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Na'/K '-ATPasc, Mg?'-ATPasc and sarcoplasmic reticulum (SR) Ca?'-ATPasc arc examined in cultured human skeletal
muscle cells of different maturation grade and in human skeletal muscle. Na ' /K '-ATPase is investigated by measuring ouabain
binding and the activitiecs of Na*/K'-ATPasc and K'-dependent 3-O-methylfluorescein phosphatase (3-O-MFPase). SR
Ca?'-ATPasc is examined by ELISA, Ca®'-dependent phosphorylation and its activities on ATP and 3-O-methylfluorescein
phosphate. Na' /K '-ATPase and SR Ca®'-ATPase are localized by immunocytochemistry. The activities of Na ' /K'-ATPase
and SR Ca®'-ATPasc¢ show a good correlation with the other assayed parameters of these ion pumps. All ATPase parameters
investigated increase with the maturation grade of the cultured muscle cells. The number of ouabain-binding sites and the
activitics of Na' /K '-ATPasc and K '-dependent 3-O-MFPasce are significantly higher in cultured muscle cells than in muscle.
The Mg?'-ATPasc activity, the content of SR Ca®*-ATPasc and the activitics of SR Ca*'-ATPase and Ca®'-dependent
3.0-MFPasce remain significantly lower in cultured celis than in muscle. The ouabain-binding constant and the molecular
activitics of Na ' /K *-ATPasc and SR Ca’*-ATPasc arc cqual in muscle and cultured cells. During ageing of human muscle the
activity as well as the concentration of SR Ca® '-ATPasc decrease. Thus the changes of the acuivitics of the ATPasces arc caused
by variations of the number of their molecules. Na* /K *-ATPase is localized in the periphery of fast- and slow-twitch muscle
fibers and at the sarcomeric 1-band. SR Ca®'-ATPasc is predominantly confined to the I-band, whercas fast-twitch fibers are
much more immunorcactive than slow-twitch fibers. The presence of cross-striation for Na' /K '-ATPasc and SR Ca®*-ATPase
in highly matured cultured muscie cells indicate the development and subcellular organization of a transverse tubular system and
SR, respectively, which resembles the in vivo situation.

Introduction efflux of K*. During the contraction muscles have a
net potassium loss provoking an incrcase of the K*

Depolarization of the sarcolemma induces a Ca’' concentration in the interstitial fluid and blood plasma
release from the sarcoplasmic reticulum nto the cyto- [2.3]. After excitation of skeletal murcle, ATP-depen-
plasm clevating the cytosolic Ca’* concentration, which dent ion pumps restore the disturbe d ion homeostasis.
on its turn causes muscle contraction [1]. Each action Na'/K*-ATPasc (EC 3.6.1.37) of the sarcolemma
potential is associated with an influx of Na* and an reestablishes the Na*,K* gradient by K* uptake from

the plasma into thc muscle and Na® release [4]. An
apparent relation exists between the Na® /K*-ATPase
concentration and muscle performance [5]. The con-
centration of Na*/K*-ATPasc in small muscle biop-
sies (1-5 mg) can be measured by vanadate-facilitated
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phate and its inhibition by ouabain can be used as a
measure for Na*/K*-ATPase activity in muscle ho-
mogenates [7].

The growth and differentiation of skeletal muscle
cells of chicken and rodents in vivo and/or in vitro is
associated with an increase in the number of
Na*/K*-pumps [8-13]. In cultured chicken muscle
cells the Na'/K*-ATPase activity, measured by
ouabain-suppressible **Rb* uptake, rises simultane-
ously with the concentration of Na*/K*-ATPase [9].

The Ca®*-Jdependent Mg?*-ATPase of the sarco-
plasmic reticulum membranc (SR Ca?*-ATPase, EC
3.6.1.38) is responsible for the active transport of Ca’*
ions from the cytosol into the lumen of sarcoplasmic
reticulum. SR Ca®'-ATPase can be quantified by cn-
zyme-linked immunosorbent assays [14) or Ca’ *-depen-
dent stcady-state  phosphorylation from [y-ZPJATP
[15,16] and by measuring its activity on the substrates
ATP and 3-O-MFP [16,17). All parameters are about
5-7-times higher in fast- than in slow-twitch muscles of
rabbits and rodents. During postnatal development of
rabbits and mice the SR Ca?*-ATPasc content and the
Ca®* uptakc ratc of fast-twitch fibers increase
markedly, whercas these parameters nearly change in
slow-twitch muscle [14,18). The SR Ca**-ATPase con-
tent increases in cultured rat and chicken muscle cells
during differentiation and the SR Ca?'-ATPasc activ-
ity rises concomitantly [15,19,20].

To our knowledge the amounts and activitics of
Na‘*/K*-ATPasc and SR Ca**-ATPase and the activi-
ties of K*- and Ca®*-dependent phosphatase have not
yet been investigated in developing human skeletal
muscle cells. By combining different growth and ditter-
entiation media we can obtain human skeletal myscle
cells with different maturation grades {21). On the
basis of the percentage CK-MM, human skeletal mus-
cle cells cultured on growth and ditferentiation media
coataining Ultroser G and rat brain extract rcach a
significantly higher maturation grade after 7-20 days
of diffcrentiation than cells which proliferate on fetal
calf serum and chicken embryo extract and differenti-
ate on horse serum and chicken embryo extract [21].
The myotubes cultured on Ultroser G-containing me-
dia arc much longer, their nuclei are often localized in
rows on the periphery, and they show more frequently
cross-striation. Many biochemical parameters as activi-
tics of creatine kinase, citrate synthase, cytochrome-¢
oxidase, AMP deaminase and phophorylase increase
with maturation. We used in this study cultured cells
obtained from scra- or Ultroser G-containing media
and various differentiation periods to investigate the
effect of maturation on Na*/K*-ATPase and SR
Ca**-ATPase. For comparison different parameters of
these ion pumps were also measured in adult human
muscle. Immunostaining is carried out in order to
evaluate the localization of Na*/K*-ATPase and SR

'Sfaz"-ATPase in adult skeletal muscle and cultured
muscle cells.

