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(brain-blood barrier, BBB )&% . S sty kM AiMya T 1E . S5R  154K4 000 mAIS 000 mis} T/ RAET™, WK
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72 W& ] WA VER AN K I . ME36 000 mAk EERYHACERL AL ik i 3, 45 A HE YL (1 1 B AN ARG A L ik, 224 h,
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[ Abstract] Objective To establish an animal model of high-altitude cerebral edema (HACE), to explore the
altitude and oxygen partial pressure conditions that can lead to obvious clinical manifestations of HACE, and to lay the
foundation for further research of the pathogenic mechanisms and intervention strategies of HACE. Methods Male
BALB/c mice of 8 weeks old were randomly assigned to Control and HACE groups. The Control group (n=10) was treated
with normobaric and normoxic conditions, while the HACE groups were placed in hypobaric hypoxic (HH) chambers for
the durations of 6 h, 12 h, 24 h, 48 h and 72 h, respectively, receiving treatments of simulated HH conditions at the
altitudes of 4000 m (n=10 for each group receiving different durations of HH treatment), 5000 m (n=10 for each group
receiving different durations of HH treatment), and 6000 m (n=10 for each group receiving different durations of HH
treatment). HE staining was performed to observe the morphological changes of the brain tissue and the appropriate
simulated altitude conditions were selected accordingly for the construction and evaluation of the best HACE model. The
HACE model was evaluated in the following ways, the mouse brain was weighed and the cerebral edema was measured
accordingly, Evans blue (EB) was injected to determine the permeability of the blood-brain barrier (BBB), and the cell
apoptosis was determined by immunofluorescence staining. Results There were no deaths in the groups treated with the
HH conditions of the altitudes of 4000 m and 5000 m, while the mortality in the 6000 m altitude treatment groups was
12.2%. HE staining showed no significant changes in brain morphology or structure in the group receiving HH treatment
for the altitude of 4000 m. A small amount of brain cell edema was observed in the groups receiving 48 h and 72 h of HH
treatment for the altitude of 5000 m. The groups receiving HH treatment for the altitude of 6000 m demonstrated the
most prominent modeling effect. HE staining showed increased volume and swelling of brain cells in all the 6000 m
groups, especially in the 24 h, 48 h and 72 h treatment groups. In all the 6000 m groups, cell arrangement disorder, gap
enlargement, and nuclear contraction were observed. Evaluation of the modeling effect demonstrated that, in the HACE

mice model constructed with the HH conditions for the altitude of 6000 m, cerebral edema and EB permeability increased
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after 12 h HH treatment and there was no obvious apoptosis in the modeling groups receiving different durations of

treatment. Conclusion The HACE model can be established effectively by simulating conditions at the altitude of

6000 m (the atmospheric pressure being 47.19 kPa and the oxygen partial pressure being 9.73 kPa) with a HH chamber.
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2% R (acute high altitude disease/acute
mountain sickness, AMS ) f& 48 H - J5F A 5 J5 5l 5 iR
PR T ey P4 DX, AR B/ I 2 85K A AR
ARG N, TIEAEENRER A S B — 28 SR, H
SRR IR IEAR G, A2 500 ~ 3000 m BNy
29.5%, M4 000 ~ 4500 mEHHE H40% ~ 60%'",
AMS K 5 A B, A5 BIF 5T i 7 A5 0 5 v T 4 1)
B S5 R EIPIRIE R R AR R A
R IR EAMSSF R R RN A, AR R AT
=1 JFU N (acute mild altitude disease, AMAD), BRI 45
=3 JEL i 7K Jif (high altitude pulmonary edema, HAPE) fil {5
JF i 7K it (high-altitude cerebral edema, HACE) .
HACERAMSK JE IR &M 45 R, SR, fEilk
4000 mPA MR AR, M4k4 000 m L b K ROy
0.5% ~ 1.5%!"'. HACEJCHF 57l PR B, g 7 12F J|8 Uk
JRRRL ~ 2 AN AT ek, EE R AET .

