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Abstract

Previously we showed in an in situ porcine model that the thiadiazinone derivative [+]EMD 60263, a Ca2+ sensitizer without
phosphodiesterase III inhibitory properties, increased contractility more profoundly in stunned than in non-stunned myocardium.
This finding was consistent with the observed leftward shifts of the pCa2+/Mg2+-ATPase curves of isolated myofibrils induced
by [+]EMD 60263. The aim of the present investigation was to study the possible involvement of protein kinase C in the
mechanism of reduced Ca2+ responsiveness of myofilaments during stunning. No differences were observed in the maximal
activity of the Ca2+-stimulated Mg2+-ATPase and in the pCa

50
 of myofibrils isolated from non-stunned and stunned myocardium.

After phosphorylation with [gamma-32P]-ATP and excess of purified rat brain protein kinase C, the myofibrils were separated
on sodiumdodecylsulphate-polyacrylamide gelectrophoresis and the 32P incorporation counted by the Molecular Imager. Ca2+/
phosphatidylserine/sn-1,2 diolein-dependent 32P incorporation catalyzed by excess of purified rat brain protein kinase C in
C-protein, TnT and TnI subunits did not show any differences between myofibrils from non-stunned and stunned myocardium.
However, protein kinase C-induced phosphorylation of myofibrils isolated from ventricular myocardium of sham-operated
pigs resulted in a marked leftward shift of the pCa

50
 from 6.03 ± 0.04 to 6.44 ± 0.06 (p < 0.05), while porcine heart cyclic

AMP-dependent protein kinase-induced phosphorylation resulted in an expected small rightward shift to 5.97, although
statistical significance was not reached. Protein kinase C-induced phosphorylation also stimulated (80%) the maximal
myofibrillar Mg2+-ATPase activity. [+]EMD 60263 (3 µM) produced a leftward shift of the myofibrillar pCa2+/Mg2+-ATPase
curve which was unaffected by prior protein kinase C-induced phosphorylation. In conclusion, the findings with isolated
myofibrils from myocardium of anaesthetized open-chest pigs indicate that protein kinase C might be involved in the mechanism
of reduced Ca2+ responsiveness of myofilaments in stunned myocardium. However, at this stage no differences could be found
between the maximal activity of the Ca2+-stimulated Mg2+-ATPase, the pCa

50
 and the degree of phosphorylation of myofibrils

isolated from stunned and non-stunned myocardium. (Mol Cell Biochem 176: 211–218, 1997)
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Introduction

Stunned myocardium is defined as reversible contractile
dysfunction in heart muscle reperfused after a period of
ischemia which does not produce irreversible damage [1].
Despite numerous efforts, the cellular mechanism of
myocardial stunning is not fully understood [2–16]. Stunned
myocardium remains responsive to positive inotropic agents
such as catecholamines [2], increased extracellular Ca2+

concentration [3], phosphodiesterase III (PDE III) inhibitors
(e.g. AR-L 57) [4] and the so-called Ca2+ sensitizers (e.g.
thiadiazinone derivatives [+]EMD 57033 [5] and [+]EMD
60263[6]). In the past the origin of force impairment in
stunned myocardium has been approached by studying e.g.
the Ca2+ transient that occurs during each cardiac cycle, the
responsiveness of the contractile apparatus to Ca2+ and the
maximal Ca2+ activated force [7–10]. A common finding is
that Ca2+ transients are not decreased in stunned myocardium
[9]. Instead, based upon evidence obtained from studies using
Ca2+ indicators [7, 11, 12], measuring the rate of the sarco-
plasmic reticulum Ca2+ pump [13], administration of Ca2+

sensitizers [6, 14] and measuring the Ca2+ sensitivity of
isometric tension in skinned myocytes [15, 16] more attention
is now directed to determining the nature and the origin of
decreased myofilament Ca2+ responsiveness in stunned
myocardium. For instance, recently we showed in an in situ
porcine model that the thiadiazinone derivative [+]EMD
60263 increased contractility more profoundly in stunned
than in non-stunned myocardium [6]. Subsequently, we
demonstrated that [+]EMD 602363, at concentrations (1–
3 µM) close to the effective plasma concentrations in the
in situ porcine model, sensitizes Mg2+-ATPase of isolated
porcine cardiac myofibrils to Ca2+ and had no effect on the
Ca2+ stimulated Mg2+-ATPase of isolated porcine cardiac SR
membrane vesicles [17]. On the other hand, it has been shown
that the maximal rate of myofibrillar ATP hydrolysis of
isolated myofibrils is not affected during stunning in the
rabbit heart [18].

Decreased Ca2+ responsiveness of myofilaments normally
functions as a negative feedback mechanism and contributes
to the increased relaxation rate of beating heart under the
influence of β-adrenergic stimulation [19]. This effect occurs
primarily through cyclic AMP-dependent protein kinase
(PKA)-mediated phosphorylation of the myofibrillar troponin
I (TnI) subunit resulting in a reduced affinity of troponin C
(TnC) for Ca2+ [19]. Another important signalling enzyme,
protein kinase C (PKC), also plays a role in cardiac physi-
ology although its precise function is not fully understood.
Controversial findings are reported concerning phorbolesters,
potent and long acting PKC activators, which when applied
to intact cells enhanced myofilament Ca2+ sensitivity [20, 21]
but produced a decrease in permeabilized cardiac muscle
[22]. Evidence is emerging that certain isoenzymes of PKC

become activated during ischemia (and reperfusion) [23–25].
However, the complex molecular events by which PKC (or
more precisely, one of the individual isozymes) modulates
cardiac contractility remains unclear [26]. Potential phos-
phorylation targets for PKC are present in the contractile
apparatus itself as in in vitro experiments the subunits C-
protein, troponin T (TnT), TnI and myosin light chain-2 of
myofibrils from rat and guinea pig myocardium have been
shown to be substrates for PKC [26–30]. However, the
consequences of these PKC-induced phosphorylations are
currently unclear [27–29].

