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Souhrn

Cilem této prace bylo vyvinout metody a pfistupy snimani
mikroskopickych  obrazku konfokdlni, multifotonovou
mikroskopii a jejich kombinaci, s naslednou analyzou dat
umoznujici nové zpusoby vizualizace a méfeni biologickych
tkani a bunéénych struktur ve 3D. Zaméfili jsme se na metody,
vyuzivajici vyhod konfokalni a multifotonové mikroskopie.
NasSim dal8im cilem bylo ukazat pouzitelnost neinvazivnich
pfistupl v aplikacich in vivo, uziteCnost a vyznam téchto
metod pro nékolik konkrétnich biologickych aplikaci, s
ddrazem na zdokonalené metody snimani mikroskopickych
obrazk(i, analyzu a hodnoceni realnych biologickych
preparatu.

Tato prace nebyla zaméfena na feSeni konkrétniho
biologického problému, ale na metodologicky pfinos pro
nékolik druhl( biologickych problém(. Ve vysledku bylo
vyvinuto nékolik pokro€ilych metod snimani multifotonovou
mikroskopii. Tyto metody byly také otestovany na rGznych
biologickych preparatech:

1) Vyvinuli jsme novou metodu analyzy kvasinkovych
kolonii pro studium jejich architektury a pro zavedeni
neinvazivni techniky pro sledovani exprese a Casové-
prostorového uspofadani vybranych proteint (oznacenych
fluorescenénimi  markery nebo obarvenych specifickymi
barvivy), v podminkach blizkych pfirozenym;

2) otestovali jsme mozZnosti kombinace konfokalniho a
multifotonového in vivo a ex vivo snimani experimentalnich
melanomd u mysi;



3) prozkoumali jsme vlastnosti Reinkeho krystald (u
muzu s normalni morfologii — kontrolni skupina, a neplodnych
pacientl s diagnostikovanym kryptorchismem) také pomoci
konfokalni mikroskopie.

Zdokonalené metody snimani popsané v této praci
mohou byt aplikovany na rizné biologické problémy, jako
napfiklad neinvazivni studii nedotéenych biofilmd nebo in vivo
hodnoceni koznich nadori, véetné moznych klinickych
aplikaci.



Abstract

The aim of this study was to develop methods and
approaches for image acquisition with subsequent image
analysis of data, obtained by confocal and two-photon
excitation microscopy as well as their combination, enabling
new possibilities of visualization and assessment of
information on biological tissues and cell structures in 3D and
their measurement. We focused on methods that exploited
advantages of confocal and multi-photon excitation
microscopy. Our further aim was to demonstrate the
applicability of non-invasive approach for in vivo applications,
usefulness and the relevance of these methods in several
special biological applications with emphasis on improved
image acquisition, analysis and evaluation of real biological
specimens.

The present work was not oriented on just one specific
biological problem, but rather to methodological contribution
to several types of biological problems. Specific 2PE image
acquisition technics were developed and applied for studies
of specific biologic samples. Earlier impossible investigations
were performed for the first time. We tested our optimized
procedures in following biological studies:

1) We developed new approach to the in situ analysis of
the intact (whole) yeast microcolonies in order to reveal it's
architecture and to implement a non-invasive technique to
follow the expression and spatio-temporal distribution of
selected proteins (tagged with fluorescent markers or stained
with specific dyes), in conditions close to natural ones;

2) we investigated possibilities of the combination of the
1PE and 2PE microscopy techniques for in vivo and ex vivo
imaging of the experimental melanoma tissue in the mouse;



3) we investigated the properties of Reinke’s crystals in
men with the normal morphology of the testis (control group)
and infertile patients diagnosed with cryptorchidism by
confocal microscopy;

Improved image acquisition approaches described in
present work can be applied for different biological problems,
such as studies of intact biofilms or in vivo assessment of skin
tumours, including possible clinical applications.



Uvod

Vyvoj fady metod svételné mikroskopie je zaloZen na
pokracujicim rychlém technickém pokroku pfistroju (nové
nebo / a vylepSené komponenty strojii apod.), jakoz i na stale
se rozSifujicim spektru jejich aplikaci. Je pfitom dulezité
vyuzivat nové moznosti spravné a ucinné, aby to umozfiovalo
nejenom vizualizaci studovanych mikroskopickych struktur, ale
také jejich analyzu reprodukovatelnym zplsobem. Kdyz
uvazime uznani, kterého se dostalo technologickému
pokroku v oblasti mikroskopie v podobé& udéleni Nobelovy
ceny za chemii (2014, super-rezoluéni mikroskopie), mGzeme
bez nadsézky fici, Ze se v oblasti molekuldrni a buné&cné
biologie da ocekavat mnoho zajimavych a vzrusujicich objev.
Proto jsme v dnedSni dobé& svédky renesance svételné
mikroskopie, obzvlast po nedavném piekonani difrakéniho
limitu, ktery byl povaZovan za nepiekonatelnou pfekazku
postavenou na fyzikalnich principech [1], [2], [3], [4], [5], [6],
[7], (8]

Cile prace

Cilem této prace bylo vyvinout metody a pfistupy snimani
mikroskopickych obrazkGi konfokalni a multifotonovou
mikroskopii a naslednou analyzu dat, , umoziujici nové
zplsoby vizualizace a méfeni biologickych tkani a bunécnych
struktur ve 3D. Zaméfili jsme se na metody, vyuzivajici vyhod
konfokalni a multifotonové mikroskopie. Nasim dalSim cilem
bylo ukazat pouzitelnost neinvazivnich pfistupl v aplikacich in
vivo, uziteCnost a vyznam téchto metod pro nékolik
konkrétnich biologickych aplikaci, s dirazem na zdokonalené
metody snimani mikroskopickych obrazkd, analyzu a
hodnoceni realnych biologickych preparatu.



Material a metodika

VS8echna prezentovana data byla nasnimana na
komer&né dostupném konfokalnim laserovém skenovacim
mikroskopu Leica SP2 AOBS MP s akustooptickym
rozdélovatem paprsku (AOBS) na zakladu invertovaného
stativu Leica DMIRE2 vybaveném argonovym laserem
(458 nm / 5 mW, 476 nm / 5 mW, 488 nm / 20 mW, 514 nm /
20 mW) a dvéma helium-neonovymi lasery : zelenym (543 nm
/ 1.2 mW) a &ervenym (633 nm / 10 mW) pouzivanymi pro
konvenéni jednofotonovou excitaci. Pro dvoufotonovou
excitaci jsme pouZili Ti:Sapphire (titan-safirovy) infra-Cerveny
pulsni laser s fixovatelnym reZimem (mode-locked)
Chameleon Ultra (Coherent Inc., Santa Clara, CA, USA),
laditelny v rozsahu 690 aZz 1040 nm s Sifkou pulsu 140 fs,
napojeny na konfokalni skenovaci hlavu mikroskopu. Pro
snimani pomérné velkych zornych poli jsme pouzili HC PL
FLUOTAR 5x suchy objektiv s pracovni vzdalenosti (WD)
12.2 mm a numerickou aperturou NA = 0.15 nebo HC PL
APO CS 10x suchy planapochromaticky objektiv (NA = 0.40,
WD = 22 mm). Ve vétSiné pfipadd jsme pouzili
planapochromaticky objektiv s vodni immerzi HC PL APO CS
20x (NA = 0.7, WD = 250 pym), ktery mé&l obvykle dostate¢nou
rozliSovaci schopnost a pomérné velké zorné pole. Pro
snimani bunék v detailech jsme pouZili planapochromaticky
objektiv s vodni imerzi HCX PL APO CS 63x (NA = 1.2,
WD = 220 pm). Pro co nejjemnéjdi detaily byl pouZit
planapochromaticky objektiv s olejovou imerzi HCX PL APO
CS 100x (NA = 1.4, WD = 90 pym).

