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Teti, Anna, Fabio Naro, Maric Melinaro, and Sergio
Adamo. Transduction of arginine vasopressin signal int skeletal
myogenic cells, Am. J. Physiol. 265 {Cell Physiol. 34): C113-
€121, 1993.—Arginine vasopressin {AVP) induced concenira-
tion-dependent {107 to 10~% M) stimulation of inositol phos-
phate production and a biphasic increment of cytosolic free
Ca®* conceniration {[CaZ*];} in skeletal myogenic eells in cul-
ture. These effects were almosi completely aholished when the
cells were pretreated with the AVP antagonist [deamimo-
Pen?,Val4,b-Arg®l-vasopressin before stimulation with AVP,
thus confirming a V, recepior-mnediaied effect. Inositol 1,4,5-
trisphosphate production was maximally stimulated within 2-3
s of treatment with AVP, immediately followed by release of
Ca?* from intracellular deposits. Both effects were inhibited by
treatment with 12-O-tetradecanoyl phorbol 13-acetate (TPA).
Such effect of TPA was reversed by the protein kinase C inhib-
itor staurosporine. Vasopressin also regulated the intracellular
pH of responsive cells with mechanisms involving both Na* and
anion transport across the plasma membrane. However, unlike
in other cell types, AVP stimulated the Na*t-H* antiport only
simultaneously with a dramatic cell acidification or affer treat-
ment with TPA, Response o AVP was observed in L6 and L5
and, to a lesser extent, in chick embryo myogenic cells, regard-
less of the stage of differentiation (myoblast or myotube). Com-
parison of different subclones of the 1.6 cell line demonstrated
that the responsiveness to AVP correlated positively with their
myogenic potential.
skeletal muscle cells; myogenesis; phosphoinositides; inositol

trisphosphate; phorbol esters; evtosolic calcium; cell pH; protein
kinage C

ARGININE VASOPRESSIN (AVP) acts as a potent vaso-
consirictor, an antidiuretic hormone, and a neurotrans-
mitter. Cellular responges to AVP can be mediated by
two classes of receptors (50}. The ¥V, receptor is coupled
to phospholipase C and induces breakdown of phospho-
inositides (36), whereas the V, receptor is coupled to the
adenvlate cyclase pathway (41). The two receptors may
be simultaneously expressed in the same tissue, account-
ing for different synchronous functions regulated by the
hormone (23, 51, 58, 59).

In cultured smooth muscle and renal glomerular me-
sangial cells, AVP induces proliferation (22}, cell con-
traction (3), and/or synthesis of prostaglandin I, (51},
an autocrine-paracrine modulator of AVP action (52).
These effects are driven by pathways involving regula-
tion of intracellular ion composition and protein kinase
activity. In fact, increases of intracellular Ca** concen-
tration ([Ca?*];) (18, 12, 28, 53), protein kinase C {PKC)
activity (13), and tyrosine phosphorylation (20) and
modulation of intracellular pH (pH;) (7, 21, 22) have
been described in cells or tissues exposed to AVP,

Although the role played by AVP in smooth muscle
and mesangial cells is fairly well understood (6, 13, 31),
its action on skeletal muscle remains o be elucidated.
Previous studies, conducted in vivo on skeletal muscle

0363-6143/93 $2.00 Copyright © 1993 the American Physiological Society

preparations {29} and in vitro on chick embryo myo-
genic cell cultures (58), suggest that AVP could influence
carbohydrate metabolism. More recently, Wakelam et
al. (65) demonstrated the presence of functional AVP V,
receptors in the L6 myogenic cell line. Furthermore,
high levels of immunoreactive AVP have been shown in
human fetal musecle, its concentration declining as ges-
tational age increases (32).

To address the question of the functional role played
by this neuropeptide in skeletal muscle, we first charac-
terized the response o AVP at the level of signal trans-
duction, including inesitol phosphate production, intra-
cellular Ca®* homeostasis, and regulation of pH;, in
several skeletal myogenic cell lines with different origin,
stage of differentiation, and myogenic potential. We re-
port, here that the AVP-induced intracellular signaling
in myogenic cells shows some distinctive differences
from those observed in other cell types. Furthermore,
the responsiveness to AVP of the cell lines examined has
been found to be heterogeneous and independent on the
stage of differentiation in culiure, but possibly related to
the origin and myogenic potential of the different lines
or clones.

MATERIALS AND METHODS

Materials

Dulheeco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), reagents, and sterile plasticware for cell culture
were from Flow Laboratory (Irvine, UK). n-Myo-[3H]inositol
{sp act >400 GBg/mmol} was obtained from Du Pont-New
England Nuclear {Bad Homburg, Germany}. Other tritiated
myo-inositol mono- and polyphosphates were purchased from
Amersham {Amersham, UK} and Du Pont-New England Nu-
clear. The MF20 anti-skeletal muscle myosin monoclonal anti-
body was a kind gift of Dr. Donald Fishman {Cornell Medical
College, New York, NY). Rhodamine-conjugated goat anti-
mouse amunoglobulin was  from Cappel Laboratories
{Malvern, PA). The acefoxymethyl esters of fura 2 {fura
2-AM) and 2',7 -bis{carhoxyethyl)-5(8}- carhoxyfluorescein
pentaacetoxymethyl ester (BCECF-AM) were from Molecular
Probes (Eugene, OR). Ionomycin and bovine serum albiimin
(BSA) were from Calhiocherm (La Jolla, CA). Acar plastie, cut
in 14-mm-square cover slips, was from Allied Engineered Plas-
tica (Pottaville, PA). Synthetic AVP, vasotocin, prostaglandin
Fp,, U-46619 (a stable mimetic of thrombozane A,), angio-
tensin 1 (ANG II), 12-O-teiradecanoy]l pherhol-13-acetate
(TPA), type I collagen from ealf skin, and all other reagents
were from Sigma (St. Louis, MQ).

