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ABSTRACT

	

The r egul at i on of skel et al muscl e genes was exami ned i n het er okar yons f or med

by f usi ng di f f er ent i at ed chi ck skel et al myocyt es t o f our di f f er ent r at neur al cel l l i nes . Hi ghl y

enr i ched popul at i ons of het er okar yons i sol at ed usi ng i r r ever si bl e bi ochemi cal i nhi bi t or s wer e

l abel ed wi t h [ " S] met hi oni ne and anal yzed on t wo- di mensi onal gel s . Rat skel et al myosi n l i ght

chai ns wer e i nduced i n t hr ee of t he f our cel l combi nat i ons . The one except i on, t he S- 20

chol i ner gi c cel l l i ne, not onl y f ai l ed t o synt hesi ze r at muscl e pr ot ei ns but al so suppr essed

chi ck myogeni c f unct i ons . Exper i ment s wi t h het er okar yons bet ween chi ck myocyt es and cel l s

f r om whol e embr yoni c r at br ai n cul t ur es demonst r at ed t hat r at skel et al myosi n l i ght chai ns

ar e i nduci bl e i n nor mal di pl oi d neur al cel l s as wel l as i n est abl i shed neur al cel l l i nes . I n

cont r ast , di vi di ng cel l hybr i ds bet ween r at myobl ast s and r at gl i al cel l s wer e nonmyogeni c .

These r esul t s demonst r at e t hat al t hough neur al cel l s may cont ai n f act or s t hat pr event t he

deci si on t o di f f er ent i at e al ong myogeni c l i nes i n cel l hybr i ds, most neur al cel l l i nes do not

domi nant l y suppr ess t he expr essi on of muscl e st r uct ur al genes i n het er okar yons . Fur t her mor e,

t he skel et al myosi n l i ght chai n genes i n most neur al cel l l i nes ar e r egul at ed by a mechani sm

t hat per mi t s t hem t o r espond t o put at i ve chi ck skel et al myocyt e- i nduci ng f act or s . The " open"

st at e of t hese myogeni c genes may expl ai n many of t he r epor t s of appar ent " t r ansdi f f er ent i a-

t i on" t o muscl e i n neur al cul t ur es and neur al t umor s .

Het er okar yons ar e t he i ni t i al f usi on pr oduct bet ween t wo

cel l s, wher e bot h nucl ei exi st wi t hi n a common cyt opl asm.

The i nt er act i ons i n het er okar yons of t he r egul at or y mol ecul es

f r om bot h par ent s pr ovi de a t est syst em f or exami ni ng t he

mechani sms of speci f i c gene act i vat i on, t he nat ur e of cel l

det er mi nat i on, and t he pot ent i al r ever si bi l i t y of cel l di f f er en-

t i at i on . We have shown t hat di f f er ent i at ed f unct i ons can be

i nduced i n det er mi ned but undi f f er ent i at ed pr ecur sor cel l s

f ol l owi ng t hei r f usi on t o t er mi nal l y di f f er ent i at ed cel l s wi t hi n

t he same devel opment al l i neage. Fusi ng undi f f er ent i at ed r at

or quai l myobl ast s t o di f f er ent i at ed chi ck skel et al myocyt es

r esul t ed i n t he i nduct i on of r at or quai l myosi n l i ght chai n

synt hesi s ( 1- 3) . I n cont r ast , when cel l s f r oma di f f er ent hi st i o-

t ype wer e used, di f f er ent i at ed f unct i ons wer e suppr essed. Nei -

t her r at nor chi ck myosi n l i ght chai n synt hesi s occur r ed i n

het er okar yons f or med by f usi ng r at f i br obl ast s t o di f f er en-

t i at ed chi ck skel et al myocyt es ( 4) . These r esul t s ar e consi st ent

wi t h t he hypot hesi s t hat cel l det er mi nat i on and di f f er ent i at i on

i nvol ve t he domi nant suppr essi on of al t er nat e devel opment al

pat hways. To exami ne t he gener al i t y of t hi s phenomenon, we

have now exami ned t he r egul at i on of muscl e f unct i ons i n

het er okar yons f or med by f usi ng chi ck myocyt es t o cel l s of

addi t i onal hi st i ot ypes .
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Var i ous r epor t s i ndi cat e t hat t he r egul at i on of al t er nat e

pat hways mi ght not be r i gi dl y cont r ol l ed i n cer t ai n neur al

der i vat i ves . These r esul t s i ncl ude t he appar ent t r ansdi f f er en-

t i at i on of neur al r et i nal cel l s t o pi gment or l ens cel l s ( 5) and

t he appear ance of st r i at ed muscl e i n var i ous neur al cel l s and

t i ssues : t he pi neal gl and ( 6) , t he l ept omeni nges ( 7) , neur al

t umor s ( 8) , cul t ur es of opt i c ner ve ( 9) or pi t ui t ar y t i ssue ( 10) ,

and some neur al cel l l i nes ( 11, 12) . The obser vat i on of aber -

r ant muscl e f or mat i on by neur al cel l s l ed us t o exami ne t he

r egul at i on of t he skel et al myosi n l i ght chai n one ( LC1) '

st r uct ur al genes i n het er okar yons f or med by f usi ng neur al

cel l s t o di f f er ent i at ed chi ck skel et al myocyt es. The r esul t s of

t hese exper i ment s demonst r at e t hat some neur al cel l s act i vat e

speci f i c neur al di f f er ent i at ed f unct i ons wi t hout t he concomi -

t ant domi nant suppr essi on of t he st r uct ur al genes of at l east

some al t er nat e hi st i ot ypes . Fur t her mor e, t he skel et al myosi n

l i ght chai n genes i n many neur al cel l s may be i n a chr omat i n

conf i gur at i on compat i bl e wi t h t hei r i nduct i on i n t he absence

of si gni f i cant DNA synt hesi s . Bot h of t hese obser vat i ons

i ncr ease t he l i kel i hood t hat neur al t o skel et al muscl e t r ansdi f -

' Abbr evi at i ons used i n t hi s paper :

	

BUdR, 5- br omodeoxyur i di ne ;

LCI , skel et al myosi n l i ght chai n one.
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f er ent i at i on event s ar e possi bl e . However , exper i ment s usi ng

cel l hybr i ds i ndi cat e t hat neur al cel l s may be pr oduci ng f act or s

t hat suppr ess myogenesi s at devel opment al st ages pr i or t o t he

act i vat i on of t he muscl e st r uct ur al genes.

MATERI ALS AND METHODS

Cel l s and Cul t ur e Condi t i ons :

	

Di f f er ent i at ed chi ck myocyt es, wer e

obt ai ned f r ompr i mar y cul t ur es of 12- d- ol d embr yoni c chi ck t hi gh muscl es as

descr i bed pr evi ousl y ( 1) . 1 d af t er t he est abl i shment of t he pr i mar y cul t ur e, 1 . 7

mMEGTA was added t o i nhi bi t myot ube f or mat i on ( 13) and t her eby avoi d

t he massi ve gene- dosage ef f ect s t hat woul d occur i f a mul t i nucl eat ed myot ube

wer e f used t o a mononucl eat ed neur al cel l . I d l at er , af t er most of t he muscl e

cel l s had become post mi t ot i c, 10' M cyt osi ne ar abi nosi de was added t o ki l l

di vi di ng f i br obl ast s . The medi um was changed on t he t hi r d day of cul t ur e t o

nor mocal cemi c medi um cont ai ni ng 2 j ug/ ml cyt ochal asi n B as t he agent pr e-

vent i ng myot ube f or mat i on, si nce we have f ound t hat di f f er ent i at ed muscl e

cel l s sur vi ve l onger i n cyt ochal asi n t han i n EGTA. Di f f er ent i at ed, mononucl e-

at ed muscl e cel l s wi l l be r ef er r ed t o as myocyt es t o di st i ngui sh t hemf r ombot h

undi f f er ent i at ed myobl ast s and di f f er ent i at ed, mul t i nucl eat ed myot ubes . My-

ocyt es wer e used 7- 10 d af t er t he i ni t i at i on of t he cul t ur e .

