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ROVIDITESEK JEGYZEKE

ASMA Automatizélt spermiummorfologiai analizis

ATP Adenozin-trifoszfat

AUC Gorbe alatti tertilet

BrdUTP Bromdezoxi-uridin trifoszfat

BSA Bovin szérum albumin

CASA Szamitogépes spermiummotilitas-vizsgalat

CMTMROS Klormetil-tetrametil-rozamin

CR Ellési szazalék

DF DNS-fragmentécio

D) Elhalt, intakt akroszom4ju spermium

DMSO Dimetil-szulfoxid

DR Elhalt, sériilt akroszémaji spermium

DYR Haldoklo, sériilt akroszémaji spermium

EDTA Etilén-diamin-tetraecetsav

FCS Standard flow citométeres f4jlformatum

Fert-TALP In vitro fertilizacioés Tyrode albumin laktat piruvat tapfolyadék

FITC Fluoreszcein izotio-cianat

FL Fluoreszcens detektor

FSC Egyenes iranyu szortfényintenzitas

H342 Hoechst 33342

HeCD Hélium-kadmium lézer

HeNe Hélium-neon 1ézer

HIGR Magas intenzitasu zold fluoreszcenciat mutatd spermiumok régioja

IVF In vitro fertilizacio

JC-1 5,6-dikl6r-2-[3-(5,6-diklor-1,3-dietil-1,3-dihyidro-2H-benzimidazol-2-
ilidén)-1-propenil]-1,3-dietil-jodid

LI E16, ép akroszomaji spermiumok

LMD List mode flow citométeres fajlformatum

LP Long pass sziird
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LR E16, sériilt akroszomaji spermium

M-540 Merocianin-540

MMP Mitokondrium membranpotencial

MTG Mitotracker Green

NRR Non-return rate

PBS Fosztat-pufferelt sooldat

PE-PNA Fikoeritrinnel konjugalt f6ldimogyoro6 agglutinin

Pl Propidium-jodid

PT M¢élyhtités-felolvasztas utan

R123 Rodamin 123

ROC Receiver Operating Characteristic/vevé miikodési karakterisztika gorbe
ROS Reaktiv oxigénszarmazékok

SAS Statistical Analysis Software

SCSA Sperm Chromatin Structure Assay

SSC Oldaliranyu szortfényintenzitas

SU Swim-up

TdT Terminalis dezoxi-nukleotidil transzferaz

TRIS Trisz-(hidroximetil)-amino-metan

TRITC Tetrametil-rodamin izotiocianat

TUNEL Terminalis dezoxyi-nukleotidil transzferaz medialt nick end jelolés
VAP Spermium sebessége az atlagolt ttvonalra szamitva

VCL Spermium sebessége a ténylegesen megtett titvonalra szamitva
VSL Spermium sebessége a kezdd és végpont kozotti egyenesre szamitva
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BEVEZETES, CELKITUZESEK

A sikeres termékenyités eléréséhez egyrészt az egyes spermiumoknak kell tobb szempontbol is
megfelelonek lenniiik (membranintegritds, akroszoma-allapot, mitokondrialis aktivitas,
kromatinintegritas stb.), masfel6l az adott ejakulaitumnak vagy mélyhttott-felolvasztott
termékenyité adagnak megfelel6 aranyban kell tartalmaznia ilyen onddsejteket. Az idealis in
vitro fertilitasi teszt egyidejiileg a lehetd legtobb tulajdonsagot értékeli sejtszinten.

A spermiumok az alabbi doménekre oszthatok: fej, kozéprész és farok. Ezek tovabbi
szubdoménekre bonthatok: a fejen a plazmamembran szubdoménjei a gaméta-interakcidban
jatszanak szerepet (zona-kotddés, akroszoma-reakcid, zona penetracio stb.). Az akroszoma a
spermiumfej apikalis részén talalhatdo vezikulum, amely a zoéna penetracidhoz sziikséges
enzimeket tartalmazza. A fej tartalmazza tovabba a spermium specidlis, protamin-DNS
komplexb6l all6 kromatinjat. A kozéprészben talalhatok a mitokondriumok, amelyek az
energiatermelésben jatszanak szerepet. A farok szerepe a motilitas biztositasa. A spermiumok
kromatin-allomanyanak szerkezeti rendellenességei a termékenyit6képesség, illetve a him
pronukleusz-képz6dés zavarait okozhatjak, tovabba karos hatassal lehetnek az embrid
fejlodésére is. Ezeket a rendellenességeket ,nem kompenzalhatonak™ tekintjiik, mivel a
szubfertilis himek termékenyitOképessége nem javithatdé a termékenyitd adag sejtszamanak
novelésével. Azok az ondosejtek, amelyek nem kompenzalhato rendellenességekkel birnak,
képesek ugyan a petesejtbe hatolni és a termékenyitésre is, de az embriofejlodeés szenvedhet
zavart.

Vizsgalataim f6 célja a mesterséges termékenyitésre hasznalt sperma domén-specifikus
mindségellendrzésének automatizalasa volt flow citometria — aramlési sejtanalizis —
alkalmazésaval. A flow citometria rovid id6 alatt nagyszamu sejt (> 10 000 sejt mintanként,
masodpercenként akar 1000-2000 spermium) objektiv értékelését teszi lehetévé. A
spermiumok hordozoéfolyadékban aramolva lézersugaron haladnak keresztiil. A spermiumok
altal visszavert fény a sejtek méretérdl és belsd dsszetettségerdl ad informacidt, a 1ézer pedig a
spermiumokhoz kotdédo fluoreszcens festékeket is gerjeszti, lehetové téve az egyes domének,
sejtszervek kiilonbo6zo szinnel valo jelolését, igy a berendezések multiparaméteres analizisre is
alkalmasak.

Vizsgélataim soran a plazmamembran-destabilizacid, a mitokondrialis membranpotencial, az
akroszoma-integritas €S a kromatinstruktira (DNS-kérosoddsok ¢és kromatinkondenzécios

zavarok) flow citométeres értékelését végeztem el.
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1. IRODALMI ATTEKINTES

1.1. Mélyhiitott-felolvasztott bikaspermiumok plazmamembran-stabilitasanak értékelése

Merocianin 540/Y0-PRO-1/Hoechst 33342 fluoreszcens festékkombinacioval

A spermamindség laboratoriumi értékelése soran az olyan gyors és objektiv eszkdozok, mint a
szamitogépes motilitasvizsgalat (CASA, Budworth és mtsai, 1988; Holt és mtsai, 1997) vagy a
flow citometria egyre szélesebb korben terjednek el a gyakorlatban, felvaltva a munkaigényes,
lassu és szubjektiv fénymikroszkopos motilitasbecslést. A flow citometria percenként akar
tobb, mint ezer sejt értékelését teszi lehetdve, €s sikerrel alkalmaztak spermiumok strukturalis
¢s funkcionalis értékelésére (Graham, 2001).

Koztudott, hogy a spermiumoknak aktivaldédniuk kell a néi nemi utakban annak érdekében,
hogy a petesejthez kdtddhessenek, ezen aktivacios élettani folyamatok gytijténeve a kapacitacid
(Chang, 1951; Austin, 1952). A kapacitacio soran a spermium plazmamembranja polarizalodik,
foszfolipid-struktaraja atrendez6dik (Gadella és Harrison, 2000). Mivel a kapacitaci6 folyamata
soran a plazmamembran destabilizalodik, amennyiben ez a valtozas til koran megy végbe, a
spermium termékenyitoképessége elveszhet az akroszéma karosodasa vagy végsé esetben a sejt
halala miatt (Januskauskas és mtsai, 2000; Cormier és mtsai, 1997). A spermiumok
hiitve/mélyhiitve taroldsa a plazmamembran fiziologias kapacitacidjdhoz hasonld valtozasokat
eredményezhet (Cormier és mtsai, 1997). Vitatott, hogy e valtozasok tényleges kapacitacios
folyamatok, vagy attol fiiggetlen, hasonlé6 membrandestabilizaci6 eredményei (Green ¢és
Watson, 2001). Ujabb vizsgalatok arra utalnak, hogy a mélyhiitott-felolvasztott
kanspermiumok plazmamembranjanak foszfolipid-valtozasai (flip-flop mozgas) eltérnek a friss
spermaban taldlhatdo ondosejtek bikarbonattal indukalt kapacitaciojatol (Guthrie €s Welch,
2005).

Az adott spermamintaban talalhato €10, stabil plazmamembran-szerkezetli spermiumok aranya
kifejezetten értékes informaciét ad a minta minéségérdl (Thundathil és mtsai, 1999), emellett
érdekes lehet az is, hogy a membranstabilitdst mélyhiités-felolvasztas sordn megdrzo
ondosejtek képesek-e az olyan spermium-elészelekcios technikak, mint az ugynevezett swim-
up soran kapacitaciora. A swim-up technika széles korben alkalmazott spermium eldszelekcios
eljaras in vitro fertilizacios (IVF) laboratoriumokban a fiziologias spermiumtranszport soran
végbemend szelekcid imitaciojara, motilis spermiumok ardnyanak javitasara. A kivalogat6do
spermiumpopulécié olyan tulajdonsagai, mint a linedris motilitds vagy a procedura soran

feliszo ondosejtek szama, korrelaltak az in vivo fertilitasi eredményekkel (Zhang és mtsai,
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1998; Hallap és mtsai, 2005). Mivel az eljaras soran alkalmazott IVF médium heparint is
tartalmaz, amely koztudottan kapacitaciot kivaltd hatast (Parrish és mtsai, 1988), a
hipotézisiink az volt, hogy a swim-up procedira utdn membran-destabilizdciét mutatd
(kapacital6do) spermiumok aranya utalhat az azonos spermaminta in vivo fertilitasara. A jelen
vizsgalat célja egyrészt egy olyan fluoreszcens festékkombinacid kidolgozasa volt, amellyel
értékelhetd a mélyhiitott-felolvasztott bikasperma-mintak membran-destabilizacidja, masrészt
a swim-up technika valdban destabilizaciot valthat ki a mélyhiitott-felolvasztott spermiumok
plazmamembranjaban. Tovabbi cél volt annak megallapitasa, hogy a bika ¢életkora hatassal van-
e a felolvasztast kovetd membran-destabilizacidra €s az instabil plazmamembrannal bird, €16
spermiumok aranya korrelal-e a mesterséges termékenyitést kovetd, in vivo fertilitasi
eredményekkel.

A plazmamembran lipid kettOsrétegének valtozasait nyomon kovethetjiikk a Merocianin 540
fluoreszcens festék alkalmazasaval (Gadella és Harrison, 2000; Harrison és mtsai, 1996). Ez a
lipofil, hidrofob festék jelentdés fluoreszcenciaintenzitds-emelkedést mutat, ha a
plazmamembran szerkezete megvaltozik. Ez a szerkezetvaltozas a membrandestabilizécio jele,
amely fiziologias koriilmények kozott a kapacitacio korai stadiumaban kovetkezik be (Harrison
¢s mtsai, 1996; Gadella és Harrison, 2002). A Merocianin 540 fluoreszcens spektrumanak
koszonhetden kombinalhaté a membran-impermeabilis, DNS-specifikus Yo-PRO 1 festékkel,
ami lehetdve teszi az €16 ¢€s elhalt sejtek aranydnak egyidejii értékelését is. A nem spermium
események megkiilonboztetésére egyidejiileg mas olyan, membran-permedbilis, DNS-
specifikus festékek is hozzdadhatok a kombinacidhoz, mint a Hoechst 33342, igy a spermiumok
(Hoechst 33342 pozitiv események) és nem spermium (Hoechst 33342 negativ) események

megkiilonboztethetdek és az utobbiak kizarhatok az adatelemzésbol.

1.2. Mélyhiitott-felolvasztott bikaspermiumok plazmamembran- ¢és akroszoma-

integritasanak valtozasai multikolor flow citometria alkalmazasaval értékelve

Bar a spermamélyhilités a szarvasmarha-tenyészés napi gyakorlatavd valt, a mélyhiitési
modszerek mind a mai napig empirikusak €s a spermiumok jelentds hanyada elpusztul a
fagyasztas—felolvasztas soran, ami csokkenti az adott termékenyitd anyag fertilitasat, mivel a
sikeres termékenyiilés feltétele, hogy elegendd szamu, teljesen termékenyitdképes spermium
maradjon ¢€letben az ovulacid idejéig a néi nemi utakban (Watson, 2000). Mindezeken tal, a
mélyhiitést — felolvasztast taléld spermiumok mind strukturalis, mind funkciondlis szempontbol

sériilnek, ami azt eredményezi, hogy talélési ratajuk a frissen ejakulalt ondosejteknek mintegy
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fele (Watson, 2000; Holt, 2000a; Holt, 2000b; Medeiros és mtsai, 2002). Saacke ¢s White
(1972) friss ¢és mélyhiitott-felolvasztott bikaondosejtek akroszomavaltozasait vizsgalta.
Eredményeik azt mutattak, hogy a mélyhiitott-felolvasztott spermiumok esetében gyorsabb az
akroszomadegradaci6 a friss ondosejtekhez képest, tovabba szignifikans pozitiv 0sszefiiggés
all fenn az ¢ép akroszoémaju spermiumok aranya €s a termékenyitési eredmények kozott. Egy
kés6bbi vizsgalatban den Daas (1997) nem talalt ilyen pozitiv Gsszefiiggést a fertilitds és a
mélyhiitott-felolvasztott, inkubalt bikaspermiumok akroszoémaintegritdsa kozott, de
eredményei arra utaltak, hogy azok a bikdk produkaltak elfogadhatd tizemi fertilitasi
testhomérsékleten inkubalt spermamintaiban nagyobb aranyban és tovabb maradtak életben a
spermiumok. Az akroszdémaintegritas és a fertilitas kapcsolatat vizsgalo tovabbi tanulmanyok
ellentmond6 eredményeket kozoltek (Whitfield és Parkinson, 1995; Januskauskas és mtsai,
2000).

A vonatkoz6 szakirodalom szdmos moddszert ismertet az €16, ép akroszomaju spermiumok
aranyanak megallapitasara (Smith és Murray, 1997; Rodriguez-Martinez és mtsai, 1997).
Kérdéses azonban az elhalt, sériilt akroszoémaji spermiumok értékelése. Eozin-anilinkék (Way
és mtsai, 1995) illetve az un. fix-vital festés (de Leeuw és mtsai, 1991) alkalmazasaval értékelve
a mélyhutott-felolvasztott bikasperma elhalt, sériilt akroszoméju spermiumpopulacidja olyan
sejteket tartalmaz, amelyek vagy spontan akroszoma-exocitozist kovetéen elpusztultak, vagy
akroszomajuk épségét a sejthalalt kovetd degenerativ membranvaltozasok részeként veszitették
el. Mivel azonban a sejtfestési eljarasokkal csak egy ,,pillanatképet” rogzithetiink a preparatum
elkészitésekor, a kétféle folyamat nem kiilonithetd el, nem tudjuk eldonteni, mi tortént elébb,
az akroszoma exocitdzisa, vagy maga a sejthalal.

A tojassargat tartalmazd  spermahigitoban  feldolgozott, mélyhutott-felolvasztott
bikaspermiumok plazmamembran- és akroszomaintegritasanak egyidejii értékelésére
kidolgoztunk egy 10j fluoreszcens, flow citométerrel értékelhetd festékkombinaciot (Nagy €s
mtsai, 2003). Fikoeritrinnel konjugalt foldimogyoré agglutinint, PE-PNA-t (amely a
sériilt/reaktalt akroszomat jeloli) kombinaltunk a spermatologiai vizsgalatokban széles korben
alkalmazott Sperm Viability Kit-tel, amelyben SYBR 14 jeldli az €16, és propidium-jodid (PI)
az elhalt sejteket. A SYBR 14 — Pl (FL1 — FL3) ablakokon azt az alpopulaciot, amelynek
eseményei mindkét festék jelét mutatjak, ,,haldokl6d” spermiumoknak szokas tekinteni. Korabbi
vizsgalataink soran feltlint, hogy ezek az események jellemzéen nem mutatnak PE-PNA jelet,
ami arra utal, hogy a haldoklé ondésejtek akroszomaja még ép. Amennyiben ez valdban igy

van, akkor az akroszomasériilés csak a sejthaldl utan kovetkezik be a nekrotikus, degenerativ
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membranvaltozasok részeként. A haldokld spermiumok akroszémavaltozasainak idébeni
vizsgalata részletesebb bepillantast engedne a mélyhiitott-felolvasztott spermamintakban
végbemend membrandegeneracio folyamataba.

Annak bizonyitasara, hogy a mélyhitott-felolvasztott bikaspermamintakban detektalhato
akroszomasériilések a sejthalal utan bekovetkez6 membranvaltozasok kdvetkeztében alakulnak
ki, a spermamintakat négy o6ran at inkubaltuk testhdmérsékleten, és SYBR 14/PE-PNA/PI
fluroeszcens festékkombinacioval, flow citometria alkalmazéasaval értékeltiik 30-perces

intervallumokban ismételt mérésekkel.

1.3. Mélyhiitott-felolvasztott bikaspermiumok mitokondrialis aktivitasanak értékelése

MitoTracker Deep Red 633 festés és flow citometria alkalmazasaval

A termékenyiilés komplex folyamata a spermiumok tobb sejtélettani funkcidjanak dsszehangolt
mitkodését koveteli meg. Az egyik legfontosabb ilyen funkcid a ndi nemi utakban vald
transzport, valamint a petesejt megkozelitése €s a zona pellucida-n valo atjutas tekintetében az
ondodsejtek motilitdsa, ami a spermiumflagellum mozgasanak eredménye. A mesterséges
termékenyitd allomasokon leggyakrabban motilitasvizsgalatot végeznek a spermamindség
ellendrzésére, az onddsejtek metabolikus aktivitdsanak és az ¢l sejtek ardnydnak indirekt
méréseként. A kordbban csak szubjektiven végzett motilitasbecslés objektivitisa jelentdsen
javult a szamitogépes motilitdsvizsgald berendezések (CASA) bevezetésével, bar az egyes
miszergyartok CASA-modelljei €s az altaluk értékelt paraméterek nem egységesek (Budworth
¢és mtsai, 1988; Holt és mtsai, 1997). A napjainkra egyre inkabb elérhetdvé valo flow citometria
joval precizebb eszkdze a spermamindség — €16 sejtek aranya, akroszOmaintegritds, DNS-
karosodasok stb. értékelésének (Graham, 2001; Evenson és mtsai, 1982). Mivel a spermiumok
flagellaris mozgasa energiaigényes folyamat, az ATP-termelésért felelds, a spermium
flagellumanak kozépdarabjadban taldlhatd mitokondriumok 4llapotdnak értékelése a
spermamindség objektiv mérési modszere lehet (Evenson és mtsai, 1982). A bikaspermium
kozel 100 mitokondriumot tartalmaz, amelyek specifikus fluoreszcens festékekkel
megjelolhetdk, vizsgalhatok. Az ilyen fluoreszcens festékeknek, mint a Rodamin 123 (R123),
MitoTracker Green (MTG), JC-1, MitoTracker Orange (CMTMRos), MitoTracker Red
(CMXRos), MitoTracker Red 580, MitoTracker Deep Red 633 stb., kozos jellemzdjiik az, hogy
akkumulalédnak a mitokondriumokban, feltéve, hogy fenndll a mintegy 100-200mV bels6
negativ potencial gradiens a mitokondriadlis membranban (mitokondridlis membranpotencial,

MMP). Bar szdmos kozlemény tartalmaz a fent emlitett festékekre vonatkoz6 modszertani
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leirast, tobb fluoreszcens proba esetében is kérdéses az alkalmazhatosaguk. A R123 alacsony
érzékenységli festék, ¢és szadmos, energiadllapottol fiiggetlen kotohelye van a
mitokondriumokon (Troiano és mtsai, 1998). A MitoTracker Green gyakorlatilag minden
mitokondriumot  jeldl, fiiggetleniil azok membranpotencidljatél, ezért inkabb
kontrasztfestékként alkalmazhaté a mitokondriumok sejten beliili lokalizacidjanak, méretének
értékelésére (Gregory, 2002), de nem hasznalhaté a mitokondriumok funkcionalis allapotanak
vizsgalatara. A JC-1 elénye, hogy ugyanaz a festék eltérd szinnel jeloli az aktiv és inaktiv
mitokondriumokat, a mitokondrialis membranpotencial ndvekvésével a szine reverzibilisen
z0ldrdl narancssargara valtozik. A festék nem miikodik megbizhatoan azonban mélyhiitott-
felolvasztott spermamintdk esetében, valdszinlileg a spermahigitohoz valdo nem specifikus
kotédése miatt (Garner és Thomas, 1999). Nem alkalmas tovabba multiparaméteres tesztekben
val6é haszndlatra, mivel egy festék — azaz egy spermiumtulajdonsag - értékelése két detektort
foglal le (Nagy és mtsai, 2003). A MitoTracker mitokondrium-specifikus festékcsalad
(Molecular Probes) a korabban emlitett MitoTracker Green mellett egy sor, kiilonb6z6
emisszios spektrumi probat tartalmaz, azonban a kotddési mechanizmusuk nem teljesen feltart
(Gregory, 2002). A MitoTracker Orange és Red festékek redukalt valtozatai alkalmasak a
membranpotencial valtozésainak detektdldsara, a gerjesztési spektrumuk azonban nem teszi
lehetévé az alapszintli, csak 488 nm-es 1ézerrel felszerelt flow citométerrel vald alkalmazast.
Egy korabbi tanulmanyunkban (Nagy és mtsai, 2003) felvetettiik a festékcsalad egy uj tagjanak,
a MitoTracker Deep Red 633-nak az alkalmazhatosagat spermatologiai vizsgalatokhoz. A jelen
vizsgalat célja ennek a festéknek a tesztelése volt bikaspermiumok flow citométeres értékelése
soran, kozvetleniil mélyhiités-felolvasztast, illetve swim-up (SU) kezelést kovetéen. Ez utdbbi
kezelés az olyan asszisztalt reprodukciods technikak eleme, mint az in vitro fertilizacio, ahol a
SU segitségével a teljes spermiumtdmegbdl kiszelektdlodnak az aktiv motilitdst mutato
ondosejtek. Mivel a motilitds energiaigényes folyamat, a SU utdn kapott spermium
populécionak elvileg magasabb mitokondrialis aktivitast kell mutatnia. A flow citométeres
mérési eredményeket szubjektiv és szamitogépes (CASA) motilitasvizsgalatokkal, valamint a
laboratériumi teszteredményeket az iizemi termékenyitési eredményekkel vetettiikk Gssze.
Tekintve, hogy a motilitas az életkorral valtozik (Hallap és mtsai, 2004), a vizsgalatokat

ugyanazon bikak 3, 5 és 7 éves korban gylijtott spermamintéival is elvégeztiik.
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1.4. Magas kornyezeti homérséklet hatasa halspermiumok plazmamembran-integritasara

és mitokondrialis aktivitasara

A globalis klimavaltozas kovetkeztében kialakulo lokalis extrém klimatikus viszonyok tobb
szinten is zavart okozhatnak a vad- és héaziallatok élettani milkodésében, ide értve a
szaporodasélettani folyamatokat is (Bradshaw és Holzapfel, 2006). Kozismert példaul, hogy a
tul magas és tal alacsony hémérséklet a himvarsejt-képzddés zavarait okozhatja - tobb
spermiumdefektus kivaltod okai kdzott is szerepel az extrém homérséklet (Barth és Oko, 1989).
A hostressz sejtszintl elvaltozasok mellett a szervezet nemi hormon-haztartasat is felborithatja,
és jelentds zavart okozhat termelés-élettani folyamatokban is (West, 2003).

A mérsékelt €égdvon szamos allatfaj szigoru szezonalis szaporodast mutat, ahol a szaporodasi
iddszak kozeledtét jelzd prediktiv faktor nem a hémérséklet, hanem az évrdl évre biztosan
ismétlddd naphossz-valtozas (Bronson, 1989), igy fennall az esélye annak, hogy a szaporodasi
idészakban nem optimalis hémérsékleti koriilményekkel talalkoznak az allatok (Bronson,
2009). Az okologiai gazdalkodas térnyerésével Ujra szerepet kapnak allattenyésztésiinkben a
régi, extenziv tartdsra alkalmas 4allatfajtadk, melyek szintén tobb-kevesebb szezonalitast
mutatnak. A szezonalitas emellett nem elhanyagolhatdo az intenziv termelésli gazdasagi
allatfajok/fajtak esetében sem.

Gazdasagi allatfajaink koziil a halak kiilsé termékenyitokként és szezondlis szaporoddsuknak
koszonhetden kiilondsen érzékenyek lehetnek az extrém kornyezeti viszonyokra. Szaporodasi
sikeriiket és kovetkezésképp a halhuis-termelés gazdasagossagat negativan befolyasolhatja az
ivarsejteket (spermiumokat, ikrat) éré szélséséges homérséklet akar természetes kornyezetben,
akar mesterséges szaporitas, ivarsejtgylijtés és —feldolgozas soran.

Vizsgalatunk soran kiilonb6zd (20, 25, 30 és 40 °C) hdmérsékleten 10 €és 30 percig inkubalt
halspermiumok plazmamembran-integritisdnak és mitokondridlis membranpotencial-
véltozasainak flow citométeres értékelését végeztiikk el annak megallapitdsara, hogy a
kornyezeti hdmérséklet emelkedése okozhat-e sejthalalt és/vagy mitokondridlis membran-

depolarizaciot.

1.5. Spermium-kromatinszerkezet és morfologia: kapcsolat a fertilitassal

A legtobb mesterséges termékenyitd allomason a frissen levett sperma rutin értékelése soran
csak a spermiumkoncentraciot és az onddsejtek motilitasat értékelik (Garner, 1997; Rodriguez-
Martinez és Larsson, 1998). A mélyhiités-felolvasztas utdni mindség-ellenérzés a legtobb

helyen szintén csupan motilitasvizsgalattal torténik. Van, ahol a mikroszkopok hasznalatat
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felvaltotta a flow citometria alkalmazasa az intakt plazmamembrannal biré spermiumok
aranyanak megallapitdsara (Hossain és mtsai, 2011). A rutin androlégiai vizsgalatok soran
indokolt lenne a spermiummorfoldgia és az idegen sejtek jelenlétének értékelése is, azonban
sajnalatos modon a gyakorlatban erre ritkan keriil sor. A spermiummorfoldgiai vizsgalatok
fontossagat az indokolja, hogy segitségével képet kaphatunk a spermatogenezis folyamatanak
esetleges zavarairdl, a jarulékos nemi mirigyek mitkddésének rendellenességeirdl éppugy, mint
a spermafeldolgozés és —tarolas hidnyossagairdl. Az ejakuldtumban nagy szamban jelen 1€vo
rendellenes ondosejtek nem csak a herék, mellékherék vagy a jarulékos nemi mirigyek
patologias elvaltozasaira utalhatnak (Veeramachaneni és Sawyer, 1996), hanem az adott
spermaminta csokkent termékenyitoképességét is jelzik (Saacke, 2008). Mindezek ellenére
morfoldgiai vizsgalatokat a mesterséges termékenyité allomésokon csak ritkan, €s altalaban
akkor is szubjektiv, nem reprodukalhat6 modon végeznek. Az automatizalt
spermiummorfologiai eszk6z6k (automatized sperm morphology analysis, ASMA)
kifejlesztése (Gravance és mtsai, 1998) jelentésen csokkentette a vizsgalatok szubjektivitasat,
¢s lehetové tette a spermiumfe] méreteinek objektiv mérését. Kifejezetten lényeges a
bikaspermiumok morfometridja és a spermiumkromatin allapota (és kozvetve a fertilitas)
kozotti kapesolat (Sailer és mtsai, 1996). Az ASMA berendezések eredményei megbizhato
ismételhetéséget mutattak bika (Gravance és mtsai, 1999), kos (Rodriguez-Martinez, 2007),
illetve kecskebak spermamintak vizsgalata soran (Marco-Jimenez ¢és mtsai, 20006).
Tobbvaltozos statisztikai adatelemzéssel kombinalva az ASMA alkalmasnak bizonyult az
ejakulatumon beliili spermium-alpopulaciok azonositasara (Pena és mtsai, 2005). Az ASMA
mérések azonban csak a spermiumfej értékelésére korlatozodnak, igy nem alkalmasak mas
jellegti spermiumdefektusok detektalasara (Auger, 2010), és részben ezzel magyarazhato, hogy
nem mutatnak az eredmények szoros kapcsolatot a fertilitdssal (Saravia és mtsai, 2007,
Gravance €s mtsai, 1999).

Azon fajok esetében, ahol a himeket intenziven szelektaltdk a mesterséges termékenyitésben
valo hasznalatra (tejeld szarvasmarha, sertés), a ,,normalis” termékenyitd anyag nem tartalmaz
10%-nal nagyobb aranyban spermiumfejet érinté rendellenességeket, és egyéb defektusok
(akroszomasériilések, a kozépdarab vagy a flagellum rendellenességei, proximalis
citoplazmacseppek) aranya sem haladja meg 0sszesen a 10 — 15%-ot (Rodriguez-Martinez,
2007). Mas — domesztikalt és vad — allatfajok esetében a ,,normalitas” kiiszobértékei
nagymértékben eltérnek, vagy nem is ismertek. Bizonyos rendellenességek, mint a disztalis
citoplazmacseppek esetében elnézobbek lehetiink, mivel nincs hatdsuk a fertilitasra, de mas

abnormalitasok, mint a diadém defektus (vakudlumok a sejtmagban), rendellenes akroszoma
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(,,knobbed” defektus), rovid, torzult flagellum (,.tail stump”), feltekeredett flagellum (Dag-
defektus) esetében szigoribban értékeliink, mivel ezek csokkentik a termékenyiilés esélyét. A
rendellenes fejli spermiumok képesek elérni a termékenyiilés helyéig (Saacke és mtsai, 1998),
¢s kapcsolatba hozhatok a csokkent termékenyitési eredményekkel, vagy rendellenes
embriofejlodéssel (Thundathil és mtsai, 1998). Az olyan rendellenességek, mint a ,,knobbed”
akroszomadefektus, meggatoljak a spermium €s a zona pellucida kapcsolodésat (Thundathil és
mtsai, 2000), mig mas rendellenességek, mint pl. kortefejii spermiumok esetében az ondosejtek
zona pellucidan vald atjutadsat zavarjak meg, és termékenylilés esetén a zigdtak osztdodasa
szenvedhet zavart (Thundathil és mtsai, 1999). Masfel6l megkozelitve, a normalis morfologiaji
spermiumok ardnya az ejakulatumban informativ a fertilitds szempontjabdl a mesterséges
termékenyitésre haszndlt tenyészbikdk esetében (Phillips és mtsai, 2004; Al-Makhzooni és
mtsai, 2008), mivel — a spermiumkoncentraciéval és motilitassal egyiitt — a spermatogenezis és
spermiumérés zavartalansagat tiikkrozi.

A flow citometriaval értékelheté6 Sperm Chromatin Structure Assay (SCSA) a
szaltorések jelenlétével (Evenson, 1999). A kromatinkarosodasok nem jarnak egyiitt feltétleniil
a spermiumfe] morfologiai elvaltozésaival, bar egyes esetekben, mint a kortefejli
rendellenesség, kapcsolatba hozhatok (Sailer és mtsai, 1996). Annak ellenére, hogy a human
andrologiai vizsgalatokban egyre szélesebb korben alkalmazzak, a spermiumkromatin
kérosodéasainak vizsgalata tenyészallatok esetében mindmadig margindlisnak tekinthetd. A
human egészségiigyi teriilettdl eltekintve azonban a spermiumkromatin allapotanak vizsgalata
— példaul SCSA alkalmazasaval (Evenson, 1999) — ritka. A fentieckben emlitett tesztek
kombindacioi ritkan, és szinte kizarolag kisérleti koriilmények kozott keriilnek alkalmazasra a
fertilitas eldrejelzése érdekében. Egyes tesztek és a fertilitds kozott tobb publikacio is pozitiv
korrelacidt kozol, de altalaban olyan esetekben, ahol az egyes tenyészallatok kozott jelentds
kiilonbség mutatkozott a termékenyitési eredményekben, €s sok esetben az alkalmazott
adatelemzés nem volt megfeleldé (Amann, 2005). Az olyan valtozok kombinacidja, mint a
kromatinallapot és a spermiumfej morfologiai alakuldsa, ritka és jorészt olyan fajokon
vizsgaltak, ahol nagy egyedi variancia mutatkozik a spermatologiai paraméterek tekintetében
(mint példaul tenyészmének esetében, Morrell €s mtsai, 2008) ahol azonban a fertilitds mérése
nem egyszerl. Bar bikdk esetében is kozoltek kapcsolatot az SCSA eredményei €s a keskeny
spermiumfej-alakulas kozott (Sailer és mtsai, 1996), a kapcsolat nem tekintheté egyértelmiien

bizonyitottnak (Rodriguez-Martinez és Barth, 2007).
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A jelen vizsgalat célja a spermiummorfoldgiai vizsgalatok és az SCSA teszteredmények
retrospektiv Osszevetése kiillonbozo fertilitasi paraméterekkel (non-return rate, korrigalt non-
return rate, ellési szazalék) 22 szubfertilis és 21 normalis fertilitasi finn Ayrshire bika

spermamintdinak értékelésével.

1.6. Alternativ DNS-karosodasi tesztek osszehasonlitasa: TUNEL és Nicoletti-teszt

A termékenyités sikere a spermiumok szamos tulajdonsagatol fiigg, tobbek kozott az ondosejt
DNS-tartalmanak integritasatél (Acharyya ¢és mtsai, 2005). A fragmentalodott DNS-t
tartalmazo spermiumok motilisak, képesek a petesejt megkozelitésére €s a megtermékenyitésre
is, de megnd az esélye annak, hogy az embriondlis fejlddés korai stddiumban megszakad
(Ahmadi és Ng, 1999; Evenson, 1999; Fatehi és mtsai, 2006).

A DNS-karosodasok, fragmentacié detektaldsara a standard eljarasnak is tekintett Sperm
Chromatin Structure Assay (SCSA; Evenson és mtsai, 1980) a legszélesebb korben alkalmazott
modszer. A teszt 1ényege, hogy a DNS-specifikus akridin-naracs festék az ép, kétszaltt DNS-
hez kotédve zold, a fragmentalt, egyszali DNS-szakaszokhoz kétodve vords fluoreszcenciat
mutat; a zold és vords fluoreszcencia-intenzitas aranya flow citometria alkalmazasaval
detektalva a kromatindllomany allapotardl, fragmentaltsagarol ad informaciot (Evenson, 2013).
A kozelmultban végzett tanulmanyunk (Nagy és mtsai, 2013) eredményei azonban azt
mutattdk, hogy az SCSA teszt nem elég érzékeny a szubfertilis és fertilis tenyészbikak
megkiilonboztetésére. Mindemellett tobb flow citométer gyartdja sem javasolja az akridin-
narancs festék rendszeres hasznalatat, mivel a festék a citométer belsd csoveibe tapadhat,
megzavarva a mas festékekkel végzett méréseket (Beckman Coulter szervizszolgalat,
személyes kozlés), rdadasul a teszt biologiai alapelve is megkérddjelezhetd (van der Schans és
mtsai, 2000).

Az ugynevezett TUNEL (Terminal-dezoxi-nucleotidil-transzferaz-medialt dUTP nick end-
jelolés) teszt 1ényege, hogy a TdT (terminal-dezoxi-nukleotidil-transferaz) enzim a DNS szabad
3’-hidroxil végéhez kotddik. Alapesetben az ép DNS-molekula két 3’-hidroxil véget tartalmaz,
de a szaltorések esetén tobb TdT-kotdhely alakul ki. Miutan a TdT a szabad kotOhelyekhez
kapcsolodott, BrdUTP-t (5-brom-2’-dezoxiuridin-5’-trifoszfat) adunk a mintakhoz, amely
megjeloli a fragmentumok végeit. Végiil fluoreszcens festékkel konjugalt anti-BrdUTP antitest
alkalmazasaval, fluoreszcens mikroszkop vagy flow citométer segitségével detektaljuk a
szaltoréseket. A TUNEL-teszt népszerti, széles korben alkalmazott eljaras az apoptotikus sejtek

illetve a DNS-fragmentacio detektalasara tobb szovet-, illetve sejttipus esetén is (Oberhaus,
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2003). A népszerliség egyik fo oka az, hogy a metodika egyszerii ¢s flow citometria
alkalmazéséaval automatizalhat6, masfeldl azonban egyes szerzok szerint nem kellden érzékeny,
¢s fajlagossaga is limitalt (Evenson and Wixon, 2006).

Nicoletti és munkatarsai (1991) egy egyszert, flow citometriaval értékelhetd alternativat
dolgoztak ki. A teszt propidium-jodid festést alkalmaz a DNS-fragmentacio és apoptdzis
detektalasara. A festék sztochiometrikusan kotddik a DNS-hez, igy a mért fluoreszcencia-
intenzitas segitségével megallapithatd a sejt DNS-tartalma, illetve a DNS-fragmentacio
mértéke. Az ép DNS a mintapreparalas soran a sejtben marad, és a fluoreszcencia-intenzitasi
hisztogramon egy jol definialt cstcs jelenik meg. A fragmentalddott DNS-darabkék azonban
kijutnak a sejtbdl, amelynek igy kevesebb DNS-tartalma lesz, ami az intenzitasi hisztogramon
alacsonyabb, szubdiploid (a spermiumok esetében szubhaploid) csticsként jelenik meg. A
tesztet tobb sejttipus értékelésére alkalmaztdk (Riccardi és Nicoletti, 2006), tobbek kozott

human  spermiumok  DNS-fragmentéltsagdnak  (Winkle ¢és mtsai, 2009) ¢s

crer

1.7. Tenyészbikak gyors citogenetikai sziirdvizsgalata spermiumok DNS-tartalmanak

flow citométeres hisztogramanalizisével

Amann és Hammerstedt (1993) megallapitdsa szerint a termékenyitd spermiumnak egy sor
tulajdonsag tekintetében megfelelonek kell lennie ahhoz, hogy teljesitse feladatat: ilyenek az
elfogadhatdé morfologia, megfeleld sejtanyagcsere az energiatermelés érdekében, progressziv
motilitds, a hiperaktiv motilitds aktivaldsanak képessége, tovabba a spermium genetikai
csomagjanak tartalmaznia kell a fejlédéshez sziikséges géneket és mentesnek kell lennie letalis
mutacioktol, extra genetikai anyagtol, amelyek a fejlddést gatolndk. Logikus feltételezni, hogy
hordoz6 ondodsejtek aranya, anndl nagyobb a termékenyiilés esélye (Morrell és Rodriguez-
Martinez, 2009). Bar a motilitast és az €l6 sejtek aranyat (valamint kevésbé gyakran a
morfologiat is) rutinszertien értékelik a mesterséges termékenyitd allomasokon a sperma
mindségellendrzése soran, a genetikai anyag allapotat gyakorlatilag egyaltalan nem vizsgaljak.
Az apai genom allapotat tobb szinten értékelhetjiik: a genomszelekcid novekvo szerepe (Amann
¢és Delarnette, 2012) mellett a kromatinszerkezet épségét és a haploid kromoszémagarnitura
allapotat is vizsgalhatjuk.

