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The plasma membranes of chick or rat skeletal muscles, grown in cell culture, were made permeable with saponin in a
solunon lacking calcium. The cells were then supplied with a medium resembling the cytosol and the ATP-dependent
sequestranon was perfol'med Based on the low concentration of free Ca®* in the medium (below 5 pM), the
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Introduction

The ATP-dependent uptake of Ca2* by the SR is
generally regarded as being the regulator of the in-
llular calcium ion, which in turn controls

the contraction/ relaxation cycle of the muscle [1.2].
Most data concerning SR function have been obtained
from experiments performed on SR vesicles isolated
from muscle homogenates. The process of isolation,

h : 3 1

or elimination of the 1 thereby allowing the
access of soluble constituents to the myofilament space.
This skinning procedure enables performance of func-
tional measurements of SR in single fibers under con-
trolled conditions, while keeping the cellular organelles
intact [4]. However, the types of experiment that can be
performed utilizing this method and the quantitation of
these experiments is limited.

In the present study, we introduce a method for

, may of b and i ski
1ul M , the SR fraction may bination of Ca?* eli
be inated by from other

such as mitochondria, sarcolemma and T-system, which
also contain Ca”*-ATPase activity and therefore cause
interference with the specific activity of the SR [3]).
Another method proposed for studying the SR func-
tion is the ‘skinning’ of muscle fibers either chemically
or mechanically. This method is based on the reduction
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of muscle cultures based on the com-

and the saponin,
which has been previously shown to potentiate the
permeability of sarcolemma to large protein molecules
while preserving SR function [5,6). One of the promi-
nent ad ges of the impl ion of this alterna-
tive method on muscle cultures is the ability to quantify
Ca®* transport through the SR, precluding the necessity
to isolate large amounts of purified vesicles. Using this
method, we further characterize SR function in skinned
muscle developed in cell cultare.

Materials and Methods

Cell cultures
Embryonic rat skeletal muscles were grown in cell
culture essentially as in Ref. 7. Chick myogenic cells were
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prepared by hanical di: as in Ref. 8. All
muscle cultures were grown in 32 mm dishes precoated
with gelatin-collagen.

Measurements of Ca®* uptake into SR. The growth
medium of muscle cultures was replaced by 1 ml of
skinning medium (140 mM KCl,/20 mM Hepes/10 mM
EGTA/50 pg/ml saponin/5 mM NaN,/5 mM di-
potassium oxalate/1 uM Ruthenium red (pH 7.4)) at
room temperature. The cultures were then washed twice
with uptake medium (140 mM KC1/20 mM Hepes/0.5
mM EGTA/0.5 mM CaCl,/5 mM NaN,/5 mM di-
potassium oxalate/5 mM MgCl,/1 pM Ruthenium red
(pH 7.0). The uptake of Ca?* was initiated by adding,
at 37°C, 1 ml of radioactive uptake medium (**Ca 0.2
pCi/ml) in the presence or absence of 5 mM ATP.
Following incubation for 4 min, the uptake medium was
removed and cultures were rinsed with fresh ice-cold
uptake medium (five times). Cells were then lysed by
0.3 ml of 1% Triton X-100 and collected in
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Fig. 1. Duration of skinning procedure. 7-day-old chick muscle cul-
tures were exposed to skinning medium for the indicated time; then
the accumulation of Ca?* in 4 min was measured in the presence (0)
or absence (@) of ATP. The values are means of triplicate determina-
tions. The average amount of protein in  dish was 1.15 mg.

Ca2* ACCUMULATION {nmol/disherin)
s
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results shown in Fig. 1 indicate two main points: (1)

v:als contammg 3 rnl of scmullauon fluid (Hydrofluor,

ivity was determined in
a Komron scmullauon counter (about 85% counting
efficiency).

Preparation for scanning electron microscopy (SEM).
Cells were fixed by 2.5% glutaraldehyde in phosphate
buffer (pH 7.2), then washed in the same buffer and
post-fixed with 2% osmium tetroxide. The third fixation
was by a solution of 2% tannic acid-guanidine hydro-
chloride. The triple-fixed cells were dehydrated in graded
alcohol solutions, thereafter the alcohol was exchanged
for freon-112 by graded freon solutions. The cells were
air-dried, gold-coated and examined by a JEOL 840
SEM.

Hormore treatment. Thyroxine (T,) (Sigma, St. Louis,
MO, US.A)) was dissolved in 0.05 M NaOH and ap-
plied to muscle cultures.

The protein content of samples was measured by the
procedure of Lowry et al. [36].