TR E 1 SRR R W 5 HA CE B A L ) 4 1
WA AP 3 FIAE TR A RER, 5 P 0% 22 . HACERSEL (1 7
A LU = — MR AR SIS, A DT S8 HGE W
Jr IEAAUE6 000 m (KT H46.7 kPa, %A E6% ~ 7%),
24 hP /N BB A G 7K 5 A L 5 3 3 4 B S 1, [
P H S ZE A P R A L R RS R R T =
TRHARESS & 518 3y, DFIT Wom ek L st iy FHAR
4R TE 5 5 EEHACE, HH T 500 44 vy 2 BEAIRE,
B FF Ak, ¥ 0 HA S HACE S Wi AL <7 J7
5, I TR R EAR EE 2 7 HACE Sh il
& AR TAE S B0 B HACENG RERAE AR 5 800 TR 4%
1, Syt — WS HACER A L A P 215 S,

1 #MR5TE

1.1 LIz

AR 5 38 5 VU R A 2 A8 P A A s O et (R G
5:20235Q008) ., 5 Bk B8l ¥ BALB/ cHEPE /N Bl
200 H, AR JE (21.935+0.244) g, W [ AR 1517 5h 4 5L 56
A B, #1475 SCXK (Chuan ) 2020-0030.,
1.2 FERFIRILE

R AR EER KRB B 4% 2 R P SR, A
WO TRMR BE RS L TEK S AR L 1% R R

High-altitude cerebral edema

Blood-brain barrier Hypobaric

0.1% ~ 0.5%M 41, 2% Evans blue(EB), —HI1 % rTdTI#
HEMW . bR AP E RN EE (SSC) | W R +h 2% i il
(PBS) . A3 r: BN oy B 25 i (7 o R A R
HE-ZK-500) . fil &40 (5 KR A BRAF], XF-3CL) |
JIREFAY (Matrx 23 7]) | Zh L FHF

1.3 LI AFIERIE ST

#4200 A BALB/ /)N BB ML 53 S Control 41 A1l
HACE#, ControlZ % J& % A Ab#, HACEZ & TIEAL
AR, 554814 000 m (KX JE61.64 kPa, /3 )512.7 kPa) |
5000 m( K JE54.02 kPa, %43 %11.1 kPa) , 6000 m( K<,
[£47.18 kPa, %43 1£9.73 kPa) Mg 44 i & DL #: 7 HACE#E
A, HACESZ B /NR AT Ab #6 h, 12 h, 24 h, 48 h, 72 h,
SRS — MG 0, R BT a, J5 B I U THE G (7
DAY FOR A2, il 33 A W HACEAL/ N R IR K T2
AR DL LARA i HA CEBE ARG AT i . SR FiE v
#rHBUINRSE T N A7 4D, HACEZH A NIRER | h A
£ H10 L/ (3£150 H ), Control4H &M 10 R/ FRIEA
JEURSEY . HEQ OSSN AL SUE 824U, DIk BR G
PR B ADL 7 4 7 ST S 3 (O H A CEASE AU 5 e 5 v A 4 01 |
HACERLHY Y 5¢ J5 1% HRE K 7K ik, Evans blue(EB) £
100 1fi1 Ji%i 5 % ( brain-blood barrier, BBB )il i . Mrad
Y RS 20 ML PR T
14 MREGEALESFHRE (HERE )

B Control 21 F 45 i 4R HACELL /N R, IR AR 457N
BRAAVEMSZ [, B F R fes , 400 0 72 53 % 8 s FH IR BHEECKS:
O ERRIRFEE, TS a8 5T A Ze 0 28 G218 T i A 3
ERIK, o0 W R A I B JF A0 B, 4R S AR F AR K (&
20 mL) i VAR T e T S 4 Sy TS I AR AR B
4% 22 T T (R S 45, AR 4 3 22 DU R Fn 2 A 1 L JHF
JIEAE 1 GH B B 2H 2, A R AR Ba % 2 3K
R4 CRIE72 he KARNLE 296 mm ) [ 14 il 21
2, SR AT AT X RT3 U 28 AT 2492 mm A BT B3 i 1T 11
LY, N A A G rh, AR BB 2RI EZ R H
W SHEATRREEIR K . ZHIAE W] BATHEG 2= il
BERER F o
1.5 a7k Brids

