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Length-dependent Stajrcase Phenomenon and Caleium Inotropisn
in Isolated Rabbit Papillary Muscle

Ki Whan Kim, Yung E Earm and Kee Yong Nam

Department of Physiology, Seoul National University, College of Medicine,
Seoul, Korea

The effects of various inotropic interventions on the shape of the steady state length
tension relation and the length-dependent activation process in cardiac muscle were studied.
The influence of inotropic interventions upon the action potential was also observed. The
range of varying muscle length was from the optimal length (Inax), where the active tensi-
on production is maximal, to 0.85 lmsx. Changes in stimulus frequency or in external bath-
ing Ca concentration constituted the inotropic interventions in this experiment. The papill-
ary muscles Were' isolated from the rabbit right ventricles and perfused with HCO-; ~buffered
normal Tyrode solution which was aerated with 3% C0,~97% O, mixed gas and kept at 35°C,

Resting passive tension at Imex was approximately 30% of the total tension and appeared
from the muscle length of 0.90 lmsx. The effect of stimulus frequency on the steady state
level of developed tension was: As the stimulus frequency was increased from 0.1 to 0,5
Hz, there was little change in developed tension. As the frequency was increased further,
to a value of about 3 Hz, tension increased steeply. Further increase of the frequency to
5 Hz had little additional effect on the developed tension. _

The length-tension curves for isometric peak tension became more steeper with the degree
of potentiation by inotropic interventions. The relative steepness of the normalized length-
tension curves where tension production was expressed as a percentage of maximal tension
developed at lmax, varied inversely with the level of inotropic state and these curves were
not superimposable one another. Thus at the stimulus frequency of 2 Hz or at the external
Ca concentration of 8 mM, the relative decline in the developed tension for a given change
in muscle length was considerably less than the decline observed at the frequency of 0.5
Hz or at the concentration of 2 mM Ca.

Action potential duration was prolonged significantly as the frequency increased from
0.2 to 2 Hz, and this change in action potential duration was not observable on the changes

in muscle length. There was a tendency of the hyperpolarization of membrane potential
mtﬁ_i Tad dread T FAud 5te] A7 A
R 7 p—



—278 929 : 4% FFIAA T5Aold W AdAg § T F5HY H3—

when the muscle length was shortened from lmax to 0.95 lmax.

These results support the hypothesis that there is a lehgth-depender.ce of the activation

process,

M =

2E %4 E44 44 Fo SR Ae-AH
FA Yok E ol AR WS A THel &
ot W 554 AYwdel FukEH. ok YA
Rojoll A L= AE-E, T ¢FI1T0F Z45
HE Zx 2520, o2l A2y 43 I=E
%%4 (contractility) T $E49]e) 43 (level of
inotropic state)o)gli EA st glow, o)A L oy
A ez WA F Yok dAN AFUES
S 93, AxY Catt Frust 9 otz dw Fo
Sl oste] #5242 WA 4 9ok (Lakatta and
Jewell, 1977).

Az Aot T 57T Y3 A A o
e Fa gvhe stde] gledl ofAL AMA=H
39 AZY Aol "Fe) ¢34 Wite A
A8 24 92Eelghe Add Wl 448 =2E
o2d, AF A24+5Y6 dste] AT Aol W
e ANES Azl e £34 w3l T8
A2z & ulrl Q=ke sH4ejv} (length-dependent
activation). o]g g s1A& Wk Euld w2 AEA
ZA7} gt (Parmley and Chuck, 1973; Allen et al,
1974; Jewell, 1974; Fabiato and Fabiato, 1975; Ridg-
way and Gordon, 1975). Taylor et al, 1975; Julian
et al, 1976; 2 Ade AE-E 4= B 4

oo

s Jft o2

dA A4 % glvl(Anderson et al, 1973; Manring

et al, 1975).

