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1. WSTEP

Kura domowa (i jej zarodek) uwazana jest w biologii do$§wiadczalnej jako jeden
z organizméw modelowych. Ewolucyjnie jest tacznikiem pomiedzy kregowcami, a ssakami.
Kury/ptaki wykorzystuje si¢ w badaniach z zakresu biologii rozwoju, embriologii,
farmakologii, immunologii, medycyny regeneracyjnej, reprodukcji czy epigenetyki. Model
kurzy ma sporo zalet ekonomicznych i biologicznych. Jest stosunkowo tani (zakup jak
1 utrzymanie), zarodek kury szybko si¢ rozwija (21 dni do wyklucia), jest dostatecznie duzy
1 zblizony anatomicznie do embrionu ludzkiego (Bednarczyk i in., 2021). Ponadto, jest fatwo
dostepny, mozliwy do hodowli w warunkach laboratoryjnych, a przede wszystkim umozliwia
izolacje roznorodnych tkanek i komoérek we wezesnych stadiach rozwojowych. Interesujace
sa zwlaszcza pierwotne komorki piciowe (ang. Primordial Germ Cells - PGCs). PGCs sa
prekursorami komorek rozrodczych oraz embrionalnych komoérek macierzystych ptasiego
zarodka, sa wyjatkowe, poniewaz jako jedyne sa zdolne do przekazywania z pokolenia na
pokolenie informacji zapisanej w materiale genetycznym. U ptakéw komorki te mozna
zidentyfikowa¢ juz podczas wczesnego rozwoju embrionalnego tj. po ok 18 godzinach
inkubacji. Powstaja z epiblastu i réznicujg si¢ podczas formowania si¢ zarodka (Ginsburg
1 Eyal-Giladi, 1987). W X stadium rozwoju zlokalizowane sa w centralnej czgsci pola jasnego
(Eyal-Giladi i Kohav, 1976). Wraz ze wzrostem przemieszczajg si¢ z tylnej czesci hipoblastu
do przedniej, a nastgpnie do tzw. potksiezyca zarodkowego, gdzie ich liczba ulega
zwigkszeniu (Simkiss, 1994; Tagami i Kagami, 1998). Nastepnie, wraz z rozwojem naczyn
krwiono$nych zaczynaja krazy¢ w krwiobiegu (Fujimoto i in., 1976), by docelowo dotrze¢
do zawigzkow gonad. Tam namnazaja si¢ i zaczynaja si¢ réznicowaé¢ w zenskie i meskie
komorki rozrodcze (Chojnacka-Puchta i in., 2012).

PGCs sa duze, jadrzaste 1 zwykle okraglte, a ich wyrazny zarys 1 dobrze odgraniczone
jadro odrdzniajg je od komoérek somatycznych. Wedtug Swifta (1914) ich $rednica waha si¢
od 15 pm do 22 um w zarodku pisklecia, cho¢ czgsto nie przekracza 18 pm. Potwierdza to
Nakajima 1 in. (2011), opisujac komorki o $rednicy 14 — 19 pum. Jadro jest kuliste, utozone
centralnie 1 wyraznie otoczone btong. Swift (1914) stwierdzil, ze ma ono $rednice od 8 do
10 um zanim komorki rozrodcze opuszcza potksiezyc rozrodezy, a nastepnie od 10 do 12 um
po opuszczeniu ksiezyca. Jadro to zawiera proporcjonalnie mniej chromatyny niz jadro
komorki somatycznej. PGCs posiadajg w swojej budowie réwniez bardzo dobrze rozwinigty
aparat QGolgiego oraz retikulum endoplazmatyczne (Fujimoto 1 1in., 1976). Cecha
charakterystyczng jest obecno$¢ w cytoplazmie licznych ziarnisto$ci substancji zapasowych
oraz lipidow (Zhao 1 Kuwana, 2003).

Do ich identyfikacji, poza cechami morfologicznymi, wykorzystuje si¢ barwienie
histochemiczne PAS — Periodic Acid Shiff. Wybarwia ono glikogen na kolor purpurowy
(Meyer,1960). Barwienie to jednak nie jest przyzyciowe, co nie pozwala na dalsze
wykorzystanie barwionych komorek. Innym rodzajem identyfikacji komorek sa markery
immunohistochemiczne takie jak przeciwciata SSEA-1 (Stage-Specific Embryonic Antigen-
1), EMA-1 (Embryonic Mouse Antigen-1) (Karagenc 1 in., 1996), ktére rozpoznajg antygeny
glikoproteinowe na powierzchni komoérek (Nakamura i in., 2007) oraz CVH (ang. Chicken
Vasa Homolog — kurczgcy homolog genu vasa) wykazujacy ekspresj¢ charakterystyczng dla
komorek ptciowych (Tsunekawa i in., 2000; Bernardo i in., 2012; Nakamura i in., 2013).
Oprécz wyzej wymienionych markeréw zespot Junga 1 in., (2005) zaproponowatl metode
podwojnego barwienia PGCs z uzyciem przeciwciat dla SSEA-3, SSEA-4, integryn a6 i 1
oraz lektyn STA (Solanum Tuberosum Aglutinin) 1 DBA (Dolichos Biflorus Agglutinin). Sg
to skuteczne metody, jednak bardzo kosztowne i wymagajace duzego doswiadczenia w pracy
laboratoryjnej oraz analizie uzyskanych wynikéw. Nalezy ponadto podkresli¢, ze wymienione



metody identyfikacji PGCs nie zapewniaja ich przezywalnosci, uszczuplaja wigc ich
niewielka dostepna pule.

PGCs kury sg komodrkami pluripotentnymi, czyli mogg réznicowac si¢ do wielu rodzajow
komorek, a ich wlasciwosci ulegajg zmianie. Posiadaja réwniez zdolno$¢ regeneracji -
samoodnawiania si¢ (Wu i in., 2008). PGCs to nowe i wazne narzedzie w badaniach
epigenetycznych (Dunistawska 1 in., 2020; 2021) oraz nad reprodukcija kregowcoéw. Jednak,
badania in vivo podczas migracji PGCs byly rzadko podejmowane, ze wzgledu na
ograniczong liczbe¢ komodrek. Tymczasem takie podejscie metodyczne umozliwia zrozumienie
podstawowych procesoOw dotyczacych przeprogramowania epigenetycznego, pluripotencji
1 migdzypokoleniowego dziedziczenia epigenetycznego (Bednarczyk i in., 2021).

Migracja komorek odgrywa wazna role w wielu zréznicowanych procesach
biologicznych. W biologii rozwoju, identyfikacja mechanizméw migracji komorek jest
niezbedna do zrozumienia podstaw roznicowania si¢ tkanek (Blackburn i Manley, 2004;
Mammoto 1 Ingber, 2010; Herriges 1 Morrisey, 2014). Specyficzny system przemieszczania
si¢ kurzych/ptasich PGCs pozwala na ich izolacj¢ na réznych etapach rozwoju.

Mozna je izolowa¢ z blastodermy jednak ich ilo$¢ jest znikoma. Badania Petiite 1 in.
(1990) sugeruja pobranie komodrek z krwi zarodkéw znajdujacych si¢ w stadium 13-17 (wg
tabeli rozwoju embrionalnego opisanej przez V. Hamburgera i H. L. Hamiltona w 1951),
a nastepnie koncentracje tych komoérek poprzez wirowanie krwi w gradiencie Ficollu.
Z przytoczonej pracy wynika, ze komorek krwi w stadiach 13-17 HH jest stosunkowo
niewiele, a sami autorzy nie maja przekonania, z ktérego stadium nalezatoby je pobiera¢ aby
ich koncentracja byta najwieksza.

Pierwotne komorki piciowe, jako zdolne do przekazywania informacji genetycznej
pomiedzy pokoleniami, moga by¢ teoretycznie wykorzystane do ratowania zagrozonych
gatunkéw. Ochrona genetyczna ptakow opiera si¢ gldéwnie o technike in situ czyli
utrzymywaniu zywych kolekcji ptakow. Jest do$¢ kosztowna metoda oraz niesie ze sobag
ryzyko utraty zmiennosci genetycznej, chordb zakaznych czy katastrof ekologicznych, stad
ochrona ta powinna by¢ rowniez wspierana strategia ex situ. Do tej strategii zalicza si¢
kriokonserwacje komorek, gamet czy embrionow w celu pozniejszego ich wykorzystania do
odtworzenia gatunku (Molnar 1 in., 2019). Ochrona zagrozonych ras ptakow wymaga
zachowania catego genotypu zwierzgcia. Oocyty 1 zygoty ptakow sg bardzo bogate w lipidy,
co utrudnia ich kriokonserwacj¢. Z tego powodu ochrona ptasich zasobow genetycznych
opiera si¢ zasadniczo na kriokonserwacji nasienia. Odtworzenie genotypu w oparciu
o informacj¢ zawarta w nasieniu nie jest jednak optymalne, poniewaz wymaga wielu
kolejnych pokolen inseminacji w celu przywrdcenia genotypu rasy i nie zachowuje tej czesci
informacji genetycznej zawartej w chromosomie W, specyficznym dla samicy ptaka.
W zwigzku z tym istnieje potrzeba opracowania nowych technologii reprodukcyjnych,
z wykorzystaniem wydajnego systemu hodowli in vitro 1 dalszej manipulacji PGCs, ktore
umozliwig pozyskiwanie, rozmnazanie i konserwacj¢ ptasich komorek rozrodczych (Soler,
2012).

Totez podstawowym, praktycznym celem przedstawionego cyklu publikacji byto
zaproponowanie kompleksowego systemu umozliwiajacego pozyskanie dostatecznej liczby
funkcjonalnych PGCs poprzez optymalizacje sposobu pobrania komodrek oraz stadium,
z ktorego beda pobierane komorki jak 1 skuteczne przeprowadzenie hodowli w celu
zwigkszenia ich ilo$ci.



2. WYKAZ ARTYKULOW NAUKOWYCH STANOWIACYCH CYKL
PUBLIKACJI ROZPRAWY DOKTORSKIEJ

1. Szczerba A., Kuwana T., Bednarczyk M. Concentration and total number of circulating
primordial germ cells in Green-legged Partridgelike chicken embryos, Poultry Science
(Elsevier), 2021, 100, 1, 319-324 DOI - https://doi.org/10.1016/].psj.2020.08.016, pkt.
MNIiSW — 140 , Impact Factor - 2.659

2. Szczerba A., Kuwana T., Paradowska M., Bednarczyk M. In Vitro Culture of Chicken
Circulating and Gonadal Primordial Germ Cells on a Somatic Feeder Layer of Avian
Origin, Animals (MDPI), 2020, 10, 1769, DOI - https://doi.org/10.3390/ani10101769, pkt.
MNiSW — 100 , Impact Factor - 2.323

Podsumowanie wskaznikow cyklu publikacji:

Sumaryczna liczba punktow MNiSW = 240 pkt.

Sumaryczny Impact Factor = 4,982

Uzupetlieniem w/w publikacji jest zgloszenie patentowe (P.434242): Szczerba A., Kuwana

T., Bednarczyk M. ,, Sposob identyfikacji zywych, ptasich pierwotnych komorek ptciowych”.



3. UZASADNIENIE SPOJNOSCI TEMATYCZNEJ CYKLU
PUBLIKACJI ROZPRAWY DOKTORSKIEJ

Problematyka badawcza niniejszej rozprawy doktorskiej dotyczy kury domowej jako
przedstawiciela ptakoOw, uznawanej za organizm modelowy w szeroko pojetych badaniach
biologicznych i medycznych. Zwlaszcza embriony kurze majg kilka zalet w poréwnaniu
z ssakami, co czyni je znaczacym organizmami modelowymi w ogoble, a w szczegolnosci
w badaniach podstawowych 1 aplikacyjnych, z wykorzystaniem pierwotnych komorek
plciowych. Po uformowaniu si¢ krazenia naczyniowego, komorki te kragzag w krwiobiegu,
migrujac §rodmigzszowo do zawigzkow gonad, gdzie gromadzg si¢ jako gonadalne komorki
rozrodcze 1 roznicujg si¢ w spermatocyty u samcow lub w oocyty u samic. To specyficzne
stadium rozwojowe zarodka kurzego umozliwia relatywnie tatwa izolacje¢ PGCs z krwi i/lub
z gonad wyjatkowych komorek, zdolnych do przekazywania z pokolenia na pokolenie
informacji zapisanej w materiale genetycznym. Jednak wykorzystanie tych wlasciwosci PGCs
w badaniach, m.in., nad opracowaniem nowych technologii reprodukcyjnych, ktore
umozliwig pozyskiwanie, rozmnazanie i bio-konserwacje komodrek rozrodczych ptakéw lub
w analizie zmiennos$ci 1 dziedziczenia kodu epigenetycznego komodrek poprzez kolejne
generacje jest obecnie ograniczone. Wynika ono przede wszystkim ze stosunkowo niewielkiej
liczby funkcjonalnych PGCs, mozliwych do uzyskania w procesie ich rutynowej identyfikacji
1 izolacji.

