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Abst r act . The accumul at i on of t wo myogeni c r egul a-

t or y pr ot ei ns, MyoD and myogeni n, was i nvest i gat ed

by doubl e- i mmunocyt ochemi st r y and cor r el at ed wi t h

myosi n heavy chai n expr essi on i n di f f er ent cl asses of

myobl ast s i n cul t ur e and dur i ng ear l y myogenesi s i n

vi vo.

Dur i ng i n vi t r o di f f er ent i at i on of f et al myobl ast s,

MyoD- posi t i ve cel l s wer e det ect ed f i r st , f ol l owed by

t he appear ance of cel l s posi t i ve f or bot h MyoD and

myogeni n and f i nal l y by t he appear ance of di f f er en-

t i at ed myocyt es and myot ubes expr essi ng myosi n heavy

chai n ( MHC) . A si mi l ar pat t er n of expr essi on was ob-

ser ved i n cul t ur es of embr yoni c and sat el l i t e cel l s . I n

cont r ast , most myogeni c cel l s i sol at ed f r om newl y

f or med somi t es, expr essed MHC i n t he absence of de-

t ect abl e l evel s of myogeni n or MyoD.

I n vi vo, t he appear ance of bot h myogeni n and MyoD

pr ot ei ns was onl y det ect ed at 10. 5 d post coi t um( d . p. c. ) ,
when t er mi nal l y di f f er ent i at ed muscl e cel l s coul d al -

r eady be i dent i f i ed i n t he myot ome . Par asagi t t al sec-

t i ons of t he caudal myot omes of 10 . 5- d- ol d embr yos

showed t hat expr essi on of cont r act i l e pr ot ei ns pr eceded

t he expr essi on of myogeni n or MyoD and, when co-
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DFFERENT popul at i ons of skel et al myobl ast s ( embr y-
oni c, f et al , adul t , f ast , sl ow, and mi xed) mi ght ac-
count i n par t f or t he asynchr onous gener at i on and t he

phenot ypi c het er ogenei t y of muscl e f i ber s ( St ockdal e and
Mi l l er , 1987 ; Cossu and Mol i nar o, 1987 ; St ockdal e, 1989 ; Vi -
var el l i et al . , 1988) . Unt i l now, however , i t has not been cl ear
how such myobl ast het er ogenei t y mi ght ar i se and whet her i t
mi ght be i n any way r el evant t o t he l at er phases of muscl e
devel opment .

Dr . G. Lyons' pr esent addr ess i s Depar t ment of Anat omy, Uni ver si t y of Wi s-
consi n, Madi son, Wl .

1 . Abbr evi at i ons used i n t hi s paper : HLH, hel i x- l oop- hel i x ; r t , r oomt em-
per at ur e .

© The Rockef el l er Uni ver si t y Pr ess, 0021- 9525/ 92/ 03/ 1243/ 13 $2 . 00
The Jour nal of Cel l Bi ol ogy, Vol ume 116, Number 5, Mar ch 1992 1243- 1255

expr essed, MHC and myogeni n di d not co- l ocal i ze

wi t hi n al l t he cel l s of t he myot ome. I n t he l i mb bud,

however , many myogeni n ( or MyoD) posi t i ve/ MHC

negat i ve cel l s coul d be obser ved i n t he pr oxi mal r e-

gi on at day 11 . Dur i ng f ur t her embr yoni c devel opment

t he expr essi on of t hese pr ot ei ns r emai ned const ant i n

al l t he muscl e anl agens exami ned, decr easi ng t o a l ow

l evel dur i ng t he l at e f et al per i od. West er n and Nor t h-

er n anal ysi s conf i r med t hat t he myogeni n pr ot ei n coul d

onl y be det ect ed af t er 10. 5 d . p . c. whi l e t he cor r e-

spondi ng message was cl ear l y pr esent at 9. 5 d . p . c . ,

st r ongl y suggest i ng a post t r anscr i pt i onal r egul at i on of

myogeni n dur i ng t hi s st age of embr yoni c devel opment .

These dat a show t hat t he f i r st myogeni c cel l s whi ch

appear i n t he mouse myot ome, and can be cul t ur ed

f r om i t , accumul at e muscl e st r uct ur al pr ot ei ns i n t hei r

cyt opl asm wi t hout expr essi ng det ect abl e l evel s of myo-

geni n pr ot ei n ( al t hough t he message i s cl ear l y accumu-

l at ed) . Nei t her MyoD message or pr ot ei n ar e det ect -

abl e i n t hese cel l s, whi ch may r epr esent a di st i nct

myogeni c popul at i on whose r ol e i n devel opment r e-

mai ns t o be est abl i shed .

The r ecent i dent i f i cat i on of f our myogeni c r egul at or y
genes ( MyoD, myogeni n, myf - 5, and myf - 6/ MRF4/ her cu-
l i n) , bel ongi ng t o t he hel i x- l oop- hel i x ( HLH) ' f ami l y of
DNA bi ndi ng pr ot ei ns and capabl e of act i vat i ng myogenesi s
upon t r ansf ect i on i n non- muscl e cel l s ( r evi ewed i n Ol son,
1990 ; Wei nt r aub, 1991) , has opened new appr oaches t o t he
pr obl emof myogeni c cel l het er ogenei t y . I n f act , t he di f f er en-
t i al expr essi on of one or mor e of t hese genes i n di f f er ent
popul at i ons of myobl ast s mi ght be r esponsi bl e f or subt l e
phenot ypi c di f f er ences obser ved among t hese di f f er ent myo-
geni c cel l s . I n si t u hybr i di zat i on st udi es on t he expr essi on of
t hese f act or s dur i ng mouse embr yoni c devel opment suppor t
t hi s hypot hesi s, si nce each of t he myogeni c f act or s shows a
uni que pat t er n of expr essi on i n space and t i me . Myf - 5 i s t he
f i r st of t hese genes t o be det ect ed i n t he dor sal l i p of t he der -
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mamyot ome at ei ght days of devel opment , but t hi s expr es-
si on di sappear s at about 12- 13 d ( Ot t et al . , 1991) . Myogeni n
and MyoD t r anscr i pt s appear , r espect i vel y, at 8. 5 and 10. 5 d
i n t he myot ome and at - 11 d i n t he l i mb bud and cont i nue
t o be expr essed ( Sassoon et al . , 1989) . Fi nal l y, myf - 6 i s t r an-
si ent l y expr essed i n t he myot ome but not i n t he l i mb buds
dur i ng t he embr yoni c per i od and i s subsequent l y expr essed
i n al l muscl e dur i ng f et al and adul t l i f e ( Bober et al . , 1991 ;
Hi nt er ber ger et al . , 1991) .

The r ecent avai l abi l i t y of pol ycl onal ant i bodi es and mAbs
agai nst t he pr ot ei n pr oduct s of sever al of t hese genes al l ows
an i mmunohi st ochemi cal anal ysi s of t he expr essi on of t hese

f act or s . Her e we descr i be t he expr essi on of t wo of t hese f ac-

t or s, MyoD and myogeni n, i n di f f er ent cl asses of myobl ast s
i n vi t r o and i n vi vo .

Mat er i al s and Met hods

Cel l Cul t ur es

Cel l s wer e cul t ur ed f r om somi t es or l i mbs of mouse embr yos and f et uses,
r angi ng i n age f r om8 t o 17 d post coi t um ( d . p . c . ) , and f r oml i mbs of adul t

mi ce as pr evi ousl y descr i bed ( Vi var el l i and Cossu, 1986 ; Cossu et al . ,

1983) . Br i ef l y, embr yoni c t i ssue was di ssoci at ed by gent l e pi pet t i ng i n a Ca-

Mg- f r ee PBS, whi l e f et al and adul t t i ssues wer e di gest ed wi t h 0. 05 %t r ypsi n

( Di f co Labor at or i es I nc. , Det r oi t , MI ) i n PBS f or di f f er ent per i ods at 37° C.

