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Cultures of vitamin D-deficient chick soleus muscle and 12 day-old chick embryo myoblasts
were used to characterize the effects of 1,25-dihydroxy-vitamin D3 and 25-hydroxy-vitamin D;
on muscle cell Ca metabolism. Physiological amounts of both sterols increased the rate and
extent of ¥*Ca uptake by cultures. However, 1.25(OH),D; was significantly more effective than
25 OHD;. The greater potency of 1,25(OH),D; to increase Ca uptake could be shown after
various treatment intervals of cultures and using a wide concentration range of both derivatives.
Information about Ca pools affected by vitamin D; metabolites was obtained through kinetic
analysis of Ca efflux in cultured myoblasts. Cytoplasmic and mitochondria Ca pools were
identified on the basis of their half-times of desaturation and by selective inhibition of plasma
membrane and mitochondrial Ca transport with LaCl; and Ruthenium Red, respectively. The
data suggests that 1.25(OH),D; acts on muscle cellular Ca by increasing Ca efflux and influx
through mitochondrial and plasma membranes whereas the predominant effect of 25 OHDj is
to increase Ca influx into mitochondria.

Introduction levels, 1,25(OH),D; proved to be more effective
than 25-OH-Dj; to stimulate **Ca uptake by these
in vitro preparations. However, the measurements
were made at only one time point and the possibil-
ity could not be ruled out that the response of
25-OH-Dj; could have exceed that of 1,25-(OH),-D;
at other treatment intervals. In addition, analysis of
desaturation kinetics of soleus muscle prelabelled
with ¥Ca provided further evidence on the effects
of both metabolites on muscle Ca fluxes. As these
studies were done with intact tissue, where a con-
tribution of interstitial and vascular spaces could be
expected, no definitive identification of the physio-
logical correlates of Ca pools obtained from analysis
of desaturation curves could be made. A more
straightforward interpretation of kinetics of Ca ef-
flux is given by cell culture suspension [8, 9]. The
use of specific inhibitors of membrane Ca transport
systems [10] may, in addition, contribute to the
identification of cell Ca pools. The objective of this

Recent investigations have suggested a role of
vitamin Ds in the regulation of intracellular Ca®*
levels in skeletal muscle. Studies on the effects in
vivo of the sterol and derived metabolites have
implied 1,25(OH),D; [1—3] or 250HD; [4] in Ca®*
transport across sarcoplasmic reticulum membranes.
An effect of vitamin D3 on the ability of mito-
chondria to store calcium has been reported [5].
In addition, more recent research has shown that
administration of vitamin D3 to vitamin D-deficient
chicks stimulates ATP-dependent Ca uptake by
isolated skeletal muscle sarcolemma vesicles [6].
This evidence does not necessarily imply a direct
action of vitamin D; and/or its metabolites on
muscle Ca metabolism as their effects could be
mediated by changes in blood mineral composition
or parathyroid hormone levels. However, recent
work has indicated a direct involvement of 25 OHD;

and 1,25(OH),D; on cellular Ca in cultured chick
soleus muscle and myoblasts [7]. At physiological
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work was to further clarify the action of vitamin Dj
metabolites on muscle Ca metabolism. Detailed
characterization of variations in Ca uptake by
soleus muscle and myoblast preparations in re-
sponse to in vitro treatment with 1,25(OH),D; and
250HD; was carried out. Studies on kinetics of Ca
desaturation of prelabelled myoblasts were also
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performed to obtain information about Ca transport
pools modified by the sterols. The effects of Ruthe-
nium Red and LaCl; on myoblast Ca fluxes were
evaluated to identify these pools.

Materials and Methods

Cultures

[solated myoblasts from 12 day-old chicken
embryo breast muscle and intact soleus muscles
from vitamin D-deficient chicks were obtained as
previousy described [7].

