SUPPLEMENTAL TABLE 6. Electrophysiologic Gro

up Trénsitikon‘and ABCALL,\'/ari

Dis,ease (Continusd).

antsa Identified in 59 Patients With Stargardt

Electrophysiclogic

Screening Method {Yes/Noj

Pt Group (BL / FUy Genotyps Group  Numiser of Variants £xon Nucleotide Substifution Amino Acid Changs sS8CP APEX D8
35 I/ B 2 3 c.161 G>A p.Cysb4Tyr w — -
17 c.2588 G0 p.Gly883Ala » — —

36 I/t A 2 19 c.2791 G=A p.Valo3iMet — 1% —
Int. 38 ¢.5461-10 T>C Splice site - P4 -

37 /1 C 1 28 c.4139 C>T p.Pro1380Lay — 2 -
38 I/ A 2 22 ©.3211_3212insGT  p.Ser1071Cysfs*1084 — e -
28 c.4139 C=>T p. Pro1380Leu - 1 —

35 it/ A 2 Int. 38 ¢.5461-10T=C Splice site - b -
Int. 40 ¢©.5714+5 G>A Splice site — 1 —

40 Al D 0 P — -
41 i/ D 0 »w — —
42 /1 C i 3 c. 161 G>A p.Cysb4Tyr I - —
43 It D 0 » — —
44 i/ m o} 1 19 c.2894 A>G p.AsnS653er 'd — -
45 /s C 1 21 c.3056 C>T p.Thri019Met e — -
46 i/ C 1 21 c.3056 C»T p.Thri019Met %4 — —
47 n/m C 1 47 ©.B449 G>»A p.Cys2150Tyr - - »
48 17 1 A 2 Int. 38  ¢.5461-10 T>C Splice site - 24 -
44 c.8079 C>T p.Leu2027Phe — 1 —_

49 i/ A 1 12 c.1721delAC p.Asp574Aspfs 582 25 — —_
50 /7 A 1 Int. 38 ¢.5461-10T>>C Splice site — L —
51 i/ m B 2 35 c.4918 C»T p.Arg16840Tp P —_ —
44 c.6079 C>T p.Leu2027Phe P - —

52 s o] 1 22 ¢.33238 G>A p.Arg1108His e — —
53 /s A 2 Int. 38 ¢.5461-10T=»C Splice site - — -
47 c.6448 G>A p.Cys2150Tyr 1 — e

54 1/ 1m A 2 Int. 38 ¢.5461-10T>C Splice site - —- 1o
47 c.6449 G>A p.Cys2150Tyr w —~ 124

55 /i A 2 int. 38 ¢.5461-10T=C Splice site — e I
47 c.6449 G»A p.Cys2150Tyr — 1% e

56 7/ m D 0 12 - —
57 W/ A 1 15 ©.2238delC p.Leu7470ysis*787 e — e
58 iti /i1 5} 0 w — —
58 174 C 1 5 c.466 A>G p.Hel58 val v - -

= yes; — == 1N0; APEX = arrayed primer extension microarray; BL = baseline; DS = Sanger direct sequencing; FU = follow-up; Int. == intron;

SS8CP = single-strand conformation pelymoerphism.

“Putative novel changes are in bold. Alf the variants are heterogeneous.
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SUPPLEMENTAL TABLE 7. Investigation of the Pathogenicity of identified ABCA4 Variants

il PolyPhen 2° HSF Matrix*
Nucleotide Substitg'ﬂion anc Number of index Hum Var Score Site Wi Mt Allglic Frequency
Exon Amino Acic Changs Alleles Pravious Repert Pred.  (0-1) Pred. 0-1) Affected  CV cV CV % Variation Observed by EVS* Reference

3 c.161 G>A, p.Cys54Tyr 3 Lewis™® Tol.  0.11 PRD 0.994 No change /10758  db SNP {r5150774447)

3 ©.286 A>C, p.Asn96His 1 Papaivannou®™ Tol.  0.14 PRD 0.994 No change 110758  db SNP (rs61748529)

5 . 466 A>G, p. lle156 Val 2 Papaioannou™ Tol. 0.46 Benign 0.003 No change 11710758 db SNP {rs112467008)

6 c.768 G=T, p.Val256Val/Splice site 1 Klevering™ Tol. 056 NA Don. 704 58  Site broken (~17.51) ND

9 c.1222 C>T, p.Arg408* 1 Webster™ NA NA

10 ©.1258 T»C, p.Phed18Ser 1 Zernant™ Intol. 0 PRD 0.99 No change ND

10 c. 1317 G>A, p.Trpd39° 2 This study NA NA ND

12 ¢.1721delAC, p.Asp574Aspis 582 1 Briggs™ NA NA Acc. 472 68.3 New site (44.5) ND

14 ¢.1957 C»T, p.Arg653Cys 1 Rivera®” Tol. 0.1 PRD 0.999 No change 110758  db SNP (rs141823837)
;’ 14 ¢.2023 G»A, p.Val675lle 1 This study Tol. 0.07 PRD 0.989 NA ND
g 15 ¢.2239delG, p.Leu747Cysfs 787 1 This study NA NA Don. 347 77  New site (--122) ND
5 17 c.2588 G»C, p.Gly863Ala 8 Allikmets™ Intol. 0.01 PRD 0.996 No change 53/10 758  db SNP (rs76157638)
Z 19 €.2791 G»A, p.Val93TMet 1 Allikmets'® Tol. 0.12 PRD 0.716 No change 18/10758  db SNP (rsb8331765)
9 19 €.2828 G>A, p.Arg943Gin 3 Webster™ Intol. 0.03 Benign 0.449 Acc. 522 81.1 New site (--55.48) 340/10 758  db SNP (rs1801581)
z 19 ©.2894 A>G, p.Asn966Ser 1 Lewis™ Intol. O PRD 0981  Acc. 53.4 823 New site (+54.26) ND
f 21 €.3056 C>7, p.Thr1019Met 2 Rozet™® Intol. 0 PRD 0.999 No change ND
5 22 ©.3211_8212insGT, 2 Allikmets® NA NA Don. 68.3 28  Site broken (--58.55) ND
o p.Ser1071Cysfs"1084
5 22 6.3259 G»A, p.Glu1087Lys 1 Lewis™ Intol. 0 PRD 0.997 No change ND
§§ 22 ¢.3322 C:»T, p.Arg1108Cys 2 Rozet®® Intol. 0 PRD 0.986 No change 1/10758  db SNP (rs61750120)
S 22 ©.3323 G>A, p.Arg1108His 1 Webster™ Intol. 0 PRD  0.986 No change ND
é 28 c.4139 C>T, p.Pro1380Leu 4 Lewis™ intol. 0.01 Benign 0.377 No change 2/10758  db SNP {rs61750130)
& Int. 28 ©.4253+5 G T, Splice site 1 Lewis™ NA NA Don. 87.9 75.6 Site broken (~14.02) 1710 758

29 .4328 G>A, p.Arg1443His 1 Jaakson® Tol. 0.19 PRD 0.996 No change ND

30 ©. 4363 C>T, p. Cys1455Arg 1 This study Tol.  0.34 PRD 0.994 NA ND

30 ¢.4469 G:»A, p.Cys1480Tyr 1 Webster®® Intol. 0.03 PRD 0.994 No change ND

30 c.4518 G=A, p.Gly1507Arg 1 This study Tol. 0.48 PRD 0.996 Acc. 789 78.9 New site (+58.11) ND

30 0.4537_4538insC, 1 Briggs™ NA NA Acc. 917 33.3 Site broken (-63.76) ND

p.Gly1513Profs*1554

35 ©.4918 C:»T, p.Arg1640Trp 1 Rozet®® Intol. 0 PRD 1 No change ND

35 ¢.4956 T>G, p.Tyr1g52* 1 Fumagali®® NA NA

Int. 38 ©.5461-10 T>C 9 Brigigs®” NA NA 3/10758  db SNP (rs1800728)

39 ¢. 5516 TG, p. Phe1839S8er 1 This study Intol. O PRD 0.988 No change ND

Int. 40 ©.5714+5 GA, Splice site 1 Cremers'® NA NA Donor 85.5 73.3 Wild-type site broken ND

(~14.23)
42 ¢.5882 G>A, p.Gly1881Glu 1 Allikmets™’ Tol. 018 PRD 1 No change 29/10 758  db SNP (rs1800553)

Continued on nextpage




SUPPLEMENTAL TABLE 7. lnvestigation of the Pathogenicity of Identified ABCA4 Variants (Continued}

