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ABSTRAKT

Cilem mé disertatni prace bylo identifikovat proteiny ucCastnici se chemické
komunikace, a predevS§im pak ty, které jsou dulezit¢ pro sexudlni signalizaci. Tckavé
chemické signaly jsou transportovany proteiny z rodiny lipokalinG uvnitf beta barelu smérem
k receptoriim, nebo z téla ven, kde jsou uvoliiovany. Proto jsem se zaméfila na tyto proteiny
ve slindich a ve vagindlnim sekretu mySi domdci, s vyuzitim proteomickych a
transkriptomickych pfistupt. Vzhledem k cyklické povaze reprodukéniho cyklu a jeho
hormonalni kontroly jsem se také zabyvala detailni roli estradiolu na fenotyp spermii u
laboratorni mysi.

Ve slinném proteomu jsme identifikovali pohlavni dimorfismus u 10 lipokalint (tj. z
celkem 20) a predpokladame, ze i ve slinach mohou hrat roli v pohlavni signalizaci, jak jiz
bylo popsdno v moci. Ve vaginalnim sekretu jsme také identifikovali nékolik lipokalint,
jejichz hladina exprese rostla z faze proestru do estru, coz by mohlo podporovat predpoklad,
ze 1 ve vaging plni signaliza¢ni funkci. Hladina téchto lipokalinti vSak zlistavala zvySend i ve
fazi metestru, coz by znamenalo, ze by samice stimulovala samce ke kopulaci i1 ve fazi, kdy
neni receptivni. Pravdépodobné tedy zélezi spiSe na smési ligandl pienaSenych lipokaliny,
nez na proteinech samotnych. Dalsim vysledkem bylo zjisténi, Zze estrogenni hormony v
zavislosti na jejich koncentracich a dobé puasobeni vykazuji rozdilnou odpovéd. Tato
odpovéd’ je déna tim, ze rizné estrogeny aktivuji odlisné typy nebo ¢asti signalnich drah, a
nebo mohou vézat a aktivovat rizné receptory, které¢ spousti drahy vedouci k tyrosinové
fosforylaci proteinti spermii béhem procesu kapacitace.

Zavérem bych rada zdiiraznila, ze regulace reprodukce a regulace sexudlni signalizace
je pod kontrolou steroidnich hormont — konkrétné estradiolu a progesteronu. Ve své praci
jsem zaroven poskytla dikazy, ze nejen samici reprodukce, ale i fertiliza¢ni schopnost spermit

je pod vlivem estradiolu.
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ABSTRACT

The aim of my thesis was to identify proteins involved in chemical communication
and especially those that are involved in sexual signalling. Volatile chemical signals are
transported with lipocalins in their beta-barrel structure to present their ligands to receptors or
out of the body. Thus, I focused on the identification of these proteins in saliva and vaginal
secretion of the house mouse using proteomic and transcriptomic approaches. Due to a cyclic
manner of reproduction and its hormonal control, I have also focused on the role of estradiol
on sperm phenotype in the laboratory mouse.

We have identified an elevated sexual dimorphism in several lipocalins (i.e. 10 out of
20) in the saliva proteome where they may play a role in sexual signalling (i.e. similar to their
described roles in the mouse urine). Interestingly, vaginal secretion also contains lipocalins
and they rise from proestrus to estrus and remain steady during metestrus. Such variation
provides evidence that they serve sexual signalling, however, due to their elevated levels
during metestrus it is most likely that their ligands function as signals and not the proteins
themselves. On the level of sperm phenotype, we have provided evidence, that experimental
concentrations of estradiol have differential effects on sperm. This is due to a differential
activation of several signalling pathways via their receptors based on varying levels of
estradiol.

To conclude, the regulation of reproduction and female sexual signalling are under the
control of steroid hormones - namely estradiol and progesterone. In our study we provide
evidence that the same female hormones are responsible for the variation in chemical signals

and for the differences in fertilizing capacity of sperm.
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1. Literarni piehled

1.1. Chemicka komunikace

Chemickd komunikace je jednou z nejstarSich forem dorozumivani mezi buitkami ¢i
jedinci, presto je oblasti, kde zlstavd nezodpovézeno stale mnoho otdzek. Nékteré principy
chemické komunikace byly objeveny pomérné neddvno tymem R. Axel a L. Buck, ktefi
dokonce v roce 2004 ziskali Nobelovu cenu za objeveni a popsani olfaktorickych receptorii v
¢ichovém epitelu.

Chemickd komunikace se objevuje od bunécné urovné az po uroven jedince, a to
napfi¢ rostlinou i zivoCiSnou fi$i. Taktéz je rozSifena napfi¢ vodnimi i terestrickymi
ekosystémy. Jelikoz se chemické signdly §ifi Casto vzduchem a na velké vzdalenosti, jsou
obtizn¢ detekovatelné a jejich koncentrace Spatné meéfitelnd. Pro identifikaci jedinci ve
skupiné se béhem evoluce vytvarely rizné systémy vzniku, pfenosu a piijmu chemickych
latek. Pfenos chemického signalu mtize probihat jak pfimym kontaktem jedinct, tak i neptimo
na dlouhé vzdalenosti. Jedine¢nost chemického signalu, na rozdil od vokalniho ¢i vizualniho,
spoc¢iva vtom, Ze miize ptretrvavat v prostfedi po delsi dobu a ptedavat tak informace
jedinciim vlastniho ¢i jiného druhu. Slozeni chemického signalu se odviji od individualnich
fyzickych vlastnosti jedince, napt. zdravotniho stavu, imunokompetence, slozeni stravy, je
tudiz povazovan za tzv. "uptimny signal" (nelze ho védomé ovlivnit). Tyto chemické signaly
jsou Casto produktem metabolickych drah jedince a jsou vyluCovany riznymi zlazami piimo
na povrch téla (napt. potni z1azy) nebo zprostfedkované pomoci télnich tekutin, jako jsou mo¢
(Janotova & Stopka 2011), sliny (Stopka et al. 2016), slzy (Stopkova et al. 2017) ¢i vaginalni
sekret (Cerna et al. 2017).

Z pozorovani jedincti mysi domaci (Mus musculus musculus) 1ze usuzovat, ze prvotni
kontakt za¢ina v orofacialni oblasti, pokracuje ptes linii téla a kon¢i v anogenitalni oblasti. V
pfimém kontaktu je aktivnéj$i samec a samice spiSe pasivné vyckava (Obr.1). V orofacialni
oblasti jsou zdrojem pachovych informaci sliny, slzy ¢i produkty dalSich menSich zlaz
v hlavové oblasti. V anogenitalni ¢asti jsou pachy produkované prepucidlnimi Zzlazami,
subkaudalnimi Zlazami a u samic pak predevSim vagindlnim sekretem. Tento sekret
zprostiedkovava samci informace o reprodukénim stavu samice a muze obsahovat latky

stimulujici kopulaci, jak bylo popsano napf. v ptipadé kiecka (Singer et al. 1976).
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Obriazek 1. Casovy sled komunikace mezi samcem a samici mysi domaci (Mus muculus
muculus). Samec je oznacen bilou skvrnou na zaddech. Prvotni kontakt je zahajen pfiblizenim
samce a dochdzi k nému v orofacidlni oblasti (a, b). Pozvolna se zajem posouva pies linii téla
(c, d) az k anogenitalni oblasti (e, f). Snimky byly potizeny z videa.

Chemické signdly se mohou poskytovat informace jak o vnéjSim prostiedi (t.].
odoranty), tak o individudlnich vlastnostech jedince, jako je pfibuznost, zdravotni stav, a je

podstatnou soucasti sexudlni komunikace. U nékterych druhti zivocichti se ¢ich nevyvinul
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ptilis dobfe — jsou to tzv. mikrosmaticti zivoCichové, jako je naptiklad ¢loveék ¢i nektefi
primati, a u jinych zivocichll je ¢ich naopak velice dobfe vyvinuty — tzv. makrosmaticti
zivoCichové (Laska et al. 2000; Kornack & Rakic 2001). Takovym ptikladem jsou hlodavci,
predevsim mys, kterd je jakozto modelovy organismus nejlépe prostudovana.

Nositelé chemickych informaci mohou byt latky s rliznou chemickou strukturou,
feromony a odoranty. Nazev feromon vznikl roce 1959, autory byli Peter Karlson a Martin
Liischer (Karlson & Liischer 1959). Pojmenovani je odvozeno z feckych slov pheroo (nesu) a
hormon (stimulacni). Tito chemicti poslové jsou produkovani jedincem a dostavaji se do
okolniho prostfedi, kde jsou nasledné zachyceni pfijemcem a ptes olfaktoricky systém ptisobi
na nervovou soustavu. Feromony vedou ke zménam hormondlnich hladin a néslednym
fyziologickym, imunologickym ¢i behaviordlnim projeviim pfijemce a Casto maji pohlavné
specificky efekt. Typickym znakem feromont je to, Ze mohou pusobit i pfi velmi nizké
koncentraci, naptiklad bombykol ptlisobi jiz pfi 170 molekulach (Tabuchi et al. 2013).
Vnimani odorant, na rozdil od feromontl, vyzaduje faddové vyssi koncentrace a tyto
substance predavaji pfijemcim informace predevsim z vnéj$iho prostiedi (t.j. pritomnost
potravy, predatora, nebezpecnych latek). Predpoklada se tedy, ze detekce odorantti nebude mit
pohlavné specificky efekt. Nicméné strukturdln€é mohou byt odoranty i feromony velmi
podobné latky, napt. derivat pyrazinu, 2-isobutyl-3-methoxypyrazin (IMBP) je odorant
charakteristicky pro odriidu vina Sauvignon blanc, zatimco jiny derivat pyrazinu 2,5-
dimethylpyrazin byl popsén jako samici feromon v moc¢i mys$i (Daev & Dukelskaya 2003).
Feromony ¢i odoranty mohou byt t€kavé hydrofobni latky a jejich pfendseni, at’ uz smérem
z téla ven, ¢i smérem k olfaktorickym receptortim, je usnadiovano specifickymi bilkovinami

z rodiny lipokalint (Tegoni et al. 2000; Stopkova et al. 2017).

1.1.1. Lipokaliny

Lipokaliny patii spole¢né s proteiny vazajicimi mastné kyseliny (angl. fatty-acid
binding proteins, FABP), avidiny a metaloproteinasovymi inhibitory (MPI) do velké rodiny
proteinti vazajicich ligandy, kterd se nazyva calyciny (Flower 1996). Proteinova rodina
lipokalinG je tvofena skupinou malych extraceluldrnich proteini (150-250 AMK), jejichz

sekvenéni podobnost je nizkd, avSak tercidrni struktura je zakonzervovdna a utvari
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charakteristickou konformaci téchto proteinti — kalich/barel (odtud nédzev lipokalini - ,,lipos*
= tuk a ,,calyx“= kalich).

Krystalografickd struktura ukdzala, Ze tercidrni struktura je tvofena osmi
antiparalelnimi beta listy, spojenymi vodikovymi mustky, jez vytvaii tzv. B-barel, ktery tvori
vazebné misto pro rizné ligandy (napt. feromony, odoranty, retinol, lipidy, steroidy, biliny) —
viz obr. 2. Lipokaliny tak mohou slouzit jako transportéry hydrofobnich ligandi, které by se
bez pienasecli nedostaly pfes vodni bariéru, napt. pies nosni mukozu k olfaktorickym
receptorim. Lipokaliny se ucastni celé Skaly biologickych procest, napf. prendSeni
chemickych signalt pii chemické komunikaci, ale také hraji roli pfi syntéze prostaglandini
(Fujitani et al. 2002), regeneraci a vyvoji tkdni (Kim et al. 2005; Ganfornina et al. 2010; Petta
et al. 2011; Spreyer et al. 1990; Playford et al. 2006), imunitni reakci organismu (Fujitani et
al. 2002; Urade et al. 2013) ¢i procesech spojenych s reprodukei (Stewart et al. 2000).

Obrazek 2. Terciarni struktura mySiho lipokalinu je zobrazena na prikladu proteinu
MUP. Zluté je oznaceno 8 beta listl, které vytvari otevieny beta barel s alfa helixy (Cervené)
a na konci jsou amino (N-terminus) a karboxylové (C-terminus) zbytky.

U savcll je znamo asi 15 skupin lipokalind, z nichz n¢které obsahuji vétsi mnozstvi
paralogti. U mys$i je zndmo pfiblizné€ 50 lipokalinil, z nichz nejvice prostudované v souvislosti
s chemickou komunikaci jsou hlavni mocové proteiny (angl. major urinary proteins, MUP) a

odorant vazajici proteiny (angl. odorant binding proteins, OBP).
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1.1.2. Odorant vazajici proteiny (OBP)

OBP je typickym zastupcem lipokalinti, jehoz struktura vykazuje vySe uvedené
charakteristické znaky. Prvni popsané¢ OBP bylo izolovano z c¢ichové sliznice krav a
vzhledem k jeho schopnosti vazat zndmy odorant IMBP (derivat pyrazinu) byl nazvéan protein
vazajici pyrazin, angl. pyrazine binding protein neboli PBP (Bignetti et al. 1985). Dalsi
analyzou vazebné schopnosti kravského OBP vici 80 ligandiim se zjistilo, Ze tento protein je
schopen vazat Sirokou Skalu chemickych substanci s riznou chemickou strukturou, predevsim
pak odorantt (Pevsner et al., 1990). Vysledky ukazaly, ze tento typ OBP je dimer skladajici
se ze dvou 19kDa podjednotek. Predpoklada se, ze krom¢ vazebnych mist uvnit beta barelu
vznika pfi tvorbé dimeru uprostied dalsi vazebné misto pro hydrofobni ligandy (Tegoni et al.
1996). Struktura kravského OBP se vSak 1i§i od struktury OBP u ostatnich druht
nepiitomnosti disulfidické vazby, coz mize mit vliv na utvéafeni konformace a poctu
vazebnych mist (Tegoni et al. 2000; Ramoni et al. 2002).

Z nosni sliznice mysi byly OBP poprvé identifikovany v roce 1992 (Pes et al, 1992), a
to jako dvé podjednotky heterodimeru OBP1 - OPBla (18kDa) a OBP1b (19kDa). Pozd¢ji byl
na zaklad¢ bioinformatické analyzy u mys$i popsan podrobnéji klastr Sesti Obp geni a dvou
Obp pseudogenti na chromosomu X (Stopkova et al. 2009; Stopkova et al. 2014) Obr. 3. Tyto
proteiny byly potvrzeny i na urovni exprese v riznych tkdnich (Stopkova et al. 2016). Obp se
vyskytuji s vétsim ¢i mensim poctem paralogli u mnoha druhi savci, jako jsou napf. nornik
rudy (Myodes glareolus) — (Stopkova et al. 2010), sloni (Lazar et al., 2002), tur (Bos taurus) —
(Bignetti et al. 1985), prase (Sus scrofa) — (Spinelli et al. 1998), dikobraz (Hystrix cristata) —
(Felicioli et al. 1993) a rypos (Fukomys anselli, F. kafuensis) — (Hagemeyer et al. 2011).

5430402E10Rik  Gm14753 Obpla Gm14743
Obp2 Obp5 Obp8

4= - 4= 4mm cChix

: : — # 78.2 Mb
Obp1 Obp3-% Obp4-r:>> Obp6  Obp

Gm14744 Gm14750 Gm16458 Gm5938 Obplb

Obrazek 3. Organizace genového uspoiradani Obp na chromosomu X.
Jednotlivé geny Obp byly ocislovany podle ¢iselného kédu z databidze Ensembl (Stopkova et
al. 2014).
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Jeden ze ¢lent rodiny OBP je tzv. afrodisin, ktery byl objeven ve vaginalnim sekretu
samic kieCka (Mesocricetus auratus) a jeho pojmenovani souvisi s jeho vlastnosti stimulovat
kopulaci u samct. V roce 1976 bylo studovano specifické chovani samic kiecka, které
v obdobi estru vylucuji vétsi mnozstvi vaginalniho sekretu (Singer et al. 1976). DalSimi
pokusy bylo zjisténo, Ze potieme-li uspaného samce timto sekretem, stimulujeme ostatni
samce ke kopulaci s nim (Macrides et al. 1984). Z vaginalniho sekretu byla extrahovéana latka
dimetylsulfid (angl. dimethyl disulfide, DMDS) v domnéni, Ze jde o feromon, ktery stimuluje
samce. AvSak sama o sob¢ laitka DMDS Zadnou reakci nevyvolavala (Petrulis & Johnston
1995). Podrobnéjsi analyza samiciho sekretu vedla k izolaci abundantniho proteinu afrodisinu
a k nazoru, ze je to pravé tento protein, ktery vyvolava specifickou behavioralni odpovéd
(Singer et al. 1986; Briand et al. 2000). Exprese afrodisinu byla zatim potvrzena jen u samic
ktecka, zejména ve vagindlni oblasti (Bartholiho zldzy, angl. Major vestibular glands) a
déloze (Maigert et al. 1995), dale také v déloznim Cipku a ve snizené koncentraci ve
vajeCnicich (Kruheffer et al. 1996). Z existujicich pramentl vyplyva, Ze je afrodisin pohlavné
specificky, nicméné u samcii se pfitomnost tohoto genu zjistovala pouze v ptiusnich zldzach
(Mégert et al. 1999). Existuji nové vysledky, které ukazuji, ze afrodisin je pomoci dnes$nich
metod detekovatelny v mnoha dal$ich tkéanich, a to jak u samice, tak i u samce (Stopkova et
al. 2017). Mizeme se proto domnivat, ze hlavni roli stimulu nehraje samotny protein, ale
spiSe latka/ligand, ktery tento protein vaze a vynaSi z vagindlniho sekretu do vnéjSiho
prostiedi.

Nejcastejsi cestou, kudy se dostavaji chemické signaly z téla jedince, jsou rizné télni
tekutiny, napt. vaginalni sekret (Singer & Macrides 1993), mo¢ (Janotova & Stopka 2011),
slzy (t.j. extraoorbitalni slznd zlaza, lakrimalni zldza) nebo sliny (t.j. podcelistni Zzl4za, angl.
submandibular gland) (Srikantan et al. 2005). Velka cast lipokalinii se u mysi syntetizuje
v jatrech, odkud se pak nasledné dostdva moci ven ztcéla. Podobné napt. slinnd zlaza
produkuje velké mnozstvi OBP, které jsou poté vyluCovany do slin, a dominantni o¢ni zldza
(t.j. extraoorbitalni slznd zlaza) vyluCuje lipokaliny do slz, naptiklad u kieckt ¢i lidi
(Srikantan et al. 2005; Breustedt et al. 2005). Na téle savca dale existuji rozmanité pachové
zlazky, které také produkuji ptimo na povrch zvitete rizné pachové informace. Koc¢kodanoviti
(Mandrillus sphinx) maji specidlni zlazy umisténé ve sternalni oblasti na hrudnim kosi, kde
produkuji rdzné pachové znacky znacici dominanci, pohlavi atd. (Setchell et al. 2010). U

hlodavcli jsou to napf. prepucidlni zlazy (Ponmanickam et al. 2010) nebo posterolateralni
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zlazy. Jsou to mista, kterym jedinci opa¢ného pohlavi vénuji vétsi pozornost. Samice kiecka
dokonce ocichéavaji boky samce vice nez napt. mo¢ (Tang-Martinez et al. 1993).

Exprese Obp u mysi probihd v riznych tkdnich v rizném mnozstvi. Publikace
Stopkova et al. 2016 ukazuje, ze Obp jsou v nejveétsim mnozstvi exprimovany v nosnim
epitelu a v slznych zlazach. Poprvé jsou zde analyzovany 4 riizné geny pro Obp (t.j. Obpl,
Obp35, Obp6, Obp7) v osmi raznych tkanich (t.j. olfaktoricky epitel, vomeronasalni orgén,
lymfoidni tkan asociovana s nosni sliznici, lakrimalni zlaza, Harderianova zlaza, slinnd zlaza,
prepucialni zlaza a jatra) u obou pohlavi dvou poddruhtt mysi (t.j. Mus musculus musculus a
Mus musculus domesticus). Nékteré geny Obp jsou exprimovany specificky pouze v jedné
tkani, napt. Obp6 je pouze v slzné zlaze, zatimco jiné jsou jak v slzné, tak ve slinné zlaze.
Pohlavni dimorfismus byl detekovan v expresi Obp7 v slzné zlaze, kde vétsi mnozstvi Obp7
produkuji samicky. Pfitomnost OBP na proteinové trovni byla také potvrzena ve slinach
(Stopka et al. 2016), slzach (Stopkova et al. 2017) a vaginalnim sekretu (Cerna et al. 2017).

Ptesna funkce a zpiisob ptisobeni OBP nebyl dosud zcela objasnén. Piedpoklada se, ze
OBP exprimované v nosni tkani, at’ uz v hlavni ¢ichov¢ sliznici, ¢i ve vomeronasalnim orgénu
(VNO), muze slouzit k transportu hydrofobnich molekul k olfaktorickym receptorim. Nazory
na to, zda OBP v nose pouze nespecificky usnadiiuje pohyb hydrofobnich ligandii smérem
k receptorim (Pevsner et al. 1988; Pevsner & Snyder 1990) ¢i se aktivné podili piimo na
aktivaci téchto receptorti (Taylor et al. 2008; Vidic et al. 2008), se rizni. Je také mozné, ze
role OBP spociva naopak ve vychytavani piebytecnych ligandii ¢i odstranovani toxickych
substanci (Grolli et al. 2006; Boudjelal et al. 1996; Pelosi 1994), které¢ by mohly poskodit
sliznici. To by vysvétlovalo pfitomnost téchto proteint i v dalSich sekretech, jako jsou slzy a
sliny, kde neni potfeba aktivovat receptory, ale spi§ udrzovat povrch sliznice a odnaSet

ptipadné nadbytecné latky.

1.1.3. Hlavni mocové proteiny — Major urinary proteins (MUPs)

Hlavni mocové proteiny (MUP) jsou dal$imi ¢leny rodiny Lipokalinli a stejn¢ jako
OBP maji schopnost vazat rozmanité ligandy. Z hlediska chemické komunikace jsou
prostudovany mnohem podrobnéji nez OBP a jsou zndmy i konkrétni u¢inky feromondlnich
ligandt, které MUP vynasi moci ven z téla. Velikost téchto proteint je kolem 20kDa a u mysi
tvoti 2Mb klastr recentné duplikovanych genti na chromosomu 4 (Mudge et al. 2008; Logan

et al. 2008). U laboratorni mysi C57BL bylo popséano 42 genti pro MUP, polovinu z nich vSak
18



tvoti nekddujici sekvence pseudogentl, pricemz vétSina kodujicich sekvenci se nachdzi na 3'-
5'revers feté¢zci DNA a naopak pseudogeny lezi na 5°-3" forward fetézci. Kodujici sekvence
MUP se rozdéluji do dvou klastrii — klastr A tvofi ancestralni typy Mup a zahrnuje 5 genil
(Mup3, Mup4, Mup5, Mup6, Mup20, Mup?1), z kterych je pravdépodobné odvozen druhy
klastr B recentné duplikovanych 15ti gentt (Mupl, Mup2, Mup7-Mup19), které maji na Grovni
nukleotidové sekvence az 99% homologii. MUP se vyskytuji i u jinych zvifat, nicméné
nejvetsi mnozstvi paralogii nachazime praveé u mysi, o néco méné jich ma potkan (asi 8 genti -
u potkana jsou pod ndzvem a-2-microglobulins, A2UG) (Saito et al. 2000; Bocskei et al.
1992) a u jinych druhti se casto nachazi pouze jeden ¢i n€kolik malo MUP (Zhou et al. 2009).

MUP jsou syntetizovany zejména v jatrech (Hastie et al. 1979) a ptes glomerularni
filtraci se dostavaji do moci, kterd slouzi jako zdroj chemickych informaci o daném jedinci.
Piedev§im pfi znackovani teritoria maji MUP vyznamnou roli, protoZze diky pozvolnému
uvoliovani ligandi z MUP prodluzuji pachovou informaci znacky. Exprese Mup byla ale
prokazana i v jinych tkanich, napt. ve slinnych zlazach, slznych zldzach, mlécnych zlazach
apod. (Shahan et al. 1987; Sharrow et al. 2002; Mudge et al. 2008). Podobnym zptsobem se
tedy do vné&jSiho prosttedi dostavaji i dalsi pachové informace z jinych télnich tekutin, napf.
vaginalniho sekretu, slz ¢i slin, které ulpivaji na srsti pii tzv. selfgroomingu (€iSténi své srsti),
kde zasychaji a také uvoliuji chemické signdly (Ferkin et al. 1996).

Exprese MUP je u mysi pohlavné dimorfni, samci produkuji mnohondsobné vétsi
mnozstvi MUP v moc¢i nez samice. Tento dimorfismus byl zdokumentovan u dvou mysich
poddruhtt Mus musculus musculus 1 Mus musculus domesticus (Stopkova et al. 2007), kde
bylo navic zjisténo, Ze rozdil v produkci MUP mezi samcem a samici je u poddruhu M. m.
musculus vyrazn€j$i nez u M. m. domesticus. Chemické signaly, kter¢ MUP
zprostiedkovavaji, jsou tedy pohlavné specifické a nejvice souvisi s reprodukénim chovanim
a agresivitou. Existuje jedind publikace, kterd ukazuje, Ze tyto proteiny (snad i bez
pfitomnosti ligandi) mohou vyvolat fyziologické a behaviordlni odpovédi u piijemce
(Chamero et al. 2007). Coz se zda byt velice nepravdépodobné, jelikoz jsou MUP proteiny
produkovany obéma pohlavimi, dochézelo by k autostimulaci jedince.

Prikladem ligandd MUP jsou napf. 2-sec-butyl-4,5-dihydrothiazole (SBT), 2,3-
dihydro-exo-brevicomin (DHB), 6-hydroxy-6-methyl-3-heptanone (HMH) ¢i farneseny (o a B
farnesen), které jsou dominantni v moc¢i samct a pusobi jako atraktanty pro samice a zaroven

jako averzivni signdl pro samce (Novotny et al. 1990). V sami¢i moci se zase vyskytuji latky
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(napt. 2,5 dimethylpyrazin), které u samcii mohou vyvolavat naptiklad zvySeni hladiny
gonadotropintl, ptredev§im luteinizaéniho hormonu (LH), ktery vede ke zvySeni hladiny

testosteronu (Maruniak & Bronson 1976).

1.1.4. Efekty chemické komunikace

Chemické signdly se tedy vyznamné podili na fyziologickych a behaviordlnich
zméndch, ke kterym dochazi u jedinct, jez jsou jim vystaveni. Nékteré konkrétni fyziologické
zmény vyvolané uréitymi pachovymi signaly byly jiz objasnény a nazvany podle autora/u,

ktery tento efekt poprvé prokazal.
a) Whitten efekt

V roce 1968 poprvé pozoroval Wesley K. Whitten, ze vlivem ptitomnosti sam¢i moci dochazi
u samic k indukci estru. V ptipadé vétsi skupinky samic dochdzelo ke stimulaci vSech samic
ve skuping a tudiz k postupné synchronizaci estri. Latky, které jsou hlavnimi spoustéci tohoto
mechanismu, jsou ptedevSim farneseny z moci samct (Whitten et al. 1968; Jemiolo et al.

1986).
b) Bruce efekt

V roce 1959 si Hilda M. Bruce vSimla zmény v chovani u laboratornich mys$i (Heske &
Nelson 1984; Becker & Hurst 2008). U bfezich samic mysi dochédzelo Castéji ke spontannim
potratim v pfitomnosti pachu nezndmého samce. U mysi dochazi k potratim v asném stadiu
implantace embrya, kdezto u jinych druhd muze nastat pferuseni i v pozdéjSim stupni
btezosti. Tento jev byl pozorovan i u rodu kiecik (Peromyscus) (Eleftheriou et al. 1962), u
hrabose pensylvanského (Microtus pennsylvanicus) (Clulow & Langford 1971), ¢i u paviani
(Theropithecus gelada) (E. K. Roberts et al. 2012). Dominantnimi chemickymi signaly jsou
op¢t hlavni komponenty v moci samce, a to farneseny, DHB a SBT. Tyto chemické signaly
spolecn¢ s individudlnim pachem ciziho samce predstavuji pro samici a jeji nenarozena
mlad’ata potencialni riziko. Tento signal pravdépodobné plisobi pfes drahu vomeronasalniho

organu.
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¢) Lee-Boot efekt

Nastava ve chvili, kdy jsou spolu vjedné skupiné spolecné dospélé samiCky mysi bez
pfitomnosti samce (objevuje se u jinych hlodavci, napt. Apodemus (Cinquetti & Rinaldi
1989; Stopka & Macdonald 1998; Féron & Gheusi 2003). Z moci samicek se uvoliuje
estrogen dependentni feromon 2,5-dimethylpyrazin pisobici pies VNO na samicku
(ptijemce). Tento feromon snizuje koncentraci LH a zvySuje hladinu prolaktinu. Timto se
potla¢i faze estru (zlstavaji v tzv. anestru) u dospé€lych samic. U nedospélych samicek muze

v dusledku podobného feromonu dochdzet k zpozdéni nastupu puberty (Novotny et al. 1986).
d) Vandenbergh efekt

Opacény ucinek, kdy se samickdm nastup puberty urychluje v pfitomnosti pachu samce,
zpusobuji sam¢i feromony farneseny a HMH (Novotny et al. 1999a). Pozdé¢ji byly v této
souvislosti popsany ucinky i dalSich latek, jako jsou SBT a DHB (Novotny et al. 1999b). Tato
zména reprodukéniho chovani byla popsdna jiz vroce 1975 skupinou Vandenbergha

(Vandenbergh et al. 1975).
e) McClintock efekt

V roce 1971 popsala M. K. McClintock ve své publikaci, Ze u Zen, které travi mnoho casu
spole¢n¢ (napt. sudentky na kolejich), dochéazi postupné k synchronizaci jejich menstruacniho
cyklu (McClintock 1971). Synchronizace menstrua¢niho ¢i estralniho cyklu byla popsana i u
jinych druht, napt. potkan (McClintock 1978), kie¢ek (Handelmann et al. 1980) ¢i Simpanz
(Wallis 1985).

f) Singer efekt

U samci kiecku, ktefi byli vystaveni pachu vaginalniho sekretu samice, dochazi ke stimulaci
kopula¢niho chovéani. Podrobnéjsi analyzou tohoto sekretu se zabyvala skupina A. Singera.
V sekretu identifikovali protein zrodiny lipokalinti afrodisin, ktery je pravdépodobné
zodpovédny za afrodisiakélni funkci tohoto sekretu (Singer et al. 1984; Singer et al. 1976;
Singer et al. 1986).
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g) Stopka efekt

Efekt, pti kterém dochazi k Castéjsimu nastupu estralni faze cyklu, byl popsan u samic druhu
mysSice kifovinné (Adpodemus sylvaticus). Pii pokusu byly samice oddéleny kovovou miizkou
tak, aby mohly citit pachy a mély vizualni kontakt se samcem, ale aby nemohlo dojit k
fyzickému kontaktu. Za miizkou byl v kontrolnim ptipadé jeden samec, v testovaci fazi se
pak stiidalo béhem kratké doby nékolik riiznych samct. U samic vystavenych piitomnosti a
pachim rtznych cizich samct dochédzelo ke zkraceni nereceptivnich fazi cyklu, tudiz

receptivni faze (estrus) nastavala Castéji nez u kontrolnich samic (Stopka & Macdonald 1998).

1.1.5. Detoxifika¢ni a antibakterialni funkce lipokalinii

V publikaci Stopkova zroku 2009 je uveden piedpoklad, ze proteiny MUP mohou
vazat a transportovat rizné t€kavé organické slouceniny (angl. volatile organic coumpounds,
VOCs) vzniklé béhem metabolickych déji a mohou byt pro organismus toxické (Stopkova et
al. 2009; Kwak et al. 2011; Kwak et al. 2016).

V nékterych studiich bylo pozorovano, ze vétsi mnozstvi xenobiotik je vynaseno moci
z téla ven prave ve spojeni s MUP. Skupina Larsena radioaktivné oznacila primarni metabolit
methylsulfonyl, ktery vznikd z polychlorovaného bifenylu (PCB; primyslové vyrabéna
chemicka latka, kterda muze byt karcinogenni nebo tzv. endokrinnim disruptorem) a
intraperitonedalné ji injikovali sameckiim. VétSina této znacené latky byla v moci navazana na
MUP (Larsen et al. 1990). Podobnou situaci pozorovali po podkoznim vpraveni menadionu
(synteticky vyrobena latka, nahrazujici v mysi stravé vitamin K), kdy byla chemicka latka
vylu¢ovdna moci ve vazbé s MUP (Robertson et al. 1998). DalSim potvrzenim byl
experiment, kdy byl radioaktivné znaceny 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD;
karcinogenni latka, vysoce znecist'ujici prostiedi) podavan peroraln¢ a nachazen v moci opét
spolecn¢ s MUP (Hakk et al. 2009). Zbavovani se xenobiotik s navdzanymi MUP v moc¢i bylo
pozorovano i u samicek mysi (Staskal et al. 2005).

Nekteré lipokaliny jsou schopné vazat bakteridlni siderofory a znemoziuji tak rast
bakterii (Goetz et al. 2002; Fischbach et al. 2006; Smith 2009; Hentze et al. 2005). Siderofory
jsou peptidy, které maji schopnost vazat ionty Fe*"*" a jsou syntetizované, vylucované a
reabsorbované mikroorganismy, napf. bakteriemi. Zelezo je nepostradatelné pro rist

mikroorganismt (Sutak et al. 2008) a v ptipadé, ze lipokaliny vychytavaji siderofory
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s navazanym zelezem, nemohou je bakterie reabsorvovat a dochazi tak k inhibici jejich rustu.
Nejznadmé;jsi je Lipocalin 2 (LCN2, NGAL, 24P3) neboli Siderocalin. Dalsi proteiny, jez maji
nejspiSe stejnou schopnost vazat siderofory, jsou napt. LCN1 a mys$i LCN12 (Strong et al.
2005). V praci Petrak et al. z roku 2007 byla prokdzana zvySena exprese Mup u mysi, které
byly pfedavkovany zZelezem. Je mozné, Ze i jiné lipokaliny mohou mit podobnou schopnost
vazat ionty kovii (Fe, Cu) a do urc€ité miry mit antibakterialni funkci v organismu.

Kromé role v pfenosu chemickych signdlii maji tedy lipokaliny i schopnost
detoxifikace organismu, tim, Ze mohou vazat rizné degradacni produkty metabolismu, které
by mohly byt zdrojem poskozeni tkané. Proto je nutné zminit ,,Hypotézu toxického odpadu®,
angl. The toxic waste hypothesis of chemical communication (Stopkova et al. 2009), ktera
definuje ramec, dle kterého chemicka komunikace vznikla jako evolu¢ni pfizptsobeni ¢ichu
na toxické organické metabolity a predevsim pak na ty, které koreluji s télesnou a reprodukéni
zdatnosti individua. Tato hypotéza dale predpoklada, Zze primarni (ancestralni) roli lipokalint
byl transport tékavych ligandi ven ztéla, zatimco jeji role v chemické komunikaci se
vyvinula pozdéji. Tato teorie je jednodussi alternativou k teorii Harper - Smith, kterd
predpokladd nejprve vznik specifického chemického signdlu za ucelem komunikace a
nasledné vznik chemosenzorické detekce tohoto signalu (Harper & Smith 2003). Toxicka
hypotéza je oproti tomu jednodussi ve smyslu niz§iho poctu evoluénich kroku (t.j. dle Harper
- Smith jsou potieba 2 kroky: nejdiive se musi vyvinout signal kvality za ucelem komunikace
a zéroven se vyvine systém detekce; ,,Hypotéza toxického odpadu“ predpoklada 1 krok:
signal kvality jiz existuje jako produkt metabolismu a vyviji se pouze systém detekce

(Stopkova et al. 2009)).

1.1.6. Sekretoglobiny

Rodina sekretoglobinti (angl. secretoglobins, SCGBs) je tvofena proteiny, které se
nachazeji pfevazné u savci. Jsou exprimovany predevsim ve sliznicich rtiznych casti téla a
pravdépodobné hraji roli v bunécné signalizaci, imunitni odpovédi ¢i chemotaxi a mohou
slouzit jako transportéry steroidnich hormond. U prasete bylo prokdzano, ze jeden ze
sekretoglobinli vyskytujici se ve slindch samcl je nosic¢em chemickych signald a stimuluje
nastup estralni faze u samic (Austin et al. 2004).

Tyto sekretorické proteiny se vyskytuji ve formé dimeru. Struktura monomeru se

sklada ze ¢tyt a-helixii vytvarejicich tvar bumerangu, angl. boomerang-shaped (Callebaut et
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al. 2000), kde helixy H1, H3 a H4 jsou schopné vazat homodimericky partnery (Klug et al.
2000). Diky této struktuie vznika uvnitt hydrofobni ,,kapsa‘ pro dalsi molekuly, naptiklad pro
steroidy, napf. progesteron ¢i retinol (Beier 2000), ale také pro polychlorované bifenoly,
fosfolipidy a prostaglandiny (Mukherjee et al. 2007; Stripp et al. 1996). Jednotlivé monomery
mohou vytvéiet homodimery ¢i heterodimery a ty nasledné tetramery. Znamy je napiiklad
protein Fel d1 (Felis catus allergen 1), ktery je tvofen dvéma heterodimery. Tento protein
vyvolava imunitni odpoveéd’ na srst kocek v podobé IgE protilatek (Kaiser et al. 2007; Kaiser
et al. 2003).