Wobec powyzszego podjeto wyzwanie polegajace na okresleniu optymalnego czasu
poboru tych komorek (publikacja 1 w wykazie), tatwej, praktycznej i przyzyciowej techniki
ich identyfikacji oraz opracowaniu systemu ich proliferacji in vitro, ktdry imituje normalne
fizjologiczne srodowisko obu typow; migrujacych oraz gonadalnych (PGCs) (publikacja 2
w wykazie), w celu zwigkszenia ich dostgpnosci. Oba doswiadczenia pozwolity
zweryfikowac postawiong hipoteze oraz poglebi¢ dotychczasowg wiedzg dotyczaca biologii
pierwotnych komorek piciowych kury.

10



3.1. WYKAZ SKROTOW, SYMBOLI I JEDNOSTEK

bFGF- basic Fibroblast Growth Factor — podstawowy czynnik wzrostu fibroblastow

BRL - Buffalo Rat Liver cells - komorki watroby szczura bawolego

cES - chicken Embryonic Stem — kurze komorki macierzyste

¢PGCs — circulating Primordial Germ Cells — migrujace pierwotne komorki ptciowe

CS - chicken serum — serum kurze

CVH - Chicken Vasa Homolog — kurczecy homolog do genu vasa

EMA-1 - Embryonic Mouse Antigen-1- mysie embrionalne przeciwciato

FGF — Fibroblast Growth Factor — czynnik wzrostu fibroblastow

GGCs — Gonadal Germ Cells — gonadalne komorki ptciowe

gPGCs — gonadal Primordial Germ Cells — gonadalne pierwotne komorki ptciowe

HH - etap rozwoju embrionalnego pisklat wg tabeli opracowanej przez Viktora Hamburgera
i Howarda L. Hamilltona

KOSR - Knockout Serum Replacement — zamiennik surowicy stosowany w hodowlach
komoérkowych

LIF - Leukaemia Inhibitory Factor — czynnik hamujacy biataczke

lektyna STA - Solanum Tuberosum Aglutinin i DBA - Dolichos Biflorus Aglutinin - biatka
lub glikoproteiny wigzace weglowodany

PAS — Periodic Acid Shiff- barwienie histochemiczne wykorzystujace m in. kwas nadjodowy
oraz fuksyne do wybarwienia glikogenu

PBS — Phosphate-buffered saline — sdl fizjologiczna buforowana fosforanem

PGC:s - Primodial Germ Cells — pierwotne komorki plciowe

SCF - Stem Cell Factor — czynnik komorek macierzystych

SSEA-1 — Stage Specific Embryonic Antigen-1 - specyficzny dla stadium antygen
embrionalny-1, znany réwniez jako CD15

SSEA-3 - specyficzny dla stadium antygen embrionalny-3

SSEA-4- specyficzny dla stadium antygen embrionalny-4

STO — mysia odzywcza linia komérkowa

Zk - Zielonondzka kuropatwiana

11



3.2. HIPOTEZA BADAWCZA, CEL I ZAKRES BADAN

Sformulowano nast¢pujaca hipoteze badawcza: manipulacje in vivo oraz/lub in vitro
wplywaja na zwiekszenie dostepnosci pierwotnych komorek plciowych ptakow.

Poddajac weryfikacji powyzsza hipotez¢ podj¢to badania, ktorych celem byta hodowla
komoérkowa PGCs oraz ocena wilasciwosci funkcjonalnych, proliferowanych komorek. Aby
byto to mozliwe wyznaczono cele szczegoétowe, takie jak:

= okreslenie rzeczywistej liczby krazacych w systemie krwionosnym PGCs mozliwych
do izolacji, w zaleznosci od stadium rozwojowego zarodka (publikacja 1 w wykazie),

= opracowanie tatwej, praktycznej i przyzyciowej techniki identyfikacji PGCs,

* hodowla in vitro PGCs izolowanych z roznych zrédet oraz ocena wiasciwosci
(publikacja 2 w wykazie oraz zgloszenie patentowe).
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3.3. MATERIAL I METODY BADAN

W badaniach opisanych w artykule pt.:” Concentration and total number of circulating
primordial germcells in Green-legged Partridgelike chicken embryos” wykorzystano
zaptodnione jaja od rodzimych kur Zielononozki kuropatwianej. Jaja inkubowano
w temperaturze 37,8°C przez 48-54 godziny w celu uzyskania stadium 13-16 HH. Pobrano
komorki krwi od zarodkéw-dawcow, ktore zostaly poddane barwieniu z uzyciem barwnika
PKH26. Barwienie to powoduje wyznakowanie btony komodrkowej czerwonym
fluorochromem, ktory potrafi si¢ utrzymywac¢ nawet do 100 dni. Po wybarwieniu, komorki
krwi zostaty wprowadzone przy pomocy mikrokapilary do krwiobiegu zarodkow-biorcow.
Wszystkie zarodki, ktorym wstrzyknieto 1 pl zawiesiny znakowanych komoérek krwi,
inkubowano dalej w 38°C przez 10 minut w celu utrzymania krazenia krwi. Zarodki,
u ktorych zaobserwowano krwotok, zostaly usunigte. Po uptywie okreslonego czasu pobrano
1 pl krwi od zarodkéw biorcow w celu policzenia wybarwionych komorek, a tym samym
przeliczenia wszystkich pierwotnych komorek plciowych znajdujacych sie w krwiobiegu
w okreslonym stadium.

W dos$wiadczeniu opisanym w artykule pt.: ,,In Vitro Culture of Chicken Circulating and
Gonadal Primordial Germ Cells on a Somatic Feeder Layer of Avian Origin” wykorzystano
zaptodnione jaja kur mieszancow Ross 308. Jaja inkubowano w temperaturze 38°C przez 72
godziny. Z zarodkdéw znajdujacych si¢ w 18 stadium HH odci¢to fragment zarodka
znajdujacy si¢ ponizej tetnicy witelinowej. Wyizolowane tkanki poddano trypsynizacji w celu
rozproszenia komorek. Nastepnie przygotowane komorki wysiano do dotkéw na 48-dotkowe;j
ptytce hodowlanej uprzednio pokrytej kolagenem. Hodowle¢ utrzymywano w 37,8°C,
a medium zmieniano co 2-3 dni. Po pasazu komorki umieszczono w butelce hodowlanej. Po
ustabilizowaniu hodowli zastosowano Mitomycyng¢ C aby zaprzesta¢ dalszej proliferacji
fibroblastow. W kolejnym etapie pobrano krew od inkubowanych przez 53 godziny zarodkéw
znajdujacych si¢ w stadium 14-15 HH oraz region gonadalny od zarodkéw w stadium 17-18
HH. Z pobranych tkanek przygotowano zawiesiny komorek (cPGCs - circulating PGCs oraz
gPGCs — gonadal PGCs) oraz naloZzono je na 6éwczesnie przygotowane hodowle in vitro
z komorkami odzywczymi - fibroblastami. W ten sposob uzyskano podwojng hodowle cPGCs
na fibroblastach oraz gPGCs na fibroblastach. Co dwa dni zmieniano medium, a po
osiggnieciu konfluencji, pasazowano hodowle.

W celu sprawdzenia zdolno$ci migracyjnych hodowanych pierwotnych komorek
barwiono je fluorochromem PKH26. Nastgpnie wybarwione komorki iniekowano do
embrionow biorcow bedacych w stadium 14-16 HH. Inkubowano jaja przez kolejne 5-6 dni,
po czym wyizolowano gonady zarodkéw biorcow 1 badano je pod mikroskopem
fluorescencyjnym. Obecnos¢ §wiecacych komorek w gonadach biorcow byta dowodem, iz
hodowane in vitro pierwotne komorki plciowe zachowuja swoje zdolnosci migracyjne z krwi
do gonad.
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3.4. WYNIKI

W prezentowanych badaniach obliczono catkowita objetos¢ krwi zarodkowej na
podstawie liczby komoérek PKH26-dodatnich na kazdym ocenianym etapie embriogenezy. Na
podstawie uzyskanych wynikow obliczono rowniez catkowitg liczbe¢ ¢cPGC w 1 ml krwi
embrionalnej na kazdym etapie rozwoju. Stwierdzono, ze $rednia objetos¢ krwi wynosi 8.1,
20.8, 11.4 1 17.5 pl odpowiednio w etapach 13, 14, 151 16 HH. Liczba PGCs w 1 ul krwi
zarodkowej (stezenie cPGCs) oznaczano na etapach 13 do 16 HH. Maksymalne st¢zenie
cPGCs na 1 pl krwi zarodkowej obserwowano w stadium 14 HH (18,6 PGCs / ul). Catkowitg
liczbe cPGC we krwi embrionalnej w kazdym stadium embrionalnym obliczono na podstawie
liczby obecnych PGCs przez pl. Najwyzszg liczbe cPGC w catym krwiobiegu embrionalnym
uzyskano na etapie 14 HH (386,3 PGCs / pl).

Opracowano nowa, szybka i1 przyzyciowa metode identyfikacji PGCs. Zastosowanie
ciemnego pola oraz dodatkowego zrddla §wiatta podczas obserwacji komorek przy uzyciu
mikroskopu odwroconego z kontrastem fazowym pozwala na tatwe rozroéznienie pierwotnych
komorek ptciowych od pozostalych komoérek somatycznych. PGCs sg widoczne jako jasne
komorki kontrastujace z otaczajacymi ja ciemnymi komoérkami innego typu. Szczegodty
metody identyfikacji PGCs opisano w zgloszeniu patentowym o numerze P.434242.

Fot. 1. PGCs widziane po mikroskopem Fot. 2. PGCs widziane po mikroskopem
w $wietle normalnym (pow. 200x) z zastosowaniem ciemnego pola widzenia
zgodnie z P.434242 (pow. 200x)

Hodowle komorkowa prowadzono w kilku réznych wariantach. Pozyskano gonadalne
pierwotne komorki plciowe z 18 stadium HH. Pasazowano komoérki co 4-5 dni. Cechy
morfologiczne pierwotnych komorek ptciowych po 2 tygodniach hodowli nie ulegly zmianie
w poréwnaniu z komérkami $wiezo izolowanymi. Komorki namnazaly si¢ i tworzyly mate
skupiska na warstwie komorek odzywczych. Czas podwojenia ilosci komorek wynosit 84
godziny. Prowadzono réwniez hodowle cPGCs wyizolowanych ze stadium 14-15 HH. Po
izolacji komoérek utrzymywano je w medium hodowlanym przez 7 dni w celu pozbycia si¢
komoérek krwi. Pod mikroskopem obserwowano male skupiska PGCs o cechach
morfologicznych $wiezo izolowanych komodrek. Gonadalne oraz migrujagce pierwotne
komorki ptciowe poddane hodowli zostaty wybarwione PKH26, a nastgpnie iniekowane do
krwiobiegu embrionéw biorcow w stadium 13-16 HH, w celu sprawdzenia zdolnosci
migracyjnych hodowanych in vitro PGCs. Po 5-6 dniach od iniekcji wyizolowano gonady
biorcow 1 sprawdzono je pod mikroskopem fluorescencyjnym. Wykazywaly $wiecenie
podczas obserwacji co wskazuje na zachowanie zdolno$ci migracyjnych hodowanych cPGCs
oraz gPGCs. Zebrane gonady zostaly potraktowane trypsyng w celu rozproszenia komorek.
Obserwujac pojedyncze komorki pod mikroskopem potwierdzono zachowanie cech
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cytologicznych i morfologicznych ¢PGCs oraz gPGCs. Nastgpnie poddano je 7-dniowej
hodowli. Komoérki obserwowano codziennie i zliczano ich liczbe. Komorki gPGCs namnazatly
si¢, ale duzo wolniej, gdyz okres podwojenia wynosit 5 dni. Po 7 dniach utrzymywania
invitro z jednej komoérki otrzymywaliSmy trzy. cPGCs rowniez proliferowaty jednak ich
krotno$¢ byta duzo wyzsza w poréwnaniu do gPGCs. Okres podwojenia wynosit ok. 2 dni.
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3.5. DYSKUSJA

Dotychczasowe poglady dotyczace liczebnosci PGCs w zarodkach i optymalnego
stadium rozwoju umozliwiajacego ich efektywng izolacje byty bardzo zré6znicowane. Chociaz
w wiekszosci wcezesniejszych badan, wykorzystywano popularne, komercyjne mieszance
kurczat, na przyklad Rhode Island Red (Al-Thani i Simkiss, 1991, 1992; Zhao i Kuwana,
2003), White Leghorn (Bernardo i in., 2012), White Rock (Tajima i in., 1999). W przypadku
linii wsobnych lub lokalnych ras o niskiej produkcyjnosci, liczba wszystkich PGCs wydaje
si¢ by¢ nizsza niz w przypadku ras komercyjnych (Kostaman i in., 2013). Wedtug Al-Thani
1 Simkiss (1991), zaptodnione jaja kurczat rasy Rhode Island Red inkubowane w 37,5° C,
najwyzsze stezenie cPGC we krwi embrionalnej wykazaly w stadium 16 HH. Poréwnanie
liczby cPGCs w roznych temperaturach inkubacji (36 1 38° C) wskazywato, iz najwigcej tych
komoérek znajduje si¢ w 15 stadium HH. Tajima i in. (1999) podali, ze stezenie cPGC
u kurczat rasy White Rock byto najwyzsze w stadium 14 HH. Wedlug Bernardo i in. (2012),
migracja PGCs z regionu zarodkowego potksi¢zyca do krwiobiegu embrionalnego zachodzi
w sposob ciagly od stadium 11 HH do 16 HH, a gtowny pik jest obserwowany od etapow 12
HH do 13 HH.