B ON ‘B 10/

SIFT? RolyPhen 27 HSF Matrix®
Nucleotide Substitution and Nusmber of Index Hum Var Score Site Wi Mt Allelic Frecuency
Exon Amino Acid Change Alleles Pravious Report  Prad.  (0-1) Pracl. ©-1) Affected GV cV GV % Variation Observed by EVS® Referance
43 £.5908 C»T, p.Leu1970Phe 1 Lewis™ Tol. 014 PRD 0.997 No change ND
44 c.6079 CT, p.Leu2027Phe 4 Allikmets Intol. 0.02 PRD 0.999 No change 3/10758  db SNP (rs61751408)
44 ¢.6089 G>A, p.Arg2030Gin 2 Lewis® Tol. 0.1 PRD 0.899 No change 6/10 758  db SNP (rs61750641)
46 c.6320 GA, p.Arg2107His 2 Fishman®* intol. 0 PRD 0.998 NA 83/10 758  clb SNP (rs62642564)
47 ¢.6449 G>A, p.Cys2150Tyr 5 Fishman®' Intol. 0 PRD 0.995 Don.  76.6 49.8 Site broken {--35.02) 1/10 758 db SNP (rs61751384)

i

1

ONY T¥OINMT

type consensus value. )
2SIFT (version 4.0.4) results are reportad to be tolerant if tolerance index = 0.05 or intolerant if tolerance index < 0,05, PolyPhen-2 {version 2.1) appraises mutations qualitatively as Benign, Possibly
Damaging, or Probably Damaging based on the model's false-positive rate. The cDNA is numbered according to Ensembl transcript ID ENST00000370225, in which +1 is the A of the transtation
start codon. Human Splicing Finder (HSF, version 2.4.1) reports the results from the HSF matrix: the higher the consensus value (CV), the stronger the predicted splice site. The values for the wild-"
type and mutant sequences are shown; the larger the difference between these valuies, the greater the chance that the variant can affect splicing. EVS denotes variants in the Exome Variant Server,
‘NHLBI Exorme Sequencing Project, Seattle, WA, USA (accessed January 12, 2012; hitp:/snp.gs.washington.edw/EVS/).
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NEFIS, IRRERRECSHRICHIT DRIIEER - FSHNEERBIC, IRBEMEDDD D PTVEHZERA THEA TS~
F—TY. &Fle, AEHTREBMEEREIZISHITBDET. BROHET VI — MHEICAVWCHEWERZ CEEAWE

2E, REMETRD > TCTHELEEL.

OCT® DR FSA4V] EODVWTHATLEZL

Al %

TSUNODA Kazushige

RREEEV YRR EYY— (BEStEYY—) KREEEFHRR

1. COST SAvElE?

AT NGV R A4 HFEERER (spectral domain-
optical coherence tomography : SD-OCT) 2B W T#
WECHEINS, HMBRBOIS/OS 71 v LiEES
?ffJLE‘Z}% (retinal pigment epithelium : RPE) ®H W72
DEHMELE D B H % cone outer segment tip (COST)
SAVELUET (ETA). #EEHBEIE O LR
1%, RPE @ microvilli IZ2& o TEABENS X 9 RTEHE
LTCwEF. COST T4 VI T 2HE SRR
WEIDHIBER (tip) TH 5T LA, Srinivasan 5P DE
HMBE OCT KX BABBIC Lo TRENTWET. —F,
Spaide & Curcio® iZBED LM T — ¥ % b LI L72#
M D, SEAMEID microvili 2 X o TRENRTWS
HIEF (contact cylinder) #¥COST 54 VY4 T
HEBMALTEY, MR ENNERRICOWTIE
FREROFMIDH LI HICERIET.

BE, COST 94 VIIF.LETIIRPEICETAE
A bn, BARIIWEBEZOMEIXIS/OS T4 ~
B BEFAED) KBITLCWEET. TRIIERNEO
RBED, FLEPOLBNLZBEEL 252D TY.

111

90 (90)

Retina Medicine

COST 54 VIHEFANIBWTERBICIPD O THERT
BIENTETTHY, BRTHLICHELOSTE
¥ REIZ X o T “false negative” & 7% 5D TEEMN
DETT.

7B, FEAEIIC S AROMEEELTBY, B
RO BIF BB O FBEB PR IC1E rod outer segment
tip (ROST) 54 ¥ & XIENBEHEED T £ V45, COST
54 ¥ RPE D WIAlcBEsnE 32,

2. COST S+ VhEZMITIZIDDIEEDLSBEEN?

WENBREBRICBWT, SRR EE I Miam
WREEDOEL L BEIETOWTWET. Z0729,
COST 54 vRBETHI LT, HERMBOBENE
BERHEIOBBITAZIENTETY. ZOELITAEE
IS/0S 54 YOERITHATLCTEL B9, & ITHM
BOBRELRET 572008 ARHEL L TEESRT
VB b TTI,

TR, MIRGEAIRT R BRI R AT RASIE R I
PO LTRAMET LTVRABREIARBNT, &k
CWHBHZRELET. TORENEEETHLD, b

vol.1 no.1 2012



A EEME 22m, %)

i

E1 EERE (A), BRUTHIVIEHYZ bOTv— (5%, BPILT AFOZE : p.ArgdsTrp) (B)

® OCT FiR
HICRLEDS SUBIEDIEARERY

A RERIZAMOT 4 —TlE, COST S+ VHRDLBICBVTHELRLTWDD, HHEEOESTRAMETIFERIC
BRINTWVS. &, PDED I1S/0S S4 VIFE UL FHEBELTVS.

A iR F2IR B

(Tsunoda K et al, 2012% & ) %&EE | H)

EIR . AR

EiR

2 HIRAZOOR D 28 &k, BIEHRN, & (0.15), £ (1.6)

A RIBBENRIE, EEEBICEBDHFSNEN.

B O—LRYVRHICT, SRICTUL Y FEROERBIUPDEREZRDS.
C: OCT Tld, HBIROBEFERBMALCSNT COST S VHTHEELLTNS. —75, BEMID 1S/0S

SAVERBRTHERBERCHERINTVS.

BVIEHRMEERE, PREERICI S DO L EIEEICE
ATEZEPY T, HMBEROET L T2 HEE
RORTHICHET A TR T, g g
Ml B &S BEIRTIRABIEER (electroretinography :
CERG) EEDEFEMIEH Y AP, ERGICAENL
RRENS WHE T, BENBREOR Y -2V
ELTREEETT.

1B ANV NEEIVA M7 14— (Z%8%, RPILI

Retina Medicine

vol.1 no.1 2012

AT OER pArgdSTrp) ICBWT, BEHLD (0.1
FCET LAERT, MIRENITR, StiREEZTR
BWEFRDIEFETYT. £ ERG IEFTT DS, A
I BWTRFTIIC ERG BUBAEELE L TWwE$. OCT
THEET AL, COST 54 YHFHLEIZBWTHELT
W00, HEREOEE 2 BHMEE CIIIERICHES
NBEZEREbIADET. £/, FLEOIS/0ST 1 v
FELCRHEBELTwET.

91 (91)
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=1 HHEEENERCEIIDST COST 5S4 ./b‘,l%?i HDVETHEBRET S —R

A) l/ ﬂ—ﬁ?#ﬁb\"}"ﬁ(dﬁﬁ%lLEL\(L\EL\%A

CINEFL, BISES. BNE AEONE, BFAHmES

B) L—t—@stlRilRErEE ChLES

CREENEMEDTL (af) DAEVNT EICEBIERONSIS. EEeR PR, BT,
KBV E LS DRBNBOBFNEE. 81 - INEHORE, BEERES(CEDREPLHED

FoREESHL.

O) mERE &3%m(a”ﬁ%ﬂﬁwICEI§§3“‘EuD‘TT§“%>%—A

- BUEPIRIR, @R, BEOses.
D) #BEMNICE LLEZIEIMEL TV HE

- EHMTL, BESTESSURR, SHRCLDMEROEN, BEIHEE.
BE) BRAR, RIREEFLDc, MEICSVTEROIVHSEUTVDES

B 2 IZ acute zonal occult outer retinopathy (AZOOR)
2o THIEHEIAS (015) T TET LzERT, Wil
SMETA, BEBREEEZFRIIVWTINDIEETT. P
BRBWT, BIIWICERGRBHEHEL TWET.
OCT THIZET 5L, HFORFIMLIIBWTCOST 7
A UHBEAHFELTWES. 428, AZOOR TIIHERE
EIWMATIS/OS 74 Y DEREVALND DHF—RRWT
T, TOERTIIFEIAALD IS/0S 74 VIFIZIZIEF
WHEINTWwWEYT., 2Dz ki, COST 54 V8 1S/
0S T4 VI bRTXL P)ﬁ}é’iﬁﬁ(?&tﬁ’l‘r’(%% & %TL
TWwWET.

¥7z, WESBEBOIEMCEBNILL ERAER &
2BWTH, COST T4 ¥ LM & DERAIRHENT
BY, MRERBOFEZ SIBH I TWY i?“”.

3. COST S4VEHICOLTOERS

COST 94 vid, 72& AHMRBRENEE THoTh
SELERBEHTHBINZNZEDH Y T, whid
[FEZERICHEES] 2ELTH Y, BIICH /2o TIE "false
negative” OWFEEZ ORITEHICB I LENH D 7.

BHEBCHEL 2501, FEARRIC X -T COST
SAVPEERTES—ATY. 728 2138 Zeiss #H D
HD-OCT IZB W CRBEEHD L —F — 182 [145
10] FTORF—VTERENE T, A7 —IV2s [8]
2 THEEICTERESKRWO, EH1LCOST 5
A VOHEEBI B DPLEVIIICLTWET.

F 72, “false negative” MERE L TREBITENRT
WO, MR & EEAEE TRV LICL BEEDR
FETYT. COST 94 VIZFEREDON Y VB LA

92 (92)
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L — =D AT BRI E IS, S
BEIC Y5 L JIROEENIE 2D 0. ERI
i, HERIC BV OB 2SKTES 5 30 B R/
HWTWhbE, COST A4 VIZFIZEELTLENE
F. SRR L— kR BLRLS L EACT LTI
2 X o TBETETTY, 205, BEIUECREA
FBHLTLESD 2 FESEL LS

Zofl, % EFRBERBEEAC X 5T COST
SAVHME HHVETEBLT A5 —A%E 1
HIFELIZ. TOXIBT—ATE, 72& 2 COST 7
4R S s T S RIS RS B

LRWETETHA.