Af t er t he pr ot eol yt i c di gest i on, t he t i ssues wer e f r agment ed by r epeat ed
pi pet t i ng, t he debr i s was r emoved by f i l t r at i on t hr ough st er i l e nyl on gauze,

and t he cel l s wer e col l ect ed by cent r i f ugat i on . Unl ess ot her wi se speci f i ed,
cel l s wer e i nocul at ed at an i ni t i al cel l densi t y of 3 x 105 cel l s/ ml i n DME

( Fl ow Labor at or i es, I r vi ne, Scot l and) suppl ement ed wi t h 15 %hor se ser um
( Fl ow Labor at or i es) and 3 % chi ck embr yo ext r act .

I mmunocyt ochemi st r y

The f ol l owi ng ant i bodi es wer e used i n t hi s st udy : ( a) An ant i - MyoD r abbi t

ant i ser um ( obt ai ned f r om H. Wei nt r aub ; Tapscot t et al . , 1988) . ( b) Ant i -

myogeni n mAbs, obt ai ned by i mmuni zi ng mi ce wi t h r at r ecombi nant myo-

geni n ( Wr i ght et al . , 1991) . The monocl onal F5D r eact s i n ELI SA wi t h

r ecombi nant myogeni n but not wi t h MyoD, Myf 5, or MRF4 . The epi t ope

i s l ocat ed j ust car boxyt er mi nal t o t he HLHdomai n of t he myogeni n pr ot ei n .
On West er n bl ot s t he ant i body r eact s wi t h a pai r of t i 34- kD pol ypept i des

pr esent i n myogeni c but not i n f i br obl ast i c cel l l i nes. The r eact i on i s abol -

i shed by pr e- i ncubat i ng t he ant i body wi t h r ecombi nant myogeni n . Ot her

monocl onal s ( D12F, A3B) , di r ect ed agai nst di f f er ent myogeni n epi t opes,

wer e al so used wher e i ndi cat ed . ( c) MHCant i bodi es . MF20 i s a mAb whi ch

r ecogni zes al l sar comer i c myosi ns ( pr ovi ded by D. A. Fi schman ; Bader et

al . , 1982) . A r abbi t ant i ser um agai nst ( MHC) was obt ai ned f r om Si gma

Chemi cal Co. ( St . Loui s, MO) . I n cont r ol exper i ment s on t i ssue cul t ur e and

cr yost at sect i ons, i t st ai ned t he same cel l s and subcel l ul ar st r uct ur es st ai ned

by MF20, i . e . , sar comer es i n skel et al and car di ac muscl e cel l s .

Embr yos wer e f i xed i n 4 %par af or mal dehyde i n PBS, dehydr at ed t hr ough

a ser i es of sucr ose sol ut i ons ( 12, 18, and 30%) , sect i oned on a cr yost at , and

mount ed on gel at i n- coat ed sl i des . The sl i des wer e washed i n 1% BSA i n

PBS f or 30 mi n . Sect i ons wer e pr et r eat ed wi t h goat ant i - mouse I gG( Cappel
Labor at or i es, Mal ver n, PA) at 1 : 30 di l ut i on t o r educe nonspeci f i c f l uor es-

cence .

The t i ssue sect i ons and cul t ur ed cel l s wer e i ncubat ed f or 1 h at r oomt em-

per at ur e ( r t ) wi t h pol ycl onal ant i bodi es ( at di l ut i ons r angi ng f r om 1 : 50 t o
1 : 500) and mAbs ( di l ut ed 1 : 10) ; af t er t he i ncubat i on, t he sampl es wer e

washed t hr ee t i mes i n 1% BSA i n PBS and t hen i ncubat ed wi t h a f l uor es-
cei n- conj ugat ed goat ant i - r abbi t I g and wi t h a r hodami ne- conj ugat ed goat

ant i - mouse I g ( bot h second ant i bodi es wer e obt ai ned f r omCappel Labor a-

t or i es and used at 1 : 30 di l ut i on f or 1 h at r t ) . Cul t ur es and sl i des wer e

mount ed i n PBS at pH 8, suppl ement ed wi t h 75% gl ycer ol , and obser ved

under an epi f l uor escence mi cr oscope ( Car l Zei ss, Ober kochen, Ger many) .

West er n Bl ot Anal ysi s

Ti ssues wer e homogeni zed i n 0. 4 MNaCl , 50 mMTr i s- Cl , pH7. 4, 5 mM

MgC12, and 1 mM each of t he pr ot ease i nhi bi t or s benzami di ne, PMSF,

l eupept i n, and soybean t r ypsi n i nhi bi t or ( al l f r om Si gma Chemi cal Co . ) .
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The homogenat e was cent r i f uged at 100, 000 g and t he super nat ant was sepa-

r at ed on a 10% SDS- PAGE, t r ansf er r ed t o ni t r ocel l ul ose, and i ncubat ed

wi t h ant i - myogeni n ant i bodi es at 1: 10 or 1: 50 di l ut i on f or 2 h at r t . The r eac-

t i on was r eveal ed by t he i mmunogol d- si l ver st ai ni ng ki t ( Amer shamCor p . ,
Ar l i ngt on Hei ght s, I L) usi ng an aur opr obe BLpl us goat ant i - mouse second

ant i body accor di ng t o manuf act ur er ' s i nst r uct i ons . Under i dent i cal con-
di t i ons 1- 2 ng of r ecombi nant myogeni n ( Wr i ght et al . , 1991) coul d be

det ect ed .

Nor t her n Bl ot Anal ysi s

Tot al RNA was pr epar ed f r om somi t es of 9. 5- or 11 . 5- d- ol d mouse embr yos

or f r om di f f er ent i at i ng C2C12 cel l s by aci d phenol ext r act i on ( Chomc-

zynsky and Sacchi , 1987) . Gel el ect r ophor esi s, RNA t r ansf er , and hybr i d-

i zat i on condi t i ons have pr evi ousl y been descr i bed ( Bober et al . , 1991) . The

pr obes used f or Nor t her n bl ot anal ysi s wer e a DNA f r agment cor r espondi ng

t o t he 3' UTRof t he myogeni n cDNA ( as descr i bed f or cRNA pr obes used
f or i n si t u hybr i di zat i on) and t he pAl pl asmi d whi ch r ecogni zes 0- act i n

( Fer r ar i et al . , 1990) . DNA was l abel ed t o a speci f i c act i vi t y of 1- 3 x 108
cpm/ , ug usi ng t he mul t i pr i me l abel i ng ki t f r om Amer sham.

Pr epar at i on and Pr e- hybr i di zat i on of Tf l ssue Sect i ons

CDI mouse embr yos wer e f i xed and embedded as descr i bed f or i mmunocy-
t ochemi st r y . Rest r i ct i on f r agment s, whi ch speci f i cal l y det ect myogeni n
t r anscr i pt s, wer e subcl oned i n t he Bl uescr i pt t r anscr i pt i on vect or ( St r at a-
gene, La Jol l a, CA) and gr own i n Escher i chi a col i TGI . The pr obe cor r e-
sponds t o t he 3' t er mi nal 700 by of t he r at myogeni n cDNA ( Wr i ght et al . ,
1989) . The cRNA t r anscr i pt s wer e synt hesi zed accor di ng t o t he manuf ac-
t ur er s i nst r uct i ons and l abel ed wi t h 35 S- UTP ( >1, 000 Ci / mmol e ; Amer -
sham Cor p . ) . cRNA t r anscr i pt s wer e par t i al l y hydr ol yzed t o a mean si ze
of 70 nucl eot i des f or ef f i ci ent access t o i n si t u mRNA.

Hybr i di zat i on and Washi ng Pr ocedur es

Hybr i di zat i on and washi ng pr ocedur es wer e per f or med as descr i bed i n
Lyons et al . ( 1990) . Sl i des wer e di pped i n undi l ut ed NTB- 2 nucl ear t r ack
emul si on ( East man Kodak Co. , Rochest er , NY) and exposed f or 1 wk at
4° C. Sl i des wer e devel oped i n Kodak D- 19 and anal yzed usi ng l i ght and
dar k f i el d opt i cs on an Axi opl an mi cr oscope ( Car l Zei ss) .