In the present study we first investigated the Ca2+ respon-
siveness of the Mg2+ ATPase of myofibrils isolated from
stunned and adjacent non-stunned myocardium in the in situ
porcine model. Subsequently, we tested the hypothesis that
changes in Ca2+ responsiveness of the Mg2+ ATPase of
myofilaments are related to the degree of PKC-induced
phosphorylation. To examine this, we backphosphorylated
the C-protein, TnT and TnI subunits of isolated myobrils from
stunned and adjacent non-stunned porcine myocardium in
vitro with excess amounts of PKC purified from rat brain
in the presence of [gamma-32P]-ATP and recorded the 32P-
incorporation in the electrophoretically separated bands. We
also determined the effect of in vitro phosphorylation of
isolated myofibrils by excess of PKC or PKA on the respon-
siveness of the Mg2+-ATPase to Ca2+. Moreover, we studied
the effect of the [+]EMD 60263 on the responsiveness of
myofibrillar Mg2+ -ATPase to Ca2+ before and after pretreat-
ment with purified rat brain PKC.

Materials and methods

Materials

Leupeptin, aprotinin, pepstatin and the purified catalytic
subunit of PKA (from porcine heart), phosphatidylserine PS
and sn-1,2 diolein (DG) were obtained from Sigma Chemical
Company (St Louis, USA). Purified rat brain PKC (0.08 U/
ml) was obtained from Boehringer (Mannheim, Germany).
Sodiumdodecylsulphate-polyacrylamide gelelectrophoresis
(SDS-PAAGE) molecular weight standards were obtained
from Bio-Rad Laboratories (California, USA). [Gamma-32P]-
ATP (150 Tbqmmol–1) was obtained from Amersham Inter-
national plc. (Amersham, UK). The pure enantiomer [+]EMD
60263 (5-[1-(α-ethylimino-3,4-dimethoxybenzyl)-1,2,3,4-
tetrahydro-6-quinolyl]-6-methyl-3,6-dihydro-2H-1,3,4-
thiadiazin-2-one) was supplied by E. Merck, Darmstadt,
Germany. Stock solutions (0.2 mM) of [+]EMD 60263 were
made in distilled water and prepared on the day of the
experiment. All other chemicals were obtained from either
E. Merck (Darmstadt, Germany), Boehringer (Mannheim,
Germany) or Sigma Chemical Company (St Louis, USA).
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Myofibrillar preparation

Regional stunned myocardium was induced in 4 anesthetized
open-chest pigs (cross-bred Landrace × Yorkshire pigs of
either sex) in the distribution territory of the left anterior
descending coronary artery (LADCA) by two sequences of
10 min coronary artery occlusion and 30 min of reperfusion.
After the second reperfusion period myofibrils were isolated
from the stunned myocardium. Non-stunned myocardium
was obtained from the distribution territory of the left
circumflex coronary artery (LCXCA). For details on this in
situ porcine model the reader is referred to [6]. For the
experiments in which we examined the effect of PKC or
PKA-induced phosphorylation on pCa/Mg2+ATPase activity
relationship, myofibrils were isolated from ventricular
biopsies taken from sham-operated pigs. The cardiac muscle
specimens (about 3 g) were minced, mixed with 4 volumes
10 mM NaHCO

3
 and 1 mM dithiothreitol (DTT) and homo-

genized with a Polytron PTX 10 (Kinematica GmbH, Luzern,
Switserland). The homogenate was centrifuged at 9000 g

av

and 4°C for 20 min, after which the pellet was removed and
the supernatant was centrifuged for another 20 min at 9000
g

av
. From the combined pellets the myofibrils were purified

according to the method described by Murphy and Solaro
[31]. Briefly, the pellets were resuspended in 4 volumes
solution containing 10 mM ethylene glycol bis(β-amino-
ethylether) N,N,N′,N′-tetraacetic acid (EGTA), 8.2 mM
MgCl

2
, 14.4 mM KCl, 60 mM imidazole (pH 7.0), 5.5 mM

ATP, 22 mM creatinephosphate, 10 U.ml–1 creatine kinase,
1% Triton X-100, 5 µg.ml–1 leupeptin, 10 µg.ml–1 pepstatin,
10 µg.ml–1 aprotinin, 1.7 mg.ml–1 phenylmethane-sulfonyl-
fluoride (PMSF) in a glass-Teflon homogenizer, and left on
ice for 30 min before the suspension was centrifuged for
15 min at 1100 g

av
. The supernatant was discarded and the

myofibrillar pellet washed twice with 2 volumes of 30 mM
KCl, 30 mM imidazole (pH 7.0) and 2 mM MgCl

2
, before

being resuspended in the washing-buffer containing addi-
tionally 50% (v/v) glycerol up to a protein concentration of
10 mg.ml–1. The myofibrillar suspension was stored in
aliquots at –80°C. Possible cross-contamination of isolated
myofibrils by sarcoplasmic reticulum membranes was
excluded by testing the effect of thapsigargin (1 µM), a
specific inhibitor of the sarcoplasmic reticulum Ca2+ pump,
on the Ca2+-stimulated Mg2+-ATPase [17]. Myofibrillar
protein content (yield was about 20 mg protein/g myo-
cardium) was determined with the method of Bradford [32].