4. 1S/0S ESEOEEMIEEEIC DT

BT 1S/0S BAMICoVTEEL LET. 4l
R NE LA OBEFRIATRNTHBESTEHT I &N
OCTIZBIFT5IS/0S 54 v OBEEELbNTHEL
7z, A, BEAFEHEASDYLEREEOCTICX
HEEICXY, HEKIS/OST 4 & LiZhTwizEAL
X, HHRRAET D ellipsoid (PIETSERER DRGSR O IR
T, IMIVIRYTESLED) ICHETE I AR
gLz

IS/0S 5 4 ¥ AP O ellipsoid 2B T2 E# 2 5
&, BRFEE IV ) ZCHHATESHAZBALIT.
FHNVIEEVA PO T7 4 — TR, BE»DSIS/0S 5
4 Y OREEL (BB MEEINETY. KERD
B & 725 RPIL] BiEF 3o EkFcER L
ENTHY, BHRBHBAKIICRERELTVEYT. o
72D FOEMNED IS/0S 5 4 ¥ IZHEF B 2 i LA A

vol.1 no.1l 2012



bNBEEZONET.

S11%, TTI—RILLTwA [IS/0S 54 v ] &w
RIS b o T, 728 & [IS ellipsoid 4 ¥ ] 7%
LS XUFF—RETAMREEDDY . 20K
ZIBBERIHZEOMERTH 5 Curcio ZHIFBICEAKIZBE

1) Srinivasan V] et al : Characterization of outer retinal
morphology with high-speed, ultrahigh-resolution optical
coherence tomography. Invest Ophthalmol Vis Sci 49 :
1571-1579, 2008 '

2) Spaide RF et el : Anatomical correlates to the bands seen in
the outer retina by optical coherence tomography : literature
review and model. Retina 31 : 1609-1619, 2011

3)Rii T et al : Foveal cone outer segment tips line and
disruption artifacts in spectral-domain optical coherence
tomographic images of normal eyes. Am J Ophthalmol 153 :
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4) Tsunoda K et al : Selective abnormality of cone outer
segment tip line in acute zonal occult outer retinopathy as
observed by spectral-domain optical coherence tomography.
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X #

B SEOMITBLQRA 0w

ELAbh, BLOBRIZDIPLAALTT—F
EFEDTPLOBFLELII] ) doTLE 77—
Y FA4 ¥ OCT ICBI) B KT ROME R, wHEEE
BRI, BTOERIZL - TEHIHIRY 2L
LT HRENDHL0D LT EA.

5) Tsunoda X et al : Clinical characteristics of occult macular
dystrophy in family with mutation of RP1I1 gene. Retina 32 :
1135-1147, 2012

6) Watanabe K et al : Quter retinal morphology and visual
function in patients with idiopathic epiretinal membrane.
Arch Ophthaimol, 2012 (in press)

7) Itoh Y et al : Correlation between length of foveal cone outer
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domain optical coherence tomography. Invest Ophthalmol Vis
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9) Fernandez EJ et al : Ultrahigh resolution optical coherence
tomography and pancorrection for cellular imaging of the
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SNP ##FD SNP &[Z@TTh ?

A Answer 4

SNP & 13—#E#4 7 (single nucleotide polymorphism)
nZ kT, BIEWENL (BIETFER) 0—HETHY, —
B9 DNA BEFI ED 1 DOBEENFR 2 HEHKICE S H
bhAREERZIEL I Y. BEFERIZIIE—0 DNA

AEF THE & 5 Bl R SRR PESIR R R &S T8

SOVEENETH, 1 AOBACH 2 REEPELS
FESUIIEIITIRY (—EED 2R 25 X 1079V L wb
CRTwET. Ll ShboOERAEREIRLICE
TV, Z0FFTRIUZEZEINSE, TOLEEFER
ROMRICIEDTY, HROICABOERL b o £
&ﬁ?éwﬁﬁénij.%Lf,zb%@@%éﬁﬁ
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fhE =k, Wi &R

NAKATA Isao, YAMASHIRO Kenii
FHARAZRESAEAREESRNNE (RRP)

FHEWZ 1% U EOEETELTWREREL "SR L X
O, —~BMLBEETERERLTIENET. BEFL
B B BETRILEHN & Z OB HEORRIZDEE
LWbodd ), ZHEoe M LT, BIETFEEKOHE
TR SNP RAT (B+75 ~8EJ5 SNP D REENT) »°
ERFHCES B b TnET. TR TH
7o SNP b HER SOOI TEY, ZoRHBITER D
DT B—HTY. 72& 21, NCBI (The National Center
for Biotechnology Information) ®3g 43 % dbSNP
(http://www.nchbinlm.nih.gov/snp/) &9 7 —F NX—
ATIL, FH-RER - HFERICIVERSINLZSNP A
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HAe@Esh, BH - BEHFshTnETE, 20T
2002 48 47 281 FAE 7S o 72 05, BIEIE 435 HEIC
BoTWET. X< SNP %3 5hT DI rsl0490924 7%
EDrsFYN—FEVLNEZENH D TTH, h
bIFIICHRE S N7z SNP (ss# L&D HNET) @
T, AEF—F R ETHRRENE N D DR LT
HDALNIDTHY (rsid reference SNP DWE),
ZOSHIZEADID TF. [hEPEZARID 255
2T, BFAFbS T B DR SIEREAONT
BHOBEOSH L VR IETNTHD Lo i) LB
PNBFH DG Lebhb LNICAY, 2085
L LR B ERIETEREEIEHT SO TwELD
(Genome Build & Xi¥h F§. EHFOD DI 2011410
B2y Y —R &7z Build 37.3), BHENTHR UL
ERTILRMECTA0ICI0L S % ID #EAL
TWET., 272, ERIC—FRE Tldc2066>T 2 LY
EHEOBETEUEIPOHMZTHEIOER L W) R
RSNP I LThBIBbRTWELLL, BETH
INBERPTF L LERRERHOLTEICIINL S
KEETLHAPH Y I, bhaic, EEBRICL-
TEHEE - R BE- RN B EOT 3 ) BELICE
BLTSNPZERTA2EEDDYD, 2OEAIT AGOS
COFBEHDT S vty VICER) Redbbbih

1) Nachman MW et al : Estimate of the mutation rate per
nucleotide in humans. Genetics 156 @ 297-304, 2000

94 (94)
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X R

e

BLAANSFEHEICRo T LEWE L2, SNP %
T A LIckY, EROBENEREND ZEPE
S 3. HERAOEHIZEZ Rk ERAE
FWERFRCOFEHENZNTHENCL?, KR
DANIBITHIz Lo THET HEREHBTTHI LI
Lo TRADERRPAE R HES Z L ITFERH ST E
T, IIEERLM (agerelated macular degeneration :
AMD) BHEOEETZHEIFEICHBEESTIER
ELTHEATTY, BETFREOKERZED-SELE
HIERMEMAAEDLELILICLY, BERMPOZOER
FRFTEBZREAITREEINTEY, ERIIHKTE
BIZTHRES Y ST TIREST - RS TwET.
—#IZ AMD % EOZHTFREIC BV TRECHS T
bEfETE BREERET L LU, A VFVEERC
BIFAH "BEEAREF LERALTCIENET. hid
S MERIE T RO SNP OEEMRBEOHEEL Y ¥
FILEL, HLETHIREDORBRESL LTS L) &E
DHEDoTVE, LWHIBKRTHITOLNTVET
7272, WERLZLOSZRFEBAICBVTE, BWEER
0 SNP OFERIZHEER &b THY, 4741 SNP DL
NOMWO L ELELBEFERICHERIRI LI L
7Y EHTY.

2) Abdulla MA et al : Mapping human genetic diversity in Asia.
Science 326 : 1541-1545, 2009

vol.1 mno.l 2012



o
©
S

@
b
[§H)

OPER Q}\ ACCESS Freely available onling

Real-Time Imaging of Rabbit Retina with Retinal
Degeneration by Using Spectral-Domain Optical
Coherence Tomography

Yuki Muraoka', Hanako Ohashi Ikeda'#, Noriko Nakano', Masanori Hangai', Yoshinobu Toda?,
Keiko Okamoto-Furuta?, Haruyasu Kohda?, Mineo Kondo®, Hiroko Terasaki®, Akira Kakizuka®,
Nagahisa Yoshimura’

1 Department of Ophthalmology and Visual Sciences, Kyoto University Graduate School of Medicine, Kyoto, Japan, 2 Center for Anatomical Studies, Kyoto University
Graduate Schoo! of Medicine, Kyoto, Japan, 3 Department of Ophthalmology, Mie University School of Medicine, Tsu, Japan, 4 Department of Ophthalmology, Nagoya
University Graduate School of Medicine, Nagoya, Japan, 5 Laboratory of Functional Biology, Kyoto University Graduate School of Biostudies and Solution Oriented
Research for Science and Technology, Kyoto, Japan

. Abstract

o Bacl(ground Recent!y, a transgemc rabbit with rhodopsm Pro 347 Leu mutataon was generated as a model of retinitis
‘pigmentosa‘(RP), which is characterized by a gradual loss of vision due to photoreceptor degeneration, The purpose of the
current study is to nomnvaswely visualize -and assess tlme-dependent changes in the retinal structures of a rabbit model of
retinal degeneratpon by usmg speckle noxse reduced spectral domaln optical coherence tomography (SD—OCT)

Methodo/ogy/Prmc:pal FlndlngS' Wlld type (WT) and RP rabbits (aged 4-20 weeks) were mvestxgated usmg 'SD-OCT. The
total retinal thxckness in RP- rabblts decreased wuth age. The th|ckness of the outer nuclear Iayer (ONL) and between the
compared toWT rabblts even at4 ‘weeks of age, and the dtfferences increased with age. However, inner nuclear layer (INL)
‘thickness in RP rabbits did not differ from that of WT during the observation -period. The ganglion cell comp|ex (GCQ)
thickness in RP rabbits increased near the optic nérve head but not around the vistal streak in the later stages of the
observation period. Hyper-reﬂectwe change was widely observed in the inner segments (IS) and outer segments (OS) of the
photoreceptors in the OCT images of RP rabbits. Ultrastructural findings in RP retinas included the appearance of small
rhodopsin-containing vesicles scattered in the extraceliular space around the photoreceptors.