A spermiumkromatin szervez6dése egyedi, a spermiumok képzddése soran a DNS-hez

kapcsolddo hisztonfehérjék helyett protaminok épiilnek be, kiilonlegesen kompakt, kondenzalt
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kromatinstruktirat eredményezve (Dadoune, 1995; Sakkas ¢és mtsai, 1999). A megfeleld
kondenzacié stabilizalja a DNS-t, amely igy kevésbé érzékeny az oxidativ kdrosodasokra, az
érett spermiumok azonban nem képesek az esetleges DNS-kéarosodasok javitasara. A
spermiumkromatin rendellenességei a termékenyiilés, pronukleusz formalddas, korai
embriofejlodés zavarait okozhatjak. Az ilyen rendellenességeket ,,nem kompenzalhaténak™
tekintjiik, mivel a szubfertilis himek termékenyitéképessége nem javithatd a termékenyitd adag
képesek a petesejt megtermékenyitésére, de az embridfejlodés zavart szenved (Evenson, 1999).
A spermiumok kromoszomagarnitirdjanak rendellenességeit két szinten vizsgalhatjuk:
strukturalis (transzlokéciok, deléciok, duplikaciok stb.) és szambeli (a normalis, haploid
kromoszémaszam valtozasai) eltérések.

Az elmult évtizedekben a tenyészallatok citogenetikai vizsgalata egyre jelentdsebbé valt
(Ducos és mtsai, 2008). A tenyészbikdk ¢és —kanok citogenetikai allapotanak kozvetlen
gazdasagi jelentésége van (Larsen és mtsai, 2004). Az abnormalis kariotipusok detektalasanak
klasszikus moddszere a limfocitdk mikroszkopos vizsgalata (Matsson €s mtsai, 1986). A
mikroszkopos kromoszomaszamlalds azonban meglehetdsen iddigényes, tovabba specidlis
tapasztalatot igényel. A flow citometria precizebb és gyorsabb alternativat kinal, és sikerrel
alkalmaztak tobb emldsfaj, igy juh, szarvasmarha és sertés (Dixon és mtsai, 1992), kutya
(Langford és mtsai, 1996), valamint ember (van den Engh €és mtsai, 1985) kariotipizalasara. A
flow citométeres kariotipizalas azonban nem valt a haziallatok rutin citogenetikai vizsgalatanak
eszkozévé, mivel a technika meglehetdsen bonyolult és eszkdzigényes, tovabba a kariogramok
felbontasa nem tokéletes, azaz a kisebb kromoszomak nem kiilonithetok el egymastol, illetve
az egyes kromoszoémak esetleges polimorfizmusai miatt az egészséges egyedek esetében is
eltérd kariogramot kaphatunk. A modszer érzékenysége a tradiciondlis fénymikroszkopos
kromoszomasavozas és a DNS-tartalom flow citométeres meghatarozasa k6z¢é tehetd (Givan,
2001).

A flow citometria alkalmazhaté a spermiumok DNS-tartalmanak mennyiségi vizsgalatara is
(Lewanski és mtsai, 1991), ez a megkozelités szdmos elényt nyu;jt a tradicionalis citogenetikai
vizsgalatokhoz képest: nincs sziikség vérvételre, a kérdéses allatok tesztelése gyakorlatilag
térben ¢és idében filiggetlenné valik. Flow citométeres spermavizsgélattal mar sikertilt
transzlokaciohordozd tenyészallatokat azonositani (Lewanski és mtsai, 1991, 1993). A
spermiumok citométeres kvantitativ DNS-vizsgalata vezetett az X- és Y-kromoszémat hordozo
ondodsejtek sikeres szeparalasdhoz (Gledhill és mtsai, 1976; Meistrich és mtsai, 1978). Az

emldsspermiumok kiilonleges, lapatszerli fejalakulasa azonban komoly technikai kihivast
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jelentett, és specidlis hidrodinamikus orientacidra van sziikség annak érdekében, hogy minden
spermium azonos orientacioval haladjon keresztiil a detektalasi ponton (Garner, 2001). Korabbi
vizsgalatainkban sikerrel alkalmaztuk a flow citometriat rendellenes kromoszémagarnituraval
mtsai, 2009, 2010).

Larsen ¢és mtsai (2004) egy olyan egyszeri teszt kidolgozasat tlizte ki céljaul, amely a draga €s
bonyolult spermiumorientacios fejjel kiegészitett flow citométer nélkiil, olcsoébb asztali
citométerrel is alkalmas a citogenetikai rendellenességet hordozo tenyészallatok azonositasara

a spermiumok DNS-tartalma alapjan. Egy sor enzimatikus és kémiai kezelést alkalmaztak a

crer

cres

értekelésénél hasznalhato kiiszobértékeket és kovetelményeket: a hisztogramok két csucsot
kell, hogy mutassanak (az X- és Y-kromoszomat hordozé ondosejtek eltéré DNS-tartalmanak
megfelelden) €s a hisztogram CV-értékek kiiszobértéke 1,3%. Megallapitottdk azonban, hogy
az altaluk kidolgozott protokoll nem alkalmas rutinszert tesztként valo alkalmazasra. Tobb
olyan kritikus pontot is megneveztek, amelyek valtoztatasaval a teszt javithato lenne, de ezeket
a valtoztatasokat nem hajtottak végre.

Ma maér olyan olcs6, egyszerii asztali flow citométerek is elérhetdk, amelyek akar a mesterséges
termékenyitd allomasok rutin spermabiralati munkarendjébe 1is illeszthetdk, a napi
spermamindség-ellendrzés hatékonysaganak javitdsira (Hossain és mtsai, 2011). Ezek a
miiszerek azonban altalaban 488 nm-es 1ézerrel keriilnek forgalomba, amely nem alkalmas az
olyan fluoreszcens festékek gerjesztésére, amelyeket a DNS-mennyiségi vizsgalatok, illetve a
spermaszexalas soran hasznalnak (Hoechst-festékek, DAPI).

A jelen vizsgalat célja egy olyan fluoreszcens festék tesztelése volt a citogenetikai terheltséget
hordoz6 tenyészbikak spermamintainak azonositasara, amely gerjeszthetd 488 nm-es 1ézerrel,
igy adaptalhatd lenne rutinszerli szlirOvizsgalatokra. A vizsgalatsorozat elsé lépéseként
citogenetikailag egészséges tenyészbikak DNS-hisztogram paramétereit allapitottuk meg
intraspecifikus genomméretiik eltéréseit értékelve harom egyed mintdjabol harom ismétlésben
Dolezel és Bartos (2005) javaslata szerint, majd az igy megallapitott alapértékekhez

viszonyitottuk ismert citogenetikai rendellenességet hordozo6 bikék hisztogramparamétereit.
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2. ANYAG ES MODSZER

2.1. Mélyhiitott-felolvasztott bikaspermiumok plazmamembran-stabilitasanak értéke-

1ése Merocianin 540/Y0-PRO-1/Hoechst 33342 fluoreszcens festékkombinacioval

2.1.1. Reagensek, médium osszetevok

A vizsgalatban felhasznalt reagensek ¢és médium Osszetevok a kovetkezd gyartdktol
szarmaztak: Sigma, St. Louis, MO, USA; Becton Dickinson, San Jose, CA, USA. A
spermiumok eldszelekcidjahoz hasznalt médium Tyrode oldat (Fert-TALP) volt (Parrish és
mtsai, 1988).

2.1.2. Vizsgalt allatok, spermamintdk

A vizsgalatban hat észt holstein-friz tenyészbika spermamintait értékeltiik. Az allatok az Eszt
Allattenyészté Szovetség mesterséges termékenyitd allomasan termeltek (Kehta, Esztorszag).
A spermavétel ¢és -feldolgozds, mélyhiités a mesterséges termékenyitd 4allomas rutin
munkarendje szerint tortént. A fiatal bikdk ivadékvizsgalati programba valé bevonasanak
feltétele, hogy az adott egyed ejakulatumaban az dsszes sejtszam >4 x 10° legyen, a friss sperma
ot (Soderquist és mtsai, 1991). A bikak életkora a jelen vizsgalat keretében végrehajtott elsé
spermavételkor 32-44 honap volt (,,3 éves”), ugyanezen egyedektdl 63-66 (,,5 éves”) és 78-90
honapos (,,7 éves”) korban is mintavétel tortént. A bikaktol a jelen vizsgalattdl fiiggetleniil,
rendszeresen vettek és dolgoztak fel spermamintakat rutin mesterséges termékenyitési céllal.
A spermavétel heti egyszeri alkalommal tortént, mithiively alkalmazasaval. Két egymast kovetd
ejakulatum keriilt Osszekeverésre ¢€s a higitashoz kereskedelmi forgalomban elérhetd
spermahigitot alkalmaztak (Triladyl®, Minitiib, Németorszag). A termékenyitd adagokat
miiszalmakba toltotték ~30 x 10° /0,25 ml spermiumkoncentraciéval. A mélyhiités
programozhaté mélyhiitd berendezéssel tortént. A fagyasztott miiszalmakat a laboratoriumi
tesztek elvégzéséig folyékony nitrogénben taroltdk. A felolvasztast kdvetd rutin mindség-
ellendrzés sordn a forgalomba hozatal feltétele a minimum 50% motilitas volt.

Mesterséges termékenyitésre a mélyhtitést kovetd egy éven beliil sor keriilt. A vizsgalatban a
termékenyitési eredmények csak a 3 éves korban gyiijtott spermamintdk esetében keriiltek
felhasznalasra. A termékenyitési eredmények 60 napos Non-return index (60D NRR)
formajaban keriiltek rogzitésre, spermamintanként 45 — 150 termékenyités eredményeire

épitve.
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2.1.3. A spermamintak elokészitése laboratoriumi vizsgalatokhoz

A spermamintdk értékelése két idopontban tortént: kdzvetleniil felolvasztast kdvetden (post-
thaw, PT), illetve felolvasztast, majd swim-up kezelést kvetden (SU). Spermamintanként két-
két miiszalmat olvasztottunk fel +35 °C-os vizfiirdében, 12 masodpercig, majd a miiszalmak
tartalmat Osszekevertiik. A SU-kezeléshez 200 ul spermat rétegeztiink 400 pl Fert-TALP
fertilizacios médium ala (13), amely 6 mg/ml zsirsavmentes BSA-t, 0,25 uM nétrium-piruvatot,
5 pg/ml heparint, 20 pM D-penicillamint, 10 uM hipotaurint és 1 pM epinefrint tartalmazott.
Hatvan perc (39 °C, 5% CO2) inkubaciot kovetéen a médium felsd6 300 pl-es rétegét

begytijtottiik a tovabbi spermavizsgalatokhoz.

2.1.4. Motilitas- és koncentraciovizsgalatok

Ot pl spermamintat helyeztiink Makler sejtszamlalé kamréba (Sefi-Medical Instruments, Haifa,
Israel), és szamitogépes motilitasvizsgald berendezéssel (CASA, SM-CMA, MTM Medical
Technologies, Montreaux, Switzerland) értékeltiik. Mintanként legalabb 100 — 100 spermium
motilitasi adatai keriiltek rogzitésre +38 °C-os homérsékleten. Az 6sszes motilis sejt aranya, a
linearisan, nem linedrisan és korkorosen mozgo ondodsejtek aranya mellett a miiszer a kovetkezo
kinetikai paramétereket is rogzitette: straight linear velocity (VSL), average path velocity
(VAP) és curvilinear velocity (VCL). A linearis motilitast mutat6 spermiumok aranya manualis
szamitassal keriilt meghatarozasra, a latomezdkben jelen 1€vo sejtek szamat alapul véve.

A spermiumok motilitdsa szubjektiven is meghatarozasra keriilt, ugyanazon mintabol,
faziskontraszt mikroszkop alkalmazéasaval, 400-szoros nagyitassal, +38 °C-os melegitd
targyasztalon. Négy-négy latobmez0 atlaga keriilt rogzitésre.

A spermiumkoncentracio (10° /ml) megallapitasa Biirker-hemocitométer hasznalataval tortént

Bane (1952) szerint. Az 6sszes analizist ugyanaz a szakember végezte el.

2.1.5. Plazmamembran-integritds

Az €16 és elhalt spermiumok aranyat SYBR-14 és propidium-jodid (Pl) fluoreszcens
festékkombinacioval (Sperm Viability Kit L-7011, Molecular Probes Inc., Eugene, OR, USA)
értékeltik Januskauskas és mtsai (1999) leirasa szerint. Szdz-szaz pl spermaminta keriilt
tovabbhigitasra 400 pl TRIS-citrat spermahigitoban, majd a sejtszuszpenzidohoz 2,7 pl PI és 10
ul SYBR-14 festékoldatot adtunk, igy a mintdk végsé festékkoncentracioja 24 uM és 100 nM
volt. Tizen6t-husz percig, 37 °C-on, s6tétben inkubaltuk a mintédkat, majd 2x100 spermiumot
értékeltiink epifluoreszcens mikroszkoppal (Laborlux-11, Leitz, Jena, Germany), 600-szoros

nagyitassal. Az intakt, ép plazmamembrannal bir6, €l6nek tekintheté ondosejtek sejtmagja z6ld
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SYBR-14 jelet mutat, az elhalt ondosejtek sejtmagja vordsre festodik a PI-dal. A vizsgalat soran

a z0ld ondodsejtek aranyat rogzitettiik.

2.1.6. Spermiummorfologia

A morfologiai vizsgalatokat vagy formalinnal fixalt (Bane, 1952) folyékony mintdkon
végeztiik, vagy 1égszaraz keneteken, karbol-fuchsin festést alkalmazva (Williams, 1920). A
folyékony mintak értékelése soran fazis-kontraszt mikroszkoppal, 1000x nagyitas mellett 200-
200 spermiumot értékeltiink, rogzitve a rendellenes akroszomaék, kozépdarabok, illetve a
feltekeredett flagellumok aranyat. A spermiumfej rendellenességeit a festett, légszaraz
keneteken értékeltiik fénymikroszkdppal, 1000x nagyitds mellett. Mintanként 200-200
spermiumot osztalyoztunk, rogzitve a kortefeji, keskeny, rendellenes alaku, -méretii, flagellum

nélkiili és fejletlen sejtek aranyat.

2.1.7. Merocianin 540/Yo-PRO I/Hoechst 33342 festékkombindcio

A membranstabilitds értékeléséhez a kovetkezd fluoreszcens munkaoldatokat készitettiik:
Merocianin 540 (M-540, Molecular Probes, M 24571): 1 mM DMSO-ban; Yo-PRO 1
(Molecular Probes, Y 3603): 25 uM DMSO-ban; Hoechst 33342 (H342): 5 mg/ml desztillalt
vizben. A spermamintakat felolvasztast kovetden, illetve swim-up utan kb. 1 x 10° /ml
koncentraciora allitottuk be foszfat-pufferelt sdoldatban (CellWash optimalizalt PBS, 34529,
Becton Dickinson, San Jose, CA, USA) 5 ml-es Falcon csévekben. A sejtszuszpenzidokhoz 1 pl
Yo0-PRO 1, 2,6 ul M-540 and 2 pl H342 munkaoldatokat adtunk. A fluoreszcens festékekkel
jelolt mintakat 10 percig inkubaltuk stétben, 38 °C-on.

2.1.8. Flow citometria

A flow citométeres mérésekhez BD LSR flow citométert (Becton Dickinson, San Jose, CA,
USA) alkalmaztunk. A M-540 és a Y0-PRO 1 festékeket 20 mW-0s Argon ion 488 nm-es
lézerrel, a H342 festéket 8 mW-os HeCD (hélium-kadmium) UV 325 nm-es lézerrel
gerjesztettiik. A YO-PRO 1 fluoreszcens jelét az FL 1 (530/28 nm), a M-540 fluoreszcens jelét
az FL 3 (670 LP), a H342 fluoreszcenciat az FL 4 (510/20 DF) és FL 5 (380 LP) detektorokkal
rogzitettiik. Az eléremutatd és oldalirdnyu szortfényintenzitast linearis, a fluoreszcens jeleket
logaritmikus skalan rogzitettiik. A spektralis kompenzaciot Roederer (2000) szerint hajtottuk
végre. Az adatrogzitést CellQuest 3.3 szoftverrel (Becton Dickinson, San Jose, CA, USA)
végeztilk. A spermiumok és egyéb események jeleinek szeparalasara a H342 fluoreszenciat

(DNS-tartalom) alkalmaztuk. A flow citométert alacsony aramlasi sebességgel futtattuk (6-24
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ul /min), az adatgytjtést 10 000 H342-pozitiv esemény utan allitottuk meg. Az adatokat
standard fcs-fajlformatumban taroltuk. AZ FL1/FL3 (Yo0-PRO 1/M-540) ablakokban a
kovetkezd régidkat hataroztuk meg: €16 spermium, stabil plazmamembran (Y0-PRO 1 negativ
¢s M-540 negativ), €16, destabilizdlédott membran (Y0-PRO 1 negativ és M-540 pozitiv),
valamint elhalt (Yo-PRO 1 pozitiv) események (1. abra).
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1. abra. Merocianin 540/Yo-Pro 1/Hoechst 33342 dot-plot citogram. Hoechst 33342 pozitiv
események (DNS-tartalmu sejtek, spermiumok) az R1 régidban azonosithatok, az R3 régidban
egyéb események (lipidszemcsék a spermahigitobol, sejttormelék, citoplazmacseppek stb.)
talalhatok. Az R4 régioban az intakt, stabil plazmamembrannal bir6é ondosejtek, az RS régidban

az intakt, destabilizalodott sejtek, az R6 régidoban az elpusztult spermiumok talalhatok. Az R2
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régidban a DNS-tartalom alapjan azonositott spermiumok szortfény intenzitasi képe lathato (R1

régiobol visszakapuzott fluoreszcens jel).

2.1.9. Adatelemzés

A leir¢ statisztika Microsoft® Excel 2000 alkalmazasaval késziilt. Az eredmények statisztikai
értékeléséhez Statistical Analysis Systems (SAS) szoftvercsomagot hasznaltunk (SAS Institute,
1990) 6sszesen 37 észlelésen (6 bika, 2-4 spermaminta/bika, 3 korcsoport). A bikakorcsoportok
Osszehasonlitasara, illetve a kezelések hatdsanak értékelésére a MIXED eljarast, az egyes bikak
kozotti egyedi eltérések értékelésére a GLM eljarast alkalmaztuk, a statisztikai modellben az
egyed véletlen hatasként szerepelt. Az egyes spermamindségi paraméterek kozotti kapcsolatot

Pearson korrelacios koefficiens alkalmazasaval vizsgaltuk.

2.2. Mélyhiitott-felolvasztott bikaspermiumok plazmamembran- és akroszoma-integrita-

sanak valtozasai multikolor flow citometria alkalmazasaval értékelve

2.2.1. Reagensek

A reagenseket az alabbi forrasokbdl szereztiik be: Molecular Probes Inc. (Eugene, OR, USA,
LIVE/DEAD Sperm Viability Kit, L-7011, SYBR-14 és PI), Biomeda Corp. (Foster City, CA,
USA, fikoeritrinnel konjugalt foldimogyord agglutinin, Phycoprobe RPE-PNA, P44), Sigma
Chemical Co. (St. Louis, MO, USA, Dimetil-szulfoxid, DMSO, D-5879), Becton Dickinson
(San Jose, CA, USA, CellWash optimalizalt PBS, cat. no. 349524).

2.2.2. Spermamintak

A vizsgalatban hét svéd vordstarka tenyészbika mélyhitott-felolvasztott spermamintajat
értékeltiik. Az allatoktol két-két, egymast kovetd ejakulatumot kevertek dssze és dolgoztak fel
kereskedelmi forgalomban elérhetd spermahigitoban (Triladyl®, Minitiib, Németorszag). A
termékenyité adagokat 0,25 ml-es miiszalmikba toltotték 15 x 10° spermium/adag
koncentracidban. A  miiszalmakat programozhatd Dbioldgiai mélyhiitdberendezéssel
fagyasztottak, és a laboratoriumi vizsgalatokig folyékony nitrogénben taroltak oket. A
miuszalmak felolvasztasa 35 °C —os vizfiirdoben tortént, 12 masodpercig. Spermamintanként
harom-harom muszalma tartalmat kevertiik 6ssze és inkubaltuk sotétben, 37 °C homérsékleten.
Harminc perces idokozonként almintat vettiink a flow citométeres mérésekhez. A vizsgélatot

harom ismétlésben, kiillonb6zd napokon végrehajtva végeztiik el.
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2.2.3. Harmas fluoreszcens festékkombindcio

A fluoreszcens festés korabbi munkank (Nagy és mtsai, 2003) alapjan tortént: 100 nM SYBR
14 munkaoldatot (Component A, LIVE/DEAD Sperm Viability Kit, 10x higitva DMSO-val),
2,5 ug/ml PE-PNA oldatot (1 mg /ml torzsoldat a kovetkezd Osszetételti pufferben: 3,0 M
ammonium-szulfat, 50 mM nétrium-foszfat, 0,05% natrium-azid, pH 7,0, tovabba 1 mM Ca?*
és Mn?* ion), valamint 12 uM PI térzsoldatot (Component B, LIVE/DEAD Sperm Viability
Kit, higitatlanul) adtunk 1 ml CellWASH pufferhez. Ot ml térfogata Falcon csovekbe
adagoltunk 450-450 pl, fluoreszcens festékeket tartalmazo puffert, és a csoveket 37 °C-on
sOtétben inkubaltuk a mintaelokészitésig. A felolvasztott és inkubalt spermamintakbol
felkeverést kovetden 50-50 upl-t adtunk a pufferhez, és a fluoreszcens festékek kotddésének
kialakulasahoz a mintakat tovabb inkubaltuk 10 percig sotétben, majd a flow citométeres

értékelés eldtt kozvetlentiil ujra homogenizaltuk.

2.2.4. Flow citometria

A méréseket Becton Dickinson LSR flow citométerrel (Becton Dickinson, San Jose, CA, USA)
végeztiik. A fluoreszcens festékeket 488 nm-es Argon ion l1ézerrel gerjesztettik. A SYBR 14
fluoreszcenciat (zold jel, spermiumok intakt plazma membrannal, €16 sejtek) az FL 1 detektoron
(530/28 nm), a PI fluoreszcenciat (vords jel, spermiumok sériilt plazma membrannal, elhalt
sejtek) az FL 3 detektoron (670 LP), a PE-PNA fluoreszcenciat (spermiumok sériilt
akroszomaval) az FL 2 detektoron (575/25 nm) rogzitettiik. Az eldre mutaté (FSC) és
oldaliranyti (SSC) szortfényintenzitast linearis skalan, a fluoreszcens jeleket logaritmikus
skalan rogzitettiik. A fluoreszcens kompenzacio értékeit Roederer (2000) szerint allitottuk be.
Az adatrogzitéshez CellQuest 3.1 szoftvert (Becton Dickinson, San Jose, CA, USA)
alkalmaztunk. A logikai kapukat korabbi publikacionk (Nagy és mtsai, 2003) alapjan allitottuk
be. A nem spermium események tobbségét a szortfényintenzitasi eloszlasok alapjan zartuk ki
az analizisbdl, a spermiumokhoz hasonlo6 szortfényintenzitasi értékeket mutatd, de DNS-t nem
tartalmazo eseményeket a SYBR 14 vagy PI fluoreszcencia-intenzitas alapjan kiilonboztettiik
meg az onddsejtektdl. Azok a spermiumok, amelyek egyidejiileg intenziv SYBR 14 és PI jelet
is mutattak, ,,haldoklo” sejtekként lettek azonositva (Garner €s mtsai, 1994; 2. 4bra).

A flow citométert lass &ramlasi sebességgel (6-24 ul /min) hasznaltuk. Az adatrogzitést 3000
,haldokld” esemény elérése utan allitottuk meg. Az adatokat standard list mode

fajlformatumban taroltuk az adatelemzésig.
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2. dbra. SYBR 14/PE-PNA/PI citogramok. A z6ld szin az €16 (intakt plazmamembrannal bird)
spermiumokat, a voros szin az elhalt ondosejteket jelzi. A lila szin a ,,haldokl6” sejteket
mutatja, a narancssarga szinti események a DNS-t nem tartalmazoé egyéb elemek (spermahigitd

lipidszemcséi, sejttormelék stb.).

2.2.5. Adatelemzés

A SYBR 14/P1 dot plot-okon régiok megrajzolasaval allapitottuk meg az €16, elhalt és haldoklo
sejtek aranyat. A PE-PNA/PI dot plot-okon kvadransok kijelolésével azonositottuk és
allapitottuk meg a kovetkezd alpopuldciok aranyat: €16 spermiumok ép akroszomaval (live,
intact; LI), ¢l6 sejtek sériilt akroszémaval (live, ruptured; LR), elhalt spermiumok intakt

akroszomaval (dead, intact; DI) és elhalt sejtek sériilt akroszémaval (dead, ruptured; DR).

crcr

crer

spermiumok akroszomadllapotat is. A harom fluoreszcens proba egyidejii megjelenitéséhez
haromdimenzios dot-plot-okat készitettiink az egyes idépontokban gyiijtott mintak kozotti

valtozasok vizualizalasara (3. abra).
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3. abra. 3D-citogramok — a 4 6ras inkubacio soran bekovetkezé populaciovaltozasok, féloras

mintavételezéssel. 20 — 20 000 esemény megjelenitve az egyes abrakon.

Az adatelemzéshez WinMDI 2.8 ingyenes szoftvert alkalmaztunk (J. Trotter,
http://facs.scripps.edu/software.html). A leird statisztikahoz Microsoft® Excel 2000 szoftvert
hasznaltunk. Az egyes bikak, napok, illetve az ismételt mérések kozotti kiilonbségek
vizsgalatdhoz ismétléses variaanalizist alkalmaztunk, a STATISTICA 5.5 programcsomag
Within Subjects (Repeated Measures) ANOVA with Multiple Dependent Measures
(MANOVA) opicojaval (Statsoft Inc., 2000). A bikak fluggetlen, random faktorként
szerepeltek, mig a napok ¢és az ismételt mérések egyedeken beliili (within-subject), ismétléses
tényezokkeént lettek beallitva, a napok esetében 3, az ismételt mérések esetében 9 szinttel. Az
adatelemzést elvégeztiik a LI, LR, DI és DR alpopulacidkon, valamint a sériilt akroszomaju,
haldoklo alpopulacion (dying, ruptured; DYR) is. Az egyes spermium-alpopulaciok inkubacio
elotti €s utani aranyat a STATISTICA 5.5 program T-test for Dependent Samples opciojaval
értekeltiik.
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2.3. Mélyhiitott-felolvasztott bikaspermiumok mitokondrialis aktivitasanak értékelése

MitoTracker Deep Red 633 festés és flow citometria alkalmazasaval

2.3.1. Reagensek

A vizsgalat soran felhasznalt reagenseket az alabbi forrasokbdl szereztiik be: Molecular Probes
Inc. (Eugene, OR, USA, SYBR-14, a LIVE/DEAD Sperm Viability Kit részeként, L-7011 és
MitoTracker Deep Red, M-22426), DMSO (Fluka, 41640), Becton Dickinson (San Jose, CA,
USA, CellWash optimised PBS, cat. no. 349524), Sigma Chemical Co. (St. Louis, MO, USA).

2.3.2. Vizsgalt allatok, spermafeldolgozas

A vizsgalatban hat észtorszagi holstein-friz tenyészbika termékenyitdanyagat értékeltiik. Az

allatok és a spermafeldolgozas menete megegyezett a dolgozat 2.1. alfejezetében ismertetettel.

2.3.3. A spermamintak elokészitése laboratoriumi vizsgalatokhoz

A spermamintak el6készitése és értékelése a 2.1. alfejezetben ismertetettel azonos modon, két
id6épontban tortént: kozvetleniil felolvasztast kovetden (post-thaw, PT), illetve felolvasztast,
majd swim-up kezelést kovetden (SU). Spermamintanként két-két miiszalmat olvasztottunk fel
+35 °C-os vizfiirdében, 12 mésodpercig, majd a miiszalmat tartalmat osszekevertiik. A SU-
kezeléshez 200 pl spermat rétegeztiink 400 pul Fert-TALP fertilizdcios médium ald (13), amely
6mg/ml zsirsavmentes BSA-t, 0,25 pM natrium-piruvatot, 5 pg /ml heparint, 20 uM D-
penicillamint, 10 uM hipotaurint és 1 uM epinefrint tartalmazott. Hatvan perc (39 °C, 5% CO3)
inkubaciot kovetéen a médium fels6 300 pl-es rétegét begyljtottik a tovabbi

spermavizsgalatokhoz.

2.3.4. Spermabiralat

A mélyhiites-felolvasztas (PT) ¢és swim-up kezelés (SU) utdn a spermamintak
motilitasvizsgalatat és koncentracio-értékelését végeztiik el a 2.1. alfejezetben leirtak szerint:

2.3.5. Motilitas és koncentracio értéekelése

Ot pl spermamintat helyeztiink Makler sejtszamlalé kamréba (Sefi-Medical Instruments, Haifa,
Israel) és szamitogépes motilitasvizsgald berendezéssel (CASA, SM-CMA, MTM Medical
Technologies, Montreaux, Switzerland) értékeltiik. A motilitdsvizsgald berendezés beallitasait
az 1. tablazat tartalmazza. Mintanként legalabb 100 — 100 spermium motilitasi adatai keriiltek

rogzitésre +38 °C-os hdmérsékleten. Az dsszes motilis sejt aranya, a linedrisan, nem linedrisan
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¢s korkordsen mozgd ondosejtek aranya mellett a miiszer a kovetkezd kinetikai paramétereket
is rogzitette: straight linear velocity (VSL), average path velocity (VAP) és curvilinear velocity
(VCL). A lineéaris motilitdst mutatd spermiumok ardnya manudlis szamitassal keriilt
meghatarozasra, a latobmezdokben jelen 1€vo sejtek szamat alapul véve.

A spermiumok motilitdsa szubjektiven is meghatarozasra keriilt, ugyanazon mintabdl,
faziskontraszt mikroszkép alkalmazasaval, 400-szoros nagyitassal, +38 °C-os melegitd
targyasztalon. Négy-négy latdbmezo atlaga kertilt rogzitésre.

A koncentracié megallapitasa Biirker-hemocitométer hasznalataval tortént Bane (1952) szerint,

a spermiumkoncentraciot 108/ml-ben kifejezve.

2.3.6. Fluoreszcens festekkombindcio flow citométeres mérésekhez

Szaz uM SYBR-14 torzsoldatot készitettiink DMSO-ban, majd kdzvetleniil a minta el6készités
el6tt a torzsoldatbol 100 nM munkaoldatot készitettlink a térzsoldatot tovabb higitva CellWash
optimalizalt PBS-ben. Hasonldan készitettiik el a MitoTracker Deep Red oldatokat: 1 mM
MitoTracker Deep Red torzsoldatot készitettink DMSO-ban, majd kozvetleniil minta-
elokészités elott 20 uM munkaoldatot CellWash optimalizalt PBS-ben.

A fluoreszcens festés menete a kdvetkezo volt: a spermamintakat CellWash optimalizalt PBS-
ben megkozelitéleg 1 x 10° /ml koncentraciora allitottuk be 5 ml térfogati Falcon csdvekben.
Ot nM SYBR-14 munkaoldatot és 100 nM MitoTracker Deep Red munkaoldatot adtunk a
sejtszuszpenzidokhoz, majd 38 °C-on, sotétben tartva inkubaltuk a mintdkat 10 percig. Flow

citométeres értékelés eldtt a mintakat vortex-szel felkevertiik, homogenizaltuk.

2.3.7. Flow citometria

A flow citométeres méréseket BD LSR flow citométerrel (Becton Dickinson, San Jose, CA,
USA) végeztik. A SYBR 14 festék gerjesztése 488 nm, 20 mW Argon ion lézerrel, a
MitoTracker Deep Red gerjesztése 633 nm 17 mW HeNe lézerrel tortént. A SYBR 14
fluoreszcencia-intenzitast (zold szin, DNS-t tartalmazé események) az FL 1 (530/28 nm), a
MitoTracker Deep Red fluoreszcencia-intenzitast az FL 3 (670 LP) detektorral rogzitettiik (4.
abra). Az egyenes iranyu és oldaliranya szortfényintenzitast linearis, a fluoreszcens jelek
szerint allitottuk be. Az adatgylijtést CellQuest 3.1 szoftverrel (Becton Dickinson, San Jose,
CA, USA) végeztiik el. A nem spermium eseményekés mtsaiacsony SYBR 14 fluoreszcencia-
intenzitasuk alapjdn azonositottuk (DNS-tartalom nélkiili események). A flow citométert

alacsony dramlasi sebességgel (6-24 ul /min) tizemeltettiik. Az adatgylijtést mintanként 10 000
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SYBR-14-pozitiv esemény elérése utan allitottuk meg. Az adatokat standard fcs-

fajlformatumban taroltuk.
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4. abra. SYBR 14/Mitotracker Deep Red analizis. A baloldali citogram R1 régidjaban a SYBR
14-pozitiv események (DNS-tartalmu sejtek, spermiumok) talalhatok, az R2 régid a tobbi,
DNS-t nem tartalmaz6 eseményt tartalmazza. A jobboldali hisztogram az aktiv és inaktiv
mitokondriumokkal biré ondodsejtek eloszlasat mutatja a Mitotracker Deep Red fluoreszcencia
intenzitdsa alapjan. M1 marker mutatja a spermiumokat aktiv mitokondriumokkal, az M2

marker az inaktiv mitokondriumokat tartalmazo sejteket.

2.3.8. Adatelemzés

crer

és ezt a régiot tekintettiik ,,spermium” populacionak. A SYBR-14/MitoTracker Deep Red dot
plot citogramokon kiilon régiokat hataroztunk meg az alacsony ¢és intenziv MitoTracker Deep
Red fluoreszcenciat mutatd eseményeknek.

A leir6 statisztikat Microsoft® Excel 2000 alkalmazasaval készitettiik el. Az eredmények
statisztikai értékeléséhez a 3. fejezetben leirtak szerint, Statistical Analysis Systems (SAS)
szoftvercsomagot hasznaltunk (SAS Institute Inc., 1990) 6szesen 37 észlelésen (6 bika, 2-4
spermaminta/bika, 3 korcsoport). A bikakorcsoportok Osszehasonlitdsara, illetve a kezelések
hatasanak értékelésére a MIXED eljarast, az egyes bikak kozotti egyedi eltérések értekelésére
a GLM eljarast alkalmaztuk, a statisztikai modellben az egyed véletlen hatasként szerepelt. Az
egyes spermamindségi paraméterek kozotti kapcsolatot Pearson korreldcios koefficiens

alkalmazasaval vizsgaltuk.
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2.4. Magas kornyezeti homérséklet hatasa halspermiumok plazmamembran-integrita-

sara és mitokondrialis aktivitasara

2.4.1. Vizsgalt allatok

A vizsgalatokhoz az egyedi variancia csokkentése érdekében (Sood €s mtsai, 2012) harom
eziistkarasz (Carassius auratus) kevert spermamintajat hasznaltuk. A spermiaciot ponty
hipofizis kivonataval idéztiik eld, az egyedeket spermavétel eldtt szegfliszeg-olajjal boditottuk.
A spermamintakat vételt kdvetden azonnal a laboratoriumba szallitottuk, ahol PBS-ben
szuszpendaltuk az ondosejteket a flow citométeres mérésekhez sziikséges sejtkoncentracio
(<5x10%/ml) elérése érdekében. Az ondosejtek esetleges aktivaciojat Olympus CX40
faziskontraszt mikroszkoppal ellendriztilk, a sejtanalitikai mérésekhez csak aktivalatlan
spermiumokat hasznaltunk. A spermamintakat nyolc almintara osztottuk, és 20, 25, 30 ¢és 40

°C-on inkubaltuk 10, illetve 30 percig. A vizsgalatot harom ismétlésben végeztiik el.

2.4.2 Plazmamembran-integritas

Az ¢l0, intakt plazmamembrannal biré onddsejtek szazalékos aranyanak megallapitasahoz
Live/Dead Sperm Viability Kit-et (Life Technologies, L-7011) alkalmaztunk Garner és mtsai
(1994) szerint. Az intakt sejteket SYBR 14 fluoreszcens festék jel6li zold szinnel, az elhalt

onddsejteket propidium-jodiddal jeldltiik, amely vords fluoreszcenciat mutat.

2.4.3. Mitokondrialis aktivitas

Az alacsony és magas mitokondrialis membranpotencialt mutaté spermiumokat MitoTracker
Deep Red FM (Life Technologies, M22426) fluoreszcens festék segitségével kiilonitettiik el
Hallap és mtsai (2005) modszere szerint. A fluoreszcens proba az aktiv mitokondriumokat

intenziv, tavoli voros fluoreszcens fénnyel jelzi.

2.4.4. Flow citometria

A flow citométeres mérésekhez Beckman Coulter FC-500 dramlési citométert alkalmaztunk. A
fluoreszcens festékeket 488 nm-es és 635 nm-es 1ézerrel gerjesztettiik, az emittalt jeleket az
adott festék emisszids spektrumanak megfeleld detektorokkal rogzitettiik (SYBR 14: FLI;
propidium-jodid: FL3; MitoTracker Deep Red FM: FL4). Mintanként 10 000 ondosejt
szortfényintenzitasi és fluoreszcens jeleit rogzitettik Beckman Coulter CXP szoftver

alkalmazasaval.
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2.4.5. Adatelemzés

A standard FCS forméatumban tarolt adatfajlok elemzéséhez Flowing 2.5.1. ingyenes szoftvert
(www.flowing.com) hasznaltunk. A plazmamembran-integritas vizsgalata sordn az egyes
mintdk SYBR 14-pozitiv eseményeinek szdzalékos ardnyat (éldsejt%) rogzitettiik. A
mitokondrialis aktivitas értékelése soran a MitoTracker Deep Red FM hisztogramok median
fluoreszcencia-intenzitasat (MFI — dimenzi6 nélkiili érték) szamitottuk ki. Mivel a spermiumok
tobb mitokondriumot tartalmaznak sejtenként, ez a mutaté érzékenyebben jelzi a mitokondridlis
membranpotencial valtozasait, mint a magas vagy alacsony MitoTracker Deep Red FM
fluoreszcenciat mutatd sejtek szazalékos aranya, hiszen az adott sejt mitokondrium-allomanyan
beliil is lehetnek eltérések a membranpotencial tekintetében.