W badaniu wilasnym stwierdzono, ze maksymalne st¢zenie cPGC u Zielononozki
kuropatwianej wynosi 18,6/ul, co jest wartoscig mniejsza niz maksymalne stezenia obu linii
niekomercyjnych (66,9 ul w 14 HH), opisanych przez Tajima i wsp., 1999) oraz linii
wsobnej. (26,8 ul w 14 HH; Zhao i wsp., 2003). Nizsze dane (12,1 ¢cPGC/ul w 14 HH)
przytacza (Kuwana i in., 2006) w odniesieniu do zagrozonych wygini¢gciem rodzimych kur
w Japonii (Kureko Dori).

Nalezy jednak podkresli¢, ze w badaniach wlasnych stezenie cPGCs mierzono
bezposrednio. Calkowite objetosci krwi embrionalnej Zielonon6zki kuropatwianej (Zk)
obliczono na podstawie stezen embrionalnych komorek krwi wybarwionych PKH26, ktore
wstrzyknigto 10 minut przed procedura pobierania krwi do tych samych embrionoéw
w stadiach od 13 do 16 HH. Zarowno stezenie maksymalne, jak 1 maksimum catkowitej
liczby cPGCs zaobserwowano w tym samym etapie rozwoju (stadium 14 HH). Catkowita
liczbe cPGCs w calym zarodku okresla si¢ na podstawie stezenia cPGCs 1 objetosci krwi. Tak
wigc do manipulacji PGCs pochodzacych od Zk zaleca si¢ pobranie ich z zarodkow
znajdujacych si¢ w 14 stadium rozwoju HH, a szacowana liczba komorek obecnych na tym
etapie wynosi okoto 380. Pozniejszy spadek stezenia sugeruje, ze krazace PGCs moga by¢
stopniowo wychwytywane przez sieci naczyn wtosowatych w przysztych obszarach gonad po
stadium 15 HH. Odkrycie to potwierdzaja nasze wczesniejsze badania (Szczerba 1 in., 2019),
ktore wykazatly, ze przeptyw krwi w przyszte regiony gonad odbywa si¢ po stadium 14 HH,
poniewaz w tym stadium nie ma jeszcze funkcjonalnej zyly odplywowej. We wczesnej
potowie stadium 15 HH po lewej stronie gonad szybko rozwija si¢ tylna zyla zoitkowa,
a uktad naczyniowy w okolicy gonad otrzymuje zyle odptywowa. Prezentowane badanie jest
pierwszym doniesieniem, w ktérym metoda bezposrednia, oparta na stezeniach
embrionalnych krwinek wybarwionych PKH26, zmierzono catkowita liczbe krazacych PGCs
u rodzimej, niekomercyjnej rasie kury (Zk), objetej programem zachowania
biordéznorodnosci.

Uzyskane informacje moga przyczyni¢ si¢ miedzy innymi do opracowania nowych
technologii reprodukcyjnych, ktore umozliwig pozyskiwanie, rozmnazanie 1 bio-konserwacje
komorek rozrodczych tej unikalnej rasy kur. Maja one duze znaczenie praktyczne, poniewaz
wczesniejsze badania sugeruja, ze Zk moze by¢ doskonatym modelem dla badan naukowych,
ktorych celem jest na przyktad zrozumienie wzorcoOw dziedziczenia 1 $ciezek interakcji genow
lezacych u podstaw mieszanych fenotypow (Siwek i in., 2013). Uwaza sie¢, ze Zielonondzka
kuropatwiana jest niezwyklym ptasim modelem do badania genetycznego podioza
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odpowiedzi immunologicznych, zwlaszcza biorgc pod uwage potencjalnie podwyzszony
poziom odpornosci u rasy Zk (Siwek 1 in., 2010, 2012; Stawinska i in., 2011), a takze do
badania mozliwo$ci stymulacji uktadu odpornosciowego kurczat (Stawinska i in., 2014).
Badania te sugeruja rowniez, ze zarodki Zk mogg by¢ wykorzystane do realizacji kilku innych
technik biotechnologicznych. Zarodek Zielonondzki kuropatwianej jest dobrym dawca
komorek embrionalnych (Sawicka 1 in., 2015) 1 dlatego jest szeroko stosowany
w manipulacjach genetycznych (Bednarczyk i in., 2002; Siwek i in., 2010).

Podczas izolacji komorek 1 na etapie hodowli komorkowej istotnym oraz niezastgpionym
elementem okazata si¢ nieinwazyjna, prosta metoda odroézniania PGCs od innych komorek
w hodowli. Przy uzyciu konwencjonalnego mikroskopu $wietlnego o jasnym polu,
identyfikacja PGCs w niejednorodnych populacjach moze by¢ problematyczna, a komorki te
moga by¢ mylone z innymi strukturami (czasami nawet z kropelkami lipidéw). Jednak cechy
strukturalne komorek generuja okreslone warunki optyczne, ktéore umozliwiajg ich
identyfikacj¢ na podstawie os$wietlenia (numer zgloszenia patentowego P.434242).

Kurze PGCs otrzymane w stadiach 14-15 1 18 HH z krwi zarodkowej lub z gonad
hodowano in vitro na warstwach komorek odzywczych pochodzacych z kurzych komorek
zarodkowych. Zastosowanie warstwy odzywczej pochodzenia kurzego pozwolilo na
ograniczenie ksenogenicznych czynnikéw zwierzecych w hodowli. W tym przypadku,
w przeciwienstwie do innych badan, hodowla kurzych PGCs nie wymagata powszechnie
stosowanych warstw ksenogenicznych komorek odzywczych, takich jak mysie (STO),
szczurze (watroba szczura bawolego [BRL]) lub kondycjonowana pozywka z fibroblastami
szczura (van de Lavoir 2006a,b, Tonus 2016, Oishi, 2010, Miyahara 2014). Ustalono warunki
utrzymania PGCs przy uzyciu pozywki KAv-1 przy pH 8,0 zamiast KO-DMEM i pH 7,2.
Innymi uzytymi substancjami byly surowica kurczaka (CS — ang. Chicken Serum — kurze
serum), KOSR 1 bFGF. Wedlug van de Lavoira i in. (2006), CS, SCF (ang. Stem Cells Factor
- czynnik komorek macierzystych), ludzki FGF 1 BRL, ktore produkuja LIF (ang. Leukemia
Inhibitor Factor — czynnik hamujacy biataczke), moga by¢ bardzo waznymi czynnikami
w hodowli PGCs. Sa one znane jako czynniki, ktére powodujg proliferacje kurzych PGCs.
Woodcock 1 in. (2017) wykorzystali rowniez pozywke zawierajaca CS lub pozywke bez
surowicy zawierajagcg transferyn¢ komorek jajowych. Pozwolito to zminimalizowaé
wykorzystanie ksenobiotykow w hodowli.

Pomimo stosunkowo wysokiego pH nie obserwowano wigkszych problemow ze
wzrostem PGCs. Wedlug Kuwany 1 wsp. (1996) embrionalne pH krwi in situ migdzy 2 a 11
dniem inkubacji wynosi okoto 8,0. Oznacza to, Ze przy takim pH funkcjonowanie PGCs
kurczat jest fizjologicznie normalne - rozmnazajg si¢ i migruja. Warunki zastosowane w tych
badaniach umozliwity hodowle obu typow komorek — cPGCs 1 gPGCs. Nieliczne badania
porownywaty wzrost obu typéw PGCs w tych samych warunkach hodowli. Raucci i in.
(2015) porownali trzy typy komorek w podobnym uktadzie: zarodkowe komorki macierzyste
kurczaka (ang. chicken Embryonic Stem cells - cES), cPGCs i gonadalne komorki rozrodcze
(ang. Gonadal Germ Cells - GGCs). Uzyli tej samej kompletnej pozywki dla ptasich
macierzystych embrionéw o réznych stezeniach FGF. Ich warunki umozliwity dlugotrwata
hodowle wszystkich typow komorek macierzystych (ponad 30-40 dni) 1 nie wplywaly na
reaktywno$¢ na specyficzne markery.

W przeprowadzonych doswiadczeniach wykazano, ze zarowno gPGCs, jak 1 cPGCs,
ktére byly poddane hodowli zachowaly swoje wlasciwo$ci migracyjne i zostaty wbudowane
do gonad biorcy. Wymaga podkreslenia, ze obie gonady zarodkow biorcoéw (lewa 1 prawa)
zostaly skolonizowane przez gPGCs i cPGCs.
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3.6. PODSUMOWANIE

Przeprowadzone doswiadczenia polegajace na okresleniu ilosci krazacych pierwotnych
komorek ptciowych w wytypowanych stadiach rozwojowych oraz przeprowadzenie hodowli
wyizolowanych komoérek pozwolity na potwierdzenie postawionej hipotezy. Zaproponowane
manipulacje in vivo oraz/lub in vitro wptywaja na zwigkszenie dostepnosci pierwotnych
komorek ptciowych ptakow a tym samym mozliwa jest dlugotrwata hodowla tych komorek.

Ponadto do§wiadczenia te pozwolity na sformutowanie szczegétowych wnioskow:

e maksymalna koncentracja pierwotnych komorek plciowych krazacych we krwi
badanych zarodkéw wystepuje w 14 stadium HH;

e najwyzsza catlkowita ich liczba w calym krwiobiegu embrionalnym roéwniez
w stadium 14 HH jest bliska 400 PGCs /pl;

e identyfikacja PGCs jest mozliwa bez uszczuplania ilosci komorek poprzez
zastosowanie nowej, szybkiej 1 przyzyciowej ich oceny pod mikroskopem
z zastosowaniem ciemnego pola widzenia oraz dodatkowego zrodia $wiatla;

e mozliwa jest hodowla gonadalnych jak 1 krazacych pierwotnych komorek
ptciowych w warunkach imitujacych normalne fizjologiczne $rodowisko
z ograniczonym dodatkiem substancji ksenobiotycznych;

e hodowane PGCs zachowuja swoje cechy funkcjonalne — potwierdzono zdolno$¢
migracji hodowanych komorek do gonad zarodkoéw biorcow.
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4. STRESZCZENIE

Badania nad dtugotrwata hodowla pierwotnych komérek ptciowych kury

mgr inz. Agata Szczerba

Stowa kluczowe: pierwotne komérki ptciowe, cPGCs, gPGCs, kura, embrion

W biologii doswiadczalnej kura jest jednym z organizméw modelowych. Wydaje sie by¢
idealna z kilku waznych wzgleddéw. Ten przedstawiciel ptakéw jest facznikiem pomiedzy kregowcami
a ssakami. Jaja sg tatwo dostepne i tanie a zarodek szybko sie rozwija, co wiecej jest duzy i zblizony
anatomicznie do ludzkiego embrionu przez co umozliwia izolacje tkanek we wczesnych stadiach
rozwojowych. Model kury wykorzystuje sie w badaniach podstawowych oraz aplikacyjnych. Na
szczegdlng uwage zastugujg pierwotne komorki ptciowe — PGCs (ang. Primordial Germ Cells), ktére sg
prekursorami gamet. Jako jedyne majg zdolnos¢ do przekazywania informacji genetycznej
z pokolenia na pokolenie. Po uformowaniu sie systemu naczyniowego, krgzg w krwiobiegu aby wraz
z rozwojem embrionu zaczagé sie kolonizowaé¢ w gonadach. Majac to na uwadze staty sie istotnym
nurtem w poszukiwaniu nowych technologii reprodukcyjnych. Te pluripotentne komadrki dajg wiele
teoretycznych mozliwosci, jednak ze wzgledu na ich ograniczona liczbe ich wykorzystanie jest
utrudnione. W zwigzku z tym celem niniejszej pracy byto podjecie proby przeprowadzenia hodowli
komdrkowej oraz ocena witasciwosci proliferownych komorek, ktéra znaczaco rozwigzataby te
kwestie. Wyznaczono cele szczegétowe, aby doprowadzi¢ do hodowli, ktérymi byto okreslenie
rzeczywistej liczby krazacych PGCs, okreslenie odpowiedniego stadium do poboru czy stworzenie
tatwej i przyzyciowej techniki identyfikacji PGCs.

Na podstawie przeprowadzonych doswiadczen stwierdzono, ze srednia objetosé krwi wynosi
8.1, 20.8, 11.4 i 17.5 pul odpowiednio w etapach 13, 14, 15 i 16 HH. Liczba PGCs w 1 ul krwi
zarodkowej (stezenie cPGCs) oznaczano na etapach 13 do 16 HH. Maksymalne stezenie cPGCs na 1 pl
krwi zarodkowej obserwowano w stadium 14 HH (18,6 PGCs / ul). Catkowitg liczbe cPGCs we krwi
embrionalnej w kazdym stadium embrionalnym obliczono na podstawie liczby obecnych PGCs przez
pl. Najwyzszg liczbe cPGCs w catym krwiobiegu embrionalnym uzyskano na etapie 14 HH (386,3 PGCs
/ wl).

