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1. Introduction

1.1 Stargardt disease

Stargardt disease (Sk@GDIlast Ol Mo st2 4BrrOWa I, ent
of inherited ywawldfes ctyisht & d plhys t Sitrggrag.andt 190
One of t heofhatlhhemadtiksgge @sn@tiugs e accumul,ati on o
amutofluorescent pigmgnitn i RRIheaslnlsye.t wiagle o
Stragar dt di sease and the progression of wvis
bet ween i nTdhieviamsadts . of mo st patients 1is <co
decadckeasdrnyseagaSstdt hdef beaed as al@eyeadirdsonset <
(Lambertus ,awthiladteens t0 1Sgangdmdmtnosed at age>
yeadglsdLambertus .dtt &la.s, bz®Eh6)suggested that
of viswyali sac wdhlltatteed taggd Roft eosseei chin et al . |
mo s t patients, Stargardt i seateabial tvabl p
i mpairmentdysanlrtompsng and centtdhemes opt o ma b a
a poor visioorro(WBleamartear s khei adgh®& ) St argar dt
di sease domi naoh!| yf uddmemaoset ectrophysi ol ogi
i nvesti gatnicdruslhfimeg!| df el ectrOERG) matgr amn  (
el ectror ePER@)grfaoecladct ror et FEER@Nndan ect r o
ocul ogramf(UBOG}»s autofluospectomde&i n( FAFYD) i, c al
coherencaphyg @GN hep hot hal moscotphyer ese@ales of
macul ar and/ aroupdr ioph-sephiaceiefl d awhiisthe f |l ecks
(Bl acharskMaclu988)i avobs eanetaltfb eassthbem 0z e
appear,anncaec ul ar gr arewleaprpietayr,anecrebu ¢t i6s al pi
epit hdlIRIPlEpe pi gment ati on( ®idaznheratam@dPd.Pyryj a,
According to fundus appearance, Stawgardt d

stadlabl  Fli)s hman, 1976)



Tabl e 1: Based on facmldiusi aglp ecalr é8shsaiefgiaa adtti an scefa s
proposed by(Fishman, 1976)

StadeFundugmentary | esiomegulcadaudipng
fb e atbhem odzmepearanndc eat r ophy. Tduwen @
pi scisfharpmidng of f loem@k ss k widti haime

fovea with nor mal ERG and nor mas

St add Fl ecks dmerwidbeultgen-d i>xi¢ a mpd wean e
beyohdmpor al aardclaepsti c di gslocnow
comreod respadnsiel ayed dark adapt

St addResor bfalbelcek s and chori ocdpfi [ utahe
fundus owetf hod dyseEfRGhcandonsubno
EOG. | mpair ment car he¢estoedrsiearv

per i prhetrian a

St addResor ddlewektsh ext eamBIPEe aC@8ophys

whol e fundus. K wrotnhee ra nade crroeda saem

Basededociphysi oplognaetaypes, Stargardt di seas
cl assi fdiegdlt iinnctto subtypes, (49i sShewnAd n, T2IDI0
described byreL@iag iemtlsluisnuadGriogouphave fundus
atrophy comatuhamhgtathera ocvuistuya.l Whi l e t he pati ¢
3 have macultah witdephyead fundus fl ecks an
(Loi s et.Adln.g,i t290d0 dhya | St adrigsaeradste has det er mi n
FFERG can be an indica(bFuj ionfamii seutehl®@ Ip.r,o ghQ
patients werl@rkoeupy lbethavevagnasl 9o DI

them turtnedgmmniuERGadet er4 D% appaitone Gr ® upn 2
prograoseCk dwupi 8g tthpep [JoMlilodp aiti®Grecu @i 8 h

wor st prognespei BR@weatri OF @aji mami et al ., 2
Tabl e 2: Based on electrophysiological assessr
di sease has been herlgaevsiipioed ienmtal ., 2001)

GroupgSevere alPkE®RGmalnd sHhBORMG macul ar
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Nor mal scotopic and photopic ar

GrokpSevere aPE&Gmalnd. ABERGmMal |y | os
amplitudes but nor mal S coArmpa rg

EOG ssoomeati ent s.

GroBpgSevere aBBBGmahd. FE®RSs of phot ¢
amplitudes in FFERG. Abnor mal it

Aut of l uorescenaosetd evhesuglezge t htewaodaijsotrr i but
pi gmeinnt SRPE <cel |l s: mel pdfAdssmn B ma @inmdg t ool f
eval uati on opferlfiopronfeuds cbiyn hiel sl ruentiai nneat vwei gt ehn g t h

o488 =nm facilitatpathophhydiewdsmgmpsodgnosi s of
retidnaslease monitoring ofScrhaxad |z ktgmderea pa le.s,

200.8n St adrigsaegadsteneaej or f eatures have been fo
abnor maTlhiat ifegdsat ur e appameadwiasht tdecirr@ased F.
i nmol ti pleSpactesdmes abnor madbwecd saowif IAECc k s

i ncreRPAFAd di t i onyad Il/lywtwittreeohkser ved uwwicoblpyfund
corresponded to fledlsredktAlrd i fToeeadhed dorf e
appearddmpas chedFofms phet er iwhi ool ecotra el at ed
RPE and chori oc(@akell ll meri selth wartgp,ht ye? dui@itzed

cl assStfaireggaartdite nt s siunbttoybpaedse ¢ eon FAFE @awal uat
shown i nThebter 8ati on ofs uFgAgFe sptaetdt atdom spcreo v i d e

on gmogiFsjinami et al ., 2013b)
Tabl e 3: Based on FAF findvidmgen &Itasgiaffided piant @
subt yeEgj] i nami et al ., 2013b)

Type|HypAdAFcomkeid t he faonvdeuar r ounded by &
background, withiwetks® uhbcFRopheyyppok o

Type|HyphdFconfi hée maocsBubarounded by a
backgrwiutnid, di f fod s d-pfpderr ¢ pAsFe x t e nd

theasvcwul ar arcades

Type|mul t ipmlte hwda s h -AFRygpto t he posteri
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heterogeneous

AF

b a ¢ k dlreocakifisd h-p Edertr y p

Ne airnf rauteaf | uo( 8BRBAcFe nciemagi ng

wavelengthoowisuasede

NI-RF have been obs

predominantsf patched oot b RAHFsT gnaTlThe

featur e

FAH osTh e third

correspofnaafn gi ntcor esg Keed | iR

findi nd&abrMdrRmavleir te

AFsensitively mo n i

advant agshsowatwerd engt h

2015, Anastasakis
SDOCTa =
t hreet i nat

di fferentyormoirmgstlo lda
phot orecep.t oliiveaay a
been

have di st tOCgry

Furthecmateal

w aasb seerngA BN IsRwghniaclh c at sesepgoondar eas
ffecasriutre ¢ r & ®@RBvA BweN le

f o vieeatl e d tReCdihkdose e e n

with the excit
mel anin AbnmoRHAR iarsd i mmhC
erved wikehl Itnherre eelth eaalt.u,r e2sl

second
of
observed
eGonmpar,ed 0t0O® )FAF
t h

i enor e wlitdeispreuaghleR t ed

toring eaarldyt fpdmaisiesnt sh a

autSOWARU Greesenesit ced n( et

et al 2011)

noni nvasi wea otva adlersi qptpeectabnalr osmages

$ amu cFeourr eSt ar g a rOdCtT diss ausseddh ¢ DD det €

geweklsl as t he sRPHRI catnudr al i

ct groups Soefargatdhaldi 6ka
i alse ds howiiS/D ngTakhe al . |, 2

ansistonc i at e

vi sual aCwanyHueotsset al ., 2014)
Table 4: Ba®€T oonai’®d, five groups of retinal f1 e
haao been di st(iviog uits hetd al ., 2010)
GroWAgVariexsents and shapes of- afclce

mat elriiemddt o t he out(@Pofsemgme np h ot C
GrobBpgincreased acchwpraftli ewmttiefd al st

OSandxpanding furthenrcatiimmoough ¢

(9)/ OS, up to the extefBlaM) I i mit
GrolCgResembllee dihem ® BprugGoda nt o t he o

| ay(eON.L)
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Gr o DgAn accumul atrerd | etct hyperha tnerdit

outer nuclear | ayer.

Gr o Eg Dr us-leinke smal | pi gment apistolte lait

an accumul atrieofnl eocft ihpyepcetma u €d infafl

| ayeostlyé ngeaald.ev

1.2 ABCA4 gene mutation & accumulation of lipofuscin

Mut ati onsABICAd4 & ree, a membbeirndoihg ATRRssette (

transporter gene superfamily A, arelrespons
ABCA4 prao2,ezd@n®i-aoci d merodecde ABChAY e n e, i's a
membr-asseoci at enthi phrloogtaeliinzed i n the outer seg
and cone photAdrleckenpettosr set al ., 1P18I7T anBol day

retli paoducedoa bt arblsypr pt s onal pi gmerrti-)s and e
retinal (not required for visual cycle) rea
form the Schiff -rbeatsien yRE mfe 8PgEa)t e a fiNdc i-N

reti nyPlE dddmeePr E) i n tmdradinek wvree(syaelcdt,i 1968,
Boyer et .RARlo¢chemileal e vs tdheantc eA B Q A 4u spnrgoatteei n ,
as a flippaessy eRE aanrsdNaeB& r om | umem tsheae
cytopl asmie &iidke mdmildthaemE .c ddlcd be i-someri z.
reE. Thtemarmedtli nal ,ngdifysoac ihaytdireBBEy si' s oéddNced
t o -tarlatnesd (a ttIr amGLf or t he funtheesualt epgclbé& on
cytoplsasgmtvecng et al ., 1999, Quaxi odnd uMcltd a
ABCA4 protein i nduhMlN-eePtEa cwchu nouhl & tuiraeht elerfi ofi odr ms
pyridphosmhatidyl ethanol ami ne Th(eA2 PR} eriinal t
accumul dth@B8igs itnr ansf er rceedbladsoa ughdeadfPEy t osi s
af tseervedayhsf.ter outer segment shédddirreg i amd |
pi gment epithelium (RPE) cells, A2PE is hy
and result i nreftornmgdl-tiedbennypf etNhanol amine (A2

bi sretinoids, t hel mpo htuhsgastinrsat ci ct uuneunltast ecsf 1 n |
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syst(ekm ¢ MAY a et al ., 2000.Bi Spetrowi ds ak e, t!
char azcetdercompomhenrtest i na)l I m@loddisecg n A2E and
fluorephoheas tMWMREIi saomern sSo0A2E, oxidized det
A2di hydropyridinephosphDbHR&WI2eit hyadrod@ayni inci rf
et hanolwahmitnber ms fr om ydroslpyhaiDEFPdERA NnA2 al |

t rarnest idnanemosphati dyl étPahancshameitieal et, 419.9,8,
200RecemBCRAdgene is found to express in RPE
RPE endol ysosoengst osperfoprom a similar funct
aklr arnest i natlci-cseadi n4al by transl ocecraePREnf§r bmt h i
phagol ysosome to the, cwhearpdamaesini oalscuashdc 11
retinal are reducedolt®n. thlea rl aeck pefc tABGA 4 ept
endol ysosomes also | eads to accu(nuel naitsi oent o f

al ., .2018)

w 11-cis-retinal )<u— T
PE cells

Outer segments

Light

11-cis- + 1B
- all-trans-retinal
retinal ;

phagocytosis

Figure 1: The role of ABCA4 in the clearance of all-trans-retinal.

Abnor atadmul atl opofod s csiRiP Eda Islr wipd ra nfduarucsteiso n

seconplotor edceegpetnoerrl ant ivwtnturdy has A2BlVedet hat
can i RPUEcel | adwarnlmeomoncent®Mthainsand Washing
201l.Zhaccumulodt csaamauske al kalinizatHoinz of |
et al ..Lip®BAO3%cin oiviedRRBE ipshogroi nducedly gen
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oxygen gROSuUedh as singlet oxygen and super
peroxidati on, enzyme i nactivati on, protei
i mpairment of | ysosome integrilteya.dsThteo pRiPoOEt c
cells dysfunction andoreceopthyr deWasoseelalt ibyn
et al ., 1999, SparrA2vb ad pihBe wl dored2pPp0O0BYUUCH
subsequent t o photoacthicvaviabe a&odplcdmantag
contriingpt t he chroni c i nfalnadmmaettoirnya | piraoecgeesnseers
RPE Zhou et al ., 2009, Zhou et al ., 2006)

A2 E ciosnsi deoer &@ an initiatorghitmdtulte dprapgoeg 0 sc
and necroptos{ SpafrBREetUpbhs exdP08Q)y e to bl u
A2E anMB2kEs@eneexrcaetsd& B0 ewhi ch di rsectlllys . dafd&Eg e
epoxi des and oxiphan est X iofdo ronie doibsyr et i noi ds, ¢
RPE (eSparrow et al ., 2008t oRxdwuadet ol of DO C
i n RPE <cell s i's tsheovmplteomeactt iswastteem and i
transcription of genes faonmrd stthe siensnpuersigs@n s e ,
(Zhou et al ., 2006, van PdeducBtusr gt It ueal
i nduhA2E photooxidation | eads to modificatio
membrane (BM) and is suBRMethiedkTahod acgerntt railb.uy,
2014, Zhou eBesaldes,201h5) P&r mdthieomm2&f pAZcu

which is susceptible to the same photooxi
i ntefgBeSthyabat et al ., 20.02Re ckeinmt estt uadli.e,s 2s0u0
4118555 nmvibdtluet l i ght t hat generates the hi
produces the highest l evel of mi-t ozdheodcdr i a

RPE c(eMdrsi e et.lalnor m@8)i fe, ontehdsioguirtcael o f

screen. Studiesnswggesiedi tbatpbprhioniect o
| owumi nance blue |Iight inducesedetonal dama
thickness, atrophy of photoreceptors, and

ret(ibnian et .Addi t i2®rlal)| $T GDphaet iRRPNE sofi s sugges
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i ncr eas ed orviog kd adefiswse wi tt thd 3hi gher oxygen upt a
absorption by lipofusci-magched!| édatcombmk ed
et al ., 2017)