Cell Cultures

Rat myvogenic L6 cells (60) were obtained from the American
Type Culture Collection (Hoekville, MD) and ecultured in
DMEM containing 4.5 g/1 glucose and supplemented with 100
U/ml peniciltin, 100 pg/mi streptomycin, and 10% FBS, unless
otherwise stated. Clones were obtained by limiting dilution of
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cell suspensions in 96-well multiplates. Each clone was ex-
panded and characterized with respect to the ability of under-
going myogenic differentiation and substrate-independent
growih. First the cells were seeded in collagen-coated dishes at
a density of 50,600/ml and, after 1 day, induced to differentiate
by reduction of serum concentration to 2%. After € days, the
percentage of fusion was measured on Wrighi-stained dishes
{186); parallel dishes were examined hy immunocfiuorescence for
the presence of skeletal myosin, using the MF20 anti-skeletal
muscle myosin monoclonal antibody, as already described (54},
Second each clone was tested for s ability of growing in a
substrate-independent manner, seeding 10,000 cells/6-cm dish
in a top laver of 0.25% agar over a base layer of 0.5% agar (33),
Growth in soft agar was microscopically checked after 7 and 15
days of plating.

Rat L5 cells, kindly provided by Dr. 5. Searpa (University La
Sapienza, Rome), were cultured in F-14 medivimn supplemented
with either 10% FBS (to sustain proliferation) or 2% FBS (to
induce differentiation, 45).

Human rhabdomyosarcoma (RD) cells (2, 35) and C2-C12 (a
mouse muscle satellite cell-derived line) were obtained from
American Type Culture Collection, cultured and cloned as de-
scribed above and previcusly (2). Primary myogenic celt cultures
were prepared from 11-day chick embryos as previously de-
scribed (1). For fluoreacence studies, cells were seeded at a den-
sity of 16° cells/ml onto collagen-coated plastic or glass cover
slips.

Phosphoinositide Turnover

Myoblasts (at 2od-3rd day of culture in 10% FBS-containing
medium) and myotubes (at 6th day of culture in 2% FBS-
containing medium) were labeled with 5 uCi/ml of D-myo-13H}-
inositol in complete medium for 48 h. Cells were then exten-
sively washed with Hanks’ balanced salt solution supplemented
with 20 mM N-2-hydroxvethylpiperazine-N'-2-sthanesuifonic
acid (HEPES, pH 7.4) and 0.1% BSA; the same medium was
used throughout the incubation with the agonisis. To measure
receptor activation by AVP under various conditions and to

Table 1. AVP-dependent stimulation of phosphoinositide
breakdown in different myogenic cells

Production of

Cell Type Fusion, g::f;:si?f g;;“’;‘g‘;:‘ AVP-Induced
Subclone % AU ' AU i _IP_. fohlzi
stimulation
16 407 ++ - 14+3
1.6-Cs 5915 +++ - 1713
16-54 32+6 ++ = 1142
L&-Co 164 + - 643
Lg-H2 - - +++ 1.2+0.3
La 7025 +++ - 19+4
C2-C12 36+8 ++ NT 1.1+0.5
RD x4 ++ + 12204
Chick embryo 6310 ++4 NT 1.940.4
myogenic cells 1.8+0.3*

Values are means + SD of at least 2 separate experiments, each
sample in tripticate. For fusion, cells were cultured under differentiating
conditions (see MATERIALS AND METHODS). Production of arginine va-
sopressin {AVP)-induced inositol phosphate (IP) involved stimulation
of inositol monophosphate plus inositol bisphosphate accumulation af-
ter 30 min incubation with 3 x 1077 M AVP in presence of LiCl
Stimulation of phosphoinositide turnover by AVP was measured in
both undifferentiated and differentiated 1.6, L6-C5, L6-Ad, L5, C2-C13,
RD, and chick embryo myogenic cells (see MATERIALS AND METHODS
for respective culture conditions), and no statistical significance was
ohserved. —, Nondetectable: NT, not tested; AU, arbitrary uniis. * Cells
stimulated with 3 % 10~ M vasctocin.
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identify inositol 1,4,5-trisphosphate [Ins{1,4,5,)P,] and its me-
iabolites, respectively, two different sets of ezperiments have
been performed {17). 1) Cells were preincubaied with 10 mM
LiCl. After 1 min the agonist {or agonist solvent} was added
and the incubation was then carried cut for further 30 min.
These samples were chromatographed on Dowez 1%8-200 as
already described {1). 2) Cells were incubated with the agonist
but without LiClL Incubations were arrested at various times,
and samples were analyzed by high-performance liquid chroma-
tography (HPLC) as described below. In both sets of experi-
menis, the incubation was stopped by rapidly substituting the
medium with ice-cold 10% tirichloroacetic acid (T'CA). Phytic
acid hydrolysate (20 ug P/sample; Ref. 57) was added, and
extraction of the nosiiol phosphates was performed as previ-
ously described (1), except that TCA was removed with a single
extraction with 1 vel of a mixture of trichlorotriflucroethane
and tri-n-octylamine (74:28, vol/vol; Ref, 9).
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Fig. 1. Effect of arginine vasopressin {AVP} on phosphoinositide break-
down and Ca?* concentration of LB-C5 cells. A: stimulation of inositel
monophosphate (IP,) + inositol bispbosphate (IP;) [inositol trisphos-
phate {IP,) in inset] generation by different concentrations of AVP
after 30 min of incubation {in presence of 10 mM LiCl} in [*H]inesitol-
pretabeled undifferentiated [mononucleated proliferating cells at 2ng-
3rd day of culture in 10% fetal bovine serum (FBS)-containing medium,
m) and differentiated (multinucleated ~60% fusion at 6th day of euiture
in 2% FBS-containing medium, 0} L6-C5 eultures. B: inhibition of 10-7
M AVP-induced inositol phosphate production elicited by different
concentraiions of AVE antagonist [deamino-Pen? Val*b-Arglvaso-
pressin {{dPentAVP; # myoblasts; 0, myotubes)., C. fluorescence tiace of
fura 2-loaded L6-C5 myoblasts calibrated for intracelhular free Ca®*
conceniration ({Ca2t];) as described in MATERIALS AND METHODS. D:
dose-dependent increase of [Ca?*}; in L8-CH cells treated with AVP.
Data represent size of maximal [Ca®"]; increases induced by doses of
AVP indicated on abscissa.
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HPLC Separation of Inositol Phosphates