B9 i s a r at gl i al cel l l i ne est abl i shed f r om a ni t r osoet hyl ur ea- i nduced br ai n

t umor . They expr ess S- 100 pr ot ei n and neur on- speci f i c enol ase ( 14) . The co-

expr essi on of bot h of t hese pr ot ei ns may i ndi cat e t hat B9 cel l s ar e a pr ecur sor

t o bot h neur onal and gl i al el ement s ( 15) . B9 cel l s cont ai n appr oxi mat el y 50

chr omosomes . The 139 cel l s, gener ousl y pr ovi ded by D. Shuber t ( Sal k I nst i t ut e) ,

wer e obt ai ned di r ect l y f r omt hei r l abor at or y of or i gi n and i mmedi at el y f r ozen

i n mul t i pl e ampul es . The cel l s wer e used wi t hi n 20 passages of bei ng r econst i -

t ut ed . C6 i s a near di pl oi d r at ast r ocyt oma cel l l i ne t hat expr esses S- 100 pr ot ei n

( 16, 17) . Bot h t he NI E- 115 and S- 20 l i nes ar e cl onal der i vat i ves of t he mouse

C- 1300 neur obl ast oma l i ne ( 18) . NI E- 115 i s an adr ener gi c l i ne wi t h a modal

number of 192 chr omosomes and S- 20 i s a chol i ner gi c l i ne wi t h a modal

number of 59 chr omosomes ( 18) . C6, NI E- 115, and S- 20 cel l s wer e obt ai ned
f r om M. R. Mor r i son ( t hi s i nst i t ut i on) , who has r ecent l y ver i f i ed t hat t hese

NI E- 115 and S- 20 cel l s ar e st i l l expr essi ng t he appr opr i at e adr ener gi c or

chol i ner gi c f unct i ons ( 19) . L6 i s a r at myobl ast l i ne t hat r emai ns undi f f er en-

t i at ed under gr owt h condi t i ons but t hat spont aneousl y f or ms mul t i nucl eat ed

myot ubes when conf l uent ( 20) . Our subcl one of L6 cont ai ns a modal number

of 41 chr omosomes .

Pr i mar y r at br ai n cul t ur es wer e est abl i shed f r om 16- d embr yos . The cer ebr al
hemi spher es wer e r emoved, mi nced wi t h f i ne sci ssor s, and di gest ed f or 1 h at
37° C i n 2 . 5 mg/ ml t r ypsi n 1 : 250 ( Gi bco Labor at or i es, Gr and I sl and, NY) i n

cal ci um- f r ee sal i ne. Ti ssue f r agment s wer e di sper sed by t r i t ur at i on wi t h a 10-

ml pi pet , and cel l s wer e washed wi t h compl et e medi um and t hen pl at ed i n

di shes t hat had been pr ecoat ed wi t h a st er i l e sol ut i on of 0. 01 %pi g ski n gel at i n
( Si gma Chemi cal Co . , St . Loui s, MO) . These cel l s wer e cul t i vat ed i n Dul becco' s

mi ni mal essent i al medi um cont ai ni ng o- val i ne ( Gi bco Labor at or i es) i n or der

t o i nhi bi t " f br obl ast s" ( 21) . Cul t ur es wer e used wi t hi n t wo t o si x passages ( 4-

16 popul at i on doubl i ngs) .
Our l abor at or y uses a medi umcomposed of f our par t s Dul becco' s mi ni mal

essent i al medi um t o one par t Medi um 199 f or chi ck muscl e cul t ur es ( 1) . To

si mpl i f y cel l cul t ur e condi t i ons and t o have t he same medi umused bef or e and

af t er het er okar yon f or mat i on, we cul t i vat ed al l of t he r odent cel l l i nes i n t hi s

mi xt ur e as wel l . Rodent cel l s wer e gr own i n 10%f et al bovi ne ser um, and chi ck

myocyt es wer e cul t i vat ed i n 5%hor se ser um pl us 2% chi ck embr yo ext r act .

Al t hough cel l l i nes wer e cul t ur ed i n t he absence of ant i bi ot i cs, pr i mar y cul t ur es

wer e suppl ement ed wi t h 100 U/ ml peni ci l l i n and 100 mg/ ml st r ept omyci n.

I sol at i on of Het er okar yons :

	

Popul at i ons i n whi ch 90- 99% of t he

sur vi vi ng nucl ei wer e i n het er okar yons wer e obt ai ned by sel ect i on usi ng i r r e-

ver si bl e bi ochemi cal i nhi bi t or s as descr i bed i n det ai l el sewher e ( 22- 24) . Cel l s

pr et r eat ed wi t h a l et hal concent r at i on of i odoacet ami de wer e f used wi t h pol y-

et hyl ene gl ycol t o cel l s t hat had been pr et r eat ed wi t h a l et hal dose of di et hyl -

pyr ocar bonat e . Si nce di f f er ent mol ecul es had been i nact i vat ed i n t he t wo cel l

popul at i ons by t he di f f er ent t r eat ment s, each cel l cont r i but ed act i ve mol ecul es

t o r epl ace t hose damaged i n i t s f usi on par t ner and many of t he het er okar yons

sur vi ved wher eas unf used par ent al cel l s and homokar yons di ed .

l odoacet ami de and di et hyl pyr ocar bonat e i nact i vat e a wi de var i et y of mol e-

cul es wi t hi n t he cel l . The f ol l owi ng cont r ol exper i ment s suggest t hat t hese

agent s di d not have maj or l ong- t er m ef f ect s on t he r egul at i on of di f f er ent i at ed

gene expr essi on . We have shown t hat t r eat i ng myobl ast s wi t h a dose of ei t her

dr ug t hat ki l l s 99. 9% of t he cel l s does not al t er t he myogeni c pot ent i al of t he

0. 1 % sur vi vi ng cel l s ( 22) . Homot ypi c het er okar yons and hybr i ds f or med by
f usi ng i odoacet ami de- and di et hyl pyr ocar bonat e- t r eat ed cel l s of t he same t ype

t oget her r et ai ned t he abi l i t y t o di f f er ent i at e : myocyt e x myocyt e het er okar yons

cont i nued t o synt hesi ze myosi n l i ght chai ns ( 1) ; myobl ast x myobl ast hybr i ds

wer e abl e t o f use t o f or mmyosi n cont ai ni ng mul t i nucl eat ed myot ubes ( 22, 25,
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26) ; and adr enal cel l x adr enal cel l het er okar yons cont i nued t o secr et e st er oi ds

i n r esponse t o ACTHt r eat ment ( 27) . I nver t i ng t he bi ochemi cal t r eat ment s ( i . e . ,

i odoacet ami de x di et hyl pyr ocar bonat e ver sus di et hyl pyr ocar bonat e x i odo-

acet ami de) pr oduced no di f f er ence i n t he i nduct i on of r at myosi n l i ght chai ns

i n chi ck myocyt e x r at myobl ast het er okar yons ( 1) . Fi nal l y, i n no case has

myosi n l i ght chai n synt hesi s been i nduced af t er t r eat i ng nonexpr essi ng cel l s

wi t h t he bi ochemi cal i nhi bi t or s ( 1- 3, 27, 28) . These combi ned r esul t s suggest

t hat al t hough i odoacet ami de and di et hyl pyr ocar bonat e have pr of ound shor t -

t er m ef f ect s on vi abi l i t y, t hei r ef f ect s on di f f er ent i at ed gene expr essi on i s

mi ni mal .

Thi s appr oach usi ng i r r ever si bl e i nhi bi t or s was combi ned wi t h a par t i al

sel ect i on syst em usi ng t he r ever si bl e Na/ K ATPase i nhi bi t or ouabai n ( 29) .

Chi ck cel l s ar e much mor e sensi t i ve t o ouabai n t han r odent cel l s . Al t hough

ouabai n di d not ki l l chi ck cel l s r api dl y enough t o be used as t he sol e sel ect i ve
agent agai nst t he chi ck cel l s, i t di d r educe t he l et hal concent r at i on of t he

i r r ever si bl e i nhi bi t or s f or t he chi ck cel l s by about t hr eef ol d ( wi t hout ef f ect i ng

t he l et hal dose f or t r eat ed r odent cel l s) . Pl at i ng t he het er okar yons i n 3 x 10'

Mouabai n f or t he f i r st 3 d af t er cel l f usi on t hus per mi t t ed t he chi ck cel l s t o be

pr et r eat ed wi t h a much l ower dose of i odoacet ami de, whi ch r esul t ed i n a much

gr eat er ef f i ci ency of het er okar yon r escue ( 24) . Appr oxi mat el y 0 . 5- 2% of t he

i ni t i al cel l s wer e r ecover ed as vi abl e het er okar yons . Under our f usi on condi t i ons

( 35% vol / vol pol yet hyl ene gl ycol , mol ecul ar wei ght 1, 000, 10% vol / vol di -

met hyl sul f oxi de i n ser um f r ee medi um, pH 7 . 5) , - 10% of t he cel l s f use, of

whi ch hal f shoul d be het er okar yons and t he r emai nder homokar yons . Conse-

quent l y, about one i n f i ve of t he het er okar yons act ual l y f or med sur vi ved t he

sel ect i on pr ot ocol . The concent r at i ons of i odoacet ami de and dí et hyl pyr ocar -

bonat e t hat gave t he hi ghest pur i t y and gr eat est r escue var i ed sl i ght l y f r omday

t o day and bet ween cel l t ypes . The speci f i c concent r at i ons used ar e gi ven i n t he

f i gur e l egends .
A f l ow char t of t he exper i ment al pr ot ocol i s pr esent ed i n Fi g. 1 . On day 0,

cel l s wer e t r eat ed wi t h i r r ever si bl e i nhi bi t or s, washed, mi xed, f used, and t hen

pl at ed on bact er i al - gr ade pl ast i c t o pr event cel l at t achment dur i ng a 2- d r ecover y

per i od ( 23) . Af t er al i quot s ( pl at ed on t i ssue cul t ur e gr ade pl ast i c on day 1) had

