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ABSTRAKT

Parohy jelenov st jedinym kompletne sa regenerujticim organom u cicavcov a zaujem vedcov o
ich vyuzitie ako modelu rastu a vyvoja kosti stiipa. V poslednych rokoch sa ukézalo, Ze regene-
racia parohov je iniciovana z kmenovych buniek lokalizovanych v okostici puc¢nice. Nasledny rast
parohu do dlzky vsak prebieha v rastovom vrcholéeku. Len malo sa vie o endokrinnej stimulécii
rastu parohu a uz dlhé roky existuje nestulad medzi in vivo a in vitro Studiami. Ako druhotny
sexuélny znak st parohy tizko spété so sezonnymi hladinami cirkulujiceho testosteréonu. Kedze
st jeho hladiny najnizgie prave v ¢ase rastu parohov a mnohé in vitro stidie poukazuju na sti-
mula¢ny efekt inzulinu podobného rastového faktoru (IGF-1), viaceri odbornici sa priklanaju
k nézoru ze IGF-1 je “hormoén stimulujtci rast parohov”.

Tento zaver je ale v rozpore s vysledkami in vivo $tudii, ktoré ukazuju nevyhnutnost testos-
terénu pre rast parohov aj v jeho nizkych koncentraciach, a taktiez s predchadzajucim nazorom,
ze testosteron by mal byt “hormén stimulujici rast parohov”. Zamerali sme sa teda na overenie
uc¢inkov IGF-1 na parozné bunky. Uskutocnili sme sériu in vitro experimentov na paroznych
bunkéch izolovanych z viacerych §tadii rastovych vrcholéekov parohov jelenia europskeho (Cer-
vus elaphus). Pocas in vitro kultivacii sme sledovali vplyv réznych faktorov ako su den odberu
tkaniva, individualita jedincov, pasazovanie, koncentracia bovinného séra a dlzka experimentu
na intenzitu proliferacie paroznych buniek. Zistili sme, Ze vSetky tieto faktory signifikantne
ovplyvnili proliferdciu buniek a dokonca sa vplyvom tychto faktorov menila intenzita prolife-
rac¢nej odpovede buniek z jednotlivych jedincov, alebo na sledované hormoény. Bunky primérnych
kultiar, kultivované v 10% bovinnom sére odobraté na 15. dent od zhodenia parozia proliferovali
najintenzivnejsie. balej sme sledovali Gc¢inky roznych horménov ako testosteronu, IGF-1 a estra-
diolu, ako aj i¢inok antisteroidov Cyproterén acetatu, Flutamidu a ICI 182,780 na proliferaciu
paroznych buniek. Ziadny z horménov nevyvolaval u buniek jednotna proliferaéni odpoved,
hoci testosterén a ¢iasto¢ne aj estradiol v niekolkych pripadoch proliferaciu stimulovali. NaSe
experimenty vSak nepotvrdili stimulujuci u¢inok IGF-1. IGF-1 bud nemalo Ziadny uc¢inok, alebo
proliferaciu vo viacerych pripadoch inhibovalo. Zo zmiesanych paroznych bunkovych kultur sa
nam podarilo izolovat STRO-1 pozitivne mezenchymélne kmeiiové bunky. Zial, pre hormonalne
experimenty sa nam nepodarilo izolovat dostato¢né mnozstvo tychto buniek. Napriek tejto sku-
tocnosti, nasSe experimenty ukazuji, ze pohlavné steroidy maji mitogénny vplyv na parozné
bunky in vitro, a teda by mohli hrat dolezitu tlohu v stimulacii rastu parozia.

Vysledky, ktoré sme ziskali, s v zhode s vysledkami mnohych inych fyziologickych a beha-
vioralnych studii. Podporuji tlohu testosterénu vo faze rastu parozia a ukazuji, Ze primarne
kultary pravdepodobne lepsSie reprezentuju in vivo podmienky a procesy prebiehajuce v rege-
nerujucich sa parohoch.



ABSTRACT

Deer antlers are the only mammalian organ that completely regenerates and therefore they
became an object of rising interest as a potential model for bone growth and development. In
recent years, it has been confirmed that annual regeneration of the antler is initiated from the
stem cell niche localised in the pedicle periosteum. Antlers grow to the length at the tip. Only
a little is known about endocrine stimulation of antler growth and some discrepancy has arisen
between in vivo and in vitro studies over the decades. As the secondary sexual character, the
antler cycle timing and growth are linked to seasonal levels of testosterone. Since the levels are
at their minimum during the antler growth phase, according to many mainly in vitro studies,
insulin-like growth factor-1 (IGF-1) tends to be accepted as the “antler stimulating hormone”.

Since the conclusion about the role of IGF-1 was contradictory to previous opinions and also
in contrast with our own experience, we aimed to verify the role of IGF-1 in vitro. Our expe-
riments were based on existing in vivo studies demonstrating the importance of testosterone,
even in its low levels, and on the hypothesis that testosterone should be the “antler stimulating
hormone”. We performed in vitro experiments on cells derived from the growing antler tips of
the red deer (Cervus elaphus) at various antler growth stages. Within in vitro cultivations we
studied the effects of different factors such as antler sampling day, male individuality, passaging,
concentration of foetal calf serum (FCS) and length of the experiment on the intensity of the
antler cell proliferation. We found that all these factors not only significantly influenced the
cell proliferation, but depending on these factors the intensity of proliferative response of cells
from different individuals or under hormonal treatments was significantly changed. Next we
studied the effects of various hormonal treatments as testosterone, IGF-1 and estradiol, as well
as effect of antisteroids Cyproterone acetate, Flutamide and ICI 182,780, on antler cell prolife-
ration. None of the treatments caused consistent proliferative response. However, testosterone
and, partially, estradiol stimulated the proliferation in several cases. On the other hand, the
stimulating effect of IGF-1 was not confirmed in our experiments, as IGF-1 either did not affect
the antler cell proliferation or even inhibited it in some cases. We isolated STRO-1 positive
mesenchymal stem cells from the mixed antler cell cultures but we could not perform hormonal
experiments with the cells, as we were unable to obtain sufficient amounts of the positive cells
for our experiments. Despite this, our results suggest that the sex steroids are mitogenic for
antler cells in vitro and might play an important role in the stimulation of antler growth.

