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mere length per se, was shown to be a determinant of
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We examined the effect of troponin I (TnI) phosphor-
lation by cAMP-dependent protein kinase (PKA) on
he length-dependent tension activation in skinned
at cardiac trabeculae. Increasing sarcomere length
hifted the pCa (2log[Ca21])–tension relation to the
eft. Treatment with PKA decreased the Ca21 sensitiv-
ty of the myofilament and also decreased the length-
ependent shift of the pCa–tension relation. Replace-
ent of endogenous TnI with phosphorylated TnI

irectly demonstrated that TnI phosphorylation is re-
ponsible for the decreased length-dependence. When
gATP concentration was lowered in the absence of
a21, tension was elicited through rigorous cross-
ridge-induced thin filament activation. Increasing
arcomere length shifted the pMgATP (2log[MgATP])–
ension relation to the right, and either TnI phosphor-
lation or partial extraction of troponin C (TnC) abol-
shed this length-dependent shift. We conclude that
nI phosphorylation by PKA attenuates the length-
ependence of tension activation in cardiac muscle by
ecreasing the cross-bridge-dependent thin filament
ctivation through a reduction of the interaction be-
ween TnI and TnC. © 2000 Academic Press

Key Words: myocardium; calcium sensitivity; tropo-
in I; cyclic AMP-dependent protein kinase; phosphor-
lation; sarcomere length; troponin C.

The Ca21 responsiveness of the myofilaments, one of
he important physiological determinants of cardiac
uscle contractility, change as a function of sarcomere

ength, as an intrinsic regulatory mechanism; stretch-
ng the skinned muscle preparation to a longer sarco-

ere length increases the Ca21 responsiveness of the
yofilaments (length effect) (1). The change in the

nterfilament lattice spacing, rather than the sarco-

1 To whom correspondence should be addressed. Fax: 181-3-3433-
279. E-mail: kajiwara@jikei.ac.jp.
104006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
he Ca21 responsiveness and Ca21 affinity of troponin C
TnC) in cardiac myofilaments (2). Thus, one possible

echanism for the length effect is that a stretch-
nduced reduction of the lattice spacing increases the
umber of attached cross-bridges, which increases the
a21 affinity of TnC and further facilitates active cross-
ridge formation (3–5). This cross-bridge-dependent
echanism is also supported by the studies using in-

act cardiac muscle preparations (6, 7).
On the other hand, it is widely accepted that

-adrenoceptor stimulation, one of the important ex-
rinsic regulatory mechanisms of cardiac muscle con-
raction, activates cyclic AMP-dependent protein ki-
ase A (PKA) due to an increase in the intracellular
AMP concentration. PKA phosphorylates troponin I
TnI), an inhibitory subunit of troponin, and decreases
he Ca21 responsiveness of the cardiac myofilament (8).
hus, it is an interesting and physiologically important

ssue how the length effect on the Ca21 responsiveness
s influenced when b-adrenoceptor is stimulated.

In the present study, we used chemically skinned
rabeculae of rats in order to investigate the possible
cross talk” between the two regulatory mechanisms
nvolving the Ca21 responsiveness (the sarcomere
ength-dependent regulation and the TnI phos-
horylation-dependent regulation), and also to gain an
nsight into the molecular mechanism of the length
ffect. Contractile force was produced by increasing the
a21 concentration ([Ca21]) (Ca21-activated tension) or
y lowering the MgATP concentration ([MgATP]) (rigor
ross-bridge-activated tension); the latter was pre-
umed to reflect direct activation of the thin filaments
y rigor cross-bridge formation (9). We studied the
oles of TnC and TnI in the length effect by using the
ollowing two methods: (i) replacement of intrinsic TnI
ith phosphorylated TnI by using a troponin exchange

echnique which exposed the preparation to an excess



amount of troponin T (TnT) (10, 11); (ii) selective
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xtraction of TnC by using a strong chelator for
he divalent cation, trans-1,2-cyclohexanediamine-
,N,N9,N9-tetraacetic acid (CDTA) (12). Possible mech-
nisms of the length effects on tension development
nd the “cross talk” in cardiac muscle are discussed in
elation to the interaction between TnC and TnI.