Backphosphorylation of isolated myofibrils by excess of
PKC and PKA

The reaction mixture for backphosphorylation of isolated
myofibrils by PKC contained 50 mM Tris/HCl (pH 7.0), 10

mM MgCl
2
, 10 mM DTT, 10 mM NaF (for inhibition of

endogenous phosphoprotein-phosphatases), 1 mg.ml–1 bovine
serum albumin, 500 µM CaCl

2
, 1.6 mg.ml–1 PS, 0.4 mg.ml–1

DG, 0.2 mU.ml–1 purified rat brain PKC and 2–4 mg.ml–1

myofibrils. Myofibrils were pretreated with purified porcine
heart PKA in the same reaction mixture after replacing Ca2+,
PS and DG by 20 µM cyclic AMP. The phosphorylation
reactions were initiated by addition of 4 mM ATP and carried
out at 30°C for 1 h. Every 15 min, additional 4 mM ATP was
added to avoid depletion of ATP by the myofibrillar Mg2+-
ATPase. Control (not phosphorylated) myofibrils were
treated similarly, except for the repeated additions of ATP.
Reactions were terminated by washing the myofibrils twice
(each time centrifuged at 1100 g

av
 at 4°C for 10 min) with

resuspension buffer containing 50 mM Tris/HCl (pH 7.0),
10 mM MgCl

2
, 10 mM DTT and 1 mM NaF. Finally, the myo-

fibrils were resuspended in 1 ml resuspension buffer. The
pCa/Mg2+-ATPase activity relationship was always measured
immediately after the phosphorylation.

To determine the specific 32P incorporations into C-protein,
TnT and TnI subunits of myofibrils, reactions were run in
parallel to those described in which every 15 min, instead of
4 mM ATP, 0.2 mM [gamma-32P]-ATP (0.2 Tbqmmol–1) was
added. These reactions were terminated with stopmixture
(0.3 M Tris/HCl (pH 7.0), 5 % SDS, 20% glycerol, 2.5 M
β-mercaptoethanol and 0.006% phenolred as tracking dye
for the electrophoresis) and the labelled myofibrillar
proteins (6 µg/well) were separated on 10–20% gradient
SDS-PAAGE as described in ref. [33] and the 32P incorpora-
tion into C-protein, TnT and TnI bands on the vacuum-dried
gel counted in the Molecular Imaging System (GS-363)
(BioRad Laboratories, California, USA). Due to the low
amount of PKC-induced incorporation, particularly into TnT
and TnI, large quantities of myofibrillar protein had to be
poured into the electrophoresis-wells for accurate determi-
nation of 32P incorporation which resulted in more diffuse
bands.

Assay of the Mg2+-ATPase

The ATPase activities of phosphorylated or not-phosphory-
lated myofibrils were determined by measuring formation of
P

i
 according to the method of Lanzetta et al. [34]. Briefly,

aliquots of the myofibrillar suspension were thawed and the
glycerol-containing storage buffer was removed by centrifu-
gation at 2000 g

av
 and 4°C for 15 min. The myofibrillar pellet

was washed twice with 60 mM KCl, 30 mM imidazole and 2
mM MgCl

2
, pH 7.0 and finally resuspended in a solution

containing 60 mM KCl, 30 mM imidazole (pH 7.0), 2 mM
MgCl

2
, 1 mM DTT and 1.7 mg.ml–1 PMSF. Myofibrils (40

µg protein) were incubated at 30°C in a total volume of 200
µl solution containing 60 mM KCl, 2.5 mM MgCl

2
, 1 mM
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DTT, 25 mM MOPS, pH 7.0, 2 mM EGTA, 2 mM ATP, 5 mM
NaN

3
 and various amounts of Ca2+. Different levels of free

Ca2+ were achieved by varying the Ca2+/EGTA ratio, keeping
the total EGTA concentration constant. Free Ca2+ in the buffer
was calculated using Fabiato’s SPECS computer program
[35, 36].

Statistics

The results are presented as mean ± SEM. The pCa-Mg2+

ATPase data were fitted to a sigmoid function by nonlinear
regression analysis. The data were normalized to maximum
activity, after subtracting basal ATPase activity and fitted to
the Hill equation (P = P

o
/(1 + Q/[Ca2+]n) in which P

o
 is the

maximal Ca2+-stimulated Mg2+-ATPase, P the level of Ca2+-
stimulated Mg2+-ATPase less than maximum, Q a constant
and n

H
 is the Hill value [17, 37, 38]. Only data points which

fulfilled the condition 0.1 P
o
 ≤ P ≤ 0.9 P

o
 were used to solve

the Hill equation. The pCa
50

 (at 50% of the maximal Ca2+-
stimulated Mg2+-ATPase activity), was determined, by using
n

H
 and the Q calculated from the Hill equation [17, 37]. The

pCa (i.e. -log[Ca2+]) corresponding to 50% activation of Ca2+-
stimulated Mg2+-ATPase was calculated as -(1/n)logQ. Data
were evaluated for statistical significance by the Student t-
test and significance was accepted at p < 0.05.

