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Figure1  Anatomical structure and receptiveness of light signal in the human eye.
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Figure 3  Schematic diagram of IP transport system in in vitro. a), transport of cationic
and anionic drug by electrorepulsion; b), transport of non-ionic drug by electroosmosis. The

D*, D" and D are cationic, anionic and non-ionic drug, respectively.
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Figure 5 Time-courses of permeated flux of LC through the cornea (A) and

conjunctiva

B) in the anodal IP experiments. m, 0.5 mA/cmZ; o, 2.0 mA/cm?; e 50
( p

mA/cm?; o, 10 mA/cm?. Data represent mean + S. E. (n = 3-5).
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Figure 6

conjunctiva

Time-courses of permeated flux of BA through the cornea (A) and

(B) in the cathodal IP experiments. m, 0.5 mA/cm?; o, 1.5 mA/cm?; e, 2.0

mA/cm?; o, 5.0 mA/cm?; A, 7.5 mA/cm?. Data represent mean + S. E. (n = 3).
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Baseline flux

AP L OREREE LI @A L71E & A EOERM TO LC 35 L OVBA @ maximal flux
I%. baseline flux (Zxt L CEIRMEMRAFAICA EIZHR L7 (Tables 1 3 L1V 2), F7=,
A HIT 5 LC B LU BA ITxT DR 1%, 5.0 mA/lcm® 35 X T8 2.0 mA/em? £ TD
IP 3 FH I K 0 ERAER AR Z N 2.27 588 L OV 2.45 fTH 0 (Table 1), I3
7% LC B LU BA (ZHI ¥ DAEERIZ, 10 mA/em? £ 7213 5.0 mA/em® £ T IP 5 HliC
X0 ERMEERFERICENZN 404158 L ON344(572 > 7-(Table 2), 2N HD Z b,
K53 1A A MM 5ET D IR 1P OF e R BRARIFH) T o 7203,

LC 5 X' BA OEERITEIRMIC K L TLEFIBER TIX o 72,
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Table1 Enhancement ratio and flux values of LC and BA in the cornea as measured

by IP experiments.

Current density Baseline flux Maximal flux Enhancement
Compound

(mA/cm?) (g/cm?/min) (Hg/cm?/min) ratio

LC 0.5 1.00 £ 0.07 1.65+0.32 1.65
1.0 1.27 £0.20 1.96 + 0.30** 1.54

2.0 1.26 £0.12 2.41+0.32* 1.92

5.0 1.16 £0.19 2.62 £ 0.24* 2.27

BA 0.5 1.19+0.11 1.81+0.21* 1.52
1.0 0.93+0.07 1.73+£0.21* 1.85

15 0.94 +0.16 1.95+0.29* 2.08

2.0 0.90 £ 0.07 2.20 £ 0.30* 2.45

*p < 0.05, **p < 0.01 vs. significantly diffecrent from baseline flux (t-test).

Data represent mean + S. E. (n = 3-5).
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Table 2 Enhancement ratio and flux values of LC and BA in the conjunctiva as

measured by IP experiments.

Current density Baseline flux Maximal flux Enhancement
Compound

(mA/cm?) (g/cm?/min) (Hg/cm?/min) ratio

LC 0.5 1.18 £0.20 1.57 £0.17** 1.33
1.0 0.95+0.15 1.40 £ 0.22* 1.47

2.0 0.87 £0.02 1.49+0.25 1.71

5.0 1.21+0.04 2.41 +0.18** 1.99

10 1.15+0.07 4.65 + 0.29** 4.04

BA 0.5 1.86 £ 0.10 2.59+0.21 1.39
1.0 1.65 £ 0.26 2.21+0.31* 1.34

2.0 2.19+0.10 3.70 £ 0.19** 1.69

5.0 1.64 £0.24 3.54 +0.42** 2.16

7.5 2.01+0.13 6.92 + 0.89* 3.44

*p <0.05, **p < 0.01, ***p < 0.001 vs. significantly different from baseline flux (t-test).

Data represent mean £ S. E. (n = 3).

B_E AR TA AR E AW IPERAERRT O
IRAL R E R EIUEDO R

Fig. 7 X R —lZ 5 & L725A 0 LC EiaER T OAIKA)B X OHEIEB) D
TEER OfXFFRYZE b, Fig. 8 1% R — Ml Z k2R & L7285 @ BA FHim IR o TEER O
PR b2 E R LTS, R —MlZ G & LIzREo AR KO TEER
(X IP G AR Ee~ 1P 3 H B I SIS T L7z (Fig. 7). IP 1 A& T @ TEER I,

AT 2.0 mA/cm? £ T IP & T4 I BT 62%F TEIE L. 5.0 mAlcm?
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TR e o7, £z, Tables 3-6 TRT LI IZEREBEFHI/NT A —F—D
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FPETIL 2.0 mA/em?, R8Tl 5.0 mA/em? DERMEOMEICIH VT, ERAER RS
T A== REE L, AR X O EAFEICS LTI B8 2 KT ST,
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Figure 7  Time-courses of the corneal (A) and conjunctival (B) TEER in the LC

permeation experiments. m, 0.5 mA/cm?; o, 2.0 mA/cm?; e, 5.0 mA/cm?; o, 10 mA/cm?.

Data represent mean £ S. E. (n = 3-5).
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Figure 8  Time-courses of the corneal (A) and conjunctival (B) TEER in the BA

permeation experiments. m, 0.5 mA/cmz; o, 1.5 mA/cmz; e 20 mA/cmz; 0,5.0 mA/cmz;

A, 7.5 mA/cm® Data represent mean + S. E. (n = 3).
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Table 3  PD and Isc values in the cornea in the LC permeation experiments.

Current density

After IP application

Before IP During IP
(mA/cm?) 0 min 210 min

[PD] (mV) 0.5 12.6 £ 3.36 71.0+3.28 0.60+£0.10 4,80 +2.16
1.0 7.14+£1.40 99.5+£5.67 0.40 £ 0.08 2.56 £0.51

2.0 742 +2.01 170£11.8 0.74 £0.29 3.78 £ 1.46

5.0 7.87+2.84 356 £ 97.8 0.67 £ 0.09 0.77 £0.23

Isc (uA/cm?) 0.5 7.05 + 1.44 - 5.15+0.33 455 +0.82
1.0 5.32+0.81 - 5.91+0.88 4,14 +0.64

2.0 5.41 +0.85 - 6.55 + 2.16 4,18 £0.69

5.0 6.29 + 1.00 - 8.79+1.53 4,92 +0.87

Data represent mean + S. E. (n = 3-5).

Table4  PD and Isc values in the conjunctiva in the LC permeation experiments.

Current density

After IP application

Before IP During IP
(mA/cm?) 0 min 150 min

[PD] (mV) 0.5 22.4+1.77 86.1+1.76 5.37 +0.90 16.3+0.60
1.0 23.6 £0.99 82.3+4.01 2.53+0.34 14.2 + 0.68

2.0 175+1.23 101+ 10.2 1.27 £0.03 9.93+0.27

5.0 19.0 £ 2.03 179+ 13.0 0.50+£0.09 9.08+0.93

10 22.4 +2.33 270 £ 26.2 0.27 £ 0.09 6.57+1.13

Isc (WA/cm?) 0.5 56.1 £ 6.76 - 36.2+3.75 50.3 +£5.99
1.0 50.2 £ 3.93 - 31.0+285 40.3+3.20

2.0 472+1.33 - 28.3+2.33 42.2+3.34

5.0 449 + 3.96 - 16.0 + 2.87 32.2+3.88

10 50.1 £9.93 - 12.1+3.92 28.4 +3.03

Data represent mean = S. E. (n = 3-4).
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Table5 PD and Isc values in the cornea in the BA permeation experiments.

Current density

After IP application

Before IP During IP
(mA/cm?) 0 min 210 min

[PD] (mV) 0.5 10.7 £ 1.45 149 +£22.1 9.57 £0.52 6.00 +£1.32
1.0 6.53 £ 1.29 207 +10.5 6.73 £ 0.47 2.46 £ 0.61

1.5 10.8 £0.76 217 +29.1 5.23 £ 0.67 2.60 £ 0.61

2.0 10.5+£2.72 229 +24.4 4.07 £0.19 3.00+1.70

Isc (LA/cm?) 0.5 5.61+0.97 - 33.0+5.28 447 +1.18
1.0 3.94+0.20 - 28.3£2.00 2.73+0.23

1.5 4.70 £0.08 - 33.0+2.88 3.41+£0.13

2.0 545+151 - 30.2+551 3.56+1.54

Data represent mean £ S. E. (n = 3).

Table6 PD and Isc values in the conjunctiva in the BA permeation experiments.

