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ABSTRACT Objective: To investigate the effects and mechanism of hyperbaric oxygen (HBO) therapy on neuronal apoptosis in
different hippocampal areas after acute carbon monoxide (CO) poisoning. Methods: The animal model of acute CO poisoning was
established. Then the SD rats were treated with hyperbaric oxygen therapy. Immunohistochemistry and immunofluorescence were used to
determine the expression levels of Bcl-2, caspase-3, NeuN, MMP-9 and BAX at 1 d, 3 d, 7 d, 14d and 21 d. Results: Neurons of CA3
area were more sensitive than those of CA1 and CA2 after acute CO poisoning and HBO therapy; after acute CO poisoning, the apoptosis
of hippocampal neurons was aggravated at 1d, 3d, 7d, 14d and 21d with prolonged days. The expressions of BAX, caspase-3 and Bcl-2
regulating neuronal apoptosis were consistent with the level of MMP-9: it began to increase at 1 d, reached to the maximum at 3d, started
to decrease at 7d, and it was similar to the normal control group at 14 d and 21 d; for the CO poisoning rats treated with HBO therapy, the
expressions of MMP-9, caspase-3, BAX and Bcl-2 in hippocampus were obviously decreased. On day 7, the inhibitory effect of HBO
therapy was the most obvious. Conclusions: Neurons of hippocampal area CA3 is more sensitive than CA1 and CA2 for the treatment of
acute CO poisoning and HBO; the apoptosis may be related with matrix degradation of MMP-9 and the pro-apoptosis function of BAX,
caspase-3 and Bcl-2; HBO therapy can reduce the expressions of MMP-9 and BAX, caspase-3 and Bcl-2, then inhibit neuronal apoptosis.
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FEARA R, Ry T EAF BT R T G & A R A A
— St B SR R & PRI 1 A AR AU, FRATTIEARAIT AT T A
CO H#E LA B HBO JAY7Ja AN RIAF R | I Do AN R] 43 X f 40 i
ToRREE N MMP-9 32565,

1 MR 575

1.1 #F#

111 KGN E AR EEE Sprague-Dawley(SD)
KB 90 B, R4S DUZE IR K2 S sh g b B3 T T 4, 1A 5T
# (1902 10)g, SH RSS2 SCXK(Z2)2002005,, S50 4 1] 2l
YA m gk, AR 7 d 5, BEPLAY 0 =4 1E R R
(Normal control, NC 4, AR#AT(EAMAbEE), &t CO hid
(Carbon monoxide poisoning, CO 41,4} 1 d.3d.7d.14d.21
d 2 ) fyL# J5 HBO J4 77 (Hyperbaric oxygen therapy, HBO 4,
43 1d.3d.7d.14d .21 d4H); B EHE A 6 HEhd.
1.1.2 LI FIRF L DWC450-1150 HIzh )52 50/
OlympusBX51 W H B34 ; 3+ CM1900 vk A #L; S bi K
Fl NeuN £ 5epEdiff& (Millipore, ABN78) ; /N T MMP-9 BATT
PR (Millipore, IM37); #udi Bel-2 BATE LA (Millipore,
AB1722), /NPT caspase-3 Z Tl Hi{A (abcam, AB47131), />
BT Bax BATTREHL{A (Santa cruz,sc7480), A=W bFHifh
IgG; AR SR 1gG; SABC frfie i b G 417 & .

1.2 Fi&

121 AM—FmRPHEER  #7ak COo hEA(S
Stephen SEBf 1% ) o KT BRI BUELF 2 W S5 56 i R AU o (g
w6 H), fiA 1000 ppm CO V& F 4L3 40 min, &7 2000
ppm CO J5 4F 2L 4435 20 min (e 78 rh Bl %) , 20 min J5
THE R Qe TS 1d.3d.7d.14d.21 d 43 51HL
o

122 BESEBTAR  SHREAFI I 2 CO hiE
FIR B TR R R YT, BRIAYT 1R, 4 5IRYT 1d.3d.7 d.
14 d.21 d 349757 : 20 min IR ETFZE 0.15 MPa, Fa KM 4 1
h, 20 min PR F RIG R B 05745 5B

