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Abstract

Creatine kinase isoenzymes were localized in the chicken cerebellum by the use of isoenzyme-specific anti-
chicken creatine kinase antibodies. Brain-type creatine kinase was found in high amounts in the molecular layer,
particularly in Bergmann glial cells but aiso in other cells of the cerebellar cortex, e.g. in astrocytes and in the
glomerular structures, as well as in cells of the deeper nuclei. A mitochondrial creatine kinase isoform was
primarily localized to the glomerular structures in the granule cell layer and was also identified in Purkinje
neurons. Surprisingly, a small amount of the muscle-type creatine kinase isoform was identified in cerebellar
extracts by immunoprecipitation, immunoblotting and native enzyme electrophoresis, and was shown to be
localized exclusively in Purkinje neurons. Cell type-specific expression of brain- and muscle-type creatine kinase
in Bergmann glial cells and Purkinje neurons, respectively, may serve to adapt cellular ATP regeneration to the
different energy requirements in these specialized cell types. The presence of braintype creatine kinase in
Bergmann glial cells and astrocytes is discussed within the context of the energy requirements for ion
homeostasis (K* resorption), as well as for metabolite and neurotransmitter trafficking. In addition, the presence
of muscle-type creatine kinase in Purkinje neurons, which also express other muscle-specific proteins, is
discussed with respect to the unique calcium metabolism of these neurons and their role in cerebellar motor

learning.

introduction

Creatine kinase (CK; ATP: creatine N-phospho-transferase, EC 2.7.3.2)
catalyses the reversible transfer of the phosphoryl group from
phosphocreatine to ADP, to regenerate ATP. The enzyme has been
shown to play an important role in the energy metabolism of tissues
with high and fluctuating energy demand (for review see Wallimann
et al., 1992). In higher eukaryotes, CK exists in highly conserved
isoforms. Two cytosolic forms, the sarcomeric muscle-specific M-CK
and the more ubiquitous brain-type CK (B-CK), and two mitochondrial
isoforms (Mi,- and Mi,-CK) have been identified (for review see Wyss
et al., 1992),

Although the relative distribution of CK in different areas or cell types
of the brain has been investigated in numerous studies, there is still no
consistent and complete overview of the localization of CK isoenzymes
in the brain. Regional variations in CK activity with comparatively high
levels in the cerebellum were reported in studies using native isoenzyme
electrophoresis (Chandler et al., 1988) or enzymatic CK activity
measurements of either tissue extracts (Maker ez al., 1973) or cultured

brain cells (Manos et al., 1991). In particular, the molecular layer of
the cerebellar cortex contains high levels of CK activity (Maker et al.,
1973; Kahn, 1976), consistent with recent 3'P nuclear magnetic
resonance findings which indicate that grey matter shows a higher flux
through the CK reaction and higher phosphocreatine concentrations as
compared with white matter (Cadoux-Hudson ef al., 1989). In contrast,
high levels of either CK activity or the corresponding mRNA were shown
in cultured oligodendrocytes (Manos et al., 1991; Molloy et al., 1992),
typical glial cells of the white matter.

Conflicting results have also been obtained vsing histochemical and
immunohistochemical techniques; one report indicated that B-CK was
present exclusively in astrocytes of the human brain (Thompson et al,,
1980), whereas other research groups localized B-CK to both astrocytes
and neurons, with a prominent CK content in large neurons of the rat,
human, gerbil and mouse brain (Kahn, 1976; Yoshimine et al., 1983,
1984; Ikeda and Tomonaga, 1987). However, in none of the
immunohistochemical studies was a complete set of antibodies against
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all CK isoenzymes of the respective species available; often, heterologous
antibodies, made against CK isozymes of different animal species, were
used for the localization studies.

In addition to these uncertainties in the cellular distribution of CK
isozymes, the number and the relative quantities of the different
isoenzymes present in the brain are also under debate. B-CK isoenzymes
are generally believed to be the main or even exclusive cytosolic CK
isoform in the brain, and high quantities of B-CK were purified from
brain tissue of the rabbit, human and chicken (Armstrong et al., 1977,
McBride and Rodgerson, 1984; Quest ez al., 1989). However, in several
eatly studies, using only native starch gel or cellulose polyacetate
electrophoresis to analyse brain extracts, so-called ‘cathodic subforms’
of CK, interpreted to represent M-CK, were reported in vertebrate brain
(Lindsey and Diamond, 1978; Ramirez and Licea, 1982). Since different
oligomeric forms of mitochondrial creatine kinase (Mi-CK), which were
not known to exist at that time, could also give rise to cathodic subforms
that display, depending on the species, very similar mobilities to M-
CK, some of these reports should be judged with caution. On the other
hand, M-CK could indeed be demonstrated recently in postmortem
human brain éxtracts by biochemical isolation and protein sequencing
(Hamburg et al., 1990).

In the chicken, four CK isoenzymes are known, Chicken B-CK is
the cytosolic isoform expressed in most chicken tissues (Quest ef al.,
1989), and was purified from brain, retina, gizzard and heart tissues
(Quest et al., 1989). Chicken M-CK is specifically expressed in chicken
skeletal muscle. Some of the M-CK in sarcomeric muscle was shown
to be associated with the M-line and with the sarcoplasmic reticulum.
At these sites M-CK is functionally coupled to the myofibrillar myosin
ATPase (Wallimann er al., 1984) and the Ca** pump (Rossi et al.,
1990), respectively, to regenerate ATP and to maintain high local
ATP/ADP ratios, Two mitochondrial CK isoforms exist in chickens,
similar to the sarcomeric and ubiquitous Mi-CK isoforms found in
humans (reviewed in Wyss ez al., 1992). Miy-CK is expressed in heart
and skeletal muscle, and Mi-CK is found in brain and other tissues
(Hossle et al., 1988, Wyss et al., 1990, 1992). All chicken CK
isoenzymes have been purified to apparent homogeneity (Caravatti et
al., 1979; Wallimann et al., 1984; Schlegel et al., 1988; Quest et al.,
1989; Wyss et al., 1990), and specific antibodies against B-, M-, Mi,-
and Miy-CK have been generated and characterized in this laboratory.
We were therefore in a position to investigate the cellular distribution
and localization of all chicken CK isoenzymes within the chicken brain,
Here we report an analysis of the CK isoenzyme distribution in the
cerebellum, which was chosen due to its geometrically simple, laminated
structure and because it contains a limited number of cell types, all of
which have been well described (Palay and Chan-Palay, 1974).
Parts of this work have been presented in an abstract (Hemmer et al.,
1993a),

Materials and methods

Purification of enzymes and preparation of antibodies

The chicken isoenzymes Mi,-CK (Wyss ef al., 1990), B-CK (Quest et
al., 1989) and M-CK (Caravatti et al., 1979; Wallimann et al., 1984)
were prepared as described. A newly generated rabbit anti-B-CK serum
was prepared as described (Perriard et al., 1978), using type-I B-CK
cluted from a Mono-Q column (Quest er al., 1989).