Current density

After IP application

Before IP During IP
(mA/cm?) 0 min 150 min

[PD] (mV) 0.5 159+ 1.65 118 £ 1.06 18.7 £ 0.98 12.2+2.02
1.0 129+1.88 141 +5.25 15.6 +3.32 8.97+0.64

2.0 11.4+1.46 157+ 6.74 10.8 £ 0.46 9.00+0.35

5.0 15.0+4.44 158+ 11.8 9.10+1.29 6.93+3.58

7.5 12.6 £ 1.07 249 + 26.2 3.03+0.32 0.90 £ 0.36

Isc (LA/cm?) 0.5 41.4+4.19 - 81.7 +11.7 42.2+3.13
1.0 37.7x531 - 99.4 £29.5 35.1£2.75

2.0 35.9+1.85 - 109 +125 33.9+2.80

5.0 34.0+6.17 - 90.5+115 24.8+4.90

7.5 425+4.21 - 89.2+14.0 16.1+2.71

Data represent mean = S. E. (n = 3).
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Figure 9  Relationship between the corneal (A) and conjunctival (B) PD and maximal
permeated flux of LC. a, baseline; b, 0.5 mA/cm? ¢, 1.0 mA/cm?; d, 2.0 mA/cm?; e, 5.0

mA/cm?; f, 10 mA/cm?. Data represent mean + S. E. (n = 3-5).
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Figure 10  Relationship between the corneal (A) and conjunctival (B) PD and maximal
permeated flux of BA. a, baseline; b, 0.5 mA/cm? ¢, 1.0 mA/cm?; d, 1.5 mA/cm?; e, 2.0

mA/cm?; f, 5.0 mA/cm?; g, 7.5 mA/cm?. Data represent mean + S. E. (n = 3).
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Time-courses of permeated flux of FD-4 through the cornea (A) and

conjunctiva (B) in the anodal IP experiments. m, 0.5 mA/cm?; 0, 2.0 mA/cm?; e, 5.0

mA/cm?; o, 10 mA/cm?; A, 20 mA/cm?. Data represent mean + S. E. (n = 3-8).
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Table 7 Enhancement ratio and flux values of FD-4 in the cornea as measured by IP

experiments.

Current density Baseline flux Maximal flux Enhancement
Compound
(mA/cm?) (Hg/cm?/min) (Hg/cm?/min) ratio
FD-4 0.5 N. D. 0.01+0 Acalculia
1.0 N. D. 0.03x0 Acalculia
2.0 N. D. 0.05+0.01 Acalculia
5.0 N.D. 0060 Acalculia

N. D. not detected. Data represent mean £ S. E. (n = 3).

Table 8 Enhancement ratio and flux values of FD-4 in the conjunctiva as measured by

IP experiments.

Current density  Baseline flux Maximal flux Enhancement
Compound

(mA/cm?) (Hg/cm?/min) (Hg/cm?/min) ratio

FD-4 0.5 0.03+0.01 0.10 £ 0.01*** 3.42
1.0 0.04 £0.01 0.16 £ 0.05 3.58

2.0 0.05+0.01 0.45 + 0.04** 8.93

5.0 0.03+0.01 0.32 £ 0.03*** 10.66

10 0.04 £0.01 1.15+0.13* 28.46

20 0.02+0 1.66 £ 0.28* 83.01

*p <0.05, **p < 0.01, ***p < 0.001 vs. significantly different from baseline flux (t-test).

Data represent mean = S. E. (n = 3-8).
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Time-courses of the corneal (A) and conjunctival (B) TEER in the FD-4

permeation experiments. m, 0.5 mA/cm?; 0, 2.0 mA/cm?; @, 5.0 mA/cm?; o, 10 mA/cm®; A,

20 mA/cm?. Data represent mean + S. E. (n = 3-8).

Table9 PD and Isc values in the cornea in the FD-4 permeation experiments.

Current density After IP application
Before IP During IP
(mA/cm?) 0 min 210 min

[PD] (mV) 0.5 11.1+1.01 72.1+192 0.33+0.09 8.50 £ 0.21
1.0 16.8 £ 1.94 116 + 8.26 0.27 £0.03 17.0 £ 2.49

2.0 11.1+231 157 £ 26.0 0.17 £0.03 6.97 £ 1.65

5.0 9.83+0.64 457 £ 18.7 0.83+0.13 1.77+0.43

Isc (LA/cm?) 0.5 5.30 +0.85 - 2.88 +0.66 5.61+0.67
1.0 8.64+1.74 - 3.41+0.13 109+1.51

2.0 530+1.21 - 3.18 £0.47 470+1.29

5.0 5.00+£0.39 - 9.50+1.99 470+£0.15

Data represent mean = S. E. (n = 3).
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Table 10  PD and Isc values in the conjunctiva in the FD-4 permeation experiments.

Current density

After IP application

Before IP During IP
(mA/cm?) 0 min 150 min

[PD] (mV) 0.5 20.6 £ 1.96 80.6 + 2.67 6.36 + 0.62 13.4+2.88
1.0 18.3 £ 2.26 94.2+4.18 450 +1.53 14.4 +£1.59

2.0 23.1+4.30 115+ 17.1 2.18 £ 0.60 13.8£3.35

5.0 18.1£2.20 160 +21.3 1.50 £0.28 11.1+1.66

10 22.6 £3.33 444 + 545 0.60 £ 0.00 109+1.61

20 20.4 £3.07 664 + 113 1.08 £ 0.54 49+1.61

Isc (WA/cm?) 0.5 50.0 £ 4.25 - 39.6+£3.35 42.8£6.25
1.0 57.0+£14.7 - 439+118 455+11.1

2.0 62.0+11.2 - 36.5+8.08 46.6 + 8.89

5.0 445 +6.04 - 26.2 £4.00 35.3+5.06

10 60.8 + 6.49 - 23.2+832 3531481

20 56.6 +5.48 - 36.0+9.58 31.0+1.81

Data represent mean + S. E. (n = 3-8).
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Figure 13  Relationship between the corneal (A) and conjunctival (B) PD and maximal
permeated flux of FD-4. a, baseline; b, 0.5 mA/cm?; ¢, 1.0 mA/cm?; d, 2.0 mA/cm?; e, 5.0
mA/cm?; f, 10 mA/cm?; g, 20 mA/cm?. Data represent mean + S. E. (n = 3-4).
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Figure 14  Retained amount of FD-4 in the cornea (A) and conjunctiva (B) after
anodal IP application. Closed bars are the FD-4 concentration immediately after IP
application. Hatched bars are the FD-4 concentration at 210 min for the cornea and 150 min
for the conjunctiva after IP application. *p < 0.05, **p < 0.01 vs. significantly different from

0 mA/cm? (Tukey-Kramer test). Data represent mean + S. E. (n = 3-4).
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Figure 15  Time-courses of released flux of FD-4 from the cornea (A) and conjunctiva
(B) after anodal IP application. m, 0 mA/cm% o, 0.5 mA/cm? e, 2.0 mA/cm? o, 10

mA/cm?. Data represent mean + S. E. (n = 3-4).
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Figure 16  Retained amount of FD-4 (A) at 210 min and time-courses of released flux
of FD-4 (B) in the cornea after anodal IP application at 2.0 mA/cm? in the presence or
absence of donor FD-4. m; absence of FD-4 in the donor side, e; presence of FD-4 in the

donor side. Data represent mean + S. E. (n = 3-4).
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Figure 17  Schematic diagram of different permeation enhancement of FD-4 (e) in the

cornea and conjunctiva.
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FE=E KROBEBIUO/NE

A Tl ZRAMS L OREBEIZIT 51 A oM L OIEA A MY O Z i
X9 D ERMEDOE, S HIZ AEBPR) N T A — L —|ZHEAD W TR B AR L O
integrity (259 2 2B A fET L 72,

IRARAE 1P 0 in vivo FFZE1E, RR 1P 36 RsEIC 3510 2 B ME(~0.5 mA/cm?) 19 & il
L CE VWV EiE(0.8~28.2 mA/em?) VO TR S T & 7=, it~ T, A -ilfkicBT
%P DA AR X OV integrity OB S ORLFRKERE 2k 2 i FH BB AL o B2
EHDZEITEETHD, AROMENS. Al L ORIIEO TEER X, LEAI%
o E T IR A RS LW T AOSRMETH IPEAIZ L AU L, IP EHK
THRIZEET S Z E N L E 72> 7-(Figs. 7, 8 B L1V 12), #f% TEER D[EIfE X, E
BB 2 BRI L 72 35 A T (Figs. 7 3 £ T8 12), AT 2.0 mA/em? 5K T 10 mA/em?,
F 72 BRI BRI L2854 TIE(Fig. 8). MK T 2.0 mA/cm?®, ##C 5.0 mA/ecm® @

i EE pE TRl S v, EIEM %O PD B X W Ise O[EIE S £ 72 TEER D%
B —E L= Z &5 (Tables 3-6, 9 B L ON10). Z S FHEWE £ CldARls L O
FERE D AR K OV integrity 2 IP % H#ERF L TV 5 LB 2 b vz, L EDORE R
5 IRAEAR 1P 21T B kA AEME RS K OVintegrity (2351 5 i FH RIS b9 D sz E i,
FHRRIC KR VB2 D Z LB BN ERY . S OICEMROFRE A, T 70bbEM &2
IR THZ B BNE ST,

