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Architectural and functional remodeling of cardiac and skeletal
muscle cells in mice lacking specific isoenzymes of creatine kinase
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Abstract. Muscle is the major consumer of fuels and ATP in the body. Mitochondria and glycolytic
complexes serve as the main energy production locations, while the highest energy demands are
associated with the sarcoplasmic reticulum, myofibrillar compartments and plasma membrane.
Creatine kinase (CK) is a dimeric protein, which is deeply involved in the production of high energy
storage compounds. This enzyme reversibly phosphorylates creatine (Cr) to phosphocreatine (PCr),
and it is also highly adapted to specialized muscle function. To date, four major isoenzymes of CK
have been identified, two of which occur in the cytosol and two in mitochondria.
Disruption of the phosphotransfer system induced by an absence of either the sarcomeric mitochondrial CK or cytosolic CK or both isoenzymes of CK (CK–/–) in muscle cells leads to morphological and functional adaptations towards preservation of muscle contractile abilities. Remodeling
of the cell ultrastructure observed in CK–/– cardiomyocytes and glycolytic fibers was associated
with direct transfer of energy from places of energy production to locations of energy utilization.
This direct interaction among the organelles can maintain a high ATP/ADP ratio near the cellular
ATPases when CK is not functionally active. This review summarizes the function and role of CK
across different muscle cells in knockout mice.
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Introduction
The functional and structural diversity of skeletal muscles
is connected with the diversity of skeletal muscle fibers. Differentiation and maturation lead to a highly complex cellular
specialization and organization in adult mammalian muscle
tissue. All specialized cellular functions are organized within
structural and functional compartments.
Muscle cells contain specialized energy transfer systems
that connect sites of energy consumption with those of
energy production. The creatine kinase/phosphocreatine
(CK/PCr) system plays a key role in cellular energy buffering and energy transport, particularly in muscle cells, which
have high and fluctuating energy requirements (Dzeja and
Terzic 2003). Besides the CK/PCr, the adenylate kinase
system, glycolytic network and closer interaction between
mitochondria and organelles may further aid energy transfer
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within muscle cells (Xu et al. 1995; Saupe et al. 1998; Crozatier et al. 2002). These systems are competitive and can
compensate for each other to maintain cellular energetics
(Ventura-Clapier et al. 2004).
Expression of CK isoenzymes and the role of the CK
system across different muscle cells
CK catalyzes the reversible transfer of the N-phosphoryl
group from PCr to ADP to regenerate ATP. Four major CK
isoenzymes have been identified to date, and their names are
derived from the original isolation source. The isoenzymes
were characterized on the basis of differences in gene and
amino acid sequences, tissue localization and immunogenicity (Wallimann et al. 1992). There exist two cytosolic forms,
namely the muscle (MM-CK) and brain (BB-CK) variants,
which exist as dimers under physiological conditions (Wyss
et al. 1992). Under certain circumstances, cytosolic CK can
exist as a MB heterodimer. There are also two mitochondrial
forms of the enzyme, the ubiquitous (Mi-CKu) and the sarco-
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meric (Mi-CKs) forms (Wyss et al. 1992). The mitochondrial
isoforms (Mi-CK) generally exist as octamers but can be
readily dissociated into dimers (Wyss et al. 1992).
Most vertebrate tissues express two CK isoenzyme combinations, either dimeric, cytosolic MM-CK together with
mostly octameric Mi-CKs or, alternatively, BB-CK, together
with Mi-CKu. The CK isoenzyme combination, MM-CK with
Mi-CKs, is expressed in differentiated sarcomeric muscle, in
the context of both cardiac and skeletal tissue. On the other
hand, the combination of BB-CK with Mi-CKu is prominently expressed in brain, smooth muscle (Wyss et al. 1992)
and endothelial cells (Decking et al. 2001).
During late fetal and neonatal development of mammals,
expression of MM-CK and Mi-CK increases dramatically,
whereas isoform BB-CK peaks at the time of birth and then
declines, leaving only trace amounts in the heart and in the
skeletal muscles at adulthood (Saupe et al. 2000; in’t Zandt
et al. 2003). Hybrid cytosolic MB-CK is expressed only transiently during muscle differentiation but persists at low levels
in adult cardiac muscle (Wallimann et al. 1992).