Vysokéd mira exprese sekretoglobinli byla nalezena v déloze, prostaté, plicni tkani,
slznych a slinnych zlazach. Napiiklad mRNA téméf vSech ¢leni SCGB (vyjimkou je
SCGBI1D1) byla nalezena v dychacich cestach lidi (Lu et al. 2011). Fyziologické funkce
jednotlivych ¢lend rodiny SCGB nebyly doposud objasnény a vétsina roli nebyla definovana.
Nicméné bylo popséano, ze ¢lenové SCBG se podili na udrzovani a opravovani plicni tkané a
modulaci imunitni odpovédi (Mukherjee et al. 2007).

Jeden zc¢lend této rodiny objeven uz v casném stadiu téhotenstvi kralikd a
pojmenovan jako blastokinin (Krishnan & Daniel 1967; Beier 1968), ¢astéji se vSak objevuje
v literatufe pod nazvem uteroglobin (dal$i ndzvy: secretoglobin family 1A member 1,
SCGBI1ALl, clara cell phospholipid-binding protein, CCPBP, CC10). Exprese uteroglobinu je
indukovana steroidy a puasobi proti poSkozeni oxidativnim stresem (Li et al. 2007),
2007; Kundu et al. 2000). Zndmym sekretoglobinem u lidi je mamaglobin, ktery je hojné
exprimovany v prsni tkani a jeho zvySend hladina se pouziva jako marker pro rakoviny prsou
(Becker et al. 1998).

Funkce sekretoglobinu je zatim nejlépe popsana u feromaxeinu, coz je protein
sekretovany podcelistni zldzou (angl. submaxillary gland) u samct prasat, jehoz produkce se
zvySuje v piitomnosti samic. Tento protein vaze ve své hydrofobni , kapse* tfi typy feromont:
16-androstenon, Sa-androsten-3a-ol a Sa-androsten-3-on. U samice dochazi k indukci estru
po piimé interakci se slinami samce. Feromaxein, jako jiné sekretoglobiny, véze steroidni

typy latek, mezi které patii i testosteron a Sa-dihydrotestosteron. (Austin et al. 2004).
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1.2. Procesy spojené s reprodukci
Nasledujici ¢ast prace pojednavd o proteinovych zménach béhem vybranych

reprodukénich procesti jako napftiklad estralni cyklus ¢i maturace spermii.

1.2.1. Estralni cyklus

1.2.1.1. Jednotlivé faze estralniho cyklu

Estralni cyklus oznacuje periodické a fyziologické zmény v téle placentalnich samic
savcell. Tyto zmény jsou navozeny pusobenim pohlavnich hormonti a slouzi k zajisténi
reprodukce. Estralnimi cykly prochdzi naprostd vétSina savet, pouze u lidoopt a u ¢lovéka
jsou nahrazeny cyklem menstruaénim (Rowell 1972). Dle zkuSenosti je mozné vlivem
raznych pachii (feromontl) pribéh estralniho cyklu ovliviiovat a to zejména délku estru, kdy
je samice receptivni.

Nejlépe je prubéh estralniho cyklu popsan na laboratornim kmenu mys$i C57BL/6J.
Cyklus probiha pod vlivem pravidelné fluktuace dvou pohlavnich hormonii estradiolu a
progesteronu. Stiidaji se tak Ctyfi faze (proestrus, estrus, metestrus, diestrus).

Primérna délka jednoho cyklu u potkanti a mysi je 45 dni. V ojedin€lych ptipadech
muze byt cyklus del$i — 6 dni (Felicio et al. 1981; Anita M. Mandl 1951; Morrissey et al.
1988; Long & Evans 1922). Doba cyklu maze byt ovlivnéna nékolika vlivy: vék, délka
svételného dne, hluk, teplota, stres, socialni vztahy (Li & Davis 2007; Nelson et al. 1982;
Campbell et al. 1976; Felicio et al. 1981; Goldman et al. 2007).

Obvykle je cyklus rozdélen na 4 faze, avSak nékteti autofi jej rozdélili pouze do 3 fazi,
proestrus, estrus a diestrus (Goldman et al. 2007). Pro jednotlivé faze je charakteristicka
zména zastoupeni poméri bun€k (Obr. 4) ve vagindlnim sekretu a hodnoti se podle
vaginalnich roztéri obarvenych histologickymi barvickami, jako jsou napiiklad Wright-

Giemsa, May-Griinwald ¢i Toloudinova modf.
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Obrazek 4. Nakres priibéhu estralniho cyklu

Jednotliva stadia estralniho cyklu (proestrus, estrus, metestrus, diestrus). Barevné jsou
zobrazeny jednotlivé populace bunék (zelené: L-leukocyty, oranzove: N-jaderné epitelidlni
buiiky, fialové: C — keratinizované epitelialni buiiky). Pfevzato (Byers et al. 2012).

Proestrus

Je faze trvajici u mysi méné nez 24 hodin (Long & Evans 1922; Anita M. Mandl 1951;
Allen 1922). V této fazi se vyrazn€ zvysuje hladina estradiolu, ktery vSak na konci faze klesa
a dochazi ke zvySovani hladiny progesteronu (Obr. 4). Ve vagindlnim sekretu nalezneme
v této fazi zejména malé jaderné epitelidlni buiiky s relativné stejnou velikosti a vzhledem,
obr. 6A, B (Cora et al. 2015). Ve velmi nizké mife lze pozorovat keratinocyty. Pokud je
vzorek vice koncentrovany, mlizeme pozorovat kohezivni shluky bunék. Na povrchu

epitelialnich bunék miizeme pozorovat bakterie (Obr. 5).

Estrus
Délka této dulezité faze, kdy je samicka vysoce fertilni, je 12—48 hodin (Long &
Evans 1922; Anita M. Mandl 1951; Allen 1922). Charakteristické je prevazujici mnozstvi
keratinocytli (bezjadernych epitelidlnich bunék) s obéasnym vyskytem epitelidlnich bun¢k
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(Obr.7 C, D). Na povrchu bun¢k se ¢asto objevuje vyssi koncentrace bakterii viz. obr. 6 (Cora

et al. 2015).

/ Estradiol

Progesteron

Ovulation

Obrazek 5. Hladiny estradiolu a progesteronu béhem estralniho cyklu (potkan).
Ptevzato a upraveno (Lebron-Milad & Milad 2012).

. - B "tk.a :
Obrazek 6. Shluky bakterii na povrchu epitelialnich bunék
Cytologie vaginalnich bunék béhem estru se shluky bakterii. Obarveno May-Griinwaldem a
Giemsou. ZvétSeni 1000krat.

Metestrus

U mysi tato faze trva do 24 hodin, je znacné delsi nez u potkand, kde trva 6—8 hodin
(Astwood 1939; Long & Evans 1922; Anita M Mandl 1951). V této fazi se objevuji
neutrofily, které jsou ve stejném poméru s keratinocyty (Obr.7 E, F). V malém procentu jsou

pak viditelné jaderné epitelialni bunky.
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Diestrus

Nejdelsi ze vSech fazi je diestrus, ktery trva u mys$i 48—72 hodin (Astwood 1939; Long
& Evans 1922). Typickym znakem pro diestrus je zvySena viskozita vagindlniho sekretu,
ktera je dana zvySenou produkci mucind, zejména MUCI (Carson et al. 1998; Petrova et al.
2013). Klesd pocet bezjadernych epitelidlnich bunék a mirné roste pocet jadernych
epitelidlnich bunck, kde mizeme rozeznat dvé velikosti: velké a malé. Stale je zde velky
pocet leukocytd. V pozdnim diestru (Obr.7 G, H) se jaderné epitelidlni bunky dostavaji blizko

sebe a prevazuji spiSe kulaté, coz vypovida o blizicim se proestru.
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Obrazek 7. Zobrazeni jednotlivych stadii estrdlniho cyklu mySi (Mus musculus
musculus)

Na obrazku jsou vaginalni roztéry obarvené May-Griinwaldem a Giemsou, vyfotografované
pod svételnym mikroskopem, predstavujici jednotlivd stadia estrdlniho cyklu. A, B —
proestrus; C, D- estrus; E, F — metestrus; G, H — diestrus (A, C, E, G je zvétSeno 200krat; B,
D, F, H je zvétseno 400krat).

1.2.1.2. Imunita spojena s estralnim cyklem

Mnohé¢ studie prokézaly, ze zeny maji vyvinutéjs$i systémovou imunitu nez muzi. To
ovSem zvySuje mnozstvi tzv. autoimunitnich onemocnéni. Zeny maji vyssi koncentraci Ig

protilatek v krevnim séru, CD4" T bunék a vétsi pomér CD4/CD8 (Whitacre et al. 1999;
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Olsen & Kovacs 1996). To vede k vétSi produkci cytokinl a siln€j$i humoralni imunitni
odpovédi napf. na infekci ¢i odmitnuti transplantovanych orgéni.

Zenam se na rozdil od muz&i méni nastaveni imunitniho systému vlivem ménicich se
hormonalnich hladin (Beagley & Gockel 2003). Snizeni imunitni odpovédi je dulezité pro
pranik ejakulatu a naslednou nidaci blastocysty. V dobé ovulace a vétSiny doby t¢hotenstvi
(béhem téhotenstvi rostou hladiny progesteronu a estradiolu, jez ve svém maximu vedou
k porodu) jsou hladiny estradiolu a progesteronu velice nizko, coz vede k inhibici imunitni
odpovédi (Miller & Hunt 1996; Ansar Ahmed et al. 1985; Olsen & Kovacs 2002; Kincade et
al. 1994; Sacks et al. 1999; Wilder 1998). Inhibice imunitni odpovédi vede ke snizeni projevi
autoimunitnich chorob, jako jsou napiiklad roztrousena skleréza, Graves-Basedowova nemoc,
Systémovy lupus erythematodes ¢i Hashimotova nemoc (Whitacre 2001; Olsen & Kovacs

1996).
1.2.1.3. Molekularni zmény spojené s menstruacnim ¢i estralnim cyklem

Zmény hormondlnich hladin ovliviiuji taktéz expresi nckterych genli vedoucich
k regulaci imunitni odpovédi uvniti samiciho pohlavniho ustroji, naptiklad genu Mucl
(Surveyor et al. 1995; Bowen et al. 1997). Zenské pohlavni Gstroji 1ze rozdélit na dvé &asti:
horni a dolni. Horni ¢ast, kam patii vajecniky, vejcovody, d€loha, a vnitini ¢ast délozniho
hrdla tzv. endocervix. Dolni ¢ast je tvofena pochvou a vnitini ¢asti d€lozniho hrdla, tzv.
ektocervix (Wira et al. 2005). Horni ¢ast samic¢iho pohlavniho ustroji je charakterizovana
ptitomnosti sliznice, jez je tvofena jednovrstevnym cylindrickym fasinkovym epitelem, jehoz
buiiky jsou spojeny pies tzv. t€sna spojeni, angl. tight junction (Hickey et al. 2011).

Dolni ¢ast pohlavniho Gstroji samice je tvofena mnohavrstevnatym nekeratinizovanym
dlazdicovym epitelem. Povrch tohoto epitelu tvoti ploché buiiky, které se smérem k bazalni
membrané méni na cylindrické. Jako v prvnim piipadé€ i tyto buniky jsou mezi sebou uzce
spojeny tésnymi spojenimi, &imZ mechanicky znemoziji priniku patogent. Rada
patogennich (mikro)organismii ma na svém povrchu ur€ité velmi konzervované molekularni
vzory, tzv. PAMP, angl. pathogen-associated molecular patterns (Chalovich & Eisenberg
2005), které jsou pro né nezbytné, a které na svém povrchu hostitelské buniky nemaji. Pres
tyto struktury jsou rozpoznavany pomoci specidlnich receptori tzv. angl. PRRs — pattern
recognition receptor (Schaefer et al. 2004; Schaefer et al. 2005). Tyto receptory (PRRs) se

vyskytuji na povrchu bilych krvinek, ale i na povrchu plochych epitelidlnich bunck
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reprodukéniho traktu. Mezi tyto receptory patii receptory podobné genu Toll (angl. Toll-like
receptor) a receptory podobné genu NOD (angl. nucleotide binding oligomerization domain
like receptors, NOD-like receptor, NLRs), jez zprosttedkovavaji sekreci cytokinti, chemokinti
a antimikrobidlnich peptid. Samic¢i dolni ¢ast pohlavniho Ustroji se chrani pied pfipadnymi
patogeny, které se dovniti mohou dostat béhem kopulace, pomoci receptorti na svém povrchu
a naslednou produkei jiz zminénych cytokinti, chemokint a antimikrobidlnich proteinti (Wira
et al. 2005). Dalsi bariéru proti vniknuti patogennich bakterii tvofi vrstva sliznice s velkou
vrstvou mucini. Mucin (MUC) je oznafeni pro velkou skupinu glykoproteinti. V tomto
ptipad¢ jsou to O-glykoproteiny, které tvoii hlen (mukus) na povrchu epitelovych bunck
v dolni ¢asti pohlavniho traktu (Andersch-Bjorkman et al. 2007). Tésné spoje mezi buiitkami a
silna vrstva mucind tak tvofi hlavni bariéry proti vniku patogennich bakterii. Pokud dojde
k jejich naruseni, dochazi k zanétlivé reakci nebo infekci (Zahl & Bjerknes 1943; Coid 1976;
Gower et al. 1990). SloZeni mucini uvnitf délozniho hrdla je neménné po celou dobu
menstruacniho cyklu: MUC1, MUC4, MUC5AC, MUC5B, MUC6 (Gipson et al. 1997).
Avsak ve vnéjsi ¢asti délozniho hrdla a vaginy se exprese mucinu méni s hladinou estrogenu a
progesteronu. Béhem estrogenni faze (proliferacni a ovulacni) je viskozita hlenu velice nizka
az vodova a tim umoznuje prichod spermii (DeLoia et al. 1998). Naproti tomu ve fazi po
ovulaci a béhem sekrec¢ni faze je viskozita hlenu zvySend az lepivd, znemoziuje tak priichod
spermiim. Dalsi bariéru proti vstupu bakterii a virti tvofi nizké pH (4-5) sekretu v déloznim
hrdle a vaginé (Hickey et al. 2011).

Horni ¢ast samic¢iho reprodukéniho traktu je bez mikroorganismi (Heinonen et al.
1985), jelikoz je to uzavieny systém a pusobi zde velké mnozstvi dendritickych bunék,
makrofagl, neutrofilnich granulocytl, NK bunék (angl. natural killer) a vyskytuji se zde i
Langerhansovy bunky (Pudney et al. 2005). V dolni C¢asti je zapotiebi vétSi ochrana
organismu, a proto je zde tolerovan pfirozen¢ se vyskytujici mikrobiom.

V roce 1892 némecky védec Albert Doderlein (Ddderlein 1892) zpozoroval v dolni
casti reprodukéniho traktu pfitomnost gram-pozitivnich bakterii, které produkuji kyselinu
mlécnou a H,O, (Macklaim et al. 2011) a tim mohou inhibovat rist patogennich bakterii.
Pozd¢ji bylo zjisténo, ze bakterie objevené A. Ddderleinem jsou bakterie rodu Lactobacillus,
které tvofi vétSinu vaginalniho mikrobiomu (Thomas S 1928; Miller et al. 2016). Vaginalni
mikrobiom Zen se v priubéhu let méni. Béhem prepuberty, kdy je hladina estrogenu nejnize a

pH je vysoké, je zastoupeni bakterii variabilnéj$i nez v obdobi dospélosti, kdy je hladina
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estrogenu zna¢n¢ vyssi, pH je nizké, sliznice vagindlniho epitelu je silnd a objevuji se rizné
bakterie rodu Lactobacillus, napt. iners, crispatus atd. (Brotman et al. 2014; Petrova et al.
2013). V menopauze se vagindlni mikrobiom 1 struktura sliznice podoba obdobi prepuberty
(Petrova et al. 2013). Mnozstvi a zastoupeni ,pratelskych® bakterii se méni i b&hem
menstruacniho ¢i estralniho cyklu.

U rznych druht savet (mys, kiecek, kralik, pes) bylo zjisténo, ze vétsi koncentrace
symbiotickych bakterii ve vaginé je v obdobi proestru a maximalni koncentrace je v estru, tj.
v obdobi, kdy je samice receptivni (Noguchi et al. 2003). V tomto obdobi je zapotiebi
zvySena ochrana vagindlni sliznice proti priniku patogennich bakterii, které mohou pronikat
spole¢né s ejakulatem. Piirozen¢ se vyskytujici bakterie ulpivaji po celou dobu menstruacniho
¢i estralniho cyklu na epitelidlnich bunkach, udrzuji pH ve vagindlnim sekretu a tim udrzuji a
omezuji rust patogennich bakterii. V ptipad¢ estradlniho cyklu dochdzi béhem pozdniho
proestru k tzv. keratinizaci a epitelialni buiiky se stavaji bezjadernymi (keratinizuji) a uvoliuji
se ze stén epitelu. Pravé proto jsou bakterie na uvolnénych keratinocytech a epitelidlnich
bunikach v proestru a estru hojné pozorovatelné béhem cytologické analyzy. V dalSich fazich
jejich koncentrace klesa spole¢né se vzristajicim mnozstvim neutrofilnich leukocyta.

Pribéh keratinizace béhem estru ve své podstaté piipomind proces hojeni ran ¢i
keratinizaci bunék, jez probiha na povrchu pokozky (Hardman & Ashcroft 2008; Lee et al.
2010; Zhou et al. 2016).

1.2.1.4. Keratinizace povrchového epitelu
Struktura a evoluce kalikreinil

Proces keratinizace epitelu je podminén pfitomnosti kalikreind, které vykazuji
(chymo)trypsinovou substratovou specifitu a spole¢né s chymotrypsinogenem, trypsinogenem
a proelastazou patii do rodiny serinovych protedz (Diamandis et al. 2000; Lundwall et al.
2006). Proteazy se primarné v téle vyskytuji v neaktivni formé tzv. zymogenu. Mohou byt
aktivovany samy sebou nebo vnéj$im stimulem a poté tvoii kaskadu proteind, na jejimz konci
mohou regulovat naptiklad intravaskularni koagulaci, zkapalnéni ejakuldtu, deskvamaci
pokozky, maji antimikrobidlni G€inky a podili se na hojeni ran (Yoon et al. 2007; Emami &

Diamandis 2008).
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V Zivoc¢isné fiSi jsou znamy piiklady zvifat, které ve svém genomu kalikreiny
nekoduji. Za pouziti bioinformatiky nebyl genom pro tyto protedzy nalezen u zab a dribeze
(Elliott et al. 2006). U ¢loveka je dosud popsano patnact ¢lent kalikreini (Diamandis et al.
2000; Lundwall et al. 2006) a tvoii ptedlohu pro popis kalikreini u placentalnich savc.
Vsichni placentalni savei koduji ve svém genomu Klkl a Klk4-15. Jejich pozice a struktura je
velice konzervativni, z ¢ehoz lze usuzovat, ze maji dulezité fyziologické funkce.

Lidské Klk2 a Klk3 maji zcela odlisny evolu¢ni ptivod nez ostatni lidské Klk. Dle
fylogenetické analyzy segregovaly spole¢né s K/klI a maji tedy i podobnou strukturu.
V Casném vyvoji u placentalnich savcl doslo k duplikaci K/k/ a byl zalozen progenitor pro
Kilk2. U lidi, pst a nékterych primath Klk2 pretrvava (Morris 1989; Elliott et al. 2006;
Chapdelaine et al. 1988; Lawrence et al. 2010; Clark & Swanson 2005; Lazure et al. 1984).
Naopak u potkanti a mysi je umlcen a v genomu je pouze jako pseudogen. U jinych druht,
jako je prase Ci skot, je Klk2 Gpln¢ deletovan (Lundwall et al. 2006). K/k3 vznikl duplikaci
genu pro Klk2 a je ptitomen u lidi a nékolika druhti lidoopti, kockodani a nevyskytuje se u
ploskonosych opic a pst (Lundwall 1989; Dorus et al. 2004; Mubiru et al. 2008; Sato et al.
2007; Valtonen-André et al. 2005). Ztrata Klk2 a naopak ziskani genu pro K/k3 u nékterych
druhti zvifat mize reflektovat rozdilné reprodukéni strategie. Produkty obou dvou gent jsou
exprimovany v prostaté a jsou soucasti seminalni plasmy, KLK2 jako semenogelin I a KLK3
jako semenogelin II. (Jonsson et al. 2006).

Nejvétsi pocet kalikreind byl nalezen v genomu myS$i a potkana, a to zdivodu
rozséhlé duplikace K/k1. MySi DNA obsahuje oblast o 290kb lezici mezi K/kl a Klk15, kde se
nachazi 24 Klkl paralogh (Klkibi1-24) z nichz 10 je pseudogent (B. A. Evans et al. 1987;
Yvonne Olsson & Lundwall 2002). Dalsim znaénym rozdilem mezi lidskym a mysSim
uspofaddanim kalikreind je orientace K/k2. Lidské geny pro Klk2 a Klk3 lezi obdobné mezi
Klk4 a Klkl15, ale opacné nez Klk2-ps u mysi.

Exprese kalikreint u mysi

Exprese kalikreinti je tkanové specifickd a vysoce konzervativni napfi¢ savei fisi.
Napriklad exprese KLK1 byla detekovana ve slinnych zlazach a pankreatu u mysi, ¢lovéka,
psa ¢i kocky (Schachter 1979). KLK8 se ucastni pochodt v mozku a pokozce jak u mysi, tak

u Clovéka (Chen et al. 1995; Inoue et al. 1998; Kuwae et al. 2002; Mitsui et al. 1999).
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Genova exprese nékterych kalikreinG (napf. kalikreiny typu B u myS$i) miZze byt
ovlivnéna ménici se hladinou androgennich hormonii (Clements et al. 1988; van Leeuwen et
al. 1987) Naopak, KLK1 neni ovlivnén hladinou androgenti, protoze jeho exprese probiha
v buiikach, které nejsou pod jejich piimym vlivem (Penschow et al. 1991). Nase prace z roku
2016 potvrdila toto pozorovani. Hladina KLK1 se ve slindich mezi samci a samicemi
vyznamné neliSila. Stejnou situaci vykazovaly KLK10 a KLK14. Déle jsme detekovali ve
slinach mysi téméf vSechny kalikreiny typu B — KLK1B16, KLK1B3, KLK1B1, KLK1B21,
KLKI1B22, KLK1B24, KLK1B26, KLK1B27, KLK1B4, KLKI1B5, KLK1B8, KLKIB9,
jejichz hladina byla vys$si u samic nez u samct (Stopka et al. 2016).

Vyskyt fady kalikreinli ve slinach nabizi teorii, Ze olizovani napomahé hojeni ran v
pokozce, jelikoz nékteré z KLK mohou aktivovat nckteré rastové faktory. KLKI1B9,
KLK1B22 a KLK1B26 mohou aktivovat proepidermalni ristovy faktor (Isackson et al. 1987).
Ve vagindlnim sekretu jsme také detekovali pfitomnost kalikreind, coz dosud jesté nebylo

popsano a jejich funkce zde neni zatim zndma (vice v Casti ptispévek autorky).

Procesy keratinizace pokozky

V epidermis pokozky lidi a v dalSich vrstvach klize zahrnujici i mazové zlazy je
exprimovano osm kalikreinti: KLKS, 6, 7, 8, 10, 11, 13 a 14 (Lundwall & Brattsand 2008).
Z téchto kalikreini pouze KLK7 mé chymotrypsinovou substratovou specifitu (Yousef &
Diamandis 2001). Ostatni kalikreiny vykazuji trypsinovou aktivitu (Eissa & Diamandis 2008;
Yousef & Diamandis 2002). Hlavnimi kalikreiny ucastnici se keratinizace jsou KLKS5, 7, 14.
In vitro pokusy ptedpokladaji, ze KLKS je klicova protéaza jelikoz aktivuje sama sebe a dale
aktivuje KLK7 a KLK14 (Brattsand et al. 2005). Dale se ptedpoklada, ze aktivovana KLK 14
posiluje zpétnovazebné aktivitu KLKS.

Proces deskvamace je zahajen na rozhrani dvou svrchnich vrstev pokozky, stratum
granulosum (SG) a stratum corneum (SC). Vrstva SG je tvofena zejména lamelarnimi télisky
(angl. lamellar bodies) které putuji do horni vrstvy SC, kde se uvolni jejich obsah mezi bunky
a napomaha tak k jejich deskvamaci. Uvnitt kazdého lamelarniho téliska jsou KLKS, 7, 8 ve
form¢ zymogenu spole¢né s jejich inhibitorem LEKTI1 (angl. serine protease inhibitor Kazal
type 5, kodovany genem SPINKSY), s katepsinem D (angl. cathepsin D) a substratem pro
KLK7, corneodesmosinem (Elias et al. 1998). Aktivace serinovych protedz uvnitt lamelarnich
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télisek je podminéna zménou pH v jejich okoli. Béhem jejich piirozeného prostupu ze SG do
SC se méni gradient pH z neutralniho do kyselého a tato zména pH oslabuje funkci inhibitoru
jez vede k aktivaci kalikreinti (Deraison et al. 2007). Veskeré enzymy S$tépici proteiny ve SC
potfebuji pro svou funkci optimélni pH. Jakékoliv zmény v pH vyvoldvaji abnormalni
deskvamaci a vysledkem je nadmérna keratinizace pokozky (Roelandt et al. 2009).

Deskvamace zahrnuje n€kolik enzymatickych procesu, pii kterych dochdzi k degradaci
desmosomalnich adheznich proteinti zahrnujici korneodesmosin (angl. corneodesmosin,
CDSN), desmoglein-1 (DSG1) a desmokolin-1 (DSC1) (Caubet et al. 2004). Je zndmo, Ze se
pravé Supinaténi pokozky ucastni kalikreiny a to zejména KLKS a KLK7, které se aktivuji
zménou pH prostfedi v jejich blizkosti. KLKS dokaze rozstépit vSechny tfi uvedené
komponenty, kdezto KLK7 a KLK 14 jsou schopny rozstépit pouze CDSN a DSG1 (Caubet et
al. 2004; Borgono et al. 2007). K dalsim kalikreiniim, které se ucastni odlupovani
povrchovych bunék pokozky patii KLKS, ktera ptes proteolytickou kaskadu vede k degradaci
DSGI1 a CDSN (Borgoio et al. 2007; Komatsu et al. 2006; Shaw & Diamandis 2007).
Nedavno byla objevena degradace DSG1 pomoci KLK6, 13, 14, které jsou inhibovany
LEKTI1 (Borgoiio et al. 2007). Poruchy ve Stépeni desmosomalnich adheznich proteini nebo
chybna regulace proteolytické kaskady vede k riznym koznim problémim, jako je napf.
Nethertontiv syndrom (Yang et al. 2004).

Analogicky proces ke keratinizaci na povrchu pokozky muze probihat uvnitt ¢astecné
uzavieného vaginalniho prostiedi (Muytjens et al. 2016). Mirné kyselé pH (od 4,5 do 5,5) je
na povrchu SC. Ve srovnani s normalnim fyziologickym pH uvniti téla je tedy mirné kyselé.
Stejné tak i pH ve vaging je mirn¢ kyselé, ale béhem estralniho cyklu se méni: pH v proestru
je 5,57, v estru je 4,53 a v diestru 7,52 (Ganesan M. & Kadalmani B. 2016). Nase publikace
popisuje kompletni proteom vagindlniho sekretu mysi doméci béhem estralniho cyklu.
Vysledky ukazuji zvySujici se mnozstvi DSC1, CDSN, DSG1A a KLK8 ve fazi estru, kdy se
zvySuje mnozstvi keratinocytll. Dale jsme detekovali maximalni mnozstvi SPINKS ve fazich

proestru a metestru, kdy jsou kalikreiny inhibovany a ke keratinizaci dochazi minimalné.

Antibakteridlni funkce proteinii spojenych s deskvamaci pokozky

KLK5 a KLK7 plni antimikrobidlni funkci v pokozce prostiednictvim Stépeni

neaktivni verze katelicidinu (angl. human cationic antimicrobial protein 18, hCAP18, LL-37)
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z lamelarnich télisek, ¢imz vznika jeho aktivni forma (Yamasaki et al. 2006; Elias et al.
1998). Homologem pro lidsky LL-37 je mysi antimikrobialni peptid piibuzny s katelicidinem
(angl. cathelin related antimicrobial peptide, CRAMP, CAMP) (Yamasaki et al. 2006).
Katelicidiny jsou evolu¢né konzervativni antimikrobidlni peptidy vyskytujici se u savci,
ptakd, ryb i plazt. Tato skupina peptidii slouzi jako prvni obrannd linie proti infekci, tim, ze
eliminuje vyskyt patogenti. V ramci této rodiny peptidi existuji rozdily v mife ptisobeni vici
rozdilnym skupindm patogenti (Wu et al. 2010). Mechanismus ptisobeni vétSiny katelicidint
je zalozen na elektrostatickych interakcich mezi kladn€ nabitym antimikrobidlnim peptidem a
bakterialni membranou vykazujici zaporny naboj (Lai & Gallo 2009; Wu et al. 2010).
Kationické¢ peptidy se poté vkladaji do bakteridlni membrany, tim dochazi k jejich
permeabilizaci a negativné ovliviiuji funkci bakterii. Néktefi zastupei z této rodiny, napf.
praseci peptid bohaty na prolin-arginin (proline-arginine rich peptide, PR-39), zabiji baktérie
intracelularn¢ (Holani et al. 2016). Mimo jejich pfimého antimikrobiadlniho plisobeni maji
katelicidiny vliv na reparaci tkani a vrozenou imunitu. V roce 2016 byl CAMP detekovéan ve
slinach mysi doméci, a to ve stejné mife u samct i samic (Stopka et al. 2016). Déle bylo
zjisténo, ze protein CAMP je soucasti vaginalniho sekretu mysi a jeho hladina je nejnizsi
béhem estralni faze, kdy je imunitni systém tolerogenni k pfitomnym bakteriim. A jeho
hladina roste v metestru, coz je obdobi, kdy se stabilizuje vaginalni mikrobiom (Cerna et al.
2017).

V pokozce se vyskytuji malé inhibitory serinovych protedz SLPI a SKALP/elafin
(Scott et al. 2011). Oba proteiny jsou zrodiny inhibitord proteaz WFDC (angl. WAP
disulphide four core). Vyvoj WFDC gend u mysi a potkani je analogicky vyvoji a vzniku
kalikreint u téchto hlodaveti. WFDC jsou inhibitory pravé téchto serinovych protedz (Clauss
et al. 2005). Tyto proteiny se skladaji ptiblizné¢ z 50 aminokyselin zahrnujicich osm
konzervativnich cysteinovych zbytkt, které jsou na ur¢ité pozici a mohou tak formovat ¢tyti
disulfidické mustky (Ranganathan et al. 1999). WFDC proteiny jsou soucasti vrozené
imunitni odpovédi, které piisobi naptiklad pies inhibici neutrofilni serinové protedzy nebo
svymi antimikrobidlnimi vlastnostmi inhibuji zanétlivou odpovéd’ na lipopolysacharidy
(LPS), které jsou diilezitou soucasti vnéjsi membrany Gram-negativnich bakterii (Glasgow et
al. 2014; Foca et al. 2012). Na stejném principu jako katelicidiny jsou zalozeny i
antimikrobialni proteiny SLPI a elafin. SLPI a elafin jsou pozitivné nabité proteiny (+12, +3)

a pusobi jak na Gram-negativni, tak na Gram-pozitivni bakterie (Williams et al. 2005). Ve
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slinach mys$i byli nalezeni zastupci antimikrobidlnich proteint WFDC2, WFDC12 (Glasgow
et al. 2015), WFDC18, které chrani zuby, mékké tkan¢ v dutin€ Ustni a tvofi neimunitni
slozku obrany proti patogentim (Blanchard et al. 2015). V naSem experimentu jsme nalezli
zastupce WFDC2 ve vaginalni tekutiné prominujici ve fazi proestru. Je mozné, ze napomaha
udrzovat stabilni mikrobiom uvnitt vaginy (Cerna et al. 2017). Existuje teorie, Ze expanze
kalikreinového lokusu je spojena s vyvojem rodiny inhibitorti serinovych proteaz (WFDC),
které jsou homologni se semenogeliny a hraji svou roli v imunitnim systému citace (Clauss et
al. 2005). Stejn¢ jako kalikreinovy lokus, klastr WFDC prodélal ve srovnani s lidmi

samostatnou expanzi u mysi a potkant.

Proteiny Gcastnici se pfirozené imunitni odpovedi

Dalsimi antimikrobialnimi proteiny, které jsou soucasti vrozené imunity, jsou proteiny
zvySujici permeabilitu bakteridlnich membran (angl. bactericidal/permeability increasing
protein, BPI). Stejn¢ jako CAMP, WFDC, tak i BPI se vaze na LPS buné¢nych stén bakterii a
zvysuje jeji propustnost. BPI je vysoce kationicky protein o 456 AMK (~55 kDa) s aktivitou
zaméfenou zejména proti gram-negativnim bakteriim. Tyto antimikrobidlni proteiny byly
nejprve identifikovany v bunikdch lidskych neutrofilnich granulocytl, ale v mySich
leukocytech nalezeny nebyly (Calafat et al. 2000; Elsbach & Weiss 1985). Mysi BPI (54kDa)
vykazuje 53% AMK shodu a 71% podobnost s lidskym BPI. Geny kodujici BPI se vyskytuji
u lidi na chromosomu 20 a u mysi na chromosomu 2. Geny vykazuji podobnost v organizaci
exont a introni a také vyskyt mRNA pro BPI byla u mysi i lidi nalezena i v jinych tkanich,
napiiklad v testes, nadvarletech (epididymis), kostni dfeni ¢i Sertoliho bunkach (Lennartsson
et al. 2005; Elsbach 1998). Mezi BPI patii i strukturalné¢ podobny lipopolysacharidy vazajici
protein (angl. LPS binding protein, LBP, BPIFD2) a fosfolipidy transferujici protein
(phospholipid transfer protein, PLTP). Dale do rodiny BPI patfi dva proteiny, které jsou hojné
sekretovany v horni ¢asti dychaci soustavy, a to Palate, lung, and nasal epithelium clone
protein (PLUNC) a Secretory protein in upper respiratory tracts neboli SPURT (Bingle &
Craven 2002). Protein SPURT je kodovan genem BPI fold containing family A member 1
neboli BPIFA1 (Bingle & Bingle 2000). VSechny uvedené antimikrobidlni proteiny jsou

typické pro vrozenou imunitu a vyskytuji se u obou pohlavi.
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Obrazek 8. Drahy kalikreini a jejich inhibitori pri deskvamaci

ProKLK14 se mlze ménit na aktivni KLK14 (napf. pomoci KLKS, neni na obrazku), ktera
mize byt inhibovana LEKTII. LEKTII inhibuje zménu neaktivnich kalikreini 7 a 5.
ProKLKS5 se sama aktivuje v aktivni formu KLKS5. Dalsim inhibitorem, ktery znemoziuje
zménu neaktivni formy ProKLK7, jsou SLPI ¢i Elafin. Aktivni formy KLK 14, KLK7, KLK5
vedou ke zvySené degradaci proteini DSG1, DSC1, CDSN a nésledné ke snizené integrité a
kohezi svrchni vrstvy pokozky — Stratum corneum a tim padem dochazi ke
zvysené deskvamaci a nasledn¢ ke zméné v propustnosti membrany a udrzeni homeostazy.

1.2.2. Pisobeni estrogennich hormont na reprodukci samcii mysi

Reprodukéni strategie se mohou odehravat na tirovni chemické komunikace, kde si
samec, ale i samicka zvoli jedince, s nimz se rozhodnou kopulovat na zaklad¢ slozeni
pfijimaného chemického signalu. Dalsi Groven je podminéna interakcemi mezi pohlavnimi
gametami. Spermie jednotlivych druhi se lisi svou morfologii, motilitou, spotfebou ATP ¢i
poctem a jejich variabilita odrazi riiznorodost Zivotnich strategii jednotlivych druhii (vodni vs.

terestrické, polygamni vs. monogamni, dobou oplozeni, hodiny vs. mésice). Kvalitativni a
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kvantitativni parametry spermii se samoziejm¢ neliSi jen mezidruhové, ale také
vnitrodruhové. Jedinci s celkovou lepsi ,,fitness* vykazuji lepsi hodnoty métenych parametrii
u spermii (napt. mnozstvi —(Snook 2017), zivotaschopnost (Crichton et al. 1994; Folk 1940),
rychlost (Fitzpatrick et al. 2009 Laskemoen et al. 2010), morfologie (Tourmente et al. 2011)).
Vybér spermii neprobiha pasivné, ale predpoklada se, ze k dalsi aktivni selekci dochazi uvnitt
sami¢iho reprodukéniho traktu, kde dochézi k tzv. kryptickému vybéru samicky, z angl.
cryptic female choice (Jones 2002; Ball & Parker 2003; Holt & Fazeli 2016). Kvalita spermie
je dana mnohymi faktory, jako je morfologie hlavicky spermie, integrita membrany biciku,
maturace ¢i motilita (Golas et al. 2011; Tayama et al. 2006).