IR X OWEREZ N L 7= LC o baseline flux 7> 558 H U 72 BT OB AR IR (Papp) 13
ZHFH 3,98 +0.25 35 L T8 3.58 +0.19 (x10° cm/s) Td 1) . BA O Py 13, F41LFH 0.83
+0.05 B L 156+ 0.07 (x10° cmis) T o 72, MZ T, FEREE I L7z FD-4 O Py 13
1.14 £ 0.13 (x107 cm/is) T~ 7225, AEE I L7z FD-4 OFE I3 HRA LT 072
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D, Pap RN TE RN o7, AFRIZIBNT, TV GEWEIZEHEM L7z LC, BA
BEOFD-4 O Popp 1. ZHE TITAMBE L OWEBTHE Sl PP L imn 2 &
B AHFZE T B VT2 Papp 1S 2T 5 & 2 BTz, A L ORI 300 ¢
LC Tl Bz iR, BA Tid ERMIZRZmE Lz &, IPEMAIZED flux 234K
L72(Figs. 5 B8 L6, Tables1BLW2), ZDZ &iE, A AL MHEYOFBBENERLD
WMNE—HTHZLERLTWD, A4 WY o IP BREN T2 LB b
KT X VETH L0 ™ 100 LC B LU BA OF @I, IS —EDOLKMETIE
BB TOREZ N L2 PDICKFT 5 2 RIS LD, RIS, IPEAICE Y 5
BV IR flux 1%, 1P 3@ H H oA K OWERS PD I e L 7= (Figs. 9 3 L 1V 10), L
MURNG, IPIZX 0SSN LC B L BA OIEHERE 2-4 )1, #&F IP TEHDS
2% BRI 7 3 4748 L el L TR b o Tl eV, FOER L LT, Al &
OEIEE - L72 IP flux 1238V T, LC B LU BA OIIsEAMEWZ &R E X HiLd,
BILE M T COA A2 OFEE I Z i S B E()IKFE L, Eq. 4 TRS

b,

I=F (ZJ++ ZJ) - Area (Eq. 4)

ZZ T, FlZ7 7 75 — % (96485 C/mol), Area |ZERDARNHEIE TH D, Eq. 4 TR
TR, VIFREEN LI AT A OFBWEE LT =4 OFBEHE DRI TH 5 =
EWBMETE D, T b BRI DA EICIE, YA A 72 T <

HFT DR ERCRMETOA T bmEiv, A A AEEY O F i R 7

DA T MG BNEDRE LT D, WL EELEYA A OFEHREIp) LT
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WA F 2 OB ()T FOR(Egs. 5 BL O 6)TRIND W,

1

Jp=T—— tpl Eq.5

P Zp-Area-F P (Eq-5)
ZD'up-C

o= —DUDD (Eq.6)
Z Zi"ui-Cq

n=0

ZIZT, z A AU, v i GEE, BROciIA A VRETHD, AFOD B
FW i ITFEYB L REDMDA A %77, Eq. 5 IFEEH N TOA A YD
flux 3FW A A > OEERITIKTT L, Eq. 6 13HW) A 4 OiEN | ImiRTPIZEEh b A
FUFEOREL GEEOROLTIRESL Z L ZBER L TWD, ABFE T, IRMED
G EHERF T D72 DI B A AU BRS FIZEZEICEENTWHIZH, B
MEET, LCRBA XV LA AV BEIEOEWA A O LIZHT 555, 777205
HENE o> TNDbDEBEZ LR D, FEKC, Mudry OB N L v FHIL
T ARGEHIB T D LC B LU BA A 4 v D (Table 11)1X. ZEEDOEV Na', K,
CIEB X ONHCOs » X 9 7e3tf7 A1 A4 v D (Na'™: 0.42, K™ 0.02, CI': 0.48, HCO;3™: 0.07)1Z
LR TR <, & OEIXEREER AR T Lz (Table 11), Z 02 Evn, @A
LICBERDIZLE A ETFEYDA T AN DD TIERLS, EA T OB LD B D
ThdEHR SNz, o, BHEREIS L THAIREHRTIER W LC BLUBA D
IP ZE RN RIE, LC 36 LU BA O RN EIREMKAFAINAR T LTV D Z LI
LTV EEBZbNI, MAT, IPEMAPICBLZE SN TEER O T2 5 AdH kR
DYLRIZ KL D2 EF A o OB OHERNEZ BV, ZOZ & HIEY A 4 O K

ZEWCERLTWS EBZ LD, LIRS T, IPICX VIR A A 3%t
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L TEWWGEERN R 215 5 720213, FEMOZER@RDFOND A 4 il a %
BT ONENDDL EEZDND, FFE, AR R A~ CTIRNFIT Tt
5D PRFE NG DIV TO D RFEE IP 0 in vivo AFZE TIE, L7514 4> DB L2
PR KZHR—Y) U Y — R—IRIRICHE T LT 5 1822 ol R XY RS TFA A Y
OHRAER IP Tk, A A OB EZBE L ELMRENEETHD Z L3IRES

iz,
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Table 11  Transport number of LC and BA in the cornea and conjunctiva as measured

by IP experiments.

Current density

Tissue lonic compound Transport number
(mA/cm?)
Cornea LC 0.5 0.0081 + 0.0012
1.0 0.0047 + 0.0006
2.0 0.0030 + 0.0003
5.0 0.0014 + 0.0001
BA 0.5 0.0164 + 0.0008
1.0 0.0077 +0.0003
15 0.0056 + 0.0006
2.0 0.0046 + 0.0002
Conjunctiva LC 0.5 0.0085 +0.0012
1.0 0.0038 + 0.0005
2.0 0.0020 + 0.0002
5.0 0.0013 + 0.0000
10 0.0026 + 0.0002
BA 0.5 0.0251 + 0.0015
1.0 0.0115 £ 0.0001
2.0 0.0117 £ 0.0006
5.0 0.0089 + 0.0009
7.5 0.0164 £ 0.0017

Data represent mean + S. E. (n = 3-5).

A A UMEBUKMEE DT OET IV E LTHW FD-4 OAIRE X OWEL N LT-%
WK LT & BRE T IP @ L7 & & PDRAERY 7R flux O R 2MBIES S du7z (Fig.

13), EQ. 3(55—F=F —H)TREND L D12, EO ORI A L= BAL AR
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DT, FD-4 @ flux OHERIE, AEFA) pH TRICHE LA REICB W T, BN s
G ST I~ U D EQ @R SN 45 & Bz, FEERIC SERIC 550 T FD-4 flux
DOHERIZIPEAFOABEINTE Y, EO 2 X DB O — 1B 723555 I TRIK LT
WBHZ EERS IR L CWA(Fig. 11B), — 5. AEZ I L7 FD-4 flux IZ, #EEETo
ZEh IR0 | IPEARIC B R L72(Fig. 11A), ZAUTAMEHIZ FD-4 2358 LT
WD ZEICRD RSz 7o, IP D 210 53 D AN FD-4 &3 LUK
22D O flux ZE L7z & Z A, IPJEHEED FD-4 &3 X OV flux 13, 1P 6 H
BEL L LT B M E Do 72 (Figs. 14A B LN 15A), £7-. K+ —1il FD-4 1F4£ F
TIE. FEAAE FICHARTANES FD-4 &1 <. AR D O flux & &Vl CHERE
SNT(Fig. 16), 2D Z &b IPIZ XV AIEA~EAT L7z FD-4 2 HEFRNICHTE T2 2
CIT L 5T flux MR TND SO L HEZE ST, TV AN L S O RSER
RENONZE B L 0nE Ly, bbb, AT FREHE, R—~ o, i
B, 72T, 7 A AR ZOWEMHaE 2> 5 R (Fig. 18a), Rz ERCHfE & N
BB B A 7o BT & o R AN L. WNEGHIRIE &8 ) 77 & L THEERE L T
flux 23Fife b L7z rTREMEDN B 2 DL D, — 07 Uk NS b BGRie g d K OVl il (Fig. 18b)

MBEY . KRR TES TR TE DB b D EEZBND,

a)

Epithelial layer

<=—— Bowman’s membrane

Dua layer/
= Descemet membrane

e e e :| Endothelial layer

Epithelial layer

Winged cell layer

| IS | E—

Figure 18  Corneal (a) and conjunctival (b) structure of the human eye.
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B
AZF V"7 F VTR KV HIRERAZIT AR L
(RS & oM

FEMETIX, FD-4 O X 9 BUKMER /> 1. Z O RT OFEfRE (Pagp) i TEER @
WAL, ZodZaEKMaEKR b LML Tnws Y, £k
poly-L-arginine (PLA)D X 5 72 71 A M e e A O WLBRIZ L % | #5158 TEER D Rl
7T, 3720 Bl fa [ BRI O rIi ) 295 RIC K W | FD-4 @ X 9 728Kk MEE 47
TOBBBHERT 5 Z ERWE SN TWD Y, Fiif TR Lz &k DI, ik EE
o> 30 ORI LV Al UK TEER O R[RRIETRAE LT &2 b

(Figs. 7,8 38 L U8 12), IP i Al 23 Al [FIBRURE B L 5 2 U L BRI 51 20 7 D i i et | 2

h

HLCWa RN & 5 (Fig. 19),

Before IP IP application

D@
—

FD-4 --—+ > F - —

Solvent
TEER \ D

TEERY AN~

i

Figure 19  Schematic diagram of reduced barrier of paracellular pathway and

permeation enhancement of FD-4 in the ocular epithelia by IP application.
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RS A U o RS L TI IS L 0 HIR &, 23U 4 B~
VNI TH D claudins <> occludin, EEFTH ¥ X7 EH T % zonula occludens
proteins (ZOs), & S IZIZMALE# T 5 actin filament (F-actin)/s & D % L 87 B A

R & 45 (Fig. 20) 559,

Cell membrane \ /
Occludin
70s Occludin

Claudins Z0s
Claudins

F-actin —

Figure 20  Schematic diagram of tight junction complex in consist of claudins,

occludin, ZOs and actin filament (F-actin) in epithelial and endothelial cell-cell junction.