Cell extracts were separated by HPLC using a Gilson dual-
pump system (Gilson, Villiers-le-Bel, France) and a Partisil 5
SAX colurman {11 X 0.47 ecm; Whatman, Clifton, NJ}. Elution
was performed with a 0-1 M ammonium phosphate gradient
(pH 3.8; 18, 39) at a flow rate of 1 ml/min, Tritiated myo-
inositol mono- and polyphosphates were used as standards to
optimize the gradient and identify the experimental sample
peaks. Adenine and guanine nucleotides were routinely added,
as elution markers, to all samples to he separated by HPLC (17).
An on-line radioactivity flow detector (Radiomatic, Tampa, FL)
was routinely used to monitor the HPLC eluate. Fractions of
critical regions of the chromatography were, in some experi-
ments, collected at 0.5-min intervals and siatically counted in a
beta scintillation spectrometer {Beckman, Fullerton, CA).

Measurement of fCa®+];

[Ca®*]; of semiconfluent monolayers of skeletal muscle cell
lines was measured by single- or dual-wavelength fluorescence of
cells lopaded with the Ca®*-sensitive intracellular probe, fura 2
(26, 37). Cells, seeded on plastic or glass cover slips, were loaded
with 3 uM fura 2-AM in serum-free medium at 37°C for 60 min.
Measurements were performed on the whole cell population,
bathed in Krebs-Henseleit-HEPES (KHH) buffer under con-
tinuous stirring, with a Perkin-Elmer 85 spectrofluororoeter set
at 339-nm excitation and 500-nm emission wavelenghts (hand-
width 2.5 nm) and equipped with a teraperature-controlled wa-
ter jacket set at 37°C. Resulis of some experiments were
checked in single cells at dusl excitation wavelenghis (340 and
380 nm) using eells seeded on glass cover slips and analyzed with
a AR-CM fluocrometer {Spex Industries, Edison, NJ) connected
with 2 Diaphot TMD inverted microscope (Niken, Tokyo,
Japan). Calibration of the signal was obtained at the end of each
ohservation and [Ca2*); was calculated using previcusly de-
scribed formulas (26, 37).

Measurement of pH;

pH; was measured by fluorescence excitation of celis loaded
with the intracellularly trapped pH indicator, BCECF (43, 48),
Semiconfluent monolayers, grown on plastic cover slips, were
loaded with 3 uM BCECF-AM in serum-free mediom at 37°C
for 30 min. In accord with the experimental design, monolayers
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were then washed in KH solution buffered with either 20 mM
HEPES or 24 mM NaHCO;. When HCO;-containing media
were employed, pH was mantained by holding the solutions in
airtight glass containers injected with a 95% air-5% CO. mix-
ture until used and performing experimenis in stoppered quartz
cuvettes. For Na+-free solutions, choline chloride was used as an
isosmotic replacement. Single-wavelength fluorescence was
monitored continucusly at 37°C with 500-nm exzcitation and
540-nm emission wavelengths and 2.5-nm bandwidth. Calibra-
tion was performed as described by Grinstein et al. (25).

Statistics

Statistical analyses were performed by the ¢ test. When re-
quired, data were expressed as means + SE.

RESULTS
Phosphoinositide Turnover

Initial experiments on AVP-dependent induction of
phosphoeinositide breakdown were performed on L6 cells,
clone C5 (L.6-C5), a clone that had shown relevant dif-
ferentiating response when cultured under appropriate
conditions (see Table 1). Experiments were performed
employing 1.8-C5 eultures, both as mononucleated undif-
ferentiated cells and as differentiated cells, obtaining su-
perimposable results. Dose-dependent accumuiation of
inositol phosphates was induced in L6-C5 cells, incubated
for 30 min with the agonist in the presence of LiCl (Fig.
14). Phosphoinositide hydrolyisis was effectively stimu-
lated by panomolar to micromolar AVP. Haif-maximal
stimulation ogcurred at ~3 X 1072 M AVP, judged by the
effect on inositol monophosphatie plus inositol bisphos-
phate accumulation. ‘These results confirm those reported
by Wakelam et al. (65) in L8 cells. Preincubation of the
cells with the AVP antagonist [deamino-Pen!,Val%n-
Arg®lvasopressin (107° M, 10 min before AVP) inhibited
by ~75% the response to 107" M AVP (Fig. 1B), con-
firming that phosphoinesitide hydrolysis was induced by
AVP at the level of V-type receptors (34).

