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Abstrakt

Cile: Hlavnim cilem této prace bylo podrobné popsat zmény ve funkci izolovaného
embryonalniho kufeciho srdce v reakci na akutni zmény teploty a stresové podminky
v prostiedi in vitro spoleéné 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 pfti tfech riznych teplotich. Kontrolni teplota (normotermie) byla 37 °C,
34 °C — hypotermie a 40 °C — hypertermie. Pro porovnani jsme pfi stejnych teplotach
sledovali zmény ve funkci srdce pomoci videomikroskopie v prosttedi in ovo. Pro
zjisténi frekvencénich limitd jednotlivych srdeCnich segmentti jsme provedli
experimenty s elektrickou stimulaci in ovo a in vitro.

Vysledky: V pozorovaném teplotnim rozmezi jsme pozorovali téméf linedrni
zavislost sinusové frekvence na teploté. Proti normotermii ¢inila zména sinusové
frekvence in vitro a in ovo pfi hypotermii i hypertermii pfiblizné 20%. Pokles teploty
ze 37 °C na 34 °C in vitro nezpusobil vyznamné zmény v amplitudé kalciovych
transientil, zatimco narGst teploty ze 37 °C na 40 °C snizil amplitudy v sinich a
komorach o 35%, respektive 38%. V prostfedi in vitro jsme pozorovali fadu
teplotach arytmie téméf nevyskytovaly. Hypotermie in vitro ptinesla arytmii nejméné,
zatimco hypertermie vyrazné navysila Cetnost vzniku arytmii. NejCastéjsi arytmii
in vitro byl atrioventrikularni (AV) blok (II. a III. stupnég), ktery tvofil 56% vSech
pozorovanych arytmii. Popsali jsme rizné typy AV blokl podle lokalizace blokady
vedeni vzruchu. Experimenty s elektrickou stimulaci naznacily, ze AV bloky byly
zpusobeny pravdépodobnéji tkanovou hypoxii nez limitem AV kanalu pievadét
vysoké sinusové frekvence pii tachykardiich. Lokalizovali jsme misto ektopické
aktivity na pfedélu komory a vytokové casti srdce. Na zakladé epikardialnich
aktivacnich map jsme popsali AV reentry.

Zavér: Zmeény teploty mély nejvyznamnéjsi dopad na funkci pacemakeru a spolecné
se stresem prostiedi in vitro také na Sifeni vzruchu skrze AV kanal. Nejkritictéjsi
oblasti pro $ifeni vzruchu byl piedél mezi AV kanalem a komorou, kde dochazi
k napojeni pomalu vedouci tkané¢ AV kanalu na rychle vedouci sit’ trabekul
komorového myokardu.

Klicova slova: arytmie, AV kanal, blokadda 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, 37 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 vifro 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
arrthythmias 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.



Ceska &ast
1. Uvod

V soucasné dob¢ jsou v civilizovaném svété kardiovaskularni onemocnéni nejcastéjsi
pfi¢inou umrti. Se starnutim populace pfibyva srdeCnich arytmii a jejich vyskyt bude
tedy v blizké budoucnosti stale castéjsi. Arytmie vyznamné snizuji kvalitu zivota a
jejich 1écba je znaéné nakladna. Poruchy v srdeénim vydeji béhem fetalniho vyvoje
mohou mit az fatalni vliv na vyvoj celého jedince. Proto pokud je mozné predejit
nasledkim malignich arytmii prevenci, pelivou diagnostikou a odpovidajici 1é¢bou
jiz béhem fetalniho vyvoje, mize byt vyrazné ovlivnéna kvalita zivota dospivajiciho a
dospélého jedince. Studium vzniku arytmii béhem vyvoje srdce tedy zastava dilezitou
ulohu a jakékoliv nové poznatky mohou vést k lepsi prevenci, pfesnéjsi diagnostice a
také ke zvyseni efektivity 1écby arytmii. Mnoho pficin arytmii ziistava stale velkou
neznamou a jejich mozny ptvod v odchylkdch od normalniho vyvoje srdce je
nedostatecné prozkouman. Kli¢ovou roli hraje vyvoj pfevodniho systému srde¢niho,
jehoz funkce uzce souvisi se vznikem arytmii. Pro podrobné studium arytmii béhem
vyvoje srdce jsou uspésné pouzivany zvifeci experimentalni modely jako napt. kuteci
zarodek (Sarre et al., 2006).

1.1 Funkce pievodniho systému

Vznik arytmii je velmi Casto spojen s funkci pfevodniho systému srde¢niho. Pfevodni
systém srdecni je slozen ze sité specializovanych kardiomyocytd, které jsou schopné
velmi rychle vést elektricky vzruch. Rytmus je udavan prvnim oddilem pfevodniho
systému; sinusovym uzlem. Jednd se o kapkovity utvar specializovanych bunék
velikosti cca 15 x 3 mm, ktery se nachazi v oblasti Gsti horni duté zily do pravé siné
asi 1 mm pod povrchem epikardu. Generovany vzruch je dale veden skrze siné
internodalnimi siflovymi spoji do atrioventrikularniho uzlu. V atrioventrikularnim
uzlu je vedeni mezi sinémi a komorami zpomaleno, aby bylo zajisténo efektivni
pumpovani krve. Nasleduje Hisiv svazek, ktery pfedstavuje jediny vodivy spoj ve
vazivové elektrické izolaci mezi myokardem sini a komorami. Dale pokracuje levé a
pravé Tawarovo raménko, Purkynova vldkna a nakonec je aktivovan pracovni
myokard (Bonow et al., 2008).



1.2 Vyvoj pievodniho systému

Pti vyvoji pfevodniho systému srdeéniho u kufeciho zarodku se jako prvni zadina
mezi 25 a 33 h vyvoje diferencovat oblast sinoatridlniho uzlu na nejkaudalnéjsi ¢asti
srdeéni trubice. Se zakfivenim srdce se zacina pacemaker projevovat a srdeéni klickou
probihaji pomalé peristaltoidni kontrakce kaudokranialnim smérem. Rychlost vedeni
je v této fazi vyvoje pomala a uniformni. Po zformovani srdecni klicky se objevuji
rozdily v rychlosti vedeni jednotlivych srde¢nich segmentti. Rychlost vedeni skrze
budouci sin¢ a komory nartista, kdezto v atrioventrikularnim (AV) kanalu a vytokové
¢asti pretrvavd pomalé vedeni vzruchu. V dusledku tak dochazi ke zpomalovani
vedeni mezi sinémi a komorami, ¢imz je zvySena efektivita pumpovani krve. Tento
jev nastava okolo 60 h vyvoje a je analogicky se zpomalenim vedeni v AV uzlu u
dospélého srdce. Posledni ¢ast prevodniho systému, ktera se vyviji, je rychle vodivy
His-Purkinje systém diferencujici se béhem septace komor. Pocatek jeho funkce se
projevuje zménou v aktivaci komor okolo 5. dne. Pivodni aktivace komor od baze
k hrotu se méni na zraly typ aktivace od hrotu k bazi, ktera odpovida aktivaci u
dospélého srdce (Moorman a Lamers, 1992, Gourdie et al., 2003, Christoffels a
Moorman, 2009, Christoffels et al., 2010).

1.3 Zakladni rozdéleni srde¢nich arytmii

Srdeéni arytmie ve své podstaté znamena poruchu srde¢niho rytmu, ke které muize
dochézet beéhem tvorby nebo Sifeni vzruchu. Arytmie tak miizeme obecné rozdélit do
dvou skupin podle mechanismu jejich vzniku.

1.31 Poruchy tvorby vzruchu

Pti poruchach v tvorbé vzruchu dochédzi ke zméndm sinusového rytmu. Normalni
sinusova frekvence u Clovéka je mezi 60 az 100/min. Pokud piesahne 100/min
(uplodu > 180/min) jedna se o sinusovou tachykardii a frekvence pod 60/min
(u plodu < 110/min) je oznaCovana jako sinusova bradykardie. V obou ptipadech je
rytmus pravidelny, pokud je frekvence kolisava jednad se o sinusovou arytmii.
U dospélého srdce je sinusovy rytmus fizen vegetativnimi nervy (Silbernagl a
Despopoulos, 2004). Pfilisna stimulace sympatikem zptisobuje tachyarytmie a mize
vést az k srdeéni zastave. Dal§im faktorem, ktery vyrazné ovliviiuje funkci sinusového
uzlu, je teplota. Vliv teploty na funkci pacemakeru nabyva zna¢né na vyznamu u
embryonalniho srdce, které jesté neni inervovano. Pokud dojde k vypadku tvorby
rytmu ze sinusového uzlu, projevi se jina ohniska (atrioventrikularni uzel, komorovy
pacemaker) s pomalejsi frekvenci (25 — 55/min). VSechny tyto ektopické pacemakery
jsou za normalnich podminek aktivni, jejich aktivita je vSak pfebita nejrychlejsi
frekvenci dominantniho pacemakeru — sinusového uzlu. Tato i jind potencialni
9



ohniska ektopie hraji roli pfi vzniku arytmii, pokud dojde k jejich projeveni a za¢nou
narusovat pfirozeny rytmus. Velmi cCastym zdrojem nepravidelnosti rytmu je
ektopicka tvorba vzruchti mimo pacemaker (Silbernagl a Despopoulos, 2004, Sarre et
al., 2006, Bonow et al., 2008).