Results

pCa2+/Mg2+-ATPase relationships of myofibrils from non-
stunned and stunned myocardium

Four experiments were carried out with anesthetized open-
chest pigs, in which the distribution territory of the LADCA
was stunned by 2 sequences of 10 min coronary artery
occlusion and 30 min reperfusion. From each pig myofibrils
were isolated from the non-stunned (distribution territory of
the not-occluded LCXCA) and stunned myocardium. The
myofibrils were isolated in the presence of a mixture of
protease inhibitors to preserve their intactness. The norma-
lized pCa2+/Mg2+-ATPase activity curves, obtained from the
myofibrils of non-stunned and stunned myocardium were
fitted to the Hill equation to calculate the pCa2+ corresponding
to 50% activation of the Ca2+-stimulated Mg2+-ATPase and
the Hill value (n

H
). No significant differences between the

maximal activity of the Ca2+-stimulated Mg2+-ATPase and the
pCa

50
’s of the myofibrils from non-stunned and stunned

myocardium were observed (Table 1). In 3 out of the 4 pigs
a rightward shift of the pCa2+/Mg2+-ATPase curves of myofi-
brils from stunned comparing to non-stunned was observed
as the mean pCa

50
 of stunned myocardium slightly decreased

(Table 1). Thus, more experiments have to be carried out to

establish whether or not the tendency of myofibrils from
stunned myocardium to desensitize towards Ca2+ activation
is a reproducible finding.

In vitro back-phosphorylation of myofibrils from non-
stunned and stunned myocardium

The myofibrils were also used for backphosphorylation by
activated purified rat brain PKC of various intrinsic subunit-
proteins. Figure 1 illustrates a representative 32P-incorpora-
tion pattern of myofibrils from non-stunned and stunned
myocardium and the strong stimulation of PKC action in the
presence of the known activators Ca2+, PS and DG. Three
proteins, C-protein (150 kDa), TnT (43 kDa) and TnI (30 kD)
were identified by the parallel running molecular weight
marker proteins and the Coomassie Blue staining (not
shown). Phosphorylation of the three myofibrillar subunit-
proteins was maximal after a 60 min incubation at 30°C.
Counting the 32P-incorporation into each of these proteins by
the Molecular Imaging System revealed that there was no
difference in the degree of phosphorylation of non-stunned
and stunned myocardium (Table 2).

In vitro backphosphorylation by PKC and the myofibrillar
pCa2+/Mg2+-ATPase relationship

Myofibrils prepared from ventricular myocardium of sham-
operated pigs were in vitro phosphorylated with excess
amounts of purified rat brain PKC in the presence of the
activators Ca2+, PS and DG after which the myofibrils were
washed and the pCa2+/Mg2+ATPase was determined imme-
diately. As can be seen from Fig. 2, the Mg2+-ATPase was
increased at each pCa2+ value without a significant change
in the slope (n

H
) but with a marked increase in pCa

50
 (not-

Table 1. Maximal activity and pCa
50

 of Mg2+-ATPase measured in
myofibrils isolated from non-stunned and stunned myocardium of open-
chest anesthetized pigs

Non-stunned Stunned
(n = 4)* (n = 4)

Maximal Mg2+-ATPase
(nmol P

i
.mg–1.min–1) 35  ± 4 37  ± 3

 pCa
50

 (-logM) 6.01 ± 0.08 5.94 ± 0.09

Stunned myocardium was obtained from the distribution territory of the
LADCA which was stunned by two sequences of 10 min coronary artery
occlusion and 30 min of reperfusion. Non-stunned myocardium was
obtained from the distribution territory of the LCXCA. The normalized
Mg2+-ATPase activities measured at various pCa2+ values as chosen in [17]
and Fig. 2, were fitted to a sigmoid function by nonlinear regression analysis.
The ATPase activities were normalized to maximum activity and fitted to
the Hill equation as described in Materials and methods, and when analyzed
gave the calculated pCa

50
 values. *number of pigs.
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phosphorylated versus PKC-phosphorylated respectively
6.03 ± 0.04 versus 6.44 ± 0.06 (p < 0.05)). Thus, next to an
increase of Ca2+ sensitivity PKC enhanced (80%) the maximal
activity of the Ca2+-stimulated Mg2+-ATPase. This effect of

PKC depended on the presence of ATP as well as the activa-
tors Ca2+/PS/DG (results not shown) The latter finding
indicates, according to the results illustrated in Fig. 1, that
increased phosphate incorporation into C-protein, TnC and
TnI correlates with the alteration of properties of the myo-
fibrillar ATPase. As a control we measured the effect of
pretreatment of myofibrils with catalytic subunit of porcine
heart PKA, ATP and cyclic AMP on the myofilament Ca2+

sensitivity. Similar as found by others (e.g. ref [19]), we
observed a slight, but not significant, decrease in Ca2+

sensitivity when TnI was phosphorylated.

The effect of [+]EMD 60263 on not-phosphorylated
and PKC phosphorylated myofibrils

Previously we demonstrated convincingly that 3 µM of the
Ca2+ sensitizer [+]EMD 60263 induced a leftward shift of the
pCa2+/Mg2+-ATPase activity curve and an increase of the
maximal Ca2+-stimulated Mg2+-ATPase of isolated myofibrils
[17]. Because PKC-induced phosphorylation produced a
stimulation pattern similar to [+]EMD 60263, it was wondered
whether the sites of action of PKC-induced phosphorylation
and [+]EMD 60263 are similarly localized on the myofibrils
and mutually influencing. In two additional experiments we
tested this hypothesis (Table 3). However, when the myo-
fibrils were phosphorylated by PKC, [+]EMD 60263 still
produced a clearcut increase of the pCa

50
 indicative for

independent actions of PKC and [+]EMD 60263 on the
responsiveness of myofibrillar Mg2+-ATPase to Ca2+.

