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ABSTAACT 

.. .. 
~ 

, . 

~-Bungarotoxin was labelled with fluorescent 

dyes and used to examine the distribution of ~cetylcholine 

receptors on cultured amphibian muscle cells. Within two 

days in. culture aIl non-innervated muscle ce~~s develope~ 

discrete patches of high receptor density. innervation 

.faused the development of a region of densely packed rece~~s 

along the path of nerve contàct. This change involved the 

formation of new regions of high recept,or density in the 

subneural membrane, and occurred independently of syuaptic 

activity. Similar ch~nges 

were stained before adding 

occurreP when muscle cultures 

nerve ce~ls, indic~ing that 

innervation induced previously stained receptore te egg!'"ege.!:e 

a10ng the path of nerve contac~. ~is process of receptor 

redistribution was confirmed in successive observations on 
'" . 

identified pre-stained muscle cells. In similar-experiments ,. 
r~ceptor patches op non-innervated muscle ~ells also formed 

by a process of Ireceptor aggregation . 
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CONDENSE -
ort ft utilise une prépa~ation d'a-bung~rotoxine 

couplée avec des molecul~s flu~rescentes pour ~tudier la 

distribution des récepteurs POUf l'acétylcholine dans les 

cellules musculaires amphibiennes en cu~ture •• 'Tout~s les 

cellules no~-innervees développent, en moins de deux jours 

de culture, des r~gions isolées possédant une haute densité 

de récepteurs~ L'innervation cause le développ~ent d'une 

région à haute densité de récepteurs le long de la trajectoire 

de contact du nerf. Ce changement comporte la formation de 

, ~ - d' -. nouvelles regions H haute densite e recepteurs dans la 

membrane sous-neurale, et il se produi~h~épendamment de , ~ 

l'ac~ivité synaptique. Den changements similaires se produisent 

quand des' cultures de muscle sont exp~sées à l'~bungarotoxine 

avant l'addition de cellules nèrveuses, montrant que 

llinnervation induit l'aggregation, le long de la trajectoire 

de contact avec le nerf, de récepteurs a été confirmé par des 

obseryatipns successives de cellules museulaires identifiees 
'---.. --.-1 

préalablement exposees à la preparation ~'a~bungarotoxine. Dans 

des ~périences simi1air~s, le processus d'aggregation des 
~ 

récepteurs a aussi expliqué la formation de regions ~haute 

densité de récepteurs dan~~ 

\ 

callures musculaires non-innervées. 
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PREFACE 

i 

The present thesis was prèpared aceording to the provisions 
, 

of regulation numbe, 54h of the Faculty of Graduate Studies and Rese~rch 

,of McG~ll University." This regul~tion allows the presentation of 

theses to be in the fŒm qf papers suitable for publicatiôn in a, 

professional journal, with a supplementary introduction of the literature 

and concluding remarks, The main body of th~s thesis is thus divided . 
into three sections (Chapters 2-4) which have either been published 

(Chapter 2) or suhmitted for publication in the Journal'of Physiology 

(Chapters 3-4). The progr~ssion Qetween these re~pective chapters will 

hopefully be self-evident to the reader as the methodological develop-

ments in the early.ch~pters lead to new expérimental conclusions in the 
-,. 

latter. 

The thems is entirely original and large1y the work of the 8uthor 

carried out in the laboratory of Dr. M.~. Cohen. Two of the experimental 
1 

8ub-sections, however, were carried out by other members of the gro~p, . , . 
and a1;'e 'incl~ded only to providE;!' a compre\ten'sive view of the prôjèct. 

Dr. E. Zorychta carried,-9ut the ex,periments to determine the p~ns 

.clf receptor staintng on identified innervat'ed muscle cells. Drs~ M.W. . \ ~ , . 
Cohen and E. Zorychta a1so carried out the radloautograpbi~ experiments, 

; 

with considerable technical assistance very generously provided by 

l. Chow. 

• ;Q. 
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Loca1ization of chtmloscnsi tivity at 
the--flt'Wromuscu1ar 1tfuction 

During the parst decade ·there has been an upsurge of in terest in the 

acetylcho1ine (ACh) receptor of vertebrate skeleta1 muscle. This has 

c'ume about in part because of the deve10pment of biochemical techniques 

for the identification and measurement of this receptor substance, but 

a1so is due to the variety of important bio10gieal processes in which it 

is involved. 

Historically the ACh réceptor was one of the first drug receptors 

to have been postulated, and the early studies of its phannacological 

interacti'ons were instrumental in the develQpment of the concept of a 

"receptor" subs tance. This ear1y progre~s was due in large part to the 

introduction into European medicine of cholinergie drugs which had long 

been used by tribal socteties in the Americas. Thus it WllS observed in 

........ 
the nineteenth century that nicotine could nrlmie the effect of stimulating 

the motor nerves, ta evokli! contrBC'ltion of ske1etal muscle fibres (Langley 

& Dickenson, 1890), and that curare b10cked the effect of nerve stimulation 

by its direct action on muscle (Bernard, 1856, 1857). However, it was not 

until the present cent;ury thBt thé concept of "receptive substances" was 
, ~ 

introduced (se~ Langley, 1905),' in part to rationalize the antagonistic 

effects of curare and nicot;,ine on skeletal muscle. Soon thereafter Langley 

(1907) noteds-tlramatic variation in the sensitivity of frog muscle to 

small drops of nicotine he applied topically with a brush, and suggested 
i . 

, " 
th~ this variation mi'ght be 'explained by a locallzation of the "rec'eptive 

substance" for nicotine on the muscle fibres at the sites of innervation. 

Later investigations eventually led to the discovery that ACh had 

~--~----- ----

r • 
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pharmacological properties which res~nbled those of both nictoine and 

muscarine (Dale, 1914), and tha~ 8 hwnoral substance similar in action to 

ACh was released as result of nerve stimulation (Loewi, 1921; Loewi & 

Navratil, 1926). 

Although Langley's suggestion, that a specifie receptor substance 

was localized at the site of innervation, has long been accepted, it has 

been difficult to ob tain conclusive bioehemicai evidence for its existence. 

This problem, whieh still exists for the majority of other drug receptors, 

was due to a lack of means for identifying the reeeptor substance, other 

than in a living cell. However, in the case of the ACh reeeptor of 

vertebrate muscle the physiologieal effect is so easy to observe that 

considerable progress was made in characterizing it on the basis of its 

in teractions with a host of pharmacologieal agents of related chemical 

structure. This indirect evidence led to the deduction that the nicotinic 

receptor has at least two sites which interact with ACh: an anionic site 

l 

which undergoes a ~oulombic interaction with the quaternary nitrogen 

group of ACh, and a hydrogen-bonding site whieh interacts wit~ the esterie 

carbonyl (see reviews, Michelson & Ziemal, 1973; G01dstein, Aropow & 

Kalman, 1974). Thus many studies have indicated that th~ interaction of -

the ~eceptor with ACh resembles in ~any respects that between enzyme ana 

substrate, excê,ilt that the result is not a chemica1 change in the transmitter, 

" but rather a conformational change, presumably in the receptor substance, 

which allows a greater degree of cation permeability through the membrane. 

There have also been dramatic technical improvements sinee Langley's 

time in the means of examining the distribution of chemosensitivity on 

the surface of muscle' cells, A particularly important advance was brought 
~\ 

.. 

\ 

-;-:---------.-- -
w~, ," 
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about by the development of the iontophoretic technique for applying 

minute quanti ties of a drug onto a srnaU portion of the eeU surface 

(Nastuk , 1953; deI Castillo & Katz, 1955), while recordlng the resul ting 

change in membrane potential with an intracellular microelectrode. Small 

transient current.s passed through a glass microelectrode containing ACh, 
-- ........ 

or another ionic substance, lead to the ejection of amaunts of drug 

proportional to the charge in the current pulse (see Krnjevic, Mitchell 

& S~erb, 1963). Thus by moving the iontophoretic electrode over the cell 

surface a map can be prepared of the sensitivity to the drug. Using this 

approach Miledi (1960a) demonstrated that sensitivity to ACh dropped one 

thousand-fold \.;rithin 100 um of the motor nerve ending on normal rat 

muscle fibres. Hore recently the localization of the iontophoretic 

electrode wi th respect to individual branches of the nerve terminal has 

McMahon, 1972) and the access of the electrode to the post-synaptic 

membrane has been improved by enzymatically removing the nerve ending 

(McMahon, Spitzer & Peper, 1972). Uaing these improvements Kuffler & 

Yoshikami (1975) have thus 'shown that' ACh sensitivity falls abruptly, by 

a factor of fifty, within 2 um of the subsynaptic membrane. 

A simi1ar localization of chemosensitivity has also been observed 

for other putative transmitters such as glutamate in insect muscle 

(Usherwaod 1 Machili & Leaf, 1968), for both ~ -amino-butyrate and 

glutamate in crustacean muscle fibres (Takeuchi & Takeuchi, 1964, 1965), 

and for ACh on parasympathetic neurons in the frog cardiac ganglion 

(Harris, Kuff1er & De?nis, 1971). Thus the loca1ization of transmit ter 
".. 

receptors .to the post-synaptic membrane may be a common feature at 

many chemical synapses. 
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Interaction of snake neurotoxins with the ACh recèptor 

While the classical cholinergie agents have successfully been used 

to examine the structure-function relationships for the active site of the 

ACh receptor, and to map the distribution of chemosensitivity on muscle 

fibres, the reversibility and relatively low affinity of the drug-receptor 

interaction have precluded any marked sueeess in bioehemically isolating 

the receptor substance. This difficulty has now largely been overcome by 

the diseovery that the\;enoms of several elapid snakes contain peptide 

toxins which ac~ upon the ACh receptor of vertebrate skeletal muscle as 

specifie and irreversible antagonists. 

Using starch gel eleetrophoresis Chang & Lee (1963) se'parated the 

venom of an Asian krait, Bungarus multicinctus, iuto three active fractions 

which tkey nameèl O<!, ~, and t-bungarotoxins. The "'-bungarotoxi.n (~BGT) 

fraètion was found to abolish the response of muscle fibres to ACh without 

altering the Ailll output of the presynaptic nerve terminaIs and thus 

resembled curare in its mode of action. However, the toxin differed from 

curare in that its post-synaptic block was not relieved by even prolonged 

washing. Using intracellular and extracel1u1ar recording techniques Lee 

& Chang (1966) demonstrated that O<BGT and a similar toxin from cobra 

venom produced a progressive block of the end-plate potential without 

affeeting the resting membrane potentiâl or terminal ne~ve spike. They 

also found that c~rare slowed the rate of development of the pcst-synaptic 

block produeed by eithef toxin. The similarities between the effects of 

curare and the snake toxins, as weIl as the protection afforded by curare 

against the toxins, suggested that they were interacting in a competitive 

fashion with the ACh receptor. Later studies confirmed and e~tended this 
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idea (Miledi, Molinoff & Potter, 1971; Lester, 1972a, b). Thé neurotoxine 

were found to reduce both the amplitude of the end-plate potential and 

the response to iontophoretica11y applied ACh at the frog neuromuecular 

~unçtion ànd Torpedo êlectroplax, and did so ~t an exponential rate 

proportional to the toxin concentration. Furthermore, the presence of . , 
the ACh antagonist curare, or the agonists nicotine an~ carbachol, slowed 

the rate of recepto~ inactivation. While the protection afforded by these 

agents increased with their concentration, they were ineffectiv~ in 

reversing the b10ck induced by a previous exposure to the toxln. It can 

be concluded fram these phàrmacological etudies that the e1apid neurotoxins 

exert their effect by irreversibly blocking the activation of ACh receptors 

on muscle cells. 