Some parts of the results have been reported in
bstract form (13, 14).

ATERIALS AND METHODS

Preparation of trabeculae. Male Wistar rats (body weight 240–
80g) were deeply anesthetized using pentobarbital (50 mg/kg i. p.),
nd the hearts were quickly excised. The isolated hearts were im-
ediately perfused in a retrograde fashion via the aorta with Ty-

ode’s solution containing bupranolol (b-blocker) (10 mM) and acetyl-
holine (1 mM). This procedure was essential to maintain a low basal
hosphorylation level of TnI. This is probably due to both dephos-
horylation of TnI by stimulation of muscarinic cholinergic receptors
15) and to the inhibition of the effects of endogenous catecholamines
y bupranolol. Trabeculae were then dissected from the right ven-
ricle and chemically skinned with 1% Triton X-100 for 1 h at 10°C.

Protocols for tension measurement. Both ends of the trabecula
diameter 0.11 6 0.01 mm, length 1–1.5 mm) were tied with silk
onofilaments and connected to a fixed hook and to the arm of a

ension transducer (BG-10, Kulite, NJ). Sarcomere length (SL) of the
reparation was initially adjusted to 1.9 mm by measuring the laser
iffraction lines in the relaxing solution continuously stirred in one
f 15 wells of a plastic plate (16). The solution surrounding the
reparation was quickly changed to a series of activating solutions
and back to the relaxing solution) by moving the plate horizontally.
a21 concentration in solutions was sequentially increased from pCa

2log[Ca21]) 7.0 to 4.8 in a cumulative manner, and then the prep-
ration was allowed to relax in the relaxing solution. For the TnI
eplacement experiment, the pCa-tension relation was measured
wice each at SL 1.9 mm and at 2.3 mm. For the measurement of
MgATP-tension relation, only one measurement run was carried
ut at each muscle length; data obtained in each experiment were
ccumulated and analyzed. The temperature of all solutions was
aintained at 20.0 6 0.2°C throughout the experiment.
In order to study the effect of PKA on the length-dependence of

ension development, the measurement of either pCa-tension rela-
ion or pMgATP-tension relation was repeated four times in each
reparation; the first run was at SL 1.9 mm and the second run was
t SL 2.3 mm before PKA treatment, and this procedure was repeated
fter PKA treatment. As to PKA treatment, the preparation was
athed in relaxing solution including PKA (with or without the PKA
nhibitor) after the second run for 1 h at 25.0 6 0.2°C (SL was
djusted to 1.9 mm). A similar protocol was employed for the TnI
eplacement experiment, which allowed a comparison of the length-
ependence in the same preparation.
Since slight damage of the preparation significantly influenced

ctive tension particularly after PKA treatment, we used prepara-
ions which preserved maximal developed tension after the PKA
reatment more than 80% of that before the PKA treatment at
ach SL.

TnC extraction and TnI replacement. Cardiac troponin subunits
ere prepared from both ventricles of rats as described by Tsukui
nd Ebashi (17), using FPLC ion-exchange column chromatography
s described previously (10). Purified TnI was dephosphorylated and
hosphorylated by PKA catalytic subunit as described previously
18).

TnI exchange was performed by the method described by Mori-
oto et al. (10). Briefly, the preparation was immersed in a solution
105
pH 6.0), 250 KCl, 4 EDTA, 0.5 DTT (dithiothreitol), and 1.0 mg/ml
urified TnT with continuous stirring for 60 min at 25°C. The prep-
ration was then reconstituted with purified TnI (phosphorylated or
ephosphorylated TnI), and TnC at 25°C for 40 min in the relaxing
olution containing 0.5 mg/ml of each protein.
Endogenous TnC in the preparation was extracted using CDTA

reatment using the method by Morimoto and Ohtsuki (12). The
reparation was incubated in a solution containing (mM) 40 Tris, 5
DTA for 20 min at room temperature. The CDTA-treated prepara-

ion was then reconstituted with TnC in the relaxing solution con-
aining 0.5 mg/ml purified TnC for 1 h at 20°C.