Materials and Methods

Materials

Quabain, 3-0O-methyifluorescein, 3-(-methylfluo-
vescoin phosphate ard p-nitrophenyl phosphate were
obtained from Sigma, St. Louis, MO, USA; thapsigar-
gin from LC Services Corporation, Woburn, MA, USA;
vanadate and creatine kinasc NAC-activated monotest
kit from Bochringer, Mannheim, Germany; [*Hloua-
bain and [y-“PJATP from Amersham International,
Amersham, UK; Dulbecco’s modified Eagle medium
and Ultroser G from Gibco, Paisley, UK; fetal calf
serum, horse serum and chicken embryo extract from
Flow Laboratories, Irvine, UK.

Goat anti-rabbit renal Na*/K*-ATPasc and rabbit
anti-rat SR Ca**-ATPase were generous gifts from Dr.
J.J.H.H.M dec Pont (Department of Biochemistry, Uni-
versity of Nijmegen) and Dr. JLAH. Timmermans (De-
partment of Physiology, University of Nijmegen), re-
spectively. The anti-rat SR Ca’*-ATPasc was raised
against a mixture of slow- and fast-typc SR Ca®*-
ATPase. Mouse anti-rabbit skeletal myosin fast and
fluorescein-conjugated goat anti-rabbit 1gG were {rom
Sigma, St. Louis, MO, USA and fluorcscein-conjugated
donkey anti-goat IgG and tetramethylrhodamine-con-
jugated goat anti-mouse IgG from Nordic, Tilburg,
Netherlands.

Muscle cell cultures

Muscle biopsies were obtained from individuals
without any known muscular disorder, as approved by
the Committee on Medical Ethics. Samples from m.
quadriceps were obtained by open (100-250 mg) or
percutancous needle biopsy (25-50 mg) and from m.
rectus abdominus and m. gluteus (200-400 mg) at
cholecystectomy and orthopaedic surgery, respectively.
The muscle samples were dissociated according to the
dispersion technique of Yasin et al. [22]. The satellite
cells were cultured on Dulbecco’s modificd Eagle
medium with 20% fetal calf serum and 2% chicken
embryo extract or with 4% Ultroser G and 10% rat
brain extract [21]. After subculturing, when confluency
has been reached, the cultures derived from fetal calf
serum and Ultroser G differentiated on 10% horse
serum and 2% chicken embryo extract or 0.4% Ul-
troser G and 10% rat brain extract, respectively [21].
The cells were cultured in a humidified CO, atmo-
spherc at 37°C and all media were refreshed every
third day. Cultures were harvested after 7-20 days of
differentiation.

Preparation of homogenates
Homogenates of cultured muscle cells (1-5 mg pro-
tein/ml) or muscle (5% w/v) were prepared in 250



mM sucrose /2 mM EDTA /10 mM Tris-HCI (pH 7.4)
at 0°C by 10 strokes in a giass homogenizer with. 2
tight-fitting Teflon pestle (clearance is 50 pm) rotating
at 1000 rev./min. To exclude sealed vesicles the ho-
mogenates were four times freeze-thawed and /or solu-
bilized by detergents as indicated.

| °H]Ouabain binding

[*H]Ouabain binding capacity was determined using
a method based on vanadate-facilitated binding [6).
Samples of muscle (4—-11 mg) or intact cultured muscle
cells (150-500 wg protein /dish) were labelled with 0.1
uM [*Hlouabain. Unlabelled ouabain was added so as
to give final concentrations from 0.1-5.0 uM. Correc-
tion for non-specific binding was determined by incu-
bation in the presence of | mM unlabelled ouabain.

Na /K '-ATPase, Mg?*-ATPase and K *-dependent 3-
O-MFPase activity

Na‘/K*-ATPasc and Mg2*-ATPasc activity were
determined in homogenates of muscle or culturced cells
(100-250 g protein) as ouabain-sensitive and -insensi-
tive ATPase activity [23].

The K*-dependent 3-O-MFPase activity was deter-
mined as described by Ngrgaard et al. [7] with some
modifications. Homogenates of muscle or cultured
muscle cells (100-250 pg protein) were incubated for
10 min at 37°C in the presence of 10 mM KCl or 0.1
mM ouabain preceding the addition of 19.5 uM 3-0O-
MFP,