Experimentalni sestava snimani obrazkud je ukazana na
Obrazku 1. Nador po plsobeni mikrovinovym tepelnym
zasahem byl umistén pfimo na kryci sklicko a zvlhéovan
kapkami stejné tekutiny jako byla pouZita pro imerze pro
objektiv (ve vétsiné pfipadl jsme pouzili vodu s objektivem na
vodni imerzi). Tak se zabranilo poSkozeni preparatu
usychanim, dosahlo se homogennéjiho pfiléhani preparatu
ke sklu, a byly snizeny mozné optické aberace. Podobna



procedura byla pouzZita na podkozZni stranu ofezané cCasti
kGize, kterou jsme pouzili jako kontrolu, a pro Cerstvé vzorky.
Jak je uvedeno na Obrazku 1, mikroskopické obrazky byly
nasnimany pomoci nasledujicich zpusobu:

i) 3-kanalovym konfokalnim detektorem s flexibilné
nastavitelnou spektralni detekci, C€asto se soudasnym
snimanim spektralné rozlisené fluorescence;

ii) ,non-descanned” (pfimy) detektor s fotonasobici; ve
vétsiné pfipadl— pomoci jednokanalového snimani signalu s
vyuzitim LP700 a BP430/24 (Chroma Technology
Corporation) optickych filtrd pro signal SHG s pouzitim IC
pulsniho laseru Chameleon Ultra nastaveného na 860nm,
pfileZitostné se souasnou dvoukanalovou detekci spektralné
rozliSenych kanall pomoci standartniho filtr-bloku firmy Leica
Microsystems s dichroickym zrcatkem SP700 a pasmovymi
filtry BP525/50 a BP610/75 pouzivanymi pro detekci signalu v
zelené a Cervené spektralni oblasti.
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Obrazek 1. Schematické zobrazeni experimentalni
sestavy.



Vysledky a diskuse

Tato prace nebyla zaméfena na feSeni konkrétniho
biologického problému, ale na metodologicky pfinos pro
nékolik druht biologickych problémd. Ve vysledku bylo
vyvinuto nékolik pokro€ilych metod snimani. Tyto metody byly
také otestovany na nékolika raznych biologickych preparatech
a ukazaly se jako vyrazné pfinosné pro fadu vyzkumnych
projektl, jejichz vysledky byly publikovany v uznavanych
mezinarodnich ¢asopisech.

Architektura vyvijejici_se multibunééné kvasinkové
kolonie: Casové prostorova exprese exporteru ammonia

Ato1p

Kvasinky vyrlstajici na pevnych povrSich vytvareji
organizované multibunééné struktury, ve kterych se buriky
diferencuji a maji tak rdzné funkce a zazivaji rozdilny osud.
Pro porozuméni principl zapojenych do tvarovani téchto
struktur je tfeba novych pfistupl umozZnujicich studium
individualnich bunék pfimo na misté bez poruseni pfirozené
struktury kolonii. Konfokalni mikroskopie je povaZovana za
vhodnou metodu pro takové studium.

Pfi vyvoji spravného pouziti metodiky konfokalniho
snimani spocival hlavni problém v pomérné nizké hloubce
priniku laserového paprsku do kolonie, vzhledem k nizké
prahlednosti kvasinkovych bunék, které maji opticky husté
bunécné stény. To zpusobilo rychly pokles detekované
intenzity signalu v hlubSich vrstvach bunék, ktery se stal
hlavnim  limitujicim  faktorem pfi pouZiti konvenéni
(jednofotonové) konfokalni mikroskopie pro studia in situ.



Pfedpokladali jsme, Ze dva pfistupy — shora (top-view),
nebo ze spodni &asti (bottom-view) kvasinkovych kolonii by
nam umoznilo analyzovat hlubsi vrstvy. Pfekvapivé bylo, Ze
horni (top-view) a dolni (top-view) konfokalni skenovaci
mikroskopie daly zcela odliSsné obrazky. Pro dokonceni
pfehledu architektury kvasinkové kolonie jsme pfipravili svisly
pficny Fez stfedni C&asti kolonii (Obrazek 1c). Nasledné
snimani tohoto vzorku odhalilo bo€ni pohled na mikrokolonii.

Na rozdil od 1PE konfokalni mikroskopie, kterd nam
pouze umoznila pozorovat vnéjsi vrstvu kvasinek bunék, 2PE
pfistup nam umozhil také ziskat fluorescencni signal z
nékolika vnitfnich vrstev, bez poSkozeni struktury této Casti
kolonii. Proto jsme se ve v8ech pokusech uvedenych v dané
praci zaméfili vyhradné na 2PE mikroskopii.

Novy pfistup nam umoznil sledovat pfitomnost a
prostorovou polohu fluorescenéné znacenych proteind, jakoz i
struktur obarvenych specifickymi (selektivnimi, t&mi co se
selektivn@ vazou na konkrétni proteiny) fluorescenénimi
barvivy v mikrokolonii S. cerevisiae s pouzitim dvou-fotonové
(2PE) konfokalni mikroskopie. Nova technika nam umozZznila
odhalit prostorové rozmisténi buné&k produkujicich Ato1p
transmembranovy protein ve vyvijejici se kvasinkové
mikrokolonii.

Navic jsme ukazali, jak muze byt profil produkce
(exprese) proteinu Ato1p ovlivnén vyvojem Kolonii nebo
pfitomnosti sousednich kolonii. Kromé toho jsme ukazali , Ze
bufiky nachazejici se v povrchové vrstvé mikrokolonii S.
cerevisiae jsou pevné propojeny pies tlusté bunééné stény a
tvofi tenkou ochrannou bunécnou vrstvu, ktera blokuje
pronikani Skodlivych latek. Burky tvofici vrstvy jsou pevné
spojeny pfes bunélné stény, jejichz pfitomnost je nezbytna
pro udrzeni funkce ochranné vrstvy. Zobrazeni kolonie z
rznych uhld nam umoznilo rekonstruovat trojrozmérné profily
bunék produkujicich prenaSe€e amonnia Ato1p v rozvijejicich
se mikrokoloniich rostoucich bud osamoceng, nebo v ramci
skupiny mikrokolonii.



