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ABSTRAKT  

 Huntingtonova choroba (HCH) patrí k nevyliečiteIným ochoreniam s fatálnym 

koncom. Zara@ujeme ju  k  monogénnym neurodegeneratívnym ochoreniam. PodIa počtu 

opakovaní CAG repetícii v géne kódujúcom huntingtínĽ nástup ochorenia môţe by[ v 

detskom veku (5%), strednom veku – najčastejšie (ř0%) a vyššom veku (5%). Začiatok 

choroby sa prejaví zmenami v správaníĽ ku ktorým sa pridruţia problémy s koordináciou a 

pohybom. Neskôr dochádza k psychickým zmenám. Ochorenie končí smr[ou. V dnešnej dobe 

zatiaI nie je vyvinutá účinná liečba. Doktori momentálne len príznaky farmakologicky 

utlmujúĽ ale nelieči sa príčina  choroby.   

 Na našom ústave v LibEchove sme v roku β00ř vytvorili model transgénneho miniprasa[a  

(TgHD) nesúceho N -  terminálnu čas[ Iudského mutovaného huntingtínu  (mtHtt). Dostatok 

potomkov a veIká príbuznos[ fyziológie a morfológie medzi prasa[om (Sus scrofa) a 

človekom (Homo sapiens) nám dáva dostatok moţnosti na študovanie zmien v centrálnych 

nervových orgánochĽ ale i v periférnych tkanivách. Ako prvé zmeny fenotypu sme pozorovali 

reprodukčné problémy TgHD kancov. Preto sa moja práca  v prvom rade zamerala na 

komplexné preštudovanie reprodukčných parametrov TgHD kancov, rovnako ako na 

ultraštrukturálne, imunocytochemické a biochemické zmeny v tkanivách  semenníkov  a v 

spermiách.   

V tejto práci som detailne popísala reprodukčné defekty u TgHD kancov F1 a Fβ generácie. 

Všetky získané výsledky boli vţdy porovnávané  medzi netransgénnymi (WT) 

a transgénnymi  kancami (TgHD) rovnakého vrhu. U obidvoch generácii TgHD kancov bol 

zistený nástup reprodukčných zmien vo veku 13tich mesiacov. Zmeny v počte spermiíĽ v ich 

pohybe a v progresívnom pohybu dopredu za hlavičkou vykazovali signifikantné rozdiely vo 

veku β4 aţ 36 mesiacov. Transmisná elektrónová mikroskopia preukázala početné 

morfologické abnormality predovšetkým v oblasti bičíku spermií a taktieţ v testikulárnom 

epiteli vo veku 24 a 36 mesiacov. Tieto morfologické pozorovania boli podopreté 

imunocytochemickým sledovaním, ktoré preukázalo signifikantne niţšiu proliferačnú aktivitu 

spermatogónií TgHD kancov. Zásadné zistenie predstavuje vysoká expresia mutovaného 

huntingtínu (mtHTT) vo všetkých bunkách semenotvorných kanálikoch semenníkov  TgHD 

kancov a taktieţ vo všetkých častiach bičíka ejakulovaných spermiíĽ predovšetkým v ich 

spojovacích  častiach. Tieto zmeny boli taktieţ potvrdené neinvazívnym prístupom, 

vyšetrením testikulárneho tkaniva pomocou 
31P magnetické spektroskopie (MRS) 
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u súrodencov (WT a TgHD kancov). I tento prístup preukázal signifikantný pokles v pomere 

fosfodiesterov (PDE/勅け-勅ATP) v parenchýme semenníkov TgHD kancov. 

Vyššie popísané zmeny v spermiách na úrovni morfológie a funkcie boli zásadným spôsobom 

potvrdené pomocou detailného štúdia metabolizmu mitochondrií u spermií WT a TgHD 

kancov. Hlavnou výhodou tohto biologického materiálu je moţnos[ jeho neinvazívneho 

získavania v dlhšom časovom intervale. Funkcie dýchacieho re[azca boli študované pomocou 

polarografie a potom bol metabolizmus mitochondrií stanovený pomocou detekcie oxidácie 

rádioaktívnych substrátov. Tento metodických prístup preukázal signifikantný pokles v 

dýchacom komplexe I a taktieţ v štyroch parametroch, ktoré indikujú významné zníţenie 

úrovne glykolytickej dráhy v spermiách TgHD kancov. Tieto experimenty detailne 

charakterizovali biomarkery pre monitorovanie rozvoja HCH.  Predloţené výsledky 

jednoznačne potvrdili negatívni vplyv mutovaného huntingtínu na mitochondriálny 

metabolizmus, ktorý vedie k degenerácii parenchýmu semenníkov a k zásadným zmenám vo 

funkcii spermií.  

Všetky experimenty zaradené do tejto dizertačnej práce potvrdiliĽ ţe TgHD miniprasa[a, u 

ktorých bol preukázaný postupný rozvoj predklinického fenotypu HCH, sú vhodnýmĽ 

biomedicínskym modelom pre testovanie účinnosti všetkých súčasných prístupov 

k ovplyvneniu  rozvoja HCH.  
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ABSTRACT  

 Huntington's disease (HD) is one of the incurable and fatal diseases. HD belongs to 

the monogenic neurodegenerative diseases. According to the number of the CAG repetitions 

in the gene coding huntingtin, the onset of the disease is in childhood (5%), in the middle age, 

which is the most common (90%) and in the older age (5%). Beginning of the disease is 

manifested by changes in behavior; including problems with coordination and movement. 

Later, there is a psychological change. The disease leads to death. Until now, there is no 

effective curative treatment.  

In 2009, we created a model of the transgenic minipigs (TgHD) carrying the N - terminal part  

of the human mutant huntingtin (mtHtt) at our Institute in LibEchov. The number of 

offsprings and the resemblance in physiology and morphology between the pig (Sus scrofa) 

and humans (Homo sapiens) give us opportunities not only to study changes not only in 

central nerve organs, but also in peripheral tissues. The reproductive problems of TgHD boars 

were observed as the first phenotypic changes. Therefore, my work focuses at first on a study 

of the reproduction parameters of TgHD boars as well as ultrastructural, 

immunocytochemical and biochemical changes in testes and spermatozoa.   

In PhD thesis, I described in details the reproductive defects in TgHD boars of F1 and F2 

generations. All gained data were always compared between the wild-type (WT) and TgHD 

boars from the same litter. The reproductive changes started at the age of 13 months in both 

generations of TgHD boars. Significant changes in number of spermatozoa per ejaculate, in 

their movement and in their progressive movement were confirmed at the age of 24 and 36 

months, too. Transmission electron microscopy (TEM) revealed numerous morphological 

abnormalities, first of all at sperm tails and testicular epithelium at the age of 24 and 36 

months. These morphological observations were supported by immunocytochemical 

approaches that confirmed the significantly lower proliferation activity in spermatogonia of 

TgHD boars. The key result is that the high expression of mtHTT occurs in all cells of the 

seminiferous tubules and also in all parts of sperm tail, in the midpiece especially. The 

described changes were also confirmed by the noninvasive approach, using 
31

P magnetic 

spectroscopy (MRS) for examination of testicular tissue of siblings (WT and TgHD boars). 

The significant decrease in ratio of phosphodiesterases (PDE/勅け-勅ATP) in the testicular 

parenchyma of TgHD boars was documented.    
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All morphological and functional changes described above were confirmed in the detailed 

study of mitochondrial metabolism in spermatozoa of WT and TgHD boars. The key 

advantage of this biological material is that it can be collected noninvasively and 

longitudinally. The oxidative function was measured by polarography and metabolism of 

mitochondria was also measured after oxidation of radioactive substrates. These 

methodological approaches proved the significant decrease in the activity of respiratory 

complex I and they also revealed four parameters indicating the serious impairment of 

glycolytic activity in spermatozoa of TgHD boars. These experiments described in details 

biomarkers monitoring progress of HD and fully confirmed the negative effect of mtHTT on 

mitochondrial metabolism leading to testicular degeneration and to substantial functional 

changes of spermatozoa. .  

The experiments in this PhD thesis clearly demonstrated that TgHD minipigs, with the 

preclinical development of the HD phenotype, represent the suitable, biomedical model for 

testing of all current methods of gene therapy of HD.  
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1. ÚVOD 

Huntigtonova choroba (HCH) je neuorodegeneratívne dedičné ochorenieĽ s progresívnym 

priebehomĽ končiace fatálne. Prevalencia v strednej Európe je pribliţne 5 prípadov na 100 000 

obyvateIov. Predpoklad prvotnej patológie HCH bola degenerácia bazálnych ganglií (prejavy 

ako zmeny v správaníĽ zníţená koordinácia). Vedci dokázali expresiu mutovaného 

huntingtínu (mtHtt) vo všetkých študovaných tkanivách. Ochorenie spôsobuje zmnoţenie 

CAG repetícii v géne kódujúcom huntingtin (HTT).Prvý krát túto chorobu opísal George 

Huntington.  Spolu s otcom dlhodobo pozorovali dedičné prejavy ochorenia vo viacerých 

generáciách v rodine bývajúcej v East Hampton. Najprv u nich začínali zmeny v pohybeĽ čo 

nazval Huntington ako tanečná mánia. Po vypuknutí týchto príznakov choroba do 10 rokov 

končila smr[ou.  

 

V roku β00ř sa na AV ČR v LibEchove vytvoril model transgénneho miniprasa[a pre HCH 

(Baxa et al., 2013). Ako prvé sa prejavili zmeny a reprodukčnom aparáte samcov. Vedecký 

poznatokĽ ţe mtHtt  má expresiu i v tkanivách  ne-neurálneho pôvodu a súčasnom prebiehaní 

prasničiekĽ pripúš[aných našimi transgennými (TgHD) kancamiĽ sme si poloţili otázkuĽ či to 

nemôţe ma[ súvis s HCH. PodIa Gua (Guo et al., 2003) práve semenníky majú najviac 

porovnateInú génovú expresiu s mozgom spomedzi všetkých periférnych orgánov. Poruchy 

spermiogenézy a abnormality testes boli pozorované ako u transgénnych modelov myší tak 

i Iudských pacientov. 

 

CieIom dizertačnej práce bolo zamera[ sa na identifikáciu a priebeh reprodukčných zmien 

TgHD kancov. V prvom rade som sa zamerala na dôkladne preštudovanie reprodukčných 

parametrov TgHD kancov. Pozorovala som imunocytochemiké a morfologické zmeny 

spermií. Pomocou neinvazívnej metódy 31
P magnetickej spektroskopie sme chceli preukáza[ 

zmeny v semenníkoch.  ?alšou úlohou bolo dôkladné preštudovanie metabolizmu 

mitochondrií v spermiách. VzhIadom na veIkú fyziologickú podobnos[ medzi človekom 

(Homo Spaiens) a prasa[om (Sus Scrofa) by model TgHD miniprasa[a pre HCH mohol by[ 

vhodný k určeniu biomarkerov a následnému štúdiu moţnej terapieĽ ktorá by mohla prispie[ 

k skorému klinickému skúšaniu terapie na Iudských pacientoch. 
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1.1. George Huntington 

 

George Huntington  (Apríl řĽ 1Ř50 – Marec 3, 1916)  pochádzal z rodiny lekárov. Zaslúţil sa 

o preštudovanie chorobyĽ ktorá dnes nesie jeho meno – Huntingtonova choroba. Vo veku 22 

rokovĽ po ukončení lekárskej fakulty v Kolumbii zverejnil svoju prácu v The Medical and 

Surgical Reporter (13.4.1872). Popisoval v nej dedičnú formu chorey. Jeho publikácia sa stala 

jedným z klasických popisov neurologického ochorenia (Neylan, 2003). 

 

 

Obr.č.  1 George Huntington a jeho článok v The Medical and Surgical Reporter (upravené 

zo zdroja File:On Chorea with photo.jpg - Wikimedia Commons) 

 

1.2. Huntingtonova choroba 

 

PredtýmĽ neţ Huntingtonova choroba dostala svoj názov po Georgovi Huntingtonovi 

(Huntington, 2003; Neylan, 2003)Ľ sa pre toto ochorenie od 14. storočia pouţíval názov 

„tanečná mánia“. Ide o autozomálne dominantne dedičné ochorenieĽ s neurodegeneratívnymi 

príznakmi a progresívnym  priebehom. Vo väčšine prípadov sa prejaví v dospelosti, len asi 5 

% prípadov v detskom  veku (Roth,  2010). Typické príznaky sú choreatické pohybyĽ zníţenie 

mentálnych schopností. Priebeh je progresívny s fatálnym koncom. V roku 1983 bol 

identifikovaný polymorfný DNA markerĽ lokalizovaný na Iudskom chromozóme 4Ľ 
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signalizujúci HCH (James F. Gusella et al., 1983). V roku 1řřγ bol objavený jediný kauzálny 

génĽ ktorého mutácia je zodpovedná za HCH (J F Gusella, Persichetti, & MacDonald, 1997) 

 

Riziko choroby podIa počtu opakovania tripletu CAG 

 

 

 

 

 

 

 

 

 

 

 

Formy Huntingtonovej choroby 

Klasická – začína  obyčajne medzi γ5 – 50 rokom ţivota (cca ř0 % všetkých prípadov) 

Juvenilná – začiatok do β0 roku ţivota (cca 5%) 

Forma s neskorým začiatkom – začiatok po 60 roku ţivota (cca 5%) 

 

Klasická forma 

Prvé príznaky sa objavujú medzi γ5 – 50 rokom ţivota. Počiatočné problémy sú nešpecifické 

– poruchy chovaniaĽ zmeny povahyĽ môţu sa vyskytnú[ časté depresívne stavy. V neskoršom 

štádiu sa prejaví demencia. V začiatočnom štádiu sa objavujú mimovoIné pohyby a porucha 

10 – 26 CAG   

 

 27 – 35 CAG 

 

36 – 41 CAG 

 

40 – 55 CAG 

 

 

     ≥ 60 CAG 

jedinec je zdravýĽ bez choroby (normálny počet u zdravého 

jedinca) (Walker, 2007) 

ak nevznikne mutáciaĽ jedinec je zdravýĽ pri náhodnej mutácii  

prejavujúcej sa zmnoţením tripletuĽ môţe dôjs[ k ochoreniu 

pacienti majú Huntingtonovu  chorobuĽ prejavujúca sa v starobe 

(Rubinsztein et al., 1996) 

prejav ochorenia je viditeIný okolo 40 roku ţivota (de Die-

Smulders, de Wert, Liebaers, Tibben, & Evers-Kiebooms, 2013; 

Montoya, Price, Menear, & Lepage, 2006) 

 

prejavy začínajú uţ v detstve (Walker, 2007) 
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cielených pohybov. V neskoršom štádiu dochádza k neistote pri chôdziĽ poruchám reči Ľ 

taktieţ môţe nasta[ problém s prehGtaním Ľ čo vyústi k následnej kachekcii. V pokročilom 

štádiu ubudne mimovoIných pohybov. Priebeh choroby je individuálnyĽ ale v priemere 

pacient v priebehu 15 rokov sa stáva závislým na starostlivosti okolia. Umiera 

v nezadrţateInom marazmeĽ ku ktorému sa väčšinou pričlení infekcia a iné druhotné 

komplikácie (ZelenáĽβ00ř;  Roth, 2010). 

Juvenilná forma 

Začína pred β0. rokom  ţivota. Jej prevalencia je pribliţne 5% (Rasmussen et al., 2000) 

z celkového počtu všetkých pacientov postihnutých Huntingtonovou chorobou. Dokonca sa 

môţe sta[Ľ ţe sa choroba prejaví pred 10 rokom (0,5-1% všetkých prípadov). Typický 

začiatočný prejav je nezvládanie školských aktivít (dôsledok  kognitívnej poruchy 

a motorického spomalenia) (Roth, 2012).  Jasným príznakom je dyskoordinácia pohybu. 

Pozorujeme poruchy správania sa – výbuchy zlostiĽ agresivituĽ antisociálne správanie (Ribaï 

et al., 2007).  RigiditaĽ dystónia a hypokinézia sú hlavnou príčinou rýchle progredujúcej 

poruchy stability a chôdze. MimovoIné pohyby sa obvykle neobjavia. Asi u 30% 

postihnutých jedincov sa objavia epileptické záchvaty (Rasmussen et al., 2000; Siesling, 

Vegter-van der Vlis, & Roos, 1997).  Dochádza k poruchám prehGtania a výslovnosti. Rýchla 

progresia vedie k demencii a k nesamostatnostiĽ úplná závislos[ na starostlivosti okolia (Roth 

2012). 

Forma s oneskoreným začiatkom 

Prevalencia je okolo 5%. Jej prvotné príznaky sa začnú objavova[ okolo 60. roku ţivota. 

VeImi výnimočné je pozorovanie prvých príznakov aţ po dovSšení sedemdesiatky. Táto 

forma má pomalý priebehĽ a pacienti sa doţívajú beţného priemerného veku zdravej 

populácie. Hlavným príznakom sú mimovoIné pohyby. Obyčajne nespôsobujú závaţné 

postihnutie základných denných  aktivít a pacienti sú po motorickej stránke sebestačný. 

Výraznej demencii obyčajne nedôjde (Lipe & Bird, 2009). 

Príznaky Huntingtonovej choroby 

 

 

 

Neurologické 

 

 

 

 

porucha koordinácie hybnosti – huntingtonická chorea od ktorej 

sa odvíjajú            nasledovné príznaky:  poruchy chôdze 

                                                         poruchy reči 

                                                         poruchy prehGtania 

                              (môţe  podmieOova[ následné         chudnutie) 
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Psychické zmeny povahy a poruchy správania: 

apatia alebo naopak predráţdenos[ (Jason et al., 1997) 

nezvládanie beţných aktivít 

agresivita 

drobná kriminalita (J S Paulsen, Ready, Hamilton, Mega, & 

Cummings, 2001)        

zmeny sexuálneho chovania 

poruchy nálady – predovšetkým depresia 

úzkos[ (Snowden, Craufurd, Griffiths, Thompson, & Neary, 

2001) 

Psychotické prejavy bludy 

halucinácie 

porucha pamätiĽ sústredeniaĽ  

demencia 

 

Reprodukčné zníţená reprodukčná schopnos[ 

(tieto príznaky boli zistene u modelových  zvierat – 

laboratórnych  myší R6Ľ YAC 1βŘ: (Papalexi et al., 2005; Van 

Raamsdonk et al., 2007) 

zníţený počet spermií 

zníţená ţivotaschopnos[ spermií 

celková testikulárna degeneráciaĽ zistená na posmrtných 

vzorkách  u muţských pacientov.  
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Neurologické prejavy 

Najcharakteristickejší hybný prejav choroby je huntingtonická chorea – mimovoInéĽ 

nepravidelné najčastejšie šklbavé pohyby tváreĽ končatín a trupu (Vonsattel et al., 1985, 

Kosinski et al., 2005).  Chôdza je kolísaváĽ môţe sa zda[Ľ ţe má tanečný ráz. Tieto 

mimovoIné pohyby sa v priebehu choroby zhoršujúĽ v konečných fázach choroby tieto 

pohyby nemusia by[ viditeInéĽ svalstvo je stuhnuté a pacient sa stáva nepohyblivým (Ross., 

2002). 

Poruchy chôdze – rozvoj pribliţne v strede ochorenia. Častá je chôdza na široko rušená 

mimovoInými pohybmi. V neskorších fázach ochorenia dochádza k častým pádom pri chôdziĽ 

pacienti sú v priestore neistý. 

Poruchy reči – prejav v strednej a neskoršej fáze ochorenia. Postupom času progreduje a reč 

sa stáva nezrozumiteInou. Reč je charakteristická explozívna a sakadovaná (zvýrazOovanie 

niektorých slabík). Môţeme pozorova[ mimovoIné zvuky ako bučanieĽ povzdych. 

Poruchy prehGtania – neskoré štádia choroby. Vznikajú nekoordinovaným pohybom 

hltanového svalstva. To vedie k závaţným poruchám príjmu potravyĽ moţnosti uduseniaĽ 

následnému chudnutiu (chu[ do jedla je väčšinou zachovaná). 

Psychické prejavy 

Rodina tieto prejavy popisuje ako zmeny osobnosti a chovania. Často dochádza k zníţenej 

vnímavosti voči potrebám druhýchĽ k zníţenému záujmu o prácuĽ o vlastný zovOajšokĽ 

náladovos[ a zlyhávanie v beţných aktivitách (Duff et al., 2010; Rosenblatt, 2007). 

Podráţdenos[ – je vyprovokovaná okolnos[amiĽ ktoré by inokedy takúto odpove@ nevyvolali. 

Intenzita a trvanie takejto odpovede nie je úmerná okolnostiamĽ často dochádza k prejavom 

agresivity (Klöppel et al.Ľ β010; SachdevĽ n.d.). 

Depresia – ide o častý symptómĽ ktorý sa môţe prejavi[ uţ niekoIko rokov pred prvými 

hybnými prejavmi choroby. Časté sú takzvané ranné pessimaĽ kedy pacient o predčasnom 

prebudení poci[uje intenzívnu úzkos[Ľ má obavy z nového dOaĽ jeho pocity neschopnosti 

a zlyhania dosahujú najväčšej intenzity. Časté sú sklony k samovraţdám (Jane S. Paulsen, 

Hoth, Nehl, & Stierman, 2005). 
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1.2.1. Funkcie a štruktúra proteínu huntingtínu 

Má rozhodujúcu úlohu v embryonálnom vývojiĽ na čo poukazuje faktĽ ţe u myší kompletnou 

inaktiváciou huntingtínu dochádzalo k odumretiu embrya ešte pred štádiom gastrulácieĽ a tým 

pádom to bolo ešte pred zahájením vývoja CNS (Duyao et al., 1995; Nasir et al., 1995). Ak sa 

zníţi huntingtín v neskoršej fáze embryogenézy dochádza k defektnému vývoju mozgu 

a taktieţ je ovplyvnená tvorba CSF (Dietrich, Shanmugasundaram, E, & Dragatsis, 2008; 

White et al., 1997). S najväčšou pravdepodobnos[ou počet CAG repetícií v priebehu vývinu 

nemá podstatný významĽ ke@ţe pacienti s HCH sa vyvíjajú normálne (Leavitt et al., 2001). 

Jeho škála pôsobenia je rôznorodá. Pri aktivácii niektorých kaspáz zabraOuje apopotóze           

(Rigamonti et al., 2000). Taktieţ ovplyvOuje vezikulárny transport (Velier et al., 1998).  Čo sa 

týka HCHĽ je veImi dôleţitý faktĽ ţe podporuje expresiu BDNF (z angl. brain-derived 

neurotropic factor)Ľ ktorý je dôleţitý pre preţitie neurónov striata a správne fungovanie 

nervových synapsií  (Gauthier et al., 2004; C. Zuccato et al., 2001). Pokusy na myšiach 

odhaliliĽ ţe pokiaI odstránime nemutovaný HTTĽ tak mnohé prejavy HCH boli omnoho horšie 

neţ u jedincovĽ ktorý malý endogénny HTT zachovaný. To podporuje hypotézuĽ ţe patológiu 

bunky pri HCH ovplyvOuje aj mutovaný a endogénny HTT (Van Raamsdonk et al., 2005). 

Tento proteín sa rozdeIuje na niekoIko oblastíĽ ktoré hrajú zásadnú úlohu pri fungovaní 

organizmu. Ako prvá je doménaĽ ktorá interaguje s membránami mitochondriíĽ s ER a GA. 

Nazýva sa N- terminálna čas[Ľ a skladá sa zo 17aminokyselín (AMK)  (Rockabrand et al., 

2007).  ?alšiu oblas[ nazývame polyQ. Začína od 1Ř AMKĽ a vyznačuje sa opakovaním CAG 

repetícií. Jeho úlohou je interakcia s inými proteínmi. U pacientov dochádza k predGţeniu 

tohto úsekuĽ čo môţe ma[ za následok abnormálne interakcie (Kim, Chelliah, Kim, 

Otwinowski, & Bezprozvanny, 2009). U vyšších stavovcov po PolyQ  úseku nasleduje 

polyprolinový úsek PolyP (Elena Cattaneo, Zuccato, & Tartari, 2005). Tento úsek je 

zodpovedný za rozpustnos[ huntingtínu. PolyP asociuje s proteínmi Ľ ktoré regulujú 

transkripciu. Jeho dGţka negatívne ovplyvOuje transkripčnú aktivitu proteínu  (Elena Cattaneo 

et al., 2005). ?alšou doménouĽ ktorá je v proteíne celkovo 16 krátĽ a je rozmiestnená v štyroch 

klastroch je HEAT doména. Jej úloha je umoţnenie proteínových  interakcií (Elena Cattaneo 

et al., 2005). Jej dGţka je pribliţne 40 AMK. Taktieţ sa zúčastOuje na prenose molekúl do 

jadra (E Cattaneo et al., 2001). Na rozvoji patologického stavu majú veIký význam štiepne 

miesta v proteíne spojené so špecifickými kaspázami (C L Wellington et al., 1998; Cheryl L 

Wellington et al., 2002). Huntingtín tieţ obsahuje aktívny nuclear export signál (NES) 

sekvenciu a menej aktívny nuclear localization signál (NLS). Tieto sekvencie  spôsobujú Ľ ţe 
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huntingtín  sa účastní na prenose molekúl z jadra do cytoplazmy. Tento názor potvrdzuje i toĽ 

ţe je huntingtín z veIkej časti  lokalizovaný nukleárne  a perinukleárneĽ taktieţĽ ţe 17 

aminokyselín pred polyQ úsekom v sekvencii proteínu interaguje s proteínmi jadrového póru. 

Ke@ týchto 17 aminokyselín  odstránimeĽ vedie to  k hromadeniu  huntingtínu v jadre 

(Cornett et al., 2005). 

Huntingtín podlieha mnohým postranslačným úpravám. FosforyláciaĽ SUMOyláciaĽ 

ubikvitinácia či acetylácia ovplyvOujú agregáciu a toxicitu proteínu. PokiaI bude HTT 

ubikvitinovanýĽ tak bude zacielený do proteazómu (Kalchman et al., 1996). Fosforylácia na 

seríne S4β1 a S4γ4 chráni HTT pred proteolytickým štiepením.Ľ naproti tomuĽ ak bude 

fosforylovaný S1γ a S 16 prebehne degradácia (Thompson et al., 2009). O bunkovej 

lokalizácii bude rozhodova[ SUMOylácia (Steffan et al., 2004). 

 

 

Obr.č.  2 Domény huntingtínu a miesta postranslačných úprav (upravené podIa  (Chiara 

Zuccato, Valenza, & Cattaneo, 2010) 
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1.2.2. Patológia orgánov pri HCH 

Uţ od počiatočných štádií choroby pozorujeme stratu hmotnosti (Djoussé et al.Ľ β00β). Tá je 

zapríčinená viacerými faktormi. K ním zara@ujeme neuroendokrinné zmenyĽ behaviorálne 

poruchyĽ taktieţ kognitívne poruchy. V neskorších štádiách dochádza k dysfágiiĽ ktorá 

následne spôsobí kachexiu. Okrem nedostatočnému príjmu potravyĽ je u HCH pozorovaný 

zvýšený metabolizmus. Goodman predpokladáĽ ţe zvýšený metabolizmus je zapríčinený 

dysfunkciou hypotalamu (Goodman et al., 2008).  Ako sprievodné javy choroby sú 

pozorované : osteoporózaĽ diabetesĽ rôzne zmeny imunitného systému – hlavne zmeny 

zápalové (Valekova et al.Ľ β016; van der BurgĽ BjörkqvistĽ & BrundinĽ β00ř). 

 

 Patológia mozgu 1.2.2.1.

Pre HCH sú typické nervové príznaky ochorenia. K týmto klinickým črtám dochádza 

v dôsledku degenerácie v centrálnej nervovej sústave. Halliday vo svojom článku popisujeĽ ţe 

analýzami post mortem dokázal zníţenie celkového objemu mozgu o 19 % ( v terminálnom 

štádiu choroby) v porovnaní s kontrolami v rovnakom veku (Halliday et al., 1998). Atrofia je 

pozorovaná hlavne v  nucleus caudatus a putameneĽ čo sú časti mozgu súhrne nazývanej 

corpus striatum (Chiara Zuccato et al., 2010).  Taktieţ sa deteguje významná atrofia 

v cerebellu pacientov s HCH (Rüb et al.Ľ β01γ).  Prejav nervových príznakov podporuje 

zníţenie hladín kyseliny gama-aminomaslovej (GABA) (Vonsattel & DiFiglia, 1998). Toto 

zníţenie je spôsobené selektívnou stratou stredne dlhých tSnitých  neurónov striata. 

 Patológia kardiovaskulárneho systému 1.2.2.2.

Ako druhá najčastejšia príčina úmrtia pacientov s HCH je zlyhanie srdca. Je uvedenéĽ ţe aţ γ0 

% pacientov s HCH zomrelo z dôvodu zlyhania srdca (Mihm et al., 2007). Mihm taktieţ zistilĽ 

ţe u R6/β myší nastáva zmena výkonu srdca – dochádza k výraznej redukcii systolického 

a diastolického výkonu srdca a to aţ takĽ ţe v 1β. týţdni veku je výkon srdca len 50%.  

Moţnou príčinou môţe by[ dysregulácia ANS (autonómneho nervového systému). Ten totiţ 

postihuje ako sympatickú Ľ tak aj parasympatickú vetvu (Bär et al.Ľ β00Ř). Pri poruchách ANS 

dochádza u pacientov s HCH k chaotickému srdečnému rytmuĽ k vznikom arytmiíĽ ktoré 

môţu vies[ k náhlej arytmickej smrti (Kiriazis et al., 2012). 
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 Patológia kostrového svalu 1.2.2.3.

