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aquaporin 2] A|ZH4 wWslel 2y

Held 5 dAss HRE sde S AT A ES
S 7FA1ZA 4 2dt}. Aquaporin (AQP)< water—-channel @& =2

Rge] A Freh Aol Ytk AALPE HPEL
asHow ANt AAe Bl sdow Wi g
WEAE, Ax f2719 A4 oA, BT wh, HoiAel A 5
o A7} AN E e} AR, ok4 AQPS] gl HlslME
DA A W WA, B ATl A0 T Eu 4
9o olgale MR F ARAL D AA LA AQPe] ATHA
A, A Lol A9 H5E} AQP
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WA AT 0, 3, 24, 48, T2AIF 0.2 o] A3t
BRAATE A= 3

TCER FAsleH, AAEdE Sxs WA
&t Ale& 3310.5CRE A8 WA B H5-Fo A7
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HlE on) oAl FAastglem, 53] AR 48413k H A
AT AR L] Zpelzk 7 Flh HBEE dAnbHo R
AgA el vs AR Frste FEE BAern, 53
AEF 0AZE Flok 3AE Flol A =k ghel] ofv] gl AfolE B GITh
AQP ~4= AAETlA ol @ Aol S Halow, Algtel] wep Hx
Hacte AT BTk olF ATF 3AIRL, 48470 A T (b
ojn] gl Zpo]E BT AQP -1 A#F 0A1ZF He 24471
AAEol M om SlAl S7Fekgl o, AQP-9% F R ARk
B Wshe BEEA Ut AQP-4= Hotul Alxo] W -9
Al om, sjd FHoA Tdo] sk AQP-12 ekt
FollA BAHAT. AL AdF AL A HHE F-9lol 1eG

i

Q0] ¥ 9}
2 ATE B AAeTAA HAMH ¥y =277

A= o YFE, AL, Aquaporin, ¥ EE
2



Z <+ water—channel @&l aquaporin (AQP)°] °]&3t = F-F
A#E Aoz dHAT AQP-1¥ 4+ FEY FHA7|IH W H
Gole] @A Mgwel  @adel  welddh!  AQP-9:
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M ¥E(ependymal cel)E E#= Holul A ¥E(astrocyte)o] o H-9
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Ao BAe WA F AAAe R AALd ] AQPe] A7k

2 Walol HEFS AEsto wH Ao o] HEFI AQP o

I. Az % UH

1. 48s=

200-300g Ax=e9 7 Wistar rats ARESISith 2 A9+
Association for Assessment and Accreditation of Laboratory Animal
Care(AAALAC)OIAM  &dls Ag@A bl uet Aldgsigln. BE
e ZEkag fEdA 25(22.012.0%), FE(B0x10%),

+(40-50 phon ©oJsh), X" (12412 W/ehel AEso 2 FA ¥,

W P
=1
dlo
RN
NE
OE
=
2
g
=1

AEE U skl
70%° N0, 30%° O, 5% ololaZFu(soflurane) 2=

E3lal 2% ofolxETFYdor  FAE el A

s
Astet. THEYW HA AFo &y ApsE, Ata EskE,
olxtaleta  ¥Im, Hy  BHhe AR 2d AF
(microvascular tissue perfusion)& SA3Ith. H WS> A

Holliston, MA, USA), 2t=, 2F4x ¥ 3% o|i3letsr 3=+
JHNS AYFH el 243 THOPTI critical care analyze, AVL Scientific
Corporation, Roswell, Georgia, USA). "|Ad¥®% Zz# AHFE=
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=55 FALIAY. A2S A% A2 H2(brain temperature)<
S5t A AL AAE A U= st
on, ¥ HHYd i+ S5 A2A (Precision

) g—],T‘—_-_

N
o
o
@)
>
—

hermometer, Yellow Springs Instrument, Japan)E 4}

[e)
H
Wow SASAH. e ¢ A2 A A AA
s

st

ZA7*% (Homeothermic blanket control unit, Harvard

Apparatus Inc., Holliston, MA, USA)E o|&3sle] AKX 37=E=

dAsA FABIAT. T HA 241 Fet AFEEe] Al
PH12 43e&s ¥l As olgste wWHem X
33%=+0.57H4  #est  HAL FHE A soen, HAL
ayel Euxn YA wFHE Fdsn Az2mzEIA e 249
AeE olgsto] 233tk

