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Abstract . Mitochondrial contact sites (MiCS) are structures m the mitochon-
dual membrane containing the structure-bound mitochondrial isoenzyme of crea
tine phosphokinase that participates in the transfer of energy into the cytoplasm 
This explains the increased foimation of MiCS found in hearts with high metabolic 
activity Earlier we demonstrated that enhanced MiCS formation may also be in
duced by perfusing the heart with increased, but still not cardiodepressive concen
trations of Ca 2 + (2 2 mmol 1_1) in the perfusate Nevertheless, neither the molec
ular mechanism by which Ca 2 + ions may induce an increase in MiCS formation, 
nor the dependence of Ca2+-induced MiCS formation on the intracellular C a 2 + 

level have yet been elucidated In the present study we investigated the effect 
of Langendorff-perfusion with 2 2 mmol \~l C a 2 + on formation of MiCS in nor
mal as well as m diabetic hearts The latter, namely, are characterized by altered 
metabolism as well as Ca2+-handling, resulting in elevated [Ca 2 +]! We have found 
that the amounts of MiCS in diabetic hearts outnumbered those in normal hearts 
Our results showed that in comparison to perfusion with 1 6 mmol l " 1 C a 2 + a 
perfusion with 2 2 mmol 1 _ 1 C a 2 + is capable of significantly increasing (p < 0 01) 
the formation of MiCS in control hearts In both groups of diabetic hearts the 
numbers of MiCS were significantly increased in comparison to healthy contiols 
(p < 0 01) Moreover, no significant differences m amounts of MiCS were found 
between healthy hearts perfused with 2 2 mmol 1 _ 1 C a 2 + and diabetic hearts of 
both groups (p > 0 05) In diabetic hearts, MiCS formation in response to [Ca 2 + ] e 

was little manifested Our results also confirmed that elevated [Ca2+]i in all cases 
represented a signal for increased formation of MiCS in the heart 
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Introduction 

Creatine phosphokinase (CPK) is an essential enzyme of the intracellular energy 
transpoit chain having paiticular impoitance in tissues and cells with high energy 
demands, such as heart, skeletal muscle, bram etc (Wallimann et al 1986) Muscle 
CPK exhibits specific isofoims localized in the cytoplasm, on myofibrils and in the 
mitochondria Among them special attention requires the mitochondrial isoenzyme 
that occurs in the mitochondnal contact sites (MiCS) MiCS are entities consisting 
of ponne m the outei membrane, the octamenc mitochondrial cieatme phosphoki
nase (MiCPK) in the mtei-membrane space, and the ATP/ADP tianslocase of the 
ninei mitochondrial membrane MiCS aie believed to paiticipate m transfei of en-
eigy and piotems through the mitochondrial membianes (Brdiczka 1991 Wyss et 
al 1992) MiCS weie fiist demonstiated ultiastructurally b\ Hackenbrock (1968) 
Cytochemical detection of MiCS, based on the piesence of MiCPK octamereb, was 
peifoimed by Bieimans et al 1989 These autors íevealed that MiCS aie moie 
abundant when the metabolic activity of the heart incieases In oui pievious study 
we have íepoited that enhanced MiCS foimation may also be induced by peifusion 
of the isolated rat heart with mcieased (not caidiodepressive) concentrations of 
Ca 2 + in the peifusate (Bakker et al 1994) This finding indicated that an mciease 
m MiCS foimation may íesult from changes in intiacellular Ca2+-transients, de
pending on influx of extiacellular Ca 2 + ions Howevei, the molecular mechanisms 
that may couple mtracellulai Ca2 +-tiansients with the formation of MiCS still 
íemain to be elucidated In any case, it may be anticipated that different basal 
levels of mtracellulai free calcium might facilitate or inhibit the transmission of 
the external Ca2+-signal to the site of formation of MiCS In the present study we 
focused on the investigation of the lattei assumption Foi this reason we studied 
the effect of Langendoiff-peifusion with an elevated C a 2 + concentiation ([Ca 2 + ] e , 
2 2 mmol 1_1) on the foimation of MiCS in noimal as well as m diabetic hearts Di
abetic hearts were chosen intentionally because they aie charactenzed bv elevated 
fiee Ca 2 + levels in the cytoplasm ([Ca2+],) as a result of altered metabolism as 
well as membiane functions (Ravmgeiová et al 1996, Ziegelhoffer et al 1996) Per-
tuibations m sarcolemmal Ca2+-bmding, Na,K-ATPase activity and calcium pump 
activity as well as distuibed sarcoplasmic reticulai Ca2 +-bmdmg and Ca 2 + /Mg 2 + -
\TPase activity, etc aie all involved m malfunction of membrane systems All these 
are believed to paiticipate in the impairment of Ca2 +-handhng in the myocytes, 
and íesult in diminished quality of relaxation (Rodngues and McNeill 1992) 
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Materials and Methods 