Prejavy patológie HCH môţeme pozorova[ aj v kostrových svaloch. Je pozorované svalové 

plytvanie u pacientov (Turner, Cooper, & Schapira, 2007).  Bola dokázaná zvýšená syntéza  

proteínov v lýtkovom svale u R6/β myší oproti kontrolám. Pri štúdiíĽ kde sa sledovala svalová 

sila, bolo u 20 pacientov s HCH pri pouţití ručného dynamometra zistenéĽ ţe kontroly boli asi 

o 50% silnejšie ako pacienti (Busse, Hughes, Wiles, & Rosser, 2008). To môţe by[ spôsobené 

svalovou atrofiou. Tá postihuje pomalé oxidačné červené vlákna s vysokým obsahom 

myoglobínuĽ ale aj rýchle glykolytické vlákna so strednou a nízkou oxidačnou kapacitou 

(Gizatullina et al., 2006; Ribchester et al., 2004). Iné práce poukazujú na apoptózu 

v svalových bunkáchĽ na mitochondriálnu depolarizáciuĽ na zvýšené uvoIOovanie cytochrómu 

c do cytosolu. Taktieţ je dôleţité zvýšenie aktivity kaspázy γĽ kaspázy Ř a kaspázy ř 

(Ciammola et al., 2006). 

 

 Testikulárna patológia 1.2.2.4.

Najväčšia expresia proteínu Htt prebieha v mozgu a semenníkoch (S. H. Li et al., 1993). 

Rozsah expresie v semenníkoch je porovnateIný s expresiou v mozgu  (Guo et al., 2003).  Na 

myších modeloch HCH je pozorovaná atrofia semenníkovĽ poškodenie semenotvorného 

epitelu a zníţený počet zárodočných buniek (Papalexi et al., 2005; Van Raamsdonk et al., 

2005, 2007). Pacienti s HCH, u ktorých prebehli vyšetrenia semenníkovĽ majú detegované 

testikulárne abnormalityĽ redukciu počtu zárodočných buniek a abnormálnu morfológiu 

semenotvorných kanálikov (Van Raamsdonk et al., 2007). Niektorí autori sa zaoberali 

otázkouĽ ţe či poškodenie testes je spôsobené len prítomnos[ou mtHttĽ alebo či fenotyp 

prejavujúci sa testikulárnou degeneráciou môţe ovplyvni[ i poškodenie neurónovĽ ktoré sú 

zodpovedné za hormonálne zmenyĽ a tým sa poruší hormonálna os hyptalamus – hypofýza – 

gonády.  Markianos vo svojej štúdii taktieţ zistil zníţenú koncentráciu hormónu testosterón  

(Markianos, Panas, Kalfakis, & Vassilopoulos, 2005).  Naproti tomu štúdie Saleha 

nepreukázali signifikantné zmeny v koncentrácii testosterónu medzi pacientami s HCH 

a zdravými kontrolami (Saleh et al., 2009). 

 

 Správanie a zmeny správania pri Huntingtonovej chorobe 1.2.2.5.

Správanie je odpove@ organizmu (alebo systému) na rôzne podnetyĽ či uţ vnútorné alebo 

vonkajšieĽ pri vedomí alebo podvedomí. Tieto podnety môţu by[ zjavné alebo skryté (Minton 
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& Kahle, n.d.). Vo vedeckej literatúre sa uvádzaĽ ţe správanie je vnútorne koordinovaná 

reakcia (činnos[ alebo nečinnos[) ţivých organizmov na vnútorné a vonkajšie podnety 

(Levitis, Lidicker, Freund, & Freund, 2009). Širšia definícia správania organizmov je 

podobná konceptu fenotypovej plasticity. PopisujeĽ ţe správanie (reakcia na udalos[) sa mení 

v priebehu celého ţivota jedinca (Karban, 2008). Dá sa poveda[Ľ ţe je to odpove@ organizmu 

na dianie okolo neho (Dusenbery, 2009). Táto odpove@ môţe by[ vrodená alebo naučená. 

U Iudského správania sa očakávaĽ ţe bude ovplyvnené endokrinným a nervovým systémom. 

Predpokladá saĽ ţe zloţitos[ správania organizmu koreluje zloţitosti jeho nervovej sústavy. 

Všeobecne platíĽ ţe organizmy so zloţitou nervovou sústavou majú väčšiu schopnos[ uči[ sa 

nové odpovede a tým prispôsobi[ svoje správanie (Dowhan , 2013). 

 

Zmeny správania pri Huntingtonovej chorobe 

 

Správanie je zaujímavý a dôleţitý parameter v mnohých disciplínach zaoberajúcimi sa 

neurodegeneráciou. Štúdium správania je dôleţité na určenie welfare zvieratĽ zmien správania 

pri neurogeneratívnych ochoreniach a taktieţ pri poškodeniach mozgu (Lind, Vinther, 

Hemmingsen, & Hansen, 2005). Pacienti s HCH majú veIké problémy s koordináciou a 

schopnos[ou uči[ sa. Okrem mimovoIných pohybov končatín a zhoršenej koordinácieĽ majú 

zhoršenú výslovnos[. Taktieţ schopnos[ uči[ sa s postupom ochorenia klesá.  

 

1.3. Terapia Huntingtonovej choroby 

V dnešnej dobe zatiaI nie je k dispozícií  ţiadna liečbaĽ ktorá by spomalila a zastavila 

progresiu ochorenia. Pouţívajú sa len farmaká na dočasné zmiernenie klinických príznakov 

(Ross & Tabrizi, 2011).  Pri progresii ochorenia  sa začne prejavova[  úbytok na váhe. Pacient 

s HCH s prejavmi chudnutia potrebuje pribliţne dvojnásobok kalorického prímu zdravej 

osobyĽ čo predstavuje pribliţne 5000 kcal na deO (Roth et al., 2009).  Pri dysfágii je dôleţité 

pripravova[ jedlo na malé kúskyĽ dba[ na správnu  hustotu – najlepšie kašovitá (Roth et al., 

2009).  Na zmiernenie chorei  sa pouţívajú neuroleptiká. Najčastejšie podávaný je 

tetrabenazin na zredukovanie mimovoIných pohybov. Podávanie liečivĽ ako sú antioxidanty, 

protiapoptotické ATB a antagonisti glutamátuĽ určené na zmiernenie motorických 

a kongnitívnych prejavov HCH Ľ dosiahli len obmedzenú účinnos[ (Ramos et al., 2013). 

Netreba zabúda[Ľ ţe pri liečení pacientov bez zjavných symptómov je potrebné pozna[ 
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indikátory ochoreniaĽ tzv. biomarkery. Okrem tohoĽ ţe  nám dovoIujú sledova[ progresiu 

ochoreniaĽ taktieţ nám môţu poskytnú[ dôleţité poznatkyĽ či poskytnutá liečba je úspešná. 

 

1.3.1. Terapia Huntingtonovej choroby pomocou génovej terapie 

 

Génovou terapiou nazývame  liečebný postupĽ pri ktorom je do genómu pacienta vloţená 

sekvencia DNAĽ pričom táto sekvencia kóduje chýbajúci alebo nefungujúci proteínĽ poprípade 

môţe potlači[ mutovaný proteín. PodIa toho či terapia nahradí gény vo všetkých telových 

bunkách okrem pohlavnýchĽ alebo nahradí gény v gamétach delíme terapiu na somatickú a 

gametickú. V génovej terapii Huntingtonovej choroby sa najčastejšie vyuţívajú ASO 

(antisense oligonukleotidy), mRNA interferencia, zink-fingers a CRISPR-CASř metódy. Ich 

úlohou je zníţenie transkripcie mutovanej DNA. Zníţenie HTT pomocou ASO bolo úspešné 

na zvieracích modeloch (Keiser, Kordasiewicz, & McBride, 2016). V septembri 2015 bola 

prvýkrát podaná pacientom terapia IONIS-HTTRx zaloţená na princípe ASO (Wild & 

Tabrizi, 2017). Experimenty na myšiach  dokázali zníţenie expresie HTT a expresie proteínu 

asi o 2 tretiny (Bennett & Swayze, 2010). Taktieţ na zvieracích modeloch HCH boli úspešné 

prístupy na princípe siRNA (Keiser et al., 2016). Stiles pouţil infúzne podanie siRNA bez 

vírusového vektora od putamenu primátov. Dosiahol supresiu HTT na celom striate (Stiles et 

al., 2012). Terapie zamerané na DNA zahrOujú zink-fingers a CRISPR-CASř.  Obe metódy 

dosahujú úspechy. CRISPR-CAS9 bola v r. β017 úspešne testovaná na myšaciom modely 

HCH. Došlo k zmierneniu patológieĽ zlepšeniu motorických funkcií a predGţeniu preţitia 

(Yang et al., 2017) 

 

Obr.č.  3 Štúdie génovej terapie, Ionis – klinická, zvyšné sú v predklinickej fáze (upravené 

podIa (Wild & Tabrizi, 2017)) 
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1.4. Zvieracie modely Huntingtonovej choroby 

Na vyvinutie správnej liečby pre Iudí trpiacich HCH je potrebné porozumie[ nielen prejavom 

chorobyĽ ale aj mechanizmomĽ ktoré túto chorobu spôsobili. Aby sme tieto mechanizmy 

mohli študova[Ľ je potrebné vytvori[ zvieracie modelyĽ ktoré budú ma[ fenotyp odpovedajúci 

HCH. V dnešnej dobe existuje niekoIko modelovĽ a kaţdý z nich má svoje výhody 

i nevýhody. Ako výhodný zvierací model by sa mohol javi[ primátĽ pretoţe svojou veIkos[ou 

a fyziológiou je najviac podobný človeku  (Chan & Agca, 2008)Ľ  lenţe z etického hIadiska je 

to v mnohých štátoch zakázanéĽ  jeho cena je vysoká a nedostatok potomkov nedovoIuje 

podrobné preštudovanie patológie choroby. 

Medzi prvé zvieracie modely HCH patrili modely bezstavovcov. Ich nesmiernou výhodou  je 

rýchle testovanie hypotéz a terapeutických stratégií. Táto výhoda je spôsobená produkciou 

veIkého počtu potomkov. Najčastejšie poţívaná je Drosophila melanogasterĽ exprimujúca 

dlhé polyglutamínové repetície v oku a Caenorhabditis elegansĽ ktorý exprimuje dlhý 

polyglutamínový re[azec v nervovom systéme (Ramaswamy, McBride, & Kordower, 2007). 

Prechod medzi bezstavovcami a stavovcami tvorí zástupca niţších stavovcov ryba Danio 

rerio. VeIkou výhodou tejto rybky jeĽ ţe má kompletne oskenovaný genóm a dobrú 

dostupnos[ rôznych mutantov. Jej embryonálny vývoj je veImi rýchly Ľ embrya sú veIké a 

priehIadnéĽ vyvíjajúce sa mimo tela matky. 

Najviac podobné človeku sú však zvieracie modely cicavcov. Cicavčie modely môţeme 

rozdeli[ na genetické a negenetické. Ako prvé sa rozvíjali negenetické modely. Tie sú 

zaloţené na indukcii bunečnej smrti vplyvom excitotoxicity. Na jej vyvolanie sa najčastejšie  

pouţívali kyselina chinolinová a kyselina kainová (Schwarcz, Foster, French, Whetsell, & 

KöhlerĽ 1řŘ4).  Ako mitochondriálny toxín sa pouţíva γ-nitropropionová kyselina. Genetické 

modely môţeme rozdeli[ na modely s náhodne vloţeným transgénomĽ ktoré exprimujú 

skrátený alebo plne dlhý mutantný huntingtín a na knock-in modely (Ramaswamy et al., 

2007).  Najviac vyuţívané sú myši. Ale taktieţ sú vyvinuté modely na potkanochĽ prasatách 

ovciach a opiciach. Aj ke@ je nepopierateInéĽ ţe hlodavce poskytli dôleţité informácie 

o patofyziológii HCHĽ ich vyuţitie je limitované. V porovnaní s človekom majú veImi malý 

mozog a inú anatómiu mozgu. Ke@ţe ich dGţka ţivota je krátkaĽ tým pádom nie je moţné 

urobi[ dlhodobú štúdiu. Aby sa mohli robi[ dlhodobé štúdieĽ boli vytvorené modely veIkých 

zvierat. Tie zahrOujú opiceĽ prasatá a ovce (Morton & Howland, 2013).  VeIké zvieracie 

modely majú niekoIko výhod. Najdôleţitejšia je podobná  štruktúra mozgu s človekom. 
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Výhodou TgHD miniprasiat  je váha v dospelosti 70 -ř0kgĽ čo je podobné ako u človekaĽ 

veIký gyrencefalický mozog s podobnou neuroanatómiou ako majú Iudia .Taktieţ môţeme 

sledova[ progresiu ochorenia pomocou zobrazovacích techník ako je MRI a PET (Bjarkam, 

JorgensenĽ JensenĽ SundeĽ & SørensenĽ β00Ř; X.-J. Li & Li, 2012). 

 

1.4.1. LibEchovský model transgénneho miniprasa[a pre HCH 

Na akadémii vied ČR v LibEchoveĽ pod vedením prof. Jana Motlíka z Ústavu ţivočíšne 

fyziológie a genetiky v roku β00ř sa tímu vedcov podarilo vytvori[ model transgénneho 

miniprasa[a pre Huntingtonovu chorobu. Tento model nesie čas[ sekvencie kodújúcu Iudský 

mutovaný huntingtín  (Baxa et al., 2013).  Tento transgénny model bol vytvorený 

mikroinjekciou lentivírusového vektoruĽ ktorý obsahoval promotorovú  sekvenciu pre Iudský 

huntingtin a N-terminálnu skvenciu (54Ř AMK)  s 145CAG/CAA repetíciami do embryí 

miniprasiat v štádiu prvojadier. Insert je lokalizovaný na chromozóme 1. V máji 2009 sa 

narodila prasnička AdélkaĽ nesúca mtHttĽ ktorá sa následne stala zakladateIkou línie 

transgénnych miniprasiat. Exprimuje N-terminálny fragment mutovaného huntingtínu so 1β4 

CAG/CAA repetíciami.  Výhodou tohto modelu je väčší počet potomkov na jeden vrh, a pri 

dGţke gravidity necelé 4 mesiace môţe prasnica porodi[ β krát v roku. Podiel TG a WT 

potomkov je pribliţne 1:1 (Baxa et al., 2013; Kotrcova et al., 2015). 

 

Obr.č.  4 Prvý vrh prasiat vzniknutých z injektovaných embryí, medzi prasiatkami TG 

prasnička Adélka (zdroj Centrum PIGMOD) 
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1.5. Zloženie ejakulátu kancov 

Ejakulát je biologická tekutina ktorá obsahuje řγ-97% semennej plazmy a 3-7% spermií 

(Kudláč, 2003; Tíha et al.Ľ β00γ).  Zloţenie semennej plazmy je pribliţne γ % sekrétu 

prisemenníkovĽ β0% sekrétu semenných váčkovĽ 15 % sekrétu bulbouretrálnych ţliaz a 62 % 

sekrétu prostaty (Tíha et al.Ľ β00γ).  Vylučovanie spermií kancov môţeme rozdeli[ do 

niekoIkých fáz. Tieto fázy nazývame frakcie. Prvá je prespermiová frakcia. Po nej nasleduje 

spermiová frakcia a nakoniec postspermiová.  Najviac spermií sa vylúči v spermiovej frakcii, 

je to 80-ř0% všetkých spermií počas ejakulácie (ČeUovskýĽ β001; (Saravia et al., 2009)). 

 

1.5.1. Stavba a funkcia spermií 

Spermie sú špecializované bunky s typickou štruktúrou. Ich úlohou je predanie genetického 

materiálu obsiahnutého v jadre spermie do cytoplazmy oocytu  (Eddy, 2006). Svojou 

morfologickou stavbou predstavujú bunku s cielenou funkciou – oplodnenie. Celková dGţka 

spermie tvorená hlavičkou a bičíkom sa pohybuje okolo 60µm  (Tíha et al.Ľβ00γ).  Základ 

hlavičky tvorí vysoko kondenzované jadro. Na povrchu hlavičky je akrozómĽ ktorý je 

naplnený enzýnmi. Tieto enzýmy sú potrebné na rozpustenie obalov okolo oocytu a tým sa 

uIahčí penetrácia spermie do jeho vnútra (Tíha et al.Ľβ00γĽ EddyĽ β006). U kanca akrozóm 

pokrýva 70% dlhej osy hlavičky (Veţník et al.Ľ β004), a je veImi labilný. Pri patologických 

procesoch v pohlavnom ústrojenstve a taktieţ pri náhlych zmenách osmotického tlakuĽ pri 

zmenách teplôt prostrediaĽ pri rozdielnom pH dochádza veImi Iahko k jeho poškodeniu 

(Kliment et al.Ľ 1řŘř). Bičík je zloţený z centriolového oddielu – tzv. krček spermieĽ 

mitochondriálneho aparátuĽ axiálnych vlákien tvoriacich spojovaciu čas[ a hlavného oddielu 

zakončeného terminálnou čas[ou bičíka (Gamčík et al.Ľ 1ř76). Tvorbu energie zabezpečuje 

spojovacia čas[ bičíku a premenou na energiu mechanickú  umoţOuje spermii pohyb (Tíha et 

al.,2003, Eddy, 2006). Cytoplazmatická membránaĽ ktorá pokrýva celý povrch hlavičky aj 

bičíka zais[uje ochranu spermií pred nepriaznivými podmienkami. Je acidorezistentná 

s vysokou schopnos[ou  permeability. Zabezpečuje látkovú výmenu  medzi spermiou a 

prostredím (Marvan et al., 1992). Kančie spermie majú vysokú koncentráciu nenasýtených 

mastných kyselín v plazmatickej membráne a nedostatočný enzymatický antioxidačný 

systém. To spôsobujeĽ ţe sú náchylné k nadmernému pôsobeniu reaktívnych foriem kyslíku 

(CeroliniĽ MaldjianĽ SuraiĽ & NobleĽ β000; Strzecek et al.Ľ β005).  
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Obr.č.  5 Stavba spermie  (upravené z  "Gray's anatomy" 36th edition, Williams & 

Warwick, 1980 a Krizova et al., 2017) 

 

1.5.2. Spermiogenéza  

 

Spermiogenéza začína v období pohlavného dospievania. U samcov je to počas celého 

obdobia pohlavného ţivota (BohuslavováĽ MačákováĽ β015).  Prebieha v semenotvorných 

kanálikoch. Nástup je riadený pomocou gonadotropných hormónov hypofýzy. Spermiogenéza 

je regulovaná pomocou folikulo-stimulačého hormónu (FSH) a skladá sa z troch fáz – 

rozmnoţovacejĽ rastovej a zrecej (O‟DonnellĽ NichollsĽ O‟BryanĽ McLachlanĽ & StantonĽ 

2011). Najskôr cicavčie zárodočné primordiálne bunky migrujú na pohlavnú  ryhu samčieho 

embryaĽ kde sa začlenia do pohlavnej línie. Tam zostávajú v kIude aţ do pohlavnej 

dospelosti. V období dospievania sa diferencujú somatické Sertoliho bunky. Tie následne 

zaistia a umoţnia spermiogenézuĽ pretoţe chránia a vyţivujú vyvíjajúcu sa spermatickú 

bunku. Pretoţe Sertoliho bunka sa uţ v období pohlavnej dospelosti nedelíĽ a jej obnova nie je 

moţná Ľ je tým pádom limitujúcim faktorom spermiogenézy. 
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Rozmnožovacia fáza 

 

Ke@ prvotné zárodočné germinálne bunky vstúpia do seminiferného epitelu semenníkov tak 

sa začnú deli[ do formy spermatogónie 1.rádu –A1. Pre ne je charakteristické vajcovité jádro 

obsahujúce jadrový chromatín pridruţený k jadrovej membráne. Po dosiahnutí pohlavnej 

dospelosti sa začínajú deli[ na spermatogónie Aβ. Tie sa môţu @alej deli[ na @alšie 

spermatogónieĽ môţu podstúpi[ apoptózuĽ alebo sa môţu diferencova[ na intermediálne 

spermatogónie. 

 

Rastová fáza 

 

Intermediálna spermatogónia sa mitoticky delí do formy spermatogónie typu B – 

spermatogónia β.rádu. Tá je prekurzorom spermiocytu. Spermiocyt vstupuje do meiózy. 

GDNF (Glial cell-Derived Neurotrophic Factor – neurotrofický faktor pochádzajúci z gliálnejí 

línie)Ľ je sekretovaný Sertoliho bunkami a sprostredkováva prechod medzi spermatogóniami 

a spermiocytmi. Jeho hladina určujeĽ či deliaca sa spermatogónia zostanie spermatogóniou 

alebo sa bude diferencova[ na spermiocyt. Nízka hladina GDNF – diferenciáciaĽ vysoká – 

zotrvanie vo forme spermatogónie (Meng et al., 2000). Vytvorené haploidné bunky po 

druhom meiotickom delení sa nazývajú spermatídy. Tie zostávajú navzájom spojené pomocou 

cytoplazmatických mostíkov a tvoria tzv. syncítium. Počas delenia z typu A1 spermatogónie 

na spermatídu sa pohlavné bunky pohybujú @alej od základnej membrány semenotvorných 

kanálikov smerom do stredu lúmenu. 

 

Fáza zrenia – diferenciačná (spermiohistogenéza) 

 

Haploidná spermatída cicavcov je guIatáĽ bezbičikatá bunka. Svojím vzhIadom  nepripomína 

dospelú spermiu. Konečnú podobu  získava počas spermiohistogenézy. Ako prvý sa vytvára 

akrozomálny váčik. Ten vzniká zväčšením Golgiho aparátu. Akrozóm pokrýva jadro spermie. 

Vo váčku má prítomné enzymatické proteíny ako fosfatázaĽ hyaluronidázaĽ neuraminidáza 

(FlörkeĽ Phi-vanĽ Müller-Esterl, Scheuber, & Engel, 1983). Po vytvorení akrozomálneho 

váčika sa jadro pretočí. Táto rotácia je potrebná pre tvorbu bičíka. Ten sa začne tvori[ 

z centrioly na druhej strane od jadra, a bude rás[ smerom do lúmenu kanálika. Počas 

poslednej fázy spermiohistogenézy sa jadro sploš[uje a kondenzuje. Zvyšná cytoplazma sa 

odlúči v podobe cytoplazmatickej kvapky.  
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Obr.č.  6 Spermihistogenéza (upravené z Copyright © 2004 Pearson Education, Inc., 

publishing as Benjamin Cummings Fundamentals of Anatomy &amp; Physiology SIXTH 

EDITION Frederic H.) 

 

 

 

Obr.č.  7 Spermie s cytoplazmatickou kvapkou ( z Macakova, Bohuslavova et al., 2016) 
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1.6. Patológia ejakulátu 

Oligospermia 

Oligospermia je zníţená tvorba spermií. Je najbeţnejšou príčinou neplodnosti samcov. 

FaktoryĽ ktoré spôsobujú oligospermiu môţu by[ vrodené a získané (Rowe & World Health 

Organization., 2000). K vrodeným faktorom zara@ujeme endokrinné a urologické patológie. 

Najčastejšie urologické poruchy sú varikokéla (Costabile & Spevak, 2001) – rozšírenie ciev 

v oblasti mieškaĽ a chronické infekcie močových ciest. K endokrinným poruchám 

spôsobujúcim oligospermiu zara@ujeme nedostatok gonadotropínuĽ vysokú hladinu kortizolu 

spôsobenú Cushingovým syndrómomĽ hyperprolaktémiuĽ hemochromatózu pri ktorej 

dochádza k nadmernému vstrebávaniu ţeleza z tráviaceho traktu a jeho následnému ukladaniu 

v orgánoch a celkovú nedostatočnos[ hypofýzy. K získaným faktorom zaradujeme 

prehrievanie organizmuĽ nedostatočnú výţivu hlavne deficit vitamínu CĽ selénuĽ zinku 

a kyseliny listovej, obezituĽ otravy [aţkými kovmi (Menzies, Shepherd, Nibbs, & Nelson, 

2011). 

Azospermia – neprítomnos[ spermií v ejakuláte 

Presná definícia azospermie je neprítomnos[ zrelých spermií v centrifugovanom vzorku 

ejakulátu (ZvEUinaĽ  β00γ). Azospermiu delíme na obštrukčnú a neobštrukčnú. Obštrukčnú 

azospermiu spôsobuje prerušenie komunikácie medzi semenníkom a močovou trubicouĽ čím 

sa zabráni vstupu spermií do ejakulátu. Neobštrukčná azospremia je spôsobená výrazne 

zníţenou produkciou spermií. Jej príčinou môţe by[ agenéza (nevyvinutie orgánu)Ľ alebo 

zastavenie dozrievania spermií (KolárováĽ VrtピlĽ VodickaĽ CapkováĽ & SantavýĽ β00γ) 

Nepohyblivos[ spermií – asthenospermia 

Ak máme v odobratej vzorke zníţenú pohyblivos[ menej neţ 40% pohyblivých spermií 

hovoríme o astenospermii (WHOĽ β010). Často sa pridruţujú morfologické abnormality 

bičíku ako nesprávna konštrukcia axonémy (Mitchell et al., 2006; Moretti, Pascarelli, 

Federico, Renieri, & Collodel, 2008) a fibróznej pošvy (Escalier, 2003). 

 

 

Patologická morfologi spermií – teratospermia 
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Ak máme v ejakuláte zníţenú hladinu spermií normálnej morfológie na 15% a menej 

hovoríme o teratospermii (Machev, Gosset, & Viville, 2005). Rozlišujeme Iahkú 

teratospermiu – 10 – 15 % spermií ma normálnu morfológiu a [aţkú teratospermiu - menej 

neţ 4% spermií s normálnou morfológiou (WHOĽ β010). Často príčinou je genetický faktor. 

VeImi vzácny prípad teratospermie je globospermia (spermia s guIatou hlavičkou). U takejto 

spermie väčšinou chýbajú akrozomálne štruktúryĽ a tý pádom ma spermia zníţenú schopnos[ 

viaza[ sa k zone pellucide a preniknú[ do oocytu (Edirisinghe, Murch, Junk, & Yovich, 1998; 

Rybouchkin, Dozortsev, Pelinck, De Sutter, & Dhont, 1996; Vicari et al., 2002). 

 

Obr.č.  8 Teratospermia (upravené z http://wombwithastory.blogspot.cz/2010/02/sperm-

morphology-teratozoospermia.html) 
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2. CIELE  

  

CieIom dizerertačnej práce bolo popísa[ fenotyp transgénneho miniprasa[a s HCH.   

  

1. Prvým cieIom dizertačnej práce bolo popísa[ funkčné a štrukturálne zmeny 

spermií kancov miniprasiat transgénnych pre HCH a ich kontrólnych súrodencov.   

 

2. Druhým cieIom dizertačnej práce bolo štúdium metabolických zmien 

v semenníkoch u Fβ generácie kancov miniprasiat transgénnych pre HCH pouţitím 
31

P MRI spektroskopie. 

 

3. Tretím cieIom bolo štúdium mitochondriálnej dysfunkcie spermií kancov 

miniprasiat transgénnych pre HCH. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

 

 

 

 



33 

 

3. METÓDY  

  

3.1. Experimentální model 

Použitý model: transgénne miniprasa pre Huntingtonovu chorobu  

 

Ústav ţivočíšne fyziológie a genetiky AVČR v LibEchovE dlhodobo chová a rozmnoţuje 

nepríbuzenskou plemenitbou miniatúrne prasatá, ktoré sú potomkami importovaných 

miniprasiat z University v Gottingen a University v Minesote a ich potomkov. Netransgenné 

prasničky vo veku 6 aţ Ř mesiacov boli ako darkyne jednobunkových embryíĽ tak príjemcami 

embryí po mikroinjekci lentivírusového vektoru do perivitelinného priestoru. Podarilo sa tak 

vytvori[ v roku β00ř jedinečnýĽ veIký zvierací model Huntingtonovej choroby (Baxa et al., 

2013), Naše miniprasa nesie N-terminálny fragment Iudského mutovaného huntingtínu  so 

124 CAG/CAA repetíciami 

Všetky experimenty boli vykonané so súladom ustanovenia pre zachovanie welfare zvierat so 

súhlasom Štátnej veterinárnej správy Českej republiky.  

 

 

3.2. Odber semena a testy na určenie parametrov semena  

  

Odber semena – spermiovej frakcie  

  

Odber semena bol vykonávaný ručne. Kance sa najprv museli nauči[ skáka[ na fantóm. 

Po vloţení fantómu do koterca ku kancoviĽ kanec vyskočil na fantómĽ a po začatí 

páriacich sa pohybov mu bol chytený penis a odobraná spermiová frakcia ejakulátu. Tá sa 

následne uloţila do termoskyĽ ktorá bola vyhriata na telovú  teplotu.  

  

Stanovenie počtu spermií, progresivity a motility  

  

V laboratóriu sa odobratý ejakulát prefiltrovalĽ aby sme sa zbavili prípadných nečistôt z 

odberu. Po filtrácii sa zaznamenal objem odobraného ejakulátu a následne boli zmerané 
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hodnoty progresivity Ľ motility a počty spermií pomocou SCA analyzátora (Microptic, Spain), 

(semeno sa stále udrţiavalo  v tepleĽ pri hodnotách podobných telesnej teplote).  

Motilita- celkový pohyb spermií  

Progresivita- pohyb spermie za hlavičkou  

  

Obr.č.  9 Sperm cell analyzer (Microptic, Spain) 

Test prežívateInosti spermií (zdroj Centrum PIGMOD) 

  

Najprv sme museli spermie spracova[. K spracovaniu sme pouţívali BTS riedidlo 

(obr.č.10). K ejakulátu sme pridali BTS riedidlo a centrifugovali pri 600G β0 min a 

teplote β4 ºC. Potom sme odstránili supernatantĽ spermie sme preniesli do 15 ml 

skúmavky a doliali BTS doplna. Centrifugovali sme @alších 10 minút pri 600G. Po 

odstránení supernatantu sme spermieĽ čo zostali na dne skúmavky rozuspendovali v 

pomere 1:1 s BTS riedidlom. Skúmavky so vzorkami sme dali do polystyrénovej 

krabičkyĽ v ktorej bola teplá vodaĽ a uţili do chladničky (kvôli postupnému schladeniu 

spermiíĽ náhly pokles teploty by ich zničil). V priebehu 5 dní za sebou sme zo vzoriek 

kaţdý deO merali hodnoty progresivity a motilityĽ po zahriatí vzorky na γ6 ºC a zriedení 

vzorky 1:50 s BTS riedidlom.  
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Penetračný test  

 

Získavanie oocytov 

5 prasničiek bolo počas 15 dní synchronizovaných pomocou Regumate (Jenssen 

Pharmaceutical) na vyvolanie Estru. Superovulácia bola vyvolaná injekciou PMSG (pregnant 

mare‟s serum gonadotropin) (FoligonĽ Intervet International B.V.)  na 15 deO kSmenia 

Regumetom. Po 4Ř hodinách od napichania PMSG sa prasnice humánne zabili, a vyizolovali 

sa oocyty. 