HX ControlZH #1745 6000 m HACEZH /) K., F 5 %
Jot R 5 B i 2 28, P F P00 A 1 5 3 0 0 S
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(CKi 8 %10.1 mg) , J5 HIE IR T4 46100 °CHE T ik 21 2,
I £ i B S (PR R BT it 25 A8 K 170.2 mg, B A i 1 5
18 ) o Elliot't formulaids I 5 fixi 5 &, LA A Joi o (7] 92 2 ke
PR B A e A7 0 o M B e T AR A X O o — il
TR ) /IR R x100% T/ BRI AR SR Y
T ARFE AR LA P I B A 3 R BUBK, N BRUA BT i
PTG . P, FETE B K E I, N BE 2 e A
Jo 5 PR o HL 4 SR A B2 ), fE SR F Elliot't formulais it
A P 8 S5 N O A AR T A R L TR B R i A
%K P 0 it (256 J5 ) /AR I i (5256 J5 ) 1 B ik
Vi) 422 J52 Bl fi 7K Ji 155 752
1.6 BBBiEZEMLIE

HX ControlZH FliF 456 000 m HACEZH /N, & BB &8Ik
HEAZ150 uL 2%EB, FESHF 2930 minn] UL/ BURIE | DU
Bz kS IR €, REEBAE MG h J5 BRI/ B, ek 57
R BB M5 K AR 2 T 1.5 mL A 0 H, A
e L mL, FHRA} BRI 2H 2050 43 BY A Jn 2 bk & 1
54 C/KISAE T, HUE 24 hJ51000xg, 850015 min; B 1
W1 ~ 2 uL, 4 ECREM 620 nmAk M GAH (AMH), [FIRsS
E VAR RIBR BE PR UEEB Y A, 22 il b il 28, AR 4 b v
2R 15 AR R S AU EB 5 i . 5 SR LA e i 4 2
EBE i (ug/g) o
1.7 TUNEL#f

B Control2H FliE 46 000 m HACEZH /N S 2H 247 I
VIR AT S 2 9 AN, LZAN [] s ] 652 2R i B Jo 240 e
JATAEN . PBSWWEY) A5 min, B4 39K imiBH /K J& I 25
U0 FZH SN AR, BE S 7R 45 2P A 100 uL
rTATIE P 55, AR &R, 7EIR & A
K, 7837 COKIAEH AL FE60 min; A ddH,OF Bt
AY2xSSC, Z IR ICE 15 min L2 1 2 W ; PBSIEIAS min, B
3. VI T 5N ADAPI, ddH,OT5 VeV, F Ik
5 min, B 3G BT 2 RK 50 INPOCHEIGH 5 w5 b
PR TEAEDOG R TSR . T HREOH R ik Rk
YR A T 4e M T AR A o L (R k) R &
LRS00 A1)
1.8 FitFEHZE

P B AGEXTHEG 6. 0) o ST R AR KA, JF R
P45 5% 1 1140 s B 2 D AT L JBC 1 04 v AR L BT 1 A 5 ST
el F J5 A3 G BE TN G2 B2 1, B AR R EEEBZEOG
it PG I 24 A 58 D7 BRI AT #1238 H Image
JoHT. TR X £ 5 Fow, BEORMT A IES G 2
FEUE, PIZELIR] L BCR ek 505 BORMT GRS A T 2R
3%, PR e IR R 3R 5 22508, P< 0.05 0 25 5 A e it

BRI K b/ BB [ s 5 % 1271
2 H#R

2.1 —f&ER

4K4 000 mATHACEZ 4 B S ¥ 70/ RAE T, H3%
A AN T DS B i S B ol < BT L N NI T
ControlZH JCH i 25 5, FW]/INEL BRI SZ L0144 4 000 m
AR R AR SR 85 . ME945 000 mFHACEZ /)N it JooE
T, AELHS 0, R Bl B A BEAIR, E & /), 48 hAI72 h
Ak P2 /0N B 1R 5 £ 49 53] [R] Control 21 AH e 2 (P<
0.05), 7] UL/INFRAEASEABLEE K 5 000 m A AR SR8 T
LT AR, FLRE AL PR A (] A 18K, RERER TR . AEVIR
6000 mit /N R BRBET- (BET- 3R K12.2% ), 774 70N B
PRIV | 1 Bl R A i O S AL, RPN PEIR S,
Wi PR PR A2 ALk ST (] 194 320 T B 4 AR 5 ) 0 sl 6%, 6 ]
/NI R i 5 Controld HL#K, 22 5+ oG 1248 X (P>
0.05), HAx 25 Ab BHAT /)N B 44 5 12 43 531) [7] Control 4 He
B, ZERAGIEE L (P<0.05), 124 ~ 72 heH e i, %
WIAERSTHULTE4K 6 000 m IR HAR AR HAEE T 1 300 T 1) dak 11
FUER, LR,

