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ABSTRACT-We  investigated the effect of activin A on  the in vitro  differentiation of  primary myogenic  celFs

isolated from chick  embryonic  breast musc]e.  As  judged by the morphology  of the cell$ and  accumulation  of
creatine  kinase, activin A InhLbited myogenesis  in a dose-dependent  manner,  The inhibitory activity was

reversibly suppressed  by fotlistatin, Activln A also  inhibited the expression  ot MyoDl  , Our data also  suggest

that the inhibitory actMty  of  activin  A is exe  rted neither on  proliterat]on of myoblasts  or  the growth ef myotubes,
but rather  an  ear[y phase of differentiation fo]Iowing the withdrawal  from cell cycle. A comparlson  of actions

ot actMn  A and  TGF-3 suggests  that points of action is similar,

INTRODUCTtON

   Developmental biologists are interested in the ske]etal
muscie  tormatlon because it involves many  of  the major

theme$  of developmental biology; cell Iineage determination,
migration,  commitment,  cel)-cell  interaction, fusjon,
differentiation, celj growth, maturation,  and  morphogenesis.

Many  of the previous studles  in vitro have  revealed  that
humoral factors, especially  growth factors such  as  fibroblast

growth factor, play primary ro)es  in regulating  myogenic

differentiatjon {for review  see  Florjni and  Magri, 1989),

   Recently, transforming growth factor (TGF)-B has also
received  much  attention as  one  oi the myogenesis-reguLatlng

factors. TGF-S  is a potent inhibitor of myogenic  differentiation

and  has been  suggested  to act at the commitment  stage  of

myogenic  differentiatjon, but to have no  effect on  myoblast

proliferation. According to Florini and  Magri <1989), 
"com-

mitment  to myogenic  differentiation'' refers to the first part of
myogenic  differentiation, in which  proliferating myoblasts  are

converted  to postmitotic cells that are irreverslbly commited

to subsequent  myogenic  differentiation, but have not yet begun
to fuse or to exhibit  the other  properties of terminaiFy

differentiated rnuscle  cells,

   ActMns  are  members  of TGF-B superfamily.  These
molecules  are  multifunctional and  have been known to regu1ate
various  celi functions, Activins are  currently  regarded  as

differentiationfactors,sincetheyhavebeenshowntomodu1ate

the differentiation of many  types of ceils  Uor review  see

Massague, 1990),

   lt ]s well  known  that activins  lnduce the formation of

'
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me$oderm  during early  embryonic  development <for review

see  Asashima, 1 994), ln vitro, actMns  can  induce the formatbn
of mesodermal  cells such  as  muscle  cells  in a  concentration-

dependent manner,  An activin-binding protein, follistatin, has
also been identMed, Follistatin acts as  an  antagonist  of activin

in vitro, whereas  the in vivo function of follistatjn is currently

unc[ear(Massague,1990).

   TG  F-B has also  been  shown  to be a mesoderm-indlicing

factor (Smith, 1993; Asashima,  1994). Thus, it is oi consid-

erable  interest that TGF-P  has dual activities of inhibition and

stimulation  of the development of myogenic  cells. Since the
effect  of  activins on  myogenic  differentiatjon has not been
investigated so  far, we  decided to examine  the effect ot activin
A on  in vitro myogenic  differentiation and  to compare  it to that

ot  TGF-B.

   In thjs paper, we  investigated the effect of actavin A on

the in vitro  differentiation of primary myogenic  cei]s isolated

from chick  embryos.  We  demonstrate  that activin A dose-
dependently inhibits myogenic  difterentiation. The inhibitory
act[vjty Is comparable  to that of TGF-B,  suppressing  the
transition from the proliferation phase to the ditferentiation

phase of myogenic  ceil  development,

          MATERIALS  AND  METHODS

Reagents

   Human  recombinant  activin  A and  human  recombinant  follistatin

were  gittsfrom Dr. Eto {Aimomoto Co, 1nc.), Eagle's minimum  essential
med[um  (MEM) was  from  Nissui (Tokyo), Hor$e serum  was  from
Koiinbio {Tokyo}. Chick se[um  was  from Gibco, Transterr[n (Tf/
ovotransferrin  iron-complex type IP frem chicken  egg  white)  was

obtained  from Sigma.
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Cel/culture