Our results are in accordance with many physiological and behavioural studies. They support
the inevitable role of testosterone in the antler re-growth phase and suggest that the primary
cultures may better represent the in vivo conditions and processes that occur in regenerating
antlers.
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1 UvoD

Parohy st druhotnym pohlavnym znakom celade jelenovitych. Okrem samic soba poléarneho
sa vyskytuju len u samcov jelenovitych. KedZze parohy hrajia doélezita tlohu v socidlnych in-
terakciach jelenov, najmé v obdobi ruje, parozny cyklus je tizko spéty so sezénnym kolisanim
pohlavnych hormoénov [1]. Pohlavné hormony, najmé testosteron, st nevyhnutné pre vyvoj puc-
nice, prvotnych parohov a pre ¢asovanie kazdoroc¢ne sa opakujucich procesov parozného cyklu
[2,13]. Vysoké koncentracie testosteréonu koncom leta sposobuji mineralizaciu parohov a vytlka-
nie lyka. Pokles hladiny testosterénu na jar sposobi zhadzovanie parozia. Pocas rastu parohov
st vSak sezonne hladiny testosterénu minimélne, a preto mnohi autori zastavaju nazor, ze v
procese rastu testosteron nehra tulohu [4]. Na zaklade vysledkov in vivo, ale najmé in vitro $ta-
dif paroznych buniek, sa vSeobecne akceptovanym “horménom stimulujticim rast parohov” stal
IGF-1 [3-5]. Avsak existuje dostatok experimentalnych dokazov, ktoré podporuji nevyhnutni
tlohu testosterénu pre rast paroZia aj pri nizkych koncentraciach [6-8]. Tento nesulad existuje
uz desatrocia a stale nebol dostacujico objasneny. Celkovo sa vie stale iba mélo o endokrinne;j
stimulacii rastu parozia a najmaé aktivacii paroznych progenitorovych buniek v okostici puc¢nice
9]

Napriek mnohym pozoruhodnym vlastnostiam regenerujtucich sa parohov, je ich vyskum
iba na zaciatku a je potrebné riesit mnohé zakladné problémy spojené s in vitro stidiom pa-
rohov. Regeneracia parozia je komplexny dynamicky proces a mnohé faktory by mohli mat
velky vyznam, dokonca aj v in vitro podmienkach. Niektoré z nich, ako defi odberu tkaniva od
zhodenia parohov, individualita jedincov, ako aj faktory kultivacnych podmienok neboli dosta-
tofne preskumané a zohladnené v doterajsich studiach [10-13]. NavySe vacsina doterajsich in
vitro experimentov bola robené na zmiesanych kulttrach, ktoré pozostavaji z buniek v réznom
stadiu diferenciacie a ich pomer sa moze lisit v kazdej jednej kultire. Sposob, ako sa vyrov-
nat s tymito problémami, by mohli vyriesit experimenty na presne definovanych bunkovych
populéciach namiesto zmiesanych paroznych kulttr. Takéto pokusy po prvykréat zrealizovali
Rolf a kol. [14], ktori izolovali a kultivovali tzv. “¢isté STRO-1 pozitivne mezenchymaélne kme-
nové bunky” ziskané z okostice pucnice a parozného rastového vrcholéeku. Multipotentnost
tychto buniek bola dokédzana ich diferencovanim v in vitro podmienkach na bunky kostnej a
chrupavkovej linie, ako aj na tukové bunky, ktoré sa v paroznom tkanive nevyskytuju [14].
Prevedenie hormonalnych experimentov na takychto bunkich by malo velky vyznam pri zod-
povedani otazky ohladom “hormonu stimulujiceho rast parohov”. Na druhej strane si myslime,
ze “hormoén stimulujuci rast parozia” by mal byt mitogénny pre parozné bunky, nezavisle na
zmene kultivaénych podmienok, alebo od individuality jedinca, ¢i dia odberu tkaniva.

Uskutoc¢nili sme sériu in vitro experimentov na zmieSanych kultirach paroznych buniek.
Sustredili sme sa najmé na prolifera¢ni odpoved tychto buniek, hlavne na hormony testoste-
ron a IGF-1, o ktorych sa vedie spor, ktory z nich je “hormén stimulujtci rast parohov”, ako
aj na faktory, ktoré by potencialne mohli ovplyvnit proliferaciu paroznych buniek v in wvitro
podmienkach.
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2 CIELE PRACE

Predkladana stidia sa zaoberd in vitro experimentmi na paroznych bunkach ziskanych z rasto-
vych vrchol¢ekov parohov v réznych stadidch vyvoja parohu. Ciele boli:

1. Preskumat faktory, ktoré ovplyviuju proliferaciu paroznych buniek in wvitro.

2. Zistit, aka je proliferacna odpoved zmieSanych paroznych bunkovych kultar na vybrané
hormony a rastové faktory (najmé testosteron, estradiol a IGF-1), samostatne alebo v
spolupdsobeni s antiandrogénmi - cyproteréon acetdtom, flutamidom a antiestrogénom
ICI 182,780 - v meniacich sa podmienkach experimentu.

3. Izolovat mezenchymalne kmenové bunky zo zmieSanych paroznych bunkovych kultir a
vykonat hormonalne experimenty na “Cistych” populéciach paroznych kmenovych buniek.

3 MATERIAL A METODIKA

V experimentoch sme pouzili parozné tkanivo, ktoré bolo ziskané z rasticich parohov 6smich
samcov farmovo chovaného jelena eurépskeho (Cervus elaphus), jelene boli vo veku dva az tri
roky. Vzorky sa odoberali na 15-ty, 30-ty a 60-ty denr od zhodenia predchadzajiceho parozia. Je-
lene sa uspali a z vydezinfikovanych rastovych vrchol¢ekov parohov sa vo vzdialenosti priblizne
0.5-1 ecm a 2 cm od vrcholu, pomocou bioptickej ihly, odobralo tkanivo zodpovedajice mezen-
chymaélnej zone nediferencovanych intenzivne proliferujtcich sa buniek a zoéne (pre)chrupavky
[3, [15]. Vzorky boli spracované do 30 minat od odberu. Tkanivo bolo, bud zmrazené v 10%
dimetylsulfoxide (DMSO) a v 90% bovinnom sére, alebo rozrezané na 0.5-1 mm? kisky. Kuasky
boli 4 hodiny inkubované v standardnom médiu DMEM/F12 1:1 s obsahom 1% penstrepu,
1% ITS, 0,1% gentamycinu a s 200 U/ml kolagenazy typu II. pri teplote 37°C a vortexované
kazdych 20 minuat. Ziskané bunky boli okamzite preosiate cez Specialne sitko a hned nasadené
do experimentu ako primarne kulttury, kultivované po druhu pasaz, ktora bola nasadena do
experimentov, alebo obe zamrazené v 10% DMSO a 90% bovinnom sére.

