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ACETYLCHOLI NE RECEPTORS I N REGENERATI NG MUSCLE

ACCUMULATE AT ORI GI NAL SYNAPTI C

SI TES I N THE ABSENCE OF THE NERVE

STEVEN J. BURDEN, PETER B . SARGENT, and U. J . McMAHAN

Fr om t he Depar t ment of Neur obi ol ogy, St anf or d Uni ver si t y School of Medi ci ne, St anf or d,

Cal i f or ni a 94305

ABSTRACT

We exami ned t he r ol e of ner ve t er mi nal s i n or gani zi ng acet yl chol i ne r ecept or s on

r egener at i ng skel et al muscl e f i ber s . When muscl e f i ber s ar e damaged, t hey degen-

er at e and ar e phagocyt i zed, but t hei r basal l ami na sheat hs sur vi ve . New myof i ber s

f or m wi t hi n t he or i gi nal basal l ami na sheat hs, and t hey become i nner vat ed

pr eci sel y at t he or i gi nal synapt i c si t es on t he sheat hs . Af t er dener vat i ng and

damagi ng muscl e, we al l owed myof i ber s t o r egener at e but del i ber at el y pr event ed

r ei nner vat i on . The di st r i but i on of acet yl chol i ne r ecept or s on r egener at i ng myof i -

ber s was det er mi ned by hi st ol ogi cal met hods, usi ng [ " 5 I ] a- bungar ot oxi n or hor se-

r adi sh per oxi dase- a- bungar ot oxi n; or i gi nal synapt i c si t es on t he basal l ami na

sheat hs wer e mar ked by chol i nest er ase st ai n . By one mont h af t er damage t o t he

muscl e, t he new myof i ber s have accumul at i ons of acet yl chol i ne r ecept or s t hat ar e

sel ect i vel y l ocal i zed t o t he or i gi nal synapt i c si t es . The densi t y of t he r ecept or s at

t hese si t es i s t he same as at nor mal neur omuscul ar j unct i ons . Fol ds i n t he myof i ber

sur f ace r esembl i ng j unct i onal f ol ds at nor mal neur omuscul ar j unct i ons al so occur

at or i gi nal synapt i c si t es i n t he absence of ner ve t er mi nal s . Our r esul t s demonst r at e

t hat t he bi ochemi cal and st r uct ur al or gani zat i on of t he subsynapt i c membr ane i n

r egener at i ng muscl e i s di r ect ed by st r uct ur es t hat r emai n at synapt i c si t es af t er

r emoval of t he ner ve .
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a-
bungar ot oxi n

Acet yl chol i ne r ecept or s ( AChRs) on skel et al mus-

cl e f i ber s ar e sel ect i vel y concent r at ed at t he neu-

r omuscul ar j unct i on . The densi t y of r ecept or s i n

t he por t i on of myof i ber pl asma membr ane be-

neat h t he ner ve t er mi nal i s 1, 000- 5, 000 t i mes

gr eat er t han i n ext r aj unct i onal r egi ons ( 10, 16, 23) .

Dur i ng t he devel opment of myof i ber s, t hi s subsyn-

apt i c speci al i zat i on ar i ses as a consequence of

i nt er act i on bet ween ner ve and muscl e ( 2, 3, 19) .

412

I n t he adul t , t he accumul at i on of r ecept or s i s

st abl e . Af t er dener vat i on, t he densi t y of r ecept or s

i ncr eases i n ext r asynapt i c ar eas of myof i ber mem-

br ane, but t he concent r at i on at synapt i c si t es r e-

mai ns unchanged f or weeks ( 4, 20, 31) .

Thi s paper concer ns t he f or mat i on of AChR

accumul at i ons at synapt i c si t es i n r egener at i ng

adul t muscl e . Af t er damage t o ner ve and muscl e,

bot h axons and myof i ber s degener at e and ar e

phagocyt i zed, but t he Schwann cel l s t hat capped

t he ner ve t er mi nal s and t he basal l ami na sheat hs

of t he myof i ber s sur vi ve ( e . g. , 9, 11, 21, 27, 35, 38) .

El ement s t hat r emai n i n t he muscl e i nf l uence t he
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r egener at i on of axons and muscl e cel l s . New my-

of i ber s devel op wi t hi n t he basal l ami na sheat hs of

t he or i gi nal myof i ber s ( 7, 11, 21, 41) , axons gr ow

t o t he or i gi nal synapt i c si t es on t he basal l ami na,

and f unct i onal synapses ar e f or med ( 27) . Even

when r egener at i on of t he myof i ber s i s pr event ed,

axons st i l l gr ow t o t he or i gi nal synapt i c si t es and

f act or s associ at ed wi t h t he basal l ami na sheat h

di r ect di f f er ent i at i on of axon t er mi nal s ( 37) .

The exper i ment s pr esent ed her e wer e desi gned

t o det er mi ne whet her st r uct ur es i n muscl e ot her

t han ner ve t er mi nal s i nf l uence t he or gani zat i on of

AChRs at synapt i c si t es on r egener at i ng myof i -

ber s . Af t er dener vat i ng and damagi ng muscl e, we

al l owed new myof i ber s t o f or m wi t hi n t he basal

l ami na sheat hs of t he or i gi nal muscl e cel l s, but we

del i ber at el y pr event ed r ei nner vat i on . We f ound

t hat AChRs i n t he pl asma membr ane of r egener -

at i ng myof i ber s accumul at e pr ef er ent i al l y at t he

or i gi nal synapt i c si t es on t he basal l ami na even

t hough t he ner ve i s absent . The densi t y of r ecep-

t or s at t he or i gi nal synapt i c si t es i s near l y t he same

as at nor mal neur omuscul ar j unct i ons . Fur t her -

mor e t he pl asma membr ane at si t es of r ecept or

accumul at i on i s per i odi cal l y i nvagi nat ed ; t hese i n-

vagi nat i ons r esembl e j unct i onal f ol ds i n t he sub-

synapt i c membr ane of nor mal muscl e . We con-

cl ude t hat i n r egener at i ng muscl e t he ner ve i s not

necessar y f or t he accumul at i on of AChRs or f or

t he appear ance of f ol ds at t he synapt i c si t es ; t he

f or mat i on of t hese speci al i zat i ons can be di r ect ed

by el ement s associ at ed wi t h t he synapt i c basal

l ami na and/ or by Schwann cel l s .