Various isoforms are compartmentalized at specific intracellular sites (mitochondria, sarcoplasmic reticulum (SR),
plasma membrane or myofilaments) or remain free in the cytosol. MM-CK has been identified in myofibrils and is often
described as a structural protein of the M-band (Wallimann
and Eppenberger 1985). This CK isoform bound to myofibrils
has been shown to be functionally coupled to the myosin
ATPase. This efficient coupling ensures the maintenance of
a high local ATP/ADP ratio and thereby stimulates myosin
ATPase activity to ensure normal kinetics of contraction
(Ventura-Clapier et al. 1994). Similarly, MM-CK is strongly
bound to SR membranes where it is functionally coupled to
Ca2+-ATPase (Rossi et al. 1990; Minajeva et al. 1996) and
ensures efficient energy provision of the SR by means of the
local regeneration of ATP. A relatively small but important
proportion of the MM-CK is associated with Na+,K+-ATPase
(Wallimann et al. 1989). The Mi-CKs is bound to the external face of the inner mitochondrial membrane. Octameric
Mi-CKs interacts with both the inner and the outer mitochondrial membrane at the contact sites. It is functionally
coupled to the adenine nucleotide translocase (Vendelin et
al. 2004; Brdiczka et al. 2006).
The CK system exhibits a high degree of plasticity in
respect of special muscle functions. Two main roles have
been ascribed to the CK system in muscle cells. The first
role is to maintain a spatio-temporal equilibrium of adenine
nucleotides (Ventura-Clapier et al. 2004). This property of
the CK system is important in fast glycolytic skeletal muscles that depend to a large extent on quickly mobilizing
energy reserves to enable contraction (Katz 2001). In these
muscles, ATP consumption increases 100-fold within a few
milliseconds of the onset of nerve stimulation (Tullson et al.
1998; Ventura-Clapier et al. 1998). Afterwards, energy stores
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of PCr will be replenished by anaerobic glycolysis and less
importantly by mitochondrial oxidation processes.
The second role of the CK system is to ensure rapid and efficient energy transfer among mitochondria and the myosin
ATPase through the associated near-equilibrium reactions
(Saks et al. 1994), and through the transfer of metabolic signals back to the mitochondrial matrix (Dzeja et al. 1998; Zoll
et al. 2002). This inference is consistent with the localization
of CK isoenzymes on mitochondria and close to the sites of
energy utilization. In the healthy mammalian heart, the rate
of ATP turnover through CK reactions is 5–10 times higher
than the rate of ATP synthesis from glycolysis and oxidative
phosphorylation combined (Saupe et al. 2000).
Muscle adaptation in the context of CK deficiency in mice
The importance of the CK system in cellular bioenergetics
has been highlighted by experiments using mice with a gene
knockout of either the sarcomeric mitochondrial isoform of
CK (Mi-CK –/–), the cytosolic isoform of CK (M-CK–/–), or
a combination of both isoenzymes (CK–/–) (van Deursen
et al. 1993; Steeghs et al. 1997). Loss of MM-CK does not
cause a compensatory increase in the Mi-CKs (Veksler et al.
1995). Loss of both MM-CK and Mi-CKs has no effect on
the normal post-partum decrease in BB-CK in adult heart
and skeletal muscles (Saupe et al. 2000).
Total CK activity was reduced in mice that possessed
a knockout of Mi-CKs (70% of normal CK activity) and of
MM-CK (28% of normal CK activity), compared to wild-type
animals (van Deursen et al. 1993; Steeghs et al. 1997). When
both Mi-CKs and MM-CK were absent, total CK activity was
reduced to ~4% (Steeghs et al. 1997).
CK–/– mice are fully viable (Steeghs et al. 1997). However,
CK-deficiencies profoundly affected the ability of mice to exhibit spontaneous activity (Momken et al. 2005). CK–/– mice
had lower exercise capacities and their maximum running
speed was 50% lower than in wild-type mice.
Architectural and functional remodeling in cardiac cells
The physiological phenotype of hearts with deleted CK genes
is of clinical interest, since the failing myocardium in many
different etiologies is characterized by changes in myocardial
energetics, including decreased total CK activity and large
changes in the relative amounts of the CK isoforms in the
myocardium (Ingwall 1993; Nascimben et al. 1996; Ye et al.
