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1. Uvod

1.1. Retinoblastom

Retinoblastom jedstavuje v giméru 3 % vSech &skych tumoit a je nejasgjSim
malignim nitroénim tumorem d&tského ¥ku. V Ceské Republice je kazdy rok
diagnostikovano 5-8 novychiipadi retinoblastomu (Autrata R. et al., 201Rehitek J.,
2002), zatimco celogtoveé se vyskytuje réné 5000 novych fpadi. VétSinou vznika
jednostrant, obvykle nasledkem somatické mutace obou kopii RB&nu (tzv.
retinoblastomovy gen, lokalizace: 13gq14.1-q14.%i.\A50 % pipadi byva oboustranny, kdy
je zd&déna jedna mutovana alela geRBla k mutaci druhé dochazi vapehu Zivota
(germinalni + somatickd mutace). R&$EjSim zevnim piznakem retinoblastomu je
strabismus a leukokorie. Typickym nalezeifi yySeteni @niho pozadi jsou solitarnii
mnohaetné Zlutoblavé retinalni tumory s dilatovanymfigodnymi cévamigasto s kidow
bilymi lozZisky kalcifikace na svém povrchu a subiéini tekutinou v jejich okoli. Pokidy
stupei retinoblastomu je charakteristickyifpmnosti vitrealnih@i subretinalniho seedingu.
Jedna se o nadorové partikule, olplovouci ve sklivcovém prostordi lokalizované
v subretinalnim prostoru (Shields J.A., Shields.C2008). Ve vysglych zemich peziva tuto
malignitu @iblizné 95 % €chto dti, kdezto celositove je to pouze 50 %ddi. Pimérny wek
v dobs stanoveni diagndzy je 25é&sial v Brazilii, ve srovnani s 18 &sici ve Spojenych
statech americkych (Shields C.L., Mashayekhi A.akt 2004). Vysoka mortalita &t
s retinoblastomem v rozvojovych zemi je tugpbena pozdnim stanovenim diagnozy
retinoblastomu, ktery se prezentuje invazi do grkat metastazami, a také obtiznou

dostupnosti &inné 1&by.

1.2. Problematika nasledk 1&¢by retinoblastomu

Lécba retinoblastomu je individualizovana pro kazdg@unotlivého pacienta a zavisi
na rekolika faktorech: monoeéi bilaterdlnim vyskytu tumoruwetnosti a velikosti primarnich
lozisek, gitomnosti vitrealniho a subretinalniho seedinguaka retinoblastomu k makule,
oénimu nervu, cévnatce, sk& duhovce a orhkit na wku ditte a na jeho celkovém
zdravotnimu stavu. Cilem dBy retinoblastomu je na prvnim misizachrana Zivota,
na druhém migtanatomické zachovani postizeného okatm¢ zrakové funkce. S rostouci

uspsnosti anatomické zachrany oka, postizeného rdéistmmem, se sdastré vyskytuji



negiznivé a@ni a systémove komplikacec¢ksy (Tawansy K.A. et al., 2006), které mohou
zastinit uspsSnost I€by retinoblastomu. L#ba retinoblastomu proSla v poslednich desetiletich
vyraznym vyvojem. V roce 1903 byla poprvé uvedewmapdaxe externi radioterapie jako
alternativa k enukleaci. Retinoblastom je vysoatiasenzitivni tumor, avSakehkteré studie
prokazaly, Ze vfipadech bilateralniho retinoblastomu s masivnintealhim seedingem
externi radioterapie pouze enukleaci oddalila (Alwen D.H. et al., 1981). Navic byla
spojena se signifikantni morbiditowctd které podstoupily tuto &bu. VedlejSi dinky
zahrnuji vznik sekundarni katarakty, vitrealni heagie, postiradigni retinopatie, hypoplasie
oblicejové casti a vznik sekundarnich malignit, zejména ¢&ti ds hereditarni formou
retinoblastomu (Abramson D.H., Frank C.M., 1998¢lkova radioterapeuticka davkdi p
léc¢beé retinoblastomu je 40 — 50 Gy, razeha do frakci po 1,8 Gy s uzitim techniky chranici
cocku.

Ve snaze ovlivnit vitrealni seeding a vznik impksnich metastaz retinoblastomu se
zatala indikovat brachyterapie. Brachyterapie 8pé ve fixaci radioaktivniho implantatu
zevre na skléru v oblasti baze retinoblastomu. MetodaSgk limitovana velikosti tumoru:
retinoblastom by & mit pramér baze do 16 mm a tloti&u do 8 mm. Tato kba tedy
ovliviuje spiSe vitrealni a subretinalni seeding lokabry v okoli retinoblastomu.
Brachyterapie se dale indikuje také u rekurencedsitio retinoblastomu po preblé
chemoterapii, kdy se dosahuje UpIné kontroly nadigmiégou v giblizné 92 % gipadi
(Shields C.L., Meadows A.T. et al.,, 2004). Brachgpee ma ale, stefnjako externi
radioterapie, vysokou pravplodobnost rekurenci u masivniho subretinalnihoteealniho
seedingu (Shields C.L. et al.,, 2001). DalSi konguiktéto léby je vznik postradiai
retinopatie a neuropatie, vyrazrovliviwvjici vyslednou zrakovou funkci (Shields C.L.,
Meadows A.T. et al., 2004).

V devadesatych letech minulého stoleti byla uvednb&by retinoblastomu metoda
tzv. chemoredukce ve snaze vyhnout se externitedji a enukleaci (Shields C.L. et al.,
1996, Shields C.L. et al. 1997). V sasné léb¢ retinoblastomu zaujima hlavni ulohu.
Princip chemoredukce sgioa v intravenozni aplikaci Sesti cykthemoterapeutik, vedouci
ke zmenSeni objemu tumoru ( tzv. parcialni redukceo druhém cyklu chemoterapie, tj.
po dvou ndsicich od zahajeni chemoredukce, sé&badé sodasrt kombinuje s lokalnimi
lé¢ebnymi metodami ( transpupilarni termoterapii, keyapii a brachyterapii ) k dosazeni
Uplné eradikace rezidualniho tumoru ( tzv. kompledgrese ). Saasny chemoterapeuticky
rezim byl vyvinut empiricky a vyuziva intravena@zmplikované kombinace karboplatiny,

etopozidu a vinkristinu (VEC protokol) (Tabulkal).
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Tabulka 1. Chemoterapeuticky protokol intravendzni I&by retinoblastomu (VEC

protokol)

RETINOBLASTOM - INTRAVENOZNI CHEMOTERAPIE VEC

Den aplikace Vinkristin Etopozid Karboplatina
1 X X X
2 X

Davka intravenozré aplikovanych chemoterapeutik

Vinkristin 1,5 mg/m2 (0.05mg/kg u ¢&i < 36 mesia,
maximums< 2mg)
Etopozid 150 (5 mg/kg u dti < 36 nEsial)
mg/m2
Karboplatina 560  (18.6 mg/kg u &i < 36 mesiai)
mg/m2

Sest cykli tohoto tradind podavaného chemoterapeutického rezimu deté nezadouci
acinky, které vyplyvaji ze systémovéhaidku na cely organismus, na k##né populace
v8ech anatomickych lokalizaci, zvi&Stpak na bu&né populace proliferujici.
NejzavazijSimi vedlejSimi dinky jsou nap. cytopenie, neutropenie, transientni suprese
kostni derg, nasledné infekce, febrilieci gastroenteralni toxicita s dehydrataci
a neprospivanim die. Méré vaznymi komplikacemi jsou nauzea, zvraceni a atxvdag.

Z dlouhodobych nezadoucickinki se mohou projevit zejména ototoxicita a nefrotiajc
zpasobena podanim karboplatiny. Etopozidze u d@ti indukovat leukémii (Van Quill K.R.
et al. 2005). Pouziti systéemové chemoterapiecheléetinoblastomu je spojeno vzdécn

i S projevy @ni toxicity v oblasti énich adnex, oka a zrakové drahy (al-Tweigeri T96)9
Napriklad po systémové aplikaci vinkristinu byla zazmesdna paréza hlavovych nérv
s externi oftalmoplegii, po systémovée aplikaci kathatiny potom makulopatie, neuritida
zrakového nervu, glaukom uzaneho Uuhlu, uvealni efuze, Kkortikalni slepota
a orbitocelulitida (al-Tweigeri T. et. al., 1996amkin E. M., Pitts J.F., 1993, O'Brien M. E.
et. al.,, 1992, Lauer A. K. et. al., 1999). Nicrdémyto projevy @ni toxicity u systémay
aplikovanych chemoterapeutik jsme, od roku 1999 asiah 70 éti lecenych VEC

protokolem, nepozorovali.
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Obvykle mezi druhym aiétim cyklem chemoredukce dochazi k g&imu Ubytku
objemu retinoblastomu s resorpci subretinéini ialkutv tomto okamziku je mozné nastolit
permanentni regresi retinoblastomu pomoci lokalk@tsolid&nich metod. Retinoblastomy,
lokalizované posterioth od ekvatoru, jsou obvykle dény transpupilarni termoterapii,
zatimco retinoblastomy, lokalizované anteriood ekvatoru, jsou t&ny kryoterapii.

Cilem transpupiléarni termoterapie je gati tumoru na rozmezi teplot 42 °C az 60 °C,
tedy na teplotu pod koagélim bodem bilkovin,éimz jsou Sdtny retinalni cévy.
Po transpupilarni termoterapii ziskava retinoblastéedavou barvu a postuprse nEni
v jizvu. Nevyhodou metody je nutnost jejih@mstého opakovani, a tim i dat rizika
komplikaci. Vlivem misobeni tepla e dochézet k retindlnim trakcim, transientnimu
serO0znimu odchlipeni sitnice a k transientnimu edi&me zrakového nervu. Tepelna energie
diodového laseru byvaébem |€by absorbovana pigmentovym listem duhovkymz
navozuje loziskovou atrofii duhovky, za kterdasto vznika opacit&ocky (Shields C.L.,
Meadows A.T. et al., 2004).

Kryoterapie metodou trojndsobného mrazeni je nejéiinna u malych, perifegn
lokalizovanych retinoblastoino priméru do 3,5 mm a o tloti§e do 3 mm, aip piitomnosti
subretinalniho seedingu. Komplikacedg zahrnuji transientni ser6zni odchlipeni sitnice,
vznik preretinalni fibrozy, retinalnich trhlin a kdinovaného trainiho a rhegmatogeniho
odchlipeni sitnice (Shields C.L., Meadows A.T.let2004).

Subretinalni a vitrealni seeding obé&creaguje doke na inicialni chemoredukci
regresi a Kkalcifikaci nadorovych partikuli. V pmmiaz druhém roce po uk&eni
chemoredukce ve spojeni s lokdlnimi konsdlideni metodami v3ak té#h v polovirg
piipadi recidivuje a byva obvykle lokalizovan déle od paéimiho loZiska retinoblastomu
(Shields C.L., Meadows A.T. et al., 2004). U paki&ho retinoblastomu s masivnim
seedingem neposide k dosazeni kontroly nad tumorem ani intravetoaplikovana
chemoterapie, pra¥godobré pro nedostatay prinik chemoterapeutik hematookularni
bariérou a pro néfiomnost cév ve sklivci. #8sto zavedeni chemoredukce da@bié
retinoblastomu zlepSilo uggnost Iéitelnosti tumoru a ovlivnilo i jeho klasifikaci.

Klasicka Reese-Ellsworth klasifikace retinoblastormalozena v roce 1963 z nutnosti
predvidat zachranu oka po externi radioterapii, lmdaroku 2005 nahrazena Mezinarodni
klasifikaci pro retinoblastom (ICRB). Tato nova difikace |épe predikuje Ugph
chemoredukce (Tabulka 2). Na zakladto ICRB dochazi ke 100 % @&S§mosti chemoterapie
u Stupr A retinoblastomu, dale k 93 % &§mosti u Stupt B, 90 % uspsnosti u Stuph C
a 47 % uspsnosti u StuphiD (Shields C.L. et al., 2006).
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Tabulka 2. Mezinarodni klasifikace pro retinoblastom (ICRB)

Stupai  Rychlé hodnoceni Specifické rysy

A maly tumor retinoblastorm3mm*
B VétSi tumor retinoblastom>3mm* nebo
makula lokalizace retinoblastomu v makui@&mm k foveole)
juxtapapilarni
lokalizace lokalizace retinoblastomu juxtapapil&(xl,5mm od tete n.ll)
subretinalni tekutina subretinalni tekutina@mm od marga retinoblastomu)
C lokalni seeding = subretinalni seedirg@mm od retinoblastomu

= vitrealni seeding<3mm od retinoblastomu
= subretinalni a vitrealni seedit®mm od retinoblastomu
D difuzni seeding = subretinélni seeding>3mm od retinoblastomu
= vitrealni seeding>3mm od retinoblastomu
= subretinalni a vitrealni seedirR@mm od retinoblastomu
E rozsahly retinoblastom= vypliujici>50%bulbu
» neovaskularni glaukom
= opakni média pro hemoragie kepdni komae, sklivci
¢i v subretinalnim prostoru
= invaze za lamina cribrosa zrakového nervu, do
choroidey(>2mm),
skléry, orbity, pedni komory

* yztahuje se k 3mm v roztrech baze nebo v tlotce

U i s retinoblastomem StuprE se primaré pristupuje bd’ k enukleaci nebo
k chemoterapii. V fipact unilateralniho retinoblastomu je enukleace nuthdlipné u 75 %
postizenych &i a konzervativni &a je moznd u 25 % z nich (Epstein J. et al., 2003)
Vedeni I€by u bilateralniho retinoblastomu se obvykidi podle oka s nalezem vysSiho
stupré retinoblastomu podle ICRB klasifikace. Viipadt diagndzy bilateralniho
retinoblastomu seistupuje k chemoterapii a k lokalni konsolidalécbhé pomoci kryoterapie
a transpupilarni termoterapiefeBto dochazi u fjblizn¢ 60 % takto postizenych éd
k enukleaci jednoho oka pro pokilou a na I€bu refrakterni formu retinoblastomu (Shields
C. L., Meadows A. T. et. al., 2001). Enukleace obgiye nutna jen v 1 %ifpadi (Epstein J.
et al., 2003).

V praxi je tedy zpravidla nutné kombinovat a v pdanych n€sicnich intervalech
opakovat d¥ a vice konsolidanich metod |&y retinoblastomu. Tim vSak stoupd riziko
vitreoretinalnich komplikaci. Incidence vzniku eretindlnich komplikacich po intenzivni

konzervativni |éb¢ retinoblastomu se pohybuje kolem 7% (Tawansy KeA.al., 2006).
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Nejcastji se jedna o retinalni trhliny, kombinované ttak a rhegmatogeni odchlipeni
sitnice, komplikované&gkou proliferativni vitreoretinopatii.

Vitrealni a subretindlni seeding u Stdp&, D a E retinoblastomu je jednim
z nejdilezitejSich limitujicich faktod jeho konzervativni kby, sneiujici k zachras oka
a v sodasné dob i k zachran zrakovych funkci. gkoli je v l&hé retinoblastomu uzivano
mnozstvi léebnych metod, je nutné tému poloviny @i, postizenych retinoblastomem
s vitredlniméi subretindlnim seedingemiigtoupit k enukleaci.

Ve snaze zachovat zrakové funkce idil ® pokr@ilym stuprém retinoblastomu jsou
stdle hledany a testovany novécdbné metody. Cilem soéasnych trendl v Iéché
retinoblastomu je dosahnout co nejvy3Si mozné kurnmee chemoterapeutik v blizkosti
retinoblastomu a zaroiieminimalizovat vedlejsi &inky chemoterapeutik na co nejnizsi
moznou Urové. Toho niZzeme dosahnout HBu intenzifikaci intravenozh aplikované
chemoterapie¢imz ovSem vzrostou systéemové nezadowoiky chemoterapeutik nagtsky
organismus, nebo lokdlni aplikaci chemoterapiep éoud’ periokular®, intravitreal@ Cci
kanylaci arteria oftalmica.

Suzuki a Kaneko (Suzuki S., Kaneko A., 2004) popws@dli metodu aplikace
chemoterapeutik intraarteri&npitimou kanylaci oftalmické arterie s distalni baldwdo
okluzi. Tento postup je technicky velmi néng a miZze mitcetné komplikace, zejména
krvaceni, cévni mozkovouripodu, bradykarditi smrt ditte. Autdi vSak nepopsali Zadnou
specifickou komplikaci. V roce 2008 vylepsil teckimikanylace oftalmické arterie spolu se
svymi kolegy Abramson (Abramson D. H. et. al., 20@®uzitim gimé kanylace arterie
oftalmica, bez balénkové okluze, se zavedenim mfumelphalanu, karboplatinyi
topotecanu. Z deviti taktodénych @i byly dw o¢i enukleovany pro perzistujici odchlipeni
sitnice. Dlouhodosi studie (Gobin P. Y. et. al., 2011, Shield G.&hields J. A., 2010) vSak
upozonuji na vazneé vedlejSicinky, zasthujici benefit z lokalni aplikace chemoterapeutik.
Komplikaci samotné procedury intraarterialni chesmagpie je tranzientni okluze superficialni
femordlni tepny, mozkoveé krvaceni, tromb@&aembolie tepen s naslednou infekci a riziko
vzniku endotelialni toxicity. Z nutnosti nejm&dvou az iti opakovani této procedury dochazi
k mikroembolizacim do oka charakteru transientohésnie az uplné obstrukce oftalmické
arterie. Z dalSich citovanych komplikaci procedigyzejména zavazny pravidelny vznik
bradykardie a systémové arterialni hypotenze a dédachospasmu.i@snost kanylace si
vyZaduje fluoroskopickou kontrolu katetru a tedgxipozici radignimu z&eni. Maximalni
radiaini davka, kterou dhem procedury absorbuje nitkoo cocka, se blizi davce

kataraktogenni. Opakovanim procedury se tadiadavka sméujici k nitroani coéce
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akumuluje, ¢imz po dvou az tech letech roste riziko vzniku radid katarakty

a pravépodobného karcinogennihocidku u pacient s germinalni mutaci RB1 genu
(Vijayakrishnan R. et al., 2010). M&nvaznou oni komplikaci metody je rozvoj
tranzientniho, ipsilateralniho edému a eryténsek;i blefaroptézy a u melphalanu dekolorace
kuze ve frontalni oblasti a dasna ztratéas. U 4% 6i byla popsana avaskularni retinopatie
(Gobin P. Y. et. al., 2011) vedouci k amaurdze.ddeficim systémovym vedlejSintigkem

je vznik neutropenie (Gobin P. Y. et. al., 2011)ransientni pancytopenie (Shields C. L.,
Shields J. A., 2010) nevyzZadujici transfuzi. Protd@én této nové neuroinvazivni metody
lécby retinoblastomu je, stgjnjako u chemoredukce, rekurence vitrealniho seeding
a chronické sklivcové hemoragie (Shields C. L.ef1 J. A., 2010). Ze 7&bStupre D a E
retinoblastomu se u dvowiopo ukorteni intraarteridlni chemoterapie vyvinuly metastazy
(Gobin P. Y. et al., 2011). Intraarterialni chemnapee se tedy zda byt alternativni metodou
lécby pokra@ilého stup® retinoblastomu, ktera vSak nepdst@ k zabrasni mozné
systémové diseminace u Stépa

Pro dosazeni stalych terapeutickych koncentragimciterapeutik ve sklivcovém
prostoru oka s minimalizovanim systémovych nezabu@inka se po spornych vysledcich
s intraarterialni chemoterapii obratil zajentnich onkolog k lokélni periokularni
a intravitredlni aplikaci chemoterapeutik. Dale usekoumana nova, mén toxicka
chemoterapeutika, ktera svymi nezaddoucimi vedléjsiiimky negativié neovlivni vysledek
lécby retinoblastomu (Kivela T. et. al., 2011, GhassemShields C. L., 2012, Carcaboso et.
al.,, 2007). Sotasna chemoterapie je zaloZentevdzr na empirickych zkuSenostech
a aplikaci vysledi rozsahlych Klinickych studii, aniz by respektovaiadividualitu
nemocného a biologickou odliSnost kazdého tumoml.vice nez pravghodobné, Ze
zohledreni téchto faktofi v 1&bé muze do zn&né miry optimalizovat vy protinadorovych
farmak i jejich davky, coz ve svychisledcich piznivé ovlivni vysledny terapeuticky efekt
a snizi riziko nezadoucicleiaki. Jednim z fistup individualizované chemoterapie je snaha
0 vyker cytostatik s maximalni dnnosti pro dany tumor za s&gasné eliminace vaznych
nezadoucichdinka.

V nasi praci jsme se za&iili na nezadouci vedlejSicinky karboplatiny a topotecanu
po jejich periokularnim a intravitrealnim podanihenoterapeutika, které se zkoumaji pro
lok&lni aéni podéani, zahrnuji metotrexat (Kivela T. et. aD]11), cisplatinu (Gilbert J. A. et.
al., 2003), karboplatinu (Abramson D. H. et. a@99, Hayden B. C. et. al., 2003, Pochop P.
et. al., 2010), paclitaxel (Suarez F. et. al., 30@fopozid (Mao Y. et. al., 2005) a topotecan
(Chantada G. L., 2009, Mallipatna A. C. et. al.120Darsova D. et. al., 2012). Vinkristin
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jsme z nasich pokudsvylowcili vzhledem k tomu, Ze ma vysokou aktivitu vazats proteiny
sklivce. Z toho dvodu je poteba relativé dlouhé doby k usmrceni retinoblastomovych
burék (Mendelsohn M. E. et. al., 1998, Laurie N. A.adt, 2005). Topotecan je novym,
nadjnym kanditatem v l&¢ retinoblastomu. Karboplatina byla jako jedina gtdeanych
chemoterapeutik jiz itve pouzivana v lokalni aplikacitiplécbé retinoblastomu. Navic byl
na zvtecich studiich prokazédn synergnéinek karboplatiny a topotecanu. Kombinace
karboplatiny a topotecanu, aplikovana intravei6znySim s retinalé implantovanymi
bunkami lidského retinoblastomu, byla wchto mysi nejvice dinnou l&bou oproti
kombinaci etopozid+karboplatina, etopozid+karbaptatvinkristin, topotecan+vinkristin
(Laurie N. A., 2005).

1.3. Karboplatina

Cis-diammincyklobutandikarboxyplatnaty komplex (@tek 1) je jednim zipmych
analog cisplatiny. Nahrazenim chloridovych ligamisplatiré vice stabilnimi ligandy, které
pomaleji podléhaji hydrataci, se docililo snizexiidity tohoto I€iva, aniz by byla ovliviina
jeho protinadorova aktivita. iBsto byly po podani karboplatiny véb& détskych tumoi
a osteosarkomu, atlumu krvetvorby, nevolnosti, tytrédlasi, zmeny chuti, zasta kuze
a sliznic, s¥deni kiaze a alergicka reakce (Van Quill K. R. et. al., 20Canetta R. et. al.,
1985). L&ba komplexy platiny je i@devSim vysoce neurotoxicka (Donzelli E., 2004).
Neurotoxicita je tedy wujici pro stanoveni maximalni tolerované davky kathtiny
v prevenci zivot ohrozZujicich komplikaci. Velké nastvi experimentalnich titazi
jednoznéné urcilo za hlavni farmakologické mistdigobeni karboplatiny DNA v jadru bék
(Jamieson E. R., Lippard S. J., 1999, ReSlova $71)l Karboplatina se vaze s DNA
za vzniku interkalénich vazeb, znemaajicich replikaci a repatai pochody DNA. Bsobi
tak po celou dobu bitiného cyklu. K 1éb¢ retinoblastomu byla poprvé karboplatina pouZzita
pii intravendznim podanitislozkového chemoterapeutického rezimu v polovad. let.
Ve Spojenych statech americkych je nyni pouzivaeaokularni aplikace 20 mg bolusu
karboplatiny v kombinaci se systémovou chemored(XEC protokol) v Iébé pokraiilého
retinoblastomu StugnC a D (Abramson D. H. et. al., 1999). Navzdoryaiokm toxickym
vedlejSim @dinkam karboplatiny se rozSlia jeji periokularni aplikace v Klinické

oftalmologické praxi. Sem p@tomezeni hybnosti oka, vznikem orbitalni fibrézgegujici
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piipadnou enukleaci oka) a atrofie zrakového nermasdednou slepotou (Schmack I. et. al.,
2006, Mulvihill A. et. al., 2003, Kiratli H. et. al2007, Darsova D. et. al., 2011).

