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=Abstract=
The Effects of Addition of Cyclic Adenosine Monophosphate and Nitric
Oxide in Low Potassium Dextran Solution for Lung Preservation in an
Isolated Rabbit Lung Perfusion Model. ‘

Deog Gon Cho, M.D.*, Kyu Do Cho, M.D.*, Young Du Kim, M.D.*, Moon Sub Kwack, M.D.*

Background: During organ preservation and reperfusion, both cyclic adenosine monophos-
phate(cAMP) and nitric oxide(NO) play a central role in maintaining pulmonary vascular
homeostasis. However, both cAMP and NO levels decline markedly during pulmonary
ischemia and reperfusion. In this study we prepared a new solution in which a cAMP
analog(dibutyryl cAMP, db-cAMP) and a nitric oxide donor(nitroglycerin, NTG) were added
to the conventional low potassium dextran(LPD) solution. We investigated the effects of
addition of cAMP andfor NO in LPD solution for lung preservation and compared the
effectiveness of the solutions. Material and Method: Rabbit lung grafts(six per group) were
studied in an isolated lung perfusion model. The heart-lung blocks were harvested after
flushing in situ with only LPD solution(group I, n = 6), plus NTG(group II, n = 6), plus
db-cAMP(group III, n = 6), or plus NTG and db-cAMP(group IV, n = 6), and were
preserved at 10C for 24 hours. The stored lungs were ventilated with 100% oxygen and
reperfused with fresh venous blood at 38C for 30 minutes. We assessed the lung functions
and subsequent lung edema. Tumor necrosis factor « (TNF-¢) and nitrite/nitrate(total NO
production) levels were also measured. In addition, we evaluated histologic and ultrastructual
changes of the reperfused lungs. Result: Although Group IV demonstrated the best lung
preservation, the differences were not significant among group I, III and IV. Group 1
revealed the worst lung functions and severe pulmonary edema(p<0.05 versus all other
groups). Although group Il showed better lung preservation than in group IlI, the differences
were not significant. TNF-¢ release was significantly reduced in group IV than in group I
after reperfusion(p<0.01). NO levels were significantly increased in groups I and IV than in
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groups I and III after reperfusion(p<0.001). However, there were no significant differences
between groups I and III or between groups II and IV. NO levels decreased gradually in
groups I and MI(p<0.05). Histologic and ultrastructual studies showed better preservation of
the alveolar-capillary barrier in groups II, Il and IV than in group 1. Conclusion: This
study demonstrate that both of db-cAMP and NTG had beneficial effects on lung
preservation with LPD solution, and there was no difference in the effect of each
component. Especially, we expect that combined supplementation of db-cAMP and NTG will
preserve better vascular homeostasis and minimize reperfusion injury after ischemic cold

storage.

(Korean Thorac Cardiovasc Surg 2001;34:212-23)

Key words: 1. Lung preservation
2. Reperfusion injury
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2]of3 Lellal Jow potassium dextran(LPD)-£ 3} extracellular
Trehalose-Kyoto(ET-Kyoto) 59 F°] S48 T3 L &
#7} QEHYP. £3 HZoE 71E R Edo 2 of
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Table 1. Composition of low potassium dextran(LPD)
solution
Na+ 168 mmol/L
K+ 4 mmol/L
CI - 103 mmol/L
HCO3 - 0 mmol/L
Mg2+ 2 mmol/L
PO4 37 mmol/L
pH 7.45
Osmolarity 280-290 mOsm/L
Dextran 40 20 gm/L
Aol A8 LPD ARENL Keshaviee T A2
HoR £ dY Qelst AFiel A A G

o

< FsgdtkTable 1). LPD ool Hrlshs oFA| 24
NTGHEZE, H&Ak )T 0.1 mgml =2 AR,
db-cAMP(Dibutyryladenosine 3’, §’-cyclic monophosphate sodium
salt, Alexis Biochemicals Co., US.A )= 43} 20T o)A 24
B2 3@} 100% NHEE L3AA 2 mmol/l FER
s 4ste] Agsgri”

