromé& teplokrevnych modelovych zvifat vice rozvadét nebudu,
protoZze nemaji stalou télesnou teplotu, a tudiz budou reagovat na jeji zmény odlisné

od homoiotermnich organismd.
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2.41 Sav¢i modely pro studium arytmii

2.411 MyS jako model pro genetické studie arytmii

Jak bylo uvedeno vyse, spontdnni arytmie se u srdci za normalnich podminek vyskytuji velmi
vzacngé, a proto je vyhodnéjsi je zkoumat za upravenych experimentalnich podminek.
Pted neddvnou dobou bylo prokdzano, ze pro diferenciaci a funkci pfevodniho systému
je velmi dulezitd katecholaminergni signalizace (Baker et al., 2012). Tyto vysledky dobte
koreluji s predchozi studii, kterd uvadi, Zze u embryi s deficienci exprese kindzy beta-
adrenergnich receptorti dochazelo k vysoké umrtnosti (Jaber et al., 1996). Longitudindlni
studie béhem vyvoje mysSiho embrya v rozmezi ED10,5 — ED14,5 zkoumala vliv deficience
genu NFATcl (nuclear factor of activated T-cells, jaderny faktor aktivovanych T-bungk),
ktery je vyznamny pro formovani chlopni. Mutanti, ktefi postradali chlopné ve vytokové ¢asti
srdce, umirali na srde¢ni selhani dfive, nez byla dokon¢ena septace komor. U stadii ED12,5,
coz je doba, kdy norméln¢ dochazi k formovani chlopni ve vytokové ¢asti, bylo u mutant
pozorovano abnormalni proudéni krve. SniZzeni srde¢niho vydeje spolecné s diastolickou
dysfunkci pfispélo znacnou mérou ke vzniku srdeéniho selhani, pficemz kontraktilita
prekvapive nijak ovlivnéna nebyla. Jedinou arytmii, kterou se podatilo detekovat pred umrtim
embrya, byla progresivni bradykardie, coZ znaci, Ze k srde¢nimu selhani dochéazelo béhem
vyvoje velmi rychle (Phoon et al.,, 2004). Mutace transkripéniho faktoru Tbx3 zpisobuji
dédicné poruchy u pacientd se Schinzelovym syndromem. Data ziskand od pacientl
a z experimentl na mysich ukazuji na vicecetnou roli tohoto transkripéniho faktoru béhem
morfogeneze a funkce pievodniho systému. Poruseni funkce Tbx3 v riznych oblastech
vyvijejiciho se srdce vedlo k vyraznému fenotypu a zdvaznym arytmiim. Byly pozorovany
sinusové pauzy, které se u dospélé mysSi normalné také ojedinéle vyskytuji, dale se objevila
bradykardie naznacujici dysfunkci SA uzlu. Vyskyt preexcitace a vznik AV blokd zase
poukazoval na dysfunkci AV spojeni. Tyto arytmie byly doprovazeny poruchami exprese
n¢kolika iontovych kanalt. PrestoZze nebyla ovlivnéna exprese vySe zminénych markert
pfevodniho systému, doslo ke zvySeni exprese draslikovych kanali Kcne3 a Kenj4 a exprese
byla sniZzena u sodikového kanalu Scn7a (Frank et al., 2012). Toto pozorovani poukazuje
na moznou funkéni poruchu u morfologicky normalné se jeviciho ptevodniho systému. Dalsi
studie AV spojeni na mysich ukézala, ze pro spravnou funkci AV pievodu hraje diilezitou roli
signaliza¢ni kaskada Notch (signalni transmembranovy protein). Aktivace Notch signalizace

béhem vyvoje konstantné vedla k nestandardnim vzorcim AV pfevodu a k preexcitaci. Proti
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tomu inhibice této kaskady zplisobila hypoplazii AV uzlu a vyrazné sniZzeni exprese konexinu

30.2, coz mélo za nasledek zkraceni doby AV zpozdéni (Rentschler et al., 2011).

2.412 Sav¢i modely pro vyzkum arytmii indukovanych farmakologicky

Teratogenni ¢i embryotoxicky potencial farmakologickych preparati je pro 1ékate pfi jejich
predepisovani t€hotnym zenam velmi vyznamné téma. Mezi mozné dopady na embryonalni
vyvoj nepatii pouze zjevné morfologické defekty, ale i mirné neurologické poruchy a také

srde¢ni arytmie, které v extrémnich pfipadech mohou vést az ke smrti plodu.

Néchylnost ke vzniku arytmii béhem embryonalniho vyvoje vyrazné zavisi na vyvojovém
staddiu. Béhem nejcasnéjsich fazi vyvoje, kdy je embryonalni srdce velmi malé a rychlost
vedeni vzruchu je pomald, jsou téméf jedinymi vznikajicimi arytmiemi zmény v srdecni
frekvenci. Nejvaznéj$i z nich jsou bradykardie, které zpusobuji sniZeni srde¢niho vydeje,
coz muze vést az ke smrti embrya. Jakmile dojde ke zformovani srde¢nich dutin budoucich
komor a sini, dojde ke vzniku oblasti s rozdilnou rychlosti vedeni vzruchu (Moorman et al.
2010). Oblast myokardu budoucich sini se vyznacuje rychlym vedenim vzruchu, ke
zpomaleni rychlosti §ifeni dochazi v AV kanélu, myokard budoucich komor opét vede vzruch
rychle a ve vytokové ¢asti vzruch finalné zpomaluje. Se vzniklou heterogenitou v rychlosti
vedeni vzruchu muiZe zacit dochazet také ke vzniku dalSich arytmii. Mohou zacit vznikat
poruchy Sifeni vzruchu ve formé jednosmérnych nebo dvousmérnych bloki, reentry a dalsi
slozitéjsi arytmie (Valderrabano et al., 2006). Béhem nasledného vyvoje koronarnich cév
a autonomni inervace zac¢ina srdce fungovat komplexnéji (Hildreth et al., 2009). Pozorovana
senzitivita predasné¢ narozenych déti na bradykardii naznacuje, Ze odpovéd srdecni
frekvence na cholinergni stimulaci se mize béhem vyvoje ménit. Tato hypotéza byla
testovana na izolovanych mysich embryondlnich srdcich (ED13 — ED22). Puasobeni
acetylcholinu (neurotransmiter) v mikromoldrnim rozmezi vedlo u EDI13 — ED14 srdci
k poklesu srdecni frekvence o 50% v porovnani se stadii ED21 —ED22, kde doslo
pii stejném davkovani ke snizeni frekvence o pouha 3%. Ptidavek fysostigminu (selektivni
inhibitor acetylcholinesterazy) u starSich srdci vyznamné =zesilil cholinergni odpovéd,
coz poukazuje na pravdépodobny narist cholinesterdzové aktivity souvisejici s irovni vyvoje
srdce (Maurer, 1979).

Proti dospélému srdci, jehoz energeticky metabolismus je zéavisly hlavné na mastnych
kyselinach, pfedstavuje pro embryonalni srdce hlavni zdroj energie glykolyza. Vliv inhibice

glykolyzy na zmény v membranovém napéti a intraceluldrni dynamice kalcia byl zkouman
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na mySich embryondlnich srdcich. Inhibice glykolyzy 10 mM 2-deoxygluk6zou nebo 0,1 mM
iodoacetatem vyrazné snizila srde¢ni frekvenci a zptlisobila blize nespecifikované arytmie
u vice nez 50% testovanych srdci. Podobnych efektt bylo docileno zablokovanim oxidativni
fosforylace pomoci 500 nM FCCP (karbonyl kyanid(trifluoromethoxy)fenylhydrazon) béhem
studie zaméfené na mechanismy funkce pacemakeru u casnych mysich stadii. Byly zde
pozorovany také rizné arytmie vcetné AV reentry indukovaného pfidavkem adenosinu.
Tyto jevy byly pozorovany u stadii s jiz vyvinutym rychle vodivym myokardem sini a komor
a pomalu vedoucim AV kanalem (Chen et al., 2010).

Antiepileptické preparaty casto u€inkuji na vzrusivé tkané skrze ovlivnéni membranového
napéti pomoci regulace funkce iontovych kanali. OvSem nékteré z cilovych iontovych kanali
se nachazeji také ve vyvijejicim se srdci, coz muze byt jednim z moznych vysvétleni
pro znamé teratogenni U¢inky téchto latek. Danielsson a jeho skupina zkoumali vliv fenytoinu
na indukci embryondlni hypoxie zpiisobenou nezddoucimi U¢inky na funkci embryondlniho
srdce. Fenytoin pisobi jako blokator draslikovych hERG (human ether-a-go-go-related gene)
kandli a tim inhibuje protékajici draslikovy proud Ik, ktery je pro spravnou funkci
embryonélniho srdce nezbytny. Pouzivali experimentalni model, kdy kultivovali cela mysi
embrya spolecné s testovanymi preparaty. Zjistili, ze fenytoin zpusobil na koncentraci zavisly
pokles srdecni frekvence, ktery byl pii nejvySSich davkach doprovazen prechodnou anebo
trvalou totalni srdecni zastavou. Pfesna G€innost davkovani, stejné jako vznik dalSich arytmii,
byly zavislé na testovaném mySim kmenu. Podobné vysledky byly pozorovany také
na potkanich embryich (Danielsson et al., 1997). Arytmogenni potencidl fenytoinu byl
na mysSich embryich testovdn v ramci dalSich studii (Azarbayjani a Danielsson, 2002).
Pti mikromolarnim koncentraénim rozmezi v matetské plasmée byly na stadiich ED9 a ED13
pozorovany na davkovani zavislé bradykardie a také dalsi bliZze nespecifikované arytmie jako
AV blok. Pomoci metody patch-clamp bylo na hERG-transfekovanych buikéach
demonstrovano, Ze fenytoin inhibuje draslikovy proud smétujici do bunky. Autofi pfipsali
pozorované efekty na embryich na vrub reaktivnim kyslikovym radikalim, které byly
generovany pii reoxygenaci po znovunastoleni normalniho rytmu. Pouziti a-fenyl-N-
tercbutylnitronu jako antioxidantu totiz prokazalo protektivni efekt. Podobny mechanismus
byl navrzen také v souvislosti s dal§im antiepileptikem — trimetadionem, jehoz aktivnim
metabolitem je dimetadion. Stejna vyzkumna skupina déle v navazujici studii popsala, ze vyse
zminéné efekty na embryo byly znasobeny pfi pouZiti kombinace nckolika antiepileptik

najednou (fenytoin, fenobarbital, dimetadion a karbamazepin). To poukazuje na zvySené
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riziko 1€cby epilepsie vice preparaty najednou, které muze vést ke znaénému zvySeni rizika
vzniku poruch rytmu vyvijejiciho se srdce (Danielsson et al., 2007).

Dal$im z preparatt, které si zasluhuji zvySenou pozornost, je almokalant (antiarytmikum
II1. tfidy). Béhem testovani na mysich byla u almokalantu pozorovana vysoka embryotoxicita,
ktera byla pravdépodobné disledkem jeho sekundarniho plisobeni na funkci embryonalniho
srdce. U kultivovanych ED10 embryi dochazelo ke vzniku na davkovani zavislé bradykardie
s periodami totalni srde¢ni zastavy (Skold a Danielsson, 2000). Z vyse uvedenych pozorovani
je patrné, ze pii predepisovani vSech preparatl, které zpiisobuji embryonalni bradykardii,
je nutné mit na zfeteli jejich embryotoxicky potencidl a pouzivat je béhem téhotenstvi pouze

s nejvyssi obezietnosti.

2.42 Kureci embryo jako model pro studium arytmii

Srde¢ni elektrickd aktivita byla na kufecich embryich zkoumana v prikopnickych studiich
jiz pted zna¢nou tadou let. Tento model byl pro svou jednoduchost a dostupnost pouzivan
pii prvnich studiich embryonélniho srdce nejvice. Nemalou vyhodou je také znacnd velikost
vyvijejiciho se srdce v poméru k velikosti embrya a v neposledni fad¢ také fakt, ze vyvoj
kuteciho srdce je velmi podobny vyvoji srdce u ¢lovéka (Ruijtenbeek et al., 2002, Tutarel
et al., 2005). Experimenty byly provadény v prostiedi in vivo (Van Mierop, 1967, Rajala
et al.,, 1984, Tazawa et al., 1989, Sugiyama et al., 1996), na celych izolovanych embryich
(Hoff a Kramer, 1939), na samotnych izolovanych srdcich (Paff et al., 1968, Paff a Boucek,
1975, Kasuya et al., 1977, Hirota et al., 1987), na izolovanych srde¢nich segmentech (Boucek
et al., 1959, Arguello et al., 1986) a také na kulturdch izolovanych kardiomyocyti (Shrier
a Clay, 1982). Velkou vyhodou je pfistupnost k embryu v podminkach in vivo/in ovo.
Diky tomu je moZzné u kufecich embryi ziskat zaznam elektrické aktivity celého
embryonalniho srdce pomoci EKG. Casoprostorova interpretace EKG zéznamu elektrické
aktivity srdce u ¢asnych embryonalnich stadii je zjednodusend diky tomu, ze aktivace komor
probiha nezralym zpisobem od baze k hrotu a jeSté neni pfitomen diferenciovany prevodni
systém. Pomoci PP ¢i RR intervalu je mozné stanovit srdecni frekvenci, dobu AV pievodu
je mozné odvodit z PR intervalu, dobu trvani aktivace komor je mozné urcit z QT intervalu
a proces vnitini aktivace komor lze znazornit pomoci optického mapovani otevienych srdci
(Reckova et al., 2003).

Zakladni typy arytmii, které byly pozorovany na oveéfeném modelu ctyfdenniho kufeciho
embryonalniho srdce vystavenému stresovym podminkdm (napf. anoxie — reoxygenace) nebo

farmakologickym preparatim jsou prechodnd sifiova tachykardie (v rozsahu 180 — 300/min)
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a bradykardie (rozsah 110 — 140/min), sifova ektopie, AV blok prvniho stupné, AV blok
druhého stupné (od AV ptevodu 2:1 az po 8:1), Wenckebachiv fenomén (Mobitz I), AV blok
tiettho stupné a zachvaty nepravidelné aktivity nasledované ptfechodnou zastavou sinové
aktivity (Sarre et al., 2006). Nékteré z téchto arytmii se podobaji arytmiim pozorovanym

u lidského plodu (Strasburger a Wakai, 2010).

2.421 Arytmie indukované farmakologicky

Efekty farmakologickych preparati mohou byt na kufecim embryu studovany in vivo velmi
pohodIné diky snadnému pfistupu. Paff a jeho skupina popsali po podani digoxinu vznik
srde¢nich blokd u velmi ¢asnych embryondalnich stadii. Definovali tim stadium, kdy dochazi
k formovani srdecnich komor, jako kriticky moment pro vznik konélnich blokl (40 hodin
inkubace embryi) a AV bloklli (42 hodin inkubace). U mladsich stadii dochazelo v reakci
na pridavek digoxinu pouze ke vzniku totalni srdecni zastavy. Autofi uvadéji podobnost mezi
pozorovanymi AV bloky a situaci u lidského embrya, kdy dochazi k Wenckebachovu
fenoménu (Paff et al., 1964). Jina skupina zkoumala efekty riznych antiarytmik na vyvijejici
se kardiovaskularni systém. Ptidavek isoproterenolu v teratogenni koncentraci zpusobil
zvySenou vaskularni rezistenci a vedl ke snizeni srde¢niho vydeje, coz naznacuje pfitomnost
funk¢ni adrenergni signalizace u ED4 kufeciho embryonalniho srdce (Clark et al., 1985).
Proti tomu chronickd infuze verapamilu (antagonista vapnikovych kanalll) zptisobila snizeni
srdeCniho i embryondlniho rdstu diky snizenému srdecnimu vydeji a vedla ke zpozdéné
morfogenezi komor (Clark et al., 1991, Sedmera et al., 1998). V neddvné studii byly
pfedmétem zkoumani efekty beta-blokatori a ivabradinu na embryondlni srde¢ni funkci
a preziti embryi. Vysoké davky vedly k umrtnosti skrze sniZeni srde¢niho vydeje, ktery byl
zpiisoben bradykardii a nedostatecnou Frank-Starlingovou kompenzaci. U obou zkoumanych

stadii (ED4 a EDS) byly pozorovany také ¢astecné AV bloky (Kockova et al., 2013).

2.422 Arytmie vznikajici béhem anoxie a reoxygenace

Hlavnim modelem pro studium arytmii indukovanych anoxii a reoxygenaci na kufeti
je Cctyfdenni embryondlni srdce (ED4). B€éhem 30 min anoxie a nasledné 60 min reoxygenace
byly na tomto modelu pozorovany zmény v chrono-, dromo- a ionotropii a také doslo
k modifikaci bunéénych struktur (zvétSeni objemu mitochondrii a jader). Pozorované zmény
byly reverzibilni. Reverzibilita zmén se vSak u pozd¢jSich embryondlnich stadii
s postupujicim vyvojem a nartistajicimi metabolickymi naroky snizovala (Raddatz et al, 1997,

Sedmera et al., 2002, Sarre et al., 2006). Anoxie vedla k bradykardii, sifiové ektopii,
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AV bloku prvniho, druhého a tfetiho stupné a také k pfechodné srde¢ni zastavé.
Reoxygenace zplsobila také Wenckebachliv fenomén a uniklé komorové stahy. Na pocatku
reoxygenace dochazelo k vyznamnému narGstu PR a QT intervalu a elektromechanického
zpozdéni komor, coz poukazuje na zpomaleni ve sprazeni excitace s kontrakeci.
Elektromechanické zpozdéni sini vSak ovlivnéno nebylo. Béhem anoxie a nasledné
reoxygenace se vyznamné snizila kontraktilita komor (apikdlni komorové zkraceni) a doslo
k vyznamnému zpomaleni pfevodu vzruchu skrze komory (prodlouzeni QRS intervalu).
Nebyly pozorovany zadné fibrilace, AV reentry ani komorové ektopie. Jednim z navrzenych
mechanismi zpusobujicim arytmie béhem reoxygenace jsou nahlé nartisty produkce
reaktivnich kyslikovych radikald (ROS —reactive oxygen species, reaktivni kyslikové
radikaly). V pfitomnosti antioxidantu (10 mM kyselina askorbovd) byla cetnost vzniku
arytmii zna¢né€ sniZena (Sarre et al., 2005, Raddatz et al., 2011). Ackoli pfitomnost glukozy
ve fyziologické koncentraci (8 mM) prodluzuje dobu srde¢ni aktivity pfi anoxii, zvySuje se
tim ovSem produkce ROS béhem reoxygenace a také cetnost vyskytu arytmii proti
podminkam bez pouziti glukézy (Tran et al., 1996, Raddatz et al., 2011). Tato pozorovani
naznacuji, ze zmény v glykolytické aktivit¢ mohou hrét roli v arytmogenezi spojené s ROS.
Béhem déletrvajici anoxie se muze vyskytnout acidéza (pfechod pH od 7,4 na 6.5),
ktera ma negativni chrono-, dromo- a ionotropicky efekt, jez se projevuje béhem prechodné
sinové a komorové aktivity. Pfi pH=16,5 zistala srdeCni frekvence a rychlost
AV pfevodu vyznamné sniZzend, zatimco komorova kontraktilita se po 5 min navratila
do normalu. Inaktivace mechanismi zdvislych na HCO;™ vede pii anoxii s pfitomnou
acidézou a béhem reoxygenace ke zvySené cCetnosti vzniku arytmii. To naznacuje,
Ze u embryondlniho srdce vystavenému anoxii a reoxygenaci je regulace pH vyrazné zavisla
na dostupnosti a transportu HCO;3;™ (Meiltz et al., 1998).

Jak jiz bylo vySe uvedeno, HCN kanaly hraji v elektrické funkci embryonalniho srdce velmi
dilezitou roli. Tyto kandly jsou béhem kardiogeneze exprimovany jiZ velmi brzy a diky jejich
pusobeni dochdzi k fizeni frekvence diastolické depolarizace v pacemakerovych bunkach
v sinich, komordch a vytokové ¢asti srdce. Inhibice HCN kandlli ivabradinem vede
pfi normoxii k negativnimu chronotropickému efektu ve vSech srde¢nich segmentech
a stabilizuje PR interval. Inhibice HCN kanali béhem anoxie a reoxygenace neovliviiuje
vznik urcitych druhti arytmii ani dobu jejich trvani (Sarre et al., 2010).

Prili§ vysoka intracelularni koncentrace kalcia (calcium overload) je dalsim vyznamnym
arytmogennim faktorem. MlZe byt u embryondlnich kardiomyocytli zplsobeno vstupem

kalcia do cytoplasmy zejména skrze napétové fizené kalciové kandly L-typu (Cavl.2)
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a T-typu (Cav3.1). Pasobeni verapamilu (10 nM), ktery je antagonistou kalciovych kanalt
L-typu, vedlo k protekci vzniku arytmii indukovanych anoxii a reoxygenaci (Tenthorey et al.,
1998). Napétove tizené kalciové kanély L-typu (Cavl.2) proti kanalim T-typu (Cav3.1) hraji
navic naprosto zasadni roli pii spontanni elektrické aktivit¢ kufeciho embryonalniho srdce.
Neni tedy piekvapujici, ze inhibice Cavl.2 kanalu nifedipinem vedla k vyznamnému
a progresivnimu zkracovani QT intervalu a zplisobila prodlouzeni elektromechanického
zpozdéni komor, zatimco inhibice kanali Cav3.1 mifebradilem méla na elektrickou aktivitu
srdce jen velmi maly vliv (Sabourin et al., 2011).

Klicovym regulatorem vyvijejiciho se kardiovaskularniho systému je adenosin, ktery vznika
pfi intracelularni a extracelularni degradaci adenosintrifosfatu (ATP) a béhem hypoxie nebo
ischemie se hromadi v myokardialni intersticialni tekutin€. U kufeciho embryonalniho srdce,
které se piirozené vyviji v prostiedi s nizkym obsahem kysliku, je fyziologickd koncentrace
adenosinu mnohem vys$$i nez u dospélého srdce fungujiciho v podminkach normoxie (Robin

etal., 2011).

2.423 Teplotni model

Hlavnim faktorem, na ktery jsme se v této praci zaméfili a ktery souvisi s arytmogenezi,
je teplota. Funkce embryonalniho srdce je siln€ zavisla na teploté prostiedi. Teplota ma mimo
jiné vliv na kinetiku procesi, které probihaji skrze iontové kanaly, pumpy a pienasece
a zésadné tedy ovliviiuje iontovou dynamiku béhem tvorby a Sifeni elektrickych vzruchi
(Sperelakis a Lehmkuhl, 1967, Chen a DeHaan, 1993).

Navzdory homoiotermii si ptaci embrya zachovala od jejich poikilotermnich predki urcitou
flexibilitu a toleruji mirné odchylky v inkubaéni teploté. Vliv teploty na vyvijejici se kufeci
embryonalni srdce je predmétem vyzkumu jiz znacnou fadu let. Jedny z prvnich studii
k tomuto tématu provedl jiz téméf pred pul stoletim Warbanow. Jeho zdmérem bylo
prozkoumani vlivu dlouhodobé hypotermie (32 —36 °C) na embryondlni vyvoj kufeciho
srdce. Pii téchto experimentech doSel k pozoruhodnym vysledkiim. Dlouhodobé vystaveni
vyvijejictho se embrya in ovo (EDI11—-EDI8) sniZzené inkubacni teploté¢ zpiisobilo
vznik srde¢ni hypertrofie, kterd se projevovala nejsilnéji pfi inkubaci béhem 33,5 °C. Dal$imi
efekty dlouhodobé hypotermie byla bradykardie a sniZzeni systolického tlaku v komoréach
(Warbanow, 1970). Tato hypertrofie vedla ke zdvojndsobeni poméru hmotnosti srdce
k hmotnosti téla embrya a také ke dvojnasobnému zvySeni kontraktility srdci (Warbanow,
1971). Dalsi studie byla zamétend na vliv hypotermie béhem vyvoje srdce u cCasnych

embryondlnich stadii (HH18 — 24). Pii snizeni teploty prostiedi ze 34,7 °C na 31,1 °C doslo
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k vyznamnému poklesu srde¢ni frekvence o 25%, zvysila se vaskularni rezistence,
snizil se krevni tlak a pratok krve. Tato bradykardicka reakce na snizeni teploty byla nezavisla
na autonomni inervaci, ktera se vyviji az v pozdéjsich fazich vyvoje. Pozorované zmény
v hemodynamice zplsobené hypotermii vedly ke snizeni srde¢niho vyvoje a mohou vést
az k teratogenickym efektim b¢hem vyvoje kufeciho embrya (Nakazawa et al., 1985).
Soucasnéjsi studie na stadiu HH 17 popsala, ze hypotermie vedla k bradykardii a snizeni
rychlosti proudéni krve béhem systoly (Lee et al., 2011). Hypertermie inkuba¢niho prostiedi
(37 —40 °C) zplsobuje u stadia HH 21 ndrGst srde¢ni frekvence o 22% bez vyznamnych
zmén systolického objemu. V této studii byl popsdn vyznamny nariist bazalni srdecni
frekvence u stadii HH 18 a 24 (Nakazawa et al., 1986). Dlouhodoba (ED1 — 9) hypotermie
(31 =36 °C) a hypertermie (38 °C — 42 °C) vedla k teratogennim az letalnim efektim (Peterka
et al., 1996).

Zasadni studie, kterou provedl Sarre a kolegové, se tykala vlivu ochlazeni ze 37 °C na 0 °C
s nasledovnym opétovnym ohiatim na ptivodni teplotu 37 °C. Vyrazné zmény teploty vedly
ke dramatickym zménadm ve funkci kufeciho srdce na stddiu HH 24. Vlivem hluboké
hypotermie srdce prestavala bit pfi dosazeni kritické teploty 18 °C a poté opét zacala bit
pii prekroceni stejné kritické teploty béhem ohtivani. Zmény v srde¢ni frekvenci byly linearni
v teplotnim rozsahu 34 — 37 °C (Sarre et al., 2006). Nedavna studie popsala pomoci optického
mapovani efekty akutniho vlivu teploty na rybi srdce dania pruhovaného v podminkach
ex vivo v rozsahu 18 — 28 °C. Ochlazeni na teplotu 18 °C zplisobilo pokles srde¢ni frekvence
0 40% a trojndsobn¢, respektive dvojnasobné snizilo hodnoty silového a komorového APDs
(action potential duration, doba trvani akcniho potencidlu v poloviné jeho amplitudy).
Tato studie popisuje, Ze APDsg u sini bylo jednim z parametrti, které¢ akutni zmény ovlivnily
nejvyraznéji, a ze tento jev je mezi obratlovci obecné konzervovan (Lin et al., 2014).

Doba trvani akéniho potencidlu se u jednotlivych segmentii srdce lisi. Nejdelsi dobu trvani
akéniho potencidlu mad AV kandl. Studie AV kandlu na kufecich embryonélnich srdcich
nabizi, ze nejdelsi doba trvani akéniho potencialu (APDyy — doba trvani akéniho potencialu
v 10% jeho amplitudy) u AV kanélu miize souviset se skutecni, ze v této oblasti proti sinim
a komoram béhem vyvoje dlouho pretrvava zavislost na pomalych kalciovych a sodikovych

iontovych proudech (Arguello et al., 1986).

Jak zde bylo popsano, tak teplota pfedstavuje velmi vyznamny faktor, ktery zdsadné moduluje
funkci embryonalniho srdce a pokud je jeji zména proti piirozené teploté¢ dlouhodoba anebo

vyrazna, mize byt pro vyvoj srdce i velmi nebezpecna.
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2.5 Metody pro studium arytmii béhem vyvoje srdce

Zkoumani arytmii u vyvijejiciho se srdce vyzaduje a vzdy vyzadovalo specidlni technicky
piistup, zejména kdyz se jedna o zaznam jeho elektrické aktivity. Pravé zaznam elektrické
aktivity vS§ak mlze podat velmi podrobnou informaci o vzniklych arytmiich, kterd mtze byt
posléze na modelovém organismu 1épe popsana a nakonec v lepsim piipade v klinické praxi

uspésné l1éCena.

