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ABSTRACT

The devel opment of cl ust er s of acet yl chol i ne ( ACh) r ecept or s at newl y f or med

synapses bet ween embr yoni c chi ck spi nal cor d and muscl e cel l s gr own i n vi t r o has

been st udi ed by i ont ophor et i c mappi ng wi t h ACh . A semi - aut omat ed t echni que

usi ng on- l i ne comput er anal ysi s of ACh r esponses and a phot ogr aphi c syst em t o

r ecor d t he posi t i on of each ACh appl i cat i on per mi t t he r api d const r uct i on of

ext ensi ve and det ai l ed maps of ACh sensi t i vi t y . Cl ust er s of r ecept or s, evi dent as

peaks of ACh sensi t i vi t y, ar e pr esent on many uni nner vat ed myot ubes . The

di st r i but i on of ACh sensi t i vi t y cl osel y par al l el s t he di st r i but i on of
125

I - a- bungar -

ot oxi n bi ndi ng si t es on t he same muscl e cel l .

I n al l cases wher e i ndi vi dual myot ubes wer e adequat el y mapped bef or e and

af t er synapse f or mat i on, i ngr owi ng axons i nduced new cl ust er s of r ecept or s r at her

t han seeki ng out pr eexi st i ng cl ust er s . Synapses can f or m at act i ve gr owt h cones

wi t hi n 3 h of ner ve- muscl e cont act . New r ecept or cl ust er s can appear beneat h

neur i t es wi t hi n a f ew hour s .

Many of t he uni nner vat ed cl ust er s on i nner vat ed myot ubes di sappear wi t h t i me .

I n cont r ast , r ecept or cl ust er s on uni nner vat ed myot ubes r emai n i n t he same

l ocat i on f or many hour s . Synapt i c cl ust er s and cl ust er s on unni ner vat ed myot ubes

ar e st abl e even t hough i ndi vi dual r ecept or s ar e met abol i zed r api dl y .

The mor phol ogy of sever al i dent i f i ed si t es of t r ansmi t t er r el ease was exami ned .

At t he scanni ng EMl evel , synapses appear ed as smal l , r ough- sur f aced var i cosi t i es

wi t h f i l opodi a t hat r adi at ed out war ds over t he muscl e sur f ace . One synapse was

st udi ed by t r ansmi ssi on EM. Acet yl chol i nest er ase and a basement l ami na wer e

pr esent wi t hi n t he synapt i c cl ef t .
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br ane ar e 500- t o 1, 000- f ol d gr eat er t han at near by,

ext r asynapt i c si t es ( 5, 18, 20, 32, 43) . We have

i nvest i gat ed synapses t hat f or m i n cul t ur e bet ween

embr yoni c chi ck spi nal cor d neur ons and muscl e

cel l s t o det er mi ne how t hi s cl ust er i ng comes about

dur i ng ear l y devel opment .

The f unct i on of ner ve- muscl e synapses t hat

f or m i n vi t r o i s si mi l ar i n many r espect s t o t hat of

mat ur e j unct i ons i n adul t ani mal s ( 21) . Most i m-

por t ant f or t hi s st udy i s t he f act t hat i nner vat ed

myot ubes ar e ext r emel y sensi t i ve t o ACh i n t he

i mmedi at e vi ci ni t y of si t es of t r ansmi t t er r el ease

( 13) . One expl anat i on f or t hi s pr eci se spat i al cor -

r el at i on i s t hat mot or axons i nduce r ecept or cl us-

t er s at newl y f or med synapses . However , an al t er -

nat i ve expl anat i on became evi dent i n ear l y st udi es

of t he di st r i but i on of r ecept or s on uni nner vat ed

myot ubes .

Chi ck myot ubes t hat f or m i n vi t r o by f usi on of

mononucl eat ed myobl ast s ar e sensi t i ve t o ACh

over t hei r ent i r e l engt h, but t he di st r i but i on of

sensi t i vi t y i s not uni f or m. Smal l pat ches of mem-

br ane 5- 10 Pm acr oss t hat ar e sever al f ol d mor e

sensi t i ve t o ACh t han sur r oundi ng r egi ons can be

f ound on most cel l s ( 22) . Such " hot spot s" ar e al so

evi dent as cl ust er s of gr ai ns i n aut or adi ogr aphs of

myot ubes l abel ed wi t h
I z5

I - a- BuTx ( 22, 49, 50) .

Thus, i t i s possi bl e t hat si t es of t r ansmi t t er r el ease

on i nner vat ed myot ubes cor r espond t o peaks of

ACh sensi t i vi t y because r ecept or cl ust er s ser ve as

r ecogni t i on si t es f or i ngr owi ng chol i ner gi c axons .

To deci de whet her chol i ner gi c neur i t es seek out

pr eexi st i ng hot spot s or i nduce new ones, we

mapped t he sur f ace of i ndi vi dual myot ubes by

mi cr oi ont ophor esi s of ACh bef or e and t hen agai n

af t er i nner vat i on . One of t he gr eat advant ages of

cel l cul t ur es i s t hat myot ubes and f i ne neur i t es can

be vi sual i zed, synapses can be pr eci sel y l ocat ed,

and t he same f unct i onal cont act s can be st udi ed

over a per i od of sever al days . We al so exami ned

t he st r uct ur e of sever al i dent i f i ed synapses by scan-

ni ng and t r ansmi ssi on el ect r on mi cr oscopy . Pr e-

l i mi nar y account s of some of t hi s wor k have al -

r eady appear ed ( 24, 25) . Exper i ment s i n whi ch t he

di st r i but i on of ACh r ecept or s on Xenopus my-

ocyt es was mapped wi t h f l uor escent a- BuTx con-

j ugat es have l ed t o a concl usi on si mi l ar t o our own

( 1, 2) .

MATERI ALS AND METHODS

Cul t ur es

Muscl e cul t ur es near l y devoi d of f i br obl ast s wer e
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pr epar ed as pr evi ousl y descr i bed ( 21) . Pect or al muscl es
wer e r emoved f r om I 1- d chi ck embr yos, di ced, i ncubat ed
i n a Ca" - and Mg" - f r ee sal t sol ut i on ( Pucks D, G) f or
30 mi n, r esuspended i n compl et e medi um ( see bel ow) ,
and t hen t r i t ur at ed by r epeat ed passage t hr ough a f i r e-
pol i shed Past eur pi pet t e . The r esul t i ng suspensi on of
mononucl eat ed cel l s was depl et ed of f i br obl ast s by al -
l owi ng t hem t o set t l e on an uncoat ed Fal con t i ssue
cul t ur e di sh ( Fal con Labwar e, Di v . of Bect on, Di cki nson

& Co . , Oxnar d, Cal i f . ) f or 30 mi n at 37° c ( 51) . Cel l s

r emai ni ng i n suspensi on wer e pl at ed on col l agen- coat ed,

22- mm gl ass cover sl i ps ( Gol d Seal No . 0, Cl ay- Adams,
Di v . , Bect on, Di cki nson & Co . Par si ppany, N. J . ) at a
densi t y of 200/ mm' . Each cover sl i p was pl aced i n a 35-
mm t i ssue cul t ur e di sh . The cel l s wer e f ed ever y 2- 3 d
wi t h 1 . 5 ml of Eagl e' s Mi ni mum Essent i al Medi um
( MEM) made up i n Ear l e' s Bal anced Sal t Sol ut i on ( BSS)
and suppl ement ed wi t h gl ut ami ne ( 2 . 4 mM) , hor se ser um

( 10%vol / vol ) , chi ck embr yo ext r act ( 2% vol / vol ) , peni -
ci l l i n ( 50 U/ ml ) , and st r ept omyci n ( 50 I r g/ ml ) . Near l y
al l f i br obl ast s t hat r emai ned af t er t he pr epl at i ng wer e

el i mi nat ed by addi ng cyt osi ne ar abi nosi de ( ar a C; 10-

M) t o t he medi um f or 24- 48 h, begi nni ng on t he 2nd d
af t er pl at i ng.

One or t wo spi nal cor d expl ant s wer e pl aced on each

muscl e cul t ur e on t he 3r d or 4t h d af t er pl at i ng. Tr ans-
ver se sect i ons, 100- 200 Amt hi ck, wer e sl i ced f r om t he

br achi al enl ar gement of 13- t o 14- d embr yoni c cor ds t hat
had been st r i pped of sensor y gangl i a and meni nges . The
sect i ons at t ached t o t he cul t ur e sur f ace i n a t hi n f i l m of

medi um, and af t er sever al hour s t he nor mal vol ume ( 1 . 5
ml ) was r est or ed . I n gener al , t he neur i t i c out gr owt h f r om

13- d spi nal cor d expl ant s appear ed l at er and was l ess

pr ol i f i c t han t hat f r om 4- or 7- d expl ant s used i n pr evi ous
st udi es. Gr owt h cones f i r st emer ged - 24 h af t er t he
expl ant s at t ached t o t he subst r at e . The r el at i vel y spar se

out gr owt h f aci l i t at ed l ocal i zat i on of si t es of t r ansmi t t er

r el ease ( see bel ow) but , even i n t hese cul t ur es, t he over -

whel mi ng maj or i t y of ner ve- muscl e cont act s wer e not

f unct i onal synapses .