MATERI ALS AND METHODS

Exper i ment s wer e per f or med on t he cut aneous pect or i s

muscl e of 5- cm l ong mal e f r ogs ( Rana pi pi ens) . The f r ogs

wer e kept at r oom t emper at ur e and wer e f ed cr i cket s .

The muscl es wer e di ssect ed i n Ri nger sol ut i on ( 116 mM

NaCl , 1 . 8 mMCaC1 2, 2 . 0 mMKCI , 0 . 17% dext r ose, 1 . 0

mMNaH2P0, , pH 7 . 2) .

Oper at i ons

Ani mal s wer e anest het i zed i n 0. 1% t r i cai ne met hane-

sul f onat e ( Fi nquel , Ayer st Labor at or i es, N. Y. ) and mus-

cl es wer e damaged as descr i bed pr evi ousl y ( 27) . As

i l l ust r at ed di agr ammat i cal l y i n Fi g . l , a sl ab of muscl e

on each si de of t he cent r al r egi on of i nner vat i on was

r emoved . A br i dge of damaged muscl e segment s ( 1- 2

mm) r emai ned bet ween i nt act myof i ber s at t he medi al

and l at er al bor der s of t he muscl e . The ner ve i nner vat i ng

t he cut aneous pect or i s muscl e was cut at t he edge of t he

muscl e and - 5 mm of t he cent r al ner ve st ump was

r emoved . 2 wk l at er , a 1- cm l engt h of t he second spi nal

FI GURE l Nor mal and dener vat ed, damaged cut a-

neous pect or i s muscl es . The l ef t muscl e and i t s ner ve ar e

i nt act . Sl abs have been r emoved f r om t he r i ght muscl e ;

a br i dge of damaged myof i ber segment s ext ends bet ween

i nt act myof i ber s at t he muscl e' s medi al and l at er al bor -

der s . The ner ve has been sever ed ( X) near t he l at er al

bor der . Bar , 3 mm.

ner ve was r emoved near t he ver t ebr al col umn . These

pr ocedur es r esul t ed i n degener at i on of t he damaged

myof i ber segment s and pr event ed r ei nner vat i on of t he

muscl e f or mor e t han a mont h .

Local i zat i on of Acet yl chol i ne Recept or s by

Hor ser adi sh Per oxi dase Coupl ed- a-

Bungar ot oxi n

Acet yl chol i ne r ecept or s ( AChRs) wer e l abel ed wi t h

a- bungar ot oxi n ( a- BGT) , a pr ot ei n t hat bi nds st r ongl y

and speci f i cal l y t o AChRs of skel et al muscl e ( 8, 12, 32) .

Hor ser adi sh per oxi dase ( HRP; code HPOFF, Wor t hi ng-

t on Bi ochemi cal Cor p . , Fr eehol d, N. J . ) was coupl ed t o

a- bungar ot oxi n ( Boehr i nger - Mannhei m, I ndi anapol i s,

I d . ) accor di ng t o t he gl ut ar al dehyde pr ocedur e of Vogel

et al . ( 40) . HRP- a- BGT was separ at ed f r om f r ee a- BGT

on a G- 100 col umn but was not pur i f i ed f ur t her by i on-

exchange chr omat ogr aphy as descr i bed i n t he or i gi nal

pr ocedur e ( 40) . A f ew t housand cpms of
[ ' 2

I ] a- BGT

wer e i ncl uded i n t he r eact i on mi xt ur e t o det er mi ne t he

t oxi n concent r at i on af t er coupl i ng . Si nce t he st oi chi om-

et r y of t he conj ugat e i s 1 a- BGT: 1 HRP ( 40) , t he con-

cent r at i on of t he conj ugat e i s equal t o t he concent r at i on

of t oxi n . AChRs wer e l abel ed by i ncubat i ng muscl es

wi t h 10 - ' MHRP- a- BGT i n Ri nger ' s f or 1 h at r oom

t emper at ur e . Under t hese condi t i ons muscl es no l onger

cont r act ed upon el ect r i cal st i mul at i on of t he ner ve, and

t hus >80° I c of t he AChRs wer e l abel ed ( 1) . The muscl e

was washed i n sever al changes of Ri nger ' s f or 10 mi n,

f i xed i n 1%gl ut ar al dehyde ( i n 60 mMsodi umphosphat e,

pH7 . 0) f or 20 mi n, washed ( i n 90 mMsodi umphosphat e,

pH 7 . 3, 24 mMsucr ose) f or 5 mi n and t hen i ncubat ed

f or 2 h at r oom t emper at ur e i n 0 . 05% 3, 3' di ami noben-
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zi di ne, 0. 02%H202 i n phosphat e buf f er wi t h sucr ose. For

l i ght mi cr oscopy t he muscl e was dehydr at ed, cl ear ed i n

xyl ene, mount ed whol e i n Per mount ( Fi sher Sci ent i f i c

Company, Fai r Lawn, N. J . ) and vi ewed wi t h br i ght -

f i el d opt i cs . For el ect r on mi cr oscopy t he muscl e was

t r eat ed wi t h OSO4 ( 1%i n 90 mMsodi um phosphat e, pH

7. 0) , st ai ned en bl oc wi t h ur anyl acet at e ( 0 . 5%i n 50 mM

sodi um mal eat e, pH 5. 2) and embedded i n Epon . Thi n

sect i ons wer e st ai ned wi t h l ead ci t r at e ( 39) .

