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Summary. Rapid in vivo effects of 1,25-dihydroxy-
vitamin D; on muscle calcium metabolism have
been reported. In vitro studies have shown that ex-
posure of vitamin D-deficient chick soleus muscles
to the sterol for 1-10 minutes causes a significant
stimulation of tissue **Ca uptake which can be sup-
pressed by Ca channel blockers. A parallel increase
in muscle membrane calmodulin content that could
be mimicked by forskolin was observed. Experi-
ments were carried out to obtain information about
the mechanism underlying the fast action of 1,25-
dihydroxyvitamin D;. Like the sterol, forskolin (10
pm) rapidly increased (+48% at 5 min) soleus mus-
cle °Ca uptake and its effect could be reversed by
nifedipine (50 pm). In agreement with these obser-
vations, 1,25-dihydroxyvitamin D; markedly ele-
vated tissue cCAMP levels within 45 seconds to 5
minutes of treatment in a dose-dependent manner
(10~ "-10~7 M). Moreover, incubation of isolated
muscle microsomes with 1,25-dihydroxyvitamin D;
increased adenylate cyclase activity and caused a
similar profile of stimulation of protein phosphory-
lation with [y->2P]-ATP as forskolin. Major changes
were detected in proteins whose calmodulin binding
ability has been previously shown to be increased
by 1,25-dihydroxyvitamin D;. In addition, the cal-
modulin antagonists fluphenazine and compound
48/80 abolished the increase in muscle Ca uptake
and membrane calmodulin content produced by the
sterol. The results suggest that 1,25-dihydroxy-
vitamin D; activates muscle Ca channels through a
direct membrane action which involves cAMP-
dependent protein phosphorylation and calmodulin
binding.
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1,25-dihydroxyvitamin D, (1,25(OH),D,) may play
a physiological role in the regulation of intracellular
Ca?®' in skeletal muscle. Animal model studies have
shown a stimulation of muscle Ca transport by the
sterol [1-3]. A direct effect of 1,25(OH),D, on mus-
cle Ca metabolism has been demonstrated in cul-
tured chick soleus muscle and chick embryo myo-
blasts [4-5]. Maximum Ca uptake responses in-
duced by the sterol in these in vitro systems were
suppressed by inhibitors of de novo RNA and pro-
tein synthesis [6]. In agreement with these observa-
tions, an intracellular receptor for 1,25(OH),D; has
been detected in cultured myoblasts and myotubes
[7-9]. However, the sterol may also affect muscle
Ca fluxes through a nongenomic mechanism. Expo-
sure of chick soleus muscle preparations to the hor-
mone causes a fast stimulation of muscle Ca uptake .
independently of new protein synthesis [10]. The
early effect of 1,25(OH),D; could be suppressed by
Ca channel blockers [10] and was paralleled by an
increase in calmodulin content of muscle mem-
branes at the expense of a decrease in cytosol cal-
modulin concentration [11]. These observations
may bear a physiological significance. Rapid
changes in Ca content [12] and increased amounts
of membrane calmodulin [11] have been observed in
chick skeletal muscle in response to 1,25(OH),D; in
vivo. More recently, forskolin, an activator of ade-
nylate cyclase, but not Ca ionophores, has been
shown to mimic the effects of 1,25(0OH),D; on
muscle calmodulin intracellular distribution. These
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studies showed in addition that 1,25(OH),D; stim-
ulates protein phosphorylation in soleus muscles
{13]. The objectives of the present work were to
investigate whether changes in cyclic AMP-de-
pendent membrane protein phosphorylation and
calmodulin binding play a role in the rapid stimula-
tion of muscle Ca uptake by the sterol.

Material and Methods
Materials

1,25(0H),D; was kindly donated by Dr. M. Uskokovic (Hoffman
La Roche Co., NJ, USA). ¥*CaCl,, [y-*?P]-ATP, [a-*?P}-ATP,
cyclic AMP assay kit, and Aquasol scintillation fluid were pur-
chased from New England Nuclear (MA, USA). Forskolin, flu-
phenazine, compound 48/80, and cyclic AMP were provided by
Sigma Chemical Co. (St. Louis, MO, USA).