Nomencl at ur e

Thr oughout t hi s paper , t he f ol l owi ng nomencl at ur e ( as descr i bed i n St ock-
dal e and Mi l l er , 1987) wi l l be adopt ed : ( a) Myobl ast s ar e myogeni c,
mononucl eat ed, mi t ot i c cel l s t hat ar e consi der ed " commi t t ed" t o t he myo-
geni c l i neage but do not expr ess skel et al muscl e MHC i n t hei r cyt opl asm.
( b) Myot ubes ar e post mi t ot i c, ol i go ( >2) , or mul t i nucl eat ed cel l s t hat ex-
pr ess di f f er ent MHC pr ot ei ns i n t hei r cyt opl asm. ( c) Myocyt es ar e post mi -
t ot i c mononucl eat ed cel l s t hat expr ess di f f er ent MHC pr ot ei ns i n t hei r

cyt opl asm. ( d) The embr yoni c per i od of devel opment , i n whi ch maj or mor -
phogenet i c event s t ake pl ace i n t he devel opi ng or gani sm, l ast s f r omgast r u-
l at i on ( 6. 5 d . p. c. ) t o 12 d . p . c . i n t he mouse. ( e) The f et al per i od, cor r e-
spondi ng t o a per i od of gr owt h i n t he al r eady f or med or gani sm, l ast s f r om
day 13 t o bi r t h. ( f ) Embr yoni c myobl ast s ar e i sol at ed f r ommuscl e anl agens
of mouse embr yos r angi ng i n age f r om 10 t o 12 d . p . c . and cor r espond t o
embr yoni c myobl ast s i sol at ed f r om chi ck E5 st age ( St ockdal e and Mi l l er ,
1987) and t o ear l y muscl e col ony- f or mi ng myobl ast s ( Rut z and Hauschka,

1982) : t hey f or mol i gonucl eat ed myot ubes ( hence, r ef er r ed t o as embr yoni c
myot ubes) whi ch co- expr ess f ast embr yoni c and sl ow MHCand di f f er ent i -
at e i n t he pr esence of TPA ( Cossu et al . , 1988) . ( g) Fet al myobl ast s ar e i so-
l at ed f r omf et al muscl es of mouse f et uses r angi ng i n age f r om15 t o 17 d . p. c .
and cor r espond t o f et al myobl ast s i sol at ed f r om chi ck day 12 embr yos and
t o l at e muscl e col ony- f or mi ng myobl ast s : t hey f or m l ar ge mul t i nucl eat ed

myot ubes ( f et al myot ubes) t hat i ni t i al l y expr ess onl y f ast embr yoni c MHC.

Resul t s

I n Vi t r o St udi es

Fet al myobl ast s, i sol at ed f r om l i mb muscl es of 16 d . p . c .
mouse f et uses, wer e f i xed af t er di f f er ent days i n cul t ur e and

i ncubat ed wi t h di f f er ent combi nat i ons of ant i bodi es di r ect ed

agai nst MyoD, myogeni n, or MHC. Fi g . 1 shows f et al myo-
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bl ast s doubl e st ai ned wi t h MF20 ( whi ch st ai ns al l sar co-
mer i c myosi ns) ver sus an ant i - MyoD pol ycl onal ant i body. At
day 1 of cul t ur e ( Fi g . 1, A and B) , many nucl ei st ai ned wi t h

t he ant i - MyoD ant i body ( Fi g. 1 B) whi l e ver y f ew cel l s

st ai ned wi t h MF20 ( an exampl e i s shown i n Fi g . 1 A) . At

t he onset of f usi on ( day 3 of cul t ur e) many di f f er ent i at ed

myocyt es and newl y f or med myot ubes st ai ned wi t h bot h t he

ant i - MyoD and MF20 ant i bodi es, whi l e many cel l s st ai ned
wi t h ant i - MyoD but not wi t h MF20 ( Fi g . 1, Cand D) . No

MF20+/ MyoD- cel l s coul d be det ect ed . Af t er f usi on was
compl et ed ( day 5 of cul t ur e) , t he maj or i t y of cel l s st ai ned
wi t h bot h ant i bodi es ( Fi g. 1, E and F) but t he i nt ensi t y of
st ai ni ng i n myot ube nucl ei had decr eased . The same cul t ur e
was al so doubl e st ai ned wi t h F5D ( a mcab speci f i c f or myo-
geni n) and ant i - MyoD ant i body. At day 1 of cul t ur e ( Fi g . 2,
A and B) many mor e cel l s st ai ned wi t h ant i - MyoD t han wi t h

Cusel l a- De Angel i s et al . Pr i mor di al Myobl ast s i n Mouse Somi t es

Fi gur e 1. Doubl e i mmunof l uo-
r escence of f et al myobl ast s
cul t ur ed f r om 16- d . p. c . mouse
f et al l i mbs . The cel l s wer e
st ai ned wi t h MF20 mcab ( A,
C, and E) and ant i - MyoD
pcab ( B, D, and F) at day 1 ( A
and B) , day 3 ( Cand D) , and
day 5 ( E and F) of cul t ur e.
Ar r owhead shows a nucl eus
st ai ned wi t h ant i - MyoD ant i -
body, whose f l uor escence was
consi der ed t hr eshol d i n or der
t o quant i f y posi t i ve cel l s ( see
Fi g . 3) . Bar , 10 , um.

ant i - myogeni n ; at day 3, however ( Fi gs . 2, Cand D) , t he t wo
pr ot ei ns co- l ocal i zed i n vi r t ual l y al l of t he myogeni c cel l s,
as t hey di d i n t he nucl ei of myot ubes at day 5 ( Fi g. 2, Eand
F) even t hough, at t hi s st age, f l uor escence was weaker i n
some nucl ei . Fi g . 3 i l l ust r at es t he i ncr ease i n t he number of
MyoD, myogeni n, and MHC posi t i ve cel l s i n cul t ur es of f et al

myobl ast s . When t he exper i ment was r epeat ed on sat el l i t e
cel l s, i sol at ed f r omskel et al muscl e of adul t mi ce, essent i al l y

t he same r esul t s wer e obt ai ned ( dat a not shown) .
Embr yoni c myobl ast s, i sol at ed f r om 11- d . p . c. l i mb buds,

showed a somewhat di f f er ent pat t er n of expr essi on of MyoD
and myogeni n i n vi t r o . On day 1 of cul t ur e, many myogeni c
cel l s expr essed MyoD and myogeni n i n t hei r nucl ei whi l e
st i l l negat i ve f or t he pr esence of MHC i n t hei r cyt opl asm.
Unexpect edl y a mi nor , but r epr oduci bl e, f r act i on of t he myo-
geni c popul at i on expr essed MHCi n t he cyt opl asmbut no de-
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t ect abl e amount of MyoD or myogeni n i n t hei r nucl ei . Fi g .

4 shows exampl es of t hese myocyt es, ( MHC+/ MyoD- i n

Fi g . 4, A, B, and MHC+l nt yogeni n- i n C and D) t oget her

wi t h MHC- / MyoD+ or myogeni n+ myobl ast s and MHC+/

MyoD+ or myogeni n+ embr yoni c myot ubes. The pr esence

of MHC+- di f f er ent i at ed muscl e cel l s whi ch do not expr ess

det ect abl e l evel s of MyoDor myogeni n i n t hei r nucl ei mi ght

depend on t r ansi ent expr essi on of t hese gene pr oduct s i n em-

br yoni c myogeni c cel l s or on t he exi st ence of a subpopul a-

t i on of cel l s whi ch can di f f er ent i at e wi t hout ever expr essi ng

t hese pr ot ei ns ( at l evel s det ect abl e by i mmunof l uor escence) .