Local i zat i on of Acet yl chol i ne Recept or s by

[
125I ] a- BGT

Muscl es wer e i ncubat ed i n 4 x 10 - e M
[ ' s

' I ] a- BGT

( New Engl and Nucl ear , Bost on, Mass . ; - 100 Ci / mmol )

i n Ri nger ' s f or l h at r oom t emper at ur e, washed i n

Ri nger ' s f or 1 h and f i xed i n 1%gl ut ar al dehyde ( i n 60

mMsodi um phosphat e, pH 7. 0) f or 20 mi n. They wer e

t hen st ai ned f or chol i nest er ase ( ChE; r ef er ence 22) f or

15 mi n t o mar k synapt i c si t es, t r eat ed wi t h OSO4 ( 1%i n

90 mM sodi um phosphat e, pH 7. 0) , dehydr at ed and

embedded i n Epon . Tr ansver se sect i ons ( l . 0 pi n t hi ck)

wer e mount ed on mi cr oscope sl i des t hat had been aci d-

cl eaned and coat ed wi t h 0. 5%gel at i n . The sl i des wer e

t hen coat ed wi t h l i qui d emul si on ( Kodak NTB- 2 or

NTB- 3, Rochest er , N. Y. ) di l ut ed 1 : 1 wi t h 2%gl ycer ol .

The emul si on was cool ed t o 4° C ( 5 mi n) , al l owed t o dr y

f or 1 h at r oom t emper at ur e and exposed f or sever al

days at 4° C, The emul si on was devel oped i n Kodak D-

19 ( undi l ut ed) f or 2 . 5 mi n at 20° C and f i xed i n Kodak

Rapi d Fi xer f or 1 mi n. Sect i ons wer e st ai ned wi t h 1 . 0%

t ol ui di ne bl ue ( i n 1% sodi um bor at e) , and cover sl i ps

wer e mount ed wi t h gl ycer ol . Camer a l uci da dr awi ngs

wer e made of t he sect i ons ; t he per i met er of t he muscl e

f i ber s, t he ext ent of t he ChE- st ai ned pat ches and t he

posi t i on of t he aut or adi ogr aphi c gr ai ns wer e i ndi cat ed .

The backgr ound gr ai n densi t y was det er mi ned over ar eas

of t he sect i on t hat di d not cont ai n t i ssue .

I n nor mal muscl e t he ext r asynapt i c gr ai n densi t y was

i ndi st i ngui shabl e f r om backgr ound, and t he gr ai ns wer e

concent r at ed over synapt i c si t es ( mar ked by ChEst ai n) .

We f ound t hat 50%of t he gr ai ns at synapt i c si t es f el l

wi t hi n 3 [ m of t he ChE- st ai ned pat ches. The gr ai n

densi t y at each synapt i c si t e was det er mi ned by f i r st

count i ng t he number of gr ai ns f al l i ng wi t hi n a wi ndow

whose bor der was 3 t t m f r om t he st ai ned ar ea and by

subsequent l y di vi di ng t he number of gr ai ns by t he l engt h

( i n j m) of t he ChE pat ch. I n r egener at ed muscl e t he

ext r asynapt i c gr ai n densi t y was gr eat er t han backgr ound,

but gr ai ns wer e agai n concent r at ed over synapt i c si t es

t hat wer e st i l l mar ked by ChEst ai n . Ext r asynapt i c gr ai n

densi t y, whi ch i s expr essed as gr ai ns/ pml engt h of mem-

br ane, was det er mi ned by count i ng t he number of gr ai ns

f al l i ng wi t hi n 3 pmof t he par t of t he myof i ber per i met er

t hat di d not st ai n f or ChE. To quant i t at e t he ext ent t o

whi ch AChRs wer e concent r at ed at synapt i c si t es on

r egener at ed muscl e, we det er mi ned t he f r act i on of ChE-

st ai ned pat ches t hat had cl ust er s of gr ai ns . Acl ust er of
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gr ai ns at a ChE- st ai ned pat ch was ar bi t r ar i l y def i ned as

a gr oup of gr ai ns wi t h a densi t y at l east t en- f ol d gr eat er

t han t he aver age ext r asynapt i c gr ai n densi t y . To det er -

mi ne whet her AChRs wer e concent r at ed i n ext r asynapt i c

r egi ons of t he myof i ber sur f ace t hat di d not st ai n f or

ChE, we count ed t he gr ai ns f al l i ng wi t hi n a wi ndow

( 10. 2 x 6 t t m) t hat ci r cumscr i bed t he mean ChE l engt h

( 4. 2 pm) i n cr oss sect i ons of r egener at ed muscl e . The

l ong axi s of t he wi ndow was cent er ed on t he per i met er

of t he myof i ber , and t he wi ndow was moved ar ound t he

myof i ber sur f ace . For t he gr ai n densi t y t o be t en or mor e

t i mes t he mean ext r asynapt i c densi t y, i t was necessar y i n

our exper i ment s t hat at l east f our gr ai ns occur wi t hi n t he

wi ndow.

Chol i nest er ase St ai n Mar ks t he Or i gi nal

Synapt i c Si t es i n Regener at ed Muscl e

We demonst r at ed t hat ChE st ai n l abel s onl y or i gi nal

synapt i c si t es i n r egener at ed muscl e by showi ng t hat no

new hi st ochemi cal l y det ect abl e ChE appear s dur i ng

muscl e r egener at i on . 1 wk af t er maki ng a br i dge, ani mal s

wer e anest het i zed and t he or i gi nal ChE was i nhi bi t ed

i r r ever si bl y wi t h di i sopr opyl - f l uor ophosphat e ( DFP) by

cover i ng t he muscl es f or 30 mi n wi t h gauze soaked i n 10

mMDFP ( Al dr i ch Chemi cal Cor p. , Mi l waukee, Wi se. )

i n Ri nger ' s . Or i gi nal myof i ber s have been phagocyt i zed

by 1 wk af t er damage, and t he i ncubat i ons wer e done at

t hi s t i me r at her t han at t he t i me of t he i ni t i al oper at i on

so t hat DFP woul d have bet t er access t o ChE i n t he

basal l ami na. I t has been shown pr evi ousl y t hat no new

det ect abl e ChE appear s dur i ng t he f i r st week af t er mak-

i ng a br i dge ( 27) and t hat t r eat ment of muscl es wi t h

DFPdoes not i nhi bi t synt hesi s of ChE( 17) . One mont h

af t er maki ng t he br i dge, t he muscl es wer e st ai ned f or

ChE and wer e subsequent l y t r eat ed l i ke muscl es pr e-

par ed f or aut or adi ogr aphy . No ChEst ai n was obser ved

i n 1- f Lm sect i ons t aken f r om t he vi ci ni t y of degener at ed

ner ve bundl es . Bet ween 30 and 100 ChE- st ai ned si t es

wer e obser ved i n sect i ons t aken f r om compar abl e ar eas

of br i dges not t r eat ed wi t h DFP. Ther ef or e, t he ChE-

st ai ned pat ches i n non- DFP t r eat ed muscl es r epr esent

or i gi nal ChE and mar k or i gi nal synapt i c si t es on t he

basal l ami na .