2.51 Historie elektrofyziologickych technik zaznamu Sifeni elektrického vzruchu

Uspésné studie elektrické aktivity vyvijejiciho srdce se zacaly objevovat koncem minulého
stoleti. Zlatym standardem pro zdznam pribéhu akcéniho potencidlu jsou mikroelektrody
(puncoskové, kartaCové nebo balonkové elektrody), které velmi dobie plni svou funkci
pfi zdznamu aktivity dospé€lého srdce, u malého a kiehkého embryondlniho srdce je ovSem
jejich pouziti znaéné€ limitovano. I presto bylo provedeno nékolik uspésnych studii, kde jejich
pouziti u izolovaného kufeciho embryonalniho srdce bylo dostatecné Setrné a peclivé. Timto
byl umoznén pfiblizny zdznam S§ifeni elektrického vzruchu a diky nému bylo postulovano,
ze vyvoj trabekulizace v budoucich komoréach souvisi vyvojem sit¢ komorového prevodniho
systému (Arguello et al., 1986, de Jong et al., 1992). Pomoci pouhych dvou mikroelektrod
se podafilo Chuckovi a jeho koleglim objevit u kufeciho embryondlniho srdce pfechod mezi
nezralym typem aktivace komor od baze k hrotu smérem ke zralému typu aktivace od hrotu
k bazi. Tento jev pfifadili do souvislosti s procesem septace komor (Chuck et al., 1997). Jejich
vysledky byly pozdé&ji potvrzeny pomoci vysokorychlostniho optického mapovéani (Reckova
et al., 2003, Sedmera et al., 2004), které bude predmétem nasledujici kapitoly. Mikroelektrody
jsou stale pfinosné k feSeni konkrétnich otazek, jak bylo pfedvedeno na starSich stadiich
kutecich embryondlnich srdci, kde pomoci dvou elektrod spoleéné s EKG pozorovali
abnormalni vedeni vzruchu mezi sinémi a komorami (Kolditz et al., 2007, Kolditz et al.,

2008).

2.52 Optické metody pro vizualizaci Sifeni elektrického vzruchu

Sifeni elektrického vzruchu vzrudivymi tkdnémi lze studovat optickymi metodami,
které u embryonalniho srdce byly zavedeny diky supravitdlnimu barveni indikatory
citivymi na zménu membranového napéti (Kamino et al.,, 1981). Optické mapovani
je elektrofyziologickd metoda, ktera pro studium elektrické aktivity embryondlniho srdce
vyuziva namisto klasickych mikroelektrod, pouzivanych pro dospéld srdce, tzv. virtudlni

elektrody. Je to metoda, pomoci které se ziskava zaznam elektrické aktivity na povrchu
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epikardu nepfimo skrze snimani zmén intenzity fluorescence barviva citlivého na zmény
membranového napéti anebo koncentrace urcitého druhu kationtli. Ze zédznamu je mozné
ziskat dvojrozmérné Casoprostorové aktivacni mapy a videa Sifeni elektrického vzruchu.
Systém pouzivany pro dvojdimenziondlni optické mapovani embryonalnich srdci
byl jiz detailné popsan (Tamaddon et al., 2000, Rentschler et al., 2001). Tento ptistup zavisi
na nékolika faktorech. Prvnim znich je dostupnost vhodnych indikétorti, které musi byt
stabilni a musi poskytovat dostatecné silny signdl zmény membranového napéti anebo
intracelularni koncentrace iontti. V dal$i fad¢ se jednd o sytém snimani. Pro mensi
embryondlni srdce je pouzivan epifluorescenéni mikroskop a pro vétsi dospéla srdce jsou
pouzivany specidlni iluminaéni systémy se svételnymi diodami a makroskopickymi ¢ockami
(Fedorov et al., 2007). A nakonec se jedna o velky objem dat ziskanych pii snimani skrze
mnoho kandlli (v pocatcich 10 x 10 a nyni pfes 100 x 100) s vysokou vzorkovaci frekvenci
(bé€zné pres 1 kHz, 16 bitl/kanal), ktery klade vysoké néaroky na vypocetni techniku
a predstavuje velkou zatéz zejména pro operacni pamét’, kterd je mezikrokem pii snimani dat
fotodiodovym polem anebo vysokorychlostni kamerou. Technicky pokrok v téchto slabych
mistech ¢asto vedl k novym objeviim.

Mezi hlavni problémy barviv a indikdtort dynamickych jevii patii jejich nestabilita,
fotobleaching (vysvicovani) — ztrata fluorescence a rozklad fluoroforu po osviceni
intenzivnim svétlem, které je spojeno s fototoxicitou produktd rozkladu a nakonec také slaby
signal. Mezi nejpopularnéjsi barviva citliva na zménu membranového napéti patii
4-{B-[2(di-n-butylamino)-6-napthyl]vinyl } pyridinium — di-4-ANEPPS (Witkowski et al.,
1997), které¢ je excitovano Sirokym rozsahem vlnovych délek, ale signdl emitované
fluorescence odpovidajici zmén€é membranového napéti je v pasmu > 590 nm. Tento indikétor
je diky svému lipofilnimu alifatickému fetézci inkorporovan do cytoplasmatické membrany
a v nckterych piipadech (napf. na izolovanych bunikdch) mize byt vyhodnéjsi pouzit
di-8-ANEPPS, ktery ma delsi alifaticky fetézec (Kucera et al., 1998). Nov¢jsi barviva jsou
excitovana delS$imi vilnovymi délkami, které 1épe pronikaji do tkéni a jsou pro bunky méné
toxickd, coz je znacna vyhoda (Sakai et al., 1998).

Prvni zavedené detektory tvofily svétlocitlivé fotodiody, které jsou jednotlivé laditelné a maji
vyborny pomér signalu k Sumu. Fotodiodova pole byla voln¢ upravitelna a umistovala se pred
projekci snimaciho zafizeni. Nejvétsim prikopnikem tohoto piistupu byl Kamino a jeho
skupina (Kamino et al., 1981, Hirota et al., 1985, Kamino, 1991). Tento systém byl pouzivan
ke studiu nejcasnéjSich mist pocatku elektrické aktivity u kufecich a potkanich embryonélnich

srdci, stejné jako byl pouzit k pozorovani efektl architektury sinového myokardu na Siieni
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vzruchu v sinich u Zabiho srdce (Komuro et al., 1986). Fotodiodova pole jsou v dnesni dobé&
stale komercn¢ dostupna a jsou pouzivana ke studovani déjii od bunécné urovné (Kucera et al.
1998) az po ¢asna embryonalni kralici srdce (Chuck et al., 2004).

Velmi zajimavy pristup vyzivajici technického pokroku je laserovy skenovaci systém
pouzivany pro studium zmén membranového napéti (Dillon a Morad, 1981). Tito autofi
ukazali na zabim srdci, jak architektura myokardu sini vyznamné ovliviiuje preferencni cesty
Sifeni vzruchu. Tento systém vSak nebyl pfili§ Siroce pfijat. Popularnéj$i se stala spise
laserova skenovaci konfokalni mikroskopie vyuzivajici ¢arového skenovaciho médu, pomoci
které lze dosdhnout rychlosti az 2 kHz a lze sni studovat velmi rychlé déje jako napf.
kalciové transienty (pulzy) a zablesky na izolovanych buiikach (Toischer et al., 2010).
Je vhodna také v kombinaci s pouzitim barviv citlivych na zménu membranového napéti
na izolovanych embryonalnich srdcich, kde je jeji vyhodou moZznost piesného nalezeni

hloubky, ze které pochdzi signal a timto znacné zjednodusuje komplexnost dat.

2.53 Vysokorychlostni kamery pro optické mapovani

Pokrok v ziskavani novych vyznamnych informaci o srde¢ni elektrofyziologii pomoci
optického mapovani je izce spjat se zvySovanim casového rozliSeni do fadu milisekund
a prostorového rozliSeni do fddu mikrometri. Morleyho skupina pracovala s kamerou Dalsa
se snimaci frekvenci pod 1000 snimki za vtefinu a prostorovym rozliSenim 64 x 64 pixeld
(Gutstein et al., 2001, Hall et al., 2000, Jalife et al., 1998, Jalife et al., 1999, Morley et al.,
2000, Morley a Vaidya, 2001, Rentschler et al., 2001, Rentschler et al., 2002, Tamaddon et
al., 2000, Vaidya et al., 2001). Jejich systém byl naprosto dostacujici, protoze dalsi zvySeni
prostorového rozliSeni by vedlo ke zmenSeni velikosti pixeld a tim ke sniZeni poctu fotonl
dopadajicich za jednotku ¢asu a doSlo by také k problému s pfenosem dat (napf. 1 sekunda
snimani s rozliSenim 100 x 100 pixeld, 16 bit, 1 kHz odpovida 25Mb dat, coz byl vyznamny
problém pro PC béhem devadesatych let a dokonce i po roce 2000). Dalsi komplikaci
optického mapovani bijicich srdci jsou pohybové artefakty. Mechanické pohyby bijiciho srdce
byly jinymi metodami vyuzity a pouzity pro analyzu (Buechling et al., 2009, Raddatz et al.,
1997), ale pro optické mapovani pfestavuji zna¢ny problém, coz plati zejména pro analyzu
repolarizace. Z tohoto divodu byly zavedeny inhibitory pohybu srdci, které funguji
na principu odpiazeni excitace a kontrakce. Do praxe byly zavedeny BDM — 2,3-butandion
monoxim (inhibitor myosinu II, Efimov et al., 1997), cytochalasin D (inhibitor polymerizace
F-aktinu, Biermann et al., 1998, Jalife et al., 1998) a blebbistatin (inhibitor myosinu II,
Efimov et al., 1997, Fedorov et al., 2007, Jou et al., 2010, Sankova et al., 2012). Tyto latky
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umoznily vyznamné zlepSeni kvality signalu a jsou v dneSni dobé mnoha védci jiz
povazovany za nepostradatelné. Pfindseji s sebou vSak také urcité nevyhody. V prvni fadé
se jednd o jejich toxicitu, vliv na dobu trvani akéniho potencidlu anebo pacemakerového
potencialu. Za ucelem zlepseni kvality signalu byly vyvinuty také alternativni metody, jako
prumérovani signalu (Rentschler et al., 2001, Rentschler et al., 2002) anebo sledovani pixelu
skrze snimani pomoci dudlni vlnové délky (Leaf et al., 2008). Zda se, ze svoji tlohu plni
dobte, dokud je srdec¢ni rytmus pravidelny a vzorec Sifeni vzruchu se v jednotlivych cyklech
neli$i, coz je po vétSinu casu splnéno (Sankova et al., 2012). Nicméné, sledovani pixelu
vyzaduje bud’ dvé kamery anebo velmi rychlé¢ pfepinani vinovych délek, coz je bud
na ukor ¢asového ¢i prostorového rozliseni, piipadné obou.

Proti puncoskovym nebo balonkovym elektrodam, které doopravdy umoziuji trojrozmérné
mapovani elektrické aktivity celého srdce, je optické mapovani omezeno na pohled z jednoho
uhlu, coz redukuje trojrozmérny orgdn na jedinou plochu. Neékteré skupiny zdlraziuji,
ze je dulezité povrch snimaného organu mechanicky narovnat, aby byla sniZzena nejednotnost
zaktiveného povrchu (Larsen et al., 2012), ovSem toto nepfirozené natahovani mize ovlivnit
pfevodni vlastnosti myokardu diky ovlivnéni funkce iontovych kanall citlivych
na mechanicky podnét. Problém s limitaci oblasti snimani, ktery muize byt opravdovou
komplikaci pfi snimani komplexngjsich typti arytmii jako napf. fibrilace komor (Boukens
a Efimov, 2014), mize byt vyfeSen pomoci dudlniho anebo vicecetného kamerového sytému
(cozZ 1ze snadno dosdhnout v ptipadé zavéSené Langendorffovy preparace). Jednoduché feSeni
je otaeni srdce (Sedmera et al., 2004, Ammirabile et al., 2012). Mozné je také pouziti
soustavy dvou zrcadel v uhlu 45 stupit (Gurjarpadhye et al., 2007), kterda umoziuje
pozorovat piiblizné¢ 75% povrchu srdce. Pii tomto pfistupu dochazi ovSem ke snizeni

prostorového rozliSeni kamery, ale jedné se o levné a technicky velmi jednoduché feseni.

2.54 Pokroky ve vysokorychlostnim zobrazovani

Pokroky ve vykonu a zvySeni dostupnosti piistrojového vybaveni umoznilo snimani nékolika
parametrl najednou, jako napf. soucasné snimani zmén membranového napéti a intraceluldrni
dynamiky kalcia (Chen et al., 2010). Prvni dualni zaznam tohoto typu byl popsan Efimovem
a jeho kolegy (Efimov et al., 1994). Hlavni vyhodou tohoto pfistupu je umoznéni studia
elektromechanické disociace béhem ischemie. Za téchto podminek Ize pozorovat napt. dlouhé
kalciové transienty, které se za nepfitomnosti ATP mohou vyskytnout bez jakychkoliv zmén
membranového napéti, ale mize dojit ke zméndm na Grovni membranového napéti 1 kalcia

zarovenn (Choi a Salama, 2000). Dualni simultinni sniméni dokdze poskytnout piesné
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srovnani pozorovanych parametrti, coz je s takovouto pfesnosti zatim nemozné dosahnout
jinou znamou metodou.

Nové generace kamer se déli podle svého provedeni na dvé soupefici skupiny — CCD
vs. CMOS nebo sCMOS. Zatimco pouzivani ptidavnych zesilovacu signalu (Reckova et al.,
2003, Sedmera et al., 2003) bylo postupné opusténo, EM-CCD kamery diky jejich rychlosti
a citlivosti stale predstavuji velmi citlivé a reprodukovatelné detektory a jsou vyuzitelné také
pfi jinych technikdch pracujicich s nizkou intenzitou svétla (spinning disc, lighsheet
mikroskopie). Novejsi CMOS senzory, které skryva napt. veiejné dostupna kamera Ultima L,
disponuji excelentni citlivosti a jejich rychlost sniméni se posunula az na 10 000 snimkii/sek.
Posledni vyvoj rozsitil spektrum kamer vhodnych pro optické mapovani — nejnovéjsi kamery
(Andor, Hamamatsu) poskytuji pfi plném rozliSeni (> 1 megapixel) rychlost snimani
> 100 snimkt/sek ¢i jesté vice pii binningu. Takovéto variabilni systémy mohou diky svym
vyhodam a své dostupnosti otevfit pole vysokorychlostnich zobrazovacich technik SirSimu
spektru laboratofi.

Revoluéni technologii vysokorychlostniho zobrazovani posledni doby je beze sporu lightsheet
fluorescenéni mikroskopie, ktera vyuzivda vyhod SPIM (selective plane illumination
microscope, mikroskop pracujici s tenkou vrstvou svétla) mikroskopu. Tato metoda umoznila
pii vysokém c¢asovém rozliSeni dlouhodobé snimani d&ji béhem vyvoje v prostiedi
in vivo v trojrozmérném prostorovém rozliSeni na rotujicim vzorku. Pfinos této metody
pro vyvojovou biologii je obrovsky. O znovuobjeveni tohoto mikroskopu a vybrousSeni této
metody se zaslouZil zejména Huisken a jeho skupina. V zédsadni praci popsali aktivaci
embryondlniho srdce zebticky in vivo ve 3D rozliSeni a pomoci optogenetického ptistupu
lokalizovali srde¢ni pacemaker a simulovali rizné typy arytmii (Arrenberg et al., 2010).
Zasadni vyhodou této metody je nizké fototoxicita a moznost snimani dlouhych dé&ja in vivo.
K jejim limitacim na druhou stranu patii velmi vysoké naroky na vypocetni techniku diky

zna¢nym objemum ziskanych dat a také diky vysoké naro¢nosti 3D rekonstrukce dat.

2.55 Optické mapovani intracelularni dynamiky kalcia

Méfeni zmén koncentrace kalcia v ¢ase bylo v minulosti pii relativné nizkém c¢asovém
rozliSeni UspéSné aplikovano napt. pii pozorovani oplozeni vajicka anebo pfi studiu bunécéné
signalizace (Brooker et al., 1990, Sun et al., 1992). Vysokorychlostni mapovani kalcia,
které bylo uspésné provedeno na mysSim embryondlnim srdci (Valderrabano et al., 2006)
pfineslo zvySeni citlivosti a tim umozZnilo detekci signdlu i v mistech, kterd poskytuji

signal velmi slaby, jakym je naptf. AV kanal, a umoznilo tak i nové moznosti detekce
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ruznych arytmii. Dulezité dynamické jevy probihaji v kardiomyocytech zna¢nou rychlosti
(napt. kalciové transienty), a proto je pfi jejich detekci nutnd vysoka rychlost snimani
a zaroven vysoké rozliSeni. N4&§ experimentalni pfistup pfi pozorovani zmén v elektrické
funkci normalnich a stresovanych embryondlnich srdci s rozliSenim do 512 x 512 pixeld
a rychlosti sniméani do 2000 snimkii/sek, coZz je pfi rychlosti nami pozorovanych jevli naprosto
dostacujici. Nas pristup timto predstavuje vyznamny technologicky pokrok, ktery ptindsi nové
dilezité¢ poznatky, kterymi jsou napi. lokalizace mist ektopické aktivity ¢i podrobna
lokalizace vzniku blokad vedeni vzruchu (Ammirabile et al., 2012, Benes et al., 2014,

Vostarek et al., 2014, Vostarek et al., 2016).
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3. HYPOTEZA A CIL PRACE

Aktivace mechanismi zpisobujicich indukci a diferenciaci bun€k prevodniho systému
za vyvoje se uplatiiuje rovnéz pii vzniku arytmii za raznych patologickych stavli v dospélosti.
Testovali jsme pracovni hypotézu, ze vybrané epigenetické faktory (teplota, stres prostredi
in vitro) ovliviyji za vyvoje funkci pfevodniho systému a mohou vést ke vzniku arytmii,

a to jak mechanismem ptisobicim na tvorbu vzruchu, tak na jeho vedeni.

Hlavnim cilem této prace bylo podrobné popsat zmény ve funkci izolovaného embryonalniho
kuteciho srdce v reakci na akutni zmény teploty a stresové podminky v prostiedi in vitro.
Pozorovéani v prostfedi in vitro jsme chtéli porovnat s reakci embryondlniho srdce

v pfirozeném prostiedi in ovo, kde je srdce pfipojeno na krevni obéh.

52



4. METODIKA

4.1 Experimentalni model

Vejce od nosnic druhu bila leghornka (Ustav molekularni genetiky, Kole¢, CR) byla pied
inkubaci uchovavana pfi stalé teploté 16 °C. Inkubace vajec probihala pii teploté 37,5 °C
v inkubatoru se zvlh¢ovanim vzduchu az do ¢tvrtého embryonalniho dne (ED4), coz odpovida
dle Hamburgera a Hamiltona, ktefi popsali 46 stadii vyvoje kufeciho embrya, stddiim
HH 21 — 23 (Hamburger a Hamilton, 1951). Poté byla kufeci embrya vyjmuta z vajec
a pfemisttna do Tyrodova roztoku (slozeni: NaCl 145mM, KClI 5,9 mM,
CaCl, I,1mM, MgCl, 12mM, glukéza 11 mM, HEPES 5mM; pH=74).
Z embryi byla pod disekénim mikroskopem Setrné vyjmuta srdce, ktera byla nésledovné

barvena a pouzita pro optické mapovani.

4.2 Optické mapovani

V nasem provedeni jsme pouzili invertovany epifluorescencni mikroskop (Nikon Eclipse TE
2000-S, Tokio, Japonsko) ve spojeni s vysokorychlostni digitalni kamerou s EM-CCD c¢ipem
(Andor iXon3, Andor, Belfast, Velkd Britanie). Popsané schéma je znazornéno na Obr. 8
(Vostarek et al., 2014). EM-CCD kamera poskytuje pii své vysoké citlivosti také vysoké
Casoprostorové rozliSeni (naSe rozliSeni bylo 512 x 512 pixeld s frekvenci snimani
130 snimki/sec). Proto je vhodnd ke sledovani velmi rychlych déja, jakymi je napft.
intracelularni oscilace kalcia. Pravé tento d¢j byl hlavnim pfedmétem naSeho zkoumadni.
U systému, ktery jsme pouzili pro optické mapovani intracelularnich zmén koncentrace kalcia
u kufecich embryondlnich srdci, jsme vychdzeli ze zavedeného piistupu (Valderrabano et al.,

2006).
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nadoba s tkani 37 °C
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Obrazek 8

Experimentalni schéma optického mapovani intracelularni dynamiky kalcia
u ED4 kuteciho embryonalniho srdce in vitro.

A —sin, AVC — AV kanal, V — komora, OT — vytokova cast.

4.21 Vysokorychlostni zobrazovani zmén intracelulirni koncentrace kalcia

Pfi samotném experimentu jsme postupovali nasledovné. Izolovana srdce byla za laboratorni
teploty 60 minut barvena bez pfistupu svétla ve2,5ml 1,78 mM barviva Rhod-2
(Rhodamin 2, Invitrogen, Carlsbad, USA) v Tyrodové roztoku. Nésledovala dalsi inkubace
ve tm¢€ ve 2,5 ml Cist¢ho Tyrodova roztoku bez barviva, nyni vSak pii vyssi teploté 37 °C,
opét po dobu 60 minut. Srdce obarvena timto zpisobem byla pfemisténa do specialni optické
Petriho misky se sklenénym prihledem (Wilco Wells, Amsterdam, Holandsko),
kterd obsahovala 2 ml Tyrodova roztoku s pfidanym blebbistatinem (0,15 pM, disociator
excitace kontrakce, Sigma-Aldrich, Némecko) kvili redukci pohybu srdci pfi kontrakcich.
Teplota roztoku byla regulovdna termoregulacni podloZkou s digitalnim ovladadem
a teplomérem (Linkam DC-60, Tadworth, Velka Britanie). Excitace vzorku probihala pomoci
zelen¢ho svétla v rozmezi 510 — 560 nm, které vyvolalo fluorescenci s emisi cerveného
(> 590 nm) svétla. Elektrickd aktivita srdci byla snimana opticky vysokorychlostni kamerou

jako zména intenzity fluorescence indikatoru v Case, coz odpovidalo oscilacim koncentrace

54



kalcia v cytoplasmé myocytd, kdy nartst intenzity fluorescence odpovidal nartstu
koncentrace kalcia. Méfeni probihala pfi tfech riznych teplotach. Teplota 37 °C byla zékladni
a zérovein kontrolni teplotou a pfedstavovala normotermii. Teplota 34 °C simulovala
podminky hypotermie a 40 °C ptedstavovalo hypertermii. S kazdym srdcem byla provedena
pouze dvé meétfeni za rtuznych teplot kvili jeho omezené stabilité in vitro. Pfred kazdym
méfenim predchdzelo 5 minut pro stabilizaci a vytemperovani vzorku na pozadovanou
teplotu. Teplota lazn¢ byla budto zvySovana ze 34 °C na 37 °C ¢i ze 37 °C na 40 °C,

anebo snizovana ze 37 °C na 34 °C.

4.22 Vysokorychlostni zobrazovani zmén membranového napéti

S indikatory pro mapovani zmén membranového napéti jsme, proti kalciovym indikatortm,
pracovali spiSe okrajov€. Tuto metodu jsme vyuzili pouze v experimentech s elektrickou
stimulaci embryonalnich srdci in vitro. V porovnani s kalciovymi indikatory je u mapovani
membranového napéti vyhodou, ze pribéh zmén fluorescence analogicky odpovida prubéhu
akéniho potencidlu se vS§emi iontovymi proudy. Jedinym rozdilem mezi pribéhem akéniho
potencidlu a pribéhem zmény fluorescence je, ze fluorescence s depolarizaci klesa.
Jako indikator jsme pouzili barvivo di-4-ANEPPS (Invitrogen, Carlsbad, CA, USA),
které bylo excitovano modrozelenym svétlem o vinové délce 480 — 550 nm. Pii osviceni timto
svétlem dochazi k fluorescenci s emisi ¢erven¢ho (> 590 nm) svétla, kdy pokles intenzity
fluorescence odpovidé pribéhu akéniho potencidlu (Witkowski et al., 1997). Detailnéjsi popis

postupu je uveden nize (viz kapitola 4.5).

4.3 Analyza dat

Ziskana data byla analyzovéana pomoci softwaru NIS Elements (Nikon, Tokyo, Japonsko)
a BV_Ana Analysis (SciMedia Ltd, Costa Mesa, CA, USA). Srde¢ni frekvence (pocet udera
za minutu) byla stanovena v programu NIS Elements z po¢tu kalciovych transientli v intervalu
6 sekund jako desetindsobek zjisténého poctu. Amplitudy kalciovych transientli v sinich
a komorach byly analyzovany pomoci aplikace NIS Elements Tools. Pocatek kalcioveého
potencialu byl stanoven jako bod, kdy kiivka pozitivniho signdlu kalciového pulzu pii svém
nartstu opousti zakladni osu. Velikost amplitudy potencidlu jsme stanovili jako vySku
maxima pulzu od zékladni osy. Délky trvani akéniho potencialu (APDgg) rliznych ¢asti srdce
byly odvozeny z doby trvani kalciového pulzu a byly ziskdny ze zaznaml ze sini,
atrioventrikularniho kanalu a komor normotermickych srdci (n=10), jejichz zdznam

neobsahoval 7adné arytmie ani pohybové artefakty. Casoprostorové aktivaéni mapy jsme
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vytvofili na zéklad¢ origindlnich dat ze softwaru NIS Elements pomoci programu BV Ana
Analysis. Pfi zpracovani dat jsme pouzivali high pass/low pass a medidnové filtry. Prvni
derivaci jsme urcovali numericky podle algoritmu zabudovaného v softwaru BV_Ana
Analysis. Maximum prvni derivace bylo pouzito jako c¢as aktivace jednotlivych pixela
na aktiva¢nich mapach. Analyza dat z mapovani membranového napéti probihala podobnym
zpusobem, jako analyza dat z mapovani kalcia podle jiz zavedeného postupu (Sankova et al.,

2010).

4.4 Videomikroskopie

Reakce srde¢ni funkce na zmény teploty u ¢tyfdennich kufecich embryi (ED4) inkubovanych
in ovo jsme pozorovali pomoci videomikroskopie. Kazdé embryo jsme podrobili tfem
métfenim za rozdilnych teplot pfimo ve vejci. Prvni méteni probihalo v hypotermii pti 34 °C,
dalsi nasledovala normotermie 37 °C a tfeti méfeni piedstavovalo hypertermii 40 °C. Kuieci
embrya in ovo byla pifi stanovené teplot¢ udrzovana pomoci ru¢né vyrobené hlinikové
komurky, z vnéjsi strany izolované polystyrenem a vyplnéné ptedehiatymi hlinikovymi
pecickami (Bath Armor, Nickel-Electro Ltd., Weston-super-Mare, Velka Britanie), kterd byla
umisténa na termoregulacnim podstavci (Echotherm chilling/heating plate, Torrey Pines
Scientific, Carlsbad, CA, USA). U vajec jsme vytvoftili ve skofapce kruhové otvory o priiméru
cca 1 — 1,5 cm a opatrné jsme odebrali ¢ast papirové blany chranici embryo, aby bylo mozné
pod mikroskopem opticky zaznamendvat srde¢ni aktivitu. Méfeni probihalo pomoci
digitdlniho fotoaparatu (Nikon D7000, rozliseni 640 x 480 pixeld, rychlost snimani
30 snimkt/sek) pripojeného na disek¢éni mikroskop (Leica 125, Leica Microsystems, Wetzlar,
Némecko) se svételnym zdrojem (150 W halogenova vybojka). Béhem méfeni byl kvili
zvySeni kontrastu proudéni krve pouZit zeleny interferen¢ni filtr zabudovany ve svételném
zdroji. Pti kazdé teploté byl pofizen videozdznam o délce 10 sekund. Analyza ziskanych dat
byla provaddéna pomoci programu Image] (NIH, Bethesda, USA). Zvolili jsme vzdy dvé
oblasti zajmu (sifi a komoru), u kterych byla srde¢ni frekvence stanovena ze zaznamu zmén
urovné Sedi, kterd odpovidala zménam proudéni krve v Case (Sedmera et al., 1999, Kockova

etal., 2013).

4.5 Elektricka stimulace in ovo

Elektrickou stimulaci sini a komor u ED4 kufecich embryondlnich srdci in ovo jsme provadeéli
pomoci platinové bipolarni elektrody (WPI, Sarasota, Florida, USA), kterou jsme umistili

do cilové oblasti pomoci mikromanipulatoru (Narishige International USA, Inc., Amityville,
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NY, USA) skrze otvor ve skotfapce. Vejce a embrya byla béhem stimulace udrzovana
pti 37 °C pomoci stejnych pomtcek, jako je popsano vyse. Pfed samotnou stimulaci byl vzdy
pofizen zaznam ptirozené Cinnosti srdce. Srdce byla poté stimulovana s postupné nartistajici
nebo klesajici frekvenci stimulace (od 120/min do 600/min) pomoci 2 ms pulzii o dvakrat
vysSi intenzité nez byl elektricky prah diastoly, ktery se pohyboval v rozmezi 1,5 — 2,5 mA
(Sedmera et al., 1999). Hlavnim cilem elektrické stimulace bylo stanovit pfevodni limity
jednotlivych segmenti srdce. Jako prevodni limit pro udrzitelnou frekvenci srde¢niho
segmentu jsme stanovili frekvencni prah, nad kterym se jiz zacaly objevovat nepravidelnosti
v srde¢nim rytmu prevadéném ze stimulujici elektrody. Videozaznamy elektrické stimulace
byly ziskany a analyzovany stejnym postupem, jako bylo jiz vySe uvedeno v kapitole

o videomikroskopii.