1.32 Poruchy $ifeni vzruchu

Pfi poruSe Sifeni vzruchu vznikaji bloky vjeho vedeni, které vétSinou vedou
k bradyarytmiim. Nejvyznamnéjs$i je blok atrioventrikularni, ktery ma 3 stupné.
U L stupné dochazi pouze ke zpomalovani vedeni. Pti II. stupni dochazi k obcasnému
vypadku AV pievodu a IIl. stupeni znamena Uplny blok vedeni vzruchu ze sini do
komor. Pfi AV bloku se mohou projevit ektopicka centra aktivace — AV uzel nebo
komorovy pacemaker. Tyto divémé znamé klinické situace se daji vypozorovat i u
kufeciho zarodku od 3. dne vyvoje (Sedmera et al., 2002). Dal§im mechanismem
vzniku arytmii poruchou vedeni vzruchu je krouzivy vzruch, tzv. reentry. Jedna se o
Casty arytmogenni mechanismus, ktery zpusobuje fadu tachyarytmii (Silbernagl a
Despopoulos, 2004, Bonow et al., 2008).

1.4 Elektrofyziologie embryonalniho srdce a klicova role kalcia

Rytmus je u casného embryonalniho srdce uddvan pacemakerovymi buiikami
z budouciho se SA uzlu lokalizovaného ve vtokové ¢asti srdce (Kamino et al., 1981).
V pacemakerovych buiikdch generujicich vzruchy jsou exprimovany specialni HCN
iontové kanaly (hlavné HCN4), které jsou aktivovany hyperpolarizaci. Tyto kanaly
jsou zodpoveédné za udavani srdecniho rytmu kvili spontanni depolarizaci, kterou
zpusobuji. Jsou divodem srde¢ni automacie (DiFrancesco, 2010). Kalcium hraje
béhem embryonalni srdeéni aktivity zasadni roli, kde kontrakci pfedchazi excitace ve
form¢ srde¢niho akéniho potencidlu. Po excitaci pravé uroven hladiny kalcia
v cytoplasmé urCuje silu nasledné kontrakce (Kho et al., 2012). Intracelularni
dynamika kalcia je zaji§tovéna kalciovymi kanaly, receptory, ATP4zami a Na'/Ca*"
vyménikem — NCX (Bers, 1991). Méfenim intraceluldrni oscilace kalcia lze tedy
pozorovat zmény v elektrické aktivité srdce a jeho adaptaci na vnéjsi podminky.



1.5 Vliv teploty na funkci embryonalniho srdce

Funkce embryonalniho srdce je silné zavisla na teploté prostiedi. Teplota ma mimo
jiné vliv na kinetiku procest, které probihaji skrze iontové kanaly, pumpy a pfenaSece
a zasadné tedy ovliviiuje iontovou dynamiku b&hem tvorby a Sifeni elektrickych
vzrucht (Sperelakis a Lehmkuhl, 1967, Chen a DeHaan, 1993). Navzdory
homoiotermii si ptac¢i embrya zachovala od jejich poikilotermnich pfedkd urcitou
flexibilitu a toleruji mirné odchylky v inkubacni teploté. Vliv teploty na vyvijejici se
kufeci embryonalni srdce je zkouman jiz dlouhou dobu. Dlouhodoba hypotermie
(32-36°C) vedla u vyvijejictho se embrya ke vznikusrde¢ni hypertrofie
(Warbanow, 1970). Tato hypertrofie vedla ke zvySeni kontraktility srdci (Warbanow,
1971). Dalsi studie byla zaméfena na vliv hypotermie béhem vyvoje srdce u ¢asnych
embryonalnich stadii (HH18 —24, Hamburger and Hamilton, 1951). Pfi snizeni
teploty prostfedi ze 34,7 °C na 31,1 °C doSlo k vyznamnému poklesu srdeéni
frekvence o 25%, zvySila se vaskularni rezistence, snizil se krevni tlak a pritok krve.
Tato bradykardicka reakce na snizeni teploty byla nezavisla na autonomni inervaci,
ktera se vyviji az v pozdgjsich fazich vyvoje (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 inkubacniho prostfedi
(37-40°C) zplsobuje u stddia HH 21 nartst srdecni frekvence o 22% bez
vyznamnych zmén systolického objemu. V této studii byl popsan vyznamny nardst
bazélni srdecni frekvence u stadii HH 18 a 24 (Nakazawa et al., 1986). Zasadni studie,
kterou provedl Sarre a kolegové, se tykala vlivu ochlazeni ze 37 °C na 0 °C
s nasledovnym opétovnym ohfatim na ptivodni teplotu 37 °C. Vyrazné zmény teploty
vedly ke dramatickym zménam ve funkei kufeciho srdce na stadiu HH 24. Vlivem
hluboké hypotermie srdce ptestavala bit pfi dosazeni kritické teploty 18 °C a poté opét
zaCala bit pii prekroceni stejné kritické teploty béhem ohfivani. Zmény v srdecni
frekvenci byly linedrni v teplotnim rozsahu 34 — 37 °C (Sarre et al., 2006).
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2. Hypotéza a cil prace

Aktivace mechanismii zpusobujicich indukci a diferenciaci bunék ptevodniho
systému za vyvoje se uplatiiuje rovnéz pii vzniku arytmii za riznych patologickych
stavll v dospélosti. Testovali jsme pracovni hypotézu, Ze vybrané epigenetické faktory
(teplota, stres prostiedi in vitro) ovliviwuji 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 kufeciho srdce v reakci na akutni zmény teploty a stresové podminky
v prostiedi in vitro. Pozorovani v prosttedi in vitro jsme chtéli porovnat s reakci
embryonalniho srdce v pfirozeném prostiedi in ovo, kde je srdce piipojeno na krevni
ob¢h.

3. Material a nejdiilezitéjsi metody

Experimentalni model

Vejce od nosnic kmene Bila Leghornka (Ustav molekularni genetiky, Koleg, CR) byla
pied inkubaci uchovavana pti stalé teploté 16 °C. Inkubace vajec probihala pii teploté
37,5 °C v inkubatoru se zvlhcovanim vzduchu az do Ctvrtého embryonalniho dne
(ED4), coz odpovida dle Hamburgera a Hamiltona, ktefi popsali 46 stadii vyvoje
kufeciho embrya, stadiim 21 — 23 (Hamburger a Hamilton, 1951). Poté byla kufeci
embrya vyjmuta zvajec a piemistétna do Tyrodova roztoku (slozeni: NaCl
145 mmol/l, KCI 5,9 mM, CaCl, 1,1 mM, MgCl, 1,2 mM, glukéza 11 mM, HEPES
5 mM; pH =7,4). Z embryi byla pod disekénim mikroskopem Setrné¢ vyjmuta srdce.
Izolovana srdce byla za laboratorni teploty 60 min barvena bez pfistupu svétla
ve 2,5ml 1,78 mM barviva Rhod-2 (Rhodamin 2, Invitrogen) v Tyrodové roztoku.
Nasledovala dalsi inkubace ve tmé ve 2,5 ml ¢istého Tyrodova roztoku bez barviva,
60 min pfi vyssi teploté 37 °C, aby doslo k deesterifikaci barviva v cytoplasmé.

Optické mapovani

Systém pouzity pro optické mapovani intracelularnich zmén koncentrace kalcia u
kufecich embryonalnich srdci vychéazel ze zavedeného ptistupu (Valderrabano et al.,
2006). Pouzili jsme modifikovany systém s kalcium senzitivnim barvivem Rhod-2
(Vostarek et al., 2014).

Izolovana a obarvena srdce byla pfemisténa do specialni optické Petriho misky (Wilco
Wells, Holandsko) se sklenénym prthledem, kterd obsahovala 2 ml Tyrodova roztoku
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s ptidanym blebbistatinem (0,15 uM, disociator excitace kontrakce, Sigma-Aldrich,
Némecko) kvili redukci pohybu srdci pii kontrakcich (Fedorov et al., 2007). Teplota
roztoku byla regulovana termoregulacni podlozkou s digitdlnim ovladadem
a teplomérem (Linkam DC-60). Pouzili jsme invertovany epifluorescencni mikroskop
(Nikon Eclipse TE 2000-S, Japonsko) ve spojeni s vysokorychlostni digitalni kamerou
s EM-CCD ¢ipem (Andorr iXon3, Andor, Velka Britanie). Elektricka aktivita srdci
byla sniméana jako zména intenzity fluorescence indikatoru v ¢ase, coz odpovidalo
oscilacim koncentrace kalcia. Méfeni probihala pfi tfech riznych teplotach. Teplota
37 °C byla kontrolni teplota — normotermie. Teplota 34 °C simulovala podminky
hypotermie a 40 °C ptedstavovalo hypertermii. S kazdym srdcem byla provedena
pouze dvé méfeni za riznych teplot kvili jeho omezené stabilité in vitro. Pied
kazdym méfenim piedchazelo 5 minut pro stabilizaci a vytemperovani vzorku na
pozadovanou teplotu. Teplota lazn¢ byla bud'to zvySovana ze 34 °C na 37 °C ¢i ze
37 °C na 40 °C, anebo snizovana ze 37 °C na 34 °C.

Videomikroskopie

Reakce srde¢ni funkce na zmény teploty u cEtyfdennich kufecich embryi (ED4)
inkubovanych in ovo jsme pozorovali pomoci videomikroskopie. Kazdé embryo jsme
podrobili tfem méfenim za rozdilnych teplot pfimo ve vejci. Prvni méfeni probihalo
v hypotermii pfi 34 °C, dal$i nasledovala normotermie 37 °C a tfeti méfeni
piedstavovalo hypertermii 40 °C. Kufeci embrya in ovo byla pfi stanovené teploté
udrzovana pomoci rucné vyrobené hlinikové komurky, z vnéjsi strany izolované
polystyrenem a vyplnéné predehatymi hlinikovymi peci¢kami (Bath Armor, Nickel-
Electro Ltd., Velkd Britanie), kterd byla umisténa na termoregulaénim podstavci
(Echotherm chilling/heating plate, Torrey Pines Scientific, USA). Méfeni probihalo
pomoci digitalniho fotoaparatu (Nikon D7000, rozliseni 640 x 480 pixelt, rychlost
snimani 30 snimk®/sek) pfipojeného na disekéni mikroskop (Leica 125, Leica
Microsystems, Némecko) se svételnym zdrojem (150 W halogenova vybojka). Béhem
méteni byl kvili zvySeni kontrastu proudéni krve pouzit zeleny interferencni filtr
zabudovany ve svételném zdroji. Pti kazdé teploté byl pofizen videozaznam o délce
10 sekund. Analyza ziskanych dat byla provadéna pomoci programu Imagel. Zvolili
jsme vzdy dvé oblasti zajmu (sii a komoru), u kterych byla srde¢ni frekvence
stanovena ze zaznamu zmén urovné Sedi, ktera odpovidala zménam proudéni krve
v Case (Sedmera et al., 1999, Kockova et al., 2013).