1.2.3 tRAGHERYIE XK B A T RRIE , I M i 1 1
24k (20 g/L, 60 mg/kg (AR ). BREMIE, FAEREERK (9
g/L,200 mL) Z/c.0F R ik 10 min, FEHAZ R (4%,
300 mL)ZZ M 14 30 min, 2 BUR  FBUH BN ZIR A £ R
FHEE (4 %) R [ 8 4-6 ho [EELFRRBHL A 30 Y% RERETE
K VKEYIA, R R 10 wm, -20C 147

1.2.4 HE 8 AU B 2Kk, AT . —HIR
[ 10 min, ZH 1 10 min, ZE{EHK5 1 min, 80 %35 4% 1 min, 70
%A% 1 min, [ /KPE 5 min, 1fi)5 % L H-E Je i, HARD T
S FRARKE 3 min, [ R/KYE 1 min, ERERERE 4> 1k 20 s, [ oRK
Yk 5 min, ZE 7K 1 min, JF2L 2 min, A 2K EE 3 min, 85 %
# 305,90 %IEAH 305,95 %iP9HK5 [ 1 min, 95 %A% 11 1 min, £
RS T 2 min, 2530545 11 2 min, —H 28 1 2 min, —H %1 2 min,
ZHZRID 2 min, spER R R

125 R ALRELEE KW 1d3d7d14d21d
MMP-9 Bcl-2 . BAX caspase-3 f) A4 b, e difb 5
5 : PBS {50 5 B 5 IAGE 76 B — B0 (MMP-9 HL4H By

1:500, Bel-2 H {45 1M 1:3000, caspase-3 {45 B A 1:6000,
BAX HLIAM BN 1:1000);4°C pKFAMEE S0 ; A = AL =31
1 ABC 5 Y5 E ; DAB MGRAR BR44 €4

12,6 SERANARREE 10 1d.3d.7d, 14d . 21d ]2
MMP-9 5 NeuN 7Ei 5 B FRBBAFE N . LIRSS PBS I
Uk 5 356 5 TRIE A PR Y9 B — BT (MMP-9 BT 7R 7% e K
1:500, NeuN Hi{AF B A 1:1000),

127 Git2ah g Xt m ek 6 i
WP A4 i (6245 MMP-9,Bcl-2 ,BAX, caspase-3 YL (A1)
FHMEANN) . KA SPSS17.0 AR HEAT G 2440 B, i WPk
DIYHE s (xt s)Fm , PR LU BCR FH BRI 0 2% 0007, P
<0.05 HERAGIFE L.

2 HR

2.1 BOXMEMMEATRENR

HE YLt )5 nl LU 2 IR 41, 1 22 20 i 52 2 sl R E
KRB SEBE KA I Al L, AR A S TR €, 2SR BE AR
AR AR R . YeRE(CO Mg ), M 220 e Ja 115
OUTE 7d J o, R E RSB R A0, EEER B N
ZETUNPR A , AR PR B s L, MK A R S AT A TR
Qs , 2 R A A I 40, W5 5 MO R R 2 e — i , R FRANGI
LT @ ARl R AR v TR 4R YT (HBO)AL, 78 7d IRE W
2, BER YT I AE K, YR T7 RCRG 5 15 14d, AR 73 i 22 40 g
AEZSIES . X U] CO haERERS 1 i 2 4 4 T, HBO X
CO R Fr B M AN T AR T RO . WK 1,

=

1 7d KRB D RFX HE e (400% )
Fig.1 H-E staining of CA1, CA2 and CA3 in 7d group rats (400x )
7E:A-1 5 NC 4 CA1,A-2 5 NC 4H CA2,A-3 5 NC 4H CA3;B-1 A
CO 25 CA1,B-2 5 CO £ CA2,B-3 4 CO 2H CA3;C-1 5 HBO 4/
CAl1,C-2 5 HBO #H CA2,C-3 3 HBO 4H CA3

Note: A-1, A-2, A-3 represents the CAl, CA2, CA3 in NC group,
respectively; B-1, B-2, B-3 represents the CAl, CA2, CA3 in CO group,
respectively; C-1, C-2, C-3 represents the CA1, CA2, CA3 in HBO group,

respectively.