Reproducibility of data

Each experiment was carried out on sister cultures in
triplicate. Variations were within 10%. In some cases,
variations between different batches of cultures were
larger, but trends and proportions of various phenom-
ena were maintained.

Results
In order to find the optimal conditions for the mea-

of Ca?* lation in SR, the effects of
several variables were tested.

Duration of skinning procedure

7-day-old chick mymubes were exposed to 1 ml of
skinning medium for various periods of time, keeping
the time-course of Ca®* uptake constant (4 min), The

Ca®* || is an active process, i.e., ATP-de-
pendent. (2) The active Ca* accumulatior: is increased
significantly in a time-d dent manner, pared to

the passive accumulauon in the absence of ATP, and it
reaches saturation after about 30 min of skinning. We
preferred to use 30 min skinning for most of our experi-
ments, since we noticed that followmg thls duration of
saponin the my d their ability
to ly when d with normal
medium, whereas after 1 h of skinning they had lost it.

Time-course of Ca* accumulation in skinned-muscle cul-
tures

Fig. 2 shows the time-course of Ca®* accumulation
at 37°C in 7-day-old chick muscle fibers following 30
min of skinning. While the passive Ca* accumulation
(in the absence of ATP) remains low and constant,
ATP-dependent Ca®* loading increases linearly with
time for at least 30 min. 4 min exposure to uptake
medivm is a convenient and sufficient time for the
implementation of the experimental procedures. The
advantage of measuring Ca®* accumulation over such a
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Fig. 2. Time-course for Ca2* accumulation in skinned muscle. 7-day-
old chick muscle cultures were skinned for 30 min, then the time-de-
pendence of Ca?* accumulation was measured in the presence (O) or
absence (@) of ATP. The values are means of triplicate determina-
tions. The average amount of protein in a dish was 1.15 mg,.
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Fig. 3. Ca?* lation in skinned muscle.
7-day-old chick muscle cultures were skinned for 30 min at room
temperature. Then Ca>* accumulation was measured at different
temperatures. The values are means+S.D. of triplicate determina-
tions,

short time is that the addition of a regeneration system
for production of ATP is y.

Effect of temp on Ca* in b
Fig. 3 shows the d d of Ca“ 1
m skinned muscle fibers on temperature. At 37°C, ATP
Ca** lation in the about
6-fold in comparison to that at 10°C. At 4°C, hardly
any accumulation of Ca?* is observed.

275

were not optimal for ial Ca®*
the contribution of these organelles may be somewhat
underesumated

The hondrial ATP-depend lati
of Ca®* within the myotubes could be reversed by
addition of the Ca?* ionophore, A23187, 3 uM of
A23187 completely released the Ca?* accumulated by
the myotubes (Table II). On the other hand, the Ca**
antagonist, D600 (50 pM), had almost no effect on
Ca?* acuumulatlon (Table I])

A disti b the
sarcolemmal Caz’ pump and the ATP-dependent in-
tracellular Ca?* pump is the divergence ir. their sensitiv-
ity towards th : vanadate anion [10,11}. The sarcolemma
is very sensitive to vanadate (ICsy = 0.5 pM). Therefore,
we analyzed our permeabilized myotubes for the non-
mitochondrial Ca®* uptake activity in the presence of
2-200 pM Na,VO,. It was found that these perforated
myotubes accumulated Ca’* at the same rate as the
control, in spite of 2 pM vanadate, indicating that
ATP d dent Ca? lation by the
or pinocytotic vesicles was ible (Fig. 5).

To further chaiacterize Ca** accumnulation, we used
caffeine, which is known to induce Ca** release from
the SR [12,19]. This agent reduced Caz‘ accumulauon
in the skinned myotubes in a
manner (Fig. 6). At a concentration of 2 mM Ca?*
accumulation was about 50% of control in chick culture,

h in rat cult 10 mM of caffeine reached
similar values (Fig. 6). Quercetin, an ATPase inhibitor
that inhibits Ca** uptake by SR [13], also showed a

dose-dependent inhibition effect on Ca?* accumulation
Morphology of skinned muscle (Table II).
Exammauon of chick myotubes that were exposed to Smce it has been shown that calmodulin plays a
k dium and then p i for ing elec- | role in stimul Ca?* 1
tron m:croscopy reveals lhal although there is an in- lsolatcd SR [14,15}, we have measured the influence o[
crease in lcmguudma.l folding of the 1 its in drugs in our system. Fig. 7 shows the
structure d. The fib present effect of trifluoperazine and 48,/80 on Ca?* accumula-

in the culture seem to be unaffected (Fig. 4), like those
of control myotubes (without skinning).
pecificity of Ca®*
Two major intracellular ATP-dependent Ca®*-accu-
mulating activities were identifiable within muscle cells.
These activities were defined as mitochondrial and non-

tion in saponin-perforated myotubw 15 and 7ug/ml of
trifluoperazine and 48,/80, resp ly, inhibited about
50% of Ca>* accumulation.

