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1. Uvod

Od uspéchu reprodukcénich biotechnologii se odviji geneticky pokrok ve Slechténi
hospodaiskych zvifat i studium oogeneze a embryogeneze s moznosti vyuziti v humanni
mediciné. Vhodnym modelem pro studium a nasledné vyuziti poznatkli Vv postupech
asistované reprodukce je prase, jehoZ oocyty jsou vyuzivany pro zrani v podminkach in vitro.
Zralé oocyty jsou nasledné pouzivany pro in vitro oplozeni (IVF) a produkci embryi.
Uspé$nost in vitro kultivace embryi je determinovana vyvojovou kompetenci a kvalitou
meiotického zrani, béhem které oocyt ziskava schopnost aktivace a ¢asného embryondlniho
vyvoje.

Meiotické zrani oocytil je regulovano fadou faktord, mezi které patii protein kindzy, molekuly
druhych poslid, ionti a endogenné produkovanych plynl. V soufasné dobé je intenzivné
studovana skupina tzv. gasotransmiteri, plynnych molekul s fyziologickym ucinkem
a potencialem regulovat meiotické zrani oocytu. Skupina gasotransmiterd zahrnuje NO, H>S
a CO, jejichz tvorba je v bunkach katalyzovana enzymy. Bylo zji§téno, ze gasotransmiter NO
sehrava ulohu v procesu meiotického zrani, aktivace oocytll a casného embryonalniho vyvoje.
Zapojeni gasotransmiteru NO Ize ptedpokladat rovnéz v procesu oznacovaném jako starnuti
oocytu, béhem kterého dochazi ke snizovani kvality in vitro dozralych oocytu.

Soucasné s meiotickym zranim dochazi ke kumularni expanzi kumulo-oocytarniho komplexu.
Kumulédrni expanze spociva v syntéze glykosaminoglykanil, zejména hyaluronové kyseliny,
do extracelularniho prostoru kumularnich bun¢k. Syntéza hyaluronové kyseliny a intenzita
kumularni expanze je determinovana velikosti folikult, kvalitou obalu kumuldrnich bunék a
biochemickymi zmé&nami béhem meiotického zrani oocytu. Proto je mozné vyuZzit kumularni
expanzi jako hodnotici marker kvality oocytu. Kumularni expanze a meiotické zrani jsou
regulovany signalnimi drahami, zahrnujici gonadotropni hormony, rlstové faktory ¢i klicové
protein kinazy. Do fizeni kumularni expanze a zrani oocytii jsou zapojeny také molekuly
gasotransmiterd, jak bylo popsano na efektu NO. Uloha gasotransmitrt H,S a CO b&hem
reprodukénich procestt vcetné meiotického zrdni oocytl a kumuldrni expanze zlstava
neobjasnéna a jejich poznani je uZzitecné pro efektivni kultivaci a tspéSné vyuziti oocytl

v podminkach in vitro.



2. Literarni prehled

2.1. Oogeneze savci

2.1.1. Oogeneze, folikulogeneze a riist oocytu

Gamety savcl vznikaji z primordialnich zarode¢nych bun¢k (PGCs - primordial germ cells)
jiz béhem prenatdlniho vyvoje. V epitelu embryondlnich vajecnikli podléhaji PGCs
intenzivnimu mitotickému dé€leni a diferenciaci, ¢imz davaji vzniknout vysokému poctu
oogonii, které se po nékolik nasledujicich dni embryonalniho vyvoje déle mitoticky déli
(Wassarman, 1988). Omezené mnozstvi PGCs pietrvava ve tkani vaje¢niku do dospélosti
samice, kdy slouzi jako zdroj oogonii iV adultni fazi ontogeneze (Johnson et al., 2004).
Oogonie vstupuji do meiotického déleni, kde je vyvoj nasledné zablokovan v diktyotene
profaze 1. meiotického déleni. Takové bunky jsou oznaovany jako diktyotenni oocyty v 1.
meiotickém bloku (Wassarman, 1988).

Jiz v prenatalni f4zi ontogeneze dochazi k separaci jednotlivych oogonii a jejich obaleni pre-
grauldznimi bunkami, ¢imz vznikaji tzv. primordidlni folikuly. Oogonie v téchto folikulech
zahajuji meiotické dé€leni a pre-granuldzni bunky se zainaji mitoticky délit a diferencovat
v granulézni bunky. Z vrstvy granuloznich bunék obklopujici bezprostfedné oocyt se
Vv pokrocilych stadiich folikulogenze diferencuji tzv. kumularni bunky véetné corona radiata,
které zprostiedkovavaji spojeni s oocytem, prostfednictvim vybézkt prostupujicich zonu
pellucidu a bunééného spojeni typu gap junction (Brower et Schultz, 1982; Wassarman,
1988).

Dalsi pribéh oogeneze probihd ve folikulu soucasné s procesem folikulogenze, ktery u
pohlavné dospé€lych prasnic trva vice nez 80 dni (Morbeck et al., 1992). Jen folikuly
S primérem vétSim neZ 3 mm obsahuji oocyty, které jsou schopné tispé€$né dokoncit meiotické
zrani (Marchal et al., 2002). Tyto oocyty prodélavaji béhem folikulogeneze proces rustu,
ktery determinuje tzv. meiotickou kompetenci oocytu.

Do faze rustu vstupuji oocyty v 1. meiotickém bloku. Béhem faze rustu dochazi k pribyvani
bunéénych organel, které soucasné méni svoji ultrastrukturu. Jadro oocytu se zvétSuje a
jadérko nabyva kompaktné&jsi podoby. Béhem rustu dochazi k intenzivni transkripci a tvorbé
RNA, kdy roste pocet ribozoémi, polyzomi i mnozstvi proteind, které jsou v polyzémech
syntetizované. Se zvySujici se intenzitou proteosyntézy dochazi k zvétSovani
endoplazmatického retikula a Golgiho komplexu (Wassarman, 1988). Proteosyntéza a post-
transla¢ni modifikace kumulujicich se proteind v rostoucim oocytu je nezbytna pro nasledné

meiotické zrani. Mezi tyto proteiny patii Strukturalni proteiny, jako jsou histony, tubulin a



glykoproteiny zony pellucidy, a enzymy klicové pro meiotické zrani. Enzymy jsou béhem
zrani kumulovany a udrzovany v inaktivni formé pro-enzymu. Dostate¢né mnozstvi klicovych
faktorit meiotického zrani determinuje meiotickou kompetenci, kterou disponuji pln¢ dorostlé
oocyty, které u prasat dosahuji velikosti 120 — 125 um (Schultz et al., 1979; Wassarman,
1988; Yanagimachi, 1988; Wassarman et Albertini, 1994).

2.1.2. Meiotické zrani oocytii

Znovu zahgjit a pln¢ dokoncit meiotické zrani jsou schopny pouze diktyotenni oocyty plné
dorostlé ve stadiu zarode¢ného vacku (GV - germinal vesicle). Uvolnéni 1. meiotického bloku
a znovu zahdjeni meiotického zréni je charakteristické procesem oznaovanym jako rozpad
zarode¢ného vacku (GVBD - germinal vesicle breakdown). Po GVBD vstupuje oocyt do
metafaze 1. meiotického déleni, metafaze 1. Nasledné dochazi k segregaci chromozémd,
dosazeni anafaze I, telofaze 1 a vydéleni 1. polocytu (Motlik et Fulka, 1976). Po dosazeni
metafaze Il je meiotické déleni oocytu znovu spontanné pieruSeno (Yanagimachi, 1988).
GVBD a znovu zahijeni meiotického déleni nastava v in vivo podminkach v disledku
hormonalni stimulace ptisobenim gonadotropini - folikuly stimulujiciho hormonu (FSH)
a luteinizacniho hormonu (LH). Hormonalni stimulace ma za nésledek potlaceni inhibi¢nich
faktort jako je cAMP a cAMP-dependentni kindza (PKA) v kumularnich burnikach a oocytech
(Eppig, 1991). V podminkach in vitro je mozné vyuziti FSH a LH v kombinaci se sérovymi
proteiny a rastovymi faktory (Singh et al., 1997; Uhm et al., 1998).

Signalni drdha cAMP/PKA v kumularnich bunikach a oocytech je odpovédna za udrzeni
1. meiotického bloku v oocytech (Eppig, 1991). Syntéza cAMP je katalyzovana adenylat-
cyklazou (Eppig, 1989), ktera je lokalizovana v cytoplazmatické membrané oocytu (Liang
etal., 2005). Pokles koncentrace cAMP je dusledkem potlaceni aktivity adenylat-cyklazy
a aktivace fosfodiesteraz Stépicich dvojnou vazbu cAMP (Dekel et Beers, 1980). Podobné
jako cAMP, se na regulaci meiotického zrani podili molekula jiného buné¢ného posla, cGMP
(Tornell et al., 1984, 1990). Snizeni mnozstvi cGMP v kumularnich bunkach umoznuje
aktivaci fosfodiesteraz v oocytu a tak pokles koncentrace cAMP v oocytu (Norris et al.,
2009). Koncentrace CAMP Vv oocytu klesa rovnéz v disledku pieruSeni mezibunéénych spoji
gap junction mezi oocytem a kumularnimi buiikami po stimulaci zrani oocytu a omezeni toku
CAMP do oocytu z kumularnich bun¢k (Liang et al., 2007). Pokles koncentrace CAMP a
aktivity PKA je nezbytny pro GVBD (Dekel et Beers, 1980; Dekel et al., 1981; Schultz et al.,
1983; Wassarman, 1988). V prubéhu meiotického zrani ptetrvava nizka koncentrace cAMP
v oocytu (Dekel et al, 1988).



Soucasné s poklesem koncentrace inhibi¢nich faktori dochazi béhem meiotického zrani
Kk uvolnéni Ca?* iontl z endoplazmatického retikula do cytoplazmy prostfednictvim inositol-
trifosfatovych (IP3R) a ryanodinovych receptori (RyR) (Caroll et al., 1994; Machaty et al.,
1997). Ca?" nasledné aktivuje protein-kindzy, jako je kalmodulin-dependentni kinaza
(CaMKII) (Fan et al., 2003) a nékteré izoformy Ca?*-dependentni protein-kinazy (PKC) (Fan
et al., 2002a; Fan et Sun, 2004). Tyto kinazy se spole¢né s cyklin-dependentni kinazou 25
(Cdc25) (Taieb et al., 1997), polo-like kinazou 1 (Plkl) (Pahlavan et al., 2000) a protein-
kinazou B (Akt) (Cecconi et al., 2010) uplatiuji v regulaci klicovych faktorii meiotické zrani
— M-fazi/zrani podporujiciho faktoru (MPF) a mitogeny aktivované protein kinazy (MAPK)
(Motlik et Kubelka, 1990; Sobajima et al., 1993).

MPF nabyva podoby heterodimeru, ktery v oocytech sestava z katalytické podjednotky Cdc2
a regulatni podjednotky cyklinu B. Cdc2 v GV-oocytu je inhibi¢né fosforylovana
na threoninu-14 a tyrozinu-15 domény p34. Takto fosforylovany heterodimer Cdc2-cyklin B
je inaktivni a je oznaCovan jako pre-MPF. Dostate¢né mnozstvi pre-MPF, syntetizované¢ho
béhem faze rlstu, je nezbytné pro uspéSné meiotické zrani (Norbury et Nurse, 1992;
Christmann et al., 1994). Za inhibi¢ni fosforylaci MPF jsou odpovédné kinazy Weel a Mytl
(Taieb et al., 1997).

Pro aktivaci MPF je nutnd defosforylace threoninu-14 a tyrozinu-15 pomoci Cdc25 (Taieb
etal., 1997). Na aktivaci MPF v prasecich oocytech se vyznamné podili také Plkl (Anger
etal., 2004), ktera potlacuje Mytl (Okano-Uchida et al., 2003) a soucasné aktivuje Cdc25
(Kumagai et Dunphy, 1996). Béhem aktivace MPF dale dochazi k fosforylaci cyklinu B
na serinovych zbytcich Ser-94 a Ser-96 (lzumi et Maller, 1991). Takto aktivovana MPF
katalyzuje dalsi defosforylaci pre-MPF prostfednictvim dalsi aktivace Cdc25. Tato
autoakceleracni smycka ma za nasledek prudky vzestup aktivity MPF (Lee et al., 1999;
Kikuchi et al., 2000; Fan et al., 2002b; Kishimoto, 2003). Aktivni MPF je dale odpovédny za
fosforylaci histond a kondenzaci chromozomu (Arion et al., 1988), za fosforylaci jadernych
lamint a jejich depolymeraci (Liischer et al., 1991), ¢imz v oocytech indukuje GVBD (Motlik
et al., 1998a). Mimoto se MPF podili na regulaci MAPK signalni kaskady (Fan et al., 2002b).
Aktivita MPF klesa se vstupem oocytu do anafaze I a telofaze I (Verlhac et al., 1993, 1994).
Pokles MPF aktivity je nutny pro pifechod z meidzy I do meidzy II, segregaci chromozoémi
avydéleni 1. pdlocytu (Hampl et Eppig, 1995). Pokles aktivity MPF spociva v degradaci
katalytické podjednotky MPF - cyklinu B, pomoci polyubiquitinace anafazi-podporujicim
komplexem/cyklozomem (APC/C) a nasledné proteolyzy v proteasomu S26 (Peters, 2002; Yi
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et al., 2008). Aktivita MPF nasledné opét vzrista a dosahuje maxima v metafazi II, kde se
podili na udrzeni 2. meiotického bloku (Naito et al., 1995; Taieb et al., 1997).

Dalsi vyznamnou skupinou faktorti regulujicich meiotické zrani je rodina Ser/Thr kinaz,
MAPK. V savéich oocytech hraji vyznamnou roli izoformy MAPK1 a 2 (Inoue et al., 1998;
Fan et al., 2002b; Ohashi et al., 2003; Tao et al., 2005b). V aktivaci MAPK se uplatiuje
transdukce signalu prostfednictvim proteinit Mos a MEK (Kiriakis et Avruch, 2001; Roux
et Blenis, 2004). Do regulace signdlni drahy Mos/MEK/MAPK je v procesu meiotického
zrani prase¢ich oocytd zapojen gonadotropin FSH (Li et al., 2002), cAMP (Liang et al., 2005)
a MPF (Fan et al., 2002b). Aktivita MAPK v prase¢ich oocytech vzrista kratce pired GVBD
iniciované MPF (Wehrend et Meinecke, 2001). Na rozdil od MPF, béhem meiotického zrani
pietrvava MAPK aktivni (Lee et al., 2000; Villa-Diaz et Miyano, 2004). Dilezitym
substratem aktivni MAPK je ribozom S6-kinaza p90r5k (Fan et al., 2002b; Kishimoto, 2003;
Fan et Sun, 2004; Roux et Blenis, 2004), prostiednictvim kter¢é MAPK participuje na
opétovné syntéze cyklinu B v pribéhu meiotického zrani a na opakované aktivaci MPF
pti pfechodu meidzy I a 11 (Gross et al., 2000; Ohashi et al., 2003). MAPK soucasné potlacuje
aktivitu Myt1 prostiednictvim Plk1, ¢imz zabrafiuje inhibiéni fosforylaci na Cdk2 a konverzi
do pre-MPF (Fan et al., 2002b; Kishimoto, 2003; Ohashi et al., 2003), a udrzuje aktivni
Cdc25 (Kishimoto, 2003). Substraty MAPK jsou také dalSi regulacni faktory meiotického
zrani, jako je PKA, PKC a CaMKII (Kishimoto, 2003; Fan et Sun, 2004).

MAPK se pfimo podili na GVBD prostfednictvim aktivace MPF (Ohashi et al., 2003),
pfestoze neni pro GVBD prasecich oocytl nezbytna (Fan et al., 2002b). Aktivni MAPK je
dalezitd pro kondenzaci chromozomii a jejich segregaci béhem meiotického déleni
(Kishimoto, 2003). Soucasn¢ se podili na fosforylaci mikrotubuly organizujiciho centra
(MTOC), na formaci déliciho vieténka, jeho stabilizaci a elongaci, dalezitych pro vydé¢leni
1. pdlocytu (Inoue et al., 1995, 1998; Lee et al., 2000; Li et al., 2002; Takakura et al., 2005).
Mimoto, MAPK potlacuje kompletaci jaderné membrany fosforylaci jadernych laminti (Inoue
et al.,, 1998; Fan et al.,, 2002b). Aktivni MAPK zpusobuje migraci déliciho vieténka
k membrané oocytu, asymetrickou cytokinezi a vydé¢leni 1. poélocytu (Tong et al., 2003).
V disledku aktivni MAPK tak nenastava interfdze v pfechodu meidzy I a II, nedochazi
k replikaci DNA a zahajeni mitotického dé€leni ihned po meidze I (Fan et Sun, 2004; Sasaki et
Chiba, 2004; Kishimoto, 2003). Aktivita MAPK pietrvava Vv sav¢ich oocytech véetné prasete
az do dosazeni metafaze II, kde se podili na udrzovani vysoké aktivity cytostatického faktoru

(CSF) a 2. meiotického bloku (Maller et al., 2001; Ohashi et al., 2003; Ito et al., 2004).
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Meiotické zrani oocytl je spontanné zablokovano v metafazi II (Yanagimachi, 1988).
Za udrzovani 2. meiotického bloku je odpovédny CSF (Masui et Markert, 1971), jehoz
klicovymi komponentami jsou Emil a Mos (Li et al., 2002; Reimann et Jackson, 2002).
Aktivita CSF vzrista po dokonceni meidzy I a pretrvava do metafaze II (Takakura et al.,
2005). Uloha CSF spotivéa v potlateni aktivity APC/C a proteolytické degradace cyklinu B
(Maller et al., 2001; Reimann et Jackson, 2002). Vysledkem je stabilizace MPF a udrzovani
jeho konstantni aktivity (Maller et al., 2002; Fan et Sun, 2004). Aktivni MPF soucasné
fosforyluje protein Emil a tim pozitivni zpétnou vazbou udrzuje vysokou aktivitu CSF
(Kishimoto, 2003). Mos, druha z komponent CSF, se uplatituje v udrzovani aktivity Mek a
MAPK (Kyriakis et Avruch, 2001).

2.1.3. Aktivace a starnuti oocytii

Dozralé MII-oocyty jsou ptreduréené k oplozeni spermii, aktivaci a embryonalnimu vyvoji
(Wassarman, 1988; Yanagimachi, 1988). Spermie piinasi do oocytu cytoplazmaticky faktor
fosfolipazu CC, ktera produkuje signalni molekuly IP3. Po navazani na receptory IP3R,
lokalizované na endoplazmatickém retikulu oocytu, dochazi k vyplaveni intracelularniho Ca?*
do cytoplazmy oocytu (Machaty et al., 1997; Yoo et Smith, 2007). To ma za nasledek
aktivaci CaMKII (Fan et al., 2002b; Fan et Sun, 2004) a nasledné snizeni aktivity CSF. To je
spojeno rovnéz s poklesem aktivity MPF a MAPK (Kikuchi, 2000). Biochemické zmény
vedou Kk ztvrdnuti zony pellucidy a zvétSeni perivitelinniho prostoru jako prevence proti
polyspermii (DeMeestere et al., 1997; Ueno et al., 2009).

Pokud nedochézi k oplozeni oocytu, nastava spontanné jev, ktery je komplexn€ oznacovan
jako starnuti oocytu (Petrova et al., 2004, 2005). Starnuti zahrnuje spontanni pokles faktort
odpovédnych za udrzovdni 2. meiotického bloku, uvolnéni tohoto bloku a v disledku
spontanni partenogenetickou aktivaci oocytu (Lindemann et Goltz, 1986). V ptipadé delsiho
trvani meiotického bloku dochazi k aktivaci apoptotickych signalnich drah, zahrnujici c-Jun
N-terminalni kinazu (JNK) a pro-apoptotické faktory zrodiny Bcl-2. Tyto zmény vedou
k programované bunééné smrti (Lei et al., 2002; Petrova et al., 2009). Tyto procesy lze v in

vitro podminkach navodit tzv. prodlouzenou kultivaci.

2.2. Kumularni expanze
Soucasné s meiotickym zranim oocytu v podminkach in vivo a in vitro syntetizuji kumularni
bunky strukturdlnich komponenty extraceluldrni matrix, ¢imz dochazi ke zvétSovani COC.

Proces pfibyvani a formovani mezibunééné hmoty v kumularnim obalu béhem meiotického

11



zrani se oznacuje jako kumularni expanze (Dekel et al., 1979; Eppig, 1979). V in vivo
podminkach dochazi ke kumuldrni expanzi uvnitt folikulu bezprostfedné¢ ptfed ovulaci.
Kumularni expanze probiha rovnéz béhem kultivace COCs v in vitro podminkach.
Komponenty extracelularni hmoty piedstavuji komplexy proteoglykanti: glykosaminoglykant
(GAGs) amembranovych proteint kumularnich bun€k (Moscatelli et Rubin, 1974).
Nejéetnéji zastoupenym GAG v kumulu je hyaluronova kyselina (HA), méné chondroitin
sulfat, keratansulfat a heparansulfat (Tirone et al., 1993; Nakayama et al., 1996).

Endokrinni regulace kumuldrni expanze spociva v plsobeni gonadotropnich hormoni
luteinizaéni hormon (LH) a folikuly stimulujici hormon (FSH) (Dekel et al., 1979).
Gonadotropni hormony ovliviiuji metabolismus granuléznich bunék (Wassarman, 1988),
které do folikularni tekutiny produkuji ristové faktory, jako je epidermalni rtstovy faktor
(EGF) a inzulinu podobny ristovy faktor (IGF-I) (Daen et al., 1994; Nakayama et al., 1996;
Motlik et al., 1998b; Jezova et al., 2001; Némcova et al., 2007; Zhang et al., 2008). Ruastové
faktory reguluji kumuldrni expanzi prostiednictvim protein-kindz MAPK, PI3K a Akt
(Némcova et al., 2007; Prochazka et al., 2012).

Folikularni tekutina soucasné¢ obsahuje mnoZzstvi inhibicnich faktori meiotického zrani
a kumularni expanze, jako cAMP a PKA, které jsou odpovédné za inhibi¢ni efekt ve
folikulech plné nedorostlych (Qian et al., 2003; Yang et al., 1993; Nandi et al., 2007).
V rostoucim folikulu dochédzi ke snizovani koncentrace inhibujicich latek a soucasné k
hromadéni steroidnich hormonti a stimulujicich faktorti parakrinni regulace meiotického zrani
(Yoshida et al., 1992; Ding et Foxcroft, 1994; Dode et Graves, 2002).

Na formovani kumuldrni expanze se vyznamné podili proteolyza lol pomoci ubiquitin-
proteasomalniho systému (Yi et al., 2008). Stépeni Ial na t&7ké fetézce (HC), HC1 a HC2, je
nezbytna pro vazbu na HA a stabilizuje extraceluldrni matrix, ¢imZ se proteasom stava pro
kumularni expanzi prase¢ich COCs nezbytnym (Nagyova et al., 2004, 2012).