1.3 Animal models for STGD1

Th ePi g me nAtbe&edf mous e was fédsWegnge neetrraah i mal a

mo d e | of St ar(gWerndgt edti selalshe sl 9®mM®i) ma | mo de | I
character i)zdedl awietdh rDbd dareksubtdadt aftrioom t r a
accumul ati on efr amAlp h oppreoidniu/tahlel ,didégcl ayed

cl earcfmitle almAssL and tdregpr satfe el aRGL  artdr an s
retesttrtdr gfhBaf taep lbdte@ciBpcr eas ®Ga P& RPE

4 oatnpngt omMNateRBE | nstnecandproft omam®dyd | i pof usc
(A2E&A2sFa c c umuli aRtPiHOWeng et .&ven 1 hew)h i s
aneardlyevati on-egtifdd@@duns AF intensitthyg contr
accumul atliiopnof e® c isni,gn o f photoreceptor deg
observed i nAbmidgmairsteeadaadi ng to ERGgtieat and
anal y€har bel | ss.a Tehi salmqgu s2e0 139 d e | has been
mainly reflect A B € Arédealrd tye ds t raegtevenvmogpfaa hmi. | d
retinal degeheéer dei emmounstehdd midddB3ce by-l 1@, 000
white fluorescent | ({yYypedaxposalte, f@80068D min
TheAl bAbh@4mouse has beencrgasmsghdtdhubpnti on
ontol@&@nn@a ba¢Rgdouertd .Bdsi,dds®O0Hdi)ghealll evel s
t r arnest ian @lA b4 mouse shows A2/Mmii-Az2Hl e hailgd

1.6l d hoxihreaoempared with giRpdanteead.Bdgnes 200-.
thage 70fmonahbiAb@a mousset arts ®@o mshdwretina
degener(aRtaidun et .dhre,y RDI11nanth $,0s hoonveisn g

thi nnOBgeaopfpr oxi mately 40% degenéRatda wtth
al ., .Rl0®iBpPp&d mouse is also holghemrvedk pwietsts i o1

oxatdisvter ess , gleemmweatoepdl e mentti vati on prdbduct s
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per oxi praotdiyocntbsut clbomwé e ment regul asdngh prote
thickening of B(rRiacdhu se tMeamb.r,an2e0 11)

Th eMi ccearyiangdoub |l eukhbRkh8 and Ablkad beaes
repor temdotahser ani mal model (Maeda&tatr galdt &I
RDH8 anesnzy mec ¢ mtansit mu tcd e an & hr amestoif n a | in rod
con@S( Rtat ner et . Bels.i,dexs U@t ednestlilnal ,cl ear an
accumul at i, ARfpoafecM2BEors and retiAhbhtadi mer
Rdh8ni cheas been desdcrrainbaetd cwirteht i niard c | duedg ennge r &
cone/rod dysfunct itoonr, aRtPred pphhyo,t obas ap Il ami |
i ncreased Bhuckbes meagbvreann ec haonrdoi dal neovasc!
by 10 -amgé@Maheda et TaHe et i2r0aDI8)d e e nt ehri &t inoonu s e
model progrageses with
Theompardfsotnmh-dempgrdent ultrastabover ahr ebdar
mouse model s diog eladsa rbgeaernd(t$a wiii ted et lal i s 2C
suggestedl| diAthga4 mousseshesw he earl iamshgheaset
Stargar @tt ms O&r t,ednisrmg de rmednbd igsdle ma glesd.

These three kiodnad sc eo fs hSotwamrag ghriidetkr egy dfn | i pof
pi gmeMbed i clei pofuscin wietdh malrga mllys hddvfgi n
def iMmMFAddal bAbo&ami gkei pofuscin with not definec
bl urry AF,l oismsdiocfattihneg | y s.o sWhmallbec aRddntib8 a n e

mi c e, t he ' i pobfoadici ol eamdws defi ned and b
aut of luordaudmnete eGi ddcatyl2M h&)ve propages si
ofABCArde|l ated retinopathy according to fundu
electrophawssebegkeoak, as (s@Giodvenc iiyna nT adtl eal5. |,
Themnee still many challenges in generating
ABCArdel ated rEeCiidopiay oy .eTh ePalg.me nRbBateb4s)
mouse containing melanint wki chvbSisaeakeaerndts ug

pat hodamgybstanti al odac cluinpoatwgisoinmo si gn of r
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degenef( &hkbobel | ssa et al. , ARHDABgaMawedi t z e

wi t htohygtr esence osfthomelanminl d retinal degener
l i pofuscin dodwmurd att i onmt c h the momaml ret
heterozygrot Racwmreti eal ., 2004hARadr4d & al . ,

mi cehoweti nal degemepartseomsiandri ty to acut e

(Maeda et. aHowmuatoiBon of RDHS8 gene titse not a:s

pat hol ®tgayr gldrsdetase i n patients.

Tabl e 5: Six straggleast eod rABtCiAMlopat hy have been de-
etal(.Ci deciyan et al ., 2004)

Stage|nNor maeltishaiuct fruemcanadn of photo

with pnPdr maltensity and texture.

Stage|The only abnormality is incrtfh
first pat hophysiioh ogh uwhd Arperloa
retinopathy

St age |Besi dadsrorimaclr@fAfs ei nttemfsuintdyus i s

wi almmbnor mal i ncrease of AF te

Stage|Theecd i ned fphrodtoirer epft owisnana f
cyclen atdadnd¢n @eamgaAhbint ensi eyt ai

Stage|Further fdenfcitdootnreg@hot or e caedpetcd o f

mean AF intensity

St age |Retirreagli ons with complete deger

RPEvi uhdet ectabl e vifswnd\bsf unct i

Addi tionally, tlhmok sef Immde ub aghgaaetnd tgdtd mi mi ¢
t hppat hophyishihgdeogytheman (€hiambett dliIss.a A2013)
canine crmocdd&lomgzygous ABICAAdct ioesshembBéeani on

devel oped as a | arge ani(malk erhad enle nafeth wrhan
1.4 Current therapeutic options for STGD1

Curretnidrye i ®fsetthlevirapry SBGRI1I | atbHeel iinn c.

Howe vtehre experi ment al ahtedr edtimercctal oft r$ BGB1 f
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ceadSde therapeutic reseamadtwelsatoifndgS TWGDslu d In cd
i nht hbgener atviidamndd xi ¢ (dAKIDrls i sotretinoin,
emi xustat,h6)ceonipe Méh20i gédrndi tt lisedneaptyhelrlapy

1. 4Stem cel | transplantation

Gi vehat RPE degeneration and the secondary
artfeal | mar ks of Ssaeqacdtdlds delbapybeen studi
therapeubhnc toptrestore RPE f emetsHuommanand v
embryonic stemarcel tl lsed(ibhfddsHC sepghttioata vari ety o
typlesmit et . Aprosp2@® 0 Vst lydaass ddeoenree taol uat e

t heafety and tolerability of -dseurbiréei mal tr e
St ar gpaartdsteamge >18Clyiermircsgd!| TdiealktNOTgOelv3:.4)5 00 6
(Schwart z eAtn oalthearsl &€olplebnp b e l-e sl o3 lealtii ming all

has been damsdresisedi val of t,rensphanséeducell
functaifareubreti nal ropechtESee r oR€PEC el | s
(clinicaildenthCfFioehyro 6 9 1@2hpnt et. al ., 2018)

1. 4. 2 Gene Therapy

Il n accowidtalmgaet hogeoheSTE&EPDhe gepl alkt e meymy
déivering a f uncAB GAgde nige nceo poyf otfh et hpeot ent i al
opti Addesnawssoci at ed v ivreuwcsteosr sh(iAghMt)hc apdabi | ity
phot or etcrepnsosdaceommonl|l y geee ft todirmhper i ted
retinal . dEgsenstehfed¥Wghect or i s fAB G Adeclaipvaebrlye,
because tABCA#4zeDNA i(s6.b8kybopn)d t he packaging
AVYV vextpoyxPHAa s e lli/nlilcal tri a3AR4L2 Ye&r®ed her ap
onl entrius Wast bererctedndw deliver ABCA4 gene
i njecti onl ebnatsievd r@isi nviecaloTrr i al s. gov ) denti fi
(Parker et @ahe,re@9dabds of IlthignlkhowncaReden
the potceéuwmal aAAWIfeABCtAdr d dlgasbeeny warranted to

efficient g hatnesrdeacdip tocerscue effect on retin
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(Trapani etNoavDNAROABppar twicttlest {eNPsgapabili
packaging genes with | arge size have been
subreti natlo iABd=Ad4t ico g nHta nmidlel.2 1) . |,

1. 4ph3ar macot heopmpieans c

It is knin@HTGDhapat iAbnctdsdniacredl g ment ed compl e me
acti weetsiudn bngrfeteombaidni n@clciupnaufi e R |
cel(lZhhou et . Bhusagd2®CGX)i on of t he hcamsmpbleeeme nt
consi deatehdoresast i ¢ opti on ofLeStiasr @taTr.aMié .dh 3 e as
subretiimjad Atyegcdr r ytilmeggo mpl ement -riekeppomot di n
( CRR&‘9gdi ng s eqtCeRReYe -WieksldhAdb cdmi deLeni s et al
201 7Byi ncreaspngssion of cEGRRY¥ oimmp| RMENt fact
C3/ Cé8rbdis hbet i nomulsataicocrui netdbhee®®PtEIi nal degener
al so got( ktenias detdAvaalc.i,n c2a0plt 7a)di r peEg 0 IOp(hZihmt e c
Corpor,at@5 ngompliennheinbtia 6 o rbeexemnlead t o MAGhi bit
formation as a ther ape Pthiacsreao@tbimodedi eSTGD1
maskeantr &rlilkrdd been recenbl pvadbtnadoet ¢edthe saf
ef fi cacZyi muwrfaESTIGD1 patiCéming cal Trial s. gov
NCT0336)4.153

| sotret-¢c irgeitn n(oli3c aci d), a dr uhga sf dore etnh e oturneds
to I nh-c breett i 4l dehydrogenase r(hloldcoRpDsHi)n t
regeneration maod sensveryiofyiaftatslipgbt e=a

no photoreceptor(Sidegemnegr attiFoean r. e t (N2 M@ )
hydroxypheny|l4HPRESsi hamiwdeeed t h feri moindi ng
sitesetoimhaoadi ng (RB&1Y eiam ddetdlucse s erppommenet ynol
anccevrer iBelryni and .FrTahrd ei,nhi9ge2n)oetyamehédect of
f or matA20En aonfd | i polias ch eme m nvARdRIBdE tqeRia d in

et al ..Ho®wxeOofénr ethas doas-eednd Wieme ndendgt ot i c

ef femlMRP-E9 cernd si nctrheeceses atreapctoive oxygen sp
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(RO%$)Samuel et. Tak. repoeépcefffeactet ot enent

i nclduedcer eased visual acui ty, ni gliHu sbslaiinnd ne s
et al ..A112200In8 hr et i noand aRBPBH s desaeér amat i c
reduction i mnsle gunm fREFErtehsysceusmul ati on of | ip
bi sretindbdaniicdgeiohei etAladO0]l, DBEB) ami n A
cont adeutngr i uimn Attt eB@dd ohfyrd r mtgems ofs | wiwtsa minn A
vitamin A dKmaf maat e.tsh alwe,db A@&EYy ht hesi s has
proved-tiympewirloddent €2iDr3e atne gAKwiutf man et al .,
Admitnriast iC@®3v0ift amils0As|l ows A2E biABya4 hesi s
mi ce, thus attenuates |lipofuscin accumul at
funct Monet al ., 2011)

1 ic i-rsentoiiad e a b ®Reretedni ce i hmoadopPRedmond et al
1998tsupports t lpatot RPEG65 s essenti al i n t h
regenerati ORepmo hdvagilBdauBr)eti noi d mMRPEG65 ant
i nhiinogetgener at-dioset @afialkt Db,Ipegaodhismghlpy esses

t hfeor mati onMbtami2ceEhese antagonists can be
treatment dof dE6dangeéer et. Emixtuéatk § 6 6 known as
ACWM4299n@anetinoi d derivat i WeR)toHatr eitrhhiybd iatmd n
activity arfddrRPESHtacA2BEBru]l BmMmi oxamssatori ginall
devel oped as an oral tabl et SeoanmudMB otno f or
( KUBOTA et.al ., 2014)

Additionally, oatihneirn gs-aaptp Harmteio ki snd M da man@at i on
have been investigated tSouplterneeantt e%otfarograr dt
Zzeaxaht8pmnt enti al prbot epoxtiiidvaet iied fiiicdamtdo f A2 E

f or ma(tBhoonsal e e.tSuplpl em2mé PBwfpol yunsatur ated
acids (PUEAspapentaenoic -d)@diodtockhRAXxa€20isn a
( DHA, G325 :68lp pr e sk eadnidp2o fauwcsccuinmu |l at i €8, reduc
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l evel, l i mi ti-ngl atnefdb @ polma tpeinet g @orhtod or ecept or
degenei #Atbicédmi o(eProkopi ou .et al ., 2018)

1.5 Aim of the study

1. 5Eslit abdmeahmal model of -AdlwvwnicleldAIBid@dt i ng
Fmice with blue |ight

I n consi derdaetlieotne foffeftthle® mbi naexoershlf ve

l i ghtdi pof utslereent sohonady i ng cl i nical ophthal mic
function and strdctradp gimeddlecrtemilcieg hmay
provide more i mpl i catliiopnostrudsiecatnenda s e aredh exsa |
di sease sucédd ast agea andc sRtasreg areditada @ged macul a
degenerati dmeAbAMB) cweere il lwimimatbéde | ight
establish a mouse model that r ecfdnmapcits card,v anc
t he -meaul ar tissue ofanh SItwa lglhinglitth ptadd e nt
mi ce wmev s tasgaweeldl

1. 5photoreceptor rescue Effeat modbl|Reanolfiuglt
i 11 umiAnbactZedd c e

Accumul ation of | ipofuscin in tIise aRBBrdel | s
di sea®sultthse ipnr ogressi ve det érmagin amtpindam o/fi st
| oss

There have been many therapeusiowopti pngvEao
the formation of | ipofuscin. However, none
| i pof uvesncoivnatofB e X ii ptoifrugsci n ifa opro tt ehret IRPIE st r a
to ameliorate theandlliomwianagl tdhyempptroongsr e ssi on
di seasRemof Esc[ 7R, 8R, 9-R) me8B-hydHr-dpxy (2

met hoxyiphexiy)l 7t 8t BaiimiddfdzIB] [ hapht hyri di ne]
(Katair oi ngkeuns,t eGddrerhaomyt)setr@ahydr opyri doether
c 0 mp o uin gnfoduced as an inhibitor of H, K-ATPase for therapy of

gastroesophageal reflux disease previously (Simon et al., 2007).Italsohas been
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reported It @ orflaystca emuntgh € e x oocfy ttohsei sRBHE | d eelnl s
andchraer mey.elrn p2rOoilmlat e s, o Ra mo ft EHa#t me nt 0
mg/ kg)fdbaygearesul tdd reduction of | ipofusci
effddtud i en and Schraermeyer, 2012)

Remof (Escsint he ooWwg boer&move existilhmg | ipof
this study, Abeadii gese et etdwe aRreento f LEsbcyi n
intravitreal aissjesctcitdhne e p R&fme ¢ tEsoonf nr et i na

against blue |ight damage.