Hodowle komérkowag prowadzono w kilku réznych wariantach. Pozyskano gonadalne
pierwotne komorki piciowe z 18 stadium HH oraz cPGCs wyizolowane ze stadium 14-15 HH.

Pasazowano i utrzymywano ok 2 tygodni. Gonadalne oraz migrujgce pierwotne komorki ptciowe
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poddane hodowli zostaty wybarwione PKH26, a nastepnie iniekowane do krwiobiegu embrionéw
biorcéw w stadium 13-16 HH, w celu sprawdzenia zdolnos$ci migracyjnych hodowanych in vitro PGCs.
Po 5-6 dniach od iniekcji wyizolowano gonady biorcéw i sprawdzono je pod mikroskopem
fluorescencyjnym. Wykazywaty swiecenie podczas obserwacji co wskazuje na zachowanie zdolnosci
migracyjnych hodowanych cPGCs oraz gPGCs. Zebrane gonady zostaty potraktowane trypsyng w celu
rozproszenia komaérek. Obserwujac pojedyncze komarki pod mikroskopem potwierdzono zachowanie
cech cytologicznych i morfologicznych cPGCs oraz gPGCs. Nastepnie poddano je 7-dniowej hodowli.
Komodrki obserwowano codziennie i zliczano ich liczbe. Komérki gPGCs namnazaty sie ale duzo
wolniej, gdyz okres podwojenia wynosit 5 dni. Po 7 dniach utrzymywania in vitro z jednej komarki
otrzymywalismy trzy. cPGCs réwniez proliferowaty jednak ich krotno$¢ byta duzo wyisza

w porownaniu do gPGCs. Okres podwojenia wynosit okoto 2 dni.
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5. ABSTRACT

Research on the long-term cultivation of chickens primordial germ cells

Agata Szczerba, M.Sc.

Key words: primordial germ cells, cPGCs, gPGCs, chicken, embryo

In experimental biology, the chicken is one of the model organisms. It seems to be
the perfect model for several important reasons. This representative of birds is the link
between vertebrates and mammals. Eggs are easily available and cheap, and the embryo
develops quickly, moreover, it is large and anatomically similar to a human embryo, which
allows for the isolation of tissues at an early stage of development. The chicken model is
used in basic and applied research. Primordial Germ Cells - PGCs, which are precursors of
gametes, deserve special attention. They are the only ones capable of transmitting genetic
information from generation to generation. After the formation of the vascular system, they
circulate in the bloodstream to begin the colonization process in the gonads as the embryo
grows. With this in mind, they have become an important trend in the search for new
reproductive technologies. These pluripotent cells offer many theoretical possibilities,
however, due to their limited number, their use is difficult. Therefore, the aim of this study
was to attempt to conduct a cell culture and to evaluate the proliferative properties of
cells that would significantly resolve this issue. Specific goals were set to lead to breeding,
which was to determine the actual number of circulating PGCs, to determine the appropriate

stage for collection, or to create an easy and viable technique for PGCs identification.

On the basis of the conducted experiments, it was found that the mean blood volume
was 8.1, 20.8, 11.4, and 17.5 pl in stages 13, 14, 15, and 16 of HH, respectively. The number
of PGCs in 1 ul of embryonic blood (concentration of cPGCs) was determined in stages 13 to
16 of HH. The maximum concentration of cPGCs per 1 pl of embryonic blood was observed
at stage 14 HH (18.6 PGCs / pl). The total number of cPGCs in embryonic blood at each
embryonic stage was calculated from the number of PGCs present per ul. The highest
number of cPGCs in the entire embryonic bloodstream was obtained at stage 14 of HH
(386.3 PGCs / pl).
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Cell culture was carried out in several different variants. 18 HH stage gonadal
primordial germ cells and 14-15 HH stage cPGCs were obtained. Passaged and kept for about
2 weeks. The gonadal and migrating cultured primordial germ cells were stained with PKH26
and then injected into the bloodstream of recipient embryos at stages 13-16 HH to test the
migratory capacity of in vitro cultured PGCs. Recipient gonads were isolated 5-6 days after
injection and checked under a fluorescence microscope. They showed glow during
observation, which indicates that the migratory capacity of the cultured cPGCs and gPGCs
was preserved. Collected gonads were trypsinized to disperse the cells. Observing individual
cells under the microscope, the preservation of cytological and morphological features of
cPGCs and gPGCs was confirmed. Then they were cultivated for 7 days. Cells were observed
daily and their numbers were counted. gPGCs multiplied but more slowly as the doubling
period was 5 days. After 7 days of in vitro maintenance, three cells were obtained from one
cell. cPGCs also proliferated, however, their fold was much higher compared to gPGCs. The

doubling period was approximately 2 days.
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6. ZALACZNIKI

6.1. KOPIE ARTYKULOW NAUKOWYCH STANOWIACYCH CYKL
PUBLIKACJI ROZPRAWY DOKTORSKI
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PHYSIOLOGY AND REPRODUCTION

Concentration and total number of circulating primordial germ
cells in Green-legged Partridgelike chicken embryos

Agata Szczerba," Takashi Kuwana, and Marek Bednarczyk

Department of Animal Biotechnology and Genetics, Faculty of Animal Breeding and Biology, University of Science
and Technology in Bydgoszcz, 85-084 Bydgoszcz, Poland

ABSTRACT The Green-legged Partridgelike fowl is
an old Polish indigenous breed of chicken. Primordial
germ cells (PGCs) are one of the best sources of pre-
cursor cells that can be used for the conservation and
proliferation of the endangered breeds of bird. Initially,
the chicken PGCs colonize at the anterior extraem-
bryonic region called “germinal crescent,” and after the
establishment of blood vascular circulation, they
temporally circulate via the embryonic blood vascular
system along with embryonic blood cells. They further
colonize at the microcapillary networks of both right
and left future gonadal regions. Subsequently, they
migrate interstitially to reach gonadal anlages, where
they begin to differentiate and eventually develop into
the future ova or sperm. The basic knowledge regarding
the concentration and the total number of circulating
PGCs (¢PGCs) throughout their circulating phase in
the early embryonic stages is crucial for providing an
insight into the mechanisms by which they circulate

and colonize at the capillary networks of left and right
future gonadal regions in each developmental stage.
The present study aims to determine the most efficient
developmental stage that is suitable to collect cPGCs.
The concentration of ¢cPGCs was directly measured,
and total volume of embryonic blood was calculated
based on the concentration of PKH26-stained embry-
onic blood cells which were injected 10 min before the
blood sampling process in the same embryo during each
stage of embryonic development from stage 13
Hamburger and Hamilton (HH; Hamburger and
Hamilton, 1951) to 16 HH. Analysis of whole embry-
onic bloodstream revealed that at stage 14 HH of em-
bryonic development, peak total number of cPGCs
(386.3 cells/pL) and peak concentration of cPGCs
(18.6 cells/pL) were observed. Later, there was a
decrease in concentration, suggesting that the cPGCs
might be trapped gradually by the capillary networks at
the future gonadal regions after stage 15 HH.

Key words: circulating primordial germ cell, embryonic blood volume, green-legged Partridgelike chicken,
endangered chicken breed

INTRODUCTION

Green-legged Partridgelike (GP), native Polish
chicken breed, became recognized as a breed at the end
of nineteenth century. GP was a dual-purpose chicken,
reared locally in central-eastern Poland as a free-range
chicken. GP chickens can adapt well to extreme environ-
mental conditions and hence are considered to be more
healthy and disease resistant than other breeds (Cywa-
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Benko, 2002; Witkowski et al., 2009). This breed could
provide a tough competition to its counterparts because
of the peculiar characteristics such as hardiness, low sus-
ceptibility to unfavorable conditions, and well-developed
maternal traits. In addition, immense activity and abil-
ity to use green area make the GP chick an ideal breed
for free-range keeping. Both the meat and eggs of this
bird are characterized by an exceptional taste.
Previous research suggests that GP can be an excel-
lent model for academic and scientific research aimed,
for example, at understanding the inheritance pattern
and interaction pathways of genes underlying admixed
phenotypes (Siwek et al., 2013). GP is thought to be a
remarkable avian model for investigating the genetic
background of immune responses, especially taking
into consideration potentially elevated levels of
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immunity in the GP breed (Siwek et al., 2010, 2012;
Stawinska et al., 2011), as well as for studying the possi-
bility of stimulating the chicken immune system
(Stawinska et al., 2014). Our investigations also suggest
that GP chicken can be used to study several other ap-
proaches. The GP embryo has been a good source of em-
bryonic cells (Sawicka et al., 2015) and hence has been
extensively used for biotechnological manipulations
(Bednarczyk et al., 2002; Siwek et al., 2010).

Presently, there still exists a small unregistered popu-
lation of these birds, thanks to the interest of small stock
breeders and to those who keep them for fancy purposes.
There are 2 major GP populations that are closely
related with approximately 600 females and 70 males
in each group. The animals in the conservation program
were kept in a flock without subjecting to any selection
process for more than 50 generations. Maintaining live
birds requires considerable financial investment; further-
more, the flocks are exposed to loss of genetic variability
as a result of selection and genetic drift. Therefore, the in
situ method should be supported by the ex situ conserva-
tion strategy (Sawicka et al., 2011). According to the
current state of knowledge (Chojnacka-Puchta et al.,
2012; Glover and McGrew, 2012), the ex situ method
of avian biodiversity preservation program involves a
strategy that explores the properties and possibilities
of manipulating the PGCs. Moreover, PGCs have been
generally used to produce transgenic chickens by a
nonviral cell-based method (see the article by
Bednarczyk et al., 2018, for related references) and for
application in avian biotechnology (Xie et al., 2019).

Chicken PGCs represent the germline stem cells that
first arise in hyperblast at the central disk region of
area pellucida at stage X of embryo (Ginsburg and
Eyal-Giladi, 1986). They translocate toward the anterior
from the embryo proper (so-called germinal crescent re-
gion) and simultaneously undergo morphological recon-
struction to form a mesodermal layer (Swift, 1914;
Ginsburg and Eyal-Giladi, 1986). Just after the estab-
lishment of blood vascular circulation, they circulate
temporarily via the bloodstream. PGCs colonize near
the gonadal anlage and migrate interstitially into the
gonadal anlage, where they finally differentiate into
functional gametes (either sperm in male or ova in
female).

In the circulating phase, PGCs could be quite easily
isolated from the embryonic blood samples (Kuwana,
1993). However, one of the problems with the PGCs
collection of embryonic blood is the low number of cells
found, especially in local breed of chicken (Kostaman
et al., 2013). In fact, the data with regard to the concen-
tration of cPGCs at different stages of chicken develop-
ment, essential to use them effectively, are ambiguous.

In the previous studies, high variability in ¢cPGC
numbers as well as in cPGC concentrations in embryonic
bloodstream in the different breeds of chicken and at
different stages of chicken embryogenesis (from 13
Hamburger and Hamilton (HH)-16 HH; Hamburger
and Hamilton, 1951) has been reported (Al-Thani and
Simkiss, 1991, 1992; Tajima et al., 1999; Kuwana

et al., 2006; Xie et al., 2019). In contrast, de Melo
Bernardo et al. (2012) concluded that from stage 5
HH, when the PGCs are present in the germinal cres-
cent, until stage 19 HH, when the PGCs have reached
the genital ridges, the number of PGCs remained
constant.

Thus, the present study aims to investigate the dy-
namics of circulating PGCs during the process of embry-
onic development and determine the most suitable and
efficient developmental stage for their collection. This in-
formation might be crucial to understand the biology of
circulating PGCs. Moreover, the results of the research
are expected to be basic information for determining
the appropriate stage for the isolation of circulating
PGCs.

MATERIALS AND METHODS

Preparation of Chicken Embryos

Fertilized eggs of GP chicks were supplied by Zofia i
Gracjan Skérniccy—Hodowla Kur Zielononézek (Dusz-
niki, Poland). They were incubated at 37.8°C for 48—
54 h from the moment of setting eggs into the incubator,
to obtain embryos of stages 13 to 16 HH (Hamburger
and Hamilton, 1951).

Labeling of Embryonic Blood Cells

Embryonic blood cells were collected from embryos of
stages 16 HH and washed 2 times with nonserum me-
dium (Opti-MEM; Gibco Invitrogen Co., Grand Island,
NY). The cells were labeled with PKH26 fluorescent
dye (Z-PKH26-GL; Zynaxis, Malvern, PA) according
to the manufacturer’s instructions. After the staining
process, the cells were washed twice with KAv-1 medium
(Kuwana, 1993), which consists of 5% fetal bovine serum
(Gibco Invitrogen Co., Grand Island, NY) and 5%
chicken serum (Sigma-Aldrich, Poznan, Poland).

Measurement of Embryonic Blood Volume
Through Stages 13 to 16

The eggs of the GP birds were broken; the embryos
were not isolated from the yolk and collected in 100-
mm plastic Petri dishes; and 1-pL cell suspension of
PKH26-labeled blood cells was injected into each em-
bryo via the dorsal aorta by using fine glass micropi-
pettes (Figure 1A). The fine micropipette consists of a
microcapillary needle (borosilicate glass, #B-100-75—
10; Sutter Instrument, Co., Ltd., Novato, CA) which is
connected to a micropipette puller (P-97 /TVF; Sutter In-
strument, Co., Ltd.).