Immunofiuorescence labelling

Chicken cerebella or whole brains from 4-week-old chickens were fixed
by immersion in either a mixture of ethanol/acetic acid (19/1; fixative
A), methanol/acetic acid (9/1; fixative B) or Carnoy’s solution
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(chloroform/acetic acid/ethanol, 30/10/60; fixative C) for 1 h at 4°C,
bisected sagittally, fixed for an additional 6 h in the same fixative and
transferred to 100% ethanol. Then the tissues were immersed in
chloroform and embedded in paraffin by standard techniques, Sections
of 5 um thickness were cut, deparaffinized with xylene, rehydrated by
a reversed graded series of ethanol and washed with Tris-buffered saline
(TBS: 150 mM NaCl, 50 mM Tris—HCI, pH 7.4). Non-specific binding
sites were blocked with TBG [1% bovine serum albumin (BSA), 0.2%
gelatine in TBS] for 30 min and incubated with primary antibodies,
generally at dilutions between 1:50 and 1:200 in TBG, for 2 h in a moist
chamber, followed by washing for 30 min in three changes of TBS.
Rhodamine-conjugated goat anti-rabbit IgG (Pierce, 1:500 dilution) or
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG
(Nordic, 1:100 dilution) were both diluted in TBG and incubated on
the specimen for 1 h. After three washes with TBS, specimens were
mounted in buffered polyvinyl alcohol medium in the presence of p-
phenylene diamine (1 mg/ml) as anti-fading reagent.

The following primary antibodies against chicken B-, M-, Mi,- and
Mi,-CK isoenzymes, previously generated and characterized in this
laboratory, were used for immunolocalization: rabbit anti-Mi-CK
serum (W§ss et al., 1990); rabbit anti-Mi,-CK serum (Wallimann ef
al., 1986; Schlegel et al., 1988), rabbit anti-M-CK antiserum (Caravatti
et al., 1979; Wallimann et al., 1984; Rossi ef al., 1990); rabbit anti-
M-CK IgG cross-absorbed on B-CK (Perriard et al,, 1978); monoclonal
mouse anti-M-CK antibody (Cerny, 1984); furthermore, the polyclonal
rabbit anti-M-CK serum was affinity-purified on an M-CK Sepharose
affinity column (Schlegel ez al,, 1988). In addition, a newly generated
rabbit anti-B-CK serum, giving identical results to the previously
characterized (Wallimann et al., 1986; Hemmer et al,, 1993b) rabbit
anti-B-CK sera and IgG (not shown), was used. In control stainings,
preimmune sera were used at the same dilutions as the corresponding
immune sera.

In the case of anti-B-/anti-M-CK double immunofluorescence labelling,
the tissue sections were incubated with goat anti-B-CK antibody (Quest
et al., 1990), diluted at 1:20, together with rabbit anti-M-CK serum
(Caravatti et al., 1979; Wallimann et al,, 1984; Rossi et al., 1990),
followed by staining with corresponding secondary antibodies, donkey
anti-goat IgG and swine anti-rabbit IgG (both from Nordic). Anti-Mi,-
CK/anti-GFAP double labellings (not shown) and anti-B-CK/anti-GFAP
double stainings were performed using monoclonal mouse anti-GFAP
antibody (Boehringer, 1:20 dilution) together with rabbit anti-Mi,-CK
or rabbit anti-B-CK antibodies (described earlier), in combination with
goat anti-mouse [gG coupled to rhodamine (Calbiochem) and with FITC-
conjugated pig anti-rabbit IgG (Nordic) as secondary antibodies, diluted
at 1:200,

Confocal laser microscopy

The samples for confocal microscopy were prepared identically to those
for conventional fluorescence microscopy. The confocal system consisted
of a Zeiss Axioplan fluorescence microscope, a Bio-Rad MRC-600
confocal scanner and a Silicon Graphics workstation computer, The
scanner allowed two fluorochromes to be recorded at the same time.,
The fluorochromes were excited at 488 nm (FITC) and 568 nm (Texas
red) using an argon—krypton mixed gas laser. A background value
corresponding to the first relative minimum in the grey level histogram
was subtracted from all data prior to any reconstruction (Pawley, 1990).
Data are presented in false colours. The axial (z-) dimension of the
confocal image was ~0.7 pm.

Electrophoretic analysis and immunobiotting

Tissue extracts were analysed by 10% polyacrylamide gel electrophoresis
(PAGE) in the presence of sodium dodecy! sulphate (SDS). Blotting was
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Fic. 1. Isoenzyme specificity of the anti-CK antibodies used for immunofluorescence labelling and immunoblot characterization of chicken cerebellar extracts. Cerebwed b
extracts (80 ug, lane 1) as well as purified Mi;, B- and M-CK (0.5 pg each, lanes 2, 3 and 4, respectively) were analysed by SDS—PAGE, §ubsequcntl¥ blewpzusad
onto nitrocellulose and stained with Ponceau red S (panel a). Panels b, ¢ and d represent parallel blots, destained with PBS followed by antibody labelling ws#ala
anti-B-, anti-Mi,- and anti-M-CK antibodies, respectively. CK antibodies were highly isoenzyme-specific (compare lanes 2—~4 in panels b, ¢ and d), andl each rc'cugn,mm&ﬂ
a single protein band of slightly different M, in the range 42—45 kDa in total cerebellar extracts. The apparent molecular masses of marker proteins are indicessezsd

at the left in kDa.

performed with semidry blotters (JKA-Biotech, Denmark), using the
continuous buffer system described by the manufacturer. Transfer
efficiency was controlled by staining of protein with Ponceau red S,
prior to blocking non-specific binding sites on the nitrocellulose with
blocking buffer, containing 1% BSA in phosphate-buffered saline (PBS:
137 mM NaCl, 2.6 mM KCl, 6.4 mM Na,HPO,, 1.4 mM KH,PO,,
pH 7.4). Specific labelling of B-, Mi,- and M-CK on the blots was
achieved with antiserum solutions diluted 1:800 in blocking buffer,
followed by three wash cycles with PBS and incubation with peroxidase-
conjugated goat anti-rabbit IgG (Nordic), diluted at 1:3000. The anti-
B-, Mi- and M-CK antibodies were the same as those used for
immunolocalization. After three wash cycles with PBS, blots were
developed, using 4-chloro-1-naphthol and H,0, as substrate. Two-
dimensional gel analysis was done as described (Hemmer et al., 1993b).
Immunoblotting of proteins separated by two-dimensional gels was
performed as described above, again using polyclenal anti-M-CK serum
at a dilution of 1:1000.