Experimental protocol 

Experiments were performed in adult male Wistar rats fed standard pellet diet and 
having free access to water Diabetes was induced by venous injection of strepto-
zotocin (STT) m a single dosis of 45 mg/kg b wt Beginning with the first day 
after STT treatment the animals also obtained insulin (Interdep), 6 U i m daily 
After control of the metabolic state (glucose, triglycerides and cholesterol in the 
blood, Table 1) on day 8 following STT administration, the rats were sacrificed 
Age matched controls were running with all experimental groups 

Perfusion of isolated rat hearts 

Hearts were quickly excised and perfused for 15 mm at a pressure of 75 mm Hg and 
37°C, using the Langendorff technique without recirculation of perfusate Krebs-
Henseleit buffei containing (in mmol l"1) 118 5 NaCl 25 0 NaHC03 , 1 2 KH 2 P0 4 , 
1 18 KC1, 1 2 MgS04, 11 5 glucose, and either 1 6 (normal Ca2 + content) or 2 2 
(increased Ca2+ content) CaCl2 was used as perfusion medium, it was gassed with 
a mixture of 95% oxygen and 5% carbon dioxide A stabilization perfusion lasting 
15 mm (SP) with medium containing 1 6 mmol I - 1 Ca2+ preceded all expenments 
The technique of perfusion was essentially similar to that desciibed in Ravmgerova 
et al (1996) After termination of the perfusion the hearts were fuither piocessed 
for cytochemical determination of MiCS 

Experimental groups 

Heaits were divided m 4 groups Group 1 - hearts fiom healthy control rats, pei-
fused after SP with 1 6 mmol 1_1 Ca2+ , Group 2 - hearts fiom healthy rats, per
fused after SP with 2 2 mmol l~x Ca2 + (high Ca2+ - rats), Group 3 - hearts from 
diabetic rats, perfused after SP with 1 6 mmol 1_1 Ca2+ (diabetic control íats) and 
Group 4 - hearts from diabetic rats, perfused after SP with 2 2 mmol 1_1 Ca2+ 

(high Ca2+-diabetic rats) 

Cytochemical detection of creatine phosphokinase 

Hearts of all groups were fixed for 10 mm m 2% formaldehyde m 50 mmol l~x 

cacodylate buffer (pH 7 2), containing 10% glucose, 6% dextrane as well as cystem 
10 mmol l - 1 , and subsequently cryoprotected with 50 mmol l"1 cacodylate buffer 
(pH 7 2) containing 10% glucose for 10 mm Subsequently, hearts were cut m small 
pieces and further cryoprotected, first with 50 mmol 1_ 1 cacodylate buifer (pH 
7 2) containing 10% glucose for 30 mm and then with 7% dimethylsulfoxide for 
additional 30 mm After cryoprotection tissue pieces were frozen at - 70 °C and cut 
m the cryostate (Karl-Zeiss, Jena) to 40 /zm thick slices 
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Cytochemical detection of creatine phosphokinase was performed using the 
method of Biermans et al (1989) Slices were premcubated for 20 mm with 50 
m m o i r 1 Tris buffer (pH 7 2) containing (m mrnoll" 1 ) 1 ADP, 15 AMP, 330 
glucose, 10 magnesium acetate, 30 U m l - 1 hexokmase, 0,150 U m l - 1 glucose-6-
phosphate dehydrogenase, 0 6 thiocarbamyl nitroblue tetrazolmm salt, and 1 3 
phenazine methosulphate Preincubation was followed by incubation for 60 mm 
with the same solution containing in addition 1 mmol 1 _ 1 NADP and 6 4 mmol l"1 

creatine phosphate Following the incubation, slices were 3 times rinsed in 50 
mmol l" 1 cacodylate buffer (pH 7 2), postfixed for 45 mm in 1% osmium tetrox-
lde at 40°C, and fuithei processed using standaid election microscopic techniques 
Controle incubations were run in paiallel with all experiments for detection of 
creatine phosphokinase i) in the absence of creatine phosphate m the incuba
tion medium n) m the presence of creatine phosphokinase inhibitor 1 flouro-2,4 
dmitiobenzene (2 m m o l l - 1 ) 