Conclusions/Significance: In the current study, SD-OCT provided the pattern-of photoreceptor degeneration in RP rabbits
and the longitudinal changes in each retinal layer through the evaluation of identical areas over time. The time-dependent
changes in the retinal structure of RP rabbits showed regional and time-stage variations. In vivo imaging of RP rabbit retinas
by using SD-OCT is a powerful method for characterizing dxsease ‘dynamics and. for assessing the therapeutlc effects of
experimental interventions. S :
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Introduction

Retinitis . pigmentosa  (RP) is an inherited retinal disorder
characterized by a progressive loss of visual function due to
degeneration of rod - and cone photoreceptors and eventual
atrophy of the entire retina [1,2]. However, there are no effective
treatments for RP. Various animal models of RP have been
developed and studied to elucidate the pathophysiology of the
disease and to develop new treatments [3-10]. Of these models,

only monkeys have a macula, an important area for vision due to

the high density of cone photoreceptors. However, it is not easy to
study the pathophysiology of RP in monkeys due to handling and

PLoS ONE | www.plosone.org

breeding difficulties. Rabbits are known 1o have a visual streak,
where the rod and cone photoreceptor density is highest, about

3 mm ventral to the optic nerve head (ONH) {11,12]. Rabbits are
« easy to breed and handle, and the physiology and morphology of

rabbit retina is well understood [11-14]. Additionally, in mid-sized
animals like rabbits, surgical treatments such as subretinal
injection of cells for regenerative therapy [15,16], vectors for gene
therapy [17], and implantation of intraocular devices [18,19] are
easily performed. Therefore, rabbits are very useful for studying
retinal diseases and testing new therapeutic interventions. For
these reasons, we used transgenic (Tg) rabbits with mutated
rhodopsin (Pro 347 Leu, RP rabbits) as a mid-sized model for RP
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[20] to study the- patllbpliYSEOIOgy and develop new evaluation
systems for retinal degeneration.

Optical coherence tomography (OCT) devices allow non-

invasive detection of retinal architecture, including quantitative

measurements of retinal thickness and longitudinal observation of

the retinal architecture [21]. The technological advances in
spectral-domain  OCT  (SD-OCT) have enabled high-speed
scanning and improved image resolution [22]. Furthermore, the

exact averaging of B-scans with a three-dimensional eye-tracking

system and high-speed scanning have enabled sufficient reduction
in speckle noise, the most influential artificial noise that blurs the
boundaries between retinal layers [23,24]. These advances have
improved visualization of individual retinal layers, including both
the outer retina and the inner retina (ie., ganglion cell layer and
inner plexiform layer [IPL] in humans) [25,26]. SD-OCT imaging
also enables evaluation of the junction between the inner segment
(IS) and the outer segment (OS) of the photoreceptors (IS/OS)
[27-29] and that of the external limiting membrane (ELM)
{30,31] as halimarks of photoreceptor mtegmv That is, visual
function can be speculated from OCT images to some extent.

Thus, the use of OCT imaging in humans has contributed to a
more detailed understanding of the pathophysiology of many"
retinal diseases. In mice, the retina has been clearly visualized -

using SD-OCT [32-37]. Thus, in experimental animals, SD-OCT

may allow #n vivo detection and monitoring of changes in retinal

architecture without sacrificing animals,

In mouse models of retinal degeneration, Fischer [36] and ..
Huber et al. [32] detected and analyzed photoreceptor degener- .
ation by using SD-OCT. They imaged the thinning of inner

Retinal Imaging in RP Rabbits

“retinal layers and comparéd the total retinal thickness with th‘a‘t"of

normal mice in several mouse RP models. Yamduchl et al.

" reported the retinal architecture of rabbits by ‘using’ SD- oCT

following iodoacetic acid-induced photoreceptor devenerauon
[38]. However, retinal pathomorphology of genetically: engmeered
rabbit models of RP; which mimic human RP [20], and
longitudinal assessment of changes in the individual 1etmas remam
to be studied with SD-OCT. )

The purpose of this study was to visualize the time-dependexit
changes in photoreceptors, clucidate the pattern. of .changes.in
each retinal layer around the visual streak in identical eyes of RP
rabbits by using SD-OCT, and assess the visual functxons by
electroretinography (ERG). :

Results

Visualization of retinal structures in RP. rabblts W|th

SD-OCT o - .
We first investigated Wh(,ther the retinal structures of 'WT
rabbits could be clearly visualized using SD-OCT. Vertical OCT

images, which passed through the center of the ONH (Fig. 1),
permitted clear identification of ‘cach retinal Iayer, the choro;d

and sclera of WT xabbxts (F)gs IB and IC) The ELM and IS/ (6N}
lines were also dlearly Idenbﬁable, the mtegnty of which thC been-
shown to be positively: assomated wath visual. function. In the

B vertical OCT images, the scleral ring was defined as the ‘edge of

the ONH so that. OCT measurements: could be longitudinally
compared between each rabbit and between W’T and RP rabblts
(Fig. 1B). :

- Figure 1. SD-OCT images of WT and Retinitis Pigmentosa (RP) rabbit retinas and histology of the visual streak in an RP rabbit. (A) A
fundus infrared image of a WT rabbit retina, including optic nerve head (ONH) and visual streak, The area between dotted lines is the visual streak. (B)’
A vertical SD-OCT image along the green arrow in panel A, which passes through the center of the ONH. On this vertical image, the scleral ring was
regarded as the lower margin of the ONH. (C) A magnified OCT image of the area enclosed by the blue square in panel B, which includes the visual
streak. (D) A fundus infrared image of a RP rabbit retina, including the ONH and visual streak. (E) A vertical SD-OCT image of a 20-week-old RP rabbit
along the green arrow in panel D. (F) A magnified OCT image of the area enclosed by the blue square in panel E. The 2.2 mm width of this OCT
section was vertically cut between 1.8 mm and 4.0 mm ventral to the inferior edge of the ONH. A dotted arrow indicates the region of the visual
streak. (G) Hematoxylin-Eosin staining of a retinal section corresponding to the area in the OCT image in F. Scale Bar=200 um (B, E), 100 um (C, F),
and 50 um {G). RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform laver; GCC, ganglion cell complex; INL, inner nuclear layer;
OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting membrane; IS, inner segments of photoreceptors; OS, outer segments of
photoreceptors; 1S/0S, junctions between IS and OS; RPE, retinal pigment epithelium; and BM, Bruch’s membrane.
doi:10.1371/journal.pone.0036135.g001

“B). PLOS ONE | www.plosone.org 2 April 2012 | Volume 7 | Issue 4 | 36135



. Next, we examined a 20-week-old RP rabbit that expressed
mutated rhodopsin (Figs. 1D--1F). The outer nuclear layer (ONL)
of . the RP rabbit was much thinner than the WT rabbit.
Furthermore, in the RP rabbit, the photoreceptors around the
visual streak (indicated by the dotted arrow), where the densities of
rod and. cone photoreceptors were the highest, appeared to be
more severely damaged than in any other area. In this area, the
ONL was very thin and the outer plexiform layer (OPL) was faint
or absent depending on the distance from the ONH and the IS/
OS line was -undetectable (Fig. 1F). This regional variation in
photoreceptor damage was also detected with hematoxylin and
eosin (H&E) staining in the same eye (Fig. 1G).

Time-dependent changes in the photoreceptor layers
and in the visual function of RP rabbits

As observations revealed that photoreceptor damage was severe
around the visual streak, we were encouraged to investigate the
time-dependent changes in the photoreceptors -of identical RP
rabbits beneath the visual streak with SD-OCT and compared
them with those of the WT rabbits (Fig. 2A). At 4 weeks of age
(with the _youngest thdt can be examined by OCT), the ONL of
RP rabbits was almost as thick as \VT rabbits. Following 4 weeks
of age, the ONL thickness in RP rabblts decreased. At 20 weeks,.
the ONL thickness in RP mbbxts was much smaller than in WT

ONL §

C rod response

i SRR
/-/ b wave ”‘J/—N\
mixed cone and rod response /\/ \_ﬂ
I/\w /
- ~
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Figure 2, Time-dependent changes in morphologlcal features o
beneath the visual streak in an RP rabbit at 4, 6, 10, and 20 weeks and
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rabbits. Photoreceptor IS and OS, where visual phototransduction
occurs, were thin in RP rabbits. In contrast, the architecture of the
inmer retina was relatively preserved.in RP rabbits at both 10 and
20 weeks of age.