Statisticka analyza

Data z optického mapovani in vitro jsme rozdélili do dvou skupin podle teploty, pfi
které probihala méfeni. Kazdé srdce testované in vitro bylo podrobeno dvéma
méfenim pfi riznych teplotach. Prvni skupinu tvofila srdce testovana na hypotermii
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(kontrolni teplota — normotermie 37 °C a hypotermie 34 °C). Druh4a skupina
zahrnovala srdce testovana na hypertermii (kontrolni teplota — normotermie 37 °C a
hypertermie 40 °C). Kazda ze dvou skupin obsahovala alespoin 45 testovanych
embryonalnich srdci. Cetnost vyskytu AV bloku tietiho stupné ve tfech teplotnich
skupinach in vitro rozd€lenych na hypotermii, normotermii a hypertermii, byla
testovana pomoci Pearsonova testu dobré shody — Chi kvadratu (y%). Skupina srdci
testovanych in ovo citala celkem 19 srdci, pfi¢emz kazdé z nich bylo podrobeno tfem
méfenim pii riznych teplotach (34 °C, 37 °C a 40 °C). Hodnoty, které uvadime ve
vysledcich, prezentujme jako hodnotu aritmetického primeéru + smérodatna 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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4. Vysledky

4.1 Experimenty in vitro

Pozorované jevy jsme rozdélili do tii hlavnich skupin. Prvni skupinu tvoii arytmie,
které vznikaly samovoln€, mimo jiné napf. nestabilitou preparatu, v prostiedi in vitro.
Druha skupina pfedstavuje jevy indukované cilenou zménou teploty. Tieti skupina
shrnuje pozorovani z experimenti elektrické stimulace embryonalnich srdci.

4.11 Samovolné vznikajici arytmie v prosti‘edi in vitro

V prostiedi in vitro jsme pozorovali arytmie vznikajici samovolné jiz pti kontrolni
teploté (normotermii) pouze diky stresu prostfedi. Pfi normotermii jsme pozorovali 47
spontannich arytmii (n =99 srdci) proti zvySené teploté¢ hypertermii (48 arytmii,
n = 54 srdci) a hypotermii (12 arytmii, n = 45 srdci). Alespoil jednou arytmii bylo pfi
normotermii postizeno 41% srdci v porovnani se 72% srdci pfi hypertermii a pouze
22% pti hypotermii. Celkova cetnost vyskytu srdci s alesponi jednou arytmii je
uvedena na Obr. 1. Celkem jsme pozorovali pii vSech teplotich 107 jednotlivych
arytmii, které se vyskytly u 99 srdci (Tab. 1). Arytmie pozorované pii normotermii
jsme rozdélili do dvou skupin — poruchy tvorby vzruchu a poruchy $iteni vzruchu.
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Obrazek 1

Cetnost vyskytu srdci s alespoii 1 arytmii u &ty¥denniho kuteciho embryonalniho
srdce in vitro.

Alespon jednou arytmii bylo pri normotermii postizeno 41% srdci, pri hypertermii 72% srdct
(n =54, Pearsonuv test — Chi kvadrat *P <0,001) a béhem hypotermie pouze 22%
(n =45, Pearsonuv test — Chi kvadrat #P < 0,05).
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4.111 Samovolné vznikajici poruchy tvorby vzruchu v prosti‘edi in vitro

Samovolné poruchy tvorby vzruchu in vitro se tykaly 24% arytmii pozorovanych
pfi normotermii (n = 47). Nejcastéjsi byly sinusové pauzy, které tvorily 15% arytmii
vzniklych pfi normotermii a zbylych 9% zaujimaly siflové extrasystoly.

4.112 Samovolné vznikajici poruchy §ifeni vzruchu v prostiedi in vitro

Poruchy sifeni vzruchu vznikajici samovolné v prostredi in vitro tvofily 76% arytmii
pozorovanych pti normotermii (n = 47) a piedstavovaly tak naprostou vétSinu arytmii
vzniklych samovolné. NejfrekventovanéjSim typem arytmie za téchto podminek byl
AV blok tfetiho stupné, ktery tvofil 32% arytmii pfi normotermii. Druhym
nejcastéjSim 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 jeden vyjimecny jev, kterym byla
ektopicka aktivita z oblasti pfedélu komory a vytokové casti. K projevu tohoto
fenoménu doslo za podminek kompletniho AV bloku, kdy byla v komofe a vytokové
¢asti odstinéna aktivita SA uzlu. Pfi normotermii jsme v jednom piipadé pozorovali
AV reentry.

4.12 Zmény ve funkci embryonélniho srdce indukované zménami teploty
4.121 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 srde¢ni
frekvence, kterou udava sinoatrialni uzel. Testovali jsme tii zvolené teploty — 34 °C
jako hypotermii, 37 °C jako normotermii (kontrolni teplotu) a 40 °C jako hypertermii.
Za téchto teplotnich podminek jsme pozorovali téméf linearni zavislost frekvence
udavané sinoatrialnim uzlem na teploté. Sinusova frekvence se v porovnani
s normotermii zmeénila pfiblizné o 20% v podminkach hypotermie (P <0,001) a
stejnou zménu v sinusové frekvenci jsme pozorovali také u hypertermie (P < 0,001).
Dale jsme se zaméfili na zmény amplitudy kalciovych transienti. NarGst srde¢ni
frekvence béhem hypertermie mél za nasledek vyznamny pokles amplitudy
kalciovych transientl u sini (35%) i komor (38%). Proti tomu b&hem hypotermie pti
zpomaleni frekvence k vyznamnym zménam amplitudy nedoslo.



4.122 Poruchy srde¢niho rytmu pozorované in vitro

V prosttedi in vitro jsme pozorovali Siroké spektrum arytmii (Tab. 1), které jsme
rozdélili do dvou skupin — poruchy tvorby vzruchu a poruchy Sifeni vzruchu.

4.1221 Poruchy tvorby vzruchu — primy vliv teploty na funkci SA uzlu

Nepravidelnosti pii tvorbé elektrickych impulzi v SA uzlu pfedstavovaly 28% vsech
pozorovanych arytmii in vitro (n = 107). Nejcastéji se vyskytovaly siflové 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 Castéji b&hem hypertermie, zatimco pii hypotermii k jejich vzniku
nedochézelo témet vibec. Totalni srdecni zastavu jsme pozorovali ve tfech ptipadech
z celkovych 99 pozorovanych srdci. Ve dvou pfipadech jsme pii hypertermii
pozorovali také junkéni rytmus, ktery vychézel z AV kandlu a dosahoval znacné
vysokych frekvenci (160 a 180/min).

4.1222 Poruchy Sifeni elektrického impulzu in vitro

Tento fenomén jsme pozorovali jako vyrazné dominantni pfi hypertermii. Béhem
v podminkach in vitro a béhem hypotermie jsme pozorovali pouze né€kolik blokad
vedeni vzruchu. Celkové predstavovaly poruchy Sifeni elektrického impulzu 72%
vSech pozorovanych arytmii (n=107). Ve tfech ptipadech doslo k poruse vedeni
vzruchu jiz v sinich (sitovy blok), pouze ve dvou pfipadech uprostied komor
(nitrokomorovy blok) a u 7% ptipad (n = 107) doSlo k zastaveni Sifeni vzruchu na
predélu komory a vytokové ¢asti srdce (komoro-konotrunkalni blok). Nase pozornost
byla zamétfena zejména na Sifeni vzruchu v oblasti AV kandlu. Blokady vedeni
vzruchu v této oblasti (AV blok II. a III. stupng) piedstavovaly 56% ze vSech
pozorovanych arytmii. Nejcastéjs$i pozorovanou arytmii byl AV blok III. stupné, ktery
se vyskytnul pouze v jednom piipadé pii hypotermii (n =45 srdci, Pearsontv test —
Chi kvadrat P <0,05). Béhem stabilizace preparati pii normotermii doslo ke vzniku
AV bloku III. stupné v 15% pfipadd (n =99 srdci) a pfi hypertermii se vyvinul
AV blok III. stupné ve 39% piipadd (n =354 srdci, Pearsoniv test — Chi kvadrat
P <0,001). AV blok III. stupné v celkovém poctu arytmii (n=107) ptedstavoval
uctyhodnych 35%. Druhou nejcastéjsi arytmii byl AV blok II. stupné, ktery vzniknul
v 21% pfipadi (n=107). Béhem hypotermie jsme pozorovali AV blok II. stupné
v 11% piipadd (n=45), pfi normotermii tvofil 10% pfipadi (n=99) a b&hem
hypertermie jeho vyskyt dosdhnul 14% piipadi (n=54). Nejcastejsi variantou byl
pfechodny AV blok II: stupné, ktery tvoril 65% vSech pozorovanych AV bloku II.
stupné, Wenckebachiv typ predstavoval 30% AV blokt druhého stupné a blok typu
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Mobitz II jsme pozorovali pouze v jednom piipadé. Ojedinéle jsme pozorovali také
méné bézny druh arytmie jako AV reentry, ktery se vyskytnul ve dvou pfipadech pfi
hypotermii.