Hormonalne experimenty boli robené na primarnych a dvakrat pasazovanych zmieSanych
paroznych kulturach v 1%, alebo 10% bovinnom sére. Proliferacia buniek sa merala po 24,
2x24 a 6x24 hodinach posobenia hormoénov. Boli pouzité nasledovné koncentracie hormoénov:
testosteron (T) 1 nM, 10 nM; inzulinu podobny rastovy faktor (IGF-1) 6.5 nM a 13 nM;
kombinécie testosteronu a IGF-1; 178-estradiol (E) 1 nM, 10 nM, ako aj cyproterén acetat 100
nM, flutamid 100 nM a antiestrogén ICI 182,780 100 nM, v réznych kombinéciach. Kontrola
(C) bola vzdy rovnaka procedira bez pridania horménu. Na urcenie prolifera¢ného potencialu
buniek sa 16 hodin pred ukonéenim kultivacie do kazdej kulttry pridal *H tymidin (Methyl->H
tymidin, s. a. 6-7 Ci/mmol) vo vyslednej koncentracii 1 mCi/ml. DNA syntéza bola merana
na zéaklade inkorporacie triciom znaceného tymidinu za pouzitia techniky TCA precipitacie a
tekutého scintilaéného merania, ako popisali Vackova a kol. |16].
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Na separéaciu mezenchymélnych kmenovych buniek sme pouzili zmrazené tkanivo a bunky
ziskané z jelena. Pre tcely Statistickej analyzy faktorov ovplyviujicich po¢ty mezenchymalnych
kmenovych buniek, v zmiesanych kultirach paroznych buniek pred separédciou, sme analyzo-
vali 58 MACS® separacnych procedir pre jeleita a 130 MACS® pre daniela (Dama dama).
Analyzované kultiry buniek danielov boli ziskané zo Styroch samcov farmovo chovanych da-
nielov skvrnitych, vo veku dva az Sest rokov. Vzorky boli odobraté na 30-ty az 90-ty den od
zhodenia parozia. Pre tcely odberu tkaniva boli daniele zabité. Vzorky boli odobraté 1-2 cm
od rastového vrcholéeku, a okrem toho, aj z kosti parohu, periostea parohu a periostea puc-
nice. Ziskané tkanivo bolo rozrezané na kisky velkosti 0.5-1 mm?. Nésledne sa nechali vyrastat
bunky z tychto kiiskov az kym nedosiahli konfluenciu. Bunky danielov boli kultivované az po
siedmu pasaz v DMEM s 10% bovinnym sérom v Standardizovanych laboratérnych podmien-
kach (37°C a 5% COy). Zo v8etkych pasazi buniek jelenov a danielov boli STRO-1 pozitivne
mezenchymalne kmenové bunky izolované nasledovnym sposobom. Zmiesané bunkové kultiry
boli oznacené primérnou protilatkou voci povrchovému antigénu STRO-1, na ktoru sa navia-
zala sekundarna protilatka IgG-MicroBeads, a separované pomocou MACS® procediry, podla
protokolu odporta¢aného vyrobcom. Bunky boli spocitané, pred a po MACS® separacii, po-
mocou pristroja CASY. Vietky MACS® separacie boli uskutocnené v tom istom laboratériu,
v ramci dlhodobého vyskumu paroznych kmenovych buniek. Faktory, ktoré sme analyzovali,
boli: miesto odoberania vzoriek (na parohu, alebo puénici), pasaz (0-7) a typ kultiry (zmiesana,
alebo nésledne kultivovand STRO-1 negativna kultura).

Statisticka analyza, ktorou boli vo vSetkych pripadoch vysledky spracované, pouziva “Ge-
neral Linear Mixed Model” (GLMM). Model vyuziva PROC MIXED procedaru (SAS V9.0 a
9.1), metodu najmensich stvorcov (LSMEANSs) a Tukey-Kramer-ovu tpravu pre viacnasobné
porovnania. Vyznam fixného efektu v GLMM modeli bol odhadnuty F-testom a rozdiely medzi
triedami boli testované t-testom.

4 VYSLEDKY A DISKUSIA

V nasSich experimentoch sme sa najprv zamerali na faktory a hormoény, ktoré ovplyviuju proli-
feraciu zmiesanych buniek paroznych kultar in vitro.

Zistili sme, Ze intenzita proliferacie in wvitro kultivovanych paroznych buniek zavisela od
vietkych sledovanych faktorov, a to: od individuality jedinca (P<0.0001), pasaze (P<0.0001)
a ako sme ocakévali, od koncentracie bovinného séra (P< 0.0001) |17] (¢lanok I). Pri porov-
nani proliferacie pasazovanych bunkovych kultir z 30-teho a 60-teho dia odberu po zhodeni
predchéadzajiceho parozia, sme medzi tymito dvoma odbermi nezistili ziadny rozdiel |17 (¢la-
nok I). Naopak, pri porovnani primarnych kultir, z jednotlivych dni odberu na 15-ty, 30-ty a
60-ty den, sme zistili vysoké, signifikantné rozdiely, pri kultivacii v 1% aj 10% bovinnom sére
(P< 0.0001 pre obe koncentrécie) [34] (¢lanok IIT). Intenzita proliferacie zavisela tiez na dlzke
exprimentu (P<0.0001) [34] (¢lanok III). Vo vSeobecnosti, vyssia koncentracia séra (10%) zvy-
raznovala inter-individuélne rozdiely medzi bunkami z jednotlivych jelenov, ktoré boli zjavné uz
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pri pouziti 1% séra, zatial ¢o po pasazovani sa zmenil pomer intenzity proliferacie medzi jedin-
cami |17] (¢lanok I). Na druhej strane, proliferacna odpoved kultivovanych buniek na hormony
signifikantne varirovala v zavislosti na pasazi, dlzke experimentu a dni odberu tkaniva. Obrazok
1 ukazuje rozdielny u¢inok hormoénov na proliferaciu buniek v zavislosti na dlzke experimentu,
a teda posobeni horménu (Obr[I).
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Obr. 1: Udinok testosteronu, IGF-1 a estradiolu na proliferaciu pasazovanych zmiesanych
buniek paroznych kultur odobratych na 30-ty a 60-ty den, kultivovanych v 1% sére po 2x24
a 6x24 hodinovom posobeni hormoénov. x ¢ P< 0.05, »x P < 0.01, x x x P < 0.001, % x %
P < 0.0001. Hviezdicky nad vodorovnymi ¢iarami reprezentuju rozdiely medzi 2x24 a 6x24
hodinovym posobenim horménu. Hviezdicky vo vnutri stlpcov reprezentuja signifikantny rozdiel
od kontroly. Hviezdicky nad stipcami reprezentuju signifikantny rozdiel od 10nM T. Piky vo
vnatri stipcov reprezentuju signifikantny rozdiel od 6nM IGF-1. Uvedené su len zmysluplné
signifikancie, tykajice sa nasich experimentov, n > 15 M] (¢lanok III).

Ako bude popisané nizsie, zo zmiesanych bunkovych paroznych kultar sa nam podarilo
izolovat zna¢né mnoZstva mezenchymalnych kmenovych buniek (az 38,9% z kultiar daniela a
16,5% z kultur jelena). To nam aspon ¢iastoéne dovoluje porovnat nase kultiry s charakteris-
tikami kultar inych mezenchymalnych kmenovych buniek. Niekol'ko studii popisuje tiez velku
inter-individuélnu variabilitu v proliferacii ov¢ich a krali¢ich mezenchymalnych kmenovych bu-
niek ﬂﬁ, Iﬁ] Podobne, pasaZ a percento séra hraju velka tlohu a mnohé studie ukazuju, ze
ich vplyvom sa moze zasadne menit charakter a expresia kultivovanych buniek ] Usu-
dzujeme preto, Ze bez ohladu na to, ¢ boli samotné experimenty robené za pritomnosti séra,
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alebo v podmienkach bez pritomnosti séra, uz prekultivacia v 10% sére moze ovplyvnit napr.
prolifera¢ni odpoved buniek na hormoény. Podla nés, primarne kultury, bez pasazovania a pre-
kultivacie, za pritomnosti séra, lepsie reprezentuju in vivo podmienky a procesy prebiehajtce
v regenerujicom sa parozi [17] (¢lanok I).