Soleus muscles were treated with 25 OHD; and
1,25(OH),D; for wvarious times (I—-8h) in a
chemical defined medium [11] containing | mM
Ca®* and supplemented with 10% vitamin D-defi-
cient chick serum. The sterols were used dissolved
in ethanol. Solvent alone was added to control
muscles. Incubations were performed in a Dubnoff
Incu-Shaker at 37°C under air-CO, (95% : 5%).
To culture muscle cells, the suspension of myoblasts
were freed of fibroblasts by preplating on gelatin
coated Petri dishes and brought to a concentration
of 5x10° cells/ml in Eagle’s Minimum Essential
Medium containing | mM Ca?*, 10% serum from
vitamin D-deficient chicks, 10% chick embryo
extract and 1% antibiotic-antimycotic solution [12].
Three milliliters of this suspension were plated on a
60 mm Petri dish and incubated at 37 °C in a water-
jacketed incubator (Forma Scientific, USA) under a
constant flow of 95% air-5% CO, saturated with
water. The medium was replaced after 24 h incuba-
tion, lowering chick embryo extract to 2%. Vitamin
D; metabolites were added at this time and the
plates were cultured for up 24 h. Viability of the
cells from control and treated preparations was
ensured by measurement of trypan blue exclusion.

Levels of 25SOHD; (20 ng/ml) and 1,25(0OH),D;
(0.05 ng/ml) used to treat both soleus and myoblast
cultures were close to those normally found in chick
serum [13].

Calcium uptake and efflux

Calcium uptake by intact soleus muscles was
measured using a 60 min incubation at 37 °C in
Krebs-Henseleit-bicarbonate saline solution con-
taining 1 mm “CaCl, (0.2puCi/ml) as described

before [7]. To evaluate Ca uptake by suspended
cells, the myoblast preparations were preincubated
at 37 °C with Krebs-Henseleit-glucose solution [14]
for 60 min to achieve steady-state conditions. ¥*CaCl,
(1 mm, 0.5 uCi/ml) was then added to the medium
and the cells were incubated for various time
intervals (5—90 min). A 1 ml aliquot of cell suspen-
sion was added to 40 ml of ice-cold Krebs-Henseleit
solution contained in a centrifuge tube and centri-
fuged for 45s at 3500 rpm. The supernatant was
discarded and the cell pellet was solubilized by
heating for 15 min at 55°C in 0.1% SDS. Aliquots
were taken for measurement of radioactivity in a
Beckman liquid scintillation spectrometer and
protein determination by the Lowry procedure [15].

Calcium efflux studies were performed with myo-
blasts cultured in 250 uCa* to avoid their clumping
and fusion. A similar design as described for kidney
cells [8] was used. The cells were prelabelled with
#CaCl, (1 puCi/ml) at 37 °C as for uptake measure-
ments. After labelling the cell suspension was centri-
fuged for 30s at 2000 rpm, the radioactive super-
natant decanted from the tube and the cells were
again rapidly washed and resuspended in fresh non-
radioactive Krebs-Henseleit solution. The cells were
divided into two tubes and placed in a water bath at
37°C under shaking to perform isotope desatura-
tion. The medium was replaced at 5, 10, 20, 30, 60,
90, 120, 150 and 180 min. After each centrifugation
an aliquot of the medium was taken for radio-
activity measurements. At the end of the desatura-
tion period the cells were dissolved by heating in
0.1% SDS to determine “Ca radioactivity and
protein content.

To evaluate the effects of Ruthenium Red and
LaCl;, these compounds were included in the
medium at concentrations of 100 pMm and 200 pMm,
respectively, during both the prelabelling and de-
saturation periods.

Material

Purified samples of chemically synthetized
1,25(0OH),D; and 250HD; were provided by Dr.
M. Uskokovic (Hoffman-LaRoche Co., New Jersey,
USA) and Dr. A.J. Campbell (The Upjohn Co.,
Michigan, USA) respectively. Ruthenium Red was
obtained from Sigma Chemical Co. (Saint Louis,
USA). All other reagents were of analytical grade.
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Results

The time course of Ca uptake by myoblast sus-
pensions cultured in the absence or presence of
physiological levels of vitamin D3 metabolites was
characterized, the results shown in Fig. 1. Uptake
was linear for at least 20 min and maximum values
were attained after 30 min incubation. Values at
zero time are likely to represent the non-specific
adsorption of labelled Ca to the cells. A clear
stimulation of the “initial rate” (values at 5 min)
and total Ca uptake capacity (values at 30 min) of
the cells by 1,25(OH),D; and 250HD; could be
seen. The effects of 1,25(OH),D;, however, were sig-
nificantly higher than those produced by 250HD;.
Calcium uptake by soleus muscle from vitamin D-
deficient chicks was linear up to 60 min. Similarly
as observed with myoblast preparations, 1,25(OH),D;
proved to be more effective than 250HD; to
stimulate Ca uptake (data not shown).