been anal yzed f or pur i t y and t he ef f i ci ency of r escue, t he r emai ni ng cel l s i n
suspensi on wer e sedi ment ed ont o a Fi col l sodi um- di at r i zoat e cushi on i n or der

t o r emove most of t he dead cel l s ( 23) . The vi abl e cel l s f l oat i ng at t he i nt er f ace

wer e har vest ed, washed, and pl at ed at 60, 000 het er okar yon nucl ei per cm' i n

gel at i ni zed mi cr ot i t er wel l s ( 0. 3 cmZ sur f ace ar ea) . Si nce - 70%of t he het er o-
kar yons wer e bi nucl eat ed ( 4) , t hi s r epr esent ed about 25, 000 het er okar yons/

cm' . The f ol l owi ng mor ni ng ( day 3 af t er f usi on) t he r emai ni ng unat t ached
dead cel l s wer e washed away and t he het er okar yons wer e f ed f r esh ouabai n-

f r ee medi um cont ai ni ng 15% f et al bovi ne ser um. I n most exper i ment s t hi s
medi um al so cont ai ned 1001AM 5- br omodeoxyur i di ne ( BUdR) . BUdR i ncor -

por at i on i nhi bi t s cel l di f f er ent i at i on ( 30, 31) , and we have shown t hat t he
i ncor por at i on of BUdRi nt o undi f f er ent i at ed myobl ast s pr event s myosi n l i ght
chai n i nduct i on af t er t hei r f usi on t o di f f er ent i at ed myocyt es ( 28) . I n hi gh

concent r at i ons, BUdRal so i nhi bi t s cel l di vi si on . Exposi ng t he cel l s t o 100 uM

BUdR t hus accompl i shed t he dual obj ect i ves of i nhi bi t i ng t he over gr owt h of
t he smal l pr opor t i on of sur vi vi ng par ent al cel l s and i nhi bi t i ng t he di f f er ent i at i on

of any cel l s t hat di d di vi de . I n some exper i ment s t hese ef f ect s wer e separ at ed
by r epl aci ng t he BUdRwi t h ei t her 10- ' Mcyt osi ne ar abi nosi de t o bl ock DNA

synt hesi s wi t hout di r ect l y i nhi bi t i ng di f f er ent i at i on, or wi t h 2 ; , g/ ml cyt ochal -

asi n B t o pr event par ent al cel l over gr owt h ( by causi ng di vi di ng cel l s t o become

mul t i nucl eat ed 1321 whi ch i nhi bi t s subsequent di vi si on) wi t hout i nhi bi t i ng
DNA synt hesi s. The r esul t s of al l of t hese per mut at i ons wer e i dent i cal and di d

not af f ect t he r esul t s descr i bed bel ow.

Two- Di mensi onal Gel s:

	

The het er okar yons wer e l abel ed over ni ght

i n 300 kCi / ml of 1" Sl met hi oni ne i n met hi oni ne- f r ee medi um3- 4 d af t er bei ng

pl at ed i n mi cr ot i t er wel l s ( t hus on day 5 or 6 of t he exper i ment ) . The f ol l owi ng

mor ni ng t he cel l s wer e scr aped i nt o l ow- i oni c st r engt h buf f er ( 15 mMKCI , 10

mM Tr i s, pH 7. 5, 0. 5% Noni det P- 40, 14 pM 2- mer capt oet hanol ) i n t he

pr esence of 15 Ag of col d- car r i er adul t r at car di ac act omyosi n. Cel l ext r act s

wer e l ef t i n l ow- i oni c st r engt h buf f er f or sever al days at 4° C t o i nsur e t he

compl et e pr eci pi t at i on of even t r ace amount s of act omyosi n . 1- 4 d l at er , t he

i nsol ubl e mat er i al was r emoved by cent r i f ugat i on and di ssol ved i n O' Far r el l ' s

l ysi s buf f er ( 33) . Act omyosi n i s i nsol ubl e at l ow i oni c st r engt h, t hus t he above

pr ocedur e r emoved many of t he sol ubl e pr ot ei ns t hat mi gr at e i n t he r egi on of

t he myosi n l i ght chai ns . Car di ac act omyosi n was used as t he col d car r i er t o

avoi d di l ut i ng t he r adi oact i ve skel et al l i ght chai n spot s . Cel l ext r act s wer e

anal yzed on O' Far r el l - t ype t wo- di mensi onal pol yacr yl ami de gel s ( 33) as mod-
i f i ed by us ( 34) , empl oyi ng a mi xt ur e of 0. 4% pH 3- 10 and 1 . 6% pH 4- 6

amphol yt es i n t he i soel ect r i c f ocusi ng di mensi on and a 12 1/ 2% pol yacr yl ami de
Laemml i gel ( 35) i n t he second di mensi on . Dr i ed gel s wer e exposed t o Kodak

XR- 5 medi cal x- r ay f i l m f or 12 mi l l i on cpm x days. The LCI was chosen as a

mar ker f or myogeni c expr essi on si nce t he mi gr at i on of chi ck f ast muscl e LCI ,

r odent f ast muscl e LCI , and embr yoni c r odent LCI ar e di f f er ent on t wo-

di mensi onal gel s . Skel et al myosi n l i ght chai ns wer e i dent i f i ed by t hei r mol ecul ar



Unt r eat ed chi ck myocyt e par ent al cont r ol cel l s wer e pl at ed on bact er i al di shes

but wer e not t r eat ed wi t h ouabai n i n or der t o pr eser ve t hei r vi abi l i t y .

Unt r eat ed par ent al cont r ol cel l s wer e not cent r i f uged ont o a Fi col l - sodi um

di at r i zoat e cushi on .

Si nce cyt ochal asi n B r educed cel l at t achment , i t was not used at t hi s st ep .

Exper i ment s i n whi ch cyt ochal asi n B was used t o pr event t he over gr owt h of

cont ami nat i ng par ent al cel l s wer e pl at ed on Day 2 wi t hout an over gr owt h

i nhi bi t or , and wer e f ed cyt ochal asi n B cont ai ni ng medi um on Day 3 . Ot her

over gr owt h i nhi bi t or s used wer e 5- br omodeoxyur i di ne and cyt osi ne ar abi nosi de .

wei ght and i soel ect r i c poi nt s, t hei r comi gr at i on wi t h t he l i ght chai ns f r om

pur i f i ed chi ck or r at t hi gh act omyosi n, t hei r co- pr eci pi t at i on usi ng an ant i body

agai nst t he myosi n heavy chai n, t hei r co- pur i f i cat i on wi t h act omyosi n, t hei r

absence i n undi f f er ent i at ed myobl ast s, and t hei r appear ance i n di f f er ent i at ed

muscl e cul t ur es ( 1) .

Acet yl chol i ne Recept or Assays and Cr eat i ne Ki nase :

	

Tot al

muscl e f unct i on i n t he het er okar yons was est i mat ed by t wo assays t hat di d not

di st i ngui sh bet ween chi ck and r at pr ot ei ns . Acet yl chol i ne r ecept or was mea-

sur ed by t he speci f i c bi ndi ng of I ZSI - a- bungar ot oxi n ( 2 . 5 x 10- 9 M) i n t he

pr esence or absence of t he compet i t i ve i nhi bi t or decamet honi um( 10 - 5 M) ( 36) .

Het er okar yons t hat wer e t o be anal yzed f or t oxi n- bi ndi ng act i vi t y wer e i ni t i al l y

pl at ed over ni ght i n 10- ° Munl abel ed a- bungar ot oxi n . Thi s sat ur at es exi st i ng

r ecept or s essent i al l y i r r ever si bl y, so t hat t he appear ance of new bi ndi ng si t es

dur i ng t he next 3 d r epr esent s t he synt hesi s of new acet yl chol i ne r ecept or s ( 37) .

We measur ed cr eat i ne ki nase act i vi t y specr ophot omet r i cal l y usi ng a com-

mer ci al assay ( Ki t 45- UV, Si gma Chemi cal Co. ) suppl ement ed wi t h 300 ' UM

di adenosi ne pent aphosphat e i n or der t o i nhi bi t adenyl at e ki nase act i vi t y ( 38) .

To i ncr ease t he sensi t i vi t y, we adj ust ed t he di l ut i on of t he ki t so t hat up t o 50

I ul of a het er okar yon cel l ext r act coul d be anal yzed i n a f i nal vol ume of 175 yl

i n a mi cr ocuvet t e .

The pr ot ei n concent r at i on i n het er okar yon ext r act s was det er mi ned usi ng

f l uor escami ne ( Roche Di agnost i cs, Nut l ey, NJ) ( 39) r el at i ve t o a bovi ne ser um

al bumi n st andar d . Si nce ami nes such as Tr i s buf f er i nt er f er e wi t h t hi s assay,

ext r act s f or cr eat i ne ki nase or acet yl chol i ne r ecept or act i vi t y wer e pr epar ed i n

phosphat e- buf f er ed sol ut i ons . Al l assays f or cr eat i ne ki nase and acet yl chol i ne

act i vi t y wer e per f or med i n t r i pl i cat e .