4. ZAAY

A sE JAS TS (urethane)S H7Z U= FAMste] w33
AFe ol A peristaltic pump = ©]-&3le] FuHo] Al 7t Al
AAdTE SAS ANE AHdA #AAEAE & SR
HE 1ol Witk 11218e] W & brain matrix & ©]-§3te] A
kil FHEEH 2 mm FAR Ze 7 R B3 ARst skal
dHstet x4 F 1, 3, 5, 7 WA =H& 2% 2,35
triphenyltetrazolium chloride (TTC)ol @7} A& 37 Fo| A 30 &7F
HjeFatel dAsiglon, So WA 2 HEFE SA A ARSI
2, 4,6 HA 222 Tissue-Tek OCT compound (Miles Inc., Elkahart,
IN, USA)®} 84| cryomol o ¥o] AKX 435t 80 Zo WaAEH =
B3 western  blot, WHEA s WAYPFAA,

Immunoglobulin G (IgG) WG S 93] AL-&3F3it).
7



program & ©o|-&3afe] SAstal 1 HES AT [(FAF919

W 27D -CRARRgI) T 27)/CRA9I ] B 27])x100)]
5
WA A 9 wRe) uee Tahel LA

6. Western blot

AT I AA 2T Abo] o] A Zrel whel A= AQPY ¥
= 2ol #8f western blots ©]&3kth. WE HAZ A
lysis buffer (10 mM Tris Cl pH 7.4, 1 mM ethylenediamine-
tetraacetic acid, 100 mM NaCl, 0.1% SDS, 0.01 mM phenylmethane—
sulfonyl fluoride, 1% nonyl phenoxylpolyethoxylethanol 40,
protease inhibitor cocktail)& ©]-&3te] @A FEaGTh Tl
S Bradford8S ©]83}%] bovine gamma globuling 7|+=o 2 AT
stoich. el d 5 pgd 12% SDS-PAGER #-2]3}aL, polyvinylidene
difluoride membrane (PVDF)& 7|31 &A|e] H|Eo]% Hk-&-& HH7]
93} tris bufferd saline (TBS, 50 mM Tris Cl pH 7.5, 150 mM NaCl)
o 5% BAEFE 4T a7 Bt wbSAIRE. AQPOl HE 1
2} A (AQP1; 1:1000, Alpha Diagnostic International, San Antonio,
TX, USA, AQP4; 1:1000, Chemicon, Temecula, CA, USA, AQP9;
1:500, Alpha Diagnostic International, San Antonio, TX, USA)Z 4T
o 5] ¥FAl HE-Z-A]7]3L biotinylated anti-rabbit IgG (1:200, Vector

Laboratories Inc., Burlingame, CA, USA)E 23 A2 AF83s}o] 1
8



A ZF 3087 HE-2 Al At TTBS (0.5% Tween 20 in TBS)Z 587 4]

(=}

H A2 % enhanced chemiluminescence (Amersham Pharmacia
Biotech, Buckinghamshire, UK)Z WFS-A|A X-ray & ==3 7+
FAFAT. FHFEFe] HI7F= densitometry (Genetools, Syngene,
Cambridge, UK)E ©o]&sto] #A8k9la, 7 #¥Ee F3=+ B
—actin (1:20000, Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA)e =2 BAste] epy At