 

1.deO  

Vopred pripravený kultivačný roztok na oocyty a manipulačný roztok (obr.č.10) na oocyty 

sme si nechali zahria[ v inkubátore (inkubátor bol nastavený na γ7 ºCĽ 7% kyslíka). Izolácia 

oocytov prebiehala o 1γ hodine. Oocyty sme dávali do vopred zohriateho manipulačného 

média. Po dokončení izolácie sme ich z manipulačného média preniesli do teplého 

kultivačného média (obr.č.10) a nechali inkubova[ v termostate do nasledujúceho dOa 

(inkubátor bol nastavený na γ7 ºCĽ 5% CO2, 7% kyslíka).  

β.deO  

O ř hodine ráno sme prenášali inkubované oocyty do nového manipulačného média a nechali 

inkubova[ do druhého dOa  (inkubátor bol nastavený na γ7 ºCĽ Ľ5% CO2, 7% O2).  

Taktieţ sa odobrali spermie, spracovali pomocou BTS riedidla. Potom sme do skúmavky dali 

400µl ţGtok-laktózy a na to sme navrstvili 400µl vzorky semena. To sme potom uloţili do 

polystyrénovej chladiacej veţe do druhého dOa (ta udrţovala teplotu okolo 17ºC)  

γ.deO  

Ráno o 7 hodine boli oocytom odstránené kumulárne bunky za pomoci Hyásy (Sigma  

Aldrich). Oocyty boli následne prenesené do oplodOovacieho roztoku  (obr.č.10) vyhriateho 

na γ7 ºC. Na inkubátore sme zníţili prívod kyslíka zo 7% na 5%. Kým sme si pripravili 

spermie na oplodOovanieĽ oocyty sme nechali inkubova[ v termostate.  

 

Príprava spermií na oplodnenie  
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Vzorky semena sme vybrali z chladiacej veţe. Do βĽ5 ml manipulačného média pre spermie  

(obr.č.10) sme pridali 50µl semena. Po premiešaní sme β minúty centrifugovali pri β00G a 

β6ºC.  Následne sme supernatant zIahka preniesli do druhej skúmavky a centrifugovali Ř min 

pri 250G. Supernatant bol pouţitý na oplodnenie. Mnoţstvo koIko supernatanu sa pouţije k 

oplodneniu sme si vopred vyrátali aby koncentrácia spermií bola 1 milión na ml. Po pridaní 

spermií k oocytom sme ich nechali 15 minú[ inkubova[. Následne sme preniesli oocyty i s 

naviazanými spermiami do čistého oplodOovacieho roztoku a nechali inkubova[ do @alšieho 

dOa.  

4.deO  

Po vybratí oocytov z termostatu sa robili vzorkyĽ ktoré by sa dali pozorova[ pod 

mikroskopom. Na podloţné sklíčko sme ukladali oocyty pribliţne do rady v počte 10 kusov. 

Po prikrytí krycím sklíčkom sme ich nechali fixova[ do nasledujúceho dOa vo fixačnom 

roztoku (10ml kyseliny octovej + 30 ml etanolu).  

5.deO  

Vzorky sme nafarbili orceínom pre lepšiu viditeInos[ oocytov a preniesli s fixačného roztoku 

do diferenciačného média (15ml kyselina octová + 15 ml etanol+ 15 ml destilovanej vody). 

Nasledujúce dni sme vzorky pozorovali pod mikroskopom a vyhodnocovali percento 

úspešnosti oplodnenia.  

 

Počet spermiíĽ progresivitaĽ motilita a penetračné testy boli štatisticky vyhodotené pomocou 

softvéru GraphPad Prism 5Ľ0. Na vyhodnotenie sa pouţil Kolmogorov-Smirnov test normality 

a na štatistické vyhodnotenie Mann.Whitney U test. 
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Zloţenie roztokov pouţívaných pri penetračných testoch a BTS riedidla  

  

Kultivačný 
roztok oocyty 

Manipulačný 
roztok oocyty 

Manipulačný rotok 
spermie 

OplodOovací roztok 
spermie 

BTS riedidlo 

50 ml 50 ml 50 ml 50 ml 250 ml 

199H (TCM 199)         

8,4ml 

199H (TCM 199)        

9,2ml 

NaCl                                  

330mg 

NaCl                                  

330mg 

Glukóza                   
9,2g 

7,5% NaHCO3                  

3,9 ml 

7,5% NaHCO3          

1,0 ml 

KCl                                     

15mg 

KCl                                       

15mg 

Citrát sódny           
1,5g 

Ca-Laktát                     
50mg 

Ca-Laktát                        
- 

Na-Laktát                          
50mg 

Na-Laktát                          
50mg 

EDTAx2H2O    

0,31025g 

Na-Pyruvát                 
20mg 

Na-Pyruvát                 
20mg 

Ca-Laktát                        
100mg 

Ca-Laktát                        
100mg 

NaCl                    

0,0312g 

PVA                                   

-  

PVA                              

300mg 

KH2PO4                           

5mg 

KH2PO4                           

5mg 

KCl                            

0,02g 

Hepes acid                

200mg 

Hepes acid                

200mg 

MgCl2x6H2O                     

10mg 

MgCl2x6H2O                     

10mg 

7,5% NaHCO3          

4,2ml 

Glutamín                      
10mg 

Glutamín                      
10mg 

Na-Pyruvát                        
8mg 

Na-Pyruvát                        
8mg 

AmfotericínB       
1β5µl 

Streptomicín                
7mg 

Streptomicín                
7mg 

Hepes Acid                    

235mg 

Hepes Acid                      

35mg 

Kanamycín            
0,02g 

AmfotericínB             
100µl 

AmfotericínB             
100µl 

Coffein                            

30mg 

Coffein                            

- 
 

Kanamycín                    
8mg 

Kanamycín                    
8mg 

PVA                                  

105mg 

PVA                                  

105mg 
 

  Kanamycín                         
8mg 

Kanamycín                         
8mg 

 

  Streptomycín                
3,5mg 

Streptomycín                
3,5mg 

 

Obr.č.  10  Zloženie roztokov používaných pri penetračných testoch  

 

Imunocytochemické pokusy  

  

Spermie boli pomocou cytospinu (800GĽ5min) nanesené na čisté podloţné sklíčko. Pri 

pokuse boli fixované metanolom 5 minút a následne acetónom  na γ0s. Sklíčka boli 

blokované 5 % kozím sérom a 5% mliekom na γ0 minút. Následne boli inkubované β 

hodiny s protilátkou γB5H10 (γB5H10Ľ Sigma Aldrich) v riedení 1:500 pri 4°C. Ako 

sekundárna protilátka sa pouţila Alex Fluor 488 (A21424,Invitrogen) v riedení 1:500 na 1 
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hodinu. DAPI bolo pridané v montovacom médiu. Sklíčka boli pozorované pomocou 

skenovacieho mikroskopu Olympus BX.  

 

3.3. Príprava spermií a testikulárneho tkaniva pre imunohistochémiu a Western blot  

Testikulárne tkanivo bolo odobraté z kancov po prepláchnutí zviera[a studeným PBS. Zviera 

sa najprv uspalo pomocou zmesi TKX (Tiletamin 4 mg/kg, Zolazepam 4 mg/kg (Zoletil 100, 

Virbac), Ketamin 5 mg/kg (Narketan 10, Chassot) a Xylazin 1 mg/kg (Rometar 2%, Spofa)). 

Dávkovanie zmesi je 1 ml na 15 kg. Po uspaní bol následne do ţily podaný heparín (Heparin 

inj. 1x10ml/50KU). Nasledovalo prepláchnutie zviera[a studeným PBS vychladeným na 4 °C. 

Po vybratí semenníkaĽ bol pravý semenník fixovaný v 4% paraformaldehyde s následnou 

kryoprotekciou v 30% sacharóze a v 0Ľ1 M PBS. Takto pripravené tkanivo sa následne 

vyuţívalo na imunohistochémiu a elektrónovú mikroskopiu. Havý semenník sa pouţil na 

SDS-PAGE a Western blot. 

Zmrazené testikulárne tkanivo bolo krájané pomocou kryostatu Leica CM1ř50. Rezy 

semennikov s hrúbkou 5 µm boli namontované na podloţné sklíčka potiahnuté β% siláne 

(Sigma-Aldrich). Sklíčka sa zahrievali 10 minút pri pretlaku 0Ľ7 bar v 0Ľ01 M pufru citrátu 

sodného (pH 6Ľ0) s pouţitím tlakového hrnca (StebaĽ Nemecko) na získanie antigénu. Rezy 

boli blokované 10% kozím sérom. Následne bola pouţitá monoklonálna myšacia protilátka 

anti-PCNA (ab29, Abcam 1:2000) a monoklonálna králičia protilátka anti – Ki67 (ab 16667, 

Abcam 1:1000) alebo králičia anti-Htt monoklonálny protilátka (EPR55β6Ľ Abcam 1:250) cez 

noc pri teplote 4°C. Rezy farbené EPR55β6 sa @alej spracovali s Alexa konjugovanou koziou 

protilátkou (Amersham 1: 500) počas 1 hodiny pri laboratórnej teplote. Následne došlo 

k montovaniu rezov s montáţnym médiom obsahujúcim DAPI. Rezy boli digitalizované 

pomocou skenovacieho mikroskopu Olympus BX a obrázky boli upravené pomocou softvéru 

VS-120.  

SDS-PAGE a Western Blot 

Semenníky sa homogenizovali v kvapalnom dusíku za pomoci maţiaru. Homogenizované 

semenníky boli lyzované v RIPA pufri (150nM NaCl,1 % NP – 40Ľ 0Ľ5 % deoxycholátĽ 0Ľ1 % 

SDS, 50nM Tris-HCl pHŘĽ inhibítory fosfatáz a protéaz). Následne sa homogenát sonifikoval 

a centrifugoval pri 4 °CĽ 10 000G počas 10 minút. Vzorky (20 たg celkového proteínu) boli 

nanesené na γ-8% Tris-acetátový gél (EA03755, LifeTech). Rozdelenie proteínov prebiehalo 
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pri 150 V. Gél sa preniesol na nitrocelulózovu membránu (IB301001, LifeTech) pri 250 mA. 

Membrána bola blokovaná v 5 % odstredenom mlieku. Následne bola pridaná anti Htt 

protilátka (EPR5526, Abcam, 1: 30 000 alebo AB1, Sigma Aldrich; 1 000) alebo anti-polyQ 

protilátka (γB5H10Ľ Sigma Aldrich; 1: 3 000). Ako kontrola sa pouţilo farbenie tubulínom 

(anti-tubulin; Sigma Aldrich; 1: 10 000). Následne sa pouţila konjugovaná sekundárna 

protilátka s HRP (anti-myšacia, 711-035-152, Jackson ImmunoResearch; 1: 10 000 alebo anti-

králičia, 711-035-152; Jackson ImmunoResearch; 1: 10 000). Signál bol zachytený na filmoch 

CL-Xposure (34091, Thermo Scientific) a vyvolaný pomocou  ECL (RPN2232; GE 

Healthcare). 

Na štatistickú analýzu sa pouţíval program GraphPad Prism 5.0. Vzorky sa štatisticky 

vyhodnocovali pomocou ANOVA testu a Ducanovho testu. 

3.4. Príprava vzoriek pre hormonálnu analýzu 

Hormonálny test 

Vzorky krvi sa v priebehu štúdie odobrali 5 krát. Na pokus sa pouţilo 15 TG a 8 WT kancov 

zodpovedajúceho veku ( 7 – γ0 mesiacov). Vzorky krvi sa nechali zráţa[ 60 minút pri 

laboratórnej teplote. Nasledovala centrifúgacia pri 1500 GĽ 10minút pri 4 °C. Odsali sme 

supernatan a ten sme centrifugovali 1500 GĽ 10minút pri 4 °C.  Sérovéhladiny testosterónu 

a luteinizačného hormónu (LH) boli stanovené pomocou komerčných súprav. Súpravy ELISA 

(CSB-E06796p, CSB-E06791p, CSB-E12870p, CSB-EL-011718PI; CUSABIO, Wuhan, 

Čína).  

Na štatistickú analýzu sa pouţíval program GraphPad Prism 5.0. Vzorky sa štatisticky 

vyhodnocovali pomocou Kolmogorov-Smirnov test normality a nepárový T testom. 

3.5. Príprava spermií pre transmisnú elektronovú mikroskopiu, vyhodnotenie vzoriek 

Malé bloky vzoriek testikulárneho tkaniva a ejakulátu boli fixované v 300 mM glutaraldehydu 

(Sigma-Aldrich) v 100 mM kakodyláte pufru počas β hodín pri izbovej teplote (RT)Ľ premytý 

rovnakým pufrom a postfixované v 40 mM oxidu osmičelého (Polysciences) pri 100 ° C mM 

kakodylátového tlmivého roztoku počas 1 hodiny pri izbovej teplote. Vzorky testikulárneho 

tkaniva boli vloţené do aralditovej ţivice (Durcupan ACMĽ Sigma-Aldrich) opláchnuté v 

kakodylátovom tlmivom roztoku a dehydratované v etanole. Vzorky ejakulátu boli vloţené do 
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agarových blokovĽ dehydratované v etanole a vloţené do aralditovej ţivice (Durcupan ACMĽ 

Sigma-Aldrich).  

Pre imunohistochemickú analýzu boli vzorky ejakulátu premyté sa v PBS a fixované v 4% 

paraformaldehyde s 0,1% glutaraldehydu v PBS. Vzorky boli vloţené do agarových blokovĽ 

dehydratované v etanole a zapustené do LR bielej ţivice (Sigma-Aldrich). Vzorky sa 

inkubovali s myšou anti-polyglutamínovou monoklonálnou primárnou protilátkou 

(MAB1574, Millipore, 1: 50) cez noc pri 4 ° C. Potom boli rezy prpláchnuté v PBS 

a inkubované s protilátkou proti myšaciemu IgG-Gold (10 nm zlaté častice; G765β; Sigma-

Aldrich; 1:40) počas β hodín pri izbovej teplote. Vo všetkých pre elektrónovú mikroskopiu sa 

pouţili rezy s hrúbkou 60 nm narezané pomocou  ultramikrotomu Leica EM UC6 a zafarbené 

uránom acetátom s citrátom. Sekcie boli preskúmané pod FEI Morgagni β6ŘD elektrónovým 

mikroskopom (spoločnos[ FEIĽ Holandsko) pri 70 ° C kV. 

3.6. Príprava kancov pre  
31

P MR spektroskopiu 

Pre pokus bolo pouţitých 5 TgHD kancov a 5 WT kancov z F2 generácie. Kance boli pod 

anestéziou. Ako anestetikum bol pouţitý  propofol (Propofol 1% Fresenius) v kombinácii 

s itramuskulárnou premedikáciou aplikáciou zmesi TKX (Tiletamin 4 mg/kg, Zolazepam 4 

mg/kg (Zoletil 100, Virbac), Ketamin 5 mg/kg (Narketan 10, Chassot) and Xylazin 1 mg/kg 

(Rometar 2%, Spofa)) v kombinácii s diazepanom (0.25 mg/kg, Apaurin). Na kontrolu 

ţivotných funkcií bol na chvost pripnutý pulzný oximeter.   

31
P MR spektoroskopia bola vykonávaná za pouţitia prístroja γT MR skaneru (Siemens 

Magnetom Trio). Vonkajšia dvojitá povrchová cievka 1H / γ1P (Rapid BiomedicalĽ RimparĽ 

Nemecko) bola umiestnená pod zviera v brušnej polohe. Pre lokalizáciu spektra boli tri kolmé 

obrazy získané štandardnou sekvenciou TβW echoturbospin (TR = 4 400 msĽ TE = řř msĽ 

hrúbka rezu = 4 mm)Ľ spektrá boli získané sekvenciou βD - CSI (Two - Dimensional 

ChemicalShift Imaging) (TR = 4 000 ms, TE = 2ms, VOI 240x240x25 mm) 
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Obr.č.  11 Pozície spektroskopickej mriežky v programe jSIPRO 

(obrázok z publikácie (Jozefovicova et al., 2016)) 

 

Na štatistickú analýzu sa pouţíval program GraphPad Prism 5.0. Vzorky sa štatisticky 

vyhodnocovali pomocou Shapiro-Wilk test na normálnu distribúciu. Následne bol pouţitý 

Studentov –T test. 

3.7. Príprava spermií pre štúdium  metabolizmu mitochondrií  

Vzorky spermií sa získali od TgHD kancov a ich kontrolných WT súrodencov (n = 12) z 

dvoch generácií (Fl a Fβ) vo veku medzi 1β a 65 mesiacmi. Vzorky boli získané opakovane 

počas trojročného priebehu štúdie aţ osemkrát od jedného zviera[a. V týchto vzorkách bola 

stanovená MM (vrátane cyklu trikarboxylovej kyseliny (TCA)Ľ OXPHOS a komplexu pyruvát 

dekarboxylázy (PDHc) detekciou oxidácie rádioaktívne značených substrátov (MEGS) a 

obsah podjednotiek OXPHOS bol detegovaný Western blotom. U ôsmich kancov bolo 

meraná respirácia spermií v časovom priebehu troch rokov. Vţdy boli porovnávené dvojice 

súrodencov TgHD a WT. 
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Pair No. HD status generation age at the time of measurement (months) 

1 TgHD F1 12, 14, 19, 23, 30, 36, 42, 47 

1 WT F1 22, 24, 29, 33, 41, 46, 53, 58 

2 TgHD F1 12, 14, 19, 23, 30, 36, 42, 47 

2 WT F1 40, 48, 53, 60, 65 

3 TgHD F2 14, 18, 22, 23, 30, 34 

3 WT F2 14, 18, 22, 23, 30, 34 

4 TgHD F2 22, 25, 32, 36 

4 WT F2 20, 22, 25, 32, 36 

5 TgHD F2 16 

5 WT F2 16 

6 TgHD F2 16 

7 WT F1 10, 12 

Obr.č.  12 Plán odberu vzoriek pre meranie MEGS 

(obrázok z publikácie (Krizova et al., 2017)) 

 

Pair No. HD status generation age at the time of measurement (months) 

1 TgHD F1 30, 36, 42, 47 

1 WT F1 41, 46, 53, 58 

2 TgHD F1 30, 36, 42, 47 

2 WT F1 48, 53, 60, 65 

3 TgHD F2 20, 23, 30, 34 

3 WT F2 20, 23, 30, 34 

4 TgHD F2 22, 25, 32, 36 

4 WT F2 22, 25, 32, 36 

Obr.č.  13 Plánodberu vzoriek pre respiračné analýzy 

(obrázok z publikácie (Krizova et al., 2017)) 

 

Odber semena a izolácia spermií 

Všetky ejakuláty sa vyhodnotili pomocou  SCA analyzátora (Microptic, Spain) ihne@ po 

odbere. Čas[ čerstvého ejakulátu bohatého na spermie sa zriedil β:1 s BTS riedidlom. 

Následne boli ponechané v kIude pri izbovej teplote počas γ0 minút. Potom vzorka bola 

centrifugovaná počas β0 minút pri β5 ° C a β50 G.. Bunky boli opä[ premyté v pomere 1: 2 a 

1: 1 s BST a táto suspenzia bola pouţitá na analýzy. Funkčné merania (respiračné a MEGS 

analýzy) boli vykonané počas jedného dOa. Počas prepravy boli premyté bunky inkubované 

pri izbovej teplote pre meranie dýchania. Pri analýze kapacity mitochondriálneho systému 

generovania energie (MEGS) sa spermie prepravovali a uchovávali na mokrom Iadu a pre 
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analýzy proteínov / WB sa bunky ihne@ zmrazili v kvapalnom dusíku a uskladnili sa pri 

teplote -Ř0 ° C aţ do pouţitia.  

Meranie kapacity mitochondriálneho systému generujúceho energiu (MEGS) 

Z homogenátu čerstvých spermií (celkový počet 6 aţ γβ x 109
 spermií) sa pripravil pri       4 

°C v sklenenom homogenizátore Potter-Elvehjem v 150 mM KCI, 50 mM Tris-HCl, 2 mM 

EDTAĽ pH 7Ľ4 s prídavkom proteázového inhibičného koktailu (PIC, Sigma-Aldrich, Saint 

LouisĽ MOĽ USA). Homogenát sa sonifikoval  trikrát počas 5 s a pouţil sa na analýzu MEGS. 

Kapacita MEGS sa analyzovala v čerstvom homogenáte meraním oxidačných pomerov [14
C] 

pyruvátuĽ [U-
14C] malátu a [1Ľ4-

14
C] sukcinátu podIa Janssena (JanssenĽ Trijbels a kol.Ľ β006) 

v desiatich rôznych inkubáciách. Pre kaţdú reakciu sa pouţilo 5 ul homogenátu s 

koncentráciou proteínu 4 aţ Ř mg / ml. Produkcia 
14

COβ sa spočítala v Beckman Coulter LS 

(Brea, CA, USA).  

Respirometria 

Spotreba kyslíka bola meraná v permeabilizovaných spermiách s digitonínom pri  γ7 ° C 

pomocou OROBOROS Oxygraph-2k (OROBOROS INSTRUMENTS Corp, Innsbruck, 

Rakúsko)  v βml komore s médiom na báze KCl (Ř0mM KCIĽ 10mM TrisĽ γmM MgClβĽ 

1mM EDTA, 5 mM fosforečnan draselnýĽ pH 7Ľ4). Permeabilizácia plazmatickej membrány 

bola uskutočnená ručnou titráciou pribliţne 4Ľ1 µM digitonínu. Nasledujúci protokol zahSOal 

viaceré substráty a inhibítory  10 mM glutamátĽ βĽ5 mM malátĽ 1 mM ADP + Mgβ +Ľ 0.5 pM 

rotenónĽ 10 mM sukcinátĽ antimycín AĽ 4mM askorbát a 0Ľ4mM TMPD (NĽ NĽ N 'Ľ N'-

tetrametyl-1,4-fenyléndiamín) Dýchanie bolo uvoInené titráciou 1Ľ5 uM FCCP 

(karbonylkyanid p (trifluórmetoxy) fenylhydrazón) a nakoniec sa inhibovalo pridaním 10 mM 

azidu sodného. 

Rozdiely medzi pozorovanými aktivitami / pomermi enzýmov v kontrolách TgHD a WT s 

ohIadom na vek a generáciu sa skúmali pomocou modelov lineárnej regresie so zmiešanými 

účinkami. Hodnoty P (upravené pre viacnásobné porovnanie pomocou metódy Benjamini & 

Yekutieli) menej ako 0Ľ05 sa povaţovali za štatisticky významné. Analýzy boli vykonané s 

pouţitím štatistického balíka RĽ verzia γ.β.β. 
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SDS-PAGE a imunodetekcia mitochondriálnych proteínov 

Spermie boli lyzované v pufri RIPA (50 mM Tris-HCl (pH 7,4), 150 mM chloridu sodnéhoĽ 1 

mM PMSF, 1 mM EDTA, 1% Triton X-100 a 0,1% SDS, PIC (Sigma-Aldrich, Saint Louis, 

MOĽ USA)) počas β0 minút na Iade a centrifugované pri 51 000 G počas β5 minút pri teplote 

4 ° C. Vzorky sa disociovali vo vzorkovacom pufri obsahujúcom 50 mM Tris-HCl (pH 6,8), 

12% (V / V) glycerolu, 4% SDS, 2% (V / V) 2-merkaptoetanol a Bromphenol Blue 0,01% 

počas γ0 minútĽ γ7 ° C. Proteíny boli separované na 1β% polyakrylamide. Do kaţdej dráhy 

bolo nanesených 10 ug proteínu. 

Proteíny boli elektroblotované na membránach Immobilon®-P PVDF (Millipore, Billerica, 

MAĽ USA) s polosuchým prenosom počas 1 hodiny pri konštantnom prúde (0Ľ7 mA / cmβ). 

Membrány vysušené vzduchom (cez noc) boli opláchnuté v 100% metanole a blokované 5% 

roztokom sušeného mlieka bez tuku v TBS-pufrovanom fyziologickom roztoku (TBS) počas 

β hodín. Bloty boli inkubované s primárnymi protilátkami v 0Ľ1%) Tween β0 a 1% roztoku 

sušeného mlieka β hodín. Pre homeostázu mitochondriálneho metabolizmu boli pouţité 

nasledovné monitorovacie protilátky: anti-SDHA (ab14715), anti-SDHB (ab14714), anti-

UQCR1 (ab110252), anti-NDUFA9 (ab14713), anti-NDUFB6 (ab110β44) ) AbbotĽ protilátka 

anti-FO-OSCP (ab110276), Anti-Aconitáza β (ab110γβ1) (všetky uvedené vyššie od AbcamĽ 

Cambridge, UK), anti-OPA1 (612606, BD biosciences, San Jose, CA, USA) a anti-く-tubulín 

(T4026, Sigma-Aldrich, Saint Louis, MO, USA). Ako sekundárna protilátka sa pouţila IgG 

peroxidázovo konjugovaná anti myšacia alebo anti králičia protilátka (A8924, A0454, ako 

Sigma-Aldrich, Saint Louis, MO, USA) v 0,1% Tween 20 a 1% roztoku mlieka počas 1 

hodiny. Vizualizácia bola uskutočnená pomocou SuperSignal West Femto maximálneho 

citlivého substrátu (ThermoFisher ScientificĽ WalthamĽ MAĽ USA) na systéme zobrazovania 

SynGene (Synoptics Group, Cambridge, UK). 

SDS-PAGE a imunodetekcia huntingtinu 

Vzorky zmrazených tkanív boli lyzované v RIPA pufri pre spermie (150 mM NaClĽ 0Ľ05% 

NP-40Ľ 1% deoxycholát sodnýĽ 0Ľ1% SDSĽ 1% Triton X-100, 5mM EDTA pH 8.0, 50mM 

Tris- HCl pH ŘĽ0Ľ močovinaĽ DTTĽ inhibítory fosfatáz a proteáz). Potom sme ich vortexovali 

najmenej 60 minút pri 4 ° CĽ následne  sa sonifikovali počas 15 minút a centrifugovali sa pri 

15 000 G počas 10 minút pri 4 ° C. Vzorky boli nanesené na γ- 8% Tris-acetátový gél 

(ThermoFisher Scientific, Waltham, MA, USA) a gél bol napojený  pri 150 V. Gél bol 

prenesený na nitrocelulózovú membránu (ThermoFisher ScientificĽ WalthamĽ MAĽ USA) Ľ 
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membrány boli zablokované v 5% sušenom mlieku počas 1 hodiny a sondy boli cez noc 

testované vhodnou protilátkou. Pre naše experimenty sme pouţili anti-Htt protilátku 

(EPR5526, Abcam, Cambridge, UK, 1: 3000). Bola pouţitá sekundárna peroxidázou 

konjugovaná protilátka (anti-králičie IgGĽ Jackson ImmunoResearchĽ West GroveĽ PAĽ USAĽ 

1: 10000, # 711-035-152).  
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4.1. Mutovaný huntingtín spôsobuje testikulárnu patológiu u kancov transgeného   

miniprasa[a  

  

Mutated huntingtin causes testicular pathology in transgenic minipig boars  

 

Monika Macakova, Bozena Bohuslavova, Petra Vochozkova,  Antonin Pavlok, 

Miroslava Sedlackova, Daniela Vidinska,  Klara Vochyanova,  Irena Liskova, 

Ivona Valekova, Monika Baxa, Zdenka Ellederova,  Jiri Klima, Stefan Juhas, Jana Juhasova, 

Jana Klouckova, Martin Haluzik,  Jiri Klempir,  Hana Hansikova, Jana Spacilova,  

Ryan Collins, Ian Blumenthal,  Michael Talkowski,  James F. Gusella, David S. Howland, 

Marian DiFiglia,  Jan Motlik (2016) 

 Neurodegenerative Diseases, 16(3–4), 245–259. https://doi.org/10.1159/000443665 

IF (2016) 2,842 

 

V tejto publikácii poukazujeme na patológiu TgHD semenníkov kancov v dôsledku 

prítomnosti mutovaného proteínu huntingtínu. Aj ke@ mtHtt spôsobuje predovšetkým 

degeneráciu neurónovĽ môţe ovplyvOova[ aj periférne tkanivá. U F1 generácie našich TgHD 

kancov sa ako prvý fenotyp prejavil práve rozvoj testikulárnej degenerácie – a to hlavne ako 

poruchy v reprodukcii. Prvýkrát bol pozorovaný vo veku 13 mesiacov kancov (Baxa et 

al.,2013).  Môţe to by[ spôsobené práve týmĽ ţe semenníky majú najviac podobnú génovú 

expresiu ako mozog a táto podobná expresia môţe spôsobi[ atrofiu semenníkovĽ ktorá bola 

taktieţ pozorovaná u trangénnych modeloch HCH myší.  