Chemically the post-synaptic toxins fram elapid sn~~es are a 
1 

homologous group of small bnaic polypeptides (sec Lee, 1972) with mo1ecular 

weights of approximate~y 8,000. Cobra neurotoxin and ~BGT, for example, 
. . 

are composed of 71 and 74 amino acid residues respecti~ely, with similar 

primary and tertiary structures. Thus, in aIl the toxine so far studied 
. 

a stmilar location has been found for eight half-cysteins, and at least 

tep other amine acids in the sequence. A simi1ar region in the center of 

each toxin molecu1e is thought to be the 'active site' for interaction 

with the ACh receptor, and contains three basiè.amino acids and a tyrosine 
1 

which are important in coQferring specificity to the interaction with the 

receptor. The'very slow reversibility of toxin action is thought to be 

due to the unusùally ~arge percentage of hydrophobie amino acids.in the 

toxin molecule. 

• 
.. 

t -



'" iM;'S$7E .h .. 

o 

Il , ... , 
_ .. _----- ~----.-~-~---~- '. 

- 7 w 

Localization of ACh receptors at the neuromuscular iunetion 

Since the initial demonstrations t\at ~BGT is a specifie antag~nist . ' 

whieh reBcts irreversibly w:l,tH the ACh receptors on muscle' fibres. and 

that radioactive derivatives of the toxin nQt on1y retain it8 pharmaco1ogical 

properties. but also beeome 10calized at the neuromuscular junction (Lee & 

Tseng, 1966), there have been Elystematic attempts ta develop techniq~es for 

determining the number and distribution of toxin-binding sites in 

cholinergie tissues such as skeletal muscle and the electroplax. In each 

case protein-tracing techniques which were origlnally developed for use 

with immunoglobulins have been extended to the much smaller peptide snake 

toxins. 

The most wide1y used strategy has been to prepare radioactive 

derivatives of either cobra neurotoxin or 0( BGT by iodination (Miledi, 

Molipoff & Patter, 1971; Raftery, Scrymidt, Clark, & Wolcott, 1971; Berg, 

Kelly, Sargent, Williamson & Hall, 1972) or acetylat.lon with 3H-1abelled 

Bcetie anhydride (Barnard, Wieekowski & Chiu, 1971; Meunier, olsen~ Menez; 

Fr.dmageot, Boquet & Changeux, 1972; Chang, Chen & Chuang, 19738). The 
Q 

radioactive derivatives offer,not only a simple means of Quantitating 

the number of binding sites, but a1so permit the distribut~on of the bound 

toxin to be examined by·radioautography. using this approach the n~er 

of toxin-binding sites at vertebrate neuromuscular junctions has been
Q 

estirnated at between '107, and 108 (Mi1edi & Potter, 1971; Barnard, Wieckowski & 

Chiu, 1971; Fambrough & Hartzell, 1972; Chang". ~ al., 1973a, b; Porter, 

Chiu, Wieekowski & Barnard, 1973; Albuquerque, Barnard, Porter & lvarnick, 

1974). When the surface area of the post-junctiona1 membrane 1s taken into 
\ 

account this indicaies that ACh receptors are concentrated at the neuromuscu1ar 

, _._---~-:----...,.--j[,~ ~ .. ~ .. ~ ----.. 
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. junction with over 104 toxin-binding sites per um2• Recent studies have 

examined the distribution of toxin-binding sites at the ultrastructura1 
~ 

leve1 with either radioautography (Fertuck & Salpeter, 1974, 1976), or an 

immunoperoxidase technique based upon the use of o(BGT as an antigenic 

agent (Daniels & Vogel, 197~). The distribution of bound toxin was found 

to be limited to the post-junctional membrane and extended on1y about a 

third of the way into the complex folds at mammalian junctions. In fact 

the distribution of silver grains wes found to be consistent with a , 
radioactive source restricted to the region of electron-dense membrane 

revealed by conv~tional ultrastructural examination (see Fertuck & 

Salpeter, 1976). These findings are in agreement with the distribution 

of ACh sensitivity on normal muscle fibres, and indicate that chemica1 

~erivatives of the snake neurotoxins are efficient affinity labels which 

can be used ~s biochemical mBrkers for the ACh receptor substance. 
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Isolation and biochemical properties of 

the nlcotinic ACh receptor 

Attempts to isolate tqe nicotinic ACh receptor have usually started 
p 

ith the electric organs of either eels or the ~arine elèctric fish (see 

reviews Karlin, 1974; Rang, 197~). Whi~e the snake neurotoxins abolish 

miniature end-plate potentials and sensitivity to ion~ophoretica1ly applied 

ACh in both tissues without affecting the resting membrane potential 

(Miledi, Molinoff & Potter, 1971), the electric organs are a richer source 

of receptors than muscle. As described below, a variety of procedures has 

been used to isolate a protein fraction fram the electroplax which shows 

binding tq snake neurotoxins that is competitively inhibited by reversible 

cholinergie ligands! In the process several chemical properties of the 

ACh receptor have been demonstrated. 

Ear1y in the attempt to isola te the toxin-binding substance ft became 

evide~t that it was an Integral membrane protein (see Singer & Nicolson, 

1972). This was ~emonstrated by the observation that spec~fic toxin· 
1 

binding remained with tissue membrane fragments unless they were tre9ted 

with detergents (Changeux, Kasai, Huchet & Meunier, 1970; Changeux, Meunier, 

Et Huchet, 1971; Miledi, ~ !!l., 1971; Raft,ery, ~ al., 1971; Eldefrawi, 

Eldefrawi, Seifert & O'Brien, 1972; Franklin ~'Potter, 1972). In the 

pr~sence ,of weakly iOnic (Changeux et al.,' 1970; 1971) or non-ionié" . 
\ 

detergents (Miledi, ~ al., 1971; Raftery et al., 1971; Franklin & Potter, - - ~~~ ~ . 
1972) protein-detergent complexes were obtained which exhibited neurotoxtn 

binding that was competitively inhibited by, n~rugs, but not'. by 

musc~rine, physostigmine or cho1in~. On the other hand, strong ionic 

detergents inactivated the receptot".. Att~pts to detennine 8uch 
1 

physical properties as molecular wei~ht andesubunit composition .. 

1 ". '" 
il 
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were however hampered by both the presence .of the detergents necessary to 

ke~p the receptor in solution, and the anomalous behavior of the 

solublized membrane pro teins (in comparison to hydrophilie protein 

standards) d~ring gel-filtration and density-gradient sedimentàtion. 

Furthermore the init~al efforts to fractionate reeeptor-containing extracts 

.~ using phys1ca~ techniqùes wh~ch separate macromolecules on the basis of 
- . 

their size, electrical charge or i'soelectric point produced only moderate 

incréases in specifie activity as measured by n~urotoxin binding. This 

difficulty arose fram the fact that most of the proteins in the membrane • extracts sharep' similar physical c~araeteristics (see ~aftery, Schmidt, 

Martinez-Carrion, ~60tl)', Vandlen & Duguid, 1973). However, it is worth 

noting that the phyS'ical techniques were effective in separating the .' 
fI ~ 

specifie toxin-binding fraction fram virtually aIl of the acety1cholineste~~e 

activity. ln fact the esterase could be removed from the membrane even by 

mild treatments ~ as sa~t-extraction, and therefore ls not an integ~a~ 
membrane protein. 

Significant increases in purity of the receptor preparations have since -been achieved by severa1 groups u~ing affinity-chromatography with resina or 

gels covalently attacged to a vartety of èho1inergic ligands (Karlson, Heilbronn 

& Wid1und, 1972; Olsen, Meunier &Changeux, 1972;'Schmidt & Rsftery, 1972, 1973;' 

Eldefrawi&E1défrawi, 1973; K1ett, Fu1pius, Cooper, Smith, Reich&possani, 1973) 
f 

Howeve~ the materi~l isolate~~n each of these studies has been heterogenou~ 

• 
on' élec~rophoresis in the presence of th~ strongly ionie detergent SDS, which 

denatures proteins and often, revea1s their complex subunit composition. \ 

This compiexity appears to be due to the fact that the ACh receptor èxists ~ 

in the membrane as a c~ple~ of severa1 dissimi1ar polypeptides., While 
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there is still dispute over the exact ~ubunit composition of the receptor, 

the most thorough analyses at the present time (Changeux et aL, 1976; 

Raftery, Vand1en, Reed & Lee, 1976) suggest that it is composed of 2-4 

proteins with molecular weights between 40- and 64-thousand daltons. 

These appear to be grouped in a comp1ex composed of 6-8 subunits, forming 

a receptor unit with 3-4 aBGT binding sites and having a ~01ecu1ar weight 

of approximately 400,000. Each polypeptide subunit also contains about 

3% by weight of carbohydrate which presumably is oriented on the oute~ 

surface of the cell membrane. 

The membrane glycoprotein isolated from the electrop1ax has been 

identified as the ACh receptor on the basis of a reaction with snake 

neurotoxins which is competitively inhibited by nicotinic d~ugs. However, 

the u1timate proof that this substance ia the ACh teceptor should include 
j 

the demonstration that ft can also modu1ate cation permeabi1ity in reapo~se 

to cholinergi~ agoniats. Michaelson & Rafte~y (1974)rand Hazelbauer & 

Chang eux (1974) have found that vesic1es prepar~d wit~ 1ipids extraeted 

fr~he e1ectrop1ax can be loaded with radioactive 22Na , which e~cha~8es 

slowly with normal 2~a in the external medium. When purified 'receptor' 

protein is incorporated in such liposomes they respond to Ach and carbachol 

) '-1 

-/J , 

with a dramatic increase in the lea~age rate of the 22Na • While a more ~~rect 

demonstr~tion of the functioni~g of the isolated receptor in an 'artificial membrane 

would have beeu preferable, this result strongly suggests that the purified 
, .. 

receptor is capable of functioni~g as an ionophore in;response\to cholinerg~c 

drugs. 