Stimulation of phosphoinositide turnover by AVP was
tested in other L8 clones and in different myogenic cell

L

Fig. 2, Time course of stimuiation of speeific [3H1-
inositol phosphates in L6-C5 cells treated with
AVP., A-H: extracts of control and 3 x 10-7 M
AVP-treated cells were subjected to anion-exchange
high-performance liquid chromatography as de-
tailed in MATERIALS AND METHODS, Radioactivity
corresponding to each identified peak is plotted vs.
time of incubation with AVP (without addition of
lithiurm). fnset: detail of elution pattern of 1P; re-
gion of AVP-stimuiated (solid line) or control {dot-
ted line) L6-C5 cells at 5 3 of stimulation.

ammonium phosph. (M)
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lines, such as L5, C2, and RD, as well as in chick embryo
primary myvogenic cell cultures. The results (shown in
Table 1) indicate that L6 clones A4 and C9 (which show
a lower myogenic poiential than clope C5) exhibited a
lower AVP-induced production of inositol phosphates
than 16-C5. The L6-H2 clone (characterized by a trana-
formed, possibly tumorigenic phenotype and exhibiting
no myogenic differentiation) did not show an increase of
inositol phosphates in response 1o AVP. The myogenie
cell line 1.5 exhibited AVP-induced stimulation of phos-
phoinositide turnover comparable to that observed in
L6-C5 eells ai both stages of differentiation tested {myo-
blasts and myotubes). C2-C12 mouse satellite cells, and
human RD cells did not respond to AVP (although
phosphoinositide hydrolysis was induced in these 2 cell
lines by 20 uM acetyicholine; not shown). Finally, a
modest stimulation of phosphoinositide turnover was in-
duced by AVP in primary cultures of chick embryo myo-
genic cells (Table 1). A sitmilar stimulation of phospho-
inositide breakdown was obtained in these cells on
treatment with equimolar concentrations of the avian
AVP analogue, vasotocin.

In anoiher set of experiments, aimed io study Ins-
(1,4,5)P; production and metabolism, [*H]inositol-la-
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Fig. 3. Modification by 12-O-tetradecancyvl phorbol 13-acetate (TPA) of
Tesponse to AVP of L6-C5 cells. A: [*H]inositol-labeled cells were pre-
ineubated with 107 M TPA for times indicated before 30-min incuba-
tion with 3 x 107 M AVP. B: cells were inevbated with (O) or without
{m) 107% M staurosporive for 10 min before 20-min incubation with 10
mM LiCl and TPA at concentrations indicated. Al end of this period, 3
% 10~7 M AVP was added and incubation proceeded for further 30 min.,
: 1.6-C5 myoblasts were pretreated with 1077 M TPA for fimes indi-
ested on abscissa before addition of 16-7 M AVP. Data are means = SE
of [Ca?+); rapid phase peak.
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Table 2. Effect of 1077 MAVP on [Ca®*];
on L6-C5 myoblasts

[CaZ* ;. nM
Conditions n
Basal AVP peak AVP plateau
Control 3] 11427 B655+93* 174£17%
EGTA (3 mM) 4 9513 500x35 93+15%
EGTA (3 mM) 4 50110 50x10 5010
+ onomycin (0.5 pM)
Nifedipine (10-> M) 3 141£5 58041 243144
Nicardipine (105 M) 3 147x13 631284 296132

Vajues are means = SE. [Ca?*];, intzacellular free Ca2* concentra-
tiogn. * P < 0.002 vs. basal. T P < (0.005 vs. basal. $ P < 0.0% va. AVP
plateau in control.

beled L6-C5 and L5 cells were stimulated with 3 X 107 M
AVP for short times in the absence of LiCl and the ex-
tracts were separated by ion-exchange HPLC (Fig. 2).
Ins(1,4,5)P, production was rapidly and effectively stino-
ulated by AVP. Figure 24 shows that the level of this
second messenger increased about eightfold over the con-
irol level after 2-3 s of treatment with AVP, and then
slowly declined to abeut twice the unireated control value
after 1 min of stimulation. The increase of inositol 1,4-
hisphosphate [Ins(1,4)Py; Fig. 2B] reached a maximum at
~15-20 g, whereas the stimulation of inositol 4-mono-
phosphate [Ins{(4)P; Fig. 2C continued throughout the
60-3 time period shown. Although with a lower level of
stimulation than Ins(1,4,5)P; (Fig. 2D), inesitol tetra-
kisphosphate (not further resolved with our elution con-
ditions) increased over the control level, reaching a max-
imum at ~8-10 s of stimulation with AVP., Another
{*H]inositol-labeled metabolite {tentatively identified as
inositol 2,4,5-trispbosphate [Tns(2,4,5)P;] on the basis of
its elution, since no authentic standard was available) was
rapidly and transiently (although moderately) stimulated
by AVP in L6 cells (Fig. 2E). A slight increase of inositol
1,3,4-trisphosphate [Ins(1,3,4)P;], inositol 1,3-bisphos-
phate {Ins(1,3)P,], and inositol 1-monophosphate [Ins-
(1)P,] was also observed (Fig. 2, F-H).

