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Cardiotoxic Depressant Effects of Protamine

Wyun Kon Park, M.D.,, Sou Ouk Bang, M.D., Yong Woo Hong, M.D. and Ho Sun Shin, M.D.

Department of Anesthesiology, Yonsei University College of Medicine, Seoul, Korea

The cellular cardiac effects of protamine, the cationic polypeptide employed to reverse heparin
anticoagulation, were examined in vitro to define its mechanisms of action. Isometric contractile
force and action potential (AP) characteristics after rest (RS) and at frequencies up to 3 Hz
were recorded in guinea pig ventricular papillary muscle. The actions of protamine (10-300 ng/
ml) were compared to those of heparin (10, 30 units/ml), and to heparin (10 units/ml) neutralized
with equivalent (100 ug/ml) or excess (200 ug/ml) protamine. The effects of protamine were also
examined using muscle rapid cooling contractures (RCCs to assess intracellular Ca® stores).
Protamine (100-300 y#g/ml) depressed contractions by 35-65% at 3 Hz, whereas contractions were
enhanced 150-500% at lower rates (RS-05 Hz), with a concommitant rise in resting force.
Protamine caused a resting depolarization from -84 to -72 mV and depressed AP amplitude. In
contrast, heparin minimally altered contractile or AP characteristics. In 26 mM K'-solution with
0.1 uM isoproterenol, 30-300 ug/ml protamine caused dose-dependent depression of late peaking
force development and slow AP prolongation. After 15 minutes rest, when RCCs were not
normally elicited, rest RCCs became prominent in 100-300 ug/ml protamine. Effects of heparin
with 100 ug/mi excess protamine were similar to those of 100 pg/ml protamine alone. In con-
clusion the loss of normal force-frequency relation, partial depolarization, rise in resting tension,
and appearance of rested state RCCs suggest that unbound protamine can lead to excess intra-
cellular Caz', mediated by an alteration in memebrane ionic conductances.
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A #3759 A 78 94922 Bndd
e e, g 94 4750 2 AAY A7
A& protamine Foio) o} ¥ Mol histamine &l
of 93 %z ¥ AYe] FAsE Hel AE A
Aty 3@ 9902 nuye YWE st} AE
g A2 Fug olgd H¥”A protamines]
A F£2d9a F4o BuHo Urie Y, BA
protamine®] AZ4+E A o rHAL I 4
A A @t o8 MEH(cell type)oi A protamine
of g% AETe o] RHxe Frld g% 4
ZR7} =Y Basol fo'*® 2@ guinea pig
9] A4 #52¢& o489 protamine o A2 FFH
Jd ojxe 9% 9 A gegAQ AHE AF3
o o}&8 o] AAE heparin &5 Fo % heparin-
protamine B A L] FA Ao wAe A}
vl Zs) B st

Sy 3 Yy

Pentobarbital(30 mg/kg)& B2 FAIZ A F
guinea pig(300-400 gm)®) A4 HFF2& H&d)
drt A2E 52 71EY acrylic bathell 3o
2 RPN R F529 7ARE 2FANAF /F
Z(chordae tendineae)®] EHEE& GRASS FT03
Force Transducere] AZA3ATh 95% 0:/5% CO29l
Y Ax2 71¥3t A2 modified Kreb's solution
[mM: Na 143, K 5, Cl 123, MgS04 1.2, Ca 2, HCOs
25, Glucose 11, Ethylenediaminetetraacetic acid(EDTA)

€ 8 HYZE oj&3o ¥ 8 mlY ==
’fﬂ"‘]ﬁf—"i € EF 37T, pHE 742052 #-A3
2th. GRASS S44 Stimulatore]l @@= len E
% bathe] Wof Ao gl 2dde2Fez B
E AFE ol8dd 42¢& AFANE 21 FAFAE
Digital storage oscilloscope ¥ GRASS Model 79 E
Polygraph€¢ £33 @&, 718384 f5< 714
% HdPY L AEY SYLEEE v}
A8 AQdo] B ¥ FF9 Had Wol(cross
sectional area)& T&9 Zo|, A 2 YE1M4
gmDE =A% Adsigch Jad Hels H©I
A& 059+0.30 mm’(mean+SD, n=42)°] Att.