Obrazek 1.Karboplatina, cis-diammincyklobutandikarboxyplatnaty komplex

O

i
H
AN “\D—c: :

1.3.1. Metalothionein

Jednim z faktar, které ovliwauji innost |€by karboplatinou, je hladina
metalothioneinu (MT). Jedna se o maly, termostalghotein s velikosti 6 — 10 kDa. Diky
vysokému obsahu cysteinu (okolo 30%) je MT schopémat ve své strukie az sedm
dvojmocnych a aZ dvanact jednomocnych ata¢ikeho kovu. &koli MT vykazuje nejvysSi
afinitu k CU, za fyziologickych podminek nejstji vaze Zrt*, &imz se vyznamh podili
na udrZovani jejich homeostasy. lonty toxicky&hkgch kowi (nag. Cf*, PE*, HE, PEY)
jsou schopny vysnit Zrf*. Molekuly MT s navazanymi ionty toxického kovu iso

transportovany do ledvin, kde praypebdobr probiha jejich vyloteni z organismu.

Role metalothioneinu v nadorové tkani neni zcdd®Ena. ZvySena exprese MT
v nadorovych bikach pravdpodobrg souvisi s proliferaci nadorovych hikn vySSi
intenzitou jejich metabolismu a invazivitou nadgAdam V. et. al., 2007). ZvySena hladina
MT v nadorovych biikkach miZze byt také spojena se vznikem tzv. mn@toé rezistence
k chemoterapeutikn, predevSim k chemoterapeutik na bazid¢Zzkého kovu, nap cisplatina
a jeji derivaty nebo sl@eniny arsenu a ruthenia. ZvySena exprese MT v magmortaké

spojovana s jeho rezistenci k radioterapii (Hefféteet. al., 2008).

Na mechanismu ochrany nadorovych 8upred pisobenim cytostatik se podili:
1. nedordeni cytostatika k cilovym strukturam, rfap divodu sniZené vaskularizace,
2. aktivni transport cytostatika z nadorovéku(eflux),

3. metabolizace chemoterapeutika a jeho interaldetoxik&nimi proteiny,
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4. sniZzeni cytostatickéhociaku, napg. diky zvySené aktivii DNA repargnich

mechanismi  nebo vlivem prevence apoptosy (Borst P.lgt2@08).

Rezistence k cytostatiku (chemorezistence) j€as€jSi komplikaci protinddoroveé terapie.
MT je schopen vazat platinova cytostatika a tinzewat jejich terapeutické koncentrace
(Frabrik I. et. al., 2008).

1.4. Topotecan

(S)-10-[(dimethylamino)methyl]-4-ethyl-4,9-dihydeg- 1H-pyrano[3',4":6,7]
indolizino[1,2-b]quinoline-3,14(4H,12H)-dione mongaochloride (Obrazek 2) je ve véd
rozpustnym syntetickym derivatem alkaloidu campothu, extraktu z rostliny Camptotheca
acuminata. V prb¢hu S faze butného cyklu specificky inhibuje topoizomerazucimz
vznikaji letalni poSkozeni bgk v pribéhu DNA replikace (Burris H. A. et. al., 1992,
Slichenmyer W. J. et. al., 1993). Topotecan se aikdyt slibnym chemoterapeutikem \¢ié
solidnich pediatrickych tumoy zejména neuroblastomu a rhabdomyosarkomu, ahe 1é
leukémie (Furman W. L. et. al., 2002, Chantada GetlL al., 2004, Santana V. M. et. al.,
2003). K l&be¢ retinoblastomu byl topotecan poprvé pouzitgikem 21. stoleti, a tofip
intravendzni 18b¢ jeho extraokularnich a intrakranidlnich metastahantada G. L. et. al.,
2004). Topotecan fize navozovat hematologickou toxicituiegevsim anémii, neutropénii
a trombocytopeénii, ktera vSak byva zpravidla reieirzi, kratkého trvani a dab zvladatelna.
VedlejSi giznaky toxicity topotecanu je obvykle mirna nevaavraceni, kozni vyrazka
a Unava (Tubergen D. G. et. al., 1996, KakolyrietSal., 2001, Santana V. M. et. al., 2003).
Od roku 2009 se Z@naji objevovat pilotni klinické studie referujioi periokularni aplikaci
topotecanu u &i s pokra@ilym stupréem retinoblastomu (Chantada G. L. et. al., 2009,
Mallipatna A. C. et. al., 2011). &oli jsou dosud referovany jen mirné vedlejsiniky
po periokularnim podani topotecanu, neni tatbdézatim v klinické éni onkologické praxi

rozSfena.
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Obrazek 2. Topotecan,

(S)-10-[(dimethylamino)methyl]-4-ethyl-4,9-dihydroxy/-1H-pyrano[3',4":6,7]indolizino

[1,2-b]quinoline-3,14(4H,12H)-dione monohydrochlomle

2. Hypotezy a cile diserténi prace

Hypotéza: Periokularg a intravitreal® aplikovanou karboplatinou a topotecanem

je mozné zvysit jejich koncentraci v avasknlm sklivci se satasnym

snizenim jejich vedlejSickinka na organismus.

Cile disertaéni prace:
1. Zhodnotit lokalni ¢éni toxicitu karboplatiny na modelu kré&ilho oka.
2. Zhodnotit lokalni @ni toxicitu topotecanu na modelu kedhio oka.

3. Zhodnotit Klinickou pouzitelnost nového igobu intravitrealni

chemoterapeutik transkornedlni cestou.
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3. Material a metodika

3.1. In vivo experiment

In vivo experiment probihal na modelu Novozélaydbkbilych kraliki muzskéeho
pohlavi prostych specifickych patogen(Anlab, Praha, Ceska Republika) v souladu
s vyhlaSkoug. 207/2004 Ministerstva zemIstvi Ceské Republiky. Veskeré pokusy byly
provadny na zaklad protokolu schvaleného odbornou komisi pro ochraritat 2. |ékaské
fakulty Karlovy University. Kralici byli chovani vetandardnich laboratornich podminkach
(teplota 22 °C az 25 °C, vlhkost 55% az 65%) p@walobu experimentu.i®d za&atkem
kazdého experimentu byli laboratorni kralici uvadimcelkové anestezie disociativniho typu
intramuskularni injekci ketaminu v davce 50 mg/K@aketan 10 a.u.v.inj., Vétoquinol, Lure
Cedex, Francie) ve sfsi s xylazinem v davce 5mg/kg (Rometar 2% a.u.v.Bpofa, Praha,
Ceska republika). Vifpad nutnosti prodlouzeni celkové anestezie byla intrskularni
injekce ketaminu a xylazinu opakovana po 30 minoloyi¢ni davce. Red aplikacemi
chemoterapeutik a odty sklivce byla pouzita lokalni anestezie povrclka oxybuprocainem
0,4% (Benoxi 0.4% Unimed Pharma 1X10mL, Bratislésfyvenska republika) a spojivkovy
vak byl desinfikovan 3 ml 1% roztoku providon-iodin(Betadine 10%, EGIS
Pharmaceuticals Ltd., BudapeSMad’arsko). Karboplatina a topotecan byly tzmych
davkach aplikovany vzdy do pravyckioDo levych @i byl vpraven stejny objem sterilni
vody (Aqua pro injectione Braun, Melsungergnecko). Levé & slouzily jako kontrola.

3.2. Stanoveni aplikovaného mnozstvi karboplatiny atopotecanu pro
testovani jejich koncentrace ve sklivci a pro teswvani vedlejSich @inki
téchto cytostatik na organismus laboratorniho kralika

3.2.1. Stanoveni objemu aplikované latky
a) Maximalni bezpény objem latky aplikované periokul&rm dti s retinoblastomem je
na zaklad empirické zkuSenosti 2,0 ml, zvySenim objemu apldné latky by mohlo
dochazet k elevaci nitréniho tlaku a k vyrazné cheméze spojivky (AbramsorHD
et. al., 1999). Pro periokularni podani vSech dgtds u laboratorniho kralika jsme

proto zvolili jednotny objem 1,5 ml.
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b) Pri intravitrealni aplikaci karboplatiny a topotecafgme pouzili jednotny objem

0,1 ml, ktery byl na kr&tim modelu aplikovan ve vSecheuchozich experimentech
(Harbour J. W. et al., 1996, Buitrago E. et. @01@). Aplikovany objem je 15x mensi
nez objem sklivce kralika, ktery jéiplizné 1,5 ml (Leeds J. M., 1997), rozmezi 1 — 2
ml. Nami spéteny pfiimérny objem sklivce Novozélandského bilého kraliké b3

mil.

3.2.2. Stanoveni koncentrace aplikované latky:

A) Karboplatina

a) Periokularg aplikovana davka 20 mg karboplatiny ve 2 ml stéhnib roztoku je podle

diivejSich klinickych studiich (Schmack 1. et. al., 2008ulvihill A. et. al., 2003,
Kiratli H. et. al., 2007) rizikova ze vzniku vazryoredlejSich tinkua, proto byla
zvolena davka 15 mg karboplatiny periokutéarn

b) Dvacet miligrani karboplatiny je vyrobcem dopafeno jako maximalni mozna

d)

stala davka v objemu 2 ml (Abramson D. H. et.2099). VySSi davka 30 mg v 1,5 ml
byla vybrana pr&v pro zhodnoceni toxického efektu periokutaraplikované
karboplatiny.

Na zaklad publikovanych dat o retinalni toxi¢ikarboplatiny u intravitrealni davky
vysSi nez 1Qug (Harbour J. W. et. al., 1996) jsme se rozhodtidzrtotit koncentrace
karboplatiny a nasledroeiit funkci sitnice u opakované intravitrealni davk®5 mg
karboplatiny.

Davku 0,08 mg karboplatiny pro opakovanou intraétni aplikaci jsme zvolili

empiricky na zaklagindmi dosaZenych vysledlk pribéhu této experimentélni prace.

B) Topotecan

a)

Periokularg aplikovana davka 2 mg topotecanu byla zvolena aldaz diive
publikované studie o lokalnich vedlejSichincich a intravitrealnich koncentracich
po periokularni injekci 1 mg topotecanu (CarcabAsd/. et. al., 2007) a na zaklad
systémo¥ uZivané davky topotecanu 2 md/den, gicemZ povrch dla kralika

zaujima 1 m
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b) Intravitredalni davky 1lug a 2ug topotecanu byly zvoleny nizsi oproti publikované
studii 0 5ug intravitreal@ aplikovaného topotecanu (Buitrago E. et. al., 20¥(éto
studii bylo po intravitrealni aplikaci Sug topotecanu dosaZzeno jeho vysoké
koncentrace ve sklivci po dobu 6 hod. V naSem expartu jsme ogtrovali, zda nize
nizSi davka intravitreath aplikovaneho topotecanu také dosahnout terapeéutick

hladiny topotecanu ve sklivci.

3.3. Technika lokalni @&ni aplikace karboplatiny a topotecanu

Periokularni injekce karboplatiny a topotecanuabgplikovana do hornich zevnich
kvadranti pravych krakich aii pod Tenonovu membranu s pouzitim jehly 25 gaurge.
intravitreélni aplikaci karboplatiny a topotecanygl bami now pouZzit gistup transkornealni
cestou. Tento fiistup se dosud vyuzival pouzéi @mspira&ni biopsii tenkou jehlou pro
suspektni malignitu v zadnim segmentimion, avSak nebyl nikdy pouZzit vdés (Karcioglu
Z. A., 2002, Pochop P. et. al., 2010). Vyhodou gkamnealni cesty je eliminace mozZného
rizika rozsevu volnych nadorovych partikuli, ploetch ve sklivcovém prostoru, do orbity.
Karboplatina a topotecan byly aplikovany 29 gaugaiiinovou jehlou, ktera byla zavith
paralelé s limbem vrozmezi 1 mm az 2 mm, naskedtoiena o 90° do polohy kolmé
ke karenu duhovky a poté vpraven#ep Fedni komoru, kienem duhovky a zonulou mimo
¢ocku do sklivcového prostoru krédiho oka (Obrazek 3, vizllanek 1). Hlavnim rizikem

tohoto manévru je moznost poSkozé&ing ¢ocky pii nepg'esném zavathi aplikani jehly.

Obrazek 3. Technika transkornedlni intravitrealni injekce

\
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3.4. Aplikace karboplatiny

V experimentech byla pouzita konieir Carboplatina-Teva (Pharmachemie B. V.,
Swensveg 5, Haarlem, Nizozemsko). Jedna se o hgzb@rtok obsahujicicidavné latky
Mannitol a sterilni vodu pro injekce. Kigakni karboplatiny do pozadovanych koncentraci
(20 mg/ml, 20 mg/ml a 0,5 mg/ml) byl pouzit 5% mztglukdzy. Ficet Novozélandskych

bilych kraliki bylo zavzato do experimentu a rélho do 5 skupin o 6 kralicich.

Skupina 1 o Sesti krélicicich bylatéha jednou periokularni injekci o davce 15 mg
karboplatiny.

Skupina 2 o Sesti kralicich jednou periokularnékej o davce 30 mg karboplatiny.
V obou pgipadech byla davka@edina sterilnim roztokem pro injekce do objemu 1,5 ml.

Skupina 3 obdrZela jednu transkornedlni intragltredavku o 0,05 mg karboplatiny
v 0,1 ml sterilniho roztoku. W¢hto ti skupin byly v pravidelnych intervalech 0 hod,ddh2
hod, 6 hod, 24 hod, 48 hod, 168 hod a za dva ty8kypina 1 a 3) aittydny (Skupina 2)
odebirany vzorky periferni krve a sklivce. @dpvzorki sklivce byly provadny z protilehlé
limbalni strany ke stran kde doSlo k aplikaci chemoterapeutika, jako pneee ziskani
vzorki sklivce s pravépodobnou vysSi koncentraci karboplatinyi. I&Zdém odbru jehlou
25 gauge bylo transkornedlni intravitrealni cesempirovano 150ul az 400 ul sklivce
ze sklivcového prostoru krélho oka. Odebrany sklivec byl umistdo plastovych zkumavek
azmrazen na -80 °C. Vzorky krve byly odebrany if@eni aurikularni vény kréalika
aumisény do zkumavek potazenych amoniem-heparinatem.oTakravené vzorky krve
byly centrifugovany fi 300 rpm po dobu 10 min k izolaci krevni plasmy.
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Skupire 4 o Sesti kralicich jsme podali transkornéairavitrealr¢ ctyiikrat ve dvou-

tydenich intervalech davku 0,05 mg karboplatiny @l sterilniho roztoku.

Posledni Skupih 5 jsme aplikovali mnozstvi 0,008 mg karboplatiny0,¥ ml

sterilniho roztoku.

Na zaatku a na konci experimentu se skupinou 4 a skupiggme navic provedli
elektroretinografické (ERG) vy&eni. Dosazenou koncentraci karboplatiny ve sklivci
kraliciho oka jsme zgfili 1 h po aplikaci 0,008 mg karboplatiny na koreiperimentu

Skupiny 5.

3.4.1 Stanoveni koncentrace karboplatiny a stanovémetalothioneinu

DosaZzené koncentrace karboplatiny ve sklivci dasme byly stanoveny metodou
atomové absormi analyzy. Celkem 10@ homogenizovaného sklivce nebo plazmy jsme
fedili 700l 0,2% vodniho roztoku Tritonu X-100, antifoamu @2 vol %) a deionizované
vody v pongru 1:14. Takto upravené vzorky byly analyzovanyeehanovw grafitoveé peci
atomovym absokmim spektrometrem (SpectrAA 220Z; Varian, AusthaliedJrceni
koncentrace platiny ve vzorcich bylo uskii&o metodou standardnihofigavku.
Koncentrace karboplatiny byla sfitena z koncentrace platiny a molekulové hmotnosti.
Hodnoty AUC (Area-under-the-concentration-versuaseticurve) jsme patali standardni
trapezoidalni metodou. Takto ziskané vysledky bydyifikovany programem pro AUC
kalkulaci (MW/PHARM verze 3.60 Mediware NL). Hodyobyly vyjadeny pfimérnou

smérodatnou odchylkou (SD) a rozdil hodnot byl pova#oxa signifikantniipp < 0,05.

K méteni metalothioneinu byla pouZita adsorptiviiernpsova technika s diferari
pulsni voltametrii ve spojeni s Béibvou reakci (AdTS DPV). Vzorky plasmy a sklivcdyby
analyzovany naistroji AUTOLAB Analyser (EcoChemie, Netherlands) spojeni s VA-
Stand 663 (Metrohm, Switzerland) v klasickémelektrodovéem usgadani. Pracovni

elektrodou byla visici rtiovad kapkova elektroda (HMDE) s plochou kapky 0,4 3nm
referergni elektrodou byla Ag/AgCIl/3M KCI a pomocnou grafibu elektrodou. Zakladni
elektrolyt (1 mmol.drif Co(NHs)sCls a 1 mol.dri? amonny pufr NH(aqg) + NHCI (Sigma
Aldrich, ACS), pH = 9,6) byl po kazdych 5 analyzaghménén. AdTS DPV parametry byly
nasledujici:¢cas akumulace 120 s, geini potencial —0,6 V, koray potencial -1,6 V,
modula&ni ¢as 0,057 sgasovy interval 0,2 s, potencidlovy krok 1,05 mVitsodulani
amplituda 250 mV, ks= 0 V, teplota 0°C (Husa D. et. al., 2005, Fabrilet. al., 2008).
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Ziskanad data byla zpracovana pomoci programu MIGRES EXCEL® (USA) and
STATISTICA.CZ Version 8.0 (Czech Republic).

Hodnoty byly vyjadeny pamérnou smérodatnou odchylkou (SD) a rozdil hodnot byl

povazovan za signifikantniig < 0,05.

3.5. Aplikace topotecanu
Dvacetctyti zdravych bilych Novozélandskych kralikylo rozdleno doctyi skupin

o Sesti kralicich.

Skupirg A byly aplikovany 2 mg topotecanu (Hycamtin, Gl&xoithKline Beecham
Plc., Brentford, United Kingdom) v 1,5 ml sterilnihoztoku periokularmjehlou 25 gauge.

Skupina B ziskala davku lig topotecanu transkornedlni intravitrealni injekci

s inzulinovou jehlou 29 gauge.

Skupire C byla dana transkornealni intravitrealni injektg@jného typu davka gg
topotecanu. Vzorky sklivce a krve byly shirany @& hod po aplikaci, v intervalech 1 hod, 2
hod, 6 hod, 24 hod, 48 hod, 168 hodiZgb odiru a zpracovani vzotkbyl stejny jako p
pokusu s karboplatinou (viz. kapitola 3.3). U SkypiC bylo na z&tku a na konci

experimentu natteno ERG vySéeni.

Skupire D o Sesti kralicich byttyiikrat v pravidelnych dvou-tydenich intervalech
injektovan topotecan o davce @) transkorneakh intravitreald a na zaatku a na konci

experimentu jsme rowi provedli ERG vységni.

3.5.1. Stanoveni koncentrace topotecanu

Koncentrace topotecanu v odebranych vzorcich sklim plasmy byla stanovena
pomoci vysokodinné kapalinové chromatografie. Objem o 1@0sklivce ¢i plasmy byl
odpipetovan do 1,5 ml polypropylenovych zkumaveknechz bylo pidano 200ul metanolu
z divodu nutnosti precipitace protéinZkumavky byly 10 s michany a poté centrifugovany
po dobu 5 min na 14 000 rpm (4 °C). MnoZstvi 10Qistého supernatantu bylo aplikovano
do mikrozkumavek, a z nich bylo 50 nastikovano na chromatografickou kolonu. Detekce
topotecanu probihalaip267 nm, teplota kolony byla nastavena na 25 °@bikii faze byla

piipravena z 0,01 M dihydrogenfosfatu draselnéhoigkmaného na pH 3,0, a z acetonitrilu
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(85:15). Rychlost fitoku mobilni faze byla 1,5 ml.mih K analyze vzork byla pouZita
chromatograficka kolona Inertsil ODS velikosti 1®0n x 4,6 mm, fum. V pribéhu analyzy
nebyla pozorovana zZadné interference. Hodnoty ARIeg-under-the-concentration-versus-
time-curve) jsme potali standardni trapezoidalni metodou. Za sigaifitai byly povazovany
p <0,05.

3.6. Zhodnoceni toxicity na zaklad klinického vySetieni

Pri kazdém odbru vzorki podstoupili kralici klinické oni vySeteni gedniho
segmentu éniho a vySeeni @niho pozadi s fotodokumentaci. Z§isé anatomické zémy
o¢nich adnex i bulbu jsme porovnavali s normalnimim nalezem Novozélandského bilého
kralika. Spojivka Novozélandského bilého kralikaatiuje epitelové lilky a pod nimi lezici
bazalni membranu, pokryvajici skléru. Wchto kraliki je patrna spojivkova injekce
s maximem perilimbak Rohovka je hladkd, leskla a transparentni. Baaovky je bilo-
riazova pro nedostatek pigmentlocka je bikonvexni, transparenti, podobrace lidské.
Velky, ovalny teé zrakového nervu je v nazalgasti fundu. Retina ma pro nedostatek
pigmentoveho epitelu viditelné choroidalni cévy.ridalni nitro@ni tlak kraléiho oka se

pohybuje mezi 8 - 10 torr.

Toxicita byla klasifikovana détyi stupia podle zavaZznosti poSkozeni anatomickych

struktur @nich adnex a oka kralika.

Stupea 1, periokularni toxicitazahrnoval morfologické zény, zpisobené aplikaci

chemoterapeutik v oblastidgk a orbitalniho prostoru. Vy3evali jsme gitomnost edému
vicek, proptozy kratiiho bulbu, pitomnost zaglivych a fibrotickych znén a ztraturas.

Stupaé 2 byl charakterizovan jako skleralni toxicitBo tohoto stup# jsme fadili

toxické zneny, postihujici spojivku, skléru a rohovku. Zi¥ali jsme pitomnost toxické
konjunktivitidy, charakterizované difazni hypererapojivky spolu s papilarni reakci v horni
i dolIni tarzalni spojivce nebo folikularni reakecominujici ve spojivce dolniho fornixu. Z&n
nebo nekrdéza skléryrpdstavovali také tento stupéoxicity. Dale jsme testovaliffilomnost
jakéhokoli epitelialniho defektu rohovky barveninuofesceinem (Thilorbin, fluorescein
natrium 0,8%, Alcon, Bmecko), jakykoli edém bwk rohovky, rohovkové infiltraty, ztrata
normalniho lesku rohovky a subepitelialniisty fibrovaskularni tk&hz limbu rohovky.
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Stupea 3, &ni toxicita byl charakterizovan ostatnimi klinickymi znamkatoxicity.

Sem pat jakékoli znamky nitroéniho zawtu, krvaceni a odchlipeni sitnice.

Stupeér 4, systémova toxicitazahrnoval klinické zndmky systémového toxického

Gcinku karboplatiny a topotecanu na kédlorganismus. Zkoumali jsme Ubytek vahy kralik
zmeny v chovani kralik a, pokud bylo nezbytné, jsme vydletkralika po usmrceni

z hlediska patologicky-anatomického.

Pritomnost Stup®i 1 a 2 toxicity nepokladame za davku limitujici. katni |&ba
karboplatinouci topotecanem by nemuseladchto gipadech byt feruSena pro minimalni

vliv na zrakové funkce. Znamky Stup8 a 4 toxicity jsme pokladali za davku limitujici.

Pred a po aplikaci chemoterapeutik byl daléirem nitro@ni tlak pistrojem TONO-
PEN XL Applanation Tonometer.