El ect r ophysi ol ogy

El ect r ophysi ol ogi cal exper i ment s wer e per f or med on

t he st age of an i nver t ed mi cr oscope equi pped wi t h i nt er -

f er ence- cont r ast opt i cs . 1- t o 2- wk- ol d cover sl i p cul t ur es

wer e pl aced i n a shal l ow chamber f i xed t o t he mechani cal

st age of t he mi cr oscope . The bot t omof t he chamber was

f or med by a 25- mmNo . 0 gl ass cover sl i p . Most obser -

vat i ons wer e made wi t h a x 40 dr y obj ect i ve and a 5-
mm wor ki ng di st ance, dr y condensor . The cel l s wer e

per f used at - - 5 ml / h wi t h MEM suppl ement ed wi t h

gl ut ami ne and ant i bi ot i cs, but wi t h onl y 1%hor se ser um
and no embr yo ext r act . The ent i r e st age was war med t o
30° - 35 ° Cand t he pHwas mai nt ai ned near 7 . 4 by bl ow-
i ng st er i l e, moi st COz over t he chamber . The cel l s r e-
mai ned heal t hy and cont i nued t o gr ow i n t hi s si t uat i on,

and we coul d obser ve t he same cul t ur e f or sever al hour s

on each of sever al successi ve days .



STI MULATI ON AND RECORDI NG: Fi ne- t i pped

gl ass mi cr oel ect r odes ( omega- dot t ubi ng) f i l l ed wi t h 3 M

KC1 or 4 MKAc wer e used f or i nt r acel l ul ar r ecor di ng.

El ect r ode r esi st ances r anged bet ween 80 and 120 MQ.

El ect r odes wi t h st eep t aper s br oken t o an i nt er nal t i p

di amet er of 2- 3 Wmand f i l l ed wi t h per f usi on medi um

wer e used f or ext r a- cel l ul ar st i mul at i on or r ecor di ng .

The t i ps wer e f i r e- pol i shed and t he shanks bent so t hat

t he el ect r odes coul d be pl aced per pendi cul ar t o t he ner ve

or muscl e sur f ace . Mot or ( chol i ner gi c) axons wer e i den-

t i f i ed by st i mul at i ng i ndi vi dual axons or bundl es of

axons some di st ance away f r om t he i nner vat ed myot ube .

Si t es of t r ansmi t t er r el ease wer e l ocat ed by st i mul at i ng

neur i t es over l yi ng myot ubes wi t h 1- ms- l ong, 0. 5- t o 2 . 0-

pA, negat i ve pul ses. Tet r odot oxi n ( TTX, 10- 7 M) was

added t o t he bat h t o bl ock pr opagat i on of act i on pot en-

t i al s so t hat onl y t hat segment of t he ner ve beneat h t he

el ect r ode was depol ar i zed . The r esol ut i on of t hi s t ech-

ni que i s - 3- 5 Pm. Synapses wer e al so l ocat ed by f ocal

ext r acel l ul ar r ecor di ng of synapt i c cur r ent s . The ext r a-

cel l ul ar f i el ds associ at ed wi t h spont aneousl y occur r i ng

synapt i c pot ent i al s ar e st eep i n t hi s syst em and t he

r esol ut i on of t hi s t echni que i s al so 3- 5 t t m ( see Fi g. 5) .

Focal depol ar i zat i on of t en damaged t he under l yi ng syn-

apse, wher eas f ocal r ecor di ng di d not .

ACH SENSI TI VI TY :

	

The ACh sensi t i vi t y of smal l

membr ane pat ches was assayed by r ecor di ng t he change

i n membr ane pot ent i al wi t h an i nt r acel l ul ar mi cr oel ec-

( r ode whi l e appl yi ng ACh i ont ophor et i cal l y f r om a

mi cr oel ect r ode f i l l ed wi t h I MACh. The posi t i ve i on-

t ophor et i c cur r ent pul ses wer e 0. 5- 5 . 0 ms i n dur at i on

and 0. 5- 20 nA i n ampl i t ude . Hi gh r esi st ance el ect r odes

( >100 MQ) wer e used t o appl y ACh so negat i ve br aki ng

cur r ent s of onl y 1- 2 nA wer e suf f i ci ent t o pr event r ecep-

t or desensi t i zat i on. Such smal l pul ses of ACh pr obabl y

af f ect membr ane pat ches of onl y a f ew squar e mi cr om-

et er s ( 32) .

A r api d, semi - aut omat ed pr ocedur e was devi sed t o

f aci l i t at e t he const r uct i on of det ai l ed, ext ensi ve maps of

ACh sensi t i vi t y . The ACh cur r ent pul se ( measur ed wi t h

an oper at i onal ampl i f i er ) and t he membr ane vol t age

r esponse wer e sampl ed on- l i ne wi t h a PDP8Ecomput er ,

and t he posi t i on of t he ACh pi pet t e at each t est si t e was

phot ogr aphed on a f r ame of l 6- mmci ne f i l m. The pul ses

wer e sampl ed ever y 50 Ps and t he di gi t i zed r ecor d was

i nt egr at ed numer i cal l y. The i nt egr al of t he posi t i ve ACh

cur r ent , r at her t han t he al gebr ai c sum of t he posi t i ve

cur r ent pl us t he backi ng cur r ent , was used . ' An addi -

t i onal 2 ms at t he end of t he cur r ent pul se was i ncl uded

' I n sever al exper i ment s we measur ed t he r esponse t o

var yi ng ACh pul ses at a si ngl e l ocat i on on a muscl e cel l .

The r el at i onshi p was appr oxi mat el y l i near once a

" t hr eshol d" amount of char ge had been ej ect ed f r omt he

pi pet t e ( cf . Fi g . 4 i n r ef er ence 32) . Empi r i cal l y, f or t he

hi gh- r esi st ance pi pet t es and shor t pul ses used i n t hese

exper i ment s, t hi s t hr eshol d char ge was ver y cl ose t o t he

backi ng cur r ent t i mes t he pul se dur at i on .

i n t he i nt egr al t o cor r ect f or capaci t at i ve ar t i f act s . The

muscl e membr ane pot ent i al was sampl ed ever y 0. 5 ms ;

t he aver age pot ent i al dur i ng t he 4 ms pr ecedi ng each

pul se was t aken as t he zer o or " r est i ng" membr ane

pot ent i al . ACh sensi t i vi t y was t hen comput ed as t he peak

vol t age r esponse ( t he aver age of t hr ee consecut i ve vol t -

age sampl es cent er ed on t he maxi mumval ue) di vi ded by

t he char ge del i ver ed f r om t he ACh pi pet t e ( mV/ nC) .

ACh pul ses wer e adj ust ed t o gi ve a smal l but easi l y

measur abl e r esponse ( - . . I mV) at r el at i vel y i nsensi t i ve

ar eas ; t he same pul se coul d t hen be used t o map most of

t he muscl e sur f ace . Onl y when t he r esponse exceeded 8-

10 mV was t he ACh pul se r educed . TTX was added t o

t he bat h i n some exper i ment s t o bl ock muscl e t wi t ches .

Pul ses wer e r epeat ed at 0. 5 Hz and, at each t est si t e,

t he ACh pi pet t e was l ower ed gr adual l y whi l e obser vat i on

was made on each di gi t i zed cur r ent and vol t age r ecor d

on a moni t or osci l l oscope. When t he l at ency and r i se

t i me of t he r esponse r eached a mi ni mumand t he cal cu-

l at ed sensi t i vi t y r eached a maxi mum( usual l y j ust as t he

pi pet t e t ouched t he muscl e sur f ace) , a f oot swi t ch was

depr essed t o act i vat e si mul t aneousl y t he movi e camer a

and si gnal t he comput er t o pr i nt t he est i mat ed sensi t i vi t y .

I n t hi s manner we coul d t est - 100 di f f er ent si t es i n 30

mi n wi t hout damagi ng t he myot ube. Measur ement s at

t wo si t es, each consi st i ng of a phot omi cr ogr aph showi ng

t he muscl e cel l and t he ACh pi pet t e t oget her wi t h t he

di gi t i zed di spl ay of t he ACh cur r ent , membr ane pot en-

t i al , and comput ed sensi t i vi t y, ar e shown i n Fi g . I .