To di scr i mi nat e bet ween t hese t wo possi bi l i t i es, we anal yzed

ear l y myobl ast s f r omsomi t es f or t he expr essi on of MyoD and

myogeni n dur i ng i n vi t r o di f f er ent i at i on . I n f act , i f MyoD- /

myogeni n- myobl ast s r epr esent a di f f er ent popul at i on, i t i s

concei vabl e t hat t hi s popul at i on mi ght be an ear l y one ( si nce

i t i s not appar ent l y pr esent among f et al cel l s) and t her ef or e

woul d pr edomi nat e at t he ear l i est st ages of myogenesi s . I f ,

on t he ot her hand, t r ansi ent expr essi on of MyoDand myoge-

ni n was a f eat ur e of al l embr yoni c myobl ast s, one woul d ex-

pect t o f i nd MyoD- / myogeni n- - di f f er ent i at ed cel l s i n si mi -

The Jour nal of Cel l Bi ol ogy, Vol ume 116, 1992

Fi gur e 2 . Doubl e i mmunof l uor escence
of f et al myobl ast s cul t ur ed f r om 16-

d . p. c. mouse f et al l i mbs . The cul t ur es

wer e st ai ned wi t h ant i - MyoD pcab ( A,

C, and E) and F5D ( ant i - myogeni n)

mcab ( B, D, and F) at day 1 ( A and

B) , day 3 ( C and D) , and day 5 ( E

and F) i n vi t r o . Ar r ows show myo-

bl ast s whose nucl ei expr ess MyoDbut

not myogeni n . Bar , 10 / Am.

l ar pr opor t i ons among somi t i c myobl ast s . When myobl ast s

wer e expl ant ed f r om somi t es of 8. 5 d . p . c. mouse embr yos

and gr own i n cul t ur e, many mononucl eat ed, cr oss- st r i at ed,

di f f er ent i at ed ( MHC- posi t i ve) myocyt es appear ed dur i ng t he

f i r st days i n vi t r o ( Fi g . 5, A and B) . None of t hese myocyt es

( out of 565 myocyt es scor ed i n t hr ee separ at e cul t ur es) ex-

pr essed det ect abl e l evel s of MyoD or myogeni n i n t hei r

nucl ei dur i ng t he f i r st day of cul t ur e. Af t er 2 d i n cul t ur e,

sever al MyoDand myogeni n posi t i ve cel l s appear ed but none

of t hese cel l s yet expr essed MHC ( Fi g . 5, C and D) . Fi g . 6

i l l ust r at es t he i ncr ease i n t he number of MyoD, myogeni n,

and MHC posi t i ve cel l s i n mi cr omass cul t ur es wher e an i ni -

t i al i nocul umof 10 5 somi t i c and neur al t ube- der i ved cel l s

wer e pl at ed : onl y MHC posi t i ve ( MyoD- / myogeni n- ) cel l s

i ncr ease i n number dur i ng t he f i r st day of somi t i c cul t ur es,

whi l e myogeni n+ ( or MyoD+) cel l s begi n t o accumul at e

dur i ng t he second and t hi r d day i n vi t r o . Thus t hi s pat t er n

i s r adi cal l y di f f er ent f r omt hat obser ved i n cul t ur es of f et al

myobl ast s, wher e onl y MHC- ( MyoD+/ myogeni n+) cel l s

i ncr ease i n number dur i ng t he f i r st days i n vi t r o ( Fi g . 3) . I t

shoul d be not ed t hat MHC+ cel l s r epr esent a ver y smal l
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Fi gur e 3. Ti me cour se of appear ance of cel l s posi t i ve f or MyoD

( - - A - ) myogeni n ( . . . a . . . ) or MHC ( - - - 0- - - ) / mi cr oscopi c f i el d
( scor ed at 400x) , dur i ng cul t ur e of f et al myobl ast s . ( - - - - - r - - - - ) :
t ot al nucl ei / mi cr oscopi c f i el d . 105 cel l s wer e pl at ed i n 30- mm
di shes i n 1 . 5 nt l of compl et e medi um, f i xed at dai l y i nt er val s,
st ai ned wi t h t he di f f er ent ant i bodi es, and t he number of posi t i ve
nucl ei ( f or MyoD) and cel l s ( f or MHC) was count ed . Si nce f l uor es-
cence var i ed f r omcel l t o cel l , we consi der ed posi t i ve t hose nucl ei
whose f l uor escence coul d be di st i ngui shed over cyt opl asmi c back-
gr ound ( an exampl e of such nucl ei i s show i n Fi g. 1 B) . When
myot ubes appear ed, each nucl eus wi t hi n t he myot ube was count ed
as a separ at e cel l . On day 5 of cul t ur e, - 50- 70% of nucl ei wer e
i n myot ubes .

f r act i on ( <5 %) of t he t ot al cel l popul at i on, si nce t he gr eat
maj or i t y of cel l s, cul t ur ed f r omt hese ear l y st ages, do not ex-
pr ess any mar ker whi ch mi ght al l ow i mmunocyt ochemi cal

i dent i f i cat i on . When t he exper i ment was r epeat ed wi t h 9. 5-
d . p . c . embr yos, t he r esul t s wer e si mi l ar , except t hat MyoD+/
myogeni n+ myobl ast s appear ed af t er t he f i r st day of cul t ur e
and i n l ar ger number s, suggest i ng t hat t hei r appear ance i s
somehow t i med i n t he embr yo at - 10 d . p . c. ( see bel ow) . To
i nvest i gat e whet her t hese MyoD- / myogeni n- myogeni c
cel l s mi ght gi ve r i se t o MyoD+/ myogeni n+ myobl ast s we
cl oned cel l s i sol at ed f r om 9. 5- d . p. c . somi t es . Af t er 7 d of
cl onal cul t ur e, t he di shes wer e si mi l ar l y st ai ned wi t h t he var -
i ous combi nat i ons of ant i bodi es. Fi g . 7 shows exampl es of
t hese cel l s, t he maj or i t y of whi ch appear ed as si ngl e, non-
cl onogeni c di f f er ent i at ed MHC+ myocyt es . Appr oxi mat el y
60% of t hese si ngl e myocyt es wer e myogeni n+, t he ot her s
myogeni n- ( Fi g. 7, A and B) . No MHC- / myogeni n+ cel l s
wer e obser ved . A mi nor i t y of smal l ( 2- 8 nucl ei ) di f f er en-

t i at ed MHC+ cl ones wer e obser ved : i n 22 of t hese cl ones,

al l t he nucl ei wer e myogeni n+ . Ot her 5 MHC+ di f f er en-
t i at ed cl ones wer e composed of t wo nucl ei whi ch wer e
myogeni n- ( one of t hese cl ones i s shown i n Fi g . 7, E and
F) . The r esul t s of t hr ee separ at e exper i ment s ar e r epor t ed
i n Tabl e I . I n no case wer e myogeni n+ and myogeni n- cel l s
pr esent i n t he same cl one .

Cusel l a- De Angel i s et al . Pr i mor di al Myobl ast s i n Mouse Somi t es

I n Vi vo St udi es

To i nvest i gat e when and wher e t hese " pr i mor di al " ( MHC+/

MyoD- / myogeni n- ) muscl e cel l s mi ght appear dur i ng em-

br yoni c devel opment i n vi vo, we i ncubat ed ser i al sect i ons

( bot h t r ansver se and par asagi t t al ) of mouse embr yos, r ang-

i ng i n age f r om8. 5 t o 13 d . p. c . , wi t h t he same combi nat i ons

of ant i bodi es used f or t he i n vi t r o st udy. Fi g . 8 shows a dou-

bl e i mmunof l uor escence of 9. 5 ( A and B) and 10. 5 d . p. c. ( C

and D) embr yos i ncubat ed wi t h bot h ant i - MyoD ( A and C)

and ant i - myogeni n ( B and D) ant i bodi es . I t i s cl ear f r omt he

f i gur e t hat no nucl ei can be l abel ed by ei t her ant i body i n a

t r ansver se sect i on of 9. 5- d . p . c. embr yos ( whi ch shows t he

neur al t ube wi t h adj acent somi t es) , whi l e many myot omal

nucl ei wer e l abel ed by bot h ant i bodi es at 10. 5 d . p . c. I n mor e
t han 50 di f f er ent sect i ons t hr ough many di f f er ent 8. 5- t o 9. 5-

d . p . c. embr yo s ( r angi ng f r om5 t o 30 somi t es) we never de-

t ect ed any nucl eus posi t i ve f or ei t her MyoD or myogeni n .