TABLE 1

mitochondrial Ca’* uptake. The i drial
was d by g the residual
activity of Ca?* lation in the p of

mitochondrial inhibitors. We have used, in our system,
a combination of 5 mM sodium azide and 1 uM
Ruthenium red [9] in the uptake medium to inhibit
Ca’* uptake by the itochondria. The lation of
Ca®* in the hondrial for
about 60-70% of the total Ca** uplake in 7-day-old
chick muscle cultures (Table I). This proportion 1s de-
pendent on the culture age. As the assay di

Effect of antimitochondrial agents on Ca®* accumulation

Ca®* accumulation was detern ied in 7-day-old chick muscle cul-
tures, in the presence or absence (control) of 5 mM NaN; and 1 gM
Ruthenium red (RR) in the uptake medium. The results are means of
triplicate determinations +S.D. The average amount of protein in a
dish was 0.78 mg.

Treatment Ca®* accumulation {nmol/dish per min)

with ATP without ATP net Ca®* uptake
Control 1144035  135+006 1005
NaN; +RR 854003 08310.06 6.67
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Fig. 4. Scanning electron micrographs of 7-day-old chick muscle cultures (bar =1 pm in all cases). (a) Control musclex18000. (b) Skinned
muscle X 18000. (c) Control fibroblast X 6600. (d) Skinned fibroblast X 6600.

Since muscle cultures consist of mixed population of
cells (myoblasts, fibroblasts, myotubes), the experiments
described above do not define the type of cells in which
Ca®* accumulation took place. To determine which
types of cell were affected, fibroblast-like cells derived
from several subcultivations of primary muscle cul

the total Ca®* uptake in control 7-day-old muscle cul-
tures (Table II). These results suggest that Ca** accu-
mulation occurs predominantly in the developed
myotubes in cultures.
Because of the analogy between nonmitochondrial
2+ ;

were treated with saponin and analyzed for Ca?* accu-
lation. These fibrobl. hibited less than 10% of

ATP-dependent Ca’ into saponin-treated
myotubes and the SR function with regard to the in-
fluences of various agents, we assume that we are actu-



TABLE Il
Effect of various agents on Ca’* accumulation

Ca?* accumulation was determined in 5-day-old chick muscle ct
skinning and uptake procedures. The res
fibroblast were 0.83 and 0.52 mg,/dish, respectively.
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ltures in the presence of the shove agents. These agents were applied during the
ts are means of triplicate determinations +S,0. The amounts of total cell proteins in the control and

Treatment Ca?* accumulation (nmol/dish per min)
with ATP without ATP net uptake
(nmol /dish per min) (amol /dish per min) (nmol /dish per min)
Control 8815+1.36 0441002 8.375
A23187 M 0.77 +£0.004 0.16£0016 0.6t
(3 M) 0.20 0.14:£0016 0.06
D600 (50 M) 7.96 +0.68 0194002 277
(120 M) 5.15 042 0.19£0.03 4.96
Quercetin (100 pM) 177 £0.14 0."8+0.02 159
(250 £M) 135 013 0.18:£0.02 117
Fibroblasts 0.26 +0.01 0.1 0.25
ally measuring Ca?* accumulation in the SR. Therefore. e
we may refer to Ca** accumulations as a Ca®* uptake z d 5
by SR in the muscle cultures. g o |
It was shown that chronic administration of excess of § .
T, or T, to animals gave rise to muscle abnormalities. R L
b1
TABLE Il 3
Ca?* accumulation in different types of rudiment muscle developed in 5
culture Dl
Ca®* accumulation of skinned muscle fibers differentiated in vitro
from myogenic cells of pectoralis or thigh muscles. Results are means oo o3 \ 3 0

of triplicate determinations +S.D.

Muscle type Ca?* accumulation
{nmol/mg per dish)

Culture age (days): 3 4
Pectoralis cultures 3.5 £028 6.63+0.54
Thigh cultures 3734030 6.35+0.48
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Fig. 5. Effect of vanadate on Ca2* accumulation. 5-day-cld chick

muscle cultures were exposed to different concentrations of NaVO,.

in the uptake medium. The results of net Ca?* accumulation are

means of triplicate inations expressed as of control
(without vanadate).

