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Minocycline Inhibits Caspase-Dependent Cell Death Pathway
and is Neuroprotective against Hippocampal Damage
after Kainic Acid-Induced Seizure in Mice

Ha Young Shin, M.D., Yang-Je Cho, M.D., Kyoung-Joo Cho, Hyun-Woo Kim,
Hyun-Jung Kim, Gyung Whan Kim, M.D., Ph.D., Byung In Lee, M.D. and Kyoung Heo, M.D.

Department of Neurology, Yonsei University College of Medicine, Brain Research Institute, Seoul, Korea

Purpose: Despite current acceptance of its neuroprotective pro-
perty, whether the minocycline affords neuroprotection or how it
protects neurons against seizures in the animal model of epilepsy is
not clear. This prompts us to investigate whether minocycline is
neuroprotective against kainic acid (KA)-induced seizure in mice
through inhibition of caspase-dependent mitochondrial apoptotic pa-
thways.

Methods: Adult male ICR mice were subjected to seizures by
intrahippocampal KA injection with treatment of vehicle or minocy-
cline. For cell death analysis, histological analysis using cresyl-vio-
let staining, TdT-mediated dUTP-biotin nick end labeling (TUNEL),
and histone-associated DNA fragmentation analysis were performed.
Evaluation of cytochrome c, cleaved caspase-3, and caspase-3 acti-
vity were also performed.

Results: Hippocampal neuronal death was evident by cresyl vio-

let staining, TUNEL, and cell death assay in vehicle-treated mice
after KA injection; however, there was significant reduction of cell
death in the minocycline-treated group. Significant decrease of both
cytosolic translocation of cytochrome ¢ and subsequent activation of
caspase-3 after treatment of minocycline were demonstrated by We-
stern blot analysis, immunohistochemical staining, and caspase-3
activity assay.

Conclusion: This study suggests that minocycline may be neu-
roprotective against hippocampal damage after KA-induced seizure
through inhibition of caspase-dependent cell death pathways. (J
Korean Epilep Soc 2006;10(1):3-10)
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A, nEZ=g oo A2 cytochrome ¢ 48 A8} ca-
spase—1, caspase—3 5% &4 JA|E E3F caspase
oF=A AETAF AR A So] 1 71HoE AAE n}
%]-;]_.1,:3,5,7

olgX oe] A7A Age] T2 B4 minocycline
O AR AT JSE A (H FEEEA S mi-
nocycline®] MER S g thajr= obx] A7) o] F
OJR|A] QkL- AdEjeltt, webA 1 Ao 7Y I &
2] 3}l kainic acid (KA) 42 ap¢A 2 g gltot
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Kainic acid ' MM minocycline £
FEES 2.5% isofluraned AAe} Ak &3
71 (70%/30%) = nFAZ 5 =5 7FE W (he-
ating pad) #} 7} A% (heating lamp) 0.8 FA 2|2
XA F=e HEE A9 FA (stereotaxic fra-
me) ol YA F 739 HFAs AUlste] e
=EAX v, bregma?] AE RIS 45 it
)] (anteroposterior (AP)=—2.0 mm; mediolateral
(ML) =1.7 mm; dorsoventral (DV)=-1.8 mm)®ll 32
gauge Hamilton syringe (Hamilton, Reno, NV, USA)
£ AREske] KA (0.5 1g/0. 51 in 0.9% saline; Sig-
ma, St. Louis, MO, USA)E micropumpE &3 10+
of A% Fofalqlty. FAF vl AA & Yebd 5 e
KA9] 975 97] $lste] KA Fo & FAF =S 10
ez = i Rt 23 S B B P el

Ag)aldge 234171 minocycline hydrochloride
(45 mg/kg; Sigma) &= KA 2] 12A13F Aol F4 Y=
FAFFSE A, KA A 30% %9 minocycline (90

mg/kg) & ThAl FAFSIITE Vehicle H8]ita KA A
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] ¥, minocycline®} 22 %k (volume)2] 0.9% saline
2L AR B U= FAReeE At
KA vehicles AelalA] & vhe-AE dido = sigich