The tumor promoter TPA, a powerful activator of PKC
(11), rapidly, although partially, inbibited the response of
L6-C5 eells to AVP. Pretreatment of 16-C5 cells with

Ve mEGP?D n’m
3 A c
% AP xcH AP K1
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Fig. 4. AVP-dependent modulation of [Ca2*]; in 16-C5 cells. A: 107 M
AVP-induced [Ca®*]; iransient in Ca*t-free buffer ohiained by addition
of 3 mM ethylene glycol-bis{3-aminoethyl ether)-N N N' ,N'-tetraacetic
acid (EGTA). B: inhibition of response to 10-7 M AVP in cells pre-
{reaied with 0.5 gM ionomycin (lono) to discharge intraceliular Ca2+
deposits. C: [Ca®*]; increase in cells trested with 10-7 AVP and with 75
mM KCL D: effect of nifedipine on [Ca®t]; elevations induced by 107
M AVP ot by 75 mM KCL
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1077 M TPA decreased by ~40% the production of ino-
sitol phosphates induced by treatment with 107° to 1078
M AVP for 30 min (Fig. 3B)}. The effect was measurable
within 2-3 min of pretreatment with TPA and reached a
maximum after 10 min (Fig. 34). No effect of pretreat-
ment with TPA was observed in the absence of stimula-
tion with AVP,

To test whether the inhibitory effect of TPA was de-
pendent on stimulation of PKC activity, L6-C5 cells were
incubated with 1075 M staurosporine (an inhibitor of
PKC: Ref. 47) for 10 min before the addition of 16 mM
LiCl and TPA at different concentrations, Preincubation
was continued for 20 min, 10°7 M AVP was then added,
and the cells were incubated for furiher 30 min. Stauro-
sporine virtually abolished the inhibitory effect of TPA
on AVP-induced accumulation of inositol phosphaies
{Fig. 3B).

Regulation of [Ca®*];

A prompt transient increase in [Ca?*}; was induced by
1077 M AVP in L8-C5 cells (Fig. 1C). Treatment with
AVP triggered a rapid (16 + 3 3) peak of {Ca®t]; followed
by a stable lower level plateau (Table 2). Responses were
dose dependent (Fig. 1D), with half-mazimal dase at 3 X
10~% M. Other vasoconstrictors, such as prostaglandin
F,., U-46619, and ANG II, at doses of 16~% M failed to
induce significant changes of {Ca®*}; (not shown).

In cells equilibrated in the presence of 3 mM ethylene
glveol-his (8-aminoethyl ether)-N,N,N',N'-tetraacetic
acid (EGTA; to chelate Ca®* and obtain a virtually Ca®*-
free solution), 10~ M AVP still rapidly increased [Ca?*];,
but such an increase was not followed by a stable plateauy,
since [Ca?*]; promptly reiurned to near basal levels (Fig.
44, Table 2}, When intraceliular Ca?* stores were dis-
charged by pretreating the cells with 0.5 uM of the Ca®*
ionophore ionomycin in 3 mM EGTA -containing buffer,
no change of [Ca?*]; was observed upon addition of 1677
M AVP (PFig. 4B, Table 2). Furthermore, 1078 M nife-
dipine or nieardipine, two dihydropyridine antagonists of
L-type voltage sensitive Ca®* channels (VSCCs), failed to
prevent AVP-induced [Ca?*]; transients (Fig. 40, Table
2), although they inhibited Ca?* influx upon addition of
75 mM of the membrane-depolarizing agent KC! (Fig. 4,
C and D). Finaily, pretreatment with 1077 M TPA in-
dueed a time-related inhibition of AVP-dependent in-
crease of [Ca®*]; (Fig. 3C).

As shown for the stimulation of phosphoinositide hy-
drolyisis, AVP-dependent [Ca?*]; transients similar to
that recorded in L6-C5 undifferentiated cells were ob-
served in L8, L6-A4, 1.6-C9, and LH myoblasts and in
L6-C5 and L5 myotubes (Tabie 3). Interestingly, the non-
myogenic L8-H2 clone displayed a response to 1077 M
AVP much lower than that of other clones and C2-C12
sateliite cells failed to respond to AVP (Table 3). AHl cell
types, however, responded to membrane depolarization
by 75 mM KCl (Table 2), indicating that all of them
expressed functional V8CCs.

Regulation of pH;

We investigated the pattern of regulation of pH; by
AVP in L8-C5 cells, adopting two different experimental
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Table 3. Effect of 1077 M AVP and 75 mM KCI
on [Ca®*|; of L6, L5, and C2 cell lines

[Ca?*];, nM
Clones Stage n
Basal AVP KCl

16 MB 3 153245 680+267 367165
Le-A4 MB 3 190+13 769123 492+109
L6-Ch MB 6 1147 6556+93 6574114
L§-C5 MT 3 150432 925£150 837+139
L&6-H2 MB 3 1%0+14 308+10 392+10
15 MB 4 13345 602x19 4471208
L5 MT 4 115225 64350 424138
0z-Ci2 MB 3 12014 12044 2454128

Values are means + SE. MB, myoblast; MT, myotubes.

designs to provide evidence for the regulation of myogenic
cell pH both in the presence and absence of HCOj;.

pH; regulation in the absence of HCO;. Under these
conditions, L6-C5 cells demonstrated a pH; of 7.26 +
0.06, which was indefinitely stable. In this circumstance
1077 M AVP induced a decrease of pH; (Fig. 54 ), reach-
ing a plateau within 215 + 36 s. The fall of pH; was
sustained, and the cells maintained their low pH; for sev-
eral minutes in the continuous presence of AVP (Fig. 54).
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Fig. 5. AVP-dependent regulation of pH, in L6-C5 cells. A-F: fluores-
cence traces of 2',7'-bis(carhoxyethyl}-5(6)-carhoxyfluorescein-loaded
L6-C5 mycblasts bathed in N2-hydroxyethyipiperazine-IN'-2-ethane-
suifonic acid-buffered anlution, calibrated for pH; as described in Ma-
TERIALS AND METHODS. A: effect of 107 M AVP. B: effect of 10-7 M
AVDP in cells treated with TPA. C: lack of pH,; recavery in cells acid-
loaded by addition and subsequent withdrawal of 20 M NH,CL. D:
realkalinization in cells acid-loaded by NH,Cl prepulse in presence of
10-7 M AVP. Realkalinization was abolished in Na*-fres boffer. E: pH;
recovery from acid loading by NH,Cl prepulse in cells treated with 167
M TPA alone or together with 10-7 M AVP. I lack of pH; recovery in
cells treated as shown in F but in presence of 10-5 M EIPA. G-H: pH,
in L8-C5 myehblasts bathed in HCO; -buffered solution. G: effect of 10-7
M AVP in presence or absence of TPA. H: NH,C] prepulse in untreated
cells and eells exposed to 167 M AVP,