The time courses of the 1,25(OH),D; and 250OHD;
Ca uptake responses were characterized in intact
soleus muscle and myoblast cell cultures. Ca uptake
sharply increased after 1h treatment of soleus
muscles with 1,25(OH),Ds3, as shown in Fig. 2. The
response to the metabolite continued to increase
more gradually for up to 5Sh, when a maximum
response was observed. Then Ca uptake markedly
decreased at 8 and 10 h. In the case of 250HD;,
a significant increase in the response could be seen
after 2h treatment. Calcium uptake gradually
declined, then, between 2 h and 10 h. The stimula-
tion in Ca uptake induced by this metabolite was
smaller than that elicited by 1,25(OH),D;. The
effects of metabolites on Ca uptake by myoblast
cultures were clearly evident after a longer period of
treatment. Maximal stimulation of calcium uptake
was obtained with 25 OHD; after 8 h of treatment.
#Ca labeling remained essentially constant during
subsequent culture of the cells in presence of the
metabolite. The response to 1,25(OH),D; was sig-
nificantly higher and continued to increase linearly
for 24 h (Fig. 3).

Dose-response relationships were studied in
soleus preparations cultured for 5 h in the presence
of a wide concentration range of vitamin D3 metab-
olites (1,25(OH),D3: 0.01—1.0 ng/ml; 250HD;:
1.0-100 ng/ml). The most effective concentrations
of 1,25(OH),D; and 250OHD; were 0.05 ng/ml (48%
increase over control) and 20 ng/ml (20% increase

over control), respectively. In myoblast cultures
treated with 1,25(OH),D; during 24 h, Ca uptake
responses as high as 100% over controls could be
observed by increasing concentrations from 0.05 to
0.15 ng/ml. However, no further significant increase
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Fig. 1. Effects of vitamin D; metabolites on the time
course of Ca uptake by cultured myoblasts. 1,25(OH),D;
(0.05 ng/ml) and 25OHD; (20 ng/ml) were added to 24 h
cultures. Samples were cultured for another 24h in
presence of metabolites and were then incubated for in-
creasing times in buffer containing *’Ca as described under
Material and Methods. (0----- o) control; (@----- °)
250HD;; (A----- a) 1,25(0OH),Ds3. Values are means
+SD;n=4.
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Fig. 2. The time course of changes in Ca uptake in
cultured soleus muscles induced by vitamin D; metab-
olites. Soleus muscles from vitamin D-deficient chicks
were cultured for various times with 1,25(OH),D;
(0.05 ng/ml) and 25 OHD; (20 ng/ml). Calcium uptake was
measured in Krebs-Henseleit solution containing “*Ca as
described under Material and Methods. (0----0) 250OHD;;
(@----- @) 1.25(OH),D5. Values are means = SD: n = 4.
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in 25 OHD; responses could be seen at levels higher
than 20 ng/ml (data not given).

Higher “Ca labelling of cells treated with
1,25(0OH),D; and 25 OHD; might be associated to
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Fig. 3. The time course of changes in Ca uptake in
cultured myoblasts induced by vitamin D; metabolites.
24-h myoblast cultures were incubated for various times
with 1,25(0OH),D; (0.05 ng/ml) and 25OHD; (20 ng/ml).
Calcium uptake was measured in buffer containing +*Ca as
described under Material and Methods. (A----A) 25OHDx;
(A----- A) 1,25(0OH),D;. Values are means = SD; n = 4.
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Fig. 4. Typical ¥*Ca efflux curve obtained in cultured
myoblasts in Krebs-Henseleit buffer containing 1.0 mM
calcium. Efflux measurements were performed as de-
scribed under Material and Methods. Calcium retained in
the cells (nmol/mg prot) is plotted versus time. Two
different phases were evaluated by graphical analysis [8, 9].
(@----- ®) desaturation of the total cell culture; (0----- 0)
calculated desaturation of the “fast”-turnover Ca compart-
ment.