Leonald &%, /MEREIGOET L E L TIALFIH ST 5 Caco-2 HERELZ /-
IP BFZEZ1TV N, TEER OIR FICHEWEBUKYE S > Fb G Ol 3 et S 7v, B BAM
BRI S E P TIBIN 28 < 2 & 285 L %, §72abbA & 72 FR ik
TILIPIITIBE Z R EORIREELZ(L S ¥ 2D 2 & THITLMBRRRIR 29K L,
IR ST D BUKMEE T OIREIEEEICEE L TS 2 ERBE2 b,
L L3 e, B EREAIRARE D B D ARRCREIRIC I 23 0 1P @il et
BT 2MZEIRIT L A LT PN TR LT, MlLFEBRZEEEDHIRICEE 2 TI HAEIC
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KL TIPRED XD 72 BEKIELTHDDOMNEHLMNICEI TR,

Z ZTH MR TCIE, MBI T D T BRI 2 S FH D 528 4 ]
OMTT D720, FRIEH AR LORRICEKT 2 B T B s o R 7 B Rfett
BLOFERICT D EMEHORE, S 512X B F-actin O JREMEICKT 522

ML, IPIZ X2 EmiEtE s TIB N & ORERIZOVWTERE LT,
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B—F AEBIOKBELRZA Ny r2vayv
BEEE & X7 B D REMICRT 3 EBIEH DORE

£, T BEES AN EORGREBEEMERISEH T 5720, T B X N7 B
DA FA A =T U TR M S 5 Y EIC L0 JREE &2 i+ 5 2 & &
L 72, Huong 51, A L OERE A2 H N2 38B 8 P2 B35 invitro BFZE 21TV,
BKMEAL G O AR L ORI E R 5+ A4 ZKFBToH Y | horse radish
peroxidase DFEIGHEIBH LA TIZ L VHIRESN D Z L2 HiE LD, EE L0
TR CIL, BRI 2 A3 5 A KO ERICs VT, TIBE X w3y
'ET¥ 5 claudin-1, claudin-4, occludin 35 X WY Z0-1 D RER—HT2DITFH 1EH D
HTHY ., THNEEEEDOR EROA TR I D Z & DRI S Hu7-(data not shown),
Z ZCARETIE, AR XORE LR MaE0OR LERICER L, TIEEY V378
D JRHAEMET k3 2 B H D 528 2 5B L 7-,

B fRICIBUN T, IP AR TR OMAIRES X OYWERE TEER o [ 3H 73 i i (477
L., EFEHE RISV EESEN D Z &85 bR, MAERME T B
VR BOREGREOEMEIRFRICEEL TWD LB bND, AETIX, TEER OfF
BHEEIZH & R E VAR bNTCEIME A WL Z Lz Lz, bbb, LEMl%
B & L7245 a 1T, A TIE 0.5 35 L U0 2.0 mA/em?, #E I CIE 0.5 35 X U 10 mA/cm?,
ER AR S LA, AT 0.5 B X TN 2.0 mAem?, IR TIE 0.5 35 L T05.0
mA/cm? % 30 /3 RE M 54tk & L=, Figs. 21 38 L0022 1%, BRI A # 12 HU
BLOREME LIEGE oM LR T Bl o7 B o tmi, Figs. 23 8L O 24
X, EnEh EEAEBBEES X OB E L5a ORI R T B X 287 B ok
SR Z R LTS, AR JOWEIR L &I, B AT LI &5 I /e LT
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7= claudin-1, claudin-4. occludin 35 XX Y ZO-1 @362 7 F VL (Figs. 21-24, Before IP),
WHK THERIZCETOZ VN7 BB W TIK T L7 (Figs. 21-24, 0 min after IP
application), X F L7z TI B# & o /R 7 B Dy 7 F L, ARET i L= Bk
WZBAfRZ <. MIETIREAK 7206 210 3% (Figs. 21 B LY 22, 210 min after IP
application)., #&EMEE Tl K 7725 90 23 % (I kx50 B OERR & 7= (Figs. 23 15
& 0% 24, 90 min after IP application), L7>L. J# BRIV TIE, A TIEE
PR T 225 30 434 (Figs. 21 35 KUY 22, 30 min after IP application). #& s C X &
FRT 226 15 3t OHEOE i 2 & (Figs. 23 1 KUY 24, 15 min after IP application). H#¢
T F VOB~ D FJRIEDHER TE 528, MW TIEE S TiEke<, @HE
AERE WSS, BREICEWRRAMNE L E X Hitlc, ZhbORERIT, IP &R
D TI B & > X7 D RTEMZAEA Figs. 7, 8 33 L V12 127~ L7z TEER Oz —FK
TOHMERMTHDZ LA, IP EHAFICED SN ANRES X ORI 7 ORI
TIBEE S X7 EORRREDO AR ZBLIC L 2 b DO TH D LR S, L L
MG FEEAR TEEO T B X 7 O 7 I VO RIE, i
PPURPUASSICEHE 22 4 VR E DT b —TENICEEE LIFL TN D 2 &0,
TIBE Y VXV B Do fREBI SR LTS Z Lickd B2 bND, £Z T &

BETIE, TIRES DEMREbZBIRE LTER LRI L7,
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Epithelial side

® ©

Current density After IP application

Protein Before IP
(mA/cm?) i 30 min 210 min

0.5
Claudin-1

2.0

0.5
Claudin-4

2.0

0.5
Occludin

2.0

0.5

Z0-1
2.0

Figure 21  Localization of tight junction (TJ) -associated proteins in the rabbit corneal
epithelium before and after anodal IP application. Bar = 10 um.

Green signal is TJ-associated proteins. Blue signal is nucleus.
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Epithelial side

© ®

Current density After IP application

Protein Before IP
(mA/cm?) 0 min 30 min 210 min

0.5
Claudin-1
2.0
0.5
Claudin-4
2.0
0.5 -
Occludin
2.0 .
0.5 -
Z0-1
2.0 .

Figure 22 Localization of tight junction (TJ)-associated proteins in the rabbit corneal
epithelium before and after cathodal IP application. Bar = 10 pum.

Green signal is TJ-associated proteins. Blue signal is nucleus.
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Epithelial side

® ©

Current density After IP application
Protein Before IP
(mA/cm?) 0 min 15 min
B
05 ,..../""
Claudin-1 ==
B
BN S
Claudin-4
- H B
Occludin — —
R
- HE
Z0-1
 RBEE

Figure 23  Localization of tight junction (TJ) -associated proteins in the rabbit
conjunctival epithelium before and after anodal IP application. Bar = 10 um.

Green signal is TJ-associated proteins. Blue signal is nucleus.
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Epithelial side

© ®

Current density After IP application
Protein Before IP
(mA/cm?) 0 min 15 min 90 min

0.5 - - -
Claudin-1

0.5 - - -
Claudin-4

0.5 - - -
Occludin

0.5 ! - -

Z0-1

Figure 24  Localization of tight junction (TJ) -associated proteins in the rabbit
conjunctival epithelium before and after cathodal IP application. Bar = 10 um.

Green signal is TJ-associated proteins. Blue signal is nucleus.