2. Materials and Methods

2.1 Mice

Al l experiments concerning aniamad sGeweman de
| aws governing the use of experimental anin
withe appr dwalalofagtemmecy for ani mal wel fare (
Tier@arztlichen Di enst und Labortierkunde
T¢bingen, Tuebingen, Germany) and the |1 ocal

Té¢bingen, Tuednylyeing méeEstbend-4ni ce (129-S4/ SvJa
Abcad4t ml1Ght) were purchased BaronHalrhbeo rJ,a chkasiol
US)Al biAbhed@#mi ce ( BAMlcB/4c t m1Ght) were kindly
Travis and R. R&€hu i fdminy ear, TRt edfmg eclee swer e
housed inh a ilghitl2 approxi maderlk &yclle xwiitnh c

andatwer ad | ibitum.
2.2 Blue-light illumination

Pigmented ®&bdadildbe noaged 9 months,( .were in
anestheti zeée owmptomeanttchmaeset c¢siisrg of 0. 05mg/ k
5 mg/ kg Midazolam and 0. Sogdiklga tMedd ewtiotnhi dai me
of 0.5% tropicamide and 2.5% ph&efwYmaphrine
Vision, Puc hnhye)i mryasGeapmal i ed to moisten the
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il lumination, a glass slip was plwkhedeon th
fell ow eye bwast icnofvoeirle d oTl haev odiids tidrmmeedd cart n eoan .
sur ftaclkee | amp wasOkkEptmasbHeBbugkt 50ntensi

mW/ éifhe settings of the | amp axRlotttheeymd e \

were expos blue |light (wavelength:2f430nm) a
15min successively. Aftewer e gihypoddmumiaaaitnmj
witthanti dot e, a mi xture of 1f. 12ugd kegd inlal o0 X «

2.5mg/ kg atTihpea nmawvewwdee .k e pttarrkoom sfeoren days

before the further assessments

P e

Figure 2. The settings of the mice and the lamp for blue light illumination.

2.3 Treatment with Remofuscin®

To assess the protective effect of Remofuscin® on the retina, part of the
pigmented Abca4’- mice were treated with Remofuscin® or vehicle solution 28
days before they were exposed to blue light. The mice were anesthetized by
Isoflurane (Isoflurane CP®, CP-Pharma, Germany) inhalation (3.5% isoflurane
and 25% oxygen). Pupils were fully dilated with Medriaticum drops (Pharmacy of
the University of Tuebingen, Tuebingen, Germany). One drop of Novesine

(OmniVision, Puchheim, Germany) was applied as topical anesthetics before
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injection. The mice were positioned under a surgical microscope. Remofuscin®
was dissolved in Dimethylsulfoxide (DMSO, Merck, Darmstadt, Germany) at a
concentration of 2g/ml. A Hamilton syringe with a 26-gauge cannula was used for
intravitreal injection. Intravitreal injection was performed by inserting the tip of the
syringe into eyes at a 45°angle through the sclera and reached into the vitreous

body without damaging the lens or posterior retina, as shown in Fig.3. The right
eyes of the mice were injected with 2|l sterile phosphate buffered saline (PBS,

Gibco®, Darmstadt, Germany) containing 40y Remofuscin® and 1% DMSO.
The right eyes of another group of mice were intravitreally injected with 2 vehicle

solution (sterile PBS containing 1%DMSOQ). The left eyes of these mice were kept
untreated. After injection, antibiotic eye drops (Gentamicin-POS®, URSAPHARM,
Saarbricken, Germany ) were applied for protection. Then the mice were looked
after carefully till recovery from anesthesia. The timeline of Remofuscin®

treatment was shown in Fig. 4.

Figure 3. Intravitreal injection. The tip of the syringe was inserted into eyes at a 45°
angle through the sclera and reached into the vitreous body of mice.

intravitreal injection blue light illumination

|

| 28 days 7 days

SLO/OCT ERG ERG, SLO/OCT
enucleation for histology

ERG,

Figure 4. Experimental timeline. The right eyes of the mice were intravitreal injected
with Remofuscin®/vehicle. 28 days later, the mice were illuminated by blue light (430 nm,
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15min, 50 mW/cm?). The mice were investigated by ERG and OCT before and seven
days after blue light illumination. Seven days after blue light illumination, the mice were
sacrificed, and the eyes were enucleated for histological analysis

2.4 Electroretinography

Fuftield Electroretinogram (ERG) was perfor
andeven adfatyesr bl ueatliiognh.t Milcleu mvenr e dar k ada
tdn 16 hours before ERG investigaadamk Al

room adiitth red | ight. Mice were intraperitonce
mg/ kg) and xylazine (5mgdMagt)h&walpidrrsomweedk f
ont o thetsheeofrmaea to protect t Hheenegvesefr om d
pl acend t he mihded|pel. Acdtfparm of gol d wire ring
el ectrodes were |lightly tpmhleacmwidibentroeftehme nc
el ectrode was i nctehfeoe de hienattigeratmhder ds leil e ct r od e

pl aced

subcut aneouasd ys mevwanr itrheFitg.i4

|
' \

refe@ ’i’

electrode

P SCSEE

ground electrode

ositi :
troXes

Figure 5. The mice were placed in the middle of the platform. A pai r of gol d wir
as the positive electrodes were Thlaced eortine et
electrode was insdrhteedehettd Bhd gkbondfelectro
sucdbut aneousheg nhaial
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For the evaluation of (rsodado tpohpoitcorER@)p,t 03 e V aul
flash stimuld.i were prekeashedni aensi tGaenz f ferd a
cds?tm @dbs?(m. 000 3, 0.00095, 0. 005, A0t ®9571 0 ¢
min of | i ght s/addvehp-ttiegtht § 3f0ucadt i on of cone ph
(photopi asimR@)stwgated wiivhhidtlédasgt ilulcid.s/Thh
amplitudeeR@Wwauvdewaassumed from the baseline
aawave peakER@wahvtehavas measured fr-wmvehe tro
t ot he ma xb-wauvre pedkhwavaeef |l eheés function of
phot orecepte®rusavewhrielfel etcht s t he fnudn cMglolne rof

cel |

2.5 Fundus autofluorescence images acquisition

Before blue | i ghstevielnl adfmtyssat ibdrueandd ght il
confocal scanning | aser opht h#ddlRheOECdpy (c
Hei del berg Engineering, Hei del ber g, Ger many
acquisition as r(e(phoarrtbeed plrsesvai odubsel ymi ce 2 @& 2 ¢
anesthetized with an intrapempdmneartal namgeci
Met h&wals applied ont hetoe newar fadderoff ul | di | a
(di amet erFsotrhampript at it he Sfpect hanadalsyEsitse of mou.
retina,ptaondtt act slit | amp | ensOH VW4 &6 WOpti c
USA) was fixed directly in fromadefcdodmteadtev
l ens (100 dpt) was positioned onto t-he corn
di menal opl atform which is adjustable to acg
Neairnhred refl &Jt amnde WMISRperformed first t
and acgufioccusweed |Ii mages centered on t-he opti
AF andAHBNImRA gweesr e r exiomuwletdaneously with the e

nm | asernmnldagé&@,i viedsype®dIl | the fundus fluor

recordedamnwd @amgbte vieed68 pi xels I mage size,
sensitivity setting at 100 after the fundi
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seconds. Aut omet i( ARTé¢al umattea d nf orasi magds cC e
15 consecutive frames were captauvreerdagiend vi d
i mages were al smorsnaavlieidz aitni ofmnmonNmode f or quan
AF. Normalized i mages as the average of 100
as well . For correlatiYSWARMalgesi wewkehd® oderdm
green anodhoer ,nor mh-RFzethages were coded with

c 0 lcoord 8wWAF andAMIiRnagense rweerde by | mage J soft
2.6 Images analysis

The qfecimnwidbnf undupgeAfFolwmeldmage J software ac
the publisheGhamédthod ssa Nemomamal i z2e0dl 2i) ma g €

recordedamwgdfln Vaihedw s ame smemrsi tuisveidt yfi vyre quant

anal ysi s. Briefly, the meaor galkyzed!|l uma @éd
measured in entire fundus subtThetadeahtonar
guantitative measurement of the mean grey v
arecaoncemwmt tihe topti.c Thaadd tchéeemtieirracri c¢ out er

circle fwerea des 50 and 20,0 gs xeHoc@ad hers pkicd .
grey value of zero signal which is affect
automatically f or eedacahs ifnoafgfes eatnod isnh otwhe fi n
For the catlhmeolratencaiaepdoefy val ue of fundus AF
value offsetd was subtracted from the grey
interest. The corrected gré&y indlemes i wygs oti s d

AF i mage
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Figure 6. Quantification of mean intensity of fundus AF. The annul ar area
guantitative measurement of the mean grey val ue
i nner circle (radius: 50 psi:xe200 painxdelosn)e. out er

2.7 OCT and retinal thickness measurement in OCT images
Spect'MARASOCT was performed for OCT scans

i mages were redareded oifn vtireew.3 0o measnur e t he

vivoline scans wweerrtei cpaelrify@Nmerdeu PICT i mages f
guanti ficati on wearveerragd orgdseoda.nabsd QitnBe s cans
centered at optic nerve head were recorde
directions.sé&dans$ewste3@c uiarne da nfdo rr evgoil sutneer es
NR-R i mages-ABr i ®ages, which were simultane
correl at-ABni mag&W, iNMaRles and OCT scans.
Total retiwahmetbuckdeas fthemdt s¢ ametei nal ne
| ayer ( RNFLr) steog mehret /i minteer segment.Tdfe phot o
retinal t hmekeesse2@0sOm i nterval beginning
superior andt hwdretriimal ading fi mr OLilra tti yrsitgse c

as shownrw. in Fig.
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Figure 7. Measurement of retinal thickness in OCT images. Retinal thickness was
measured from the retinal nerve fiber layer (RNFL) to the inner segment/outer segment
of photoreceptors (IS/OS) and measured every 200um interval beginning from ONH to
superior and inferior along the vertical axis in OCT images. RNFL: retinal nerve fibre
layer; GC: ganglion cell; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer
plexiform layer; ONL: outer nuclear layer; ELM: external limiting membrane; EZ: ellipsoid
zone; IS: inner segment; OS: outer segment; 1Z: interdigitation zone; RPE: retinal
pigment epithelium; B M: Bruchds membrane.

2.8 Preparation samples for Light Microscopy and Transmission

Electron Microscopy (TEM)

2.8.1 Embedding of sampl es

For the histol oAQhoctafli ceen adeyrsei sseavatri eidi acyesd
blue light il l-manti ofae d 0 eradtbEdibedi *a ge wer e used &
contBeofloore enbhel egesower et mWaagikatd whehposi tic

of 12 ,ebehodkhey wer kuf anmyalled eohv e i Thhret at 4

corneas waeade | e@mdhoevne d.h eT veeyreee mp s @ sntteod hal ves
througdNHiheng the verticalThaxikmbétddeHdef eyec
t hel ttrha n secti-oinx eavdh swiptalsitnl #dc@sc@ &y e buf fer
(pH. 4) , t hen stained with safThe atcdh@ miuec alny
reagenBpsoeimbre ddi ng ar e ITihptr ®d eicnnrdieasbe fea i61. s
embeddi ng the Epyparcal psh owwn7hk mowilaashd ke f r om

Gl ycaetdher (5@062©0odecenyl succinic aci d anhy
Met hyl naci d anhy2rdiTde(sd( Inka b Aod mepg thed 9 |

QL. 5%p. preparEge ansalbll et he reagents shoul d be

order and mixéededrok pl0ande. i n
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Talbe 6.