Immunoprecipitation

Cerebellar extracts were diluted with buffer A (1% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 20 mM Tris, pH 7.4)
to a final protein concentration of 2 mg/ml and immunoprecipitated as
described (Hemmer et al., 1993b). Briefly, extracts were preincubated
with protein A-coated Sepharose beads (Sigma) for 2 h on ice and
centrifuged for 2 min at 1000 g. Anti-chicken M-CK antiserum (5 pl)
was added to the supernatant and incubated for 1 h on ice, followed
by precipitation of the immune complex with protein A-coated Sepharose
beads. After extensive washing with buffer A the immunoprecipitates
were analysed by two-dimensional gel electrophoresis and
immunoblotting. The anti-M-CK serum was the same as that used for
immunoblotting and immunolocalization,

Preparation of tissue extracts and cellulose polyacetate
electrophoresis

Chicken cerebellar extracts (1 volume) were homogenized in 2.6 volursses
of ice-cold hypotonic buffer B (0.5 mM EGTA, 1 mM PMSF, 2 rra 8
B-mercaptoethanol), using a glass—Teflon homogenizer. T ksser
homogenate was kept for 15 min on ice before buffer C (buffer %
supplemented with 1 M NaH,PO, pH 8.4) was added to give a lirumi
concentration of 0.1 M phosphate and a tissue to volume ratio of 1 ;«& .
Triton X-100 was added to 0.05%, thus providing complete solubilizut s
of CK isoenzymes. Samples were centrifuged for 15 min at 100 (%%
g in an air fuge (Beckmann) at 4°C. Native cellulose polyacetate gl
electrophoresis (CPAGE) was performed at pH 8.45, essentinlly s
described elsewhere (Wyss et al., 1990), except that the separafesch
isoenzymes were stained in the presence of 0.3 a4
P!,P3-di(adenosine-5')-pentaphosphate (Ap5A): this concentration es§’
Ap5A was sufficient to inhibit even high activities of adenylate kinessse
(Fig. 8, lane 1),

Results

Isoenzyme specificity of the antibodies used for the localizaticers
of CK isoenzymes within chicken cerebellum

We have made use of a set of isoenzyme-specific antibodies for Ehpes
unambiguous localization of all known chicken CK isoenzymes in ackasgy
chicken cerebellum, All antibodies had been raised against highly purifsseg
homogeneous chicken isoenzymes (B-, Mi,- and M-CK) and wergg
shown by Western blotting to be highly isoenzyme-specific (Fig. ¥ 3.
Blots of SDS gels on which Mi,-, B- and M-CK were run in parakgess
were probed with antibodies specific for each of these isoenzymes. Meqn
isoenzyme cross-reactivity was found using anti-M- and Mi, C 8¢
antibodies (Fig. 1, lanes 24 of panels d and ¢, respectively) and orgy
a very slight cross-reactivity of the anti-B-CK antibody to M-CK. Megas,
detectable (Fig, 1, compare lanes 3 and 4 in panel b).
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P, 2. Lewalization of Mi-CK in chicken cerebellum by immunofluorescence mictoscopy, Paraffln sections of clucken Brain, fixed with fsative A (b, g3 or B
{, ¢l were Jabelled with rabbit ant-Mi-CK amtibudy (o, b or prefmmune serum (61 atthe same dilutions €1-300), Tollowed by thodamne-coupled 1gG . Pussels
o il e sre phatse contran pretures correspaasding fo patels < sl b, respectively Nite e sirong stining of e ghosoeral, marked by arrowhead i pane! B, bocated
i the granule cell Tayer (GL). Low silrung Jevels were foursd i the mwlecilar Tayer (ML and in the white miater (WM. Purkinge ceb) bidies are idicated bry

arrosws i panels boad ¢ Baes represent 80 i sl panels.

Localization ol mitochondrial CK isoforms

Mi-CK is expressed in chivken beart and skeletal muscle, whereis
Mi,CK i expressed in most other chicken Ussues, ¢.g. brain (Hossle
etal., 198R), from which it was origmally purified (Wyss ef al., 1950},
Enaccardance with this, immunoflusrescence studies on paradfin sections
of wdult chicken cerebellum with polyclonal ante Mi-CK antibody
revealed rather strong specific labelling within the granule cell layer (Fig.
2u). The stining patern within this luyer strongly indicated that
glomerular structures (Palay and Chan-Paly, 19734) were labelled (Fig.
b, urrowheads), Perinuclear staining of neurons or glial cells within
the granule cell layer was Tess intense than the staining of the glomerular
structures.  Purkinje neurons, located at the imterfice between the
mwleculor arf granule cell fayers (long arcows in Fig. 21, also espross
some MeCKL as indicated by the weak spotied staming that is typicat
of the mitochondrial stining (Huwkes e of., [982) which is seen with
polyclonat unti-Mi-CK antitedy, However, very recent results using
unti-peptide antibodies against Mi,-CK, that is against the sarcomeric
Mi-CK isoform, suggest that Purkinge reurons preferentisdly expross this
latter isoform (Kaldis, personal communication), indiciting that the slight
stoining of Purkinje neurons with anti-Mi,-CK antbody may be due 1o

crosereactivity of the anti-Mi,-CK antibody with the highly
homalogous Mi-CK isoenzyme, Other coll bidies and Procenaes in the
fedeculir layer were stined only very slightly. In some control Labellings
using preimmune sera, stning of corebellir white rmatter oceurred, thus,
oceasionul staining of this area by anti-MyCK antibody was Jusdged (o
be non-specific

Localization of B-GK

In the adult chivken cerebellum, ant-B-CK antbaodies kibelled stroctures
throughout the cerehellur curtes, the most promaent Immunostanng
being observed in the molecular luyer (Fig. 3. Labelling in the granule
cell Layer was dess prominent. Higher magnitications revealed that, whie
Purkinje neurons themselves and thew primary demsdriles. rensined
ensentilly unstained (Fig. 3d, Jarge arrow), intenve B-CK labelling was
seen in those cells (indicuted by arrowbeads in Fig. W which surround
Purkinje neurons, The outline of these cells, which send straight rudia)
processes through the entire minlecudar layer 1o the membrina Hmitans
tarrowheads in Fag, 3a), can easily be followed by the anti-B-CK
immunofluorescence signul. Based on their general morphology amd
location, these cells were whentified oy Ciolgs epithelid celbs (Rakie, 1971 ).