22 E#HKESED CAI.CA2 B CA3 X MMP-9 ByRIEE L

FAe e A s ¢ 2 I, 78 TR B R B S CA1.CA2,
CA3 X ,MMP-9 Fik iz #AE /N, BRI e ) A B AR %
A TLE 2,
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2 EHARIED CA1.CA2 1 CA3 K MMP-9 KyFik(400x )
Fig.2 MMP-9 expression of CA1, CA2 and CA3 in normal control rats
(400 )
iF:A A CAIX,B 4 CA2 [X,C 4 CA3 X,
Note: A: CAl; B: CA2; C: CA3.

23 A CO FEMMHBOBFFEED CAI.CA2 K CA3 X
MMP-9 BI5RIEZEL

7 CO g, N 1 d stRERE A 1, 7E CAL Hl CA2 #R{L,
MMP-9 ik FJA T 40 #B LEIEH X ZH 2, L CA3 b 7
CA3 X, BB RIA T 2 1) MMP-9, e fis 1 % (0% 20 a4 B b
MBI ERALZ s MMP-9 (Y RIA R Th BRI (] SE K IMTHE 22, 321K

MMP-9 {40 % H 32 ; CA3 [X,CO )5 1d.3d 1 7d,
MMP-9 [ ik ¥ 24 £, K 3 d 5 £ (P<0.05)(% 1,8 3
A-1,B-1, C-1),

1 HBO 41,5 CO @M Lk, i B A X[ MMP-9 {31k
HBREAR, JL DL CA3 X F IR B 2. (P<0.05)(% 1, 5] 3 A-2, B-2,
C-2).

M CO 335 MMP-9 fy 31k 51 2 4N AY 16 P4 6
EIdH, BARARTIL LA BARE, FitREH THRE
f) MMP-9;7 d 20 i MMP-9 FLHABAH G K 7 B4R L B T
o 20 2 D L 900 IR ol AU TR T R, M 2 7™ 4
13, AR FRRIA 21 MMP-9; 641, T MMP-9 & v /£ 2
JRLRE 1, MMP-9 F)AF F (55 75 41 A0 4, S04 o 2 200 it 5 24
T, WATLAF Y, SRR TR MMP-9 (3R A 1M EIVE R, 78
BYT 1 d AR R B B ROR . JCHRIRYT Td i, 1§
MMP-9 (R EJLT-HIEH —8. W& 1,

* 1 2t CO R FF HBO ;BF RiES RESH R MMP-9 fyFRIALLE(xt s, n=6)
Table 1 Comparison of expression levels of MMP-9 in CO group and HBO group in CA1, CA2 and CA3(x % s, n=6)

Group 1d 7d 14d 21d
NC CAl 5.0+ 1.5811 5.2+ 1.3038 4.6x 1.1402 5.8+ 1.4832 4.8+ 0.8367
CA2 5.8+ 1.3038 6.6+ 1.1402 6.0+ 1.5811 6.6x 1.8166 5.6+ 1.6733
CA3 5.4+ 1.1402 5.6 0.8944 6.2+ 1.3038 6.4% 1.6733 5.6+ 1.5166
(e[0] CAl 18.0+ 2.2361* 224+ 2.0736* 10.8+ 1.4832* 6.0+ 2.2361 4.6x 1.5166
CA2 14.4% 1.6733* 16.6+ 2.3021* 15.8+ 1.9235* 5.6+ 1.3416 6.2+ 1.9235
CA3 442+ 4.8683* 61.6+ 4.3359* 46.8% 3.9623* 5.2+ 1.3038 6.2+ 1.4832
HBO CAl 3.4+ 1.1402% 9.6 2.4083%" 5.8+ 1.3038% 4.0+ 1.5811 5.2+ 1.9236
CA2 14.2+ 1.4697" 8.4+ 1.6733% 5.0+ 1.5811% 5.8+ 1.3038 5.4+ 1.5166
CA3 14.4% 1.6733%" 12.8+ 1.4832% 6.4t 1.67334 6.4+ 0.8944 5.4+ 1.6733

i : 5 NC 4Ab%: * P<0.05; 5 CO HLk%:: *P<0.05; 5 NC ALk%:, "P<0.05,
Note: Comparison with NC group:* P<0.05; Comparison with CO group: * P<0.05; Comparison with NC group:*P<0.05.