ELISA for SR Ca**-ATPase content

A mixture of slow- and fast-type SR Ca’'-ATPase
was purified from rat hind leg muscles as described by
Timmermans ct al. [24]. Wells of polystyrenc microtiter
plates were coated with 150 ng of this antigen in 150 ul
coating buffer containing 100 mM Na,CO,;/5 mM
NaN; (pH 9.6) for 2 h at 37°C. Homogenates of muscle
or cultured muscle cells were solubilized by mixing
with an equal volume of a buffer containing 130 mM
KCl/20 mM Hepes-KOH /0.4% Triton X-100 (pH 7.4)
for 10 min at room temperature. After centrifugation
at 100000 X g for 5 min in an airfuge (Beckman, Palo
Alto, CA, USA) the supcrnatants of muscie and cul-
tured cells were diluted 5 or 2 times, in 10 mM Tris-
HC1/0.9% NaCl/0.05% Tween-20 (pH 7.5) (buffer B)
containing 0.5% bovire serum albumin (BSA), respec-
tively. In wells of a second microtiter plate standard
SR Ca?*-ATPase or samples (100 ul) were added to
100 w1 rabbit anti-rat SR Ca’*-ATPase (1:10000 in
buffer B containing 0.5% BSA). After incubation
overnight at 4°C, 150 u1 of each well was transferred to
a well of a polystyrene plate previously ccaied with
purified SR Ca?*-ATPase. The free antibody was al-
lowed to complex with the coated antigen for 45 min
(non-equilibrium condition [25]). After washing three
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times with buffer B, the antibodies bound to the SR
Ca’*' \TPase were incubated with 150 u! alkaline
phosphatasc-conjugated goat anti-rabbit 1gG (1:2000
in buffer B containing 0.5% BSA) for 2 h at room
temperature. After washing, 150 ul enzyme substrate
(1 mg p-nitrophenyl phosphate per ml buffer contain-
ing 1 M diethanolamine /0.5 mM MgCl, (pH 9.8)) was
added. The reaction was allowed to proceed for 20-30
min at room temperature and stopped by addition of
150 #1 5 M NaOH. The reaction product was mea-
sured spectrophotometrically at 405 nm using a Titertek
Multiscan MCC /340 MK 11 (Labsystems Oy, Helsinki,
Finland).

Phosphorylation of SR Ca?® *-ATPase

The procedure was performed as described by Ev-
erts et al, [16] with some modifications. Homogenate of
muscle or cultured muscle cells (50-250 pg protein)
reacted with 40 uM ATP /10 uM [y-2PJATP (pH 7.4)
in the presence or absence of (.55 mM CaCl,. The
reaction was quenched by 5% (w/v) trichloroacetic
acid /0.1 M phosphoric acid. The denatured phospho-
protein was filtered on a 0.45 um pore width mem-
brane filter (Schleicher and Schuell, Dassel, Germany)
and three times rapidly washed. The Ca?*-dependent
2p uptake, i.c. the concentration of phosphorylated
intermediates of SR Ca’*-ATPase, was calculated as
the ditfference between the values obtained with or
without CaCl,.

SR Ca’*-ATPase and Ca’ *-dependent 3-O-MFPase ac-
tivity

SR Ca?*-ATPase activity was determined as Ca’*-
dependent ATPase activity. Homogenates of muscle or
cultured cells (50-200 pg protein) were incubated in
0.4 ml buffer containing 100 mM imidazolc /100 mM
KCl/5 mM MgCl,/0.5 mM EGTA/5 mM ATP (pH
7.4) in the absence or presence of 0.55 mM CaCl, at
37°C. After 2 h the reaction was stopped and analyzed
for inorganic phosphate as described for the Na* /K-
ATPase activity [23].

The Ca?*-dependent 3-O-MFPase activity was as-
sayed according to Everts et al. {16].

Other biochemical assays

For the determination of the percentage creatine
kinase MM (CK-MM), as measure of the maturation
grade of culturcd muscle cells this isoenzyme was sepa-
rated from other CK isoenzymes by anion exchange
chromatography. This procedure and the assay of CK
activity were described by Jacobs ct al. [20]. The pro-
tein content was assayed according to Lowry et al. [27]
with BSA as standard.

Immunocytochemistry
Muscle biopies were cryofixed in isopentane cooled
with liquid nitrogen. Cryosections (4-8 um) were air-
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dried and frozen at —20°C. Cell cultures were washed
three times with phosphate-buffered saline (PBS), air-
dried and stored at —20°C. After rehydration in PBS,
sections and cultures were blocked for 20 min with
20% normal goat serum in PBS, exept when goeat
anti-rabbit Na*/K*-ATPase anti serum was used, in
which case blocking was done with 1% BSA in PES.
Primary antibodies were applied for 90 min, followed
by washing three times with PBS. Incubation with
fluorochrome-conjugated secondary antibodies was for
90 min, followed by washing and mounting. Localiza-
tion of sarcomeric bands (e.g., A-and I-band), was
done by phase-contrast microscopy and immunolocal-
ization of desmin and myosin. Immunofimorescence
was studied on a Zeiss Axioskop photomicroscope (Carl
Zeiss, Oberkochen, Germany).

Statistics

Data represent means + S.D. Statistical analysis was
performed by mcans of the unpaired Student’s t-test
and significancy was set at 7 < 0.01.

Results

Na*/K *-ATPase and K *-dependent 3-O-MFPase ac-
tivity and ouabain binding

In order to expose latent Na*/K*-ATPasc activity
and to ensurc full access of substrates, homogenates of
cultured muscle cells were pretrcated with different
concentrations of detergents. Neither the mixture of
Triton X-100/digitonin (1:1, w/w) nor SDS incrcase
significantly the Na* /K *-ATPase activity, whether the
homogenates are freeze-thawed or not (Fig. 1). The
activity of Na*/K*-ATPase is maximal in fregze-
thawed homogenates, in the absence of detergents.
The Na'/K*-ATPasc activity increases in cultured
muscle ceils when their maturation grade increases
(Fig. 2a, Table I).