R1 TEBEBEN/DNBRARELSER B REREELERL
Table1 Difference in the body mass of mice receiving hypobaric
hypoxic (HH) treatment for different altitudes for different

periods of time

Time C On(t:;ill%l;)up : HACE gr:)up :
4000 m 5000 m 6000 m

0h 21.935+0.244 - - -

6h - 21.433+0.367 21.567+0.476  20.767+1.035

12h - 2156741.098  21.067+0216  19.583+0.700"

24h - 22.50040.548  20.333+0516  18.242+0.692"

48h - 22.500£0.834 20.333+1211°  17.267+0.963

72h - 22.667+0.516 20.333+0.516 17.983+0.697

The data are expressed by X+ s. * n=10 for each group receiving different

durations of treatment. ~ P<0.05,  P<0.05, vs. Control group.

22 ARESHRNRIMAREEFEHET (HERE )
HEYL (6 W5 % I, 5 Control M I, #4Kk 4000 mh}
HACEZH /)N BRI ()T 285 RN 2548 JC Wt 20225 154K 5 000 m
AbFR6 h, 12 h, 24 hiFHACEZH /)N BRI (1) T8 25 AN 2546 JC I
S kAR, 48 h, 72 Wil AT UL 4 MK M 20 BRI BR R S
MY 5K; 7RI 6 000 mA- I 51 7] WLHACEZH /N BRI
SHAIHES ZEEL . ARMEAD . AR B R L A A
@47, Li24 h, 48 h, 72 h4H JU W HE (K1), 0] WWAE Wk
4000 m HACE & A= A, ¥4k 6 000 m# 445 000 mfikiZK
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Control group 1.0
' 0.8 m—s
g e
23 0.6 -
< - -
Yh LAV g
HACE group -g 0.4
5000 m &
TR0 0.2

E 1 HERBYURREFKHACENRIEARBEFLE
Fig 1 H&E staining was performed to observe the morphological changes

of the brain tissue in HACE mice receiving HH treatment for
different altitudes

Black arrows show cell edema, while red arrows show nuclear shrinkage.

Scale, 50 um.

i 4 B ) L E R
2.3 &S 6000 m#E 37 H EE/NRHACEKE!

F LB &5 AT L 6 000 m#EiAF#44 000 m ., 5000 m
15 T8 U K i, 38 AR 5T 1 B AL 4K 6 000 mAE ST
HACERAIJF S i A5 2R
2.3.1 JRKAPAE
2.3.1.1 Elliott formulai M55 i 5

Control2H % i i 5 (0.807+0.042) 5446000 m
HACERJ6 h7H(0.833+0.023) ., 12 hZ1(0.828+0.010) .
48 h#1(0.830+0.017) ) . 72 h#(0.808+0.042 ) ixi i f L4
ZF I F R (P> 0.05) (K12), BIA I )y 2 5 e
HACE 7K I 5L, 2 HACEZH Jo ] Sk el 2z
2.3.1.2 7K/ S e R i

Fi T Control41 (0.033+0.005) 5446 000 m HACES%
200 HE#R, 6 h (0.037+0.005) 22 57 e 48 2775 L (P >
0.05); 12 h#[(0.043+0.005) . 24 h#H (0.045+0.005 ) , 48 h4
(0.048+0.004 ), 72 h#1(0.048+0.005) 2 74 G it2¢ 7 L
(P< 0.05)(J#13), LR AEAR AL FRRT ] = 12 hfS, flizK i
TR

0 E
Control 6h 12h  24h 48h 72h

[ 2 516000 m HACE/NR G /R E L ( Elliot't formula;Z )
Fig 2 Changes in the brain dry weight and wet weight of HACE mice
receiving HH treatment for 6 000 m altitude (Elliott formula)
n=10.