Further evioence indicates that the receptor sUDunits may be arra~ged 

as a toroida1'co,mplex ~ithin the 1ipid bilayer, suggestive'~f the receptôr's 

function as an iorr channel thrQugh the membrane. This possibility has been 

l, 
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\" . 
taised by e1ectron microscopie studies of both negattvelY-9tained.synaptic 

mentbranes and lsolated receptor extracts"'which reveal dense ,array,s of 

intramem~ranous particles that occasionally' appear to have a 'dimple,in 
1 • _ J ~ 

, \ , 

their centr~ (Cartaud, Benedett~ Cohen, Meunier & Changeux, 1973; Nickel 

Be Potter ,< 1973; Landowne, Potter & Tërrar, 1975). Anatomieal' studies of 

the n~u~omuscular junetion using freeze fracture techniq~es have ,a1so 

revealed a densely-packed array of intramembranous particles which is 

confined to the subsYnaptic membrane (Pepèr, Dreyer, Sandri, Akert & Mao" 

1994; Heuser, Reese & Landis, 1974; Rash & Ellisman, 1974) and thus' 

coincides with the distribution of ACh receptorè. 
l 

'On the bas:ts of the extensive bioch'emical evidence it ean thus be 

concluded that ACh receptors are in fact ~omPiex integral membrane 

glycoproteins which are suffici.ent1y large to be visuali'zed direct1y in 
• 

th~,ele~tron mi~ro9cope .. and which- are packed in an al~Dst-crysta11ine 

array in the subsynaptic membrane of the neu~uscu1ar j~nction. 
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Neural regulation of the distribution of 
ACh receptors in adu1t muscle 

While i t is evident that ACh receptors exist at a very hign density 

in the post-junctional membrane, and a~e virtually absent fram the rest 

of the sarcolemma of normal adult muscle fibres, it is not clear how such 

a non-random d~st~ibution of receptors could have developed. In fact 

--- {-

, .' 
this loèaHzed aggregation of receptors :t,s amajor anomaly in the light 

of cur~èn!~theories in which biological membranes are viewed as fluids 
* .1:-1::\ _ 

containing a,' diversity of freely diffusing glyçoproteins and ,glycolipids 

(see Singer & Nicholson, 1972)~ A central prediction .of this 'fluid-

mosaic' model of the mem~rane ls that random thermal motion would lead to 

a uniforro distribution. of integral membrane glycoproteins such as the. ACh 

rece~tor. If this model is correçt Fhere are likely to be specialized 
'. 

mechAnisms ",hien preserve thE' highly-ordered ~rrartgement of recep.tors 

in the postjunctional membrane. Furthermore, since ACh receptors are 
fi" . , 

concentrated only at sites of innervation the me~hanism 'of' receptor' 

local!zation must depend upon positionsl eues provided 

int~raCtion bjtween nerve and mus~IA~.' 

. 
Ilti by seme forro of 

For somè Ume it has been evident that 'this distribution of receptors 

'ls depen~en~ upon normal. innervation. When a motor nerve is damaged, for 
, ' -

,example by,,·~ evet:ing ,the axons" a number of changes, oceur in the denervated 

wmùscle fibres over periods from a few day(J to months. Within a matter 

of days the en tire extrajuncti,onal membrane becOO!es sensitive' te> ACh ' 

(G1netzinsky & ~hamarina, 1942; Axe1sson ,& Thes,leff, 1959; Miledi, 1960bj 

A~buqùerque & Melsaae" 1970). Biochemieal and radioautographie techniques 

pased up.on the binding of snake neuro'toxins ,have indieated that this 
/ 
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extrajunctional chem~sénsitivity, ls due to the widespread appearance of 
:~~ • 1 :. ,.. Î ' 

ACh receptors (Lee, Tseng & Ch{u, 1967; Ml1edi & Potter, 1971; Berg, Kelly, . 
Sargent, Wl11i~ & ~al1, 1972"; Hartzell ~ Famb1:'ough, 197~; Li~e1ius, 
1975). However both the levei of e~rajuRctional chemosensitivity and 

the density'of toxin-binding sites r~sin lower than st the neu~omus~ular 
, '" . , 

junction. In fa~t -the' "(Jensity of extrajunctiona1 toxin-bindlng &i~es on1y 
1 

reaches levels of 102 - 10> per um2 (Hsrtzel1 & Fambrough, 1972; Libe1ius, 

1975), which is at 1éast an ,. order of magnitude 1ess than that obse~ed 

a,t the adult neur~uscu1ar junction ~Mi1èdi 
./ " 

& Potter, 1971; Barnard,et al. , . 
1 

i , 
971; Fambrough & Har!ze1l, 1972;, Porter et al., 1973; Chang et al., 1973a, 

Db; ~querque et pl., 1974). 

Severa1 studies have sought to.determine the source of the éxtra-

juncti()nâ1 receptors in qenervatèd muscle. ,Kat:i & Mil,edi (1964b) . 

demonstrated that nerve-fr~e muscle se~ents a1so _developed a high levei 
... 4 

) , ,,' .. ' -
of\Îhenioserts,itiv'~ty J whicb indica-tèd )that . the extrajunctiona~ receptors 

must either have existed-throughout the muec1e fibre in an inactive form( 

ot" else been synth.es·~zed de nova after: removal of the _neu~al influe~ce' • 
. ' 

Latet"- studies haye fc:>und that the increas.e in chemose.ns·{ti'l/ity following 
, " 'v -

.denervation is prevented bi a vari:~ty of drugs ,wh1ch block thee synthesis 
, ' 

of' either protein 'or, RNA (Fambrough, 19'70; Grampp, .Harris & Thesleff, 
, ' . 

1972; K~m~ra & J{imur~e, 1973'; Chan~ < (Tuns, ~974; 
f ' 

Sakrnan; 1975)./ More 

direct evidence that, die extrajunctiona,l receptors ~~e synthesized and 

1~serted into the membranè 'fo110wing, denervation ,has recently been provided 
" 

by Brockes & Hall (197,a)~ After inèubation of denervated rlf,iIiaphra~s in 
~':' 

organ culture in the presence of 35S-methionine, affinity chromatography 

was used to purify an extract of ACh receptors. This extract was found to 
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to contain 35S-1abelled material which could not be separated from ACh 

receptors by either velocity sedimentatim or isoelectric focussing. 
- Q 

Similar treatments of diaphragm which had not yet begun to develop 

extrajunctional receptors produced a receptor extract without the 

radioactive label. However, given the difficulty expe~ienced in attempting 

to separate ACh receptors from other membrane proteins using such physical 

technique~ (see Raftery, et al., 1973) it is nat certain to what extent 

the receptor extract might have been contarninated by other radioactive 

membrane constituents. A sornewhat different technique was used by 

Devreotes & Fambrough (1976) who carried out similar experiments on mouSc 

leg musc les. In thesp experiments newly synthesiz.-rl proteins were labelled 

by incubating denervated muscles in the presence of heavy deuterium-labelled 

amino acids. The new receptors appearing in the sarcolemma during the 

incubAtion were lahel1ed by first blocking the pre~existing receptors with 

native O<'BGT and later exposing the musclesto 125I -O<BGT. -Control muscles 
" 

. 131 
were used as a source of normal receptors and were labelled with 1- GI( BGT. 

When newly-synthesized detergent-solublized membrane proteins were partially 

separated from the older ones by buoyant density centrifugation, the 

rece~tors which had appeared during the period in organ culture were found 

to have a greater density than the receptors from control muscles. This 

clearly demonstrates that at least sorne of the e>ttrajunctional receptors 

had been synthesized from heavy amino acids. On the hasis of these 

experiments it can be concluded that dehervation of muscle has dramatic 

eff~cts on the metabolism of ACh receptors, and ~es not merely lead to 

the activation of previously-dorrnant ~eceptoTs which were already present~ 

throughout the muscle cella 
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The experiments described sa far found no drwmatic changes in the 

density of receptors at old end plates fo110wing denervation. Recently 

however, Frank, Gautvik and Sommerschi1d, (1975) have demonstrated that 

denervation also affects junctional receptors. They observed that five 

weeks after denervating rat soleus muscles the old end plates contained 

only about half as many ACh receptors as normal muscle fibres. It thus 

appears that the 10ss of normal nerve contact results in bath the synthesis 

of ACh receptors and the deve10pment of a more random distribution of the 

rJceptor population. 

It has been eonventional ta view the neural regulation of ACh 
1 

receptor distribution in terme of a restriction on the development of 

extrajunctional receptbrs (see reviews Guth, 1968; Harris, 1975). This 

orientation ha8 arisen rather naturally since in most experimental 

siludtiOllS Jramatlc changés have been observed in extrajun.::tional 

chemosensitivity without correspondingly obvious changes at the neuromuscular 

junction. An important focus of interest has therefore bean the mechanism 

by which the neural influence is transmitted to the muscle celi. 

There are severai forms of message which motor neurons might conceivably 

employ in arder ta influence the muscle fibres with which they are in contact. 

These can be grouped into two general catego~ies on the basis of their 

involvement in the sequence of events which 1eads to muscle contràcèion. 

Thus, in priniciple, the interaction of ACh with the POBt-synaptic membrane, 

depolarization of the sarcolemrna, or the contraction of the muscle cell 

could each be important for the regulation of ACh receptors. On the other 

hand, neural influence might b~ expressed by sorne mecha~i~m independent of 

activity, au ch as the relesse of a 'trophic' substance or the actual 
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physical contact between the two cell surfaces. While these latter 

possibilities remain somewhat speculative due to a 1ack of we11-
l ' 

documented bio1ogical precedehts, they are like1y to ref1ect the roeans 

of 'inductive' influence between nonexcitab1e cells. Furthermore, sinee 

there is no reason to~resume that only a single regulatory factor is 

involved in the interaction between nerve and muscle, a combination of the 

above alternatives may be required in any of the severa1 possible 

permutations. It is also conceivable that the nature of the neural 

influence may not remain constant throughout the life of an organism. 

In particu1ar, somewhat different mechanisms might operate in embryonic 

tissue whi1e the synapse is forming, compared to the adult where on1y 

maintenance of structure is required. 