Zjisténi, Z2e 2PE konfokalni mikroskopie poskytuje
mnohem vice informaci o struktufe kolonii pfi pozorovani bud
ode dna nebo ze strany do struktury mikrokolonie také
znamena zajimavou moznost pouZiti podobné metody pro
vySetfovani jinych mikrobidlnich mnohobuné&&nych
spolecenstev, véetné pfirodnich biofilmu. Nase nové pfistupy
by mohly také pfispét k novym poznatkim o téchto strukturach
a k rekonstrukci Casoprostorovych zmén v pfitomnosti urcitych
proteinl spojenych s diferenciaci bunék, stejné jako ostatnich
zmén, které mohou odhalit specifika bunék umisténych na
jednotlivych  pozicich v  mikrobialnich mnohobunéénych
strukturach.

Byl tedy vyvinut novy pfistup k analyze neporudenych
celych mikrokolonii kvasinek. 2PE pfistup umoznil odhaleni
architektury mikrokolonii. Tato neinvazivni metoda navic
umoznila studie exprese a prostorové Casového rozloZeni
vybranych proteint (oznacenych fluorescenénimi znackami
nebo obarvenych specifickymi barvami) v pfirozenych
podminkach.

Flo11p, drug efflux Cerpadla a extracellularni_matrix
se spolupodileji na formovani biofilmi kvasinkovych
kolonii

Stejné jako jiné mikroorganizmy, nedomestikované
kvasinky pfednostné tvofi povrchové spojena spole€enstva,
zejména biofilmy a kolonie, kterd jsou dobfe chranéna proti
nepfiznivému prostfedi, a pokud se vyvinou jako patogeny —
pfed imunitnim systémem hostitele. Nicméné&, molekularni
mechanismy, z nichZz vychazi C{asoprostorovy rozvoj a
odolnost vic&i prostfedi biofilmu a kolonie, zUstavaji z velké
¢asti neznamé.

Zasady vyvoje, odhalené v této studii, poskytuji nové
pohledy na diferenciaci biofiimu kolonie a funkce
specializovanych bunéénych subpopulaci, a naznaduji také
pfitomnost unikatnich mechanismi ochrany kolonii. Kolonie



vznikla z jediné bunky, roste velmi rychle, protoZze vétSina
bunék se ucinné déli. Na rozdil od hladkého laboratorniho
kmene kolonie, kolonie tvofici biofilm se také podstatné
rozSifuje ve svislém sméru. Toto rozSifeni muze byt
umoznéno propojenim jejich bunék pfipominajicim suchy zip.
ZpoCatku se kolonie populace chrani pfed vnéjSimi
chemickymi hrozbami vyvolanim MDR pfenasecu, které jsou
schopné odstranit toxické slouCeniny [9]. Pozdé&ji aktivita
prenaseCu pretrvava vyhradné ve vrstvach bunééného
povrchu po celé kolonii, a soutasné& jsou zapojeny dalSi
strategie ochrany. Horni vrstvy bunék z nadzemnich ¢asti
kolonie zlstavaji v klidu a jsou tak vice odolné vuéi chemické
hrozbé a dal$im hrozbam. Vzhledem k tomu, Ze Ziviny z agaru
jsou ucinné transportovany, tvorba takovych nedélicich se
bunék je, jak se zda, nejen dlisledkem vyc€erpani zZivin, ale
pravdépodobnéji jde o regulovany proces, ktery pomaha
chranit povrch kolonie, ktery je pfimo vystaven vnéjSimu
prostfedi. Sou€asné zacnou vnitfni bufiky v blizkosti agaru
produkovat ECM.

Zachovani spojli pfipominajicich suchy zip pak pfispiva k
mechanické stabilité rozSifujici se kolonie a vrstvy mohou
ziskavat vrstvy flexibilitu, tvofici vzdusné vrasky s vnitfnimi
dutinami. Nasledné bunélné generace tvofené vnitfnimi
délicimi burikami této vrstvy jsou tak dobfe chranény. Burky
ve vnitfni spodni &asti hfbetu a pseudohyf v podpovrchovych
koloniich regiony nevstupuji do stacionarni faze. SpiSe
pokracuji ve vyrobé& ECM, ktera je nepropustna pro nékteré
malé slou€eniny, jako je galaktéza, a az Skodlivych
chemickych latek, jako jsou ionty médi.

Nasledujici generace bunék tvarované délicimi se
vnitfnimi  burfikami téchto vrstev jsou tak dobfe chranény.
Bufky ve vnitfni spodni €asti hifebene a pseudohyfy z
podpovrchové &asti kolonii nevstupuji do stacionarni faze.
SpiSe pokraCuji v produkovani extracelularni matrix (Ci
mezibunécné hmoty, ECM), ktera je nepropustna pro nékteré
malé slou€eniny jako napfiklad galaktosa, a také pro Skodlivé
latky jako jsou ionty médi. Jenom pseudohyfy vy&nivaji z



ECM, ale ty jsou chranény pumpami MDR. Tyto Spi¢ky mohou
fungovat jako sensory vyzivy a také jinych stimult prostredi,
které jsou dulezité pro kolonii. Zlistava otazkou, jaka je
chemickd podstata ECM a jak zakofenéné burky dostavaji
vyzZivu nezbytné nutnou pro jejich rust. Bylo jiz prokazano, ze
ECM rlznych mikroorganizm funguji jako nasakovaci houby,
které obstavuji organické molekuly v blizkosti bunék a také
vazou a obstavuji l1éCiva. ECM kvasinkovych kolonii se muze
liSit svym obsahem polymernich a monomernich
karbohydratd, proteind a fosfatd, a také je pfednostné
spasana nalevniky, coz pfedpoklada, Zze ECM ma vyZivnou
hodnotu. Vyslovujeme tudiZ hypotézu, Ze v biofilmové kolonii
samotna ECM muze fungovat jako sekvestracni bariéra a
zasobarna vyzivnych latek dalezitych pro vznik novych bunék
uvnitf dutin.

Zavérem, dynamika vyvoje kvasinkovych mikrokolonii
byla studovana metodami dvoufotonove  konfokalni
mikroskopie v kombinaci s vyuZitim metod fluorescencnich
markerd a barveni. Odhalili jsme specifickou architekturu
biofilmové kolonie, umozfiujici mnohonasobnou ochrannou
strategii, pfinasejici vysokou uroven rezistence v pfirozenych
podminkach. Je dullezité, ze nékteré rysy kolonii, které jsme
pfedvedli v této praci (jako napf. specificky profil rostoucich
bunék, produkce ECM a sekre€ni pumpy) jsou specifické také
pro formovani slozitych houbovitych biofilm{. Strukturovana
kvasinkova kolonie proto pfedstavuje jasné definovany a
vykonny modelovy systém in vivo, ktery mize pomoci odhalit
obecné principy tvarovani mikrobiotickych biofilmu.