Az adatértékeléshez az €16sejt% esetében ismétléses ANOVA-t (Repeated Measures ANOVA)
¢és post-hoc Newman-Keuls tesztet alkalmaztunk Statistica for Windows 8.0 (StatSoft, Inc.,
2007. STATISTICA data analysis software system, www.statsoft.com) hasznéalataval. A
kiilonboz6 idépontokban és homérsékleten rogzitett MitoTracker Deep Red FM hisztogramok
profiljanak Osszevetésére a flow citométer CXP Analysis szoftver hisztogramelemz6
moduljaban elérheté Kolmogorov-Smirnov tesztet alkalmaztunk, a 20 °C-on 10 percig inkubalt
spermamintdt alkalmazva kontrollként. A teszt alkalmazisaval az egyes kumulativ
hisztogramokat egymasra vetitve megallapithatjuk a két hisztogram kozotti maximalis abszoltt
kiilonbséget (Dmax), illetve azt, hogy az Osszevetett sejtpopulaciok kozotti kiilonbség

szignifikans-e (Young, 1977; Cox és mtsai, 1988).

2.5. Spermium-kromatinszerkezet és morfologia: kapcsolat a fertilitassal

2.5.1. Vizsgalatba vont apaallatok, mintavétel, termékenyitések

A termékenyitOképességet €rintd vizsgalatban 43 Ayrshire tenyészbika azonos életkorban
gylijtott és mélyhiitott spermamintdjat hasznaltuk fel. A termékenyité adagok 0,25 ml-es
miiszalméakban, kb. 15 millié/miiszalma sejtkoncentracidval keriiltek mélyhftitésre 1999 és 2006
kozott. A kivalasztott egyedek mintegy fele (n=22) szubfertilis volt, a tobbi bika (n=21)
fertilisnek bizonyult, ket tekintettiik kontrollnak a vizsgalatban. A szubfertilitas — fertilitas a
60 napos non-return rate (NRR) alapjan keriilt megallapitasra, a szub- €s normalis fertilitas
kozotti kiiszobérték 55% volt. Minden egyes bika sperméjaval legaldbb 1200 mesterséges
termékenyitést hajtottak végre, és a termékenyitési eredményeket statisztikailag korrigaltak egy
sor (lasd alabb) zavar6 tényezd tekintetében. A 43 bika spermamintaival dsszesen tobb, mint

256000 termékenyités tortént (minimum 1202, maximum 81644, 4tlag bikanként 5964). A fenti

33



dc_1642_19

allatok mellett harom tovabbi bikat is bevontunk a vizsgélatba: egy egyed reciprok
transzlokacidhordoz6 volt, a masik két allat esetében a spermatogenezis sordn meiotikus
zavarok Iéptek fel, igy az ejakulatumaikban mintegy 20%-ban jelentek meg diploid

spermiumok.

2.5.2. Fertilitasi mutatok

Az alabbi fertilitdsi eredmények keriiltek rogzitésre minden vizsgalt bika esetében: (1)
korrigalatlan 60-napos non-return rate (NRR%), (2) korrigalt non-return rate index (NRR-
index), ahol a NRR% korrekcidja soran figyelembe vették az ellések szamat, az évszakot, az
inszemindtort és a tenyészetet, valamint (3) az ellési % (calving rate - CR), ahol az Ujra
inszeminalt, selejtezett és eladott allatok nem vemhesiiltként keriiltek az adatbazisba. A
fertilitasi eredményeket az Agricultural Data-Processing Centre Ltd., Vantaa, Finland

bocsatotta rendelkezésiinkre.

2.5.3. Morfologiai értékelés

A spermiummorfologiai vizsgalatokat 1égszaraz keneteken, Giemsa-festést (Watson, 1975)
kovetden végeztiik. Kenetenként 300 -300 spermiumot osztalyoztunk Blom (1983) szerint, az
egyes spermiumokon csak a termékenyitOképesség tekintetében legsulyosabb rendellenességet
rogzitve. A spermiumokat négy osztalyba soroltuk: nagy hatasu defektus (Major), proximalis
citoplazmacsepp (Prox), kis hatasti defektus (Minor) és normalis spermium (Normal). A nagy
hatasti osztalyba az alabbi rendellenességeket soroltuk: fejletlen, dupla fej vagy flagellum,
goresos akroszoma, fej nélkiili spermium, diadém defektus, kortefej, keskeny fej, rendellenes
kontur, kicsi, rendellenes fej, dugéhuzo defektus, rovid flagellum, alcsepp, Dag-defektus. A

morfologiai értékelést minden egyed esetében ugyanaz a személy végezte.

2.5.4. Sperm Chromatin Structure Assay

A spermiumok kromatinszerkezeti sériiléseinek detektalasara akridin-narancs festést
alkalmaztunk (Evenson és Jost, 2000). A festék egyszali DNS-hez kotédve voros, kétszalu, intakt
DNS-hez kotédve zold fluoreszcens jelet ad. A kromatindenaturacidé mértékét a voros
(denaturalt, egyszala DNS) és a vorost+zold (a sejt teljes DNS-tartalma) fluoreszcencia-
intenzitas ardnya fejezte ki. A denaturdcios ardnyt spermiumonként szamitottuk ki, és az
eredményeket a magas denaturdcids aranyt mutatod spermiumok ardnyaval és szordsaval (DNS

fragmentacié — DF% és SD DF) fejeztiik ki. A magas z6ld fluoreszcencia-intenzités (high green
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fluorescence - HIGR) is rogzitésre kertilt (5. abra), ez a mutatdo nem teljes hiszton-protamin

kicserélédésre utal a spermatogenezis soran (Evenson és mtsai, 2000).

5. dbra. SCSA 3D citogram. Az intakt kromatinallomanyu ondosejtek a fehér régidban
talalhatok (narancsszinnel jelolve). A fragmentalt DNS-tartalmt ondosejtek a vords régidban,

a nem megfeleléen kondenzalt kromatin tartalmazo6 spermiumok a zold régidban talalhatok.

2.5.5. Akridin-narancs festés

crer

(0,01M TRIS, 0,15M NaCl, 1mM EDTA, pH 7.4) szuszpendalva. Egy perccel késébb 200 pl
sejtszuszpenziohoz 400 ul sav-detergens oldatot (0,15 M NaCl, 0,08 N HCI, 0,1% Triton-X
100, pH 1,2) adtunk. Pontosan 30 mdasodperc utan a spermiumokat 1,2 ml akridin-narancs
festékoldattal (0,2M NaxHPO4, 1ImM EDTA, 0,15M NaCl, 0,1 M citromsav, 6 mg/ml akridin-
narancs, Merck Kebo Lab, Stockholm, Sweden, pH 6,0) jeldltiik. A flow citométeres méréseket

3 perccel a savas kezelést kovetden kezdtiik.

2.5.6. Flow citometria

A méréseket Becton Dickinson FACSStar Plus flow citométerrel (Becton Dickinson
Immunochemistry Systems, San Jose, CA, USA) végeztiik. Az akridin-narancs gerjesztéséhez

Ar ion lézert (Innova 90, Coherent, Santa Clara, CA, USA) hasznaltunk, 488 nm gerjesztési

35



dc_1642_19

hullamhosszon. A kétszala DNS-hez kotddo festék zold fluoreszcens jelét az FL 1 (530/28 nm)
detektorral, az egyszalG DNS voros fluoreszcens jelét az FL3 (> 630 nm) detektorral
rogzitettiik. Az adatgytjtést CellQuest 3.1 szoftverrel (Becton Dickinson, San Jose, CA, USA)
végeztik el. Az adatrogzitést mintanként 10 000 esemény elérése utan allitottuk meg. Az

adatokat standard fcs fajlformatumban taroltuk értékelésig.

2.5.7. Adatertékelés

Az adatelemzéshez és a paraméterszamitasokhoz FCSExpress szoftvert (version 2, DeNovo
Software, Thornhill, Ontario, Canada) hasznaltunk. A kromatinkondenzacié értékeléséhez a
z0ld fluoreszcenciaintenzitast vizsgaltuk, egy egészséges bika mintajat hasznalva kontrollként
(Revay ¢és mtsai, 2009). A nagy zold fluoreszcencia intenzitast (high green fluorescence -
HIGR) mutatdo eseményeket olyan spermiumoknak tekintettilk, amelyeknek nem teljes a

kromatinkondenzacidja.

2.5.8. Statisztikai elemzés

Az adatelemzéshez STATISTICA szoftvert (version 8.0., StatSoft, Inc., 2007) hasznaltunk. A
szubfertilis és fertilis bikacsoportok Gsszehasonlitdsahoz nemparaméteres Mann-Whitney U-
tesztés mtsaikalmaztunk. Az egyes spermatologiai paraméterek €s a fertilitds kapcsolatanak
feltarasat nemparaméteres Spearman rangkorrelacioval végeztiik el. Emellett a szubfertilis és
fertilis bikacsoportokat ROC-gorbe analizissel (Aitken és mtsai, 2010) is Osszevetettiik, Xlstat
Life program (Addinsoft, USA) alkalmazéasaval. A gorbe alatti teriilet (Area under the curve -
AUC) kiszamitasaval vizsgaltuk meg, hogy az egyes spermatologiai paraméterek milyen
mértékben képesek a szubfertilis és fertilis csoportok kozotti diszkrimindciora. A fertilis és
szubfertilis csoportok elkiilonitésére alkalmazando kiiszobértékeket Youden index, J (Greiner
¢s mtsai, 2000) kiszamitasaval allapitottuk meg a kovetkezo képlettel:

] = (érzékenység + fajlagossag) — 1.

2.6. Alternativ DNS-karosodasi tesztek osszehasonlitasa: TUNEL és Nicoletti-teszt
2.6.1. Spermamintak

Tizenkét, véletlenszeriien kivalasztott tenyészmén 500 pl-es miiszalmaban tarolt, folyékony
nitrogénben mélyhlitott spermamintajat hasznaltuk fel a vizsgalatban. A miiszalmékat 37 °C-
os vizfiirdében olvasztottuk fel 60 masodperc alatt, majd a tartalmukat 2 ml-es Eppendorf

csOovekbe toltottiik.
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2.6.2. TUNEL teszt

A flow citométeres TUNEL teszthez a kereskedelmi forgalomban elérhet6 APO-BrdU™
TUNEL Alexa Fluor® 488 anti-BrdU Assay Kit-et (A23210, Invitrogen, Carlsbad, CA, USA)
hasznaltuk a gyartd altal javasolt protokoll szerint. Spermamintanként 1-2 x 10° sejtet
szuszpendaltunk 0,5 ml PBS-ben (Phosphate Buffered Saline, P-4417, Sigma-Aldrich, St.
Louis, MO, USA), majd 1,5 ml 1% paraformaldehid hozzaadéasaval fixaltuk a mintakat 15
percig -20 °C-on. A mintakat kétszer atmostuk 2 ml PBS-ben (400 x g, 10 perc centrifugalas),
majd a sejteket reszuszpendaltuk 0,5 ml PBS-ben és permeabilizaltuk 1,5 ml 70% etanollal, és
-20 °C-on taroltuk egy éjszakan at. Masnap a mintdkat haromszor atmostuk a TUNEL Kit
mosoépufferével (Wash Buffer, 400 x g, 10 perc centrifugalds), majd reszuszpendaltuk 50 pl
frissen elkészitett DNS jel616 oldatban (Labeling Solution, a TUNEL kitben) és egy oran at
inkubaltuk 37 °C-on, a mintakat felkeverve minden 15 percben. Az inkubacios ido6 leteltével 1
ml oblitépuffert (Rinse Buffer a TUNEL kitben) adtunk a mintdkhoz és a sejtszuszpenzidkat
kétszer atmostuk (400 x g, 10 perc centrifugalas). Ezt kovetoen a sejteket reszuszpendaltuk 100
ul frissen elkészitett antitest oldatban (Antibody Solution a TUNEL kitben) és 30 percig
inkubaltuk szobahémérsékleten, s6tétben. Végiil 0,5 ml propidium-jodid/RNaz A jel6ldpuffert
aTUNEL kit része) adtunk a mintdkhoz és tovabbi 30 percig inkubaltuk soététben, majd
elvégeztiik a flow citométeres méréseket.

A méréseket Beckman Coulter FC 500 flow citométerrel (Beckman Coulter, Inc. Brea CA,
USA) végeztiik. A gerjesztd fényforras 488 nm 20 mW Ar ion 1ézer volt. A spermium és egyéb
események megkiilonboztetését a szortfényintenzitas €s propidium-jodid
fluoreszcenciaintenzitas alapjan kiilonitettiik el. Az Alexa Fluor 488 konjugatum
fluoreszcenciaintenzitasat a citométer FL1 (525 nm BP) detektoran rogzitettiik, log modban.
Az egyes mintdk futtatasat 300 masodperc futtatdsi id6 vagy 20 000 esemény elérése utan
allitottuk le. Az adatfajlokat list mode (LMD) formatumban taroltuk. Az adatelemzést Flowing
ingyenes adatelemz6 szoftverrel (Version 2.5.1, http://www.flowingsoftware.com) végeztiik el.
A DNS-fragmentaciot az Alexa Fluor 488 konjugatum zold fluoreszcenciaintenzitasanak

emelkedése jelezte, amit egydimenzios FL1 hisztogramokon értékeltiink (6.a abra).
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6. abra. Spermiumok DNS-fragmentacidjanak értékelése TUNEL (6.a.) és Nicoletti (6.b.)

tesztekkel.

2.6.3. Nicoletti teszt

A Nicoletti teszt gyors verzidjat alkalmaztuk a jelen vizsgélatban, Riccardi és Nicoletti (2006)
leirdsa alapjan. A spermamintakbol felolvasztast kovetden azonnal 1-2x10° spermiumot
szuszpendaltunk 1 ml PBS-ben, Eppendorf csévekben, majd centrifugaltuk (400 x g, 10 perc).
A mosast kdvetden a sejteket reszuszpendaltuk 1ml elézetesen elkészitett fluorokrém oldatban,
amely 0,1% natrium-citratot (wt/v; 27833.237, VWR International, Radnor, PA, USA), 0,1%
Triton X-100-at (v/v; 9002-93-1, G-Biosciences, St. Louis, MO, USA), 50 mg I-1 Pl-ot
(Component B, LIVE/DEAD Sperm Viability Kit, L-7011, Invitrogen, Carlsbad, CA, USA)
tartalmazott desztillalt vizben. A spermiumokat egy ordn at inkubaltuk az oldatban
szobahdmérsékleten (20 °C), sotétben tartva, majd a fent leirt flow citométerrel értékeltiik a
festett mintakat. A PI-fluoreszcencia intenzitast a citométer FL3 (620 nm SP) detektoran
rogzitettiik. A mérési adatfajlokat list mode (LMD) formatumban taroltuk.

A spermiumokat a tobbi eseménytdl a szoértfényintenzitasi (FSC vs SSC) jellemzdik alapjan
kiilonboztettiik meg, és a spermiumok fluoreszcenciaintenzitasi értékeit egydimenzidés FL3
hisztogramokon jelenitettik meg. A DNS-fragmentaciét a sejtek alacsonyabb

fluoreszcenciaintenzitasa jelezte (6.b abra).
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2.6.4. Mikroszkopia

A flow citométeres méréseket kovetden a mintakat Olympus CX31 fluoreszcens mikroszkdppal
ellendriztik (Olympus FEurope, Hamburg, Germany). A mikroszkép fényforrasa

higanygézlampa (U-RFLTS50) volt, és standard FITC/TRITC sztir6kockakkal volt felszerelve.

2.6.5. Konfokalis lézer pasztazo mikroszkopia

A TUNEL-kit alkalmazéaséaval a fentiek szerint jelolt spermiumokat konfokalis mikroszkdppal
is ellendriztik. Egy csepp festett sejtszuszpenzidt Superfrost mikroszkop targylemezre
cseppentettiink, majd lefedve azonnal értékeltiik egy BioRad MRC 1024 konfokalis 1ézer
pasztazé mikroszkoppal (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.6.6. Adatelemzés

A kétféle teszt eredményei kozotti egyezést Bland-Altman modszeregyezési teszttel (Bland,
Altman, 1986) Microsoft Excel 2013 szoftverrel értékeltiik.

2.7. Tenyészbikak gyors citogenetikai sziirovizsgalata spermiumok DNS-tartalmanak

flow citométeres hisztogramanalizisével

2.7.1. Spermamintak

Az elsé vizsgalatban harom, citogenetikai rendellenességektdl mentes tenyészbika mélyhiitott-
felolvasztott sperméjat értékeltiik. A masodik vizsgédlatban ezen bikak egyike szolgalt
kontrollként (A), és mellette a kovetkezd rendellenességeket hordoz6d bikakat teszteltiik: a B
bika 2;4 reciprok transzlokacié hordozo volt (Switonski €s mtsai, 2008); a C bika 20;24 reciprok
transzlokacié hordoz6 volt (Andersson és mtsai, 1992); a D bika ondosejtjeinek mintegy 20 —
25%-a diploid spermium volt (Revay és mtsai, 2010); az E bika a 6. és 29. kromoszémakat

érinté komplex transzlokaciot hordozta (Venhoranta €s mtsai, 2013).

2.7.2. Fluoreszcens DNS-jeldlés

A spermiumok DNS-ét propidium-jodid (PI) festéssel jeldltiik. A PI az FXCycle PI/RNase kit
(F10797, Molecular Probes) része volt.

A jelolés soran a gyarto altal megadott modszert kovettiik: a spermiumokat 70%-0s etanolban
fixaltuk, majd 10 percig 400 x g centrifugalassal kimostuk a sejteket a fixalobol. A pellethez
500 pl FXCycle PI/RNase festékoldatot adtunk, a sejtszuszpenzid koncentracidja igy
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megkozelitéleg 1 millio/ml volt. A szuszpenziokat vortex-szel homogenizaltuk, majd 30 percig

inkubaltuk szobahémérsékleten, sotétben.

2.7.3. Flow citometria

A Pl-fluoreszcenciaintenzitassal kifejezett DNS-mennyiséget Beckman Coulter FC500 flow
citométerrel értékeltiik. A késziilék gerjesztd fényforrasa 488 nm 20 mW argon ion l1ézer volt,
a Pl-fluoreszcenciat az FL3 detektoron (655 nm LP) rogzitettik linedris modban. A
rendelkezett specialis orientald fejjel. Az 6sszetapadt sejtek fluoreszcens jelének elkiilonitésére
a gyartdo (Beckman Coulter) javaslatait kovettiik. Mintanként 5000 esemény szortfény- és
fluoreszcencia-intenzitasi értékeit rogzitettiik és taroltuk list mode (LMD) fajlként. A flow
citométer optikai stabilitdsat naponta ellendriztiik FlowCheck fluoreszcens mikrogyongyok
segitségével (6605359, Beckman Coulter), tovabba az egyes mintdk kozotti véletlenszerti
fluoreszcencia-intenzitasi ingadozas ellenérzése érdekében minden egyes 10 pl FlowSet

fluoreszcens mikrogyongyot (6607007, Beckman Coulter) adtunk belsd kontrollként.

2.7.4. Adatelemzés

Az 1. vizsgalat elemzése soran egydimenzios hisztogramokon jelenitettiik meg az egyes mintak
Pl-fluoreszcencia intenzitasat, majd az egyes hisztogramprofilokat a citométer CXP Analysis
szoftvere Kolmogorov-Smirnov opcidjanak alkalmazasaval hasonlitottuk Ossze. Ez az
adatelemzési modszer két eseménypopulacid eltérését vizsgalja és megmutatja az egyes
eseménypopulaciok kumulativ gyakorisagi hisztogramjainak maximalis eltérését (Dmax érték;
Young, 1977, Watson, 2001). Kiszamitottuk az egyes hisztogramparok (harom bika, harom
ismétlés, n=36 hisztogrampar) Dmax értékeit, majd ezen értékek normalitasat Lilliefors teszt
alkalmazaséval értékeltiik, illetve leiro statisztikai elemzést végeztiink Statistica for Windows
(version 8., Statsoft Inc.) szoftver segitségével.

A 2. vizsgalat soran a citogenetikai rendellenességeket hordozd bikak és a kontroll bika
hisztogramprofiljait (7. abra) a fentiekben leirtak alapjan, Kolmogorov-Smirnov teszttel
hasonlitottuk Gssze. Az egészséges €s valoszinlisithetden rendellenességet hordoz6 egyedek
megkiilonboztetésére hasznalhatd Dmax kiiszobértéket az 1. vizsgalat leird statisztikai

vizsgalatabol szarmazo6 eredményekre épitve szamitottuk ki (atlag + 2SD; Indrayan, 2012).
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3. EREDMENYEK

3.1. Mélyhiitott-felolvasztott bikaspermiumok plazmamembran-stabilitasanak értéke-

1ése Merocianin 540/Y0-PRO-1/Hoechst 33342 fluoreszcens festékkombinacioval

3.1.1. Eletkor hatdsa a spermiummorfolégidra, motilitdsra, plazmamembrdan-integritdsra és -

stabilitasra

A spermium-rendellenességek aranya egyik korcsoportban sem haladta meg az egészséges
tenyészbikak esetében jellemzd, elfogadhato értéket. A szubjektiv motilitasbecslés eredményei
nem kiilonboztek szignifikdnsan az egyes korcsoportok kozott (p>0,05), de a motilitas
novekedése volt észlelhetd a 3 és 5 éves, illetve 3 és 7 éves korcsoportok kozott a swim-up
kezelést kovetden (p<0,05). A CASA-val végzett motilitasértékelés szignifikans eltérést tart fel
a 7 éves korcsoport egyes egyedei kozott swim-up kezelés utan (p<0,05), de az egyes
korcsoportok kozott nem volt szignifikans eltérés sem kdzvetleniil felolvasztast kvetden, sem
swim-up utan. Nem észleltiink korcsoporttol fliggd eltérést a linearis motilitast mutato sejtek
aranya ¢s a VAP paraméter esetében sem. Spermiumkoncentracié tekintetében az 5 és 7 éves
korcsoport kozott talaltunk szignifikans eltérést (p<0,05). Az €16, intakt plazmamembrannal
bir6 ondodsejtek ardnya nem kiilonbozott szignifikdnsan az egyes bikdk kozott, de
szignifikdnsan magasabb volt a 7 éves korcsoportban a 3 éves (felolvasztas utan) és az 5 éves
(swim-up utan) csoporthoz képest (p<0,05). Az €16, destabilizalt plazmamembrannal bird
ondoésejtek (magas M-540 fluoreszcencia-intenzitas) aranya nem kiilonbozott szignifikansan az
egyes egyedek kozott egyik korcsoport esetében sem (p>0,05). Nem talaltunk Szignifikdns
kiilonbséget az egyes korcsoportok kozott sem, kivéve a 3 és 7 éves korcsoportot, amelyek

kozott felolvasztas utan p<0,05 szinten szignifikans volt az eltérés.

3.1.2. A swim-up kezelés hatasa a spermiummorfolégidara, motilitdsra, membrdnintegritdsra

és- stabilitasra

A swim-up kezelés utan szignifikansan kevesebb flagellum-rendellenességet észleltiink, mint
kozvetleniil felolvasztast kovetéen (p<0,001). Mind a szubjektiv motilitasbecslés, mind a
CASA-val végzett mérések szignifikdnsan magasabb motilitast mutattak a swim-up kezelést
kovetden: p<0,01 szinten a 3 és 5 éves korcsoport esetében; p<0,001 szinten a 7 éves korcsoport
esetében, illetve az dsszes korcsoport egyiittes értékelése soran. A swim-up kezelést kovetden

a linedris motilitdst mutatd spermiumok aranya csokkent (p<0,01), ezzel egyidejlileg nétt a
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VAP értéke (p<0,001). Az €l6 onddsejtek aranya szignifikansan (p<0,001) ndtt a swim-up
kezelés utan.

A hérmas fluoreszcens festékkombindcidval végzett membran-stabilitdsi vizsgalatok
eredményei szerint az 6sszes korcsoport egyiittes értékelése esetén mind a stabil (p<0,05), mind
a destabilizalodott (p<0,01) plazmamembrannal bir6 spermiumok aranya ndtt a swim-up
kezelés hatdsara, mivel a kezelés szignifikdnsan csokkentette az elhalt sejtek ardnyat (p<0,01).
Az egyes korcsoportok kiilon-kiilon végrehajtott értékelése soran azonban a destabilizalddott
plazmammembrannal bir6 spermiumok aranya csak a 3 éves korcsoport esetében nott

jelentdsen (p<0,001).

3.1.3. 4 plazmamembran-destabilizacio és mas spermiumparaméterek kapcsolata

A plazmamembran-destabilizacidé ardnya és a vizsgalt tobbi spermiummindségi paraméter
kozotti kapesolat vizsgalata sordn a konvencionalis spermiummindségi paraméterek szorosabb
korrelaciot mutattak az ¢él0, stabil plazmamembrannal biré ondosejtek aranyaval, mint a

membrandestabilizaciét mutatd spermiumok aranyaval.

3.1.4. A laboratorium tesztek eredményei és az in vivo fertilitas kapcsolata

A 60 napos Non-return indexek (bikanként 2-4 ejakulatum) értéke 52,2-76,0% kozott mozgott
(141-392 termékenyités bikanként), az egyes ejakulatumok kozotti eltérés csak két bika
esetében volt szignifikans (p<0,05). A fertilitas csak swim-up kezelés utan mért eredményekkel
mutatott szignifikans korrelaciot: VAP (r=0,886; p<0,001), dsszes motilis sejt aranya CASA-
val értékelve (r=0,804; p<0,01), motilis sejtek koncentracidja CASA-val értékelve (r=0,741;
p<0,01), linearis motilitast mutatd spermiumok aranya CASA-val értékelve (r=0,762; p<0,01),

valamint a destabilizalt plazmamembrannal bir6 €16 ondosejtek aranya (r=0,629; p<0,05).

3.2. Mélyhiitott-felolvasztott bikaspermiumok plazmamembran- és akroszoma-integrita-

sanak valtozasai multikolor flow citometria alkalmazasaval értékelve

A kiilonb6zd napokon végrehajtott ismétlések kozott kisebb eltéréseket észleltiink ugyan, de ez
egy esetben sem volt szignifikans (p=0,65, 0,09, 0,28 ¢s 0,88 a L1, LR, DI and DR alpopuléciok
esetében).

A négyoras inkubécio alatt az €16, ép akroszoméju (LI) alpopulacié esetében Gsszességében
csak mintegy 5 % csokkenést tapasztaltunk (49,4% a felolvasztast kovetd 30. percben, 44.3%

a 4 6ras mintavétel esetében, p<0,01). Joval dramaibb valtozas volt tapasztalhatd az elhalt,
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intakt akroszoémdji alpopulacio esetében: 34,4%-r6l 17,4%-ra csdkkent (p<0,01). Ezzel
egyidejlileg az elhalt, sériilt akroszomaji ondosejtek (DR) aranya 18%-r6l 35%-ra emelkedett
(p<0,01). Végiil, az €16, sériilt akroszomaju spermiumok (LR) ardnya csak kis mértékben
valtozott,1,5%-ro6l 4,1%-ra, p<0,01).

Az egyes bikak kozotti kiillonbségek a négy (LI, LR, DI, DR) alpopulacio tekintetében minden
esetben szignifikdnsnak bizonyultak (p<0,01). Az ismételt mérések kozotti eltérések is
szignifikansak voltak p<0,01 szinten mind a négy (LI, LR, DI, DR) alpopulaci6 esetében.

Bar bikanként eltéré mértékben, de minden vizsgalt egyed esetében észlelhetd volt az €16, ép
akroszomaju (LI) alpopulacié aranyanak emelkedése az inkubacid elsé 30 perce soran:
kozvetleniil felolvasztas kovetéen a hat bika atlagdban 45,3 % volt, ami a 30 perces
mintavételnél atlag 49,4%-ra nétt (p<0,01). Ennek megfeleld, éles csokkenést észleltiink az €16,
intakt akroszomdju alpopulacié (DI) esetében: 34,4% felolvasztast kovetden, €s 26,9% a 30.
percben (p<0,01).

A pozitiv PE-PNA-jelet ad6 sejtek aranyanak vizsgalata soran a haldoklé alpopulacion beliil
(DYR) az egyes bikak esetében egyedenként eltéré mintazati gérbéket kaptunk. Minden egyes
bika esetében az volt lathatd, hogy a haldokld, sériilt akroszomaju (DYR) alpopulacié ardnya
markéansan nott az inkubacio alatt (a hat bika atlagaban a felolvasztast kovetd 3,5%-r6l a 4 orés
inkubacio végére 66,9%-ra emelkedett, p<0,01). A bikak kozotti eltérések szignifikansak voltak
(p<0,01), ahogy az egyes mérési idépontok kozott is az inkubacioé ideje alatt (p<0,01) de az
ismétlések (napok) k6zott nem (p=0,33).

A haromdimenzios abrak lehetdvé tették az inkubdacid alatt végbemend membranvaltozasok
rekonstrukcidjat. Kozvetlenlil a felolvasztast kovetden egy jol koriilhatarolhatd €16, ép
akroszomaju (LI) alpopulacié lathatd, alacsony PE-PNA és PI, illetve magas SYBR 14
fluoreszcencia-intenzitassal. Nagyon kevés olyan esemény jelenik meg, amely él6, sériilt
akroszomaju ondosejtként (LR) interpretalhatd. Az elhalt, PI-pozitiv spermiumok esetében két,
egyértelmiien elkiiloniil6 alpopulacio lathatd, ami azt mutatja, hogy az elhalt spermiumok egy
részének az akroszomaja is sériilt. Végiil, egy kisebb eseménycsoport is kivehetd, amely
egyidejii SYBR 14 és PI pozitiv jelet is mutat: ezek haldokld spermiumokként értelmezhetok.
Feltlin6, hogy ezek mindegyike alacsony PE-PNA fluoreszcenciat mutat, ami azt jelzi, ép az
akroszomajuk. Hasonld képet latunk 30 perc inkubaciét kovetden. Egy ora utan egy kisebb
csoport jelenik meg a haldokld spermiumok kozott, magas PE-PNA fluoreszcenciat mutatva.
Mivel hasonl6 akroszoma-sériilt csoport az €16 sejteken beliil nem jelent meg, ezen spermiumok
akroszoémdja mar a nekrotikus plazmamembran-véltozasok sordn/utdn sériilt, vagy nagyon

gyorsan elpusztultak a sejtek az akroszoma-exocitozis utan. Két 6ra multan egy kicsi, de
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egyértelmiien elkiiloniilé csoport mutatott pozitiv akroszéma-jelet az €16 spermiumokon beliil.
Ezzel egy id6ben egy haldokld, akroszoma-sériilt csoport is elkiiloniil, amelynek PI-
fluoreszcencia-intenzitasa némileg alacsonyabb, mint a haldokld, ¢ép akroszomaju
spermiumoké. A haldoklo, sériilt akroszémaju sejtek 2,5 — 3 dra utan elvesztették SYBR 14-
intenzitasukat és magasabb Pl-intenzitast mutattak a sejthalal elérehaladtaval. Ez a valtozas
lassabbnak tlint az elhalt, ¢l6 akroszoémaju alcsoportban. Végiil, 4 6ra utin a haldoklo

spermiumok jelentés hanyada sériilt akroszomat mutatott (3. abra).

3.3. Mélyhiitott-felolvasztott bikaspermiumok mitokondrialis aktivitasanak értékelése

MitoTracker Deep Red 633 festés és flow citometria alkalmazasaval

3.3.1. Szubjektiv motilitas

A szubjektiv motilitdsbecslés eredményei nem kiilonboztek szignifikdnsan az egyes bikak
kozott egyik korcsoport esetében sem (p>0,05). Emelkedd motilitasi értékek (p<0,05) voltak
tapasztalhatok mind az 5 éves, mind a 7 éves korcsoportban a 3 éveshez képest, de csak SU-

kezelést kovetHen.

3.3.2. Szamitogépes motilitasvizsgalat

Az egyes korcsoportok kozott nem volt szignifikdns eltérés sem felolvasztas, sem swim-up
kezelés utdn. Mind a szubjektiv motilitasbecslés, mind a CASA a motilitds szignifikans
javulasat mutatta a swim-up kezelés utan a felolvasztas utani allapothoz képest p<0,01 (3 éves),
p<0,01 (5 éves), p<0,001 (7 éves) szinten, és p<0,001 szinten, ha az Osszes korcsoportot

Osszevontan értékeltik.

3.3.3. Spermiumkoncentracio

A swim-up kezelést kovetéen kapott spermiumkoncentracidé a mélyhttott-felolvasztott

ey

alabbiak voltak: 2,3 — 3,7% (3 éves), 2,7 — 5,5% (5 éves), 3,5 — 5,4% (7 éves). Ahogy varhato

volt, a swim-up kezelés szignifikansan (p<0,001) csokkentette a spermamintak

crer

3.3.4. Mitokondriumok allapotanak értékelése

Az intenziv MitoTracker Deep Red fluoreszcenciat mutatd ondosejtek aranya felolvasztas utana

a 3 éves korcsoport esetében 37,5-59,7%, az 5 éves korcsoportban 44,4-49.7% és a 7 éves
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korcsoportban 45,8-49,8% volt, swim-up kezelés utan a megfeleld értékek 33,3-78,6%, 78,2-
78,8%, illetve 72,3-83,9% voltak. A korcsoportokon beliili, bikak kozotti kiilonbségek csak a 3
éves korcsoportban, swim-up kezelést kdvetden voltak szignifikansak (p<0,05). A mélyhiités-
felolvasztast kovetden az egyes korcsoportok kozott nem volt szignifikans az eltérés, swim-up
utan azonban a 7 éves korcsoport esetében szignifikdnsan javult a mitokondrialis miikodés a 3
éves korcsoporthoz képest (p<0,05). Hasonlo, nem szignifikans tendencia volt lathat6 az 5 éves
korcsoport esetében is a 3 éveshez viszonyitva (p=0,06). A swim-up kezelés hatisara az egyes
korcsoportokon beliil minden esetben szignifikansan emelkedett az intenziv MitoTracker Deep
Red fluoreszcenciat mutatd spermiumok aranya (a 3 éves korcsoport esetében p<0,05, az 5 ¢€s

7 éves korcsoportok esetében p<0,001).

3.3.5. 4 motilitasi eredmények és a mitokondrialis allapot (MMP) kapcsolata

A motilitas és a MMP kozott szignifikdns (p<0,01) pozitiv kapcsolat allt fenn mind
felolvasztast, mind a swim-up kezelést kovetéen, elobbi esetben mind a szubjektiv
motilitasbecslési, mind a CASA-eredmények, az utobbi esetben csak a szubjektiv motilitasi

eredmények tekintetében.

3.3.6. Kapcsolat a fertilitasi eredményekkel

A 60-napos Non-Return Rate eredmények (bikanként 2-4 ejakulatum; 141-392 inszeminacio)
52,2-76,0% kozott mozogtak, két bika esetében volt szignifikans (p<0,05) eltérés az egyes
ejakulatumok kozott. A mitokondridlis membranpotencial-mérések eredményei €s a

termékenyitési eredmények kozott nem talaltunk szignifikans korrelaciot.

3.4. Magas kornyezeti homérséklet hatasa halspermiumok plazmamembran-integrita-

sara és mitokondrialis aktivitasara

A plazmamembran-integritds esetében nem taldltunk szignifikans kiilonbséget az egyes
iddpontok, illetve inkubacios hémérsékleti értékek esetében sem, az intakt plazmamembrannal
biré ondosejtek szazalékos aranya mindvégig 99% koriili értéket mutatott.

A mitokondrialis aktivitas vizsgalata soran a MitoTracker Deep Red FM hisztogramok MFI-
értcke a 10 perces inkubacids id6 elteltével a 40 °C-on inkubalt spermiumok esetében
emelkedett, a tobbi hdmérséklet mellett nem tért el jelentésen (MFI: 285, 287, 275 és 364 a 20,
25, 30 és 40 °C-os inkubécio mellett). 30 perc inkubaciot kdvetden a 30, illetve 40 °C-on

inkubalt mintak esetében jelentds fluoreszcenciaintenzitasi csokkenést tapasztaltunk (MFI: 262,
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296, 151 és 160 a 20, 25, 30 és 40 °C- os inkubacio mellett). A Kolmogorov-Smirnov teszt
minden esetben szignifikans (p<0,001) kiilonbséget mutatott ki a MitoTracker Deep Red FM
hisztogramok profiljaban a kontrollnak tekintett, 20 °C-on 10 percig inkubalt spermamintahoz

képest.

3.5. Spermium-kromatinszerkezet és morfologia: kapcsolat a fertilitassal

Az egyes fertilitasi mutatok kozott szignifikans korrelaciot talaltunk, ami azt jelezte, hogy a
NRR% alapjan végrehajtott, szub- és normalis fertilitdsu csoportkialakitas megfelelé volt,
mivel az NRR% szorosan korrelalt a CR%-kal. A fertilitassal a spermatologiai paraméterek
volt az egyetlen olyan paraméter, amely a tobbi fertilitdsi mutatoval szignifikans (de csak
kozepes) pozitiv korrelaciot mutatott. Hasonléan gyenge, de szignifikdns pozitiv korrelaciot
talaltunk a major spermiumdefektusok aranya és a NRR-index, illetve a HIGR és a CR% kozott.
A DNS-fragmentacio mértéke (DF%) szignifikdns negativ korrelaciot mutatott a normalis
morfologiaju ondosejtek aranyaval, a fertilitasi mutatokkal azonban nem. A mitotikus
rendellenességet mutatd, és a transzlokaciohordozé egyedeknél magasabb HIGR értéket
mértiink a tobbi egyedhez képest.

A Mann-Whitney U-teszt szerint szignifikans (p<0,05) kiilonbség volt a két bikacsoport kozott
a normalis morfologidju spermiumok ardnya, a major spermiumdefektusok aranya és a HIGR
értek esetében.