3.7. Zhodnoceni funkce sitnice

U krélika Skupiny C po transkornedlni intravitrealni aplikipotecanu v davce |2y
bylo provedeno elektrofyziologické vy$eni sitnice ped a po skoteni experimentu.
U kréliki s opakovanou transkornealni intravitrealni apiikag u Skupiny 3 (0,05 mg
karboplatiny), Skupiny 4 (0,008 mg karboplatiny) 8kupiny D (2ug topotecanu), byl
zaznamenan elektroretinogram (ERGg@® zahdjenim pokusa 14 dni po poslednitvrté
aplikaci davky. Vyséeni ERG bylo provasho po uvedeni laboratornich kraliklo celkove
anestezie disociativniho typu (Narketan 10 a.y.y.Métoquinol, Lure Cedex, Francie 50
mg/kg ve smisi s 5mg/kg Rometaru 2% a.u.v.inj., Spofa, Prateska republika). Zornice
kralika byla pgred vySetenim uvedena do maximalni arteficidlni mydriasy poiinstilace
0,5% tropicamidu (Mydrum Chauvin Ankerpharm GmiNdmecko). Rohovky kratich i
byly znecitlivny lokalni anestezii oxybuprocainem 0,4% (Benoxi%® Unimed Pharma
1X10mL, Bratislava, Slovenska republika). Vy&ei ERG probihalo podle standardniho
protokolu ISCEV. Ke snimani elektrickych potengiddyly zavedenyit elektrody: akni
ERG-Jet elektroda ve fokrkontaktnicocky byla umistna @Fimo na rohovku kratiho oka,
refere®ni kozni elektroda byla uméta 1 cm horizontath zevré od zevniho koutku oka
v temporalni oblasti a zemnici kozni  elektrodalabymistna uprosted cela.
Elektrofyziologické vySeéeni se sestavalo ze série elektroretinografickynant (ERGSs)

provadgnych za fotopickych i za skotopickych podminek vipetrické kouli (Ganzfeld).
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Adaptace na tmu trvala vzdy 30 minut. Po ni nasiabskotopicky (t¢inkovy) ERG zaznam
vyprodukovany stimulaci sitnice pomogitimilisekundového zablesku o intenzi®,01 cd /
m?.s a pro ziskani maximalni skotopické odfmiwzableskem o intenzi3,0 cd / M.s. V dalsi
fazi vySeteni se kralici g minut adaptovali na stlo. Poté byl sniman fotopickyipkovy)
elektroretinogram gimilisekundovym zableskem o intenziB,0 cd / M.s za kZného
oswtleni o intenzie 30 cd / mM k uréeni odpowdi ¢&ipki. VSe bylo realizovano
na elektrofyziologickémiistroji Roland Consult (Brandenburg¢mecko).

Rozptyl pamérnych hodnot byl uveden jako s$mdatnd odchylka g@méru.
Vyznamnost rozdilu hodnot byla githna t-testem pro nezavislé skupiny (Graph PashPri
5.03 pro topotecan, Statistika 9.0 WAN Statsoftlsau USA pro karboplatinu). Data byla
pokladana za statisticky signifikantnfigp < 0,05 a za velmi signifikantnitipp hodno¥
<0,01.

3.8. Histologické vySateni

VSech 54 kralix bylo na konci experimentu usmrceno exsanguin&eratické arterie
pii celkové anestezii. Krali o¢i byly enukleovany spolu s&Ky a retrobulbarni tkani
a fixovany v 10% formalinu. Vzorky byly dehydrovameyanolem a zality parafinerezy

o 5um tlou&’ky byly obarveny hematoxylin & eosinem a vy&ety zkuSenym patologem.
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4. Vysledky

4.1. Vedlejsi @&inky karboplatiny po jeji experimentalni periokular ni
a intravitrealni aplikaci (publikace ¢. 1,¢.2,¢.3)

4.1.1. Hmotnost kréliki

V pribéhu experimerit jsme u zadné z pozorovanych skupin ki@élitezaznamenali
statisticky vyznamny pokleglesné hmotnosti a z¢ny v chovani (Graf 1). Nejvyznar§si
Ubytek tlesné hmotnosti kréltk u vSech skupin byl patrny ébem prvnich 48 hod
experimentu, poté jsme do uk@mi experimentu pozorovali jeji postupny isir Zadny
z kréliki neztratil vice nez 10% svélésné hmotnosti, s vyjimkou jednoho kralika v kazdé
ze skupin, ktery ztratildhem prvnich 48 hod do 15% swéesné hmotnosti (p>0,05).

Graf 1. Pramérné télesné hmotnosti kraliki po lokalnich jednorazovych aplikaci

karboplatiny
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4.1.2. Koncentrace karboplatiny v plasré
Dosazena pgmeérna koncentrace karboplatiny v plasnbyla po jeji periokularni
aplikaci vdavce 15 mgtyrikrat vysSi oproti jeji pimérné koncentraci ve sklivci.
Po periokularnim podani 30 mg karboplatiny byldasp® métena ptimérné osmkrat vysSi
koncentrace nez ve sklivci. Maximalni koncentraagbkplatiny v plastbyla u obou davek
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meéiena 1 hod po periokularni injekci a naskedmo 336 hod stréh klesala (Graf 2).

Po transkornealni intravitrealni aplikaci 0,05 maghoplatiny byly jeji koncentrace v plasm
pod hladinou detekce.

Graf 2. Prumérné dosazené koncentrace karboplatiny v plasépo periokularni aplikaci
15 mg karboplatiny (Skupina 1) a 30 mg karboplatiny(Skupina 2)

‘—A—Skupina 1 O Skupina?2 ‘

7000

6000
5000 -
4000 O
3000 -
2000 -

1000 - -
0 Ok ‘ —3 ‘ : : ul

0 50 100 150 200 250 300 350 400
Cas (h)

Koncentrace ( pg/l)

4.1.3. Koncentrace karboplatiny ve sklivci

Periokularni aplikace karboplatiny dosahla u Skypdl a Skupiny 2 svého maxima
ve sklivci 2 hod po injekci, hladiny vSak byly ofirintravitrealnimu podani nizké a po 7
dnech na hranici detekce (Graf 3).
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Graf 3. Primérné dosazené koncentrace karboplatiny ve sklivci pperiokularni aplikaci

15 mg karboplatiny (Skupina 1) a 30 mg karboplatiy (Skupina 2)
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Naopak po transkornedlni intravitredlni aplikacrbaplatiny u Skupiny 3 bylo dosaZeno
vysokych koncentraci karboplatiny ve sklivci v 1dhgo injekci a tyto koncentrace

v nasledujicich hodinach klesaly, nicrdése udrzely nad hodnotou 1 mg/l po dobu 7 dni
(Graf 4).

Graf 4. Primérné dosazené koncentrace karboplatiny ve sklivci ptranskornealni

intravitrealni aplikaci 0,05 mg karboplatiny (Skupina 3)
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4.1.4. Anatomické a histopatologické z#my po aplikaci karboplatiny

Periokularg aplikovana karboplatina vyvolala klinické 2ny zejména nafpdnim
segmentu &nim a periokularéy, zatimco intravitredkh aplikovana karboplatina #pobila
loZiskové zmdny sitnice (Tabulka 3). Nejzavajaim nalezem je vznik nekrézy hornih@kea
u dvou kréliki Skupiny 2 a ztratd#as u fi kralika této skupiny 7 dni po aplikaci 30 mg
karboplatiny periokulam(Obrazek 4).

Tabulka 3. Klinicky pozorované a histologické znény po periokularni aplikaci 15 mg

karboplatiny (Skupina 1) a 30 mg karboplatiny (Skypina 2) a intravitrealni
aplikaci 0,05 mg karboplatiny (Skupina 3)

Skupina Skupina Skupina

VedlejSi (inky 1 2 3

Stupai 1 - periokularni toxicita

Edém véek 6 3 0

Ztrataras 0 3 0

Nekréza véek 0 2 0
Stupai 2 - sklerdlni toxicita

Vaskularizace rohovky 1 2 0

Podspojivkove krvaceni 2 2 0
Stupai 3 - o¢ni toxicita

Hyféma 4 3 3

Traumaticka katarakta 5 1 1

Hemoftalmus 3 3 5

LozZiskova atrofie sitnice 0 1 5
Stupei 4 - systémova toxicita 0 0 0

U vSech Sesti kraltk Skupiny 1 byl pozorovan mirny, transientni peridkaoi edém,
ktery se do 2 hod po aplikaci spontdmazorboval. Na druhou stranu se u Skupiny 2 ragvin

periokularni edém pouze i tkralika, ale tento edém byl vyraZ8i a getrvaval 48 hod
po aplikaci 30 mg karboplatiny.
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Obrazek 4. Loziskova nekréza horniho véka

U jednoho kralika Skupiny 1 a dvou krdlikupiny 2 byla zaznamenana povrchova
vaskularizace rohovky, ktera se rozvinula nejerkeliomista vpichu, ale i po celé dolni
polovine rohovky. U tchto @&i rohovka ztratila pro edém ve stromatu lesk asjpanentnost
(Obréazek 5).

Obrazek 5. Povrchova vaskularizace rohovky

Podspojivkové krvaceni, stéjnjako hyféma, traumatickd katarakta a hemoftalmus,

fadime ke komplikacim, spojenym s technikou trans&@ini intravitrealni injekce.
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DalSim zavaznym nalezem byla loZiskova atrofieisdtru @ti kralika Skupiny 3
a (Obrazek 6) jednoho krélika Skupiny 2. Histopagalké vySeteni prokédzalo loZiskové
zterteni vrstev sitnice s poruSenim stavby, zejménaizeuhklearni a zevni plexiformni
vrstvy. V €chto vrstvach byly pozorovany prazdné cystoidnispony, které zasahovaly
i do vrstvy fotoreceptdr, a jadra buék zevnich vrstev sitnice byla nepravidelmspdadana
(Obrazek 6).

Obréazek 6. Loziskova atrofie sitnice

4.1.5. Znény koncentrace metalothioneinu v plasré

Hladina metalothioneinu ve sklivcitgrd aplikaci karboplatinginila v praiméra 3.5
MM. V prabéhu 7 drit po aplikaci nakstala hladina az najmérné 5 uM a zvySené hladiny
MT byly detekovany po dobu néasledujicich fidMirny pokles hladiny MT nastal za 14 dni
od intravitrealni aplikace karboplatiny (Graf 5).
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Graf 5. Zmény koncentrace metalothioneinu (MT) ve sklivci v zaislosti na ¢ase
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4.2. VedlejSi &inky topotecanu po jeho experimentalni periokularni
a intravitrealni aplikaci (publikace ¢.4)

4.2.1. Hmotnosti kralikia

V prabéhu experimenit pribirali vSichni kralici pravideléa na vaze (Graf 6)

a pimérna hmotnost kralik se vzajemé signifikantré nelisila.
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Graf 6. Pramérné télesné hmotnosti kraliki po lokalnich aplikaci topotecanu
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4.2.2. Koncentrace topotecanu v plaséra ve sklivci
Zjistili jsme, Ze periokularni injekce 2 mg topcému vyvolala v prméru dvojnasobé
vySSi koncentrace v plasnoproti dosazenym koncentracim ve sklivci (Gran@publikovana
data). Po periokularni aplikaci vSak bylo dosazé&otem 2 hod po injekci cytotoxické
koncentrace ve sklivci a poZzadovana cytotoxickackatrace naslednopst rychle klesala

a 6 hod od injekce jiz byla pod hladinou cytotoXibk &inku.
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Graf 7. Porovnani dosazenych pimérnych koncentraci topotecanu v plasm a ve sklivci

po periokularni aplikaci 2 mg topotecanu (Skupina A ve vodném roztoku
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Topotecan jsme z#ili i ve vzorcich sklivce levého kontrolniho oka gobu 6 hod od jeho

periokularni aplikace vpravo (Tabulka 4, nepubli&o& data).

Tabulka 4. Koncentrace topotecanu ve sklivci levého okap@/ml) po aplikaci 2 mg

topotecanu periokularné (Skupina A)

Kralik  Kralik  Kralik  Kralik  Kralik  Kréalik Pramér
Cas(h) &1 &2 &3 &4 &5 ¢.6 koncentraci
2h 0,08 0,15 0,05 0,18 0,1 0,11 0,11
6h 0,02 0,03 0,04 0,01 0,07 0,08 0,04

Po intravitrealni aplikaci jug topotecanu bylo dosazeno jeho maximalni intre&itri
koncentrace za 2 hod po injekci, kdeZto po intragini aplikaci 21g topotecanu jiz za 1 hod
po aplikaci (Graf 8). Rimérna intravitrealni koncentrace topotecanu ve 2 podaplikaci
u Skupiny B byla 0,31ug/ml a u Skupiny C 0,94g/ml. Tyto hodnoty se liSi signifikantn
(p=0,0006). Armérné intravitrealni koncentrace topotecanu se na@aak hod po aplikaci
signifikantre neliSi (p=0,0664) a za 24 hod po aplikaci jsoubww skupin pod hladinou

detekce.
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Graf 8. Dosazené piimérné koncentrace topotecanu ve sklivci ¥ase po transkornealni

intravitredlni aplikaci 1 pg (Skupina B) a 2ug (Skupina C) topotecanu.
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V tomto experimentu jsme &fili G¢inné koncentrace topotecanu v plasdo 6 hod
po jeho inravitrealni aplikaci (Graf 9). Konceriné kiivky v plasngé méli stejny charakter

jako koncentréni kiivky ve sklivci u obou skupin. Dosazené koncentragasng byly nizSi

nez ve sklivci.
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Graf 9. Dosazené piimérné koncentrace topotecanu v plasgav ¢ase po transkornealni

intravitredlni aplikaci 1 pg (Skupina B) a 2ug (Skupina C) topotecanu.
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U Skupiny C byly ndfeny &inné koncentrace topotecanu i v levycaiich vcase 6 hod (Graf
10).

Graf 10. Koncentrace topotecanu ve sklivci levych® v 6 hod po transkornealni

intravitrealni injekci 2 pg (Skupina C) topotecanu.
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4.2.3. Anatomické a histopatologické z#my po aplikaci topotecanu

Prestoze jsme po periokularni aplikaci 2 mg topotacae Skupig A mefili
dvojnéasobn vysSi koncentrace v plagnoproti sklivci, nepozorovali jsme ztratu chiupi
zmeénu chovani. Stuge4 - systéemové toxicity nebyl dosazen ani u testévakupiny B a C

kralika, tj. po intravitrealni injekci topotecanu.

VedlejSi @&inky periokularni a intravitredlni aplikace topaea shrnuje nésledujici
tabulka (Tabulka 5).

Tabulka 5. Klinicky pozorované a histologické zmény po periokularni aplikaci 2 mg
topotecanu (Skupina A) a intravitrealni aplikaci 1pg topotecanu (SkupinaB)a  2ig
topotecanu (Skupina C)

Skupina Skupina Skupina

VedlejSi inky A B C

Stupei 1 - periokularni toxicita

Chemosa spojivky 6 0 0
Stupei 2 - skleralni toxicita

Lymfocytarni infiltrace 6 4 0

Vaskularizace rohovky 0 6 6

Podspojivkove krvaceni 2 0 0
Stupai 3 - o¢ni toxicita

Edém cévnatky 4 3 4

Traumaticka katarakta 2 2 2

Hemoftalmus 0 1 1

Loziskova atrofie sitnice 0 0 4
Stupeai 4 - systémova toxicita 0 0 0

Lokélni ani vedlejSi dinky periokularg aplikovaného topotecanu byly mirné.
U vSech krélik jsme po aplikaci 2 mg topotecanu pozorovali&pigmentovanou chemosu
spojivky (Obrazek 7, nepublikovana data). Do dvandih od aplikace se edém spojivky
rezorboval, Zlutava loziska perzistovala po dolidnéy U jednoho kralika Skupiny A jsme
zaznamenali mirnou fibrinovou reakci subkonjunkiti¢aOstatni kralici byly bez naslednych
komplikaci. Histopatologické vy&eni kraltich i odhalilo lymfocytarni infiltraci
v periokularni tkani l&enych @i Sesti kralikk Skupiny A a nelé&enych @i ctyr kralika
Skupiny B (Obrazek 8, nepublikovana data). Nepozalrgsme Zadnou poruchu v motdit
krélicich ati.
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Obréazek 7. Zlutavé zabarvena chemosa spojivky ve SkupinA

Obrazek 8. Histopatologicky nélez ve Skupi& A lymfocytarni reakce viezu orbitalni

tkani po obarveni hematoxylin&eosinem gerné tefky).
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U dvou I&enych @i a dvou neléenych @i Skupiny C (2ug topotecanu intravitreah
jsme @i nasledném histopatologickém vyi&ati objevili redukci gangliovych bk sitnice,
snizeni velikosti vSech retinalnich kna ztratu jejich uspg@dani v sitnicovych vrstvach a
piitomnost choroidalniho edému (Obrazek 9).

Obréazek 9. Histologicky fez sitnici Skupiny C barveny hematoxylin &osinem.Redukce
poctu gangliovych burék (GCL), edém cévnatky (CE), vni¥ni plexiformni vrstva (IPL),
vnit¥ni nuklearni vrstva (INL), vn &jSi plexiformni vrstva (OPL), vnéjsi nuklearni vrstva
(ONL).

CE

GCL

IPL
INL
OPL
ONL
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4.3. Komplikace transkornedlni intravitrealni injekce

Komplikace, spojené s transkornealni intravitreaijgkci, zahrnovaly vaskularizaci rohovky
v mis€ vpichu (n=36, 100%), kataraktu (n=5, 14%) a krvacdo sklivce (n=6, 17%).
DalSimi komplikacemi intravitrealni ¢y mohou byt vznik endoftalmitidy, amoce sitnice

a trhliny v pigmentovém epitelu, které jsme vSakingcavitrealni injekci nepozorovali.

4.4. Zmény ERG po opakované intravitrealni aplikaci karboplatiny a
topotecanu (publikaceé.5, €.6)

Po opakované intravitredlni aplikaci 0,05 mg kathtny prokdzalo konmé ERG
v porovnani s p&gateinim ERG redukci velikosti amplitud na&h adaptované a-viny i b-
viny a na tmu adaptované b-viny. To odpovida po8kosynapsi ve \WBi plexiformni vrsté
sitnice. ERG zrny pri davce 0,05 mg vSak nezprogredovaly do plodinkix ERG (Obrazek
10).

Obrazek 10.ERG pravého oka kralika €. 3 pred (a) a po (b) aplikaci karboplatiny.

A < S i —

U pravych &i jsme po opakované intravitrealni aplikaci 0,05 rarboplatiny
zaznamenali loziskovou atrofii sitnice, stejiako u pravych & po jedné injekci 0,05 mg
karboplatiny.

Po opakované transkornealni intravitrealni aplikh©608 mg karboplatiny jsme na
ERG zjistili signifikantni redukci v amlitudach bBay po skotopické adaptaci (p=0,00042), a-
viny (p=0,00065) i b-viny (p=0,0042) po fotopickélaptaci a po maximalni skotopické
odpowdi v b-viné (p=0,00066). B Klinickém, ani @i histopatologickém vyss&ni jsme
nezaznamenaliffifomnost atrofie sitnic& jinych strukturalnich zrm (Graf 10).

42



Graf 10. Zmény v ERG zdznamech pravych a levychd pred a po opakované

intravitrealni aplikaci 0,008 mg karboplatiny.
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Po opakované intravitrealni aplikaci topotecandavce 2ug bylo ERG vySéeni
uvsSech 6i kraliki s normalni velikosti amplitud (p>0,05). Zjistilisme pouze malo
signifikantni pokles amplitudy b-viny po fotopicle&laptaci (p=0,023). Tudiz jsmé&i ERG
vySeteni kraltich ai po ¢tyindsobné aplikaci gg topotecanu ve dvoutydennich intervalech
neprokazali Zadnou retinalni toxicitu po sledovacbu dvou misicd od prvni davky

(nepublikovana data).

5. Diskuze

Navzdory procentuelnimu zlepSeni Wtélnosti retinoblastomového onemeai
v zavislosti na zavedeni karboplatiny do chemotuéipkého protokolu (Shields C. L. et. al.,
2006) se nedosahlo pouhym uzitim systémoveé cheaméedplné kontroly nad poktibym
stuprém retinoblastomu. NeUplna kontrola nad p@kgon stuprém retinoblastomu rize
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byt zpisobena:
1. neadekvatni penetraci karboplatidtggphemato-okularni bariéru do tkani oka
2. dosazenim nizkych intracelularnich hladin kakéipy uvnitt retinoblastomovych buk

Na pravdpodobny vznik nizkych intracelularnich hladin  kavladiny

v retinoblastomovych hikach niize mit vliv:
1. jejich nizk& koncentrace ve sklivcovém prostaka
2. rezistence retinoblastomovych Blrke karboplatig

Vysoka intracelularni koncentrace karboplatiny itivretinoblastomovych bwk by
tedy mohla zvysit kontrolu nad pokiitym stuprém retinoblastomu, proto je vhodné zvysit
koncentraci karboplatiny v blizkosti oka s ohledaa mozny vznik toxickych vedlejSich

Ucinka.

5.1. VedlejSi &inky karboplatiny po jeji experimentalni periokular ni
a intravitrealni aplikaci (publikace ¢. 1,¢.2,¢.3)

Lokalre aplikovana karboplatina dosahla #e@chozich experimentech vyssi
koncentrace ve sklivci oproti jejimu systémovéemulgd (Mendelsohn M. E. et. al., 1998,
Abramson D. H. et. al., 1999, Hayden B. C. et. 2004). Stejné vysledky byly dosaZzeny
i v naSich experimentech. Rozdilné je vSak dosazeiisich vitrealnich koncentraci
karboplatiny po jejim periokularnim podani v oboavkich, tj. 15 mg a 30 mg, oproti
jmenovanym studiim. Dosazené intravitrealni hladiayboplatiny byly nestejnogmé a po
periokularni aplikaci 15 mg karboplatinyastala hladina AUC (@mér 0,35 mg/l.min +
0,17SD) pod cilovou hladinou, ktera byla stanovenazmezi 3 — 8 mg/l.min (Alberts D. S.,
Dorr R. T., 1998). Z tohotvodu je pro dosazeni vySSich koncentraci karbaplatée sklivci
a posléze v retinoblastomovych ikdch vyhodgjsi aplikace vysoké koncentrace
karboplatiny periokulary tj. vdavce 30 mg. iesto se po podani dvojnasobné davky
karboplatiny jeji intravitrealni koncentrace vyznamlinearreé nezvySily. Naopak jsme
zaznamenali vyrazné toxickéigky na struktury kradiiho oka.

U této Skupiny 2 vznikla u dvou kratikpo 168 hod od aplikace 30 mg karboplatiny
periokular nekréza horniho tka, ktera byla navrzena jako davku limitujici taotdc

U téchto dvou ¢i Skupiny 2 byl také v fibéhu 48 hod pozorovan periorbitalni edém.
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Transientni mirnd chemosa spojivky byla zaznameenarvSech kralik Skupiny 1
v prvnich dvou hodinach po aplikaci 15 mg karbaplatperiokularg. Predpokladame, Ze
periokularg aplikovana karboplatina ve vodném roztokuizen rychle pronikat sub-
Tenonovym prostorem do intrakonalniho a extrakdhalnorbitalni prostoru. Tak tie
vystavit extraokularni tk& vysokym transientnim koncentracim karboplatinyuztym
u Skupiny 1 a 2. Absence velkého mnoZzstvi orbitdrtiuku u kradkkiho oka (Davis F. A.,
1929), na rozdil od oka lidského, byla pr&gddobri pricinou, pr@& jsme i
histopatologickém vyS&gni nezaznamenalifijppmnost nekrozy tukové tkanna kraltim
modelu, oproti pozorovani na lidském oku (Abram&brH. et. al., 1999, Kiratli H. et. al.,
2006, Schmack I. et. al., 2006). Nekroza tukovéndkZpisobend karboplatinou nasledn
spousti zagtlivou reakci v orbi¢ (Kiratli H. et. al., 2006, Mulvihill A. et. al.,@3). A¢koli je
orbitalni prostor u kralik také tvden extraokularnimi svaly (Davis F. A., 1929), nemaa
se kkhem sledovaciho obdobi porucha motility, jako bygldve publikovano u dvanacti
détskych @i (Mulvihill A. et. al., 2003) po opakované peridé&ni aplikaci 20 mg
karboplatiny ve 2 ml vodného roztoku. U sledovangkhpin kraliki nevznikl po dobu dvou
a tech tydri tak vyrazny zagtlivy proces v orbi iniciovany nekrézou tukové tkanktery
by vedl k naslednému hojeni fibrézou a mozné pomi$g motility. Periorbitalni jizveni
po periokularni aplikaci karboplatiny je vaznym igséim &inkem. V gipac nutnosti
indikovat enukleaci oka stoupa riziko perogeiaruptury bulbu s naslednou diseminaci

retinoblastomu.

