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Abstract

Over the past years, a concept for creatine kinase function, the *PCr-circuit’ model, has evolved, Based on this concept,
multiple functions lor the CK/PCr-system have been proposed, such as an energy buffering function, regulatory func-
tions, as well as an energy transport function, mostly based on studies with muscle. While the temporal energy bulfering
and metabolic regulatory roles of CK are widely accepted, the spatial buffering or energy transport function, that is, the
shuttling of PCr and Cr betweensites of energy utilization and energy demand, is still being debated. There is, however,
much circumstantial evidence, that supports the latter role of CK including the distinct, isoenzyme-specific subcellular
localization of CK isoenzymes, the isolation and characterization of functionally coupled in vitro microcompartments
of CK with a variety of cellular ATPases, and the observed functional coupling of mitochondrial oxidative phosphory-
lation with mitochondrial CK. New insight concerning the functions of the CK/PCr-system has been gained from recent
M-CK null-mutant transgenic mice and by the investigation of CK localization and function in certain highly special-
ized non-muscle tissues and cells, such as electrocytes, retina photoreceptor cells, brain cells, kidney, salt glands, myo-
metrium, placenta, pancreas, thymus, thyroid, intestinal brush-border epithelial cells, endothelial cells, cartilage and
bone cells, macrophages, blood platelets, tumor and cancer cells. Studies with electric organ, including in vivo “'P-
NMR, clearly reveal the buffer function of the CK/PCr-system in electrocytes and additionally corroborate a direct
functional coupling of membrane-bound CK to the Na'/K'-ATPase. On the other hand, experiments with live sperm
and recent in vivo "P-NMR measurements on brain provide convincing evidence for the transport function of the
CK/PCr-system. We report on new [indings concerning the isoenzyme-specific cellular locatization and subcellular
compartmentation of CK isoenzymes in photoreceptor cells, in glial and neuronal cells of the cerebellum and in sper-
matozoa. Finally, the regulation of CK expression by hormones is discussed, and new developments concerning a
connection of CK with malignancy and cancer are illuminated. Most interesting in this respect is the observed upregu-
lation of CK expression by adenoviral oncogenes. (Mol Cell Biochem 133/134: 193-220,1994)
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Introduction

The creatine kinase/phosphoryl-creatine circuit
hypothesis for energy homeostasis in muscle and

other cells with intermittently high and fluctuating energy
requirements

Cells require energyto survive and to carry out the mul-
titude of tasks that characterize biological activity. Cel-
lular energy demand and supply are generally balanced,
and tightly regulated for economy and efficiency of en-
ergy use. The enzyme creatine kinase (CK; ATP: cre-
atine N-phosphoryl-transferase, EC 2.7.3.2) omit, plays
akey role in the energy metabolism of cells with inter-
mittently high and fluctuating energy requirements,
such as skeletal and cardiac muscle, neural tissues like
brain and retina, or spermatozoa and electrocytes. It cat-
alyzes the reversible transfer of the phosphoryl group
from phosphorylereatine (PCr) to ADP, to regenerate
ATP. The enzyme is found in two cytosolic isoforms
(‘ubiquitous’ B-CK and ‘sarcomeric’ M-CK) [1} and two
mitochondrial isoforms (ubiquitous Mi,-CK, and sarco-
meric Mi,-CK) [2-4].

Using biochemical fractionation and in sifu immuno-
localization techniques on skeletal and cardiac muscle
tissue, one was able to show that in sarcomeric muscle,
the CK isoenzymes, earlier considered as strictly soluble
enzymes (see textbooks), are in fact not distributed
evenly within the cells of these tissues (5, 6]. Instead, CK
isoenzymes were found to be compartmentalized sub-
cellularly in anisoenzyme-specific fashion [7]. The high-
ly ordered structural organization of muscle and the
prevalence in this tissue of specialized cellular ATPases,
such as the acto-myosin ATPase and the SR-Ca*-
ATPase, made it possible to study, by biochemical and
immunohistochemical methods, the specific subcellular
associations of CK with these muscular ATPases. So-
called functionally coupled microcompartments could
be identified and isolated in vitro (for recent reviews see
[4] and [8] and refs. therein). For example, in sarcomeric
muscle, some cytosolic M-CK is localized at the M-band
[6], the sarcoplasmic reticulum (SR) and the plasma
membrane. Atthesesites, M-CK is functionally coupled
to the myofibrillar acto-myosin ATPase [9-11], the SR
Ca*-ATPase [12, 13] and at the plasma membrane
Na'/K" ATPase [14], respectively, and utilizes PCr [or in
situ regeneration of ATP (Fig. 1). The presence of CK al
these sites of high energy demand and the formation of
functionally coupled microcompartments conveys ki-

netic and thermodynamic advantages to the system |8,
15]. It was demonstrated that the myofibrillar actin-acti-
vatedmyosin ATPase and the SR Ca*'-ATPascin isolat-
ed microcompartments have priviledged access to ATP
generated by bound CK, even in the presence of exog-
enously added ATP-supplying systems or exogenous
ATP traps [9-11, 16]. Interestingly, in an in vitro model
system, using co-immobilized CK and myosin SI, a very
similar functional coupling via channelling of substrates
and products between the two enzymes in an unstirred
layer was obscrved [17].

The cytosolic as well as subcellularly associated CKs,
together with the mitochondrial CK isoforms are
thought to constitute anintricate cellular energy buffer-
ing and transport system interconnecting via PCr and
creatine (Cr) omit, intracellular sites of high-energy
phosphate production, i.c. glycolysis and oxidative
phosphorylation, with sites of encrgy consumption, c.g.
myofibrils and membrane ion pumps [8] (see Fig. 1).
Such a tightly regulated communication between mito-
chondrial and ‘cytosolic’ CK isoforms has mainly been
demonstrated for muscle, the tissue of choice for study-
ing bioenergetics.

The mitochondrial CK isoenzyme [18, 19], Mi-CK, is
located in the mitochondrial intermembrane space [20],
where it is found along the entire inner membrane, but
also at peripheral sites where inner and outer mem-
branes are in close proximity [20, 21] (for reviews s¢e [4,
8]). There, Mi-CK can directly transphosphorylate in-
tramitochondrially produced ATP into PCr (22}, which
then is exported into the cytosol where it serves at rela-
tively high concentration (5-40 mM, depending on the
tissue) as an easily diffusible energy storage and trans-
port metabolite (Fig. 1). Mi-CK, in contrast to the dimer-
ic cytosolic CK isoenzymes, forms highly symmetrical,
cube-like octameric structures that are characterized by
a central channel running in parallel to the four-fold axis
through the entire molecule [23, 24]. These Mi-CK oc-
tamers have the specilic ability to peripherally bind to
lipid membranes and, most importantly, to mediate con-
tact site formation between inner and outer mitochon-
drial membranesin vitro{25]. Studics done with isolated
mitochondria or permeabilized cell culture models,
have shown functional coupling of mitochondrial CK
with oxidative phosphorylation {22, 26-29]. This func-
tional coupling of Mi-CK to oxidative phosphorylation
occurs via the adenine nucleotide translocator {ANT)
[22, 27, 29] which catalyzes the antiport of ATP versus
ADP through the inner membrane, CK substrates and
products also have to pass the outer mitochondrial



Fig. 1. The phospho-creatine circuit model for specialized eefls with ATRise ATRse
highand fluctuating energy metabolism. Ina cell, ATP may be derived
[rom lwo major synthetic pathways, that is, [rom oxidative phusphory- ADP ATP ADP ATP

lation (indicated at the bottom) and from glycogenolysis or glycolysis
(GL.shown in the lelt middle part). Four major compartments of CK
are indicated: 1) strictly soluble eytosolic CK (CK, ) [reely equilibrating,
PCHCe and ATPZADP ratios in the eytosol (shown in the right middle
part);ii) ‘cytosolic’ CK (CK) functionally coupled (o glycolysis on the
producing side of the PCrcireuit (shown in the left middle part). iii)
‘eytosalic” CKA{CK,). specilically associated with subeellular structu-

res al sites of high and fluctuating ATT requirements on the receiving PCr [= Cr
end of the PCr=cirenit, e.p. at the myolibrils (Refs. [9-11, 16], the ‘

o . ' i ATP from™,
sarcoplasmic reticulum (Refs. [12.13]) and the sarcolemma (Ref. [14]). ADP glycolysis /ADP P QB};,

where functionally coupled CK microcompartments are forned with Cr Cr
o AT ATy . others others
the myofibrillar acto-myosin ATPase, the Ca - A'FPase and the Na'/ i

K- ATPase, respectively (ATPase, at the top) [see Lext]: and finally,iv)
mitochondrial CE (Mi-CK) being functionally coupled to oxidative oM
phosphorylation (indicated at the bottom) (Refs. 122, 27, M)]). Note
that in resting muscle, for example, the relative pool sizes of phospho-
ryl-creating ((PCr] = ¢, 2040 mM) and creatine {Cr = ca. 5+15 mM|
arc much larger than those of the adenine nucleotides (JATP] = ca.
3-5 mM: [ADP] = ca. 10-20 uM). Also note that PCrand Cr are smal-
ler and less charged molecules compired o the adenine nucleotides
(for Refs, see [8]). Al the mitochondrial side, a cube-like Mi-CK octa-
mer with an internal channel (Rel, {241) is shown o interact with the
inner (IM) as well as with the outer mitochondrial membrane (OM), M
thus stahilizing contacts between IM and OM (Ref. [25]). A Mi-CK '
octamer is depicted Lo interact with the ATP/ADP-translocator
(ANT) of the IM, and with porin (P) of the OM, transiently forming a
dynamic multicnzyme ‘channel’ (Rel. [59]) at the so-called *mitochon-
drial energy transfer contaet sites” (Ref. [31]). The small black
triangles in the IM and in association with ANT’s represent cardiolipin molecules. ATP generated by oxidative phosphorylation, after transport
through the IM by ANT in exchange for ADP, is transphosphorylated by Mi-CK to give PCr, Due to the functional coupling between ANT and CK
(Rels. [22, 27]), PCr, as a net product of oxidative phosphorylation, leaves the mitochondrion through porin (P} of the OM in its high conductance,
anion-selective state (for details see (4,8, 31, 36]). Creatine (Cr), on the other hand, is entering al the contact sites into the intermembrane space,
where the porin channel is thought to be in its cation-seleetive state due to capacitive coupling of the OM to the membrane potential of the IM, both
beingin close apposition at these sites (Ref. [31]). Possible regulatory aspects of Mi-CK in cellutar energelies are depicted at the lower right, ¢.g. the
reversible formation of contacts with ANT and P at the contact sites (arrows, number 1), the dynamic octamer/dimer cquilibrium of the enzyme,
while bound 1o the IM (arrows, number 2) or being in solution in the intermembrane space (arrows, number 4), ns well as the differential pH-
dependent association of the twa oligomeric speeies of Mi-CK with the IM (3. for dimers: 5. lor octamers), all observed in vitro (Refs. (23, ).
According to this model, in a cellular system performing work, only small pools of adenine nucleotides (ATP and ADP) are turmed over rapidly and
in opposite direction at the producing (bottom and middle part of the ligure) and the receiving end (top partof the ligure) of the PCrcireuit. The
maodel presented here stresses the functional coupling of ATP production with ATT utilization via CK and PCr,as well as the diffusional pathways of
PCrand Cr. This pathway may be crucial for the cell at high work-load. However, parallel pathways involving a direet transport of ATP may also
operate at the same time. This madel, originally developed for masele (Rels. [4.8,59]) is likely 1o be relevant alsa for sperm motility, photoreeeplor
cell function in the vertehrate reting, for smooth muscle, electroeytes, brush borders, ete., as well as for brain encrgetics (for reviews and relerences
therein see Refs. (4,8, 36, 38,70, 71, 133, 140]),
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membrane. Based on experiments showing that mito- the molecular structure of the Mi-CK octamer itself,

chondrial respiration can be effectively stimulated by
extramitochondrial ereatine {29, 30, Jeading o a net
production of PCr by mitochondria, a functional cou-
pling between Mi-CK and porin has also been postulat-
ed |4, 8, 31] (see Fig. 1),