iy e
Shall '?/"7/:1('/1("?"‘ s

c2

o

3 &M CO REMHBOBIFE 1d,3dM7dKRBEZ CA3K
MMP-9 HFRi%(400% )

Fig.3 MMP-9 expression level of CA3 at 1 d, 3 d and 7 d of CO and HBO
groups(400% )
E:A-1ACOREFE1dH,A2HHBO1dAH;B1ACOFRE3IIA,
B-2 AHBO3d4H;C-1 A COET7d4H,C24HBO7dH
Note: A-1, B-1, C-1 represents the 1 d, 3d and 7 d in CO group,
respectively; A-2, B-2, C-2 represents the 1 d, 3 d and 7 d in HBO group,

respectively

24 BEARESEX MMP-9 SHZMMFEETHHXR

F MMP-9 5 NeuN G 58 JERUbR G (0, W4 MMP-9 55
AL Z R OCER AT LUR L 6 CAL Fil CA2 X, it 4 4
MG PEERE, MMP-9 ZRIAIAEF D, S s R —3
TE CA3 X, HEBTHIAYHEL , CO M5 A 22 20 M i T 7 i ik
SR E , MMP-9 F)3R3A7E 1d.3d Al 7 d B3R = (18] 4 B-1,
C-1, D-1);7E 14 d 1 21 d B, T DA 30K Rl 22 4 i by 41 i
PR R, S (0 ) H B s s, i A A A T (R
4 E-2, F-2),MMP-9 ikhdE# /D (/&) 4 E-1, F-1), 3-S5 240
T8 AN, ] I MMP-9 (36357 3d &£, 2 il
Kl /(K 4 A-1, B-1, C-1, D-1, E-1, F-1), £33 HBO J&IT KK
FL(El 5),CA3 X MMP-9 fy AR D, i HAE 7d R,
JLPEIEHRER—8, XL 748 HBO WRYT, Xl
CO Hag)a 2 Mg T A A5 W 0 ARCR (] 5).
2.5 #BEARES K MMP-9 5 Bcl-2, BAX  caspase-3 B3R ik =S
X%

MEL7d A, FTLUES: FIEFEMIRA, RigE CAl X,
CA2 X if & CA3 X ,MMP-9 {4 %k #84E % />, Bel-2 BAX Fil
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4 Bl CO hBARIED CA3 K MMP-9 ZE7RFIRS B ik
(400% )
Fig.4 MMP-9 expression level of CA3 at different time points after acute
CO poisoning (400x )

i HALIEA MMP-9, & &2 NeuN, W &4 Merge, A 4 NC4H,B
HCOth&E 1d4H,CHCOmE3dH,DH COdhETIH,EHCO
hE 4dH,FAHCORFE2dAH),

Note: Red is MMP-9, Green is NeuN, Double colored is Merged. A is NC
group; B-F represents the group of 1 d,3d, 7 d, 14 d, 21 d, respectively

after acute CO poisoning.

caspase-3 Fik A H b, JLF- A (K 6 A-1,B-1, C-1;3% 2),

24 CO 1135, CAl X Fl CA2 [X,Bcl-2 Fil caspase-3 Fik
SIE R AT 35 25 53 BAX Fak i 201 0, 5 1E# X IR
A I 352 5(P<0.05); MMP-9 Rk 201 g, 5 1E 5 X A4
BEZEF (P<0.05), fF CA3 X, HIEHXT R4, MMP-9,
Bel-2 BAX Fll caspase-3 Fih G2 I, 5 IEH X FRAIAH L
YA 2 B (P<0.05) (& 6 A-2, B-2, C-2;3 1,% 2), TUEH
CO 135, CA3 X#Z40fi Lt CAL Fl CA2 X F &8 ; CO
FERE S WG S 2 AR TR 2