Fig. 3. Localization of B-CK in chicken cerebellum by immunofluorescence microscopy. Paraffin sections of chicken brain, fixed with fixative A (8, ¢, d, e or
B (b), were labelled with rabbit anti-B-CK antibody (a, b and d) or preimmune serum (¢), followed by secondary antibodies coupled to FITC (a, d) or rhodaresssess

(b, c). The phase-contrast picture corresponding to panel d is shown in panel e,

Note the intense staining of the molecular layer (ML) compared with the groarwele

cell layer (GL); in particular, cell bodies of BGC (arrowheads in panel d) and their processes, spanning through the molecular layer and finally building the membyrwmn

limitans (arrowheads in panel a) are strongly stained for B-CK. Purkinje neurons,
neurons within the molecular layer (small arrows in panel d) and in the deeper nu

did not show any significant labelling (c). Bars represent 50 gm in all panels,

The typical straight processes of these cells in the molecular layer are
often referred to as Bergmann fibres and the cells themselves as
Bergmann glial cells (BGC). Since BGC processes span the entire
molecular layer and build up the membrana limitans gliae, most of the
heavily stained structures in the molecular layer can be attributed to BGC.

Other cell types in the molecular layer, e.g. basket or stellate cells
(Fig. 3d, small arrow), were also stained by anti-B-CK antibody, albeit
to a lesser extent than BGC, Additionally, structures around the granule
cells that were identified above as glomerular structures and shown to
contain Mi,-CK (Fig. 2) were also slightly stained by the anti-B-CK
antibody, whereas the granule cell bodies themselves remained rather
unstained. In the deeper nuclei of the cerebellum some large cells were
intensely stained with anti-B-CK antibody (arrows in Fig, 3b). As Jjudged
from their size and shape, these cells were assumed to be neurons. In
control stainings using preimmune sera or control IgG, except for some
non-specific staining of blood vessels no significant labelling in any of

indicated by large arrows in panels d and e, remained unstained, whereas tw&@m
clei (arrows in b) also showed significant anti-B-CK immunoreactivity, Contrasls

the cerebellar layers was observed (Fig. 3c). Astrocytes in the grarvus
cell layer, which were identified by staining with an antibody agairuss
GFAP, also contained significant anti-B-CK immunoreactivity, g
determined by double immunofluorescence staining (Fig. <&y,
Interestingly, and in accordance with the findings of Debus et al. (19833,
in the chicken cerebellum only the astrocytes of the granular layer, ¥ugs
not BGC, were stained with anti-GFAP antibody; this is in contras iy
other vertebrate species, such as the rat, in which BGC are heav)ﬂy
labelled using the same anti-GFAP antibodies (Debus et al., 1983; spem
shown),

Localization of ‘muscle-specific’ M-CK

In situ staining of paraffin sections from chicken cerebellum by
isoenzyme-specific anti-M-CK serum revealed an intriguing labellj,

pattern. Staining was found specifically in cerebellar Purkinje NEUrCreg
(Fig. 5a). Higher magnification revealed significant anti-M-¢§¢




B, 4, Ant-GEAP/anti-B-CK double inmmnofluorescence lubelling. A wection
of chicken cerebellum, Tixed with fxative B, was doublo-lalelied with ang-CIPADP
ta) and anti-B-CK antibodies (b, The same area is illustrated in parls @ and
b Anti-B-CK staining was similir to that in Figure 3, A Vs b e granule
vell Juyer (GLY were klemitiad by the antibady against the steocyie marker GEAP
The staining patiern within the granule ool layer wats very similur fos the B
antibodies (cormpare putiels o and by, indicating il most of the GFAP gumstive
astreytes i e gramide coll layer also vontain B-CK. Note that chicken BGC
do not stain with ant-GEAP antibedy (Dobus et al., 1983, e ale Reudis
Har roprescats 36 5 bl panels.

immunoreactivity m Purkinge neuron penkarya s well as in teir primary
dendrites and dendritic urborizations (Fig. $d). The lubelling of twe
dendrites was stronger than that of the Purkinje cell bodies, with most
intense staining in the praximal parts of the Purkinje cell dendrites and
decreasing slaining intensity towards the finer arborizations of the
dendritic tree. The specifie swining of Purkinje neurons by anmti-M-CK
antibedy was further corroborated by the use of soveral other anti-M-
CK antibodies, including anti-M-CK 16 that was cross-absorbed on
4 B-CK column, monoclonal snti-M-CK antiboy, and affinity-purified
anti-M-CK 1gti (et shown),

Cell typs-specific exprossion of B- ard M-CK in the cereballum
Whereas M-CK was exclusively localized within the Purkinfe newrons
tFig. 5), these cells were essentinlly unlabelled when brain sections were
stained with anti-B-CK antibody. In contrast, anti-B-C'K antibody labelled
the neighbouring BGC most intensely (Fig. 3). This cell typo-specific
localization of the two eytosalic isoforms B- and M-CK could be directly
illustrated by double immunofluorescence labetling with ant-B- and M-
CK antitedies, wnadysed by confocul microscopy, followed by digitized
image processing (Fig. 6). The M-CK-contgining Purkine neurons are
visible in red between B-CK-contining BGC, llustrated in green. The
proximal pants of Purkinje cell dendrites contain the most At M-CK
immunoreactivity ad thus display the highest red intensities. As in Figure
S, the distribution of M-CK within the Purkinje neurons and their
dendrites wus non-uniforn,
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Identification of M-CK in cerebellar extracts by
immunoprecipitation, two-dimensional gel and native
isoenzyme elgctrophorests