The Na*/K*-ATPase activity is not detectable in
homogenates of muscle biopsies, when measured spec-

Relative activity (%)

a

o R A . )
0.0 0.2 04 06 o8 1.0

Triton X100 + Digitonin {mg/mg protemn)

trophotometrically due to the excess of Mg?*-ATPase
activity. Therefore as a measure for the Na*/K*-
ATPase activity only the K*-dependent 3-O-MFPase
activity could be determined in muscle. This activity
increases in cultured muscle cells also with the matura-
tion grade (Fig. 2b) and is always significantly higher
than in muscle homogenates (Table I). Cells cultured
on Ultroser G reach a higher maturation grade and
higher Na*/K*-ATPase and K*-dependent 3-O-
MFPase activities than serum-based cultures. Ageing
(14-58 year) had no effect on the 3-O-MFPase activity
in human muscle (data not shown).

The maximal [*H]ouabain binding capacity, i.c., the
number of Na*/K*-pumps of cultured muscle cclls
increases with the maturation grade too (Fig. 2¢) and is
2- to 3-fold higher than in muscle biopsies (Table 1).
The number of [*Houabain binding sites of human
skeletal muscle (360 + 70 pmol/g wet wt.; n=15) is
comparable to previously published data [16,28-30).
The dissociation constant and the molecular activities
do not differ in muscle and cultured cells of different
maturation grade (Table I). These obscrvations indi-
cate that the differcnces of the Nat /K *-ATPase activ-
ity are due to variations of the number of Na*/K"*-
ATPase molecules.

Mg *-ATPase activity

The Mg2*-ATPase activity also increascs, when the
maturation grade of the cultured muscle cells increases
(results not shown). The activities of Mg’ *-ATPase in
muscle cells cultured on serum or Ultroser G are
14.2 £ 2.6 (n =20) and 22.0 + 2.9 mU/mg protcin (n
=51; P <0.01), respectively. However, they remain
lower than the activity in homogenates of muscle (41.9
+ 8.4 mU/mg protein, n = 7; P < 0.01).

SR Ca* *-ATPase and Ca* *-dependent 3-O-MFPase ac-
tivity and SR Ca’ *-ATPase content

In experiments in which the Ca?* dependence of
the SR Ca’*-ATPasc is tested, Ca’*-(0.5 mM)EGTA
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Fig. 1. Effect of detergent treatment on Na* /K *-ATPase activity. Fresh (O) or freeze-thawed (@) homogenates of cultured muscle cells were
incubated with a mixture of Triton X-100 and digitonin (1: 1. w/w) (a) or SDS (b).



buffers were used and the free Ca’* concentration is
determined in the presence of homogenate with the
Ca?*-indicator fura-2 [31]. At a free Ca®* concentra-
tion of about 5 uM the SR Ca?*-ATPase is maximally
activated (Fig. 3a). The K, values of (.43 and 0.55 uM
in homogenates of cultured cells and muscle, respec-
tively, fall in the range of published data [17,32,33].
The ion pump is inhibited by a large excess of Ca?*
and of vanadate (Figs. 3a,b), but less than 10% of the
Ca?*-dependeni ATPase activity is inhibited by 5 uM
vanadate. Michalak et al. showed that this vanadate
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Fig. 2. The relation between the maturation grade of cultured muscle

cells expressed in percentage CK-MM and the Na*/K*-ATPase

activity (a), the K*-dependent 3-O-MFPase activity (b) and the
maximum number of ouabain-binding sites (c).
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concentration complete v inhibits sarcolemmal Ca?®*-
ATPase [34]. Besides | uM thapsigargin, a specific
inhibitor of SR Ca?*-ATPase [35], inhibits 92 + 6%
(n=14) and 89 +5% (n=23) of the Ca’*-dependent
ATPase activity in adult muscle and cultured cells,
respectively. The measured Ca’*-ATPase activity re-
presents thus quite well SR Ca?*-ATPase activity. The
concentration of 5 uM free Ca®* was therefore used in
the assays of SR Ca2*-ATPase with ATP or 3-O-MFP
as substrate and by phosphorylation.

The activities of SR Ca®*-ATPase and Ca?*-depen-
dent 3-O-MFPase increase in muscle cells with matura-
tion (Figs. 4a,b), but remain significantly lower than in
muscle (Table 11). The highly matured cells derived
from Ultroser G-containing media rcach a higher SR
Ca’*-ATPasc activity with both ATP and 3-O-MFP as
substrates.

The number of SR Ca’*-pumps was quantified as
well as by Ca%*-dependent phosphoprotein formation
as by an ELISA. The former assay assesscs the total
concentration of SR Ca®*-ATPase under steady state
conditions, where all enzyme molecules are in a phos-
phorylated state since dephosphorylation of the phos-
phoenzyme is the rate-limiting step in fast- as well as in
slow-twitch muscle [16]. Additionally thapsigargin (1
M) inhibits 94 + 4% (n = 4) of the Ca’*-dependent
phosphorylation. The ELISA also measures total SR
Ca?*-ATPase since an antiserum raised against a mix-
ture of fast- and slow-type SR Ca’*-ATPase is used.
Both parameters increase in cultured cells when their
maturation grade increases (Figs. 4c,d) and remain
lower than in muscle (Table I1). The concentration of
SR Ca?*-ATPasc of adult human skeletal muscle (6.7
+ 1.3 nmol /g wet wt.; n = 20) agrees with previously
published data [16,30]. The activity and the content of
SR Ca?*-ATPasc show a slight, but significant age-re-
lated decrease in human muscle (data not shown). The
molecular activities of SR Ca?*-ATPase calculated for
ATP and 3-O-MFP do not differ in muscle from those
in cultured cells and are independent of the matura-
tion grade (Table II). These obscrvations imply that
the changes of the SR Ca?*-ATPase activity are re-
lated to the variations of the SR Ca?*-ATPase content.