W xAsstd e 10 m=z A s duzs o] &8sl
AFg3l A= AQP-1 (Alpha Diagnostic International, San Antonio,
TX, USA)¢} AQP-4 (Chemicon, Temecula, CA, USA)o|dt}t W=
AAS wlgEed 108 nA4g 5, B|5o14 A wkas A7 5]
Q& Blotto (0.05 M Tris—HCI pH 7.5, 5% skim milk, 1% horse serum,
0.02% sodium azide) & Aol A 2083t A, 1ok, 12 &
AE 37CollA 277 F<F wl3slal 0.01M phosphate buffer saline
(PBS)Z 15%7F A At} Biotinylated anti-rabbit IgG (1:200, Vector
Laboratories Inc., Burlingame, CA, USA)E 2%} &A= Al&3te] 37T
o A 30&%F wjekstar thA] PBSE A& & endogenous peroxidase
Z AAs A8 30% H.0./MeOHE Ao A 2087+ wH-gA|7] a1
UA 287 $EEE Aa A PBSE 1087 A 1t ABC
LM (Vectastatin Elite ABC reagent solution)S ©]-8&3o] 37T ol A
30%-7F wj%kstar, PBSE A2 3 DAB solution (PBS 10 m¢, 2,3
diaminobenzidine 5 mg, 30% HyO, 10 w)oz <GSR o,
hematoxylin®2 thxaA 3t H7h= Fddv]4(Carl Zeiss,
Gottingen, Germany)3atell A A A sF3A T

9



22} A= cyanine 3 donkey anti-rabbit®} fluorescenin
isothiocyanate donkey anti-mouse& 37TColA 1A|ZF &<t vl 43}
1 PBSE 5#4 33 A9rt. DAPIZF *23%H mounting medium
(Vectashield, Vector Laboratories Inc., Burlingame, CA, USA)S A}
&3t cover glassE Y 3il, confocal microscope (LSM510, Carl

Zeiss, Gottingen, Germany)< %3 #2319}

Table 1. Antibodies for immunofluorescence

Mixture of primary antibodies Mixture of secondary antibodies
AQP-4 CY3 donkey anti-rabbit
(1/200, rabbit, Chemicon) (1/100, Jackson)
Collagen type IV FITC donkey anti—-mouse
(1/400, mouse, Stanford) (1/100, Jackson)
AQP-4 CY3 donkey anti-rabbit
(1/200, rabbit, Chemicon) (1/100, Jackson)
GFAP FITC donkey anti-mouse
(1/1000, mouse, Abcam) (1/100, Jackson)

AQP, Aquaporin; CY3, Cyanine 3; FITC, Fluorescein isothiocyanate;
GFAP, Glial fibrillary acidic protein

9. H-HFd &A4fe] Hr}

Jol-ygEo] =4 [gG WY FAHS o]&ste] HIlE?!
HAzA s A ZA AAE oY, hematoxylin o x4
A 23T, biotinylated anti-rat  IgG  (1:100, Santa Cruz

Biotechnology Inc., Santa Cruz, CA, USA)E A= AF&3}S T}
10



10. A
FAREA o2 SPSS ver. 17.0 (SPSS Korea, Seoul, Korea)<
Aot AMEES FholAly AAL, &9 Ao R Wl

W paired t-test & ARESIR W, 7} o] HWE A

©
o

off
20

7442l Mann-Whitney U test ¢+ Kruskal Wallis test =

L
AgEnt. AEA g2 BHEEFLAR Ao, 7479

m. 23

1. 4327 AE

AAA ST AT Z rEon, 4t FusH 4

AIZE F ABF 0, 3, 24, 48, 72 AT 2T O R Lol
IStk & 65w E Agslon, ofF

AT 2ntel st AA2T 3utelE Al9E 60 vkl E 2463

g8 247t 7.4%, 10.7%% Gt 3 AFgE dig z2ol=

S ATHP=0.67).

BA

2
2]

ol

5
=)

>~
s}

!

7+ A3 THP<0.0001).