Tabulka 1 — Piehled pozorovanych arytmii.

Arytmie pozorované u ED4 kurecich embryondlnich srdct in vitro. Kompletni spektrum vyskytu

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

Druh arytmie Vyskyt (%)
Totalni srdecni zastava 3
Sinové extrasystoly 10
Sinusové pauzy 13
Junkéni rytmus a ektopie 3
Sintovy 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

4.12221 Lokalizace AV bloku ti‘etiho stupné

Optické mapovani kalcia nam diky svym moznostem dovolilo detailné pozorovat
mista lokalizace blokad vedeni vzruchu. Diky tomu se nam podatilo nové popsat a
klasifikovat nékolik rtiznych typti AV bloki tietiho stupné podle mista, kde koncilo
vedeni vzruchu v oblasti AV kanalu. Celkoveé nejkriti¢téjsi oblast pro pfevod impulzu
v AV kanalu byla jeho distalni ¢ast, kde dochazi k napojeni AV kandlu na komoru.
V distalni oblasti AV kanélu jsme pozorovali 53% vyskyt blokady S§ifeni vzruchu ze
vSech pozorovanych AV bloki III. stupné. Druhou nejcastéjsi oblasti blokady byla
proximalni ¢ast AV kanalu, kde se vyskytnulo 37% AV blokid tretiho stupné.
Nejméné Castou oblasti vyskytu blokady byla stfedni ¢ast AV kanalu, kde vzniklo
pouhych 10% AV bloka III. stupné. Zajimavé pozorovani bylo, ze béhem snizeni
teploty ze 37 °C na 34 °C doslo v 6 ptipadech k uplné obnové vedeni po piedchozi
AV blokade.



4.2 Experimenty in ovo

Rozhodli jsme se porovnat nase pozorovani v podminkach in vitro s experimenty in
ovo, kde je embryonalni srdce ve svém piirozeném 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. V podminkach in ovo dosSlo pii zvySeni
teploty z hypotermie 34 °C na normotermii 37 °C k nardstu srdeéni 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 témér
linearnimu (R* = 0,999) nartistu srdeéni frekvence v zavislosti na teploté podobnd
jako pfi experimentech in vitro. Nase pozorovani in ovo jsou v tomto ohledu v dobré
shod¢ spozorovanimi in vitro. V prostiedi in ovo jsme také pozorovali
poruchy srde¢niho rytmu, které vznikaly zfidka a pouze pfi hypertermii. NejCastéjsi
znich byly sinusové pauzy. Pozorovali jsme jeden ptechodny AV blok druhého
stupné a ke vzniku AV bloku tietiho stupné nedoslo viibec.

4.3 Elektricka stimulace embryonalnich srdci

Na zakladé na$i hypotézy jsme predpokladali, ze jednou z hlavnich pfic¢in vzniku
AV bloka tfetiho stupné by mohla byt relativni tkanova hypoxie, kterd zésadné
ovliviiuje vedeni vzruchu skrze AV kanal (Tran et al., 1996, Sedmera et al., 2002).
Abychom provéftili nasi hypotézu, navrhli jsme experimenty, které pomoci elektrické
stimulace testovaly schopnost AV kanalu pfevadét vysoké srdecni frekvence ze sini
na komory. Méteni na skupiné srdei (37 °C, n = 10 srdci) pii pravidelném spontannim
rytmu bez bradykardie ani tachykardie ukazala, Ze nejdel$i dobu trvani akéniho
potencialu (APDgg) mél ze vSech srde¢nich segmentii AV kanal. Nejdelsi doba trvani
akéniho potencialu béhem spontanniho rytmu (v naSem ptipadé 330 ms) stavi
AV kanal do role srde¢niho segmentu, ktery zasadné limituje ptfevod vysokych
frekvenci ze sini na komory. Pozorovana hodnota APDgyu komor (282 ms, P <0,001)
byla vyssi nez u sini (223 ms, P <0,001).

Elektricka stimulace in ovo ukazala, ze AV kanal byl schopen u vsech testovanych
srdei (n = 7) prevadét frekvence az do tempa 300/min (AV ptevod 1:1). V jednom
piipadé dokonce AV kanal dovedl pievadét frekvenci 360/min. Béhem stimulace sini
dosdhla maximalni frekvence komor dosazitelnd stimulaci 360/min. Tzn. pokud
stimulace pfesdhla frekvenci vys§i nez 300/min, dochazelo ve vétSiné piipadld ke
vzniku AV bloki druhého stupné. Srdce byla schopnd bit pii takto vysokych
frekvencich bez vzniku AV bloku druhého stupné pouze nckolik vtefin. Béhem
stimulace komor dosahla maximalni frekvence dosazitelnd stimulaci 600/min. Tyto
vysledky podporuji nasi hypotézu, ze hypoxie by mohla byt jednou z pfi¢in vzniku
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AV bloki. Neslo tedy s nejvyssi pravdépodobnosti o neschopnost AV kanalu pievadét
vysoké sinusové frekvence prfi tachykardiich.

Experimenty s elektrickou stimulaci jsme provedli také na izolovanych
embryonalnich srdcich v prostfedi in vitro (n=23), scilem urcit pfevodni limity
jednotlivych segmentti u srdce bez napojeni na vaskularni systém a bez pritoku krve.
Pro AV kanal byl zjistén pievodni limit 261/min. U stejného srdce dosahla maximalni
frekvence dosazitelna stimulaci pro siné 353/min, ale pfi takto vysoké frekvenci jiz
byl vyvinut AV blok druhého stupné. Dalsi dvé nejvyssi uspésné pievadéné
(AV ptevod 1:1) stimula¢ni frekvence byly 232/min a 200/min. Pro komory dosahla
maximalni frekvence dosazitelna stimulaci 476/min.

5. Diskuze

5.1 Studium arytmii embryonalniho srdce

Pokroky ve vysokorychlostnim mapovani intracelularni dynamiky kalcia, které
provedl na mysich embryonalnich srdcich Valderrabano a kolektiv (Valderrabano et
al., 2006), s sebou piinesly vyssi citlivost snimani. Timto se oteviel novy prostor pro
pozorovani oblasti, které poskytuji velmi slaby signal. Jednou z téchto oblasti
v embryonalnim srdci je AV kanal, ktery hraje zésadni roli pfi ptevodu elektrickych
impulzl ze sini na komory. Nas experimentalni set-up (Vostarek et al., 2014), kterym
zobrazujeme elektrickou aktivitu normalnich a stresovanych embryonalnich srdci,
vyznamneé prispiva k dal§imu technologickému pokroku. Diky jeho vyhoddm mizeme
na izolovanych embryonalnich srdcich detailné 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 et al., 2015, Vostarek et al.,
2014, Vostarek et al., 2016).

Oblast ektopické aktivity, kterou jsme lokalizovali u ED4 kufeciho srdce in vitro se
nachazela na predélu komory a vytokové Casti. Analogicky jev také pozorovala
kolegyné Dr. Saitkova pomoci optického mapovani membranového napéti béhem
experimentti na ED11,5 — ED12,5 mysich srdci kultivovanych po dobu 24 h in vitro
(Benes et al., 2014, Vostarek et al., 2014). Imunohistochemické barveni ukazalo, ze
v misté ektopické aktivity je zvySena exprese HCN4 kanald, které jsou zodpovédné za
pacemakerovou aktivitu. Vytokova ¢ast je v této fazi vyvoje tvofena primarnim
myokardem, ktery se vyznacuje pomalym vedenim vzruchu a vysokou automaticitou,
coz zvysenou expresi HCN4 opodstatituje (Moorman et al., 1998, Liang et al., 2013).

V podminkach hypotermie, normotermie a hypertermie jsme u embryonalnich
kufecich srdci méfili PQ interval, ale v tomto parametru jsme nezaznamenali vibec
zadné zmény. Také PR interval nebyl teplotou nebo srdecni frekvenci vyznamné
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ovlivnén, podobné jak pozoroval Sarre a kolektiv (Sarre et al., 2006). Nicméné,
v dal$i navazujici studii tato skupina pozorovala mirnou tendenci k prodlouzeni PR
intervalu, kterou podlozila pozorovanim bradykardickych efektd ivabradinu (Sarre et
al., 2010). Tento fenomén pravdépodobné odrazi limity iontovych pump a prenasect
pro precerpavani iontd pii obnové 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 podminkach in
vivo a jednalo se o vyvinutéjsi fetalni srdce s plné vyvinutou autonomni inervaci
(Tomek et al., 2011).

5.2 Akutni vliv teploty na srde¢ni frekvenci a dynamiku kalciovych transienti

Vysledky méfeni dynamiky kalciovych transientl ukazaly, ze srde¢ni frekvence je v
rozmezi mezi 34 °C a 40 °C linearné zavisla na teploté. Toto pozorovéani se dobie
shoduje s vysledky ptedchozi studie, ve které byl pouzit rampovy protokol (Sarre et
al., 2006). Zmény v srde¢ni frekvenci, které jsme pozorovali u preinervaéniho srdce,
jeho kinetice. Pii experimentech s hypotermii jsme zkousSeli teplotu ménit ob&ma
sméry. Prvni zptisob bylo ochlazeni ze 37 °C na 34 °C a druhy zptsob bylo ohtati ze
34 °C na 37 °C. Mezi témito dvéma zplsoby jsme ve vysledném efektu nepozorovali
zadny rozdil ve vlivu na funkci embryonalniho pacemakeru.