1) M2 sHof s UH
A2 #%9 AL HANA¥(peak force) R A

A8 ¢4 & E(maximum rate of rise of force
development, dF/dt max)e} &3e= Hrlsgrt 1
Hz A3 3td] 143 =S A&KHA AFez TF
2o] GAHYD wEHE 1588 FAVE M2
¥ 93] A3(single stimulus)2E Z2FEE 233
el FREE oH® AFe dE 24%E& RS
(rested state) contractiono.Z YAHE] olF 0.1, 05,
1,2 3 H: €M 2458 F#8AA 2 248 &
Attt &4 AF3 e 245E d2A2 3}
o 2A4% ¥ protamined 10, 30, 100, 300 ug/miel
FEE gHHoR Fose 4 Frd d¢ s
2 BFIPen, £ & YT 2 A heparin 10
QD 30 unity/mlE £AH e T390 Heparin-
protamine2 M R T X9 ZFAHFE heparin
£ 10 units/miZ 1587 F % AejelA protamine
100 ug/ml R 200 pg/mlE xR oz FAstd 4
etk e e HFol BYF 1583 A
Al HEL FFHAG o)HlT WPE 5 mM K
¥%¢) modified Kreb's solution ¥ 26 mM F%9|
high XK' Kreb’s solution(mM: Na 122, K 26, Cl 144,
Ca 2, MgS0q¢ 1.2, HCO3™ 25, glucose 11, EDTA 0.1)
ol Azt Algstgith 26 mM high K' Kreb's
solutiong AHE3lE A$ A2 £5E& FEAIN
%18 01 uM isoproterenolg H7}sled ALg3iHl)
0.1 uM Isoproterenclel A7t el A 1583 #
A71E 7HAF 42 AF(single stimulus)22 24
&g Z2H3 olF 01,05 1, 2, 3 Hz €42 &
¢ #2474 1 2dg 3t 4 AIYF
e 25HE dEA2 39 FHE F protamine
£ 10, 30, 100, 300 ng/mle) FE2 AR Fo
8o 27 Bxo] dF W& BAJYLY, E OB
A Fo2A heparine 10 # 30 units/mlE #4113
o2 B8t Heparin-protamine ¥ A& of
z219] ZAF heparing 10 units/mi2 158 F
¥ Aelol A protamine 100 pg/m! 2 200 ug/miE
dAxd ez Foldd AYHAU 4 FES HIFol
BdF 1580 AF3e] 3Eg gasA 01 uM
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isoproterenol®] #7}¥ 26 mM high K' Kreb's solu-
tion®l & modified Kreb's solution}& €3 &4
&1, 53] @& 349 73RS, 0.1, 05 1 Hz)ol
A o] 3 (=##) <4 % (biphasic contraction) ¥
< BAY & Joy o d ol F4d 2+ L ¥A
A2 2AEANZ RH Ca'e #&d ¢ Aoz
Aol n Ac+?. 26 mM high K' Kreb's solu-
tiondte] WXF(FEFHE SAL LS HI)AAME
RS contraction, 0.1, 05 Hz &3 A 4% Fyrd
A& ¢ (late phase of force development, dFL/dt)&
TEY ¥ doy 2 9 3 Hze AFo A= modified
Kreb’s solution& 2] 4% (early rapid rate of force
development, dFg/dt)# Z& ZgS BEYE F
9 w9 A2 REH @EIe dHpartial
depolarization, ¢f 40 mV)2 2 Q3te] A22e] Na

channelo] ERAZHEE o] 9 GEF A &=

(dV/dt max)& 2%l o8 MEe) Ca® channel
& 2% Ca¥9 2AE d¥9AYz9 49 A=E
TRz 23Y + QU

2) B dagoy gt 24a0f st AP

37C2 modified Kreb’s solution 3tollA $44
FFSE 158 FAANLE 7T «B/AIRE &
¢ HEE FLAIEA FAY 0-5C9 ¥F mo-
dified Kreb’s solution® 2 ¢ 223 §52o] @A
A& bathE T BAAZY. F&WZd] I8 3
g 2AE A F o8 YEE G IFFAA I
T modified Kreb's solutione 2 A&EA71HA
bathe] €7} 35CZ F71E9 1 Hz9 3+ 4
g AFd A&HQA 25 S FEAFHG ofF
2Hz RAF8e] A FEE FEAIF JICTE ¢
AIFY &8 HZE YA 9 NIF FHYZTE
AlFIHA ol fFoE AF(contracture)d] HWFH
€ AP AL AEstd A 15839 F471
§ B3 22 AU Ca¥ol ngHUE FHPo)
D2 1589 FANEF F59EG o A2 F
ge gAY 4+ gloy oud YAd gsd
T2ZAG Ca®el # FA= 0 Ax Auiztd 15
Y FA7F dAFo2 Ho9 dRAEE
#FY 4 9t} Rested state ¥ 2Hz AFF F&HY

Zste ol YeluE FEE ZF AFIHfA9
ZX 2 3 ol¥ protamine 10, 30, 100, 300 ug/
m FEE ¢AHLE Roda JdYIen =@
& d¥Fo2A heparin-protamine A (1:1 R
12)8] 23§ &A}AY. 4 dEFEe Fo Nzt
& 15%02 Bk Z 89 HFo BdF 158
¢ AAEt HEAY AHPYE BEH

3) & Hejo| oigt 4N

WPI VF-1 amplifiere] dZ¥ conventional KCL-
filled glass microelectrode(10-20 megaOhm)& %
29 Z|A R AYAY F A42E 01, 05 1 Hz&
AFAA FARAY. 4 AFYFoM e g5
€ URzAE 39 FHF F protamined 10, 30,
100, 300 ug/ml®} =2 ¢AHog Fosid 2z
Fxo g WgE wEIHIYoN, E UE AYE
o 22 heparin® 10 ¥ 30 units/'mlE TAAHSE
Boqste gastgc. 4 FEY HFol BE¥E 15
B AAso B §5ANE SFEAG

A 43¥ 71759 microelectrode”t & MEe #
AH =2 39w microelectrode”t TUH AT E
e wa Aes dFgA AYgsidct &3¢ 2
& Digital Storage Oscilloscope ¥ GRASS Model
97 E Polygraph& %3 ##, 7|&30. €544
9] 3o](AP amplitude), 8¥F H )< % (maximum
rate of rise of depolarization, dV/dt max), 50% %
0% X9l §5A9 717HAPDx, APDw) ¥ ©¥F
3 A=E =A% Yot Modified Kreb's solution %
26 mM high K Kreb’s solutiondtol A 47 AHE
< A3