RESULTS

Removal of Acet yl chol i ne Recept or s Af t er

Degener at i on of Damaged Muscl e

The r emoval of myof i ber s and axons af t er sur -

gi cal damage t o t he cut aneous pect or i s muscl e and

i t s ner ve has been descr i bed i n det ai l el sewher e

( 37) . As i l l ust r at ed i n Fi g . 2, axons and myof i ber

segment s degener at e compl et el y and ar e phago-

cyt i zed by macr ophages dur i ng t he f i r st week af t er

maki ng a br i dge of muscl e f i ber segment s and



FI GURE 2 St eps i n degener at i on and r egener at i on of

myof i ber s i n dener vat ed br i dges . ( a) Cr oss- sect i on of a

nor mal muscl e f i ber i n i t s endpl at e r egi on . N, ner ve

t er mi nal ; F, j unct i onal f ol d; S, Schwann cel l ; MBL,

myof i ber basal l ami na; SBL, Schwann cel l basal l ami na .

( b) 7 d af t er maki ng a br i dge and damagi ng t he ner ve .

The myof i ber segment has degener at ed and has been

phagocyt i zed . The basal l ami na sheat h r emai ns i nt act

and cont ai ns a mononucl eat ed cel l . A Schwann cel l

pr ocess occupi es t he posi t i on of t he ner ve t er mi nal on

t he pr esynapt i c si de of t he myof i ber basal l ami na . ( c) 2

sever i ng t he ner ve ( see Mat er i al s and Met hods) .

The basal l ami na sheat hs of t he myof i ber s sur vi ve

and cont ai n macr ophages and myobl ast s . Fr ag-

ment s of myof i ber membr ane ar e at t ached t o t he

basal l ami na, but t hey occupy onl y a smal l f r act i on

of i t s sur f ace ar ea. At t he synapt i c si t e, basal

l ami na t hat pr oj ect ed i nt o t he j unct i onal f ol ds

per si st s and i s cont i nuous wi t h basal l ami na of t he

synapt i c cl ef t . The axon t er mi nal s ar e phagocy-

t i zed by Schwann cel l s, whi ch t hen occupy t he

posi t i on of t he t er mi nal on t he synapt i c por t i on of

t he myof i ber basal l ami na . Event ual l y, t he

Schwann cel l pr ocesses r et r act f r om much of t he

synapt i c basal l ami na ( 26, 33, 34, 37) . The basal

l ami na of t he Schwann cel l al so r emai ns i nt act

and, as i n nor mal muscl e, i t j oi ns wi t h t he basal

l ami na of t he myof i ber at t he edge of t he synapt i c

si t e . Thus, by 7 d af t er damagi ng ner ve and muscl e,

t he pr i nci pal st r uct ur es at t he synapt i c si t e ar e t he

Schwann cel l , i t s basal l ami na, and t he basal l am-

i na of t he myof i ber .

AChRs ar e r emoved f r om t he synapt i c si t es

al ong wi t h ot her component s of t he post synapt i c

membr ane . We l abel ed AChRs wi t h HRP- a- BGT

t o exami ne el ect r on mi cr oscopi cal l y t he f at e of t he

r ecept or s on damaged myof i ber s : HRP pr oduces

an el ect r on- dense st ai n t hat i s r eadi l y seen at si t es

of hi gh r ecept or densi t y . The HRP- a- BGT st ai n

on nor mal myof i ber s i s conf i ned t o t he neur omus-

cul ar j unct i on ( Fi g . 3 a) . As obser ved by Lent z et

al . ( 25) , st ai n f i l l s t he synapt i c cl ef t ( Fi g . 3 b) and

t hus i s di st r i but ed acr oss t he synapt i c basal l ami na.

Adense band of st ai n l i nes t he ext er nal sur f ace of

t he subsynapt i c membr ane at t he t op and upper

si des of t he j unct i onal f ol ds ( Fi g. 3 b) , whi ch ar e

t he si t es of hi ghest r ecept or concent r at i on ( 28) . 1

wk af t er damagi ng and dener vat i ng t he cut aneous

pect or i s muscl e, synapt i c si t es no l onger di spl ayed

t he i nt ensi t y and di st r i but i on of HRP- a- BGT

st ai ni ng t hat i s char act er i st i c of nor mal muscl es .

At al l 35 synapt i c si t es exami ned t he HRP st ai n

was ei t her absent or l i mi t ed t o t he vi ci ni t y of smal l

myof i ber r emnant s near t he basal l ami na ( Fi g . 3 c

and d) .

We exami ned f ur t her t he r emoval of AChRs by

l i ght mi cr oscopi c aut or adi ogr aphy af t er l abel i ng

r ecept or s wi t h [ " 5I l a- BGT and mar ki ng t he or i g-

i nal synapt i c si t es wi t h ChE st ai n . I n nor mal mus-

wk af t er maki ng a br i dge . A new myof i ber has f or med

wi t hi n t he basal l ami na sheat h. At t he or i gi nal synapt i c

si t e t he new myof i ber has a f ol d si mi l ar t o j unct i onal

f ol ds i n nor mal muscl e . Not dr awn t o scal e .
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FI GURE 3

	

