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Annotation

Electron tomography allows visualization of objects in a form of reconstructed 3D
virtual volumes with resolution power of electron microscopy. The thesis
is focused primarily on biological applications of electron tomography applied
on tilt series images acquired in transmission electron microscope at room
temperature. Specifically, the interaction of tick-borne encephalitis virus
with neural cells and 3D ultrastructure of the central electron-dense part
of the flagellum 9 + “1” (Caryophyllaeides fennica) were investigated. Finally,
electron tomography was combined and correlated with atomic force microscopy
to allow repetitive examination of ultrathin sections on electron microscopy grids.

Anotace

Elektronova tomografie umoziuje zobrazovat pozorované objekty ve formé
zrekonstruovanych trojrozmérnych virtudlnich objemu s patfiénym rozliSenim
odpovidajicim metod¢ elektronové mikroskopie. Tato prace je zamcéfena
predev§im na aplikaci elektronové tomografie vyuzivajici ndklonné série
projekénich snimkii pofizenych transmisnim elektronovym mikroskopem
k zobrazeni biologickych preparatli za pokojové teploty. Prakticky byla zkoumana
interakce viru klistové encefalitidy snervovymi builkami a trojrozmérna
ultrastruktura centralni elektrondenzni ¢asti biciku 9 + ,,1° (Caryophyllaeides
fennica). Déle byla elektronovd tomografie kombinovdna s mikroskopii
atomarnich sil jako korelativni technika umoziujici opakované pozorovani
ultratenkych fez umisténych na elektronmikroskopické sit'ce.
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Seznam pouzitych zkratek

2D Dvoudimenzionalni

3D Trojdimenzionalni

ADA-SIRT Sttidavy dvouosy SIRT

AFM Mikroskopie atomarnich sil

ART Algebraické rekonstrukéni technika
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BSE Zpétne odrazené elektrony

CCD Zatizeni s vazanymi naboji

CT Vypocetni tomografie
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DQE Detekéni kvantova G¢innost

EFTEM Energiove filtrovany TEM

EM Elektronova mikroskopie

ET Elektronova tomografie

FFT Rychla Fourierova transformace

FIB Zaostfeny iontovy svazek

FT Fourierova transformace

HAADF Zobrazovani pomoci prstencil tvofenych elektrony rozptylenymi do vysokych
uhla

HPF Zamrazovani pomoci vysokého tlaku

HVTEM Vysokonapétovy TEM

LVSEM Nizkonapétovy SEM

MED Multi energiova dekonvoluce

MRA Multi referen¢ni zarovnani

NMR Nuklearni magnetickd rezonance

SBF Odkrajovani sériovych fezil z blocku pro pozorovani celni strany

SEM Skenovaci elektronova mikroskopie

SIRT Simultanné iterativni rekonstrukéni technika

SART Simultdnn¢ ART

SPA Jednocasticova analyza

STEM Skenovaci transmisni elektronova mikroskopie

TEM Transmisni elektronova mikroskopie

TF-ART ART vyuzivajici ndklonné série a preostfovani

WBPJ Vazena BPJ
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1.1 METODY ELEKTRONOVE TOMOGRAFIE
1.1.1 Historie elektronové mikroskopie

Pocatky elektronové mikroskopie miizeme datovat do roku 1931, kdy Ernst
Ruska sestrojil prototyp transmisniho elektronového mikroskopu (TEM), za jehoZz
objev. mu byla roku 1986 wud€lena Nobelova cena za fyziku [1, 2].
Jak ndzev napovida obraz je tvotfen rozptylem primarnich elektronti pfi prichodu
tenkym vzorkem (v fadu nanometrii) jako projekéni. Princip skenovaciho
elektronového mikroskopu (SEM) byl navrzen Ardennem roku 1938 a
byl sestrojen pozd€ji roku 1942 Zworykinem [3]. Obraz ve skenovacim
elektronovém mikroskopu je tvofen skenovacim zplisobem, kdy svazek
primarnich elektronii vytvari pruznym i nepruznym rozptylem uvnitf tlustého
vzorku rizné signaly (zpétné odrazené -elektrony, sekundarni elektrony,
rentgenové zareni, Augerovy elektrony, katodoluminiscence), které zachytava
detektor.

1.1.2 Elektronova tomografie (obecng)

Piivodni smysl slovniho spojeni ,elektronova tomografie“ vychazi
z feckych slov ,tomos* a ,,graphé”, jejichz vyznam je fez a zapisovat [4].
objemu pozorovaného objektu pomoci jeho rozdéleni do fezl, at’ uz redlnych,
virtualnich ¢i zobrazovanych pomoci elektronové mikroskopie. Historicky
je nazev elektronova tomografie (ET) primarn¢ spojen s 3D rekonstrukei ze série
naklonnych snimka (viz. kapitola 1.1.4). Podobné¢ jako se oznacCuje pojmem
vypocetni tomografie (CT) 3D rekonstrukce z projekénich snimki pofizenych
pomoci rentgenového zafeni pod riznymi thly. Pfehled metod elektronové
tomografie s odkazy na jednotlivé kapitoly této prace je uveden viz. tabulka 1
(zminéné metody lze provadét jak za pokojové teploty, tak i za kryo podminek).



Metody elektronové tomografie
TEM SEM

Sériové fezy [kapitola 1.1.3] Sériové fezy [kapitola 1.1.3.1V]
Elektronové tomografie pomoci
naklonné série projekénich snimka
(ET) [kapitola 1.1.4 a 1.2]

Jednocasticova analyza (SPA) Odprasovani povrchu blocktll intovym
[kapitola 1.1.5] svazkem (FIB) [kapitola 1.1.3.1V]
Elektronova tomografie pomoci
naklonné série projekénich snimkt
(ET) [kapitola 1.1.4.VI]
Tabulka 1: Piehled metod elektronové tomografie

Sériové fezy krajené uvnitt komory
(SBF) [kapitola 1.1.3.1V]

1.1.3 Sériové fezy

Zkoumani zivociSnych a rostlinnych tkani v transmisnim elektronovém
mikroskopu bylo mozné az od roku 1948, kdy Pease a Baker byli schopni krajet
100 — 200 nm tenké fezy. Mysi jatra byla pfipravena do blocku chemickou cestou
— prosycena 2 % oxidem osmicelym podle Claude a Fullama [6] (zafixuje tkan a
zaroven zvysi kontrast), poté byla aplikovana alkoholova série (odvodni tkai)
s ptidanim 3 %, 6 % a 10 % kolodia, které bylo nasledn€ zpevnéno chloroformem.
Vzorek byl preveden do karbo-xylenu a prostoupen pii 65 °C parafinem. Blocek
byl poté krajen sklenénym nozem. Rezy byly sbirany na elektron mikroskopické
sitky (Mesh 200). Samotné prohlizeni v TEM bylo mozné az po odstranéni ¢asti
nebo veskerého =zalévaciho materidlu pomoci xylenu nebo benzenu [5].
V roce 1953 vyvinut prvni hojné rozsifeny ultramikrotom [7], diky kterému byla
o rok pozdéji aplikovana prvni z metod elektronové tomografie zalozena
na rekonstrukci trojrozmérnych objektli pomoci sériovych fezii. Vystupem bylo
osmnact sériovych snimkt slinnych zlaz larvy Drosophila melanogaster [8].
Metoda zobrazovani pomoci sériovych fezli byla dale vyvijena Sjestrandem.
V roce 1958 vytvoftil trojrozmérné modely (viz. Obrazek 1) zrekonstruované
synapse tyCinky ze sitnice oka morcete domaciho pomoci snimka cCtyficeti
sériovych fezll. Tyto modely byly vytvafeny obkreslenim kontur objektt
z jednotlivych snimkl na celuloidové desky, které byly nasledné vyfrezavany a
spojovany do vysledného 3D modelu [9].
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Obrazek 1: 3D model synapse ty¢inky ze sitnice oka morcete domaciho vytvofeného ze Ctyficeti

sériovych fezl — jednotlivé objekty byly vyfezany do celuloidovych desek.
(V1, V2, V3 — synaptické vakuoly, D1, D2 — Dendrity) [9]

1.1.3.1 PocitaCové zpracovani

S vyvojem a roz§ifenim vypocetni techniky byla tvorba realnych modela
pomoci sériovych fezli nahrazena tvorbou virtudlnich modeld. Poc¢itacovy model
axonu a dendritického trnu publikovali Willey et al. vroce 1973,
ktery byl vytvofen piekreslenim kontur objektli z elektron-mikroskopickych
snimk do virtualnich dat pomoci tabletu. Spravné zarovnani jednotlivych objektt
na snimcich bylo stale délano piekryvanim realnych snimkt [10]. V roce 1990
Born et al. zpracovali digitalizované snimky Merkelovych koznich buné¢k
(Obrazek 2) do vysledného 3D modelu reprezentujiciho cely objem bunky.
Implementovali algoritmy, které automaticky normalizovali a poté zvySovali
kontrast vSech snimkti. Také automaticky oznacovali oblast ohraniCujici objem
bunky a na zakladé takto ziskaného tvaru buiiky zarovnévali jednotlivé snimky.
Byl aplikovan matematicky model, ktery umoznil uspokojivé fesit deformace fezi,
tak aby jednotlivé kontury vzajemné na sebe navazovaly. Samotné zarovnani
jednotlivych tezli bylo feSeno na zaklad¢é korelace vyraznych objektl v bunce.
Pokud se takové objekty v buiice nenachézely, tak autofi vytvofili excimerovym
laserem (na vlnové délce 193 nm) vlastni znacku ve tvaru valce o priméru Spm
s hloubkou 250 — 500 um [11, 12].



Obrazek 2: 3D virtualni model jadra Merklovy kozni bunky pokryté
hlubokymi prasklinami, jaderné pory nejsou viditelné [12]

Dalsi vyvoj je jiz zasadn€ propojen s vyuzitim vypocetni techniky.
Na tomto poli byla zasadni publikace algoritmu rychlé Fourierovy transformace
(FFT) Jamese Cooleyho a Johna Tukey z roku 1965. Algoritmus snizil vypocetni
&as neboli asymptotickou slozitost O(n) Fourierovy transformace (FT) z O(N?)
na O(NlogN) pro FFT [13]. FFT se vyuzivdA napf. pro vypocet
zpétné rekonstrukce [14].Vypocet vektoru posunuti vzajemné posunutych obrazii
(ktizova korelace) [15], filtraci obrazu (napf. odSuméni) [16] a stanoveni rozliSeni
obrazu [17]. Mezi roky 1979 a 1996 se objevila fada softvérovych balickl ti¢elove
zaméfenych na elektronovou tomografii, znichz nékolik se stalo dodnes
vyzivanym standardem: Semper [ 14], MRC programy [ 18], spirdlova rekonstrukce
[19], EM-systém [20], Imagic [21], Spider [22] a IMOD [24] [23].

1.1.3.11 Rozliseni tomografie ze sériovych fezii

Rozliseni tomografie ze sériovych fezli v ose Z je urCeno dvojnasobkem
tloustky jednotlivych fezti [29], coz vyplyva zteorie vzorkovani: Nyquist—
Shennonova teorému [30, 31]. Vroce 1997 vyuzili autofi vlastni programovy
balicek IMOD pro rekonstrukci 3D objektli z extrémné tenkych sériovych fezl
o tloustce ~10 nm [25]. Se sou€asnou technikou pro krajeni ultratenkych fezti
vyuzivajici napt. vibracnich noZii [26] se pofad jednd o proces s vysokymi
ztratami, protoze dochazi ke kompresi a distorzi fezli az po jejich zniceni.
Redlné lze ufiznout i tenci fezy ~ 5Snm [27]. Pro ucely tomografie pomoci
sériovych fezli se povazuje tloustka ~ 40 nm [28] za udrzitelnou,



mysleno s minimalnimi fluktuacemi krajené tlouStky ez, po celou dobu sniméni
série, ktera mtize obsahovat stovky fezii (viz. obrazek 4).

Lateralni rozliSeni (rovina X, Y) je urCeno piedevSim rozliSovaci
schopnosti mikroskopu, potazmo zvétSenim pouzitém pii snimani. Aktudlné¢ TEM
s korekcemi aberaci dosahuji rozliSeni pod 50 pm [32]. Nyn¢j$i svétové maximum
je 39 pm [33]. Tyto hodnoty byly ale dosazeny ve skenovacim rezimu (STEM)
na vhodné upravenych materidlovych vzorcich. Pro konvenéni zobrazovani 1ze
oc¢ekavat hodnoty viadu 100 pm [34]. Presto stidle hovoiime o rozliSeni,
kterého je schopen dosahnout TEM. AvSak nejmens$i rozliSitelny detail
kontrastované biologické struktury se pohybuje mezi 3 a 7 nm [35]. Aplikovanim
Nyquist—Shennonova teorému [30, 31] dojdeme k potiebnému zvétSeni, pti némz
TEM dosahne rozliSeni odpovidajici alesponn polovi¢ni hodnoté nejmensiho
rozliSitelného biologického detailu. Vzhledem k tomu, ze rozliSovaci schopnost
TEM je zhruba o ftad lepsi nez nejmensi rozliSitelny biologicky detail.
V praxi se jednéd predevsim o volbu velikosti pixelu snimku, kterda by méla byt
nejméné dvakrat mensi nez velikost zobrazované biologické struktury.

1.1.3.II1  Ptiprava biologického preparatu

Do Sedesatych let dvacatého stoleti byl biologicky vzorek pfipravovan pro sériové
fezy chemickou cestou, diky ¢emuz dochdzelo k vyraznému odplaveni casti
biologického materidlu. Hans Moor proto vyvijel Setrnéj$i zpisob pfipravy
preparati pro elektronovou mikroskopii za pomoci vysokotlakého mrazeni (HPF)
s pracovnim tlakem okolo 2000 bar umoznujici ultra rychlé zamrazeni vzorku
garantujici uchovani veskeré vody ve fazi amorfniho ledu. Takto zmrazeny vzorek
lze poté pouzit pro kryo elektronovu mikroskopii nebo jej upravit pro prohlizeni
pfi pokojové teploté s naslednym nahrazenim vody a prosycenim pryskyfici
za nizkych teplot [36]. V pribéhu osmdesatych let dokoncil vyvoj do faze
komeréné dostupného produktu [37]. V kvalité zachovani tkdni a mnozstvi
neodplaveného biologického materidlu, oproti metoddm pfipravy preparatu
za pokojové teploty (a vyssi) je zdokumentovéana jako jednoznacné lepsi metoda
HPF [37].

1.1.3.1V Automatické snimani v SEM

Dalsi vyvojovy stupeit v 3D rekonstruovani ze sériovych fezl je spojen
s vyvojem SEM, ktery vyuZziva nizké energie primarnich elektronli interagujicich



se vzorkem < 5 keV (LVSEM) (pozn. je mozné generovat svazek primarnich
elektronil s nizkou energii, nebo je mozné svazek primarnich elektronil s vySsi
energii brzdit pfed dopadem na vzorek pomoci elektrostatického pole,
coz umoznuje zachovat velikost stopy pii snizovani energie dopadajicich
elektrontt) [39, 40, 41, 42, 43, 44]. Dalsim vyvojem bylo zlepSeno lateralni
rozliSeni [45, 46, 47] a predev§im se pii téchto energiich zmenSuje interakéni
objem [48]. Diky tomu lze v LVSEM zobrazovat povrch pyramidy skrojeného
blocku ve zpétné¢ odrazenych elektronech (BSE) s dostateCnym rozliSenim
umoziujicim zobrazeni zalitych biologickych preparati s maximalnim detailem,
ktery lze biologicky rozliSit v€etné Nyquist-Shennonova teorému [30, 31, 38].
Takovyto obraz v BSE je pak paralelou k TEM obrazu, oproti kterému
ma ve stupnich Sedi invertované odstiny Sedi. V roce 2004 Denk a Horstmann
publikovali dal§i z metod elektronové tomografie vyuzivajici ultramikrotom,
ktery zkrajuje blo¢ek ptimo uvnitt komory SEM (SBF), z nové odhalené plochy
je sniman obraz reprezentujici néasledny tez [49] (viz. obrazek 3 a obrazek 4).
Dalsi metoda vyuzivajici SEM se objevila v roce 2008, k odhaleni nové vrstvy
blocku pouziva zaostieny iontovy svazek (FIB) [50]. Ob¢ metody, jak SBF-SEM,
tak FIB-SEM, jsou schopny zobrazovat objem blocku automatizované s lateralnim
rozliSenim v fadu jednotek nm. V ose Z je rozliSeni dano tloustkou odstranéného
materidlu, coz je pro SBF-SEM ~ 30 [51] - 20 nm [52] a
v ptipad¢ FIB-SEM ~ 5 nm. Vyhodou je, ze dochazi k minimalnimu pokiiveni
obrazu oproti sériovym feziim, které se mohou fyzicky zkroutit. Nevyhodou je,
ze odhalovanim nové plochy ztrdcime plvodni zdrojovy material, protoze
v ptipad¢ SBF fezy padaji na dno komory SEM a v piipadé¢ FIB jsou vyrazeny
atomy z preparatu. Ilustrativni piehled vySe zminénych metod je vyobrazen
viz. obrazek 3 a orientacni parametry téchto metod viz. tabulka 2 [28].
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Obriazek 3: Zjednodusené schéma objemovych 3D rekonstrukénich technik vyuzivajici
sériovych fezl. a) sériové fezy prohlizené v TEM, b) Sériové fezy umisténé na pasku nebo wafer,
¢) SBF, d) FIB SEM [28]

Typické parametry | Seriové fezy TEM | Seriove fezy SEM | SBF | FIB SEM

RozliSeni x, y [nm] 4 4 10 5
Tloust’ka Fezu [nm] 40 30 25 5
Snimna hrana [pm] 21 65 40 10

Tabulka 2: Orienta¢ni parametry jednotlivych metod zalozenych
na sériovych fezech [28]

SBF-SEM byl déle vyvijen firmou FEI (dnes ThermoFisher SCIENTIFIC),
ktera si patentovala v roce 2012 princip dekonvoluce virtualnich ezl z riznych
hloubek vzorku tvofenych ze série snimkii skenovanych pfi rizném urychlovacim
napéti — metoda multi energiové dekonvoluce (MED). MED SEM je zalozena
na faktu, ze se zvySujicim se urychlovacim napétim se zvétSuje interakéni objem
uvnitf vzorku. Poté Ize z fady SEM snimkti snimanych pfi riznych urychlovacich
napétich v BSE dekonvoluovat obraz pro rizné hloubky uvniti vzorku [53].
Takto Ize v SBF-SEM redlné tezy tloustky 40 nm jesté rozdélit pomoci
dekonvoluce na virtualni fezy o tloustce ~10 nm a zlepSit tak rozliSeni
v ose Z [54].
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Obrazek 4: 3D model Krasnoocka zrekonstruovany z piiblizné 750 fezl metodou SBF.
Svétle Seda je jadro, Seda je jadérko a ervené je mitochondrialni sit’ [souvisejici €l.- 6].

1.1.4 Naklonné série projekcnich snimki ezt (ET)

Dalsi zmetod zobrazovani trojrozmérné struktury je zalozena
na trojrozmérné rekonstrukci objemu ultratenkych fez. Prvni pokusy vyuzivaly
zobrazovani pomoci stereo paru publikované v roce 1966, které se v pomérné
kratké dob¢ ukazaly jako velmi limitované. Nicméné je Ize s uspéchem vyuzit
pro zorientovani se ve 3D struktufe vzorku zalitého uvnitt fezu [55, 56].
Zakladni principy ET pomoci série ndklonnych snimku, kde kazdy snimek
piedstavuje projekéni obraz fezu pod urcitym thlem vaci primarnimu svazku,
byl predstaven De Rosierem a Klugem v roce 1968. Autoii diskutuji potfebné
mnozstvi projekci v zavislosti na rota¢ni symetrii rekonstruovaného objektu.
Obecné lze fici, ze ¢im veétsi symetrie, tim méné je potieba projekci
pro rekonstrukci objektu. K rekonstrukei Sroubové symetrického objektu postaci
jedna projekce (napt. stazitelny kréek T4 bakteriofagu), kdezto pro vice stén
(napf. dvacetistén — viry z rodiny tombusviridae) je potieba dvé a vice projekei,
a pro objekty bez symetrie pfiblizné 30 a vice projekei.
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Tyto projekce lze pak ve 3D Fourierové prostoru secist a zpétnou FT ziskame
zrekonstruovany virtualni objekt (tomogram) [57]. Cela tato matematicka operace
se oznacuje jako zpétna projekce/rekonstrukce (BPJ). Schématické znazornéni
rekonstrukce viz. obrazek 5.

Obriazek 5: Schematicka reprezentace 3D rekonstrukce pomoci naklonné série.
(vlevo) snimani naklonné série jako soubor projekénich snimkt s riznym uhlem naklonu vzorku,
(vpravo) zpétna rekonstrukce jako virtualni objem a jeho vizualizace [74, 58]

1.1.4.1 Rozli$ni a rekonstrukéni techniky

Crowther s autory publikovali Vv roce 1970 ¢lanek,
kde je odvozen matematicky aparat zpétné rekonstrukce s faktory ovliviiujici
rozliSeni ET. Dale odvodili rovnici (Rovnice 1.) oznacovanou
jako Crowtheriiv vztah definujici rozliseni ET J [nm], které se zvySuje s menSim
krokem néklonu vzorku Aa [rad], zvySuje se s po¢tem projekci N a zmenSuje
s tloustkou rekonstruovaného objektu D [nm] [59].

6=D-Aa:=DN;1T Rovnice 1

V ptipad¢ pouziti ET k vizualizaci 3D struktury biologickych objekti
zalitych do pryskyfice je maximalni rozliSeni ET omezeno piedevsim nejmensim
rozliSitelnym biologickym detailem (viz. kapitola 1.1.3.11). Maximalni rozliSeni
ET arozliSeni snimki (velikost pixelu) by mélo byt umérné velikosti biologického
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detailu v€etné¢ Nyquist—-Shennonova teorému [30, 31]. Zakladni diskuze ohledné
rozliSeni ET byla zalozena na mnoZstvi vzorkovacich dat ve Fourierové prostoru a
zpusobu jejich interpolace do ekvidistantniho Fourierova prostoru [59]. Bohuzel
realnd data jsou zatizena optickymi vadami a riznym stupném Sumu vzniklym
bud’ béhem tvorby obrazu v elektron-optické ¢asti TEM, nebo pii zdznamu a
digitalizaci. To vedlo spolu soptimalizaci vypoctu k vyvoji dalSich
rekonstrukénich algoritm@, kde vedle prost¢é zpétné projekce (BPJ)
byla publikovana vroce 1970 algebraickd rekonstrukéni technika (ART).
ART hleda rekonstrukci objektu reprezentovaného souborem hustot jako feSeni
algebraickych rovnic, které jsou tvofeny projekcemi [60]. V roce 1972 vznikla
simultanné iterativni rekonstrukéni technika (SIRT), jenZ v kazdém iteraCnim
kroku rekonstrukce reprezentované rovnicemi odecita od sumy realnych projekcei
sumu pseudo projekci tvofenych zrekonstruovanymi hustotami objektu
z ptedchoziho kroku [61]. K zakladnim rekonstrukénim algoritmim (BPJ, ART,
SIRT) byl v roce 1984 publikovan Andersenem a Kakem simultanni ART (SART),
ktery simultanné pocitd a koriguje chybu pro kazdy pseudo projekéni svazek
ziskany ART rekonstrukci [62]. Z pohledu Sumu a rozliSeni 3D rekonstrukce
objektu byla v roce 1976 publikovana prace Hegerla a Hoppeho, kteti matematicky
dokazali, ze 3D rekonstrukce vyzaduje stejnou integralni davku ozafeni svazkem
primarnich elektroni jako konvenc¢ni 2D snimek za podminky, ze hladina
vyznamnosti a rozliSeni jsou identické [63]. Midgley a Weyland porovnali vliv
Sumu a rekonstrukéni techniky BPJ, WBPJ (je varianta BPJ, ale s potladenim
nizkych frekvenci [64]) a SIRT na vyslednou rekonstrukci, ktera se lisi
jak pro danou techniku, tak s procentudlnim mnoZzstvim Sumu viz. obrdzek 6 [65].

1% 25%

.

o -----

Obrazek 6: Porovnani rekonstrukénich technik v zavislosti na Sumu s vyuzitim virtualniho
testovaciho objektu [65].
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Crowtherovo rozliSeni 6 pro elektronovou tomografii bylo odvozeno
na zakladé poctu projekci N, které jsou ekvidistantni a pfedpokladd se naklon
vrozsahu += 90° tedy vrozsahu m radianti. Maximalni uhel ndklonné série
je pro konvencni drzak sit€k redlné omezen jeho rozméry a vzdalenosti mezi
polovymi nastavci obvykle na £ (70° — 80°). Data, ktera chybi do 90° se oznacuji
jako chybéjici klin viz. obrazek 7 [66].

Datové/

body

Obrazek 7: Fouriertiv prostor vyplnény datovymi vzorky z naklonnych snimkd, modry prostor
vyjadfuje chybéjici data diky omezeni maximalniho thlu naklonu [65].

Nejzazsi limit naklonu vzorku je déan stiedni volnou drdhou primérnich
elektront pii daném urychlovacim napéti [67] a geometrii vzorku, kde se draha
prodluzuje goniometrickou funkci suhlem naklonu. Pokud je tomografie
rekonstruovana z naklonné série, ktera neni v rozsahu =+ 90°, tak Crowthertiv vztah
vyjadiuje nejlepsi rozliSovaci schopnost tomografie, ktera je v lateralni rovin€ a
v kolmém sméru k ose rotace. Nejhorsi rozliSovaci schopnost tomografie dz
je v ose Z a je dana maximalnim thlem néklonu drzédku a (Rovnice 2) [68].

a+sina-cosa .
6z=06e=94" ’— Rovnice 2
a—sima-cosa

Parametr e udava natahnuti Crowtherova rozliSeni vose Z,
potazmo prodlouzeni veSkerych objektd v tomogramu podél osy Z [69],
viz. tabulka 3, kde je vyjadieno nasobné prodlouzeni v zavislosti na maximalnim

uhlu naklonu a.
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Maximalni ihel Koeficient
naklonu a [°] prodlouZeni e
60 1,55
65 1,42
70 1,31
75 1,21
80 1,13

Tabulka 3: Prodlouzeni v ose Z v zavislosti na max. thlu naklonu
(vypocteno z rovnice 2) [69]

1.1.4.11 Rozliseni, viceosd ET a redukce chybéjicich dat

RozliSeni v ose rotace bylo empiricky zméfeno v praci Mezerji et al.,
které se velikostné pohybuje mezi hodnotami rozliSeni vypocteném pro dvé ostatni
osy. Méteni bylo vyhodnocovano na objektech zrekonstruovaného tomogramu
[70]. Bylo dokazano, ze objekty napf. membrany tvaru tenkého platu,
jejichz plocha je kolma k ose rotace a zarovei je tato plocha sklopena v prostoru
(podél osy v lateralnim sméru kolmé k ose rotace) v rozsahu od okolo 45°
az po paralelni pozici vii€i ose rotace, nejsou ve vSech naklonech svoji plochou
kolmo k svazku primarnich elektront. V ptipadé tenké membrany nebude nikdy
v ndklonné sérii zachycena hrana takového objektu a ve zpétné projekci bude vzdy
zobrazena, jako rozmazana, ptipadné zanikne v pozadi tvofeném zalévacim
mediem nebo Sumem viz. obrazek 8. Tento problém byl jasné¢ demonstrovan na
kruhovych membrénach a jeho feSeni spociva v pouziti dvouosé tomografie
publikované poprvé v roce 1995 [71, 72].

Z této skutecnosti vyplyva, ze stanoveni rozliSeni pro jednoosou tomografii
bude vzdy zatizeno touto chybou. V ptipad¢ dvouosé tomografie, pak 1ze vyjadrit
rozliSeni vose X a Y jako rovné Crowtherovu rozliseni [70]
(s ur¢itym zanedbanim). Prodlouzeni vose Zje zplsobeno omezenim
maximalniho uhlu naklonu, které geometricky vymezuje tvar chybégjiciho klinu
vyjadtujici oblast bez dostupnych projekcnich dat
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Obriazek 8: Virtualni fezy zrekonstruovaného tomogramu nervovych bun¢k nakazenych virem
klistové encefalitidy. VSechny snimky zobrazuji stejny virtualni objem, krajni reprezentu;ji
jednotlivé osy dvouosého tomogramu, prostiedni snimek je tvofen jejich primérem a vysledny

Vo7

tomogram je orientovan tak, aby respektoval realné umisténi fezu a osu rotace. Cervené Sipky

ukazuji rozmazané membrany vlivem prostorové orientace vici ose rotace. Vsazeny snimek
je detail zluté oramované oblasti obsahujici vir klistové encefalitidy [¢lanek 1].