KA 2% & 1A]7F %<} plexiglass chamberol A =}
929 WFE sl KAS AX3 BE vlg-AolA
W2t (seizure) ©] UERR= Z1E ERISHI AL, A EA]
e AR FAEH] flE KA #A] 60 Flell dia-
zepam (2.5 ml/kg; Roche, Paris, France) & 7 Y=
FAFsto] S A AlZA Racine stage 501732 A

5709 A WAL Wel Phemle el EFAR:
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DYHEE 0|89 2y
A A%

Urethane-s ©|§3sto] A¥sES 3IAAIX F 10 U/ml
heparin®] & 0.9% saline®} 3.7% formaldehydeZ =}
A2 dAge Foe] AR, HE HEst] 3.7% for-
maldehydeol] 17gsl3om, =1 & 30% sucroseol A
BT ZA| Fe Egfo] ofo] i Kol o A4S
WA)Z)31, 4 HA7](microtome cryostat) S ©]-8-5}4]
20 pm FAR WPEAFEE = F EElo| e Stk

Cresyl violet 94

A AHS 2~3AF o) Az AIF F, AFddle
33 23] @7 1 % 100%, 90%, 70% ollehs
of AHAthZ 13 3024 @ 5 Tl 381t 23]
Frds AR s vl JEE cresyl vio-
let (Sigma) A4 Ao &3+ @73y, o] & @3
oz T 70%, 90%, 100% olghEel] A=
ot Akd e w AlF siith AvSetasE 9al v
VREER F§lsh & 38 dAnjdo s At

32 (semi—quantitative) 48 98 thz (KA
—untreated), vehicle F4* % minocycline o7+ Zt
Z}o] wke-2 wilS aljulollA 300 pm 7H2Q) d%¥ 47
o] HE o] g3l o, CA1T CA3 H-HlollA Hefsty

OF & e ABAE FF Ao} o5 vlmskir

DNA ¥ (fragmentation) A HA&

DNA #4d&de #letr] 918k, TdT—mediated
dUTP—biotin nick end labeling (TUNEL) %28 A]&}
ST flofl 71 W o® Fhsk 24 A4S 37C
o] o F2 oA 1AIZF F<F TUNEL reaction mix-

ture (Roche Diagnostics GmbH, Penzberg, Germany)
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6.9 Wi 533t 7t SDS—polyacrylamide
gels (7.5%) 4 A7]9% 3+ 3 PVDF =(Amersham
Biosciences, Piscataway, NJ, USA) o2 AT} o]

¥ste TBS (50 mM

cerin, 1 mM DDT, and 0.002% bromphenol blue, pH

A AHE &,
Tris/HCl, 140 mM NaCl, pH 7.3)2 AlH3tL 5%

PVDF 22 0.1% Tween 200°]
skim milk 2 4Cef|A 8A]7F o] blocking 3F3ith d=;

il
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cytochrome ¢ polyclonal antibody (1:100; Santa Cruz
%

50 18} NESAIZIT o] e 24
a thx AAS g8 Al 20%7F propidium io-
dine (PI; Sigma) 0.5 g/mle} HF-&AZtE dHS A=
3 Vectashield mounting medium (Vector laborato-
ries, Burlingame, CA, USA) °.& 2<]s}3 3, LSM 510
confocal laser scanning microscopy (Carl Zeiss, Tho-
rnwood, NY, USA) & o|&3sto] #Ea3Tt.
&A= rabbit anti—cytochrome ¢ polyclonal antibody
AzA3}8 M (Immunohistochemical staining)  (1:200; Santa Cruz Biotechnology) 2} rabbit anti—cle-
Cytochrome c°l thst HAZAZSEAAE 8] £H]  aved caspase—3 polyclonal antibody (1:500; Cell Si-
215 sl AP FA|Z WESA]  gnaling Technologies, Beverly, MA, USA) & AF2-3}]
37°ColA 1ARE &F vhg-= Al o] -, 53k 0.1%
Tween 20°] %% TBS (50 mM Tris/HCl, 140 mM
NaCl, pH 7.3)2 A|&3}3. horseradish peroxidase
(1:5000 in TBS plus 5% milk) 7} A% o]z} &A=
Ao 6077F HESAIZ] & ECL plus kit (Amersham
International, Buckinghamshire, England) &% 7F3A|
7 e}t LAS—1000 plus (Fuji Film Co., Tokyo,
Japan) & o|gste] olnxE A, TINA 2.0 (Ray-
AT EOE

test GmbH, Straubenhardt, Germany)