effects of the sterols on Ca fluxes across plasma
and/or intracellular membranes. To obtain informa-
tion about the Ca pools affected by vitamin Dj
metabolites the kinetics of Ca efflux of myoblast
suspensions prelabelled with “Ca was studied.
Efflux curves obtained with myoblasts were similar
to those previously described for other cell types
[8,9]. A representative experiment is shown in
Fig. 4. Their graphical analysis revealed 3 rates of
efflux, indicating the presence of a “very fast’-,
a “fast”- and a “slow”-exchangeable Ca pool. These
pools were characterized by half-times of desatura-
tion of 1-2min, 10—15min and 100—120 min,
respectively. Kinetic parameters of compartments
were calculated using equations which may be
applied to the analysis of Ca desaturation curves
even if isotopic equilibrium has not been reached
during prelabelling with tracer [16]. In Tablel,
values of the rate constants of efflux and size of the
“fast”- and “slow”-turnover pools are given. Param-
eters of the “very fast” component of efflux were
not estimate since the technique of isotope de-
saturation is not fast enough to measure it with
accuracy. 1,25(OH),D; caused a significant increase
in the rate of efflux from the “slow”-turnover Ca
pool (ki) and in the size of the “fast”-turnover
Ca pool (S,). Less significant increases were ob-
observed in Ky; and Ky by addition of the metab-
olite to the cells. On the other hand, the main effect
of 250HD; consisted in a marked increase in the
rate constant of flux from the “fast”- to the “slow”-
Ca pool (k»3). A large increase in the size of the
“slow”-exchangeable compartment (S;) was also
observed whereas S, was augmented less pro-
nouncedly. The “very fast”-, “fast”- and “slow”-
exchangeable Ca pools have been associated in
other cells to the extracellular glycocalyx, cytoplasm
and mitochondria, respectively [8, 9]. To further
characterize the nature of the pools in muscle cells
affected by vitamin D; metabolites, the effects of
ruthenium red and LaCl; on Ca fluxes were charac-
terized. These compounds have been reported to
specifically inhibit in vivo Ca transport processes
located at mitochondria and plasma membrane,
respectively [10]. The effects of both compounds on
kinetic parameters of Ca efflux in cultured cells are
described in Table II. Ruthenium red decreased k3,
S, and S3. Main changes of cells exposed to 200 um
LaCl; were a 3.5-fold decrease of kyy and an
increase of S, (20-fold) and S; (16-fold).
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Table I. The effect of 1,25(OH),D; and 25OHD3 on Ca pool sizes and rate constants of fluxes in cultured muscle cells.
Chick embryo myoblasts were cultured in the presence of 250 pM Ca as previously described [7]. Cells were treated with
1,25(OH),D; (0.05 ng/ml) and 250HD; (20 ng/ml) during 24 h. The suspension was labelled with ¥*Ca for 1 h and
desaturation was performed during an additional 3 h period. K, min~!, and S, nmol x mg prot.”!, were calculated as
described by Uchikawa and Borle [16]. K5, K»; and K3, are the rate constants of fluxes from the “fast”-turnover pool to
the medium (k,y), from the “fast”-turnover Ca pool to the “slow”-turnover Ca pool (K»;), and from the ‘“slow”-turn-
over Ca pool to the “fast”-turnover Ca pool (K3,). S, and S; are the pool sizes of the “fast”- and “slow”-turnover
Ca pools, respectively. Values were calculated from 4 separate experiments and represent means * S.D.

K20X 102 K23X 103 K32>< 101 Sp_ 53
Control 299 £0.14 8.28 £ 0.41 3.0£0.12 29.6 £ 1.48 80.4 = 4.02
1.25(OH),D; 4.06 = 0.26° 9.50 £ 0.532 5.6 +0.28° 43.2 £ 2.20° 725+ 3.62
250HD; 3.05+0.18 16.61 + 1.13° 3.31+0.16 37.3£2362 188.1 + 12.64°

@ p<001; ®p<0.005.