Tato oblast je v jednoosé tomografii podél rotacni osy omezena pouze
velikosti objektu, naopak pifi dvouosé¢ tomografii je zmensena a omezena
maximalnim hlem naklonu. Objem dat chybé&jiciho klinu je omezen mechanicky,
jednak vzdalenosti polovych néstavel (pii pouziti korektorti vad mize byt mezera
natolik velka, Ze neomezuje drzdk v rotaci), nebo pak velikosti drzéku siték [73,
74,75, 76] viz. obrazek 9.
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Obrazek 9: Oblast a mnozstvi chybé&jicich dat v zavislosti na poctu os rotace naklonné serie [65]

V souvislosti s dvouosou tomografii byl publikovan dal$i z mnoha
rozsifujicich rekonstruk¢nich algoritmi, kterym byl sttidavy dvouosy algoritmus
SIRT (ADA-SIRT). Algoritmus vprvni fazi zrekonstruuje objekt,
stejn¢ jako ostatni bézné pouzivané algoritmy (viz. Mastronarde 1997 [72]).
Rekonstrukce tedy probiha pro obé ndklonné série zvlast, a zrekonstruované série
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se spoji v zrekonstruovany objekt. Poté v druhém kroku probiha iterativni smycka
metody SIRT, vniz porovnava sudé a liché pseudo projekce vzniklé
ze zrekonstruovaného objemu v pfedchozim kroku s aktualné rekonstruovanymi
¢astmi jednotlivych naklonnych sérii dvouosé tomografie. Metoda ADA-SIRT
vykazuje lepsi rozliSeni a lepsi vysledky s obrazem zatiZenym Sumem neZ dvouosa
tomografie metodou SIRT, a to i pfi celkové menSim mnoZzstvi projekci [77].
Pro redukci chybéjiciho klinu byla vyuzita 1 viceosd tomografie Massauoudim
et al., ktefi vyvinuli softwarovy modul pro imagel] a jeho variace [78, 79, 80]
umoziujici zpracovavat n-os¢ tomogramy. Metoda viceosé tomografie vykazuje
jednoznacné nejlepsi vysledky oproti ostatnim metodam (jednoosa a dvouosa).
pro viceos¢ naklonné série jiz vrozsahu + 45° pii Sesti osé¢ naklonné sérii.
To je zajimava aplikace pro laboratote, které nedisponuji vybavenim umoziujici
vysoké thly naklonu (> 60°) [81]. N-0sd tomografie neboli konické s rostoucim
poctem n projekci se priblizuje z chybéjiciho klinu na tvar chybéjiciho kuzele
(viz. obrazek 10) a posléze Ize s ¢im dal mensim zanedbanim vyjadfit rozliSeni
vroviné X, Y jako izotropni [82]. Phan et al. vyjadfili ¢ast g(n) chyb¢jicich dat
ve Fourierové prostoru v zavislosti na zobrazovaném laterdlnim rozmeéru L,
tloustce vzorku L, a maximalniho thlu néklonu Omax (rovnice 3). Pfi Omax = 60°
jeq(2)=11,1 %, g(4) =9,2 %, q(8) = 8,84 % a q(16) = 8,73 %. Z informacniho a
kvalitativniho hlediska ma n-osd tomografie smysl ve spojeni se snimanim
v rezimu nizké davky, ktery minimalizuje osvit snimaného mista vyuzivanim okoli
k sefizovacim proceduram [82]. Vyuziva se i stabilizace fezu pied ozafenim,
kdy se ez zpocatku ztencuje rychleji a poté ztencovani vyrazné pomalejsi [83, 84].

Ay = %tan (l) . (Z ! ) Rovnice 3

2n L tanBmax

Mimo snahy vyplnit chybéjici klin redlnymi daty byla snaha aproximace
téchto chybéjicich informaci na zéklad¢ napt. mnozin konvexnich projekci [85,
86], maximalizace entropie [87] ¢i s vyuzitim sekvencni statistické rekonstrukce
odhadujici béhem rekonstrukce miru vlivu chybéjiciho klinu [88].
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Obriazek 10: Grafické znazornéni oblasti chybéjicich dat tomografie
A) jednoosa B) dvouosa C) konicka [83].

1.1.4.111 ET v plném rozsahu naklonu

Dalsi redukce chybéjiciho klinu logicky vedla k tomografii v plném
rozsahu néklonu tedy 180° neboli + 90°. V roce 1992 Barnard et al. upevnili
do specidlné upraveného drzadku mikropipetu s napafenym uhlikem na jejim
povrchu, na ktery se pfichytily spory pychavky. K tomografii vyuzili TEM

vybaveny stolkem umoznujici rotaci vrozsahu + 90 °

vyuzivajici vysoké
urychlovaci napéti (HVTEM) 1 MV, které bylo dostatecné k penetraci elektront
sténami mikropipety spolu s objemem spor tak, aby bylo mozné elektron optické
zobrazovani. Autofi byli schopni zrekonstruovat spory bez prodlouzeni v ose
Z s vyuzitim jednoosé¢ tomografie. Zajimavym vysledkem bylo, Ze tomografie
+ 80° témef nejevila deformaci rekonstruovanych objektii zpiisobenou chybéjicimi
daty [89] (viz. obrazek 11 simulace na sférické ¢astici, kterd koreluje s redlnymi
daty [94]), protoze téchto parametrli Ize dosahnout s pouzitim soucasnych
komerénich drzakt pro vysoké naklony [74, 75, 76] s fezy umisténymi na elektron

mikroskopickych sitkach.

Obrazek 11: Simulace X-Z virtualniho fezu zrekonstruovaného tomogramu skrze
sférickou c¢astici v zavislosti na maximalnim uhlu naklonu a [94].
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Kaneka et al. vyuzivaji kopolymerovy blok zkrojeny do tvaru hranolu
o velikosti hrany 200 nm spolu sfezy tloustky 200 nm, které porovnavaji
s vyuzitim jednoosé tomografie v rozsahu od + 10°, £ 20° po = 60° a pro hranol
navic + 70° ProdlouZeni analyzuji na nanocasticich, které pouZzivaji
jako zamétfovaci znacky. Poprvé byly nanocastice pouzity vroce 1984
Berrimanem et al. ke zméteni tloustky fezu a napatené¢ho uhliku pomoci naklonné
série (bez pouziti tomografie) [90]. Pro ucely tomografie v roce 1990 otestovali
Jing a Sachs funkénost algoritmi zarovnani projekénich snimkd metodou
nejmensich ¢tverci pomoci detekce t€ziSt€ zaméfovacich znacek [91],
a aplikace nanocastic jako zamétfovacich znacek byla publikovana Lawrencem
v roce 1992 [92]. Kaneka et al. zméfili, ze prodlouzeni v ose Z u hranolu koreluje
s Crowtherovo vztahem [59], ale tomografie z fezu vykazuje vétsi prodlouzenti,
které vysvétluji prodlouZzenim dréahy uvniti fezu se zvysujicim se uhlem naklonu
neboli efektivni tloustkou [93]. Kawase et al. publikovali v roce 2007 praci,
kde pouzili FIB k vytvofeni valcového tvaru vzorku o priméru 150 nm a
byli tak schopni nasnimat tomografii v rozsahu + 90° bez artefaktii zptisobenych
prodlouzenim [94]. Na tuto praci navazali Kato et al., ktefi zkoumali moZnosti
maximalniho praméru valcového vzorku (ZrOz/polymer nanokompozit),
ktery lze jesté zobrazit pomoci tomografie pii 200 a 300 kV a v jednom piipadé
pii 1250 kV [95]. Xu et al. vyvinuli a publikovali v roce 2008 piezo elektricky
ovladany drzak vzorku umoziujici translaéni pohyb ve vSech smérech,
a predevsSim rotaci kolem své osy v plném rozsahu 360°. Drzék byl vyvinut
pro TEM firmy JEOL pouzivajici drzéky s primérem ~ 15 mm [74].Také je 1ze
jednoduse pouzit v TEM, i kdyz neni vybaven tomografickym stolkem [95].
Tomografie v rozsahu £ 90° s vyuzitim valcového vzorku byla dale vylepSena
o automatické korekce posuvu vzorku pii ndklonné sérii. Program vyuziva
k detekci posuvu kiizové korelace, kterym predchazi ptiprava jednotlivych
obrazki pomoci filtru propoustéjicitho nizké frekvence [97] a Sobelova filtru
detekujici hrany [98][99].

1.1.41V  Automatizace snimani naklonnych snimk

Na vyvoji tomografie v prechozi ¢asti lze pozorovat jasné smérovani k plné
automatizovanému procesu, které je podpoieno, predevsim od 90 let, rapidnim
rozvojem elektroniky a vypocetni techniky. Koster et al. v roce 1987 publikovali
teoretickou praci zaméfenou na moznost automatizace elektronové tomografie,
zabyvali se matematicko-fyzikalnim apardtem automatického ostfeni a méfeni
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posunuti obrazu [100]. Na tuto praci navazali technicky zaméfené prace
s implementaci pfedchozich principi do praxe vcetné technickych podrobnosti
[101, 102]. Dalsi z navazujicich praci je zaméfena na implementaci automatické
tomografie pro sniméani biologickych objektl/preparati zalitych do ledu
(kryo preparaty) vysoce citlivych na radiaéni poSkozeni (viz. obrdzek 12).
Automatizace umoZiluje pouziti systému snimani pii nizkych davkach,
které se provadi vychylenim svazku do [103]:

1) Mista pro hrub¢ urceni translacniho posunu obrazu po naklonéni.
2) Mista pro automatické zaostteni.

3) Snimaného mista pro jemné urceni posunu obrazu a finalni snimani.

Vyhledavani objektd pfi nikém zvétseni

. . /Fogeni"
Ostreni | . Ostieni

Vzorek—

Rozsah

Obrazek 12: Princip snimani pii nizkych davkach vyuzivajici posuvu svazku
k minimalizaci osvitu focené oblasti [103].

Technika snimani pii nizkych davkach byla implementovana spolu
s automatickym snimanim 1 pro zobrazeni vzorku pii pokojovych teplotach.
Tkan krejCovského svalu zaby byla pfipravena metodou zmrazeni za vysokého
tlaku (HPF) a nasledn¢ zalita do epoxidové pryskyfice. Snimani tomogramu
v rozsahu + 60° trvalo okolo 5 hodin [104]. Sniméni a zpracovani tomogramu
ma nekteré spolecné ulohy, na které je aplikovana automatizace. Jedna se o korekci
posuvu obrazu, kdy pifi snimani se porovnavaji dvojice snimkl vic¢i sobg,
kdezto u zpracovani tomogramu je nutné zarovnat snimky na sebe tak, aby rotovaly
kolem osy. Tuto ulohu lze feSit jiz zminénym zplsobem, tedy pomoci
zam&fovacich znafek, nejCastéji ve formé nanocastic. Dal§i moznosti
je porovnavani jednotlivych ndklonnych snimki vici sobé pomoci kiizovych
korelaci [105], anebo vyuziti principu spole¢nych linii [106], které jsou neménné
pro libovolné dvé projekce, obvykle ptedstavuji osu rotace ve Fourierové prostoru.
Vroce 1996 se pak objevuje prvni software umozZiujici sniméni i zpracovani
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tomogramu [107]. Dalsi urychleni tomografie pfinesl algoritmus vyuzivajici
meéfeni posuvu obrazu pred samotnym snimanim projekénich snimkd, na jejichz
zéklad¢ koriguje zaostfeni a posuv obrazu. Metoda pfinesla zrychleni
azna 20 minut pro nasnimani 151 projekei [108]. V roce 2003 Ziese et al. prokazal,
7e automatické méfeni zaostteni, tak jak jej navrhli Koster et al. [100], neni pfesné
pro vétsi uhel naklonu. Méfeni vyuziva dva snimky, kdy jeden je bez naklonéni
svazku a druhy s ur¢itym naklonem S, pak lze z posunu S podle rovnice 4 vypoditat
miru rozostieni D (viz. obrazek 13).

$=D-tan(f) Rovnice 4

\@p} svazku
B

[ S ] Vzorek

Cocka

Objektivova
clona

Zvétieny obraz obrazova rovina

Obrazek 13: Schématicky diagram znazoriujici vliv preostieni Dy a naklonu svazku S
na posuv obrazu s [109].

Pro vétsi Ghly naklonu se projevi naklonéni svazku protazenim
nebo stazenim objektd v obraze, dle toho, jestli bude naklon svazku kladny
nebo zéporny viz. obrazek 14. Zobrazeni vzorku s rozostienim D je zévislé
na pozici objektu x v obraze a uhlu naklonu vzorku a (rovnice 5).

D = x - tan(a) Rovnice 5

Spojenim rovnice 4 a rovnice 5 dostaneme rovnice 6 podle,
které program spravné vyhodnoti miru rozostieni i pii vyssich tthlech naklonu
vzorku [109].

§ = x - tan(a) - tan(f) Rovnice 6
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- naklon svazku bez naklonu svazku + naklon svazku

oCpEDp@
opEoo
ooo@oa B a
—r § A—— - 8 . = = . =3
—s g —— LR ) — = 8 = —>
— 8 L B B ) €= = 8 - —>

Obrazek 14: Zména pozice objekti v obraze vlivem naklonéni vzorku a a svazku . Horni fadek
ukazuje pozice objekti v rovingé X-Z a prostiedni v roviné X-Y. Spodni fadek ukazuje indikovany
posun objektd s naklonem a bez naklonu svazku [109].

1.1.4.V ET software a spojovani tomogramu

Vroce 2005 publikoval D. Mastronarde ¢lanek v némz predstavuje
program SerialEM, urceny pro elektronovou tomografii, ktery se stal svétove
jednim z nejpouzivanéj$i. SerialEM umoznuje sniméani jednoosé¢ i dvouosé
tomografie, snimani v konvenénim TEM rezimu i v STEM rezimu, pouziti filtrace
elektrond (filtr propoustéjici elektrony ve zvoleném energiovém rozsahu),
snimani sériovych snimkd i tomogramu, snimani montazi (spojovani snimku
v laterdlni ose) [110] i vrezimu tomografie, dale podporuje systém snimani
s nizkou davkou a vyuziva kiizové korelace, automatickou korekci zaostieni,
kontrolu intenzity svazku primarnich elektront, predikci posuvu vzorku
po naklonéni i v ose Z. Program je vybaven navigatorem, ktery umoznuje zadat
vice mist pro automatické snimani naklonnych sérii [111]. Nasnimana data lze
zpracovat v IMODu (dfive zminény od stejného autora) [24] — oba programy
se vzajemn¢ dopliuji. Program IMOD Mastronarde rozsitil v roce 2008 o korekcei
natazeni obrazu zpisobenou nekolmosti svazku vi¢i ose rotace [112].
Tento problém definovali Diez et al [113] a nezavisle na ném poskytli metodiku
feSeni Levine et al. [114]. Dale Mastronarde a Held vroce 2017 doplnili
mechanismus automatického zpracovani naklonné série az do findlniho
tomogramu pomoci skriptu [115], zde je nutné zvlastni zkuSenosti dodat,
ze tato automatika selhavd pro napf. siln¢ zaSuméné néaklonné série,
popt. n&jakym zpisobem defektni data. Oba programy jsou neustale vyvijeny a
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dopliovany o nové funkce [116, 117]. Dal$im programem umoZziujici zpracovani

tomogrami a jejich montaZe v lateralni rovin€ je TxBR, ktery navic zahrnuje

moznosti zpracovani n-osych tomogramt [118]. Spojovani tomogrami v lateralni

roving lze dé€lat tfemi zptlisoby:

1) Pted zpétnou projekei jako montaZe jednotlivych naklonnych snimkd.
To vyzaduje sniméani map 2x2 (viz. obrazek 15), 3x3, atd. pro dany uhel
naklonu, plocha je omezena maximalnim moZnym posunem svazku
[119].

2) Po zpétné projekcei jako standardni naklonnou sérii jako super-montaze.

wevr

neni omezena, prakticky je omezena vypocetnimi moznostmi a
fyzickymi rozméry ezt [119].

Postupy 1) a 2) 1ze vzajemné kombinovat [119].

3) V pribéhu zpétné projekce, kde se zpracovavaji vSechny projekcni
snimky najednou. Omezeni velikosti je stejné jako ptedchozi,

wewr

4 ™

B Endoplasmatické Retikulum'
8 Jadro

| Vacek

W Vacek produkovany virem
Obélka virové castice

W Vir klistové encefalitidy
Kapsida

B Struktury vzniklé na zakladé pusobeni viru

\ J

Obrazek 15: 3D model zrekonstruovaného tomogramu nervovych bunék napadenych virem

klistové encefalitidy. Naklonna série byla snimana jako mapa 2x2 [Bily, Vancova: Clanek 2]
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Spojovani tomogramii v ose Z se provadi na zrekonstruovanych
tomogramech (viz. obrazek 16). Jedna se o paralelu k sériovym fezlim a projevuji
se zde stejné problémy jako je natazeni fezli, zvinéni fezli, ztrata materialu
z krajenych povrchii atd. Tyto artefakty zplisobené krajenim znesnadnuji
automatické korelace 3D objemi, coz vedlo kriznym feSenim, jak sériové
tomogramy vzajemné¢ napojit. IMOD vyuZiva poloautomatické kiiZzové korelace
konce a zacatku fezli s moznostmi natdhnuti v libovolném sméru lateralni roviny
a zveétSovani. Rucni jemna korekce vykazuje lepsi vysledky [120]. Tyto postupy
1ze aplikovat na korelovani sériovych tomogramu s vyuzitim naptiklad bunéénych
stén nebo vyraznych organel rozmérové zasahujicich do vice feza [121],
pfipadné aktinovych vlaken, tubulil, ¢i obecné trubkovych/vlaknovych struktur,
které 1ze pomérné snadno identifikovat, a mnohdy prochazeji pres nékolik feza
[122, 123, 124, souvisejici €l.- 5]. PIn¢ automatické trasovani tubuldrnich vlaken
a napojovani tomogramu naprogramovali a publikovali Weber et al. v roce 2014
[125]. Komer¢ni programy maji funkci trasovani trubkovych/vladknovych struktur
obvykle implementovanou vlastnim feSenim (napt. Amira, Imaris [75, 126]).

3t bigiku
WiMebrana krist M vakuoly
W Plasmaticka membrana

Obrazek 16: 3D model ¢asti Trypanosoma brucei zrekonstruované ze sériovych tomogramii —
byl zde ovlivnén multiproteinovy komplex zajist'ujici mitochondrialni kontaktni mista a
organizaci krist v mitochondrii (MICOS). V levé ¢asti jsou virtualni fezy z tomogrami
reprezentujici jednotlivé fezy znacené 1-5 (mezi fezy 1 a 2 doslo ke ztraté jednoho fezu).
Mgetitka reprezentuji 200 pm [souvisejici ¢l.- 5].
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1.1.4.VI  ET pti STEM rezimu v TEM a SEM

Néklonné série v TEM jsou standardné snimdny pii priméru svazku,
kterym se ozafuje pozorovana oblast. Naproti tomu lze svazek primarnich
elektront zaosttit do bodu, v kterém pfi jejich prichodu bude dochazet k rozptylu
elektroni  do  prostorovych  wGhld v zdvislosti na typu rozptylu
(pruzny nebo nepruzny). Skenovacim zptisobem pak lze vytvofit obraz skenované
oblasti. Detekce signalu se provadi segmentovym detektorem detekujicim pocet
dopadlych elektroni na jednotlivé segmenty, které reprezentuji urcity rozsah thla.
Obraz odpovidajici TEM amplitudovému kontrastu vznika pro kazdy bod v obraze
vycitanim signélu z oblasti detektoru pro svétlé pole. Zacatky ET v STEM byly
zalozeny, na zaklad¢ fyzikalniho principu metody s materidlnimi vzorky,
kdy v roce 2001 Koguchi et al. zobrazili pomoci STEM v 3D ZnO nano-¢astice
[127]. Vroce 2002 vyuzili Midgley a Weyland v STEM rezimu elektrony
rozptylené do velkych thli k 3D zobrazovani objektl v kontrastu zavislém
na atomovém ¢isle (HAADF) a navic aplikovali energiovou filtraci elektroni
(EFTEM) [128]. Pro biologické vzorky pouzili STEM rezim Yakushevska et al.
v roce 2007 a porovnavali struktury (napf. membrany) ve vysledném tomogramu
s predlohou, pfi¢emz ziskali procentudlné vyssi schodu ET v STEM oproti ET
v TEM [129]. Vyhoda STEM rezimu tedy spociva v lepsSim poméru signal-Sum,
déale ve vySsim rozliSeni, které je umérné dosazitelné velikosti zaostiené stopy
[130] a moznosti tomografie tlustSich vzorku (> 500 nm) nez pro standardni ET
vrezimu TEM, coz bylo vprvni fazi teoreticky nasimulovano metodou
Monte Carlo [131]. Prakticky byla zobrazena mikrometrovd vrstva nano-
kompozitu [132] nebo fezy pankreatickych bunék o tloustce jednoho mikrometru
[133]. Bohuzel metoda STEM zptlisobuje extrémni radiacni poskozeni, predevsim
biologického vzorku. Za ucelem snizeni davky byl vyvinut systém nahodného
snimani bodl tomogramu (namisto skenovani celé plochy snimku) s redukci dat-
bodl (napt. 50 %), kdy metoda spolu s upravenym algoritmem rekonstrukce
dosahuje podobnych vysledkli jako rekonstrukce plnohodnotného tomogramu,
metoda byla aplikovana na kryo vzorky viz. obrazek 19 [134, 135]. Dahmen et al.
publikovali netradi¢ni feSeni STEM tomografie kombinované s viceosym
snimanim a proostfovanim v ose Z, kde nasnimana data rekonstruuji iterativni
algebraickou rekonstrukéni technikou pro ndklonné a preostiované série
(TF-ART) [136]. Softwarova aplikace TF-ART je pak ve formé rozsitujiciho
modulu ,,Ettention” do IMOD software [137, 138].
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Obriazek 17: ET v rezimu STEM s nahodnym skenovanim. Levé dva obrazky reprezentuji: horni

standardni tomogram, spodni ndhodné skenovany tomogram (X-osa: koordinaty projekéni roviny,
Y-osa: uhel naklonu). Dalsi zleva X-Y virtualni fez zrekonstruovaného tomogramu: Standardni
snimani (mé&fitko 500 nm), nahodné snimané plochy 50 % a 20 % [134].
STEM metoda byla aplikovana také v SEM, zde jsou vSak vyraznd omezeni
vyplyvajici z nizké energie svazku primarnich elektronii a z moznosti naklonu
drzéku sitky uvnitt SEM [139].

1.1.4.VII  Kryo ET a jeji limity

Nativni vzorky zmrazené v amorfnim ledu vykazuji minimalni omezeni
bilogického detailu, ktery lze zkoumat az na uroven atomarniho rozliSeni.
Hlavnim omezenim rozliSitelného detailu biologického vzorku je kvalita
zamrazeni. V roce 1981 Jacques Dubochet publikoval metodu zmrazeni prudkym
ponofenim do tekutého propanu nebo etanu [140], kterd se stala standardem
pro mrazeni biologického materidlu ve formé suspenze (V roce 2017 za vyvoj
této metody Jacques Dubochet obdrzel jako jeden ze tfi laureati Nobelovu cenu
za chemii [2]). Tloustka kvalitné zamrazené suspenze v tekutém dusiku
se pohybuje okolo 100 nm [141]. Zamrazeni v tekutém ethanu nebo propanu
je spolehlivé az do tloustky okolo 1 um [142]. Divodem je, ze oproti nim tekuty
dusik ptijima piiblizn€ polovi¢ni mnozstvi vyparného tepla a tyto plyny maji vetsi
rozsah teplot pro kapalnou fazi (N: tani -210 °C, varu -195,8 °C,
Etan: tani -182,8 °C, varu -89 °C | Propan: tani -188 °C, varu -42 °C).
Vzorky az do velikosti okolo 100 — 300 um lze zmrazit pomoci HPF [143, 144].
ET je mozné snimat, bud’ pfimo ze zmrazenych vzorkli s vhodnou maximalni
tloustkou, nebo jako jsou napf. makromolekuly [145], organely [146] a
celé prokaryotické bunky [147], savéi buiiky — pouze tloustka jejiho okraje
umoznila dé€lani tomografie [148], nebo lze snimat ultratenké kryo-tezy [149],
které podléhaji ve vétsi mife tvorbé artefaktl (praskliny, komprese, stopy noze)
nez vzorky krajené z pryskyficovych blockti [150]. Zde je nutné zminit,
ze terminem kryo-fezy se také oznaCuji 1 fezy pfipravené pro metodu
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imunolokalizace podle Tokuyasu krajené za kryo-podminek (pfiblizn€ v rozsahu
-90 °C - -100 ©°C). Takovyto vzorek je lehce predfixovan,
infiltrovan sachar6zou a zamrazen. Povrchy fezli maji odhalené a neposkozené
antigeny, diky tomu je mozné s vysokou ucinnosti je imunoznacit, oproti zalitym
vzorklim, poté kontrastovat a prohlizet pfi pokojové teploté [151, 152, 153].
Tokuyasu fezy je vyhodné kombinovat s ET, ktera umozni pfesnou lokalizaci
nanocastic k vazebnym mistim, jako v pfipad¢ detekce aktinovych vldken
zprostiedkujicich pohyb vytrusenky (A. Hartigan, ..., M. Vancova, T. Bily et al.)
[souvisejici €l.- 4, souvisejici Cl.- 5].

V roce 2006 Marko et al. demonstrovali moznost frézovani vitrifikované
vody bez znamek rekrystalizace pomoci zaostfen¢ho iontového svazku v SEM
(FIB SEM) [154] a v nasledujicim roce tento postup vyuzili k ptipravé vzorku
pro ET (pomoci FIB SEM ztencili buiku bakterie Escherichia coli
ve vitrifikovaném ledu na tloustku pouzitelnou pro kryo ET) viz. obrazek 18
[155, 156].

Obrazek 18: Priprava lamely pro TEM z kryo zrmrazeného vzorku E. coli frézovaného iontovym
svazkem. Levy: vertikalni pohled na lamelu (méftitko 10 um). Prostfedni: pohled na lamelu
pod naklonem (métitko 50 um). Pravy: TEM cryo nahled pii nizké davce
(¢arkovana oblast je zvétsena, méfitko 300 nm) [156].

ET zkryo-fezli prohlizenych pii kryo-teplotich neni naro¢na pouze
z hlediska krajeni fezii, ale i samotného snimani z divodu omezené kumulativni
davky ozéteni elektronovym svazkem, ktera se pohybuje podle typu vzorku a
stability ledu mezi 2500 az 15000 elektrony na nanometr Ctvereni [158].
Kumulativni davka spolu s tloustkou vzorku a energii primarnich elektronti uréuje
rozliSeni ET (obrazek 19). Tento graf byl sestrojen pro kumulativni davku
6000 elektronti na nanometr ¢tvere¢ni a davku pét elektronti na jeden pixel. CCD
¢ipu kamery (zafizeni s vazanymi néboji [157]). Dle zkuSenosti autorti se jedna o
niz$i hodnota v pouZitelném rozsahu kamery. Expozi¢ni Cas ¢ byl pfepocitan z
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expozi¢ni doby 7o odpovidajici nulovému tthlu naklonu vzorku a a tloust’ce vzorku
T1159].

Rozlifeni [nm]

— 20 kV, £60°
== |20kV,£70°
— 300 KV, 260"
== 0LV, 70",
=t exp{T( 1 fcos(a)-1))

0 200 400 600 800
Tloust'tka vzorku [nm]

Obrazek 19: RozliSeni tomografie v zavislosti na tloust'ce vzorku pro dané urychlovaci napéti a
maximalni thel naklonu [159]

ZlepSeni rozliSeni ET je také mozné dosahnout primérovanim ¢asti objemi
tomogramu obsahujici tvarové identické objekty (napt. Pfeffer et al. fesili 3D
strukturu ribozomu asociovaného k membrané endoplazmatického retikula
pomoci primérovani sub-tomogramii reprezentujicich objem jednotlivych
ribozomi [160]). Zaroven je mozné zcela vykompenzovat efekt chybé&jiciho klinu
a zlepsi se odstup signal-Sum. Primérovani je mozné aplikovat, jak pro vzorky
prohlizené za pokojové teploty [161], tak pro kryo-vzorky [162, 163].
V kryo-elektronové mikroskopii biologickych vzorki se standardné vyuziva
kompenzace pienosové funkce kontrastu (CTF) [164] pro korekci 2D snimku
s podostfenim vétSim nez 1 pm, kterym se dosahuje zvySeni kontrastu zmrazenych
hydratovanych vzork — obvykle bez jakychkoli ptisady kontrastujicich ¢inidel
[165]. V roce 2017 byl publikovan Turotiovou et al. ¢lanek s aplikaci 3D CTF
korekce, kterd umoznila dosdhnout rozliSeni ET 0,34 nm u zprimeérovanych
objeml tomogrami [166]. V tomto ¢lanku byl ke sniméni projekéniho obrazu
pouzit misto CCD C¢ipu piimy detektor elektronti, ktery umozituje mnohem
efektivnéji vyuZzit kumulativni ddvku pro snimani ndklonné série. Obrazek 19
znazornuje graf detekéni kvantové ucinnosti (DQE) pro rizné typy detektort
obrazu tvofeného elektrony. CCD ¢&ip v porovnani s ptimym detektorem vykazuje
mnohonéasobné vys§i kvantovou ucinnost. Obecné lze porovnat jednotlivé
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detektory v zavislosti na publikovaném maximalnim rozliSeni pro jednocasticovou
analyzu: s CCD detektory bylo dosaZeno rozliseni 10 — 25 A, <7 A s filmy a
s pomoci pifimych detektoris <5 A [167]. Obrovska vyhoda piimych kamer oproti
CCD kameram je v poctu snimki za sekundu (fps). Pfimé kamery jsou schopny
az 400 — 1500 fps, kdezto CCD kamery v fada desitek fps (napt. Gatan OneView
Camera ~ 25 fps). Pokud je pouzit binning (sdruzovani pixela dohromady napf.
2x2 nebo 3x3), pak rychlost mize byt vyssi (napt. Gatan OneView Camera ~ 300
fps

pii binningu 8), ale za cenu dramatického sniZeni rozliSeni. Diky témto rychlostem
pfimych kamer je moZné kompenzovat drift vzorku, ktery je neustale ptitomny
[76].