€118

Pretreatment of the cells for 3 min with 1077 M TPA
before the addition of 1077 M AVP failed to affect basal
pH; but induced an AVP-dependent slight and transient
(87 = 15 s) drop of pH; (Fig. 58), which was followed by
a net recovery to near basal levels within 237 + 63 s from
the stimulus (Table 4).

When cells were acid loaded by applyieg and then with-
drawing a KH solution containing 20 mM NH,C1 (8), pH;
promptly dropped to 6.48 - 0.05 (~0.52 = 0.1 pH units)
but failed to recover, keeping stable for several minutes
(Fig. 5C). By contrast, addition of 10~ M AVP before the
NH,Cl prepulse induced a substantial pH; recovery (Fig.
50, Table 5), which reached a plateau within 95 &+ 6 s
{recovery rate, normalized at 30 s from the acid loading,
was 0.010 pH units/s). Pretreatment of the monolayers
with 107 M ethylisopropyl amiloride (EIPA) or removal
of extracellular Na™ by isotonic substituiion with choline
(Fig. 5D), reduced basal pH; and completely abolished the
AVP-induced pH; recovery {Table 5).

When celis were treated with 1077 M TPA and then
acid loaded by NH; prepulse, a pH; recovery {Fig. bE,
Table 5) within 107 +: 9 s (recovery rate at 30 s: 0.009 pH
units/s) was stimulated, with a mechanism blocked by
either treatment with 10~ M EIPA or removal of exier-
nal Na* (Table 5). Both EiPA and Na* removal reduced
basal pH; by ~0.19 £ 0.04 and ~0.47 % 0.04, respectively.
Furthermore, in the presence of TPA, 1077 M AVP had
an additive effect (Fig. 5E), leading to a higher recovery
achieved within 77 £ 2 s (Table b; recovery rate at 30 &
0,014 pH units/s).

pH; regulation in presence of HCO;. In this circum-
stance, basal pH; was 7.02 & 0.06 (Table 4). In contrast to
what observed in the absence of HCO;, addition of 1077
M AVP indueced a transient drop of pH; followed by an
alkalinization that was completed within 92 + 3 s (Fig.
5@, Table 4). Preireatment with 1077 M TPA inhibited
AVP-induced cell acidification and subsequent realkalin-
ization (Fig. 5G, Table 4).

When cells were acid loaded by NH,Cl prepulse, a dra-
matie acidification was observed, rapidly followed by a
recovery (Fig. 5H, Table b) within 85 % 10 s (recovery rate
at 30 s: 0.005 pH units/s). Addition of 1077 M AVP before
the NH,Cl Prepulse inereased the pH; recovery (Fig. 5H)
which reached the plateau within 106 = 7 s (Table 5;

Table 4. Effect of AVP on pH; of L6-C5 myoblasts
in HEPES- or HCO;-buffered solutions

AVE (10T M)
Conditions n

Acidification Alkalinization
Control-HEPES 5  —0.33x0.08* ND
TPA (1077 M)-HEPES 3 —0.12+0.62 +0.122:0.02
Cantrol/HCO; 3 ~007x0.02  +0.26£0.04F
TPA (107 M)-HCO; 3 0020002 +0.07:0.005
EIPA (1075 M)-HCO; 3 ~0.0710.02  +0.06+002
DIDS (5 x 1W0*M)-HCO; 3 -0.43+0.07 ND
SITS (5 x 1W0*M)-HCO; 3 ~0.14+0.06 +0.07+0.10

Valpes are means + SE in infracellular pH (pH;) uniis; ND, not
detectable; TPA, 12-0-tetradecanoyl phosbol 13-acetate; BIPA, ethyl-
isopropyl amiloride; DHDS, 4,4'-diisothiocyanostilbene-2,2'-disulfonic
acid; SITS, 4-acetamido-4'-isothiocyanostitbene 2,2'-disulfonic acid.
* P < 0,001 va. basal. T < 0.01 va. basal.
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Tabie 5. Effect of AVP on pH; recovery of 16-C5
myoblasts acid loaded with 20 mM NH,Cl prepulse

pil; Becovery after
NH.Ci Prepuise

Conditigns n

Without AVP 16-7 M AVP
Control-BEPES 3 +0.05x0.02 +0.6540.07*
EIPA-HEPES 3 ND
Na*free HEPES 3 ND
TPA-HEPES 3 +AT£0.03% +0.69+0.02%
TPA-HEPES-EIPA 3 ND ND
TPA-HEPES-Na*-free 3 ND ND
Conirel-HCO; 3 +0.31£0.02 +0.6740.03*

Values are means + SE in pH; units. * P < (.01 vs, unireated. § P <
(.05 va. untreated. § P << 0.01 vs. cells treated with TPA alone.

recovery rate at 30 s: 0.011 pH units/s). Pretreating cells
with EIPA (1075 M, 5 min), 4,4'-diisothiocyanostilbene-
2,2"-disulfonic acid (DIDS, 5 ¥ 10~* M, 30 min), or 4-
acetamido- 4’ - isothiocyanostilbene - 2,2 - disulfonic acid
(SITS, 5 X 10™* M, 30 min) before the addition of 1077 M
AVP inhibited the AVP-dependent realkalinization
(Table 4).