47



B_E AEBLIOEEREZAS Ny Ivayv
BE & o R BOFERIIRT 3 EE A 08

AT TR, BT X0 Alkds K OE BRIk T BE S 37 B D
e VR OIR T BIEE S 4L TI B X LR 7 B O JRTEEZE Lo S L < X
KMVELTNDHO LRIz, B TINY 7T, claudin-1 <° occludin o35
BRI RN Y THERE R RT3 2 LR S STV 5 %9, Claudin-1 1% TJ O
U EE B E 72 L) occludin 13 5 TP OFBRZ HIR P LT\ Z 20 b,
BUKMER Y 1O 1P DiFEEHERN 121 claudin-1 35 & O occludin D JFFEME 721 T <
HRNICE ENHBEAROEEREEL TCNDH B b5, T I T, IPBRAK
B L OFE RN IC 31T % claudin-1 38 X QNoccludin fFAE I EST 20K 9 0hvE 7 =
AL T Hy MEICRXDFHE L, IPIZ K230 7HRRIK TR0 50 73 g i iR 1
G L TC0E0EB8 LT, FRAZBKRE LZ8a, AT 2.0 mAem?, fEKC
IX 10 mA/lem?, R Efi S L728E, AR TIE 2.0 mA/em?, I TIE 5.0 mA/cm®
DEF % 30 4y U, & TE%OMEMT claudin-1 3 X O occludin & % &

2o 728, FREHIRE OB OGN REETH o 7272, BRERY v T TR O -
— LT A4 — k& L7, Figs.25 BL 26 1ZF ., FRMEH AR X ORERICE
i} % claudin-1 £ 721% occludin D7 = A% 71 v MENFHERZR L TW5, AKEICEK
WL, ERAZ B L OEMR & LG E OBE AL TEXZO clavidn-1 83X
occludin DFEHL/ N RIX IP AT & Feie LT & 2722 Z2{RITRE O B v 7Ze > - 7= (Fig.
25A), FTo NTAX—E T X NG Th D GAPDH & CHfi IE L 7= claudin-1 &1,

R Z B dS KO & U725 E ok LT L IP i HAETO 1.01 %3 LT 0.93
5 CTd - 7=(Fig. 25B), [FERIZ, occludin &iX. ZiLZ4L IP @ HATD 0.95 {53 L TN 1.04
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& Td o 7=(Fig. 25C), —J7, MMV T, EEMIZ GG X OB E Lz

TR A4 T EA% O clauidn-1 35 & QYoccludin O FEHL/ N RIZBWTH AR L FIEEIZ
IP 3 H AT & kel U CH & e B (BIER8 D H v 7e oy - 7= (Fig. 26A), £ 7-. GAPDH & T
fi1E L7z claudin-1 213, ERAIZ BRI KO E L72Ga1oxt L TEAEL IP b
ARITD 1.37 {538 XLV 1.27 %5 TH Y (Fig. 26B). occludin &= (X, ZZ 4L IP & AT 0.92
536 L VN0.95 5 T o 7= (Fig. 26C), ZAHDFERMNE . A LORMKICIHIT 2 TI
BRI & N B O(FAE IR L CEREHANS I O R ELE RIEI RN L2

LTW%, LEEDo T, IPIZXEDABR XOHRIE AU 7O &0 2RI fE 9 BUKME

BH

By OFEEIEHET, T B & o 7 B O BMELE bR WRTEM A L 5 2 &
MR S 7z, M1z T, claudin-1 33 X O occludin OB/ N> RiT & @ H #% b ENLE
TR LR oTe, ZOT b, \IREMAN NS X /37 B ORE B RIZITE
ERIFERNbDEEZZ BbND, EiEHIZE Y ME»60 T) BEY N7 H
DENT 7 FIVPER L, K TR, RO 9 HICHIIRLZ CHRER S DI
AL L7 TI Bl Z 2 xR 7 BN RIS RE LT Z LIk 2 B2 b,

—7J7. Ye HI1% TNF-a % Caco-2 M@z M L7z in vitro HF5EIC3 VT, TNF-a 13 TJ
B &7 o R OB RKIC L EE 2 mRNA O 25| S 2 L, TI BE#X 7 Ho
B 24-48 EE DT T E T TINY THREOK T2FET 52 L %
W LT 5 %, ABFZETIE, BTG EMR TORBEOATHEEIT o 1208, 4%
OFZETIX, B % 24 KDL B2 D72 58872 mRNA &% X7 H &% 7
flidoZ&T, ZhBH NI EOEMIERIC IP EHPEET 508 2 N> nT

LREIT OMENEZ BN D,
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(A)

Epithelial side Claudin-1 --E
|@ I : Anodal IP
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Figure 25  Expression of tight junction-associated proteins in the cornea before and
termination of application at anodal (2.0 mA/cm?) and cathodal (2.0 mA/cm?) IP. (A),

Western blotting analysis in cornea; (B) and (C), the density of claudin-1 and occludin

corrected GAPDH respectively. Mean + S. E. (n = 6).
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(A)
Epithelial side Claudin-1 | s s s
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Figure 26  Expression of tight junction-associated proteins in the conjunctiva before
and termination of application at anodal (10 mA/cm?) and cathodal (5.0 mA/cm?) IP. (A),

Western blotting analysis in conjunctiva; (B) and (C), the density of claudin-1 and occludin

corrected GAPDH, respectively. Mean = S. E. (n = 4).
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BoE AR IORKRELEROMBERICT S
FEE H DR

F-actin | TJ B Z X7 DO EE DI 72 b Hlla O REMERF I B 7 & H] 2 R 7
T FE. b NREX MK TH S Calu-3 F VAR T, fiiask Ca¥tas TI
B & L X7 L F-actin O AMEFFICEERKREIZET-L Wb Z ERHmEIn-

PIIRH R B AR A E L SED 2 LTk Mlalst oA A Bl 2 28 S

&
X

. AR RRIZ R B A2 KX Z RIS D, £ 2T, BRI L
THBE RIET O 5720, HldEH Th 5 F-actin O JRTEME A F4H L 7=,
WAL, FREAIBROE A, A TIE 2.0 mAem®, FERETIE 10 mA/em?®, R
RIAEMROEA . ARETIE 2.0 mAlem?, FEEETIL 5.0 mAlem® & L, &4t CEiiz

srfEE A U7z, Figs. 27 B KOV 28 132 i, BRI itnes L O & L= 6
DAL E T ITREE B F-actin OHOEHG 2R LT\ D, BRI Z Btids K Ot &
L% AT K OREEZ o Tl s M AT MR I fE0 IC JRE LTz
F-actin DT 7 F 0%, #H%E & HIREAKICHERE L Cuh7e(Figs. 27 38 L0 28), 2
NHDOZ LG, EifE ML Factin ORIFEMEICK U TH B2 8e KES R0

DEZEZ B, MIEERHRIIST 22 BIIBET OBLEN LNV EDEEZBND,
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Epithelial side

® ©

(A) After IP application
Before IP
0 min 30 min 210 min
(B) After IP application
Before IP
0 min 15 min 90 min

Figure 27  Localization of F-actin in the rabbit corneal (A) and conjunctival (B)

epithelium observed by anodal IP experiments. Bar = 10 pm.
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Epithelial side

© ®

(A) After IP application
Before IP
0 min 30 min 210 min
(B) After IP application
Before IP
0 min 15 min 90 min

Figure 28  Localization of F-actin in the rabbit corneal (A) and conjunctival (B)

epithelium observed by cathodal IP experiments. Bar = 10 um.
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FINE KREOBEBLIO/NE

RS BB W T, BUARMER Y 7O 1P BB ES RO -S T 2170, IP A
(T MEFS K OFEIR TEER O AT Z2ME T 25| S 2 L 2 &6 1P i A 13 b Bk
O T OREELZFHFE L, MR Z N U7 BUKER > T O3y F i & (i L= &
EZ b,

AR CIEL, TI M 39 2 Bt OB ZA S NICT 5700, ETARB LW
felE R T B 2 o X7 D Ja a2 3l L7z, Al OSSR B2 o claudin-1,
claudin-4, occludin 38 X 20-1 ® X 5 7 TI B ¥ L X7 B o J(fEr. BRI % 5
R 7o IR & U 72 il S CrE i AT L 0 RTigic 284k L (Figs. 21-24). Riifw TH &
& 7p o7 TEER O Al #7228 k(Fig. 7, 8 B LN 12) & KL< kT b Z &vn. Bk
WL T BES T EORE L aMORIEIC PR B e 52 56 0 L HELE
i, £7o. BIREHMA TERZO T) B X 7 BONERAEERIZIENT, W
NOZNTETHENET T T NAVORTRBESNT-Z LD, MlLE»SD T
B & T B D JEMEARTZ T Tl L Z U NI EDO RS AL TV D RN B
AN, £ZT, MW TIANY THOEMIZEEZ claudin-1 3 J O occludin & &HY
Blbam U A&7 my METHIT L., £ OfERFigs. 25 38 LW 26), AR IO
FEHEDUWNT IO Z 23 7 I3\ T, i Al & R T ER OFERICH 6087

[TRO BT FBAY RLEMEN DAL L olz, LIzh> T, i
(2R VML S 0 T) B2 NI B ORI 7TV DIEKIT, MIEN~DN
I L Db D LRI N, F-S DI, IPIFEEZS L ClifilEMEEL ST D
D MBI DA F BB A b S, MBS A KT 2 LB X biand,
F-actin O JR{EMEIZIA & /e 8% .2 7o 2 & bR S 7z (Figs. 27 B L1 28), =
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NHDOZ NG, MRS IOREIRIZA T 5 IP @I XA -2 X ORI F R o
FReZHERF LimE &, T Y o R B REMEZ 2 S8, Al TIB N 25
B 5 LEILNT,

