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Abstract . Creatine phosphokinase-mediated tianspoit of energy from the site of 
production to the site of consumption is a key process for meeting the eneigy-
demands of íeactions m cytosol. The mitochondrial creatine pho&phokinase (mCPK) 
plays an important íole in this piocess, with the enzyme activity localized parti­
cularly in the mitochondrial contact sites (MrCS) Earlier studies in adult animals 
have shown that the formation of MiCS vaiies in response to the energy demand 
and the physiological state of the heart, and it is stimulated by an increase in 
[Ca J +], However, theie is little known about MiCS formation in juvenile heaits, 
chaiacterized by metabolism different from adult hearts. In the present study we in­
vestigated the modulation of MiCS formation via C a 2 + in hearts of 14-day-old rats. 
The moderate response of MiCS to various stimuli (elevated extracellular C a 2 + , 
diltiazem, cardrac arrest by Cd 2 + ) may refer to a still increased intracellular C a _ + 

concentration, the incomplete development of mitochondrial energy pioduction as 
well as to peisi&tmgly high energy demand of the developing heart 
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Introduct ion 

Cieatme phosphokmase (CPK) plays an ímpoitant role m the intracellular eneigv 
t ianspoit , paiticularl> m tissues with high eneigv demand, such as heart, skeletal 
muscle bram etc (Wallnnann et al 1986) The enzyme exhibits specific isofoims. 
localized m the cytoplasm, on rmofibiils and m the mitochondrra Among them, a 
special function is fulfilled b\ the mrtochondnal isoen/jme that , in drmerrc form, is 
pie&ent m the space between the inner and outer membranes of the mrtochorrdrra 
Ho\\e\er, it can be organized also m octameres that were found to be localized m the 
mitoc hondnal (ontact sites (MiCS) MiCS die loci wheie the inner and outei mito-
(hondnal membianes bee ame connected bv the structure consisting of a molecule of 
porin m the outei membrane, the oetamerrc mitochondrial creatine phosphokmase 
(mCPK) m the inter -membrane space, and the molecule of A T P / A D P tianslocase 
m the mnei mitoc hondnal membrane MiCS aie believed to partrcipate in the t ians-
fei of eneig\ thiough the mitochondnal membianes (Bichczka 1991 Wvss et al 
1992) Bieimans et al (1989) utilized the piesence of m C P K octameres m MiCS foi 
('s tocheniu al detection of these stria t ines The lattei stuch also re\ealed that the 
amount of MiCS present m caichac mitochoiidiia incleases m parallel with the m-
ciea&e m metabolic a< t n it\ of the heait Our previous studies íevealed that m adult 
heaits an mi lease m mtiaccllulai C a 2 + concentiation ([Ca 2 + ],) maj act as a signal 
foi both, an mciease m the metabolic activity of the heart as well as an enhanced 
foimation of the MiCS (Bakkei et al 1993, 1994, Zregelhoffeí-Mihalovičová et al 
1997) It has been well documented that the metabolism of rat hearts nuclei go 
most dramatic changes duimg hist 2 weeks of postnatal development (Wittmch 
1997) Theie is a shift from anaerobrc metabolism m the pienatdl penod to aeiobic 
metabolism in the adulthood (Hohl 1997, Tiibulová et al 1997) This is accompa­
nied b's changes in calcium handling So, we weie mteiested in the foimation of 
MiCS and in the modulation of this process m mimatuie íat heaits 

M a t e r i a l s and M e t h o d s 

Heaits of 36 14-dav-old Wistai lats , drwded into 6 gioups (6 animals each), were 
excised and Langendoiff-peifused at 37°C foi 15 mm stabilisation pcrrod (SP) 
with Kiebs-Henseleit solution (K-H) containing (in n i m o l l - 1 ) 118 5 NaCl 25 0 
N a H C O i , 1 2 K H 2 P 0 i , 1 18 KC1, 1 2 M g S 0 4 11 5 glucose, and 1 6 CaCl 2 It was 
gassed with a mixtuie of 95% oxygen and 5% caibon droxrde Subsequently the 
heaits were perfused for additional 15 mm as follows Group 1 (Controls) - the 
same K-H solution as above, G r o u p 2 (High C a 2 + ) - K-H containing 2 2 mmol 1 _ 1 