BWC/BW

0
Control 6h 12h  24h 48h 72h

3 #§3%6000 m HACE/NR ik M 4L i 5
Fig3 Changes in brain wet weight in HACE mice receiving HH
treatment for 6000 m altitude

BWC is brain water content; BW is the body weight after the experiment.
n=10." P<0.05, - P<0.01, vs. Control group.

2.3.2 BBBi#if M E

AR Mk S BB Y €5 70) i /I AR 2 A D PR 2
(Fl4), ZHEBES TN . =12 h/FEBWE B E 30, i
W34 6 000 mE 37 A HACER Y, BBBIH 1% R AL S 10 5
12 h# /i, ControlZl AfH (5.930+1.753) 43l [ 4K
6000 m HACE&- 4 4%, 6 h#H (7.571+0.722) 2% R L 453

4 {16000 m HACE/\ [ Evans blueiF 5B/ /1B U B R BRERIE 4L
Fig 4 Changes in the limbs and eyes of 6 000-m treatment HACE mice
injected with Evans blue (EB) before and after injection
A shows that the eyes of the mice were red, and the tail and limbs were pink
before injection. B shows that the eyes, the tail, and the limbs of the mice after EB
injection have turned blue, indicating that EB has been successfully injected into

the blood circulation.
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¥ Y (P>0.05), 12 h#H(9.552+1.954) . 24 h#f
(11.590+2.478) . 48 h#H(11.790+2.560 ). 72 h#H
(11.400+2.620) Z R A G iH2F 72 L (P<0.05) (K5)

20 ¢

—
(9}

v

Evans blue/(pg/g tissue)
S

(==}

@

5 #6000 m HACE/|\ R Evans bluei® #4118
Fig 5 Permeability test with Evans blue in HACE mice receiving HH
treatment for 6000 m altitude
n=10. ) P<0.05, . P<0.01, vs. Control group.

2.4 TUNELZ: 46K B K B 40 A =

FHAT IS YT R A T S5 9 A I W B AN ] B ] a5 K
Bz I A M PR T L, R B4 6 000 m#E 7 HACERL
TURE, 25 B[R] 535 TR A R T, PR TR & A ) 25 57
TGt E L (E6) .

3 it

Aok RO R L TFIEER 2 500 m & DL L, {H /D
Sy EARAE W32 500 m A Pt ] &4k . A AH
LA N TR A o 4 1 DX ), 955 5 e D 9 ) e 2 1Y)
R MBI, W33 000 m L _E R A FT386 00077 A5,
W 5 2 5 1 2 Je A o 2 1 T 2, BRI 2 1 A HE A
EIFRIX, PR AMSHIHACERY &9 KB AET1 s o

ST AR E WHACES YA A TIEIY, R AR
HACEL R R AAET R A IS hdy o 0 G S S w80 J5
X 5 8 2 1) A e, A AR AR U 2 S B A A
H A R 5 . Z80EF B 4 = FE A
7000 ~ 8000 m, {H A FEAEMHEH 5000 mA_E I H:EH6000 m
PA b AR T /D PR O AR F 5 A 0008 A B v BB S
6000 m. 4000 mLL FHACERHZHE(N, N E N
4000 m, PATTIRE 3 MK B (4000 m, 5000 m, 6000 m)
5 AN i S Bl I AF S v A TR A W 5 L I A5
F100, BT LAZS YR T 5% %6 A PE B AL B/ ¢/ B g BF 58
X4

AU SE % BRIEK 4 000 m/ ) SRR ZHSUE A A a0
W 58 028, /0N BRAE R PR — 1 0 R AT, 7EiEE3K 5 000 mAd /]y
RT3 R B, T8 IR 55, T s B A B
15, AR TP A, 40348 h., 72 hilZH 4L BLAR K Bk . 40

DAPI TUNEL Merge

Control

6h

12h

24h

48h

72h

.... |

=]
—
w

0.10 -

0.05

Apoptotic index

=R

72h

0
Control 6h 12h  24h 48

6 IR E K6 000 m HACE/N R K it B2 B 40 B -1 R
(x200)
Fig 6 The apoptosis of cerebral cortex cells of HACE mice receiving HH
treatment for 6000 m altitude was determined by immunofluorescence
(original magnificationx200)

n=10.