Log [CAFFEINE] (mM)

Fig. 6. Effect of caffeine on Ca?* accumulation. S-day-old chick (o)
and 7-day-old rat (®) muscle cuitures were exposed to different
concentrations of caffeine in the skinning and the uptake medium.
The results of net Ca®* accumulation are means of triplicate

inati expressed as of contsol (without caffeine).
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Fig. 7. Effect of anticalmodulin drugs on Ca2* accumulation. 5-day-
old chick muscle cultures were exposed to TFP (a) or 45/80 (a) at
different concentrations in the skinning and the uptake medium. The
results of net Ca?* accumulation are means of triplicate determina-
tions expressed as percentages of control (without any of the drugs).
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Fig. 8. Effect of Ty on Ca®* accumulation. 9-day-old chick (®)
16-day-old chick (M) or 9-day-old rat (a) muscle cultures were exposed
to T, at different concentrations in the uptake medium. The results of
net Ca®* accumulation are means of triplicate determinations

expressed as percentages of control (without T).

which were expressed in reduced Ca®* uptake by iso-
lated SR [16]. In contrast, Kim et al. {17] and Simonides
and Van Hardveld [18] have reported that, in thyrotoxic
animals, Ca?* uptake by the SR of slow muscle is
increased, while the fast muscle is not altered. There-
fore, the effect of T, on the SR function in skinned
muscle cultures was analyzed. Such treatment caused an
inhibition of Ca®* uptake (Fig. 8), confirming our stud-
ies on isolated SR (Shainberg, A. and Shoshan-Barmatz,
V., unpublished data).

There is a debate as to whether the fusion of myob-
lasts and the appearance of characteristic muscle pro-
teins are causally linked (8,20,21]. To elucidate this, we
have studied the develof of SR function in
myotubes grown in cell cultures. We compared Ca**
uptake by SR in myoblasts grown in normal medium
with myoblasts grown in Ca?*-deficient medium, which
we have previously shown to inhibit myogenesis [7.8].
We found that inhibition of cell fusion in rat muscle
cultures depressed the development of SR function in a
reversible manner. Upon addition of Ca?* (1.8 mM) to
fusion-arrested cells, fusion immediately proceeded,

ied by i d Ca®* 1! (Fig. 9).
Similar results were also seen when the activity of
creatine kinase was measured. Thus, it seems that there
is a linear correlation between rat myoblasts fusion and
the develop of SR functi firming previ
studies in chick muscle cultures {22,23). Furthermore, a
rise in the activity of creatine kinase precedes the
increased activity of SR in normal medium, indicating
that fusion is a prerequisite but is not sufficient for the
expression of SR function (Fig. 9). In contrast, others
have found that fusion of myoblasts is not essential for

this ph on, although it is ily
[23).

Two main avian muscle fiber types, ‘slow” and *“fast,”
can be distinguished by SR functi Fast muscle is

much richer in SR, We compared the development of
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Fig. 9. Time-course of appearance of creatine kinase activity and changes in Ca?* accumulation in rat muscle cultures. Each point is an average of

triplicate determinations +$.D. @, control cultures (normal Ca); a, Ca?*-deficient medium and O, cells grown in Ca2*-deficient medium until the

3rd day when (1.8 mM) Ca®* was added. (A) Development of creatine kinase in rat muscle cultures. (B) Ca®* accumulation in rat muscle cultures.
(C) Development of Ca?™ accumulation in chick muscle cultures.



SR function in myotubes grown in cultures between
those originating either from breast (fast) or thigh
(mixed) muscle cultures of chick embryos. The results of
these experiments can indicate whether the difference
between fast and slow muscle, in SR content, is 2 result
of innervation, or if they differ in gene expression. Our
results show that there is no significant difference in
Ca”* accumulation between these two types of muscle,
indicating that innervation exerts an important in-
fluence upon muscle-fiber differentiation, particularly
with regard to characteristic properties of the fiber type.

Discussion

The results described above have id. d and char-
q H 111l Cazv p H han:
that functions within the myotubes. Th:s charaCtenza-
tion of the high-affinity ATP-dependent Ca®* pump is
based on skinning of the muscle grown in vitro with
plant glycoside, saponin, in a solution lacking Ca’*.
Although the exact mechanism of saponin action is
unclear, it is believed to permeabilize the plasma mem-
brane by complexing with cholesterol to form pores
[24). Thus, SR and mitochondria, which contain \cry
little cholesterol compared to the plasma membrane. are
probably not damaged by saponin [6]. Morpl: 1
and biochemical evidence in muscle and other tissues,
support the ions that the i 1lul 1
of saponin-treated cells are present and intact. Further-
more, the technique of differential saponin permeabili-
zation has been extensively applied to study some prop-
erties of SR within muscle tissue [12], and to identify
itochondrial Ca?* seq ing lles within
other cells: macrophages [27], pancreatic acini [25]. neu-
ronal cell lines {11] and smooth-muscle cell lines [29]. It
is probable that the identity of Ca®*-accumulating
organelles within these cell types is the smooth endo-
plasmic reticulum, which may have a functional analogy
to the SR in the muscle cells.