All embryos injected with 1 pL of labeled blood cell
suspension were further incubated at 38°C for 10 min
to maintain the blood circulation, and then 1 pL of the
embryonic blood was drawn from the dorsal aorta of
the embryos. In the cases where hemorrhage was noted
after injection, such embryos were rejected. As shown
in Figure 1B, the total embryonic blood volume of
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Counted labelled cells: bin | pl

Whole blood volume (x) =(a-b)/b
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Whole ¢cPGCs number (y) =¢(x+1)

Figure 1. Protocol for the measurement of whole embryonic blood volume and ¢cPGCs number at various developmental stages.

each embryo was obtained by using the formula (a—b)/b
(where “a” represents the number of labeled cells injected
in 1 pL of cell suspension, and “b” represents the number
of labeled cells counted in 1 pL of drawn blood sample).

All the PKH26-positive cells in the embryonic blood
samples were counted under a fluorescent inverted mi-
croscope (Axiovert 40 VFL; Zeiss, Germany).

Measurement of Number of cPGCs Through
Stages 13 to 16

For the measurement of the number of cPGCs, the
embryonic blood samples collected from stages 13 to 16
HH were prepared by following the same protocol as
described for the measurement of embryonic blood vol-
ume. After incubation for 10 min at 38°C after the injec-
tion of labeled cells, 1 uL of embryonic blood was drawn
out to count the number of cPGCs and PKH26-positive
blood cells in each developmental stage (sample number

at stages 13, 14, 15, and 16 HH were found to be 12, 15,
17, and 20, respectively).

The cPGCs were counted under an inverted phase-
contrast microscope (Axiovert 40 VFL; Zeiss, Ger-
many). The cPGCs can be easily identified by their large
size (12-16 pm in diameter), compared to embryonic
blood cells (around 8 pm in diameter) at the same devel-
opmental stage, cytoplasm rich in yolk granules, and
presence of spherical large-sized nuclei.

The total number of cPGCs in each developmental
stage was obtained by using the formula ¢(x + 1) (where
¢ represents the number of cPGCs counted per 1 uL of
blood, and x is the calculated whole embryonic blood
volume).

RESULTS

The total volume of embryonic blood was calculated
based on the number of PKH26-positive cells at each
evaluated stage of embryogenesis, and the total number
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of cPGCs in 1 pL of embryonic blood at each develop-
mental stage was also calculated based on the results ob-
tained for embryonic blood volume.

Blood Volume and Number of PGCs
Through Stages 13 to 16 HH

Embryonic blood volume of GP chicks was measured
at stages 13 to 16 HH, and the changes observed in the
whole embryonic blood volume over time are shown in
Figure 2. The mean blood volumes were found to be
8.1, 20.8, 11.4, and 17.5 pL at stages 13, 14, 15, and 16
HH, respectively.

The number of PGCs in 1 pL of embryonic blood (con-
centration of cPGCs) was determined at stages 13 to 16
HH. As shown in Figure 3, the peak concentration of
cPGCs per 1 pl of embryonic blood was observed at
stage 14 HH (18.6 PGCs/uL).

The total number of cPGCs in the embryonic blood at
each embryonic stage was calculated based on the num-
ber of PGCs present per puL of sample and calculated to-
tal volume of embryonic blood. Figure 4 shows the result
of the calculated number of total cPGCs, which were
found to be 111.0, 386.3, 145.2, and 131.9 through stages
13 to 16 HH, respectively. The peak number of cPGCs in
the whole embryonic bloodstream was obtained at stage
14 HH (386.3 PGCs/uL).

DISCUSSION

Generally, chicken embryos work as excellent experi-
mental models and yield specific data that are difficult
to obtain in other species. In particular, chicken PGCs
have significant potential to be used as a model to carry
out different studies in vertebrates (Farzaneh et al.,
2016; Trefil et al., 2017; Han and Park, 2018). According
to Al-Thani and Simkiss (1991), when the fertilized eggs
of Rhode Island Red chickens were incubated at 37.5°C,
peak concentration of the cPGCs in the embryonic blood
was observed at stage 16 HH. Comparison of the number
of cPGCs at different temperatures (36°C and 38°C)
showed that the peak flux occurred at stage 15 HH of
development at 36°C, which indicates an early develop-
mental stage, whereas the peak was observed at stage 16

Blood volume (GP)

2 v =1.8859x +9.719
20 R?=0.1796

Total blood volume (pl)

13 14 15 16
Developmental stage

Figure 2. Changes of embryonic blood volume in Green-legged Par-
tridgelike chicken.

cPGCs number/ul (GP)
24 y =-2.9929x + 21.628
2 R2=0.7341

20
18
16
14
12
10

cPGCs number/ul

13 14 15 16
Developmental stage

Figure 3. cPGCs number in 1 pL of embryonic blood.

HH when the embryos were incubated at 38°C. However,
Tajima et al. (1999) reported that the concentration of
cPGCs in White Rock chickens was found to be the high-
est at stage 14 HH and decreased thereafter. Zhao et al.
(2003) reported in inbred stock of Rhode Island Red
chickens that 3 variation patterns, for number of cPGCs
per 1 uL of sample, could be determined in different in-
dividuals at 38°C, with peaks at stages 13, 14, and 15
HH, respectively, and not at stage 16 HH. According
to de Melo Bernardo et al. (2012), the migration of
PGCs from the germinal crescent region into the embry-
onic bloodstream occurs continuously from stages 11 HH
to 16 HH, and the major peak is observed from stages 12
HH to 13 HH.

Most of the previous studies used common chicken
breeds, for example, Rhode Island Red (Al-Thani and
Simkiss, 1991, 1992; Zhao et al., 2003), White Leghorn
(de Melo Bernardo et al., 2012), White Rock (Tajima
et al., 1999), and so on. However, in the case of inbred
lines or endangered breeds, the number of total PGCs
seems to be lower than that observed for commercial
chicken breeds.

In the present study, the peak concentration of cPGCs
of GP was found to be 18.6/pL, which is less than the
peak concentrations of both noninbred line (66.9/uL at
stage 14 HH; Tajima et al., 1999) and inbred line
(26.8/uL at stage 14 HH; Zhao et al., 2003). In contrast,
a threatened indigenous fowl (Kureko Dori) found in
Japan has only 12.1 c¢PGCs/ul. at stage 14 HH

cPGCs number in whole embryo (GP)

y =-20.271x + 253.67
400 R?=0.0474

cPGCs number

150

13 14 15 16
Developmental stages

Figure 4. ¢cPGCs number in whole embryo.
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(Kuwana et al., 2006). Kuwana et al. (2006) suggested a
big variation in the PGC concentration even within the
same breed, and this might be the topic of research in
future.

However, it should be noted that in the present study, the
concentrations of cPGCs were directly measured. The total
volumes of embryonic blood were calculated based on the
concentrations of PKH26-stained embryonic blood cells
which were injected 10 min before the blood sampling pro-
cedure in the same embryos through stages 13 to 16 HH in
GP chickens, and both peak concentration and peak total
number of cPGCs were observed at the same stage of devel-
opment (stage 14 HH). The total number of cPGCs in the
whole embryo is determined from the concentration of
c¢PGCs and the blood volume. Thus, for manipulating the
PGCs of GP chickens, it is recommended that they be
collected from the embryos that are in stage 14 HH of devel-
opment, and the number of cells estimated to be present at
this stage is about 380. Then, there was a decrease in con-
centration, suggesting that the circulating PGCs might
be trapped gradually by the capillary networks at the future
gonadal regions after stage 15 HH.This finding is confirmed
by our earlier study (Szczerba et al., 2019), which revealed
that the blood flow in the future gonadal regions does not
develop until the end of stage 14 HH because there is no
functional outflow vein. In the early half of stage 15 HH,
posterior vitelline vein rapidly develops on the left side of
the gonadal region, and the vascular system at the gonadal
regions receives its outflow vein. The present study might
be the first report to measure, by the direct method, based
on the concentrations of PKH26-stained embryonic blood
cells, the total number of cPGCs throughout the circulating
phase of PGCs in domestic endangered chicken breed.
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Simple Summary: Chicken primordial germ cells are specialized cells that are formed outside the
developing embryo, from where they migrate into the gonad, and give rise to the gametes. There are
two types of those cells: Circulating blood primordial germ cells and gonadal primordial germ cells.
They can be isolated only in low numbers from the bloodstream or gonads of donor embryos. Hence,
efficient in vitro cultivation systems are required to increase their quantity through proliferation.
Here, we provide a single culture system that can be used to cultivate both cell types. We also
present a novel, easy-to-train, and non-invasive method to identify live primordial germ cells in the
culture. In this analysis, chicken primordial germ cells obtained from embryonic blood or gonadal
regions were cultured in vitro on feeder cell layers derived from embryonic chick cells. The use
of the chicken origin feeder layer allowed reducing the xenogenic animal factors in the culture.
We demonstrated a feasible and cost-efficient technique to routinely assess the cultivated primordial
germ cells on the basis of their morphological characteristics and using the optical features of cells in
darkfield illumination. This method is especially useful to distinguish primordial germ cells during
co-cultivation with other cell types.

Abstract: The present study had two aims: (1) To develop a culture system that imitates a normal
physiological environment of primordial germ cells (PGCs). There are two types of PGCs in chicken:
Circulating blood (cPGCs) and gonadal (gPGCs). The culture condition must support the proliferation
of both cPGCs and gPGCs, without affecting their migratory properties and must be deprived of
xenobiotic factors, and (2) to propose an easy-to-train, nonlabeling optical technique for the routine
identification of live PGCs. To address the first aim, early chicken embryo’s feeder cells were
examined instead of using feeder cells from mammalian species. The KAv-1 medium at pH 8.0 with
the addition of bFGF (basic fibroblast growth factor) was used instead of a conventional culture
medium (pH approximately 7.2). Both cPGCs and gPGCs proliferated in vitro and retained their
migratory ability after 2 weeks of culture. The cultivated cPGCs and gPGCs colonized the right and/or
left gonads of the recipient male and female embryos. To address the second aim, we demonstrated a
simple and rapid method to identify live PGCs as bright cells under darkfield illumination. The PGCs
rich in lipid droplets in their cytoplasm highly contrasted with the co-cultured feeder layer and other
cell populations in the culture.

Keywords: primordial germ cells; gPGCs; cPGCs; chicken; embryo; feeder cell layer
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1. Introduction

An efficient in vitro system for the cultivation of avian primordial germ cells (PGCs) is required
for routine implementation of PGC-based programs to conserve endangered species [1-4] as well as
for genome editing [5] and transgenic animal technologies [6].

PGCs are the only cells in developing embryos that have the potential to transmit genetic
information to the next generations. This potential exists even when PGCs are isolated from donors,
manipulated in vitro, and reintroduced into recipient embryos [7]. However, several factors limit
the use of avian PGCs on a wide scale. One of the most problematic technical issues is the limited
number of PGCs that can be obtained from a single embryo [8,9]. Although PGCs can be sourced
either from blood as circulating PGCs (cPGCs) or from gonads (gPGCs) at certain embryonic stages,
the recoverable cell population number is low and different, for both types of PGCs contain lipid
droplets and accumulated glycogen. Both cPGCs and gPGCs stain with anti-SSEA-1, anti-EMA-1,
anti-CVH, anti-integrin 31, and anti-CEACAM antibodies [10,11].

To enable the biotechnological use of a limited number of isolated PGCs, it is important to increase
their populations by in vitro propagation. Park and Han [12] were the first who documented the
effective long-term culture of gonadal PGCs. The cells were isolated on day 5.5 of embryo incubation
(at the 28 stage Hamburger and Hamilton (H&H) of development) [13] and cultured with SCF (stem cell
factor), LIF (leukemia inhibitory factor), bFGF (basic fibroblast growth factor), IL-11 (interleukin 11),
and IGF-1 (insulin-like growth factor 1) on the chick embryonic fibroblast layer at pH 7.2. Naito [14]
also used a feeder cell layer to propagate the growth of cPGCs obtained from chick circulating blood.
The long-term culture of cPGCs was also performed by Van De Lavoir et al. [15], with the addition
of FGF and SCF to a conditioned medium. These cPGCs were cultivated on STO (mouse, Sandos
inbred mouse (SIM)-derived 6-thioguanine- and ouabain-resistant) or BRL (buffalo rat liver) feeder
cells. Nevertheless, the propagation of female PGCs in their system was less effective than that of male
PGCs [15,16]. Similarly, in the method of Tonus et al. [17], all the resulting PGC lines tended to be
devoid of female PGCs.

cPGCs can be collected from the embryo bloodstream during H&H stages 13 to 16 and placed
into culture plates as “whole blood” isolates. One of the arguments for the use of gPGCs is their
relatively higher number that can be extracted from gonadal ridges [18]. Moreover, less operatory
skills are needed to isolate gonads than to manipulate blood arteries in the embryos. Yet, it cannot
be definitely determined which PGC type should be preferred over another to successfully achieve
various technological goals. Kim and Han [19] emphasize a need to gain a deeper knowledge of
epigenetic mechanisms, which might be affected not only by the culture conditions but also by somatic
factors of recipient surrogates. Marker-assisted sorting techniques have been developed to fractionate
PGCs from the isolated cell cohorts and can be used for both gPGCs and cPGCs [20].