BB K I M Tk S A AR, AR5 000 m
ZIN R S0 S 1% Sl S DR R I 53 47 , 35 A e SC A Y
WFFTSE AT . FEHFHR6 000 m/IN B A5 5 B fgt b ple,
SR N | T B . T e KA e B R, FEAR B
12 hfF T i R B 3, X S HUANGAE 1 i Fe 45 5%
—H. FIHMEG6 000 mifEHk 25 S50 ik 2 2135 AT U2 it
HEFZEHEL . M4k i . AR PR K R M 4545k, H %
Al DA 4R 484k, JELA24 h, 48 h, 72 hdH B 252984k
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W, XS RIS CE BRI — 3. AR KB
FETEHR4 000 mRt /N B A B 8 10 B 7K i, 26 B /I B
HACE R RAE4 000 mEA FHAIK, i WUZEHHF5E
78 HACEF B & A 7E 44 205 ~ 4568 m, H RN
0.26%, X 1] e S AN AR B ) B E R R I, ZEMk
6000 m HACERIBRIAI S A W Wistar 8L SD R BRI SE T4k
T, TS SE6 & BRAEHE4R 6 000 m/NRAET % H12.2%, 1
fREARA L2 ~ 24 hiBET-Ffe M, 1510.57%, X AT BES AN
[7i) 8 AR AR AR A I A2 AN ) A G, B A A
HIRIFSY & BEAZEHACER BAET- 3 0 14.29%, ZEE = R >
HRAFESE T 5 1514 19.04%; SINGHZ I FIDICKISON!
5% K SRHACESET R 53 31 A 13%£1112.8%, 7] W.HACETE
ANBEAEEWEIERE, BSR4 6 000 m/N R
T RIS A —FL

FPEE A SD A FRUE T HLLLIE4K 4 000 mAYR AR
SRR, AT 182 32 d, PRI IR T 28 000 mAR AR
FUARTE3 d, &I K i A E H A B T R R
iR 1B Wistar K LB TBULHEEHK5 000 m. 6000 mfiLE L
BE AL FE24 b 48 hJE IZH 2L S 7K B4 1 500 mH i
ThE, TR A SE Hr 4R 6 000 470N BRUIRI2H £ & 7K it TC B
Ty, = E R T R A Elliot't formulaiZ:, 0455
ANTRL A i R AT A s 55—, AR AR AU A B A [RIAS ), i
RIS IR FRAR AR Ak B ) 5 5 —, SEab s b
JE AT, I AR SR 5 e AR T 5 =, S-S 5
TR IR EAR AR AL AN, T2 6 T8 8h, IR T HLA
PIFESURL, BOINTE TG K P FEE o 53 AMEAR IR 250 R
JINERURT ISR 1 P, A b B SR, P B AR RRAR, 44
J e T B, 022 e P I A v S B S TR R B
7K, IS M) 1 i BT e ARSI 265 50 . T I, AR S i
— 2R B (S0 ) /AT (LS8 ) FUAER[R]
F 2 WL 7K e 000, 2 BRAL B 12 s K i 38 i, 48
KOs 3% . HUANGEP[RIRER X — 7k, BN
6000 m C57BL/6/)NFR T-12 hJi fiizK & f W g 34, ixX S5 4%
AR —3L,

HACEJ B B4 7%, HACKET T HF 8 3 52 1L
T B 7K P R 200 B B B K P 2 5 T HACE T AL,
o ZHWF 58 5 R B A TR N K R HACE R AE (i
PRI, BBBAS I IR S | el 75 P4 om0 e R il
KB, AW LS & REB BT 12 hjF B B, X 5
GLOORF R 5E 45 R —3 . AR5 HHACE/ N UG
HAUTCH] BT R4, HACER i Al e S5 40 T-TE %

25 LR, AR AR SR B 4K 6 000 m ] vy
FE HA S HACE/IN U AL, S iE— BRI 5E AH AL 2

2%,

*

* *

FEETRREE] LT ST SR BT 220 I A B SR
WIFREAE, IR ST PR LRI 22 B3R e 4 S R i M
iR PBrAVEE R SO AT, BXPR B R B RA A T X
REAR, I IR REX TR AT Dy T 515

FgEMR A Ve &R IR AER 35 e

2 £ X W
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