Once f l uor escence became det ect abl e i n myot omes at 10

d . p . c. ( >40 somi t es) , t he gr eat maj or i t y of nucl ei co- ex-

pr essed bot h MyoD and myogeni n . Si mi l ar l y, t he maj or i t y
of t he cel l s pr esent i n t he pr oxi mal r egi on of t he f or el i mb bud
at 11. 5 d . p. c . , co- expr essed MyoD and myogeni n ( Fi g . 8, E

and F) . Si nce t hi s i s t he devel opment al per i od when t er mi -
nal l y di f f er ent i at ed muscl e cel l s appear i n t he myot omes
( Fur st et al . , 1989 ; Babai et al . , 1990) , we compar ed t he ap-
pear ance of MHCwi t h t hat of bot h t he MyoDand myogeni n
pr ot ei ns . To t hi s pur pose, we i ncubat ed t r ansver se and par a-
sagi t t al sect i ons of 10. 5- d . p . c . embr yo s wi t h t he var i ous ant i -
bodi es . By t aki ng advant age of t he cr ani o- caudal gr adi ent of
muscl e di f f er ent i at i on, we coul d obser ve bot h MHCposi t i ve
and negat i ve somi t es i n a cr anao- caudal successi on t hr ough
t he same sect i on . Fi g . 9 ( A and B) shows an exampl e of t wo
adj acent MHC+/ myogeni n+ somi t es, wher e posi t i ve nucl ei
ar e usual l y l ocat ed i n t he cent r al ar ea of t he myot ome, whose
edges ar e char act er i zed by el ongat ed MHC+/ myogeni n-
cel l s . Fi g . 9 ( C and D) shows a mor e caudal r egi on of t he
embr yo, wher e t he cr ani al somi t e appear s t o co- expr ess
MHC and myogeni n, whi l e t he next caudal somi t e i s excl u-
si vel y composed of MHC+/ myogeni n- cel l s. I n a t r ansver se
sect i on, MHC+ cel l s ar e obser ved t hr oughout t he myot ome
but myogeni n+ nucl ei appear onl y i n a pr opor t i on of t hese
cel l s ( Fi g . 9, E and F) . I dent i cal r esul t s wer e obt ai ned co-
st ai ni ng par al l el sect i ons wi t h ant i - MyoD and ant i - MHC
( dat a not shown) . At 11 d . p . c. , al l t he myot omes expr essed
MyoD, myogeni n, and MHC. I nf r equent l y, smal l ar eas i n t he
l at er al edge of t he myot ome di d not expr ess det ect abl e l evel s
of myogeni n ( an exampl e i s shown i n Fi g . 10, A and B) . I n
t he devel opi ng l i mb of t he same embr yo, t he pat t er n of ex-
pr essi on was r adi cal l y di f f er ent f r omt hat obser ved i n t he so-
mi t es . Fi g . 10 ( C and D) shows a gr oup of myogeni n+/
MHC- myobl ast s, l ocat ed i n t he i nt er medi at e r egi on of t he
l i mb bud ; t he f i gur e al so shows a si ngl e MHC+ myocyt e
whi ch does not expr ess det ect abl e l evel s of myogeni n i n t he
nucl eus . Dur i ng f ur t her embr yoni c devel opment , vi r t ual l y
al l of t he newl y f or med pr i mar y f i ber s, pr esent i n bot h t he
body wal l and i n t he l i mbs of a 13- d . p . c. mouse embr yo co-
expr ess MyoD and myogeni n i n t hei r nucl eus, but t he i nt en-
si t y of l abel i ng i s usual l y decr eased ( dat a not shown) .

The dat a r epor t ed above ar e i n appar ent cont r ast wi t h t he
r esul t s of i n si t u hybr i di zat i on wher e t he pr esence of myoge-
ni n t r anscr i pt s i n somi t es of 8. 5- d . p. c . mouse embr yos was
demonst r at ed ( Sassoon et al . , 1989) whi l e MyoDt r anscr i pt s
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Fi gur e 4. Doubl e i mmunof l uo-

r escence of embr yoni c myo-

bl ast s cul t ur ed f r om 11- d. p. c.

mouse embr yo l i mb buds . Af -

t er 3 d i n cul t ur e, t he cel l s wer e

doubl e st ai ned ei t her wi t h

MF20 mcab ( A) and ant i -

MyoDpcab ( B) or wi t h ant i -

MHCpcab ( C) and F5Dmcab

( D) . Ar r ows show MHC+/

myogeni n- and MHC- / myo-

geni n+ cel l s . Bar , 15 um.

Fi gur e S. Doubl e i mmunof l u-
or escence of myobl ast s cul -
t ur ed f r om 8. 5- d . p . c . mouse
somi t es . The cul t ur es wer e
st ai ned wi t h ant i - MHC pcab
( A and C) and F5D mcab ( B
and D) at day 1 ( A and B)
and day 3 ( Cand D) i n vi t r o .
Ar r ows show MHC- / myo-

geni n+ cel l s . Bar , 15 j um.
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Fi gur e 6. Ti me cour se of appear ance of cel l s posi t i ve f or MyoD
( - A ) , myogeni n ( . . . si . . . ) , or MHC ( - - - 0- - - ) dur i ng cul t ur e of
somi t i c cel l s. Number s r ef er t o posi t i ve cel l s/ mi cr oscopi c f i el d .
4 x 10° cel l s wer e pl at ed i n 100 u1 of compl et e medi um as a
mi cr ospot i n t he cent er of 30- mmdi shes, f i xed at dai l y i nt er val s,
and st ai ned wi t h t he di f f er ent ant i bodi es . I n t hese cul t ur es, <10%
of t ot al cel l s expr ess any myogeni c mar ker .

coul d not be det ect ed unt i l 10. 5 d . p. c . Al t hough a per f ect
t empor al cor r espondence exi st s bet ween t he appear ance of
t he MyoD t r anscr i pt at 10. 5 d . p. c. and of t he cor r espondi ng

pr ot ei n, t he appear ance of t he myogeni n t r anscr i pt appar -
ent l y pr ecedes t he appear ance of t he cor r espondi ng pr ot ei n

by about t wo days . To ver i f y t hat t hi s mi ght not depend upon

t r i vi al r easons, such as di f f er ent st r ai ns of mi ce or di f f er ent

st agi ng of t he embr yos, we pr epar ed ser i al par asagi t t al

cr yost at sect i ons of 10. 5- d . p . c. embr yos : one sect i on was i n-

cubat ed wi t h ant i - myogeni n and ant i - MHC ant i bodi es, t he

next was hybr i di zed wi t h t he same r i bopr obe speci f i c f or t he

myogeni n t r anscr i pt descr i bed bef or e ( Sassoon et al . , 1989) .
Fi g . 11 shows t he abundance of myogeni n t r anscr i pt s ( Fi g .
11 B) and t he absence of t he cor r espondi ng pr ot ei n ( Fi g . 11
C) i n myot omes whi ch al r eady expr ess MHC( Fi g . 11 D) .

To r ul e out t hat t he mcab used ( F5D) r eact s wi t h an epi -

t ope whi ch mi ght be masked ( e . g. , phosphor yl at ed, met hyl -

at ed, et c . ) at t hi s devel opment al st age, we r epeat ed t he ex-
per i ment s usi ng a var i et y of ant i - myogeni n mcabs di r ect ed
agai nst epi t opes l ocat ed wi t hi n di f f er ent domai ns of t he pr o-
t ei n . I n al l cases, t he r esul t s obt ai ned wer e i dent i cal t o t hose
obt ai ned wi t h I D5F7 ( dat a not shown) .