Animals

Chicks were raised from 1 day of age on a vitamin D-deficient
diet with 1.6% calcium and 1.0% phosphorus [14] for 5 weeks in
an environment deprived of light.

In vitro Treatment of Muscle Preparations

Soleus muscles dissected trom both legs of vitamin D-deficient
chicks were preincubated in Krebs-Henseleit-glucose solution
[15] for 30 minutes at 37°C under 0,-CO, (95%:5%) with constant
shaking. 1,25(0H),D, (2.4 x 10~ °M) or forskolin (10 pM) were
added dissolved in ethanol. To test the effects of nifedipine,
fluphenazine, and compound 48/80, these substances were added
to the incubation medium dissolved in the same vehicle 5 min-
utes before the addition of 1,25(0OH),D;, or forskolin. Ethanol
alone was added to control samples. In all cases, the amount of
ethanol added was lower than 0.1%.

Measurement of Ca Uptake

Determinations of **Ca uptake were carried out using a modifi-
cation of a procedure previously described [4, 5]. Muscle sam-
ples prepared and treated as described above were incubated in
Krebs-Henseleit-glucose medium containing “*CaCl, (2 wCi/ml)
at 37°C for 5 minutes. The tissues were then quickly washed with
cold unlabeled medium, blotted on filter paper, and dissolved in
hot 1 N NaOH. Aliquots were taken for determination of protein
content by the Lowry procedure [16] and radioactivity using
Aquasol as scintillation fluid.

Determination of Muscle Tissue Cyclic
AMP Levels

Soleus muscle samples were immediately frozen in liquid nitro-
gen after treatment with 1,25(0H),Ds. The tissue was homoge-

315

nized 15 seconds in 5 vol of cold 10% trichloroacetic acid with an
Ultraturrax homogenizer (Jank and Kunkel, Staufen, FRG). The
homogenate was centrifuged at 2,500 X g for 15 minutes and the
supernatant was washed five times with 6 vol of water-saturated
diethyl ether. The washed extract was lyophilized and cyclic
AMP was measured by a competitive protein binding technique
[17] using a commercially available kit.

Membrane Protein Phosphorylation

Microsomes were isolated from chick soleus muscles as previ-
ously described [11]. The membranes (300 pg protein) were pre-
incubated for 1 minute at 30°C in 100 pl of medium containing 10
mM MgCl,, 0.2 mM EGTA, 1 mM CaCl,, 50 mM Tris-HCI pH
7.0, and 1,25(0H),D, (1071°-10=% M) or forskolin (10 pM).
Phosphorylation was started by addition of 10 wCi [y->*P]-ATP to
give a final concentration of 10 uM. After 1 minute at 30°C, the
reaction was terminated by addition of an equal volume of 2%
sodium dodecyl sulfate (SDS), 0.1% B-mercaptoethanol, 10%
sucrose, and 10 mM Tris/Bicine pH 6.8. SDS-polyacrylamide gel
electrophoresis of samples was performed according to Laemmli
[18]. The gels were dried and autoradiographed for 72 hours at
~20°C using Kodak X-Omat film. Phosphorylated bands were
excised from the gel, dissolved in H,0, at 37°C, and the radio-
activity was determined using Aquasol as scintillation fluid.

Adenylate Cyclase Assays

Adenylate cyclase activity was measured in chick muscle mi-
crosomes by the method of Salomon et al. [19]. The assay mix-
ture contained 50 mM Tris-HCI buffer pH 7.5, 0.2 mM 3-
isobutyl-1-methylxanthine, 1 mM cAMP, 2.5 mM MnCL,, and 1
mM (o*?P]-ATP (50-200 cpm/pmol). 1,25(0H),D; was added to
give a final concentration of 10~8 M. The reaction was then
initiated by the addition of membranes (50-100 pg protein/ml).