HRP- a- BGT st ai ni ng at synapt i c si t es i s mar kedl y r educed wi t hi n one week af t er dener vat i ng
and damagi ng t he muscl e . ( a and b) Nor mal neur omuscul ar j unct i ons . ( c and d) Synapt i c si t es 7 d af t er
maki ng a br i dge and sever i ng t he ner ve . ( a) St ai n i s conf i ned t o t he r egi on of t he neur omuscul ar j unct i on
and f i l l s t he synapt i c cl ef t . ( b) Dense band of st ai n ( ar r ow) l i nes t he post synapt i c membr ane at t he t ops
and par t way down t he si des of f ol ds. ( c) St ai n i s conf i ned t o a smal l myof i ber membr ane f r agment ( sol i d
ar r ow) . ( d) Synapt i c si t e wi t hout st ai n . Synapt i c si t es i n damaged pr epar at i ons ar e i dent i f i ed by Schwann
cel l s ( S) and basal l ami na ( open ar r ows) t hat pr oj ect ed i nt o j unct i onal f ol ds of or i gi nal myof i ber .
Uni dent i f i ed cel l s ( ast er i sks ; macr ophages or myobl ast s) ar e wi t hi n t he myof i ber basal l ami na sheat hs
( out l i ned by ar r ow heads) . Bar s, ( a and b) , 0 . 5 , um; ( c and d) , 1 . 0 , um.

cl es, ChE st ai n i s demonst r abl e at al l t er mi nal

br anches of t he neur omuscul ar j unct i on and i t i s

not seen el sewher e on t he muscl e f i ber sur f ace ( 13,
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30) . ChE r emai ns associ at ed wi t h t he basal l ami na

af t er damagi ng t he muscl e, and t hus ChE st ai n

enabl es one t o i dent i f y t he or i gi nal synapt i c si t es



on t he sheat hs even i n t he absence of myof i ber s

( 29) . Fi g. 4 shows aut or adi ogr aphi c gr ai ns pr o-

duced by [ " ' I ] a- BGT at ChE- st ai ned pat ches i n

cr oss sect i ons of nor mal and damaged muscl e.

Many gr ai ns wer e at ChE- st ai ned pat ches i n nor -

mal muscl e, but f ew gr ai ns wer e at ChE- st ai ned

pat ches i n damaged muscl e . We measur ed t he

densi t y of gr ai ns at ChE- st ai ned pat ches ( see Ma-

t er i al s and Met hods) and f ound t hat by 4 d af t er

i nj ur y t he mean densi t y of r ecept or s at synapt i c

si t es was 10% of nor mal ( Fi g. 5 a) . As shown i n

t he upper hi st ogr am of Fi g . 5 b, t he di st r i but i on of
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FI GURE 4

	

[ ' 25 1] a- BGT bi ndi ng at synapt i c si t es decr eases upon dener vat i ng and damagi ng t he muscl e

and i ncr eases af t er myof i ber r egener at i on . ( a and b) Nor mal muscl e . ( c and d) Vacat ed basal l ami na

sheat hs 4 d af t er damage . ( e andf ) Dener vat ed, r egener at ed myof i ber s 30 d af t er damage . Synapt i c si t es

ar e mar ked by ChE st ai n ( ar r ows i n a, c, and e ; myof i ber s i n f ocus) , and [ ' 2' ' I ] a- BGT bi ndi ng si t es on t he

same cr oss sect i ons ar e mar ked by aut or adi ogr aphi c gr ai ns ( b, d, and f , emul si on i n f ocus) . The speci f i c

act i vi t y of [ ' 25 I ] a- BGT was - 100 Ci / mmol and t he emul si on was exposed f or 4 d . Bar , 10 um.
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FI GURE 5

	

The densi t y of AChRs at or i gi nal synapt i c si t es dur i ng degener at i on and r egener at i on of

myof i ber s . AChR densi t y at ChE- st ai ned si t es was det er mi ned by aut or adi ogr aphy af t er i ncubat i on of

muscl es wi t h [ ' 251] a- BGT ( det ai l s i n Mat er i al s and Met hods) . Nor mal muscl es wer e t r eat ed i n par al l el

wi t h exper i ment al ones, and al l val ues ar e expr essed as a f r act i on of t he mean at nor mal neur omuscul ar

j unct i ons . ( a) Mean AChRdensi t y at synapt i c (zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) and ext r asynapt i c ( O) ar eas as a f unct i on of t i me af t er

muscl e damage . For ext r asynapt i c si t es each poi nt r epr esent s t he mean f or a si ngl e muscl e . For synapt i c

si t es t he 15- d and 22- d poi nt s r epr esent t he mean f r om a si ngl e muscl e, t he 5- d poi nt f r om t wo muscl es

and t he r emai ni ng poi nt s r epr esent t he mean and t he st andar d er r or f r om t hr ee t o f i ve muscl es. The

aut or adi ogr aphi c gr ai n densi t y at an aver age of 60 synapt i c si t es was det er mi ned f or each exper i ment al

muscl e, and t he mean gr ai n densi t y was expr essed as a f r act i on of t he mean densi t y measur ed at nor mal

synapt i c si t es. The mean densi t y of AChRs at or i gi nal synapt i c si t es f al l s t o 10%of nor mal wi t hi n 4 d of

damage but subsequent l y i ncr eases as r egener at i on pr oceeds ; by 30 d af t er damage t he mean AChR

densi t y i s 98±22%of nor mal . Ext r aj unct i onal AChRs wer e undet ect abl e i n nor mal muscl e and dur i ng t he

f i r st t wo weeks af t er damage . By 30 d af t er damage t he densi t y of ext r aj unct i onal AChRs was ^- 3%of t he

densi t y at nor mal synapt i c si t es. ( b) A compar i son of t he di st r i but i on of aut or adi ogr aphi c gr ai n densi t i es

at i ndi vi dual synapt i c si t es i n nor mal muscl es and i n muscl es exami ned 4 d ( t op) and 30 d ( bot t om) af t er

damage . The hi st ogr ams wer e gener at ed f r om t he anal ysi s of 195 synapt i c si t es i n nor mal muscl e, 215

synapt i c si t es i n 4- d damaged muscl e and 73 synapt i c si t es i n 30- d r egener at ed muscl e . Si nce dat a wer e

pool ed f r om sever al di f f er ent exper i ment s t o gener at e t he hi st ogr ams, t he densi t y at each si t e was expr essed

r el at i ve t o t he mean densi t y at synapt i c si t es i n t he pai r ed nor mal muscl e. The sol i d ar r ows i ndi cat e t he

mean of al l obser vat i ons i n nor mal muscl es ( 100%) , and t he open ar r owhead i n t he l ower hi st ogr am

i ndi cat es t he mean ext r asynapt i c gr ai n densi t y i n dener vat ed, r egener at ed muscl e . The di st r i but i on of

AChR densi t i es at synapt i c si t es i n 4- d damaged muscl e i s mar kedl y shi f t ed t o t he l ef t r el at i ve t o nor mal .