4.6 Elektricka stimulace in vitro — mapovani zmén membranového napéti

Vychozim materidlem pro mapovani zmén membranového napéti pfi stimulaci v podminkéch
in vitro byla srdce kufecich embryi (ED4), u kterych jsme ponechali dorzalni ¢ast hrudni
stény, aby bylo mozné vzorky pfiSpendlit na silikonové dno mapovaci misky. Izolovana srdce
jsme dale 5 minut barvili v 500 pl chlazeného roztoku barviva di-4-ANEPPS (zasobni roztok
1,25 mg/ml v DMSO — dimetylsulfoxid, findlni koncentrace 2,5 mM v Tyrodové roztoku),
které je citlivé na zmény membranového napéti zménou intenzity své fluorescence. Poté jsme
srdce kratce oplachli chlazenym Tyrodovym roztokem a skrze ¢ast hrudni stény je upevnili
entomologickymi mikroSpendliky (Minutien pins, Fine Science Tools, Heidelberg, Némecko)
na silikonem pokryté dno ruéné vyrobené¢ médéné mapovaci komurky, ktera obsahovala 20 ml
Tyrodova roztoku s pfidanym blebbistatinem (0,1 uM) kvuli redukci pohybu srdci. Teplota
lazné byla udrzovand pii 37 °C a roztok byl téméf nepfetrZité oxygenovan probublavanim
100% kyslikem. Elektrickd stimulace sini a komor byla provdadéna pomoci stimulatoru
(Isostim A320, World Precision Instruments, Sarasota, FL, USA) spojené¢ho s platinovou
bipolarni elektrodou (World Precision Instruments, Sarasota, FL, USA), kterou jsme
umistovali na cilovou oblast srdce pomoci mikromanipuldtoru. Stimulace probihala na sinich
ve frekvencich od 200 do 400/min a na komorach ve frekvencich mezi 300 a 600/min.
Cilem stimulace bylo stanovit pfevodni limity pro jednotlivé useky srdce, stejnym zptisobem
jak jiz bylo uvedeno vyse v kapitole o elektrické stimulaci in ovo. Zaznam elektrické aktivity
srdei byl sniman pomoci epifluorescenéniho mikroskopu (Olympus BX51WI, Olympus,
Tokio, Japonsko) spojeného s vysokorychlostni kamerou Ultima L (SciMedia Ltd, Costa
Mesa, CA, USA) s pfidruzenym softwarem. Jako svételny zdroj slouzila 150 W Xe vybojka
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(Cairn Research, Faversham, Velkd Britanie) propojena se softwarem ovladanou zavérkou
(VMM-DI1/T1, Uniblitz, Vincent Associates, Rochester, NY, USA). Vysledné prostorové
rozliSeni s pouzitim 10 X vodniho imerzniho objektivu bylo 100 x 100 pixeld, kde velikost
pixelu odpovidala 16 pm a &asové rozliseni bylo 1 kHz. Sir$i popis optického mapovani zmén

membranového napéti byl popsan jiz diive (Sankova et al., 2010).

4.7 Statisticka analyza

Data z optického mapovani in vitro jsme rozdé€lili do dvou skupin podle teploty, pii které
probihala métfeni. Kazdé srdce testované in vitro bylo podrobeno dvéma méfenim pfi rtiznych
teplotach. Prvni skupinu tvofila srdce testovand na hypotermii (kontrolni teplota —
normotermie 37 °C a hypotermie 34 °C). Druhd skupina zahrnovala srdce testovana
na hypertermii (kontrolni teplota — normotermie 37 °C a hypertermie 40 °C). Kazda ze dvou
skupin obsahovala alespon 45 testovanych embryonalnich srdci. Cetnost vyskytu AV bloku
tietiho stupné ve tiech teplotnich skupinéch in vitro rozdélenych na hypotermii, normotermii
a hypertermii, byla testovana pomoci Pearsonova testu dobré shody — Chi kvadratu ().
Skupina srdci testovanych in ovo ¢itala celkem 19 srdci, pticemz kazdé z nich bylo podrobeno
ttem meéfenim pifi riznych teplotich (34 °C, 37 °C a 40 °C). Hodnoty, které uvadime
ve vysledcich, prezentuyme jako hodnotu aritmetického priméru + smérodatnd odchylka.
Statistickou hladinu vyznamnosti nasich pozorovani jsme testovali pomoci Studentova t-testu

a jako signifikantni jsme oznacili hodnoty s P < 0,05.
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5. VYSLEDKY

Pozorované jevy jsme rozdélili do tfech hlavnich skupin. Prvni skupinu tvoii arytmie,
které vznikaly samovoln€¢, mimo jiné napf. nestabilitou preparatu, v prostredi in vitro.
Druhé skupina ptedstavuje jevy indukované cilenou zménou teploty. Tteti skupina shrnuje

pozorovani z experimentl elektrické stimulace embryonalnich srdci.

5.1 Samovolné vznikajici arytmie v prostiedi in vitro

Tento fenomén jsme pozorovali vyhradné v prostiedi in vitro, ve kterém byla srdce oddélena
od vaskularni sit¢ a pratoku krve, a tudiz byla odkazana pouze na latky obsazené v Tyrodovée
roztoku (O, glukoéza, ionty). Béhem normotermie dochazelo ke vzniku arytmii samovolné,
K samovolnému vzniku arytmii svou mérou mohl pfispét také stres pii mikrochirurgické
izolaci srdci a nasledna nedostatecné Setrnd manipulace.

V podminkéch in vitro pti standardni teploté 37 °C — normotermii jsme pozorovali polovi¢ni
cetnost vyskytu arytmii (47 arytmii, n =99 srdci) proti zvySené teploté 40 °C — hypertermii
(48 arytmii, n =54 srdci). Podminky hypotermie 34 °C celkové pfinesly cetnost vyskytu
arytmii vyrazn€ nejniz§i (12 arytmii, n=45 srdci). Celkovd cetnost vyskytu arytmii
je uvedena na Grafu 1. Podrobnéjsi komentat k t€émto fenoméntim je uveden v Diskuzi.

Nase experimenty v prostfedi in vitro pii standardni teploté¢ 37 °C ukézaly tadu riiznych
pozorovanych arytmii (Tab. 1). Celkem jsme pozorovali pti vSech teplotach 107 jednotlivych
arytmii, které se vyskytly u 99 srdci (hypotermie n =45 a hypertermie n = 54). Kazdé srdce
bylo podrobeno normotermii a skupina normotermie tedy ¢itala vSech 99 srdci. Celkem jsme
pii normotermii pozorovali 47 arytmii vzniklych samovolné diky nestabilit¢ preparati
v podminkach in vitro. Alesponn jednou arytmii bylo pfi normotermii postizeno 41% srdci.
V porovnani s normotermii jsme pii hypertermii pozorovali vyrazné vyssi vyskyt arytmii,
kde alespont jednu arytmii vykdzalo 72% srdci (n =54, Pearsontiv test — Chi kvadrat
P <0,001). U hypotermie piedstavoval pocet srdci postizenych alespoii jednou arytmii pouze
22% (n=45, Pearsoniiv test — Chi kvadrat P <0,05). Cetnost vyskytu srdci s alespoii
1 arytmii pfi jednotlivych teplotach je pro ilustraci vyobrazena na Grafu 2, originalni statistika
je zaloZena na poctech srdei nikoliv na procentech. Samovolné vzniklé arytmie jsme dale
rozdélili do dvou hlavnich skupin. Prvni z nich pfedstavuje samovolné vznikajici poruchy

tvorby vzruchu v prostiedi in vitro a druha skupina zahrnuje samovolné vznikajici poruchy

vvvvv
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Celkova Cetnost vyskytu arytmii u ED4 kufeciho embryonalniho srdce in vitro.

Cetnost vyskytu arytmii s rostouct teplotou vyrazné nariistala. V podminkdch in vitro pfi standardni
teploté 37 °C — normotermii jsme pozorovali polovicni Cetnost vyskytu arytmii (47 arytmii, n = 99
srdci) proti zvysené teploté 40 °C — hypertermii (48 arytmii, n = 54 srdci). Podminky hypotermie
34 °C celkové prinesly Cetnost vyskytu arytmii vyrazné nejnizsi (12 arytmii, n = 45 srdci).
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Cetnost vyskytu srdci s alespoi 1 arytmii u ED4 kufeciho embryonalniho srdce in vitro.
Alespon jednou arytmii bylo pri normotermii postizeno 41% srdci. PFi hypertermii jsme proti
normotermii pozorovali vyrazné vyssi vyskyt arytmii, kde alespon jednu arytmii vyvinulo 72% srdci
(n = 54, Pearsoniiv test — Chi kvadrat *P < 0,001). U hypotermie piedstavoval pocet srdci
postizenych alespori jednou arytmii pouze 22% (n = 45, Pearsoniiv test — Chi kvadrat #P < 0,05).
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5.11 Samovolné vznikajici poruchy tvorby vzruchu v prostredi in vitro

Samovolné poruchy tvorby vzruchu in vitro se tykaly 24% arytmii pozorovanych
pfi normotermii (n =47). Nejcastéj$i byly sinusové pauzy, které tvotily 15% arytmii
vzniklych pifi normotermii a zbylych 9% zaujimaly sifové extrasystoly. Jiné typy

samovolnych poruch tvorby vzruchu in vitro jsme nepozorovali.

5.12 Samovolné vznikajici poruchy Sireni elektrického impulsu v prostredi in vitro

Poruchy Sifeni vzruchu vznikajici samovolné v prosttedi in vitro tvorily 76% arytmii
pozorovanych pii normotermii (n=47) a predstavovaly tak naprostou vétSinu arytmii
vzniklych samovolné. NejfrekventovanéjSim typem arytmie za téchto podminek byl AV blok
tietiho stupné, ktery tvotil 32% arytmii pfi normotermii. Druhym nejcastéj$im typem poruchy
byl AV blok druhého stupné, jehoz cetnost dosahla 21%. Komoro-konotrunkalni blok
zaujimal 13% a dale jsme pozorovali dva nitrokomorové bloky a jeden blok sifiovy.
Pozorovali jsme také vyjimecny jev, kterym byla ektopickd aktivita z oblasti pfedélu komory
a vytokové ¢asti. K projevu tohoto fenoménu doslo za podminek kompletniho AV bloku,
kdy byla v komote a vytokové ¢asti odstinéna aktivita SA uzlu s frekvenci 142/min a doslo
tak k odkryti pomalejSiho pacemakeru s frekvenci 30/min. Z této oblasti dochédzelo k Sifeni
vzruchu jak smérem ke konci vytokové casti, tak v opané orientaci smérem do komory
(Obr. 9). Ektopickou aktivaci se nam podatilo odhalit pomoci vysokorychlostniho mapovani

kalcia, diky jeho vysoké citlivosti a rozliSovaci schopnosti.
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Obrazek 9
Ektopicka aktivita pozorovana u ED4 kureciho embryonalniho srdce in vitro.
Aktivita ektopického pacemakeru (30/min), ktera se SiFi progradné i retrogradne, byla odhalena
na predelu vytokové casti a komory (oznaceno hvézdickou) diky pritomnosti kompletniho AV bloku
na predélu AV kandalu a komory (frekvence SA uzlu 142/min). ED4 kureci srdce —vievo, zdznam
elektrické aktivity — uprostied, epikardialni aktivacni mapa — vpravo. Barevna isochrona — 8 ms.
A —sin, AVC — AV kanal, V — komora, OT — vytokova cast.
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Stejnou metodou jsme narazili také na dalSi vzacnou arytmii vzniklou samovolné
pfi normotermii v podminkéch in vitro, kterou bylo AV reentry. Pomoci aktiva¢nich map
jsme pozorovali, jak dochazi k Sifeni vzruchu z AV kandlu do komory a déle se §ifil vzruch
z komory do vytokové casti, ale také se vracel zpétné¢ pres AV kandl az do siné,
ktera se aktivovala retrogradné (Obr. 10). Diky tomu byla utlumena aktivita dal§iho vzruchu
ze sinoatridlniho uzlu, coz mélo za nasledek komorovou bradykardii (50/min) AV reentry

jsme pozorovali béhem experimentd celkem tfikrat (dvakrat pii hypotermii).
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Obrazek 10

Atrioventrikularni reentry pozorované u ED4 kureciho embryonalniho srdce in vitro.
Detailni zdznam elektrické aktivace epikardu ED4 kuieciho embryondlniho srdce in vitro.
Po aktivaci komory dochdzi, kromé Sifeni vzruchu ve standardnim smeru, také k Sireni vzruchu

ve sméru opacném. Po standardni aktivaci siné se tedy vzruch opét vraci a aktivuje sin reverzibilné.

A —sin, AVC — AV kanal, V — komora, OT — vytokova cast.
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5.2 Zmény ve funkci embryonalniho srdce indukované zménami teploty

5.21 Vliv teploty na sinusovou frekvenci a intracelularni dynamiku kalcia

Pomoci optického mapovani jsme zjistili, ze akutni zmény teploty maji na elektrickou aktivitu
embryonalniho srdce zasadni vliv. Nejvyraznéji byla ovlivnéna sinusova frekvence, kterou
udava pacemaker (budouci SA uzel) a ktera urCuje srdecni frekvenci. Testovali jsme tfi
zvolené teploty — 34 °C (hypotermii), 37 °C (normotermii — kontrolni teplota) a 40 °C
(hypertermii). Za téchto teplotnich podminek jsme pozorovali téméf linearni zavislost
sinusové frekvence na teploté. Sinusova frekvence se v porovnani s normotermii zmeénila
ptiblizn¢ o 20% v podminkach hypotermie (Graf 3a, P <0,001) a stejnou zménu v sinusové
frekvenci jsme pozorovali také u hypertermie (P <0,001), jak je zndzornéno na Grafu 3c.
Dale jsme se zamé¢fili na zmény amplitudy kalciovych transientii. Narist sinusové frekvence
béhem hypertermie m¢l za nasledek vyznamny pokles amplitudy kalciovych transientt u sini i
komor (viz Graf. 3d). Proti tomu béhem hypotermie pii zpomaleni frekvence k vyznamnym

zméndm amplitudy kalciovych transientli nedoslo (viz Graf 3b).
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Vliv akutnich zmén teploty na sinusovou frekvenci a amplitudu kalciovych transientii
u ED4 kureciho embryonalniho srdce in vitro.

(a) Snizeni teploty ze 37 °C na 34 °C vedlo v podminkdch in vitro k poklesu sinusové frekvence
0 22% (n=45). (b) Behem hypotermie nedoslo kvyznamnym zménam v amplitudé kalciovych
transientii (n = 45). (c) Zvyseni teploty ze 37 °C na 40 °C vedlo v podminkach in vitro k naristu
sinusové frekvence o 20% (n = 54). (d) Hypertermie vedla kvyznamnému poklesu amplitudy
kalciovych transientii v sinich 0 35% a v komorach o 38% (n = 54, * P<0,001).
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5.22 Poruchy srde¢niho rytmu pozorované in vitro

5.221 Poruchy tvorby vzruchu — primy vliv teploty na funkci pacemakeru

Nepravidelnosti pfi tvorbé elektrickych impulzii pacemakerem piedstavovaly 28% vsech
pozorovanych arytmii in vitro (n=107). Nejcastéji se vyskytovaly sifiové extrasystoly a
sinusové pauzy, které dohromady ¢inily 23% vsech arytmii pozorovanych in vitro (Tab. 1).
Sinové extrasystoly a sinusové pauzy se vyskytovaly proti normotermii dvakrat ¢astéji béhem
hypertermie, zatimco pii hypotermii k jejich vzniku nedochazelo téméf viibec. Totalni srdecni

zastavu jsme pozorovali ve tfech pfipadech z celkovych 99 pozorovanych srdci.

Tabulka 1
Prehled pozorovanych arytmii.

Arytmie pozorované u ED4 kurecich embryondalnich srdci in vitro. Kompletni spektrum vyskytu arytmii

pozorovanych pri hypotermii, normotermii a hypertermii (n = 107).

Druh arytmie Vyskyt (%)
Totalni srde¢ni zastava 3
Sinové extrasystoly 10
Sinusové pauzy 13
Junk¢ni rytmus a ektopie 3
Sinovy blok 3
AV blok druhého stupné 21
AV blok ttetiho stupné 35
Nitrokomorovy blok 2
Komoro-konotrunkalni blok 7
AV reentry 3
Celkem 100

Upraveno dle Vostarek et al. 2016
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Jeden ze vzacngjSich fenomént jsme pozorovali pouze u dvou ptipadi. Byl jim junkéni
rytmus, ktery vychdzel z AV kandlu a dosahoval zna¢né vysokych frekvenci (160 a 180/min),
viz Obr. 11.

Obrazek 11

Junkéni rytmus vychazejici z oblasti AV kanalu pozorovany u ED4 kureciho
embryonalniho srdce in vitro v kompletnim AV bloku.

Detailni zaznam elektrické aktivace epikardu ED4 kuieciho embryonadlniho srdce in vitro,
ktera vychazi z mista aktivace (oznaceno hvezdickou a Sipkou) progradné i retrogradné. Srdce je

v kompletnim AV bloku — komora ani vytokova cast aktivovany nejsou. Barevna isochrona — 8 ms.

A —sin, AVC — AV kanal, V — komora, OT — vytokova cast.

5.222 Poruchy Siieni elektrického impulzu in vitro

Tento fenomén jsme pozorovali jako vyrazné dominantni pfi hypertermii. Béhem
v podminkach in vitro. Béhem hypotermie se tento typ poruch vyskytoval ojedinéle
a pozorovali jsme pouze né€kolik blokdd vedeni impulzu. Celkové piedstavovaly poruchy
Siteni elektrického impulzu 72% vSech pozorovanych arytmii (n = 107). Ve tfech ptipadech
doslo k poruse vedeni vzruchu jiz v sinich (siflovy blok), pouze ve dvou piipadech byla
blokada vedeni impulzu pozorovana uprostied komor (nitrokomorovy blok) a u 7% ptipad
(n=107) doslo k zastaveni §ifeni vzruchu na pfedélu komory a vytokové ¢asti srdce (komoro-
konotrunkalni blok). Nase pozornost byla v§ak zamétfena zejména na Sifeni vzruchu v oblasti
AV kanalu. Blokady vedeni vzruchu v této oblasti (AV blok druhého a tfetiho stupné)

predstavovaly 56% ze vsSech pozorovanych arytmii. Nejcastéjs§i pozorovanou arytmii byl
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AV blok tietiho stupné (Graf 4), ktery se vyskytnul pouze v jednom ptipad¢ pii hypotermii
(n =45 srdci, Pearsontiv test — Chi kvadrait P <0,05). Béhem stabilizace preparati
pfi normotermii doslo ke vzniku AV bloku tfetiho stupné v 15% pfipadt (n =99 srdci)
a pfi hypertermii se vyvinul AV blok tfetiho stupné ve 39% ptipadi (n = 54 srdci, Pearsontv
test — Chi kvadrat P <0,001). AV blok tfetiho stupn¢ v celkovém poctu arytmii (n= 107)
predstavoval uctyhodnych 35%. Druhou nejcastéjsi arytmii byl AV blok druhého stupné,
ktery vzniknul v 21% ptipadd (n=107). Béhem hypotermie jsme pozorovali AV blok
druhého stupné v 11% ptipadi (n = 45), pfi normotermii tvoiil 10% piipadd (n = 99) a béhem
hypertermie jeho vyskyt dosahnul 14% ptipadd (n = 54). Nejcastéjsi variantou byl pfechodny
AV blok druhého stupné, ktery tvoril 65% vSech pozorovanych AV blokti druhého stupné,
Wenckebachtiv typ predstavoval 30% AV bloka druhého stupné a blok typu Mobitz II jsme
pozorovali pouze v jednom piipadé€. Ojedinéle jsme pozorovali také méné bézny druh arytmie
jako AV reentry, ktery se vyskytnul pouze ve tfech ptipadech ze vSech pozorovanych arytmii
(n=107), ve dvou ptipadech pfi hypotermii a jednou samovolné pfi normotermii (viz kap.

5.12).
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Graf 4

Cetnost vyskytu AV bloku ti‘etiho stupné u ED4 kuieciho embryonalniho srdce in vitro.
AV blok tretiho stupné byl nejcastéjsi pozorovanou arytmii. Vyskytnul se pouze v jednom pripadé
pri hypotermii (n = 45 srdci, Pearsoniiv test — Chi kvadrat #P < 0,05). Béhem stabilizace preparatii
pri normotermii doslo k jeho vzniku v 15% pripadii (n = 99 srdci) a pri hypertermii se vyvinul ve 39%

pripadii (n = 54 srdci, Pearsoniiv test — Chi kvadrat *P < 0,001).
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5.2221 Lokalizace AV bloku tietiho stupné — optické aktiva¢ni mapy

Optické mapovani kalcia ndm diky svym moznostem dovolilo detailné¢ pozorovat mista
lokalizace AV bloku tfetiho stupné. Diky tomu se nam podafilo nové popsat a klasifikovat
nékolik raznych typa AV blokua tretitho stupné podle mista, kde koncilo vedeni vzruchu
v oblasti AV kanalu. Aktivacni mapy jsme vytvofili pomoci programu BV Ana Analysis.
Porovnani standardniho vedeni vzruchu pifi normotermii s riznymi typy AV bloki tietiho

stupné je znazornéno na Obr. 12.

100 pm

Vostarek et al. 2016
Obrazek 12
Porovnani lokalizace riznych druhi AV bloku tietiho stupné u ED4 kuieciho

embryonalniho srdce in vitro.

(a) ED4 kureci srdce. (b) Standardni elektricka aktivace epikardu. (c) Proximadlni AV blok tretiho
stupné. (d) Stredni AV blok tretiho stupne. (e) Distalni AV blok tretiho stupné. (f) Distalni AV blok
tretiho stupné s preferencnim vedenim vzruchu podél vnéjsiho zakviveni AV kandlu. Jednotlivé barvy
odpovidaji casovym intervalum 32 ms u obr. (b) a 16ms u (c—f). A—sin, AVC— AV kandl,

V — komora, OT — vytokova cast.

Pozorovali jsme, Ze vedeni vzruchu se v AV kanalu zastavovalo dvéma rliznymi zptisoby.
Vedeni vzruchu se u prvniho zpisobu zastavovalo uniformné a viceméné kolmo na prab¢h
trubice AV kandlu (Obr. 12¢ — e). Prvni zptsob byl dominantni a pozorovali jsme ho pii 59%
pfipadit AV bloku tietiho stupné. Zbyvajicich 41% piedstavoval druhy zplsob zastaveni
vzruchu, u kterého ustavalo Sifeni impulzu podél vnitiniho zakiiveni AV kandlu a piedélu

AV kanalu a komory (Obr. 12f).
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Celkoveé nejkritictéjsi oblast pro pievod impulzu v AV kandlu byla jeho distalni ¢ast,
kde dochazi k napojeni AV kandlu na komoru. V distalni oblasti AV kanalu jsme pozorovali
53% vyskyt blokady Sifeni vzruchu ze vSech pozorovanych AV bloki tfetiho stupné. Druhou
nejcastéj$i oblasti blokady byla proximalni ¢ast AV kanalu, kde se vyskytnulo 37% AV blokl
tretitho stupné. Nejméné castou oblasti vyskytu blokddy byla stfedni ¢ast AV kandlu,
kde vzniklo pouhych 10% AV blokt tietiho stupné.

Vyjimecnym fenoménem, ktery jsme pozorovali v 6 ptipadech pii hypotermii (snizeni teploty
ze 37 °C na 34 °C) a dvakrat pii normotermii (zvySeni teploty ze 34 °C na 37 °C), bylo
obnoveni normalniho vedeni vzruchu po piedchozi blokdd¢ anebo arytmii nebo alespon
tzv. zvyseni efektivity pfevodu (tj. snizeni stupné blokady). Béhem snizeni teploty ze 37 °C
na 34 °C doslo v 6 ptipadech k uplné obnové vedeni po predchozi AV blokad¢é. Obnoveni
vedeni vzruchu po piedchozi AV blokadeé tretiho stupné je znazornéno na Obr. 13. Pfi zvySeni
teploty ze 34 °C na 37 °C v jednom ptipad¢ zmizely pivodni sinusové pauzy a v jednom

pripad¢ totalni srde¢ni zastava po zvySeni teploty presla do AV bloku ttetiho stupné.

Obrazek 13

Obnoveni vedeni vzruchu pri sniZeni teploty po piedchozim AV bloku tietiho stupné
u ED4 kureciho embryonalniho srdce in vitro.

(a) ED4 kureci srdce. (b) Proximalni AV blok tretiho stupné. (c) Postupna obnova vedeni vzruchu
skrze AV kandl. (d) Obnova vedeni vzruchu az do vytokové casti srdce. Jednotlivé barvy odpovidaji

Casovym intervaliim 16 ms (b —d). A — sin, AVC — AV kanal, V — komora, OT — vytokova Cast.
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5.23 Vliv teploty na srdec¢ni funkci in ovo

Rozhodli jsme se porovnat nase pozorovani v podminkach in vitro s experimenty in ovo,
kde je embryonalni srdce ve svém pfirozeném prostiedi a je napojeno na vaskularni systém.
Zkoumali jsme vliv zmén teploty na funkci srdce in ovo pomoci videomikroskopie celkem
u 19 embryi. Experimentalni teploty jsme zvolili shodné s naSim postupem pii pokusech
in vitro. Nase pozorovani in ovo ohledné¢ pfimého vlivu na funkci SA uzlu nam pfinesla
podobné zavéry jako experimenty in vitro (viz Graf5). V podminkach in ovo doslo
pfi zvySeni teploty z hypotermie 34 °C na normotermii 37 °C k ndrastu srdecni frekvence
ze 120 = 11/min na 160 = 21/min a po zvyseni teploty z normotermie na hypertermii 40 °C
narostla srde¢ni frekvence na 197 = 27/min (P <0,001). Doslo opét k téméer linearnimu
(R* = 0,999) naristu srde¢ni frekvence v zavislosti na teploté podobné jako pfi experimentech

in vitro. NaSe pozorovani in ovo jsou v tomto ohledu v dobré shod¢ s pozorovanimi in vitro.
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Graf 5

Vliv akutnich zmén teploty na srde¢ni frekvenci u ED4 kureciho embryonalniho srdce in ovo.
Zvyseni teploty ze 34 °C na 37 °C vedlo vpodminkich in ovo kndristu srdecni frekvence
ze 120 + 11/min na 160 = 21/min a po zvyseni teploty ze 37 °C na 40 °C se zvySila srdecni frekvence
na 197 + 27/min (n = 19 srdci, *P < 0,001).

V prosttedi in ovo jsme také pozorovali poruchy srde¢niho rytmu, které vznikaly zfidka

apouze pii hypertermii. NejCastéj$i z nich byly sinusové pauzy. Pozorovali jsme jeden

AV blok druhého stupné (Obr. 14) a ke vzniku AV bloku tfetiho stupné nedoslo viibec.
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Obrazek 14

Videomikroskopicky zaznam piechodného AV bloku druhého stupné u ED4 kuieciho
embryonalniho srdce in ovo.

Zaznam rytmu ze siné a komory poukazuje na prechodny AV blok druhého stupné typu Mobitz [
tzv. Wenckebachiiv fenomén. V podminkdch in ovo toto byla jedina pozorovana vyznamnéjsi arytmie.

A —sin, V—komora, OT — vytokova cast, ES — extrasystola.

5.3 Elektricka stimulace embryonalnich srdci

Na zaklad€ na$i hypotézy jsme piedpokladali, ze jednou z hlavnich pfi¢in vzniku AV blokt
tietiho stupné by mohla byt relativni tkafiova hypoxie, ktera zdsadné ovliviiuje vedeni vzruchu
skrze AV kandl (Tran et al., 1996, Sedmera et al., 2002). Abychom provéfili nasi hypotézu,
navrhli jsme experimenty, které pomoci elektrické stimulace testovaly schopnost AV kanalu
pievadét vysoké srdecni frekvence ze sini na komory. Méfeni na skuping srdci (n = 10 srdci)
pfi normotermii a pravidelném spontannim rytmu bez bradykardie ani tachykardie ukézala,
ze nejdelsi dobu trvani akéniho potencidlu (APDgg) mél ze vSech srdecnich segmenti
AV kanal (viz Graf 6). Nejdelsi doba trvani akéniho potencidlu béhem spontanniho rytmu
(v naSem piipadé€ 330 ms) stavi AV kanal do role srde¢niho segmentu, ktery zasadné limituje
pfevod vysokych frekvenci ze sini na komory. Pozorovand hodnota APDgy u komor

(282 ms, P < 0,001) byla vys§i nez u sini (223 ms, P < 0,001).
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Graf 6

Doby trvani akéniho potencidlu béhem prirozeného pravidelného rytmu pri
normotermii u ED4 kufeciho embryonalniho srdce in vitro.