Calmodulin Measurements

Homogenates and subcellular fractions obtained from control
and 1,25(0H),D;-treated soleus muscles were extracted with
boiling 20 mM Tris-HCl, pH 8.2, | mM EGTA for S minutes. The
calmodulin activity of extracts was measured by means of the
phosphodiesterase assay [20]. Units (2.4 m) of purified (bovine
brain) calmodulin-depleted 3’,5'-cyclic AMP phosphodiesterase
(Sigma Chemical Co., St. Louis, MO) were incubated in 100 ul of
medium composed of 40 mM Tris-HCI (pH 8.0), 5 mM MgSO,,
0.05 mM CaCl,, 2 mM 3',5'-cyclic AMP, and sample (20-50 pg
protein). The reaction mixture was incubated for 30 minutes at
30°C. The samples were then heated for 1 minute at 100°C. Snake
venom from Crotalus atrox (40 pg) was added and the mixture
was further incubated for 10 minutes at 30°C. The reaction was
stopped by addition of an equal volume of 10% trichloroacetic
acid. Released Pi was determined by the Fiske-Subbarow
method [21]. Different concentrations of homogenates and frac-
tions were used to estimate their calmodulin activity.

The significance of the results was evaluated by Student’s ¢
test [22].
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Fig. 1. Rapid stimulation of muscle calcium uptake by forskolin
and 1,25(0OH),D; and its suppression by nifedipine. Soleus mus-
cles obtained from vitamin D-deficient chicks were incubated in
Krebs-Henseleit glucose solution containing 50 pM nifedipine
for 5 minutes. Forskolin (10 pM) or 1,25(0H),D; (2.4 X 10~ °M)
were then added. The samples were further incubated for 10
minutes. “*Ca uptake was then measured for 5 minutes indicated
in Material and Methods. Each bar represents the mean value +
SE of four independent experiments. *P < 0.01; °P < 0.025.

Results and Discussion

The operation of a nongenomic mechanism of ac-
tion of 1,25(0OH),D; at the membrane level, possibly
related to the activation of Ca®>* channels in skele-
tal muscle, has been recently suggested [10]. We
studied effects of several inhibitors to gain inferen-
tial insights into the mechanism of nongenomic
1,25(0H),D;-dependent Ca®>* uptake in skeletal
muscle. In agreement with previous observations
[10], exposure of soleus muscle preparations from
vitamin D-deficient chicks to physiological concen-
trations of 1,25(OH),D; for only 10 minutes caused
a significant increase (53%, P < 0.01) of tissue “*Ca
uptake (Fig. 1). Forskolin (10 wM), an activator of
adenylate cyclase, mimicked the effects of the ste-
rol. The calcium channel blocker nifedipine, at a
concentration of 50 pM, effectively blocked the
rapid stimulation of muscle Ca uptake produced ei-
ther by 1,25(0OH),D, or forskolin.

In addition, treatment in vitro of chick soleus
muscles with 1,25(0OH),D; rapidly increased cyclic
AMP muscle tissue content. The increment could
be already detected at 30 seconds and occurred in a
time-dependent fashion up to 3 minutes (280% in-
crease with respect to control preparations) and
then declined (+110%) after a 5 minute treatment
interval (Fig. 2). Forskolin (10 uM) increased mus-
cle cAMP levels approximately to the same extent
as 1,25(0H),D; (215% and 126% at 1 minute and 5
minutes of treatment, respectively). A dose-
response study of the fast effects of 1,25(OH),D; on
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Fig. 2. Time course of effects of 1,25(0H),D; on muscle cyclic
AMP content. Vitamin D-deficient chick soleus muscles placed
in Krebs-Henseleit glucose solution were treated with 1078 M
1,25(0H),D, at the times indicated. Tissue cAMP levels were
measured as indicated in Material and Methods. Duplicate de-
terminations of three experiments were done. Each bar repre-
sents the mean value * SE. 2P < 0.05; ®°P < 0.001.
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Fig. 3. Dose-response profile for the effects of 1,25(0OH),D; on
muscle cyclic AMP content. Chick soleus muscles were incu-
bated with various concentrations of 1,25(0H),D; for 3 minutes
followed by determination of their cAMP content as in Figure 2.
Means of three experiments + SE are given. 2P < 0.05; °P <
0.01; °P < 0.0025.

cAMP concentration of soleus muscle was per-
formed using a sterol concentration range of 5 X
10~ M-10"7 M. Figure 3 shows a 20% elevation
of muscle CAMP levels at the lowest dose used. The
response to the hormone further increased up to a
concentration of 10™7 M (+315%).