Maps wer e const r uct ed by pr oj ect i ng t he movi e f i l m

at a t ot al magni f i cat i on of - 1, 000 wi t h a st op- f r ame

movi e pr oj ect or . The out l i ne of t he muscl e cel l was

t r aced al ong wi t h posi t i ons of ner ve pr ocesses, cel l nucl ei ,

and t he i nt r acel l ul ar r ecor di ng el ect r ode . The f i l m was

t hen st epped t hr ough t he ser i es of measur ement s and t he

posi t i on of t he ACh pi pet t e i n each f r ame was mar ked

on t he dr awi ng wi t h an i nt eger t hat was pr opor t i onal t o

t he l ogar i t hm of t he sensi t i vi t y at t hat l ocat i on . The key

f or t r ansl at i ng i nt eger val ues i nt o mV/ nC i s gi ven i n t he

l egend t o Fi g . 2 .

Aut or adi ogr aphy

The a- BuTx used i n t hese exper i ment s was pur i f i ed

and i odi nat ed by S. J . Bur den ( 9, 10) . The sp act of t he

l abel ed t oxi n was - 100 cpm/ f mol . Cul t ur es wer e i ncu-

bat ed f or I h at 37° C i n l 0 - " M" I - a- BuTx i n compl et e

medi um, washed sever al t i mes i n cul t ur e medi um, and

t hen ei t her r et ur ned t o t he i ncubat or ( or mi cr oscope

st age as i n Fi g . 6) or f i xed i mmedi at el y i n 1%par af or m-

al dehyde made up i n 0. 1 Mphosphat e buf f er , pH 7. 3,

f or ' / z h at r oom t emper at ur e . Af t er a r i nse i n di st i l l ed

wat er , t he cover sl i p cul t ur e was gl ued t o a mi cr oscope

sl i de and di pped i nt o NTB3 emul si on ( Kodak) di l ut ed

1 : 1 wi t h wat er . The emul si on was gel l ed on a col d pl at e

and t hen exposed at 4° C f or sever al days i n a dessi cat ed

box. Gr ai ns wer e devel oped i n D- 19 ( Kodak) f or 2 mi n

at 20° C.
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FI GURE I

	

I nt r acel l ul ar l y r ecor ded r esponses t o ACh appl i ed i ont ophor et i cal l y at t wo si t es on t he same
myot ube . The posi t i on of t he ACh pi pet t e ( shadow on t he l ef t i n each i nt er f er ence cont r ast mi cr ogr aph)
and t he di gi t al i zed vol t age r esponse ( bel ow) wer e r ecor ded si mul t aneousl y . Di gi t al i zed ACh cur r ent pul ses
wer e di spl ayed on f ast er t i me scal e . Each dot i n t he col umns t o t he r i ght of t he osci l l oscope t r aces
r epr esent s a 2 . 2- f ol d i ncr ease i n ACh sensi t i vi t y . The sensi t i vi t y of t he t est si t e on t he l ef t was 3, 730 mV/
nC; on t he r i ght i t was 190 mV/ nC. The ci r cl e i n each mi cr ogr aph i ndi cat es t he posi t i on of t he t est si t e i n
t he ot her phot ogr aph .

El ect r on Mi cr oscopy

For scanni ng EM, cover sl i p cul t ur es wer e f i xed f or 1

h i n gl ut ar al dehyde ( 2%i n 0. 12 Mphosphat e buf f er , pH

7 . 2) , dr i ed by t he C0 2 cr i t i cal poi nt met hod, and coat ed

wi t h gol d . For t hi n sect i on el ect r on mi cr oscopy, t he

cul t ur e, f i xed f or 30 mi n and st ai ned f or acet yl chol i nes-

t er ase ( AChe) accor di ng t o t he met hod of Kar novsky

( 30) , was f i xed f or an addi t i onal hour i n 2%gl ut ar al de-

hyde, post f i xed i n 1% Os0, , dehydr at ed, and embedded

i n Epon. The cover sl i p was r emoved by di ppi ng t he

compl ex i n l i qui d ni t r ogen . Thi n sect i ons wer e exami ned

i n a Phi l i ps 200 mi cr oscope . Phot ogr aphs of physi ol ogi -

cal l y i dent i f i ed synapses t aken bef or e f i xat i on wer e used

t o r el ocat e t he same cont act s i n dr i ed speci mens and i n

t he pl ast i c di sk .

RESULTS

Di st r i but i on of ACh Recept or s on

Uni nner vat ed Myot ubes

On- l i ne comput er anal ysi s of ACh sensi t i vi t y,

al ong wi t h phot ogr aphs of t he ACh pi pet t e at each

t est si t e, per mi t t ed mor e compl et e and pr eci se

mappi ng of t he muscl e sur f ace t han has been

possi bl e i n t he past . I n t he exper i ment shown i n
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Fi g . 2, t he r esponse t o i onot ophor et i cal l y appl i ed

ACh was t est ed at 64 l ocat i ons . The val ue of each

i nt eger i ndi cat es t he ACh sensi t i vi t y at t hat poi nt .

One ar ea on t he muscl e sur f ace was 10 t o 20 t i mes

mor e sensi t i ve t han t he sur r oundi ng membr ane .

I n t hi s st udy we def i ne a hot spot as a ci r cum-

scr i bed ar ea at whi ch t he ACh sensi t i vi t y was at

l east t hr ee t o f i ve t i mes gr eat er t han t he sur r ound .

Si ngl e poi nt s of hi gh sensi t i vi t y wer e not i ncl uded .

Di scr et e hot spot s - 10 t t m acr oss wer e t he r ul e,

but on occasi on l ar ger ar eas of hi gh sensi t i vi t y

wer e encount er ed . Al t hough most myot ubes had

at l east one hot spot wi t hi n t he f i el d of vi ew ( -

250 t t m acr oss) , a det ai l ed sear ch was usual l y

necessar y t o f i nd one ; t he sensi t i vi t y over most

ar eas t est ed was r el at i vel y uni f or m.

Ther e was a pr eci se cor r el at i on bet ween t he

di st r i but i on of ACh sensi t i vi t y and t he di st r i but i on

of a- BuTx bi ndi ng si t es. The aut or adi ogr aph i n

Fi g. 2, pr epar ed af t er t he cul t ur e was i ncubat ed i n

" ' I - a- BuTx, shows a cl ust er of si l ver gr ai ns t hat

cor r esponds t o t he l ocus of hi gh ACh sensi t i vi t y .

Ever y hot spot ( on ot her myot ubes) t est ed i n t hi s

way cor r esponded t o a cl ust er of a- BuTx bi ndi ng

si t es and, conver sel y, r egi ons devoi d of hot spot s



FI GURE 2

	

Cor r el at i on bet ween ACh sensi t i vi t y and 125 1- a- BuTx bi ndi ng si t es . Each number r epr esent s

t he sensi t i vi t y of t he myot ube t o ACh at t hat poi nt accor di ng t o t he f ol l owi ng scal e : 1, 10- 22 mV/ nC; 2,

22- 40 mV/ nC; 3, 46- 100 mV/ nC; 4, 100- 220 mV/ nC; S, 220- 460 mV/ nC; 6, 460- 1, 000 mV/ nC; 7, 1, 000-

2, 200 mV/ nC; 8, 2, 200- 4, 600 mV/ nC; 9, 4, 600- 10, 000 mV/ nC. Some pat ches of membr ane ar e 5- 10

t i mes mor e sensi t i ve t han sur r oundi ng r egi ons . Af t er t he f i ber was mapped, t he cul t ur e was i ncubat ed i n

l 0- " M" ' I - a- BuTx and pr ocessed f or aut or adi ogr aphy. Ar eas of hi gh sensi t i vi t y cor r espond t o cl ust er s of

si l ver gr ai ns i n t he aut or adi ogr am.

exhi bi t ed l ow and r el at i vel y uni f or ml evel s of t oxi n

bi ndi ng . '

Many hot spot s wer e f ound near muscl e nucl ei ,

but t hi s was not an i nvar i ant r ul e ( 22) . For ex-

ampl e, some of t he hot spot s i n Fi gs . 4, 11, and 12

wer e adj acent t o muscl e nucl ei , but t hose i n Fi g .