In the current SD-OCT study, there were additional findings in
the photoreceptor layers. In the sections of WT rabbits, the
reflectivity of IS and OS was low compared to that of the ELM
and IS/OS lines. In contrast, the IS and OS were highly reflective
in RP rabbits, and almost equivalent to the ELM and IS/OS lines
throughout the study ages (Iig. 2A).

To compare the SD-OCT data with those from the histological
examination, histological sections of the age-matched RP and WT
rabbits were prepared (Fig. 2B). The number of photoreceptors and
thickness of the ONL, IS, and OS in the RP rabbits decreased with
age, which is consistent with those of a previous report [20]..At 20
weeks of age, the nuclei of photoreceptors in RP rabbits were
reduced to | or 2 rows, which was much less compared to WT
rabbits. The magnitude of the decrease in ONL thickness appears
similar between the histological and SD-OCT data (Iigs. 2A and
2B). In the histological sections of a 4-week-old RP rabbit, the total
retinal thickness and the ONL thickness were almost the same. as
those of the WT rabbit, and the IS and OS appeared intact. The
high reflectivity in the IS and OS observed in the OCT sections was
dlfhcult to explain by the hxstologlcal sections (hga 2A and 2B).

e retma and vnsual functlon in the RP rabbxts. (A) SD-OCTi lmages
a 20-week-old WT rabbit. The total retinal and ONL thickness in the RP

rabbits decreased with age. The IS and OS were highly reflective in the RP rabbits compared with the WT rabbits. ONL, outer nuclear layer; and OS,
outer- segments.of photoreceptors, (B) Hematoxylin-eosin staining of retinas in 4-; 6-, 10+, and 20-week-old RP and 20-week-old WT rabbits. The ONL
in-RP. rabbits thinned. with age. In-.20-week-old RP rabbits, only 1-2layers-of nuclei- were detected in the ONL:-(C) Representative scotopic
electroretinograms of 4+,.6~, 10-, and 20-week-old RP and 20-week-old WT rabbits. (D) The a-wave amplitude of the mixed rod and cone response. The
amplitude was smaller in.the RP rabbits than in the WT rabbits. The differences between the WT and RP rabbits were significant at all study points
between 4 and 20 weeks, *P<0.05; *¥¥P<0.001 (unpaired t-test). Scale.Bar=100 pm in A, and 50 um in B. ONL, outer nuclear layer; ELM, external
limiting' membrane; 1S/0S, junctions between inner segment (IS) and outer segment (OS); RPE, retinal pigment epithelium; and BM, Bruch's
membrane.

doi:10.1371/journal.pone.0036135.g002
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Next, to evaluate visual function of the rod and cone systems of
RP rabbits, scotopic full-field ERG was recorded (Fig. 2C). The a-
wave of the mixed cone and rod response, which mainly originates
from the photoreceptors, was smaller in RP rabbits (61.2230.5 uV)
(mean = SD) than in WT rabbits (110.3£10.7 pV; P=0.010,
unpaired #test) as early as 4 weeks. The a-wave amplitude was
reduced with RP rabbit aged (Fig. 2D). At the age of 20 wecks, the a-
wave amplitude decreased to 37.6+11.5 uV in RP rabbits and was
significantly less than that of WT rabbits (93.5£19.0 pV; P<0.001,
unpaired #test, Figs. 2C and 2D). The b-wave amplitude of the rod-
response, which originates indirectly from bipolar and Miiller cells,
was 97.3£33.2 uV in RP rabbits and was less than that of WT
rabbits (280.8£71.3 pnV; P<0.001, unpaired #test, Fig. 2C). These
data suggest that the visual fimction of both the rod and cone
systems. was disturbed in RP rabbits, consistent with a previous
report [20]. These results indicate that loss of photoreceptors and
concomitant visual dysfunc:tion gradually occurs in RP rabbits.

"es:c!es cleaved from photoreceptors and
disorganization of IS and OS in RP rabbits account for the
hyper-reflectivity seen in SD-OCT images

To elucidate the cause of the hyper-reflective change in the
outer photoreceptor layers of RP rabbits in SD-OCT sections, we
examined and compared the ultrastructure of the retina between
RP and WT rabbits at 4 or 20 weeks of age. In WT rabbits, the IS
and OS exhibited a dense and regular arrangement (Figs. 3A, 3B,

S1A and S1B). In contrast, in the RP retinas, the IS and OS welé )

less organized at 4 weeks of age (Figs. 3C and 3D), and they were
mostly absent at 20 weeks of age (Figs. SI1G and $1D). Magnified

images of the RP retinas revealed large number of small

WT (4W)
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approximately 100 nm, vesicles' scattered  in' the extracellular

space around the photorcceptors (arrowheads in" Fig. 3D and
S1D). These small vesicles appeared to be cleaved from " the

membrane of the IS in RP rabbits (arrows i Fig. 3E and

SI1D).The disrupted organization and’ the' presence of ‘vesicles’

between the IS and OS on nltra microscopy may account for the

hyper—reﬂectwuy seen in the correspondmo area’ oi the SD-OCT ;
images.

To determine the origin of the' vesicles, we’ perfdi-m‘e'd‘
ultrastructural immunohistochemistry by using monoclonal ‘anti-
bodies against rhodopsin (Fig. 3F). In RP retinas, numerous:
vesicles with dots were observed;” indicating the presence of
rhodopsin within the vesxrles (dlsmtermedlated alrowheads m‘
Fig. 3F). I8 . ,

Time-dependent changes in the individual retinal layers
in SD-OCT sections exhibit regional and t:me-stage :
variations in RP rabbits '

In the SD-OCT examinations, thc retmal thxckness m the RP
rabbits appeared to decrease with age. Therefore, we quantita-
tively measured the mean t‘dtal’ retinal thickness around the visual
streak in the WT and RP rabbits (Figsi 4A atid S2). As shown in
Fig. 44, the total retinal thickness in WT rabbits did not change
with age, whereas that of the RP rabbits pr oomsswely decreascd
The total retinal thickness in WT and RP rabbits was not
significantly different at 4 weeks. However, after 6 weeks, the

“differences in the total retinal thlckncss increased and continued

with age. At 20 weeks, the total retmal thickness in RP rabbits was

©165.8%8.5 yum and sxgnmcanﬂy smaller than that of WT rabbits
: (194- 3+7 7 um, P<0.001; mlpmn’d ttest)

Figure 3. Ultrastructure of photoreceptors in WT and RP rabbits. (A, B) Ultrastructure of photorecepto'ré in 4-week-old WT rabbits. The inner:
(1S)-and outer segments (OS) of the photoreceptors were regular and dense. There are no vesicles in the extracellular spaces (¥). (C~E) Ultrastructure of
the photoreceptors in the 4-week-old RP rabbits. The iS and OS were less organized than those in the WT rabbits. In the magnified image (D); the RP
rabbit retina showing many small vesicles (arrowheads) accumulated in the extracellular spaces (indicated with * in panel C€). The vesicles appeared to-
be cleaved from the IS into the extraceliular space around the photoreceptors (arrows in panel E), (F) Ultrastructural immunohistachemistry by using:
an anti-rhodopsin antibody. The small vesicles (disintermediated arrowheads) in the extracellufar spaces around the photoreceptors: exh:bxt black

dots indicating the presence of rhodopsin.
doi:10.1371/journal.pone.0036135.g003
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Figure 4. Time-dependent changes in total retinal thickness,
and mixed cone and rod response in the WT and RP rabbits.
The total retinal thicknesswas measured within a circle 1.mm in
diameter 3 mm ventral to the lower margin of the ONH and averaged.
The total retinal thickness in the WT rabbits (indicated with a blue line)
was unchanged during observation, whereas that in the RP.rabbits

(indicated with a red line) severely decreased with age. *P<005 3

#¥¥P<0.001 (unpaired ttest) :
doi:10.1371/journal, pone 0036135. g004

OCT examination showed that the photoreceptors were most
severely damaged at the visual streak, approximately 3 mm ventral
to the ONH. [11]. Therefore, we longitudinally examined regional
and periodical variations in the progression of retinal degeneration
in RP rabbits. For this purpose, we measured the thickness of each
retinal layer within 0.5-mm areas 4 mm ventral to the lower edge of
the ONH as a function of distance from the lower optic disc margin
at 4, 6, 10, and 20 weeks by using the vertical OCT images that

passed through the center of the ONH and visual streaks (Fig. $3).

ONL thickness.  We first evaluated the thickness of the ONL
where the nuclei of photoreceptors are located (Fig. 5A). In WT

rabbits, the ONL in each area became slightly thinner with age. In"

younger WT rabbits (46 weeks old); the ONL was thinner in
areas more distant from the ONH. In RP rabbits, the decrease in
ONL thickness with age was more progressive than that of WT
rabbits. At any age examined, thinning of the ONL was greater in
areas more dlstant from the ONH. At 10 and 20 weeks, the ONL
was thinnest in the area 3.0-3.5 mm ventral to the ONH.

At 4 weeks, the ONL thickness in RP rabbits was significantly
less than that of WT rabbits in only the area 3.0-3.5 mm from the
ONH (P=0.037, unpaired #test). Areas that exhibited a difference
in ONL thickness between WT and RP rabbits expanded with
age. At 20 weeks, the ONL thickness in RP rabbits was
significantly smaller than that of WT rabbits in each of the 7
arcas examined (P<0.001, unpaired #test, Fig: 5E):

ELM-BM thickness. The ELM-BM thickness was evaluated
because the area between the ELM and BM includes the length of
the IS and OS where visual phototransduction occurs (Figs. 5B
and S3). In WT rabbits, the ELM-BM thickness was larger in
areas more distant from the ONH at any age examined. On the
other hand, in RP rabbits, the differences in the ELM-BM
thickness between areas as a function of distance from the ONH
were smalleér compared to those of WT rabbits at 4-10 weeks; the
ELM-BM thickness appeared to decrease mainly in the areas
distant from the optic disc. In 20-week-old RP rabbits, the ELM-
BM thickness markedly decreased in the area 2.5--3.5 mm ventral
to the ONH and was significantly less than that in the
corresponding areas in WT . rabbits (P<0.001, unpaired #test,
Fig. 5E).