Nejdelsi doba trvani akcniho potencidlu behem spontanniho pravidelného rytmu (v nasem pripade
330 ms) stavi AV kandal do role srdecniho segmentu, ktery zasadné limituje prevod vysokych frekvenci
ze sini na komory. Pozorovand hodnota APDgyu komor byla 282 ms a u sini 223 ms (n = 10 srdci,

*P<0,001). A — sin, AVC — AV kandal, V — komora.

Elektricka stimulace in ovo ukazala, ze AV kanal byl schopen u vSech testovanych srdci
(n=7) ptevadét frekvence az do tempa 300/min (AV pievod 1:1). V jednom piipadé dokonce
AV kandl dovedl ptevadét frekvenci 360/min (Obr. 15a, b). Béhem stimulace sini dosahla
maximalni frekvence komor dosazitelna stimulaci 360/min. Jinak feceno, pokud stimulace
pfesahla frekvenci vyssi nez 300/min, dochazelo ve vétSiné piipadi ke vzniku AV blokl
druhého stupné. Srdce byla schopna bit pfi takto vysokych frekvencich bez vzniku AV bloku
druhého stupné pouze nékolik vtetin. B€hem stimulace komor dosédhla maximalni frekvence
dosazitelna stimulaci 600/min (Obr. 15¢). Tyto vysledky podporuji nasi hypotézu, ze hypoxie
by mohla byt jednou z pfi¢in vzniku AV blokli. NeSlo tedy s nejvysSi pravdépodobnosti
o neschopnost AV kanalu pievadét vysoké sinusove frekvence pii tachykardiich.

Experimenty s elektrickou stimulaci jsme provedli také na izolovanych embryonélnich
srdcich v prostfedi in vitro (n=23), scilem urcit pfevodni limity jednotlivych segmentl
u srdce bez napojeni na vaskularni systém a bez pritoku krve. Pro AV kanal byl zjistén
pfevodni limit 261/min (Obr. 15d). U stejného srdce dosahla maximalni frekvence dosaZitelna
stimulaci pro siné¢ 353/min, ale pfi takto vysoké frekvenci jiz byl vyvinut
AV blok druhého stupné (Obr. 15¢). Dalsi dvé nejvyssi uspesné pievadéné (AV pievod 1:1)
stimulaéni frekvence byly 232/min a 200/min. Pro komory dosahla maximalni frekvence

dosazitelna stimulaci 476/min (Obr. 15f).
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Obrazek 15

Stanoveni maximalnich pFevoditelnych frekvenci u ED4 kufecich embryonalnich srdci
dosaZenych pomoci elektrické stimulace v prostiredi in ovo a in vitro.

Leva polovina obrazku zobrazuje zdznamy maximalnich prevoditelnych frekvenci dosazenych
pri elektricke stimulaci in ovo zachycené pomoci videomikroskopie (n = 7). Maximalni prevoditelna
frekvence AV kandlu dosazena pomoci elektrické stimulace siné in ovo byla 360/min. Sin byla
stimulovana postupné klesajici frekvenci od 400/min az do 120/min. (a) Pohybovy signdl ze siné.
(b) Zaznam pohybu rozhrani komory. (c) Maximalni prevoditelna frekvence komory dosazend pomoct
elektrické stimulace komory in ovo byla 600/min. Komora byla stimulovana postupné nariistajici
frekvenci od 200/min az do 600/min. Prava polovina obrdazku zobrazuje zdznamy maximdlnich
prevoditelnych frekvenci dosazenych pri elektrické stimulaci in vitro zachycené pri mapovani zmeén
membranového napéti (n = 23). (d) Maximalni prevoditelna frekvence AV kandlu dosazena pomoci
elektricke stimulace siné in vitro byla 261/min. Sin byla stimulovana postupné az do frekvence
300/min. (e) Maximalni prevoditelna frekvence siné dosazena pomoci elektrické stimulace siné in vitro
byla 353/min, pri takto vysoké frekvenci ovSem doslo ke vzniku AV bloku druhého stupné (2:1).
Sin byla stimulovana postupné az do frekvence 400/min. (f) Maximdalni prevoditelna frekvence komory
dosazena pomoci elektrické stimulace komory in ovo byla 476/min. Komora byla stimulovina
postupné narustajici frekvenci az do 600/min. A —sin, AVC — AV kandl, V — komora, OT — vytokova

cast.
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6. DISKUZE

6.1 Studium arytmii embryonalniho srdce

Pro jasnéjSi opodstatnéni nasi metodiky nejdiive ve strucnosti uvedu nékolik SirSich
souvislosti. Embryonalni srdce, diky své malé velikosti, poskytuje zejména béhem ¢asnych
stadii pii optickém mapovani nepfili§ silny signal. U nékterych oblasti srdce bylo tedy jejich
podrobnéjsi zkouméni diky slabému signalu limitovdno. Pokroky ve vysokorychlostnim
mapovani intracelularni dynamiky kalcia, které provedl na mysich embryonélnich srdcich
Valderrabano a kolektiv (Valderrabano et al., 2006), s sebou vSak proti mapovani zmén
membranového napéti pfinesly vyssi citlivost snimani. Timto se oteviel novy prostor
pro pozorovani oblasti, které poskytuji velmi slaby signal. Jednou =z téchto oblasti
v embryondlnim srdci je AV kandl, ktery hraje zdsadni roli pfi pievodu elektrickych impulza
ze sini na komory. Diky technickému pokroku bylo tak umoznéno pozorovat vznik arytmii
souvisejicich s touto klicovou oblasti.

Velmi vyznamnou roli pfi mapovani intracelularni dynamiky kalcia hraji vysoce
specializovand barviva. Obecné maji barviva uréena pro detekci kalcia ve své zdkladni
podobé charakter polarni slouceniny. Tato vlastnost ovS§em zamezuje vstupu barviva do bun¢k
ptes nepolarni fosfolipidovou membranu. Specializovana barviva urcend pro detekci kalcia
uvniti bun¢k vSak dokaZou tento problém obejit. Ve své piivodni podobé maji nepolarni
charakter esteru a po vstupu do buniky jsou posléze hydrolyticky $tépeny do své aktivni
formy, které je polarni. Tento proces je zajiStén zvySenim teploty inkubace izolovanych srdci
s barvivem, kdy dochézi mimo jiné i k aktivaci hydrolytickych enzymu Stépicich esterovou
vazbu — esteraz. U barviva, které béhem ptedchozi inkubace prostoupilo do myocytl ve své
nepolarni podobég, jsou pii 37 °C esterdzami St€peny esterové vazby na chranénych
karboxylovych skupinéach, ¢imZ se zvySuje jeho polarita a ztraci tak schopnost opét prostoupit
cytoplasmatickou membranou ven z bunék. Touto reakci je tedy zaruceno, ze barvivo
po Stépeni ziistane v cytoplasmé, kde bude detekovat zmény v koncentraci vépenatych
kationtli zménou intenzity své fluorescence. Pro nas ucel jsme jako indikator elektrické
aktivity embryonalniho srdce zvolili barvivo Rhodamin?2 konkrétné Rhod-2 AM.
Z chemického hlediska je tato varianta barviva ve form¢ acetoxymetyl esteru (AM). Excitace
tohoto indikatoru probihd pomoci zelené¢ho svétla v rozmezi 510 — 560 nm, kterd vyvolava
fluorescenci s emisi Cerveného svétla. Nartist fluorescence indikatoru je pifimo uUmérny
narUstajici koncentraci vépenatych kationtl. Ziskany signal je pozitivni, coz je vyhoda
kalciovych indikatord proti indikatorim membranového napéti, které na depolarizaci reaguji
poklesem fluorescence. Dal$i vyhodou mapovani kalcia proti mapovani membranového
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napéti je vyssi pomér odstupu signalu od Sumu, coz je vyhodné obzvlasté v oblastech s nizkou
amplitudou signalu, jakymi jsou napi. AV kandl nebo vytokova ¢ést srdce (Reckova et al.,
2003). Na druhou stranu urcitou nevyhodou mapovani pomoci kalciovych indikatori muze
byt fakt, ze ziskany signal odpovidd pouze prubéhu kalciovych proudi a ne celkovému
prubéhu akéniho potencidlu se vSemi iontovymi proudy. V naSem piipadé jsme volili
mapovani kalcia, protoze jednim z cilii prace bylo pozorovat zmény v amplitudé kalciovych
transientli v zavislosti na teploté. Teplotni rozsah (34 —40 °C) byl zvolen cilené kvuli
zachovani fyziologickych podminek pro funkci embryonalniho srdce a byl v souladu
s dlouhodobymi podminkami pro pieziti vyvijejiciho se embrya. Zaroven vSak byl tento
teplotni rozsah zvolen tak, aby bylo mozné pozorovat co nejvétsi zmény v srdecni funkei.
Mapovani kalcia jsme volili také diky tomu, ze béhem casného embryonalniho vyvoje hraji
kalciové proudy v celé elektrofyziologii srdce majoritni a klicovou roli (Bers, 1991).

Kvili zachovéani dostatecné kvality signdlu jsme byli nuceni pouzit disociator excitace
a kontrakce — blebbistatin. Bez pouziti blebbistatinu by zaznam elektrické aktivity srdce
obsahoval vysoké mnozstvi pohybovych artefaktd, které by vyrazné navysily Sum a snizily
kvalitu dat. Blebbistatin, jenz je selektivnim inhibitorem myosinu I, se pouziva jako
disociator, ktery zpusobuje odptazeni kontrakce myokardu od jeho elektrické aktivity,
ktera vSak zlistdva zachovana. Mechanismus U¢inku blebbistatinu spo€iva v jeho navazani
na aktivni misto globularniho segmentu téZkého fetézce myosinu II v komplexu s ADP
a fosfitem, coz vyrazn€ sniZzuje afinitu nevazaného komplexu myosinu k aktinu,
zaroven vsak udajné nedochazi k ovlivnéni elektrofyziologie srde¢ni tkan€é (Limouze et al.,
2004, Kovacs et al.,, 2004, Fedorov et al., 2007, Jou et al., 2010). Dalsi vyzkumy vSak
naznacuji, Ze blebbistatin elektrofyziologii srdce ovliviluje a to zejména prodlouZenim
doby trvani akéniho potencidlu a jeho fotoxicitou (Kolega, 2004, Brack et al., 2013).
Blebbistatin je vSak v porovnani s ostatnimi disocidtory excitace a kontrakce pro optické
mapovani kufecich embryonalnich srdci stdle nejvhodné€js$i volbou. Kvili nutnosti pouziti
disociatoru z divodu omezeni pohybovych artefaktii jsme proto blebbistatin, i s védomim
jeho mozného dopadu na elektrofyziologii, pouzili.

Na&s§ experimentdlni set-up (Vostarek et al., 2014), kterym zobrazujeme -elektrickou
aktivitu normdlnich a stresovanych embryondlnich srdci, vyznamné ptispiva k dal§imu
technologickému pokroku. Diky jeho vyhodam mutzeme na izolovanych embryondlnich
srdcich detailn€ lokalizovat a popsat poruchy Sifeni vzruchu anebo ektopickou aktivitu
(Hoogaars et al., 2007, Leaf et al., 2008, Ammirabile et al., 2012, Benes et al., 2014, Sedmera
etal., 2015, Vostarek et al., 2014, Vostarek et al., 2016).
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Oblast ektopické aktivity, kterou jsme lokalizovali u ED4 kuteciho srdce in vitro se nachazela
na predélu komory a vytokové &asti. Analogicky jev také pozorovala kolegyné Dr. Saiikova
pomoci optického mapovani membranového napéti jako vedlejsi produkt experimenti béhem
studie Dr. J. Benese Jr. u ED11,5 — ED12,5 mysich srdci kultivovanych po dobu 24 h in vitro
(Benes et al., 2014, Vostarek et al., 2014). Z Obr. 16 je patrné, ze v misté ektopické aktivity
je zvysSenda exprese HCN4 kanall, které jsou zodpovédné za pacemakerovou aktivitu.
Vytokova cast je vtéto fazi vyvoje tvorfena primarnim myokardem, ktery se vyznacuje
pomalym vedenim vzruchu a vysokou automaticitou, coz zvySenou expresi HCN4

opodstatiiuje (Moorman et al., 1998, Liang et al., 2013).

ED11.5 + 24h in vitro

Upraveno dle Vostarek et al. 2014

Obrazek 16 (vysledek B. Saiikové)
Ektopicka aktivita u ED11,5 — ED12,5 mysiho embryonalniho srdce po 24 h kultivace in vitro.
Ektopicka aktivita byla u mysich srdci pozorovana ve stejné oblasti jako u ED4 kureciho srdce
in vitro. Vlevo nahore — EDI11,5 Cerstvé mysi srdce a epikardidalni aktivacni mapa, isochrona — I ms.
Vpravo nahove — epikardialni aktivacni mapy EDII1,5 mysich srdci po 24 h kultivace in vitro,
isochrona — 2 ms Dole — imunohistochemické barveni transverzalniho histologického rezu oblasti
vytokové casti vykazuje zvySenou expresi HCN4 kanalii — Cervené (oznaceno Sipkami), zodpovédnou
za pacemakerovou aktivitu. Vysokd exprese HCN4 je pro srovnani v SA uzlu (SAN). Ao — aorta,
eso — esofagus, RA — prava sin, LA — leva sin, Pu— plicnice, RV — prava komora, LV — leva komora,

OT — vytokova cast, SAN — sinoatridlni uzel, LSH — levy roh sinus venosus.
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V podminkéach hypotermie, normotermie a hypertermie jsme u embryonalnich kufecich srdci
meéfili PQ interval, ale vtomto parametru jsme nezaznamenali vibec zaddné zmeény.
Také PR interval nebyl teplotou nebo srde¢ni frekvenci vyznamné ovlivnén, podobné
jak pozoroval Sarre a kolektiv (Sarre et al., 2006). Nicmén¢, v dal$i navazujici studii tato
skupina pozorovala mirnou tendenci k prodlouzeni PR intervalu, kterou podlozila
pozorovanim bradykardickych efektli ivabradinu (Sarre et al., 2010). Tento fenomén
pravdépodobné odrazi limity iontovych pump a pienasecl pro piecerpavani iontd pii obnove
membranového potencidlu béhem vysokych sinusovych frekvencich u preinervacnich stadii
kardiogeneze. Na druhou stranu bylo také popsano, Ze mechanicky PQ interval u lidského
plodu koreloval negativné se srde¢ni frekvenci. Je vSak nutno vzit v uvahu, ze méfeni
probihala v podminkéach in vivo a jednalo se o vyvinutéjsi fetdlni srdce s plné vyvinutou

autonomni inervaci (Tomek et al., 2011).

6.2 Akutni vliv teploty na srdeéni frekvenci a dynamiku kalciovych transienti

Vysledky méteni dynamiky kalciovych transientdi ukazaly, ze srdecni frekvence je v rozmezi
mezi 34 °C a 40 °C linearné zavisla na teploté. Toto pozorovani se dobfe shoduje s vysledky
predchozi studie, ve které byl pouzit rampovy protokol (Sarre et al., 2006). Zmény v srdecni
frekvenci, které jsme pozorovali u preinervacniho srdce, byly zapfi¢inény piimym plsobenim
teploty na funkci pacemakeru skrze zmény v jeho kinetice. Pii experimentech s hypotermii
jsme zkouseli teplotu ménit obéma sméry. Prvni zpisob bylo ochlazeni ze 37 °C na 34 °C
a druhy zplsob bylo ohiati ze 34 °C na 37 °C. Mezi témito dvéma zplsoby jsme ve
vysledném efektu nepozorovali zddny rozdil ve vlivu na funkci embryondlniho pacemakeru.

DalSim faktorem, jehoZ zménu jsme ocekéavali, byla amplituda kalciovych transientt.
Bé&hem hypertermie skutecné doslo k vyznamnému poklesu amplitudy kalciovych transientt,
jak v sinich, tak 1 komorach. Predpokladame, Ze tento jev byl zaptic¢inén zvySenou srdecni
frekvenci a tim také krat$i dobou pro ustanoveni kalciového transientu skrze kalciové kanaly,
pumpy a pienasece. Domnivame se, ze snizeni amplitudy kalciovych transientll miize mit
za nasledek snizeni kontraktility, cozZ miiZze po Case vyustit aZ ve sniZeni efektivity pumpovani
krve. Tyto negativni efekty na srdecni vydej mohou byt kompenzovany zvySenou srdecni
frekvenci, zasadni roli zde ovSem hraji limitace energetického metabolismu. Proti tomu
béhem hypotermie jsme Zzaddné vyznamné zmény v amplitudé kalciovych transientt
nezaznamenali. To pravdépodobné odpovidd adaptaci kufecich embryi na obcasnou

pfirozenou hypotermii ve vejci. Snizend aktivita kalciovych kandldi, pump a pfenasect
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je vykompenzovana delSim intervalem pro preCerpani iontii. Srdecni vydej je tak zachovan

diky Frank-Starlingové kompenzaci zvySenim systolického objemu (Benson et al., 1989).

6.3 Teplota a srdecni vydej

Experimenty provedené v prostiedi in ovo, kde srdce ziistalo napojeno na vaskularni systém
a ob¢h krve, vykazaly stejnou linearni zavislost srde¢ni frekvence na teploté jako experimenty
in vitro. Ctyidenni kufeci embryonalni srdce je§té nejsou inervovana, ale B-adrenergni
receptory v tomto stadiu jiz exprimovany jsou. Bylo popsano, ze ED4 kuieci srdce reaguje
na stimulaci adrenalinem vyznamnym zvySenim srdecni frekvence (az o 60%). Vystaveni
raznym -blokdtorim ma u ED4 kufecich srdci za nasledek vyznamny pokles srdecni
frekvence (Kockova et al., 2013). Srde¢ni funkce u ektotermnich zvifat, jakymi jsou napf.
vyvinutou autonomni inervaci. Jejich hlavni regula¢ni mechanismy jsou velmi podobné jako
u kufeciho embryonalniho srdce. To se vyviji pfi viceméné konstantni teploté, kterou udrzuje
kvocna sedici na vejcich. Embryo samo o sobé& jesté neni schopno produkovat vlastni télesné
teplo a je tedy velmi dobfe adaptovano na kratka obdobi hypotermie, kdy kvocna vejce
docasné opusti. Zasadnim limitujicim faktorem je oxidativni fosforylace v mitochondriich

a zejména dostateCna syntéza ATP, ktera je zavisla na teploté (Power et al., 2014).

6.4 Mechanismy poruch Sifeni vzruchu indukované zménami teploty

Se zvySenim teploty jde ruku v ruce také zvySeni metabolickych naroka a dostatecny pfisun
kysliku do srdeéni tkané¢ se miZe stat hlavnim limitujicim faktorem jeji funkce.
Tento fenomén hraje zasadni roli zejména v prostiedi in vitro, kde ztlustéla oblast AV kanalu,
ktera je normalné vyzivovana a okyslicovana z lumen, pravdépodobné v téchto podminkach
neni oxygenovana dostatecné. Diky tomu jsme zaméfili nasi pozornost zejména na tento
srdecni segment, ktery hral klicovou roli u téméf 60% vSech pozorovanych arytmii
(n=107, Tab. 1). U téchto arytmii dochazelo k blokddam vedeni vzruchu v AV kanélu
a jednalo se o AV bloky druhého a tfetiho stupné. Pomoci podrobné analyzy se nam podaftilo
detailn¢ popsat rizné druhy AV bloki tietiho stupné (Obr. 12). AV blok tietiho stupné jsme
pozorovali pouze jednou béhem hypotermie (n=45), pfi normotermii se vyskytnul
u 15% srdci (n=99) a béhem hypertermie doslo kjeho vzniku u 39% srdci (n=54).
Tato pozorovani v prosttedi in vitro naznacuji, Ze zvySeni vzniku kompletniho AV bloku
(Graf4) a celkové zvySeni cetnosti vzniku arytmii (Graf2) pravdépodobné souvisi

se zvySenim teploty anebo jinym faktorem souvisejicim s hypertermii. Svou roli, spolecné
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se zvySenymi metabolickymi naroky srdci, bude s nejvyssi pravdépodobnosti hrat pii zvySené
teplot¢ také snizena koncentrace kysliku v organové lazni diky sniZeni jeho fyzikalni
rozpustnosti. V prostfedi in ovo arytmie totiz obecné vznikaly pouze ojedinéle. VSechny
pozorované arytmie v prostiedi in ovo ovSem vznikaly vyhradné az pii hypertermii,
pii které jsme pozorovali i jeden piechodny AV blok druhého stupné (Obr. 14). Diky tomu Ize
i v pfirozeném prostiedi in ovo korelovat zvySeni Cetnosti vzniku arytmii a néachylnost
AV kandlu na vznik blokéd vedeni vzruchu se zvySenim teploty. Na druhou stranu snizeni
teploty v n¢kolika ptipadech obnovilo vedeni vzruchu AV kanéalem po pfedchozim AV bloku
(Obr. 13), coz pravdépodobné souvisi se snizenim metabolickych narokt.

Vyznamnou vlastnosti AV kanélu je zpomalovani rychlosti vedeni vzruchu pfichazejiciho
ze sini, které je uzce spojeno s piitomnosti srde¢niho rosolu a endokardialnich polstarka
(Bressan et al., 2014). Zpomaleni ptevodni rychlosti v AV kanalu je ovlivnéno hlavné
specifickou morfologii tohoto srde¢niho segmentu, kterd je charakterizovana velkymi
mezibunéénymi prostory, fidkym kontaktem membran a aniontovym prostiedim
extracelularni matrix. Vyslednou souhrou téchto vlastnosti neni jen zpomaleni rychlosti
vedeni vzruchu, ale pfi odchylkdch od standardnich in vivo podminek také vyznamné
snizeni pravdépodobnosti, zda bude vzruch timto segmentem vibec pfeveden ¢i nikoliv
(Arguello et al., 1986). K dalSimu vysvétleni téchto vlastnosti pfispély také pomérné
nedavné nové poznatky tykajici se nového konceptu vedeni vzruchu mezi kardiomyocyty
tzv. ,,ephaptického* vedeni (z angl. ephaptic conduction), které se odehrdvd mimo vodivé
spoje myocytid. K tomuto jevu dochazi pravdépodobné skrze interakci elektrickych poli
anebo pulzaci iontli mezi dvéma tésné¢ prisedlymi (< 15 nm) myocyty na §térbin¢ ohranicujici
vodivy spoj, ktera se nazyva perinexus (Rhett a Gourdie, 2012, Veeraraghavan et al., 2014).
Béhem nejcasnéjSich fazi vyvoje je pro primitivni srdeni trubici charakteristicka
uniformni pomald rychlost vedeni vzruchu a je exprimovan pouze jeden konexin
tvotici vodivé spoje — konexin 45, pro ktery je charakteristicka pravé pomald rychlost vedeni
vzruchu. Vedeni vzruchu AV kanalem je pomalé, ale béhem ranych embryonalnich stadii
robustni, jak uvedli Paff a kolektiv (Paff et al., 1964) a pozd¢ji také Sedmera a kolektiv
(Sedmera et al., 2002), kteii také popsali, Zze u kufecich embryondlnich srdci mladSich
nez ED3 neni mozné farmakologicky nebo pomoci anoxie a reoxygenace indukovat AV blok.
U pozdé¢jsich stadii ED4, kterymi jsme se zabyvali my, dochézi s rozsifenim exprese konexina
jiz také ke vzniku rozdilti v rychlosti vedeni vzruchu u jednotlivych srde¢nich segmenti.
Komorovy a silovy myokard se za¢ind odliSovat rychlym vedenim vzruchu od AV kanalu

a vytokové casti, kde pomalé vedeni vzruchu ptetrvava. Komorovy a silovy myokard je,
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mimo jiné specifické exprese proteinli, charakterizovan expresi konexinu 40, cozZ je zasadni
konexin umoziujici rychlé vedeni vzruchu. Klicova oblast pro pfevod vzruchu je pied¢l mezi
pomalu vedoucim AV kandlem a rychle vedoucimi komorami, kde jsme pozorovali
nejcastéjSi lokalizaci AV blokdd a kde se mohou nachazet heterotypické vodivé spoje
(viz Obr. 5) tvofené konexiny 45 a 40, které diky své heterogenit¢ mohou mit proti
homotypickym spojim nizsi elektrickou vodivost (Desplantez, 2017). Piedpoklddame,
ze zfunkéniho hlediska je nejkriti¢téj$i oblast napojeni trabekul na tkan AV kanalu.
Tento predpoklad dobie koreluje s experimenty Coppena a kolektivu provedenych
na embryondlnich a dospélych hlodavcich srdcich, pomoci kterych objevili u mysi analogické
ostré rozhrani mezi ¢asti AV kandlu exprimujici konexin 45 a Hisovym svazkem
exprimujicim konexin 40 (Coppen et al., 1999).

Pro AV kandl jsou typické akéni potencidly s pozvolnym pocateénim vzestupem a poméerné
delsi dobou trvani proti rychle vedoucim segmentim (Sanders et al., 1984, de Jong et al.,
1987, de Jong et al., 1992). Pro otestovani hypotézy, ze AV kandl je svou dlouhou dobou
trvani akéniho potencialu (APD) limitujicim srdec¢nim segmentem, jsme se rozhodli zméfit
APD u sini, AV kanélu a u komor. V ramci méteni APD bylo nasim cilem pouze zjistit pomér
hodnot APD u jednotlivych srdecnich segmenti. APD je parametr, ktery je, mimo jiné,
modulovan srdecni frekvenci a proto povaZzujeme naméfené hodnoty pouze jako relativni
a orientacni. Hodnoty, které jsme naméfili pomoci optického mapovani, byly vySsi nez
hodnoty ziskané mikroelektrodami (Arguello et al., 1986), nejspiSe kvili prodlouzeni APD
pusobenim blebbistatinu podobné jako pisobi cytochalasin D (Sedmera et al., 2006).

6.5 Role hypoxie béhem vyvoje embryonalniho srdce

Béhem vyvoje srdce bylo popsano nékolik oblasti myokardu, kde se pfirozené vyskytuje
hypoxie (Nanka et al., 2006, Nanka et al., 2008, Wikenheiser et al., 2006). Tyto oblasti
koreluji s misty, kde dochazi k formovani pievodniho systému (Wikenheiser et al., 2006).
Hypoxie byla dale také detekovana v oblastech s nejvétsi tloustkou myokardu (AV kanal,
mezikomorova piepazka, vytokova ¢ast) a mimo jiné je hypoxie popisovana jako jeden
z vyznamnych stimulii pro koronarni vaskulogenezi (Nanka et al., 2008). Neni piekvapenim,
ze AV kandl jako jeden ze segmentti s nejvétsi tloustkou myokardu, ktery postrada trabekuly
a je od okysliCovani krvi z lumen separovan endokardidlnimi polstarky, je velmi citlivy
na hypoxii. Protoze u kufeciho srdce do stadia ED9 (pocatek koronarni perfuze) normalni
proces okysliCovani probihd z lumen, neni s podivem, Ze proti prostifedi in ovo byla srdce

in vitro, kde je smér difuse a gradient O, pozménén, siln€ nachylna ke vzniku AV blokad.
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Pro otestovani hypotézy, zda AV blokady souvisi pouze s hypoxii anebo pfi jejich vzniku
hraje roli také omezena schopnost AV kanalu prevadét vysoké sinusové frekvence na komoru,
jsme provedli experimenty s elektrickou stimulaci. Hlavnim smyslem téchto experimentt bylo
prokazat, jestli AV blokddy vznikajici béhem mirné tachykardie pfi hypertermii nebyly
zpusobeny pouze nizkym pievodnim limitem AV kanalu. Experimenty s elektrickou stimulaci
ukdzaly, ze maximdlni pfevoditelna frekvence dosazitelnd pomoci stimulace pro AV kanal
byla v prostfedi in ovo o mnoho vyss$i (360/min) nez v prostiedi in vitro (261/min).
Také frekvencni limity sini a komor byly v prostfedi in ovo vyssi (sin 360/min, komora
600/min) nez v prostiedi in vitro (sin 353/min, komora 476/min). Tento rozdil byl
pravdépodobné zplisoben vyrazné lepsi oxygenaci srdci krvi z lumen in ovo. Nase vysledky
naznacuji, ze pozorované¢ AV blokady byly pravdépodobné zplisobeny spiSe relativni

tkanovou hypoxii nez limity AV kanélu prevadét vysoké sinusové frekvence.