DISCUSSSION

The results described in this report represent the first
comprehensive characterization of the intracellular sig-
naling systems activated by AVP in skeletal myogenic
cells.

We have shown that Ins(1,4,5)P; iz produced withan
seconds of treatment with AVP and is followed by a
prompt transient increase of [Ca®*];. Increase of {Ca®*];
is consistent with the 1P production. In fact, the peak of
[Ca®*]; was preceded by ihe increase of Ins{(1,4,5}; and
depended on mobilization of Ca?* from cellular deposits,
since it was abolished afier discharge of the stores by
treatment with the Ca®* ionophore ionomycin. Further-
more, a good correlation exists between the inositol phos-
phate and the Ca?* response to AVP of the various lines
and clones tested,

AVP-dependent inositol phosphate production in the
responsive myvogenic cell clones shows characteristics
siimilar to those observed in other canonical models of
AVP sensitive cells (36, 49, 50), confirming the physio-
logical nature of the action of AVP in skeletal myogenic
cells. Analysis of inositol phosphates produced after short
treatment with AVP indicates that the time course of
Ins(1,4,5)P; stimulation is compatible with the hypoth-
esis of direct hydrolysis of phosphatidylinositol bisphos-
phate and with the time course observed for the release of
Ca** from Ins(1,4,5)P;-sensitive intracellular stores. Fur-
thermore, comparison of the time courses of production
of the different inosiiol phosphates identified suggesis
that most of the Ins(1,4,5)P; is directly dephosphorylaied
to Ins(1,4)P; and ins{4)P. Only a small amount of Ins-
{1,4,5)P; undergoes phosphorylation to inositol tetra-
kisphosphate, which is then dephosphorylated to Ins-
{1,3,4);, and Ins(1,3)P.. The metabolism of inositol
phosphates observed in myogenic cells is similar to that
described in AVP-stimulated WRK1 cells (40). However,
it differs from that observed in AVP-stimulated rat glom-
erulosa cells [where stimulation of Tns(1,4,5)P; is much
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lower than in our conditions; Ref. 27} and in the same
cells challenged with ANG II, where the stimulation of
Ins(1,3,4)P; is severalfold higher than that measured in
our experiments {5}

The increase of [Ca®*]; observed in myogenic respon-
sive cells was due to release of Ca?* from intracellular
deposits (transient peak) and to Ca®* influx from the
extracellular fluid through merwhrane channels (sus-
tained phase). The channels were insensitive to mem-
brane poiential, since treatment with dihydropyridine de-
rivatives, known as L-type Y8CC antagonists, at dose a
adequate to prevent KCl-induced [Ca?*]; elevation failed
to substantially modify the AVP-dependent [Ca?*]; in-
crease. This suggests that other types of Ca®* entry de-
vices are activated by the treatment with AVP, the iden-
tity of which remains, at present, unknown.

The response to AVP appears to be regulated by PKC,
possibly at the level of the receptor, as shown for other
agonist-target systems (19, 30). In fact, pretreatment of
the cells with TPA partially inhibited the AVP-induced
phosphoinositide breakdown, an effect reversed by stau-
rosporine. The AVP-dependent increase of [Ca®**}; was
also inhibited by pretreatment with TPA, but the tem-
poral pattern of such effect seems to be different from
that of inositol phosphates production. This discrepancy
is probably due to the different technical approaches em-
ployved for measuring the two parameters, since the mea-
surement of [Ca®*]; followed in time the evenis upon
addition of AVP, whereas inositol phosphates were mea-
sured at the end of a 30 min incubation with AVP applied
after the preincubation with TPA. However, it should be
pointed out that only a partial (40%) inhibition of inosi-
tol phosphate production was induced by TPA, suggest-
ing that the residual AVP-induced inositol phosphate
levels could still sustain the release of Ca®' from intra-
cellular stores. This finding is different from that ob-
served in other cell types responsive to AVP (13) in which
a pretreatment of 8 min with TPA is adequate to generate
rapid and complete inhibition of the AVP-dependent
[Ca?*]; increase.

Intracellular signaling depending on phosphelipase C
activation has been shown to involve pH; modifications
that are thought to be relevant to the biological response
(22, 38, 42). In conditions in which ail ion transport
mechanisms involving HCO; are inactivated by incuba-
tion in a HCO;-free buffer, AVP induced intracellular
acidification in L6-C5 skeletal myogenic cells similar o
that described in other cell types (8). However, although
in renal glomerular mesangial cells, this early acidifica-
tion is regudarly followed by substantial net realkaliniza-
tion {possibly related to mitogenic effects of AVP; Refs. §,
932}, this alkalinization was lacking in L6-C5 cells. This is,
to our knowledge, a novel condition requiring further
characterization. The capability of L6-C5 cells of regu-
lating their pH,; upon addition of AVP is influeneed hy
TPA. In fact, in the absence of HCO; AVP is capable of
acidifying the cell but fails to induce realkalinization.
Conversely, a mechanism for realkalinization is activated