2 AL oelze] AR oAzl FHA M F
oL el AHAAAE el Astd B4 HFTE
&t A2 Aol Wzyl AFUE Wl &
A B A xe) Catt FEuded wE #5494
o uAE @aFe Bgn =y FFAsk vAE
= gsiglet

A& 1.0~1.5kgHE AEAE AYPFER AE3
dok, EvY BERE 1A LE Febg F FA4

5 2
AEe AR F8 49402 AFE 42349

o}, ALdlA 100% 0,2 HFPEL o F tris-gFEN
(NaCl 158, KCl 4,0, CaCl, 2.0, MgCl, 1.0, Tris
10.0, Glucose 5.6mM, pH 7.35)¢] Eolgle Fvl4
71 Wl A $-414& A FA (wet weight) 2mg
Wel, Aol smm FEHE FFZE AW Ao E &
SnR el AEnRste] 142k 7hek A SEAZ

e 35°C o4 3% CO~97% 0,8 Edtrig = 33
£ o]&a gl HCO--%% Tyrode-£°§ (NaCl 148,
KCl 4.0, CaCl, 2.0, MgCl, 1.0, Glucose 5, 6mM,
pH 7.30~7.35, NaHCO;2 & A)e] ey 44
Ag 47 (&% 1omh 2 AF 52 F4 584
2842w 2}y (isometric force transducer, Grass
FT-03)¢F 5323719 % & 42472 7187
(Device Aol dA st T84 F5FAA T4
BAE Edte AP FHu<$X (maximum rate of
tension development, dT/dt)& 7| &% 4 JE& A
el 308 AE FBAR F, =2}F7] (Grass S4)
2 Y 29 Axe, ASHE 30/ming A
ARFE A FAHLE Z] Aol E ko HA
Aol (Imax)E T3 o}A] o] AwjelA 3082k 354
72 5 AL Ak,

FFAGI FE5EFAE A sy Hste ¢
A4y {FTE 544 T45uEks] (Collins A ol
q2F =% 27 AR Lol 4EuPF 7
o A E AFgEtgel. 2e o] BH9 AdE
7} (82 sml)E 3P AL = 5~10ml/minE&ER
FFAE BFANEA HAHAE AR A ALE
AZstg e, ZEASH-E Aol 0.5¢ o1kl FE w
ARl 3M KC1-& A4 AFAge] 20MQ J 2
B AL Ee AT A= e Adskge. 49 49l
g4rh 10209 FlAAT AXEE1E B U
FEA e A B A7 = (Tektronix 564B, Advance
0S 2200) 8+ 7] 7] (Device A, Grass 7S Polygraph)
% Eote SFAgs B4 FETAL A4 E

9 5EFEE Jehile AR (mx)E 23
o] oA 10092 stz ZSDol: HAAY 95,
90; 85%% WIAR:, o)d) S Wil x|
E ¥3h) 58 2g FEE HIAAA FE5AHA 2
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Rabbit papillary muscle
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Fig. 1. A typical length-tension curve for peak
tension.
A; an experimental record
B; length-tension diagram of the A
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Fig. 2. Influence of stimulus frequency upon isometric tension and maximum
rate of tension development (dT/dt).
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Fig. 3. Force-frequency curve under steady state
conditions at optimal muscle length in ra-
bbit papillary- muscles. Each point shows
the mean+S.E.M. for pooled data from 8
preparations.
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Fig. 5. Length-tension curves under steady state
conditions at various stimulus frequencies

in rabbit papillary muscle.

Fig. 4. Effect of stimulus frequency on isometric tension and maximum rate
of tension development at various muscle lengths.



—e) 2] T3 A A14E A 2E 1980—

- C A0

vy
(=]
o

>
5]
£
B
= 2 Hz
H %
o
% S50 ¢ /A/—./O.SHZ
©
S o/
@ /A
3 &=
ol — .

85 90 95 100
Muscle length (% Lmax )

Fig. 6. Normalized length-tension curves at vari-
ous stimulus frequencies in rabbit papil-
lary muscle.
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Fig. 8. Dose-dependency of Ca-inotropism at opti-
mal muscle length in rabbit papillary
muscles. Each point shows the mean#S.
E:M. for pooled data from 9 preparations.