It is also worth noting that innervation is important in the 

reetJlat:lnn of f':{'vpral charactpri r.tics of noma] muscle fibrps in addition 

tu the distribution of ACh receptors. This has been demonstrated by 

experiments in which the restingmembrane potential (Albuquerque, Shuh, & 

Kaufman, 1971) membrane reaistance (Albuquerque & Mclsaac, 1970) and 

sensitivity of action potential generation to tetrodotoxin ~Redfern & 

Thesleff, 1971) have aIl been found ta change after denervation. lt is 

al~o clear that the high 1eve1 of junctional acety1cho1inesterase 

(Fi1ogarno & Gabe1la, 1~6; Sonesson & Thesleff, 1968) and the complex ,. 

folding of the post-junctiona1 membrane (Reger, 1959; Birks, Katz & Mi1edi, 

1960; Bauer, B1~berg & Zachs, 1962; Nickel & Waser, 1968; Miledi & Slater, 

1968) 1ikewise depend upon innervation. lt i8 therefore Jikely that 

mechanisms which mediate the neural influence on the distribution of ACh 
il 

receptors also affect other substances invo1ved in 'synaptic transmission. 

1 
1 ' , 
;, 
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'l'o determine whether the restriction of extrajunctional chemosensitivity 

is dependent upon synaptic activity the most common approach has been to 

remove sorne cornponent of physiologica1 activity whi~~ leaving synaptic 

structure intact. It has remained difficu1t however to demonstrate that 

pharmaco1ogical agents which are effective for this approach do not also 

disrupt sorne other bio1ogica1 process in addition to their conspicuous 

effect on synaptic transmission. Despite this drawback the chronic effects 

of several neuromuscu1ar blocking agents have been examined to determine 

whether they might mimic denervation. Chronic blockade of synaptic 

activity by either botulinum toxin (Thesleff, 1960; Tonge, 1974; Bray & 

Harris, 1975), I>-bungarotoxin (HoflIlllnn & Thesleff, 1~72), ocBGT (Chang, 

Chang & Huang, 1975) or curare (Berg & Hall, 1975a) leads to a development 

of extrajunctiona1 ACh receptors ana10gous to that produced by denervation. 

Similar rel:lulls weI. e altlu oùLained by LOIDo & RosenLltal (1972) who used 

chronic topical application of a local anaesthetic onto the scia tic nerve 

to biock impulse conduction, while-allowing sub-~hreshold spontaneous 

activity. The practical.difficulties inher~in this approach were 

demonstrated by the later discovery that local anaesthetics also b10ck 

axoplasmic transport from the soma to the nerve endings and would be 

expected to Interfere with other processes dependent upon supplies from 

the ce1l body (see Anderson & Edstrom, 1973). 

More convincing evidence that synaptic activity has long-term effect& 

on the distribution of ACh receptors has come fram experiments in which 
,. 

chronic electrical stimulation of a denervated mugcle has been shown to 

produce a reduction in the extrajunctional chemosensitivity (Jones & 

Vrbova, 1970; Lomo & Rosenthal, 1972; Drachman & Witzke, 1972; Purves & 

Sackman. 1974; Lomo & Westgaard, 1975). These studies have not only 

demonstrated that artificially -induced contractile activity can reduce 
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the chemosensitivity of denervated muscle fibres, but that appropriate' 

patterns of stimulation restore the level of sensitivity to the range 

found in normal innervnted fibres (Lomo & Westgaard, 1975). However, 

1n muscle fibres where extrajunctional chemosensitivity had been reduced 

to normal levels by electrical stimulation, no changes were observed in 

the level of sensitivity at the region of the old end plate. These studies 

therefore indicate that e~trajunctional receptor density 1s profoundly . 

affected by the level of muscle activity, and suggest that the mechanism 
1..\ 

which maintains the high density of ACh receptors at the neuromuscular 

junction may either operate i~dependently of acttvity or be too slow a 

process to have beeo detected in these experiments. 

There is, however, also e~idence that factors independent of activity 

have an effect on extrajunctional chemosensitivity. For exemple, blocking 

exopl~~ic trsn~port by the application of colchicine or vinblastine to ... -motor nerve trunks, either by injection into the nerve sheath or implanting 

silas tic cuffs containing the drug around the nerve, results in the 

development of extrajunctional chemosensitivity in innervated muscle 

(Hofmann &. Thesleff, 1972; Albuquerque, '''arnick, Tasse, & Sansone, 1972; 

Pilar & Landmessar, 1972). This increased sensitivity was obs~rved in 
.. 

muscle fibres which had miniature end plate potentials and could be 

activated byelectrical stimulation distal to the regiontreated w1th the 

drug. However these studies d1d not exclude either a direct effect of 

the drugs on themuscle itaelf (see Lomo, 1974) or on the pattern of muscle 

usage. They nevertheless provide suggestive evidence that another neural 

mechanism dependent upon axonsl transport may be important in restricting 

extrajunctional chemosensitivity. 
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There is a,lso more conv-incing evidence that nerve contacts have 

effects on the distribution of ACh receptors that are independent of 

muscle activity. Miledi (1960a) partially denervated multiplY,-innervated 

frog musclé fibre~ subsequently ,found an incre:sed ACh sensitivity in 

the vicinity of denervated end plates but not around functional end p~ates 

on the satne muscle fibres. Since muscle contractile activity would have 

been similar throughout an individual fibr~ under the~e conditions, some 

other effect of innervation must have been with~rawn. Another line of evidence 

has shown that the time before the onsetof denervation changes, such as the 

development of extrajunctional ACh receptors 1 increases wi th the length of the 

.... 
stump between the point of nerve section and the muscle (Luco &~zaguirre, 

1955; F~elin & Malm, 1965; Salafsky, Bell & Prewitt, 1968; Harris & Thesleff, 

1972). Since muscle activity stops at the time of denervation, some other 

neural factor, presumably ddivered to the nerve end,ing by axoplasmic flow, 

must retard the development of extrajunctional chemosensitivity. Furthermore 

when moter nerves regenerate either after denervation (Miledi, 1960c; Bennett, 

Pettigrew & Taylor, 1973) or botulinus intoxication (Bray & Harris, 1975) the 

1evel of extrajunctional sensitivity falls before the regenerating nerve ia 

able to e1icit muscle contraction. Recently both Lavoie, Collier & Tenenhouse 
, 

(1976) and Pestronk, Drachman & Griffin (1976) have examined the effects of 

both musc1~ inaetivity and surgieal denervation on the development of extra-

125 junctiona1 receptora, measured as 1- ~BGT binding sites, in mouse leg 

muscles. Inactivity, b~ought about by placing silastic cuff8 containing 

tetrodotoxin onto the scistie nerve, or by its injection into the nerve 

sheath, r~sulted in the development of fxtrajunctional receptora. 

However, the rate of appearance of new recaptors, and their final 

• 

.. 
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level after seven days was considerably greater in the denervated 

muscles than those with 'the nerve-conduction block. 

From this evidence it therefore appears that motor nerves restric~ 

the development of extrajunctional receptors both by evoking muscle 

contraction, and also by a still-obscure mechani~m which is independent 

of synaptic activity. • While studies of the changes in ACh receptor distribution produced '-.-r. . 
~ by denervation and other means in adult muscle have produeed many important 

. 
insights, they have not reve~led any physiologieal role or purpose for 

1 

extrajunetional receptors. ~ 
Likewise they provide aJmost no information 

regarding the means whereby unusually high densities of junctional 

receptors develop in the sareolemma at sites of innervation. 

Studies in adult muscle have however shown that conditions which 

lead to the development Qf extrajunctional chemosensitivity also cause 

muscle fibres to become receptive to further innervation. This correlation 

has led to the suggestion that a high level of chemosensitivity may be a 

'requirement for the formation of synapses between muscle and nerve (Katz & 

Miledi, 1964; Fex ,. ,Sonesson • .t Thesleff & Zelena, 1966). Of grea,t significance 

also bas been the discovery by Diamond & Mildei (1962.) that foetal and 

neonatal muscle Hores in the rat diaphra8ll}..bave a widespread sensitivity 

to ACh which resembles the distribution in denervated muscle. This suggested 

that the effect of denervation was to produce a reversaI of the normal 

developmental sequence, and was not a mere experimental or pathological 

curiosity. It also revealed that the remarkable loealizttion of ACh 

rcceptors at sites of innervation was the result of a somewhat gradual 

process related to the different~ation of the muscl~ cell. Innervation can 
~ . . 
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in fact be BeeR as inducing a final atcp in muscle differentiation 

whereby ACh receptorS change from the more uniform distribution characteristic 

of most Integral membrane glycoproteins to the non-random arrangement found 

on normal adult fibres. The localization of receptors at the site of 

innervation is therefore a developmental pmcess, and the question of mechanism 

should most appropriately be examined in developing muscle. As is described 

al • 
in the following sections experimen~difficulties involved in working with 

normally developing embryo~ have led to a re,Uance' on ce Il culture techniques, 

and evidence concerning developmental changes in the distribution of ACh 

receptors retl'ains"quite indirect . • 

•• 

• 

, 
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Acquisition of ACh recèptors during the normal 
development of the neuromuscular junction 

Anatomical changes occurring during the normal development of nerve-

muscle junctions have been examined at the ultrastructural level in a 

vatiety o.f vertebrates sueh as amphibians (Lentz, 1969) the ehick (Rirano, 

1967; Atsumi, 1971), rat (Teravainen, 1968a, b; Kelly & Zaehs, 1969) and 

human (Juntunen & Teravainen, 1972). Several common events have emerged 

• fram tq,se studies. The earliest evidence of structural specialization 

\ 

along the intramuscular branches of growing motor nerves was the deve10pment 

of 'synaptic' vesieles at otherwise undifferentiated regi~ of nerve-muscle 
1 •• 

contact (Rirano, 1967; Teravainen, 1968b; Lentz, 1969; Kelly & Zachs, 1969). 

At a presumably later stage of develo~ent an increased density of heavy-

metal staining was found in the sarcolemrna opposite nerve terminaIs eontaining 

vesic1E's (HirRno, 19117; Teravainm, lq68h; KE'Jly & ZRchfl, 1969; T,('nt?~ 1969). 

Somewhat later still the development of basement membrane in the synaptic 

çleft and post-junctiona1 folds was observed (Rirano, 1967; Lentz, 1969; 

Teravainen, 19~~IRistochemically deteetable aeetylcholinesterase a1so 

appeared to develop late, after the onset of physiologieal activity (Teravainen,' 

1968a) ~nd at the time post-junetional folds had begun to form (Lentz, 

1969). A significant complication for studies of the developmental ~hanges 
,l~ 

in muscle associated with innervation was also illustrated in these experiments. 