4) %4Ee BR MB 5 N Fo WY

Protamine sulfate(Elkins-Sinn Inc, Cherry Hill, NJ,
USA)9} heparin sodium(Elkins-Sinn Inc, Cherry Hill,
NJ, USA)€ Al-83 9t} Protamine® modified Kreb's
solutiong Al-83te] 100 mg%<2] ¥ A(stock solution)
o2 TE ¥ bathe] H¥XE 10, 30, 100, 300 pg/ml
2 73 {A3Y FA#AYch Heparin 10, 30
units/mle] FEE& AM&3t3 11 heparin-protamine
2 M(1H:1P)¥ heparin 10 units/mlZ #F A FH

~335—



— The Journal of the Korean Society of Anesthesiologists : Vol. 27, No. 4, 1994 —

ol A protamine 100 yg/miE F o8l Z Ao 12
heparin-protamine & ## (1H:2P)% heparin 10 units
/ml, protamine 200 ug/mlE ¢AH o2 Alg3AT

5 X8 H& Uy

A2FE R §539 34X 4 4F F=ET
o] Xeol& AF37] 3o repeated measures of
Analysis of Variance(ANOVA)& AH&-3i Z+ I
el f44E& HFF37] 4 Fisher's PLSD test&
HE&RAY FY AF AFdM dzEH 4 FE
9] Holg& ZHF37] HMME two-tailed unpaired
Student’s t-test® APE3H ™. P value7} 006 W%
g A FALAHY o7t Al Rez EEYT

= o
1) Modified Kreb's solution 32 %2 A8

q2Fe] Hd¥dAM guinea pigd #HFZE ©E
AY #AAst FU}A positive force frequency
“staircase”& RS RS, 01, 05, 1, 2, 3 Hz A+=3}
A4 10 R 30 ng/ml®) protamined HRAE W I
WY SAS = JH¥E vANA Pk 100 R
300 pg/mi®) protamine & RS, 0.1, 05 Hz =38}
A Fod &F Frld e I¢Fo FUHE
Z7E Rolt VY, guinea pigel A PF
9 AFY 2,3 Hzoll e Hl3d 2 Ao A9 ¢
AEE7t Fof £ vl S gz v g&
A 1 Hze} AF SeMe Ad3y 2 Ay
28 gLy g2FR vlmste] o)zt

01 Hz¢ AFelA 100 ug/ml protamine FAl
Hd F¥o] 130£60% F71E W, 3 Hzoll A& M4
+9%2 Z=X(100%)1 B3 ZaHAh RS, 01,
05 Hz9 ASo4M 2 $X9) protamine® Hu
Y& g=Xo) v 2A FI/HAATHRS: 30 ng/mi,
89-350%, 100 ug/ml: 100-725%, 300 ug/ml: 237-537
%)(Fig. 1A). AdFd YR&E= AP wu
S #FAHE 238 JeEhUHFig. 1B). HEY ¥x
€ /MM wet 47 BEe Fap Fohey
o MHA oL ZrtsAch 100 $ 300 pg/mlsd
protamine protamine® F<i3lA ¢4& el z

A 4
-=Q-=- control
Peak -
Force
(mN/
8q.mm)
2k
1
oa AS 0.1 0.5 1 2 3
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B
==0O~~ control 2
dF/dt-max 80
(mN/sec/ " 3% | protamins) ,"
8q.mm) w——r— 100 »omi ;
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Fig. 1. Effects of increasing concentrations of pro-
tamine (30-300 ug/ml) on isometric force
‘development of guinea pig papillary muscle
in modified Kreb's solution from rested
state (RS) up to a rate of 3 Hz. A, Peak
developed force, and B, dF/dt-max, for
control (open circle, dashed line) and for 30
(small square), 100 (large open square), and
300 pg/ml (large filled square) protamine
concentrations (n=5). Depression of force at
2 and 3 Hz was significantly greater in 300
than 100 ug/ml. Force development in 10
g/ml protamine (not shown) did not differ
from control or 30 ug/ml. Results are plotted
as mean+SEM. " p<0.05 from control values.

A2 Fo el A7 (resting state) FH(WZA)
of u& A7 FYE FrMAF O, B3] 300 ug/ml
¢ protamine FA] ©l & ¥ A8 HFig2 A).

10 units/ml®] heparin€ RS, 0.1 Hz¢} A}Z3}o] 4
H)FY LA £ § heparing FA3A ¥e A
B iz 9] 82-83%2 A 3AIR] kW, 05 1, 2, 3
Hzel AFe A WO E ¥% S #238 4 AUk 30
units/ml9} heparin® RS, 0.1 Hze] AZo)A g
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g U4 £z § dzA9 6516%(RS), 73+8%(0.1
Hz)2 22k z2Ad 88 05 1, 2, 3 Hzll A&
xzxe v AAE FFY & A HFig. 3).

10 units/mi heparin€ 100 pg/mlE FZ A1 3¢
(1H:1P) 42 %< 01 Hz9 AFH$9 48
Agstne dzx9 vaEe FFol YATH(Fig.
3). Rested statedlA 3 Hz7tA| 9] AF3 oA he-
parin A 4 AFH e AA7] FE(d
ZA)3 W23l § ¥ heparind] &% A7 ZA
9] e #AY F jUden T8 4 2SS4
A9 TH:IP BHAT 7] Fee] g g Yoy
7 gstout, 1H2P B A& 100 ug/mi prota-
mine ¥ A%} FAE AdE HHFig. 2B, of 2
el 05 Hz AFA19 kA7) Aee Fde
EABA. 1H:2P E¢AM = RS, 01, 05 Hze) A3
ofd Ad 2Y % AdAY dPLEs JEL F
A8tA] @ e Ao viH Frr L, 2
3 Hzol M+ #4389 424 100 ug/ml protamine
3} 1H:2P E¥AE 01 Hz 38l A iz o) b
8 242} 13046 B 62+23%2 /M WA 3 Hzel
A8l 3419 R 52+3%E A 3 A (Fig. 3).