Bi ochemi cal Anal ysi s of t he Myogeni n Ranscr i pt
and Pr ot ei n

To at t empt a bi ochemi cal compar i son bet ween message and
pr ot ei n, we i sol at ed somi t es ( st i l l connect ed t o neur al t ubes)
f r om 193 9 . 5- d . p . c. mouse embr yos ( sel ect ed at a st age be-
t ween 15 and 35 somi t es) , di vi ded t hese somi t es i nt o t wo
r andoml y sel ect ed gr oups and ext r act ed RNA and hi gh sal t

Cusel l a- De Angel i s et al . Pr i mor di al Myobl ast s i n Mouse Somi t es

sol ubl e pr ot ei ns f r omt hem. Fi g . 12 A shows a Nor t her n bl ot
anal ysi s of t ot al RNA i sol at ed f r om t hese somi t es ( l ane a)
and of t he cor r espondi ng somi t es of 11- d . p . c. embr yos ( l ane
b) ; f i g . 12 B shows a West er n bl ot anal ysi s of pr ot ei ns ex-

t r act ed f r om t he same t i ssues ( somi t es f r om 9. 5 and 11
d . p. c . ; d and e, r espect i vel y) . I t i s cl ear f r omt he f i gur e t hat
compar abl e amount s of myogeni n message ar e pr esent at
bot h 9 . 5 and 11 d . p. c . , whi l e t he myogeni n pol ypept i de can
onl y be det ect ed at 11 d . p . c . Pr el i mi nar y exper i ment s usi ng
r ecombi nant myogeni n ( Wr i ght et al . , 1991) had shown t hat
t he sensi t i vi t y of t he met hod used woul d r eveal - 1- 2 ng of
pr ot ei n ( dat a not shown) . Ther ef or e, assumi ng t hat t he ant i -
body woul d r ecogni ze wi t h si mi l ar af f i ni t y bot h r ecombi nant
and nat ur al myogeni n, we can t ent at i vel y concl ude t hat i n 50

ug of our somi t e ext r act s ( whi ch cor r espond t o - 100 hg of
t ot al homogenat e) , t her e i s <1- 2 r i g of myogeni n ( <0. 002%
of t ot al pr ot ei ns) at 9. 5 d . p . c. and - 10 ng of myogeni n ( 0 . 01
of t ot al pr ot ei ns) at 11 d . p. c .

Di scussi on

Thi s paper descr i bes t he ear l y appear ance and spat i al di st r i -

but i on of MyoD and myogeni n pr ot ei ns i n t he post - i mpl ant a-

t i on mouse embr yo and t hei r expr essi on i n myogeni c cel l s
whi ch wer e cul t ur ed f r om muscl es at di f f er ent st ages of de-

vel opment . The r esul t s show t hat myobl ast s i sol at ed f r om
l i mbs at al l devel opment al st ages ( f r om 11 d. p. c . t o l i mbs of

adul t mi ce) expr ess MyoD and myogeni n i n vi t r o accor di ng

t o a pat t er n whi ch has al r eady been descr i bed ( at t he mRNA

l evel ) f or many myogeni c cel l l i nes ( r evi ewed i n Ol son,

1990; Wei nt r aub et al . , 1991) . MyoD i s t he f i r st pr ot ei n t o
be expr essed i n vi t r o ; myogeni n r i ses at t he onset of cel l
di f f er ent i at i on, i mmedi at el y f ol l owed by t he appear ance of

myosi n and ot her muscl e pr oduct s. These r esul t s suggest t hat

t he phenot ypi c di f f er ences among di f f er ent myogeni c cel l s

and t he f i ber s t hey f or m i n vi vo or i n vi t r o do not depend on

di f f er ent i al expr essi on of MyoD or myogeni n . They mi ght be
r el at ed t o di f f er ent i al expr essi on of ot her member s of t hi s
gene f ami l y such as Myf 5 or MRF4 or t o di f f er ent r egul a-
t or y genes yet t o be i dent i f i ed .

A subst ant i al depar t ur e f r om t hi s pat t er n i s f ound i n a
popul at i on of myogeni c cel l s, whi ch we t er m " pr i mor di al " .
These cel l s ar e i sol at ed f r omnewl y f or mi ng somi t es and t er -
mi nal l y di f f er ent i at e i n vi t r o wi t hout expr essi ng det ect abl e
l evel s of MyoD or myogeni n pr ot ei ns i n t hei r nucl ei . I f myo-
geni c cel l s ar e i sol at ed f r oml at e somi t es or ear l y l i mb buds,
a second popul at i on appear s i n vi t r o whi ch co- expr ess bot h
MyoDand myogeni n i n t hei r nucl ei bef or e t he onset of t er mi -
nal di f f er ent i at i on . These pr obabl y r epr esent " embr yoni c
myobl ast s"

The l i neage r el at i onshi p of pr i mor di al and embr yoni c my-
ogeni c cel l s i s uncl ear . Cl onal anal ysi s suggest s t hat " pr i mor -
di al " myogeni c cel l s di vi de l i t t l e or not at al l i n cul t ur e : 80%
of t he " cl ones" of MHC+/ myogeni n- cel l s wer e si ngl e myo-
ci t es and t he f i ve r emai ni ng ones wer e doubl et s. Fur t her -
mor e BUdR l abel i ng of mi cr omass cul t ur es r eveal ed t hat al l
pr i mor di al myocyt es wer e post - mi t ot i c ( G. Cossu, unpub-
l i shed obser vat i ons) . No evi dence f or a common pr ecur sor
was obt ai ned, si nce no mi xed col oni es wer e f ound and al l 17
cl ones cont ai ni ng t hr ee or mor e nucl ei wer e composed of
MHC+/ myogeni n+ cel l s . On t he ot her hand cul t ur e condi -
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Tabl e I . Sur vi val and Di f f er ent i at i on of Myobl ast s

f r omSomi t es of 9. S- d. p . c . Embr yos under Cl onal

Cul t ur e Condi t i ons

The Jour nal of Cel l Bi ol ogy, Vol ume 116, 1992

Cel l s wer e cl oned by pr ogr essi ve di l ut i on on a STO f eeder l ayer and gr own
f or 7 d i n DME suppl ement ed wi t h 20%FCS and 546 E. E. and t hen f i xed and
doubl e st ai ned wi t h ant i - MHC and I D5F7 ant i bodi es as descr i bed i n Mat er i al s
and Met hods . No MHC- / myogeni n+ cel l s or mi xed cl ones cont ai ni ng bot h

myogeni n+ and myogeni n- cel l s wer e det ect ed under t hese condi t i ons .

Fi gur e 7. Exampl es of cl ones
of somi t i c myocyt es f r om9. 5-
d . p . c. mouse embr yos, doubl e-
st ai ned wi t h F5Dmcab ( A, C
E, G, I , and K) , and ant i -
MHC pcab ( B, D, F, H, J, and
L) af t er 7 d i n vi t r o. Not e t he
absence of mi xed ( nr yogeni n- l
nr yogeni n+) cl ones ( i n E a
spot of f l uor escence i s seen,
out si de t he dar k shadows of
t he nucl ei ) . Bar , 10 I , m.

t i ons may si mpl y not have been per mi ssi ve f or t he di vi si on

of pr i mor di al myogeni c cel l s .

