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CH& a2

1. FEIXLH NMDA &

AF 2.56~3.0 kge] NAE7] 20v2]E ddo =2
stath 107 272 yro] 242 680 nmoles
¢} 2,000 nmoles® NMDAZ FaAZNE U5+
o, WA 50 mg/kg?] ketamine hydrochloride<}t
5 mg/kg?l xylazine hydrochloride® <& FA}
ato] wHAZ T 0.5% Alcaine® o2 HolHE 8t
I 1% Mydriacyl®2 4H53t%th, NMDA (Sigma
chemical Co., USA) 680 nmoles (0.1 mD¥}
2,000 nmoles (0.1 mD9 =7} H=% 0.1 M9
PBS(phosphate buffered saline) &% =291 &
P38 Hamilton FAH 19l 30-G FARS A&l
S JAaEE S FEAUE FYsAT. iz
o= & £39] 0.1 M PBSE FY3t94. ¢k
Z+obek 680 nmoles¥ 2,000 nmolese] NMDAS
FALSIA L Foke 2o sl FHe PBSE #
AWl FAFSFAT

2. TUNEL A

NMDAE FlAWE F F 241%F, 16417, 604
2k, 157, 257 A7 A ES APstdth b A
Z 5 Y oF 2/3 He FHdA A & A
FHAE AAsIE HeS FEsign. S dekx
212 -30TColA Was & 54 FE Hddsto 10
ume| FAZ ATt of LT EA| 20| Tigh AL
TUNEL WHS o83 Apoptosis detection kit
(Chemicon, Co., USA)& 28319t 2d4dHS
37CAA Digoxigenin-11-deoxynucleotidyl tri-
phosphate®} Terminal deoxynucleotidyl trans-
feraseo] E3ste] Zehxl DNA 27 TeE-9ld
digoxigenin¥} 2% deoxynucleotidyl triphos-
phate (dUTP% dATP)7} 2¢H &= 3+ & anti-
degoxigenin conjugateE AHE3slY ®AE AL
Propidium iodideE ©]-&3sto] 2GS AP35

1, Z3& glass slideso] mountingdtal Vecta-

shield (a glycerol-based antifading medium,
Vector Lab, Burlingame, CA)Z coverslips}4
AT, TUNEL g4l o=z et Al2E
40081l & Mo AZE vl SAAEE
Mann Whitney U-testE AFE3}TH

3. Bcl-2, Bax, caspase-32| 0odzxZl 51504 MM

AT AE T SA] B
maldehydedl A 2A17F F<t
A3 PBS (1x, pH 7.4)Z 33] Al
st S AA] SdTh 1 " WERe 30T olA
10 ume] FAZ Ads ¥ 20% normal goat serum
(Jackson ImmunoResearch Laboratories, Inc.,
USA) ol 1A7F &t Aol A g5 AAH. Bel-2,
Bax, caspase-3°] thdt Zz+e] 4zt A (R&D
Sysetms, Minneapolis, MN, USA)& -2 2
AZF Bt vkE-A17]3, PBS (1x, pH 7.4)& 33 A
HAslAdg, g A= 1:100 (Bel-2), 1:50 (Bax),
1:250 (caspase-3)2.2 3|43}4t}. o3} A 2=
fluorescein isothiocyanate (FITC) conjugated
anti-rabbit 1gG (Vector Lab, USA)E 1:1002
2 ZAste] A2oA 1A17F ¥-EAIZ] o PBS(1x,
pH 7.4)2 33 M# ¥ VectashieldZ coverslip
39tk Bel-2, Bax, caspase-3° thd PBSFYU3
oz A3 shA st

4% parafor-
YL
} 3 Wz

& a}

4 FEA TUNEL 945 AleYste] &3
1S Hols ofXZEAEE Ig AZEALE B33
k. NMDA #9 3 TUNEL G40l 2A17tll& 4
A= A7 YA 207H(Fig. 1A, B) 16412
of HlZ Yelhal(Fig. 1D, E) 60A17t= oA &
A= A EF7E 20 EQ(Fig. 1G, H) 159} 25
o= YelA] &ttt 2702 PBSE Y3 &
TUNEL @44 #3Es Hole AEs gl
(Fig. 1C, F, I). TUNEL €A% olyz}, Bcl-2,
Bax, caspase-39M%E 159 250 A== AlX