Thin sections of embedded tissue slices were examined in a Tesla 500 election 
microscope 

Foi the numerical evaluation of the amount of MiCS we measuied the aiea of 
mitochondiial sections and evaluated the amounts of MiCS pei section area unit 
Student s f-test was used for statistical evaluation 

All studies weie peifoimed in accoidance with the Guide for the C aie and 
Ijse of Laboiatoiy Animals published by the US National Institute of Health (NIH 
publication No 85 23 revised 1985) 

Results 

Diabetic íats weie characterized by decieased heart-to-body weight latio The levels 
of glucose, tuglycendes and cholesterol in the blood are given m Table 1 

T a b l e 1. Blood levels of glucose, triglycerides and cholesterol in ra t s with acute diabetes 

Healthv rats R a t s with acute diabetes 

Glucose 5 66 mmol l - 1 17 10 m m o l 1 _ 1 

Triglycerides 1 20 g 1 _ 1 4 58 g l - 1 

Cholesterol 1 8 0 g l _ 1 2 4 0 g l _ 1 

Electione micioscopic investigation of tissue specimens from hearts of control 
animals perfused with 1 6 mmol 1 _ 1 of Ca 2 + exhibited relatively scarce cytochemi
cal reaction for MiCPK (Fig 1) MiCS became all stained, although they were not 
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Figure 1. C reatine phosphokinase activity m contact sites on mitochondrial membranes 
from healthv control rat heart (mi - mitochondria, m - myofibnlls, arrows - contact sites 
35,000 x) 

vet y abundant In negative controls, where the reaction for CPK was performed 
eithei in the absence of substrate or in the piesence of CPK inhibitor, several loci 
could be identified, where the inner and outer Mi membranes were in close oppo
sition, but the cytochemical reaction product was missing Same type of negative 
controls was also revealed in all other groups investigated. 

An increase in contractility of about 20% in the group of healthy hearts per
fused with elevated [Ca2+]e indicates stimulation of the hearts via increased Ca2+ 

transients Also in this group (Group 2) all MiCS were stained (Fig. 2), and their 
amounts were increased considerably (p < 0.01). This finding may be considered as 
a sign of Ca2+-mduced enhancement in MiCS formation. In comparison with con
trol hearts (Group 1), diabetic hearts, with high [Ca2+],, correspondingly revealed 
increased numbers of MiCS. This finding was manifested expressively (p < 0.01) 
without any triggering by [Ca2+]e, i. e. already in hearts perfused with the medium 
containing 1.6 mmol.l -1 Ca2+ only (Group 3; Fig. 3). It is noteworthy that the 
amounts of MiCS in Gioup 3 (diabetic controls) were not significantly different 
(p > 0 05) from increased amounts of MiCS in Group 2 (high Ca2 + - rats) In 
diabetic hearts perfusion with elevated [Ca2+]e did not induce any changes in con-
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Figure 2. Contact sites on mitochondrial membranes in healthy rat heart perfused with 
2.2 mmol. 1"' calcium, detected by creatine phosphokinase activity (mi - mitochondria; 
m - myofibrills. arrows - contact sites; 45.000 x) 
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Figure 3. Contact sites on mitochondrial membranes in control diabetic rat heart, de
tected by creatine phosphokinase activity (mi - mitochondria; m - myofibrills; arrows -
contact sites, 46,000 x). 
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Figure 4. Creatine phosphokinase activity in contact sites on mitochondrial membranes 
from diabetic rat heart, perfused with 2.2 mmol.l -1 calcium (mi - mitochondria, m -
myofibrills; arrows - contact sites; 86,000 x) . 