CieIom publikácie bolo sledovanie reprodukčných parametrov TgHD kancov v porovnaní s 

ich WT súrodencami. Na testovanie sme pouţili najstarších kancov z F1 a Fβ generácie (rok 

narodenia 2009-2011).  Zamerali sme sa na patológiu spermií a semenníkov. Prvotnou úlohou 

bolo zisti[Ľ či inzert lentivírusového  konštruktu neporušil ţiadne kódujúce sekvencie v 

genóme prasa[a. Potom sme sa zamerali na poruchu reprodukcie. Počet spermií v ejakuláteĽ 

progresivitu a motilitu spermií sme detegovali pomocou SCA analyzátora (Sperm Cell 

Analyzer). Tam sme dokázaliĽ ţe TgHD kance majú zníţený počet spermií (obr.č. 14Ľ 15), 

zníţenú progresivitu (obr.č. 17) a motilitu (obr.č. 14, 16). Pri penetračných testoch sme zistili 

zníţenú schopnos[ penetrova[ do oocytu in vitro u spermií TgHD kancov (obr.č.  18). Všetky 

parametre sa s pribúdajúcim vekom zhoršovali. Pomocou elektrónovej mikroskopie boli 

https://doi.org/10.1159/000443665
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detegované mnohé patologické zmeny bičíkov (deformácia mitochondriálneho pláš[a  bičíka 

a krčka spermieĽ zvinuté bičíkyĽ dvojitá axonéma) (obr.č. 19) a tieţ epitelu semenníkov 

(Sertoliho bunky boli apoptotickéĽ čo sa prejavilo zvýšenou denzitou cytoplazmyĽ jej 

vakualizáciou) (obr.č. 20) 

   

A                                                                          B 

Obr.č.  14 Počet spermií a motilita  A) V Iavo vidíme vzorku ejakulátu WT kanca, kde je 

výrazne vyšší počet spermií a motilita oproti vzorke TgHD kanca napravo, B) Vzorka 

ejakulátu TgHD kanca, červená farba označuje veImi rýchle spermie, zelená farba stredne 

rýchle spermie, modrá farba pomalé spermie a žltá nepohyblivé spermie)(zdroj Centrum 

PIGMOD – nepublikovaný obrázok) 

 

Okrem toho imunohistochemické vyšetrenie potvrdilo signifikantne niţšiu proliferačnú 

aktivitu spermatogónií v semenníkoch TgHD kancov. V štúdii sme poskytli dôkaz 

degenerácie spermií a testikulárnej dysfunkcie  na  modely transgenného miniprasa[a pre 

HCH. Boli detegované fragmenty mtHttĽ ktoré indukujú cytotoxicitu (obr.č. 21). V 

spermiách bol exprimovaný endogénny aj mutovaný huntingtín (obr.č. 21). 
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   A                                                                                     B 

Obr.č.  15 Počet spermií A) Počet spermií TgHD kancov z F1 generácie vo veku 25 -36 

mesiacov a vo veku 37-48 mesiacov bol signifikatne znížený v porovnaní z kontrolnými 

zvieratami, B) počet spermií v ejakuláte TgHD kancov z F2 generácie je tiež nižšia oproti WT 

súrodencom. Na analýzu bol použitý Kolmogorov-Smirnov test normality a štatistické 

vyhodnotenie Mann-WhitneyU test. 

(  z Macakova, Bohuslavova et al., 2016) 

 

  A                                                                               B 

Obr.č.  16 Motilita spermií A) Signifikatne znížená motilita spermií TgHD kancov z F1 

generácie vo veku 37-48 mesiacov B) Signifikantne znížená motilita spermií TgHD kancov z 

F2 generácie vo veku 13-24 mesiacov a vo veku 25 -36 mesiacov. Na analýzu bol použitý 

Kolmogorov-Smirnov test normality a štatistické vyhodnotenie Mann-WhitneyU test.   

( z Macakova, Bohuslavova et al., 2016) 
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               A                                                                       B 

Obr.č.  17  Progresivita spermií A) Signifikantne znížená progresivita spermií TgHD kancov 

u F1 generácie vo veku 37 -48 mesiacov. B) Znížená progresivita spermií TgHD kancov u  F2 

generácie. Na analýzu bol použitý Kolmogorov-Smirnov test normality a štatistické 

vyhodnotenie Mann-WhitneyU test.   

( z Macakova, Bohuslavova et al., 2016) 

 

 

           A                                                                            B                        

Obr.č.  18 Znížená penetračná schopnos[ spermií  A) Signifikante znížená penetračná 

schopnos[ spermií TgHD F1 kancov vo veku 23-30 mesiacov a vo veku 34-41 mesiacov. B) 

Znížená penetračná schopnos[ spermií TgHD F2 kancov vo veku 11-18 meseiacov a vo veku 

23-30 mesiacov. Na analýzu bol použitý Kolmogorov-Smirnov test normality a štatistické 

vyhodnotenie Mann-Whitney U test.   

(zdroj Centrum PIGMOD – nepublikovaný obrázok) 
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A                                                                  B 

Obr.č.  19 Morfologické zmeny spermií  A) Spermia s cytoplazmatickou kvapkou B) Bičík 

s trojitou axonémou  

( z Macakova, Bohuslavova et al., 2016) 
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A                                                                           B 

 

 

C                                                                            D 

Obr.č.  20 Semenotvorný epitel TgHD kancov vo veku 36 mesiacov. A- Znížená  

spermatogenézy. Sertoliho buniek (SC), spermií (Sp). (B) semenotvorný epitel obsahujúci 

iba intaktné Sertoliho bunky, žiadne prvky spermatogenézy  

 (C) Sertoliho bunky toho istého tubulu - sústredné cisterny endoplazmatického 

retikulum (ER) v apikálnej cytoplazme. (D) Sertoliho buniky podstupujúcich 

apoptózu v kanáliku. Jadro Sertoliho bunky (N).  

( z Macakova, Bohuslavova et al., 2016) 
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A 

 

B 

Obr.č.  21 Expresia Htt v semenníkoch A) M = myoidné bunky. Celkový proteín 

huntingtínbol imunohistochemicky vizualizovaný pomocou protilátky EPR5526 v sekciách 

WT a transgénnych (TgHD) prasacích semenníkov. EPR5526 (červená, farba ) bola 

detegovaná v semenotvornom  epiteli ohraničenom membránou zo základnej membrány 

(čiarka) a lumenom (hviezdičkou). Myoidné bunky boli negatívne zafarbené. Bunkové 

jadrá boli kontrastné s DAPI (modrá). Významné jadrá Sertoliho buniek (šípky) prítomné 

v atrofických semenných tubulách (atrofické TgHD) dokumentovali stratu zárodočných 

buniek. Prázdna sekcia WT testis zafarbená iba s sekundárnou protilátkou konjugovanou s 

A647. Stupnica s mierkou = 20 たm. B) Western analýza semenníkov; Reprezentatívna 

vzorka. Protilátka detegovala endogénnu Htt, transgénnu mtHtt a fragmenty.  

( z Macakova, Bohuslavova et al., 2016) 
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Touto štúdiou sme preukázali poškodenie spermií TgHD kancov a rozsiahlu testikulárnu 

degeneráciu na modely TgHD miniprasa[a. Dokázali smeĽ ţe inzercia lentivírusového 

konštruktu neporušila ţiadnu kódujúcu sekvenciu v genóme prasa[a. Štúdia naznačilaĽ ţe 

testikulárny defekt bol spôsobený prítomnos[ou  mtHtt a jeho fragmentovanej cytotoxickej 

formy v testikulárnom tkanive, pretoţe sme nezaznamenali hormonálne zmenyĽ ktoré sme 

merali u TgHD zvierat aj u  ich zdravých súrodencov.  
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4.2. 
31P MR spektroskopia semenníkov a imunohistochemická analýza spermií 

transgénnych kancov realizovaná pre  N koncovú čas[ Iudského mutovaného 
huntingtinu  

  

31
P MR Spectroscopy of the Testes and Immunohistochemical Analysis of Sperm of  

Transgenic Boars Carried N terminal Part of Human Mutated Huntingtin  

M. JozefovicovaĽ V. HerynekĽ F. JiruĽ M. DezortovaĽ J. JuhásováĽ S. JuhasĽ J. KlímaĽ B. 

Bohuslavova, J. MotlikĽ M. Hájek  

  

Článek: Cesk Slov Neurol N 2015; 78/111(Supplementum 2): 28-33   

DOI: 10.14735/amcsnn20152S28     

IF 0,209  

  

CieIom tejto štúdie bolo preukáza[ zmeny v semenníkoch β4 mesačných TgHD kancov Fβ 

generácie pomocou  
31P  magnetickej rezonančnej spektroskopie a pomocou 

imunohistochemickej analýzy TgHD spermií odobraných z F1 a Fγ generácie pred 

prejavením sa klinických príznakov HCH.  

31
P MR spektroskopia je neinvazívna metódaĽ ktorú moţno pouţi[ na monitorovanie 

metabolických zmien v rôznych typoch tkanív (mozogĽ pečeOĽ svalĽ semenníky).  In vivo 
31

P 

MR spektrum zo semenníkov obsahuje sedem charakteristických píkov pochádzajúcich z 

fosfomonoesterov (PME), fosfodiesterov (PDE)Ľ adenosíntriphosfátov (tri píky predstavujú tri 

fosfáty – ATP - gĽ -くĽ -け)Ľ anorganického fosfátu (Pi) a fosfokreatínu (PCr). Fosfokreatín nie 

je prítomný v semenníkuĽ ale je ako zvyšok po kontaminácii zo svalu.  

Na 
31

P  MR spektroskopiu bolo pouţitých 5 TgHD kancov a 5 WT súrodencov z Fβ generácie 

vo veku β rokov. Na študovanie spermií pomocou imunohistochemickej analýzy boli pouţité 

spermie z 1TgHD a 1WT zviera[a z F1 generácie vo veku 4 -5 rokov, a z 1 TgHD a 1 WT 

kanca z Fγ generácie vo veku β rokov.   
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 Pomocou  
31

P MR spektroskopie sme zistili výrazné zníţenie pomeru PDE / け-ATP (p = 

0Ľ0ββ) u TgHD kancov v porovnaní s WT súrodencami a ţiaden rozdiel v koncentrácii PME 

a Pi (obr.č. ββ).  

  

 

Obr.č.  22 Distribúcia pomerov PDE/け-ATP, PME/け-ATP and Pi/け—ATP u TgHD kancov a 

ich Wt súrodencov Horizontálne čiary zobrazujú priemerné hodnoty a štandardné odchýlky. 

Aste-Rix znamenajú významnú úroveO p <0,05.  

(obrázok z publikácie (Jozefovicova et al., 2016)) 

 

Imunohistochemické pokusy  

  

Ejakulované spermie kancov boli  farbené anti –polyQ protilátkou γB5H10. U transgénnych 

spermií z F1 a Fγ generácie bol detegovaný fluorescenčný signál pozdGţ celého bičíka 

spermieĽ zatiaI čo u WT súrodencov tento signál nebol pozorovaný.  Protilátka EPR5526 proti 

N-koncovej časti proteínu huntingtínu vykazovala bodkované farbenie v bičíkoch oboch 

genotypovĽ avšak fluorescenčný signál bol silnejší u spermií TgHD kancov a vykazoval 

štatistickú významnos[ (obr.č. 23, 24). 
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Obr.č.  23 Imunofluorescenčné farbenie spermií TgHD a WT kancov z F1 a F3 generácie   

Pomocou protilátky 3B5H10 nebol nájdený žiadny špecifický poly-Q signál v spermiách 
WT.  

Značný pozitívny signál 3B5H10 (žltý)bol pozorovaný výlučne v TgHD spermiách  

Anti-huntingtínová špecifická protilátka EPR5526 odhalila huntingtínové epitopy vo WT 

aj TgHD spermiách obidvoch generácií. Bodové farbenie bolo pri Tg intenzívnejšie ako v 

prípade spermií WT. Hlavičky spermií boli kontrastne farbené s DAPI (modrá).   

(obrázok z publikácie (Jozefovicova et al., 2016)) 

 

 

Obr.č.  24 Kvantifikácia florescenčného signálu v spermiáchfarbených EPR5526 Meranie 

bolo uskotočnené v programe ImageJ. Na štatistickú analýzu sa použil Studentov t-test po 

vyhodnotení normálnej distribúcie pomocou Shapiro-Wilk testu. 

 (obrázok z publikácie (Jozefovicova et al., 2016)) 
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Aj ke@ náš model miniprasa[a pre Huntingtonovu chorobu zatiaI neprejavuje typické klinické 

príznaky ako nekontrolované pohyby svalov alebo stratu hmotnostiĽ tak sa prejavil u tohto 

modelu výrazný problém s plodnos[ou TgHD kancov. Prvotné zmeny v počte spermiíĽ 

motilite a progresivite sme opísali v publikácii Mutated huntingtin causes testicular pathology 

in transgenic minipig boars. Publikáciou 31
P MR Spectroscopy of the Testes and 

Immunohistochemical Analysis of Sperm of Transgenic Boars Carried N terminal Part of 

Human Mutated Huntingtin sme potvrdili @alšie zmeny na reprodukčnom aparáte TgHD 

miniprasa[a. 31
P MR spektrometria je neinvazívna technikaĽ ktorá môţe by[ pouţitá na 

monitorovanie funkcie semenníkov a dôleţité jeĽ ţe tento článok predstavuje prvú 31
P MR 

spektroskopiu pouţitú na modely veIkého zviera[a pre HCH. Na základe vyšetrenia 

magnetickou rezonanciou bolo zistené signifikantné zníţenie relatívnej koncentrácie 

fosfodiesterov v testikulárnom parenchýme TgHD kancov v porovnaní s netransgennými 

jedincami rovnakej vekovej kategórie. Taktieţ imunohistochemická analýza spermií odhalila 

výrazné anti-polyQ špecifické (γB5H10) farbenieĽ ako aj signifikantné zvýšenie antihuntingín 

farbenie (EPR55β6) v bičíkoch TgHD spermií v porovnaní s netransgennými spermiami. Na 

základe týchto výsledkov môţeme usudzova[, ţe Iudský mutovaný huntingtín má negatívny 

vplyv na metabolizmus semenníkov a spôsobuje zvýšený výskyt abnormálnych spermií.  
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4.3. Mitochondriálny metabolizmus na veIkom zvieracom modely pre Huntingtonovú 

chorobu: hIadanie biomarkerov v spermiách presymptomatických miniprasiat  

 

Biomarkery mitochondriálneho metabolizmu v spermiách TgHD kancov ...  

  

Mitochondrial Metabolism in Large-Animal Model of Huntington’s Disease: The Hunt for 

Biomarkers in the Spermatozoa of Presymptomatic Minipigs  

  

Running title: Mitochondrial metabolism biomarkers in TgHD boar spermatozoa…  

  

Jana Krizova, Hana Stufkova, Marie Rodinova, Monika Macakova, Bozena Bohuslavova,  

Daniela Vidinska, Jiri Klima, Zdenka Ellederova, Antonin Pavlok, David S. Howland, Jiri 

Zeman, Jan Motlik and Hana Hansikova  

Neuro-Degenerative Diseases, 17(4–5), 213–226. https://doi.org/10.1159/000475467 

IF (2017) 2,842  

 

CieIom štúdie bolo optimalizova[ metódy merania mitochondriálneho metabolizmu v 

spermiách a stanovi[ moţné biomarkery HCH v spermiách TgHD kancovĽ ktoré exprimujú N-

terminálnu čas[ mutovaného Iudského huntingtínu. V priebehu štúdie sa opakovane odoberali 

vzorky 12 TgHD a 12 WT kancov vo veku 12-65 mesiacov. Respiračné parametre 

mitochondrií  boli merané polarografiouĽ mitochondriálny metabolizmus bol hodnotený 

detekciou oxidácie rádioaktívne značených substrátov (MEGS) a obsah oxidačných 

fosforylačných systémových podjednotiek bol detegovaný Western blotom. Štatisticky boli  

vyhodnotené tri moţné faktoryĽ ovplyvOujúce výsledky a to účinok HCHĽ filiálna generácia a 

starnutie.  

Ke@ţe existuje prebiehajúca diskusia o tom či sa metabolizmus spermií spolieha na energiu s 

OXPHOS alebo z glykolýzyĽ eventuálne oboje v štúdii sme sa zamerali na vybrané parametre 

mitochondriálneho metabolizmu.. Glykolýza sa javí ako kIúčová  pre motilitu spermií (Mukai 

& Okuno, 2004). Avšak kapacitáciaĽ ktorá je dôleţitá pre penetráciu cez zónu  pellucidu je 

charakterizovaná hyperaktívnou pohyblivos[ou spôsobenou zvýšenou amplitúdou 

flagelárnych úderov a vyššou produkciou ATPĽ ktorú vedie OXPHOS v mitochondriách  
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(Stendardi et al., 2011). V prvom rade sme zistiliĽ ţe polyQ signál mtHtt  je lokalizovaný 

pozdGţ celého bičíka (Macakova et al., 2016) (obr.č. β5). Ke@ţe signál bol viditeIný aj v 

strednom oddiely bičíkaĽ ktorý je bohatý na mitochondrieĽ to naznačilo ţe by mohla nasta[ 

priama interakcia mtHtt s mitochondriou. Po optimalizácií meraní mitochondriálneho 

metablizmu sa štúdia zamerala na identifikáciu biomarkerov MM Huntingtonovej choroby v 

spermiách TgHD kancov. Pri meraní MEGS (mitochondriálny systém  generujúci energiu) 

sme  sa zamerali na štatistickú analýzu  γ moţných rušivých faktorov a to účinok samotnej 

HCHĽ filiálnu generáciu a starnutie. Analýza odhalila rozdiely medzi TgHD a WT. 

 Z celkového počtu γ6 meraných parametrov Ř súviselo s odlišnou filiálnou generáciou. Tieto 

parametre boli taktieţ ovplyvnené starnutím.  Inkubácia β ([1-14C] pyruvát + karnitín + ADP) 

bola zníţená u zvierat TgHD a tieţ bola významne ovplyvnená vekom a filiálnou generáciou 

zviera[a. Inkubácie 4 ([1-14C] pyruvát + ADP) a 6 ([U14C] malát + pyruvát + malonát + 

ADP)Ľ pomer 6 / CS a dýchanie závislé od komplexu I po GMDc-rot (glutamát + malát + 

ADP + cytochróm c ) boli významne zníţené u zvierat TgHD (obr.č. β6Ľ β7).  

 

SDS-PAGE imunobloty vybraných podjednotiek OXPHOS a PDHc (pyruvát 

dehydrogenázový komplex)  v spermiách   získaných vo veku  47 mesiacov nepreukázali 

významné poruchy obsahu podjednotky PDHc. V spermiách oboch jedincov TgHD sa zistil 

len mierne zníţený obsah  podjednotky SDHA (sukcinát dehydrogenáza A) (SDH70 

komplexu II)  a akonitázy β (obr.č. βŘ). V prípade SDHA sme pozorovali zníţenie mnoţstva  

podjednotky s vekom   u TgHD. Pri porovnaní spermií od tých istých kancov vo veku 14 a 47 

mesiacov dosiahlo toto mnoţstvo pribliţne 50% vekovej kontroly. Hoci iba podiely SDHA 

podjednotky boli niţšie pri Western blotochĽ histochemický test odhalil mierny nepomer v 

aktivitách komplexov OXPHOS medzi vzorkami.  Uţ vo veku 14 mesiacov boli aktivity 

komplexov II a IV niţšieĽ zatiaI čo aktivity komplexov I a V boli vyššie u TgHD v porovnaní 

s spermiami WT .  
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Obr.č.  25 Lokalizácia mitochondrií a proteínov (proteíny polyQ vrátane mtHtt) v spermiách 

TgHD kancov  WT kancov A) Mitochondriálna čas[ je zafarbená anti-MTCO1 protilátkou 

(žltá). B) anti-polyglutamínová čas[ (PolyQ), klon 3B5H10, protilátka (červená) je významná 

v spermiách TgHD. C) Mikrotubuly sú farbené anti-acetylovanou tubulínovou (AcTub) 

protilátkou (zelená). D) zlúčené signály pre mitochondriálny signál MTCO1 a polyQ. E) 

PolyQ bol lokalizovaný pozdGž celého koncového konca pozitívneho na AcTb. X) Zlúčené 

signály pre mitochondriu (anti-MTCO1) a acetylovaný tubulín. Stupnica na mierke 

predstavuje 5たm. (obrázok z publikácie Krizova et al., 2017) 

 

 



62 

 

 

A                                                                                      B 

 

Obr.č.  26 Inkubácia MEGS s [1-14C] pyruvátom + karnitínom + ADP  

V inkubácii MEGS s [1-14C] pyruvátom + karnitínom + ADP (inkubácia 2) boli všetky 

rozdiely závislé od HCH, veku a filiálnej generácie významné; P <0,05. A) Inkubácia 2 - 

aktivita MEGS závisí od [1-14C] pyruvátu + karnitínu + ADP v generácii F1 a B) v F2. V 

obidvoch generáciách bola účinnos[ výrazne nižšia u TgHD kancov (svetlošedá). Pozorovaný 

parameter však závisel nielen od stavu HCH, ale závisel aj od veku  a vykazoval odlišnú 

postupnos[ medzi generáciami (všimnite si opačný sklon lineárnej regresie).  

 (obrázok z publikácie Krizova et al., 2017) 
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A                                                                                B 

 

C                                                                                 D 

 

Obr.č.  27 Systém mitochondriálnej energie (MEGS) a respiračné parametre, ktoré 

preukázali významne nižšie hodnoty u TgHD kancov,  a nie sú závislé na filiálnej generácii a 

veku kancov v čase merania. Grafy (A) a (B): Inkubácie 4a a 6 - MEGS oxidácia v závislosti 

na [14C] pyruváte (inkubácia 4a) a [U14C] malát + pyruvát + malonát (inkubácia 6) WT 

(tmavošedá) spermie. Grafy (C) a (D): Inkubácia 6 vyjadrená ako pomer k aktivite citrátovej 

syntázy (6 / CS) a dýchanie závislé od komplexu I po glutamáte + maláte + ADP + 

cytochróme c korigované reziduálnym  dýchaním  nerozvetveným  rotenónom ) V TgHD 

(svetlošedá) v porovnaní s spermiami WT (tmavošedá). V súbore vzoriek boli rýchlosti 

oxidácie v inkubáciách 4a a 6 významne nižšie u spermií TgHD. TgHD spermie  tiež 

vykazovali znížený pomer 6 / CS, ako aj komplexné I závislé dýchanie. Neboli pozorované 
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žiadne korelácie s vekom alebo generáciou, čo podporuje použitie týchto parametrov pri 

@alšom sledovaní HD u spermií TgHD; P <0,05;  

(obrázok z publikácie Krizova et al., 2017) 

 

 

Obr.č.  28  Analýza vybraných podjednotiek oxidačného fosforylačného systému 

(OXPHOS) a komplexu  pyruvátdehydrogenázového komplexu (PDHc) u TgHD kancov  

 

A) Imunobloty SDS-PAGE vybraných podjednotiek OXPHOS a PDHc získaných spermií Vo 

veku 47 mesiacov nevykazovali výrazné poruchy obsahu podjednotiek PDHc. Iba mierne 

znížený obsah podjednotky SDHA (SDH70; CII) a akonitázy 2 sa zistili v spermiách TgHD. 

(B, C) V závislosti od veku zmeny zložených II podjednotiek .  Obsah SDHA a SDHB v 

spermiách TgHD v porovnaní s WT: SDS-PAGE imunoblot  vykazujúci poruchu obsahu 

SDHA a SDHB podjednotiek v spermiách vo veku 14 (vIavo) a 47 (Vpravo) mesiacov;   

(obrázok z publikácie Krizova et al., 2017) 
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Obr.č.  29 Katalytická aktivita oxidačných fosforylačných komplexov (OXPHOS) u spermií 

TgHDkancov vo veku 14 mesiacov. Analýza bola uskutočnená pomocou histochemických 

farbiacich metód po oddelení komplexov elektroforézou na báze modrého nativneho 

polyakrylamidového gélu. Bola pozorovaná mierne znížená aktivita CII a CIV. Neboli zistené 

žiadne veIké rozdiely v @alších komplexných aktivitách OXPHOS. CI - NADH: ubichinón 

oxidoreduktáza; CII-sukcinát dehydrogenáza; CIV - cytochróm c oxidáza; CV - ATP syntáza)  

(obrázok z publikácie Krizova et al., 2017) 

  

V tejto štúdii sme analyzovali mitochondriálny metabolizmus (MM) spermií od TgHD kancov 

miniprasiat nesúcich N-terminálnu čas[Iudské mtHtt génu na chromozóme 1. Zmeny v MM 

môţu by[ dôleţitým biomarkerom HCH. Na  štúdium boli pouţité metódyĽ ktoré sa široko 

uplatOujú v molekulárnej diagnostike mitochondriálnych  porúch. To  môţe pomôc[ objasni[ 

etiopatogenézu HCH u TgHD miniprasiat a prehGbi[ vedomosti potrebné pre testovanie 

nových  liekov. V priebehu longitudinálnej štúdie sme identifikovali štyri biomarkeryĽ ktoré 

naznačujú nešpecifickú patológiu v komplexe I oxidačného fosforylačného systému a v 

glykolytickom metabolizmeĽ ktorá môţe by[ prepojená s toxickou funkciou malých 

fragmentov mtHttĽ ktoré sú prítomné v mozgu a semenníkoch u TgHD kancov.  
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5. DISKUSIA  

  

Mnoho vedeckých tímov na celom svete sa zaoberá vynájdením účinnej liečby na zatiaI 

nevyliečiteIné choroby. Na tieto výskumy sa vynakladajú veIké finančné prostriedky. Pre 

vynájdenie účinnej terapie je potrebné pozna[ príčinu chorobyĽ ale taktieţ pozna[ fenotyp 

choroby. Na dôkladné preštudovanie fenotypu sú vytvorené animálne modely chorôb. Tieto 

modely môţu by[ genetickéĽ pri ktorých je vnesený mutovaný gén ochorenia do zviera[aĽ 

alebo negenetickéĽ pri ktorých sa podávajú chemické látky na vyvolanie príznakov ochorenia.  

  

Vo svojej práci sa venujem preštudovaniu fenotypu Huntingtonovej choroby zameraného na 

testikulárnu degeneráciu. Na štúdium bol pouţitý model transgénneho miniprasa[a pre HCH 

(TgHD)Ľ ktorý bol vytvorený v roku β00ř pod vedením prof. Motlíka na AV ČR v LibEchove.  

  

Prvým špecifickým cieIom bolo popísa[ funkčné a štrukturálne zmeny spermií u TgHD 

kancov. Potvrdili sme expresiu mtHtt  v bičíku spermie a v semenníkoch (obr. č. β1Ľ βγ)Ľ čo 

by poukazovalo aj na poznatok ţe najväčšia expresia proteínu Htt prebieha v mozgu a 

semenníkoch (S. H. Li et al., 1993)Ľ  a ţe rozsah expresie v semenníkoch je porovnateIný s 

expresiou v mozgu  (Guo et al., 2003).  Sledujeme zníţený počet spermií (obr. č. 14Ľ15), 

zníţenú progresivitu (obr. č. 17) a motilitu spermií (obr. č. 14Ľ 16) a nedostatočnú penetračnú 

schopnos[ TgHD spermií oproti WT súrodencov (obr.č.18). Rozdielne hodnoty týchto 

parametrov sa začali prejavova[ vo veku 1γ mesiacov a postupom času sa rozdiely 

prehlbovali. Tieto zmeny taktieţ pozoroval Van Raamsdonk u Iudských pacientovĽ u ktorých 

bolo robené vyšetrenie reprodukčného aparátu  (Van Raamsdonk et al., 2007). Navyše 

analýza EM odhalila deformáciu mitochondriálneho pláš[a v chvostovej časti tkaniva spermií 

TgHD. Zaznamenali sa tieţ zvinuté chvosty a dvojité alebo trojité axonémy  (obr. č. 1ř). To 

môţe by[ spôsobené poruchou rozdelenia prebytku cytoplazmyĽ čo vedie k prítomnosti 

cytoplazmatických kvapôčok. Tento javĽ spolu s dysfunkciou motility spermiíĽ môţe súvisie[ 

so zníţením mitochondriálneho energetického metabolizmu a funkčného poškodenia 

komplexu II respiračného re[azca. Občas sa deformácia jadra spája s neúplnou kondenzáciou 

chromatínu a abnormálny akrozóm sa vyskytol u TgHD spermií, ale nie u WT kontrol. Tieto 

abnormality boli výraznejšie u Fβ generácie. Navyše takmer všetky spermie od TgHD zvierat 
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z F2 generácie obsahovali cytoplazmatické kvapôčky. Zaznamenaná testikulárna degenerácia 

je v súlade s pozorovaním u myší (R6 / β a Yac7β) (Leavitt et al., 2001; Sathasivam et al., 

1999). U niektorých TgHD kancov je pozorovaná atrofia semenníkovĽ čo pozorovala Papalexi 

na myších modeloch HCH  (Papalexi et al., 2005; Van Raamsdonk et al., 2005, 2007).  

Predchádzajúce štúdie na modeloch HCH hlodavcov ukázali samčiu sterilituĽ o ktorej sa 

predpokladaloĽ ţe je dôsledkom zníţenia počtu spermií (Sathasivam et al., 1999). Tento 

fenotyp sme potvrdili vo veIkom zvieracom TgHD miniprasa[a. V histologických vzorkách 

semenníkov pozorujeme zmenšenie spermatogónii a rozšírenie endoplazmatického retikula.  

Zníţenie počtu vyvíjajúcich sa spermiocytov a spermatíd bolo tieţ pozorované u pacientov s 

HCH (Van Raamsdonk et al., 2007) a YAC1βŘ myší (Van Raamsdonk et al., 2005).  Taktieţ 

sme skontrolovaliĽ či vloţenie lentivírusového konštruktu neprerušilo ţiadnu kódujúcu 

sekvenciu v genóme ošípaných. Pretoţe výsledok bol negatívnyĽ otázka bolaĽ či patológia v 

semenníkoch bola spôsobená mtHtt alebo v dôsledku zmenených hladín hormónov 

súvisiacich s plodnos[ou. Hoci je testikulárna degenerácia v HCH dobre opísaná v modeloch 

myší (R6 / β a YAC1βŘ)Ľ nie je jasnéĽ či je tento fenotyp nezávislý alebo je dôsledkom zmien 

hypotalamo-hypofyzárne-gonádovej osi (GnRH).  Papalexi opísala významnú stratu neurónov 

s výrazním zníţením GnRH  R6/β myší počnúc vekom 5 týţdOov.  Po tomto zníţení GnRH 

nasledovalo zníţenie hladín testosterónu v plazme vo veku 1β týţdOov (Papalexi et al., 2005). 