Z

Table 1. Result of TUNEL-positive cell count in NMDA-induced apoptosis of rabbit retinas after different concentration of

NMDA injection

Cell count 2 hours 16 hours 60 hours 1 week 2 weeks
680 nmole 0 8.3342.08* 0" 0 0
2,000 nmole 0 23.33+7.09%* 767+2.08" 0 -0

%

,*p<0.05 by Mann-Whitney U-test.
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Figure 1. TUNEL stain of the retinas at 2 (A), 16 (D), 60
(G) hours after 680 nmoles of intravitreal NMDA injection
and at 2 (B), 16 (E), 60 (H) hours after 2,000 nmoles of
intravitreal NMDA injection and at 2 (C), 16 (F), 60 (I)
hours after PBS injection (x400). A, B: No noticeable
labeled nuclei are seen in the ganglion cell layer (GCL) and
the inner nuclear layer (INL). (D, E, H) Scattered and
intensely labeled nuclei are seen in the GCL and INL. G:

No labeled nuclei are seen at 60 hours after 680 nmoles of
NMDA injection. (C, F, I) No noticeable nuclei are stained
after intravitreal PBS injection. GCL=ganglion cell layer;
[PL=inner plexiform layer; INL=inner nuclear layer; OPL=
outer plexiform layer; ONL=outer nuclear layer.

7F 9tk 16417k 60/\]7} W 680 nmoleS F3t
THT 2,000 nmoles FY3S FolA TUNEL 44
ol A 47} Y= ulﬁkoﬂi (p<0.05, Table 1, Fig.
1D, E, G, H) = gA=E= /‘ﬂ_x.\_ A7 A =3}
S Z MER o] FolME FHZA T Bol] G4
HJHFig. 1D, E). 680 nmoleS FY3 4% 60
AlZb A TUNEL 449 Alx27F Rolx kot
(Fig. 1G) 2,000 nmoleS FYU3 3% 60217714
TUNEL %UAAMEZF el o} EZEAAVL ¢ Q8
A49S ¢ F JdAH(Fig. 1H). B Ao
PBS F% % Bax, Bcl-2, caspase-3° 3 tz*
gL 31A] ko Bel-290 gk WAz 235184
o = 2A17F %ol 680 nmoled FY3+ FollA 2173
A oA Fao] FHAH(Fig. 2A). AHEAHEZ
/\1 ./1‘:1_] oz ./]:Sllz_@ ;(]1,]_‘:_ 213}k Oﬂ}\ﬂO] 1:]-Z|: :’_7}4—}4
<l ol FE ZeAEE FAEHASH i

AZe Z2F 9 FANE7IE TFEHAS S

Hoh(Fig. 2A).
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Figure 2. Bcl-2 immunohistochemical staining of the retinas
at 2 (A), 16 (C), 60 (E) hours after 680 nmoles of
intravitreal NMDA injection and at 2 (B), 16 (D), 60 (F)
hours after 2,000 nmoles of intravitreal NMDA injection

(x400). A, B: Bcl-2 are stained in the ganglion cell layer
and Miller cell (arrow). C, D, E, F: Bcl-2 are stained
strongly in the GCL and INL. GCL=ganglion cell layer;
[PL=inner plexiform layer; INL=inner nuclear layer; OPL=
outer plexiform layer; ONL=outer nuclear layer.

2,000 nmoles FHYs FAXNE 273HE Az ¢ &
oA FAo] FAHFig. 2B). 16217k 60417
NAe ABHMEL} &35 ME7E EAo] HAUT
(Fig. 2C, D, E, F). Bax "9x3 3o =
7} ollA Bel-2 ONAM HIS=eE A0 R YES
o, F2 ANAAAE &3F ME7E dAEa 2
HA LS GALAE B r4’(Fig. 3A).