The localization studies showed that Purkinge seurons i the vhicken
cerebellum contain a CK that cross-reacts with a number of antr-vhivken
M-CK untibodies. To demonsteate that this CK wax truly M-CK, bin
extracts were exarmined by biochemical means, Western amlysin of
cercbellar extructs showed that both ant B-CK amd anti Mi, UK
antibexlies stained single bunds in the moleculiar weight range expectod
for these CK isoforms (Fig, 1, lane 1, pancls b ad ¢ reapecively)
However, incubation with anti-NM-CK antibedios i pot lead o stgtficant
staining (Fig. 1d. lane 1), this might reflect the fact that probably vnby
a single cell type expresses M-CK withim this tase and isdicates that
the overall amount of M-CK is relatively Tow . Therelore, we deonded
to investigate chicken cerebellar estracts for the presence of M CK by
two-dimensiona] gel analysis. Based on these different, slightly wnnds
isoelectric points, chicken M- and B-CK can be separated on two
dimensional gels with o pH range From 3 o B (Schater and Pertsarsd,
198B). Mi,-CK. which migrates with a wular moblity 1o M CK
SDS gels, has a very basic pt and comequently dies mel enter woslecti
focusing gels with this pH interval,

Twordimensional gel analysin of clicken cerebellay extracts, followed
by wilver staining, reveabod intensely labellod protes spots st the Pomitustin
where the two well-known B-CK subunit foems (Schiafer and Perrand,
VUES, Quest er ad., 1989 Homprer er af |, 1990 are Tocated g Ta,
arrowheads), whercas M-CK wan i deteclable However, by
frmunoprecipitation of cerebeflar estracts with ante M CK weramn,
followed by twordimensional gl analysin and swamroblolting, o
profein spots were cloarly revealed, both sugrared w tie £ apried
miotecular woight of ~ 42 kDb T, antonn st woth a e [ty
banic spot, a patiern which wae desonbed carlir ot pandied MUK
sublormin (Schitter and Perriard, 1988 The sanie M CK spots could
i e detected when two-dimensional geb ol cerelellar estracts were
by s by snnrsebdoming wang ann M CR adibudy (B A arrenang
Upon prodonged espomre the Bwo 10K subumta b beg atie appare
tFig. T, urrowdeasda). Witen the same bhot wan subuequently stamod
with antt- B CK antibosdy, only the Tabelling wtemtas of the 35 CK apiln
findiwated by arvoabcslad moreassd Qhg A, winde ty presumcd M
CK ot rersned wnchanged In sbditen, whien punified Jochen e
M-CK wans minsod sath chiwken corebellar extract amd the imisture wis
analysd by two-dimensional gol clectrophoress ard s M CK wlaing
(B Tet, the punfied M-CK comugrated exacily sl the presimed M.
CR wpets (Fig. Thoand oo Noosugnals af thie vorresgs wuling Pyl were
Pl control CAPCTHRCHIL, wsing Prounnugir serom vl shuwn)
These experments Cearly proved st the proteas spots detected by eah
wmnoprecipitation (P Thi amld Bass daneisionad Wealern asaly s
g To of verebellar extract, with ante M CK anibuds are med related
W Boor Mi-CK bt are sndeed genmne wum le tpe CK

An an addwonal lme of evidence that some MOK 1 present in
cerchelfum, we subjected clcken vorebellae extarts o matve CK
meenzyme clectrophioreses on cellulose polyacetite dwets (CPAGE) B
and Mi-CK were by far the predomunant CK iselorm present an
cerchellum (Fig. B3 However, u very fant Bamd voulid also be seen
the lime of the cerebellar extract (Fig K, Lue 2, asterob) sugtathing witl
the sarmie mobility as duverse MACK MM CRI Srom Top e kg
B, lare ). After a vycle of freese - thasang i osder to ismmanerize
CK profews, e extrls showed a bamd with the weaodility of
heterodimiere M-CKB-CR MB-CR1 B 8, fane b, again vhoating
that soise homodserse MM-CK hid been present m e native exiists
I all CPAGE oxporments shown, ApSA v prosent at i vons izt



FiG. 3. Localization of ‘muscle-type’ M-CK in chicken cerebellum. Sections of chicken cerebellum, fixed with fixative B (a, b, ¢) or C (d, &), labelled with anti-M-€~#
antibody (a, d) or preimmune serum (b), followed by thodamine-coupled IgG. Panels ¢ and e are phase-contrast pictures corresponding to panels b and d, respectiveds.
Purkinje neurons, marked by arrows in panel e, were specifically labelled (see panels a and d). Note that staining was most intense in the proximal part of thug
uniplanar Purkinje cell dendritic tree (d) and that immunoreactive components were non-uniformly distributed. Bars represent 50 ym in all panels,

which was shown to be sufficient to inhibit high activities of adenylate
' kinase (Fig. 8, lane 1).
Thus, the presence of M-CK in the chicken cerebellum was
unambiguously demonstrated, and the very same M-CK isoform was
localized exclusively to Purkinje neurons,

Discussion

Isoenzyme-specific localization of creatine kinase isoenzymes
in the cerebellum

In this study, the cerebellar localization of chicken CK isoenzymes B-,
M- and Mi-CK was determined by conventional immunofluorescence
and laser confocal microscopy (Figs 2—6), using different, highly
isoenzyme-specific anti-CK antibodies (Fig. 1}. Out of several fixation
protocols tested, including fixation by 2—6% paraformaldehyde plus
0.1—0.2 % glutaraldehyde, the fixatives described here proved to be best

suited .for achlGVlng maximal presc.erva}tlon of' CK antigenicity anc! for FiG. 6. Cell type-specific localization of B- and M-CK in chicken cerehelluesy,
the maintenance of isoenzyme specificity (avoidance of cross-reactivity Confocal laser scanning double immunofluorescence image of M- and B-C¥,
of the antibodies), as well as for the prevention of significant leakage localized in chicken cerebellum, fixed with fixative C. M- and B-CK, visunlizeqs
of soluble CK. However, it has to be pointed out that some cell shrinkage in re.d and green, respectively, are exprgssed in a complementary and cell tys..
can occasionally be observed in these preparations and that cells which fﬁiﬁlﬁf et tMCK .(re‘;) vas exclusively localized in the Purkinje neurons,
contain only small amounts of CK may not necessarily all be fully stained, prominent staining in the proximal part of the dendritic tree, B-CK (gresresy

' arm was predominantly found in the BGC surroundin Purkinje neurons. Bar represenis
due to some limitations of the method applied. 50 um, ® wene P *