Tension data and statistical analysis. At each sarcomere length,
he measured tension was normalized to the maximal tension ob-
ained in each measurement. The relationship between relative ten-
ion and pCa in each preparation was fitted by non-linear least-
quares regression to a Hill equation: relative force 5 [Ca21]nH/
KnH 1 [Ca21]nH), where nH is the Hill coefficient and K is the [Ca21]
hich gives half maximal tension. Tension at each pCa was normal-

zed to that produced at pCa 5.1 (the maximal tension). To fit the
ata of pMgATP-tension relation, a similar equation was used: rel-
tive force 5 [MgATP]nH/(KnH 1 [MgATP]nH). Tension was normal-
zed to that produced at pMgATP 6.0 (maximal tension). The pCa or
MgATP value at 50% relative force (5 2logK) was then calculated.
ased on average values for nH and pCa50 (or pMgATP50) of each
ata set, a sigmoidal curve was drawn, which is shown in Figs. 1–4.
he measured values were expressed as mean 6 standard error of
he mean (S.E.M.). For statistical analysis in the case of pCa-tension
elation, paired Student’s t-test was employed with the significance
evel set at P , 0.05, but in the case of pMgATP-tension relations,
npaired Student’s t-test was used.

Solutions. The concentrations of all solutions used for skinned
reparations were calculated using the equilibrium constants re-
orted by Martell and Smith (19), for pH 7.10 at 20°C. Ionic strength
as adjusted to 0.2 M using KMS (methanesulfonic acid potassium

alt). Solutions with various [Ca21] contained (mM) 0–10 CaMS2

methanesulfonic acid calcium salt), 10 EGTA, 20 PIPES
piperazine-N,N9-bis (2-ethanesulfonic acid)), 3.5 MgATP, 1.0 free

g21, 10 creatine phosphate, and 10 units/ml creatine phosphoki-
ase. In the calculation of free Ca21, the apparent dissociation con-
tant of EGTA for Ca21 was set at 1026.4 M (16). Solutions for various
gATP concentrations contained (mM) 10 EGTA, 20 PIPES, 0–4.8
gATP, 1.0 free Mg21, 10 creatine phosphate, and 150 units/ml

reatine phosphokinase; high concentration of creatine phosphoki-
ase was used to maintain the ATP regeneration system and to
inimize the accumulation of ADP.
The solution used for PKA-dependent phosphorylation (PKA solu-

ion) was similar to that reported by de Tombe (20); (mM) 0.5 EGTA,
0 PIPES, 10 MgMS2, 10 creatine phosphate, 8.2 MgATP, 6 DTT,
nd 1 unit/ml PKA catalytic subunit, pH 6.8 adjusted with KOH
ionic strength 0.2 M). To inhibit the PKA activity, 2 units/ml protein
inase inhibitor (type III, from porcine heart, Sigma) was added to
he PKA solution.

The solution for either tension activation or PKA treatment was
sed within a month.

ESULTS

ffects of Sarcomere Length and TnI Phosphorylation
on pCa-Tension Relation

Figure 1 shows the effects of PKA treatment on the
Ca-tension relation. The PKA treatment shifted the
Ca-tension relation to the right (desensitization of the
yofilaments) at both short (1.9 mm) and long (2.3 mm)
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Ls, but the shift was significantly larger at SL 2.3 mm
Fig. 1a). As a result, the length-dependent shift of the
elation was diminished by the PKA treatment; the
hange in the pCa50 by lengthening (DpCa50) was
ignificantly reduced by the PKA treatment (Fig. 1c
nd Table 1). These effects of PKA were strongly in-
ibited by the addition of a PKA inhibitor (Figs. 1b and
c, see also Table 1). On the other hand, PKA treat-
ent had no significant effects on the maximal Ca21-