Na zéklade tychto konstatovani sme robili hormonélne experimenty na priméarnych aj pasa-
zovanych bunkéch [34] (¢lanok III). Proliferacia buniek bola velmi variabilna a ziadny hormon
nemal na proliferaciu buniek jednotny tuc¢inok. V experimentoch s pasdzovanymi bunkami mali
testosteron, estradiol a IGF-1 dvojaky té¢inok, v zavislosti na dlzke experimentu, a teda dlzke
posobeni hormoénu (Obr(l)). Zatial, ¢o testosteron a estradiol signifikantne stimulovali prolife-
raciu paroznych buniek v oboch koncentréaciach (InM T: P< 0.01; 10nM T: P < 0.001; 1nM E:
P< 0.05; 10nM E: P< 0.001; Obr [l sipky prerusovanou ¢iarou) pri kratkom, 2x24 hodinovom,
posobeni hormoénov, IGF-1 nemal ziaden u¢inok. Naopak, pri dlhsom, 6x24 hodinovom, poso-
beni hormoénov, testosteron a estradiol mali len slaby uc¢inok (10nM T: P< 0.05), ale IGF-1
signifikantne inhiboval proliferdciu paroznych buniek v oboch koncentraciach, v porovnani s
kontrolou (6nM IGF: P< 0.05; 13nM IGF: P< 0.001; Obr[lsipky plnou ¢iarou). IGF-1 zaroven
signifikantne inhiboval stimula¢ny u¢inok testosteronu, ako je ukdzané na obrazku [ (10nM
T/13nM IGF: P< 0.05).

V experimentoch bez prekultivacie, i¢cinok horménov vyrazne zavisel na dni odberu tkaniva
a bol celkovo menej vyrazny v porovnani s uc¢inkom na pasdzovanych bunkéch. Testosterén
signifikantne stimuloval proliferaciu buniek len na 15-ty deni odberu parozného tkaniva (1nM T:
P< 0.05, 10nM T: P< 0.01). Estradiol inhiboval bunky len na 30-ty den (10nM E: P< 0.05),
zatial ¢o IGF-1 nemalo Ziadny efekt na proliferdciu. AvSak opét, spoluposobenie testosteréonu
s IGF-1 signifikantne inhibovalo stimula¢ny tcinok testosterénu, ale iba u buniek odobratych
na 15-ty den od zhodenia parozia (1nM T/6nM IGF: P< 0.05, 10nM T/6nM IGF: P< 0.01).
Ucinok antisteroidov samotnych, ako aj v kombinécii so steroidmi, ¢ IGF-1 bol nekonzistentny.

Co sa tyka testosteréonu a estradiolu, nase vysledky sa zhoduji s pozorovanim Price-ove]
a kol.|3], ktora vo svojej praci uvadza, Ze aj testosteron, aj estradiol, sposobuju proliferaciu
paroznych buniek, aj ked ta sa zda byt zavisla na Stadiu parohov a $tadiu diferenciacie bu-
niek. Stadia, Rolfa a kol. [10], tiez potvrdzuje mitogénny uc¢inok testosteronu na parozné bunky
in wvitro. Na druhtu stranu, nase experimenty nepotvrdili mitogénny tuc¢inok IGF-1 na parozné
bunky, uvadzany inymi autormi |[11-13]. Navyse, IGF-1 v niekolkych pripadoch, na rozdiel od
Sadigi-ho a kol. [13], inhiboval mitogénny u¢inok testosterénu. Sadighi et al. [13] na zaklade
svojich vysledkov vyvodil, Ze testosterén nesenzitizuje parozné bunky na prolifera¢ny tcinok
IGF-1. Napriek tomu, Ze ani Sadighi, a ani my, sme markery diferenciacie nesledovali, testos-
terén by mohol senzitivizovat bunky, nie na mitogénny, ale diferencia¢ny vplyv IGF-1, ako sa
uvadza pre ostatné kostné tkanivo [25, 26]. V stlade s tymto pohladom Elliott a kol. [27] uva-
dza, ze IGF-1 sposobuje v rastucich parohoch predovsetkym diferencidciu buniek. Lokalizoval
receptory pre IGF-1 v zone chondroblastov rasticich parohov, ¢o naznacuje tlohu IGF-1 v
matrixogenéze, a teda pri tvorbe chrupavky. Podla Elliota neexistuje ziadny dékaz, ktory by
podporoval hlavni tlohu IGF-1 v mitéze parohov. V skutoc¢nosti, ani Colitti-ova a kol. |2§]
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vo svojej studii o parohoch, nedetekovala ziadnu mitoticku aktivitu v zéne progenitorov chru-
pavky (pre-chrupavky) a ani v zéne chrupavky. Na druha stranu, estrogénové receptory [29], a
pravdepodobne aj androgénové receptory [30], boli nadjdené vo fibréznom perichondriu, ktoré
je mitoticky aktivne |28].

Nesulad medzi in vitro Stidiami v8ak moze byt spdsobeny aj uz vysSie spomenutymi fak-
tormi. VSetky predchadzajuce in wvitro experimenty na paroznych bunkach boli prevedené po
prekultivacii v 10% bovinnom sére a/alebo boli bunky ziskané az na 60-ty den od zhodenia
parozia. Okrem toho, prevedenie experimentov v ¢iasto¢ne bezsérovych podmienkach, alebo
pri nizkych koncentraciach séra, moze sposobit dokonca opacnu odpoved. Napriklad Patel a
kol. |22] vo svojich experimentoch ukazali, Ze u buniek izolovanych z pulpalneho tkaniva sa po
pasédzovani a néslednej kultivacii prehlbovali rozdiely voci primarnym kultaram. Podla tychto
autorov su takéto kulttry tvorené najmé bunkami adaptovanymi a/alebo vyselektovanymi na
zéklade zvysenej schopnosti prispésobit sa kultivaénym podmienkam a kultivaénému plastiku.
Dalsim dolezitym faktorom na ktory nemodzeme zabudat je, Ze vSetky doterajsie hormonalne
experimenty, vratane nasich, boli prevedené na zmiesanych bunkovych kultirach. Tieto kul-
tary pozostavaju z nediferenciovanych progenitorovych buniek, ako aj progenitorovych buniek,
v roznych stadiach diferenciacie na bunky chrupavky, alebo kosti. Takéto zmieSané kultury
mozu davat odlisné vysledky v zavislosti od pomeru zastupenych buniek. KedZe pohlavné hor-
mony, ako aj IGF-1, maju aj mitogénny, aj diferencia¢ny efekt na bunky kostného tkaniva, v
zévislosti od stadia diferencovanosti buniek [31H33], toto vysvetlenie nestiladu medzi in vitro
studiami je asi najpravdepodobnejsie.