Dalsi ¢ast mé prace byla vénovana kvalit¢ spermii, zejména procesu maturace a jejiho
ovlivnéni estrogennimi hormony, které se vyskytuji v prostiedi a ve vétSich davkach ptsobi
jako endogenni disruptory (Shore & Shemesh 2016). Naproti tomu jsou estrogenni hormony
soucasti reprodukcnich pochodli samic, kdy estradiol dosahuje maximélni hladiny b&hem
estralni faze, kdy je samice receptivni. Proto jsme se pozorovali mimo jiné pravé vliv
estradiolu na molekularni procesy spojené s maturaci spermii, ke kterym dochazi uvniti
samic¢iho pohlavniho traktu.

V prosttedi se vyskytuje pfiblizné 300 pfirodnich sloucenin a jest¢ vice
antropogennich, které vykazuji estrogenni nebo anti-estrogenni aktivitu. Tuto velkou skupinu
latek muzeme rozdélit do Ctyt skupin: 1) pfirozené se vyskytujici ne-steroidni rostlinné
estrogeny c¢ili fytoestrogeny (genistein, resveratrol); 2) steroidni estrogeny: 17B-estradiol, a
estron jakozto produkty lidi a zvifat; 3) mykotoxiny, zearalenon a zearalenol; 4) syntetické
latky obsahujici fenolovou skupinu, bisfenol A, diethylstilbestrol (DES), vinclozolin
(Shemesh & Shore 1987; Lintelmann et al. 2003). VSechny uvedené latky se dostavaji do
prostiedi prostiednictvim povrchovych, podzemnich vod a zlstavaji ve vodnich nadrzich.
Napriklad jen jedna téhotnd Zena kazdy den vylouci moc¢i 10 pmol estrogent (estradiolu a
estronu). V soucasné dobé dosahuje koncentrace téchto disruptorti v Zivotnim prostiedi takové
miry, ze prokazatelné ovliviiuje fyziologické funkce urcitych druhii (Shemesh & Shore 1987;
Lintelmann et al. 2003; Shore & Shemesh 2016). Ptirozend hladina estrogentl u samic krav a
ovci indukuje nastup estralni faze véetné zmeény chovani. Pokud je v organismu skotu hladina
estrogenu ve vyssi mife nez fyziologické, dochdzi ke konstantnimu trvani estralni faze,
vyskytu ovarialnich cyst a predéasnému vyvoji vemen. U prasat je béznym jevem prolaps

délohy zptsobeny zearalenonem (Shore & Bar-El Cohen 2010). Reprodukéni problémy
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vzniklé fytoestrogeny se projevuji ve snizené fertilit¢ dobytka (Shemesh & Shore 1987).
Poruchy spojené s reprodukci byly prokézany i u lidi (Akingbemi 2005; Mathur & D’Cruz
2011; Colborn et al. 1993). Jednim z ptikladl je synteticky vyrobeny estrogen DES, ktery mél
v letech 1948-1971 slouzit jako 1€k proti spontannim potratim. Dcery matek, které ho
uzivaly, trpély dysfunkcemi reprodukénich organti, snizenou reprodukéni schopnosti,
imunitnimi problémy a opakovanymi depresemi (Takasugi 1988; Colborn & Clement 1992).
Dalsi latky negativné ovliviiuji pribéh spermatogeneze a méni métené parametry spermii
(Kyselova et al. 2004; Kyselova et al. 1999; Peknicova et al. 2002; Elzeinova et al. 2008).

Estrogeny u samic i samct savct ovliviiuji reprodukeni systém (Free & Jaffe 1979) au
samic 1 imunitni systém (Whitacre 2001). Koncentrace estrogenii se mezi samcem a samici
kvantitativné 1i8i a je druhové specificka (Overpeck et al. 1978; Ganjam & Amann 1976). U
potkana a mysi je koncentrace 17f-estradiolu v krevni plasmé 2-25 pg/ml, coz je méné nez v
tekuting rete testis, 250pg/ml (Free & Jaffe 1979). Rozdily koncentraci byly detekovany i u
samic potkana a mysi, kde koncentrace estrogenti v ovaridlni tekutin¢ byla alesponi dvakrat
vy$$i ve srovndni s jejich koncentraci v krevni plazmé. U samic potkana a mySi se
koncentrace estrogenti méni v zavislosti na obdobi estru, u 17p-estradiolu dosahuje hodnot v
rozmezi 145-2100 pg/ml (Shaikh 1971). Tento typ hormont se vyskytuje ve spermatu,
koncentrace je zde také zavisld na druhu a dosahuje pfiblizné hodnot 14-900 pg/ml (Eiler &
Graves 1977, Claus et al. 1985).

Estrogenni hormony reguluji bunécnou funkci pomoci jadernych estrogennich
receptord (ER), ERa a ERB (Lubahn et al. 1993), které patii do rodiny ligand-aktivujicich
transkripcnich faktord (M. I. Evans et al. 1987). Velké mnozstvi ERa (Fisher et al. 1997;
Hess et al. 1997) je exprimovéano v odvodnych kanélcich varlete (ductus efferent), dokonce
veétsi mnozstvi nez v délozni tkani, dale je tato forma exprimovana v jatrech, prsnich zlazach,
podvésku mozkovém a hypotalamu. ERf je exprimovan ve vajecnicich, plicni tkani a prostaté
(Couse et al. 1997). Ob¢ formy jsou exprimovany v odvodnych kanalcich a v nadvarleti (Hess
et al. 1997). Tyto transkripéni faktory jsou lokalizované v jadre, kde reguluji genovou
transkripci vazbou na DNA regula¢ni sekvence a ovlivilyji tak expresi cilovych gent (Hall et
al. 2001).

Endogenni disruptory a estrogenni hormony vyskytujici se v prostfedi se vazi na
estrogenni receptory spermii a spousti tak rychlou ne-genomickou signalni odpovéd’ (Kuiper

et al. 1998; Sohoni & Sumpter 1998; Akingbemi & Hardy 2001). Dulezitost estrogennich
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receptori byla experimentalné vyzkousena za pomoci knock-outované mysi pro ERa, kdy
nebyla mys po tomto zékroku fertilni (Dupont et al. 2000).

Na zéklad¢é vyzkumu zanétlivych onemocnéni stiev, kterd mohou koncit rakovinou, a
vyzkumt rakoviny prsu, byla objevena pfima souvislost exprese estrogent a trefoil faktor
genu 1, z angl. trefoil factor gene 1 neboli 7ff7 (J Kim et al. 2000; Park et al. 2012). TFF1 je
protein skladajici se ze 40 aminokyselinovych zbytkl, obsahujici tfi disulfidické mustky.
Tento protein je exprimovan gastrointestindlni mukdzou uvnité stiev. Protein stabilizuje
mukozni vrstvu a méa ochrannou funkci v hojeni epitelidlni vrstvy. Pfesnd funkce neni

doposud znama (Ribieras et al. 1998; Crosier et al. 2001; Jongsook Kim et al. 2000).

1.2.3. Kapacitace a tyrosinova fosforylace

Cas, kdy mize dojit k uspd$nému oplozeni vajicka spermii, je omezen a piesné
definovan pfedchozimi molekularnimi zménami. Poté, co je spermie uvolnéna z cauda
epididymis a dostava se v podobé ejakulatu do samiciho pohlavniho traktu, neni schopna
okamzit¢ho oplozeni zralého vajicka. Spermie jsou pozastaveny a zustdvaji v isthmu
vejcovodu (caudal isthmus) samiciho pohlavniho traktu, kde dozravaji. V dobé ovulace se
nékteré z nich dostdvaji do ampuly, kde dochazi k samotnému oplozeni vajicka. Béhem
maturace probihaji dva dilezité procesy: kapacitace a akrozomalni reakce (AR). Oba procesy
potitebuji pro sviij prabéh specifické fyziologické podminky, které jsou pfirozené v sami¢im
pohlavnim traktu nebo mohou-li probihat in vitro, je pro spravny pribéh presné definované
médium a podminky vnéjsiho prostfedi. Kapacitace zahrnuje zmény v plasmatické membrang,
modifikace enzymatickych aktivit a zmény koncentraci iontli uvniti spermie. Navzdory tomu,
od roku 1951, nejsou zcela jasné molekularni principy, jez se pii ni odehravaji. Kapacitaci
muzeme rozdelit na dveé udalosti: 1) rychlé d€je, jako je iniciace motility spermie, jakmile se
spermie uvolni z nadvarlete, a na 2) pomalé d¢je, jako jsou zména motility (hyperaktivace) a
nasledné probihajici AR. Zajimavé je, ze oba dé&je, jak pomalé tak rychlé, jsou centralné

regulovany protein kindzou A (PKA) — viz obr. 9 (Visconti 2009).
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Obrazek 9. Kapacitace

Rychlé d¢je: Jakmile se spermie dostane do blizkého kontaktu s isotonickym roztokem
obsahujicim HCOs- a Ca®" je pozorovan silny flagelarni pohyb. Se zvy3ujici se koncentraci
iontt HCO;.a Ca®" se aktivuje atypicka adenylatcyklaza (SACY), ktera zvysuje aktivitu PKA.
HCOs. je dovnitt buiiky transportovano kontransportérem (Na'/ HCOs.) a vapenaté ionty jsou
transportovany dovniti pies specificky Ca>" kanal (angl. Cation channels of sperm, CatSper).
Pomalé déje: Pritomnost pfijemce cholesterolu v médiu je nezbytna pro rostouci tyrosinovou
fosforylaci (TyrP) a zaroven samotna TyrP stimuluje PKA aktivitu. Pfevzato a upraveno:
Visconti 2009.

Rychlé déje

Povrch spermie je pokryt molekulami, které jsou znamy jako dekapacitacni faktory
(angl. decapacitation factors, DF) a které udrzuji spermie v nekapacitovaném stavu, dokud
nedojde k ejakulaci. DF jsou odstranény po kontaktu se semindlni tekutinou (Yanagimachi
1994). Semindlni tekutina je isotonicka tekutina, ktera obsahuje dva typy iontl, umoziujicich
pres jiné molekuly flagelarni pohyb spermie: HCOs a Ca®". Tyto ionty aktivuji atypickou
adenylatcyklazu (SACY) a poté cyklické adenosinmonofosfaty (cAMP) a iniciuji vzristajici
aktivitu PKA. Tyto procesy vedou k fosforylaci PKA substrati a aktivuji motilitu spermie.
Tyrosinova fosforylace (angl. tyrosine phosphorylation, TyrP) predstavuje dilezity regulacni
systém, ktery ovliviiuje déje vedouci ke kapacitaci spermii (Visconti, Bailey, et al. 1995). Po

rychlych dé&jich nasleduji pomalé.
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Pomalé déje

Procesy jsou obvykle spuStény samotnou spermii. Zacinaji spontinnim efluxem
cholesterolu a dalSich sterolti z plasmatické membrany spermie, ¢imz se zvySuje fluidita a
permeabilita pro nckteré ionty, jako jsou véapenaté a hydrogenuhli¢itanové (HCOs')
(Yanagimachi 1994; Visconti et al. 1999). Zvysujici se koncentrace téchto iontd uvniti bunky
aktivuje adenylatcykldzu (AC), ktera zvySuje tvorbu cAMP a néasledné¢ aktivuje PKA.
Aktivace PKA vede k aktivace tyrosinové kindzy uvnitf spermie. Eflux cholesterolu mize byt
urychlen pfitomnosti vnéjsiho piijemce v médiu, jako je sérum albumin. Visconti a jeho
kolegové toto zjisténi vyzkouseli s pouzitim média bez pfitomnosti albuminu kravského séra
(angl. bovine serum albumin, BSA) a vysledkem byla inhibice tyrosinové fosforylace, a tudiz
nedochézelo ani ke kapacitaci spermii (Visconti et al. 1999). Pomalé déje vedou ke vzristajici
TyrP, hyperaktivaci a pfipravé spermie k AR.

Dalsimi moznymi fyziologickymi moduldtory TyrP béhem kapacitace jsou tzv. volné
kyslikové radikaly (angl. reactive oxygen species, ROS), které jsou produkovany leukocyty
(jsou ptitomny v ejakulatu) nebo se nachdzi uvniti spermie na pocatku kapacitace (Baldi et al.
2000). Nedavné publikace popisuji, ze dal§i produkty lidskych spermii jako oxid dusnaty
(NO) mohou podporovat kapacitaci a vzristd i TyrP (Belén Herrero et al. 2000; Herrero &
Gagnon 2001). Leyton a Sailing v roce 1989 jako prvni identifikovali tfi rizné fosfoproteiny
o hmotnostech 52, 75 a 95kDa v buitkach mysich spermiich. Proteiny o hmotnosti 52 a 75kDa
byly pomoci specifickych protilatek proti fosfotyrosinu detekovany pouze u kapacitovanych
spermiich, kde mohou slouzit jako specifické markery pravé pro TyrP. Posledni protein o
hmotnosti 95kDa, kde je tyrosin fosforylovan, byl detekovan jak v Cerstvych, tak
kapacitovanych spermiich. Pro tento protein neni hladina imunoreaktivity spojena s motilitou
spermie, ale je zesilena kapacitaci a interakci se solubilnimi proteiny zona pellucida (ZP).
Stejny efekt jako ZP ma hormon progesteron, oboji zvySuje fosforylaci na tyrosinovych
zbytcich béhem kapacitace (Tesarik et al. 1993).

V roce 1989 bylo objeveno, ze stav kapacitace koreluje s mirou TyrP na proteinech o
molekulovych hmotnostech 40-120kDa (L. Leyton & Saling 1989). TyrP proteind je ¢asove
zavisla a kapacitaci a maximalni mnozstvi fosforylovanych proteinii je dosazeno po 90
minutach kapacitace (Visconti, Moore, et al. 1995). TyrP hraje dtlezitou roli v regulaci dé&ji
vedoucich ke kapacitaci a nasledné¢ k akrozomalni reakci. Otdzkou ziistava, jaké signalni

drahy ovlivituji zvySeni TyrP a drahy, které vedou k findlni kapacitaci spermie. Spermie v
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cauda epididymis jsou zralé a obsahuji vysoce kondenzovany chromatin (kondenzace DNA ji
chrani pted poSkozenim). V této fazi nedochdzi ani k transkripéni ani k translacni aktivite, a
proto je zde pouze jediny funkéni regulacni systém a tim je postranslacni aktivita (acetylace
nebo fosforylace). Mimo znamou Ser/Thr fosforylaci existuje pravé TyrP, jez je mnohem
v cytosolu spermie, na povrchu hlavicky a bi¢iku. Tyrosinové kinazy lze rozdé€lit na dvé
skupiny: receptorové protein tyrosinové kindzy (angl. receptor tyrosine kinases, RTKs) a
nereceptorové protein tyrosinové kinazy (angl. non-receptor tyrosine kinases, NRTKs)
lokalizované volné v cytosolu, jadie ¢i vazané k cytosolové strané plasmatické membrany
(Fisher et al. 1998). Skupina NRTKs zahrnuje kinazy Src, Jak a jiné (Fisher et al. 1998).
RTKSs jsou transmembranové glykoproteiny, jez jsou aktivovadny navazanim souvisejicich
ligandl a prenaseji extracelularni signal do cytoplasmy pomoci své vlastni fosforylace na
reziduich tyrosinu (autofosforylace) a prenaseji signal na dal$i signalni proteiny. RTKs
aktivuji mnoho signalnich drah uvnitf bun€k vedoucich k bunééné proliferaci, migraci,
diferenciaci ¢i metabolickym zménam. Do této rodiny patii receptory pro insulin a receptory
rustovych faktorl, napf. receptor pro epidermalni ristovy faktor (angl. epidermal growth
factor receptor, EGF), receptor pro fibroblastovy ristovy faktor (angl. fibroblast growth factor
receptor, FGF) a jiné.

1.2.4. AKkrozomalni reakce

Spermie, ktera oplodnila vajicko, musela projit celym procesem kapacitace, rozpoznat
proteiny na povrchu ZP a navézat s nimi vazbu. Rozpoznani proteinii na povrchu spermie a
obalu vajicka a prinik spermie popisuje d¢j, pfi kterém probihd tzv. akrozomalni reakce (angl.
acrosome reaction, AR).

Spusténi AR je s nejvétsi pravdépodobnosti podminéno pfitomnosti dvou induktorti —
ZP proteiny a progesteronem. V prvnim piipad¢ se jedna o kontakt a vazbu proteind na
povrchu spermie a ZP. U mysovitych hlodavci obsahuje ZP tii proteiny: ZP1, ZP2, ZP3 o
molekulovych hmotnostech 200,000 (ZP1), 120,000 (ZP2), 83,000 (ZP3) — (Bleil &
Wassarman 1980). Protein ZP3 zprostfedkovdva primarni vazbu spermie-vajicko, ZP2
sekundarni vazbu a ZP1 tvoii spojniky mezi ZP3 a ZP2. V ptipad¢ lidské ZP existuje jesté

ZP4, ktery je u mysi pouze jako pseudogen. ZP4 se naproti tomu objevuje i u jinych zivocicht
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(Simpanz, kufe, potkan, ¢lovek) a predpoklada se, ze vznikl duplikaci ZP1 genu, a tudiz je
jeho struktura velice podobna ZP1 (Conner et al. 2005).

U vétsiny savcl se predpoklada, ze se spermie vaze k ZP pies specifické receptory,
vazané v anteriorni oblasti hlavicky spermie. Tato vazba aktivuje signalni drahy vedouci k
AR, pfi kterych dochdzi k fuzi vnéjsi akrozomalni membrany a plazmatické membrany
spermie (Yanagimachi 1994).

Fyziologickym induktorem AR muze byt také progesteron (Kirkman-Brown et al.
2002; Garcia & Meizel 1999), ktery vazbou na receptory pro progesteron aktivuje shodny
priliv Ca*"iontd do cytosolu spermie, podobné jako u indukce ZP (Garcia & Meizel 1999).
Naopak jako in vitro induktor je ¢asto pouzivan kalcium ionofor (angl. calcium ionofor, Cal),
ktery aktivuje intracelularni zvyseni Ca*'iontli vyménou Ca®'za 2H" (Spungin et al. 1995).
Béhem takto indukované AR je klasickd signalni draha vynechdna, ale morfologicky je AR
stejna jako ta, jez je indukovéna pies klasickou signéalni dréhu. Klasickd signalni draha AR
zacina kontaktem ZP proteinli a proteinti v anteriorni oblasti hlavicky spermie. ZP aktivuje
signalni drahu vedouci k AR pres receptory spojené s G proteiny (O’Toole et al. 2000), které
aktivuji fosfolipazu C (PLC) B1 nebo pies receptorové fosfotyrosinkinazy aktivujici PLC y. G
proteiny aktivuji zejména signalni drdhu cAMP/PKA, ale zndmé jsou také dalsi signalni drahy
vedouci k aktivaci Ser/Thr a Tyr kiniz. PKA aktivuje otevieni nap&tové zavislych Ca®’
kanalti a umoZiiuje tok Ca*"iontdi z akrozomalni membrany do cytosolu (Obr. 10). Takto
zvysend koncentrace Ca”"déle aktivuje protein kinazu C y (PKC) (Spungin et al. 1995; Roldan
1998). Produktem hydrolyzy fosfatidylinositol bisfosfatu (PIP2) touto proteinkindzou je
diacylglycerol (DAG) a inositol-trisfosfat (IP3) umoznujici aktivaci a translokaci PKC k
plazmatické membrand. Vysledkem je otevieni napétové zavislych Ca** kanald na
plazmatické membrané a tim umoznéni druhého zvyseni koncentrace téchto iontll v cytosolu,

souvisejici s AR (Walensky & Snyder 1995).
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Obrazek 10. Molekularni interakce probihajici béhem akrozomalni reakce
Fosfolipaza C (PLC), proteinkindza C (PKC), adenylatcyklaza (AC), diacylglycerol (DAG),
fosfatidylinositol 4,5- bisfosfat (PIP2), inositol- trifosfat (IP3), proteinkindza A (PKA),
tyrosinkinaza (TK), receptor spojeny s G proteinem (R, Gi). Pievzato (Breitbart & Naor
1999).

Takto zvySend koncentrace Ca”" aktivuje aktin vézajici proteiny a vede k depolymerizaci
aktinového cytoskeletu a kontaktu a fuzi membrdn a uvolnéni obsahu akrozému.
Diacylgrycerol (DAG) hraje jesté dalSi roli, a to v aktivaci fosfolipazy A2 (PLA2) a
fofatidylcholinu specifické fosfolipazy (PLC). Produktem aktivace PLA2 je arachidonova
kyselina a lysofosfolipidy, dtlezité latky regulujici fizi membran (Roldan 1998; De Blas et
al. 2002). Receptory vazajici ZP aktivuji také otevieni Na'/H™ vyméniku vedouci k alkalizaci
cytosolu. Zvyseni pH a Ca*'iontdl vede k fuzi vngjsi akrozomalni membrany a plazmatické
membrany spermie a vede k AR (Kopf 2002).

V roce 1989 se ukéazalo, ze AR u lidskych spermii mize byt zahdjena spontanné bez

ptitomnosti ZP ¢i progesteronu (Mortimer et al. 1989). Bez induktorit AR k ni dochézelo i u
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nckterych zastupct hlodavcetl, coz bylo pozorovéano pfi analyze priabéhu a rychlosti AR u
mysi (Inoue et al. 2003) a pozdéji u mysic (Johnson et al. 2007). Pfestoze v médiu nebyly
zadné induktory, AR samovolné¢ probihala a jeji rychlost byla navic nejvy$si u nejvic
promiskuitniho druhu 4. Agrarius (Johnson et al. 2007). V roce 1992 se ukazalo, ze pro
uspésné oplozeni neni nezbytny kontakt spermie se ZP a tim indukovand AR. Naito a jeho
skupina mechanicky odstranili ZP, pozorovali in vitro oplozeni mySich vajec, nasledny
embryonalni vyvoj do blastocysty, kterou vlozili do receptivni samice a ta porodila zdravé
mladé¢ (Naito et al. 1992). Dalsim experimentem provedenym in vitro na transgenné
znacenych mysich spermiich bylo prokazano, ze spermie prochazi AR i béhem prichodu pres
vrstvu kumulérnich bunék smérem k ZP. A dokonce dochazi k AR i bez pfitomnosti
kumularnich buné¢k ¢i bez exprese ZP2 a ZP3 na povrchu ZP. Z toho plyne, ze AR mulze byt

spousténa i jinym systémem nez jsou proteiny ZP a progesteron (Jin et al. 2011).
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3. Prispévek autorky

Priloha L.

On the saliva proteome of the Eastern European house mouse (Mus musculus musculus)
focusing on sexual signalling and immunity

Stopka P., Kuntova B., Klempt P., Havrdova L., Cerna M., Stopkova R. (2016), Scientific
reports 6., doi:10.1038/srep32481 (IF = 5,228; 2015/2016)

Uvod

Vétsina praci tykajicich se chemické komunikace u mysi je zamétena predevSim na
chemické signéaly pfitomné v moci. Nicméné pii piimém kontaktu dvou jedincii dochazi
nejprve k identifikaci signalti v orofacidlni oblasti, proto jsme se v této praci zaméfili na
identifikaci moznych chemickych signdlii a jejich prenaseci vylucovanych ve slindch mysi.
Diky moderni metodice celkové identifikace proteinii pomoci kapalinového chromatografu
spojeného s tandemovym hmotnostnim spektrometrem (angl. Nano-flow liquid
chromatography-tandem mass spectrometry, nLC-MS?) tato prace pfindsi mnoho novych

poznatkl v oblasti proteinti i€astnicich se chemické komunikace a imunitnich pochodu.

Cile prace

1. Identifikace slinného proteomu u divoké mySi domdaci (Mus musculus musculus) se
W W r . 7w I4 I4 . r . r 2
zamé&fenim na proteiny ucastnici se chemické komunikace pomoci metody nLC-MS”.

2. Zhodnoceni celkové miry pohlavniho dimorfismu slinného proteomu.

Vysledky prace

1. Celkové jsme u 11 zvifat identifikovali ve slindich 633 proteini. Mezi nejvice
exprimované geny ve slinach mysi patii n¢kolik zastupct rodiny lipokalinti, pfedevsim
pak MUP6, OBP5, OBP7, MUPS5, OBP1, LCN11, LCN13, OBP2 (uvedeno v sestupném
poradi). Kromé¢ lipokalinii patii mezi nejhojnéj$i proteiny nckteré sekretoglobiny
(SCGB2B2, SCGB1B2, SCGBI1B27), antimikrobidlni proteiny (BPIFB9B) a jeden
zastupce kalikreinti (KLK1B9). V celkovém poctu detekovanych proteinti jsme nalezli 20

zastupct rodiny lipokalind (z 55 zndmych), jez by mohli plnit roli pfenasect signala
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v chemické komunikaci. Ze skupiny proteini LCN jsme detekovali: LCN2, LCN3,
LCN4, LCNI11, LCN12, LCN13. Mezi zastupce OBP jsme nalezli: OBP1, OBP2, OBPS5,
OBP6, OBP7, a zrodiny MUP: MUP4, MUP5, MUP6, MUPS, MUP14, MUP17,
MUP20, MUP21. Negkteré ztéchto proteinli navic vykazovaly signifikantni miru

pohlavniho dimorfismu, podobné jako je tomu u lipokalinti produkovanych v moc¢i.

Z celkovych 633 proteinti bylo pohlavné dimorfnich 134 (21 %), z ¢ehoz 92 (14,5 %)
proteind bylo signifikantné vice exprimovano samci, zatimco pouze 40 (6,3 %) proteint
bylo vice exprimovano samicemi. Lze tedy fici, Ze slinné proteiny exprimované vice
samci jsou v pfevaze.

Exprese poloviny z 20 lipokalini vykazovala signifikantni miru pohlavniho
dimorfismu, a to ve prospéch samcti (OBP1, OBP2, LCN3, LCN4, LCNI13, LCNI14,
MUP4, MUP14 a MUP20). Vyjimku tvotil MUPS, ktery byl vice exprimovan samicemi.
Hladina sekretoglobinti, které jsme identifikovali jako pohlavné dimorfni (7 ze 13
identifikovanych: SCGB1B20, SCGBI1B3, SCGB2A2, SCGB2B20, SCGB2B24,
SCGB2B3, SCGB2B7), byla vzdy vyssi u samct. Stejné tak zastupci antimikrobialnich
proteinti, u nichz byl detekovan pohlavni dimorfismus, byli vice exprimovani samci.
Nejvice proteinii, které byly naopak vice exprimovany samicemi, patii do rodiny
kalikreind, konkrétné se jedna o 13 zéstupct kalikreind typu B, které byly dosud popsany

pouze v genomu mysi a potkana (Lawrence et al. 2010).

Diskuze

Chemickd komunikace mezi dvéma jedinci probiha ptfes chemické signaly hojné se

vyskytujici v moc¢i, slinach a slzach. VétSina publikaci se zaméfuje na chemické signaly

v moci a uvazuji tak spiSe o komunikaci, kterd mize probihat na delsi vzdalenost. Nase prace

se zaméfuje na zmapovani kompletniho proteomu slin u mysi doméaci. Jelikoz prvni kontakt

mezi samici a samcem je zahajen v orofacidlni oblasti, zajimalo nas slozeni slin na proteinové

urovni, abychom mohli rozsifit znalosti o potencialni roli slin v chemické komunikaci.

Analyzované sliny byly odebirdny Setrnou metodou, pomoci vyplachu dutiny ustni

malym mnozstvim fyziologického roztoku, za plného védomi zvifete, a to proto, aby

nedochazelo ke zkresleni vysledkit vnéj§imi vlivy. Za pouziti citlivych proteomickych
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technik, jako je nLC-MS? a nasledné statistické analyzy pomoci metody PLGEM (Power
Law Global Error Model) jsme vytvofili komplexni seznam proteinid obsahujici signalni
pfenasece, antibakteridlni proteiny, proteiny Ucastnici se vrozené imunity a mnoho dalSich
ptirozen¢ se vyskytujicich v Gstni duting.

Mnoho proteinii nalezenych ve slindch nemusi byt exprimovdno pouze slinnymi
zlazami, ale pochazi také z nasalnich nebo lakrimalnich zlaz. Piikladem toho muze byt
detekce lipokalint LCN3 a LCN4, které jsou specificky exprimované ve vomeronasalnim
organu (Miyawaki et al. 1994), presto byly detekovany ve velkém mnozstvi ve slindch
(Stopka et al. 2016; Stopkova et al. 2016). Dalsi z lipokalini, OBP proteiny, také nejsou
exprimovany v podcelistni slinné zlaze, ptesto jejich mnozstvi ve slinach je znacné. Jako
nejCastéj$i misto jejich exprese se uvadi zlazy nosni dutiny. Jelikoz terciarni struktura
lipokalinii umoziluje navazat a transportovat té¢kavé organické latky (angl. volatile organic
compound, VOC), mohou byt tyto proteiny dulezité pro pienos castecné degradovanych
VOC do slin, odkud mohou byt distribuovany na srst zvifete a slouzit jako identifikacni pach,
anebo transportovany dale do traviciho traktu, kde se degraduji.

Ve slinach jsme nalezli i zastupce proteint, které byly popsany jako hlavni mocové
proteiny (MUP) a slouzi jako pienasece chemickych signalii z moci. Tam se dostavaji z jater,
kde je jejich hlavni misto exprese, samci pak produkuji nékolikandsobné vétsi koncentraci
MUP nez samice (Stopkova et al. 2007). Pfitomnost MUP proteini ve slinach tedy muize
nazna¢ovat moznost, ze i sliny mohou plnit vyznamnou funkci v chemické komunikaci.
Detekovali jsme ve slindch dokonce i MUP20 zvany ,,darcin®, a to dokonce u obou pohlavi,
coz bylo necekané, nebot’ dle predchozich autorti byl tento protein detekovan pouze v moci
samce mys$i zapadoevropské (Mus musculus domesticus) a laboratorni mysi kmene C57BL/6
(Nelson et al. 2015). Protein darcin je dle jinych autord popsan jako protein, ktery je
feromonem a pusobi atraktivné pro samice a také jim zlepsSuje prostorovou pamét’ (Roberts et
al. 2010; S. A. Roberts et al. 2012). MUP20 muze byt i indikdtorem zdravotniho stavu zvifete
(Lopes & Konig 2016). Nase identifikace MUP20 v slinném proteomu je v souladu i s jinymi
autory, ktefi taktéz potvrdili pfitomnost tohoto proteinu ve slindch mysi (Logan et al. 2008).
Mnozstvi tohoto proteinu ve slindch je sice vétsi u samcii nez u samic, nicméné je t€zké si
predstavit, ze by tento protein slouzil sdm o sob¢ jako samci specificky feromon, kdyz je

produkovan i samici podcelistni zldzou a sekretovan do slin samic. Je tedy pravdépodobné, ze
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MUP20 neni vyhradnim produktem samcii, nevyskytuje se pouze v moc¢i a feromondlni
funkci nemé samotny protein, ale spiSe navazané ligandy, které prenasi.

U nékterych lipokalinii jsme zjistili pohlavni dimorfismus v jejich expresi, napf. u
OBP1, OBP2 a MUPS8. OBP1 a OBP2 jsou vice exprimovany u samcu a naproti tomu MUPS
zejména u samic. Je mozné, ze pohlavné rozdilna exprese OBP proteintl odrazi mozné rozdily
v cCichovych schopnostech samic a samci. V piipadé nalezu MUPS je zapotiebi blize
specifikovat misto translace a transkripce tohoto proteinu.

Dal$im zajimavym proteinem, ktery jsme potvrdili ve slindch mysi, je protein nazvany
peptid exokrinni zlazy (angl. exocrine gland-secreted peptide-1, ESP1), ktery byl popséan jako
protein specificky pro samce u laboratorni mysi BALB/c (Kimoto et al. 2007; Kimoto et al.
2005). ESP1 je produkovéan v lakrimalni zlaze samce, sekretovany do slz a pii bliz§Sim
kontaktu se samici je transferovan do VNO samice, kde stimuluje vomeronasalni senzorické
neurony (Kimoto et al. 2005), z ¢ehoZ autofi usuzuji, ze mize mit feromonalni efekt. Nase
vysledky na divoké mysi domaci (Mus muculus musculus) vSak tuto vyhradni expresi ESP1 u
samci nepotvrdily. Prestoze byl ESP1 exprimovan vic u samct, byl detekovan i ve slindch
samic. U obou pohlavi jsme nalezli i dal$iho zastupce této proteinové rodiny, ESP6. To muiize
byt podnétem k dal§im diskuzim o roli téchto proteini u mysi a nabizi se teorie, Ze na zakladé¢
jejich typické terciarni struktury s amfipatickou elektrostatikou, ktera je velice podobna
struktufe antimikrobidlniho proteinu CAMP, by mohla byt jejich funkce spiSe baktericidni
(Gallo et al. 1997; Stopka et al. 2016).

Sekretoglobiny jsou dalsi skupinou proteinti, kterd je nékterymi autory povazovana za
kandidatni transportéry chemickych signalti. V nékterych publikacich, které jsou zalozené na
jednodussich metodologickych ptistupech identifikace proteinil, bylo popsano, Ze existuji
konkrétni zastupci této rodiny, kteti jsou unikatni pro rtizné sekrety (sliny, slzy) ¢i pohlavi, a
tudiz hraji specifickou roli v chemické komunikaci. Diky pfesnéjsi metodice, pomoci které
jsme identifikovali proteom slin mnohem detailn&ji, jsme ukdazali, ze ani jeden
z detekovanych sekretoglobini neni unikatni pro jedno pohlavi. Zhruba polovina
detekovanych sekretoglobinli ma stejnou hladinu exprese u obou pohlavi, druhd polovina je
vice exprimovana samci. Dle dalSich experimentii se SCGB vyskytuji i v dalSich télnich
tekutinach, jako je plicni a délozni sliznice, nosni a ustni dutina, a v slzach lidi ¢i mysi.

Prostfednictvim transportu steroidnich latek se SCGB ucastni protizanétlivych pochodii a
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podili se na hojeni tkdni (Mukherjee et al. 2007). Nase vysledky ptispély k upiesnéni
repertoaru SCGB ve slinach, nicméné otazky o jejich funkci zlistdvaji stale nezodpoveézené.

Ustni dutina tvoii vstupni branu pro rtizné druhy bakterii, a proto jsme se zaméfili v
této praci i na detekci antimikrobidlnich proteini. Vyslednd data ndm potvrdila fadu
antimikrobialnich proteind, jejichz mechanismus pusobeni je zalozen na elektrostatickych
interakcich mezi kladn€ nabitym antimikrobidlnim peptidem a bakteridlni membranou
vykazujici zdporny néaboj. Touto interakci dochazi ke zvysSeni permeability bakteridlnich
membran (Lai & Gallo 2009; Wu et al. 2010). K témto antimikrobidlnim proteintim patii i
fada BPI (bactericidal/permeability increasing protein) proteinil, u nichZ jsme nasli rozdilnou
expresi mezi pohlavimi. Ve slinach jsme nasli 7 BPI proteinti; BPIA1, BPIB1, BPIB2, BPIB3,
BPIFA2, BPIFBS, BPIFBIB, které vykazovaly znatelné vyssi expresi u samcu. Je mozné, ze
zvySena exprese téchto proteinti kompenzuje testosteronem snizenou imunitni obranu u samct
(Klein 2000). Déle jsme ve slindch nasli BPIFA1 (neboli PLUNC/SPURT) a protein, ktery
patii do rodiny proteintt PLUNC, a to protein BPIFB1. Oba proteiny jsou exprimovany v
¢ichovém epitelu Bowmanovymi neboli olfaktornimi zlazami (Musa et al. 2012). Mezi BPI
proteiny se fadi i protein s ndzvem vomeromodulin (VOME, synonymum BPIFB9A), ktery
byl diive popsan jako protein se specifickym mistem exprese pouze ve VNO (Khew-Goodall
et al. 1991). Detekce vomeromodulinu ve slindch tak mtze byt dikazem toho, Ze se zde
nachdzi i proteiny sekretované VNO. Podobn¢ je tomu i v piipad¢ proteini LCN3 a LCN4
(viz vyse).

Na podobném principu jako jsou BPI funguje i antibakteridlni protein CAMP, jehoz
hladina exprese ve slindch je u samic i samci stejna. Dal§imi antibakteridlnimi proteiny
zvySujicimi permeabilitu bakterii jsou WFDC proteiny, z nichz jsme ve slinach detekovali
dva zéstupce WFDC2 a WFDC18. WFDC?2 protein byl vice exprimovan u samcti a hladina
WFDCI18, proteinu, ktery chrani zuby a mékké tkané v dutiné ustni, byla u obou pohlavi
stejnd (Blanchard et al. 2015).