Here, we provide a single culture system that can be used to cultivate both cell types—gPGCs
and cPGCs. We assumed that the culture condition based on a feeder layer of avian origin and
medium optimized to pH 8.0 would imitate the natural environment of PGCs and thus support their
proliferation and migration. We also present a novel, easy-to-train, and noninvasive method to identify
live PGCs in the culture.

2. Materials and Methods

2.1. Fertilized Eggs and Incubation

In every planned experiment, 30 fertilized eggs from the Ross 308 crossbred chicken were
purchased from Drobex-Agro Sp. Zoo. (Solec Kujawski, Poland). Eggs were incubated at 38 °C and
65% relative humidity for 72 h to obtain gPGCs and fibroblasts for the feeder layer. Both types of cells
were obtained from embryos at 18 stage of H&H. Fertilized eggs were also incubated at 38 °C and 65%
relative humidity for 53 h to reach H&H stages 14-15 to obtain ¢cPGCs.



Animals 2020, 10, 1769 3of 14

All experimental procedures were conducted according to the guidelines for the care and use
of experimental animals of University of Science and Technology. The experimental protocols were
approved by the Local Ethical Committee for Animal Experiments in Bydgoszcz.

2.2. Preparation of Feeder Cells

A feeder layer for cultivating chicken PGCs was used in the present analysis. Cells from the chick
embryos were collected to obtain the feeder layer. The posterior region of the vitellin artery of the
embryos was cut with micro-scissors. The artery was then washed twice with phosphate-buffered
saline (PBS, SH30256.02, HyCloneTM, Logan, UT, USA). The excised tissues were rinsed with Ca?*-and
Mg?*-free PBS (PBS(-); 52321C, Sigma-Aldrich, St. Louis, MO, USA) and submerged into 150 pL of 0.1%
Trypsin-0.02% EDTA in PBS(-) in a plastic Petri dish (93060, TPP, Switzerland) at room temperature.
After 20 min, 150 pL of KAv-1 medium [21] was added to disperse the tissue and obtain a cell suspension.
Next, it was transferred to a 1.5 mL Eppendorf tube and filled to a volume of 1 mL with KAv-1 medium.
The suspension was centrifuged at 400x g for 5 min, and the supernatant was removed. The remaining
pellet was suspended in 2 mL KAv-1 medium and transferred into a well of a 48-well plate (Costar
3526, Corning Inc., New York, NY, USA). The well was coated earlier with collagen from rat tail and
secured with a sealing film (Platemax® AxySeal Sealing Film, PCR-SP, Axygen Inc., Union City, CA,
USA). The cells were incubated at 37.8 °C. The medium change was performed every 2 to 3 days.

In the next step, cultured feeder cells were treated with 10 pg/mL mitomycin C (MMC) in KAv-1
medium at 38 °C and washed two times with fresh KAv-1 medium after 2 to 3 h. The cells were also
treated with 0.1% Trypsin-0.02% EDTA in PBS(-) for 8 min at 38 °C. Next, the cells were suspended
in the solution with the same volume of fresh KAv-1 medium. The obtained cell suspension was
centrifuged at 800x g for 3 min at room temperature. The supernatant was removed, and the pellet
was suspended in the fresh KAv-1 medium. The cells were cultured in a plastic flask (12.5 cm?, 353018,
Falcon, Corning, New York, NY, USA) with 10 uM/mL Y-27632 (SCMO075, Sigma-Aldrich, St. Louis,
MO, USA) until use.

2.3. Chick Embryo Extracts

Fertilized eggs from chicken breed Ross 308 were incubated for 5 days. The chick embryos were
isolated from the yolk and washed with physiological saline. Each embryo was homogenized with the
800 puL KAv-1 medium. The received suspension was centrifuged for 30 min at room temperature.
The supernatant was collected for further use. The obtained chick embryo extract (CEE) was filtered
with a 0.45-pm pore size membrane filter (99745, TPP, Trasadingen, Switzerland) and stocked at —20 °C
until use.

2.4. Preparation of Rat Tail Collagen

A rat tail was used to obtain collagen. The adult rat tail was washed two times with PBS, and the
skin from the tail was removed. The tail was then cut into 1-cm sections with clean scissors. By using
forceps, the tendon fibers were detached and collected in fresh PBS. The collected fibers were washed
with pure water (03-055-1A, B, Beit-Haemek, Israel) and sterilized by soaking in 70% ethanol for 20 min.
They were also submerged in 99.6% ethanol for 10 min and then washed twice with sterile pure water.
Finally, the tendon fibers were immersed in a solution of 0.1% acetic acid in pure water for 1 week at
4 °C. Following this, the supernatant was used to coat the bottom of the wells of multi-well plates.

2.5. Culture of PGCs

2.5.1. Culture Medium

In the present study, a basic KAv-1 medium containing 5% fetal bovine serum (F2442-100ML,
Sigma-Aldrich) and 5% chicken serum (C5405-500ML, Sigma-Aldrich) was used as a standard medium.
This medium was adjusted to pH 8.0 [21]. The modified KAv-1 medium (mKAv-1) was also used,
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which contained 5% Knock Out Serum Replacement (KO-SR; 10828028, Gibco by Life Technologies,
Waltham, MA, USA), 10 ng/mL b-FGF (F0291-25UG, Sigma-Aldrich), and 20 uL/mL of the earlier
obtained CEE.

2.5.2. Culture of gPGCs

The gPGCs were obtained from embryos at stages 17 to 18 H&H. The embryos (1 = 15 per
experiment) were washed with physiological saline. Next, the gonadal regions were excised using
micro-scissors. The gonadal region at H&H stages 17 to 18 comprises the posterior embryonic
body region of vitelline arteries. The tissues were collected in an Eppendorf tube and washed with
physiological saline to remove yolk granules. They were then treated with 500 uL of PBS(-) for
3 min at room temperature and centrifuged at 800x g for 2 min. The supernatant was then removed.
The remaining tissues were soaked in 500 pL of 0.1% Trypsin—0.02% EDTA in PBS(-) and incubated
at 38 °C. After 8 min, 500 uL of KAv-1 medium was added to the tube, and the tissues were gently
dispersed. The suspension was then centrifuged at 800x g for 2 min. The supernatant was removed,
and the remaining cells were dispersed. Finally, the cells were seeded into a 12.5 cm? culture flask
(Falcon, Corning, New York, NY, USA) with 3 mL of modified KAv-1 medium. The cells obtained from
the gonadal regions were cultured at 38 °C. Half of the medium was replaced with a fresh medium
every 2 days.

The gPGCs were subcultured when they completely covered the surface of the culture flask,
usually after 3 days of culture and every 3 days thereafter. The proliferated gPGCs were collected
using 0.02% EDTA in PBS(-), which was gently pipetted on the cells. To collect gPGCs that were loosely
attached to the somatic cells, the culture flask was rinsed twice with 2 mL of PBS(-). The obtained
solution of gPGCs was stocked in a 15-mL plastic centrifuge tube (Corning, USA). The remaining
gPGCs in the flask were additionally treated with 2 mL of 0.02% EDTA in PBS(-) for 10 min at room
temperature. The solution with remaining clusters of gPGCs was collected into the same 15 mL plastic
centrifuge tube as described previously. The next step was centrifugation at 800x g for 3 min. The cell
pellet was suspended in 1 mL of 0.1% Trypsin—0.02% EDTA PBS(-) and kept at 38 °C. After 6 min, 1 mL
of fresh KAv-1 medium was added and suspended to obtain a single cell suspension. The cells were
centrifuged once again in 800X g for 3 min at room temperature and then seeded on MMC (MMC;
M4287-2MG, Sigma-Aldrich)-treated feeder cells.

2.5.3. Culture of cPGCs

To obtain cPGCs, the first step was to extract embryonic blood from 10 embryos at embryonic
stages 14 to 15 H&H. The blood was withdrawn using a fine glass micropipette and pooled in a 1.5-mL
Eppendorf tube with 500 mL KAv-1 medium. The blood was then centrifuged at 800x g for 3 min at
room temperature. The collected cells were labeled with the fluorescent dye PKH26-GL (Z-PKH26-GL,
Zynaxis, Malvern, PA, USA) according to the manufacturer’s instructions. Next, the cells were washed
twice with fresh KAv-1 medium and seeded on a chicken feeder cell layer. When the cPGCs started
to proliferate in a primary culture, they were passaged (as described for gPGCs in Section 2.5.2) and
continuously co-cultured on the feeder cells.

2.6. Migratory Abilities of Cultured PGCs to the Recipient Gonads

To determine the migratory ability of pre-cultivated gPGCs and cPGCs, the cells were detached
from the feeder layer by using PBS(-) to rinse the cells, followed by treatment with 0.02% EDTA in PBS(-)
for 5 min at room temperature. The dispersed cells were labeled with the fluorescent dye PKH26-GL
according to the manufacturer’s instructions. Next, 500-800 labeled cells were injected into each
embryo’s bloodstream at H&H stages 14 to 16. The cells were injected through a 5 to 10 mm window
in the eggshell of the recipients. The windows in the eggshell were sealed with an adhesion tape (#800,
Scotch, St. Paul, MN, USA) and additionally sealed on the edges with glue (E301, Elmer’s School Glue,
Westerville, OH, USA) to avoid detachment of the tape. The recipient eggs were further incubated at
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38 °C for 5 to 6 days. To check the presence of PGCs, the recipient embryos were removed from the eggs
and washed with PBS. The gonads were removed from the embryos in PBS. The presence of the labeled
cells in the gonads was verified using a fluorescent microscope (DMIS, Leica, Wetzlar, Germany).

3. Results

3.1. Identification of Fresh and Cultured PGCs

In this study, we present a new criterion to identify PGCs. We used darkfield illumination as
shown in Figure 1. PGCs can be easily identified from lipid compounds and deposits in their cytoplasm.
PGCs are distinguished as bright cells contrasting with the surrounding cells.

Figure 1. Fresh gonadal primordial germ cells (gPGCs) and circulating blood primordial germ cells

(cPGCs) observed under an inverted phase-contrast microscope; gPGCs and cPGCs are visualized in
darkfield illumination. The PGCs are distinguished as bright, illuminated cells among other cell types
(P.434242 patent application number). Magnification with 40x objective (Leica DMI8, Germany).

3.2. Culture of PGCs

3.2.1. Culture of PGCs Collected at Stage 18 H&H

The gPGCs were subcultured every 4 to 5 days. The morphological features after 1 and 2 weeks
of culture showed the same characteristics as those of the freshly isolated PGCs (Figure 2a,b; upper
images). The cells proliferated and formed small clusters on the somatic feeder cell layer. In the present
study, their doubling time was approximately 84 h gPGCs that could be easily identified as bright cells
in darkfield illumination at all times (Figure 2a,b; lower images).
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Cultured gPGCi(after2/weeks)

Dark ﬁclﬁﬁllunlimﬁih’q

Figure 2. The gPGCs cultured for 7 and 14 days, observed under an inverted phase-contrast microscope
and in darkfield illumination. This technique allows us to clearly distinguish PGCs from the feeder
layer and other cells. The PGCs are visible as bright, illuminated cells among the other cell types
(P.434242 patent application number). Magnification with 40x objective (Leica DMIS).

3.2.2. Culture of cPGCs at Stages 14 to 15 H&H

The medium change must be performed on the following day after seeding cPGCs on the feeder
cell layer to reduce the number of embryonic blood cells that did not adhere to the feeder layer.
Consecutive medium changes were performed every 2 days. After the 4th medium change (7th day of
incubation), clusters of proliferated cPGCs were observed (Figure 3). Only a few remaining embryonic
blood cells were found. Small clusters of cPGCs were observed by PKH26 staining. These cells had the
same morphological features as the bright cells observed under darkfield illumination (Figure 3).

Dark field PKH26

:.)

Figure 3. The cPGCs cultured for 7 days observed under an inverted phase-contrast microscope and

darkfield illumination (P.434242 patent application number). The cells were stained after 7 days of
culture using PKH26 fluorescent dye. Magnification of the objective 40x (Leica DMIS).
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3.3. Migratory Ability of Cultured PGCs to the Recipient Gonads

Both types of cells—gPGCs and cPGCs were cultured and then injected into the bloodstream of the
recipient embryos at H&H stages 13 to 16. This was performed to confirm whether the pre-cultivated
PGCs retained their ability to migrate into the recipient embryonic gonads.