1.1.5 Metoda jednocasticové analyzy (SPA)

Metoda SPA je zaloZzena na projekcnich snimcich jednotlivych ¢&astic,
které maji v idedlnim piipad¢ vSechny stejny tvar. Diky ¢emuz je mozné z mnoha
snimkil (obvykle desetitisice az statisice) jednotlivych ¢astic rizné orientovanych
v prostoru (jedna se o rotace kolem osy P a y — osy paralelni k rovin¢ fezu) nalézt
skupiny stejn¢ orientovanych objektdi a jejich projekénich snimkt
(tzv. charakteristické pohledy), neboli tfidy (s libovolnou pozici v X, Y a rotaci
kolem osy o — osa kolma k roving fezu), které lze po nalezeni vzajemného piekryti
zprimérovat a zlepsit tak rozliSeni [168, 169, 170]. Poté je mozné aplikovat
rekonstrukéni algoritmus, podobné jako v ET [57, 59] (viz. obrazek 20).
VylepSeni algoritmu zarovnani Ccastic tak, aby se vziajemné piekryvaly,
bylo spojeno s porovnavanim vici re-projekci zrekonstruovaného objektu jako
reference — multi referenéni zarovnani (MRA) [171]. Pomoci anguldrni
rekonstrukéni techniky je mozné urcit smér dané projekce Castice bez znalosti jeji
orientace v prostoru [172, 173]. Tato technika se zaklada na jiz zminéném principu
spole¢nych linii [ 106]. Oproti snimani jednotlivych ndhodné orientovanych castic
byla pouzita i technika naklonnych sérii v kombinaci se SPA [174, 175],
tato technika ale oproti snimani v nulovém néklonu vyzaduje korekce po naklonéni
vzorku, diky ¢emuz dochazi ke ztratdm v rozliSeni [176].
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Svazek primarnich elektronli

W gy

ot 8o

Snimany vzorek

Roztfidéni ¢astic do skupin
L s g o
a nasledné zprumeérovani

Obrazek 20: Princip metody jednocasticové analyzy. 1) Snimani, 2) Vybér ¢astic 3) Roztiidéni
¢astic a prumérovani vramci skupin 4) Zpétna rekonstrukce 3D objemu [177]

1.1.5.1 Rozliseni SPA

Pozorovani negativné kontrastovanych vzork ovliviiuje distribuce
tézkych atomi, jejich granularitu a v rezimu prohliZzeni pti pokojové teploté i jejich
dehydrataci, ktera muze vést az kzploSténi vzorku. Vysledné rozliSeni
lze ocekavat nejlépe mezi 1 a 2 nm [178, 179, 180]. Pfi pouziti negativniho
kontrastu spolu s pozorovanim vzorku ve vitrifikovaném ledu se rozliSeni
pohybuje okolo hranice 1 nm [176, 180]. U nekontrastovanych kryo vzorki
je nejmensi biologicky detail ur¢en pouze jeho molekularni strukturou, podobné
jako v ET. Pro pozorovani zamrazenych vzorku byla vyvinuta jiz zminéna ptiprava
vzorku prudkym ponofenim [141] a zaroven bylo nutné vzorky udrzovat béhem
prohlizeni pfi kryo teplotach (~ -135 °C [181]) a je nutna antikontaminac¢ni past
chlazena dusikem, aby nedochazelo k depozici molekul na vzorku [142, 182].
Rozsah celkové davky jednotlivych castic ozafenych svazkem primarnich
elektronti je relativné $iroky, nejbéznéji uzivané 1000-3000 enm™, az po davky
okolo 10000 enm™ [183]. Co se ty¢e rozliSeni SPA, tak stejné jako v EM
byl obrovsky skok snasazenim piimych kamer a dnes se maximalni rozliSni
dostalo pod hranici 0,2 nm (0,18 nm pro glutamat dehydrogenazu GDH-336 kDa).
Velmi podstatny je vSak fakt, Ze konformace proteinii v kryo SPA zlstava
nezménéna oproti rentgenové difrakci zkrystalizovanych proteinit [184].

29



Za vyvoj kryo elektronové mikroskopie pro urceni struktury biomolekul v roztoku
pii vysokém rozliSeni obdrzeli vroce 2017 spolu sjiz zminénym Jacques
Dubochetem Nobelovu cenu za chemii také dva, v této kapitole citovani laureati:
Joachim Frank a Richard Henderson [2].

1.1.6 Korelativni mikroskopie a elektronova tomografie

Korelovani dat mezi riznymi mikroskopickymi/zobrazovacimi technikami
a elektron-mikroskopickymi 3D rekonstrukénimi technikami umoziluje vzdjemné
propojeni informaci o vzorku dosazitelné jednotlivymi technikami.
Jednd se o velice Siroké téma, kdy je mozné vzdjemné korelovat nejriiznéjsi
techniky, proto zde budou zminény pouze nekteré.

Nejcastéji korelovanymi technikami jsou SPA proteinovych struktur v 2D
[185] nebo v3D a rentgenova difrakce zkrystalizovanych proteint,
respektive jejich trojrozmérny model, ktery lze dle velikosti urcit i pomoci
nuklearni magnetické rezonance (NMR) [186].

ET pomoci néklonnych snimka z fezti ze vzorkl zalitych v pryskyfici
lze zobrazit objekty tvofené proteinovymi strukturami navazané uvnitf tkani
nebo bun¢k a tyto data korelovat s proteinovou strukturou ziskanou SPA nebo/a
rentgenovou difrakei [187]. Vavra, Bily, Nebesatova et al. jako prvni pouzili
korelace ultrastruktury fezi pomoci ET a mikroskopie atomdarnich sil (AFM).
Poukézali na disproporce v zobrazeni ET souvisejici s krajenim a kontrastovanim
fezi. Pfi krajeni fezli ze stfeva dafnie obsahujiciho virové castice
cytoplasmatického polyhedrozniho viru, které bylo zalité do pryskyfice, dochazelo
k vypadavani virovych ¢astic z povrchu fezl. V kroku kontrastovani se tyto diry
zaplnily kontrastujicim ¢inidlem. V ET ,nakontrastované* diry vykazuji
podobnou strukturu jako realné virové castice. Dale pozorovali, Ze dochéazelo
k vétsimu zachytu kontrastujiciho ¢inidla u virovych ¢astic, které byly v kontaktu
s krystalem [Kapitola 7], jehoz ptivod je spojen s plsobenim viru [188] a
také u Castic, které byly profiznuty pti krajeni [Kapitola 7].

Dalsi korelativni mikroskopické techniky jsou spojeny se svételnou
mikroskopii a pozorovanim zivych bunék, které jsou nasledné prohlizeny v EM
s vyuzitim riiznych technik ET. K pozorovani bun¢k v Zivém stavu lze vyuzit napf.
svételny, fluorescencni nebo konfokalni mikroskop. Bunky lze pozorovat
ve svételném mikroskopu i za kryo rezimu. V dalSim kroku je mozné bunky
po pozorovani svételnou mikroskopii zpracovat tak, aby je bylo mozné prohlizet
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v EM. Jednou moznosti je prohlizeni bun€k pii pokojové teploté zalité
do pryskyfice, druhou moznosti je prohlizet je ve zmraZzeném stavu v rezimu kryo.
Zasadni je vyhledat a pozorovat stejné misto v obou typech mikroskopii,
napf. je moznost softwarové vzajemné korelovat stejné objekty a jejich rozlozeni
(tvar bunék a jejich rozmisténi, bodové znacky (nanocastice) atd.). Dals$i moznosti
je hledat objekty podle pozice v prostoru, kterou lze urcit napi. pozici drzéku
pomoci znafenych siték, znacené podlozky obtisknuté do pryskyfice, anebo
pomoci laserem vypalenymi znackami [189, 190, 191, 192, 193,
194, 195, 196].

1.2 ET Z NAKLONNE SERIE ZA POKOJOVE TEPLOTY
1.2.1 Zpétna rekonstrukce

Zakladni princip zpétné rekonstrukce (BPJ) byl popsan v ¢asti 1.1.4,
grafické znazornéni algoritmu zpétné rekonstrukce je viz. obrazek 21,
kde ze tii projekci vychazeji (zpétn€) projekeni svazky, které se v misté protnuti
slozi v zrekonstruované objekty. Jsou zde vidét 1 objekty se slabSim kontrastem
tvofené mensim poctem protinajicich se projek¢nich svazkli nebo s tésnym
piiblizenim vSech tii projekénich svazkil bez idedlniho protnuti, které vytvareji
nerealné objekty a zvysuji intenzitu pozadi. Takovéto pozadi je charakterizované
niz$imi obrazovymi frekvencemi, jejich korekce se fesi filtrem potlacujicim nizké
frekvence (WBPJ).

Obrazek 21: Grafické znazornéni principu zpétné projekce. V levé ¢asti je rekonstruovany objekt
a v pravé ¢asti jeho rekonstrukce ze tii projekei [59].
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Princip zpétné rekonstrukce (viz. obrazek 22) je opét vidét na obrazku A,
kde je zobrazen rekonstruovany objekt a B-D vyobrazuji jeho rekonstrukce
ze zvétSujiciho se poctu projekénich snimkd. Predev§Sim pro niz§i pocet
projekénich snimkl je opét patrné vyrazné pozadi. Aplikace WBPJ je patrna
na snimku H viz. obrazek 22.

F
-.

Obrazek 22: Objekty rekonstruované z projekei. A) originalni objekt, B-G rekonstrukce z jeho
projekei (pocet projekei: 1, 3,4, 16, 32 a 64), H filtrovana rekonstrukce z obrazu G [199].

Matematické teSeni BPJ vychdzi zi-tych projekénich dat g
(tmérné poctu nerozptylenych elektrontl) zachycenych na jednom pixelu kamery,
které jsou souctem i-tych denzit fi reprezentujicich jednotlivé body objektu
(denzity piedstavuji mnozstvi nerozptylenych elektronli v daném objemu),
kterymi prochazi jeden pomyslny projekéni svazek primarnich elektront.
BPJ se pak pocita jako suma projek¢nich dat g; prochazejici rekonstruovanym f*;
bodem déleno poctem naklonnych projekeci neboli kazdy bod reprezentuje
pramérnou hodnotu jim proslych pomyslnych projek¢nich svazki viz. obrazek 23.

£ f % o
I
EE & $ ¥ 4
s E & 3+o4 | p2+ 94| gl +o4
g3+g4 |g2+gd|gl+g
&=fitftf; €= f) Lo| S 25 e g3+g5 g2+g5 gl+gs
ssfofst; o= fo | S | s £ 12 ) <
g3+26|g2+g6|gl+gb
sfrifetf ®= £ | Ll h| 8 " 2 | 2 | 2

Obrazek 23: Princip BPJ. Levy obrazek reprezentuje projekéni data gi dana denzitami vzorku f; a
pravy obrazek reprezentuje rekonstruovany objekt [199].
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Takto zrekonstruované objekty budou vykazovat vyssi intenzitu nizkych
frekvenci, které 1ze potlacit filtrem (WBPJ).

Operace BPJ l1ze definovat jako spojitou funkci rekonstruovanych hustot
b(x, y) urcenych integralem projekcni spojité funkce g(s,0) podle rovnice 7.
Rekonstruovany bod na pozici x a y je tedy dan sumou vSech projekei
prochézejicich timto bodem pod uhly 8 vici kolmici na podélnou stranu vzorku
v rozsahu od 0 do m radidnt. Vzdalenost s je kolma vzdalenost na projekci
pii ur€itém thlu vzorku 6 od osy rotace O viz. obrazek 24.

b(x,y) = [ g(s,0)d6 Rovnice 7

o

Obrazek 24: Odvozeni BPJ. Levy obrazek znazornuje geometrii projekce objektu naklonéného
pod uhlem 6 vici detektoru, ktery zaznamena projekéni obraz jako funkei g(s, ). Svazek
primarnich elektronil prochdzejici vzorkem dopada vzdy kolmo na detektor. Pravy obraz

vyobrazuje detailné geometrii projekce na detektor, kde u je usecka mezi body [ a M
reprezentujici interak¢éni mista uvniti vzorku. Vzdalenost s je vzdalenost mezi body A a P nebo I
a O reprezentujici pozici na osviceném detektoru nebo kolmou vzdalenost projekéniho svazku
od osy rotace a je rovna souctu sy a s2 [199].

Vzdalenost s ozafen¢ho pixelu na detektoru nebo také kolmou vzdalenost
pomysiného projekéniho svazku od osy rotace vzorku O Ize urcit pomoci
trigonometrie jako soucet s1 + 52 viz rovnice 8.

S =5;+ 5, =cosO -x +sinf -y Rovnice 8

Vzhledem k diskrétni povaze detektoru a limitovanym pocétim projekci
rovnice 8§ muze byt prepsana do formy rovnice 9, kde & je k-td pozice pixelu
na detektoru a p je pocet projekei.
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b(x,y) = b _19(5k,6,) - 06 Rovnice 9

Pro vypocCet BPJ je nejcastéji vyuzivano s€itani projekcnich snimkl
ve Fourierové prostoru, kde jsou jednotlivé snimky, reprezentujici projekéni
hustoty fezu, transformovany Fourierovo transformaci a pfi¢teny pod danym
uhlem naklonu do Fourierova prostoru, ktery reprezentuje rekonstruovany objem
fezu. Proces zpétné rekonstrukce (BPJ) spociva v zpétné Fourierové transformaci
tohoto Fourierova prostoru vzniklého sumaci jednotlivych projekci.

1.2.2 Fourierova transformace

Fourierova transformace #7[f(¢)] je dana komplexni funkci Fourierova
obrazu F(v) o jedné realné proménné v, jenz je transformovan z komplexni funkce
f(t) 0 jedné realné promeénné ¢ podle rovnice 10. Inverzni Fourierova transformace
FUE(t)] se pocita podle rovnice 11.

Fw) = [T7f(t) - e 2 de Rovnice 10

f@®) = f_t: F(v)-e?™tdy Rovnice 11

V ptipadé¢ projekci je pouzivana diskrétni forma Fourierovy transformace
(rovnice 12) a inverzni Fourierovy transformace (rovnice 13),
kde x(n) je fada komplexnich cisel xo, x1, x2, ..., xn-1 0 N vzorcich a podobné X(k)
je fada komplexnich ¢isel.

—2mink

X, =YNlx, e N Rovnice 12

2mink

—_VvN-1y . Rovnice 13
xn_anoxk e N

Pro pocitacové zpracovani se vSak pouziva rychlda Fourierova
transformace, kde se transformace viz. rovnice 12 rozd¢li na dvé ¢asti a vzniknou
sudé (Ex) a liché (Ok) cleny, poté n je nahrazeno pro sudé n = 2m a
pro lich¢ n = 2m+1. Obé poloviny (Xi a Xs+n2 — rovnice 14, rovnice 15)
diky periodicité¢ exponencidlu obsahuji sudé¢ a liché ¢leny. Zrychleni vypoctu
(viz. 1.1.3.I) spocivda v pouziti vypoctenych sudych a lichych ¢lent
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vobou polovinaich vypo¢tu FFT s vyuzitim motylkového schématu,

které umoZznuje pouZit rekurzivni algoritmus.

N 4 —2mizmk N 4 —2mi(2m+1)k
_\'2 TN 2 TN —
Xk - Zm=0 Xom " € N + Zng Xom+1 " € N -

N N
51 —2mimk 51 —2mimk
N —2mik N Rovnice 14
= Xom'e 2 +e N Xamsr1'€ 2 =
m=0 m=0
—2mik
= Ek + e N 0](
—2mik R :
ovnice 15
X N = Ek —e N Ok
k+

2

Diskrétni FFT ve formé 2D se nepouziva pouze na vypocet BPJ, ale také
na ktizové korelace, kterymi Ize méfit vzajemné posunuti dvou snimka obsahujici
alespon urcitou identickou ¢ast. Posuv obrazli se vyhodnoti hledanim vzdalenosti
nejsvétlejsiho bodu v obraze vypocten¢ho
jako FFT![FFT(obraz1)xFFT(obraz1)] viz. obrazek 25.

Obrazek 25: Aplikace kiizové korelace na vypocet posunu dvou snimkt. Levy obraz — zvétSeny
obraz kiizové korelace s naznacenou vzdalenosti posunuti mezi sttedem a nejsvétlejsim bodem
obrazu. Prostiedni obraz — ptivodni dva posunuté snimky (modry a ¢erveny). Pravy obraz —
Vzajemné zkorelované snimky. Jedna se o AFM snimky povrchu fezi, snimané v ramci ¢lanku
(nepublikovany vysledek T. Bily) viz. kapitola 7 — vypocteno pomoci Matlabu.

1.2.3 Schéma prace pii ET

Jedna se ptedevSim o stat’ se zakladnimi empirickymi zkuSenostmi s ET
na TEM JEOL 2100 F pracujicim primarné pii 200 kV za pokojové teploty
na preparatech zalitych do pryskyfice.
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1) Velikost nejmensiho biologického detailu
Lze ocekavat nejmensi zobrazitelnou velikost biologického detailu
v rozsahu 3 az 7 nm [35], které je dano chemickou pftipravou,
krajenim fezl, kontrastovanim vzorku apod.

2) RozliSeni ET (Crowtheriv vztah — rovnice 1 [59])

a. Volba tloust’ky rezi

Klady a zapory zvysujici se tloustky tezl:

+ V tomogramu bude zachycen vétsi objem
(ten je do jisté miry urcen velikosti objektu)

- Nizs8i rozliSeni tomogramu

- Zvétsujici se pocet piekryvajicich se objektt,
coz znesnadnuje orientaci v objektech

- Narust radia¢ni poskozeni vzorku

Empiricky  zjisténd hodnota optimalni tloustky fezu
je ~100-160 nm pro 200 kV TEM. S volbou tloustky ezt
souvisi volba zaméfovacich znacek, respektive velikost
nanocastic. Pro fezy tloustky do 120-150 nm lze pouzit
nanocastice o pruméru <10 nm, pro tlustsi fezy jsou vyhodnéjsi
praméry >12 nm. Je potteba ptihlédnout k rozliseni mikroskopu
pixelu pii daném zvétSeni (viz dalsi bod) tak, aby velikost
nanocastic respektovala velikost pixelu.

b. Ur¢it krok naklonu

Vétsi krok znamena mensi rozliSeni (viz. tabulka 4), ale dochézi
k mensSimu radiac¢ni poSkozeni. Obecné nejpouzivanéjsi velikost
kroku je 1°.



Tloustka fezu [nm]
50 {100 : 150 ! 200
Ikrok Rozliseni [nm]

2 |1,7513,49:524} 6,98

1 |0,8711,7512,621 3,49
0,810,70i11,40:2,09% 2,79
0,706111,22:1,83} 2,44
0,60,52;1,05:1,57: 2,09
050,44i08711311 1,75

Tabulka 4: Rozliseni ET pfti zvolenych parametrech

(krok je v tthlovych stupnich) v lateralni rovin€. Vypocteno z rovnice 1.

C.

Urc¢it maximalni uhel naklonu a
Muiuze byt omezen volbou predchozich parametrq,

nebot’” dochazi s funkci ﬁ k prodlouzeni efektivni tloustky

(draha/tloustka, kterou prochazi elektron skrze fez pti daném
uhlu néklonu) se zvétsujicim se thlem naklonu a viz. tabulka 5.

Dale miize byt omezen rozméry pélovych nastavci objektivoveé
cocky, ptipadné fyzickymi rozméry drzaku a pozici snimané¢ho
mista, kterd vyzaduje posunout osu rotace mimo fyzickou osu
drzéku (tzv. eucentricka lateralni pozice a vyska).

Maximalni uhel néklonu urcuje prodlouzeni objekti v ose Z
(rovnice 2 [68]) — hodnoty koeficientu prodlouzeni

jsou viz. tabulka 3.

D[nm]/ea[]| 45 50 55 60 65 70 75 80

40

ot 62 70 80 95 117 155 230

50

7l 78 87 118 | 146 | 193 | 288

70

99 109 | 122 166 | 205 | 270

20

100

141 156 174

120

170 | 187 | 209

150

100
140
127 140 5 180 348
200
240
300

212 233 262

180

255 280 314

200

283 311 349

Tabulka 5: Hodnoty efektivniho prodlouzeni v [nm] pro danou tloustku fezu a tihel naklonu.
Empiricky zjisténa obvykla pouzitelnost pro 200 kV TEM (muze se lisit dle specifické houstoty
vzorku, zptisobu kontrastovani atd.): zelena-v pofadku, oranzova-miize dojit k rozmazani obrazu

vlivem zvysujici se efektivni tloustky, ¢ervena-v extrémnich ndklonech miize zacit chybovat

automatika snimani, hnéda-nerealizovatelné. [T. Bily]
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d. Volba jednoosé nebo dvouosé tomografie
Pii jednoosé¢ tomografii miiZe nastat v zrekonstruovaném
tomogramu rozmazani membran diky jejich poloze v 3D
viz. 1.1.4.11. Nevyhodou dvouosé tomografie je vétsi radiacni
poskozeni vzorku, pokud neni specialni drzak, tak muaze dojit
k poSkozeni vzorku pfi manipulaci a naposledy zpracovani
je casové 1 technicky naro¢néjsi.

3) RozliSeni snimku

Je ur€eno rozliSovaci schopnosti mikroskopu pifi daném zvétSeni a
tedy velikosti pixelu v obrazu. RozliSeni snimku by mélo reflektovat
Nyquist—Shennoniiv teorém [29, 30]. Empiricky se osvéd¢ilo 4x mensi
velikost pixelu nez rozliSeni ET. To muze vést krelativné velkym
zvétSenim, pii nichz mize byt rekonstruovand plocha nedostatecna.
Tuto situaci Ize teSit snizenim narokl v pfedchozich parametrech nebo
pouzitim spojovani tomogramu v lateralni rovin€. Podobné¢ i volba tloustky
muze vést knutnosti pouzit sluCovani sériovych tomogramu
viz. obrazek 26.

Obrazek 26: Aplikace sloucenych deviti sériovych tomogramu ke zobrazeni 3D objemu

bakterie Borrelia burgdoferi. Nepublikovany vysledek ve formé manuskriptu.

(Objem rekonstruovany v aplikaci AMIRA — nepublikované vysledky T. Bily, M. Vancova)



Po volbé rozliSeni ur€ujici parametry naklonné série se vykona samotné
snimani a nasledné zpracovani tomogramu, tj. zpétna rekonstrukce a vizualizace.
Pro zpétnou rekonstrukci 1ze vyuzit néktery z fady dostupnych programti: Etomo
(bio3d.colorado.edu), Imagel/TomoJ/Fiji (imagej.nih.gov, www.cmib.fr, fiji.sc),
TxBR (confluence.crbs.ucsd.edu), Amira nebo Tomography nebo DM nebo
Inspect 3D  (www.fei.com), protomo (www.electrontomography.org), TOM
Toolbox (www.biochem.mpg.de), Ettention (www.ettention.org).

Software pro vytvareni modell a vizualizaci: Imod (bio3d.colorado.edu),
Chimera (www.cgl.ucsf.edu), Population (www.population-image.fr),
Reconstruct  (synapseweb.clm.utexas.edu/software-0), PyTom (pytom.org),
Jinx (confluence.crbs.ucsd.edu), Cytoseg (confluence.crbs.ucsd.edu),
SLASH (sites.google.com/site/slashsegmentation/tools/slash-3d-viewer),
BioView3D  (http://www.dimin.net/software/bioview3d/), =~ Amira, Imaris
(www.bitplane.com), BioVis3D (www.biovis3d.com), 3DSlicer (www.slicer.org),
MIB (mib.helsinki.fi), ilastik (www.ilastik.org), EM3D (em3d.stanford.edu).
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Kapitola 2. CiLE DISERTACE






1. Interakce viru Kklistové encefalitidy s nervovymi buiikami
zdokumentovat pomoci ET.
a. Zobrazit reorganizované membranové struktury vlivem
infekce
b. Zobrazit vyuziti intracelularniho transportu virem uvnitf
bunék

Reorganizované membrany endoplazmatického retikula se méni
ve slozit¢é membranové struktury s replikacnimi centry viru.
Velmi casto neni moZzné v ramci projekénich snimkil rozeznat
oblasti pattici do endoplazmatického retikula, které jsou ohrani¢ené
membranami.

Podobné na projekénim snimku vir nachazejici se v blizkosti
mikrotubulu, domnéle vyuZzivajici intracelularni transport, se miize
ve skutecnosti nachazet nad tubulem bez jakékoli moznosti
funkéniho kontaktu.

Tento cil vychdzi a navazuje na praci Riizek, Vancova et al. [197].

2. Zobrazit 3D strukturu centrilni elektrondenzni ¢asti bi¢iku typu
9+,1%
Bicik 9 + ,1* selektrondenzni centralni casti byl detailné
ultrastrukturdlné studovéan v praci Silveiry [198], kde byla centralni
elktrondenzni oblast popsana v 3D pouze jako podlouhly element.

3. Korelace dat mezi ET a AFM mikroskopii

ET selhava ve zobrazeni povrchi fezl, které maji ¢lenity profil vznikly
krajenim  biologického  materialu  zalittho do  pryskyfice,
protoze u zrekonstruovanych objemt dochézi v této oblasti ke zménam
kontrastu. AFM nabizi zplsob, jak tuto oblast detailné prozkoumat
s moznosti zobrazeni az s atomarnim rozliSenim. Cilem bylo najit
podminky, které umoZni snimat fezy ptimo na EM sitkach jak v TEM,
tak v AFM bez jejich poSkozeni a porovnat tato data.
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Kapitola 3. SEZNAM CLANKU

Publikované clanky zahrnuté v disertac a citované spoluautorské clanky






3.1 CLANKY ZAHRNUTE V DISERTACI
3.1.1 Interakce viru klistoveé encefalitidy s nervovymi buiikami

Tyto vysledky mély za snahu rozsifit poznani ohledné interakce viru
klistoveé encefalitidy (TBEV) snervovymi buitkami. Béhem infekce TBEV
dochazi k rozsahlé reorganizaci hrubého endoplazmatického retikula (ER)
ve slozitou membranovou sit’ s replikaénimi centry a k tvorbé vacka uvnitt kterych
probiha replikace viru. U pozorovani zakladajicich se na 2D projekénich snimcich
ultratenkych tezi dochazi k prekryvani struktur, které znemoZnuje orientaci
v 3D organizaci objekt. ET jsme pouzili k zobrazeni a popsani zmén v bunkéch
vyvolanych TBEV.

TBEV vyuzivda kopusténi bunky jeji sekreCni systém spojeny
s intracelularnim transportem a pomoci ET jsme chtéli popsat poprvé interakci
TBEV s mikrotubularnim systémem cytoskeletu.

[Kapitola 4] CLANEK 1. Infection and injury of human astrocytes by tick-borne
encephalitis virus, Martin Palus, Tomas Bily, et al.

[Kapitola 5] CLANEK 2. Electron Tomography Analysis of Tick-Borne Encephalitis
Virus Infection in Human Neurons, Tomas Bily, Martin Palus, et al.

3.1.2 Ultrastruktura centralni ¢asti bi¢iku 9+1

Trojrozmérna  struktura  elektrondenzni  centralni  Casti  biciku
byla v minulosti popsana jako podlouhle orientovana ¢ast. V této praci a v dalsi
[souvisejici ¢l.- 2] vyobrazujeme s pomoci ET 3D rekonstrukci jejiho tvaru.

[Kapitola 6] CLANEK 3. Ultrastructural, cytochemistry and electron tomography
analysis of Caryophyllaeides fennica (Schneider, 1902) (Cestoda: Lytocestidae)
reveals novel spermatology characteristics in the Eucestoda, Martina Matouskova,
Tomas Bily, et al.

3.1.3 Korelativni mikroskopie EM a AFM

V praci popisujeme nalez irido viru a cytoplazmatického polyhedrozniho
viru (CPV). Je zobrazena jejich 3D struktura uvnitf tkang€. U fezli s CPV jsem
pozoroval odliSny kontrast vird vyskytujicich se mimo krystal a u vird
nachézejicich se u povrchu fezii. Pomoci AFM jsem zkoumal odliSnosti
ve zobrazeni pomoci EM, ET a AFM.
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[Kapitola 7] CLANEK 4. Occurrence, pathology, and ultrastructure of iridovirus

and cytoplasmic polyhedrosis viruses in daphnids from the Czech Republic,

Jifi Vavra, Tomas Bily, et al.

3.2 CITOVANE AUTORSKE CLANKY

souvisejici ¢L.- 1.

souvisejici ¢L.- 2.

souvisejici ¢L.- 3.

souvisejici ¢l.- 4.

souvisejici ¢L.- 5.
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Infection and injury of human astrocytes by
tick-borne encephalitis virus

Martin Palus,'?3t Tomas Bily,'*t Jana Elsterova,!**
Helena Langhansova,'? Jii Salat,> Marie Vancova! and Daniel Rtizek !

nstitute of Parasitology, Biology Centre of the Academy of Sciences of the Czech
Republic, Branisovska 31, CZ-37005 Ceské Budgjovice, Czech Republic

2Faculty of Science, University of South Bohemia, Braniovska 31, CZ-37005 Ceské
Budgjovice, Czech Republic

3Department of Virology, Veterinary Research Institute, Hudcova 70, CZ-62100 Brno,
Czech Republic

Tick-borne encephalitis (TBE), a disease caused by tick-borne encephalitis virus (TBEYV),
represents the most important flaviviral neural infection in Europe and north-eastern Asia.
In the central nervous system (CNS), neurons are the primary target for TBEV infection; however,
infection of non-neuronal CNS cells, such as astrocytes, is not well understood. In this study,
we investigated the interaction between TBEV and primary human astrocytes. We report for the first
time, to the best of our knowledge, that primary human astrocytes are sensitive to TBEV infection,
although the infection did not affect their viability. The infection induced a marked increase
in the expression of glial fibrillary acidic protein, a marker of astrocyte activation. In addition,
expression of matrix metalloproteinase 9 and several key pro-inflammatory cytokines/chemokines
(e.g. tumour necrosis factor a, interferon a, interleukin (IL)-1f, IL-6, IL-8, interferon y-induced protein
10, macrophage inflammatory protein, but not monocyte chemotactic protein 1) was upregulated.
Moreover, we present a detailed description of morphological changes in TBEV-infected cells,
as investigated using three-dimensional electron tomography. Several novel ultrastructural changes
were observed, including the formation of unique tubule-like structures of 17.9 £0.15 nm diameter
with associated viral particles and/or virus-induced vesicles and located in the rough endoplasmic
reticulum of the TBEV-infected cells. This is the first demonstration that TBEV infection activates
primary human astrocytes. The infected astrocytes might be a potential source of pro-inflammatory
cytokines in the TBEV-infected brain, and might contribute to the TBEV induced neurotoxicity and
blood-brain barrier breakdown that occurs during TBE. The neuropathological significance
of our observations is also discussed.

INTRODUCTION

Tick-borne encephalitis (TBE) is a serious viral
infection of the central nervous system (CNS) caused
by tick-borne  encephalitis (TBEV).
TBEV is a single-stranded positive-sense RNA virus

virus
belonging to the genus Flavivirus,
family Flaviviridae (Mansfield et al., 2009).
More than 13 000 clinical cases of TBE, including
numerous deaths, are reported annually in Europe
and north-eastern Asia (Mansfield er al, 2009).