The

chemical

reagents for Epon

Reagent s

Company

Glutaral @ébpyd

Appl i Chbamr mst ar dt ,

Di met hylaacriids isno d

Mer c k, Darmst adt |,

Os mi

un tetr aoxX

(€04 4%

CaRbt h, Karl sruhe

Et ha@bbkol ut e

EMSURBE

Mer @Dlkar ms,t aGer ma n

UAC

El ectron Microscopy

USA

Propyl enoxi

Ser Ha, del] be gman

G

for

l yci d

el ectron

et her

2-Dodecenyilcs uaccc

anhydride

Serva, He
Prepar aEpo

Ger many

Met hyl naci d a
2, 4-, 6
Tris(di methyl am
Tabl e 7. The pembeddiag o©he eyecups
mi croscopy.
Proced]l Reagent ti me
5% gl ut ar abdé&My
Fi xati| cacodyl atDemébubafies Overnight
acid sodium salt
Was hi n 0.1M cacodyl at 10mi*Bt i me g
Podti xal 2% &4in 0.1 M cacod 2hour s
Was hin 0.1 M cacodyl a 10mi*Bt i me g
Dehydr a 306et hanol 15mi n
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50e hanol 15mi n
7 0et hanol 15mi n
Bl ock st UAG nO %t hanol Overnight
70 %et hanol 15 mi n
80 %t hanol 15 mi n
Dehydr a 95 %et hanol 15 mi n
absolenhanol 20 min
absoleanhanol 20 min
Nt er me ( propyl enoxid 20 mM2tni me s
pr opy | eEmpaooxhi: dl: 2 h orus
Resin Epon 2 h orus
Epon lhou
Pol y meetrii 60 48hour s

Another half for fluorescence Micaosdylpyt eva
bufwier Gupodgti xatWhA®tar.niBogt h hal ves were de
with a graded series of et hanaomls awed ep rtohpeynl

embeddeHpaiithe procedures of embedding samp

mi croscopy are |isted in Table 8.
Table 8. The proceduresfof fimbededs agnecea mmil esosc
Proced]l Reagent ti me

5% gl utaral dehy
Fi xati| cacdadye Diumdtemyl(g Overnight

acid sodium sal't

Was hi n 0.1M cacodyl at 10mi*Bt i me g
3%et hanol 15mi n

Dehydr a 506et hanol 15mi n
70%et hanol 15mi n
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70% et hanol 15 mi n

80 % et hanol 15 mi n

Dehydr a 95 % et hanol 15 mi n

Et ha(dlsol ute for 20 min

Et ha(dbls @t e for & 20 min

Nt er me ( propyl enoxid 20 m2tni me g
propyl Epocki d: 2 h orus
Resin Epon 2h orus
Epon 1horu

Pol y meetrii 60 48 hour s

2.8.2 Prepar astdotni oonfs sfeari | i ght mi croscopy

The glaswesé¢i deadH®Ruwilylysi ne (sDilgihadom c h,
Schnell dor f, Ger maA vy stenmin aadivdainmletsrex t i ons w
prepared wi t-hunag RJlitcrhaecrutt H Lweli tcraa nBiicorsoytsot neen
Nussl odkr maintydt r i mmbd Epon blaocfklsatt et rgaepte z o
shapes surf age swidtels ablyo pislifihgche t he bl ocks
di amond knifenweéehe fTiaxeéedl!| ever arm and the
ul tramicrot ome, omre £mdd tnigv ddhdg. ubNtfatoeky arhde di s
frame hlodhek di amarhde kunitfreami cr ot ome started
thin sections i n thef drha ctkrneerssf erdp i7dddentihrh e s
a drop of distilled water onto therglass ¢
transdeom t he hkeosktnidfe to the drop of water
with the enthemaluntedpa The slide then was
pl ate to evaporate the water andhenakmée t he s
thisections wertehol suti adii mee®%wtucel ui di e 5%l ue i
NaHGOEpon dmaepped ontoagl assnoshitdaeagAfmedi um
covered by a coverslip, theveagd aswersriiglhet .was
2.8.3 Prepar asteicotniaconis udm& ga i sfiork Mn
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Ul ttrhai n s e c tsieocntsi omeeide a t hi cknessamful7tOrnan by
di amondTlkenidletima secti ons fwerrmyvaaotlelda cgtte d sby
t hen keptemprerradwantetwvtaiplo rfaami gir@ Bo.s¢t ai ni ng
with Lead Citranleart seonncterdeesd bioo |l o gancdal mat e
acquire images wiithh T(EWHTHS OMN,s 0o BtU&HIS @it g r
embeddi ngv cdoidslitdosgt tr u ¢ WAT 8§ ON, .[Lp%oS5sBttagi ned t he
ul #trha n swictth olnead ci Ybryatpd a(cO.mlggt/tchSnhlgr isdir f a «
of a droplet of | ead chedrsitce fwirt @ ftmhi d es d my
grsdould be facdngpTten stthhe ngmigdds nwsebt ubns
Sshould beioweptniigmt tm. get dry agai

The sectieonamiwedrdeabg mebssconon niZeriksdsc op e
902, Jenanyl)Ger nel ectr oncomisciaofotsscopee parts:
il luminat(t ba elyetathmdomdgewnmse)y heteapesi men st ag
the 1 magi n¢ eseyssttehmt determinand he s®smpghni &l c
resolaouft iTdid maggleEger t on Var2i0adtiibden tfo s i TEM

i magreesul t sh# a osnmigtl te c tsrcoantstbeyr etdhe at oms of
speci mMeEgertonBr20b6bhid i mag@esg uwereed TEEW. The
dar k ar ebar iogfthtitnhhegp s | dt t re lbattktidc t ®antlkey i ng

t he r edi ohnisgher atamndi cs urbusmebgeure nt absorption

electroondjecti he (Eigephmnagm2005a)
2.9 Quantification of RPE nuclei and photoreceptor nuclei

Sentihin sechmpnstaveed wiwer d@ oil ruv edd tnieg atl auce
mi cr os(chegiess Axioplan2 imagin@andZeaises, fben
hi stol ogi cal anal ysi sThaennda gnesselaeti i g usaend ti if 0 rcs
t hr otulpeh @He recorded with a 631 oofi IRPbDject
nucl el and photThecrmwplttoirplneucilmages from t he
composited to show the entire retina by th

The number of nucl ei was gquaetrivial edtairt hing

34


javascript:;

the optrive head and cont i nruiionrgl ys uapleornigortltye a
meri di an. The area from 2mm superior to 21
anal ysis. The average of the data from thre
as the mean valaldhef geanhi fntatvon was per

| ma®PeoOP| 6s 0 soMewdanme CyherRoetkivid | e, USA)

2.10 Fluorescence microscopy

Podti xati onsaowi tsh aOsn®ng with otheethAh&aVvVy met
The hemi spherefwkahoAGt@e @i ng was used to
retAmalThe-t Bemi s €B0MinDwesr e photogr&Bhediwith
objective by using a Zeiss Axioplan2 i magin
The 1 mages were obtained tus(ae@exyciatmmji @pof udséc
emi ssi oom)5Taabitz ed®d@)a Cy7 filter -set (ex
747.5nm, emd SBm) nf cAGC6ENARbiI t z et al ., 2018,
201.8)Fl uorescence i nbapg®isn gve Irsmpaf ghewralr eed

2.11 Preparation for paraffin sections

To prepare par afmmumod ¢ utoir @rs ceeynefswi sh acor nga
and Iwenrse) kept in 4.05CarflorRatlld,e hgarefi esmr uhe,

fixation aft Drehegdwuwatdt eani onf. eyes was acco

aut omatt eslpreoce ¢ dei c@a2TPlLeica Biosystems, Ge
whol e process was |isted in Table 9.

Table 9. The process of dehydration of eyes bef
1. 70% Etdhlantbdur 2.96% Etdhlanlbdur

3.96% Etdhlanhbdur 4. 96 % Etdlantodur

5. 99%t hadnlolhour 6. 99% Etdhlanbdur

7. 99 % Etdilahnoou r 8. xyl é@&behour

9. xyl é@2ehour 10.xyl @&hehour

11.Par adf2f ithnour 12.Par aof2f ihnour

The eyes were embedded with paraffin wax by
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(Leica EG 1140H, Lei c aP &ri afsfyisn esnes¢ wiGem snawmeyr)
a thickness of @M&Omu ably muiscirnogt oane (Leica RN

Bi osystems,Theemr ntamey )secti ons were placed ge
5 watleaong enbughnhdpnt hen col |l ectTehde bgyl agslsa s s
sl i GepreifoklittPridi™Mwer e coated wilt isOnelishoPal yor

advamcse wel | to avoid tissue falling from

I mmunofl uor edscegnddenatsax@gaghdn Eosi n ( HE)e stain

slides with sectt oonvse rweirgehtd.ri ed at 30

2.12 HE-staining of paraffin sections

Theparaffin sections were deparaffihheed in

sections were i nvleisdthtgamiewrtatslchapec6t3h e oi |

obj ecTthievepr ocedur esamd IHEstsedi as nlgel ow

1. Dgparatfthezseyxltémans4d times, .5min each tim
99% EthRanbpmes, 1 min each tim
%% Et hantimes, 1 min each tim
70 Et hfamml2 times, .1 min each

Wash slides in distilled wate
2. Immer se t hen sHairddss shecelmdattoaaxnllOinm n
3. Wash the silsitdéd ewi twhatair
4. Di ffertemd i althiddlalscoh®| séoonds.
5. Wash the slides with running tap water un
6.l mmerse the slides in distilled water for
7.1 mmer se tSteaisd iidre sEnoisnuit €Ys f or
8. Dehydr astlei ddehse i n i ncreasing concentration

7% Et Hammom 1 min.
9% Et hanti me s, 1 min each ti me.

99% EtRAanbmes, 1 min each ti me.
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Xy | efneer 4 1lmiimeesach ti me
9. The slides werkukmotutng endo uniMien ¢ k me diaw ms t a d

Ger ma.ny)
2.13 Immunofluorescence staining

Par afefcitn osMy @04 the enti ONHr evteirea dewiatriaf f h @
dehydrast schowed in 2.13. hlelmdaredt Heors I2i dresn wenr
buffer at pH 6 for antig@reea irrecubatvad . wiTthle ng
RPEG51: 100; SHSaBtat €&chnol ogy | nc.andarmalhmbiCtr u:
antbgl: 1000; FUJIFI(CM: Wako, dvapap)ai ght . Cy
rabbi-goatntligG (H+L) anti-batdbpi antdg@yatgdaat aa
(Jackson | mmuyun&RegwerdddgpH i ed as secefsdrary an
anRPEG65 anldbaadntirespedi a medipyhneon4d ,i n@8ol e (DA
was used t o tchaewedtl ernsutcdiernus. Theasl spbpeds wwe he
fluoresocenciengn medi um ( Dak)o &@Omthi an alDyemamh r wi

Zei ss Axioplan2 imaging microscope (Zei ss,
2.14 Human Tissue

The -macul ar ti sysewal dofhuamam2 donor with clini
Stargardt disease obt &igbedi hgoBl Fadndasi ¢ Cc
USA), as previ(oTuasutby e&¢s,alwdse @OrleBpai énd ni nt o

sect i5ddmMamw(i t hout Os0O4 fixation oheUACssuai ni
i n medical research was approved by Institu
of Tuebin&Kkemm{ Eshbkhk an der Medi zini-schen F
KarUrmsi ver sit?at undi rmimk umi Velbrisngeén,skTuebi nge
approvald4eaa/mb®&0d9B0O2) and written informed c
the donor. To investigadA€letxraemdédpoBesti onAF
undaeffl uorescencewinihd ritghsed aise iann df Chhtkee f | $ ¢ & I

set respédtli exlpme wiementconducted according to
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Hel si nki
2.15 Statistical analysis

Al l the results were (psteasreddred desWidahtei ome a(
compari sonbdafher eniared after bhaeregdeywhval ué ud
fundusi AR, rneéti ckness amndhERGet ampl weueest odi
pai rteed®Wtii l @r compatr weemreabhed and bl ue | ight
mi ¢tbe number ofeancunc lgerioufpr omas comp-aestd. with

Onaevay ANOVBhONf ercroomiefcari oomul t i pl wasompplti edns

for stati sti cal -tarneaaltyesdistsr eaenhoendgl eennodn -Re mof us

treate@8tmitcetical analysis waofpgiahSET,med wi
ChicagoandSgGRaaPhi sm Gr.a0p h Paar 6S,o0f $avn Di ego,
USAPptatistical sighkDIi5 afnocre awals tseestt sa.t

3. Results

3.1 Retinal degeneration was caused by blue light in Abca4™

mice

3. 1R€ét i nal dysfunction after blpuggmengbtd il
Abcami ce

Scotopiphoamdi ¢c ERG wkeeafeopeaed od axtkaBadl Fi g .
BA-B) . The results showedaerbdluiet dwiagheifi dee ctrheea s
intensity oadnd.2UP?oddsy/om t ospiigen i FER@E=alnOt leyy e s,
P<0 .50 patmeedFi8g) . Si mvaael ampbitudes of sco
were reduced( d atnaPe<yle,s0)]playit ead)tt he i ntensity
0.095 ?toskm?afdisé m BR). (Fngphotopic ERG, com
data beforaempBlL It brdehefwas di mhiensédesdi tay of
cdslamd. 49 emdasr/kng chl=y1 0 P/ .6F ,paiteasd )t after BLI
8F) . Wher eas, the diwdwa emase mdt pdtoatoipg tci caa
(Fi8Bg). The function ofmphbeccamascse pammagedf by
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blue | ight significantly, and rods are more

A ‘W scotopic ERG —icloreBLI (™ D
o000 _ Bl 150 scotopic-a wave 400 scotopic-b wave
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Figure 8. Retinal dysfunction seven days after BLI in pigmented Abca4” mice. (A)
Representative waveforms ofi nstceontsoiptiice seRE ifnl ais

recorded i MMbgpiagimeat bdfsoervee naaddayes bl ue | ight il
(BLIB). Répresentative wavefwerms refcoptdetdopinc pER
Abchami ce befwoawennamdiayesr BLI . Q@ uC(n tsicfoit-vapdi éco m 0
amplitud®s samdwdviec abmpl i t udese v ba fadfagesrENBIL | . (

Mean ampliiwades iof pahaot oBi cmeEaRmMG wampd-w@ ¥ e bi n
photopic ERG were caAltu4nmitceed bienfsoprived amgasitt eedr
BLTheatda are expressSdd, as=X*Mheeynea.n $ignificant
cal cul at ed -twistth. p*aPi<rOe.dOSt* PO P&x®101bhef ore BLI V'S

31. Findi ngsAH nanSOMMWN 1| iRmages

SWAF( 4&8n) an-AFNAIGEnerienvestdgmdwrdrye na diyng
cSLO SAWH magiagniomvasive technique to visual:@
of | i p(oeulsocriin et NAFR | s1BOAB8Wn to originate pr
md ani nRPHE Ktehnd hauer and Bld@llodrese, g@®0Ow®Jdus

SWAF ashomogeniemiugmedbedri ce. Di ffedA&ntl vy, [
i mages, a mottling AF pattern distributed u
9A)Seven days aftefrAFi lilmangiensa tsihoonne dSW hat t he
head ( ONH) was auadnaorucmadteedd bayr ea with t he
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presence -adt ofypuerr eseAédFncer e(laypere t o backagr
hypaout of |l uor es-Ae,ncree l( antyipwe t o background) .

was discovered to incline bhddt hm cseup éreiamrwhp
a corresponding area exhi btAtFi g -AlFyrpgagau | ar

obser vedAHR ni niNil§ROB) .