- by AVP in TPA-pretreated cells, possibly through a

PKC-dependent phosphorylation.
Ewven though induction of realkalinization was lacking
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1.6-C5 celis were eapable of reguiating pH, by the Nat-H*
antiport. Cells exposed to NH,C!l prepulse {7) to induce
an acute acidification still failed to recover basal pH;.
However, these cells did not lack a HCO;-independent
mechanism of pH; control, but this was stimulated only
in particular conditions. In fact, pretreatment with AVP
folowed by acute acidification by NH,CI prepulse in-
duced a substantial alkalinization by a Na*-dependent
EIPA-sensitive mechanisms. We hypothesize, according
to previous reports (7), that such mechanism is repre-
sented by a Na®™-H™ antiport, which displays a distinctive
behavior in L8-C5 cells. In fact, in these cells acute acid-
ification or treatment with AVP are not capable of trig-
gering stimulation of the antiport, which may be achieved
only by preactivation of PKC by TPA, or by a combina-
tion of both acute acidification and treatment with AVP.
The mechanisms leading to such individual regulation are
still unknown. Preliminary results from this laboratory
indicate that in L6-C5 cells 1077 M AVP fails to activate
the PKC, a Nat-H™* antiporter-regulating agent, within
15 min, whereas TPA activates the PKC «-iscform
{Adamo and Nervi, unpublished results). This would ex-
plain why a realkalinizing effect is observed in TPA plus
AVP-treated but not in AVP-treated cells. The sensitiv-
ity of basal pH; on removal of Na* or to treatment with
EIPA, both leading to a net cell acidification, confirms

. the presence of the Na*/H™* antiporter, which zeems to

actively alkalinize but is balanced by an oppoesing acidi-
fication mechanism, the nature of which remains to be
elucidated.

In the presence of HCO,, AVP-induced cell acidifica-
tion was promptly followed by realkalinization, slightly
overshooting the basal pH; Furthermore, an NH,Cl
prepulse induced a pH| recovery, which was additionally
stimulaied by AVP treatment. AVP-induced cell alkalin-
ization was sensitive to both DIDS and SITS, suggesting
a role for an anion transport, such as Na*-dependent and
Na*-independent C1~-HCO; countertransport (8, 21), or
Na*-HCO; cotransport {24) in ihe regulation of skeletal
muscle pH;. Nevertheless, from these data a conclusion .
on the nature of the mechanism cannot be drawn, More-
over, under these experimental conditions, EIPA was
equally active in inhibiting alkalinization, indicating
that, in the presence of HCOj, the Na™-H* countertrans-
port also accounts for the final effects induced by AVP.
Interestingly, in this condition, TPA reduced the effect of
AVP, probably stimulating an alkalinizing mechanism
that contrasts the AVP-induced acidification. As a con-
sequence, AVP-dependent realkalinization is equally re-
duced. Taken together these data indicate that regulation
of pH; in L6-C5H cells is cornplex and a comprehensive
model still difficult to hypothesize, Further work is in
progress to elucidate this issue.

Response to AVFE was not equally induced in every cell
population tested. Comparison ef different myogenic cell
clones or lines indicates that although no major differ-
ences exist between the stage of differentiations of mono-
nucleated myoblast and multinucleated myotube, some
myogenic cell clones or lines did not appear to possess
funetional V, receptors. In fact, the satellite cell-derived
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line C2-C12 as well as cells exhibiting a transformed phe-
notype, such as RD and the 1.6-H2 subclone, failed io
respond to AVP. Conversely, other cellular modeis, prob-
ably more representative of the embryonic myogenic cells
(L5 and 1.6} exhibited the ability to respond to stimula-
tion with AVP. Chick embryo primary myogenic cells
showed a response to AVP lower compared with that of
L6 and L& responsive clones. However, it should be
pointed out that we observed a similar difference when we
measured phosphoinositide breakdown induced by a dif-
ferent agonist, acetylcholine, even though 1%°I-labeled
bungarotoxin-specific binding indicated a higher comple-
ment of acetylcholine receptors in chick embryo myo-
tubes than in L6 and L5 myotubes (unpublished data).
The reason of this discrepancy is at present unclear. We
can hypothesize that differences may reside at several
levels of the signal-transduction pathways (e.g., phospho-
inositol lipid pools, G proteins, and 1-phosphatidylinos-
itol and 1-phosphatidylinositol-4-phosphate kinases).
Further work is necessary to address this interesting
question.

The heterogeneity of the response io AVP of skeletal
myogenic cells of different origin could be explained on
the basis of the recent observation that immunoreaetive
AVP is abundani in human skeletal wuscle at the begin-
ning of the fetal period of development, declines through-
out gestation, and reaches very low levels at birth (32},
Furthermore, embryonie, fetal, and satellite myogenic
cells are known to display differential lineage- and stage-
specific gene expression throughout their life span (15,
46). They therefore mantain substantial differences in
their behavior and regulation, even though all of them
eventually differentiate into skeleial muscle fibers. AVP
has recently been shown to increase adenocorticotropic
hormone (ACTH) levels in sheep fetuses (4). Because
ACTH and other proopiomelanccortin-derived peptides
are mitogenic for mammalian embryonic skeletal myo-
genig cells (14), it is tempting to speculaie that AVP and
ACTH may synergistically act as growth factors for em-
bryonic skeletal musele. This hypothesis is not in con-
trast to the fact that postmitotic differentiated myotubes
also respond to AVP. It may be speculated that the same
agonist and signal-transduction systems regulate differ-
ent functions (mitotie activity in myoblasts, carbohy-
drate metabolism, coniraction in muscle fibers; Refs. 29,
56) at different stages of differentiation of the same cell
type.

A comprehensive description of the mechanisms of
AVP intracellular signal transduction in skeletal myvo-
genic cells has been provided in this paper. Further work
is in progress to elucidate the mechanisms underlying the
heterogeneity of the response to AVP of myogenic cells
and the overall physiological role of AVP during myogen-
esis,
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