Discussion

Although previous hypotheses regarding the pathogenesis of
contractile function in stunning focussed on a decrease on
cytoplasmic activator Ca2+ as initial mechanism [38, 39],
more recently considerable evidence has been provided
which shifted the focus to an abnormal responsiveness of
contractile proteins to Ca2+ [6, 7, 9, 11, 15–18]. Most of the
latter studies used intact ventricular preparations, skinned
cardiac muscles or isolated cardiomyocytes but only a few
used isolated myofibrillar preparations. It is well known that
the activity of the actomyosin Ca2+ stimulated Mg2+-ATPase
correlates directly with Ca2+ stimulated tension development
in skinned cardiac fibers [40]. Krause was the first to show
that the Ca2+ dependency of ATP hydrolysis of myofibrils
isolated from stunned rabbit heart remained unchanged and
found that the maximal rate of myofibrillar ATP hydrolysis
was also not affected [18]. However, Andres et al. observed
that the Ca2+ responsiveness of isolated myofibrils from
globally stunned rabbit myocardium shifted to higher Ca2+

concentrations, i.e. a decrease in Ca2+ sensitivity [41].

Fig. 1. Representative autoradiographic image of in vitro 32P-phos-
phorylated and SDS-PAAGE separated myofibrils isolated from stunned
and non-stunned myocardium of four open-chest anesthetized pigs. The
myofibrils were incubated for 60 min at 30°C in the presence or absence of
purified rat brain PKC, activated or not activated by the addition of Ca2+,
PS and DG. After termination of the phosphorylation reaction, the myofibrils
were separated on SDS-PAAGE and the dried gel was autoradiographically
imaged with a Molecular Imager. For further details the reader is referred to
Materials and methods. The kit of marker proteins for the molecular weight
(MW in kilodaltons (kD)) determinations, as indicated on the left part of the
figure, was obtained from Bio-Rad Laboratories. Due to the low amount of
PKC-induced 32P-incorporation, particularly into TnT and TnI, larger
quantities of myofibrillar protein had to be poured into the electrophoresis-
wells for accurate determination of 32P incorporation which resulted in more
diffuse bands.

Table 2. In vitro back-phosphorylation by purified rat brain PKC of
myofibrils isolated from non-stunned and stunned myocardium of open-
chest anesthetized pigs

Protein subunit Ca2+/PS/DG-dependent 32P-incorporation
of myofibrils (counts × 10–6.mg–1)

Non-stunned Stunned
(n = 4) (n = 4)

C-protein 3.52 ± 0.21 4.30 ± 0.45
TnT 0.95 ± 0.18 1.04 ± 0.06
TnI 1.55 ± 0.15 1.48 ± 0.13

Stunned and non-stunned myocardium was obtained from anesthetized
open-chest pigs in which the distribution territory of the LADCA was
stunned by two sequences of 10 min coronary artery occlusion and 30 min
reperfusion. The non-stunned myocardium was obtained from the distribu-
tion territory of the LCXCA. Ca2+/PS/DG-dependent 32P incorporation in
protein subunits of myofibrils was determined by SDS-PAAGE and auto-
radiographic imaging (Molecular Imager). A typical autoradiogram is shown
in Fig. 1.
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Furthermore, the latter investigators explored the possibility
that altered phosphorylation degree of TnI or myosin-light-
chains causes the observed Ca2+ desensitization of the
myofibrils, but could not find any changes in phosphorylation
[41]. These controversial findings [18, 41] led us to examine
these aspects in post-ischemic myocardium obtained from
anesthetized open-chest pigs. In situ myocardial stunning was
induced by two cycles of 10 min of LADCA occlusion
separated by 30 min of reperfusion. This protocol caused a
prolonged depression of regional myocardial function
without myocardial necrosis [6, 13, 14]. In this model we
showed previously that the thiadiazinone-derived [+]EMD
60263 increased contractile function more profoundly in
stunned myocardium than that of non-stunned myocardium
lending support to the hypothesis that Ca2+ desensitization of
the myofibrils is involved in myocardial stunning. The
present finding that pCa

50
 (-logM) of Ca2+-stimulated Mg2+-

ATPase of myofibrils is similar for non-stunned and stunned
myocardium (respectively 6.01 ± 0.08 and 5.94 ± 0.09) does
not support the ‘Ca2+ desensitization hypothesis’. It should
be noted that the comparison of stunned and non-stunned
myocardium in the same heart may not be valid because
comparative data of sham-operated pigs are still lacking.
However, previously we showed already in pigs, that had not
undergone the stunning protocol, that [+]EMD 60263 only
slightly increased contractile function in the distribution area
of the LADCA [6].