To analyze the correl atAF namndAMIFRnalgti exrga taif d re
bl ue | ight i |-¢ odne\-AFB iiomma gegsr eeernd t he -corresp
coded-ARIl Rmages wédrCeakmasged &t. wa20t2)eal ed
greater part of AF alterations waA§ warkedly
bei ng hyproeasucteonft!l-adn MNhRch appetahmadggd een i
i mages. Neverthel ess, S 0 me AF abnor mal i
hyperautofluorescent patches in both modal.
on i mage composition. Further 8B\ %WAE,i thagé&s pat
corresponded wit hHPFRdari kmapgaetschdandiincaN i ng geoc
(GA), as typically seen in patientAFwith AN
on AW Dbut-AFRype-ARI Ras observ.ed h(eFsieg.obser vat
suggdstbat -bhdeclkidghbnor malFi tmaes fefstfiinmgd wsa i

AF intensity in different modalities of fun
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Figure 9. Blue light-induced AF abnormalities on SW-AF and NIR-AF imaging in 9-

month pigmented Abca4’” mice. (A) Represeweormmal i zed -AFundus S\
(l ef tNI-RaFfnd(ri ght) dpniaggreemtfe dodmo usbeef or e B)BL I . (
Represent at i vAeF f(unedfuspAFSaW d i ghhoR) maniodnzed i mages w
recor deap ifgrmerAbetdmMouseven adayd . B

SW-AF NIR-AF composition

I SW-AF signal
B NIR-AF signal

SW-AF/NIR-AF
overlap

Figure 10. Correlation between SW-AF and NIR-AF after blue light illumination. T h e

greeod&iAFi maged -ceded-ANI Rmage wer eBa@eosimposited.
AFal terations ar e maFrAkFe dnhyi | hey pbeeri AnFRg-Aokiy POV on N
appeagreeden i n compo®ist:e AFnaglersar mBaolxi pattcsheags e hy
in both moaphpietares getll ow onBoaes83ge Daokmppsaittcihes
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are found -AR &oORIADAN SWhages, indicating geographi
exhibitiomgn W obAFRt ywWeRRAFwas observed.

31. MWtensities OAF famdAus| vi&®deu crleyd bl ue | i ght

pi g me Mthecdithi c e

To evaluate the effect of blue | ight on th
grey value of SWABRnanoAMiIl Rmdges was measur e
corrected for quantitati vven ainmdl Fisgusandfi ffi e
AF intens-AFy i magedV decreased drPafmaGOIc,al |y
pai rteadstt) after blue | ighlti dhtl utme cdhwade d nAF Siir
on MFR distinctRf. Q%38 -tpgets)e.d t

=
o
g

Ea SW-AF
E3 NIR-AF

I e ded I

-l

[=]

=]
i

tn
s

AF intensity ( corrected grey value)
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Figure 11. Mean intensity of fundus SW-AF and NIR-AF were reduced after BLI in

pigmented Abca4-/- mice. Thedat a are expressddbDas nhk8 wmgas.
Signififé¢antenaods are Bhehbhyredads*tPx<iOng S5, ** P<0.0
* P& 0., Okelf,or e BLI V'S. after BLI .

31. Reductioeni owél rt &i cbénuees sl ip g gy me nAtbecdd 4

mi c e

Tot al retinal thickness (the giest dRNEL)Tr o m
the inner segment/ outer segment of photorec
plotted every 2000m interval beginning fror
t hwer ti cianl G&Ti si mages. The plot showed that

bl uehtl iwadoo0@mm nferior position to ONH and
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to ONH along vertical mer i edieasnt )12 F9 ey e 6, F
bl ue 1| i ghtthtthedkanedsu poefr i or retina more sig
decreiamseti nakness wak. 2174% 8i5nf er i-841 y8%nd 1
superiorly.

250+
—— before BLI

— -+ after BLI
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Figure 12. Reduction of the retinal thickness after BLIin pigmented Abca4” mice.

Tot al retinaltet mpakoeseseéfrom RNFL to | S/ OS, ir
plotted ftaAbpciaghmecre befoeedmyns af ThreatBd | ar e
expressed &SSO henm@aeyes. Significant tdieffer enc

pai rtedstt. *P<0. 0Ps0 .*0PXk,0.HWelf,or*e *BLI vs. after B

315Findings in OCT

OCT i mangeerded on volume scan were used to
t hreeti nal structure af tCGat ebgouefel i ghiton | il wwma
di fferent retinal | ayers were highlighted b

As revekhilgdhhPprefl ectaVeamatuenvni ated within
| S/ OS fr omheRPRE rtnoa i nigi me mbr ane (ELM), whi ch
asCategb.Cpt egloriyesi ons corr esdAp-onidre db atoh hAYF

modal i ties, appeared as yel | ofwi ¢gf.B-€X.X s i n
Anlay si s of OCT i madead egdwvipabedng,hawhich ¢
described as disruption of I S/ OS with | oss
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correspondeAd toon|lhApmen( gcVeéleamr ed i n merged AF
(Fi gD-F)lGate@oldlesi onseweeed @b€ di srupttheon of
accumul ati ome folfe c lbnyapteerr i a | tl oRRE etl ayferomand
extending to ONL, WwWigls) 1Bl mpongaonftl WNLs ¢ me
Categ3dorcyorrel ated to green patchmhas oameAB i
appearedFygHI)iC@t(e dorlyesi onsdiapmpe@mtrieadn of I S
hypreefl ective materi al accumul ated around R
i nfoldings of OPLFiegx) aln3lComgr etrami hNL t he corr
fundussAb,miCdtiemdorayppear edAR si MAFPWMIANI R
resul ti ngcalnoroerdanigre mer Rgieg K-BYF® e neasg eosn s( wi t h
|l oss of ONL, di sruption of | S/ OS werrde di sr u
cl assasCaedgorliye shiogBN),  whi chomrded éte@pss of
fundus AF and appeared-AFamk d-ARNI Rimag e 9 .n S
Neverthel eat espbomaee soifons exhi bited increase
modal i ties-caondredange mer gedalAiFgh mamgewsnt wdhfe
hy pgref |l ectevealmaaccumulh®tPe&d | aryeundsi mul t ane
Additi Ccanedogrlyesi ons with | ersesf leaencaunvte onfat le
showed -AMFy pierAFSWand appearceodl oaklgremenposi t e
i madgd g(N-OL 3
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Category 1

Category 2

Category 3

Category 4

Category 5

Figure 13. Correlation between OCT and fundus AF imaging from 9-month

pigmented Abca4’” mice seven days after BLI. (A) Crsoescst i onal OCT i mag ¢
Catedodnysions (hyperreflectiMB mgptperaireaeld lacsc ated (
flecks in colFomag@mp@rsieicd i Anal OChatieglagey of

l esidinsr yption of I S/ OS wWE)t hc drorsess godiggdEeZd namd EL
colored area in col oc@Catoengdodyetsad iogmisu p(tnagre . of | S
anttyperrefl ectiwnweg rhatoenr itahle |ROPcEatliay er and exte
thinninyg afeONécordedd)Cat ©@drlyemageas Correl ated
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patch (red boxollogr opatyell [(ormed box 2) Jon AF in
Cateddreysi @dinsr ptiomyprerr8fOD8¢ctive materi al acc
the RPE | ayer and distributing intoi ©ONQCT inf ol
i magk¢ @ppearedcabooedngea color dMMGapbbegdrey AF i r
|l esi boasfs (ONL, di sruptidimrafpti 8ho®OE&RPEMNage (
appearadorascge ored patch (-ce@eldorbedk @dadt, chgr(ereend b
dark patch (red box 3) iQ, cFol)lr,Hiclpmed smd gn iAfFi ¢ a
ot hehi t edbax ea in B, cH,i vkl yK, N, respe

316 Reduction of RPE nucl ei number and phot
af tBeLrl i g me Mtbhecdidi c e

RPE monedmd epghot oreceptor nuclei were count
within elarch nx0o val fmrmo m n® MM 2tmenl LFupaedi or | vy
al omigeer ti cBluaxliisght di mini shed RPE cell n
the area Onrdamf4e0®Hoand 08 WNOmM superior to ON
P<0. 05, utnepsati)id&)dFitgr.he decrease of RRE nucl e
69% Findbel y-88&nduperiorly. Meanwhi | e, phot or «
werreeduced-il hulmi glat ed eyes, with the stati st
fromOMmOO nferior position to 600 Om superior
pai rteadstt)l4B)Fi g.he reduction of photoreceptor

i nfeemiorethi &4%anad he superior hemiretina.
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Figure 14. The number of RPE nuclei and photoreceptor nuclei decreased after BLI
in 9-month pigmented Abca4” mice. (A) T h eu nmb eorf RPE nu8)tehe and (

number of nuclei in ONLewaéerd MeasthbethMi pégment e
and blue |ight i lAlbwrhMhaeed api @ me Balsk®u matdi i ot t
of distance ftrhoeemr ONHTalhdaadmpges .expressesd(SBs t he me
n=8 eyes. Significant di ftfhearneprad @ se d*aRte0 . Drbg | y z e

P<0. 01, ***pP<0. 001, contr ol VS . after BLI

317Hi st ol ogi cal Hlelant upri egsniebntt &eddr c e
Bl ue -ilnidguhcted tHdegenefa RPE and photoreceptor
Abcawas r ewbeguasiendg toluidinethilomessttioes. s

from-tmemted pAgoe mi € showed n o degener
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photoreceptors or RBEOmMaVRABI gt accaneasce 6wi

OCT findings, retinal |l esi ons were observed
oft hleesi on, aberrant cells with pigment gr at
space, agdg frSlgaBynl6he neighboringdmRPENCAI I (

ganul es at the apicadli keusftauaetame wadcudlee be
|l esi on zone, damaged RPE cell s appeared as

Om) withl vieeustFed® ume Wi th irregufAiagr. shap:
1%, )Eleianscerd pigmentation ihi @gE3 S mated!| RRET
of RPEISEFdmd even RPEFilah®#IHSIhomgses ehed OS anc
absence of OS accompankFiegdCwl% hdRe&&tiamngophygy
photoreceptor deghethedamagead Bhaoatorlecgept or s
progressive thinning of ONL . Aberrant pi g
accumul ataedcheaed t o Br u cFhidgs.D xdepnibhrea hre n & |

|l aminar architecture was deforameddatkeeer Dbl
structure made of FINJE Er. rTehsei-ldiudaste tdttSe fct ur
could extehRidg EBELZOPdenvden i ntrufegiEfQLebewilthL (

thpresence of di fferent types of RPE atro
mi gr ati ngONL&FwW@rEdls)5 or adhering to Fdagmaged

1E2E3 , were al so obser vetdhmewoesadrti tkkeenc S three .ar e a
Further mor a,ndulceeed Illioghst of phot oFiegkePPltor s ar
F3, which was acaxompmauinetd fbyaberrant pi gmen

the subretiinnal fd$padchatg FR2ZR&U nt s (
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Figure 15. Histological features after BLI in 9-month pigmented Abca4” mice. ( A)
Represent at itvheee iptirmaigne soefct hmaih rferaotne d r etiinma.r | NL
nucl ear | ayer, OPL: outer plexiform | ayer, ONL
OS: osuetgement, and RPE: r et Bi#F&| Reipgmeretntepiitviee llin
oft hkamaged reti na sarve nradfcaogsdByB Ll lant p(her per zone
oft hleesi on, aberrant cells with pigment granul e
C) IBe -ilngglnced thinning of RPE | alyieke (sthi cektherse
(ast ertiheekr egul ar shaped nucl eus dnalRP&Encel 6. 0S5
accompanied with2DRPEBIlau g olpihgght (caused progressi
accpanibeydnaccumul ati on of aberrant pigmented c
various amounts in EBE] shibbmzgecaRPBEpases!|l s (app:e

thinning of RPE layer (thickne&9d<3 ibm)yewsedt
pigmentBI mohti(l ayerBE3 dheeRPPBafl  ami nar archite
def ormed after bl bea clciugnhutl aatci coonmpoaf nFi e g mlnuee d c e
| i gnhdtu c e d |l oss of photoreceptors and RPE cel
accumul ated i mptaltee s wmbrdetfif ealent amount s.