  Preparation and  culture of primary myogenic  cells from breast
muscle  of 11-day  ehick  embryos  were  carried  out  according  to the

procedure ef Kimura etal,  {19B2), Ce"s were  cultured at 3x  105/di$h

in 1 .5 ml of culture medium  (85% MEM  
-
 1 5%  horse serum  

-
 30 ug/ml

Tt) in gelatin-coated 35-mm  dishes (FaLcon) at  37"C in a humldified
59'o C02 atmosphere,  The culture  media  vveie  not changed  during the

incubation,

Creatinekinaseassay

  Creatine kinase (CK) activity  in ceil lysates was  analyzed

accerding  to Kimura et  al. (1985), using  a diagnost]c kit CATRON}
and  autoanalyzer (Simadzu CL-71 eO}, The CK  actLvity (mUIciish> was

expressed  as  an  average  of three dishes.

Northernbfotanalysis

  The  expres$ion of MyoD1  was  examined  by Northern blot anaFysis

according to Momoi et  aL  (1992), ln this analysjs,  ce"s  were  cultured

at a  cell denslty of 1 x 107idish in 1O ml ot MEM  containing 15% horse
serum  and  2%  of  chick  serum  in gelatinized 100-mm  tLssue cvlture

dishes(Corning).

RESVLTS

tnhibitoty effect of activin A  on  myogenic  differentia tion

   The  effect of activin A  on  myogenic  differentiation was

examined  morpholegically  and  biochemically. Control cells
show  well-developed  myotubes  atter 96 hr in culture (Fig, 1A),
ln contrast, cel)s treated with  1OO ng7ml  (approximately 4 nM)

activin A from the beginning of cultivation formed  only  thin

myotubes  (Fig. 1B). For comparison,  the effect  of TGF-Pl  was

also examined  at 1OO ng/m), and  it wa$  confirmed  that TGF-

Bl also suppressed  myogenic  differentiation (data not shown),

The activin A and  TGF-B were  comparable  in their abilities to

inhjbit myogenic  ditferentiation. Conslstent with  the

morphologicalobservations,actMnAwasalsoshowntoinhibit

biochemical d]fferentiation. As shown  in Fig, 2A, activin A dose-
dependentlyinhibitedCKaccumu]atlon,ablochemicalmarker

of myogenic  differentiation.

   We  examined  how the inhibitory effect  changed  when  the

sta ning time of activin A-treatment after  platLng was  changed,

ActMn  A {1OO ngtml) was  added  to the cuitures  O, 24, 48, 72,

and  96 hr after plating and  the cells were  harvested after 120

hr {Fig. 2B). When  actlvin A  was  provided from the beginning
ot cultivation, essentially no  CK  accumulation  was  observed.

Similarly, if activin A-treatment was  begun 24 hr after plating,
CK accumulation  was  almost  compietely  inhibited. In the case
of treatment at 48 hr, CK  accumulation  was  rather  high
although signiticantly less than the untreated control. When
actMn  A  was  added  at 72  or 96 hr, the reduction  in CK  actMty

was  very  low.

   We  further examined  the effect of actMn  A in more  detail
by subdividing  the starting time of activin-treatment  around

48 hr after plating, As shown  in Fig. 3B, the actMn-susceptibiltty
was  fairly discrete between 40 and  48 hr.
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Fig. 2, Ettect of activin  A  on  myogenic  differentiation. {A} Dose-
  re$pon$e  for CK  accumu]ation.  The cells  were  cultured  for 120

  hr.(B)EffectofactMnAgivenatvarioustimesatterthebeginning

  ofcultivationonCKaccumulation,ActivinA(100ngtml)wasgiven

  at O <X), 24 <1), 48 (a), 72 (A), and  96 hr (),} after  seedlng,

  Control (e) was  cultuted in the absence  of actlvin A, Each  plot i$

  the mean  of three independent measvrements,
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Fig. 1. Chick myegenic  ce[ls  cuttured  for 96 hr in control  medium

  (A) and  1 OO mglml  activ]m A-containing med[um  (B). Bar/ 5eO um.
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Fig. 3. Effect of activlnAon  myogenicdifferentiation.  {A> T[me course
  ef CK  accumulation  of control  cuiture. (B) CK  act[vity of cuitures

  treated with  activin A <1OO ngiml) from various  times after the

  beginning of  cultivation,
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.