—
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¢

Fiei. 7. Two-dimensional get analysis of anti-M-CK immanoprecipitatios of cerebellar extracts and Western analysis of chisken ceretuliar ittt soprralsad by tao
dimensional gel electrophoresis. Proteins (100 pg) ol corebullar oxtriscts (pancls 4, ¢, d and ¢f vr dsnarwprecipitales of cerobollar et (pansl Wi soparsid
by two-dimensional gel electrophoresis (pH range 8 -3 From Jef o right) and visualired by eber ailver daiting tpanct a) o seruraneolletting with anti- M-CR sty
(pancls b, e, d and e). For both immunoprecipitition and inmneblottong, tie same aoi-MoCK wrum as @ Pguares 1,8 and 6 was wsed  Panel d Fopreails the
saune blot ax that showa in ¢, bul subsequently stained abio witl snn BCK angibdy €1 1000 dilitson. Parel ¢ roprossnts a parallel gel o panel ¢, i wlich worebelbar
extruct (LK) pg protoin) was comigrated wgether with 0.1 pg of punfied chichen MUK, 0 onder 30 demonstiate Ow ety of the e Provein apots fidivatod
by wrraws), specifically detevted in chicken cerebellar extracta by intmnoprocipitation (panel bl asd inserunolabelling (el ¢, will grawine, purilied MAOK from
chicken musede, The posttions of the two MoCK and B-OR spots are idicated By arrows and arroshesds, respectively . Asterisko ilicate the poaition of the me
husic spot of @ two-dimensional carbanylie marker protein (carbonic anhydrase, apparent mobseubar werght 30 kDa, Pharci, cenmigoatod s o stamddaid §a uese gols

Anti-Mi,-CK serum labelled structures in the granule cell layer (Fig.
2) likely to represent glomeruli (Pulay and Chan-Paluy, 19743, which
are known to contain large numbers of mitochosdna, Anti-B-CK stainsng
wits found in all layers of the cerebellar cortex as well s in the deeper
nuclel of the cerebellumt, indicating it a high proportion of G cereballar
cell types contin B-CK. The labelling was most intense in BGC. The
processes of these cells, lying in the vicinity of Purkinje neurons, span
radially through the entire molecular layer and finally form the menbrang
limiwns (Rukic, 1971). This morphology is perfoctly mached by the
intense anti-B-CK staining puttern (Fig. 3), Besides BGC, some other
cell lypes in the molecular layer, such ax basker celly (Fig. 3d) and
neurons in the deeper nuclei (Fig. 3b) contin B-CK, Addwisnally,
structures in the granule cell huyer hikely 1o be glomerul (Palay and Chan-
Palay, 1974) as well ax asteocytes in the granule cell Jayer contisnoed
significant anti-B-CK tramunorcactivity (Fig, 43, wheres cerebellar white
matler appears o contain tather low levels of B-CK. The lauer fisding
is consistent with previous histochenmcal and P nuclear magneus
resonance data (Kahin, 1976, Cadoux-Hudson er ¢, 1989y,

Surprisingly, the *eytosohe’ muscle-type CK isoform, M-CK, was
specifically and exclusively locited to Parkinje neurons (Figs 5 and 63,
which were not stained by anti-B-CK antibody (Fig. 3). Using two
dimensional gel analysis and mmunoblotting, 1t was confirmed that the
cerebellum containy M-CK, although this isoenzyme constituted only
u very minor part of cerebellar CK activity (Figs 1, 7 and 8), consistent
with its presence in only u single cell type, From our data, we estimute
that the relative amount of M-CK versus il CK activily in the
cerebellum is ~ 1% or loss,

Purkinje neurons stined slightly with our previously charscterized
anti-Mi,-CK antibody (Fig. 2). Recemly, we have gencrated mew
isoenzyme-specific anti-Mi,CK und anti-Mi,-CK anubodies, ramed

O

MbCK -
AK

<)

M-CK ==
B-CK =
@

1 2 3 4

Fe 8 Clellubone polyacetate chctropesrenin of chicken corebellar extrts Native
wellulona prolyucotate sboctrophonmin of frosdy propated whicken cerebollar ostrania
a b protes per el (e 29 sd after Tivese - thawing (ase B Lanes
and 4 seprenent chicken wtonylate kinsee (AK, 0 4 mg/mbdi amd horodinens M

CR (0 0 v oy, respectively  Advaybine kimese was complenly ishibsed by
MK M APSA . The penstions of sbenylate s, Mi, CK, hormodisnesse B
M-CK, and bterodemaora: MBCK are bt Open circlos, » el ~ soprionons
o appacation posnte el e el ol cothosdal drections, respentively  Astopmdo
wedpeate pontlctin of homdimeern MUK o matoe corobellar e, w well us
MB-CK w0 the wanse estomd after Sreory - thawing, rospectively

aganst synthet peptdes corresponding 0 the divergent N-termina
amino ackd sequence of these toerrymes, profivunary reatts using Usese
antibiosdivs sndicite that, whereas most other braio cell ypes exprews the
“ubiguitons” M CK, Purkinge nearons seem o express muinly the
“sarcoimeriv' My, CK (Kakbs o1 of unpublished olservations, Thus,
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M-CK in Purkinje neurons seems to be coexpressed with the same
mitochondrial enzyme as in skeletal muscle. The coexpression in Purkinje
neurons of M-CK with Mi,-CK, rather than with Mi,-CK, was partly
expected due to theoretical considerations conceming in vitro
heterodimerization experiments with different CK isoenzymes. M-CK
and Mi,-CK can form heterodimers in vitro (Wyss et al. 1990); this
could potentially lead to the formation of M-CK/Mi,-CK complexes in
the cytosol of cells expressing both of these isoforms, thus preventing
proper transport of Mi,-CK into the mitochondria of cells expressing
both of these isoforms, Since M-CK cannot form heterodimers with
Mi,-CK (Wyss et al. 1990), this potential problem is avoided.

Based on histochemical localization studies, it was suggested earlier
that Purkinje neurons of the rat cerebellum might contain a different
CK isoenzyme than the other cells of the molecular layer and granule
cell layer (Kahn, 1976). In fact, rat Purkinje neurons have been labelled
using an antibody made against rabbit muscle M-CK (Tkeda and
Tomonaga, 1987), but at the same time Purkinje neurons were also
suggested to contain anti-B-CK immunoreactivity in the rat (Kato er al.,
1986), gerbil (Yoshimine et al., 1984) and human (Yoshimine et al.,
1983). Our approach avoids these discrepancies since we tested the
isoenzyme specificity of the antibodies and used a complete set of
antibodies for localization in the homologous species.