Immunocytochemistry

Goat anti-rabbit Na*/K*-ATPase and rabbit anti-
rat SR Ca?*-ATPase were used to localize Na*/K*-
ATPase and SR Ca?*-ATPase, respectively. The speci-
ficity of the anti-sera was established by Western blot-
ting (results not shown). When muscle sections are
stained for Na * /K *-ATPase, both fast- and slow-twitch
muscle fibers are strongly positive (Figs. 5a,b). En-
dothelial and smooth muscle cells of blood vesscls arc
immunoreactive as well. In longitudinal sections cross-
striation is visible at the I-band (Fig. 5c). Cultured
myotubes are also immunoreactive, but cross-striation
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at the I-band is only observed in highly matured cells
(Fig. 5d).

When muscle sections are incubated with the anti-
serum against SR Ca®*-ATPase, fast-twitch fibers are
strongly positive, whercas slow-twitch fibers stain
weakly (Figs. 6ab). Endothelial cells are negative.
Cross-striation is detectable at the I-band and a faint
staining is associated with the H-band (Fig. 6¢). Cul-
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tured myotubes aie strongly stained and highly ma-
tured cells display cross-striation (Fig. 6d).

Discussion
Ultroser G and rat brain extract markedly enhance

the growth and differentistion of human and rat skele-
tal muscle cells in vitro compared to sera [21,36). Upon
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Fig. 4. The relation between th? .maturation grade oi cultured muscle cells and the SR Caz*—ATPase activity (a), the Ca?*-dependent
3-0-MFPase activity (b) and the SR Ca>*-ATPase content as quantified by phosphorylation (c) or ELISA (d).



fusion of myoblasts to form multinucleated myotubes
there is a coordinated expression of metabolic en-
zymes, muscle-specific isoenzymes and contractile pro-
teins. The sarcolemma and basement membrane like-
wise become structurally and functionally more differ-
entiated [37). In this study we observed also major
effects of Ultroser G and rat brain extract on the
concentration and activities of both Na*/K*-ATPase
and SR Ca?*-ATPase.

A tight control of the Na* /K™ transport is essential
for the maintenance of optimal muscle function [4]. In
skeletal muscle, short-term activation of the Na*/K*-
pump is induced by excitation, catecholamines and
insulin. Long-term iegulation of muscle Na*/K™-
ATPase is determined by differentiation, age, muscle
activity and hormonal status [4,38,39]. In our cultured
human skeletal muscle cells the activities of Na* /K™~
ATPasec and K *-dependent 3-O-MFPase increase dur-
ing maturation concomitantly with the concentration of
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Na*/K*-pumps. The molecular activiiies and dissocia-
tion constant do not change. This agrces with the
indications that the changes in the Na*/K*-ATPase
activity reflect changes in the number of [*H]ouabain-
binding sites during differentiation and life hoth in
vitro as in vivo. A marked increase of ouabain-sensitive
%Rb* uptake and of the number of Na*/K*-ATPase
molecules, quantified by ouabain binding or with anti-
bodies, is observed upon the fusion of cultured chicken
myoblasts into myotubes and differentiation [Y,12,13].
In cultured rat muscie cells the concentration of
Na*/K*-ATPase also increased upon fusion [11]. The
number of ouabain-binding sites {per mg protein) is
comparable in cultured chick embryo myotubes [9],
cultured rat:aconata! muscle cells [11] and our culturcd
human muscle cells. The ouabain-binding capacity is of
the same order in muscle of rat, mouse, guinca pig
{8,101, chicken [9] and human (Table 1), but species-
variations are present in the changes of this capacity or

Fig. 5. Immunolocalization of Na* /K *-ATPase in human skeletal muscle fibers (a—c) and cultured myotubes (d). Amihodieﬁ to Nu’ */K *-'A‘l‘l’n.«'»'c

are visualized using fluorescein-conjugated secondary antibodies. Fast-twitch muscle fibers are localized in the same seclion using m}tl-myosm

fast antibodies which are visualized by tetramethylrhodamine-conjugated secondary antibodies. Bars represent 40 pm. {a,b) Transverse

cryosection. Na* /K*-ATPase (a); myosin fast (b). Fast-twitch as well as slow-twitch muscle fibers are positive for Na'*'/K"-ATPusc. Blm).d

vessels (BV) and capillaries (arrows) also react positively. (c} Longitudinal cryosection. Na*/K*-ATPase staining is confmefi to the sarcomeric
I-band. (d) Muscle cell culture. Myotubes sometimes display cross-striation (arrows), corresponding to the sarcomeric I-band.