ZatiaI čo atrofia semenníkov bez súbeţnej straty GnRH neurónov bola opísaná v modeli myší 

YAC128 (Van Raamsdonk et al., 2007). Analýza hladín testosterónu u myší YAC1βŘ 

neodhalila ţiadny významný rozdiel v porovnaní s kontrolamiĽ dokonca aj ke@ uţ bola 

prítomná testikulárna atrofia (Van Raamsdonk et al., 2007). Okrem toho Papalexi pri 

podávaní  testosterónu  nepozorovala  ţiadny vplyv na  zlepšenie fenotypu HCH 

pozorovaného  u myší R6 / βĽ ktoré mali zníţený GnRH (Papalexi et al., 2005). Analýza 

úplného neuroendokrinného statusu u pacientov s HCH meraná Saleh a koloktívom nemala 

ţiadny významný rozdiel v hladinách LHĽ FSH a testosterónu v plazme medzi všetkými 

muţskými HCH pacientmi a kontrolami (Saleh et al., 2009). Avšak Markianos  pozoroval 

signifikantne niţšie hladiny testosterónu a LH u pacientov s HCH v porovnaní so zdravými 

kontrolami (Markianos et al., 2005). Tieto protichodné výsledky sú  podobné výsledkom 

hormonálnej analýzy u nášeho modelu TgHD prasa[a. Nepozorovali sme ţiadne významné 

rozdiely v hladinách hormónov súvisiacich s plodnos[ou medzi TgHD a kontrolnými kancami 

a počas pravidelného odberu spermy neboli pozorované ţiadne zmeny libida. Existuje dôkazĽ 

ţe expresia mutantného Htt vedie k selektívnej bunkovej dysfunkcii a degenerácii (Bhide et 
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al., 1996). Najviac ovplyvnené bunky sú neuróny. Poskytli sme však aj údaje o degenerácii 

spermií a testikulárnej dysfunkcii v TgHD modely. 

 

Druhým špecifickým cieIom bolo preštudovanie metabolických porúch v semenníkoch TgHD 

kancov u Fβgenerácie pomocou 31
P MR spektoroskopie. Pretoţe biopsia je invazívna a môţe 

spôsobi[ @alšie poškodenie spermatogenézy (van der Grond, Laven, Lock, te Velde, & Mali, 

1991) tak sme pouţili 31
P MR spektrometriu. Ide o neinvazívnu technikuĽ ktorá sa môţe 

pouţi[ na monitorovanie funkcie semenníkovĽ ako je popísané v niekoIkých štúdiách 

(Srinivas et al., 2002; van der Grond et al., 1992; van der Grond, Van Pelt, et al., 1991; van 

der Grond, Laven, te Velde, & Mali, 1991). Predchádzajúce 
31P MR spektrometrické štúdie na 

Iudských semenníkoch preukázaliĽ ţe pomer PME / ATP je citlivejší parameter na 

monitorovanie funkcie semenníkovĽ t.j. rozlišovanie medzi normálnymi semenníkmiĽ 

oligozoospermiou a azoospermiou ako pomer PDE / ATP alebo Pi / ATP (van der Grond, 

1995; van der Grond, Laven, te Velde, et al., 1991). U našich TgHD kancov sme však nezistili 

významnú zmenu pomeru PME / ATP. Ukázalo saĽ ţe hlavne PDE vrchol pozostáva z 

glycerofosfocholínu (GPC) a menšieho mnoţstva glycerofosfoetanolamín (GPE) (van der 

Grond et al., 1992). GPC je prítomný vo veImi vysokých koncentráciách v semennej plazme  

a bola zistená pozitívna korelácia medzi koncentráciou GPC a motilitou spermií (Hinton & 

Setchell, 1980; van der Grond et al., 1992). Preto si myslímeĽ ţe zníţená hladina pomeru PDE 

/ け-ATP  (obr. č. ββ) u TgHD kancov by mohla súvisie[ so zníţeným mnoţstvom semennej 

plazmy alebo so zmenami v motilite spermií. Podobné zníţenie pomeru PDE / ATP 

testikulárnych fosfodiesterov (PDE) (p <0,05), ako sme pozorovali u našich TgHD kancov 

bolo pozorované v štúdii potkanovĽ ktoré mali počas 10 týţdOov podávaný etanol v kvapalnej 

diéte (Farghali, Williams, Gavaler, & Van Thiel, 1991) 

Tretím cieIom bolo preštudovanie  mitochondriálnej dysfunkcie spermií kancov miniprasiat 

transgénnych pre HCH. Ke@ţe v predchádzajúcich štúdiách sme preukázaliĽ ţe TgHD 

spermie sú síce schopné naviaza[ sa na zonu pelluciduĽ ale majú zníţenú schopnos[ 

penetrova[ oocytĽ čo potom vedie k poklesu plodnosti.  Rozhodli sme sa pokúsi[ objasni[ či 

je táto patológia spojená s akoukoIvek metabolickou poruchou. Zamerali smesa  na podrobnú 

analýzu mitochondriálneho metabolizmu (MM) TgHD spermií. Zmeny v MM môţu by[ 

dôleţitým biomarkerom HCH (Oliveira et al., 2007). Pouţili sme metódyĽ ktoré sa široko 

uplatOujú v molekulárnej diagnostike mitochondriálnych porúch. Najprv sme dokázaliĽ ţe 
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mtHtt je prítomný v spermiách  a ţe môţe by[ v priamom vzájomnom pôsobení so svojimi 

mitochondriami (obr. č. β5). Pri zameraní sa na vplyv generačného štádia bolo iba Ř z γ6 

parametrov v analýze ovplyvnených generáciouĽ ku ktorej patrili zvieratá.  Účinok HCH bol 

preukázaný významným zníţením niektorých parametrov kapacity MEGS a dýchania u 

TgHD kancov.Taktieţ vplyv HCH poukázal na pä[ parametrov uţitočných pri monitorovaní 

progresie HCH a potenciálnych biomarkerov MM HCH u transgénnych kancov (MEGS 

inkubácie  ([ 1-14C] pyruvát + karnitín + ADP)Ľ ([14C] pyruvát + ADP)Ľ 6 (U14C) malát + 

pyruvát + malonát + ADP)Ľ pomer 6 / CS a dýchanie závislé od komplexu I (obr. č. β6Ľ β7). 

Inkubácie, ktoré obsahovali pyruvátĽ boli zníţenéĽ čo vedie k podozreniuĽ ţe defekt je spojený 

s nedostatkom pyruvát dehydrogenázy alebo komplexu I. Na druhej strane zvýšená citlivos[ 

na inhibíciu dýchania závislej od komplexu I bola preukázaná v kostrovom svale myší R6 / β 

(Gizatullina et al., 2006). Pretoţe inkubácie obsahujúce pyruvát sú významne zníţené bez 

ohIadu na prítomnos[ L karnitínu v reakciiĽ môţeme predpoklada[Ľ ţe metabolický defekt je 

skôr nezávislý od rýchlosti く-oxidácie mastných kyselín (Brass & Hoppel, 1980). Zistili sme 

len mierny pokles SDH prostredníctvom histochemického farbenia (obr. č. βř). 

PredpokladámeĽ ţe pozorovaný úbytok obsahu podjednotky SDH a akonitázy je skorá odozva 

na oxidačný stres pravdepodobne ešte kompenzovaná neznámym mechanizmom počas 

predsyptomatického štádia HCH. Náš komplexný biochemický prístup k štúdiu spermií TgHD 

kancov naznačuje moţnos[Ľ ţe malé toxické fragmenty mtHtt môţu interagova[ s bunkovým 

metabolizmomĽ aby významne zmenili MM spermií a ţe mitochondriálna dysfunkcia môţe 

spôsobi[ narušenú penetračnú aktivitu spermiíĽ prvý predklinický marker HCH u kancov 

TgHD. 

 

Touto štúdiou sme dokázaliĽ ţe model TgHD miniprasa[a je vhodným  modelom  pre štúdium 

fenotypu HCH.  
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6. ZÁVER   

Študovanie fenotypu u modelov transgénnych zvierat je veImi dôleţité na pochopenie 

princípov progresie ohorenia a skúšania nových terapeutických princípov na zabránenie 

@alšej progresie ochorenia a dáva nádej na vynájdenie liečby vedúcej k úplnému vyliečeniu. 

Tieto štúdie sú hlavne potrebné u tých ochoreníĽ u ktorých doteraz nie je dostupná ţiadna 

liečba .  

Dizertačná práca bola zameraná na štúdium fenotypu pohlavného aparátu TgHD kanca s N-

terminálnym koncom pre Iudský mutovaný huntingtín. U nášho modelu doteraz neboli 

pozorované typické prejavy fenotypu ako mimovoIné pohybyĽ nekoordinovaná chôdza, ale 

boli pozorované problémy v reprodukcii. Pri pravidelnom pripúštaní TgHD kancami sme 

začali pozorova[Ľ ţe prasnice nezostávali gravidné. Okrem toho sme začali pozorova[ aj iné 

reprodukčné problémy kancov uţ vo veku 13 mesiacov  (Baxa et al., 2013).  Preto sme sa  

rozhodli dôkladne preštudova[ fenotyp reprodukčného aparátu TgHD kancov.  Nevedeli sme 

či to má súvis s HCHĽ  tak sme sa to snaţili dokáza[.  

Aj ke@ väčšina Iudských pacientov s HCH má potomkovĽ neznamená toĽ ţe by nemali 

problémy s reprodukciou. Väčšina z nich splodí potomkov pred vypuknutím prvých 

príznakov bez tohoĽ aby vedeli ţe túto chorobu majú. Problémy s reprodukciou sa prejavujú 

aţ v neskorších štádiách choroby. Náš model miniprasa[a pre HCH vykazuje značné 

reprodukčné problémy. Je výrazne zníţený počet spermií TgHD kancov oproti WT 

súrodencovĽ ale okrem zníţenia celkového počtu spermií je taktieţ výrazne zníţená 

progresivita a motilita. Zníţená schopnos[ penetrova[ oocyt spermiou je najskôr spôsobená 

poškodením metabolizmom mitochondrií (MM)Ľ čím spermie majú nedostatok energie. 

Poškodenie MM má najskôr súvisí s mtHttĽ ktorý bol dokázanýĽ ţe sa vyskytuje aj v strednom 

oddiely bičíkaĽ ktorý je bohatý na mitochondrie. Predpokladá sa vzájomné pôsobenie.  

Ke@ţe HCH stále patrí k nevyliečiteIným chorobámĽ a príznaky choroby sa len utlmujúĽ ale 

nelieči sa príčina chorobyĽ ktorá je v dnešnej dobe uţ známaĽ vedci na celom svete sa snaţia 

prís[ na účinnú liečbuĽ ktorá by sa mohla pouţi[ na klinickú liečbu. K vynájdeniu liečbyĽ je 

potrebné dokonalé preštudovanie fenotypu HCH. Touto prácou sme popísali biomarkery 

HCHĽ pomocou ktorých by sa dala urči[ efektivita liečby.  
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the effects of mtHtt.  Results:  Evidence for fertility failure of 

both TgHD generations was observed at the age of 13 

months. Reproductive parameters declined and progres-

sively worsened with age. EM revealed numerous patholog-

ical features in sperm tails and in testicular epithelium from 

24- and 36-month-old TgHD boars. Moreover, immunohisto-

chemistry confirmed significantly lower proliferation activity 

of spermatogonia in transgenic testes. mtHtt was highly ex-

pressed in spermatozoa and testes of TgHD boars and local-

ized in all cells of seminiferous tubules. Levels of fertility-re-

lated hormones did not differ in TgHD and WT siblings. Ge-

nome analysis confirmed that insertion of the lentiviral 

construct did not interrupt any coding sequence in the pig 

genome.  Conclusions:  The sperm and testicular degenera-

tion of TgHD boars is caused by gain-of-function of the high-

ly expressed mtHtt.  © 2016 S. Karger AG, Basel 

 Key Words 

 Huntington’s disease · Pig model · Mutant huntingtin · 

Spermatozoa · Testes · Degeneration 

 Abstract 

  Background:  Huntington’s disease is induced by CAG ex-

pansion in a single gene coding the huntingtin protein. The 

mutated huntingtin (mtHtt) primarily causes degeneration 

of neurons in the brain, but it also affects peripheral tissues, 

including testes.  Objective:    We studied sperm and testes of 

transgenic boars expressing the N-terminal region of human 

mtHtt.  Methods:  In this study, measures of reproductive pa-

rameters and electron microscopy (EM) images of spermato-

zoa and testes of transgenic (TgHD) and wild-type (WT) boars 

of F1 (24–48 months old) and F2 (12–36 months old) genera-

tions were compared. In addition, immunofluorescence, im-

munohistochemistry, Western blot, hormonal analysis and 

whole-genome sequencing were done in order to elucidate 
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 Introduction 

 Huntington’s disease (HD) is a neurodegenerative dis-
order caused by the expansion of CAG repeat in the gene 
encoding the huntingtin protein (Htt), which is expressed 
in most tissues. The onset of the disease is usually in the 
mid-thirties. The main target is the central nervous sys-
tem, but it has an impact on the whole body. There is no 
available curative treatment to date. Even the pathogen-
esis of the disease is not well understood. Nevertheless, it 
is well known that mutated Htt (mtHtt) forms cytoplas-
mic and nuclear aggregates, particularly in the cerebral 
cortex, striatum and lateral hypothalamus  [1] . Many ro-
dent models of HD that express either truncated or full-
length human mutant Htt display differences in the onset 
and severity of phenotypes. Rodent models have collec-
tively provided valuable information related to target val-
idation and drug therapy  [2–4] . However, large animal 
models are expected to simulate the disease more faith-
fully and moreover enable the usage of medical tech-
niques and equipment applicable for human patients  [5] . 

  Minipigs represent a desirable model for longitudinal 
safety studies and preclinical drug trials to fill the gap be-
tween rodent models and patients  [6, 7] . The advantage 
of minipigs is their resemblance with the human brain as 
well as with the whole body in terms of size, anatomy and 
physiology. There is a 96% homology between porcine 
and human huntingtin genes and proteins  [8]  that pro-
vides further impetus to use the minipig as a model of 
HD. Therefore, a transgenic minipig model was gener-
ated using microinjection of a lentiviral vector encoding 
the N-terminal (1–548 aa) of human Htt containing 145 
CAG/CAA repeats under the control of the human HTT 
promoter  [9] . The mtHtt gene with 124 glutamines was 
incorporated into chromosome 1 (1q24–q25), and the ex-
pression of mtHtt was detected in numerous peripheral 
tissues. Successful germ line transmission occurred 
through 4 successive generations inheriting the mutation 
in Mendelian ratio  [9] . 

  Even though the neurological phenotype of HD pa-
tients is the most prominent, the first sign of phenotype 
development in TgHD boars of F1 generation was re-
productive failure, starting at the age of 13 months  [9] . 
Interestingly, among all organs, the testes display the 
most comparable gene expression pattern to the brain 
 [10] . In accordance with this finding, the expression of 
mtHtt in R6/2 and YAC128 mouse models of HD results 
in atrophy of the brain and testes  [11–13] . Closer ex-
amination of the testes in YAC128 mice revealed disor-
ganized seminiferous epithelium and a reduced number 

of germ cells. YAC72 mice expressing mtHtt but lacking 
endogenous Htt (YAC72 –/– ) revealed an even more se-
vere phenotype resulting in infertility with aspermia and 
massive apoptotic cell death in the testes  [14] . Also, a 
detailed testes examination in HD patients documented 
testicular abnormalities as well as reduced numbers of 
germ cells and abnormal morphology of seminiferous 
tubules  [13] .

  The question arises whether the defect in testes is 
caused by the presence of mtHtt in testes or by a defect 
in neurons responsible for hormonal changes. In R6/2 
mice, a secondary effect due to the decreased level of go-
nadotropin-releasing hormone (GnRH)-immunoreac-
tive neurons was suggested. Only 10% of GnRH neurons 
remained in R6/2 mice by 9 weeks of age, while testicular 
atrophy and infertility were detected at 12 weeks of age 
together with a decrease of testosterone levels in serum 
and testes  [11] . Nonetheless, the direct effect of mtHtt 
was not considered. On top of that, a previous paper 
showed testicular atrophy in R6/2 mice by 4 weeks of age 
 [15] , a week prior to the start of GnRH neuronal loss. In 
the YAC128 mouse model, testicular degeneration de-
veloped between 9 and 12 months of age, but even at 12 
months, there is no evidence for decreased testosterone 
levels in urinary and plasma samples or loss of GnRH 
neurons in the hypothalamus  [13] .

  In this paper, we followed reproductive parameters of 
TgHD and WT minipig boars from F1 and F2 generations 
in order to describe their sperm and testicular pathology 
phenotype. Furthermore, we investigated whether the 
phenotype is caused by the primary effect of mtHtt. We 
ruled out hormonal changes or interruption of any cod-
ing sequence during insertion of the lentiviral construct. 
Here we show evidence for morphological and function-
al defects in sperm and testes over two generations of 
TgHD minipigs that accrue before the neurology defects 
and hormonal changes, suggesting a direct toxic conse-
quence of the expressed N-terminal mtHtt.

  Materials and Methods 

 Animals 
 Transgenic minipigs with the N-terminal part of human

mtHtt  [9]  were studied .  Transgenic boars (n = 17) and their wild-
type male controls (n = 13) were used in experiments. All compo-
nents of this study were carried out in accordance with the Animal 
Care and Use Committee of the Institute of Animal Physiology and 
Genetics and were conducted according to current Czech regula-
tions and guidelines for animal welfare and with approval by the 
State Veterinary Administration of the Czech Republic. 
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  For an overview of the animals used in experiments see supple-
mentary material SM 1 (for all online suppl. material, see www.
karger.com/doi/10.1159/000443665).

  Spermatozoa Collection, Measurement of Sperm Parameters 
and in vitro Fertilization Test 
 Semen was collected from boars of F1 (age 24–48 months, n = 

4) and F2 (age 12–36 months, n = 8) generations. All samples were 
evaluated using a sperm cell analyzer (Microptic, Spain) immedi-
ately after collection. The number of spermatozoa per ejaculate 
and the motility and progressivity of the spermatozoa were as-
sessed. In vitro fertilization tests were done as previously described 
 [9] . 

  Preparation of Testicular Tissue 
 Testicular tissue was obtained from boars of F2 generation aged 

24 (n = 2) and 36 months (n = 4). Animals were perfused under 
deep anesthesia with cold PBS. The tissue of the right testis was 
fixed in 4% paraformaldehyde followed by cryoprotection in 30% 
sucrose in 0.1  M  PBS and used for immunohistochemistry and 
electron microscopy (EM). The tissue of the left testis was used for 
SDS-PAGE and Western blot. 

  Electron Microscopy 
 Small blocks of testicular tissue and ejaculate samples were fixed 

in 300 m M  glutaraldehyde (Sigma-Aldrich) in 100 m M  cacodylate 
buffer for 2 h at room temperature (RT), washed in the same buffer 
and postfixed in 40 m M  osmium tetroxide (Polysciences) in 100 
m M  cacodylate buffer for 1 h at RT. Samples of testicular tissue were 
embedded in araldite resin (Durcupan ACM; Sigma-Aldrich) after 
rinsing in cacodylate buffer and dehydration in ethanol. Ejaculate 
samples were embedded in agar blocks, dehydrated in ethanol and 
embedded in araldite resin (Durcupan ACM; Sigma-Aldrich). 

  For immunohistochemical analyses, samples of ejaculate were 
washed in PBS and fixed in 4% paraformaldehyde with 0.1% glu-
taraldehyde in PBS. The samples were embedded in agar blocks, 
dehydrated in ethanol and embedded in LR white resin (Sigma-
Aldrich). Samples were incubated with mouse anti-polyglutamine 
monoclonal primary antibody (MAB1574; Millipore; 1:   50) over-
night at 4   °   C. Then the sections were rinsed in PBS and incubated 
with anti-mouse IgG-Gold antibody (10 nm gold particles; G7652; 
Sigma-Aldrich; 1:   40) for 2 h at RT.

  In all of the EM analyses, 60-nm-thick sections were cut using 
a Leica EM UC6 ultramicrotome and stained with uranyl acetate 
and lead citrate. Sections were examined under an FEI Morgagni 
268D electron microscope (FEI Company, The Netherlands) at 70 
kV. 

  Immunofluorescence and Immunohistochemistry  
 Spermatozoa were spotted onto clean slides using cytospin 

(800  g , 5 min). Spermatozoa were fixed and permeabilized with 
ice-cold absolute methanol for 5 min and then with acetone for
30 s. Slides were blocked with 5% goat serum and 5% milk for 30 
min at RT. Sections were incubated with mouse anti-polyQ mono-
clonal antibody (3B5H10; Sigma Aldrich; 1:   500) for 2 h at 4   °   C, and 
then Alexa Fluor 488-conjugated goat anti-mouse antibody 
(A21424; Invitrogen; 1:   500) was applied for 1 h at RT. DAPI was 
added to the mounting medium.

  Frozen testicular tissue was cut using a Leica CM1950 cryostat. 
Testicular sections (5 μm thick) were mounted on slides coated 

with 2% (3-aminopropyl) triethoxysilane in acetone (Sigma-Al-
drich). Slides were heated for 10 min at 0.7 bar overpressure in
0.01  M  sodium citrate buffer (pH 6.0) using a pressure cooker (Ste-
ba, Germany) for antigen retrieval. Sections were blocked with 
10% goat or donkey serum and stained with mouse anti-PCNA 
monoclonal antibody (ab29; Abcam; 1:   2,000) and rabbit anti-Ki67 
monoclonal antibody (ab16667; Abcam; 1:   1,000) or rabbit anti-
Htt monoclonal antibody (EPR5526; Abcam; 1:   250) overnight at 
4   °   C. Sections stained with EPR5526 were further treated with Al-
exa Fluor 647-conjugated goat anti-rabbit antibody (Amersham; 
1:   500) for 1 h at RT and followed by mounting medium containing 
DAPI. Other sections were incubated with sheep anti-mouse bio-
tinylated antibody or donkey anti-rabbit biotinylated antibody 
(Amersham; 1:   200) for 1 h at RT followed by incubation with an 
avidin-peroxidase complex (Vector ABC Elite) and 3,3 Ԣ -diamino-
benzidine tetrahydrochloride (DAB; Sigma) chromogen. Sections 
were dehydrated in graded ethanol, cleared in xylene and then cov-
erslipped using DPX. Slides were digitalized using a scanning mi-
croscope (Olympus BX) and images were edited using VS-120 
software. Statistical analyses were performed using GraphPad 
Prism 5.0 software (one-way ANOVA with Duncan’s post hoc 
test). PCNA-positive and Ki67-positive cells were counted in 20–
30 seminiferous tubules per animal.

  SDS-PAGE and Western Blot 
 Testes were homogenized in liquid nitrogen using a mortar. 

Spermatozoa and homogenized testes were lysed in RIPA buffer 
(150 m M  NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50 m M  
Tris-HCl pH 8, inhibitors of phosphatases and proteases ) , soni-
cated, and centrifuged at 10,000  g  for 10 min at 4   °   C. Samples (20 
μg of total protein) were loaded onto 3–8% Tris-acetate gel 
(EA03755; LifeTech) and run at 150 V. Gel was transferred onto 
nitrocellulose membrane (IB301001; LifeTech) at 250 mA. Mem-
branes were blocked in 5% skimmed milk, and probed overnight 
with anti-Htt antibody (EPR5526; Abcam; 1:   30,000 or AB1; Sigma 
Aldrich; 1:   000), or anti-polyQ antibody (3B5H10; Sigma Aldrich; 
1:   3,000), tubulin staining was used as loading control (anti-tubu-
lin; Sigma Aldrich; 1:   10,000). Secondary antibody conjugated 
with HRP (anti-mouse, 711-035-152; Jackson ImmunoResearch; 
1:   10,000 or anti-rabbit, 711-035-152; Jackson ImmunoResearch;
1:   10,000) was used. Light reaction was induced by ECL (RPN2232; 
GE Healthcare) and the signal was captured on CL-Xposure films 
(34091; Thermo Scientific).

  Hormonal Assay  
 Blood samples were collected 5 times from age-matched TgHD 

(n = 15) and WT (n = 8) boars (aged 7–30 months). The samples 
were allowed to clot for 60 min at RT, and centrifuged twice
(1,500  g , 10 min, 4   °   C). Serum levels of testosterone, luteinizing 
hormone (LH) and inhibin-α were determined by commercial 
ELISA kits (CSB-E06796p, CSB-E06791p, CSB-E12870p, CSB-EL-
011718PI; CUSABIO, Wuhan, China). All measurements were 
performed in duplicate and according to the manufacturers’ pro-
tocols. Statistical analysis was done using the Kolmogorov-
Smirnov normality test followed by the unpaired t test.

  Jumping Library Whole-Genome Sequencing  
 Customized sequencing libraries were constructed based on 

published protocols  [16]  and sequenced with paired-end 50-bp 
reads on an Illumina HiSeq2500. Library barcodes were demulti-
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  Fig. 1.  Sperm parameters.  a  Sperm count in the semen samples of 
TgHD boars from F1 generation collected at the age of 25–36 and 
37–48 months was significantly decreased in comparison with 
control animals.  b  Number of sperms in ejaculate of F2 TgHD 
boars collected at the age of 13–24 and 25–36 months was also 
lower in comparison with their WT littermates. Motility of the 

sperms was decreased in both F1 ( c ) and F2 ( d ) generations in all 
tested ages. Also, progressivity of the sperms was lower in TgHD 
animals from F1 ( e ) and F2 ( f ) generations. Data were analyzed 
using the Kolmogorov-Smirnov normality test followed by the 
Mann-Whitney U test. p < 0.05 was considered significant. 
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plexed with CASAVA v1.7. Read quality was assessed with FastQC 
v0.11.2 (http://www.bioinformatics.babraham.ac.uk). Quality and 
adapter trimming was performed with TrimGalore v0.3.7 (http://
www.bioinformatics.babraham.ac.uk). Reads were aligned to a 
modified version of  Sus scrofa  reference genome assembly Sscro-
fa10.2.74 (GCA_000003025.4; http://www.ensembl.org/Sus_scro-
fa) that included the full pHIV1-HD548aa-145Q vector sequence. 
Reads were aligned with BWA-backtrack v0.7.10-r789  [17] . Dupli-
cates were marked with Picard Tools MarkDuplicates v0.1.111 
(http://picard.sourceforge.net). All alignment manipulations, in-
cluding sorting and indexing, was performed with sambamba 
v0.4.6  [18] . Alignment quality was assessed using Picard Tools, 
Samtools v1.0 and BamTools v2.2.2  [19, 20] . All chimeric read 
pairs mapping from endogenous reference sequences to the trans-
gene or vector backbone sequences were isolated and clustered us-
ing our published algorithms  BamStat  and  ReadPairCluster   [21–
23] . An independent algorithm, DELLY, was used to corroborate 
integration sites detected by principal methods  [24] . Actual se-
quences of the integration junctions were determined by PCR and 
Sanger sequencing. 

  Results 

 Sperm Pathology of TgHD Boars  
 We showed altered reproduction parameters in 2 

TgHD boars of F1 generation starting at the age of 13 
months  [9]  as a potential HD phenotype in our porcine 
model. However, detailed analysis of a larger cohort of 
animals was needed to investigate the basis for the decline 

in fertility. We provided evidence on sperm reproductive 
parameters of TgHD and WT boars from F1 (24–36 
months old) and F2 (12–36 months old) generations. An-
imals in the compared groups did not yet vary in weight, 
size or their motor movements. 

  Semen of TgHD and WT animals was collected and 
characterized using a sperm cell analyzer. Sperm count, 
motility and progressivity were evaluated. All parameters 
measured in semen samples of TgHD boars significantly 
decreased at around 13 months in both generations 
( fig. 1 ) and persisted at a low level with increasing age. In 
vitro fertilization tests showed a continuous decreased 
ability of TgHD sperms to penetrate the oocytes ( fig. 2 ). 

  EM analysis of semen samples revealed altered mor-
phology of spermatozoa between TgHD and WT boars. 
Structural anomalies of spermatozoa were much more 
numerous in TgHD samples. These abnormalities were 
more pronounced in the F2 generation. Nearly all the 
spermatozoa of TgHD animals of F2 generation had a cy-
toplasmic droplet (most often proximal;  fig. 3 a). Severe 
structural alterations in TgHD spermatozoa were local-
ized mainly in the connecting piece and midpiece of the 
tail. Abnormalities were manifested as deformation of the 
mitochondrial sheath in the tail midpiece and also other 
tail structures. Common findings were folded or coiled 
tails, and sometimes a double or triple axoneme with 
fused mitochondrial sheaths ( fig. 3 b, d). Deformity of the 
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  Fig. 2.  Sperm penetration ability.  a  The ability to penetrate into 
oocytes is decreased in sperms of F1 boars at the age of 23–30 
months, and also at the age of 34–41 months. The most striking 
difference in the penetration ability between WT and TgHD F2 
boars was at the age of 23–30 months.  b  Such alterations were ob-

served as well in animals from F2 generation who reached the age 
of 11–18 months (p = 0.0608). Each penetration test was repeated 
at least 5 times. Data were analyzed using the Kolmogorov-
Smirnov normality test followed by the Mann-Whitney U test. p < 
0.05 was considered significant. 
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nucleus associated with incomplete chromatin condensa-
tion and abnormal acrosome occurred occasionally 
( fig. 3 c). Instability of acrosomes was in some cases man-
ifested by a precocious acrosomal reaction. Proximal cy-
toplasmic droplets were often associated with disorga-
nized mitochondrial sheaths ( fig. 3 e). In the F2 genera-
tion, there was a total absence of residual bodies in the 
ejaculate.

  Testicular Pathology of TgHD Boars  
 After having demonstrated the sperm pathology of 

TgHD boars, we sacrificed one pair of 24-month-old and 
2 pairs of 36-month-old animals from the F2 generation 
to perform the morphological analysis of testes. 

  At the age of 24 months, degenerative changes in sem-
iniferous epithelium were more frequent in the TgHD 
boar in comparison with the wild-type one. Apoptosis 
was seen in supporting Sertoli cells as well as cells of sper-

a b

c d

e f

  Fig. 3.  Fresh ejaculate of TgHD boar. RB = 
Residual bodies; N = neck.  a  Spermatozoon 
with proximal cytoplasmic droplet (aster-
isk) and residual bodies.  b  Spermatozoon 
with cytoplasmic droplet and double neck 
and tail structures (arrows).  c  Fully de-
formed spermatozoon.  d  A tail of a sper-
matozoon with triple axoneme and fused 
mitochondrial sheaths.  e  Connecting piece 
of tail of a spermatozoon with multiple and 
totally disorganized axoneme and mito-
chondrial sheaths (asterisk).  f  Immunocy-
tochemical reaction. 10-nm gold particles 
(arrows) indicate the presence of polyglu-
tamine-containing proteins. 
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matogenic lineage. Degeneration of Sertoli cells was char-
acterized by increased density and vacuolation of cyto-
plasm, dilatation of endoplasmic reticulum, structural al-
terations of the nuclei and swollen mitochondria ( fig. 4 a). 
Degeneration of spermatogonia was manifested by cell 
shrinkage, increased chromatin condensation in the nu-
cleus, dilatation of endoplasmic reticulum and swollen 
mitochondria with defects of their internal structure 
( fig. 4 b). In addition, other cells of the spermatogenic lin-
eage were gradually degenerated ( fig.  4 c). Strongly re-
duced epithelium of the seminiferous tubules, restricted 
to the Sertoli cells, spermatogonia and the sparsely occur-
ring spermatocytes and spermatids were occasionally ob-
served. Multinucleated spermatogenic cells including 
spermatogonia ( fig. 4 d) were frequently recognized. The 
thick basal lamina was made up of several layers (2–3 lam-
inae densae). 