Dur i ng t hi s per i od of devel opment ( f r om 8 t o 11 d . p . c. )

t he embr yo under goes a dr amat i c i ncr ease i n si ze, and

mor eover , t he muscl e f or mi ng ar eas i ncr ease f r om a smal l

por t i on of t he somi t e t o t he maj or i t y of t he avai l abl e

mesoder mal space ( Rugh, 1990) . Thi s means t hat t he act ual

number of muscl e f or mi ng cel l s and al r eady di f f er ent i at ed

muscl e under go an expl osi ve gr owt h dur i ng t hi s per i od and,

i f t he MyoD- / myogeni n- myocyt es do not i ncr ease i n num-

ber ( as di scussed above) , t hese cel l s woul d be l ost among t he

mul t i t ude of embr yoni c and f et al myobl ast s . Even so, i t i s

l i kel y t hat " pr i mor di al " pr ecur sor s mi gr at e t o t he l i mb, si nce

MyoD- / myogeni n- di f f er ent i at ed cel l s can be i dent i f i ed

( al t hough as a ver y mi nor f r act i on) among myogeni c cel l s

cul t ur ed f r omear l y f or mi ng l i mb buds and al so because r ar e

myogeni n- / MHC+ myocyt es can be i dent i f i ed i n devel op-

i ng l i mb buds i n vi vo . Co- st ai ni ng f or MHC and myogeni n

125 0

Number
of MHC+
cl ones

Number of
cel l s/ cl one

Number of MHC+/
myogeni n+
cel l s/ cl one

Number of MHC+/
myogeni n-
cel l s/ cl one

33 1 1 0

26 1 0 1

8 2 2 0

5 2 0 2

8 3 3 0
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r eveal s t hat bot h t hese pr ot ei ns ar e pr esent i n t he f or mi ng

myot omes of a 10- d . p. c . mouse embr yo : bot h pr ot ei ns ap-

pear i n an expect ed cr ani o- caudal successi on, but MHC

expr essi on pr ecedes myogeni n expr essi on so t hat we f r e-

quent l y obser ved MHC+/ myogeni n- myot omes but never

a MHC- / myogeni n+ myot ome . Fur t her mor e, even when

co- expr essed i n t he same myot ome, myogeni n posi t i ve cel l s

ar e t ypi cal l y l ocat ed i n t he cent er but not at t he edge of t he

myot ome wher e MHC+ ( pr i mor di al ?) myocyt es ar e pr esent .

Even at a l at er st age of myot ome mat ur at i on, mi nor l at er al

ar eas of MHC+/ myogeni n- cel l s can be obser ved .

I t coul d be ar gued t hat myogeni n i s not an abundant pr o-

t ei n and t her ef or e i t s pr esence at ear l y st ages mi ght be unde-

t ect abl e by t echni ques such as West er n bl ot t i ng or i mmuno-

f l uor escence, whi ch mi ght nonet hel ess show t he expr essi on

of an abundant pr ot ei n such as MHC. However , a compar i -

son of t he pat t er n of expr essi on of t hese pr ot ei ns i n devel op-

i ng l i mb buds ar gues agai nst such an i nt er pr et at i on : many

myogeni n+/ MHC- myobl ast s can be det ect ed i n t he l i mb

Cusel l a- De Angel i s et al . Pr i mor di al Myobl ast s i n Mouse Somi t es

Fi gur e 8 . Doubl e i mmunof l uo-
r escence of a t r ansver se sec-
t i on of t he t r unk of 9. 5 d . p . c.
( A and B) and 10. 5 d . p . c . ( C
and D) and of t he l i mb bud of

11 . 5- d . p . c . ( E and F) mouse
embr yos, st ai ned wi t h ant i -
MyoDpcab ( A, C, and E) and
F5D ( B, D, and F) . A and B

wer e del i ber at el y over exposed
t o show absence of nucl ear

st ai ni ng i n somi t es ( A and B) .

Not e co- st ai ni ng of vi r t ual l y
al l of t he nucl ei ( C and D) of

t he myot omes and of t he l i mb
bud ( E and F) . Bar , 50 pm.

buds of t he same embr yo wher e myogeni n- / MHC+ myo-

t omes wer e obser ved . I n any case, t he l evel of nucl ear ex-

pr essi on whi ch can be r eveal ed by i mmunof l uor escence ob-

vi ousl y r ef l ect s a consi der abl e accumul at i on of t he pr ot ei n

wi t hi n t he nucl eus so t hat l ower l evel s of expr essi on mi ght

be f unct i onal l y i mpor t ant but bel owt he t hr eshol d of det ect a-

bi l i t y. Thi s consi der at i on i s par t i cul ar l y r el evant t o t he unex-

pl ai ned di scr epancy bet ween t he ear l y det ect i on of t he myo-

geni n message and t he r el at i vel y l at e det ect i on of i t s pr ot ei n

pr oduct . Thi s i s st r i ki ng when compar ed t o t he si mul t aneous

appear ance of MyoD message and i t s pr ot ei n pr oduct i n t he

myot omes as wel l as t o t he appear ance of bot h messages

( Sassoon et al . , 1989) and r el at ed pr ot ei ns i n l i mb buds . I n

t he case of myogeni n i n t he somi t es, t he si mpl est i nt er pr et a-

t i on of t he dat a i s a t r ansl at i on bl ock or decr eased hal f - l i f e

of t he pr ot ei n i n 9- d . p . c. embr yos . I n f act , even consi der i ng

t he possi bl e i ncr eased sensi t i vi t y of i n si t u hybr i di zat i on over

i mmunof l uor escence, compar i son of t he r el at i ve abundance

of message and pr ot ei n, by bot h mor phol ogi cal and bi o-
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Fi gur e 9. Doubl e i mmunof l uor es-

cence of par asagi t t al ( A- D) or t r ans-

ver se ( E and F) sect i ons of 10. 5-

d. p. c . mouse embr yo, st ai ned wi t h

ant i - MHC pcab ( A, C, and E) , and
F5D ( ant i - nr yogeni n) mcab ( B, D,

and F) . Ar r ows show myogeni n-

cel l s at t he edge of t he myot ome

whose cent er cont ai n myogeni n+

cel l s . Bar , 30 gym.

Fi gur e 10. Doubl e i mmunof l u-
or escence of t r ansver se sec-

t i ons of 11. 5- d . p. c . mous e em-
br yo, st ai ned wi t h and- MHC

pcab ( A and C) andF5D ( ant i -

nr yogeni n) mcab ( B and D) .

Ar r ows show myogeni n- /

MHC+ cel l s i n t he myot ome

( A and B) and a si ngl e myo-
geni n- / mHC+ myocyt e i n t he

pr oxi mal r egi on of t he l i mb

bud ( C and D) . Bar , 20 pm.



Fi gur e 11. I n si t u and doubl e i mmunof l uor escence on ser i al par a-

sagi t t al sect i ons of 10. 5- d . p. c. mouse embr yos . One sect i on ( phase

cont r ast i n A) was hybr i di zed t o myogeni n pr obe ( dar k f i el d i n B) .

The next sect i on was doubl e- st ai ned wi t h F5D ( C) and wi t h ant i -

MHCpcab ( D) . Bar , 20 gm.

chemi cal met hods, cl ear l y shows t hat a si mi l ar amount of

message i s accompani ed by a st r i ki ng i ncr ease i n myogeni n

pr ot ei n bet ween day 9 and 11 of mouse embr yoni c devel op-

ment . A t r ansl at i onal bl ock has been post ul at ed f or ot her

t r anscr i pt i on f act or s such as Gr owt h Hor mone Fact or 1

whose message i s det ect ed at t he ear l i est st ages of pi t ui t ar y

f or mat i on, whi l e t he cor r espondi ng pr ot ei n can onl y be de-

t ect ed t wo days l at er , when t he adenohypophysi s has com-

pl et ed di f f er ent i at i on ( Dol l y et al . , 1990) . Fur t her mor e,

messages f or t wo cont r act i l e pr ot ei ns, namel y t he neonat al

myosi n heavy chai ns ( Lyons et al . , 1990) and t he car di ac

Cusel l a- De Angel i s et al . Pr i mor di al Myobl ast s i n Mouse Somi t es

t r oponi n I ( Ausoni et al . , 1991) , ar e expr essed ear l y i n r odent

devel opment whi l e t he cor r espondi ng pr ot ei ns can be de-

t ect ed onl y sever al days l at er . I n al l t hese cases, i nf or mat i on

on t he mol ecul ar basi s of t hi s phenomenon has been di f f i cul t

t o obt ai n, si nce l i t t l e mat er i al i s avai l abl e f or bi ochemi cal

anal ysi s . Cont r ol of pol yadenyl at i on, such as was f ound f or

mat er nal messages ( Par i s and Ri cht er , 1990) , does not seem

t o be i nvol ved ( Boucha, M. , and G. Cossu, unpubl i shed

obser vat i ons) .