INL thickness. The INL comprises the nuclei of blpolar
horizontal, amacrine, and Miiller cells. The TNL thickness was
larger in areas more distant from the ONH in both WT and RP

@ PLoS ONE | www.plosone.org
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rabbits at the ages of 4 to 20 weeks (Fig. 5C). The INL thickness in
WT and RP rabbits was not significantly different in each
corresponding area at all the ages examined (Fig. 5E).

GCC thickness. The GCC consists of the retinal nerve fiber
layer (axons of ganglion cells), ganglion cell layer (somas of
ganglion cells), and IPL. "To ' determine. the influence of

. photoreceptor degeneration on the inner retina, GCC thickness
“was measured (Figs. $3 and 5D). The GCC thickness in the WT

and RP rabbits exhibited a similar pattern in all the areas
examined at the ages of 4 and 6 weeks. However, in 20-week-old
RP rabbits, the GCC thickness in the areas close to the ONH was
larger than in younger RP rabbits and in the corresponding areas
of 20-week-old WT rabbits (P<0.001 for both, unpaired #test,
Fig. 5E).

In summary, the decrease in the ONL and ELM-BM thickness
in RP rabbits was first detected in the areas approximately 3.0 mm
ventral to the lower edge of the ONH (areas corresponding to-the
visual streak). Thi:inilig of the IS and OS (measured as the ELM~

BM thickness) followed thinning of the ONL. In contrast, the INL
© thickness i RP rabbits ‘did not change throughout the
-observational period of 4 to 20 weeks. The GCC thickness ‘in

RP rabbits increased in arcas away from the visual streaks but
close to the ONH in the later phase of observation (Fig. 5E).

Discussion

In this study, we examined time-dependent changes in photore-
ceptor degeneration in identical RP rabbits, and compared the
pattern of changes in individual retinal layers between WT and RP
rabbits for the first time by using SD-OCT. In RP rabbits, we
observed regional differences in the degree of photoreceptor loss.
That is, the ONL (ONL: the somas of photoreceptors) in RP rabbits

“was thinnest beneath the visual streak, where the densities of rod and
i‘cone ‘photoreceptors were the highest in WT rabbits, and the

photoreceptors of RP rabbits were relatively preserved in the area
near the ONH. The cwrent observations by using SD-OCT
revealed longitudinal changes in the RP rabbit retina that were fairly
consistent with a previous histological study of the RP rabbits [20]
and reports based on other animal models of R [3,9].

To elucidate the unique “highly reflective IS and OS” feature of
the outer photoreceptor layer during photoreceptor degeneration
in RP rabbits, an electron microscopy study was conducted on 4~
or 20-weck-old RP rabbits. We detected vesicles around the
photoreceptors and loss of most of the IS and OS. We speculate
that these destructive structures in RP rabbits cause the hyper-

‘reflectivity seen in the outer photoreceptor layers (between ELM

and BM) on SD-OCT images (Fig. 2A).The vesicles appeared to
be cleaved from the IS, as described in a previous report [20].
Moreover, these vesicles were shown to. include rhodopsin by
ultrastructural immunohistochemistry (Fig. 3F), indicating that the
particles were derived from photoreceptors. In SD-OCT images of
4-week-old RP rabbits, the area:-between the ELM and BM was
hyper-reflective even though the reflectivity and the thickness of
the ONL were unchanged (Fig. 2A). These observations point to
the mechanism by which photoreceptors degenerate in RP rabbits.
That is, defecmve namport of rhodopsm from the IS to the O%

followed by cleav age - of vesicles from the IS and finally cell bodxes
of photoreceptors degenerate. It is speculated that early stage RP
patients may have mutations in the rhodopsin gene if hyper-
reflective patterns are detected with SD- OCT in the area
corresponding “to the IS and OS, though further studies are

needed to confirm this speculation.
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Figure 5. Time-dependent changes in the thickness of individual retinal layers in WT and RP rabbits. (A-D) Time-dependent changes in
ONL (A), ELM~BM (B), INL (C}, and GCC (D) thickness measured with vertical OCT sections of WT and RP rabbits. Mean values at 4, 6, 10, and 20 weeks
are indicated with blue, red, green, and purple lines; respectively. X-axes indicate the distance from the inferior ‘edge of the ONH. (E) A schema to
show time course and regional variations in the thickness of each retmal layer in RP rabbits from 4 to 20 weeks. Blue color indicates the regions where
vetinal thickness of RP rabbits was signifi cantly smaller than that of WT rabbits. Orange color indicates the regions where retinal thickness of RP
rabbits was significantly larger than that of WT rabbits. Deep and light colors indicate P<0.001 and P<0.05; respectively (unpaired t-test). ONL, outer
nuclear layer; ELM, external limiting membrane; BM, Bruch's membrane, INL, inner nuclear-layer; and GCC, gangllon cell complex.

dor 10.1371/joumnal.pone.0036135.g005

Aleman et al. reported the following disease sequence in human
and murine RP caused by mutation of the rhodopsin gene: ONL
diminution with INL thickening, amalgamation of residual ONL
with the thickened INL, and progressive retinal remodeling with
eventual thinning seen in OCT [40]. In our SD-OCT study, the
INL thickness was not significantly different between WT and RP
rabbits at the ages of 4 to 20 weeks. In contrast, the: GCC thickness
in RP rabbits paradoxically increased in the later phase of
observation. Previous studies have suggested that the increase in
the INL/inner retinal thickness in patients with RP maybe related
to Miiller glial activation with hypertrophy [40--42]. In the current
study with RP rabbits, the observational period may be too short
to detect an increase in INL thickness, or the gliosis of Miiller cells
may occur preferably within the GGG than in the INL.

This study has some limitations. The area imaged with SD-
OCT was quite restricted such that the degeneration in RP retinas
obtained with SD-OCT did not always correlate with the total
retmal function. Furthermore, OCT or ERG could not be
performed on tabbm younger than 4 weeks as their eyehds had
not yet opened.

In conclusion, despite these short cofnmgé, i vive time-
dependent changes in the retinal structures were seen layer-by-
layer in RP rabbits by using SD-OCT. ‘These changes in the
retinal structure had regional and temporal variations not only in
the outer retina but also in the inner retina of RP.rabbits. This
study demonstrates that @ v imaging with SD-OCT can
facilitate the characterization of morphological disease dynamics
and serve as a powerful tool for developing new treatments, such
as gene therapy, itraocular devices, and neuroprotective
treatments, in rabbit models of RP.

Methods

Experimental animals :

This study was conducted in accordance with thc Association
Rescarch in Vision and Ophthalmology (ARVO) Statement for
the Use. of Animals in Ophthalmic and Vision Research. All the
protocols were approved by the Institutional Review Board of the
Kyoto University Graduate School of Medicine (MedKyo11229).

New Zealand White rabbits (NZW, WT) and RP rabbits with
rhodopsin P347L mutation (NZW, RP) [20] were purchased from
Kitayama Labes Co., Ltd (Ina, Nagano, Japan). All rabbits were
kept under a 14 h-10 h light-dark cycle (approximately 200 lux),
given free access to water, and fed once 2 day. For the ERG
recording and SD-OCT image acquisition, male WT (n=4-10
eyes) and RP rabbits (n=10-16 eyes) were used.

Retinal histology

Rabbit eyes were fixed overnight in a mixture of' 10% necutral
buffered formalin and 2.5% glutaraldehyde -and then transferred
to 10% neutral buffered formalin. The tissues were trimmed,
embedded in paraffin, sectioned vertically through the optc nerve
(superior-inferior), and stained with hematoxylin and eosin. The
retina beneath the visual streak was examined and compared
between 10- and 20-week-old WT and RP rabbits.

@ PLoS ONE | www.plosone.org

ERG

TRG was performed to assess the visual function of WT and RP
rabbits at 4, ‘6, 10, and 20 wecks. Pupils were dilated with
tropicamide (0.5%) and phenylephrine (0.5%) eye drops. Rabbits
were dark-adapted for more than 60 min before anesthetization
with ‘an intramuscular injection of ketamine (25 mg/kg) and
xylazine (2 mg/kg). ERG was recorded using a gold loop corneal
electrode wnth a light-emitting diode (\/Iayo Corp., Inazawa,
Japan). A 1cierence electrode was placed in the mouth, and a
ground clectrode was attached to the car. Stimuli were produced
with a light-emitting diode stimulator (Mayo Corp.). The ERG
response signals were amplified, digitized at 10 kHz with a band-
pass filter of 0.3 to 500 Hz and analyzed (PowerLab 2/25; AD
instruments, New South Wales, Australia). Two steps of stimulus
intensities (ISCEV standard; scotopic 0.01 and scotopic 3.0) were
used for evaluating rod and mixed cone and rod responses, The b-
wave amplitude of the rod response and the a-wave amphtude of
the mixed cone and rod response were analyzed.