  At the age of 36 months, the rate of degenerative 
changes in the testicular samples of 2 transgenic individ-
uals was different. The changes were less pronounced in 

boar K104 than in boar K63 and resembled those of a 
TgHD boar at the age 24 months. Morphology of semi-
niferous tubules in boar K63 showed a significant reduc-
tion of spermatogenesis. In some of the tubules, sper-
matogenesis was preserved (but only to a limited extent; 
( fig. 5 a); other tubules contained only Sertoli cells ( fig. 5 b). 
In the tubules with preserved spermatogenesis, the de-
generative changes were detected in both Sertoli cells 
( fig. 5 d) and spermatogenic elements, including the sper-
matogonia. Degenerative changes exhibited characteris-
tics typical for early or advanced apoptosis – the increased 
density of cytoplasm associated with its vacuolization, 
swollen mitochondria, dilated endoplasmic reticulum 
and clumps of heterochromatin in the nucleus. The basal 
lamina was thick and made up of several layers (2–3 lam-
inae densae). Tubules without spermatogenic cells were 
lined with Sertoli cells exclusively, which, unlike the tu-
bules with preserved spermatogenesis, hold signs of de-
generation only in exceptional cases. Sertoli cells con-
tained extreme amounts of endoplasmic reticulum, which 

a b

c d

  Fig. 4.  Seminiferous epithelium of TgHD 
boar at the age of 24 months. Se = Sertoli 
cell undergoing apoptosis; N = nuclear 
structure; Sp = spermatocyte; L = lipid 
droplet; Sg = spermatogonia.  a  Sertoli cell 
undergoing apoptosis – increasing cyto-
plasm density, vacuolation, altered nuclear 
structure. Note spermatocyte and large lip-
id droplet.  b  Spermatogonia undergoing 
apoptosis. Note basal lamina (arrow).  c  De-
generated spermatocytes (arrows). Note 
large lipid droplet.  d  Spermatogonia with 3 
nuclei. Note basal lamina (arrow).     
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often formed concentrically arranged cisternae ( fig. 5 c). 
Structures, known as Charcot-Böttcher crystals, were of-
ten observed in these cells ( fig. 5 e). The basal lamina was 
made up of several layers (up to 6 laminae densae) and 
was strongly undulated ( fig. 5 e), probably as a result of 
tubules diameter reduction in the absence of spermato-
genic elements.

  At both ages, 24 and 36 months, the lamina propria of 
seminiferous tubules was made up of 1–2 layers of myo-
fibroblasts and occasionally occurring fibroblasts ( fig. 5 f). 

No differences were found in comparison with the con-
trol animals of the same age. Numerous Leydig cells oc-
cupying extended areas adjacent to the tubules were pres-
ent in the interstitium. Their number, location and mor-
phology were identical in both TgHD and WT animals, 
regardless of age ( fig. 5 f). 

  An immunohistochemical cell proliferation assay de-
tecting Ki67 and PCNA expression was performed in or-
der to determine the mitotic activity of spermatogonia. 
Ki67 protein is expressed only in the nuclei of spermato-

a b

c d

e f

  Fig. 5.  Seminiferous epithelium of TgHD 
boar at the age of 36 months. SC = Sertoli 
cell; Sp = spermatids; L = lumen of tubule; 
ER = endoplasmic reticulum; N = nucleus 
of Sertoli cell; MF = myofibroblasts; LC = 
Leydig cells.  a  Preserved but reduced sper-
matogenesis. Note Sertoli cells and sper-
matids.  b  Seminiferous epithelium con-
taining only intact Sertoli cells, with no 
spermatogenic elements. Note basal lami-
na (arrow) and lumen of tubule.  c  Sertoli 
cells of the same tubule – concentric cister-
nae of endoplasmic reticulum in apical cy-
toplasm.  d  Sertoli cell undergoing apopto-
sis in a tubule with preserved spermatogen-
esis. Note nucleus of Sertoli cell.  e  Basal 
part of a Sertoli cell with Charcot-Böttcher 
crystal (asterisk). Note split and undulated 
basal lamina (arrows).  f  The lamina propria 
of a tubule with absent spermatogenesis. 
Note myofibroblasts. Numerous Leydig 
cells occupy extended areas adjacent to the 
tubule. 
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  Fig. 6.  Proliferative analysis. PCNA ( a–c ) and Ki67 ( d–f ) staining 
revealed decreased number of spermatocytes ( c ) and spermatogo-
nia ( f ) in seminiferous epithelium of the TgHD boar (K63) at the 
age of 36 months.  g ,  h  The number of spermatogenic cells of the 
TgHD boar (K63) was significantly decreased compared with the 
WT boar (p < 0.05). Seminiferous tubules of the 24-month-old ( b ) 
and 36-month-old ( e ) transgenic boars showed similar staining of 

spermatogenic cells to WT ( a ,  d ).  h  The exception is testicular tis-
sue from TgHD boar K104, in which spermatogonia (Ki67-posi-
tive cells) were determined in a significantly reduced number of 
seminiferous tubules compared with WT. Scale bars = 50 μm (20 
μm in  insets ). Results were plotted as mean ± SD of positive cells 
per seminiferous tubule. p < 0.05 was considered significant.
 ȗ  p = 0.0151;  ȗ  ȗ  ȗ  p < 0.0001. 
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gonia, while PCNA occurs also in the nuclei of primary 
spermatocytes in normal seminiferous epithelium  [25]  – 
90.86% (726/799) of seminiferous tubules lacked PCNA-
positive cells and 90.08% (745/827) of seminiferous tu-
bules contained no Ki67-positive cell in the testis of the 
36-month-old TgHD boar (K63;  fig. 6 a–f). Spermatogo-
nia serve as stem cells in the process of differentiation to 
spermatozoa, and their proliferative activity secures nor-
mal spermatogenesis. That means that impaired sper-
matogenesis involved 90% of seminiferous tubules. These 
results confirmed impaired spermatogenesis observed by 
EM (as indicated above). The remaining 10% of seminif-
erous tubules contained spermatogonia and spermato-
cytes stained by anti-PCNA and anti-Ki67 antibodies, but 
their number was significantly reduced in comparison 
with the seminiferous tubules of a WT boar. A significant 
decrease in the quantity of spermatogonia was also ob-
served in the testis of the other TgHD boar at the age of 
36 months (K104) in comparison with the WT one. It 
suggested that the spermatogonial proliferation was re-

duced in TgHD boars at the age of 36 months (n = 2, K104 
and K63). No difference was found in the testes of the 
24-month-old TgHD boar (K8;  fig. 6 g, h).

  Sperm and Testicular Degeneration: The Direct Effect 
of mtHtt 
 Supposing that sperm pathology is caused by the toxic 

effect of mtHtt, experiments showing localization and ex-
pression of mtHtt were done. The presence of the polyglu-
tamine-containing proteins was observed in structures in 
the spermatozoa tail of TgHD boars using 10-nm gold 
particles examined under EM ( fig. 3 f). This finding was 
confirmed by a dotted immunohistochemical signal de-
tected along the whole spermatozoa tail in all tested ages 
of F1- and F2-generation TgHD boars (but not in WT 
controls) using 3B5H10 (anti-N-terminal fragment of 171 
aa of human Htt with 65Q) antibody ( fig. 7 a). Western 
blot analysis using EPR5526 (anti-N-terminal fragment of 
Htt) confirmed highly abundant mtHtt and a slightly low-
er level of endogenous Htt in spermatozoa ( fig. 7 b). In ad-
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  Fig. 7.  Presence of Htt in spermatozoa 
cells.  a ,  b  Immunofluorescence dotted sig-
nal of the polyglutamine-containing pro-
teins (3B5H10 antibody, yellow; color in 
online version only) was detected along 
whole spermatozoa tail of TgHD boars ( b ) 
but not in WT cells ( a ). Scale bar = 20 μm. 
 c  Western blot analysis detected endoge-
nous (Htt) and transgenic (mtHtt) hun-
tingtin by EPR5526 antibody, specific to 
N-terminal part of huntingtin. PolyQ an-
tibody (3B5H10) as well as Htt antibody 
(EPR5526) detected fragments of mtHtt.                                    
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dition, anti-polyQ antibody (3B5H10) as well as anti-hun-
tingtin antibody (EPR5526) revealed a fragmented form 
of mtHtt, which was reported to cause cellular toxicity 
 [26] . Sperm samples from all tested ages in both genera-
tions (F1, F2) were analyzed, and no significant change in 
expression between samples was detected (only represen-
tative data from two pairs of samples are shown;  fig. 7 ).

  Consequently, we looked at Htt localization in TgHD 
and WT seminiferous tubules from testes of 24- and 
36-month-old boars. The signal was widely spread in 
spermatogenic and Sertoli cells in normal as well as in the 
atrophic seminiferous tubules ( fig.  8 a). Western blot 
analysis showed a high expression of mtHtt form com-
pared with endogenous Htt. The huntingtin antibody 
also revealed fragmented forms of mtHtt that may con-
tribute to toxicity of the transgene ( fig. 8 b).

  In order to eliminate the neuronal effect on the tes-
ticular phenotype, levels of fertility-related hormones 
were measured in the blood serum of two age groups: 7- 
to 17-month-old TgHD (n = 14) and WT (n = 9) boars, 
and 15–30-month-old TgHD (n = 11) and WT (n = 6) 
boars. Levels of testosterone, LH and inhibin-α were an-
alyzed (see online suppl. material SM 2). No significant 
difference was observed between TgHD and WT ani-
mals.

  Mapping the HIV1-HD-548aaHTT-145Q Transgene 
Integration 
 To detect any and all sites of vector integration into the 

pig genome in the transgenic lineage, we performed long-
insert jumping library whole-genome sequencing of 
transgenic animals from F0 (founder female) and F2 gen-

WT WT TgHD TgHD atrophic

EPR 5526Blanka

Htt

mtHtt

460

171

117

71

55

Tg
H
D

Tg
H
D

W
T

W
T

24

months

36

monthsb

  Fig. 8.  Expression of Htt in testes. M = Myoid cells.  a  Total hun-
tingtin protein was visualized immunohistochemically with 
EPR5526 antibody in sections of WT and transgenic (TgHD) por-
cine testis. EPR5526 (red; color in online version only) was de-
tected in seminiferous epithelium demarcated by seminiferous tu-
bule basement membrane (dashed line) and lumen (asterisk). My-
oid cells were negatively stained. Cell nuclei were counterstained 
with DAPI (blue). Prominent Sertoli cell nuclei (arrowheads) pres-
ent in atrophic seminiferous tubule (TgHD atrophic) documented 
the loss of germ cells. Blank, WT testis section stained only with 
A647-conjugated secondary antibody. Scale bar = 20 μm.  b  West-
ern blot analysis of testis; representative sample shown. Anti-AB1 
antibody detected endogenous Htt, transgenic mtHtt and frag-
ments.                                         
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erations in comparison with a negative control. This 
method, which involves sequencing the ends of genomic 
DNA fragments after circularization and size reduction, 
has previously been shown to be an effective platform for 
vector integration site discovery in transgenic sheep and 
mice  [21] . Whole-genome sequencing of jumping librar-
ies prepared from random fragments (mean size 3.6 kb) 
resulted in an average of 65.5× coverage of mapped in-
serts across each base in the haploid genome for all 3 an-
imals. The paired-end reads were examined for the signa-
ture of vector integration into the genome: chimeric frag-
ments consisting of pig genomic sequence on one end 
and a portion of the introduced vector/transgene on the 
other. No integrations were detected in the negative con-
trol genome, while a single identical vector integration 
was detected in each of the F0 and F2 generations of 
TgHD animals. As suggested previously from FISH anal-
ysis, the integration occurred into chromosome 1q  [9] . 
The jumping library analysis revealed that 5.3 kb of the 
HIV1-HD-548aaHTT-145Q vector DNA integrated as 
expected via the HIV LTR sequences and harbored an in-
tact HD-548aaHTT145Q expression cassette. Sanger se-
quencing of the junctions with genomic DNA showed 
that the integration was in reverse orientation relative to 
the genomic sequence, between chr1 228,641,631 and 
228,641,637, with loss of the 5 intervening bases of ge-
nomic DNA. This integration does not directly disrupt 
any annotated gene, and no further breakpoint or inte-
gration complexity or other genomic rearrangement was 
apparent at the resolution of the jumping library sequenc-
ing.

  Discussion 

 In this study we described sperm and testicular degen-
eration, which is a result of the presence of mtHtt protein 
in the testes of transgenic minipig boars expressing the 
N-terminal part of human mtHtt. Cohorts of TgHD and 
their WT controls of F1 and F2 generations were directly 
compared. 

  Previous studies on HD rodent models showed male 
sterility that was assumed to be due to a reduction of sper-
matozoa  [15] . We confirmed this phenotype in a large 
animal model of HD, the minipig. Additionally, we re-
ported both the reduction of spermatozoa and also their 
function measured by motility, progressivity and in vitro 
penetration assay. Spermatozoa of TgHD boars had se-
vere problems to penetrate the minipig oocytes. The dif-
ference in values of sperm parameters was evident at 13 

months and worsened with age. A comparison of animals 
from F1 and F2 generations of the same age (25–36 
months) showed slightly worse values of all observed pa-
rameters in the F2 generation. There was also a wider 
variability of sperm parameters in the F2 generation, 
probably caused by a larger cohort of animals in the F2 
group. Furthermore, EM analysis revealed deformation 
of the mitochondrial sheath in the tail midpiece of TgHD 
spermatozoa. Folded or coiled tails and a double or triple 
axoneme with fused mitochondrial sheaths were also ob-
served. This can be caused by a failure of the disjunction 
of excess cytoplasm, which results in the presence of cy-
toplasmic droplets. This phenomenon, together with 
spermatozoa motility dysfunction, can be related to a de-
crease of mitochondrial energetic metabolism and func-
tional impairment of respiratory chain complex II (un-
published observations). Occasionally, nucleus deforma-
tion associated with incomplete chromatin condensation 
and abnormal acrosome occurred in transgenic sperma-
tozoa (but not in WT controls). These abnormalities were 
more pronounced in the F2 generation. Moreover, nearly 
all the spermatozoa of TgHD animals of the F2 generation 
contained a cytoplasmic droplet, and their ejaculate 
lacked residual bodies.

  The testicular degeneration reported here is in agree-
ment with observations in mice (R6/2 and Yac72)  [14, 
15] , as well as in postmortem samples from humans 
 [13] . Multinucleated spermatogenic cells were fre-
quently present in the seminiferous epithelium of 24- 
and 36-month-old TgHD boars. The spermatogonia 
were shrunk and had dilated endoplasmic reticulum, 
swollen mitochondria and condensed chromatin in the 
nucleus. Spermatocytes and spermatids were observed 
occasionally. Reduced numbers of developing sper-
matocytes and spermatids were also observed in HD pa-
tients  [13]  and YAC128 mice  [27] . Some tubules con-
tained only Sertoli cells. Sertoli cells were characterized 
by increased density and vacuolization of the cytoplasm, 
dilatation of endoplasmic reticulum, structural altera-
tions of the nuclei and swollen mitochondria. These are 
features typical for early or advanced apoptosis. More-
over, proliferative analysis of seminiferous tubules with 
elongated spermatozoa showed fewer cells expressing 
the proliferative markers PCNA and Ki67 in TgHD an-
imals. The apoptotic nature of the cell death in a large 
number of degenerating spermatids with diffuse cyto-
plasmic vacuolization, condensed nuclei and electron-
dense cytoplasm which were phagocytized and degrad-
ed by Sertoli cells was also observed in a mouse model 
lacking endogenous huntingtin YAC72 –/–   [14] . Similar-
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ly, seminiferous tubules of YAC128 were disrupted by 
large vacuoles  [27] . In addition, the seminiferous tubule 
wall was thickened in HD patients  [13] . In the TgHD 
minipig, the thick basal lamina was made up of several 
layers (2–3 laminae densae) compared with the WT 
minipig. At the age of 36 months, spermatogenesis was 
more affected in comparison with the age of 24 months. 
Sertoli cells contained extreme amounts of endoplasmic 
reticulum and structures known as Charcot-Böttcher 
crystals. The basal lamina was made up of several layers 
(up to 6 laminae densae) and was strongly undulated, 
resulting probably from a reduction of the diameter of 
the tubules in the absence of spermatogenic elements. 
The rate of degenerative changes in the testicular sam-
ples of the 2 transgenic boars at the age of 36 months 
was different. The changes were less pronounced in 
boar K104 than in boar K63 and resembled those of the 
TgHD boar at the age 24 months. Boar K63 also showed 
more change in sperm parameters, including atrophy of 
seminiferous epithelium and impaired spermatogene-
sis. The difference in severity of pathology between age-
matched boars might be a consequence of variation in 
the progression of the disease and genetic background 
of individual minipigs. The age of onset of HD depends 
on CAG length (around 70%), but also on other factors 
like polymorphism, modifier genes, etc. (30%)  [28, 29] . 
We suggest that polymorphisms of proteins interacting 
with huntingtin could contribute to different degrees of 
testicular degeneration between transgenic boars of the 
same age.

  After demonstrating testicular abnormalities we in-
tended to clarify the reason for the pathological pheno-
type. We focused on the design of the transgenic minipig 
model. The number of CAG repeats was chosen in order 
to expect an earlier phenotype. This number of repeats 
imitates juvenile HD in patients. It has an earlier onset 
and faster progress, but the disease has the same charac-
teristics as the adult form. Mixed CAG/CAA repeats, in-
stead of just CAG, were used to increase the stability of 
the insert. This has been used in several rodent models 
(YAC128, BACHD mice) that also showed the phenotype 
 [30, 31] . Therefore, the design was not a problem. We also 
checked whether the insertion of the lentiviral construct 
did not interrupt any coding sequence in the pig genome. 
Since the result was negative, the question was whether 
the defect in the testes was due to the expression of
mtHtt or as a result of changed levels of fertility-related 
hormones. 

  There is evidence that the expression of mutant Htt 
leads to selective cellular dysfunction and degeneration 

 [32] . The most affected cells are neurons. However, we 
also provided data for spermatozoa degeneration and tes-
ticular dysfunction in a minipig model of HD. We showed 
a high and stable expression of endogenous Htt as well as 
the transgenic N-truncated mutant form of human Htt in 
spermatozoa as well as in spermatogenic and Sertoli cells, 
and also in the atrophic seminiferous tubules of TgHD 
testes. In addition, we detected fragments of mtHtt in 
spermatozoa as well as in testes. It has been published that 
smaller fragments of mtHtt cause cellular toxicity and in-
duce apoptosis  [33, 34] . Furthermore, mutant N-terminal 
Htt fragments were also detected in tissues from HD pa-
tients and mouse models in the presymptomatic stage, 
suggesting their role in the progression of HD  [35–37] . 
These facts also support our statement that the N-termi-
nal part of human mtHtt causes testicular pathology in 
transgenic minipig boars. 

  Although testicular degeneration in HD is well de-
scribed in mouse models (R6/2 and YAC128), it is not 
clear whether this phenotype is independent or a conse-
quence of alterations of the hypothalamic-pituitary-go-
nadal axis (GnRH). A significant loss of GnRH neurons 
starting from 5 weeks of age followed by decreasing levels 
of plasma testosterone at 12 weeks of age was found in 
R6/2 mice  [11] , while testicular atrophy without concom-
itant loss of GnRH neurons was described in a YAC128 
mouse model  [13] . An analysis of testosterone levels in 
YAC128 mice did not reveal any significant difference 
compared with controls, even when testicular atrophy 
was already present  [13] . Furthermore, testosterone treat-
ment had no effect on the peripheral phenotype of HD, 
e.g. body weight loss or motor function in R6/2 mice  [11] . 
An analysis of complete neuroendocrine status in HD pa-
tients showed no significant difference in the plasma lev-
els of LH, FSH and testosterone between all male HD pa-
tients and controls  [38] . However, Markianos et al.  [39]  
observed significantly lower testosterone and LH levels in 
HD patients compared with healthy controls. These con-
flicting results suggested a detailed hormonal analysis of 
our porcine model. We observed no significant difference 
in the levels of fertility-related hormones between TgHD 
and control boars, and no changes in libido were ob-
served during regular collection of semen. Moreover, in 
the interstitium, the number, location and morphology of 
the Leydig cells were identical regardless of the age or 
genotype of the animal, and no differences were found in 
the lamina propria of seminiferous tubules of the TgHD 
boars in both ages compared with WT controls. Similarly, 
unaffected Leydig cells were observed between degener-
ating tubules of stromal interstitial tissue in YAC72 –/–  
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31P MR Spectroscopy of the Testes 

and Im munohistochemical Analysis of Sperm 

of Transgenic Boars Car ried N-terminal Part 

of Human Mutated Huntingtin

31P MR spektroskopie varlat 

a imunohistochemická analýza spermií 

transgen ních kanců nesoucích N-terminální 

část lidského mutovaného huntingtinu

Abstract
Huntington’s disease (HD) is an inherited autosomal neurodegenerative disorder characterized 

by motor dysfunctions, behavioral and cognitive disturbances. It aff  ects predominantly the brain, 

however, changes were found also in peripheral tis sues. Some of these changes can result from 

direct expres sion of mutant huntingtin; its highest levels have been found in the brain and testes. 

In 2009 we established a minipig model of HD (TgHD) expres s ing N-terminal (548aa) part of human 

mutated huntingtin encoded 124 CAG/ CAA repeats. Previous research has revealed the presence 

of reduced fertility and fewer spermatozoa per ejaculate in TgHD boars started at 13 months of 

age. The aim of this study was to determine changes in the testes of 24 months old transgenic 

boars (F2 generation in vivo) us ing non-invasive methodology of 31P magnetic resonance (MR) 

spectroscopy as wel l as to perform imunohistochemical analysis of TgHD sperm col lected from-

form F1 and F3 generation before HD onset. The results have shown signifi cant reduction of rela-

tive phosphodiester concentration in testicular parenchyma of TgHD boars compared to wild type 

(WT) ones of the same ages. Moreover im munohistochemical analysis of sperm col lected from 

TgHD and WT have revealed exclusive anti-polyQ specifi c (clone 3B5H10) as wel l as signifi cantly 

increased anti-huntingtin (clone EPR5526) stain ing in transgenic spermatozoa tails in comparison 

with WT counterparts. Thus, our results are suggestive of the negative impact of human mutated 

huntingtin on testes metabolism as wel l as sperm abnormalities.
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Aim/ s of the study 
Huntington’s disease (HD) is a progres sive 

neurodegenerative disorder caused by an 

unstable CAG (cytosine- adenine- guanine) 

trinucleotide expansion in the hunting-

tin gene (HTT) on the short arm of chro-

mosome 4 [1,2]. Symp toms such as motor 

dysfunctions, behavioral and cognitive dis-

turbances [3] have been early linked to neu-

rodegeneration occur r ing in the brain [4]. 

However, abnormal changes were also 

found in peripheral tis sues like testes, heart, 

pancreas, skeletal muscle [5]; some of these 

changes can result from direct expres sion 

of mutant huntingtin [4] or a los s of wild 

type one [6]. The highest levels of hunting-

tin expres sion have been found in the brain 

and testes [4]. Indeed, the human brain and 

testes have the most similar gene expres-

sion pattern in compare with other organ 

types [7]. It has been also shown that men 

with HD have reduced numbers of germ 

cel ls (spermatocytes, spermatids) and abnor-

mal seminiferous tubule morphology in the 

testis [8]. In addition mutant huntingtin not 

only compromised spermatogenesis in HD 

patients but also in R6/ 2 [9] and YAC128 [8] 

mouse models. Infertility in the R6/ 2 males 

was due either to death of GnRH neurons or 

to a reduction in GnRH expres sion lead ing to 

a downstream impairment of the gonadotro-

pic hormones [9]. On the other side the tes-

tes atrophy and decline in sperm production 

and fi nal azoospermia in R6/ 2 mice occurs 

at the time of onset of neuropathological 

symp toms and al l of them were sterile by 

eight weeks of age [5]. In the YAC128 mouse 

model, testicular degeneration develops 

prior to 12 months of age, but at 12 months,

there is no evidence for decreased testo-

sterone levels or los s of GnRH neurons in 

the hypothalamus [8]. As we have reported 

previously, HD porcine model shows lower 

spermatozoa counts compared to wild type 

animals [10]. In addition motility and oocyte 

penetration capability of sperm is reduced 

in transgenic boars bear ing mutant hunting-

tin [11] and indicates defects in its spermato-

genesis. The mechanism of mutant hunting-

tin action on cel l functions is not completely 

known as it interacts with a plethora proteins 

and localizes to various cel lular structures like 

the nucleus, Golgi apparatus, mitochondria 

etc. [12– 16]. Recently mutant huntingtin has 

been shown to bind to the basal body and 

to interfere with cil liogenesis [17– 19]. Thus in-

sight into pathogenesis occur r ing in the tes-

tis and spermatogenesis of men and animal 

models of HD may reveal com mon critical 

pathways which lead to degeneration in the 

brain and other organs.
31P MR spectroscopy is a non-invasive me-

thod that can be used to monitor the me-

tabolite changes of dif ferent tis sue types 

like the brain, liver, muscle and testes in 

vivo [20– 25]. The in vivo 31P MR spectrum 

of the testis contains seven characteristic 

peaks originat ing from phosphomonoes-

ters (PME), phosphodiesters (PDE), adeno-

sine triphosphate (three peaks represent-

ing three phosphates ATP- α, -β, -γ), inorganic 

phosphate (Pi), and phosphocreatine (PCr), 

which is not present in the testicle, but ari-

ses from a muscle contamination [23]. In the 

spectrum can be also identified smal l sig-

nal of nicotinamide adenine dinucleotide 

(NADH). PME peak represents mainly phos-

phocholine and phosphoethanolamine and 

is directly related to the rate of phospholipid 

bio synthesis. The PDE peak refl ects phos-

pholipid breakdown and mostly consists of 

glycerophosphocholine and glycerophos-

phoethanolamine. Inorganic phosphate is 

a catabolic product of metabolites contain-

ing phosphates [25– 27]. Moreover 31P MR 

spectroscopy of the human testes may dif-

ferentiate between normal testes, oligozoo-

spermia, azoospermia that is caused by epi-

didymal obstructions in the reproductive 

tract (normal spermatogenesis) and azoo-

spermia that is caused by testicular failure 

(no germ cel ls are present) [23].

The minipig boars have huge testis, what 

al lowed big voxel size in this area. In addition 

the minipig males also produce a large vol-

ume of sperm as an optimal bio logical mate-

rial col lected by noninvasive approach. 

The aim of this study was to determine 

changes in the testes and sperm of trans-

genic minipigs expres s ing human muta-

ted huntingtin related to testicular abnor-

malities by us ing 31P MR spectroscopy and 

im munohistochemistry.

Methods
Minipigs

Transgenic boars (TgHD) accord ing to [10] 

were obtained from The Institute of Ani-

mal Physiology and Genetics (Libechov, 

Czech Republic). The minipig strain result-

 ed from Min nesota, Gottingen, and do-

mestic farm strain cros s- breed ing and their 

succes sful germ line transmis sion occur red 

through succes sive F0, F1, F2 and F3 gene-

rations. Until now several phenotypes like 

the reduced male reproductive parameters 

(e. g. fewer spermatozoa per ejaculate), im-

paired mitochondrial function in spermato-

zoa [11], lower level of total creatine in the 

brain [28] and blood serum cytokine imba-

lance [29] have been detected. The founder 

sow, born July 2009, as wel l as the off  springs 

are with out clinical symp toms of HD at the 

present time. We expect the outbreak of the 

clinical symp toms in the second half of their 

life, i.e., after the 10th year. Transgenic boars 

Souhrn
Huntingtonova nemoc (HN) je autozomálně dominantně dědičné neurodegenerativní onemocnění charakterizované motorickým defi citem, 

poruchami chování a kognitivních funkcí. Postihuje především mozek, přičemž změny související s HN byly nalezeny rovněž i v periferních tkáních. 

Ně kte ré z nich mohou být způsobeny přímou expresí mutovaného huntingtinu, jehož nejvyšší koncentrace byly nalezeny v mozku a varlatech 

pa cientů s HN. V roce 2009 jsme vytvořili miniprasečí model HN (TgHD) exprimující N-terminální (548aa) část lidského mutovaného huntingtinu kódu-

jícího 124 CAG/ CAA repetic. Na základě předchozích experimentů byla u TgHD kanců od 13. měsíce věku zjištěna zhoršená schopnost reprodukce 

a snížený počet spermií v ejakulátu. Cílem této studie bylo prokázat změny ve varlatech 24 měsíčních transgen ních kanců (F2 generace in vivo) pomocí 

neinvazivní metody 31P magnetické rezonanční spektroskopie a provést imunohistochemickou analýzu TgHD spermií odebraných z F1 a F3 generace 

před projevením se klinických příznaků HN. Na základě vyšetření magnetickou rezonancí bylo zjištěno signifi kantní snížení relativní koncentrace 

fosfodiesterů v testikulárním parenchymu TgHD kanců v porovnání s netransgen ními jedinci (WT) stejné věkové kategorie. Rovněž imunohistoche-

mická analýza spermií odebraných z TgHD a WT kanců odhalila výrazné anti-polyQ specifi cké (klon 3B5H10) stejně tak i signifi kantně zvýšené anti-hun-

tingtin (klon EPR5526) barvení v bičících transgen ních spermiích v porovnání s netransgen ními spermiemi. Na základě našich výsledků lze usuzovat, že 

lidský mutovaný huntingtin má negativní vliv na metabolizmus varlat a způsobuje zvýšený výskyt abnormalit spermií.
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from F2 generation (2 years old) before HD 

onset (n = 5) and control wild type (WT) si-

blings (n = 5) were used for MR spectrometry 

study. For sperm IHC study we used transge-

nic and WT boars from F1 (n = 2; 4– 5 years 

old) and F3 (n = 2; 2 years old).