2001; Spindler et al. 2004).
Initial reports revealed that those mice that lack one or
both of the MM-CK and Mi-CKs isoforms developed nearly
normal cardiac function under moderate workload conditions (Steeghs et al. 1997). Nahrendorf et al. (2005) used
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cardiac magnetic resonance imaging (MRI) to discover that
ablation of CK isoenzymes leads to substantial adaptational
changes in the heart. The Mi-CK–/– and CK–/– mice developed substantial left ventricular dilatation and significant
cardiac hypertrophy. Compared to wild-type mice, there
were striking 73 and 64% increases in left ventricular mass.
Presence of cardiomyocyte hypertrophy was confirmed
through measuring the cross-sectional areas of wild-type
and CK–/– hearts. CK-deficient mice exhibited increased
expression of MHC-β (myosin heavy chains), which are
considered markers of myocardial hypertrophy (Small and
Krieg 2004). The use of MRI techniques to measure myocardial perfusion and mechanics allowed these researchers
to detect the abnormalities in the CK–/– phenotype. The
myocardium in CK–/– mice was characterized by reduced
perfusion and a reduced maximum contraction velocity
(Nahrendorf et al. 2006).
These physiological results were consistent with electron
microscopy results. Hearts from CK-deficient mice were
characterized by alterations in mitochondrial volume and
by a larger number of lipid droplets adjacent to the intermyofibrillar mitochondria (Steeghs et al. 1997). Later, Kaasik et
al. (2001) showed marked cytoarchitectural reorganization
of cardiac muscle. Frequent splitting of myofibrils resulted
in the formation of thinner myofilament bundles and their
deviation from the longitudinal direction. Abundant mitochondria filled all the space between myofibrils.
Given the aforementioned ultrastructural observations
and the results of contractile kinetics and oxygen consumption measurements, Kaasik et al. (2001) proposed the direct
channeling of ATP and ADP among mitochondria and
ATP-utilizing structures (in the SR and in the myofibrils).
Mitochondria are organized into functional complexes (intracellular energetic complexes) with adjacent ATP-utilizing
systems (Saks et al. 2001). ADP is probably directly channeled from mitochondria to other ATPases in the context
of reduced diffusion in the cytosol. Inside these complexes,
mitochondrial functional state apparently depends on the
state of the sarcomere and related structures (Adrienko et
al. 2003).
Architectural and functional remodeling in glycolytic
skeletal muscle
Single Mi-CK s deficiency had no noticeable effect on
morphology and function of the glycolytic skeletal muscles (Steeghs et al. 1997, 1998). M-CK–/– mice showed no
alterations in absolute muscle force but they lacked the
ability to perform burst-type activity (van Deursen et al.
1993; Veksler et al. 1995). The depressed force production
was not accompanied by a slowing relaxation, leading
researchers to conclude that there was sufficient ATP to
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sustain myofibrillar ATPase and Ca2+-ATPase activity
(de Haan et al. 1995).
Skeletal CK–/– muscles showed reduced force development
and slower relaxation times (Steeghs et al. 1997; Dahlstedt et
al. 2001). Functional tests revealed a decreased fatigability of
CK–/– fast glycolytic skeletal muscles in comparison to wildtype muscles (Dahlstedt et al. 2001; Gorselink et al. 2001).
Total creatine (Cr) concentration was normal (Steeghs et al.
1997; Dahlstedt et al. 2000). Nevertheless, during a period of
repeated contractions PCr was not hydrolyzed in CK–/– muscles, whereas wild-type muscles displayed a noticeable reduction of the PCr/Cr ratio (Dahlstedt et al. 2000; Gorselink et
al. 2001). The absence of PCr breakdown during fatigue in
CK–/– fibers negatively impacted the increase in inorganic
phosphate ions, which are considered to be a major cause of
fatigue (Allen and Westerbland 2001).
Histochemical analysis revealed a shift in myosin isoenzyme expression from fast to slower isoforms in glycolytic
skeletal muscles (EDL, psoas, gastrocnemius) in response to
MM-CK deficiency (Veksler et al. 1995; Steeghs et al. 1998).