Cel l Hybr i ds :

	

Het er okar yons ar e t he i ni t i al f usi on pr oduct bet ween

t wo cel l s, wher e bot h nucl ei exi st wi t hi n a common cyt opl asm. The di vi di ng

pr ogeny of het er okar yons ar e cel l hybr i ds . Cel l hybr i ds bet ween B9 r at gl i al

cel l s and L6 r at myobl ast s wer e obt ai ned by f i r st pr epar i ng a 95% pur e

popul at i on of het er okar yons usi ng i r r ever si bl e bi ochemi cal i nhi bi t or s . The

het er okar yons wer e t hen pl at ed at a densi t y of t wo cel l s per 0. 3- cml mi cr ot i t er

wel l . 3 wk l at er , - 30%of 200 wel l s cont ai ned col oni es . 20 wel l s cont ai ni ng

si ngl e col oni es wer e expanded and kar yot yped usi ng an i n si t u t echni que ( 40) .

Four t o si x met aphase spr eads f r omeach col ony wer e count ed under di r ect x

400 obser vat i on. Al t hough t hi s appr oach i s not accur at e enough t o gi ve a

pr eci se det er mi nat i on of chr omosome number s, i t i s easi l y suf f i ci ent t o det er -

mi ne whet her t he col ony was r oughl y di pl oi d or t et r apl oi d . About 50%of t he

col oni es wer e cont ami nat i ng par ent al di pl oi d cel l s . The r emai ni ng t et r apl oi d

col oni es wer e t hen anal yzed f or t hei r myogeni c pot ent i al i n compar i son t o

homot ypi c hybr i ds f or med by f usi ng i odoacet ami de- t r eat ed L6 myobl ast s t o

di et hyl pyr ocar bonat e- t r eat ed L6 myobl ast s .

l mmunoper oxi dase Ant i myosi n St ai ni ng :

	

An ext r emel y sensi -

t i ve cl onal i mmunoper oxi dase assay was used t o det ect myogeni c cel l s . Each

hybr i d cl one was pl at ed at appr oxi mat el y 500 cel l s per 10- cmdi sh and al l owed

t o f or m subcl ones over a 2- wk gr owt h per i od . The cel l s wer e t hen f ed a

di f f er ent i at i on- st i mul at i ng medi um cont ai ni ng 1 %f et al bovi ne ser um and 5

, ug/ ml i nsul i n ( 41) . The combi nat i on of hi gh l ocal cel l densi t y and speci al

medi umpr oduces a ver y power f ul st i mul us t o di f f er ent i at e . Massi vel y f used L6

myot ubes f r equent l y det ach f r omt he di sh wi t hi n a f ew days af t er t hei r f or ma-

t i on . The di shes wer e scr eened ever y f ew days, and di shes i n whi ch any ar eas

of myot ube det achment wer e obser ved wer e f i xed i mmedi at el y . 1 wk af t er

bei ng f ed di f f er ent i at i on- st i mul at i ng medi um, t he r emai ni ng di shes wer e f i xed

i n 50%acet one/ et hanol f or 3 mi n at 0° C ( 42) and pr ocessed f or i mmunoper -

oxi dase st ai ni ng usi ng mouse monocl onal ant i body CCM- 52 ( gener ousl y pr o-

vi ded by Dr . Rhadovan Zak, Uni ver si t y of Chi cago) . Thi s ant i body was r ai sed

agai nst pur i f i ed chi ck car di ac myosi n ( 43) , and cr oss- r eact s wi t h t he myosi n

made i n al l cul t ur ed myogeni c cel l s t hat we have exami ned ( chi ck skel et al ,
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Day 0 : Chi ck Myocyt es Rodent Cel l s Unt r eat ed Rodent

1 i odoacet ami de or I di et hyl pyr ocar bonat e or Chi ck Myocyt e

di et hyl pyr ocar bonat e or i odoacet ami de Cont r ol Cel l s

wash wash

Fuse

1

Pl at e cel l s i n bact er i al gr ade pet r i s di shes i n 3 x 10- 5Mouabai nl

l
Day l : Tr ansf er al i quot s

t o t i ssue cul t ur e

i

mi cr owel l s

1
Day 2 : Fi x, st ai n and Par t i al l y separ at e vi abl e het er okar yons by

count . Cal cul at e cent r i f ugat i on on Fi col l - sodi um di at r i zoat e

pur i t y, r escue cushi on 2 . Pl at e at hi gh densi t y i n t i ssue

cul t ur e mi cr owel l s i n 3 x 10- SM ouabai n pl us

over gr owt h i nhi bi t or s 3 FI GURE 1 Fl ow char t of het er okar -

l
yon i sol at i on pr ocedur e.

Day 3 : Wash away r emai ni ng dead cel l s . Feed ouabai n- f r ee medi um pl us

over gr owt h i nhi bi t or ( BUdR, cyt osi ne ar abi nosi de or cyt ochal asi n B)

1
Day 5 : Label some mi cr owel l s

over ni ght i n 35S- met hi oni ne

1

Day 6 : Ext r act 35 S- met hi oni ne Assay r emai ni ng mi cr owel l s f or cr eat i ne

l abel ed cel l s ki nase act i vi t y or a- bungar ot oxi n bi ndi ng



chi ck car di ac, r at skel et al , and r at car di ac cul t ur es) . The f ol l owi ng t echni que

was used t o st ai n l ar ge sur f ace ar eas wi t h l i mi t ed amount s of ant i body . A 50 x

20 mmr ect angl e was scr i bed ont o t he sur f ace of each di sh usi ng a scal pel bl ade.

Thi s pr ocedur e t hr ows up a r i dge of pl ast i c t hat pr ot ect s t he cel l s f r om bei ng

shear ed of f t he di sh af t er t he r epeat ed appl i cat i on and r emoval of a cover sl i p.

The cel l s wer e st ai ned i n 50 j ut of CCM- 52 di l ut ed 1 : 200 wi t h l Ml ysi ne pH

7 . 5 ( 44) f or 90 mi n at r oomt emper at ur e . The ant i body was appl i ed by pl aci ng

50 ; al of ant i body on a 50 x 22 mmgl ass cover sl i p, t hen l ower i ng t he i nver t ed

di sh ont o t he cover sl i p unt i l capi l l ar i t y sucked t he cover sl i p i nt o pl ace . Thi s

met hod r educed t he t r appi ng of bubbl es under t he cover sl i p . The pr i mar y

ant i body was vi sual i zed wi t h a per oxi dase- conj ugat ed goat ant i - mouse ant i body

( Cappel Labor at or i es, I nc . , Cochr anvi l l e, PA) and di ami nobenzi di ne usi ng

st andar d t echni ques .

The combi nat i on of a cl onal assay wi t h i mmunol ogi c st ai ni ng per mi t s t he

i dent i f i cat i on of myogeni c cel l s t hat di f f er ent i at e under onl y t he most st r i ngent

condi t i ons, wher e so f ew adj acent cel l s di f f er ent i at e t hat mor phol ogi cal l y i den-

t i f i abl e myot ubes ar e not f or med. The assay i s suf f i ci ent l y sensi t i ve t o i dent i f y

cl ones of L6 myobl ast s t hat di f f er ent i at e wi t h a 10, 000- f ol d r educt i on i n t hei r

abi l i t y t o f or mmyosi n- posi t i ve cel l s ( compani on paper ) . '

RESULTS

I nduct i on of Rat Myosi n LCI Synt hesi s i n Chi ck

Myocyt e x B9 Gl i al Het er okar yons

Al t hough B9 r at gl i al cel l s had never di f f er ent i at ed al ong

myogeni c l i nes i n t hei r l abor at or y of or i gi n, myot ube f or ma-

t i on and muscl e pr ot ei n expr essi on have been obser ved under

t he cul t ur e condi t i ons of a di f f er ent l abor at or y ( 12) . The

appar ent abi l i t y of B9 cel l s t o t r ansdi f f er ent i at e l ed t o t hei r

sel ect i on f or our i ni t i al st udi es . We have been unabl e t o obt ai n
spont aneous myot ube f or mat i on i n t hese cel l s i n our l abor a-

t or y, even under condi t i ons t hat nor mal l y st i mul at e myogeni c

di f f er ent i at i on such as r educi ng t he ser um concent r at i on i n

t he pr esence of 5 Ag/ ml i nsul i n ( 41) . To det er mi ne whet her

t he st r uct ur al myosi n LC1 genes i n B9 cel l s coul d r espond t o

put at i ve chi ck i nduci ng f act or s, we const r uct ed het er okar yons

bet ween B9 r at gl i al cel l s and di f f er ent i at ed chi ck myocyt es .
Pur i f i ed popul at i ons of het er okar yons i sol at ed usi ng i r r e-
ver si bl e bi ochemi cal i nhi bi t or s wer e i ncubat ed over ni ght i n
[ 35 S] met hi oni ne and ext r act ed i nt o a buf f er of l ow i oni c

st r engt h. The i nsol ubl e mat er i al whi ch was enr i ched f or ac-

t omyosi n was t hen anal yzed on t wo- di mensi onal pol yacr yl -

ami de gel s . Fi g. 2 shows t hat r at skel et al myosi n l i ght chai ns

wer e i nduced i n t hese het er okar yons . Because we have pr e-

vi ousl y shown t hat onl y a f ew per cent of chi ck- r odent het er -
okar yons i ncor por at e [ 3 H] t hymi di ne dur i ng t he f i r st week

af t er t hei r i sol at i on usi ng i r r ever si bl e i nhi bi t or s ( 1, 3) , and

si nce t he cel l s i n t he pr esent exper i ment s wer e cul t i vat ed i n

ei t her 100 BMBUdR or 10- 5 Mcyt osi ne ar abi nosi de f ol l ow-

i ng het er okar yon f or mat i on, we bel i eve t hat t he i nduct i on of

r at myosi n LCI synt hesi s i n t he B9 genome occur r ed i n t he

absence of appr eci abl e DNA synt hesi s . These r esul t s suggest

t hat st r uct ur al al t er at i ons i n chr omat i n dependent on si gni f i -

cant DNA r epl i cat i on may not be pr er equi si t es t o t he expr es-

si on of t he myosi n LC1 genes i n B9 gl i al cel l s .