The fact that Mi-CK is involved in the transphospho-
rylation, channelling and transport of energy-rich phos-
phates [rom mitochondria to the eytosol, together with

which is very reminiscent of a *channel protein’, led to
the hypothesis that Mi-CK could act as a connecting,
module between ANT and porin at the mitochondrial
contact sites [4,8, 31] thereby formingan efficient tight -
ly coupled multicnzyme “encergy channel” {4, 8, 31] that
combines the directed export of mitochondrial energy
cquivalents with the interconversion of matrix-generat-
ed ATP plus Crinto ADP plus PO (see Fig. 1), Specilic
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features of Mi-CK, e.g. a dynamic octamer/dimer equi-
librium which is influenced by physiological parameters
[32], as well as the differential pH-dependent interac-
tion of Mi-CK octamers and dimers with inner mito-
chondrial membranes observed in vitro [23, 32] (see
Fig. 1) may be important parameters for the regulation
of mitochondrial energetics. Based on these results,
mainly obtained with muscle, the ‘phospho-creatine
shuttle’ (16,22, 33] or ‘PCr-circuit’ [8, 34] models have
been formulated (see Fig. 1), and several main func-
tions of the CK/PCr-system have been proposed (see
[4,8,34-36].

First, the CK/PCr-system is thought to serve as a tem-
poral energy buffer [37] keeping [ATP] and [ADP]|stea-
dy and buffering [H]. This temporal buffer function
prevents a rapid fall of [ATP] and a large build-up of
[ADP] during cellular work and at the same time avoids
an intracellular acidification due to the hydrolysis of
ATP during work. These functions, which have also
been proposed for CK in photoreceptor cell outer seg-
ments (ROS) [38], have recently been fully confirmed
by transgenic animal approaches. For example, in mice
expressing significant amounts of B-CK in liver, where
normally no or verylittle CK is present, a strong buffer-
ing effect of CK on the ATP levels and the intracellular
pH has been directly demonstrated upon perfusion of
the liver under anoxic conditions [39-41]. In addition,
also with the transgenic liver model it was shown that
[ADP] is inversely proportional to the levels of B-CK
expressed in these livers and that PCr protected ATP
levels from the effects of a fructose load in the same ani-
mals [40]. Furthermore, the temporal buffer function of
the CK system has very recently also been confirmed in
muscle with gene-targeted null-mutant transgenic mice
which do not express ‘cytosolic’ muscle-type MM-CK
[42]. These mice display a distinct phenotype with signi-
ficantly reduced muscle burst activity, that is, in the first
phase of muscle contraction, normal peak tension is
reached, but this peak tension rapidly falls to 50-60% of
the control value seen with wild-type mice [42].

Second, the PCr-circuit serves to improve the thermo-
dynamic efficiency of ATP hydrolysis by keeping intra-
celtular [ADP]low and by maintaining ATP/ADP ratios
high at those subcellular sites where CK is functionally
coupled to ATP-requiring processes, like ion pumps
(see CK,, Fig. 1top) that are largely dependent on a high
affinity of ATP hydrolysis (A) in the sarcoplasm, with
A = AG’,-RT In ([ATP]/[ADP]*[Pi]), where AG",, is
the standard free energy of ATP hydrolysis, R is the gas
constant and Tis the absolute temperature [12,13, 15, 43,

44]. Recent examples supporting this CK function are
the observed functional and kinetic coupling of CK to
the sarcoplasmic Ca*'-ATPase ion pump [12, 3] and to
the myofibrillar actin-activated myosin ATPase [9, 10,
29,35,45,46]. The improvement by the CK system of the
thermodynamic efficiency of ATP hydrolysis is impor-
tant for some of these pumps, and seems crucial for the
sarcoplasmic (SR) Ca*-ATPase [12, 13]. This SR pump
operates with a-AGy,, .. O approximately 51 kJ/mol
(see [44]). The free cnergy of ATP hydrolysis (-
AG yppnyarons) @t physiological concentrations of ATP
(5-8 mM), ADP (10-50 uM) and P, (5-10 mM)in resting
muscle may be estimated to be approximately 55 kJ/
mol. This is only slightly larger than -AG, ... implying
that the SR Ca** pump operates close to thermodynamic
equilibrium [15,43,44] and depends very much on a high
local ATP/ADP ratio for efficient sequestration of Ca*'
into the SR lumen.

Third, an important and seldom recognized conse-
quence of the operation of the CK reaction is the net
release of inorganic phosphate (P,) from PCr. For exam-
ple, during the first phases of muscle work, P, increases
proportionally to the amount of PCr hydrolysed, while
[ATP] and [ADP] levels remain stable [47]. P, exerts a
regulatory effect on glycogenolysis and glycolysis, since
it stimulates phosphorylase [48] and phosphofructoki-
nase [49] and additionally relieves the inhibition of hex-
okinase by glucose-6-phosphate [50]. Thus, in muscle,
the availability of P, may become rate-limiting for glyco-
genolysis in the absence of PCr hydrolysis, a fact sup-
ported by *P-NMR work (see [51]). A functional cou-
pling of CK with glycolysis, also postulated in our model
(Fig. 1) and supported by the colocalization of CK with
glycolytic enzymes in muscle [52, 53], could recently be
directly demonstrated by "P-NMR methods in anoxic
fish muscle [54].

Fourth, the PCr-circuit also serves as a spatial energy
buffer or transportsystem. In this role, PCr is thought to
[unction asan ‘energy carrier’ connecting sites of cnergy
production, e.g. mitochondrial oxidative phosphoryla-
tion, with sites ol energy utilization, whereby mitochon-
drial CK playing an eminent role in this process. This
function of CK is supported i) by the specific subeellular
compartmentation of the different CK isoenzymes in a
variety of tissues, such as muscle, electrocytes, photore-
ceptor cells, and spermatozoa, the latter two represent-
ing highly polar cclls (sce below and [8]), ii) by evidence
indicating subcellular compartmentation of PCr/Cr,
ATP/ADP and P, [29, 55-58], iii) by the localization,
structure and functional properties of the Mi-CK ocla-



meric molecule which seems very well suited [or metab-
olite channcling {4, 8, 59] and iv) by elegant in vivo "0
labelling of the phosphoryl moicties of metabolites in
intact diaphragm muscle showing that discrete adenine
nucleotide pools existin these cells and, most important-
ly, that the rates of appcarance of ["0]-PCr are consis-
tent with a CK-catalysed phosphoryl exchange function-
ingin an obligatory PCrshuttle [S8]. Earlier, using a sim-
ilar isotope technique, the same group provided evi-
dence for compartmentalized in vivo catalysis of
adenylate kinase activity as well [60]. In connection with
the transport function of CK, itis important to note that
by speeding up ‘communication” between sites ol ATP
production and ATP consumption, the PCr-cireuit mod-
clpredicts that transitions between different work states
are accclerated and smoothened, that oscillations in
[ADP] and [ATP] arc dampened and that simultaneous-
ly the transient times for reaching a new steady-state ata
given work load are reduced [4]. This is in line with the
fact that in skeletal muscle and cardiomyocytes in vivo,
the diffusion of adenine nucleotides is severely hindered
compared o that of PCr and Cr [29, 61, 62]. Since upon
muscle activation, [ATP] remains rather constant and
[ADP] rises only little, whereas [PCr] and [Cr] can
change drastically [47], the latter compounds are more
likely candidates for building up gradients which would
speed up trafficking of high-energy phosphates, as a
PCr/Cr-shuttle system, from sites of ATP generation to
sites of ATP ultilization. While the transport function of
this PCr-shuttie or PCr-circuit seems to be supported by
ample evidence mostly from in vitro studies with muscle
(6, 8, 18, 34, 36, 63, 64], it turned out very difficult Lo
prove and verify this transport function of CK in vivo.
Conflicting results have been produced by dilferent re-
search leams (sce |35, 36, 42, 65-68]). Whereas in the
glucose perfused heart, the flux through the CK reac-
tion, as measured by "P-NMR, correlates well with the
cardiac muscle performance [65, 66], no correlation, or
eéven a negative ong, has been reported for skeletal mus-
cle[67]. By contrast, however, a clear correlation of CK-
calalysed flux with brain activity has recently been dem-
onstrated on in vivo brain, using NMR magnctization
transfer [68] (see below). Curiously, in vivo "P-NMR
measurements showed that MM-CK deflicient transgen-
ic mice [42] or mice expressing less than 30% of normal
MM-CK (Dr. B. Wicringa, personal communication),
cach of which expresses normal levels of Mi-CK, stifl uti-
lize PCr for muscle contraction. However, inversion
transfer measurements revealed no measurable flux
through the CK forward reaction [42], indicating that a
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significant fraction of CK-reaction flux is inaccessible (o
NMR, or NMR-‘invisible’. Interestingly, as soon as the
MM-CK levels reached 30-40% or more, suddenly a
normal 100% CK-flux was registered as in control ani-
mals, indicating that it is mainly the unbound excess of
cytosolic CK which is responsible for the measured in
vivo CK-reaction flux (see [36], Dr. B. Wicringa, person-
al communication). In light of this unexpected beha-
viour ol the CK-syslem in NMR terms, the interpreta-
tion of carlier CK-flux measurements by *P-NMR, ¢s-
pecially with skeletal muscle, will have Lo be revisited
[36]. At this level of non-invasive in vivo measurement,
the PCr-shuttle issue is certainly not yet resolved and
some surprises may be ahcad [36].

In recent years, CK of non-muscle cells, such as sper-
matozoa, clectrocytes, photoreceptor and brain cells,
which, like muscle cells, are also characterized by inter-
mittently high and [luctuating energy requirements, has
attracted considerable interest. Therefore, the [ollowing
chapters are meant to give an update on the localizalion
and function of various CK isoenzymes in a variety of
non-muscle tissues.