VL R T T BE 2 X E R 2R, EitfEf TR s 2 &
M BMNE 72572, LA - T, TEER ORIE %4 2 A B AE i, A
&b RTEZ b Lz T BhdE 4 o "7 O R RTENE IZE2bDEEX NI,
BT, B R A6 MRS IZ W THOKERIRIBED K 95 72 ifalZ k4 2 M Ba) 72/ H
23, claudin-1 ™ X 972 T BIE X X7 B O R[EMICEET L Z L NRESN TN D
0209, Uizt C. 1P A IS B 6 BRI 2R U D IR BER(EO)IC L W 2 L 51
BEZER S T B & "7 8 [t LTl L B O E KIX LT\ 5 Al
HEbHY, SORLBANPKELEBDND,

VL b BRI 2 U 7o BRI o - 5RB0 k5 1P ORI R IX Fig. 29 O X

ICELDDLTENTE D, W, BUKMEED TR Z ZE 5 EHEX 6., F

fa
oL

s

&

(KRS DFWDLGEITIT, JICTE DN THEBEIZ L 0 23 HiI IR &
TW5, ERGERE~OERETIEL, MIIRICREL TS T 2N HEORE L
JRTEDIRIEA LS E D Z LI h V| @ FREOMILMREEEZE ST 5, &
U T T B bR TT I EO ZIRIC K D Ei 24T, 2, Zabo
FEALDF| & & & oo THKMERE S T OREGWPAERT b0 L HEH IS,
INETIC, TV EEZ "I EE2Z =7y b e LIZIRRN~OWRIMEEEE LT,
PLAR B L O YD & 5 R Y B FA R ) ~—Z2FH L7Fge 8T T

B BUKMHALEM ORI ZEEET 5 Z L BNRENTWS, Nemoto & 1% PLA Z4EH
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Hydrophilic large compounds Electric current

@ [1<— Solvent flow (electroosmosis, EQ) —] l

%, Claudins
Enlargement of g .C.Ia:lfdi??—
paracellular pathway via
opening TJ

@ ‘J ‘V

Figure 29  Scheme of enlargement of paracellular pathway via opening TJ by IP

assembly/disassembly

A

application in the corneal and conjunctival epithelial cells.

TR L 72 FgE 2470, PLA I3 AT i 7 5 5 TEER DR F L O TI PR A
ZHEETLHZ LWL LTz, A T, AR L OISR 2% PLA I in vivo
RERB L OMTT SABRIC KD . Bl o2kl KOG ELZS I 2 SN2 &b
WL TWD, IPEMS £, WHERMIZ IS TR e Ak X ORI TEER @
KTRIOTIOMAEZFHEET 5 Z &b Wl REREHREEZ WD Z LIk,

B S et KOS E 20| &l 2 S FICHBMEENR L WFF T2 2 LN T,

LMD EWIRNEMEEEE LTHATE b0 L Bbh s,
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Y A
i

THETIT, R IP BT 5% < @ in vivo FFZEAM T TR Y . BRCARRE X
OFEREE IP OFAIZZNE 0, AIIRERFS L O IR EE FRAT 6§ 2 S AR B &
LCOERZHHFIN TN D, IP OFIFIFZ RN IRNA~O Y 5EE FTHEIC L, &
IR AR RN E N ERALMNCEN TS, BIfEDO L Z A, IR IP 1
FHIZE STV RNV, ZOEHBO—2L L TEXZARELS LOREREIZKIT S IP
OWMURHERFEIZ DN T RBRE N2 SN THWRWZ EREF b5, Al L
FERIZ R~ 2 222 B8 U IR IP O FZRLIZiT T, IP OF R EERsEIZ B
TOEMIEREZINET DIV ERH D EE 2 b, £ TEEIL By A4
BROIEA A Ema5E 2 AT, IR 1P OF i EtER) R L ORI 2

I Lo BB R ERERE I D W TR D 1T 24T o T2 R, LT OG5 iz,

(1) ETHDITET NVGBEWE & L TA A MEHEYIZ LC (cation, MW: 288.81)F
& OV BA (anion, MW: 144.11) Z N CA TS IO EGE x4 5 i H B O 5228
S O ITITHHAR A FYER KO integrity (ZxFT 2B A5 L2, O, LC B D
BA DR X OMEBE R LB IC L0 — @R L, Z Ol KITERMEET
MThHoT, £lo, TOBEMEEDNFIT PD ITEKFLTEY, ER BRENIC LD DT
bDEBZ LI, A TIE 2.0 mAlem?, FEIETIE 10 (B3#85) % 721X 5.0 (F248) mA/cm®
F CTOBMEOHMITIBNT AR L ORI TEER DR TGS Z SN D b DD,
WABICIEET 5 2 h, R IP s E TRER S 5 BHE(~ 0.5 mA/em?) X v
EWEIRE CTH > TH I LZRICHEMA TR TH D Z BRI LN o7z, KIT, Bl

KVEE S F-FEA A MY IZ FD-4 (MW: 4400)% FIW T, A A oM o Rst & [ERE
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DFHli AT 572, EOFER, FD-4 DA LOEEA /T LcZil flux 1%, EiEK
F72 EOIC K VIR T 5 LB 2 b h, I TIEZE DR —HITH 2 DIkt
L. AR CIREIE & THRICO R LT, BUKMES 27 O _ERGERk 2 I L7 it

HIRREIBRIZ XV FIR S TR0, EIREHAICE Y TEER ME T T 52 Enn ., Al
BROIERDY EO Z R S THBIBIRIEIC SRR > TV D LHERI SN D, AR THEHERY
(Z flux 288K L KT —IEAIT flux 23 K2 & W S (RIEReME DBV T, AR X
UHEIRNTO FD-4 R OBNZ LD O TH Y | MEENRERIC L 2 2 &M &

iz,

(2) A A MEBUKYE R 3 TR 2 IR 1P OF e dERAs 4 10 & 72
T 72D T BE 2 R 7 B O AR 2 BHE H ORI SV TRET L7z,
MO, TI B X "7 B OREM 27N LTz, T ORER. Al X ORI Lo
claudin-1, claudin-4, occludin 3 XU ZO-1 @ X 5 72 TJ R & > /X7 E D Jifetk:
EBARNC B £ 7o 13 iR 2 B E L 72 W T DRIV T b BRI X0 mlafiy
B L, A LOEEOWTNOZ v RIBIZR L ThH, v AZ Ty Mk
(2 & D AT CITEEVRIE Al & BT T B OFERICERED bkhoTe, £,
FHEN R EMBELIMNITRO bR oTc, TNHDOZ D, BiREMIEEE
RRED T B S o7 B 2 Rl S &, Mladixh S il BN ~NEEZFE L, £
DEAMILDIRICFFRIET 2 Z LI XV AR EEZEZ L T a b o sl S h
Too MAT, IPITRGIEMZAE L ST DH720, MIEANIADA 3 U EREAZZILSEDH 2
CIZED | MIEREIC R A RIT T 2 & bB 2 b, Factin OJRTEMEICH] B 2
W2 pole, ThoDZ b, AR X ORIIEICH 25 IP @ HIEARERE BRI
KOS BRIl DT RE 2 MERr L= & & . TI B & o X7 B ORI T O REME %
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AL S, AEIC T 2B 8 L, HkMES Ikt 2% ) 7 A2 L T\ b
HLOLEZ LT, ZOWRGT, BYEAICEE Y EO OFRADNF KSR ST DiFEEIC

KD FEREEE ) &0 TWD Z EBHERI ST,

LEDZ &b IR 1P 1A MEs L OWEE B T o —iai 7258 1 & 1 © 3%
WEEET LD EEZ B, R, FD-4 O X 5 RBkMEE S FLEWO 1P 5%
(TAXGr 7 A A ML E IS TEWEREEZ R 2 L b IR 1P 13HURS
EREIR S D X 9 e @ iy 3K T 2IRNIEEE S AT A LCTHIfFcx % &
B2 B, AIFRORE RIS B O IP O 2T ABHFRCELE S OREIC

LU TCTHWRRERERDLDEEZD,
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ARWFZEICER L. BHIET —~ DIREDN Ditaml B D £ T, KAAEHEREE 70 2 i EI O;
(CHHEREZ 05 0 £ U 7o R0 R A P Y. B SRR S TR
ROBMEBERLET,

AMFFENZER U, WA QNS HERE 2 15V % U 7o hia R B a2
HHFBHI A WP A AR R EICR OR 2 & L
Sy

ARWFFENZER L WFIERAT ISR D RS NS 2 15 0 £ L7 R R
BRAGEFE AR WU R PR B RAI TR AR — BB e S R

FED ERE BRI URER AR OB R L ET,

s

A SCVERUCER U, BB NZBoR 2 15 0 F L 723R0E R3Sk
TR BRI, WSS AR IR e RS, R
RO EIMALEE AR AR EICRHOBE AR L ET,

SRR SCVERUZBR U AR N ZOR 2 15 0 & LU SORTFHAE Bk
Vincent H.L. Lee Je/AEIZ R B W2 LET,

AWFFED & 37 EATICES U, BB E 2 W 0 F U 7ol K3 S5

BT JUCEERAICREH N Z L ET,

Pt

WFFEDBATIZER U, 1l 00 QNS SR W T 72 & F U723l R 3t b
F b 78 =8 B g I T2 LT,
B2, ROV OFPAEAETE 20 < KA TWIEWE g, HRRE Bk, 5 &