Az egyes spermatologiai tesztek fertilitds tekintetében fenndllo diagnosztikai értékét ROC
analizis alkalmazasaval vizsgaltuk. A gorbe alatti teriilet (Area Under the Curve, AUC) azt
mutatja meg, hogy az adott teszt mennyire alkalmas két populacié (esetiinkben a fertilis €s
szubfertilis bikak) diszkriminaciojara. A 0,6 alatti AUC érték azt mutatja, az adott teszt nem
képes diszkriminaciora. A jelen vizsgalatban az SCSA egyik paramétere sem volt képes a két
bikapopulacié elkiilonitésére, csak a morfologiailag normalis és a major defektust mutato
spermiumok aranya mutatott statisztikailag szignifikans diszkriminaciot a fertilis és szubfertilis
bikak kozott. Kovetkezd 1épésként Youden index alkalmazasaval kiszamitottuk a fertilis és
spermiumok aranya esetében 89%, mig a major defektusok aranya esetében 6% volt az

optimalis kiiszobérték.
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3.6. Alternativ DNS-karosodasi tesztek osszehasonlitasa: TUNEL és Nicoletti-teszt

A TUNEL teszt jelentdsen magasabb DNS-fragmentacids aranyt jelzett, mint a Nicoletti teszt
(atlag=SD: 30,77+13,03%, illetve 1,93+0,89%). A két mddszer kozott a Bland-Altman proba

szerint nagymértéki eltérés volt: a mérésparok kozotti kiillonbség atlaga -28,84% volt.

3.7. Tenyészbikak gyors citogenetikai szilirévizsgalata spermiumok DNS-tartalmanak

flow citométeres hisztogramanalizisével

3.7.1. Elso vizsgalat

A Kolmogorov-Smirnov teszt szignifikans (p<0,05) kiilonbségeket tart fel az egyes bikak, sét,
ugyanazon egyedek egyes ismételt mérései kozott a 2. bika kivételével, ahol az ismételt
mérések kozott nem volt szignifikans eltérés. Mivel azonban tobb szerzd szerint is a
Kolmogorov-Smirnov teszt tulérzékeny (Parikh és mtsai, 1999, Lampariello, 2000), nem
tekintettiik ezt az adatelemzési megkdzelités hibajanak.

A Dmax értékek normalis eloszlast mutattak (p>0.2, Lilliefors test), a leird statisztikai
eredmények a kovetkezOk voltak: szdmtani atlag: 0,087; SD: 0,037; variancia: 0,001;

minimum: 0,018; maximum: 0,155. A szamitott Dmax kiiszobérték 0,161 (atlag + 2SD).

3.7.2. Masodik vizsgalat

A hordozd egyedek hisztogramprofiljai szignifikdnsan (p<0,01) eltértek a kontroll bika
profiljatol, és a Dmax értékek a kdvetkezok voltak: A - B: 0,245; A - C: 0,128; A - D: 0,416; A
- E: 0,166.
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4. KOVETKEZTETESEK

4.1. Mélyhiitott-felolvasztott bikaspermiumok plazmamembran-stabilitasanak

értékelése Merocianin 540/Y0-PRO 1/Hoechst 33342 fluoreszcens festékkombinacioval

A jelen vizsgalat f6 célja annak megallapitasa volt, hogy az alkalmazott harmas fluoreszcens
festékkombinacié (Merocianin 540/Y0-PRO 1/Hoechst 33342) mennyire alkalmazhaté a
mélyhiitott-felolvasztott bikasperma korai membranvaltozasainak detektalasara. A flow
citométeres mérési eredményeket mads, konvencionalis spermiummindség-ellendrzési
modszerek eredményeivel vetettiik 0ssze. A fentiek mellett megvizsgaltuk a tenyészallatok
koranak, illetve a swim-up el6kezelésnek a spermamindségre gyakorolt hatasait is.
Eredményeink azt mutattdk, hogy az ¢él6, stabil plazmamembrannal bir6 ondosejtek flow
citométeres mérésekkel megallapitott aranya szignifikdns 0sszefliggést mutat a motilitassal, a
normalis feji morfoldégiat mutatd spermiumok ardnyaval, illetve a plazmamembran-
integritassal, ami az 01j festékkombinacid megbizhat6 voltat jelzi. Hasonl6 Osszefiiggést talaltak
Januskauskas ¢és mtsai (2005) a kapacitacio-szerli membranvaltozasok €s a konvencionalis
spermatoldgiai vizsgalatok eredményei kozott.

Kozismert, hogy a mélyhiités folyamata a spermiumok plazmamembranjaban a fiziologias
kapacitaciohoz hasonlo valtozasokat eredményezhet (Cormier és mtsai, 1997, Watson, 1995),
de a folyamat mas szabalyoz6 mechanizmusok iranyitasa alatt all (Cormier és Bailey, 2003). A
kapacitacid soran a spermiumok plazmamembranja erdsen polarizalodik, és dinamikus
atrendez6désen esik at. A Merocianin 540 fluoreszcens festék, amelyet Harrison és mtsai (1996)
alkalmaztak el8szor spermiumok értékelésére, olyan plazmamembran-valtozasokat jelez,
amelyek a membran lipidszerkezeti atrendezOdésének, destabilizalodasanak eredményei
(Gadella és Harrison, 2000). Ezen membranvaltozasok vizsgalata a mélyhiitott-felolvasztott
spermamintak minéségellendrzése soran azért fontos, mert amennyiben til koran mennek
végbe, az adott sejt élettartama megrovidil (Watson, 1995), csokkentve a sikeres
megtermékenyiilés esélyét (Januskauskas és mtsai, 2000; Thundathil és mtsai, 1999), mivel a
fertilizacio helyét kevesebb spermium éri el. Ebbdl kovetkezik, hogy az adott termékenyitd
adagban talalhatd él6, stabil plazmamembran-szerkezettel bird6 spermiumok aranya fontos
mindségi mutatd lehet. Bar a fiziologias koriilmények kozott végbemend kapaciticio és a
mélyhiités-felolvasztas okozta membranvaltozasok (,,kriokapacitacio”, Pommer és mtsai, 2003)

hasonldsaga tovabbra is vitatott, egyre tobb bizonyiték gyiilik 6ssze amellett, hogy bar a
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krioprezervacio okozta membran-destabilizacio nem azonos a kapacitacios folyamatokkal, SOk
tekintetben hasonldak (Green és Watson, 2001; Guthrie és Welch, 2005).

Az altalunk vizsgélt bikapopuldcié esetében az ¢l6, stabil membrannal bird (,,nem
kapacitalodott”) spermiumok ardnya 53,14+9,7% volt, ami hasonlo, vagy éppen magasabb is,
mint mas hasonl6 vizsgalatokban (Thundathil és mtsai, 1999; Januskauskas és mtsai, 2005). Ezt
a spermiumpopulaciot tovabb teszteltiik swim-up kezelést kovetéen is. A petevezetd (a
fiziologias kapacitacio helyszine) elektrolitviszonyait heparint tartalmazo kozeg, Fert-TALP
alkalmazaséaval modelleztiik. A szarvasmarha petevezetdjében a heparin és a heparinnal rokon
egyéb gliikdzamino-glikanok az in vivo kapacitacio kivaltoi (Parrish és mtsai, 2001). Ahogy
varhat6 volt, a magas M540 fluoreszcencia-intenzitast mutatd, ¢l6 (ép, de destabilizalodott
membrannal biro, felteheten a kapacitacio korai stddiumaba keriild) spermiumok aranya nott
a swim-up kezelést kovetden a felolvasztas utani allapothoz képest 1,1+0,9%-r61 5,9+6,6%-ra
(p<0,01) amellett, hogy az €16 spermiumpopulacié aranya is nétt. Az, hogy a felolvasztast
kovetden alacsonyabb volt a destabilizalodott €16 sejtek aranya, mint a heparin-kezelést
kovetden, azt tdmasztja ald, hogy a fizioldgias kapacitacio és a ,kriokapacitacio” valojaban
eltér6 élettani folyamatok (Guthrie és Welch, 2005).

A Merocianin 540 alkalmazasaval detektalt membran-destabilizacié kisebb mértékben
emelkedett a swim-up kezelés soran, mint egy korabbi vizsgalatban (36%), ahol klor-tetraciklin
(CTC) tesztet alkalmaztak (Thundathil és mtsai, 1999). Az eltérés magyarazatahoz fontos szem
el6tt tartani, hogy a két teszt eltéré pontjait jelzi a kapacitacid folyamatdnak. Az M-540 éltal
detektalt foszfolipid-aszimmetriavaltozasok a kapacitacid korai stddiumara jellemzdok és 6
kivaltojuk a bikarbonat, a CTC-teszt viszont a kapacitacid kései stadiumat, illetve az akroszéma
exocitdzisat jelzi, amely folyamatokat az intracellularis Ca?*-szint valtozasa valtja ki (Gadella
¢és Harrison, 2000; Rathi és mtsai, 2001; Rodriguez-Martinez és mtsai, 2001). A mintegy 30%
elhalt sejt jelenléte a mintdkban swim-up kezelés utan a fluoreszcens jeloléshez és a flow
citométeres mérésekhez sziikséges 1d6 hosszaval (15-20 perc) magyardzhato, mivel ez 1d6 alatt
a sejtek CO2 —kiegészitést nem kaptak, a mérések pedig szobahdmérsékleten torténtek (bar a
mérés elbtti utolsod pillanatig testhdmérsékleten taroltuk Oket). Ilyen koriilmények kozott
véarhato a spermiumok egy részének spontan akroszomasériilése és halala (Gadella és Harrison,
2000).

Mivel a swim-up kezelés soran a spermiumoknak aktiv mozgasra képeseknek kell lenniiik,
varhatdo volt a kezelés soran a flagellaris rendellenességek csokkenése és a motilitasi
paraméterek novekedése. Ezt lattuk a CASA altal rogzitett VAP-értékek esetében is, €s a jelen

eredmények hasonloak a korabbi vizsgalataink eredményeivel (Hallap és mtsai, 2004). A
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mozgas linearitasanak egyidejii csokkenése megfelel a hiperaktiv motilitdsi mintdzatnak, ami a
kapacitacio velejardja. A hiperaktiv motilitdst mutatd spermiumok mozgasa kevésbé linearis és
progressziv, viszont sokkal intenzivebb, nagyobb amplitidoval (Yanagimachi, 1994). Nem
szabad figyelmen kiviil hagyni azonban, hogy a kapacitdcido €és a hiperaktiv motilitds —
kiilonosen in vitro koriilmények kozott — egymastol fiiggetleniil is kialakulhat (Ho és mtsai,
2002). A swim-up kezelés mindezek mellett javitotta az ¢16 spermiumok aranyat is, hasonldan
korabbi vizsgalatok eredményeihez (Shamshuddin és Rodriguez-Martinez, 1994).

Az egyes bika korcsoportok Osszehasonlitisa soran az egyetlen olyan spermamindségi
paraméter, amely mind mélyhiités-felolvasztas utdn, mind a swim-up kezelést kdvetden
szignifikans eltérést mutatott, a membranintegritds volt, ami megegyezett Hallap és mtsai
(2004) korabbi eredményeivel. A tobbi paramétert tekintve vagy a mélyhtités utan vizsgalt
mintak kézott volt szignifikans eltérés (destabilizdlodott membrannal biré spermiumok), vagy
a swim-up kezelést kovetden (motilitas). Az els6 esetre a magyarazatunk az, hogy ez a
képesek elérni a fertilizacio helyszinét; abban az esetben, amikor az eltérések csak a swim-up
kezelést kovetden jelentkeznek, feltételezhetd, hogy a felolvasztott mintaban 1évé sok, eltérd
fiziologias allapotban 1€v6 spermium miatt a szorasok nagyok, elfedve a termékenyitésre képes
spermium szubpopulacio6 korfiiggd eltéréseit.

A morfologiai rendellenességek koziil legnagyobb aranyban az akroszomasériilések voltak
észlelhetok, ami inkabb a sperma feldolgozasa soran alakul ki, és nincs szoros kapcsolata a
fertilitassal (Rodriguez-Martinez és mtsai, 1997), a tobbi morfologiai rendellenesség aranya
messze alatta maradt a mesterséges termékenyitésre hasznalt spermamintdk esetében
elfogadhat¢ kiiszobértéknek.

Osszefoglaldsul, a Merocianin 540/Y0-PRO 1/Hoechst 33342 harmas fluoreszcens
festékkombinacidja flow citometriaval értékelve alkalmas modszer a mélyhttott-felolvasztott,
¢l6 bikaspermiumok membranstabilitdsdnak értékelésére. A plazmamembran stabilitasa
szignifikans korrelaciot mutatott tobb konvencionalisan alkalmazott spermatoldgiai teszttel,
mint a motilitds, a spermiumok feji morfologidjanak értékelése és a membranintegritds. A
swim-up kezelés lehetévé tette annak értékelését, hogy az €16, stabil membrannal bird
spermium alpopulacié milyen mértékben képes kapacitalodasra. A swim-up kezelés alternativ
modszer lehet a rutin spermavizsgalati paraméterek tekintetében meglehetésen homogén

bikapopulacidk egyedei kozotti fertilitasi rangsor megallapitasaban.
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4.2. Mélyhiitott-felolvasztott bikaspermiumok plazmamembran- és akroszoma-integrita-

sanak valtozasai multikolor flow citometria alkalmazasaval értékelve

A jelen vizsgélatban alkalmazott multikolor flow citométeres sejtanalitikai megkozelités
lehetové tette, hogy részletesebb bepillantast nyerjiink a plazmamembran ¢és az akroszoma
integritasanak dinamikus valtozéasaiba. Az értékelt események nagy szdmanak koszonhetéen
tanulmanyozhattuk a mélyhiitott-felolvasztott bikaspermaban jellemzdéen Kis aranyt (altalaban
kevesebb, mint 10%-ban jelen 1€v6) haldokld spermiumok akroszéma-integritasat.

A négyodras inkubacié soran végbemend membranvaltozasok rekonstrualdsa alapjan arra
kovetkeztethetiink, hogy felolvasztast kovetéen az Osszes haldokldé spermiumnak intakt az
akroszoméja, de az inkubécid soran nd az akroszoéma-deterioraciot kovetden elhald sejtek
aranya.

A mélyhitott-felolvasztott spermiumok ugy viselkednek, mint a kapacitacion atesett ondosejtek
(Holt, 2000b); tjabb eredmények szerint a hiités-felolvasztas hatasa inkabb ugy értelmezheto,
hogy a spermiumok ,,atlépik”, kihagyjak a kapacitaciot (Green és Watson, 2001). A jelen
vizsgalat soran nem tavolitottuk el a spermahigitdt az inkubacid soran, ami maga is kapacitacios
agensként viselkedhet (den Daas, 1997), és a kapacitacios allapotot nem mértiik direkt modon,
az éaltalunk hasznalt f6ldimogyord agglutinin az akroszéma exocitozisanak legkorabbi
stadiumat detektalja, amint a plazmamembran €s az akroszoma membranja kozotti fuzids
porusok megjelennek (Gadella és Harrison, 2000).

A jelen fejezetben bemutatott flow citométeres teszt a hétliré proba preciz eszkoze lehet,
kdszonhetden az értékelt sejtek nagy szamanak. A korabbi vizsgalatokban (Saacke és White,
1972; den Daas, 1997) mikroszkopos sejtértékelési modszereket alkalmaztak mintanként 200 —
200 spermiumot értékelve, ellentétben a jelen tanulmanyban értékelt mintankénti 10 000 sejttel.
Az altalunk kidolgozott fluoreszcens teszt nem igényel specialis minta-elokészitési 1épeseket,
standard asztali flow citométerrel (kék lézer, zo6ld, narancssarga és voOrds fluoreszcens
detektorok) értékelhetd, tehat elég egyszerti ahhoz, hogy akar a mesterséges termékenyitd
allomasok rutin laboratoriumi munkarendjébe illeszthet6 legyen. A teszt hasznos lehet tovabba
1j mélyhtitési technikak kidolgozasaban is a nekrozis és akroszéma-exocitozis 1épéseinek gyors
¢és preciz kovetésével. Tovabbi, nagyobb mintaszammal végrehajtott kisérletek sziikségesek
azonban a teszt prediktiv értékének megallapitasara a fertilitas szempontjabdl, illetve a szub- és

infertilitas kiiszobértékeinek meghatarozasara.
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4.3. Mélyhiitott-felolvasztott bikaspermiumok mitokondrialis aktivitasanak értékeléses

MitoTracker Deep Red 633 festés és flow citometria alkalmazasaval

A jelen vizsgalat célja az volt, hogy értékeljik a MitoTracker Deep Red 633 (M-22426)
fluoreszcens  festék  alkalmazhatosagat — mélyhttott-felolvasztott  bikaspermiumok
mitokondrialis membranpotencidljanak flow citométeres értékelésére. Az eredményeket
Osszevetettik  konvenciondlis  szubjektiv  motilitasbecsléssel, illetve  szamitogépes
motilitasvizsgalattal is. A vizsgalatot swim-up spermakezelés utan is elvégeztiik.

A flow citométeres mitokondrialis membranpotencial-mérési eredmények atlagosan 10 — 15%-
kal alacsonyabb értéket mutattak, mint a szubjektiv vagy szamitdgépes motilitasvizsgalatok.
Hasonl6 kiilonbségeket publikaltak mas mitokondridlis probak alkalmazasaval (Garner és
mtsai, 1997; Gravance és mtsai, 2000; Wu és mtsai, 2003). Az eltérés magyarazataul korabban
elsésorban az emberi hibat emlitették a szubjektiv motilitasbecslés kapcsan (Garner és mtsai,
1997; Gravance és mtsai, 2000). Tekintve azonban, hogy a szamitogépes motilitasvizsgalat —
elvileg — precizebb a szubjektiv értékelésnél, hasonld eltérést nem vartunk a motilitas és a flow
citometria eredményei kdzott — ennek magyarazataul tovabbi vizsgalatok sziikségesek.

Mind a motilitasvizsgalatok, mind a flow citométeres mérések kimutattak, hogy a swim-up
kezelés hatdsdra megnd az intenziv motilitast, illetve magas mitokondridlis aktivitdst mutato
spermiumok aranya a termékenyité adagban. A MitoTracker Deep Red 633 (M-22426) festéket
elsoként alkalmaztuk bikaspermiumok értékelésére, ¢és véleménylink szerint objektiv
alternativaja a szubjektiv vagy szamitogépes motilitasvizsgalatoknak, tekintve, hogy

mintanként tobb ezer sejt értékelhetd rovid id6 alatt.

4.4. Magas kornyezeti homérséklet hatasa halspermiumok plazmamembran-

integritasara és mitokondrialis aktivitasara

A frissen gy(ijtott halsperma koézel 100%-os plazmamembran-integritdsat korabbi
vizsgalatainkban is tapasztaltuk (Nagy és mtsai, 2013a), és hasonldoan magas éldsejt-arany
tapasztalhatdé mas fajok esetében is (ponty - Horvath és mtsai, 2010; csikos siigér — Guthrie és
mtsai, 2008, 2011; zebradani6 — Hagedorn és mtsai, 2009). A plazmamembran sériilése a
nekrotikus sejthaldl folyamatanak késdi végpontja, a jelen kisérlet soran 30 percig 40 °C-on
inkubalt sejtek esetében sem csokkent az intakt sejtek ardnya az aktivalatlan spermamintédkban.
A mitokondriumok membranpotencidl-valtozédsai arra engednek kovetkeztetni, hogy a jelen
kisérletben alkalmazott inkubacids 1d6- és hémérsékletértékek mellett a plazmamembran-

integritassal ellentétben a spermiumok szubletélis karosodasokat szenvednek, amelyeket a
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konvencionalis vitalis festési eljardsokkal nem detektalhatunk. Ez legmarkansabban a 40 °C-
on inkubalt sejtek esetében észlelhetd, ahol a szobahdmérsékleten inkubalt spermiumokhoz
képest a 10 percig inkubalt sejtek mitokondriumai hiperpolarizalédnak, majd a 30 perces
inkubaci6 végén észlelt MFI-csokkenés a mitokondrialis membran depolarizacidjara utal.
Kevésbé markansan, de hasonld tendencia volt tapasztalhatd a 30 °C-on inkubalt spermiumok
esetében is. A kapott eredményeket bioldgiai szempontbdl relevansnak tartjuk, amit alatamaszt
a Kolmogorov-Smirnov teszt eredménye is, amely szerint az idépontokban és hémérsékleti
értékeken kapott MitoTracker Deep Red hisztogramok profiljai minden esetben szignifikansan
eltérnek a kontrollnak tekintett, szobahdmérsékleten 10 percig inkubalt ondosejtek hisztogram-
profiljatol. A spermiumok mitokondriumainak karosodésai egy sor tovabbi intracellularis
degenerativ folyamat kivaltoi lehetnek. Az aktivalatlan halspermiumok mitokondriumainak f6
szerepe a sejten beliili ATP-szint fenntartdsa egy sor mas homeosztatikus szerep mellett. Az
aktivaciot kdvetden a spermiumok a tarolt ATP-t hasznéljak fel, nem a mitokondriumok altal
de novo eldallitott ATP-t, az aktivacioval egyidejlileg nem tapasztalhatd az oxidativ
foszforilaciéo emelkedése (Ingermann, 2008). Hasonlo tapasztalhaté azon emlésfajok esetében
is, amelyeknek spermiumai kevés mitokondriumot tartalmaznak (pl. ember — kb. 10-15
mitokondrium sejtenként): a motilitdshoz sziikséges ATP-szintézis elsdsorban glikolizis tjan
torténik, a mitokondriumok ATP-termelése els6sorban a plazmamembran-homeosztazis
fenntartasahoz sziikséges (Cummins, 2009). Az eziistkarasz spermiumai 10 mitokondriumot
tartalmaznak sejtenként (Jamieson, 1991), az aktiv motilitdsban betoltott szerepiik tehat
hasonloan a human spermiumokhoz limitaltnak tekinthetd. A sériilt mitokondriumok azonban
a sejten beliili oxidativ kdrosodasok f6 forrasai — a sériilt, fragmentalt mitokondriumokbol
kiszabadul¢ reaktiv oxigénszarmazékok (ROS) lipid-peroxidaciot és oxidativ DNS-karosodast,
majd DNS-fragmentaciot okozhatnak (Aitken és mtsai, 2010). Emellett a mitokondriumoknak
fontos szerepe van az intracellularis Ca?* -homeosztazis fenntartasaban is - a mitokondriumok
membran-depolarizacidja pedig csokkent Ca®*-bearamlast eredményez (Pizzo és mtsai, 2012).
A Ca?*-bearamlas, intracellularis Ca?*-szint emelkedés halspermiumok esetében az aktivacio
fontos eleme (Inaba, 2008), emlds-spermiumok esetében pedig a kapacitaciohoz sziikséges
(Hossain és mtsai, 2011).

Tekintve, hogy eredményeink szerint mar akér 5 °C-os homérséklet emelkedés is hatassal lehet
a halspermiumok mitokondriumainak épségére, mitkodésére, tovabbi vizsgalatainkban az
extrém hémérsékletnek kitett spermiumok intracellularis Ca?* -szintjének véltozasait és az
oxidativ DNS-kéarosodasok, illetve DNS-fragmentaci6 flow citométeres detektalasat végezziik

el. Emellett korabbi idéparaméteres flow citometridra épiild vizsgélataink (Nagy és mitsai,
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2013a, 2013b) metodikajat kovetve a kiilonbozé homérsékleti kozegben lezajlo
spermiumaktivacio sejtélettani folyamatainak feltardsa is célunk. Véleményiink szerint
eredményeink hasznos adalékkal szolgalhatnak mind kornyezet- és természetvédelmi
szempontbol, mind a gyakorlatban halszaporitast végz0 szakemberek munkajanak

hatékonysaga szempontjabol.

4.5. Spermium-kromatinszerkezet és morfolégia: kapcsolat a fertilitassal

A jelen vizsgalatban olyan termékenyitd adagokat értékeltiink, amelyek a mesterséges
termékenyitd allomdsok rutin spermaértékelése soran forgalomba hozhatonak bizonyultak. A
vizsgalatba vont egyedek mintegy fele szubfertilisnek bizonyult (55% alatti NNR). Az egyetlen
spermatologiai paraméter, amely mindhdrom vizsgalt fertilitdsi mutatdéval szignifikans
korrelaciét mutatott, a morfologiailag normalis spermiumok aranya volt. A major
spermiumdefektusok aranya csak a NR index esetében mutatott szignifikans, negativ
korrelaciot. A spermiummorfologia és a mesterséges termékenyités eredményessége kozotti
kapcsolat ismert, azonban ez a kapcsolat rendkiviil valtozo, sokban fligg az adott vizsgalatba
bevont bikak szamatodl, az adott laboratoriumtdl és az ott alkalmazott vizsgéalati modszerektdl.
Mesterséges termékenyitésre hasznalt bikak esetében 10% spermiumfej-rendellenesség
tekinthetd kiiszobértéknek (Al-Makhzoomi és mtsai, 2008), a fertilitas szempontjabol a
kortefejli rendellenességet tekintve a legsulyosabb abnormalitdsnak. A jelen vizsgalat
eredményei megerdsitik ezt, és aldhuzzdk a mesterséges termékenyitésre hasznalt bikak
rendszeres, rutinszeri spermiummorfoldgiai vizsgalatainak fontossagat, illetve olyan, alternativ
tesztek alkalmazasat, amelyekkel a spermiumfe; morfologiai rendellenességei ¢és a
kromatindlloméany defektusai kozotti kapcsolat feltarhatd. A flow citometriaval értékelhet
SCSA az egyik ilyen szoba jovo teszt.

A jelen vizsgalat megerdsitette azt a kordbbi tanulmanyt, amelyben 10% morfologiai
rendellenesség bizonyult megfeleld kiiszobértéknek a fertilitas szempontjabol (Al-Makhzoomi
¢€s mtsai, 2008). Mindezek alapjan tovabbra is javasolhato a klasszikus morfologiai vizsgalatok
alkalmazasa a mesterséges termékenyitd allomasokon, kiiszobértékként a normalis alaka
onddsejtek minimum 90%-os aranyat alkalmazva. A normalis spermiumokat az egyes
laboratériumokban hasznélt eltérd festési technikdk, osztdlyozdsi modszerek ugyantgy
értékelik, tehat, ha erre a sejtcsoportra koncentralunk, az javithatja a kiilonb6z6 mesterséges

termékenyitd allomasok eredményeinek 0sszevethetdségét.
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A DNS-fragmentaci6 aranya szignifikdns, kozepes negativ korrelaciot mutatott ugyan a
az SCSA alacsony prognosztikai értékére utal. Egy masik SCSA paraméter, a HIGR azon bikak
esetében volt a legmagasabb, amelyek esetében meiotikus zavarok vagy kromoszdéma-
rendellenességek alltak fenn. A magas zold fluoreszcencia-intenzitas a nem teljes hiszton-
protamin kicserélddés jele (Evenson és Jost, 2000), amelynek eredménye a spermiumkromatin
tokéletlen kondenzacidja. A HIGR érték hasznos lehet példaul annak eldontésére, hogy az adott
egyed esetében tovabbi citogenetikai vizsgalatok sziikségesek, de a szubfertilitas
prognosztizaldsara nem alkalmas. Kissé meglepé modon a normalis fertilitast bikacsoport
esetében szignifikansan magasabb HIGR értéket mértiink, mint a szubfertilis csoportnal,
azonban a normalis csoport HIGR értékének medianja 1% alatt volt, ami nem jelez biologiailag
szignifikans eltérést a két csoport kozott.

A fentieket 6sszefoglalva, a spermiummorfologiai vizsgalat a jovében is a bikasperma rutin
mindségellendrzésének fontos eszkdze lesz, kiilondsen, ha a rutinszerti vizsgalatok a normalis
morfoldgiaju onddsejtek aranydra koncentrdlnak. A major spermiumdefektusok aranya
valamelyest gyengébb, de szintén szignifikans diszkriminativ paraméternek bizonyult, azonban
a mesterséges termékenyitd allomasok napi gyakorlataban valé alkalmazasat mégsem ajanljuk,
mivel az eredmények értelmezése mélyebb spermatologiai ismereteket igényel, és az egyes
laboratoriumok, értékeld személyek, alkalmazott mintapreparalasi eljarasok €s osztalyozasi
modszerek eltérései miatt az ismételhetdsége gyengébb. A részletes morfologiai vizsgalatok
szerepe akkor valik hangstlyossa, ha az adott egyed a rutin vizsgalat soran nem éri el a
fentiekben meghatéarozott kiiszobértéket, ekkor az eléforduld rendellenességek vizsgélata
hasznos informdacioval szolgdlhat a spermatogenezis zavarainak feltdrasdban. Nem szabad
azonban figyelmen kiviil hagyni, hogy a vizsgalat megfelel statisztikai erejének biztositasa
érdekében mintanként tobb szaz sejt értékelése sziikséges.

Az SCSA paraméterek meglepden gyenge diagnosztikai értéket mutattak a fertilitas
tekintetében. Bar a kromatinallomany allapota egyre nagyobb hangsulyt kap mind a human,
mind az 4llatorvosi andrologidban, és szamos alternativ teszt all rendelkezésre, ezek
mindegyikének megvannak a maga gyenge pontjai (Zini és Sigman, 2009). Az SCSA {6 elénye
a tobbi modszerhez képest, hogy egyidejlileg képes az egyes és kettds DNS-szaltorések és a
kromatinkondenzaci6 gyors értékelésére nagyszama spermiumon. Az SCSA (ill. mas hasonlo
modszerek) és a fertilitds kapcsolatat vizsgald tanulményok eredményei meglehetosen
ellentmondoak. Egyes emldsfajok esetében hasznosnak tlinnek (pl. szarvasmarha: Ballachey és

mtsai, 1987; Puglisi és mtsai, 2012; Karoui és mtsai, 2012), mig mas fajok esetében, mint pl. a
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sertés, az eredmények kevésbé meggydzoek (Waberski és mtsai, 2011), bar Broekhuijse és
mtsai (2012) eredményi szerint a kanspermiumok DNS-karosodasai befolyassal vannak az
alomszamra ¢és a fialasi aranyra. Collins és mtsai (2008) human andrologiai vizsgalataiban a
DNS-integritasi tesztek alacsony diagnosztikai értéket mutattak. A sajat korabbi, mesterséges
termékenyitésre hasznalt bikdkon végzett vizsgalataink sem mutattak szoros kapcsolatot az
SCSA-eredmények és a fertilitas kozott (Hallap és mtsai, 2005).

Természetesen a szubfertilitds nem csupan a DNS-karosodasok miatt alakulhat ki, €s kicsi az
es¢lye annak, hogy egy tulajdonsagra fokuszald spermatologiai tesztnek nagy prediktiv értéke
lehetne a fertilitds szempontjabol (Amann és Hammerstedt, 1993; Graham, 2001). A
spermiumkromatin karosodasait konvencionalisan nem kompenzalhatonak tekintjiik (Evenson,
1999), mivel az ilyen rendellenességeket hordozo spermiumok képesek a petesejtbe valod
bejutasra és az embriogenezis elinditasara, azonban az embrionalis fejlédés abnormalis lesz,
sok esetben korai embridelhaldst eredményezve (Fatehi és mtsai, 2006). Egyre tobb
informacionk van azonban arr6l, hogy a petesejt képes a spermium DNS-karosodasainak
bizonyos mértékig torténd javitasara (Olsen és mtsai, 2005; Barton és mtsai, 2007; Marchetti
¢és mtsai, 2007; Hourcade és mtsai, 2010). Lehetséges, hogy egyes vizsgélatok soran a DNS-
karosodast értékeld tesztek a petesejt DNS-javitd mechanizmusainak aktivitdsa miatt
szerepeltek gyengén (hamis pozitiv eredmények, azaz nagymértékii DNS-karosodas ¢és
elfogadhat6 fertilitas esetén). Hamis negativ eredmény esetén, azaz ha az adott teszt szerint a
spermium kromatinallomanya nem karosodott, de a fertilitsi eredmények gyengék, a hattérben
mas olyan okok is allhatnak, amelyeket a jelenleg alkalmazott tesztekkel nem tudunk kimutatni.
llyen példaul a spermiumkromatin szuperkondenzacidja (Rodriguez és mtsai, 1985): az ilyen
kromatinnal rendelkezd onddsejtek a termékenyitést kovetden nem képesek a petesejtben
dekondenzalodni, és ez korai embridelhalast eredményez.

A jelen vizsgalat {6 eredménye az, hogy az SCSA teszt HIGR paramétere hasznos eszkoz lehet
a kvantitativ kromoszomarendellenességet (meiotikus zavarok, transzlokacidok) hordozo
tenyeszbikak felismerésére. Azon egyedek esetében, amelyek magas HIGR értéket mutatnak,
tovabbi, részletes citogenetikai vizsgéalatok elvégzése sziikséges. A spermiumkromatin
kondenzacids zavarainak értékelésére tovabbi alternativ tesztek keresése is indokolt a
legolcsobb, de nagy prediktiv értékkel bir6 mddszer kidolgozasa érdekében. A klasszikus
modszer a fénymikroszkoppal értékelhetd Feulgen festés (Barth és Oko, 1989; Dobrinski €s
mtsai, 1994), de a nagyobb precizitds és gyorsasag érdekében az olyan flow citométeres

modszerek fejlesztése indokolt, mint példaul a propidium-jodidos DNS-jel61és (Vicari €s mtsai,
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2002), amely diagnosztikai értékének megallapitasahoz azonban tovabbi, fertilis és szubfertilis

allatokon végzett vizsgalatok sziikségesek.

4.6. Alternativ DNS-karosodasi tesztek osszehasonlitasa: TUNEL és Nicoletti-teszt

A jelen vizsgalat célja a flow citometridra épiil6 TUNEL ¢€s Nicoletti tesztek dsszevetése volt
utalnak, hogy a két teszt az alkalmazott mddszeregyezési proba szerint nagymértékben eltérd
eredményt mutat. Mindkét modszer elvileg a DNS-fragmentacié aranyat detektalja, azonban
nem adnak azonos biologiai informaciot.

A TUNEL teszt az egyes ¢€s kettds DNS-szaltorések 3°-OH végeit jeldli antitest és fluoreszcens
festék segitségével. A szaltorések azonban nem jelentenek minden esetben DNS-fragmentéciot,
¢s a TUNEL teszt nem alkalmas az egyes és kettds szaltorések megkiilonboztetésére (Ribeiro
¢s mtsai, 2006). Az egyes szaltorések kialakulasa megeldzi a fragmentaciot (Walker és mtsai,
1997; Iglesias-Guimarais és mtsai, 2013). Igy a TUNEL teszt a DNS-degradacios folyamat
korabbi allomésat detektalja, a Nicoletti teszt a tényleges DNS-fragmentacié kimutatisara
alkalmas. Ez utobbi tesztben a DNS-t propidium-jodiddal jeldljiik, amely nukleinsav-
specifikus, interkalalo festék. Amennyiben a DNS fragmentalodott, toredezett, a festési eljaras
soran a fluoreszcens festékkel jelolt DNS-fragmentumok kijutnak a sejtbdl, amelynek az ép
sejtekhez képest alacsonyabb fluoreszcencia intenzitasa lesz (Riccardi €s Nicoletti, 2006).

A két modszer eredményei kozotti nagymértéki eltérés annak a valdszintiségét is felveti, hogy
valamelyik teszt esetleg a fragmentalodott DNS mellett nem specifikusan mast is jelol a
sejtekben/sejteken. A mintdk fluoreszcens mikroszkopos ellendrzése soran azt észleltiik, hogy
a TUNEL kit Alexa Fluor 488 konjugatuma a spermiumok plazmamembranjahoz, illetve
mitokondriumaihoz is kotédott, hamis TUNEL-pozitiv jelet eredményezve. Mas szerzok is
beszdmoltak hasonlé6 hamis TUNEL-pozitiv eredményrdl kiillonbozd sejttipusok esetében is,
mint pl. maj- és vese sejtek (Stahelin és mtsai, 1998; Pulkkanen és mtsai, 2000). A TUNEL
teszt érzékenységét és fajlagossagat tobb kritika is érte, tovabba a modszernek szamos eltérd
valtozatat is hasznaljak €és nincsenek egyezményes irdnymutatdsok a korrekt kivitelezésre és az
eredmények értékelésére vonatkozoan (Perreault és mtsai, 2000). A citométeres mérések hamis
pozitiv eredményei arra hivjak fel a figyelmet, hogy a citométer nem képes a fluoreszcens jel
helyének lokalizalasara (DNS vagy mitokondrium példaul), ezért minden flow citométeres
kisérlet soran kritikus fontossdgi a fluoreszcens jelolések mikroszkdpos ellendrzése. A

Nicoletti teszt viszont joval egyszerlibb és gyorsabb, a vizsgalat soran nem tapasztaltunk hamis
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pozitiv jeldlést, diagnosztikai értékének megallapitasara azonban a fertilitds tekintetében

tovabbi vizsgalatok sziikségesek.

4.7. Tenyészbikak gyors citogenetikai sziirévizsgalata spermiumok DNS-tartalmanak

flow citométeres hisztogramanalizisével

A C bika kivételével mindegyik hordozo egyed esetében magasabb Dmax értéket kaptunk, mint
az 1. vizsgélat soran megallapitott kiiszobérték. Mivel e bika esetében a transzlokacio a kisebb
kromoszdémakat (20. és 24.) érintette, valosziniileg a hianyzo, vagy extra DNS az érintett
sejtekben tul kevés volt ahhoz, hogy detektalhato legyen.