3.3.1. Cultured gPGCs

After 15 days of culture, the gPGCs were diluted with KAv-1 medium to obtain 800 g PGCs/uL,
and 3 pL of this solution was injected into the recipient’s peripheral vein at stages 13 to 16 H&H.
The embryonated eggs with the injected PGCs were further incubated in the egg incubator at 38 °C.
Ten out of 14 recipient (71%) embryos developed normally after 5 or 6 days as shown in Tables 1
and 2. As shown in Table 1, the injected PGCs that were cultured were incorporated into gonads of all
survived embryos (after 5 days, n = 4; after 6 days, n = 6). Most of the injected gPGCs were found
in the left gonad and not in the right gonad. Szczerba et al. [22] observed that after the formation of
the posterior vitelline vein, the area of blood vessels in the left gonad increases compared to that in
the right gonad. This is due to the formation of the posterior vitelline vein only on the left side of
the embryo. The bloodstream in the capillary network on the left side can, therefore, flow directly
into the vein, while the bloodstream on the right side of the network cannot flow into any other vein.
The older the embryo is, the more is the development of the circulatory system, which may be the
cause of higher mortality.

Table 1. Colonization of the recipient gonads with the cultivated gPGCs examined after 5 days
post injection.

No. of Recipient Embryo Presence of Injected gPGCs in Gonads

Sex

(Injected Stages) Right Gonad Left Gonad
G-01 (stage 14) Female - +
G-02 (stage 14) Male - +
G-03 (stage 14) Male - +
G-04 (stage 15) Female + +
G-05 (stagel5) Female - +
G-06 (stage 15) Male + +
G-07 (stage 16) Female ++ +

G-08 (stage 15+) Dead
G-09 (stage 16) Female + +
G-10 (stage 15) Female + +
G-11 (stage 15) Male + ++
G-12 (stage 16) Dead
G-13 (stage 16) Dead
G-14 (stage 16) Dead

Table legend. G 01-14 = recipient embryos that received gPGCs; ‘~" no colonization; ‘+" gonad colonized at the
moderate level; ‘++" highly colonized gonad.

The collected gonads were dispersed by the trypsin treatment to confirm the cytological features
of the incorporated labeled cells. As shown in Figure 4, the dispersed PKH26-labeled cells had retained
the morphological feature of gPGCs.
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PKH26

Figure 4. Left panel: Male gonad observed under the microscope (Leica DMIS8) and stained with
PKH26. Right panel: Dispersed cells from the recipient gonads and stained with PKH26.

The gPGCs were seeded and cultured for at least 7 days. One day after seeding the cells,
they were counted manually from many fields of view every day for 7 days by using the Leica DMI8
microscope and darkfield illumination. PGCs were visible as bright cells distinctive from other cell
types. This method enabled us to count the cells rapidly and easily without using proliferation assays.
Figure 5 shows that the cells proliferated and the fold change increased every day. The gPGCs did not
proliferate rapidly because we obtained only three cells from one cell in 7 days.

gonadal PGC culture

w B~ v

N

[y

o

1 2 3 4 5 6 7
culturing period period (days)

cell proliferation - relative fold change

Figure 5. Proliferation curve of gPGCs cultivated on a chicken embryo feeder layer at pH 8.0. The live
gPGCs cells were counted directly in the culture by using the darkfield illumination method.

3.3.2. Cultured cPGCs

After 15 days of culture, the cPGCs were diluted with the KAv-1 medium to obtain 800 cPGCs/uL,
and 3 pL of this solution was injected into the recipient’s peripheral vein at stages 13 to 16 H&H.
The embryos with the injected cPGCs were further incubated in the egg incubator at 38 °C. Eleven out
of 20 (55%) treated embryos developed normally after 5 days as shown in Table 2. Nine out of these 11
(82%) embryos with injected cPGCs that were incorporated into the gonads survived.
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Table 2. The recipient gonads with the cultivated cPGCs examined after 5 days post injection.

No. of Recipient Embryo

Presence of Injected gPGCs in Gonads

(Injected Stages) Sex Right Gonad Left Gonad
C-01 (stage 14) Dead
C-02 (stage 14) Dead
C-03 (stage 15) Dead
C-04 (stage 15) Female + +
C-05 (stage 13) Dead
C-06 (stage 14) Male + ++
C-07 (stage 15) Dead
C-08 (stage 15) Dead
C-09 (stage 14) Dead
C-10 (stage 14) Male ++ +
C-11 (stage 13+) Female ++ +
C-12 (stage 13) Male - -
C-13 (stage 16) Male - -
C-14 (stage 15) Female ++ -
C-15 (stage 14) Male + +
C-16 (stage 16) Male ++ +
C-17 (stage 16+) Male ++ +
C-18 (stage 15+) Dead
C-19 (stage 15) Dead
C-20 (stage 16) Female + +

9of 14

Table legend. C 01-20 = recipient embryos that received cPGCs at the indicated stage 14-16+ H&H; ‘~" no colonization;

‘+” gonad colonized at the moderate level; ‘++” highly colonized gonad.

All the embryonic gonadal tissues were excised with micro-scissors and assessed for the presence
of the injected cultured gPGCs in their tissues. The collected gonads were also dispersed using
the trypsin treatment to confirm the cytological features of the incorporated labeled cells. The left
column of Figure 6 shows the right male gonad under the microscope light and the same gonad using
a fluorescent microscope and the dye PKH26.

499

Figure 6. Left panel: The male gonad observed under the microscope (Leica DMI8) and stained with

PKH26. Right panel: Dispersed cells from the recipient gonads and stained with PKH26.
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The cPGCs were seeded and cultured for at least 7 days. One day after seeding the cells, they were
counted manually from many fields of view every day for 7 days using the Leica DMI8 microscope
and darkfield illumination. cPGCs were visible as bright cells distinctive from cells of the other types.
Figure 7 shows that the cells proliferated and their fold change increased every day. Compared to PGCs
obtained from chick embryo gonads, the fold change of cPGCs was higher. Within 7 days, the cells
proliferated from one cell to 28 cells.

circulating blood PGCs culture

30

25

20

15

- relative fold change

10

cell proliferation

1 2 3 - 5 6 7

culturing period period (days)

Figure 7. Proliferation curve of cPGCs cultivated on a chicken embryo feeder layer at pH 8.0. The live
cPGCs were counted directly in the culture by using the darkfield illumination method.

4. Discussion

Here, a noninvasive and simple method was proposed to distinguish PGCs from other cells in the
culture (P.434242 patent application number). The PGCs are characterized by the presence of many
lipid droplets in their cytoplasm, a relatively large-sized nucleus, and a spherical shape (Figure 1).
Even when using a conventional bright-field light microscope, it may be problematic to identify PGCs
in heterogeneous populations, and these cells may be confused with other structures (even with lipid
droplets sometimes). The cell structural features generate a specific optical condition that enable
their illumination-based identification. Therefore, the rapid method proposed here may increase the
efficiency of culture evaluation of PGCs.

In this analysis, chicken PGCs obtained at stages 14 to 15 and 18 H&H from embryonic blood or
gonadal regions were cultured in vitro on feeder cell layers derived from embryonic chick cells. The use
of the chicken origin feeder layer allowed reducing the xenogenic animal factors in the culture. Here,
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in contrary to other studies, the chick PGC culture did not require more commonly used xenogenic
feeder cell layers such as mouse (STO), rat (buffalo rat liver [BRL]), or conditioned medium with
rat fibroblasts [15,17,23,24]. Here, the conditions were established for maintaining PGCs using the
KAv-1 medium at pH 8.0 instead of KO-DMEM at pH 7.2. Chicken serum (CS), KOSR, and bFGF
were the other substances used. According to Van De Lavoir et al. [15], CS, SCE, human FGF, and BRL,
which produce LIF, may be very important factors in the culture of PGCs. They are known as factors
that cause proliferation of the chick PGCs. Woodcock et al. [2] also used a medium containing CS or
serum-free medium containing ova transferrin for their research. This allowed minimizing the use
of xenobiotics in the culture. Despite the high pH, there were no considerable issues in the growth
of PGCs. According to Kuwana et al. [21], the embryonic blood pH in situ between 2 and 11 days of
incubation is approximately 8.0. This implies that in such pH, the functioning of chicken PGC is normal;
they proliferate and migrate. The outcome of this study indicates that culture conditions such as pH
around 8.0 and the presence of an avian fibroblast layer are similar to the environment that occurs
naturally in developing chicks. These conditions also have been indicated in other studies [12,25-27].

Several difficulties are encountered while culturing PGCs. The first one is the issue of a very
limited number of PGC in situ, which directly poses technical issues to isolate a sufficient founder
population. It appears that the most practical method of obtaining PGC is to isolate them from
developing gonads of 5- to 7-day-old embryos [18]. This approach allows us to obtain a relatively high
amount of viable PGCs in a short time. The disadvantage of this method is the risk of contamination
with other types of cells. This shows that no single method is good enough to obtain and cultivate
both types of cells. Here, we collected gPGC at H&H stages 17 to 18 from somatic cells of future
gonadal regions. The collected gPGCs proliferated and formed clusters on the somatic fibroblast layer.
Their morphological features were the same as those of cPGCs in the bloodstream (Figures 1 and 2).
The cPGCs had the same morphological characteristics after 7 days of culture, as shown in Figure 3.

The process of collecting and purifying cPGCs from the bloodstream involves several technically
demanding steps. This poses a risk of even further loss of cells in the low population of available PGCs.
Therefore, we stained the population of bloodstream cells with a fluorescent label immediately after
their collection, prior to placing the cells in the culture condition. The characteristic cell behavioural
differences allowed distinguishing the somatic blood cells, including erythrocytes, from cPGCs.
Many of the seeded cPGCs were loosely connected to the fibroblast cell layer. The embryonic blood
cells, however, remained suspended in the medium and did not adhere to the feeder layer. This resulted
in blood cells being washed out after several medium changes. As shown in Figure 3, only the clusters
of cPGCs remained on the feeder layer. This shows that the cultivation of whole blood cells labeled
with PKH26 enabled to “selectively” grow cPGCs on the chicken feeder, without any prior purification
step, but with the application of only specific culture conditions. We observed that the morphology
was retained upon subculture and culture on the feeder layer. Small clusters were formed which
is typical [28]. In the present study, the cultivated gPGCs and cPGCs migrated into the developing
gonads of the recipient embryos (Figures 4 and 6, Tables 1 and 2). These results indicate that the
pre-cultivated PGCs retained the ability to migrate to the recipient’s gonads as did the native PGCs.
The doubling time for PGCs in this analysis was approximately 84 h. Woodcock et al. [2] reported
that for cPGCs cultured in vitro, the doubling time was 33.4 h for both sexes. The cell doubling time
depends on the genotype and is also affected by the concentration of the initiatory cell population.
Different amounts of cells modify the culture conditions in vitro at various rates [28].

Conditions used in this research enabled us to cultivate both types of cells—cPGCs and gPGCs.
Very few studies have compared the growth of both types of PGCs in the same culture condition.
Recently, only Raucci et al. [11] compared three types of cells in a similar condition: Chicken embryonic
stem cells (cES), cPGCs, and gonadal germ cells (GGCs). They used the same embryonic stem avian
complete medium with differing FGF concentrations; moreover, an irradiated STO feeder layer was used
only for cPGCs. Their conditions enabled a long-term culture of all stem cell types (over 30-40 days)
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and did not affect the reactivity to specific markers, but only a higher number of cytoplasmic bridges
was observed in the gonadal population [29].

Chicken donor PGCs can be considered functional if, after being subjected to in vitro handling
involving their cultivation, genetic modifications, and/or conservation protocols, they retain the
contribution to germline. In other words, the following criteria should be met in functional PGCs:
(1) Ability to colonize recipient gonads and differentiate into gametes, and (2) contribute to the
germplasm of the produced chimeras and transmit the genes through generations. Therefore, it is a
standard to include a validation task for at least one of the above functions. Here, we showed that both
gPGCs and cPGCs that were pre-cultivated in a chicken feeder culture system retained their migratory
properties and were incorporated into the recipient gonads. In this study, both gonads of recipient
embryos (left and right) were colonized by gPGCs and cPGCs (Tables 1 and 2). One may consider
this system to be highly useful, because it allows cultivating both PGC types in the same condition.
Naito [30] hypothesized that the population of cPGCs isolated from the embryonic bloodstream is
heterogeneous and comprises stem cells with varying potential to differentiate. Therefore, it is expected
to have increased differentiation of cPGCs in long-term cultures with loss of stem markers and reduced
progenitor potential to form functional gametes. Here, some differences in the distribution of PGCs
to the left and right gonads were observed using a subjective scale, e.g., for cPGCs, the right gonad
might be considered a more preferred site (++ vs. +, Table 2). However, our results may elicit
some contradicting arguments related to the established knowledge of the preferred site for gonadal
colonization [22]. Thus, on the basis of our results, we cannot give a clear evidence of whether the
sex of the recipient or the location of a gonad (left or right) influenced the fate of migration of the
injected PGCs. This must be confirmed using a quantitative experimental design with a larger cohort
of pre-cultivated donor PGCs.

5. Conclusions

In the present study, we proposed a method that enabled the cultivation of both cPGCs and gPGCs
on the feeder layer of avian origin, with minimum xenobiotic factors. The migratory attraction to the
recipient gonads was retained in both cPGCs and gPGCs that were pre-cultivated on the avian feeder
layer. We also demonstrated a feasible and cost-efficient technique to routinely assess the cultivated
PGCs on the basis of their morphological characteristics and using the optical features of PGCs in
darkfield illumination. This method is especially useful to distinguish PGCs in the feeder culture
systems or during co-cultivation of PGCs with other cell types. This can be supportive when the other
popular protocols such as the MTT metabolic assay (a colorimetric assay for assessing cell metabolic
activity) or an automated real-time cell counting system must be excluded due to issues related to the
separation of heterogenic cell types in the PGC cultures.