XT CO hHE K47 HBO ¥R Y7 ) ,CAL X Fl CA2 X, 5
CO HTE4 % Bel-2 #il caspase-3 A A FFIEAR, (HE FBH
Geil2F 7 SL(P>0.05); BAX [RAKHH B, 5 CO h R4l b =57
BHIT#E X(P<0.05), 1£ CA3 [X,MMP-9 Fiktk CO H#E4l
FEAREA . (P<0.05), )5 JLT-45 IE % X B 41 T8 25 51 (P>0.05);

5 HBO &R RRiED CA3 K MMP-9 7[5 it Bl 9 R 1% (400% )
Fig.5 MMP-9 expression level of CA3 at different time points in HBO
group(400% )

FHAPLOEAH MMP-9, &4 NeuN, WEH Merge, A 5 NC 4H,B
3 HBO j&fF 1d 4H,C A HBO&yr 3d 4H,D A HBO 847 7d 4H,E
3 HBO j&f7r 14 d 4H,F A HBO iBy7 21 d 4AH)

Note: Red is MMP-9, Green is NeuN, Double colored is Merged. A is
normal control group; B-F represents the group of 1d,3d,7d, 14d,21d,
respectively after HBO therapy

Bcl-2 . BAX il caspase-3 ikt CO AL, A BE
E5 (P<0.05), SE®HMNRATEEES (P>0.05)(&l 6 A-3,
B-3, C-3;% 2), \J LI &5 7d iy I EUAYT T Xl s
AR TR AR AR R I RSOR
3 g

AR R G, 40 /P BE B (extracellular matrix , ECM)
TR X i 2 RS R S8 M, 2 5 A i s o o AL AT 7%
SERRR AL T A R R S ST © A BRI, A A
TR B3 0 S AR IR , 7R S S 00, B 4 S AR
fit (matrix metalloproteinases, MMPs)ii 15 %F ECM Ji% 73 ) [ fiig
R T ECM [ 5 R M a5 T, MMP-9 5L 42 s 1R
PR G B B 2 —, 5 MMP-2 [ & T I e , e i i
IV, MMP-9 sk i)/ BUBE RS HEHT B3 1 Y 452 455 , A
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6 REIAKEED CA3 X BAX.Bcl-2 #0 caspase-3 HJFRiIE(400% )
Fig. 6 Expressions of BAX, Bcl-2, caspase-3 of CA3 in different groups
(400% )
yE:Hrh A-1 5 NC 4 Bel-2 Rik,A-2 5 CO 48 Bel-2 Rik,A3 A4
HBO 48 Bcl-2 &i%, B-1 4 NC 4H BAX %£i%,B-2 4 CO 4 BAX &
i%,B-3 75 HBO 44 BAX &%, C-1 NC £ caspase-3 Fik,C2 A
CO #H caspase-3 F&i%, C-3 2 HBO £H caspase-3 ik

Note: A-1, A-2, A-3 represents the expression of Bcl-2 in normal control,

CO poisoning and HBO group, respectively; B-1, B-2, B-3 represents the
expression of BAX in normal control, CO poisoning and HBO group,
respectively; C-1, C-2, C-3 represents the expression of caspase-3 in

normal control, CO poisoning and HBO group, respectively.

L rR R ] L e 22 2R GE G R AR BRI O, TIMPs Xof il 475 ) il
SRR T A IR BERS R R R M R R B i T X
XL ) MMP-9 33K R B, A K SERIERH , K A S
PERNBR IS , 72 X MMP-2 5 MMP-9 R84, [R]i4f ECM
T SRR S TV BRI O B AR i
PERGIN, EST Evans AT WLAMGE "9, BRIMLS 3~ 4 h B X
MMP-9 LRI LRI, 12 h B4, 4~ 5 d A3, —H
FREERBRfLG 15 d FIRIKIE 2 HERlKF9,