The di st r i but i on of AChR densi t i es at or i gi nal synapt i c si t es i n 30- d r egener at ed muscl e i s si mi l ar t o t he

di st r i but i on f ound i n nor mal muscl e .
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FI GURE 6

	

Pat ches of HRP- a- BGT st ai ni ng on dener vat ed, r egener at ed myof i ber s 30 d af t er damage t o

t he muscl e . ( a) HRP- a- BGT st ai n i s l i mi t ed t o a di scr et e ar ea on t he myof i ber sur f ace . St ai n i s al so pr esent

i n f ol ds whose cont i nui t y wi t h t he cel l sur f ace i s not seen i n t hi s sect i on . Near by col l agen f i ber s ar e al so

st ai ned owi ng t o di f f usi on of t he r eact i on pr oduct . ( b) Dense band of st ai n l i nes t he ext er nal sur f ace of t he

myof i ber membr ane as at nor mal j unct i ons ( compar e wi t h Fi g. 36) . Schwann cel l pr ocesses t hat capped

ner ve t er mi nal s ar e near by . A basal l ami na ( ar r ow) di st i ngui shes Schwann cel l s f r om connect i ve t i ssue

cel l s, whi ch have no basal l ami na . Bar s, 1 . 0 Mm.
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gr ai n densi t i es at 4 d was mar kedl y shi f t ed t o t he

l ef t r el at i ve t o nor mal , and >80%of t he r ecept or s

had been r emoved f r om 86%of t he synapt i c si t es .

AChRs on Dener vat ed, Regener at i ng

Myof ber s Accumul at e at Or i gi nal Synapt i c

Si t es on t he Basal Lami na Sheat hs

Dur i ng t he second week af t er damage, new

myof i ber s f or m wi t hi n t he basal l ami na sheat hs of

t he or i gi nal muscl e cel l s ( r ef er ence 37 ; i l l ust r at ed

schemat i cal l y i n Fi g . 2 c) . By 1 mo af t er t he oper -

at i on, t he pl asma membr ane of myof i ber s has

di scr et e ar eas of hi gh r ecept or densi t y . We ob-

ser ved by el ect r on mi cr oscopy wel l def i ned

pat ches of st ai n ( Fi g . 6 a) af t er t r eat ment of t he

br i dges wi t h HRP- a- BGT. As at nor mal neur o-

muscul ar j unct i ons, t he ent i r e t hi ckness of t he

basal l ami na was st ai ned and a dense band of

st ai n l i ned t he ext er nal sur f ace of t he myof i ber

pl asma membr ane ( Fi g . 6b) . At many of t he r e-

cept or pat ches t her e wer e per i odi cal l y di st r i but ed

f ol ds i n t he myof i ber sur f ace ( Fi g . 7) . These f ol ds

r esembl e j unct i onal f ol ds at t he nor mal neur o-

muscul ar j unct i on ( compar e Fi gs . 3 b and 7) .

Two obser vat i ons i ndi cat ed t hat pat ches of r e-

cept or s wer e si t uat ed at or i gi nal synapt i c si t es on

t he basal l ami na sheat hs . Some HRP- a- BGT-

st ai ned ar eas of pl asma membr ane wer e near

Schwann cel l pr ocesses t hat had or i gi nal l y capped

ner ve t er mi nal s ( Fi g. 6 b) . Mor eover , i n whol e-

mount pr epar at i ons exami ned wi t h t he l i ght mi -

cr oscope, we obser ved pat t er ns of HRP- a- BGT

st ai n cor r espondi ng i n si ze, shape and ar r ange-

ment t o st ai ned endpl at e ar bor i zat i ons i n nor mal
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muscl e ( Fi g. 8) . The st ai ned ar eas i n t he whol e-

mount s of bot h r egener at ed and nor mal f i ber s had

a per i odi c subst r uct ur e cor r espondi ng t o t he f ol ds

i n t he pl asma membr ane .

We conf i r med t hat r ecept or s accumul at e pr ef -

er ent i al l y at or i gi nal synapt i c si t es by st ai ni ng

pr epar at i ons f or ChE, l abel i ng r ecept or s wi t h
[ 125

I l a- BGT and exami ni ng cr oss sect i ons by l i ght

mi cr oscope aut or adi ogr aphy . I n t hi s way, we wer e

abl e t o measur e AChR densi t y i n synapt i c and

ext r asynapt i c ar eas of t he basal l ami na sheat hs .

Si nce no new ChE appear s dur i ng t he cour se of

muscl e r egener at i on ( see Mat er i al s and Met hods) ,

t he st ai ned ar eas on r egener at ed myof i ber s mar k

t he l ocat i on of or i gi nal synapt i c si t es . We f ound

t hat as i n nor mal myof i ber s, dener vat ed r egener -

at ed muscl e f i ber s had dense cl ust er s of gr ai ns

associ at ed wi t h ChE- st ai ned spot s ( Fi g. 4e andf ) .

The aver age gr ai n densi t y at ext r asynapt i c ar eas

of basal l ami na was consi der abl y l ower t han at

ChE- st ai ned spot s, but , as shown i n Fi gs . 4 and 5,

i t was hi gher t han t he ext r asynapt i c gr ai n densi t y

i n nor mal muscl e . By def i ni ng a gr ai n cl ust er as

havi ng mor e t han t en t i mes t he aver age ext r asy-

napt i c densi t y, we f ound t hat 91%of ChE- si t es ( 41

of 45 si t es f r om t hr ee muscl es) had gr ai n cl ust er s .