Fig. 7. Effect of external Ca on isometric tension and maximum rate of tension
development (dT/dt).
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Fig. 9. Influence of muscle length upon isometric tension and maximum rate
of tension development(dT/dt) at arious Ca concentrations.
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Fig. 13, Effect of stimulus frequency on membr-
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AZY Ael-A7 FAAN TAITIHY FAG R
sl og qtRA sleHF el AZAAE s 23
EE Aolell A s154Y o] EASHEy] whald, FTAZ
dlAe A A (Imx) o]stll A= A8 =53]
e Aoz A gt (Jewell, 1974). & Q&4
2y Erl HF2dAe Sl =5yl &
AHY 30% FE AAstm gow YAy 0%
ZAeolold SEAE el Vel Aty (Y 1),
ATl HAFAYe] Ak A4, F A fA=Es
w3, FA4el B Hd #H4A gout, SELY
o]l MRAAALE FolxA GmAL Hol-Fd T4Y
FAR-LLR Holzk 5 gly] dj ol A4 F2d o
FA Ao~ T4 A A4 &4
A Bl WS- g ge AEy e
FA S FAEE QA T FEL opx gie
oA TR el Y 54 BAYH A
Aol o, AEY Cat* FEof wel Fxut H&
3] s} FAgEe] Wk, & Ao AZolAqL Halzo]
a4 Az Catt 4mM Y A%, & 544 & 3

= AE
&



=7 A2 A4F {FF2AA =

4£TE 15%% Catte] a9EE=
and Lakatta, 1980).

oF 14]71 A Bowditch 7} Al 242 o] 2IA %0
= T3tz 2= X (frequency of stlmulatlon)c'ﬂ
w2} H 313 Al wlad A (Bowditch staircase, Trep-
pe, positive inotropic effect of activation=PIEA)
< ATE A4E o43td AN ARELe
EE SR AT v FEH AAoE 3] AF
FFZE o] L3 A3 w2 2F7A (interval of
stimulation) o] 300~10& A}o)ell = Ay urgo] W =
ol7k A ut, 6.3~0.5& Aolele AHo] FAd
St oAl 0.2&7+x] HE FstElR)
kel (Koch-Weser and Blinks, 1963). E7]¢] 4%
FFTe ol &3 £ 4845E uyg 2= 0.5Hz
(30/min) e]3tell A A 26 W W3} g2,
0.5Hz~3Hz (30~ 180/min) feleld 714 FA4F F
5k s Bgon 2 oAl e Fvt 4ol
ZulstgH (3" 2 % 3).

Aoz AFAAw E5Ad Y7 (plateau) ]
A71E Sl gAFE Catto] AZWR BolslAl H
ol FEFNES Sobeh ankg Az 2 Catt
ol o5 AAAl ek, 2y FEAG Az Ytk
Ao NEs}F FrMgd wel disug g 354
o Eolrhe Catte WES F7bdl wek gagch o
B Ca*t H9%L 579 Cott ADXET 45
FolBR FFUESF F7H] F kg QA F 2
3 5o Eo10F 57 Catt §4 % AEE 5
S ARdoL 7 Catt B FAH AR
W Ca** oko] Frtsw A A#w4e] 57kxlv}(Berne
and Levy, 1977). #HEA QE57F Soh57 AX
W 2E &40 BAREY o|Ae] ALY AL
2 4ARRAD, AL +58 379 244 7
Aoe2 ¥z goH, ]ELH Ca*™ fraloe A=
Ca** 2] 723 (intracellular calcium pool)e] Catt &
Aol Z7HEE Aol A3 z-l 7R L2 w3yt (Katz,
1977). AlkadAbel A B 4= 3 Q4 HEe
S A NES B A FAEEA B4
T Agelrh. ZHEE A3 4% EDAge] BEA
t}(Sonnenblick, 1962), £ QA 2o AFF LA
AAGES $EUES S0l do} wAdos 3
2, F3 $54 SEok webAA WYL LE
FA4g % 0.5 8 Hzolq 450249 3
4E7F 4 Aozt gle] #7 2.7 8 4.0g/mm?-sec o]
A2 sHz el A= 53 o] A6l 27 2103 16.0