Recent studies have shown that treatment of
chick soleus muscle with 1,25(OH),D; for short
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Fig. 4. Direct stimulation of muscle membrane protein phospho-
rylation by 1,25(0OH),D; and forskolin. Microsomes isolated
from vitamin D-deficient chick soleus muscles were incubated
with 1071°-10"8 M 1,25(0H),D; or 10 uM forskolin for 1
minute. The membranes were phosphorylated with [y->2P]-ATP
(1 minute) and subjected to SDS-polyacrylamide gel electropho-
resis followed by autoradiography. Proteins from radioactive
bands were extracted from the gel and the radioactivity was
measured in a liquid scintillation counter as described in Material
and Methods. Results are the average of four separate experi-
ments. Control (), 1,25(0H),D; ([1), forskolin (H).

treatment intervals (5-15 minutes) stimulates the
phosphorylation of microsomal proteins {13]. To in-
vestigate whether the effects of the hormone are
exerted at the membrane level and require the par-
ticipation of cAMP, microsomes isolated from so-
leus muscle preparations were directly exposed to
1,25(0H),D; (107 1%-10~% M) or forskolin (10 uM)
for 1 minute and then phosphorylated with
(y*?P)-ATP, followed by SDS-PAGE fractionation
of proteins and autoradiography. A quantitative
evaluation of the changes in protein phosphoryla-
tion caused by both treatments is shown in Figure 4.
The phosphorylation of proteins of relative molec-
ular masses of 250, 55, and 29 Kdalton were clearly
affected by 1,25(0OH),D;. Lesser changes were also
observed in proteins of 115, 86, 46, 35, 21, and 15
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Table 1. Effects of 1,25(0H),D; on adenylate cyclase activity of
muscle membranes

Adenylate cyclase
(pmol cAMP/mg prot)

Time

{min) Control 1,25(0OH),D, % increase
S 16.20 = 0.90 19.80 = 0.85 22

10 19.90 = 1.10 23.30 = 1.70 17

20 30.00 = 1.27 31.90 + 2.05 6

Adenylate cyclase was measured in microsomes from vitamin
D-deficient chick soleus muscles incubated in assay medium
containing [e-32P]-ATP [19] in the presence of 10 ¥ M 1,25(CH),
D, for 5-20 minutes
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Fig. 5. Suppression by calmodulin antagonists of the rapid stim-
ulation of muscle calcium uptake caused by 1,25(OH),D; or for-
skolin. Vitamin D-deficient chick soleus muscles were treated
for 10 minutes with 1,25(0H),D; (2.4 X 10~ '*M) or forskolin (10
M) in the absence and presence of fluphenazine (100 pM) or
compound 48/80 (10 pg/ml). *Ca uptake was then measured for
5 minutes as indicated in Materials and Methods. Each bar rep-
resents the mean value + SE of four independent experiments.
ap < 0.001; ®°P < 0.01.

KDa. The extent of the effects of 1,25(0OH),D; on
the incorporation of *P into muscle membrane pro-
teins varied with the dose used, maximum re-
sponses being detected at a sterol concentration of
10~° M (twofold increase for the proteins of 55 and
28 KDa). The effects of the sterol on microsomal
protein phosphorylation were mimicked by the ad-
dition of forskolin (Fig. 4). The protein species af-
fected by 1,25(OH),D; and forskolin may be com-
ponents of either sarcoplasmic reticulum and/or
plasma membranes as significant activity levels of
both Ca + Mg-ATPase and Na + K-ATPase are
found in chick muscle microsome preparations [11].
In agreement with the preceding observations,
chick soleus muscle microsomes treated with
1,25(0H),D; (108 M) for 5-10 minutes exhibited
increased adenylate cyclase activity (Table 1). No
changes were detected with incubation of the mem-
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Fig. 6. Suppression by calmodulin an-
tagonists of the effects of 1,25(0OH),D,
on muscle calmodulin subcellular distri-
bution. Chick soleus muscles were
treated with 1,25(0H),D, (2.4 x 10~
M) for 10 minutes in the absence and
presence of 100 pM fluphenazine. The
muscles were homogenized followed by
T T isolation of cytosol and microsomes as