If the Ca2+ desensitization hypothesis is correct the mecha-
nism underlying the decreased responsiveness of the contrac-
tile apparatus to Ca2+ after ischemia and reperfusion has to
be resolved. It is likely that ischemia and/or reperfusion
induces changes in the PKA- and/or PKC-induced phos-
phorylation status of certain subunit proteins of the contractile
apparatus such C-protein, TnT, TnI or myosin-light-chains.
There is abundant evidence that PKA and PKC have phos-
phorylation sites in the various subunits of the contractile
apparatus, but the functional consequences of these phos-
phorylations are, except for PKA-induced phosphorylation
of TnI [19], currently unclear [20–30]. In order to determine
the functional consequence of PKC-induced phosphorylation
of C-protein, TnT and TnI, we studied the 32P-incorporation
into these subunit proteins as well as the pCa2+/Mg2+-ATPase
relationship after treatment (60 min at 30°C) of myofibrils
with an excess of purified rat brain PKC. On the other hand,
the PKC pretreatment produced a dramatic leftward shift in
pCa2+/Mg2+-ATPase curve and an increase of the maximal
Ca2+-stimulated ATPase in myofibrils isolated from myo-
cardium from sham-operated pigs. Our findings are con-
sistent with the results from Clement et al., who provided
additional evidence that PKC works most effectively in
combination with Ca2+-calmodulin-dependent myosin-light-
chain kinase [29]. In contrast, Noland and Kuo [27, 28]
reported that PKC-induced phosphorylation of C-protein,

Table 3. Effect of 3 µM [+]EMD 60263 on the maximal Ca2+-stimulated
Mg2+-ATPase and pCa2+/Mg2+-ATPase relationship of porcine ventricular
myofibrils without and after phosphorylation by excess of rat brain PKC.

Not-phosphorylated Phosphorylated by PKC
–EMD +EMD –EMD +EMD
1 2 1 2 1 2 1 2

Maximal 35 50 59 92 53 65 49 78
Ca2+,Mg2+-ATPase
(nmol P

i
.mg–1.min–1)

pCa
50

 (-logM) 6.25 6.01 6.37 6.37 6.50 6.27 6.69 6.47

Porcine ventricular myofibrils were first phosphorylated by excess rat brain
PKC or not phosphorylated (complete phosphorylation reaction carried
out in the absence of ATP). The maximal Ca2+ stimulated Mg2+-ATPase was
measured at pCa 5 (compare also Fig. 2). The normalized pCa/Mg2+-ATPase
activity curves in the absence and presence of 3 µM [+]EMD 60263 measured
at pCa2+ values as these were chosen in [17], Table 2 and Fig. 2, were fitted
to a sigmoid function by nonlinear regression analysis. The ATPase activity
as normalized to maximum activity were fitted to the Hill equation as described
in Materials and methods, and from which pCa

50
 values were calculated.

Results represent absolute values determined in two separate experiments
1 and 2.

Fig. 2. Graphs showing the relation between pCa2+ (-logM) and Mg2+-
ATPase activity (in nmol P

i
.mg protein–1.min–1) of porcine ventricle

myofibrils after phosphorylation with purified rat brain PKC (●), purified
porcine heart catalytic subunit of PKA (▲), or not phosphorylated (¡).
For further details the reader is referred to Materials and methods. The
symbols represent the mean ± SEM of 4, 5 and 10 experiments with
respectively PKC-, PKA- and not-phosphorylated myofibrils. After
subtracting the basal Mg2+-ATPase activities, the data were normalized to
maximum activity and fitted to the Hill equation, yielding the following
parameters: PKC-phosphorylated myofibrils, pCa

50
 = 6.44 ± 0.06, n

H
 = 0.94

± 0 07; PKA-phosphorylated myofibrils, pCa
50

 = 5.97 ± 0.03, n
H
 = 1.24 +

0.09; not-phosphorylated myofibrils, pCa
50

 = 6.03 ± 0.04, n
H
 = 1.22 ± 0.08.

The pCa
50

 values of PKC phosphorylated myofibrils differed significantly
from the PKA- and not-phosphorylated myofibrils.
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TnI, and TnT decreased Ca2+ sensitivity of myofibrils.
Moreover, the effects of the potent PKC activators, phorbol-
esters, on Ca2+ sensitivity of myofilaments in intact cardio-
myocytes, are conflicting [20–22]. Nevertheless, based upon
the effects of PKC on the Mg2+-ATPase of myofibrils isolated
from sham-operated pigs, this protein kinase remains a good
candidate to account for the changes in Ca2+ sensitivity of
myofilaments obtained from stunned myocardium. An
argument against this view are our findings on ATPase
characteristics properties and 32P-incorporation into subunits
proteins of myofibrils isolated from non-stunned comparing
to stunned myocardium. However, rapid dephosphorylation
by endogenous phosphoprotein phosphatases during the
isolation of myofibrils can have caused the disappearance of
the in vivo existing differences in Ca2+ sensitivity of the Mg2+-
ATPase and the PKC-induced 32P-incorporation into subunit
proteins between myofibrils isolated from non-stunned and
stunned myocardium. In some control tests, carried out prior
to the present investigation, we checked the influence of the
presence of the phoshoprotein phosphatase inhibitor NaF (25
mM) during the isolation of the myofibrils. This intervention
did, however, not affect the PKC-induced 32P-incorporation
patterns (results not shown) which finding indicates that the
endogenous phosphoprotein phosphatases are highly active.

In our previous studies we showed that the positive
inotropic action of [+]EMD 60263 in situ as well as the
[+]EMD 60263-induced leftward shift of pCa2+/Mg2+-ATPase
activity curve in isolated myofibrils were more pronounced
in stunned than in non-stunned myocardium. Thus when one
assumes that decrease of PKC activity contributes to the
decreased responsiveness of contractile proteins to Ca2+ in
stunning, PKC- and [+]EMD 60263 effects on myofibrillar
Ca2+-stimulated Mg2+-ATPase might be antagonistic. Although
we carried out only two experiments, the results proved that
the effects of PKC and [+]EMD 60263 are additive. If PKC
indeed plays a role in vivo in the change of responsiveness
of myofibrils to Ca2+ during stunning, like its influence in
vitro on myofibrils of control myocardium demonstrated by
the data in Fig. 2, its target proteins in the contractile
apparatus are expected to be less phosphorylated in stunned
myocardium. Therefore, the proposed reduced phosphory-
lation state of the myofibrils during stunning can not explain
our previous finding that [+]EMD 60263 produced a larger
leftward shift in the pCa2+/Mg2+ATPase curve of myofibrils
isolated from stunned myocardium.