Table 2. Physiological variables and changes of regional cerebral

perfusion
Group Baseline MCAO Reperfusion
2hO0hR 7.42+0.03 7.42+0.06 7.40+0.03
2hO3hR 7.40+0.06 7.42+0.02 7.38+0.10
Normothermia  2hO24hR 7.39£0.05 7.42+0.07 7.38+0.06
2hO48hR 7.39+0.04 7.40+0.02 7.39+£0.06
oH 2hO72hR 7.41+0.03 7.43+0.10 7.38+0.11
2hO0hR 7.41+0.07 7.41+0.09 7.30+0.09
2hO3hR 7.36x0.10 7.32+0.07 7.19+0.11
Hypothermia  2hO24hR 7.34£0.12 7.39£0.06 7.26+0.13
2hO48hR  7.42+0.03 7.34%0.05 7.360.06
2hO72hR 7.41+0.05 7.37£0.05 7.30£0.10
2hOOhR  170.40+34.24 150.40+10.69 156.50+£17.82
2hO3hR  151.00+34.34 160.40+17.54 141.33+£9.29
Normothermia 2hO24hR 158.20+16.48 151.40+17.83 142.40+10.64
2hO48hR 146.20+11.28 141.00+8.86 122.00+30.58
Pa0, 2hO72hR  167.60+14.78 164.20+12.83 152.60+£28.73
(mmHg) 2hOOhR  161.60+41.17 179.80+13.08 172.20%16.77
2hO3hR  162.40+62.61 155.20+38.83 113.00+17.82
Hypothermia  2h0O24hR 149.20+33.89 155.40+15.32 135.40+33.28
2hO48hR  166.60+23.07 162.00+42.79 139.40+£13.42
2hO72hR  155.60+36.03 153.20+39.15 137.75+50.98
2hO0hR 47.40+£6.58 48.20+8.08 50.00+2.94
2hO3hR 48.80+£8.44 46.40£5.46 49.67+12.90
Normothermia 2hO24hR  50.80+6.38 47.60£9.69 52.40£9.71
2hO48hR  47.60+4.88 46.00+£4.69 47.50£8.39
(rF;anClgé) 2hO72hR  46.20+6.61 45.20+£10.06 52.80+12.36
2hO0hR 48.00+£12.83 51.40+12.18 63.60+14.98
Hypothermia 2hO3hR 54.20£18.84 60.00+10.30  87.80+24.83
2h024hR  62.00+24.11 51.60+12.76  75.20+27.87
2hO48hR  45.60+2.88 56.60£7.99 54.80+8.04
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2hO72hR  47.20+6.69  50.80+5.31  66.00+16.83
2hOOhR  104.58+19.88 89.36+11.87  96.51+16.11
2hO3hR  106.13+23.77 102.06+12.09  95.56+26.09
Normothermia 2hO24hR  108.74+9.94  102.55+8.71  97.67+11.87
2hO48hR  93.24+12.4  78.78+3553  78.59+25.53
MABP 2hO72hR  107.82+7.58 103.85+18.34 111.17+20.73
(mmHg) 2hOOhR  111.24+4.98 100.61+11.69 83.45+11.34
2hO3hR  105.28+5.34  91.82+8.82  95.16+7.57
Hypothermia ~ 2hO24hR  119.87+7.09 109.32+13.76 113.53+24.50
2hO48hR  104.15+11.66 100.84+8.14  100.86+6.17
2hO72hR  107.91#7.27 104.93+18.28 101.19+17.29
2hOOhR 100.00 18.83+11.52
2hO3hR 100.00 30.10+20.36  29.02+19.51
Normothermia  2hO24hR 100.00 18.15¢7.25  37.08+19.76
2hO48hR 100.00 37.18+31.76  33.07+25.83
rCP* 2hO72hR 100.00 30.87+17.77  46.53£26.62
(%) 2hO0hR 100.00 30.54+10.00
2hO3hR 100.00 30.25+13.19  55.66+17.44
Hypothermia ~ 2hO24hR 100.00 29.86+14.41  57.85+21.38
2hO48hR 100.00 27.03+14.80  61.85+29.53
2hO72hR 100.00 36.57+14.04  59.89+17.21
2hOOhR 36.4+0.5 36.7+0.3 36.9+0.3
2hO3hR 36.6+0.5 37.2+0.4 37.3+0.4
Normothermia 2h0O24hR 36.9+0.3 37.3+0.3 37.0+0.3
2hO48hR  36.6+0.3 36.6+0.2 36.7+0.2
BT 2hO72hR  36.9:0.4 37.1+0.4 37.2+0.2
(€) 2hOOhR  36.7+0.4 33.2+0.1
2hO3hR 36.7+0.4 32.9+0.2
Hypothermia®*  2h024hR  36.4+0.2 33.0+0.1
2hO48hR  36.7+0.3 32.8+0.6
2hO72hR  36.8+0.5 33.1+0.1