ctivated tension at both SLs; (control vs. PKA-treated

FIG. 1. Effects of PKA treatment in the absence (a) or in the
resence (b) of PKA inhibitor on pCa-tension relation. The skinned
reparations were incubated in the relaxing solution containing PKA
atalytic subunit (1 unit/ml) with or without PKA inhibitor (2 unit/
l) for 1 h at 25°C. In (a) and (b), symbols represent means of data

btained from 4–7 preparations at SL 2.3 mm (E, F, ■) and at 1.9 mm
‚, Œ, �). Tension is normalized to that produced at pCa 5.1 (maxi-

al tension). Based on average values for nH and pCa50 of each data
et shown in Table 1, sigmoidal curves are drawn. (c) Summary of the
ength-dependent shift of pCa50 (DpCa50). Each bar represents

ean 6 S.E.M. Left, control preparations (n 5 7); middle, PKA-
reated preparations in the absence of inhibitor (n 5 7); right, in the
resence of PKA inhibitor (n 5 4). *P , 0.05 compared with control
t-test); NS, not significant.
106
n 5 7), and 149.5 6 16 and 144.9 6 2.5 mg at 2.3 mm
n 5 7).

PKA is known to phosphorylate myosin binding pro-
ein C (MyBP-C) as well as TnI. Therefore, in order to
liminate the possible involvement of MyBP-C phos-
horylation in the PKA-dependent decrease in the
ength effect demonstrated in Fig. 1, TnI replacement

ethod was employed in Fig. 2. In this experiment,
ndogenous TnI was replaced by dephosphorylated or
hosphorylated TnI. After being maximally activated
t pCa 4.5 and relaxed in the relaxing solution, the
reparation was brought into rigor state in the ATP-
ree solution under acidic and high ionic strength con-
itions (see Materials and Methods). Addition of an
xcess amount of TnT released intrinsic TnI and TnC
rom the preparation, shown as labelled “2(TnI, TnC),”
hich was due to the replacement of endogenous TnT-
nI-TnC complex with exogenous TnT. Extraction and
econstitution of TnI and TnC was proved by the fol-
owing observation: (i) nearly maximal tension was
roduced even in the relaxing solution; (ii) TnC extrac-
ion also resulted in the loss of Ca21-dependence of
ension activation, which was shown as a slight Ca21-
ctivated tension at pCa 4.5; (iii) reconstitution of TnI
by phosphorylated or dephosphorylated TnI, “1TnI”)
ompletely suppressed tension development even at
Ca 4.5; (iv) Further reconstitution of TnC (“1TnC”)
estored more than 90% of the Ca21-activated tension
t pCa 4.5; (dephosphorylated TnI vs. phosphorylated
nI), 88.6 6 8.9 and 85.6 6 5.2 mg at 1.9 mm (n 5 5),
nd 138.3 6 18.2 and 131.4 6 4.3 mg at 2.3 mm (n 5 5).
uccessful reconstitution of troponin subunits by the
resent protocol has previously been demonstrated by
n SDS–PAGE analysis (12). Immunoblot analysis of
he dephosphorylated or phosphorylated TnI with an-
ibodies against phosphoserine has also previously
een carried out (18), confirming the phosphorylation
nd dephosphorylation of the TnI used for reconstitu-
ion. Also confirmed that the striation uniformity or
verall structural integrity of the preparations was
ell preserved throughout the experiment. The pCa-

ension curve measured after TnI replacement clearly
howed that the phosphorylation of TnI caused a right-
ard shift of the relation and also diminished the

ength-dependent shift of the relation (Fig. 2b, see also
able 1). Qualitatively similar length effects in the
KA treatment and in the direct exchange of phosphor-
lated TnI into the preparation strongly suggest that
nI phosphorylation is responsible for the diminution
f the length-dependence of the pCa-tension relation.

ffects of Sarcomere Length and TnI Phosphorylation
on pMgATP-Tension Relation

In order to study whether the cross-bridge-
ependent thin filament activation is related to the
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ength-dependent shift of the pCa-tension relation af-
er TnI phosphorylation, we studied the length effects
n tension development induced by rigor cross-bridges;
MgATP-tension relation was constructed for this pur-
ose as described under Materials and Methods (Fig.