U jednoho kralika Skupiny 1 a dvou kradikupiny 2 jsme po periokularni aplikaci
karboplatiny zdokumentovali vznik rohovkoveé vaskidace po celé dolni polowrrohovky,
nikoli jen v mist vpichu. Tyto vedlejSi &inky jsme navrhli do Stupgn2 — sklerélni toxicity,
kterou nepokladame za davku limitujici vzhledem ikimalnimu eventuelnimu vlivu
na zrakovou ostrosti@dpokladame, Ze s injekci do horniho zevniho kvadrsub-Tenonova
prostoru dochézi vlivem mrkéni a gravitace k riesi vodného roztoku s aplikovanym
chemoterapeutikem do dolnich partiich periokul&nffrostoru. Po periokularni injekci
vodného roztoku chemoterapeutikauzae dochazet kjehoaiast€&nému Uniku v mist
spojivkového vpichu na povrch spojivkové tkani rohovky. Tento postulat spolu se
zvySenym perifernim g@tokem krve v cévnatce mohl spofigobit ve snizeni aplikovaného
mnozstvi karboplatiny periokul&n a tedy k mifeni nizSich intravitredlnich koncentraci,

stejre jako k pozorovani vedlejSih@iaku vaskularizace rohovky.
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Intravitrealni aplikace 1Qug, 100 ug a 1000ug karboplatiny cestou pars plana
ze Sesti kralik Skupiny 3 v naSem experimentu byla také pozorov@oa aplikaci
transkornealni intravitrealni davky o 0,05 mg kalatiny v 0,1 ml sterilniho roztoku
retinalni atrofie, ale oproti jmenovanému experitnese nejednalo o atrofii celé sitnice,
pouze o loZiskovou retinalni atrofii.iédpokladame, Ze nas vysledek koreluje s anatomii
krélici sitnice, kter4 je, oproti lidské sitnici, vaskitavanaiidce a jeji vaskularizace
nedosahuje za ekvator oka ((Davis F. A., 1929pho tdivodu jsme pravgpodobr zachytili
atrofii sitnice v loZiscich. #@kvapenim bylo zastizeni loziska sitnicové atrafigednoho

z Sesti kralik Skupiny 2.

U l&enych i kontrolnich & se @i histopatologickém vyS&ni objevil v fizné
intenzi€ edém cévnatky. Je vydsim opakovanych odii sklivce, zfisobujicim hypotonii

kralicich ai. Nitroocni tlak byl za 6 hod od experimentu n&itelny.
Lokélni aplikace karboplatiny o davkach 10 mg @lemiarre a 1pg, 10pg, 100ug

a 1000png intravitredl® nevyvolala podleidve publikovanych studiich klinické znamky
systémovych toxickychdinka (Mendelsohn M. E. et. al., 1998, Abramson D. Hakt 1999,
Hayden B. C. et. al., 2004), zejména infekci, ztidthlupeni, alergickou reakci, tbytek vahy
a zneny chovani, jako je popisovandi intravendzni aplikaci karboplatiny. NaSe vysledky
po periokularni aplikaci 15 mg a 30 mg karboplatngo jeji intravitredlni aplikaci 0,05 mg
jsou v souladu <imito experimenty. Na rozdil od zimvanych autar jsme v naSem
experimentu dosahli po periokularni aplikaci kadatpy v davce 15mg jeji a&yiikrat vyssi
koncentrace v plastna po periokularni aplikaci karboplatiny v davce 3@ dokonce jeji
Sestkrat vysSi koncentrace. Vytenim tohoto rozdilu by mohla byt technika peridkai
aplikace. Pokud periokularni injekce nepronikne petionovu membranu nacsu skléry,
muze se aplikovana karboplatina ve vodném roztokaesnézorbovat do okolniho orbitalniho
prostoru a prostoupit spiSe do vendzniho sinu feg ggnu skléry. Karboplatina, uvoina

z injekce aplikované k zadnimu segmentu kfiab oka, niZe narazit, na rozdil od oka opice
¢i oka lidského, na vysSSi rychlostapoku krve choroideou¢imz by se mohla podpio
tendence karboplatiny i jiného chemoterapeutikgsténové absorpci (Nork M. T. et. al.,
2006). Resto jsme po periokularni aplikaci karboplatiny @dsv plasnd pouze v piméru

do 10% koncentrace karboplatiny, vyskytujici selaspt po jejim intraven6znim podani
(Hayden B. C. et. al., 2004). Po transkornealnintredlni aplikaci karboplatiny jsme toto

chemoterapeutikum v plagnmedetekovali. Periokularni i intravitrealni apltkakarboplatiny
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vdanych davkach tedy minimalizovala systémovou oekp chemoterapeutika

u laboratornich krélik

DalSim faktorem, ktery ovliwje &innost I€by karboplatinou, je hladina
metalothioneinu (MT). Hladina metalothioneinie@ aplikaci karboplatinginila v praméra
3.5 uM. V piibéhu 7 dri po aplikaci nakstala hladina az na jnérné¢ 5 uM a zvysSené
hladiny MT byly detekovany po dobu nasledujiciatind. Mirny pokles hladiny MT nastal za
14 dni od intravitredlni aplikace karboplatiny.¢ghto vysledk je zjevré patrné, Ze hladiny
MT byly indukovany pimou aplikaci karboplatiny do sklivcového prostdadliciho oka
a mohly by byt spojeny se vznikem rezistence tunmard&bu. V priibéhu cytostatickeé &y
karboplatinou by se twodns citlivé retinoblastomové hiky mohly stat rezistentnimi.
Frekventni aplikace karboplatiny periokul&rgi intravitrealré by tak nemusela fmést

oc¢ekavany efekt.

5.2. VedlejSi &inky topotecanu po jeho experimentalni periokularni
a intravitrealni aplikaci (publikace €. 4)

Je znamo, Zetpstupu lokala aplikovanych lél do sklivce je br&no pirozenou
okularni bariérou, ktera chrani okeed potencialé toxickymi xenobiotikami (Hughes P. M.
et. al., 2005). Topotecan byhpo periokularnim podani penetrovaep skléru, cévnatku

a pigmentovy epitel sitnice. Permeabilitanst skléry klesa s rostouci velikosti prostupujici
molekuly, gesto Zistava skléra po#nné permeabilni i pro velké molekulové komplexy
(Ambati J. et. al., 2000). Vysoka permeabilita skl zagicinéna jeji strukturou, podobnou
rohovkovému stromatu. DalSim faktorem, ktery by moklivnit permeabilitu molekul
sklérou, je jeji tloug&ka. Skléra je nejteti v oblasti Uponu imych anich svalh (0,3 mm)

a v oblasti ekvatoru (0,4 mm az 0,5 mm) (Vlkova Hara&kova M., 2007). Pro velkou
molekulu, jakou je topotecan, by misto aplikace ledbm k tlousce skléry mohlo mit
vyznam. Hydrofilni slotenina topotecanurgstupuje snaze vodnym mediem interfibrilarniho
prostoru proteoglykah stny skléry, nez buftnymi membranami, stejnjako ostatni
hydrofilni molekuly (Unlu N., Robinson J. R., 1998)yrazrejSi prekazkou pro hydrofilni
molekuly je gechod cévnatka - pigmentovy epitel sitnice, obRBrichovy membrany.
Pigmentovym epitelem sitnice potom prochézi hythbfisloweniny cestou zonulae
occludentes.

47



V naSem experimentu vyvolala periokularni injekcen® topotecanu v pmeéru
dvojnasobd vysSi koncentrace v plagmoproti dosazenym koncentracim ve skKlivci.
Topotecan jsme z#ili i ve vzorcich sklivce levého oka po dobu 6 hudljeho periokularni
aplikace vpravo. Rmérné koncentrace dosahly 0,07@/ml + 0,047SD (nepublikovana
data). \&tSina mnoZstvi periokulagén aplikovaného topotecanu mohla spiSe penetrovat
do systémové cirkulace krve kralika nefegp sénu skléry do sklivce. Tim vistd riziko
vzniku toxickych systémovychcinku. Presto jsme nepozorovali signifikantni Ubytek vahy
kralika, ztratu chlug ¢i zménu chovani. Stupge4 systémové toxicity nebyl dosazen ani
u testované Skupiny B a C kraliktj. po intravitrealni injekci topotecanu. Davkmitujici
toxicitou je po intravendzni aplikaci topotecanuetmguprese (Tubergen D. G. et. al., 1996,
Kakolyris S. et. al., 2001, Santana V. M. et. @aD03). Nicmén kumulativni systémova
expozice topotecanu ziskana wlpthu pstidenni kratkodobé (30 min) infaze topotecanu
(Tubergen D. G. et. al., 1996, Santana V. M. et28I03) a v pibéhu tidenni kratkodobé (30
min) infize topotecanu (Kakolyris S. et. al., 200Xpzmezi davky 1,1 mg - 2 mgma lidi je
vySSi, nez jaké fikeme dosahnout po jedné periokularni davce topote2ang na gmerné
1 n? povrchu krélika.

Lokalni aini vedlejSi dinky periokularg aplikovaného topotecanu byly v nasem
experimentu mirné, charakteru transientni chemopgjiky. Dale jsme prokazali,
Ze periokulara aplikovany topotecan @ze vyvolavat lokalni zaflivou odpovd. Mirny,
transientni, periorbitalni edém byl popséaiive u vSech 30 kraltk po periokularni injekci
1 mg topotecanu (Carcaboso A. M. et. al., 200Bjnstjako u Sesti ze sedmiiodétskych
pacienfi po opakované periokularni aplikaci 0,5 mg az 2topptecanu (Chantada G. L. et.
al., 2009).

Z davodu opakovanych odhi sklivce a zfisobeném kolisani nitréniho tlaku byla
pii histopatologickém vys#ni zjiSEna @Fitomnost edému cévnatky u jednohoeléeho oka
a i nel&enych @i Skupiny A (nepublikovana data) a dalefech I&enych @i Skupiny B
actyr létenych @i Skupiny C. Opakované o#tty sklivce vedly k poklesu jeho objemu ve
sklivcovém prostoru kraliho oka a k jeho postupnému nahrazeni tekutinoagykovanou

vybézky fasnatéhoetiska.

V posledni dob bylo prokazano, Zze k 50% redukci retinoblastombawvyiaii Weri
nebo Y79 u mysi postaje relativié nizka koncentrace topotecanu (0,0087 — 0,404/8nl)
v blizkosti retinoblastomovych bgk po dobu 15 min (Laurie N. A. et. al., 2005). Nklad

naSich experimeitmiZzeme prohlasit, Ze jak po periokularni aplikacidi@zanu v davce
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2 mg, tak po jeho intravitredlni injekci v davkaghug a 2 ug jsme doséahli potencialn
cytotoxickych sklivcovych koncentraci. Po periokuia aplikaci vSak bylo dosaZzeno
cytotoxické koncentrace aZz kolem 2 hod po injekgoZzadovana cytotoxicka koncentrace
nasledg opet rychle klesala a 6 hod od injekce jiz byla poddmhou cytotoxického dinku.
Oproti periokularni aplikaci byly po intravitreatii aplikacich dosazeny vySsiinne
koncentrace topotecanu ve sklivci po dobu 24 hodcmre dvojnasobné zvySeni
intravitredlrt podané davky topotecanu signifikafitmeprodlouzilotas expozice topotecanu.
NasSe vysledky nazigji, Ze topotecan ukazuje nelinearni farmakokinepk aplikaci jedné
intravitrealni davky v rozmezi ig — 2ug. V souladu s prvni publikovanou studii (Buitrago
E. et. al., 2010), testujici intravitrealni aplik&qig topotecanu cestou pars plana, jsme ziskali
dost&ujici koncentrace topotecanu i v plasm

Zajimavym a negekavanym zji&nim bylo n&teni (Einnych koncentraci topotecanu
v kontralateralnich, neténych @i po aplikaci 2ug topotecanu po dobu 6 hod. Na rozdil
od karboplatiny, nejvice vyuzivaného chemoterapauwiil&bé retinoblastomu, se topotecan
ireverzibilre nevaze na lokalni proteiny a nevytivéak inaktivni komplexy, které by mohly
vest k rezistenci retinoblastomovych Blkra k selhani chemoterapie (Slichenmyer W. J. et.
al., 2006). Tato vlastnost spolu s jeho hydrofilnispdadanim by mohla usnadnit fgstup
topotecanu fes okularni bariéru.

U dvou I&enych @i a dvou neléenych @i Skupiny C (2ug topotecanu intravitreath
jsme @i nasledném histopatologickém vyi&eti objevili redukci gangliovych bgh sitnice,
snizeni velikosti vSech retinalnich kna ztratu jejich usp@dani v sitnicovych vrstvach
a pitomnost choroiddlniho edému. Tyto vysledky mohaa imicialnim projevem nejen
hypoxie, zfisobené kolisanim nitréniho tlaku pi opakovanych odérech, ale i projevem
pocatenich degenerativnich Zm sitnice vlivem intoxikace. Tomuto nalezu odpoWda
zjistené nesignifikantni elevace amplitudy a-viny i bylpii ERG vySeteni. V neposledni
fadk je tteba zminit metodiku experimentu. Studovana toxicdboplatiny a topotecanu byla
provadgna na krallich aich opakova#é traumatizovanych transkornedlni intravitredini
injekci ke studiu farmakokinetiky. To mohloigwmbit znény ve struktie sklivce, ktery byl

postupr nahrazovan nitrami tekutinou, a ovlivnit tak zgmy ve strukturach oka.

Toxicky profil topotecanu po obou aplikacich seazolyt na zaklagl dosazenych
vysledii priznivy. Vyhodou topotecanu je, Ze neni, na rozdll karboplatiny, uzivan

v tradicnim intraven6znim chemoterapeutickém protokolu Iéidbu retinoblastomu, tudiz
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vznika mensi riziko vzniku specifické sekundarrdistence, pokud by byl pouzit vclé

retinoblastomu u pacieinpo gedchozim selhani intravendzni terapie.

5.3. Bezpénost nového zpgsobu aplikace chemoterapeutik cestou
transkornealni intravitrealni (publikace ¢€.1,¢.2,¢.4,¢.5,¢.6)

Voln¢ plovouci retinoblastomové partikule ve sklivcov@nostoru oka u poktilého
stupré retinoblastomu fedstavuji nejptsi prekazku v usgsné |€bé tohoto intraokularniho

tumoru.

Dosavadni intravitredlni aplikace cestou pars pl@wtrago E. et. al., 2010, Harbour J. W.
et. al.,, 1996) pnasi riziko diseminace retinoblastomovych &urdo orbity poruSenim
anatomické integrity 8ty oka v oblasti skléry. Nami pouzityiiptup transkornealni
intravitredlni se ztohoto Uhlu pohledu zda byt gesméjSim (Karcioglu Z. A., 2002).
provedeni. Komplikace, spojené s transkornedlniravittealni injekci, se v naSich

experimentech vyskytovaly v malémdbo.

Po p@ekonani okularni bariéry intravitrealni injekci oieerapeutikum
pravdpodobré cirkuluje v souladu s tokem nitréoi tekutiny a nize bytcasténé drénovan
z oka trandinou, umistnou v ffedrekomorovém dhlu. Vysledky, #&iené v pedni komde
po intravitredlni injekci 5ug topotecanu cestou pars plana (Buitrago E. et.24110),
podporuji tuto hypotézu. Také distribuce chemoteutiga sklivcem rmize byt nestejnosina

v zavislosti na jeho slozeni, které je hagvlivnéno wkem.

5.4. Rozsah vedlejSich d&inkia po opakované intravitrealni aplikaci
karboplatiny a topotecanu ve stanovené optimalni déce (publikaceé.5, ¢.6)

Funkeni vySeteni sitnice bylo navrzeno po opakovanych intragltrieh injekci
ve dvoutydennich intervalech ve smyslu napodobitiddou praxi vzhledem k charakteru
prabéhu dosazenych koncentrdch kivek. Zmeny v zaznamenaném ERG po opakované
intravitredlni aplikaci 0,05 mg karboplatiny odpdaly poSkozeni synapsi ve &si
plexiformni vrst¢ sitnice. Na zéklad tohoto naSeho pozorovani a publikovanymuohat
o retinélni toxici¢ karboplatiny u intravitrealni davky vyssi nez d@ (Harbour J. W. et. al.,
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1996) jsme se rozhodli zhodnotit funkci sitnice pakované intravitrealni davky 0,008 mg

karboplatiny.

Po opakované transkornedlni intravitrealni aplikad€i08 mg karboplatiny jsme na
ERG zjistili signifikantni redukci v amlitudach bBay po skotopické adaptaci (p=0,00042), a-
viny (p=0,00065) i b-viny (p=0,0042) po fotopickélagptaci a po maximalni skotopické
odpowdi v b-vire (p=0,00066). B klinickém, ani g histopatologickém vyS&ni jsme
nezaznamenaliiffiomnost atrofie sitnicéi jinych strukturdlnich zrn. Predpokladéame, Ze
intravitredlni karboplatina by tak mohla mit seiehi toxicky efekt na bipolarni kiky, které
produkuji b-vinu. Podobny ERG nélez byl dosazennv¥ mb intravitrealni aplikaci 1@g
karboplatiny a petrvaval 21 dni po injekci (Harbour J. W. et. 4096). Vzhledem k tomu, Ze
pokles retinalni funkce v naSem experimentu &ekorespondujici histopatologicky nalez
atrofie ¢i jinych anatomickych zin ve struktie retiny, pedpokladame, Ze by tyto zmy
mohly byt gechodné. Po injekci 0,008 mg karboplatiny bylo desa @&inné intravitrealni
koncentrace karboplatiny ve srovnanitve publikovanou studii (Laurie N. A., 2005).

Opakovand intravitrealni aplikace topotecanu byhla vést k nahromadi
chemoterapeutika ve sklivcovém prostoru. NicteédiivejSi farmakokineticka studie
topotecanu po jeho intravitrealni aplikaci v dagqey (Buitrago E. et. al., 2010) prokazala, Ze
eliminani polatas topotecanu ze sklivce je u této davky rovenhd8. Pokud jsme tedy
topotecan aplikovali ve dvoutydennich intervaledemohlo byt ¢éekavano Zadné jeho
pii intravitrealni aplikaci by mohlo byt transientmvySeni nitrodniho tlaku v dob aplikace
chemoterapeutika, které jsme kratce po intravitieéjekci v tomto experimentu zfili
(rozmezi 21-42 torr, nepublikovana data).

6. Zaver

Lécba retinoblastomu s vitredlnim seedingenistava vyzvou do budoucna.
Intravitrealni injekce chemoterapeutik je slibnoestou k dosaZzeni maximalni biologické
dostupnosti l&va do sklivce. Vyzaduje vSak igsré definovanou davku k dosazeni
cytostatického &nku na retinoblastom ipco nejmensi toxick s ohledem na nitr@oi

struktury.
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U vSech testovanych davek karboplatiny i topotecame, jak po periokularni, tak
po intravitredlni aplikaci dosahli lepSi penetrasshto 1€k do sklivce i vySSich sklivcovych
koncentraci $ minimalizovani systémové expozice chemoterapeuik systémovych

vedlejSich dinkia chemoterapeutik.

Zjistili jsme, Ze po periokularni aplikaci karbopley i topotecanu vznika vyznamna
lokalni expozice i témto chemoterapeutikn. Za gedpokladu zji&ni nekrézy wek
po periokularni injekci 30 mg karboplatiny d@itpmnosti lymfocytarni reakce ve ¢kiach
po periokularni aplikaci 2 mg topotecanu se dommia Zze periokulagh aplikovana
karboplatina a topotecan by mohly spustit periokila orbitalni zagtlivou reakci. Navic by
mohlo nésledné jizveni fibrovaskularni orbitalnartk ucinit ndslednou enukleaci obtiznou

a zarova riskantni z dvodu mozného rozsevu na terapii rezistentnihoabtastomu.

Odpowdi na cile disertni prace:

1. Po transkornedlni intravitredlni aplikaci 0,05 negbloplatiny se vyvinuly strukturaini
i funkeni zmeny sitnice charakteru fokalni retinalni atrofieeslwkce amplitud obou
ERG viIn. Redpokladame, Ze jsme aplikovanim davky 0,05 mg dgdbiny

intravitrealre dosahli davky limitujici toxicity.

Oproti tomu byly po transkornedlni intravitredhplikaci 0,008 mg karboplatiny
zaznamenany pouze fuitk ERG zndny. Tyto zmény by mohly byt, z dvodu

negativniho oftalmoskopického a histopatologickéhlezu na sitnici,ijipchodné.

Karboplatina je v satasné dob vyuzivana ve &Siné chemoterapeutickych
protokoli. Zjistili jsme, ze karboplatina indukuje produkuketalothioneinu v plasé
coz by mohlo vést k Iékové rezistenci a opakovaiikace karboplatiny by nemusela

mit inny efekt.

2. Po transkornedlni intravitrealni aplikaciyl topotecanu nebyly pozorovany zadné

oftalmoskopické a histopatologické vedlej&inky.

Naopak po transkornealni intravitrealni aplikaciu@ topotecanu byla zji&a

u dvou I€enych @i a dvou kontrolnich @ fokalni retinalni atrofie sitnice.
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Nicmére pii funkénim ERG vySdeni byl prokdzan nesignifikantni riét
amplitudy a-viny i b-viny, s&dcici i 0 moZzném vlivu hypoxie. Futiki ERG vy3daeni
po opakované transkornedlni intravitredlni aplik&ipug topotecanu ukazalo
nesignifikantni minimalni z&my b-viny bez odpovidajiciho histopatologického

nalezu.

Na zéklad zjisSttnych vedlejSich &inka se topotecan zda mit lepsi toxicky profil

ve srovnani s karboplatinou.

Na zaklad naSich zkuSenosti se domnivame, Ze transkorneélavitrealni gistup je
bezpeéngjSi nez transskleralni fistup, vzhledem ktomu, Ze eliminuje moZzZnost
intraorbitalni  diseminace retinoblastomu vlpthu intravitredlni  aplikace

chemoterapeutika.

Technika transkornealniho intravitrealnihdispupu je vSak obtizna a pat
do rukou zkuSeného oftalmologa v onkologickém aenta v budoucnu ji

doporw&ujeme pouzivat.

53



7. Summary

Treatment of intraocular retinoblastoma with e seeding remains a challenge for
the future. Intravitreal drug injection is a prosiigy route for maximum bioavailability to the
vitreous. However, it requires a well defined démeachieving retinoblastoma control while

limited toxicity to the intraocular structures.

All tested doses of periocular and transcorneahvitireal carboplatin and topotecan
achieved better ocular penetration of drugs int@ thitreous and higher vitreous
concentrations while minimizing systemic exposwrehemotherapeutics and systemic side

effects of these chemotherapeutics.

We found that systemic carboplatin and topotecgoogure would be significant after
periocular delivery. Assuming the findings of eglelhecrosis after periocular inection of
30 mg of carboplatin and the presence of lymphoagaction in the eyelids after periocular
injection of 2 mg of topotecan, we suppose that dpelied periocular carboplatin and
topotecan could run periocular and orbital inflanboma reaction. Furthermore, possible
scarring of the fibrovascular orbital tissues cotlldn make subsequent enucleations risky

because of potential seeding in therapy-resistimtablastoma.

Answers the objectives of dissertation thesis:

1. Transcorneal intravitreal delivery of 0,05 mg ofrlamplatin developed retinal
functional and structural changes of focal retiambphy and reductions of a-waves
and b-waves amplitudes in ERG examination. We assaahieving dose limited

toxicity after transcorneal intravitreal delivery@05 mg of carboplatin.

Compared to this finding, only functional ERG chasgwere seen after
transcorneal intravitreal injection of 0,008 mgcafboplatin. These changes might be

transient according to negative ophthalmoscopichasipathological retinal finding.

Carboplatin is currently used in most chemotherapeprotocols. We proved
carboplatin to induce production of metallothion@inplasma, which could lead to

drug resistance, and repeated delivery of carbiopladuld not have an effect.
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2. No serious ophthalmoscopic and histopathologicde-giffects were noted after

transcorneal intravitreal delivery ofuly of topotecan.

Conversely, focal retinal atrophy in two treated &mwo control eyes was observed

after transcorneal intravitreal delivery ofig of topotecan.

Nevertheless, the functional ERG displayed a nanfsignt increase in a-wave
and b-wave amplitudes, indicating also the possfHiects of hypoxia. Consequently,
eyes injected with repeated transcorneal intraalitmejection of 2ug of topotecan
showed nonsignificant minimal changes in b-waveitaoheé without a corresponding

histopathological findings.

Based on the observed side effects, topotecan seetmsve better toxic profile

compared with carboplatin.

3. Based on our experiences, we suppose that tramsdantravitreal approach is safer
than transscleral approach, since it eliminates pwossibility of intraorbital
dissemination of retinoblastoma during intravitreajection of chemotherapeutic

agents.
Method of transcorneal intravitreal approach iéiclift and belongs in the hands

of an experienced ophthalmologist in oncology cerdad in the future it is

recommended to use.
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Purrose. To determine platinum (Pt) concentrations and area under the concentration versus time
curve (AUC) of the vitreous humor after periocular or transcorneal intravitreal administration of carbo-
platin in rabbits.

MemHoos. Eighteen albino rabbits were included in an in vivo experiment. Each animal received a single
dose of either 30 mg of carboplatin by periocular injection (POI30 group: n=6) or 15 mg by periocular
infection (POI15 group: n=6), or 0.05 mg by transcorneal intravitreal injection (Tl group: n=6), respec-
tively, into the right eye. Vitreous humor from the right eyes and plasma samples were collected past
dose at 1, 2, 6, 24, 48, 168, and 336 hours or 448 hours, respectively. Flameless atomic absorption
spectroscopy was employed to analyze total platinurn concentrations in blood and vitreous humor.
AUC was calculated using the trapezoidal rule.