Even within a single muscle the junctions did not devclop synchronous1y, 

and consid~rab1e variation was found in synaptic morpho1ogy at most 

developmental stages (Teravainen, 1968b; Kelly & Zachs, 1969). In the 1ight 

of recent evidence that the distribution of ACh receptors at adu1t mammalian 

end plates m~y be co-extensive with the region of post-synatpic 1 thickening , 

., 

1 
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observed in conventional u1trasttuctu~al studies (see ~ertuck & Salpeter, 

1974, 1976), these results suggest that the developrnent Qf a local region 

of high receptor density assoc:lated' with 'the site of nerve-muscle contact 

may be one of the earlie,st sigp.s of post-synaptic specializat:Lon. However 

there is no direct evidence that such heavy-meta1 staining is in~ariably 

associated with ~ high receptor density (see Vogel & Daniels, 1976). 
-

lt has not been determined whether ACh receptors are present on 

deve10ping muscle fibres prior to nerve, contact during normal development, 

but several 1ines of evidence suggest this i9 the case. Giacobini, 

Filogamo, Weber, BOQuet & Changeux (1973) examined the deve10pment of 

receptors in the chick 1imb bud. They found that binding of 3H-1abe11ed 

cobra neurotoxin became detectab1e during the deve1opmenta1 stage in which 

the 1imb bud was first invaded by growing nerve fibres. Since synapse 

fat'nlation as revea1ed by neurogenic motor behavior began at the same . 

staee, it is difficult ta estimate the sequence of events on individua1 

cel1s. The experimenta1 situation has been found to be somewhat simp1er 

in the case of myotoma1 muscle ce1ls in amphibian embryos which undergo 

a more synchronoùs sequence of deve1opmenta1 changes than is found in the 

11mb bud. lt has thus been determined that myotoma1 muscl~ cells depo1arize 

ta bath app1ied ACh about 1-2 hours before nerve processes grow out of the 
.~ 

deve10ping neur~1 tube (Kullberg, 1974; .Lentz, T.,unpublished observations). 

125 Specifie binding of 1-1abe1led ~BGT can also be detected at the same 

stage, before the outgrowth of nerve fibres (1. Chow, unpub1ished observations). 

Thus the study of receptor production and incorpo[ation into the 

sarcolemma has proved difficult in normal1y deve10ping embryos of the higher 

vertebrates, and many studies have resorted to the use of cell culture. 

'. 
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DeveloPment of ACh receptors in cultured embryonic muscle 

Primary èultures of chick, rat and mOuse myogenic cells have been 

• 
used in numerous studies of muscle development (see reviews, Murray, 1~72; 

Nelson, 1975). In these preparations mononucleated cells are obtained 

by disrupting embryonic muscle tissues with trypsin and mechanieal 

• 
agitation, and are th~n sprinkled into culture chambers which h~ve a 

càllagen-coated substratd. The mononucleated cells which survive this 

treabment are composed of a mixture of fibroblasts and myoblasts that 

are indistin~uishable morphologically. After a period of cell proliferation, 

~hich can be con,trolled to some extent by the culture condition%, the 

migratory myoblasts fuse to forro compound multinuc1eated myotubes. These 
, 

are stationary c~lls that continue to fuse with myoblasts and other myotubes 

ta produce elongatcd cells reminiscent of muscle fibres in vivo. They 

usually develop striations and, when older, often undergo spontaneous 

contraction. Howevcr, the fibroblast~ also continue to multiply and may 

obscure the developing myotubes unless the cultures are treated with drugs 

which are toxic to dividing cells. After such treatment virtually pure 
... 

cultures of long striated myotubes are obtained (Fischbach, 1972). These 

cultures allow ready access to individual mus~le cells and can reproducibly 

be obtained in substantial quantities. They have thus provided a considerable 

amount of information regarding toe synthesis, insertion into the sarcolemma 

and eventual degradation of ACh receptors on non-innervated embryonic muscle 

cells. 

Fambrough & Rash (1971) examined cell cultures of rat myoblasts and 

myotubes to determine at which stage sensitivity to iontophoretically applied 
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ACh could first be d~tectedi While they observed on1y a mnall population of 

preeocious mononucleated cells sensitiv~ to ACh, aIl of the myotubes showed 

depolarizing reaponses to the drug. In anQt~ ,6tudy using a c10ned cell 
. 

line of rat myùb1asts Patrick, Heinemann, Lindstrom, Schubert & Steinbach 

(1972) found that specifie binding of l25I-labelled,cobra néurotoxin also 

began at àbout the time of myoblast fusion. Hartzell & Fambrough (1973) 

examined the kinetics of the incorporation of ACh receptors, measured as 

1251_ ~~GT binding sites, ioto the sarcolemma of growing chick and rat 

myotubes in cell culture. They exploited the Irreversible binding of 

nativé toxin to mask 'old' receptors and then measured the appearance of 

new sites with radioactive toxine These resu1ts were compared with both 

iontophoretic mapping of ACp sensitivity and radioautography, which 

revealed the distribution of both the total and new receptor populations. 

They found an approximately steady rate of incorporation which amounted 

to a 4-5% increase in the number of receptors per hour. This increase 

was greater than the change in surface area over the srune time Interval 

and thus reflected an increase in the density of receptors in the surfnce 

membrane. .The increase in the number of binding sit~s was the resu1t of 

active processes within the eells and could he prevented by ~old, metabolic 

inhibitors and cycloheximide, but not l>yi D'BG'X or aetinomycin-D. This 

Buggested that th~ inerease tn number of toxin-binding sites was dependent 

upon the synthesis of new protein but not new messenger RNA. The synthesis 

of new receptors has been implicated. nlore. directly by Devreotes & Famb,rough 

(1976) wholemonstrated the incorporation of heavy deuterium-1abelled . 

amino acids ioto new toxin-bind1ng material on rat and chick myotubes. The 

increase in the density of toxin binding sites obscrved by Hartzell & 

* 0' .•. ~_ ' t..; , .. 
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Famb~.ough (1973) was paralle1ed by an equiva1ent increase in ACh sensitivity. 
, 

In addition, the distribution of binding sites and chemosensitivity was ., 
uniform over the cell surface for both the entire population of receptors 

and those which appeared aÜ;ier an initial block with oCBGT. 

Devreotes & Fambrough' (1975, 1976) hàve extended these studies to 

examine the pathway of ACh receptor metabolism in cultured chick and rat 

myotubes. They ohserved, in âddition to the population of receptors in 

the sarcolerima whicl'r' could be~ pulse-Iabel1ed with extracellular '*BGT, 

two additionsl memlTane:-1t1;und 'pools' of ,specifie toxin-binding sites 

which could be lahelled in detergent extracts of the cells. One of these, 

" , (. 
which t'las equivalent in number to 30% of the surface sites, could he 

saturated by overnight exposure to extracellular aBCr. This pool w&s not 

sensitive to treatment of the cells with protein synthesis in~ibitors, 

and probably ,:orresponds to surface receptors in the procec;s ('If degradati'('In. , 

In other experiments the kinetics of receptor turnover was examined after 

pulse-labelling the surface receptors with 1251_ C:XBGT. Radioactivity was 
• a 

re1eased from the 1abelled muscle cells wi th a' Qalf-time of 22-24 hours, 

and could be accounted for quantitatively by the appearance of 125I_tyrosine 

Ill. the culture meditnn. In the presence of protein synthesis inhihitors 

which block the appearance of new receptors, the rè1ease of radioactivity, 

after pulse-labelling paral~elErl the decline in the number of receptors in/ 

the 'membranes of control myotubes. These results indicatl that surfact'­

bound toxin was taken up into the muscle cells in association with Ac;h 

receptors and degrad~d by proteolytic enzymes. Electron microscope 

radioautography further it;,ldicated tha.t uptake of the 1abelled toxin had 

occurred into secondary lysosomes within .the muscle cells, which suggested 
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that they were probably the sites responsible for tne' degradation of the 

toxin-receptor complexes. 

The second pool of cytoplasmic receptor sites, .corresponding to 
1 

about 10% of the number of surface receptors, could ~ot however "be labelled ,,-
, 

even by overnight exposure to extracellular ÂBGT. Also, during 

treatment with the protein synthesis inhibitor puromyc1n, the m.unber of 

binding sites in this pool declined to zero by t?e time new receptors 

had stopped ~ppearing in the sarcolemma. It 1s therefore likely that this 

pool represents newly synthesized receptors awaiting insertion into the 

surface membrane. 

It would seem on the basis of thèse observations that extraj~cJ:ional 

ACh receptOl;s are first" synthesLzed ,from amina acids into a precursor pool 

of receptors that is associated with cytoplasmic membranes. After a 

periôd of Bme ~ which may be required fOr glycos.ylation, these newly-

synthesized receptors are inserted into the Slarcolemma. _ Subsequently the 

receptors are lost from the' surface in a random ~:-first-order process and 

r' 
beoome incorporatéd in a pool associated with lysosomal granules where 

they are presftmably degraded back to thèir constituent smino acids. 

Essentially sÜDilar patterns of.receptor metabolism have been observed in 

denervated adult muscle where' extrajunctional receptors are also synthesized 

de novo from amino ac;i.ds (Brockes & Hall, 19758; Devreotes & Fambrough, 1976) 

and later r~oved from the sarcol~ for proteo1ytic degradation (Berg & 

Hall, 1974~ 1975b). In each case the half-life of the extrajunctional 
1 

receptors on the surface of .!ivian and mallUllali'an muscle cells was about one 

day. 

In the above 'experiIilents, cal'ried out in culture during the period of 

1 
1, 
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1 

rnpid ce II growth and net receptor synthesis, the distribution of ACh 

reçeptors was unifonm over the cell surface. The density of receptors in 

tne sarcolertnna could thus be seen simp1y as a steady state determined by 

the relative rates of synthesis and turnover. Later in their deve10pment 
e 

however, both chick (Vogel, Sykowski & Nirenberg, 1972; Fischbach & Cohen, 

1973; Sytkowski, Voge1, &. Nirenberg, 1973) and rat myotubes (Hartzel1 &. 

Fambrough, 1971) have been found to deve10p discrete regions Qf the 

sarcolennna with a high density of ACh receptors, in addition to a widespread 
u 

area of lower receptc5r density. This distribution was determined using 

bath iontophoretic mapping (Fischbach &. Cohen, 1973, Hartzel1 &. Fambrougb, 

~ 125 1973) and radioautography after labelling the receptors with l- OCBGT 

(Vogel et al., 1972, Fischbach &. Cohen, 1973, Sytkowski et al., 1973; 

Hartzell &. Fambr01Jgh, 1973). Sytkowski et n1" (1973) also examined the 

time course of the appenrance of the dense reccptor patches on chick 

myotubes in relation to the total number of receptors, measured as ~xin-
't 

binding sites. The total number of sites _increasedfrom days 3-8 in cultures 

and then remained at a constant level. The dense~eceptor patches however 

appeared on about the seventh day in culture, and could be found on more 

than '80/0 of the myotubes by the eleventh day. Their appearance thus 

coinsided with the levelling off in the total number of receptors. Of 

pa~ticu1ar interest was the finding that the density of toxin-binding sites 

in the patches was comparable ta that of the subneural membrane of adult 

vertebrate muscle fibres in vivo, and about ten-fold greater than the 

" 
density over the remainder of the ~rcolemma. 