Caspase -3 HIZA g Mo|ME 24 7tol| A &
A 27} dAaElor F2 GAEE Alxe A74EA
¥o} &9 MEJTHFig. 4A). Bel-2, Bax,
caspase-39 WA THEMGA 680 nmoled}
2,000 nmole F #ztell & Apol= Kol FYaL,
TUNEL g4dd= NMDA 9 & 2417 To=
OFEZEAL AWS HolA] ggtoyt Bel-2, Bax,
caspase-3+ 2413t 3o ojn] A= AXE B &

AN
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Figure 3. Bax immunohistochemical staining of the retinas
at 2 (A), 16 (C), 60 (E) hours after 680 nmoles of
intravitreal NMDA injection and at 2 (B), 16 (D), 60 (F)
hours after 2,000 nmoles of intravitreal NMDA injection
(x400). (A) Bax are stained in the ganglion cell layer and
Miiller cell (arrow). (B, C, D, E, F) Bax are stained in the
GCL and INL. GCL=ganglion cell layer; IPL=inner
plexiform layer; INL=inner nuclear layer; OPL=outer plexiform
layer; ONL=outer nuclear layer.
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Figure 4. Caspase-3 immunohistochemical staining of retinas
at 2 (A), 16 (C), 60 (E) hours after 680 nmoles of
intravitreal NMDA injection and at 2 (B), 16 (D), 60 (F)
hours after 2,000 nmoles of intravitreal NMDA injection

(x400). (A) Caspase-3 are stained in the ganglion cell and
Miiller cell (arrow). (B) Caspase-3 are stained in the ganglion
cell layer. (C, D, E, F) Caspase-3 are stained strongly in the
GCL and INL. GCL=ganglion cell layer; IPL=inner plexiform
layer; INL=inner nuclear layer; OPL=outer plexiform layer;
ONL=outer nuclear layer.

Abo] g (g uM o) 0.2 M|ZQE FHIEHW &
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o AEZWY ATP #AE ety mgog Hujg
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nEZEgolox Zgste] A MEALR oA A
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(nitric oxide)® A4S F7IAA A ZAL] o]Z A
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Hot. o3t SFEIAIAY] SREAANEEYS SFE
22k 28420 NMDAS] 9] Al s = w2

ng\‘:}‘g 10.21.22

O}EZEAIZ Al A3 W] DNAZF 180~200
A @719 g2 FZea, o3 wEHUeE 279
DNA A#e] FEo] EAls= 3-OH groups 4
gozH olETEAAE FUE 4 T DNA 49
o] = A A7|GEHL o)L= }m23l,]. TUNEL

@4 olga el ATt AREE TUNEL
AS 53 NMDA®] 93 &4 1735’“‘3“/‘1 et
Z2 o] EA7IHOE ol XX EALTL HAFS FRls}
SAcHFig. 1). Kwong and Lam'’e E7%do) A

400 nmole9] NMDAZ AZHE Fo] 3 442
A TUNEL YAAXE "F ANe™H 1847t F
ol 23lthr} 484171 = EO]Z] Fotthar stk 2
Ao M= 680 2 2,000 nmole EFolA] 27l =
TUNEL @8AE7F elhA] edthrt 16417k H T
2 Yehgon, 60X = TUNEL S8ME7F B
At} 680 nmoleXth= 2,000 nmoleclA TUNEL
FRAEZE B Wol YL o =AM UEhES ¢
g AT = FEAY FY93 NMDAS] &l uje}
O} E T EA| A9 kAt g—g}z]o &4 4 At T3k
T2 GAEe A7 A 2Z T i\——‘.‘* |4 L&A
& o NMDAE A8 M EAE F2 o] Yol A
dojds & 4 AT TUNEL A& x29 i}
o o3 03”5‘1‘@0] =S e ¢ T3S
3 5 Adoke HollA ZAI7F dou A&l
A H]ngl Hﬂ”ﬁ]g & F )JUV“ d"ﬂ/\i &
o] [®) tq ) 3
ZEANZE W 0}*31 ﬂi}o}ﬂri “% T AU