Despite the medical importance of this disease,
some crucial steps in the development of encephalitis
remain  poorly  understood. In  humans,
TBEV may produce a variety of clinical symptoms.
The clinical spectrum of acute TBE

from symptoms of undifferentiated febrile illness

ranges

or mild meningitis to severe meningoencephalitis
with or without myelitis (Haglund & Giinther, 2003;
Razek et al., 2010). Chronic TBE occurs less
frequently and has- been reported only in some
regions of Russia, mainly in Siberia and the Far East,
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where this form comprises 1-3% of all TBE cases
(Gritsun et al., 2003)

t These authors contributed equally to this study.
A supplementary movie is available with the online
version of this paper.

Major hallmarks of TBEV neuropathogenesis
are neuroinflammation followed by neuronal death
and disruption of the blood-brain barrier (BBB)
(Ruzek et al., 2009a, 2011; Palus et al., 2013, 2014).
The response of TBEV infection in the brain
is characterized by massive inflammatory events,

including the production of cytokines
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Fig. 1. TBEV can infect human primary astrocytes.
(a) HBCAs grown and fixed on slides at days 3 and
10 post-infection (p.i.) were stained with anti-
flavivirus  envelope antibody (green) and
counterstained with DAPI (blue). TBEV-infected
HBCAs
antibody

immunostained with flavivirus-specific

demonstrated virus replication
in the cytoplasm, with antigen aggregates forming
at day 3 p.. At later time points (10 days p.i.),
only the brightly stained aggregates of viral antigen
were observed. Mockinfected HBCAs
with primary and secondary antibodies were used

as a negative control, and did not exhibit any TBEV
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stained

antigen staining. (b) TBEV titres in culture
supernatant from HBCAs collected at 0, 1, 2, 3,7, 9
and 15 days p.i. were determined by plaque assay
using porcine kidney stable cells. Viral titres
are expressed as p.fu. ml'. Data represent
means+SEM. (c) Total RNA extracted from HBCA
cell lysates at 0, 2, 7, and 15 days p.i. was used
to determine the number of intracellular TBEV RNA
copies by quantitative RT-PCR. Values represent
meanstSEM. (d) The percentage of HBCAs
that were positive for TBEV antigen in culture at 3,
7, 10 and 15 days p.i. was determined.
Data were obtained based on a total of 23 000 cells
counted in at least seven independent fields.

(e.g. IFN-y, TNF-a, and IL-1p, IL-6 and IL-10) and
chemokines [e.g. monocyte chemoattractant protein
(MCP)-1/CCL2,  IFN-y-induced
(IP-10)/CXCL10, macrophage inflammatory protein
(MIP)-1o¢ and RANTES] (Palus et al., 2013).
Microglia and astrocytes are classically believed

protein 10

to serve as the predominant source of these cytokines
and chemokines in the CNS, and therefore may act
as important processors of neuroinflammation and
neurodegeneration (Ramesh et al., 2013). The pro-
inflammatory chemokines attract immunocompetent
cells to the CNS (Réaux-Le Goazigo et al., 2013),
including CD8* T-cells, which may mediate
immunopathology during TBE (Ruzek et al., 2009a).
Moreover, the molecules
can further activate downstream apoptotic signalling
pathways in neurons, resulting in neuronal death
(Kumar et al., 2010) or inducing breakdown
of'the BBB (Ruzek e al., 2011; Erickson et al., 2012;
Palus et al., 2014). We used a rodent model
to demonstrate that TBEV infection is associated

pro-inflammatory

with the dramatic BBB breakdown that occurs during
the later stages of infection. The BBB breakdown
most likely represents a bystander effect of virus-
induced cytokine/chemokine overproduction
in the brain (Razek er al., 2011). However,
the specific cell types that express these cytokines
and chemokines have not been characterized.

Although neurons are primary targets after TBEV
enters the CNS (Hirano et al., 2014), other brain cells
may also be infected (Potokar ez al., 2014). Infection
of non-neuronal CNS cells including astrocytes has,



albeit been cases
of flavivirus encephalitis (Desai et al., 1995;
Nogueira et al., 2002; German et al., 2006; Balsitis
et al.,2009; de Aratjo et al., 2009; Sips et al., 2012).

It was shown recently that TBEV infects cultured

infrequently, reported in

primary  rat astrocytes  without affecting
their viability. Therefore, it was suggested that
astrocytes might represent an important reservoir of
TBEV in brain during the infection (Potokar et al.,
2014). Astrocytes are the most abundant glial cell
population in the human brain (Nedergaard et al.,
2003) and have various leading roles in the brain,
including integrating neuronal functions, neuronal
support and regulation of the BBB. Thus, astrocytes
serve as a structural and functional bridge between
endothelial cells of the BBB and neurons; together,
they form the ‘neurovascular unit’ (Stanimirovic &
Friedman, 2012), which regulates blood flow,
the integrity of the BBB and neuronal activity
in response to physiological and pathophysiological
changes (Hussmann et al., 2013).

Astrocytes are key players in the inflammatory
response  during
by flaviviruses, namely Japanese encephalitis
(Bhowmick ez al., 2007; Yang et al., 2012) and West
Nile encephalitis (Diniz et al., 2006; Verma et al.,
2011; Hussmann et al., 2013); however, their role
in the development of TBE
unstudied.

neural infections  caused

remains largely
Here, we aimed to
the sensitivity of primary human astrocytes to TBEV
infection, virus growth, virus-induced astrocyte

activation, and cytokine and chemokine production.

investigate

We demonstrate here for the first time, to the best
knowledge, that TBEV is capable
of productive, persistent infection in primary human
astrocytes, and that this infection is associated

of our

with astrocyte activation and the production
of various pro-inflammatory cytokines and
chemokines.

On the ultrastructural level, the infection causes
morphological that
the proliferation and rearrangement of the rough
endoplasmic (RER) and lead
to the new  compartments
with an optimal microenvironment that provides
protein synthesis,
processing and RNA replication, whilst providing

massive changes include
reticulum
formation  of

functional sites for

protection against the host immune system
(Welsch ez al., 2009; Gillespie et al., 2010; Offerdahl
et al., 2012; Miorin et al., 2013). These newly
transformed  compartments  are  represented
by wvesicles or vesicle packets that
a pore opening to the cytosol (Offerdahl et al., 2012;

Miorin et al., 2013) and convoluted membranes

contain

with a putative polyprotein processing function
(Welsch et al., 2009). A number of other functions
have been
of  this

the concentration of virus replication machinery,

ascribed to the proliferation

membrane  network,  including

the provision of a solid-state platform

for viral protein synthesis and replication,
and the sequestration of viral dsRNA (the replicative
form) from innate immune sensors (Overby et al.,

2010; Offerdahl et al., 2012).

We also used electron tomography to provide
important insights into the three-dimensional (3D)
morphology of the infected cells, and,
to the best of our knowledge, this is the first
description of the 3D architecture of the tubule-like
structures found in the RER of TBEV-infected
human astrocytes. Taken together, our findings
suggest that astrocytes can significantly contribute
to the development of inflammation in the CNS
during TBE. This information may facilitate novel
strategies for treating this important neural infection.

RESULTS

TBEV can
astrocytes

We employed a
immunofluorescence staining for viral antigen
to determine TBEV infection and replication kinetics

infect and replicate in human

plaque assay  and

in primary human brain cortex astrocytes (HBCAs)
(Fig. 1). Viral detected
in mockinfected HBCAs (Fig. 1a) or in cells stained
with secondary antibody alone. Based on a total

antigen was not

0f 23 000 cells counted in at least seven independent
fields, approximately 11% ofHBCAs were infected
with TBEV at day 3, 14% at day 7, 10% at day 10
and 18% at day 15 post-infection (p.i.) (Fig. 1d).

TBEV replication was quantified using a plaque
assay in TBEV-infected cell supernatants collected
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daily from days 0 to 3 and then at 7, 9, 10 and 15 days
p-i. Productive TBEV replication in the form
of release of virions was first detected at day 2 after
infection, and day 2 also represented the limit
of virus production (Fig. 1b). Intracellular TBEV
replication assessed by quantitative real-time reverse
(RT)-PCR also
replication for the first 15 days p.i., and the number

transcription confirmed virus
of TBEV RNA copies increased in a time-dependent
manner (Fig. 1c). We also used phasecontrast
microscopy to examine TBEV-infected astrocytes

for cytopathogenic effect (CPE) and cell death;

neither was observed at any time point
(data not shown).
Immunofluorescence staining revealed

that the TBEV antigen was distributed mostly
diffusely throughout the entire body of the astrocyte
at early time points after infection (Fig. la).
However, at later time points (as early as day 3
after infection), we observed brightly staining
aggregates of viral antigen. A co-localization study
with protein disulfide isomerase family A, member 3
(PDIA3) antigen (also known as Erp57, Er-60 and
GRP58) suggested that the antigen was localized
primarily in extremely hypertrophied and rearranged
endoplasmic reticulum of the cells as
as day 3 p.i. (Fig. 2).

early

TBEV induces
proinflammatory
in human astrocytes

Pro-inflammatory cytokines,

the expression of multiple
cytokines/chemokines

such as IL-14 and
TNF-a, play an important role in mediating neuronal
death and neuroinflammation in various diseases.
Therefore, we investigated the effect of TBEV
infection on the mRNA expression of key pro-
inflammatory cytokines, such as IL-14, IL-6, IL-8,
IFN-a and TNF-a. We also measured the expression
of MCP-1/CCL2, MIP-15/CCL4 and IP-10/CXCL10
mRNAs in infected and control astrocytes
(Figs 3 and 4). On day 1 p.i., we observed
no significant increase in the mRNA expression
of any cytokine/chemokine.

The expression of CCL2/MCP-1 mRNA did not
change significantly at any time point (Fig. 3f).
Robust upregulation of TNF-a mRNA was detected
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at 3 and 4 days p.i.; however, the expression was
decreased at 15 days p.i. (Fig. 3a). IFN-a mRNA
expression was slightly upregulated only at day 4 p.i.
(Fig. 3b). Although the expression of IL-14, IL-6 and
IL-8 mRNAs to 4,
no upregulation was observed at day 15 p.i.
(Fig. 3c—e, respectively). We observed strong
increases of CCL4/MIP-15 and CXCL10/IP-10
mRNA expression from 3 to 4 days p.i.;

increased from day 3

however,
at day 15, the expression level for these molecules
was similar in infected cells and control cells
(Fig. 4a, ).

We used ELISA to investigate the release of secreted
MIP-15/CCL4 and IP-10/CXCL10
cytokines/chemokines in the culture medium
of TBEV-infected and control cells. The amount
of soluble MIP-15/CCL4 did not increase until day

4 p.i. At day 5 p.., the amount of soluble

MIP-15/CCL4 was significantly increased (Fig. 4d).
Basal levels of IP-10/CXCL10 in culture media
were very low. Starting on day 2 p.i. the amount
of soluble IP-10/CXCLI10 increased substantially
(P<0.001; Fig. 4b).

PDIA3

Fig. 2. TBEV antigen is co-localized with PDIA3
antigen in infected HBCAs at later times p.i. HBCAs
grown and fixed at day 3 p.i. were stained with anti-
flavivirus envelope antibody (green) and anti-PDIA3
antibody (red), and counterstained with DAPI (blue).
Co-localization of TBEV and PDIA3 antigens
was observed at all investigated time points p.i.
Three representative examples are shown. Mock-
infected HBCAs stained with primary anti-flavivirus
and secondary antibodies (or
with secondary antibodies
as negative controls and did not exhibit any TBEV

cells stained

only) were used

or PDIA3 antigen staining (not shown).



TBEY infection induces the production of matrix
metalloproteinase 9 by astrocytes

The expression of matrix metalloproteinases
(MMPs), especially MMP-9, correlates with BBB
disruption during many neuroinflammatory diseases.
Therefore, we investigated the effect of TBEV
infection on the production of MMP-9 by astrocytes.
The release of soluble MMP-9 into the culture
medium of mock- and TBEV-infected astrocytes
was detected using ELISA. Starting at day 2
after infection, the amounts of soluble MMP-9
increased until the end
with a dramatic

continuously
of the experiment, increase

at day 7 (Fig. 5).

AN

H
Time (days pi)

Time (days pi)

Fig. 3. TBEV differentially modulates the expression
of pro-inflammatory cytokines and chemokines
in HBCAs. Total RNA from mock-infected and
TBEV-infected HBCAs at days 1-4, 9 and 15 p.i.
were used to determine the fold change of TNF-o (a),
IFN-a (b), IL-1 g (c), IL-6 (d), IL-8 (e) and
MCP-1/CCL2 (f) mRNAs with quantitative
RT-PCR. Changes in cytokine and chemokine levels
first
of housekeeping genes

were normalized to the expression
(human f-actin and
glyceraldehyde 3-phosphate dehydrogenase) and
the fold change in the infected cells was calculated
controls.

compared with the corresponding

Data are expressed as means+SEM.

TBEYV infection is associated with the activation
of infected astrocytes, as demonstrated
by increased glial fibrillary acidic protein (GFAP)
expression

To provide additional evidence that TBEV infection
per se causes astrocyte activation, we measured
the production of GFAP, a marker of astrocyte
activation, in mock-infected and TBEV-infected
astrocytes, as well as in cells treated
with lipopolysaccharide (LPS) at various times p.i.
Flow cytometry indicated that the intensity of GFAP
production increased significantly in TBEV-infected
HBCAs at 3, 7 and 15 days p.i. compared with mock-
infected and LPS-treated cells, clearly demonstrating
astrocyte activation (Fig. 6a, b). The intensity
of GFAP production in the TBEV- and mock-
infected cells was also visualized with fluorescence
microscopy using a specific anti-GFAP antibody

(Fig. 6¢).
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production
of IP-10/CXCL10 and MIP-15/CCL4 in infected
HBCAs. (a, ¢) Total RNA from mockinfected and
TBEV-infected HBCAs at 1-4, 9 and 15 days p.i.

Time (days pii)

TBEV

Fig. 4. increases  the

was used to determine the fold change
of IP-10/CXCL10 (a) and MIP-15/CCL4 (c¢) mRNAs
with quantitative RT-PCR. Changes
in the cytokine and chemokine mRNA levels
first normalized to the
of housekeeping genes

were expression
(human f-actin and
glyceraldehyde 3-phosphate dehydrogenase) and
the fold change in the infected cells was calculated
compared with corresponding
Data are expressed as means+SEM. (b, d) Levels
of IP-10/CXCL10 (b) and MIP-15/CCL-4 (d)
in culture supernatants were determined using
ELISA at0-7,9 and 15 days p.i. Data represent mean

concentrations=SEM. **P,0.01; ***P,0.001.

controls.

57



TBEV
morphological changes in infected astrocytes

causes dramatic ultrastructural
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Fig. 5. TBEV-infected HBCAs release large

quantities of MMP-9. Levels of MMP-9 in culture
supernatants were determined using ELISA at 0-7, 9
and 15 days p.i. Data represent
concentrations=SEM. ***P 0.001.

mean

We used transmission electron microscopy and
electron tomography to investigate ultrastructural
changes in mockand TBEV-infected HBCAs at 3 and
9 days p.i. At 3 days p.i., we observed rearranged
cisterns of the RER with typical virus-induced
vesicles and viral particles, as described elsewhere
(Fig. 7a) (Ruzek et al., 2009b). Next, we observed
that many enveloped TBEVs
into the Golgi complex (Figs 7b and 8b). In contrast,
at 9 days p.i., we observed a lower number of viral
particles in the cisterns of the RER (Fig. 7c¢) and
in vacuoles close to the Golgi complex (Fig. 7d).

were crowded

At 9 days p.i., we observed intra-mitochondrial
granules that
structures in the mitochondrial matrix (Fig. 7c¢).

electron-dense formed annular

Moreover, these cells contained both swollen
mitochondria with mitochondrial cristae located
in the periphery, and mitochondria that apparently
lacked any alteration in morphology (Fig. 7e).
Furthermore, some infected cells displayed other
culture and the same time interval (Fig. 7f),
which is in accordance with immunofluorescence
staining for viral antigen. The ultrastructure of these
cells was similar to that induced by TBEV infection
involved almost all cell compartments (RER, Golgi
complex, mitochondria and phagosomes) as visible
on the 3D model of the infected cells (Fig. 8b).

58

TBEV induces the formation of tubule-like

structures in the endoplasmic reticulum
of some infected astrocytes

We observed tubule-like structures, which were
located inside the RER cisternal space of only
a very few of the infected astrocytes (Fig. 9 and
Movie S1, available in the online Supplementary
Material). The tubule-like structures were laid
out in many parallel groupings of bundle-like
fascicles. The electron density of these tubule-like
structures was consistent throughout their shape (Fig.

10a—c), and they were 17.9 nm (+0.2 nm; n=101)

in diameter.
7 days pi 15 days pi
APCA APCA 2
—_— L F— —

@ 3 days pi

activates

infection

Fig. 6. TBEV HBCAs,
as demonstrated by increased GFAP production.
(a) Flow cytometry analysis of GFAP production
in mock-infected and TBEV-infected HBCAs at 3, 7
and 15 days p.i. is shown as overlapping histograms
of relative fluorescence intensity of the analysed
cells. (b) The mean fluorescence intensity (MFI)
of GFAP-positive cells in culture after mock
infection or TBEV infection and LPS treatment at 3,
7 and 15 days p.i. was determined by flow cytometry;
it was significantly increased in TBEV-infected
HBCAs at all time points investigated. (¢) HBCAs
grown and fixed at days 3 and 7 p.i. were stained with
anti-GFAP antibody (green) and counterstained with
DAPI (blue). HBCAs stained with secondary
antibody alone were used as a negative control and



did not exhibit any GFAP antigen
(not shown). *P,0.05; **P,0.01; ***P,0.001.

staining

In contrast, when viewed using the electron
microscope, cellular microtubules outside the ER
appeared to be less electron-dense on the inside and
were bordered on the outside by two dense lines;
the diameter of these microtubules was 20.3 nm
(microtubules in Fig. 10d—f). All enveloped viral
particles were observed in the lumen of the RER,
and most were directly connected to the tubulelike
(Fig. 11a—d). The
of the enveloped viral particles was 42.5 nm (0.7
nm; n=12), and the diameter of the nucleocapsid
was 26.1 nm (£0.7 nm; n=12).

structures diameter

Fig. 7. Morphological changes in TBEV-infected
HBCAs at 3 (a, b) and 9 (c—f) days p.i. (a) TBEV
particles located inside the remodelled RER and the
Golgi complex (G). In
note the mitochondrion with the electron-dense
(black (b) Viral particles
(white arrows) accumulated in the periphery
of the Golgi stack (G). (c—e)
Ultrastructural alterations were observed in infected
cells at 9 days p.i.: enlarged cisternae of the RER,
rearranged RER membranes, swollen mitochondria
(aMi)  with granules
(black arrows) and mitochondria without structural
changes (Mi), as well as viral particles inside
vacuoles (arrowheads). (f) Transmission electron

particular,

arrow).

granules

N, nucleus.

annularly  arranged

microscopy did not reveal any ultrastructural
abnormalities in several HBCAs at 9 days p.i.
Bars: 500 nm (a, b), 100 nm (c); 1 pm (d); 2 pum (e);
5 um (f).

Fig. 8. 3D models of mock-infected (a) and TBEV-
infected HBCAs (b) at 3 days p.i. TBEV infection
causes extensive morphological changes, including
membrane reorganization of the RER; differences
are evident in the Golgi complex, mitochondria and
phagosomes. 3D reconstructions of single axis
tomograms are shown. Tilt series images
were collected with either £60° tilt range in 0.65°
increments (a) or £65° tilt range in 16 increments (b).
The final 3D reconstructed thicknesses are 52 nm (a)
and 56 nm (b). Pixel resolution: 1.66 nm (a), 2.16 nm
(b). Orange, the Golgi complex; red, TBEV particles;
light blue, TBEV-induced structures; dark blue,
RER; yellow, mitochondria; green, vacuole;
pink, phagosome/endosome; violet, cell membrane;

brown, nuclear membrane. Bars, 500 nm.

Several TBEV-induced vesicles that were nearly
spherical and ranged from 60 to 90 nm in diameter
were observed in close proximity to viral enveloped
particles. Some TBEV-induced vesicles were
connected in a manner identical to that described
regarding the tubule-like structures (Fig. 1le-h).
We also noted the presence of a subviral particle

enclosed in a vesicle in close proximity to the tubule-
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like structures. The presence of subviral particles
(Fig. 111, j) indicated defective virus assembly.

DISCUSSION

Although TBEYV is a significant cause of encephalitis
in humans, relatively little attention has been given
to TBEV infection of cells in the human CNS.
Neurons are primary targets for TBEV (Hirano et al.,
2014) in the CNS, and other brain cells may also
be infected (Potokar et al., 2014). Although TBEV
antigen was not detected in astrocytes in a study
investigating brains from fatal human TBE cases
(Gelpi et al., 2005), data from other studies indicate
that non-neuronal CNS cells including astrocytes
are also, albeit infrequently, infected in cases
of flavivirus encephalitis (Desai et al., 1995;
Nogueira et al.,, 2002; German et al., 2006;
Balsitis et al., 2009; de Aratjo et al., 2009; Sips et
al., 2012). Infection of non-neuronal cells might play
some role in the entry of the virus into the CNS,
development of neuroinflammation and viral
persistence in the CNS during chronic infection.
A recent report demonstrated that primary rat
astrocytes are sensitive to TBEV infection, although
the infection did not affect cell
(Potokar et al., 2014). Therefore, it was suggested
that astrocytes might represent an important reservoir
of dormant TBEV during chronic brain infection

viability

(Potokar et al., 2014), for example in cases of chronic
TBEV infections reported in humans in Siberia and
the Far East (Gritsun et al., 2003). Moreover,
an increasing number of studies have demonstrated
the important role of astrocytes during encephalitis
caused by other flaviviruses, such as West Nile virus
and Japanese encephalitis virus (Chen et al., 2000,
2004; Diniz et al., 2006; Kumar ef al., 2010; Verma
et al., 2011; Yang et al., 2012; Hussmann et al.,
2013; Hussmann & Fredericksen, 2014). However,
cultured astrocytes were not sensitive to infection
with dengue virus (Imbert ef al., 1994). In this study,
we showed that primary human astrocytes
could be infected with TBEV and produce relatively
high virus titres (Fig. 1). The viability of the infected
cells was not altered during the monitored time
interval after infection (15 days),
which is in accordance with the findings of a study

on primary rat astrocytes (Potokar er al., 2014).
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with other authors

(Potokar et al., 2014), we can conclude that primary

In agreement

human astrocytes are much more resilient to TBEV
infection than other cell types, such as human
neuroblastoma, glioblastoma and medulloblastoma
cells (Ruzek et al., 2009b). However, the number
of infected cells in the culture did not exceed 20 %
during the entire investigated period, suggesting
is sensitive

that only a fraction of the cells

to infection, whilst the rest remain resistant.

It remains unknown exactly what renders

some cells sensitive to the infection and

others resistant.
TBEV infection in the brain is associated
with the induction of several cytokines and
Accumulation of cytokines and
chemokines in the CNS may
the progression of encephalitis instead of restricting
virus replication (Ramesh e al., 2013). Although

viral infection is not generally as robust in human

chemokines.
accentuate

glial cells as in neurons, they secrete much higher
levels of immune mediators, such as cytokines and
(Verma et al, 2011). Therefore,
during the inflammatory response, astrocytes and
other glial cells may influence the balance between
host protection and neurotoxicity. We reported

chemokines

previously in a mouse study that high expression
during TBE
immunopathology,

of various cytokines/chemokines
is able to
and might be associated with a more severe course of
infection and increased fatality (Palus et al., 2013).
In the present study, we observed that TBEV
infection of astrocytes is
with the dramatically increased production of various
pro-inflammatory  cytokines and

In particular, quantitative real-time RT-PCR and

mediate

associated
chemokines.

ELISA indicated that the expression/production
of IL-1p, IL-6, IL-8, IFN-a, TNF-a, IP-10/CXCL10
and MIP-15/CCL4 was significantly elevated
in TBEV-infected astrocytes (Figs 3 and 4),
which is consistent with other studies describing
cytokine/chemokine
infected astrocytes (Verma et al., 2011; Yang et al.,
2012;  Hussmann & 2014).
The greatest cytokine/chemokine
production was observed between days 2 and 3 p.i.
(Figs 3 and 4). This finding was consistent

production by flavivirus-

Fredericksen,
increase in



with the time of peak virus production in HBCAs
(Fig. 1b).

Fig. 9. Tubule-like structures observed in TBEV-
infected HBCAs at 3 days p.i. This is a 3D
reconstruction of a dual axis tomogram (a) and a slice
of the tomogram (b). Tilt images
were collected in the range £65° in 0.65° increments.
The final thickness
was approximately 60 nm, which was divided

series

reconstructed  section
into 75 slices. Pixel resolution: 0.81 nm. Bars,
200 nm. This tomogram is shown in Movie S1.

Cytokines such as TNF-a and IL-1f have been
reported as potent inducers of neuronal injury
(Brabers & Nottet, 2006; Ghoshal et al., 2007,
McColl et al, 2008; Kumar et al, 2010;
Verma et al., 2011). IL-1p, IL-6 and IL-8 are
endogenous  pyrogens that multiple
downstream inflammatory signalling pathways
(Verma et al., 2011). These cytokines are elevated
during various CNS infections, including TBE
(Palus et al., 2013).
of pro-inflammatory cytokines, including TNF-a and

exert

Increased concentrations

IL-6, were detected in sera from TBE patients,
and their elevated levels corresponded with the acute
phase of the disease (Atrasheuskaya et al., 2003).
The chemokine IP-10 has the ability to attract
activated T-cells in the CNS (Klein e al., 2005).
Excessively high levels of IP-10 in the CNS
can be very harmful to the host (Sasseville et al.,
1996; Westmoreland et al., 1998; Sui et al., 20006),
possibly by activating a calcium-dependent apoptotic
pathway (Sui et al., 2004). In human TBE patients,
higher IP-10 can be detected
in serumyas well as in cerebrospinal fluid
(Lepej et al., 2007, Zajkowska et al., 2011).
The attraction of CD8" T-cells to the CNS by
IP-10 can have important consequences for viral
clearance, as well as for immunopathological
reactions observed during TBE (Ruzek et al., 2009a).
Similar to our study, astrocytes have been described
as a predominant source of IP-10 in Japanese
encephalitis ~ (Bhowmick et  al,  2007).
The expression of MCP-1/CCL2, a compound
that is able to disrupt the integrity of the BBB and
modulate the progression of neuroinflammation
(Yao & Tsirka, 2014), is highly upregulated
in TBEV-infected brain tissue (Palus et al., 2013).
However, its
in astrocytes after TBEV infection in the present
study, suggesting that astrocytes are not responsible
for the production of this cytokine in the CNS during
TBE. Together, TBEV-infected astrocytes produce
a variety of cytokines that can mediate a diverse
range of neurodegenerative functions, including
disruption of the BBB, chemoattraction of peripheral

levels  of

expression was not increased

immune cells into the CNS and neuronal damage.

We reported previously that TBE is associated
with the disruption of BBB integrity, which is most
likely caused by cytokine/chemokine overproduction
in the brain (Ruzek et al., 2011). In human TBE
patients, higher levels of MMP-9 (a compound
with multiple functions, including disruption
of the BBB) have been observed in serum
(Palus 2014) and cerebrospinal fluid
(Kang et al., 2013). However, it was not clear

which cells were involved in MMP-9 production and

et al.,

BBB disruption. In the present study, we observed
that TBEV-infected astrocytes produced large
quantities of MMP-9 (Fig. 5), and therefore might
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represent the main cell population responsible
for the increase of BBB permeability during TBE.

Fig. 10. Comparison of the ultrastructure of tubule-
like structures (a—c) and a microtubule (d, e)
in TBEV-infected HBCAs. (a—c) Detail of tubule-
like structures from Fig. 9(a), area a.The model
is shown in (a), a slice of a dual axis tomogram in (b)
and the side view in (c). (d—f) Detail of microtubule
from Fig. 9(a), area b. The model is shown in (d),
a slice of a dual axis tomogram in (e) and the side
view in (f). The white arrow in (e) indicates
a connection between the microtubule and
the membrane of the RER. Tilt series images
were collected in the range +£65° in 0.65° increments.
The final thickness
was approximately 60 nm, which was divided
into 75 slices. Pixel resolution: 0.81 nm. Bars, 50 nm.

reconstructed  section

The entry of TBEV into the CNS precedes
the breakdown of the BBB (Ruzek er al., 2011).
The invasion of TBEV into the CNS brings the virus
into close proximity with the second component
of the BBB, astrocytes (Hussmann e al., 2013).
TBEV-activated astrocytes then produce MMP-9,
which might cause the BBB breakdown. Moreover,
MMP-9 is capable of causing neuronal apoptosis
(del Zoppo, 2010).

Additional evidence of astrocyte activation by TBEV
was demonstrated by the increased production
of GFAP (Fig. 6). GFAP is involved in many
CNS  processes,
communication and BBB function. Increased GFAP

important including  cell

expression/production as a marker of astrocyte
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activation has been documented in many studies
(Brodie et al., 1997; Zhou et al., 2004; Pozner et al.,
2008; Watanabe et al., 2008; Kumar et al., 2010; Fan
et al., 2011; Ojeda et al., 2014), represents one
of the earliest responses to CNS injury and
is a distinguishing feature of reactive astrogliosis
(Montgomery, 1994). The activation of glial cells
including astrocytes represents one of the major
histopathological features of TBE (K&rnyey, 1978;
Gelpi et al., 2006). The astrocyte activation
leads to a downstream cascade of inflammatory
cytokine production that results in the death
of neurons (Kumar et al., 2010; Pekny et al., 2014).

Fig. 11. 3D architecture of tubule-like structures
observed in TBEV-infected HBCAs. The connection
(arrow) between tubulelike structures and enveloped
virions in the model (a, c, e, g) and in a slice of a dual
axis tomogram (b, d, f, h). Enlargement of Fig. 9(a),
areas ¢ (a, b), d (c, d), e (e, f) and f (g, h) is shown.
Supposed subviral particle enclosed in the vesicle
outside the RER, detail from Fig. 9(a), area g,
is shown in the tomogram top view (i) and side view
(j). Tilt series images were collected in the range
+65° in 0.65° increments. The final reconstructed
section thickness was approximately 60 nm,
which was divided into 75 slices. Pixel resolution,
0.81 nm. Bars, 50 nm.