On the basis of these fipdifi~S it can be concluded that the abi1ity 

ta deve10p densely-packcd regions of ACh receptors i8 a characteristic of 

muscle itpelf )oÙli.ch does not require any interaction with nerve processes. 
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It 1e not clear how such B. non-random distribution of ACh receptors might 

develop, however, nor why the dense patches 'should only forro late in the 

maturation of the rnyotube. In any case, as such li distribution has not 

been found for other membrane receptors (see reviews Singer & Nico1son, 

1972; Nicolson, 1974) it is likely that the mechanism which produces the 

localization of the receptors in dense patches on cu1tured myotubes is 

related ta that respon~ible for the development of the post-synaptic 

accumulation of receptors on inn~r~ted muscle cells in vivo. 
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Formation of the neuromuscular lunction in culture 

\ 
As a tool in neurobiology tissue culture had an auspicious beginning. 

R. G. Harrison (1910) invented the, technique in order to study neural 

deve lopment and, in the process, firmly establ ished the neuronal theory. 

It is sometimes forgotten that in the same study he deroonstrated the 

formation of functional nerve-muscle connexions. He notcd that explants 

of ~mbryonic tadpole tail muscle failed to twitch spontaneously unless 

pieces of neural tissue were included. In subsequent ye8rs the formation 

of functional connexions and anatornical\y normal neuromuscular junctions 

in vitro has been demcnstr~ted in a variety of tissues using modern 

eleetrophysiological and microscopie techniques. A distinction needs to 

be made, hmNever, between 'tissue culture' and 'cell culture'. In the 

former, 8ubstantial pieces of tissue are maintaincd in vitro as an aggregate 

of cella, frequently retaining much of the three-dimensional structure of 

the original organisme In cell cultures this organization is completely 

deatroyed to obtain a acattering of isolated cells over the substrate. 

This isolation of cells is required for man y forms of experirnental observation, 

part~cuiarly those involving identification of individual cells in the ligh t 

microscope, but dis torts a large number of regulatory proceases presumably 

mediated by ceU contact. This introduces problema which are usually 

observed as the failure of cells to either matur~ normally 'or survive. Such 

difficulties are encountered eventually in aIl 'primary' cultures, but may 

pose particular problems fot" the study of synapse formation in eeU ,culture • 

• 
Several studies have reported cvidence for the fonnation of neuromuscular 

junctions in expIant cultures of skeletal muscle and spinal cord (Bornf!tein. 

/1 
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Iwanami, Lehrer & Breitbart, 1968; James & TresmBn, 1968, 1969; Nakai, 

1969; Veneroni & Murray, 1969; Peterson & Crain, 1970; Crain & Peterson, 

1971i Kano & Shimada, 1971a, b; Pappas, Peterson, Masurovsky & Crain, 

1971;'Robbins &Yonezawa, 1971a, b; Cohen, 1972; Giller, Schrier, 

Scha inberg, Fisk & Ndson, 1973). Sorne of these studies also found 

relatively mature nerve-muscle junctions as determined either by u1tra-

structural criteria (Peterson & Crain, 1971; Pappas et al., 1971) or by 

the deve10pment of junctional acety1cholinesterase (Bornstein et al., 1968; 

Peterson & Crain, 1970; Pappas et al., 1971). Other studies have examined 

mono1ayers of avian and mamma1ian myotubes cu1tured with spinal cord 

either as smal1 exp1ants or dissociated cells. While numerous cases of 

functional innervation were observed (Fischbach, 1970, 1972; Robbins & 

Yonezawa, 19718, b; Fischbach & Cohen, 1973; Shimada & Fishman, 1973; 

F~!11hroueh. HRrt7 p ll. R.Ash & RHehiC', 1974), thprp WR.R Jitt1e p-viclencp 

for either ultrastructural specià1ization (Shimada, Fishman & Moscona, 

1969a, b; Fambrough et al., 1974) or the deve10pment of junctiona1 

acety1cholinesterase (Fischbach, 1972). Both the frequency of miniature 

endplate potentials and the mean quantal content of evoked end -plate 

potentia1s were also low in comparison with adu1t junctions in vivo 

(Robbins & Yonezawa, 1971b; Fischbach, 1972; Cohen & Fischbach, 1973). 

However onè important 'structural' alteration was observed in these studies. 

An increased sensitivity to iontophoretically Bpplied ACh was found on the 

cu1tur~d myotubes at sites of functional innervation (Kano & Shimada, 1971; 

Fischbach & Cohen, 1973). Similar1y an increased densi ty of 1251 _ OCSGT 

binding sites was found on the myotubes in the vicinity of functiona1 nerve-

muscle contacts (Fambrough, et al, 1974). In the latter ,study a large 
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• 
number of non-functional contacts showed no increase in receptor deQsity. 

It does therefore appear that cell cultures of nerve and muscle develop 

characteristics of immature junctions, such 8S the releas~ of transmitter~ 

and a rudimentary subsynaptic membrane with an increased density of ACh 

receptors. 

It is not clear, however, in what manner functional nerve terminaIs 

become associated with regions of the sarcolemma that contain a high 

density of ACh receptors. Since muscle fibres can develop local regions 

of high receptor density in - the absence of neural tissue (Vogel et al. , 
" 

1972; Fischbach & Cohen, 1973; Hartzell & Fambrough, 1973; Sytkowsld ~ 

al., 1973) there are two fundamentally different mechanisms which could 

exp1ain this association. These two alternatives reflect quite different 
" 

means 0 f neural influence, and thus have important implications for an 

unders tanding of the neural regu1a tian of receptor distribution in the 

adu1t as we1l. 

In one case (see Sytkowski et al., 1973) it is the muscle ce11 which 

initiates the pr,?cess of synaptogenesis by providing discrete regions 

of high ACh receptor density. The action of the nerve process in this 

~ituation would be to search for the appropriate sites specified by the 
~ 

muscle celi. After synaptic contact is established the ro1e of the nerve 

terminal would thus be expected to rema!n passive, perhaps simply to 

protect t'eceptors in the contacted patch from the process of turnover • 

. 
As the junction matured. the limiting effect of muscle activity on receptor , . 
metabolism might lead to a reduction in the extrajunctional receptor density 

resulting in the characteristic receptor distribution of normal adult muscle 

fibres. The distinguishing feature of this 'model' is the very limited 

o ·frole assigned to the process of neural induction in determining the 
'~ 
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The principal alternative hypotheais ia that an inductive influence . . 
(J. 

distribution of ACh receptors on the muscle ccll. 

provided by the developing nerve causes the development of a new region 

of high receptor density in the subneural membrane. This view in fact 

assigns a more dominant role to the developing nerve, and is directly 

related to the concept of an inductive or 'trophic' effect of ~erve contact 

in the regulation of extrajunctional ACh receptors in adult muscle. As 

mentioned earlier, the involvement of 8uch an inductive process i~ the 

regulation of ACh receptor distribution is still speculative, and the 

evidence is based largely on the fact that muscle activity cannqt alone 

account for all the experimentally observed changes in the density of 

extrajunc~ional receptors. However, other post-synaptic features such as 

,the comp1ex folding of the sub-synaptic membrane and the high leve1 of 

cholineaterase activity develop on muscle cells on1y in response to 

innervation. Ttiey therefore prOvide evidence that innervation causes the 

development of local structural specialization by a poorly understood 

inductive mechanism. It is therefore not implausib1e that a simi1ar 

mechanimm might a1so be responsible for the development of a high local 

density of junctional ACh recept~rs. 
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Formulation of the problem 

As deseribed in the preceding account, several studies have 

shawn that funetionally innervated m~otubes in dell culture have local 

regions of either high chemosensitivity (Kano & Shimada, 1971; Fischbaeh 

,& Cohen, 1973) or high ACh receptor density (Fambrough et al., 1974) at 

the site of nerve contact. lt is not known, however, whether developing 

nerve processes become associated with pre-existing patehes of high 

receptor densit:"y-; or alternatively the high receptor density at the site 

of innervation is induced by the nerve. The present investigation is an 

attempt to answer this question, and also to gather further information 

eoncerning the molecular mechanisms involved in the ch~nges which occur 

in ACh receptor distrib~tion during development of the muscle cell. 

As a preliminary to deseribing the rationale behind the present ~udv 
C< 

it is instruetipc to eonsider the reasons why the above questions have 

not been ans'''ered by previous investigati~ns. ln my view previous studies 

have been limited byat least two important technical difficulties. Firstly, 

a pefieiency was observed in the systems of cell culture available for the 

study of the developmental changes that occur as a result of innervation. 

èonsequent1y, on1y a limited amount of morpho1ogiea1 differentiatio~ took 

place at the deve10ping nerve-muscle junetions (see Fischbach & Cohen, 1973; 

Fambrough et al., 1974), and it was not possible to determine whether the 

limited changes which were obseryed }.n the distribution of ACh receptors, 

were due to a lack of contractile activity in the muscle cells, or to the 

other Inherent limitations of the culture system. Perhaps of even greater 
" 

importance, the techniques avai1able for examining the distribution of ACh 

receptors have severely limited the nature of the observations which can 
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/' 
be made. Iontophoretic mapping, for example, 1a very time consuming an9 .. 
not really suited for the systematic sampling of a large number of cells . ... 
Radioautography does not share this particular limitation, but can only 

be carried out on fixed dried cells. lt cannot therefore be used for 

examining changes in the distribution of r~ceptors on identified single 

cella. In addition, both techniques have a limited spatial resolution 

which can only be overcome by very laborious ~eans (see Kuffler & Yoshikami, 

1975; Fertuck & Salpete~, 1976). 

The present study has th us concentrated on an attempt to circurnvent 

bath of these limitations by developing new experimental techniques for 

determining the distribution of ACh receptors on muscle cells, and also 

for studying the formation of nerve-muscle junctions in cell culture. 

The investigation can be divided into four separate sections: (1) the 

develorment of fi simple fluorescent staining technique for examining thE> 

d~strib\ltion of ACh r~ceptors on muscle cells, (2) the design ofi. a new 

monolayer culture system for nerve and muscle, based upon cells obtained 

from rapidly developing runphibian embryos, (3) the charaçterization of 

the different patterns of receptor distr~bution on both innervated and 

non-innervated muscle cells in culture, and (4) an examination of the 

mecnanism whereby changes occur in the distribution of ACh receptors in 

the sarcolemma of cultured embryonic muscle cells, bath as a result of 

innervation and in the absence of neural influence. 