Summary of the Mean Values (6S.E.M.) of pC
and DpMgATP50 Obtained from the Data

Treatment

pCa50

DpCa50

nH

1.9 mm 23 mm 1.9 mm 2

ontrol 5.72 6 0.02 5.87 6 0.04 0.15 5.66 6 1.02 5.29
KA 5.62 6 0.02* 5.72 6 0.01* 0.10* 6.39 6 0.75 5.29
KA 1 inhibitor 5.69 6 0.02 5.83 6 0.01 0.14 5.25 6 0.58 5.30
ephosphorylated
TnI 6.20 6 0.10* 6.40 6 0.10* 0.20* 1.57 6 0.58* 1.65

hosphorylated
TnI 6.11 6 0.10* 6.14 6 0.11* 0.03* 2.57 6 0.34* 2.69

TnC

Note. PKA, after PKA treatment; inhibitor, in the presence of the
ith dephosphorylated TnI; phosphorylated TnI, intrinsic TnI was
xtracted.
*P , 0.05 compared with control (t test).

FIG. 2. Effect of TnI reconstitution on length-dependent shift of
Ca-tension relation. Skinned preparations were treated with puri-
ed TnT (1.0mg/ml) for 1 h at 25°C and reconstituted with phosphor-
lated or dephosphorylated TnI (0.5mg/ml) and TnC (0.5mg/ml) for
0 min at 25°C. (a) Tension record during the TnI replacement
xperiment. 2(TnI, TnC), TnT treatment in the rigor solution; 1TnI,
econstitution with TnI in the relaxing solution; 1TnC, reconstitu-
ion with TnC in the relaxing solution. (i) The preparation was
mmersed in the relaxing solution. (ii)–(iv) The preparation was
ncubated in the activating solution (pCa 4.5). (b), pCa-tension rela-
ion at SL 1.9 mm (‚, Œ) and SL 2.3 mm (E, F) after replacement with
ephosphorylated TnI (F, Œ, n 5 4) or phosphorylated TnI (F, Œ,
5 4).
107
). Lengthening of the control preparation caused a
ightward shift of the relation, indicating that the sar-
omere length directly influenced the activation of the
hin filament even in the absence of Ca21. TnI phos-
horylation by PKA shifted the relation to the left at
L 2.3 mm, but did not cause a shift at SL 1.9 mm. As
result, the length effect was diminished after the

KA treatment (Fig. 3, see Table 1). Maximal tension
ue to the activation of the rigor cross-bridge (42.3 6
.7% of the maximal Ca21-activated tension at SL 2.3
m) was not significantly altered by the PKA treat-
ent at both SL, as in the case of the tension activated

y Ca21 (data not shown).

ffects of TnC Extraction on pMgATP-Tension
Relation

The contribution of TnC to the length effect was then
ssessed using the preparations in which TnC was
electively extracted (Fig. 4). After the treatment with
DTA, the maximal Ca21-activated tension (pCa 4.5)
as greatly reduced to approximately 10%, suggesting

hat the major portion of TnC was extracted with this
rocedure (Fig. 4a). TnC reconstitution restored the
aximal Ca21-activated tension to approximately 70%

f the initial level before extraction. When the effects of
nC extraction on the pMgATP-tension relation were
xamined, an effect similar to the case of PKA treat-
ent was found (Fig. 3); i.e., a larger leftward shift of

he relation at the longer SL and diminution of the
ength effect (Fig. 4b, see Table 1). These results indi-
ate that TnC-TnI interaction plays an important role
n the cross-bridge-dependent thin filament activation
nd that the phosphorylation of TnI by PKA may alter
he interaction between TnI and TnC to cause an effect
imilar to that exerted by TnC extraction on the length
ependence.