EA IR, 2 CO HraEnl 5 [He /N R AN R iR BT
SUIRM B i A0 B T, ST e R 3 K I A i,
5~7 KiLFI e, 14 RIGIKE IEH S, et e o i
PEH LD K B, T B ILG 72 /N, #2240 ) 1444
e, ERER R I, 2 AER T R R E AL T RE S R An
it 0 A AR A G B0, 5 18 T 1 2R 1 (miyelin basic protein,
MBP) 2 B85 1 E W4, & MMP-9 FI/E 42, MMP-9 4
SR REfR MBP, A BE RS2 (1 PLP Al DM20 JoREfEH
1E MMP-9 B AY 3L R BB SRS MBP [ 35 A8/ 2, iR
B 5 MMP-9 75475 , AT R % MBP, LASCRE RS , H B
3, I RERIE ™, Yoshiteru &P} = A AL FE 5d 1K,
i 50 Yol i A pEEA T 20t LRSS 5 B PR e, 4R
&3 R G T Ak L 0% 3 5 [ IC HIF-1a MMP-2 5 MMP-9
B35 AL, YRl v IR B ) A 2 T B b, O LR 28 4 L
It Ostrowski SFXWRIFSE 3, w8 Fie S FHUAL 3R R A% Vs 2 4 i ke
M5 B2 AR BE T

LA 25 SR RT LA H B B A BUIR A1) 475 )5 14 2o 200 48
ViR I b TR B B . 7E 2t CO Whilin , KU ik 2>
XA 2 AMAR A T B B 5T i S B s HBO YR Y7 % &bk CO g
JE Vi A AN AR VE S th AT 28 . B, AR ST 3T
DL WFgT st X &k CO 3Ll K HBO BT R , KR 4%
DXl 2 2L 155 90 5 B T 22 TR) A AR AR R AT T LU AIR ALY
9T, ATLASH AT 4551

B—, A CO hEE, M dnim AR b7E CA3 X I CAl
1 CA2 X B, JCitE Bcel-2 . caspase-3 . BAX, iff& MMP-9,
NeuN, 761§ T CA1 Fl CA2 X [ FRiAAEARAHA B, i 7E CA3
X F KB AE H W] i, HBO IR Y7 X% CA3 IX A TE W i i &%
o PRUHED 35 CA3 XA 4 igxt 2 CO i SR EA
RIF N HE CAT I CA2 IX HEANAHURR

8Pt n IR A CO hEn , M &
Rifi 1 d.3d.7d.14d F121 d B E , B8O BOAS T B, 200 7t 3%
PEMORHAR, 76 14 d.21 d, #2400 AL 2S T, 4010 A A5 A5
o P 2bE CO hat)a , IS XM A4 lupE 1d.3 d,

%2 KRR 7d B85 CA1.CA2 #1 CA3 X Bcl-2,BAX  caspase-3 BIFRIET KL R(xt s, n=6)
Table 2 Comparison of expression levels of Bcl-2, BAX and caspase-3 of CA1, CA2 and CA3 in 7d group ( x+ s, n=6)

Group CO HBO
Bel-2 CAl 3.0+ 0.7071 3.8+ 1.3038 3.0+ 1.0000
CA2 1.8+ 0.8367 4.2+ 1.6431 3.0+ 1.4142
CA3 2.2+ 13038 42.8+ 2.1679* 2.0+ 0.70714
BAX CAl 2.6+ 1.1402 12.8+ 2.5884* 9.2+ 130384
CA2 3.2+ 1.3038 13.2+ 1.4832% 6.8+ 1.48324%
CA3 1.8+ 0.8367 70.4+ 2.3022% 5.2+ 0.8367%
Caspase-3 CAl 5.6 1.1402 8.6 1.1402 6.4+ 1.1402
CA2 7.4+ 1.1402 8.6+ 1.1402 6.2+ 1.3038
CA3 3.8+ 0.8367 26.6+ 1.8166* 5.4+ 1.1402%

i : 5 NC @tb#g, * P<0.05; 5 CO @Lk%:, A P<0.05;5 NC ALL%:, # P<0.05,
Note: Compared with NC group: * P<0.05; Compared with CO group: A P<0.05; Compared with NC group: # P<0.05.
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