Localization and function of
CK isoenzymes in spermatozoa

Vertebrate sperm

Spermatozoa are highly specialized, very polar cells with
a DNA-containing head, which may be round or ¢lon-
gated, depending on the species, and which additionally
harbours the acrosomal vesicle al its very tip. Adjoining
the head is a short midpiece containing mitochondria
followed by a very long (50-150 pm) (lagellar tail con-
taining, the axoneme, basically consisting of microtu-
bules and dyncin, The dynein motor protein uses ATP as
the direct energy source for the movement of mierotu-
bules retative to cach other, The {lagellar wave thus gen-
crated ultimately leads to sperm movement., As shown
for muscle [61], itis likely that the delivery of high energy
phosphates, such as the rather bulky and negatively
charged ATP molecule, from the mitochondria to the
distal axoneme, may also be severely diffusion-limited
in sperm [69-71]. This limitation may be overcome by
the relatively large amounts of CK and total creatine
(Cr) present in spermatozoa |70, 1] Inrooster and hu-
man sperm, two different types of CK isoenzymes,
brain-type B-CK and mitochondrial-type Mi-CK, have
been identified by native isoenzyme electrophoresisand
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Fig. 2. Compartmentalized localization of creatine kinase isoenzymes in spermatozoa. Indirectimmunofluorescence of rooster spermatozoa, stained
with specific antibodies against chicken brain-type cytosolic B-CK (a, b); against chicken mitochondrial Mi-CK (¢, d); or with preimmune control
antibody (e, f), all followed by FITC-conjugated second antibody (Ref. [70]), P Kaldis et . in preparation). Note the specific staining by anti-B-CK
antibodies of the entire sperm tail, but neither of the midpiece nor the sperm head, which in roosters are both rather elongated. The staining intensity
with anti-B-CK is often tapering off somewhat towards the distal end of the sperm tail (a). Note also the specific *box-like' staining by the anti-Mi-CK
antibody of the mid-piece where the sperm mitochondria are located (¢} and the negative backpround oblained with pre-immune antibody (e): b.d,
and f are the phase contrast images corresponding to the fluorescence pictures a, ¢ and ¢; bar = 20 um,

immunoblotting [70]. In addition, by indirect immuno-
fluorescence, B-CK was found along the entire length of
rooster sperm tails (Fig. 2a, b), whereas Mi-CK was lo-
calized specifically to the rectangular midpiece, just be-
hind the sperm head [70] (Kaldis er al. in preparation)
(Fig. 2c, d), which, in rooster spermatozoa, is rather
elongated (Fig. 2). Thus, an isoenzyme-specific subcel-
lular segregation of CK isoenzymes is seen in these sper-
matozoa 70, 71]. Most importantly, rooster sperm motil-
ity is inhibited by CK blockers [70], indicating a depend-
ence of sperm motility on the CK/PCr-system.
Surprisingly, in a study assessing the fertilizing poten-
tial of sperm from infertile male patients, an inverse cor-
relation between sperm CK activity and sperm concen-
tration in the specimens of normospermic and oligo-

spermic infertile men was found [ 72]. Upon closer exam-
ination of sperm morphology, this puzzling fact could be
explained by a higher retention of eytoplasm in sperma-
tozoa of infertile men [72]. During normal sperm matu-
ration, excess cytoplasm is lost to the Sertoli cells as re-
sidual bodies. Thus, the often observed higher CK con-
tent per sperm cellin infertile men can be attributed to
the presence of immature or abnormal spermatozoa
withirregular headsize and retention of eytoplasmic CK
due to incomplete sperm development [73]. While the
presence in human sperm of brain-type B-CK is not dis-
puted, the question about the identity of the second CK
species is not fully settled. According to our study, the
second CK speciesin human sperm is mitochondrial Mi-
CK [70] but, according to Dr, Huszar's group | 74], it was



suggested 1o be the eytosolic musele-type M-isoform of
CK. Unexpectedly, the mitochondrial CK isoenzyme
present in rooster sperm, which is & non-muscle cell, is
sarcomeric muscle-type Mi-CK (P. Kaldis ef al. in pre-
paration). It will be intriguing to see whether, similar to
lactate dehydrogenase (for refs see [70]), a possible ad-
ditional, sperm-specific CK isoform [75] can be identi-
fied in human spermin the future, Independently of the
exact nature of this latter CK isoenzyme in human
sperm, a low relative ratio of this 'Mi-CK isoform to B-
CK scems (o be a good diagnostic sign for a low fertiliz-
ing potential of men as shown in a blinded study invol-
ving 84 infertile couples [74], indicating that CK and es-
pecially ‘mitochondrial’ CK is a key player also for hu-
man sperm function,

Sperm activation and energy metabolism are more
complex in vertebrate spermatozoa than in sea urchin
sperm [6Y, 71]. While sca urchin spermatozoa thrive ex-
clusively on mitochondrial respiration by fatty acid ox-
idation [69, 71], vertebrate spermatozoa are motile also
under low-oxygen conditions, deriving the chemical en-
ergy additionally from glycolytic pathways [76]. Fur-
thermore, unlike sca urchin sperm, which are released
into the sea water as ‘dry’ sperm, vertebrate spermato-
zoa are supplemented with relatively large volumes of
seminal fluid provided by the seminal vesicles and the
accessory prostate gland. The supply of substrates by
seminal fluid which contains large amounts of fructose
etc. [77] may be relevant for vertebrate sperm motility,
since glucose, fructose and mannose were shown (o sup-
porl vertebrate sperm motility under cither acrobic or
anaerobic conditions [76]. Interestingly, seminal vesicle
epithelium cells contain large amounts of PCr and Cr
which are released into the seminal vesicle fluid [78].
The accumulation of these compounds in the above cells
as well as in the seminal vesicle Muid is regulated by tes-
tosterone [79], Thus, seminal vesicle epithelial cells are
the first example of cells that “seerete’ PCrand Cr. An
indication that external supply ol high energy phos-
phates to vertebrate sperm via seminal vesicle [uid, rep-
resenting 50-70% of the seminal plasma, may be impor-
tant for human sperm motility is corroborated by the
fact that upon addition of PCr to human ejaculates or
isolated sperms, sperm motility as well as sperm velocity
were both enhanced in virre [80]. Blocking rooster
sperm CK activity with 10-20 pM 2 d-dinitro-fluoro-
benzene (DNFB) leads to significant loss of sperm mo-
tility [70]. In addition, interference with the delivery of
mitochondrial ATP, by blocking the ATP/ADT translo-
ator with 50 pM carboxyatractyloside and at the same
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time inhibiting glycolysis with 20 mM deoxyglucose,
leads to a complete loss of rooster sperm motility, Sub-
sequent addition of 10 mM PCr plus 1 mM ADP, in the
presence of 0.5 mM diadenosine-pentaphosphate o
block adenylate kinase, led to a signilicant recovery ol in
vitro sperm motility [70], again indicating that PCr and
endogenous CK can support (lagellar wave movement.

It is still unclear, however, whether in vivo, external
PCr in the seminal fluid can be taken up directly by in-
tact sperms and thus be utilized as an immediale encrgy
source, or whether it is metabolized by B-CK, which is
also present both in seminal vesicle and prostate {luid
[81]. In this latter case, PCr would mediate its positive
effects on sperm motility [80] by an indirect mechanism.
Bascd on these results, the controlied interference with
the CK system in spermatoroa, either by supplementing
CK substrates or by specifically inhibiting CK activity,
may turn out to be a valuable tool for the treatment of
certain types of male infertility or for male contracep-
tion, respectively, in the future. Although statistically
significant differences in CK activity, which is exclusive-
ly brain-type B-CK, were found in seminal plasma of
men with normal spermiograms of oligoasthenozooic
sperm, the individual values show an overlap which is
too wide for routine diagnostic purposes [82].

Sea urchin sperm

The most convincing cvidence for a crucial role of the
CK/PCr-system in sperm motility comes from studies
with sea urchin sperm. These sperm can be obtained in
large quantities in homogeneous form and are rever-
sibly activatable by simply changing the ionic and pH
conditions of the sea waler [69]. In vivo, sea urchin
sperms are spawned directly into sea water where they
are activaled within scconds by sodium influx via a Na'/
El'-cxchanger present in the sperm plasma membrane,
leading to an increase in intracellular pH and linally of
[Ca”"][69). Two different CK isocnzymes have also been
observed and isolated fromsea urchin spermatozoa 83,
a very large unusual til-CK with @ M, of 145000 and a
multimeric mitochondrial isoform with an apparent sub-
unit M, of 47°000, which turned out to be an actameric
Mi-CK., similar to that of vertebrates ([4], Wyss e al.,
unpubfished). Genetie analysis revealed that the gene
for the tail-CK, named according 1o its location in the
sperm tail, contains three contiguous but non-identical
CK segments, most likely arisen by two gene duplica-
tion events, joined by non-CK-like connectors and
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flanked by unique N- and C-termini [84] (see also [85]).
The unique tail-CK is a lipophilic protein capable of in-
teracting with sperm membrane preparations [86]. The
anchoring of tail-CK to membranes and to phospholipid
liposomes in vitro [86] is facilitated by myristoylation of
the protein at the very N-terminus containing a corre-
sponding consensus sequence [87]. In addition, some
evidence suggests that tail-CK may also interact with
microtubules of the axoneme [88]. Thus, the isoenzyme-
specific segregation of octameric Mi-CK ([4], Wyss et al.
unpublished) to the sea urchin head and of tail-CK to
the cytosol, the plasma membrane and the axoneme,
seems torepresent aprerequisite for a PCr-shuttle oper-
ating also 1n spermatozoa.

As a matter of fact, evidence obtained by *P-NMR
shows that the large pool of PCr in sperm is depleted or
resynthesized, depending on whether sperm motility is
induced or inhibited, respectively, by simply altering in-
tracellular pH [89]. This indicates that CK and PCr are
indeed directly involved in sperm motility. In a series of
elegant experiments with live sea urchin sperm, a direct
dependence of sperm motility on an intact CK system
could be demonstrated [71]. By specifically blocking CK
activity, but not mitochondrial respiration, with low con-
centrations of 2,4-dinitro-fluoro-benzene (DNFB), the
tight coupling of energy utilization and energy produc-
tion observed in sea urchin sperm is interrupted. Inhib-
ition of CK activity in sperm impedes the transport of
high-energy phosphates from the mitochondria to the
axoneme and affects the pattern of sperm motility in the
manner predicted if energy transport from the sperm
head to the tail were diffusionally limited [69]. For ex-
ample, by computer-assisted analysis of stroboscopic
photomicrographs of DNFB-treated and control sea ur-
chin sperm, it was shown that progressive inhibition of
CK in these live sperms results in a progressive flagellar
wave attenuation, whereby the distal part of the flagel-
lum with the largest distance from the sperm head is af-
fected first and most [90]. In addition to the attenuation
of sliding velocity between flagellar microtubules in the
distal region of the sperm flagellum, CK-inhibited sper-
matozoa generate a flagellum bending pattern with
shorter wavelengths [90]. These specific alterations of
sperm motility, seen after inhibition of CK activityinlive
sperm, and their reversal upon subsequent addition of
ATP [ollowing demembranation of the same sperm
preparation, provide very strong support for the CK-
mediated PCr-shuttle in high energy phosphate trans-
portin spermatozoa, with PCr and Cr being the metabo-
lites channeled along the sperm tail [71]. In our opinion,

the whole-cell sperm model is the most convincing ‘liv-
ing proof’, so far, for the spatial buffering or encrgy
transport function of the CK/PCr-system proposed in
the PCr-circuit model [8, 36, 69-71, 74].