Kumularni expanzi ptimo stimuluje pln¢€ dorostly oocyt, ktery v pribéhu meiotického zrani
produkuje faktory podporujici kumularni expanzi (CEEFs) (Salustri et al., 1989; Eppig et al.,
1993; Tirone et al., 1993). Ve skupin¢ CEEFs byly pozd¢ji identifikovany mnohé riistové
faktory zejména z rodiny transformujicich rastovych faktord B (TGFp), zahrnujici TGFB1,
TFGp2 a rustovy diferenciacni faktor 9 (GDF9), (Vanderhyden et al., 2003; Dragovic et al.,
2005). Béhem meiotického zrani, zejména po dosaZzeni meatafaze I, zjevné ustava sekrecni
aktivita oocytu v produkei faktort stimulujicich kumularni expanzi (Nagyova et al., 2000).
Faktory, které regulujici kumularni expanzi prostfednictvim téchto a dalSich signdlnich drah,

mohou byt molekuly gasotransmiterii. Bylo zjiSténo, Ze NO-synt4za a pritomnost NO je nutna
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pro uplnou kumularni expanzi oocyti (Tao et al., 2005b; Amale etal., 2011). Piesnéjsi
mechanizmus NO v procesu kumularni expanze prozatim neni objasnén.

Kumularni buiiky jsou svoji metabolickou aktivitou dulezité pro bunécnou signalizaci, nabyti
meiotické a vyvojové kompetence oocytu béhem ristu oocytu (Fukui, 1990; Qian et al., 2003;
Han et al., 2006; Auclair et al., 2013). Pocet vrstev kumularnich bunék a vstupni kvalita
kumulu nasledné rozhoduje o uspésnosti meiotického zrani (Prochazka et al., 2000; Karja,
2008). Od charakteru kumulu se odviji intenzita kumularni expanze, ktera pozitivné koreluje
s Gisp&$nosti meiotického zrani in vitro (Qian et al., 2003). Uplné odstranéni kumulu z oocytu
tak ma za nasledek ztratu schopnosti dokonéit meiotické zrani in vitro, u dozralych oocytd
zpusobuje potlaceni oplozeni schopnosti a ztratu vyvojové kompetence oocytu (Han et al.,
2006; Auclair et al., 2013). Ptitomnost kumularnich bungk a jejich expanze jsou tak nezbytné
pro vydéleni 1. polocytu béhem meiotického zrani a ptiznivé ovliviiuje piezitelnost zrajicich
oocytd (Ju et Rui, 2012). Ze zminénych divodu se pro in vitro zrani pouzivaji jen oocyty
s neporusenym obalem kumularnich bunék v nékolika vrstvach a kumularni expanze je
nasledné vyuzivana jako hodnotici marker pro kvalitu meiotického zrani oocytu a nabyti
vyvojové kompetence.

Kumulérni buniky mezi sebou a oocytem navzdjem komunikuji prostfednictvim molekul
druhych posld, zejména cAMP, cGMP a Ca?" iontfi, prochazejicich do oocytu bun&énymi
spoji gap junction (Moor et al., 1980; Yanagimachi, 1988). Molekuly druhych poslid v oocytu
reguluji signalni dradhy protein-kinaz, jako je PKA, PKC a zprosttedkované také MPF
a MAPK (Tatemoto et Terada, 1998; Su et al., 2003).

Kumularni expanze je spojena s rostouci vzdalenosti mezi kumuldrnimi bunkami v dasledku
syntézy HA, morfologickymi zménami kumularnich buné¢k, endocytézou proteini bunéénych
spojii a pferuSenim toku inhibi¢nich latek mezi kumuldrnimi buikami a oocytem béhem jeho
meiotického zrani (Chen et al., 1990; Sutovsky et al., 1994; Prydz et Dalen, 2000).

Mimo mechanické funkce plni HA v COC také tlohu signalni molekuly - ligandu.
Receptorem HA jsou molekuly ze skupiny proteinti schopné vazat hyaluronovou kyselinu
(HABPs) a podilet se na tvorbé glykoproteint. Do skupiny HABP patii receptor CD44, ktery
je lokalizovan v cytoplazmatické membrané¢ kumuldrnich buné€k a cytoplazmé oocytu
(Kimura et al., 2002; Yokoo et al., 2002). CD44 receptory oocytu se po navazani HA podileji
na regulaci meiotického zrani oocytu (Kimura et al., 2002; Yokoo et al. (2007),
prostiednictvim fosforylace proteini gap junction, uzavieni tohoto bunééného spojeni
a prerusenim toku cAMP z kumularnich bun¢k do oocytu (Yokoo et al., 2010). Efekt CD44

receptoru aktivovaného HA spociva také v autoregulaci kumularni expanze a jeji amplifikaci
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(Yokoo et al., 2003), ptestoze aktivace CD44 neni pro kumularni expanzi nezbytna (Yokoo
et al., 2007).

Ze skupiny HABP se v kumularni expanzi dale uplatiiuje inhibitor inter-o-trypsinu (lal)
a protein 6 indukovany faktorem nadorové nekrozy o (TNFAIP6) (Chen et al., 1992; Fiilop et
al., 1997). Béhem kumularni expanze jsou tyto proteiny odpovédné za formovani

expandovaného kumulu stabilizaci fetézci HA (Nagyova et al., 2004, 2012).

2.3. Uloha gasotransmiteri ve fyziologii reprodukce

Mezi mozné regulacni faktory meiotického zrdni, aktivace oocytl a jejich starnuti patii
skupina jednoduchych plynnych molekul s fyziologickym ucinkem oznacovana jako
gasotransmitery. Molekuly gasotransmitert jsou ve fyziologickych koncentracich
enzymaticky uvolnovany v zivociSnych buiikach, ve kterych plni tlohu druhych posli a jsou
tak zapojeny do signalni komunikace (Mustafa et al., 2009b). Vyznamnou tlohu sehravaji
gasotransmitery v reprodukénich procesech (shrnuto v Smelcova et Tichovska, 2011).

Do skupiny gasotransmiterit patéi oxid dusnaty (NO), oxid uhelnaty (CO) a sulfan (H2S).
V zivocisnych buitkdch dochazi k interakcim gasotransmiteri a k vzdjemnému propojeni

jejich signalnich drah (shrnuto v Olson et al., 2012).

Fyziologickd produkce NO je zprostiedkovana NO-syntizou (NOS), ktera katalyzuje
konverzi L-argininu na citrulin a NO (Kwon et al., 1990; Lamas et al., 1992). NOS existuje
ve trech izoformach kédovanych samostatnymi geny: endotelidlni NOS (eNOS), neuronova
NOS (nNOS) a indukovatelna NOS (iNOS). Zatimco jsou eNOS a NNOS Ca?*-dependentni a
produkuji jen malé mnozstvi NO béhem kratké doby nanejvyse nékolika minut (Lamas et al.,
1992; Bredt et al., 1991), ¢innost iNOS je nezavisld na Ca?* iontech a produkuje stabilng 100
— 1000x vice NO béhem nékolika hodin (Nathan, 1992; Xie et al., 1992). Pfitomnost v§ech
izoforem NOS byla detekovana v oocytech a kumularnich bunikach prasete (Hattori et al.,
2000; Chmelikova et al., 2010; Ding et al., 2012).

Produkce NO byla studovana v reprodukénich procesech samct i samic. Molekula NO se
uplatituje v sekreci gonadotropnich hormont (McCann, 1982), ¢imz je zapojena do produkce
testosteronu, regulace spermatogeneze a pohlavniho chovani (Davidoff et al., 1997). Signalni
kaskada NO je rovnéz zapojena do fizeni erekce penisu (Burnett, 2002). NO ovliviiuje
hormonalni sekreci gonadotropinii a steroidnich hormona také v sami¢im reprodukénim

systému (Van Voorhis et al., 1995), kde se podili v fizeni estralniho cyklu (Jablonka-Shariff
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et al., 1999), folikulogeneze, ovulace a meiotického zrani oocytu (Jablonka-Shariff et Olson,
1998; 2000).

Bylo zjisténo, ze molekula NO plni vyznamnou tlohu v procesu meiotického zrani, kde je
nezbytna pro prechod z meidzy I do meidzy II (Jablonka-Shariff et Olson, 1998). Genovy
knock-out mysich samic nebo pouziti inhibitoru NOS béhem zrani mysich oocytd in vitro ma
za nasledek vyssi podil oocytil, které zlstaly v metafazi I anebo podlehly degenerativnim
zménam (Jablonka-Shariff et Olson, 2000). Podobny efekt ma inhibice syntézy NO také
v oocytech skotu (Schwartz et al., 2008) a prasete (Tao et al., 2005a). V prase¢ich oocytech
kultivovanych v podminkach in vitro je NOS a produkce NO nezbytna pro GVBD a dosazeni
metafaze 2. meiotického déleni. Je zfejmé, Ze na meiotickém zrani prasecich oocyti
se vyznamné podili NOS syntetizovana v kumularnich bunkach (Chmelikova et al., 2010).
Inhibice NOS v ov¢ich COCs kultivovanych in vitro rovnéz zpisobuje potlaceni kumularni
expanze (Amale et al., 2011).

Uloha NO byla studovana také v aktivaci oocyti a prabéhu ¢asného embryonalniho vyvoje
inseminovanych a partenogeneticky aktivovanych oocytti (Goud et al., 2008; Krejéova et al.,
2009). NO neni nezbytny pro oplozeni mysich oocytd (Hyslop et al., 2001), je vSak schopny
aktivovat oocyty prasat a zab Xenopus laevis (Petr et al., 2005, 2010; Jeseta et al., 2012).
Molekula NO se uplatiiuje v aktivaci membranového proteinu guanylat-cyklazy (GC)
a produkci cGMP, ktery v bunikach funguje jako druhy posel (Bellamy et al., 2002). Signalni
kaskdda NO/GC/cGMP je nezbytna pro gametogenezi a casnou folikulogenezi prasecich
spojena s aktivitou cGMP-dependentni protein-kinazy (PKG) a meiotickym blokem oocyti
(Zhang et al., 2005). U¢inek molekuly NO v procesu meiotického zrani tak pravdépodobné
nespoCiva ve zvySeni koncentrace cGMP (Bilodeau-Goeseels, 2007). V procesu aktivace
oocytu se vSak NO uplatiiuje prostfednictvim regulace signalni drahy cGMP a PKG (Petr
et al., 2006).

MoZnym mechanizmem ucfinku NO v reprodukcénich procesech je nitrosylace proteint
(Iwakiri, 2011). NO ovliviiuje prostfednictvim nitrosylace napf. aktivitu ryanodinovych
receptori a uvolnéni Ca?" iontll z intracelularnich depozit (Xu et al., 1998). Uvolnéni Ca?*
ionth po pusobeni NO na ryanodinové receptory je moznym mechanismem regulace

meiotického zrani a aktivace oocytu.

H2S je endogenné uvoliiovan z L-cysteinu pomoci enzymil cystathionine B-synthazy (CBS),

cystathionine y-lyazy (CSE) a 3-merkaptopyruvat sulfurtransferazy (3-MPST) (Wang, 2002,
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Shibuya et al., 2009). Ptitomnost enzymu uvoliiujicich H2S byla detekovana v granuldznich
bunkach folikulti a kumularnich buiikach mysich COCs (Liang R. et al., 2006, 2007). CBS a
CSE byly lokalizovany v buiikach délohy a placenty potkanti (Patel et al., 2009). Dosud
nebyla prokazana pfitomnost 3-MPST v buikach reprodukéni soustavy.

Ve tkéni samc¢i reprodukeni soustavy bylo prokézano, ze HzS potlacuje relaxaci kaverndzniho
télesa pyje a sehrava tlohu v fizeni erekce (Ghasemi et al., 2012). V samici reprodukéni
soustave bylo zjiSténo, ze exprese CBS v ovariu a kumularnich bunikdch mysi je nezbytna pro
vyvoj folikulti a pro zrani oocytu in vitro (Liang R. et al., 2007). Efekt inhibice enzymu
uvolnujicich H2S je vysvétlovan absenci H2S anebo hromadénim L-cysteinu a tzv.
hyperhomocysteinémii (Liang R. et al., 2007; Sen et al., 2010).

Endogenné uvolnény HaS se ve vodném prostedi buiiky rychle hydrolyzuje na ionty S* a HS
(Shen et al., 2012). Moznym mechanizmem 0G¢inku téchto iontd je konverze —SH skupiny
cysteinu na -SSH skupinu procesem nazyvanym S-sulfhydratace (Mustafa et al., 2009a).
Efekt HoS prostiednictvim S-sulfhydratace spociva v post-translaénich modifikacich proteint
(Sen et al., 2012), regulaci Katp kanalovych proteint (Kang et al., 2012) a zvySeni katalytické
aktivity enzymi (Paul et Snyder, 2012). Bylo tak zji§téno, Ze H2S je prostiednictvim regulace
KaTtp kanald zapojen do fizeni iontové rovnovahy na bunéénych membranach (Zhang et al.,
2007). H2S se zpusobem S-sulfhydratace podili také na regulaci klicovych faktord M-faze
bunééného cyklu somatickych bunék prostfednictvim signalnich drah cAMP/PKA (Njie-
Mbye et al., 2012) a PI3K/Akt (Huang et al., 2010; Ornelas et al., 2013). Lze piedpokladat,
ze prostfednictvim téchto signalnich drah sehrava H2S tulohu také v regulaci meiotického

zrani oocytl a kumuléarni expanze.

Produkci CO v bunkach katalyzuje hem-oxygenaza (HO), ktera se vyskytuje ve tfech
izoformach: HO1, HO2 a HO3 (Maines, 1988; McCoubrey et al., 1997). HO patii do skupiny
proteinti tepelného Soku (HSPs) a je oznaCovana také jako HSP32 (Ewing et al., 1992).
Substratem HO je molekula hemu, ktera je degradovana na CO a biliverdin (Tenhuen et al.,
1968).

Endogenné¢ produkovand molekula CO plni v buiikich Zivocichi ulohu druhého posla (Marks
et al.,, 1991). CO ma efekt vasorelaxantu (Chen et al., 2003b) a regulatoru zanétlivych
plni Glohu neurotransmiteru (Johnson et Johnson, 2000),

HO v reprodukénich organech byla detekovana ve varlatech potkant (Trakshel et al., 1986),
déloze potkani (Kreiser et al., 2003) a v granul6znich bunkach prasecich folikuli (Harada

16



et al., 2004). Bylo zjisténo, ze exprese HO je nezbytna pro tplnou funkci mysich ovarii, rist
folikulti a ovulaci oocytu (Zenclussen et al., 2012).

Jeden ze zpuasobi, jak CO reguluje reprodukcni procesy, je fizeni hormondlni sekrece
(Kostoglou-Athanassiou et al., 1996). Bylo zjisténo, ze CO se uplatiiuje v fizeni
steroidogeneze a sekrece progesteronu a estradiolu v ovarialni tkani (Alexandreanu
et Lawson, 2003). Potlacena exprese HO genovym knock-outem u mysi mé za nasledek
ovulaci omezeného poCtu oocyti a snizeni jejich schopnosti oplozeni (Zenclussen et al.,
2012). Vliv CO byl prokazan také v prabéhu gravidity, kdy CO potlacuje kontrakci
hladkosvalovych bunék délohy, ¢imz reguluje nastup porodu (Bainbridge et Smith, 2005).
Jednou z cilovych molekul CO je guanylat-cyklaza, ktera je odpovédna za produkci
bunééného posla cGMP (Morita et al, 1995). CO se tak podili na regulaci koncentrace cGMP
také ve tkanich reprodukéniho systému, napt. v hladkosvalovych burikach délohy (Cella et al.,
2006). Podobné jako v somatickych buikach, 1ze ocekavat zapojeni CO do regulace

koncentrace cGMP v kumularnich bunkach a oocytu.
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3. Hypotéza a cile
Byla stanovena hypotéza, Ze gasotransmitery jsou zapojeny do regulace meiotického zrani
oocytl,, kumularni expanze kumulo-oocytarnich komplexti (COCs) a starnuti oocytu prasete

kultivovanych v in vitro podminkach.

Cilem prace bylo:
a) zhodnotit vliv donoru H2S na pribéh meiotické zrani oocyti;
b) zhodnotit vliv donoru H2S na kumularni expanzi COCs;
¢) zhodnotit vliv donoru H>S na ziskavani vyvojové kompetence oocytd b&hem
meiotického zrani;
d) zhodnotit pribéh starnuti oocyti na zakladé markerd Casné apoptozy — fragmentace
DNA a exprese pro-apoptotickych faktorti, po inhibici c-Jun N-terminalni kinzy;

e) popsat distribuci NO syntazy a zhodnotit vliv jeji inhibice ve starnoucich oocytech.
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4. Material a metodika

4.1. 1zolace a kultivace COCs

Oocyty byly ziskavany z vaje¢nikti dosud necyklujicich porazenych prasnicek. Kumulo-
oocytarni komplexy (COCs) byly izolovany aspiraci z folikuli o priméru 2 az 5 mm pomoci
injekéni stfikacky a jehly 20G. Pro in vitro zrani byly pouzity jen COCs s neporusenou
ooplazmou a kompaktni vrstvou kumularnich bunék. Pro objasnéni ulohy kumulu v in vitro
zrani oocytl byly pouzity denudované oocyty (DOs) zbavené kumularnich bunék pomoci
tenkosténné kapilary.

Oocyty byly kultivovany ve 4-jamkovych Petriho miskach (Nunc, Denmark) v objemu 1 ml
modifikovaného  kultivaéniho média M199  (Sigma-Aldrich, USA), obsahujici
hydrogenuhli¢itan sodny (32,5 mM), laktat vapenaty (2,75 mM), gentamicin (0,025 mg/ml),
HEPES (6,3 mM), gonadotropni hormony eCG a hCG v poméru 13,5 L.U. : 6,6 L.U./ml
(P.G.600; Intervet, Holland) a 5 % (v/v) fetalniho bovinniho séra (GibcoBRL; Life
Technologies, Deutsdsland), v podminkach tizené atmosféry 5 % CO> ve smési se vzduchem
pii 39 °C po dobu 12 — 48 hod.

Pro potieby prodlouzené kultivace oocytti byly vyuzity in vitro dozralé oocyty za popsanych
podminek. Dalsi kultivace probihala v modifikovaném M199 médiu s5 % fetalniho

bovinniho séra bez gonadotropinti, v podminkéch fizené atmosféry po dobu 24, 48 a 72 hod.

4.2. Hodnoceni meiotického zrani oocyti

Oocyty byly po kultivaci zbaveny kumularnich bunék pomoci tenkosténné kapilary
a montovany na podlozni sklo, nasledné¢ fixovany v octové kyselin€ a ethanolu (1:3, v/v) min.
48 hod. Pomoci mikroskopu s fazovym kontrastem byla hodnocena stadia meiotického zrani
oocytd obarvenych 1,0 % orceinem. Bylo rozlisovano pét stadii jaderného zrani oocyt (podle
Motlik et Fulka, 1976): GV — zarode¢ny vacek; LD — pozdni diakineze; MI — metafaze
1. meiotického déleni; AITI — pfechod z anafize do telofaze 1. meiotického déleni; MII —

metafaze 2. meiotického déleni.

4.3. Stanoveni aktivity kinaz v oocytech

Kinazova aktivita byla méfena podle Kubelky et al. (2000). Z kultivovanych oocytid byly
pfipraveny bunééné extrakty pomoci Spul extrakéniho pufru. V extraktech oocytd byla mérena
aktivita po fosforylaci specifického substratu MPF - Histonu H1 (H1), a MAPK -

myelinového proteinu (MBP). K fosforylaci substrati bylo vreakéni smési obsahujici
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bundény extrakt, HI a MBP pouzito radioaktivné znaceného izotopu 500 uCi/ml [y-3?P]JATP
(GE Healthcare Life Sciences, UK).

Histon H1 a MBP byly nasledn¢ separovany pomoci SDS-polyakryamidové elektroforézy
na 10 % separa¢nim gelu. Gel byl obarven modii Comassie Blue a vysuSen. Pomoci scaneru
byla odeétena intenzita signalu fosforylovanych H1 a MBP. Hodnoty aktivity MPF a MAPK
v oocytech byly vyjadifeny pomoci denzitometrie fosforylovanych substratt H1 a MBP a
vztazeny relativné k MI-oocytim kontrolni skupiny po 24 hod. kultivace, kde je aktivita obou
faktort nejvyssi (Kubelka et al., 2000).

4.4. Imunolokalizace proteinii v oocytech

Oocyty byly po kultivaci zbaveny zony pellucidy pomoci 0,1% proteazy ze Streptomyces
griseus. Oocyty byly fixovany v 2,5% (w/v) paraformaldehydu po dobu 60 min. Poté byly
oocyty permeabilizovany v 0,5% Triton X-100 a inkubovany s primarni protilatkou
specifickou proti lokalizovanému proteinu, v fedéni 1:100, pii 4°C ptes noc. Nésledné byla
pouzita sekundarni protilatka IgG konjugovana s fluorescein isothiokyanatem (FITC),
v fedéni 1:100, pti laboratorni teploté¢ 60 min. Chromatin byl obarven pomoci Hoechst 33258.
Oocyty byly nasledné pouzity pro pfipravu preparati umisténim do montovaciho média
Vectashield. Oocyty byly nasnimany pomoci skenovaciho konfokalniho mikroskopu (Leica,
Germany). Ziskané obrazky byly podrobeny analyze obrazu a méfeni signalu intenzity
v programu NIS Elements 3.00 (Laboratory Imaging, Czech Republic). Intenzita signalu byla

vyjadiena relativng, vzdy k dozralym MII-oocytiim kontrolni skupiny.

4.5. Oocytektomie

Pro hodnoceni vlivu oocytu na kumularni expanzi bylo vyuzito postupu oocytektomie. COCs
byly oocytektomovany V kultivacnim médiu pod minerdlnim olejem za pouziti
stereomikroskopu osazené¢ho mechanickym mikromanipulatorem (Narishige, Japonsko). COC
byl imobilizovan fixa¢ni kapilarou a oocyt odsat injekéni kapilarou za ziskani
oocytektomovany komplexu (OOX) sestavajiciho ze zony pellucidy obklopené kumularnimi

bunkami. OOXs byly kultivovany in vitro za stejnych podminek jako COCs.

4.6. Méreni kumularni expanze
Jako ukazatel intenzity kumularni expanze bylo vyuZzito méteni obsahu hyaluronové kyseliny
(HA). Po zbaveni oocytl expandovaného kumulu po kultivaci COCs byly kumularni bunky

expandovanych kumuli vystaveny proteolytickému $tépeni za pouziti proteazy z Aspergilus
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oryzae 2 hod. a nasledného pfidani proteazy z Bacillus licheniformis (Novozymes, Denmark)
a dalsi kultivace 3 hod., pfi 45 °C. Po uvolnéni HA do roztoku proteaz nasledovala
centrifugace (5 min. pfi 10000 rpm) a odpipetovani supernatantu. Koncentrace HA
v supernatantu byla métena spektrofotometricky pomoci QnE Hyaluronic Acid ELISA Assay
(Biotech, USA) podle ptiloZzeného protokolu, pii 450 nm. Koncentrace HA byla odecitana
pomoci kvadratické kiivky a hodnoty koncentrace HA byly vyjadieny relativné a vztazeny
k COCs kontrolni skupiny po 48 hod.