0, pMgATP50.nH (Hill Coefficient), DpCa50,
Figs. 1–4 by Fitting to the Hill Equation

pMgATP50

DpMgATP50

nH

m 1.9 mm 23 mm 1.9 mm 23 mm

0.64 5.40 6 0.03 5.28 6 0.03 0.12 4.66 6 1.08 5.09 6 1.51
1.22 5.39 6 0.06 5.39 6 0.06* 0.00* 5.83 6 0.99* 6.53 6 1.21
0.26

0.67*

0.31*
5.45 6 0.10 5.42 6 0.02* 0.03* 6.03 6 1.25* 4.15 6 0.73

A inhibitor; dephosphorylated TnI, intrinsic TnI was reconstituted
laced with phosphorylated TnI; 2TnC, intrinsic TnC was partially
a5
of
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ISCUSSION

The main findings of the present study are the fol-
owing: (i) the length-dependence of the Ca21-
ensitivity of the contractile elements (measured as a
hift in pCa-tension relation) was diminished by TnI
hosphorylation, (ii) the rigor cross-bridge-activated
ension was also influenced by muscle length, observed
s a shift in the pMgATP-tension relation, and this
ength-dependence was greatly reduced by TnI phos-
horylation or by partial extraction of TnC. We used
wo different methods to prove the effects of TnI phos-
horylation in skinned preparations. First, TnI was
hosphorylated in situ by the addition of PKA. Second,
ndogenous TnI was substituted with phosphorylated
r dephosphorylated TnI by using a technique which
eplaces endogenous troponin with exogenous troponin
ith excess TnT treatment. Although PKA phosphor-
lates myofibrillar proteins other than TnI, such as
yBP-C, the results obtained with the two methods

howed a qualitatively similar length-dependent shift
n the pCa-tension relation, indicating that the contri-
ution of the phosphorylation of proteins other than
nI to the alteration in the length effect is minor.
Our interpretation regarding the mechanism of TnI

hosphorylation effects is the following. A short seg-
ent of fast skeletal TnI, which is bound to the actin-

ropomyosin (Tm) filament in the absence of Ca21, has
een found to be primarily responsible for the inhibi-
ory effect of TnI and is often called the “inhibitory
egion” (21). The inhibitory region of TnI is generally
onsidered to act as a molecular switch for muscle
ontraction; complex formation of the TnI inhibitory
egion and C-terminal domain of TnC displaces the

FIG. 3. pMgATP-tension relation at SL 1.9 mm (‚, Œ) and SL 2.3
m (E, F) in the control (solid lines) and the PKA-treated (dashed

ines) preparations. The rigor cross-bridge-induced tension was mea-
ured with control or PKA-treated skinned preparations by lowering
gATP concentration. Lengthening sarcomere from 1.9 to 2.3 mm

ignificantly shifted the pMgATP-tension relation to the right before
KA application (control) (‚, E, n 5 4). The length-dependent shift
f the relation was diminished after PKA treatment (1PKA) (Œ, F,

5 4). Tension is normalized to that produced at pMgATP 6.0
maximal tension). Based on average values for nH and pMgATP50
f each data set shown in Table 1, sigmoidal curves are drawn.
108
lament, leading to the activation of contraction (22).
hus, the rightward shift of the pCa-tension relation

Fig. 1) and the leftward shift of the pMgATP-tension
elation (Fig. 3) caused by TnI phosphorylation might
e explained by the enhancement of the inhibitory
ction of TnI on the thin filament, which is due to an
nterruption of the interaction between the inhibitory
egion of TnI and the C-terminal domain of TnC. An
ncrease in sarcomere length decreases the distance
etween the thick and thin filaments (3–5), which in-
reases the probability of the cross-bridge attachment
o the thin filament. Then, attached cross-bridges ac-
ivate the thin filament and further facilitate the acti-
ation of neighboring cross-bridges (23), leading to
ooperative development of larger tension. Phosphory-
ation of TnI or extraction of TnC is considered to
nhance the inhibitory effect of TnI on the thin fila-
ent as described above; this in turn could antagonize

he lengthening-induced thin filament activation, i.e.,
he enhancement of the cross-bridge formation, result-
ng in the decrease in the length effect.