2 A= ofLZEA X HAHE o] Ho] &y
71 Bel-2, Bax, Caspase-39] @& oS do} H gt
=4 Bel-2 ©92-2& Bel-2 homology (BH) domain
of we} AA 3T E UH oIt} ofEZEAIAE o
A= anti-apoptotic protein®l= BHI-BH4
domains 7}11 Bel-29} Bel-Xp0] oW, oy =
EAAE 243 pro-apoptotic proteindl= BHI,
BH2, BH3 domaing 7<= Bax®} Bak, 28a
BH3 domain®& 7FAE Bad, Bim Solg. >
Bel-2 A= Ao B Al2A gXFoA wad
proto-oncogenel EA o] FHAZEE ¥ EOV] o
o] Bel-2% O}ZLELEA|AE AR V)5S 7HA
lomy et AFA out W AA T By ¥
Bcl-27} o} EA2E AAlete 71- ] HajA = of
2 Z 47 vt gledl Bel-27F #1bsl 7136 3o
FozH ofXXEAAE A= Ayt BiHS]
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I Bel-27F MEEE9 G1 phaseE 30~60% ¢
OS2 MEREE FV)ol| FAsl ol ZZEA AR T}
L AL v=gE A Ans g 30-32 T Ao o
o] MW Bel-2E vEZEL oo YEL 20 BE
< dAIsta, Egrkidd st &S FARATIH
cytochrome-c® fral& A5t v EZEg o} 2H4
A &S JAEt MEAE TARATE AoE &
A At =S Bax @ AZ Agste BaxZ <lgh
HEFZcgo} 9ute] HElE JAste AoE HuEg]
E}_.SS

Bcl-29} 87 Bax @l E2 o} L X EA] 9] HHE o
Fojditial dEA Utk Baxe OFEZEA2S] A
o Fdsh= Bel-29 &84S "o, Baxe|
He OlZZEAXE AT AFTAE FHAIGH
3 Bax9 #tde nEZEgo} 9ute] B
AAlA voltage-dependent anion channels
2471, 3] S 771 v EEEE )
o AEFE st AZALE do7|A "o xS
nEZ=g2ol €9t permeability transition
poreﬂ TH=9] cytochrome-c7} frel A dFd A3

A ke Aew A o

< Bcel-28 #iHdsl= neonatal transgenic
mice®| A5 ANAES AE F AAAAREY £l
FroetA FAEHJL AAAAREY 7% FAETHE
@A} Bag bl gk ¥ B AgeA TUNEL
Onﬂ/\ﬂ/\ﬂﬁﬂ_ 2 _]10]‘— ]75;\'-1/\{]_?_% ol q]?‘sﬂioﬂ/ﬂ
Bax ¥ Bcl-271 HaE = A0 2 Hol & Z9] A¥E
E°| Baxt} Bel-29] ' 5o wep A AR o]o]
A AYG Aol Y= Ao Z o AXITH Fig 2, 3). &3
NMDA F¢ & 2X 7o) 4 Bax % Bel-2 Aol A
© GAE= AE7F Bolug TUNEL @4dA < o}
OFEZEAAE UER e AE7F HolA| ged ole
Bax4 Bel-2 ###F2] HA(translocation) 9t A3
AL Atoldl= AAAIZH(lag time)o] EASTE RS
4“1 g} ¥

o b

LR

E Ao Bax 2 Bel-27F NMDA ¢ % 24
) BelA el zlstA A=A, oA A
A=A gk ol ZEA2] {8l wo]7]H
ezt BT 7HeAdS st gyAze =
YIS A F AGst FH AAAN T TEFS
IEFLEN YT FY T8 dLs FYsin
gamma aminobutylic acid (GABA)$ 28 217

ADdEde] Fafjol Tofsty MERez FHH SFE
Ql/d-ogg] o= zz%zr;}: 74 o=z OLE%X% 9,11:}_38‘41 0]
oF o] M E= 273A MEY 75FAd ulf- E
A BAE 7HA L d=d v s ol o EYAE
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AEZE Z3s Wiy ABAZY] &g g
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CaspaseE< Caenorhabditis elegans CED-3
gene family® mammalian homologues@A ©}
EXEAZ| BAGTa dEA loH, dEil BE
caspaseS< zymogenl = EA)5t | THE caspase
E= protease] 93 &H7 $ &4gstd Je= A