4.7. Statisticka analyza
Kazdy experiment byl opakovan min. 3x. Vysledky experimentd byly podrobeny statistické
analyze v programu SAS 9.1 parametrickym testem ANOVA (t-test). P hodnota mensi

nez 0,05 je povazovéna za statisticky vyznamnou.
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5. Vysledky a Diskuze

5.1. Vliv donoru H2S na meiotické zrani prasecich oocyti

Cilem experimentu bylo zhodnotit vliv Na.S, exogenniho donoru H2S, na meiotické zrani
oocytli v podminkach in vitro. Prase¢i oocyty byly kultivovany s donorem H»>S v koncentraci
35 — 300 uM po dobu 20 nebo 30 hod., kdy je mozné zachytit vSechna stddia meiotického
zrani a presnéji hodnotit vliv NaxS na meiotické zrani. V nasledujicim experimentu bylo
hodnoceno meiotické zrani oocytl zrajicich v kultivatnim médiu s pfidavkem donoru H»S:
300 uM NayS, v ¢asové fadé 12 — 48 hod. po 2 hod.

Experimenty bylo zjisténo, ze NapS statisticky vyznamné urychluje rozpad zarode¢ného
vacku, znovu zahdjeni meiotického déleni a pfechod do 2. meiotického déleni v zdvislosti
na davce. Po 20 hod. in vitro kultivace dochazi k poklesu poctu oocytu setrvavajicich
ve stadiu GV (31,7 = 2,9 % u kontrolni skupiny vs. 25,0 £ 4,3 — 20,0 + 4,3 % pro 70 —
300 uM NazS). Soucasn¢ dochazi k nardstu poctu oocytd, které dosahly MI (43,3 £ 1,4 % vs.
55,0 £ 2,5 - 72,5 + 2,5 %). Po 30 hod. meiotického zrani se 70 — 300 pM NaoS dochazi
k rychlejsimu dosazeni stadii 2. meiotické déleni — AITI (54,2 £ 2,9 % vs. 62,5 £4,3 - 69,2 £
3,8 %). Koncentrace 150 a 300 uM NazS navodily po 30 hod. in vitro zrani dosazeni stadia
MIlu 11,7 — 17,5 % oocytu.

Po kultivaci prasecich kumulo-oocytarnich komplexti (COCs) s NaS 12 — 48 hod. bylo
pozorovano urychleni meiotického zrani oocytd, kdy dochazelo statisticky vyznamné
k ¢asngjsimu poklesu poctu oocytli ve stadiu GV ve 14 — 22 hod. in vitro zrani. Soucasné
oocyty dosahovaly signifikantné rychleji pokrocilejSich stadii meiotického zrani, jako je LD
a Ml. Oocyty kultivované s Na;S navic vykazovaly rychlejsi piechod do 2. meiotického
déleni a dosahovaly tak stadii AITI a MII signifikantn& rychleji. Vysledky jsou soucasti
publikace Nevoral et al. (2014), viz Piiloha 1.

Donor exogenniho H>S urychluje rozpad zarode¢ného vacku a znovu zahajeni meiotického
zrani prasecéich oocytti mezi 14 a 22 hod. in vitro kultivace. Donor urychluje rovnéz dozrani
oocytl, dosazeni stddia MII a vyd¢€leni 1. polového téliska o 4 hod. diive V porovnani
s kontrolni skupinou. Zvolené koncentrace donoru HzS byly pouzity s ohledem na predchozi
prace (Wang, 2002; Shibuya et al., 2009) a lze tak pfedpokladat, ze ucinek exogenniho H>S
na zrajici oocyty je fyziologicky a spocivd v urychleni aktivace klicovych faktort
meiotického zrani — M-fazi/zrani podporujiciho faktoru (MPF) a mitogeny aktivované protein

kindzy (MAPK).
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5.2. Vliv donoru H2S na kinazovou aktivitu ve zrajicich prasecich oocytech

V nasledujicim experimentu byl hodnocen vliv 300 uM NaS na cytoplazmatické zrani
prasecich oocytl vyjadifené aktivitou kindz MPF a MAPK. Aktivita kindz byla méfena
v ¢asové fad€ po 2 a 6 hod. a vztazena vzdy k oocytim kontrolni skupiny po 24 hod. in vitro
zrani, kdy je pfedpokladana nejvyssi aktivita obou faktort (Kubelka et al., 2000).

V obou dil¢ich experimentech byl pozorovan nartst aktivity MPF a MAPK mezi 12 a 24 hod.
in vitro kultivace. Jiz po 20 hod. in vitro zrani oocyti Na,S statisticky vyznamné urychlil
nastup aktivity MAPK o 19,9 %. Po 22 hod. in vitro zrani Na,S zvysil aktivitu MPF 0 59,9 %,
rozdil je statisticky vyznamny. Viz Pfiloha 1.

V souladu s ptedchozimi pracemi (Kubelka et al., 2000) vysledky experimentd prokazaly, ze
zmény v dynamice meiotického zrani jsou determinovany zvysenou aktivitou MPF a MAPK
V cytoplazmé. Moznym vysvétlenim pro mechanizmus ucinku H2S je proces sulfhydratace,
post-translaéni modifikace proteintt na reziduech sirnych aminokyselin prostiednictvim
molekuly H.S (Mustafa et al., 2009a). V somatickych buiikach bylo popsano zapojeni H2S
prostiednictvim sulthydratace do signalni kaskady Mos/MEK/MAPK, kdy je sulthydratovan
faktor MEK (Zhao et al., 2014). Protoze se MAPK podili na dalsi aktivaci MPF nasledované
GVBD (Ohashi et al., 2003), lze ptedpokladat, ze sulthydratace MEK je odpovédna
za akceleraci MAPK po 20 hod. in vitro zrani oocyti sdonorem H2S a pozdé&ji
neptimo za akceleraci aktivity MPF po 22 hod. in vitro kultivace.

Mimoto je pravdépodobné, Ze se proces sulfhydratace uplatiuje také v regulaci dalsich
signalnich kaskad. Mezi tyto kaskady patii adenylat-cyklaza/cAMP/PKA, kdy je donor
exogenniho HoS schopen vyvolat narust koncentrace bunécného posla cAMP (Njie-Mbye
etal., 2012). Dalsim potencialnim cilem gasotransmiteru H2S je signalni draha PI3K/Akt
(Huang et al., 2010). Moznymi sulthydratovanymi proteiny jsou také iontové kanaly (Tang
etal., 2010, 2013), jejichz tloha byla popsana v souvislosti se zvysenim koncentrace cAMP
Vv cytoplazmé prostiednictvim donoru HoS (Njie-Mbye et al., 2012). Signalni drahy a pohyb
iontd v oocytu se uplatiuji v regulaci meiotického zrani (Hu et al., 2008; Kalous et al., 2009;
Du et al., 2010) a Ize tak piedpokladat efekt HoS v meiotickém zrani prostiednictvim jejich

ovlivnéni.

5.3. Uloha kumularnich bunék v meiotickém zrani urychleném donorem H>S
Pro objasnéni Glohy kumularnich bun¢k v meiotickém zréni oocytli urychleném piidavkem
300 uM NapS byly kultivovany denudované oocyty (DOs) zbavené kumularnich bunék

20 a 30 hod. po kultivaci v podminkach in vitro.
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zbaveni oocytll kumularnich bunék urychluje nastup GVBD a dalsi pribéh meiotického zrani.
Ve skupin¢ DOs kultivovanych s pfidavkem NaS doslo k dalSimu urychleni meiotického
zrani, kdy u 35,0 % oocytu jiz po 20 hod. in vitro zrani doslo k zahajeni 2. meiotického déleni
a dosazeni stadia AITI. Po 30 hod. kultivace bylo pozorovano dalsi signifikantni urychleni
meiotického zrani DOs oSetfenych NaoS, kdy stadia AITI doséhlo 39,2 % a MII 30,0 %
oocytd, viz Ptiloha 1.

Vysledky demonstruji, ze pritomnost kumularnich bunék potlac¢uje urychlujici efekt NaoS
na meiotické zrani oocytd. Lze predpokladat, Ze exogenni H2S plsobi na meiotické zrani
oocytl piimo, bez zapojeni bunécné signalizace kumularnich bunék. Pradépodobné je H2S
schopen potlacit jiz diive popsany inhibujici efekt pfitomnosti kumularnich bunék na zrani

oocytd (Tanghe et al., 2002).

5.4. Vliv donoru H2S na kumularni expanzi prase¢ich COCs

Cilem experimentu bylo hodnoceni kumularni expanze podle obsahu hyaluronové kyseliny
(HA) v prase¢ich COCs kultivovanych 48 hod. s riznou koncentraci Na>S a v COCs zrajicich
12 — 48 hod. s 300 uM NazS. Obsah HA byl vyjadien jako HA zadrzena v COCs a celkova
HA zahrnujici HA zadrzenou v COCs a HA uvolnénou do kultivaéniho média. Obsah HA byl
vyjadien relativné vzdy k celkové produkci HA v COCs kontrolni skupiny dozralych po 48
hod., kdy je obsah HA nejvyssi.

Bylo zjisténo, ze celkova produkce HA je donorem HS potlacena statisticky vyznamné o
21,9 - 31,3 % po 48 hod. in vitro kultivace. Zadrzena HA v COCs neni ovlivnéna piidavkem
donoru H2S v jakékoliv koncentraci. V asové fadé po 12 hod. dochazi k statisticky
vyznamnému potlaceni celkové produkce HA po 36 hod. (62,4 + 0,4 % vs. 48,9 + 4,2 %) a 48
hod. (100,0 £ 0,0 % vs. 70,9 £ 12,0 %) in vitro kultivace, Viz Pfiloha 1.

Vysvétlenim pro inhibi¢ni efekt exogenniho H2S miize byt zapojeni tohoto gasotransmiteru
do signalnich drah PI3K/Akt a cAMP/PKA (Huang et al., 2010; Njie-Mbye et al., 2012),
které se podili na regulaci kumularni expanze (Downs et Hunzicker-Dunn, 1995; Hoshino et
al., 2004). Potlacena kumularni expanze donorem H>S nezpisobila neuspéch meiotického
zrani, narozdil od dfive publikovanych vysledki, kde byla demonstrovana pozitivni korelace
mezi intenzitou kumularni expanze a UspéSnosti meiotického zrani (Qian et al., 2003).
Dutvodem snizeni intenzity kumularni expanze v druhé poloviné meiotického zrani v in vitro
podminkach miZze byt snizend potieba pokracujici kumularni expanze u rychleji zrajicich

oocytt.
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5.5. Uloha oocytu v kumularni expanzi potlaéené donorem H>S

Pro hodnoceni vyznamu pfitomnosti oocytu v kumularni expanzi potlacené donorem H2S
bylo vyuzito metody oocytektomie. Experimenty prokazaly, Ze odstranéni oocytu z komplexu
zpusobuje potlaceni kumularni expanze oocytektomovanych komplexti (OOXs) vyjadiené
celkovou produkci HA. Jiz diive byl popsan inhibujici efekt odstranéni oocytu na kumularni
expanzi (Nakayama et al., 1996; Kimura et al., 2002). Obsah HA zadrzené v komplexech
vSak neni oocytektomii ovlivnén.

Zatimco oocytektomie neovlivituje obsah zadrzené HA v komplexech kultivovanych v €istém
kultivaénim médiu, statisticky vyznamné je potlacena produkce HA zadrzené v OOXs
kultivovanych v pfitomnosti 300 uM NaoS (42,6 + 7,1 % u COCs kultivovanych s NaxS vs.
22,4+ 6,0 % u OOXs s NazS). Soucasné celkova produkce HA a obsah HA zadrZzené v OOXs
nejsou ovlivnény pFitomnosti NazS, viz Piiloha 1. Oocyt tak zjevné sehrava tlohu pti regulaci
kumularni expanze v ptitomnosti donoru exogenniho H2S. Za potencialni cil HoS muze byt
povazovan zejména diferenciacni ristovy faktor 9 (GDF9), ktery se vyznamné uplatiuje ve
stimulaci kumularni expanze oocytem prostfednictvim regulace aktivity HA syntazy 2
vV kumularnich bunkach (Dragovic et al., 2005; Prochazka et al., 2012). Tento pfedpoklad je
Vv souladu se zjisténim, ze exprese rustovych faktort z rodiny TGF je ovlivnéna donorem

H>S v somatickych buiikach (Mard et al., 2012).

5.6. Vliv donoru HzS na ¢asny embryonalni vyvoj prasete

Cilem bylo hodnoceni vyvojové kompetence oocyti dozralych vin vitro podminkach
s ptidavkem donoru H2S: 300 uM NasS. Dozralé oocyty oSetiené NazS byly aktivovany
po 44 hod. a oocyty kontrolni skupiny po 46 hod., tedy kdyz 100 % kultivovanych oocytd
dozradlo do stadia MIIL. Jako hodnotici kritérium bylo pouzito miry aktivace a Casného
embryonalniho vyvoje po partenogenetické aktivaci 25uM Ca?*-ionoforem.

Bylo zjisténo, ze donor H»S statisticky vyznamné zvysSuje schopnost aktivace oocytt (91,7
+3,2 % u oocytli dozralych s NazS vs. 75,8 + 3,2 % u oocytli kontrolni skupiny). Pocet
dvoubunéénych embryi po 48 hod. kultivace zygot, pocet morul a blastocyst po 7 dnech
kultivace zygot nebyl ovlivnén osetienim donoru H2S béhem in vitro zrani, viz Ptiloha 1.
Vysledky partenogenetického vyvoje oocyti dozralych s NaS podporuji domnénku,
ze popsané u¢inky exogenniho donoru H»S — urychlené meiotické zrani a potlacena kumularni
expanze, jsou fyziologické. Mimo dosud sledovanych popsanych akcelerujicich ucinka

donoru H2S na meiotické zrani oocytli lze ocekavat protektivni efekt tohoto gasotransmiteru
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ve zrajicich oocytech prasete. Vysvétlenim miize byt sulfhydratace zminéné kindzy MEK1,
kterd je prostfednictvim MAPK odpovédnd za aktivaci poly(ADP-rib6za) polymerazy 1
(PARP1) (Kauppinen et al., 2006; Zhao et al., 2014), jejiz uloha spoc¢iva V reparaci zloma
DNA (Beck et al., 2014). Rovnéz byl popsan protektivni G¢inek HzS, ktery spociva
Vv potladeni oxida¢niho stresu za zvySené exprese markert buné¢ného zdravi (Perrino et al.,
2009; Osborne et al., 2010) a aktivace NADP*-dependentnich histon deacetylaz — sirtuini
(Shang et al., 2012; Suo et al., 2013). Vysledkem mozného ovlivnéni téchto signalnich drah
je vexperimentech popsand zvySena schopnost aktivace oocytti dozralych v piitomnosti

donoru H-S.

5.7. Vliv inhibice c-Jun N-terminalni kinazy na prubéh starnuti prasecich oocyti

Cilem experimentid popisujicich tlohu c-Jun N-terminalni kindzy (JNK) ve starnoucich
oocytech prasete bylo zhodnotit ucinek 1,9-parazoloanthronu, specifického inhibitoru JNK.
Efekt inhibitoru byl vyjadifen schopnosti aktivace, casného embryonalniho vyvoje,
fragmentace DNA a expresi pro-apoptotického faktoru Bax po 24 hod. prodlouzené kultivace
s inhibitorem JNK.

Experimenty prokézaly, ze pouziti aktivniho inhibitoru JNK ma za nasledek statisticky
vyznamné potlaceni programované bunécné smrti a 1yzy oocytl starnoucich 48, 72 a 96 hod.
Rovnéz byl prokéazéan protektivni Gi€inek inhibitoru JNK, ktery potlacuje fragmentaci DNA o
51,4 %, rozdil je statisticky signifikantni. Souc¢asné¢ dochazi k vyznamnému zvySeni poctu
aktivovanych oocyti béhem starnuti po inhibici JNK. Soucasné vsak bylo zjisténo, ze inhibice
INK statisticky vyznamné snizuje podil Ca?*-ionoforem aktivovanych oocytii schopnych
dosahnout dalSich stupiii embryonalniho vyvoje, jako je 2-bunécné embryo a blastocysta.
MnozZstvi pro-apoptotického faktoru Bax ve starnoucich oocytech nebylo oSetfenim inhibitoru
JNK ovlivnéno. Vysledky jsou publikovany v praci Sedmikova et al. (2013), viz Piiloha 3.
Provedenymi experimenty bylo zjisténo, Ze jiz po 24 hod. prodlouzené kultivace po inhibici
JNK doslo k potlaceni fragmentace DNA nasledované morfologickymi projevy starnoucich
oocytl, které vykazovaly niz$i miru bunétné smrti. Zjisténi je v souladu s predchozimi
publikacemi popisujici JNK jako klicovy regulac¢ni faktor programované bunécné smrti
v somatickych burikach (Dhanasekaran et Reddy, 2008; Plotnikov et al., 2001), ktery je
odpovédny za fragmentaci DNA (Chen et al., 2003a). Absence uc¢inku inhibitoru JNK po 48 —
96 hod. prodlouzené kultivace je zfejmé¢ zpusobena dalSimi faktory nezéavislymi na JNK
a mitochondrialni draze indukujici programovanou bunéénou smrt. Stimulem pro aktivaci

pro-apoptotickych mechanizmti jsou reaktivni formy kysliku (ROS), jejichZ koncentrace se s
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prodlouzenou kultivaci ve starnoucich oocytech zvySuje (Miao et al., 2009). ZvySena
koncentrace ROS je schopna vyvolat programovanou bunéénou smrt, mimo aktivace JNK,
také prostfednictvim endoplazmatického retikula, ovliviujiciho balanci iontii zptisobenou
vyplavenim Ca?* (Takahashi et al., 2003; He et al., 2008). Lze piedpokladat, Ze inhibice JNK
zpusobuje zvyseni koncentrace Ca?* iontll v cytoplazmé, coz vede K vy$§imu poctu
aktivovanych oocytti (Wassarman, 1988; Yanagimachi, 1988).

Je zfejmé, ze ve starnoucich prasecich oocytech nedochéazi k zapojeni Bax do signalni drahy
JNK. Toto zjisténi neodpovidd mechanizmiim popsanym V somatickych buiikach, kde JNK
zpusobuje fragmentaci DNA prostfednictvim pro-apoptotickych faktori Bax a Bad
(Antignani et Youle, 2006; Chu et al., 2009), ani zvySené expresi Bax po indukci apoptozy
oocyti Xenopus laevis pomoci JNK (Du Pasquier et al., 2011). Vysvétlenim mize byt
zapojeni dalSich pro-apoptotickych faktori v indukci bunééné smrti starnoucich prasecich
oocytd, kde kandidatnim faktorem muze byt Bad (Bhakar et al., 2003). Zapojeni
alternativnich signalnich drah nezavislych na JNK je patrné pficinou snizené vyvojové
schopnosti navzdory inhibici JNK. Mimoto, indukce bunééného stresu prostiednictvim
zapojeni endoplazmatického retikula, v kterém zfejmé inhibice JNK sehrava roli, mize vést

k dal$imu zhor$eni ¢asného embryonalniho vyvoje (Zhang et al., 2012).

5.8. Pritomnost NO syntaz a jejich inhibice ve starnoucich prasecich oocytech

Cilem experimentu bylo prokdzat pfitomnost jednotlivych izoforem NO syntaz (NOS)
ve starnoucich prase€ich oocytech. Néasledné byla hodnocena uloha NOS za pouZiti inhibitor
L-NAME nebo aminoguanidinu.

V dozralych MII-oocytech a v oocytech starnoucich 24 — 72 hod. byla pomoci
imunolokalizace prokazéna pfitomnost vSech tfi izoforem NOS: eNOS, iNOS, nNOS.
Sledované izoformy vykazovaly rtznou intracelularni distribuci: izoforma eNOS byla
distribuovdna rovnomérné v cytoplazmé, iNOS bezprosttedné pod cytoplazmatickou
membranou a nNOS zejména V prvojadrech spontanné aktivovanych oocytli. Soucasn¢ byla
provedena kvantifikace signalu, ktera prokdzala, Ze intenzita signalu a pfedpokladané
mnozstvi INOS a nNOS béhem starnuti klesa o 88 %, resp. 63 %, jiz po 24 hod. prodlouzené
kultivace. Intenzita signalu eNOS ziistdva po 48 hod. prodlouzené kultivace bez zmény
aklesa statisticky vyznamné 0 50 % po 72 hod. Inhibitory L-NAME a aminoguanidin
potlacuji programovanou bunécnou smrt a 1yzu po 72 hod. prodlouzené kultivace v zavislosti

na davce inhibitoru. Stdrnouci oocyty tak vykazovaly vyssi vyskyt intaktnich oocyti v MlII
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stadiu a spontanné partenogeneticky aktivovanych oocytl. Vysledky jsou soucasti publikace
Nevoral et al. (2013), viz Ptiloha 4.

Prokazana piitomnost izoforem NOS v oocytech prasete je v souladu s diive publikovanymi
pracemi (Tao et al., 2005a; Chmelikova et al., 2010; Tichovska et al., 2011). Lokalizace
eNOS a iNOS v cytoplazmé a v blizkosti cytoplazmatické membrany oocytu patrné souvisi
s vazbou téchto izoforem na komponenty cytoskeletu (Brophy et al., 2000; Zeng et Morrison,
2001). Piitomnost izoformy nNOS v prvojadrech aktivovanych oocytid je ve shod¢ s jiz
popsanou lokalizaci v jadrech somatickych bunék (Yuan et al., 2004) a je pravdépodobné, ze
pfitomnost v prvojadrech zygot souvisi s transkripéni aktivitou po reaktivaci embryondlniho
genomu (Latham et Schultz, 2001). Pomalejsi pokles intenzity signalu eNOS je vysvétlovan
vys$§im mnozstvim této izoformy v dozralém oocytu v porovnani s izoformami iNOS a nNOS
a riznym polocasem rozpadu jednotlivych izofrem (Ramet et al., 2003; Kim et al., 2005;
Hattori et Tabata, 2006). Inhibovana produkce NO ve starnoucich oocytech vedla k potlaceni
bunééné smrti, podobné jako v piipadé Langerhansovych ostrivkii a B-bunck slinivky
(Corbett et McDaniel, 1996). Lze piedpokladat, ze vyssi mira spontanné aktivovanych oocytl

je vysledkem spiSe potlaceni bunééné smrti nez ptimého efektu absence NO v oocytech.
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6. Zavér

Meiotické zrani oocytt je klicovym procesem pro reprodukéni biotechnologie, jako je in vitro
oplozeni (IVF) nebo pienos jader somatickych bunék (SCNT). Detailni studium meiotického
zrani oocytu, starnuti oocytll a testovani potencialnich latek s protektivnim ucinkem je
nezbytné pro vyssi efektivitu ziskavani in vitro dozralych oocyti a tedy dalSi pokrok
reproduk¢nich biotechnologii. Cilem prace bylo ovéfit hypotézu, Ze gasotransmitery sehravaji
v praseCich oocytech fyziologickou tlohu v regulaci meiotického zrani, kumularni expanze
a starnuti béhem prodlouzené kultivace.