Dalsim faktorem, jehoz zménu jsme ocekévali, byla amplituda kalciovych transientd.
Béhem hypertermie skutecné doslo k vyznamnému poklesu amplitudy kalciovych
zvySenou srdecni frekvenci a tim také krat§i dobou pro ustanoveni kalciového
transientu skrze kalciové kandly, pumpy a pfenasece. Domnivame se, ze snizeni
amplitudy kalciovych transientd mize mit za nasledek snizeni kontraktility, coz miize
po Case vyustit az ve snizeni efektivity pumpovani krve. Tyto negativni efekty na
srde¢ni vydej mohou byt kompenzovany zvysenou srdeéni frekvenci, zasadni roli zde
ovsem hraji limitace energetického metabolismu. Proti tomu béhem hypotermie jsme
z4dné vyznamné zmény v amplitudé kalciovych transientdi nezaznamenali. To
pravdépodobné odpovidd adaptaci kufecich embryi na obcasnou pfirozenou
hypotermii ve vejci. Snizena aktivita kalciovych kanall, pump a pienaseci je
vykompenzovana del§im intervalem pro pfecerpani iontd. Srdecni vydej je tak
zachovan diky Frank-Starlingové kompenzaci zvySenim systolického objemu (Benson
et al., 1989).
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5.3 Teplota a srde¢ni vydej

Experimenty provedené v prosttedi in ovo, kde srdce zustalo napojeno na vaskularni
systém a ob¢h krve, vykazaly stejnou linearni zavislost srde¢ni frekvence na teploté
jako experimenty in vitro. Ctyfdenni kufeci embryondlni srdce je$té nejsou
inervovana, ale P-adrenergni receptory v tomto stadiu jiz exprimovany jsou. Bylo
popsano, ze ED4 kufeci srdce reaguje na stimulaci adrenalinem vyznamnym
zvySenim srdecni frekvence (az o 60%). Vystaveni riznym B-blokatorim ma u ED4
kufecich srdci za nasledek vyznamny pokles srdecni frekvence (Kockova et al., 2013).
Srde¢ni funkce u ektotermnich zvitat, jakymi jsou napf. ryby anebo plazi, je silné
ovlivnéna a limitovana hypertermii, dokonce i kdyz maji jiz plné vyvinutou
autonomni inervaci. Jejich hlavni regulaéni mechanismy jsou velmi podobné jako u
kutfeciho embryonalniho srdce. To se vyviji pfi viceméné konstantni teploté, kterou
udrzuje kvocéna sedici na vejcich. Embryo samo o sob¢ jesté neni schopno produkovat
vlastni télesné teplo a je tedy velmi dobfe adaptovano na kratkd 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).

5.4 Mechanismy poruch Sifeni vzruchu indukované zménami teploty

Se zvysenim teploty jde ruku v ruce také zvyseni metabolickych naroki a dostateény
ptisun kysliku do srde¢ni tkané€ se miize stat hlavnim limitujicim faktorem jeji funkce.
Tento fenomén hraje zasadni roli zejména v prostiedi in vitro, kde ztlustéla oblast
AV kandlu, kterd je normalné¢ vyzivovadna a okysliCovana z lumen, pravdépodobné
v téchto podminkach neni oxygenovana dostate¢né. Diky tomu jsme zamétili nasi
pozornost zejména na tento srdecni segment, ktery hral kliovou roli u témét 60%
vsech pozorovanych arytmii (n=107, Tab.1). U téchto arytmii dochazelo
k blokddam vedeni vzruchu v AV kanalu a jednalo se o AV bloky druhého a tfetiho
stupné. Pomoci podrobné analyzy se nam podafilo detailné popsat rizné druhy
AV bloki tetiho stupné. AV blok tietiho stupné jsme pozorovali pouze jednou béhem
hypotermie (n=45), pfi normotermii se vyskytnul u 15% srdci (n=99) a b&hem
hypertermie doslo k jeho vzniku u 39% srdci (n = 54). Tato pozorovani v prostiedi in
vitro naznacuji, ze zvySeni vzniku kompletniho AV bloku a celkové zvyseni Cetnosti
vzniku arytmii (Obr. 1) pravdépodobné souvisi se zvySenim teploty anebo jinym
faktorem souvisejicim s hypertermii. Svou roli, spole¢n¢ se zvySenymi metabolickymi
naroky srdci, bude s nejvyssi pravdépodobnosti hrat pii zvySené teploté také snizena
koncentrace kysliku v organové lazni diky sniZeni jeho fyzikalni rozpustnosti. V
prostiedi in ovo arytmie totiz obecné vznikaly pouze ojedinéle. VSechny pozorované
arytmie v prostiedi in ovo ovSem vznikaly vyhradné az pfi hypertermii, pfi které jsme
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pozorovali i jeden ptechodny AV blok druhého stupné. Diky tomu Ize i v pfirozeném
prostiedi in ovo korelovat zvyseni Cetnosti vzniku arytmii a nachylnost AV kanalu na
vznik blokad vedeni vzruchu se zvySenim teploty. Na druhou stranu sniZeni teploty
v nékolika pfipadech obnovilo vedeni vzruchu AV kanalem po pfedchozim AV bloku,
coz pravdépodobné souvisi se snizenim metabolickych narokti véetné spotieby O,.
Vyznamnou vlastnosti AV kanalu je zpomalovani rychlosti vedeni vzruchu
pfichazejiciho ze sini, které je tzce spojeno s pfitomnosti srdecniho rosolu a
endokardialnich polstarkti (Bressan et al., 2014). Zpomaleni pfevodni 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 pieveden ¢i nikoliv (Arguello et al., 1986). K dalsimu
vysvétleni téchto vlastnosti pfispiva také novy koncept vedeni vzruchu mezi
kardiomyocyty tzv. ,ephaptické” vedeni (z angl. ephaptic conduction), které se
odehrava mimo vodivé spoje myocytt. (Rhett a Gourdie, 2012, Veeraraghavan et al.,
2014). Béhem nejcasnéjSich fazi vyvoje je pro primitivni srde¢ni trubici
charakteristickd uniformni pomald rychlost vedeni vzruchu a je exprimovan pouze
jeden konexin tvofici vodivé spoje — konexin 45, pro ktery je charakteristicka prave
pomala rychlost vedeni vzruchu. Vedeni vzruchu AV kandlem je pomalé, ale béhem
ranych embryondlnich stadii robustni, jak uvedli Paff a kolektiv (Paff et al., 1964) a
pozdéji také Sedmera a kolektiv (Sedmera et al., 2002), kteti také popsali, ze u
kufecich embryonalnich srdci mlad$ich nez ED3 neni mozné farmakologicky nebo
pomoci anoxie a reoxygenace indukovat AV blok. U pozd¢jsich stadii ED4, kterymi
jsme se zabyvali my, dochazi s rozs§ifenim exprese konexinti jiz také ke vzniku rozdilt
v rychlosti vedeni vzruchu u jednotlivych srde¢nich segmentii. Komorovy a sifiovy
myokard se zacina odliovat rychlym vedenim vzruchu od AV kanalu a vytokové
casti, kde pomalé vedeni vzruchu pfetrvava. Komorovy a siflovy myokard je, mimo
jiné specifické exprese proteind, charakterizovan expresi konexinu 40, coz je zasadni
konexin umoziujici rychlé vedeni vzruchu. Klicova oblast pro pfevod vzruchu je
predél mezi pomalu vedoucim AV kanalem a rychle vedoucimi komorami, kde jsme
pozorovali nejcastéjsi lokalizaci AV blokad a kde se mohou nachazet heterotypické
vodivé spoje tvofené konexiny 45 a 40, které diky své heterogenit¢ mohou mit
proti homotypickym spojum niz§i elektrickou vodivost (Desplantez, 2017).
Predpokladame, ze z funkéniho hlediska je nejkritictej$i oblast napojeni trabekul na
tkan AV kanalu. Tento ptedpoklad dobte koreluje s experimenty Coppena a kolektivu
provedenych na embryonalnich a dospélych hlodav¢ich srdcich, pomoci kterych
objevili u mysi analogické ostré rozhrani mezi ¢asti AV kanalu exprimujici konexin
45 a Hisovym svazkem exprimujicim konexin 40 (Coppen et al., 1999).
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Pro AV kanal jsou typické akéni potencidly s pozvolnym pocateCnim vzestupem a
pomeérné delsi dobou trvani proti rychle vedoucim segmentiim (Sanders et al., 1984,
de Jong et al., 1987, de Jong et al., 1992). Pro otestovani hypotézy, ze AV kanal je
svou dlouhou dobou trvani akéniho potencidlu (APD) limitujicim srde¢nim
segmentem, jsme se rozhodli zméfit APD u sini, AV kandlu a u komor. Hodnoty,
které jsme naméfili pomoci optického mapovani, byly vyssi nez hodnoty ziskané
mikroelektrodami (Arguello et al., 1986), nejspise kvili prodlouzeni APD pilisobenim
blebbistatinu podobné jako pisobi cytochalasin D (Sedmera et al., 2006).

5.5 Role hypoxie béhem vyvoje embryonalniho srdce

Béhem vyvoje srdce bylo popsano nékolik oblasti myokardu, kde se ptirozené
vyskytuje hypoxie (Nanka et al., 2006, Nanka et al., 2008, Wikenheiser et al., 2006).
Tyto oblasti koreluji s misty, kde dochazi k formovani pfevodniho systému
(Wikenheiser et al., 2006). Hypoxie byla dale také detekovana v oblastech s nejvétsi
tloustkou myokardu (AV kanal, mezikomorova ptepazka, vytokova ¢ast) a mimo jiné
je hypoxie popisovana jako jeden z vyznamnych stimuld pro koronarni vaskulogenezi
(Nanka et al.,, 2008). Neni ptekvapenim, ze AV kandl jako jeden ze segmenti
s nejvetsi tloustkou myokardu, ktery postrada trabekuly a je od okysliCovani krvi
z lumen separovan endokardiadlnimi polstaiky, je velmi citlivy na hypoxii. Protoze u
kufeciho srdce do stadia ED9 (pocatek koronarni perfuze) normalni proces
okysli¢ovani probiha z lumen, neni s podivem, Ze proti prostfedi in ovo byla srdce
in vitro, kde je smér difuse a gradient O, pozménén, silné nachylna ke vzniku
AV blokad.