Localization and function of CK in
electrocytes of the electric organ
of electric fish

Electric fish contain a large bi-lobed electric organ, ori-
ginally derived from myogenic cells, which is composed
of large disc-shaped electrocytes stacked on top of cach
other to form the many columns ol the electric organ.
These highly specialized electrocytes, unlike muscle
cells, lack a contractile apparatus. Electrocytes are spe-
cifically stimulated by the release of acetylcholine from
presynaptic nerve terminals of nerves originating in the
electric cortex of the fish’s midbrain. A large number of
nicotinic acetylcholine receptors are present at the ven-
tral, postsynaptic electrocyte membrane. Upon ligand-
gated opening of the receptors, sodium ions enter the
cells through the receptors, which function as ion chan-
nels. The combination of a large number of electrocytes,
each approximately 100 um in height, into many co-
lumns enables electric fish to produce a current of suffi-
cient strength to stun or kill their prey or to defend
themselves against aggressors. After electric discharge,
the intracellular sodium ions are extruded from the elec-
trocytes by the Na'/K'-ATPase located within the non-
innervated, dorsal membrane face, which is highly in-
vaginated by tubular infoldings, called canniculi. By this
way, the surface area of the dorsal membrane system
harboring the energy-requiring Na'/K' ion pump is
greatly increased (see [91]).

Electric organs of a variety of different electric fish
contain high concentrations of CK [92, 93}. The major
CK isoform in electric organ is identical to the eytosolic
CK found in the skeletal muscle of the same fish, as was
confirmed by prolein sequencing and ¢cDNA cloning
[94-97]. The post-synaptic membrane of Torpedo ¢lee-
trocytes is specifically associated with a CK [98] showing
a subunit M, of 43000, which was also named the “ace-
tylcholine receptor-rich membrane-associated periph-
eral v-protein’ before it was identified as genuine CK
[93, 98, 99]. Based on immunological cross-reactivity
with heterologous anti-chicken B-CK antibodics, but
not with anti-M-CK antibodics, this protein was {irst
postulated Lo be brain-type B-CK [99, 1], but was sub-



sequently shown to be genuine M-CK [97, 101]. This dis-
crepancy can now easily be explained, since direct se-
guence comparison of Torpedo electric organ CK with
the more than 20 other CK sequences known so far
shows sequence motifs in the electric organ CK that are
related both to M- and B-type CK's [85]. The above con-
troversy distracted the scientific community from the
facts that i) more than one CK isocnzyme is present in
Torpedo clectric organ [100], with the second isoenzyme
probably being MB-CK [92,97], and ii) that CK in elec-
tricorgan, besides being asoluble cytoplasmic protein, is
not only associated as peripheral v,-protein with the in-
nervated,  postsynaptic acetyleholine  receptor-rich
membrane [93, 98, 99] but, as shown by immuno-clec-
tron microscopy, is also bound to the dorsal non- innerv-
ated cannicular plasma membrane (ace [98] where the
ouabain-sensitive Na'/K'-ATPase is situated [91]. The
colocalization of CK at the dorsal membrane with the
Na'/K'-pump suggests a role for CK in the regeneration
of ATP, via PCr, 1o fuel the Na'/K'-ATPase during re-
charging of discharged electrocytes ([98], see below).
This role serves to keep the local ATP/ADP ratios high
in the vicinity of the ion pump, thus increasing the ther-
modynamic efficiency of ATP hydrolysis and of ion
pumping [8, 15, 36, 43, 44]. As in muscle, an additional
function of the CK system in electrocytes may be to buff-
er the intracellular pH, that is, while regenerating the
ATP utilized for ion pumping, the CK reaction reutilizes
the protons generated by the ATPase reaction [8].

The major, almost exclusive energy utilizing process
in electrocytes in the Na'/K'-ATPase, which is fully op-
erative alter an electric discharge of the electric organ
[91]. The aerobic and anaerobic metabolic synthetic
pathways in this organ are rather slow [91]. Upon dis-
charge of the clectric organ, the high levels of PCr fall
rapidly [102]. due to the almost exclusive utilization by
CK of PCr for the fueling of the fully activated Na'/K'-
ATPasc [91]. This is corroborated by experiments show-
ing that ouvabain, a blocker of this ion pump, prevents
PCr depletion in discharged cleetric organ [103]. Most
importantly, an intimate functional coupling of CK with
the Na'/K'-ATPasc has been directly demonstrated by
in vivo saturation transfer "P-NMR measurements in
the resting and stimulated electrie organ, showing a
highly increased Mux through the CK reaction alter dis-
charge of the electric organ {103 Thus in electrocytes,
the high energy demands after electric discharge are met
at the expense of PCr, and the recovery of the mem-
brane potential during recharging is closely related to
the restoration of intracellular PCr levels [102, 103,
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In addition, an association between cytosolic CK and
synaptic vesicles has been demonstrated in electrocyles
of Torpedo [98], and the release of acetylcholine from
Torpedo synaptosomes was shown to be severely affect-
ed by inhibition of CK with DNFB [104]. Since mito-
chondrial content of electrocytes is rather low, and so
far, no Mi-CK has been detected in this tissue, a contri-
bution of mitochondrial ATP and/or mitochondrially-
derived PCr to the Na'/K'-ATPase scems unlikely.
However, due Lo the fact that in electrocytes, the ATP
synthetic pathways are slow, but after a discharge, large
amounts of cnergy arc needed for recharging, electric
organ represents an instructive example for an almost
exclusive temporal energy bufler function of the CK/
PCr-system, whereas sea urchin sperm represent a simi-
larly instructive example for the spatial buffering or en-
ergy transport function postulated in the PCr-circuit
model (8, 36].

CK isoenzymes in photoreceptor cells
of the retina and in the lens of the eye

Compartmentalized localization of CK isoenzymes
in reting

Vertebrate photoreceptor cells of the retina, which are
specialized neurons consisting of an outer segment, con-
nected by a thin stalk to the inner segment, the nucleus
and synaptic terminations, show a highly polar organiza-
tion analogous to spermatozoa, The major energy re-
quiring reactions of phototransduction (e.g. the regener-
ation of cGMP [rom ATP and GTP, hydrolysed as a con-
sequence of photic stimulation [105]) take place in the
outer segments of photoreceptor cells, The distance
from the outer segment to the inner segment, where ox-
idative phosphorylation takes place, can range between
20-50 pm, depending on the specics. The highly clus-
tered mitochondria of photoreceptor cells are confined
ta the ellipsoid portion of the photoreeeptor cells' inner
scgment [38, 106). Since oxidative phosphorylation is
erucial for photoreceptor eell function [107] the question
again arises of how high-energy phosphates are trans-
ported from the inner segment through the narrow
space of the conneceting cilium into the outer segment,
which is occupied by stacks of photo-sensitive mem-
branes and thus imposes severe diffusion limitations
even on small compounds, such as eyelic-GMP [108],
Two isolorms of CK, brain-type (B-CK) and mito-
chondrial CK (Mi-CK) were found in chicken and bo-
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Fig. 3. Immunofluorescence localization of CK isnenzymes in chicken retina: compartmentation of cytosolic and mitechondriat CK in pholoreceptor
cells. [ndirect immunofluorescence of thin cryosections of a relina from adult chicken prepared by the gelatine support techaique (for me thods sec
Refs, [109,110]) stained with specific antibodies against chicken brain-type cytosolic B-CK (a-h) and against mitochondrial Mi-CK (i, k), Fluoreseen-
ce images (a, ¢, ¢, g, 1) are displayed with their corresponding phase contrast pictures (b, d, [hok ). Overview ol g chicken retina at low magnification
showing anti-B-CK staining of the dilferent retinal layers (a, b). Note that refative to the other cell layers of the retina, the photoreceptor cell layer
{PR) is stained most intensely byanti-B-CK antibody, with some stratified staining of the inner plexiform layer (triple arrows ina) and a ratherstrong
staining also of the synaptic region with horizontal cells (arrowhead in ¢). Somewhat higher magnilication depiets strong staining with anti-B-CK
antibody of the inner and outer segments of photoreceptor cells (c, d), especially of the myoid portion above the outer fimiting membrane (OQLM),
whereas slightly oblique sections through the photoreceptor cell layer also reveal ring-like' immuno-staining of outer segments (OS) (see wrow-
heads in¢), just below the pigmented epithelium (PE). By contrast, mitochondrial Mi-CK localization is entirely restricted to the ellipsoid portion of
the inner segment of the photoreceptor cells, where mitochondria are clustered in targe numbers (Refs. |38, 107, 1H0]). Thus on the subcellular level,
cytogolic B-CK. presentin the inner and outer segment (Ref. [38]), and mitochondrial Mi-CK, present in the inner segment enly, are spatially
segregated in an isoenzyme-specific manner, thus forming, the physical basis for a PCr-circuit in photoreceptor cells (Rel. [38]), PR, photoreceptor
cell layer, OS, outer segment, OLM, outer limiting membrane; PE, pigmented epithelium; ONL, outer nuclear layer: QP outer plexilorm layer:
bar = 25 pm.



vine retina |38, 109]. Both of these CK isozymes are ex-
pressed athigh levels but are distributed dilferentially in
photoreceptor cell inner segments. Mi-CK is restrieted
1o the mitochondria-rich ellipsoid portion, while B-CK
is localized both to the ellipsoid and myoid portion (Fig,
3) of chicken inner segments [109],

Although some data from immunofluorescence loca-
lization studies [109, [10] (sce also Fig, 3), as well as bio-
chemical and physiological measurements [, [12] sug-
gested that CKis present also in outer segments, unam-
biguous evidence for the presenee of B-CK in photore-
ceptor cell outer segments, as well as a quantitative
analysis (hereof, has only been provided recently [38].
The presence of B-CKisoenzyme in rod outer segments
(ROS) of chicken retina was initially indicated by the
results of immunoftuorescence labelling of thin frozen
sections of chicken retina (Fig. 3). However, this could
only really be corroborated by immuno-gold labelling of
bovine retina and has additionally been confirmed by
immunoblotting and immunolabeling ol isolated bovine
ROS, as well as by biochemical characterization of iso-
lated ROS [38]. Thus, while Mi-CK is restricted to the
ellipsoid portion of the inner segment, B-CK is present
in the inner as well as the outer segment. Therefore, in
photoreceptor cells as in spermatozoa, the two CK
isoenzymes are in part spatially scgregated. The content
of creatine kinase in isolated ROS was quantified by
measuring creatine kinase activity after membrane dis-
ruption with detergent [38]. The ATP regeneration po-
tential provided by the creatine kinase in isolated,
washed bovine ROS was 1.2 £ 0.4 [U - mg™' rhodopsin.
This value was calculated to be atleast an order of mag-
nitude larger than that necessary to replenish the energy
required for cGMP resynthesis in ROS, and high enough
to regenerate the entire ATP pool of ROS within the
time span of a photic cycle (sce [38]). Since Mi-CK ex-
pression and accumulation in the chicken retina coinci-
de with the functional maturation of the photoreceptors
around the time ol hatching, this enzyme may represent
a good marker for terminal differentiation of these cells
[110}. B-CK, on the other hand, is present from carly
stages of retina development amd seems to be relevant
for the energetics of retinal cell proliferation, migration

and differentiation. The simultancous expression of

both B- and Mi-CK around the time of hatching indi-
cates a coordinated function of the two CKisoforms as
constituents of a PCr-circuit in (he energetics of vision,
which, in autophagous birds like the chicken. has to be
operating right alter hatching [ 110},

In photoreceptor cells, which depend on mitochon-
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drial oxidative phosphorylation, ATP produced in inner
segment mitochondria may be transphosphorylated by
Mi-CK to provide PCr [or those fractions of cytosolic
CK which are associated specifically with sites of energy
consumption, c.g. the Na'/K'-ATPase in the plasma
membrane ol the inner segment or various ATP-requir-
ing processes in the outer segment, where this bound CK
regenerates the ATP and maintains high local ATP/
ADP ratios. Outer segment CK, which in part may also
be agsociated with the plasma membranc, would play an
important role in phototransduction by providing cner-
gy for the visual cycle, maintaining high local ATP/ADP
ratios and consuming protons produced by ATPases lo-
cated in the outer segment and thus preventing an acidi-
fication of the outer segment compartment (for details
sce [38]).