In our study, GFAP production was higher in TBEV -
infected astrocytes than in mock-infected or LPS-
stimulated astrocytes. Treatment with LPS had
no effect on GFAP production at 3 and 7 days after



treatment, which is in accordance with a previous
study that demonstrated that LPS downregulates
the expression of GFAP mRNA (Letournel-Boulland
et al., 1994). However, on day 15 post-treatment,
LPS
in  astrocytes

treatment increased GFAP production
with
although at a lower level than in TBEV-infected cells

(Fig. 6a, b).

compared controls,

We demonstrated previously that TBEV infection

of  human  neural cells (neuroblastoma,

medulloblastoma  and  glioblastoma  cells)
is associated with a number of morphological
changes. The infection of medulloblastoma and
glioblastoma cells led to proliferation of the RER and
extensive rearrangement of cytoskeletal structures
(Ruazek et al., 2009b). With the exception of typical
remodelling of the RER (Figs 7 and 8), here we have
described the morphology and 3D organization
of TBEV-induced structures, called tubule-like
structures, located in the RER of infected HBCAs
(Figs 9-11). Tubular called
elongated vesicles or rod-like particles) of sizes
ranging from 50 to 100 nm in diameter and 100 nm
to 3.5 um in length have been reported previously

inside the RER of other cells infected with either

structures  (also

tick-borne flaviviruses (Lorenz et al., 2003;
Offerdahl et al, 2012) or mosquito-borne
flaviviruses (Welsch et al., 2009).

Tubules with closed ends and without pores
or connections to other tubules or other structures
have been observed in the RER of ISE-6 tick cells
persistently  infected ~ with  Langat
(Offerdahl et al., 2012). Tubular
measuring 50 nm in diameter have been found
in mammalian COS-1 cells expressing proteins prM
and E of TBEV (Lorenz et al., 2003). We supposed
that enveloped virus particles were also
connected to tubule-like structures in TBEV-infected
neuroblastoma cells (Ruzek et al., 2009b; Fig. 5).
However, the tubular structures that we observed
in TBEV-infected astrocytes differed from those
reported previously with respect to diameter and
the appearance of the inner part of the structure.
The presence of these tubule-like structures solely

virus
structures

in the RER and their small diameter dispute
their microtubular origin. Although the function and
origin of the tubule-like

structures remain

unexplained, these structures appear to be a feature
of persistent infection (Lorenz ez al., 2003; Offerdahl
et al., 2012). We propose that viral activity
leads to the production of tubule-like structures,
either directly as a result of defective virus assembly,
or due to disruption of the host’s cellular metabolism.

In TBEV-infected HBCAs at 9 days p.i.,
we observed the presence of swollen mitochondria
next to mitochondria without any ultrastructural
alterations. This finding might indicate irreversible
injury of  some mitochondria
that s
of mitochondrial membranes and the uptake of water
from the cytosol. The remaining mitochondria inside
astrocytes may help maintain the energy balance,

supporting cell survival and thus contributing (as the

astrocytic

connected with the permeability

glial cells) to neuronal protection. The absence
of TBEV particles and lack of ultrastructural
HBCAs in the
is in accordance with immunofluorescence staining

alteration in other culture
and the observation of Potokar ez al. (2014) regarding
the resistance of astrocytes to TBEV-mediated cell
death. In contrast to previous observations of TBEV
infections of neural cells, we did not observe
any signs of apoptosis (Rizek er al., 2009b)
or the formation of structures described recently
as laminal membrane structures in neurons (Hirano
etal., 2014).

In  summary, these results demonstrate
for the first time, to the best of our knowledge,
that cultured human primary astrocytes are sensitive
to TBEV infection and are a potential source of pro-
inflammatory cytokines in TBEVinfected brain cells,
which  might TBEVinduced

neurotoxicity and/or BBB breakdown during TBE.

contribute  to

METHODS

Virus and cells. The TBEV strain Neudoerfl,
a prototype strain of the FEuropean subtype,
kindly provided by Professor F. X. Heinz
from the Medical of Vienna,
was used in all experiments. The virus was originally

University

isolated from the tick Ixodes ricinus in Austria
in 1971.
extensively,

The virus has been characterized

including its genome sequence
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(GenBank accession no. U17495) and the 3D
structure of'its envelope protein, E (Rey et al., 1995).
The virus was passaged four times by infecting
suckling mice intracranially before its use

in the present study.

HBCAs were purchased from ScienCell at passage 1
and propagated in CSC Complete Medium with 10%
serum (ACBR) at 37 °C and 5% CO2. In all
experiments, low-passage-number cells were used.
Porcine kidney stable (PS) cells (Kozuch & Mayer,
1975) were grown at 37 °C in L-15 medium
supplemented with 3% newborn calf serum and a 1%
antibiotic mixture of penicillin and streptomycin
(Sigma).

Viral growth in HBCAs. Monolayer HBCA
cultures grown in 96-well plates were inoculated
with virus diluted in the culture medium to an m.o.i.
of 5. Virus-mediated CPE was investigated using
light microscopy. At 0, 1, 2, 3, 5, 7, 9 and 15 days
p.i., supernatant medium from appropriate wells
was collected and frozen at -70 °C.
Titres were determined by plaque assay.

Plaque assay. Virus titres were assayed on PS cell
monolayers, as described previously (De Madrid &
Porterfield, 1969). Briefly, 10-fold dilutions
of the virus sample were placed in 24-well tissue
culture plates and PS cells were added in suspension
(0.6x105-1.5%10° cells per well). After incubation
for 4 h, the was  overlaid
with  carboxymethylcellulose (1.5% in L-15
medium). After incubation for 5 days at 37 °C,
the plates were washed with PBS, and the cell

suspension

monolayers were stained with naphthalene black.
Infectivity was expressed as p.f.u. ml™.

Immunofluorescence staining. Infected and non-
infected cells on slides were subjected to cold
acetone : methanol (1 : 1) fixation for 10 min, rinsed
in PBS and Dblocked with 10% FBS.
Cells were labelled with flavivirus-specific mAb
(1 :250; Sigma-Aldrich) or with anti-GFAP antibody
conjugated with Alexa Fluor 488 (1 200,
eBioscience) for 1 h at 37 °C. Flavivirus-specific,
mouse mAb and anti-PDIA3 rabbit antibody (1 : 250;
Sigma-Aldrich) were used for double labelling.
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After washing with Tween 20 (0.05 %, v/v) in PBS,
the cells labelled  with
goat secondary antibody conjugated with FITC
(1 : 500; Sigma-Aldrich) or anti-rabbit,
goat secondary antibody conjugated with Atto 550
NHS (1 : 500, Sigma-Aldrich) for 1 h at 37 °C.
The cells were counterstained with DAPI (1 mgml™';
Sigma) for 30 min at 37 °C, mounted in 2.5%
1,4-diazabicyclo(2.2.2)octane
examined with an Olympus BX-51 fluorescence
microscope equipped with an Olympus DP-70 CCD

were anti-mouse,

(Sigma) and

camera.

Flow cytometry. HBCAs were cultured in a 96-well
plate at a concentration of 5x10* cells ml™' and
infected with the TBEV strain Neudoerfl (m.o.i. of 5)
1 day after seeding. Mock-infected or LPStreated
(at a final concentration of 100 ng ml™) cells were
used as controls. Cells were harvested at 3, 7 and 15
days p.i. Astrocytes fixed
with a Foxp3/Transcription Factor Staining Buffer

were

the cultured cells
PBS
(Sigma-Aldrich), trypsinized, inactivated with FCS
and centrifuged at 160 g for 5 min at 4 °C.
Harvested cells were fixed and permeabilized
for 45 min according to the manufacturer’s protocol.
An anti-flavivirus group antigen antibody (1 : 500;
Merck-Millipore) and a secondary FITC-conjugated
anti-mouse polyvalent antibody (1 : 500; Sigma-
Aldrich) were used to stain the TBEVpositive cells.
An anti-GFAP antibody (1 : 100, Santa Cruz)
conjugated to Alexa Fluor 488, was used to stain
GFAP-positive cells. The cells
with 16 permeabilization buffer after each staining
and centrifuged at 300 g for 5 min at room

Set (eBioscience). Briefly,

were washed twice with Dulbecco’s

were washed

temperature. Finally, the cells were resuspended
in 1% FCS and wused for flow cytometry
analysis on a BD FACS Canto II with BDFACS Diva
software. Obtained data were analysed using
Flowing Software 2, version 2.5.1 (Perttu Terho,

University of Turku, Finland).

Quantitative real-time RT-PCR. Total RNA
was extracted from TBEV-infected HBCAs and
cDNA was
by reverse transcription using
an Ambion Cells-to-CT kit (Applied Biosystems)

control cells and synthesized



according to the manufacturer’s instructions.
The synthesized cDNAs were used as templates
PCR. The PCR
was performed using pre-developed TagMan Assay
Reagents [Assay IDs: IL-6 (Hs00985639 ml), IL-15
(Hs01555410_m1), IL-8 (Hs00174103_ml), IFN-a
(Hs00819693 sH), TNF-a (Hs00174128 ml), MIP-
1b/CCL4 (Hs99999148 ml), MCP-1/CCL2
(Hs00234140_ml1) and IP-10 (Hs01124251 gl)]
Mix
(Applied Biosystems) on a Rotor Gene-3000
(Corbett Research). Human b-actin
(Hs99999903 ml) and glyceraldehyde 3-phosphate
dehydrogenase  (Hs03929097 g1)
as housekeeping genes. The amplification conditions
were as follows: 2 min at 50 °C (to allow UNG
to destroy any contaminating templates);
10 min at 95 °C (to denature UNG and activate
the enzymes); 40 cycles of denaturation at 95 °C
for 15 s and annealing/extension at 60 °C for 1 min.

for quantitative real-time

and TaqMan Gene Expression Master

were used

To calculate the fold change in gene expression,
the cycle threshold (Ct) of the housekeeping genes
was subtracted from the C: of the target gene to yield
AC:. Change in expression of the normalized target
2-AACt

described

gene was expressed as
where AACt: ACtsample*Athontrol, as
previously (Livak & Schmittgen, 2001).

Viral RNA was quantified in cells grown in 96-well
plates at 0, 2, 7 and 15 days p.i. with TBEV strain
Neudoerfl (m.o.i. of 5). The cells were lysed using
an Ambion Cells-to-CT kit and subsequently
subjected to RNA purification with a QlAamp Viral
RNA Mini kit (Qiagen)
according to the manufacturer’s instructions. Viral
RNA was quantified using a TBEV Real-time
RT-PCR kit (Liferiver) on a Rotor Gene-3000
(Corbett Research) following the manufacturer’s
instructions.

ELISA. We used human ELISA kits (Invitrogen)
effect of TBEV
exposure on cytokine/chemokine and MMP-9
expression in HBCAs. Mock-infected and TBEV-
infected HBCAs were plated in 96-well plates
at a density of 2x10* cells per well and infected 24 h
later. The infected with TBEV

to measure the

cells were

(m.o.i. of 5) and mock infected with the same
dilution of brain suspension without virus. At 0, 1, 2,
3,4,5,9and 15 days p.i., supernatant medium from
appropriate wells was collected and frozen at —70 °C.
Cell supernatants were then
assayed for CXCL10/IP10 (Human ELISA kit,
KAC2361; Invitrogen), MIP-1b (Human ELISA kit,
KAC2291; MMP-9
(Human Invitrogen)

Invitrogen) and
ELISA kit, KHC3061;
according to the manufacturer’s instructions.

Transmission electron microscopy and electron
tomography. TBEV-infected and control HBCAs
that had been grown on sapphire discs were high-
pressure frozen at either 3 or 9 days p.i.
in the presence of 20% BSA diluted in growing
medium using a Leica EM PACT2 high-pressure
freezer. Freeze substitution (Leica EM AFS2)
was carried out in 2% osmium tetroxide diluted
in 100% acetone at —90 °C for 16 h, and then warmed
up at a rate of 5 °C h™! to remain at —20 °C for 14 h,
and finally warmed up again at the same rate
to a final temperature of 4 °C. Samples were rinsed
three in anhydrous
temperature and infiltrated stepwise in acetone

times acetone at room
mixed with SPI-pon resin (SPI) (acetone : SPI ratios
of 2 :1,1:1and 1:2, for I h at each step).
The samples, now in pure resin, were polymerized

at 60 °C for 48 h.

Sections were prepared using a Leica Ultracut UCT
microtome (Leica Microsystems) and collected
on 300 mesh copper grids. Staining was performed
using alcoholic uranic acetate for 30 min and in lead
citrate for 20 min. Images were obtained using
a JEOL 2100F or JEOL 1010 transmission electron
microscope. For electron tomography,
protein A-conjugated 10 nm gold nanoparticles
(Aurion) were added to both sides of each section

as fiducial markers.

Tilt series images were collected in the range of £65°
with 0.65° increments using a 200 kV JEOL 2100F
transmission electron microscope equipped with
a high-tilt stage and Gatan camera (Orius SC 1000)
and controlled by SerialEM automated acquisition
software (Mastronarde, 2005). Images were aligned
using the fiducial markers. Electron tomograms
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were reconstructed using the IMOD software
package. Manual masking of the area of interest
was employed to generate a 3D surface model
(Kremer et al., 1996).

Statistical analysis. Data were analysed using
version 5.04 of the GraphPad Prism5 software
program (GraphPad Software).
ELISA measurements of increased chemokine and
cytokine production were analysed using one-way
ANOVA (Tukey’s test).
All other data were analysed using one-way ANOVA
test).
Differences of P<0.05 were considered statistically
significant.

multiple comparison

(Newman—Keuls  multiple  comparison
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Tick-borne encephalitis virus (TBEV) causes serious, potentially fatal neurological infections that affect
humans in endemic regions of Europe and Asia. Neurons are the primary target for TBEV infection
in the central nervous system. However, knowledge about this viral infection and virusinduced
neuronal injury is fragmental. Here, we directly examined the pathology that occurs after TBEV
infection in human primary neurons. We exploited the advantages of advanced highpressure freezing
and freeze-substitution techniques to achieve optimal preservation of infected cell architecture.
Electron tomographic (ET) reconstructions elucidated high-resolution 3D images of the proliferating
endoplasmic reticulum, and individual tubule-like structures of different diameters in the endoplasmic
reticulum cisternae of single cells. ET revealed direct connections between the tubulelike structures and
viral particles in the endoplasmic reticulum. Furthermore, ET showed connections between cellular
microtubules and vacuoles that harbored the TBEV virions in neuronal extensions. This study
was the first to characterize the 3D topographical organization of membranous whorls and autophagic
vacuoles in TBEV-infected human neurons. The functional importance of autophagy during TBEV
replication was studied in human neuroblastoma cells; stimulation of autophagy resulted
in significantly increased dose-dependent TBEV production, whereas the inhibition of autophagy
showed a profound, dose-dependent decrease of the yield of infectious virus.

*These authors contributed equally to this work. Correspondence and requests for materials should
be addressed to D.R. (email: ruzekd@paru.cas.cz)

Tick-borne encephalitis virus (TBEV), a member
of the Flaviviridae family, genus Flavivirus, causes
encephalitis (TBE) in  humans,
a neuroinfection prevalent in large areas of Europe
and North-eastern Asia. Humans develop a febrile

tick-borne

illness, and a subset of cases progress to neurological
ranging from mild meningitis
to severe encephalomyelitis'-2. Despite the medical
of TBE, steps
in the development of encephalitis remain poorly
understood. TBEV is mainly transmitted to the host
when infected ticks feed. Virus replication is first

manifestations

importance some  crucial

detected in draining lymph nodes; this is followed
by development of viremia; during the secondary
viremic phase, the virus crosses the blood-brain
barrier (BBB) and enters the brain®. Major hallmarks
of TBEV neuropathogenesis are neuroinflammation,
followed by neuronal death*’, and disruption
of the BBB*®. Neuronal injury may be directly
caused by viral infection, but destruction has also
been attributed to infiltrating immunocompetent
cells (mainly CD8" T-cells), inflammatory
cytokines, and activated microglial cells>”®.
Tissue culture models of TBEV infections in primary
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between
caused by the virus and those caused by the immune

neurons can  distinguish injuries

response®!?. Various cellular models, including
neuronal cell lines, primary cultures of embryonic
or neonatal mouse and rat neuronal cells, and neurons
derived from embryonic stem cells, have been used
to explore infections with various neurotropic viruses
(e.g., polio, herpes simplex type 1, varicella-zoster,
West Nile, Japanese encephalitis, and rabies)'* 3.
We previously examined TBEV infections in human
(neuroblastoma,

neural glioblastoma,

and medulloblastoma) cell lines'*.
On the ultrastructural level, the infection caused
massive morphological changes in cells, including
the proliferation and rearrangement of rough
endoplasmic reticulum (RER) and signs of apoptosis

or necrosis'*.

Recently, replication features of neurotropic
flaviviruses, West Nile virus, Japanese encephalitis
virus, and TBEV were compared in primary mouse
neuronal Viral
in neuronal dendrites was induced to a greater extent
in a TBEV infection than in infections with the other
TBEV
characteristic ultrastructural membrane alterations
in neurites, known as laminal membrane structures
(LMSs)'°. However, conventional chemical fixation
for sample

cultures. antigen accumulation

flaviviruses'. replication  induced

obstacles
in obtaining detail ',
Therefore, in the present study, we exploited
the advantages of high-pressure freezing and freeze-
substitution techniques to improve the preservation

visualization  presents

sufficient morphological

of virally modified structures in TBEV-infected
neurons.

Here, we visualized TBEV infections in primary
human neurons in three-dimensional (3D) space
with
tomography. To the best of our knowledge, this study
was the first to visualize the architecture of cellular

at  ultrastructural  resolution electron

components involved in TBEV replication and
transport in neurons and the major ultrastructural
changes that occur in response to TBEV infections.
These novel data revealed the neuronal injury caused
by TBEV infections, independent of the immune
response. Our may facilitate

system results
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the development of novel strategies for treating this
serious human neuroinfection.

RESULTS

Replication of TBEV and distribution of virus
antigen in human neurons. We employed a plaque
assay to determine TBEV infection and replication
kinetics in human neurons (HNs; Fig. 1A). The HNs
were infected with TBEV, and at 0, 3, 5, 7, and 12
days post infection (p.i.), cell supernatants were
collected. Productive TBEV replication was detected
in the form of released virions on day 3 p.i. The virus
titer in the culture supernatant remained the same
until the end of the experiment (Fig. 1A).

Immunofluorescence staining was used to assess
viral antigen distribution in HNs. Viral antigen
mock-infected  HNs.
Immunofluorescence staining revealed that TBEV
antigen was mostly distributed diffusely throughout

was not detected in

the entire neuron bodies at early time points after
infection (Fig. 1B). However, at later time points,
we observed brightly stained aggregates of viral
antigen in some cells (Fig. 1B). A co-localization
study with protein disulphide isomerase family
a, member 3 (PDIA3) antigen (also known as Erp57,
Er-60, and GRP58) suggested that the viral antigen
was localized primarily in the hypertrophied,
rearranged RER. Occasionally, we observed viral
antigen accumulation in the dendrites of TBEV-
infected HNs (Figs. 1B,2A,B, yellow arrows).
Viral antigen also accumulated in association
with RER alterations, such as large whorl formations
(Fig. 2B, white arrows), or in places that exhibited
alocal loss of network structure (Fig 2C). In the latter
RER
by the presence of numerous longitudinal fibers
(white arrows) that were positively immunolabeled
with anti-viral protein E (Figs. 1B, 2C).

locations, alterations were accompanied

TBEV-induced RER alterations and formation
of tubule-like structures in HNs. Mock-infected
and TBEV-infected HNs
with transmission electron microscopy at two time
points (3 and 12 days p.i.) to delincate TBEV-
induced morphological
that were associated with early and late phases

were  examined

structures



of the infection. Compared to mock-infected HNs,
TBEV-infected cells exhibited a broad range
(a complex

set) of wvirus-induced subcellular

structural changes at both time points.

At 3 days p.i., HN RER cisternae contained several
resident virions (approximately 45 nm in diameter),
virus-induced vesicles, and tubule-like structures
(Fig. 3). Virus-induced vesicles were often arranged
in two tightly apposed cisterns of the RER.
Some of these vesicles contained electron-dense
material,  which  represented  newly-formed
nucleocapsids (Fig. 3C,D). In other parts of the RER
compartment, the cisterns accommodated tubule-like
structures that ran either in parallel lines
or in different directions (Fig. 3C,D, movie S1).
The tubule-like structures measured 22 + 1.3 nm

(N =51) in diameter.

The tubule-like structures were frequently observed
at both investigated time points in TBEV-infected
HNs. In cases, tubule-like
with different diameters (e.g., 22 + 1.3 nm and 43.8
+ 43 nm, N = 7) were observed separately
in the RER cisternae of single cells (Fig. 4A-D,
movie S2); typically, virus-induced vesicles and

several structures

virions were observed in neighboring RER spaces
(Fig. 4B-D; Fig. 3C,D).

A prominent morphological change in TBEV-
infected HNs was proliferation of the RER
membranes that harbored sites of TBEV replication
(Fig. 5A,B, movie S3). The proliferative parts
of'the RER were devoid of ribosomes (Fig. 5A, inset;
movie S3, whitearrows). At the later time point
(12 days p.i.), proliferated RER had rearranged into
(Fig. 5C,D,
The 3D reconstruction showed complex, lamellar
whorls that enclosed a central space containing
the cytoplasm of the same structure, and an electron-
density as outside, limited by four membranes
(Fig. 5D, light blue, movie S5). Numerous flattened
ER cisternae were located on the periphery (Fig. 5D,
blue).
a continuation/connection of this peripheral part
with the RER space, which accommodated TBEV-
induced structures (vesicles or tubule-like structures)
(Fig. 5D). These

large  whorls movie  S4).

Electron tomography confirmed

observations  suggested

that the membranous whorls formed

from the peripheral parts of the ER due to extensive

were

ER stress. The large whorls did not contain virions

or  virus-induced  structures. The  central
part of the whorl had features of an autophagosome,
but it did not show signs of degraded content. Finally,
we observed a tiny connection between two primary
virus-induced structures, as shown in detail in a slice
of the tomogram (Fig. 5E) and in the 3D model

(Fig. 5F; movie S5).

¢ 2 o 4 =

virus titer [log (pfu/mi))

0 1 2 3 4 5 6 7 8 9 10 11 12 13

Time [days post infection]

3 days p.i.

12 days p.i.

Figure 1. TBEV can infect human neurons. (A)
TBEV titers in culture supernatants from HNs
collected at 0, 3, 5, 7, and 12 days post-infection (p.i.)
were determined in plaque assays with porcine
kidney stable cells. Viral titers are expressed
as pfu/ml. Data represent means + SEM. (B) HNs
grown and fixed on slides at days 3 and 12 p.i.
were stained with anti-flavivirus envelope antibody
(green) and counterstained with DAPI (blue). TBEV-
infected HNs
specific antibody demonstrated virus replication

immunostained with flavivirus-

in the cytoplasm at an early time point (3 days p.i.);
antigen accumulated into aggregates at later a time
point (12 days p.i.). Mock-infected HNs stained
with primary and secondary antibodies were used
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as a negative control, and did not exhibit any TBEV
antigen staining (not shown). The arrows indicate

accumulation of wviral antigen in dendrites
of the infected HNss.
® ® ©

protein E

PDI

merge

Figure 2. Confocal images of human neurons
infected with TBEV. Neurons were fixed at (A,B)
3 days p.i. and (C) 12 days p.i. and double
immunolabeled with antibodies against TBEV
protein E (green) (top panels), PDIA3 (red)
(middle panels), and (merge panels) counterstained
with  DAPL.  (A)
were observed in the perikaryon (white arrow) and
dendrites (yellow arrow). (B)
with  intact
were observed next to infected cells with large
(white  arrows). (C)
of viral protein E in the numerous longitudinal fibers
(white arrows) associated with the ER.

Replication ~ complexes
Infected cells

endoplasmic reticulum networks

whorls Localization

Signs of autophagy observed in TBEV-infected
HNs. In several cases, particularly in HN extensions,
which
that the TBEV replication space was enclosed
by flattened ER This  suggested
the formation of autophagosomes that sequestered
damaged by TBEV.
Electron tomography was performed to view
the complex architecture of these
In most cases, the sequestration was incomplete,
as shown in Fig. 6A—E (movie S6 and movie S7),

represented  dendrites, we observed
cisternae.

cell structures

structures.

even when the projection images suggested
that the structure might be interpreted
as an  autophagic  vacuole (Fig. 6B).
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The TBEV particles and virus-induced vesicles
resided in the RER (Fig. 6A,C,D, black arrows),
but the enclosing ER cisterns lacked ribosomes
(Fig. 6D, white arrows). Lipid droplets were also
found associated with these structures (Fig. 6D,E).
No morphologically similar structures were found
in the extensions of mock-infected HNs (Fig. 6F).
However, in the perikaryon (Fig. 6QG),
several autophagosomes or autophagolysosomes
(with signs of degraded material) were observed.
In some TBEV-infected HN extensions, we observed
autophagosomes with all the typical morphological
(Fig. 7 and
These autophagosomes were limited by numerous
membranes that did not

features movie S8).

have ribosomes,
but they resembled rearranged, small, membranous
ER  whorls. In the 3D
identified
that sequestered intact mitochondria, lipid droplets,

reconstruction,

we  have numerous  membranes

and vacuoles within the inner space with TBEV
particles (Fig. 7B).

Figure 3. HNs infected with TBEYV for 3 days. (A)

A neuron with two cytoplasmic extensions
on opposite sides of the cell body. D- Dendrite. (B)
Detail of the boxed region in (A) shows the RER,
which contains viral particles (44.75 nm, n = 4, white
arrows), virus-induced vesicles (green arrow),
and tubule-like structures (yellow arrow). (C,D)
The  presence  of  tubule-like  structures

(22 =+ 1.3 nm, N = 51) inside the RER. (C)



A slice of the tomogram was rendered as (D) a 3D
reconstruction of a single axis of the tomogram.
A series of images were collected in a +65° tilt range
with 0.65° increments. Pixel resolution: 1.1 nm.
This single-axis tomogram is shown in movie S1.
Bars: (A) 2 mm, (B-D) 200 nm. The transmission
electron microscope images were acquired
with (A,B) a JEOL 1010 80 kV and (C,D) a JEOL
F2100 200 kV

Autophagy induction enhances TBEV replication.
To study whether autophagy plays a role in TBEV
replication, we treated human neuroblastoma cells
with
The cells were subsequently infected with TBEV
at m.o.i. 0.1 pfu per cell. Culture supernatants
after 24, 48, and 72 hours,
and viral titers were determined by plaque assay.
The viral yields were increased in cells treated
with a range of
on day 2 and 3 p.i. (Fig. 7C). The induction levels

rapamycin, an  autophagy  inducer.

were harvested

concentrations  rapamycin
were quite high reaching 1.5 logl0 pfu/ml higher
titers in cells treated either with 0.05 or 0.1 ¢ M
of rapamycin in comparison with the untreated
control on day 3 p.i. (Fig. 7C).

Suppression of autophagy reduces TBEV
replication. To investigate the effect of spautin-1,
a compound known to be an effective autophagy
inhibitor, on viral replication in the neuronal cells,
we tested its effects on TBEV growth in human
cells.  The pretreated
with a range of concentrations of spautin-1 for
30 min, were infected with TBEV at m.o.i. 0.1 pfu
per cell, after which the incubation was continued
in the presence of the drug. Culture supernatants
and 72 hours,
and viral titers were determined by plaque assay.
Treatment with a range of concentrations of spautin-
1 showed a profound, dose-dependent inhibition
of the yield of infectious virus, with statistically
TBEV
of magnitude
at the highest spautin-1 concentration (10 puM)
on day 3 p.i. (Fig. 7D).

neuroblastoma cells

were harvested after 24, 48,

significant drops in titer

of more than two orders

Transport of the TBEV in the
One projection image of a 40-nm thick ultrathin

neuron.

section showed that, in the extensions of TBEV-
infected HNs, two virions (48.2 nm and 48.9 nm
diameters, with nucleocapsids of 30.3 and 30.9 nm
diameters, respectively) were located separately
inside vacuoles that were directly connected
(Fig. 8A).
The presence of that connection was confirmed

to cellular microtubules
by examining a double-axis electron tomography
(+60°  tilt with  0.6°
pixel resolution: 0.55 nm), and then creating
a 3D 8B, movie S9).
Both connections are shown in detail on slices
of  the (Fig. 8C,D,
Extensions of mock-infected HNs contained vesicles
with  electron-dense with
that ranged from 70 to 90 nm; those vesicles

range increments,

reconstruction (Fig.

tomogram arrows).
cores diameters
were observed in direct contact with the cytoplasm

(Fig. 9A,B).
(similar to the vacuoles that contained virions

Electron-dense granules
in Fig. 8A) were found in close proximity to bunches
of microtubules and mitochondria,
as seen in the transverse section (Fig. 9A).
Other vesicles, 43.8 nm in diameter, but different
in structure from virions (for comparison see

Fig 8A), were observed in the control cells (Fig. 9C).

Figure 4. Tubule-like structures of different
diameters were localized inside a single neuron
infected with TBEV. Transmission
microscope images were acquired at (A) 3 days p.i.
or (B) 12 days p.i. (A) Inside the ER,
tubules of 43.8 £ 43 nm (N = 7) in diameter
(white arrows) were observed; other -cisternae
contained tubules of 22 + 1.3 nm in diameter
(black arrow). (B) The TBEV infection induced ER
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rearrangements (black arrowheads). (C) A slice
of the tomogram and (D) a 3D reconstruction
of a single axis tomogram. Tilt series images
+65°  tilt
Pixel resolution: 0.8 nm.

were collected in the
with 1°
This single-axis tomogram is shown in movie S2.

range
increments.