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 experimentti bylo prokazat, jestli AV blokady vznikajici béhem mirné
tachykardie pfi hypertermii nebyly zplGsobeny pouze nizkym pfevodnim limitem
AV kanalu. Experimenty s elektrickou stimulaci ukazaly, Ze maximalni pfevoditelna
frekvence dosazitelna pomoci stimulace pro AV kanal byla v prostiedi in ovo o
mnoho vyssi (360/min) nez v prostredi in vitro (261/min). Také frekvenéni limity sini
a komor byly v prosttedi in ovo vyssi (sit 360/min, komora 600/min) nez v prostiedi
in vitro (sift 353/min, komora 476/min). Tento rozdil byl pravdépodobné zptisoben
vyrazné lep$i oxygenaci srdci krvi z lumen in ovo. Nase vysledky naznacuji, ze
pozorované AV blokady byly pravdépodobné zpuisobeny spiSe relativni tkanovou
hypoxii nez limity AV kanalu pievadét vysoké sinusové frekvence.
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6. Zavér

Tato studie predklada podrobny popis akutniho vlivu teploty na funkci étyfdenniho
kufeciho embryonalniho srdce s hlavnim dirazem na arytmogenezi. Zmény teploty
mély nejvyznamnéjsi dopad na funkci pacemakeru a AV kanadlu. V porovnani
s pfirozenym prostiedim in ovo, kde jsme pozorovali minimum arytmii a to pouze pfi
normotermii pouze diky nestabilité a stresu izolovanych srdci. Hypertermie pridala
dalsi stres a zvySené metabolické naroky, coz vedlo ke zvySeni vyskytu arytmii a
pozorovali jsme pfi ni pfechodny AV blok II. stupné dokonce i v prosttedi in ovo.
Hypotermie byla u srdci obecné tolerovana vyrazné 1épe nez hypertermie, coz blizce
odpovida ptirozené adaptaci ptaCich zarodkl na ptechodnou hypotermii. Snizeni
teploty dokonce v nckolika ptipadech vedlo k obnoveni vedeni vzruchu po
pfedchozim AV bloku, coz pravdépodobné souviselo se snizenim metabolickych
narokl. Zdaleka nejcetnéj$i pozorovanou arytmii in vitro byl AV blok (II. a IIL
stupné), jehoz Cetnost s rostouci teplotou vyrazné narustala. Tato blokada vedeni
vzruchu vznikala nejcastéji na piedélu mezi AV kanadlem a komorou, kde dochazi
k napojeni dvou molekularné a morfologicky odlisnych tkani. Timto je patrné, ze
morfologické a molekularni rozdily mezi riznymi segmenty vyvijejiciho se srdce maji
pii zvySené teploté a zvySenych metabolickych nédrocich vyznamné dopady na jeho
fyziologii, coz se projevilo zejména zvySenou arytmogenezi. Akutni zvySeni teploty
lze tedy na zéklad€é naSich pozorovani v prostiedi in vitro a in ovo korelovat se
zvySenim arytmogeneze.
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English part
1. Introduction

Cardiovascular diseases are nowadays the most common cause of death in the
developed world. The prevalence of cardiac arrhythmias is increasing with ageing
of population and their occurrence is thus becoming more and more frequent.
Arrhythmias significantly decrease the quality of life and their therapy is expensive.
Disturbances in cardiac output during foetal development could have fatal impact.
Prevention, precise diagnostics and treatment of malignant arrhythmias during foetal
stage could highly influence life quality of adult person. Thus, studying
of arrhythmogenesis during heart development leading to improvement in prevention
and diagnosis, higher efficiency of treatment and new pieces of information plays an
important role. Many causes of cardiac arrhythmias remain unknown. Their potential
origin in deviations from normal heart development is insufficiently explored.
The key role is attributed to the development of cardiac conduction system (CCS)
and defects in its function during development lead to problems responsible for high
amount of arrhythmias. Animal experimental models (such as chick embryo)
are successfully used for detail studying of arrhythmogenesis during heart
development (Sarre et al., 2006).

1.1 Function of cardiac conduction system

The arrhythmogenesis is often linked to function of CCS. CCS is composed of the
network of specialized cardiomyocytes, which are able to propagate electrical impulse
very fast. The heart rhythm is generated by the first part of CCS — sinoatrial (SA)
node. It is a drop shaped structure composed of specialized pacemaker cells about
15 x 3 mm in diameter, localized at inflow of superior caval vein to the right atrium
about 1 mm under the surface of epicardium. Impulse generated by the SA node is
then propagated through atria by internodal tracts to the AV node. Conduction is
slowed there to ensure the efficiency of blood pumping. The bundle of His is the next
part of CCS and it is the only electrical connection in fibrous insulation between atria
and ventricles. Then follow left and right bundle branches, Purkinje fibres and
ventricular working myocardium is activated at the end (Bonow et al., 2008).
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1.2 Development of cardiac conduction system

The first part of CCS, which starts to differentiate in the chick embryo between 22
and 33 hours o development, is area of the pacemaker (future sinoatrial node) placed
at the most caudal part of the cardiac tube. Pacemaker starts to manifest during the
looping of cardiac tube and slow peristaltoid contractions spread caudocranially
through the cardiac loop. The conduction velocity is slow and uniform in this phase.
Conduction velocity starts to differ between particular heart segments after the
formation of cardiac loop. The conduction velocity in future atria and ventricles
increases in comparison with the atrioventricular (AV) canal and outflow tract, where
slow conduction velocity persists. This difference causes slowing of impulse
propagation between atria and ventricles, leading to more effective pumping of blood.
This phenomenon appears at about 60 hours of development. It is similar to AV delay
caused by the AV node in the mature heart. The last part of CCS to develop is the fast
conducting His-Purkinje system differentiating during ventricular septation. The
beginning of its function manifests by change of ventricular activation pattern at about
day 5 of development. The premature activation pattern form base to apex changes to
the mature activation from apex to base (Moorman and Lamers, 1992, Gourdie et al.,
2003, Chistoffels and Moorman, 2009, Christoffels et al., 2010).

1.3 Basic description of cardiac arrhythmias

Cardiac arrhythmia is generally described as a disturbance in heart rhythm. It could be
caused by defect in impulse generation or its propagation and arrhythmias could be
generally divided according to these mechanisms into two groups.

1.31 Defects in impulse generation

Defects in impulse generation are characterized by changes in the sinus rhythm.
Standard sinus frequency of adult human heart is about 60 to 100 beats per minute
(bpm). Sinus tachycardia is defined as sinus frequency >100 bpm (in foetus >180
bpm) and sinus bradycardia as frequency <60 bpm (in foetus <110 bpm). This sinus
rhythm is in both cases regular and if it is irregular, it is characterized as sinus
arrthythmia. Sinus rhythm is influenced by autonomic nervous system in the adult
heart (Silbernagl and Despopoulos, 2004). Sympathetic overstimulation induces
tachyarrhythmias and could cause even complete cardiac arrest. An important factor
influencing the sinus rhythm is temperature. It has much bigger impact especially in
the embryonic heart that lacks regulation through autonomic innervation. Dysfunction
in impulse generation by the SA node leads to unmasking of function of ectopic
pacemakers (AV node, ventricular pacemaker) with slower firing rate (25 — 55 bpm).
These ectopic pacemakers are normally active but their function is masked by the

27



faster firing rate of the dominant pacemaker. These and other ectopic pacemakers play
a role in arrhythmogenesis, if they manifest during normal rhythm and thus perturb it
(Silbernagl and Despopoulos, 2004, Sarre et al., 2006, Bonow et al., 2008).

1.32 Defects in impulse propagation

Defects in impulse propagation are mostly caused by blocks of conduction, which
often lead to bradyarrhythmias. The most important conduction block is the
AV block, which is classified into three degrees. The first degree AV block is
characterized only by the slowing of conduction through AV node. The second degree
AV block is defined by occasional non-conducted impulse from atria to ventricles.
The third degree AV block or complete AV block is defined as a complete block of
conduction from atria to ventricles. The presence of a complete AV block can unmask
the activity of ectopic pacemakers (AV node, ventricular pacemaker). These well
known clinical situations were described also in the chick from embryonic day 3
(Sedmera et al., 2002). Next type of propagation defect is the reentry mechanism. It is
caused by circular activation of myocardium. This common mechanism induces
number of tachyarrhythmias (Silbernagl and Despopoulos, 2004, Bonow et al., 2008).

1.4 Electrophysiology of embryonic heart and key role of calcium

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 generated by a specific set of ion channels. Spontaneous
depolarization is initiated mainly by the HCN (mainly HCN4) channels, which are
activated by hyperpolarization. Thus cardiac automaticity is maintained (DiFrancesco,
2010). Early cardiac rhythmicity is critically dependent on intracellular dynamics of
calcium ions. Intracellular level of calcium regulates the strength of contraction
during excitation — coupling (Kho et al., 2012). Calcium handling is regulated by
calcium ion channels, receptors, ATPases and the Na/Ca®* exchanger (NCX) (Bers,
1991). Measuring of intracellular dynamics of calcium is thus able to bring
information about changes in early cardiac electric activity and its adaptation to
outside conditions.