The mean gr ai n densi t y at ChE- si t es was about

30- f ol d gr eat er t han t he aver age gr ai n densi t y i n

ext r asynapt i c ar eas ( Fi g . 5 a) . We t hen exami ned

howf r equent l y ext r asynapt i c ar eas had gr ai n cl us-

t er s as l ar ge or l ar ger t han t he mean si ze of cl ust er s

at or i gi nal synapt i c si t es ( det ai l s i n Mat er i al s and

Met hods) . I n cr oss sect i ons t hr ough por t i ons of

t wo br i dges, 7% of t he sur f ace of myof i ber s t hat

had synapt i c si t es st ai ned f or ChE, yet 88%of t he

FI GURE 7

	

The pl asma membr ane at pat ches of HRP- a- BGT st ai n i n dener vat ed, r egener at ed muscl e

has per i odi c f ol ds t hat r esembl e j unct i onal f ol ds at nor mal neur omuscul ar j unct i ons ( compar e wi t h Fi g.

3 a) . 30 d af t er damage. Bar , 1 . 0 pm.
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FI GURE 8

	

Pat t er n of HRP- a- BGT st ai ni ng i n whol e- mount s of dener vat ed, r egener at ed myof i ber s i s

si mi l ar t o nor mal . ( a) Nor mal myof i ber . ( b) Regener at ed myof i ber 30 d af t er dener vat i ng and damagi ng

t he muscl e . St ai n i s ar r anged i n el ongat e ar eas . Of t en t he st ai n on r egener at ed myof i ber s i s mor e pat chy

t han t hat i l l ust r at ed i n ( b) but t he gener al pat t er n of st ai n, wi t h i t s char act er i st i c ar bor i zat i ons, i s al ways

evi dent . I n nor mal muscl e each ar ea of st ai n under l i es a ner ve t er mi nal ( see Fi g. 3 a) . The st ai ned ar eas on

bot h nor mal and r egener at ed f i ber s ar e st r i at ed owi ng t o f ol ds i n t he myof i ber membr ane . Bar s, 20 [ Lm.

gr ai n cl ust er s wer e associ at ed wi t h t he st ai n . Thus,

near l y al l of t he or i gi nal synapt i c si t es had accu-

mul at i ons of r ecept or s, and r ecept or accumul a-

t i ons t hat wer e compar abl e i n si ze and densi t y

wer e r ar el y si t uat ed el sewher e .

We compar ed t he aut or adi ogr aphi c gr ai n den-

si t y at ChE- st ai ned si t es i n r egener at ed muscl e t o

t he gr ai n densi t y at nor mal neur omuscul ar j unc-

t i ons . The gr ai n densi t y r ose gr adual l y dur i ng

muscl e r egener at i on f r om a mi ni mum of 10%of

nor mal at 4 d af t er muscl e damage ( Fi g . 5 a) . By

30 d af t er damage, bot h t he mean densi t y ( Fi g .

5 a) and di st r i but i on of densi t i es about t he mean

( Fi g . 5 b, l ower hi st ogr am) wer e t he same i n r egen-

er at ed and nor mal muscl e . The si ze of t he ChE-

st ai ned si t es was si mi l ar i n cr oss sect i ons of r egen-

er at i ng and nor mal muscl e ( 4 . 2 t 1 . 8 [ Lm f or

r egener at ed si t es, 4 . 3 ± 1 . 8 pm f or nor mal si t es;

mean ± st andar d devi at i on) and consequent l y t he

number of r ecept or s per synapt i c si t e i s si mi l ar i n

r egener at ed and nor mal muscl e . Thus, not onl y do

AChRs accumul at e pr ef er ent i al l y at or i gi nal syn-

apt i c si t es, but al so t hei r densi t y and number i s as

hi gh as t hat at nor mal neur omuscul ar j unct i ons .

Fol ds i n t he Myof i ber Membr ane

The membr anes of r egener at ed myof i ber s have

per i odi cal l y ar r anged f ol ds at r egi ons of hi gh r e-

cept or densi t y ( see Fi gs . 7 and 8) . I f el ement s at

t he or i gi nal synapt i c si t es i n t he muscl e can di r ect

t he f or mat i on of f ol ds as wel l as t he accumul at i on

of AChRs, one mi ght expect t o f i nd f ol ds r est r i ct ed

t o spot s of hi gh r ecept or densi t y . We sear ched f or

such a cor r el at i on wi t h t he el ect r on mi cr oscope by

compar i ng t he densi t y of f ol ds i n st ai ned and

unst ai ned ar eas of myof i ber membr ane af t er i n-

cubat i ng muscl es i n HRP- a- BGT. Fol ds wer e de-

f i ned as havi ng a br eadt h <200 nm wher e t hey

j oi ned wi t h t he sur f ace of t he myof i ber and havi ng

a dept h >100 r i m. These di mensi ons wer e chosen

t o excl ude vesi cl es f usi ng wi t h t he pl asma mem-

br ane and gr adual undul at i ons of t he cel l sur f ace .
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On 13 myof i ber s exami ned, we f ound 26 f ol ds i n

100 Amof HRP- st ai ned membr ane but no f ol ds i n
850 Amof unst ai ned membr ane . Thus, f ol ds occur

sel ect i vel y, i f not excl usi vel y, at or i gi nal synapt i c

si t es .

DI SCUSSI ON

Our r esul t s demonst r at e t hat post synapt i c di f f er -

ent i at i on i n r egener at ed muscl e i s di r ect ed by f ac-

t or s mai nt ai ned ext er nal t o t he ner ve . Thi s f i ndi ng

ext ends t he wor k of Sanes et al . ( 37) , who showed

t hat axons r egener at e t o and di f f er ent i at e at or i g-

i nal synapt i c si t es i n t he absence of myof i ber s .

Thus, af t er r emoval of bot h ner ve t er mi nal s and

myof i ber s el ement s r emai n at t he synapt i c si t es

t hat can di r ect t he f or mat i on of pr e- and post syn-

apt i c speci al i zat i ons i n r egener at i ng ner ve and

muscl e .