Dalsi proteinovou skupinou, kterd je v této publikaci popsana, je skupina kalikreinti.
Nejhojnéji jsou ve slinach zastoupeny kalikreiny ze skupiny B ptibuzné s KLK1 a jsou
signifikantné vice exprimovany samicemi. Vysledky ostatnich studii na laboratornich mySich
C57BL/6 jsou rozporuplné, nékteré publikace popisuji opacny trend exprese KLK typu B
(vice maji samci), naopak nékteré prace nase vysledky podporuji, napt. exprese KLK1BS5 u

samic (Karn & Laukaitis 2015). Ve vSech publikacich je shodné to, ze KLK1 je exprimovany
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u obou pohlavi stejné, a to jak v ptipad¢ mysi laboratornich, tak divokych (Stopka et al. 2016;
van Leeuwen et al. 1987; Karn & Laukaitis 2015). Je mozné, Ze i kalikreiny typu B ptibuzné s
KLKI1 maji nékteré z vlastnosti dalSich ¢lent této serinové rodiny protedz, jako je schopnost
urychlit hojeni ran nebo zprostfedkovana antimikrobidlni funkce. Je mozné, ze tato adaptace
divokych mys$i napomahd matkdm udrzovat zdravou pokozku mlad’at pifi pravidelném

deponovani slin do srsti béhem péce o mlad’ata (tzv. allogrooming).
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Slzy  Sliny Vagina

72 KLK1b16 v v
9L KLK1b26 v
L KLK1b8 v v
KLK1b24 v
KLK1b21 v
73 KLK1b27 v
KLK1b11 v
L KLK1b22 v v
—— KLK1b4 v
66 KLK1 v v v
96 — KLK1b5 v v
99 KLK1b1 v v
91— KLK1b9 v v
I KLK1b3 v v
KLK3/KLKb1
79 KLK4
KLK5
KLK14 v v
KLK10 v
63 KLK12
79 KLK9
—L KLK11
KLK15
KLK8 v
KLK7
- KLK6
— KLK13 v

0.5

Obrazek 7. Kladogram mySich (Mus musculus muculus) kalikreini

Na obrazku je fylogeneticky strom rodiny kalikrein u mysi domaci (Mus musculus muculus).
Kalikreiny tvofi dvé hlavni skupiny. Jedna vznikla duplikaci genu KLK1 a tvofi ji pfedevsim
kalikreiny b (13 ¢lent). Druhd skupina je velice konzervativni a tyto kalikreiny nachadzime u
vétSiny placentalnich savcl (mys, potkan, ¢lovek, pes, prase). Ve sloupcich vpravo je oznacen
vyskyt jednotlivych kalikreinti v analyzovanych sekretech — v slzéach, slinach a vaginach — na
zaklad¢é vysledkti publikaci (Stopka et al. 2016; Stopkova et al. 2017; Cerna et al. 2017).
Fylogeneticky strom byl konstruovan na zakladé metody ,,maximum likelihood* (Jones et al.
1992). Procento replikovanych stromt (2000 replikaci), ve kterych se testované proteiny
fadily k sobé (bootstrap number), je vyznaceno u téch skupin, kde byla hodnota vétsi nez 70.
Za monofyletickou skupinu mizeme povazovat takovou, kde hodnota bootstrapu je vyssi nez
75. Celkem bylo analyzovéano 27 aminokyselinovych sekvenci a ve findlnim souboru dat bylo
k porovnani 239 pozici. Strom byl generovan softwarem MEGA 5.1. (Tamura et al. 2011).
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Priloha II.

The vagina monologues: differential regulation of lipocalin expression (OBP, MUP)
throughout the mouse estrous cycle

Cerna M., Kuntova B., Talacko P., Stopkova R., Stopka P. (2017), Scientific reports— IN
REVISION AFTER THE 1ST REVIEW

Uvod

Prvotni kontakt samce a samice mysi domaci je zahdjen v orofacidlni oblasti a sméfuje
k anogenitalni ¢asti téla (Luo 2003). Prvni identifikace zvifete tedy probihd pravdépodobné
prostfednictvi chemickych signali pochazejicich ze slin, nicméné vzéapéti probihd kontakt
s anogenitalni oblasti zvifete a jedinci tak detekuji signaly produkované v této oblasti. Ty
mohou pochdzet napt. z prepucialnich 714z, u samic pak bude vyznamnou roli hrat vaginalni
sekretu latku feromondlniho charakteru, kterd u samcii stimuluje kopula¢ni chovéani. Proto
jsme se rozhodli identifikovat kompletni slozeni samic¢iho vaginalniho sekretu u mysi domaci,
pfedevsim s ohledem na mozné transportéry chemickych signdlli, a stanovit i proménlivost
proteinového slozeni v rtiznych fazich estralniho cyklu samice. Nase prace jako prvni pfinasi
vysledky tohoto druhu u divoké mysSi doméci (Mus musculus musculus), které mohou, na
rozdil od laboratornich mysi, 1épe dokumentovat pfirozené mechanismy spojené s chemickou
komunikaci. Nabizi tak novy pohled na dynamiku estralniho cyklu mysi a objasiiuje n¢které

pochody, které zde probihaji.

Cile prace
1. Charakterizovat proteiny obsazené ve vaginalnim sekretu divokych mys$i Mus musculus
musculus bdhem estralniho cyklu pomoci metody nLC-MS?.

2. Detekovat potencialni signalni transportéry ve vaginalnim sekretu.

Vysledky prace

1. V celkovém vaginalnim proteomu jsme identifikovali 2507 proteint, pti¢emz nékteré
z nich se vSak vyskytovaly pouze u jedné ¢i dvou samic, coz nés vedlo k vétsi selekci dat

a k finalnimu poctu analyzovanych proteint, coz bylo 986. Z celkového poctu proteinil je
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pouze sedmndict vice exprimovano v estru nez v proestru a zaroven jejich exprese
nasledné klesa v metestru. Dalo by se tedy fici, ze mohou byt povazovany za markery
estru. Mezi tyto proteiny patii: SPA9, LYGI1, PHLD, HGFA, ASAHI1, HORN, DAGI,
CPO89, AOC1, CTL4, PPBT, CATC, MA2B2, PPGB, DPP2, FUCO, TGM3. Nejvétsi
rozdil v expresi mezi proestrem a estrem, kdy exprese rostla, a zaroven estrem a
metestrem, kdy jeho exprese klesala, mél protein SPA9 (Serpin A9). SPA9 patii do
rodiny serpind, coz jsou inhibitory serinovych protedz. Mezi dalsi marker patii naptiklad
protein hornerin (HORN, Hrnr), ktery je soucésti keratinizujiciho epitelu a zajistuje
spole¢né¢ s mucinem/episialinem (MUCI1), jehoz exprese byla zvysena také v estru,
protizanétlivou epidermalni bariéru proti vnéjSim patogentim.

K dal§im proteinlim, které se ucastni antimikrobidlni ochrany, patii dal$i z rodiny
mucini, MUC9/OVGP1 (angl. oviduct specific glykoprotein), jehoz exprese roste v estru
a v metestru. Ve vysledném seznamu proteinii byl i protein uromodulin (UROM), ktery
se podili na vytvatreni viskozni bariéry na povrchu epitelidlnich bun¢k béhem estralni
faze. Na antimikrobialni ochran¢ se nepfimo podili i dalsi dva proteiny, ovostatin
(OVOS) a lysozyme g-like protein 1 (LYG1), jejichz exprese je zvysena v estru a klesa v
metestru. Z celé rodiny BPI proteinli jsme ve vagindlnim sekretu nasli pouze jednoho
zastupce, jehoz exprese rostla béhem estru a zlstavala stejnd i béhem metestru. Tim byl
protein BPIFD2, jehoz tercidrni struktura umoznuje zvySovat membranovou propustnost
baktérii.

V estralni fazi se objevuje na epitelidlnich buiikach vice baktérii a celkové se zvysuje
jejich pocet, coz v dalsi fazi indukuje zvySeni poctu neutrofilnich granulocytl a
umoziuje stabilizovat vagindlni mikrobiom. Nasli jsme celkem 10 proteind, které se
vyznamné zvySily ve fazi metestru, a mohou tak byt povazovany za markery tohoto
stadia (MMPS8, S10A9, UBP5, HCLS1, NGP, LASP, PSME2, LAP2B, CAMP, LSP1).
Mnoho z nich mé antimikrobialni funkci (S10A9, NGP, CAMP).

Ve vSech tfech fazich estralniho cyklu jsme nalezli fadu ¢lenti z rodiny kalikreint,
jejichz exprese byla po celou dobu cyklu stejnéd. Napiiklad: KLK1, 10, 11, 12, 13 a 14.
Jediny kalikrein, jehoz exprese se v prubehu cyklu ménila, byl KLLK8. Nejvétsi mnozstvi
dosahoval ve dvou fazich, a to v proestru a estru a klesal v metestru. Inhibitorem KLKS5 a

KLK7 je SPINKS, jehoz exprese béhem estralni faze klesla.
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2.

Dalsim cilem bylo ur¢it, zda se ve vaginalnim sekretu vyskytuji proteiny, které¢ by
mohly slouzit jako transportéry pro VOC. Z naSich vysledki je patrny vyskyt MUP
proteinil i ve vagindlnim sekretu a jejich zvySend exprese béhem estru a nasledné
pfetrvavani zvysSené hladiny i béhem metestru. Mezi identifikované proteiny z rodiny
MUP patii: MUP20 (darcin), MUP3, MUPS a dva MUP bez unikatni sekvence patiici do
skupiny MUP B, které jsme nazvali jako nejpravdépodobnéjsi variantu — sMUP17
(,,similar to® MUP17, ktery mize byt MUP13 a/nebo MUP17) a sMUP9 (,,similar to*
MUP9, jehoz identifikacni peptid je shodny u 13 druhit MUP ze skupiny B, konkrétné
MUPI, 2,7, 8,9, 10, 11, 12, 14, 15, 16, 18, 19). Nejvyssi narast MUP proteinti z proestru
do estru byl zaznamenan konkrétné¢ pro MUP20, sMUP9 a sMUP17.

Dle dostupnych publikaci jsme byli prvni, kdo detekoval ¢leny OBP rodiny proteinti
ve vaginalnim sekretu mysi domaci. Nalezli jsme ¢tyii zastupce: OBP1, 2, 5, 7. Prib&h
exprese béhem estralniho cyklu byl podobny jako u MUP proteintl, signifikantné vyssi
nartist OBP byl zaznamenan béhem estru a pretrvaval v metestru, nicméné rozdil hladin
mezi proestrem a estrem nebyl tak vysoky jako u MUP.

Kromé OBP a MUP jsme nalezli dalsi ¢leny lipokalinti, a to lipokalin 11 (LCNI11) a
Siderocalin (LCN2). Celkové byla exprese LCN11 nizsi nez u MUP, ale pribeh nartistu
hladin byl stejny, t.j. nejvice v estru a metestru. Hladina LCN2 byla naopak konstantni
béhem vsSech tfi stadii a navic patfil celkové k nejvice exprimovanym gentim ve
vaginalnim sekretu. Do lipokalinii fadime i1 protein vazajici retinol 1 (angl. retinol-
binding protein 1, RBP1), ktery jsme detekovali, a jeho exprese byla v kontrastu

Vv

proestru.

Diskuze

Abychom dostali ucelenéj$i obraz proteinti Uc€astnicich se chemické komunikace

divoké mysi domaci, bylo nutné udélat komplexni analyzu proteinového slozeni, a to nejprve
slin a posléze i vaginalniho sekretu. Jako modelovy organismus jsme si vybrali divokou mys$
domaci (Mus musculus musculus), jelikoz predstavuje organismus s uméle nezménénym
genomem, zachovanym mikrobiomem a s pfirozenym chovanim. Naproti tomu laboratorni

mys$i vznikly kiizenim dvou podruht (M. m. domesticus a M. m. musculus) a mohlo tak dojit
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ke zmén¢ distribuce ¢i blokace ne€kterych geni, coz vedlo ke zménam na proteinové tirovni a
¢imz je také ovlivnéno jejich chovani.

Vaginalni tekutina ptedstavuje dilezity zdroj informaci o tom, v jakém stadiu se
samice zrovna nachazi. Tuto tekutinu jsme odebirali pomoci neinvazivni metody a
analyzovali pomoci nejmodernéjsich proteomickych technik. Obsah vaginalniho sekretu tvoii
smés sekretovanych protein z rtznych tkani reprodukéniho traktu samice, jako jsou:
vajeCniky, délozni sténa, délozni hrdlo, rohy délohy, vejcovody a dalsi vnitini vaginalni zl1azy.
Tento sekret jsme vyuzili jak pro detekci stadii estralniho cyklu, tak pro dalSi proteinovou
analyzu.

Pro konkrétni urceni faze estralniho cyklu jsme provedli cytologickou analyzu. Pro
kazdé stadium je charakteristickd zména zastoupeni pomérti bunék. Proestrus je popsan jako
faze, kde prevazuji malé jaderné epitelidlni buniky s minoritnim zastoupenim keratinocytd.
Pozd¢ji zacne pocet keratinocytll nardstat, coz je typické pro estrus, kde keratinocyty
prevazuji (Cora et al. 2015). V téchto dvou fazich dochazi k pomnozeni bakterii, ty ulpivaji na
odlupujicich se keratinocytech a jsou viditelné na cytologickych vzorcich (Noguchi et al.
2003). Pro udrzeni pfirozeného mikrobiomu ve vagin€é dochazi v nasledujici fazi, metestru, k
pomnozeni neutrofilnich granulocytd, jejichz pocet kulminuje v diestru. Vaginalni povrch se
béhem c¢tyi fazi estralniho cyklu pravidelné obménuje a béhem estralni faze dochazi ke
zvyseni deskvamace buné¢k, tudiz je nutné, aby byla zajiSténa ochrana sliznice pfed moznym
pranikem patogend.

Analogicky proces ke keratinizaci na povrchu pokozky muze probihat uvnitt ¢aste¢né
uzavieného vagindlniho prostiedi (Muytjens et al. 2016). Ve srovnani s normdalnim
fyziologickym pH uvnitf téla je na povrchu SC pH mirn¢ kyselé (od 4,5 do 5,5). Stejné tak i
pH ve vagin¢ je mirn¢ kyselé, ale béhem estralniho cyklu se méni: pH v proestru je 5,57 v
estru je 4,53 a v diestru 7,52 (Ganesan M. & Kadalmani B. 2016). Hodnota pH je pro
deskvamacni pochody dulezity a spoustéci Cinitel. Nase vysledky nam ukazuji, ze mnozstvi
proteint ucastnicich se urcitym zpisobem deskvamace bunck se béhem estralni faze zvysuje.
U téchto proteini je maximalni exprese v estru: DSC1, DSC3, CDSN, DSGIA, KLKS,
HORN, DAG1/DG (angl. dystroglycan), PAI2 (angl. plasminogen activator inhibitor type 2),
SLPI. Opaény trend vykazuje exprese SPINKS, coz je inhibitor kalikreinli. Maximalni
mnozstvi SPINKS je proto ve fazich proestru a metestru, kdy se zde vyskytuje minimalni

mnozstvi bezjadernych epitelidlnich buné¢k.
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Béhem proestru a estru dochazi ke zmnozeni jak symbiotickych, tak patogennich
bakterii, jelikoz schopnost imunitniho systému je vlivem estrogennich hormonti snizena. Je
mozné, ze ¢astecnou ochranu tvoii proteiny, které zvysuji propustnost bakteridlnich membran,
jako napt. LYG1 a OVOS, které jsou v estru nejvice exprimované a v dalsi fazi jejich exprese
klesa. Ochrannou funkci za nckteré antimikrobidlni proteiny mohou v metestru prevzit
mnohonasobné pomnozené neutrofilni granulocyty.

V metestru nachazime zvySenou expresi téchto dvou proteini z rodiny katelicidini:
CAMP a NGP. CAMP protein mize byt produktem nékolika typt bunck ptitomnych v
pokozce a to vCetné keratinocytli (Frohm et al. 1997; Serensen et al. 2003), neutrofilnich
granulocytl (Turner et al. 1998) ¢i zirnych bunék (Di Nardo et al. 2003). Byl jiz prokézan
pfimy vliv CAMP produkovaného keratinocyty na antimikrobialni ochranu (Braff et al.
2005).

Z rodiny WFDC proteint jsme ve vaginalnim sekretu detekovali pouze jednoho ¢lena,
jehoz koncentrace byla béhem vsech tfi stadii neménna. Nékteti ¢lenové této rodiny se podili
na antimikrobidlni ochrané, pti¢emz nami nalezenému proteinu WFDC2 nebyla dosud tato
funkce pfimo prokdzana. Ale jeho terciarni struktura by tuto funkci mohla umoziovat. U lidi
je znam jako lidsky epididymalni protein 4 (angl. human epididymis protein 4, HE4)
(Helistrom et al. 2003; Kirchhoff et al. 1991) a jeho nadmérna exprese byva Casto detekovana
v bunikéch vaje¢nikli napadenych rakovinou. Vyuziva se jako marker pro rakovinu vajecniki
(Molina et al. 2011).

Soucésti antibakteridlni ochrany je i rodina katepsinii. Ve vagindlnim sekretu jsme
nalezli tyto proteiny: CTSB, CTSC, CTSD, CTSE, CTSG, CTSH, CTSL a CTSZ. Katepsiny
jsou lysozomalni, vétSinou cysteinové proteazy (vyjma CTSG — serinova proteaza, CTSD —
aspartova proteaza), katalyticky aktivni jen pii kyselém pH. Zniceni cilovych bunék
cytotoxickymi T lymfocyty nebo NK buiikami vyzaduje koordinovany ucinek perforinu
tvoticiho poéry a granzymu. Aktivace fady serinovych protedz, jako jsou granzym A a B, je
prevazné zprosttedkovana CTSC (Andoniou et al. 2011). U lidi gen CTSC koéduje enzym
dipeptidyl-peptidazu 1, kterd hraje dalezitou Glohu v imunitni a zanétlivé odpovédi. Mutace
tohoto genu zplsobuje Papillon-Lefevre syndrom. Nemoc se projevuje zdvaznou destrukei
parodontalnich tkani, postihujici jak doCasnou, tak i stalou dentici, spolu s koznimi zménami
charakteru palmoplantarni hyperkeratéozy (Meade et al. 2006). Katepsin C hraje dulezitou

ulohu v imunitni a zanétlivé odpovédi. Dale je klicovym enzymem v aktivaci elastazy a
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katepsinu G uvnitf neutrofilnich granulocyti (Olson & Joyce 2015). CTSL se ucastni
podobnym zptsobem jako CTSC stavby pért z perforinii (Olson & Joyce 2015). V nasich
vysledcich jsme zaznamenali nejvétsi expresi dvou katepsint CTSC a CTSB, a to béhem
estralni faze.

jsou uzce spojeny s chemotaxi, produkci ¢i funkci neutrofilnich granulocytii, lymfocyt a
makrofagl. Tyto proteiny jsou exprimovany maximalné¢ v dobé metestru a s mirnym nebo
zadnym klesanim hladiny exprese pretrvavaji do proestru. V estru jsou naopak jejich hladiny
nejnizsi. Predpokladame, Ze se tyto proteiny mohou do vaginalniho sekretu dostat pfimo z
neutrofilnich granulocytl nachazejicich se ve spodni ¢asti reprodukéniho traktu a zaroven ¢ést
z nich mize pochdzet z horni casti, kde je velké a konstantni zastoupeni NK bunék,
makrofagl, lymfocytii a neutrofilii po celou dobu estralniho cyklu (Pudney et al. 2005). Mezi
tyto proteiny patii S10A9 (gen S100a9), S10A8 (gen S100a8), MMPS8 (gen MmpS8), LSP1
(gen Lspl), NGP, CAMP. S100A8 a S100A9 jsou malé proteiny vazajici vapnik, které jsou
hojné€ exprimovany v cytosolu neutrofild a monocytl. Déle je jejich koncentrace vysokd v
extracelularnim prostiedi béhem zanétlivych stavi. S100A8/A9 jsou silnymi stimulatory
neutrofili a zaroven plsobi v misté zanétu chemotakticky a zplisobuji migraci neutrofild
(Ryckman et al. 2003). Lsp! (angl. lymphocyte-specific protein 1, LSP1) gen koduje protein,
ktery se intracelularn¢ vaze na F-aktin a je exprimovany v lymfocytech, makrofazich a
neutrofilnich granulocytech (Pulford et al. 1999). Snizend exprese LSP1 rapidné snizuje
fagocytarni schopnost makrofagii (Maxeiner et al. 2015). Déle se zd4, ze LSP1 hraje dulezitou
roli v neutrofilnich granulocytech, a to tim, Ze reguluje jejich morfologii, motilitu a produkci
superoxidl (Hannigan et al. 2001).

Jednim z hojné se vyskytujicich proteinii v proestru a metestru je neutrofilni
kolagendza jinak zndma jako metaloproteindza 8 (angl. neutrophil collagenase / matrix
metalloproteinase 8, Mmp8). Tento protein je uchovdvan v granulich neutrofilnich
granulocytii v neaktivni formé a po jeho sekreci dochazi k aktivaci Stépenim extracelularnimi
proteindzami. Mmp8 se UCastni Stépeni extraceluldrni matrix a tudiz je dulezity pro
embryonalni vyvoj a remodelaci tkani (Manicone & McGuire 2008). Nedostatek Mmp8 pii
zvySeném poctu ran vyrazné zpomaluje jejich hojeni (Gutierrez-Fernandez et al. 2007).

LCN2 byl jednim z nejhojnéjsich proteini exprimovanych béhem celého estralniho

cyklu. Je znamo, Ze tento protein je schopen vézat tzv. siderofory. Siderofory jsou proteiny
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produkované bakteriemi slouzici jako chelatacni latky pro zeleznaté a Zelezité ionty. LCN2
navazuje siderofory a znemoznuje tak bakteriim ziskévat nezbytné ionty Zeleza a tim padem
inhibuje jejich rust (Goetz et al. 2002). Ocekavali bychom jeho nejvétsi expresi béhem
proestru a estru, kdy se bakterialni populace rozristd, nicméné jeho hladina je po celou dobu
cyklu velice podobné s mirnym zvySenim v metestru. Z toho lze usuzovat, ze exprese LCN2
kopiruje nartstajici trend bakterii zavislych na iontech Zeleza smérem k metestru.

Exprese dalSich detekovanych lipokalind jako MUP3, 4, 5, 6, 9 a 20 roste mirn¢ od
estru smérem k metestru. Nartistajici mnozstvi Mup proteinii mezi proestrem a estrem bylo
také detekovano za pomoci RNA ¢ipt (angl. RNA microarray) ze tkani déloznich rohti i v
ptipad¢ laboratornich mysi (Yip et al. 2013). Podobnou dynamiku exprese jako u MUP jsme
pozorovali i u OBP proteint, které jsme ve vaginalnim sekretu nalezli, a to jmenovité¢ OBP1,

2,5,7.

Zavér priloh L. a II.

Ukazuje se tedy, ze exprese nékterych MUP proteint vykazuje pohlavni dimorfismus i
v jinych sekretech nez jenom v moci, a tudiz i tady mohou hrat roli v pohlavni signalizaci.
Tuto roli by mohli v nékterych tkanich zastavat i zastupci OBP proteinti, nicméné tato
hypotéza musi byt jesté potvrzena dal§imi vysledky. Nase vysledky v§ak mohou naznacovat i
obecnéjsi funkcei téchto lipokalind, jako je detoxifikace sliznic a jejich ochrana pied toxickymi
metabolity vznikajicimi degrada¢nimi procesy. Ocekavali jsme, Ze pokud by hlavni funkci
MUP a OBP byla signalizace estru samice, pak by jejich hladina byla nejvyssi v proestru,
ptipadné v estru. Nase vysledky vSak ukazuji nejvyssi hladiny té€chto lipokalind nejen v estru,
ale nasledné pretrvavaji i v metestru, kdy je schopnost oplozeni samice nulova, a tudiz by pak
samec dostaval fale$Sny signal ke kopulaci. Je mozné, ze spi$ nez samotny protein je dilezity
ligand, ktery je v jednotlivych fazich vazéan, a ten urcuje povahu signalu. Zdrojem téchto

ligandi mohou byt metabolity odrazejici zdravotni stav jedince.
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Ptiloha III.

The slower the better: how sperm capacitation and acrosome reaction is modified in the

presence of estrogens
Sebkova N., Cerna M., Ded L., Peknicova J., Dvorakova-Hortova K. (2011), Reproduction,
143: 1-11. doi: 10.1530/REP-11-0326 (IF = 3,1; 2016)

Uvod

Ejakulované spermie nejsou schopny okamzitého oplozeni vajicka. Spermie musi

projit kapacitaci a nasledn¢ AR, pfi¢emz dochazi k mnoha molekularnim zménam. Proto jsme

se rozhodli pro blizsi studium téchto dvou pochod. Je zndmo, Ze se v prostiedi vyskytuji at’

uz ptirozen¢ nebo uméle vyprodukované rizné estrogenni latky. Jejich koncentrace v ptirodé,

zejména ve vodé, je natolik vysokd, ze ovliviluje nékteré fyziologické pochody Zivocicht i

rostlin. Taktéz jsou estrogeny nezbytné pro reprodukéni pochody samic i samcti (Free & Jaffe

1979). V této praci jsme se zaméfili na pozorovani vlivu estrogent v riznych koncentracich

na kapacitaci a AR mysich spermii (BALB/c), a tedy zda mohou byt potencidlnim rizikem pro

probihajici mechanismy vedouci ke schopnosti spermie oplodnit vajicko.

Cile prace

1.

Urcit lokalizaci specifického ERB na spermiich izolovanych z cauda epididymis mysi
BALB/c.

Kvantitativné zhodnotit vliv pfirodnich estrogenti (estron, 17f-estradiol, estriol) a
syntetického estrogenu (17a-ethynylestradiol) na miru tyrosinové fosforylace hlavicky
be&hem in vitro kapacitace.

Kvantitativné¢ zhodnotit pomoci SDS-PAGE elektroforézy mnozstvi proteind po
tyrosinové fosforylaci ve vzorcich lyzatu celych spermii ovlivnénych vybranymi
estrogeny.

Ur¢it vliv estrogennich hormonti na schopnost spermii projit akrozomalni reakci po

indukci kalcium ionoforem (Cal).

63



Vysledky prace

1.

U mysich spermii ziskanych z cauda epididymis byl detekovan imunofluorescen¢nim

znac¢enim ERP na apikalni stran¢ akrozomalniho regionu hlavicky spermie.

Spermie odebrané z cauda epididymis byly ponechdny kapacitovat v pfitomnosti
ruznych koncentraci (0,02; 0,2; 2; 20; 200 ng/ml) ptirodnich estrogenti — estronu, 17p-
estradiolu, estriolu a syntetického estrogenu — 17a-ethynylestradiolu v kapacitacnim
médiu. Odebrané a oznaCené spermie monoklondlni protilatkou na pfitomnost TyrP
v hlavicce spermie byly spocteny a data byla statisticky vyhodnocena.

Z vysledkii vyplyva, ze vSechny vyse vyjmenované estrogeny zvysSuji pocet spermii
pozitivnich na TyrP v hlavicce spermie b&hem procesu kapacitace. ZvysSeny pocet
spermii s TyrP se projevuje jak na pocatku kapacitace v ¢asech 30 a 60 min., tak i
v pozd¢jsi dobé méfeni, 90 a 120 min. Rozdil plisobeni vybranych estrogent je také dan
odliSnym vlivem jejich koncentraci. Vysokou miru TyrP jsme pozorovali u spermii, na
které ptsobily hormony s vyssi koncentraci 200 a 20 ng/ml (estron, 17B-estradiol a 17a-
ethynylestradiol). Naopak odlisn¢ pisobi estriol, ktery vykazuje zvySenou TyrP zejména
pfi nizkych koncentracich 0,02; 0,2 a 2 ng/ml. Se zvySujici se koncentraci 17B3-estradiolu
oproti kontrolnim vzorkiim vzrlstd procento spermii pozitivnich na TyrP. Koncentrace
tohoto estrogenu pifi hodnotach 0,2 a 2 ng/ml zvySuje TyrP zejména ve 30 minutach
kapacitace, u koncentraci 20 a 200 ng/ml je vyrazn¢ zvySena mira TyrP zejména od Casu
30 minut az do 90 minut kapacitace. Témet shodny vliv jsme pozorovali v piipade
pusobeni estronu. Zejména ob¢é nejvyssi koncentrace 20 a 200 ng/ml 170-
ethynylestradiolu vyrazné ovlivnily drahy vedouci ke kapacitaci v ¢asech od 30 minut az
do 120 minut kapacitace. Tento estrogen nejdéle ovliviioval procesy v hlavicce spermie.
Pocet spermii pozitivnich na TyrP v hlavicce béhem inkubace nahle roste, ale jejich
pocet zlstdva pomérné nizky a staly, jelikoz proces TyrP a kapacitace neprobiha

synchronng (Stewart-Savage 1993).

TyrP ve vzorcich lyzatu celych spermii jsme detekovali pomoci SDS-PAGE
elektroforézy s naslednym western blotem a chemiluminiscen¢ni detekci. Vysledky nam
ukazuji zvyseni TyrP proteini o molekulové hmotnosti 40-120 kDa. Maximalnich

hodnot TyrP dosahuje v ¢ase 90—120 minut kapacitace. V tomto ¢ase inkubované spermie
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prochazeji kompletnim procesem kapacitace, po niz jsou schopné projit AR a nasledné
oplodnit vajicko. Z vysledki je patrné, Ze zvySujici se koncentrace estrogent koreluje se
zvySenym poctem proteinil, které jsou fosforylované na tyrosinovych reziduich. Pti
pouziti nizsich koncentracich a to 0,02 a 0,2 ng/ml u 17 B-estradiolu, estronu a estriolu
dochazelo také ke zvySenému poctu proteinti s TyrP. Tato metoda nam nezobrazuje
probihajici TyrP proteint pouze v hlavicce spermii, ale také v oblasti bic¢iku, ktera je uzce

spjata se stavem hyperaktivace spermie.

4. Celkové vysledky tohoto pokusu ukazaly, ze estrogeny pouzit¢é v nasem pokusu
vyrazn¢ snizily procento spermii, které byly schopné projit prochézeji Cal indukovanou
AR. VSechny pfirodni estrogeny estriol, estron a 17 B-estradiol vykazovaly velice
podobny efekt ovlivnéni AR spermii. Vyrazné snizeni poctu spermii prochéazejicich AR
nastalo u spermii, jez prosly kapacitaci po dobu 30 minut s navazujici inkubaci Cal po
dobu Sminut. Tento efekt se liSil v ramci rtizného pouziti koncentraci estrogend.
Koncentracemi, zpisobujici tento efekt se nekteré tyto estrony lisily. Zejména tfi nejvyssi
koncentrace 200; 20 a 2 ng/ml u 17 B-estradiolu a estronu ovliviiovaly AR, u estriolu tfi
nizs§i koncentrace 0,02; 0,2 a 2 ng/ml. Tii nejvetsi koncentracel 7a-ethinylestradiolu
snizovaly indukovanou AR zejména v Casech 30 a 60 minut kapacitace po nasledné

indukci AR 60 minut.

Diskuze

Estrogeny byly dlouho povazovany pouze za sami¢i hormony, hraji v§ak dulezitou roli
také v sam¢im reprodukénim traktu. U lidi jsou estrogeny (estradiol, estron, estriol)
syntetizovany zejména z cholesterolu a sekretovany pohlavnimi zlazami. Také mohou byt
vytvoteny z androgenii v tukové tkani nadledvinek (Hornstein & Schwerin 2012). Estron
slouzi jako prekurzor pro vznik estriolu. Pfeména estronu na estriol probihd v jatrech.
Nejvétsi ucinek ma v téle estradiol a v porovnani s nim je aktivita estronu a estriolu zna¢né
slabsi. Je prokazano, ze adrostenedione a testosteron slouzi v testis jako prekurzory pro
syntézu 17 B-estradiolu a estronu, ktera je umoznéna diky pfitomnosti enzymu cytochrom
P450 aromatdza. Vznik a jednotlivé pfemény se odehravaji i v organismu samct a podileji se

na regulaci reprodukénich parametra (Broeder et al. 2000). Vybrané koncentrace estrogennich
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hormont v experimentu odpovidaji vétSinou fyziologickym hodnotdm koncentraci estrogenii
u mysSi. Nejniz$i vybrand koncentrace je shodnd s koncentraci estrogenti v krevni plasmé,
druha odpovidd koncentraci v rete testis a tteti koncentrace se shoduje s koncentraci
estrogend v ovaridlni tekutin€. Pro ucely experimentu jsme vybrali navic jest¢ dveé vyssi
koncentrace, nez jsou maximalni koncentrace estrogentl, které byly naméfeny u mysi.

Vysledky provedenych experimentli ukazuji na prokapacitaéni ucinek estrogend na
mysSich spermii in vitro. Procento spermii, jejichz proteiny maji pozitivni TyrP v hlavicce u
kontrolni skupiny, dosahuje 8—12 %, kdeZto u experimentalni skupiny roste tato hodnota na
18 %. Celkova TyrP populace spermii je mensi nez 15 %. AvSak 90-100 % téchto spermii
maji schopnost vazby k ZP. Pouze tyto spermie (15 %) jsou urc¢ené k rozpoznani a vazb¢é ZP
(Asquith et al. 2004).

Uvedené vysledky ukazuji, Ze estrogeny zvySuji TyrP spermii, nicméné kazdy
estrogen mize vyvolat odezvu riizné sily s ohledem na jeho koncentraci a také cas kapacitace.
Rozdilné estrogenni odpovéd’ miize byt zptisobena tim, ze estrogeny aktivuji rtizné typy nebo
casti signalnich drah nebo mohou vézat a aktivovat rizné receptory, které spousti drahy
vedouci k proteinové TyrP spermii béhem procesu kapacitace. Kazdy z estrogenti se
pravdépodobné chova odlisné, jejich ucinek neni shodny.

Signalni drdhy vedou od TyrP k aktivaci aktinové polymerace, kterd zabrafiuje
pfedc¢asné fuzi plazmatické membrany s vnéjSi akrozomalni membranou, vedouci k AR.
Pokud puasobenim estrogenti dojde ke zvysSeni TyrP, dochazi pravdépodobné k silnéjsi
stimulaci aktinové polymerace, vysledkem je neschopnost aktinovych filament depolymerace
a dochazi k blokovani AR (Brener et al. 2003). Pokud jsou nadmérnym mnozstvim estrogent
estrogenni receptory hyperstimulovany, je zvySena aktivita tyrosinkindz, TyrP zistava
spuSténa. Tim dochazi k dlouhodobé aktivaci fosfolipazy D (PLD) a polymeraci aktinu
(Mbizvo et al. 1990). Behem AR, aktivita PLC zvy3uje koncentraci intracelularnich Ca®"
vedouci k depolymeraci aktinu. Pokud vSak PLD zGstane aktivovéana pfetrvavajici stimulaci
estrogennich receptoril a tyrosinkinaz, aktivita PKC muze byt zpozdéna a depolymerace
aktinu zpomalena. Diulezité je v tomto ptipad¢ nacasovani jednotlivych po sobé jdoucich déji
vedoucich ke kapacitaci a k AR. Ovlivnéni téchto d&ji mize vést ke snizeni, ¢i ztraté
schopnosti oplozeni.

Pravé tyto déje mohou byt ovlivnény nartistajici koncentraci estrogennich hormont v

prostfedi. Nesmime zapominat, ze spermie béhem cesty pies reprodukéni trakt samice jsou
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vystaveny rozdilnym koncentracim estrogenii, podobné jak je tomu v tomto in vitro
experimentu. Koncentrace estrogentl je nizkd béhem pre-ovulaéni faze, kdy 17 B-estradiol je
spojeny s viabilitou spermii (Mbizvo et al. 1990) a v dobé ovulace jeho koncentrace roste
(Shaikh 1971).

V souvislosti s vysledky naseho pokusu jsou kapacitace a AR modulovany vyss$imi
koncentracemi estrogentl a ty mohou slouzit jako specificka selek¢ni bariéra spermii, kde tyto
koncentrace funguji jako inhibitor pro indukovanou AR (Vigil et al. 2008). Je mozné, ze
estrogeny mohou pfedstavovat mechanismus pro samici specificky vybér nejlepSich spermiti

pro oplozeni.

Priloha IV.

In vivo exposure to 17b-estradiol triggers premature sperm capacitation in cauda epididymis
Ded L., Sebkova N., Cerna M., Elzeinova F., Dostalova P., Peknicova J., Dvorakova-
Hortova K. (2013), Reproduction, 145: 255-263. doi: 10.1530/REP-12-0472 (IF = 3,1, 2016)

Uvod

V piedchozi préci, kterd probihala in vitro, jsme zaznamenali vyrazny prokapacitacni
efekt vybranych estrogent (Sebkova et al. 2012). Proto jsme se rozhodli v dal$i praci tento
efekt pozorovat in vivo. Vliv estrogenti s riznymi koncentracemi na reprodukéni schopnost
nékterych organismt byl prokdzan mnoha in vitro pokusy (Adeoya-Osiguwa et al. 2003;
Sebkova et al. 2012; Ded et al. 2010). Estrogeny ovliviiuji signalni drdhy uvnit spermie,
vedouci k procesu kapacitace a nasledné¢ k procestim, které¢ vedou k fizi vnéjsi plasmatické
membrany s vnéj$i akrozomalni membranou pifi AR, rovnéz umoziuji kontakt spermie s
kumularnimi buitkami ¢i ZP a fizi s oolemou vajicka.