318 Ex vVvivo retinal M caimi pegmdriteed bl ue |

il 1l uminati on

| n stehmin sect-toerat el dpAbgcmaedhce, AF of | i pofu
RPE cells was wfibualkesednoesdemrcroscope. Wit
AF was observed to |l ocate in the RPE | ayer

AF mainly corresponded to thethmel-gimngdhdpi gm
I mage.l6AFi gCompared to nor mal RPE cell s, mu
presented in the bl ue tlhleplsti odhhama gad REec ala
RPE cells were depigmented, but some were o
showi mghtoere sfclenc e . I n the damaged RPE <ce
granules (in white circles-AFerhidbiapeeal epdoidt
yel |l ow fclomeorrgeidn i mage. Neverthel ess, the pi
circles) were not obhesrtrawido ft ef ibeelidg Ritnga gpei (

18)Note: because of the space constraints, itd
computer screen at ). HPiigghneentmad nicfeilcdast i ascumul a
subretinal spaceahbifgberydéenhsmowandi n pi gmen
hyper AF of |l ipof-ABcit hmamged yipmageNl Rmor e pi
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granules (in red/white circlesgnavi whtohtt wel
types of AF signals in the pigment¢eld ell s
al so contained a few pigment granules whi cl

(FigC)l1éaddditionally, photorecéeppofasweneARO

NI-RFE
Bright-field lipofuscin-AF NIR-AF Merge

Figure 16. Ex vivo retinal AF in both modalities from non-treated (control) and blue

light-illuminated 9-month-old pigmented Abca4’ mice. (A) B rfiigehltd i mage,
fluorescence i mage showi nAFI ii pafgwes c(irne dAF a(ngdr ene
fluorescence i mage otffhi an swercdti a&inrneebdt egshemionontr o
pi gme Mbetdami c e . ScabDmBpaSevesin days afltieghtBLI ,
damaged RPE <cell s, some pigment granul es (whi
without melanin pigmeastdtimagen thbibrighg | ip

and -NFR(r edar aypll ow in the merged i matge. The
boxes are shown on higher magnOni.C)c(afitoenr (BLilghti

the aberrant pigmented cells and multilayered
arrows i n/ rtehde cwhrictlee) without mel ansaoi pi Afment a
(green) -Aamd( rNeldR , were observed with &hyell ow c
areas in the red and white boxes were shown ir
Scal e -bma.r : 5

3.9Ex vivo retinal AF in a doinveazsge with |
The -mecul ar ti ssyearf rolnmd ap art2i ent with | ate
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was i nveseixgaiestd nfaolr AF. RPEracealll lag afi stslue pve
packed fullamd|l s gmeme¢!| gdmebahopoposasni and
by toluidine bl ue buUutfA), barse sohfowmeal anyi nTaumii d
(Taubitz et FaMg.a,nd2 ®AC8s).h evhyper | ipofuscin A
hyper-ANI®Rf pigment granules in RPE cell s, r:¢
i n merged fluorescence i mage evidenced that
hyperautofluorescent in both médvalpiitgimesnt( wh
granul es preseAFt e(dr eodnl &r rNoilvRheads) and some

l i pofuscin AF (whiaMe. arrowheads) (Fig.

Figure 17. Ex vivo retinal AF in both modalities from a 72-year-old human donor

eye with late stage of Stargardt disease. (A) Overview of RPE | ayer
perimacul ar tissue of donor eye with | ate Starg
t hin sB)Tthidoufor §scence i mage shows the distribut
cell sadanmomr eye withi $dada@d.Bedarcrgeasrpdotndd ng i mage
shows t-AE INh RRPEB cMerligsed (i mage of E and F. Over
yell ow <col or (white arrows). Pi gment granul es

arrowheads) and sdNh®RForn#&rerdewheée dd s e d

3110Correl ation among findings of fundus AF,
fluorescence microscopy

To corirrel aima@i ngx wwitnaogi n g, O,&Tnh di nmaigsetso| ogi «
i mages were captured at the sameal ecdtoiron
alignment. Ris@g8ghewdwedioxallhe!l | geographic atr o]

recognized as atrophy of RPE and photorecep
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h dark patches in fundus AFesds maghkisl.| eld e
h -AFy pier both modal i ti est l{faopnppeoasriitneg iansa gyee
responded to geographicanaccomhbhy ataisonwed:
erreflective tmhmiecn a3 cami cOCiTma d en, abund:
mented cebkls abovemBlmbicadhe at the corres:s
ation.

E9Ago b s ertvheed arcgoel or ed area i n composite A
The corresponding change appeared as p
ering to thicker RPE | ayPelr ,i nl oGT.ofReE At s

Il stologic image showedcepllsntayccafmupaged

mul til ayer of RPE, | oss of phot oreceptor |

pho
t he

toreceptor inner s-esepgmpetd ORLSg¢xpaddroget
esalmocat i19BfCr (ei egso xl aldgl. | ebthhdeddlruor escence

mi croscope, t he pt 9mebredi rtell | S pane exhib

lip

_1
D
o Qo o

ofluiskcei AF andAFhypbe MURtil ayered RPE cel
pi gmertmdwealbbBbuscin AF a&aArFd (vWebDagk NI R
box 1). Ge avarsa d miusn datwida thhyf ew pi gment ed
retinal ¥B-@ e d ( Foiogk. 2) and accompani ed
of luorescence 18Aateld ibmo xc L) O Hélklisagr.eent @ &
roscopedD-FH Fed. box 2). cdher eyle | 4o ava I n
eri mposil9%Airerd (bFixg.3) correlated with th
umul ation of a few pi ¢Arke natneddA AtIeRNnl st hwei t |
retinal spaceobnghdegerececl®BE oot I &X g3) .
itionally,teshe nercyhtohrrooicdy wer e autofl uo

el engt hsltihpdf lexxciin eaut of l uorescence.
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Figure 18. Correlation among images of fundus AF, OCT and light microscopy

from a 9-month pigmented Abca4’ mice seven days after BLI. (A) Theolcor
composition -AF ( gonalesr SW d eAlF (aoreddoNl Roded) i mag
wasecor ded/damatys after BLI. top right corner: hi
areB Cormcismpgge 8n OCT i mage itshweac quicpredamilgsinge
with arrawApadnd within a defined areasi (the ar e
A)C) (Corresponding histological i mage recorded
boexd aleedl | r eeds bloaxB el bédgeogr aphi cf earternotplhyy ianp ple a
C. Pi gmenbkedckebtsodvheaadlsserved in the subretin
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Figure 19. Correlation among images of fundus AF, OCT, light microscopy and
fluorescence microscopy from 9-month pigmented Abca4” mice recorded at

seven days after BLI. (A) Theolcor compositi-AR @ d¢ac &leiamrd ucso dSen )
and -ANFR(aoeldor codew riemagrsecedayts af Toepr rBlglh.t
corner and bottomhermi gmdagnddrircant:i omi ggB) whit e
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CorresposdamgOGBT i mage i &av erctqiuc grteeda maillsoarmige wi t h
arrowhead) and wiarhedan (at hdee farneead bet weiem A)wo r ed
(C) Corresponding hthsQColl dgriacgeel iismage oafded fr om
(D)Theorcresponding i mage of | ipofuscin A is recit
Theorcrespondi ng -AFmaigse roefc oMIdRRd from Q) hR (same s
Mer ged i mage of D andn Eofs htoywedad clhitpafad aaidrn mel an
l' i ke AF in pigment-2di teA lcor rResdp dmdkedds itho Bt he r e
Pi gment ebd acek lasr rCo wlwe a chs | iwhoiftues cairnrfDOAWaeiad N,| R
AFwlli t e ar rEQwhaeraed soblsere/reydt. whot gt)asirowshor oi d ar
AF under the wavelliepmgfAls dihmt excite

3111Ul trastructur aBLitf agge sAtbectitshé © e

As reported previously (Taubitz et al. 2018
monolhd pi ghbotdidce possessed nummepgedsbasalul
infoldings, mitochesaldriaf tobd-degeabapedwabhbca

microvilli. The fAdbaxtaBRPEscel | pi ovmeet atlso obs
extensive | inpionf uasncd nme Inmaentohlelyp @fou i) (iFm g .
Seven dbayer Dblue |l ight illumination, S o0ome ¢

thinning RPE containing flattaemedr rREBECHUOINE
of basal i nfolThiemansdHKeex psatnrsuicotnu.r e was al so i c
RPE cyt oplgaBssm@ B(umer ous undigested phagosome:
extensively occupi ed cytoplasm of atrophi
hypopigmentati on andFil gGRB2AbhacxARPEI d@enthdi ngs
by blue Il ight also exhibitedOfr evees eofabGA nwi
(Fi g E)20At the ultrast-sbhapedalpi gemeal edsphkei
observed to | ocate adjaicrentheda os whrreotpihn al RSP
i ncreasecd RAiigpFo)f2W0sdi rectly cover FtihgeG)BRrOuc hé s
or float i n sFubgrH)t2iOnTan e sppiagcree n(t ed cel I s f il
mel anin, ,angomes @anml| i pofuscin granuwl es. I n
with condensed peéhiweoe eobptt mcead e tHBreuxcth 6tso
membr &nel.) 20

The formation of multilayered RPE cell s was
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t hat compared to the nor mal RPE cell s, t h
contained extensiveesnddgestadegdhmgbanmn an
i n the cytoplodsdm.ngBaswelr eini mited even abse

were not evident . Some RRPlEasceall | o ladrsiot yl. o sS
| i pofluiskcei ngr<aOn.u3dl e®m (i n di ammi oy hd mdrtieaa dw et

observed at the basatosBdeclhds RREmbredhes (IEIX
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Figure 20. Ultrastructure changes in 9-month-old pigmented Abca4’ mice seven

days after BLI. (A) Nor mal RPE cell s undgS3evelne @dttyem mi cr
blue I ight il l umination, atrophic RPE cell app
RPE nuclei, ,hedsrpdgmenbon of basal i-hi bedi ngs
structure (black arQ owhuenzd o uiss unhls grebléeacdk phago
arr ows) accumul at ed and extensively occupied
accompanied by hypopigmentation and | B)ss basal
Hi gher magnihRPE&atameaa oifn t he red rEgcBhnogul aghbo
induced arepas SpheBiApald pigmented cells | ocat es
spaadjacent to atr&®phdiceRPEycelover ¢ hél Bruchos

float in subbhbdMacmapheygetcaea.n (condensed photorec
| otead next to Bruchds membrane. M: mel ani n, L:
nucl eus, ONL : outer nucl ear | ayer, EL M: ext

photoreceptor outer segmengmerPtl,S: RPphootrmoeteicrealt o
epithel BumgchBN: membr ane.

A

.
P ®aS

Figure 21. Ultrastructure of multilayered RPE cells seven days after BLI in

pigmented Abca4” mice. Mul ti |l ayered RPE <cell s contain €
phagosomes (bl ack ataaws) andetipatadcmar in the
| i potluiskcei ngr anules (red arrowheads) were obseryv
next to Bruchos me mbr ane. M: mel ani n, L: lip
photoreceptor inner esmgmamée, B M: Bruchdés m

31. 2l mmunofl uorescence findings
To identify the cell type of the aberrant
subretinldaimmumpmaocd,aenbtue | igkti nah-&vimE hat ed
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65 (used as RPa&N-tnbaarlk e(ra) naancdr ophage/ mi crogl i
of phot ornedc elpotsosr so fa RRPBRiinn ntghes eldE | otnhecor r es
| oss of RPEG65 expression reveal ed by i mn
subretinal spaceogf nRPEXKYrweass i imbserved in th
(Fi22A-B) . Neverthelesshel piagdmposedi veltlys owas
23A-D) . Combining with the results in TEM, 1
thappearance of macr ophages whi ch contain

accumulating in the subretinal space.

200 ym
Figure 22. Reduction of RPE-65 expression in pigmented Abca4’ mice seven days
after BLI.(A) Representative image of hematoxylin and

recor dedibet uemllil guhmti n aB) e R-BE&Y € mMmmUnost aining (red)
staining (bluepethnidmeshadywyaceotéyviekepnessobnRP
geographi Mo agxpprpehsysi on of RPE65 was owbeteed in
arrovy. in

Bright-field IBA-1 ‘ DAPI Merge

Figure 23. Blue light induced accumulation of macrophages in the subretinal

space of pigmented Abca4” mice.(A) Par affin section under |igh
pigmented cells inBYhEhsupreméntéld pweslk® s véer.e (I |
The cell nucl eDABRIDe A amed gadvBiatd®ye of

3.1BChanges of reBlihal akbicetdt «re

Th e al Abhaommi cwer e i nvestigated nbyvamwddi ng c
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fluorescencexmivviewosc ogppays after blue | ight
bl ue 1 ight -mdniimd naAtbicicamo csthowed hypentf | uor e:
flecks -Adn iS$IWi cating slight At .i nBtdeegener
absence of mel ani-AF & hegna |Avbacearda o EFNRIAE .