Zobrazovani_experimentalnich_melanomt v _mysSi in
vivo a ex vivo pomoci kombinaci _konfokalni a nelinearni

mikroskopie

Pro ziskani dostate¢né informativnich  obrazki
nebarvenych nadorovych tkani a jejich zmén po hypertermalni
[éCbé (hyperthermia treatment, HT) jsme zkoumali moznosti



snimani pomoci kombinace jedno- a dvoufotonové excitaéni
mikroskopie (1PE a 2PE) pro vySetfeni experimentalnich
melanomd in vivo, v mySich pfi obecné anestezii, a ex vivo na
Cerstvé ziskanych vzorcich. Zkoumali jsme strukturu
exerimentalnich melanom( a porovnavali ji s normalni tkani ze
stejného zvifete s wvyuzitim konfokalnich a nelinearnich
pfistupl, zaloZzenych na (i) jednofotonové excitaCni
mikroskopii (1PE), (ii) 1PE reflektanci, (iii) generovani druhé
harmonické (SHG) a (iv) dvoufotonové excitaéni (2PE)
autofluorescenci.

V této studii pfinesly rizné zpUsoby snimani rizné, casto
komplementarni informace o histologii zkoumanych tkani.
Zvlastni dliraz byl kladen na vizualizaci nebarvenych vzorkd,
pomoci 1PE (jednofotonova fluorescence a reflectance) a 2PE
(vCetné SHG zobrazovani a dvoufotonové excitaCni
autofluorescence).

Byly hodnoceny zmény struktury mysiho podkoZniho
melanomu po [éCbé indukovanymi mikrovinami vysokych
teplot (MWHT). Analyza byla =zaloZena na obrazcich
pofizenych na CZerstvé ziskanych tkanich experimetalniho
nadoru pomoci 1PE modu pomoci excitacni vinové délky
488nm. Nadory byly ziskany z neoSetfeného kontrolniho
zvifete nebo s natasovanim (30 minut a 5 hodin po HT).

Nejprve byly pfedzpracovany Sedoténové obrazky.
Obrazky byly vyhlazeny Gaussovym filtrem se smérodatnou
odchylkou o= 1.5 ym pro shiZeni urovné Sumu na obrazcich a
pozadi bylo odstranéno pouzitim top-hat Lipschitzova filtru.
Pro hodnoceni granularity (buné&fné agregace) tkani
melanomu jsme zméifili maximalni Eulerovu-Poincarého
charakteristiku (ymax). Za timto ucelem byla vypoctena
Eulerova-Poincarého charakteristika binarnich obrazk
ziskanych prahovanim $edoténovych obrazk( pro hodnoty
prahovani v rozsahu od 0 do 255, a byla stanovena maximalni
hodnota, ur€ujici ymax. Tento parametr byl vhodny pro analyzu
morfologické struktury melanomu, jako napf. stladovani bunék,



kdy se formuji vétsi agregaty, coz vede ke shiZzovani hodnoty
parametru ymax-

Tabulka 1. Maximalni Eulerova-Poincarého
charakteristika (ymax) zmé&Fena na obrazcich ziskanych
reflektanci 1PE pomoci excitaéni vinové délky 488 nm, z
nadorové tkané& experimentalniho melanomu odebrané pfed
[é€bou MWHT, 3 minuty a 5 hodin po zasahu MWHT. Jsou
uvedeny hodnoty zméfené pro 6 obrazkl kazdé skupiny, a
jejich smérodatné odchylky (SD). Data byla ohodnocena
jednofaktorovym ANOVA a post hoc Newmanovymi-
Keulsovymi testy . Byl zaznamenan vyznamny rozdil pro
v8echny pary skupin na 5% urovni signifikance.

Image Lmax (30 rﬁ?ra\)(after (5@)&&3
number (t?ee:t)r:weeﬁt-; HT after HT
treatment) treatment)
1 1586 890 650
2 1131 672 474
3 1227 527 715
4 1151 885 790
5 1072 1239 315
6 1128 664 321
Mean 1216 813 544
SD 188 252 204

1PE reflektance se ukazala byt dobfe aplikovatelna na
nebarvené Cerstvé tkané&, a umozfiuje zfetelnou vizualizaci
riznych vrstev kontrolnich tkani a kapsul melanomu do



hloubky 70 pm od povrchu fezu. Byli jsme schopni touto
metodou zaznamenat vyznamné rozdily po zdsahu HT v
porovhani s neoSetfenou tkani, coZz nam pfineslo sadu
obrazkd vhodnych ke kvantitativni analyze morfologie nadoru,
jak je uvedeno v Tabulce 1.

VyzkousSeli jsme tedy rlizné spektralni podminky a ostatni
nastaveni parametru snimani, stejné jako kombinace vySe
zminénych modd, za u€elem plného vyuziti potencialu téchto
metod pro hodnoceni morfologii oSetfenych a neoSetfenych
nadorovych tkani.

Byli jsme schopni prokazat touto metodou vyznamny
rozdil po HT oSetfeni v porovnani s neoSetfenymi tkanémi.
SHG mikroskopie se ukazala byt velmi vhodnou metodou pro
zobrazovani kolagenovych viaken v &erstvych vzorcich tkani
bez jakéhokoli barveni vzhledem k vysoké specificité, jak
uvedlo nékolik autord. Podle naSeho nazoru ma tato metoda
obrovsky potencidl pro neinvazivni snimani in vivo jak pro
experimentalni zvifata, tak i pro klinické aplikace.

Na zavér jsme pro zobrazovani nadorovych struktur (ex
vivo a in vivo) pouZili kombinace 1PE a 2PE mikroskopie,
nabizené simultanni aplikaci konfokalni a nelinearni
mikroskopie v nékolika reZimech snimani. Prokazali jsme, Ze
podobny komplexni pfistup zvySuje vyznamnost informace o
mikroskopickych strukturach, uleh&uje hodnoceni vzajemnych
souvislosti mezi funkénimi a morfologickymi aspekty
zaloZzenymi na méfitelnych optickych vlastnostech tkani. Navic
to umoznilo studium siti kolagenovych vldken a identifikaci
invazivnich nadorovych bunék, a zvySuje timto zplsobem
schopnosti diagnostikovani. Takovy pfistup byl aplikovan pro
in vivo hodnoceni experimentalnich nadorl poprvé a je velmi
slibny pro studia na lidech a pro klinické aplikace.



Vizualizace Reinkeho krystald v _normalnich a
kryptorchidnich varlatech

Objevené a popsané Reinkem [10], nachazeji se tyto
krystaly jenom u muzd s aktivni spermatogenezi a produkci
testosteronu. Kromé& toho, Ze tyto krystaly jsou normaini
soucasti lidskych Leydigovych bunék, o jejich funk&nim
vyznamu je velmi malo znamo.

Cilem této studie bylo prozkoumat vlastnosti Reinkeho
krystald u muzd s normalni morfologii varlete (kontrolni
skupina) a neplodnych pacientd s diagnézou kryptorchismu.
Bylo pouzito 20 biopsii od neplodnych pacientu a 6 biopsii od
muzu s pravidelnou spermatogenezi ve véku 20 az 30 let.