96

Na*/K*-ATPase activity at different ages. In chicken
skeletal muscle the content and activity of the
Na*/K*-pump increased in ovo up to 9 days after
hatching, but decreased again by 50% [9,40]. Rat and
mouse muscles showed an increase of ouabain-binding
capacity after birth up to 4 wk, followed by a decrease
of the same order to a constant level at 8-12 wk [8,10].
Guinea pig muscle showed a maximal valuc at birth
[10). Our observation on the constant 3-O-MFPasc
activity in human muscle during ageing is in agreement
with the absence of age-dependent changes of the
ouabain-bdinding capacity between 0 and 86 year
[28.41,42]. No data are available on parameters of the
Na'/K*-pump in fetal or nconatal mammalian mus-
cle. The different maturation grade of muscle in vari-
ous species at birth [43] may cause a variable balance
of synthcsis of Na'/K*'-ATPasc and other proteins
and in this way a species-related age-pattern, Guinea
pig and human muscle may also show the biphasic

age-patiern of increase and decrease as chicken and
rodents, but with the increasc in the prenatal or ncona-
tal period. The higher value of the Na*/K*-pump
parameters in cultured human muscle cells than in
adult muscle and their increase at maturation may
reflect a preferential synthesis of the transverse tubular
sysiem proteins as Na* /K "-ATPasc in the first phase
of muscle growth.

SR Ca®*-ATPase constitutes ahout 90% of the total
protein content in SR membrane {44]. The SR Ca?*-
ATPase content is regulated by differentiation, ageing,
muscle activity and hormonal and neural control [45-
47). The activities of SR Ca’*-ATPasc and Ca®*-de-
pendent 3-O-MFPase and the concentration of SR
Ca’'-ATPasc increase concomitantly with the matura-
tion of the cultured human muscle cells. The molecular
activitics do not change. The ¥*Ca®' uptake and the
amount of SR Ca?'-ATPase increase 3-5 times in
cultured chicken muscle cells upon tusion and differen-

Fig. 6 lml‘nunolocalizution of SR Ca**-ATPase in human skeletal muscle fibers (a-c) and cultured myotubes (d). Antibodies to SR Ca®*-ATPase

are vasuahz‘ed using fluorescein-conjugated secondury antibodies. Fast-twitch muscle fibers are localized in the same section according to the

proced}xre in Fig. 5. Bars represent 20 um. (a.b) Transverse cryosection. Muscle cells strongly positive for SR Ca**-ATPase (a) correspond to

fast-t.wnclf cells (b). Capillary endothelium and blood vessels (BV) are negative. (c) Longitudinal cryosection. SR Ca®*-ATPase is predominantly

Iocahzc;d in the sarcomeric I-band (large arrows). A faint band corresponding to the H-band can be observed (small arrows). Slow-twitch muscle

cells display a weak staining, confined mainly to the I-band (triangles). (d) Muscie cell culture. Myotubes are positive for SR Ca®*-ATPase and
display cross-striation at some places (inset, arrows).



TABLE 1
Nua ' /K ' -ATPase in human muscle and cultured muscle cells

Values are means+S.D. of the number of experiments given be-
tween parentheses. Units of activity represent gmol inorganic phos-
phate or 3-O-methylfluorescein formed per min at 37°C. The matura-
tion grade (percentage CK-MM) of the muscle cells cultured on
serum or Ultroser G are 224+ 7.7 and 47.5+ 8.2, respectively. Pa-
rameters are significantly different trom highly matured muscle cells
cultured on Ultroser G with: * P < (101 (Student’s unpaired t-test).
n.d., not detectable.

Paramciers Muscle Muscle cells cultured on
serum Ultroser G
Na ' /K '-ATPase n.d. 1L.1+36* 152+3.1
(mU/mg protein) (20) (K1
K*'-dependent 3-0-MFPase  382+73 % 547+ 105 % 1007+214
T(pU/mgproteim) T 8 24)
B,,.. touabain binding) A1+08Y BO+17* 1204341
(pmol /mg protein) 5 ¥)) 12)
K 4 (ouabitin binding) 257482 249+57 240+ 41
(nM) (8) N (12
Molecular activity (ATP) - 13994 280 1428+ 302
{min~') 5 (8)
Molecular activity (3-O-MFP) 85+ 15 77+ 14 87+17
{min Y 3) 3) 3

tiation [15,20,44]. Recently Charuk et al. demonstrated
that the biogenesis of SR Ca’*-ATPase in cultured
chicken muscle cells depends on their contractile activ-
ity [45]. In cultured rat muscle cells a striking increase
of the SR Ca**-ATPasc concentration is seen during
fusion [19,48]. Fusion, however, is not essential for this
increase. In rodent muscle the initial Ca’* uptake rate

TABLE 1]

Sarcoplasmic reticulum Ca® *-ATPase in human muscle and cultured
muscle colls

Values are means+S.D. of the number of experiments given be-
tween parentheses. The maturation grade (percentage CK-MM) of
the muscle cells cultured on serum or Ultroser G are 25,9+ 7.8 and
50.7 + 10.6, respectively. Parameters are significantly different from
highty matured muscle cells cultured on Ultroser G with: * P < (101
(Student’s unpiired £-test).

Paramcters Muscle Muscle cells cultured on

serum Ultroser G

SR Ca " '-ATPase 28+64%  370+0.86 * 6.06+1.49
(m1J/mg protein) (23) (14) (42)

Cu®*-dependent

3-0)-MFPase 11344227* 73414 % 112429
(2U/mg protein) (14) () (23)
Phasphorylation 560.0+6.7 * 389+ 148 * 685+ 1.76
(pmol/mg protein) (22) (14) (30)
SR Ca?'-ATPase content 6167 +2166 % 304+83* 4724105
(ng/mg protein) (13) (17N (20)
Molecular activity (ATP) 789+ 114 939 4 288 903 + 170
(min~") @2n (12) 35
Molecular activity
(3-O-MFP) 1843 17+4 17+4

(min ) ®) 5 18)
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and/or SR Ca’*-ATPase content rise about 3-fold
from birth to adult age [14,18]. In developing chicken
muscle the Ca?* uptake and the SR Ca2*-ATPasc
content increase 30-40 times from 12 days in ovo to 30
days in vivo [15,20]. The concentration of SR Ca®*-
ATPase in cultured chicken muscie celis is onlv 10% of
that found in adult chicken muscle [15]. In our study
we found the same differences for human between the
cultured cells and adult muscle. The decrease of the
activiiy and the content of SR Ca’*-ATPase in human
skeletal muscle upon ageing is related te a selective
atrophy of type Ml fibres [49].