In contrast to the present study, previous studies
sing skinned trabeculae of cardiac muscles showed
hat TnI phosphorylation by PKA had no effects on the
ength-dependent shift of the pCa-tension relation (24).

FIG. 4. Effects of TnC extraction on the length-dependent shift of
MgATP-tension relation. For TnC extraction, skinned preparations
ere incubated in a solution containing 5 mM CDTA for 20 min at
5°C. Then, rigor cross-bridge activated-tension was measured in the
bsence of Ca21. (a), chart recordings showing Ca21-activated tension
btained from a preparation before CDTA treatment (left), after
DTA treatment (middle), and after reconstitution with TnC (right).

b), pMgATP-tension relation at SL 1.9 mm (‚, }) and SL 2.3 mm
E, L) in the control preparations before CDTA treatment (solid
ines, n 5 4), and the TnC-extracted preparations after CDTA treat-

ent (dashed lines, n 5 4).
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erences in the treatment procedure of the heart during
issection. We treated the excised heart with buprano-
ol (a b-blocker) and acetylcholine (see Materials and

ethods). In experiments without this treatment, a
uch smaller shift was observed in the pCa-tension

elation after PKA treatment, suggesting that signifi-
ant phosphorylation may occur during the time of
acrifice of the animal and dissection probably due to
ndogenous catecholamines. In addition, it was re-
ently reported that PKA treatment enhanced the
ength effect in murine skinned single myocytes (25),
hich was judged by measuring Ca21 concentration

expressed as mM) required for a half maximal tension
evelopment. However, if the Ca21 concentrations ex-
ressed as mM in the report are converted to pCa unit,
he changes in pCa50 at different sarcomere lengths
efore and after PKA treatment are not significantly
ifferent, or rather just the same. Thus, the interpre-
ation of the result is not straightforward and the re-
ult is not conclusive.
It was reported that the length-dependent shift of

he pCa-tension relation of tetanic contraction mea-
ured in aequorin-injected ferret papillary muscles is
nhanced by b-adrenoceptor stimulation (26). Two es-
ential experimental conditions, however, are different
etween the aequorin experiment and the present
tudy; intact or skinned preparation and ferret or rat.
e measured the length-dependent shift of pCa-

ension relation using skinned ferret trabeculae as in
he case of the present experiment. The PKA treatment
ecreased the length-dependent shift of pCa-tension
elation (5 experiments, unpublished data) similar to
he present result. Therefore, skinned preparations of
ats and ferrets show qualitatively similar results re-
arding the effect of PKA on the length-dependence of
he Ca21 responsiveness. Thus, the difference of prep-
ration (intact or skinned preparation) may be critical
or explaining the different results. Furthermore, the
rocedure for the measurement of pCa-tension relation
n intact preparations; intracellular Ca21 concentration
nd tension in intact preparations were measured at
ach extracellular Ca21 concentration one by one, but
Ca-tension relation in skinned preparations was mea-
ured by cumulatively applying Ca21 solutions. Fur-
her investigation are required to clarify whether these
ifferences in preparation and experimental procedure
re substantial for explaining the results in intact and
kinned preparations.
In summary, the present study demonstrated that TnI

hosphorylation diminished the length-dependence of
a21-activated tension (pCa-tension relation), and both
nI phosphorylation and partial TnC extraction also di-
inished the rigor cross-bridge-activated tension

pMgATP-tension relation) in skinned cardiac trabecu-
ae. These results indicate that the interaction between
nC and TnI play an important role in the cross-bridge-
109
trong evidence that TnI phosphorylation by PKA de-
reases the length effect on the tension activation in
yocardium by reducing this interaction between TnI

nd TnC.
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