3 %2 PBSZ A&
ZAtt. Cytochrome ¢l o3t 2x} A Z = rabbit anti—

AselALE

Biotechnology, Santa Cruz, CA, USA)E ARE-3FT)

RS QA FAR 4TAM 8T F= Wk A7 F o)

(Jackson ImmunoResearch, West Grove, PA, USA)
EEES

, confocal la-

&
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ser scanning microscope (Carl Zeiss) = ©|-&3lo] ¥
Ao AT,
Pan—caspase inhibitor¢! N—benzyloxycarbonyl—

2} &A1l FITC—conjugated donkey anti—rabbit 1gG
Caspase inhibitor 7Y{2]

val—ala—asp—fluoromethyl ketone (z—VAD.fmk; Si-

gma) 2 u1E Hamilton syringe (Hamilton) & AF&-3}

AEolM 1ARE &t HEEAIA

=
=

o] ¥4 (AP=0.2 mm; ML=1.0 mm; DV=—3.1 mm) ¢

A3l PIE o] &-allA 3 of
KAZA] 302 Foll T8It s 22 2] 0.25%

2012 KAS +
Tejo] ofo]AFE
DMSO7} 239 PBSS F98ksith

4CoNA
Caspase—39] B4S 54317 siA, 24319 cas-

KA ¢ % 1A17L 42178 2831 24A13F Fol| Ads

st
Western blot analysis
== AL o 2A4E AESIT
A3k £ ajulE AFEste] AA H
FYAIZ]L 80T RT3y 7+ A
lysis buffer (50 mM KH,PO,, 0.1 mM EDTA, pH 7.8)
Z #A3}(homogenize) 3Lt o] AlEE P|EZT=g o}
8, Axd 2E, AEd FHoF ] flste] A
- Z Stk A BE 47T, 750 gollA 1087 A4 Caspase—3 &Y &
St 5, o] pellets & O F ARSI o] ¥, thA] 2
AZdS ol 4T, 10,000 gollA 2087 A4F2st  pase—3°l 28l 7142 N—acetyl-Asp—Glu—Val—Asp
F, 714 Lol pellets MEZER o B O 7 o]§  -AFC (DEVD—-AFC) AuHi-9l& 5ol4 o= Q125
BTk thAl AR AES 100,000 g2 60%7F 94 ELISAWR O & AESHA 53-8 )= Caspase—3 activi-
TSNS XA F3 o7 ARtk ty assay kit, fluorometric (Calbiochem, Darmstadt,
Cytochrome ¢2] AXZZ U A (cytosolic transloca- Germany) 2 AFE3IETE Al¥EZ EES Western blot
al7] flef mEFE=eo} 83 Alxa 28 FAPOE Svleiith MR E2e] diAS Y
= Shod, 2 ko] Al kite} | A|le-E assay buffer
gelslr] s (20 mM HEPES, pH 7.4, 50 mM NaCl, 0.2 mM
EDTA, 4 mM dithiothreitol) ¥ caspase—3 substrate
conjugates 21l 37TColA 60 FeF HESAIR ¥ 9
Z(excitation/emission: 400/505 nm) = =433t}
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Cell death assay

DNA 8452 8] AlZZU2] histone—associat-
ed DNA #8& 781 cell death detection™” kit
(Roche Diagnostics GmbH, Penzberg, Germany)-=
o] g8t oM. Saito 5] 7S WS ot ¥

7dstol skt KAE FYakal 24413t Fol KAS
T £9] sjuls HEdte] 4ToA 222 7H) Ho
9] g3 =M (lysis buffer; 50 mM KH,PO,, 0.1 mM
EDTA, pH 7.8) 2.2 43} (homogenize) A|F 1L, 4T,
750 gollA 10%xF A4Eeste] AEods LAk ol
4% A 10,000 golld 2087 4wt sto] &
NS thA] 47C, 100,000 gollAl 603 AieE
Ak AR ? Dozl & HEog A
_-g_ -131: 3} ‘:] 71-0 01:‘/] )\]E'f—'é o]%g].