The remarkable ATP-regeneration potential provi-
ded by B-CK present in ROS indicates that CK-depen-
dent ATP generation may play a major role in many as-
pects of ATP function in ROS, For example, ATP is not
only utilized as an energy source to regenerate cGMP,
which is hydrolysed during photic stimulation, but also
seems to be a regulatory factor influencing cGMP levels
by rapidly quenching light-induced phosphodiesterase
activity [113]. This dual role of ATP, as a direct energy
source and as a regulatory molecule, has been confirmed
by independent groups [114, 115].

Thus, due to its ability to regulate ATP levels in
photoreceptor cells, CK in ROS may be involved direct-
ly in ATP-mediated regulatory control of phototrans-
duction. Such multiple potential roles of CK in photo-
transduction, a process that is tightly regulated at many
levels, implics that B-CK activity, its intracellular distri-
bution. or even both properties are also likely to be sub-
jeet Lo control. A possible regulatory mechanism alfect-
ing cither of the above properties may be protein phos-
phorylation, B-CK of rat [116], mousc [117] and chicken
(18] arc indeed phosphoproteins. The heterogeneity of
bovine ROS B-CK observed on 2D gels |38] was similar
tothat reported for B-CK from other species, suggesting
that some of the B-CKin bovine ROS is also phosphory-
lated. Phosphorylation was shown to alter the kinetic
propertics of B-CK {117, 18], This post-transiational
modification might also regulate the distribution of B-
('K between membranes and cytosol, as has been de-
monstrated for other proteins [119, 1201,
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CK in the cuboidal epithelium of the eye’s lens

Interestingly enough, neonatal rat and human lens were
reported to express only a cathodic variant of CK, while
near the time of sexual maturation, a dramatic increase
in the expression of B-CK and to some extent also of
M-CK was noted [121]. It is possible that in lens, as in
other tissues such as brain, uterus, placenta, amnion, de-
cidua and mammary gland, B-CK expression is also
stimulated by hormones (see [122]). This is supported by
the fact that differentiation of lens epithelial cells has
been demonstratedin response to vitreous liquid and se-
rum, which both contain hormones {123]. B-CK was lo-
calized to the cuboidal epithelial cells of the adult rat
lens [121]. These cuboidal epithelial cells, which cover
the anterior surface of the lens, have important ion-
transport transport functions. Therefore, it is possible
that B-CK localized in these cells is functionally associ-
ated with areas of high transport ATPase activity.

Localization and functions of
CK isoenzymes in brain

CK isoenzymes in brain

Although the relative distribution of CK in different ar-
eas or cell types of the brain has been investigated in
numerous studies, there is still no consistent and com-
plete overview of the localization of CK isoenzymes in
the brain. Regional variations in CK activity with com-
parably high levels in the cerebellum were reported in
studies using native isoenzyme electrophoresis [124] or
enzymatic CK activity measurements of either tissue ex-
tracts [125] or cultured brain cells [126]. In particular, the
molecular layer of the cerebellar cortex contains high
levels of CK activity [125,127], consistent with the recent
¥P.NMR findings which indicate that grey matter shows
a higher flux through the CK reaction and higher PCr
concentrations as compared to white matter [128]. In
contrast, high levels of either CK activity or correspond-
ing mRNA were shown in cultured oligodendrocytes
(126, 129], typical glial cells of the white matter. B-CK,
the major ‘cytosolic’ CK isoenzyme present in brain [1],
has been characterized extensively [118, 130-133]. For
chicken B-CK, considerable heterogeneity was found;
there are two major B-type subunits and additional sub-
species arising from alternative ribosomal initiation
[134] and post-translational modifications [118, 132, 135].
Already in the sixties, it was reported that CK activity is

associated with brain mitochondria [18, 136]. This en-
zyme activity was characterized as a genuine brain mi-
tochondrial CK (Mi-CK) [137-139] and later identified
as the so-called ‘ubiquitous’ Mi,-CK isoform [2, 3, [39].
Mi,-CK, which was also characterized cextensively [4,
139], is localized preferentially as octamers in contact
sites of brain mitochondria [20, 31]. In several early stud-
ies, the presence of muscle-type M-CK in brain was also
postulated (for review see [133, 140]). M-CK has indeed
been demonstrated recently in postmortem human
brain extracts by biochemical isolation and protein se-
quencing [141] and in chicken cercbellum by immuno-
precipitation, immunoblotting and immunofluores-
cence analysis {133, 140].

Having a carefully charactcrized set of highly specific
antibodies against chicken CK isoenzymes at hand, the
cellular distribution and localization of all chicken CK
isoenzymes within the chicken cerebellum was investi-
gated [133]. In addition, the localization, accumulation
and developmental appearance of CK isoenzymes dur-
ing maturation of the rat brain was studied, and these
data were correlated with in vivo "'P-NMR CK reaction
flux measurements 140, 166].

Brain-type creatine kinase isoenzyme in Bergmann glial
cells of the cerebellum

The localization of CK isoenzymes is most advanced in
cerebellum due to the relatively ‘simple’, stratified
structure of this part of the brain composed of well char-
acterized cell types. Anti-B-CK staining was found in all
layers of the cerebellar cortex as well as in the deeper
nuclei of the cerebellum, indicating that a high propor-
tion of the cerebellar cell types contain B-CK. The label-
ing was most intense in Bergmann glial cells (BGC) (Fig.
4a, b, small arrow-heads in b point to BGC cell bodies).
The processes of these cells, lying in the vicinity of Pur-
kinje neurons (large arrow), span radially through the
entire molecular layer and finally form, with their end-
feet, the membrana limitans, which is also stained heavi-
ly (Fig. 4a,arrowheads). Thus, the morphology of BGCS
is perfectly matched by the intense anti-B-CK staining
pattern. Besides BGC,some other cell types in the mole-
cular layer, such as basket cells and ncurons in the deep-
er nuclei, contain B-CK (for details see [133, 140]). Addi-
tionally, structures in the granular cell layer, likely to be
glomeruli [142] and astrocyles contain significant anti-
B-CK immunorcactivity (Fig. 4a, b), whereas cerebellar
white matter appears to contain rather low levels of B-
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Fig. 4. Localization of brain-type B-CK, muscle-lype M-C'K and mitochondrial CK in chicken eerebellum. Cerehelli from adult chicken were fixed
and embedded in paraffin by standard (cchniques and labeled by indirect immunofluoreseence staining, using specific antibodies against chicken
brain-type B-CK, muscle-type M-CK and against ubiquitous mitochondrial Mi,-CK (for details see [133, 140]). Low magpification immunofluores-
cence overviews of cerebellar regions (a, d. g). higher magnifications of immunostained pictures (b, ¢, h), and the corresponding phase contrast
pictures in (¢, [, i}, shown after staining for brain-type B-CK (pancls a-¢). for muscle type M-CK (panels d-}, and for mitochondrial Mi-CK {panels
g-i),all followed by thodamine-conjugated second antibody. Control seetions, incubated only with preimmune sera, displayed no significant staining
(not shown here, see [133, 140]). Small arrow-heads indicate the cell badies of Bergmann glial cells (BGCs, in b and ¢) and the membrana limilans
gliace (in a) which are both strongly stained by anli-B-CK antibodies. Large arrows indicate the Purkinje neurons (PNs) which are strongly stained by
anti-M-CK aptibodies (¢ and 1), weakly stained by anti-Mi,-CK antibodies (hand i), but remain unstained by anti-B-CK antibodies (b and ¢). Note
that the anti-M-CK staining, in the proximal processes of the Purkinje neuron is not uniform, but vesicular (¢). This would be consistent wilh a
staining of the endoplasmic reticulum network that i highly enriched in this region of Purkinje neuron. Note also the relatively strong staining, by
anli-Mi-CK of the glomeruli in the granular Jayer (GLY of the eerebellun. ML and GLrefer to malecular and granular cell tayers ol the cerebellum,
respectively; bar - 30 pm. An extensive study concerning the immunohistachemical localization of CK in chicken brain, including more details on
the exact localization of the different CK isoenzymes, as well as on the characterization and specificity of the antibodics used was published else-
where [133].
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CK. The latter finding is consistent with previous his-
tochemical and *'P-NMR data [127, 128].

The BGCisaspecialyzed type of astroglial cell. It pro-
vides the migratory pathway for granule cell migration
from the external to the internal granule cell layer dur-
ing cerebellar development [143, 144]. Another main
function of these cells is the proposed ATP-dependent
spatial buffering of potassium ions [145, 146], released
during the electrical activity of neurons. This function is
also reflected by the morphology of BGC, which enve-
lop the synaptic sites of Purkinje neuron dendrites with
the exception of the precise sites at which Purkinje
spines make contact with parallel or climbing fibers
[143]. Since BGC processes directly face the cerebrospi-
nal fuid at the membrana limitans, these cells were sug-
gested to be responsible for releasing the K* ions, taken
up via ATP-driven Na'/K'-ion pumps from the extracel-
lular space around the highly active Purkinje neurons,
into the subdural space, which acts asa K" sink [145]. Itis
therefore reasonable to assume that the high B-CK con-
tent of BGC (Fig. 4a, b) reflects their high energy de-
mands in relation to spatial K* buffering [147]. In this
respect, it is interesting to note that Miiller cells, repre-
senting a functionally and morphologically specialized
astrocyte cell type found in the vertebrate retina, were
also proposed to be involved in spatial K* buffering
[145]. Like BGC, the Miiller cells also contain significant
amounts of B-CK [109]. The presence of B-CK in astro-
cytes (for details see [126,133, 140]) may be related to the
energy requirements of these cells for metabolicinterac-
tions with neurons, e.g. tricarboxylic acid (TCA) cycle
metabolite and neurotransmitter trafficking [147].