Bars: 200 nm. (A-D) The transmission electron
microscope images were acquired with a JEOL
2100F 200 kV.

effect
of microtubule destabilizing agent on virus growth

We wused nocodazole to assess the
in human neuronal cells. Nocodazole is known
to induce depolymerization of actin filaments and
microtubules. Human neuroblastoma cells pretreated
with a range of non-cytototoxic concentrations
of nocodazole for 30 min were infected with TBEV
at m.o.i. 0.1 pfu per cell, after which the incubation
was continued in the presence of the drug.
Culture supernatants were harvested after 24, 48,
and 72 hours, and viral titers were determined
by plaque with a
of  concentrations  of

assay. Treatment range

nocodazole  showed
a profound inhibition of the yield of infectious virus,

with statistically significant drops in TBEV titer

of more than two orders of magnitude
at the all concentrations of nocodazole on days 2 and
Fig. 8E).

3pi. (
D M

Figure 5. Proliferation of the endoplasmic
reticulum observed in HNs infected with TBEV.
Transmission microscope  images
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were acquired at (A,B) 3 days p.i. and (C-E) 12 days
p.i. (A) TBEV particles and TBEV-induced vesicles
are located inside the proliferated and reorganized
cisterns of the rough endoplasmic reticulum;
the boxed
(B) The image in (A) was rendered as a colored 3D

region is enlarged in the inset.
model. (C) Large whorls are clearly observed
in abnormal endoplasmic reticulum. (D) The boxed
region in (C) is rendered in a 3D model to clarify
the different components. (D) Lamellar whorls
are surrounded by cisternae (light purple) arising
(arrow) from the rough endoplasmic reticulum
(blue), which accommodates tubule-like structures
(green). The central part of the whorls comprises
concentric circles of flattened ER cisternae
(light blue). We observed several lipid droplets
(yellow) in  proximity of the  whorls.
(E) Detailed image of the boxed region in (D) shows
the connection between a TBEV particle
tubule-like (arrow)

the rough endoplasmic reticulum. (F) The image

and a structure inside
in (E) was rendered as a colored 3D model.
(A) A single axis tomogram; #65° tilt range
with 0.65° increments, pixel resolution: 2.2 nm;
(C) a single axis tomogram, 2 x 2 montage, £65° tilt
range with 1° increments, pixel resolution: 0.8 nm.
(A-D) 500 nm, (E,F) 50 nm. (A-F)
The transmission electron microscope images
were acquired with JEOL F2100 200 kV.

Bars:

DISCUSSION

We demonstrated that neuronal TBEV infections
produced cell-free, infectious virus by using the
supernatant from TBEV-infected HNs to infect PS
cells and measuring the viral titers with a plaque
assay. TBEV replication was detected in the form of
released virions on day 3 p.i., and the culture
supernatant maintained a virus titer of approximately
107 pfu/ml until the end of the experiment (Fig. 1A).
This finding suggested that the TBEV-infected HNs
had apparently
to a persistent infection. In a previous study,

TBEV  growth in
glioblastoma,

transitioned from an acute

we  compared human
neuroblastoma, medulloblastoma,
and PS cells. That study showed that virus replication
in neural cell lines was more than 100 times more

efficient than in the PS cells'*. In the present study,



we showed that primary HNs were also highly
sensitive to TBEV infection, and they also produced
high virus titers.

Figure 6. Formation of autophagic vacuoles
in HNs infected with TBEV. Transmission electron
microscope images were acquired at (A—C) 3 days
p.i., (D,E) 12 days p.i., and in (F,G) mock-infected
cells. (A,B) The RER (ribosomes are indicated
with black arrows), which contain TBEV particles
and virusinduced structures, were nearly completely
sequestered by peripheral cisterns (see electron
tomography in supplement) in neuronal extensions.
(C) Detail of (B) shows the coiled RER with TBEV-
induced structures. (D) The cisterns of the RER
(ribosomes with  black
with replicating TBEV particles and virus-induced
vesicles are surrounded by one flattened ER cistern
that nearly encloses this space, and a lipid droplet.

indicated arrow)

Enclosing cisternae of the ER were devoid
of ribosomes (white arrow). (E) 3D model of (D).
F) Similar vacuoles/autophagosomes
were not observed in control neuronal extensions.
(G) Several vacuoles that sequestered cell parts
(debris, fragments of degraded membranes)
were found in the cell body of control neurons. Bars:
(A,B,F,G) 500 nm, (C-E) 200 nm. (A,C,D)
Slices of a single axis tomogram; +£65° tilt range
with 1° increments, pixel resolution: (A) 1.1 nm, (C)
0.7 nm; (D) 0.8 nm. Transmission electron

microscope images were acquired with (A,C-E)
JEOL 2100 200 kV and (B,F,G) JEOL 1010 80 kV.

A previous study in primary mouse neurons showed
that TBEV antigen accumulated in the dendrites
of  infected Viral
were synthesized principally in the neuronal cell
bodies in the early stages of infection,
but they were distributed to dendrites later!s.
In the study, TBEV-infected HNs
also showed antigen accumulation in dendrites
(Fig. 1B, arrows), but this was not a frequent event.
At early time points after infection, virus antigen
was present in practically the whole body
of the neuron (Figs. 1B,2); at later time points,
antigen appeared

in  highly proliferated

neurons'. proteins

present

accumulation mainly

RER
(demonstrated in the co-localization experiments
with  the  PDIA3 antigen) (Fig. 2),
and only occasionally in dendrites. Viral protein

accumulation

reorganized,

in dendrites may affect neural
function'® and TBEV infections can arrest neurite
outgrowth!”. It was hypothesized that viral protein
might  affect

the distribution and function of host proteins,

accumulation in  dendrites

which in turn, might cause neural dysfunction and
cellular degeneration'.

Virus titer flog (pfuiml)] O

1 2
Days post infection

1 2 3
Days post infection

Figure 7. An autophagosome in a neural extension
observed 3 days TBEV
The cytoplasm contains mitochondria and TBEV

after infection.

particles in vacuoles, encircled by several double
membranous structures, apparently of RER origin
(but devoid of ribosomes). (A) A slice of a single axis
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tomogram; +65° tilt range with 0.6° increments,
pixel resolution: 0.8 nm. (B) A 3D model of (A).
200 nm.
microscope images were acquired with JEOL F2100
200 kV. (C,D) Autophagy enhanced TBEV
production in human neuroblastoma cells. The cells
were pretreated with the solvent control (DMSO),
rapamycin  (0.025, 0.05, or 0.1 p M) (O),
or spautin-1 (1, 5, or 10 p M) (D) then infected
with TBEV at m.o.i. of 0.1 pfu per cell for 24, 48,
or 72 hours. The culture supernatants were collected
for plaque assay on PS cells. The virus titers (pfu/ml)
are shown as the means = SEM. The horizontal
dashed line indicates the minimum detectable
threshold. *p < 0.05; **p <0.01; ***p < 0.001.

Bars: (A,B) Transmission electron

Our results suggested that vesicles containing TBEV
particles were transported in infected neurons,
based on observations that TBEV-containing
vesicles were associated with microtubules in HNs
(Fig. 8A-D).
non-cytotoxic

In human neuroblastoma cells,
concentrations of  nocodazole,
a compound which disrupts microtubules by binding
to B -tubulin
of one of the two interchain disulfide linkages and
thus dynamics,

resulted in significant reduction in virus infectivity

and preventing formation

inhibiting microtubules
(Fig. 8E). Viral spread in neurons is generally
mediated by fast axonal transport, a microtubule-
associated, anterograde and retrograde transport
system. In West Nile virus (WNV) infections,
transneuronal viral spread required axonal release
of viral particles. WNV underwent bidirectional
spread in neurons, and axonal transport promoted
viral entry into the CNS'S,

Here, we also described the morphology and
3D organization of TBEV-induced, tubule-like
structures located in the RER of infected HNs
(Figs. 3B,4A-D). Similar structures were previously
demonstrated in the RER of other vertebrate

cells infected with TBEVI19,
virus?, and mosquito-borne
flaviviruses'®?"?2, In a previous study, we observed

or arthropod
Langat

virus-induced vesicles and viral particles directly
attached to tubule-like structures in the RER
of TBEV-infected human primary astrocytes'®.
The tubule-like structures were only occasionally
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seen in acutely infected cells, but the number
of tubules increased dramatically in persistently
Unlike  previous
we frequently observed the presence of tubule-like
structures in TBEV-infected neurons.

infected  cells?. studies,

M S e

Virus titer flog (pfuml)] & .o
e

2 3
Days post infection

Figure 8. Two vacuoles that accommodated
TBEYV particles in a neuronal extension at 12 days
after infection. (A—D) Arrows indicate connections
between vacuoles and microtubules.
(A) The projection image and (B) the 3D model.
(C,D) Images show slices of a double-axis tomogram
acquired with a + 60° tilt range in 0.6° increments;
pixel resolution: 0.55 nm Bars: (A,B) 200 nm;
(C,D) 50 nm. Transmission electron microscope
images were acquired with (A) JEOL 1010 80 kV
and (C,D) JEOL F2100 200 kV.
(E) Nocodazole treatment inhibits TBEV replication
in human neuroblastoma cells.
The cells were pretreated with the solvent control
(DMSO), or nocodazole (5, 10, or 20 p M)
then infected with TBEV at m.o.i. of 0.1 pfu per cell
for 24, 48, or 72 hours. The culture supernatants
were collected for plaque assay on PS cells.
The virus titers (pfu/ml) are shown as the means
+ SEM. The horizontal dashed line indicates
the minimum detectable threshold. **p < 0.01;
**%p <0.001.

To the best of our knowledge, this study
was the first to demonstrate the simultaneous
presence of two sizes of tubule-like structures
in the RER of single infected cells (Fig. 4A-D).
Inside the RER, we observed tubules
that were 43.8 + 43 nm (N = 7) in diameter,



and in other cisternae, we observed tubules
that were 22 + 1.3 nm in diameter (Fig. 4A-D).
Previous studies reported tubule-like structures that
ranged from 50 to 100 nm in diameter and
from 100 nm to 3.5 p m in length?*?3, In TBEV-
infected human astrocytes, we previously observed
tubule-like structures of 17.9 nm (= 0.2 nm)
in diameter'®. The function of tubule-like structures
is not clear. These structures may represent features
aberrant or features

of replication, structures,

of a cellular process that aims to restrict

With
microscopy, Wwe

the infection?'. immunofluorescence and

confocal observed fibrillary
structures composed of viral E protein in cisterns
of the ER; these structures suggested that E protein
was present in the tubule-like structures (Figs. 1B,2).
The functional contribution of these tubule-like
structures to TBEV replication should be addressed

in future studies.

Our detailed 3D ultrastructural analysis clearly
demonstrated that the TBEV infection triggered
a remarkable alteration in the ER membrane
structures of HNs (Fig. 5B,D). Previous studies have
shown alterations in ER membranes by flaviviruses,
which included formations of vesicle pockets and
convoluted structures that represented a platform
for viral RNA replication and virion assembly!>?42%,
These replication compartments also shielded
double-stranded RNA from host cell-intrinsic
surveillance mechanisms?4-29,

ki

Figure 9. Mock infected HNs examined at 3 days
p.i. (A,B) HN extensions contained a few probable
secretion granules with electron-dense cores,
with diameters of (A) about 70 nm and (B) 90 nm,
that were in direct contact with the cytoplasm. (C)
Different vesicles of 43.8 nm (n = 5) in diameter
were located outside the cells (black arrow).
Bar 1 pm. (A—C) Transmission electron microscope
images were acquired with JEOL 1010 80 kV.

In TBEV-infected mice, Hirano et al.'> described

characteristic ultrastructural changes
in neurite membranes, called LMSs.
They hypothesized that LMSs were formed
by membrane reconstitutions triggered

by the viral replication, and that the LMS might serve
as a platform for dendritic viral replication and
virion assembly'>. In the present study, we observed
TBEV
but also in perinuclear regions of TBEV-infected

replication sites in dendrites,
HNs. However, our 3D tomography data strongly
that, in
the TBEV replication sites were enclosed inside
autophagosomes. ~ Moreover,
autophagosomes

that were surrounded by numerous membranes

suggested several cases,

newly  formed
we observed virions inside
(Figs. 5,6,7) with many typical morphological
Autophagosome-limiting
did not have ribosomes, and they always had two
Additionally,
we observed interactions with lipid droplets (LDs)?®
in both newly forming autophagosomes
and fully-formed autophagosomes of TBEV -infected
HNs. A existence
of a between
the endoplasmic reticulum and newly forming
autophagosomes?>*’. We confirmed this observation
(Fig. 5C,D and Fig. 6).

features. membranes

or more limiting membranes?’.

recent report noted the

physical connection

Upon autophagy induction, the initial event
is the formation of a membranous cistern called
the phagophore, or isolation membrane.
Autophagy begins with the isolation of double-
membrane structures in the cytoplasm. Later,
these membrane structures elongate and mature.
The clongated double-membranes form
autophagosomes (large vesicles with diameters

0f' 500—-1500 nm in mammalian cells), which become

mature with acidification; then, they fuse
with lysosomes to become autolysosomes.
The sequestered content is then degraded

by lysosomal hydrolases®'.

There are many proposals for the role of autophagy
during virus infection in neurons. In post-mitotic,
long-lived cell types, such as neurons, basal and
stress-induced autophagy may be particularly
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important for maintaining cellular health. In addition,
it represents an important neuronal antiviral defense
mechanism for the sequestration and elimination
of viral proteins, viral particles, and viral replication
Thus,
an adaptive, pro-survival process,

complexes’?. autophagy  represents
rather than
a maladaptive, pro-death response, during CNS viral
infection®?. Autophagy has been shown to restrict
the replication of several viruses in neurons,
including Rift Valley fever virus®?, Sindbis virus*,
and herpes simplex virus type 13°.
of WNV  has
to be independent of WNV-induced autophagy
cultures®.  Although

is a cellular homeostatic mechanism

However,

the growth been shown

in neuronal autophagy
involved
in the antiviral response, it can be also subverted
to support viral growth. Virus-induced autophagy
promoted the replication of dengue virus®’3%,
enterovirus 713!, poliovirus, and coxsackievirus
B4%°.  Japanese  encephalitis growth
is dependent on autophagy activation during
study
was the first to demonstrate that autophagy occurred
during TBEV replication in HNs, and is also
the first report that autophagy enhances TBEV
treated TBEV-infected
with rapamycin
(inducer of autophagy, as inhibition of mTOR
mimics cellular starvation by blocking signals
required for cell growth
and spautin-1 (highly specific and potent autophagy
inhibitor in mammalian cells, which promotes
the degradation of Vps34 PI3 kinase complexes

virus

the early stages of infection®’. Our

replication. We

neuroblastoma cells

and proliferation),

by inhibiting two ubiquitin specific peptidases,
USP10 and USP13 that target the Beclinl subunit
of Vps34 complexes) and investigated the effect
of the treatment of TBEV growth. The induction
of autophagy
by rapamycin increased TBEV replication (Fig. 7C),
whereas the inhibition of autophagy by spautin-1
reduced significantly viral titers (Fig. 7D), indicating
TBEV

in human neuroblastoma cells

that autophagy positively regulates

replication.

As mentioned above, we observed direct interactions
between autophagosomes and LDs in TBEV-
infected HNs (Fig. 6D,E, Fig. 7). A previous report
showed that autophagosomes could target cellular
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lipid stores (LDs) to generate energy for the cell*.

For example, dengue viral-infection-induced

autophagy stimulated the delivery of lipids
which

in the release of free fatty acids. These fatty acids

to lysosomal compartments, resulted

underwent [ -oxidation in the mitochondria
to generate ATP, which produced a metabolically
favorable environment for viral replication®®,
Thus, aside from the many roles of autophagy
in regulating cellular homeostasis, its regulation
of'lipid metabolism can represent a major contributor
to robust viral replication*'. The role of autophagy
as a provider of free fatty acids as an energy source
for RNA

will be a subject of our further studies.

replication during viral infection

In conclusion, we directly investigated the
morphological changes induced by TBEV infections
in HNs with advanced high-pressure freezing,
freeze-substitution,
and electron tomography techniques,
with the purpose of achieving optimal preservation
tomography

visualization of cellular architecture. These methods

of ultrastructure  for  electron
enabled clear visualization of connections between
microtubules and vacuoles that harbored TBEV
virions in neuronal extensions, connections between
tubule-like structures and virions, 3D organizations
of proliferating endoplasmic reticulum membranes,
membranous  whorls, and the formation
of autophagic vacuoles. These data provided insight
into the process of TBEV-induced injury in HNs,
and our findings will promote future studies
that aim to understand the molecular mechanism

of TBEV infection in the human CNS.

METHODS

Virus and cells. The virus used in this study
was the TBEV strain, Neudoerfl, kindly provided
by Professor F. X. Heinz from the Medical
University in Vienna. The strain was originally
isolated from the tick Ixodes ricinus in Austria
in 1971. The virus represents a prototype strain
of the subtype of TBEV and
was characterized extensively, including its genome
sequence and the 3D structure of its envelope protein
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E*. The virus underwent four passages in the brains
of suckling mice before use in this study.

Human neurons (HNs) were isolated from the human
brain and characterized by immunofluorescence with
antibodies specific to neurofilament, microtubule
associated protein 2 (MAP2), and B —tubulin III
(purchased at passage zero from ScienCell Research
Laboratories, Carlsbad, CA). HNs were propagated
in Neuronal Medium (ScienCell) with 1% neuronal
growth supplement and 1% penicillin/streptomycin
(ScienCell) at 37 °C and 5% CO2. In all experiments,
cells were used at passage zero.

Human  neuroblastoma  cells ~ UKF-NB-4'
were cultured at 37 °C and 5% CO2 in Iscove’s
modified (IMDM)
supplemented with 10% fetal bovine serum (Sigma)
and 1% mixture of penicillin and streptomycin
(Sigma).

Dulbecco’s medium

Porcine kidney stable (PS) cells*® were cultured in
L-15 medium supplemented with 3% newborn calf
serum and 1% penicillin/streptomycin
(Sigma-Aldrich) at 37 °C.

Viral growth in HNs. HNs were seeded onto gelatin
(0.2%) coated wells of 96-well plates
at 20,000-25,000 cells/cm?. After establishing
the culture, cells were inoculated with the virus
diluted in culture medium to 5 multiplicity
of infection units (MOI). Virus-mediated cytopathic
effect (CPE) was investigated with light microscopy.
At 0, 3, 5,7, and 12 days p.i., supernatant medium
from appropriate wells was collected and frozen
at —70 °C. Viral
by plaque assay.

titers were determined

Plaque assay. PS cells were used to determine virus
titers according to a protocol described previously,
Tenfold dilutions
of the virus samples were placed in 24-well tissue
culture plates, and suspended PS cells were added
(5%10* cells per well). After incubating for 4 h,
the suspension was overlaid
with carboxymethylcellulose (1.5% in L-15
medium). After incubating for 5 days at 37 °C,
the plates were washed with PBS, and the cells

with minor modifications**.

with black
(Sigma Aldrich). Virus titer was expressed in units

were stained naphthalene
of pfu/ml.

Immunofluorescence staining. TBEV-infected and
HNs Then,

cells were fixed in 4% formaldehyde for 1 h at room

control were grown on slides.
temperature, rinsed three times in 0.1 M phosphate
buffer (PB) with 0.02 M glycine, permeabilized
with 0.1% Triton X-100 with 1% normal goat serum
in 0.1 M PB for 30 min, and blocked with 5% normal
goat serum. Cells were labeled with flavivirus-
specific mouse mAb (1:250; Millipore) for 1.5 h
at 37 °C. Flavivirus-specific mAb and rabbit anti-
PDIA3 (1:250, Sigma-Aldrich)
were used for double labeling. After washing with
ten—fold diluted blocking solution, the cells
were labeled with goat anti-mouse secondary
antibody  conjugated  with  FITC  (1:500,
Sigma-Aldrich) or goat anti-rabbit secondary
antibody conjugated with Atto 550 NHS (1:500,
Sigma-Aldrich) for 1.5 h at 37 °C. The cells
were counterstained with DAPI
(1 p g/ml, Sigma-Aldrich) for 10 min at 37 °C,
in 2.5% 1,4-diazabicyclo(2.2.2)octane

(Sigma-Aldrich), and examined with an Olympus

antibody

mounted

BX-51 fluorescence  microscope  equipped
with  an  Olympus DP-70 CCD camera.
Confocal microscopy was performed

with an Olympus FV-1000; serial Z-series images
were acquired in blue, red, and green channels.

Transmission electron microscopy and electron
tomography. TBEV-infected and control HNs
were grown on sapphire discs. At either 3 or 12 days
p-i., cells were high-pressure frozen in the presence
of 20% BSA diluted in Neuronal Medium
with a Leica EM PACT2 high-pressure freezer.
Freeze substitution was carried out in 2% osmium
tetroxide diluted in 100% acetone, as described
previously'®, with a Leica EM AFS2 at — 90 °C
for 16 h. The samples were than warmed
at a rate of 5 °C/h, incubated at — 20 °C for 14 h,
and finally warmed again at the same rate
to a final temperature of 4 °C. The samples
were rinsed three times in anhydrous acetone
infiltrated stepwise
in acetone mixed with SPI-pon resin (SPI)
(acetone:SPI ratios of 2:1, 1:1, 1:2, for 1 h

&3

at room temperature and



at each step). The resin

were polymerized at 60 °C for 48 h.

samples in pure

Sections were prepared with a Leica Ultracut UCT
microtome and collected on 300 mesh cooper grids.
Staining was performed with alcoholic uranic acetate
for 30 min, and then, lead citrate for 20 min.
were obtained with a JEOL 2100F
or JEOL 1010 transmission electron microscope.

Images

For electron tomography, protein A-conjugated
10 nm gold nanoparticles (Aurion) were added
to both sides of each section as fiducial markers.

Tilt series images were collected in the range of + 60°
to 65°, with 0.6° to 1° increments.
Images were acquired with a 200 kV JEOL 2100F
transmission  electron equipped
with a high-tilt stage and a Gatan camera
(Orius SC 1000) and controlled with SerialEM
software®.

microscope

automated acquisition
Images were aligned based on the fiducial markers.
Electron reconstructed
with the IMOD software package. Manual masking
of the area of interest was employed to generate

3D surface models*®.

tomograms were

Autophagy stimulation and inhibition, and
microtubule disruption. Stocks of rapamycin
(Sigma-Aldrich) as an autophagy
spautin-1 (Sigma-Aldrich), an autophagy inhibitor,
and nocodazole (Sigma-Aldrich) as a microtubule
disruptor, were prepared in DMSO. Monolayers

of human neuroblastoma cells in 96-well plates

stimulator,

were pretreated with different concentrations
of either drug (or DMSO as a negative control)
for 30 min at 37 °C and infected with TBEV
at a multiplicity of infection of 0.1 pfu per cell.
Infection was always performed
Supernatants were harvested at 24, 48, and 72 hours
p-i. and titers were determined by plaque assay

as described above.

in triplicate.

Statistical analysis. Statistical analyses
were performed using version 5.04 of the GraphPad
Prism5  (GraphPad  Software, Inc., USA).

Data were transformed by use of the X’ = log(X)
formula and analysed using one-way ANOVA
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(Dunnett’s Multiple
p-values < 0.05 were considered significant.

Comparison Test).
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Ultrastructural, cytochemistry and electron tomography
analysis of Caryophyllaeides fennica (Schneider, 1902)
(Cestoda: Lytocestidae) reveals novel spermatology
characteristics in the Eucestoda
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Spermatozoon formation in Caryophyllacides fennica (Schneider, 1902) is characterised
by the following: (1) apical electrondense material in the zone of differentiation, (2) typical striated roots
situated unconventionally in opposite directions in early stages of spermiogenesis, (3) intercentriolar
body composed of three electron-dense and two electron-lucent plates, (4) free flagellum and a flagellar
bud that correspond to a greatly reduced flagellum and (5) rotation of free flagellum and a flagellar
bud to the median cytoplasmic process at 90°. The development of two flagella of significantly unequal
length clearly supports a derived form of spermiogenesis in the Caryophyllidea. New for cestodes
is a finding of two additional striated roots situated opposite each other, in conjunction
with both the flagellar bud and free flagellum. Mutual position of additional striated roots and typical
striated roots is parallel in early stages and perpendicular in advanced stages of spermiogenesis.
A complete proximodistal fusion gives rise to a mature spermatozoon consisting of one axoneme,
parallel cortical microtubules, a nucleus and a moderately electron-dense cytoplasm with glycogen
particles, detected by a technique of Thiéry (J Microsc 6:987-1018, 1967), in the principal regions
(IL, III, IV). Electron tomography analysis of the free flagellum and one axoneme of a mature
spermatozoon of C. fennica provides clear evidence, for the first time, that two tubular structures
are present in the central axonemal electrondense core. Phylogenetically important aspects
of spermiogenesis of the Caryophyllidea with one axoneme, and other cestodes
with one or two axonemes, are briefly reviewed and discussed.

Section Editor: David Bruce Conn
Author contact: Magdaléna Brunanska brunan@saske.sk

Caryophyllidean tapeworms, intestinal parasites  segmentation, possessing a single set of reproductive
of freshwater cypriniform and siluriform fishes, organs (Mackiewicz 2003). With this array
represent a unique group of the Eucestoda in having  of characters, the Caryophyllidea have long attracted
a monopleuroid body plan with the absence the attention of evolutionary  biologists.
of internal  proglottidisation = or  external  Although the basal or nearly-basal position
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of the group within the Eucestoda is generally
accepted (Mariaux 1998; Hoberg et al. 2001; Olson
2001), phylogenetic  relationships
within the order Caryophyllidea and systematic

et al

position of some caryophyllidean tapeworms
are an ongoing theme (Waeschenbach et al. 2012;

Caira and Littlewood 2013).

Sperm characters provide important data sets useful
for phylogeny (Justine 1998, 2001, 2003; Brunanska
2010; Levron et al. 2010). Until now, spermatology
of five caryophyllidean taxa of two families
(Capingentidae and Caryophyllaeidae) is available
(Kazacos and Mackiewicz 1972; Swiderski and
Mackiewicz 1976, 2002; Gamil 2008; Miquel et al.
2008; Yoneva et al. 2011, 2012a; Brunanska and
Kosti¢ 2012).
have been

Significant differences

reported between genera and

even within species of the family Caryophyllaeidae.

45
]
!

Fig. 1 Early and advanced stages of spermiogenesis

in  Caryophyllaeides fennica. a Early stage
of spermiogenesis documented in the longitudinal
section of a young spermatid. The typical striated
root of a centriole is situated tangential to the long
axis of the nucleus. Bar = 500 nm.
b An intercentriolar body (ICB) is situated between
the two  centrioles arranged

in the same plane. The typical striated roots of both
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which  are

centrioles are oriented in opposite directions.
Bar =
of differentiation in early stages of spermiogenesis
reveals one typical striated root and two additional
striated roots (R1, R2) associated with one centriole.
Bar = 500 nm. d The centriole is joined with one
typical striated root and two smaller additional
striated roots (R1, R2) also in advanced stages
of spermiogenesis. R1 and R2 are situated opposite
each other. Bar = 500 nm. Inset: detail of the ICB
shows that it consists of three electron-dense layers
(arrows) and two electron-lucent zones (1, 2).
Bar =125 nm. e The presence of typical striated roots
in advanced

70 nm. ¢ Cross section of the zone

stages of spermiogenesis Wwhen
the nucleus becomes elongated and moves towards
the median cytoplasmic process (MCP). Bar = 500
nm. f Parallel disposition of the free flagellum and
flagellar bud to the MCP in very advanced stages
of spermiogenesis. Bar = 500 nm. g Additional
striated roots (R1, R2) of the free flagellum
are situated perpendicular to the typical striated root,
which is parallel with the nucleus in very advanced
stages of 500 nm.
h The flagellum
may be associated with one typical striated root and
striated (R1, R2)
immediately before proximodistal fusion has started.
Bar = 800 nm. i Cross section of the MCP and

the free flagellum before proximodistal fusion.

spermiogenesis. Bar =

centriole of the free

the two additional roots

The two small arrows indicate attachment zones.
Bar = 250 nm. j Cross section of the MCP reveals
four attachment zones (small arrows). Bar = 170 nm.
k Cross section of the MCP and incorporated
flagellum (Ax) after the proximodistal fusion.
Bar = 250 nm. 1 Cross section of the spermatid
with the nucleus
Bar = 250 nm.
of the oneaxoneme (Ax) spermatid. Bar = 250 nm.
n Longitudinal
of the spermatid. Bar = 250 nm. AM arching
membranes, Ax axoneme, C centriole, CMcortical

after proximodistal fusion.

m Longitudinal section

section of a nucleated part

microtubules, DMapical electrondense material,
F flagellum, FB flagellar bud, N nucleus, R typical
striated root.

Sperm features within the family Lytocestidae
are of particular interest in connection with the still
unknown lytocestiid

evolutionary origin of



caryophyllideans (Mackiewicz 2003). The family
Lytocestidae is paraphyletic and comprises 13 genera
forming three or four separated clades (Olson et al.
2008; Oros et al. 2008). Ultrastructural spermatology
studies have been carried out on five lytocestiid
species of four genera only (see Yoneva et al. 2012b).
The mature spermatozoa of caryophyllideans

have unconventional axonemal organisations
of the trepaxonematan type 9 + “1” (Ehlers 1984).
These atypical axonemes have a complex axonemal
core instead of a central pair of singlets typical
for the 9 + 2 pattern of the cilia and flagella of most
eukaryotes (Thomas 1975). The complex axonemal
core consisting of three regions, namely (1) a central
electron-dense core, (2) an intermediate zone of low
sheath,

has been a subject of numerous investigations

electron density and (3) a cortical
utilizing various techniques, e.g. negative staining,
shadowcasting, staining
shadowcasting, replication, photographic integration
and treatment with trypsin 1969;
Burton and Silveira 1971; 1975).
Based on these observations, it was concluded
that a central electrondense core (zone) is formed

negative plus
(Silveira
Thomas

by longitudinally oriented elements as suggested
by Silveira (1969), and the tubular helical elements
in question do not Consequently,
it was doubtful that possible homologies exist

exist.

between the central regions of the 9 + 2 and 9 + “1”
contrast, a
of the centre of the complex axonemal core has been
discovered by recent electron tomography analysis

axonemes. In helicoidal nature

of oneaxoneme spermatozoa of the more derived
tapeworm Nippotaenia mogurndae (Brunanska et al.
2015). The latter finding has stimulated interest
in  applying tomography
investigations to other cestode groups, e.g. basal
caryophyllideans  having  also
for unravelling the basic sperm
structure of the trepaxonematan type 9 +“1”

similar  electron
one-axoneme
spermatozoa,

in the Eucestoda.