Resuwts. Pt concentration was mostly <1 mg/L (0~3.15 mg/L) in the vitreous humer samples and 22
mgiL (2.33-7.3 mgiL) in the blood samples 1 hour afier administration in POI groups. Markedly higher
Pt concentrations were found 1 hour after intravitreal (Tll) administration (10.285-66.759 mg/L) and
decreased below 1 mg/L no less than 168 hours after administration. The mean AUC for Pt in vitreous
humor was significantly lower (p=0.0001) after both POI30 and POI15 administration compared to Tl
route (8.955 + 2.464 mg/L/min).

ConcLusions. These findings proved that intravitreal carboplatin delivery enables the achievemment of
relatively stable concentrations and AUC of platinum in the rabbit vitreous humor. This moreover sug-
gests that transcorneal intravitreal delivery of carboplatin aiming to treat retinoblastoma vitreous seed-
ing is a promising mode of chemotherapy. (Eur J Ophthalmol 2010; 20: 745-51)

Kev Woros. AUC, Carbopiatin concentration, Local treatment, Intravitreal seeding, Periocular injection,
Rabbit, Retinoblastoma, Transcomeal
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INTRODUCTION

attained intravitreal concentrations of chemotherapeutics.
Focal carboplatin chemotherapy in rabbit eyes was found
Vitreous seeding is an important factor limiting eye-pre-  to be effective in reaching higher intravitreal concentration
Serving treatment of retinoblastomna, usually due tothe low  levels than those achieved by systemic chemotherapy.
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Notwithstanding this purported benefit, even these intra-
vitreal concentrations did not reach therapeutic levels,
and moreover were irregular (1). Intravitreal concentra-
tions of carboplatin varied after peribulbar administration
in primate eyes as well (2). Other modalities to enhance
intravitreal concentrations of carboplatin were evaluated.
One such modality was cryotherapy. This was used 1 day
before administering intravenous carboplatin with or with-
out cyclosporine, and before subconjunctival injection of
carboplatin, Cryotherapy was proven to increase intraccu-
lar penetration of carboplatin in rabbits in this experiment
(3). This conclusion was not supported from the results
of carboplatin therapy combined with cryotherapy in the
treatment of transgenic murine retinoblastoma (4). Another
treatment possibility is Coulomb-controlled iontophore-
sis (1). However, no significantly higher regular intravitreal
concentrations than those after subconjunctival adminis-
tration were reached. Subconjunctival carboplatin in fibrin
sealant was also evaluated in the treatment of transgenic
murine retinoblastomas (5). Fibrin sealant was sufficient to
induce complete or near complete regression of tumors in
91% of eyes, but there were no reports concerning treat-
ment after intravitreal seeding. Another described modality
was Intravitreal transscleral injection of chemotherapeutic
agents (6, 7). No serious complications were found,

Tumor dissemination in human retinoblastoma was demon-
strated by subsequent fine neadle biopsy or pars plana vit-
rectomy (8). According to this reasoning, some authors used a
miore difficult approach through the limbus, anterior chamber,
and peripheral iris for fine-needle aspiration biopsy to avoid
seeding of tumor cells to the orbital tissues (9, 10). The afore-
mentioned approach was also used in this experiment.

In our experiment, we attempted to asses the most suit-
able and simple approach to reach therapeutic AUC of car-
boplatin in the vitreous body.

MATERIALS AND METHODS

Experimental design

Rabbits were divided into 3 groups. The first 6 animals re-
ceived a periocular injection of 15 mg of carboplatin {POI)
in 1.5 mL of sterile water injected transconjunctivally into
the temporal peribulbar space of the right eye. Vitreous hu-
mor and blood samples were taken transcomeally at 1, 2,

B, 24, and 48 hours after administration, and than at 1 and
2 weeks after administration. Control samples from the
contralateral eye were taken for the 2ero time point before
administration. In the second group, 6 animals received
0.1 mL of 0.5 mg/mL carboplatin injected transcoreally
into the vitreous cavity (Tli) of the right eyes. Sampling
schedules were the same as in the first group. Samples of
vitreous humor were taken from the opposite side of the
eyeball. The third group of rabbits received a periocular
injection of 30 mg of carboplatin (POI,) in 1.5 mL of sterile
water (the highest soluble concentration) into the temporal
peribulbar space (like a first group). The last samples in this
group were taken 3 weeks after the administration.

Animals

New Zealand albino male specified pathogen-free (SPF)
healthy rabbits {Anlab, Prague, Czech Republic) were in-
cluded in the in vivo experiments and handled according
to the ethics committee for animal welfare. The weight of
animals ranged from 2.52 kg (SD + 0.22) for POl group to
2.21 kg (SD  0.14) for POL_, group to 3.06 kg (SD = 0.13)
for THl group throughout the experiment. Rabbits were kept
in standard laboratory cages and supplied with granulated
food and water ad libitum. Measured environmental tem-
peratures were between 22°C and 25°C, and the relative
air humidity varied between 55% and 65%. Rabbits weré
anesthetized with a mixture of ketamine hydrochioride (50
mg/kg, Narketan 10 a.u.v. inj, Vétoquinol, Lure Cedex,
France) and xylazine hydrochioride (5 mg/kg, Rometar 2%
a.u.v. inj, Spofa, Prague, Czech Republic) adminigtered in-
tramuscularly before the intervention. Half-doses of these
anesthetics were repeated every 30 minutes when neces-
sary. At the completion of experiments, the rabbits were
killed by exsanguinations through the carotid arteries un-
der general anesthesia.

Administration and sampling

Carboplatin administration was performed on right W‘f’"
only. Left eyes served as controls and received only sterie
water. Topical oxybuprocaine anesthetic eyedrops [0.4‘_!5.
Benoxi git., Unimed Pharma, Bratisiava, Slovakia) were ir-
stilled into the conjunctival sacs and the eyelids were fixed
with a sterile speculum. A total of 3 mL of 1% povidons
iodine solution (10% Betadine, EGIS Pharmaceuticals
Ltd., Budapest, Hungary) was used for disinfection and
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Fig. 1 - Panatration of the carmea through the limbus.

25-gauge needles connected to 2-mL syringes were used
for administration of carbaplatin into the temporal peribul-
bar space in the first and third (POI,, and POI _) groups.
In the second (TII) group, carboplatin was administered in-
travitreally by insulin syringe 1 mL U-100 with a 29-gauge
needle, The cornea was penetrated tangentially through
the limbus. After a rotation, the needle reached the vitreous
cavity through the iris base (Figs. 1 and 2). Sampling was
done in the same way using 25-gauge needles.

Carboplatin concentration measurement

The platinum concentration was measured by graphite-fur-
nace atomic absorption spectrophotometry with Zeeman
background correction (Varian 220 Z, Australia). Amounts
ol 100 L plasma or vitreous humor were diluted at a ratio
of 1:14 with a solution containing Triton X-100 (0.2 Vol %),
antifoam A (0.2 Vol %), and deionized water. A program-
mable sample dispenser piped the samples and calibra-
tion standard into the furnace. Platinum determination was
Ctarried out by the standard additions methed. Carboplatin

TABLE | - PLATINUM CONCENTRATION IN VITREOUS IN THE POI,, GROUP {ug/L)

1h 2h &h
Rabbit 1 248 an 320
Rabbit 2 a0 146 B0
Rabbit 3 200 871 823
Rabbit 4 141 300 133
Rabbit 5 286 737 642
Rabbit & 10 a2 762

—_—— — ——

Fig. 2 - Rotation of the needle and penetration of the ins basis.

concentration was calculated from platinum concentration
and molecutar weights,

AUC was calculated from 0 - last sampling times for all
subjects including all data peints. AUC values were calcu-
lated by the trapezoidal method. The results found accord-
ing to the trapezoidal rule formula were verified by com-
puter-agsisted noncompartmental mode! AUC calculation
on MW/PHARM version 3.60 Mediware NL. Values were
expressed as mean = S0 and differences were considered
significant at values of p<0.05.

RESULTS

Carboplatin concentrations in the vitreous hurmor samples
were maostly less than 1 mg/L (Tabs. | and 1) for the POI,,
and POl groups after administration. However, relatively
high concentrations were found in subject samples of blood
(Tabs. Il and V). It was not technically possible to take all
samples of biood at the second hour after administration in
the POI,, group. The measured intravitreal concentrations

24h 48h 168 h 336h
144 BO 15 1
54 32 n 7
511 174 3 1
B0 48 7 8
361 a7 20 15
408 153 24 L]
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Fig. 3 - Carboplatin concentrations in sires of samples post intravit-  Fig. 4 - Carboplatin intravitreal AUG mmmm,
real appiication in rabbits (R7-12) POL,} and transcorneal intrarvitreal (TH) administration in rabbits.

TABLE Il - PLATINUM CONCENTRATION IN BLOQD IN THE POI,, GROUP (ug/L}

1h 2h 6h 48h 168 h =
Aabbit 1 2331 1161 249 172 38 5
Fabbit 2 2607 1180 246 81 16 2
Rabbit 3 3493 2453 518 m a8 12
Fabbit 4 4300 - 255 140 44 6
Rabbit 5 6708 - 1182 289 100 ‘r:

Rabbit 6 2581 - 229 B7 14

TABLE [II - PLATINUM CONCENTRATION IN VITREQUS IN THE POI30 GROUP (ug/L}

1h 2h 6h 24k 48h 168 h o
Rabbit 13 525 3150 719 289 85 14 0
Rabbit 14 70 K1) 447 235 12 0 ¢
Rabbit 15 103 125 166 109 4 0 ¥
Rabbit 16 28 80 165 a7 10 0 o
Rabbit 17 10 163 212 g 27 0 -
Rabbit 18 722 503 501 334 148 12 ¢

o ———— pe— - —_— —'_'_"_._‘_._

of carboplatin in the Tl group (Tab. V, Fig. 3) corresponded  several times during sampling. Focal necrosis of upper =¥
to carbopiatin concentrations that were calculated accord-  Iid (Fig. 5) was revealed in the POl group the third

ing to the globe diameter (Tab. Vi), Relatively high concen- after administration of carboplatin (rabbits 2 and 3} ks
trations were also measured at 24 (2.862-7.697 mg/L)and  same group, lack of pills of upper eyelid occurred { .
48 hours (0.535-2.378 mg/L), respectively, The mean AUG 2, 3, and 6). Only focal chorioretinal atrophy was foutd
(mg/Limin) (Tab. VIl was significantly lower after both the  an adverse side effect of therapy in the Tl group (Fig- 6
POI,, (0.255£0.193) (mean = SD) and POL, (0.245+0.227)

administrations compared to Tl (8.955+2.464) route

(p=0.0001) as results given as mean + SD (Fig. 4). DISCUSSION

Transient chemosis in the POI15 and POI30 groups was s
found in all right rabbit eyes during the first 2 days after  Very high concentrations (4560.0+1053.5 mg/L) in Viree™
administration. Small intravitreal hemarrhages were noted  humor of rabbit eyes were found 1 hour after the

S

B
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Fig. § - Focal necrosis of upper eyalid. Fig. & - Reduction of ganglion cells with small cystoid spaces in the
inner nuclear layer of the retina,

TABLE IV - PLATINUM CONCENTRATION IN BLOCD IN THE POI30 GROUP (ug/L)

1h 2h 6h 24h 48h 168 h 448h
Rabbit 13 813 4180 1314 618 a2 300 260
Rabbit 14 7327 5706 2909 589 276 149 130
Rabbit 15 3732 2536 944 214 234 235 58
Rabbit 16 5148 2817 4968 408 129 235 B3
Rabbit 17 6800 5126 2094 789 585 Kk 126
Rabbit 18 5862 4117 1770 BE6 594 445 217

TABLE V - PLATINUM CONCENTRATION IN VITREQUS IN THE TIl GROUP (ug/L)

1h 2h 6h 24 h 48 h 168h 336 h
Rabbit 7 31,785 19,835 14,927 7044 2are a85 84
Rabbit 49,122 26,041 11,854 3393 1557 339 91
Rabbit 9 66,759 29,503 11,573 4711 1891 136 o
Rabbit 10 10,285 12,513 11,230 2862 533 201 0
Rabbit 11 37104 32,084 17,740 7697 3180 201 0

Rabbit 12 46 857 33,235 1,851 4885 2081 327 112

— B

TABLE VI - CALCULATED PLATINUM CONGCENTRATION  lunctival administration of 5.0 mg carboplatin and relatively
IN THE VITREQUS ACCORDING TO MEASURED  low (but still 20 times higher than in our study) concentra-

GLOBE DIAMETER BY THE INTRAVITRAL  tinns in blood (182£452.1 mg/L) were found (1). We did

iPPLICATION OF 005 MG CM‘.EQPLATIN__ - not find any explanation of these differences. Practically the

Volume of globe Calculated same concentrations in the vitreous humor of Macaca fascic-

) space [mL) concentration (pg/L} ularis, like in our study, were demaonstrated at the first hour
S e e e — after the peribulbar and episcleral administration of 10

Rabbit 7 1.028 48,638 ol i . 'Y
Rabbit 8 e 37,3907 carboplatin by Men n &t al. Intravitreal concentrations
Rabbit 9 1180 42372 varied from 0.14 to 3.97ug/ml (2). These irregularities may
Rabbit 10 1.164 42,955 be influenced by many tactors, such as contamination of the
Rabbit 11 1.303 33,373 vitreous humor by blood during sampling, like in the POI_
:iabbll 12 1.215 41,152 :

group. Complications after periocular carboplatin injection
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TABLE VIl - CARBOPLATIN AUC 0-336 H AFTER PERI-
OCULAR ROUTES (PONS, POI30) AND
TRANSCORNEAL INTRAVITREAL INJECTION
(Ti) AND ADMINISTRATION IN 3 GROUPS OF
HEALTHY RABBITS (6 SUBJECTS PER GROUP

CODED BY NUMBERS)
POI 15 mg
Subject no. ALC mg/L/min
1 0.26
2 on
3 0.58
4 0.15
5 0.48
8 0.57
Mean AUC 0.358
£50 0.21
T 0.058 mg
Subject no
7 10.45
8 B.O7
8 871
10 4.87
n 1217
12 946
Mean ALIC 8.955
50 2.484
POI 30
Subject na ™
4 05
14 0.3
15 01
18 0.07
7 01
18 0.46
Maan AUC 0.255
+SD 0‘753

were described (11, 12). Similar changes after periocular car-
boplatin injection also were found in our experiment,

Serial transscleral intravitreal injections of methotrexate and
single injection of fluorouracil and dexamethasone were ag-
ministered in the rabbit eyes for studying their pharmacoki-
netics and toxicity (7). Long-term electrotretinogram following
administrations and histopathologic examination showed no
mmwmfmhmm‘m
toma from the point of view of possible intraorbital spreading,
This more complicated procedure results in minimal bleeding,
even after repeated sampling in several cases,

Intravitreal administration of 0.05 mg of carboplatin rather
resulted in higher than therapeutic concentrations in the vit-
reous humor. Changes in retinal tissue comelated with the
earlier described disruptions of the outer retina after admin-
istration of more than 0.001 mg of carboplatin (13).

CONCLUSIONS

Although peribulbar balloon administration of carbopiatin
resulted in higher vitreous concentrations than after intra-
venous administration, the levels are imegular and usually
stay under the therapeutic level. Intravitreal concentrations
of carboplatin were low in tha POl and POI,, groups. A two-
fold higher dose of carboplatin did not result in higher con-
centrations in the vitreous humor. Relatively high cancen-
trations were found in blood in the POI, and PO, groups.
These findings suggest the possibility of attaining high con-
centrations of carboplatin in blood after subconjunctival or
periocular administration in children less than 1 year of age.
Wa found regular concentrations of carboplatin above the
therapeutic level in the Til group. Our findings prove that
intravitreal carboplatin delivery enables us to achieve reid-
tively stable concentrations and AUC of carboplatin in the
rabbit vitreous body, suggesting that local delivery of car-
boplatin aiming to treat metastatic retinoblastoma (seeding)
may be promising. Transcorneal administration seems o bé
safer than transscleral administration.
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Abstract

The aim of this study was to characterize the extent of toxicity of focal carboplatin
administration and to identify the dose limiting toxicity in rabbit eyes depending on
administered concentrations. New Zealand white male rabbits (n = 18) were treated with
1 of 3 regimens: a single periocular injection of 15 mg of carboplatin (group I), a single
periocular injection of 30 mg of carboplatin (group II) and a single transcorneal intravitreal
injection of 0.05 mg of carboplatin (group III). Ophthalmologic examinations and vitreous
samplings were performed under dissociative anaesthesia at regular intervals during next
2 (groups I and III) or 3 (group II) weeks. Carboplatin concentrations in vitreous samples
were assessed by atomic absorption spectroscopy. At the end of experiments, all rabbit
eyes were obtained for histopathologic examination. Clinical and histological evidence of
toxicity was graded into four grades according to anatomical structures of the rabbit eye.
The dose limiting toxicity was reached in group II after periocular injection of 30 mg of
carboplatin and in group III after intravitreal injection of 0.05 mg of carboplatin. No systemic
toxicity was observed in any group. Focal carboplatin administration may decrease systemic
exposure to this cytotoxic drug in the retinoblastoma treatment. This moreover suggests
that focal carboplatin administration is a promising approach and challenge for advanced
retinoblastoma chemotherapy.

Carboplatin chemotherapy, New Zealand White Rabbits, intravitreal treatment, periocular
toxicity, retinoblastoma

Carboplatin is now routinely administered in the treatment of intraocular retinoblastoma
as a part of systemic chemotherapy. Although retinoblastoma is the most common primary
intraocular malignancy in children, it has seldom been reported in animals. Two cases were
reported in dogs (Syed etal. 1997; Jensen etal. 2003), one in a llama (Fugaro etal. 2005)
and one in a gelding (Knottenbet al. 2007). Enucleation of the affected eye was used in
these cases due to large tumours. To overcome this, systemic carboplatin chemotherapy
may be used in large tumours with diffuse vitreous and subretinal seeds (Reese-Ellsworth
group 4 and 5 tumours). This would lead to significant morbidity and potential mortality
through drug-related toxicities including neutropenia and bacterial infections, anaemia,
thrombocytopenia and organ toxicities including ototoxicity, nephrotoxicity and
hepatotoxicity (Benz et al. 2000). Local administration of chemotherapeutics may be
an option to minimize these side effects. Carboplatin is one of the few chemotherapeutic
agents used as an alternative to systemic chemotherapy for retinoblastoma. /n vivo
studies in primates (Macaca fascicularis) and in New Zealand white rabbits treated by
subconjunctivally administered injections of carboplatin at doses of 10 mg or lower indicated
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no evidence of toxic effects or changes of behaviour (Mendelsohn et al. 1998; Hayden
et al. 2004). Rabbits treated with unilateral subconjunctival injection of 12.2 + 1.0 mg/ml
of carboplatin (Paraplatin) in saline solution or with 25.1 + 7.7 mg/ml of subconjunctival
carboplatin in fibrin sealant also induced no tissue damage and no abnormal findings on
electroretinography after three weeks (Pardue et al. 2004). Nevertheless, most of these
studies described short-term toxicity occurring up to 48 h after treatment. In vivo studies
using LHB-Tag transgenic mice showed that low-dose sealant-treated group (0.66 mg of
carboplatin) with a single subconjunctival injection of carboplatin resulted in mild transient
periorbital oedema but with no evidence of toxicity. High-dose sealant-treated eyes of
transgenic mice (1.23 mg of carboplatin) induced significant local toxicities, including
severe periorbital inflammation, enophthalmia and cataract (Van Quill et al. 2005).
Another described modality was intravitreal transscleral injection of chemotherapeutic
agents (Kaneko and Suzuki 2003). Transient increase in intraocular pressure without
any serious toxic damages was observed.

The aim of this study was to use a non-tumour-bearing rabbit’s model to determine the
extent of long-term toxicity of focal carboplatin administration and to identify the dose-
limiting toxicity depending on used carboplatin concentrations.

We hypothesized that a very low dose of carboplatin administered intravitreally may
result in higher concentrations of carboplatin in the vitreous humour with no extraocular
toxicity than periocular administration of a higher dose.

Materials and Methods

Animals and treatment

Male New Zealand white rabbits (Anlab, Prague, Czech Republic) were handled according to the regulation
Nr. 207/2004 of the Ministry of Agriculture of the Czech Republic regarding the use of animals in experiments.
In vivo experiment was approved by the ethics committee for animal welfare of Charles University, 2™ Faculty
of Medicine. The animals were anaesthetized intramuscularly with a mixture of ketamine hydrochloride (30-50
mg/kg, Narketan 10 a.u.v. inj., Vétoquinol, Lure Cedex, France) and xylazine hydrochloride (5 mg/kg, Rometar
2% a.u.v. inj., Spofa, Prague, Czech Republic) throughout the experiment. Before the treatment and sampling,
conjunctival sacks were disinfected by 3 ml of 1% Povidone-Iodine solution (Betadine, EGIS Pharmaceuticals
Ltd., Budapest, Hungary) and anaesthetized by topical oxybuprocaine eye drops (0.4%, Benoxi gtt., Unimed
Pharma, Bratislava, Slovakia).

For the in vivo studies, 18 rabbits were included and divided into six animals per group. Groups I and II
received a single periocular injection of carboplatin (15 mg in 1.5 ml solution and 30 mg in 1.5 ml solution,
respectively) with a 25-gauge needle in the superior temporal quadrant of the right eye. Group III received a
single transcorneal intravitreal injection of carboplatin (0.05 mg in 0.1 ml solution). Absence of leakage from the
injection sites was verified. Left eyes were not injected as being control eyes.

Commercial Carboplatin-Teva (Pharmachemie B.V, Haarlem, Netherlands) is a colourless fluid containing the
additional substances mannitol and sterile water for injection. Glucose 5% was added to prepare concentrations
of 10 mg/ml, 20 mg/ml and 0.5 mg/ml.

Sampling schedule

Vitreous and blood samples were taken at 0, 1, 2 and 6 h, in 1, 2 and 7 days and in 2 (groups I and III) or 3
(group IT) weeks after the injection. We have extended the period of observation in group II due to evaluating
the occurrence of retinal toxicity that developed gradually. After 2 weeks, no histopathological evidence of
retinal toxicity was found in group I. At each withdrawal, 150 pl to 400 pul of vitreous humour were aspirated
from the vitreous chamber with a 25-gauge needle inserted transcorneally by the limbus through the anterior
chamber and the base of the iris. Samples of vitreous humour were placed in plastic tubes and frozen at
-80 °C until analysis. Blood samples were drawn from the peripheral auricular vein and placed in tubes with
ammonium heparinate. The blood was centrifuged at 10 868 g for 10 min (Centrifugal Machine Eppendorf
5810R) to isolate blood plasma.

At each sampling time, the rabbit’s eyes underwent microscopic and indirect fundoscopic examinations to
observe any signs of inflammation, media opacification and toxicity. Intraocular pressure was measured by
TONO-PEN XL Applanation Tonometer.

Electrothermal atomic absorption spectroscopy

Carboplatin, platinum metabolites and protein conjugates were determined in ocular fluids and plasma as total
soluble platinum (Pt) by electrothermal atomic absorption spectrometry as described previously (Kukacka et al.
2008; Pochop etal. 2010).
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Histological examination

After euthanasia, performed by exsanguination from the carotid arteries, eyes were enucleated together with
eyelids and retrobulbar tissues and fixed in 10% formalin. The specimens were dehydrated by a graded series of
ethanol and embedded in paraffin. Sections (5 pm in thickness) were stained with haematoxyline and eosin and
examined by an experienced pathologist.

Toxicity grading

Clinical evidence of toxicity was classified into four grades according to the anatomical structure of the
rabbit eye. Grade 1 included signs of periocular toxicity, regarding to eyelids and periocular orbital contents.
We searched for periorbital and lid oedema, proptosis, any inflammatory and fibrotic changes and loss of lashes.
Grade 2 was designed as scleral toxicity. Carboplatin toxicity affecting the conjunctiva, the sclera and the cornea
was grouped in this grade. The signs of toxic conjunctivitis or widespread inflammation or necrosis involving any
part of sclera presented also this grade of toxicity. Further, we searched for any depressed epithelial defects which
stain with fluorescein, any swollen epithelial cells seen unstained, any corneal infiltrates, loss of normal corneal
lustre and subepithelial ingrowth of fibrovascular tissue from the limbus. Remaining substructures of the rabbit’s
eye with clinical evidence of carboplatin toxicity formed grade 3. We searched for any inflammatory changes,
hyphema and retinal detachment. Grade 4, systemic toxicity, included all clinical and histological evidence of
systemic carboplatin toxicity on rabbits. We searched for any loss of the rabbit’s weight, changes of the rabbit’s
behaviour and if necessary we examined the whole body histopathologically. Grades 1 and 2 were usually not
considered for dose limiting toxicity. Local carboplatin treatment should not be broken in these cases because of
the minimal effect on visual function. Grades 3 and 4 were designed as dose limiting toxicity.