Tato publikace popisuje in vivo efekt 17B-estradiolu na pribéh kapacitace. Zaméftili
jsme se na sledovani vlivu tohoto estrogenu na stimulovani fosforylace na tyrosinovych

zbytcich a na zmény v Tff1 genové expresi, ktery je znakem aktivity ERa.

Cile prace

1. Stanovit miru pisobeni 17f-estradiolu in vivo na miru tyrosinové fosforylace ve hlavicce

spermie po kapacitaci za pomoci imunofluorescencniho znaceni. Kvantitativn¢ zhodnotit
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pomoci SDS-PAGE elektroforézy mnozstvi proteinti po tyrosinové fosforylaci ve
vzorcich lyzatu celych spermii u vSech tii skupin.

Vyhodnoceni zmén homeostazy vapniku ve spermiich po piisobeni 17p-estradiolu.
Pozorovani vztahu mezi tyrosinovou fosforylaci proteini (mirou kapacitace) a

mnozstvim 17B-estradiolu v séru a exprese genu 7ff1.

Vysledky prace

1.

Spermie byly ziskany z cauda epididymis od tii skupin samct BALB/c. Prvni skupina
samcl byla vystavena GCinkiim 17p-estradiolu béhem puberty od 4. do 7. tydnu veéku
(tzv. pubertalni skupina), druhou skupinu tvofili samci vystaveni kontinudlnimu piisobeni
17B-estradiolu v dob¢ od narozeni do 12. tydne véku (tzv. kontinudlni skupina). U obou
pokusnych skupin byla pouzita koncentrace 20 ng/ml. Tteti skupina samct byla pak
kontrolni, ktera nebyla vystavena zddnym estrogennim uc¢inktm.

Spermie pouzivané pro detekci TyrP byly odebrany ve stejnych ¢asech jako v minulé
publikaci (0, 30, 60, 90 a 120 minut). U obou experimentalnich skupin byl vétsi pocet
spermii s vyS$8i mirou TyrP na hlavicce oproti kontrolni. Statisticky nejvétsi rozdil v mife
TyrP vykazovala kontinudlni skupina oproti ostatnim skupinam. Nejvyssich hodnot TyrP
dosahovaly vSechny skupiny v case 90 minut kapacitace. Stejny trend vykazovala
kontinuélni skupina béhem hodnoceni TyrP za pouziti lyzatu celych spermii, SDS-PAGE

elektroforézy, western blotu a chemiluminiscence.

V pribéhu kapacitace jsou aktivovany signalni drahy, které zahrnuji, mezi jinymi,
zvyseni intracelularni koncentrace Ca®". Ke stanoveni miry TyrP byl proto proveden dalsi
experiment, ve kterém byly spermie mySi pouzity pro tzv. chlortetracyklinové (CTC)
stanoveni mnozstvi Ca®". Z vysledkd byl patrny podobny prokapacitaéni efekt stanoveni
CTC jako u detekce miry TyrP. Poc¢et CTC znacenych spermii byl nejvetsi u kontinudlni
skupiny, a to nejen v porovnani s kontrolni skupinou, ale také s pubertalni skupinou.
Pocet spermii pubertalni skupiny vykazoval rozdily také oproti kontrolni skupiné, i kdyz

na rozdil od kontinualni skupiny nebyl tak vysoky.
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3. Vysledky méfeni ukazuji, ze mira TyrP, hodnoty koncentrace 17B-estradiolu v séru i
mira exprese 7ff] genu vzdjemné koreluji. Statisticky vyznamné rozdily v hodnotach
meéteni byly pouze mezi kontrolni a kontinudlni skupinou. U pubertalni skupiny byly
hodnoty ve srovnani s kontrolni skupinou také vyssi, avSak nebyly o tolik vyrazné, aby
byly statisticky prokazatelné. Zjistovali jsme rozdil v mife TyrP v hlavickach spermii
mezi spermiemi ziskanymi z cauda epididymis a testis. Zadny rozdil v mite TyrP jsme

nepozorovali.

Diskuze

Tato publikace navazuje a rozsifuje tak vysledky predchozi prace. Pro studie stavu
kapacitace je Casto vybiran pfirodni estrogen 17B-estradiol, jehoz plisobeni na tento d¢j byl
soucasti i této prace. Stimulacni prokapacitacni ucinek tohoto estrogenu byl detekovan in
vitro v téchto pracich (Ded et al. 2010; Sebkova et al. 2012). Vysledky in vitro pokusii nemusi
vzdy odrazet situaci in vivo a vykazovat tak shodné ucinky. Z téchto divodi byl pfipraven
analogicky experiment k experimentu pfedchozimu s vyjimkou, ze 173-estradiol byl podavan
v pitné vodé experimentalnim mys$im a jeho ptisobeni tedy probihalo in vivo.

Je dulezité neopomijet fakt, ze kromé experimentalné pouzité koncentrace estrogenu v
tomto pokusu jsou spermie vystaveny také shodnym koncentracim estrogenu v rete testis i v
reprodukénim traktu samice a mize v tomto piipadé dochazet k dalSim ovlivnénim a
molekularnim zméndm. Tato souvislost je patrnd z vySe zminénych experimentl, kdy
molekularni zmény souvisejici s mirou TyrP a CTC koreluji s hodnotami 17f-estradiolu v
séru, podobna korelace hodnot byla detekovana u exprese genu 7ffI. Hodnoty TyrP jsou v
maximalnich ¢asech inkubace niz$i nez v pfedchozim case, coz ukazuje, ze molekularni
zmény v prubehu kapacitace nejsou trvalé a pokud jsou spermie déale vystaveny pouze niz$im
hodnotam estrogenti, mohou se u¢inky ptredchozi koncentrace zvratit a vykazovat tak hodnoty
jako kontrolni skupina. Pfes to, Ze se hodnoty TyrP mezi kontrolni skupinou a pubertdlni
skupinou vyznamné 1i8i, hodnota 17f-estradiolu v séru mezi témito skupinami zlstava stejna.
Tento rozdil je mozné vysvétlit tim, Ze u pubertalni skupiny je hodnota estrogenu shodna, ale
muze pretrvavat jeji vySsi koncentrace v reprodukénim traktu a silnéji tak ovlivnit proces

kapacitace. Tuto teorii potvrzuji hodnoty exprese genu 7ff1 pubertalni skupiny.
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Zavér priloh II1. a IV.

Latky s estrogenni aktivitou, které se dostavaji do prostiedi a kde se postupné jejich
koncentrace zvysuje, tak potencidlné mohou mit negativni vliv na reprodukéni schopnost
organismu. | kdyby se kazda jednotliva latka v prostfedi vyskytovala v nizké koncentraci ¢i
méla pouze maly negativni vliv na organismus, celkové maji tyto endogenni disruptory

kumulativni u¢inky a vysledkem mulize byt znac¢n¢ snizena fertilita jedince.
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Chemical communication is mediated by sex-biased signals abundantly present in the urine, saliva
and tears. Because most studies concentrated on the urinary signals, we aimed to determine the
saliva proteome in wild Mus musculus musculus, to extend the knowledge on potential roles of saliva
in chemical communication. We performed the gel-free quantitative LC-MS/MS analyses of saliva and
identified 633 proteins with 134 (21%) of them being sexually dimorphic. They include proteins that
protect and transport volatile organic compounds in their beta barrel including LCN lipocalins, major
urinary proteins (MUPs), and odorant binding proteins (OBPs). To our surprise, the saliva proteome
contains one MUP that is female biased (MUP8) and the two protein pheromones MUP20 (or ‘Darcin’)
and ESP1 in individuals of both sex. Thus, contrary to previous assumptions, our findings reveal

that these proteins cannot function as male-unique signals. Our study also demonstrates that many
olfactory proteins (e.g. LCNs, and OBPs) are not expressed by submandibular glands but are produced
elsewhere-in nasal and lacrimal tissues, and potentially also in other oro-facial glands. We have also
detected abundant proteins that are involved in wound healing, immune and non-immune responses to
pathogens, thus corroborating that saliva has important protective roles.

The sequence of the mouse genome provided a tool to study blueprints for all RNAs and proteins in mice'.
Progenitors of modern laboratory mice were hybrids among Mus musculus domesticus, Mus musculus musculus
and other subspecies. Though, laboratory mice have been widely and successfully used as experimental organisms
in studies of biomarkers of physiological states? and of human pathological conditions, they may be less suitable
to study chemical communication, a process which is driven by sexual selection. This is due to the differential
contribution of blocks of genes from the two house-mouse subspecies M. m. domesticus and M. m. musculus to
current laboratory strains' that may mask typical intra- and inter-specific differences. One of our aims, therefore,
was to define the saliva proteome in M. m. musculus to provide the array of proteins and their quantity character-
istic for saliva in a wild living mouse species. This study also represents a baseline for future comparative studies
focusing on chemical communication and immunity.

In mice, the most published studies in chemical communication focused on the major urinary proteins
(MUPs)*7, which are expressed by the liver and transport volatile organic compounds (VOCs) in their beta bar-
rel structure to the urine®-!'. VOCs are slowly released from different urinary MUPs, and have been proposed to
function in a variety of social signals, including identity, territorial marking, mate choice etc.>'*"'%. Thus, lipoca-
lins and their specific ligands together form a signal®®. Differential ligand binding may have a potential influence
on sub-species recognition between M. m. musculus and M. m. domesticus'®-'3. These two sub-species have been
previously shown to vary in the abundance of male VOCs'" and in MUP expression between the two subspecies
and individuals of the opposite sex’. Moreover, scent signals have been shown to be an integral part of subspecies
recognition and could play important roles in preventing interspecific mating between the two house mouse
subspecies'®.

Increasing number of papers, however, show that MUP expression is linked to reproduction and sociality, and
not just to competitive ability>*?*-2. The expression of urinary MUPs is socially regulated in that males excrete
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higher quantities of MUPs in contacts with females in the laboratory mouse? as well as in wild M. m. musculus?',
and in M. m. domesticus®. Furthermore, MUPs have a predictive value for the onset of aggressive behaviour and
dispersal tendency in male wild house mice** and it is evident that scent marking signals have strong effects on
the reproductive success of the signaller?’. Furthermore, amongst MUPs, MUP20 (or ‘Darcin’) has been reported
to predict the outcome of male-male territorial competition®.

MUPs are products of a gene cluster that contains 21 coding genes (and a similar number of pseudogenes),
and can be divided into two groups, the group-A (ancestral), containing Mup3, Mup4, Mup5, Mup6, Mup20
and Mup21, and the group-B, consisting of 15 other Mups (i.e. Mupl, Mup2, Mup7-Mup19) sharing almost 99%
sequence identity®*°, reviewed in refs 22,27. Different MUPs were originally supposed to present an individual
‘barcode’ signal'® by which different individuals recognize each other. However, a recent study with a sufficient
sample size shows that the urinary profiles of wild male house mice M. m. musculus are not individually unique
but are dynamic over time with significant changes after puberty and during adulthood®. Moreover, the vari-
ation in pheromone affinities of the urinary MUP isoforms provides low support for the proposal that hetero-
geneity in MUPs plays a role in regulating profiles of available pheromones'*. However, MUPs have also been
reported in several tissues other than the liver including salivary glands, olfactory/vomeronasal epithelia, and
nasal-associated lymphoid tissues>*?*-*!, but their functions are not yet fully understood.

Another interesting group of lipocalins involved in chemical communication are products of the odorant
binding protein genes (Obp). The X-linked Obp genes were thought to involve just two nasal members-Obp1a,
and Obp1b®. However, Obp genes have undergone a series of duplications in mice, and they occur in a cluster of
seven genes (i.e. including Prb, Probasin) and two pseudogenes on the X chromosome?”*»*. All OBPs including
Probasin have a specific disulfide bond (Cys38-Cys42), which represents a strong OBP-diagnostic motif CXXXC -
Cys-Xaa-Xaa-Xaa-Cys?*. To date, Obps/OBPs were detected in various mammalian taxa, e.g., house mice®,
bank voles®*, porcupines®, elephants®, cows?, and boar®®*?. Interestingly, pigs have OBPs and SAL. SAL is the
major salivary protein in pigs with affinity to steroids and to 2-isobutyl-3-methoxypyrazine, it is phylogeneti-
cally close to MUPs and is expressed by the male submaxillary glands*’. Furthermore, aphrodisin is an OBP*
described as the major pheromone transporter in vaginal flushes of hamsters (Cricetus cricetus)*'.

In our latest study®, we described particular mRNA expression sites for the newly described odorant binding
proteins in wild mice (M. m. musculus, M. m. domesticus). They are highly expressed with other lipocalins (LCNs,
MUPs) in the mouse lacrimal, nasal, and vomeronasal tissues with the normalized expression levels being as high
or higher as those described for the urinary group-B Mup genes in the liver. Lacrimal glands expressed the mRNA
coding OBP5, OBP6 and OBP7 whilst the mRNAs coding OBP1/OBP2, OBP5, and OBP7 were highly abundant
in the olfactory epithelia (OE), vomeronasal organ (VNO), and nasal-associated lymphoid tissue (NALT) in the
both house mouse subspecies. No Obp mRNA was detected in submandibular glands but at least one OBP pro-
tein (i.e. OBP5) was detected in the saliva. We have also provided evidence that Obp transcripts are co-expressed
in combination with other lipocalin transcripts (e.g. nasal and lacrimal Obp5 and Obp7 with Mup4 and Lenll),
presumably to widen the spectrum of ligands that OBP, MUP, and LCN proteins may sequester and transport™.
Thus, this study also aims to detect particular OBPs in the mouse saliva to test whether OBPs are involved in the
transport of VOCs and various degradation products from the nasal and lacrimal tissues to the oral cavity where
digestion starts.

This study was conducted to detect the level of sexual dimorphisms with a particular interest in lipocalins that
have potential roles in chemical communication as transporters of salivary VOCs. We used sensitive proteomic
techniques to identify proteins and partially also RNAseq on GS Junior to detect a potential expression site for
some of the lipocalins of particular interest (i.e. MUP20, OBPs). Because eyes, nose and mouth are primary gates
for various pathogens to enter the body and at the same time a route of receiving or transmitting pheromones, it
is believed that an organismal detoxification, immunity and chemical communication might have been driven by
similar evolutionary forces?”**#2, Thus, we also discuss our results on other protein families significantly enriched
in the saliva proteome of the house mouse.

Materials and Methods

Ethical Standards. All animal procedures were carried out in strict accordance with the law of the Czech
Republic paragraph 17 no. 246/1992 and the local ethics committee of the Faculty of Science, Charles University
in Prague specifically approved this study in accordance with the accreditation no. 27335/2013-17214 valid
through 2019.

Animals. To allow for natural variation between samples we selected individuals of similar weight, in
reproductive condition, but from different sites: 1M+1F locality Btiza (50.3605111N, 14.2162558E), IM+3F
Velke Bilovice (48.8492886N, 16.8922736E), 3M Bohnice (50.1341539N, 14.4142189E), 1F Dolni Brezany
(49.9632106N, 14.4585047E), 1F Bruntal (49.9884447N, 17.4647019E). After the protein sample collection, all
experimental individuals were sacrificed by cervical dislocation and tissues were further used for the transcrip-
tome analyses.

Samples. The saliva samples were collected by gentle flushing with a pipette using 50 pl of the 0.9% saline
solution from six female and five male biological replicates, and each sample was analysed twice to produce
the mean values from the methodology duplicates. This was done in the ‘in-house’ Mass Spectrometry and
Proteomics Service Laboratory, Faculty of Science, Charles University in Prague.

Protein Digestion. The protein concentration of each lysate was determined using the BCA assay kit (Fisher
Scientific). Cysteins in 200 pg of proteins were reduced with the final concentration of 5mM TCEP (60 °C for
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60 min) and blocked with10 mM (10 min Room Temperature). Samples were cleaved with trypsine (i.e. 1/100,
trypsine/protein). Peptides were desalted on Michrom C18 column.

nLC-MS? Analysis. Nano Reversed phase columns were used (EASY-Spray column, 50 cm x 75 um ID,
PepMap C18, 2jum particles, 100 A pore size). Mobile phase buffer A was composed of water, 2% acetonitrile and
0.1% formic acid. Mobile phase B contained 80% acetonitrile, and 0.1% formic acid. Samples were loaded onto the
trap column (Acclaim PepMap300, C18, 5pum, 300 A Wide Pore, 300 jum x 5mm, 5 Cartridges) for 4 min at 15 ul/min
loading buffer was composed of water, 2% acetonitrile and 0.1% trifluoroacetic acid. After 4 minutes ventile was
switched and Mobile phase B increased from 2% to 40% B at 60 min, 90% B at 61 min, hold for 8 minutes, and 2% B
at 70 min, hold for 15 minutes until the end of run.

Eluting peptide cations were converted to gas-phase ions by electrospray ionization and analysed on a Thermo
Orbitrap Fusion (Q-OT-qIT, Thermo). Survey scans of peptide precursors from 400 to 1600 1n/z were performed
at 120K resolution (at 200 m/z) with a 5 X 10° jon count target. Tandem MS was performed by isolation at 1.5 Th
with the quadrupole, HCD fragmentation with normalized collision energy of 30, and rapid scan MS analysis in
the ion trap. The MS? ion count target was set to 10* and the max injection time was 35 ms. Only those precur-
sors with charge state 2-6 were sampled for MS?. The dynamic exclusion duration was set to 45 s with a 10 ppm
tolerance around the selected precursor and its isotopes. Monoisotopic precursor selection was turned on. The
instrument was run in top speed mode with 2's cycles.

Data analysis. All data were analysed and quantified with the MaxQuant software (version 1.5.3.8)**. The
false discovery rate (FDR) was set to 1% for both proteins and peptides and we specified a minimum peptide
length to seven amino acids. The Andromeda search engine was used for the MS/MS spectra search against the
Uniprot Mus musculus database (downloaded on June, 2015, containing 44,900 entries. Enzyme specificity was
set as C-terminal to Arg and Lys, also allowing cleavage at proline bonds and a maximum of two missed cleavages.
Dithiomethylation of cysteine was selected as fixed modification and N-terminal protein acetylation and methio-
nine oxidation as variable modifications.

The “match between runs” feature of MaxQuant was used to transfer identifications to other LC-MS/MS runs
based on their masses and retention time (maximum deviation 0.7 min) and this was also used in all quantifica-
tion experiments. Quantifications were performed with the label-free algorithms described recently*.

Gene ontology analysis. We used the PANTHER (Protein ANalysis THrough Evolutionary Relationships)
Classification System to classify proteins according to Biological process, which is the function of the protein in
the context of a larger network of proteins that interact to accomplish a process at the level of the tissue**. Each
analysis involved Bonferroni corrections for multiple testing.

RNAseq. The submandibular glands were homogenized in RLT buffer (Qiagen) with MagNALyser (Roche)
for 30s at 6000 rpm. We used the RNeasy Mini Kit (Qiagen) for RNA isolation following the manufactures
protocol with on-column DNase I treatment. The purity and concentration of eluted RNA was measured with
NanoDrop ND1000. The quality of RNA was checked using the agarose gel electrophoresis and pre-selected sam-
ples were further analysed with Agilent Bioanalyzer using the RNA Nano 6000 chip to obtain information on the
RNA integrity. Treated samples were cleaned using the RNA cleanup procedure (RNeasy Mini Kit) and checks of
the quality with AGE and Bioanalyzer were repeated as well as the measurement with NanoDrop. RIN of twelve
submandibular gland samples after this procedures ranged from 4.60 to 7.6. We decided to eliminate the worst
two samples (i.e. one from female with RIN 4.60, and one from male with RIN 6.00). The remaining ten RNA
samples RIN values were following: 4.70, 5.90, 7.00, 6.70, 5.90 for females and 6.40, 6.70, 7.60, 7.30 and 7.10 for
males. RNA samples were standardly stored at —80°C.

cDNA was prepared using the SMARTer PCR cDNA Synthesis Kit (Clontech) and amplified with Advantage
2 PCR Kit (Clontech). Both procedures were handled according to the Trimmer-2 Normalization Kit (Evrogen)
protocol. The products of optimalized cDNA amplification were then loaded on AGE. For each sample, only the
area of product in range from ~500 bp to ~1300bp (well visible area full of bands) was excized from the gel and
the DNA products were extracted using the Gel/PCR DNA Fragments Extraction Kit (Geneaid). To avoid poten-
tial contaminats contaminants we performed AMPure XP cleanup (Beckman-Coulter). Purified products (and
the range where they emerge) were checked on AGE. DNA concentration was determined using Quant-it Pico
Green dsDNA Assay Kit (Invitrogen) and fluorimeter (Hoefer DQ 300). For each obtained submandibular gland
size-selected transcriptomes from 5 males and 5 females we prepared Rapid Libraries (RL) according to Rapid
Library Preparation Manual (my454.com). Rapid libraries were checked for the presence of small fragments on
BioAnalyzer using the High Sensitivity DNA kit. Equal amount from each of 10 Rapid Libraries (107 molecules
per pl dilution) were mixed and then used for emPCR. Further steps were following the provider’s instructions
for sequencing with GS Junior+ (Roche; emPCR Amplification Method Manual Lib-L and Sequencing Method
Manual, my454.com). In order to reach better sequencing depth we combined two sequencing runs (140 000
HQ reads and 120 000 HQ reads). Both.sff datasets were merged using the sff file tool (part of GS Junior+ Roche
system software). Merged reads were then multiplexed, trimmed (i.e. using trimming database that contains
primers used for the libraries preparation), filtered and aligned into contigs against Mus musculus cDNA database
(“the super-set of all known, novel and pseudo gene predictions”; ensembl.org) and using GS Reference Mapper
(Roche). Highly detected transcripts are graphically represented in Supplementary Figure 1.

Phylogenetic analysis by Maximum Likelihood method. The evolutionary history was inferred
by using the Maximum Likelihood method based on the JTT matrix-based model®. The tree with the highest
log likelihood (—1578.6730) is shown. The percentage of trees in which the associated taxa clustered together
is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying
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Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite
Likelihood (MCL) approach, and then selecting the topology with superior log likelihood value. The tree is drawn
to scale, with branch lengths measured in the number of substitutions per site. The analysis involved 24 nucleotide
sequences from the mouse genome. Codon positions included were 1st+2nd+3rd+Noncoding. All positions
with less than 95% site coverage were eliminated. That is, fewer than 5% alignment gaps, missing data, and ambig-
uous bases were allowed at any position. Evolutionary analyses were conducted in MEGA5. We followed the
standard MGI/NCBI nomenclature for all proteins with the exception of OBPs where our recently®' submitted
M. m. musculus names/synonyms were used (i.e. ObpI - KJ605390, Obp2 - KJ605391, Obp5 - KJ605392, Obp6 -
KJ605393, and Obp7 - KJ605394) instead of the old names originally provided for all Obp predicted transcripts
and proteins of the laboratory mouse.

Protein structures. The protein PDBs were downloaded from RCSB Protein Data Bank (http://www.rcsb.org/)
and visualized in a molecular visualization system PyMOL software v.1.5. (http://pymol.org). Examples of
immunity-related proteins in the Results section are visualized on human homologs i.e. Cathelin-like domain of
human Cathelicidin LL-37 (4EYC), Cystatin D (1IROA) and KLK1 (1SPJ) because no mouse structures exist to
date. The last structure is an example of murine ESP1 (2LMK).

Data availability. Proteomic data from LC-MS/MS are provided publically available in Supplementary Data
file 1. RNAseq data from GS Junior are provided as Supplementary Data file 2.

Results

The saliva proteome. We have generated the saliva proteome from the house mouse, M. m. musculus
and detected a total of 633 proteins at 0.01 FDR (i.e. False Discovery Rate for all peptides and proteins).
Successful identifications of these proteins resulted from a relatively high number of peptides per identifica-
tion (11.33 £ 11.30, mean =+ sd), sequence coverage (35.1+20.2%), and unique sequence coverage (28.6 +17.8),
Fig. 1a. Moreover, Spearman’s rank correlation between coverage and unique peptide coverage was high and
significant rho =0.74, S =10866000, p-value < 2.2e-16 as well as the correlation between the number of MS/MS
spectra and coverage (rtho =0.71, S=12230000, p-value < 2.2e-16). Thus, the most abundant proteins have higher
coverage and unique peptide coverage than those that were less abundant.

Having produced the saliva proteome we next performed the analysis of differentially abundant proteins
between males and females using the Power Law Global Error Model (PLGEM)?. First of all, we calculated the
signal-to-noise ratio - STN, because it explicitly takes unequal variances into account and because it penalizes
proteins that have higher variance in each class more than those proteins that have a high variance in one class
and a low variance in another’. Because PLGEM can only be fitted on a set of replicates of a same experimental
condition we have done this for female data, Fig. 1b. Correlation between the mean values and standard devia-
tions was high (r?=0.98, Pearson = 0.95) so we continued with the resampled STNs and calculated differences
with corresponding p-values between males and females. We used the MA plot as a method of showing sex dif-
ferences where fold differences are plotted against the base mean. Significant differentially abundant proteins are
colored from green (p < 0.05) to blue (p < 0.01) in Fig. 1c.

PLGEM analysis of the level of sexual dimorphism revealed that 132 (21%) out of 633 identified proteins at
1% FDR and p < 0.05 were sexually dimorphic. Male biased proteins included 92 (14.5%) and female biased pro-
teins included 40 (6.3%) successful identifications. Thus, the male-biased proteins were more common than the
female-biased proteins in the saliva proteome of the house mouse subspecies M. m. musculus.

The most abundant salivary proteins. Based on the median value we sorted our data to detect the
most abundant proteins in the saliva proteome. We have filtered out potential contaminants such as keratins
and also trypsins which are the enzymes that cleave all peptides before LC-MS in this study. The top five per-
cent of the most abundant proteins included (i.e. in descending order): MUP6, BPIFB9B, ALBU, OBP5, OBP7,
MUP5, CAH6, SCGB2B2, OBP1, ADA, SCGB1B2, AMY1, ACTB, PIP, LCN11, LACREIN, SCGB1B27, LCN13,
KLK1KB9, OVOS, OBP2 (lipocalins are underlined). Out of these top abundant proteins, a third (i.e. seven
proteins) was sex biased with male-biased OBP1, OBP2, LCN13, BPIFB9B, OVOS, AMY1 and female-biased
KLK1B9.

Lipocalins and other proteins involved in chemical communication. One of the most interest-
ing results in our study is a finding that the saliva proteome is very rich of lipocalins belonging to different
lipocalin sub-families and originating from several oro-facial expression sites. We have detected 20 (out of 55)
mouse lipocalins belonging to the well annotated groups of LCNs (LCN2, LCN3, LCN4, LCN11, LCN12, LCN13,
LCN14), OBPs (OBP1, OBP2, OBP5, OBP6, OBP7)*"*, and MUPs (MUP4, MUP5, MUP6, MUP8, MUP14,
MUP17, MUP20, MUP21)?. A total of 10 lipocalins (50%) was significantly (p < 0.05) sexually dimorphic
(OBP1, OBP2, LCN3, LCN4, LCN13, LCN14, MUP4, MUP8, MUP14, and MUP20). Only MUP8 was female
biased (p =0.026), while all other sexually dimorphic lipocalins were male biased. Furthermore, we have detected
MUPs from the both earlier described phylogenetic groups (i.e. the ancestral group-A MUPs, and the later
evolved group-B MUPs, refs 25,26) in the saliva. Moreover, OBPs and MUPs each belong to monophyletic groups
of genes (bootstrap > 75) whilst LCNs are more heterogeneous and only LCN3, LCN4, LCN13, LCN14 form
a monophyletic group previously detected in the mouse nasal and vomeronasal tissues. The complete mouse
lipocalin phylogeny is provided elsewhere®”*.

The abundance of the male-biased MUP20 (p=0.017) in the saliva was unexpected (Diagnostic peptides:
FAQLSEEHGIVR, ENIIDLTNANR) because MUP20 has previously been detected only in the urine of male
Mus musculus domesticus and C57BL/6. Therefore, we performed RNAseq-based analysis of the submandibular
gland transcriptome to support this identification. We have detected the mRNA expression of several Mup genes
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Figure 1. Details of the Power Law Global Error Model*”: (a) histograms of the sequence coverage and the
unique sequence coverage, (b) the model fitting on a female experimental condition, (c¢) MA plot with the
differentially abundant proteins where significant points are colored from green (p < 0.05) to blue (p < 0.01).

including Mup20, Mup4, Mup5, and Mup9. However, all Obp members were absent in SMG transcriptome which
supports our previous observations that OBPs are mainly expressed by the nasal (OE, VNO, NALT) and lacri-
mal glands/tissues®, and/or other as yet understudied oro-facial mouse glands. Similarly, male biased lipocalins
LCN3 (VNSP1), LCN4 (VNSP2), LCN13 (OBP2A), LCN14 (OBP2B) are encoded by Lcn genes expressed by the
nasal and vomeronasal tissues, but we detected them being highly abundant in the saliva proteome but not in the
SMG transcriptome.

Along with lipocalins, we have also detected two male-biased exocrine glans-secreted peptides ESP1
(p=0.006) and marginally ESP6 (p=0.08), putative protein pheromones that are abundant in tears along with as
yet uncharacterized lacrimal protein-Lacrein-which is also present in the saliva proteome of males and females
but not in the transcriptome (SMG) in this study. Furthermore, we have also detected male-biased vomero-
modulin (VOME, p=0.003) in the saliva, however its expression site is also known to be exclusively the mouse
vomeronasal organ®.
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Secretoglobins. In the saliva proteome of the mouse, we have detected 13 secretoglobin members with 7
of them being sexually dimorphic (i.e. male-biased: SCGB1B20, SCGB1B3, SCGB2A2, SCGB2B20, SCGB2B24,
SCGB2B3, SCGB2B7) at p < 0.05. None of the salivary SCGB members was either male or female unique. On
the level of SMG transcriptome, we have detected the expression of mRNA coding only three secretoglobins
SCGB1B27, SCGB2B26, and SCGB2B27. The most abundant secretoglobin in the saliva proteome was a secreto-
globin from family 2B, member 2 or SCGB2B2. However, we did not detect the mRNA coding SCGB2B2 in our
trasncriptomic (SMG) data, thus, suggesting that SCGB2B2 (=ABPBG2) is also transported to the oral cavity
from other tissues-most likely from the lacrimal or nasal glands/tissues®.

Kallikreins and wound healing. Kallikreins are a group of serine proteases, which are capable of cleaving
peptide bonds in various proteins also including some kallikreins. They have an antimicrobial activity and are
involved in wound healing®. We have detected 4 kallikreins (KLK1, KLK10, KLK13, KLK14) and 13 kallikrein
1-related peptidases in saliva (KLK1B11, KLK1B16, KLK1B3, KLK1B1, KLK1B21, KLK1B22, KLK1B24, KLK1B26,
KLK1B27, KLK1B4, KLK1B5, KLK1B8, KLK1B9). Kallikrein 1 and all kallikrein 1-related peptidases form a
monophyletic cluster and it is notable in Fig. 2 that Kallikrein 1 is not an outgroup (i.e. the ancestral gene) to all
other Kallikrein 1-related peptidases. Kallikreins KLK1, KLK10, and KLK14 were not sexually dimorphic whilst
KLK13 was female biased but only marginally significant (p = 0.054) because it was detected only in three females.
Almost all kallikrein 1-related peptidases were female biased (p < 0.01), except KLK1B5 (p =0.08) that only
revealed a trend. On the level of SMG transcriptome we have detected KLK1 and all Kallikrein 1-related pepti-
dases. Furthermore, we have also detected angiotensinogen (ANGT) a substrate for KLK1 activity and CRAMP (i.e.
Cathelicidin related anti-microbial peptide)-an antimicrobial peptide which is regulated by Kallikreins 5 and 7>°.

Proteins involved in innate immunity. Based on the functional classification and gene ontology, we have
selected those genes that match our criteria, thus limiting the function to two keywords—immunity and antimi-
crobial. We have detected a total of 56 proteins fitting our criteria with 21 of them being significantly sexually
dimorphic, Fig. 2. Additionally, we have identified 9 annexins equally expressed by individuals of both sex and
which have strong effect upon the mechanism by which glucocorticoids (such as cortisol) inhibit inflammation.

Levels of sexual dimorphism are graphically represented in Fig. 2 with the full protein list provided in Data
set 1. Interestingly, the immunity heat map in Fig. 2 shows rather low levels of the immunity-linked protein
abundances except the three highly expressed ‘bactericidal permeability-increasing proteins’ (BPIB1, BPIFA2,
and BPIFB9B) and one immunoglobulin (IGKC, Ig kappa chain C region). BPI proteins have an antibacterial
activity against the gram-negative bacteria®. We have detected seven BPI members and all of them were male
biased (p < 0.05): BPIA1, BPIBI1, BPIB2, BPIB3, BPIFA2, BPIFB5, BPIFB9B. On the level of the mouse SMG
transcriptome, however, we have detected only Bpifa2 which has previously been detected as a transcript in the
mouse parotid glands, and is also known as the parotid secretory protein - PSP*%. Furthermore, BPIFA1 (PLUNC/
SPLUNCI1) and BPIFB1 (LPLUNC1) are known to be expressed by Bowman’s glands of the nasal passage®.
Remaining members were most likely expressed by other oro-facial tissues (i.e. nasal, lacrimal, palatal, and sal-
ivary). Moreover, we have also detected CRAMP, a cathelin-related antimicrobial peptide, in the saliva of males
and females.

Discussion

With the use of sensitive proteomic techniques, we show that saliva is a complex system containing chemical
signal transporters, antibacterial and immunity linked proteins, and many other proteins that are involved in
general physiology of the oral cavity. We also show that many nasal and lacrimal proteins are abundant in the
saliva proteome, presumably as a consequence of their final transport to the oral cavity from tissues where they
are expressed and where they function as VOC transporters. These include a group of odorant binding proteins
(OBP) that we previously identified as predicted transcripts in the mouse genome?”*, detected their expression
sites in various oro-facial tissues®!, and finally detected them as proteins in the saliva proteome in this study.
Because OBPs, MUPs and LCNs have similar tertiary structure (Fig. 3) with the capacity to transport VOCs, it is
likely that together, nasal lipocalins, could be important for signal transduction but even more for a consequent
neuronal desensitisation by transporting partially degraded VOC:s to the oral cavity and then further to the diges-
tive tract. However, it is in question why OBP1 and OBP2 are sexually dimorphic. It is possible that different
levels of expression may reflect potential differences in the olfactory abilities between sexes. To further support
the claim that these proteins originate only in the nasal and lacrimal tissues, it would help to analyse other inde-
pendent oro-facial glands (i.e. parotid, sublingual, or von Ebner glands) and lymphoid tissues that are present in
the oral cavity.

Because mice begin social interactions by investigating facial areas® it is also likely that salivary proteins
expressed by salivary glands along with those that were transported from the nose serve chemical communication
together. It is however in question how would an individual benefit from having lipocalins with ligands that were
inhaled from another individual. We suggest that a mixture of the self and of the other individual’s smell, that is
spread on the receiver’s body during selfgrooming, could mediate peaceful social contacts between individuals
within a deme-a structure typical for the house mouse social groups™.

Among MUPs, MUP20 or ‘Darcin’ was previously described as a protein pheromone that stimulates female
attraction for particular M. m. domesticus males, improves spatial learning®®*’, has been shown to function as an
indicator of current health status of males®®, and to predict the outcome of male-male territorial competition®.
MUP20 expression levels are higher in dominant males during and prior to competition, making it predictive of
dominance status®. However, we detected MUP20 being significantly male-biased (p = 0.017) but abundant in
the saliva proteomes in individuals of both sex in M. m. musculus, and our RNAseq data revealed that MUP20 is
coded by Mup20 gene in the mouse submandibular gland. Thus, it is hard to imagine that this protein functions
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Figure 2. Graphical representation of the protein abundance values in heat maps shows sexually dimorphic
proteins (labelled with stars: *P < 0.05, P < 0.01, **P < 0.001) with notable variation between individuals.
We provide the phylogeny dendrogram for kallikreins and a partial dendrogram for the detected lipocalins. The
Maximum likelihood trees are showing the protein phylogeny based on the number of substitutions per site and
with the bootstrap values. We consider a group of proteins monophyletic when bootstrap values are above 75.

as a male-only pheromone (i.e. at least in this subspecies) if females produce such signal too. There is at least one
study demonstrating that MUP20 is also present in the submandibular gland transcriptome of the laboratory
mouse?. Therefore, previous studies describing MUP20 as a male-specific signalling protein that is present only
in the urine of M. m. domesticus*>*” need to be further supported with more sensitive techniques. To add, we are
also showing that MUP8 is among all MUPs the only one that is significant female biased. However, it remains to
be determined where it is transcribed and translated.