SD-OCT

After ERG recording, rabbits were placed on a platform such
that the visual streaks, which were approximately 3 mm ventral to
the ONH, were located at the center of the image. The SD-OCT
machine used in this study was Adultiine OCT (Heidelberg
Engineering, Heidelberg, Germany), which was customized based
ona Spectrahs HRA+OCT [37]. The Multiline OCT uses an 870-
nm super-luminescent diode as a light source. The scan rate of the
SD-OCT was 47,000 A-scans per second, with an axial resolution
of ~7 um.

Measurement and evaluations of total retinal thickness
by using SD-OCT

To measure the total retinal thickness at the visual streak, a
volume scan- image was obtained (Fig. S2A). The lines of the
vitreoretinal interface and BM were manually delineated at each
horizontal section in a masked fashion (Figs. $2B and S2C). The
mean total retinal thickness was measured within a red circle
1 mm in diameter, the center of which was 3 mm ventral to the
inferior edge of the ONH, as determined by the software supplied
by Heidelberg Engineering (Figs. S2D and S2E).

Measurements and evaluation of the thickness of retinal
layers on vertical SD-OCT images

To measure and assess the thickness of each retinal layer,
vertical OCT images, which passed through the center of the
ONH and included the visual streak, were obtained by averaging
100 B-scans. To measure the thickness of the ONL, ELM-BM,
INL, and GCQG, the boundary lines between the OPL and ONL,
ELM and BM, IPL and INL, and the vitreoretinal interface and
IPL were manually delineated in a masked fashion (Fig. S3). The
thickness of each retinal layer within the areas (0.5 mm each)
4 mm ventral to the lower edge of the ONH was measured as a
function of distance from the lower optic disc margin by using the
software supplied by Heidelberg Engineering (Fig. S3).
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Electron M;croscopy i
The erucleated rabbit eyes were f' xed in the same manner as

the H&E stain. The eyes were subsequenﬂy fixed in 1% osmxum', ]
tctromde for 90 min. The retina was dehydrated thr ough agraded
series of ethanol (50-100%), cleared in propylene oxxde, and ..
embedded in €pOxy resin. Ultrathin sections were cut by using-an -

ultramicrotome and stained with uranyl acetate and lead citrate.
For ultrastructural immunohistochemistry, the enucleated RP

rabbit eyes were fixed in 4% paraformaldehyde and 0.05%:
3% p y )

glutaraldehyde for 4 h. The fized retina was cut with a microslicer
(Microslicer DTK-1000, Dosaka EM, Kyoto, Japan) into sections
with a thickness of 65 wm. The sections were incubated with
mouse monoclonal anu-lhodopsm antibody (Ret-P1 (sc-57433),
Santa Cruz, California, U.S.A.) and subsequenﬂy, with gold-
conjugated Fab fragment of goat anti-mouse IgG (Nanooold
Molecular Probes, Inc " Oreoon US.A), followed by silver
enhancement (HQ Silver, Nanoprobes, Inc., New York, U.S.A).
The stained sections were observed by transmission electron
microscopy (H-7650, Hitachi Co., Tokyo, Japan).
Statistical analysis

Data from WT and RP rabbits were analyzed with an unpalred
#test by using PASW Statistics version 18.0 (SPSS Inc., Chicago,
IL). The level of statistical significance was set at P<<0.05.

Supporting ‘ln.format'iorkx

Figure S1 Ultrastructure of photoreceptors in 20-week-
old WT and RP rabbits. (A, B) Ultrastructure of photorecep-

tors i 20-weck-old WT rabbits. The inner segments of

photoreceptors (IS) and the outer segments of photoreceptors
(O8) were regular and dense. (C, D) Ultrastructural changes in 20-
week-old RP rabbits. The IS and OS were mostly absent, and the
residual IS and OS were less organized than those in WT rabbits,
In the magnified image (D), many small vesicles {arrowheads)
appeared to be cleaved from the IS into the extracellular space
around the photoreceptors (arrows).

(TIF)
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Figure §2 Measurement of mean total vetinal thickness.:

(A) An infrared image on volume scan mode of SD-OCT. In the' .
volume scan mode; the region ventral to the optic disc, including’

visual streak (19 Tines in vertical 15°X Lorizontal 30°) was imaged.”

{B) One of the 19 horizontal OCT sections on volume scan mode.
The lines of the vitreoretinal interface and the. Bruch’s membrane‘
are manually delincated at each horizontal section. (C); (D) The:
retinal thickness map constructed from the volume scan OCT
images. Total retinal thickness was measured within the red circle
shown (E). The diameter of the red circle was 1 mm, and the.
center was 3 mm ventral to the inferior edge of the ONH (D, E).

Figure §3 Measurement of the thickness of individual
retinal layers. Four vertical OCT sections that pass through the
center of the ONH and visual streak are shown. On each section,
the boundary lines between each retinal layer were manually’
delineated, The ONL, ELM-BM, INL, and GCC thicknesses
were evaluated in 0.5-mm segments as ‘a function of the distance’
from the inferior optic disc margin up to 4.0 mm ventral to the'
inferior edge of the ONH. ONL; outer nuclear layer; ELM;
external limiting membrane; BM; Bruch’s membrane; INL, inner:
nuclear layer; and GCC, ganglion cell complex. ‘
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Transcorneal Electrical Stimulation Promotes Survwal of
Photoreceptors and Improves Retinal Function in
Rhodopsm P347L Transgemc Rabbits

Takeshi Morimoto,* Hzroyukz Kanda,’ Mmeo Kondo,? Hiroko Terasaki,” Kobji stbzda 4 and

Taleasbz Fujikado*

Purreose. To: determine whether transcorneal electrical stimu-
lation (TES) has neuroprotective effects on the photoreceptors,
and whether it slows the rate of decrease of the electroreti-
nogram (ERG) in rhodopsin P347L transgenic (Tg) rabbits.

MgetHoDps. Six-week-old Tg rabbits received TES through a
contact lens electrode on the left eye weekly for 6 weeks. The
right eyes received sham stimulation on’ the same’ days.
Electmretmogxdms (ERGs) were ‘recorded before and at 12
weeks after the TES. After the last ERG recordings, the animals
were euthanized for morpholog1c analysis of the retinas.
Immunohistochemical (IHC) analysis was performed to detect
the immunostaining by peanut agglutmm (PNA) and 1h0dopsm
antibodies in the retinas. . .

Resurrs, The a- and b-wave amphtudes of the photopic ERGs
and the bwave amphtudes of the scotopic ERGs at higher

stimulus intensities were significantly larger in the TES eyes -

than in the sham stimulated .eyes (P < 0.05, respectively).
Vlorpholoyc analyses showed that the mean thickness of the
outer nuclear layer (ONL) in the visual streak at 12 weeks was
significantly thicker in TES eyes than in sham-stimulated eyes
(P < 0.05). IHC showed that the immunostaining by PNA and
rhodopsin antibody in the TES-treated retinas was stronger
than that in the sham-stimulated retinas.

Concrusions. TES promotes the survival of photoreceptors and
preserves the ERGs in Tg rabbits. Although further investiga-
tions are necessary before using TES on patients, these findings
indicate that TES should be considered for therapeutic
treatment for RP patients with a P347L mutation of thodopsin.
(Invest Opbthalmol Vis Sci. 2012;53:4254-4261) DOL:
10.1167/io0vs. 119067

atients with RP have a progressive loss of rod and cone
P photoreceptors that leads to a severe decrease in the visual
acuity and a severe constriction of the visual field.’:? The
worldwide prevalence of RP is approximately 1 in 4000,
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4254

meaning that more than 1 million individuals are affected
Worldw;de5 As such, RP is one of the leading causes of
blindness in the world

Many promising treatments to save or restore vision in RP
patients are being investigated chmcally and cxpemmentdlly a9
Electrical stimulation (ES) of the retina is one of thc mcthods
that is being tried because it is less invasive than “other
treatments and has been shown to have neuroprotective
properties on the visual system. %18 ES of the transected optic
nerve stump in rats promoted the survival of axotomized
renndl ganglion cells (RGCs) in vivo. 10 Transcorneal electrical
stimulation (TES) in rats was 1eported to rescue axotomized
RGCs'™12 and promote axonal regeneration of injured
RGCs.}31% TES was also shown to improve the visual function
of patients with traumatic optic ncuropathy and nonarteritic
ischemic optic neuropathy.?”

We have demonstrated that TES promoted the survival of
photoreceptors and preserved the retinal function of Royal
College of Surgeons (RCS) rats, an anjmal model of RP“ Ni et
al.)7 also reported that TES had neuroprotective effects on the
photomceptom after phototomuty in rats. In a preliminary
clinical trial, Schatz et al.'® demonstrated that TES improved
the visual function in RP patients.

However, RP is a genetically hctemgencous disease, and
mutations in several photoreccptor specific_ and some non-
specific genes are known to cause RB! Therefore, it is
necessary to examine the neuroprotective effect. of TES
on the photoreceptors in the retinas of various RP animal
models to determine which genetic type of RP is responsive
to TES. ‘

Rhodopsin Pro 347 Leu (P347L) transgenic (Tg) rabbits
have been generated by Kondo et al*® This sequence of
alterations is similar to those in human patients with autosormal
dominant RP (adRP) with the 111()dopsm P347L mutation. 21,22
This animal model has a rod-dominated, progressive photore-
ceptor degeneration with recmnal variations in the pattern of
photoreceptor loss.2*-2

The purpose of this study was to determine whether TES
has a neuroprotective effect on the photoreceptors and
improves the amplitudes of the eléctfotetinogram (ERG) in
Tg rabbits. Our mor, rphologic and elecnophvsmlovzcal analyses
showed that TES had a neuroprotective effect on the
photoreceptors and improved the amplitudes of the ERG of
Tg rabbits.