Table II. The effects of Ruthenium Red and LaCl; on Ca-efflux parameters of cultured myoblasts. Experimental
conditions and calculation of kinetic parameters were as those described for Table I. Ruthenium Red (100 um) and
LaCl; (200 um) were present in the medium during “*Ca labelling of the cells and the subsequent desaturation period.

Values are means of 4 separate experiments * SD.

KzoX ]02 K23X 103 K}:X 102 S: Sj(
Control 299 £0.14 8.30 £ 0.41 3.02+0.12 29.57 £ 1.38 80.35 £ 4.01
R.R. 303+£0.23 5.60 + 0.38 3.60 £ 0.14 17.78 = 0.78 2759t 1.25
LaCls 0.87 £ 0.04 7.01 £0.25 2.69 £ 0.10 517.26 + 29.86 1318.7 £ 65.93
Discussion promotes muscle cell fusion [12, 17]. Evaluation of

Characterization of the effects of 1,25(0OH),Ds
and 25OHD; on “*Ca uptake by cultured soleus
muscle and myoblasts and Ca efflux by prelabelled
myoblasts showed distinguishing features about the
biological activity and mode of action of both
metabolites on muscle Ca metabolism. 1.25(OH),D;3
proved to be more effective than 250HD; to in-
crease the initial rate and extent of ¥*Ca labelling of
myoblast (Fig. 1) and soleus cultures when added at
physiological levels. The initial rate of Ca influx
presumably represents Ca transport across the
muscle cell plasma membrane. The time course of
the 1,25(OH),D; and 250HD; responses showed
greater effectiveness of 1,25(OH),D; to increase
#Ca labelling of intact muscle and cell cultures at
all treatment intervals. No major qualitative differ-
ences in temporal profiles of Ca uptake by soleus
preparations were observed between both metab-
olites. A more sustained increase in Ca uptake by
myoblasts could be seen with 1,25(OH),D; than
with 250OHD;. This may explain better growth and
differentiation of cultures treated with 1,25(OH),D;
than with 25OHD; observed previously [7] as Ca®*

the effects of both metabolites on ¥*Ca uptake by
muscle cultures employing a wide concentration
range confirmed the greater potency of 1,25(OH),D5.
“Fast” and “slow”-exchangeable compartments
were identified by the analysis of ¥Ca desaturation
curves of isolated myoblasts. It may be safely
assumed that these compartments represent cyto-
plasmic and mitochondrial Ca pools, respectively.
Their half-times of desaturation were similar to
those reported for several other cell types, where
experimental evidence about their intracellular
location has been given [8, 9, 18]. Characterization
of the effects of LaCl; and ruthenium red provided
additional criteria for their identification. It was
possible to expand the size of the “fast” pool 20-
fold and to markedly reduce its rate constant of
efflux Ay in the presence of 200 um LaCl;. These
changes may be explained by the selective inhibitory
action of La** in intact cells on the plasma mem-
brane Ca efflux pump [10, 19] and indicate that this
pool represents cytoplasmic calcium. The size of the
“slow-exchangeable” compartment was decreased
3-fold by the addition of Ruthenium Red to muscle
cell cultures. Ky; was also diminished. The modi-
fications are consistent with the fact that R.R. is an
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inhibitor of mitochondrial Ca®* transport in vivo
[10, 19]. The contribution of sarcoplasmic reticulum,
which represents a major mechanism of accumula-
tion of intracellular calcium in differentiated
muscle, to the “slow” pool should not be relevant as
it i1s only scarcely present in cultured myoblasts of
this age [20].