Results

The maximum achieved vitreous and plasma concentrations of carboplatin in each
group are listed in Tables 1 and 2. Plasma concentrations of carboplatin in group III
were not measurable. Assessment of carboplatin concentrations in plasma and vitreous

humour by electrothermal atomic

Table 1. Maximal achieved platinum concentration and time of its
achievement in the vitreous humour of rabbits after periocular and
intravitreal administration of carboplatin

absorption spectroscopy revealed
higher concentrations of carbo-
platin in the vitreous humour af-

ter the transcorneal intravitreal

T li Ti h i lati 1 .. . .

Pz?gztﬁzi mr(())ia llty 1m§( ) Vltreo;; 9p Sain;;g (()“ gl injection of carboplatin compared
. group ’ ’ to the periocular administrations.

Periocular group II 6 368.3+109.0 In case of the periocular carbo-

Intravitreal group I1I 1 40285.3 +7436.0

platin administrations, achieved
concentrations in the vitreous
humour were lower than the
achieved concentrations in plas-
ma.

A healthy New Zealand white

Data are mean + SD

Table 2. Maximal achieved platinum concentration in plasma
of rabbits after periocular and intravitreal administration of

carboplatin rabbit’s eye is covered by a
Treatment modality Time (h) Plasma platinum (ug/l) ~ clear conjunctiva consisting of
Periocular group I 1 3668.3 +120.0 epithelial cells and underlying
Periocular group I 1 58333+ 134.5 basement membrane that overlays

the sclera (white part of the eye).
In albino rabbits, the conjunctival
injection is visible, mainly along
the limbus. The cornea is the
transparent, lustrous and smooth front part of the eye. The iris colour is pinkish-white
due to lack of pigmentation. The lens is a transparent, biconvex structure in the rabbit
eye similar to the human lens. The retina lacks pigment and contains conspicuous
choroidal vessels and large, oval optic nerve papilla in its nasal part. Clinical findings
are summarized in Table 3. Grade | periocular toxicity was observed after periocular
carboplatin injection. All rabbits in group I developed mild, transient periorbital oedema
that disappeared spontaneously in 2 h. Besides, only three rabbit’s eyes demonstrated

Intravitreal group III  non-measurable

Data are mean + SD
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Table 3. Occurrence and type of observed ocular toxicity in rabbits after periocular and intravitreal administration
of carboplatin

Group I (n=6) Group II (n = 6) Group III (n = 6)

Grade 1 - periocular toxicity
Periorbital edema 6 3 0
Eyelid necrosis 0 2 0
Grade 2 - scleral toxicity

Corneal vascularisation 1 2 0

Subconjunctival haemorrhage 2 2 0
Grade 3 - ocular toxicity

Hyphema 4 3 3

Traumatic cataract 5 1 1

Haemophthalmus 3 3 5

Focal retinal atrophy 0 1 5

periorbital oedema in group II, but this kind of oedema was marked and disappeared
within 48 h after injection.

Clinical evidence of more significant local toxicity was observed among rabbits treated
with 30 mg of carboplatin periocularly. Two in this group II developed eyelid necrosis 7
days after injection, which was designated as dose limiting toxicity (Plate XY, Fig 1a,b).
The right eyes of these two rabbits also developed periorbital oedema during the first 48 h.
Two eyes in group I and one eye in group II manifested grade 2 scleral toxicity in corneal
vascularization that was observed mostly in the inferior half of the cornea and not only in
the region of the puncture. We observed subconjunctival haemorrhage in two of 6 eyes of
both groups I and II. This is in compliance with periocular administration, which exposes
the conjunctiva and the cornea to a high concentration of carboplatin.

Hyphaema, traumatic cataract (Plate IV, Fig. 1¢) and haemophthalmus occurred in all
groups after repeated sampling. Repeated sampling of 150 pl to 400 pl of vitreous humour
from the vitreous chamber can cause hypotonia of the rabbit’s eyes. Normal intraocular
pressure of the rabbit’s eye is 8-10 torr, measured by TONO-PEN XL Applanation
Tonometer. After 6 h, intraocular pressure was non-measurable in rabbits.

There was no evidence of grade 4 systemic toxicity in any group as measured by weight
loss. Mean body weight loss among rabbits was manifested during the first 48 h of the
experiment but we observed gradual body weight gain in all rabbits until 2 weeks (group I
and IIT) and until 3 weeks (group II). No rabbit lost more than 10% of body weight, with the
exception of one in each group which lost less than 15% of body weight over the first 48 h.

No evidence of toxicity was verified on histopathological examination of group I (Table
3). In contrast to group I, one of 6 eyes in group II and five of 6 eyes in group III manifested
histopathological evidence of toxicity. We observed focal retinal atrophy in these cases
(Plate IV, Fig. 1d).

Disscusion

To date, there are no reports of retinal toxicity in an animal model induced by periocular
carboplatin therapy. Focal retinal atrophy in group II probably accords with the anatomy of
the rabbit retina. Rabbit retinal vasculature emerges from the large, oval disc into nasal and
temporal branches, extending until a short distance behind the equator. Outside this area
the retina is avascular (Davis 1929). Lesser amount of blood vessels could induce higher
sensitivity of metabolic active retinal cells to carboplatin. Repeated sampling caused short-
term hypotony of rabbit’s eyes in this study. This intraocular pressure fluctuation could
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contribute to reduce the ganglion cell layer and to develop the focal retinal atrophy. A
limitation of this study is the fact that we did not perform a functional examination of the
retina.

Higher carboplatin concentrations achieved in plasma compared to vitreous humour
could be related with anatomical-physiological differences between rabbit and primate eye
and orbit. The orbital contents in rabbits are constituted of the venous sinus, surrounding
the alkaline Harder’s gland, that serves to lubricate the third eyelid, and of the extra-ocular
muscles (Davis 1929). Periocular carboplatin injected in aqueous solution could diffuse
quickly into the surrounding orbital space and penetrate the venous sinus rather than the
sclera. Differences in the regional choroidal blood flow in rabbits and monkeys contribute
to this hypothesis. Peripheral choroidal blood flow is greater in rabbits than in monkeys,
by which central choroidal blood flow is preferred, conversely (Nork 2006). Greater
peripheral choroidal blood flow could induce a bias toward systemic absorption in the
rabbit model. Although we used high concentrations of periocular injected carboplatin, we
observed no systemic toxicity.

Periocular administration of carboplatin exposed particulary extraocular tissues to high
transient concentrations of carboplatin. The absence of a large mass of fat around the globe
was the reason for observing no evidence of fat necrosis in rabbit model as it was observed
and published by Abramson (1999) and by Mulvihill (2003). Although the rabbit orbital
space is made up largely of the extra-ocular muscles (Davis 1929), no decreased ocular
motility was noted during the period of 2 and 3 weeks. Contrary to described findings in
an animal model, periocular carboplatin injection induced orbital fibrosis, fat necrosis and
atrophy of the optic nerve in children with retinoblastoma (Schmack et al. 2006; Kim et
al. 2010). Different anatomical and physiological findings in children orbit and eye may
lead to higher depot of periocular injected carboplatin, inducing toxic side-effects.

In group III, 0.05 mg of carboplatin developed histopathological evidence of retinal
toxicity. This is equivalent to vitreous concentrations of 36 pg/ml related to 1.4 ml of
rabbit vitreous volume (Kane et al. 1981). We used previously proven approach through
the limbus, anterior chamber and iris root (Pochop et al. 2010) that seems to be safer than
the traditionally used injection through the posterior part of the ciliary body. There may
be a smaller risk of clusters of tumour cells implanted through the eye wall extraocularly.

Other observed findings like corneal vascularization, hyphema, cataractous changes and
vitreous haemorrhage may be the result of repeated mechanical irritation and incautious
puncture than carboplatin toxicity and cannot be identified as grade 3 ocular toxicity.

The dose limiting toxicity was reached in groups II and III. In group I no evidence
of local or fundoscopic toxicity was found 2 weeks after carboplatin injection. Local
carboplatin administration led to no evidence of systemic side effects in rabbits. Carboplatin
administered intravitreally resulted in higher concentrations of carboplatin in the vitreous
humour compared to periocular administration, which may be promising in the treatment
of “seeding retinoblastoma”. We proved higher sensitivity of the retina compared to other
periocular tissues to the toxic effects of carboplatin.
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Plate IV
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Fig. 1. Carboplatin side effects on the rabbit eye after intravitreal and periocular administration

A, B - eyelid necrosis after periocular administration of 30 mg of carboplatin, C - traumatic cataract after
repeated sampling (rabbit after intravitreal injection of carboplatin) , D - reduction of ganglion cells with
small cystoid spaces in the inner nuclear layer of the retina after intravitreal injection of carboplatin
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Abstract: The drugs based on platinum metals represent one of the oldest, but also one of
the most effective groups of chemotherapeutic agents. Thanks to many clinical studies it is
known that resistance of tumor cells to drugs is a frequent cause of chemotherapy failure.
With regard to platinum based drugs, multidrug resistance can also be connected with
increased expression of low-molecular weight protein metallothionein (MT). This study
aimed at investigating the interactions of MT with cisplatin or carboplatin, using the
adsorptive transfer technique coupled with differential pulse voltammetry Brdicka reaction
(AdTS DPV Brdicka reaction), and a comparison of in vitro results with results obtained in
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vivo. The results obtained from the in vitro study show a strong affinity between platinum
based drugs and MT. Further, we analyzed extracts of neuroblastoma cell lines treated with
cisplatin or carboplatin. It is clear that neuroblastoma UKF-NB-4 cisplatin-resistant and
cisplatin-sensitive cell lines unlikely respond to the presence of the platinum-based
cytostatics cisplatin and carboplatin. Finally, we determined the level of MT in samples
from rabbits treated with carboplatin and patients with retinoblastoma treated with the
same drug.

Keywords: tumor disease; metallothionein; platinum based anticancer drugs; anticancer
therapy; resistance; retinoblastoma

1. Introduction

From a contemporary point of view, the process of the origin of malignant tumors is complex and
multifactorial, comprising changes in expression of individual genes, physical factors and exposure to
different chemical and biological impulses. Research and development in the field of tumor diagnostics
and prevention, as well as methods of modern therapeutic approaches, belong to the priorities of all
European Union countries. Individual tumor treatment strategies result from a number of treatment
protocols combining an economic point of view and maximum benefit for the patient. One of the most
important parts of the therapy is an efficacious chemotherapy application connected with the
individualization of the therapy [1-10].

1.1. Cisplatin Based Chemotherapeutics

Drugs based on platinum metals represent one of the oldest, but also one of the most effective
groups of chemotherapeutic agents [11-21]. Platinum-complex based chemotherapeutics are presently
used in the therapy of a broad-spectrum of malignancies. The biological activity of the first-time-used
platinum-based cytostatic agent, cisplatin, was discovered in 1965 by Rosenberg during research of the
electric current influence on bacteria growth [22]. Since then, hundreds of platinum complexes have
been synthesized and verified as anticancer chemotherapeutics, such as cisplatin, carboplatin,
oxaliplatin, lobaplatin and ormaplatin, belonging to the best known. Though cisplatin has been
successfully used in the therapy of malignant tumors for more than 25 years, its biochemical
mechanism of action is still not clear. The cytotoxic effect of cisplatin consists in DNA adducts
formation, especially to guanine and adenine, which causes DNA strands crossing and thereby
inhibition of DNA synthesis and consequently mitosis. The therapeutic effect of platinum-based
therapeutics is permanently irreplaceable and brings considerable benefits to patients [23—-30].

1.2. Tumor Therapy Resistance

Thanks to many clinical research studies, it is known that resistance of tumor cells to drugs is a
common cause of chemotherapy failure. This resistance develops via various mechanisms and the
whole process is multifactorial at the cell level. Treatment of complications caused by multidrug
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resistance (MDR) is particularly difficult. One of the causes of tumor cell resistance is lowered
therapeutic concentration of the cytostatic agent(s) in the target site. Membrane proteins such as Pgp,
MRP and LRP participate in decreasing the cytostatics level in tumor cells. The complexity of MDR
origination is also supported by changes in expression of genes participating in apoptosis or tumor
suppressor genes. Cytostatics detoxification can be another factor leading to MDR, in which an
increased activity of enzymes involved in oxidation or conjugation of xenobiotics with endogenic
agents are most frequently found. In addition to these mechanisms, MDR can be also connected with
the increased expression of low-molecular weight protein metallothionein
(MT) [12,17-20,23,24,26,27,30-36].

1.3. Metallothionein Significance

Metallothionein (MT) belongs to the group of intracellular, cysteine-rich proteins (Cys content up to
30% of the molecule) with a molecular weight of 6-10 kDa. The MT molecule consists of two binding
domains composed of two cysteine clusters. The N-terminal part of the protein (f-domain) has three
binding sites for divalent ions and the C-terminal protein part (a-domain) is able to bind four divalent
metal ions. One MT molecule is able to bind 12 univalent and/or seven divalent metal ions. However,
it is known that single MT molecules differ in their metal ions content and, thus, heavy metal binding
sites in the MT molecule are not saturated under physiological conditions [37,38]. This is important for
MT biological function (heavy metals homeostasis and detoxification, immunomodulation and
regulation functions) [35,36,39,40]. One of the most important MT feature is its ability to interact with
metal-containing therapeutics, such as platinum-based cytostatics. This ability can result in a decrease
of the free cytostatic agent therapeutic level and thereby increase the resistance of tumor cells against
cytostatic agent therapeutic concentrations. A review in Current Protein and Peptide Science aimed at
clarifying the relationship between MT and tumor diseases was recently published [35]. Figure 1 shows
a simplified scheme of interaction between MT and platinum-based cytostatics. Platinum-based
therapeutic agents are probably able to bind to metal transcription inhibitor (MTI) that consequently
releases the metal transcription factor-1 (MTF-1). Herewith, the MT biosynthesis is initiated and
biosynthesized MT can interact with platinum-based cytostatic agent molecules. Thanks to inactivation
of executive free therapeutic molecules by MT, the cytostatic agent therapeutic concentrations
decreases and this leads to the growth of new cell subpopulations resistant to tumor therapy. The
mechanisms of this process are still not clear [11,30,31,35,41-53]. This present study is aimed at
studying interactions of metallothionein and cisplatin or carboplatin using the adsorptive transfer
technique coupled with differential pulse voltammetry Brdicka reaction (AdTS DPV Brdicka reaction).
We also aim to compare in vitro results with results obtained in vivo. Particularly, attention is paid to
analysis of in vitro experiments, neuroblastoma cell line extracts, blood from rabbits treated with
carboplatin, and patients with retinoblastoma treated with the same drug.
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Figure 1. Simplified scheme of the interactions of MT with platinum-based cytostatics.
(a) Application of platinum based cytostatic agents into organisms; (b) transport into the
cell nucleus, (c) binding of platinum based cytostatic agents to metal transcription inhibitor
(MTI) and release from complex with metal transcription factor-1 (MTF-1) followed by
MTF-1 binding to metal responsive element (MRE). This step initiates mMRNA MT
synthesis. mMRNA is consequently translated and active MT bind molecules of platinum-
based cytostatics.
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2. Results and Discussion
2.1. Significance of Thiol Compounds in Resistance Origination

It is known that thiol compounds play a very important role in the processes linked to the formation
of tumor cell resistance to platinum-based cytostatics [35,54,55]. Recently, we suggested a unique
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electrochemical technique enabling direct MT detection in blood serum. This method is based on
removal of interfering proteins by heat treatment and consequent adsorption of metallothionein to the
surface of the working electrode [56,57].

2.2. Study of Platinum-Based Therapeutics Interactions with Metallothionein Modified Electrode

In the first in vitro experiment, we targeted the monitoring of cisplatin and carboplatin interactions
with MT. We utilized an adsorptive transfer technique differential pulse voltammetry coupled Brdicka
reaction (AdTS DPV Brdicka reaction) for this purpose. This technique has been successfully used for
MT determination in numerous samples [57-60] and excellent correlation between immunochemical
techniques was found [55,61]. The scheme of the experimental arrangement for the interaction studies
is shown in Figure 2. A hanging mercury drop electrode (HMDE) was immersed in a 5 pi drop of MT
for 120 s (point 1 and 2), after unbound molecules were released (3), the modified HMDE was
immersed into a drop with a cytostatic agent (4). Then the electrode was carefully rinsed with water
and analyzed (6) with computer treatment of the data obtained (7). Modification of the electrode and
other experimental conditions were optimized in our previously published paper [62].

Figure 2. Scheme of study of the interaction between platinum-based cytostatics and MT.
The MT molecule is composed of two domains containing cysteine clusters capable of
binding metal ions. The hanging mercury drop electrode (HMDE) was immersed in a5 L
drop of MT for 120 s (1 and 2), and after release of unbounded molecules (3), modified
HMDE was immersed into a drop of cytostatic agent (4), then carefully rinsed with water.
Electrochemical measurements followed (6) with computer processing of the data (7).
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MT (0.4 pg/mL) modified HMDE was utilized for studying its interactions with cisplatin and
carboplatin. For both compounds we obtained characteristic voltammograms (Figure 3). It clearly
follows from the obtained results that the catalytic signal Cat2 diminished with increasing interaction
time. After 20 min, the Cat2 signal decreased by more than 60% for both cytostatics. With increasing
interaction times, no decrease of the signal was observed. For both drugs similar results were obtained,
but the decrease of the signal was more rapid for cisplatin; where after 15 min interaction no further
decrease of the signal was observed. For carboplatin, the decrease of the signal was slower and the
lowering of the signal was complete after 20 min interaction. Similar results were obtained for
interactions between cisplatin or carboplatin drugs, but a more distinct Cat2 signal decrease was
observed after 10 min interaction for carboplatin and after 5 min for cisplatin (Figure 4).

Figure 3. AdTS DP voltammograms of MT modified HMDE in the presence of the active
cytostatic substances carboplatin (left panel) and cisplatin (right panel). MT and platinum-
based cytostatics concentration 0.4 jg/mL; interaction time of MT with HMDE 120 s.
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The observed differences in the Cat2 signal decrease indicate that the studied compounds have
different affinities for MT, probably due to their chemical structures. Differences between active
substances and pharmaceutical drugs are probably caused by the presence of adjuvants in
pharmaceutical drugs that significantly change their physicochemical properties (ionic strength, pH).
Some of these parameters were investigated in our previous experiments [48], the obtained knowledge
is possible to utilize for MT detection via hydrogen evolution. We can assume which platinum-based
therapeutics (cisplatin, carboplatin) were captured by MT anchored onto HMDE surface and we were
able to observe only changes directly connected with MT - drug interactions. In addition, EI-Hourch et
al. published the utilization of cisplatin for hydrogen evolution from supporting electrolyte [63].
However, platinum ions were not in the supporting electrolyte, thus they could not influence the
catalytic reaction. The arrangement of the experiment also unambiguously points at the fact that
carboplatin and cisplatin were strongly bound to the MT structure.
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Figure 4. AdTS DP voltammograms of MT modified HMDE in the presence of
pharmaceutical therapeutics containing cytostatic substances carboplatin (left panel) and
cisplatin ~ (right panel). MT and platinum-based cytostatics concentration
0.4 pg/mL; time of interaction MT with HMDE 120 s.
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2.3. Changes in Cell Cultures

As it was demonstrated in our previous experiment in vitro, MT very rapidly and effectively binds
platinum-based cytostatics (cisplatin and carboplatin). However, experiments carried out in vitro do not
show the behavior of the analyzed compounds in an organism. Therefore, experiments in vivo were
carried out to elucidate the significance of MT for resistance origination after the treatment by
platinum-based therapeutics.

2.4. Automated Detection of Metallothionein

For routine analysis of larger sets of samples, an automated electroanalytical method for MT
determination was found [48]. Reproducibility of determination varied within the range of 96 to 99%
(n = 30). Dependence of studied MT signal height was linear in the concentration interval 0.1-5 piM. In
our preliminary experiment, we demonstrated that the MT level increases in the presence of
platinum-based cytostatics according to the applied concentration. Differences between cisplatin-
resistant and cisplatin-sensitive tumor cell lines were also determined [48,55].

We were further interested in studying the time-dependence of these changes in greater detail. We
compared the effect of cisplatin and carboplatin in concentrations of 0.01, 0.1 and 1 UM on resistant
and sensitive tumor cell lines derived from neuroblastoma - UKF-NB-4. Cell lines were cultivated for
05,1, 2,4,6,12, 24 and 48 h in the presence of platinum-based cytostatic drugs such as cisplatin and
carboplatin. At the end of the experiment, cells were homogenized and consequently MT level was
determined in cell lysates using the procedure shown in [48].
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Sensitive cell lines demonstrated a significant growth depression in the presence of cytostatic
agents. MT level was significantly increased in all sensitive tumor cell lines by about 50-90% in
comparison with the control cell line. As it is well evident from Figure 5, the MT level increased in
resistant tumor cell lines compared to sensitive cells. In the resistant tumor cell lines, the increase of
MT level was dependent on the cytostatic agent used and its concentration. With carboplatin, changes
in MT level were observable from the beginning of the experiment, whereas under the two highest
carboplatin concentrations the MT level was significantly increased in resistant tumor cells compared
to sensitive ones. In the case of the cisplatin-resistant tumor cell line, the MT level increase was firstly
observable after six hours of treatment. This increase was consequently followed by a moderate
decrease in comparison with the resistant tumor cell line, whose maximum MT level was well evident
already in the first hours of the experiment. Then, MT level relatively rapidly decreased to that of the
values of sensitive tumor cell lines. Fluctuation in MT after cisplatin as well as carboplatin exposition
with a similar development in the presence of all applied concentrations can be interpreted by initiatory
free MT saturation by cytostatic agent and its resulting elimination from cells, which results in a
decrease of MT level in cells. Resistant tumor cell lines, in contrast to the sensitive ones, responded to
the cytostatic agent presence by significantly enhancing MT expression, which was well evident as a
rapid increase of the MT level. Determined differences in MT levels during platinum-based cytostatics
treatment are in good agreement with our knowledge about cytostatics detoxification via thiol
compounds that increase the ability of these tumor cell lines to survive in the presence of platinum-
based therapeutics. From the obtained results, it clearly follows that neuroblastoma
UKF-NB-4 cisplatin-resistant and cisplatin-sensitive cell lines unlikely respond to the presence of
platinum-based cytostatics cisplatin and carboplatin.

2.5. Changes of MT Level in Rabbits after Intravitreal Carboplatin Administration

Retinoblastoma is one of the most frequent intraocular malignant tumors and it is the malignancy
with the highest incidence in children. Retinoblastoma genesis is connected with gene mutation of both
alleles of the retinoblastoma gene RB1 localized on chromosome 13ql.4. Its therapy is still very
difficult, thus, new therapeutic possibilities as well as new ways of cytostatics application are
intensively searched. One of these applications is direct injection of cytostatics—in this case especially
carboplatin—into the eye. For this purpose, carboplatin was applied to experimental animals and
consequently MT level was determined using automated electrochemical detection. Figure 6 shows the
changes in MT levels according to the length of the carboplatin treatment. At the beginning, the MT
level was about 3.5 M in healthy rabbits. After carboplatin application, a significant increase in the
MT level was determined in all experimental animals up to 5 M. An enhanced MT level was detected
for the following seven days in all experimental animals. A slight decrease in MT level was observed
14 days after carboplatin application. From the obtained results, it clearly follows that MT level was
induced by carboplatin application directly into the eyes and can be probably connected with the
resistance origination.
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Figure 5. Neuroblastoma cell culture. Dependence of MT level in cell lines on the length
of the cultivation. Prior to use in this experiment, all cell lines were cultivated for five
sub-cultivations without cytostatics addition. Then, neuroblastoma cell cultures were
exposed to cisplatin (left) or carboplatin (right).
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Figure 6. Time-dependent changes in concentrations of MT in the plasma of rabbits treated
with carboplatin. The increase of MT levels is observed after injection of drug. PK RV
(peripheral blood from right ventricle) has always higher MT concentration than PK LV

(peripheral blood from right ventricle). Typical DP voltammogram of plasma analysis is
shown on the right side.
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2.6. MT Changes in Retinoblastoma Patients

Retinoblastoma is a very rare malignant disease in the Czech Republic. Its treatment is centralized
into a specialized workplace: FN Motol, Prague. Samples of retinoblastoma patients (n = 2) treated
long-term with carboplatin were analyzed. Figure 7 shows the changes in MT level during long-term
therapy in relation to the time-dependent changes after cytostatic agent application. MT levels were
monitored 4 or 24 hours after application of the drug and the same procedure was repeated after a few
days during the next treatment with carboplatin. In short-time monitoring of MT concentrations, a
higher increase was observed with each dose of carboplatin; nevertheless, long periods had a
stabilization effect on MT levels in the plasma after carboplatin application.