Another protein that has been described as a male-specific signalling protein in the laboratory mouse is a
7kDa protein, named as the exocrine gland-secreted peptide-1 or ESP1°%0. ESP1 is produced by the mouse
lacrimal glands, secreted with tears and when experimentally transferred to the female vomeronasal organ, it
stimulates V2R-expressing vomeronasal chemosensory neurons, and thus elicits an electrical response®. In
M. m. musculus under this study, however, ESP1 and ESP6 were sex biased with the female levels being lower than
those detected in males (Fig. 2). If ESPs cannot function as pheromones due to their occurrence in individuals of
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Figure 3. Graphical representation of structural and biochemical properties of murine salivary protein
homologs - Cathelin-like domain of human Cathelicidin L-77, human Cystatin D and murine ESP1. Upper
row: Cartoon representation of selected proteins where a-helices are in red, and beta sheets in blue color. Below
are provided 3D representations of surface charge distribution of respective proteins, the charge scale is shown
under each structure.

both sex, it is in question what are their other potential roles. One obvious role stems out of visualizing the elec-
trostatics properties of ESP1 in Fig. 3. ESP1 has three a-helices with two helices being negatively charged and one
(middle) being positively charged. This structural amphypathy fits the description of antimicrobial peptides (i.e.
similar to CRAMP®!). Thus it is possible that ESP1 and also other ESPs are involved in the host-defence against
bacteria.

Secretoglobins (SCGBs or ABPs) were also suggested to play roles in chemical communication®?. However,
when experimentally tested, wild mice of the two subspecies did not show any difference in time spent sniffing
urine to sniffing the urine with added ABPs'®. In our data, some SCGBs/ABPs were male-biased but no member
of this family was sex unique in the mouse saliva. Secretoglobins were previously detected in most body flu-
ids and mucosa including lungs, uterus, nasal and oral cavities, and tears in many mammals including rabbits,
mice, and humans. They are presumably involved in various processes including tissue repair, eye protection,
and anti-inflammatory responses due to their capacity to transport various steroids®®. Moreover, the PANTHER
Overrepresentation test in this study did not identify any involvement in any known biological process of the
mouse, which makes this family functionally understudied though an interesting system for future studies.

The saliva proteome also contains proteins that are involved in the regulation of harmonious symbiosis with
bacteria and of potential risk of exogenous bacterial infection. A strategy called “nutritional immunity” prevents
pathogens from acquiring the host iron®, which is an essential nutrient, but only small amounts of free iron are
accessible. Therefore, bacteria acquire iron by a secretion of high-affinity iron sequestrating siderophores. The
mammalian host, however, limits this process by the production of Lipocalin 2 (LCN2)® which efficiently scav-
enges for catecholate-type siderophores (i.e. such as enterochelin, mycobactin)®. In our data the production of
LCN2 (and also LCN11) was equal between sexes, thus suggesting that males and females similarly regulate such
symbiosis with pathogens and/or the defence against them. Interestingly, when the lipocalin-acquired iron is
transported to the oral cavity, which is the beginning of the digestive tract, the complex is in fact running towards
the enzymatic digestion and thus iron is freed, and can presumably be used by symbiotic bacteria in the lower
digestive tract. However, mammalian hosts evolved almost an array of other mechanisms of defence.

Other mechanisms of defence involve bactericidal proteins defending the mucosal layers of the body against
pathogenic microbiota. In our data, we have detected seven members of the PLUNC (palate, lung, and nasal epi-
thelium clone) protein family. These included bactericidal/permeability-increasing proteins®"*2. All detected BPI
proteins in the saliva proteome were male biased and at least three members were characteristic of being within
the top ten of the most abundant salivary proteins (Fig. 2). It is possible that various antimicrobial proteins are
male biased simply to compensate for the testosterone dependent immunosuppression of reproducing males®”.
Moreover the sex-dependent resistance against bacteria (Salmonella typhimurium) has also been demonstrated
in the house mouse where males were more resistant than females®®. We have also detected high levels of the
prolactin-inducible protein (PIP) which is a submandibular gland protein with the ability to bind immunoglob-
ulin G (IgG), IgG-Fc, CD4-T cell receptor, and different species of bacteria (mainly streptococci), thus playing
an important role in non-immune defense®. A natural antibiotics CRAMP was detected in individuals of both
sex. CRAMP forms an amphipathic alpha-helix similar to other antimicrobial peptides, whilst functional studies
showed that CRAMP is a potent antibiotics against gram-negative bacteria by inhibiting the growth of a variety
of bacterial strains®!.
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Kallikrein 1-related peptidases were female-biased in our data-a trend, described for the first time in wild
mice. In the laboratory mouse, kallikreins seem to be male-biased and only the kallikrein 1-related peptidase
b5 was female-biased’®”!. These serine proteases are involved in the wound healing processes and have a strong
antimicrobial activity®. Thus it is possible that the higher abundance of kallikrein 1-related peptidases in female
saliva is adaptive as it may, for example, help females to maintain healthy skin development of their juveniles via
kallikrein administration during a frequent allogrooming care. Moreover, we have also detected four chitinases
(i.e. CH3L1, CHIA, CHIL3, CHIL4) in the saliva of males and females, which may aid removing the chitinous
mouthparts of ectoprazites via administration of chitinases during the selfgrooming and allogrooming behaviour.

From the above list of proteins it is evident that saliva is a complex biological system that compromises
between various functions including chemical communication, immunity and tissues repair. Because many
lipocalins that we detected in the mouse saliva are known to be expressed by other tissues (e.g. nasal, lacrimal) it
is likely that these proteins also act as scavengers that bind and excrete toxic compounds. We have already sug-
gested that evolution of chemical communication and of the system of detoxification might have been driven by
similar selective forces because both systems use the same pool of lipocalin transporters?”*!. This hypothesis or
as we call it the ‘toxic waste hypothesis'™”” has later been suggested by another laboratory’? with the first experi-
mental evidence provided in a recent paper*?. They demonstrated that mice loaded with an industrial chemical,
2,4-di-tert-butylphenol (DTBP) use MUPs for a consequent detoxification*?. Here we suggest that the nasal and
olfactory lipocalins (including MUPs) transport potential toxic waste and various degradation products from
chemical signals to the oral cavity, and further to the digestive tract where they are decomposed.

To conclude, we have provided the saliva proteome from wild-living individuals of the house mouse Mus
musculus musculus. We aimed to identify the level of sexual dimorphism in the abundance of proteins that are
involved in chemical communication because most studies focused on the western house mouse subspecies
(M. m. domesticus) and on various inbred lines. Novelty of our findings includes the detection of sexually dimor-
phic proteins that were previously detected only in males with MUP20 and ESP1 being a good example. For
the first time, we have also shown that the saliva proteome includes proteins that are produced mainly (but not
exclusively) by olfactory tissues and which are presumably transported to the oral cavity. Altogether, that makes
this system (saliva) interesting and an important source of chemical signals necessary for communication as well
as an interesting source of multiple markers of physiological states.
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Abstract

Female house mice produce pheromone-carrying Major Urinary Proteins (MUPs) in a
cycling manner, thus reaching the maximum urinary production just before ovulation.
This is thought to occur to advertise the time of ovulation via deposited urine marks.
This study aimed to characterize the protein content from the mouse vaginal flushes to
detect whether vaginal advertising occurs in the house mouse for a direct
identification of reproductive states by males. Here we show that the mouse vaginal
discharge contains lipocalins including those from the odorant binding (OBP) and
major urinary (MUP) protein families. OBPs were highly expressed but only slightly
varied throughout the cycle, whilst several MUPs were differentially abundant.
MUP20 or ‘darcin’, was thought to be expressed only by males. However, in females
it was significantly up-regulated during estrus similarly as the recently duplicated
group-B MUPs (sMUP17 and highly expressed sMUP9), and which in the mouse
urine are male biased. Their productions rise between proestrus and estrus, remain
steady throughout metestrus, and are co-expressed with antimicrobial proteins. Thus,
we suggest that MUPs rather than OBPs are involved in the vaginal advertising of the
mouse via ligands that they transport out of the body where they may function as
chemical signals.

Key words: estrus, estrous cycle, mouse, lipocalin, chemical communication
bactericidal, darcin

Introduction

During an estrous cycle, most mammalian females will pass through the four
consecutive phases including proestrus, estrus, metestrus, and diestrus (e.g. Mus '?,
Apodemus 3 Rattus 4). The estrous cycle in mice is strongly affected by pheromones.
Suppression of estrus in single-sex populations °, rapid return to estrus when paired
with males © or exposed to male urine ’ are well known effects and they were also
observed in other mammals ***. The house mouse (Mus musculus) uses a system of
lipocalin transporters of active volatile organic compounds (VOCs), which together
serve as signals. In mice, these signals are manifested via expression of large
quantities of male-biased ° and highly homologous '*'? major urinary proteins
(MUPs) in the liver. MUPs are products of a gene cluster on the chromosome 4, that
contains 21 coding genes (and a similar number of pseudogenes), and can be divided
into two groups, the group-A (ancestral), containing Mup3, Mup4, Mup5, Mup6,
Mup20 and Mup?21, and the group-B, consisting of 15 other Mups (i.e. Mup1, Mup?,
Mup7-Mup19) sharing almost 99% sequence identity '>', reviewed in citations '>*'°.
They bind some volatile organic compounds (VOCs) in their eight-stranded beta
barrel and transport them to the urine 1719 where they act as an honest, cheat-proof



display of an individual’s health and condition *. Such scent-marking signals have
strong effects on the reproductive success of the signaller >'. However, most studies
focused on the male components of chemical signalling and, thus, there is very little
evidence on the role of female MUPs.

A group of lipocalins that may be involved in the transport of chemical signals and
potentially also in the mouse vaginal advertising are members of the odorant binding
protein family (OBPs), because in other mammals, they were detected in their vaginal
secretions (e.g. hamsters %%, and potentially bank voles **) and/or urine (e.g. mole rats
** and bank voles »*). The X-linked Obp genes of the mouse were thought to involve
just two nasal members — Obpla, and ObpI1b *. However, Obp genes have also
undergone a series of duplications in mice, and they occur in a cluster of seven genes
(i.e. including Prb, Probasin) and two pseudogenes on the X chromosome '>2**. In
wild M. m. musculus mice, Obps were predicted from the genome data ', detected as
transcripts (Obpl - KJ605390, Obp2 - KI605391, ObpS5 (Obpla) - KJI605392, Obp6 -
KJ605393, and Obp7 (Obp1b) - KI605394) *7 and their expression was corroborated
on the level of protein in the mouse saliva **. Mouse OBPs are produced by various
oro-facial tissues including nasal, vomeronasal, nasal-lymphoid, and lacrimal
glands/tissues *” and they are naturally transported with mucosal secrets to the oral
cavity, where they are highly abundant *®. It has also been demonstrated that they are
involved in the process of rapid ligand internalization by means of removing small
organic molecules including odorants from nasal mucosa, this has been demonstrated
for OBP5 (i.e. OBPla in olfactory epithelia) . However, data on expression of these
proteins from the mouse vaginal secretions were missing.

In mice, chemical signalling was thought to be manifested via urine marks, and so
many experiments have been performed to study in detail this component of chemical
signalling. For example, female house mice use major urinary proteins to advertise
their estrus with urine marks. It has been shown in the laboratory mice *° and in wild
house mice (M. m. musculus)>" that (i) males up-regulate urinary MUPs during social
contacts, and that (ii) females use MUPs to advertise their reproductive state by
varying the concentration of MUPs in the urine during the estrous cycle **. However,
it is possible that direct contact and chemical signals on bodies of interacting
individuals could be more important during an interaction because this component of
signalling is directly linked to an interacting individual, i.e. the signal owner. Thus,
the aim of our study was to analyse the protein content of vaginal flushes and its
variation throughout the cycle to detect potential signalling proteins, and to evaluate
the role of particular estrous phases in regulating the expression of these proteins.
Furthermore, we also aimed to determine the level of correlation between the house
mouse estrous cycle and the host regulation and degradation of bacteria to further the
understanding of the emergence of complex odour mixtures.

Materials and methods

Ethical Standards

All animal procedures were carried out in strict accordance with the law of the Czech
Republic paragraph 17 no. 246/1992 and the local ethics committee of the Faculty of
Science, Charles University in Prague chaired by Dr. Stanislav Vybiral specifically
approved this study in accordance with accreditation no. 27335/2013-17214 valid
until 2019.



Subjects, housing conditions and experimental design

In this experiment, we used a total of 9 G1 wild-derived Mus musculus musculus
females (120 days old) and 9 unfamiliar males (120 days old) for a period of social
stimulation during which vaginal fluid samples were collected on a daily basis.
Females were housed in pairs with a male and in cages divided by a wire mesh from
individual males with square openings (diameter was 1cm) allowing communication
but suppressing direct contact (13:11 hrs, D:N, temperature t=23°C). The
experimental cages were supplied with fresh bedding at the beginning of the
experiment and provided with water and food ad libitum. Vaginal lavage was
performed daily between 8:00 and 9:00am by gentle flushing with a pipette using
20ul of the 0.9% saline solution. Samples were centrifuged at 300 rcf for 10minutes,
4°C. Supernatant was used for the protein analysis and the cell pellet was used to
prepare slides on a concentrator (StatSpin) for further cytological analyses. These
slides were differentially stained to visualize nucleated and cornified cells with May-
Gruenwald (3 min) and Giemsa (10 min) staining solutions.

Protein Digestion

Prior to our experiments, we tested the efficiency of ethanol and acetone precipitation
of proteins from the vaginal lavage samples. Some acetone precipitated samples did
not enter the gel (PAGE) whilst all proteins entered the gel after cold ethanol
precipitation. Thus, all protein samples were precipitated with the ice-cold ethanol
(20minutes) and centrifuged at 10 000 rcf for 10minutes, 0°C. This was followed by
a re-suspension of dried pellets in the digestion buffer (1% SDC, 100mM TEAB —
pH=8.5). Protein concentration of each lysate was determined using the BCA assay
kit (Fisher Scientific). Cysteines in 20ug of proteins were reduced with a final
concentration of SmM TCEP (60° C for 60 min) and blocked with10mM MMTS (i.e.
S-methyl methanethiosulfonate, 10 min Room Temperature). Samples were cleaved
with trypsin (1 ug of trypsin per sample) in 37°C overnight. Peptides were desalted on
a Michrom C18 column.

nLC-MS? Analysis

Nano Reversed phase columns were used (EASY-Spray column, 50 cm x 75 pm ID,
PepMap C18, 2 um particles, 100 A pore size). Mobile phase buffer A was composed
of water, and 0.1% formic acid. Mobile phase B contained acetonitrile, and 0.1%
formic acid. Samples were loaded onto a trap column (Acclaim PepMap300, C18, 5
um, 300 A Wide Pore, 300 um x 5 mm, 5 Cartridges) for 4 min at 15 pl/min loading
buffer was composed of water, 2% acetonitrile and 0.1% trifluoroacetic acid. After 4
minutes ventile was switched and Mobile phase B increased from 4% to 35% B at 60
min, 75% B at 61 min, hold for 8 minutes, and 4% B at 70 min, hold for 15 minutes
until the end of run.

Eluting peptide cations were converted to gas-phase ions by electrospray ionization
and analysed on a Thermo Orbitrap Fusion (Q-OT-gIT, Thermo). Survey scans of
peptide precursors from 350 to 1450 m/z were performed at 120K resolution (at
200m/z) with a 5 x 10° ion count target. Tandem MS was performed by isolation at
1.5 Th with the quadrupole, HCD fragmentation with normalized collision energy of
30 and rapid scan MS analysis in the ion trap. The MS? ion count target was set to

10* and the max injection time was 35ms. Only those precursors with charge state 2—6
were sampled for MS?. The dynamic exclusion duration was set to 45s with a 10ppm



tolerance around the selected precursor and its isotopes. Monoisotopic precursor
selection was turned on. The instrument was run in top speed mode with 2s cycles.

Protein analysis

LC-MS data were analysed and quantified with MaxQuant software (version 1.5.3.8)
32 The false discovery rate (FDR) was set to 1% for both proteins and peptides and
we specified a minimum peptide length of seven amino acids. The Andromeda search
engine was used for the MS/MS spectra search against our modified Uniprot Mus
musculus database (downloaded on June, 2015), containing 44,900 entries. We
modified our databases such that all MUP, OBP sequences were removed and instead
of them we have added a complete list of MUPs from Ensembl database, and OBPs
from NCBI (sensu - citation *’). Next we added some Tremble sequences that were
missing in Uniprot, for example KLKs, BPIs, SPINKs, SCGB/ABPs, and LCNss.
Enzyme specificity was set as C-terminal to Arg and Lys, also allowing cleavage at
proline bonds ** and a maximum of two missed cleavages. Dithiomethylation of
cysteine was selected as fixed modification and N-terminal protein acetylation and
methionine oxidation as variable modifications. The “match between runs” feature of
MaxQuant was used to transfer identifications to other LC-MS/MS runs based on
their masses and retention time (maximum deviation 0.7 min) and this was also used
in all quantification experiments. Quantifications were performed with the label-free
algorithms described recently ** using a combination of unique and razor peptides. All
statistical analyses were performed in R software **. First, the dataset was normalized
to diminish potential differences due to differential protein extractability and also due
to potential differences caused by different signal intensity between samples. We used
a normalization based upon quantiles, which normalizes a matrix of peak areas /
intensities with the function normalize.quantiles from ‘preprocessCore’ routines under
the Bioconductor package *°. This method is based upon the concept of a quantile-
quantile plot extended to n dimensions. To check that the data distribution conforms
to the same type of distribution after normalization, we used ‘mixtools’ *°. Second, we
used the Power Law Global Error Model (PLGEM) *7 to detect differentially
expressed / abundant proteins using the functions plgem.fit and plgem-stn *°. Original
and normalized LC-MS/MS data are provided in Dataset 1.

Data validation with targeted quantification of selected proteins

To corroborate evidence on the variation of protein abundances obtained by LC-MS
approach, we have selected several ‘key’ proteins (i.e. significant lipocalins that were
discussed in the manuscript) and quantified them by Selected Reaction Monitoring
(SRM) using triple quadrupole MS/MS instrument TSQ Quantiva (Thermo
Scientific). Targeted SRM assays are the mass spectrometry equivalent of a Western
blot and are intended to complement discovery-based analysis **. Based on the data
from untargeted LC-MS experiment we chose 2 proteotypic peptides per protein for
SRM experiment. For each peptide 3 transitions were selected (Dataset 1). LC
separation was done with the same setup and conditions as for untargeted LC-MS
experiment. Samples were analysed in positive mode with resolution for both Q1 and
Q3 set to 0.7, collision gas pressure was set to 1.5 mTorr, cycle time was 1.5 s.
Collision energy for each peptide was predicted and results were obtained using
Skyline Daily 3.6.1. *°. Datasets were normalized the same way as LC-MS data — see
above.



Results

The vaginal fluid proteome of the house mouse

We have generated the vaginal fluid proteome of the house mouse, M. m. musculus
from 9 females, each in three estrous phases (i.e. proestrus, estrus, metestrus) and
detected a total of 2507 proteins at 0.01 FDR (i.e. False Discovery Rate for all
peptides and proteins). However, some proteins were detected only in one or two
instances per individual. Thus, we reduced our dataset such that all the rows that had
just two counts per row were deleted as well as those rows where the median
expression in all three groups was lower than 1 (i.e. number of proteins decreased to
N=986). To reduce the influence of false positive abundances due to differences in
signal intensities between individuals we quantile-normalized a matrix of protein
abundances with ‘preprocessCore’ routine within the Bioconductor package in R
software °; this step ensures that differential expression (i.e. abundance) is measured
instead of differential extractability of proteins from complex mucosal secretions.
This normalization strategy has resulted in highly similar datasets with similar data
distribution, almost the same mean values, and lower standard deviation (i.e. RAW
DATA: 19.244.9, NORMALIZED DATA: 26.4%0.1, see Fig.1A) thus decreasing the
potential of obtaining false positive values.

After normalization of our data, many of those proteins that were invariant throughout
the cycle and most expressed belong to a group of "housekeeping" genes (HK) which
are used in many experiments for normalization. In our data, these included: beta
actin (ACTB), serum albumin (ALB), phosphoglycerate kinase 1 (PGK1), fructose-
bisphosphate aldolase (ALDOA), Glyceraldehyde 3-phosphate dehydrogenase (G3P,
gapdh), and for example all of the 16 detected proteasomal subunits that are provided
in Dataset 1. Thus, the lack of any variation in these highly expressed proteins
signifies that the quantile-normalization of our data was sufficiently robust and does
not require further HK normalization.

Next, we searched for differentially expressed proteins throughout the cycle using the
Power Law Global Error Model (PLGEM) *’. This model was first developed to
quantify microarray data *’, however, due to similar statistical properties — namely the
n-binomial distributions of signal values (i.e. deviating from normality) — it has
proved to be an amenable model for the quantification of label-free MS-based
proteomics data *°. We calculated the signal-to-noise ratio — STN (equation provided
in citation *°), because it explicitly takes unequal variances into account and because
it penalizes proteins that have higher variance in each class more than those proteins
that have a high variance in one class and a low variance in another *’. To create
statistical baseline, PLGEM can only be fitted on a set of replicates from the same
experimental condition, so we have done this for estrus phase. Correlation between
the mean values and standard deviations was high (r2= 0.985, Pearson=0.977,
Supplemental Fig. 1) so we continued with the resampled STNs and calculated
differences with corresponding p-values between proestrus and estrus, and between
metestrus and estrus. Mean value differences between proestrus and estrus (Fig. 1B),
and metestrus and estrus (Fig. 1C) are visualized with MA plots (only protein names
with P<0.05 and fold change FC>2 or FC<-2 are shown), where in both the plots Fig.
1B,C it is obvious that prevailing number of proteins that are differentially expressed
are those that are abundant in estrus (i.e. lower parts of Fig. 1B,C). The plot also
demonstrates that the most expressed and at the same time differentially regulated
protein is sSMUP9 (proestrus->estrus 2fold, see below).



Differentially expressed proteins — markers of estrus

PLGEM analysis of protein abundances on the level of FC>2 revealed that a total of
69 proteins (i.e. 7%) were up-regulated in estrus. Of these 69 proteins, a total of 17
proteins (1.7%) were consequently down-regulated in metestrus (Fig. 2A), whilst 52
(5.3%) of them remained unchanged on the level of P<0.05 and FC>2. This means
that only 1.7% of all proteins were detected as significant markers of estrus. These
are: SPA9, LYGI1, PHLD, HGFA, ASAH1, HORN, DAGI, CP089, AOC1, CTL4,
PPBT, CATC, MA2B2, PPGB, DPP2, FUCO, TGM3. Gene ontology analysis with
STRING (https://string-db.org/) revealed that — on the level of FDR=0.007 — these 17
genes are concurrently involved in catalytic (N=12 proteins, p=0.0047) or hydrolase
(10 proteins, p=0.0005) activities (GO functions), and that their functions are
localized in extracellular regions (N=14, p=8.11e-7) or extracellular exosome (N=12,
p=8.11e-7) and or lysosome (N=6, p=3.67¢-5). Thus, the proteins involved in the
detected degradation processes — typically occurring during cornification and bacterial
invasions during estrus (i.e. a phase, which is characteristic of producing enucleated
keratinized cells) — can be treated as markers of this particular phase. For example,
Hornerin (HORN) is a component of the epidermal cornified cell envelopes *' and a
marker of cell differentiation **. In our data, Hornerin was upregulated in estrus (3.9
fold) and significantly down-regulated in metestrus (3.4 fold). Hornerin is involved in
the process of cell differentiation and with mucin/episialin (MUC1) * forms anti-
inflammatory epidermal barriers during estrus. The most differentially expressed
protein in estrus (i.e. proestrus->estrus 5.5fold, estrus>metestrus -5.1fold) was Serpin
A9 (SPA9). SPA9 is a member of the serpin family of serine protease inhibitors.

Differentially expressed anti-microbial proteins

Our analysis (above) revealed that a biological process that is tightly linked to cell
proliferation during the estrous cycle involves mechanisms of anti-microbial defence,
because the total number of bacteria is highest during estrus and declines during
metesturs **. Mucins, particularly MUC], are effective barriers in the protection from
microbial infection **. In our data, MUC1 was significantly up-regulated in estrus
(4.5fold). Similarly, MUC9 (i.e. OVGPI - Oviduct-specific glycoprotein also known
as mucin-9) was also up-regulated during estrus (4fold) and metestrus. Another
protein, which forms viscous barriers in oviducts under low pH during estrus, and
which is up-regulated during estrus is Uromodulin (UROM, 2.3fold). Significantly
up-regulated anti-microbial proteins during estrus also involved alpha-macroglobulin
or OVOS (Ovostatin, 3fold) which is slightly down-regulated but not significantly
during metestrus. Similar pattern is also typical for the Lysozyme g-like protein 1
(LYGT1) which is up-regulated during estrus (2.5fold) and down-regulated (4.8fold)
during metestrus. Other secretory antimicrobial proteins expressed in polarized
epithelial cells involve those that bind to particular structures of bacterial membranes
and those that physically break the membranes due to their amphipathic electrostatics.
We have detected a member of the PLUNC family — the Lipopolysaccharide-binding
protein (LBP, BPIFD2). The saliva proteome of the mouse contains seven members
of the bactericidal/permeability-increasing proteins (i.e. BPI ***¢) which are male
biased ** and include BPIA1, BPIB1, BPIB2, BPIB3, BPIFA2, BPIFB5, BPIFB9B %%,
BPI/PLUNC proteins have an antibacterial activity against gram-negative bacteria *.
The vaginal fluid proteome, however, contains only LBP (BPIFD2), which is up-
regulated during estrus (4.4fold) and remains expressed during metestrus.



Anti-microbial proteins, which are significantly up-regulated during metestrus include
the Cathelicidin antimicrobial peptide or CAMP/CRAMP (3fold). A natural
antibiotics CAMP forms an amphipathic alpha-helix similar to other antimicrobial
peptides, and functional studies showed that CAMP is a potent antibiotics against
gram-negative bacteria by inhibiting the growth of a variety of bacterial strains and is
expressed by neutrophils and macrophages *”. NGP (Neutrophilic granule protein) or
‘bectenecin’ — also belongs to cathelicidins, has a cathelicidin protein domain, and in
our data, it is also significantly up-regulated in metestrus (2.8fold), likely because it is
co-expressed with CAMP in neutrophils which invade vaginal environment during
metestrus. CAMP is regulated by the serine-proteases Kallikreins 5 and 7 *® and thus
belongs to an extended KLK/LEKTI network members that are crucial for
homeostasis of stratified epithelia **. We did not detect KLK5 and KLK7 in the
vaginal secretion. However, we have detected KLK 1, KLK10, KLK11, KLK12,
KLK13, and KLK 14 invariantly expressed throughout the cycle, whilst KLK8 varied
such that it was up-regulated during proestrus and estrus and down-regulated during
metestrus (4.9fold). SPINKS, which negatively regulates KLKS5 expression was
down-regulated (2.5fold) during estrus.

Lipocalins

Previously, it has been shown with microarrays that the mouse (CD 1) uterine
transcriptome contains transcripts coding several major urinary proteins, namely
Mup3, Mup4, Mup5, Mup6, Mup9, and Mup20>°. In their experiment, all detected
Mup transcipts were significantly up-regulated in estrus (i.e. when compared to
proestrus). Our data revealed a support for this trend on the level of protein. We have
detected MUP20-darcin (unique peptides: VFVEYIHVLENSLALK,
FAQLSEEHGIVR), MUP3, MUPS, and also a group of MUP proteins with no unique
peptides. These peptides, however, are shared between the recently duplicated group-
B MUPs and are, therefore, vizualized in Fig. 2B as the most likely hits though they
are mixtures of several MUPs: sMUP17 (i.e. either MUP13 and/or MUP17), sMUP9
(i.e. MUPs 1,2,7,8,9, 10, 11, 12, 14, 15, 16, 18, 19). From the biological function
perspective, it is plausible to group them simply for the fact that most group-B MUPs
are highly homologous in M. m. musculus, have similar beta barrel structures, and
there is almost no individual variability in the production of these proteins (i.e. at least
in the liver/urine) in this sub-species of the house mouse '*'?. Our proteomic data
included also metestrus (i.e. when compared to citation *° where they concentrated on
the proestrus/estrus analyses), thus we were interested whether MUPs and other
lipocalins are predominantly expressed during estrus and declining in metestrus. A
total of three MUPs were up-regulated in estrus: MUP20 (4.2fold), the highly
expressed sMUP9 (2.1fold), and sMUP17 (3.2fold) but all of them remained abundant
in metestrus.

To provide further evidence on the variation of significant MUPs and LCN11 (see
below) and particularly MUP20-darcin, we have selected specific unique-peptide
peaks and analysed their variation with Selected Reaction Monitoring (SRM) using
triple quadrupole MS/MS instrument. This method is a MS-based equivalent to
Western blotting but without antibodies **. We have chosen last three females of the
dataset (F7, F7, F9) where two of them (F7, F8) followed the trend from PLGEM
analysis whilst one female (F9) had a delay in the rising phase of protein abundance
(F9 - green colour in Fig. 3). On the level of p<0.05, the correlation between LC-MS
and SRM data for particular females (differentiated by unique colours in Fig. 3) was



high in all three females (note the insets with the correlation coefficients in Fig. 3).
Thus, our SRM approach corroborated some the trends detected with untargeted LC-
MS/MS based approach.

For the first time (i.e. to our knowledge), we have detected the four members of the
recently described *” family of odorant binding proteins OBP1 (KJ605390), OBP2
(KJ605391), OBPS (KJ605392), and OBP7 (KJ605394) in vaginal fluids of the house
mouse as highly abundant proteins. Our PLGEM analysis revealed significant up-
regulations during estrus (e.g. OBP5 1.6fold, p=0.0027). However, the fold change is
below 2 and it is in question whether these differences are biologically relevant. We
have also detected lipocalins that have not been linked to chemical communication
before. Lipocalin 11 (LCN11) (i.e. proestrus->estrus 2.3fold) follows similar and
significant trend as MUPs but its total expression is lower. Retinol-binding protein
1(RBP1) had an opposite trend (i.e. proestrus->estrus -2.13, estrus>metestrus 2.8fold)
with the lowest abundances during estrus. Siderocalin (LCN2) belons to a group of
the most abundant proteins and was invariant throughout the cycle.

Discussion

Vaginal fluids represent an important source of markers of reproductive state.
Proteins obtained from the vaginal secretions by non-invasive lavage methods, and
identified with the state-of-the-arts label-free proteomics enabled us to ask questions
related to reproduction, chemical communication and evolution but with a detail that
may help to support particular hypotheses dealing with the function of signalling
proteins. The samples, however, are a mixture of proteins stemming out of multiple
processes that take place in ovaries, uterine walls and horns, cervix, and various
internal vaginal glands. In this paper, we aimed to characterize the expression pattern
of proteins, which are known for their involvement in chemical communication with a
particular focus on their variation throughout the estrous cycle of the wild derived
house mice Mus musculus musculus. We used wild derived mice for the fact that the
laboratory mice are influenced by the differential contribution of blocks of genes from
the two house-mouse subspecies M. m. domesticus and M. m. musculus to current
laboratory strains °' that may mask their natural behaviour.

We used the cytology screening of the cells from vaginal lavage and selected samples
according to predominace of the cell types typical for each phase '~*. Consequent
analysis of the vaginal fluid proteome served to corroborate our cytology
determination. We have detected a total of 1.7% of proteins that are prevailingly
expressed during estrus, Fig. 2B. They involve markers of cell keratinization as well
as markers of catalytic activity and anti-microbial defence. Anti-microbial proteins
function as natural innate-immune responses to an outburst of bacteria typically
occurring during estrus ** such as Lysozyme G1 (LYG1) which has a hydrolase
activity and is involved in the degradation of peptidoglycans from bacterial
membranes (i.e. GO:0009253 peptidoglycan catabolic process). Bacterial
peptidoglycans are continuously recognized by Peptidoglycan recognition protein 1
(PGRP1) which activates bacterial tool-component systems > and is logically
invariant throughout the cycle in our data.



A marker of interactions between symbiotic bacteria and the host is the highly
expressed lipocalin 2 / siderocalin (LCN2). In our data, the highly abundant LCN2
was invariantly expressed throughout the cycle, thus demonstrating that bacteria are
present in all phases of the cycle. It is known that during metabolic degradation in
most mucosal tissues, bacteria attempt to acquire ‘free’ iron by a secretion of high-
affinity iron sequestrating siderophores. The mammalian host, however, limits this
process by the production of Lipocalin 2 ** which efficiently scavenges for
catecholate-type siderophores >*. Thus, high amounts of produced LCN2 represent an
efficient regulatory element that prevents uncontrolled bacterial growth also in the
mouse vaginal environment. WFDC proteins (i.e. ‘Whey acidic proteins four
disulphide core’) were also shown to have anti-microbial properties > and the two
members WFDC12 and WFDC18 are present in the house mouse mouse saliva as
proteins encoded by the submandibular gland transcripts Wfdc12 and Wfdc18 **. In
this study, we have detected WFDC?2 also invariantly expressed throughout the cycle.
To add, an antimicrobial system of defence in vaginal environment, thus, seems to
have two components, one that is static and invariant over the cycle, and another
(dynamic) that reacts to bacterial growth and dynamically functions during estrus (e.g.
LYGI, LBP, OVOS) and metestrus (e.g. CAMP, NGP).

Lipocalins of the laboratory mouse were already reported to vary between proestrus
and estrus with the use of microarrays of the uterine horns *°. They have provided
evidence that all the detected lipocalin-coding transcripts, namely Mup3, Mup4,
Mup5, Mup6, Mup9, and Mup20 rise from proestrus to estrus. Our protein analysis
corroborates their findings to some extent and extends their view because we included
also metestrus. We show for the first time in wild-derived M. m. musculus mice that,
MUP20 or ‘darcin’ is the most up-regulated lipocalin when passing from proestrus to
estrus. This is interesting because some studies originally thought that urinary MUP20
is a male unique lipocalin with pheromonal effects even without ligands and which
stimulates an inherent attraction for particular males *°. Here we provide evidence,
that MUP20 is definitely not male-unique because it is produced by females
throughout the mouse estrous cycle (i.e. M. m. musculus) and also by females of the
laboratory mice in their uterine horns *°. Because MUP20 production significantly
rises and reaches its peak in estrus, it is unlikely that MUP20 is a pheromone because
its elevated levels during estrus would clearly mask an effect of MUP20 produced by
males. Interestingly, major urinary proteins were also detected in metestrus which — if
they were supposed to signal receptivity — would decrease a male’s chances to
correctly evaluate the best time for mating. Furthermore, although male-biased,
MUP20 and other MUPs are also produced by salivary glands of males and females
*® Thus it is likely that it is the ligands of MUPs that serve as signals and not proteins
themselves.

There is as yet another alternative explanation to why are MUPs expressed also
during metestrus. It is possible that MUPs play other roles besides sexual signalling.
We already suggested this alternative to a common notion that MUPs serve only to
chemical communication by providing evidence that MUPs are expressed in a
sexually dimorphic manner in one tissue (e.g. liver, °) but are non-dimorphic and with
lower expression levels elsewhere (e.g. saliva **). Here we suggest a likely hypothesis
that lipocalins (i.e. including Major urinary proteins, and Odorant binding proteins)
may have the potential to detoxify mucosal tissues by removing various organic
compounds. We have postulated this explanation as the ‘Toxic waste hypothesis’



which states that the same products of metabolic degradation might have been an
ideal source of signals that have driven the evolution of chemical communication by
means of a consequent toxic-waste perception and recognition. Some of these organic
compounds might have come from bacterial degradation because we found various
antimicrobial proteins differentially acting during estrous cycle. This hypothesis,
however, needs to be further tested with GC-MS techniques. Furthermore, lipocalin
involvement in detoxification has been experimentally evidenced, so for example
MUPs are already known to transport toxic substances (i.e. other than known
pheromones) out of the body *.

To conclude, we tested the hypothesis that MUPs and OBPs may function as the
transporting devices of volatiles to signal receptivity in females of the house mouse,
M. m. musculus. The most abundant lipocalins during estrus were MUP20, and the
group-B MUPs - sMUP9 and sMUP17. However, they remain expressed during
metestrus. Thus, it is likely that these proteins may have other roles besides sexual
signalling, or if MUPs and OBPs are involved in signalling receptivity, it must be
their ligands that signal individual quality and not the proteins themselves because of
their expression pattern lasting from estrus to metestrus (i.e. MUPs) or even from
proestrus to metestrus (OBPs).
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Figure 1: Graphical representation of differentially expressed/abundant proteins.
Before normalization, the data revealed some variation between individuals (A —
yellow bars) probably due to a differential extractability of proteins from complex
mucosal samples. However, after the quantile-normalization procedure (A — green
bars), the mean value and standard error bars show almost no variation between the
samples. Significant differentially-expressed proteins are demonstrated with MA plots
and are more common in estrus than in proestrus or metestrus (B, C). PLGEM model
was involved in testing the differences in normalized signal values between proestrus
and estrus (B), and between metestrus and estrus (C). The level of significance (PvsE,
MvsE) is scaled from green (P<0.05) to blue (P<0.01) and only the data points with
FC>2 are colored.