Suppr essi on of Myogenesi s i n Gl i al x Myobl ast

Cel l Hybr i ds

The abi l i t y of put at i ve chi ck f act or s t o i nduce t he skel et al
myosi n LC1 genes i n B9 r at gl i al cel l s i mpl i ed t hat t he B9
cel l s wer e not pr oduci ng f act or s t hat domi nant l y suppr essed
t hese st r uct ur al genes . The behavi or of t he het er okar yons,

z
Wr i ght , W. E. 1984 . Cont r ol of di f f er ent i at i on i n het er okar yons and

hybr i ds i nvol vi ng di f f er ent i at i on- def ect i ve myobl ast var i ant s . J . Cel l

Bi ol . 98 : 436- 443 .
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FI GURE 2 Myosi n l i ght chai n synt hesi s i n het er okar yons f or med

bet ween B9 r at gl i al cel l s and chi ck skel et al myocyt es . Het er okar -

yons and cont r ol cel l s wer e cul t i vat ed i n 10- 5 Mcyt osi ne ar abi no-

si de f ol l owi ng het er okar yon f or mat i on and t hen l abel ed wi t h [
3_1

S] -

met hi oni ne and ext r act ed i nt o l ow i oni c st r engt h buf f er cont ai ni ng

col d- car r i er act omyosi n . The act omyosi n- enr i ched i nsol ubl e mat e-

r i al was t hen anal yzed on t wo- di mensi onal gel s. The r egi on of t he

gel s bet ween pl - 5 . 6 ( l ef t ) and 4 . 0 ( r i ght ) i s shown . The skel et al

myosi n l i ght chai ns ar e i dent i f i ed as f ol l ows : C, chi ck f ast muscl e

LC1 ; A, r at adul t f ast muscl e LC1 ; and E, r at embr yoni c LCl .

Unl abel ed ar r ows i ndi cat e t he l ocat i on of l i ght chai ns t hat ar e not

pr esent i n t hat par t i cul ar ext r act . ( A) Het er okar yons f or med by

f usi ng B9 r at gl i al cel l s t r eat ed wi t h 0 . 0045%di et hyl pyr ocar bonat e

t o chi ck skel et al myocyt es t r eat ed wi t h 3 . 8 mMi odoacet ami de . ( B)

Chi ck myocyt e cont r ol cel l s . ( C) B9 r at gl i al cont r ol cel l s . Rat skel et al

myosi n l i ght chai n synt hesi s i s pr esent onl y i n t he het er okar yons .

The hi gh concent r at i on of i odoacet ami de used t o t r eat t he chi ck

cel l s ( compar ed wi t h t he exper i ment s i n Fi g . 4) i s a r esul t of not

usi ng ouabai n as par t of t he sel ect i ve syst em i n t hi s par t i cul ar

exper i ment .

however , di d not i ndi cat e whet her or not t he B9 gl i al cel l s

wer e pr oduci ng domi nant suppr essi ve f act or s t hat r egul at ed
ear l i er st ages i n di f f er ent i at i on, such as t he deci si on by undi f -
f er ent i at ed but det er mi ned myobl ast s t o i ni t i at e t he pr ogr am

of t er mi nal di f f er ent i at i on . Pr el i mi nar y cont r ol exper i ment s



FI GURE 3

	

Ant i myosi n st ai ni ng of hybr i d cel l s . Homot ypi c and het -

er ot ypi c hybr i d cl ones wer e pi cked and r epl at ed at l ow densi t y . 2

wk l at er , af t er l ar ge, l ocal l y conf l uent subcl ones had f or med, t he

cel l s wer e f ed di f f er ent i at i on- st i mul at i ng medi um f or 1 wk . The

cel l s wer e t hen f i xed and pr ocessed f or i mmunoper oxi dase st ai ni ng

usi ng t he monocl onal ant i myosi n heavy chai n ant i body CCM- 52.

demonst r at ed t hat t he deci si on t o di f f er ent i at e r equi r ed con-

di t i ons t hat wer e not easi l y obt ai ned usi ng het er okar yons . For

exampl e, our di f f er ent i at i on- st i mul at i ng condi t i ons empl oy a

decr eased ser um concent r at i on i n t he pr esence of 5 Ag/ ml

i nsul i n ( 41) , whi ch st i mul at es conf l uent L6 myobl ast s t o

di f f er ent i at e t o a gr eat er ext ent t han conf l uence al one. How-

ever , t he het er okar yon cel l densi t y of appr oxi mat el y 25, 000

cel l s per cm2 t hat we wer e abl e t o achi eve cor r esponded t o

cel l s t hat ar e onl y about one- quar t er conf l uent . We f ound

t hat L6 myobl ast s pl at ed at 25, 000 cel l s/ cm2 and f ed medi um

cont ai ni ng 1 % f et al bovi ne ser um and 5 j Ag/ ml i nsul i n di d

not di f f er ent i at e unt i l af t er t hey had di vi ded sever al t i mes and

r eached conf l uence . I nhi bi t i ng cel l di vi si on of t hese f r eshl y

pl at ed L6 myobl ast s by addi ng cyt osi ne ar abi nosi de ( 10- 6 or
10 - 5 M) t o t he di f f er ent i at i on- st i mul at i ng medi umpr event ed
t he cel l s f r omr eachi ng conf l uence and al so pr event ed si gni f i -

cant number s of cel l s f r om di f f er ent i at i ng and f or mi ng myo-

t ubes . I t was t hus cl ear t hat t he exper i ment al condi t i ons we

obt ai ned usi ng het er okar yons woul d not pr ovi de an adequat e

t est of t he abi l i t y of even aut hent i c myobl ast s t o make t he

deci si on t o di f f er ent i at e i n t he absence of cel l di vi si on . Het -

er okar yons t hat di vi de t o r each conf l uence ar e by def i ni t i on

no l onger het er okar yons but cel l hybr i ds, t hus i t was necessar y

t o exami ne t he capaci t y of cel l f usi on pr oduct s t o make t he

deci si on, t o di f f er ent i at e i n cel l hybr i ds r at her t han het er okar -

yons . We have pr evi ousl y shown t hat <10%of t he het er okar -

yons f or med by f usi ng chi ck myocyt es t o r at f i br obl ast s wer e

abl e t o i ncor por at e t r i t i at ed t hymi di ne ( 4) , even t hough t he

myogeni c pr ogr amhad been suppr essed i n t hese cel l s . Ot her s

have shown t hat cel l hybr i ds f or med bet ween chi ck and r odent
cel l s r api dl y segr egat e vi r t ual l y t he ent i r e chi ck genome except
t he speci f i c gene r equi r ed f or gr owt h i n t he sel ect i on pr ocedur e
( e . g. , chi ck hypoxant hi ne- guani ne phosphor i bosyl t r ansf er ase)
( 45, 46) . I t was t hus pr obabl e t hat het er okar yons f or med by
f usi ng B9 gl i al cel l s t o chi ck myobl ast s ei t her woul d not di vi de

at al l or woul d yi el d uni nf or mat i ve hybr i ds t hat had l ost t he

chi ck genome . We t hus deci ded t o exami ne t he r egul at i on of

t he deci si on t o di f f er ent i at e i n cel l hybr i ds const r uct ed be-
t ween B9 gl i al cel l s and L6 myobl ast s . Si nce t hese ar e bot h
r at cel l l i nes, t he f r equency of hybr i d f or mat i on woul d be hi gh

and t he pr ef er ent i al l oss of one set of par ent al chr omosomes

woul d be avoi ded . Si nce t he B9 gl i al cel l s do not r espond t o

myogenesi s- st i mul at i ng medi um under our l abor at or y con-

di t i ons, t he deci si on t o di f f er ent i at e coul d be exami ned i n t he
hybr i ds bet ween r esponsi ve L6 myobl ast s and nonr esponsi ve
B9 gl i al cel l s.