KU e rlo -
[e]
=)

oﬂ£ /q] u.;\(jl T,__Q

o] cell death detect1onPLUS kit (Roche Diagnostics)
A AlE el whel ELISAS 238kt

HA=F(mean*+SD) & A5k
= unpan’ed t—test (StatVi-
ew, SAS Institute, Inc., Cary, NC, USA) 2 A|335}5 S
1, p<0.055 BAACE Folst oz w3t

M2
E

1} minocycline@] 21}
Vehicleg FoIst oA &,

esyl violet QMo A] sfu}ASE Abdo] §

KA x| 24A17F & cr-
o] #EE

t}(Figure 1A). 3FA%F, minocyclines Foi3t v~
ol A= o] B AAAE £AF A710] vehicle Fo
ol vls iAoz 7ha FHEE QT B3 YA
X2 &3], minocycline T34+ vehicle oI
of vl 9u|JA B2 CAl1Z CA3 pyramidal Al¥XE
o] AEshs e = QlSltH(percentage of surviving
cells against control: minocycline—CA1l, 32.47 £4.56;
vehicle—CA1l, 2.87+0.64" minocycline—CA3, 44.80
+2.13; vehicle—CA3, 11.99£2.01%; t—test, 'p<0.001,
“p<0.01) (Figure 1B).

o] ¢

KAO|| SJ9t =ITt © cytochrome ¢ Q] MZEML M9 mi-
nocycline?| 21}
KA 1z & 1217k 44170l cytochrome ¢2] Al

A Y HolE #2EATE Western blot E2490)4, KA
B AAEHA 92 A dixelE AEd EEA =
11 kDa® cytochrome ¢ &AHkgo] A Yep)A] 9k
o}
PN

5} | dojyith KA &2 3 vehicles Foi3t

A

kD
1, n|EZ=g] o} BEo|qut cytochrome ¢ FAHHS-
70

] = AEA BIoMx 733 cytochrome ¢ 3|
o] Ao} cytochrome ¢ & AEA U Aol &+
3} ‘F 9laitt. kAR, minocyclineS Foldk TojA=
¥4 B39l cytochrome ¢ AW vehicles
Folgh el Hlate] om]QIAl 1HAsktH( Optical densi-
ty (OD): control, 1.37%+0.13; vehicle—treated 1 h,
20.11+2.02; vehicle—treated 4 h, 23.77£1.72; mi-
nocycline—treated 1 h, 14.33%1.54%; minocycline—tr-
eated 4 h, 16.32+0.70"; t—test, "p<0.01, “p<0.001)

(Figure 24).
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50 - Minocycline
°
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0 SR
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Figure 1. Histological analysis of mice hippocampus at 24 h after KA treatment. A: In normal control, there was no apparent
hippocampal cell death. Profound neuronal loss and nuclear fragmentation were noted in the CA1 and CAS3 subfield in the
vehicle-tfreated mice at 24 h after kainic acid injection. Neuronal cell death in the same subfields was prominently reduced by
minocycline tfreatment. Bar=100 ¢ m in left panel and 50 x«m in middle and right panel. B: Surviving cells in both CA1 and CA3
were significantly increased in minocycline-treated mice at 24 h after KA treatment, compared to vehicle-treated mice.
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Cytochrome c¢ol] o3t #H<

5 4N 7ol AT KA

2AB LA KA A

A=A ke AAF o)

E

=

Z7te] vste], KA 32 £ vehicles FoIst ol
A &t AFAEZ ol cytochrome cof] thah went
- (green color)©] §&lo] 7131t} o]ol Hlsl], mino-
cycline& AX|g 2 M3EA Ul cytochrome coll it
Holgkg-o] vehicles AA|gh ol Hlste] 7HAES
&8k = QlSlth(Figure 2B).

KAO]| Q|pr nt 2
cline®| 21}
KAE AAalA] ¢ 424 thxate] ajnfelA= TU-
NEL g Alxsol d=x] eholrh. KAFR 24 5
vehicleg FoI3t oAM= ‘E%-S— TUNEL 93 A|EZE9]
o, CAL, CA3 oA Ho| #Z= ) &
A9F minocycline< —ErCﬂL Loﬂ A= o]#3 TUNEL
S AE7} vehicle FoIToll vl oln|Al AasHATh
(TUNEL—positive cells: vehicle—CA1, 3538+ 265.89/

caspase 2|Z=8 NIEIINLF minocy-

Al - TR - ZHE S
mm?; minocycline—CA1, 1586+460.54/mm?; vehicle
—CA3, 2542+140.87/mm% minocycline—CA3, 1708
+161.39/mm™"; t—test, 'p<0.01, “p<0.001) (Figure 3A).