Figure 2: Graphical representation of individual changes in protein abundances
(FC>2 and P<0.05) with heat maps. A - shows significant proteins abundant only in
estrus (i.e. estrus markers, green bar next to the gene symbols) and the two
bactericidal proteins NGP and CAMP which were downregulated in estrus (orange
bar), these two groups were reliably separated by a hierarchical clustering method, B
— shows the significant lipocalins MUP20-darcin, sMUP9, and sMUP17 with a
notable variation between individuals. We have also added OBP5 with FC<2 (i.e.
1.6fold, P=0.0027). Representative microphotographs of the vaginal cytology were
taken at magnification 100x after May-Gruendewald and Giemsa staining.

Figure 3: Selected Reaction Monitoring (SRM) of unique peptides for MUP20,
sMUP9, sMUP17 and LCN11 using the triple quadrupole MS/MS instrument. We
used this method as an alternative to Western blotting and revealed that untargeted
LC-MS/MS data (first/grey column) are in a good agreement with targeted data from
SRM (the second and the third columns). The level of agreement is supported by high
correlation coefficients that are depicted in the inset of graphs with colours
representing particular females. We have chosen two females representing the general
trend from PLGEM modelling (females F7 — blue line, F8 — red line) and one female
which up-regulated lipocalins in metestrus (F9 — green line). The x-axis labels
represent proestrus (P), estrus (E), and metestrus (M).
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Figure 1: Graphical representation of differentially expressed/abundant proteins.
Before normalization, the data revealed some variation between individuals (A —
yellow bars) probably due to a differential extractability of proteins from complex
mucosal samples. However, after the quantile-normalization procedure (A — green
bars), the mean value and standard error bars show almost no variation between the
samples. Significant differentially-expressed proteins are demonstrated with MA plots
and are more common in estrus than in proestrus or metestrus (B, C). PLGEM model
was involved in testing the differences in normalized signal values between proestrus
and estrus (B), and between metestrus and estrus (C). The level of significance (PvsE,
MvsE) is scaled from green (P<0.05) to blue (P<0.01) and only the data points with

FC>2 are colored.
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1.6fold, P=0.0027). Representative microphotographs of the vaginal cytology were
taken at magnification 100x after May-Gruendewald and Giemsa staining.
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Figure 3: Selected Reaction Monitoring (SRM) of unique peptides for MUP20,
sMUP9, sMUP17 and LCN11 using the triple quadrupole MS/MS instrument. We
used this method as an alternative to Western blotting and revealed that untargeted
LC-MS/MS data (first/grey column) are in a good agreement with targeted data from
SRM (the second and the third columns). The level of agreement is supported by high
correlation coefficients that are depicted in the inset of graphs with colours
representing particular females. We have chosen two females representing the general
trend from PLGEM modelling (females F7 — blue line, F8 — red line) and one female
which up-regulated lipocalins in metestrus (F9 — green line). The x-axis labels
represent proestrus (P), estrus (E), and metestrus (M).
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Supplementary figure 1: Details of the Power Law Global Error Model (PLGEM) *’:
A — the model fitting on a female experimental condition (i.e. estrus) thus setting the
baseline for PLGEM modelling, B — the histogram of residuals shows symmetric data
distribution over the x=0, C — distribution of residuals show a flat distribution over
the y=0, and D — the normal quanitle-quantile plot shows almost the straight line
(y=x) thus revealing that PLGEM is an amenable model to test differences in protein
abundances from our normalized data (see citation °”).
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Abstract

In order for mammalian sperm to obtain a fertilizing ability, they must undergo a complex of molecular changes, called capacitation.
During capacitation, steroidal compounds can exert a fast nongenomic response in sperm through their interaction with plasma
membrane receptors, and activate crucial signaling pathways leading to time-dependent protein tyrosine phosphorylation (TyrP).
Estrogen receptor beta was detected in epididymal mouse sperm; therefore, the effect of 17B-estradiol, estrone, estriol, and

17 A-ethynylestradiol on mouse sperm capacitation in vitro was investigated. The effect was evaluated by positive TyrP in sperm heads and
in the whole sperm lysates. Simultaneously, the state of the acrosome after the calcium ionophore-induced acrosome reaction was
assessed. Generally, estrogens displayed a time and concentration-dependent stimulatory effect on sperm TyrP during capacitation. In
contrast, the number of sperm that underwent the acrosome reaction was lower in the experimental groups. It has been demonstrated
that both natural and synthetic estrogens can modify the physiological progress of mouse sperm capacitation. The potential risk in the
procapacitation effect of estrogens can also be seen in the decreased ability of sperm to undergo the acrosome reaction. In conclusion,

the capacitating ability of sperm can be significantly lowered by increasing the level of estrogens in the environment.

Reproduction (2011) 143 1-11

Introduction

The ejaculated mammalian sperm are unable to fertilize
the egg. The spermatozoa must undergo a maturation
process that is known as capacitation, and it takes place
in the female reproductive tract. Only capacitated sperm
are able to successfully fertilize the egg (Austin 1952).
These morphological and biochemical changes allow
sperm to bind to egg zona pellucida and undergo the
acrosome reaction (Yanagimachi 1994). One of the
processes triggering capacitation is a spontaneous efflux
of cholesterol from the sperm plasma membrane. This
increases its permeability and fluidity and activates
intracellular signalization pathways leading to the
activation of adenyl cyclase, cAMP, cAMP-dependent
protein kinase A, protein tyrosine kinase, and conse-
quently to protein tyrosine phosphorylation (TyrP;
Visconti et al. 1995b). The TyrP of proteins with a
molecular weight (MW) between 40 and 120 kDa
became an indicator of successfully ongoing capacitation
and the ability of sperm to undergo the acrosome reaction
(Visconti et al. 1995a). The other initiating process leading
to the capacitation and acrosome reaction (AR) is the
binding of estrogens onto estrogen receptors (ERs).

© 2011 Society for Reproduction and Fertility
ISSN 1470-1626 (paper) 1741-7899 (online)

Estrogens play an important role in both the female
and male reproductive systems (Free & Jaffe 1979). They
regulate cell function through ERs (ERA and ERBB;
Lubahn et al. 1993), which belong to a superfamily of
ligand-activated transcription factors (Evans et al. 1987)
and they are localized in the cytoplasm and nucleus of
somatic and germinal cells. The nuclear receptors
activate gene transcription by binding to DNA regulatory
sequences (Hall et al. 2001). However, many nuclear
receptors are translocated to the sperm plasma mem-
brane and facilitate not only the gene transcription but
also the rapid nongenomic signalization pathways
(Pedram et al. 2007). Beside these, in sperm G protein-
coupled receptors such as GPR30 are reported that
trigger not only a rapid nongenomic signalization but
also act independently of ERs (Filardo & Thomas 2005).
Estrogens are mediated through rapid intracellular
signaling in sperm by tyrosine and ser/thr kinases,
influencing capacitation and acrosome reaction by
activating phosphorylation of several proteins (Naz &
Rajesh 2004). Estrogens activate ERs and consequently
initiate several intracellular signaling enzymes such as
receptor tyrosine kinase, epidermal growth factor
receptor phosphatidylinositol 3-kinase, Src kinases,
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mitogen-activated protein kinase (MAPK), protein kinase
C, phospholipase D, and phospholipase C. This rapid
pathway through MAPK is required for regulating protein
phosphorylation in sperm (Aquila et al. 2004). Epididy-
mal sperm are believed to have no transcription activity;
therefore, a rapid nongenomic signalization plays the
main role in this stage.

The concentration of estrogens quantitatively differs
between males and females, and it is species specific, as
well as the expression of steroid receptors. In males, the
concentration of estrogens in the blood plasma is in a
range of 2-180 pg/ml and depends on the species. In rat
and mouse, the concentration of 17B-estradiol (E,) is
2-25 pg/ml, and it is lower than in that rete testis fluid
(250 pg/ml). The same applies to females where estrogen
concentration in the ovarian fluid is at least twofold
higher compared with plasma (Free & Jaffe 1979, Hess
etal. 1995), and in rat and mouse it fluctuates during the
estrus, e.g. for E, between 145 and 2100 pg/ml (Shaikh
1971). Besides physiologically endogenous estrogens,
organisms including humans are exposed to environ-
mental estrogens, which can display false hormone like
activity. It is striking that the wastewater treatment
technologies are not efficient enough to prevent a further
contamination of surface water supplies (Kusk et al.
2011). There is enough evidence in literature showing a
positive correlation between rising concentrations of
environmental estrogens and increasing reproductive
abnormalities (Storgaard et al. 2006) even their extre-
mely low concentrations (ng/ml) can have an adverse
effect on reproduction.

In this study, we localized ERB in mature mouse
spermatozoa from cauda epididymis. In consequence to
this finding, we aimed to look in detail, whether, selected
estrogens (E,, estrone, estriol (E3), and 17A-ethynylestra-
diol) can influence sperm ability to capacitate and
undergo induced acrosome reaction in vitro. Monitoring
of TyrP of specific proteins (MW 40-120 kDa) in the
mouse sperm head and tail was taken as a marker of
successfully ongoing capacitation reflecting male repro-
ductive fitness.

Results
ERB is present in the epididymal mouse spermatozoa

As shown in Fig. 1, ERB was detected by chemi-
luminescence in a whole sperm lysate obtained from
cauda epididymis. A single band was marked on a
nitrocellulose membrane corresponding to a MW of
64 kDa. ERB was also detected by immunofluorescent
labeling in fixed mouse spermatozoa from distal regions
of cauda epididymis. ERB was clearly localized as a thin
sickle over the apical acrosomal region of the sperm
head protruding as far as the apical hook (Fig. 2A). The
staining pattern was markedly speckled and uniformly
present in all intact spermatozoa.

Reproduction (2011) 143 1-11
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Figure 1 SDS-PAGE and western blotting immunoprotein detection
of ERB in a whole sperm cell sample corresponding to a band of
molecular weight 64 kDa. The sample contained a protein equivalent
of 10° cells. Representative result shown.

Estrogens increase protein TyrP in the sperm head
during capacitation in vitro

The positive staining for TyrP in epididymal mouse sperm
was detected as a compact signal over the whole apical
acrosomal region of the sperm head. There was also
invariable positive labeling detected in the sperm tail,
localized in clusters in the mid and principal piece
(Fig. 2B). All sperm that displayed positive head TyrP
displayed always a positive tail phosphorylation staining
as well.

In general, using immunofluorescent labeling, there
was a dose-dependent increase in the number of sperm,

Figure 2 Immunofluorescent detection of ERB of tyrosine phosphoryl-
ation in mouse spermatozoa. (A) Immunostaining for ERB (green) over
the apical acrosomal region and apical hook of the sperm head.

(B) Tyrosine phosphorylation (green) over the apical acrosomal region of
the sperm head and in the mid and principal piece of the sperm tail.
Positive sperm head labeling showed by asterisk. Nuclei are counter-
stained with DAPI (blue). Scale bar represents 20 pm.
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positive for TyrP in the sperm head during capacitation
in vitro in the presence of E,, estrone, E3, and 17A-
ethynylestradiol (Table 1). Results are shown for E, as a
linear time kinetics (Fig. 3A), and a log concentration
kinetics (Fig. 3B) of positive sperm head TyrP during
capacitation.

The sperm head TyrP increase in the presence of all
estrogens occurred already at 30 min of capacitation
(Fig. 3C) and carried to over 60 and 90 min, or even up
to 120 min in case of 17A-ethynylestradiol (Table 1). In
comparison with control, the two highest concentrations
(20 and 200 ng/ml) of E,, estrone, and 17A-ethynyles-
tradiol significantly increased the protein TyrP compared
to E;, which was effective only at lower doses (0.02,
0.02, and 2 ng/ml; Table 1; Supplementary Figure 2C
and D, see section on supplementary data given at the
end of this article). Based on selected concentrations in
presence of E, (Fig. 3A and B) and estrone (Supple-
mentary Figure TA and B, see section on supplementary
data given at the end of this article), there was an
increased activity of sperm signaling pathways leading to
phosphorylation of specific sperm head proteins during
capacitation in higher concentrations (0.2, 2, 20, and
200 ng/ml). Interestingly, compared to the natural
estrogens, the stimulatory effect of synthetic 17A-
ethynylestradiol on protein TyrP lasted until 120 min of

Estrogens alter mouse sperm capacitation 3

capacitation, especially in the presence of the two
highest concentrations (20 and 200 ng/ml; Supple-
mentary Figure 1E and F).

Estrogens decrease the number of acrosome-reacted
sperm after calcium ionophore-induced acrosome
reaction

E,, estrone, and E; displayed a similar effect on calcium
ionophore (Cal)-induced acrosome reaction. These
natural estrogens significantly reduced the number of
acrosome-reacted mouse sperm in vitro (Table 2). The
effect was prominent in those sperm that were capaci-
tated for 30 min and then incubated with Cal for only
5 min, however, the effect differed among estrogen
concentrations (Fig. 3D). E; and estrone significantly
decreased the number of acrosome-reacted sperm
particularly in the three highest concentrations of 2,
20, and 200 ng/ml (Fig. 3E, Supplementary Figure 2A).
Moreover, in the case of E, the effect was also statistically
significant for 0.2 ng/ml. A similar effect was observed in
the case of E;, in whose presence, there was a
statistically significant decrease in the number of
acrosome-reacted sperm in the three lowest concen-
trations, 0.02, 0.2, and 2 ng/ml. The effect remained for
the E; concentration of 0.2 ng/ml in a group of sperm,

Table 1 Effect of estrogens on protein tyrosine phosphorylation in mouse sperm head during capacitation.

Time of capacitation (min)

Concentration (ng/ml) 0 30
17B-estradiol
Control 8.797+3.038 9.744+1.772
0.02 8.54441.432 10.12141.815
0.2 8.714+1.519 13.956+1.507*
2 10.568+2.224 14.814+1.664"
20 10.43142.262 15.769+1.697*
200 10.106+1.883 16.062+1.595*
Estrone
Control 9.429+0.474 9.5274+0.516
0.02 9.196+0.542 9.81610.646
0.2 9.59740.689 11.53540.738*
2 9.261+0.645 14.266+0.672*
20 9.380+0.734 14.840+0.539*
200 10.06140.694 15.165+0.527*
Estriol
Control 9.774+0.803 8.8591+0.587
0.02 9.615+0.831 13.706+0.915*
0.2 9.84140.850 13.995 +0.609*
2 9.389+1.063 14.880+0.609*
20 9.495+0.857 9.03340.620
200 9.93440.862 8.955+0.599

17A-ethynylestradiol

Control 12.675+0.714 12.23240.562
0.02 12.830+0.548 13.47840.507
0.2 12.530+1.300 12.22940.310
2 11.770+0.738 12.40040.515
20 11.444+0.979 16.514+0.516"
200 11.09540.854 17.310+0.373*

60 90 120
10.856+1.634 11.322+1.793 9.701+2.275
10.710£1.929 11.931+1.811 10.533+1.991
11.015+1.923 11.554+1.325 9.63342.005
10.715+1.937 12.298+1.261 10.20142.148
14.834+1.772° 15.229+1.656 9.51941.996

15.371+1.718*

10.376+£0.492
11.292+0.572
11.223£0.789
10.994+0.858
14.92140.581*
15.787 +0.664"

9.556+0.600
14.418+0.431*
14.105 +0.822*
9.640+0.825
9.088+0.435
10.183+0.507

12.567+0.500
12.139+1.143
13.157£0.910
15.98840.510*
17.907 +0.578*
17.458+0.428*

16.051+1.331%

11.932+0.507
10.778+0.750
12.135+0.829
10.501+0.726
16.403 +0.562°
16.833 +0.590*

10.742+0.426
10.423 £1.302
11.521£1.115
10.623+0.834
9.897+0.718
10.581%0.750

12.994+0.459
12.835+0.616
13.188+0.644
13.73540.664
18.635+0.957*
18.439+0.580*

11.866+1.889

10.829+0.534
11.304+0.632
10.473+0.861

9.653+0.897
12.028+0.896
11.150+0.492

10.450+0.760
10.416£0.998
11.128£0.994
10.8661+0.955
10.269£0.652
11.246£0.591

11.954+0.600
11.835+0.622
12.48440.768
12.668+0.516
16.243 +0.600*
17.41240.388*

Percentage of positive sperm head tyrosine phosphorylation. Mean +s.e.m. Differences were analyzed by KW-ANOVA; post-hoc comparison was

performed by multiple comparisons of mean ranks. *P<0.05, and *P<0.001, comparison with control.
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—— 0.2 ng/ml
—a— 0.02 ng/ml
—+— Control

which were capacitated for 30 min and then further
incubated for the standard 60 min with Cal (Supple-
mentary Figure 2B and C). The same effect as in the case
of natural estrogens was also observed for 17A-
ethynylestradiol for the highest concentration of
200 ng/ml after 30 min sperm capacitation with a further
incubation with Cal for 5 min (Fig. 3D). Moreover,
statistically significant differences between 17A-ethyny-
lestradiol compared with the control, as well as to
other natural estrogens, were persisting for 2, 20, and
200 ng/ml over 30 and 60 min capacitation with a
further incubation with Cal for the standard 60 min
(Supplementary Figure 2B and C). The comparison
between estrogens during Cal-induced acrosome
reaction is shown for the concentration of 2 ng/ml
(Supplementary Figure 2D).

Estrogens increase overall sperm protein TyrP during
capacitation in vitro

As shown in Fig. 4, natural estrogens increase the
number of protein bands phosphorylated on tyrosine
residues as well as the staining of certain bands.
Compared with the control, all concentrations of E,,
estrone, and E; increased TyrP. 17A-ethynylestradiol,
increased TyrP at the three highest concentrations
(2, 20, and 200 ng/ml). The increase of TyrP occurred
mainly in the key times of capacitation between 60 and
90 min.

The SDS-PAGE results from the whole sperm lysate
obtained during set time points of capacitation in vitro
show an increasing effect, dependent on the time
of capacitation and estrogen concentration. A higher
concentration of estrogens in the capacitating medium
and a greater number of proteins phosphorylated on
tyrosine residues were detected. If comparing the
differences between the amounts of protein TyrP
changed in response to selected concentrations of
estrogens during capacitation in vitro, 200 ng/ml of all
selected estrogens led to an increased TyrP in the sperm
in capacitation times of 30, 60, and 90 min. For estrone,
E;, and 17A-ethynylestradiol, the increasing level of

Figure 3 Effect of estrogens on mouse sperm tyrosine phosphorylation
and acrosome reaction. (A) Linear time kinetics of a range of
17B-estradiol (E;) concentrations on positive sperm head TyrP. (B) Log
concentration kinetics of 17B-estradiol at various time of capacitation.
(C) Log concentration kinetics of the four studied estrogens at 30 min of
capacitation. (D) Log concentration kinetics of the four studied
estrogens at 30 min of capacitation and 5 min Cal-induced acrosome
reaction. (E) Linear time kinetics of a range of 17B-estradiol
concentrations on acrosome reaction up to 90 min. For all panels, data
represent an average of five replicates as described in ‘Materials and
Methods’ section. Mean £s.e.m. are show in Tables T and 2 due to a
clear transparency of all graphs. The arithmetic mean of total s.e.m. was
0.970 and the s.p. of the mean of s.e.M. was 0.553. In logarithmic
graphs, the plotted value for 0.0001 ng/ml represents the zero control.
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Table 2 Effect of estrogens on mouse sperm acrosome reaction.

Estrogens alter mouse sperm capacitation

Time of capacitation+ calcium ionophore stimulation (min)

cap30+Cal60

cap60+Cal60

cap90+ Cal60

cap120+Cal60

Concentration (ng/ml)  capO bez Cal cap30+Cal5
17B-estradiol
Control 3.49040.323 15.248+0.717
0.02 3.333+0.460 14.069+0.639
0.2 3.66310.484 10.035+0.471*
2 3.579+0.263 9.621+0.532*
20 3.2004+0.329 8.873+0.411*
200 3.54540.435 8.12240.707*
Estrone
Control 2.706+0.352 10.496+0.556
0.02 2.783+0.262 8.63110.744
0.2 2.413+40.216 9.90740.366
2 2.40940.316 6.83940.281*
20 2.12940.312 6.123+0.644*
200 2.43340.272 5.524+0.297*
Estriol
Control 2.42040.218 9.30740.645
0.02 2.403+0.270 6.129+0.341*
0.2 2.33040.197 5.59840.669"
2 2.435+0.279 5.462+0.500"
20 2.589+0.248 9.198+0.728
200 2.392+40.339 8.23840.826
17A-ethynylestradiol
Control 4.665+0.573 12.41740.996
0.02 4.61140.844 11.586+0.771
0.2 4.73840.513 10.446+0.575
2 4.555+0.641 10.64140.330
20 4.580+0.493 11.242+1.022
200 4.379+0.887 7.157+0.734"

47.7191£1.056
48.274+2.221
47.984+1.718
48.447 £1.433
49.111+£1.864
47.63912.238

37.639+0.931
39.005+1.180
38.361+1.229
38.567+1.783
37.707 £1.051
38.780+1.700

35.30641.209
33.733+1.190
27.559+1.226"
35.70541.539
35.779+1.298
34.529+1.360

33.26640.993
31.96941.059
33.1454+1.133
24.550+0.870*
23.194+0.928*
22.889+0.914*

61.721+£1.281
61.2124+1.295
59.661+1.758
62.147 £1.760
58.969+1.553
62.310+1.687

57.166+1.700
56.87612.043
57.891+£1.201
56.962+2.039
54.4601+2.418
54.528+1.973

50.054+1.205
49.755+1.726
48.668+0.951
48.380%2.306
51.440+2.533
50.193+£2.590

42.766+1.093
43.09341.193
40.0154+1.246
33.875+0.866"
35.270+1.211"
33.389+1.632°

69.3401+0.936
69.956+1.354
70.491+2.048
71.345+1.238
70.587+0.824
71.312+1.566

71.955+1.636
72.662+2.405
71.50510.961
70.677 +1.064
69.302+2.105
70.377 £1.601

65.1001+1.978
60.868+2.032
58.127+1.640
57.403+2.566
56.193 +2.075
55.995+1.968

62.496+1.293
61.583+2.205
61.435+1.283
62.834+1.098
60.243 +2.086
63.528+2.378

77.613£0.997
78.501+1.704
79.924+2.155
77.148+1.390
78.454+1.486
77.323+1.559

82.069+1.015
81.118+2.051
82.645+1.509
82.245+1.966
80.622+1.604
80.002+1.777

76.940+1.144
72.425+1.729
74.397 +2.662
78.032+1.687
75.098+1.829
75.738+1.870

75.341+1.398
73.590+2.054
75.087+2.033
73.414+1.779
73.410+1.254
76.496+1.708

Percentage of sperm after completed acrosome reaction. Mean +s.e.m. Differences were analyzed by KW-ANOVA; post-hoc comparison was

performed by multiple comparisons of mean ranks. *P<0.05, ¥P<0.01, and ¥P<0.001, comparison with control.

TyrP was persisting up to 120 min of capacitation.
The 20 ng/ml concentration elevated the protein TyrP
in both estrone and E; at 30, 60, 90, and 120 min of
capacitation. Unlike estrone and E3, 20 ng/ml E, and
17A-ethynylestradiol triggered an increase of TyrP in 60
and 90 min. The concentration of 2 ng/ml gave
similar results for all estrogens when E, and estrone
TyrP were elevated in 30, 60, and 90 min for E3 in 30
and 60 min and for 17A-ethynylestradiol in 60 and
90 min. Very similar results were obtained for the
0.2 ng/ml concentration of estrogens, where E,, estrone,
and E; significantly increased TyrP at 30 and
60 min and estrone at 60 and 90 min of capacitation,
when comparing the results of the lowest 0.02 ng/ml
concentration of estrogens, E,, estrone, and Ej
elevated TyrP at 60 min and E; at 30 and 60 min of
capacitation.

The results show a very similar response to selected
concentrations of all four estrogens in terms of the
detection of protein TyrP from the whole sperm lysate at
experimental capacitation times. The general pattern of
estrogen response resulting in elevating TyrP can differ
slightly between capacitation times but usually the final
outcome of elevated TyrP is overlapping at standard
key times of mouse capacitation, which are between 60
and 90 min.
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Differences between control samples and samples of
sperm affected by different concentrations of estrogens
were detected by gel densitometry (see ‘Materials and
Methods’ section).

Comparison between spontaneous and Cal-induced
acrosome reaction in control

The proportion of spontaneous and Cal-induced
acrosome reaction in control sperm samples at all
experimental times during sperm capacitation in vitro
in shown in Fig. 5. There was a significantly increased
number of acrosome-reacted sperm in the Cal-induced
group (Mann-Whitney U test, **P=0.0043/35 min,
***¥P<(0.001/90 and 120 min) compared with a group
with spontaneous acrosome reaction rate for all
experimental times except the time zero representing
less than a minute with or without an induction of
acrosome reaction.

Discussion

Estrogens were considered only as female hormones, but
they play an important role in the male reproductive
system too. Testosterone and androstenedione are
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precursors for the synthesis of E, and estrone by
cytochrome P450 aromatase. Consequent changes take
place in the liver, where estrone is changed to E;. This
implies that estrogens are also produced in males and
not only in females; therefore, they influence male
reproductive parameters (Broeder et al. 2000). An
estrogen action and specific cellular response are
triggered through binding of these hormones to comp-
lementary ERs. ERs play an important role in activating
signaling pathways leading to sperm capacitation,
essential for further successful fertilization. ERs have
been detected in the sperm of many species, for
example, human (Aquila et al. 2004, Solakidi et al.
2005), boar (Mutembei et al. 2005), rooster (Kwon et al.
1995), rat (Pellettier et al. 2000), but failed to be detected
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protein equivalent of 10° cells. Representative results
shown.

so far in mouse spermatozoa. In this study, the 64 kDa
protein corresponding to ERB was detected to be present
in sperm from cauda epididymis using immunoprotein
detection. Moreover, localization of ERB was defined by
immunofluorescent labeling as a thin sickle localized
over the apical region of sperm head, covering also the
apical hook region. While the presence of ERB on
mature mouse epididymal sperm was confirmed, it could
be considered to take part in activating signaling
pathways leading to TyrP, during capacitation. GPR30
receptor could be another receptor responsible for
interaction with estrogen hormones in sperm (Aquila
et al. 2004); however, there is a recent work questioning
its E;-mediating role in mammalian reproductive organs
(Otto et al. 2009).
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Figure 5 The comparison of spontaneous and Cal-induced acrosome
reaction in control samples. Each data point represents five separate
experimental observations. The statistical differences between a number
of sperm after spontaneous and Cal-induced acrosome reaction at
experimental times were analyzed by Mann-Whitney U test: 35
(**P=0.0043), 90, and 120 min (***P<0.001).

Protein TyrP that occurs during mammalian sperm
capacitation is crucial for sperm to obtain the ability to
undergo acrosome reaction. These events are, therefore,
indicators of the sperm reproductive fitness leading to
successful fertilization of the ova. TyrP is regulated by
different intracellular pathways (Visconti et al. 2002) and
these pathways are triggered by ligand-activated steroid
and non-steroid receptors. Recently, the effect of
estrogenic compounds on the reproductive potential of
sperm has been studied (Breitbart & Etkovitz 2010,
Carreau & Hess 2010). This paper addresses the
question, whether a rising concentration of estrogens
such as E,, estrone, E;, and 17A-ethynylestradiol
influences mouse sperm capacitation and acrosome
reaction in vitro. Based on the presented results it can be
concluded that these studied estrogens significantly
stimulate the capacitation progress in a concentration-
dependent manner. The number of sperm capable of
undergoing head TyrP, as well as the overall TyrP, was
generally higher compared with the control. Except Es,
all other estrogens increased the TyrP mainly at higher
experimental concentrations. However, interestingly
with E;, this effect was observed mainly in the two
lowest concentrations after 30 min of capacitation and it
could be interpreted as a so-called U-shape effect. The
dose-response relationships of certain hormones are
often nonlinear and are characterized by the dose-
response relationship displaying low-dose stimulation
and high-dose inhibition (Calabrese & Baldwin 2002).

Synthetic estrogen 17A-ethynylestradiol affected TyrP
in the sperm head in all experimental times and its effect
is different from other estrogens. Its influence on TyrP
does not weaken during the capacitation period and the
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effect is displayed even after 120 min. 17A-ethynylestra-
diol compared to natural estrogens shows great stability,
thanks to three strong bonds in its molecule, which make
it extremely stable, and worsen its degradation in liver.

The percentage of sperm with positive head TyrP in our
control samples was 8-12% in contrast to experimental
groups where TyrP increased up to 18%. These results
correlate with recent studies and denote that during
sperm capacitation the percentage of sperm head TyrP in
control is ~9% compared to 3% TyrP in sperm heads
when incubated for 90 min in non-capacitating medium
(Asquith et al. 2004). However, one could expect that in
the beginning of the sperm capacitation the amount of
sperm positive for sperm head TyrP would be lower than
that in a fully capacitated population. This was not,
however, so obvious in our study. This could be
explained by the fact that even at the starting time a
sperm suspension was exposed to a complete capacitat-
ing medium for almost a minute; therefore, sperm were
still subjected to all relevant ions and proteins. For this
reason, we cannot rule out the possibility that signaling
pathways could have been activated. Also, in our study,
the sperm from a very distal region of cauda epididymis
were used in contrast to study of Asquith et al. (2004)
who used sperm from the whole cauda epididymis.

It needs to be stated that TyrP like capacitation does
not take place synchronously (Stewart-Savage 1993);
however, only those fewer than 15% of free-swimming
population of sperm that are tyrosine phosphorylated
can recognize zona pellucida.

The presented results show that estrogens in general
increase sperm TyrP, however, each estrogen can trigger
a response of different strength with respect to its
concentration and also capacitation time. A possible
explanation of a non-identical estrogenic response may
be due to the fact that estrogens activate diverse types or
parts of signaling pathways, or bind to and activate
different receptors triggering pathways leading to sperm
TyrP during capacitation.

Simultaneously the effect of estrogens on the number
of acrosome-reacted sperm after Cal-induced acrosome
reaction was studied. Cal is usually used for the
activation of releasing lytic proteins from the acrosome
and simulates the in vivo zona pellucida triggered
acrosome reaction (Yamagata et al. 1998). All studied
estrogens affected the onset of acrosome reaction;
however, in this case, estrogens significantly reduced
the percentage of sperm that completed the acrosome
reaction. These results correlate with recent studies
(Baldi et al. 2000, Vigil et al. 2008), which show a
decreased ability of sperm to undergo the acrosome
reaction after their capacitation with E,. Similarly, our
results summarizing the state of the acrosome after Cal-
induced acrosome reaction correlate with an elevated
amount of sperm head TyrP during sperm capacitation
in presence of estrogens. On the other hand, it was
presented (Adeoya-Osiguwa et al. 2003) that E,
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stimulated acrosome reaction in uncapacitated sperm,
but in capacitated sperm it had no effect. These results,
however, are not in contrary to ours, as the acrosome
reaction was not initiated in uncapacitated sperm, and
moreover, no changes between the experimental groups
and controls were observed after 90 min of capacitation,
when this is more or less complete. The observed
decrease of sperm ability to undergo acrosome reaction
was obtained for sperm after 30 min of capacitation. On
the other hand, those sperm capacitated with natural
estrogens for a longer period did not show differences to
the control, suggesting either the slowing down of
capacitation or an effect that is lost or compensated in
fully capacitated sperm. This was not the case, however,
with 17A-ethynylestradiol, where a decreased acrosome
reaction persisted in sperm capacitated for 60 min, when
mouse capacitation is completed. This proposes its
prolonged adverse effect on the sperm-fertilizing ability.

In mice, there is a high spontaneous acrosome
reaction (Johnson et al. 2007), whose rate depends on
time of capacitation. The proportion of spontaneous and
Cal-induced acrosome reaction gives, therefore, import-
ant information to assess the magnitude of the actual
effect of estrogens on Cal-induced acrosome reaction.
The decrease of sperm ability to undergo the induced
acrosome reaction in presence of selected estrogens falls
in early capacitating times below the spontaneous
acrosome rate, which may emphasize the actual effect
of estrogens on ability of sperm to undergo the acrosome
reaction.

The results of TyrP from immunofluorescent analysis
were confirmed by immunoprotein detection of the
whole sperm samples. The characteristics of specific
changes in the sperm head are crucial for judging the
sperm ability to fertilize (Stewart-Savage 1993). For this
reason, we have predominantly focused on the effect of
different concentrations of selected estrogens on the TyrP
in the sperm head. On the other hand, the status of the
whole sperm considering TyrP in the flagellum could not
be ignored. The SDS-PAGE results show that selected
estrogens increase the overall protein TyrP in the whole
sperm lysate during capacitation in vitro. In correlation
with previously published results (Visconti et al. 1995a),
our control protein samples showed a time-dependent
increase in TyrP during mouse sperm capacitation. The
results of protein phosphorylation from sperm capaci-
tated with selected estrogens showed a significant
increase in the number of proteins phosphorylated on
tyrosine residues in higher concentrations for E, estrone,
and 17A-ethynylestradiol, and in a lower concentration
for E3. As protein TyrP is ongoing in the sperm head and
the flagellum, results from immunoprotein detection of
the whole sperm lysate samples and the immunofluor-
escence detection of TyrP in the sperm head cannot be
fully compared. Nevertheless, some correlation could be
made and a parallelism can be seen between these two
groups of results.
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Comparing currently obtained results, it is clear that
each of the selected estrogen significantly affects the
two ‘markers’ of sperm capacitation such as TyrP and a
consequent acrosome reaction in the opposite way.
Before sperm—egg fusion, sperm undergoes molecular
changes, which are indicated by the status of TyrP
(Visconti et al. 1999), activation of acrosome response,
and sperm binding to zona pellucida (Baldi et al. 2002).
These processes strictly follow one another in a precisely
set order. Among many, TyrP triggers actin poly-
merization, which prevents the premature fusion of the
plasma and outer acrosomal membranes leading to
acrosome reaction (Brener et al. 2003). If the ERs are
hyperstimulated by an excessive amount of estrogens, the
activity of the protein tyrosine kinase is elevated and the
phosphorylation on tyrosine residues remains triggered.
Therefore, the phospholipase D is constantly activated
leading to a consequent polymerization of actin
(Breitbart et al. 2005). During the acrosome reaction,
the activation of phospholipase C leads to an increase of
intracellular Ca®* ions causing actin depolymerization.
However, if in the beginning of the acrosome reaction the
phospholipase D remains constantly upregulated by
protein tyrosine kinase, the activity of protein kinase C
can be possibly delayed and depolymerization of actin
slowed down. The timing of all the processes involved in
the molecular changes leading to capacitation and
acrosome reaction is very important and inaccurate
time setting of consecutive events can result in a
reduction in the sperm-fertilizing ability.

Spermatozoa face on their journey through the female
reproductive tract under different concentrations of
estrogen, similar to those selected in our in vitro
experiments, depending on the phase of the cycle.
Estrogens are low during the preovulatory stage and E, is
associated with sperm longevity (Mbizvo et al. 1990),
but the situation changes at the time of ovulation, when
the concentration of estrogens released with follicular
fluid rises (Shaikh 1971). In correlation to our result, the
capacitation and acrosome reaction are modulated by
higher concentrations of estrogens and these can serve as
a sperm-specific selection barrier where inhibiting effect
of estrogens on induced acrosome reaction may have a
physiological relevance (Vigil et al. 2008). Therefore,
estrogens may be seen as one of many preferred cryptic
female mechanisms to select the best possible sperm to
fulfil the task.

In conclusion, this study shows an existence of ERB in
mature mouse spermatozoa. Italso provides evidence that
estrogens significantly stimulate the capacitation progress
in a concentration-dependent manner. On the other hand,
estrogens decrease the number of acrosome-reacted
mouse sperm after the induced acrosome reaction.
Based on our results, it can be inferred that a raising
concentration of estrogens in the environment may
represent a potential risk in altering certain mechanisms
contributing to the fitness of sperm fertilization.
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Materials and Methods
Animals

Inbred BALB/c mice were obtained from a breeding colony of
the Laboratory of Reproduction, Faculty of Science, Charles
University in Prague or purchased directly from Velaz (Unetice,
Czech Republic). Mice were housed in the animal facilities and
food and water were supplied ad libitum. Male mice used for
all experiments, were in a reproductive age of 10-12 weeks. All
animal procedures were carried out in strict accordance with
the Animal Scientific Procedure, Art 2010, and subjected to
review by the Local Ethics Committee.

Capacitation

Sperm from the distal regions of cauda epididymis were
released into M2 fertilizing medium (Sigma-Aldrich) under
paraffin oil in 37 °C in 5% CO,. Released sperm were assessed
for motility and viability. Sperm stock was diluted to the required
concentration (5X10%ml) into M2 medium under paraffin
oil with five different concentrations of selected estrogens (0.02,
0.2, 2, 20, and 200 ng/ml). Sperm capacitated in M2 medium
without added estrogens were used as a control. Sperm samples
were collected at 0, 30, 60, 90, and 120 min of capacitation
in vitro. The time marked as 0 was the minimum time required
for sperm being added to capacitated medium, removed out of
the medium, and washed. This manipulation did not exceed
1 min. These samples served as a negative control. Sperm motility
and viability were assessed at every experimental time point.