Muscle-type creatine kinase isoenzymes in
Purkinje neurons of the cerebellum

Purkinje neurons play a very important role in brain
function, Receiving excitatory input from parallel fibers
and climbing fibers, they represent the sole neuronal
outputstructures of the cerebellar cortex. A remarkable
feature of Purkinje neurons (PN) is that a single PN
makes hundreds of synaptic contacts to a single climbing
fiber. Climbing fiber impulses evoke complex Ca*-
spikes and prolongued Ca**- mediated depolarizations
in Purkinje cell dendrites [148] which in turn are thought
to play a central role in the mechanism of cerebellar mo-
toric learning [149)]. The presence of the ‘unusual’ mus-
cle-type M-CK (see Fig. 4d,e and [133, 140]) and most
likely also of the muscle-type Mi,-CK (P. Kaldis, person-

al communication) in Purkinje neurons of the chicken
brain may reflect an adaptation of Purkinje neurons to
their very special energy requirements. It is known that
Purkinje neurons specifically express a whole variety of
enzymes involved in Ca*'-homeostasis (for references
see [133]). Interestingly, several of these proteins are al-
so muscle-type isoforms, e.g. the skeletal muscle-type
ryanodine receptor [150] and calscquestrin, a typical
protein of the sarcoplasmic reticulum [151, 152]. In addi-
tion, Purkinje neurons contain the highest concentra-
tion of sarcoplasmic/endoplasmic reticulum Ca’-AT-
Pase (SERCA) found in any non-muscle cell type [153]
and also preferentially express a muscle-specificisolorm
of this enzyme, that is SERCAZb [154]. Recent in vivo
YP_NMR saturation transfer experiments, showing that
dihydropyridine calcium antagonists reduce the con-
sumption of high-energy phosphates and concomitantly
decrease the CK reaction flux in rat brain [155], strongly
support the above conclusions that CK is directly or in-
directly coupled to energetic processes needed for Ca®
homeostasis or to cellular processes triggered by this
second messenger. Thus, the presence of muscle-type
M-CK in Purkinje neurons fits well into the general pic-
ture that PNs display some ‘muscle-like’ characteristics
and may also reflect the better suitability of M-CK, com-
pared to other cytosolic CK isoenzymes, to associate
with certain subcellular structures, e.g. with the endo-
plasmic reticulum membrane system, in these cells. The
vesicular immunofluorescence staining pattern seen in
the proximal processes of PNs (Fig. 4¢) would be consis-
tent with staining of endoplasmic reticulum vesicles
which are prominent in this region of the cell. M-CK was
shown in skeletal muscle to be associated with the ATP-
dependent Ca®-pump [12, 13]. Thus, the role M-CK
plays in muscle, that is, i) preferentially supplying the
Ca®-pump of the sarcoplasmic reticulum with ATP |12,
13] and ii) keeping local ATP/ADP ratios high in the vi-
cinity of the Ca*-pump, thereby increasing the thermo-
dynamic elficiency of this ionpump [8, 15, 44|, may apply
to M-CK bound to the endoplasmic reticulum in Pur-
kinje neurons as well,

Creatine kinase isoenzymes in the glomerular strictures
of the cerebellum

The granule layer of the cerebellum, especially the glo-
merular structures, contains high levels of Mi-CK as
well as B-CK, as judged from the intensities of anti-CK
antibody staining (Fig. 4a, band g, h). These structures,



forming intimate synaptic as well as glial-neuron inter-
actions also called ‘neuropils’, are known to be rich in
mitochondria and to display a very high energy metabo-
lism. Large amounts of energy are needed in these struc-
tures for restoration of potassiumion gradients partially
broken down during neuronal excitation, as well as for
meltabolite and neurotransmitter trafficking between
glial cells and neurons (for review see [147]). Thus, the
localization of both B- and Mi-CK isoforms within
these structures may be an indication that part of the
encrgy consumed in these giant complexes ol mossy [i-
ber, Golgi cell and granule cell synapses (for more de-
tails concerning the focalization of CK. sce {133]), might
be provided by a *PCr-circuit’, as it has been proposed
[or other excitable cells [8, 38, 70, 71].

Creatine kinase in neurons

In brain, B-CK has also been found in association with
synaptic vesicles [156], as well as with the plasma mem-
branes [157]. Since a similar association between B-CK
and synaptic vesicles as well as the plasma membrane
has been demonstrated in electrocytes of Torpedo [98],
the electrocyte system serves as a good analogy for the
function of this portion of B-CK in brain. Convincing
data concerning a direct functional coupling of CK with
the Na'/K'-ATPasc have been obtained by in vivo *'P-
NMR studies on electric [ish, which showed that CK and
the membrane-bound Na'/K'-ATPase are tightly cou-
pled in the resting as well as in the stimulated electric
organ [103]. Additionally, CK bound to synaptic vesicles
in electroeytes is involved in neurotransmitier release
[104]. Thus, the fractions of CK that arc bound to syn-
aptic vesicles and to the plasma membrane in neurons
may also be involved in neurotransmitter releasce, as well
as in the maintenance of membrane potentials and the
restoration of ion gradients before and alter clectrical
discharge, both in conjunction with the Na'/K'-ATPasc
[68, 103]. This is consistent with the fact that high energy
turnover and, concomitantly, high CK concentrations
have been found in those regions of the brain that are
rich in synaptic connections, ¢.g. in the molecular layer
of the cerebellum, in the glomerular structures of the
granule layer and also in the hippocampus (Hemmer,
unpublished observation), In neurons, the Na'-extru-
ston activity facilitated via the neuran-specific Na'/K'-
ATPase {158] is especially high in the synaptic region
(see [159]). This is also true for Ca™-extrusion activily,
mediated either via the plasma membrane Ca”-pump
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responsible for net extrusion of calciurn out of neurons,
or via the Na'/Ca*'-exchanger. The Na'/Ca’'-exchange
is driven by the Na* gradient which in turnis maintained
by ATP indirectly through the operation of the Na'/K'-
ATPase (for review see [160]). The observation that a
rise in CK levels, observed in a fraction of brain contain-
ing nerve endings and synapses, parallels the neonatal
increase in Na'/K' ATPase is also suggestive that higher
levels of PCr and CK are characteristic of regions in
which energy cxpenditure for processes such as ion
pumping are large [ 159]. In addition, protein phosphory-
lation which plays an important role in brain function is
also thought 1o consume a sizable fraction of the total
energy available to these cells [159].

Finally, CK, together with nerve-specilic enolase, be-
longs Lo a group of proteins known as slow component b
(SCb). These proteins are synthesized in neuronal cell
bodics and are directed by axonal transport to the axo-
nal extremities (161, 162]. The question of whether CK
participates in the actual energetics of axonal transport
remains to be answered. However, the association of a
fraction of *saluble’ CK with SCb proteins shows an in-
tracellular compartmentation of the enzyme also in neu-
rons. In addition, during preparation of neuron-specific
enolase, brain CK co-chromatographes with the latter
glycolytic enzyme [163], indicating a functional coupling
of brain CK with glycolysis as was demonstrated in mus-
cle [8, 52-54].

Interestingly, in differentiating primary cell cultures
of neuronal cells, some B-CK was localized to the nuclei
[126], whereas in adult chicken and rat brain, after in situ
immunofluorescence staining with our anti-CK antibod-
ies [133, 140], the nuclei of most neuronal cells, which
are, however, [ully dilferentiated, remained unstained.

Postnatal accrrnulation of mitochondrial CK inrat brain
and in vivo function of CK

In the altricial nconates (mouse, rat, rabbit, pig and hu-
man), marked quantitative and qualitative changes in
the physiology of ATP metabolism occur postnatally
(sce [164]). Similarly, rather dramatic postnatal inereas-
es in total CK activity and PCr content were noted. For
example, in the narrow time-window between days 12-
15 of postnatal development of mouse and rat i) the in
vivo rate of CK-catalysed ATP synthesis increascs 4-
fold, as measurcd by saturation transfer "P-NMR [165,
166]. ii) the brain develops the capacity to increase ATP
synthesis by oxidative phosphorylation in response to
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sudden changes in energy demand [164] and iii) a pop-
ulation of cerebral brain mitochondria appears with
tight contacts between inner and outer membranes
[165]. Since Mi-CK has been identified in isolated con-
tact site membrane fractions of brain mitochondria [20,
31] and since octameric Mi-CK was shown to be able to
induce contact formation between isolated mitochon-
drial membranes [25], the appearance of the population
of mitochondria described above may be related to the
expression and accumulation of Mi-CK in these mito-
chondria. In rat brain, an increase of Mi-CK activity by
4-6 fold, which is higher than the increase of total CK or
B-CK activity overthis time period, takes place between
days 12-20 of postnatal development, concomitant with
acorresponding 4 fold increase in the in viveo rate of CK-
catalysed reaction flux [166]. These observations, show-
ing that the developmental appearance of Mi-CK paral-
lels the maturational changes in brain energy metabo-
lism, suggest that Mi-CK, and CK in general, are critical
in the control of cellular ATP metabolism in the adult
brain [166]. The fact that in the developing brain, B-CK
expression is acutely stimulated by vitamin D metabo-
lites, but not by estrogen [167, 168] is certainly interest-
ing in the context of brain development.

The interpretation that CK plays a key role in the en-
ergetics of the adult brain is supported by very recent in
vivo "P-NMR magnetization transfer measurements
showing that the pseudo first-order rate constant of the
CK reaction (in the direction of ATP synthesis) as well
as the CK flux (J;) correlate with brain activity, which
was measured by EEG as well as by the amount of de-
oxy-glucose phosphate formedin the brain after admin-
istration of deoxy-glucose [68]. These data show that in
vivo the CK/PCr-system serves not merely as a temporal
energy buffer [37], but hasalso a spatial energy buffer or
transport function [8] with Mi-CK functioning as a key
player in the intricate energy distribution system [4, 8]
also in brain [166].

Localization and function of CK
in uterus and placenta

Two major CK isoenzymes, B-CK [169] and ubiquitous
Mi-CK, have been identified both in uterusand placenta
[170]. In addition, a recent analysis of the myometrium
of gravid guinea pigs revealed, besides the prevalence of
BB-CK and the relatively low concentration of Mi-CK,
the presence of MB- and MM-CK in this tissue [171],
During pregnancy, the total CK activity in myometrium

increases almost by afactor of three, but the distribution
of isoenzymes does not significantly change with gesta-
tion, except that the contribution of Mi-CK increases
from trace activity in the non-gravid utcrus to 5%! in the
gravid uterus [171], which is indicative for a role of Mi-
CK in the gravid myometrium. In detergent skinned
fibres from myometrium, significant amounts of BB-
CK, but not MM- or MB-CK, remain spccifically bound
[171], indicating an isoenzyme-specific compartmenta-
tion of CK in myometrium, with a fraction of BB-CK
located at the myofilaments. Contraction experiments
with chemically skinned [ibres showed that in the pres-
ence of 10mM PCr plus 250 uM ADP, in the absence of
ATP, non-gravid and gravid uterine fibres are able to
support 43% and 65 % ol maximal tension, respectively,
via the endogenous CK system [171].

These results indicate that the presence of B-CK at
the myofilaments and of Mi-CK in mitochondria, as well
as their elevated specific activity during pregnancy, will
lead to better interrelation and coupling between oxida-
tive metabolism and force of contraction during in-
creased demand for parturition [171]. This notion is also
supported by the fact that in vivo, the uterine PCr levels
increase significantly before labour, when large metabo-
lic demands are made on the contracting myometrium.
[PCr] remains high during parturition and returns to the
much lower prepartum [evels within a week after birth
[172].

The structural and functional reorganization of the
gestating uterus is under hormonal control. As a matter
of fact, B-CK is the major estrogen-induced protein in
uterus [173], and by CAT-assays, a functional estrogen
enhancer was demonstrated to be contained within a
2.9 kb fragment of the 5'-upstream flanking region of
the B-CK gene [174]. Very recently, it has been reported
that the expression of both B-CK and Mi-CK in uterus
as well as placenta are in fact hormone-regulated [170]
and that both CK isoforms can be induced very rapidly
by estrogen in vivo and in vitro [168, 170, 173, 175]. In
vivo, B-CK and Mi-CK expression are highly coordinat-
ed both with respect to time during pregnancy and after
delivery (170]. Interestingly, the hormone-induced in-
crease in specific CK activity in experimentally estro-
gen-stimulated rat uterus is paralleled by changes in
uterine PCr concentration [176]. Most importantly, this
increase, partly due to an upregulation of Mi-CK as well,
is paralleled by aninerease in CK reaction flux from PCr
to y-ATP [177]. Taken together, these results suggest an
important role of the PCr/CK system in uterus and pla-



centa for the maintenance and termination of pregnancy

[171].