C a 2 + , Group 3 (Controls with diltiazem) - K-H contarnmg 1 6 mmol 1 _ 1 C a 2 + + 
5 /imol I - 1 diltiazem, Group 4 (High C a 2 + with diltiazem) - K-H containing 2 2 
m n i o l l - 1 C a 2 + + 5 m m o l l - 1 diltiazem, Group 5 (Ca-paradox-hkc model) 3 
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min Ca 2 + -deplet ion and 12 mm Ca 2 + -replet ion, Group 6 (Caidiac airest) - after 
SP administration of 5 mmol 1 _ 1 C d C b 

After completion of the experiment, the hearts were peifusion-fixed and fur­
ther processed for cytochemical determination of octamerrc m C P K according to the 
method of Biermans et al (1989), (for details see Ziegelhoffcr-Mrhalovičová et al 
1997) The method is based on reduction of a thiocarbamyl m t i o blue te t razohum 
chlonde salt m the presence of lactate and glucose-6-phosphate dehydrogenases 
Thm sections of embedded tissue slices were examined m election microscope 
Steieologic al method (Baddelev et al 1986) was used to evaluate the MiCS surface 
to mitochondiia suiface íat io (Ss) The testing grid was applied over the1 electron-
micrographs and the ratio of intersections of cycloids with MiCS and mteisections 
of c peloids with lmtochondiial membranes was courrted 

R e s u l t s 

The baseline value's of latc-piessuie pioduct, paiametei of caichac peifoimance 
(heait i ate x developed piessiue, R P P ) , of the left ventncle aftei SP did not chffei 
between the gioups Peifusion with high C a 2 + conceiitratron (gioup 2) increased 
the R P P b> 42 6% as compared to control values (group 1) Diltiazem (gioup 
3) decreased R P P by 7 1 % while m the presence of 2 2 mmol l - 1 C a 2 _ t . rt was 

Figure 1. Cvtochemically detected MiCS m heart mitochondria of 14-days old íats 
control group anows mitochondrial contact sites, M - mitochondria 
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decieased bv 46.9% onlv. Calcium-paradox-like irrtervention (group 5) decreased 
heart performance by 74.8%. 

The electionmicrograph (Fig. 1) shows an example of the histochemically de­
tected MiCS in control rat heart . 

Results fiom the stereological evaluation of MiCS fiequency are shown in Fig. 2 
as the MiCS surface to mitochondria surface ratio (Ss). 
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Figure 2. MiCS suifacc to mitochondiia surface ratio (Ss) m hearts of 14-days old 
rats C = controls, Ca — high calcium, Dilt = controls with diltiazem, Ca+Dilt = high 
calcium with diltiazem, CaP = Ca-paradox-hke model, CdCI = cardiac arrest, ejror bais 
= ±S E M 

The detection of MiCS in the first gioup of hearts, seiving as contiols, showed 
veiv abundant stamrng of contact srtes wrth the precrprtate from the cytochernical 
detection of m C P K . 

Peifusion of hearts with increased extracellular [ C a 2 + ] e (group 2) as well as 
the C a 2 + overload model (group 5) faded to induce any significant increase in the 
amount of MiCS Diltiazem depiessed the formation of MiCS in hearts perfused 
wrth normal [ C a 2 + ] e only norisigmficanth Relaxed heaits of group 6 (caidiac ai-
íest) íevealed only nonsignificant deciease in the amount of MiCS. 

D i scuss ion 

Duimg pennata l and early postnatal development, heaits undeigo numeious chan­
ges m their metabolism connected to the shift from anaeiobic to aeiobic eneigv 
production. The oxidative capacity of cardiac mitochondria increases during this 
period reachmg its adult values a t 15 20 clays postnataUy (Glatz and Veerkamp 



Mitochondrial Contact Sites in Immature Hearts 389 

1982). In the control of mitochondrial respiration in the heart, C a 2 + plays an 
important role in the activation of mitochondrial enzymes (Hansford 1994). 

Our results indicate that , in 14-day old rat hearts, the response of MiCS forma­
tion to Ca 2 +-signalling is altered as compared to adult rat hearts. This is partially 
due to the alterations in calcium handling and calcium tolerance in immature ía t 
hearts (Mahony 1996). Increased intracellular C a 2 + transients (Vornanen 1996) 
seem to maintain the formation of MiCS persistingly high. 