10 2 30 ug/ml9} protamine< <A A $(resting
membrane potentia)@& B+ 3 (depolarization)A] 7] 2]
& whd, 100 ¥ 300 pg/ml9l protaminee ]2l gl
£ 8983 d4¢ 2 9HFig.2). 300 ng/ml9) prota-
mined] 34 BEF ¥4 o3 FAHE 05 Hz
o Ao A R A 12243 mVelA 1016 mVE
2o g8F Agi$EE 10, 30, 100 # 300 ¢
g/mi¢] protamine FAA] E X us] ¥FEL &
% = YAHTab. 1). 05 Hze A=A 100
g/ml¢] protamine =X (100%)°] ®]8] APDw7}
84%, APDw’} 87%=2 @& 5o, 300 ug/midlA
t 24z 60, 68%= ©&FHAHEX9 APDx,
APDy: 14248, 166+7 msec)(Tab 1). Heparin ¥4
(10, 30 units/mDiME EF5 A ABES ¥ES
22 & gAHTab. 1).

2) 26mM high-K' Kreb's solution 38| S5 4Al#

RS, 0.1, 05 Hz #4338t HFL gz o} v
3 ¥A3) FiEUden =@ late maximum delay

- A

W AW 1904 —

Aol initial delay’7} ©& ol E(delay) AH}E
B3k 2, 3 Hz3 M & initial R late delay A S
210

% Change oo |
of Resting
Tension

170 F

130 |

110

°° -y 'l 4 i o
0 10 30 100 300 RAecovery

Protamine Concentration { ugmi)

185

% Change
of Rosﬁng 165
Tension

-

145F

105

85 i A A Fl »)
0 10 30 100 300 Recovery

Protamine Concentration (rg/ml)

Fig. 2. A. Change in resting force induced by
increasing concentrations of protamine at
RS, 05 and 2 Hz stimulation rates. B.
Change in resting force induced by increasing
concentrations of protamine. The effect of
100 ug/ml excess protamine (10 units/mi
heparin neutralized with 200 ug/ml protamine)
is also indicated (large filled square). Results
from froce-frequency and rapid cooling
contracture studies are combined. Results
are plotted as mean*SEM. ‘p<0.05 from
control values.
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Table 1. Effects of Protamine and Heparin on Normal Action Potential Characteristics at 0.5Hz

Amplitude dv /dt APDs APDw Vm
N (mV) (V / sec) (ms) (ms) (mV)
Protamine 6
Control 122+3 278+ 18 142+ 8 166+ 7 —-84+2
30 ug/ml 118+3 259116 13911 16311 —82+2
100 ug/ml 117+5 256+ 9 119+ 9 144£10 ~79%+2°
300 ug/ml 101 +6" 225114 85110 113+12° -72+3"
Heparin 6
Conitrol 126+2 266121 139+ 9 162+10
10 units/ml 127+1 20+25 140 5 161+ 6
30 units/ml 12442 241+34 138+ 7 159+ 7

Values represent Mean+SEM for 17 experiments. Repeated measures of analysis of variance followed by
fisher's PLSD test was used to test for difference among grous. * P<0.05 differed from control.

300

BAY 4 AATHFig 4A). 05 Hz o3e] A3e|A
10, 30, 100 X 300 g/ml¢] protamine® F¥HE o)
¥ (late peaking force)] ZAE Hole Wi, 2 3
HzolMe tizx 9 xolg Bolx 2T 30, 100 200}
% 300 ug/ml9] protamine RS contractionol}A] ¥
BE A3y 44 E(dF/dmax)7t HEA S ¥
8 ztzt 5846, 4619, 28+8%E FAFHAoH, 01
2 05 HlME #AH8 Z34E RAT A%y 3
3 @Al 4= (dFe/dtmax)E RS, 0.1, 05 Hz A3
M hEAe] Ws) o 60-70%2 A WA 2, 3
HzolME ANE Jgad 24455 328 ¥ e T
@ 4 YUACHHZAY 96-115%). Protamine o 4] Stimuation Frequency (H2)
A7) FEe WEL BAY 5 AN

S ANAA protaminee BE A9 e Hol, @

% Change
of dF/idt-max

Fig. 3. Effects of 10 (small filled triangle) and 30
(large filled triangle) units/ml heparin on
dF/dt max at various stimulation rates. The
effects of 10 units/ml heparin neutralized

3 Ad&xe w3lE YehilA %o modified
Kreb's solution®] Z 3¢ty ¥Hl2 APDsy ¥ APDg
7} &3 )t oj2glAl A= AKTab 2, Fig.
4B, C).

3) 4 Y ¢aYE o|BEt RE2 AH

AEd 2EUE WAF gAY =&AL °
TAFNZ RE S FHAE Ca¥ HEd J& =289
A2 Yol T4 F4 Y A2 PP A
Ao Ca¥ AFFL 2AY F AE PHe= 4%
HolAm Att?, A4 Fejold 1583k FA71E

with 100 ug/ml or overneutralized (large
open angle) with 200 Hg/ml! protamine (open
circle) are also shown. Results are plotted
as percentage of control. For comparison,
the effects of 100 pg/ml protamine alone
(filled circle) are also shown. Results are
pl:ltted as mean+SEM. "p<0.05 from control
values.