In MR spectrometry study minipigs were 

anesthetized with propofolum (Propofol 1% 

Fresenius) in combination with intramuscu-

lar TKX mixture (Tiletaminum 5 mg/ kg, Zo-

lazepamum 5 mg/ kg, Ketaminum 5 mg/ kg, 

Xylazine 1 mg/ kg). For premedication of 

mini pigs TKX mixture in combination with 

diazepamum (0.25 mg/ kg, Apaurin) was 

used. A pulse oximeter clipped to a tail for 

continuous control of pulse rate and oxygen 

level in the blood of the minipig was used. 

Semen from transgenic and nontransgenic 

animals was col lected without anesthesia 

us ing phantom dum my.

Al l experiments were conducted with the 

approval of the State Veterinary Administ-

ration of the Czech Republic and in accor-

dance with Czech regulations and guideli-

nes for animal welfare. 

MR spectrometry experiments

Al l MR experiments were performed us ing 

a whole body 3T MR scan ner (Siemens Mag-

netom Trio). A fl exible dual tuned 1H/ 31P sur-

face coil (Rapid Biomedical, Rimpar, Ger-

many) was placed beneath the animal in 

a prone position. For spectra localization, 

three perpendicular images obtained by 

a standard T2W turbo- spin echo sequence 

(TR = 4 400 ms, TE =

= 99 ms, slice thick-

nes s = 4 m m), were 

used. 31P spectra 

were acquired by 

2D-  CSI ( Two-  Di-

mensional Chemi-

cal Shift Imaging) sequence (TR = 4 000 ms, 

TE = 2 ms, VOI = 240 × 240 × 25 m m, mat-

rix size 8 × 8 × 1, voxel size 30 × 30 × 25 m m, 

NA = 8). The position ing of the voxel in 

2D- CSI spectroscopic grid is shown in Fig. 1. 

An automatic magnetic field homogeneity 

adjustment based on B0 mapp ing supple-

mented by manual shim m ing was used.

MR spectrometry post-proces sing

Data were preproces sed us ing a program jSI-

PRO [30] which involved k- space Ham m ing 

fi lter ing and shift ing of the spectroscopic 

grid for the best fi t position ing of the selec-

ted voxel in the area of the testis. The single 

spectrum from the chosen voxel was export-

 ed as a text fi le and then proces sed in the 

jMRUI software package (version 5.0). Proces s-

 ing involved manual phase cor rection (zero 

and fi rst- order), hard phase of al l signals and 

sett ing of the reference (PCr) peak to 0 ppm. 

Spectra were analyzed us ing the AMARES al-

gorithm [31], which is a part of jMRUI soft-

ware package [32]. Eight signals were eva-

luat ed in each spectrum. PCr and NADH 

peaks were fi tted as singlets, Pi, PME, PDE as 

two singlet peaks (with restricted linewidths 

to maximal value 100 Hz), α- ATP, γ- ATP peaks 

as doublets, and β- ATP as a triplet. Signal of 

α- ATP, β- ATP and γ- ATP peaks were not con-

straint to each other because the integrals of 

α- ATP, γ- ATP signals might also contain con-

tribution of adenosine diphosphate (ADP). 

For al l signals a Lorentzian shape was used. 

The spectra quantifi cation was performed 

without fi xed values of zero and fi rst- order 

phase by us ing weight ing function (quar-

ter- sine wave) in an interval 1–10 and trunca-

tion of fi rst 2 points of the FID. 

The relative metabolite concentrations 

were calculated as ratios to γ- ATP. We are 

aware that the γ- ATP signal may also include 

a contribution from ADP. However, although 

β- ATP signal would be unambiguous, it 

might be aff  ected by the partial excitation 

due to its large chemical shift displacement, 

hence it is not suitable as a reference [22,33]. 

The testicular spectra from minipigs were 

contaminated by the signals from muscle, as 

evidenced by the presence of PCr signal in 

the spectra. Therefore the ATP and Pi con-

centrations were cor rected by deduction of 

the muscle contribution calculated from the 

PCr signal. Muscle ATP (20% of the PCr sig-

nal) and Pi (10% of the PCr signal) contribu-

tion was determined from the spectra in the 

Fig. 1. The positioning of the spectroscopic grid in the program 

jSIPRO.

Fig. 2. Quanti� cation of representative spectrum from one voxel 

in testis in the program AMARES. 

Teoretical fi tted spectrum (middle) obtained by a quantifi cation of 

the experimental spectrum (below) is denoted with a blue color. 

Upper image shows residual.
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muscle obtained dur ing the same measure-

ment (in two WT minipigs) and was in agree-

ment with published data [24,34]. Concent-

rations of PME and PDE were not cor rected 

as their concentrations in the muscle are 

negligible with respect to the experimen-

tal er ror. 

IHC

The semen of F1 and F3 generation boars 

(both genotypes) was col lected us ing the 

hand- glove technique. After three times 

wash ing in BTS buff  er spermatozoa were di-

luted to 5 × 105 concentration and cytospin-

ned onto a microscopy slide and air dried. 

The prepared spermatozoa were permea-

bilized us ing 0.04% Triton in PBS for 5 min. 

30 min block ing step was car ried out by 

block ing buff  er consist ing of permeabliza-

tion buff  er supplemented with 0.2% non-fat 

dry milk. Anti-huntingtin (1 : 400, clone 

EPR5526, MABN1105, Mil lipore) or anti-po-

lyQ antibody (1 : 1000, clone 3B5H10, P1874, 

Sigma Aldrich) were applied in block ing so-

lution for 1 hour at room temperature. Exces s

of antibody was removed by three times 

wash ing in wash ing buf fer (0.05% Tween 

in PBS). Goat anti-mouse or anti-rabbit se-

condary antibodies conjugated with Alexa 

555 (1 : 500, A- 21422, A- 21428, Invitrogen) 

were used for 1 hour incubation to visualize 

bound primary antibodies. After three times 

wash ing stained spermatozoa were mount-

 ed in DAPI contain-

ing mount ing medium and evaluated under 

a virtual slide system VS120- FL Olympus 

(Olympus, Czech Republic).

Statistics

One spectrum from each testis was ob-

tained; i.e., two spectra from each minipig 

(5 TgHD and 5 WT) were evaluated. The re-

lative concentrations (γ- ATP, e. g. PDE/ γ-ATP, 

PME/ γ- ATP and Pi/ γ- ATP) were tested for 

normal distribution (Shapiro-Wilk test) and 

homogeneity of variance (Levene‘s tests –  

absolute and squared deviations). These 

conditions were fulfi l led for al l these ratios 

and therefore were evaluated us ing two-tail-
ed Student’s t-test. A level p < 0.05 was consi-

dered as a statistical ly signifi cant diff  erence. 

The value of NADH was not eval uated 

due to its smal l concentration in the 

spectra.

For statistical analysis of EPR5526 fluo-

rescently stained spermatozoa an unpaired 

t-test and Man n-Whitney nonparametric 

test were employed us ing GraphPad PRISM 

software (GraphPad Software, San Diego, 

CA, USA).

Results
MR spectrometry

The quantification of a typical spectrum 

from one testis us ing the program AMARES 

is shown in Fig. 2. 

The ratios PDE/ γ- ATP, PME/ γ- ATP and 

Pi/ γ- ATP of the WT and TgHD minipigs are 

displayed in Fig. 3. Distribution within the 

experimental groups and average values 

includ ing standard deviations are also pre-

sented. We found signifi cant decrease in the 

ratio PDE/ γ- ATP (p = 0.022) in TgHD animals 

compared to WT and no diff  erence in rela-

tive PME and Pi concentrations.

IHC

Ejaculated boar spermatozoa were specifi-

cal ly stained with anti-polyQ specific anti-

body clone 3B5H10. F1 and F3 generation of 

transgenic spermatozoa showed punctuate 

fl uorescence signal along the whole sperm 

tail, whereas there was no 3B5H10 signal in 

tails of wild type (Fig. 4A) spermatozoa. Con-

trary to expectation 3B5H10 stain ing was mis-

s ing in mitochondrion of both genotypes. 

EPR5526 antibody raised against N-termi-

nal part of huntingtin protein showed simi-

lar punctuates stain ing in both genotypes 

(Fig. 4B). However, the fl uorescence signal was 

stronger in transgenic spermatozoa and resul-

ted into statistical signifi cance (Fig. 5).

Conclusion
HD is a neurodegenerative disorder that be-

sides the brain aff  ects also peripheral or-

gans like the testes. However it is stil l unclear 

whether these abnormal changes are result 

Fig. 3. Distribution of the ratios PDE/γ-ATP, PME/γ-ATP and Pi/γ-

-ATP in the group of TgHD minipigs ( ) and control wild type 

(nontransgenic) siblings (•). 

Horizontal lines show average values and standard deviations. Aste-

rix marks signifi cance level p < 0.05.

Fig. 4. Immuno� uorescence staining of transgenic (Tg) and cont-

rol (Wt) boar spermatozoa (F1 and F3 generation). 

Fig. 4A) Using 3B5H10 antibody, no poly-Q specifi c signal was found 

in WT spermatozoa. Distinct 3B5H10 positive signal (yellow) was de-

tected solely in transgenic HD spermatozoa.

Fig. 4B) Anti-huntingtin specifi c antibody EPR5526 revealed hunting-

tin epitopes either in WT and Tg spermatozoa of both generations. 

The punctuate staining was more intensive in Tg than in WT sper-

matozoa. Sperm heads were counterstained with DAPI (blue). Scale 

bar represents 10 μm.
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from direct toxicity of the mutant huntingtin 

in the peripheral organ or they are a conse-

quence of the brain damage [8,35].

TgHD minipig fertility problems mani-

fest ed themselves in the reduced male re-

productive parameters; nevertheles s the 

minipigs were up to now without typical cli-

nical manifestations (uncontrol led muscle 

movements, weight los s, etc.) of HD. 

Determination of changes in the testes has 

been mainly based on analysis of seminal 

fl uid or level of hormone concentrations so 

far [27], because bio psy is invasive and may 

cause additional damage to spermatogene-

sis [23]. 31P MR spectrometry is a non-inva-

sive technique that can be used to monitor-

ing the testicular function as shown in several 

studies [23– 26]. Importantly, this paper repre-

sents the fi rst 31P CSI spectroscopy of HD large 

animal model testes. 

For the measurement of human or rats 

testes 31P non-localized or localized single 

volume spectroscopy were used. Multivo-

xel spectroscopy might fail due to anato-

mical conditions of the testes [23,24,26,36]. 

However, anatomical size of minipig’s tes-

tes al lows multivoxel measurements with 

relatively big voxel size in this area (30 ×

× 30 × 25 m m), therefore we used spatial ly 

resolved multivoxel spectroscopic meth  od 

Chemical Shift Imag ing (CSI).

In earlier studies spectra were quanti-

fied by simple integration of individual 

peaks [25,26]. We used a program AMARES 

instead, which is com monly used for analysis 

of 31P MR spectrometry spectra.

Previous 31P MR spectrometry studies of 

the human testes demonstrated that the 

PME/ ATP ratio is a more sensitive parame-

ter to monitor testicular function, i.e., to dif-

ferentiate between normal testes, oligozoo-

spermia and azoospermia, than the PDE/ ATP 

or Pi/ ATP ratio [24,27]. However, we have not 

found a signifi cant change in PME/ ATP ratio 

in our study with HD minipigs. Nevertheles s 

we should admit that smal l numbers of the 

animals in WT and TgHD groups was a limit-

ing factor in this study. 

It has been shown that PDE peak mainly 

consists of glycerophosphocholine (GPC) 

and in smal ler amount of glycerophospho-

ethanolamine (GPE) [25]. GPC is present in 

very high concentrations in seminal fluid 

and a positive cor relation was found be-

tween the GPC concentration and sperm 

motility [25,37]. Therefore we suggest that 

a decreased level of PDE/ γ- ATP ratio in TgHD 

minipigs may be related to decreased con-

centration of seminal fl uid or the changes in 

sperm motility. Similar reduction in the tes-

ticular phosphodiesters (PDE) PDE/ ATP ratio 

(p < 0.05) as we have observed in our TgHD 

minipig study has been detected in rats 

that were pair- fed for 10 weeks on ethanol 

contain ing liquid diet (36% ethanol of total 

calories) [38].

The aim of sperm IHC study was to focus 

on the localization of huntingtin protein in 

spermatozoa as the sperm fl agel lum is a mo-

dified primary cilium and also contains mi-

tochondria. Us ing poly- Q specifi c stain ing 

we could clearly discriminate transgenic and 

wild type spermatozoa respectively. Hun-

tingtin specifi c stain ing localized endoge-

nous porcine huntingtin as wel l as mutant 

N-terminal part of human huntingtin to the 

tail (fl agel lum) of the porcine sperm. Both 

stain ing protocols showed punctate stain-

ing along the midpiece and principal piece. 

This indicates huntingtin protein localization 

to either axonemal structures or outer dense 

fi bers. Our data can not support huntingtin 

localization to mitochondria.

Final ly we studied transgenic minipigs (F1, 

F2 and F3 generation) expres s ing mutant 

huntingtin without clinical symp toms of HD 

at the time of the study. Until now several 

phenotypes like the reduced male repro-

ductive parameters were detected which 

manifest themselves by decrease of relative 

PDE concentration in the testes revealed by 
31P MR spectroscopy. We hypothesize that 

the PDE decrease was related to decreased 

concentration of seminal fl uid or the chan-

ges in sperm motility. These fi ndings were in 

agreement with im munofl uorescent detec-

tion of N-terminal fragment of human hun-

tingtin in tails of spermatozoa col lected from 

TgHD boars.
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Semen samples from 12 TgHD and wild-type animals, aged 

12–65 months, were obtained repeatedly during the study. 

Respiration was measured by polarography, MM was as-

sessed by the detection of oxidation of radiolabeled sub-

strates (mitochondrial energy-generating system; MEGS), 

and the content of the oxidative phosphorylation system 

subunits was detected by Western blot. Three possibly inter-

fering factors were statistically analyzed: the effect of HD, 

generation and aging.  Results:  We found 5 MM parameters 

which were significantly diminished in TgHD spermatozoa 

and propose 3 specific MEGS incubations and complex I-de-

pendent respiration as potential biomarkers of HD in TgHD 

spermatozoa.  Conclusions:  Our results suggest a link be-

tween the gain of toxic function of mutated huntingtin in 

TgHD spermatozoa and the observed MM and/or glycolytic 

impairment. We determined 4 biomarkers useful for HD phe-

notyping and experimental therapy monitoring studies in 

TgHD minipigs.  © 2017 S. Karger AG, Basel 

 Keywords 

 Huntington disease · Large-animal model · Mutant 

huntingtin · Spermatozoa · Mitochondrial metabolism 

 Abstract 

  Background:  Huntington disease (HD) is a fatal neurode-

generative disorder involving reduced muscle coordination, 

mental and behavioral changes, and testicular degenera-

tion. In order to further clarify the decreased fertility and 

penetration ability of the spermatozoa of transgenic HD 

minipig boars (TgHD), we applied a set of mitochondrial me-

tabolism (MM) parameter measurements to this promising 

biological material, which can be collected noninvasively in 

longitudinal studies.  Objective:  We aimed to optimize meth-

ods for MM measurements in spermatozoa and to establish 

possible biomarkers of HD in TgHD spermatozoa expressing 

the N-terminal part of mutated human huntingtin.  Methods:  
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 Introduction 

 Huntington disease (HD) is a fatal neurodegenerative 
disorder with autosomal dominant inheritance affecting 
the central nervous system, leading to a lack of coordina-
tion, emotional problems, and also a loss of cognitive 
abilities in affected patients. The prevalence rate is about 
1 in 15,000. The function of the causative protein, hun-
tingtin (Htt;  HTT  gene), remains highly debated, but sev-
eral studies predict its role in embryonic development 
and vesicular transport  [1–6] . The  HTT  gene coding for 
the mutated Htt (mtHtt) carries a CAG (or CAA) triplet 
repetition expansion, which is translated to a polygluta-
mine tract (polyQ), prone to aggregate formation with 
cytotoxic effects, especially in striatal neurons. Patients 
with an abnormally increased number of CAG repeats 
(more than 36 in mtHtt) are vulnerable to being affected, 
whereas having more than 40 CAG repeats generally 
means a full penetrance of HD  [7] .

  Despite its ubiquitous distribution in the brain and pe-
ripheral tissues, the expression of mtHtt is particularly 
detrimental to medium spiny neurons within the stria-
tum. The gain of toxic function in mtHtt leads to a tran-
scriptional dysregulation  [8] , synaptic dysfunction and 
excitotoxicity  [9, 10] , and defects in intracellular trans-
port  [11] . Moreover, mitochondrial dysfunction has been 
associated with HD pathogenesis  [12–14] . Postmitotic 
neurons are particularly vulnerable to mitochondrial dys-
function because of their energetic dependence on oxida-
tive phosphorylation (OXPHOS)  [15, 16] . Previous stud-
ies have shown disturbances of mitochondrial metabo-
lism (MM) in the HD brain, skeletal muscle, or even 
cultivated skin fibroblasts  [17] .

  Htt is widely expressed in mammalian cells; apart from 
the brain it is also present in various tissues, including the 
testes    [18] . Indeed, a study of 17 human tissues and a sub-
sequent clustering analysis have shown that gene expres-
sion patterns in testes generally share the highest similar-
ity with those in the brain  [19] . Also, this neural and tes-
ticular expression of mtHtt also predominates in 
transgenic minipigs  [20] . Intriguingly, reproductive dis-
turbances were described both in human HD patients 
 [21]  as well as in transgenic (Tg) HD animal models, in-
cluding our TgHD minipigs  [20–23] . A decline in fertil-
ity in F1 generation TgHD boars caused by a reduced 
sperm count and penetration rate was first noticed at the 
age of 13 months and it remained constant until 26 
months  [24] . This decline in sperm count, motility, pro-
gressivity, and in vitro penetration parameters was unre-
lated to levels of fertility-related hormones or libido  [20] . 

The number of TgHD spermatozoa that successfully pen-
etrated the oocytes with an intact zona pellucida was sig-
nificantly lower than that of the wild-type (WT) sperma-
tozoa, indicating that the penetration activity of sperma-
tozoa in TgHD boars was impaired  [24] . After removing 
the zona pellucida enzymatically, penetration rates in
the WT and TgHD groups were equal, suggesting that
the presence of mtHtt interferes with the penetration of 
TgHD spermatozoa through the zona pellucida. Never-
theless, it remained unclear whether this interference 
might only be a result of the overall ultrastructural defor-
mities of TgHD spermatozoa, or whether it is connected 
with any metabolic defect.

  There is an ongoing debate about whether the sperma-
tozoal energy metabolism relies on OXPHOS, glycolysis, 
or both. Glycolysis seems to be crucial for sperm motility 
 [25] . However, capacitation, the process important for 
the penetration of zona pellucida, is characterized by a 
hyperactive motility caused by the increased amplitude of 
flagellar beats and higher ATP production, which is driv-
en by OXPHOS in mitochondria  [26] . Therefore, because 
the energetic metabolism of mammalian sperm is essen-
tial for sperm motility and fertilization  [27] , we decided 
to assess selected parameters of MM in the spermatozoa 
of TgHD minipig boars.

  The aims of this study were therefore: (i) to assess the 
MM of TgHD spermatozoa, optimizing the methods used 
in the diagnostics of mitochondrial disorders, and (ii) to 
establish possible biomarkers of HD or its progression in 
TgHD spermatozoa.

  Materials and Methods 

 Material 
 We used transgenic minipigs with 1 copy of the human  HTT  

transgene. This transgene encoding the HD human promoter and 
the first 548 amino acids, including 124 glutamines (CAG/CAA), 
is integrated into chromosome 1 q24-q25  [24] . Semen samples were 
obtained from minipig boars ( n  = 12) from 2 generations (F1 and 
F2) aged between 12 and 65 months. The samples were obtained 
repeatedly during the 3-year course of the study up to 8 times per 
individual, according to the sample collection plan ( Table 1 ). In 
these samples, the MM was assessed (including the tricarboxylic 
acid cycle [TCA], OXPHOS, and pyruvate dehydrogenase complex 
[PDHc]) by a detection of radiolabeled-substrates oxidation (mito-
chondrial energy-generating system; MEGS), and the content of 
OXPHOS subunits was detected by Western blot. Eight boars were 
selected for time-course measurements of spermatozoal respira-
tion ( Table 2 ). For each experiment, TgHD samples were obtained 
in a pair with those from WT siblings or very close relatives, which 
were used as the paired age-related controls. All components of this 
study were carried out in accordance with the Animal Care and Use 
Committee of the Institute of Animal Physiology and Genetics and 
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were conducted according to current Czech regulations and guide-
lines for animal welfare and with the approval of the State Veteri-
nary Administration of the Czech Republic.

  Methods 
 Semen Collection and Spermatozoa Isolation 
 All ejaculates were evaluated using a sperm cell analyzer (Mi-

croptic, Barcelona, Spain) immediately after collection and the 
presence of mtHtt in spermatozoa of TgHD boars was examined 
 [20] . Ejaculates were cooled to 25   °    C by being kept at room 
 temperature (RT) for 30 min, then gently centrifuged for 20 min at 
25   °   C and 250 g. The sperm-rich fraction of fresh ejaculate was di-
luted 2:1 with BST medium (0.2 M glucose, 20 mM sodium citrate, 
14 mM sodium bicarbonate, 4 mM EDTA, 21 mM sodium chloride, 
0.4% [w/V] kanamycin) and gently centrifuged for 20 min at 25   °   C 
and 250 g. Cells were washed two more times at a ratio of 1:   2 and 
1:   1 with BST and this suspension was used for the analyses. Func-
tional measurements (respiration and MEGS analyses) were per-
formed during a single day. During shipping, the washed cells were 
incubated in ambient RT for respiration measurement. For the 
MEGS capacity analysis, spermatozoa were transported and stored 
on wet ice, and for protein/Western blot analyses cells were frozen 
immediately in liquid nitrogen and stored at –80   °   C until use. Stan-
dard spermiogram analysis, including motility and penetration 
test, was performed in each sample as described elsewhere  [20] . 

 Immunofluorescence Staining of Ejaculated Boar 
Spermatozoa 
 Spermatozoa were spun onto slides using cytospin (800  g ,

5 min), air dried and stored frozen at –18   °   C. The staining protocol 
started with antigen retrieval in Tris-EDTA buffer (10 m M  Tris,
1 m M  EDTA solution, pH 9.0) at 80   °   C for 45 min. Slides were then 
immersed in permeabilization buffer for 5 min at RT, followed by 
a blocking step in blocking solution (0.2% low-fat dried milk in 

permeabilization buffer) for 30 min at RT. A mixture of primary 
antibodies (anti-polyglutamine antibody, clone 3B5H10, 1:   1,000, 
P1874; anti-acetylated tubulin, 1:   1,000, T7451; both Sigma-Al-
drich, Saint Louis, MO, USA; anti-MTCO1, 1:   500, ab14705; Ab-
cam, Cambridge, UK) in blocking solution were applied on sper-
matozoa for 1 h at RT. After 3 washes in 0.05% (V/V) Tween 20 
PBS, secondary antibodies (Alexa Fluor ®  647 anti-mouse IgG1, 
A21240; Alexa Fluor ®  555 anti-mouse IgG2a, A21137; Alexa Flu-
or ®  488 anti-mouse IgG2b, A21141; all from ThermoFischer Sci-
entific, Waltham, MA, USA) were added to the blocking solution 
and overlaid the cytospun spermatozoa. A 30-min incubation was 
followed by 3 washes in 0.05% (V/V) Tween 20 PBS and the slides 
were mounted in a DAPI mounting medium. Fluorescence was 
visualized using a Leica TCS SP5 confocal microscope (Leica Mi-
crosystems, Wetzlar, Germany) and image processing was per-
formed using ImageJ software.

 Table 1.  Sample collection plan for MEGS capacity analysis

Pair No. HD status Generation Age at the time of measurement, months

1 TgHD F1 12 14 19 23 30 36 42 47
1 WT F1 22 24 29 33 41 46 53 58
2 TgHD F1 12 14 19 23 30 36 42 47
2a WT F1 –a –a –a 40 48 53 60 65
3 TgHD F2 14 18 22 23 30 34
3 WT F2 14 18 22 23 30 34
4b TgHD F2 –b 22 25 32 36
4 WT F2 20 22 25 32 36
5 TgHD F2 16
5 WT F2 16
6 TgHD F2 16
7 WT F1 10 12

Age is shown in completed months. HD, Huntington disease.
a The original WT boar in pair No. 2 died due to reasons unrelated to HD, so it was replaced by an older but 

a very close WT relative from the 4th measurement. 
b At the age of 20 months, measurement of the TgHD boar in pair No. 4 was unsuccessful and therefore ex-

cluded from the data analysis.

 Table 2.  Sample collection plan for respiration analysis

Pair 
No.

HD
status

Gene-
ration

Age at the time of measurement, 
months

1 TgHD F1 30 36 42 47
1 WT F1 41 46 53 58
2 TgHD F1 30 36 42 47
2 WT F1 48 53 60 65
3 TgHD F2 20 23 30 34
3 WT F2 20 23 30 34
4 TgHD F2 20 25 32 36
4 WT F2 20 25 32 36

 Age is shown in completed months. HD, Huntington disease.
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 Table 3.  p values for all validated effects (HD, generation, age) of MEGS and respirometric parameters

Parameter  Effect

H D generation age

MEGS
1 – [1-14C]pyruvate+malate 0.231 0.068 0.058
2 – [1-14C]pyruvate+carnitine 0.019ȗ 0.011ȗ 0.013ȗ
3 – [1-14C]pyruvate+malate (–ADP) 0.348 0.019ȗ 0.017ȗ
4 – [1-14C]pyruvate+malate+CCCP (–ADP) – 0.011ȗ 0.000ȗ
4a – [1-14C]pyruvate 0.030ȗ 0.079 0.267
5 – [1-14C]pyruvate+malate+atractyloside 0.157 0.013ȗ 0.004ȗ
6 – [U-14C]malate+pyruvate+malonate 0.005ȗ 0.131 0.070
7 – [U-14C]malate+acetylcarnitine+malonate 0.082 0.187 0.000ȗ
8 – [U-14C]malate+acetylcarnitine+arsenite 0.348 – 0.012ȗ
9 – [1,4-14C]succinate+acetylcarnitine 0.058 0.370 0.390

Enzyme activity
CS 0.381 0.968 –

MEGS/CS
1/CS – 0.126 0.079
2/CS 0.267 0.095 0.158
3/CS – 0.004ȗ 0.003ȗ
4/CS – 0.018ȗ 0.001ȗ
4a/CS 0.254 – –
5/CS 0.390 0.018ȗ 0.013ȗ
6/CS 0.021ȗ 0.558 0.131
7/CS 0.285 0.919 0.002ȗ
8/CS 0.568 – 0.005ȗ
9/CS 0.091 – 0.207

MEGS ratios
(1/3) – – –
(2/1) – – –
(4/1) – 0.030ȗ 0.000ȗ
(3/5) 0.278 – 0.417
(6/1) 0.267 0.282 0.000ȗ
(7/6) – – 0.581
(7/8) 0.273 0.397 0.609

Respiratory states
GM-rot 0.260 0.348 0.348
GMDc-rot (CI) 0.017ȗ 0.095 0.348
S-AmA (CII) 0.440 – –
aT-Z (CIV) 0.348 – –
aTF-Z (CIV uncoupled) 0.126 – –

Respiratory ratios
CI/CII – – –
CI/CIV 0.282 0.325 –
CII/CIV – – –

 MEGS analysis measure production of 14CO2 formed by oxidation of radiolabeled substrate in the incubation containing specified 
substrates. All MEGS incubations were supplemented with ADP unless stated as –ADP. HD, Huntington disease. MEGS, mitochon-
drial energy-generating system capacity; CS, citrate synthase activity. ȗ p < 0.05 was considered significant. Dash marks (–) indicate p = 
1.00. Respiratory states measured in digitonin-permeabilized spermatozoa in KCl medium with: GM-rot, glutamate + malate (back-
ground corrected by rotenone inhibition); complex I-dependent respiration: GMDc-rot (CI), glutamate + malate + ADP + cytochrome 
c (corrected background by rotenone inhibition); complex II-dependent respiration: S-AmA (CII), succinate with glutamate + malate 
+ ADP + cytochrome c and rotenone present in the chamber (corrected background by antimycin A inhibition); aT-Z, CIV maximal 
respiration with ascorbate and TMPD as electron carriers (autoxidation background corrected by sodium azide); aTF-Z (CIV), CIV 
uncoupled maximal respiration with ascorbate and TMPD as electron carriers and FCCP uncoupler (autoxidation background cor-
rected by sodium azide).
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  Measurement of the MEGS Capacity 
 A homogenate from the fresh spermatozoa (total count be-

tween 6 and 32 × 10 9  sperm cells) was prepared at 4   °   C in a glass 
Potter-Elvehjem homogenizer in 150 m M  KCl, 50 m M  Tris-HCl, 2 
m M  EDTA, pH 7.4, with the addition of the 1% (V/V) protease in-
hibitor cocktail (Sigma-Aldrich). The homogenate was sonicated 
3 times for 5 s by an ultrasonic homogenizer and used for MEGS 
analyses.

  The MEGS capacity was analyzed in a fresh homogenate by 
measuring the oxidation rates of [1- 14 C]pyruvate, [U- 14 C]malate, 
and [1,4- 14 C]succinate according to Janssen et al.  [28] , who pub-
lished a detailed description of the theory of this method, in 10 
different incubations ( Table 3 ). For each reaction, 5 μL of homog-
enate with a protein concentration of 4–8 mg/mL was used. The 
 14 CO 2  production was counted in Beckman Coulter LS (Beckman 
Coulter Inc., Brea, CA, USA). Rates of individual reactions were 
normalized to the protein concentration or to the control enzyme 
citrate synthase (CS) activity. The incubation ratios were com-
pared to evaluate OXPHOS activities, the TCA cycle, and PDHc 
function. The total protein content was determined according to 
Lowry et al.  [29] .