I n t he case of myogeni n, a sucr ose gr adi ent anal ysi s r e-

veal ed t hat t he myogeni n message i s al r eady associ at ed wi t h

t he pol ysome f r act i on at 9. 5 d . p. c . ( Boucha, M. , unpub-

l i shed obser vat i ons) , t hus suggest i ng t hat t he pr ot ei n may be

t r ansl at ed, but does not accumul at e t o a l evel det ect abl e by

ant i bodi es . Si nce many post t r ansl at i onal modi f i cat i ons ar e

r equi r ed t o t r anspor t pr ot ei ns t o t he nucl eus ( Si l ver , 1991) ,

i nef f i ci ency of one of t hese enzymat i c pr ocesses mi ght pr e-

vent nucl ear accumul at i on of myogeni n and event ual l y i n-

cr ease i t s r at e of cyt opl asmi c degr adat i on . What ever t he

mechani sm under l yi ng t he post t r anscr i pt i onal cont r ol of

myogeni n accumul at i on i n " pr i mor di al myogeni c cel l s, l ow

l evel s of myogeni n pr ot ei n do not pr event t er mi nal di f f er ent i -

at i on of t hese cel l s, ei t her i n vi vo or i n vi t r o. Ther ef or e

" pr i mor di al myogeni c cel l s di f f er ent i at i on i s ei t her depen-

dent upon ver y l ow l evel s of myogeni n or upon t he expr es-

si on of ot her , as yet uni dent i f i ed, r egul at or y gene pr oduct s

( see bel ow) .

To under st and t he possi bl e devel opment al si gni f i cance of

t hese pr i mor di al myogeni c cel l s i n muscl e hi st ogenesi s, i t i s

necessar y t o obt ai n a det ai l ed knowl edge of t hei r appear ance

and di st r i but i on i n vi vo . Thi s i s not an easy t ask, especi al l y

because t hese cel l s have been char act er i zed by t he absence

r at her t han t he pr esence of an ear l y mar ker , and t her ef or e

can be i dent i f i ed onl y by t he r el at i vel y l at e appear ance of

MHCi n t hei r cyt opl asm. Recent dat a on myf - 5 t r anscr i pt ex-

pr essi on i n mouse embr yogenesi s ( Ot t et al . , 1991) , suggest

t hat t hi s gene pr oduct , bei ng t he f i r st t o be det ect ed i n ear l y

f or mi ng somi t es, mi ght sel ect i vel y r egul at e di f f er ent i at i on of

t hese pr i mor di al myogeni c cel l s . Unf or t unat el y, t o dat e,

mAbs pr oduced agai nst human r ecombi nant myf - 5 have

f ai l ed t o r eact wi t h t he homol ogous r odent pr ot ei n and t her e-

f or e we have not been abl e t o ext end t hi s i mmunohi st ochemi -

cal anal ysi s t o t hi s gene pr oduct . Myf - 6 t r anscr i pt s ar e al so

pr esent i n ear l y myot omes ( Bober et al . , 1991 ; Hi nt er ber ger

et al . 1991) , al t hough ant i bodi es ar e not yet avai l abl e. These

t wo myogeni c f act or s may subst i t ut e f or myogeni n and

MyoDat t hi s st age . The i ni t i al obser vat i ons on t r anscr i pt ac-

cumul at i on wer e puzzl i ng i n t hat myf - 6 appear ed t r ansi ent l y

i n ear l y myot omes but was not det ect abl e i n t he pr e- muscl e

masses of t he l i mb. I n t he l i mb, myf - 5 t r anscr i pt s ar e pr esent

but onl y ver y br i ef l y pr i or t o t he expr essi on of muscl e st r uc-

t ur al genes . These obser vat i ons can now be i nt er pr et ed i n

t er ms of t he pr esence of bot h MyoD and myogeni n pr ot ei ns

i n most cel l s i n t he pr e- muscl e masses of t he l i mb, whi l e t he

absence of bot h MyoD and myogeni n pr ot ei ns i n t he ear l y

somi t e, may expl ai n why bot h myf - 5 and myf - 6 ar e expr essed

abundant l y t her e . Thi s woul d be i n keepi ng wi t h a scheme

i n whi ch at l east t wo myogeni c r egul at or y sequences ar e r e-

qui r ed f or t r i gger i ng . muscl e di f f er ent i at i on . I n muscl e cel l

l i nes myogeni n i s i nvar i abl y pr esent ( Br aun et al . , 1990) ;

per haps myf - 6 subst i t ut es f or i t i n t he ear l y somi t e. However ,

i t i s al so possi bl e t hat none of t he known HLH f ami l y of

genes mi ght be r esponsi bl e f or t he di f f er ent i at i on of t hese

pr i mor di al myogeni c cel l s .
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l anes c and d, r espect i vel y . Mol ecul ar wei ght st andar ds wer e : ß- gal act osi dase ( 116 kD) ,
ovo- al bumi n ( 45 kD) , and car boni c anhydr ase ( 29 kD) .

As t o t hei r possi bl e devel opment al r ol e, we can onl y spec-

ul at e t hat t hese cel l s, whi ch t er mi nal l y di f f er ent i at e ear l i er

t han pr i mar y muscl e f i ber s and appear t o be post - mi t ot i c,

may pl ay i n mammal s a si mi l ar f unct i on t o t he r ol e pl ayed

by pi oneer myobl ast s i n i nver t ebr at es ( Jensen, 1990) . I n t he

gr asshopper ( Ho et al . , 1983) or i n t he l eech ( Jel l i es and

Kr i st an, 1988) , f or exampl e, t he f i r st myogeni c cel l s t hat

f or m i n t he embr yo ar e di sposed i n a met amer i c pat t er n and

at t ach t o t he over l ayi ng ect oder mt o def i ne t er r i t or i es wher e

successi ve popul at i ons of myobl ast s wi l l l at er mi gr at e . Re-

cent l y muscl e pr ecur sor s expr essi ng a MyoD anal og i n a

f ounder cel l - l i ke pat t er n ( Mi chel son et al . , 1990 ; Pat er son

et al . , 1991) , have been i dent i f i ed i n Dr osophi l a ( Bat e,

1990) . By anal ogy, we l i ke t o t hi nk t hat pi oneer myobl ast s

mi ght be needed i n ver t ebr at es as wel l , t o def i ne t er r i t or i es

wher e l at er embr yoni c and f et al myobl ast s wi l l mi gr at e. I n

t he absence of a speci f i c mar ker , and gi ven t he si ze and com-

pl exi t y of hi gher ver t ebr at e embr yos compar ed t o t he ver y

l i mi t ed number of t hese pr i mor di al myobl ast s, t hey coul d

have escaped pr evi ous i nvest i gat i ons ( Jacob et al . , 1979 ;

Kr enn et al . , 1988) .

Fur t her i nvest i gat i on and new i mmunol ogi cal r eagent s ar e

r equi r ed t o def i ne t he pr eci se phenot ype and devel opment al

r ol e of t hese " pr i mor di al myobl ast s .

We t hank Davi d Sassoon f or cr i t i cal r eadi ng of t he ms, Andr ew Lassar and

Har ol d Wei nt r aub f or t he gi f t of t he ant i - MyoD ant i body and Donal d Fi sch-

man f or t he gi f t of MF20 mAb.

Thi s wor k was suppor t ed by gr ant s f r omM. U. R. S . T . ( 40%and 60%)

t o G. Cossu and M. Mol i nar o, f r omThel et on t o G. Cossu, f r omAI RC and

CNRPF 91 . 00396 . 40 t o M. Mol i nar o, by a CEE gr ant t o M. Bucki ngham

and G. Cossu, f r om gr ant s f r om AFM, I nst i t ut Nat i onal de l a Same et de

l a Recher che Medi cal e, Cent r e Nat i onal de l a Recher che Sci ent i f i que, and
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