It has been reported that M-CK constitutes 35% of total CK activity
in the postmortem human brain (Hamburg et ai., 1990). However, human
brain extracts obtained directly at surgery did not contain significant
amounts of M-CK (Tsung, 1976), and other human brain extracts
contained specific CK activities which were 30-fold higher than those
reported from Hamburg and coworkers (Tsung, 1976; McBride and
Rodgerson, 1984). Thus, it seems likely that the figure reported by
Hamburg et al. (1990) was overestimated due to postmortem artefacts.

The finding that chicken B-, M- and Mi-CK are specifically localized
in those cells (BGC, Purkinje neurons and glomerular structures) where
high and fluctuating energy demands can be inferred is significant. The
isoenzyme-specific staining patterns of BGC and Purkinje neurons may
indicate that some characteristic properties of the different CK isoenzymes
match the distinct energy requirements of these functionally specialized
neuronal and glial cell types (see below). Similar differential localizations
of specific isoenzymes in cerebellar Purkinje and BGC were reported
for protein kinase C (Mochly-Rosen et al., 1987) and enolase (Schmechel
et al., 1978) isoenzymes in the rat,

Functional aspects of brain-type CK isoenzymes in the
glomeruiar structures of the granufe layer

The granular layer of the cerebellum, especially the glomeruli structures,
contains high levels of Mi, CK as well as B-CK, as judged from the
intensity of antibody staining. These structures, forming intimate synaptic
as well as glial —neuron interactions, are known to be rich in mitochondria
(Hertz and Peng, 1991). They also display the high energy metabolism
needed for restoration of potassium ion gradients, partially broken down
during neuronal excitation, as well as for metabolite and neurotransmitter
traffic between glial cells and neurons (for review see Hertz and Peng,
1991). Thus, the localization of both B- and Mi,-CK isoforms within
the same structures may be an indication that part of the energy consurmed
in these giant complexes of mossy fibre, Golgi cell and granule cell
synapses, as well as glial cells, might be provided by a ‘phosphocreatine
circuit’, as has been proposed for other excitable cells and tissues
(Wallimann er al., 1992).

Functional aspects of brain-type CK isoenzymes in Bergmann
glial cells and astrocytes

The BGC is a specialized type of astroglial cell, It provides the migratory
pathway of granule cell migration from the external granule cell layer

to the internal granule cell layer during cerebellar development (Rakic .
1971; Hatten, 1990). Another main function of these cells is the proposecl
ATP-dependent spatial buffering of potassium ions (Newman, 1985 ;
Reichenbach, 1991) released during the electrical activity of neurons.
This function is also reflected by the morphology of BGC, which envelop
the synaptic sites of Purkinje cell dendrites with the exception of the
precise sites at which Purkinje Spines make contact with parallel or
climbing fibres (Rakic, 1971). Since BGC processes directly face the
cerebrospinal fluid at the membrana limitans, these cells were suggestecl
to be responsible for releasing the K¥ ions, taken up via ATP-driven
Na*/K* ion pumps from the extracellular space around the highly
active Purkinje neurons, into the subdural space, which acts as g K+
sink (Newman, 1985). It is therefore reasonable to assume that the high
B-CK content of BGC reflects their high energy demands in relation
to spatial K* buffering (Hertz and Peng, 1991). In this respect, it is
interesting to note that Miiller cells, representing a functionally ancl
morphologically specialized astrocyte cell type found in the vertebrate
retina, were also proposed to be involved in spatial K* buffering
(Reichenbach, 1991). Like BGC, the Miiller cells also contain significant
amounts of B-CK (Wallimann et al., 1986).

The presence of B-CK in astrocytes is also compatible with the energy
requirements of these cells, which need energy for metabolic interactior
with neurons, e.g. for providing tricarboxylic cycle metabolites to
neurons and for exchange and trafficking of neurotransmitters and their
precursors between neurons and glial cells (Hertz and Peng, 1991). Since
both BGC and astrocytes contain mitochondria and the latter cell type
is known to display intense oxidative metabolism (Hertz and Peng, 19913,
it is likely that both of these cell types also contain Mi,-CK, although
this cannot be shown unambignously by our light microscope study, but
rather would have to be demonstrated by immunogold labelling. Finally,
the high concentration of CK found in oligodendrocytes (Manos et al, ,
1991) may indicate a function of CK, among other functions, in the
energy supply needed for myelinization.

Functional aspects of muscle-type CK isoenzymes in Purkinje
neurons

Muscle-type CK is generally thought to be specialized for the energy
requirements of skeletal muscle (Schiifer and Perriard, 1988; Wallimann
et al., 1992). In chicken, myoid thymus cells were the only cell type
in any non-muscle tissue in which M-CK has been located (Perriarcl
et al., 1982). The surprising finding that chicken Purkinje neurons
express the muscle-type CK isoform M-CK, and most likely also the
muscle-type Mi-CK, may reflect the. important metabolic features and
bioenergetic peculiarities of these specialized brain cells. Purkinje neurons
constitute the sole neuronal output of the cerebellar cortex. They receive
excitatory input from two neuronal pathways, the climbing and the
parallel fibres (reviewed in Ito, 1984). A single Purkinje neuron receives
input from a large number of parallel fibres, making synapses at the
distal ends of the dendritic tree of the Purkinje neuron. Each activated
parallel fibre synapse induces only a small excitatory postsynaptic
potential in the Purkinje cell dendrite. In contrast, each Purkinje neuron
receives input from only one or a very small number of climbing fibres
(Ekerot and Oscarsson, 1981; Ito, 1984), making contact at the more
proximal part of the dendritic tree of the Purkinje neuron. A single
climbing fibre was estimated to make ~300 Synaptic contact sites (o
a single Purkinje neuron, & unique feature in brain architecture, Thus,
the climbing fibres exert powerful excitatory effects on Purkinje neurons.
Most importantly, climbing fibre impulses evoke complex Ca?* spikes
and prolonged Ca’*-mediated depolarization within Purkinje cell
dendrites (Llinds and Sugimori, 1980; Ekerot and Oscarsson, 1981;
Knépfel et al., 1991). The climbing fibre-induced Ca?* influx seems




to play a central role in the mechanisms leading to long-term depression
by mediating desensitization of glutamate receptors at the parallel
fibre/Purkinje neuron synapse (Ito, 1991). Long-term depression was
found to be a characteristic type of synaptic plasticity prevalent in the
cercbellar cortex, and was suggested to be basis of cerebellar motor
learning (Ito, 1991). The desensitization of glutamate receptors shows

interesting similarities with the Ca®*-dependent desensitization of

acetylcholine receptors in slow and fast skeletal muscle (Miledi et al.
1981).