In conclusion, our findings with isolated myofibrils obtained
from anesthetized openchest pigs indicate that alteration of the
activity of PKC isoenzymes may be involved in the mechanism
of reduced responsiveness of myofilaments to Ca2+ in stunned
myocardium, but that differences in phosphorylation degree
of its target proteins may have disappeared during the isolation
of the myofibrils due to the abundant activity of endogenous
phosphoprotein-phosphatases.

Acknowledgements

This work was supported by grant nr. 92.308 from the
Netherlands Heart Foundation. We thank Dr. P. Schelling
from E. Merck, Darmstadt in Germany for generously
supplying the optical isomer [+]EMD 60263.

References

1. Braunwald E, Kloner RA: The stunned myocardium: Prolonged,
postischemic ventricular dysfunction. Circulation 60: 1146–1149, 1982

2. Smith HJ: Depressed contractile function in reperfused canine
myocardium: metabolism and response to pharmacological agents.
Cardiovasc Res 14: 458–468, 1980

3. Ito BR, Tate H, Kobayashi M, Schaper W: Reversibly injured, post-
ischemic canine myocardium retains normal contractile reserve. Circ
Res 61: 834–846, 1987

4. Heusch G, Schäger S, Kröger K: Recruitment of inotropic reserve in
‘stunned myocardium by the cardiotonic agents AR-L 57. Bas Res
Cardiol 83: 602–610, 1988

5. Korbmacher, Sunderdiek U, Arnold G, Schulte HD, Schipke JK:
Improved ventricular function by enhancing the Ca2+ sensitivity in
normal and stunned myocardium of isolated rabbit hearts. Bas Res
cardiol 89: 549–562, 1994

6. Soei LK, Sassen LMA, Fan DS, van Veen T, Krams R, Verdouw PD:
Myofibrillar Ca2+ sensitization predominantly enhances function and
mechanical efficiency of stunned myocardium. Circulation 90: 959–
969, 1994

7. Marban E: Myocardial stunning and hibernation: the physiology
behind the colloquialisms. Circulation 83, 681–688, 1991

8. Sharma HS, Verdouw PD, Lamers JMJ: Involvement of the sarcoplasmic
reticulum calcium pump in myocardial contractile dysfunction:
Comparison between chronic pressure-overload and stunning.
Cardiovasc Drugs Ther 8: 461–446, 1994

9. Kusuoka H, Marban E: Cellular mechanisms of myocardial stunning.
Ann Rev Physiol 45, 243–256, 1992

10. Bolli R: Mechanism of myocardial ‘stunning’. Circ res 82, 723–738,
1990

11. Kusuoka H, Koretsune Y, Chacko VP, Weisfeld ML, Marban E.
Excitation contraction coupling in postischemic myocardium: does
failure of activator Ca2+ transients underlie stunning? Circ Res 66:
1268–1276, 1990

12. Gao WD, Atar D, Backx PH, Marban E: Relationship between
intracellular calcium and contractile force in stunned myocardium.
Direct evidence for decreased myofilament Ca2+ responsiveness and
altered diastolic function in intact ventricular muscle. Circ Res 76,
1036–1048, 1995

13. Lamers JMJ, Duncker DJ, Bezstarosti K, Mcfalls EO, Sassen LMA,
Verdouw PD: Increased activity of the sarcoplasmic reticular calcium
pump in porcine stunned myocardium. Cardiovasc Res 27: 520–524,
1993

14. Fan D, Soei LK, Sassen LMA, Krams R, Hendrik E, Verdouw PD: On
the reversal of myocardial stunning: a role for Ca2+ sensitizers. Ann
NY Acad Sci 723: 364–370, 1994

15. Hofmann PA, Miller WP, Moss RL: Altered calcium sensitivity of
isometric tension in myocyte-sized preparations of porcine post-
ischemic stunned myocardium. Circ Res 72: 50–56, 1993

16. McDonald KS, Mammen PPA, Strang KT, Moss RL, Miller WP:
Isometric and dynamic contractile properties of porcine skinned cardiac



218

myocytes after stunning. Circ Res 77: 964–972, 1995
17. Bezstarosti K, Soei LK, Krams R, Ten Cate FJ, Verdouw PD, Lamers

JMJ: The effect of the thiadiazinone derivative [+]EMD 60263 on the
responsiveness of Mg2+-ATPase to Ca2+ in myofibrils isolated from
stunned and not-stunned porcine and human myocardium. Biochem
Pharmacol 51, 1211–1220, 1996

18. Krause SM: Effect of global myocardial stunning on Ca2+ sensitive
myofibrillar ATPase activity and creatine kinase kinetics. Am J Physiol
259: H813–H819, 1990

19. Solaro RJ: Modulation of activation of cardiac myofilaments by beta-
adrenergic agonists. In: DAG Allen, JA Lee (eds). Modulation of Cardiac
Calcium Sensitivity: A New Approach to Increasing the Strength of the
Heart. Oxford University Press, Oxford 1993, pp 160–170