Marteriars AND METHODS

Animals

All experimental procedures were. performed in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision

Investigative Ophthalmology & Visual Science, June 2012, Vol. 53, No. 7
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Research, and the procedures were approved by the Animal Research,
Corumnittee, Osaka Univetsity Graduate School of Medicine. Five Tg.

rabbits were purchased from the Kitayama 'Labe‘s‘ Co. (Ina, Japan). They

were raised on 2 12-Hour dark 12-hour light cycle with an dinbient light

intensity of 100 hux.

Transcorneal Electrical Stimulation

The rabbits were anesthetized intramusculatly with a mixture of .

medetomidine (0.3 mg/kg, Domitor; Orion Corporation, Espoo,
Finland), midazolam (4 mg/kg, Dormicum, Astellas Pharma Inc., Tokyo,
Japan), and butorphanol (5 mg/kg, Betorphal; Meiji Seika Pharma, Co.,
Ltd., Yokyo, Japan). For the electrical stimulation, the corneas were
also anesthetized ‘with a drop of 0.4% oxybuprocamc HCL, and a
contact lens electrode with inner and outer Lonccntnc electrodes
(Mayo Corporation, Nagoya, Japan) was placed on the cornea with a
drop of 2.5% methylcellulosé to maititain good elect ‘cal contact and
prevent corneal drying. Bxphasm 1ecmngular current puises (700 pA
10 ms/phase duration) were delivered at 2 frequcncy of 20 Hz from an
electrical strmulanon 3ystem (Snmuiatox. SEN-7320, Nihon Kohdc.n,
Tokyo, Japan; Isolator: WPI, Sarasota, FL) through the coptact lens
electrode. ; R o
TES was given to Gweeleold rabbits for 1 hour once a week until
the animals were 12 weeks old. Only the left eye was electrically
stimulated. The sauie type of contact lens eleétrode was placed on the
right eyes but no electrical current was deli%éfed‘(sham stimulation).

Electroretihograms

ERGs were recorded from the animals at 6 weeks of age just before the
beginning of the TES and after the end of the TES treatments at 12
weeks of age. For the TES, animals were ancsthetized intramuscuiarly
with a mixture of medetomidine (0.3 mg/kg), midazolam (1 mg/kg),
and butorphanol (1 mg/kg). The pupils were “dilated with 2 5%
phenylephrine hydrochloride and 0.5 % tropicamide.

\frer 1 hour of dark ”daftatnu, the animals were i'cstmincd ifia
box and were prepated for the recordings under dim red light. ERGs
were recorded from both eyes simultaneously with a corneal ¢lectrode
catrying LEDs creating a inini-Ganzfeld stimulator (WLS-20, Mayo
Corporation). A 2.5% hydfoXypfopﬂ methylcellulose ophthalmic
solution was used with the corneal contact lens electrode. The
reference electrode and a ground electrode were insetted subcutane-
ously into the left ear and the nose, respectively.

The luminance of the scotopic ERG stimuli was increased from —5.0
to 1.48 log cd-s/im? in 0.5 or 1.0 log unit steps. After the scotopic ERG
recordings, animals were lightadapted for 30 minutes, axid the
photopic ERGs were recorded. The luminance of photopic ERG
stinmuli was increased from —1.0 to 1.95 log cd-s/m?, and the stimuli
were presented on a white background of 25 cd/m? ,

The responses were amplified, band pass filtered from 0.3 to 1000
Hz, and digitized at 3.3 kHz. A Lélnphtanonm ERG fcé'()1dmg system
(Neuropack u; Nihon Kohden, Tokyo Japan) was used to average the
ERG responses. Five to 20 responses were aver: aged with mtersnmuius
intervals from 1 to 10 seconds depending on the intensity of the
stimulus. -

ERG Analysis

The scotopic (dark-adapted) and photopic (ight-adapted) a-wave

. amplitades were measured from the prestimulus baseline fo the peak
of the a-wave, and the b-wave amplitude was measured from the trough
of the a-wave to the peak of b-wave.

To determine the significance of differences in the ERG amplitudes
between TES elects

2t Do A chnes ctinaidatod oawvss fne
Hy stimulated eyes and sham-stimulated eyes for

the full intensity range, we plotted the average ratio of the TES-treated
to the sham-stimulated eyes at AH intensities and performed statistical
analyses.?>-24

TES in Photoreceptors and Retinal Funct

Histo;ogical Ana;ys;s

‘ Immechately after the final ERG rccordmgs the rabbxts were euthariized ]

- with an overdose of pentobarbital sodium. The eyes were removed and
"placed in a saixture of 10% nentral buffered formalin” and 2. 5%

g glutaraidehyde in 0.1'M phosphate buffer (PB) for 30 minutes at room

temperature, Then eyes were tnmmed and ‘part of the eye cups,
including the optic nerve, were postfixed in 4% glutaraldehyde in 0.1
M PB at 4°C. The tissues were trimmed, embedded in  paraffin,

_sectioned vemca]ly, and stained with hematoxvlm and eosin for light

microscopy. All sections were cut along the vertical meridian of the eye
passing through the optic nerve. Five serial sections of each eye were
analyzed for each experimental animal.

The degree of retinal degeneration was assessed by measuring the
thickness of the outer nuclear layer (ONL); inner nuclear layer QNL);
and ganglion cell fayer (GCL). Photographs were taken of the superior
and inferior hemispheres at 10 defined points with a2 camera attached
to a light microscope (E800; Nikon, Tokyo, Japan). The first
photograph was taken at qpprommately 2 mm from the center of
the optic nerve head, and subsequent photogmphs Were taken everv
2 mm more penpherally The tluckness of ONL INL and (‘CL wc:re
measured on the photographs (Scum Image ana!yzcr Scxon Corp s
Fredenck MD). Each eye was (.oded s0 that the mvestlgator makmg ,
the measurements was masked tc treatment of the eye.

Immunohistochemistry

The paraffin-embedded sections (5 jun) were processed for immuno-
fluorescence staining with antichodopsin antibody (1:100; RETP1;
Santa Cruz Biotechnology, ‘Santa ‘Cruz, CA), followed by Cy3-
conjugated antimouse IgG (1:200), ‘and’ FITG-conjugated peanut
agglutinin (1:100) (PNA; Invitrogen, Carisbad, CA), a lectin that binds
specifically to rabbit cone photoreceptors. The TES-treated and sham-
stimuldted sections were observed with a ﬂm)rescence microscope
(E800; Nikon).

Statistical Analysis

Data were analyzed with a commercial software (JMP8; SAS Institute
Japan, Tokyo, Japan): The data were expressed as the means & SDs or
SEMs. Comparisons between two groups were made by Student’s &
tests when the data were normally distributed or by the Mann-Whitney
rank-sum test when the data were not normally distributed. Statistical
significance was set at P < 0.05.

Resuvrrs

Effect of TES on Survival of Photoreceptors
in Tg Rabbits

Representative retinal sections in the area of the visual streak
from 12-week-old Tg rabbits that had TES (left eye) or sham
stimulation (right eye) are shown in Figures 1A and 1B. The
number of rows of nuclei in the ONL at the visual streak was
two to three and the nuclei were closely packed in the retina

receiving TES (Fig. 14). In the sham-stimulated tetina, only one
row of nuclei was found in the ONL at the visual streak and
they were loosely packed (Fig. 1B). n contrast, there was no
difference in the structure and thickness of the ONL in other
areas of the retina away from the visual streak between the
TES-treated and sham-stimulated - retinas (Figs. 1C, 1D). The
architecture and thickness of the middle and inner retinal

s orsvrend Iy SR SRS R R
.a,’em were well preseivea in both TES-treated and sham-

stimulated retinas (Figs. 1A-D).
Quantitative analyses showed that the thickness of the ONL
in the visual streak in the TES-treated eyes was 13.9 & 3.3 um
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Photomicrographs of TES-treated and sham-stimulated
retinas from 12-week-0ld Tg rabbits. Retinal sections of the visual
streak from TES-treated retina (A) and sham-stimulated retina (8).
Peripheral retinas at 6 mm superior to the optic nerve head from TES-
treated retina (C) and sham-stimulated retina (D). Scale bar = 50 um.

Freure 1.

(mean = SD, n==5) which was significantly thicker than that in
the sham-stimulated eyes (8.8 = 2.8 um, 1 =5, P < 0.05)
(inferior hemisphere 1). In contrast, there was no significant
difference in the mean ONL thickness outside the area of the
visual streak (Fig. 2A). Thus, TES promoted the survival of
photoreceptors in the area of the visual streak at 12 weeks of
age.

To determine whether TES affected other layers of the
retina, we measured the thickness of the INL and GCL. There
were no significant differences of the mean thickness of INL
and GCL between the TES retinas and in the sham retinas (72 =
S each; Figs. 2B, 20).
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Ficure 2. Thickness:of the ONL (A), the INL (B), and the GCL (C)

along the vertical meridian measured at 10 retinal locations at 2-mm
intervals. Mean * 8D of five Tg rabbits are plotted. There was a
sigaificant difference of the mean ONL thickness between TES-treated

retinas (O) and sham-stimulated retina (HE) ‘at “the visual streak

(Student’s #test for two groups; *P < 0.05). :