Cel l hybr i ds wer e const r uct ed by f i r st i sol at i ng het er okar -

yons bet ween undi f f er ent i at ed L6 r at myobl ast s and B9 gl i al

cel l s. The het er okar yons wer e t hen cl oned and kar yot yped t o

ver i f y t hat t hey wer e hybr i ds and not cont ami nat i ng par ent al
cel l s . The abi l i t y of t he hybr i d cl ones t o i ni t i at e t er mi nal
di f f er ent i at i on was exami ned by exposi ng l ar ge, l ocal l y con-

f l uent subcl ones t o myogenesi s- st i mul at i ng condi t i ons and

t hen st ai ni ng t hem wi t h an ant i myosi n ant i body ( Fi g . 3) .

( A) L6 x L6 homot ypi c hybr i d cl one 6 . ( 8) L6 myobl ast x B9 gl i al

cel l het er ot ypi c hybr i d cl one 10 . No myosi n- posi t i ve cel l s ar e

pr esent . ( C) L6 myobl ast x B9 gl i al cel l het er ot ypi c hybr i d cl one 3 .

Ni ne myosi n- posi t i ve cel l s can be seen . ( D) Hi gh power vi ew of t he

same f i el d shown i n ( C. The ar r ow i ndi cat es a myosi n- posi t i ve cel l

i n whi ch i ndi vi dual myof i br i l s can be seen cour si ng over t he cel l

nucl eus . A quant i t at i ve anal ysi s of t hese cl ones i s shown i n Tabl e I .

Bar , 100 j um. ( A- C) x 40 ; ( D) x 200 .
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Combi nat i on

L6 Myobl ast x 89 gl i al cel l

L6 myobl ast x L6 myobl ast

* Di vi di ng cel l hybr i ds wer e pi cked, cl oned, and kar yot yped t o ver i f y t hei r hybr i d st at us . Each cl one was t hen subcul t i vat ed at l ow densi t y t o f or m mul t i pl e
subcl ones . Af t er l ar ge, l ocal l y conf l uent subcl ones had f or med, t he cel l s wer e f ed di f f er ent i at i on- st i mul at i ng medi umf or 1 wk and t hen f i xed and st ai ned wi t h
an ant i myosi n ant i body . The number of myosi n ( +) cel l s was t hen det er mi ned . Four hybr i d cl ones of each combi nat i on wer e r andoml y sel ect ed f or anal ysi s .

' Col oni es appear i ng t o be of aver age si ze wer e sel ect ed under macr oscopi c obser vat i on . The col ony was ci r cl ed, and t he number of cel l s count ed under x
400 obser vat i on .

" Tot al %myosi n ( +) cel l s wer e cal cul at ed by di vi di ng t he t ot al number of myosi n ( +) cel l s by t he pr oduct of t he t ot al number of subcl ones count ed and t he
t ypi cal number of cel l s per subdone, x 100 .

t Typi cal col ony si zes ar e her e expr essed as a r at i o of myosi n ( +) t o myosi n ( - ) cel l s . Si nce t he number of myosi n ( +) cel l s i n t hi s combi nat i on was t oo gr eat t o
per mi t t he t ot al number t o be act ual l y count ed, t he %myosi n ( +) cel l s was cal cul at ed by f i r st det er mi ni ng t he %myosi n ( +) cel l s i n a t ypi cal subcone, and
t hen mul t i pl yi ng t hi s number by t he %of myosi n ( +) subcl ones .

Tabl e I shows t hat al t hough L6 x L6 homohybr i d cont r ol s
i sol at ed usi ng t he same pr ot ocol cont i nued t o exhi bi t hi gh
l evel s of myogenesi s, muscl e di f f er ent i at i on was suppr essed
i n t he B9 x L6 hybr i ds . Thus, al t hough t he B9 genome coul d

r espond t o i nt er nal i nduci ng f act or s pr esumabl y pr ovi ded by
t he al r eady di f f er ent i at ed chi ck myocyt es i n het er okar yons,

di vi di ng cel l hybr i ds of B9 cel l s f used t o undi f f er ent i at ed
myobl ast s wer e unabl e t o r espond t o t he ext er nal envi r on-
ment al si gnal s t hat nor mal l y st i mul at e myogeni c di f f er ent i a-

t i on . Thi s suggest s t hat B9 cel l s wer e pr oduci ng f act or s t hat

domi nant l y suppr essed t he ear l y st ages of t er mi nal myogene-

si s but not t he l at er st ages i nvol vi ng t he act i vat i on of t he

st r uct ur al myosi n LC1 genes. Thi s compar i son pr ovi des a
good i l l ust r at i on of t he i mpor t ant f unct i onal di f f er ences be-
t ween het er okar yons and cel l hybr i ds and t he t ype of r egul a-

t or y i nf or mat i on t hat can be obt ai ned f r om each ( 24) .

Myosi n LC1 Synt hesi s i n Het er okar yons bet ween

Chi ck Myocyt es and Ot her Neur al Li nes

Sever al ot her neur al cel l l i nes wer e exami ned t o det er mi ne
whet her t he abi l i t y t o i nduce t he synt hesi s of skel et al myosi n
l i ght chai ns i n B9 gl i al cel l s was a gener al char act er i st i c of

neur al cel l s or a uni que pr oper t y of t hi s unusual cel l l i ne . To

do t hi s, het er okar yons bet ween chi ck myocyt es and ot her

neur al cel l s wer e i sol at ed, t hen l abel ed wi t h [ 35 S] met hi oni ne,

ext r act ed, and anal yzed on t wo- di mensi onal pol yacr yl ami de

gel s . Fi g . 4A shows t hat bot h embr yoni c and adul t r at LC1
wer e i nduced i n het er okar yons bet ween r at C6 ast r ocyt oma

cel l s and di f f er ent i at ed chi ck myocyt es. The i nduct i on of t he
l i ght chai ns was not a si mpl e consequence of t he bi ochemi cal
t r eat ment s, si nce homokar yons f or med by f usi ng t oget her
di et hyl pyr ocar bonat e- and i odoacet ami de- t r eat ed C6 cel l s di d
not exhi bi t any l i ght chai n synt hesi s ( Fi g . 4 B) . Rodent skel et al

myosi n l i ght chai n was al so i nduced i n het er okar yons i nvol v-

i ng t he NI E- 115 mouse adr ener gi c neur onal cel l l i ne ( Fi g .
4 C) . Not al l neur onal cel l l i nes wer e i nduci bl e, however . Not
onl y wer e het er okar yons bet ween S- 20 mouse chol i ner gi c

neur ons and chi ck myocyt es unabl e t o synt hesi ze mouse l i ght
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TABLE I

chai ns, but chi ck l i ght chai n synt hesi s was suppr essed i n t hi s

combi nat i on as wel l ( Fi g . 4D) .
The above cel l l i nes wer e usef ul f or t hese st udi es because

t hey r epr esent ed cl oned, r el at i vel y homogeneous popul at i ons .
However , si nce al l of t hem wer e der i ved f r om t umor s and
most of t hem had gr ossl y abnor mal chr omosome const i t u-

t i ons, i t i s possi bl e t hat t he expr essi on of di f f er ent i at ed f unc-

t i ons i n t hese cel l s di d not r ef l ect nor mal r egul at or y cont r ol s .
To ver i f y t hat t he i nduct i on of skel et al myosi n l i ght chai ns i n

t hese cel l l i nes al so occur r ed i n nor mal di pl oi d cel l s, het er o-

kar yons wer e const r uct ed bet ween di f f er ent i at ed chi ck my-

ocyt es and r at whol e br ai n pr i mar y cul t ur es . I n spi t e of t he

ext r eme het er ogenei t y of cel l t ypes wi t hi n t hese pr i mar y br ai n

cul t ur es, bot h embr yoni c and adul t r at skel et al myosi n l i ght

chai ns wer e i nduced ( Fi g. 4E) . Cont r ol ext r act s f r om [ 35 S] -

met hi oni ne- l abel ed br ai n cul t ur es demonst r at ed t he absence

of l ow- i oni c st r engt h i nsol ubl e pr ot ei ns mi gr at i ng i n t he r egi on

of t he skel et al myosi n l i ght chai ns ( Fi g . 4F) . Si mi l ar cont r ol s

f or t he ot her cel l l i nes al so i ndi cat ed t hat t he i nduced l i ght

chai ns wer e not si mpl y mi si dent i f i ed spot s cor r espondi ng t o
endogenous br ai n pr ot ei ns ( dat a not shown) .