Figure 7. Time-dependent changes in the concentration of MT in the plasma of two
patients (a, b) with retinoblastoma. MT levels were monitored 4 or 24 hours after
application of the drug and the same procedure was repeated after a few days during the
next treatment with carboplatin. DP voltammograms are shown on the right.
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Immediately after carboplatin application, no MT level increase was detected; only in the first
minutes after application a moderate MT level decrease was determined. This is probably connected
with the interaction with carboplatin and free MT. Three days after the first application of carboplatin,
a moderate MT level decrease (about 9%) was observed in comparison with the first application.
Application after 27 days since the first application led to a significant MT level enhancement (165%)
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compared to the first day. Maximal MT levels were determined between the 30™ and 60" day after
initial carboplatin application. After the 60" day after the first carboplatin application, MT levels
slowly decreased. Figure 7 shows characteristic voltammetric records of individual samples with well
distinguishable signals.

3. Experimental Section
3.1. Chemicals and pH Measurements

Rabbit liver MT (MW 7143), containing 5.9% Cd and 0.5% Zn, was purchased from Sigma Aldrich
(St. Louis, MO, USA). Tris(2-carboxyethyl)phosphine (TCEP) was produced by Molecular Probes
(Evgen, Oregon, WI, USA). Other chemicals used were purchased from Sigma Aldrich. The stock
standard solutions of MT at 10 pg/mL with 1 mM TCEP were prepared with ACS water
(Sigma-Aldrich, St. Louis, MO, USA) and stored in the dark at —20 <C. Working standard solutions
were prepared daily by dilution of the stock solutions. The pH was measured using pH meter WTW
inoLab (Weilheim, Germany). The pH-electrode (SenTix-H, pH 0-14/3M KCI) was regularly
calibrated by a set of WTW buffers (Weilheim, Germany).

3.2. Tumor Cell Lines

The following cell lines obtained from the Department of Paediatric Haematology and Oncology,
Charles University, Prague, Czech Republic were used: UKF-NB4—cisplatin or carboplatin sensitive
(prepared from recurrence of neuroblastoma into bone marrow, with MYCN amplification, del
1p34.2ter, del 13iso 17qg) and UKF-NB4—cisplatin or carboplatin resistant (the line derived from the
previous line—UKF-NB4 with in vitro induced resistance to cisplatin or carboplatin). The cell lines
were prepared by cultivation with increasing concentration of cisplatin or carboplatin. The cells were
cultivated in IMDM medium with 10% fetal calf serum at 37 <C, the chemoresistant cell lines were
cultivated in medium with cisplatin or carboplatin added.

3.3. Human Blood Serum

The samples of blood were obtained using vein tapping to the closed tapping units without another
reagent during medical treatment of two patients with malignancies at Teaching Hospital Motol, Czech
Republic. All patients subscribed to informed consent with utilization of their blood samples for
the research.

3.4. Preparation of the Samples for Electroanalytical Determination of Metallothionein
3.4.1. Human Blood Serum

Human blood serum samples were prepared by heat treatment and solvent precipitation. Briefly,
samples were kept at 99 <C in a thermomixer (Eppendorf 5430, USA) for 15 min with occasional
stirring, and then cooled to 4 <C. The denatured homogenates were centrifuged at 4 <C, 15,000 =g for
30 min (Eppendorf 5402, USA). Heat treatment effectively denatures and removes high molecular
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weight proteins from samples [56]. Determination of MT in the human blood serum samples was
performed by differential pulse voltammetry Brdicka reaction. Analyzed sample volume was 5 pL.

3.4.2. Tumor Cell Lines

The harvested cells were transferred to a test tube and deep frozen in liquid nitrogen to disrupt the
cells. The frozen cells were mixed with extraction buffer (100 mM potassium phosphate, pH 8.7) to a
final volume of 1 mL and homogenized using hand-operated homogenizer ULTRA-TURRAX T8
(IKA, Germany) placed in an ice bath for 3 min at 25,000 rpm. The homogenate was centrifuged at
10,000 xg for 15 min and at 4 <C (Eppendorf 5402, USA) [64]. The supernatant were processed in the
same way as the human blood serum samples mentioned in Section 3.4.1. The processed samples were
measured by adsorptive transfer stripping technique coupled with chronopotentiometric
stripping analysis.

3.4.3. Intravitreal Administration of Carboplatin in Rabbits

Administration of carboplatin was performed according to data which indicate that periocular or
intravitreal (transcorneal) carboplatin injections rather than systematically administrated carboplatin
can effectively treat children with intraocular retinoblastoma. Six adult New Zealand White Rabbits
(Anlab, Czech Republic) with an average weight of 2.45 kg (SD #£0.38) were handled according to the
statement Nr.207/2004 s.11 of the Ministry of Agriculture of the Czech Republic for the use of animals
in experiments. In vivo experiments were further approved by the ethical committee for animal welfare
of Charles University, 2nd Faculty of Medicine. The animals were kept at 22-25 °C room temperature,
at 55-65% relative air humidity, and on a 12 h light/dark cycle, and were provided with tap water and
rabbit chow TM MaK 1 (Bergman, Kocanda, Czech Republic) ad libitum. The rabbits were
anesthetized intramuscularly with a mixture of 30-50 mg/kg of ketamine hydrochloride (Narketan 10,
Véoquinol, France) and 5 mg/kg of xylazine hydrochlorid (Rometar 2%., Spofa, Czech Republic)
throughout the experiment. Topical oxybuprocaine eye drops (0.4%, Benoxi, Unimed Pharma,
Slovakia) were used to anesthetize the ocular surface before intravitreal puncture.

Carboplatin (Carboplatin, TEVA, Netherlands) solution was prepared immediately before injection
by dissolving carboplatin in sterile water with mannitol to the final used concentrations. A single
transcorneal intravitreal injection of carboplatin (0.05 mg in total volume of 0.1 mL) was applied with
a 25-gauge needle into the right eye; the left eye of all animals served as uninjected controls. Blood
samples were taken at 0, 6, 24 and 48 h, 7 and 14 days after injection. Blood samples were drawn from
the peripheral auricular vein and collected in tubes with ammonium heparinate. The blood was
centrifuged at 3,000 rpm for 10 minutes to separate blood plasma.

3.5. Electrochemical Measurements
3.5.1. Electroanalytical Determination of Metallothionein

An adsorptive transfer stripping technique (AdTS) coupled with DPV Brdicka reaction was
employed for the determination of metallothionein in the cell lines extracts. The electrochemical
measurements were performed using an AUTOLAB analyzer (EcoChemie, The Netherlands)
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connected to VA-Stand 663 (Metrohm, Switzerland), using a standard electrochemical cell with a
classical three-electrode connection. The three-electrode system consisted of a hanging mercury drop
electrode as the working electrode, an Ag/AgCI/3 M KCI reference electrode and a glassy carbon
auxiliary electrode. For smoothing and baseline correction, the software GPES 4.9 supplied by
EcoChemie was employed. The Brdicka supporting electrolyte (1 mM Co(NH3)sCl3 in 1 M ammonia
buffer (NH3(aq) + NH4CI, pH = 9.6) was used; no surface-active agent was added. AdTS DPV Brdicka
reaction parameters were as follows: initial potential of —0.6 V, end potential —1.6 V, modulation time
0.057 s, time interval 0.2 s, step potential of 1.05 mV, modulation amplitude of 250 mV, Eqgs = 0 V.
Temperature of the supporting electrolyte was 4 <C.

3.5.2. Automated Electroanalytical Determination of Metallothionein

Differential pulse voltammetric Brdicka’s reaction measurements were performed with 747 VA
Stand instrument connected to 746 VA Trace Analyzer and 695 Autosampler (Metrohm, Switzerland),
using a standard cell with three electrodes and a cooled sample holder (4 <C). A hanging mercury drop
electrode (HMDE) with a drop area of 0.4 mm? was the working electrode. An Ag/AgCI/3M KCI
electrode was the reference and glassy carbon electrode was the auxiliary electrode. The software
GPES 4.9 supplied by EcoChemie was employed for smoothing and baseline correction of the raw
data. The analyzed samples were deoxygenated prior to measurements by purging with argon
(99.999%), saturated with water for 120 s. The Brdicka’s supporting electrolyte containing 1 mM
Co(NH3)6Clz and 1 M ammonia buffer (NHsz(aq) + NH,Cl, pH = 9.6) was used and after each
measurement the supporting electrolyte was exchanged. The parameters of the measurement were as
follows: initial potential of —0.7 V, end potential of —1.75 V, modulation time 0.057 s, time interval
0.2 s, step potential 2 mV, modulation amplitude —250 mV, E.gs = 0 V. All experiments were carried
out at 4 T employing thermostat Julabo F12 (Labortechnik GmbH, Germany). One hundred-times
diluted sample with 0.1 M phosphate buffer pH 7.0 (20 pL) was used.

3.6. Descriptive Statistics

Data were processed using MICROSOFT EXCEL® (USA) and STATISTICA.CZ Version 8.0
(Czech Republic). Results are expressed as mean =*standard deviation (S.D.) unless otherwise noted
(EXCEL®). Statistical significance of the differences between MT levels and rat weight were
determined using STATISTICA.CZ. Differences with p < 0.05 were considered significant and were
determined using one way ANOVA test (particularly Scheffe test), which was applied for
means comparison.

4. Conclusions

Adsorptive transfer technique differential pulse voltammetry coupled with Brdicka reaction presents
a unique possibility for studying interactions between proteins and cytostatics. Catalytic signals are
very sensitive and enable the study of interactions at the nanomolar level. In addition, our in vivo
experiments verify the hypothesis that MT levels significantly increase after platinum-based
therapeutic application. In the case of platinum-resistant tumor cell lines, the MT level significantly
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increases. Thus, MT can act as one of the factors of tumor therapy resistance. For understanding these
mechanisms, experiments on experimental animals were carried out and in addition MT levels were
monitored in patients with a rare malignant disease—retinoblastoma—after platinum-based
cytostatics treatment.
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Topotecan vitreous and plasma levels and retinal toxicity after transcorneal
intravitreal delivery in healthy albino rabbits:
Alternative retinoblastoma treatment

Denisa Darsova?, Pavel Pochop?, Jiri Uhlik®, Eva Klapkova‘, Hundie Tesfaye<, Daniela Kodetova®, Jan Lestak®,
Josef Malis’, Ludek Vajner®

Aim. To determine intravitreal and plasma concentrations and retinal toxicity after transcorneal intravitreal injection
of 1 ug and 2 pg of topotecan (Hycamtin).

Method. Twelve healthy albino rabbits were included in this in vivo experiment. Six anesthetized albino rabbits re-
ceived a single transcorneal intravitreal injection of 1 ug (group A) or 2 pug (group B) of topotecan. Vitreous and blood
samples were collected until 168 h. Left eyes were treated with the same volume of saline. Plasma and vitreous levels
of topotecan were determined by high-performance liquid chromatography. Area under the plasma concentration
time curve (AUC) was calculated using trapezoidal rule. Clinical evidence of toxicity was classified into four grades ac-
cording to anatomical structures. Electroretinograms (ERGs) were recorded.

Results. Time to maximum concentration was observed up to 2 h after drug injection in group A whereasup to 1 hin
group B. Low levels of topotecan were detected in plasma in both groups and in the vitreous humor of the contralat-
eral eye in group B. Topotecan levels (mean vitreous AUC in group A 2.55 pg/mL.h and in group B 5.338 pg/mL.h) were
detectable up to 6 h in both groups. We observed following structural changes in rabbit eyes: corneal vascularization,
cataract, hemophthalmus, choroidal edema and focal retinal atrophy. Abnormal ERGs were obtained.

Conclusion. Our findings proved that transcorneal intravitreal administration of 1 ug and 2 ug of topotecan results
in potentially cytotoxic intraocular concentrations. More studies are needed to establish the safety of topotecan for
retinoblastoma in children.
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INTRODUCTION Currently, subconjunctival delivery is used in conjunction
with systemic chemotherapy to boost the local dose of
Retinoblastoma represents approximately 3% of all  carboplatin®. However, intravitreal carboplatin concentra-
pediatric malignancies and is the most common intra- tions reached after subconjunctival delivery are irregular®®
ocular malignancy in children!?. Despite the improved and this strategy can cause serious adverse effects such
therapeutic indices achieved with systemic chemotherapy, as ischemic necrosis with atrophy of the optic nerve and
complete tumor control is difficult in most children with ~ subsequent blindness®°.
advanced stages of retinoblastoma. The main problem Thus, researchers continue to investigate local delivery
with systemic chemotherapy in these cases is the recur-  of potentially non-toxic drugs to improve ocular salvage.
rence of vitreous or subretinal seeds®*. Systemically ad- Topotecan, a specific topoisomerase I inhibitor that is
ministered chemotherapeutic drugs usually fail to achieve  capable of producing lethal damage during the course
significant concentrations in the vitreous humor because ~ of DNA replication!"'2, has shown promising antitumor
of low permeability across the blood-retinal barrier and activity in pediatric solid tumors and leukemia'*!*. The
due to the avascular vitreous humor. To reach regular first study to examine the pharmacological penetration
therapeutic vitreous levels of anticancer drugs while main-  of topotecan into the vitreous cavity in animals demon-
taining low systemic toxicity, alternative strategies have  strated that periocular delivery of topotecan reached
been developed by a number of ophthalmic oncologists.  potentially active levels in the vitreous humor but sys-
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temic absorption accounted for most topotecan delivery'.
Rapid drop-off in vitreous concentration of chemothera-
peutic agent after periocular delivery is an impediment
to efficacy. Consequently, fibrin sealant was tested, to
extend the duration of time of transscleral penetration
of topotecan'. Subconjunctival delivery of topotecan in
fibrin sealant prolonged the period of sufficient topotecan
vitreous levels up to 3 weeks after treatment. However, cy-
totoxic effects of topotecan in fibrin sealant did not differ
significantly from the effects of topotecan in aqueous ve-
hicle and there are no reports concerning treatment after
vitreous seeding. To achieve higher topotecan levels in the
vitreous humor, experiments were carried out on the phar-
macokinetics of this drug following intravitreal delivery.
Potentially therapeutic concentrations were reached in the
vitreous humor up to 48 h after transscleral delivery of
5 ug of topotecan. This study was limited by the potential
retinal toxicity that was not assessed’.

The aim of the present study was to establish the safety
of transcorneal intravitreal delivery of topotecan in rela-
tion to concentration using an animal model.

MATERIALS AND METHODS

In vivo experiment

In vivo experiment was approved by the Ethics
Committee for Animal Welfare of Charles University,
2nd Faculty of Medicine. The animals were anaesthetized
intramuscularly with a mixture of ketamine (50 mg/kg,
Narketan 10 a.u.v. inj., Vétoquinol, Lure Cedex, France)
and xylazine (5 mg/kg, Rometar 2% a.u.v. inj., Spofa,
Prague, Czech Republic) throughout the experiment.
Twelve healthy male albino rabbits (Anlab, Prague, Czech
Republic) were divided into two groups of 6 rabbits each.
Group A received transcorneal intravitreal injection of
1 ug of topotecan (Hycamtin, GlaxoSmithKline Beecham
Plc., Brentford, United Kingdom) with a 29-gauge insu-
lin syringe into the right eye. Group B was injected by
transcorneal intravitreal injection of 2 ug of topotecan
with the same type of syringe. Considering retinoblastoma
treatment, we used a proven approach through the limbus,
anterior chamber and peripheral iris which can prevent
seeding of tumor cells to the orbital tissues if used in
retinoblastoma patients®. Left eyes were treated with the
same volume of saline (0.1 mL). Before the treatment and
each withdrawal, conjunctival sacks were disinfected by
3 mL of 1% Povidone-lodine solution (Betadine, EGIS
Pharmaceuticals Ltd., Budapest, Hungary) and anesthe-
tized by Topical oxybuprocaine eye drops (0.4%, Benoxi
gtt., Unimed Pharma, Bratislava, Slovakia).

Sampling schedule

Vitreous and blood samples were collected up to 168 h
(at intervals of 1 h, 2 h, 6 h, 24 h, 48 h, 168 h). Only
vitreous samples from left eyes were obtained at 6 h post
injection as no measurable topotecan was found at longer
times in group A. Our results were obtained from the op-
posite site to drug injection area to prevent withdrawal of
vitreous samples with possible higher topotecan concen-

319

—&—Dose of 1ug
—#—Dose of 2ug

Mean concentrations (ug/mL)

0 5 10 15 20 25 30

Time (h)
Fig. 1. Mean topotecan concentrations-versus-time profile in

vitreous humor of right eyes after transcorneal intravitreal in-
jection of 1 ug () and after transcorneal intravitreal injection
of 2 ug (M). Symbols represent individual data points and lines
represent the predicted concentrations for topotecan vitreous
concentrations.
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Fig. 2. Measured topotecan concentrations in rabbits versus
calculated topotecan concentrations (ug/mL) in the vitreous
according to measured globe diameter by the intravitreal appli-
cation of 1 ug of topotecan.
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Fig. 3. Measured topotecan concentrations in rabbits versus
calculated topotecan concentrations (ug/mL) in the vitreous
according to measured globe diameter by the intravitreal ap-
plication of 2 ug of topotecan.

tration. At each withdrawal, 150 uL to 400 uL of vitreous
humour were aspirated from the vitreous chamber with
a 25-gauge needle inserted transcorneally by the limbus
through the anterior chamber and the base of the iris.
At each sampling time, the rabbit’s eyes underwent clini-
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cal examination with a fundoscopy. Blood samples were
drawn from the peripheral auricular vein and placed in
tubes with ammonium heparinate.

Topotecan concentration measurement

Plasma and vitreous levels of topotecan were de-
termined by high-performance liquid chromatography
(HPLC). Topotecan, kindly donated by GlaxoSmithKline,
England, was used as standard using a modified HPLC
method that has been described”. A volume of 100 uL
of sample was pipetted into a 1.5 mL polypropylene tube
and 200 uL of methanol was added for protein precipita-
tion. The tubes were mixed for 10 s and centrifuged for
5 min at 14 000 rpm (4 °C). 100 uL of clear supernatant
were transferred to the autosampler vials and 50 pL were
injected into the system. Detection was performed at 267
nm, the column temperature was maintained at 25 °C.
The mobile phase was prepared from 0.01 M potassium
dihydrogenphosphate adjusted to pH 3.0 and acetonitrile
(85:15). The mobile phase flow rate was 1.5 mL.min".
The analysis was performed on a 150 mm x 4.6 mm, 5 um
Inertsil ODS column. No interferences were found during
the analysis. The area under the plasma concentration
time curve (AUC) was calculated using a trapezoidal rule.

Histological examination

After euthanasia, performed by exsanguination from
the carotid arteries, the eyes were enucleated together
with eyelids and retrobulbar tissues and fixed in 10% for-
malin. The specimens were dehydrated by a graded series
of ethanol and embedded in paraffin. Sections (5 pm in
thickness) were stained with haematoxylin & eosin and
examined by an experienced pathologist.

Grading of toxicity

Clinical evidence of toxicity was classified into four
grades according to the anatomical structure. Grade 1
included any signs of toxicity in the periocular orbital con-

tents. Grade 2 was designed as a scleral toxicity, involving
the conjunctiva, the sclera and the cornea. Remaining
substructures of the rabbit’s eye with clinical evidence of
topotecan toxicity form grade 3 - ocular toxicity. Grade 4
- systemic toxicity - included all clinical and histological
evidence of systemic topotecan toxicity in rabbits. Grades
1 and 2 were usually not considered for dose limiting tox-
icity. Local topotecan treatment should not be broken in
these cases because of minimal effect on visual function.
Any grade 3 or grade 4 were designed as dose limiting
toxicity.

Retinal function evaluation

Electroretinograms (ERGs) were recorded at the be-
ginning and at the end of the experiment in group B.
Electroretinographic readings consisted of series of inten-
sities presented under dark- and light-adapted conditions
according to the ISCEV protocol. Pupillary mydriasis was
induced by instillation of one drop of tropicamide 0.5%
(Mydrum, Chauvin Ankerpharm GmbH). After 30 min of
dark adaptation, rod ERGs were recorded simultaneously
with a skin electrode and direct corneal ERG-jet contact
lens electrode. The skin electrode was placed 1 cm behind
the lower lid. A skin electrode on the forehead served as
a ground. Stimulation and recording of the ERGs were
performed with the RETIscan system (Roland Consult,
Brandenburg, Germany).

Statistical analysis

Average values are represented as means = SD. t-tests
for independent groups (Graph Pad Prism 5.03) were
used to determine the significance of mean differences.
P<0.05 was considered significant, P<0.01 was considered
very significant.

Table 1. Electroretinography recorded before and after the single transcorneal intravitreal injection of 2 ug of topo-

tecan. CA a represents wave A of cone activity, CA b means wave b of cone activity, RA responds to rod activity.

MSO corresponds to maximal scotopic answer. SD means standard deviation.

EYE CA a CAa CAb CAbD RA RA MSOa MSOa MSOb MSOD
before  after  before after  before  after  before after  before  after
Median 6.13 7.88 6545  66.65 41.7 51.55  64.2 41.55 131 139.5
Maximum  12.3 12.1 75.6 87 56.3 110 86.9 93.90 152 275.0
Right Mean 6.70 6.88  64.68 6275 409 52.88 6498 50.82 131.5 153.8
SD 4.21 4.99 9.496 22.02 11.69  33.55 13.23  25.72 15.13 64.00
P-value 0.95 0.85 0.43 0.27 0.45
Median 7.605 11.92 57.6 82.3 29.55 60.45 632 67.50 124 145.5
Maximum  14.80 389 83.1 128 76.5 194 90.6 128.0 151 292.0
Left Mean 7.84 71.8 57.4 79.82  38.65 68.54 6533  73.52 122.32 1544
SD 4.33 155.5 14.83  35.65 2042  69.32 16.60  34.81 24.25 87.30
P-value 0.59 0.19 0.34 0.62 0.43
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RESULTS

Topotecan concentrations

In both groups in this experiment, the doses were suf-
ficient for achieving the target vitreous concentrations
(Fig. 1). The maximum vitreous concentration of topo-
tecan was reached up to 2 h for group A andupto 1 h
for group B after drug injection. After steep increase in
concentrations, topotecan vitreous levels dropped fast and
were under the limit of detection in 24 h in both groups.
Mean maximum vitreous concentrations were 0.31 ug/
mL in group A and 0.94 ug/mL in group B. These val-
ues differed significantly (P=0.0006). Conversely, there
was no significant difference in mean concentrations
reached between group A and group B in 6 h after drug
injection (P=0.0664). The measured maximal intravitreal
concentrations of topotecan in group A and group B were
approximately twice lower than the hypothesised topote-
can concentrations that were calculated according to the
globe diameter (Fig. 2, 3). Mean AUC in vitreous humor
was 2.155 ug/mL.h for group A and 5.338 pug/mL.h for
group B (P=0.0001).

In this experiment, we also measured sufficient con-
centrations of topotecan in plasma up to 6 h (Fig. 4). The
plasma concentration curves have the same profile for
both groups. Reached concentrations were lower in plas-
ma than those measured in vitreous humor. In contrary to
our expectations, sufficient concentrations of topotecan
were obtained from left eyes at 6 h in group B (Fig.5).

Toxicity

Three right eyes treated with 1 ug of topotecan and
4 right eyes treated with 2 ug of topotecan developed
choroidal edema. Additionally, we observed reduction of
ganglion cells with focal retinal atrophy in 2 treated and
2 untreated eyes of group B (Fig. 6). A diminution in the
size of all retinal cells and their scattering within retinal
layers were seen in these eyes of group B (designed as
grade 3 - dose limiting toxicity). At the end of this experi-
ment, we noted cataractous changes in 2 treated eyes of
each group. One treated eye in group B and 1 untreated
eye in group A developed hemorrhage in the vitreous. All
eyes of both groups presented with corneal vascularisation
around the injection site. This pathologic reaction was not
designed as dose limiting toxicity. Histopathological ex-
amination of the rabbits’ eyes revealed lymphocytic infil-
tration of 4 left eyelids in group A whereas no pathologic
changes were found on the right eyelids in either groups.
Mean body weight change did not differ significantly be-
tween the two treated groups and all rabbits gained weight
regularly throughout the experiment.