13



Values are means * standard deviation. h, hour; O, occlusion; R,
reperfusion; MABP, mean arterial blood pressure; rCP, regional
cerebral perfusion; BT, body temperature; MCAOQO, middle cerebral
artery occlusion. *rCP before MCAO vs. after MCAO (p<0.0001),
#**BT before hypothermia vs. after hypothermia (p<0.0001)

3. ¥4 A7]

HAgMe A7= BE wollA AAwe] AAAETl Hs &
A FAasAT gAY HA ] AT]= AR AR
Aol ek A3 AATIE 72 A3 FHoles AT " 73

A7) AT 48 ARF F A A o] 26.34% A Ao
2.44%= 1 =Fol7} 7+ ZAtH(P<0.05)(Figure 1A and B).
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Figure 1. Infarction sizes determined by staining with 2% 2, 3, 5—
triphenyl tetrazolium chloride. A. Representative photographs show
that infracted areas (unstained, white) in the hypothermia group are
much smaller than those in the normothermia group. B. The percent
area of infarction was significantly smaller in the hypothermia group.
xP<0.05

MCAQO; middle cerebral artery occlusion

A Sham 2hO 2hO3hR 2hO24hR 2hO48hR 2h0O72hR
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BRAA A AT 3AIAA A Free ot
AN 72 A3 Foll= A Aol vla) Atk 53] Awi 0 ARF
F ek 3AIZE Fel A T ghell olv] Sle ApolE H.ATHP=0.032,
0.032)(Figure 2).

Al F2ashd

x

’

Figure 2. The percent area of brain edema. A significant difference
was noted at reperfusion O hour and 3 hours. *P<0.05

MCAQO; middle cerebral artery occlusion
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5. Western blot

7} AQP-4

AT Algbell e AQP-4 o] W3t FAAT gl o E
WehE AREA ktoy, AALT M= foe Aol

B o (P=0.017), AlZtell whel A} Hashs ddoldnh. AdF{

3 AIZF, 48 Al Zboll = AAFA|-2toll Hls] A A=t Foll A 2u] A
7y 2ske] A THP=0.008, 0.008)(Figure 3).
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Figure 3. The levels of aquaporin—4 protein measured by western
blot. In the hypothermia group, aquaporin—4 levels are decreased
according to the reperfusion time. In the reperfusion 3 hours and 48
hours, aquaporin—4 levels are significantly different between the
hypothermia and normothermia groups. *P<0.05

MCAOQO; middle cerebral artery occlusion

2 ® Normothermia
= Hypothermia
n 15 7
o
>
Qo
5
e 17
)
o
©
=
. l
O n T T T T T
Sham 0 3 24 48 72

Time after reperfusion following 2hrs of MCAO
(hours)
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b AQP-1 % AQP-9

AQP-12 A#F 0AZF 5 (P=0.032) ¢ 24417 5 (P=0.008)°llA]
A A Eato] At nlal] on] IA Skl thFigure 4).
Ty AQP-92 Al 2 A2t el on] gl zpel=

A A= & dtH(Figure 5, P>0.05). ,

Figure 4. The levels of aquaporin—1 protein measured by western
blot. In the reperfusion O hour and 24 hours, aquaporin—1 levels are
significantly different between hypothermia and normothermia
groups. *P<0.05.
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Figure 5. The levels of aquaporin—9 protein measured by western
blot. They are neither changed after cerebral ischemia nor different

between hypothermia and normothermia groups.
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Figure 6. Immunohistochemistry staining for AQP-4 (A and B) and
AQP-1 (C) of the rat brain. A. AQP-4 after 2 hours of MCA
occlusion (MCAO) and 3 hours of reperfusion of the normothermia
group. B. AQP-4 in hypothermia Zhours of MCAO and 3hours of
reperfusion group. Its expression is decreased in the ischemic area.
C. AQP-1 in 2hours of MCAO and 24hours reperfusion group. Its

expression is localized in the choroid plexus. Scale bars=20 pm.
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F-2lol A AU} Confocal An|7d o= 2 Al 43 FhAlg
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GFAP A 3}i= AQP-4 7} 7] wal s o] AQP-47F Holul A|¥E 9]
ok Hejol A g = o] B I cH(Figure 7).