7. ZAVER

Tato studie ptedklada podrobny popis akutniho vlivu teploty na funkci ¢tyfdenniho kufeciho
embryondlniho srdce s hlavnim dGrazem na arytmogenezi. Zmény teploty mély
nejvyznamngj$i dopad na funkci pacemakeru a AV kandlu. V porovnani s pfirozenym
prostfedim in ovo, kde jsme pozorovali minimum arytmii a to pouze pii hypertermii,
nestabilité a stresu izolovanych srdci. Hypertermie piidala dalsi stres a zvySené metabolické
naroky, coz vedlo ke zvySeni vyskytu arytmii a pozorovali jsme pfi ni pfechodny AV blok
IL. stupn¢ dokonce 1 v prostiedi in ovo. Hypotermie byla u srdci obecné tolerovana vyrazné
l1épe neZ hypertermie, coz blizce odpovida pfirozené adaptaci ptacich zarodki na prechodnou
hypotermii. Snizeni teploty dokonce v n€kolika ptfipadech vedlo k obnoveni vedeni vzruchu
po predchozim AV bloku, coz pravdépodobné souviselo se snizenim metabolickych narok.
Zdaleka nejcetnéj$i pozorovanou arytmii in vitro byl AV blok (II. a I1I. stupné¢), jehoZ Cetnost
s rostouci teplotou vyrazné nartistala. Tato blokdda vedeni vzruchu vznikala nejcastéji
na predélu mezi AV kandlem a komorou, kde dochdzi k napojeni dvou molekuldrné
a morfologicky odliSnych tkéani. Timto je patrné, ze morfologické a molekularni rozdily mezi
riznymi segmenty vyvijejiciho se srdce maji pii zvySené teploté a zvySenych metabolickych
narocich vyznamné dopady na jeho fyziologii, coZ se projevilo zejména zvySenou
arytmogenezi. Akutni zvySeni teploty lze tedy na zaklad€ naSich pozorovani v prostiedi

in vitro a in ovo korelovat se zvySenim arytmogeneze.
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ARTICLE INFO ABSTRACT

Article history: Differentiation and conduction properties of the cardiomyocytes are critically dependent on physical

Available online 19 June 2014 conditioning both in vitro and in vivo. Historically, various techniques were introduced to study dynamic
events such as electrical currents and changes in ionic concentrations in live cells, multicellular prepara-

Keywords: tions, or entire hearts. Here we review this technological progress demonstrating how each improvement

Optical mapping in spatial or temporal resolution provided answers to old and provoked new questions. We further
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Embryo
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Cardiac conduction system

demonstrate how high-speed optical mapping of voltage and calcium can uncover pacemaking potential
within the outflow tract myocardium, providing a developmental explanation of ectopic beats origi-
nating from this region in the clinical settings.

© 2014 Elsevier Ltd. All rights reserved.
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1. Biomechanics at cell and organ level
1.1. From whole hearts down to cellular level

To study dynamic electrical and mechanical events occurring in

the heart, simplification of the complex, three-dimensional in vivo

- system is often advantageous. This can go down to the single cell
* Corresponding author. Academy of Sciences of the Czech Republic, Institute of level. since isolated cardiomyocytes can spontaneously beat in vitro

Physiology, Videnska 1083, 14220, Prague 4, Czech Republic. . K
E-mail address: dsedmera@biomed.cas.cs (D, Sedmera), and cell culture setup is useful for studying subcellular and
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molecular events or drug screening purposes. If myocytes are
grown in vitro for a prolonged period of time, they form a sheet — a
functional syncytium connected by gap junctions, simplifying thus
the three-dimensional geometry of myocardium into a single plane.

Historically, cells were cultivated just on plain plastic, or surfaces
coated with various extracellular matrix molecules (collagen —
isotropic or aligned, fibronectin) to promote attachment and influ-
ence cellular properties (Atance et al., 2004). A strong stimulus for
muscle growth is work load, or stretch; so subjecting cell cultures
grown on elastic membrane to mechanical loading using a pump-
powered cell stretcher (Kofidis et al., 2004; Miller et al., 2000) is
a way to model differentiation normally occurring during devel-
opment. The next step in bringing the cell culture more closely to
in vivo situation is growing the cells on more sophisticated 3D
scaffolding (Atance et al., 2004; Evans et al., 2003) to form tissue
constructs of various complexity (Tobita et al., 2006). Each of these
new technological advancements, enabled by parallel development
of chemistry (new polymers), mechanical engineering (stretching
apparatuses) and biology (cell isolation protocols, differentiation of
cardiomyocytes from stem cells) allowed answering new sets of
questions. Similar to the situation in vivo, cell culture conditions
markedly influence the functional parameters of cells; here we will
focus on their conduction properties, and extend it back to the
whole organ level. This area has so far received comparatively little
interest in tissue engineering aimed at construction of implantable
artificial myocardium (Yildirim et al., 2007), but in addition to
perfusion and mechanical properties of tissue-engineered con-
structs, it is of vital importance for integration with the host
myocardium and electrical stability.

1.2. Tissue geometry and conduction properties

Mechanical loading has profound effects on growth, behavior,
differentiation and conduction properties in isolated myocytes (cell
cultures). Similarly, for in vivo studies, people tend to view genes at
the root of everything, and sometimes forget that muscles in
particular are critically dependent on mechanical stimuli, and or-
ganisms in general on epigenetic influences (Pesevski and Sedmera,
2013). What is less clear is the importance of tissue geometry, also
referred to as myocardial architecture, which can be elegantly
simplified in vitro. Patterned cardiomyocyte cultures, enabled by
combination of printed circuit technology and cell culture by the
Rohr lab in Bern, Switzerland (Kucera et al., 1998; Rohr et al., 1999)
are just an example how availability of new technology helped to
document the importance of tissue geometry for cardiac electrical
conduction. Strands of myocytes, mimicking bundles of conduction
fibers, carry electrical impulses at much higher speed than a large
expansion of planar myocardial sheet, which acts as a sink. In such
system, effects of various pharmacological agents or gap junctional
uncoupling can be studied with ease. It was long believed that the
role of cardiac fibroblasts is mostly structural support of the heart,
and electrically they function as a mere isolator. Importance of
fibroblast—myocyte interactions was revealed in well-defined co-
culture experiments (Rohr, 2012) and showed that gap junctional,
and possibly also electrical, communication exists between these
two cell types.

1.3. Importance of physical conditioning for myocardial growth and
differentiation

Effect of altered mechanical loading — an epigenetic stimulus —
on developing heart and its conduction system could be studied
also at the organ level, in vivo as well as in vitro. Elegant studies by
Thompson and associates (Thompson et al., 2003) showed that at
the early developmental stages, the fate of cardiomyocytes in the

tubular heart (proliferation vs. differentiation) is plastic, and could
be reversed by simply inverting the slice of the cardiac tube inside
out. This gradient persists also in the trabeculated heart, and could
be modeled mathematically (Damon et al., 2009). Cardiovascular
development from biomechanical perspective was reviewed by
Larry Taber (Taber, 2001). Growth and remodeling are two impor-
tant processes occurring during both development and adaptations
of the cardiovascular system to changing functional requirements.
Most cardiac growth during prenatal development is based on
hyperplasia (Clark et al., 1989; Sedmera and Thompson, 2011). At
the tissue level, an important biomechanical parameter is the re-
sidual strain, changes in which are a sensitive indicator of active
remodeling (Taber and Chabert, 2002). This regional growth can be
easily measured as an opening angle obtained by cutting open a
circular section of the vessel or heart. A decrease in opening angle
following creation of pressure overload by conotruncal banding
correlated with induced growth 12 h after the procedure. These
events can be also modeled mathematically. Schroder and col-
leagues (Schroder et al., 2002) found that the material properties
of the developing heart are regulated by mechanical loading and
that microtubules play an important role in this adaptive response
during cardiac morphogenesis. Specifically, there was an increased
amount of both total and polymerized beta tubulin the hypoplastic
left ventricle. This smaller ventricle was also stiffer (analyzed
by increased hysteresis loop); both parameters were normalized
by the treatment with colchicine, which induced microtubule
depolymerization.

During the transition from the trabeculated to compact
myocardium, spiraling of myofibers within the left ventricular
compact layer is the major factor of fetal myocardial differentiation
(Jouk et al, 1995; Sedmera et al., 2000). Tobita and associates
analyzed the angle of myocyte inclination during normal and
abnormal hemodynamic loading (Tobita et al., 2005); they found
that increased pressure loading accelerated this normal morpho-
genetic process, while there was a delay in the settings of
hemodynamically-induced left ventricular hypoplasia. Therefore,
hemodynamically induced changes in myocardial architecture in
these models (Sedmera et al., 1999) that are based on changes in
cell proliferation (deAlmeida et al., 2007; Sedmera et al., 2002a)
could be the morphological substrate of altered electrical pathways.
These were investigated as well using optical mapping on isolated
hearts (Hall et al., 2004; Reckova et al., 2003). We found that
increased pressure loading accelerated maturation of ventricular
conduction system, while there was a dysfunction of the
(morphologically normal) left bundle branch in left ventricular
hypoplasia. At the molecular level, these changes were paralleled
by up/down regulation of conduction system differentiation marker
connexin40.

The hemodynamic unloading of the developing heart could be
easily taken to extreme by culturing the spontaneously beating, but
not pumping heart in vitro. In such settings, we noticed not only an
arrest of normal differentiation of the ventricular conduction sys-
tem, but actually a regression towards even more immature con-
duction patterns (Sankova et al., 2010). To test whether these
profound changes were not simply an artefact of organ culture, we
performed re-loading of the ventricle by a droplet of viscous sili-
cone oil, which stretches the ventricle and was shown previously to
considerably increase myocardial oxygen and glucose consumption
(Romano et al., 2001). Remarkably, this led to a complete rescue of
conduction phenotype to in vivo values, showing that simple
myocyte stretch, rather than hemodynamic shear stress trans-
mitted through the endothelium, is the governing factor in early
conduction system differentiation. It agreed well with our older
data testing the importance of hemodynamically induced signaling
via endothelin receptors, which was found to be important during
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the later (bundle branches differentiation), but not the early stages
of conduction system formation in the chick embryonic heart
in vivo (Sedmera et al., 2008).

2. Functional imaging of the developing heart

2.1. History of electrophysiological recordings in impulse
propagation studies

These functional studies, including those performed on cell
cultures, would not be possible without adequate technology for
recording of impulse propagation in the heart. The golden standard
for action potential recordings are microelectrodes, including those
arranged in arrays (sock, brush, or balloon electrodes). They work
very well on large adult hearts (sheep, pig, human), but are of
limited use in embryos (spatial issues, fragility). Nevertheless, a
few carefully positioned electrodes poked into the isolated chick
embryonic heart allowed determination of general direction of
impulse propagation and enabled postulation of ventricular
trabeculae as nascent network of the ventricular conduction sys-
tem (Arguello et al,, 1986; de Jong et al.,, 1992). Using just two
electrodes, Chuck and colleagues (Chuck et al., 1997) discovered the
transition in ventricular activation of the chick embryonic heart
from primitive base-to-apex direction to mature apex-to-base
pattern, and correlated this event with ventricular septation.
These results were later confirmed using high-resolution optical
mapping studies, discussed in more detail below. For certain
question, and in particular in larger, late gestation avian hearts,
microelectrodes are still useful, as was proved recently by the Lei-
den group (Kolditz et al., 2008, 2007). Two exploration electrodes,
together with simultaneous recording of volume-conducted ECG,
were enough to demonstrate the accessory atrio-ventricular path-
ways occurring normally during fetal avian development, and their
increased frequency in a model of epicardial ablation that results in
deficient formation of fibrous atrioventricular insulation.

2.2. Optical methods for visualization of electrical impulse
spreading

However, alternative optical methods, recently reviewed (Boukens
and Efimov, 2014), exist for studying spread of electrical activation
in excitable tissue by means of supravital staining with voltage-
sensitive dyes (Kamino et al., 1981). This approach depends on
several technological platforms. First, of course, is the availability of
suitable probes that must be stable and robust enough to give
sufficient signal of either voltage or intracellular ion concentration.
Then, epifluorescence microscope is commonly used for studying

smaller samples (embryonic hearts, cells), but for larger hearts,
incident illumination systems (typically using light emitting di-
odes) and barrier filter in front of a macroscope lens are widely
used (Fedorov et al., 2007). Last, the amount of data recorded from
numerous channels (10 x 10 in the beginning, over 100 x 100
nowadays) at high sampling rate (typically over 1 kHz at 16 bits per
channel) requires an adequate computing power — typically dedi-
cated RAM as an intermediate step, either on-board or in the
computer attached to the photodiode array or high speed camera.
Improvements in any of these potential bottlenecks could, and
often did, result in new discoveries.

Major problems of optical probes for studying dynamic events
are their instability, photobleaching with associated toxicity of
breakdown products, and low response. The most popular voltage-
sensitive dye, di-4-ANEPPS (Witkowski et al., 1997) is excited by a
broad range of wavelengths, but the voltage-dependent response in
emitted fluorescence is in the range >590 nm. Once incorporated to
the membrane, it is fairly rapidly internalized, so modification of
the lipophilic part by a longer aliphatic chain (di-8-ANEPPS) is
advantageous in some preparations, such as isolated cells (Kucera
et al., 1998). Novel, longer wavelength dyes use excitation wave-
lengths better penetrating to the tissues and less toxic for the cells
for improved survival (Sakai et al., 1998).

The first detectors employed were light-sensitive photodiodes,
which are individually tunable and have an excellent signal to noise
ratio. They were arranged into a customizable photodiode array,
positioned over an image projected by the imaging setup. This
approach was pioneered by the Kamino group in Japan (Hirota
et al., 1985; Kamino, 1991; Kamino et al,, 1981). The system was
used to study the earliest sites of electrical activity in the chick and
rat heart, as well as the effect of atrial myocardial architecture
(pectinate muscles) on impulse propagation in frog atria (Komuro
et al., 1986). Photodiode arrays are today commercially available,
and still in use to study events from cell level (Kucera et al., 1998) to
early rabbit embryonic heart (Chuck et al., 2004).

An interesting approach used another new technological
breakthrough, notably laser scanning system, to study changes in
voltage (Dillon and Morad, 1981). These authors showed in the frog
heart that myocardial architecture is an important determinant of
preferential conduction pathway. While this system did not
become widely accepted, laser scanning confocal microscope in a
line scan mode, which can achieve speeds up to 2 kHz, is rather
popular to study calcium transients and sparks in isolated cells
(Toischer et al., 2010), and is useable also for voltage sensitive dyes
in isolated hearts (Fig. 1), where it has the advantage of possibility
to select precisely the depth from which the signal is acquired, and
makes thus data interpretation less complex.

Fig. 1. Proof of principle demonstration of high speed line scan imaging of voltage in the embryonic heart. A: XY scan of a Stage 21 chick embryonic heart in a plane containing
atrium (A), atrioventricular canal (AV) and ventricle (V). B: Xt recording at 1 kHz along the line indicated in A showing the slowing of the propagation velocity in the AV canal.

Beginning of the action potential is indicated by the yellow dots. C: raw data from B.
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2.3. High-speed cameras for optical mapping

However, significant new information about cardiac electro-
physiology could be gathered from simultaneously increasing the
temporal resolution to the domain of milliseconds, and spatial to
micrometers. The Morley group relied on a Dalsa camera with
frame rate just below 1000 fps and spatial resolution 64 x 64 pixels
(Gutstein et al., 2001; Hall et al., 2000; Jalife et al., 1998, 1999;
Morley and ]Jalife, 2000; Morley and Vaidya, 2001; Morley et al.,
1999; Rentschler et al., 2001, 2002; Tamaddon et al, 2000;
Vaidya et al., 2001). For dedicated systems, such resolution was
deemed completely satisfactory, as any increase in spatial resolu-
tion would be tied with decreased pixel size and therefore number
of photons hitting it per unit of time, and there would be a problem
with data streaming (for example, one second recording of
100 x 100 pixels at 16 bits and 1 kHz takes about 25 Mb — a sig-
nificant problem for the personal computers in the 1990s and even
2000s). Another plague of optical recordings of beating hearts are
motion artifacts. In principle, such mechanical events could be, and
were, used for analysis of the heart rhythm (Buechling et al., 2009;
Raddatz, 1997), but for voltage studies they pose a considerable
problem, especially for analysis of repolarization. Therefore, motion
inhibitors (excitation-contraction uncoupling agents) such as BDM
(Efimov et al., 1997), cytochalasin D (Biermann et al., 1998; Jalife
et al., 1998), blebbistatin (Efimov et al., 1997; Fedorov et al., 2010,
2007; Jou et al,, 2011; Sankova et al., 2012) were introduced.
These agents enabled considerable improvement in signal quality
and are considered indispensable by many investigators. However,
they have caveats in their own respect due to their inherent toxicity,
effects on action potential duration or pacemaking potentials. Alter-
native methods were therefore developed for improvement of signal
to noise ration, such as signal averaging (Rentschler et al., 2001, 2002)
or pixel tracking using dual wavelength imaging (Leaf et al., 2008).
They seem to work well as long as the heart beat is regular and the
conduction pathway does not differ from one cycle to another, which
is most of the time true (Sankova et al., 2012). However, pixel tracking
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requires either two camera system or rapid wavelength switching,
compromising somewhat the spatial and/or temporal resolution.

Unlike sock or balloon electrodes, which truly allow mapping of
the heart chamber in three dimensions, the optical approach is
typically restricted to a single view, reducing the three dimensional
organ in a single plane. This is accentuated by some groups that
further flatten the imaged surface to reduce the ambiguity of the
curved surface (Larsen et al.,, 2012), but such artificial stretching
could alter conduction properties of the myocardium due to
physical uncoupling or action on stretch-sensitive ion channels. The
problem of a limited area of view, particularly troublesome when
studying complex arrhythmias such as ventricular fibrillation
(Boukens and Efimov, 2014), could be solved by using dual/multiple
camera systems (easily achieved in a hanging Langendorff prepa-
ration), flipping the heart (Ammirabile et al., 2012; Sedmera et al.,
2004), or using angled mirror (Gurjarpadhye et al., 2007) for
simultaneous viewing of +75% of the heart surface. This last
approach sacrifices some of the spatial resolution of the camera, but
saves considerable expenses of the setup.

2.4. New developments in high-speed imaging: getting the high
resolution, too

Increase in hardware performance and availability of ready-to-
use systems enabled recordings of multiple parameters at once,
such as simultaneous voltage and calcium imaging (Chen et al., 2010).
The first such dual recording was reported by Efimov and associates
(Efimov et al., 1994). The main advantage of such approach is to
study electromechanical dissociation during ischemia. In such
settings, long calcium transients with no ATP can occur without any
voltage changes, but also alternans is possible either at the level of
voltage or calcium changes (Choi and Salama, 2000). Dual simul-
taneous imaging can provide exact correlation, impossible with any
other method.

Newer generation of cameras is marked by “competition” between
two different designs — CCD vs. CMOS or sCMOS (for continuous

calcium activation map

543/30nm shutter
BP Hg lamp

512x512 pixel
EM-CCD camera

Fig. 2. Setup for voltage (di-4-ANEPPS) or calcium (rhod-2) imaging. The system is centered around an inverted microscope (Nikon Eclipse) with objectives ranging from 4x (whole
heart imaging) to 63x water immersion (isolated cells). Current high-speed camera has a maximum resolution of 512 x 512 pixels and can achieve rate of 1300 fps, although not

simultaneously.
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updates and discussion of this topic, see http://www.microscopy-
analysis.com/). While the use of add-on image intensifiers (Reckova
et al, 2003; Sedmera et al., 2003) was gradually abandoned, EM-
CCD cameras still present very sensitive and reproducible de-
tectors, and due to their speed at full frame rate are useful also in
other low-light application (e.g. spinning disc confocal, light sheet
microscopy). Newer CMOS sensors possess excellent sensitivity
and readout speeds up to 10,000 fps in dedicated systems (Ultima
L) are available in practice. Recent developments widen the spec-
trum of cameras usable for optical mapping — the newest cameras
(e.g. Andor, Hamamatsu) allow full frame (over 1 megapixel) high
resolution imaging at over hundred frames per second; with sub-
array and binning, rates over 1,000 fps could be easily achieved at
still reasonable spatial resolution. Such versatile systems might
open the door to the area of high-speed imaging even to labs that
do not primarily intend to build such setups.

2.5. Calcium imaging in the developing heart

Measuring calcium concentrations in time at relatively low
temporal resolution was successfully performed in the past in
events such as egg fertilization or cell signaling (Brooker et al.,
1990; Sun et al., 1992). High-speed imaging of calcium in embry-
onic mouse heart (Valderrabano et al., 2006) resulted in increased
sensitivity and allowed signal detection also in the atrioventricular
canal, enabling detection of various arrhythmias. As important
events in the cardiac myocytes occur rather rapidly (e.g. calcium
sparks) and at a small spatial scale (parts of cells), both high speed
and high resolution are desirable. Thus, our experimental approach
(Fig. 2) of imaging normal and stressed embryonic hearts from
100 x 100 to 512 x 512 pixel, 0.5—20 ms resolution presents a
significant technological improvement that brings important new
pieces of information, such as precise localization of sites of con-
duction block and uncovering of ectopic pacemakers (Ammirabile
et al., 2012; Benes et al., 2014; Hoogaars et al., 2007; Leaf et al.,
2008) in the isolated embryonic heart model.

Our current setup for high speed/high resolution calcium and
voltage imaging is depicted in Fig. 2. It allows for speed from about
50 fps (full frame mode) up to 1300 fps (ROH mode — with
128 x 128 pixel subarray and 8 x 8 binning, 3/4 of the chip
therefore being used for readout). Data acquisition and processing
is performed as described previously (Nanka et al., 2008; Sankova
et al,, 2010), with the exception of different staining protocol with
the rhod-2 calcium indicator. Calcium signal has the advantage over
voltage in being positive (i.e., increase, rather than decrease of

A& A

fluorescence), and higher signal-to-noise ratio is especially ad-
vantageous in regions with lower signal amplitude, such as the
atrioventricular canal and the outflow tract (Reckova et al., 2003).

Chick embryonic hearts subjected to hypoxia fall into atrio-
ventricular conduction block (Sedmera et al.,, 2002b; Tran et al.,
1996). This could unmask a potential backup pacemaker. We
observed occasionally temporary conduction blocks during stabi-
lization of the preparation prior to imaging. Our analysis showed
that they were of different kinds, ranging from sino-atrial, atrio-
ventricular, to ventriculo-conotruncal, similar to in vivo block
induced by digoxin in ED4 embryo (Paff et al., 1964). The embryonic
outflow tract is myocardial at this stage, and a distinct wave on
ECG for corresponds to its activation (Sabourin et al., 2011;
Sarre et al., 2006). Pacemaking activity of low frequency is known
to be present in the isolated outflow tract (Raddatz, 1997; Sarre
et al, 2009), but the exact location of this pacemaker was
not known. In the settings of conduction block, we observed ac-
tivity of the conotruncal pacemaker in two of 59 hearts; the activity
originated at the base of the outflow tract with a frequency of
30 bpm at 37 °Cin the example depicted in Fig. 3. The atrial rate was
in this case 142 bpm, typical for this stage in vitro (Sedmera et al.,
2002b).

3. New frontiers in dynamic imaging
3.1. Ectopic or backup pacemaker in the outflow tract myocardium

We then set to investigate whether similar properties are pre-
sent also in the mammalian heart. In the mouse, experimental
creation of complete AV block by cutting the atrioventricular
junction with fine scissors did not result in manifestation of ectopic
activity (24 fresh hearts cut at ED11.5 or 12.5), analyzed by voltage
sensitive dye method described in detail previously (Sankova et al.,
2012). However, when ED11.5 mouse embryonic hearts were
cultured (originally for different purposes — mechanical unloading
and pharmacology, to build upon previous studies of Sankova et al.
(2010) and Rentschler et al. (2002)) for 24 h in M16 media, we
observed frequently (in 36%, 9 of 25 spontaneously beating hearts)
a complete atrioventricular block with atrial rate of 88 + 28 bpm,
while the ventricles were activated retrogradely by a low-
frequency (37 + 9 bpm) ectopic backup pacemaker in the base of
the outflow tract (Fig. 4). This phenomenon was also observed in
hearts cultured from ED10.5 to ED11.5, although at lower frequency
(2 of 9 hearts). The retrograde propagation was different from the
activation of the freshly isolated chick heart in block (compare with
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Fig. 3. Ectopic pacemaker in the outflow tract of ED4 chick embryonic heart. The heart is in complete atrioventricular block, located at the transition of the atrioventricular canal
and ventricle; by co-incidence, the timing of the ectopic beat correlates with the normal cardiac cycle initiation. A, atrium; AV, atrioventricular canal; OT, outflow tract; V, ventricle.

Color isochrones are in 7.68 ms intervals. Scale bar 1 mm.
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ED11.5 fresh

ED12.5

HCN4

Hoechst

ED11.5 + 24h in vitro

Fig. 4. Ectopic activation of cultured mouse embryonic hearts. Typical ventricular activation of freshly isolated hearts proceeds either via the primary interventricular ring (ED11.5),
or from the right apical breakthrough (ED12.5). The site of first activation is marked with an asterisk. Colors represent 1 ms isochronal intervals. Two examples showing the
ventricular activation from the outflow tract region illustrate the position of the ectopic pacemaker at the base of the outflow tract (OT; orange asterisks). Note that the conduction
is considerably slower, color isochronal intervals being 2 ms. Transverse histological section through this region shows higher intensity of staining for HCN,4, responsible for
the pacemaking activity, in this region; normally, the highest levels are found in the area of the sinoatrial node (SAN), with some remnants in the left sinus horn (LSH) myocardium.
Staining performed in conjunction of study by Benes et al. (2014). Ao, aorta; eso, esophagus; LA, left atrium; LV, left ventricle; Pu, pulmonary artery; RA, right atrium; RV,

right ventricle.

Fig. 3), where the wavefront did not propagate back to the ven-
tricular myocardium.

During development, the outflow tract (as well as inflow)
myocardium is added to the cardiac tube from the pharyngeal
mesenchyme (van den Berg et al., 2009). This cell source is referred
to as the second heart field and it is distinguished by Isl-1
expression (Kelly et al., 2001; Kelly and Buckingham, 2002). Right
ventricular outflow tract is a frequent site of ectopic activity in
humans (Braunwald et al., 2001); our results showing the location
of the ectopic pacemaker site coinciding with stronger HCNy4
expression might be responsible to a large extent for the sponta-
neous depolarization (Fig. 4), and thus could provide a develop-
mental explanation for this phenomenon. In this context, a paper
by Boukens and colleagues analyzed the origin of ectopic pace-
making in the outflow tract in Brugada patients (Boukens et al.,
2013). Study in a mouse model revealed expression of Tbx2 in the
outflow tract myocardium, responsible for maintaining the primi-
tive phenotype (i.e., slow conduction and automaticity potential).

This features disappeared in the adulthood, but could be unmasked
by either genetic of pharmacological sodium channel blockade.
Persistence (Reaume et al., 1995) of very slowly conducting (our
unpublished data) outflow tract myocardium was also noted in the
mouse fetuses with Cx43 deletion, which have generally severe
conduction problems and predisposition for ventricular arrhyth-
mias (Vaidya et al., 2001).

3.2. Imaging the dispensable heart: lessons from the zebrafish

Zebrafish heart is of considerably simpler design than its
mammalian counterpart, possessing only a single atrial and single
ventricular chamber (Hu et al., 2001). In addition, its transparency
and self-contained early development make it ideal for longitudinal
imaging studies. Its small size enables use of high-power optics,
allowing excellent 3D rendering and cell counting; furthermore,
coupled with its low metabolic requirements due to poikilothermy,
heart function is not essential for embryonic survival during the
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first week of development. All these features allow functional
studies of genes crucial for cardiovascular development that are not
feasible in the mouse model due to early embryonic lethality. It is
thus not surprising that new technical advances in developmental
imaging come from this field.

Particularities of this model organism allowed calcium imaging
after dye injection at a single cell stage (Milan et al., 2006). Motion
control, critical for optical mapping, was elegantly achieved by
using the silent heart mutant with normal cardiac morphology
and electrical behavior but no contraction. Combination of this
approach allowed imaging of previously inaccessible early stages of
conduction system differentiation, and showed critical require-
ment of neuregulin and notch signaling for atrioventricular delay
development.

Optogenetics approach was used to localize the pacemaker re-
gion at various stages of zebrafish heart development (Arrenberg
et al, 2010). Stable transfection with halorhodopsin and
channelrhodopsin-2 allowed precise temporal and spatial control
of cardiac function. In this way, patterned light illumination
enabled disabling and pacing studies that allowed mapping of
pacemaker shift during heart development. Light-sheet microscopy
setup also bypassed the photobleaching and phototoxicity prob-
lems, reported earlier (Sedmera et al., 2003).

Confocal and 3D particles imaging using zebrafish embryos
expressing fluorescent proteins under myocardial and endocardial
promoters (Hove and Craig, 2012) allowed detailed, 3D monitoring of
cardiac function from the earliest time points. This setup permitted
fairly precise biomechanical studies and resolution of early cardiac
mechanics at much higher resolution than other imaging modal-
ities, such as ultrasound biomicroscopy (McQuinn et al., 2007).