Electroretinogram

Electroretinograms displayed reductions in the dark-
adapted (rod-mediated) a-wave amplitudes and light-
adapted (cone-mediated) b-wave amplitudes of right eyes
in group B. Nevertheless, according to used statistical
analysis, these findings were not significant (Table 1).
Statistical analysis of ERGs revealed increase of a-wave
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Fig. 5. Vitreous levels of topotecan in left eyes at 6 h after
transcorneal intravitreal injection of 2 ug (M) in each rabbit.
Only right eyes were injected. Symbols represent individual data
points in each rabbit.

and b-wave amplitudes of right eyes. We observed no sig-
nificant decrease in ERG activity of left eyes at the end
of the experiment.

DISCUSSION

Recently, topotecan was demonstrated to have potent
and rapid activity against human retinoblastoma in vitro®.
Low calculated vitreous concentrations of 0.008-0.13 ug/
mL of topotecan were required to reduce Weri or Y79
retinoblastoma cell line viability by 50% within 15 min of
exposure. Thus, we can report that in the present study,
potentially cytotoxic concentrations were attained in the
vitreous humor after the transcorneal intravitreal injection
of both 1 ug and 2 ug of topotecan. These doses were five
times and two times less than those injected in a previous-
ly published experiment'® but were sufficient to maintain
potentially cytotoxic topotecan vitreous humor exposure
for up to 6 h. Nevertheless, the higher dose of topotecan
delivered transcorneally intravitreally in this study did not
significantly prolong exposure time to topotecan. After
overcoming the hemato-ocular barrier using transcorneal



Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2012 Dec; 156(4):318-323.

CE

GCL

IPL
INL
OPL
ONL

intravitreal injection, topotecan probably circulated along
with the intraocular fluid flow and may have partially
drained out of the eye via the trabecular meshwork. The
results, measured in the anterior chamber after intravitreal
delivery of 5 ug of topotecan'®, support this explanation.

Calculated topotecan vitreous concentrations were
higher than measured concentrations for both groups
equally. These differences may have been caused by irregu-
lar distribution of topotecan within the vitreous humor.
Corresponding with the first published study'®, using in-
travitreal topotecan injection, we also observed sufficient
concentrations of topotecan in plasma. Contrary to car-
boplatin, a commonly used chemotherapeutic for retino-
blastoma treatment, topotecan does not irreversibly bind
local protein to produce inactive complexes that could
lead to resistance of tumor cells and to chemotherapy
failure'?. Low affinity to proteins could cause fast clear-
ance of topotecan from the vitreous humor.

One interesting and unexpected finding is that relative-
ly high topotecan vitreous concentrations were attained in
untreated left eyes 6 h after the injection of 2 ug of topo-
tecan. As published previously'*'®, topotecan can traverse
the blood-retinal barrier into the vitreous humor or into
the systemic circulation. In the present study, 2 ug of topo-
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Fig. 6. Histologic sec-
tion of retina stained with
haematoxylin & eosin.
Reduction of ganglion
cells in ganglion cell layer
(GCL), choroidal edema
(CE), inner plexiform layer
(IPL), inner nuclear layer
(INL), outer plexiform layer
(OPL), outer nuclear layer
(ONL).

tecan reached sufficient concentrations in plasma and in
the contralateral vitreous humor. Data from the untreated
eyes after the intravitreal injection of 5 ug of topotecan
were not published in the study referred to above's. The
transscleral approach used in this study'®, could cause
retinoblastoma intraorbital dissemination during drug in-
travitreal delivery in retinoblastoma patients. Therefore,
we used a more difficult approach through the limbus,
anterior chamber and peripheral iris. This process of in-
travitreal injection resulted in minimal bleeding and no
retinal detachment even after repeated sampling.

To our knowledge, there is no previously reported in-
formation about topotecan side-effects when the drug is
administred directly into the vitreous humor. Reduction
of ganglion cells with focal retinal atrophy in 2 treated and
2 untreated eyes of group B were found as an adverse side
effect of treatment. Consequently, the statistical analysis
of electroretinograms displayed insignificant increase of
a-wave and b-wave amplitudes of both eyes in group B. We
should consider the high intraocular pressure and tran-
sient ischemia at the time of topotecan or saline adminis-
tration that could contribute to this finding. These results
are characteristic for initial stages of retinal degeneration
after intoxication or hypoxia. Repeated sampling could
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lead to decrease in vitreous humor and its replacement
by aqueous humor. Fluctuation in intraocular pressure
could cause choroidal edema occurrence in most cases.
Other observed findings such as corneal vascularization,
cataractous changes, vitreous hemorrhage and eyelid in-
flammation may be the result of repeated mechanical ir-
ritation and incautious puncture.

CONCLUSION

Our findings proved that potentially cytotoxic topote-
can concentrations were attained in the vitreous humor
of the injected eyes after transcorneal intravitreal delivery.
A twofold higher dose of topotecan did not prolong the
exposure time to topotecan. Sufficient concentrations
of topotecan were also measured in the plasma for both
groups. These finding suggest the possibility of attain-
ing potentially cytotoxic concentrations of topotecan in
plasma after intravitreal delivery in children but we found
no side-effects on the rabbit "s body in this experiment.
Focal retinal atrophy in 2 treated and 2 untreated eyes of
the 6 rabbits was observed after intravitreal delivery of 2
ug of topotecan. Consequently, the ERGs displayed insig-
nificant increase in a-wave and b-wave amplitudes of both
eyes in group B. These findings may have been caused by
retinal intoxication or hypoxia. No serious histopathologi-
cal side-effects were noted after transcorneal intravitreal
delivery of 1 ug of topotecan. Nevertheless, other histo-
pathological and functional studies are necessary.
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Retinal toxicity after repeated intravitreal carboplatin injection into rabbit eyes

Pavel Pochop?, Denisa Darsova?, Jiri Uhlik®, Jan Lestak’, Jiri Kukacka®, Daniela Kodetova®, Eva Klapkova©, Josef Malis¢,
Ludek Vajner®

Background. The aim of this study was to assess retinal toxicity in a rabbit model after carboplatin delivered as repeated
transcorneal intravitreal injection, in order to determine the highest possible safe dose for use in human retinoblastoma
“seeding” tumor chemotherapy.

Methods and Results. We used six albino rabbits in an in vivo experiment and injected 0.008 mg of carboplatin intra-
vitreally (iv) 4 times at two-week intervals. 0.08 mL saline was injected into the left eye. We recorded electroretinograms
(ERGs) before the first carboplatin injection and after the fourth injection. Platinum concentration was measured 1 h
after the fifth additional injection. We found reduced dark-adapted b-wave amplitudes and, light-adapted b-wave
and a-wave amplitudes. The differences between right and left eyes was significant but we found no histopathologic
retinal changes.

Conclusions. 0.008 mg of carboplatin is probably the highest possible safe dose for the treatment of retinoblastoma
patients. Questionable is direct extrapolation of retinal toxicity from the rabbit eye model to the human eye.
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INTRODUCTION

Retinoblastoma is a childhood cancer aris-
ing from immature retinal cells in one or both
eyes. Chemotherapeutics are used in treatment but vitre-
ous seeding is a serious limiting factor in retinoblastoma
therapy. Various modalities to increase intravitreal con-
centrations of chemotherapeutics have been tested, for
example, coulomb-controlled iontophoresis', peribulbar
administration?, cryotherapy one day before intravenous
carboplatin with or without cyclosporine® etc. Some are
too complex for clinical practice or vitreous concentra-
tions of chemotherapeutic do not reach effective levels
and are unstable'. Another described treatment is intra-
vitreal transscleral injection of chemotherapeutic agent*>.
No serious complications have been found to date but
tumor dissemination in human retinoblastoma was dem-
onstrated by subsequent fine needle biopsy or pars plana
vitrectomy®. Hence, some physicians used a more diffi-
cult approach through the limbus, anterior chamber and
peripheral iris for fine needle aspiration biopsy to avoid
seeding tumor cells into orbital tissues”. This approach
was also used in this experiment. We assessed possible
retinal changes after transcorneal intravitreal carboplatin
injection which would preclude its use in clinical practice.
We chose the rabbit and we selected a dose of 0.008 mg

according to previously published data'®!, where a dose
of 0.001 mg induced no changes on electroretinograms
(ERGs) and a dose of 0.01 mg evoked significant altera-
tions. The dose we chose was near the upper limit in order
to achieve the most effective concentration.

MATERIALS AND METHODS

Animals and drug delivery

After approval by the Faculty Committee on animal
welfare, New Zealand albino male specified pathogen-free
(SPF) healthy rabbits (Anlab, Prague, Czech Republic)
(n=6) received a 0.008 mg dose of carboplatin dissolved
in 0.08 mL of saline by unilateral transcorneal intravitreal
injection into the right eye. The same volume of saline was
injected into the left eye of each animal as a sham control.
The same procedure was carried out 4 times at two-week
intervals. Rabbits were kept under standard laboratory
conditions. Ambient temperature was 20-24 °C, and rela-
tive air humidity ranged from 55-60%. They were anesthe-
tized with a mixture of ketamine hydrochloride (50 mg/
kg, Narketan 10 a.u.v. inj, Vétoquinol, Lure Cedex,
France) and xylazine hydrochloride (5 mg/kg, Rometar
2% a.u.v. inj, Spofa, Prague, Czech Republic) given intra-
muscularly (im) before the intervention. Topical oxybu-
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procaine anesthetic eyedrops (0.4%, Benoxi gtt., Unimed
Pharma, Bratislava, Slovakia) were instilled into the con-
junctival sacs and the eyelids were fixed with a sterile
speculum. A total of 3 mL of 1% povidoneiodine solution
(10% Betadine, EGIS Pharmaceuticals Ltd., Budapest,
Hungary) was used for disinfection. Two months after the
first injection of carboplatin, all rabbits were euthanatized
by exsanguination via the carotid arteries under general
anaesthesia and their eyes were processed for histopatho-
logic examination.

Electroretinograms (ERGs) were recorded be-
fore the first and 2 weeks after the fourth injections.
Electroretinographic readings consisted of a series of
intensities presented under dark and light-adapted condi-
tions according to the ISCEV protocol. Pupillary mydria-
sis was induced by instillation of one drop of tropicamide
0.5% (Mydrum, Chauvin Ankerpharm GmbH, Germany).
After 30 min of dark adaptation, ERGs were recorded
simultaneously with a skin electrode and direct corneal
ERGe-jet contact lens electrode'?. The skin electrode was
placed 1 cm behind the lower lid (Fig. 1). A skin electrode
on the forehead served as a ground. Stimulation and re-
cording of the ERGs were performed with the RETIscan
system (Roland Consult, Brandenburg, Germany). The
rod (scotopic) ERG was recorded with a white flash at an
intensity of 0.01 cd.s.m-2 and for maximal scotopic answer
an intensity of 3.0 cd/m™.s. The cone (photopic) ERG was
recorded with the same stimuli intensities (3.0 cd/m?>.s)
and background illumination of 30 cd/m?. Statistical
analysis was done using the software Statistica 9.1 WAN
(StatSoft, Tulsa, USA). Data were compared using a t-test.
P< 0.05 was considered statistically significant.

Carboplatin concentration measurement

To measure the platinum concentration, an additional,
i.e. fifth, dose of the carboplatin was injected into the right
eyes after the second ERG. Samples of vitreous humour
were collected one hour later to verify the concentra-
tion of carboplatin in the vitreous cavity. Electrothermal

Fig. 1.
trode behind lower lid.

Corneal ERG-jet contact lens electrode and skin elec-

atomic absorption spectrometry (ET-AAS) was employed
to analyze the total platinum concentrations in vitreous
humour after the last administration as a suitable method
for carboplatin concentration determination. ET-AAS de-
termines total Pt in fluids or tissues, including any forms
of the drug subject to hydrolytic action and subsequently
inactivated by irreversible binding to protein and thus ren-
dered inactive and not cytotoxic. The platinum concentra-
tion was measured by graphite-furnace atomic absorption
spectrophotometry with Zeeman background correction
(Varian 220 Z, Australia). 100 puL of vitreous humour was
diluted 1:14 with a solution containing Triton X-100 (0.2
vol %), antifoam A (0.2 vol %), and deionized water. A
programmable sample dispenser piped the samples and
calibration standard into the furnace. Platinum determina-
tion was carried out by the standard additions method.
The highest possible concentrations of carboplatin imme-
diately after its administration were calculated according
to the globe diameter.

RESULTS

All animals were followed up during the experimental
period by a veterinarian. No treatment-induced weight
changes were found as a sign of the general toxicity of
carboplatin. One animal perished suddenly during general
anesthesia before the fourth carboplatin administration.
Its gross dissection showed no other cause of death. We
found no structural changes on histopathologic examina-
tion of the eyes.

Statistically significant reductions in the dark-adapted
b-wave (ra - b) amplitudes and in the maximal scotopic
answer (msa - b) amplitudes and also elevation of cone
answer (Fig. 2, Tables 1 and 2) were found in carboplatin
treated eyes We also found statistically significant changes
inra-b, msa-a, msa-b and ca - b waves in the ERGs
records of control eyes (Tables 1 and 3). There were no
structural changes on histopathologic examination. The
measured average platinum concentration one hour after
additional injection was 1349 ug/L. The calculated highest
possible average concentration of carboplatin according
to the globe diameters was 8422 ug/L immediately after
application of 0.008 mg of carboplatin.

DISCUSSION

We found significant changes in the ERG records after
repeated injection of 0.008 mg of carboplatin into right
eyes. Similar but more serious changes were found after
single intraocular injection of higher dose (more than 0.01
mg) of carboplatin!®. Repeated intraocular injection of
0.05 mg of carboplatin resulted in serious ERG changes
and also structural changes - chorioretinal atrophy found
by histopathologic examination''. Similar ERGs changes
(elevation in ca - a) were also recorded after lead expo-
sure’s.

Due to the effect of carboplatin on right eyes, changes
in ERG records were significantly different to changes
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Fig. 2. ERG - Rabbit No. 932038 - Right eye after administration of the carboplatin.

Table 1. ERGs before and after administration of carboplatin (right eyes) and saline (left eyes).

Rabbit No. ra-b (uv) msa-a (uV) msa-b (uV) ca-a(uv) ca-b (uv) category
932038 132 108 230 5 87 right b
931018 91 105 114 2.8 81.2 right b
932012 132 139 233 5.8 59 right b
902035 52.7 87 145 0.8 25.2 right b
932337 94 84.5 212 1.4 48.5 right b
932038 29.8 68.2 32.6 20 23.4 right a
931018 6.79 93.8 30.5 29.8 9.7 right a
932012 3.32 117 88.7 32 18.8 right a
902035 9.42 69.8 25.8 30.8 2.32 right a
932337 1 62 33.2 11.8 13 right a
932038 99 85 199 1 76 left b
931018 73 73.5 96 5.2 65.7 left b
932012 72.6 90 140 4.68 64 left b
902035 69 78 158 3.34 46.5 left b
932337 72 40 130 0.9 46.6 left b
932038 64.6 50.2 103 13.1 44.8 left a
931018 34.1 24.3 52.5 2.79 27.5 left a
932012 35.2 30.5 70.1 2.7 39.9 left a
902035 29.5 72.3 81.3 6.51 34.2 left a
932337 23.7 21.5 47.5 6.77 37.1 left a

Legend:

Rabbit No. = rabbit number
ra-b = rod answer, wave b

msa = maximal scotopic answer

Cca = cone answer

right b = right eye before administration
right a = right eye after administration
left b = left eye before administration
left a = left eye after administration
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Table 2. Right eyes before and after administration of carboplatin.

mean right b mean right a SD right b SD right a P
ra-b 100.3400 9.90600 33.17270 11.14920 0.000415"
msa-a 104.7000 82.16000 21.84491 22.93138 0.150185™
msa-b 186.8000 42.16000 54.04350 26.17848 0.000657
ca-a 3.1600 24.88000 2.18815 8.72995 0.000649"
ca-b 60.1800 13.44400 25.11259 8.15118 0.004188"
“P<0.01

" neglectable

Table 3. Left eyes before and after administration of saline.

mean left b mean left a SD left b SD left a P
ra-b 77.1200 37.30000 12.33175 15.59920 0.002062"
msa-a 73.3000 39.76000 19.66469 21.36605 0.032478™
msa-b 144.6000 70.88000 37.86555 22.50182 0.005685"
ca-a 3.0240 6.37400 2.01154 4.23550 0.148806™"
ca-b 59.7600 36.70000 12.90360 6.45949 0.007258"
*P<0.01
**P<0.05
**¥*neglectable
1
|
pVv
JT_ #H
= )
=T T L tt
= i 4
*% *%
= T
right before right after left before left after
Hra-bHmsa-aOmsa-bMmMca-a ca—b‘
mean = SD
**P<0.01 compared to right eyes before the administration
*P<0.05 compared to right eyes before the administration
#P<0.01 compared to left eyes before the administration
#P<0.05 compared to left eyes before the administration
1P<0.01 compared to right eyes after the administration Fig. 3. Mean values of
1P<0.05 compared to right eyes after the administration ERG before and after ad-
ministration of carboplatin.

in ERGs of left eyes (Fig 3). Changes in ERGs, which
were recorded in left eyes, may be caused by high intra-
ocular pressure and transient ischemia during injection

of saline™.

All changes are probably reversible and depend on the
period of intraocular pressure increase during intravit-
real injection of carboplatin and saline. Recovery of visual
functions was expected as we found no structural changes
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on histopathologic examinations but an extended period
of time for recovery was probably necessary®.

CONCLUSION

Intravitreal delivery of 0.008 mg of carboplatin re-
sulted in damage to retinal function but not structure.
Thus, the changes are probably transient. The dose of
carboplatin we used is probably the highest possible for
the treatment of retinoblastoma patients. Questionable is,
of course, the direct extrapolation of retinal toxicity from
the rabbit eye model to the human eye.
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Summary

Six albino rabbits were included in an in vive experiment. Transcorneal intravitreal
administrations of carboplatin in healthy albino rabbits were used as a model for pos-
sible clinical use in human intraocular retinoblastoma “seeding”™ tumor chemotherapy,
We administrated 0.05 mg dose of carboplatin intravitreally three times at two-week
intervals. Electroretinograms (ERGs) were recorded before first admimstration of
carboplatin and after last injection when also platinum concentration was measured.
Reductions in the dark-adapted b-wave amplitudes and in the light-adapted b-wave
and a-wave amplitudes and chorioretinal atrophy were noted after treatment. We
considered administered amount of carboplatin probably too high for treatment of
retinoblastoma patients.

Introduction

Several modalities for treatment of retinoblastoma with vitreous seeding were
described. One of the described types was intravitreal transscleral injection of che-
motherapeutic agents (1,2). No serious complications were found, but tumor dissemi-
nation in human retinoblastoma was demonstrated by subsequent fine needle biopsy
or pars plana vitrectomy (3). According to this reasoning, some authors used a more
difficult approach through the limbus, anterior chamber and peripheral ins for fine-
needle aspiration biopsy to avoid seeding of tumor cells to the orbital tissues (4.5).
This approach was also used in this experiment (Fig. 1.2).
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Fig. 2: Rotation of the needle and penetration of the iris basis.
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Tab 1
Tab. | - Vitreal concentrations after
administration of 0.05 mg of carboplatin
Rabbit’s sort 1 h. after adm.
Rabbit No. 1 18976 ng/l
Rabbit No. 2 &
Rabbit No. 3 3260 pg/l
Rabbit No. 4 24455 pg/l
Rabbit No. § 6335 pg/l
Rabbit No. 6 14784 png/l

Materials and Methods

After approval by our committee on animal welfare, healthy albino rabbits (n = 6)
received a 0.05 mg dose of carboplatin by unilateral transcorneal intravitreal injection
into the right eyes. The same volume of sterile water (0.1 ml) was injected into the
left eye of each subject as a control against the right eye. ldentical injections were
repeated three times at two-week intervals. ERGs were recorded before the first and
after the last injections.

Flameless atomic absorption spectroscopy was employed to analyze the total
platinum concentrations in vitreous humour after the last administration (Tab 1) as a
suitable method for carboplatin bicavailability determination. The platinum concen-
tration was measured by graphite-furnace atomic absorption spectrophotometry with
Zeeman background correction (Varian 220 Z, Australia). 100 ul of vitreous humour
was diluted 1:14 with solution containing Triton X-100 (0.2 vol %), antifoam A (0.2
vol %), and deionized water. A programmable sample dispenser piped the samples and
calibration standard into the furnace. Platinum determination was carried out by the
standard additions method. Carboplatin concentration was calculated from platinum
concentration and molecular weights.

Electroretinographic readings consisted of series of intensities presented under dark-
and light-adapted conditions according to the ISCEV protocol. Pupillary mydriasis was
induced by instillation of one drop of tropicamide 0.5% (Mydrum, Chauvin Ankerpharm
GmbH). After 30 min of dark adaptation, rod ERGs were recorded simultaneously
with a skin electrode and direct corneal ERG-jet contact lens electrode(6). The skin
electrode was placed | cm behind the lower lid (Fig. 3). A skin electrode on the
forehead served as a ground. Stimulation and recording of the ERGs were performed
with the RETIscan system (Roland Consult, Brandenburg, Germany).

After 2 months, all rabbits were euthanatised by exsanguination via the carotid
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3

Fig. 3: Corneal ERG-jet contact lens electrode and skin electrode behind lower iid
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Fig. 4: ERG - Rabbit 3. Right eye before administration of the carboplatin.
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Fig. 5: ERG — Rabbit 3. Right eye after administration of the carboplatin.

arteries under general anaesthesia and their eyes were processed for histopathologic
examination.

Results

Reductions in the dark-adapted b-wave amplitudes and in the light-adapted b-wave
and a-wave amplitudes (Fig. 4,5) were noted after treatment of eyes with carboplatin
in five cases (Tab. 2). One animal perished during general anaesthesia. Only subtle
changes were recorded in the left eyes, maybe caused by high intraocular pressure and
transient ischemia during administration of sterile water. Focal chorioretinal atrophy
(Fig. 6) was found as an adverse side effect of therapy in the right eyes. Simile changes
were found after single administration of higher concentration of carboplatin (7).

Conclusion

Intravitreal deliveries of 0.05 mg of carboplatin have a toxic effect on retinal
function and structure. As it turns out, the administered concentration of carboplatin
is probably too high for treatment of retinoblastoma patients.
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Tab 2
Tab. 2 - Electroretinography before and after intravitreal
administration of carhonlatin
before//alter administration ( uV)
Rabbit's sort eye r. a. (wave b) m. s. a. (wave a/b)
Rabbit No. | right 582 424 55/130 15.4/17 4
left Kl 12 917148  B6.1/138
Rabbit No. 2 right 83.7 817147
left 79.6 76.5/139
Rabbit No. 3 right | 80.2 482 1/141  13.6/14.5
left 131 496 126/221 29/872
Rabbit No. 4 right 126 122 125/227 85203
lefi 155 395 S0/101 22/82
Rabbit No. 5 right | 56,6 &3 40/129  57/70
left 66.1 73 36.6/121 767139
Rabbit No. 6 right 128 235 96.5/188 (/354
left 93.8 6l T17.4/158 3s8U6
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Fig. 6: Reduction of ganglion cells with small cysloid spaces in the inner nuciear layer of the retina



Rome, ltaly, 3-6 December 2009 161

References

2.

Kaneko A, Suzuki S. Eye-Preservation Treatment of Retinoblastoma with Vitreous Seeding.
Jpn J Clin Oncol. 33:601-607, 2003

Velez G, Yuang P, Sung C et al. Pharmacokinetics and Toxicity of Intravitreal Chemotherapy
for Primary Intraocular Lymphoma. Arch Ophthalmol. 119:1518-1524, 2001

Shield JA, Shields CL. Intraccular Tumors: A Text and Atlas. Philadelphia, Pa; WB Sau-
nders Co. 1992:305-391,

Cohen VML, Shields CL, Fruta M et al. Vitreous Seeding From Retinal Astrocytoma in
Three Cases. Retina. 28: 884-888, 2008

Karcioglu ZA. Fine Needle Aspiration Biopsy (FNAB) for Retinoblastoma, Retina, 22:707-
710, 2002

Pradue, M. T. Heyny C., Gilbert 1A, et al.: Retinal function afler subconjunctival injection
of carboplatin in fibrin sealant, Retina. 24:776-82, 2004

Harbour, J.W., Murray, T.G., Hamasaki, D., et al: Local carboplatin therapy in transgenic
murine retinoblastoma. Invest Ophthalmol Vis Sci. 37(9):1892-8, 1994