@) AFES (heart-lung block)2] 2%
E7]E ketamine hydrochloride(35 mg/kg)} sodium thiopental
(25 mg/kg)E v Al71aL AN ZjHAANEE F3 WA 3mm
o NP eB-E Aestgd o olF % & 7|(Rodent respirator,
Havard Apparatus, US.A)E A&5% 100%, €3] &2k 10
mijkg, ¥F TFF 3032 2] ARG ASFFANE
S AL, st At A i 9 Feellss whejdk
A FEEE F3 AT kg 1000 unise] TS
14 Fré) 359 =9 Adstgon sred S
3

' o o
=t
'S

oX o
N o
- =
m ke

re

Azt 45 e 2R3 FA siE
A2 At s freslkn 3, -4l

ANk 2 AW el wieiAglet o)
WAsLoA 10CE Baste] )3 sl

krt
i
I

=

ol

=2

o

4

o ok o

o

>
o

o %
oll 4

i

d
d
el

N
N
N
N
85

e fud

4
J

[+]
Ao FAel sEe FUALE Z45
3

RN DA Y
frav)
=
=z &
o 2

. oX
T &
i)

~
%o
e o
A ﬁ
o =

W o e
2o

=
bt
ro

il
fot
ol
X

rir o

M
i) E ‘l°
i
e
e
4
iy
et
S

lo
>

off
o
4
oAb
fol
ok

o
T
L2 o
o
B}
ikl
)
P
o
2
=
o ok
o
& rlo
o
£

-

KO
w
do o ttoeR
&
e B
Mr o>
L &
b4
=0,
T
o8
. 2
Fj £
> ﬁ‘
i i
tlo
o
L)
N

2 > ¥ ol wx o Lol B ook o 4%« Y o w
5
s
i
2
o
v
N
o
=
ol
)
=
e

ﬂ:L a4 N\O ii‘

N
o
=31
TEL
fet
o
s
ofd
s
-r
e
2
o
i
ok
2
3%
Rl
o
AU

o521 2]
2001:34:212-23

T E70% sk AR AR el A8 Adz 7
322 3571 Aslge

@ A £2BF 239 44

) #FE A ARF Al g H o] £ 35
kg Ao AEE E7) 2np2) 2 2E oF 250~300 cco] PR
< A A A Auiztads] Az Al

AA s g AFEE 2Askel HF FISIL H

2) FERF 2Y: Wisser 507 453 509 mdlg H
ot AA A AckFg. 1. AUEEE FEedex
(water bath circulator, Jeio Tech Co., LTD., Korea)o| 4] 7145
Fo] 235 <3 A9)7)4 A8 x(Venous reservoir, Cobe™
CML., USAYE /N2§ FehaE B nasin, A8 5¢
5% 25/ BT ARE F dFo] A2 = J=FE 3
ok AF 3571E 7|d=dd dAsle redE &4
# x| (Fukuda Densh Co., LTD., Japan)oll dZstsds, o5
=9 2 AW =3 A5 Z(hemodialysis  blood
pump, Renal System Inc., US.A)ol F+2rA]7] Frel A3}
At ol A FA2 AA| s FHEAFAE
AAste] AP Fot A5Ho= HFgte HIE F
A 5= A s

wH3k7] Aefel A A54Q) ABFE G ArTIE
A E FA1517] ool 2kA3} 5 (oxygenation capacity)<)
ZAnto 2 AR 7S A ot 4 gtk 232
2 o)F HAs] A dsHor = AE 2akb
3H(deoxygenation)A] 7] 7] 18k 4% =18 4k3}7](membrane
oxygenator, Capiox 308, Terumo Co., Japan)E AH&-3tic) =
g ARF =F v AASE CAusbr] $sl 2E (Capiox
CX*AFO2 arterial filter for pediatric, Terumo Co., Japan)S 2
Absl7) A9 Hel AdAjsddct gaks el Ak 95%, o4k
stera 5%7F E3E 7tAF FIAA SAESANA Akas)
= ol g ehak4s) A7k
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B water bath ckirculator