G Y AFFH AT FFHe wEd, EAF
caspaseE°] ZAZte] A2 E Fal &495H =3 2
2 caspaseS? A3} AEE caspase-3Z A3
AN, AFFOZ  caspase-39 FLI 71EQA
PARP(poly ADP-ribose polymerase)s £4&
doth T PARPE DNA E7d| #Hojahs F2
Sk GAEA, o] BA9 File FAA Y I}IE ofy
AFT AT AEAR o]o]A A Hrt*®

B AT A HAxZ s std M3 caspase-37F 4l
AAEe} £HF AZoA F2 FAo] HH o]
O} X T EAIA FAd caspase-37F BAHTGE=E RS
Yehdth(Fig. 4). =3 NMDA F¢Y $ 2A17FA
TUNEL @4dle ofEIZTEA2A7 YehA oy
caspase-3 @M= A xS} 2 AAAMES
oA olm] M= AE7F YEhues Z0=E Hol ofx
ZEA29 B o] Ao caspase-39 2Eo] WA A
ZAEE Aoz HelY

Aoz E7| wato|A NMDAC 9§ &4
ARFZOZ Q13 A FAE ofEZEA| 2 B o] gl
omn HIE PBS 9 ¥ Bax, Bcl-2, caspase-39]
gk 2T AP oFA] LUAIR ofEZEAIX Y
ZHo| Bel-29F Bax @ do] #A3}H  caspase
-39 SAE ofEZZEAIAS} FAHo] T}, Egh HEA
47} o];ﬂa—]_ o]_:L‘EE/\]/\A Hl/kgoﬂ Zo@_ 0:1-61-_0. ‘6]—
Ao g AzZtEt
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=ABSTRACT=
N-Methyl-D-Aspartate (NMDA)-induced Apoptosis in Rabbit Retina

Yong Wook Park, M.D.", Sun Hwa Chae, M.D.!, Ji-Woong Lee, M.D.!, Oh Ju Kwon, Ph.D.%,
Jae Pil Shin, M.D.l, Chang Jin Jeon, Ph.D.3, Si Yeol Kim, M.D.'

Department of Ophthalmology, Kyungpook National University, College of Medicine', Daegu, Korea
Department of Ophthalmic Optics, Busan College of Information Technology’, Pusan, Korea
Department of Biology, Kyungpook National University, College of Natural Science’, Daegu, Korea

Purpose: To evaluate the involvement of apoptosis in N-methyl-D-aspartate (NMDA)-induced excitotoxicity in
the rabbit retina.

Methods: After intravitreal injection of 680 and 2,000 nmoles of NMDA in rabbit eyes, the eyes were
enucleated at 2, 16, and 60 hours and 1 and 2 weeks. The apoptotic cell death was determined with
TdT-mediated biotin-dUTP nick end labeling (TUNEL) stain, and immunohistochemical stains of Bcl-2, Bax,
and caspase-3 were performed.

Results: TUNEL showed increased labeling scattered in the ganglion cell layer and inner nuclear layer from
16 to 60 hours. The number of TUNEL-positive nuclei decreased at 60 hours, and none was observed at 2
hours, 1 week, and 2 weeks. More TUNEL-positive nuclei were seen with injection of 2,000 nmoles
compared to 680 nmoles. Bcl-2, Bax, and caspase-3 were seen histologically as early as 2 hours in the
ganglion cell layer and inner nuclear layer; there was no stained nuclei with the TUNEL stain. At 2 hours
after intravitreal NMDA injection, Bcl-2, Bax, and caspase-3 were also stained in Miiller cells.
Conclusions: This study showed that apoptosis is involved in NMDA-induced excitotoxicity in the rabbit
retina. Bel-2, Bax, and caspase-3 may play important roles in modulating the apoptosis in NMDA-induced
excitotoxicity, and Miiller cells are involved in the apoptotic pathway.

J Korean Ophthalmol Soc 49(7):1146-1153, 2008
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