A flow citométeres citogenetikai gyorstesztnek véleményiink szerint t6bb elénye is van: a
fluoreszcens jelold kit egyszerien hasznalhatd, nem igényel bonyolult minta-el6készitési
1épéseket, €s az egyszeri asztali flow citométerek standard optikai rendszerével értékelhetd. A
Kolmogorov-Smirnov opci6 a legtobb flow citométeres adatelemzé szoftverben elérhetd, igy
nincs sziikség tovabbi szoftverbeszerzésre. Az egyes apadllatok, sot, egyes ejakulatumok is
konnyen vizsgalhatok, a tesztet akkor is hasznalhatjuk, ha a kérdéses allat nem érhet6 el (pl.
spermaimport esetén). A javaslatunk az, hogy a teszt adaptalasa esetén minden laboratérium
allapitsa meg a sajat alloméanydra vonatkozé Dmax kiiszobértéket a jelen tanulmanyban
ismertetett kisérlettervezési megkozelitést alkalmazva, mivel a kiilonbozd gyartok flow
citométerei nem feltétleniil azonos optikai paraméterekkel rendelkeznek, tovabba az egyes
szarvasmarha fajtak eltéré hisztogramprofilokat mutathatnak (példaul az Y-kromoszoma
polimorfizmusai miatt). A teszt illeszthetd az olyan, mesterséges termékenyit dlloméasokon
miikddo rutin spermalaboratoriumok munkarendjébe, ahol a flow citometriat mar alkalmazzak,

a vizsgalatot pedig elegendd a bika élete soran egyszer elvégezni.
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OSSZEFOGLALAS

Vizsgéalataim eredményei alapjan megallapitottam, hogy a flow citometridra ¢&piild
spermatoldgiai analizis hasznos eleme lehet a szaporodasbioldgiai kutatolaboratoriumoknak, és
a mesterséges termékenyité allomasok rutinszerti, napi spermabiralati rendszerébe is
illeszthetd.

Kidolgoztam egy j fluoreszcens festékkombinaciét a korai membranvaltozasok
(plazmamembran-destabilizacid) detektalasara (Hallap ¢és mtsai, 2006); a spermiumok
mitokondrialis membranpotencial-valtozasainak (a mitokondriumok aktivitdsanak) mérésére
(Hallap ¢és mtsai, 2005a). Egy altalunk korabban kifejlesztett harmas fluoreszcens
festékkombinacio alkalmazasaval (amely egyidejiileg jelzi a plazmamembran €s az akroszéma
integritasat, sériiléseit, Nagy ¢és mtsai, 2003) felderitettem a mélyhutést, felolvasztast ¢€s
inszemindciot kovetd iddszakban végbemend membranvaltozdsok kinetikdjat, a
Megallapitottam, hogy a tenyészbikak kromatinintegritisa nem valtozik az életkor
elérehaladtaval (Hallap és mtsai, 2005b). A human andrologia teriiletén standard laboratoriumi
technikanak tekintett Sperm Chromatin Structure Assay (SCSA) azonban nem bizonyult
alkalmasnak a fertilis és szubfertilis tenyészbikak megkiilonboztetésére (Nagy és mtsai, 2013).
Az SCSA analizis soran a DNS fragmentacidja mellett értékelhetd a spermiumkromatin
kondenzaltsagi allapota is, amely -citogenetikai terheltséget hordoz6 bikakon végzett
vizsgalataink (Révay és mtsai, 2009) szerint alkalmas lehet a spermiumokbol torténd gyors
citogenetikai szlirfvizsgalatok elvégzésére (Nagy és mtsai, 2013).

Kidolgoztam egy olyan fluoreszcens kontrasztfestési technikat, amellyel az ondosejtek
plazmamembranjanak integritasa értékelhetd tigy, hogy a flow citométeres alkalmazasok soran
a korabbi technikaktol eltéréen az €16 és elhalt sejtek detektalasa azonos detektorral torténhet,
igy a tobbi detektor szabadon alkalmazhaté mas fluoreszcens probék jeleinek rogzitésére. Ezen
technika alkalmazasaval megnyilik a lehetdség olyan multiparaméteres flow citométeres
spermatologiai tesztek kidolgozasara, amelyek egyidejiileg tobb domén dallapotanak
értékelésére alkalmasak, emellett az ¢l6/elhalt allapot egyidejii értékelése fontos kiegészitdje
lehet mas sejtélettani vizsgalatoknak is, mint példaul a mitokondridlis aktivitds, vagy a
kromatinallapot felmérése. A jelenleg folyd és jovében tervezett kutatasaim egyik fo
iranyvonala a multiparaméteres spermatologiai tesztek tovabbfejlesztése, az 10j tesztek

fertilitdsra vonatkoz6 diagnosztikai-prognosztikai értékének megallapitasa.
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UJ TUDOMANYOS EREDMENYEK

1. Az altalam kidolgozott fluoreszcens plazmamembran- és akroszomaintegritasi teszt

nem igényel specialis minta-elokészitési 1épeseket, standard asztali flow citométerrel
(kék 1ézer, z6ld, narancssarga €és vords fluoreszcens detektorok) értékelhetd, tehat elég
egyszerti ahhoz, hogy akar a mesterséges termékenyité allomasok rutin laboratoriumi
munkarendjébe illesztheté legyen. A teszt hasznos lehet tovabba G mélyhiitési
technikak kidolgozasaban is a nekrdzis és akroszoma-exocitozis 1épéseinek gyors €s

preciz kovetésével.

A spermiummorfoldgiai  vizsgalat a jovOben is a  bikasperma rutin
mindségellendrzésének fontos eszkdze lesz, kiilondsen, ha a rutinszerli vizsgalatok a
normdlis  morfologiaji  onddsejtek  ardnyara  koncentrdlnak. A major
spermiumdefektusok ardnya valamelyest gyengébb, de szintén szignifikans
diszkriminativ paraméternek bizonyult, azonban a mesterséges termékenyitd allomasok
napi gyakorlatdban valé alkalmazdsit mégsem ajanlom, mivel az eredmények
értelmezése mélyebb spermatoldgiai ismereteket igényel, és az egyes laboratoriumok,
értékeld személyek, alkalmazott mintapreparalasi eljarasok és osztalyozasi modszerek
eltérései miatt az ismételhetdsége gyengébb. A részletes morfoldgiai vizsgalatok
szerepe akkor valik hangsulyossd, ha az adott egyed a rutin vizsgéalat soran nem éri el a
fentieckben meghatarozott kiiszobértéket, ekkor az eldforduldo rendellenességek
vizsgalata hasznos informacioval szolgalhat a spermatogenezis zavarainak feltarasaban.
Nem szabad azonban figyelmen kiviil hagyni, hogy a vizsgalat megfeleld statisztikai
erejének biztositdsa érdekében mintdnként tobb szaz sejt értékelése sziikséges. Az
SCSA paraméterek meglepden gyenge diagnosztikai értéket mutattak a fertilitas
tekintetében. Az SCSA teszt HIGR paramétere azonban hasznos eszk6z lehet a
kvantitativ kromoszoma rendellenességet (meiotikus zavarok, transzlokacidk) hordozo
tenyészbikak felismerésére. Azon egyedek esetében, amelyek magas HIGR értéket

mutatnak, tovabbi, részletes citogenetikai vizsgalatok elvégzése sziikséges.

Az altalam kidolgozott flow citométeres citogenetikai gyorsteszttel felismerhetok a
kromoszoma traszlokaciot heterozigdta formaban hordozoé és a diploid spermiumokat
termeld bikak. A fluoreszcens jeldlo kit egyszertien hasznalhatd, nem igényel bonyolult
minta-elokészitési 1épéseket, és az egyszert asztali flow citométerek standard optikai

rendszerével értékelhetd. A Kolmogorov-Smirnov opcid a legtébb flow citométeres
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adatelemzd szoftverben elérhetd, igy nincs sziikség tovabbi szoftverbeszerzésre. Az
egyes apaallatok, s6t, egyes ejakulatumok is konnyen vizsgalhatok, és a tesztet akkor is
hasznalhatjuk, ha a kérdéses allat nem érhetd el. A teszt illeszthetd az olyan, mesterséges
termékenyitd alloméasokon miik6do rutin spermalaboratériumok munkarendjébe, ahol a
flow citometriat mar alkalmazzak, és a vizsgalatot elegend6 a bika élete soran egyszer

elvégezni.

A TUNEL-teszttel végzett DNS-karosodéasi mérések hamis pozitiv eredményei arra
hivjak fel a figyelmet, hogy a citométer nem képes a fluoreszcens jel helyének (DNS
vagy mitokondrium példaul) lokalizalasara, ezért minden flow citométeres kisérlet
soran kritikus fontossagu a fluoreszcens jelolések mikroszkopos ellendrzése. A Nicoletti
teszt viszont joval egyszeriibb és gyorsabb, a vizsgalat soran nem tapasztaltam hamis
pozitiv jelolést, diagnosztikai értékének megéllapitdsira azonban a fertilitas

tekintetében tovabbi vizsgalatok sziikségesek.

A Merocianin 540/Y0-PRO 1/Hoechst 33342 harmas fluoreszcens festékkombinacidja
flow citometriaval értékelve alkalmas modszer a mélyhutott-felolvasztott, €16
bikaspermiumok membranstabilitasanak értékelésére. A plazmamembran stabilitasa
szignifikans korrelaciot mutatott tobb konvencionalisan alkalmazott spermatologiai
membranintegritas. A swim-up kezelés lehetdvé tette annak értékelését, hogy az ¢€lo,
stabil membrannal biré spermium alpopulacié milyen mértékben képes kapacitalodasra.
A swim-up kezelés alternativ modszer lehet a rutin spermavizsgalati paraméterek
tekintetében meglehetdsen homogén bikapopulaciok egyedei kozotti fertilitasi rangsor

megallapitasaban.

Mind a motilitasvizsgalatok, mind a flow citométeres mérések kimutattak, hogy a swim-
up kezelés hatdsara megnd az intenziv motilitast, illetve magas mitokondrialis aktivitast
mutatd spermiumok aranya a termékenyit6 adagban. A MitoTracker Deep Red 633 (M-
22426) festéket els6ként alkalmaztam bikaspermiumok értékelésére, és véleményem
szerint megfeleld teszt flow citométerrel rendelkezd rutin spermavizsgald
laboratériumokban, tekintve, hogy mintanként tobb ezer sejtet értékel rovid id6 alatt,

igy objektiv alternativdja a szubjektiv vagy szamitogépes motilitdsvizsgalatoknak.

Eredményeim szerint mar akar 5 °C-os homérséklet emelkedés is hatassal lehet a
halspermiumok mitokondriumainak épségére, miikodésére. A mitokondriumok
membranpotencial-valtozasai arra engednek kovetkeztetni, hogy a jelen kisérletben
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alkalmazott inkubécidos 1d6- és homérséklet értékek mellett a plazmamembran-
integritassal ellentétben a spermiumok szubletalis kdrosodéasokat szenvednek, amelyek

a konvencionalis vitalis festési eljarasokkal nem detektalhatok.
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Abstract

Cryopreservation of bull semen is sub-optimal, causing cell death of a majority of spermatozoa.
Even the surviving cells are affected post-thaw, either structurally or functionally. The aim of this
study was to investigate the sequence of events that take place when sperm plasma membrane
and acrosome deteriorate during a 4 h incubation period post-thaw, with special attention paid to
the acrosome status of dying cells. Frozen-thawed semen of six Al dairy bulls was used. Three

straws per batch were pooled and incubated &C3Bub-samples were taken at 30 min intervals

and stained with SYBR 14, propidium iodide (PI) and phycoerythrin-conjugated peanut agglu-
tinin (PE-PNA). Plasma membrane and acrosome integrity were measured by flow cytometry. The
experiment was repeated three times. Immediately after thawing, only 3.45% of the dying cells
showed acrosomal exocytosis. This number increased dramatically during incubation, reaching
67% after 4 h. Within the intact cell population, the overall decrease in viability and acrosome in-
tegrity was kept at five percentage points. Flow cytometry and the triple fluorochrome combination
presented a detailed picture of the time course in plasma membrane and acrosome deterioration of

* Corresponding author. Teh:36-23-319-133; faxi#36-23-319-133.
E-mail addressszabio70@hotmail.com (Sz. Nagy).
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frozen-thawed bull semen. The results are expected to be useful for monitoring new cryopreservation
protocols.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Bovine sperm; Cryopreservation; Plasma membrane; Acrosome; Flow cytometry

1. Introduction

Although cryopreservation of semen has become a routine in the bovine Al industry, the
protocols used are still somewhat empirical, with a considerable number of spermatozoa
failing to survive the procedure. This failure rate impairs fertilization because successful
fertilization demands that a sufficient number of fully competent spermatozoa survive until
ovulation Watson, 200D Moreover, surviving spermatozoa seem to be functionally and
structurally impaired, making their survival rate about half that of fresh spermatbindiz (
20003. For recent reviews, séfatson (200Q)Holt (2000a) Holt (2000b) Medeiros et al.

(2002) Saacke and White (197R)vestigated the retention of the acrosomal cap in fresh and
frozen-thawed bull semen samples. They found more rapid acrosomal alterations in cryop-
reserved samples compared to controls, and a significant positive relationship between the
percentage of spermatozoa with intact acrosome and field fertility. In a later derdpaas
(1997)were not able to find such positive correlation between acrosomal status of incubated
frozen-thawed bull spermatozoa and field fertility, but they did find that individual bulls that
produced semen capable of maintaining a competent population of spermatozoa over time
were the ones who, even with relatively low numbers of spermatozoa in the inseminate,
still obtained acceptable fertility results. The few other reports on the relationship between
bovine fertility and induced acrosomal exocytosis had conflicting resultsitfield and
Parkinson, 1995; Januskauskas et al., 2000

Several techniques to estimate the portion of viable spermatozoa with intact acrosomes
are present in the literatur&iith and Murray, 1997; Rodriguez-Martinez et al., 1997
Questions remain about how to interpret the population of dead cells with ruptured acro-
somes. Using Eosine/aniline blue staininfaly et al., 199% or a fix-vital staining (e
Leeuw et al., 1991 0n frozen-thawed bull semen, the population of acrosome-ruptured,
dead spermatozoa consists of cells which died after a spontaneous acrosome exocytosis and
cells which lost the acrosome at or after cell death (due to degenerative membrane changes
of the acrosome). However, as any staining procedure gives only a “snapshot” of sperm
subpopulations at the moment the sample is prepared, it is not possible to distinguish the
order of these events in the dead sperm population.

We have recently developed a fluorescent triple stain combination to analyze sperm
samples in egg-yolk based extenders from the point of view of viability and acrosome
integrity (Nagy et al., 2008 Phycoerythrin-conjugated peanut agglutinin (PE-PNA), which
labels non-intact acrosomes, was added to the well-validated LIVE/DEAD kit, SYBR 14
and propidium iodide (PI) before analyzing samples by flow cytometry. In the SYBR 14-PI
(FL1-FL3) plots, the subpopulation of events showing labeling by both fluorochromes are
generally considered to be dying cells. In our previous experiments, we noted that these
events appeared as PE-PNA negative events, indicating, that dying cells typically have
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intact acrosomes. If so, cell death happens first, and the acrosome loss is due to further
degenerative, necrotic membrane changes. Investigating the acrosome integrity of these
dying cells over time would provide greater details of the course of plasma membrane and
acrosome deterioration in frozen-thawed sperm samples.

To assess the assumption that degenerative, necrotic membrane changes lead to acrome
loss after cell death, changes in sperm subpopulations of frozen-thawed bull semen were ana-
lyzed over time by repeated measurements done at 30 minintervals on SYBR 14/PE-PNA/PI-
stained samples incubated for 4 h.

2. Materialsand methods

2.1. Reagents

Reagents were obtained from the following sources: Molecular Probes Inc. (Eugene, OR,
USA, LIVE/DEAD Sperm Viability Kit, L-7011, SYBR 14 and PI); Biomeda Corp. (Foster
City, CA, USA, peanut agglutinin conjugated with phycoerythrin, Phycoprobe RPE-PNA,
P44); Sigma (St. Louis, MO, USA, dimethyl-sulfoxyde, DMSO, D-5879); Becton Dickin-
son (San Jose, CA, USA, CellWash optimized PBS, cat. no. 349524).

2.2. Semen samples

Frozen-thawed semen of six Swedish Red and White dairy bulls (at age four) was
used in this study. The animals were housed at the Svensk Avel ek. For. bull station in
Skara, Sweden. Two consecutive ejaculates were collected with an artificial vagina, pooled,
and extended with a commercial extender (Tril&JWinitiib, Germany) for further pro-
cessing. The extended semen was put into 0.25ml plastic straws at a concentration of
15 x 10° spermatozoa. The straws were frozen by a programmable biological freezer, and
stored in liquid nitrogen until laboratory measurements were taken. For analyses, straws
were thawed in a water bath at 35 for 12s. Three straws per batch were pooled and
incubated for 4 h at 37C in the dark, and sub-samples were taken at 30 min intervals
for flow cytometric measurements. The experiment was repeated three times on different
days.

2.3. Triple fluorochrome combination for flow cytometry

The staining protocol followed the description &gy et al. (2003)Briefly, 100 nM
SYBR 14 working solution (Component A of LIVE/DEAD Sperm Viability Kit, diluted
10-fold in DMSO), 2.5.g/ml PE-PNA solution (1 mg/ml stock solution in a buffer com-
posed of 3.0 M ammonium sulfate, 50 mM sodium phosphate, 0.05% sodium azide pH
7.0, containing 1 mM [C&"] and [Mr?] ions), and 13.M PI stock solution (undiluted
Component B of LIVE/DEAD Sperm Viability Kit) were added to 1 ml CellWash buffer.
Falcon tubes containing 4%0 of buffer containing the appropriate amount of fluores-
cent dyes were kept at 3T in the dark until sample preparation. Fifty microliters of
post-thaw and incubated semen samples were added to the buffers for fluorophore
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loading, mixed and incubated at 3Z in the dark for 10 min and re-mixed before
analysis.

2.4. Flow cytometry

Measurements were done on an LSR flow cytometer (Becton Dickinson, San Jose,
CA, USA). The three fluorescent probes were excited by an Argon ion 488nm laser.
SYBR 14 fluorescence (cells with intact plasma membrane) was detected on detector FL1
(530nm/528 nm), PI fluorescence (cells with permeable plasma membrane) was detected
on detector FL3 (670 LP), and PE-PNA signal (cells with ruptured acrosomes) was detected
on detector FL2 (575 nm/525 nm). Forward and side scatter values were recorded on alinear
scale, while fluorescent values were recorded on a logarithmic scale. Compensations were
set according t&koederer (2000)

Acquisitions were done using the CellQuest 3.1 software (Becton Dickinson, San Jose,
CA, USA). Logical gating was done as describedNgy et al. (2003)The majority of
non-sperm events were gated out based on scatter properties. Moreover, events with sim-
ilar scatter parameters to spermatozoa but without DNA content were gated out based on
SYBR 14 or PI fluorescence. Events with high SYBR 14 and PI fluorescence were iden-
tified as dying cellsGarner et al., 1994 The flow cytometer was used at low flow rate
(6—24upl/min). Event rates were kept at around 1208.sAcquisitions were stopped af-
ter recording 3000 dying events. Acquisition data were stored for further analyses in list
mode.

2.5. Data analysis

On SYBR 14/PI dot plots, regions were drawn to determine the percentage of live, dead
and dying spermatozoa. On PE-PNA/PI dot plots, quadrants were set to identify and mea-
sure percentages of the following subpopulations: live cells with intact acrosome (LI), live
cells with ruptured acrosome (LR), dead cells with intact acrosome (DI) and dead cells
with ruptured acrosome (DR). Moreover, dying events were gated to PE-PNA/PI dot plots
to evaluate the acrosome status of these cells, using the same quadrant positions as above
(Fig. 1). Furthermore, three-dimensional dot plots were drawn by WinMDI 2.8 (free soft-
ware by J. Trotter, available for downloadindhip://www.facs.scripps.edu/software.hyml
Descriptive analyses were done with Micro§oExcel 2000.

Repeated measures ANOVRétrie and Watson, 199%as done to test the differences
between bulls, between days, and between repeated measurements during incubation us-
ing the within-subjects (repeated measures) ANOVA with multiple dependent measures
(MANOVA) option of the STATISTICA 5.5 software packag8tatSoft Inc., 2000 Bulls
were set as independent, random factors, while days and repeated measurements during
incubation were set as within-subject (repeated measures) factors with the levels of three
(days) and nine (repeated measurements during incubation). Analyses were done on the LI,
LR, DI and DR subpopulations and the subpopulation of dying spermatozoa with ruptured
acrosomes (DYR). Additionally;test for dependent samples was done using the STATIS-
TICA 5.5 software package to compare ratios of different sperm subpopulations before and
after incubation.
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Fig. 1. SYBR 14/PE-PNA/PI dot plots showing the successive steps of gating. First, a rough “sperm” region (R1)
is drawn, based on forward vs. side scatter properties (a). “Sperm” gate is applied to the SYBR 14/PI dot plot (b),
where live (R2), dead (R3) and dying (R4) sperm subpopulations are identified, as well as the extender particles,
which have similar scatter properties to sperm cells (R5). A “sperm and not extender” logical gate is applied to
the PE-PNA/PI dot plot (c), where a quadrant is set to distinguish the following sperm subpopulations: “live cells
with intact acrosome” (LI, lower left quadrant), “live cells with ruptured acrosome” (LR, lower right quadrant),
“dead cells with intact acrosome” (DI, upper left quadrant), “dead cells with ruptured acrosome” (DR, upper right
guadrant). In (d), a “(sperm and not extender) and dying” gate was applied to evaluate the acrosome status of dying
cells, with the same quadrant position as in (c). In this case, dying cells with intact acrosome (DY) will appear in
the upper left quadrant, while dying cells with ruptured acrosome (DYR) will be in the upper right quadrant.

3. Results

The ratio of the dying spermatozoa in the samples of all bulls is showahie 1 As
3000 of these events were collected during acquisition, approximately 30,000-150,000 total
sperm events were recorded per sample.
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Table 1
Frozen-thawed, incubated bull semen, disclosed per bull (A—F) and time (30 min intervals)
Incubated Bull
time (h)

A B C D E F
0 11.24+ 2.60 10.0+ 3.50 9.9+ 0.97 8.4+ 2.10 9.1+ 2.86 7.4+ 2.07
0.5 10.0+ 0.57 9.0+ 1.03 8.4+ 1.01 7.0£1.63 6.7+ 1.39 5.6+ 0.43
1 9.7+ 1.43 8.8+ 1.65 8.6+ 0.25 7.1+ 1.46 5.7+ 1.10 5.3+ 0.18
1.5 9.2+ 1.87 8.3+ 2.16 7.4+ 0.79 6.9+ 1.72 4.8+ 0.58 5.2+ 0.49
2 7.9+ 1.23 7.7+ 0.86 6.7+ 0.43 6.3+ 1.18 3.3+ 0.72 5.3+ 1.03
2.5 7.8+ 0.93 6.1+ 1.04 5.9+ 0.58 6.4+ 1.47 3.9+ 0.87 5.1+ 0.78
3 6.0+ 2.62 4.6+ 1.65 4.8+ 0.74 5.5+ 1.37 3.0+ 1.29 4.7+ 0.92
3.5 6.1+ 0.79 5.0+£1.54 4.8+ 1.74 5.4+ 1.26 2.2+ 0.27 4.0+ 0.36
4 6.0+ 1.34 4.5+ 0.76 5.4+ 1.17 5.0+ 1.50 3.5+ 0.93 4.7+ 1.40

The ratios of dying spermatozoa in the total sperm population during the 4 h incubation are presentedt (Mean
S.D. values of three flow cytometric measurements).

We noticed slight differences between the repeated runs on different days; however, none
of these was significant{ = 0.65, 0.09, 0.28 and 0.88 in the case of LI, LR, DI and DR
subpopulations, respectively).

Fig. 2 shows the average changes in four subpopulations (LI, LR, DI, DR) during the
incubation period. Over the 4 h incubation, a decrease of only five percentage points (ap-
proximately) was observed in the live, acrosome-intact (LI) population (49.4% at 0.5 h, and
44.3% at4hpP < 0.01). A more dramatic change was seen in the percentage of dead sper-
matozoa with intact acrosome (DI): a decrease from 34.4 to 17%(@.01). At the same
time, the percentage of dead spermatozoa with ruptured acrosome (DR) increased from 18
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Fig. 2. Change in the four bull sperm subpopulations during a 4 h incubation post-thaw. Average change over the
six bulls is presented.
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Fig. 3. Change in the four bull sperm subpopulations during a 4 h incubation post-thaw. Averages of three repeated
measurements of six individual bull$) A; ((J) B; ($) C; (A) D; (@) E; (M) F) are presented. Parts (a), (b), (c)
and (d) of the figure show the live intact, live ruptured, dead intact and dead ruptured subpopulations, respectively.

to 35% (P < 0.01). Finally, the percentage of live spermatozoa with ruptured acrosome
(LR) only increased to 4.1% after incubation (1.5% at O h, and 4.1% aP4h(.01).

The changes in the four subpopulations (LI, LR, DI, DR) during the incubation period
in individual bulls are depicted iRig. 3a—d where averages of the 3 days are presented.
Differences between bulls were significant in all cages:(0.01). The differences between
repeated measurements during incubation were significant in the case of all (LI, LR, Dl and
DR) subpopulationsk < 0.01).

An increase in the percentage of LI cells was noticed in all bulls, with individually
different patterns during the first half hour of incubati®iy, 39: on average, 45.3% atO0h
and 49.4% at 0.5 hR < 0.01). A corresponding sharp drop was seen in the percentage of
Dl cells (Fig. 39: from 34.4% at O h to 26.9% at 0.5 ? (< 0.01).

The percentage of cells with positive PE-PNA fluorescence within the dying subpop-
ulation (DYR) is shown inFig. 4. Although individually different patterns are seen, the
percentage of these spermatozoa increased dramatically during incubation in the case of all
bulls (on average, 3.5% at 0 h and 66.9% at #hs 0.01). Differences were significant
between bulls ® < 0.01), between repeated measurements during incubafien @.01)
but not between daysP(= 0.33).

The three-dimensional dot plots allowed us to reconstruct the events during incubation
(Fig. 5. Immediately after thawing, a well-defined LI population could be seen, with low
PE-PNA and PI fluorescence and high SYBR 14 fluorescence. Very few events could be
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Fig. 4. Change in the acrosome-ruptured (dying ruptured (%)) bull spermatozoa within the dying subpopulation
during a 4 h incubation post-thaw. Averages of three repeated measurements of six individual bulls are presented.

interpreted as viable spermatozoa with ruptured acrosome (LR). Within the dead, PI-positive
population, two clearly distinguishable subpopulations appeared, indicating that some of
the dead spermatozoa had deteriorated acrosomes, too. In addition, a small cluster of sper-
matozoa could be identified showing intermediate SYBR 14 and PI fluorescence: these are
dying spermatozoa. It is noticeable that virtually all showed low PE-PNA fluorescence,
indicating an intact acrosome. The picture was similar after 30 min of incubation. After
1h, a small cluster of dying spermatozoa with high PE-PNA fluorescence appeared. As a
simultaneous cluster of viable, acrosome-ruptured spermatozoa was not seen, these sper-
matozoa might have had acrosomal exocytosis while dying, or they might have died very
quickly after acrosomal rupture. After 2 h, a small, but clearly visible viable cell subpopula-
tion showed acrosomal labeling. Simultaneously, a well-defined dying, acrosome-ruptured
cluster appeared; these spermatozoa had slightly lower P fluorescence compared to the dy-
ing, acrosome-intact spermatozoa. At 2.5-3 h, the dying, acrosome-ruptured spermatozoa
lost SYBR 14 intensity and gained Pl intensity as they died. This shift seemed to be slower
in the dying, acrosome-intact population. Finally, at 4 h, most of the dying spermatozoa
showed acrosomal labeling, in agreement with the graphs sdég.ia.

4. Discussion

The multicolor flow cytometric approach described here allowed us to draw a more
detailed picture of the course of plasma membrane and acrosome deteriorations. The large
number of measured events enabled us to study the acrosome status of dying spermatozoa,
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Fig. 5. Three-dimensional dot plots showing the shifts between subpopulations during incubation. A total of 20,000
events are presented.

a relatively small subpopulation (usually10%) in commercially frozen-thawed sperm
samples for Al.

A reconstruction of the measured events leads to the conclusion that immediately after
thawing almost all dying spermatozoa have intact acrosomes, but during incubation an
increasing number of spermatozoa die following acrosomal deterioration.

Cooled-rewarmed spermatozoa behave as if they were capackiaied?Q00b); recent
studies showed that cooling rather acts as a bypassing of the capacitation p@reess (
and Watson, 20Q1Although the extender used for processing the semen was not removed
during the incubation, and it might act as a capacitating aglentDaas, 1997capacitation
status was not directly measured in the present study. However, the lectin PNA used in the
study usually detects the earliest signs of the initiation of acrosome exocytosis, as soon
as the fusion pores between the plasma and acrosomal membranes &aubsia(and
Harrison, 200]



dc_1642_19

234 Sz. Nagy et al./ Animal Reproduction Science 80 (2004) 225-235

The flow cytometric technique presented seems to provide a more precise tool to per-
form thermoresistance tests, with a high number of spermatozoa analyzed. Previous studies
(Saacke and White, 1972; den Daas, )3plied microscopic techniques, evaluating 200
spermatozoa instead of the tens of thousands as in the present study. The method described
here does not require special sample preparations and can be used on a bench top flow
cytometer equipped with standard optics (i.e., blue laser and green, orange and red detec-
tors). It is therefore simple enough even for routine semen quality-control investigations.
However, further large-scale experiments are needed to establish its predictive value regard-
ing field fertility and to find threshold values of sub- and infertility, provided the changes
in sperm subpopulations with deteriorating acrosomes are present in vivo. Moreover, this
technique would allow the effect of new cryopreservation protocols on spermatozoa to be
monitored in greater detail, with the order of events such as cell necrosis and acrosomal
exocytosis being easily followed.

Finally, the surprising increase in the viable, acrosome-intact population during the first
half hour of incubation requires further clarification. If it receives a scientific explanation,
application of stain exclusion techniques based on plasma membrane permeability may
need rethinking when used for routine post-thaw quality control. As stateéd/digon
(2000} “It appears that we need a more elaborate theory of plasma membrane disruption
during cryopreservation than is currently in vogue”. The multicolor flow cytometric method
described here might be a useful tool to reach that goal.
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Abstract

The present study was conducted to find a more objective method of evaluating sperm quality than
the current subjective motility evaluations by testing the applicability of a novel fluorescent probe,
Mitotracker Deep Red 633 (M-22426), for measuring the mitochondrial activity of spermatozoa both
after freezing/thawing (PT) and after swim-up selection (SU), using flow cytometry (FC). The results
from FC were compared to those of conventional microscopic motility evaluations and of computer-
assisted sperm analysis (CASA) as well as to the fertility obtained after Al in the field. Semen from
six Estonian Holstein bulls, processed when the sires were aged 3, 5, and 7 years, was included in the
experiment. Sperm motility (measured either subjectively or by means of CASA) was always
significantly (p < 0.01-0.001) higher in the spermatozoa recovered by SU, for any of the age groups
considered, or even when combining the age groups. Motility (measured subjectively) after SU was
significantly (p < 0.05) higher when bulls reached 7 years of age, compared to earlier collection ages,
but no differences were registered between ages for CASA-assessed motility, either after SU or
immediately PT. The numbers of spermatozoa with high red fluorescence also increased after SU:

* Corresponding author. Tel.: +46 0 18672323; fax: +372 0 6507531; mobile: 372 0 55615149.
E-mail address: triin.hallap@kv.slu.se (T. Hallap).

0093-691X/$ — see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.theriogenology.2004.10.010
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p < 0.05 (for semen from bulls aged 3 years), p < 0.001 (5 years), p < 0.001 (7 years), and p < 0.001
when all age groups were combined. The proportion of spermatozoa with high mitochondrial activity
as determined by Mitotracker Deep Red 633 correlated with sperm motility (p < 0.01) both PT and
after SU, but not with the fertility results. In conclusion, MitoTracker Deep Red 633 seems to be a
reliable marker for frozen-thawed bovine semen viability both PT and after SU.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Frozen semen; Mitotracker deep red; Motility; Aging; Bull

1. Introduction

The complexity of the fertilization process requires the well co-ordinated function of
many sperm organelles. One of the most essential sperm attributes at certain steps in sperm
transport through the female, as well as in the approach to the oocyte vestments and to aid
the penetration of the zona pellucida (ZP), is sperm motility—a result of the flagellar
movement of the sperm tail. Motility is currently the most common definition of *“‘sperm
quality”’ in bull stations, acting as an indirect measure of metabolic activity and sperm
viability. It can be measured by microscopic evaluation or, more objectively and accurately,
by computer-assisted sperm analysis (CASA), although variation between instruments and
measurements still exists [1,2]. Recently, flow cytometry (FC) has offered a more precise
way to measure semen quality, including aspects such as viability, acrosome integrity, and
DNA structure [3,4]. As spermatozoa show flagellar movement only in the presence of
ATP-derived energy, produced in mid-piece located mitochondria, direct measurements of
mitochondrial function might be useful as an alternate, more objective measure of sperm
quality [4]. There are approximately 100 mitochondria in the mid-piece of the
spermatozoon and fluorescent dyes, able to target defined intracellular compartments,
can be used to visualize them. Most of these dyes work by diffusing into living cells and
accumulating in mitochondria, provided that an internal 100-200-mV negative potential
gradient occurs across the mitochondrial membrane (MMP). A novel probe, the
Mitotracker Deep Red (Molecular Probes), was recently suggested by Nagy et al. [5] for
testing mitochondrial activity in spermatozoa. MitoTracker probes are cell-permeant
mitochondrion-selective dyes that contain a mildly thiol-reactive chloromethyl moiety.
The chloromethyl group appears to be responsible for keeping the dye associated with the
mitochondria after fixation. To label mitochondria, cells are simply incubated in
submicromolar concentrations of the MitoTracker probe, which passively diffuses across
the plasma membrane and accumulates in active mitochondria [6]. To obtain active sperm,
the swim-up (SU) procedure is applied in assisted reproductive procedures such as IVF. It is
believed that swimming up selects the higher-motility spermatozoa in a bulk semen
sample. Because metabolic rate is the basis of motility, high mitochondrial activity is
expected. Comparing the data from post-thaw and swim-up samples would test the
effectiveness of the Mitotracker Deep Red as a probe to measure sperm quality more
objectively than the current subjective motility evaluations. Owing to the presence of age
differences in sperm motility [19], the testing was done on frozen-thawed semen from
proven Al-sires processed when the sires were aged 3, 5, and 7 years. The results were
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compared with sperm motility, as either conventionally assayed (by means of phase
contrast microscopy) or gauged by CASA analysis. All data were finally related to the
fertility of the examined semen when used for field Al

2. Materials and methods
2.1. Reagents

Reagents were obtained from the following sources: Molecular Probes Inc. (Eugene,
OR, USA; SYBR-14 from LIVE/DEAD Sperm Viability Kit, L-7011, and Mitotracker
Deep Red, M-22426), DMSO (Fluka, 41640), Becton Dickinson (San Jose, CA, USA;
CellWash optimised PBS, cat. no. 349524), and Sigma Chemical Co. (St. Louis, MO,
USA).

2.2. Animals and semen processing

Six Estonian Holstein (EHF) bulls from the AI station of the Animal Breeders*
Association of Estonia in Kehtna, Estonia, were included in the experiment. The bulls were
part of a breeding program and all semen collection and ensuing assessment and processing
was performed at a bull station under commercial conditions. Semen was collected from
the bulls when they were 32—-44 months (hereafter called ““3 years”’), 63—66 months (*‘5
years”), and 78-90 months (““7 years”’) old. Between these particular sampling periods,
semen was regularly collected for commercial purposes, e.g. the bulls’ semen was
continuously collected and their health status and semen quality monitored. Before a 3-
year-old bull was allowed to enter the progeny testing program, his sperm concentration in
neat semen had to be >4 x 10°/mL with an initial motility >60%; >85% of the total
number of sperm had to display normal morphology and <5% could be morphologically
immature (i.e. having proximal cytoplasmic droplets) [7]. Semen was collected once
weekly using an artificial vagina. Two consecutive ejaculates were pooled (hereafter
referred to as a “‘batch”), extended with a commercial extender (Triladyl‘(@, Minitiib,
Germany), packed in 0.25 mL plastic straws, each containing ~30 x 10° spermatozoa, and
frozen using a programmable biological freezer. The frozen straws were stored in liquid
nitrogen until tested. Two to four batches from each bull were included in the experiment.
Following preservation, a post-thaw motility >50% was established as the threshold.
Inseminations were routinely performed within a year of freezing on heifers and cows of
different parity at all seasons of the year. Non-return rates (NRR) were recorded 60 days
after Al for each batch, and the data were not corrected for either season, area, or parity.
The number of inseminations per batch ranged between 45 and 150 and NRRs from 52.2 to
76.0%. Results of Al were available only for 3-year-old bulls.

2.3. Semen preparation for laboratory evaluations

The semen analyses were performed either immediately after thawing (PT) or after
thawing and swim-up separation (SU). The semen from two straws of the same batch was
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thawed by immersion in water at +35 °C for 12 s, then pooled and used for testing. For SU,
200 pL of semen were placed under a layer of fertilization medium (400 wL Fert-TALP)
[8], supplemented with fatty-acid—free BSA (6 mg/mL), sodium pyruvate (0.25 uM),
heparin (5 pg/mL), p-penicillamine (20 wM), hypotaurine (10 nM), and epinephrine
(1 pM). The procedure was carried out in a siliconized soda-glass tube, and after 60 min
incubation (39 °C, 5% CO,) the upper 300 pL of the medium were collected for sperm
quality measurements.

2.4. Semen evaluation

Post-thaw (PT) and swim-up-treated (SU) samples were evaluated for sperm motility
and concentration.

2.5. Sperm motility and concentration

Samples of 5 pL were placed in a Makler Counting Chamber (Sefi-Medical
Instruments, Haifa, Israel), and analysed using a computer-assisted motility analyser
(CASA, SM-CMA, MTM Medical Technologies, Montreaux, Switzerland). Parameter
settings are provided in Table 1. At least 100 spermatozoa were tracked and assessed at
+38 °C to estimate the proportions of motile spermatozoa, linear-, non-linear, and circular
motile spermatozoa as well as the following kinetic characteristics: straight linear velocity
(VSL), average path velocity (VAP), and curvilinear velocity (VCL).

Subjective sperm motility was estimated by the same operator from the same sample
(5 pL) under a phase contrast microscope (x400) equipped with warm stage (+38 °C). The
mean value from evaluations of four fields was recorded. Sperm numbers in the straws and
following SU were assessed in two separate counting chambers using a Biirker
haemocytometer, as described by Bane [9].

2.6. Fluorochrome stain combination for flow cytometry

A 100-pM SYBR-14 stock solution was prepared in DMSO, then a 100-nM working
solution was prepared in CellWash just before sample preparation. Similarly, a 1-mM
Mitotracker Deep Red stock solution was prepared in DMSO, followed by the preparation
of a 20-uM working solution in CellWash just before sample preparation.