3 and t he t wo synapt i c hot spot s i n Fi g . 11 wer e

not . Nucl ei mi gr at e t hr ough t he myot ube' s cyt o-

pl asm, wher eas hot spot s on t he sur f ace ar e r el a-

t i vel y st abl e ( see bel ow) so a mor e pr eci se cor r e-

l at i on bet ween t he l ocat i ons of t he t wo woul d be

unexpect ed . Thi n, t r i angul ar ext ensi ons al ong t he

edges of myot ubes wer e f r equent l y ext r emel y sen-

si t i ve t o ACh ( Fi gs . 2 and 4) .

' The pr eci se r el at i on bet ween t oxi n bi ndi ng and ACh

sensi t i vi t y i s not known . I n t wo myot ubes, l og- l og pl ot s

of ACh sensi t i vi t y vs . gr ai n densi t y wer e appr oxi mat el y

l i near over a 40- f ol d r ange of ACh sensi t i vi t i es . The

sl ope was 0. 6 i n one case ( t he cel l shown i n Fi g . 2) and
0 . 86 i n t he ot her ( 19, 33) .

Di st r i but i on of Recept or s on Uni nner vat ed

Myot ubes Does Not Change wi t h Ti me

Repeat ed maps of uni nner vat ed myot ubes

showed t hat hot spot s r emai n i n appr oxi mat el y t he

same posi t i on . I n t he exampl e shown i n Fi g . 3, t he

second map was const r uct ed 36 h af t er t he f i r st .

The over al l l evel of sensi t i vi t y and t he l ocat i ons of

t wo hot spot s wer e t he same. I n al l , 27 hot spot s

wer e r el ocat ed wi t hi n 10 pm of t hei r i ni t i al posi -

t i ons on 22 di f f er ent uni nner vat ed myot ubes af t er

per i ods of t i me r angi ng f r om 3 t o 48 h; 10 cl ust er s

wer e f ol l owed f or >20 h. No new hot spot s ap-

pear ed and none di sappear ed on myot ubes t hat

di d not si gni f i cant l y gr ow or change i n shape .

The di st r i but i on of r ecept or s r emai ned st abl e

even when near l y al l of t he r ecept or s wer e bl ocked

wi t h a- BuTx . Two hot spot s wer e l ocat ed on t he

f i ber shown i n Fi g . 4 ( l ef t ) , and t hen t he cul t ur e

was exposed t o t oxi n f or 60 mi n . Af t er onl y 30 mi n

i n t oxi n, t he ACh sensi t i vi t y was vi r t ual l y abol -
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FI GURE 3

	

St abi l i t y of ACh sensi t i vi t y di st r i but i on wi t h
t i me on an uni nner vat ed myot ube . The map shown i n
t he l ower panel of t he f i gur e was made 36 h af t er t he
one i n t he upper panel , yet t he magni t ude and di st r i bu-
t i on of sensi t i vi t i es at t he t wo t i mes wer e si mi l ar . See
Fi g. 2 f or r el at i on bet ween i nt eger s and mV/ nC.
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FI GURE 4

	

St abi l i t y of ACh sensi t i vi t y di st r i but i on af t er

bl ockade of r ecept or s wi t h a- BuTx . Lef t : cont r ol ACh

map . Cent er : ACh sensi t i vi t y af t er 30 mi n of a 60 mi n

i ncubat i on i n 10 - e Ma- BuTx. The sensi t i vi t y i s al r eady

decr eased mor e t han 20- f ol d . Ri ght : ACh map 24 h af t er

t he cul t ur e was washed and r et ur ned t o t he i ncubat or .

The di st r i but i on and magni t ude of sensi t i vi t y ar e com-

par abl e t o t he cont r ol ( pr ebl ock) map . Thi s myot ube was

not i nner vat ed . See Fi g . 2 f or r el at i on bet ween i nt eger s

and mV/ nC.
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i shed ( Fi g . 4, cent er ) but 24 h l at er t he sensi t i vi t y

had r et ur ned t o cont r ol l evel s and t he hot spot s

had r eappear ed at t he same si t es ( Fi g. 4, r i ght ) .

The r ecover y of ACh sensi t i vi t y af t er a- BuTx

bl ockade i s due t o synt hesi s and i ncor por at i on of

new r ecept or s r at her t han t o di ssoci at i on of t he

t oxi n- r ecept or compl ex ( 15) . Thus, t he st abl e di s-

t r i but i on of r ecept or s does not depend on t he

met abol i c st abi l i t y of i ndi vi dual r ecept or s .

Si t es of Tr ansmi t t er Rel ease and Associ at ed

Hot Spot s

As pr evi ousl y r epor t ed ( 13) , synpases l ocat ed by

f ocal depol ar i zat i on of ner ve pr ocesses over l yi ng

i nner vat ed myot ubes wer e r est r i ct ed t o shor t seg-

ment s al ong mot or axons . The same r esul t was

obt ai ned by f ocal ext r acel l ul ar r ecor di ng . As i l l us-

FI GURE 5

	

Local i zat i on of a ner ve- muscl e synapse by

f ocal ext r acel l ul ar r ecor di ng. The ner ve pr oc£ss, vi sual -

i zed wi t h i nt er f er ence cont r ast opt i cs, cont r act s t he my-

ot ube at t he upper l ef t , and t hen cont i nues al ong t he l ef t

si de of t he muscl e cel l . Each i nset shows t he l ar gest

pot ent i al s r ecor ded at t he posi t i on i ndi cat ed by t he ar -

r owhead . The st eep decl i ne i n ampl i t ude of pot ent i al s

when t he pi pet t e was moved 3- 4 j mt o ei t her si de of t he

ner ve i l l ust r at es t he spat i al r esol ut i on of t he t echni que .

The decl i ne i n r esponse ampl i t ude al ong t he ner ve was

onl y sl i ght l y mor e gr adual . Not e t he swel l i ng i n t he ner ve

axon at t he si t e of t r ansmi t t er r el ease .



t r at ed i n Fi g. 5, t he ampl i t ude of ext r acel l ul ar l y

r ecor ded synapt i c pot ent i al s decl i ned t o l ess t han

hal f when t he el ect r ode was r emoved onl y a f ew

mi cr omet er s al ong t he l engt h of a neur i t e away

f r om t he si t e of t r ansmi t t er r el ease.

Smal l , appar ent l y smoot h, oval di l at at i ons, l i ke

t hat shown i n Fi g. 5, wer e obser ved at many

f unct i onal synapses . Scanni ng el ect r on mi cr os-

copy, per f or med i n col l abor at i on wi t h Dr .

Gunt her Al br echt - Buehl er , showed t hat t hese var -

i cosi t i es wer e not so si mpl e as t hey appear ed . The

var i cosi t y l abel ed a i n Fi g . 6 was f unct i onal l y

i dent i f i ed as a synapse, but no synapt i c pot ent i al s

wer e r ecor ded at t he di l at at i ons mar ked b and c .

Sever al f i ne f i l opodi a pr oj ect f r om t he synapt i c

var i cosi t y, and i t s sur f ace membr ane appear s

r ough . Si x ot her i dent i f i ed synapses r el ocat ed i n

t he scanni ng mi cr oscope appear ed si mi l ar t o t he

one shown i n Fi g . 6 . I n cont r ast , t he di l at at i ons at

b and c wer e smoot h, and onl y one f i l opodi um

was evi dent . Most var i cosi t i es obser ved al ong t he

l engt h of neur i t es wer e smoot h and had no f i l o-

podi a . I nf or med by t he scanni ng mi cr oscopy, we

r eexami ned i dent i f i ed synapses i n unf i xed cul t ur es

wi t h an oi l i mmer si on ( x 100, numer i cal aper t ur e

= 1 . 3) i nt er f er ence cont r ast obj ect i ve l ens. Fi ne

pr ocesses coul d be r esol ved at some si t es of r el ease

( Fi g. 7) .

ACh r ecept or s ar e cl ust er ed at si t es of t r ansmi t -

t er r el ease on i nner vat ed myot ubes ( 13) . Fi g. 8

FI GURE 6

	

Scanni ng el ect r on mi cr oscopy of i dent i f i ed si t es of t r ansmi t t er r el ease. ( A) Unf i xed cul t ur e,
vi ewed wi t h i nt er f er ence- cont r ast opt i cs . ( B) The same ar ea vi ewed by SEM( 60° vi ewi ng angl e) . Synapt i c
cur r ent s wer e r ecor ded at t he var i cosi t y l abel ed a, but not at var i cosi t i es b and c . At hi gher magni f i cat i on
( C and D) , t he synapt i c var i cosi t y i s char act er i zed by a r ough sur f ace t ext ur e and sever al l ong f i l opodi a
t hat pr oj ect over t he muscl e sur f ace, wher eas t he swel l i ngs at b and c ar e smoot h and onl y one f i l opodi um
i s evi dent . The phot ogr aph i n Fi g . 6 D was t aken af t er t he cul t ur e was r ot at ed 180 ° .
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FI GURE 7

	

Two si t es of t r ansmi t t er r el ease ( ar r ows) i n

an unf i xed cul t ur e vi ewed wi t h i nt er f er ence cont r ast

opt i cs ( x 100 oi l i mmer si on obj ect i ve) . Not e t he f i ne

f i l opodi a t hat r adi at e out war d f r omt he synapt i c var i cos-
i t i es .