Fig. 1. A. Isolated lung perfusion model. B. Diagram of
experimental apparatus.
V, Ventilator; M, Monitor; P, Roller Pump; DO, Deoxygenator

G AFF 2 75 37}

10C 827]0A 2447 E<F 23315 d Al
2o AeA A folo] updl (7 o9 2R A AT
ek 18 JJr*‘ﬂPoﬂ EE Atk AEFA A
o3 o] A% = g AN HFHE AHH

st 343 %~ Jel 2 of 38T2 7}23e]
ujgl A Awdaeoz A4 ARFH AHES
Hd@ £38 =355 A2k AHES Y JdYES
& AFEFV dAE AT, HA AHEZ(blood
reservoin) 2HE] 7|22l AE-AL dAL AFg & /)%

7‘1 AAE E5L 100% *P!r_fr._ 3] $EF 15 mikg, T5S

¢
o

o:
n:

r—{)l m\o l"
J
2

nf.

P 3082 ATEEFL AYHA 0LEL ABEE 52
o oo SuEns PR odd BREAe o
a17] Slall Al EeA 2 587k AA 20 mikg/min

z9
LPD S0 HMIIE cAMPLE NOQ| HiEE

of SE3lEE A3 4
E3te AsjESe] ol
38C7t FAHEE sgich

A7)%59 A4S AR A% 5, 10, 20, 302l HAY &
SERNE FH ﬁ% Hf] 3] 7}237-4 7](Cibacomingdiagn-
ostics Co., US.A)E AHAESHE ZAsdn, o a2drich
o H HEtad %Z— la‘ Z1=WkE &A48gich

AA77E B Folle AWEES 24234 7|72
Este] AR o ol9] =AL AAS] Yz ¥AE 3¢ F

bl G PO F2FUS SANT. 7

FsAR ol FeBexE 7t
‘e 5 A& e g 2xF

HF AR AR TR AT vlE(weydry
weight ratio) F37] Sl woWl sle A3t =0

do] &7+ ¥F A% 93 0CE YF5 BHsgion,
o 80T 2447 &
b AFxAZ) oy AZRTHE SAMettler AT201, Switzer-

(6) tumor necrosis factor a (TNF-a) 5%

AR 0, 10, 30%o] Y FERZAAN 2~3 et elilE
Ak 10E-o1 el 2000 pm oA 108 FoF WAL
5 AL sl g 70T F4 PEAF sk
TNF- ¢ 8] X242 goat anti-rabbit TNF-¢ polyclonal anti-
body(PharMingen, U.S.A)E ©]838t enzyme-linked immunosor-
bent assay(ELISA)E £ ZA43}gio)

(7 BAV nitrite 2 nitrate x5 SAE
ki)

AHF 0, 10, 3020 HAW F-EENA 2~3 ¥ HAS
Az 3ke] 103 ool 2000 rpmell A 102 F2k DA EHF
5 "AE AHHsle] F3k 0T 55 ¥F Ak A
#5 HAANA AL THR F N0 oFE NO9 e
AFEA Q] nirite?} nitrateS AT ZH o4 4 9=, A
%315 nitrite/nitrate colorimetric assay kit(LDH method) (Alexis
Biochemicals Co., US.A)E ©]&3}o 5 4590},

nitric oxide YA}

d37F B 08 F 34 FHESNA AT sl
EXaES 5&%}%13& 2T ¥ 5 m FA 2AMAE o

2) MArsO|H YA

ABR7F B F 599 RS 0A slxAE A3
3led 2% glutaraldehyde phosphate $+5-8-2(pH 7.2)°l] g
4TolA 2417F T At FFAez AY F 1%
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Table 2. Comparison of body weight and flushing time

Group'I  Group 1L Group HI = Group IV
(n=6) (n=6) (n=6) (@=6)

Weight(kg) 3.05+0.02 2.97+0.02 3.12+0.03 3.031+0.08

Flushing i
ushing Ume  es50+7.4 2745181 2770198 266.8+62
(seconds)