Table 1

Parameter settings for CASA

Maximum number of frames 32

Minimum number of frames 15

Cell size range 35-300 pixels
Immobile objects 10 pm/s
Locally motile 25 wm/s
Maximum linearity value 75%

Time for detection of immobile objects 20 ms
Velocity class width 5 pm/s

Maximum radius for circles 25 pwm
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The staining protocol was as follows: sperm samples were diluted in CellWash to a final
sperm concentration of approximately 1 million per mL in 5 mL Falcon tubes. Five nM of
SYBR-14 working solution and 100 nM of Mitotracker Deep Red working solution were
added to the sperm samples, and they were mixed and incubated at 38 °C in the dark for
10 min and then re-mixed before analysis.

2.7. Flow cytometry measurements

Measurements were made using an LSR flow cytometer (Becton Dickinson, San Jose,
CA, USA). The SYBR 14 dye was excited by a 20 mW Argon ion 488 nm laser, while
Mitotracker Deep Red was excited by a 17 mW HeNe 633 nm laser. SYBR 14 fluorescence
(cells with intact plasma membrane) was detected on detector FL 1 (530/28 nm), while
Mitotracker Deep Red fluorescence was detected on detector FL 3 (670 LP). Forward and
side-scatter values were recorded on a linear scale, while fluorescent values were recorded
on a logarithmic scale. Compensations were set according to Roederer [10]. Acquisitions
were done using the CellQuest 3.1 software (Becton Dickinson, San Jose, CA, USA). The
non-sperm events were gated out based on SYBR 14 fluorescence (DNA content). The FC
was used at a low flow rate of 6-24 pL/min. Acquisitions were stopped after recording
10,000 SYBR-14-positive events. Acquisition data were stored for further analysis in list
mode.

2.8. Data analysis

On SYBR-14 (FL 1/FL 2) dot plots, regions were drawn around the SYBR-14-positive
cluster, and these events classified as spermatozoa. On SYBR-14/Mitotracker Deep Red
dot plots, regions were drawn around the events showing dim and bright Mitotracker Deep
Red fluorescence (Fig. 1). Descriptive analysis was performed using Microsoft™ Excel
2000. The results were analysed statistically using the Statistical Analysis Systems
package [11] including 37 observations (six bulls, two to four batches/bull, three age
groups). The MIXED procedure was used for assessment of treatment influence and
comparison between age groups, and the GLM procedure for testing differences among
bulls. In the statistical model, ““bull” was considered to be a random effect. A Pearson’s
correlation test was used to establish simple correlations among measured quality
parameters. Differences were considered significant when p < 0.05.

3. Results
3.1. Sperm motility

3.1.1. Subjective motility

The results of motility and mitochondrial activity expressed as means per bull per age
group are presented in Table 2. The results did not differ significantly among the bulls in
each age group (p > 0.05). Increase in motility was seen for 3- versus 5- (p < 0.05) and 3-
versus 7-year-old bulls (p < 0.05), in both cases only after SU treatment.



dc_1642_19

2316 T. Hallap et al./Theriogenology 63 (2005) 2311-2322

-
o

1023

10°

&) 9
1] [T
0p]
o' e 100 o
(@) FSC (b) FL1 - SYBER 14
5 5

[m]
sl R4 o 2 R4
o [
w o
w L
(e W,
o .
e o
s =
. s
© 9 o &
[T .|
[T
s >
100 10" 102 103 0 00 10" 102 103 0*

(c) FL 1- SYBER 14 (d) FL 1 - SYBER 14

Fig. 1. Sybr 14/Mitotracker Deep Red dot plots showing the steps of gating. (a) scatter of the ungated sample, (b)
regions for gating: R1—sperm, R2—extender particles. SYBR 14 vs. Mitotracker Deep Red plots are shown
before (c) and after swim-up (d). R3 are sperm cells with low Deep Red fluorescence, and R4 are those with high
fluorescence.

3.1.2. CASA-assessed motility

The results for the semen from some 7-year-old bulls (SU) differed significantly
(p < 0.05) from each other. There were no differences in terms of CASA-assessed motility
between age groups either after SU or PT. Both subjective and computerized evaluations
showed significantly better motility after SU than PT: p < 0.01 (for semen from bulls aged
3 years), p < 0.01 (5 years), p < 0.001 (7 years), and p < 0.001 when all age groups were
combined. The proportion of linear motile spermatozoa was lower after SU than PT: n.s. (3
years), p < 0.05 (5 years), p < 0.001 (7 years), and p < 0.01 when all age groups were
combined. The proportion of circular motile spermatozoa was also lower after SU than PT:
n.s. (3 years), p < 0.001 (5 years), n.s. (7 years), and p < 0.05 when all age groups were
combined. The proportion of non-linear motile spermatozoa was higher after SU than PT:
n.s. (3 years), p < 0.01 (5 years), p < 0.01 (7 years), and p < 0.01 when all age groups
were combined. For VSL, there were no significant differences between PT and SU
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Table 2
Motility (determined by subjective and computer-assisted analysis) and mitochondrial membrane potential of six bulls at three different ages (means £ S.D.)
Age Bull no. PT SU
Microscopic evaluation FCM Microscopic evaluation FCM
Subject CASA MITO Subject CASA MITO
3 1 728 £ 154 67.1 +12.5 584 +4.8 77.1 £23.5 77.1 £19.6 67.1 +£18.8
2 59.4+£92 65.8 £10.5 43.6 £10.7 79.6 £12.6 823 +6.7 67.0 £ 26.5
3 579 + 14.8 572+ 183 37.5 +30.4 68.1 +29.2 814+0 333+£72
4 68.8 £ 7.8 613+ 124 44.6 £3.1 85.0£3.5 78.5£0.7 54.3 +£30.8
5 65.4 + 8.0 72.0 + 8.6 53.0+£9.5 825+0 78.6 £ 0 71.0 £9.7
6 60.6 £ 18.6 68.2 £16.5 59.7+£4.8 86.3+0 80.4+0 78.6 £3.9
5 2 754 +6.9 69.4 +£0.3 49.7 +10.7 95.0+0 81.7+4.1 788 £5.4
4 629+ 12.8 65.0 £8.2 444 +2.1 890.5+173 769 £6.9 78.2 £10.2
7 1 613+ 152 672 £12.7 49.8 £12.0 970+ 1.1 89.0+3.0 839+119
2 61.7£5.8 66.5+ 1.2 47.6 £ 6.1 91.9+5.1 76.1 £ 6.8 723 +£16.8
4 563 +£4.5 61.9+34 458 +4.3 90.0 + 8.7 829+32 752 +5.0
5 50.8 £ 6.5 61.8 + 1.7 489+175 90.4 +£7.9 825+33 751+ 175
Mean =+ S.D. 62.8 + 10.5 65.3 £ 8.8 48.6 +8.8 86.0 £9.9 80.6 £ 6.0 69.6 + 13.6

Each value represents two to four batches of bull semen.
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Fig. 2. Mitochondrial activity of sperm from 3-, 5-, and 7-year-old Estonian Holstein Al bulls (EHF) after thawing
and swim-up treatment (means = S.D. of two to six bulls). Significant differences between post-thawing and
swim-up treatment are indicated (p < 0.05, ““p < 0.001). Different letters above bars indicate differences
among ages within treatment (p < 0.05).

selected semen but VAP was higher in SU sample than PT: p < 0.01 (3 years), p < 0.001 (5
years), p < 0.01 (7 years), and p < 0.001 when all age groups were combined. Similar
increase gave VCL: p < 0.001 (3 years), p < 0.001 (5 years), p < 0.001 (7 years), and
p < 0.001 when all age groups were combined.

3.1.3. Sperm numbers

After SU, the percentage of spermatozoa recovered from the number found in PT
sample ranged as follows among the bulls (ranges among batches presented between
parentheses): 3y bulls: 2.3-3.7 % (0.8-5.5 %); Sy bulls: 2.7-5.2 % (2.3-6.2 %); and for 7y
bulls: 3.5-5.4 % (2.5-6.8 %). The results for some 5- and 7-year-old bulls (PT) differed
significantly (p < 0.05) from each other. The proportion of motile spermatozoa recovered
from PT samples (assessed by CASA) ranged as follows among the bulls (ranges among
batches presented between parentheses): 3y bulls: 57.2-72.0 % (42.3-85.3 %); Sy bulls:
65.0-69.4 % (58.6-74.2 %); and for 7y bulls: 61.8-67.2 % (53.5-78.5 %). After SU, the
corresponding ranges were 2.3-4.3 % (1.4-4.7 %; 3y bulls), 1.9-4.3 % (1.7-5.3 %; Sy
bulls), and 3.2-4.1 % (2.1-5.4 %, Ty bulls). The results did not differ significantly among
bulls or between ages (p > 0.05). As expected, less spermatozoa were recovered post-SU
selection than after PT (p < 0.001).

3.1.4. Evaluation of mitochondrial function

The results differed significantly among some 3-year-old bulls after SU (p < 0.05)
(Fig. 2). There were no significant differences in terms of mitochondrial function between
the age groups after thawing; following SU, however, the semen from 7-year-old bulls
showed significantly improved mitochondrial function compared to that of semen from 3-
year-old bulls (p < 0.05). The tendency was seen also in semen from the 3- and 5-year-old
groups (p = 0.06). Significantly more spermatozoa showed high red fluorescence after SU
treatment than after thawing: p < 0.05 (for semen from bulls aged 3 years), p < 0.001 (5
years), p < 0.001 (7 years), and p < 0.001 when all age groups were combined. The
percentages of spermatozoa with high MMP post-thawing correlated well with the
respective results obtained after SU (p < 0.01).
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3.1.5. Relationship between sperm motility, numbers of motile spermatozoa, and
mitochondrial status (MMP)

There was a positive correlation between sperm motility and MMP (p < 0.01) for semen
both PT and after the SU procedure. The relationship existed for both subjectively- and
CASA-evaluated motility after thawing, but only for the subjective motility evaluation post
SU. Also, a positive correlation between number of motile spermatozoa and MMP after SU
was recorded (p < 0.01).

3.1.6. Relationship to NRR

The 60d-NRR (2-4 batches per bull) ranged from 52.2 to 76.0% (141-392
inseminations per bull) with differences among batches within two bulls (p < 0.05).
The proportion of spermatozoa with high mitochondrial activity (high MMP) as
determined by Mitotracker Deep Red 633 did not correlate statistically with fertility,
neither PT nor after SU. Only motility parameters measured by CASA after SU had a
relationship to NRR; these were: total motility (p < 0.01), proportion of linear motile
spermatozoa (p < 0.05), numbers of motile spermatozoa (p < 0.05) and VAP (p < 0.001).

4. Discussion

The present study investigated the effectiveness of the cationic lipophilic dye
MitoTracker Deep Red 633 (M-22426) at binding mitochondria in frozen-thawed bovine
spermatozoa derived from sires at various ages, in an attempt to find a more objective
method of evaluating sperm quality than the current subjective motility evaluations. The
results were obviously compared with those of microscopic and CASA sperm motility
analyses. A swim-up test was used to measure the ability of the probe to differentiate
spermatozoa possessing various degrees of motility.

Accumulation in mitochondria is characteristic of many fluorescent dyes, such as
Rhodamine 123 (R123), MitoTracker Green (MTG), JC-1, MitoTracker Orange
(CMTMRos), MitoTracker Red (CMXRos), MitoTracker Red 580, and MitoTracker
Deep Red 633 [12-15]. Despite of numerous published protocols, there are several
problems connected with most of these fluorophores. For instance, R123 is washed out of
cells when mitochondria experience losses of membrane potential, thus limiting its use in
cases when the energetic state of the mitochondria is affected (Molecular probes, product
information). It is also not reliable because of its low sensitivity and the presence of several
energy-independent binding sites in mitochondria [12,16]. Mitotracker Green seems to
label all mitochondria regardless as to their membrane potential (Molecular Probes
Handbook, 6). It is therefore most commonly used for mitochondrial localisation, size, and
structure measurements; it is not, however, suitable for evaluating mitochondrial functional
status. The advantage of JC-1 is its ability to differentiate between high and low membrane
potentials. The fluorophore JC-1 changes (reversibly) its fluorescent pattern from green to
orange owing to increases in MMP. However, it does not work properly on frozen—thawed
semen, probably due to interactions with the extender [17]. Moreover, since the
fluorophore is the same, there is a need for two FC detectors to detect green and orange
fluorescence, which is not suitable when attempting a multiparameter assay [5]. The
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company Molecular Probes offers an array of Mitotracker probes, but the information
available about their staining/binding mechanism is incomplete [6]. Available reduced
versions of Mitotracker Orange and Red probably measure membrane potential. However,
their excitation wavelengths are not appropriate for commercial top-bench FC and require
more complicated and expensive instrumentation.

On average, the results obtained from flow cytometric measurements of mitochondrial
function were 10-15% lower than the recordings of motility, either subjectively or as
measured by CASA. Such a difference between subjective motility evaluations and FC
evaluations of mitochondrial activity is in line with that reported in several other
publications [13,14,18]. The difference has previously been explained by human error, in
terms of overestimation of the proportion of motile cells [13,14]. However, if CASA is
more precise than the visual motility evaluation, we should not have the same discrepancy
between cytometric and motility results. The reason for such discrepancy needs to be
clarified. The SD for subjective motility evaluation was >15%, while the SD for FC
measurements was reported to be <4% by Garner et al. [13]. In the present research we did
not notice any smaller variability in FC results than that reported in the literature. The
results for subjectively assessed motility and mitochondrial function always tended to
increase with age, from the 3- versus the 7-year-old age group, following the SU treatment
(p < 0.05). Such a trend already existed in the 3- versus the 5-year-old group, being
significant (p < 0.05) for motility but only showing a tendency (p =0.06) for
mitochondrial activity. We reported a similar increase in a previous study [19] in which
1- and 4-year-old Swedish bulls were used, with the exception that the results were gained
in the PT sample and not after SU. This might suggest that spermatozoa capable of
reaching the oocyte may also be influenced by the age of the sire in a long perspective.
Since the semen samples used for present study were from different freezing dates, the
cause of increased motility could well lie in there or in unexpected variations during the
processing of semen over this period. Also, both motility tests and FC were able to detect
that swim-up selects highly motile spermatozoa from the bulk population present in the Al
dose. These findings are also in agreement with our previous results obtained from Swedish
Red Breed sires [19]. As the FC measurements provided data similar to that obtained by
conventional semen analysis, this indicates that MitoTracker Deep Red 633 (M-22426) is
suitable for evaluating mitochondrial function as a marker of sperm viability. Since it is
linked with the greater objectivity arising from the assessment of thousands of cells by FC,
this method is thus preferable to subjective microscopic or more objective CASA analyses.
Albeit indeed more expensive, flow cytometry is much more powerful as a research tool,
considering the speed, precision and the possibility to combine with other fluorochromes in
a multiparameter assay. As a single parameter, as measured after SU, the evaluation of
selected, highly motile spermatozoa could be preferable to studies of bulk semen samples
during quality trials, mostly due to the relationship of motility and fertility. In conclusion,
we find MitoTracker Deep Red 633 (M-22426) to be a reliable marker of frozen—thawed
bovine semen viability both PT and after SU. The lack of a statistical relationship between
mitochondrial staining and fertility might most likely reside in the low number of sires and/
or inseminations included in the material studied and on the relatively high numbers of
viable spermatozoa present in the Al-doses that could mask differences among these
variables.
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Abstract

In a situation where technology allows for the simultaneous measurement of numerous
parameters of a single sperm cell, it becomes crucial to choose those parameters which may
be useful in estimating in vivo fertility. Sperm membrane destabilization is believed to occur
during chilling of semen, although its effect on the post-thaw (PT) fertility of the spermatozoa has
not yet been fully assessed. For this reason, we tested a new combination of fluorophores,
Merocyanine 540 (M540)/Yo-Pro 1/Hoechst 33342 (H33342), to detect sperm plasma membrane
destabilization in bull spermatozoa conventionally processed for artificial insemination (AI). The
samples were tested by flow cytometry (FC), both immediately PT and following an in vitro

* Corresponding author. Tel.: +46 18672323; mobile: +372 55615149; fax: +372 6507531.
E-mail address: triin.hallap@kv.slu.se (T. Hallap).

0093-691X/$ — see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.theriogenology.2005.07.009



dc_1642_19
T. Hallap et al./Theriogenology 65 (2006) 1122-1136 1123

swimup (SU) technique, and results were thereafter compared with conventional sperm quality
measurements (of concentration, motility, morphology, and membrane integrity), including in vivo
fertility. Semen samples from six Estonian Holstein (EHF) Al bulls, frozen when the sires were
aged 3, 5, and 7 years, allowed us to test the effect of bull age on quality of semen. Plasma
membrane stability correlated to motility, normal head morphology (p < 0.05), and membrane
integrity (p < 0.01). Following the SU selection, motility, membrane integrity (p < 0.001), and
membrane instability increased (p < 0.01), as did stability (p < 0.05). Bull age did not influence
the degree of sperm membrane destabilization, except for the 3-year sample versus 7-year sample,
in which the proportion of spermatozoa with destabilized plasma lemma increased PT (p < 0.05)
without affecting membrane integrity. Only parameters measured after SU, such as proportion of
total motile and linearly motile spermatozoa, assessed with computer-assisted sperm analysis
(CASA) (p < 0.01), average path velocity (VAP) (p < 0.001), and percentage of spermatozoa
with unstable plasma lemma (p < 0.05), had a significant relationship with non-return rate (NRR).
The results indicate that a triple combination of the fluorophores M540/Yo-Pro 1/H33342 is
suitable for monitoring the status of membrane stability in frozen-thawed (FT) bull spermatozoa.
As well, a SU preselection method seems helpful in distinguishing relationships between sperm
quality and fertility among bulls in a homogenous sire population.

© 2005 Elsevier Inc. All rights reserved.

Keywords: Frozen-thawed semen; Plasma membrane stability; Merocyanine 540 (M540)/Yo-Pro 1/Hoechst
33342 (H33342); Fertility; Bull

1. Introduction

The assessment of semen quality has moved towards rapid and objective methods,
such as computer-assisted sperm analysis (CASA) [1,2] and flow cytometry (FC), which
are now widely used, replacing laborious, time-consuming, and subjective light
microscopy screening. Flow cytometry makes it possible to evaluate more than 1000
cells per second and has been successfully used to describe changes in sperm structure
and function [3].

It is widely known that spermatozoa bind to an ovum only after capacitation in the
female genital tract [4,5]. During this process, the sperm plasma membrane becomes
dynamically reorganized (lipid order—disorder transition and protein relocation) [6]. Since
capacitation destabilizes the sperm plasma membrane, it can be assumed that when
capacitation occurs prematurely, leading to acrosome exocytosis or cell death, fertilization
is impaired [7,8]. It is also known that chilling of spermatozoa causes changes in the
plasma membrane, which resemble changes seen during physiological capacitation [8].
The question as to whether these changes are really a sign of capacitation or only a
destabilization of the membrane is still debated [9]. Recent evidence suggests that changes
in the scrambling of plasma membrane phospholipids of cryopreserved boar spermatozoa
differ from those in fresh semen undergoing bicarbonate-induced capacitation [10]. The
hydrophobic dye Merocyanine 540 (M540) can be employed to monitor the level of
scrambling of the phospholipids of the plasma membrane lipid bilayer, increasing the
intensity of its fluorescence with an increase in the membrane lipid disorder [6,11]. Such
disorder is indicative of membrane destabilization, similar to that occurring during the first
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steps of capacitation [11,12]. In addition, M540 staining can be combined with the
membrane-impermeable DNA-binding probe Yo-Pro 1 to simultaneously analyze sperm
cell viability. Any non-sperm event, such as the presence of DNA-free biological debris
present in semen extenders, could be excluded based on a lack of Hoechst 33342 (H33342)
signal.

Knowledge of the amount of viable spermatozoa with a stable plasma membrane in the
inseminate would give very valuable information about its quality [13]. It would also be of
interest to disclose whether these cells, which have preserved their membrane stability after
freezing and thawing, would capacitate, and how many would capacitate, when challenged
with effectors of capacitation (e.g., heparin) during sperm preselection, for instance,
through swimup (SU). The SU semen preparation method is used to mimic sperm selection
during sperm transport. It is routinely used prior to in vitro fertilization (IVF) to both
cleanse and select highly motile spermatozoa, and some quality variables of the selected
sperm population, such as linear motility and the number of spermatozoa enriched by the
procedure, have correlated with in vivo fertility [14,15]. Since the capacitating ability of
heparin, used in such IVF medium, is well known [16], our hypothesis was that a
population of spermatozoa able to destabilize their membrane (as when capacitation
occurs) after SU relates to in vivo fertility of the same samples. The present study
investigated, therefore, whether (i) the occurrence of destabilizing changes in the sperm
plasma membrane of frozen-thawed (FT) bull spermatozoa could be monitored with a
triple combination of fluorophores and FC; (ii) a SU procedure causes destabilization of
post-thaw (PT)-stable spermatozoa; (iii) sire age affects membrane destabilization in FT
spermatozoa; (iv) a relationship exists between the proportion of spermatozoa with
unstable membranes and the in vivo fertility achieved by artificial insemination (AI) of the
same processed ejaculates.

2. Materials and methods
2.1. Reagents and media

Unless otherwise stated, all media components were purchased from Sigma, St. Louis,
MO, USA, or Becton Dickinson, San Jose, CA, USA. The basic culture medium used for
sperm treatment was Tyrode’s solution (Fert-TALP) [16].

2.2. Animals and semen processing

Semen from six Estonian Holstein (EHF) bulls kept at the Al station of the Animal
Breeders’ Association of Estonia in Kehtna, Estonia, was used in the experiment. The bulls
were part of a breeding program and all collections and freezing of semen were performed
at the Al station under commercial conditions. Before being included in the progeny testing
program, a young bull must produce semen with a total sperm number of >4 x 10 and an
initial sperm motility of >60%, with >85% spermatozoa of the total sperm number
depicting normal morphology [17]. The age of EHF bulls at the time of first collection for
this experiment was 32-44 months (hereafter referred to as “3 years”). Semen was
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collected from the same sires at 63—66 months (5 years™) and at 78-90 months (*“7
years”’) of age.

Semen was collected for commercial purposes before and between the sampling for this
experiment. Semen was collected once weekly using an artificial vagina. Two consecutive
ejaculates were pooled (hereafter referred to as a ““batch”), extended with a commercial
extender (Triladyl®, Minitiib, Altdorf, Germany), packed in 0.25 mL plastic straws, each
containing ~30 x 10° spermatozoa, and frozen using programmable biological freezers.
The cooling started at +4 °C with a speed of 12.5 °C/min to reach —96 °C before storing in
LN,. The frozen straws were stored in liquid nitrogen until tested. Following preservation,
a PT motility of >50% was set as threshold value.

Within 1 year of freezing, inseminations were routinely performed in heifers and cows
of different parity. Inseminations were performed during all seasons of the year. Two to
four batches from each bull were included in the experiment. The results of the Al were
available only for the 3-year-old bulls and the number of inseminations per batch ranged
from 45 to 150. Non-return rates (NRRs) 60 days after Al were recorded for each batch but
not corrected for season, area, and parity.

2.3. Semen preparation for laboratory evaluations

The semen analyses were performed immediately after thawing (i.e., PT), and after
thawing and SU separation. The semen from two straws of the same batch was thawed by
immersion in water at +35 °C for 12 s, pooled, and used for testing. For SU, 200 nL of
semen was placed under a layer of fertilization medium (400 pwL Fert-TALP) [13],
supplemented with fatty acid-free bovine serum albumin (BSA) (6 mg/mL), sodium
pyruvate (0.25 wM), heparin (5 pg/mL), p-penicillamine (20 wM), hypotaurine (10 wM),
and epinephrine (1 wM). The procedure was carried out in a siliconized soda-glass tube
and, after 60 min’ incubation (39 °C, 5% CO,), the upper 300 L of the medium was
collected for sperm quality measurements.

2.4. Sperm motility and concentration

Samples of 5 pL were placed in a Makler Counting Chamber (Sefi-Medical Instruments,
Haifa, Israel) and analyzed with a computer-assisted motility analyzer (SM-CMA, MTM
Medical Technologies, Montreaux, Switzerland). The settings of the instrument for the
recording of sperm motility in the semen samples are shown in Table 1. At least 100
spermatozoa were tracked and assessed at +38 °C to estimate the proportions of motile
spermatozoa and the proportions showing linear, non-linear, and circular motility. The
kinetic characteristics of motility that were recorded were straight linear velocity (VSL),
average path velocity (VAP), and curvilinear velocity (VCL). The percentages of linearly
motile spermatozoa were calculated manually from the total population of spermatozoa
present in the fields. Subjective sperm motility was estimated from the same sample (5 pL)
under a phase contrast microscope (x400) equipped with a warm stage (+38 °C). The mean
value from the observation of four fields was recorded. Sperm concentration was assessed in
two separate counting chambers of a Biirker hemocytometer, as described by Bane [18], and
expressed as spermatozoa x 10° mL ™. The same operator performed all analyses.
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Table 1

Parameter settings for computer-assisted sperm analysis (CASA)

Maximum no. of frames 32
Minimum no. of frames 15

Cell size range 35-300 pixels
Immobile objects 10 pm/s
Locally motile 25 pm/s
Maximum linearity value 75%
Time for detection of immobile objects 20 ms
Velocity class width 5 pm/s
Maximum radius for circles 25 pm

2.5. Sperm membrane integrity

A combination of the fluorophores SYBR-14 and propidium iodide (PI) (Sperm Viability
Kit L-7011, Molecular Probes Inc., Eugene, OR, USA) was used, as described by
Januskauskas et al. [19]. Semen samples (100 L) were extended in 400 L Tris—citrate with
addition of 2.7 pLL PI and 10 L SYBR-14, which resulted in final dye concentrations of
24 uM and 100 nM, respectively. After incubation at 37 °C for 15-20 min, 2 x 100
spermatozoa were assessed on a warm stage (+37 °C) under epifluorescence, using a
microscope (Laborlux-11, Leitz, Jena, Germany) (x600) equipped with a ParaLens®™
objective lens set (Becton Dickinson, Leiden, The Netherlands). The nuclei of spermatozoa
with intact plasma membranes stained green with SYBR-14, while those with damaged
membranes stained red with PI. The results are expressed as percentage of cells with intact
membranes.

2.6. Sperm morphology

Sperm morphology was evaluated in wet preparations of semen fixed in buffered
formalin [18] or in air-dried smears stained with carbol-fuchsine [20]. In the wet
preparations, 200 cells were counted under a phase contrast microscope (x 1000) and the
frequencies of abnormal acrosomes and midpieces, as well as those of coiled tails, were
recorded. Head abnormalities were monitored in the stained smears by counting 200
spermatozoa under a light microscope (x1000). Heads that were pear-shaped, narrow at
the base, abnormal in contour, loose, undeveloped, narrow, or variable in size were
registered. For each region of the spermatozoa, the number of morphological abnormalities
was expressed as a percentage of the total cells evaluated.

2.7. Description of the sperm plasma membrane stability measurement

The following working solutions were prepared: M540 (Molecular Probes, M 24571):
1 mM in dimethyl sulfoxide (DMSO); Yo-Pro 1 (Molecular Probes, Y 3603): 25 uM in
DMSO; H33342: 5 mg/mL in distilled water. Suspensions of FT spermatozoa before (i.e.,
PT) and after SU were extended to approximately 1 x 10° mL ™" in CellWash (CellWash
optimized PBS, cat. no. 349524, Becton Dickinson, San Jose, CA, USA) in 5 mL Falcon
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tubes containing 1 pL Yo-Pro 1, 2.6 nL. M540, and 2 pL H33342 working solutions.
Stained samples were incubated at 38 °C in the dark for 10 min and remixed before
analysis.

Measurements were done on an LSR flow cytometer (Becton Dickinson, San Jose, CA,
USA). The M-540 and Yo-Pro 1 dyes were excited by a 20 mW argon ion 488 nm laser,
while H33342 was excited by a helium—cadmium (HeCD) ultraviolet (UV) 325 nm 8§ mW
laser. Yo-Pro 1 fluorescence was detected on detector FLL1 (530/28 nm), M540 fluorescence
was detected on detector FL3 (670 LP), and H33342 fluorescence was detected on
detectors FL4 (510/20 nm) and FL5 (380 LP). Forward and side scatter values were
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Fig. 1. Merocyanine 540 (M540)/Yo-Pro 1/Hoechst 33342 (H33342) dot plots showing the following steps of
gating: (a) scatter of the ungated sample and (b) fluorescent gating on H33342 fluorescence. Merocyanine 540 vs.
Yo-Pro 1 plots are shown (c) before and (d) after swimup (SU). R1, sperm; NOT R1, extender, debris, etc. outside
the R1 region; R2, viable, stable (non-capacitated) membrane; R3, viable, unstable (capacitated-like) membrane;
R4, dead. Region positions were not changed.
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recorded on a linear scale, while fluorescent values were recorded on a logarithmic scale.
Compensations were set according to Roederer [21]. Acquisitions were done using the
CellQuest 3.3 Software (Becton Dickinson, San Jose, CA, USA). The non-sperm events
were gated out based on H33342 fluorescence (DNA content). The flow cytometer was
used at a low flow rate of 6-24 pL/min. Acquisitions were stopped after recording 10,000
H33342-positive events. Acquisition data were stored in list mode until further analyses.
On FL1/FL3 (Yo-Pro 1/M540) dot plots, regions were set to differentiate viable and stable
plasma membrane (Yo-Pro 1-negative and M540-negative), viable and unstable plasma
membrane (Yo-Pro 1-negative and M540-positive), and dead (Yo-Pro 1-positive) events

(Fig. 1).
2.8. Data analysis

Descriptive analyses were done with Microsoft™ Excel 2000. The results of 37
observations (six bulls, two to four batches/bull, three age groups) were analyzed
statistically by means of the Statistical Analysis Systems (SAS) package [22]. The MIXED
procedure was used for comparisons between sire age groups, and assessment of treatment
influence, while the GLM procedure was used for among-bull differences. In the analysis
of treatment and age influence, bull was considered as a random effect. A Pearson’s
correlation test was used to establish simple correlations among measured quality
parameters. Differences were considered significant if p < 0.05.

3. Results

3.1. Effect of sire age on sperm morphology, motility, viability, and membrane

stability

The proportions of sperm abnormalities present in semen from the different age groups
(Table 2) did not surpass those usually considered acceptable for healthy Al sires. The
results from subjective motility evaluations did not differ significantly among the bulls in
each age group (p > 0.05), but increases in motility were seen for 3-year-old versus
S-year-old (p < 0.05) and 3-year-old versus 7-year-old bulls (p < 0.05), in both cases only
after SU treatment (Table 2). The CASA-assessed motility results differed significantly
among some 7-year-old bulls (SU) (p < 0.05), but there were no significant differences
between age groups, either PT or after SU. Linearly motile cells and VAP had no age-
related difference either. Sperm concentration PT of some 5- and 7-year-old bulls showed
significant differences (p < 0.05). The proportions of spermatozoa with an intact
membrane did not differ among bulls, but were significantly higher in semen from the
7-year-old group than in semen from the 3-year-old (PT) or the 5-year-old group (SU)
(p <0.05) (Table 2). The proportion of spermatozoa showing destabilization of the
membrane (high M540 fluorescence) did not differ significantly among bulls within each
age group (p > 0.05). Neither were there any differences between age groups, except for
the 3-year-old versus the 7-year-old group, in which the proportion of spermatozoa with
unstable membranes increased PT (p < 0.05) (results summarized in Fig. 2).
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Table 2
Sperm quality variables post-thaw (PT) and after swimup (SU) in semen collected when the bulls were 3, 5, and 7 years old
Variable After thawing (PT) After swimup (SU)

3 years 5 years 7 years 3 years 5 years 7 years
Abnormal acrosomes (%) 134 £139 224+11.2 212+£7.0 16.1 +£11.8* 12.9 +2.1% 85+3.1°
Abnormal midpieces (%) 0+0? 0.5 +0.5" 09 +0.7° 03+0.6 044038 02+03
Abnormal tails (%) 20.0 £22.6 169+44 59+8.1 33+26" 25+ 1.2% 1.4+04°
Abnormal head shape (%) 27+1.8 25+1.3 31+14 40+32 25+15 20+ 1.5
Sperm concentration (10® mL™") 256.6 +23.1°° 2989 +358%  194.0 +12.5° 75+ 1.1 112+1.8 8.6+0.5
Subjective motility (%) 64.5 2.8 69.1 £4.7 575 +£2.6 78.7 + 04.5% 922+£22° 92.3 4 1.8
CASA-assessed overall motility (%) 6524+28 6724+23 643+ 1.8 79.6 £2.9 793 +23 82.6 £1.7
Concentration of motile spermatozoa (CASA, x10°mL™")  169.0 = 8.4™  200.6 £25.9* 124.5+ 85" 8.5+ 1.0 8.9+ 1.6 72£0.5
Concentration of motile spermatozoa (subj., x 10® mL™") 172.6 £19.8°° 2034 £25.6* 110.5+7.7° 8.4+ 1.1 103 £1.8 8.0+0.5
CASA-assessed linear motility (%) 40.0 £ 3.0 36.6 £5.1 36.1+£2.4 348 £5.7 224 +6.2 22.1+3.0
VAP (pm/s) 87.4+6.8 953+ 15 96.8 £2.0 1155+43 1229 +£2.6 1212+ 64
Membrane integrity (SYBR-14, %) 56.4 +2.2° 63.0+53%  657+20° 76.9 +3.1%° 68.1 £2.9° 79.2 £2.5°
Stable membrane (%) 543+£19 51.8£26 543+22 59.5+£5.0 66.2 +10.8 65.3+6.8
Unstable membrane (%) 0.8 £0.1* 0.8 + 0.3 1.9 +0.5° 2.7+0.5 50+34 43+13
Dead (%) 447+£19 473+£26 435+25 37.7+48 28.3 £10.0 30.0£6.8

Results for six (3 years), two (5 years), and four (7 years) bulls are presented as means =+ standard error of the mean (S.E.M.). Means in the same row (within one
preparation method) not sharing the same superscript letters (a, b and ab) differ significantly (p < 0.05). CASA, computer-assisted sperm analysis; VAP, average path
velocity.
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Fig. 2. Plasma membrane stability and cell viability of 3-, 5-, and 7-year-old Estonian Holstein (EHF) Al bull
frozen-thawed (FT) spermatozoa post-thaw (PT) or after swimup (SU) treatment, as assessed by flow cytometry
(FC) following simultaneous loading with Merocyanine 540 (M540)/Yo-Pro 1/Hoechst 33342 (H33342). Results
are grouped for viable cells in FT Al bull spermatozoa from six (3-year-old), two (5-year-old), and four (7-year-
old) bulls, either with a stable membrane (uncapacitated, low M540 fluorescence) or with signs of membrane
instability (capacitated-like, high M540 fluorescence), and dead cells. Data are given as means =+ standard error of
the mean (S.E.M.). Means between the age groups (within one preparation method and cell group) not sharing the
same superscript letters (A and B) differ significantly (p < 0.05). Means between the preparation methods (within
one age and cell group) not sharing the same superscript letters (a and b) differ significantly (p < 0.01).

3.2. Effect of swimup preparation on sperm morphology, motility, viability, and
membrane stability

The results are presented in Table 3. When spermatozoa were morphologically assessed
PT and post-SU, fewer spermatozoa with tail abnormalities were detected after SU than PT

Table 3
Sperm characteristics after thawing (PT) and swimup (SU)

PT su
Abnormal acrosomes (%) 17.8 13.6
Abnormal midpieces (%) 0.42 0.27
Abnormal tails (%) 12.86™" 1.9
Abnormal head shape (total %) 28+0.3 3.1+£04
Sperm concentration (x10® mL ™) 2428 + 1477 8.4+0.7
Subjective motility (%) 63.0+1.9™ 86.9 +2.3
CASA-assessed overall motility (%) 653+1.6"" 80.8 +1.4
CASA-assessed linear motility (%) 3824197 27.0+29
VAP (pm/s) 91.3+£37" 119.4 +3.1
Membrane integrity (SYBR-14, %) 60.6 + 1.7 76.1 £ 1.8
Spermatozoa with stable membrane (%) 53.1+9.7" 66.3 £ 20.1
Spermatozoa with unstable membrane (%) 1.1£09" 39+6.6
Dead (%) 457499 27.8+194

Data are presented as means =+ standard error of the mean (S.E.M.). Significant differences between the PT and SU
treatment are indicated. CASA, computer-assisted sperm analysis.

* p<0.05.

* p<0.01.

* p <0.001.
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Pearson’s correlation coefficients and significance levels between plasma membrane stability and other selected sperm quality parameters

us

D

S (SU)

US (SU)

D (SU)

Table 4

S
Subjective motility (%) 0.384 (0.032)
CASA-assessed overall motility (%) 0.396 (0.027)
Membrane integrity (SYBR-14, %) 0.465 (0.009)
Abnormal head shape (total %) —0.416 (0.019)

Sperm concentration (10°mL™") (SU)

0.048 (0.797)
—0.174 (0.346)
0.357 (0.052)
—0.014 (0.939)

—0.364 (0.043)

—0.335 (0.065)

~0.50 (0.004)
0.391 (0.029)

0.498 (0.005)

—0.100 (0.598)

—0.487 (0.006)

US, percentage of sperm with an unstable membrane; S, percentage of cells with a stable membrane; D, percentage of dead cells. Membrane integrity (SYBR-14,
%) = percentage of SYBR-14-positive spermatozoa after SYBR-14/PI staining; abnormal head shape (total %) = cells with head abnormalities. CASA, computer-assisted

sperm analysis.
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(p < 0.001). Both subjective and CASA motility evaluations showed significantly higher
sperm motility after SU than PT: p < 0.01 for semen from bulls aged 3 years; p < 0.01 for
semen from 5-year-old bulls; p < 0.001 for semen from 7-year-old bulls (data not
presented in the table); p < 0.001 when all age groups were combined. Linearly motile
cells decreased after SU (p < 0.01), with a simultaneous increase in VAP (p < 0.001). The
proportion of spermatozoa with intact membranes increased significantly after SU
preparation (p < 0.001).

For the assessment of the influence of treatment on membrane stability status (triple stain),
all age groups were combined and the proportion of spermatozoa with both stable and
unstable membranes increased after SU selection (p < 0.05 and p < 0.01, respectively),
owing to a substantial concomitant reduction in the number of dead cells (p < 0.01). When
the age groups were investigated separately, a significant increase in the proportion of
spermatozoa with unstable membranes was only seen in the 3-year-old group (p < 0.01).