The similar staining for Na*/K*-ATPase in humar
fast- and slow-twitch muscle fibers indicates that therc
are no marked differences of ion pump density be-
tween both fiber types. Fambrough et al., however,
observed variation in fluorescence intensity between
chicken fast- and slow-twitch muscle fibers [13). The
Na*/K"-ATPase distribution in human muscle fibers
is consistent with its sarcolemmal localization, includ-
ing the T-tubules. The Na ' /K'-ATPase cross-striation
in highly matured cultured human muscle cells indi-
cates the development of a T-tubule system in vitro.
These observations are comparable with those in cul-
tured chicken muscle cells [12].

Human skeletal fast-twitch muscle fibers have a
higher content of SR Ca’*-ATPase than slow-twitch
fibers. Jorgensen et al. observed the same fiber type-
dependent distribution in rat skeletal muscle in vivo
[50]. Biochemical studies in rabbit, rat, mouse and
guinca pig support these results {14,16,18). The pres-
ence of SR Ca%*-ATPase cross-striation at the H- and
I-band in adult muscle indicates that the ion pumps are
rather uniformly distributed throughout the longitudi-
nal regions of the SR. The cross-striation was unde-
tectable in cultured rat skelctal muscle cells [51], in
contrast to in our highly matured cultured human
muscle cells and cultured mouse muscle cells [52]. The
latter phenomenon indicates a good development of
SR in our cell system.

In conclusion, the activities and the concentrations
of Na'/K*-ATPasc and SR Ca’*-ATPasc increasc
coordinately in cultured human muscle cells and corre-
late to their maturation grade. The Na*/K*-ATPasc
parameters are always higher in cultured muscle cells
than in adult human muscle, but the SR Ca?*-ATPase
parameters remain lower. The molecular activity of
both ion pumps does not change in cultured cells as
well as adult muscle. Cultured human muscle ceils may
well be applied in studies of ion transport during
myogenesis and muscle disecases,

Acknowledgements

Authors thank staff and co-workers of the depa,‘t-
ments of Neurology and Surgery of the University



98

Hospital Nijmegen, Nijmegen and of the Orthopea-
dic Hospital ‘St. Maartenskliniek’, Nijmegen for their
kind cooperation in obtaining muscle biopsies. Dr.
1.JH.HM. de Pont and Dr. J.A.H. Timmermans are
gratefully acknowledged for providing antibodies
against Na*/K*-ATPase and SR Ca’*-ATPase, re-
spectively. This study was supported by a grant from
the ‘Prinses Beatrix Fonds’.

References

1 Ashley, C.C., Mulligan, L.P. and Lea, T.J. (1991) Quart. Rev.
Biophys. 24, 1-73,

2 Hermansen, L., Orheim, AL and Seersisted, O.M. (1984) lat. ).
Sports Med. 5, 110-115.

3 Wevers, RA., Joosten, E.G.M., Van de Biezenbos, JL.BM,,
Theewes, A.G.M. and Veerkamp, LH. (1990) Muscle Nerve 13,
27-32.

4 Clausen, T. (1986) Physiol. Rev. 66, $42-580,

$ Kjeldsen, K. Bjerregaard, P., Richter, E.A.. Thomsen, P.E.B.
and Nergaard, A. (1988) Cardiovasc. Res, 22, 95-1(4).