Experimenty bylo zjisténo, ze donor gasotransmiteru HzS signifikantné urychluje meiotické
zrani prasecich oocytil, kdy oocyty rychleji podstupuji rozpad zarode¢ného vacku (GVBD)
a dosazeni metafaze I (MIl). Bylo ovéteno, ze urychleni meiotického zrani je vysledkem
akcelerované aktivace klicovych faktori meiotického zrani — M-fazi/zrani podporujiciho
faktoru (MPF) a mitogeny aktivované protein kinazy (MAPK). Soucasné bylo zjisténo, ze se
pritomnost kumuldrnich bunék se na akceleraci zrani oocyti nepodili a oocyty zbavené
kumularnich bun¢k (DOs) a souasné oSetfené donorem exogenniho H2S zraji rychleji
Vv porovnani s kumulo-oocytarnimi komplexy (COCs).

Produkce hyaluronové kysleiny (HA) a intenzita kumularni expanze byly donorem H.S
béhem kultivace in vitro potlaceny v druhé poloviné meiotického zrani oocytu. Vysledky
podporuji domnénku, Ze v potlaceni kumulérni expanze donorem H2S sehravéa tlohu oocyt
a exogenni H2S plsobi prostiednictvim inhibice oocytarnich ristovych faktorti fyziologicky
stimulujici kumularni expanzi.

Soucasné bylo zjisténo, ze dozralé oocyty sdonorem H>S vykazovaly vys§i miru
partenogenetické aktivace, pfi¢emz pouzity donor H2S neovlivnil dosazeni dalSich
vyvojovych stadii casného embryonélniho vyvoje.

Dalsi experimenty byly zaméfené na regulac¢ni faktory starnuti oocytt. Mezi nimi byla
studovana uloha c-Jun N-terminalni kindzy (JNK) béhem prodlouzené kultivace. Vysledky
dokazuji zapojeni této kinazy do procesii starnuti a pifiznivé ucinky jeji inhibice
na fragmentaci DNA a Casny embryondlni vyvoj. Je zfejmé, ze dal§i faktory nezévislé
na signalizaci JNK jsou zapojeny do regulace starnuti a jsou tak alternativnimi zptsoby
indukujici buné¢nou smrt oocytt po prodlouzené kultivaci in vitro.

Béhem starnuti ocoytli byl studovan rovnéz vliv gasotransmiteru NO, ktery je v buiikdch
produkovan NO syntdzami (NOS). Piitomnost vSech tfi izoforem NOS byla prokazana

v dozralych a starnoucich oocytech, vcéetné jejich specifické intracelularni distribuce.
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Po inhibici fyziologické produkce NO bylo sledovano potlac¢eni programované bunécné smrti
oocytll a lyzy a soucasné vyssi podil oocytll spontanné partenogeneticky aktivovanych.

Vysledky prace poukazuji na gasotransmitery H>S a NO jako na fyziologické regulatory
uplatnujici se v procesech meiotického zrani a starnuti béhem prodlouzené kultivace.
Dosavadni poznani poukazuje na moznosti dal$iho studia zejména v oblasti embryonalniho
vyvoje a molekularnich mechanizmi ucinkd H>S. Studium téchto signalnich molekul
s protektivnim ucinkem pomiZze optimalizaci podminek invitro pro produkci kvalitnich

a zivotaschopnych embryi.
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8.1. Priloha 1: Nevoral et al. (2014): Dual effect of hydrogen sulfide donor on meiosis

and cumulus expansion of porcine cumulus-oocyte complexes. PLOS ONE, 9: €99613.

Cilem této prace bylo ovéfit hypotézu, Ze gasotransmiter HoS je zapojen do regulace
meiotického zrani oocyti a kumularni expanze kumulo-oocytarnich komplexti (COCs). Pro
ovéieni hypotézy byly prase¢i COCs kultivovany s donorem exogenniho H>S: NapS.
V experimentech byl sledovan pribéh meiotického zrani oocytd, aktivita klicovych faktora
MPF a MAPK, kumuldrni expanze a Casny embryonalni vyvoj oocytil zrajicich v pfitomnosti
donoru H2S. Bylo zjisténo, ze donor H2S urychluje GVBD, dalsi pribéh meiotického zrani
a dosazeni stadia MII, jako vysledek predchozi akcelerace kinanzové aktivity MPF a MAPK.
Ptitomnost kumularnich bun¢k akceleracni efekt donoru HzS potlacuje. Donor H2S soucasné
potlacuje kumuldrni expanzi, patrné prostfednictvim potlaeni oocytdrni sekrece rustovych
faktori podporujici kumularni expanzi. Pozitivni efekt exogenniho H2S byl ovéfen
po partenogenetické aktivaci hodnocenim vyvojové kompetence ziskané béhem meiotického

zrani S donorem HsS.
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Hydrogen sulfide (H,S) has been revealed to be a signal molecule with second messenger action in the somatic cells of
many tissues, including the reproductive tract. The aim of this study was to address how exogenous H,S acts on the meiotic
maturation of porcine oocytes, including key maturation factors such as MPF and MAPK, and cumulus expansion intensity of
cumulus-oocyte complexes. We observed that the H,S donor, Na,S, accelerated oocyte in vitro maturation in a dose-
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Introduction

Previously, molecules of some gases have been discovered to
have biological activities. These gases, so called gasotransmitters,
act as second messengers in the signal transduction of cell
communication. In addition to the earlier observed nitric oxide
and carbon monoxide, the role of hydrogen sulfide in cell
metabolism has recently been studied [1]. Hydrogen sulfide (HS)
is enzymatically released from aminoacid L-cystein by Cystathi-
onine B-Synthase (CBS), Cystathionine y-Lyase (CSE) and 3-
Mercaptopyruvate Sulfurtransferase (3-MPST) [2—4]. These en-
zymes are expressed in several tissues, including in the reproduc-
tive system [5-7], where it can be assumed that HyS production
mediates physiological functions. The presence and effect of CBS
in the ovarian follicles of mice has been determined [8,9]. The role
of HyS in oocyte maturation is not yet clear and has not been
unravelled.

Successful meiotic maturation of oocytes is an important
precondition of reproductive biotechnological progress. Only fully
grown dictyate oocytes in germinal vesicle stage (GV-oocytes)
undergo complete meiotic maturation and achieve metaphase II
[10]. This process resumes after the hormonal stimuli action of the
oocyte reinitiates meiotic division by the activation of key
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regulatory factors, such as Maturation/M-phase Promoting Factor
(MPF) and Mitogen Activated Protein Kinase (MAPK), resulting
in germinal vesicle breakdown (GVBD). Activation and correct
kinesis of these factors are further necessary for meiosis I to 1I
transition, organisation of the second meiotic metaphase spindle
and spontaneous metaphase II-block [11-17]. The cytoplasmic
changes of key factors of oocyte maturation are dependent upon
intercellular communication between oocyte and surrounding
cumulus cells [10]. On the other hand, mucification of the
cumulus cells, known as cumulus expansion, causes a decrease of
inhibitory substance flows into oocyte, especially cAMP, and
restricted input of cAMP allows MPF activation, which triggers
GVBD [18].

The cumulus expansion consists of synthesis and accumulation
of glycosaminoglycans, especially hyaluronic acid, into the
extracellular space [19]. Thus, cumulus expansion expressed by
hyaluronic acid content may be a possible marker of successful
GVBD, meiotic maturation and developmental competence
acquisition In oocytes used for biotechnologies, ie. m wvitro
fertilisation, transgenesis or cloning [20-23].

Meiotic maturation and cumulus expansion are simultaneously
regulated by a complex network of several signal pathways
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including cAMP-PKA, Plk1-Cdc25-Cdc2, PI3K-Akt and Mos-
MEK-MAPK [24-28]. Noticeably, the PI3K-Akt and cAMP-PKA
pathways have been reported to be regulated by HyS during the
cell cycle of somatic cells [29-32]. Full knowledge of the molecular
mechanisms of oocyte maturation and HyS involvement in meiosis
could improve the yield of successfully i vitro matured oocytes. We
hypothesised that HyS plays a role in the regulation of meiotic
oocyte maturation. The aim of this study was to evaluate the
influence of the HyS donor on oocyte maturation, regulatory
kinase activity in oocytes and the cumulus expansion intensity of
porcine cumulus-oocyte complexes (COCs) cultivated i vitro.

For this purpose, we tested the influence of the exogenous HyS
donor, NayS, on oocyte maturation, developmental competence
acquisition and cumulus expansion of COCs. Here, we report for
the first that the HyS donor acts on oocytes to regulate cumulus
expansion and progression through meiosis.

Materials and Methods

In Vitro Oocyte Cultivation with H,S Donor

Porcine ovaries were obtained from non-cycling gilts at the local
slaughterhouse (Jatky Plzen a.s., Plzen, Czech Republic). Ovaries
were transported to the laboratory in a saline solution (0.9% NaCl)
at 39°C. Cumulus-oocyte complexes (COCs) were collected from
ovarian follicles with a diameter of 2 — 5 mm by a 20-gauge
aspirating needle. Only fully grown oocytes with intact cytoplasm
surrounded by compact cumuli were used in further experiments.

The COCs were matured in a modified M199 medium (Sigma-
Aldrich, USA) supplemented with 32.5 mM sodium bicarbonate,
2.75 mM calcium L-lactate, 0.025 mg/ml gentamicin, 6.3 mM
HEPES, 13.51U eCG: 6.6 IU hCG/ml (P.G.600; Intervet,
Holland) and 5% (v/v) fetal bovine serum (Sigma-Aldrich,
USA). The culture medium contained 150, 300, 600 or 900 M
NayS.9H,O (Sigma-Aldrich, USA), the HyS donor. The COCs
were matured for 648 hs in 3.5 cm Petri dishes (Nunc) containing
3.0 ml of culture medium at 39°C in a mixture of 5.0% CO, in
air.

Evaluation of Oocyte Meiotic Maturation

At the end of culture, the COCs were treated with 1 mg/ml
bovine testicular hyaluronidase (Sigma-Aldrich, USA) dissolved in
M199 medium and cumulus cells were separated from oocytes by
repeated pipetting through a narrow glass pipette. The oocytes
were subsequently mounted on microscope slides with vaseline,
covered with a cover glass, and fixed in ethanol-acetic acid (3:1 v/
v) for at least 48 h. The oocytes were stained with 1.0% orcein in
50% aqueous-acetic acid and examined under a phase contrast
microscope. Five groups of meiotic maturation stages were
determined in accordance with the published criteria by Motlik
et Fulka [33]: GV — germinal vesicle, LD — late diakinesis, MI -
metaphase I, AITI — anaphase I to telophase I transition, MII —
metaphase II.

Histone H1 and Myelin Basic Protein Double Assay

The COCs were matured for 12 — 48 hs with the HyS donor. At
each time interval during the culture, COCs were denuded and 10
oocytes per sample were collected. Assays were performed in
accordance with the protocol of Kubelka et al. [34], with slight
modifications. Briefly, the oocytes were washed four times in
0.01% polyvinyl alcohol in PBS, and transferred into 5 ul of buffer
containing 40 mM  3-[n-morpholino] propanesulfonic acid
pH 7.2, 20 mM para-nitrophenyl phosphate, 40 mM B-glycer-
olphosphate, 10 mM EGTA, 0.2 mM EDTA, 2 mM dithiothre-
itol, 0.2 mM NazVOy, 2 mM benzamidine, 40 ug/ml leupeptin
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and 40 pg/ml aprotinin. Samples were immediately frozen and
stored in Eppendorf tubes at —80°C until assays were performed.
An assay of MPF and MAP kinase activity by their capacity to
phosphorylate external substrates, specifically histone H1 (H1) and
Myelin Basic Protein (MBP), was performed. The kinase reaction
was initiated by addition of 5 ul of buffer consisting of 100 mM 3-
[n-morpholino] propanesulfonic acid pH 7.2, 20 mM para-
nitrophenyl phosphate, 40 mM B-glycerolphosphate, 20 mM
MgCly, 10 mM EGTA, 0.2 mM EDTA, 5 pM cAMP-dependent
protein kinase inhibitor, 2 mM benzamidine, 40 ug/ml leupeptin,
40 pg/ml aprotinin, 600 uM ATP, 2 mg H1/ml, 3 mg MBP/ml)
and 500 uCi/ml [y-**P]JATP (GE Healthcare Life Sciences, UK).
The reaction was conducted for 30 min at 30°C and terminated
by the addition of 10 ul Laemmli sample buffer and boiling for
3 min. After electrophoresis on 15% SDS PAGE gels, it was
stained with Coomasie Blue R250, destained overnight, dried and
autoradiographed. Phosphorylated histone H1 and MBP signals
were visualised by MultiGauge 2.0 software and related to
metaphase I oocytes after 24 h cultivation, where we expected
the peak of kinase activity [34].

Oocytectomy and OOXs Cultivation

The COCs obtained using the above-detailed procedure were
oocytectomised in accordance with Prochazka et al. [35]. Each
COC was immobilised with a holding pipette. A glass needle was
then introduced through the cumulus cells and the oocyte into the
holding pipette, allowing the ooplasm to be sucked into the
holding pipette. After withdrawal of the needle, the ooplasm, but
not the zona pellucida, was aspirated into the holding pipette by a
burst of a negative pressure. The technique was performed in a
drop of culture medium covered by mineral oil in a Petri dish. A
set of 25 oocytectomised complexes (OOX5s) was prepared within
30 min and immediately placed into the culture. The further
cultivation of OOXs took place under the already described
conditions.

Hyaluronic Acid Assay

Groups of 25 COCs or OOXs were cultured for 12-48 hs in
1 ml culture modified M199 medium. The culture medium
with cumulus cells after denuding of oocytes, or with OOXs,
was placed into an Eppendorf tube and centrifugated at 10
000 rpm for 10 min. Cell pellets were proteolytically digested
by 30 pl Alcalase 2.4 L FG in PBS (1:100 v/v, Novozymes,
Denmark) for 2 hs and thereafter 30 pl Flavourzyme 1000 L
(1:100 v/v, Novozymes, Denmark) was added and the mixture
was cultured for a further 3 hs. The reaction was terminated
by boiling for 3 min and the samples were stored at —20°C
until the assay was performed. In addition to cell pellet
digestion, the aliquots of culture medium for hyaluronic acid
measurement were prepared. The HA content was ascertained
by enzyme-linked immunosorbent assay. The QnE Hyaluronic
Acid ELISA Assay detection kit (Biotech, USA) was used to
determine it. The amount of HA was measured spectropho-
tometrically on a microtitration plate using a Rainbow ELISA
plate reader (wavelength 540 nm). The quadratic calibration
curve was based on five standard concentrations of HA.
Synthesis of HA was expressed either as the total HA
production (HA content in cell pellet and medium) or the
retained HA (HA content in cell pellet only). For each
concentration of HyS donor and point of time scale, the
measured values of total HA were related to the control group
of oocytes after 48 h cultivation.
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Parthenogenetic Activation of Oocytes

Oocytes were partenogenetically activated using our previously
published protocol [36]. Briefly, oocytes were matured i vitro for
44 and 46 hs with and without the HyS donor, respectively. After
in vitro maturation, oocytes were denuded and activated for 5 min
with 25 pM calcium ionophore A23185. After activation, the
oocytes were cultured for 2 hs with 2 mM 6-dimethylaminopurine
(DMAP) in NCSU23 medium [37]. The oocytes were then
cultured for 24 hs or 7 days in four-well Petri dishes (Nunc)
containing 1.0 ml of culture medium under described conditions.
Subsequently, oocytes were fixed and stained as described above.
Oocytes with pronuclei were considered to be activated. In a
separate experiment after oocyte activation, the presumptive
zygotes were cultured for 7 days. The cleavage rate and blastocyst
achievement was assessed after 2 and 7 days of culture,
respectively.

Statistical Analysis

Our data are from at least three independent experiments. The
general linear models (GLM) procedure in SAS software (SAS

PLOS ONE | www.plosone.org

Institute Inc., USA) was used to analyse data from all experiments.
Significant differences between groups were determined using the
t-test. The level of significance was set at P<<0.05.

Results

H,S Donor Accelerates Oocyte Maturation in a Dose-
Dependent Manner

We evaluated the influence of different concentrations of HoS
donor on the nuclear maturation of porcine oocytes after 20 and
30 hs of in vitro cultivation. Time points of 20 and 30 hs were
selected to represent more meiotic stages.

No eftect of the HyS donor NayS for the lowest concentra-
tion of 35 uM was observed after 20 and 30 h cultivation. With
increasing concentration of NayS accelerating GVBD (75.0—
80.0 vs. 68.3% for HyS donor and control, respectively) after
20 h cultivation, the differences were statistically significant
(Figure 1A, Table Sla). With higher concentration of the HyS
donor, acceleration of meiosis I to II transition in oocytes was
observed after 30 h cultivation (Figure 1B). As such, these
oocytes achieved meiosis II with statistical differences in 77.5
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and 86.7% of cases for 150 and 300 pM Na,S, respectively (see
more in Table S1b).

H,S Donor Accelerates Porcine Oocyte Maturation

We evaluated the influence of HsS donor NayS on nuclear
maturation of porcine oocytes during i vitro cultivation over a 2 h
time scale. We monitored the effect of 300 pM NayS on germinal
vesicle breakdown (GVBD). An accelerated decline of the amount
of germinal vesicle (GV) oocyte together with GVBD increase
were statistically significant after 14-20 h cultivation (Figure 2A).
Moreover, HoS donor-treated oocytes reached faster meiosis 11
than the control ones (Figure 2B). The complete data are provided
in Table S2.
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MPF and MAPK Activity Profiles Are Accelerated by H,S
Donor

To further characterise the effect of HyS on oocyte maturation,
a kinase activity assay was performed (Figure 3A, 3B, Figure S1).
We observed the influence of HoS donor, Na,S, in 300 uM
concentration on the beginning of MPF and MAPK activity
around GVBD over a 2 h time scale. Data were expressed relative
to MPF/MAPK activity in oocytes cultivated for 24 h where it is
predictable that kinase activity is the highest. The phosphorylated
histone H1 and MBP signal intensities reflecting the MPF and
MAPK activity profile, respectively, were increased and acceler-
ated by the HyS donor during oocyte maturation. The difference
in MAPK' activity between the control and HyS groups was
statistically significant after 20 h i vitro cultivation. During further
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i vitro maturation, significant acceleration of MPF occurred after
22 h cultivation.

H,S Donor Can Substitute for the Absence of Cumulus
Cells

Denuded oocytes (DOs) were cultured with the HoS donor to
evaluate cumulus cells’ role during accelerated meiotic maturation.
The aim of the experiment was to evaluate the GVBD and meiosis
I to II transition of oocytes cultivated with 300 uM NayS for 20
and 30 hs, respectively. No effect of NagS on GVBD rates of DOs
after 20 hs was observed. It should also be noted that in
comparison to the control, more HyS-treated DOs reached
nuclear stages of meiosis II after 30 hs (69.2 vs. 35.8% for HyS
donor and control of DOs, respectively), see Figure 4. In addition,
more DOs cultured with the HyS donor reached metaphase 1I
(30.0%) in comparison with the control DOs and COCis (16.7 and
6.7%, respectively) and even COCs cultured with the HyS donor
(15.8%). Further data are available in Table S3a and S3b.
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H>S Donor Influences Cumulus Expansion with Presence
of Oocytes

The aim of the experiment was to measure cumulus expansion
by hyaluronic acid (HA) content in COCs and OOXs. The total
HA production was assessed by HA content released into the
culture medium and by retained HA in cell lysate. The total and
retained HA was measured in COCs after 48 h in vitro cultivation
and during maturation after 12, 24, 36 and 48 hs. The results are
compared to control COCs after 48 h cultivation. It was observed
that HyS donor, NayS, inhibited total HA production after 48 hs
by 21.9-34.6%. No dose-dependent manner was observed,
differences are statistically significant (Figure 5A). For further
experiments, a concentration of 300 uM NayS was used.

HA production during i vitro cultivation of COCs is low after
12 hs of cultivation and it increased after 24 hs without significant
differences between the control and HyS groups. The HoS donor
significantly inhibited total HA production after 36 and 48 h
cultivation by 13.0 and 29.0%, respectively (Figure 5B).

To evaluate the influence of oocyte presence on HA production
and cumulus expansion, oocytectomised complexes (OOXs) were
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cultivated with the HsS donor for 48 hs. It was found that
oocytectomisation reduced total HA in OOXs cultivated in a pure
medium by 37.0%. HA production by OOXs cultivated with HyS
donor decreased with no statistical significance in comparison with
the above-mentioned OOXs. The data are shown in Figure 5C.

H,S Donor Increases Activation Rate but It Has No Effect
on Parthenogenetic Development

The influence of the HyS donor on developmental competence
acquisition during  vitro oocyte maturation was examined. The
oocytes were matured with 300 pM NayS and in pure medium for
44 and 46 hs, respectively, when 100% of oocytes in both group

were matured (see Table S2). The HyS donor in maturation
medium significantly increased the activation rate (91.7 vs. 75.8%
for HyS donor and control, respectively). The cleavage rate,
morula and blastocyst formation were not influenced (Table 1).

Discussion

In this study, we observed the relevant impact of the
exogenously added HyS donor on porcine oocyte maturation.
Originally, HoS was described as a toxic gas [38]. However, HyS is
also endogenously generated in many types of mammalian cells,
where it acts as a signal molecule, known as a gasotransmitter [2].
The concentrations of HyS donor we used are comparable to

Table 1. Effect of Na,S on partenogenetic development of porcine oocytes.

Activation rate (24 hs) n Cleavage rate (2days) Stage of early embryonic development (7 days) n
Morula Blastocyst
control 75.8+3.2 120 63.3*72 26.7+7.2 23327 120
H,S 91.7+3.3* 120 70.8%=5.0 30.8%1.7 25.0*+4.3 120

H,S: 300 uM Na,S during oocyte maturation.

doi:10.1371/journal.pone.0099613.t001

PLOS ONE | www.plosone.org

Oocytes were matured with or without Na,S and partenogenetically activated using calcium ionophore. Pronucleus formation after 24 h zygote culture, cleavage rate
after 2 days and blastocyst achievement after 7 days presumptive embryos culture were evaluated (%=SE).

*Statistically significant differences between control and H,S group - in column (P<<0.05).
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physiological values in tissues [2,3] and we could assume that the
observed effects of HyS donor exogenously added were not a result
of its toxicity but rather relied on the physiological effect of HyS as
a gasotransmitter. To the best of our knowledge, this study is the
first one to describe the influence of the HyS donor on meiotic
maturation of oocytes.