Localization and function of CK in
intestinal brush border epithelial cells
and in endothelial cells

CK-supported contraction of intestinal brush-borders

Inintestinal epithelial eells, B-CK and Mi-CK were also
found to be compartmentalized subceellularly. While B-
CK is distributed diffuscly throughout the cytoplasm of
these cells, it is concentrated distinetly in the brush bor-
der terminal web region, where the contractile-ring
myosin is located. The mitochondrial Mi-CK isoenzyme,
on the other hand, is specifically confined to the mito-
chondria just subjacent to the terminal web region [178].

Glycerol-permeabilized brush borders, with their cy-
toskeleton intact retain significant amounts of B-CK,
which is indicative for a relatively strong subcellular as-
sociation of a fraction of the enzyme with internal struc-
tures of brush borders [178]. Such brush border prep-
arations do contract in vitro by virtue of their circumfer-
ential ring myosin, and the extent of contraction can be
measured by the curvature of the brush borders at the
level of the circumferential ring, Maximal contraction
can be supported equally well either by an externally
added ATP-regeneration system [phosphoenol-pyru-
vate (PEP)/pyruvate kinase)] or by simply adding PCrin
the presence of micromolar concentrations of ADP
[178]. This indicates that endogenous B-CK is sufflicient
for delivery of ATP Lo the contractile-ring myosin and
for ATP regeneration. Most importantly, whercas PEP-
pyruvate-kinasc-supported contraction s efficiently
blocked by external addition of an ATP trap (hexoki-
nase and glucose), the PCr-ADP-supported contraction
is not at all inhibited [179], thus demonstrating that ATP
is preferentiatly supplied, via PCr, to the circumferen-
tial-ring myosin by endogenous CK bound at the termi-
nal web. This preferential supply of ATP imparts to this
myosin a selective energetic advantage over other cellu-
lar ATPases. Thus, similar to muscle, CK-coupled con-
tractile-ring myosin appears to be one end of an energy
circuit that supplies the energy for brush border contrac-
tion [179).
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CK in epithelial and hair cells of the inner ear

The organ of Corti and the stria of the inner ear are
known to contain high concentrations of CK [180], pos-
sibly involved in the energetics of ion transport and au-
ditory sensation. By immuno-histochemical analysis,
marginal cells of the cochlear stria vascularis, as well as
dark cells and transitional cells of the vestibular system,
all contain an abundance of CK [181]. These cell types
concentrate K' in the endolymph of the inner ear against
alarge gradient and depend, for such ion transport, on a
ouabain-sensitive basolateral Na'/K'-ATPase. Thus, in
analogy to the well-known cases in other cells, it 1s rea-
sonable to speculate that CK in strial marginal cells and
dark cells is also coupled to this ion pump and maintains
a thermodynamically favourable ATP/ADP ratio in the
vicinity of the pump. High levels of CK have also been
demonstrated in the cochlea’s inner and outer phalan-
geal (Deiter’s) cells and, although at lower levels, in the
sensory hair cells [181]. CK in Deiter’s cells may have a
function in the re-uptake of K*-effluxing from the senso-
ry hair cells analogous to the role played by CK in Berg-
mann glia cells and Miiller cells of brain and retina, re-
spectively (see previous chapters).

CK in endothelial cells

Endothelial cells lining the inside of blood vessels, when
maintained under normoxic conditions, express various
CK isoenzymes (BB-, MM- and Mi-CK) and possess sig-
nificant stores of PCr [182]. If these cells are exposed for
prolonged periods of time to hypoxic conditions, they
exhibit a significant reduction in their PCr stores and
dramatically upregulate their glucose (ransport activity
[182]. Thus, even though very little is known about the
[unction of CK in these cells, endothelial cells obviously
seem Lo require PCr to meet their metabolic demands,
especially under metabolicstress, It willbe interestingin
the future (o localize the CK isoenzymes at the subceellu-
far level in endothelial cells and to establish functional
assays Lo probe for CK function.

CK in kidney and rectal salt gland
Kidney

PCr and CK have received almost no attention in kid-
ney, probably beeause the levels in whole kidney are ve-
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ry low as compared to muscle and brain. For example,
CK activity in kidney compared to muscle is lower by at
least a factor of 100 [183]. However, by microdissection
of different regions of the kidney, it was shown that
[PCr] and CK activity vary by as much as 5-10-fold and
100-fold, respectively, depending on the segments along
the nephron. The distal convoluted tubules containing
highest [PCr] and specific CK activity, with the latter
reaching some 5% and 20% of muscle and brain CK ac-
tivity, respectively [183]. Thus, it emerged that PCr and
CK must be confined to a few cell types of the whole
kidney. The first results obtained with immuno-perox-
idase staining for CK in kidney were in agreement with
this notion in that CK was mainly confined to the epi-
thelial cells of the thick ascending limb of the Henle's
loop and the collecting tubules [184]. In a subsequent
study, using isoenzyme-specific anti-CK peptide anti-
bodies, two CK isoenzymes, brain-type B-CK and ubig-
uitous Mi-CK were identified and characterized [185].
By immunohistochemical staining, it was demonstrated
that both CK isoforms are co-localized on a cellular level
in the inner stripe of the outer medulla of rat kidney,
mainly confined to the distal tubules of nephrons [185].
Interestingly, this distribution of CK in kidney corre-
sponds in general to the region of greatest ATP utiliza-
tion, oxygen consumption and sodium transport by the
Na*/K*-ATPase [183]. Thus, besides providing an ener-
gy buffer during periods of low oxygen tension, charac-
teristic of the renal medulla, the cellular co-localization
of the two CK isoforms in a region of high energy turn-
over related to ion transport indicates a more active role
for the CK/PCr-system in the distal nephron [185}, e.g. it
may serve as an energy shuttle system to provide energy
for sodium transport and may in addition fulfil other CK
functions postulated in the PCr-circuit model [8]. This is
supported by the fact that upon hypoxia of the kidney,
similar to muscle, electric organ, brain and macrophages
(see this article ), PCrin the distal nephronis also deplet-
ed more rapidly and to a greater extent than ATP [183].

Rectal salt gland

The highly specialized rectal gland for sodium excretion,
found in elasmobranchs such as dogfish and sharks, was
shown to contain very high levels of PCr, and high ex-
pression levels of brain-type B-CK as well as of ubiqui-
tous Mi-CK [186]. This CK isoform composition is the
same as in mammalian kidney [186]. As in kidney, these
two isoforms are colocalized on a cellular level and are

found to be concentrated at the basal region of the tu-
bule cells where the sodium transport ATPasc 1s also lo-
cated [186). Thus, the two CK isoforms in these sodium-
secreting tubule cells may provide the components of a
shuttle system for the regeneration of energy required
for sodium transport and may keep the thermodynamic
efficiency of this process high. Such a role is corroborat-
ed by the fact that stimulation of rectal gland sodium-
secretion by cyclic AMP causes a rapid decrease in PCr
levels with little or no change in [ATP][187], suggesting
thatsodium-excretionin thissalt gland is tightly coupled
to PCr-hydrolysis in order to maintain high local ATP/
ADP ratios in the vicinity of the ton pump.

CK in adipose tissue

Brewn and white adipose tissue both contain PCr and
CK activity, with the specific activity of CK in brown fat
being approximately 50 times higher than in white fat
tissue [188]. In brown adipose tissue, which is respons-
ible for heat generation through a process called ‘non-
shivering thermogenesis’, the CK activity is in the same
order of magnitude as that found in cardiac or nerve tis-
sue. So far, the CK isoenzymes in this tissue have not
been identified, but the function of CK may be directly
related to thermogenesis. As a matter ol fact, based on
in vivo Cr-uptake experiments, it was shown that the la-
belling of the total Cr pool with radioactive Cr proceed-
ed much faster in adipose tissue than in skeletal muscle
[188]. It was concluded that fatty acids and free Cr may
be synergistic in promoting mitochondrial respiration
for thermogenesis [188].

CK in pancreas

The possible importance of CK inendocrine tissues may
have beenoverlookedin the past, The fact that PCr[189]
and CK activity [190) were identified in the islets of Lan-
gerhans ol pancreas, with B-CK as the major CK isoen-
zyme [190], indicates that PCr and CK may play a role in
thesecretion of insulin and/or glucagon. In pancreas, the
energy required for insulin exocylosis was assumed to be
supplied by ATP synthesized in acinar cells, However,
YP-NMR measurements of cerulein-stimulated rat pan-
creas indicate i) that ATP for insulin exocytosis was de-
rived from phosphorylation of ADP via PCr by pan-
creatic CK and ii) that lTarge amounts of PCr are syn-
thesized during the first minutes after cerulein-stimula-



tion [191]. During this process, the PCr levels reach a
maximum at 10 min, then fall between [0-20 min after
stimulation and finally return to control levels [191].

CK in thymus, thyroid and liver

In addition to expressing variable amounts of B-CK, the
thymus was shown, quite surprisingly, to contain also
muscle-specific M-CK {192], as well as another muscle-
specific protein, the 165000 M, M-band protein. Nodu-
fes, embedded in the thymic reticulum, stain i siti posi-
tively for both of these proteins. If thymus tissuc was dis-
sociated into single cells and cultured at high density,
myotubes which were morphologically similar to those
from muscle-derived cultures appeared and stained pos-
itively for the two muscle proteins mentioned above
[192]. Obviously, in the thymus, there are some myoid
cells present which are capable of forming myotubes.
This explains the occurrence of muscle-specific proteins
in this tissue.

Already very early, the presence of CK in thyroid has
been reported, and the isoenzymes found in this tissue
have been tentatively identilied as MM- (MB-) and BB-
CK [193]. The invariable presence ol significant
amounts of CK in the thyroid of several species includ-
ing man suggests that this enzyme may have a role in
thyroid tissue metabolism or hormone biosynthesis,
however, no follow-up study on the localization and
function of this enzyme in this tissue has been published.

Surprisingly, the presence in human liver of mito-
chondrial CK, showing electrophoretic properties simi-
lar to those of human cardiac Mi-CK, has also been re-
ported, and Mi-CK was actually purified from the mi-
tochondrial fraction of human liver [194]. By contrast,
all our efforts by native CK isoenzyme analysis, affinity
labelling of CK with radioactive N-bromoacethyl-3.3".5-
trijodo-L-thyronine, immunoblotting of extracts from
whole liver tissuc or from highly enriched mitochondrial
[ractions [rom chicken, mouse and rat livers [195], as
well as Northern-blot analysis of chicken liver with Mi-
CK-specilic cDNA probes [M. Stolz, IZB, F'TTL person-
alcommunication|, did not reveal Mi-CKin liver. 1f any-
thing, only minute amounts of B-CK, which casily could
have been derived from hlood vessels (smooth muscle,
and endothelial cells) or blood cells (macrophages and
blood platelets) have oceasionally been found in this tis-
sue. This raises the interesting question of whether hu-
man liver is an exception with respect o CK contentor
whether the expression of Mi-CK in human livers, as de-
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scribed by the above authors, may be linked to a specific
unrecognized disease affecting the “healthy” patient
whose liver was taken post-mortem.