A shift towards a more oxidative character of glycolytic muscles in M-CK–/– and also CK–/– mice suggested an increased
intermyofibrillar mitochondrial volume (van Deursen et al.
1993; Steeghs et al. 1997). Stereologic analysis of the mitochondrial volume density of the glycolytic CK–/– muscle
fibers (Novotová et al. 2006) revealed that the volume density
of both intermyofibrillar and subsarcolemmal mitochondria
(beneath the sarcolemma) increased together with their
surface densities.
The mean fiber cross-sectional area decreased by 28% in
CK–/– plantaris muscle in comparison to control mice (Momken et al. 2005). A reduction of the average myofibril radius
by 18% was estimated from surface-to-volume density data
(Novotová et al. 2006). This can be regarded as an adaptation
that improves the supply of contractile myofilaments with
calcium and energy substrates in skeletal CK–/– fibers.
The microarchitecture of glycolytic muscle cells can adapt
in cases of CK deficiency toward sustaining the contractile
function of the muscle cells. As for cardiac cells, in skeletal
muscles the increased proximity of mitochondria to contractile fibrils can be considered evidence for ultrastructural
adaptation in support of direct energy for contraction activities (Kaasik et al. 2003; Novotová et al. 2006).
In CK–/– plantaris muscle various features of degenerating fibers have been observed. This includes the
infiltrates of mononucleated cells in the interstitial areas,
collagen deposits (Momken et al. 2005) and membranous
inclusions called tubular aggregates (Steeghs et al. 1997;
Novotová et al. 2002). Electron microscopic examination
of the CK–/– muscles revealed mitochondria containing
glycogen, lipofuscin granules and other lysosomal structures (Steeghs et al. 1998). These deposits are common
to diseased muscle and occur to a much lesser extent in
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normal muscle as a result of aging (Dubowitz and Sewry
2006).
Architectural and functional remodeling in oxidative
skeletal muscle
Studies of oxidative skeletal muscles in mice that lack specific
isoenzymes of CK are not as extensive as studies that focus
on glycolytic skeletal muscles. Earlier data were concerned
with ultrastructural and histochemical characteristics in
response to deficiency of MM-CK. There were no abnormal
changes in comparison to control mice (van Deursen et al.
1993).
Subsequently, the enlarged intermyofibrillar mitochondrial volume (1.5–2.0 fold) and increased numbers of lipid
droplets were recorded in oxidative CK–/– muscles (Steeghs
et al. 1998). Exact quantitative analysis of volume and surface
densities remains to be investigated. To date, histological
analyses have revealed restricted areas of fiber necrosis
characterized by the infiltration of mononucleated cells and
myofiber size heterogeneity (Momken et al. 2005). With
similar incidence as in glycolytic muscles, fibers with central
nuclei have been observed in soleus muscle. The presence
of such nuclei is usually considered a marker of myofiber
regeneration (Rosenblatt and Woods 1992). The mean fiber
cross-sectional area was 36% lower in CK–/– soleus muscle
in comparison to control mice (Momken et al. 2005).
Conclusion
The CK system exhibits a high degree of plasticity in the
context of certain specific muscle functions. It plays a very
specific role in excitation-contraction coupling in cardiac
and skeletal muscles that cannot be fully compensated for
by other pathways (Crozatier et al. 2002). Therefore, understanding the true role of CK and Cr within the CK/PCr
pathway is essential to identify the importance and limits
of adaptational processes in muscle cells. We have yet to
fully understand the remodeling strategy and extension of
cytoarchitectural changes associated with oxidative skeletal
muscle fibers.
There is a major need to better understand the status of
CK in the context of malignancy progression in skeletal
muscles. Initial findings suggest that Cr, PCr and CK levels
decrease as malignancy progresses. Concentrations of all
these proteins can reach very low levels in the final stages
of sarcoma development (Patra et al. 2008).
At present, there is also growing interest in the role of the
CK/PCr system in the normal and diseased central nervous
system, especially given that CK is expressed in the adult and
developing human brain and spinal cord. Observations of

the functional impairment of the CK/PCr system reflect the
great importance of this system in ensuring normal brain
function (Andres et al. 2008).
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