Figure 7. Immunofluorescence staining for AQP-4 (red, A and B),
collagen type IV (green, A) and GFAP (green, B) of the rat brain in
the normothermia sham group. A. AQP-4 is expressed outside of
collagen type IV staining. B. AQP-4 is colocalized with GFAP
showing that AQP-4 is expressed on the astrocyte endfeet around

the blood vessels. Scale bars=50 um.
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AP7 3AZMEl A A eE 1gG A, AGA Lol A =784
F-9lol I1gG el BEHA oM, AA2dolAes 2 BEEHA

2 (Figure 8).

Figure 8. IgG staining of the rat brain in the 2 hours of MCA
occlusion and 3 hours of reperfusion groups. A. Hypothermia group.
B. Normothermia group. Extensive and strong staining is observed

in the normothermia group.
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Abstract

The Expression and Temporal Course of Aquaporin after

Brain Hypothermia in Focal Cerebral Ischemia

Jong Yun Lee

Department of Medicine
The Graduate School, Yonser University

(Directed by Professor Ji Hoe Heo)

Brain edema after the cerebral ischemia can worsen the symptoms
and increase the mortality. Aquaporins (AQPs) are water—channel
proteins, which play a role in water regulation in the brain. AQPs
have been implicated in brain edema. Ischemic brain edema is
effectively reduced by hypothermia. Although the mechanisms of
hypothermic effects has been proposed as decrease of the
blood-brain barrier permeability, inhibition of free radical
generation, and anti—inflammatory actions, yet the role of AQP is
unknown. To reveal their relationship with the brain edema and
hypothermia, we compared their expression patterns with brain
swelling in normothermia and hypothermia after focal cerebral
ischemia.

Wistar rats were subjected to 2 hours (hr) of middle cerebral artery
occlusion (MCAO) and 0, 3, 24, 48, 72 hr of reperfusion. Body
temperature was maintained at 37C in the normothermia group.

Hypothermia was induced by maintaining the body temperature at
32



33%£0.5TC during MCAO. Sizes of cerebral infarction and those of
brain edema were determined using 2, 3, 5—triphenyl tetrazolium
chloride staining. The levels of AQP-1, 4, and 9 proteins were
assessed using western blot. Cellular localization was determined
by immunohistochemistry and immunofluorescence studies.
Blood-brain barrier damage was determined by IgG staining.

As a result, Hypothermia decreased sizes of infarction (P<0.05)
and those of brain edema at 2 hr MCAQO/O hr and 3 hr reperfusion
(P=0.032, 0.032, respectively). AQP-4 levels were decreased in the
hypothermic rats (P=0.017), which was statistically significant at 2
hr MCAOQO/3 hr and 48 hr reperfusion (P=0.008, 0.008, respectively).
AQP-1 levels were significantly increased in the hypothermic rats
at 2 hr MCAO/O hr and 24 hr reperfusion (P=0.032, 0.008,
respectively). The levels of AQP-9 were neither changed after
cerebral ischemia nor different between hypothermia and
normothermia groups. AQP-4 was localized at the astrocyte endfeet
and its expression was decreased in the ischemic core. AQP-1
expression was localized in the choroid plexus. Extensive and
strong IgG staining was observed in the normothermia rats at 2 hr
MCAO/3 hr reperfusion.

Hypothermia—-induced reduction of ischemic brain edema may be

associated with changing expression of AQP-1 and 4.

Key Words : cerebral ischemia, hypothermia, aquaporin, brain

edema
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