Table 2. Amounts of MiCS per mitochondrial section unit area 

Healthy Healthy high- Diabetic Diabetic high-
controfs calcium rats controls -calcium rats 

MiCS/cm2 ± S.D. 3.5 ±0.57 12.9 ± 2.9 12.5 ± 4.2 14.5 ± 3.6 

tractility, pressure or heart rate. Even more the elevated [Ca2+]e was not able to 
produce any signifficant increase in the amount of contact sites (p > 0.05) in the 
cardiac mitochondria of the diabetic animals (Group 4; Fig. 4). Similarly to healthy 
hearts, all contact sites present in the hearts of diabetic animals became stained 
with the precipitated product of creatine phosphokinase reaction. 

The differences in areas of mitochondrial sections were insignificant (p > 0.05) 
for all experimental groups. But there were significant differences in the number 
of MiCS per unit (cm2) of mitochondrial section area. We observed a significant 
increase (p < 0.01) in the value of MiCS/cm2 for groups of healthy high-calcium 
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rats, diabetic control rats and diabetic high-calcium rats in comparison to healthy 
control rats The values of MiCS/cm2 for Groups 1-4 are shown in Table 2 

Discussion 

The transport of energy from cardiac mitochondria to the cytoplasm that occurs 
via MiCPK is related to energy demands of the heart (Ziegelhoffer et al 1982, Knoll 
and Brdiczka 1983) and it seems to represent a sequence of events modulated by 
a signal which might be propagated by Ca 2 + ions This hypothesis gets support 
also from the knowledge that C a 2 + ions are crucial for the regulation of both, the 
production of ATP in mitochondria and its intracellular transport, as well as for 
excitation-contraction coupling in the myocardium (Dhalla et al 1996) Moreover, 
it is believed that calcium is an important signal-trigger for many mtramitochon-
drial enzymes paiticipatmg in the eneigy production (Račay and Lehotský 1996) 

The hypothesis about the modulation of MiCS formation in cardiac mitochon
dria by Ca 2 + has already been partly proved by Bakker et al (1994) and our 
selves (Ziegelhoffer et al 1995) Our experimental results presented in this study 
confirmed again the formation of significant amounts of MiCS that occur upon 
increased Ca 2 + supply to the heart Although the mechanism of increased MiCS 
formation is triggered by elevation of [Ca 2 +] e, in subsequent phases, changes in 
[Ca2 +], will play an essential role, i e [Ca 2 + ] e induced oscillation of free [Ca2 +], 
in the cytoplasm of cardiac cells (Poizat et al 1996) In this respect, the intensity 
of the intracellular C a 2 + signal that appears m response to a similar extracellulai 
Ca2+-impulse will strongly depend on basal [Ca2 +], in the cardiac myocytes We 
have hypothesized that the basal [Ca2 +], itself might act in regulating the actual 
amounts of MiCS present in the heart cells This assumption was tested in our ex
periments with diabetic hearts which are well known to exhibit constantly elevated 
levels of [Ca2 +], The results obtained brought evidence about increased numbers 
of MiCS formed spontaneously, without any induction by [Ca 2 + ] e , already in the 
diabetic controls (Table 2) The numbers of MiCS detected m the hearts of dia
betic animals were comparable with those found in healthy hearts perfused with 
elevated calcium Our results indicated also, that the formation of MiCS achieved 
upon perfusion with elevated [Ca 2 + ] e (2 2 mmol I""1 C a 2 + ) , was close to maximal 
because further elevation of [Ca 2 + ] e in perfusate already had cardiodepressive ef
fect and provided no additional MiCS (Bakker et al 1994, Ziegelhoffer et al 1995) 
The same seems to concern also spontaneous MiCS formation in hearts of diabetic 
animals, since perfusion of these hearts with elevated [Ca 2 + ] e was no more effective 
in inducing further formation of MiCS in considerable numbers From our results it 
may be concluded that i) Ca 2 + ions act as a signal for on-demand augmentation of 
energy transport through the membranes of cardiac mitochondria This was proven 
by the finding of significantly elevated amounts of MiCS detected in healthy hearts 
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with [ C a 2 + ] , increased upon their perfusion with elevated [ C a 2 + ] e u) T h e basal 
[ C a 2 + ] , m cardiac myocytes itself has a regulatory role in maintaining the actual 
amounts of MiCS on the required level This was proven in hearts of diabetic ani
mals which showed elevated [ C a 2 + ] , and consequently exhibited increased numbers 
of MiCS 