Af t er mechani cal damage myof i ber s degener at e

and ar e phagocyt i zed wi t hi n t hei r basal l ami na

sheat hs . The mean densi t y of AChRs at or i gi nal

synapt i c si t es on t he basal l ami na f al l s t o 10% of

nor mal by 4 d af t er damage . The AChRs t hat ar e

pr esent at t hi s t i me ar e l i kel y t o be t he or i gi nal

r ecept or s si nce HRP- a- BGT st ai ni ng at 7 d i s

associ at ed onl y wi t h membr ane f r agment s . We do

not know whet her t hese or i gi nal AChRs ar e sub-

sequent l y r emoved; muscl e r egener at i on begi ns

af t er t hi s t i me, and t he or i gi nal r ecept or s wer e not

di st i ngui shed f r om new r ecept or s t hat appear on

r egener at ed myof i ber s by our hi st ol ogi cal met h-

ods . Never t hel ess, at t he t i me t hat t he muscl e

r egener at i on begi ns, >90%of t he or i gi nal r ecep-

t or s have been r emoved f r om Synapt i c si t es .
Muscl e cel l s t hat r egener at e wi t hi n t hei r basal

l ami na sheat hs i n t he absence of t he ner ve have

pat ches of r ecept or s at t he or i gi nal synapt i c si t es .

That r egener at i ng myof i ber s act i vel y accumul at e
r ecept or s at t hese si t es i s demonst r at ed by t he

t enf ol d i ncr ease i n r ecept or densi t y t hat occur s

bet ween 4 and 30 d af t er muscl e damage . Or i gi nal

synapt i c si t es ar e r emar kabl y ef f ect i ve i n di r ect i ng

t he accumul at i on of r ecept or s on r egener at i ng

muscl e f i ber s: Recept or accumul at i ons wer e at
vi r t ual l y al l or i gi nal synapt i c si t es, t hey wer e onl y

r ar el y i n ext r asynapt i c ar eas and t he densi t y and

number of r ecept or s at synapt i c si t es i n r egener -

at ed muscl e wer e si mi l ar t o t hose at nor mal neu-

r omuscul ar j unct i ons.

The di st r i but i on of AChRs on t he sur f ace of

r egener at ed, dener vat ed myof i ber s di f f er s f r om

t hat on nor mal myof i ber s i n t hat r egener at ed my-

of i ber s have a det ect abl e densi t y of AChRs on t he
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ext r asynapt i c sur f ace . Devel opi ng muscl e cel l s and

dener vat ed or i nact i ve myof i ber s al so have AChRs

i n ext r asynapt i c ar eas ( 4, 15, 31) . Thus, i t i s not
sur pr i si ng t hat muscl e f i ber s t hat r egener at e i n t he

absence of t he ner ve have ext r asynapt i c AChRs .

The accumul at i on of AChRs i s not t he onl y

mani f est at i on of myof i ber di f f er ent i at i on t hat oc-

cur s at or i gi nal synapt i c si t es : r egener at ed myof i -

ber s al so have per i odi cal l y di st r i but ed f ol ds i n t he
pl asma membr ane t hat r esembl e j unct i onal f ol ds

at nor mal neur omuscul ar j unct i ons . These f ol ds

may f or m by a mechani cal i nt er act i on bet ween t he

pl asma membr ane and basal l ami na t hat f or mer l y

pr oj ect ed i nt o t he j unct i onal f ol ds of t he or i gi nal

myof i ber s .

Sur vi vi ng el ement s at t he or i gi nal synapt i c si t e

t hat coul d di r ect t he or gani zat i on of AChRs on

r egener at i ng myof i ber s i ncl ude t he synapt i c por -

t i on of t he basal l ami na and t he adj acent Schwann

cel l s . ( a) Basal l ami na . Sanes et al . ( 37) showed

t hat f act or s associ at ed wi t h t he synapt i c por t i on of

t he basal l ami na i nf l uence t he mor phol ogi cal di f -

f er ent i at i on of mot or ner ve t er mi nal s t hat r ei nner -

vat e or i gi nal synapt i c si t es i n t he absence of mus-

cl e . Wi t hi n t he ner ve t er mi nal , act i ve zones and

accumul at i ons of synapt i c vesi cl es l i ne up opposi t e

per i odi c speci al i zat i ons i n t he myof i ber basal l am-

i na ( 37) . Thi s r esul t r ai ses t he possi bi l i t y t hat t he

accumul at i on of AChRs i n r egener at i ng muscl e i s

al so i nf l uenced by el ement s cont ai ned i n or con-

nect ed t o t he synapt i c por t i on of t he basal l ami na .

( b) Schwann cel l . Schwann cel l s r espond t o dener -

vat i on by engul f i ng mot or ner ve t er mi nal s, af t er

whi ch t hey occupy f or a t i me t he posi t i on of t he

ner ve t er mi nal on t he pr esynapt i c si de of t he basal

l ami na sheat h ( 9) . Ther e i s good evi dence t hat

Schwann cel l s at dener vat ed synapt i c si t es r el ease

acet yl chol i ne spont aneousl y ( 9) . Some subst ance

r el eased by Schwann cel l s may act t o or gani ze

AChRs on t he myof i ber sur f ace .

Many of t he st eps i n t he f or mat i on of neur o-

muscul ar j unct i ons ar e si mi l ar dur i ng devel op-

ment i n vi vo ( 5, 6, 24) and i n vi t r o ( 18, 36) and

dur i ng r egener at i on i n adul t s ( 14) . Dur i ng t he

f or mat i on of neur omuscul ar j unct i ons i n cel l cul -

t ur e, t he devel opi ng ner ve causes AChRs t o ac-

cumul at e on t he muscl e cel l sur f ace at t he si t e of

t he newl y f or med synapse ( 2, 3, 19) . Knowl edge

of wher e t he f act or s t hat di r ect post synapt i c di f -

f er ent i at i on ar e si t uat ed and how t hey act dur i ng

r egener at i on may pr ovi de i nf or mat i on not onl y

about how synapt i c speci al i zat i ons ar i se dur i ng

r egener at i on, but al so how t hey f or m dur i ng em-

br yoni c devel opment .
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