Table 3. Results of lung function and lung edema after 30
minutes of reperfusion (mean + SE)

PaO2(mmHg) PAP(mmHg) AWP(mmHg) W/D ratio

Group I 2483+139 397%12 12505 8.11£0.2
Group I 419.7+204 27519 7.0X08 58104
Group IIT 380.7:£22.1 28023 7.810.6 6.1105
Group IV 4253%£179 233+0.8 6.0+0.5 48102

Pa0,, Oxygen tension of effluent of left atrium; PAP, Mean
pulmonary artery pressure; AWP, Peak airway pressure; W/D
ratio, Wet/Dry weight ratio

osmium tetroxide 2. F34 3191t} LKB microtomes )43}
70 nm FA| 9] 22 HH-E 750 uranyl acetate Y lead citrate
2 ol 4% T EHAAER)A(transmission electron-
microscope, JEOL-100B, Japan) 2.2 #H|ZAE % 18P iy
AZE #Fslgo)

9) SAA=
%é e AF+EF S A meanTSE)E WYL, SPSS
9.0 for Windows 74 T2 1a8g ol83sle EA st
Zt 3 A ZEAel e FA %)) vt ANOVAS} Student's
ttest® ¥A131% 08, Scheff est® DAYt EATH &
9] $EE 005 #HP<0.05) 2% Bl

4 3

?_
7t A" Bree] HoAF W dRE YA
g Aol Y% TKTable 2).

2. H2s HIt

Zh FollA 3087 AEF
Table 33} 7t}

F l5a AREe A

2] )
2001:34:212-23

‘ Pa02
| (mmHg)
—=O—group | :
| 500 —0 group Il
| = =& = group I}
| ——group IVi
400 |
*
300
*k
200 | *x
100
i
[ O 1 1

5 10 20 30

Reperfusion times (minutes)

Fig. 2. Pa0; valuesimean=SE) during reperfusion.
(x} P<0.05, (-} P<0.01 vs. all other groups. PaQ. means
oxygen tension of effluent blood.

O AAF Y] AaE

ABF 308 F FF AFHIY P A2 PGS 1 Fo
24831139 mmHg & 1 T 4197204 mmHg, Il & 380.7
+22.1 mmHg, IV 7 4253%17.9 mmHg 2c} 52344 ykot
25(P<0.01), IL, I, IV & AFo] Abadgte] vlgellAE v

—_

Tol 7F w2, W o] 7P R £3% B5oy B
Hog {23t ol &= HAMD}'(Table 3). §_ AN B 5, 10,
202 57 Vg 2o AAAESE 1 3o »HA] A 2

0, M, ) B3] FolshAl dokeu, Al 75 Abolell=

2 g Aoz} kg 2).

@ =Eshe] M3t

YL AR 308 F 221, 100 IV 7o) 27.5£1.9
mmHg, 280123 mmHg, 233708 mmHg® 1 -] 39.7t1.2
mmHg Rt} F2)517) e 2AL 2. 1(P<0.05) (Table 3),
3 AT 10, 202 F9] APolE FoAg Zort gl
(P<0.05). 2T TolA ABF 108744 o] Ank e
Aashs e Relorh 1 FEFE IV T2 v o
Ag EE FABgeU 1 I, I F2 gYo] AlEHeR
Aeshe FHE U ckFg. 3).

3 F71% 71=vgke) W3}

A=W H3ls 1 32 ARFE AR wtE K53
o2 Fopxle e Hyou o A £E2 vud o
A 7| =gk SRSk AEF 302 F I, 101, IV
2+7} 7.0+0.8 mmHg, 7.8£0.6 mmHg, 6.0+0.5 mmHg 2
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PAP
(rmmHg)
50 r
N ——O—group |
DO group I
40 r * - =2 = group i
~—y—group IV
30 &
F s e i
20 }
10
O 1 1 1 -
5 10 20 30

Reperfusion time {minutes)

Fig. 3. Mean pulmonary artery pressure(PAP) (mean*SE)
during reperfusion. (+) P<0.05 vs. all other groups.