FI GURE 8

	

A cl ust er of ACh r ecept or s at an i dent i f i ed

ner ve- muscl e synapse . The cul t ur e was i ncubat ed i n ' 2' ' 1-

a- BuTx and pr ocessed f or aut or adi ogr aphy af t er t he

synapse was l ocat ed by f ocal ext r acel l ul ar r ecor di ng . A

synapt i c r esponse i s shown on t he l ef t . The densi t y of

t oxi n bi ndi ng si t es at synapses i s 10 t o 20 t i mes gr eat er

t han t he densi t y i n ner ve- f r ee ar eas.

shows a cl ust er of ` 25 1- a- BuTx bi ndi ng si t es at an

i dent i f i ed synapse . The gr ai n densi t y at synapt i c

hot spot s was not obvi ousl y gr eat er t han t hat at

uni nner vat ed cl ust er s . The geomet r i c mean sensi -

t i vi t y of hot spot s at i dent i f i ed synapses ( 3, 300

mV/ nC, n = 16) was sl i ght l y gr eat er t han t hat of

hot spot s not under neur i t es ( 1, 820 mV/ nC; n =
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27) , but t he di st r i but i ons over l apped ext ensi vel y

( Fi g. 9) . Est i mat es of absol ut e sensi t i vi t y depend

on membr ane pot ent i al and i nput r esi st ance as

wel l as r ecept or densi t y, so we al so cal cul at ed t he

r at i o of hot spot t o ext r a- hot spot sensi t i vi t y meas-

ur ed on t he same f i ber . Her e agai n, t he geomet r i c

mean r at i o was sl i ght l y gr eat er at i nner vat ed ( 12 . 7)

t han uni nner vat ed ( 9 . 6) hot spot s, but t he di st r i -

but i ons wer e si mi l ar . When al l subneur al hot spot s

( i ncl udi ng t hose not i dent i f i ed as subsynapt i c)

wer e compar ed wi t h non- neur al hot spot s, t he

hi st ogr ams wer e vi r t ual l y i dent i cal ( Fi g . 9) .

NewHot Spot s Appear dur i ng

Synapse For mat i on

I n cont r ast t o t he st abl e di st r i but i on of ACh

r ecept or s on uni nner vat ed myot ubes, we docu-

ment ed t he appear ance of 22 new hot spot s be-

neat h i ngr owi ng spi nal cor d ner ve pr ocesses . Syn-

apt i c pot ent i al s wer e evoked by f ocal st i mul at i on

at si x newl y f or med hot spot s . Si x ot her new hot

spot s wer e beneat h mot or axons ( synapt i c pot en-

t i al s wer e r ecor ded wi t h an i nt r acel l ul ar mi cr o-

el ect r ode af t er st i mul at i on of t he axon at some

di st ance f r om t he myot ube) , but t he exact si t e of

t r ansmi t t er r el ease was not det er mi ned ; i n t wo of

t hese cases we wer e unabl e t o evoke r el ease by
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FI GURE 9

	

ACh sensi t i vi t i es of hot spot s at i dent i f i ed

synapses ( at synapse) of al l hot spot s beneat h neur i t es

( at ner ve) , and of hot spot s t hat wer e not associ at ed wi t h

neur i t es ( not at ner ve) . Absol ut e sensi t i vi t es ar e shown

i n Fi g. 9 A and hot spot / backgr ound sensi t i vi t y r at i os ar e

shown i n Fi g . 9 B. Four hot spot s onl y t wo t o f our t i mes

mor e sensi t i ve t han t he backgr ound ar e i ncl uded, t o

i l l ust r at e t he ent i r e r ange encount er ed . The geomet r i c

mean of each di st r i but i on i s mar ked by an ar r ow. Bar s

bel ow each ar r ow i ndi cat e ±SE.
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FI GURE 10

	

For mat i on of a new hot spot dur i ng syn-
apse f or mat i on . The same myot ube was mapped on 4

consecut i ve days begi nni ng 3 d af t er addi t i on of a spi nal

cor d expl ant . For ease of r ef er ence a dot t ed ci r cl e del i n-

eat es t he r egi on of synapse f or mat i on . Number s above

each ci r cl e ar e t he mean sensi t i vi t i es ( mV/ nC) of al l

poi nt s wi t hi n t he ci r cl e . Number s t o t he l ef t ar e t he mean

sensi t i vi t i es of adj acent ext r asynapt i c ar eas. On day 1,
t he sensi t i vi t y wi t hi n t he ci r cl e was not si gni f i cant l y
gr eat er t han backgr ound . By day 2, f oci of hi gh sensi t i v-
i t y wi t hi n t he f ut ur e synapt i c r egi on had appear ed, but
synapt i c pot ent i al s coul d not be el i ci t ed by f ocal st i mu-
l at i on at sever al l ocat i ons i n t hi s ar ea ( a r epr esent at i ve

negat i ve osci l l oscope t r ace i s shown bel ow t he map) .

Synapt i c pot ent i al s wer e evoked on day 3 at posi t i ons

i ndi cat ed by t he dashed l i nes, and at t hi s t i me t he ACh
sensi t i vi t y had i ncr eased t o 22 t i mes t he backgr ound
l evel . On day 4, t he sensi t i vi t y was 34 t i mes hi gher t han
backgr ound . The ul t r ast r uct ur e of one par t of t hi s syn-
apt i c compl ex i s shown i n Fi g. 16 .

f ocal depol ar i zat i on of t he neur i t e over t he hot

spot . I n t he r emai ni ng 10 cases, t he f unct i onal

i dent i t y of t he over l yi ng neur i t e was not t est ed .

Our most compl et el y document ed sequence of

hot spot and synapse f or mat i on i s shown i n Fi g.

10 . The mean ACh sensi t i vi t y of poi nt s wi t hi n t he

dot t ed ci r cl e i ncr eased f r om a val ue t hat was i n-

di st i ngui shabl e f r om t hat of t he sensi t i vi t y of t he

sur r oundi ng ar ea t o 34 t i mes t he backgr ound,

ext r asynapt i c l evel over a per i od of 4 d . Synapt i c

pot ent i al s wer e evoked at t he i ndi cat ed poi nt s

wi t hi n t he ci r cl e on t he 3r d d, but coul d not be

evoked I d ear l i er . Synapses wer e st i l l pr esent

wi t hi n t he ci r cl e on t he 4t h d, and I d l at er , t he

cul t ur e was f i xed, st ai ned f or AChe, and pr epar ed

f or el ect r on mi cr oscopy ( see bel ow) . The back-

gr ound sensi t i vi t y decr eased about t wof ol d dur i ng

t he 4- d per i od, but t hi s was not obser ved dur i ng

t he f or mat i on of ot her synapses .

I n t he exper i ment shown i n Fi g . 11, synapses

and hot spot s f or med at si t es of r el at i vel y l ow

sensi t i vi t y wi t hi n 30 pmof a pr eexi st i ng hot spot .

Agr owt h cone pal pat ed t he edge of t he pr evi ousl y

uncont act ed myot ube whi l e t he measur ement s i n

Fi g . 11 ( t op) wer e bei ng made; 12 h l at er , at l east

t wo synapses had f or med ( br oken l i nes i n Fi g . 11,

bot t om) and t he membr ane at t hese si t es had

become 8- 12 t i mes mor e sensi t i ve t o ACh.