Lo, BRI L BREEH N LET,
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EERODER
F—im REBRIIE

(1) #IE
Lidocaine hydrochloride monohydrate (LC, MW: 288.81), sodium benzoate (BA, MW:
144.11)F & O~ fluorescein isothiocyanate-dextran (FD-4, MW: 4400)(%., Sigma-Aldrich Co.,
Lcc. (St. Louis, USA)2> B A L7z, 2-Morpholinoethanesulfonic acid monohydrate (MES)
I% Wako Pure Chemical Industries, Ltd. (Osaka, Japan)?>5HEA L7=, HPLC Z3#rH®
methanol 35 X O acetonitrile /%, Kanto Chemical Co., Inc. (Tokyo, Japan)7> S HEA L7z,

Z OMOFEIT, T Thpfkan 2 L7,

(2) EBEY
AR 2.5-3.5 kg DM B A A (A fE5E 1%, Sankyo Labo Service Co., Inc. (Tokyo, Japan)
INBEEAN LTz, RFEBRICEIT D2FERE AW TR COEYERIT, Bl K7 EREY
HEITIH - CEtE L, &7 EREW S Z: B 2 OB (R 24 45 H24086, FRk 25

2
FERE: H25020, ~V-RK 26 4FJE: H26034, “F-hk 27 A2 H27033) 4 15 C 340 L 72,

(3) U T RO FH
HiREE Y 7 VIR(BRS)DRALIE, 111.5 mM NaCl., 4.8 mM KCI, 29.2 mM NaHCOs,
0.75 mM NaH,PO,4, 1.04 mM CaCl,, 0.74 mM MgCl, ¥ X T8 5 mM D-glucose (pH 7.4, {%
BIE: #1280 mOsm/kg H,0) Tl L 7=, 15 mM MES in BRS (MES-BRS, pH 5.9, &%

J£: #9280 mOsm/kg H,0)iL. LC DA AL B3R % mEed 5 =912 LC Fith I8k O f%
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weE L THWE,

(4) FAlkds K ORI R oo 3 5
F RO HSr#ARIZ sodium pentobarbital 7#7(20 mg/kg) % #% 5- L, 1E#EL% 2 KCI O
RN G-I LD LHIESE, EHIZIREKZIRE ORI U, Alkds X O IRHLRE 2
BB L7, BRER L 72 At X OSEIRAEMIC ¥ A — P &2 B2 0 XD ITERES hU 2
v 7L, #fk% tissue adapter (A 2hEAE 0.44 cm?)IZ~ v > &, Fig. 30 2R
Ussing-type chamber (2~ F L7z, AR TIZ ERMA 3 mL, NEM%E 7 mL, #EEC
LM F ¥ > 73—% 5mL @ BRS Tiifi7= L. 37°C, 95% 0,/5% CO, T/X7' U > 7 L. pH

A fERF L T2,

Calomel
- | | ) ] or

Voltage clamp unit 4.» Ag/AgCI
electrode
Ringer’s solution
(37°C)
] i
Ag/AgCl

electrode

== . Salt agar bridge

T

Water jacket

95% 0,/5% CO, o
Cornea or conjunctlva

Figure 30  Ussing-type chamber system used in present study.

(5) BREHFH)/NT A—2—DRE
BTN T A — F — TR FE i 2 24 & (CEZ-9100, Nihon kohden, Tokyo,
Japan)iZ X W HIE L=, BRMBEEN(PD)E L OVERKEER(IsC)iX. % 2 #DHEEBR.3 M
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KCI FFIZ 4%FER = E i) L N Eh A v A VEME 721 Ag/AQCH BRI HRE L 7RIS
BUWTHIE L7=(Fig. 30), #% LR ESHPUTEER)IZMAME L OWEIEICK L, ZhFh
5mVEBEO3 mV & 3R H LR Isc 2 k& (Alsc) % A4 — L DIEHNTAR A LE

H U7, AR X ONEEICE T 5 TEER DR A% UL T2 (Egs. 7 and 8),

_ . 5000 (V) ,
5 TEER (Q-cm?) = Ao (WA A x Area (cm?) (Eq. 7)
e 3000 (uV) ,
fEIE: TEER (Q-cm®) = Alse (uA) x Area (cm?) (Eq. 8)

22T, Area [ IARNEE(0.44 cm)TH B,

IP i A 1 o> TEER X E Bt H D PD % 4 — A DOEANSRA LE - L72(Eq. 9),
7277 L. PD > 200 mV O¥a. 5 Z )L~ ILF A—%—(PC700, Sanwa Electric
Instrument, Co., Ltd. Tokyo, Japan)Z {4 L. #H##%fE L @ blank PD (fi: #H#%kf v T 10
mA/cm? i FHFFIZ PD > 200 mV D545 13416 M L C 10 mA/em?® i i L 7-BE D PD) % 7

Lal< 2 &T k0 iE L7cilfk PD 24— A DERNCRA LEH L 72(Eq. 10).

- IP i A /1 (PD < 200 mV)

PD x 1000 (1V)

s K OV TEER (Q-em?) = —

- x Area (cm? Eq. 9
E DT I (nA) (cm°) (Eq. 9)

- IP & F #(PD > 200 mV)

(PD -blank PD) x 1000 (nV)
E DL L (uA)

FIEE L OV TEER (Q-cm?) = x Area (cm?)  (Eq. 10)
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(6) i 7k
IP 3t FH 2 & 1% CEZ-9100 £ 721X 7 A ¥ L — % —(SS-104J, Nihon Kohden, Tokyo, Japan)
(R U 72 BB SURIP S 1 (SEN-8203, Nihon Kohden, Tokyo, Japan)% Hv 7=, CEZ-9100
3 KO0 SS-104J (Z3#E L 7= SEN-8203 1% 1241, 0.5-2.0 35 L 18 5.0-20 mA/em? D &
JEAICEA L7, Fig. 31 T/RTLH1C, R —HIOEYN LC B LV FD-4 DGH
TliX R F— %2 BBAR(Fig. 3la)& L. BA OLA TlE2iR(Fig. 31b) & L CEMRAZ @A L

77*/,
—o

a) b)

Donor side Donor side

® e O O BA-f--> &

c)

Donor side

() FD4-t-->  (-)

Figure 31  Method of IP application for LC (a), BA (b) and FD-4(c) permeation study.

(7) A4 b7 x LU AFRER
2 I 7o BRI, AEOTR 2 MEFF 2 72 012 L B2{fl(donor side)(Z 3.0 mL,
PN Bz {Rl (receiver side)iZ 7.0 mL @ BRS % 721% MES-BRS Tiiti7= L. filEZ v 728
FEBRIT, KEREAI(donor side)ds & UMBERRI(receiver side) & H1Z 5.0 mL @ BRS F£7-1%

MES-BRS Tiii/z L7z, ERAEHFH/NT A —2—(PD, Isc 3L TEER)WNZE LT
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#%. RF—MNTITAmALIRE D LC TiX 0.50 mg/mL, BA TiX 2.0 mg/mL, FD-4 TiX 2.5
() F LUV B.0 (F&1EE) mg/mL & 725 K 5 ISR L2 R A N L, il FE50 & B s
L7z, ZEFEBRBAGD O RFAIC L o — A— K 0.20mL 27U 7 L, EH
IZRED 7 Ly v 272 BRS b L IX MES-BRS % L v — —fllIZiFIN LT, 7=, &
M EERBA A & 120 /3% Fig. 31 TR X 5 IC B2 3% 1E L, A Tl 0.50-5.0 mA/cm?,
B CIE 0.50-20 mA/cm? DB 30 rREA Lz, S Hlc, BlERT LB AR

FHNTA—H —HE=H— LT,

(8) falEE L OB FD-4 & L OVik i F26r
FERRSRMTA A P 7+ LI AFIRFERR L FERIZ, FD-4 iN26 120 73#%12. £
BECIX 050 & L < ik 2.0 mA/em?®, #ERECIE 2.0 & L < 13 10 mA/em? D&% 30 43
WH L7z, B AK TiE%, WF v > S—F BRS # 7 L v ¥ =7 BRS 100 mL
C wash out L7z, Bt AR T E% I KO wash out 7> 5 A IEOEA 1L 210 43tk Flk
ATl 150 704 Ik &2 Ussing chamber 22580 L, 7 L v v =72 BRS TF
AT LT3 A ey . A A0S 0.44 cm? O BN 2 B0 BN -, BI 0 H L=
VINKREDOKYEF LA TOTREMY . MBEERLZNE Lz, EREAER. IR
PRSI~ 2GR 2 /2 < GIlr L, 4°C ® BRS FC5 AT T A XL, &
SN E 7213 EAR £ Y % — b & 4°C, 10,000 x g T 5 4y LoyEE L C R &
BRELL ., FD-4 B2 T L7z, 728, FD-4 BT EE CHIE L=, F£7-. wash out
B SRk Z B BT E ToOM, BEFNICT ¥ L X— P OERE ST S LT

5D FD-4 fiH % [RIRFIZEEARG L 7=,
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(9) E&EHFIE
LC B X O'BA D E 1% UV detector (SDP-10Avp (Shimadzu, Kyoto, Japan) )(Z#%#¢ L 7=

HPLC system (system controller: SCL-10Avp (Shimadzu), auto injector: SIL-10Ax_
(Shimadzu), pump: LC-10Avp (Shimadzu), degasser: DGU-12A (Shimadzu), octadecyl
reversed-phase column: Mightysil RP-18 GP (250 mm x 4.6 mm x 5 pm, Kanto Chemical

Co., Inc.), column oven: CTO-10A (Shimadzu) )=\ TiT- 72, LC B LN BA OERESR
% Table 12 (2777,
FD-4 ®7E &3 multi-label reader (ARVO™ X 3 system, PerkinElmer Japan Co., Ltd.)%

HAWTIT o7z, hci R 1% 485 nm, w@ K12 535nm & L CHIEE T 7=,

Table 12  HPLC conditions for analysis of LC and BA.