Af tbelrue | i ght il umination, much more hyper
around Hhen Q%W ( HB( - Pnterestingly, some of
hyperfl uorNlsRFrenas owel | and appeared as yel
colooded i magByp. (Fig. 2

As shown4C,n &d gonb@BRPRE edegenerati on and rose
of ONlactamuon of aberrant cells was found
bl ue | i ghtmiiclel.urmindetred he fl uorescence micrao
and damaged RPE cel |l s exhialietde ARAF@tntd hdil (Ro f
mer ged | magelsatr etoltedlcad i zati on oONI-AFH mof usci
the pigmenidegrmoansulrensti ¢ ch tthat abselhicepobds meh al
granul es contAHR biunt ebdl btkeou MNIgRa A b d amil cbe n o
Theetinal ul trastriulch umiah &iArbaba siecvebh 5 g h't
anal yzwalTla.e aberlsr afndul Icyelpacked with | ipof us
found in the subretinal space. Some | ipof uscs
density. I n t he neiiagwbhrodaimtd g g eRsPtEe dc sp Hasg o s o
accumul ated and occ|figd A&} ¢ ¢ ti a polbgssemn v e d
smal l er gcahtukeesng throughout the .cytopl a

However, the origin of the(skei g.mad8B) granul
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I SW-AF signal

INIR-AF signal
SW-AF/NIR-AF
overlap

» e . 2 : AL
B £ s

Toluidine l;Iue B Lipofuscin-AF

b :é:.{‘&
t 1 i

NIR-AF Merge
Figure 24. NIR-AF signal was observed in vivo and ex vivo after BLI in albino
Abca4” mice. A)Represent ati \AFE f(urdudAFaWdi NhtR) i mages

an alAbicracto u def or.eB)YBWAF aNIdRF i mages were correl
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al bAboami ce af t erunbilnuael higimpleto diSIMAF i naangde -r e d
coded-ARI Rmage wer eBoxsmpesitedlypeweot|l uonescent
both modalapgpear eadndyel |l ow on (CnRgper ecempg @gii tvieo
mi croscopi ct hiemabgleisé lolf m@h thtiAdad AousTehe aberrant
cel |l s exdhecbiint eAdF |dhmpWh N1 & @atrhreowsi gment granul es
both | ipof W$RIFn A and

Fi grue QlBastructure changes in 9-month-old albino Abca4’ mice seven days

after BLI. (A) Theaberrantc el | s ful ly packed witthhe Isiupborfeutsicnianl
space adjacent to atrophic RPE <cell s. Some | i |
hi gher el ecNurmoenr oduesn suintdyi.gest ed phagosomes (bl ac
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and extenwspived ycytceapl asm of( Bdheo g liotf u BBl delrl s
granules was observed in the cybLopliapomfo$ciangsu
nucl eus, RPE: retinal pigment epithelium, B M: L

3.2 Protective effect of Remofuscin® on the retina in pigmented

Abca4d” mice after BLI

3. 2.Treat wénRemofusci nE amel i oirmad wreade do | rueet il niagl
dysfunction

Todemonst hpt et ect i wfRemd ff esoanr B Ei n al function
acutel bphtposER®, wasr pedeffoor e t28atmgnt after
intravitreaRe monfjuesceteihobnc s@fv @ m dadfatyesr bl ue |1 ¢
il umilnmttiomat ed cehyeersgfewao e awadveb ampl i tudes
was o0 bsaefrtveerd 28 @6MA)By ((CPimp.ar2 EBRG mpfl itthued e s
recormeddre intravitreal i njection with tho:
it was confriecamendeRetmaniushai wEehi cle solution
toxicity to retinAbta@Eit@8«&€n2 i n pigmented
The damage effect of blue light on the eyes was expressed as the percentage of

decrease in the amplitudes. As shown in Fig. 27A, tr e at me rRte moiftuts ci n E

i nhi bi ted lnidpuictedlu c tsicoont eepfa ¢« e a mepdti tfuldas h

i nt ensYi.t4y® s&dmd c2d5s? Af t er h8L M| fded evemo e

ampl i thueddense et reahed eyes &rAd eReywedeurseci n
stati sstiigmalf{l capes, P<Oway, Ad@NBbnf erroni

corr e.cBliucen deicgrhetassedotkgavee ampl i tudes at t h

nNtensi 8¢ @s?t MrcBdds?/bni7z 880 % n -hoerat ealnkkypds
70% in vredhhatcéad eyeslnrRSpefcusoiernfed eyes, t
scot bopace amplitudes we#dd %dadr ¢ dhedd alinenz 0t
0. 008s%tm @dbsd Tr eat me Re mwi t bscuipnpE etshsed du e

igmMduced dearavaesea mpdthbuldesf |l ash intensiti

cdsytm @&s’mar ked’ y5 (enyes, Pway 0O ANQWVA e
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Figure 26. Treatment with Remofuscin® has no toxicity to retina function. ( AC) I n

nohreat e®ReempésEsgaiemt ed eyed ramd edokrigelfd er ence o
awave awadveb ampleirtebdses ved bet ween the ERG dat a
and 28 dhvyer Thdaaatameanrte. expr e ss(eSD)apsr 5L mean
ey e xRemothiscid €YediSt)cOnseSjiegni ficant di fferences wer
onwaB®MNOVA Bointfher r oni correction.
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Figure 27. Treatment with Remofuscin® ameliorated blue light-induced retinal

dysfunction. (A)Af t ert heler cent age of decwawaseamml istcod @
of moeated, Réemehtusdi atnmde atedsd adeyr e gB)Af yeed.
BLIt,heercentage of decr-wasve amplsictostdoepsiat ®fdb, non
Remof [Estcriemt ed athme atgdedsc wer e Tehreatdg zade expresse
as thes(nsebadd1 beyes. Significant de d f wornednacye s wer e
ANOVA ®Banfherroni. coPs@.c@ 51,0n*R*eI?n<tEf—t.uerecaHned+BLl V'S .
nohreat etP«< OBIA%,0. Relmo f (Estcriemt ed + BL k rvesa.t evdethBiLcll.e

3.2T2eatment withiRemefhsedi-hkEdwec edtgbn
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off undUWAFi nt en stihtey cien

Fundus AF was recorded before treatment with RemofuscinE / v e handcséven

days after BLI by using SLO. The mean grey value of-Amonnorm
i mages was measured and correctedFfars quan
previously Timentrieemudd.s oepaalkddttrochaatteerdc and
vehitcrleeat e RenofyseisE-t r eat ed eyes showed a greal

mean intensit-AFoAffendbs88WIight (Fig. 2
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Figure 28. Treatment with Remofuscin® reduced the intensity of fundus AF in mice.

The mean intensity of fundus SW-AF was measured in non-treated, vehicle-treated and

Remof Esaiemt ed eyes before BBUVEaAvadtaiyesrd hBLliinj ect i
data are expr ess(esdD)i s4 ntehyee sme an

3.2Treat metRtemof uscumEr essed -ibddilec dd gthhi nni n.
oft hreti naOCT scans

Theottal reti mdl tthlei elyress $wasm neeaacshu rgad ugpn d p |
from ONRKseuper i Dhienafnedr i © hweead toinggail n aQC3. I mage
As previ ousltyh emelnetsiioondeudny eéml ue | i ghaOmvas fr
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inferior position to ONH and 700@mr supali ol
meri dCampared heno-hr eat e dt heyereti nal t hickn
Remof Eseanedi eg®eaaci t hi n ftrh®&moaOnea nferior pos
to ONHOA®M superior position toi@MHTIfdlcamg |wv
n7 eyes, P<avia.y0 SANVO/iB@n f er r oni). Tchoerrree cwa so nn o
significant dinfofherreeantceed beeytewteremmad eddiyelse
resul ts r drveeaatl needn tt hvaitt Ehs uRpepntoebhussigidiinauced

retinal thinning (Fig. 29).
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Figure 29. Treatment of Remofuscin® suppressed blue light-induced thinning of

the retina in OCT scans. Th eo tt a | retinal thickness of the ey
measured and plotted from ONH tahwebdetiscuplera»rs.
No significaret weiefbfresrachreade eyed remad eddldiyaelse

are expresseds(&®&D) Yegemegmi fi cant di fferences w
with-wage ANOVBo wfiéethr oni foor rmudttiigodn e €t @mpPpadbson:
**P<0.01, ***P<0. 001, Etreée®Rck6doOBOIr caRemabuddi. n
P<0."P<,0. 01, REmMokasednBiethriecateed+BLI .

3. 2Treat ment of Remof ushlelnkEe siluipdpirdeesds eldoss o f

RPE and photorecepto
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Af ter BLI , GA wasrelsedvedeidnr &ad ede eiyelse
the QNsHpeci ally isnentibe( B@BgEBNI ®Remofuscin®-

treated eyes, photoreceptors and RPE cells were preserved. The lamel | ar
structur evacf dredtoirmad tbhlhyu dordaused titkeghst ruct ur e
ONL was for med. Accumul ation of aberrant p
spaaatul til ayer evde rReB Forbv eReimaduscin®-treated eyes

( Fi3dr.) .

As previous!l I wme ndiingihreidshreeudnberRP&duc | e
pronouncedly in ©Omei afemi dr omo 408H and 800
ONMH ameduoaedbephootfor eceptor nufcd @m CM0 G mat i c
inferior position taT®O0®x Omi rsai ptelré opr toesd ttii
Remofuscin® agai nst -bhdacédghet itnal acveelrlagleo sosf, R
nucl eieavdi h RdMh@ t ewavsalmeasar €dnasi oni mft dé st al
arda odn0Om inferior8t0@mONH pamd hiE tar e@Mie of
photoreceptor witdalhah @&nndNwasalantad i ad
function off UhBt &m@a i nferi or600®mOKEHpPanNd

t o OMH t er BLI , Conrpracractdedt cey@®n and vehi
Remofuscin®-treated eyes showed increases in the number of RPE nuclei and

photoreceptor nucleiof ONLs i gni f i daretyleys, ( P WN®DVAONeE

wi tBonferroni ) . dhrereceéesenéesal ed t hat treat m
Remofuscin® caused a rescue of RPE and photoreceptor cells from blue light-

induced damage (Fig. 30D-E).
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Figure 30. Treatment of Remofuscin® suppressed the blue light-induced loss of
RPE and photoreceptors. (A) Representative image of the semi-thin section from a
non-treated eye after BLI. (B) Representative image of the semi-thin section from a
vehicle-treated eye after BLI. (C) Representative image of the semi-thin section from a
Remofuscin®-treated eye afterBL. (D) The average of RPE nuclei wit
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interval was measured as a function of distance
superior (EyToheONaHv.er age of phoQNL ewietpitionr enauccHh €200
interval was quantified as a function of distan
superior TheatCNHare expresséeé&Djdeyde. m&iagni fi ca
di fferencesedwe we twhaayb cABNCaviBo mwfi etrto rorne c tci on f or mul
comparisons. *R<0.05, **P<0.01

4. Discussion
4.1. Blue light-illuminated pigmented Abca4” mice reflect the

advanced Stargardt disease

A correlation has beenNIfRR npda tbteetrwe eann d hvei sfioc
i n Stangaddasmdi et @ildeci2pdmd,) et al . al so

t he i mpor t aanncgel eAflNIviRode f ol |l owing the progre
stage ofasAsBCAdated r(eCiiceadi yWars paRR&El mel 201 n

plaa gr eatt hppat @oil ogy and diagnosliandafctedt arg
the retinal degener apii popme Abbye didi Icueimi mabi ng t

l i ght.

|l nodentRPE <celelnst rian trheet icna contain a higher
a | ower |l evel of melaniiifGrlegneitnathe ROMilph

al ., .20In7)l ine with tHEe |plpotfautsacxind iiaved oantrF
properties of TRBEEI mel abi al . , 201Bl u&®&ahgghkt
i nduced | esh xersvmak mdoy | ocate in the centra

of pigmbrectheidcet hd mudy,i fgucaantti on of photorec

and RPE nuclei revealed that RPE cell s were
damage than photoreceptors. Mor eover, cons
St ardga p at(iGe reteenisn et ,albluaeocodbgad RPE | os
preceded photoreceptor | oss. An early stud)y

i s feod Iloyw phot oreceptor degpoasedtywehadicebl U
( Nakamura et Adfnlcami @®,183bundant bisretinoids
of Dbl vwienduicBebdt dRe geneWwmtetonal .Bi s20ltd)noi ds al ¢

71



i hh@S but ra@&tmaanmidni mum | evel because of RP
and continuous renewal R®PE 0S. kThhoewnf umcts w
phot or eceptTdre WiiaaldiiInigtsy.of i hdecatreséehat sbud
initially damages RPE,r fdeelgleonvedhdncd b npdiont or e c
A Il ongitudinal study of AF i n fSteacrkg alredsti opnas
were increaAfedven BWme to a peak of hyper AF
SWAF subsequently and evé@ukanbhtyebedbhRe BOD
AF of | esions also changed esiomi Iderc-h¥ nav e m
to hypoAF occurr(e€dkmase ed.uiddmiMeyr RO 1 BDpt h t he
mean intensAFEiasdrNIViewW e r educeidl liunmibnlauee dl |
pi gmeAbe#dmMi ce. This finding is consistent wi
i n both modalities in the | ate stage of St a
| found t hat-i nbdluuwcee d| ilagotinioe svaF na NISAMA NI Rer e
correlCatrea@l at i on -AlFe tamedd iMN | SRWo we cde att um ees fo f
fundus AF abnor mailliltuineisn aitne dbbl puaedinieiengt hetdh i ¢ h
are consistent with the obcSGukras oas alh. St
Kell ner etFialst, 20h@9)Majority oAFIlksi olmpgpa hc
NI-RFSecomdthleesi ons sh®@&wWed nhyoyparh. Tmoddki ti es
|l esi ons al so appear edmaoda ldiatrikespat ches i n bo
Bl uetilnidgulcesli ons were demonstrated by OCT a
t @« hienvasion of diffiaté&athe elthibayapleelf d et s ve
mat eaimadching to RPE/Bruchodés membrane | ayer
was sehb vierdhe most Xoeesptonshe eaeseiglbrrsyl tof i s
noti cealdkependant ont hdeewvaen diemfgfhHymxdrn ye mat el
reti nal flecks i sh6&wadg-06¢dhtabpea ¢cnaetnetgsor i z e d

i nto di st(ivocitgtgreotupdshe, e2@Padpsi on of hyperre
i's indicative of stages in the degeneration

STGD atr ophy( Sepvaarl rucawt i edth1ldl, Battaglia Parodi
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I n human-adABGA#4dated reti nadi sdeeagseen ey ead U emg e t

been defined as six stages based on retina
St ajgpies proposed as nor mal ret hnalor snat u@tFur

inteN€itdeci yan .etWhaillpej,g @gtéhdeh g dhouse model

possesses same characteristics as early sta

St aiglei ncreased AF intensiftuyn(fc@htembherbr makar et

201.3)Stlagpend Stadef i ned r esaqpm mtcirvealsye asn mea

fundus AF i nt enpasnidoympalnedt et elxotsusr eof RPE and p
(Cideciyan atrealincofbthHdg enobsevitdsbsany i n
Nevert htehHmssse moadiednly reflects the featur

advanced stagesesreasetlviogdus AF texture wit

o f photosedsSplager educti on of mean dundus /

further decline ofr)r.etinal function (Stage

Theni stol ogi cal features inapebtehtus!| wi shu8t
The cell components of the hypémbaet bdygii ve
the findings of |ight and fluorescence micr
i maging -@Q0Td sSchans to interpret tyhweofunAErl y
abnormalities. First ,-AEhandi hgogro WNteRr hy pmer
backgroured)ponared to diverse changes in the
such as the |l oss of | S/ OS and reduction or
NI-RF afteghtblcuaen Ibie i nterpreted by a reduct
the damaged RdPEseaerbWwdde|l astron m2@BCpscohbyg (Fi
damaged cells containing few melanin but at
the cytoplasm probabhAFyarcdaulsao QNP ED)SEW