Advantages and drawbacks of genetically encoded vs. injected
calcium indicators in zebrafish studies were reviewed recently
(Kettunen, 2012). It is important to mention fruitful transfer of
techniques from the mouse model, where genetically encoded cal-
cium indicators were originally reported (Tallini et al., 2007) and used
to study calcium dynamics specifically in the Purkinje fibers. Trans-
membrane voltage indicator acting via FRET (‘mermaid’) was
recently transfected into zebrafish embryos (Tsutsui et al., 2010), and
allows screening for potentially arrhythmogenic drugs or functional
evaluation of different ion channel mutations in a whole heart model.

In conclusion, we have structured this paper around new tech-
nologies, pinpointing what unexpected piece of information they
uncovered in the field. Technological progress for its own sake is of
little value if it does not bring any novel findings or opens new
questions. In our opinion, fruitful avenues of future research in this
arena will involve three-dimensional imaging studies of cardiac
excitation, enabled by simultaneous improvement in light sources,
optics, and computing power. This will allow precise definition of
conduction pathways, hitherto inferred only from 2D recordings.
Genetically encoded fluorescent probes are also of high value, both
for large-scale screening as well as for spatially precise electro-
physiological studies.

Editors’ note

Please see also related communications in this issue by
Fedorchak et al. (2014) and Ambrosi et al. (2014).
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Abstract
Prevalence of cardiac arrhythmias increases gradually with age; however,
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Disturbances of cardiac rhythm in the human
foetus

During routine obstetric examination, foetal rhythm
disturbances may be detected in at least 2% of preg-
nancies (Copel ez al. 2000, Jaeggi & Nii 2005). Foetal
arrhythmias account for about 10-20% of referrals
for foetal cardiology assessment (Srinivasan & Stras-
burger 2008). Due to a number of limitations, a foetal
electrocardiogram (cardiotocogram) is not the ideal
method for assessment of arrhythmias. A relatively
novel and efficient method for foetal heart electrical
activity recording is foetal magnetocardiography
(Strasburger ef al. 2008, Strasburger & Wakai 2010).
However, this method is not widely available and is
preferred only after the 20th week of gestation
because it is less reliable in the earlier stages of preg-
nancy. Thus, echocardiography remains the principal
method in evaluation of heart rhythm disturbance in
the foetus. In addition to heart rhythm analysis, echo-
cardiography may reveal other signs associated with
prolonged or persistent foetal rhythm disturbances,
such as hydrops (pleural or pericardial effusion, asci-
tes) in its early as well as more advanced stages. The
severity of foetal heart failure can be then monitored

using the ‘heart failure score’ presented by Huhta
(20095).

Using all three standard echocardiographic modali-
ties (B-mode, M-mode and Doppler), we can assess
atrial and ventricular contraction frequencies and their
time relations. An equivalent for P wave on electrocar-
diogram is the A wave detected by pulse wave Dopp-
ler in mitral inflow or atrial wall motion detected by
M-mode. Similarly, the beginning of retrograde flow
in the superior vena cava indicates the beginning of
atrial systole. Atrioventricular (AV) valve closure,
semilunar valve opening and positive Doppler flow in
the aorta are equivalents of the beginning of QRS
complex. Simultaneous Doppler recording in the supe-
rior vena cava and the aorta shows the time correla-
tion between the atrial and ventricular systole — times
corresponding to the P wave and QRS complex on the
ECG. These parameters allow us to calculate the
heart rate, AV delay and diagnose different types of
arrhythmias by measuring the mechanical response of
the heart chambers to the electrical stimulus.

The relationship between foetal arrhythmia and
structural heart disease is not clearly established.
Stewart and Copel found no clear relationship
between foetal arrhythmia and structural heart disease

© 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12418 303
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(Stewart et al. 1983, Copel et al. 2000). In the obser-
vational study published by Stewart and associates,
only two foetuses from 17 with documented ectopic
beats had structural heart disease. No structural heart
disease was found in five foetuses with tachycardia
(heart rate over 180 bpm), but four of eight foetuses
with documented bradycardia had severe structural
heart disease. Copel and colleagues reported only two
of 10 foetuses diagnosed with significant arrhythmia —
one with supraventricular tachycardia and one with a
second-degree AV block — associated with structural
heart disease of all 614 foetuses with irregular heart
rhythm. On the other hand, there is evidence that foe-
tal arrhythmia may be associated with structural heart
disease. Schmidt e al. (1991) reported that 53% of
foetuses (of a total of 55) with complete AV block
had concomitant structural heart disease (left atrial
isomerism, discordant AV connection). Vergani et al.
(2005) reported structural heart anomalies in five of
six foetuses with bradycardia from a total cohort of
114 infants with foetal arrhythmias. Only two of four
foetuses with AV block survived. Eronen reported 12
foetuses (three supraventricular and three ventricular
ectopic activities, four AV blocks and two sinus
bradycardias) with significant arrhythmia associated
with structural heart disease from a total of 125 foe-
tuses with significant arrhythmia (Eronen 1997). She
also found 95% survival in foetuses with sole signifi-
cant arrhythmia compared to a 75% mortality in
those with arrhythmia associated with structural heart
disease. Interestingly, the total mortality in the group
of foetuses with structural heart disease was only
67%. Based on these two observational studies, it
could be speculated that bradyarrhythmias are more
frequently associated with structural heart disease
and have a worse outcome than tachyarrhythmias
or irregular heart rhythm, which are frequently cur-
able or might resolve spontaneously during develop-
ment.

For simplicity, we may divide foetal arrhythmias
into the three groups (Fig. 1): ectopic beats, mostly
originating in atrial ectopic foci; tachyarrhythmias,
which are defined as heart rates over 180 bpm; and
bradyarrhythmias, defined as
110 bpm (Jaeggi & Nii 2005).

Of these three types, extrasystoles typically have the
best outcomes (Reed 1989). Vergani et al. (2005)
reported that 38% of cases with extrasystoles (in 87

heart rates below

foetuses) resolved in utero and 49% at birth. Only one
neonate required postnatal therapy, and in nine neo-
nates, the arrhythmia was still present at 1-year fol-
low-up without need for therapy. Two foetuses with
extrasystoles converted to supraventricular tachycardia
in utero and were successfully treated pharmacologi-
cally with no impact on their further development.

Acta Physiol 2015, 213, 303-320

B Supraventricular tachycardia
W Atrial flutter

| Sinus tachycardia

W Ventricular tachycardia

[ Extrasystoles

@ Complete AV block

@ Sinus bradycardia

B Supraventricular tachycardia
| Atrial flutter

| Sinus tachycardia

B Ventricular tachycardia
O Extrasystoles

@ Complete AV block

@ Sinus bradycardia

@ Long QT syndrome

Figure | Epidemiology of foetal arrhythmias in humans. (a)
Incidence of various types of arrhythmias in non-selected
population (N = 406, collated from references (Copel et al.
2000), (Vergani et al. 2005)). (b) Incidence in highly selected
population (N = 591, collated from references (Stewart et al.
1983), (Reed et al. 1990), (Eronen 1997), (Vergani et al.
2005), (Zhao et al. 2006)).

None of these were associated with structural heart
disease.

Prolonged foetal tachycardia is usually a serious
condition often leading to foetal hydrops or even
death. Simpson & Sharland (1998) reported hydrops
occurrence in 41% of 127 foetuses diagnosed with
tachycardia. Seventy-five non-hydropic foetuses from
this cohort responded well to transplacental treatment
(mostly with digoxin) with an excellent survival to
birth (96%). Conversely, only two-thirds of hydropic
foetuses with tachycardia responded to transplacental
treatment, and of these, only 73% survived till birth.
Thus, foetal hydrops is a negative prognostic sign sug-
gesting severe hemodynamic consequences from the
underlying causes — for example, arrhythmia and/or
structural heart disease.

Sustained or prolonged bradycardia (heart rates
<100 bpm) or tachycardia (heart rates over 180 bpm)
are of clinical significance and might have a significant
impact on further foetal development in utero; even
later postnatal development might be affected. Jaeggi
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and Nii reported foetal tachycardia as the most fre-
quent arrhythmia in the foetus and was present in
57% of 66 foetuses examined with proven serious
arrhythmia (Jaeggi & Nii 2005). Supraventricular
tachycardia was present in 40% of cases, atrial flutter
accounted for 11%, and sinus tachycardia was present
in 6%.

Diagnosis, classification and management of
foetal arrhythmias

The 12-lead ECG that is so useful in newborn or adult
cardiology suffers from major limitations in the foe-
tus. Echocardiography is typically the only way to
diagnose tachyarrhythmia in the foetus, and it is not
easy to differentiate between different types of tach-
yarrhythmias.  Supraventricular  tachycardia  with
mostly 1 : 1 AV conduction can be distinguished from
atrial flutter, with mostly 2 : 1 AV conduction block,
due to excessive atrial frequency in flutter (about 440—
480 bpm) translating into a 220-240 bpm ventricular
rate. In AV re-entry, the time interval between the
ventricular and atrial activity would be short, while in
atrial tachycardia originating from ectopic foci, this
time interval is usually prolonged. Ventricular
tachycardia with typical dissociation of ventricular
and atrial rhythm or conducted 1 : 1 from ventricles
to atria is extremely rare in the foetus as most
tachyarrhythmias originate in the atria. In such
cases, it is clear that only an experienced physician
trained in echocardiography can make the correct
diagnosis.

The most frequent foetal tachyarrhythmia is supra-
ventricular tachycardia represented by three different
types: AV re-entrant tachycardia, permanent junctional
reciprocating tachycardia and atrial ectopic tachycar-
dia. The second most frequent foetal tachyarrhythmia
is atrial flutter caused by a macro-re-entry circuit
located in the atria. The final differentiation is often
made only after birth when the arrhythmia persists or
reoccurs, or a delta wave typical for the accessory
pathway is present on the 12-lead ECG. The treatment
strategy for most types of tachyarrhythmias is based on
transplacental digoxin administration in non-hydropic
foetuses. Sotalol, flecainide or amiodarone is mostly
reserved for hydropic foetuses or more resistant
tachyarrhythmias. Treatment is required for pure sinus
tachycardia with typical heart rates of 180-200 bpm
usually caused by foetal distress, foetal thyrotoxicosis,
anaemia etc.

Sustained or prolonged bradycardia is present in
43% of significant foetal arrhythmia cases, as pre-
sented by Jaeggi & Nii (2005). Complete AV block
accounts for 38%, and only 5% manifest as sinus bra-
dycardia cases. The treatment of foetal bradycardia is
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limited. For significant number of foetuses with
complete heart block caused by maternal autoantibod-
ies, transplacental treatment with beta-receptor-stimu-
lating agents, corticosteroids or immunosuppressives is
recommended. In principle, foetal pacemaker implan-
tation (Liddicoat et al. 1997) should be considered
using minimally invasive techniques (Sydorak et al.
2001, Eghtesady et al. 2011, Nicholson et al. 2012).

During sinus bradycardia, there is 1:1 AV cou-
pling with a slow frequency of atrial contractions
(<100 bpm). Simple sinus bradycardia may be caused
by foetal distress with episodes of hypoxia and blood
flow redistribution, while brain and heart are sup-
plied preferentially. Sinus bradycardia can be a mani-
festation of foetal long QT syndrome, and all
newborns with a history of foetal heart rate below
the 3rd percentile should be assessed for this entity
early after birth (Mitchell ef al. 2012). Sinus brady-
cardia may be a rare manifestation of sinus node dys-
function. Supraventricular bigeminy or trigeminy with
AV block must always be excluded when assessing
the foetus for bradycardia. The telltale sign would be
an atrial frequency above that of the ventricle and an
irregular heart rhythm. The outcome is usually
benign and this arrhythmia mostly does not require
treatment.

Foetal AV block

The most frequent cause of bradycardia is congenital
AV block. First-degree AV block is characterized by
prolonged AV conduction with 1: 1 AV coupling. It
is necessary to realize that AV conduction time
increases during gestation and the exact numbers
also differ for various ECHO modalities. Normal
values for 30-34 weeks of gestational stage are
122.7 £ 11.1 ms by left ventricle inflow/outflow
Doppler method, 116.5 + 8.8 ms by Doppler method
in the superior vena cava/aorta, 142.4 + 14.2 by
atrial contraction/ventricular systole as measured via
Tissue Doppler Imaging (TDI) of the basal right ven-
tricular free wall (Nii et al. 2006).

We distinguish two types of second-degree AV
block. Wenckebach type (Mobitz I) second-degree AV
block is characterized by the gradual lengthening of
AV conduction time terminated by a dropped ventric-
ular contraction. Mobitz type (Mobitz II) of second-
degree AV block is typified by sudden loss of ventricu-
lar contraction, while AV conduction time remains
unchanged. A specific type of Mobitz II AV block is
2 : 1 conduction when every second atrial beat is not
conducted to the ventricles.

The third-degree AV block (complete heart block)
has the most serious impact on further foetal develop-
ment leading frequently to foetal demise. Atrial and
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ventricular electrical and mechanical activities are
completely independent in this type of AV block. This
always leads to significant and prolonged bradycar-
dia. The only physiological pathway to compensate
the decrease in cardiac output caused by bradycardia
is the Frank-Starling mechanism which might be lim-
ited at early stages according to data from animal
experiments (Kockova et al. 2013). When increased
stroke volume fails to compensate severe foetal bra-
dycardia, heart failure occurs leading to foetal
hydrops.

Foetal complete heart block occurs more frequently
in conjunction with various congenital structural heart
diseases (Stewart et al. 1983, Jaeggi & Nii 2005, Ver-
gani et al. 2005). Schmidt reported that 53% of foe-
tuses diagnosed with complete heart block had
associated complex congenital heart disease (Schmidt
et al. 1991). Another major reason for congenital
complete heart block is maternal autoimmune disease
such as lupus erythematosus, Sjogren syndrome, rheu-
matoid arthritis or unclassified systemic rheumatoid
disease. Elevated titres of anti — Ro/SSA and anti —
La/SSB antibodies are typically found in mothers
affected by the above-mentioned autoimmune dis-
eases. The risk of developing foetal complete heart
block in pregnant women with positive anti-Ro/SSA
antibodies is about 2% (Brucato et al. 2001). These
antibodies cause myocardial inflammation specifically
affecting the AV node leading to various degrees of
AV conduction impairment, which usually occurs
around 20-24 gestational weeks. This might also pres-
ent as endomyocardial fibrosis in the foetus or new-
born. Because complete heart block has been shown
to be associated with very high mortality rates ranging
between 18% and 43% (Jaeggi & Nii 2005), there
has been a major effort to prevent this autoimmune
disease. Corticosteroids were administrated to preg-
nant women with positive titres of autoantibodies
intravenously or orally (Reinisch et al. 1978, Fried-
man et al. 2009), but major side effects were noticed
afterwards including oligohydramnion, foetal adrenal
suppression, intrauterine grow retardation and so on.
Corticosteroid treatment is recommended only for
advanced heart block with significant and prolonged
bradycardia with a high risk of hydrops development.
Isolated prolongation of AV conduction only rarely
leads to progressive AV block, as shown by Jaeggi
et al. (2011) in anti-Ro and anti-La positive mothers,
and corticosteroid treatment is therefore not recom-
mended. Recently, current recommendations of the
American Heart Association regarding diagnosis and
management of foetal heart disease, including prenatal
arrhythmias, were summarized in a form of Scientific
Statement (Donofrio et al. 2014).
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Importance of the cardiac conduction system
for the origin of arrhythmias

It is widely recognized in clinical practice that the car-
diac conduction system (CCS) can be a focal point of
arrhythmogenesis (Braunwald et al. 2001). This pro-
pensity was extensively analysed from developmental
perspective by Jongbloed and associates (Jongbloed
et al. 2004) using CCS-LacZ transgenic mouse model.
Detailed analysis of the developing CCS was per-
formed on hearts at embryonic day (ED) 9.5-15.5
stained for beta-galactosidase activity and co-stained
with the myocardial marker HHF35 followed by
three-dimensional reconstruction. CCS-lacZ expres-
sion detected by X-gal staining was observed in the
sinoatrial node, left and right venous valves, septum
spurium, right and left AV ring, His bundle, bundle
branches, moderator band, Bachmann’s bundle, left
atrial posterior wall surrounding the pulmonary
venous orifice and later on in the pulmonary vein
wall. These data supported the idea that areas derived
from the developing CCS may form the arrhythmo-
genic substrate in adult hearts.

A comparative study between patients with left
atrial tachycardia originating from the junction of
mitral annulus and aortic ring and mouse embryos
demonstrated the presence of the developing special-
ized conduction system in this region starting at
embryonic age 11.5 (Gonzalez et al. 2004).

Particular attention was focused on the develop-
mental origin of pulmonary vein myocardium (Mom-
mersteeg et al. 2007a), which is derived from the
second heart field. The area around the pulmonary
veins entrance is in humans a frequent site of origin of
atrial fibrillation, so its electrical insulation by cathe-
ter intervention is a frequent procedure during clinical
intervention for ablation of this increasingly prevalent
human arrhythmia. A recent study based on HCN4-
Cre mouse line with LacZ or eGFP reporter (Liang
et al. 2013) precisely delineated relative contributions
of first and second heart lineages to the CCS and pro-
vided a time line of developmental expression of this
CCS marker in concert with other markers during its
formation.

Genetic and epigenetic determination of the
CCs

To better appreciate the developmental potential of
CCS to generate arrhythmias, one needs to consider
the mechanisms governing its induction and patterning
(reviewed in (Gourdie et al. 2003), (Christoffels et al.
2010). Lineage tracing experiments performed by the
Mikawa lab have shown that cardiac pacemaker cells
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are physically segregated and molecularly pro-
grammed in a tertiary heart field prior to the onset of
cardiac morphogenesis, and this process depends on
Wnt signalling (Bressan et al. 2013). Recently, the
genetic cascade governing specification of cardiac
pacemaking tissues was elucidated by the Amsterdam
group (Mommersteeg et al. 2007b). Restricted expres-
sion pattern of the homeodomain transcription factor
Shox2 in the sinus venosus myocardium, including the
sinoatrial nodal region and the venous valves, was
found to be important for the recruitment of these
cells to the pacemaking fate (Blaschke et al. 2007).
The authors
expression of gap junction proteins connexin 40 and
43 as well as the transcription factor Nkx2.5 specifi-
cally within the sinoatrial nodal region, leading to
embryonic lethality between ED11.5 and ED13.5 in
Shox2~'~ mice. Finally, they showed that Shox2 defi-
ciency interferes with pacemaking function in embry-
onic zebrafish in vivo. Particular attention was also

furthermore demonstrated aberrant

devoted to specification of pulmonary venous myocar-
dium (Mommersteeg et al. 2007a), which is a signifi-
cant source of atrial fibrillation. Genetic labelling
reveals that atrial cells do not contribute to this spe-
cific population, characterized by Nkx2.5 expression
distinguishing it from the systemic venous return.
Maintenance of this phenotype is dependent on Pitx2c,
which prevents it from adopting the Cx40-negative,
Hcn4-positive pacemaking phenotype of the right-
sided sinoatrial node.

Embryonic pacemaking differs in details from the
mechanisms operating in the adult sinoatrial node.
The early stages are crucially dependent on the cal-
cium clock, as demonstrated by Wakimoto et al.
(2000) who studied the functional importance of
sodium-calcium exchanger (NCX) for heartbeat initia-
tion and maintenance. To address this question, they
generated Ncx1-deficient mice by gene targeting to
determine the iz vivo function of the exchanger. The
hearts of Nex /™
embryos did not beat, and cardiomyocytes frequently
underwent apoptosis leading to embryonic lethality
between ED9 and ED10.

To study cardiac physiology near the onset of the

embryonic deficiency in Ncx,

heartbeat in embryonic mouse hearts, Chen and asso-
ciates performed dual optical mapping of membrane
voltage and intracellular calcium (Chen ez al. 2010).
Action potentials and calcium transients were detected
in approx. 50% of mouse embryo hearts at EDS8.5
and 100% at E9.0, indicating that the heartbeat starts
between ED8 and ED9. Cardiac activity was abol-
ished by calcium channel blocker nifedipine and the I
(f) blocker ZD7288, suggesting that both HCN4 and
voltage-dependent calcium channels are important for
embryonic pacemaking. The role of sodium channels
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and intracellular calcium cycling is of lesser impor-
tance at this early stage.

From the functional side, endothelin signalling was
shown to be necessary not for specification like in
birds (Gourdie et al. 1998), but normal function of
the embryonic pacemaker in mammals (Karppinen
et al. 2013). Stimulation with endothelin-1 increased
beating frequency of ED9-ED11 cardiomyocytes. Inhi-
bition by receptor antagonist tezosentan led to dose-
dependent bradycardia in vitro as well as in utero, but
only during the early (ED12.5) and not late (ED18.5)
embryonic stages. Irregular rhythm was also observed,
and use of specific antagonists indicated that the
effects are mediated via endothelin receptor B.

Location of the first activation site in the rat embry-
onic heart was investigated by the Kamino group (Hi-
rota et al. 1985). At the time of heartbeat initiation,
the first pacemaking activity was located in the left
side of the sinus venosus, but within a few hours
migrated to the right side, where the definitive pace-
maker is located. A similar situation was reported also
in avian embryos; remnants of this initial left-sided
activity were reported in a small proportion of normal
avian hearts at later stages of development (Sedmera
et al. 2006); under normal conditions, no such left-
sided activity was reported in a large series of embry-
onic mice (Leaf et al. 2008, Ammirabile et al. 2012,
Benes et al. 2014).

Considerably less is known about the mechanisms
regulating specification of the remaining components
of the CCS. Neuregulin was proposed as a factor
influencing differentiation of the ventricular myocytes
towards the conduction phenotype (Rentschler ez al.
2002), but this secreted molecule has many important
functions in the embryonic cardiomyocytes, such as
their survival (Liu et al. 2010). The neuregulin/Erb
signalling cascade could function in concert with
endothelin signalling, which was shown to be impor-
tant in Purkinje fibre differentiation in the chick
(Gourdie et al. 1998, 2003, Takebayashi-Suzuki ef al.
2000, Sedmera et al. 2008). Other important factors
participating in formation of the His bundle and its
branches include Nkx2.5 (Jay eral. 2004), Irx3
(Zhang et al. 2011) and T-box transcription factors
(Jerome & Papaioannou 2001, Moskowitz et al.
2004, Hoogaars et al. 2007, Aanhaanen et al. 2009,
Frank et al. 2012).

Differentiation of embryonic myocytes into the con-
ducting phenotype is governed also by the epigenetic
factors, of which mechanical loading is of the most
critical importance. In vitro unloading of chick embry-
onic hearts (Sankova et al. 2010) led to de-differentia-
tion of the ventricular conduction system that could
be rescued by ventricular stretching using a droplet of
silicone oil. These experiments resolved the issue
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arising from previous in vivo studies using altered hae-
modynamics models (Reckova et al. 2003, Hall et al.
2004) that showed that increased hemodynamic load-
ing accelerated, while reduced ventricular preload
inhibited ventricular CCS differentiation by attributing
the stimulus to myocyte stretching, rather than to
shear stress-induced signalling from the endocardium.

Studies on chick embryos in vivo showed that
hypoxia can accelerate maturation of the AV junction
and lead to earlier appearance of mature (apex-to-base)
ventricular activation patterns (Nanka et al. 2008),
possibly through increased apoptosis of the AV myo-
cardium. Another player in developing proper fibrous
insulation of the AV junction is the developing epicar-
dium (Kolditz et al. 2007, 2008), and perturbations of
this process may lead to ventricular pre-excitation.
Electrical insulation of the His bundle is also dependent
on immigrating cardiac neural crest cells (Gurjarpadhye
et al. 2007).

Spontaneously occurring arrhythmias in
embryos

This area of embryonic arrhythmias is not well inves-
tigated for numerous reasons. First, there are the
methodological difficulties inherent to all observa-
tional studies of mammalian embryos that are shielded
in wutero by maternal tissues. The most significant
breakthrough in this respect was availability of high-
resolution ultrasound (Phoon et al. 2002, Phoon
2006, Nomura-Kitabayashi et al. 2009, Lo et al.
2010), paralleling the advances in human embryonic
echocardiography (Maeno et al. 1999, Pedra et al.
2002). The second obstacle is the relative rarity of
such events (compare with the situation in clinical set-
tings, discussed above) necessitating the examination
of large numbers of embryos. Therefore, most ar-
rhythmias detected in the embryonic hearts could be
at least in part be due to ‘gentle’ alterations of physio-
logical conditions, as it is close to impossible to moni-
tor the embryonic mammalian heart in a completely
non-invasive manner.

Various arrhythmias in the isolated mouse embry-
onic heart were revealed using simultaneous voltage
and calcium optical mapping (Valderrabano et al.
2006). The focus of this study was on AV conduction
during transition from immature base-to-apex to
mature apex-to-base ventricular activation pattern.
The authors hypothesized that after this transition, the
remnants of the myocardial AV ring remain tran-
siently able to conduct, providing a possible substrate
for arrhythmias. They noted that arrhythmias were
rare under normal conditions, with only occasional
AV blocks (4%) and junctional rhythms in four of
309 embryonic hearts analysed. The frequency notably
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increased after isoproterenol stimulation with 6%
incidence of ventricular ectopic rhythms. Addition of
carbachol after isoproterenol caused dissociated ante-
grade and retrograde AV ring conduction in almost
10% of ED10.5-ED11.5 hearts. Re-entry persisting
for multiple beats was also observed, but none
occurred at ED9.5. Rare cases of irregular rhythm
(sinoatrial and AV block, alternating patterns of ven-
tricular activation) were also observed in our large
mouse series (Sankova et al. 2012), while ectopics
originating from the outflow tract myocardium were
seen exclusively in ED10.5-ED11.5 hearts cultured
for 24 h (Vostarek et al. 2014). AV re-entry was
observed as a rarity in one ED4 chick heart (Fig. 2).

Genetic mouse models of arrhythmias

As noted above, spontaneous arrhythmias are very
rare in normal embryonic hearts, thus facilitating
analysis of results in experimental perturbation mod-
els. The importance of catecholaminergic signalling in
development and function of the CCS was recently
reported by Steve Ebert’s group (Baker er al. 2012).
These results are in good agreement with previous
studies showing lethality of mouse embryos deficient
in a component of adrenergic signalling, beta-adrener-
gic receptor kinase (Jaber et al. 1996).

Studies by Collin Phoon validated ultrasound biomi-
croscopy as a prime tool for iz vivo identification of
abnormal mouse embryonic heart function, including
arrhythmias. Using this technique, they studied longitu-
dinally ~ embryonic ED10.5-ED14.5 NFATc1 /"~
embryos and control littermates (Phoon et al. 2004).
The null embryos, lacking the outflow valves, die prior
to completion of ventricular septation from presumed
heart failure. The authors showed that abnormal blood
flow was present at E12.5 when outflow valves normally
first develop. Reduced cardiac output and diastolic dys-
function contributed to heart failure, but contractile
function remained unexpectedly normal. The only
arrhythmia detected prior to embryonic demise was pro-
gressive bradycardia, indicating that embryonic heart
failure occurs rapidly in this mouse model.

Mutations in TBX3 cause congenital anomalies in
patients with ulnar-mammary syndrome (Frank et al.
2012). Data from both mice and humans suggest mul-
tiple roles of this transcription factor in morphogene-
sis and function of the CCS. Disruption of Tbx3
function in different regions of the developing heart
caused discrete phenotypes and lethal arrhythmias.
Sinus pauses (normally present at low frequency in
adult mice) and bradycardia indicated sinoatrial node
dysfunction; pre-excitation and AV block revealed
problems in the AV junction. These arrhythmias were
accompanied by perturbed expression of several ion
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Figure 2 Atrioventricular re-entry in ED4 chick embryonic heart. Top panels show the embryonic heart from the back and time
course of calcium transients. The first derivative panel shows both prograde activation (from the atrium to the ventricle to the
outflow tract, orange arrow) and retrograde activation from the ventricle back to the AV canal and atrium (grey arrow). Activa-
tion maps in the bottom depict this phenomenon at different temporal scales. Note that the activation pattern of the atrium dif-
fers between prograde and retrograde activation. A, atrium; AV, atrioventricular canal; V, ventricle; OT, outflow tract. For
better visualization of the activation sequence, see the Movie S1.

channel components (e.g. upregulation of Kcne3,
Chacl, Kcnj4 and downregulation of Scn7a), despite
normal expression of previously identified CCS mark-
ers, raising the possibility of functional disturbances in
apparently morphologically normal CCS.

The Notch signalling cascade was found to be
important in regulation of AV conduction in the
mouse (Rentschler et al. 2011), and activation of
Notch signalling during development consistently led
to accessory AV pathways and pre-excitation. On the
other hand, inhibition of this cascade led to AV node
hypoplasia and loss of expression of slowly conduct-
ing connexin 30.2 gap junction channels, resulting in
shortened AV delay.