AWP
{mmHg)
14 % —ommgroup |
—[>= group |l
2 o g
* *

10
I S G BEEP é
6 §:,_ == é— = X
4
2
O 5 1 1 I

5 10 20 30
Reperfusion times (minutes)

Fig. 4. Peak arr way pressure(AWP) (mean+SE) during
reperfusion.
(+) P<0.05; (+x} P<0.01 vs. all other groups.

9 125105 mmHg 2t} o3k e 47
(P<0.01) (Table 3), IL III, IV &) vlZelA IV 4 7]
gto} 7bA dgty 1 74 Af o] Aubdez ggte
U AR g {8t alel gllthFig. 4).

AF)e] NSAsP HEFes vehpy o)E sixz
o] gk Ao N AFEE £ Qloh AR 0%
L, 10, IV 7¢] Z+7} 5.8+04, 6.1705, 48F02% 1 9
81102 X2} foshA] & £AE B o™(P<0.01) (Table
3), IL 1L IV 79 »inelA v F-o 71wk 1 7o)

ELEE
g2z 51

LPD %ol HII=E cAMP2 NO2|

W/D ratio

| 1 n v
Groups

Fig. 5. Wet / Dry(W/D) weight ratio(lmean=®SE) after 30
minutes of reperfusion. (+) P<0.01 vs. all other groups.

TNF-o
(pg/mL}
500 Ogroup |

Hgroup IV
400

300 t
200 |

100 |

0 10 30

Reperfusion time (minutes)

Fig. 6. Tumor necrosis factor a(TNF-a) levellmean=SE) in
the effluent blood during reperfusion. (=) P<Q.01 vs. group IV.

Vg pe 248 ngo FAHOE o8 Aot U2

4. tumor necrosis factor a (TNF-a) & &4

ANAF 0, 10, 308 & proinflammatory cytokine2] Y%l
TNF-¢ 9] ¥ FE 58 YolA FAsded, v T
1040l 98.676.8 pg/mL, 30l 10721102 pg/mLE AHAF
o} ¢} 91.0+7.1 pgmLel ¥)3) o5 Av|EA FTrkEg e
I 9 Atolle Afw Azke] Afgtel wet 5, 108
321.8+34.0 pgmL, 30+ 40587363 pgmLoE IV o
u]s) ko] §43] F71314chP<0.01) (Fig. 6).

5. @ZEHY nitrite L nitrate & sk &H

AAFA NO9 FHE AR 47 A3 NOo| HA
A<l g HAREA nitited} nitrateS FAskFck AAF

308 F Q1 o) 139512 uM, IV $0) 149%16 #M=ZE |
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i DOoroup |
Mgroup il
Wgroup It
|group IV

0 10 30
Reperfusion time (minutes)

Fig. 7. Nitrite/Nitrate levellmean*SE) during reperfusion. (+)
P<0.001 wvs. group |, Ill. N/N means Nitrite / Nitrate
concentration

Fig. 8. Light microscopic appearance of ischemic rabbit lung
parenchyma after 30 minutes of reperfusion in group IV(H &
E staining, x100). Nearly normal appearance of aiveolar stru-
ctures except minimal interstitial inflammatory cell infiltration.

79 37105 M, I 72 48+08 Mol v|sl EA45 e
oAt wgta, ABF 108 S Fol= Rt Ao
7} AQ2ckP<0.001). 1Y AAF 1087 308 F 10 7
IV 79 v 91 23 W 29 8lzelME 73 Held
RolA| oot I 73 I & 25 ABF o] A 75107
M, 711209 pMojA BFA7te] Az} Aighe| we} A
BF 308 Folle FAACE 37 NO9 oFo] FHas)
FoH(P<0.05), NTGE #7138t s|REdo s AF3I 1 ¥4
IV ZolME AAF o] A 73107 «M, 69708 pMo
A ABF F A NOY o] FrHEAL, ARF 108
vls)] 3080 43 NO9 U BF #AFo 5AFH
27 fogk Aol YdrhFEg 7).