Significant acceleration of oocyte maturation during i vitro
cultivation of porcine cumulus-oocyte complexes (COCs) with the
Hj,S donor was observed. In agreement with a former study [34],
meiotic maturation of oocytes was accelerated by an earlier
increase of MPF and MAPK regulating oocyte maturation. The
mechanisms underlying this precocious activation of MPF/MAPK
induced by HyS remain to be determined. It is known that HyS
can influence the activity of various factors including kinases by
their direct sulthydration [39], but no direct effect of HyS on MPF
and MAPK activities has been yet reported. In addition to possible
direct regulation, HyS may act indirectly on kinase activity by
modifying other molecules, such as ion channels [40], and/or
through regulation of up-stream kinases [30,31]. Thus, the
sulfhydration of these proteins may tune and control the oocyte
maturation processes. In somatic cells, HyS-stimulation of signal
pathways of cAMP/PKA [32] and PI3K/Akt [31] was observed.
The important contribution these signal pathways make to kinase
activity control during mammalian oocyte maturation is known
[10,41]. The experiments undertaken demonstrate that the HyS
donor does not suppress acquisition of oocyte developmental
competence during their i vifro maturation.

In our experiments, the action of the HyS donor on oocyte
maturation in porcine COCs poses the question of whether the
HyS donor effect is the result of direct function in oocytes, or
whether the action of exogenous HyS is transduced by cumulus
cells. Our results suggest that the HyS donor acts directly on the
oocyte. Indeed, accelerated maturation by the HyS donor was
observed in denuded oocytes (DOs) cultivated after removal of
cumulus cells. The acceleration of meiotic maturation in HoS
donor treated DOs was even more marked than in treated COCs.
An explanation for this phenomenon could be in exogenous HyS
retention in cumulus cells and/or in the extracellular matrix
produced by these cells. This results in a smaller quantity of HyS
being available for the oocytes. In addition, the HyoS donor may
cause processes inhibiting oocyte maturation in cumulus cells [42].
Accordingly, the immediate HyS donor influence induces faster
meiotic maturation of DOs.

The influence of the HyS donor on cumulus cells was
demonstrated by our subsequent experiments, in which we
measured the level of hyaluronic acid (HA) in the extracellular
matrix of cumulus cells as a marker of cumulus expansion. We
showed inhibition of HA production in COCs cultivated with the
HjS donor. The effect of the HyS donor on HA production was
observed in all the concentrations of the H,S donor used after 48h
in vitro cultivation. The HyS donor significantly influenced HA
production in the second moiety of COC cultivation. A previous
study had illustrated the decrease in activity of factors stimulating
cumulus expansion, such as Cumulus Expansion Enabling Factor
(CEEY), after metaphase I attainment [43]. We can presume that
the role of the HyS donor may be in the deepening of CEEF
decrease. The mechanism of HyS effect on cumulus expansion is
as yet unclear. One possibility could be the influence of the above-
mentioned cAMP/PKA signal pathway [32], which regulates
cumulus expansion [44].
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Supporting Informations_S1
Supperting—InfermationTable Sla. Effect of different Na2S concentrations on oocyte
maturation after 20 hr cultivation.

Stage of meiotic maturation (% = SE)

GV LD MI AU/TI MII '
control 31.742.9%% 25.0+2.5% 43.3+].49 - - 120
35pul 35.044.3*  25.0+4.3*  40.0+0.0¢ - - 120
70ul 25.0£4.3>¢ 20.045.0% 55.042.5¢ - - 120
150ul 23.3+3.8° 16.7+1.4° 60.0+4.3° - - 120
300pl 20.0+4.3°  7.542.5°  72.542.5° - - 120

GV: germinal vesicle oocytes; LD: late diakinesis ooccytes; MI: metaphase I oocytes; AI/TI:
anaphase 1 to telophase I transition oocytes; MII: metaphase II oocytes. *>“dStatistically
significant differences among experimental groups in the same nuclear stage — in column

(P<0.05).

Supperting—InfermationTable S1b. Effect of different NaxS concentrations on oocyte
maturation after 30 hr cultivation.

Stage of meiotic maturation (% + SE)

GV LD MI AU/TI MII !
control - - 42.5+4.3%° 542429° 33+£1.4° 120
35l - - 45.8+3.8° 54.2+3.8° 0.0£0.0° 120
70l - - 37.5+4.3%  62.5+4.3*°  0.0£0.0° 120
150ul - - 22.5£5.0° 65.8+3.8° 11.7+1.4> 120

300l - - 13.3+3.8¢  69.2£3.8* 17.546.6° 120
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GV: germinal vesicle oocytes; LD: late diakinesis ooccytes; MI: metaphase I oocytes; AI/TI:
anaphase I to telophase I transition oocytes; MII: metaphase II oocytes. *>IStatistically

significant differences among experimental groups in the same nuclear stage — in column

(P<0.05).
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2

Supporting Informations_S2

SuppertingtnfermationTable S2. Effect of 300uM NazS on oocyte maturation.

12hr

14hr

16hr

18hr

20hr

22hr

24hr

26 h

28hr

30hr

32hr

control

H,S

control

H,S

control

H,S

control

H,S

control

H,S

control

H,S

control

H,S

control

H,S

control

H,S

control

H,S

control

GV
100+0.0
98.3+1.4
96.7+3,8
85.0+2.5"
84.242.9
59.2+5.2"
65.0+4.3
41.7£1.4"
32.542.5
20.0+4.3"
20.8+5.2

10.0+£2.5"

Stage of meiotic maturation (% + SE)

LD
0.0£0.0
1.7+1.4
3.343.8
0.0£0.0
0.0£0.0
5.0+2.5"
10.8+1.4
25.8+3.8"
25.0+4.3
6.742.9
20.8+3.8
15.0+2.5
3.3+3.8

0.0+0.0

MI

0.0£0.0
15.0+2.5"
15.8+2.9
35.845.2"
242429
32.5+5.0
42.5+2.5
73.3+1.4"
58.342.9
75.0+2.5"
96.7+3.8

100+0.0
70.8+7.2
46.7+6.3"
70.0+2.5
48.3+2.9"
41.743.8
14.2+1.4"

40.0+4.3

Al/TI

29.247.2
53.346.3
30.0+2.5
51.7+2.9"
54.245.2
71.743.8"

50.0+5.0

MII

42+14
14.242.9*

10.0+£2.5

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120

120



H,S - - 15.0£2.5° 70.0+4.3" 15.0+2.5 120

control - - 26.743.8  42.545.0 30.8+3.8 120
34hr

H,S - - 5.842.9"  56.7£2.9" 37.5+0.0° 120

control - - 21.742.9 40.0+4.3 38.3+3.8 120
36hr

H,S - - 0.0£0.0° 37.5+£6.6 62.5£6.6° 120

control - - 15.0£2.5 342438 50.8+1.4 120
38hr

H,S - - 0.0£0.0° 23.3+5.2" 76.7£5.2° 120

control - - 5.0+4.3  35.8+1.4 592438 120
40hr

H,S - - 0.0£0.0  8.3+1.4" 91.7+1.4" 120

control - - - 35.842.9 642429 120
42hr

H.S - - - 6.742.9" 93.3+2.9" 120

control - - - 233+1.4 76.7+1.4 120
44hr

H,S - - - 0.0£0.0°  100+0.0" 120

control - - - - 100+£0.0 120
46hr

H.S - - - - 100+0.0 120

control - - - - 100+£0.0 120
48hr

H.S - - - - 100+0.0 120

H2S: 300uM NaxS. GV: germinal vesicle oocytes; LD: late diakinesis ooccytes; MI:
metaphase I oocytes; AI/TI: anaphase I to telophase I transition oocytes; MII: metaphase II
oocytes. ~Statistically significant difference between control and H2S in the same time point

and the nuclear stage.



1 Supporting Informations_S4
2 SuppertingInfermationTable S4a. Effect of Na2S on maturation of DOs after 20 hrs.

Stage of meiotic maturation (% + SE)

n
GV LD MI Al/TI MII

control 32.543.2% 242432 433+2.7° 0.0+0.0° - 120
COCs

H,S 20.0+3.8°  5.844.2° 74.2+32%  (.0+0.0° - 120

control 20.0+2.7° 25.8+5.0° 54.2+32° 0.0+0.0° - 120
DOs

H,S 242+32°  25432°  38.3+4.3° 35.0+5.8° - 120

3 H2S: 300uM NaxS. GV: germinal vesicle; LD: late diakinesis; MI: metaphase I; AI/TI:
4 anaphase I to telophase I transition; MII: metaphase II. »>Statistically significant differences

5  among experimental groups in the same nuclear stage — in column (P<0.05).

7  SuppertingInfermation-Table S4b. Effect of Na2S on maturation of DOs after 30 hrs.

Stage of meiotic maturation (% + SE)

n
GV LD MI AUTI MII
control  0.0+0.0P - 42.543.2>  50.8+5.0° 6.7+2.7° 120
COCs
H,S 0.0-£0.0° - 15.0+1.9¢ 69.24+3.22 15.8+4.2°> 120
control  5.8+3.22 - 58.3+4.32 19.243.2¢ 16.7+4.7° 120
DOs
HS 424322 - 26.742.7° 39.2+5.0° 30.0+5.4* 120

8  H2S: 300uM NazS. GV: germinal vesicle; LD: late diakinesis; MI: metaphase I; AI/TI:
9 anaphase I to telophase I transition; MII: metaphase II. **“IStatistically significant

10  differences among experimental groups in the same nuclear stage — in column (P<0.05).



6.2. Piriloha 2: Nevoral et al. (2014): Cumulus cell expansion, a role in oocyte biology and

its measurement: a review. Scientia Agriculturae Bohemica, In Press.

Cilem review bylo shrnuti problematiky kumularni expanze a jeji vyuziti pro hodnoceni
kvality meiotického zrani a nabyvani vyvojové kompetence béhem in vitro kultivace kumulo-
oocytarnich komplexti (COCs). Prace piinasi navrhy mozného hodnoceni kumularni expanze
podle obsahu hyaluronové kyseliny (HA) produkované a zadrzené v COCs. Jako vhodnou
metodu méifeni HA Ize na zékladé dosavadniho poznani doporucit analytické metody

stanoveni $tépnych produktl polymeru HA po enzymatické digesci.
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UV light, could be utilised. The high sensitivity of these methods could provide a
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expansion measurement, respecting special biological features of expanded cumuli,
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Abstract

Cumulus expansion of the cumulus-oocyte complex is necessary for meiotic maturation
and acquiring developmental competence. Cumulus expansion is based on extracellular
matrix synthesis by cumulus cells. Hyaluronic acid is the most abundant component of
this extracellular matrix. Cumulus expansion takes place during meiotic oocyte maturation
under in vivo and in vitro conditions. Quantification and measurement of cumulus
expansion intensity is one possible method of determining oocyte quality and optimising
conditions for in vitro cultivation. Currently, subjective methods of expanded area and
more exact cumulus expansion measurement by hyaluronic acid assessment are available.
Among the methods of hyaluronic acid measurement is the use of radioactively labelled
synthesis precursors. Alternatively, immunological and analytical methods, including
Enzyme-linked Immunosorbent Assay (ELISA), Spectrophotometry and High-
Performance Liquid Chromatography (HPLC) in UV light, could be utilised. The high

sensitivity of these methods could provide a precise analysis of cumulus expansion
1
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without the use of radioisotopes. Therefore, the aim of this review is to summarise and
compare available approaches of cumulus expansion measurement, respecting special
biological features of expanded cumuli, and to suggest possible solutions for exact

cumulus expansion analysis.

Keywords
Oocyte, cumulus-oocyte complex, cumulus expansion, hyaluronic acid,

Spectrophotometry, High-Performance Liquid Chromatography.

Introduction

Reproductive biotechnologies are a dynamically developing discipline of farm animal
breeding. Their progress depends on a sufficient quantity of quality oocytes useful for
procedures, such as in vitro fertilisation, cloning by somatic cell nuclear transfer and
transgenesis. The quality of oocytes is determined by the completion of cytoplasmic
maturation and the acquisition of developmental competence. In these processes, cell
communication between oocyte and surrounding cumulus cells, and cumulus expansion
are required (Dekel et al., 1979; Eppig, 1979).

The cumulus cells with adjacent extracellular matrix constitute cumulus, an essential

component of cumulus-oocyte complexes (COCs). Cumulus surrounds the oocyte during

growth and consecutive meiotic maturation of the oocyte, ovulation, fertilisation and early

embryonic development. During meiotic maturation of the oocyte, cumulus cells change
their morphology and metabolic activity. Thus, cumulus cells significantly influence
oocyte maturation and developmental competence acquisition (Sutovsky et al., 1994;
Prochazka et al., 2000; Qian et al., 2003; Karja, 2008; Ju and Rui, 2012; Auclair et al.,
2013). In addition to cross-talk between cumulus cells and oocyte, the cumulus cells are
important in the synthesis of a large quantity of extracellular matrix occurring in the

enlargement of COCs. This phenomenon is known as cumulus expansion. Cumulus

2
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expansion takes place in the follicle shortly before ovulation in vivo, as well as during
meiotic maturation in vitro (Eppig, 1979; Dekel and Beers, 1980; Salustri et al., 1989;
Chen et al., 1993).

Cumulus expansion is based on synthesis of glycosaminoglycan rich in hyaluronic acid
(HA) into the extracellular space, where it plays a role as the structural component of
expanded cumuli and signal molecule regulating oocyte maturation. A sufficient number
of cumulus cell layers and adequate HA production followed by cumulus expansion are
essential for successful oocyte maturation, fertilisation and early embryonic development
(Chen et al., 1993; Tirone et al., 1998; Kimura et al., 2002; Han et al., 2006; Yokoo et al.,
2010). Accordingly, the quality of cumuli and cumulus expansion are important markers
of the COCs' quality necessary for reproductive biotechnologies (Han et al., 2006).

There are several methods of cumulus expansion measurement. Among these, non-
invasive measurement by image analysis of expanded cumuli includes some
disadvantages, such as the subjectivity of measurement and inability of three-dimensional
structure inclusion. HA quantity measurement is the more exact invasive method of
cumulus expansion quantification and measurement. Recently, HA measurement has been
based on radioactive labelling of the precursor of HA synthesis (Eppig, 1980; Fagbohun
and Downs, 1990; Daen et al., 1994; Nagyova et al., 1999). Alternatively,
immunochemical and analytical methods are available for HA measurement
(Kongtawelert and Ghosh, 1990; Volpi, 2000; Chen et al., 2005). The development of HA
measurement could provide a more accurate study of cumulus expansion during oocyte

maturation and qualified evaluation of the quality of COCs used for biotechnologies.

Chemistry of cumulus expansion
Cumulus cells and extracellular matrix synthesis
In the prenatal stage of ontogenesis, primordial oocytes are surrounded by one layer of

follicular cells. Together with meiotic division of follicular cells and follicle growth,

3
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differentiation of the cells to mural granulosa cells and cumulus cells of cumulus
oophorus occurs. Cumulus cells create near surroundings of the oocyte and include
corona radiata cells. Corona radiata mediates contact with the oocyte by cell connection
type gap junction on corona radiata cell spurs permeating throughout the zona pellucida
(Brower and Schultz, 1982; Wassarman, 1988; Morbeck et al., 1992). Individual oocytes
and adjacent cumulus cells form cumulus-oocyte complexes (COCs).

Simultaneously with follicle growth, in vivo oocyte growth takes place inside the follicle.
On pig ovaries, only follicles with diameter >3 mm include fully grown oocytes capable
of reinitiating and successfully completing meiotic maturation (Marchal et al., 2002).
Subsequently, with oocyte meiotic maturation within the follicle, cumulus cells synthesise
structural components of extracellular matrix and the enlargement of COCs occurs. The
COC extracellular matrix increases and formation during oocyte maturation has been
described as mucification or cumulus expansion (Dekel et al., 1979; Eppig, 1979).
Cumulus expansion occurs immediately before ovulation in vivo, as well as during
maturation of COCs in vitro.

Cumulus expansion consists of the synthesis of the extracellular mass composed of
proteoglycans. Proteoglycans are created by cumulus cell membrane proteins and
glycosaminoglycans (GAGSs). In animal tissues, hyaluronic acid (HA), chondroitin sulfate
(ChS), keratan sulfate and heparan sulfate are common GAGs (Murray et al., 2003). The
HA is the most abundant compound in the extracellular matrix of expanded cumuli (Chen

et al., 1990; Nakayama et al., 1996; Tirone et al., 1998).

Hyaluronic acid

Hyaluronic acid is an abundant biopolymer of the GAGs family. The -(1-4)-glucuronic
acid and B-(1-3)-N-acetylglucosamine are heterodimer components of HA (Murray et al.,
2003). The heterodimer is generally repeated 10 — 10 000x and the final molecular weight

of HA is usually 400 kDa in bovine eye vitreous, to 1400 kDa in poultry comb (Shiedlin

4



109 etal., 2004). A large quantity of —OH groups are capable of binding many water

110  molecules between HA chains (Murray et al., 2003). Sufficient quantity of HA synthesis
111 precursors is a limiting factor of cumulus expansion. Their suboptimal quantity in vitro
112 can create differences in cumulus expansion intensity between in vitro and in vivo

113  conditions (Chen et al., 1990).

114 In many tissues, HA is extensively secreted into the extracellular matrix. Fibroblasts and
115  other connective tissue cells are highly active in HA synthesis (Moscatelli and Rubin,
116  1974). Therefore, HA is ubiquitous polymer involved in joint structure and functions

117  (Swannetal., 1974), HA is widespread in eye vitreous (Mizuno et al., 1991), umbilical
118  cord (Lago et al., 2005) and embryonic tissues (Vabres, 2010). HA plays the role of

119  lubricant responsible for tissue elasticity and compressibility (Swann et al., 1974).

120  Moreover, HA participates in embryonic morphogenesis by allowing the migration of
121 embryonic cells (Vabres, 2010). Hyaluronic acid is an important component in wound
122 healing (Prosdocimi and Bevilacqua, 2012). The HA abundance in an organism is the
123  cause of its release of body fluids, such as pleural fluid (Jardillier, 1972), synovial fluid
124 (Swann et al., 1974), urine and blood (Morse and Nussbaum, 1967). The HA content in
125  some fluids can be a useful marker of arthritis (Engstrom-Laurent and Hallgren, 1985) and
126  liver cirrhosis (Nyberg et al., 1988). During in vitro cultivation of cells, HA is released
127  into the surrounding environment such as culture medium (Johnsson et al., 1997;

128  Chockalingam et al., 2004).

129  In addition, HA plays an important role in the reproductive physiology as a structural and
130  signal molecule. HA participates in the regulation of oocyte meiotic maturation (Yokoo et
131  al.,, 2010), cumulus expansion (Yokoo et al., 2003), ovulation and fertilisation of the

132 oocyte (Chen et al., 1993), early embryonic development (Furnus et al., 2003), embryo
133 nidation in uterine mucous membrane (Parikh et al., 2006) and foetal morphogenesis

134  (Vabres, 2010). Moreover, the beneficial and protective effect of added HA on in vitro

135  oocyte culture has been determined (Sato et al., 1987).
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The HA synthesis is enzymatically catalysed by hyaluronan-synthase (HAS) isoforms. In
bovine and porcine COCs, HAS2 is necessary for cumulus expansion and its expression is
regulated by gonadotropins (Kimura et al., 2002; Schoenfelder and Einspanier, 2003;
Nagyova et al., 2012). The mRNA HAS3 was described in matured oocytes (Kimura et
al., 2002), where HA is secreted into the perivitelline space between oolema and zona

pellucida by the matured oocyte (Ueno et al., 2009).

Cumulus expansion and meiotic maturation

Endocrine and paracrine regulation of cumulus expansion

Endocrine regulation of cumulus expansion is based on the effect of gonadotropins, such
as Luteinising Hormone (LH) and Follicle Stimulating Hormone (FSH), prostaglandin E2
(PGEZ2) secretion and steroidogenesis including progesterone production (Dekel et al.,
1979; Eppig, 1981; Schuetz and Dubin, 1981; Phillips and Dekel, 1982). These hormones
influence the metabolism of granulosa cells (Wassarman, 1988), which subsequently
participate in the paracrine regulation of cumulus expansion within the follicle (Motlik
etal., 1998a), see Figure 1.

In paracrine regulation, the follicular fluid generated by follicular cells’ secretion and
substance infiltration from blood plasma during folliculogenesis, significantly contributes
to cumulus expansion (Nakayama et al., 1996). Likewise, foetal bovine serum has a
stimulatory effect on cumulus expansion and the chemical similarity to follicular fluid
could be the explanation for this phenomenon (Eppig, 1980).

Production of the so-called Cumulus Expansion Enabling Factors (CEEFS) in granulosa
and cumulus cells has been described (Motlik et al., 1998a; Prochazka et al., 1998).
Whereas CEEF secretion by granulosa cells of the fully grown follicle is strictly
dependent on gonadotropin control, CEEF secretion by cumulus cells does not require
hormonal action and paracrine signalling is sufficient (Zhang et al., 2008). Presumably,

CEEF action is linked to the inability of the complete cumulus expansion of COCs with
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meiotic incompetent oocytes (Tirone et al., 1993). Although CEEF production by oocyte
and cumulus cells of incompetent COCs is sufficient, the incompetent COCs lack the
ability of reaction to paracrine regulation by CEEFs (Zhang et al., 2008). Many CEEFs
have more exactly been defined as growth factors produced by cumulus cells as well as by
oocyte.

The presence of growth factors in follicular fluid and positively modulating cumulus
expansion are known as the Epidermal Growth Factor (EGF) and Insulin-like Growth
Factor | (IGF-I) (Nagyova et al., 1999; Jezova et al., 2001; Nemcova et al., 2007;
Nagyova, 2012). In addition to EGF and IGF-1, members of the Transforming Growth
Factor B (TGFp) superfamily, including TGFB1, TFGB2 and Growth Differention Factor 9
(GDF9), are required in gonadotropin-induced cumulus expansion (Vanderhyden et al.,
2003; Dragovic et al., 2005). Subsequently, Drosophila Mothers Against Decapentaplegic
Protein 2/3 (SMAD2/3) signal pathway is activated and the expression of important
factors, such as HAS2 or PGE2 synthase, is triggered (Dragovic et al., 2007).

Another paracrine factor regulating cumulus expansion is interleukin-6 (IL-6). The IL-6
binding to its soluble receptor in cells induces genes with an impact on cumulus
expansion, throughout the key factors of oocyte maturation, such as Mitogen Activated
Protein Kinases (MAPK) and Akt kinase (Liu et al., 2009). The role of IL-6 in cumulus
expansion is modulated by Tyrosine kinase receptor A, which is required for
gonadotropin-induced follicle development (Wang et al., 2004).

Members of Hyaluronic Acid Binding Proteins (HABPs) have been indicated as
substantial factors contributing to extracellular matrix formation in expanded cumuli.
During cumulus expansion, Inter-a-trypsin Inhibitor (Ial) and Tumour Necrosis Factor a-
induced Protein 6 (TNFAIP6) are responsible for extracellular matrix formation of
expanded cumuli by the stabilisation of HA chains (Chen et al., 1992; Fulop et al., 1997,
Nagyova et al., 2004; 2012). In expanded cumuli formation, the proteolytical degradation

of Ial throughout the ubiquitin-proteasomal system is substantially required (Yi et al.,
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2008). Cleavage of Ial to heavy chains HC1 and HC2 is necessary for HCs' binding to HA
and for the stabilisation of expanded cumuli (Nagyova et al., 2004). Thus, proteasome
inhibition causes complete suppression of cumulus expansion in porcine COCs (Nagyova
etal., 2012).