  Respirometry 
 Oxygen consumption was measured in digitonin-permeabi-

lized spermatozoa at 37   °   C using an Oroboros Oxygraph-2k (Oro-
boros Instruments Corp., Innsbruck, Austria) in a 2-mL chamber 
with KCl-based medium (80 m M  KCl, 10 m M  Tris, 3 m M  MgCl 2 ,
1 m M  EDTA, 5 m M  potassium phosphate; pH 7.4). The permeabi-
lization of plasma membrane was realized by manual titration of 
approximately 4.1 μ M  digitonin (0.2 μL steps); the following pro-
tocol included multiple substrates and inhibitors as described pre-
viously  [30, 31] : 10 m M  glutamate, 2.5 m M  malate, 1 m M  ADP + 
Mg 2+ , 0.5 μ M  rotenone, 10 m M  succinate, 1 μ M  antimycin A, 4 m M  
ascorbate, and 0.4 m M  TMPD (N,N,N Ԣ ,N Ԣ -tetramethyl-1,4-
phenylenediamine). Respiration was uncoupled by titration of 1.5 
μ M  FCCP [carbonyl cyanide  p- (trifluoromethoxy)phenylhydra-
zone] and finally inhibited by the addition of 10 m M  of sodium 
azide.

  SDS-PAGE and Immunodetection of Mitochondrial Proteins 
 Spermatozoa cells were lysed in RIPA buffer (50 m M  Tris-HCl 

[pH 7.4], 150 m M  sodium chloride, 1 m M  PMSF, 1 m M  EDTA, 1% 
Triton X-100 and 0.1% [w/V] SDS, 1% [V/V] protease inhibitor 
cocktail; Sigma-Aldrich) for 20 min on ice and centrifuged at 
51,000  g  for 25 min at 4   °   C. Samples were dissociated in sample 
buffer containing 50 m M  Tris-HCl (pH 6.8), 12% (V/V) glycerol, 
4% SDS, 2% (V/V) 2-mercaptoethanol, and 0.01% (w/V) bromo-
phenol blue for 30 min at 37   °   C. Proteins were separated on 12% 
polyacrylamide, 0.1% (w/V) SDS gels under standard tricine SDS-
PAGE conditions. Ten micrograms of protein was loaded per lane. 
To check the linearity of the immunodetection signal, both 5 μg 
(50%) and 10 μg (100%) of protein (WT) were loaded per lane.

  Proteins were electroblotted on Immobilon ® -P PVDF mem-
branes (Millipore, Billerica, MA, USA) using semi-dry transfer for 
1 h at a constant current (0.7 mA/cm 2 ). Air-dried membranes 
(overnight) were rinsed in 100% methanol and blocked by 5% 
nonfat dried milk solution in Tris-buffered saline (TBS) for 2 h. 
Blots were incubated with primary antibodies in 0.1% (V/V) 
Tween 20 and 1% (w/V) nonfat dried milk solution in TBS for
2 h. For MM homeostasis, we used the following monitoring

antibodies: anti-SDHA (ab14715), anti-SDHB (ab14714), anti-
UQCR1 (ab110252), anti-NDUFA9 (ab14713), anti-NDUFB6 
(ab110244), PDH Western blot antibody cocktail (ab110416),
anti-MTCO1 (ab14705), anti-F1-α (ab110273), anti-F O -OSCP 
(ab110276), anti-aconitase 2 (ab110321; all of the above from Ab-
cam), anti-OPA1 (612606; BD Biosciences, San Jose, CA, USA) 
and anti-β-tubulin (T4026; Sigma-Aldrich). Detection by second-
ary antibody was carried out with anti-mouse or anti-rabbit IgG 
peroxidase-conjugated antibody (A8924, A0454; both from Sig-
ma-Aldrich) in 0.1% Tween 20 and 1% nonfat dried milk solution 
in TBS for 1 h. Visualization was accomplished by SuperSignal 
West Femto Maximum Sensitivity Substrate (ThermoFisher Sci-
entific, Waltham, MA, USA) on a SynGene imaging system (Syn-
optics Group, Cambridge, UK).

  SDS-PAGE and Immunodetection of Htt 
 The frozen tissue samples of spermatozoa were lysed in RIPA 

buffer (150 mM NaCl, 0.05% NP-40, 1% sodium deoxycholate, 
0.1% [w/V] SDS, 1% Triton X-100, 5 mM EDTA pH 8.0, 50 mM 
Tris-HCl pH 8.0, inhibitors of phosphatases and proteases) with 
8 M urea and 1 mM DTT vortexed for at least 60 min at 4   °   C, then 
sonicated for 15 min and centrifuged at 15,000  g  for 10 min at 4   °   C. 
Samples were loaded onto 3–8% Tris-acetate gel (ThermoFisher 
Scientific) and run at 150 V. The gel was transferred onto nitrocel-
lulose membrane (ThermoFisher Scientific) at 250 mA for 45 min. 
Membranes were blocked in 5% nonfat dried milk for 1 h, and 
probed overnight with an appropriate antibody. For our experi-
ments we used the anti-Htt antibody (1:   3,000, EPR5526; Abcam). 
A peroxidase-conjugated secondary antibody (1:   10,000, No. 711-
035-152, anti-rabbit IgG; Jackson ImmunoResearch, West Grove, 
PA, USA) was used. A light reaction was induced by ECL (GE 
Healthcare, Chicago, IL, USA) and the signal was captured on CL-
XPosure films (ThermoFisher Scientific). The exposed CL-XPo-
sure films were scanned using a calibrated densitometer GS-800 
and bands were quantified using Quantity One software (both Bio-
Rad, Hercules, CA, USA) measuring the trace quantity.

  Spectrophotometric Enzyme Activity Measurements 
 The activity of CS was measured spectrophotometrically in 

spermatozoal homogenates as described by Rustin et al.  [32] .

  Histochemical Staining in Blue-Native Polyacrylamide Gels 
 Sixty micrograms of solubilized protein per lane was resolved 

by Blue-Native PAGE (BN-PAGE, gradient polyacrylamide 6–13% 
gel) as described elsewhere  [33] , stained for catalytic activity of 
OXPHOS complexes by histochemistry  [34] .

  Statistical Analysis 
 In our set of minipig spermatozoa, we concentrated on the sta-

tistical analysis of 3 possibly interfering factors: (a) the effect of HD 
itself, (b) the effect of generation, and (c) the effect of aging ( Ta-
ble 3 ). The differences between observed enzyme activities/ratios 
in TgHD and WT controls with respect to age and generation were 
examined by linear regression models with mixed effects. The WT 
and corresponding age-matched TgHD pairs were considered as a 
random effect. Box-Cox transformations were used to gain nor-
mality of residuals.  p  values <0.05 (adjusted for multiple compari-
sons using the Benjamini and Yekutieli method) were considered 
statistically significant. Analyses were conducted using R statistical 
package, version 3.2.2.
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  Results 

 In this study we aimed to optimize the methods for 
MM measurements in spermatozoa and to establish pos-
sible biomarkers of HD in TgHD spermatozoa expressing 
the N-terminal part of mutated human Htt. A previous 

study in TgHD boars found decreased reproduction
parameters  [24]  and a follow-up study confirmed this 
finding, showing an altered spermiogram and in vitro
fertilization tests  [20] . However, it was not clear whether 
mtHtt affects TgHD reproduction directly in germ cells 
and whether the pathologies arise from an altered MM of 
TgHD spermatozoa.

  First of all, we detected that the polyQ signal of mtHtt 
(previously shown on Western blot  [20] ) is prominent in 
TgHD spermatozoa and localizes along the flagellum, in-
cluding the mitochondria-rich midpiece ( Fig.  1 ). This 
finding suggests that a direct interaction of mtHtt and 
mitochondria in spermatozoa is possible due to the prox-
imity of both signals in the flagellum. Endogenous Htt 
was detectable on Western blot only by longer exposures 
and routinely displayed only a very weak signal in the area 
of molecular weight 320–340 kDa (Htt) compared to a 
high abundance of mtHtt (115–117 kDa) and fragmented 
mtHtt (60–70 kDa;  Fig. 2 ), suggesting a low rescue effect 
of endogenous Htt, and therefore a higher vulnerability 
of TgHD spermatozoa to mtHtt impact.

  MM measurements were optimized for the use in sper-
matozoa. Then, in order to assess MM in TgHD sperma-
tozoa and to identify HD biomarkers, we analyzed MEGS 
in 10 distinct incubations. These incubations were also 
expressed as incubation per CS activity ratios, or further 

Tg
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ba c d e f

ba c d e f

  Fig. 1.  Localization of mitochondria and proteins containing poly-
glutamine-stretch (polyQ-proteins, including mtHtt) in sperma-
tozoa from TgHD boars and WT controls.  a  Midpiece containing 
mitochondria is stained with anti-MTCO1 antibody (yellow).
 b  Anti-polyglutamines (polyQ), clone 3B5H10, antibody (red) 
binding is prominent in TgHD spermatozoa. The polyQ signal in 
WT spermatozoa was near the background level.  c  Microtubules 
are stained with anti-acetylated tubulin (AcTub) antibody (green). 
 d  Merged signals for mitochondrial MTCO1 and polyQ.  e  Merged 
signals for AcTub and polyQ. polyQ was localized along the whole 
AcTub positive tail.  f  Merged signals for mitochondria and AcTub. 
 n  TgHD  = 2,  n  WT  = 2; polyQ signal only was stained in  n  TgHD  = 6,
 n  WT  = 6. Magnification: ×1,200. 
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  Fig. 2.  High abundance and fragmentation of mtHtt compared to 
endogenous Htt levels in spermatozoa from TgHD boars of F1 and 
F2 generations at 2 different ages (from 12- and 48-, and 11- and 
35-month-old boars, respectively). mtHtt and Htt was detected by 
anti-Htt antibody. The presence of mtHtt fragments was analyzed 
in  n  TgHD  = 6,  n  WT  = 6. A representative figure is shown. 
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analyzed as ratios between certain incubations according 
to Janssen et al.  [28] . MEGS is a method for complex func-
tional analyses of mitochondrial energetics. In this meth-
od, every incubation provides a piece of information, but 
the set of 10 incubations, which combine radiolabeled 
substrate and other substrates, inhibitors, and uncou-
plers, provides an opportunity to check the TCA cycle, 
OXPHOS, and other enzymes’ activity in general, and 
moreover to pinpoint the source of observed metabolic 
defect. For example, decreased oxidation of pyruvate (in-
cubation 1) could be a result of a defect anywhere in the 
TCA cycle and respiratory chain, except complex II  [28] . 
However, when acetyl-CoA is removed by carnitine acet-
yltransferase (as in incubation 2), the oxidation of pyru-
vate in OXPHOS deficiency will be less decreased than in 
incubation 1, so the ratio of these incubations (2/1) will 
be increased. However, in the case of PDHc deficiency, 
the 2/1 ratio remains approximately 1. The complete the-
ory of this method is available in Janssen et al.  [28] . Here 
we show, for the first time, measurements of MEGS in 
spermatozoa, slightly modifying and combining the 
methods frequently used in skeletal muscle and fibro-
blasts  [28, 35, 36] . The MEGS capacity was measured in 
spermatozoal homogenates, unlike the postnuclear frac-
tion routinely used in skeletal muscle tissue analyses. It 

was also measured without detergent agents, which are 
usually used in the case of fibroblast measurements. The 
cell protein content in MEGS homogenate, ranging be-
tween 20 and 80 μg in 1 reaction, was shown to be enough 
to get valuable substrate oxidation results. We also ana-
lyzed spermatozoal respiration, which was measured in
5 states corrected by background respiration and in
specific respiratory ratios ( Table 3 ). Analysis of respira-
tion, just like MEGS measurements, can reveal which 
OXPHOS complex has a changed activity – we measured 
respiration caused by oxygen reduction on complex IV 
and combined substrates forming NADH, which is oxi-
dized on complex I, or succinate forming FADH 2 , which 
is oxidized on complex II. Because we know that 
OXPHOS is highly coupled, a defect in any of the com-
plexes I–V will result in decreased respiration. Respira-
tion was assessed in digitonin-permeabilized spermato-
zoa. The optimal digitonin concentration was established 
by manual titration according to a major respiration drop 
after plasma membrane rupture. These spermatozoa 
show less than 10% of the respiration rate of intact sper-
matozoa after the addition of approximately 4.1 μ M  of 
digitonin (1 μL stock solution diluted in DMSO). The ad-
dition of cytochrome  c  was used to check the intactness 
of mitochondrial membranes.
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  Fig. 3.  Decreased mitochondrial energy-generating system capac-
ity in TgHD boars in comparison to healthy controls (WT). In the 
MEGS incubation containing [1- 14 C]pyruvate+carnitine+ADP 
(incubation 2), all HD-, age-, and generation-dependent differ-
ences were significant as shown;  p  < 0.05.  a  Incubation 2, MEGS 
activity dependent on [1- 14 C]pyruvate+carnitine+ADP in F1 gen-
eration.  b  Incubation 2, MEGS activity dependent on [1- 14 C]

pyruvate+carnitine+ADP in F2 generation. In both generations, 
the activity was significantly lowered in TgHD boars’ spermatozoa 
(light gray). However, the observed parameter depended not only 
on HD status, but was also age-related and showed a different pro-
gression between generations (notice the opposite slope of the lin-
ear regression). Analysis was performed in 12 boars (   n  TgHD  = 6, 
 n  WT  = 6) repeatedly, according to Table 1. 
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  In order to analyze the experimental data, we concen-
trated on a statistical analysis of 3 possibly interfering fac-
tors: (a) the effect of HD itself, (b) the effect of generation, 
and (c) the effect of aging ( Table 3 ). The statistical analy-
sis revealed possible differences between TgHD and WT 
spermatozoa, and identified one or more effects influenc-
ing this observation.

  Out of 36 parameters measured ( Table 3 ), only 8 were 
related to a distinct generation (F1 or F2). These 8 param-
eters were also influenced by the “aging” effect. Five pa-
rameters (incubations 2, 4a, and 6; the 6/CS ratio; complex 
I-dependent respiration) showed a significant difference 
between the TgHD and WT samples. Incubation 2 ([1-
 14 C]pyruvate+carnitine+ADP) was decreased in TgHD 
animals but also significantly depended on the generation 
status and the age of the animal ( Fig. 3 ), probably because 
it was not yet possible to analyze individuals of the F2 gen-
eration older than 36 months. Incubations 4a ([1- 14 C]
pyruvate+ADP;  Fig.  4 a), 6 ([U- 14 C]malate+pyruvate+
malonate+ADP;  Fig. 4 b), the 6/CS ratio ( Fig. 4 c) and com-
plex I-dependent respiration after GMDc-rot (glutamate
+malate+ADP+cytochrome  c ;  Fig. 4 d) were significantly 
diminished in TgHD animals. We discovered that 13 pa-

rameters might be associated with aging ( Table 3 ): incuba-
tions 7 and 8, ratios 7/CS, 8/CS, and 6/1 were affected sole-
ly by the age of the animal and declined with age.

  SDS-PAGE immunoblots of selected OXPHOS and 
PDHc subunits in spermatozoa obtained at the age of 47 
months did not show major disturbances in PDHc sub-
unit content. Only a slightly diminished content of the 
SDHA subunit (SDH70 of complex II) and aconitase 2 
was detected in the spermatozoa of both TgHD individu-
als ( Fig. 5 a). In the case of SDHA, we observed that the 
amount of the subunit diminished with age in TgHD. 
Comparing the spermatozoa from the same boars at the 
age of 14 and 47 months, the amount reached about 50% 
of the age-related control ( Fig. 5 b, c). Although only the 
SDHA subunit amount was lower on Western blot, in-gel 
histochemistry assay after BN-PAGE revealed a slight 
disproportion in the activity of OXPHOS complexes 
among samples: already at the age of 14 months, the ac-
tivities of complexes II and IV were lower, whereas the 
activities of complexes I and V were higher in TgHD in 
comparison with WT spermatozoa ( Fig. 6 ).

  All the methods used were optimized and proved to be 
suitable for the analysis of MM in minipig spermatozoa. 
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  Fig. 4.  Selected parameters of MEGS capac-
ity and respiratory parameters, which 
showed significantly lowered values 
(   p  < 0.05) in TgHD boars’ spermatozoa in 
comparison to healthy controls (WT). 
These parameters were not inherent to 
generation status and the age of the boar at 
the time of measurement. Incubations 4a 
and 6 – MEGS oxidation rates dependent 
on [1-   14 C]pyruvate (incubation 4a;  a ) and 
[U- 14 C]malate+pyruvate+malonate (incu-
bation 6;  b ) in TgHD (white ;     n  TgHD  = 6) 
compared to WT (gray ;   n  WT  = 6) sperma-
tozoa.  c  Incubation 6 expressed as a
ratio to citrate synthase activity (6/CS).
 d  Complex  I-dependent respiration after
glutamate+malate+ADP+cytochrome   c  
corrected by background rotenone-insensi -
tive residual respiration (GMDc-rot) in 
TgHD (white ;   n  TgHD  = 4) compared to WT 
(gray ;   n  WT  = 4) spermatozoa. In the sample 
set, the oxidation rates in incubations 4a 
and 6 were significantly lower in TgHD 
spermatozoa. TgHD spermatozoa also 
showed a diminished 6/CS ratio as well as 
complex I-dependent respiration. No cor-
relation with age or generation was ob-
served, which encourages using these pa-
rameters in further monitoring of HD in 
TgHD spermatozoa.  
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Although not all data clearly show a specific metabolic 
defect, the results identified 4 promising biomarkers of 
HD in TgHD spermatozoa.

  Discussion 

 In this study, we analyzed the MM of transgenic mini-
pig spermatozoa from boars carrying the N-terminal part 
of the human  HTT  gene on chromosome 1  [24] . Changes 
in MM might be an important biomarker of HD  [37] , use-
ful in the phenotyping of our TgHD minipig model. We 
used methods that are widely applied in molecular diag-

nostics of mitochondrial disorders. This may help to elu-
cidate the etiopathogenesis of HD in TgHD minipigs and 
to deepen our knowledge needed for further testing of 
new medications and HD therapy.

  First, we documented that mtHtt is present in the sper-
matozoa and that it might be in direct interaction with 
their mitochondria ( Fig. 1 ,  2 ). Our previous study showed 
that the germ epithelium of the tubuli seminiferi inten-
sively expresses the WT Htt as well as mtHtt  [20] . The 
anti-Htt EPR5526 antibody revealed the specific signal 
for mtHtt (115–117 kDa)  [20] . However, only a very weak 
signal for endogenous Htt was obtained in both WT and 
TgHD spermatozoa ( Fig. 2 ). Moreover, numerous small-
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  Fig. 5.  Analysis of selected mitochondrial proteins revealed minor 
changes in the content of the OXPHOS system and PDHc sub-
units.      a  SDS-PAGE and immunodetection of OXPHOS and PDHc 
subunit content in TgHD boars’ spermatozoa obtained at the age 
of 47 months did not show major disturbances in PDHc subunit 
content. Only slightly diminished content of SDHA subunit 
(SDH70; CII) and aconitase 2 were detected in TgHD spermato-
zoa. CI–V, OXPHOS complexes I–V; CI, NADH:ubiquinone oxi-
doreductase; CII, succinate dehydrogenase; CIII, cytochrome              bc  1  
complex; CIV, cytochrome      c  oxidase; CV, ATP synthase.    b ,  c  Age-
dependent changes of complex II subunits SDHA and SDHB con-

tent in TgHD spermatozoa in comparison with WT: SDS-PAGE 
immunoblot showing a disturbance in SDHA and SDHB subunit 
content in spermatozoa at the age of 14 (left) and 47 (right) months; 
UQCR1 was used as the loading control. A slightly diminished 
content of SDHA and SDHB subunit was detected in TgHD sper-
matozoa. A time-course progression in the SDHA subunit content 
was observed. The linearity of the immunodetection signal was 
checked by loading both 5 μg (50%) and 10 μg (100%) of the whole 
protein in the sperm lysate, hence the samples are identified by the 
label: loading_WT/TgHD_pair number.  n      TgHD  = 3,    n  WT  = 3.  
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er mtHtt fragments were documented in TgHD sperma-
tozoa (60–70 kDa). These fragments were already detect-
ed in TgHD minipig cortex and testes, but were absent in 
skeletal muscle  [38] . The presence of mtHtt fragments 
points to its possible gain of toxic function specifically in 
brain and testes tissues.

  Our study involved a comparatively low number of 
animals when contrasted with studies on small-animal 
models (mice,  Drosophila , etc.). In the subsequent analy-
ses (MEGS, respiration), we therefore adhered to a special 
pairwise statistical analysis.   For each measurement, an 
age-related control with the same or a highly similar ge-
netic background to the TgHD subject was measured 
(e.g., siblings or very close relatives). Moreover, we per-
formed an analysis of 3 possibly interfering factors (HD, 
generation, age).

  Focusing on the effect of generation status, only 8 out 
of 36 parameters in the analysis were influenced by the 

generation to which the animals belonged. Thus, we pre-
dict that the phenotype is rather stable and it is not ex-
pected that major CAG expansions or deletions will occur 
in this TgHD minipig model upon transgene transmis-
sion between generations compared to the CAG triplet 
expansion instability detected in some TgHD mice  [39–
41] . This is in agreement with previous results suggesting 
that the mixed CAG/CAA triplet expansion in our TgHD 
minipig model is genetically stable [ 20 ; Eide and Klung-
land, unpubl. data].

  To assess which parameters could be influenced by 
physiological MM decline observed during aging  [42] , the 
effect of aging was included in the statistical analysis. 
Those parameters which were significantly affected by the 
age of the animal at the time of measurement could be used 
only in comparison with proper age-related controls, 
which is an important detail for preclinical studies but 
hardly useful in clinical diagnostics of rare disorders in pa-
tients. We showed that incubations 7 and 8, and ratios 7/
CS, 8/CS, and 6/1, all of which significantly declined with 
age in both WT and TgHD animals but were not linked 
with the HD genotype, can be considered as markers of the 
physiological decline in spermatozoal function during ag-
ing in our minipig model. A decline in fertility (the aging 
effect) was also reported in other mammals  [43–46] .

  Finally, the effect of HD, demonstrated by a significant 
reduction of some parameters of MEGS capacity and res-
piration in TgHD boars, pointed to 5 parameters useful 
in HD progression monitoring and potential MM bio-
markers of HD in the transgenic boars: MEGS incuba-
tions 2 ([1- 14 C]pyruvate+carnitine+ADP;  Fig. 3 ), 4a ([1-
 14 C]pyruvate+ADP;  Fig. 4 a), 6 ([U- 14 C]malate+pyruvate+
malonate+ADP;  Fig. 4 b), 6/CS ratio ( Fig. 4 c), and com-
plex I-dependent respiration in permeabilized spermato-
zoa ( Fig. 4 d; see  Table 3 ). Special attention must be paid 
in the case of incubation 2 ( Fig. 3 ), which was decreased 
in TgHD spermatozoa, but significantly depended on 
(F1/F2) generation status and the age of the animal ( Ta-
ble 3 ). In TgHD boars, this parameter can therefore be 
monitored only in comparison with proper generation- 
and age-related control samples. Therefore, excluding in-
cubation 2, incubations 4a, 6, 6/CS ratio, and complex I-
dependent respiration significantly diminished in TgHD 
spermatozoa, suggesting that the observed defect of sper-
matozoal metabolism is rather complex and not related 
to a single mitochondrial metabolic pathway.

  Incubations 4a, 6, and the 6/CS ratio, which all con-
tained pyruvate, were diminished as well as complex I-
dependent respiration, which leads to suspicion that the 
defect is linked to PDH – or complex I – deficiency. How-
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  Fig. 6.  Analysis of catalytic activity of OXPHOS complexes in 
TgHD boars’ spermatozoa revealed only a slight differences in 
comparison to healthy controls (WT) at the age of 14 months. In-
gel histochemistry assay analysis was performed using histochem-
ical staining methods, following the separation of complexes by 
blue-native polyacrylamide gel electrophoresis. Slightly decreased 
activity of CII and CIV was observed. No major differences in oth-
er OXPHOS complex activities were detected; 60 μg (100 %) of 
solubilized protein per lane was resolved. The samples are identi-
fied by the label: loading_WT/TgHD_pair number.    n              TgHD  = 2,
 n    WT  = 2. CI, NADH:ubiquinone oxidoreductase (deep blue stain); 
CII, succinate dehydrogenase (light blue stain); CIV, cyto-
chrome    c  oxidase (brown stain); CV, ATP synthase (white opales-
cent stain on dark field).                     
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ever, the decrease of ratio 6/1, which is typical in patients 
suffering from complex I deficiency (complex II is inhib-
ited in incubation 6)  [28] , correlates only with age and is 
not affected by HD. On the other hand, increased sensi-
tivity to the inhibition of complex I-dependent respira-
tion was shown in the skeletal muscle of R6/2 mice  [47] . 
Because the pyruvate-containing incubations 2 and 4a are 
both significantly decreased regardless of  L -carnitine 
presence in the reaction, we can hypothesize that the met-
abolic defect is rather independent of the rate of fatty acid 
β-oxidation  [48] .

  Interestingly, on Western blot, the only observed dis-
turbances in OXPHOS and TCA content did not show 
any complex I defect either. On the other hand, the ob-
served decrease in SDHA and aconitase 2 content is in 
agreement with a number of HD studies, e.g., the decrease 
in SDHA and SDHB subunits in striatal patients’ neurons 
 [49]  and also with studies mimicking HD by 3-nitropro-
pionate treatment (complex II inhibitor)  [50–53] . These 
studies propose that SDHB is particularly vulnerable to 
oxidative stress in HD because of the presence of Fe-S 
clusters in its structure. A similar vulnerability to oxida-
tive stress was shown even in aconitase (also containing 
Fe-S clusters), also by a decrease of aconitase expression 
in both humans and mice  [54, 55] . Although we found 
only a mild decrease in SDH via histochemical staining 
( Fig. 6 ), we hypothesize that the observed decline of SDH 
and aconitase subunit content is an early response to ox-
idative stress, probably still compensated by an unknown 
mechanism during the presymptomatic stage of HD.

  Considering the ongoing discussion about whether 
mammalian spermatozoa rely on OXPHOS or glycolysis 
 [25, 26, 56–58] , it is necessary to highlight the possible 
alternative fate of pyruvate in spermatozoa compared to 
somatic cells. Pyruvate, which is also available in the fe-
male reproductive tract  [56] , has been previously de-
scribed as an exogenous source of NAD +   [57] . NAD +  is 
regenerated from NADH in cytosol of spermatozoa by a 
testes-specific enzyme lactate dehydrogenase (LDH-C), 
which increases the NAD + /NADH ratio and accelerates 
glycolysis. Conversely, the mitochondrially located LDH-
C can effectively oxidize lactate, which was produced in 
glycolysis and transported to the mitochondrial matrix, 
back to pyruvate, thus producing NADH and therefore 
directly providing 2 electrons to complex I. This was 
shown not only in skeletal muscle, but also in boar sper-
matozoa  [59, 60] . LDH-C is localized in the principal 
piece of the sperm flagellum, but a weak signal was also 
detected in the nucleus and the midpiece  [61, 62] . Its ac-
tivity was found to be significantly decreased in low mo-

tile human spermatozoa  [63] . Lactate-dependent gluco-
neogenesis in the liver was recently found to be distorted 
in R6/2 TgHD mice  [64] , but to our knowledge no analy-
ses of LDH-C have so far been performed in TgHD sper-
matozoa.

  To summarize, even though we could not pinpoint a 
simple metabolic defect responsible for the phenotype 
found in TgHD spermatozoa, we revealed that differenc-
es in sperm motility, progressivity, and in vitro penetra-
tion parameters observed in 13-month-old TgHD boars, 
which were unrelated to levels of fertility-related hor-
mones or libido as presented previously  [20] , are also not 
caused solely by the overall ultrastructural deformities of 
TgHD spermatozoa as might be expected. Htt, which is 
also a component of a large variety of cilia and flagella, is 
involved in both nonmotile and motile cilia biogenesis 
that is altered in HD  [65, 66] . Interestingly, the retina 
photoreceptor cilia in R6/2 mice show numerous struc-
tural and functional defects correlating with a strong re-
duction of endogenous Htt in cilia  [66] . However, no pa-
thologies were detected in sperm centriole in our TgHD 
minipigs [Sedlackova, unpubl. data]. Therefore, we sug-
gest that observed spermatozoal pathologies are probably 
connected with the presence of abundantly expressed 
mtHtt (and its fragments) compared to endogenous Htt. 
This discrepancy, in our opinion, is conducive to the 
functional disturbances in the energy-producing metabo-
lism of the cell, either MM and/or glycolysis  [67] , the de-
crease of which has also been shown in HD brains  [68] . 
MEGS capacity measurements – incubations 4a, 6, 6/CS 
ratio, as well as complex I-dependent respiration of digi-
tonin-permeabilized spermatozoa – are useful biomark-
ers of HD progression in our TgHD minipig model. Fur-
thermore, these promising factors could be used in the 
monitoring of preclinical HD therapeutic treatment effi-
ciency in a noninvasive, longitudinal approach.

  Our complex biochemical approach to the study of 
TgHD minipig spermatozoa suggests the possibility that 
the small toxic fragments of mtHtt might interact with the 
cellular metabolism to significantly alter the MM of sper-
matozoa and that the mitochondrial dysfunction may 
cause the impaired penetration activity of spermatozoa, 
the first preclinical marker of HD in TgHD boars.

  Conclusions 

 Our previous research showed that TgHD spermato-
zoa have a lower ability to penetrate zona pellucida, which 
leads to fertility decline. To elucidate whether this pathol-
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ogy is connected with any metabolic defect, we decided to 
analyze the MM of TgHD spermatozoa in detail. During 
the longitudinal study, we identified 4 biomarkers which 
indicate a nonspecific pathology, perhaps in complex I of 
the OXPHOS system and/or in the glycolytic metabolism, 
possibly interconnected with the gain of toxic function of 
small mtHtt fragments that are present exclusively in the 
TgHD brain and testes. Spermatozoa are a noninvasively 
obtained material suitable for the monitoring of HD dis-
ease progression and harbor a great potential for efficient 
future therapy in the TgHD minipig model and beyond.
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