S-Eol 9l = (Lappé

-

SAolel v Aty

48 AE 5 W

g/mm?-sec 2 TRt Aol E Bolx gleh.
+54 ¢ Wi e PR AT A=
AL Catt = wWsld] wel Ao|-AH FAo] &
A (Y 52 10) olald AL o] EY Es
7 Z8Relel A4t AS ez vk bl
Z5A0)et £34 (54 ) o] ATl e ﬂo#
-‘?—3'9:.} ZR QA A A4 —“JFH A1
2 a2 oeke o8l AeldlAg LARH L ﬂ
vﬂi] 8 %2 Ebd Aol-Fd FAEL fAdd FH
A" ( superlmposable) gdelok = 2E€A ¢+
(2% 6, 11). ol gt €& THZ It B4 A=
2 2AgdE 4L AASE FAS 2 Helvh
(Parmley and Chuck, 1973; Allen et al, 1974:
Jewell, 1977; Lakatta and Jewell, 1977).
AFAo R Aeol-Fd AL A=Y Fi, =l
A9 ok = 29 3]2H (sarcolemmal restoring
forces) & APyl Bl F= AA QxS
Qale] gdrla s34 =e] $hel(Sonnenblick and Skel-
ton, 1974), 2 A =ol9 85% ol AHE THA
ool AL 45 sH5a AN AAA AAEret
g SAdta, e FYsiE TRl AAAe
o4 85%HE Aol wEEuElr AUy ztist
10% olstel Ago] olalq WY THAldAE A
Aabge] z A2 FJH = =7 FLAAIL
ohd Aoz A= glvk(Gordon et al, 1966; Fab-
iato and Fabiato, 1975; Julian and Sollins, 1975:
Krueger and Pollack, 1975; Julian et al, 1976).

olshel Ael-Bd FAL 43yE wAs A
4 Agese AFIRE A3 AA 5w A%
o2 2E4E B4 HPol Aol aeq

]
e S A 4 Yok olEd e TR Aol
wsle] wE g 2bA W & 5T Wst
S8 A Qolvke gukdt wsE A¥E 7 iU
olok & o] F Zd M 4PA TAL B F
%A FAgFE TFTERYE Catt fElst
Z7lgtth &7} (Fabiato and Fabiato, 1975), Z-§7e]
b Ertg4E 2EE2dd Catt-AstEsL - SUbEE
(Endo, 1973; Krueger and Pollack, 1975). X3t &
%7 olel wel Ca*t f-¢] %o] &4 =k (Dulbunty and
Franzini-Armstrong, 1975; Ridgway and Gordon,
1975; Jewell, 1977).

Jdupd o2 A eyt SobekR &FAla Algke]
22 (Katz, 1977). 282 BFAG AL A=
W Catt Fxo AR A& v 3G (peak



— o g4 2] kel %]

tension) st =1-$- WAk FAL drb(d§4, 1978;
Boyett, 1978). Z2elvt £ 49 AL olete HHH
B AT B F21E4E 259 e Bt
HA9m =g 2%Ael7t BEI4E FEIHE A4
¢ 290, 2 s1AE obd Aol Eakakel(Gibbs
and Johnson, 1961; Edman and Johannsson, 1976).

=l =

E79] A A AET) 524, 35°C Tyrode
~§-°ﬁLH°ﬂ/<1 AgARE Ag3tget. AL E AH

b5 TRAele HA Al 85 90, 95% Aol W
A7 A A=Ay FAE Fagdeh. THRAL
AL FETY ZYs] 9FE wA vt B 9
shed, AR A X9 Catt HE Witz ZHE4
HE "E Y AR, Ael-FY Fdd mAE dFS

Bk, = ZFAg vebde diE fgsld
vhisl 2 A3 Q9.

1) Ae]-A% FA9 EA22L HAAoldA ¢
AA 54 el F4GY 30% = ARz, 3
Hzlel8 90% AolelA oln] TR ] el St
3t7] A zbEkgl

2) AAAoldlA FHFY-AE AAE 1 A
X 30~180/min ol A} 7HA FapAl A o] Fot
SR, ool | oolste] MEdAE At A
St

3) Aol-Fg FAL AFUES} FH4ESFS 23
I AEY Catt FE} FAYSE 2 HALES Fot
AAA, gAY Ael-AE FAFE d& 4 Y4
2, $E4He JPAAE Qg Eae Tgoldl
a2} el v}

4) HAHA A BAFE L 100%2
Y FAE zAE, AFUNE v,
B3 A, 48] FHAE do] oot

5 BEAY A7 595 Zrtd nvlel el o
U E5Aold At AolE g9, °P7§“-}24 ~‘€: +

Aozt etz

sta Ao~
Catt %
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