7HAFE Jee gAY =AHE | A2 ¥
e dutyez AW F Qe WA(Fig 5A)
JICAN FF2& 2 Hz2 AFHE JAFEd] o=
AE W AFE FUHBEA w2 Yied x=EA
A& dole AT A2 WFe BEY + U
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(Fig. 5B). ti2ZAA 2 Hz A3FF I YA 9
4% ARE 2 Hz AF89 25% F=9 #4
AAY A4t FUkEE F4E RATD dE=FAA4
4597 Ao 9% HUFeE A 2Hz AF3e F
Wage W HE 087101299 100 pg/mig
protamined 15¥7+8] F271% HE9 F& I
A AgAEE 4B F7HAHE LY, 300 ug/micl A=
92E F7E JElAckFig. 54). ¢ AAE
protamine FATAA 2T} B FAZA 2
AXHe) Ca¥o] Ao gle AL gnjg@ch 100

rested

1 Controt 10 30 100 300 Washout
[Protamine) pg/mi

Fig. 4. Effects of 300 ug/ml protamine on contractile
and electrophysxologic*behavior of muscles
exposed to 26 mM K and 0.1 uM isopro-
terenol at rested state and stimulation
frequencies of 1 and 2 Hz. A, typical
frequency-dependent changes in contractile
force under control (dashed line) and prota-
mine-treated (filled line) conditions. Early
(dFE/dt) and late (dFL/dt) rates of force
development could be clearly identified. B,
Slow action potentials under control (dashed
line) and in the presence of protamine (filled
line). C, Protamine-induced enhancement of
action potential duration (APDS0) observed
at 0.5 Hz. Data are plotted as mean+ SEM.
All concentrations of protamine yielded
significant changes from control (p<0.05).

3 300 pg/mle) protamine ¥9¥ 2 Hzol AF&

modified Kreb's solutionol 4 & ZHz}s} o] =3 -
of wisf Ao uisl, F& YZAle ARFHL

zA wmEe xolsl YT 300 wg/mid

protamine $<A] 2 Hz A3¥9 4 ¥F4 939

og Ay BEn 2 Hz AFste] Jg4Ee) 6=

20+05% cHFig. 5B). Heparin®} A% F&3ZA

AYAE e dazod FdsAh 15839 FA7

%o 34 ¥z dAFoM heparin 10 units/mis} 100
pg/ml protamine B¥ FoTe] F&HYLA Hd

Fge dazey vndd 2olrt Y2y, 200 ug
/mig] protamine BHFAZANE F& P2 4F

A el oode F/HE JeEhIRtHFg. 50).

2 Hz A3F¥e 34697 A4%A HAFEL 100 pg
/ml protamine®] Z s} FAIAY T FrlEE
Z7#8 Rolx UtHFig. 50). 2 Hz AFF9 F&
Wz Adel o Hd B 2 Hz AFAS AU

F89 ¥ 1520021tk

il &

£ 43d& B4 guinea pigel FFZolA protamine
< AUSAHA WF9 AIFA B £Fo] w3}
9 AIFEE AAANIE W, H2AFIRS-05
Hz)dll M A2 #5& 771 448 444
At 29 A4 2(solated ventricular myocardium)

Table 2. Effects of Protamine on Slow Action Po-
tential Characteristics at 0.5 Hz

Anplitude dV/dt APDss  APDw
N (mV) (V/sec) (ms) (ms)
Protamine 7
Control 79+3  26+2 110+9 12449
30 ug/ml 84+2 23+2 130+3" 143%3
100 ug/ml 83+1 2%6+1 130+4" 143+4
300 ug/ml 83+1 22+2 132%+4" 147+4

Values represent mean*SEM for 7 experiments.
Repeated measures of analysis of variance followed
by Fisher’'s PLSD test was used to test for differe~
nces among group. = P<0.05 differed from control
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Rested State B
Rapid Cooling Contractures

Rapid Cooling Contractures
following 2 Hz stimulation

2Hz
contractions
Control

300 ug/mi protamine 100 pg/mi
|

5miN 300 ug/ml

100 pg/mi protamine

|

Control

55 cooling to 1.5°C

Control (n=4)

100 pg/mi protamine ];
300 pg/mi protamine

Control 2 (n=5)

heparin 10 units/mi

10 units/mi heparin &
200 pg/ml protamine

T

1.0

L]

SR0OmEBAa0

0.8
Peak

Force
(mN) ocCr

“w

04r

s
02r ) '
0.0*" %

Rested State RCC

2 Hz Contraction post2 Hz RCC

Fig. 5. Effects of protamine on the isometric force of rapid cooling contractures (RCCs). The control response

o} 4] protamine?} A&

is indicated by the dashed line with the effects of protamine indicated by the filled line. A, Rested
state RCCs under control conditions and in the presence of 100 and 300 pg/ml protamine treatment. B,
Steady state contractile force with 2 Hz stimulation, and post 2 Hz RCC, in which cessation of stim-
ulation was followed by immediate cooling. C, Mean effects of 100 and 300 lg/ml protamine on rested
state RCCs, 2 Hz contractions, and on post 2 Hz RCCs. The effects of 10 units/m! heparin alone and
in the Fresenclezof excess protamine neutralization (200 pg/ml) are also indicated for a set of experi-
ments (contro!