Some of the advantages of the saponin-treated cell
preparation are the ing. (1) The p i artifacts
of contaminations from other organelles are minimal.
(2) The process is reversible; upon replacing the saponin
with normal medium, the myotubes resume their ability
1o contract spontaneously within 15 min. (3) It is possi-
Yle to introduce into the myotubes large les like
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able to sequester Ca®* only when the free Ca®* con-
centration in the medium is greater than 1 pM [25,31].
According to Fabiato and Fabiato [31], our calculated
free Ca®* is expected to be almost 5 pM. Therefore, we
had to add mitochondrial inhibitors to our uptake
medium.

The nonmitochondrial ATP-dependent Ca** accu-
mulation within the myotube provides an analogy with
the Ca®* pumping activity in the SR, and yet is distinct
from the plasma membrane Ca®* pumping activity.
They can be distinguished by a number of criteria.
First, caffeine. which causes a release of sequestered
intracellular Ca®’, also reduced the accumulation of
Ca®* in the permeabilized myotubes. Second, there is
the similar sensitivity of both syslems to anticalmodulin
drugs. Finally. SR is relatively to d
anions, whereas the sarcolemma was shown to be very
sensitive to them [10.11]. On the basis of these parame-
ters, we classified our nonmitochondrial ATP-depen-
dent Ca®* accumulation as SR pumping system, espe-
cially since Ca®* blockers produced little inhibition of
Ca* uptake on the one hand and Ca* ionophore
caused a release of the sequestered Ca** on the other.
Nevertheless, this result does not rule out the possibitity
that a small fraction of the Ca>* may be taken up into
organglles other than SR.

The expression of SR Ca®* pumping activity, like
that of a number of cther muscle-specific proteins, is
greatly 1 d as 1 fuse and diff
into myotubes. However whereas creatine Kinase activ-
ity is promptly increased upon cell fusion, there is a lag
of at least 1 day until Ca>* accumulation in the SR is
accelerated in rat muscle cultures. The lag in expression
of Ca?* uptake by SR following cell fusion could be the
reason for the lack of a significant difference between
pectoralis and thigh chick muscle cuitures. It is possible
that the accumulauon of Ca** in lhese wo types of
muscle required a longer duration of cul ion until a
difference would be detected in aneural cultures. Thus,
the suggestion we made with regard to the role of
innervation determination of muscle type is not conclu-
sive. This finding could explain the results obtained
from quail embryos., showing that myoblasts from slow-
and fast-muscle rudiment can express in vitro some of
the characteristic features of slow and fast muscle fibers,

1

proteins and even viruses, to which the myotubes are
generally impermeable, and then close the pores by
growmg the cells in normal medium. (4) The internal

ion of the bes is 1y intact, yet the
environment surrounding the organelles can be pre-
cisely controlled. In this way, the addition of a meta-
bolic inhibitor such as sodium azide and Ruthenium
red, which are known to inhibit mitochondrial Ca®*
accumulation [9,27], does not compromise Ca>* reten-
tion by SR o plasma membrane. The mitochondria are

dently of motor innervation [33].
The observation that T, (or Ty) decreased Ca®*
lation by the SR that the |
might i the lasmic free Ca®*
Indeed, it has been shown that there is an increased
intracellular Ca®* level in skeletal muscle treated with
T, [33,34]. This might partially explain the alteration of
muscle contractions odserved in thyrotoxicosis. Further-
more, it was shown that increased intracellular Ca®*
levels _appear to favor muscle catabolism [35]. It is

pting to that tiic il rate of protein
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degradation observed in excess of thyroid hormone is a
result of the elevated intracellular Ca* concentration.
‘We have tried to elucidate the mechanism by which
thyroid hormones bring about the inhibition of Ca?*
accumulation. However, this has been done on isolated

17 Kim, H.D., Witzmann, F.AJ. and Fius, RH. (1982) Am. J.
Physiol. 243, C151-C155.

18 Simonides, W.S. and Van Hardeveld, C. (1985) Biochim. Biophys.
Acta 844, 129-141.

19 Weber, A. and Hertz, R. (1968) J. Gen. Physiol. 52, 750-759.

20 Smilowitz, H. and Fischbach, G.D. (1978) Dev. Biol. 66, 539-549.

SR vesicles and it justifies a
(unpublished data).
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