The sequence shown i n Fi g . 12 suggest s t hat t he

FI GURE I I

	

Synapse and hot spot f or mat i on wi t hi n 30
pmof a pr eexi st i ng hot spot . Gr owt h cones pal pat ed t he
myot ube whi l e t he map shown i n t he upper panel was
const r uct ed. 12 h l at er , one br anch of t he axon had
gr own acr oss t he muscl e cel l and anot her had advanced
al ong t he upper edge . Synapt i c pot ent i al s wer e evoked

at t he l ocat i ons i ndi cat ed by dashed l i nes and t he ACh

sensi t i vi t y at t hese si t es had i ncr eased 8- t o 12- f ol d. The
sensi t i vi t y of t he pr eexi st i ng hot spot ( t o t he r i ght of t he
synapses) whi ch was never i nner vat ed, decr eased t o
backgr ound l evel s 1- 2 d l at er .
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di st r i but i on of ACh sensi t i vi t y can change wi t hi n

3 h . When f i r st exami ned, t hi s ner ve pr ocess ended

i n a st at i onar y gr owt h cone . The t i p di d not ad-

vance, but act i ve mi cr ospi kes ( not dr awn) wer e

ext ended and r et r act ed dur i ng t he ent i r e 6. 5- h

obser vat i on per i od . At t hi s t i me, a si ngl e hot spot

was evi dent - 15 t t m t o t he r i ght of t he ner ve

endi ng . About 3 h l at er , t wo hot spot s wer e evi -

dent , one i n cl ose pr oxi mi t y t o t he ner ve . Bot h hot

spot s t hen r emai ned i n t he same l ocat i on dur i ng

t he f i nal 3 . 5 h of t he exper i ment . Of t he 22 new

subneur al hot spot s, at l east seven wer e cr eat ed

wi t hi n 5 h.

We do not know whet her t he cont act shown i n

Fi g. 12 was dest i ned t o become a synapse, but i n

t wo ot her cases we wer e abl e t o evoke t r ansmi t t er

r el ease f r om act i ve gr owt h cones soon af t er t hey

cont act ed a myot ube . One exampl e i s shown i n

Fi g . 13 . Ti me- l apse ci nemat ogr aphy showed t hat

t he gr owt h cone mi gr at ed acr oss a muscl e f i ber

( on t he r i ght ) bef or e pausi ng f or 2 h at t he edge of

t he t est ed myot ube . Synapt i c pot ent i al s wer e

evoked by f ocal depol ar i zat i on of t he t i p at t hat

t i me . Shor t l y t her eaf t er , t he gr owt h cone advanced

al ong t he myot ube, but synapt i c pot ent i al s coul d

st i l l be evoked at t he same si t e 18 h l at er . The

ot her gr owt h cone t est ed had al so paused at t he

edge of a myot ube bef or e synapt i c pot ent i al s ap-

pear ed . I n bot h cases, t he muscl e membr ane i m-

medi at el y ar ound t he synapsi ng gr owt h cone was

ext r emel y sensi t i ve t o ACh. Unf or t unat el y, t he

same ar eas wer e not t est ed bef or e t he gr owt h cones

ar r i ved .

Di sappear ance of Uni nner vat ed Hot Spot s

The hot spot shown i n Fi g. 11 t hat was pr esent

bef or e t he mot or axon ar r i ved was never i nner -

vat ed and i t di sappear ed 2 d l at er . I n cont r ast t o

FI GURE 12

	

Rapi d appear ance of a subneur al hot spot .

When f i r st exami ned t hi s ner ve pr ocess ended i n a

gr owt h cone ( not di agr ammed) near a smal l hot spot .

The ACh sensi t i vi t y beneat h t he gr owt h cone was i n-

cr eased wi t hi n 3 . 2 h. I t i ncr eased f ur t her over t he next 2

h and t hen st abi l i zed . The near by hot spot r emai ned i n

pl ace over t he f i nal 3 h. Thi s myot ube was i nner vat ed at

0 h, but i t was cont act ed el sewher e by ot her neur i t es and

t he si t e of t r ansmi t t er r el ease was not det er mi ned . Be-

t ween 5 . 0 and 6 . 5 h t he neur i t e moved l at er al l y but t he

gr owt h cone r emai ned f i xed on t he muscl e sur f ace. Dot -

t ed l i nes del i neat e r egi ons wi t h a sensi t i vi t y of 7 or

hi gher .



FI GURE 13

	

Synapt i c pot ent i al s evoked by f ocal depo-

l ar i zat i on of an act i ve gr owt h cone . The neur i t e had

gr own r api dl y over t he myot ube on t he r i ght , and had

t hen paused f or 2 h at t he l ocat i on shown . Synapt i c

pot ent i al s wer e evoked by f ocal st i mul at i on at t he br oad

base of t he gr owt h cone ( whi t e l i ne) . St i mul at i on at a

si t e 10 l m mor e pr oxi mal f ai l ed t o evoke t r ansmi t t er

r el ease . The phot ogr aphs wer e t aken 2 mi n apar t . I n t hi s

i nt er val a mi cr ospi ke ( ar r owheads) ext ended f ur t her and

bent t owar d t he myot ube .

our f i ndi ngs on myot ubes not cont act ed by ner ve

pr ocesses, 12 uni nner vat ed hot spot s on muscl e

f i ber s t hat wer e cont act ed di sappear ed wi t h t i me.

At l east ei ght of t hese hot spot s wer e on myot ubes

t hat wer e i nner vat ed at some ot her si t e .

I nner vat ed and subsequent l y dener vat ed hot

spot s al so di sappear when t he myot ube i s r ei nner -

vat ed at anot her si t e . I n t he exper i ment shown i n

Fi g . 14, t hr ee synapses wer e l ocat ed physi ol ogi -

cal l y, and each one was associ at ed wi t h an ar ea of

hi gh sensi t i vi t y . Al l ner ve pr ocesses wer e t hen

pul l ed away f r om t he myot ube wi t h a mi cr opi -

pet t e . By t he next day, new neur i t es had cont act ed

and i nner vat ed t he myot ube at anot her l ocat i on

( synapt i c pot ent i al s wer e r ecor ded wi t h an i nt r a-

cel l ul ar mi cr oel ect r ode) . At t hi s t i me, t he ACh

sensi t i vi t y at t he pr evi ousl y i dent i f i ed synapt i c hot

spot s had decr eased t o backgr ound l evel s .

AChe Accumul at es at Newl y

For med Synapses

The synapt i c compl ex st udi ed i n t he exper i ment

of Fi g . 10 was f i xed and st ai ned f or AChe 3 d af t er

t he onset of synapt i c t r ansmi ssi on . The enzyme

was pr esent ( Fi g . 15) and t he r eact i on pr oduct was

or gani zed i n r ound zones t hat r esembl e st ai ned

synapt i c bout ons at cer t ai n adul t neur omuscul ar

j unct i ons ( 31, 38) . Tr ansmi ssi on el ect r on mi cr os-

copy of sect i ons cut t hr ough t hi s synapt i c r egi on

( Fi g. 16) , pr epar ed i n col l abor at i on wi t h Dr . U. J .

McMahan, r eveal ed t hat t he r eact i on pr oduct was

A

s s

FI GURE 14

	

Di sappear ance of hot spot s on an i nner -

vat ed myot ube . ( A) Thr ee synapses wer e l ocat ed by f ocal

ext r acel l ul ar r ecor di ng ( ar r ows) . Each synapse was as-

soci at ed wi t h a r egi on of hi gh ACh sensi t i vi t y ; a t hi r d

hot spot was al so f ound under a neur i t e but was not

i dent i f i ed as a synapse . Al l neur i t es wer e t han st r i pped

away f r om t he myot ube wi t h a mi cr opi pet t e, and r ecep-

t or s wer e bl ocked wi t h a- BuTx . ( B) 21 h l at er , t he

myot ube was r ei nner vat ed at anot her l ocat i on, and al l

t hr ee ar eas of hi gh sensi t i vi t y had di sappear ed .
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l ocat ed i n t he synapt i c cl ef t and al so wi t hi n mem-

br ane- bounded ci st er nae i n t he myopl asm near

t he muscl e sur f ace . Some of t hese ci st er nae opened

t o t he ext r acel l ul ar space . A def i ni t e basement

membr ane was pr esent wi t hi n t he cl ef t and i t

FI GURE 15 AChe at an i dent i f i ed synapse . The same

ner ve- muscl e cont act st udi ed i n Fi g . 10 was f i xed and

st ai ned f or AChe 3 d af t er t he onset of synapt i c t r ans-

mi ssi on. Thr ee synapt i c bout ons, out l i ned wi t h t he est er -

ase st ai n ( ar r ows) , appear t o t he l ef t of t he ner ve bundl e

l yi ng di agonal l y acr oss t he muscl e f i ber . A pr et er mi nal

axon, al so out l i ned wi t h st ai n, connect s t wo of t hese
bout ons . A nucl eol us al ong t he l ower edge of t he f i ber

appear s dar k i n t hi s phase- cont r ast mi cr ogr aph, but i s

unst ai ned .
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ext ended i nt o some of t he i nvagi nat i ons of t he

muscl e sur f ace . The ner ve t er mi nal cont ai ned

many cl ear , 50- nmvesi cl es, and one r egi on of t he

pr esynapt i c membr ane appear ed t hi ckened . The

synapt i c compl ex was not cover ed by a Schwann

cel l .