Reinkeho krystaly mohou byt velmi uzite€né pfi diagnéze
nadoru Leydigovych bunék, protoze jejich pfitomnost je
patognomicka (typicka) pro identifikaci podobnych nadord.

Prostorovd 3D rekonstrukce Reinkeho krystalu byla
zalozena na sérii  konfokalnich obrazk(l zpracovanych
dekonvoluci pomoci  softwarového balicku  Hyugens
Professional (SVIL.nl) s vyuzitim algoritmu ‘quick maximum
likelihood estimation’ (QMLE) a experimentaln& nasnimanymi
funkcemi rozmazani obrazu (point spread function, PSF).
Nasledné byly 3D obrazky vyhlazeny Gaussovym filtrem a
segmentovany prahovanim s pfipadnymi manualnimi
korekcemi v programovém prostiedi Ellipse. Nakonec byly
vygenerovany triangulaéni isopovrchy segmentovanych
krystalu a jejich zobrazeni .

Reinkeho krystaly obarvené HE metodou byly snadno
rozpoznavatelné pomoci konfokalni mikroskopie kvuli eosinem
indukované fluorescenci krystall. Rutinni HE preparaty s
tloustkou 7 pm se ukazaly byt vhodnymi. Konfokalni
mikroskopie prokazala rdzny vzhled krystald: nékteré byly
malé o velikosti 0.2-1 pm; velikost ostatnich dosahovala
nékolika mikrometr. Nékteré byly vyjimecné velké, dosahujici
10-12 pm. Mikroskopie v prochazejicim svétle nebyla
schopna poskytnout pfesna data ohledné okraji krystald,



konfokalni obrazky detekovaly jejich polygonalni formu a
navzajem soubé&zné okraje. Navic, po dekonvoluci pro
zvySovani rozlieni konfokalnich obrazkl se polygonalni forma
stala mnohem ostiej§i a pfipominajici obrazky ziskané
transmisni elektronovou mikroskopii (TEM). Na zakladé série
obrazku 3D byla mozna rekonstrukce krystala.

Obecné nebyl nalezen rozdil ve vzhledu a jinych
morfologickych rysech krystald mezi kontrolni skupinou a
kryptorchidnimi vzorky, az na Cetnost krystall, které se hojné
vyskytovaly ve vzorcich od pacientl s kryptorchismem.

Na zavér jsme zanalyzovali Reinkeho krystaly ve vzorcich
normalnich kryptorchickych varlat pomoci mikroskopii v
prochazejicim svétle, konfokdlni a TEM, a strereologii.
VSechny vy8e zminéné metody byly uZite€né pro vizualizaci
krystalu. Stereologicka analyza stanovila zvétSeny pocet
krystalt v kryptorchickych vzorcich. Optimalni tloustka vzorku
70 az 300 nm je prokazatelné optimalni pro krystalografickou
analyzu biokrystalu.

Konfokalni mikroskopie se ukazala jako vhodna pro
hodnoceni formy a 3D rekonstrukce krystalu. TEM analyza
potvrdila hexagonalni formu krystalu, zatimco krystalograficka
data ziskana na fezech tloustky 70 az 300 nm umoznila lepsi
pochopeni organizace krystalické mfizky. Stereologicka
analyza odhalila vyznamné zvétSeni poctu krystall v
kryptorchickych varlatech v porovnani s kontrolni skupinou.
ZvétSeny pocet krystall v kryptorchickych vzorcich vede k
zavéru, Ze prodlouzené vystaveni vysokym (bfiSnim) teplotdm
mulze stimulovat enzymy zapojené do syntézy proteinu
krystalu. Pfesna molekularni povaha krystalické mfizky
zUstava nicméné nejasna pro normalni a kryptochidni varle.
3D rekonstrukce krystalu ukazala, Ze velké krystaly jsou ob&as
doprovazeny nékolika mensimi. Mikroskopické metody se
osvédcily pfi vizualizaci krystalu.

Vlastnosti Reinkeho krystald (u muzd s normalni
morfologii — kontrolni skupina, a neplodnych pacientd s



diagnostikovanym kryptorchismem) byly zkoumany konfokalni
mikroskopii. Na zakladé konfokalnich sérii obrazkd (po
komplikovaném zpracovani obrazk) byla vytvofena 3D
rekonstrukce krystald. Konfokalni mikroskopie pomohla pfi
identifikaci morfologického rysu krystald, obzvlast jejich formy
a usporadani uvnitf Leydigovych bunék. Vzdjemna 3D
orientace byla stanovena po zpracovani obrazku, které zvysilo
rozliSeni konfokalnich obrazkd. Konfokalni mikroskopie s
naslednym zpracovanim pomoci dekonvoluénich metod s
naslednou vizualizaci m{ze proto zaplnit mezeru mezi TEM a
konvenéni svételnou mikroskopii s naslednym zpracovanim
obrazku.

Zavéry

Na zaveér, byly vyvinuty konkrétni metody 2PE snimani a
aplikovany pro studium biologickych vzork(. Byla poprvé
provedena dfive neproveditelna vySetieni. Kvantitativni
hodnoceni se proménila v kvalitativni objevy. Otestovali jsme
nasSe optimalizované metody v nésledujicich biologickych
projektech:

1) Vyvinuli jsme novou metodu analyzy kvasinkovych
kolonii pro studium jejich architektury a pro zavedeni
neinvazivni techniky pro sledovani exprese a Casové
prostorového uspofadani zvolenych proteind (oznacenych
fluorescenénimi  markery nebo obarvenych specifickymi
barvami), v podminkach blizkych t&m pfirozenym;

2) otestovali jsme moznosti kombinace 1PE a 2PE in
vivo a ex vivo snimani experimentalnich melanomi u mysi;



3) prozkoumali jsme vlastnosti Reinkeho krystald (u
muzu s normalni morfologii — kontrolni skupina, a neplodnych
pacientd s diagnostikovanym kryptorchismem) pomoci
konfokalni mikroskopie.

Zdokonalené metody snimani popsané v této praci
mohou byt aplikovany na rizné biologické problémy, jako
napfiklad neinvazivni studii nedotéenych biofilmd nebo in vivo
hodnoceni koznich nadori, véetné moznych klinickych
aplikaci.



Introduction

Development of a variety of optical microscopic
techniques is based on ongoing fast improvement as to the
technical advances (new and/or improved HW components,
etc.) as well as the ever broadening scope of their
applications. It is important to exploit the new possibilities
correctly and efficiently, enabling not only visualization of
microscopic structures of interest, but also their analysis in a
reproducible way. Keeping in mind the recognition of
technological progress in super-resolution light microscopy by
the Nobel Prize in chemistry (2014), it would be
no exaggeration to say that we can expect many interesting
findings and exciting discoveries in molecular and cell biology.
So, nowadays we are witnessing the renaissance of the light
microscopy, especially after recent surpassing the diffraction
limit, which seemed to be the unbeatable physical limitation

[11. [2], [3], [4]. [3], [6], [7], [8]-

Aims of the study

The aim of this study was to develop methods and
approaches for image acquisition with subsequent image
analysis of image data, obtained by confocal and two-photon
excitation microscopy as well as their combination, enabling
new possibilities of visualization and assessment of
information on biological tissues and cell structures in 3D and
their measurement. We focused on methods that exploited
advantages of confocal and multi-photon excitation
microscopy. Our further aim was to demonstrate
the applicability of non-invasive approach for in vivo
applications, usefulness and the relevance of these methods
in several special biological applications with emphasis on



improved image acquisition, analysis and evaluation of real
biological samples.