T& JAFEL or o9 AS £54 9%E AR GE 2A7 Uge A

AAgd st Bug w Y wme) wa
A1-&-¥ protamine FE R HEE AZ B9 o)
7t 71E sy H& g HA2 dH(solated ventri-
cular muscle preparation)e] M e} N2 &4 &y
© AAEY A}IYNE ATENA 300 ug/ml
protamine®] % 65%9] HT¢E AFHAINE Bol:
)% fFAE AFE Bolm Qi olshRe £
A A4S 94 289 B AYe AnE
o %Ee FHAEI AFH4e] o E(frequency
dependence) o= & BAFH Q. Wy B
490l 01-1 Hzo 25 gFoAnt o2 oy
protamine® ©x AT £ FVAINAY &=

ojt}.

£ 49¥oA protamines] EAHQ A g7
FEE MY BEE FFoE A2E4E do
Zthe Aol Protamineo] 21# AA 7 FHo] 2
7HHe R ojn g ATFANA Y ¥ Yo
i ﬁlﬂ oy Ay WP A FHEe
A UG deelh. o E AV FHe F
£ MXU Caol A¥uT Frtd P e
A7-Ed. Protamine 100 pg/miclA <47 29
F7he v Helh 345937 42 AYAA 158
el FH71F Ao gzABY F7HE Ho
, modified Kreb’s solution 3tel4] RS contraction
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o] 3A &7l A= ulFo] ol MEY Ca”
o] FART FrtE Aew HAHeo o, dixT
Z gREY XRHEEY A24M FYEUG Ca¥
o] LAXHE B FEwPo] 22X Ca¥
o] maFel U&= AYPojnz 1583t F47]
%9 RS contraction® vi-¢ @AY gAHEE =%
olt|g TAEMoAMY C¥uzg ¥ FS5YZ
4% 4ge B4 4z AF?

Protamine FojTojA 15839 HFA71¥F 449
AN AT £3(dF) 4L AXY¥d Na'g
ZAANAE 9 UdedE A4S $39 $¥H vz
% Heg BEY 5 ASG®. ME 989 Na' 5E7}
W& A9 Nafa Z@ BWIZst AR Cd9
AT YR #Ygel Frign AR eR F7td A
e Ca¥'e Z4aXMud 3A4=HA 99”2 =@
olg ¥ AT % ¥ 4L cardiac glycoside?] ace-
tylstrophantidine$ A8 2% fAFstth Acetyl-
strophantidine electrogenic sodium pump& < A3}
o Na'8] X929 #&& AsAA AEY Na'
€& 2AAIA Hau o|z2lde] Na/Ca E HZ7}
g4 z=o] Ca¥ol AXUE FYse HA7IAEH
%7} RS contraction®] 71 R 15879 F4%E
FEYAA Aa £59 F7HE dode A& B
g 4+ 94>

AU Ca” HY 2He ¢4y BHE FUHA
A3 FA A2 F&He) AHE-degied o=
olvlE ZAEMU HY ZHE Ca¥’ol SLEA
2 RE ZogriN AFHos fEdd #E ¥
dog yzteol AG®, AN Py 24X
Mzel Ca® F4(uptake), P& R HEH 229 A
AT AN Cd¥ 27 AEW= C A7
#9 == No/Ca 29 WEZE F8 4¥929 Cd”
W&o A5z A 22XMA Calol #Y &
HAHYL v o)A E AR =H%F AXA =H
ZAXINE REY THAE 9Y¥FA(myoplasm)E F7]
Holn% AIH(ALH)eR2 Ca¥ol W& A "t
olg g YAol Yolnte W 4A7 FHol F7}s)
L EY 25EA YAl gasA 8o

B AYe Az ulfo]l B W 1589 F47]
A protaminecl &3 Ca*o] M¥U=29 #do] F

7bstE W 2 Hze A3A e Ca¥'d # 9ol
Hl23 ZAase Aoz 5o At L9 #A:
' 242EAY & ¥& F2ANA Hi mgetA
ZAFME R Ca¥-induced Ca’ release® #4A
A7} A @rh. Modified Kreb's solutiondtell 4} 2 Hz
A=A HYggo 42 AW, £ 2 Hz AFF
o F4YZA Hd F¥o| dzX o vlmsted
o] Rolx 9t HOE nFo] Hol ZAIAY
o Ca™el ool 158z F4719 A$d: 23
Z7tstA ¥& Ao AZHo] Ak AXUY Ca*
o] 3¢9 23 g A9 AlYM(mitochondria)?} A 2%
(calcification) 5} 1 #F 2oz HIHE= A4S B
g £ AUk 429 AEFY Wy i A E(cultured
bovine pulmonary endothelium)"ll-"‘l protamine®] &
& oF71® Ca® #Ydl o3 AEAMY HHrp Ba
g =g,