Immunofluorescence detection of ERB

The distal region of mouse cauda epididymis was placed in
37°C PBS in 5% CO,, for 10 min. Released sperm were
washed in PBS, smeared onto glass slides, air-dried, and fixed
with methanol for 7 min at —20 °C followed by 10 min in 0.2%
Triton X-100. For immunofluorescent labeling, sperm were
blocked with 3% BSA in PBS for 1 h, followed by incubation
with the primary antibody BERB H150 (sc-8974, Santa Cruz
Biotechnology, Heidelburg, Germany; 1:50) in PBS at 4 °C,
followed by a secondary antibody Alexa Fluor 488 goat anti-
rabbit 1IgG (H+L; A11008, Molecular Probes, Grand Island,
NY, USA; 1:1000) in PBS. Slides were mounted into a
Vectashield Mounting Medium with DAPI (Vector Laboratories,
Peterborough, UK). Samples were examined with an Olympus
IX81 fluorescent microscope and photographed with a
Hamamatsu ORCA C4742-80-12AG, using Olympus Soft
Imaging Solutions Software.

Immunofluorescent detection of TyrP

Sperm smears were air dried and fixed with 3.7% formaldehyde
in PBS pH 7.34 at room temperature for 10 min, followed by
washing in PBS, incubation with ammonium chloride (NH4CI)
15 mM for 5 min, and with 0.1% detergent Triton X-100 for
3 min. Slides were washed with PBS and left in PBS with
sodium azide (NaNj3) at 4 °C. For immunofluorescent labeling,
slides were blocked with 10% BSA in PBS for 1 h and incubated
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with primary MAB anti-phosphotyrosine (PTyr 01 112630025,
Exbio Antibodies, Prague, Czech Republic) diluted 1:500 in 1%
BSA in PBS for 2 h, followed with Alexa Fluor 488, donkey anti-
mouse IgG (A21202, Molecular Probes) secondary antibody
1:1000 in PBS for 1 h. Irrelevant isotype-matched MABs and
secondary antibodies (used without primary antibodies) served
as negative controls. The MAB MM10 anti-mouse CD46
(HM1118, HyCult, Uden, The Netherlands), which recognizes
an acrosome-associated antigen, was used as a positive
control. Slides were mounted in Vectashield mounting medium
with DAPI (Vector Laboratories). Slides were examined with an
epifluorescent microscope (as stated above). For every
experiment we collected sperm data from 10 mice. The
positive or negative signal was evaluated from a total of 200
sperm on every slide. In each group, at least five samples were
analyzed. Data were analyzed statistically by Kruskal-Wallis
ANOVA (KW-ANOVA); post-hoc comparison was performed
by multiple comparisons of mean ranks; for details see
‘Statistical analysis’ section.

Acrosome reaction

Spermatozoa from cauda epididymis were capacitated as
described earlier. During capacitation the acrosome reaction
was induced by Cal (A23187 (Cal), Sigma-Aldrich) at a final
concentration of 5 pM. At each experimental capacitating time
of 30, 60, 90, and 120 min, the Cal was added for the standard
60 min incubation. Cal was also added into parallel sperm
droplets after 30 min capacitation but only for 5 min. Sperm
that served as zero control and their presence in capacitating
medium did not exceed 1 min were not further induced
with Cal. The control samples were also evaluated for a rate
of spontaneous acrosome reaction at relevant times to
Cal-induced AR at 35, 90, and 120 min. All the sperm samples
were incubated at 37 °C under 5% CO,. A drop of spermatozoa
was placed onto a glass slide and 2.5 pM PNA lectin (peanut
aglutinin lectin conjugate) (Molecular Probes) was added. The
status of the acrosome was examined immediately under a
fluorescent microscope. For every experiment we collect sperm
data from 10 mice. A total of 200 cells were evaluated in each
group and at least five samples were analyzed. Data were
analyzed statistically by KW-ANOVA; post-hoc comparison
was performed by multiple comparisons of mean ranks; for
details see ‘Statistical analysis’ section.

SDS-PAGE immunoblotting

SDS electrophoresis and immunoblotting technique were
used for the TyrP assessment and ERB detection. They were
performed by protocols based on standard methods (Laemmli
1970, Towbin et al. 1979). Sperm were collected at 0, 30,
60, 90, and 120 min of capacitation in vitro. A suspension
of noncapacitated sperm from a sperm stock released from
cauda epididymis was used. The sperm solution was diluted
with PBS and the number of sperm cells was counted using a
Biirker chamber to ascertain a final concentration of 10° cells
in the sample. Sperm pellet was resuspended in an equal
volume of SDS-PAGE nonreduced sample buffer and heated at
97 °C for 3 min. Samples containing a protein equivalent of 10°
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capacitated sperm cells were run on a 5% stacking and 10%
running SDS—polyacrylamide gel using Precision Plus Protein
All Blue Standards (Bio-Rad) as MW markers. Proteins were
then transferred onto a nitrocellulose membrane. Non-specific
sites on the membrane were blocked with PBS-blocking
solution (5% skim milk and 0.05% Tween 20). ERB was
identified by primary polyclonal antibody (H150, Santa Cruz
Biotechnology) against N-terminal A/B domain, diluted 1:200
and secondary goat anti-rabbit antibody conjugated to HRP
(170 5046, Bio-Rad) diluted 1:20 000. Proteins phosphorylated
on tyrosine residues were identified by the primary MAB
anti-phosphotyrosine (PTyr 01 112630025, Exbio Antibodies)
diluted 1:500 followed by a peroxidase goat anti-mouse IgG
secondary antibody (A 0168, Sigma-Aldrich) diluted 1:20 000.
Protein staining was visualized by chemiluminescence
(Super Signal West Dura Extended Duration Substrate,
Thermo Fisher Scientific, Pardubice, Czech Republic). These
experiments were performed at least three times with similar
results. Representative results are shown.

Gel densitometry was performed with an Aida image
analyzer 4.18 (Raytest GmbH, Straubenhardt, Germany) and
the relative intensity of individual signals was determined.

Statistical analysis

Experimental data were analyzed using a program STATISTICA
6.0 (StatSoft CR s.r.o, Czech Republic). The statistical
differences among compared groups (number of cells with
specific sperm head status in experimental samples vs control
sample in appropriate time) were analyzed by one-way
analysis of covariance (KW-ANOVA). The number of cells
with specific sperm head status at the beginning of the
capacitation process was used as a covariate to reduce the
effect of differences in the capacitation status of the sperm
among individual animals, which is not the result of estrogen
treatment. Post-hoc comparison was done by multiple
comparisons of mean ranks. The *P value <0.05 (**P<0.01
and ***P=0.001 respectively) was considered significant. The
results of statistical analysis including mean+s.e.m. are
presented in Tables 1 and 2.
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This is linked to the online version of the paper at http://dx.doi.
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Abstract

Estrogens play a crucial role in spermatogenesis and estrogen receptor o knock-out male mice are infertile. It has been demonstrated
that estrogens significantly increase the speed of capacitation in vitro; however this may lead to the reduction of reproductive potential
due to the decreased ability of these sperm to undergo the acrosome reaction. To date the in vivo effect of estrogens on the ability of
sperm to capacitate has not been investigated. Therefore, in this study, we exposed mice (n=24) to 17B-estradiol (E,) at

the concentration of 20 ng/ml either during puberty from the fourth to seventh week of age (n=8), or continuously from birth for a
period of 12 weeks (n=8) at which age the animals from both groups were killed. The capacitation status of epididymal and testicular
sperm was analysed by tyrosine phosphorylation (TyrP) antibody (immunofluorescence and western blot) and chlortetracycline (CTC)
assay. According to our results, in vivo exposure to increased E, concentrations caused premature sperm capacitation in the epididymis.
The effect of E;, however, seems reversible because after the termination of the exposure premature epididymal sperm capacitation

is decreased in animals treated during puberty. Furthermore the changes in epididymal sperm capacitation status detected by TyrP
and CTC positively correlate with plasma levels of E; and the expression of the estrogen-dependent trefoil factor 1 (Tff7) gene in testicular

tissue. Therefore, our data implicate that in vivo exposure to E, under specific conditions leads to the premature capacitation of
mouse sperm in epididymis with a potential negative impact on the sperm reproductive fitness in the female reproductive tract.

Reproduction (2013) 145 255-263

Introduction

Estrogens play a key role during male reproduction
including spermatogenesis (Carreau et al. 2011, 2012)
and sperm maturation such as capacitation (Baldi et al.
2009). Estrogen response is mediated through both
genomic and non-genomic actions, where the genomic
one involves binding to estrogen receptors ERs and
nuclear transcription factors that activate the expression
of target genes. The non-genomic estrogen action
happens through transmembrane receptors such as
ERA, ERB and G-protein coupled receptors (GPR30),
triggering rapid intracellular signaling pathways, includ-
ing the activation of serine/threonine and tyrosine
phosphorylation (TyrP), leading to sperm capacitation
(Kalab et al. 1998, Filardo et al. 2002). As a consequence
of phosphorylation on mainly tyrosine residues, which is
the key marker of successfully ongoing capacitation
(Visconti et al. 1995a,b), the cytoskeleton protein net-
work changes its dynamics, and acrosome reaction (AR)
can occur (Yanagimachi 1994). Interestingly, pro-
gesterone-induced AR is inhibited by the extra amount

© 2013 Society for Reproduction and Fertility
ISSN 1470-1626 (paper) 1741-7899 (online)

of 17B-estradiol (E,) through interaction with a specific
non-genomic estrogen receptor on the sperm plasma
membrane, suggesting that E,, present at micromolar
levels in follicular fluid, may act as a physiological
modulator of sperm progesterone response, ensuring the
appropriate timing of activation in the fertilisation
process (Luconi et al. 1999). In rat and mouse males,
the concentration of E, in blood plasma is 2-25 pg/ml,
and itis lower than that in rete testis fluid (250 pg/ml; Free
& Jaffe 1979). On the other hand, the concentration of
estrogen in ovarian fluid is much higher when compared
with the plasma (Free & Jaffe 1979, Hess etal. 1995) and it
reaches multiple values depending on the time of the
estrus fluctuating between 145 and 2100 pg/ml in rats
and mice (Shaikh 1971). Most of our knowledge
regarding these processes has been obtained
from in vitro studies (Adeoya-Osiguwa et al. 2003, Ded
et al. 2010, Sebkova et al. 2012), and for this reason it
is really important to also do in vivo experiments.
Recent studies have shown that exposure to environ-
mental estrogens may also influence male fertilising

DOI: 10.1530/REP-12-0472
Online version via www.reproduction-online.org


http://dx.doi.org/10.1530/REP-12-0472

256 L Ded and others

capability (Akingbemi 2005, Mathur & D’Cruz 2011).
This includes chemicals that occur naturally in plants
such as genistein and resveratrol (phytoestrogens) and
also man-made chemicals such as bisphenol-A, diethyl-
stilbestrol and vinclozolin (xenoestrogens), which can
disrupt the endocrine function of animals and negatively
influence spermatogenesis and sperm parameters
(Peknicova et al. 2002, Kyselova et al. 2003, 2004,
Elzeinova et al. 2008). These chemicals again mainly act
by binding to estrogen receptors (Kuiper et al. 1998,
Sohoni & Sumpter 1998, Akingbemi & Hardy 2001) and
trigger a rapid non-genomic signaling response. The key
estrogen receptor is ERA as its knock-out mice are
infertile due to the disruption of the estrogen action
within somatic cells of the reproductive system (Dupont
et al. 2000). ERA activity has been demonstrated by
expression of the trefoil factor 1 (Tff1) gene (Kim et al.
2000, Park et al. 2012), which is also a marker gene for
the analysis of estrogenic activity (Dorosh et al. 2011).

The objective of this study was to test the in vivo
effect of E; on the level of TyrP as a marker of ongoing
mouse sperm capacitation and to monitor the Tff1 gene
expression as the marker for ERA activity.

Results

In vivo exposure to E, increases the TyrP of epididymal
sperm head proteins

The number of positively labelled sperm heads for
TyrP (Fig. 1) at the start of capacitation (time 0) was
significantly higher in both experimental groups with
pubertal (A) and continuous exposure to E, (B) compared
with the control (Fig. 2). The difference between
the control and experimental pubertal E, group was on
the border of significance (P<0.05). On the other hand,
the difference between the control and experimental

Figure 1 Immunoflourescent detection of tyrosine phosphorylation
(TyrP) in mouse epididymal sperm. (A) TyrP-positive sperm head and
(B) TyrP-negative sperm head. Scale bar 20 pm.
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Figure 2 Number of capacitated epidymidal sperm detected by anti pY
antibody (time 0). Control group, pubertal E; and continuous E,. Bars
denote arithmetical means of capacitated cells (%), whiskers denote s.e.m.
and points denote individual measurements. *P<0.05, ***P<0.001.

continuous E, group was highly significant (P<0.001)
despite the fact that the variance in the continuous E,
samples was higher compared with the control and
pubertal E; samples. Moreover, the difference between
pubertal E, and continuous E, was also significant
(P<0.01), thus indicating that sperm cells from animals
after continual exposure to E, (continuous E,) are highly
different to those after pubertal exposure (pubertal E;)
and the control.

In vivo exposure to E, changes the distribution of
chlortetracycline fluorescent patterns in epididymal
sperm cells

In addition to the analysis of the sperm head TyrP,
chlortetracycline (CTC) analysis was performed to
evaluate changes in CTC fluorescent patterns relating to
sperm capacitation (Fig. 3). Data from the CTC analysis
correlate with the data from TyrP analysis. The control
group had the lowest number of cells with CTC pattern B
relating to the capacitated status of the sperm (Fig. 3).
Similar to the data from TyrPanalysis, the number of cells
with CTC pattern B (Fig. 3) relating to the capacitated
status was significantly higher in both experimental
groups compared with the control (Fig. 4). The difference
between the control and pubertal E, was the lowest
(P<0.05), and the difference between the control and
continuous E, was the highest (P<0.001). Also the
difference between the two experimental groups, pub-
ertal E, and continuous E,, was significant. This fact
indicates the significant changes in the distribution of the
CTC fluorescent patterns after the termination of E,
exposure in the pubertal E, group. Together, with the data
from TyrP labelling, western blot (WB; Fig. 5) and CTC
analyses provide strong evidence for the procapacitation
effect of E; based on the analysis of these two parameters.
Also the correlation between the number of TyrP-positive
sperm heads and the number of spermatozoa with the
pattern B was high (r=6.683, P=0.0358).
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Figure 3 Patterns of fluorescence in CTC staining. (A) Bright
fluorescence over the entire head with a brighter line of

fluorescence across the equatorial segment (pattern F,
non-capacitated spermatozoon). (B) Bright fluorescence in the anterior
segment of the head with an absence of fluorescent labelling over the
equatorial and post-equatorial segments (pattern B, capacitated
spermatozoon). (C) Low or absent fluorescence over the entire head
(pattern AR, acrosome-reacted spermatozoon).

The initial differences of the sperm head TyrP are
propagated during in vitro capacitation

After analysis of the native epididymal sperm suspen-
sion, sperm were capacitated to assess the potential
differences in the capacitation progress at individual
capacitation times. At the start of the capacitation
process, there exist significant differences between
the control and experimental groups representing the
differences in the phosphorylation of the sperm head
proteins directly in the epididymis (Fig. 6). These
differences were propagated into the subsequent capa-
citation times. After 30, 60, 90 and 120 min of
capacitation, the differences between the control and
experimental groups followed those from the time ‘zero’
representing a positive epididymal sperm head TyrP.
The highest, but not statistically significant, difference
between the capacitation progress was at 30 min of
capacitation (time) for continuous E, (Fig. 7). This
difference indicates the fact that some population of
the spermatozoa from animals exposed to E, is on the
border of the capacitation status and after the initial
capacitation impulse, this population responds by
increasing the total amount of capacitated spermatozoa
in the first subsequent capacitation time (30 min; Fig. 7).
The data from positive TyrP labelling were further
supported by WB analysis of TyrP (Fig. 5). The difference
between the control and pubertal E, is not visible at
the time 0. On the other hand, there is a higher TyrP
of proteins around 68 and 45 kDa for continuous E,.
Therefore, the evidence from WB partially supports data
from TyrP fluorescence, despite the fact that WB also
included differences between TyrP of the tail-associated
proteins, which were not considered during the TyrP
fluorescence analysis.
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The indicators of capacitation status positively correlate
with the serum levels of E, and expression of Tff1 gene

For the analysis of the connection between the indicators
of sperm capacitation status and other relevant physio-
logical parameters of estrogen action, the measurement
of E; serum levels (Fig. 8A) and expression of the
estrogen-dependent Tff1 gene (Fig. 8B) were analysed
and statistically correlated with the previous results
from the sperm analysis. According to the obtained
results, the percentage of the TyrP-positive sperm head
cells in the epididymis positively correlates both with E,
plasma levels and with the expression of the Tff7 gene in
the testicular tissue. The concentration of plasma E, in
the control group and pubertal E, group was relatively
similar with the arithmetical mean around 46 pg/ml and
had a s.n. of 17. On the other hand, plasma E; levels in
Continuous E, group were much higher and reached an
average concentration of 3705 pg/ml with an s.p. of 205.
The correlation coefficient rbetween the number of TyrP-
positive sperm cells and plasma levels of E, was 0.549
(P<0.05), which indicates a high correlation between
these two parameters (Fig. 8A). Also the correlation
between the expression of the Tffl gene expressed
as C, values and the number of TyrP-positive sperm
were high (r=-—0.881, P<0.001) indicating a strong
connection between these two parameters (Fig. 8B).

The TyrP of testicular epididymal sperm head proteins
is not altered after in vivo exposure to E,

To examine the potential effect of E, exposure on
the capacitation status of testicular sperm, the TyrP of
epididymal sperm head proteins was analysed (Fig. 9). In
the control and both experimental groups, the percen-
tage of TyrP-positive sperm heads was relatively low
(about 1.5%) with no significant differences between
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Figure 4 Number of capacitated epidymidal spermatozoa detected by
CTC staining (time 0). Control group, pubertal E; and continuous E,. Bars
denote arithmetical means of capacitated cells (%), whiskers denote s.e.m.
and points denote individual measurements. *P<0.05, ***P<0.001.
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Figure 5 Western blot analysis of protein phosphorylation during

in vitro capacitation detected by anti pY antibody. Control group (C),
pubertal E, and continuous E,. The higher phosphorylation of proteins
at the start of capacitation (bands around 68 and 45 kDa) in continuous
E; is visible. The highest cumulative protein phosphorylation in
subsequent capacitation intervals is visible.

control and experimental groups and also without any
significant difference between the two experimental
groups (P>0.05; Fig. 10). Owing to the fact that no
significant differences among the groups were observed,
the power analysis for the statistical test was performed
and it was 0.227.

Discussion

Estrogens play an important role in almost all sperm
physiological processes from the production of sperm in
the testes to fertilisation in the female oviduct. For the
last decade, the effect of estrogens on specific physio-
logical processes in sperm has largely been studied
during in vitro experiments. In these experiments,
natural and synthetic estrogens have shown a procapa-
citation concentration-dependent effect on epididymal
(mouse; Sebkova et al. 2012) and ejaculated spermato-
zoa (boar; Ded et al. 2010). Exposure to estrogens during
in vitro capacitation provides a good model for
simulating the in vivo conditions in the female
reproductive tract. On the other hand, sperm are
exposed to estrogens and various compounds with
estrogenic activity from the time of their production to
their release into the testicular tubule. Owing to the fact
that some of the sperm already express specific
indicators of the capacitation status in the epididymis,
it is important to know whether or not the sperm
capacitation status can be altered during sperm storage
in the cauda epididymis in response to the estrogen
stimuli. This type of study required in vivo exposure to
estrogens; therefore, the most common and well-studied
E, was selected for this purpose. We have shown that
molecular capacitation markers in sperm after in vivo
exposure to E; are similar to those observed in vitro. Both
TyrP and CTC pattern distribution were changed in a
similar way after in vitro and in vivo exposure.
Contrary to previous in vitro experiments, during
in vivo exposure, E; does not reach sperm cells directly,
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but it has to pass through multiple biological barriers
before it is able to have a possible effect on epididymal
sperm. The normal serum concentration of E, is at the
range of 2-20 pg/ml (Snyder et al. 2009). There is also
evidence that in the rete testis the concentration of
estrogens is tenfold higher and related to the plasma
levels (Free & Jaffe 1979). In our study, the extensiveness
of the E, effect on the sperm physiological parameters
positively correlates with the serum levels. We also
measured the expression of the TffT gene, the specific
estrogen response gene in the testicular tissue. The
correlation between the expression of this gene and
physiological parameters of the spermatozoa was also
positive and more significant compared with the plasma
levels of E,. Therefore, the extensiveness of the
molecular changes in epididymal sperm cells is largely
dependent on the plasma and tissue levels of E,. After
exposure the phosphorylation status and CTC patterns
relating to calcium homeostasis then returned to levels
more similar to the control ones, which may show that
the effect can be reversible if the exposure is terminated.
Despite this process, there are still differences between
the control and experimental pubertal E, groups in the
number of cells with capacitated patterns. This situation
may be related to the fact that although there are no
differences in the plasma concentration of estrogens the
concentration in the reproductive tract could be still
higher. The higher expression of Tff1 gene in pubertal
E, supports this hypothesis. On the other hand, the
molecular changes initiated by estrogens on the level of
spermatogenesis and propagated into the subsequent
developmental changes of the sperm cannot be
excluded, as the gene expression pattern is altered
weeks after the exposure and could be propagated by
epigenetic mechanisms to subsequent generations.
During in vivo exposure the estrogens can also
influence the future sperm capacitation ability during
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Time (min)

Figure 6 Number of capacitated spermatozoa after 0, 30, 60, 90 and
120 min of in vitro capacitation. Capacitation progress was measured
by anti pY antibody (Fig. 1). *P<0.05, ***P<0.001.
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Figure 7 Differences (A) in the number of capacitated spermatozoa
detected by anti pY antibody between two subsequent capacitation
times (30-0, 60-30, 90-60, 120-90) in individual control and
experimental groups.

spermatogenesis and sperm storage. Therefore, the
analysis of the capacitation status of testicular sperm
has been performed in the current study. During this
analysis, there were no significant differences in the
number of TyrP-positive testicular spermatozoa among
the control and experimental groups. Based on the
results of a previous in vitro study (Sebkova et al. 2012),
it can be assumed that with an elevated in vivo estrogen
exposure, capacitation may start in the epididymal
spermatozoa. On the other hand, it has been reported
that estrogens trigger multiple phosphorylation pathways
in the testicular tissue or can change their cell sensitivity
(Miyaso et al. 2012). For this reason it is possible to
consider that potential molecular changes in testicular
sperm, and individual sperm developmental stages can
lead to a higher number of capacitated sperm observed
in the epididymis. As shown in this study the sensitivity
(statistical power) of testicular sperm head TyrP analysis
was lower compared with the epididymal one and
therefore the potential differences in this parameter in
testicular tissue cannot be fully excluded.

The premature molecular changes related to the
capacitation process may lead to many consequences
after ejaculation and physiological capacitation in the
female reproductive tract. The precise timing of
individual molecular processes during the capacitation
is an absolute prerequisite for successful fertilisation.
From the population of millions of sperm there are only
tens or hundreds reaching the egg and only one can
successfully fertilise it. Already at the start of capacita-
tion, sperm cells are unequal concerning their
morphology and ability to reach, penetrate and fertilise
the egg. It has been recently shown that higher TyrP can
lead to a decreased ability of sperm to undergo AR in the
presence of calcium-ionophore (Sebkova et al. 2012).
The hyperphosphorylation of sperm proteins may there-
fore lead to the inability of sperm to undergo AR.

On the other hand, calcium changes detected by the
CTC method are prerequisite for physiological AR and
egg fertilisation. In general, considering a wide range of
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mammalian species, including humans, the premature
calcium influx induced by estrogens may lead to
premature AR without the presence of zona pellucida
factors. Together, with the hyperphosphorylation of
sperm proteins the percentage of spermatozoa with an
ideal physiological status relating to their ability to reach
and fertilise the egg strongly decreases.

The population of epididymal spermatozoa is different
concerning its maturation and ‘capacitation’ status. This
diversity seems to be a good criterion for successful
fertilisation, due to the high number of spermatozoa, as it
is usual in each sperm population that there is a
subpopulation of spermatozoa with ideal molecular
characteristics to fertilise the egg. Estrogens and other
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Figure 8 (A) The correlation between the number of capacitated
epidymidal sperm (time O of the capacitation) detected by anti pY
antibody and E; plasma levels detected by RIA in pubertal E; and
control groups. Each data point represents the measurement of both
parameters from one animal. Individual groups are labelled with
different colours. The highly different continuous E, group was
excluded from this analysis. The straight line indicates the Pearson
coefficient (r), the dotted lines indicate (95%) confidence intervals.
(B) The correlation between the number of capacitated epidymidal
spermatozoa (time 0 of the capacitation) detected by anti pY antibody
and the expression of the estrogen-dependent Tff7 gene. The expression
of the Tff1 gene is expressed as the normalised C, values. Each data
point represents the measurement of both parameters from one animal.
Individual groups are labelled with different colours. The dotted line
indicates the Pearson coefficient (r).
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Figure 9 Immunofluorescent detection of TyrP in testicular sperm head.
(A) Positive testicular sperm head (indicated by an arrow), (B) negative
testicular sperm head. Scale bar 20 pm.

compounds with estrogenic activity can affect the
balance of the capacitation status directly in the
epididymis and through this activity they may decrease
the fertilising potential of spermatozoa. After terminating
the E, exposure, the situation more or less went back to
normal, which was close to the status of the control
group; therefore, this effect seems to be reversible. Based
on our data, it is also clear that in vivo E, exposure
influences the proportion of spermatozoa with the
specific molecular characteristics relating to only the
beginning of the capacitation. During the subsequent in
vitro capacitation, the differences between the control
and experimental groups remained the same as observed
at the beginning. It implies that the sperm population,
of the exposed animals reaching the egg could have
a significantly altered capacitation status and a lower
fertilising potential compared with the control ones.

The premature sperm capacitation in the cauda
epididymis may be one of the factors bringing a negative
effect of the endocrine-disrupting chemicals on the
male reproductive functions. It has been recently
shown that not only natural but also artificial estrogens
significantly affect the sperm capacitation process
(Sebkova et al. 2012). Although 17a-ethynylestradiol
only seems to act at higher concentrations (=2 ng/ml),
the combination of all substances with potential
or confirmed estrogenic activity can further misbalance
the physiology of epididymal spermatozoa. Furthermore
some artificial compounds with estrogenic activity have
a significant effect on sperm physiology at lower doses
compared with the strongest natural estrogen such as E;,
(Fraser et al. 2006, Sebkova et al. 2012).

In conclusion, our data imply that in vivo exposure
to E, leads to premature ‘capacitation’ of mouse sperm
in the cauda epididymis with a further potential negative
impact on sperm reproductive fitness in the female
reproductive tract. This effect is caused mainly by the
hyperphosphorylation of sperm proteins and a/the
premature calcium influx. These processes lead to a
decreased ability of sperm to undergo an AR. Based
on this evidence, in vivo exposure to E, can lead
to a decrease of the fertilising potential in male mice
with significant relevance to endocrine-disrupting
compounds with estrogenic activity.
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Materials and Methods
Animals and E, exposure protocol

Inbred mice (Anlab, Prague, Czech Republic) were housed in
an animal facility (Institute of Molecular Genetics, ASCR, v. v.
i.). Estrogen-free food and water were supplied ad libitum. The
total number of animals in the experiment was 24 in each
group, sperm from both epididymides (n=16) of eight animals
were analysed (n=28). Male mice were exposed to E, (Sigma) at
a 20 ng/ml concentration either during puberty from of age
(Pubertal E;) or continuously from birth to 12 weeks of age
(Continuous E;). The control group of mice was not exposed to
E,. At the age of 12 weeks, the animals from all groups were
killed by cervical dislocation. All animal procedures were
carried out in strict accordance with the Animal Scientific
Procedure, Art 2010, and approved by the Local Ethics
Committee (approval number 151/2009).

Sperm preparation and capacitation

Mouse sperm cells were released from the distal regions of
cauda epididymis into M2 fertilising medium (Sigma) under
paraffin oil at 37 °C in 5% CO,. Sperm viability and motility
were checked (under a light microscope). Sperm stock was
diluted to the required concentration (5X10%ml) into M2
medium under paraffin oil. Sperm samples were collected at
0, 30, 60, 90 and 120 min of capacitation in vitro. The time
marked as 0 was the minimum time required for sperm to be
added to the capacitated medium, removed from the medium
and washed. This manipulation did not exceed 1 min. These
samples served as a negative control. Sperm motility and
viability were controlled at every experimental time point.

Immunofluorescent detection of TyrP

Samples of sperm cells were spread on microscope slides. After
air-drying, sperm were fixed with 3.7% formaldehyde in PBS
(pH 7.34) at room temperature for 10 min, followed by washing
in PBS, incubated with 15 mM ammonium chloride (NH,CI)

2.0 1
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Positive sperm head TyrP (%)

T - T
Pubertal E, Continuous E,
Group

Control

Figure 10 Number of TyrP-positive testicular sperm heads (%)
among individual groups. Bars denote the arithmetical mean,
whiskers denote s..m.
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for 5 min, and with 0.1% Triton X-100 for 3 min. Slides were
washed with PBS which was followed by immunofluorescent
staining. Sperm were blocked with 10% BSA in PBS for 1 h and
incubated with primary MAB anti-phosphotyrosine P-Tyr-01
(Exbio, Prague, Czech Republic) diluted 1:500 in 1% BSA in
PBS over night at 4 °C, followed by Alexa Fluor 488 donkey
anti-mouse IgG (Molecular Probes, Prague, Czech Republic)
secondary antibody 1:1000 in PBS for 1 h. Slides were
mounted in Vectashield mounting medium with DAPI (Vector
Laboratories, Burlingame, CA, USA). Slides were examined
with an epifluorescent microscope. For every experiment, we
collected sperm data from eight mice. The positive or negative
signal was evaluated from a total of 200 spermatozoa on every
slide. In each group, at least two samples were analysed. Data
were analysed statistically.

CTC fluorescent assay

Spermatozoa were resuspended in PBS and mixed with an
equal volume (45/45 pl) of CTC solution (750 mmol/l CTC in
130 mmol/l NaCl, 5 mmol/I cysteine, 20 mmol/| Tris-HCI, pH
7.8) and incubated for 30 min. Cells were then fixed with 8 ul
of 12.5% paraformaldehyde in 0.5 mol/l Tris-HCI (pH 7.4).
After incubation, sperm suspension was smeared onto a glass
slide and covered with a cover slip. To avoid evaporation and
CTC fading, slides were kept in a wet chamber until evaluation.
Samples were examined with a Nikon Labothot-2 fluorescent
microscope equipped with a 40X Nikon Plan 40/0.65 and
photographed with a COHU 4910 CCD camera (COHU Inc.
Electronics Division, San Diego, USA) with LUCIA imaging
software (Laboratory Imaging Ltd., Prague, Czech Republic).

SDS-PAGE with immunoblotting

SDS electrophoresis and immunoblotting technique was used
for the TyrP assessment and was carried out using protocols
based on standard methods (Laemmli 1970, Zigo et al. 2011).
Suspension of non-capacitated sperm from a sperm stock
released from cauda epididymis was used. Sperm samples
were collected at 0, 30, 60, 90 and 120 min of capacitation
in vitro, diluted with PBS and a final concentration of 10°
sperm cells was ascertained using a Biirker chamber. Sperm
pellets were resuspended in an equal volume of SDS-PAGE
non-reduced sample buffer and heated at 97 °C for 3 min.
Samples containing protein equivalent to 10° capacitated
sperm cells were run on a 5% stacking and 10% running
SDS polyacrylamide gel using Precision Plus Protein All
Blue standards (Bio-Rad) as molecular weight markers. After
transferring proteins onto a nitrocellulose membrane, non-
specific sites were blocked with PBS blocking solution
(5% skimmed milk and 0.05% Tween 20). Proteins phosphory-
lated on tyrosine residues were identified by the primary
MAB anti-phosphotyrosine P-Tyr-01 (Exbio) diluted 1:500,
followed by a peroxidase goat anti-mouse IgG secondary
antibody (Sigma—Aldrich) diluted 1:20 000. Protein staining
was visualised by chemiluminescence Super Signal West Dura
(Thermo Scientific, Prague, Czech Republic). These experi-
ments were performed at least three times with similar results.
Representative results are shown.
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Gel densitometry was performed with an Aida image
analyser 4.18 (Raytest GmbH, Sprockhével, Germany) and
the relative intensity of individual signals was determined.

Quantitative RT-PCR (RTqPCR) of Tff1 gene

The analysis was performed according to the protocol from
our previous study (Zatecka et al. 2013). The total RNA from
one testis per animal was extracted by a Tri-Reagent Kit
(Sigma) according to the manufacturer’s instructions. Isolated
RNA was stored at —70 °C. The RNA quality and purity was
measured on a spectrophotometer Helios A (Thermo Electron
Corporation, Marietta, OH, USA). For the synthesis of
cDNA, 5 pg purified RNA was used. Each sample was treated
with T ul DNase | (Invitrogen), 1 pl DNase | reaction buffer
(Fermentas, Burlington, ON, Canada) and H,O to reach a
volume of 10 pl. This mixture was incubated for 30 min at
37°C in a Touchgene Gradient Thermal Cycler (Techne,
Burlington, NJ, USA). After incubation 1 pl EDTA (Fermentas)
was added and followed by incubation at 65 °C for 10 min.
Then 30 pl reaction mixture (8 ul reaction buffer for M-MulLV
reverse transcriptase (Fermentas), 5pul 10 mM 4dNTP
(Fermentas), 0.3 pl RiboLock inhibitor (Fermentas), 1 ul oligo
(dT)+random primers (Promega) and 15.2 pl H,O were added
to the samples. The mixture was incubated for 60 min at
42 °C followed by 10min at 70°C and at the end was
maintained at 4 °C. Obtained cDNA was stored at —20 °C.
For RT-qPCR - 5 X diluted cDNA was used. The qPCR primer
pair 5-TGTCCGGGGATTCCCGTGGT-3" (forward) and
5'-CCAGTGCCCAGGTGGAGGGT-3' (reverse) specific for the
mouse Tff1 gene was used for RT-qPCR. The product length
was 131 bp. For each reaction, 2 pl 5X diluted cDNA, 10 ul
SYBR Green Master Mix (Fermentas), 0.5 pl primer and 7 pl
H,O were used. All reactions were performed in duplicates in a
PCR cycler (Eppendorf, Prague, Czech Republic). The relative
amount of mRNA in each sample was calculated from the
measured quantification cycle (C,) values. The expression of
the reference gene for ribosomal 18S was used to normalise the
measured values. The qPCR primer pair 5'-GTAACCCGTT-
GAACCCCATT-3’ (forward) and 5'-CCATCCAATCGGTAG-
TAGCG-3’ (reverse) with the product length 151 bp was used.

Measurement of the E, serum levels

Whole blood from mice was left for 60 min at room
temperature. After incubation, the blood samples were
centrifuged at 1200 g for 15 min. Serum levels of E, were
analyzed using a RIA kit (Immunorad Beckman, Prague, Czech
Republic). The detection limit was <2 pg/ml and the cross
reactivity of antiserum with other serum estrogens was lower
than 1%.

Preparation and analysis of testicular suspensions

Testes were placed into a glass homogeniser with 2 ml PBS and
homogenised manually to obtain single-cell testicular suspen-
sion. After the homogenisation procedure the suspension was
filtrated by a Cell Strainer 70 um (BD Bioscience, Prague,
Czech Republic) to remove residues of tough tissue. After
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filtration, single-cell testicular suspension was centrifuged
(300 g), resuspended in 1ml 4% formaldehyde in PBS
(pH 7.0) and the cells were fixed at RT for 60 min. After
fixation, the suspension was centrifuged at 300 g for 5 min,
resuspended in 96% ethanol and refrigerated at —20 °C until
the time of analysis. Samples of testicular suspensions were
resuspended and washed 2 X in PBS and spread on microscope
slides. After this procedure, the protocol was the same as for
the immunofluorescent detection of TyrP on epididymal sperm,
but only 100 cells per slide were counted.

Statistical analysis

Experimental data were analysed using STATISTICA 6.0
(Statsoft, Prague, Czech Republic) and GraphPad Prism 5.04
(GraphPad Software Inc., La Jolla, CA, USA). The differences
between the control and experimental groups in the number of
the capacitated cells (TyrP positive sperm heads and CTC
pattern B, Figs 2, 4, 6 and 7) were analysed by KW-ANOVA,
and post hoc analysis was performed by Dunn’s comparisons:
*P<0.05, **P<0.01, **P<0.001. The calculated Pearson
coefficients (r) were tested for their significance (P<0.05, Figs 8
and 9). The statistical power of the testicular sperm analysis was
performed by STATISTICA 6.0 power module and was
calculated for the ANOVA test.
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