KA x| & 4A17F 24X7¢) cleaved caspase—3

of st Western blot 45 A1&3}3loH, 17 kDad}
19 kDao°ll aljdsl= F2oll A cleaved caspase—3°l W
gk AYRkgo] F 9] = AEE T KAE AX[8H]
&2 A izl visl, KA 424 5 vehicles F
o33} oAM= cleaved caspase—39] W ko] FElo]
S7re & 4 stk ool Wil minocyclines Fo93t
oA+ vehicle o3l B]E) cleaved caspase—32] 2
do] folskA #HAaES BESIATHOD: control, 7.64
+0.43; vehicle—treated, 4 h, 57.48+£3.16; 24 h, 85.39
+4.98; minocycline—treated, 4 h, 34.91+3.98" 24 h,
56.54+4.16™; t—test, 'p<0.01, “p< 0.001) (Figure 3B).
KAG 22 3 2442k oA KAX A

Folgl F KAAX] 3 caspase #|#|Q]

=

FoIstk o, 183 KAHA &

% vehicleS
z—VAD.fmk

minocyclined Fo13t

tlo

Minocycline Vehicle
30 -
Citr 1h 4h Th 4h
25 | Vehicle
tnonai it G CID Gw o
j=
% Minocycline
corv W SR G A S ‘53
3
Cytosoli 2
osolic Z
Y W 5
&
@ Ctr Th 4h

Control Vehicle

Minocycline

Figure 2. Reduction of cytosolic release of cytochrome ¢ by minocycline. A: In western blot analysis, the amount of cytosolic
cytochrome ¢ was significantly reduced in minocycline-treated mice at 1 h and 4 h after KA injection, compared to the vehicle-
freated mice. B: In immunohistochemistry of cytochrome c (green color), the increased immunoreactivity of cytosolic cyto-
chrome c of vehicle-treated mice was evident at 4 h after KA injection, compared to control. In contrast, minocycline-treated
mice showed reduction of cytochrome ¢ immunoreactivity in cytosol, compared to vehicle-treated mice. Bar=50 xm. Ctr,
control; COX, cytochrome oxidase. COX-IV and beta-actin; internal controls of each mitochondrial and cytosolic subfractions.

Samples are from five independent studies.

Ci5EZERISES K| | 2006;10(1):3-10 | 7



KARE A0 A Minocyclinell MZ2S St

Control Vehicle Minocycline
: 4,000
= 1
CAl ; % 3,000 - Vehicle
4 $ Minocycline
: > *
= 2,000 + o
¢)
@
i
w
Z 1,000 -
2
CA3
0
CAl CA3
@ Hippocampal subfields
Vehicle
100 ok
1
Minocycline Vehicle = 80
=
5 *
Ctr 4h 24h 4h 24h o Minocycline
Cleaved _8 60 %
caspase-3 %
° 40
2
b < < D
2 20
oL | By
Ctr 4h 24h
Time
] ) ]
5 40 12 L -
& 2 -
= NS € 10
S 30 I S
'g % 08
© 20 -
Q g 0.6 -
5 2 0.4
[ 5 04 -
o ;.
° 02
o
0 0.0
Vehicle z-VAD.fmk Minocycline Vehicle z-VAD.fmk Minocycline
@ Caspase 3 activity DNA fragmentation

Figure 3. Reduction of caspase-dependent apoptotic cell death by minocycline after KA-induced seizure. A: Immunofluores-
cent TUNEL staining and its semi-quantitative analysis showed that TUNEL-posifive cells in both CA1 and CA3 were notably re-
duced in minocycline-treated mice after KA injection, compared to the vehicle-freated mice. Bar=50 zm. B: In Western blot
analysis, the amount of cleaved caspase-3 was significantly reduced in minocycline-treated mice, compared to vehicle-treated
mice. Samples are from five independent studies. Ctr, control. C: Comparison of caspase-3 activity and histone-associated DNA
fragmentation assay among the normal control, z-VAD.fmk- and minocycline-freated mice at 24 h after KA injection. Samples
are from five independent studies.