Ak je obnova parohov spdsobena reaktivaciou kmenovych buniek v periosteu pucnice a pa-
roh rastie na vrcholéeku, kde intenzivne proliferuja progenitorové bunky, potom hormonalne
experimenty uskutocnené na takychto bunkéach by mali velky vyznam z hladiska zodpovedania
otazky ohladom “hormoénu stimulujticeho rast parozia”. Preto sme sa v naSich dalsich expe-
rimentoch sustredili na izoldciu mezenchymalnych kmenovych buniek, ktoré si pozitivne na
povrchovy antigén STRO-1, zo zmieSanych buniek paroznych kultir. STRO-1 pozitivne bunky
st pravdepodobne jednou z najdoélezitejsich bunkovych populacii, z ktorych vznikaji progeni-
tory chrupavky a kosti |18] (¢lanok IT). Mnozstvo ziskanych STRO-1pozitivnych buniek vsak
velmi varfrovalo, od 0.4% do 38.9% u danielov, a od 1.8% to 16.5% u jelefiov. Zial, nepodarilo
sa nam izolovat dostatoéné mnozstvo pozitivnych buniek na prevedenie rozsiahlych hormo-
nalnych experimentov, a ani ich spolahlivo expandovat za zachovania ich nediferencovaného
potencialu. Preto sme sa rozhodli analyzovat faktory ovplyviujice vysoku variabilitu poc¢tu
ziskanych STRO-1 pozitivnych buniek. Prvym faktorom bol typ bunkovej kultury, a to bud
zmieSand, alebo nasledne kultivovana negativna kulttra po sortrovani buniek. Ako uvadzaja uz
aj Stewart a kol. [35], STRO-1 pozitivne bunky je mozné, a nam sa tiez podarilo, izolovat aj
z niekolkonasobne sortrovanych a kultivovanych STRO-1 negativnych buniek. Takze STRO-1
pozitivne bunky musia vznikat zo STRO-1 negativnych kultir. Jedno z vysvetleni je, Zze sa v
kultiarach nachadzaju skorsie Stadia prekurzorovych buniek, ktoré po Case dozreji a stand sa
pozitivne na povrchovy STRO-1 antigén. Dalsie vysvetlenie je, ze nasa metéda nebola dost
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citlivd na izolaciu buniek s mensim poc¢tom povrchového antigénu, ktorého mnozstvo vzrasta
pocas kultivacie. Typ kultary bol signifikantnym faktorom pre jelene (P< 0.05) aj daniele
(P< 0.0001), ale vysledky sa lisili. Zatial, ¢o u danielov sme izolovali signifikantne vyssie mnoz-
stvo STRO-1 pozitivnych buniek zo zmieSanych kultir v porovnani so STRO-1 negativnymi
kultirami, u buniek z jelenov to bolo naopak. Okrem typu kultiry sme analyzovali miesto od-
beru a vplyv pasaze. Nezistili sme ziadny signifikantny vplyv miesta odberu tkaniva z parohu,
alebo pucnice. Je preto pravdepodobné, Ze proces kultivacie ovplyvihuje mnozstvo vyizolova-
nych STRO-1 pozitivnych buniek natolko, Ze prekryva vplyv o¢akavanych faktorov, ako napr.
miesta odberu, najma u buniek z periostea pucnice, ktoré je povazované za inicia¢né tkanivo pre
obnovu parohov [36]. Naopak pasaz mala signifikantny vplyv na mnozstvo izolovanych STRO-1
pozitivnych buniek aj pre kultury z jelena, aj z daniela (jelen P< 0.001, daniel P< 0.0001).
Celkovo boli najvyssie mnozstva pozitivnych buniek ziskané z druhej pasaze, zhodne pre jelena
(5.5% =+ 3.03), aj pre daniela (24.6% =+ 14.37). KedZe pozitivne bunky rychlo po sortrovani di-
ferencovali, zvySené mnozstva pozitivnych buniek izolovanych z druhej pasaze si vysvetlujeme
pritomnostou buniek v roéznych stadidch expresie povrchového markeru STRO-1, a kontinu-
alne sa meniacim multipotentnym potenciadlom a diferenciaciou buniek |35, 137, 138]. Simmons a
Torok-Storb [39] popisali podobny jav signifikantného zvysenia mnozstva STRO-1 pozitivnych
buniek po dvoch tyzdnoch kultivacie, ktory bol nasledovany ich prudkym poklesom. Podla ich
nézoru ide o epifenomén kultivacie, ktory nema nic¢ spolo¢né s in vivo podmienkami, alebo tento
jav vznika dozrievanim stromalnych prekurzorov na diferencovanejsie stadia, ako bolo rozobe-
rané uz vyssie. NaSa analyza ukazuje, ze manipulaciou kultiva¢nych faktorov mézeme zvacsit
mnozstva vyizolovanych STRO-1 pozitivnych buniek.

Opit sa vSak ukazuje, ze kultivacné faktory mozu signifikantne ovplyvnit kultary paroznych
buniek in wvitro a prekryt faktory, ktoré ovplyviuju rast parohu in vivo. Toto sa ukazalo aj
v nasom pripade pri vplyve miesta odberu, dia odberu tkaniva od zhodenia parohov a pri
individualite jedincov.

Posledny ¢lanok dizertaénej prace [8] (¢lanok IV) je preladova studia zaoberajica sa en-
dokrinnymi aspektami vztahu medzi vyvojom parohu a dominanénym spravanim. V ¢lanku
analyzujeme argumenty za a proti tlohe testosterénu a IGF-1 v raste parohov a porovnavame
vysledky studif na viacerych druhoch jelenovitych. Na zaklade nasej analyzy usudzujeme, Ze
nie IGF-1 ale testosterén je stimula¢nym a regula¢nym horménom parozného rastu v in vivo
studiach.

11



Erika Kuzmouvd, Autoreferdt dizertacnej price

5 ZAVERY

NaSe experimenty potvrdili signifikantny vplyv faktorov den odberu tkaniva, individualita je-
dinca, pasaz, percento bovinného séra a dlzka experimentu (posobenia horménu), na proliferaciu
paroznych buniek in wvitro. Faktory kultivacie, najmé pasaz, mali vyznamny vplyv aj na mnoz-
stvo izolovanych kmenovych buniek ziskanych zo zmieSanych bunkovych paroznych kulttr.

Prolifera¢na odpoved paroznych buniek na posobenie hormoénov sa vyznamne menila v zéa-
vislosti na uvedenych faktoroch. Zistili sme signifikantny rozdiel v proliferacnej odpovedi paroz-
nych buniek vplyvom dvoch sledovanych koncentracii bovinného séra. Pri vyssej koncentrécii
bola intenzita proliferacie vyssia, a v pripade tc¢inku niektorych hormoénov dokonca opacna,
v porovnani s nizkou koncentraciou séra. Podobny rozdiel sme zistili aj medzi primérnymi a
pasdzovanymi bunkami. Co sa tyka dna odberu parozného tkaniva, bunky odobraté na 15-ty
den od zhodenia parozia proliferovali najintenzivnejsie. V nasich experimentoch sme nepozo-
rovali ziadny konzistentny uc¢inok ani jedného zo sledovanych hormoénov, ¢i rastového faktoru.
Celkovo testosteron stimuloval, alebo nemal vplyv na proliferaciu paroznych buniek. Naopak
IGF-1, bud nemalo vplyv, alebo proliferaciu buniek inhibovalo. U¢inok antisteroidov a estra-
diolu bol velmi nejednotny. Zial, nepodarilo sa nam izolovat dostatoéné mnozstvo kmenovych
buniek zo zmiesanych bunkovych paroznych kulttr na uskutoc¢nenie hormonalnych experimen-
tov a ani ich expandovat pri zachovani ich nediferencovaného potencialu. Bez ohladu na tito
skutocnost, nase vysledky naznacuju, ze pohlavné hormony hraja dolezita tlohu v stimulacii
rastu parohov, ale ich efekt sa zdéa byt zavisly na Case a stadiu rastu parohu. Nepodarilo sa nam
ale potvrdit mitogénny a¢inok IGF-1 in vitro popisany inymi autormi [11-13]. Nase vysledky st
vsak v stlade s mnohymi fyziologickymi a behaviordlnymi studiami a podporuju nevyhnutnua
tlohu testosteréonu vo faze rastu parohu [8]. Okrem toho, nase vysledky naznacuju, ze pri-
marne kultary lepsie reprezentuju n vivo podmienky a procesy prebiehajiice v regenerujicich
sa parohoch.