The interaction of TNFAIP6 with HA chains is essential for the further stabilisation of
expanded cumuli. This binding depends on TNFAIP6 interaction with pentraxin (PTX3),
upregulated by GDF9 and produced during cumulus expansion into extracellular matrix
(Varani et al., 2002; Salustri et al., 2004). Although the PTX3 does not influence HA
production, it is necessary just as a further structural constituent of expanded cumuli
(Salustri et al., 2004). In addition, endogenous small non-coding RNAs, called
microRNAs (miRNA), of protein importance in expansion regulation are involved. The
cross-talk between Ptx3 gene and miRNA-224 as negative regulator of cumulus expansion
has been described (Yao et al., 2014).

Gasotransmitters, such as nitric oxide, hydrogen sulfide and carbon monoxide
(summarised by Smelcova and Tichovska, 2011) are intensively studied factors of
reproductive processes, including those in meiotic maturation and cumulus expansion. It
was observed that nitric oxide synthase (NOS) and nitric oxide presence as well as
hydrogen sulphide in porcine COCs are important for successful oocyte maturation and
cumulus expansion (Tao et al., 2005; Chmelikova et al., 2010; Amale et al., 2011; Nevoral
et al., 2014). Some selected signal pathways involved in cumulus expansion regulation are
shown in Figure 1.

The concentration and proportion of the regulatory factors mentioned above are
responsible for various effects of different weight fractions of follicular fluid and
follicular fluid from different sizes of follicle on cumulus expansion intensity (Daen et al.,
1994; Dostal and Pavlok, 1996; Qian et al., 2003). The possible reason for the different
action of various sizes of follicle on cumulus expansion could be the decreasing

concentration of inhibitory factors in the growing follicle (Yang et al., 1993; Dostal and
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Pavlok, 1996; Nandi et al., 2007). Simultaneously, the accumulation of steroid hormones
(Dode and Graves, 2002) and the secretion of oocyte maturation stimulatory factors
(Yoshida et al., 1992) as growth factors (Ding and Foxcroft, 1994) or amino acids (Hong

et al., 2004) and electrolytes (Iwata et al., 2004) take place during follicle growth.

The role of cumulus expansion in regulation of oocyte maturation

Whereas the meiosis of dictyate fully grown oocyte in first meiotic arrest is reinitiated by
hormonal stimulation in vivo, it is possible to evoke meiotic maturation by gonadotropins,
serum proteins and growth factors also under in vitro conditions (Singh et al., 1997; Uhm
et al., 1998). Accordingly, germinal vesicle breakdown (GVBD) occurrs and oocyte
maturation is completed by achievement of the second meiotic metaphase, where meiosis
is spontaneously blocked. The mature oocyte after ovulation in vivo or in vitro cultivation
is predetermined for fertilisation (Motlik and Fulka, 1976; Yanagimachi, 1988; Motlik
and Kubelka, 1990).

Cumulus cells are necessary for meiotic and developmental competence acquisition
during oocyte growth and maturation (Chesnel et al., 1994; Qian et al., 2003; Han et al.,
2006; Auclair et al., 2013). The number of cumulus cell layers, cumuli quality and
cumulus expansion intensity are decisive in the success of oocyte maturation in vitro and
required for viability of matured and fertilised oocytes (Prochazka et al., 2000; Qian et al.,
2003; Karja, 2008; Ju and Rui, 2012). Thus, only oocytes with an intact cover of cumulus
cells in a sufficient number of layers are used for in vitro maturation.

Cumulus cells communicate with each other and with the oocyte by gap junctions (Gilula
et al., 1978). Gap junctions facilitate the passage of molecules smaller than 1 kDa
including molecules of second messengers, such as cyclic adenosine 3',5'-monophosphate
(cAMP), cyclic guanosine 3',5'-monophosphate (cGMP) and Ca?* ion, produced in
cumulus cells. These messengers significantly inhibit key protein kinases of oocyte

maturation - M-Phase Promoting Factor (MPF) and the above mentioned MAPK, and thus
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GVBD and subsequent oocyte maturation (Moor et al., 1980; Dekel et al., 1988; Tornell et
al., 1990; Caroll et al., 1994; Machaty et al., 1997). After the action of gonadotropin and
growth factors, disruption and endocytosis of gap junction proteins and enlargement of
expanding cumulus result in the prevention of cCAMP/cGMP flow into oocyte (Dekel et
al., 1981; Tornell et al., 1984; Chen et al., 1990; Tatemoto and Terada, 1998; Motlik et al.,
1998b)(, see Figure 2. Cumulus enlargement is based in particular on HA production by
cumulus cells and its accumulation in the extracellular space (Chen et al., 1990, 1993;
Nakayama et al., 1996; Tirone et al., 1998). In addition to mechanical action, HA has also

been described as a signal molecule and ligand.

Widespread HA receptors participating in glycoprotein creation are proteins from the
above-mentioned group of HABPs. As one of the HABP members, CD44 receptor, is
localised in the cytoplasmic membrane of cumulus cells and oocyte (Kimura et al., 2002;
Yokoo et al., 2002). Gonadotropin-induced CD44 receptor synthesis occurs intensively
during oocyte maturation (Yokoo et al., 2002; Schoenfelder and Einspanier, 2003).
Subsequently, the CD44 receptor becomes active by binding HA and takes part in
communication between oocyte and cumulus cells (Kimura et al., 2002). Yokoo et al.
(2007) described the necessity of CD44 for meiotic maturation of porcine oocytes. Active
CDA44 participates in phosphorylation of gap junction proteins, cell connection closing and
disruption of cCAMP flow from cumulus cells to oocyte (Yokoo et al., 2010), see Figure 2.
The CDA44 receptor activated by HA regulates cumulus expansion and participates in auto-
acceleration and amplification (Yokoo et al., 2003). However, CD44 activation is not
strictly necessary for cumulus expansion (Yokoo et al., 2007). On the other hand,
insufficient interaction of CD44 with HA during in vitro culture of COCs leads to
unsuccessful oocyte maturation, fertilisation and early embryonic development (Yokoo et
al., 2007). Suppression of CD44 and HA binding can be caused by glycosylation of CD44

extracellular domain by sialic acid (Bartolazzi et al., 1996). The other HA receptors are
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ion channels of Xenopus laevis oocytes (Fraser, 1997). Besides binding HABPs, HA can
participate in meiotic maturation by regulation of ion flow and membrane potential
(Fraser, 1997).

Hyaluronic acid, not only the most abundant factor produced by cumuli, is involved in the
regulation of oocyte maturation. Expression of some candidate biomarkers in cumulus has
been selected for non-direct oocyte quality evaluation (summarised by Assou et al., 2010).
Among them in cumuli, inducible Nitric Oxide Synthase (iNOS) and Heme Oxygenase 1
(HO-1), factors positively correlated with cell stress, are considered as a negative marker
of developmental competence acquired during oocyte maturation (Bergandi et al., 2014).
On the other hand, PTX3, Angiogenin (ANG) and Regulator of G-Protein Signalling 2
(RGS2) are highly expressed in oocytes with significantly better developmental
competence (Feuerstein et al., 2012). Expression of mentioned GDF9, HAS2, SMAD2/3,
COX2, PTX3 and TNFAIPG6 in cumulus cells is linked with improved embryonic
development through adequate cumulus expansion (Elvin et al., 1999; Pangas et al., 2002;
Hazou et al., 2009), see Figure 1. There is possibly a method of utilising an expression
profile of defined developmental competence biomarkers as an additional tool coupled

with cumulus expansion measurement.

The importance of the oocyte in cumulus expansion regulation

The oocyte participates in the regulation of cumulus expansion (Dekel and Beers, 1980;
Salustri et al., 1989). Only the fully grown oocyte disposes of the ability of adequate
stimulation of cumulus expansion (Tirone et al., 1993). During oocyte maturation, the
oocyte produces the above-mentioned CEEFs (Eppig et al., 1993). Oocyte activity in
paracrine factor secretion, including CEEFs, decreases during meiotic maturation,
especially after metaphase | achievement (Nagyova et al., 2000). The role of the oocyte in
regulation of cumulus expansion differs, depending on animal species (Vanderhyden et

al., 1993). While CEEFs' production by the oocyte is necessary for cumulus expansion for
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mice COCs (Eppig et al., 1993), cumulus expansion of porcine COCs is independent of
CEEF secretion by the oocyte (Prochazka et al., 1998). Oocyte removal by oocytectomy
and in vitro cultivation of oocytectomised complexes have demonstrated the cumulus cell
ability of CEEF production compensating for the removed oocyte (Prochazka et al., 1991;
Motlik et al., 1998a). Nevertheless, cumulus expansion can be slightly inhibited in porcine
oocytectomised complexes (Nakayama et al., 1996; Kimura et al., 2002). The oocyte
presence influences the extracellular matrix composition of expanded cumuli: the oocyte
determines the intensity of HA synthesis, but does not involve ChS quantity (Nakayama

et al., 1996).

Cumulus expansion and oocyte developmental competence

Cumulus expansion and sufficient GAG synthesis by COC in the follicle are necessary for
ovulation and the increased probability of enlarged COC interception by the infundibulum
(Chen et al., 1993). Expanded cumuli of ovulated COCs play an important role in
polyspermy prevention by selective barrier establishment. Moreover, cumulus expansion
and HA synthesis are essential for sperm selection during fertilisation (Tesarik and
Kopecny, 1986). Only fully capacitated sperm with complete enzymatic equipment,
including hyaluronidase from sperm acrosome digesting HA polymers, are capable of
passing through expanded cumuli (Dunbar et al., 1976).

Another polyspermy prevention is enlargement of the perivitelline space between oocyte
and zona pellucida immediately after sperm penetration. The HA synthesis by oocyte and
water molecule binding by HA is the reason for perivitelline space enlargement (Talbot
and Dandekar, 2003). It was found that HA production by the oocyte without the need for
cumulus cell synthesis causes perivitelline space enlargement. The inhibition of GAGs'
synthesis in oocytes increased polyspermy incidence as response to the HA quantity

decrease in the perivitelline space (Flechon et al., 2003; Ueno et al., 2009).
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Cumulus expansion and HA synthesis in COCs during oocyte maturation are an important
condition for the fertilisation capability and developmental competence acquisition by the
oocyte (Han et al., 2006). Initial cumuli quality and size expressed by a number of
cumulus cell layers are in positive correlation with the developmental competence of GV-
oocytes. Although a smaller number of cumulus cell layers is not strictly limiting for
oocyte maturation, it unfavourably influences early embryonic development, in
comparison with a high quality cumuli cover of oocytes (Schoevers et al., 2007). It is
possible to compensate for the insufficient cumuli of matured oocytes by co-culture with
intact COCs during in vitro maturation (Luciano et al., 2005), or with disperged oviductal
epithelial cells during zygote culture (Qian et al., 2005).

The early embryonic development success depends on a sufficient quantity of HA and HA
synthesis precursor (Chen et al., 1990). The HA presence in culture medium for early
embryos is able to improve embryo development to blastocyst stage (Kano et al., 1998;
Miyoshi et al., 1999). In addition, HA binding to the CD44 receptor expressed in the early
bovine embryo (Furnus et al., 2003) enhances early embryonic development (Toyokawa
et al., 2005).

The cumulus cell presence significantly influences the first mitotic division of the zygote,
blastocyst stage achievement and viability of embryos (Ju and Rui, 2012). Cumulus
expansion intensity is positively linked to the success of embryonic development to 2-4
blatomers and blastocyst (Qian et al., 2003). Thus, cumulus expansion can be used as a
developmental competence marker, useful for in vitro matured oocyte selection for in
vitro fertilisation.

In addition to polyspermy suppression and early embryonic development enhancement,
cumulus expansion prevents an extrauterine conception by enhanced interception by the
infundibulum (Chen et al., 1993). Owing to cumulus expansion physical features,

secretion of growth factors and cytokines by uterus mucous membrane important for
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350 adhesion within the uterus, expanded cumuli of early embryos prevent a nidation in the
351  oviduct (Parikh et al., 2006).

352  With respect to the importance of cumulus expansion, the measurement of cumulus

353  expansion intensity is necessary for the evaluation of in vitro matured oocyte suitability
354  for in vitro fertilisation, cloning and transgenesis.

355

356  Methods of cumulus expansion measurement

357  Visual evaluation of cumulus expansion and measurement of cumulus area

358  The original method of cumulus expansion measurement is subjective classification into
359  groups by cumulus expansion intensity (Fagbohun and Downs, 1990). The result of the
360 evaluation is a COC frequency in groups. Daen et al. (1994) described a quantifying

361  method of cumulus expansion evaluation. On taking photographs, the area occupied by
362  COCs is measured, using a ruler and calculated using the formula: area (mm?) = length
363  (mm) * width (mm) * 0.7854. Currently, photographs are able to undergo software

364  analysis of images and the area is calculated by programmed algorithm. Both methods of
365 classification and image analysis are non-invasive and continuous data collection during
366 invitro maturation is possible. Subjectivity and the non-recording of three-dimensional
367  structure are disadvantages of these methods. For these reasons, classification and image
368  analysis can not be considered as exact and relevant methods for cumulus expansion
369  measurement.

370

371  Measurement of GAGs' content

372  The quantity of GAGs in expanded COCs can be used as a reliable marker of cumulus
373  expansion. The HA, as the most abundant GAG, is suitable for detection and indication of
374 cumulus expansion intensity. For HA measurement, the use of radioactively labelled
375  precursors of synthesis is possible (Eppig, 1980). The [®H]glucosamine (100 uCi/ml) as

376  HA precursor, or [35S]su1fate (60 uCi/ml) as ChS precursor, are used as components of
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culture medium. After HA synthesis from labelled precursors by cultured COCs, cumulus
cells of expanded cumuli are proteolysed and followed by HA extraction to solution.
Subsequently, HA is enzymatically degraded by hyaluronidase, alternatively by
chondroitinase ABC for ChS chains (Salustri et al., 1990). The HA content is deduced by
radioactive signal emitted by the labelled HA precursor (Solursh, 1976). Disadvantages of
the method are the inability of repeating cumulus expansion evaluation during culture of

the same COCs and the manipulation with radioactive material.

Perspectives of cumulus expansion measurement

Apart from radio-labelled precursor usage, there are analytical methods for measurement
of the degraded products of HA. Amongst these methods able to be considered are
Spectrophotometry and High-Performance Liquid Chromatography (HPLC) in ultraviolet
(UV) spectra (Rehakova et al., 1994; Volpi, 2000).

For analysis of HA degradation products, precise sample preparation consisting of
expanded COCs is necessary. The preparation includes especially the washing out of
culture medium components and the complete transfer of washed cumuli into tubes for
analysis. In addition to COCs' preparation, aliquots of culture media are able to be
removed and analysed for HA release by in vitro cultured COCs into the surrounding
space. Subsequently, HA degradation is based on total enzymatic HA digestion by
hyaluronidases. Only digesting HA chains by lyases without hydrolysis by water molecule
enable double-bound creation in heterodimer of the glucuronic acid and N-
acetylglucosamine absorbing the light in UV spectra (Alkrad et al., 2003; Stern and
Jedrzeias, 2006). The amount of double bounds determining UV light absorbance is able
to be measured by Spectrophotometry and/or HPLC (Volpi, 2000; Chen et al., 2005),
summarised in Figure 3.

Adequate sample preparation and sensitivity of the afore mentioned methods would

enable precise analysis of HA content retained in COCs, as well as the HA released into
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the culture medium. Just the released HA analysis in culture medium could be a potent
mode for non-invasive evaluation of cumulus expansion during in vitro COCs' cultivation.
Currently, Spectrophotometry and HPLC methods are not routinely established for
quantification and evaluation of cumulus expansion. The efficiency of HA measurement

produced during cumulus expansion depends on further studies.

Conclusion

The cumulus expansion of COCs is based on GAG synthesis, especially HA (Dekel, 1979;
Eppig, 1979). HA acts as a structural component and signal molecule during oocyte
maturation and early embryonic development. Thus, cumulus expansion intensity is
positively correlated with meiotic and developmental competence (Furnus et al., 2003;
Yokoo et al., 2003; Han et al., 2006; Yokoo et al., 2010). The evaluation of cumulus
expansion can be a marker of quality COCs used for in vitro fertilisation. HA
measurement is the method of cumuli quality and cumulus expansion evaluation as a
marker of oocyte maturation success and oocyte developmental competence.

There are only a few methods for the measurement of cumulus expansion intensity, either
by expanded cumuli area, or indirectly by HA quantity measurement. Recent methods
used for cumulus expansion evaluation contend with problems such as subjectivity and
manipulation with radioactive material.

Analytical methods of HA content measurement in UV spectra, i.e. Spectrophotometry
and HPLC, are prospects for real sample preparation, analysis of HA content retained in
COCs and released into culture medium during cultivation and thus the sensitive
determination of cumulus expansion.

Further testing experiments are necessary for the establishment of a suitable method of

HA measurement as exact evaluation of cumulus expansion in routine practise.
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Figure 1. Some of signalling pathways involved in cumulus expansion. Cross-talk
between cumulus cells and oocyte leads to adequate hyaluronic acid production and
cumulus expansion.

Figure 2. Impact of cumulus expansion for trigger of germinal vesicle breakdown and re-
initiation of oocyte maturation in pigs.

Figure 3. The possible approach to hyaluronic acid measurement and quantification of
cumulus expansion (adjusted by Alkrad et al., 2003; Rehakova et al., 1994; Stern and

Jedrzeias, 2006; Volpi, 2000).

Abbreviations:

ANG angiogenin

CAMP Cyclic Adenosine 3',5'-Monophosphate
cGMP Cyclic Guanosine 3',5'-Monophosphate
CEEF Cumulus Expansion Enabling Factor
ChS Chondroitin Sulfate
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904 COCs Cumulus-Oocyte Complexes

905 COX2 Cyclooxygenase 2

906 DO Denuded Oocyte

907 GAGs Glycosaminoglycans

908 GDF9 Growth Differention Factor 9

9209 GV Germinal Vesicle

910 GVBD Germinal Vesicle Breakdown

911 EGF Epidermal Growth Factor

912 ELISA Enzyme-linked Immunosorbent Assay
913 FSH Follicle Stimulating Hormone

914 HA Hyaluronic Acid

915 HABP Hyaluronic Acid Binding Protein

916 HAS Hyaluronan-Synthase

917 HC HA heavy chain

918 HO-1 Heme Oxygenase 1

919 HPLC High-Performance Liquid Chromatography
920 IGF-I Insulin-like Growth Factor |

921 lal Inter-a-trypsin Inhibitor

922 IL-6 Interleukin-6

923 iINOS inducible Nitric Oxide Synthase

924  IP3K Phosphoinositide-3-Kinase

925 LH Luteinising Hormone

926 MAPK Mitogen Activated Protein Kinases
927 miRNA microRNA

928 MPF M-Phase/Maturation Promoting Factor
929 PG2 Prostaglandin E2

930 PTX3 Pentraxin
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6.3. Piiloha 3: Sedmikova et al. (2013): Inhibition of c-Jun N-terminal kinase (JNK)

supressess porcine oocyte ageing in vitro. Czech Journal of Animal Science, 58: 535-545.

Cilem préce bylo ovétit hypotézu, ze c-Jun N-termindlni kinaza (JNK) je zapojena do procesu
starnuti prasecich oocyti béhem prodlouzené kultivace in vitro. Dozralé oocyty byly dale
kultivovany 24 — 96 hod. v pfitomnosti inhibitoru JNK. Nasledné byly starnouci oocyty
morfologicky hodnoceny. Soucasné byla métena fragmentace DNA a hodnocena exprese pro-
apoptotického fatoru Bax v oocytech kultivovanych s inhibitorem JNK. Efekt inhibitoru JINK
na ¢asny embryonalni vyvoj byl hodnocen po partenogenetické aktivaci oocytil, vystavenych
prodlouzené kultivaci s inhibitorem JNK. Experimenty bylo prokazano, ze JNK je zapojena
do starnuti a vyvolava nezadouci zmény oocyti, zpisobujici pokles jejich kvality a vyuziti
pro dalsi postupy asistované reprodukce a reprodukénich biotechnologii. Bylo pozorovéno, ze

inhibice JNK potlacuje tyto projevy na Grovni fragmentace DNA a ¢asného embryonalniho

vyvoje.
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Inhibition of c-Jun N-terminal kinase (JNK) suppresses
porcine oocyte ageing in vitro

M. SEDMIKOVAL, J. PETR?, A. DORFLEROVA!, J. NEVORAL!, B. NovOoTNA3,
T. KrRej¢ovAl, E. CHMELiKOVA!, L. TOMOVA!

'Department of Veterinary Sciences, Czech University of Life Sciences Prague,
Prague, Czech Republic

’Institute of Animal Science, Prague-Uhiinéves, Czech Republic

?’Department of Genetic Ecotoxicology, Institute of Experimental Medicine,
Academy of Sciences of the Czech Republic, Prague, Czech Republic

ABSTRACT: Oocyte ageing is a complex of processes that occur when matured in vitro oocytes are, after rea-
ching the metaphase II stage, exposed to further in vitro culture. Aged oocytes remaining at the metaphase 11
stage undergo spontaneous parthenogenetic activation, or cellular death, through apoptosis (fragmentation)
or lysis. The key factor in apoptotic pathway regulation is c-Jun-N-terminal kinase (JNK), stress kinase from
the mitogene-activated protein kinase (MAPK) family. To investigate the effect of JNK inhibition on porcine
oocytes ageing, cleavage rate, and embryonic development after parthenogenetic activation, DNA fragmenta-
tion, and pro-apoptotic factor Bax expression, we cultured in vitro matured oocytes for another 1-4 days in
the presence of a JNK inhibitor. The inhibition of JNK significantly protected the oocytes from fragmentation
(0% of fragmented oocytes under JNK inhibition vs. 13.4% of fragmented oocytes in the control group, 2" day
of ageing) and increased the percentage of parthenogenetically activated oocytes (82 vs 57.7%, 2™¢ day of
ageing). The embryonic development of oocytes parthenogenetically activated after 24 h of ageing was influ-
enced by JNK inhibition as well. The percentage of oocytes at the morula stage, after seven days of cultivation,
was significantly increased when oocytes aged in the presence of a JNK inhibitor (42.5%) by comparison to the
percentage of oocytes exposed to ageing in an inhibitor-free medium (23.3%). DNA fragmentation was signifi-
cantly suppressed by JNK inhibition from the 1% day of ageing, but the expression of pro-apoptotic factor Bax
in the oocytes was not influenced. On the basis of our experiments, we can conclude that JNK inhibition sup-
presses apoptosis and DNA fragmentation of aged oocytes and improves their embryonic development follow-
ing the parthenogenetic activation. However, to completely eliminate all ageing related processes is insufficient.