3.3. Relations between membrane instability and other sperm variables

Results with regard to the relation between membrane instability and other sperm
variables are presented in Table 4. In general, the proportion of spermatozoa with a stable
membrane was related to many more conventional sperm quality parameters than was that
of cells showing a higher degree of membrane instability.

3.4. Relations between laboratory tests and in vivo fertility

The 60-day NRR (two to four batches per bull) ranged from 52.2 to 76.0% (141-392
inseminations per bull), with differences among batches within two bulls (p < 0.05). Only
parameters measured after SU had a significant relationship with NRR. They were: VAP
(p < 0.001), total motility (p < 0.01), concentration of motile spermatozoa assessed by
CASA (p <0.01), linearly motile spermatozoa (p < 0.01), and percentage of
spermatozoa with an unstable membrane (p < 0.05).

4. Discussion

The present study was conducted to test the usefulness of a triple fluorochrome (M540/
Yo-Pro 1/H33342) staining in determining early changes in the plasma membrane of FT
bull semen. To this purpose, the FC results were compared with results of other, more
conventional, measurements of sperm quality. In addition, the effect of age and
preselection by using a SU technique was investigated. The results showed that the
proportion of spermatozoa with a stable plasma membrane tested by the triple combination
of fluorophores and FC correlated to motility, normal head morphology (p < 0.05), and
membrane integrity (p < 0.01), thus proving the reliability of this new staining technique.
Similar relations between sperm capacitation-like changes and other tests have been
reported in the work by Januskauskas et al. [23].

It is known that the process of cryopreservation induces changes in the plasma
membrane of spermatozoa, which resemble a physiological, heparin-induced capacitation
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[8,24] but apparently with different regulatory mechanisms [25]. During capacitation, the
sperm plasma membrane is highly polarized and dynamically reorganized. The fluorescent
probe M540, first used for spermatozoa by Harrison et al. [11], detects plasma membrane
changes interpreted as increases in lipid disorder [6]. The significance of these plasma
membrane changes in PT sperm evaluation is that when they occur prematurely, the cells’
lifespan is reduced [24], constraining fertilization in vivo [7,13] due to a decrease in the
number of viable spermatozoa at the fertilization site. Therefore, the amount of viable,
uncapacitated spermatozoa in the inseminate would give valuable information about its
quality. Although the issue of cryopreservation-induced capacitation-like changes (so-
called “cryocapacitation” [26]) is still debated, more and more evidence is now available
suggesting that the destabilization that occurs during cryopreservation is not necessarily a
process of capacitation, although it resembles it [9,10].

In the present bull population, the percentage of live spermatozoa with stable
membranes PT was 53.1 4 9.7%, which is similar to, or even higher than, that reported in
other published works [13,23]. To further challenge this population of spermatozoa, we
used SU through a heparin-containing medium, Fert-TALP. Fert-TALP was used to mimic
the electrolyte composition of oviductal fluid (present at the physical site of capacitation).
In the cow oviduct, heparin and heparin-related glycosaminoglycans (GAGs) are believed
to act as effectors of capacitation in vivo [27]. As expected, the number of spermatozoa
with high M540 fluorescence (i.e., a higher degree of lipid disorder in the plasma
membrane during the initial capacitation steps) rose after SU compared with PT
(p <0.01), from 1.1 £0.9 to 5.9 &+ 6.6%, within a higher (p < 0.05) population of
spermatozoa with stable membranes. This indicates the degree of selection provided by
SU. That instability status PT was less than after exposure to the capacitating agent heparin
might be related to the different nature of ““cryocapacitation” and real capacitation [10].
The spermatozoa PT can either be dead, AR, or intact (e.g., those that have restored their
stability), while those intact can still undergo capacitation when exposed to capacitating
conditions or agents, such as in vivo or to heparin in vitro and thus be recorded with M540
after SU.

The abovementioned rise in membrane instability when using M540 monitoring
is lower than that reported in another study, in which the chlortetracycline (CTC) assay
was used (up to 36%) [13]. It should be noted that the methods monitor different events
in the lengthy process of capacitation. The scrambling of phospholipids detectable
with M540 is induced by bicarbonate and takes place early, while CTC monitors late
events during capacitation and acrosome exocytosis triggered by Ca®* displacement
[6,28,29]. The presence of nearly 30% dead cells after SU could be explained by the time
needed for staining and FC measurement (15-20 min in total) since they were both
performed without CO, supplementation. Final measurements were also done at room
temperature (with waiting samples held in a prewarmed styrofoam box). Cell
deterioration and spontaneous acrosome exocytoses could be expected under these
conditions [6].

As spermatozoa need to be motile to be harvested after SU selection, a decrease in tail
abnormalities and an increase in motility were expected. Together with the increase in
CASA-assessed VAP, these results are in line with our previous work [30]. A simultaneous
decrease in linearity could refer to a hyperactive-like motility pattern, a change in motility
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that accompanies capacitation. Hyperactive spermatozoa are characterized by less linear
and progressive, but more vigorous, movement [31]. However, both capacitation and
hyperactivation can occur independently of each other, particularly in vitro [32].
Membrane integrity also improved after SU, which is in agreement with previous results
reported by Shamsuddin and Rodriguez-Martinez [33].

In the comparison between sire age intervals, the only parameter which showed a
significant change both in PT and in SU-selected samples was membrane integrity, which
finding was in line with our previous results [34]. All other parameters changed either PT
(spermatozoa with unstable membrane) or after SU only (motility). In the first case (PT), a
possible explanation could be that this parameter is not age-dependent in the sperm
population capable of reaching the oocyte, while the other relates to SU, which mimics the
selection that normally takes place inside areas of the female genital tract (cervix, oviduct).
Since the change reveals itself only after SU selection but not PT, it could be hypothesized
that the selection procedure is necessary to reveal some deviations which may stay masked
in the bulk of PT cells, holding different status after cryopreservation. The highest
percentage of morphological abnormalities in this bull population was recorded for
acrosomes, which was most probably due to the processing of semen, and which was
without any evident relation to fertility [35]. For other morphological parameters, the
percentages of deviating spermatozoa were well below what is considered abnormal for
Al-selected sires.

The reasons for the correlation between unstable, but not stable, spermatozoa and
fertility, as registered in other works [13], could be either induction of capacitation of an
enriched population of uncapacitated spermatozoa in the PT sample or the low number of
inseminations and/or bulls.

In conclusion, a triple fluorophore M540/Yo-Pro 1/H33342 combination with FC is a
suitable method for screening the degree of membrane stability among viable FT bull
spermatozoa. Plasma membrane stability correlated significantly to several routinely
measured sperm quality variables, such as motility, normal head morphology, and
membrane integrity. Use of SU proved beneficial in scrutinizing sperm variables, such as
linear motility, membrane intactness, and the responsiveness to capacitation among
viable, non-capacitated spermatozoa. Bull age influenced the degree of sperm membrane
stability, despite membranes being intact, indicating that cryopreservation affects the lipid
bilayer of the processed spermatozoa, with further destabilization occurring after
exposure to a heparin-containing medium during SU. In addition, the SU preparation
could be an alternative method to discriminate between bulls in a very homogenous
population.
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Local extreme climatic conditions occurring as a result of global climate change may interfere with the
reproduction of animals. In the present study fish spermatozoa were incubated at different temperatures
(20, 25, 30 and 40 °C) for 10 and 30 minutes, respectively and plasma membrane integrity and mitochon-
drial membrane potential changes were evaluated with flow cytometry using SYBR-14/PI and Mitotracker
Deep Red FM fluorescent dyes. No significant differences were found in plasma membrane integrity at
either incubation temperatures or time points. Mitotracker Deep Red FM histogram profiles indicating
mitochondrial activity showed significant (p<0.001) alterations in all cases of higher (25, 30 and 40 °C)
temperature treatments as compared to the samples incubated at 20 °C. Our results indicate that fish
spermatozoa exposed to high temperatures suffer sublethal damage that cannot be detected with conven-
tional, vital staining techniques.

Keywords: Fish sperm — plasma membrane integrity — mitochondrial activity — high temperature — flow
cytometry

INTRODUCTION

Local extreme climatic conditions occurring as a result of global climate change may
disturb the physiological functions of wild and farm animals, involving their repro-
ductive physiological processes [3]. It is known for example that extremely high or
low temperatures result in disturbances in spermatogenesis causing several sperm
defects [2].

Heat stress — besides changes at cellular level — can overthrow the sex-hormone
balance of the organism and significantly affect the physiological process of animal
production as well [22].

A number of animal species living at different temperate zones show strict sea-
sonal reproduction where the main factor that triggers the onset of reproductive sea-
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son is the length of the daily light period instead of temperature. This latter does not
fully follow the change of the day length which is a year-to-year precisely occurring
phenomenon. This way there is a chance that the animals do not meet optimal tem-
perature conditions in their reproductive period [4, 5].

The renaissance of ecological farming opens new fields for the old, traditional
breeds, selected for extensive production methods. These breeds show more or less
seasonality in reproduction, though this seasonality is not negligible in intensive type
breeds either.

A majority of teleost fish species are seasonal breeders and may especially be sensi-
tive to extreme environmental conditions, due to their external fertilization. Their repro-
ductive success — and as a consequence, their fitness to reach brooder age — can be
influenced by the extreme temperature affecting the gametes (eggs and sperm) either in
the nature or during artificial propagation, gamete collection and storage [18, 24].

Our aim in this study was to assess the usefulness of flow cytometry to detect the
changes of plasma membrane integrity and mitochondrial transmembrane potential of
fish spermatozoa, incubated at different temperatures (20, 25, 30 and 40 °C) for 10
and 30 minutes, respectively, to reveal if this increase of ambient temperature can
lead to cell death or mitochondrial membrane depolarization.

MATERIALS AND METHODS

In order to decrease individual variance [21] pooled sperm of three male prussian carps
(Carassius auratus gibelio, Bloch) were used in the experiment. Spermiation was
induced by injecting carp pituitary extract into the body cavity and stripping was per-
formed in anaesthesia using clove oil. Sperm samples were transferred to the labora-
tory immediately after collection and pooling. Sperm concentration was adjusted via
suspending in phosphate buffered saline (PBS, Sigma-Aldrich P4417-100TAB) to
achieve the optimal cell concentration (<5x106/ml) for flow cytometric measure-
ments. In order to avoid artefacts due to accidental activation of spermatozoa, acti-
vated/inactive state was monitored with an Olympus CX40 phase contrast microscope,
and only inactive sperm samples were used for the subsequent analyses. Pooled sperm
samples were split to eight subsamples, and they were incubated at 20, 25, 30 or 40 °C
for 10 or 30 min, respectively. The experiment was repeated three times.

Plasma membrane integrity

The percentages of spermatozoa with intact plasma membrane were assessed
with Live/Dead Sperm Viability Kit (Life Technologies, L-7011) according to Garner
et al. [8]. Intact sperm cells were labelled with SYBR 14 and showed green fluores-
cence, dead cells were labelled with propidium iodide (PI) and showed red fluores-
cence. Events showing green and red fluorescent signal simultaneously were consid-
ered as moribund, dying spermatozoa (Fig. 1).
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Fig. 1. Fluorescence intensities of viable, moribund and dead spermatozoa. Viable cells show high green,
dead show high red signal, moribund, dying spermatozoa show high green and red fluorescence simulta-
neously. FL1: SYBR-14; FL3: PI

Mitochondrial activity

Mitochondrial transmembrane potential was evaluated with Mitotracker Deep Red
FM (Life Technologies, M22426) fluorochrome according to Hallap et al. [12]. The
fluorescent probe indicates high mitochondrial membrane potential with a high far
red signal (Fig. 2).

Flow cytometry

Flow cytometric measurements were performed on a Beckman Coulter FC-500 flow
cytometer equipped with a 488 nm Ar ion (20 mW) and a 635 nm red diode (25 mW)
laser line. Fluorescent signals of SYBR 14, PI and Mitotracker Deep Red FM were
evaluated on detectors FL 1 (525 BP), FL3 (620 SP) and FL 4 (675 BP), respectively.
Forward and side scatter and fluorescent signals of 10,000 sperm events were record-
ed per sample using Beckman Coulter CXP acquisition software and stored as LMD
files for subsequent analyses.

Acta Biologica Hungarica 67, 2016



dc_1642_19

128 SzABOLCS TAMAS NAGY et al.
J ;
w o~
3 3
20°C
FL4 Log FL4 Log
el © 3
“ -
25°C 1 ﬁ : fﬁ
FL4 Log ’ FL4 Log
8 5
3 =8
30°C : \ﬁ Z K
FL4 Log ’ FL4 Log

PR T T T WS T TR T T T S TR ¥ |

1A

FL4 Log FL4 Log

Fig. 2. Mitotracker Deep Red FM fluorescence intensity histograms of spermatozoa incubated at different
temperatures for 10 or 30 minutes
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Data analysis

The LMD files were analyzed with the free Flowing 2.5.1. software (www.flowing.
com). The main outcome of the plasma membrane integrity analysis was the percent-
age of SYBR-14 positive events (interpreted as % viable). For the evaluation of
mitochondrial membrane potential median fluorescence intensities (MFI — dimen-
sionless value) of the Mitotracker Deep Red FM histograms were calculated. As
spermatozoa contain more than one mitochondrion per cell and even within one cell
there may be differences between individual mitochondria, in our opinion MFI may
actually be a more sensitive indicator of the changes in mitochondrial membrane
potential than the percentage of cells with high or low Mitotracker Deep Red FM
fluorescence.

Viable % values were analysed with Repeated Measures ANOVA and post-hoc
Newman-Keuls tests using Statistica for Windows 8.0 (StatSoft, Inc., 2007.
STATISTICA data analysis software system, www.statsoft.com). Mitotracker Deep
Red FM histogram profiles were compared with the Kolmogorov—Smirnov option of
the Beckman Coulter CXP analysis software, applying sample incubated for 10 min
at room temperature (20 °C) as control. Cumulative histograms were overlaid to
establish the maximum absolute differences (D,,y), and to reveal whether the differ-
ences between histograms are significant or not at p<0.05 [6, 24].

RESULTS

Our results did not reveal significant differences between different incubation tem-
peratures and exposure intervals in plasma membrane integrity. The ratio of cells with
intact plasma membrane remained about 99% in all cases (Table 1).

Determining mitochondrial activity measurements, the MFI values of the
Mitotracker Deep Red FM histograms increased in case of 40 °C treatment after 10
minutes exposition, while the other treatments did not influence MFI significantly.
These values were 285, 287, 275 and 364 at 20, 25, 30 and 40 °C incubation tem-
peratures, respectively.

Percentages of viable spermatozoa incubatgljilted]ifferent temperatures for 10 and 30 minutes
Temperature 10 min 30 min
O mean SD mean SD
20 99.67 0.23 99.77 0.12
25 99.46 0.42 99.70 0.20
30 99.70 0.10 99.83 0.06
40 99.67 0.21 99.73 0.21

Means and SD-s of three replicates.
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The samples incubated at 30 or 40 °C showed significant fluorescence intensity
decrease after 30 minutes exposition (MFI: 262, 296, 151 and 160 at 20, 25, 30 and
40 °C incubation temperatures, respectively).

The Kolmogorov—Smirnov test revealed significant (p<0.001) differences in the
Mitotracker Deep Red FM histogram profiles in all temperature treatments at both
time intervals compared to the histogram of the sperm sample exposed to 20 °C for
10 minutes, regarded as control.

The D, -values of the histogram comparisons are summarized in Table 2.

Table 2
Critical Kolmogorov—Smirnov D,,,, values of the Mitotracker Deep Red FM histograms
of the control measurement (incubation at 20 °C for 10 min) and spermatozoa incubated
at different temperatures and times

Dia A-B A-C A-D A-E A-F A-G A-H
Mean 0.31 0.32 0.57 0.56 0.58 0.60 0.67
SD 0.26 0.09 0.31 0.25 0.30 0.29 0.23

Means and SD-s of three replicates. A: 10°, 20 °C; B: 30°, 20 °C; C: 10°, 25 °C; D: 30°, 25 °C; E: 10°, 30 °C;
F: 30°, 30 °C; G: 10, 40 °C; H: 30°, 40 °C.

DISCUSSION

Nearly 100% plasma membrane integrity of the freshly collected fish semen was
showed earlier [19] and the high live-cell ratio was also observed in another species
like carp [13]; striped bass [9, 10]; and zebrafish [11]. The plasma membrane lesion
is a late end point of necrotic cell death. In this experiment, the intact cell ratio did
not decrease in the semen samples, not even in the case of cells incubated at 40 °C
for 30 minutes.

The mitochondrial membrane potential changes let us conclude that under the
present experimental incubation time and temperature settings, the cells suffered
sublethal damage which cannot be detected with conventional vital staining tech-
niques. This phenomenon could be clearly observed in the case of spermatozoa with
40 °C incubation, where the mitochondria of the cells became hyperpolarized after 10
minutes, then after 30 minutes the decrease of MFI indicated the depolarization of
mitochondrial membrane as compared to the sperm cells incubated at room tempera-
ture. Similar tendency was observed in sperm cells incubated at 30 °C, but less defi-
nitely. These results were considered biologically relevant as the results of
Kolmogorov—Smirnov test demonstrated that the Mitotracker Deep Red FM histo-
gram profiles significantly differed at all experimental times and temperatures from
the histogram profile of the control sample (10 minutes at 20 °C). The damage of
sperm mitochondria might be initiators of a series of intracellular, degenerative pro-
cesses. The main role of mitochondria of inactive fish sperm cells is to maintain the
intracellular ATP levels, besides other homeostatic roles. Following the sperm activa-
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tion the spermatozoa use the stored ATP, instead of de novo synthesis of ATP gener-
ated by mitochondria. The increase of oxidative phosphorylation was not experienced
together with the activation [16].

Similar phenomena can be observed at some mammalian species, the spermatozoa,
of which contain only a few mitochondria (e.g. human — approx. 10—15 mitochondria
per cell), the ATP synthesis needed for motility is mainly generated by glycolysis, the
mitochondrial ATP synthesis is mainly required for sustaining plasma membrane-
homeostasis [7].

The spermatozoa of prussian carp contains only 10 mitochondria per cell [17],
their role might be considered similarly as limited in active motility as in human
spermatozoa. The damaged mitochondria are the main sources of intracellular oxida-
tive lesions — the reactive oxygen species (ROS) released from the damaged, frag-
mented mitochondria may cause lipid-peroxidation and oxidative DNA lesions and
finally DNA-fragmentation [1]. Moreover, mitochondria have an important role in the
maintenance of Ca?*-homeostasis — the mitochondrial membrane depolarization
causes decreased Ca?* influx [20]. This latter and the increase in intracellular CaZ*
level are key components of fish sperm activation [15] and necessary for capacitation
in mammalian spermatozoa [14].

According to our opinion, the present findings may provide useful information
from the point of view of environment protection and conservation, may provide a
basis for future experiments on fish sperm physiology, incorporating further assays
such as the detection of intracellular CaZ* level changes, oxidative DNA lesions and
DNA fragmentations in fish spermatozoa exposed to extreme temperatures, and can
be useful even for the practical specialists of aquaculture.
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Prognostic relations between sperm variables and sire fertility are yet elusive. A retro-
spective analysis of sperm morphology and chromatin stability (studied using sperm
chromatin structure assay [SCSA]) and their relation to fertility after Al (as proportions of
60 days of nonreturn to estrous [NRR], corrected NRR, or calving rate) was studied with
preselected frozen semen doses from a group (N = 43) of Al-sires of the Finnish Ayrshire
breed composed of 50% subfertile bulls (<55% NRR) and 50% fertile sires (>55% NRR).
S Fertility, indicated by all three parameters, correlated significantly only with the
perm morphology N . N g

Sperm chromatin integrity percentage of morphologically normal spermatozoa, a variable which negatively corre-
Fertility lated with the percentage of DNA fragmentation at the time of SCSA, thus confirming the
value of always having high numbers of morphologically normal spermatozoa in
Al-doses. Proportions of major sperm defects also related to fertility but only when
considering corrected NRR, not with calving rate, indicating that proportions of normal
spermatozoa, a value surpassing differences between sperm laboratory screening
methods, might be valuable and could be easily made routine by the industry. Though
SCSA as a method is being contested for DNA- and chromatin analyses in the light of
epigenetic changes, a particular parameter, the High Green fluorescence, showed the
highest values for sperm doses collected from bulls having meiotic problems and con-
taining a high proportion of diploid spermatozoa (approximately 20%) and also in bulls
having a reciprocal chromosomal translocation, thus suggesting such a parameter might
be useable to discriminate which bulls ought to be studied in more detail, including
cytogenetic analyses.

Keywords:
Bull
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1. Introduction

In most bull stations producing semen doses for artificial
insemination (Al), the collected semen is merely evaluated
for total sperm numbers and sperm motility as a token of
testicular production rate and of sperm viability,
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respectively [1,2]. In some enterprises, microscopy is being
replaced by flow cytometry and assessment of proportions
of membrane-intact spermatozoa [3], mostly because it
provides a way for production of doses with low sperm
numbers (as for sexed semen). Postthaw assessment
involves in most cases solely sperm motility, either for
acceptance (40% or 50% of survival as a cutoff) or for post-Al
control. The andrological clinical evaluation should include,
although unfortunately is not routine, the examination of
the morphology of the spermatozoa present and the
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account of any cell other than spermatozoa (also called
foreign or round cells). The relevance of the sperm
morphology evaluation relates to its indicative role for
presence of eventual deviations of the processes of sper-
matogenesis and of sperm maturation in the epididymis and
the presence of pathologies in the accessory sexual glands
or, even of procedures during semen collection and handling
of semen thereafter. The presence of a large number of
sperm abnormalities in the semen is not only indicative of
pathological genital processes [4]; it is also associated with
decreased fertility of the semen [5]. The results of sperm
morphology evaluation are thus enough, if correctly inter-
preted, to allow for the culling of males intended for
breeding and—particularly if their semen is to be used for
assisted reproductive technologies [6]. On the other hand,
use of semen morphology as a measurement of semen
fertility (or better, sire fertility) has been discussed for its
value when semen within normal values is assessed (for
areview, see [7,8]). Despite its obvious value, morphological
assessments of semen samples are not often done and in
most cases performed using improper or defective proto-
cols. The design of automated, computer-assisted sperm
head morphometry analysis (ASMA) instruments [9] can
surpass this problem and further analyze sperm head
dimensions objectively. Most relevant, there is a relation-
ship between sperm morphometry (bull semen) and the
normal structure of the chromatin (the latter in direct
relation to fertility) [10]. Computer-assisted sperm head
morphometry analysis instruments have yielded repeatable
results when used with bull [11], ram [8], or goat sperma-
tozoa [12]. When combined with multivariate statistical
analyses, ASMA allowed identification of subpopulations in
the ejaculate [13]. However, ASMA is restricted to
measurement of the sperm head surface area and lacks the
ability to discern sperm abnormalities of other nature [14]
nor are there clear relationships with fertility [11,15].

In species largely selected for sperm quality for Al (dairy
cattle, pigs), a frame of “normality” is described when the
frequency of abnormal sperm heads does not surpass 10%
and when none of the other parameters (acrosomes, mid-
piece, tails, proximal cytoplasmic droplets) do not surpass
5% each or totals 10% to 15% [8]. In other species, domestic
or otherwise, whose degrees of selection for sperm
morphology are low or do not exist (wild species), the
limits of “normality” still vary largely or are not established.
Certain abnormalities are considered without relevance for
fertility, such as the case of distal cytoplasmic droplets.
However, the presence of specific defects in spermatogen-
esis (generally hereditary) that result in typical morpho-
logical abnormalities (such as nuclear vacuoles [diadem
defect], acrosomal plicae [knobbed defect], decapitated
spermatozoa, short or mutilated tails [tail stump], coiled
tails [Dag defect], or corkscrewed midpieces [corkscrew
defect]); are very serious defects, because they interfere
with fertilization and can lead to sterility and are often
classified as major defects. Spermatozoa with certain
morphological deviations of head shape (such as those with
nuclear pouches in heads with normal contour) do some-
times reach the oocyte [16], but not in all cases [17]. In any
case, they are related to lower fertilization rates and
embryo development [17]. Other defects, such as the
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“knobbed acrosome”, prevents the union of sperm zona
pellucida [18], and others (pyriform sperm heads) have
a reduced capacity to bind and penetrate the zona pellu-
cida, and the resulting zygotes in vitro cleave abnormally
[19]. On the other hand, the proportion of morphologically
normal spermatozoa in the ejaculate relate to its fertility, as
it has been determined for dairy Al-bulls [20,21], by
reflecting—together with sperm numbers and sperm
motility—the degree of normality of the spermatogenesis
and sperm maturation, within a cohort of sires.

The flow cytometric sperm chromatin structure assay
(SCSA) measures the susceptibility of sperm nuclear DNA to
denaturation in situ, which has been correlated with the
presence of DNA strand breaks [22]. Such defects may or
may not be reflected in deviations of sperm head shape,
albeit some are considered related, including pear-shaped
sperm heads [10]. Contrary to its increasing use in
humans, determination of sperm chromatin structure and
its intactness, for instance using SCSA [22] is also punctual.
Combinations of the assays mentioned are rarely used
beyond experimental situations, particularly when the
intention is the disclosure of fertility markers. Multiple are,
however, the reports of positive associations between
a single assay and fertility, but usually when substantial
differences in individual fertility are present among the
sires tested. Studies combining two clearly related variables
such as chromatin structure and sperm head shape are rare,
and has basically been performed in sires with large vari-
ation in sperm morphology or quality (such as stallions
[23]) where fertility is not an easy measurable parameter.
Although there are indications for a relationship between
SCSA outcome and tapered sperm heads in bulls [10], there
is no evidence for a general relationship with fertility [7].

The objective of this study was therefore to eval-
uate—using a retrospective approach—the correlation
between sperm morphology and SCSA with three different
fertility parameters (proportions of nonreturn to estrous
[NRR], corrected NRR [NR-index], and calving rate [CR]) on
a material consisting of 22 Ayrshire Al-bull sires classified
by Finnish standards as subfertile and 21 bulls with normal
fertility based on NRR in a practical commercial situation
where semen is preselected mainly based on—apart from
sperm numbers—on sperm motility.

2. Materials and methods
2.1. Animals, semen collection, and inseminations

For the fertility evaluation, semen samples from 43
Al-bull sires of Ayrshire breed of matched age were
collected and frozen commercially into 0.25-mL straws
containing approximately 15 million spermatozoa per
straw, during a period of 7 years (1999-2006). Half of the
selected bulls used in this study were classified as subfertile
(N = 22) and the rest were classified as normal and hereby
defined as control bulls (N = 21). The classification of bulls
into subfertile and control bulls was based on 60 days NRR
with a threshold NRR value between sub- and normal
fertility of below or above 55%. The semen of each bull was
used for at least 1200 commercial inseminations and
statistically corrected for a series of confounding factors
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(see Section 2.2) to provide an NR-index. In total, more than
256,000 inseminations were used with the semen of these
43 bulls (minimum of 1202 inseminations and maximum
81,644 inseminations per bull). On average, 5964 insemi-
nations were done per bull. In addition to this sire pop-
ulation, three other bulls were included outside the fertility
evaluation. This additive material contained one bull with
a reciprocal translocation and two bulls with failure in the
first or second meiotic division leading to an increased
incidence (approximately 20%) of diploid spermatozoa.

2.2. Fertility parameters

Three fertility parameters were included for each bull
sire: (1) the uncorrected non-return rate within 60 days of
insemination (NRR). The NRR corresponds to the propor-
tion of inseminations not repeated within 60 days of
insemination; (2) the NR-index, where the NRR is corrected
for parity, season, inseminator, and herd and; (3) the CR,
where reinseminated, culled, and sold animals were
included as nonpregnant in the data set. All fertility data
were obtained from the Agricultural Data Processing Centre
Ltd. (Vantaa, Finland).

2.3. Morphology evaluation

Sperm morphology was evaluated on a Giemsa stained
smear made after the first acceptance for freezing of the
ejaculate, which means that the ejaculate or ejaculates
contain sufficient motile spermatozoa, i.e., with a sperm
volume more than 3 mL totally (for one or two ejaculates
combined), sperm density more than 600 million sper-
matozoa per mL, and with a sperm motility exceeding 60%
progressively motile spermatozoa in the microscopic
evaluation before freezing, and a postthaw progressive
sperm motility exceeding 40%. The smears were air-dried
and sent to our laboratory, where they were fixed and
stained by the Giemsa staining method according to Wat-
son [24]; 300 spermatozoa per smear were examined, and
classification of sperm morphology was carried out as
described by Blom [25], according to whom only the most
serious sperm defect of each spermatozoon, based on their
effect on fertility, was recorded. The spermatozoa were
divided into four classes: major sperm defects (major),
proximal droplets (prox), minor sperm defects and normal
spermatozoa (normal). The class of major defects contained
the following abnormalities: underdeveloped, double
forms, knobbed acrosomes, decapitated sperm with
actively moving tail, diadem defect, pyriform head, narrow
head at base, abnormal contour, small abnormal head,
corkscrew defect, tail stump, pseudodroplet, and Dag
defect. The same technician performed all the morphology
evaluations.

2.4. Sperm chromatin structure assay [26]

We measured the susceptibility of DNA to acid-induced
denaturation in situ using flow cytometry as a meta-
chromatic shift of acridine orange (AO) from green (double-
stranded DNA) to red (single-stranded DNA). Denaturation
is expressed as the ratio of red (denatured, single-stranded

S. Nagy et al. / Theriogenology 79 (2013) 1153-1161 1155

DNA) to red and green (total cellular DNA) fluorescence
intensity. The ratio is calculated for each spermatozoon in
a sample and the results were expressed as the percentage
and SD of cells with high denaturation ratio values. High
green fluorescence (HIGR) is identified as higher green
stainability compared with the main population of the
control bulls and indicates incomplete histone-protamine
exchange [27].

2.4.1. Sperm staining with AO

The thawed semen samples were extended to 1 to 2 x
lOs/mL in buffer containing 0.01 M TRIS, 0.15 M NaCl, 1 mM
EDTA, pH 7.4. After 1 minute, 200 pL of diluted semen were
mixed with 400 pL of acid-detergent solution (0.15 M Nacl,
0.08 N HCI, 0.1% Triton-X 100, pH 1.2). Exactly 30 seconds
later, samples were stained with 1.2 mL of AO staining
solution (0.2 M NayHPO4, 1 mM EDTA, 0.15 M NaCl, 0.1 M
citric acid, 6 mg/mL AO, pH 6.0; Merck Kebo Lab, Stock-
holm, Sweden). Samples were transferred to the flow
cytometer, and analyses started 3 minutes after the acidic
treatment.

2.4.2. Flow cytometric measurements

The measurements were made using the FACSStar Plus
flow cytometer (Becton Dickinson Immunochemistry
Systems, San Jose, CA, USA) equipped with standard optics.
Acridine orange was excited with an Ar ion laser (Innova
90; Coherent, Santa Clara, CA, USA) at 488 nm and running
at 200 mW. In association with double-stranded DNA it
fluoresces green (530 + 30 nm) but when connected to
single-stranded DNA the fluorescence is red (>630 nm).
Green AO fluorescence was detected on detector FL 1
(530/28 nm) and red AO fluorescence on detector FL3
(>630 nm). Acquisitions were done using the CellQuest 3.1
software (Becton Dickinson). Acquisitions were stopped
after recording 10,000 events. Acquisition data were stored
for further analyses in list mode.

2.4.3. Data analysis
Flow cytometric results were stored as listmode files
and further analyses using parameter calculations were

Table 1
Descriptive statistics of the bull population (N = 43) in the fertility
evaluation.

Variable Mean Median Minimum Maximum Lower Upper SD
quartile quartile

Normal 842 88.0 380 95.0 78.0 920 103
Major 69 50 1.0 33.0 3.0 8.0 6.2
Prox 40 20 0.0 18.0 1.0 5.0 4.3
DF% 43 40 20 10.5 34 4.7 1.8
SD DF 1123 1125 792 143.8 101.8 1239 148
HIGR 06 05 0.31 1.9 0.4 0.6 0.3
NRR 541 547 426 61.7 51.2 58.2 5.1
NR-index 91.1 89.0 64.0 111.0 81.0 101.0 132
CR 341 344 173 44.5 31.1 38.5 5.7

Data are percentages.

Abbreviations: CR, calving rate; DF%, percentage of cells with high DNA
fragmentation/denaturation ratio values; HIGR, high green fluorescence;
Major, major abnormalities; Normal, normal spermatozoa; NR-index,
corrected NRR; NRR, percentage of nonreturn to estrus; Prox, proximal
cytoplasmic droplets; SD DF, SD of cells with high DNA fragmentation/
denaturation ratio values.
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done using FCSExpress software, version 2 (DeNovo Soft-
ware, Thornhill, Ontario, Canada). Chromatin condensation
was monitored on the green fluorescent channel, using
a normal control sample as described in Revay et al. [28].
Events showing HIGR were considered to be spermatozoa
with incomplete chromatin condensation.

2.5. Statistical analysis

Statistical analyses were done with STATISTICA (data
analysis software system), version 8.0. (StatSoft, Inc.).
Subgroups containing low and normal fertility bulls were
compared with the nonparametric Mann-Whitney U test.
The relationship between different sperm parameters and
fertility results were analyzed using the nonparametric
Spearman correlation analysis in the whole sampled pop-
ulation and within subpopulations. Additionally, low and
normal fertility subgroups were compared with the help of
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receiver operating characteristic-curves [29] using the
Xlstat program (Xlstat-Life, version 2012., Addinsoft).
Values of area under the curve (AUC) were calculated to
indicate if the different sperm parameters were able to
discriminate between low and normal fertility subgroups.
The Youden index [30] was calculated as ] = (sensitivity +
specificity) — 1 to establish a threshold value between
subfertile and fertile individuals.

3. Results

Summary statistics of the results in the fertility evalu-
ation of the 43 bulls are shown in Table 1. The results of all
parameters sorted for ascending NRR are shown in Table 2.
Spearman correlation coefficients are listed for all param-
eters considered against fertility in Table 3. The fertility
parameters correlated statistically with each other, indi-
cating the fertility classing using NRR was effective because

Table 2
Bulls included in the fertility evaluation (N = 43) sorted for 60-day NRR.
Bull identification number Normal Major Prox DF% SD DF HIGR NRR NR-index CR NRR level
41031 85 3 1 2.14 95.4 0.47 42.6 64 20.1 S
42584 68 24 2 6.23 133.8 1.88 42.7 66 17.3 S
41746 73 9 14 3.95 125 0.55 44.8 68 243 S
43733 75 4 16 3.95 97 0.36 45 82 26.5 S
41638 95 3 2 2.52 109.3 0.46 47 77 29.7 S
44057 78 3 18 6.81 129.2 038 474 76 26.5 S
41702 38 33 8 10.53 79.2 0.48 47.5 77 31.1 S
41564 81 12 3 7.62 143.8 04 47.8 69 30 S
43827 88 6 1 3.26 131.9 038 51.1 77 31.7 S
43802 81 4 10 4.05 96 0.65 51.2 87 333 S
41587 70 17 2 4.05 138.8 0.34 51.2 85 30.6 S
43325 92 6 0 3.35 1111 0.6 51.2 80 30.9 S
43229 88 6 0 5.28 81.3 0.48 52.3 85 343 S
41659 85 8 0 3.57 105.7 035 524 79 30.7 S
43383 88 6 3 3.58 105.9 0.52 52.7 86 32.2 S
43397 89 4 2 4,01 119.1 0.45 52.7 82 31.6 S
43605 88 2 3 3.57 117.6 0.68 53 85 323 S
41605 87 10 2 2.65 99.5 0.63 53.2 99 36.2 S
43382 86 5 2 45 123.9 0.61 53.2 88 321 S
41696 74 14 6 4.58 105.3 033 534 81 33.2 S
43308 94 4 1 3.27 1125 0.53 534 89 344 S
43852 76 6 6 4.65 117.2 0.36 54.7 84 31.1 S
43808 90 3 5 3.18 116.1 0.61 55.6 87 371 N
43742 78 5 7 3.38 92.1 0.93 55.7 96 321 N
43783 92 3 5 947 106.4 0.62 55.8 100 36.7 N
43811 93 3 1 347 1125 0.85 56.2 101 35.7 N
43745 93 1 1 345 109 0.96 56.5 107 38.5 N
43735 79 7 11 4.04 107 1.02 56.8 100 394 N
43815 88 3 1 3.03 132.6 0.47 57.3 102 375 N
43216 94 3 2 3.91 121.7 0.63 57.4 104 41.2 N
43833 85 9 2 4.22 116.7 0.5 57.8 101 35.8 N
41740 92 2 4 3.74 96.4 0.89 58.1 101 40.3 N
43360 91 3 4 538 108.6 0.64 58.2 107 36.8 N
41631 95 3 1 3.44 127.9 0.48 58.5 107 355 N
41636 82 9 3 5.86 108 0.39 58.7 101 36.8 N
43699 90 6 4 2.89 123.9 0.49 59.4 105 40.9 N
43412 90 5 1 3.75 117.3 0.31 59.7 107 36.8 N
41724 91 3 5 24 127.5 0.42 59.8 111 43.2 N
43640 92 3 2 4,96 101.8 1.01 59.8 101 38.5 N
43422 78 7 8 4.07 92.9 0.54 60.2 100 39.7 N
41676 75 17 0 4.41 1193 0.34 60.2 100 38.8 N
41726 81 6 1 6.44 119.8 0.72 60.9 109 42.2 N
43175 93 5 0 2.03 93.8 0.57 61.7 106 445 N

Abbreviations: CR, calving rate; DF%, percentage of cells with high DNA fragmentation/denaturation ratio values; HIGR, high green fluorescence; Major,
major abnormalities; N, normal fertility; Normal, normal spermatozoa; NR-index, corrected NRR; NRR, percentage of nonreturn to estrus; Prox, proximal
cytoplasmic droplets; S, subfertile; SD DF, SD of cells with high DNA fragmentation/denaturation ratio values.
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Table 3
Spearman correlation coefficients of the bulls grouped for fertility (N = 43).
Variable Normal Major Prox DF% SD DF HIGR NRR NR-index CR
Normal 1.00 -0.70? —-0.44* -0.50° -0.01 0.27 0.35° 0.49° 0.42°
Major -0.70* 1.00 0.03 0.36° 0.03 -0.32?2 -0.17 -0.35% -0.24
Prox —0.442 0.03 1.00 0.32¢ -0.13 0.08 -0.17 -0.19 -0.12
DF% -0.50? 0.36% 0.32° 1.00 0.03 —0.02 -0.05 -0.15 -0.15
SD DF -0.01 0.03 -0.13 0.03 1.00 -0.22 -0.05 0.00 -0.11
HIGR 0.27 -0.32? 0.08 -0.02 -0.22 1.00 0.18 0.28 0317
NRR 0.35% -0.17 -0.17 —0.05 -0.05 0.18 1.00 0.90* 0.91°
NR-index 0.49° —0.35% -0.19 -0.15 0.00 0.28 0.90* 1.00 0.88°
CR 0.422 -0.24 -0.12 -0.15 -0.11 0.31° 091 0.88° 1.00

Abbreviations: CR, calving rate; DF%, percentage of cells with high DNA fragmentation/denaturation ratio values; HIGR, high green fluorescence; Major,
major abnormalities; Normal, normal spermatozoa; NR-index, corrected NRR; NRR, percentage of nonreturn to estrus; Prox, proximal cytoplasmic droplets;

SD DF, SD of cells with high DNA fragmentation/denaturation ratio values.
¢ Significant (P < 0.05) correlations.

itrelated positively to CR. The sperm quality parameter that
had the best correlation with fertility was the proportion of
morphologically normal spermatozoa (Table 3). This was
also the only parameter that had a significant but rather
weak correlation with all three fertility parameters. A
similarly weak but significant correlation was found bet-
ween the percentage of major sperm defects and NR-index,
and between HIGR and CR (Table 3). The percentage of DNA
fragmentation showed a significant negative correlation
with percentage of normal spermatozoa, but not with
fertility (Table 3). In the additive animal material contain-
ing the sperm from the three extra bulls, the HIGR showed
higher values for the bulls having meiotic disturbances and
also with reciprocal translocation (Table 4).