DI SCUSSI ON

Hot Spot For mat i on

The hypot hesi s t hat embr yoni c mot or axons

mi ght seek out pr eexi st i ng cl ust er s of ACh r ecep-

t or s was based on t hei r ver y exi st ence, and al so on

t he gener al obser vat i on t hat r egener at i ng adul t

axons r ei nner vat e vacat ed end pl at es ( 35) . A hi gh

densi t y of r ecept or s per si st s at dener vat ed end

pl at es i n ver t ebr at e muscl e ( 26, 36, 39) . However ,

our dat a show t hat r ecept or cl ust er s ar e not r e-

qui r ed f or synapse f or mat i on . Spi nal cor d neur ons

can i nduce new cl ust er s at di scr et e si t es al ong t hei r

l engt h . Si nce new hot spot s r ar el y, i f ever , appear

on mat ur e myot ubes t hat ar e not cont act ed by

ner ve pr ocesses, our obser vat i on of 22 new hot

spot s beneat h spi nal cor d neur i t es cannot be due

t o chance .

Onl y a smal l f r act i on of t he ner ve pr ocesses t hat

emer ge f r om spi nal cor d expl ant s and cont act

myot ubes i n f act f or m f unct i onal synapses . How-

ever , al l 12 of t he neur i t es t hat i nduced r ecept or

cl ust er s and t hat wer e al so el ect r i cal l y st i mul at ed

FI GURE 16

	

Ul t r ast r uct ur e of t he mi ddl e synapt i c var i cosi t y shown i n Fi g . 15 . The pr et er mi nal axon,

f i l l ed wi t h mi cr ot ubul es, ent er s f r om t he l ef t , and t he t er mi nal l i es i n a depr essi on i n t he muscl e sur f ace .

Synapt i c vesi cl es ar e pr esent wi t hi n t he t er mi nal and appear cl ust er ed agai nst t he pr esynapt i c membr ane .

AChe r eact i on pr oduct and a di st i nct basement membr ane ar e pr esent wi t hi n t he synapt i c cl ef t , but not

el sewher e on t he muscl e sur f ace . Subsur f ace ci st er nae i n t he myot ube al so cont ai n AChe r eact i on pr oduct

and basement membr ane . Ther e i s no Schwann cel l associ at ed wi t h t he synapse .



had i nner vat ed t he under l yi ng myot ube at some

poi nt . Thus, t he abi l i t y t o i nduce hot spot s may be

uni que t o chol i ner gi c neur ons . Synapt i c pot ent i al s

wer e evoked at si x of ei ght adequat el y t est ed new

hot spot s by f ocal depol ar i zat i on of over l yi ng neu-

r i t es . The t wo f ai l ur es mi ght si mpl y r ef l ect t he

di f f i cul t y of t he t echni que . Depol ar i zat i on of f i ne

neur i t es i n t he pr esence of TTX r equi r es i nt ense

l ocal cur r ent s, and t her e i s a nar r ow mar gi n be-

t ween ef f ect i ve st i mul i and t hose t hat damage t he

ner ve . Anot her , mor e i nt er est i ng possi bi l i t y i s t hat

r ecept or cl ust er s appear i n t he post synapt i c mem-

br ane bef or e t he devel opment of mechani sms r e-

qui r ed f or t r ansmi t t er r el ease . We f ound t hat sub-

neur al hot spot s can appear wi t hi n 3 h and, con-

si der i ng our met hod of assay, t hi s pr obabl y r ef l ect s

an upper l i mi t . Fi nal l y, t he possi bi l i t y t hat hot

spot s can appear beneat h chol i ner gi c ner ves at

si t es t hat ar e not dest i ned t o r el ease ACh or be-

neat h nonchol i ner gi c ner ves must be consi der ed .

Hot spot s have been det ect ed on r at L- 6 myot ubes

near N- 18 neur obl ast oma ner ve pr ocesses even

t hough f unct i onal cont act s do not f or m bet ween

t hese cel l s ( 28) . The di st r i but i on of r ecept or s on

L- 6 myot ubes gr own wi t hout N- 18 cel l s i s mor e or

l ess uni f or m( 33) .

Ander son et al . ( 2) have al so concl uded t hat

spi nal cor d neur ons ar e capabl e of i nduci ng new

cl ust er s of ACh r ecept or s. They cul t ur ed mono-

nucl eat ed Xenopus myocyt es wi t h and wi t hout

neur ons di ssoci at ed f r om t he neur al t ube and

mapped t he di st r i but i on of ACh r ecept or s wi t h

f l uor escent a- BuTx conj ugat es . St r eaks of f l uor es-

cence wer e f ound al ong t he cour se of ner ve pr oc-

esses over l yi ng muscl e cel l s. These st r eaks wer e

l onger t han t he smal l ovoi d hot spot s f ound on

myocyt es not cont act ed by spi nal cor d ner ve pr oc-

esses, and t hi s suggest s t hat ner ve pr ocesses caused

a change i n r ecept or di st r i but i on . Some of t he

Xenopus myocyt es wer e i nner vat ed ; t hey t wi t ched

when near by neur ons wer e st i mul at ed . However ,

t he same cel l s exami ned wi t h f l uor escent t oxi n

conj ugat es wer e not al so t est ed physi ol ogi cal l y, so

i t i s not cer t ai n whet her t he subneur al st r eaks of

f l uor escence wer e uni que t o synapt i c cont act s .

I n pr i nci pl e, subneur al cl ust er s mi ght f or m by

aggr egat i on of r ecept or s wi t hi n t he sur f ace mem-

br ane or by t he l ocal i nser t i on of newl y synt he-

si zed r ecept or s. Ander son and Cohen ( 1) obser ved

char act er i st i c st r eaks of f l uor escence al ong neu-

r i t es even when t he myocyt es wer e l abel ed wi t h

t oxi n conj ugat es bef or e pl at i ng neur al t ube cel l s .

Thus, at l east some of t he Xenopus r ecept or s i n

subneur al cl ust er s ar r i ve by mi gr at i on wi t hi n t he

membr ane . Mi gr at i on of ACh r ecept or s i s not

uni que t o amphi bi an muscl e cel l s. Axel r od et al .

( 3) demonst r at ed, wi t h f l uor escence- bl eachi ng

t echni ques, t hat noncl ust er ed r ecept or s i n uni n-

ner vat ed r at myot ubes ar e mobi l e . They est i mat ed

t hat 75%of t he r ecept or s move wi t h an ef f ect i ve

di f f usi on coef f i ci ent of 7 x 10 - " Cm2S- 1
.

I t i s

pr obabl e, t her ef or e, t hat mi gr at i ng r ecept or s con-

t r i but e t o new subsynapt i c hot spot s on chi ck

myot ubes, but t hi s must be det er mi ned di r ect l y .

The f act t hat uni nner vat ed hot spot s l ocat ed near

newl y f or med synapses di sappear wi t h t i me ( Fi gs .

l l and 14 ; cf . r ef er ence 1) i s consi st ent wi t h t he

not i on t hat ner ve pr ocesses cause a mi gr at i on of

r ecept or s al r eady exposed on t he sur f ace .

An ar gument can be made t hat l ocal i nser t i on

of r ecept or s al so pl ays a r ol e i n hot spot f or mat i on

and mai nt enance . Recept or s ar e l ost f r om i nner -

vat ed hot spot s on cul t ur ed myot ubes and on

i nt act embr yoni c muscl e f i ber s wi t h a hal f t i me of

30- 40 h ( 9, 10, 47) . Yet , hot spot s do not di sappear

wi t h t i me ( and t hey r eappear af t er bl ockade wi t h

a- BuTx [ Fi g . 4 ; see r ef er ence 3] ) , so t hey must

cont ai n newl y synt hesi zed r ecept or s. Fl uor escence

bl eachi ng exper i ment s suggest t hat r ecept or s

wi t hi n uni nner vat ed hot spot s do not exchange

wi t h r ecept or s el sewher e i n t he muscl e membr ane

( 3) . I f t he same f i ndi ng appl i es t o i nner vat ed cl us-

t er s, t hen t hei r st abi l i t y must depend on l ocal

i nser t i on and r emoval of r ecept or mol ecul es .

The r api d t ur nover of r ecept or s at newl y f or med

embr yoni c j unct i ons i s i n mar ked cont r ast t o t he

si t uat i on at adul t end pl at es wher e t he hal f l i f e of

j unct i onal r ecept or s i s l onger t han 5 d ( 6) . Thus,

nei t her t he cl ust er i ng of r ecept or s nor t he f act of

i nner vat i on i s suf f i ci ent t o modi f y t he met abol i c

f at e of i ndi vi dual r ecept or s . The r at e of degr ada-

t i on of i nner vat ed chi ck r ecept or s does event ual l y

decr ease but t hi s occur s 2- 3 wk af t er hat chi ng

( 10) .