6 Norgaard, A., Kjeldsen, K., Hansen, O. and Clausen, T. (1983)
Biochem, Biophys, Res. Commun. 111, 319-325.

7 Nargaard, A., Kjeldsen, K. and Hansen, O. (1984) Biochim.
Biophys. Acta 770, 203-209.

8 Kjeldsen, K., Nergaard, A. and Clausen, T. (1982) Biochim.
Biophys. Acta 686, 253-256.

9 Vigne, P., Frelin, C. and Lazdunski, M. (1982) J. Biol. Chem, 257,
$380--5384.

10 Kjeldsen, K., Noargaard, A. and Clausen, T. (1984) Pflugers Arch.
402, 100--108,

11 Brodie, C., Buk, A. and Sampson, S.R. (1985) Brain Res. 336,
384-3K6,

12 Wolitzky, B.A. and Fambrough, D.M. (1986) J. Biol. Chem. 261,
99909999,

13 Fambrough, D.M., Woalitzky, B.A., Tamkun, M.M. and Takeyasu,
K. (1987) Kidney tat. 32, §97-S112.

14 Leberer, E., Seedorf, U. and Pette, D. (1986) Biochem. J. 239,
295-300,

15 Martonosi, A.. Roufa, D., Boland, R.. Reyes, E. and Tillack T.W,
(1977) 1. Biol. Chem. 252, 318-332.

16 Everts, M.E., Andersen, J.P., Clausen, T. and Hansen, O. (1989)
Biochem. J. 260, 443-448.

17 Simonides, W.S. and Van Hardeveld, C. (1990) Anal. Biochem,
191, 321-331. ‘

18 Leberer, E., Hiirtner, K.-T. and Pette, D. (1988) Eur. J. Biochem.
174, 247-253.

19 Holland, P.C. and MacLennan. D.H. (1976) J. Biol. Chem. 251,
2030-2036.

20 Ha, D.-H.. Boland, R. and Martonosi. A. (1979) Biochim. Bio-
phys. Acta 585, 165-187.

21 Benders, A.A.G.M.. Van Kuppevelt, TTHM.S.M., Oosterhof, A.
und Veerkamp, J.H. (1991) Exp. Cell Res. 195, 284-294.

22 Yasin. R., Van Beers, G.. Nusse, K.S.E.. Al-Ani, S.. Landon,
D.N. and Thompson, E.J. (1977) J. Neurol. Sci. 32, 347-36(.

23 Bonting, S.L. (1970) in Membranes and ion transport (Bittar,
E.E.. ed.), Vol. 1, pp. 257-363, Wiley-Inteiscience, London.

24 Timmermans, J.A.H., Kaune, R., Bindels, R.J.M. and Van Os,
C.H. (1991) Biochim. Biophys. Acta 1065, 177-184.

25 Rennard, S.I, Berg, R.. Martin. G.R., Foidart, J.M. and
Gehron-Robey, P. (1980) Anal. Biochem, 104, 205-214.

26 Jacobs, A.E.M., Oosterhof, A. and Veerkamp, J.H. (1987) Int.J.
Biochem. 19, 1049-1054.

27 Lowry, O.H., Roscbrough, N.J., Farr, A.L. and Randall, R.J.
(1951) J. Biol. Chem. 193, 265-275.

28 Klitgaard, H. and Clausen, T. (1989) J. Appl. Physiol. 67, 2491-

2494,
29 Kjeldsen, K., Nargaard, A. and Hau, C. (1990) Int. J. Sports Med.
11, 304-307.

Everts, M.E., Ording, H., Hansen, O. and Nielsen, P.A. (1992)

Muscle Nerve 14, 162-167.

31 Grynckiewicz, G., Pocnie, M. and Tsien, RY. (1985) J. Biol.
Chem. 260, 3440-3450.

32 Watanabe, T., Lewis, D., Nakamoto, R., Fronticelli, C. and Inesi,
G, (1981) Biochemistry 20, 6617-6625.

33 Mclntosh, D.B. and Davidson, G.A. (1984) Biochemistry 23,
1959-19068.

34 Michalak, M., Famulski, K. and Carafoli, E. (1984} J. Biol. Chem.
259, 15540~ 15547.

35 Sagara, Y. and Incsi, G. (1991) J. Biol. Chem. 206, 13503-13506.

36 Jacobs, A.E.M., Benders, AA.G.M.. Oosterhof, A. and
Veerkamp, J.H. (1992) Int. J. Biochem. 24. 751-758.

37 Van Kuppevelt, THMSM., Benders, AAAG.M., Versteeg,
E.M.M. and Veerkamp, J.H. (1992) Exp. C :ll Res. 200, 306--315.

38 Clausen, T. (1990) News Physiol. Sci. §, 14151,

39 Nishida, K., Ohara, T., Johnson, J., Willner, J.S., Wilk, .,
Sherman, N., Kawakami, K., Sussman, K.E. and Draznin, B.
(1992) Metabolism 41, 56-63.

40 Sperelakis, N, (1972) Biochim, Biophys. Aca 266, 230-237.

41 Darup, 1., Skajaa, K. and Clausen, T. (1988) Clin. Sci. 74, 241-248.

42 Kjeldsen, K. and Gron, P. (1989) J. Pharr.acol. Exp. Ther. 250,
721-725.

43 Goldspink, G. (1972) in The structure ard function of muscle
(Bourne, G.H,, ¢d.), pp. 179-236. Academ ¢ Press, New York.

44 Fleischer, S. and Inui, M. (1989) Annu. F v, Biophys. Biophys.
Chem, 18, 333- 304,

45 Charuk, J.H.M., Guerin, C. and Holland, | C. (1992) Biochem. J.
282, 399- 407.

46 Muller, A., Van Hardeveld, C., Simonides. V.S. and Van Rijn, 1.
(1991) Biochem. J. 275, 35-40.

47 MacLennan, D.H., Zubrzycka-Gaarn, E and Jorgensen, A.Q.
(1985) in Current topics in membranes . nd transport (Knauf,
P.A. and Cook, J.8., eds.), Vol. 24, pp. 33" -368, Academic Pres:,
New York.

48 Zvbrzycka. E. and MacLennan, D.H. (19 '6) 1. Biol. Chem. 251,
7733-7738.

49 Klitgaard, H., Ausoni, 8. and Damiani, . (1989) Acta Physiol.

Scand. 137, 23-31,

Jorgensen, A.O., Shen, A.C.Y., MacLennan, D.H. and Tokuyasu,

K.T. (1982) J. Cell Biol. 92, 409-416.

51 Jorgensen, A.O., Kalnins, V.1., Zubrzycka, E. and MacLennan,
D.H. (1977 J. Celi Biol. 74, 287-298.

52 Flucher, B.E., Phillips, J.L., Powell, J.A., Andrews, S.B. and
Daniels, M.P. (1992) Dev. Biol. 150, 266-280.

Kl

=

N
=
=