CK in cartilage and bone
Cartilage cells

The presence of PCrin chondrocytes was demonstrated
by "'P-NMR measurements of superfused resting zone
cartilage from the growth plates of bones from young
animals [196]. Extraction and chemical analysis revealed
the highest amounts of PCrin the proliferative region of
cartilage, but no PCr is present in caleilied cartilage
[197]. In sharp contrast to developing skeletal muscle,
where a transition from BB-CK in embryonic to MM-
CK in adult muscle takes place, exclusively MM-CK was
found in resting and proliferating cartilage, while MB
and BB-CK are clearly the predominant CK’s in hyper-
(rophic cartilage {197]. The levels of CK activity are di-
rectly related to chondrocyte maturation, with CK activ-
ity increasing with the progression of chondrocyte hy-
pertrophy [197]. As in uterus, the expression of B-CKin
carlilage cell cultures is regulated by estrogen [198] and
also by calciotrophic agents, such as certain vitamin D
metabolites [199]. Most importantly, lowering of the en-
ergy status of developing carlilage and bone in vivo,
cither by feeding of rats with the creatine analogue 3-
puanidino-propionic acid (GPA), or by addition of GPA
to cultured chondrocytes in vitro, leads to a significant
inhibition of normal cartilage development and differ-
entiation, respectively [200].

Bone cells

B-CK aclivily in bone cells in culture is also stimulated,
like in cartilage cells, by some, but not all vitamin D me-
tabolites [201] and, in addition, by parathyroid hormone
and prostaglandin E, [202]. Most intriguing, however, is
the dircet and sex-specilic stimulation of B-CK expres-
sion by sex steroids in rat bone [203]. Whereas in bones
of female rats, [7f-estradiol (E,), bul not testosterone,
stimulates the appearance of B-CK activity, the inverse
situation is observed in bones of male rats, that is, testos-
terone stimulates B-CK synthesis, while 1, is inelfec-
tive. This indicates that gonadal steroids may contribute
(o stimulating, bone growth and to maintaining a bal-
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anced bone-turnover, with CK beingdirectly involvedin
the energetics of these processes [200].

Very recently Ch'ng and Ibrahim (1994) [225] have
shown that when arat osteoblastic cell line is induced to
differentiate with 1,25-dihydroxyvitamin D,, the expres-
sion of B-CK is upregulated by a two-fold increase in the
transcription rate and by translational modulation in-
colving increased B-CK mRNA stability as well as bind-
ing of a cytosolic factor to the highly conserved 3’-un-
translated region of the B-CK mRNA [225]. The trans-
acting factorshown to prevent completion of translation
of the mRNA [226] may prevent diffuse and indiscrimi-
nant expression of B-CK in the cell and target the pro-
tein-RNA-complex to the appropriate subcellular com-
partment for local expression of B-CK [225]. Most im-
portantly, inhibition of the up-regulation of B-CK in os-
teoblasts with anti-sense RNA targeted to the B-CK
mRNA results in failure to attain the mature osteoblas-
tic/osteocytic phenotype (Ujihara and Ch’ng, manu-
script in preparation).

The importance of CK in eneragy metabolism is gen-
erally reflected by the stringent regulation of its expres-
sion, both developmentally and spatially. The molecular
melchanisms, both at the transcriptional and transla-
tionallevel, of B-CK expression in osteoblasts obviously
play significant roles in osteoblast-osteocyte physiology
which is characterized by changes in cytoskeleton and
increased activity of membrane pumps in differentiated
osteoblasts-osteocytes [225].

CK in macrophages blood platelets

CK was first identified in phagocytic white blood cells,
that is,1n rabbit alveolar macrophages, by DeChatelet et
al, in 1973 [204]. Later, it was found that mouse macro-
phages contain B-CK as the major CK isoenzyme,
whereas the same human cells seem to express B-CK
and possibly also Mi-CK [205]. The expression of CK in
mouse and human mononuclear phagocytes is a devel-
opmentally regulated process occurring during in vivo
and in vitro differentiation of monocytes into macro-
phages [205]. The latter cells display relatively high spe-
cific CK activity and accumulate PCr in 3-5-fold molar
excess over ATP [205]. The induction of CK during dif-
ferentiation of monocytes into macrophages in cell cul-
ture occurs independently of the concentration of Cr in
the medium. The size of the intracellular PCr pool in
macrophages, however, is directly proportional to the
[Cr] of the culture medium [206]. Macrophage differen-

tiation is also associated with a marked increase in the
Cr transporting capacity [205]. This is evident that mac-
rophages, like muscle and some neurons, do not synthe-
size their own Cr, but accumulate the compound via a
transmembrane Cr-transporter that has recently been
cloned from rabbit brain and functionally expressed in
COS-7 cells [207]. Most important, however, is the find-
ing that during phagocytosis in both resident and thio-
glycollate-elicited mouse peritoneal macrophages, ATP
levels remain lairly stable, while PCr concentration de-
creases by40-50% [208]. These results demonstrate that
the ATP consumed by macrophages during phagocyto-
sis is replenished by CK via PCr.

B-CK [209] as well as PCr [210] were identified also in
isolated, washed blood platelets which can therefore be
a possible source of CK in blood plasma and serum. The
fact that aerobically generated ATP preferentially dis-
appears from blood platelets during thrombin-induced
aggregation and clotting [211] would indicate that mito-
chondrial CK, although not identified in these cells so
far, may also be contained in blood platelets and that CK
may have a function in the above processes.

CK in malignant tumors and cancer
cells

As shown above, brain-type B-CK is a major enzyme of
cellular energy metabolism in non-muscle cells. In this
context, it is interesting that B-CK is overexpressed in a
wide range of solid tumors and tumor cell lines. For ex-
ample, highly elevated levels of this enzyme have been
detected in tumor samples obtained from patients with
small-cell lung carcinoma, colon and rectal adenocarci-
noma, breast and prostate carcinoma, as well as neuro-
blastoma [212-216]. As a result of its elevated level, B-
CK can be used as a diagnostic marker for small-cell
lung carcinoma [213].

In many cancer patients with one of the carcinomas
mentioned above, B-CK, and in certain cases also Mi-
CK, are released into the serum, whercby elevated lev-
els of CK in tumors and/or in the serum [217] are associ-
ated with untreated, progressive or metastatic discase.
Thus, highly elevated levels of CK in the serum of such
patients seem to be an adverse prognostic indicator (for
refs. see [4, 218, 219]). Most likely, a rather bulky tumor
or an advanced stage of malignancy is required for the
continuous release of routinely detectable CK into the
serum [215}. The presence of Mi-CK in the serum of can-
cer patients with a variety of adenocarcinomas [220] and



with certain melanomas [221] was suggested to be a re-
liable tumor marker, with Mi-CK-positive individuals
showing significantly higher mortality rates compared
to Mi-CK-negative ones [4, 222].

As mentioned above, B-CK is an estrogen-regulated
protein in uterus, placenta and other specialized cells.
This holds true also for human breast cancer explants
and cultured breast cancer cells that arce estrogen-in-
duced. In such tumors and cells, a positive relationship
between B-CK and estrogen receptor content has been
observed [216). This indicates that a quantitative cval-
uation of B-CK activity in human breast cancer may be
of potential value for the detection of hormone-respon-
sive tumors, as well as lor the strategy of treatment.

It seems that increased amounts of PCrare used by a
variety of malignant cclls as an encrgy source. This is
corroborated by the fact that malignant cells often con-
tain highly clevated [PCr] and that a broad spectrum of
cancer cells derived from different solid tumors is
growth-inhibited by the creatine analogue, cyclo-cre-
atine {(cCr) [218, 219]. It was shown that in these cells,
¢Cr accumulates as phosphoryl-<Cr (PeCr), with ther-
modynamic and kinetic propertics different from those
of PCr. In tumor cells that express high levels of CK, the
tumor-growth inhibition is seen at extracellular concen-
trations of cCr ranging between 2-8 mM, which led to an
intracellular accumulation of the compound reaching
30-50 mM [219], indicating that the active form may be
PcCr. By contrast, tumor cell lines expressing low levels
of CK accumulate much less PcCr and, consequently,
are growth-inhibited only at 1-fold higher concentra-
tions of this Cranalogue [219]. However, the fact that Cr
itself, although only when fed to cancer-bearing rats at
higher concentrations than ¢Cr (up to 5% of the total
diet), shows a similar inhibitory effect on tumor growth
in vivo [218], argues against the proposition that ¢Cr in-
hibits tumor growth by disturbing the energy metabo-
lism, Therefore, the question remains of whether the ob-
served inhibition of tumor growth rates by cCrand espe-
cially by Cris duc a direct disturbance of energy metabo-
lism by the respective phosphagens, PeCr and PCr, in
tumor suppression, or to effeets of the phosphagens on
other cellular processes.

Most interesting with respeet (o a possible CK/cancer
connection is the observation that B-CK pene expres-
sion is induced by adenovirus type § [223], Tt was shown
that the §-upstream promotor of the human B-CK gene
has a strong similarity o the adenovirus promotor for
the E2E gene, the latter encoding a 72 kDa single-
stranded-DNA-binding protein which is crucial for virus
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replication. The expression of the E2E gene is highly de-
pendent on the adenovirus products of the Ela region
coding for two major oncogenic nuclear phosphopro-
teins (for refs. see [223]). As it turned out, both B-CK
aclivity and B-CK mRNA levels are highly induced by
the oncogenic products of the adenovirus Ela gene re-
gion [223]. These very exciting results suggest that the
control of B-CK expression lies along the path that is
closely linked to cell growth control. The induction by
an oncogene of a cellular gene for energy metabolism,
such as B-CK, may be of signilicance for the metabolic
events that take place after oncogenic activation [223]
and thus may turn out to be relevant for the etiology ot
the transformed phenotype of cancer cells which are
known to be able switch from one encrgy-producing
pathway to another. For additional information con-
cerning the identification of CK isoenzymes in normal
and discased non-muscle tissues and cells of man, the
reader is referred to references [214, 224).

In conclusion, the ‘ubiquitous’ presence of B-CK in
many non-muscle tissues, with B-CK in most cases being
co-expressed with ubiquituous Mi-CK, seems to indi-
cate a multitude of functions for the CK system in these
tissues and cells. In some of the very specialized tissues
or cells, like sperm, electric organ and photoreceptor
cells, the identification of the isoenzymes, their subcel-
lular localization, as well as some of the functions of the
CK/PCr-system have been elaborated quite extensively.
In these well studied tissues and cells, the respective
functions of CK are more obvious than in other, less spe-
cialized tissues and cells. It will be extremely intriguing
to see the phenotypes of transgenic mice with the B-CK
and/or Mi -CK genes knocked-out, if such null mutants
should turn out viable (for the phenotype of M-CK null
mulant transgenic mice see [42]). If our hypotheses of
the CK/PCr-systems are correct, one would expect (o
sce some severe phenotypes in B-CK knock-out mice.
For example, sperm motility (fertility), vision, brain de-
velopment and brain functions would all be expected to
be severely impaired, unless compensalory measures
arc taken by the alfected tissues and cells,as hasoftenbe
scen in the recent past with gene-targeted knock-out
mice. However, for this sort of work, well-trained organ
and cell physiologists, being able to test subtle physio-
logical differences in transgenic versus normal mice, will
be in great demand again in the near future. Thus, so-
phisticated molecular biology and organ physiology
shall embrace cach other more closely than ever before
and, in a combined cffort, will help to solve some of the
puzzles of life.
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