The present study is on sperm/spermiogenesis
in Caryophyllaeides fennica, a frequently found and
widely distributed parasite throughout Europe and
Russia, which has been reported from many cyprinid
fish hosts (Protasova et al. 1990). Spermiogenesis

of this parasite has not been studied. Our focus
is to (i) verify a new model of caryophyllidean type
of spermiogenesis suggested by Brunanska and
Kosti¢ (2012) which alters a traditional model
of the caryophyllidean type of spermiogenesis
(see Swiderski 1986; Ba and Marchand 1995),
(i1) elucidate the structure of central electron-dense

core (rod, zone) of axial core
using electron tomography and (iii) assess
the  occurrence of the  phylogenetically
interesting spermiogenesis/sperm characters
within the evolutionary context
of the Caryophyllidea.

MATERIALS AND METHODS

Adult specimens of the caryophyllidean cestode
Caryophyllaeides  fennica  (Schneider, 1902)
were collected from the roach, Rutilus rutilus
(Linnaeus, 1758) (Cypriniformes, Cyprinidae,
Leuciscinae), captured in the Tisa River,

southeastern Slovakia, in June 2006. Live parasites
were isolated from the intestines of freshly killed
hosts, cooled in 0.9% NaCl solution and immediately
processed for transmission electron microscopy,
cytochemistry and electron tomography.

ELECTRON MICROSCOPY

The worms were divided into small pieces,
fixed in icecold 2.5% glutaraldehyde in sodium
cacodylate buffer (pH 7.4) for 40 days, washed
sometimes in the same buffer and post fixed in 1%
OsOs4 for 2 h at 4 °C. Specimens were dehydrated
in a graded alcohol (acetone) series and embedded
in Spurr. Ultrathin sections were cut using a Leica
Ultracut UCT Ultramicrotome, placed on copper
grids and double stained with uranyl acetate and lead
citrate. The grids were examined in a JEOL 1010

transmission electron microscope operated at 80 kV.

CYTOCHEMISTRY

Specific cytochemical localisation of glycogen at the
ultrastructural ~ level ~was  performed
the periodic acidthiosemicarbazide-silver proteinate
(PA-TSC-SP) technique of Thiéry (1967). Gold grids

were treated in periodic acid, thiocarbohydrazide and

using

silver proteinate as follows: 25 min in 1% PA,
distilled water rinse, 40 min in TCH, rinse in acetic
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acid solution and distilled water, 30 min in 1% SP
in the dark, then distilled water rinse.

d
1
i

t

=

Fig. 2 Schematic reconstruction of the main
consecutive stages of spermiogenesis in C. fennica
(a, b early stages; cl, ¢2, d1, d2 advanced stages;
e final stage of spermiogenesis). AM arching
membrane; Ax axoneme; AZ attachment zones;
C centriole; CM cortical microtubules; DM apical
electron-dense material; F flagellum; FB flagellar
bud; ICB MCP median
cytoplasmic protrusion; N nucleus; R typical striated
root; R1, R2 additional striated roots.

intercentriolar  body;

ELECTRON TOMOGRAPHY

For electron tomography, 100-nm-thick ultrathin
sections collected on 300-mesh copper grids (SPI)
were stained using alcoholic uranyl acetate (15 min)
and lead citrate (15 min). As fiducial markers, 10-nm
gold nanoparticles conjugated with protein A (BBI)
were placed on both side sections and subsequently
covered by carbon. Dual-axis electron tomography
was done from tilt series images collected
in the range = 70° with a 1° step on the JEOL 2100F
electron equipped

transmission microscope

with motorised tilt stage and camera Orius SC 1000
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(Gatan). We aligned and reconstructed a stack
of tilt series images in the IMOD software package
(Mastronarde 2005). The reconstructed tomogram
is stored in MRC file (Crowther et al. 1996)
with  the
For ultrastructural analysis of electron-dense core,
we  applied the filter
on the tomogram using Amira software (Fisher
Scientific). Manual and semiautomatic masking of

isotropic  voxel size 1.1 nm.

recursive  Gauss

the area of interest was used for generation of a three-
dimensional model (Kremer et al. 1996).

RESULTS

Spermiogenesis

Spermiogenesis  of  Caryophyllaeides  fennica
is initiated by the formation of a zone

of differentiation at the periphery of each spermatid.
The zone of differentiation is a conical area
containing electron-dense material in its apical
region and the two centrioles associated with typical
striated roots arranged in the same plane (Figs. la
and 2a). The centrioles give rise to a free flagellum
flagellar bud (Figs. 1b and 2b).
At this very early stage of spermiogenesis,

and a

the striated roots are situated in opposite directions.
In addition to the typical striated root, the two smaller
additional striated roots occur which are occasionally

(Fig.  lc).
interconnected

associated ~ with a  centriole
The  two
by an intercentriolar body which is composed

of three electron-dense and two -electron-lucent

centrioles are

layers (Figs. 1b, d and 2a—c). The centrally located
thick surrounded
by two components
peripherally limited with thin electrondense plate
(Fig. 1d, inset). The growing free flagellum rotates

electron-dense  layer is

thinner  electronlucent

synchronously with towards
the emerging median cytoplasmic process (MCP)
(Figs. 1d, e and 2c). Additional two striated roots

associated with a centriole are situated in opposite

a flagellar bud

direction (Figs. 1d and 2c2). Flagellar rotation
is accompanied with changes of the nucleus,
which becomes elongated and moves towards the
MCP  (Fig. le). In stages
of spermiogenesis, after flagellar rotation at 90°,
the free flagellum and flagellar bud are arranged
parallel to the elongated MCP (Figs. 1f-h and 2d).

advanced



Now, the two additional striated roots are situated

typical
(Figs. 1g, h and 2d2). Typical striated root is oriented

perpendicular  to  the striated  root
parallel with the long axis of the nucleus (Figs. le-g
and 2d). Cross

of the attachment zones in the

sections reveal the presence
form of one
or two pairs of very small islands of electron-dense
material on the inner surface of the plasma
membrane of the MCP (Figs. 1i, j and 2d).
The free flagellum exhibiting a typical 9 +“1”
structure merges in the MCP during proximodistal
fusion (Fig. 1k, m). After that, the nucleus migrates
into the MCP (Fig. 11, n). Immediately before
the migration of the nucleus into the MCP
has finished, spermatids are pinched
off from the residual cytoplasm (Fig. 2e).

MATURE SPERMATOZOON

The mature spermatozoon of C. fennica is a filiform
cell tapered at both proximal (anterior) and
distal (posterior) ends. It exhibits one axoneme
of the 9 + “1” trepaxonematan type, parallel cortical
microtubules, glycogen granules and nucleus which
is parallel to the axoneme. Observation of numerous
longitudinal cross sections of the mature
spermatozoon of C. femnica revealed five regions
(I-V) with different ultrastructural organisations.
Region I (Figs. 3a and 4(I))
to the anterior extremity of the spermatozoon.
This region contains a single axoneme, surrounded
by a semi-arc of six cortical microtubules situated

beneath the plasma membrane.

corresponds

The diameter
of the spermatozoon in this region measures 200 nm.

Region II (Figs. 3b—d and 4(Il)) is characterised
by the presence of one axoneme and a slightly
increased number (6-8) of cortical microtubules.
The diameter of the spermatozoon
to 475 nm. The cytoplasm contains electrondense
granules of glycogen detected using the Thiéry

increases

method (Fig. 3¢, d). Cross sections show one pair
of attachment zones corresponding to the points
of fusion of the free flagellumwith the median
cytoplasmic process during spermiogenesis (Fig. 3b,
¢). Cortical microtubules progressively increase
in number (up to 11) at the end of region II.

Region III (Figs. 3e—i and 4(Ill)) represents
the nucleated part of the spermatozoon. The nucleus
is parallel to the axoneme. In cross sections,
the initial very small diameter of the nucleus
increases gradually up to 690 nm (Fig. 3f, g) and
reaches its maximum about 810 nm in the middle part
of this region (Figs. 3h and 4(III)). The number
of cortical microtubules ranges between 11 and 19.
The size of the nucleus is gradually reduced
posteriorly. Region III contains numerous glycogen
granules in the cytoplasm (Fig. 3h, 1).

Region IV (Figs. 3j and 4(IV)) is characterised
by a decreasingdiameter of the spermatozoon.
It contains one axoneme and only a few cortical
microtubules.

Region V (Figs. 3k-m and 4(V)) corresponds
to the posterior extremity of the spermatozoon.
It includes only one axoneme surrounded by plasma
membrane (Fig. 3k). Disorganisation of the axoneme
starts with the absence of its central structure
(Fig. 31) and continues with the transformation
of the peripheral doublets in singlets (Fig. 3m).

The 9+“1”
of one-axoneme mature spermatozoon of C. fennica

trepaxonematan structure

is visualised in tomogram virtual slices
with  increasing  Z-position  (Fig.  Sa—d).
Peripheral nine-doublet microtubules

are interconnected with the complex core unit (CU)
y regularly spaced spokes. The CU is composed
of the central electron-dense core (EC), an electron-
lucent intermediate area (IA) and an electron-dense
cortical sheath (CS). Each tomogram virtual slice
illustrates the EC as a high-electron-dense elliptical
object, which changes its own orientation
with different Z-positions. The EC
counterclockwise with the different Z-positions
of the tomogram virtual slice from the bottom
to the top. This finding indicates the spiral shape
of the EC conveyor,
which is depicted in Fig. 6 (red colour). The outer
diameter of EC is 39.2 + 2.6 and ~ 50.6 nm
in the Z-axis direction, representing a one-half period

rotates

resembling a screw

of screw (Fig. 5a—d). Helical appearance of the CS
is documented in the threedimensional model

showing a circulation of electron-density throughout
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this  structure  (Fig. 6). The

of the twodimensional recursive Gauss filter using

application

Amira software (Fisher Scientific) on original
tomogram slices has revealed the
of the two tubular structures in the EC

presence

of both the free flagellum (Fig. 7) and the mature
spermatozoon. Resolution of electron tomography
on plastic sections indicates that these two round
hollow structures in the EC are a part of a double
helix.
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Its electron-density appears mostly consistent

on other tomogram slices.

Fig. 3 Ultrastructure of the mature spermatozoa
of C. fennica.
with one axoneme and six cortical microtubules.

a Cross section of region I

Bar = 100 nm. b Cross section of region II
Note the increasing volume of cytoplasm and
the attachment zones (small arrows). Bar = 125 nm.
¢ Granules of glycogen detected in the cytoplasm
of the spermatozoon of region II by the Thiéry
method. Small arrows indicate attachment zones.
Bar =
using the Thiéry method in the longitudinal section
of the region II. Bar = 330 nm. e Cross section
of region III shows the anterior part of the nucleus.
Small
Bar = 200 nm. f Cross section of region III
with enlarged profile of nucleus. Note the increased
number of cortical microtubules. Small arrows
Bar = 200 nm.
g Cross section of the central part of region III
with large profile of the nucleus and a few cortical
microtubules scattered under the plasma membrane
(PM). Bar = 125 nm. h Visualisation of glycogen

125 nm. d Visualisation of glycogen

arrows indicate  attachment  zones.

indicate attachment zones.

using the Thiéry method in the cross section of region
III with prominent central nucleus. Bar = 125 nm.
i Glycogen in the longitudinal
of the region III after application of the Thiéry

section

method. Bar = 250 nm. j Cross section of region IV
with one axoneme, significantly reduced volume
of cytoplasm and only a few cortical microtubules.
Small
Bar =125 nm. k Cross section of region V. Bar = 135
nm. 1 Doublets of the disorganised axoneme
in the posterior
part of region V. Bar = 125 nm. m Doublets and

arrows  indicate  attachment  zones.

cross section of a more
singlets of  the
in the cross section of the posterior extremity
of the spermatozoon. Bar = 100 nm. Ax axoneme,
CM  cortical cytoplasm,
D doublets, G glycogen, N nucleus, S singlets.

disorganised axoneme

microtubules, Cy

DISCUSSION

Results  of  the study
phylogenetically important characters not described
previously in traditional models of sperm formation
in the Caryophyllidea (Swiderski 1986; Bi and

present illustrate

Marchand 1995), namely apical electron-dense
material in the zone of differentiation in early
spermatids, and rotation of both the free flagellum
and the flagellar bud. Moreover, our ultrastructural
studies of Caryophyllaeides fennica corroborate the
occurrence of typical and additional striated roots

during  spermiogenesis  in  caryophyllidean
tapeworms, the localisation of glycogen in mature
spermatozoa and the 9+“1” trepaxonematan
structure in the Eucestoda.

ASE

HE Ax

i - PM

cC

~ G
o ™

|-

®

PSE

Fig. 4 Schematic reconstruction of the mature
spermatozoon of C. femnica. ASE
extremity, Ax

AZ attachment zones, CC central core, CM cortical

anterior
spermatozoon axoneme,
microtubules, G glycogen, N nucleus, PM plasma
membrane, PSE posterior spermatozoon extremity.

Apical electron-dense material has been observed
exclusively during spermiogenesis in the Cestoda,
in basal groups,
in Platyhelminthes.
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In addition to being in early stages of spermiogenesis

in  caryophyllidean tapeworms that have
a one-axoneme spermatozoon (Brunanska and
Poddubnaya 2006; Gamil 2008; Miquel et al. 2008;
Brunanska 2009, 2010; Yoneva et al. 2011, 2012a, b;
study),

apical electron-dense material is also in some

Brunanskda and Kosti¢ 2012; present

cestodes with a twoaxoneme spermatozoon,
e.g. amphiliniids (Brunanskda et al. 2013),
bothriocephalideans  (Brunanska et al. 2001;

Levron et al. 2005, 2006a; Sipkova et al. 2010, 2011;
Marigo et al. 2012a), diphyllobothriideans
(Levron et al. 2006b, 2009, 2013; Yoneva et al.
2013), spathebothriideans (Brunanska et al. 2006;
Poddubnaya  2010)  and
the proteocephalidean lafoni
(Marigo et al. 2012b).

Brunanska  and
Barsonella

Rotation of both the free flagellum and the flagellar
bud, another evolutionary significant characteristic,
has been described during spermiogenesis in basal
caryophyllideans as well as the higher phyllobothriid
tetraphyllideans, tetrabothriideans or nippotaeniids
(Mokhtar-Maamouri 1979; Stoitsova et al. 1995;
Brunanska and Poddubnaya 2006; Miquel et al.
2008; Brunanska 2009, 2010; Yoneva et al. 2011,
2012a,b; Kosti¢ 2012;
Brunanska et al. 2015; present study). Based on these
findings, it is suggested that rotation of free

Brunanska and

flagellum + flagellar bud may indicate a derived
stage of spermiogenesis  of
cyclophyllidean cestodes having a single-axoneme
spermatozoon (Brunanska et al. 2015).

some non-

Fig. 5 The 9 + “1” trepaxonematan structure of a

single axoneme in the mature
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spermatozoon

of C. fennica with elliptical shape of the central
electron-dense core (EC). a—d Tomogram virtual
slices represent reconstructed volume ordered
(a first, b 16th, ¢ 31st, d 46th from the bottom).
Lateral pixel size and thickness of each virtual slice
nm). Tilt
were collected in the range = 70° with 1° increments.
CS cortical sheath, D doublet microtubules,
IA intermediate

are identical (1.1 series  images

area, S spike, T cortical
microtubules. Orientation of EC is
by dotted line, and arrow shows the direction
of rotation of EC with increased placing in the order

of'slices that represents the Z-axis (height) in section

indicated

volume. Bar in a—d = 50 nm.

A typical striated root surmounted by each centriole
is an important component directly participated
in flagellar rotation (Stoitsova et al. 1995). Typically,
both striated roots are oriented in the same direction
during spermiogenesis (Justine 1998; Brunanska
2010; Levron et al. 2010). However, the two typical
situated

striated roots

have been reported exclusively during early stages

in opposite directions

of spermiogenesis in Caryophyllaeus laticeps and
C. fennica (see Brunanska and Kostic 2012;
present study). It remains to be seen if this feature
is only found in
of the Caryophyllidea. Its functional significance
On the other hand, rather than

having a functional significance, perhaps it is more

spermiogenesis

is not clear.

indicative of an evolutionary one:
that the caryophyllidean spermatozoon
does not reflect a plesiomorphic condition,

e.g. two axonemes (Justine 1998), but reinforces
a derived one, with all of its implications.
One of these implications being
that the Caryophyllidea, with their monopleuroid
body plan, is not ancestral to other tapeworms
but may have evolved from a polypleuroid
or strobilate ancestral tapeworm with a twoaxoneme
spermatozoon.

The occurrence of one additional striated root
has been reported during
in two caryophyllideans (Brunanskda and
Poddubnaya 2006; Brunanska and Kosti¢ 2012) and
one diphyllobothriidean (Levron et al. 2006b).
The two additional striated roots opposite each other,

spermiogenesis



with different orientations to typical striated root
in early stages of spermiogenesis (parallel) (Figs. 1d
and 2c2) and advanced stages of the process
(perpendicular) (Figs. 1g and 2d2), are described
in C. fennica for the first time within the Eucestoda.
This different orientation of additional striated roots
might indicate their rotation, a process never
described before in cestodes.

Fig. 6 Three-dimensional model of the 9 + “1”

trepaxonematan  structure  in  the  mature
spermatozoon of C. fennica with helical screw
conveyor shape of the central electron-dense core
(EC). The rod (R) depicts the orientation of elliptical
shape of EC represented at each fifth virtual slice.
Tilt series images were collected in the range + 70°
with 1° increments. A, B, A and B tubules of each
doublet; CS, sheet; IA,

intermediate area; PM, plasma membrane; T, cortical

axonemal cortical
microtubules. Bar = 50 nm.

Khawia

root

In contrast to armeniaca
an additional mostly

with a centriole/basal body of the flagellar bud,

having
associated

the two additional roots in C. fennica were observed
in conjunction with both the flagellar bud and the free
flagellum. The presence of additional striated root(s)
in  caryophyllidean detected
occasionally, and their significance still remains
to be ascertained.

cestodes  was

Glycogen is found abundant in most tissues
their
(Silveira 1973). The localisation of glycogen
in the spermatozoa of caryophyllidean tapeworms
has been described on the basis of either TEM
observations (Swiderski and Mackiewicz 2002;
Gamil 2008) or cytochemical staining by the Thiéry
method (1967) (Brunanska 2009; Yoneva et al. 2011;
Brunanskd and Kosti¢ 2012; present study).

of flatworms, including sperm  cells

In contrast to some other flatworms having male
gametes with the 9 + “1” trepaxonematan structure,
glycogen
in the mature spermatozoa of caryophyllidean

intraaxonemal was not observed

tapeworms.

Fig. 7 The 9 + “1” trepaxonematan structure of a free
flagellum of C. fennica with the two central tubular
structures. a—d Tomogram virtual slices represent
reconstructed volume ordered (a, ¢ 21st; b, d 50th
fromthe bottom). ¢, d Original tomogram slices and
slices a, b after application of two-dimensional
recursive Gauss filter using Amira software
(Fisher Scientific). White arrows point out the central
tubular doublet. These tubular structures are mostly
consistent in electron density on other slices.
Similar patterns were observed in other tomograms
of the free flagellum and mature spermatozoon

of C. fennica.

Electron tomography analysis of the free flagellum

and one-axoneme mature spermatozoon
of C. fennica provides clear evidence that two tubular
structures are present in the central axonemal
electron-dense first
such reported
in the Platyhelminthes having male gametes
with the 9 + “1” trepaxonematan

Previously, authors

core. For the time,

structures are here
structure.

some have  speculated
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that tubular helical elements might exist in the centre
of the axonemal core, but these have not been
detected in  transverse ultrathin  sections
due to the pitch of the helices and the hypothetical
extremely thin sections required for ultrastructural
1969).
Based on treatment with trypsin, Thomas (1975)
concluded that the
in question do not exist in the central core
of the 9+“1”

in Platyhelminthes. The presence of the two tubular

investigations (Henley et al.

tubular helical elements

axoneme of  spermatozoa
structures in the central axonemal electron-dense
core in C. femnica might suggest a hypothesis
that such tubular
homologues of the central singlets of the 9 + 2
axoneme (Thomas 1975). On the other hand,
any structural supported
by the evidence that the central region of the 9 + 2
axoneme contains only two microtubules and
is not surrounded by a sheath (Iomini et al. 1995).

elements might represent

homology is not

The central axonemal electron-dense
with doublet tubular
in the caryophyllidean cestode C. fennica resembles
remarkably the central cylinder of the 9+ “1”

core
structures

axonemal pattern with a central singlet microtubule
Childia  and
of the Mecynostomidae having a 9 + “1”” axonemal
pattern (Tekle et al. 2007). Contrary to a helicoidal
nature of the tubular doublet in C. fennica as revealed
by electron tomography, a singlet microtubule
in a 9+“1” axoneme is presumed to be straight
based on

in the acoelan members

conventional transmission electron
microscopy. Clearly, the substructure of the central
singlet (in 9 + “1” axoneme) or doublet (in 9 +2
axoneme) in the Acoela should be studied in more
detail using electron tomography. Ultrastructural
immunocytochemistry supports the hypothesis
that the 9+“1” pattern
is not homologous to the trepaxonematan 9 + “1”
pattern (Justine et al. 1998; Tekle et al. 2007) because
in contrast to the 9 + “1”” axonemal pattern in acoels
(Tekle et al. 2007), the central cylinder of the 9 + “1”
axoneme of cestodes (Miquel and Marchand 2001)

and digeneans (Iomini et al. 1995; Iomini and Justine

acoelan axoneme

1997; Ndiaye et al. 2003) is not immunoreactive
to tubulin. It should be noted, however, that electron
microscope immunocytochemistry data on the 9 + 2
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axonemes in Platyhelminthes, which might reveal
the chemical nature of their central axonemal doublet
microtubules, are still lacking. Thus, we need a more
detailed
of the Platyhelminthes spermatozoa based on various

picture of the basic structure

techniques (conventional electron microscopy,
electron tomography, cryo-electron tomography and
immunocytochemistry)  before a  hypothesis
on the interrelationships of the 9 +“1” and 9 + 2
axoneme structures can be definitively accepted

or rejected.

Using electron tomography, we have shown that the
helicoidal nature of the tubular doublet in C. fennica
resembles the spiral shape of the central electron-
dense core in the oneaxoneme spermatozoa
of the more derived cestode Nippotaenia mogurndae
(Brunanska et al. 2015). These findings are in sharp
contrast with the interpretations of Burton (1967)
of the longitudinally oriented elements of the central
electron-dense core of the 9+ “1” flagellum
of Digenea or that of Tricladida (Silveira 1969),
detected with negative staining. Burton and Silveira
(1971) have pointed out that the helical substructure
is a more fundamental configuration than the derived
protofibrilar one. Thus, the spiral shape of the central
in cestodes, as detected
by electron tomography,might enable higher stability
of sperm cells in comparison with a presumed bundle

electron-dense core

of longitudinally oriented elements. Higher stability
of'the central core can be related to a reduced or even
absent motility of spermatozoa with unconventional
axonemal organisations (Ciolfi et al. 2016).

The present study supports the validity of a revised
model of the caryophyllidean type
of spermatogenesis presented by Brunanska and
Kostic (2012). Furthermore, it introduces new
spermatology data that should be enriched by further

ultrastructural investigations of other cestodes
for a better understanding of the biology,
reproduction and interrelationships

among the Eucestoda.
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Iridescent (IVs, family [Iridoviridae, genus Iridovirus) and cytoplasmic polyhedrosis viruses
(CPVs; family Reoviridae, genus Cypovirus) are well known in insects, with thirteen IV species
recognized from various orders, and sixteen CPV species known from lepidopterans. In 1975,
an IV and CPV were reported in the daphnid, Simocehpalus expinosus, in Florida, but other reported
daphnid virus infections seem to be rare. Here we report infected daphnids from woodland and
carp ponds in the Czech Republic, Daphnia curvirostris with an 1V, and D. pulex and D. ambigua,
with CPVs. This suggests these viruses are more common in daphnids, the rarity of reports
due to few surveys.
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1. INTRODUCTION isopods (Isopoda), a few daphnids
(Crustacea, Branchiopoda) and other non-insect
invertebrates (Federici and Hazard, 1975; Federici,

1980; Williams et al., 2005). IVs typically have

Iridoviruses (IVs;

Iridovirus

family Iridoviridae,

genera and  Chloriridovirus) and

cytoplasmic polyhedrosis viruses (CPVs; family
Reoviridae, genus Cypovirus) are well known virus
types that cause diseases in insects, and in a few cases
in other invertebrates. Iridoviruses derive their name
from the iridescent blue/green color imparted
larvae by the
of paracrystalline arrays of virions in infected tissues

to infected accumulation

(Xeros, 1954). The IVs have been reported
from larvae of many species belonging
to the Lepidoptera, Coleoptera, and Diptera,

as well as Orthoptera
(Chinchar et al., 2005). Reports from crustaceans

are rare, but IVs have been reported from terrestrial

and Hymenoptera

a broad tissue tropism that includes the epidermis,
fat body, muscles, nerves, and reproductive tissues,
but not the midgut epithelium, which most insect
viruses infect. Following their discovery in insects,
it was later realized that certain viruses that cause
diseases in vertebrates, (certain frogs and fish),
also are members of the family Iridioviridae
(Williams et al., 2005). In contrast, CPVs are almost
exclusively known from the midgut epithelium
of lepidopteran larvae. There are no accepted CPV
species other than those that attack lepidopteran
larvae, for which sixteen species are recognized
(Mertens et al., 2005), even though this type of virus
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is known to occur in chironomids (Federici et al.,

1973), twenty species of mosquito larvae
representing nine genera (Shapiro et al., 2005;
Becnel and White, 2007), black fly larvae

(Green et al., 2007), as well as the freshwater
daphnid, Simocephalus expinosus (Federici and
Hazard, 1975).

The IV infections are easily recognized in infected
larvae by their typically blue/green iridescent color.
CPVs on the other hand generally require dissection
of infected larvae and examination of midgut
epithelial cells by bright-field or phase microscopy,
which reveals numerous polyhedral occlusion bodies
in the cytoplasm (Payne, 1981). Virus presence in IV
infections is confirmed by the presence of large
(125-160 nm) icosahedral virions in the cytoplasm
of infected cells, whereas in the case of CPVs,
the virions are also icosahedral, but only ~60 nm
in diameter, and typically occur free or occluded
within a matrix of polyhedral protein coded
for by the viral genome. Of interest is that mosquito
larvae and daphnids typically breed in similar
habitats, but there is no evidence that the same IV
or CPV can infect both hosts.

During a survey of crustaceans for microsporidian
infections in woodland and carp ponds in the Czech
Republic, we used the above signs of disease and
techniques and detected IV and CPV infections
in three species of daphnids. Because reports
of these two virus diseases in daphnids are extremely
rare, we describe our findings here, along with virion
structural properties, revealed by conventional and
advanced microscopy techniques.

2. MATERIAL AND METHODS

2.1.  Site,
microscopy methods

collection of infected specimens,

2.1.1. Daphnids with an iridovirus infection

The  IV-infected  daphnids found

in Daphnia curvirostris Eylmann 1878, inhabiting a

were

permanent forest pool fed by groundwater near the
town Pferov nad Labem, Central Bohemia Region,
Czech Republic (50°.167 N, 14°.810 E) (Fig. 1A).
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Specimens that appeared by eye to slightly opaque or
were opalescent were investigated.

2.1.2.  Daphnids infected with
polyhedrosis virus (CPV)

cytoplasmic

Two species of daphnids were found infected
with CPVs (referred to here as CPV-I and CPV-II).
CPV-I was found in Daphnia pulex Leyidig 1860,
2013
in a semipermanent forest marsh (drying rarely in

collected in October—November,
some years), near Béle¢, Central Bohemia region,
Czech Republic (50°3°12.240”’N, 14°1°4.221"’E;
Fig. 2A). CPV-II was found in Daphnia ambigua
Scourfield 1947, collected in the carp-breeding pond

Dvorsky, near Kafez, Central Bohemia,
Czech Republic (49°49°0’N, 13°47° 0”’E)
in October 2015.

2.2. Transmission electron microscopy (TEM),
tomography (ET) and Atomic force microscopy
(AFM)

Live daphnids were examined under 100-200x
power of the light microscope (LM) for the presence
of viral crystals in the gut or fat body. TEM, ET and
AFM observations were done using sections
fixed in 2.5% glutaraldehyde
in 2% cacodylate buffer, post-fixed with osmium,
and embedded in Epon-Araldite blocks. Additional
in Supplementary Files

of materials

information is
(SF) 1-4.

given

3. RESULTS
3.1. Tissue infection, prevalence and host reaction

Iridovirus. Infected specimens were slightly opaque
with a bluish tint, but their behavior was normal.
Such specimens represented an estimated 1%
of the population based on macroscopic appearance
of specimens in a dense population of daphnids
sampled in June 2014. Enlarged fat cells were the site
of infection in D. curvirostris.

CPV-I and CPV-II. These two isolates infected
the gut epithelial cells of their hosts, and polyhedra
could be seen at low magnification in cells of the first



third to half of the gut in live hosts (Fig. 2B,
SF2-Fig. 3A). CPV-I patent infections occurred
in about 1% of adult D. pulex sampled (nearly 500
inspected). The CPV-II infection was very rare and
only two D. ambigua specimens were found infected
among hundreds examined. The behavior of CPV-
infected specimens was the same as that of healthy
daphnids.