Keywords: MAPK; DNA fragmentation; apoptosis; Bax

The effectiveness of biotechnology in the types of
reproduction like in vitro fertilization or cloning,
depends on the quality of in vitro matured oocytes.
The quality of matured oocytes decreases when
they are exposed to prolonged in vitro cultivation.
Undesirable changes in oocyte quality, called age-
ing, hinder the utilization of aged oocytes.

Oocyte ageing is partly due to the changes in the
M-phase promoting factor (MPF) and mitogene-
activated protein kinase (MAPK) activity, which are
necessary to maintain the meiotic arrest in meta-
phase II. Furthermore, ageing is associated with
abnormalities of chromosomes, defects of the meiotic
spindle, mitochondrial disorders, partial exocytosis

Supported by the Internal Grant Agency of the Czech University of Life Sciences Prague (CIGA) (Projects

No. 20122034 and No. 20122038).
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of cortical granules, hardening of the zona pellu-
cida, etc. (Kikuchi et al., 2000; Miao et al., 2009;
Mammucari and Rizzuto, 2010 and others). Only a
small percentage of oocytes remain in metaphase II
arrest, while the majority of them gradually un-
dergo parthenogenetic activation, apoptosis or lysis
(Petrova et al., 2004). Spontaneous parthenogenetic
activation and release from metaphase II is related
to MPF inactivation, cyclin B degradation, and a
decrease in MAPK activity (Sun and Nagai, 2003;
Takakura et al., 2005). Ageing decreases MAPK
phosphorylation and the cleavage rate of partheno-
genetically activated oocytes (Ebeling et al., 2010).
Conversely, a high level of MAPK activity induces
apoptosis of oocytes (Sadler et al., 2004).

A key factor in apoptotic pathway regulation is
c-Jun-N-terminal kinase (JNK) from the MAPK
kinase family (Dickens et al., 1997; Bagowski et al.,
2003). JNK is activated in somatic cells by stress
factors such as ionizing radiation, DNA damage,
and responses to inflammation cytokines. Activated
JNK plays a key role in the initiation of apopto-
sis as a stress response of the cells (Kyriakis and
Avruch, 2001; Verma and Datta, 2012) and has been
observed in the oocytes of Xenopus (Mood et al.,
2004), starfish (Sadler et al. 2004), mice (Baatout
et al.,, 2007), and swine (Petrova et al., 2009).

The downstream molecules of JNK are pro-
apoptotic factors from the Bcl-2 family of proteins
(Bax, Bak, Bad) (Vlahopoulos and Zoumpourlis,
2004; Chu et al., 2009; Du Pasquier et al., 2011).
The activated pro-apoptotic proteins permeabilize
the mitochondrial outer membrane, thereby releas-
ing cytochrome c which, through the activation of
Apaf-1, regulates the activity of efector caspase 3,
and this results in DNA fragmentation (Budihardjo
et al., 1999; Antignani and Youle, 2006). The in-
volvement of factors from the Bcl-2 protein family
in apoptosis and DNA fragmentation was described
in cattle (Yang and Rajamahendran, 2002), mouse
and human (Guillemin et al., 2009), and Xenopus
(Du Pasquier et al., 2011) oocytes; however, there
is no evidence for it in porcine oocytes.

In our previous study (Petrovd et al., 2009) we
determined that JNK inhibition protected the
porcine oocytes from apoptosis. Conversely, it
increased the percentage of spontaneously parthe-
nogenetically activated oocytes during the entire
ageing period. The aim of the present study is to
examine in detail the influence of JNK inhibition
on porcine oocytes ageing, particularly on DNA
integrity, pro-apoptotic factor Bax expression,
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cleavage rate, and early embryonic development
after parthenogenetic activation.

MATERIAL AND METHODS

Isolation and culture of oocytes

Pig ovaries were obtained from a local slaughter-
house from pre-pubertal gilts (mostly a crossbreed
of Landrace x Large White) of local farms at an
unknown stage of the estrous cycle and transported
to the laboratory in a saline solution (0.9% NaCl,
39°C) within 1 h. Fully-grown oocytes were col-
lected from follicles by aspirating those measuring
2-5 mm in diameter. Only oocytes with compact
cumuli were selected for further study. Before the
cultivation, the oocytes were washed three times
in a maturation culture medium.

The oocytes were cultured in Petri dishes (Nunc,
Roskilde, Denmark) for 48 h (39°C, 5% CO,) with
3.0 ml of modified M199 medium Gibco BRL (Life
Technologies, Carlsbad, USA) containing sodium
bicarbonate (32.5mM), calcium L-lactate (2.75mM),
gentamicin (0.025 mg/ml), HEPES (6.3mM), 13.5 TU
eCG: 6.6 IUhCG/ml (P.G. 600) (Intervet International
B.V,, Boxmeer, the Netherlands), and 10% (v/v) foetal
calf serum Gibco BRL (Life Technologies). For further
experiment, only oocytes with a maturation rate of at
least 85% were used. Matured oocytes were denuded
from cumulus cells, transferred to P.G. 600 free cul-
ture medium, and subjected to culture in the presence
of an active form of JNK inhibitor (1,9-parazoloan-
throne, 20uM) (Calbiochem, Darmstadt, Germany) or
an inactive form of INK inhibitor (N1-methyl-1,9-py-
razoloanthrone, 20uM) (Calbiochem) for another
1-4 days.

The active and inactive forms of JNK inhibitors
were dissolved in DMSO. The final DMSO con-
centration in the culture medium was 0.2% (v/v).
The effect of DMSO (0.2%) was examined, and
no significant differences were found between
the groups cultured in a free medium, those cul-
tured in the medium with DMSO, and the group
cultured in the medium with the inactive form of
JNK inhibitor. The data are not shown.

Evaluation of oocytes

At the end of the cultivations, the oocytes and/or
embryos were mounted on slides, fixed with acetic
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alcohol (1 : 3, v/v; 24 h), and stained with 1.0%
(w/v) orcein. Then they were examined under a
phase-contrast microscope and classified into four
groups: intact oocytes (oocytes at metaphase II,
anaphase II or telophase II), activated oocytes
(oocytes with pronuclei or embryos), fragmented
oocytes (oocytes were designated as fragmented
when fragmented “vesicles” were observed under
the zona pellucida), and lysed oocytes (rupture of
the cytoplasmic membrane and loss of the integrity
of the oocyte were the criteria for lysis) (Petrova
et al., 2009).

DNA integrity assessment

DNA integrity was evaluated by the alkaline ver-
sion of the Comet assay (Singh et al., 1988) modi-
fied for porcine oocytes. Briefly, the oocytes were
centrifuged at 14 000 g for 5 min to relocate the
lipids to one pole of the oocytes, and then treated
with pronase (5 min, 0.1% w/v) (Sigma-Aldrich,
St. Louis, USA) at 38°C to remove the zona pel-
lucida. Subsequently, the oocytes were quickly
washed in M199 culture medium, mixed with low
melting point (LMP) agarose (Amresco, Solon,
USA), and spread over a layer of normal melting
point (NMP) agarose attached to microscopic slides
SuperFrost Plus (Gerhard Menzel Glasbearbeitu-
ngswerk GmbH & Co. KG., Braunschweig, Germany)
precoated with 2% agarose (for details see Novotna
et al., 2010). The slides were washed with acetone
(2 x 5 min) to remove the high content of lipids
typical of porcine oocytes and treated in a lysing
solution (2.5M NaCl, 100mM EDTA, 10mM Tris,
0.16M DMSO, 0.016mM Triton X-100, 1% lauryl
sarcosinate, pH 10 — all Sigma-Aldrich) for 1.5 h.

After lysis of the oocytes, the slides were equili-
brated in alkaline buffer (0.3M NaOH, ImM EDTA,
pH 13) for 40 min to allow the DNA to unwind. For
distribution of DNA fragments, electrophoresis
was performed in a fresh alkaline buffer (20 min,
1.2 V/cm, 300 mA). Finally, the slides were neu-
tralized in 0.4M Tris (pH 7.5), fixed in methanol
(15 min), stained with 0.005% ethidium bromide
(Sigma-Aldrich) for 7 min, washed in distilled water,
and dried at room temperature. To prevent artificial
damage to DNA, all steps preceding the lysis were
performed under yellow light. Slides rehydrated
in distilled water were observed under a VANOX
BHS fluorescence microscope (Olympus, Tokyo,
Japan). As a relatively high number of oocytes

(up to 30—-40%) still retained cytoplasm (Figure 1)
which prevented quantifying the percentage of
fragmented DNA from the total amount of nu-
clear DNA, we used a qualitative evaluation of
DNA damage according to Mattioli et al. (2003),
i.e. visual analysis of nuclei for the presence or
absence of tails of DNA fragments escaping from
the nucleus (Figure 1). Images were captured with
CCD 1300B camera (VDS Vosskithler GmbH,
Stadtroda, Germany) and saved using Lucia G
4.81 software.

Parthenogenetic activation of oocytes

In vitro matured oocytes were denuded from
cummulus cells and subjected to further culture
(24 h) in the presence of an active form of JNK
inhibitor or its inactive form. The oocytes were later
parthenogenetically activated (calcium ionophore
A23187, 25uM, 20 min and 6-dimethyl aminopurin,
2mM, 2 h (both Sigma-Aldrich) (Jilek et al., 2001)
and, after being washed, cultured for another 24 h
to evaluate the activation rate, 48 h to evaluate
the cleavage rate, and 7 days to evaluate embry-
onic development. The oocyte control group was
activated immediately after maturation, without
a prolonged culture.

Bax localization

After cultivation, the zona pellucida of oocytes
was removed by pronase (0.1% w/v) (Sigma-Aldrich
— here and after unless otherwise stated) and fixed
(paraformaldehyde, 2.5% w/v, 60 min). After mem-
brane permeabilization (PBS-BSA-Triton X-100,
2 h), the oocytes were incubated with a mouse anti-
Bax antibody (1 : 100, 4°C overnight), and with goat
anti-mouse IgG-FITC (1: 100, PBS-BSA-Tween 20,
60 min, RT). Nonspecific staining was determined
through incubation without a primary antibody.
The chromosomes were stained with Hoechst 33258
(0.5% w/v, PBS-BSA, 10 min, RT). The oocytes were
mounted on slides using a SlowFade antifade kit
(Invitrogen, Carlsbad, USA) and observed under a
laser-scanning confocal microscope Leica TCS SPE
(Leica Microsystems, Wetzlar, Germany). Signal
intensity was evaluated in cytoplasm, cortical re-
gion, and nucleus (activated oocytes) using digital
image analysis program NIS-Elements (Version
4.0, 2011). No significant differences were found
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Figure 1. Porcine oocytes processed by the comet assay: (a—d) images with and (e—h) images without persisting cy-
toplasmic material assessed as negative (a,b,e,f) and positive (c,d,g,h) for DNA fragmentation
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between signal intensity of cortical region and
cytoplasm, thus the average signal intensity of
each group was expressed as intensity of the whole
cytoplasm and as a value relative to the average
intensity of the MII oocyte group. No significant
differences were found in nucleus signal intensity
of activated oocytes between groups. The data are
not shown. There were a minimum of 8 oocytes
in each group.

Statistical analysis

Each experiment was performed at least four
times. The differences among oocyte groups (days
of ageing, control and experimental groups of
oocytes) were evaluated by the Analysis of Vari-
ance (Scheffé’s test) using the statistical software
package STATISTICA (Version 8.0, 2007).

In the case of DNA integrity analysis, the data
from all experiments were pooled in order to get
a sufficient number of oocytes within each ex-
perimental group. Inter-group differences in the
percentage of nuclei with fragmented DNA were
then tested using the chi-squared test. The P-value
of less than 0.05 was considered significant.

Experimental design

Effect of JNK inhibition on pig oocytes aged
in vitro. In vitro matured oocytes were denuded of

cumulus cells, placed in M199 culture medium, and
cultured for another 1-4 days with a specific JNK
inhibitor (1,9-pyrazoloanthrone, 20uM). The oocyte
control group was cultured in the presence of an
inactive form of JNK inhibitor (N1-methyl-1, 9-py-
razoloanthrone, 20uM). At the end of culture, the
ratio of intact, activated, fragmented, and lytic
oocytes was evaluated as described above.

Effect of JNK inhibition on the DNA frag-
mentation of ageing oocytes. Before the proper
comet assay, the matured oocytes were cultured
for 1-3 days in the presence of the active form
of JNK inhibitor or its inactive form. In paral-
lel, another group of oocytes was cultured in an
inhibitor-free medium as a control.

Effect of JNK inhibition on cleavage rate and
embryonic development of aged oocytes. In vitro
matured oocytes were cultured for one more day
in the presence of the active form of JNK inhibi-
tor or its inactive form. Then, the oocytes were
parthenogenetically activated and the activation
rate was evaluated after 24 h. The cleavage rate
was examined after additional 24 h in the culture.
Embryonic development was evaluated after 7 days
of culture. All assessed parameters were compared
with the parameters of the oocyte control group,
which was not exposed to ageing prior to parthe-
nogenetic activation.

Effect of JNK inhibition on the subcellular lo-
calization of the pro-apoptotic factor Bax. Oocy-
tes matured in vitro were cultured for another
1-3 days in the presence of the active form of

Table 1. Effect of JNK inhibition on porcine oocytes ageing

In vitro ageing

Type of oocytes (% + SEM)

Group of oocytes

(days) metaphase II activated fragmented lysed n
) inactive JNK inhibitor 97.7 £ 2.64 2.3+2.64 0.0 + 0.0 0.0 + 0.0 120
active JNK inhibitor 98.3 + 2.6" 1.7 + 2.64 0.0 + 0.0* 0.0 £ 0.04 120
) inactive JNK inhibitor 17.5 + 4.44 57.7 £ 9.04 13.4 + 3.84 11.3 + 3.54 97
active JNK inhibitor 14.0 + 3.94 82.0 + 11.28 0.0 £ 0.0% 4.0 +2.08 100
3 inactive JNK inhibitor 4.9 + 224 45.6 + 7.6% 19.4 + 4.54 30.1 + 5.9 103
active JNK inhibitor 29+ 174 79.6 + 10.98 29+ 178 14.6 + 3.9% 103
A inactive JNK inhibitor 3.1+1.84 38.8 + 7.0% 24.5 + 5.3 33.7 + 6.4* 98
active JNK inhibitor 2.0 £ 1.44 80.4 + 11.08 1.0 + 1.0° 16.7 + 4.28 102

oocytes were matured in vitro for 48 h and then further cultured for another 1-4 days in the presence of the active form of

JNK inhibitor 1,9-parazoloanthrone (active JNK inhibitor) or an inactive form of JNK inhibitor N1-methyl-1,9-pyrazoloan-

throne (inactive JNK inhibitor)

ABgtatistically significant differences between oocytes of control group (inactive JNK inhibitor) and the experimental group

(active JNK inhibitor) within the same type of oocytes and day of ageing are indicated by different superscripts (P < 0.05)
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JNK inhibitor, the inactive form of JNK inhibitor
or in an inhibitor-free medium. The localization
of Bax in oocytes was assayed as described above.

RESULTS

JNK inhibition showed an effect through the whole
period of ageing. The percentage of parthenogeneti-
cally activated oocytes in the group cultured with an
active form of JNK inhibitor was significantly higher
than that in the group cultured with an inactive
form of JNK inhibitor from the 2" day of ageing.
Simultaneously, the active form of JNK inhibitor
suppressed fragmentation and lysis of the aged oo-
cytes to a greater extent than did the inactive form
of JNK inhibitor. The results are shown in Table 1.

In the next experiment, the effect of JNK inhibi-
tion on oocyte DNA fragmentation was studied
during ageing within in vitro conditions. Figure 2
demonstrates that the presence of the active form
of JNK inhibitor in the medium significantly de-
creased the percentage of oocytes with fragmented
DNA when compared to oocytes ageing in the
presence of the inactive form of JNK inhibitor
or in a free medium (21.8% vs. 57.6% or 73.2%,
respectively). However, this effect was observed
only after the 1°* day of prolonged culture, while
no inter-group differences were detected after two
and three days of prolonged culture (Figure 2).

The effect of INK inhibition on the quality of age-
ing oocytes was tested by evaluating the activation

O Control
M Inactive form of JNK inhibitor

E Active form of JNK inhibitor

1001
90 5
80 ~
70 -
60 -
50 -
40 -
30 A

20 1

Oocytes with fragmented DNA (%)

10

Day of ageing

Figure 2. Effect of JNK inhibition on DNA fragmenta-
tion (%) in porcine oocytes ageing in vitro. Oocytes were
matured in vitro for 48 h and then further cultured for
1-3 days, either in the pure medium (control) in the
presence of an active form of JNK inhibitor (1,9-para-
zoloanthrone) or of an inactive form of JNK inhibitor
(N1-methyl-1,9-pyrazoloanthrone)

The number in each column represents the total analyzed

oocytes count within a given group; *P < 0.05, **P < 0.01

rate, cleavage rate, and embryonic development
of oocytes aged in the presence of the active form
of JNK inhibitor. With respect to MII oocytes
cultured for 1 day after maturation, the percent-
age of parthenogenetically activated oocytes was

Table 2. Effect of JNK inhibition on porcine oocytes ageing in vitro and their subsequent activation, cleavage, and

embryonic development (# = 120 per each group)

Group of oocytes (%)

Stage of development/duration

of culture after activation control inactive JNK inhibitor active JNK inhibitor
(without ageing) (24 h of ageing) (24 h of ageing)

Activation/24 h 91.74 79.2° 88.3%5

Cleavage/48 h 90.04 43.38 51.6%

Stage of morula/7 days 16.74 23.3 42,58

Stage of blastocyst/7 days 30.04 0.08 0.08

oocytes were matured in vitro for 48 h to the MII stage and then cultured for further 24 h in the presence of an active
form of JNK inhibitor 1,9-parazoloanthrone (active JNK inhibitor) or an inactive form of JNK inhibitor N1-methyl-1,9-py-
razoloanthrone (inactive JNK inhibitor). Both groups of oocytes were then parthenogenetically activated by calcium iono-
phore and 6-DMAP. Control group (control) was activated without ageing

ABstatistically significant differences between oocytes of control groups (control and inactive JNK inhibitor) and the ex-
perimental group (active JNK inhibitor) within the same time of cultivation (in the same row) are indicated by different
superscripts (P < 0.05)
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Figure 3. Subcellular localization of Bax in aged pig oocytes
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K = matured MII oocyte (control oocyte exposed only to the second antibody), MII = matured MII oocyte, Al = aged oocyte

(1 day after ageing), AIl = aged oocyte (2 days of ageing), AIIl = aged oocyte (3 days of ageing)

oocytes were stained with mouse anti-Bax and anti-mouse IgG-FITC (protein) and Hoechst 33258 (DNA)

lower in comparison with oocytes cultured for
a prolonged period (Table 2). The percentage of
activated oocytes in the group cultured during
ageing in the presence of an inactive form of JNK
inhibitor was significantly lower than that of the
control group of oocytes, which were not too ex-
posed to prolonged culture. However, the percent-
age of parthenogenetically activated oocytes in the
group aged in the presence of the active form of
JNK inhibitor was not significantly different from
the percentage of activated oocytes in the control
group, nor was it significantly different from the

group aged in the presence of an inactive form of
JNK inhibitor.

The cleavage rate of the oocytes after 24 h of
ageing was significantly lower than that of the
control group without ageing (51.6% — active form
of JNK inhibitor or 43.3% — inactive form of JNK
inhibitor vs. 90% — control). Compared to the
inactive form, the active form of JNK inhibitor
in culture medium did not increase the oocyte
cleavage rate during ageing (43.3 vs. 51.6%); how-
ever, it significantly increased the percentage of
the oocytes that reached the morula stage after
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Table 3. Effect of INK inhibition on subcellular localization of the pro-apoptotic factor Bax in ageing porcine oocytes

In vitro ageing

Group of oocytes (x + SEM)

(days) control n inactive JNK inhibitor n active JNK inhibitor n
0 1.0 £ 0.142 10 - - - -
1 1.4+ 0.24P 11 1.4+ 0.240 9 1.4 +0.14P 13
2 0.7 + 0.14¢ 9 0.9+ 0.24¢ 9 1.1+ 0.14¢ 10
3 0.4+ 0.0*¢ 8 0.3+ 0.144 9 0.3+ 0.144 9

oocytes were matured in vitro for 48 h to the MII stage (0 days of ageing) and then further cultured for another 1-3 days

in the presence of an active form of inhibitor JNK 1,9-parazoloanthrone (active JNK inhibitor ) or an inactive form of JNK

inhibitor N1-methyl-1,9-pyrazoloanthrone (inactive JNK inhibitor) or in the inhibitor free culture medium (control). The

signal intensity is expressed as a mean relative intensity based on MII oocytes (control, 0 days of ageing)

Astatistically significant differences between oocytes of control groups (control and inactive JNK inhibitor) and the experi-

mental group (active JNK inhibitor) within the same day of ageing (P < 0.05)

a-dstatistically significant differences between oocytes of the same group during ageing are indicated by different super-

scripts (P < 0.05)

7 days of cultivation (Table 2). Interestingly, only
control group oocytes that were not exposed to
prolonged culture reached the blastocyst stage.

The intracellular expression of the pro-apoptotic
factor Bax, influenced by the active form of JNK
inhibition, expressed as mean fluorescence signal
intensity in the whole cytoplasm of oocytes, was
evaluated by picture analysis (Table 3, Figure 3).
The highest mean intensity in the oocytes was
found after the 1% day of ageing. The mean signal
intensity gradually diminished during the fol-
lowing 2 days of ageing. However, the presence
of the active form of JNK inhibitor in the culture
medium did not influence the expression of the
pro-apoptotic Bax factor.

DISCUSSION

In our study, we observed the dynamics of the
effect of INK inhibition on the morphological mani-
festation of ageing of porcine oocytes under in vitro
conditions. The inhibition of JNK suppresses the
apoptosis and lysis of oocytes and the manifesta-
tion of the effect is statistically significant from the
2™ day of oocyte ageing and persists in oocytes
which were subjected to ageing for the duration
of four days as well. The inhibition of JNK in our
experiments significantly suppressed the fragmen-
tation of DNA in porcine oocytes, but only during
the 1%t day of ageing. From the 2™ day of ageing,
the differences were not statistically significant.

542

JNK is one of the main regulatory factors of
apoptosis in somatic cells (Dhanasekaran and
Reddy, 2008; Plotnikov et al., 2011). Caspase-3
and caspase-9 belong among the downstream
molecules and their activation leads to DNA frag-
mentation (Chen et al., 2003). The results of our
experiments suggest that JNK-regulated signalling
is also involved in the control of apoptosis in por-
cine oocytes.The JNK inhibition did not manage
to completely suppress the DNA fragmentation.
JNK-induced signalling is probably not the only
one involved in oocyte apoptosis induction.