Mann-Whitney U test revealed a significant difference
(P < 0.05) between the two bull groups in the percentage of
morphologically normal spermatozoa, major defects, and
HIGR (Fig. 1). Median values of normal spermatozoa, major
defects, and HIGR were 85% versus 90%, 6% versus 3%, 0.48%
versus 0.61%, for subfertile and fertile bulls, respectively.

A receiver operating characteristic analysis was used to
detect the diagnostic value of the different sperm param-
eters hereby explored. The calculated AUC shows the
usefulness of a test to discriminate two populations (in our
case, subfertile from fertile bulls). An AUC value less than
0.6 indicated no discrimination, because it lacked statistical
significance. In the present study, all SCSA parameters
showed no discrimination between the two NRR pop-
ulations; only the percentage of morphologically normal
spermatozoa and the proportion of major sperm defects
showed a statistically significant discrimination between
subfertile and fertile animals (Table 5). We also calculated
a Youden index to establish the threshold value for
percentage of morphologically normal spermatozoa and
proportions of major sperm defects: 89% of spermatozoa
with normal morphology and 6% of major sperm defects
appeared as an optimum threshold between subfertile and
fertile bulls for this particular population.

4. Discussion

We studied preselected semen doses accepted for use
in Al based on the quality control on the bull station in
Finland, which is also praxis on most bull stations
worldwide. In this study containing approximately the

same number of subfertile and normal control bulls
(hereby defined as less than or greater than a NRR of 55%)
the only parameter that showed a significant correlation
with all three fertility parameters was the percentage of
morphologically normal spermatozoa, followed by
a significant relation between NR-index and proportions of
major sperm defects, a relation lost when calving rate was
explored. There is a relationship between sperm mor-
phology and fertility after Al in bull sires, but the rela-
tionship is widely variable, with much depending on the
number of bulls examined, the laboratories involved, and
the type of method used. Thresholds of 10% of abnormal
sperm head shapes had been pointed out for young and
progeny tested dairy bulls [21], with pear-shaped sperm
heads being the most compromising abnormality for
fertility. This particular study confirmed, as well, the
concept that the repeated proportions of morphologically
normal spermatozoa in the repeated ejaculates of a sire
over time certainly relate to its fertility [21]. In other
words, normal morphology reflects production normality
and thus can differentiate sires. The findings not only
called for routine, frequent screenings of sperm mor-
phology in Al-stud bull sires [21] but also for alternative
exams, such as techniques that could explore a relation-
ship between chromatin defects and sperm head shape.
Sperm chromatin structure assay has been pointed out as
a possible method for exploring this relation.
Interestingly, the present study—using a Youden index
to establish the threshold value for percentage of mor-
phologically normal spermatozoa and proportions of major
sperm defects—determined that approximately 10% of
major sperm defects (mostly displayed at the sperm head
level) is a basic threshold thus confirming previous findings
in other Scandinavian Al sires (Swedish Red and Swedish
Holstein breeds) [21]. This calls for a higher attention to the
proportions of spermatozoa displaying normal morphology
in Al sires, a simple discernible sperm population, free from
differences between classification methods, laboratories, or
tradition. Perhaps more importantly, proportions of
morphological deviations indicate infections in the genitals
of the sire, or suboptimal handling of the semen during
collection and further processing, and proportions of
normal spermatozoa are highly relevant for fertility (as
demonstrated in this and our previous studies) we should
consider that—for highly selected Al-sires—where their
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Table 4
High green fluorescence values for all bulls (N = 46).

Bull  HIGR(%) DF%

14352 11.27 32.05 Approximately 20% diploid spermatozoa
(MII division failure)

Comment

39950 9.51 5.44 Approximately 20% diploid spermatozoa
(MI division failure)
42584  1.88 6.23 Reciprocal chromosomal translocation

RCP(2;4)(q45;q34)

38490 133 3.9  Reciprocal chromosomal translocation
RCP(20;24)(q17;925)

43735 1.02 4.04 Normal control bull

43640 1.01 4.96 Normal control bull

43745  0.96 3.45 Normal control bull

43742 093 3.38 Subfertile (unknown reason)

41740 0.89 3.74 Normal control bull

43811 0.85 3.47 Normal control bull

41726  0.72 6.44 Normal control bull

43605 0.68 3.57 Subfertile (unknown reason)

43802 0.65 4.05 Subfertile (unknown reason)

43360 0.64 538 Normal control bull

43216  0.63 391 Normal control bull

41605 0.63 2.65 Normal control bull

43783 0.62 9.47 Normal control bull

43808  0.61 3.18 Subfertile (unknown reason)

43382  0.61 45  Subfertile (unknown reason)

43325 0.6 3.35 Subfertile (unknown reason)

43175 057 2.03 Normal control bull

41746 055 3.95 Subfertile (unknown reason)

43422 0.54 4.07 Normal control bull

43308 0.53 3.27 Subfertile (unknown reason)

43383  0.52 3.58 Subfertile (unknown reason)

43833 0.5 4.22 Normal control bull

43699 049 2.89 Normal control bull

41631 0.48 3.44 Normal control bull

43229 048 5.28 Subfertile (unknown reason)

41702 048 10.53 Subfertile (unknown reason)

43815 047 3.03 Normal control bull

41031 0.47 2.14 Subfertile (chromosome breakages)

41638 0.46 2.52  Subfertile (unknown reason)

43397 045 4.01 Subfertile (unknown reason)

41724 042 2.4  Normal control bull

41564 04 7.62 Subfertile (unknown reason)

41636  0.39 5.86 Normal control bull

44057  0.38 6.81 Subfertile (unknown reason)

43827  0.38 3.26 Subfertile (unknown reason)

43733 0.36 3.95 Subfertile (unknown reason)

43852  0.36 4.65 Subfertile (unknown reason)

41659 035 3.57 Subfertile (unknown reason)

41587 034 4.05 Subfertile (unknown reason)

41676  0.34 441 Normal control bull

41696  0.33 4.58 Subfertile (unknown reason)

43412 031 3.75 Normal control bull

Bulls with meiotic failure and reciprocal translocations show the highest
values for HIGR.

Abbreviations: DF%, percentage of cells with high DNA fragmentation/
denaturation ratio values; HIGR, high green fluorescence; M, metaphase.

health status is followed continuously, a parameter that
would easily be introduced as routine is to account for the
proportions of spermatozoa with normal morphology.
Among the bulls hereby examined by SCSA, the
percentage of DNA fragmentation correlated significantly
with the percentage of normal spermatozoa, a perhaps
logical relation. However, there was a lack of relation with
fertility after Al, considering any of the fertility variables
investigated. This might depend on the low effect of such
sperm head shapes on the population under study, or in the
lack of value of the SCSA as a prognostic tool. Another
parameter, the HIGR showed the highest values for sperm
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doses collected from bulls added to the initial population of
Al sires. These added sires had either meiotic problems and
contained a high proportion (approximately 20%) of diploid
spermatozoa or had a reciprocal chromosomal trans-
location. High green fluorescence is identified as higher
green stainability as compared with the main population of
the control bulls and indicates incomplete histone-prot-
amine exchange [27], a defective situation with implica-
tions for epigenetic changes. Although of value, particularly
when deciding further exams (for instance of a cytogenetic
nature), the HIGR does, however, not appear to be prog-
nostic for fertility in a general population. Somewhat
surprisingly, the normal fertility subgroup had significantly
higher HIGR values than the low fertility subgroup;
however, the median value of the normal group was still
less than 1% which indicates that this difference was not
biologically relevant.

Taken together, the findings suggest that sperm
morphology can still be used as a quality control measure
for bull semen irrespective of whether NRR or CR param-
eters are used, particularly when focusing on the propor-
tions of morphologically normal spermatozoa in primary
screenings, as discussed above. The percentage of major
sperm defects showed a slightly weaker but still significant
discriminative power. However, we would not advise
including assessment and typification of sperm deviations
as a quality control measure by the industry, because it
implies higher knowledge of spermatology and it is more
time-consuming. On the other hand, morphology evalua-
tions still remain a basic tool to determine pathologies of
the male animals, and should be used more frequently by
andrologists, when deviations below optimal thresholds
for proportions of morphologically normal spermatozoa
appear. Nonetheless, sperm evaluations ought to include
several hundred spermatozoa counted per sample to reach
statistical power.

On the other hand, the parameters obtained via SCSA
performed rather weakly for their relationship to fertility.
Although chromatin status is gaining more and more
interest in animal and human andrology, and several
different assays are available to investigate the status of the
sperm DNA, all of these have some drawbacks [31]. The
major advantage of the SCSA over other tests is that it can
simultaneously measure chromatin condensation (as indi-
cated by HIGR) and DNA fragmentation, after acid chal-
lenge. Studies on the usefulness of SCSA (or other tests of
chromatin status) in fertility prediction are conflicting—on
some mammalian species it seemed to be useful (i.e., bull
[32-34] with the Sperm-Halomax Kit), and in other species
like boar, the results are less convincing [35], although
Broekhuijse et al. [36] found that DNA damage in boar
spermatozoa might be a good indicator of litter size and
farrowing rate. Also in humans, Collins et al. [37] found that
DNA integrity tests have low diagnostic value. In our
previous experiments [38], SCSA outcomes did not show
a strong relationship with fertility outcomes on proven Al
bulls.

Obviously, subfertility might be from other causes,
and an individual sperm quality test is not likely to be
a good predictor of subfertility alone [39,40]. Defects of
the sperm chromatin are conventionally considered as



dc_1642_19

S. Nagy et al. / Theriogenology 79 (2013) 1153-1161

1159

35

90 s 30}
: 25}
80
20|
= 70
g ~=- 15
Z 60 .
10
50 4 o
1
40 N ol
30 5
20 1
18/ 10
16| 9 .
14} B
12}
7
x 10|
2 f 6
o g} a
5
6
4l 4
21 o o 3
0 . . 2
2 1
150 2,0
140 1,8}
130 16
1 14}
120
w . o 12}
S 1o o
« T 1,0 T
100
08}
20 os! R
70 0,2

S N

S N

Fig. 1. Box-and-whisker plots comparing values of S and N groups analyzed using the Mann-Whitney U test (small square indicates median; large box indicates
interquatrile range, and whiskers indicate the range). DF %, percentage of cells with high DNA fragmentation/denaturation ratio values; HIGR, high green
fluorescence; Major, major abnormalities; N, fertile; Normal, normal spermatozoa; Prox, proximal cytoplasmic droplets; S, subfertile; SD DF, SD of cells with high

DNA fragmentation/denaturation ratio values.

uncompensable [22], because such spermatozoa might
enter the oocyte and initiate embryogenesis but the
embryonic development might be abnormal [41]. There is
now a growing knowledge about the ability of the oocyte to

Table 5
Receiver operating characteristic curve analysis of subfertile and fertile
bulls.

NRR AUC (£SE) P

Normal 0.714 (0.075) 0.004
Major 0.675 (0.060) 0.004
Prox 0.537 (0.069) 0.594
DF% 0.550 (0.086) 0.562
SD DF 0.517 (0.087) 0.843
HIGR 0.316 (0.080) 0.021

Abbreviations: AUC, area under the curve; DF%, percentage of cells with
high DNA fragmentation/denaturation ratio values; HIGR, high green
fluorescence; Major, major abnormalities; Normal, normal spermatozoa;
NRR, percentage of nonreturn to estrus; Prox, proximal cytoplasmic
droplets; SD DF, SD of cells with high DNA fragmentation/denaturation
ratio values; SE, standard error.

repair at least some of the sperm-borne DNA abnormalities
[42-45]. It is possible that in some studies the weak
performance of the chromatin status tests is—partly—be-
cause of the DNA-repairing ability of the oocyte (in case of
false positive test results, i.e., high chromatin abnormality
but acceptable fertility). Another case is when the test is
false negative, i.e., good test result but subfertile. One
possibility which should be further tested is that some of
these semen samples contain chromatin aberrations which
are not detectable with the currently applied tests, like
SCSA—such as chromatin supercondensation [46]. Such
spermatozoa are not able to decondense in the oocyte after
fertilization resulting in early embryonic death.

4.1. Conclusions

The novel finding of this study is that the HIGR
parameter in SCSA might represent an indicator of bulls
(and possibly other species) with meiotic disturbances and
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of bulls with reciprocal chromosomal translocations. Bulls
having exceptionally high levels of HIGR should possibly be
submitted for additional analyses such as cytogenetic
analyses. Also, other, alternative assays of sperm chromatin
condensation should be tested to find the easiest, least
expensive option which has the highest indicative value.
Traditionally, Feulgen staining is used to investigate sperm
chromatin condensation [47,48], but other options like
propidium iodide labeling in combination with flow
cytometry [49] might offer a useful alternative, but further
larger scale validating studies on subfertile and fertile
animals are clearly needed.
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The aberrations of sperm DNA may cause various problems and have
negative consequences on fertility. These influence embryonic development or
might lead to early embryo loss. Sperm Chromatin Structure Assay (SCSA) is the
flow cytometric method most often used for the detection of DNA lesions; how-
ever, some studies using that method reached confusing conclusions. The aim of
this pilot study was to adjust and compare two alternative tests, namely the
TUNEL test and the Nicoletti assay. The above-mentioned two flow cytometric
methods capable of detecting the fragmented DNA of sperm were tested on 12
frozen-thawed stallion semen samples. The TUNEL test demonstrated much
higher DNA fragmentation ratio than the Nicoletti assay (mean + SD: 30.77 +
13.03% vs. 1.93 + 0.89%, respectively). A fluorescent microscopic check of the
samples showed that TUNEL labelled the plasma membrane and the mitochondria
in a nonspecific way, rather than detecting only the fragmented DNA, thus even-
tually resulting in a false positive sign. The Nicoletti assay is simpler, quicker and
does not detect nonspecific binding; however, further analyses are required to de-
termine its diagnostic value.

Key words: Flow cytometry, TUNEL test, Nicoletti assay, stallion semen,
DNA fragmentation

The success of fertilisation depends on many properties including the in-

tegrity of sperm DNA (Acharyya et al., 2005). Spermatozoa with fragmented
DNA can be fully functional and are able to fertilise but have an increased
chance to impair the fertilisation process or embryo development (Ahmadi and
Ng, 1999; Evenson, 1999; Fatehi et al., 2006).
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One of the flow cytometric methods most often used for the measurement
of DNA fragmentation is the Sperm Chromatin Structure Assay (SCSA; Evenson
et al., 1980). The test uses the acridine orange fluorescent dye to mark the DNA
content of the cells, and measures the metachromatic shift from green to red fluo-
rescence, which gives information about the chromatin structure, including DNA
fragmentation (Evenson, 2013). In a recent study, Nagy et al. (2013) have shown
that SCSA could not accurately differentiate between subfertile and fertile indi-
viduals of the tested bull population. In addition, there are flow cytometer com-
panies which do not recommend using this dye in their devices (or suggest special
care when using it), because stain residues may remain in the tubing of the in-
strument (Beckman Coulter technical support, personal communication). More-
over, the biological background of the assay was questioned (van der Schans et
al., 2000).

The terminal-deoxynucleotidyl-transferase-mediated dUTP nick end-labelling
(TUNEL) test is based on antibody reactions. The TdT (terminal deoxynucleoti-
dyl transferase) binds to the 3’-hydroxyl ends of the DNA. Normally there are
two 3’-hydroxyl ends in an intact DNA, but every strand break increases the
number of possible TdT-binding nicks. After the TdT binds to the free nick ends,
BrdUTP (5-brome-2’-deoxyuridine-5’-triphosphate) is added, which marks the end
of the fragments. In the final step a fluorescent dye conjugated anti-BrdUTP an-
tibody is added, and thus the DNA fragmentation of the cells can be accurately
measured with a flow cytometer or a microscope. The test is one of the most popu-
lar methods for detecting apoptotic cells and DNA fragmentation. There are sev-
eral reports on the use of this test on various cells and tissues (Oberhaus, 2003).
Although the test is popular because of its microscopic and even flow cytometric
applicability and simplicity, some authors have raised concerns about the limita-
tions of its sensitivity and selectivity (Evenson and Wixon, 2006).

Nicoletti et al. (1991) described a simple method suitable for use in flow
cytometric analyses. The test uses the fluorogenic dye propidium iodide (PI) to
measure DNA fragmentation and apoptosis in cells. This dye binds stoichiomet-
rically to nucleic acids in the DNA, so the measured fluorescence intensities of
the cells can be used for determining the DNA content and the degree of DNA
fragmentation. The intact DNA remains in the cells, resulting in a defined peak
on the intensity histogram, but the small, fragmented DNA can leak out of the
cells, and cells with DNA loss show a subdiploid (or in the case of spermatozoa a
subhaploid) fluorescent signal. The assay has been applied successfully on sev-
eral cell types (Riccardi and Nicoletti, 2006; Winkle et al., 2009).

Acta Veterinaria Hungarica 63, 2015
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Materials and methods

Samples

Frozen sperm samples of 12 randomly selected stallions were stored in
500-pl straws in liquid nitrogen. The frozen semen samples were thawed in a
37 °C water bath for 60 sec, and then transferred to 2-ml Eppendorf tubes. Dif-
ferent straws of the same samples were thawed for the two tests.

TUNEL assay

The flow cytometric analysis of TUNEL test was carried out with the
commercially available APO-BrdU™ TUNEL Assay Kit with Alexa Fluor® 488
anti-BrdU (A23210, Invitrogen, Carlsbad, CA, USA). In this study the attached
assay protocol was followed, with slight modifications. Briefly, 1-2 x 10° cells
were suspended in 0.5 ml PBS (Phosphate Buffered Saline, P-4417, Sigma-
Aldrich, St Louis, MO, USA), then 1.5 ml 1% paraformaldehyde was added and
incubated for 15 min in a —20 °C freezer for fixation. The samples were washed
twice in 2 ml PBS (400 % g, 10 min), then cells were resuspended in 0.5 ml PBS,
permeabilised in 1.5 ml 70% ethanol and stored at —20 °C overnight. On the next
morning the samples were washed three times in the Wash Buffer provided in
the TUNEL Kit (400 % g, 10 min), then resuspended in 50 pl of freshly prepared
DNA Labelling Solution (provided in the Kit) and incubated at 37 °C for 1 h,
during which period the samples were shaken at 15-min intervals. When the in-
cubation time expired, 1 ml Rinse Buffer (also provided) was added and the sus-
pensions were washed again (twice, 400 x g, 10 min). Subsequently the cells were
resuspended in 100 pl freshly prepared Antibody Solution (provided in the Kit)
and incubated for 30 min at room temperature in the dark. Finally 0.5 ml of the
propidium iodide/RNase A staining buffer (provided in the Kit) was added and
the cells were incubated in dark for an additional 30 min before the measure-
ments were made on a Beckman Coulter FC 500 flow cytometer (Beckman
Coulter, Inc., Brea, CA, USA) equipped with a 488 nm 20 mW Ar ion laser.

Fluorescence intensity of the Alexa Fluor 488 conjugate was collected
with the FL1 (525 nm BP) detector in logarithmic mode. The sperm population
and debris were gated, based on forward scatter versus FL3 (620 nm SP) plot
properties. The acquisition record settings were 300 sec or 20,000 events. The
files were stored as list mode (LMD) files. List mode files were analysed with
Flowing Software (Version 2.5.1, http://www.flowingsoftware.com).

DNA fragmentation was indicated as an increase in the green fluorescence
intensity of the Alexa Fluor 488-conjugate. After gating out the debris events and
sperm aggregates, one-dimensional FL 1 histograms were drawn.

Acta Veterinaria Hungarica 63, 2015
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Nicoletti assay

The Nicoletti assay quick method was performed as described by Riccardi
and Nicoletti (2006). From freshly thawed samples 1-2 x 10° cells were trans-
ferred into 1 ml PBS in Eppendorf tubes, and then centrifuged (400 x g, 10 min).
After washing, the cells were resuspended in 1 ml of a previously prepared
Fluorochrome Solution containing 0.1% sodium citrate (wt/v; cat. no. 27833.237,
VWR International, Radnor, PA, USA), 0.1% Triton X-100 (v/v; cat. no. 9002-
93-1, G-Biosciences, St. Louis, MO, USA), 50 mg 1" PI (Component B of LIVE/
DEAD Sperm Viability Kit, L-7011, Invitrogen, Carlsbad, CA, USA) in distilled
water and incubated at room temperature (20 °C) for 1 h, then measured with the
previously described cytometer.

The propidium iodide fluorescence intensity was collected at the FL3
(620 nm SP) detector on logarithmic scale. The files were stored as list mode
(LMD) files.

The sperm population was distinguished from all other events based on
light scatter properties (FSC vs. SSC), then one-dimensional FL 3 histograms
were created. DNA fragmentation was indicated as decreased intensity below the
main propidium iodide intensity peak.

Microscopy

Following the flow cytometric measurements, the samples were checked
with an Olympus CX31 fluorescent microscope (Olympus Europe, Hamburg,
Germany) equipped with a mercury arc lamp (U-RFLT50) and a fluorescent fil-
ter cube turret containing standard FITC and TRITC filters.

Confocal laser scanning microscopy

TUNEL-labelled spermatozoa (prepared as described above) were ana-
lysed by confocal microscopy. One drop of a labelled sperm suspension was put
on a Superfrost slide, coverslipped and subsequently analysed on a Bio-Rad
MRC 1024 confocal laser scanning microscope (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

Statistics

The agreement of the two assays was assessed with Bland-Altman method
agreement analysis (Bland and Altman, 1986) using Microsoft Excel 2013.

Results
The average ratio of DNA fragmentation was 30.77 + 13.03% (mean =+

SD) with the TUNEL assay, while the Nicoletti assay showed a DNA fragmenta-
tion ratio as low as 1.93 + 0.89%.

Acta Veterinaria Hungarica 63, 2015
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The agreement between the two assays was calculated with the Bland—
Altman method. A Bland—Altman plot was drawn, where the mean differences of
the sample sets are represented. The mean difference of the measurements was —
28.84%, indicating a large disagreement between the two assays (Fig. 1).
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Fig. 1. Method-agreement analysis of cryopreserved stallion sperm DNA damage. The difference
between the percentages of sperm DNA fragmentation as assessed by the TUNEL and the Nicoletti
method are plotted against their average. The mean of the differences (d) and the limits of agree-
ment (+ 2SD) are presented

Discussion

The aim of the study was to set up and compare the flow cytometric
TUNEL and the Nicoletti assays using stallion semen samples. As the results in-
dicated, there were large differences between the two methods in the ratio of
DNA damage. The Bland—Altman test showed that the two methods did not
agree. This means that, although they both measure DNA fragmentation, they do
not provide the same biological information.

The TUNEL test marks the 3’-OH ends of DNA strand breaks (single and
double) with antibodies and fluorescent probes. However, the presence of strand
breaks does not necessarily mean definite DNA fragmentation. Single and dou-
ble strand breaks cannot be distinguished from each other with the TUNEL test
(Ribeiro et al., 2006). The appearance of DNA single strand breaks is a preced-
ing marker of the fragmentation process, because single strand breaks appear
prior to the DNA fragmentation phase (Walker et al., 1997; Iglesias-Guimarais et
al., 2013). While the TUNEL test is able to identify an earlier stage of the DNA
degrading process, the Nicoletti assay is used for detecting a later appearing
apoptotic fragmentation. The propidium iodide dye used in the Nicoletti assay
binds tightly to DNA. If the DNA is fragmented, the fragments loaded with fluo-

Acta Veterinaria Hungarica 63, 2015
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rescent dye loaded fragments may flow out of the cells, which finally results in
lower-intensity peaks below the intact DNA peak (Riccardi and Nicoletti, 2006).

The large differences obtained between the results of the two methods
suggested the possibility of nonspecific labelling with either the TUNEL or the
Nicoletti assay. The fluorescent microscopic check of the TUNEL samples
showed a nonspecific binding of the Alexa Fluor 488 conjugate to the mitochon-
dria and the plasma membrane, generating a disfigured false positive TUNEL re-
sult. Some other authors have also found false positive results with the TUNEL
test on various cell types including liver and kidney cells (Stahelin et al., 1998;
Pulkkanen et al., 2000). The sensitivity and the selectivity of the assay have also
been criticised; moreover, many variants exist and there are no conventional
rules on how to carry out the test and evaluate the results (Perreault et al., 2000).
The false positive results of TUNEL indicate that conventional flow cytometers
are not able to locate the origin of the signal, so fluorescent microscopic control
of the results should be a necessary step in every experiment to avoid the inter-
pretation of false data. On the other hand, the Nicoletti assay is much simpler and
quicker, and we did not notice any nonspecific binding with its use. However,
further analyses are required to determine the diagnostic value of this test for fer-
tility studies in the field.
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The aim of the present study was to test the FXCycle PI/RNase kit for rou-
tine DNA analyses in order to detect breeding bulls and/or insemination doses
carrying cytogenetic aberrations. In a series of experiments we first established
basic DNA histogram parameters of cytogenetically healthy breeding bulls by
measuring the intraspecific genome size variation of three animals, then we com-
pared the histogram profiles of bulls carrying cytogenetic defects to the baseline
values. With the exception of one case the test was able to identify bulls with cy-
togenetic defects. Therefore, we conclude that the assay could be incorporated into
the laboratory routine where flow cytometry is applied for semen quality control.

Key words: Cytogenetics, translocation, sperm, flow cytometry

According to Amann and Hammerstedt (1993), the fertilising spermato-
zoon has to have a series of attributes in order to achieve its goal: acceptable
morphology, proper metabolism for energy production, progressive motility, ca-
pacity for hyperactive motility, etc. In addition, the genetic package of the fertil-
ising spermatozoon must contain genes needed for development and lack lethal
mutations or extra genetic material preventing development. It can be hypothe-
sised that the higher the proportion of motile, viable, morphologically normal
spermatozoa with intact chromatin in the insemination dose, the better the
chances for pregnancy (Morrell and Rodriguez-Martinez, 2009). Although motil-
ity and viability (and less frequently morphology) are routinely assessed in Al
stations, the status of the genetic material is rarely tested.

The status of the paternal genome can be viewed at three stages: besides
the increasing focus on genomic selection of breeding males (Amann and DeJar-
nette, 2012), the intactness of the chromatin and the haploid set of chromosomes
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in the spermatozoon are different levels where we can assess the above-
mentioned status. The organisation of the sperm chromatin is unique, as histone
proteins are eventually replaced by transition proteins and finally by protamines,
resulting in an extremely compact, condensed DNA (Dadoune, 1995; Sakkas et
al., 1999). Proper condensation may stabilise the DNA and makes it less sensi-
tive to oxidative damage; however, mature spermatozoa are not able to repair
DNA damage. Abnormalities of the sperm chromatin structure can cause distur-
bances in fertility, pronuclear formation, early embryo quality and pregnancy
outcome. These abnormalities are classified as ‘uncompensable’, as subfertile
males cannot be brought to normal fertility by increasing the inseminate dosage.
Sperm cells with uncompensable defects are able to fertilise oocytes; however,
embryo development may be abnormal (Evenson, 1999).

The problem with paternal chromosomes can be viewed at two levels: (a)
structural (i.e. translocations, deletions, duplications, etc.), and (b) numerical (al-
terations in the normal, haploid chromosome numbers).

Since the 1960s, animal cytogenetics has become more and more impor-
tant (Ducos et al., 2008). The cytogenetic quality of breeding bulls and boars has
great economic importance (Larsen et al., 2004). Classic techniques to detect ab-
normal karyotypes are based on microscopic analysis of peripheral blood lym-
phocytes (Matsson et al., 1986). Microscopic countings, however, are time con-
suming and require specialised expertise. Flow cytometry offers a more precise
and quick alternative, and it was successfully applied in karyotyping of several
mammalian species including sheep, cattle, pig (Dixon et al., 1992), dog (Lang-
ford et al., 1996) and human (van den Engh et al., 1985). Flow karyotyping has
not become a routine evaluation for domestic animals as the technique is rather
difficult and the resolution of bivariate flow karyograms is usually not perfect,
i.e. the smaller chromosomes are not distinguishable. Moreover, individual
chromosome polymorphisms can result in differing flow karyotypes between
healthy individuals. The sensitivity of the technique stands between that of tradi-
tional light microscopic chromosome banding and flow cytometric assessment of
the total DNA content of whole cells (Givan, 2001).

Flow cytometry offers a tool to measure the total DNA content of sperm
cells (Lewalski et al., 1991), which has several advantages, like no need to col-
lect blood and the possibility of monitoring transported semen without actually
meeting the animal in question. Translocation carriers were successfully detected
by flow cytometry (Lewalski et al., 1991, 1993). The flow cytometric DNA con-
tent analysis of spermatozoa has led to the successful separation of X- and Y-
chromosome bearing germ cells (Gledhill et al., 1976; Meistrich et al., 1978).
The unique paddle-like shape of the mammalian spermatozoon, however, is a
great technical challenge, and special hydrodynamic cell orientation is needed to
ensure that every spermatozoon will have the same orientation allowing the fluo-
rescence measurement of the flat surface of the cells (Garner, 2001). In our pre-
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vious studies (Revay et al., 2009, 2010) our flow cytometric analyses revealed
spermatozoa with abnormal chromosomal content and incomplete chromatin
condensation.

To overcome the need of a sophisticated flow cytometer equipped with a
sperm head orienting device, Larsen et al. (2004) developed a simplified ap-
proach for the detection of males with spermatozoa carrying cytogenetic aberra-
tions. They applied a series of enzymatic and chemical treatments for sperm head
decondensation to have swollen and rounded sperm nuclei, eliminating the need
of sperm orientation. They developed a model for normality of the sperm DNA
histograms: two subpopulations (i.e. X- and Y-chromosome bearing germ cells)
and histogram CV equal to or less than 1.3%. They stated, however, that their
protocol was unfeasible in its current form for routine screening purposes. They
suggested several critical points for the improvement; however, these have not
been carried out so far.

Recently, relatively cheap and easy-to-use benchtop flow cytometers have
become available even for the use in routine Al centres for daily semen quality
control (Hossain et al., 2011). Most of these instruments are, however, equipped
with a 488 nm laser which is not suitable for the DNA-specific fluorochromes
used in sperm sexing and other quantitative DNA analyses, namely the Hoechst
dyes and 4’6-diamidino-2-phenylindole (DAPI) stain.

The aim of the present study was to test another fluorochrome which is
properly excited with the 488 nm laser line and therefore would be suitable for
routine DNA analyses aiming to detect breeding males and/or insemination doses
carrying cytogenetic aberrations. In a series of experiments we first established
basic DNA histogram parameters of cytogenetically healthy breeding bulls by
measuring the intraspecific genome size variation of three animals (each of them
three times — as suggested by Dolezel and Bartos, 2005), then we compared the
histogram profiles of bulls carrying cytogenetic defects to the baseline values.

Materials and methods

Semen samples

In Experiment 1 we used frozen-thawed semen samples from three bulls
free from cytogenetic defects. In Experiment 2 one of the bulls from Experiment 1
was used as control (bull A) and bulls with the following cytogenetic aberrations
were tested: bull B was a carrier of 2;4 reciprocal translocation (Switonski et al.,
2008); bull C was a carrier of 20;24 reciprocal translocation (Andersson et al.,
1992); bull D produced approximately 20-25% diploid spermatozoa (Revay et
al., 2010); bull E had a translocation between chromosomes 6 and 29 (Ven-
horanta et al., 2013).
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DNA labelling

Sperm DNA was labelled with propidium iodide (PI) as part of the FXCy-
cle PI/RNase kit (F10797, Molecular Probes).

Labelling followed the protocol suggested by the manufacturer: spermato-
zoa were fixed in 70% ethanol, then washed from the fixative (centrifuged at
400 x g for 10 min). Five hundred pl of FXCycle PI/RNase staining solution was
added to the cell pellets (approximately 1 x 10%ml spermatozoa) and after vor-
texing the samples were incubated for 30 min at room temperature in the dark
before flow cytometric analyses.

Flow cytometry

We measured the DNA quantity expressed as PI fluorescence intensity
with a Beckman Coulter FC500 flow cytometer, equipped with a 488 nm 20 mW
argon ion laser. PI fluorescence was detected on an FL3 detector (655 nm LP) in
linear mode. Sperm head orientation was not taken into consideration as our
benchtop flow cytometer was not equipped with such an orienting device. Dou-
blet discrimination was done according to the suggestions of the manufacturer
(Beckman Coulter). Five thousand events per sample were recorded and scatter
and fluorescence intensities were stored in list mode files. The flow cytometer
was calibrated daily with FlowCheck fluorospheres (6605359, Beckman Coul-
ter); moreover, in order to monitor random drift in fluorescence intensities be-
tween samples, every sample contained 10 pl FlowSet fluorospheres (6607007,
Beckman Coulter) serving as internal control.

Analysis

In Experiment 1, one-parameter PI fluorescence intensity histograms were
drawn and individual histogram profiles were compared with the Kolmogorov—
Smirnov option in the CXP Analysis software (Beckman Coulter) of the cytome-
ter. This analysis assesses the difference between two populations and shows the
maximum difference between two cumulative frequency distributions expressed
as Dmax value (Young, 1977; Watson, 2001). Dmax values were calculated for
paired histograms (three bulls, three repeats: n = 36 pairs) and these values were
checked for normality using Lilliefors test and descriptive statistics were estab-
lished with Statistica for Windows (version 8, Statsoft Inc.).

In Experiment 2, the histogram profiles (Fig. 1) of the carrier bulls were
compared to the control bull using the Kolmogorov—Smirnov test as described
above. The threshold Dmax value to differentiate healthy and possibly defective
animals was derived from the descriptive statistics in Experiment 1 and was cal-
culated as mean + 2SD (Indrayan, 2012).
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Fig. 1. DNA histogram overlays of the carrier bulls (B—E; white histograms) and the control bull
(A; grey). X-axis shows PI fluorescence, expressed on a linear, 1023-channel scale

Results

Experiment 1

Dmax values of the paired histograms are shown in Table 1. The Kolmo-
gorov—Smirnov test revealed significant differences between bulls or even be-
tween repeated measurements of the same individual (P < 0.05) with the excep-
tion of bull 2 where the repeated measurements were not significantly different.
However, since the Kolmogorov—Smirnov test is reported to be oversensitive
(Parikh et al., 1999; Lampariello, 2000) we did not consider this as a flaw of the
data analysis approach.

Dmax values showed normal distribution (P > 0.2, Lilliefors test) and the
descriptive statistics were as follow: mean: 0.087; SD: 0.037; variance: 0.001;
minimum: 0.018; maximum: 0.155. The calculated Dmax threshold value was

0.161 (calculated as mean + 2SD).
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Table 1

Matrix of Dmax values of paired histograms of the three healthy bulls measured in three repeats

Sample 11 12 13 21 22 23 31 32 33
11 0 0.059 0.117 0.086 0.084  0.0868  0.128 0.074 0.155
12 0 0.061 0.119 0.107 0.119 0.081 0.091 0.106
13 0 0.136 0.119 0.133 0.059 0.100 0.072
21 0 0.026 0.021 0.106 0.038 0.130
22 0 0.018 0.086 0.027 0.105
23 0 0.103 0.035 0.123
31 0 0.079 0.035
32 0 0.099
33 0

Sample codes mean: bull-repeat (i.e. 11 means Bull 1 repeat 1). Dmax values not significant at P <
0.05 are in bold italics

Experiment 2

The histogram profiles (Fig. 1) of the carrier bulls differed significantly
(P <0.01) from the control bull (A) and the Dmax values were as follow: bull A
vs. B: 0.245; A vs. C: 0.128; A vs. D: 0.416; A vs. E: 0.166. With the exception
of bull C, every carrier bull showed higher Dmax value than the threshold value
established in Experiment 1. This can be explained as in that case smaller chro-
mosomes (chromosomes 20 and 24) were involved, so probably only a very
small amount of DNA was missing or added in the affected sperm cells.

Discussion

In our opinion this flow cytometric approach has several advantages. The
fluorescent labelling kit is easy to use, does not require excessive sample prepara-
tion, quick, and the fluorochrome can be analysed with the standard laser line and
optics of every benchtop flow cytometer. The Kolmogorov—Smirnov option is
available in the software of most flow cytometer brands, therefore no additional
software purchase is needed. Individual bulls or even insemination doses can be
evaluated quickly, so the method can be applied to test the animal even if he is not
physically present (like in the case of semen import). We suggest that every labora-
tory should establish its threshold values following the study design described
above as flow cytometer instruments with different optical settings may result in
different Dmax values; moreover, different cattle breeds (due to Y chromosome
polymorphisms, for example) may have different DNA histogram profiles. The test
fits into the laboratory routine where flow cytometry is applied for semen quality
control, and this analysis should be carried out only once in the lifetime of a bull.
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