The fluorescent staining technique developed in the first section of 

this study (Chap. 2) has a more limited sensïtivity than either 

radloautography or iontophoretic mapping,- but 18 quite adcQuatc for 

1 
1 
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" 

revealing the topographical distribution of ACh r~ceptors in regions of 

high packing density such as the subneural membrane. Furthermore, 

fluorescent staining has several advantages which have been of great 

significance for the present study: (1) it allows the distribution of 

ACh receptors ta be examined visually and thcn recorded in a brief 

photographie exposure, (2) in routine use the spatial resolution is 

superior to that o~tainable with either radioautography or iontophoretic 

mapping, (3) it allows the distribution of ACh rcceptors ta be examined 

directly on living muscle cells, thus combining important advantages of 

bath previous techniques for determining ACh receptor dis tribut ion, and 

(4) it iB an Irreversible stain for individual receptor 'molecules' in the 

sarcolemma, and can t~s be u~ed ~o follow changes in their location with 

Ume on single identified muscle( cells. 

The second portion of thiR ~ttldy (Chap. ~) des(''T''ib{'R ROfT1(> intPreRting 

features of the new celi cultu~e system and then goes on to examine the 

effect of innervation on the distribution of ACh receptors on the cultured 

muscle cells. The culture system, which uses myotomal muscle and neural 

tube cells from rapidly developing amphibian embryos, turns out to be a useful 

preparation for the study of changes in ACh receptor distribution. Like 

other vertebrate skeletai ~uscle cells in culture, myotomal cells develop 

discrete patches of high receptor density which, according to my results, 

can readily be visualized with fluorescent staining. 
• fl 

neural tube cells are included, they forro funct!onai nerve-mus'cle unctions, " 

and develop a dense srrsy of ACh receptors in the subsynaptic membrane. 

Conveniently, only the funetfonally innervated cells in this system undergo 

spontaneous contractions, which allow8 them to be identified aven without 

the use of electtical :recordlng techniques (aee Cohen-, 1972). This. can be 
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contrasted with cultured myotubes from higher vertebrates which fibrillate 

spontaneously: 

the great speed 

The most dramatic feature of~hese cultures 

with which they differentiate.l Since cells 

is, however, 

in culture 

are inevitably growing under sub-optimal conditions, such a rapid 

development allows a much gr~at;,er degree of differentiation before the 

eventual period of decline. This differènce in the rate of development 

is demonstrated most directly by ~he time required for the cells to 

devèlop dense patches of ACh receptors. While cultured chick myotubes 

need seven or more days/of development in vitro before receptor patches 

can be detected (Sytkowski et al., 1973), 'they are found on myotomal 

muscle within one day of plating the cells, and only two dayg"a~t:er egg 
(' 

fertilization. This rapid differentiation relative to the rate of cell 

metabolism (which would be expected to be lower in cold-blooded amphibian 
J 

tissue than in either birds or mammals) provides a uniQue opportunity to 

observe developmental processes which would otherwise be very difficult 

to detect. 

The last portion of this study (Chap. 3 and 4) involves an analysis 

of the mechanism which produces changes in the distribution of Ach receptors 
, 

during innervation. The analysis has proceeded along t~ree main lines. 

Fitstly 1 have tested ,the effects of neuromuscular blocking agents, which 

prevent botq neurogenic electrical activity and muscle &ont~action, on the 

changes in receptor distribution brought about by innervation. Secondly, 

l have examined toe affects of d~laying innervation by a further 2-3 

daye to determine whether 

w~reby newly synthesized 

alternatively whéther it 

the membrane. Lastly, 1 have carried 0 
~ 

the process 

, into the sarcolemma, ot' 

of receptor~ already in 

observations of th~ 
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Bame receptor population on individusl identified muscle cells, both in 

the absence of any neural influ~mce and during ,the process of innervation. 

The results d~onstrat~ the existence of a nerve-induced process of 

receptor redistribution whereby extrajunctional receptor patches disappear, 

and receptors aggregate in the sarcolemma at the site of innervation. They 

also demonstrate the involvement of a spontaneous receptor redistribution 
1 

in the formation of the dense ACh receptor patches on non-innervated cells. 
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CRAPTER 2 

FLUORESCENT STAINING OF ACETYLCHOLINE RECEPTORS 

IN VERTEBRATE SKELETAL MUSCLE 
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SUMMARY 

1 

1. «-Btgarotoxin was labe11ed with fluorescent.dyes and used as 

for v sualizing the distribution of acety1cho1ine receptors in a stain 

vertebrate skeleta1 muscle fibres. 

2. Dye-toxin conjugates had the sarne pharmacolo~ica1 properties 

as native tPxin, but their potencies were lower. 

3. Fluorescent staining was examined in teased muscle fibres. 

The stain was found ta be confined ta the neuromuscular junctio~ and 

associated with the subsynaptic membrane. 

4. Staining intensity was red~ced by curare a~d even more sa by 

earbachol, but not by atropine or neostigmine. Pretreannent of muscles 
,-

with unlabelled l't-bungarotoxin entirely prevcnted staining. 

5. The staining at arnphibian neuromuscular juuction.s was characterized 

by a pa~tern of intense transverse bands occurring at interva1s of 

approximate1y 0.5-1 u, with fluorescence of lower intensity between them. 

Fluorescent staining was not detected on adjacent, extrasynaptic, muscle 

membrahe~ In side views the staining appeared as a fine line with smaii 

protuberances oècurring at the sarne intervais as the intense bands scen 

face-on. These resu1ts indi~atù that acetylcho1ine receptors are assôciated 

With the enUre subsynaptic membrane, including the membrane of the 

junctional folds and that their density changes abruptly at the border 
,1 

between synaptic and extrasynaptic muscle membrane. 
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IN'rRODUCTION 

The d,istribution of ~cetylchol.i.ne receptors in vertebrate ske1etal 

muscle has for a long time been studied by ~e~suring muscle res~onses 

to topica1 application of acetylcholine and its analogues (Langley, 

1907). Several r:efinements, inc1~ding the use of single mUfic1e fibres 

(Buchtha1 & Lindhard, 1937; Ginetzinsky & Shamarlna, 1942; Kuffler, 

1943), the deve10pment of the tonophore"tic method' of app1ying" acety1choline 

(Nastuk, 1953; de1 Casti110 & Katz, 1955), and the application of Nomarski 

optics (Peper & McMaho~ 1972) have permitted a high degree of ~e~olution 

to be achieved with this dpproach. It hàs thus been shown ,that 

sensitivity to llcety1c~olîne is &reatest at the sites ~f neuromuscu1ar 
~ . ~ 

contact; the chemosensitivity of "adjacent, extrasynaptic. mcrsc1e mem~rane 

is very low, though detectable 1eve1s exist for a few hundred microns ~ 

beyond the synaptic region (Mi1edi, 1960; Fe1tz & Ma11art~ 1971; Peper & 

McMahon, 1972). Amphi~ian muscle fibres an4 mamma1~an s~ow muscle fibres 

are a1so sensitive to acety!ch'oline close to the musé le-tendon junction 
.", 

(Katz & Mi1edi, 1964; Miledi & Ze1ena, 1966). 

, Other approaches have recently been qeveloped whi-ch invo)..ve the 

us~ of cho1inergic agents 1abe11ed with radioactive isotopes. In this 

regard the discovery of severa1 snake to~ins which combine with high 

1 ~ 
affinity to acetylèholine recept6rs has been especial1y va1uab1e (Chang 

& Lee, 1963; Tamiya & Ara!, 1966.; Lester, 1970; Lee, 1972)., One of ' 

t'bese is OC-bungarotdxin, a basi'C polypepti,de with a molec'u1ar we:l,ght 
, . 

of about 8,000 (Mebs, Nltri ta, lto1anAga, Sameji111~, & 'Lee, 1971). lt bas 
o " 1 • 

'been used to est:1mate the number of re~ept()r8 on s'ing1e cells- in 

skeletal mllscle (a,fl.rnard" Wleckowski & Chiu; 1971; Hiledi eSt Pot ter , 1971; 
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, 
Berg, Kelly, Sargent, Williamson & Hall, 1972;" Chang, Chen & Chuang, 

1973) and in clectric organs (Changeux, Kasai & Lee, 1970; Mi1edi, 

Molinoff & Potter, 1971) and ta visualize their distribution by 

autoradiography (Lee & Tseng, 1966; Porter, Chiu, Wieckowski & Barnard, 

1973). Quantitative estimates of autoradiographs have indicated that 

the density of receptors falls about a tho~sand-fold within 150 u of 
, ' 

the neur~uscular junction (Fambrough & Hartzell, 1972; Hartzell & 

Fambrough, 1972). 

A brief report has a1so appeared in which the distribution of 

acetylcholine receptors ia visualized hy an indirect immunof1uorescent ..., 
technique, based on the use of «-bungarotoxin as an antigenic agent 

(Bougeouis, Tsuje, Boquet, Pil10t, Ryter & Changeux, 1971). 

In the present study we have labelled ~-bung8rotoxin direct1y 

\dth fluorescent dyes and have used these dve-toxin con;ugates to view 

the distribution of receptors with fluorescent microscopy. The method 

has proven to be relatively 8impl~ and rapid, and has revealed that the 

receptors are distributed throughout the subsynaptic muscle membrane, 
( . 

including the membrane of the junctional folds. A brief account of 

part of th is work has ~een report~d (Ande'rson & Cohen, 1973). 
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METHODS 

Preparation of «-bungarotoxin 

~-Bungarotoxin was prepared frorn lyophilized venom of Bungarus 

multicinctus (obtained from Miami Serpentarium, .Miami, F1orida) 

essentially by the procedure previously described by others (Changeux 

et al., 1970; Berg~~ ~972; Bosrnann, 1972; Lee, Chang, Kau & Luh, 
Ip 

1972), The venom (200 mg) was disso1ved in 0.1 M ammonium acetate 

buffer, pH 5.0, and passed through a column (100 x 2.5 cm) of Sephadex 

G-50 at 40c. Of the four protein peaks obtained, the middle two 

w~re concentrated with an Arnicon Diaf10 filter (UM05) and app1ied to a 

column (100 x 2.5 cm) of carboxymethyl-Sephadex C-50 equilibrated with 

0.05 M amMonium acetate buifer, pH 5.0. The material was eluted with 

a linear gradient from 0.05 M, pH .5.0, to 1.0 M, pH 7.0, ammonium 

acetate buffer in a volume of 1 litre at 4°C. The major protein peak 

·(Text-fig. 1) was lyophilized and later d~ssolved in 0.05 M ammonium 

acetate buffer, pH 7.0, to a final concentration of l mg/ml. This 

solution was steri1ized by passage through a Mi11ipore fil ter (pore 

size: 0.22 u) and stor~d at 4°C. 