The het er okar yons i l l ust r at ed i n Fi gs. 2 and 4 wer e t r eat ed
wi t h ei t her 100 uM BUdR or 10- ' M cyt osi ne ar abi nosi de
bet ween days 2 and 6 of t he exper i ment i n or der t o pr event

over gr owt h of t he - 5%cont ami nat i ng par ent al cel l s . Muscl e

di f f er ent i at i on nor mal l y i s st i mul at ed by condi t i ons t hat r e-
duce cel l di vi si on ( e. g. , l owser um, conf l uence) . To ver i f y t hat
t he i nduct i on of muscl e genes i n neur al cel l s was not a
consequence of t r eat ment wi t h DNA- synt hesi s i nhi bi t or s, we
used cyt ochal asi n B t o pr event over gr owt h . Cyt ochal asi n B
bl ocks cyt oki nesi s ( 32) , so t hat cel l s t hat synt hesi ze DNAcan
pr oceed t hr ough kar yoki nesi s and become bi nucl eat ed . These
bi nucl eat ed cel l s have a much r educed gr owt h r at e, so t hat

t r eat ment wi t h cyt ochal asi n B ef f ect i vel y per mi t s cont ami -
nat i ng par ent al cel l s t o di vi de at most once dur i ng t he cour se
of t he exper i ment even t hough DNA synt hesi s i s not di r ect l y
af f ect ed . The i nduct i on of r odent myosi n LCl i n B9, C6, and
NI E- 115 cel l s al so occur r ed i n het er okar yons t r eat ed wi t h

cyt ochal asi n B bet ween days 3 and 6 of t he exper i ment ( dat a

Di f f er ent i at i on Capaci t y of Ce/ / Hybr i ds

Cl one

Number of

Myosi n ( +)

subcl ones'

Myosi n ( - )

%Myosi n

( +) sub-

cl ones Typi cal col ony si ze*

Tot al num-

ber of

myosi n ( +)

cel l s

%Myosi n ( +)

cel l s'

3 9 183 5 8, 513 33 0 . 002
5 0 87 0 7, 821 0 0

10 0 114 0 5, 624 0 0
13 0 49 0 1, 423 0 0

1 280 1 99 634/ 230 73 1

4 107 6 95 168/ 333 32

6 62 18 77 892/ 326 56

8 116 3 97 677/ 44 91



FI GURE 4 Myosi n l i ght chai n

synt hesi s i n het er okar yons i n-

vol vi ng addi t i onal neur al cel l s .

Het er okar yons wer e anal yzed

as i n Fi g . 1 . Onl y t he skel et al

myosi n l i ght chai n r egi on of

t he gel i s shown . Li ght chai ns

ar e l abel ed as i n Fi g. 1 . ( A)

Het er okar yons pl at ed i n 100

j MBUdR f or med by f usi ng C6

r at ast r ocyt oma cel l s t r eat ed

wi t h 0 . 0035%di et hyl pyr ocar -

bonat e t o chi ck skel et al my-

ocyt es t r eat ed wi t h 1 . 8 mM

i odoacet ami de . ( B) Homo-

t ypi c het er okar yons pl at ed i n

100, uM BUdR f or med by f us-

i ng 5 . 5 mM i odoacet ami de-

t r eat ed C6 r at ast r ocyt oma

cel l s t o 0 . 0035% di et hyl pyr o-

car bonat e- t r eat ed C6 ast r ocy-

t oma cel l s . ( C) Het er okar yons

pl at ed i n 10' s Mcyt osi ne ar a-

bi nosi de f or med by f usi ng t he

mouse NI E- 115 adr ener gi c

neur onal cel l l i ne t r eat ed wi t h

0 . 0023% di et hyl pyr ocar bon-

at e t o chi ck skel et al myocyt es

t r eat ed wi t h 2 mMi odoacet -

ami de . ( D) Het er okar yons

pl at ed i n 100 j M BUdR

f or med by f usi ng t he mouse S

20 chol i ner gi c neur onal cel l l i ne t r eat ed wi t h 0 . 0019%di et hyl pyr ocar bonat e t o chi ck skel et al myocyt es t r eat ed wi t h 1 . 1 mM

i odoacet ami de . ( E) Het er okar yons pl at ed i n 100 j . M BUdRf or med by f usi ng nor mal di pl oi d 16- d embr yoni c r at br ai n cel l s t r eat ed

wi t h 0 . 0035%di et hyl pyr ocar bonat e t o chi ck skel et al myocyt es t r eat ed wi t h 2 mM i odoacet ami de . ( F) Cont r ol unf used 16- d

embr yoni c r at br ai n cel l s pl at ed i n 100, uM BUdR. Rodent skel et al myosi n l i ght chai n synt hesi s i s i nduced i n al l of t he combi nat i ons

except t he homot ypi c cont r ol het er okar yons bet ween C6 ast r ocyt oma cel l s and t hemsel ves, het er okar yons i nvol vi ng t he S- 20

chol i ner gi c cel l s, or cont r ol unf used cel l s.

not shown) . The i nduct i on of myosi n LC1 synt hesi s i n neur al

cel l s f ol l owi ng t hei r f usi on t o di f f er ent i at ed chi ck myocyt es

t hus occur s i n t he pr esence of DNA synt hesi s i nhi bi t or s but

i s not a consequence of t hei r pr esence. I n al l cases, cont r ol

par ent al neur al cel l s wer e t r eat ed wi t h t he appr opr i at e agent

( BUdR, cyt osi ne ar abi nosi de, or cyt ochal asi n B) , and i n no

i nst ance was myosi n LC1 synt hesi s obser ved i n t hese cont r ol s .

Tot al Muscl e Funct i on i n Het er okar yons

The cont i nued synt hesi s of chi ck myosi n l i ght chai ns i n al l

of t he het er okar yons except t hose i nvol vi ng S- 20 i mpl i ed t hat

most neur al cel l s wer e not pr oduci ng mol ecul es t hat domi -

nant l y suppr essed muscl e pr ot ei n synt hesi s . To det er mi ne

whet her t hi s appl i ed t o ot her muscl e pr ot ei ns, we exami ned

t he l evel s of cr eat i ne ki nase and acet yl chol i ne r ecept or act i vi t y

as a measur e of t ot al myogeni c expr essi on i n t he het er okar -

yons . Tabl e I I shows t hat t he t ot al myogeni c expr essi on i n al l

of t he neur al x myocyt e het er okar yons except t hose i nvol vi ng

S- 20 was equi val ent t o t hat f ound i n het er okar yons bet ween

undi f f er ent i at ed L6 r at myobl ast s and chi ck myocyt es . These

assays di d not di st i ngui sh bet ween r at and chi ck pr ot ei ns, or

bet ween muscl e and br ai n f or ms of cr eat i ne ki nase. The

cr eat i ne ki nase act i vi t y i n t he het er okar yons bet ween C6 cel l s

and chi ck myocyt es was uni nf or mat i ve, si nce t he par ent al

neur al cel l s had a hi gh backgr ound l evel of cr eat i ne ki nase

act i vi t y . Nonet hel ess, wi t hi n t hese l i mi t at i ons, t he r esul t s

i ndi cat e t hat t hr ee of t he f our neur al cel l l i nes exami ned wer e

not act i vel y suppr essi ng myogeni c f unct i ons .

DI SCUSSI ON

Ther e ar e at l east t hr ee possi bl e pat t er ns of muscl e gene

expr essi on i n het er okar yons bet ween di f f er ent i at ed chi ck my-

ocyt es and r odent cel l s of ot her devel opment al l i neages . Al l

muscl e pr ot ei n synt hesi s coul d be suppr essed, chi ck muscl e

f unct i ons coul d cont i nue i n t he absence of r odent muscl e

gene expr essi on, or chi ck muscl e f unct i ons coul d cont i nue

and r odent muscl e genes coul d be i nduced. The f i r st possi bi l -

i t y woul d suggest t he domi nant suppr essi on of t he st r uct ur al

genes of al t er nat e pat hways, t he second a gene r egul at or y

mechani smi ncapabl e of r espondi ng t o t he put at i ve i nduci ng

f act or s pr ovi ded by a di f f er ent i at ed muscl e cel l , and t he t hi r d

an " open" gene . Al t hough par t of t he pr ogr amof cel l di f f er -

ent i at i on i n some devel opment al l i neages ( S- 20 chol i ner gi c

neur ons and f i br obl ast s [ 4] ) appar ent l y i nvol ves t he domi nant

suppr essi on of t he st r uct ur al genes of al t er nat e pat hways,

ot her l i neages ( B9 gl i al , C6 ast r ocyt oma, and NI E- 115 adr e-

ner gi c neur onal cel l s) per mi t some nonexpr essed di f f er en-

t i at ed genes t o r emai n i n an i nduci bl e, nonsuppr essed f or m.

The pr esent r esul t s show t hat t he myosi n l i ght chai n one

st r uct ur al gene can be i nduced i n neur al cel l s i n t he pr esence

of i nhi bi t or s t hat r educe DNA synt hesi s by mor e t han 95%.