previously described [11]. Calmodulin
activity was determined using the phos-
a phodiesterase assay [20]. Bars repre-
sent calmodulin specific activity in ho-
mogenates and fractions expressed as
phosphodiesterase activity. Values are
the means * SE of three experiments.
2P < 0.025.
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branes for 5 minutes with 10~ M 25(0H),D; (data
not shown). Effects of 1,25(0H),D; on cyclic nu-
cleotide metabolism have been previously shown.
In contrast to the present results, it has been re-
ported that 1,25(0OH),D; inhibits adenylate cyclase
stimulation by parathyroid hormone in isolated kid-
ney plasma membranes [23]. More recently, Bar-
sony and Marx [24] have demonstrated an increase
in cyclicGMP content of cultured human skin fibro-
blasts after short treatment intervals with the sterol
[24]. However, the observation that 1,25(0OH),D;
and forskolin caused similar patterns of stimulation
of protein phosphorylation suggests that changes in
cAMP play a more significant role in the effects of
1,25(0OH),D; on muscle.

The early action of 1,25(0OH),D; on skeletal mus-
cle Ca uptake in vitro is paralleled by a transfer of
calmodulin from cytosol to membranes [11]. In-
creased amounts of muscle membrane-bound cal-
modulin are also seen in response to forskolin. The
effects of 1,25(0OH),D; have been associated with
increased ability of a microsomal protein of 28-29
KDa to bind calmodulin [13]. In addition, similar
effects of forskolin on the calmodulin binding prop-
erties of this protein were also shown (Massheimer,
Fernandez and de Boland, unpublished data), sug-
gesting that the sterol stimulates the binding of cal-
modulin to specific skeletal muscle proteins through
cAMP-dependent phosphorylation. The observa-
tion that both 1,25(0OH),D; and forskolin signifi-
cantly increased the phosphorylation of a 29 KDa
protein in isolated microsomes (Fig. 4) supports this
interpretation.

The possibility that modifications in calmodulin
intracellular distribution might be involved in the
rapid stimulation of muscle Ca uptake induced by
1,25(OH),D; and forskolin was investigated. We

observed that the increase in “°Ca labeling of vita-
min D-deficient chick soleus muscles caused by
treatment with either substance for 10 minutes was
inhibited by the calmodulin antagonists fluphena-
zine (100 pM) and compound 48/80 (10 pg/ml) (Fig.
5). In tissues other than skeletal muscle, it has been
proposed that calmodulin inhibitors may interact
with Ca?"* channels directly by binding to a calmod-
ulin-like site on the channel [25]. As shown in Fig-
ure 6, reversal of the effects of 1,25(OH),D; and
forskolin on muscle Ca uptake by fluphenazine was
accompanied by a suppression of the changes in
relative amounts of calmodulin associated with mi-
crosomes and cytosol induced by these agents.
However, the increase in muscle tissue cAMP con-
centration induced by 1,25(OH),D; was not blocked
by fluphenazine (data not shown).

In conclusion, the results presented in this report
suggest that 1,25(0H),D; stimulates muscle calcium
uptake through a direct membrane action which in-
volves both cAMP-dependent protein phosphoryla-
tion and calmodulin binding. It is possible that the
sterol activates Ca channels as its effects can be
suppressed by nifedipine and verapamil [10]. How-
ever, direct measurement of Ca channel activity is
required to firmly establish this concept. In addi-
tion, future studies will be necessary to identify the
cellular binding site(s) for 1,25(OH)§D3 which is
coupled to the initiation of rapid Ca’" uptake by
skeletal muscle. )
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