One of the activating stimuli of JNK is oxida-
tion stress and the increase of oxygen-free radi-
cals (ROS) level (Levkovitz et al., 2005; Antignani
and Youle, 2006). Some authors consider oxida-
tion stress to be one of the main causes of ageing
(Cui et al., 2011) and the ROS level continously
increases during the ageing process (Miao et al.,
2009). ROS induce apoptosis not only by activating
JNK and the subsequent release of cytochrome c
from mitochondria, but also through endoplasmic
reticulum (ER) (He et al., 2008) which is closely
related to maintaining intracellular calcium ho-
meostasis (Petr et al., 2001). Increased ROS level
affects calcium signalling and leads to the increase
of cytoplasmic concentration of calcium cations
(Takahashi et al., 2003).

During our experiments, the ratio of sponta-
neously parthenogenetically activated oocytes
increased in the group of oocytes ageing in the
presence of the active form of JNK inhibitor. For
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the MII block output, the increase of cytoplasmic
concentration of calcium cations is crucial (Was-
sarman, 1988; Wang et al., 1999; Sedmikova et al.,
2003, 2006). Therefore, the increase of partheno-
genetically activated oocytes ratio may be caused
by the fact that blocking the apoptotic signalling
controlled by JNK induces spontaneous parthe-
nogenetic activation of the oocytes by increasing
the levels of calcium cations.

JNK signalling leads to DNA fragmentation
through pro-apoptotic factors Bax and Bad which,
by mitochondrial membrane permeabilization,
releases cytochrome ¢ (Vlahopoulos and Zoum-
pourlis, 2004; Levkovitz et al., 2005; Antignani and
Youle, 2006; Chu et al., 2009). By means of Bax
(but not Bad) it takes part in controlling the JNK
apoptosis in Xenopus oocytes. In the oocytes the
JNK-induced apoptosis is manifested by overex-
pression of Bax protein (Du Pasquier et al., 2011).
We found no differences in the expression of Bax
in porcine oocytes dependent on an active JNK
signalling pathway in our experiments.

It seems that Bax does not take part in apoptosis
induction in porcine oocytes. It is also possible that
in porcine oocytes, in contrast to Xenopus oocytes,
the main downstream molecule of JNK is the pro-
apoptotic factor Bad, similarly to some somatic
cells (Bhakar et al., 2003). The presence of the ac-
tive form of INK inhibitor during porcine oocytes
ageing improves their development competence,
even though the percentage of parthenogenetically
activated oocytes in the cleavage stage is lower.
The ratio of parthenogenetically activated oocytes
among ageing oocytes decreases proportionally to
the duration of ageing. The ability of embryonic
development in activated oocytes also decreases
(Ebeling et al., 2010) and JNK apparently no longer
has an influence.

The lower ratio of parthenogenetically activated
oocytes may also be influenced by the function of ER
affected by oxidation stress. Suppression of ER stress
improves the embryonic development of porcine
oocytes, due to a blockage of apoptosis induced by
ER stress (Zhang et al., 2012). Greater development
competency, when exposed to the effects of a JNK
inhibitor, is apparently influenced by the suppression
of DNA fragmentation by means of caspase activa-
tion. The course of early embryonic development is
closely related to apoptosis (Antunes et al., 2010) and
the effect of caspase-3 inhibitor on a higher ratio of
blastocysts in parthenogenetically activated embryos
has been described in porcine (Coutinho et al., 2011).

The inhibition of JNK seems to be a possible way of
preventing detrimental processes accompanying
the ageing of mammalian oocytes, thus it could be
used for improving the quality of in vitro matured
oocytes in biotechnologies.

CONCLUSION

The results of our experiments show that JNK
inhibition suppresses apoptosis manifestation in
ageing porcine oocytes and improves their early
embryonic development following the partheno-
genetic activation. However, sole JNK inhibition
does not manage to eliminate all the processes
connected with oocyte ageing during prolonged
cultivation under in vitro conditions.
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6.4. Piiloha 4: Nevoral et al. (2013): The role of nitric oxide synthase isoforms in aged

porcine oocytes. Czech Journal of Animal Science, 58: 453-459.

Cilem prace bylo lokalizovat izoformy NO syntazy (NOS) ve starnoucich oocytech prasete
a hodnotit vliv inhibice NOS. Pro hodnoceni byly pouzity oocyty dozralé v podminkach in
vitro, které byly nasledn¢ inkubovany s inhibitory NOS, nespecifickym inhibitorem L-NAME
nebo specifickym inhibitorem aminoguanidinem po dobu 72 hodin. Bylo zji§téno, Ze vSechny
izoformy NOS, iNOS, eNOS a nNOS, jsou ptitomny ve starnoucich oocytech prasete a jejich
mnozstvi v nich klesé jiz po 24 hod. prodlouzené kultivace. Soucasné bylo zjisténo, Ze po
72 hod. prodlouzené kultivace byla inhibici NOS signifikantné potlacena bunécnd smrt
oocytl, zahrnujici apoptoézu a lyzu, prestoze mnozstvi NOS v téchto oocytech prudce klesla.
Na zéklad¢ téchto vysledki lze pfedpokladat, Ze fyziologickd produkce NO sehravéa tlohu
V procesech starnuti oocytll, spontdnni partenogenetické aktivaci a programované bunécné

smrti.



Czech J. Anim. Sci., 58, 2013 (10): 453—459 Original Paper

The role of nitric oxide synthase isoforms in aged
porcine oocytes

J. NEvORrAL!, T. KREj¢OVAL, J. PETR?, P. MELICHAROVA!, A. VYSKOCILOVA!,
M. DvoRrAKOVAL, I. WEINGARTOVA!, E. CHMELiKOVA!, L. TOMOVAL,
K. Ho§koval, V. KUCEROVA-CHRPOVAL, M. SEDMIKOVA'

'Department of Veterinary Sciences, Faculty of Agrobiology, Food and Natural Resources,
Czech University of Life Sciences Prague, Prague, Czech Republic
’Institute of Animal Science, Prague-Uhfinéves, Czech Republic

ABSTRACT: In the sphere of reproductive biotechnologies, the demand for sufficient numbers of high-quality
oocytes is still increasing. In some cases, this obstacle is overcome by in vitro prolonged cultivation. However,
a prolonged oocyte culture is accompanied by changes called ageing. Ageing is manifested by spontaneous
parthenogenetic activation, programmed cell death or lysis. Various substances, such as caffeine or dithio-
threitol, have been tested for ageing suppression. In this respect, research into gasotransmitters (hydrogen
sulphide, carbon monoxide, and nitric oxide) has currently been intensified. The objectives of the present
study were to localize nitric oxide synthases (NOS) and to evaluate NOS inhibition of aged porcine oocytes.
We demonstrated the presence of NOS isoforms in oocyte cultivation prolonged by 24, 48, and 72 h. After
72 h of prolonged cultivation, NOS inhibition by the non-specific inhibitor L-NAME or the specific inhibitor
aminoguanidine caused suppression both of programmed cell death and lysis. Although NOS amount rapidly
decreased after the 72-h cultivation, changes induced by NOS inhibition were statistically significant. We can
presume that NOS play an important physiological role in porcine oocyte ageing.

Keywords: nitric oxide; L-NAME; aminoguanidine; oocyte ageing; pig

Fully grown oocytes undergo meiotic resumption
during mammal oogenesis. Meiotic maturation
starts with germinal vesicle breakdown, passing
through metaphase I, anaphase I, and telophase I to
metaphase II (Motlik and Fulka, 1986; Wassarman,
1988). After reaching metaphase II (MII), oocytes
are spontaneously arrested until fertilization and
activation (Yanagimachi, 1988). Reproductive
biotechnologies use MII oocytes matured in vitro
conditions for in vitro fertilization, transgenesis
or nuclear transfer cloning.

Sufficient numbers of high-quality MII oocytes
are necessary for successful use in biotechnology.
To meet this requirement, MII oocytes exposed to
prolonged cultivation are frequently used. During

prolonged cultivation, oocytes exhibit a series of
complex changes called ageing (Petrovd et al., 2004,
2009). Ageing is based on biochemical changes of
key factor activities as well as on damage to the
ultrastructural cytoskeleton and various organels
(Kikuchi et al., 2000; Suzuki et al., 2002). These
changes result in the following morphological
manifestations: spontaneous parthenogenetic
activation, programmed cell death (apoptosis,
fragmentation), and lysis (Petrovd et al., 2004;
Miao et al., 2009).

Research into biochemical and structural changes
during oocyte prolonged cultivation in order to
postpone the onset of undesirable changes in aged
oocytes is needed. Various substances were tested

Supported by the Ministry of Agriculture of the Czech Republic (Project No. QI101A166) and by the Internal Grant
Agency of the Czech University of Life Sciences Prague (CIGA)(Projects No. 21230/1313/3111, No. 21230/1313/3113,

and No. 21230/1313/3120).
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to suppress the ageing, such as dithiotreitol (Tarin
et al.,, 1998), caffeine (Kikuchi et al., 2000), growth
factors (Petrova et al., 2005), or trichostatin (JeSeta
et al,, 2008). Recently, the role of gasotransmitters
(hydrogen sulphide (H,S), carbon monoxide (CO),
and nitric oxide (NO)) in the reproductive system
has been observed (e.g. Smelcovd and Tichovsks,
2011). The gastrotransmitters are expected to affect
the ageing process.

As concerns NO, its function as a cell messenger
has been examined in the cardiovascular system
(G6mez-Fernandez et al., 2004), nerve tissues
(Muramatsu et al., 2000), and in reproductive
processes, particularly in folliculogenesis, meiotic
maturation, and ovulation (Jablonka-Shariff and
Olson, 1998, 2000). NO is necessary for germinal
vesicle breakdown and metaphase I to metaphase II
transition (Chmelikova et al., 2010). Moreover,
NOS inhibition supresses cumulus expansion
of sheep oocytes (Amale et al., 2011). The role
of NO in oocyte activation and early embryonic
development of fertilized or parthenogenetically
activated oocytes was also studied (Goud et al.,
2008; Krejcova et al., 2009). Although not essen-
tial for mouse oocyte fertilization (Hyslop et al.,
2001), NO is able to activate the oocytes of pigs
and amphibians (Petr et al., 2005, 2010; Jeseta et
al., 2012), presumably throughout cGMP and PKG
signalling pathways (Petr et al., 2006).

In vivo NO production is carried out by nitric
oxide synthase (NOS), an enzyme catalyzing L-argi-
nine conversion to citrulin and NO (Kwon et al.,
1990; Lamas et al., 1992). NOS exists in three
isoforms: endothelial (eNOS), neuronal (nNOS),
and inducible (iNOS). Whereas eNOS and nNOS
are Ca?*-dependent and produce a small amount
of NO in a short time (Bredt et al., 1991; Lamas et
al., 1992), iNOS is Ca2+-independent and steadily
generates 100 to 1000 times higher levels of NO
for hours at a time (Nathan, 1992; Xie et al., 1992).
All of the three NOS isoforms and NOS mRNA
were detected in mammal oocytes and cumulus
cells (Van Voorhis et al., 1995; Hattori et al., 2000).

The role of NOS and NO in physiological
processes has been studied by various methods
including genetic knock-out (Jablonka-Shariff
and Olson, 1998) and NOS inhibitor use (Goud et
al., 2008). For NOS inhibition in oocytes, a non-
specific inhibitor, N®~nitro-L-arginine methylester
(L-NAME) (Abavisani et al., 2011) or a specific
iNOS inhibitor (aminoguanidine) were used
(Chmelikova et al., 2010).
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The involvement of NO in programmed cell death
of neurons was demonstrated by Kang et al. (2004).
Moreover, the influence of NOS was described
in early embryonic development (Saugandhika
et al., 2010). The NOS isoforms effects could be
expected in the case of prolonged mammal oocyte
cultivation, too.

The present study has two objectives: (1) to
demonstrate the presence of NOS isoforms in
aged porcine oocytes and describe their dynamics
during prolonged cultivation and (2) to evaluate
NOS inhibition influence on ageing processes
after 72 h of prolonged cultivation.

MATERIAL AND METHODS

Isolation and cultivation of porcine oocytes

Porcine ovaries were obtained from non-cycling
gilts at a slaughterhouse. Ovaries were transported
to the laboratory in a saline solution (0.9% NaCl) at
39°C. Oocytes were collected from ovarian follicles
(2-5 mm) with a 20-gauge aspirating needle. Only
fully grown oocytes with intact cytoplasm and
compact cumuli were used in further experiments.

The oocytes were maturating in a modified M199
medium (Sigma-Aldrich, St. Louis, USA) containing
sodium bicarbonate (32.5mM), calcium L-lactate
(2.75mM), gentamicin (0.025 mg/ml), HEPES
(6.3mM), 13.5 IU eCG: 6.6 IU hCG/ml (P.G. 600)
(Intervet International B.V., Boxmeer, the Netherlands)
and 10% (v/v) foetal calf serum (GibcoBRL) (Life
Technologies, Darmstadt, Germany). The oocytes
were getting matured in 3.5 cm Petri dishes (Nunc,
Roskilde, Denmark) containing 3.0 ml of culture
medium at 39°C in a mixture of 5.0% CO, in air.

After in vitro maturation, the cumuli were removed
by pipetting through a narrow glass capillary.
The denuded oocytes were exposed to prolonged
cultivation for 24, 48, and 72 h, and under the same
conditions as by the oocyte maturation.

NOS subcellular localization in oocytes
after prolonged cultivation

The zonae pellucidae of oocytes cultured for
24, 48 or 72 h were removed by a 0.1% (w/v) pro-
nase treatment (Sigma-Aldrich). The oocytes were
then washed three times in 0.01M phosphate-buff-
ered saline (PBS) with 0.1% bovine serum albumin
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(BSA), and fixed in 2.5% (w/v) paraformaldehyde
in PBS for 1 h. After treatment in PBS — 0.5%
BSA - 0.5% Triton X-100 (Sigma-Aldrich) for
2 h, the oocytes were incubated overnight at 4°C
with mouse polyclonal anti-eNOS, anti-nNOS
or anti-iNOS (1 : 100; Sigma-Aldrich) diluted in
PBS — 0.1% BSA — 0.1% Tween 20 (Sigma-Aldrich).
After being washed in PBS — 0.1% Tween 20, the
oocytes were incubated at room temperature for
60 min with fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse IgG (1 : 100; Sigma-
Aldrich). Chromatin was stained with 0.5% (w/v)
Hoechst 33258 (Sigma-Aldrich). The oocytes were
mounted on slides with a SlowFade antifade kit
(Invitrogen, Carlsbad, USA) used according to
protocol. Images were obtained using a laser scan-
ning confocal microscope Leica TCP SPE (Leica
Microsystems, Wetzlar, Germany), and signal
intensity was measured through imaging analysis
by NIS Elements 3.00 (Laboratory Imaging s.r.o.,
Prague, Czech Republic). Measured values were
related to MII oocytes and expressed relatively.

NOS inhibition during prolonged oocyte
cultivation

In vitro matured and denuded oocytes were for
24, 48 and 72 h exposed to prolonged cultivation
with a non-specific inhibitor, namely N® —nitro-
L-arginine methylester L-NAME (2.5mM, 5mM,
7.5mM, 10mM; Sigma-Aldrich), or with a specific
iNOS inhibitor, namely aminoguanidine (2.5mM,
5mM, 7.5mM, 10mM; Sigma-Aldrich). The oocytes
were later mounted on slides and fixed in acetic
alcohol (1: 3, v/v) for 48 h. Morphological changes
of oocytes were observed after staining with 1.0%
orcein under a phase contrast light microscope.
The oocites were classified into four groups: in-
tact MII oocytes, parthenogenetically activated,
fragmented (apoptotic), and lytic oocytes.

Statistical analysis

All the experiments were repeated four times
and subjected to statistical analysis using SAS
software (Statistical Analysis System, Version
9.0, 2008). The differences of signal intensity and
percentages of morphological stages between the
experimental groups and control were evaluated
by the Analysis of Variance (Sheffé’s test) and the

non-parametric F-test, respectively. P-value of less
than 0.05 was considered statistically significant.

RESULTS

Subcellular localization of NOS isoforms
in aged oocytes

The aim of the experiment was to localize and
quantify NOS isoforms in porcine oocytes during
prolonged in vitro cultivation.

All three NOS isoforms were localized in matured
and aged oocytes after 24, 48, and 72 h of prolonged
cultivation (Figure 1). There were subcellular locali-
zation differences between the individual isoforms.
Endothelial NOS frequently occurred in small cy-
toplasmic foci in aged oocytes. Neuronal NOS was
observed close by the cytoplasmic membrane and
parthenote pronucleus. Inducible NOS was detected
especially near the cytoplasmic membrane.

Isoform dynamics during prolonged cultivation
was analyzed. After 24 h of prolonged cultivation
the signal intensity of nNOS and iNOS decreased
by 63 and 88%, respectively, while after 48 and 72 h
the signal intensity was invariable. In the case of
eNOS, the signal intensity decrease after 24 h was
not statistically significant; its dramatic decrease
came after 72 h of prolonged cultivation (Table 1).

NOS inhibition during oocytes prolonged
cultivation

The aim of the second experiment was to evaluate
the influence of NOS inhibitors on oocytes aged
for 72 h. The non-selective inhibitor L-NAME

Table 1. Signal intensity of nitric oxide synthases (NOS)
in porcine oocytes during prolonged cultivation

MII 24h 48 h 72 h
eNOS 1+0.32° 0.79+0.19° 0.76 = 0.13* 0.50 + 0.21°
nNOS 1+0.17° 0.37 +0.04°> 0.36 + 0.02® 0.34 + 0.03°
iNOS  140.22* 0.12+0.04° 0.15 +0.04> 0.10 + 0.02°

eNOS = endothelial isoform, nNOS = neuronal isoform,
iNOS = inducible isoform

signal intensity is related to metaphase II (MII) oocytes; sta-
tistically significant differences during prolonged cultivation
for the same isoform (i.e. within the rows) are indicated by

different superscripts (P < 0.05)
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NOS

Figure 1. Subcellular localization and distribution of nitric oxide synthase (NOS) isoforms in MII and aged porcine
oocytes. Oocytes were stained with mouse anti-eNOS, anti-nNOS or anti-iNOS and anti-mouse IgG-FITC. DNA

was stained with Hoechst 33258. Magnification 400x

MII = matured MII oocytes without prolonged cultivation, 24 h, 48 h, 72 h = hours of prolonged cultivation, C = control

oocytes exposed only to anti-mouse IgG

and selective inhibitor aminoguanidin were used.
Morphological changes in oocytes ageing for 72 h
under NOS inhibition were evaluated.

Both inhibitors suppressed cell death (apopto-
sis and lysis) in a dose-dependent manner. After
72 h of prolonged cultivation in 10mM L-NAME
and 10mM aminoguanidin, only 1 and 8% of aged
oocytes, respectively, succumbed to cell death.
On the contrary, more oocytes remained intact
or parthenogenetically activated (Figure 2). The
highest rate of intact MII oocytes was observed
in the culture of 10mM L-NAME.

DISCUSSION

In the study, the presence of all three NOS iso-
forms (eNOS, nNOS, iNOS) and their role in ageing
porcine oocytes in vitro was demonstrated. The
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NOS isoforms occurred in matured and ageing
oocytes. According to Hattori et al. (2000), mRNA
NOS is present in matured mammal oocytes.

Although mRNA NOS and NOS are detected
during oocyte growth and meiotic maturation in
mice (Jablonka-Sharif and Olson, 1997; Abe et
al., 1999), cattle (Tesfaye et al., 2006), and pigs
(Chmelikovad et al., 2010), NOS de novo proteo-
synthesis (according to the mRNA pattern) or the
persistence of proteins synthesized in earlier oogen-
esis stages is uncertain in aged oocytes. However,
significant NOS isoform relocalizations observed
during oocyte ageing indicate the important role
this enzyme plays in the ageing process.

The foci of eNOS were localized in the cytoplasm
of aged oocytes. The findings are in agreement with
eNOS localization in maturing porcine oocytes
(Chmelikova et al., 2010). The fact that nNOS and
iNOS are enclosed by the cytoplasmic membrane
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Figure 2. Influence of (a) L-NAME and (b) aminoguanidine on porcine oocytes aged for 72 h

MII = intact MII oocytes, PA = parthenogenetic activation, F = fragmentation, L = lysis

bars with different superscripts indicate significant differences between the ratios of aged oocyte stages (P < 0.05)

could be due to the known affinity of the actin
cytoskeleton component for these two isoforms
(Brophy et al., 2000; Zeng and Morrison, 2001).
In spontaneously parthenogenetically activated
oocytes, nNOS occurred mainly in the pronucleus.
The nNOS localization in the cell nucleus is also
known in somatic cells, and it is associated with
transcription regulation (Yuan et al., 2004). For
the genome reactivation of porcine embryos oc-
curring in later embryonic development, nNOS
localization may be either a form of parthenoge-
netic zygote preparation for embryonic genome
reactivation or a reflection of early transcription
of the same genes prior to complete genome re-
activation (Latham and Schultz, 2001; Barnetova
et al., 2012).

The signal intensity decrease of NOS isoforms
in aged porcine oocytes was observed. After 24 h
of prolonged cultivation, nNOS and iNOS levels
decreased drastically. The decrease in eNOS level
was less abrupt, and significant differences were
determined after 72 h of prolonged cultivation.
The reason for the various rates of isoform de-
crease is uncertain. Due to the fact that nNOS
and iNOS levels in oocytes were relatively low
and eNOS indicated a higher-intensity signal, the
differences in the signal decrease rate may have
resulted from diverse levels of specific isoforms
(Kim et al., 2005; Chmelikova et al., 2010). Ac-
cordingly, detectable iNOS and nNOS signals in
oocytes have yet to be observed (Kim et al., 2005;
Hattori and Tabata, 2006). Moreover, the different
localizations of NOS isoforms in oocytes and/or
the effects of other substances with the ability to

influence the half-life of NOS can play important
roles in oocyte ageing (Ramet et al., 2003).

NOS isoforms play an essential part in meiotic
maturation (Tao et al., 2005; Chmelikova et al.,
2010). Our experiments highlight the role of NOS
during prolonged cultivation of porcine oocytes.
The ageing process is influenced by inhibitors,
L-NAME, and the utilization of aminoguanidin.
After 72 h of prolonged cultivation, most of aged
oocytes remained either intact in MII phase or
parthenogenetically activated. Presumably, the
effect of NOS inhibition consisted in programmed
cell death and lysis suppression. A similar impact
was described for aminoguanidine in pancreatic
B-cells of the islets of Langerhans (Corbett and
McDaniel, 1996). Therefore, the higher percentage
of parthenotes was not a result of NOS inhibi-
tion and NO absence, but rather of apoptosis or
lysis inhibition. Conversely, recent studies have
established the activation ability of NO donors
(Petr et al., 2010).

Futher experiments are necessary to elucidate the
physiological effects of NOS and to better under-
stand the roles of NO in oocytes and somatic cells.

CONCLUSION

All three NOS isoforms are present in aged
porcine oocytes, although their levels decrease
during prolonged cultivation. NOS has the potential
to play a role in physiological functions of porcine
oocytes during in vitro ageing. Further experiments
are necessary to definitely confirm this role.
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