Materials and methods

All presented data were obtained on commercially
available confocal laser scanning microscope Leica SP2
AOBS MP with acousto-optical beam splitter (AOBS) based on
a Leica DM IREZ2 inverted microscope and equipped with an
argon laser (458 nm / 5mW, 476 nm / 5mW, 488 nm /
20 mW, 514 nm / 20 mW) as well as two HeNe lasers: green
(543 nm / 1.2mW) and red one (633 nm / 10 mW) used for
1PE experiments. For 2PE excitation, we used a mode-locked
Ti:Sapphire Chameleon Ultra laser (Coherent Inc., Santa
Clara, CA, USA), tunable from 690 nm to 1040 nm with the
pulse width of 140 fs, coupled to the confocal scanning head
of the microscope. For the acquisition of relatively large field of
view, an HC PL FLUOTAR 5x dry objective with a WD of
12.2 mm and an NA of 0.15 or an HC PL APO CS 10x dry
planapochromat objective (WD =2.2mm, NA =0.40) were
used. In most cases we used an HC PL APO CS 20x water
immersion  planapochromat  objective (WD =250 um,
NA =0.7), often vyielding sufficient resolution while offering
a relatively large field of view. For imaging cell details we used
an HCX PL APO CS 63x water immersion planapochromat
objective (WD =220 um, NA=1.2). When the highest
possible resolution was required, the HCX PL APO CS 100x
NA = 1.4 oil immersion objective (WD = 90 uym) was used.

The experimental setup of image acquisition is shown for
the special case of melanoma imaging in Figure 1.
The previously exposed tumour was directly placed on
the cover slip glass, and maintained humid by drops of
the same liquid used for the microscope objective (in most



cases we used water with water immersion objective). Thus,
the damage by drying was avoided, more homogeneous
adhesion to the glass was achieved, and possible optical
aberrations were reduced. A similar procedure was applied for
imaging the subcutaneous side of the skin flap, which was
used as a control, and for the fresh samples. As indicated in
Figure 1, the microscopic images were acquired in
the following imaging modes:

computer @

Ti:Sapphire laser source,

: Chameleon Ultra

Leica SP2 AOBS scanning head

Objective

non descanned
unit

AOB! Scanning

mirrors /7

IR-BS

| visible laser lines |

Figure 1. Schematic view of experimental setup. Confocal
laser scanning microscope Leica SP2 AOBS was coupled with
IR-pulsed laser Chameleon Ultra for two-photon excitation. In
the presented setup, theliving mouse, under general
anaesthesia, lays on a cover slip glass placed on the stage of
the inverted microscope, with the tumour exposed by
dissecting and removing a skin flap.

i) 3-channel descanned confocal detector with flexibly
tuneable spectral detection, often by simultaneous detection of
spectrally resolved fluorescence;



ii) non-descanned PMT detector; in most cases — by
single spectral channel detection of the signal with LP700 and
BP430/24 (Chroma Technology Corporation) optical filters for
the SHG signal with IR pulsed laser Chameleon Ultra at 860
nm, in some cases - by simultaneous
2-channel detection of the spectrally resolved fluorescence
signal by the standard Leica filtercube with SP700 dichroic
mirror and BP525/50 and BP610/75 band-pass emission filters
used for green and red light detection respectively.

Results and discussion

The present work was not oriented on just one specific
biological problem, but rather to methodological contribution to
several types of biological problems. As a result, several
advanced image acquisition modes were developed. Also,
these approaches were tested on several different biological
objects. Several research projects benefited substantially, and
results were published in impacted international journals.

Architecture of developing multicellular yeast colony:
spatio-temporal expression of Ato1p ammonium exporter

Yeasts, when growing on solid surfaces, form organized
multicellular structures, colonies, in which cells differentiate
and thus possess different functions and undergo dissimilar
fate. Understanding principles involved in the formation of
these structures requires new approaches that allow the study
of individual cells directly in situ without needing to remove
them from the microbial community. Confocal microscopy was
considered as a suitable technique for these studies.

When developing a proper application of confocal
microscopic technique, the main problem was connected with



the rather low penetration depth of the laser beam into
the colony, due to the low transparency of yeast cells covered
by optically dense cell wall. This caused a rapid decrease of
the detected signal intensity in deeper cell layers, which
became the main limiting factor of the in situ usage of confocal
microscopy approach.

We supposed that two approaches — from the top (top-
view) or from the bottom (bottom-view) of the yeast colony
would allow us to analyze the deeper layers. Surprisingly,
the top and bottom confocal microscopy scanning gave
a completely different picture. To complete the view of
the colony we prepared a sample of the vertical section of
the microcolony by cutting it down the middle (side-view of
a colony).

In contrast to 1PE confocal microscopy, which only
allowed us to observe the outermost surface cell layer of
the yeast, the 2PE approach enabled us to also obtain
a fluorescent signal from several internal layers without
damaging the cells. In all experiments described in this paper,
we therefore focused exclusively on the 2PE confocal
microscopy approach.

The new approach enabled us to monitor the presence
and spatial location of fluorescently labelled proteins as well
as structures stained with specific fluorescent dyes within S.
cerevisiae microcolonies by use of two-photon excitation
(2PE) confocal microscopy. The new technique allowed us to
reveal spatial location of cells producing the transmembrane
protein Ato1p within developing yeast microcolonies.
Moreover, we show how the Ato1p production pattern can be
influenced by colony development or by the presence of
neighbouring colonies. In addition, we show that cells located
in surface layer of S. cerevisiae microcolonies are tightly
joined via thick cell wall and form a thin protective cell layer
which blocks penetration of harmful compounds. The cells
forming the layer are tightly connected via cell walls, the
presence of which is essential for keeping protective layer



function. Viewing the colonies from different angles allowed us
to reconstruct a three-dimensional profile of the cells
producing ammonium exporter Ato1p within developing
microcolonies growing either as individuals or within a group of
microcolonies. We show that neighbouring microcolonies
coordinate production of Ato1p-GFP. Ato1p itself appears
synchronously in cells, which do not originate from the same
ancestor, but occupy specific position within the colony.

The finding that 2PE confocal microscopy provides much
more information on colony structure when observing it either
from the bottom or from the side into the structure also
indicates an interesting possibility of using similar method for
investigation of other microbial multicellular communities
including natural biofilms. So our new approaches could also
contribute to new insights on these structures and to
the reconstruction of spatio-temporal changes in the presence
of particular proteins connected with cell differentiation as well
as other changes, which can reveal specificities of cells
located at particular positions within microbial multicellular
structures.