Undegraded phagosomes in RPE ceibpsfbacenbec
| i ke f | u(loKeaetsz eentc eabDue t2® 0t5He presence of ret

chemical modi ficatiwofn time tpmhlea gcooanptomseend sout €
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devel ops -liilpef dd wiom esce(nkcaet zprectpeatTiRee 2005
accumul ation @fhagondegmeadad RPeE &aepdtse mtiigahl
source -AoFf. 9We erythrocytes in the choroid
were not fluoresc@ahthouwgl5LtOhe ynayemeg aut of | u
the fluoresceft®aj emr c e b.s adepcgohnzdd,8 0 ) e wi t h hyj
i n -8W andARIbBXx 2 A hFoiwged a reduction of al
on OCHox 2.1®BY) HKing semithin sections, a redu
and the absengse ©OésRIPtEi cgeliln thAFabsebhbe oI
NI-RF signal, were observedbax hle@Ac)drrgespo
Thus,oddheofl RPE cellduexiptmai oedt hdemean AF
bot h modal i ties. Moriemdked, pphbbobodegrddtai 01
bi sretinoids and photodegradation of mel an
mel anin and t helierd ar eeltevadnt, AR 16, Sarna et
al ., ,20h7)ch wans deavmmadgeendd RPE <cel |l s wunder tt
mi cr oscopéeB)(.Ftibgn g &r d t patients, hypoAF patoc
poorer visual acuity were pKamanenZtiix)dthe
t he si thegsp ewiAtFRAIFN a3WAMNI(Rbox bdx addil®) Fig
showed hyperreflective materi al protruding
|l ayer into the ONL Il|la®)e.r T hearxe cleya gbuol xa3t iionn Foi
aberrant pigmented eceidles i wedh ARAIFginildny NIhRp o f
Subirmal space at the corresponding site in
Fi.g@-E). The presence of hyperreflective | es
pat hol ogi cal feature i n Stalrgaocmpo npeanttise nd rs
controversiaal ParBattagMi et al . suggested
hyperreflective foci result from the trans
epit melsieanlc hy mal t r a(nBE atgiloina pPraorcoedsisPataval . |,
et al . suglyesbedgitmadof thyperreflective foc
photore¢Ppbuopnset . Tahliwgr ROde&8monstrated that
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hyperreflective | esions is the accumul ati on
Subretinal amteed antel Ips gmecated <cl oser t o

assoed awi t h hi ghe-AFsagd#aaANsRiIi n SW

I n the EM i mages, two types of pi gmented c
mo d efl ) i sol ated pigmented cells filled wi:
l i pofuscin and mel anol i pof us)cipni)g menn-tt hger asmnuwl

| adened pigmented cells atThachswomlgat ed Bpiug imé
celwesr e i dest malmmes by their l bal positivi!

macrophages engorged with melanolipofuscin
outer retina was reported in (tBier dbaoh etyes
1994)However, the desel hsednpitdmenstuebr et i nal

recognized as migrated RPHBoallfai et Stadr ga
Bi rnbach et. lal .gdd199o4n t o i mmunostaining
macrophages cowlhdkdbeacadiostdi mguito their ultr

RPE cells and macr dpHHeaeke dwewiet hb ogihg ment (

(mel ani n, l i pofuscin and me | aRPPH | geflwsci n
ultrastructure involve <cellul aracjhmeati ans,
Bruchds membrane. However, the macrophages

shape and many extensi on(sRYOIfERt h&nd8 &) ¢ me
attachment to the Bualcshuégsg eme mldr atnhea.t Tihhe ¢
pigmented cells could be isolated macrophag
to the Bruchds membrane.

Correlative analystsobebofvebenpbobhesdi st antume
fluorescence mi creospaceepse nrceev eod!l egdr atntul es  wi t
AF andAMNIIRM t he Ibllwne natgdidd nmirceye with the |
of Stargartdt déemseaseatedr rahat es hawgeeegl i pof
or/ awred anol i p abfl wsec-ilhil guhtialn @ itAgat ami cMI,-RF

was observedwbiyothe funeéus vbAhyw otamed f | uor esce
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mi cr osciophy .t W absenclei pd fgun&mdniamies het kabr et i |
aberrant cells andxhtit bhbopgéedc i-RPPHE aNsi&R Fns
after Dblue I|.Thhlks,uiglgleusmienda ttihoant t he f |l uor esc:

the bi sfrledarnophores in | ipofuscin were modi
process of blue |ight damage and S#A&rgardt
The mel anolipofuscin granules are consider

l i pofuscin and meldanoixn dwit(tifeeaBmtymgss & Fau

Hi |l derbrand et aét ,allol8t42iyWahhilakie It d-ei k€ pof us
composi(tBi®es emei er evf amel and0llpypaddisditrmn ch
fluorescence propertid&dAF dd7dubohnmamrbudridptt oi
preparation). Additionally, t he mel anosome:
showed br irAgfhttebranNIiRn nor mal iRBPrEowreltles .c 8U ue
phot obilnegpacehnhances the fluoresce(®aer nantetn si
al ., .20P0®d)Y ooxi dation #elathmxngad biun ome Itaon ;ay
mor pho(lSagryna et al ., 2003, LBhkawten, ethal inc
the RPE melanin sigdhal nwamesHEBBEAHPRAT €nt s
(Sears et. allh.ese20fli7Tn)di ngs together indicate
pi gment granul es (mel ani n, l' i pofuscin, r
fluorescence @rbpapeetséagenot hStargardt di s
model . Adpghotonaklkeypytors were not observed
Abcami ce before or after bl ue | ight i1 umi
nor mally observed ivwie KaFut ¢éi paffThsgpciamBent o
A2PE i n Abocréan@®S mi ght be insufficient to ¢
I nterestingl yl,i kteheAFl iqpfofuephagocytosded out
bi sretinoids at a high | eveellb Megactmnkode elr wte d i
was not vi sMérl/tek ideK AaTgZo wetti al ., 1987 ThAZileao et
the presence of me | aAnF no fi nQ&.r fTehmed sAdW i (tGhS Ot h
onlogulcd be seen in the ear(lMaephasee .oafl . I, i g2h
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Seven days after blue |l ight illumination, t
be detectabltetionhgypetrr &F of | i pofuscin.

l concl ursimoms et modsetlt he ecll ierit c al mani festati
Stargardt di sBhse bBndhAMB®iI mini shed the iInte
AF andARQuRRntitative analysis oforRPrEucnluecil ei
i ndi catRePE tipoeséesc eded photoreceptiomMbtads afte
mi ckehe correlation of the finding®Cadmong f U
fluorescence microscope and histology can
hi sta@allogharacteristics of fundus AF abnor ma
OCT. Subr et iangaedds npahcargoopchy t i zi ng RPE debri s

sources of b-AFhahgpbkByAgFSWMeI RNnin in macroph
hi ghedAFNI Ri pof usciimofamgicime | gmanulAeéFs aenxdpr es s
NI-RF indicated chemical al t eaerfateironts| ucef |pic
damage. This modelt lgparuwvelcd 9 bneicfyepled a ey ¢ Or at eg

for the advanced stage of Stargardt di sease

4.2. Remofuscin® ameliorated retinal degeneration in the mouse

model of advanced Stargardt disease

Thus, this mouse model was applied to study the protective effect of
Remofuscin® on the retina. Treatment with Remofuscin® showed no toxicity to
retina function in ERG assessments. Single intravitreal injection of Remofuscin®
reduced the lipofuscin-derived SW-AF efficiently. The results demonstrated that
treatment with Remofuscin® ameliorated retinal dysfunction, increased the
reduction in fundus SW-AF intensity and rescued of RPE cells and
photoreceptors in the mouse model of advanced Stargardt disease. Treatment
with Remofuscin® suppressed retinal degeneration in the mouse model which
reflected advanced Stargardt disease. Its protective effect on retina resulted from
the ability of removal of lipofuscin (Fang Y, et al. IOVS. 2017; ARVO E-Abstract
B0287).
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What might be the mechanisms of action of Remofuscin®? Even though mature
lipofuscin was considered to be undegradable and unremovable from cells by
exocytosis (Terman and Brunk, 1998). However, later on, it has been suggested
that bisretinoids A2E undergoes photodegradation and photocleavage by
quenching the ROS (Wu et al., 2010). Thus, it is hypothesized that with the
presence of light, Remofuscin® accumulating within pigment granules of RPE
(Fang Y, et al. IOVS. 2017; ARVO E-Abstract B0287) generates reactive oxygen
species (ROS) without damage to the retina. Lipofuscin is hydrolyzed and thus
broke up into small particles with the participation of ROS. The small particles are
likely to be removed by exocytosis of RPE cells and then phagocytosed by
macrophages. Then during blue light toxicity, less ROS are formed by lipofuscin,
because the amount of lipofuscin has been reduced by Remofuscin®.

These findings indicated that removal of lipofuscin by Remofuscin® is an effective

strategy of therapy for Stargardt disease and AMD.
4.3. Limitation of this study

Further anal ysi s of the chemical sailnherati
mel anolipofuscin and mel ani n) I nFWRPEherel | s
studweoimet hani sms o émoludtie® ianeddedolmthisosfudy,R

the blue light with high intensity reduced the accumulation of lipofuscin and

induced severe retinal degeneration. For further study, blue light with low intensity

could be applied to study its effect on reducing lipofuscin accumulation.

5. Summary

Stargardt disease (STGD1), k nowans t he most preval ent for
macul ar d is gdlared o ABCA4 mutations. The pigmented Abcad’
mouse strain is considered to be a mouse model of the early phase of Stargardt
disease, due to the absence of retinal degeneration. In this study, to induce retinal
degeneration in pigmented Abca4’- mice, these mice were illuminated with blue

light. By comparing the in vivo assessments including ERG, fundus SW-AF,
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fundus NIR-AF and OCT from the mouse model to those from Stargardt patients,
| demonstrated that this mouse model r e fd dt cdhte c | i ni ctailonma noiff es
advanced St ar.Jheredutts indicated thas azute blue light reduced
the mean AF intensities of fundus SW-AF and NIR-AF. Additionally, it was
indicated that RPE loss preceded the photoreceptor loss in the blue light-
illuminated Abca4--mice. In albino Abca4” mice, NIR-AF was observed after blue
light illumination. Lipofuscin and melanolipofuscin granules were found to
contribute to NIR-AF, in the late-stage Stargardt patient and blue light-illuminated
Abca4d”’ mice. It suggested that Stargardt disease and blue light damage in
Abca4’ mice shared a common pathological process which changed the
fluorescence properties of lipofuscin and melanin. In this mouse model, the
correlation between in vivo and ex vivo assessments revealed histological
characteristics of fundus AF abnormalities. The subretinal macrophages fully
packed with pigment granules (lipofuscin, melanin, melanolipofuscin) were found
as one of the sources of the fundus hyper SW-AF and NIR-AF. This mouse model,
which has the phenotypes of advanced STGD1, is important to understand the
histopathology of Stargardt disease.

This mockemlul dseedpfecl i nioctaHersapuydystrategi es
advanced st age o f ReBofuscin®,arethover dfilippfasairs was
applied in this mouse model. Single intravitreal injection of Remofuscin®
removed lipofuscin from RPE cells thus suppressed blue light-induced retinal
degeneration. Remofuscin® is a potential therapeutic drug for lipofuscin-related

retinopathies.

6. Zusammenfassung

Die Stargardt Erkrankung (STGD1), bekannt als die h&ufigste Form der erblich
bedingten Makuladystrophie, wird verursacht durch ABCA4 Mutationen. Der
pigmentierte Abca4’- Mausstamm ist als Tiermodell nur fir die frthe Phase der

Stargardt  Erkrankung  akzeptiert, weil bei diesen Tieren die
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Netzhautdegeneration ausbleibt. In dieser Studie wurde bei pigmentierten Abca4
- Mausen eine Netzhautdegeneration durch Belichtung mit B laulicht ausgeldst.
Durch vergleichende in vivo Untersuchungen mit Elektroretinographie (ERG), mit
der Messung der Fundusautofluoreszenz im kurzwelligen (SW-AF) und nahem
Infrarotbereich (NIR-AF) und mit optischer Koh&enztomograhie (OCT) konnte
ich zeigen, dass dieses Mausmodell die klinischen Charakteristika von
fortgeschrittener Stargardt Erkrankung hat. Die Ergebnisse zeigten, dass
intensive  Belichtung mit  Blaulicht die  mittlere Intensit&  der
Fundusautofluoreszenz im kurzwelligen und nahem Infrarotbereich reduziert.
Zusdazlich zeigte sich, dass in Abca4”- Mausen nach Toxiz it&, verursacht durch
Blaulicht, retinale Pigmentepithelzellen noch vor den Photorezeptoren
geschadigt werden und frther als diese sterben.

In albinotischen Abca4’- Mausen wurde erstmals NIR-AF im durch Blaulicht
geschadigten subretinalen Bereich gefund en.

Lipofuszin- und Melanolipofuszingranula wurden als Verursacher der NIR-
Autofluoreszenz bei einem Patentient mit sp&er Stargardt Erkrankung und bei
durch Blaulicht geschadigten Abca4”’- Mausen identifiziert. Daher ist es mehr als
wahrscheinlich, dass bei Stargardt Erkrankung und durch Blaulicht gesch&digten
Abca4d’ Masen ein gemeinsamer pathologischer Process zugrunde liegt, der
die Fluoreszenzeigenschaften von Lipofuszin und Melanin veréndert. In diesem
Mausmodel konnten die in vivo Untersuchungen mit histologischen Merkmalen
ex vivo korreliert werden.

Subretinale Makrophagen, die voll gepackt mit Pigmentgranula (Lipofuszin,
Melanin und Melanolipofuszin) waren, wurden als eine der Ursache von Fundus
Hyper-Autofluoreszenz im kurzwelligen und nahem Infrarotbereich identifiziert.
Das in dieser Arbeit entwickelte Mausmodell, welches den Phénotyp von

fortgeschrittener Stargardterkrankung (STGD1) zeigt, hilft die
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