Drug-induced arrhythmias in mammalian
models

A significant worry of every clinician taking care of
women of childbearing age is the teratogenic potential

of prescribed medicines. This does not only impact
overt morphological anomalies, but also more subtle
functional alterations, such as mild neurological
defects, or indeed, embryonic arrhythmias that in
extreme cases can lead to embryonic or foetal death.
As mentioned above, propensity to arrhythmia
depends considerably on developmental stage. At the
earliest stages, where the heart is small and conduc-
tion generally slow, the only ‘allowed’ arrhythmias
are alterations of heart rate of which bradycardia is
the most dangerous as it can lead to reduced cardiac
output and embryonic death. Once the cardiac cham-
bers are formed (Moorman et al. 2010), alternating
regions of fast and slow conduction develop, creating
a heterogeneity in conduction that can lead to unidi-
rectional or bidirectional blocks, re-entry and more
complex arrhythmias (Valderrabano er al. 2006).
With further development, the heart becomes more
complex with the establishment of the coronary vascu-
lar network and autonomic innervation (Hildreth
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et al. 2009). In humans, sensitivity to bradycardia in
premature infants suggests that the heart rate response
to cholinergic stimulation may change during develop-
ment (Maurer 1979). This hypothesis was tested on
isolated intact foetal mouse hearts (ED13-ED22).
Acetylcholine led to a marked (—50%) heart rate
decrease in the micromolar range in ED13-ED14
hearts, but the decrease was progressively blunted
with increasing age with a mere 3% drop at ED21-
ED22 with the same dose. Physostigmine significantly
enhanced the cholinergic response in older hearts, sug-
gesting that the effect is at least in part due to increas-
ing intrinsic cholinesterase activity with gestational
age.

Unlike the adult heart, whose energy needs are
mostly met by fatty acid oxidation, the developing
myocardium relies mostly on glycolysis. Chen et al.
(2007) investigated how inhibition of glycolysis affects
membrane voltage and calcium transients in embry-
onic mouse hearts. Glycolysis inhibition by 10 mm
2-deoxyglucose or 0.1 mm iodoacetate decreased sig-
nificantly heart rate and induced (unspecified) arrhyth-
mias in over 50% of the treated hearts. Similar effects
were noted when oxidative phosphorylation was
blocked by 500 nm p-(trifluoromethoxy)phenylhydraz-
one. During experiments aimed at elucidation of pace-
making mechanisms in early mouse heart (Chen et al.
2010), the investigators observed various arrhythmias,
including AV re-entry induced by adenosine (ADO).
This occurred at stages that had already differentiated
fast-conducting atrial and ventricular chamber myo-
cardium and slowly conducting AV canal.

Anti-epileptic drugs frequently act on ion channels
regulating membrane potential in excitable tissues;
some of these channels are present also in the develop-
ing heart. This could be one explanation for the known
teratogenic potential of these substances. Danielsson
et al. (1997) investigated the capacity of phenytoin, a
hERG channel blocker inhibiting the IKr that is critical
for embryonic heart function, to induce embryonic
hypoxia via adverse effects on the embryonic heart
using a whole embryo culture model. In these mouse
embryo studies, phenytoin caused a concentration-
dependent decrease in embryonic heart rate, with
temporary or permanent cardiac arrest at the highest
dosage. The exact concentration, as well as incidence
of other arrhythmias, was strain-dependent. Similar
results were obtained in rat embryos.

Arrhythmogenic properties of phenytoin were exam-
ined in mouse (Azarbayjani & Danielsson 2002).
Between ED9 and ED13, a dose-dependent bradycar-
dia and other unspecified arrhythmias such as AV
block were observed at maternal plasma concentra-
tions in the micromolar range. Patch-clamp recording

on HERG-transfected cells demonstrated that
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phenytoin inhibits the inward rectifier potassium cur-
rent. The authors attributed these effects to reactive
oxygen species (ROS) generated at reoxygenation
after resumption of normal rhythm, as an antioxidant
agent alpha-phenyl-N-tert-butyl-nitrone showed pro-
tective effects. A similar mechanism was proposed for
another teratogenic anti-epileptic drug, trimethadione
and its pharmacologically active metabolite dimethadi-
one. The same group of investigators then followed up
by showing that these effects were exacerbated in
combination with several anti-epileptics (phenytoin,
phenobarbital, dimethadione and carbamazepine), sup-
porting the idea that the increased risk for malforma-
tions following polytherapy is linked to an increased
risk for cardiac rhythm disturbance (Danielsson et al.
2007).

Almokalant, a class III anti-arrhythmic drug, caused
embryotoxicity in the mouse (Skold & Danielsson
2000), most likely secondary to its adverse effects on
the embryonic heart, as dose-dependent bradycardia
and periods of cardiac arrest were observed in whole
embryo culture at ED10. Thus, all drugs capable of
causing embryonic bradycardia should be regarded as
potentially embryotoxic and used during pregnancy
with extreme caution.

Chick embryonic model

The cardiac electrical activity in the chick embryo has
been investigated in pioneering works, in wvivo
(Van Mierop 1967, Rajala et al. 1984, Tazawa et al.
1989, Sugiyama ef al. 1996), in the intact embryo
(Hoff & Kramer 1939, Paff et al. 1964), the dissected
heart (Paff et al. 1968, Paff & Boucek 1975, Kasuya
et al. 1977, Hirota et al. 1987), isolated cardiac
chambers (Boucek et al. 1959, Arguello et al. 1986)
and in cultured cardiomyocytes (Shrier & Clay 1982).
In particular, ECG of the whole heart displays
characteristic P, QRS and T components which allows
assessment of the beating rate from PP or RR interval,
AV conduction from PR interval, duration of the ven-
tricular activation from QT interval and intraventricu-
lar conduction from of the QRS complex width. The
spatio-temporal interpretation of the ECG is facili-
tated by the fact that ventricular activation occurs in
a ‘base-to-apex’ fashion, and there is no differentiated
conduction system at early developmental stages
(Chuck et al. 1997, Reckova et al. 2003).

The principal types of arrhythmias observed in the
validated 4-day-old embryonic chick heart model
under various stresses (e.g. anoxia-reoxygenation) or
exposed to pharmacological agents are transient atrial
tachycardia (range 180-300 bpm) and bradycardia
(range 110-140 bpm), atrial ectopy, first-degree atrio-
ventricular blocks (AVB), second-degree AVB (2 : 1 to
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8 : 1), Wenckebach phenomenon (Mobitz type I),
third-degree AVB (ventricular escape beats) and bursts
of irregular activity followed by intermittent atrial
arrest (cardioplegia) as previously documented (Sarre
et al. 2006) and presented in Figure 3. Some of these
arrhythmias resemble those observed in the human
foetus (Strasburger & Wakai 2010).

Effects of drugs inducing arrhythmias can be conve-
niently studied in the chick embryo in vivo. Paff and

Figure 3 Examples of major types of ar-
rhythmias observed in the 4-day-old
embryonic chick heart. ECG of the iso-
lated heart displays characteristic P
wave, QRS complex and T wave compo-
nents. (a) Atrial ectopy, (b) 2 : 1 AVB,
(c) atrial ectopy + 3 : 1 AVB, (d) ven-
tricular escape beats (third-degree AVB),
(e) Wenckebach phenomenon (Mobitz
type 1), (f) episode of heart

block + Wenckebach, (g) third-degree
AVB + bursting activity and (h) intermit-
tent sinoatrial arrest (cardiople-

gia) + bursting activity. AVB,
atrioventricular block. Asterisk indicates
atrial premature beat.

D Sedmera et al. * Foetal cardiac arrhythmias

collaborators described heart blocks after digoxin
treatment (Paff ef al. 1964), defining the stage of
chamber formation as critical for induction of conal
(40 h of incubation) and AV block (42 h). Before
these stages, the only reaction of the embryonic heart
to drug treatment was complete cardiac arrest. The
authors noted similarity between this AV block and
the situation in humans, including the Wenckebach

phenomenon. The Rochester group studied effects of
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various cardiac drugs on the developing cardiovascu-
lar system. Isoproterenol at a teratogenic dose induced
increased vascular resistance and reduced cardiac
output (Clark er al. 1985), suggesting the presence
of a functional adrenergic signalling system in the
4-day-old embryonic heart. On the other hand,
antagonist) infusion
decreased both cardiac and embryonic growth through
decreased cardiac performance (Clark ef al. 1991,
Sedmera et al. 1998) and led to delayed ventricular
morphogenesis (increased

chronic verapamil (calcium

trabeculation, decreased

compact layer thickness). Recently, Kockova and
colleagues studied the effects of beta blockers and
ivabradine on cardiac function and embryonic survival
(Kockova et al. 2013). High doses led to mortality
through decreased cardiac output, based upon brady-
cardia and insufficient Frank-Starling compensation.
Partial AV blocks were also observed in both early
(day 4) and later (day 8) embryos.

Arrhythmias during anoxia—reoxygenation

In the 4-day-old embryonic chick heart model (Raddatz
et al. 1997, Sarre et al. 2006), the chrono-, dromo-
and inotropic disturbances and the ultrastructural
modifications (e.g. mitochondrial and nuclear swelling)
induced by 30-min anoxia followed by 60-min reoxy-
genation are reversible within a period of time depend-
ing on the developmental stage; the older the embryo,
the lower the reversibility (Sedmera et al. 2002).
Anoxia induces bradycardia, atrial ectopy, first-, sec-
ond-, and third-degree AVB and transient cardioplegia.
Reoxygenation provokes also the Wenckebach phe-
nomenon and ventricular escape beats. At the onset of

reoxygenation, PR, QT and ventricular electro-
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mechanical delay (reflecting excitation-contraction
(EC) coupling) significantly increase, whereas atrial EC
coupling remains unchanged. Ventricular contractility
at the apex and intraventricular conduction are also
significantly reduced by anoxia-reoxygenation (Fig. 4),
but no fibrillations, no re-entry and no ventricular ecto-
pic beats are observed. At reoxygenation, arrhythmias
and conduction disturbances are associated with a
burst of ROS production (Sarre et al. 2005, Raddatz
et al. 2011) and reduced by the antioxidant ascorbic
acid (Fig. 5). Although the presence of glucose at the
physiological concentration of 8 mm prolongs cardiac
activity during anoxia, it enhances the reoxygenation-
induced ROS production and arrhythmias relative to
glucose-free conditions (Tran et al. 1996, Raddatz
et al. 2011). This observation underscores the role
that alterations of glycolytic activity may play in ar-
rhythmogenesis associated with ROS. Nitric oxide
(NO) at supraphysiological concentration delays post-
anoxic recovery of AV propagation, and sinoatrial
pacemaker cells are less responsive to NO (Terrand
et al. 2003). An NO synthase inhibitor (L-NAME) pro-
longs the ventricular electromechanical delay during
anoxia and delays its recovery during reoxygenation,
while an NO donor (DETA-NONOate) has opposite
effects (Maury et al. 2004). Thus, a NO-dependent
pathway appears to contribute to regulation of ventric-
ular excitation—contraction coupling in the anoxic—
reoxygenated embryonic heart.

It should also be mentioned that a cycle of cooling
(4 °C, 30 min)/rewarming (37 °C, 60 min) under
normoxia is less arrhythmogenic than anoxia (30 min)
followed by (60 min).
between 15 and 20 min of rewarming, when tempera-
from 27 to 31 °C,

reoxygenation However,

ture rises the beating rate

REOXYGENATION

/—Vemrtcle °
i | Hits
“‘—Atrlum a
H,Hﬂ% Figure 4 In a 4-day-old chick embry-

#} teogs onic heart, heart rate, atrioventricular

(AV) propagation (PR interval), QT
duration, atrial and ventricular excita-
tion-contraction (EC) coupling, contrac-
tility (apical ventricular shortening) and

* intraventricular conduction (QRS width)

are markedly altered during anoxia and

reoxygenation, but fully recover after

30-40 min. Mean + SEM; n = 4;

n = 20 for QRS determination; bpm,

beats per minute. *P < 0.05 vs. prea-

Reoxygenation noxic values.
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Figure 5 Functional recovery of the 4-day-old embryonic
chick heart during the first 30 min of reoxygenation after
preceding 30 min of anoxia. (a) typical reactive oxygen spe-
cies (ROS) production determined by lucigenin-induced
chemiluminescence peaking after about 8 min (arrow). (b)
atrial rate reported as percentage of the pre-anoxic value. (c)
efficiency of the atrioventricular (AV) propagation calculated
as the ratio of the ventricular to the atrial electrical activity
duration and expressed as a percentage, 100% representing
one-to-one AV conduction. (d) highest incidence of arrhyth-
mias is associated with the burst of ROS. (e) antioxidant
ascorbic acid (Vit C, 10 mm) reduces incidence of arrhyth-
mias. Mean + SD; horizontal dashed lines represent basal
pre-anoxic levels; b and ¢: 7 = 3; d and e: n = 6.

transiently accelerates, the PR interval is prolonged,
and the rate of recovery of QT decreased, clearly indi-
cating that this range of temperature is critical for the
return to normal rhythmicity (Sarre et al. 2006).
Acidosis (transition from pH 7.4 to 6.5), which can
occur under prolonged anoxia, has negative chrono-,
dromo- and inotropic effects, essentially characterized
by intermittent atrial and ventricular activity (bursts).
At pH 6.5, heart rate and AV conduction velocity
remain significantly decreased, whereas ventricular
shortening and contractility recover after 5 min.
Under acidotic anoxia and during reoxygenation,
inactivation of HCOj3-dependent mechanisms increases
the incidence of arrhythmias. This indicates that in
heart pH

the anoxic-reoxygenated embryonic
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regulation appears to depend predominantly on HCOj;
availability and transport. The Na*/H" exchange
(NHE) appears to be protective only under anoxia
(Meiltz et al. 1998).

Under normoxia, H,O, differentially modulates
ERK, p38 and JNK pathways in atria, ventricle and
outflow tract (Gardier et al. 2010). Only exposure to a
rather high concentration of H,O, (>500 um) leads to
cardioplegia and markedly increased phosphorylation
of ERK2 and p38 specifically in atria and outflow tract,
without modifying the level of JNK phosphorylation.
Moreover, during the post-anoxic reoxygenation, the
phosphorylation level of ERK2 and p38 is altered
specifically in the ventricle. During the early phase of
post-anoxic reoxygenation, the Janus Kinase 2/Signal
Transducer and Activator of Transcription 3 (JAK2/
STAT3) pathway is activated by ROS, interacts with
Reperfusion Injury Salvage Kinase (RISK) proteins
[(PI3K, Akt, Glycogen Synthase 3beta
(GSK3beta)), Extracellular signal-Regulated Kinase 2
(ERK2)] and reduces arrhythmias (Pedretti & Raddatz
2011).

The hyperpolarization-activated cyclic nucleotide-

Kinase

gated (HCN) channels are expressed very early during
cardiogenesis and play an important role in the con-
trol of the rate of diastolic depolarization in pace-
maker cells of atria, ventricle and outflow tract (Sarre
et al. 2010). Inhibition of the HCN channels by ivabr-
adine has a negative chronotropic effect in all these
cardiac regions (characterized by a decreasing AVco-
notruncal gradient of intrinsic beating rate) and stabi-
lizes the PR interval under normoxia but does not
alter the types and duration of arrhythmias during
anoxia—reoxygenation.

Pharmacological opening of the mitochondrial
KATP channel by diazoxide selectively improves
recovery of the PR interval and ventricular E-C cou-
pling during reoxygenation, via NO-, ROS- and PKC-
dependent pathways (Sarre et al. 2005) and reduces
reoxygenation-induced JNK activity in the ventricle
(Sarre et al. 2008). Furthermore, the open-state of the
sarcolemmal L-Type Ca®* channel, mitochondrial
Ca”* uniporter and mitochondrial KATP channel can
be a major determinant of JNK activity and anoxia—
reoxygenation-induced arrhythmias.

The TRPC1, 3, 4, 5, 6 and 7 isoforms of the volt-
age-insensitive cationic transient receptor potential
canonical (TRPC) channels are expressed in the heart
of 4-day-old chick embryos and can form a macromo-
lecular complex with the alphalC subunit of the L-
type voltage-gated calcium channel (Cav1.2). Under
normoxia, inhibition of TRPCs by SKF96365 leads to
negative chrono-, dromo- and inotropic effects, pro-
longs QT interval and triggers Wenckebach phenome-
non, clearly indicating that inactivation of these
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channels is implicated in arrhythmias. Blockade of
the TRPC3 isoform by Pyr3 affects AV conduction
specifically, whereas inhibition of all TRPCs by SKF
combined with that of Cav1.2 by nifedipine results in
severe arrhythmias and finally in cardioplegia (Sabou-
rin et al. 2011).

Proarrhythmic Ca®* overload can result from Ca**
entry through sarcolemmal voltage-dependent L-type
and T-type Ca®* channels (Cav1.2 and Cav3.1, respec-
tively) and voltage-independent cation channels
(TRPC), as well as Ca®* release from the sarcoplasmic
reticulum after anomalous activation of ryanodine
receptor (RyR2) channels by ryanodine (Tenthorey
et al. 1998) and/or inhibition of sarco/endoplasmic
reticulum Ca2+-ATPase (SERCA) by thapsigargin
(Sabourin et al. 2012). The L-type Ca** channel ago-
nist Bay-K-8644 induces atrial tachycardia and tends
to prolong arrhythmias during reoxygenation (Bruchez
et al. 2008). ROS and reactive nitrogen species (RNS)
are known to alter the redox state and increase activ-
ity of RyR2 leading to a potentially proarrhythmic
Ca®* release. Pharmacological opening of RyR chan-
nels with ryanodine (10 nMm) triggers severe arrhyth-
mias (mainly bursting activity) under normoxia and
during anoxia and reoxygenation, whereas verapamil
(10 nM), an antagonist of L-type Ca®* channel at this
concentration, affords protection against reoxygen-
ation-induced arrhythmias (Tenthorey et al. 1998).
Furthermore, relative to the Cav3.1 channel (T-type),
the Cav1.2 channel (L-type) plays a major role in
spontaneous electrical activity of the embryonic chick
heart. Indeed, inhibition of Cav1.2 with nifedipine
induces a progressive and significant shortening of QT
and prolongs the ventricular electromechanical delay,
whereas specific inhibition of Cav3.1 with mibefradil
has only a slight effect (Sabourin et al. 2011).

Adenosine is a crucial regulator of the developing
cardiovascular system, derives from intra- and extra-
cellular ATP degradation and accumulates in the myo-
cardial interstitial fluid under hypoxia or ischaemia. In
the embryonic heart, developing normally in an envi-
ronment poor in oxygen, the physiological concentra-
tion of ADO is much higher than in the adult
normoxic heart and ADO metabolism relies on ecto-
nucleoside triphosphate diphosphohydrolase (CD39),
ecto-5'-nucleotidase (CD73), adenosine kinase (AdK)
and ADO deaminase (ADA). CD39 and CD73
sequentially convert ATP to ADO and ADA convert
ADO into inosine (INO). ADO is transported by
equilibrative (ENT1,3,4) or concentrative (CNT3)
transporters and interacts with the four subtypes of
ADO receptors (AR), A;AR, A;5AR, A;zAR and
A3AR (Robin et al. 2011, 2013). ADO or A,AR
activation transiently provokes bradycardia, second-
degree AVB and Mobitz type I second-degree AVB
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(Wenckebach phenomenon). These transient pacemak-
ing and AV conduction disturbances are induced by
A1AR activation through concomitant stimulation of
NADPH oxidase and phospholipase C (PLC), fol-
lowed by downstream ROS-dependent activation of
ERK2 and ROS-independent activation of PKC with
Cav1.2 channel as a possible target (Robin ez al.
2011). Furthermore, A{AR activation mediates also a
proarrhythmic Ca** entry through the TRPC3 channel
functioning as a receptor-operated channel, via the
stimulation of the PLC/DAG/PKC cascade in atrial
and ventricular cardiomyocytes (Sabourin et al. 2012).
Inactivation of ENTs (i) increases myocardial ADO
level, (ii) provokes atrial ectopy and AVB, (iii) pro-
longs P wave and QT interval and (iv) increases ERK2
phosphorylation. Inhibition of CD73, MEK/ERK
pathway or A;AR prevents these arrhythmias. Expo-
sure to INO also causes arrhythmias associated with
AVB and ERK2 phosphorylation, which are prevented
by AjAR or A, AR antagonists exclusively or by
MEK/ERK inhibitor. Thus, disturbances of nucleoside
metabolism and transport can lead to interstitial accu-
mulation of ADO and INO and provoke arrhythmias
in an autocrine/paracrine manner through A;AR and
A, AAR stimulation and ERK2 activation (Robin et al.
2013).

Pathogenesis of autoimmunity-caused
congenital heart block

It is well recognized that maternal antibodies causing
lupus pass the placenta and can induce prenatal or
congenital heart block (CHB, reviewed in (Buyon &
Clancy 2003)). Current understanding of its pathogen-
esis was obtained from animal models that were
instrumental in revealing its mechanisms. It is believed
that the foetal cardiomyocytes undergoing apoptosis
such as those in the AV canal (Cheng e al. 2002)
expose the originally intracellular Ro and La antigens
to their surface, where they can be bound by circulat-
ing maternal autoantibodies (anti-SSA/Ro-SSB/La).
The macrophages then phagocytose these ‘opsonized’
cells, leading to the secretion of pro-inflammatory and
pro-fibrotic cytokines, leading to fibrosis (which does
not normally occur during prenatal tissue healing),
differentiation of myofibroblasts and scarring. This
overshoots the normal process of reduction of the
originally broad myocardial connection between the
atria and ventricles to His bundle and leads in
extreme cases to a complete ventricular block. More
recent studies (Kamel et al. 2007) linked the AV bun-
dle and sinoatrial node dysplasia in autoimmune lupus
to antiserotonin (5-HT4) receptor antibodies in mice.
One of the problems with analysing this human dis-
ease is its incomplete penetrance and far from 100%
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recurrence rate in the same mother. Some of these
features also complicate the murine models of lupus
erythematosus, where the frequency of CHB is low as
well (Suzuki et al. 2005). The authors’ assessment of
heart block incidence in murine maternal lupus models
by measuring AV conduction in neonatal offspring is
potentially confounded by loss by death in utero of the
most severely affected foetuses. However, prenatal
embryonic Doppler echocardiography employed in
mice immunized with 60 kDa Ro, 48 kDa La or
recombinant calreticulin autoantigens revealed a signif-
icant decrease in foetal heart rate and 18% incidence
of lower degrees of AV block in all groups relative to
controls from ED13. However, the number of pups
born with an overt block was lower. This shows that a
lot of potentially significant events that may even lead
to foetal demise, such as foetal bradycardia and tem-
porary conduction deficits, could be missed if one con-
centrates only on postnatal stages.

Qu et al. (2001) identified L-type calcium channel
as a potential target for maternal antibodies inducing
CHB in the foetus. In vitro studies showed the binding
of these antibodies to the sarcolemma and in vivo
demonstrated lower channel density in myocytes iso-
lated from neonatal mice born to immunized dams.
Deletion of the neuroendocrine alphalD Ca channel
in mice resulted in significant sinus bradycardia and
AV block, a phenotype reminiscent to that seen in
CHB. Another study by this group (Qu et al. 2005)
confirmed expression of the alphalD Ca channel in
human foetal heart, showed the inhibitory effect of
anti-Ro/La antibodies on this channel and direct
cross-reactivity with this protein. This inhibition was
rescued by a Ca channel activator, Bay K8644, open-
ing a potential therapeutic avenue in this disease.

Conclusions

Despite recent advances in developmental cardiology,
foetal medicine and genomics, little is known regard-
ing the dysfunction of the developing human heart.
This review shows the importance of the correct
detection, characterization and diagnosis of cardiac
rhythm disturbances as early as possible during in ute-
ro life. Experimental and transgenic animal models
(e.g. sheep, mouse, chick and zebrafish) can help to
decipher the cellular and molecular mechanisms
underlying embryonic and foetal arrhythmias and
assist in the identification of novel therapeutic targets.
Such approaches also allow the investigation of the
potentially deleterious short- and long-term effects of
early intra-uterine stress-, drug- and mutation-induced
cardiac dysrhythmias. Research in this field provides
complementary scientific data to make possible the
treatment of the « foetal patient » before their birth,
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limiting possible detrimental consequences in adult-
hood.
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Abstract

Aim: We analysed the effects of acute temperature change on the beating
rate, conduction properties and calcium transients in the chick embryonic
heart in vitro and in ovo.

Methods: The effects of temperature change (34, 37 and 40 °C) on
calcium dynamics in isolated ED4 chick hearts in vitro were investigated
by high-speed calcium optical imaging. For comparison and validation of
in vitro measurements, experiments were also performed iz ovo using
videomicroscopy. Artificial were performed
in vitro and in ovo to uncover conduction limits of heart segments.
Results: Decrease in temperature from 37 to 34 °C in vitro led to a 22%
drop in heart rate and unchanged amplitude of Ca”* transients, compared
to a 25% heart rate decrease in ovo. Increase in temperature from 37 to
40 °C in vitro and in ovo led to 20 and 23% increases in heart rate,
respectively, and a significant decrease in amplitude of Ca?* transients
(atrium —35%, ventricle —38%). We observed a wide spectrum of
arrhythmias in vitro, of which the most common was atrioventricular
(AV) block (57%). There was variability of AV block locations. Pacing
experiments 7 vitro and in ovo suggested that the AV blocks were likely
caused by relative tissue hypoxia and not by the tachycardia itself.
Conclusion: The pacemaker and AV canal are the most temperature-sensi-
tive segments of the embryonic heart. We suggest that the critical point for
conduction is the connection of the ventricular trabecular network to the
AV canal.

Keywords arrhythmias, calcium imaging, chick embryo, conduction
block, heart development, optical mapping.

stimulation experiments

The function of the embryonic heart is strongly
affected by temperature. The temperature changes
affect the kinetics of ion channels, pumps and the
Na*/Ca®* exchanger. Changes in the kinetics of these

tolerates (within limits) variations in incubation tem-
perature. The effects of temperature on developing
chick embryonic heart have been extensively studied.
One of the most striking findings is the effect of

channels are crucial for the generation and propaga-
tion of electrical activation through the embryonic
heart (Sperelakis & Lehmkuhl 1967, Chen & DeHaan
1993).

Despite homoeothermy, the avian embryo retains
some flexibility from its poikilothermic ancestors and

long-lasting hypothermia (32-36 °C), which causes
1970). These
changes are accompanied by increased contractility of
embryonic hearts (Warbanow 1971). Another study
focused on hypothermia tests haemodynamic effects
of environmental

cardiac  hypertrophy  (Warbanow

hypothermia in the stage 21

© 2016 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12691 |
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(Hamburger & Hamilton 1951) embryo. Cooling
from 34.7 to 31.1 °C causes a significant decrease in
heart rate by about 25%, increased vascular resis-
tance and decrease in blood pressure and blood flow.
This bradycardic response is independent of func-
tional autonomic innervation (Nakazawa et al.
1985). A recent study at stage 17 shows that
hypothermia is associated with bradycardia and a
decrease in the peak velocity of blood during systole
(Lee et al. 2011). The effects of environmental hyper-
thermia (37-40 °C) cause an increase in the heart
rate by about 22% at stage 21, without changes in
stroke volume (flow/rate). This study also shows a
significant increase in the basal heart rate during
development from stage 18 to stage 24 (Nakazawa
et al. 1986). The long-term consequences of periods
of hypothermia (31-36 °C) and hyperthermia (38—
42 °C) show teratogenic and lethal effects on the
chick embryo (Peterka et al. 1996).

An in vitro hypothermia-rewarming study by Sarre
and colleagues shows dramatic changes in heart rate
during cooling from 37 to 0 °C and subsequent
rewarming to 37 °C in isolated chick embryonic
hearts at stage 24. The hearts stopped beating in deep
hypothermia at the critical temperature of 18 °C, and
they resumed beating at the same temperature during
rewarming. Changes in heart rate remained linear in
the range between 34 and 37 °C (Sarre et al. 2006).
The most recent study shows acute temperature effects
on ex vivo zebrafish hearts studied by optical map-
ping, in the range from 18 to 28 °C. Cooling to 18 °C
decreases heart rate by about 40% and increases atrial
and ventricular APDsq by factors 3 and 2 respectively.
It shows that the atrial APD is the most severely
affected AP parameter by an acute temperature change
(Lin ef al. 2014) and that this property is conserved
among vertebrates. The action potentials of atrium,
atrioventricular (AV) canal, ventricle and outflow tract
differ in duration — APDg,. The longest APDy, occurs
in the AV canal. Arguello ef al. (1986) suggested that
prolonged APDyq in AV canal region was caused by
longer predominance of Ca®* and slow Na* current
dependence during development, as compared to atrial
or ventricular cells.