Myslime si, Ze testosterén by mohol byt “hormoénom stimulujtacim rast parohov”, avsak kvoli
mnohym faktorom, ktoré ovplyviiuju proliferaciu paroznych buniek in vitro a tomu, ze vyskum
rastu parohov je stale iba na zaciatku, je potrebné uskutoé¢nit dalsie a detailnejSie experimenty;,
ktoré by potvrdili tuto hypotézu.
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1 INTRODUCTION

Antlers are a secondary sexual character unique to cervids. Except of female reindeer they can
be found only in males. Since they play an important role in the social interactions of deer during
the breeding period, the antler cycle is linked to the seasonal fluctuation of sex hormones [1].
Sex steroids, particularly testosterone, are required for pedicle and primary antler development
and are the most important for the timing of the annual events in the antler cycle |2, 3]. High
levels of testosterone cause antler mineralization and velvet shedding in the late summer and
the rapid decline of testosterone levels in the spring cause antler casting. During antler growth,
the systemic levels of testosterone are at their minimum and therefore many authors suppose
that they play only a minor role |4]. Supported by in vivo, but especially by in vitro studies on
antler cells, IGF-1 became widely accepted as the antler stimulating hormone [3-5]|. However,
there is experimental evidence supporting the importance of testosterone for antler growth even
in its low levels [6-8]. This discrepancy has not been settled over decades. Generally, only a
little is known about the endocrine stimulation of the antler re-growth and the activation of
the antler progenitor cells in the pedicle periosteum [9].

Despite many extraordinary characteristics that the regenerating antlers possess, their rese-
arch is in its beginning, and many basic problems connected to in vitro antler study are needed
to be solved. Antler regeneration is a complex dynamic process and many factors might be
of high importance even under in vitro conditions. Several of them such as tissue sampling
day or animal individuality as well as factors of culture conditions have not been satisfactorily
investigated or taken into account in existing studies |[L0-13]. Moreover, most of the in wvitro
experiments so far have been performed on the mixed antler cultures which consist of cells in
different stages of their differentiation and their ratio may vary from culture to culture. One
way to overcome some of the above mentioned problems would be to use a well defined cell
population instead of mixed antler cell populations. Such attempts were for the first time per-
formed by Rolf et al. [14] and resulted in isolation of “pure STRO-1+ mesenchymal stem cell
cultures” derived from pedicle periosteum or regenerating antler tip. Undifferentiated potential
of these cells has been demonstrated by differentiation along osteogenic, chondrogenic and with
antler tissue unrelated adipogenic lineages in vitro [14]. Hormonal experiments performed on
such cells would be of high significance in answering the question of “antler stimulating hor-
mone”. On the other hand, the “antler stimulating hormone” should be mitogenic for the antler
cells in vitro independently of culture conditions, male individuality or sampling day.

We performed in vitro experiments with antler cells. We primarily concentrated on pro-
liferative response of these cells to the main hormones of the “antler stimulating hormone”
controversy, to testosterone and IGF-1 and the factors potentially influencing the antler cell
proliferation in wvitro.
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2 AIMS OF THE STUDY

The presented work deals with the in vitro experiments on cells derived from growing antler
tips at various antler growth stages. The aims of the study were:

1. To investigate factors influencing antler cell proliferation n vitro.

2. To examine the proliferative response of mixed antler cell populations to hormonal and
growth factor treatments (particularly to testosterone, estradiol and IGF-1) alone or in
the co-treatment with antiandrogens cyproterone acetate and flutamide and antiestrogen
ICT 182,780 under varying experimental design.

3. To isolate mesenchymal stem cells out of mixed antler cell cultures and to perform hor-
monal experiments with the “pure antler stem cell populations”.

3 MATERIALS AND METHODS

Antler tissue was collected from growing antlers of eight farmed red deer males (Cervus elap-
hus) aged between two to three years. Sampling was performed on the 15th, 30th and 60th
day after the previous set of antlers had been cast. For sampling purposes the red deer males
were fully anesthetized and the growing tips of regenerating antlers were superficially cleaned
with disinfection. A biopsy was taken with a trephine punch approximately 0.5-1.0 cm and 2
cm from the antler tip corresponding to the mesenchymal zone of the most intensively pro-
liferating undifferentiated cells and to the precartilage/cartilage zones |3, [15]. The obtained
tissue was processed within 30 minutes of collection. The tissue samples were frozen in 10%
Dimethyl Sufoxide (DMSO) and 90% foetal calf serum (FCS) or immediately minced into pieces
approximately 0.5-1 mm? and incubated in “standard medium” DMEM /F12 1:1 containing 1%
Penstrep, 1% ITS and 0,1% Gentamycin with 200 U/ml Type II Collagenase for 4 hours at 37°C
and vortexed every 20 min. The obtained cells were immediately sieved and seeded into expe-
riment as primary culture, cultivated until 2nd passage and then seeded into the experiments,
or both, the primary and 2nd passage cells, were frozen in 10% DMSO and 90% FCS.

The hormonal experiments were performed on the primary and 2nd passaged mixed antler
cell cultures in the presence of 1% or 10% FCS. Cell proliferation was measured after 24h, 2x24h
and 6x24h of the hormonal treatment. The following concentrations of treatments were used:
testosterone (T) 1 nM, 10 nM; insulin like growth factor-1 (IGF-1) 6.5 nM and 13 nM; combina-
tions of testosterone and IGF-1; 17-estradiol (E) 1 nM, 10 nM as well as Cyproterone acetate
100 nM, Flutamide 100 nM and antiestrogen ICI 182,780 100 nM in various combinations. The
control (C) was always the same procedure, without any hormonal treatment. To determine
the cell proliferation potential, 16 hours before the termination of incubation H thymidine
(Methyl-*H thymidine, s. a. 6-7 Ci/mmol) was added in the final concentration of 1 mCi/ml
into each well. The DNA synthesis was measured by incorporation of 3H thymidine using the
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technique of TCA precipitation and liquid scintillation counting as described in Vackova et al.
[16].