1.5 Effects of temperature on function of embryonic heart

The function of the embryonic heart is strongly affected by temperature. Changes in
the kinetics of ion channels, pumps and exchangers are crucial for generation and
propagation of electrical activation through the embryonic heart (Sperelakis and
Lehmkuhl, 1967, Chen and DeHaan, 1993). Despite homeothermy, the avian embryo
retains some flexibility from its poikilothermic ancestors and tolerates (within limits)
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variations in incubation temperature. The effects of temperature on developing chick
embryonic heart have been extensively studied. Long-lasting hypothermia (32 —
36 °C) causes cardiac hypertrophy (Warbanow, 1970). These changes are
accompanied by increased contractility of embryonic hearts (Warbanow, 1971).
Another study focused on hypothermia tests and hemodynamic effects of
environmental hypothermia in the stage 18 — 24 (Hamburger and Hamilton, 1951)
embryo. Cooling from 34.7 °C to 31.1 °C causes a significant decrease in heart rate by
about 25%, increased vascular resistance and decrease in blood pressure and blood
flow. This bradycardic response is independent of functional autonomic innervations,
which develop later (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 hyperthermia
(37 °C to 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 24 (Nakazawa et al., 1986).
An in vitro hypothermia-rewarming study by Sarre and colleagues shows dramatic
changes in heart rate during cooling from 37 °C 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 °C and 37 °C (Sarre et al., 20006).
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2. Hypothesis and aim of the study

Activation of mechanisms causing induction and differentiation of conduction system
cells during development is responsible for arrhythmogenesis under different
pathological conditions in the adult. We tested the working hypothesis stating that
epigenetic factors (temperature, in vitro environment stress) influence function of
cardiac conduction system during development and lead to arrhythmogenesis by
affecting both impulse generation and propagation.

The main goal of this study was to characterize acute temperature effects on function
of isolated chick embryonic heart in vitro and compare it with the effects on the whole
embryo, in which the working heart is coupled to the vascular system.

3. Materials and most important 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 °C in a humidified incubator until day 4 — ED 4 (HH stage 21 — 23, (Hamburger
and Hamilton, 1951). Chick embryos were removed from the eggs and placed into
Tyrode’s solution (composition: NaCl 145 mM, KCI 5.9 mM, CaCl, 1.1 mM, MgCl,
1.2 mM, glucose 11 mM, HEPES 5 mM; pH = 7.4). Hearts were isolated from the
embryos and stained in 2.5 ml Rhod-2 (1.78 mM, Invitrogen) in Tyrode’s solution for
1 hour in the dark at room temperature. The hearts were then incubated in 2.5 ml
Tyrode’s solution for 1 hour in the dark at 38 °C to de-esterify the dye loaded to the
myocytes.

Optical mapping

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). Isolated stained hearts were placed into a
tissue bath containing 2 ml of Tyrode’s solution with 0.15 uM blebbistatin to reduce
movement (Fedorov et al., 2007). Temperature in the glass-bottomed Petri dish
(Wilco Wells, The Netherlands) was maintained by a temperature-controlled stage
(Linkam DC-60). An inverted epifluorescence microscope (Nikon Eclipse TE 2000-S)
fitted with a high-speed EM-CCD camera (Andor iXon3) was used to monitor
changes in intracellular calcium concentration - visualized as changes of fluorescence

over time under hypothermia (34 °C), normothermia (controls, 37 °C) and
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hyperthermia (40 °C). Two measurements were performed on each heart after 5 min
of stabilization at different temperatures (37 °C and 34 °C — cooling, 34 °C and 37 °C
—warming, 37 °C and 40 °C — warming).

Videomicroscopy

ED4 chick embryos incubated in ovo were studied by videomicroscopy to measure
changes in heart rate under different temperature conditions. The first measurement
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 preheated Bath Armor pellets placed (Nickel-Electro Ltd.,
UK) 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 Leica 125 (Leica Microsystems, Germany) dissecting microscope with
a 150 W halogen light source fitted with a green interference filter to enhance contrast
of blood. Data analysis was performed using ImageJ software. Two regions of interest
were selected on atrium and ventricle, respectively, and heart rate values were
obtained by measurement of changes in greyscale levels in time during blood flow
(Sedmera et al., 1999, Kockova et al., 2013).

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, and significance of difference was
tested by two-tailed Student’s paired t-test. The occurrence of third degree AV block
in the three groups: Hypothermia, Normothermia and Hyperthermia hearts - was
tested by Pearson’s Chi square test. The number of hearts analyzed in ovo was 19, and
each heart was tested at all three temperatures. In all cases, values are presented as
mean + S.D., and P<0.05 was considered statistically significant.
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4. Results

4.1 Experiments in vitro

Our observations were divided into three main groups. The first group is represented
by spontaneous arrhythmias induced by instability in vitro. The second group
represents changes in function induced by temperature and the third group covers the
experiments with electrical stimulation of embryonic hearts.

4.11 Spontaneous arrhythmias

Spontaneous arrhythmias were generated during normothermia independently of
temperature changes only due to stress of the in vitro environment. Normothermia
conditions led spontaneously to 47 arrhythmias (n = 99 hearts) in comparison with
hyperthermia (48 arrhythmias, n = 54 hearts) and hypothermia (12 arrhythmias, n = 45
hearts). At least one arrhythmia per heart occurred in 41% of cases during
normothermia, 72% of cases during hyperthermia but only 22% of cases during
hypothermia (Fig. 1). In total, we observed 107 arrhythmias in 99 hearts under all
temperature conditions (Tab. 1). We divided spontaneous arrhythmias into two
groups — defects in impulse generation and defects in impulse propagation.
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Figure 1
Occurrence of ED4 chick embryonic hearts with at least one arrhythmia in vitro.

At least one arrhythmia per heart occurred in 41% of cases during normothermia, 72% of cases
during hyperthermia (n = 54 hearts, Pearson’s Chi square test P<0.001) and only 22% of cases
during hypothermia (n = 45 hearts, Pearson’s Chi square test P<0.05).
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4.111 Spontaneous defects in impulse generation in vitro

Spontaneous defects in impulse generation in vitro represented 24% of spontaneous
arrhythmias (n =47). The most common were sinus pauses (15%, n =47) and other
9% represented atrial extrasystoles.

4.112 Spontaneous defects in impulse propagation in vitro

Spontaneous defects in impulse propagation in vitro vitro represented 76% of
spontaneous arrhythmias (n = 47). The most common was complete AV block (32%,
n=47). Second degree AV block represented 21% of spontaneous arrhythmias.
Ventriculo-conotruncal block represented 13% (n=47) and then two cases of mid-
ventricular block and one case of atrial block. We observed also ectopic activity
originating from transition of ventricle and outflow tract. This activity was unmasked
due to the presence of complete AV block. We observed also one case of AV reentry
during normothermia.

4.12 Temperature-induced changes in function of embryonic heart
4.121 Changes in sinus frequency and 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 in vitro) temperature —
normothermia, 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 approximately 20% in hypothermia (P < 0.001) and
hyperthermia (P < 0.001), in comparison with normothermia. We then focused on
changes in amplitude of the calcium transients. The acceleration of heart rate during
hyperthermia caused a significant decrease in calcium transient amplitude in both the
atrium (35%) and ventricle (38%), while no significant changes were observed during
hypothermia.

4.122 Arrhythmias in vitro

We observed a wide spectrum of rhythm disturbances in vitro (Tab. 1). These
arrhythmias were divided into two groups — defects in impulse generation and defects
in impulse propagation.
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4.1221 Defects in impulse generation — direct influence on the pacemaker

Defects in generation of electrical impulse represented 28% of all arrhythmias
observed in vitro (n = 107). Most common were atrial extrasystoles and sinus pauses
(missed beats), which together represented 23% of all arrhythmias in vitro (Tab. 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 3 out of the 99 hearts
analyzed. We also uncovered junction rhythm activity in the AV canal in two cases
during hyperthermia, at considerably high firing rates (160 and 180 bpm).

4.1222 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
hypothermia. Defects in impulse propagation represented 72% of all observed
arrhythmias (n =107, Tab. 1). In three cases, conduction blocks were observed in
conduction through the atrium (atrial block), in two cases in the middle of the
ventricle (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 56% of all observed arrhythmias. The most common defect was a complete
AV block, which developed in one case during hypothermia (n = 45 hearts, Pearson’s
Chi square test P<0.05), in 15% of cases in normothermia (stabilization, n =99
hearts), and 39% in hyperthermia (n = 54 hearts, Pearson’s Chi square test P<0.001).
Third degree AV block represented 35% of all observed arrhythmias (n =107). The
second most common defect was second degree AV block (21% of all arrhythmias),
which developed in 11% of cases during hypothermia (n =45), in 10% of cases in
normothermia (stabilization, n =99) and 14% in hyperthermia (n =54). The most
common was an intermittent second degree AV block in 65% of second degree
AV blocks, Wenckebach phenomenon represented 30% of second degree AV blocks,
and Mobitz II was observed only in one case. We noted rare arrhythmias such as
AV reentry in two cases during hypothermia.

34



Table 1 — Overview of arrhythmias observed in vitro.

Arrhythmias observed in ED4 chick embryonic hearts in vitro. Complete spectrum of observed
arrhythmias in hypothermia, normothermia and hyperthermia (total number of observed

arrhythmias = 107).

Type of arrhythmia Occurrence (%)
Complete cardiac arrest 3
Atrial extrasystoles 10
Sinus pauses 13
Junction rhythm and ectopy 3
Atrial block 3
Second-degree AV block 21
Third-degree AV block 35
Mid-ventricular block 2
Ventriculo-conotruncal block 7
AV re-entry 3
Total 100

Modified from Vostarek et al. 2016

4.1222 Localization of third degree AV block

Optical calcium imaging enabled us to precisely localize the sites of conduction
blocks. We described and classified various types of the third degree AV block
according to localization of conduction block within the AV canal. The most critical
part for conduction was the distal part of AV canal, where is the transition between
the AV canal and ventricle and we observed there 53% of third degree AV blocks.
The second most common site was the proximal part of AV canal (37% of third
degree AV blocks) and only 10% of third degree AV blocks occurred in the middle
part of AV canal. We observed interesting phenomenon during decrease of
temperature from 37 °C to 34 °C, when conduction was completely recovered after
previous AV block.