To conclude, new approach to the analysis of the intact
(whole) yeast microcolonies was developed. The 2PE
approach allowed revealing architecture of microcolonies.
Also, this non-invasive technique enabled studies of
the expression and spatio-temporal distribution of selected
proteins (tagged with fluorescent markers or stained with
specific dyes) in natural conditions.

Flo11p, drug efflux pumps, and the extracellular
matrix cooperate to form biofilm yeast colonies

Much like other microorganisms, wild yeasts preferentially
form surface-associated communities, such as biofilms and
colonies, that are well protected against hostile environments



and, when growing as pathogens, against the host immune
system. However, the molecular mechanisms underlying the
spatiotemporal development and environmental resistance
of biofilms and colonies remain largely unknown.

The developmental principles, revealed in this study,
provide new insights into the differentiation of a biofilm colony
and the function of specialized cell subpopulations, and they
suggest the presence of unique mechanisms of population
protection. A colony arising from a single cell grows very
quickly, as most cells efficiently divide. In contrast to a smooth
laboratory strain colony, biofilm colony also expands
substantially in the vertical direction. This expansion may be
enabled by the velcrolike interconnection of its cells. Initially,
the colony population protects itself from external chemical
threats by inducing MDR exporters, capable of removing toxic
compounds [9]. Later, the activity of the exporters persists
exclusively in the surface cell layers over the entire colony,
and, in parallel, additional protection strategies are initiated.
The upper cell layers of the aerial part of the colony become
stationary and thus more resistant to chemical and other
threats. As the nutrients from agar are efficiently transported,
the formation of such nondividing cells appears to be not
simply the result of nutrient exhaustion but, more likely,
a regulated process that helps to protect the colony surface
that is directly exposed to the open air. In parallel, the internal
cells near the agar begin to produce the ECM. The
preservation of the velcrolike joints then contributes to
the mechanical stability of the expanding colony and may lend
flexibility to the layer, forming aerial wrinkles with internal
cavities. Subsequent cell generations formed by the dividing
inner cells of that layer are thus well protected. The cells in
the inner bottom part of the ridge and the pseudohyphae in the
subsurface colony regions do not enter a stationary phase.
Rather, they continue to produce the ECM that is impermeable
to some small compounds such as galactose and to harmful
chemicals such as copper ions. Only the pseudohyphae tips
protrude from the ECM, but these are still protected by
the MDR exporters. The tips may function as the sensors of



nutrients and other environmental stimuli important to
the colony. The questions remain as to what the chemical
nature of the ECM is and how the embedded cells access the
nutrients that are essential for their growth. It was previously
shown that the ECMs of various microorganisms function as
sorptive sponges that sequester organic molecules close to
the cells [10] and that they also bind and sequester drugs [11].
Yeast ECMs vary by their content of different polymeric and
monomeric carbohydrates, proteins, and phosphorus [12] and
are even preferentially grazed by ciliates [13], suggesting that
ECMs have nutritional value. Thus, we hypothesize that in
the biofilm colony, the ECM itself may function both as
a sequestration barrier and a nutrient pool essential for new
cell progeny within the cavities.

In conclusion, the dynamics of the yeast microcolonies
development was studied by means of 2PE confocal
microscopy in combination with fluorescent protein tagging
and staining methods. We revealed specific architecture of the
biofilm colony that enables multiple protection strategies,
yielding a high level of resistance in the wild. Importantly,
some of the colony features that we have shown here (e.g.,
a specific growth pattern, the production of the ECM, and drug
efflux pumps) are the traits that are also implicated in
the formation of complex fungal biofilms [14]. Thus,
the structured yeast colony represents a well-defined and
powerful in vivo model system that may help to uncover
the underlying general principles of microbial biofilm formation.

Imaging of mouse experimental melanoma in vivo
and ex vivo by combination of confocal and nonlinear

microscopy

In order to obtain sufficiently informative images of
unstained tumour tissues and their modifications after
hyperthermia treatment (HT), we investigated possibilities of
the combination of the one- and two-photon excitation



microscopy (1PE and 2PE accordingly) for examination of
the experimental melanoma tissue in vivo, in mice under
general anaesthesia, and ex vivo on freshly harvested
specimens. The mouse experimental melanoma structure was
studied and compared with normal tissue from the same
animal by using confocal and nonlinear microscopy techniques
based on (i) one-photon excitation (1PE) fluorescence, (ii) 1PE
reflectance, (iii) second harmonic generation (SHG) imaging,
and (iv) two-photon excitation (2PE) autofluorescence.

In the present study, the various imaging modes brought
different and often complementary information on the histology
of tissues under study. The special emphasis has been made
to visualizing unstained specimens, by 1PE (one-photon
excited fluorescence and reflectance) and 2PE (including SHG
imaging and two-photon excited autofluorescence).

The changes in structure of mouse subcutaneous
melanoma after microwave-induced HT were evaluated. The
analysis was based on images acquired from fresh tissue of
the experimental melanomas in 1PE reflectance mode, using
the excitation wavelength of 488 nm. Tumours were obtained
from untreated control mice or at a scheduled time after
the HT treatment (either 30 minutes or 5 hours after HT). First,
we preprocessed the greyscale images. The images were
smoothed by Gaussian filter with standard deviation
o= 1.5 ym to decrease the level of noise in the images, and
the image background was removed using a top-hat Lipschitz
filter [15]. For evaluation of the “granularity” (cell aggregation)
of melanoma tissue, we measured the maximum Euler-
Poincaré characteristic (ymax)- For this purpose, the Euler-
Poincaré characteristic (i.e., the connectivity number [16]) of
binary images obtained by thresholding of the greyscale image
was calculated for thresholds ranging from 0 to 255 and
the maximum value, determining ymax, Wwas found. This
parameter was suitable for analysis of melanoma
morphological structure, reflecting e.g. clamping of cells, when
larger aggregates were formed, leading to a decrease in ymax-



The 1PE reflectance mode proved to be well applicable to
unstained fresh tissues, allowing clear visualization of different
layers both in the control skin flap and in the melanoma
capsule up to the depth of 70 um from the specimen surface.
We were able to find valuable differences after the HT
administration in comparison with untreated tissues by this
technique, which provided us with images suitable for
quantitative analysis of tumour morphology, as demonstrated
in Table 1.

Thus, we checked different spectral conditions and other
settings of image acquisition, as well as combinations of
the above imaging modalities, to fully exploit the potential of
these techniques in the evaluation of treated and untreated
cancer tissue morphology.

We were able to find significant differences after the HT
administration in comparison with untreated tissues by this
technique, which provided us with images suitable for
quantitative analysis of tumour morphology, as demonstrated
in Table 1. The SHG imaging microscopy proved to be very
suitable for detecting collagen fibers in our fresh tissue
samples without any staining, considering the high specificity
of SHG imaging microscopy for detection of fibrillar collagen
(i.e., collagen type 1), as demonstrated by several authors [17],
[18], [19]. We believe such approach has a significant potential
for non-invasive in vivo imaging both for experimental models
on animals and humans.