The high energy demand of the developing heart present even in control sit­
uation requires effective transport of energy from mitochondria to the cytosol, 
piovided by MiCS. The weak response of MiCS formation to C a 2 + stimuli may 
result from the fact that , to keep the transport of energy produced in the ma­
turing mitochondria sufficient, maximal amount of t ransport places rather t h a n 
downregulation of MiCS is required. 

Acknowledgements . Authors are indebted to Mrs. A Brichtová, I. Bernaert and M. De 
Bie foi their perfect technical assistance This study was suppoited by VEGA Giants No 
2/4044/97 and 2/4045/97. 

R e f e r e n c e s 

Baddelev A J . Gundersen H J G , Cruz-Olive L M (1986): Estimation of surface aiea 
from vertical sections. J Microsc (Oxford) 142, 259-276 

Bakkei A , De Bie M., Beinaert I , Ravmgerová T., Ziegdhóŕfcr A.. Van Belle H.. Jacob 
W. (1993) Increased extracellular calcium concentrations in the isolated rat heart. 
effects on mitochondrial contact site formation. Eur J. Morphol. 31, 46 50 

Bakker A . Bernaert I , De Bie M., Ravingerová T , Ziegelhóffer A . Van Belle H , Jacob 
W. (1994). The effect of calcium on mitochondrial contact sites a study on isolated 
íat 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 m 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 protem-transfei. Biochim. Biophys. Acta 1071, 
291-312 

Glatz J F C , Veerkamp J. H. (1982). Postnatal development of palmitate oxidation 
and mitochondrial enzyme activities m rat cardiac and skeletal muscle Biochim. 
Biophys. Acta 711, 327-335 

Hansford R.G (1994) Role of calcium in respiratory control. Med. Sci Sports Exerc. 26, 
44-51 

Hohl Ch M. (1997): Effect of respiratory inhibition and ischemia on nucleotide metabolism 
in newborn swine cardiac myocytes. In: The Developing Heart (Eds B. Ošťádal, M. 
Nagano, N Takeda and N. S. Dhalla), pp. 393-405, Lippincott-Raven Publishers, 
Philadelphia, USA 

Mahony L (1996): Regulation of intracellular calcium concentration in the developing 
heart Cardiovasc. Res. 31, E61-E67 



3 9 0 Ziegelhoffeí-Mihalovičova et al 

Tnbulova N Oknihhcova Ľ , Ziegelhoŕfer-Mihalovuova B Sle/ak J (1997) M\ocardial 
ischemia tolerance differences between i m m a t u r e and adult rat hearts In T h e 
D e \ d o p i n g Heart (Eds B O š t a d a l , M Nagano N Takeda and N S Dhalla) p p 
407 425, L i p p m c o t t - R a \ c n Publishers Philadelphia, USA 

Vornaneu M (1996) Exutation-c ontiac tion coupling of the developing rat heart Mol 
Cell Biochem 1 6 3 / 1 6 4 , 5 11 

W i l h m a i m T Wegman G \ I o s n H Hubei R Eppenbeiger H M (1986) High c onteut 
ot c i e a t m e kinase m chicken t e t m a c o m p a i t m e n t a h / a t c location of creatine kinase 
isoen/\mes m photoieceptoi cells PICK Natl Acad Sci I SA 8 3 , 3816 3819 

W i t t m r h C (1997) Postnata l d e \ d o p m e n t metabolic and func tional deteiminai i t s of IC -
spouse to oxvgen stiess In T h e Developing Heai t (Eds B Oštadal M Nagano N 
Takeda and X S Dhalla) pp 443 457 Lippmc ot t-Ra\en Publishers, Philadelphia 
USA 

Wvss M , Smelting J W e \ e i s R A Wall imann T (1992) Mitochondrial creatine kinase 
a ke\ c n/\ m e of aeiobic eneigv metabol ism Biochim Biophvs Acta 1 1 0 2 , 119 166 

Ziegc lhoftei-MihalovHova B Okrúhlu ova L Tnbulova N Ravmgeiova T \olkovova 
K šebokova I Ziegelhóffer A (1997) Mitoc h o n d n a l contact sites detec ted In 
c ieatme phosphokmase activitv m the heart of noimal and diabetic í a t s Is nn-
tochondiial contact sites foimation a calcium-dependent p r o c e s s ' Gen Phv siol 
Biophvs 16, 329 338 

I mal veision accepted December 3, 1998 

file:///Iosn
file:///olkovova