3.2. Virus description and identity
3.2.1. Iridovirus infections

Ultrathin sections of fat cells of D. curvirostris
revealed the presence of stages of iridovirus
virogenesis, including the presence of virogenic
stromae in which icosahedral virions were present.
In more advanced stages of infection large virions,
measuring 243.5 + 6.0 nm (n = 50) in diameter,
were present in paracrystalline arrays (Fig. 1B and
O). Developing and mature virions
were characteristic of those belonging to the genus
Iridovirus, being icosahedral with a dense core,
and a putative lipid membrane

Z BRI

Fig. 1. Habitat, and ultrastructure

pathology,
of an iridovirus found in populations of the daphnid,

a woodland pond
(A) Woodland pond
iridovirus-infected daphnids
(B-F) electron micrographs
characteristic pathology and
ultrastructure of the virions: (B) virogenic stroma
in an adipose cell (note the small cluster of assembled
virions within the stroma); (C) clusters of virions
in paracrystalline arrays, which inpart a bluish tint
daphnids;  (D-F)
icosahedral ultrastructure

Daphnia  curvirostris, in
in the Czech Republic.
which
collected;

illustrating

from
were

to  infected illustration
of the

that characterize this virus type. (R1 = diameter

of virions

of capsid — 2435 £ 6.0 nm; R2 = diameter
of the membrane envelope — 208.6 + 5.9;
R3 = central core — 183.6 £ 7.4; n = 50). Bar Fig.
B=2pum,C=2 pum, D=500nm, E and F = 100 nm.

beneath the capsid (Fig. 1D-F, SF3). The extensions
from the capsid surface indicate these may be similar
fibrils found in some iridoviruses, and may account
for the large diameter of the virions (Fig. 1E).

3.2.2. Cytoplasmic polyhedrosis virus infections

Crystalline inclusions in the gut epithelium
of D. pulex and D. ambigua were easily recognized
with LM. As they appeared in spherical clusters
(Fig. 2B and C, SF2-Fig. 3A), it was possible
these might also be polyhedra of a baculovirus
in the nucleus, or even a densonucleosis virus.
TEM examination of ultrathin sections, however,
revealed both daphnid species were
by cytoplasmic polyhedrosis viruses (Fig. 2D-F,
SF2-Fig. 3B-D). The virogenic stroma of CPV-I
(in D. pulex) was a large circular mass with nascent

infected

virions as they developed surrounding the polyhedra
(Fig. 2D and F). The virogenic stroma of CPV-II
(in D. ambigua) formed an irregular -cluster
of branches that surrounded the individual
polyhedral (SF2-Fig. 3B). Aside
from the development of polyhedra in the cytoplasm,
the structure — capsid and dense core — and average
diameter of 60 nm for the virions of both viruses
(Fig. 2E-H; SF2-Fig. 3C and D), was characteristic
for members of the genus Cypovirus
(family Reoviridae). The ET showed that CPV-I
matured outside the polyhedral (Fig. 2H) are larger
(67.4 4+ 2.1 nm; n = 15), and have the capsid thicker,
compared to matured virions inside the polyhedra
(Fig. 2G) (58.7 = 1.3 nm; n = 15). The viral particles
matured in (or in proximity) of the polyhedra
have also different appearance (different contrast),
apparently due to different retention of metals
used for contrasting Epon-Araldite sections (SF4-5).

The ET demonstrated that the
of the individual virion to the plane of the section

proximity

(or if the virion is actually sectioned) is important
for visualization of virion substructure (SF5).
The AFM demonstrated that the sections surface
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is not smooth, with occlusion bodies sticking
out of the plane of sections (~20 nm) and
with individual viral particles disclosed as ‘‘bumps

and holes” depending on the section plane (Fig. 2I
and J and the corresponding slice).

W Polyhedron
= Capsid

@ Capsid shell in polyhedron
¥ Capsid shell in cytoplasm

and ultrastructure
(CPV-])
in Daphnia pulex population in a forest wetland
the Czech Republic. (A) Marsh
where infected specimens of D. pulex where
collected. (B) and (C) respectively, light micrographs
of'in vivo CPV-I polyhedral clusters in gut epithelial
cells, and a toluidine blue-stained plastic section

Fig. 2. Habitat,
of cytoplasmic

pathology,
polyhedrosis  virus

marsh in

through the gut epithelium showing the virogenic
Virions though which the plane of section passed that
were not fully occluded in a polyhedron seemed
better visualized, probably because more contrasting
metals accumulated on them (SF5).
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stromae and angular polyhedrons.
(D) Electron micrograph of CPV-I infected cell. (E)
and (F) are single tomogram (dual axis tomogram
from range £70° with step 0.3°, resolution in X, Y
and slice thickness is 0.55
of polyhedron with incorporatedvirions. (I-K) Single
polyhedron visualized by AFM and ET (J = 3D
image made from AFM height map (Fig. 1) using

nm) pictures

Amira software, K = tomogram slice — single axis
tomogram from range +75° with step 0.75°,
resolution in X, Y and slice thickness is 0.81 nm).
(G) Virion maturated inside a polyhedron in Fig. (K).
(H) Virion maturating outside of polyhedron in Fig.
(K). Bar Fig. B=10Im,C=101m,D=2.51Im, E =
200 nm, F =100 nm, G and H= 25 nm, I = 500 nm,



K =200 nm. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

DISCUSSION

Daphnids are the principal grazers in freshwater
habitats (Sarnelle, 2005). Their filtration-feeding
makes them hosts of multiple potential pathogens
(Ebert, 2005) and virions of several
have been shown to accumulate during feeding
in daphnids (Abbas et al., 2012; Meixell et al., 2013).
Of greater relevance is that sequencing has revealed

viruses

an abundance of viral sequences in daphnid genomes
(Ballinger et al., 2013; Metegnier et al., 2015;
Hewson et al., 2013).

Surprisingly, the structural evidence demonstrating
the presence of viruses in daphnids is extremely
limited, being represented by only three brief reports
over the past four decades. Federici and Hazard
(1975) demonstrated the presence of an iridovirus
and a cytoplasmic polyhedrosis virus in the daphnid,
Simocephalus expinosus. Bergoin et al. (1984)
observed an infection by an iridovirus
(genus Chloriridovirus with virion size greater
than 160 nm) in the fat body of Daphnia magna
in brackish pools in France, and Hewson et al. (2013)
reported the presence of unidentified viral particles
in tissues of Daphnia mendotae. What is particularly
interesting about finding both and iridovirus and
CPV(s) in different woodland pools and a carp pond
in the Czech Republic is that these viruses appear to
be similar, especially the CPVs, to the viruses found
together in S. expinosus in Florida (Federici and
Hazard, 1975). This implies that while these and
other virus types may not be common in daphnids,
they are probably not as rare as the literature suggests
(Ebert, 2005). We suggest that the lack of more
reports  of daphnids,
and from a much broader geographical range than

virus infections in
our current knowledge, is due to a lack of surveys
undertaken by investigators experienced
in recognizing such infections.
It may well be that viral diseases are present in many
daphnid populations around the world and it is hoped
that this report may stimulate their discovery.

More  specifically, we do not think

that the occurrence of IV and CPV infections
in daphids in habitats as different as a semitropical
Florida swamp versus ponds and forest pools
in the Czech Republic,
by fifty years, is simply a rare coincidence. Rather,

separated in time
more informative reports of prevalence require more
detailed surveys by appropriately trained personnel.
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Dvouosa tomografie

Ke zhorseni rozliSeni dvouosé tomografie a ke vzniku artefaktti dochazi
s nepifesnym pootoCenim sitky o 90°. Nebot’ skladani dvouosych tomogramii
se d¢je bud slouCenim jejich zrekonstruovanych objemi, které se vzajemné
zarovnaji [72], anebo slou¢enim snimkl z obou os pfed zpétnou rekonstrukci
[202]. Nepfesnost ve vzijemném mechanickém pootoceni tomogrami o 90°
je feSena v ramci pocitacového zarovnani (posunuti a rotace), coz nefesi realné
pootoCeni os rotaci viaci sobé, a tedy videdlnim piipadé rozloZeni dat
ve Fourierové prostoru o 90°. Existuje feSeni tohoto problému pomoci drzéku
vzorkli s motorizovanou nebo ru¢né provadénou rotaci sitky okolo osy Z [73, 203,
76] v kombinaci s detekci pfesného natoc¢eni pfimo v programu, ktery #idi snimani
tomogramu v TEM [117, 118]. Vyvinul jsem vlastni nizkonakladové feSeni
vedouci k minimalizaci nepfesného pootoceni sitky o 90° béhem ru¢niho vkladani
do drzéku, kdy porovnavam video obrazu vkladané sitky se snimkem sitky ptred
oto¢enim o 90°. To jsem d¢lal pomoci svételného mikroskopu (binolupa)
vybaveného CCD kamerou a vlastnim programem, ktery porovnava obrazy
vzajemné otocené o 90°. Snimky snimané v rezimu videa jsem v principu
zachytaval pomoci programu naprogramovaného v jazyce C#. Program otaci
aktualni snimek ze svételného mikroskopu zpét o 90° a konvertuje ho do stupna
Sedi. Nasledn¢ je snimek konvertovan na stupné modré barvy a scitd ho se
snimkem ziskanym pfed otoCenim, ktery byl podobné konvertovan do stupni
cervené barvy. PootoCeni obrazii je mozné okamzité vyhodnotit na zadklad¢ slozeni
barev obou snimku, které reflektuje jejich vzajemné piekryti. V porovnani
s komer¢nim feSenim ma program nizsi presnost. Naopak hlavni vyhodou je,
ze nevyzaduje specialni drzak, ktery neni dostupny v mnoha laboratotich, a je lepsi
nez vkladani sitky bez asistence.

Tvorba modela

Pti tvorbé modela jsem vyuzival poloautomatické moduly, pomoci kterych
1ze napft. interaktivné sledovat a modelovat membranu objektti na zaklad¢ jejich
barvy a hledani hran s vyuzitim filtrii obrazu. K tomuto G¢elu byl vyvinut modul
livewire jako soucast programu 3dmod. Déle dva podobné moduly,
které adaptivné oznauji oblasti s podobnym vzhledem. K tomu v principu
vyuzivaji algoritmus oznacujici oblasti pomoci zalévéani, kdy reliéf povrchu
vychdzi ze stupnii Sedi a takto vznikla udoli jsou pomyslné zalévana. Jeden modul
je soucasti programu 3dmod, naopak druhy modul je soucésti programu Amira.
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Tyto algoritmy selhavaji u objektl, které obsahuji vyrazné tmavsi skvrny tvotené
precipitaty kontrastujiciho ¢inidla. Tento efekt jsem se snaZil minimalizovat
zménou doby vystaveni ezl kontrastujicim ¢inidlem na bazi uranu a olova
vedouci ke zlepSeni. Nejlepsi vysledky jsem dosahl u vzorka fixovanych oxidem
osmicelym, ktery zéroven zvySuje kontrast biologického vzorku, ale nedostate¢ny
kontrast vedl k prodlouzeni expozi¢ni doby snimani, a tim doSlo k ovlivnéni
snimki driftem vzorku. V €asti zkoumajici interakci viru klistové encefalitidy
(rodina Flavivirit) s nervovymi bunikami [kapitola 4 a kapitola 5] jsem preferoval
vysSi kontrast dosahovany ptisobenim 30 minut alkoholového roztoku uranyl
acetatu a 20 minut roztoku citratu olova. V porovnani s praci Welsh et al. [207],
kde vyuzivali pouze fezy kontrastované fixa¢nim cinidlem (OsOs) a dosahli
zobrazeni objektl, a predev§im membran bez tmavych skvrn. Snimani tomogramu
provadéli na TEM s 300 kV urychlovacim napétim a pomoci kvalitnéjsi kamery
Eagle 4k (fyzicka velikost pixelu 15 pm a konverzni u¢innost 57 vycti na primarni
e). Ke své praci jsem pouzival TEM s 200 kV urychlovacim napétim a kamerou
Orius SC 1000 (fyzicka velikost pixelu 9 pm a konverzni G¢innost 2 — 8 vycta
na primarni e’), kterd ma diky niz$i konverzni u¢innosti a mensi fyzické velikosti
pixelu nizsi citlivost na signal. Z toho vyplyva fakt, Ze vysledny snimek je vice
zatizen Sumem. Velikost urychlovaciho napéti Vo ma dopad na fadu parametri

v

TEM. V ramci této prace je nejpodstatnéjsi jeho vliv na amplitudovy kontrast C a
tloustku vzorku ¢, kdy plati, ze C ~ Vi [67,212,213]. Teoreticky vypocitany rozdil
0

kontrastu pro stejny vzorek pozorovany pii 200 kV a 300 kV urychlovaciho napéti
¢ini jednotky procent [212, 213], a to ma minimalni dopad na kontrast snimaného
obrazu. Nejpodstatnéjsi rozdil je v moznosti snimani naklonné série pro vzorky
s vetsi tloustkou — pro 300 kV Welsh et al. pouzili fezy tloustky 250 — 300 nm
[207] ve srovnani s pouzivanou tloustkou fezu 40 — 120 nm [kapitola 4, kapitola
5].

Dalsiho zlepseni dosahli Gaussovym 3D filtrem s aplikaci na matici 3x3x3,
ktery dobfe vyfiltruje Sum, ale uz méné ovlivni tmavé skvrny s primérem
> 9 px. Obecné filtrace obrazu potlacujici Sum jako je Gausstv filtr nebo filtry
vyuzivajici median ¢i pramér aplikovany na centrdlni pixel matice o urcité
velikosti se mi osvédcily. S vyjimkou filtrace Sumu, kdy je zrekonstruovana
membrana tvofena z nespojité rozmisténych bodld. Poté zminéné filtry jsou
schopny pfi vhodné zvolené velikosti matice spojit tyto body do jedné cary.
Timto zplsobem jsem vyuzival filtry pouze pro zjednoduSeni tvorby modelu.
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Prezentovany tomogram jsem pouzival nefiltrovany
nebo s minimdlni velikosti filtru, ktery potlac¢i Sum. Dal§i mozny zpisob feseni
problému je pouzit binovani obrazu neboli zmenSit rozliSeni obrazu spojenim
pixelu napf. primérovanim na matici 2x2, 3x3, apod.. Nevyhodou je, ze vysledny
snimek bude mensi a tim se snizi jeho rozliSeni. Zaroven piindsi vyhodu
v podobé potlaceni Sumu. Tento zplsob vyuzili napt. . Romero-Brey et al.
v ¢lanku zabyvajicim se replikaci viru Hepatitidy C, dalSiho z rodiny Flavivirii
[208].

V ¢asti vénované zobrazeni 3D struktury centrdlni elektrondenzni oblasti
bi¢iku typu 9 +,,1° [kapitola 6] jsem preferoval snizeny kontrast vzorku vykazujici
mensi kontrast skvrn. Pouzival jsem snizenou dobu kontrastovani fezli roztokem
uranyl acetatu ze standardné¢ pouzivanych 30 minut na 15 minut a citratu olova
z 20 minut na 15 minut Na finalni tomogram jsem aplikoval rekurzivni Gausstiv
filtr, diky kterému doslo ke spojeni bodii predstavujicich membranu do celistvé
cary.

V ¢asti vénované korelaci dat mezi ET a AFM mikroskopii [kapitola 7]
jsem vystavil fezy pouze 15 minutové expozici uranyl acetatu.
Diivodem byla minimalizace tvorby precipitatti a minimalizace ovlivnéni povrchi
fezli nasledné snimanych pomoci AFM.

Interakce viru klist’ové encefalitidy s nervovymi buiitkami

ET mi umoznila pozorovat membrany endoplazmatického retikula a jeho
organizaci v bunice oproti TEM projekénim snimkim. Diky mnozstvi objekti
piekryvajicich se ptes sebe zanika kontrast struktur, a to predevsim jednotlivych
membran, které nejsou umistény v prostoru kolmo vucéi svazku primarnich
elektront. Pro dosazeni kvazi-izotropniho rozliSeni v lateralni roviné je nutna
minimaln¢ dvouosa tomografie, ptipadné viceosa. Z pohledu snimani zptisobujici
dalsi ozafeni pozorované oblasti vzorku, které zaptiCini jeho dalsi ztenceni.
Vmém pfipadé nutnost manipulace sitky pro oto¢eni o 90°,
je dvouosa tomografie riziko, pti kterém muiZe dojit az ke ztrat¢ fezu. Mastronarde
[72] diskutoval ptfedev§im rozliSeni dvouosé tomografie i pies riziko poskozeni
vzorku. V obou ¢lancich jsem s uspéchem vyuzil pouze jednoosé tomogramy,
kde bylo mozné trasovat stfed membran i v mistech, kde nebyly ostfe zobrazeny
(nebyly umistény v prostoru kolmo vii¢i svazku primarnich elektrontt) a bylo tedy

117



v téchto konkrétnich Castech snizené rozliSeni tomogramu. Z ¢asti, kde bylo
mozné zobrazit membrany ostfe (byly umistény v prostoru kolmo vici svazku
primarnich elektronil) jsem zjistil, zda se jednd o jednoduchou nebo dvojitou
membranu. Pfedev§im se jednalo o zobrazeni membran endoplazmatického
retikula, membran fagozomii a membran mitochondrii. Membréany vétsich objektt,
typicky jadro bunky, byly vétSinou zobrazeny spravné i na jednoosé tomografii,
protoze uvniti jednoho fezu pfii tloust’ce 50 — 160 nm nedochazi ke zménam sklonu
ohranicujicich membran u objektl vétSich nez je tloustka fezu.

Pro zobrazeni tenkého napojeni viru klistové encefalitidy na struktury
podobajicich se tubuliim jsem pouzil dvouosou tomografii, kterd mi umoznila
zobrazit napojeni s patficnym rozliSenim. Dale jsem pouzil dvouosou tomografii
k zobrazeni vakuol, které obsahovaly virovou castici (virion) a nachazely
se  vblizkosti  mikrotubulu.  Prokdzanim  jejich  spojeni  ukazalo,
ze vir pravdépodobné vyuziva sekrecni systém builky. Je tfeba dodat,
ze tento dukaz je nutné déale potvrdit kryo elektronovou tomografii, kterd neni
zatizena artefakty zptisobenymi kontrastovanim.

Pti snimani projek¢nich snimkt ndklonné série se fezy ztencuji vlivem
radiacniho poSkozeni. Dochazi pifedevsim k formovani volnych radikald, ionti a
molekularnich fragmentt, které mohou dale difundovat a také zptisobovat fetézové
Stépeni nebo dalsi sitovani uvnitt vzorku [204]. ZtenCeni ezl vlivem radia¢niho
poskozeni mize dosdhnout hranice 60-50 %. Z méteni Luthera et al. vyplyva,
7e pti davce 50 e'nm™'-s! dochazi béhem péti minut k rychlému ztenéeni fezu
(~ 20 % v daném ptipad€) a poté k vyraznému zpomaleni [205]. Pro tomografii
se doporucuje fez stabilizovat napaifenim vrstvy uhliku o tloustce né¢kolika
nanometri. a pired samotnym snimanim dané misto ozafit davkou
~ 10* e-nm™ [204]. Pro tomografii jsem pouzival pouhlikovani povrchu fezu,
predev§im  ze  strany, ze  které svazek  elektroni  vstupoval
do vzorku. V nékterych ptipadech jsem pouzil i oboustranné pouhlikovani fezu,
které¢ dale zvySuje jejich stabilitu. Jednd se pouze o empirické zjiSténi.
Vyhodnoceni a kvantifikovani vlivu radiacniho poSkozeni je obtizné z divodu
rizné reakce vzorku na ozafeni svazkem elektron. Pozoroval jsem,
ze ftezy krajené a pfipravované najednou vykazovaly odliSné chovani.
Naptiklad u jednoho ftezu ze série bylo pfi vyhledavani mista zdjmu
po né¢kolika sekundovém ozafeni patrné radiacni poskozeni ve formé krateru
s hloubkou ~ 20 nm (métfeno na vysledném tomogramu). Déle tloustka nastavena

118



na ultramikrotomu nebo stanovena na zéklad¢ interferencnich barev je pouze
orientatni a nelze ji kvantitativné porovnat s tloustkou vysledného tomogramu.
Obvykle kulaty vacek slouzici k replikaci viru byl u né€kterych tomogramt shora a
zdola zplostely. Z toho vyplyva, ze radiacni poskozeni piekonalo prodlouzeni
v ose Z. Tvar vackt je ovlivnén 1 kvalitou chemické ptipravy a tlakem vyvolanym
zesitovanym zalévacim mediem, jak zminuje Matsko et al. [200, 201].
Nicméné rozsah jejich priméri je podobny 60-90 nm [kapitola 4] nebo 70-90 nm
[kapitola 5] a vriznych tomogramech se 1iSi pouze zminénou vysSkou.
Primér virem vyvolanych replika¢nich vackli se shoduje s dalSimi méfenimi
vyuzivajici ET pro pozorovani interakce bunky s virem klistové encefalitidy [206]
a virem Dengue patficim také do rodiny Flaviviri [207].

Pribéh replikace a maturace virti uvnitt bunky a zobrazeni zmén v buiice
napadené virem klistové encefalitidy bylo zdokumentovano viz. kapitola 4 a
kapitola 5. Nov€é jsme pozorovali struktury podobné  tubulim,
které¢ byly elektrondenzni v celém objemu. Viry klistové encefalitidy byly
napojeny na tyto struktury, stejné jako replikac¢ni vacky. Struktury podobné
tubuliim jsme pozorovali jako svazek nékolika stejné orientovanych vldken v 3D
prostoru. Tyto struktury pozorovali také Ruzek et al. na TEM 2D projekénich
snimcich a mylné je oznacili za mikrotubuly [197], protoze struktury podobné
tubulim byly na projekénim snimku uspotadany paralelné v tésném kontaktu
s viry klistové encefalitidy. Pro naSe pozorovani jsme vyuzili metodu ptipravy
infikovanych nervovych bunék virem klisStové encefalitidy pomoci HPF
s naslednym zalitim do pryskyfice, pfi kterém bylo zachovéano vice biologickych
detaild  oproti  chemické  piipravé viz. Ruzek et al. [197].
Struktury podobné tubultim se vzdy nachazely uvnitt endoplazmatického retikula.
Primér struktur podobnych tubulim byl 17.9 nm + 0.2 nm [kapitola 4] a
22 + 1.3 nm [kapitola 5]. Jejich napojeni na viry klistové encefalitidy a replikacni
vacky jsou dikazem toho, ze se jedna o struktury vzniklé na zaklad¢ ptisobeni viru
klistové encefalitidy. Uvniti endoplazmatického retikula jsme pozorovali
také duté tubularni struktury s primérem 43.8 + 4.3 nm. V predchozich studiich
byly tyto struktury pozorovany, ale jejich primér se pohyboval v rozsahu
50 az 100 nm s délkou az 3,5 um. Jejich mozny plivod byl piikladan chybnému
procesu replikace [207-211].

Uvnitf infikovaného neuronu jsme pozorovali vacky obsahujici virové
Castice, které byly v kontaktu s mikrotubulem, coz potvrzuje domnélé vyuziti
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intracelularniho transportu. S vysokou pravdépodobnosti zptsob pfipravy
do pryskyfice zalitého preparatu a pozorovani za pokojové teploty neumoznilo
zachytit v tomogramu molekularni motory navazané na vacky a mikrotubuly.

r wr

Zobrazeni 3D struktury centralni elektrondenzni ¢asti bic¢iku typu 9 + ,,1¢

3D ultrastruktura centralni elektrondenzni casti zkoumaného biciku
pfipomind svym tvarem Sroubovy dopravnik. V projekcich naklonné série
je v Sirokém rozsahu ndklonli zobrazen pouze jako vélec s elektron denznéjSim
sttedem reprezentujici plnou cast. Na povrchu valce se nachazi oblast zavitu
zasahujici do urcité hloubky, ktera se jevi v projekénim snimku jako méné denzni.
Rekonstrukce tvaru Sroubového dopravniku s primérem ~ 40 nm vyZaduje
minimalizaci prodlouzeni v ose Z pomoci vysokého thlu naklonu ~ 70° a vyuziti
dvouosé tomografie. Pro zobrazovani elektrondenzni ¢asti bi¢iku jsem pouzil
dvouosou tomografii s maximalnim thlem naklonu az do 78°, dale dvouosou
tomografii s extrémné¢ malym krokem 0,3° pfi maximalnim thlu naklonu 75° a
také jednoosou tomografii v STEM rezimu. Tyto zplsoby nevedly
k uspokojivému vysledku, nebot’ optimalizace parametri pro snimani tomogramu
nemusi vzdy vést k uspesné rekonstrukei tvaru centralni casti biciku.

3D rekonstrukce biciku je zavisld na dostatecném zachovani jeho
ultrastruktury a na kvalité kontrastovani, dale na parametrech Sroubového zavitu —
jeho stoupani, hloubce, Sifce a tvaru drazky a na jeho orientaci v prostoru.
Optimalizoval jsem pouze kvalitu kontrastovani fezti. Ostatni parametry jsem
nemohl pfilis ovlivnit. K dispozici byly pouze hotové blocky se zalitym
materidlem. Za ticelem nalezeni spravné kombinace vSech proménnych vedoucich
k zobrazeni 3D struktury centralni casti bi¢iku 9 + ,,1* jsem zanalyzoval velké
mnozstvi zrekonstruovanych bicikli. Zobrazeni 3D struktury centralni
elektrondenzni ¢asti bic¢iku typu 9 + ,,1* bylo zdokumentovano viz. kapitola 6.

Ptedchozi studie ultrastruktury bic¢iku 9 + ,,1* byly zalozeny pouze na 2D
TEM projek¢nich snimcich [viz. kapitola 6], z nichz nejdetailn€j$i byla prace
Silveira vyuZzivajici k ptipravé vzorki krajeni ultratenkych fezl, dale negativniho
kontrastovani, stinovéani, replik a vneposledni fadé¢ priamérovani obrazu.
S dostupnou technikou a metodami Silveira nedokazal rozliSit 3D tvar a
ultrastrukturu elektrondenzni ¢asti biciku [214]. Pomoci elektronové tomografie
jsem byl schopen rozliSit vnéj$i tvar centrdlni elektrondenzni casti biciku.
Na nékolika virtualnich fezech tomogramu bylo mozZné rozlisit zfetelnou strukturu
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dvou dutych trubek umisténych vedle sebe. Celé slozeni (doublet) se nachazelo
symetricky ve stfedu centralni elektrondenzni €asti. S raznou hloubkou virtudlniho
fezu tato struktura rotovala spolu s vnéjSim tvarem Sroubového dopravniku.
NemozZnost pozorovat tuto strukturu ve vSech hloubkach fezu vychazi
pravdépodobné ze zplisobu pfipravy zahrnujici zachovani a kvalitu zafixované
biologické struktury. Dle mych pozorovani se lisi kvalita piipravy vzorku,
1 pro jednotlivé bi¢iky uvnitf stejného blocku.

Korelace dat mezi ET a AFM mikroskopii

7Z davodu razného kontrastu a ultrastruktury cytoplazmatickych
polyhedroznich virti nachazejicich se mimo krystal jsem pouzil AFM s naslednym
porovnanim dat z ET. Stejné pozorovani publikovali Federici a Hazard,
ktefi tuto rozdilnost ptiklddali schopnosti viru dozravat pouze v okoli krystalu
(polyhedronu) [215]. Pro pozorovani fezi umisténych na sit'ce jsem upravil drzak
vzorki pro AFM, ktery jsem vybavil upinacim systémem EM siték.
Déle jsem optimalizoval pfipravu vzorku tak, Ze jsem pouzil podlozni
formvarovou membranu, kterou jsem z obou stran pouhlikoval. Povrchy fezli jsem
nemohl stabilizovat pokrytim uhlikovou vrstvou, aby je bylo mozné pouzit
pro pozorovani pomoci AFM. V praci popisuji rozdilny kontrast virt,
které jsou v kontaktu s krystalem a také u virt, které byly profiznuty pti krajeni.
Pravdépodobné je to zplsobeno odliSnou schopnosti kontrastovaciho cCinidla
pronikat do  virli  vyskytujicich se  volné¢  vcytosolu  bunky.
Nekteré viry byly zachovany celé (neprofiznuté) a presto vystupovaly alespon
castecné zpovrchu ftezti. To odpovida teorii Matska et al., ktefi popisuji,
ze kratce po krajeni dochdzi k relaxaci krajeného biologického materialu,
ktery byl stlacovan  uvnitf  zalévaciho = media [200, 201].
V nékterych ptipadech se miize jednat také o pruznost biologického materialu,
ktera umoznila kompresi odolat tlaku ptsobiciho noze. S vyuzitim AFM jsem
zobrazil topografii povrchu krystalu, ale zobrazeni krystalovych rovin
se nepodafilo. Je otazkou, zda to bylo zpisobeno zalévacim mediem
s moznym vyskytem na povrchu krystalu nebo s vétsi pravdépodobnosti
podminkami zobrazovani. V redlnych rozmérech jsem vyuzival hrotu AFM
s radiem ~ 10 nm k zobrazeni povrchu fezi s tloustkou v rozsahu 80 — 160 nm
lezicich na sitkach s MESH 300, tedy s velikosti vnitini hrany oka ~ 58 pm.
Pomér velikosti radia hrotu vici velikosti oka sitky a také tloustce fezu spolu
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s rozdilnou tvrdosti obou materidlti (tvrdost hrotu z nitridu kiemicitého
v tfadu desitek GPa [216], tvrdost pryskyfic v fadu stovek MPa [217]) reprezentuje
situaci membrany z relativné mékciho materialu o vice jak tfi fady vétsi plochou
nez je plocha povrchu hrotu AFM. Dané podminky neumoziiovaly ptisobit
na krystal silou, ktera by dovolila dosdhnout vyssiho rozliSeni AFM v kontaktnim
modu. Poklepovy mod nebyl pro dané podminky realizovatelny diky vibracim

fezu.

Korelace dat mezi ET a AFM jsem dosdhl opakované na stejnych fezech
v obou technikach viz.kapitola 7. Jako prvni jsem pouzil spojeni elektronové
tomografie pomoci ndklonné série a AFM mikroskopie na ultratenkych fezech.
Do té doby bylo AFM pouzito na ultratenkych fezech:

a) K pozorovani povrchii ultratenkych fezii umisténych na sklicku [218],
piipadné na sitkach [220].

b) Ke korelaci sériovych fezii, z nichz jedny byly zkoumany v TEM a dalsi
v AFM [219].

c) Ke korelaci  odkrojenych  fezi s povrchem  blocku,
ktery je jeho protikusem [221].

d) K pozorovani krateri na fezech ozafenych urcitou davkou v TEM.
V ¢lanku je pouze popsano, ze fezy umisténé na meédeéné sit’ce byly po ozaieni
vTEM vlozeny na sklicko kvykonani analyzy pomoci AFM.
Neni zcela jasné, zda byly fezy sejmuty z povrchu sitky nebo polozeny na sklicko
1 se sitkou [222].
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