Table 1. Maximum Euler-Poincaré characteristic (ymax)
measured in the images acquired in 1PE reflectance mode,
using the excitation wavelength of 488 nm, from tumor tissue
of the experimental melanomas, excised before HT treatment,
30 min after HT treatment, and 5 h after HT treatment.
Measured values for six images per group, their mean, and
standard deviation (SD) are shown. The data were evaluated
by one-way ANOVA and Newman-Keuls post hoc test. There



were found significant differences between all pairs of groups
at 5% significance level.

JXmax Xmax

e, o MRt ¢ s
treatment) treatment)
1 1586 890 650
2 1131 672 474
3 1227 527 715
4 1151 885 790
5 1072 1239 315
6 1128 664 321
Mean 1216 813 544
SD 188 252 204

In conclusion, for imaging cancer structures (both ex vivo
and in vivo), we have used the combination of the 1PE and
2PE microscopy, offered by simultaneous application of
confocal and nonlinear optical microscopy techniques in
several acquisition modes. We have shown that such complex
approach increased the level of information on the microscopic
structures, facilitated the examination of interrelationships
between functional and morphological aspects based on
measurable optical properties of the tissues. Moreover, it
enabled study of the collagen fibre network in relation to other
tissues, and to identify invasive tumour cells, thus enhancing
the diagnostic possibilities. Such approach was applied for in
vivo examination of experimental melanoma for the first time
and it is promising for translational studies in human.



Visualization of Reinke’s crystals in _normal and
cryptorchid testis

Discovered and described by Reinke [20], these crystals
are found only in men with active spermatogenesis and
testosterone production. Apart from the fact that Reinke’s
crystals are normal constituents of human Leydig cells, their
nature and function are poorly understood.

The aim of our study was to investigate the properties of
Reinke’s crystals in men with the normal morphology of
the testis (control group) and infertile patients diagnosed with
cryptorchidism. 20 biopsies from infertile patients and six
biopsies from men with regular spermatogenesis
(20-30 years.) were used.

Reinke’s crystals could be very helpful in the diagnosis of
Leydig cell tumours since the presence of crystals is
pathognomonic for the identification of such neoplasms [21],
[22], [23], [24], [25].

A three dimensional (3D) reconstruction of Reinke’s
crystal was based on a series of confocal microscopic images,
which were deconvolved in the Huygens Professional software
package (Scientific Volume Imaging, Hilversum, Netherlands)
by ‘quick maximum likelihood estimation’ (QMLE) algorithm
using the experimental PSF. Subsequently, by means of
Ellipse software environment, 3D images were smoothed by
a Gaussian filter and segmented by thresholding of the image
connected with manual corrections as necessary. Finally,
triangulated isosurfaces of segmented crystals were
generated and surface rendering was applied.

Reinke’s crystals stained with H&E were easily
recognized by confocal microscopy, since eosin induced
fluorescence of crystals. Routine H&E slides of 7 ym thickness
proved to be satisfactory. Confocal microscopy recorded
various appearances of the crystals: some were small, having



the size of 0.2-1 ym; other larger ones reached, as already
stated, several micrometers. Some were exceptionally large,
bearing 10-12 ym. While bright field microscopy failed to
provide precise data on the edges of the crystal sections,
confocal images detected their polygonal shape and edges
parallel to each other. Moreover, after applying deconvolution
techniques to increase the resolution of confocal images [26],
the polygonal shape of the crystal sections became much
sharper and resembled that recorded by TEM. Based on
the stacks of images, a 3D reconstruction of crystals could be
made.

In general, there was no difference in appearance and
other morphological features of crystals between control and
cryptorchid specimens, apart from the frequency of
the crystals which were more abundant in biopsies of patients
with cryptorchidism.

In conclusion, we analyzed Reinke’s crystals in
specimens of the normal and cryptorchid testis by means of
bright field, confocal and TEM and stereology. All aforesaid
microscopy methods were useful in the visualization of
the crystal. The stereological analysis established the increase
in the number of Reinke’s crystals in cryptorchid specimens.
Section thickness of 70-300 nm proved to be optimal for
crystallographic analysis of biocrystals.

Confocal microscopy proved to be very useful in the
assessment of the shape and 3D reconstruction of the crystal.
TEM analysis confirmed a hexagonal form of the crystal, while
crystallographic data on sections of 70-300 nm thickness
provided a better insight into the organization of the crystal
lattice. Stereological analysis revealed a significant increase in
the number of crystals in cryptorchid testes when compared
with controls. Increased number of crystals in cryptorchid
specimens leads to the assumption that the prolonged
exposure to higher (abdominal) temperature might stimulate
enzymes involved in the synthesis of the proteins of
the crystal. However, the exact molecular nature of the crystal



lattice remains in both normal and cryptorchid testis obscure.
The 3D reconstructions of crystals have shown that a large
crystal is sometimes accompanied by a number of smaller
ones. Microscopy methods were useful in the visualization of
the crystal.

In conclusion, the properties of Reinke’s crystals (in men
with the normal morphology of the testis (control group) and
infertile patients diagnosed with cryptorchidism) were
investigated also by confocal microscopy. On the basis of
confocal images z-series (that underwent a complex image
processing), a 3D reconstruction of crystals was possible.
CLSM helped in identifying the morphological features of
the crystals, especially their shape and arrangement within
the Leydig cell. The crystal’s mutual 3D orientation was
defined after image processing, improving the resolution of
confocal images. Thus, the confocal microscopy approach
with subsequent image processing by deconvolution and
visualization of deconvolved images can fill the gap between
TEM and conventional optical microscopy with image
postprocessing.

Conclusions

In conclusion, specific 2PE image acquisition techniques
were developed and applied for studies of specific biologic
samples. Earlier impossible investigations were performed for
the first time. Quantitative improvements are transformed into
qualitative discoveries. We tested our optimized procedures in
the following biological studies, in cooperation with our
colleagues from the Institute of Microbiology CAS, Faculty of
Sciences, Charles University in Prague, and University of
Zagreb (Croatia):



1) We developed new approach to the analysis of
the intact (whole) yeast microcolonies in order to reveal this
architecture and to implement a non-invasive technique to
follow the expression and spatio-temporal distribution of
selected proteins (tagged with fluorescent markers or stained
with specific dyes), in conditions close to natural ones;

2) we investigated possibilities of the combination of the
1PE and 2PE microscopy techniques for in vivo and ex vivo
imaging of the experimental melanoma tissue in the mouse;

3) We investigated the properties of Reinke’s crystals (in
men with the normal morphology of the testis (control group)
and infertile patients diagnosed with cryptorchidism by
confocal microscopy)

Improved image acquisition approaches described in
present work can be applied for different biological problems,
such as studies of intact biofilms or in vivo assessment of skin
tumours, including possible clinical applications.
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