Efiect of fOtiistatin on  inhibitoty activity ofactivin  A

   The effeci ot tollistatin on  the myogenesjs-inhibttory

actMty  of activin A was  examined.  Follistatin (1 p[gi'ml) could

cancel  approximatly  80%  of the inhibition by activln A <1OO
nglml)  when  added  to the cultures  at a 7:1 molar  ratio  of

follistatin:activin A (Fig. 4A), This effect of fol[istatin wa$  also

showntodependonthetimeofthetreatmentduringcultivation,

The  data in Fig, 4B  show  that the  cells  that had  been treated

with  activin A  from the beginning ot  the cuitivation  could

differentiate ir treated with  follistatin at any  time during the

cultivation, i.e., the cells began to differentiate in a delayed
manner,

Efiect of activSn A  en  the expression  of  ILlyoDf in myobiasts

   We  examined  the effect of activin  A  on  the MyoDl

express]on  in myoblasts.  Figure 5 shows  that activin A  inhibits

the expression  of MyoDl ,
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Fig, 4, Effect of  fol)istatln on  myogenesis-[nhibitory  activity ot activin

   A, (A) Reversal by foiljstatin of activAn  A CIOO ngfml)-treated  celis

   trom  inhibition ot myogenic  ditferentiatlon, Control means  the
   culture  not  treated with  actlvin  A  and  iollistatin, Others were
   culturedinthepresenceoflOOnglmPactlvinAandaddedfotiistatin

   af  various  concentratiens.  (B) Effect of tollistatinO yglml) added

   to activin  A OOO ngJml)-tceated  cells (X) at 24 (:), 48 (A), and
   72 hr (]) atter seeding,  Control (e) was  cultured  jn the ab$ence

   af  both  actMm  A  and  follistatin. Each p]ot is the mean  ef three

   independentmeasurements.
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Fig. 5. Effeet of activin  A on  the expre$s[on  of MyoDl. Totai RNA
   (20 pg) extracted  trom myogenic  cells  at  O (A), 6 CB), t2 (C), and

   24  hr (D) after  plating and  exposure  to actMn  A (1 ngtml)  was

   bybridized te a chick  MyoD1  pfobe.

DISCUSSION

   ln this paper  we  have  $hown  that  activjn  A dose-
dependently  inhibits the  in vitro  ditterentiation of prjmary
myogenic  cells  iso[ated trom chick  embryos  (Figs,1 and  2A).
The dose-dependency  of  their inhibition is comparabie  to that

observed  for TGF-B-mediated inhibition of myogenesis  jn vitto.

   The extent of myogenesis  depends on  seve  ral processes,
including proliferation of myoblasts,  withdrawal  from cell cycle,
cell fu$ion, and  growth  and  maturation  of myotubes,  To

determine the step(s)  at vifhich  the inhibitory action  of activin

A was  exerted,  we  did some  experiments.

   First, we  examined  how the myogenic  differentiation is
affected  vvhen  the ce)Is were  treated with  actMn  A  (1OO ngt
ml)  O, 24, 48, 72, and  96 hr atter  plating (Fig. 2), When  the

celis were  treated wPth  actMn  A within  24 hr, CK  accumulation

was  aimost  compietely  suppressed,  However,  when  treated

at 48  hr, CK  accumulation  occurred,  a)though  It was

considerably  lower compared  to control  cultures, lf activin A-
treatment was  performed at 72 or 96 hr, only  a  Iittle inhibltion
was  observed.  In our  culture system,  untreated  control cultures

do not  produce signlficant  amounts  ot  CK  at  24  hr, but a  small

amount  of accurnuPation  is observed  at 48 hr (see Fig. 2B).
A[though the cellular synchronisity  during the ditterentiation

process is not  high, these  observation  suggest  that

commitment  from proMeration phase to differentlation phase
occurs  between  24 and  48 hrafter plating and  a  small  fraction

of the cell popuiation is beginning to fuse at 48 hr, The  small

amount  of CK  accumuFation  observed  jn the cultures  treated

with actMn  A at O or 24 hr ]s possibly due to a cell population
that had atready  become commltted  to diiierentiatlon in vivo
or  during the early  period of  culture  in vitra  At 48  hr, a

conslderable  fraction of, and  at 72 hr, most  of the celes, have

become committed  and  are able  to ditterentiate in the presence
of actMn  A, Thus, these results impiy that the inhibition of

myogenesis  by activin A does not occur  during the myotube

growth  phase, but rather  during the  proliferation orland

commitment  phases  of  myogenic  cells,  ActMn  A had  no  effect

on  myoblast  proliferation <data not shown>,

   These results  strongly  suggest  that the inhibition ot

myogenic  differentiation by actMn  A  is possibly due to the

inhibjtion of  an  early  phase of differentiation, that is the  step

between  ceH  cycle  withdrawal  and  commjtment  to

differentiatlon, This is alse  suggested  by the sharp  difference
in actMn-sensitivity  before and  after 48 hr (Fig, 3B), Since
TGF-B  has previously been  suggested  to inhibit the

commitmentofmyoblasts,itispossibletospeculatethatactivin

A and  TGF-P  exhibit similar effects on  rnyogenic  differentiation.