For the separation of the mesenchymal stem cells, frozen tissue and cells of red deer were
used. For the purposes of statistical analyses of the factors affecting the numbers of mesen-
chymal stem cells in mixed antler cell cultures prior to separation we analyzed 58 MACS®
separation procedures for red deer and 130 for fallow deer (Dama dama). Analyzed fallow deer
cultures were obtained from four farmed fallow deer males at the age of two to six years and
sampled between the 30th to 90th day after previous antlers had been cast. The fallow deer
males were slaughtered and sampled 1-2 cm under the growing tip and additionally from the
antler bone, antler periosteum and pedicle periosteum. Obtained tissue was minced into pieces
approximately 0.5-1 mm?® and the cells were let grow out of cultured tissue pieces until con-
fluence. Fallow deer cells were cultivated until the 7th passage in DMEM supplemented with
10% FCS under standardized laboratory conditions (37°C and 5% CO,). Mesenchymal stem
cells positive to STRO-1 antibody were isolated from all passages of red and fallow deer as
follows. Mixed cell cultures were labelled with a primary antibody to surface antigen STRO-
1, coupled with secondary antibody IgG-MicroBeads and separated with MACS® according
to the manufacturer’s protocols. The cells were counted before and after MACS® separation
using a CASY cell counter. All MACS® separations were performed in the same laboratory as
part of a greater long term study on antler stem cells. Analyzed factors were the sampling site
(on antler or pedicle), cell passage (0-7) and type of cell culture (mixed or further cultivated
STRO-1 negative culture).

For statistical analyses in all cases we used General Linear Mixed Model using the PROC
MIXED procedure (SAS V9.0 and 9.1) with least-square-means (LSMEANs) and the Tukey-
Kramer adjustment for multiple comparisons. The significance of each fixed effect in the GLMM
model was assessed by the F-test and differences between classes were tested by t-test.

4 RESULTS AND DISCUSSION

In the presented study, first we concentrated on the factors and hormonal treatments which
influence the proliferation of the mixed antler cell cultures in vitro. We found out that the
proliferation intensity of cultivated antler cells in vitro depended on all investigated factors,
namely, male individuality (P< 0.0001), passage (P< 0.0001) and, as was expected, on the
concentration of FCS (P< 0.0001) [17] (Paper I). When comparing only passaged cell cultures
from the 30th and 60th day of the tissue sampling after the previous set of hard antlers has been
cast, we did not find any difference between the two sampling days 17| (Paper I). Contrary
to passaged cell cultures, we found highly significant differences among 15th, 30th and 60th
day of the tissue sampling in primary cultures, both in 1% and 10% FCS (P< 0.0001 for
both) [34] (Paper III). Identically the proliferation intensity was significantly dependent on
the length of the experiment (P< 0.0001) [34] (Paper III). Generally the higher percentage of
FCS (10%) emphasized the inter-individual differences among the males apparent in the 1%
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FCS while passage changed the proportion of the proliferative intensity among the individual
males |17] (Paper I). On the other hand, passage, length of the experiment and tissue sampling
day influenced significantly the proliferative response of the cultured cells to the hormonal
treatments which varied depending on these factors. How the effect of sex steroids and IGF-1
varied depending on the length of the experiment is shown in the Figure 1.
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Obr. 2: The effect of testosterone, IGF-1 and estradiol on the proliferation of passaged mixed
antler cells cultures from 30th and 60th sampling day in 1% FCS after 2x24h and 6x24h of
hormonal treatment. x ¢ P< 0.05, +x P < 0.01, xx* P < 0.001, xx*x P < 0.0001. Stars above
the lines represent differences between 2x24h and 6x24h of hormonal treatment. Stars inside
the columns represent difference from the control. Stars above the columns represent difference
from 10nM T. Spades inside the column represent difference from 6nM IGF-1. Only relevant
significances are depicted. n = 15 [@] (Paper III).

As described below, considerable amounts of mesenchymal stem cells (MSC) (up to 38,9%
for fallow deer and 16,5% for red deer) can be isolated from mixed antler cell cultures, what
allows us to some extent to compare some of the MSC culture characteristics to our mixed antler
cell cultures. A great inter-individual variability in the proliferative response of ovine and rabbit
mesenchymal stem cells [@ . was also described in several studies. Similarly, passage and
percentage of FCS are of great importance and many studies demonstrate that these might
change significantly the character and expression of cultured cells ﬂﬂ@] We conclude that
independently of whether the experiments were performed in serum or serum free conditions,
the precultivation of antler cells in 10% FCS may cause the cells to react differently, for example
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to hormonal treatments. In our view the primary cultures without any passaging and long term
FCS pretreatment may better represent the in wvivo conditions and processes that occur in
regenerating antlers |17] (Paper I).

Following our conclusions, we further performed hormonal experiments both on primary
and the second passage antler cell cultures [34] (Paper III). The proliferation of the cells varied
greatly and no hormone showed any general trend in the proliferative response of the antler cells.
In the experiments with passaged cells testosterone, estradiol and IGF-1 showed a dual effect
depending on the length of the experiment - hormonal treatment (Figl2l). While testosterone
and estradiol significantly stimulated antler cell proliferation in both concentrations (1nM T:
P< 0.01; 10nM T: P< 0.001; 1nM E: P< 0.05; 10nM E: P< 0.001; Fig. @I dashed-line arrows)
after short-time treatment 2x24h, IGF-1 had no significant effect. In contrast to this, after
long-time treatment 6x24h, testosterone and estradiol had little or no effect (10nM Testosterone
P< 0.05) but IGF-1 showed significant inhibition of the antler cells as compared to the control
in both concentrations (6nM IGF: P< 0.05; 13nM IGF: P< 0.001; Fig. [2 solid-line arrows).
IGF-1 also significantly inhibited the stimulating effect of testosterone (10nM T/13nM IGF:
P<0.05) (Figl2).

In the experiments without precultivation, the effect of particular hormonal treatments
varied significantly depending on the sampling day and was less notable than in the experiments
with passaged cells. Testosterone significantly stimulated only proliferation of the cells from the
15th sampling day (InM T: P< 0.05, 10nM T: P< 0.01). Estradiol showed inhibiting effect only
on the cells from 30th day (10nM E: P< 0.05), while IGF-1 had no effect on the antler cell
proliferation. Only on the 60th day did the higher concentration of IGF-1 (13nM) show a
weak but not significant effect to cell proliferation. However, again co-treatment of testosterone
with IGF-1 significantly inhibited mitogenic effect of testosterone (InM T/6nM IGF: P< 0.05,
10nM T/6nM IGF: P< 0.01), but only by cell cultures from the 15th day after antler casting.
Antisteroidal treatments did not show any consistent effect on the proliferation of the antler
cells either alone or in the combinations with steroids and growth factor IGF-1.

As for the testosterone and estradiol, our results are in line with Price et al. |3], who stated
that testosterone as well as estradiol will induce the proliferation of cells cultured from antlers,
although the proliferative response appears to depend on the stage of antler growth and the
stage of cell differentiation. The study of Rolf et al. |L0] also confirmed the proliferative effect of
testosterone on antler cells in vitro. On the other hand our experiments could not confirm the
stimulating effect of IGF-1 on antler cell proliferation demonstrated by other authors [11-13].
Moreover IGF-1 in several cases inhibited the mitogenic effect of testosterone, which is also in
contrast to Sadighi et al. |[13] who concluded that testosterone did not sensitize antler cells to
the mitogenic effect of IGF-1 in vitro and significantly decreased the mitogenic effect caused by
IGF-1. Although markers of differentiation were examined neither in our, nor in their studies,
testosterone might sensitize the cells not only to the mitogenic but also to the differentiating
effects of IGF-1, as was previously reported for other bone tissues |25, 26]. In accordance with
this, Elliott et al. |27] suggested that IGF-1 induces mainly differentiation in antlers. They

17



Erika Kuzmovd, Summary of the Ph.D. Thesis

localized the receptors for IGF-1 to the chondroblast zone of the growing antler, which implies
its involvement in the cartilage formation through matrixogenesis. According to Elliott, there
is no support for IGF-1 having a major role in mitosis in the antlers. Indeed, in the study of
Colitti et al. [28] on antlers, chondroprogenitors did not proliferate and proliferation was barely
detectable in cartilage. On the other hand, the estrogen receptors [29] and probably also the
androgen receptors |30] were found in the fibrous perichondrium, where proliferative cells are
present [28].