The data from desaturation experiments suggest
that 1,25(0OH),D; stimulates bidirectional Ca fluxes
across mitochondrial and plasma membranes in
muscle cells. A distinctive modification caused by
the metabolite was an increase in the rate constant
of efflux of Ca from mitochondria (K3;). The
metabolite also increased the rate of Ca influx from
cytoplasm into mitochondria (Ky3). In addition, the
rate constant of Ca*>* efflux from cytoplasm to the
external medium (K3)) was augmented by pretreat-
ment of cells with 1,25(OH),D;. However, an in-
crease in the size of the cytoplasmic Ca pool (S3)
was observed. This may be explained by an in-
creased Ca influx across the cell membrane as sug-
gested by the effects of 1,25(OH),D; on the “initial
rate” of Ca uptake (Fig. 1). In bone cell cultures it
has also been shown that 1.25(OH),Ds; stimulates
Ca fluxes in a “slow”-exchangeable compartment
and the initial rate of Ca influx into the cells [18].
The pronounced increase in K>; and S; observed in
myoblasts cultured in the presence of 25 OHD; im-
plies that this metabolite acts primarily stimulating
mitochondrial Ca uptake.

The effects of 1,25(OH),D; on both Ca influx and
efflux from myoblasts suggests that the metabolite
causes a greater increase in muscle cell Ca turnover
than 25 OHD; which only stimulates Ca influx. This
may explain higher Ca labelling of soleus and
myoblast preparations treated with 1,25(OH),D;
than with 25 OHD;.

Previous studies of kinetics of Ca efflux in chick
soleus muscle preparations suggested similar differ-
ential characteristics of the effects of vitamin Dj
metabolites on muscle cellular calcium [7]. This
close agreement between the results obtained with
embryonic muscle cells and the more differentiated
soleus muscle indicates that myoblasts cultures may
constitute a valid model to characterize the effects
and mechanism of action of vitamin D; metabolites
on skeletal muscle Ca metabolism.

The results obtained by tissue culture are in
agreement with previous observations on the effects
in vivo of vitamin D; and related metabolites on

muscle Ca fluxes. Thus, Bauman ez al. [21] have
shown that vitamin D depletion of chicks leads to
Ca accumulation in muscle tissue. Administration
of 1,25(OH),D; reversed this change. Increased Ca
efflux from mitochondria and cytoplasm in muscle
cells treated with 1.25(OH),D; observed in this
study may provide a mechanism of 1,25(OH),D;
action on Ca mobilization from skeletal muscle of
rachitic animals. Moreover, in agreement with these
observations it has been reported that administra-
tion of vitamin D; to vitamin D-deficient chicks
stimulates the Ca-dependent ATPase of skeletal
muscle sarcolemma [6]. In addition, a marked
stimulation of Ca efflux from muscle mitochondria
preloaded in vitro with #*Ca has been observed upon
treatment of vitamin D-deficient chicks with vita-
min D5 [5].

There is scarce information about possible
mechanisms by which the effects of 25OHD; and
1,25(OH),D; are mediated. The action of the sterols
on mitochondrial Ca fluxes may involve the syn-
thesis of specific proteins. It has been recently
reported that vitamin Dj affects in vivo the compo-
sition and [*H]leucine labelling of proteins of chick
muscle mitochondrial membranes [22, 23]. These
changes may be connected to 25OHD; as only a
receptor for this metabolite has been found in rat
skeletal muscle [11]. However, in primary cultures
of bone cells it has been shown that the addition of
protein synthesis inhibitors abolishes the increase
in Ca efflux from mitochondria induced by
1,25(OH),D; [18]. Similar studies with muscle cells
are in progress in our laboratory. The pronounced
increase in mitochondrial Ca influx kinetic param-
eters caused by 25 OHD; may, in addition, be related
to its stimulatory effect on muscle PO, uptake [11],
as Ca accumulation by mitochondria is affected by
cytosolic POy levels [9]. The action of 1,25(OH),D;
on Ca fluxes across muscle cell plasma membrane
may not be mediated by protein synthesis. Vitamin
Dj; induces in vivo significant increases in phosphat-
idylcholine and sphyngomyelin contents of skeletal
muscle sarcolemmal membranes [6]. Similar changes
are produced by 1,25(OH),Dj; in cultured myoblasts
(Boland, A.R. de and Boland, R.; unpublished
data). It has been reported that 1,25(OH),D; affects
the lipid composition of intestinal plasma cell mem-
branes by a mechanism independent of protein
synthesis. These changes have been correlated to the
effects of the metabolite on Ca transport [24, 25].
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