Thi s suggest s t hat DNA- synt hesi s- dependent gene modi f i ca-
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TABLE I I

Cr eat i ne Ki nase and 12s í - a- Bungar ot oxi n Bi ndi ng i n

Het er okar yons

%of myocyt e x
myobl ast cont r ol '

12s
I - a-

bungar

Cr eat i ne ot oxi n

ki nase bi ndi ng

' Each exper i ment cont ai ned an i nt er nal posi t i ve cont r ol f usi on bet ween
chi ck myocyt es and r at myobl ast s. The act ual val ues obt ai ned var i ed wi del y

bet ween exper i ment s, pr esumabl y due t o var i at i ons i n t he degr ee of di f f er -

ent i at i on i n t he chi ck myocyt es, whi ch wer e pr epar ed as pr i mar y cul t ur es
on a weekl y basi s . To per mi t a di r ect compar i son bet ween exper i ment s,

t he r esul t s have been nor mal i zed wi t h r espect t o t hi s i nt er nal posi t i ve
cont r ol . Act ual val ues can be est i mat ed f r om t he aver age r esul t s of t he
myocyt e x myobl ast cont r ol of 110 ± 70 mU/ mg of cr eat i ne ki nase and 40

± 15 f mol / mg of " ' I - a- bungar ot oxi n bi ndi ng ( t 1 SD, si x i ndependent

exper i ment s) .

t i on i s pr obabl y not r equi r ed bef or e t he act i vat i on of t r an-
scr i pt i on . I f DNA synt hesi s i s r equi r ed t o al t er cyt i di ne met h-
yl at i on pat t er ns ( 47) , t hi s r esul t pr ovi des evi dence t hat cyt i -

di ne met hyl at i on may not be di r ect l y i nvol ved i n r egul at i ng

t he nor mal l ack of expr essi on of t he skel et al myosi n l i ght

chai n genes i n neur al cel l s.

Pr evi ous somat i c cel l hybr i di zat i on st udi es have i ndi cat ed

t hat di f f er ent i at ed f unct i ons ar e gener al l y suppr essed i n di vi d-

i ng cel l hybr i ds f or med by f usi ng cel l s f r omdi f f er ent hi st i o-

t ypes ( 48) . The suppr essi on of myogenesi s i n B9 gl i al cel l x

L6 myobl ast hybr i ds was consi st ent wi t h t hi s obser vat i on . I n
cont r ast , r at skel et al myosi n l i ght chai ns wer e i nduced i n t he

i ni t i al f usi on pr oduct ( het er okar yons) f or med by combi ni ng

r at B9 gl i al cel l s wi t h di f f er ent i at ed chi ck myocyt es . Al t hough

di f f er ent myogeni c cel l s wer e used i n t he t wo set s of exper i -

ment s ( L6 r at myobl ast s ver sus chi ck myocyt es) , i t i s not

necessar y t o post ul at e speci es di f f er ences t o expl ai n t he di ver -

gent r esul t s . The suppr essi on of myogenesi s i n t he B9 gl i al x

L6 r at myobl ast hybr i ds pr obabl y r esul t s f r om ei t her a r el a-

t i vel y speci f i c suppr essi on of t he commi t ment t o t er mi nal

myogeni c di f f er ent i at i on or an i nabi l i t y t o r ecogni ze or r e-

spond t o di f f er ent i at i on si gnal s f r om t he ext er nal envi r on-

ment . Nei t her of t hese mechani sms i n cel l hybr i ds woul d
al l ow one t o pr edi ct t he behavi or of t he het er okar yons, i n

whi ch t he B9 genome i s exposed vi a t he i nt er nal cyt opl asmi c
envi r onment t o put at i ve i nduci ng si gnal s pr ovi ded by t he

al r eady di f f er ent i at ed myocyt e. Thi s r esul t i l l ust r at es t he di f -

f er ent but compl ement ar y i nf or mat i on t hat can be obt ai ned

f r om cel l hybr i ds ver sus het er okar yons .

The expr essi on of di f f er ent i at ed f unct i ons ot her t han t hose

of t he t i ssue of or i gi n i n many t umor s has cont r i but ed t o a
l ong- st andi ng cont r over sy over whet her or not di f f er ent i at i on
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i s t r ul y i r r ever si bl e . Our demonst r at i on t hat at l east some

genes f r om al t er nat e devel opment al pat hways ar e i nduci bl e

i n cer t ai n neur al cel l s i ncr eases t he pr obabi l i t y t hat t r ansdi f -
f er ent i at i on event s ar e possi bl e. The l ack of a r i gi d suppr essi on
of myogeni c genes i n t hese cel l s woul d gr eat l y i ncr ease t he
r at e at whi ch t r ansdi f f er ent i at i on event s coul d occur . I t t hus
becomes unnecessar y t o post ul at e t he pr esence of pr i mi t i ve

st emcel l s t o expl ai n t he or i gi n of aber r ant t i ssue . For exampl e,

i t i s known t hat t he muscl es of t he head and neck ar e der i ved
f r om t he neur al cr est ( 49) . The pr esence of pr i mi t i ve neur al
cr est st em cel l s has been i nvoked t o expl ai n t he appear ance
of skel et al muscl e f i ber s i n some neur al t umor s ( 8) and i n

cul t ur es f r om opt i c ner ve ( 9) , pi t ui t ar y ( 10) , and t hymus ( 48)
( t he t hymi c st r oma i s der i ved f r om t he neur al cr est [ 49] ) . Our

r esul t s demonst r at i ng t he i nduct i on of myosi n l i ght chai n

st r uct ur al genes i n cl onal cel l l i nes expr essi ng di f f er ent i at ed

neur al f unct i ons i ndi cat e t hat t he muscl e f i ber s i n t he above

si t uat i ons need not have come f r om pr i mi t i ve st em cel l s but

coul d have ar i sen f r omt r ansdi f f er ent i at i on event s .

These r esul t s may al so pr ovi de i nsi ght s i nt o t he et i ol ogy of

myast heni a gr avi s . The pr esent at i on of muscl e ant i gens by

aber r ant muscl e f i ber s f or mi ng wi t hi n t he i mmunol ogi cal l y

pr i vi l eged t hymus has been hypot hesi zed t o pl ay an i mpor t ant

r ol e i n t he gener at i on of ant i acet yl chol i ne r ecept or ant i bodi es

i n myast heni a gr avi s ( 51) . These aut oant i bodi es ar e t hought

t o be r esponsi bl e f or t he muscl e weakness i n t he di sease . Our

r esul t s suggest t he possi bi l i t y t hat myast heni a gr avi s may

r esul t f r om t he t r ansdi f f er ent i at i on of t hymi c st r omal cel l s

i nt o skel et al muscl e r at her t han f r omt he abnor mal di f f er en-

t i at i on of pr i mi t i ve st em cel l s .

I t i s t empt i ng t o post ul at e a uni que r egul at i on of t he myosi n

l i ght chai n genes i n neur al - cr est - der i ved cel l s . However , r e-

cent evi dence f r omt hi s l abor at or y ( 27) i ndi cat es t hat myosi n

l i ght chai n genes ar e i nduci bl e i n het er okar yons f or med by

f usi ng some nonmyobl ast mesoder mal der i vat i ves t o di f f er -

ent i at ed chi ck myocyt es, wher eas ot her mesoder mal der i va-

t i ves suppr ess myogeni c expr essi on . The r egul at i on of t he

muscl e st r uct ur al genes i n var i ous di f f er ent i at ed cel l s t hus

appear s t o exhi bi t a compl ex pat t er n t hat does not r educe t o

a si mpl e f or mul at i on such as neur al cr est ver sus mesoder mal

der i vat i on . Thi s r egul at i on i s cl ear l y not uni f or m, but may

r ef l ect many di f f er ent met hods of r egul at i ng gene expr essi on .

I t i s hoped t hat est abl i shi ng a devel opment al hi er ar chy of t he

cont r ol of t he skel et al muscl e st r uct ur al genes wi l l hel p el u-

ci dat e t he di f f er ent mechani sms by whi ch di f f er ent i at ed cel l s

speci f i cal l y expr ess t hei r own and not al t er nat e devel opment al

opt i ons .

I n concl usi on, we have shown t hat chi ck myosi n l i ght chai n

synt hesi s i s not suppr essed and t hat r odent myosi n l i ght chai n

synt hesi s i s i nduced i n het er okar yons f or med by f usi ng di f f er -

ent i at ed chi ck myocyt es t o a var i et y of neur al cel l s . These

r esul t s i mpl y t hat t hese neur al cel l s do not pr oduce mol ecul es

t hat domi nant l y suppr ess myogeni c st r uct ur al genes i n het -

er okar yons, t hat t he myosi n l i ght chai n st r uct ur al gene can

r espond t o i nduci ng f act or s i n t he pr obabl e absence of DNA

synt hesi s, and t hat t he di f f er ent i at ed pr ogr am i n t hese cel l s i s

consi der abl y mor e pl ast i c t han pr evi ousl y bel i eved .

Thi s wor k was suppor t ed by gr ant s f r om t he Nat i onal I nst i t ut es of
Heal t h and t he Muscul ar Dyst r ophy Associ at i on.

Recei vedf or publ i cat i on 4 Apr i l 1983, and i n r evi sedf or m 12 Sept em-

ber 1983 .

Par ent al cel l s

Chi ck myocyt es 230 135

L6 Rat ' myobl ast s 3 <1

B9 Rat gl i al cel l s 2 <1

C6 Rat ast r ocyt oma cel l s 180 <1

N1 E- 115 Mouse adr ener gi c neur ons 3 <1

S- 20 Mouse chol i ner gi c neur ons 20 <1

Het er okar yons

Myocyt e x L6 100 100

Myocyt e x 139 95 70

Myocyt e x C6 270 190

Myocyt e x N1 E- 115 145 50

Myocyt e x S- 20 20 <1
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