In preLim[nary experiments  activin A  and  TGF-S  cotreatment

was  shown  to inhibit myogenic  differentiat[on in an  additive

manner,

   We  examlned  how  the inhlbitoty actMty  of activin was

a{fected  by follistatin, which  is known  to bind specifically to

act]vin and  inhLbit its b[ological actlvities, As can  be  seen  in

Fig, 4A, the inhibitory activity o"OO  ngfml  activin A was

repressed  only  slightly  by follistatin at concentrations  of less
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than 300 ng!ml, but 80%  or more  ot activin's inhibitory activlty

was  repressed  at 1 ggVml, The  molar  ratio of 100 nglml  activin

 t pglml follistatin ls some  1 i7. This result agrees  w[th previous
observation  that the bioactivity of activin in erythroid
differentiation system  of Friend cells is suppressed  by foMstatLn
at molar  ratios of 5 or more  <Eto, personal communication},

   When  folljstatin (1 pgfml) was  added  at var[ous  times to

cultures  containing  1OO nglmi  activin A, all the cultures  were

released  from the actjvln-induced  inhibition and  delayed CK
accumulations  were  observed,  although  the time courses  were

different depending on  the time of the follistatin treatment <Fig,
4B). The factihat activin A inhibits the MyoDl  expression  (Fig,
5) suggests  the reductjon  of differentiative potential during the

activin-induced  arrest  of commitment.  This is reflected in the

result shovvn  in FLg. 4B  whLch  demonstrates that the rate ot
CK  accumulatlon  was  slower  when  the rescue  by follistatin
was  performed  at Iater tlmes, Thus, these results  clearly

demonstrate  that the effect of  actMn  A  is reversible  and  that

the mode  of action resembles  that of TGF-S, As  long as  fresh

TGF-3-containing medium  is provided, inhibition ot

differentiatlon can  be sustained,  but reversal of the inhibition
is observed  after  removal  of  TGF-P  (Florini and  Magri, 1989),

The result shown  in Fig. 4B  raises  the possibility that levels ot

CK  accumulation  ef the all cultures  released  from activin A
inhibition might  reach  nearly  to that of the control  cuiture  if
cultured  forionge; period, This result  again  strongty  suggests

that activin A inhLbits the early  phase of  differentiation around

commitment  stage, lt may  be that the cells were  arrested  at

commitment  phase by activin A, but follistatin released  them

from the arrest by inactivating activin bound to its cell surtace
receptor.  O]son et aL {1986) reported  that meuse  C2 ceils

become  postmitotic in the presence of TGF-6,  Myogenesis-

inhib]ting actMty  of TGF-S  was  not reversed  by follistatin (data
not shown).  At present, our  data show  that the dLfference jn

the effect on  myogenic  differentiation between actMn  and  TGF-

B is soleiy the sensitMty  to follistatin. Regard]ng the effect of
foMstatin on  myogenic  differentiation, our  unpublished  data
suggestthatfoElistatinexhibitsamyogenesis-promotingactivlty

at unphysiological)y  high concenirations  and  also  infiuences

at the phase of myotube  growlh, lt is ef much  inte rest whether

fol[istatin acts  on  myogenic  cells derectly or indirectly, possibly
by inactivatlng activin secreted  by ceHs  themselves.
   We  also  demonstrated  that activjn  A inhibited the

expression  ot MyoDl  which  i$ known  to participate in the

regulation  of myogenic  differentiation (Fig. 5), lnhibitions of

MyoDl  expression  have also  been  demonstrated for TGF-Bl

(unpublished data), We  are  now  investigating whether

expression  of other  myogenesis  regulating  factors are  affected

by activin A,

   Some  bone  morphogenetic  proteins have also  been

repo  rted to inhibit myogenic  differentiation {lnada et aL, 1 996}.

Therefore, it may  be that members  oi TGF-S  superfamjly  in

generai have  the ability to lnhibit in myogenic  differentiation,
However, the true nature  of the action  of  activin and  other

members  ot TGF-fi superfamily  on  myogenic  differentiation

remained  to be resolved.
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