Early cardiac rhythmicity is critically dependent on
intracellular dynamics of calcium ions. Calcium han-
dling is regulated by calcium ion channels, receptors,
ATPases and the Na*/Ca®* exchanger (NCX; Bers
1991), and its kinetics is strongly influenced by tem-
perature. Embryonic cardiac rhythmicity is maintained
by pacemaker cells from the developing sinoatrial
node located at the inflow portion of the heart
(Kamino et al. 1981). The pacemaker potential is gen-
erated by a specific set of ion channels. Spontaneous
depolarization is initiated mainly by the funny current
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(I) or ‘pacemaker’ current, via the HCN channels
(Na*, K* currents) (DiFrancesco 1993, Moroni et al.
2001). A significant role during early depolarization is
played also by influx of positive charges, known as
the Incx during forward mode (3Na* in, 1Ca®* out)
of sodium—calcium exchanger — NCX (Haddock ez al.
1997).

We analysed the acute effects of temperature change
on electrical activity of the chick embryonic heart
using in vitro high-speed calcium imaging. We hypoth-
esized that temperature-dependent arrhythmias, in
particular AV blocks, are due to a particular sensitiv-
ity of the AV canal to relative hypoxia. The main goal
of this study was to observe changes in calcium tran-
sient dynamics as a basis for contractility and also to
analyse defects in conduction through activation maps
with high spatio-temporal resolution. We also per-
formed videomicroscopy in ovo to compare in vitro
temperature effects on the pacemaker per se with the
effects on the whole embryo, in which the working
heart is coupled to the vascular system.

Materials and methods

Experimental model

White Leghorn chicken eggs (Institute of Molecular
Genetics, Kolec, Czech Republic) were stored at
16 °C prior to incubation. The eggs were incubated at
37.5 £ 0.5 °C in a humidified incubator until ED4
(HH stage 21-23, Hamburger & Hamilton 1951).
Chick embryos were removed from the eggs and
placed into Tyrode’s solution (composition: NaCl
145 mmol L', KCl 5.9 mmol L™', CaCl, 1.1
mmol L™, MgCl, 1.2 mmol L™!, glucose 11
mmol L™!, HEPES § mmol L™'; pH = 7.4). Hearts
were isolated from the embryos and stained in 2.5 mL
Rhod-2 (1.78 mwm; Invitrogen, Carlsbad, CA, USA) in
Tyrode’s solution for 1 h in the dark at room temper-
ature. The hearts were then incubated in 2.5 mL Tyr-
ode’s solution for 1 h in the dark at 38 °C to de-
esterify the dye loaded to the myocytes, according to
manufacturer’s instructions.

Optical mapping

The two-dimensional optical mapping system for
embryonic hearts has been described in detail previ-
ously (Tamaddon et al. 2000, Rentschler ez al. 2001).
Optical calcium imaging of chick embryonic hearts
was based on an established set-up (Valderrabano
et al. 2006). We used the calcium-sensitive dye Rhod-
2 with a modified set-up (Vostarek et al. 2014).
Stained hearts were placed into a tissue bath contain-

ing 2mL of Tyrode’s solution with 0.15 um
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blebbistatin to reduce movement (Fedorov et al.
2007). Temperature in the glass-bottomed Petri dish
(Wilco Wells, Amsterdam, the Netherlands) was main-
tained by a temperature-controlled stage (Linkam DC-
60, Tadworth, UK). An inverted epifluorescence
microscope (Nikon Eclipse TE 2000-S, Tokyo, Japan)
fitted with a high-speed EM-CCD camera (Andor
iXon3; Andor, Belfast, UK) was used to monitor
changes in intracellular calcium concentration — visu-
alized as changes of fluorescence over time under
hypothermia (34 °C), normothermia (controls, 37 °C)
and hyperthermia (40 °C). Two measurements were
performed on each heart after 5 min of stabilization
at different temperatures (37 and 34 °C — cooling, 34
and 37 °C — warming, 37 and 40 °C — warming). This
temperature range represents the physiological range,
compatible with long-term embryonic survival.

Data analysis

The obtained data were analysed by NIS ELEMENTS
software (Nikon, Tokyo, Japan) and BV_ANA Analysis
software (SciMedia Ltd, Costa Mesa, CA, USA).
Heart rate was established from counts of calcium
transients in the atrium during the 6-s interval (NIS
ELEMENTS). Amplitudes of calcium transients in atrium
and ventricle were analysed using NIS ELEMENTS tools.
The start of the calcium transient was established as a
point of beginning of the upstroke from baseline.
Amplitudes were measured as the height from baseline
to the peak. APDyy values were obtained from cal-
cium transient recordings from atrium, AV canal and
(n = 10), with
recordings free from motion artefacts or arrhythmias.

ventricle of normothermic hearts

Spatiotemporal activation maps were constructed from
raw data from NIS ELEMENTS using BV_ANA Analysis
software. Data were filtered by high pass/low pass and
median filters. The first derivative was calculated as
described previously (Nanka et al. 2008, Sankova
et al. 2010). Its peak was used to mark the time of
activation of each pixel.

Videomicroscopy

ED4 chick embryos incubated in ovo were studied by
videomicroscopy to measure changes in heart rate
under different temperature conditions. The first mea-
surement was performed at 34 °C, the second at 37 °C
and the third at 40 °C. The embryos in ovo were
maintained at set temperature using a custom-made
styrofoam-insulated metal container filled with pre-
heated Bath Armor pellets placed on a Torrey Pines
Scientific chilling/heating plate. Ten-second movies
were recorded for each temperature with a Nikon
D7000 camera (640 x 480 px, 30 fps) mounted on a
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Leica 125 dissecting microscope; Leica Microsystems,
Wetzlar, Germany with a 150 W halogen light source
fitted with a green interference filter to enhance con-
trast of blood. Data analysis was performed using IMA-
GE] software; National Institutes of Health, Bethesda,
MD, USA. Two regions of interest were selected on
atrium and ventricle, respectively, and heart rate values
were obtained by the measurement of changes in grey-
scale levels in time during blood flow (Sedmera et al.
1999, Kockova et al. 2013).

Electrical stimulation in ovo

Atrial and ventricular pacing was performed in ED4
chick embryonic hearts after spontaneous rhythm
recordings were obtained. A platinum bipolar elec-
trode was positioned over the atrium using a Nar-
ishige micromanipulator; Narishige International USA,
Inc., Amityville, NY, USA. The heart was stimulated
in overdrive mode at a gradually increasing/decreasing
rate (from 120 to 600 beats min~'), with 2-ms pulses
twice the diastolic threshold, which was between 1.5
and 2.5 mA (Sedmera et al. 2003). The pacing fre-
quency at which conduction disturbances appeared
was considered the limit of sustainable conduction
rate. Video recordings were obtained and analysed as
described above.

Electrical stimulation in vitro (voltage recordings)

Chick ED4 embryonic hearts were isolated with a piece
of adjacent body wall to allow for fixation to the dish
bottom. Hearts were stained in 500 uL of voltage-sen-
sitive dye di-4-ANEPPS
5 min. They were then briefly rinsed and pinned face-
up in a custom-made oxygenated tissue bath containing
20 mL of Tyrode’s solution with added 0.1 zm blebbis-
tatin to reduce movement. Atrial and ventricular pac-

(2.5 mym; Invitrogen) for

ing was performed by a platinum bipolar electrode,
which was positioned over the atrium or ventricle using
a Narishige micromanipulator. The hearts were stimu-
lated in overdrive mode at varying rates (atrium from
200 up to 400 beats min~" and ventricle from 300 up
to 600 beats min~') to uncover capture and conduc-
tion limits. Data acquisition and analysis were per-
formed using the Ultima L high-speed camera;
SciMedia Ltd, Costa Mesa, CA, USA and bundled soft-
ware as described recently (Sankova et al. 2010).

Statistical analysis

The data from optical mapping were divided into two
groups according to the temperature: hypothermia
group (37 and 34 °C) and hyperthermia group (37
and 40 °C). Each group included at least 45 hearts,
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and significance of difference was tested by two-tailed
Student’s paired #-test. The occurrence of third-degree
AV block in the three groups, hypothermia, normoth-
ermia and hyperthermia hearts, was tested by Pear-
son’s chi-square test. The number of hearts analysed
in ovo was 19, and each heart was tested at all three
temperatures. In all cases, values are presented as
mean + SD, and P < 0.05 was considered statistically
significant.

Results

Experiments in vitro

Changes in calcium transients dynamics. Electrical
activity of the chick embryonic hearts (monitored by
calcium optical imaging) was strongly affected by
acute temperature changes. The most striking was
modulation of sinus rhythm frequency. We tested the
acute effects in three temperatures. We set 37 °C as a
default (baseline i1 vitro) temperature — normother-
mia, hypothermia at 34 °C and hyperthermia at
40 °C. We observed a nearly linear dependence of the
sinus rhythm on temperature under these conditions.
The rhythm changed by approx. 20% in hypothermia
(P < 0.001) and hyperthermia (P < 0.001), in compar-
ison with normothermia (Fig. 1).

We then focused on changes in amplitude of the
calcium transients. The acceleration of heart rate
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during hyperthermia caused a significant decrease in
calcium transient amplitude in both the atrium and
ventricle (Fig. 1d), while no significant changes were
observed during hypothermia (Fig. 1b).

We also observed a wide spectrum of rhythm dis-
turbances (for examples, see Supplemental Video S1).
These arrhythmias were divided into two main
groups.

Defects in rhythm generation — direct influence on the
pacemaker. Defects in generation of electrical impulse
represented 28% of all arrhythmias. Most common
were atrial extrasystoles and sinus pauses (missed
beats), which together represented 22% of all
observed arrhythmias (Table 1). Atrial extrasystoles
and sinus pauses were two times more frequent during
hyperthermia than in the normothermia group, while
almost none were found in hypothermia. Complete
cardiac arrest developed only in three of the 99 hearts
analysed. We also uncovered junction rhythm activity
in the AV canal in two cases during hyperthermia, at
considerably  high rates (160  and
180 beats min™").

firing

Defects in impulse propagation. This phenomenon
was observed most frequently during hyperthermia,
less commonly during normothermia, and was
observed only as a few conduction blocks during
impulse  propagation

hypothermia.  Defects in

Hyperthermia

_
(1)
—

2004

1501 I

100 4

Heart rate (bpm)

@
(=1
1

37°c 40°C

_
o
=

400 4

3004 ] .

200 4

100 4

Ca?* amplitude (relative)

o

37°C 40°C 37°Cc 40°C

Atrium Ventricle

Figure | Effects of acute temperature changes on heart rate and amplitudes of Ca** transients in ED4 chick embryonic heart

in vitro. (a) Decrease in temperature from 37 to 34 °C led in vitro to a 22% drop of intrinsic heart rate (n = 45). (b) Hypother-

mia caused no significant changes in amplitude of Ca®* transients (z = 45). (c) Increase in temperature from 37 to 40 °C lead

in vitro to a 20% acceleration of intrinsic heart rate (7 = 54). (d) Hyperthermia caused a significant decrease in the amplitude
of Ca®* transients (n = 54, atrium —35%, ventricle —38%, mean + SD, $P < 0.001).
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Table | Arrhythmias observed in ED4 chick embryonic
hearts in vitro. Complete spectrum of observed arrhythmias
in hypothermia, normothermia and hyperthermia (total num-
ber of observed arrhythmias = 106)

Type of arrhythmia Occurrence (%)

Complete cardiac arrest 3
Atrial extrasystoles 10
Sinus pauses 12
Junction rhythm 2
Atrial block 3
Second-degree AV block 22
Third-degree AV block 35
Mid-ventricular block 2
Ventriculo-conotruncal block 8
AV re-entry 3
Total 100

AV, atrioventricular.

represented  72% of all observed arrhythmias
(n = 106, Table 1). In three cases, conduction blocks
were observed in conduction through the atrium
(atrial block), in two cases in the middle of the ven-
tricle (mid-ventricular block) and in 8% of cases
(n =106 observed arrhythmias) at the boundary
between the ventricle and outflow tract (ventriculo-
conotruncal block). Our attention was especially
focused on conduction in the AV canal. Development
of conduction blocks in the AV canal (second- or
third-degree AV  block) presented 57% of all
observed arrhythmias. The most common defect was
a complete AV block, which developed in one case
during hypothermia (7 =45 hearts, Pearson’s chi-
square test P < 0.03), in 15% of cases in normother-
mia (stabilization, 7 = 99 hearts) and 39% in hyper-
thermia (7 = 54 hearts, Pearson’s chi-square test
P < 0.001). Third-degree AV block represented 35%
of all observed arrhythmias (7 = 106). The second
most common defect was second-degree AV block
(22% of all arrhythmias), which developed in 11%
of cases during hypothermia (7 =45), in 10% of
cases in normothermia (stabilization, 7z = 99) and
14% in hyperthermia (7 = 54). The most common
was an intermittent second-degree AV block in 65%
of second-degree AV blocks, Wenckebach phe-
nomenon represented 30% of second-degree AV
blocks, and Mobitz II was observed only in one case.
Occasionally, we noted rare arrhythmias such as AV
re-entry, but only in three cases of the 106 arrhyth-
mias observed (Table 1).

Locations of AV  blocks — optical activation
maps. Optical mapping allowed us to focus specifically
AV blocks.

on the localization of third-degree

F Vostarek et al. * Temperature effects on embryonic heart

Activation maps were created from calcium data in
BV_ANA Analysis software. Comparison of standard
conduction in normothermia and various types of the
third-degree AV block is shown in Figure 2. The loca-
tions of block were variable within the AV canal. In
59% of cases, the conduction stopped uniformly
across the AV canal. In the remaining 41% of cases,
we observed a different AV block pattern, wherein
conduction stopped either at the inner curvature or at
the AV canal-ventricular boundary, along the outer
curvature (Fig. 2f). The most critical part of the AV
canal was the distal region at the boundary of the
ventricle. The distal region of AV canal developed
53% of AV blocks. By contrast, the proximal AV
region developed 37% of blocks and conduction
stopped in the middle part of the AV canal in the
remaining 10% of blocks.

In ovo experiments

We decided to compare the iz vitro findings with an in
ovo experiment that included vascular coupling. We
studied acute temperature effects iz ovo by videomi-
croscopy (n =19 hearts). The experimental tempera-
tures were chosen in the same range as the in vitro
studies. We obtained heart rates 120 & 11 beats min ™"

' in normother-

in hypothermia, 160 + 21 beats min~
mia and 197 =+ 27 beats min~!

Increase in temperature from 34 to 37 °C leads to a

in hyperthermia.

25% change of baseline heart rate and increase from 37
to 40 °C lead to 23% acceleration iz ovo (P < 0.001).
This dependence of heart rate on temperature was
almost linear (R* = 0.999) and corresponded well with
the in vitro findings.

We also observed rhythm disturbances, which
developed in some embryos during hyperthermia. The
most frequent were sinus pauses. On occasion, sec-
ond-degree AV block developed (see Fig. 3). Third-
degree AV block was not observed.

Electrical stimulation of the atrium and ventricle. We
hypothesized that third-degree AV blocks found
in vitro were caused by relative tissue hypoxia, which
most profoundly affects conduction through the AV
canal (Tran et al. 1996, Sedmera et al. 2002). To test
this hypothesis, we measured the ability of the AV
canal to propagate high frequencies induced by electri-
cal stimulation from the atrium to the ventricle. The
measurements of calcium transients in vitro (37 °C)
showed that the APDyy under spontaneous rhythm
was longest in the AV canal of whole ED4 hearts.
The longer APDyq in the AV canal (330 ms) predis-
poses this cardiac segment to be a limiting factor in
conduction of higher beat frequencies between the
atrium and the ventricle. The APDgq in the ventricle
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Figure 2 Comparison of third-degree atrioventricular (AV) block locations — different localization of conduction disturbances
in the AV canal. (a) ED4 chick heart. (b) Standard conduction. (c) Proximal AV block. (d) Mid-AV block. (e) Distal AV block.
(f) Distal AV block with preferential conduction along the outer curvature of the AV canal. Colour bands are in 32 ms (b) and
16 ms intervals (c—f), isochrones are in 8 ms intervals. A, atrium; AVC, AV canal; V, ventricle; OT, outflow tract.

(282 ms) was longer than in the atrium (223 ms,
P < 0.001).

Electrical stimulation experiments in ovo showed
that the AV canal of all experimental hearts (z = 7)
was capable of propagating frequencies of up to
300 beats min~'. AV canal conduction limit reached
360 beats min~" during atrial stimulation in one case
(Fig. 4a,b). During stimulation of atrium, an atrial
conduction limit of 360 beats min~! was found. This
being said, second-degree AV block regularly occurred
when pacing rates exceeded 300 beats min~'. Hearts
were capable of beating at high frequencies for only a
few seconds without developing conduction block.
Stimulation of the ventricle uncovered a maximal cap-
ture threshold at 600 beats min~' (Fig. 4c). These
results support our hypothesis that hypoxia could be
one of several parameters that would explain our find-
ings, as we never observed such high rates in sinus
rhythm, even during the highest tachycardias in hyper-
thermia i vitro (270 beats min~') without AV block.

We performed electrical stimulation experiments on
isolated ED4 hearts in vitro to uncover the conduction
limits of isolated hearts without blood flow and

vascular coupling (7 = 23). The AV conduction limit
(1:1 AV capture) was breached at 261 beats min ™"
(see Fig. 4d). In the same heart, a maximum frequency
of 353 beats min~' was reached in the atrium, but
second-degree AV block developed (see Fig. 4e). The
next two highest heart rates successfully propagated
through the AV

232 beats min~ ' and 200 beats min~'. The remaining
-1

canal in other hearts were

hearts did not even reach 200 beats min~" with nor-
mal AV conduction. A capture limit for the ventricle
was reached at 476 beats min~"' (see Fig. 4f).

Discussion

Arrhythmias in the embryonic heart

High-speed imaging of calcium in the embryonic
mouse heart (Valderrabano et al. 2006) results in
increased sensitivity compared to imaging of voltage-
sensitive dye. This modality also allows for signal
detection in the AV canal, enabling the detection of
various arrhythmias. Our experimental set-up (Vos-
tarek ef al. 2014) for imaging normal and stressed

6 © 2016 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12691
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Figure 3 Second-degree atrioventricular
(AV) block during hyperthermia in ovo.
In ovo videomicroscopy recording of a
transient second-degree AV block
(Wenckebach phenomenon) during
hyperthermia. Traces represent changes
in grey level in time due to edge motion.
Each peak represents one contraction.
The x-axis is presented in frames (acqui-
sition speed 30 fps). A, atrium; V, ventri-
cle; OT, outflow tract; ES, atrial
extrasystole.

embryonic hearts represents a significant technological
improvement. Among other advances, it enables pre-
cise localization of sites of conduction block and the
uncovering of ectopic pacemakers (Hoogaars et al.
2007, Leaf et al. 2008, Ammirabile et al. 2012, Benes
et al. 2014) in the isolated embryonic heart model.

We measured correlation of PQ intervals in
hypothermia, normothermia and hyperthermia, but no
significant dependences were observed. PR interval
was not significantly influenced by temperature or
heart rate, similar to the results of Sarre et al. (2006).
However, a modest trend towards the prolongation of
PR interval was noted in their follow-up study, which
included analysis of the bradycardic effects of ivabra-
dine (Sarre ef al. 2010). This probably reflects the
limitation of ion pumps responsible for the restora-
tion of membrane potential at higher heart rates
during the pre-innervation stages of cardiogenesis. On
the other hand, the mechanical PQ interval was
described as negatively correlated with heart rate in
human foetuses. It is notable that these more mature
foetal hearts were measured under in vivo conditions
and with full autonomic innervation (Tomek et al.
2011).

Temperature effects on heart rate and calcium
transients

Results from calcium transient dynamics measure-
ments in vitro showed that heart rate is linearly
dependent on the temperature in the range from 34 to
40 °C. This corresponds well with a previous study
using a ramp protocol (Sarre et al. 2006). Changes in

F Vostarek et al. * Temperature effects on embryonic heart
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heart rate were caused by direct influence on the pace-
maker changing its kinetics. In the hypothermia
group, we tried to change the temperature in both
directions — cooling from 37 to 34 °C and warming
from 34 to 37 °C. We did not observe any significant
difference in heart rate change or arrhythmogenesis
related to the direction of temperature change.

We expected changes in temperature to influence cal-
cium transient amplitudes. During hyperthermia, we
observed a significant decrease in amplitudes of calcium
transients. We hypothesize that this is caused by higher
heart rate with less time for calcium channels and
pumps to establish calcium transients. We suggest that
lowering of calcium transients could result in weaker
contractility, which may lead over time to negative
effects on pumping efficiency. These negative effects on
cardiac output are equalized by higher heart rate, but
limitations of energetic metabolism are crucial. On the
other hand, we observed no significant changes during
hypothermia. This is probably due to adaptation of
chick embryos to hypothermia in natural conditions.
Decreased activity of calcium transporters is balanced
by a longer period available for establishing the equilib-
rium concentration. Cardiac output is maintained
through Frank-Starling compensation by increased
stroke volume (Benson et al. 1989).

Temperature and cardiac output

Experiments i ovo, including vascular coupling and
blood flow, showed the same linear dependence of heart
rate on temperature as i vitro. Chick ED4 hearts are not
innervated, but ff-adrenergic receptors are expressed at

© 2016 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12691 7
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Figure 4 Artificial stimulation uncovers conduction limits. Left side shows recordings during electrical stimulation iz ovo
(n = 7). Atrioventricular (AV) canal conduction limit of chick ED4 heart in ovo reached 360 beats min~! during electrical stim-

ulation of the atrium. Atrium was stimulated gradually from 400 to 120 beats min™".
Edge movement signal from the ventricle. (c) Maximal measured conduction limit of ventricle iz ovo reached 600 beats min™".

!. (a) Motion signal from the atrium. (b)

1

Ventricle stimulated from 200 to 600 beats min~"'. Right side shows voltage imaging of electrical stimulation of ED4 chick

hearts in vitro (n = 23). (d) Maximal measured AV canal conduction frequency of 261 beats min~'. Atrium stimulated up to

300 beats min~'. (¢) Maximal measured conduction limit of atrium was 353 beats min~!. Second-degree AV block (2 : 1)

developed. Atrium stimulated up to 400 beats min~!. (f) Maximal measured conduction limit of ventricle iz vitro reached
476 beats min~'. Ventricle stimulated up to 600 beats min~'. A, atrium; AVC, AV canal; V, ventricle.

this stage. It was shown that ED4 chick heart responded
to adrenaline stimulation by a significant increase in
heart rate (up to 60%). Treatment by different -block-
ers leads to a significant decrease of heart rate in ED4
chick hearts (Kockova et al. 2013). Heart function in
ectothermic animals, such as fish or reptiles, is strongly
affected and limited by hyperthermia, even when auto-
nomic innervation is fully developed. The main regulat-
ing mechanisms are the same as in the embryonic heart
of the chick, which physiologically develops at constant
temperature maintained by the hen incubating the egg.
The embryo is unable to generate its body heat by itself
and therefore is well adapted to brief periods of
hypothermia. A crucial limiting factor is oxidative phos-
phorylation in mitochondria and especially sufficient
temperature-dependent ATP synthesis (Power et al.
2014).

Mechanisms of temperature-induced conduction defects

Increased temperature increases metabolic demands,
and the availability of oxygen can become a limiting

factor. This is especially the case in vitro where the
thick AV region is probably not optimally oxygenated,
as it physiologically receives nutrients and oxygen
from the heart lumen. We thus focused on defects in
impulse propagation in this cardiac segment, as almost
60% of all observed arrhythmias (7 = 106) were
caused by conduction block in the AV canal (Table 1).
We analysed in detail various types of AV block
(Fig. 2). Third-degree AV block developed in one case
during hypothermia (7 = 45 hearts), in 15% of cases
in normothermia (stabilization, 7 = 99 hearts) and
39% of cases in hyperthermia (7 = 54 hearts). This
suggests that development of complete AV block is
influenced by increased temperature or by another
condition connected to hyperthermia. It probably
corresponds with the increase of metabolic needs of
hearts and concomitant decreases in oxygen
concentration in the tissue bath with increasing tem-
perature.

The slowing of conduction velocity in the AV canal
is highly influenced by the presence of cardiac jelly and

the endocardial cushions (Bressan er al. 2014). The
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morphology of the AV canal is determined by large
extracellular spaces, scarce membrane contacts and
anionic extracellular matrix resulting in a low margin
of conduction safety (Arguello et al. 1986). This
principle is supported by new findings regarding
ephaptic conduction of action potential between
myocytes without recourse to gap junctions. This
might happen via electric field mechanism or ion
transients within the extracellular space between two
tightly, <15 nm apposed myocytes, occurring, for
example, in the perinexus — the cleft formed at the
edge of gap junctions (Rhett & Gourdie 2012, Veer-
araghavan et al. 2014).

The primitive cardiac tube is characterized by uni-
formly slow conduction velocity and expresses only
one gap junction protein, Connexin45. The conduc-
tion in the AV canal is slow but robust, as noted
already by Paff et al. (1964) and later by Sedmera
et al. (2002), who noted that AV block could not be
induced pharmacologically or by anoxia/reoxygena-
tion prior to ED3. Chamber myocardium is character-
ized by Connexin40 expression, among other specific
gene products, a gap junction protein essential for fast
conduction. Transition between the slowly conducting
AV canal and the ventricle might include heterotypic
Cx45/Cx40 gap junctional coupling, which could rep-
resent a tissue sector with increased probability of
functional block, similar to the substrate for sino-
atrial blockade. In isolated cardiomyocytes, it was
observed that cooling decreases the frequency of gap
junction channel opening at all conductance levels
(Chen & DeHaan 1993).

Action potentials with a low rate of rise and longer
duration are typical for the AV canal (Sanders et al.
1984, de Jong et al. 1987, 1992). We measured APDs
in the atrium, AV canal and ventricle in normother-
mia, to test the hypothesis that longer APDs predis-
pose the AV canal to be the limiting segment of the
heart. We obtained higher values than standard APDs
measured by microelectrodes (Arguello et al. 1986),
likely because of the prolongation of APD by blebbis-
tatin — similar to the effects of cytochalasin D
(Sedmera et al. 2006).

Our experiments showed that the pacemaker and
AV canal were the most temperature-sensitive seg-
ments of the embryonic heart. The most common
location of AV block was at the transition between
the slowly conducting tissue of the AV canal and the
fast conducting tissues of the ventricle. We suggest
that the most critical region for the propagation of
impulse is the connection site of trabecular network to
the AV canal. It corresponds with similar finding of
Coppen et al. in the embryonic and mature rodent
heart. This observation uncovered the analogous sharp
transitional interface between the Cx45-expressing
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component of the mouse AV node and Cx40-expres-
sing His bundle (Coppen et al. 1999).

Hypoxia in the developing heart

During cardiac development, hypoxic regions are
found in several locations of the myocardium (Nanka
et al. 2006, 2008, Wikenheiser et al. 2006). These
hypoxic regions correlate with areas of conduction
system formation (Wikenheiser ef al. 2006). Coinci-
dentally, hypoxia is also detected in the thickest
regions of the myocardium (AV canal, interventricular
septum, outflow tract myocardium), and it is believed
that hypoxia is a powerful stimulus for coronary vas-
culogenesis (Nanka et al. 2008). As the AV canal is
one of the thickest areas of the embryonic myocar-
dium, it lacks trabeculae and is separated from the
oxygen-carrying blood in the lumen by the cardiac
cushions, and it thus comes as no surprise that it is
very sensitive to hypoxia. Because the normal routes
of oxygenation in the chick embryonic heart prior to
EDY (establishment of coronary perfusion) is through
the lumen, it is not surprising that hearts were more
prone to develop AV block in vitro, where the direc-
tion of oxygen diffusion, as well as its concentration
gradient, is perturbed.

We tested the ability of the AV canal to propagate
high beat frequencies by electrical stimulation. The
main point was to prove that AV blocks induced
during comparatively mild tachycardia in hyperther-
mia were not due to the intrinsic absolute conduction
limit of the AV conduction. Electrical stimulation
experiments showed that the conduction limit of the
AV canal was much higher in ovo (360 beats min~")
than in vitro (261 beats min™'). Also the conduction
limits of the atrium and ventricle, respectively, were
higher in ovo (atrium 360 beats min~', ventricle
600 beats min™!) than in vitro (atrium
353 beats min~!, ventricle 476 beats min~'). This is
probably caused by better oxygenation of the hearts
from blood flow through the lumen. These results
suggest that the observed AV blocks could be caused
by relative tissue hypoxia and not by a low ability of
the AV canal to propagate high frequencies.

In conclusion, this study provides a quantitative eval-
uation of temperature effects on conduction in the
chick embryonic heart. Hypothermia is tolerated better
than hyperthermia, the former of which embryos seem
to be well adapted to. The most common arrhythmia
observed under hyperthermia was AV block, which
was observed typically at the transition between the AV
canal and ventricle. Thus, morphological and molecu-
lar distinctions between different compartments of the
developing heart have physiological consequences man-
ifesting under increased metabolic demands.
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