4.2 Experiments in ovo

We decided to compare the in vitro findings with an in ovo experiment that included

vascular coupling. We studied acute temperature effects in ovo by videomicroscopy

(n =19 hearts). The experimental temperatures were chosen in the same range as the

in vitro studies. We obtained heart rates 120 + 11 bpm in hypothermia, 160 + 21 bpm
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in normothermia and 197 + 27 bpm in hyperthermia. This dependence of heart rate on
temperature was almost linear (R*=0.999) and corresponded well with the in vitro
findings. We observed only a few arrhythmias, which developed in some embryos
only during hyperthermia. The most frequent were sinus pauses. Intermittent second
degree AV block developed in one case. Third degree AV block was not observed.

4.3 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 electrical stimulation from the
atrium to the ventricle. The measurements of calcium transients in vitro (37 °C, hearts
with regular rhythm without tachycardia and bradycardia, n = 10) showed that the
APDy, under spontaneous rhythm was longest in the AV canal of whole ED4 hearts.
The longer APDy, in the AV canal (330 ms) predisposes this cardiac segment to be a
limiting factor in conduction of higher beat frequencies between the atrium and the
ventricle. The APDy, in the ventricle (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 (n = 7) was capable of propagating frequencies of up to 300 bpm.
AV canal conduction limit reached 360 bpm during atrial stimulation in one case.
During stimulation of atrium, an atrial conduction limit of 360 bpm was found. This
being said, second degree AV block regularly occurred when pacing rates exceeded
300 bpm. Hearts were capable of beating at high frequencies for only a few seconds
without developing conduction block. Stimulation of the ventricle uncovered a
maximal capture threshold at 600 bpm. These results support our hypothesis that
hypoxia could be one of several parameters that would explain our findings, since we
never observed such high rates in sinus rhythm, even during the highest tachycardias
in hyperthermia in vitro 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 (n=23). The AV conduction limit (1:1 AV capture) was breached at
261 bpm. In the same heart a maximum frequency of 353 bpm was reached in the
atrium, but second degree AV block developed. The next two highest heart rates
successfully propagated through the AV canal in other hearts were 232 bpm and
200 bpm. The remaining hearts didn’t even reach 200 bpm with normal AV
conduction. A capture limit for the ventricle was reached at 476 bpm.
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5. Discussion
5.1 Studying 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 low signal detection in the AV canal, enabling detection
of various arrhythmias. Our experimental setup (Vostarek et al., 2014) for imaging
normal and stressed embryonic hearts represents a significant technological
improvement. Among other advances it enables precise localization and description of
defects in impulse propagation and the uncovering of ectopic pacemakers (Hoogaars
et al., 2007, Leaf et al., 2008, Ammirabile et al., 2012, Benes et al., 2014, Sedmera et
al., 2015, Vostarek et al., 2014, Vostarek et al., 2016) in the isolated embryonic heart
model.

We localized ectopic pacemaker at the transition of ventricle and outflow tract.
Similar phenomenon was observed by our colleague Dr. Saiikova using voltage
imaging during experiments with ED11.5 — 12.5 mouse embryonic hearts cultivated
for 24 hours in vitro (Benes et al., 2014, Vostarek et al., 2014). Immunohistochemical
staining showed in the area of ectopic pacemaker increased expression of HCN4
channels, which are responsible for pacemaker activity. Outflow tract is during this
developmental stage composed of primary characterized by slow conduction and high
automaticity. This clarifies the increased expression of HCN4 (Moorman et al., 1998,
Liang et al., 2013) in that area.

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 and
co-workers (Sarre et al., 2006). However, a modest trend towards prolongation of PR
interval was noted in their follow up study, which included analysis of the bradycardic
effects of ivabradine (Sarre et al., 2010). This probably reflects the limitation of ion
pumps responsible for restoration 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 fetuses. It is
notable that these more mature fetal hearts were measured under in vivo conditions
and with full autonomic innervation (Tomek et al., 2011).

5.2 Temperature effects on heart rate and calcium transients

Results from calcium transient dynamics measurements in vitro showed that heart rate
is linearly dependent on the temperature in the range from 34 °C to 40 °C. This
corresponds well with a previous study using a ramp protocol (Sarre et al., 2006).
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Changes in heart rate were caused by direct influence on the pacemaker changing its
kinetics. In the hypothermia group we tried to change the temperature in both
directions — cooling from 37 °C to 34 °C and warming from 34 °C to 37 °C. We
didn’t observe any significant difference in heart rate change or arrhythmogenesis
related to the direction of temperature change.

We expected changes in temperature to influence calcium 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 equilibrium concentration. Cardiac output is maintained through
Frank-Starling compensation by increased stroke volume (Benson et al., 1989).

5.3 Temperature and cardiac output

Experiments in ovo, including vascular coupling and blood flow, showed the same
linear dependence of heart rate on temperature as in vitro. Chick ED4 hearts are not
innervated, but f-adrenergic receptors are expressed at 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 B-blockers leads to a significant decrease of
heart rate in ED4 chick hearts (Kockova et al., 2013). Heart function in ectothermic
animals, like fish or reptiles, is strongly affected and limited by hyperthermia, even
when autonomic innervation is fully developed. The main regulating 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, therefore is well adapted to brief periods of
hypothermia. A crucial limiting factor is oxidative phosphorylation in mitochondria
and especially sufficient temperature-dependent ATP synthesis (Power et al., 2014).

5.4 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 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 (n=107) were caused by
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conduction block in the AV canal — first and second degree AV block (Tab. 1). We
analyzed in detail various types of AV block. Third degree AV block developed in
one case during hypothermia (n=45 hearts), in 15% of cases in normothermia
(stabilization, n =99 hearts), and 39% of cases in hyperthermia (n = 54 hearts). This
suggests that development of complete AV block and also general occurrence of
arrthythmias (Fig. 1) are influenced by increased temperature or by another factor
connected to hyperthermia. It probably corresponds with the increase of metabolic
needs of hearts and concomitant decrease in oxygen concentration in the tissue bath
with increasing temperature, because we observed only a very few arrhythmias in ovo
and only during hyperthermia. Thus, it is possible to correlate increasing temperature
with increased arrhythmogenesis. On the other hand, we observed few cases of
conduction recovery after previous AV block due to decrease in temperature. It could
correspond with decrease of metabolic demands allowing resumption of the
excitability and conductivity of the myocytes.

The slowing of conduction velocity in the AV canal is highly influenced by the
presence of cardiac jelly and the endocardial cushions (Bressan et al., 2014). The
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 (Rhett and Gourdie, 2012, Veeraraghavan et al., 2014).
The primitive cardiac tube is characterized by uniformly slow conduction velocity,
and expresses only one gap junction protein, Connexin45. The conduction in the AV
canal is slow but robust, as noted already by Paff et al. and later by Sedmera et al.,
who noted that AV block could not be induced pharmacologically or by
anoxia/reoxygenation prior to ED3 (Paff et al., 1964, Sedmera et al., 2002). Ongoing
development (ED4) of chamber myocardium is characterized 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
is crucial for conduction and might include heterotypic Cx45/Cx40 gap junctional
coupling, which could have decreased conductance in comparison with homotypic
gap junctions (Despantez, 2017). The most common location of AV block was at this
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 component of the mouse AV node and Cx40 expressing His
bundle (Coppen et al., 1999).

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, de Jong et al., 1992). We measured
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APDs in the atrium, AV canal and ventricle in normothermia, to test the hypothesis
that longer APDs predispose 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 blebbistatin - similar to the
effects of cytochalasin D (Sedmera et al., 2006).

5.5 Hypoxia in the developing heart

During cardiac development, hypoxic regions are found in several locations of the
myocardium (Wikenheiser et al., 2006, Nanka et al., 2006, Nanka et al., 2008). These
hypoxic regions correlate with areas of conduction system formation (Wikenheiser et
al., 2006). Coincidentally, 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 vasculogenesis (Nanka et
al., 2008). Since the AV canal is one of the thickest areas of the embryonic
myocardium, it lacks trabeculae, and is separated from the oxygen-carrying blood in
the lumen by the cardiac cushions, it thus comes as no surprise that it is very sensitive
to hypoxia. Because the normal routs of oxygenation in the chick embryonic heart
prior to ED9 (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
direction 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 hyperthermia 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 bpm) than in
vitro (261 bpm). Also the conduction limits of the atrium and ventricle respectively
were higher in ovo (atrium 360 bpm, ventricle 600 bpm) than in vitro (atrium
353 bpm, ventricle 476 bpm). 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.
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6. Conclusion

This study provides a detailed description of acute temperature effects on function of
the chick embryonic heart with focus on arrhythmogenesis. The pacemaker and AV
canal were the most temperature-sensitive segments of the embryonic heart. We
observed quite high occurrence of spontaneous arrhythmias during normothermia in
vitro only due to stress of environment in comparison with only few arrhythmias
observed in ovo and only in hyperthermia. Hyperthermia increased stress and
metabolic demands in vitro and thus led to increased occurrence of arrhythmias. We
observed intermittent second degree AV block even in ovo during hyperthermia.
Hypothermia was tolerated better than hyperthermia, according to the natural
adaptation of chick embryos to intermittent hypothermia. Decrease in temperature
caused in few cases recovery after previous AV block, what could correspond with
decrease of metabolic demands. The most common arrhythmia was AV block, which
occurrence significantly increased with increase in temperature. It was observed
typically at the transition between the AV canal and ventricle — the connection of two
molecularly and morphologically distinct tissues. Thus, morphological and molecular
distinctions between different compartments of the developing heart have
physiological consequences manifesting under increased metabolic demands. Acute
increase in temperature correlates with increased arrhythmogenesis both in vitro and
in ovo.
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