Mobile phase Flow rate Oven uv Internal standard Injection
Compound (volume ratio) (mL/min) temp. wavelength (concentration) volume
(°C) (nm) (HL)
CN3CN : CH30H : . .
LC 5 mM KH,PO, buffer 1.0 40 262 p'hydraxybfr?ﬂz_c;'c acid 44
(PH 2.0)=15:15:7.0 Mg
CN3CN :
BA 5 mM KH,PO, buffer 1.0 40 230 3 20
(PH2.2)=1:1

a) Absolute calibration method was used.

(10) 7—Z T
FTANTOT =LA £ S, EME TR U7z, ZFERM OREFHFNT I Student s t-test,
= REM OFEFHEMT 21X Turkey-Kramer test 2 VTR L 7=, PD & maximal flux ff @
FHBIFRMTIZIZ YT ) > OFERFAB T & O CREMG L7z, fERRER(p) 23 il 0.05 A

DGEEAERALE R LI,

67



B m BT

(1) ke
Mouse anti-claudin-1, mouse anti-claudin-4, mouse anti-occludin, mouse anti-ZO-1,
mouse anti-GAPDH. Alexa Fluor® 488 goat anti-mouse 1gG. horseradish peroxidase
(HRP)-conjugated anti-mouse IgG. rhodamine phalloidin, RNase A, propidium iodide,
Pierce® BCA Protein assay kit 35 J 0% SuperSignal® West Dura Extended Duration Substrate
IZ. Thermo Fisher Scientific Inc. (Massachusetts, USA)7%>& A L 7=, VECTASHIELD®
I Vector Laboratories, Inc. (CA, USA)2> Bl LTz, ZDMOiEEIL, Tkt &

fER L7,

(2) ZBREW

B (2) CREODLOE AW,

(3) VU Z/ROFHR
F— (3) LAEOFEE W, 12720, EE#EH L WiHEi Ch o 72720,

MES-BRS [ZH\ 722 v o 72,

(4) IS KO/ O 7 R

FHwE (4) RO EZ VT,

(5) \REFHNT A—Z—DRE

FH—' (5) LFROTEEZ AW,
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(6) Bt TiE
F— (6) CFEEROFIEEZHW, ok, i@ ERAIZBRE LT, M
T1Z 0.50 5 L TF 2.0 mA/em?, 5 TIE 0.50 35 X T8 10 mA/em? Dt & 30 4y A L
7= (Fig. 32a), [A#kIC, ERUIZ &R E LC, AT 0.50 F L8 2.0 mAlcm?®, fEET

1% 0.50 35 L 1) 5.0 mA/em?® D& % 30 43 i i L 7= (Fig. 32b),

a) b)
Epithelial side Epithelial gide

® O O ®

Figure 32  Methods of IP application for analysis of TJ-associated protein in the

cornea and conjunctiva. a), anode in epithelial side; b), cathode in epithelial side.

(7) gtk

A L OREO BB TR/ NT A —2 —NLE LItk Y231 Bk
{2 B & LT, A TIE 0.50 35 K T 2.0 mA/em?, 51T 0.50 35 & TUF 10 mA/em?,
bR aE & L2 A, AT 0.50 38 L OF 2.0 mA/em?, FERRTIE 0.50 35 X 1 5.0
mA/em® DA 30 4RI U7z, it A A & OVETE A T %O AR X 0%
R4 7 L% | aceton % VT 543, -20°C THEE L7-#%. 0.1% Triton® X-100 ¥A#E
TI10 VIR TA U FaX— b L7, FDH%. 71y F o VK L LT 5% skim milk
B LW 0.1% Tween-20 % & ¢» Tris buffered saline (T-TBS) i #Z (50 mM tris
(hydroxymethyl) aminomethane (Tris), 139 mM NaCl, 2.7 mM KCI, pH 7.4) T 1 B§ff], =&
TA FaX—h L, RIZ, TTBS &K TAR L 72—k il (claudin-1, claudin-4,
occludin 8 X OV Z0O-1 (1:40) ) T—Ma, 4°C TA > F=a~— kL7, KIZ., T-TBS TH

FR L 7= kA (Alexa fluor® 488 anti-mouse IgG (1 : 2000) )T 2 B¢, =L TA v ¥ =
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R— kL7, ZO%., YD 7252, T-TBS THR L 72 RNase A (1 : 400) T 20 4.

FERTA o FaX— K~ LTHh5, T-TBS TH L 7= propidium iodide (1 : 2000) % 10 43
#, |IRTA v Fa—b Lk, ¥ 7L VECTASHIELD®%Z 1-2 i@ F L., B3
— T AEHETHERE L, BlIEIL, HEAL - —EAMBEMKE FV-1000

(OLYMPUS®, Tokyo, Japan) T1T -7, & TOERIL 3 ELL 772,

(8) Western blot £
AR L O EOE L EH TR NT A —F —D0NZE LTk, EWZ RT3 B
MAEGmE LT, AIETIE 2.0 mAem?®, FEIETIE 10 mA/em?,  ERZHIZ [ & L7-5;
A ABETIE 2.0 mAIcm?, #EETIE 5.0 mA/lem® OB & 30 Ay L7z, iE
RIS & OV It F A& T B A8 0 A s L ONRE IR © A3 20 i A 0.44 om? J&10 & B Y By 7=
Yo TNk, HBEAOCTREEZET CTREY A AL, ATV FA X%, ¥

> 7 /L% NP-40 % Triton® X-100 |Z & & #4 % 7= RIPA buffer (0.1% Sodium dodecyl sulfate
(SDS), 1% Triton® X-100, 0.5% sodium deoxycholate, 150 mM NaCl, 50 mM Tris-HCI pH

B.ONCIAMR LTz, AN E T ITREIEAR T Y — MEIKZ 10 43, 4°C. 12,000 x g TiE.L>
SEELC EIBAZBRRL, oY E L, BoniZ o R TE
Pierce® BCA protein assay kit Z W\ T X o RV BEEZH—IC LTz, o7 LE 2 x
sample buffer & 1 : 1 OFEETRA L. 100°C DK T 5 oA rFaX—F L,

SDS-PAGE > 7 /L & L7-,12% Mini-PROTEAN TGX™ Gel |27 7 5 1 L .SDS-PAGE
(200 V, 35 43 & 1T - 7=, WRIZZ7 V75 PVDF membrane (28 5AIIZHRE(70 V, 2 FERH))
L7-%. PVDF membrane % T-TBS T#R L 7= 5% skim milk T 1 R[], =@ T7 1 »
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Image J software program % W CE& L. claudin-1 3 X O occludin 5% & % GAPDH 7#

JECHHIE L7z,

(9) F-actin %&f%,

AR KOO BRI /N T A — 2 =28 LIz, EE g3 Bk
2R & LT, A TIE 2.0 mAcm?, FEIETIL 10 mA/em?, BRI Z [eRR & L7-35
A, AIETIE 2.0 mAlem?, FEIETIE 5.0 mA/em? D& & 30 4y L7-, mEi
AT L OVEE & T O AR X OHERY  7v% . 4% paraformaldehyde % ¢
PBS % f\C 1 Wef], =i CREE L7z, EEH. 1% Triton® X-100 ¥k & 30 4[], =
mTA U FaX—|k L, D%, T-TBS TAM L 7= rhodamine phalloidin (1 : 100)% 1
BEfE, IR TA v F a_— b L7, ¥ 7% VECTASHIELD®% 1-2 il F L. ¥
N T A% HETIEARE L, Blgid, HES L —F—EBRBEMEE FV-1000

(OLYMPUS®, Tokyo, Japan) T1T -7, & TOERIL 3 [FLL LT - 7=,

(10) 7—Zfighr
Western blot OfEF (%, FMME +S. E. T LT, —BER OFEFHIEHT 121X Turkey-Kramer

test & W CRMIT L 7=, fGRBRER(p) 23 Hi{H] 0.05 K DG & 2B B/ & A7 Lz,
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