Bearing in mind the mechanisms of epigenetic changes in PGCs [19,31] and factors affecting the
molecular stability and fate of cultivated PGCs, further marker-assisted assays will be applied to our
in vitro systems, followed by in vivo validation of the function of retained PGCs.

6. Patents

Patent application number: P.434242.

Author Contributions: Conceptualization, A.S., TK., and M.B.; methodology, A.S. and T.K.; formal analysis,
A.S. and T.K; investigation, A.S. and T.K,; resources, M.B., data curation, A.S. and T.K.; writing—original draft
preparation, A.S., TK., M.B., and M.P;; writing—review and editing, A.S., TK., M.B., and M.P,; supervision, M.B,;
project administration, M.B.; funding acquisition, M.B. All authors have read and agreed to the published version
of the manuscript.

Funding: The research was supported by grant no. UMO-2017/27/B/NZ9/01510 funded by the Polish National
Science Centre.

Acknowledgments: We are grateful to Katarzyna Stadnicka for the interesting discussion about the results
obtained in this study.



Animals 2020, 10, 1769 13 of 14

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Sawicka, D.; Chojnacka-Puchta, L.; Zielinski, M.; Plucienniczak, G.; Plucienniczak, A.; Bednarczyk, M. Flow
cytometric analysis of apoptosis in cryoconserved chicken primordial germ cells. Cell. Mol. Biol. Lett.
2015, 20, 143-159. [CrossRef] [PubMed]

Woodcock, M.E.; Gheyas, A.A.; Mason, A.S.; Nandi, S.; Taylor, L.; Sherman, A.; Smith, J.; Burt, D.W,;
Hawken, R.; McGrew, M.]. Reviving rare chicken breeds using genetically engineered sterility in surrogate
host birds. Proc. Natl. Acad. Sci. USA 2016, 116, 20930-20937. [CrossRef] [PubMed]

Mucksova, J.; ReiniSovd, M.; Kalina, J.; Lejckova, B.; Hejnar, J.; Trefil, P. Conservation of chicken male
germline by orthotopic transplantation of primordial germ cells from genetically distant donors. Biol. Reprod.
2019, 101, 200-207. [CrossRef]

Molnar, M.; Lazar, B.; Sztan, N.; Végi, B.; Drobnyak, A, Téth, R; Liptoi, K.; Marosan, M.; Gocza, E.; Nandi, S.;
et al. Investigation of the Guinea fowl and domestic fowl hybrids as potential surrogate hosts for avian
cryopreservation programmes. Sci. Rep. 2019, 9, 14284. [CrossRef] [PubMed]

Chojnacka-Puchta, L.; Sawicka, D. CRISPR/Cas9 gene editing in a chicken model: Current approaches and
applications. J. Appl. Genet. 2020, 61, 221-229. [CrossRef]

Bednarczyk, M.; Koztowska, I.; Lakota, P.; Szczerba, A.; Stadnicka, K.; Kuwana, T. Generation of transgenic
chickens by the non-viral, cell-based method: Effectivness of some elements of this strategy. J. Appl. Genet.
2018, 59, 81-89. [CrossRef]

Kuwana, T. Migration of Avian Primordial Germ Cells toward the Gonadal Anlage. Dev. Growth Differ.
1993, 35, 237-243. [CrossRef]

Tajima, A.; Hayashi, H.; Kamizumi, A.; Ogura, J.; Kuwana, T.; Chikamune, T. Study on the concentration of
circulating primordial germ cells (cPGCs) in early chick embryos. J. Exp. Zool. 1999, 284, 759-764. [CrossRef]
Kuwana, T.; Rogulska, T. Migratory mechanisms of chick primordial germ cells toward gonadal anlage.
Cell. Mol. Biol. 1999, 45, 725-736.

Motono, M.; Ohashi, T.; Nishijima, K.I; lijima, S. Analysis of chicken primordial germ cells. Cytotechnology
2008, 57, 199-205. [CrossRef]

Raucci, F,; Fuet, A.; Pain, B. In vitro generation and characterization of chicken long-term germ cells from
different embryonic origins. Theriogenology 2015, 84, 732-742.e2. [CrossRef] [PubMed]

Park, T.S.; Han, J.Y. Derivation and characterization of pluripotent embryonic germ cells in chicken.
Mol. Reprod. Dev. 2000, 56, 475-482. [CrossRef]

Hamburger, V.; Hamilton, H.L. A series of normal stages in the development of the chick embryo. J. Morphol.
1951, 88, 49-92. [CrossRef] [PubMed]

Naito, M.; Minematsu, T.; Harumi, T.; Kuwana, T. Preferential Migration of Transferred Primordial Germ
Cells to Left Germinal Ridge of Recipient Embryos in Chickens. . Poult. Sci. 2009, 46, 40-45. [CrossRef]
Van De Lavoir, M.C.; Diamond, . H.; Leighton, P.A.; Mather-Love, C.; Heyer, B.S.; Bradshaw, R.; Kerchner, A;
Hooi, L.T.; Gessaro, T.M.; Swanberg, S.E.; et al. Germline transmission of genetically modified primordial
germ cells. Nature 2006, 441, 766-769. [CrossRef]

Macdonald, J.; Glover, ].D.; Taylor, L.; Sang, H.M.; McGrew, M.]. Characterisation and germline transmission
of cultured avian primordial germ cells. PLoS ONE 2010, 5, €15518. [CrossRef]

Tonus, C.; Cloquette, K.; Ectors, E; Piret, J.; Gillet, L.; Antoine, N.; Desmecht, D.; Vanderplasschen, A.;
Waroux, O.; Grobet, L. Long term-cultured and cryopreserved primordial germ cells from various chicken
breeds retain high proliferative potential and gonadal colonisation competency. Reprod. Fertil. Dev. 2016, 28,
628-639. [CrossRef]

Nakamura, Y.; Kagami, H.; Tagami, T. Development, differentiation and manipulation of chicken germ cells.
Dev. Growth Differ. 2013, 55, 20—40. [CrossRef]

Kim, Y.M.; Han, ].Y. The early development of germ cells in chicken. Int. |. Dev. Biol. 2018, 62, 145-152.
[CrossRef] [PubMed]

Mozdziak, P.E.; Angerman-Stewart, J.; Rushton, B.; Pardue, S.L.; Petitte, ].N. Isolation of chicken primordial
germ cells using fluorescence-activated cell sorting. Poult. Sci. 2005, 84, 594-600. [CrossRef]


http://dx.doi.org/10.1515/cmble-2015-0005
http://www.ncbi.nlm.nih.gov/pubmed/26204399
http://dx.doi.org/10.1073/pnas.1906316116
http://www.ncbi.nlm.nih.gov/pubmed/31575742
http://dx.doi.org/10.1093/biolre/ioz064
http://dx.doi.org/10.1038/s41598-019-50763-3
http://www.ncbi.nlm.nih.gov/pubmed/31582777
http://dx.doi.org/10.1007/s13353-020-00537-9
http://dx.doi.org/10.1007/s13353-018-0429-6
http://dx.doi.org/10.1111/j.1440-169X.1993.00237.x
http://dx.doi.org/10.1002/(SICI)1097-010X(19991201)284:7&lt;759::AID-JEZ5&gt;3.0.CO;2-6
http://dx.doi.org/10.1007/s10616-008-9156-x
http://dx.doi.org/10.1016/j.theriogenology.2015.04.032
http://www.ncbi.nlm.nih.gov/pubmed/26037665
http://dx.doi.org/10.1002/1098-2795(200008)56:4&lt;475::AID-MRD5&gt;3.0.CO;2-M
http://dx.doi.org/10.1002/jmor.1050880104
http://www.ncbi.nlm.nih.gov/pubmed/24539719
http://dx.doi.org/10.2141/jpsa.46.40
http://dx.doi.org/10.1038/nature04831
http://dx.doi.org/10.1371/journal.pone.0015518
http://dx.doi.org/10.1071/RD14194
http://dx.doi.org/10.1111/dgd.12026
http://dx.doi.org/10.1387/ijdb.170283jh
http://www.ncbi.nlm.nih.gov/pubmed/29616722
http://dx.doi.org/10.1093/ps/84.4.594

Animals 2020, 10, 1769 14 of 14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kuwana, T.; Hashimoto, K.; Nakanishi, A.; Yasuda, Y.; Tajima, A.; Naito, M. Long-term culture of avian
embryonic cells in vitro. Int. ]. Dev. Biol. 1996, 40, 1061-1064. [CrossRef] [PubMed]

Szczerba, A.; Kuwana, T.; Bednarczyk, M. The Developmental Changes in the Extra-Embryonic Vascular
System in the Circulating Phase of Primordial Germ Cells in Aves. Folia Biol. 2019, 67, 79-83. [CrossRef]
Oishi, I. Improvement of Transfection Efficiency in Cultured Chicken Primordial Germ Cells by Percoll
Density Gradient Centrifugation. Biosci. Biotechnol. Biochem. 2010, 74, 2426-2430. [CrossRef] [PubMed]
Miyahara, D.; Mori, T.; Makino, R.; Nakamura, Y.; Oishi, I.; Ono, T.; Nirasawa, K.; Tagami, T.; Kagami, H.
Culture conditions for maintain propagation, long-term survival and germline transmission of chicken
primordial germ cell-like cells. J. Poult. Sci. 2014, 51, 87-95. [CrossRef]

Whyte, J.; Glover, ].D.; Woodcock, M.; Brzeszczynska, J.; Taylor, L.; Sherman, A.; Kaiser, P.; McGrew, M.].
FGF, Insulin, and SMAD Signaling Cooperate for Avian Primordial Germ Cell Self-Renewal. Stem Cell Rep.
2015, 5, 1171-1182. [CrossRef] [PubMed]

Choi, ].W,; Kim, S.; Kim, T.M.; Kim, Y.M.; Seo, HW.,; Park, T.S; Jeong, ].W.; Song, G.; Han, ].Y. Basic fibroblast
growth factor activates MEK/ERK cell signaling pathway and stimulates the proliferation of chicken
primordial germ cells. PLoS ONE 2010, 5, €12968. [CrossRef] [PubMed]

Guan, W,; Wang, Y,; Hou, L.; Chen, L.; Li, X.; Yue, W.; Ma, Y. Derivation and characteristics of pluripotent
embryonic germ cells in duck. Poult. Sci. 2010, 89, 312-317. [CrossRef]

Anand, M,; Lazar, B.; Toth, R.; Péll, E.; Patakiné Varkonyi, E.; Liptéi, K.; Homolya, L.; Hegyi, Z.; Hidas, A.;
Gocza, E. Enhancement of chicken primordial germ cell in vitro maintenance using an automated cell image
analyser. Acta Vet. Hung. 2018, 66, 518-529. [CrossRef]

Chen, Y.C,; Lin, S.P; Chang, Y.Y.; Chang, W.P; Wei, L.Y.; Liu, H.C.; Huang, ].F,; Pain, B.; Wu, S.C. In vitro
culture and characterization of duck primordial germ cells. Poult. Sci. 2019, 98, 1820-1832. [CrossRef]
Naito, M.; Harumi, T.; Kuwana, T. Long-term culture of chicken primordial germ cells isolated from
embryonic blood and production of germline chimaeric chickens. Anim. Reprod. Sci. 2015, 153, 50-61.
[CrossRef]

Kress, C.; Montillet, G.; Jean, C.; Fuet, A.; Pain, B. Chicken embryonic stem cells and primordial germ cells
display different heterochromatic histone marks than their mammalian counterparts. Epigenet. Chromatin
2016, 9, 1-18. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1387/ijdb.8946253
http://www.ncbi.nlm.nih.gov/pubmed/8946253
http://dx.doi.org/10.3409/fb_67-2.08
http://dx.doi.org/10.1271/bbb.100464
http://www.ncbi.nlm.nih.gov/pubmed/21150102
http://dx.doi.org/10.2141/jpsa.0130077
http://dx.doi.org/10.1016/j.stemcr.2015.10.008
http://www.ncbi.nlm.nih.gov/pubmed/26677769
http://dx.doi.org/10.1371/journal.pone.0012968
http://www.ncbi.nlm.nih.gov/pubmed/20886037
http://dx.doi.org/10.3382/ps.2009-00413
http://dx.doi.org/10.1556/004.2018.046
http://dx.doi.org/10.3382/ps/pey515
http://dx.doi.org/10.1016/j.anireprosci.2014.12.003
http://dx.doi.org/10.1186/s13072-016-0056-6
http://www.ncbi.nlm.nih.gov/pubmed/26865862
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

6.2. OSWIADCZENIE AUTORA ROZPRAWY DOKTORSKIEJ

Oswiadczenie autora rozprawy doktorskiej

mgrinz. Agata Szczerba

Katedra Biotechnologii i Genetyki Zwierzat
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" In the case of two- or multi-author papers, declarations of a candidate for the doctoral degree and co-authors are required, indicating their
substantive contribution to the creation of each paper (e.g. the creator of the research hypothesis, the originator of the research, performance
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