Consistent with the powerful effects of Ca** influx, Purkinje neurons
seem to have a very elaborate calcium homeostasis machinery, A whole
variety of Ca?*-binding proteins were found ta be present in Purkinje
neurons in relatively high amounts; this list includes eytosolic
Ca**-binding proteins, such as calbindin, calcineurin, calmodutin and
parvalbumin (reviewed in Heizmann and Braun, 1990), as well as several
isoforms of membrane proteins such as Ca?*-ATPases (Michelangeli
et al., 1991; Campbell er al., 1993), the inositol trisphosphate-activated
Ca** channel (Ross er al., 1989, 1992), ryanodine binding protein
isoforms (Ellisman et af., 1990; Kuwajiama et al., 1992), a P-lype
Ca** channel in the plasma membrane (Hillman ef al., 1991) and
calsequestrin (Villa e al., 1991; Takei er al., 1992), a protein typical
of the sarcoplasmic reticulum. Antibodies against ryanodine binding
protein stained Purkinje cell dendrites preferentially in their proximal
parts, reminiscent of the regions where climbing fibre responses in
Purkinje neurons are elicited, with a pattern that was indicative of the
staining of a complex twbular network (Ellisman et al., 1990). This
staining pattern is strikingly similar to what we observe here with anti-
M-CK antibodies. In addition, the inositol trisphosphate-activated Ca?*
channel was localized to the endoplasmatic reticulum located within
Purkinje cell dendrites (Ross er al., 1989),

Upon climbing fibre activation, a massive influx of Ca?* ions occurs
probably all along the proximal parts of the Purkinje cell dendrite at
the abundant climbing (ibre synapses. This is expected to impose high
local energy requirements at those places within the dendrites where
Ca** homeostasis has to be balanced. Prolongued voltage-dependent
caleium conductances may also exist in pyramidal cells of the
hippocampus (Ekerot and Oscarsson, 1981). Interestingly, exactly this
cell type was suggested (o contain anti-M-CK immunoreactivity in the
human brain (Hamburg et al,, 1990).

Qur recent experiments indicating the presence of Mi-CK in
Purkinje neurons (unpublished) suggest that the high and fluctuating
energy requirements in these cells can be met by a phosphocreatine
circuit, established by the coordinate action of Mi,-CK in the
mitochondria and M-CK in the cytosol, the latter being partially bound
to endoplasmic reticulum membranes (see below), The presence of the
muscle-specific isoenzymes most likely represents an adaptation to the
unique properties of Purkinje neurons, which are reflected in the fact
that these cells express several muscle-specific proteins or muscle-specific
isoforms, For example, within the chicken and mouse cercbellum, the
skeletal muscle-type isoform of the ryanodine receptor seems 1o be almost
exclusively expressed in Purkinje neurons (Kuwajiama et al,, 1992),
Additionally, chicken Purkinje neurons represent the only non-muscle
cell type in which calsequestrin, a typical protein of the sarcoplasmic
reticulum, has ever been localized (Villa er al., 1991; Takei ef al,, 1992),
and they contain the highest concentration of sarcoplasmic/endoplasmic
reticulum Ca?*-ATPase (SERCA) in non-muscle cells (Michelangeli e
al,, 1991), Chicken Purkinje neurons were also shown (o express
preferentially a specific muscle isoform of the sarcoplasmic/endoplasmic
reticulum Ca**-ATPase, SERCA2b (Campbell er al., 1993)

The presence of muscle-type M-CK in Purkinje neurons may also
reflect the better suitability of M-CK, compared with other cytosolic
CK isoenzymes, to associate with certain subcellular structures. Chicken
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M-CK, in contrast to B-CK, was shown to be associated with both the
myofibrillar M-line and the sarcoplasmic reticuluny, where the enzyme
is functionally coupled to the myosin ATPase (Wallimann et af, . 1984)
and the ATP-dependent Ca* pump (Rossi ef al., 1990), respectively,

Very recently, the Ca**-ATPase of rat skeletl muscle was shown
to have preferential access o ATP generated by sarcoplasmic reticulum-
bound CK (Korge er al., 1993), Thus, the role M-CK plays in musele,
supplying the Ca** pump of the sarcoplasmic reticulum with ATP, may
be paralleled in Purkinje neurons by (i) keeping local ATP/ADP ratios
high in the vicinity of the SERCA, and by (i) supplying thiy
Ca?*-ATPase with ATP, thereby increasing the thermodynamic
efficiency of the Ca?* pump (Wallimann et al. 1992) and thus helping
to achieve rapid Co?* homeostasis in Purkinje neurons,

The fact that highly specialized brain cell types, which can be assumed
to spend large amounts of energy on either K* homeostasiy (involving
BGC and astrocytes, expressing B-CK), trafficking of neurotecansmitters
and tricarboxylic cycle intermediates (Hertz and Peng, 1991) (involving
glial cells und neurons expressing B-CK) or Ca?' homeosasis
(involving Purkinje peurons expressing M-CK), contain different
*eytosolic® CK isoforms is striking and deserves special attention. Future
research may give further insight into the physiologicnl relevance of CK
isoenzyme diversity us well as into the specifie requirements of the energy
metabolism of BGC and Purkinje neurons.
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Abbreviations

ApSA PV P ditndenosine-5*) pentaphosphine
B-CK brain-type creatine Kinuse

BGC Bergmann glial cell(s)

BSA bovine serum albumin

CK creatine kinase

EGTA ethylene giyeal tetraacetic acid

CPAGE cellulose polyacetate gel electrophoresis
PBS phwsphate-buffered saline

GFAP glinl fibrillar ueidic prowin

MB-CK heteradimer of muscle-type und brain-type creating kirase

M-CK musele-type ereatine kinuse

MM-CK homodimer of muscle-type creating kinase

Mi-CK mitechondrial ereatine kinase

PMSF phenylmethylsulphonyl fluoride

SERCA sarcoplasmicfendoplnsmic retienlum Ca® " -ATPase

TBS Tris-bulfered saline

TBG 1% bovine serum alburoin and 0.2% pelating in Triv-buffered
suline
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