21 %)
2001:34:212-23

Fig. 9. Light microscopic appearance of ischemic rabbit lung
parenchyma aftez 30 minutes of reperfusion in group {H & E
staining, x100). A. Intraalveolar, interstitial hemorrhage(open
arrow), and a few mononuclear cell infiltrations in the alveolar
septalciosed arrow). B. Severe perivascular inflammatory cell
infiltrations(arrow head) and capillary congestion in the
interstitium.

@ AA™HY A AA

FapdAtdn] g 274 NTGU db-cAMPE AHE-§F FollA]
= 39 YA ALY sZEAZE Alo]o) e 7
Aute] Aol F FAE] v Hew Hof dE.ufdd F
H(alveolar-capillary barrier)e] & #-A1=12 $ISickFig. 10). L
U LPD o gnl REg 22 A X AL XA
(vacuolization)® AFEA] §-5, 2}7}2)4-F(autophagic vacuole)
W AT A F-Fo] WAEQL, FAE Yelm FFAe] F
Z= ok

w3 g4 oA Xes X3 R TX¥PA] &
=g o vlzd rlAMute fxE 2]
(Fig. 11A & B).
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Fig. 10. Transmission electron micrograph of a rabbit lung in
group V(x12,500). The overall normal appearance of capillary
endothelium and alveolar epithelial cells with infrequent
endothelial vacuole. A: Alveolar space, R: Red blood cell, V:
Vacuole, Intact basement membrane between endothefium
and epithelium(arrow).

d
B

22 oo ojgt g A¥H dA77} 7] ANBF
717k 3 olAE 9] &S 53k dHERA L] dE+
0] $tt}h NOSt cAMPE ¥ YnjAxs

Alo] Bl Alx qte] A 2 AY AR dF] PPYE =4
= 28 98-S P NOE AHlZ guanylyl cyclase?]
hemed] $-3=o) AT koA cyclic GMPE] AL F714]
A @ FG2 ol daw FAYA, W=y wesHdh
A R Ffakel] W] ik AA|ATE 75E Tt
D53 cAMPE dH Vsl MR o)A} o)t fA13E ZHE-E g
ob?. 2y SEARF B4 F9 29 duM 4 No
s} cAMPS] oF¢] Zag e g I8 SHEA FAA0l T}
o, dh445 o] B4 WY 7r} s Hop
Naka 502 7] o]Al#l o4 NO2| ATE23 NTG
£ dREde) Aoz o)A J)5E AA) A
Az 4 Qo stk NIGE AlE Yol A s-nitrosolthiol
intermediate 7 2% 2183l ZAHHOF guanylate cyclaseE
A2spAY AT F2H02 NS HulE 2R
71e 245 Y. db-cAMPE A E S F33hs cAMPY
AR DA AZ o)A cAMPE A3k5] AU phosphodies-
terase®] S-S At cAMP HARE YA T2 EH cAMP
9] k& FIMA HEALF 4% Y gk 34

E}a,]s)

=22 9
2& g1

LPD 80 HIIE cAMP2F NO2| =

Fig. 11. Transmission electron micrograph(TEM) of a portion
of rabbit lung after 30 minutes of reperfusion in group |
(x10,000) A. Numerous vacuolization(short arrow) in type |
pneumocyte, interstitial and endothelial swelling (S) with
preservation of basement membrane (long arrow), and
edema fluid in the alveolar space (E). B. Intraalveolar and
interstitial edema (E) with autophagic vacuoles (arrow head)
and mitochondrial swelling (M) in type [l pneumocyte, and
edema fluid in the alveolar space.

% 4 mmoyL2] LPD €Yo} 44 mmol/Le) ET-Kyoto &
sl 74 AFA HEE BAE YFSA®. L
5”& ET-Kyoto AlZ2)BA £olo], Kayano 502 7

120 mmol/L.8] University of Columbia A jeid &
db-cAMPS} NTGE A7lge s vliE Axs A
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