Al 9o} & FANA, cell death detection kit

o] £3}9] histone—associated DNA £4S v w3

7oA caspase—3 activity assays A8 +=4], ve-
hicle Foj7ol Bla] z—VAD.fmk 3% minocycl-

ine FolollA caspase—3 AAE7F oRIQIAl A3}
% THOD: control, 22.76 £5.66; vehicle, 57.27 +6.99;
z—VAD.fmk, 37.59%1.69%; minocycline, 41.65+3.34";
t—test, p<0.001). sFA% z—VAD.fmk Fo{+3%} mi-
nocycline Fo3it Alololli= caspase—3 A T2 x}o]
7F A} Hp=0.96) (Figure 3C).
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d), vehicle Fol4e) B3l z—VAD.fmk 5°I+¥ mino-
cycline FolellA DNA 4o &Jn|lA] 743FAeHOD:
control, 0.18£0.02; vehicle, 1.23£0.10; z—VAD.fmk,
0.87 £0.06; minocycline, 0.56+0.11; t—test, p<0.001).
SEA9E, z—VAD.fmk F97-3} minocycline ool A

caspase—3 49 Aol7} QIS E B3}, mino-



cycline Fo7ollA z—VAD.fmk 5wl H]3] DNA
A o] BAIFoR gu|A TFAEHITH(Tp<0.01)
(Figure 30).

-]
=t

AAFES ol AP F3ll, KAl o3l s At
Zo 2 Q15 A|E AFHolA minocycline®] AFHSE 3
HE AY QS RoIF30H, o]2]3 minocycline
ol AARST gy 71A2 s} E caspase A AE
JARATE S TS stk Zs Al

Ao AvE eokshd v 2tk AA|, mino-
cyclinefFod 2 Q3] KA 3 =t & Ueht= vl
3 APEY} DNA #740] 72381tk (Figure 1 and 3A).
=4, minocycline®] FoJ& <3| caspase 2J&EA AXE
A} 71791 cytochrome ¢2] AEA W A9} (Figure 2),
caspase—3 ATV} A4S 3l itH(Figure 3B
and C).

WAl KAY S7hs T84 A 57 (excitotoxic
injury) & fFish= Zo® Z du4 9low, 3 KA
Fole ot Aw o7 ], slnt 5 MAA AA &
A AFEIAE e Qo 2 g Qo
AR KA AAZ e A 32 & 224514
o= djulsido] FElo] wAE gl oM (Figure 1), TUNEL
oA -7¥]) 31 histone—associated DNA #2 22 &
3 KA ool o]t e d2ko = QI Mzt 2
HE 2 g Atk (Figure 3A and ©).

e B ASAINE= minocycline?] Fol7F KA ¢
$h A9 7 & sk v EAPE S AaARE B
o711 =1 (Figure 1, 3A and 3C), ] U} A1)
9F(primary neuronal culture) ]t} WA A ZAo] NMDA
=2 Folsto], T8-A AEZ EAo] )8t minocycline?] Al
BNERE gig RolE 7E AEES dye & 7
gHIe} 190 wdh ol Ayks v ofe w723 BE
2aloX UeERd minocyclined] AZAAE BT E el E
2 Raksle] B Agdns st gl

AAFE B3k o A B8l KA &g A
2§ yehs ¥ E4] bigk minocycline®] 217
AZR S 7] s, minocycline®] mEFLEglole|
A AEAZ 2] cytochrome ¢ F-2]9F 101 W caspase—
3 3kE AIES B3tk (Figure 2, 3B and 30). ©]
3 A3E A minocycline®] caspase 2J&A] A|E1L
A= Ao RN, ARRS F9E UeEPES HojF o]

ol

Aot - ZH - ZE =

on

A AP A e 2 gl g9 dis
ik =,

AAg oz MERTEINE e =

o7 RuErE® AA5S pan—caspase AA z—
VAD.fmkE AFg3to] ZA}F tlZ+, caspase oA+, 1
2|37 minocycline FoI7-o4 9] caspase—3 YL}
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