This discrepancy among in vitro studies might, however, be caused by factors already menti-
oned above. All previous in vitro experiments on antler cells were performed after precultivation
in 10% FCS and/or on cells derived on the 60th day after antler casting. Moreover experiments
performed in partially serum-free conditions or in low concentrations of FCS might bring oppo-
site results. Furthermore Patel et al. [22] demonstrated on cells derived from pulpal tissue that
passaging and further cultivation pronounced differences with the primary cultures and repre-
sents cellular adaptation and/or selection for particular cell population with enhanced ability
to thrive on tissue culture plastic. Another important factor to mention is that all hormonal
experiments on antler cells so far, including ours, have been performed on mixed cell cultures.
These cultures consist of progenitor cells and cells in different stages of their chondroblastic or
osteoblastic differentiation. Such cultures may give different results depending on the ratio of
particular cell types. Since both sex steroids and IGF-1 are known to have mitogenic effect or
cause the differentiation of bone tissue cells depending on the cell stage |31-33], this explanation
is the most probable.

If antler renewal is caused by re-activation of stem cells in the pedicle periosteum and the
antler growth is localised to growing antler tip, where the progenitors proliferate, then the
hormonal experiments performed on such cells would be of high significance in elucidating the
question of “antler stimulating hormone”. Therefore, we concentrated in our next experiments
on isolation of mesenchymal stem cells positive to superficial antigen STRO-1 antigen out of
mixed antler cell cultures [18] (Paper II). STRO-1 positive cells are probably one of the most
important stem cell populations which give rise to chondroprogenitors and osteoprogenitors
[18] (Paper II). The percentage of obtained STRO-1 positive cells varied greatly from 0.4% to
38.9% for fallow deer and from 1.8% to 16.5% for red deer. Unfortunately, we were not able
to isolate sufficient amounts of positive cells for extensive hormonal experiments or expand
them without losing their undifferentiated potential. So we analyzed the factors affecting the
number of obtained STRO-1 positive cells. The first factor was the type of cell culture, either
mixed culture or further cultivated negative culture after the sorting. As was already described
also by Stewart et al. [35], we were able to isolate STRO-1 positive cells even from multiple-
times cultivated and sorted STRO-1 negative cultures. So the STRO-1 positive cells have to
arise from the STRO-1 negative cultures. One of the explanations would be that there are
even earlier precursor cells which after some time of cultivation maturate and become STRO-1
positive. Another explanation is that our method was not sensitive enough to separate cells
which possess only the smaller number of STRO-1 surface antigen and whose numbers increase
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only later during further cultivation. The type of culture was a significant factor for both
red (P< 0.05) and fallow deer (P< 0.0001), but the results differed. While the percentage of
obtained STRO-1 positive cells from a mixed culture was significantly higher compared to the
STRO-1 negative culture of fallow deer, it was the opposite for red deer cells. In addition to
the type of the culture we analyzed the effect of sampling site and the effect of passage. We
did not detect any significant influence of the cell sampling site of the antler or pedicle. It
is hence probable that the cultivation procedure affected the yields of STRO-1 positive cells
up to the level that overrides the anticipated effect of sampling site, particularly the pedicle
periosteum, which is supposed to be the initiation tissue for antler re-growth [36]. However
for both red and fallow deer cell cultures passage was a highly significant factor (red deer
P< 0.001, fallow deer P< 0.0001). In general, the highest percentage of STRO-1 positive cells
was obtained from the second passage, both in fallow deer (24.6% =+ 14.37) and red deer (5.5%
+ 3.03). As the positive cells differentiated rapidly after sorting, the increased yields of positive
cells from the second passage could be explained by the presence of cells in various stages
of expression of STRO-1 marker and their continuously changing multilineage potential and
ongoing differentiation [35, 37, 138|. Simmons and Torok-Storb [39] found a comparable pattern
of a significant increase in the proportion of STRO-1 positive cells after two weeks of cultivation,
followed by a progressive decline. They concluded that it is a culture epiphenomenon unrelated
to normal in vivo conditions, or it occurred due to the maturation of stromal precursors into
more differentiated stromal cell types as discussed above. Our analysis revealed that we can
maximize the number of STRO-1+ cells in the cultures by manipulating the cultivation factors.

Again we demonstrated that the cultivation factors might significantly affect the antler cell
cultures and override the factors affecting the antler growth in vivo, which were in our case the
effect of sampling site, sampling day or male individuality.

The last paper of the thesis |8] (Paper IV) is a review analyzing endocrine aspects of the
relationships between antlerogenesis and rank-related behavior. In particular, we analyzed the
arguments in favor and against the role of testosterone and IGF-1 in antler growth and presented
a comparison of the results obtained across some deer species. We concluded that testosterone
and not IGF-1 is the main antler stimulating and regulating hormone in in vivo studies.
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5 (CONCLUSIONS

Our experiments confirmed the significant effect of factors antler sampling day, male indivi-
duality, passaging, foetal calf serum concentration and length of the experiment (hormonal
treatment) on the antler cell proliferation in vitro. The cultivation factors, mainly passage, also
significantly influenced the number of stem cells obtained from the mixed antler cell cultures.

The proliferative response of antler cells to hormonal treatments varied significantly with
respect to all the factors. We observed significant difference in the proliferative response of an-
tler cells between two examined concentrations of foetal calf serum. In the high concentration,
the responses were more intense and for some treatments even opposite to the ones in the low
concentration. The same goes for primary versus passaged cultures. As for the sampling day,
the cells sampled on the 15th day after antler casting proliferated the most intensively. In our
experiments we did not observe any consistent effect of the treatments. Generally, testosterone
stimulated or did not show any effect on the antler cell proliferation. In contrast, IGF-1 did not
stimulate or even inhibited the antler cell proliferation. Antisteroidal treatments and estradiol
showed no general trend. Unfortunately we could not perform hormonal experiments on the
stem cells isolated from the mixed antler cell cultures, since we were unable to obtain suffi-
cient amounts of positive cells or to expand their numbers while keeping the undifferentiated
potential. Despite this fact, our findings suggest that sex steroids play an important role in
stimulation of antler growth but their effect seems to be time- and antler-stage dependent. In
addition, we could not confirm the mitogenic effect of IGF-1 reported by the previous in vitro
studies |[L1-13]. Our results are in accordance with many physiological and behavioural in vivo
studies and support the role of testosterone in the antler re-growth phase [8]. Furthermore, our
results suggest that the primary cultures may better represent in vivo conditions and processes
that occur in regenerating antlers.

In conclusion, we believe that testosterone might be the “antler growth stimulus”, but since
there are many factors influencing antler cell proliferation in vitro and the antler regeneration /re-
growth study is in its beginning, there is a need for further and more detailed experiments that
could confirm this hypothesis.
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