Protamines] 93 2 E HEW Ca¥ #9 dN
& griAz Adgdel 3 F U& Holth A,
protamines] 2§ M Xute] o] & A ¥ %2 (membrane
ionic conductance)d] AWHA F71E & F U4
Protamine® 50-110 719 o}n M (&AL F 5500-
13,000 Daltons)2 & FAHo] & HE}o] =(peptide)
ol olgF WHEEE A3 Ut RE arginine
3 lysin oltH®. A7) (basic) otvlxitel WE7}
E& olfEZ protamine® AY pH HFUA o ¢
7§ ool 2] 4A(7-8 charges/KD)& HA H=Z
2@ goled AEdE& NYi UL heparin 29}
P 2gstA "k ol % o|fE protamine
£ heparing F3}A71A HE Aolt}h Protaminedt
Z& ot 7] (polybasic) Ev THEol24 HElol=
(polycationic peptide)t= M Xete HAAE aA ¥
Alg 4 gl dgr)A4 Helel =& artificial bilayers
g MEutg B o]& HAPFHEE FIHAIVE
Aoz ¢geix $9”. BFF(Neutrophil®) B¢ 20
UM protamine(~100 pg/m)€& MEW Ca¥'& F7HA
# eoji¥(ysozome)e] U E FHAIIE AR
=3¢ ¢3A UAG?, ATLE EP o FIAE
(ionic permeability or leak)s] F7he MEWE 2] Ca”
€ N £ Jden ARHoz2 AIW Ca”
#$9 WAL REANY F Utk A, AZW C”
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79ge Hee2A Na'9 HEW #U& & ¢ 9
. AT 49 2423F MES Ca ¢4
(homeostasis) & #A&7] #3tdd SEFA XY
Z §9¥ Ca¥'e olgA MEWeE {59 o
9 Na/Ca 2@ HIZJ} Fo¢ 4¢& 9334 8
t}. Na'o] A¥uz F2HdM AMZ el Na’ 2
7t 485 Hz wed Na/Ca TP HUZF T3
Ca*°] Na-K ATPase inhibitor®] 392} s} o)
AZXWZ BojeA Hol MEW Ca¥ #HY WAE
2sA ok APHA MxEe] ol RIpxe
Z7tol g% AS AXge F&E Y 9
protamine R 71} thefol & ofEe] oG MEXY
2l &4 X ulMYEF FHixe F7 BaHe 3
on ol2|$ MEe E£4L TYgolA GFEA
o% A¥u B A F3o ¥ Aoz 4
ZEloAn JUH®, MEete] gHEE FHAIH
o8 cefol4 GES T MIXY FHO Qe
Ca& #A2A2 4 o protamine of ¢ ¥
W F&7)%9 gAE oY olfE MdYSe A
2 992,

A4 §4F Ad g% A¥NA 300 ug/mig
protamine® ¥% AHY Eolg FxAHE ul o
£ protamine Foo @& AAFR A SEFH
el o#) Aol A F 31& Aeloh AY &
FAY AYPAM Hg €8T £xe W7 AN
W A& Na' channel& ¥% Na' o] 29 MEze
frde] protamineo <J¥ FHL x| @7 HEY
Aoz PztH o} Ak F <A Mol ¢ F7}
A7l Aoy 2 FE(YE Na' channeld] B8
AR)7 32X ¥ges A HY GEF £
gL X2 P "oz Az A, A2 A
X AEUY Ca¥ = ¥F A9 7134 9
§g wAgn g3 A AFEW Ca¥ol FHE
A =W K' channel& % AEJ=2e K A==7}
© Z7lEe] &% AR v2HA P, Prot-
amineo] 2J¥ AZ W Ca® FYo] & ol y ¥
o] 2PHYUL AoF AzrEH A},

26 mM high-K* Kreb’s solutionoll 2}#] Azuts]
K ¥%7} 37159 glE A% MFEYS electrogenic
sodium pump’t @A4#Ho| MEW Na'9 H=7}

#A28eE ALE AR B £ e d o8]
MEW Na' 3571 Za8A =4 Na/Ca B8 =
7} @A Ca¥s) HEHege oFo] &3y
A 9. AgHos MEW Ca¥ Yol F2&A
sed 26 mM high-K' Kreb’'s solution3te] 24%
AgolX ¢ty Aol WA F& AL oz
olE @ o] ¥ godo LY wWHELE JFH
o] Zt} 26 mM high-K' Kreb’s solution %2 &%
A9 AYAM Ad GEF X7 @R gL
BoE nFo] ¥ol Ca” channel§d B HMEYZE
o) Ca®8 #¢Y<e protamineo] oI® WY& LA
vgn AAAEYE §5AY %Y dFe K
channel€ $% K' AxEx9 AHAYU JA AT}
gg Rez AduyHe A & g& etk 26 mM
high-K' Kreb's solutiond}s] @%Hs A¥elA H
Y gE3 &EE G K AEEY 2¥AHY @
o]m 2 Ca” channel& ®¢ Ca” ol&8] ME =29
$99 24 2 K channel& % K o129 Ax
sz ®&9 H2vE AVNHoE Mz FdHsE
ARE ¥l EEFT AY &2 ABeR Y
e 4 1B protamines] 1% AT W9 Ca”
fresl A =8 HAE &+ g€ Holth

26 mM high-K* Kreb's solution3t2] 444 4
¥ ZAo) M protamine® RS contractionr] 8] Exb{
¥ (late peaking force)& HWLAFEw RS
contractionA] &} F ¥R AWFEL §F A9 ¥
A Ca¥'e] MEUIZ Eol&F BLINE F5H
o] @39 Fyrldl S42FXNME HE YEHE
Rez @A UG RS contractionr] Ied] i
ol 2]¥ protamine® FH AdFHe] P}
Ca’e #9& #AAY & Y& Hezg 4
Ath, Protamine® EY 2FIME Ry Ca'g @&
A 71E channel& A3 gl ¥ LEME
RE Ca¥ W&g dAddz e na¥r e
U protamine® ILEAFE Hu Y& 7E ¥
#of BRT AFEYERE 8o 2 ¢ Yoz 2¥H
2 BE Cd'¢ BEANJNE channel® Aede &
IFg e 4 gz e B3 =28 Ag. @
Y ol olfHE protaminec] ¥ HMEUWE
Eolz + 9ot protamines] ¥ TLEME ¥
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Ble] Ca¥ W&dA ade A252 7% A9
el & £ g8 Aotk & YHLE MXE {
YA Ca¥ HYol o3 T2EAM= R C¥
o] AAEUL HedE ALY F Yed, o
of 93 iy Jyd FYe] FaY¥ FE UL A
o},