The mechani sm by whi ch spi nal cor d ner ve

pr ocesses i nduce r ecept or cl ust er s r emai ns t o be

det er mi ned . I n chi ck cul t ur es, hot spot s ar e r e-

st r i ct ed t o di scr et e si t es al ong t he l engt h of mot or

axons . Thus, si mpl e pr oxi mi t y bet ween a compe-

t ent ( chol i ner gi c) neur i t e and a r ecept i ve myot ube

i s not suf f i ci ent t o i nduce a r ecept or aggr egat e .

However , scanni ng and t r ansmi ssi on el ect r on mi -

cr oscopy i ndi cat e t hat t he cont act bet ween ner ve

and muscl e i s speci al i zed at si t es of t r ansmi t t er

r el ease and i t may be t hat a uni que, r ecept or -

aggr egat i ng, physi cal i nt er act i on occur s at t hese
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si t es . Al t er nat i vel y, a chemi cal f act or t hat i nf l u-

ences r ecept or number and/ or di st r i but i on may be

r el eased i n r el at i vel y hi gh concent r at i on at syn-

apses. Recent st udi es have shown t hat ext r act s of

spi nal cor d or br ai n and medi a condi t i oned by

cul t ur ed neur ons can i ncr ease t he t ot al number of

r ecept or s ( 29, 44) and t he number of r ecept or

cl ust er s ( 11, 29, 44) on uni nner vat ed myot ubes .

The physi ol ogi cal si gni f i cance of hot spot s on

uni nner vat ed myot ubes r emai ns obscur e . Hot

spot s ar e not uni que t o uni nner vat ed chi ck my-

ot ubes i n vi t r o: t hey ar e al so f ound on cul t ur ed r at

myot ubes ( 3, 33) and on mononucl eat ed Xenopus

myocyt es ( 2) . Cl ust er s of r ecept or s al so appear i n

ext r aj unct i onal r egi ons of adul t dener vat ed am-

phi bi an ( A. Mi chl er , per sonal communi cat i on)

and mammal i an ( 16, 31) muscl e f i ber s, so t hey

may be common t o skel et al muscl e of al l ages

depr i ved of i nner vat i on . Ext r aj unct i onal hot spot s

have not been f ound i n i nt act embr yoni c muscl es

( 8, 9) but i t i s l i kel y t hat al l of t he muscl e f i ber s

exami ned wer e al r eady i nner vat ed . Recept or s i n

bot h uni nner vat ed and i nner vat ed cl ust er s ar e si m-

i l ar i n t er ms of t hei r densi t y, mean channel open

t i me, and met abol i c st abi l i t y ( 47) . Thus, t he ner ve

may si mpl y t r i gger t he same mechani sm t hat r e-

sul t s i n t he f or mat i on of uni nner vat ed hot spot s .

I t i s i nt er est i ng t hat about one- t hi r d of t he new

subneur al hot spot s f or med wi t hi n 100 pm of a

pr eexi st i ng one . The si gni f i cance of t hi s obser va-

t i on i s uncl ear .

Synapse For mat i on

Synapses f or m soon af t er ner ve- muscl e cont act .

Synapt i c pot ent i al s can be evoked by st i mul at i on

at or near st at i onar y gr owt h cones ( l 2) . These

f unct i onal cont act s wer e not t r ansi ent : t he gr owt h

cones event ual l y moved on, but st abl e, en passant

synapses wer e l ef t behi nd . Thi s r esul t i s not i ncon-

si st ent wi t h Denni s and Mi l edi ' s ( 14) f or di ng of a

" nont r ansmi t t i ng" st age dur i ng ner ve- muscl e syn-

apse f or mat i on . Thi s st age i s appar ent l y caused by

bl ock of i mpul se conduct i on i n f i ne, r egener at ed

ner ve t er mi nal s . We evoked t r ansmi t t er r el ease by

f ocal depol ar i zat i on i n t he absence of act i on po-

t ent i al s . Synapt i c vesi cl es have been r ecent l y

f ound i n gr owt h cones of cul t ur ed adr ener gi c sym-

pat het i c gangl i on neur ons ( 34) . I t r emai ns t o be

det er mi ned whet her synapt i c vesi cl es ar e pr esent

i n chol i ner gi c gr owt h cones and whet her t r ansmi t -

t er r el ease i s quant al at t he ear l i est t i mes .

The appear ance of t hi n cyt opl asmi c ext ensi ons

of t he ner ve at some est abl i shed synapses i s st r i k-
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i ng . They ar e not ar t i f act s of f i xat i on or cr i t i cal

poi nt dr yi ng si nce si mi l ar pr ocesses wer e obser ved

at unf i xed synapses . They r esembl e gr owt h cone

f i l opodi a and r ai se t he possi bi l i t y t hat newl y

f or med synapses cont i nue t o gr ow or ar e cont i n-

ual l y r enewed ( 4) . Gr owt h cones ar e mor e f i r ml y

at t ached t o t he cul t ur e subst r at e t han t he r emai n-

der of t he ner ve pr ocess and, by anal ogy, synapt i c

f i l opodi a may ser ve t o anchor t he newl y f or med

r el ease si t e i n pl ace .

Synapses mat ur e r api dl y i n t hi s syst em. Pr evi ous

r epor t s based on semi - ser i al t hi n sect i ons of

" ner ve- muscl e cont act s" i n young cul t ur es have

st r essed t he si mpl i ci t y of t he st r uct ur es ( 19, 41, 42,

48) . However , our sect i ons t hr ough an i dent i f i ed

synapse show t hat sever al speci al i zat i ons char ac-

t er i st i c of adul t j unct i ons ar e pr esent onl y 3 d af t er

t he onset of synapt i c t r ansmi ssi on . The pr esence

of a def i ni t e basement membr ane i n t he synapt i c

cl ef t i s si gni f i cant because myot ubes i n ar a C-

t r eat ed, f i br obl ast - f r ee cul t ur es ar e not encased i n

an ext er nal l ami na ( 23) . The basement membr ane

at adul t end pl at es may be speci al i zed . The ent i r e

basement membr ane r emai ns as a scaf f ol d af t er

t he under l yi ng muscl e f i ber i s dest r oyed, yet r e-

gener at i ng mot or axons seek out and t er mi nat e at

si t es on t he ext er nal l ami na t hat cor r espond t o t he

or i gi nal end pl at e ( 37, 46) . Tuf t s of ext r acel l ul ar

amor phous mat er i al ar e pr esent on uni nner vat ed

myot ubes ( 23) and i t wi l l be i mpor t ant t o det er -

mi ne whet her t he basement membr ane at newl y

f or med synapses i s pr esent bef or e or onl y af t er t he

ner ve ar r i ves .

AChe i s a per i pher al pr ot ei n at adul t end pl at es

appar ent l y associ at ed wi t h t he basement mem-

br ane i n t he synapt i c cl ef t ( 7, 27, 46) . Ther ef or e,

i t i s per haps not sur pr i si ng t hat AChe accumul at es

at newl y f or med j unct i ons. However , our f i ndi ng

t hat AChe was pr esent at a synapse 3 d af t er t he

onset of synapt i c t r ansmi ssi on i s i n cont r ast wi t h

ear l i er hi st ochemi cal st udi es ( 40, 42) i n whi ch f oci

of AChe di d not appear i n spi nal cor d- muscl e

cocul t ur es unt i l af t er 3- 5 wk i n vi t r o . Subsequent

wor k i n our l ab has shown t hat AChe can be

det ect ed at t he maj or i t y of synapses i n 3- t o 4- d

cocul t ur es and t hat when pr esent , i t ser ves t o l i mi t

t he dur at i on of t r ansmi t t er act i on ( 45) .

I n sum, synapses f or m and mat ur e soon af t er

r ecept i ve myot ubes ar e cont act ed by appr opr i at e

spi nal cor d axons . Fur t her st udi es i n vi t r o shoul d

al l ow pr eci se def i ni t i on of t he t empor al r el at i on

bet ween t he onset of synapt i c t r ansmi ssi on, cl us-

t er i ng of ACh r ecept or s i n t he post synapt i c mem-



br ane, and accumul at i on of AChe i n t he synapt i c

cl ef t . I n vi t r o assays shoul d al so be usef ul i n st udi es

of t he nat ur e of t he neur al i nf l uence on t he or ga-

ni zat i on of t he post synapt i c membr ane and of t he

det ai l ed mechani smof t he muscl e r esponse .
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