20. Capogrossi MC, Kaku T, Filburn C, Pelto DJ, Hansford RG, Spurgeon
HA, Lakatta EG: Phorbolester and dioctanoylglycerol stimulate
membrane association of protein kinase C and have a negative inotropic
effect mediated by changes in cytosolic Ca2+ in rat cardiac myocytes.
Circ Res 66: 1143–1155, 1990

21. Pucéat M, Clément O, Lechene P, Pélosin JM, Ventura-Clapier R,
Vassort G: Neurohumoral control of Ca2+ sensitivity of myofilaments
in rat single heart cells. Circ Res 67: 517–524, 1990

22. Gwathmey JK, Hajjar RJ: Effect of protein kinase C activation on
sarcoplasmic reticulum function and apparent myofibrillar Ca2+

sensitivity in intact and skinned muscles from normal an diseased
human myocardium. Circ Res 67: 744–752, 1990

 23. Weinbrenner CE, Simonis G, Marquetant R, Strasser RH: Selective
regulation of calcium-dependent and calcium-independent subtypes
of protein kinase C in acute and prolonged myocardial ischemia.
Circulation 88(suppl 1): I–101, 1993

24. Mitchell MB, Meng X, Ao L, Brown JM, Harken AH, Banerjee A:
Preconditioning of isolated rat heart is mediated by protein kinase C.
Circ Res 76: 73–81, 1995

25. Eskildsen-Helmond YEG, Gho BCG, Bezstarosti K, Dekkers DHW,
Soei LK, Heugten van HAA, Verdouw PD, Lamers JMJ: Exploration
of the possible roles of phospholipase D and protein kinase C in the
mechanism of ischemic preconditioning in the myocardium. Ann N Y
Acad Sci 793: 210–225, 1996

26. Jonge de HW, Heugten van HAA, Lamers JMJ: Review. Signal
transduction by the phosphatidylinositol cycle in myocardium. J Mol
Cell Cardiol 27: 93–106, 1995

 27. Noland TA, Kuo JF: Protein kinase C phosphorylation of cardiac
troponin I and troponin T inhibits Ca2+-stimulated MgATPase activity
in reconstituted actomyosin and isolated myofibrils, and decreases
actin-myosin interactions. J Mol Cell Cardiol 25: 53–65, 1993

28. Noland TA, Kuo JF: Phosphorylation of cardiac myosin light chain 2
by protein kinase C and myosin light chain kinase increases Ca2+-
stimulated actomyosin MgATPase activity. Biochem Biophys Res

Commun 193: 254–260, 1993
29. Clement O, Puceat M, Walsh MP, Vassort G: Protein kinase C

enhances myosin light-chain kinase effects on force development and
ATPase activity in rat single skinned cardiac cells. Biochem J 285:
311–317, 1992

30. Edes I, Kranias EG: Phospholamban and troponin I are substrates for
protein kinase C in vitro but not in intact beating guinea pig hearts.
Circ Res 67: 394–400, 1990

31. Murphy AM, Solaro JR: Developmental difference in the stimulation
of cardiac myofibrillar Mg2+-ATPase activity by calmidazolium.
Pediatr Res 28: 46–49, 1990

32. Bradford MM: A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 72: 248–254, 1976

33. Schoutsen B, Blom JJ, Verdouw PD, Lamers JMJ: Calcium transport
and phospholamban in sarcoplasmic reticulum of ischemic myo-
cardium. J Mol Cell Cardiol 21: 719–727, 1989

34. Lanzetta PA, Alvarez LJ, Reinach PS, Candia OA: An improved assay
for nanomole amounts of inorganic phosphate. Anal Biochem 100:
95–97, 1979

35. Fabiato A: Computer programs for calculating specified free or free
from specified total ionic concentrations in aqueous solutions
containing multiple metals and ligands. In: S Fleischer, B Fleischer
(eds). Methods in Enzymology, Academic Press, New York 1988, pp
378–471

36. Heugten van HAA, Jonge de HW, Bezstarosti K, Lamers JMJ, Calcium
and the endothelin-1 and α

1
-adrenergic activated phosphoinositide

cycle in cultured neonatal rat ventricular myocytes. J Mol Cell Cardiol
26: 1081–1093, 1994

 37. Rupp H: Modulation of tension generation at the myofibrillar level-
an analysis of the  effect of magnesium adenosine triphosphate,
magnesium, pH, sarcomere length and  state of phosphorylation. Basic
Res Cardiol 75: 295–317, 1980

38. Levine JH, Moore EN, Weirman HF, Kadish AH, Becker LC, Spear
JF: Depression  of the action-potential characteristics and a decreased
space constant are present in  post-ischemic, reperfused myocardium.
J Clin Invest 79: 107–116, 1987

39. Krause S, Hess ML: Characterization of cardiac sarcoplasmic reticulum
dysfunction  during short-term normothermic global ischemia. Circ
Res 55: 176–184, 1984

40. Bhatnager GM, Walford GD, Beard ES, Humphreys S, Lakatta EG:
ATPase activity  and force production in myofibrils and twitch
characteristics in intact muscle from  neonatal, adult and senescent rat
myocardium. J Mol Cell Cardiol 16: 203–218, 1984

41. Andres J, Moczarska A, Stepkowski D, Kakol I: Contractile proteins in
globally  ‘stunned’ rabbit myocardium. Bas Res Cardiol 86: 219–226,
1991