3= 429 v ¥ (endocardial endothelium)€] 4
o %o uAE Il Rl Jew H2W
2 o AAE Y G4 Ve &AL
3 ¥, Protamineo] WM Xo] E4& 2w
t Ags ma®se gl W B 4¥e A
Ae A #Y $A$E9 Zie THHJLY
e 7o) ¥He #IY 4 Ud Aoz
u]80] Ho} protamine?] F AdE A2 T Wiy
o HE =4 AARTUE A2 FAFAA &
g Noz M

A4 10, 30 units/ml heparine RS, 0.1 Hz #
FojM ARFYE 93 F2A7E AE AL
e AT $%d ¥WuE Jd%¥E ¥olA gUyH. 16
Hz A=289 A&d E74%9 4454 WA
heparin(10-40 units/ml)& A& £%& 4t AHFHA
oz 9. Heparin(10-30 units/ml)€ in vitro
oA "AW [Ca¥1& 7-10% #AANckm @b 2
Y heparing ZF3A 7= £%F9 protamine(100
and 200 pg/ml for 10 and 20 units/m! heparin)& %
A Ro@ A C'9 ¥WFo] YNE ¥l ol& ofut
X protamine® heparin®} A A3 3} (electrostatic
attraction)©] heparin® ©]&3} Ca’'¢] 43 #Hgrc
o 7287 42 ez 428t Heparin %
o] o]2 protaminec] & A FF AN} AYS
2 3Ed ds ded ENMEY A4d EEd
olg ¥ AgolN BuFo U,

Heparin-protamine ¢4 oo} o 2 AL
olg} fAME AB/E Holm Utk F, 100 ug/ml
protamine?] 4243 A& &Aool H]# 10 units/ml
heparino] ©}n] FoASHUW Z A& protamine?]
EidE Y 5 4D 221t 10 units/ml heparin
6] oju] FoiEglE ZA$olA 200 pg/ml protamine
¢ 2o 100 ug/ml protamine ©F FoTor}
2o FAE FEY AT £4 AAYE JEHd

Aok

g &dA B u) A3 EAHANE B
o] 100-300 ug/ml9] -2 protamine ¥ET E¥
¥+ %€ Hoez ned 3-4 mgkg protamined
A2 Me £52 FAlse A AAY §F
Fg& Nl ¥ %% (whole body mass)e] 5%Z 7}
A¥A protamined & ¥F FTEE ¢l
60-80 ug/mieh =e#A " Aol ey o
protamine®] EEE A ¥FNY heparinol
albuminst AY3A Hel AA2Z ¥R £
protamine?] FEx A2 F£% d¥o P& A=
o Y2 748 Rolth AA e A& @F
o] % 3 ¥(ischemia)& A2 AME W A% X o
nZHo] MEY Ca¥cl #Hojoz EAHA He 3
S A9 BFE AT 73 338 94 C¥¢ ¥
A HA A4l @ protamined] Y% (over-
titration)® A2ME U Ca” #YE & &34
24 5 g Aot AF FeA HL@FH/ BEGF
%99 heparin®] ¥ Bt #%F9 protamine ¥7}
AAH FAWP, 8 4Ye A 95d B¢
o wel BYFdE AS2FE 7158 AN F
Qomgz old felstajol ¥ Holch HEW Ca”
o] @ FEET #AE triggered activity, F
Al diastolic tone?] F7F R HASFF IS A
S8 298 Holrh ol ¥ ¥A protamine FE
& et B o AYAHA Adde gdely in
vivo 8¢ AgolA protamine] <& dHY A
Yo 1L M2 ¥ protamined] AHH<
EN e 9% Rely] HuE YHolgd A%
Rnoz AztsElo] AY. Protamineo] heparin® &
871 el 3FE 2¥ES protamineo)t FYF
o ¥ protamine® $AFH22 Aol & W
zgse 1 F4¢& veld Aoz ZHAHNAH
¥y HP2 oj¢o] th¥ protamines] AFAE ol
2328 5 4. Protaminec] ¥ WA
Ca® HYg& Yo Ca¥ol 3 nitric oxide(NO)
synthase7t @48Vslo] Wwolge] HA Yol
4 gl& Felth olstgo] Aol FHY AAE ¥
o7 Axe WF # protamine FEE YFHL
2 HeaA %€ Aoz AZEY g Iy 7

—343—



— The Journal of the Korean Society of Anesthesiologists : Vol. 27, No. 4, 1094 —

B 2o @ Ca” YA 4 4¥A Ade 1
23] Holof & HAelrh

= &

Protamine F-ojo} <j#] A< force-frquency
B A3, FEHQ 8T Ao fEE,
FA710 9 el Frldtn, FHIZE A9
rested stateo]lX AY A2 e] Asge @8 d
Zo] §¢=HE 22 vFo] Ro} protamined] <
¢ AHFAY AIFH JARSL AXY G HY
of 4% Aeg Yztsle] An.
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