Acknowledgements. The authors are indebted to J Styk MD, PhD and T Ziegelhoffer 
for their help with perfusion experiments, as well as to Mrs A Brichtová and Mrs B 
Zborníková for perfect technical assistance This study was supported by VEGA Grants 
No 2/4044/97, 2/4045/97, the Slovak Ministry of Health Grant No 049203, and the E C 
Grant COST CIPA 92 4009 

R e f e r e n c e s 

Bakker A , Bernaert I , De Bie M , Ravmgerova T , Ziegelhoffer A Van Belle H , Jacob 
W (1994) The effect of calcium on mitochondrial contact sites a study on isolated 
rat hearts Biochim Biophys Acta 1224, 583—588 

Biermans W Bernaert I De Bie M , Nijs B , Jacobs W (1989) Ultrastructural local
isation of creatine kinase activity in the contact sites between inner and outer 
mitochondrial membranes in rat myocardium Biochim Biophys Acta 974, 74— 
80 

Brdiczka D (1991) Contact sites between mitochondrial envelope membranes - structure 
and function in energy-transfer and protein-transfer Biochim Biophys Acta 1071, 
291—312 

Dhalla N S , Wang X , Beamish R E (1996) Intracellular calcium handling in normal 
and failing hearts Exp Clin Cardiol 1, 7—20 

Hackenbrock C R (1968) Chemical and physical fixation of isolated mitochondria in 
low-energy and high-energy states Proc Natl Acad Sci USA 61, 598—605 

Knoll G , Brdiczka D (1983) Changes in freeze-fractured mitochondrial- membranes cor
related to their energetic state - dynamic interactions of the boundary membranes 
Biochim Biophys Acta 773, 102—110 

Poizat C , Grably S , Cuchet P , Keriel C (1996) Relationship between heart function 
and energy production A study on isolated rat heart Arch Physiol Biochem 
104, 71—80 

Račay P , Lehotský J (1996) Intracellular and molecular aspects of Ca + mediated signal 
transduction in neuronal cells Gen Physiol Biophys 15, 273—289 

Ravmgerova T , Styk J , Pancza D , Tribulová N , Šeboková J , Volkovová K , Ziegelhoffer 
A , Slezák J (1996) Diabetic cardiomyopathy in rats alleviation of myocardial 
dysfunction caused by C a 2 + overload Diabetes Res Clin Pract 31, 105—112 

Rodngues B , McNeill J (1992) The diabetic heart metabolic causes for the development 
of cardiomyopathy Cardiovasc Res 26, 913—922 

Walhmann T , Wegman G , Moser H , Huber R , Eppenberger H M (1986) High content 
of creatine kinase in chicken retina compartmentahzate location of creatine kinase 
isoenzymes m photoreceptor cells Proc Natl Acad Sci USA 83, 3816—3819 

Wyss M , Smelting J , Wevers R A , Walhmann T (1992) Mitochondrial creatine kinase 
a key enzyme of aerobic energy metabolism Biochim Biophys Acta 1102, 119— 
166 



338 Ziegelhoffer-Mihalovičova et al 

Ziegelhoffer A , Monošíková R , D ž u r b a A , Vrbjar N (1982) Influence of ischemia on 
creatine phosphokinase activity in the myocard ium Bratisl Lek Listy 77, 5 1 3 — 
640 (in Slovak) 

Ziegelhoffer A , Bakker A Jacob W Ravmgerova T Tribulova N Slezák J (1995) 
Ca -induced formation of contact sites in rat heart mi tochondr ia Role of mito
chondrial c ieat ine kinase (niCK) J Mol Cell Cardiol 2 7 , (Abstract Th O i l ) A 
176 

Ziegelhoffer A , Ravmgerova T , Stvk J , Tubulová N Volkovova K , Sebokova I Breiei 
A (1996) Diabet ic cardiomvopathy m rats biochemical mechanisms of mcieased 
toleiance 1o calcium oveiload Diabetes Res Clin P r a c t 3 1 , 93 —103 

Final version accepted December 5 1997 