Conlugation of ~-bungarotoxin with fluorescent dye 

«-Bungarotoxin was labelled with f1uoroscein isothiocY8ftate (FtTC) 

or tetrarnethylrhodamine isothiocyanate '(TRITC) by modification of the 

method of Marshall, Eveland & ST\lith (1958). 'Toxin (1-2 mg) was equilibrated 

with 0.05 M sodium carbonate buffer. pH 9.5, and concentrated by 

ultrafiltration to a,final volume of about 2 ml. Dye, dissolved in 0.5 ml 
T 

of the srume buffer, was then -added. Concentratibn ratios of about 

200 ug PITC/mg tpxin and 1 mg TRITC/mg toxin were rO\ltinely used, although 
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TEXT - fiS. 1 

, 

400 eoo 100 1000 

Volume of elua-nt (ml) 

Elutton profile Qf the venom of »ungaruB 

multicinctus chromatographed on CM-Sephade~ C-50. 

After partial fractionation of 200 mg of venOm on a 

column of Sephadex G-50, the two middle peaks were 

placed on a column of CM-Sephadex C-50 and eluted 

as described in the Methods. The flow rate was 

12.3 ml/hr, and samplee of 6.2 ml were collected. 

No material was d~tected in the firet 350 ml of 

eluant. The eluant indicaCed by the bar was pooled 

and found to contain ~-bungarotoxin. 
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five-fo1d sma11er ratios also yiclded conjugates which were effective 

for fluorescent staining. The mixture was stirred overnight at 4°C 

~ 
and then re-equi1ibrated with 0.05 M ammonium acetate buffer, pH 7.0, 

and concentrated by ultrafiltration. Dye-toxin conjugate was separated 

from free'dye by passage through a co1umn (30 x 1.5 cm) of G-25 

Sephadex and was stored at 4
0

C for subsequent use. 

Toxin concentrationS were determined by the method of Lowry using 
, 

bovine serum albumin (fraction V) as primary standard (Lowry, Rosebrough, 

Farr & Randal1, 1951). Absorbances were determined at 760 mm with a 

Zeiss PMQ II spectrophotometer. 

Material and general proced~re 

Amphibian muscles were stsined in vitro st room temperature (20-

23 0 C) by exposing them for 15-60 min to dye-toxin conjugate st concentrations 
P , 

of 10-6 - 10- 5 gm/ml in Ringer solution. After rinsing for 1-2 hr with 

severa1 chapges of Ringer solution the muscles were fixed in 50-95% 
1 

ethano1 at -160 C for up to 2 days. Muscles stained with tetramethy1rhodamine-

labelled toxin were sometlmes fixed instead with 10% neutral forma1in at 

4°c for up to 16 hr. The fixed muscles were washed for several hours with 

Ringer solution at 40 C and then single fibres, or smal1 bund1es of fibres, 

were teased out and mounted on glass cover slips for fluorescent, 

microscopy. The mounting medium for fibres stained with fluQrescein-

1abe1led toxin consisted of b.l M sodium carbonate in 90% glycerol. Fibres 
, . 

stained with tetramethylrhodarnine-1abelled toxin were mounted in pure 

glycerol. 

Muscles of rats and mice were treated in the sarne way except that 
. 

Locke solution containing 10% foetal calf serum was used instead of Ringer 

solution. In a few cases mouse muscles were stained by injecting dye-toxin 
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conjugate intramuscularly. Tqe muscles were removed 2-5 hr after the 

injection, rinsed, and then treated as above. 

For most experiments th~ fo~lowing muscles were used; sartorius 

of Rana pipiens and Xenopus laevis, tail musculature of Xenopu~ 1aevis 

tadpoles, mouse soleus and plantaris, and rat diaphragm. Severa1 other 

muscles were a1so examined inc1uding extensor 10ngus digitorum IV, rectus 

abdominis, rectus femoris anticus, snd cutaneous pectoris of Rans pipiens 

and Xenopus 1aevis, and interhyoideus, and levator mandibularis of 

Xenopus tadpolcs. Arnphibians were anaesthetized with tricaine. Mice and 

rats were anaesthetized with ether. 

To produce degeneration of motor nerve terminals in frog sartorius 

muscles a s-"io mm length of scia tic nerve was excised high in the 1eg. 

Muscles were removed for staining 2-4 weeks later (see Birks, Katz & 

Nil~d:i, 1960). Degenera1:ion of lllotor nerve tennil1.als in mouse so1eus .. nd 
\ , 

p1antaris w8s produced by excising a 3-6 mm length of seistie nerve high 

in the leg. Muscles were removed for staining 1-3 weeks later (see Miledi 

& Slater, 1968). 

Conventiona1 methods were used for intracel1ular recordings from 

1. 

, 
,J 

o 

amphibian muscle fibres. Muscle te~sion was measured with à force 

transducer and displayed on a Grass polygraph. Contr,action responses 

of Xenopus tadpo1e tai1s were viewed through a dissecting microscope at 

a magnification of 25 times. 
J 

TJ.1e composition of the Ringer solut~on in m].P', was! NaCl, 111; 

KCl, 3; CaC12, 1.8; tris ma1eate adjusted to pH 7.4 with NaOH, 5. The 

composition of the Locke~olution in mM, was: NaCl, 150; KCl, 5; 

CaCl2 • 2; MgC12, 1; NaH2P04, 1; NaHC03. 12; glucose 11. The solution 

was bubbled with a mixture of 95% 02 and 5% COZ' 

1 ~ 
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.. 

Fluorescent microsco~y 

., Teased muscle fibres were examined with a Zeiss U1traphot 14 

microscope, using an HB020OW/4 lamp as the excitation source.' For 

fibres stained with fluorescein-1abel1ed toxin th_ exciting light was 

passed through a heat-absorbing filter (KGl) and a BG 12 blue filter. 

The emitted light was fi1tered with a No. 50 barrier f~lter. For fibres 

stained with tetramethy1rhodamine-labelled toxin a~ intereference filter 

transmitting at 546 + 5 Dm was p1aced in the excitation path~gether 

with the heat-absorbing filter. The emitted light.was usually filte~ed 

with a Kodak No. 23A light red filter but in sorne c~sea a Kodak No. 25A 

dark red filter was used instead. Several objectives, with magnifications 

between 6.3 and 100 times were employed. The fluorescenCe was photographed 

with Kodak Tri-X 35 mm black and white film. Exposure times varied 

• 

b-etween 15 sec and 4 min. 1 
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RESULTS 

Biolbgical activity of dy~-toxin conjugates 

Dye-to:dn conjugates, like native toxin, blocked the depolarizing 

action of acetylcholine. Miniature end-plate potentiels, end-plate 

potentials, and depolarization response,s to bath applied carbachol 

were abo1ished in surface muscle fibres within a few minutes after 

adding the conjugate to the bathing fluid (final concentration: 10-5 sm/ml) . 
.... 

However the conjugates turned out to be 1ess potent than native toxin. 

Quantitative estimates of these differences in potency were detel1mined 
; 

as follows. Skinned tails of Xenopus tadpoles (stages 47-48 of 

Nieuwkoop and Faber, 19~6) were exposed to several concentrations of 

native toxin and their contraction responses to bath applied carbachol 

(10-4 gm/ml) were tested at appropriate intervals. Each tail was tested 

only once and the time required for complete block was noted. From these 

measurements a dose-response curve was plotted 8S i1lustrated in Text-fig.2. 

Similar determinations of times to block were then made with dye-toxin 

conjugates at concentrations of 10-5 or 5 x 10-5 gm/ml and the "effective" 
1---, 

concentration of the eonjugate was obtained from the relationship in 

Text-fig. 2. In this way it was determined that dye-toxin conjugates 

which were effective for fluoreScent staining had relative potencies of 

1-50%. The loss of potency tended ta ~ary with the dye/toxin ratio in 

the initial reaction mixture. Reductions in potency have previously been 

noted after conjugating ~)uorescent dyes ta other types of substances, 

including antibodi'es, enzymes, and hormones (Goldman J 1968). 

Loss of potancy was also revealed by comparing the toxicity of 

dye-toxin conjugates with that of native toxin. For these experiments 

1 
the toxin WBS injected intramuscularly into the legs of mice and the 
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TEXT - fig. 2 
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Conclnlratlon 01 loxln 'l'II Imll 

Relation between concentration of a-bungarotoxin 

and the time required for the toxin to completely 

abo~ish the contraction response of tadpole tails to 

-4 1 10 gm ml carbachdl. Tails of stage 47-48 ~enopus 

tadpoles w~e skinned and exposed to «-bungarotox1n, 

until tested with carbàchol. Contraction responses 

were viewed through a dissect1ng microscope at a 

magnif1cation of 25 times. Each tail was tested only 

once. Meanè ± 1 S.E.M. are shown, and the number of 

determinations at eacb concentration of tox1n is 

indicated in parenthesis. 
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Clnimais were observed for the 'next severai hours. Doses of native toxin 

above 0.3 ug/gm body weight killed a1l mice within 4 hr whereas doses be10w 

0.1 ug/sm did not cause any deaths. This range of lethal and sub-lethal 

-
doses i9 similar to that found in previaus studies (Chang & Lee, 1963; 

Lee et al., 1972). Dye-toxin conjugate which had a relative potency of 

10%, as determined on tadpole tails by the method described abave, caused 

death on1y in doses above I ug/gm. 

Conjugates were also tested for their reversibility of, action, ,using 

sartorius muscles of Xenopus laevis. Fo1lowing complete b10ck of neuromuscular 

transmission and of the contraction respanse to 10-4 gm/m1 carbachol, the 

muscles were washed with Ringer solution for about 1 hr at rpom temperature 

and subsequcntly at 4aC. Periodic tests were made at room temperature 

for up to 60 hr without any sign of recov~ry of the response to __ carbachol, 

a1though the muscles r.emained responeive to direct stimu] Ati.on a.nd control 
" . .. 

muscles continued ta respond ta carbacho1 during the sarne period. Similar 

observations have previous1y been made with native taxin (Miledi & Potter, 

1971). The results thus indicate that, in spite of 'their reduced 

potency, dye-toxin conjugates act in the sarne way as native toxin. Further 

evidence in support of this conclusion was obtained by examining the 

specificity of the fluorescent staining produced by the conjugates (see 

be1ow) • 

Loca1ization of fluorescent stain 

The pattern~ of fluore~cence on single muscle fibres, after treatment 

with dye-toxin canjugates were similar ta those seen with other methods 

which permit visualization of the subsynaptic muscle membrane or the 

motor nerve terrninals (Kuhne, 1887; Couteaux, 1947 j Couteaux & Taxi, 1952; 
~, 
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o McMahon, Spitzer & Peper, 1972). In frog and Xenopus the patterns 

consisted of long narrow branches oriented mainly paraI leI to the long 

axis of the muscle fibres (Pl. 1 a-c). The width of these branches was 

fairly constant (2-4 ~) but their number, length (up to ~everal hundred 

microns), and degree of branching varied considerably in different 

muscle fibres. In rat and mouse the fluorescent patterns were also 

composed of narrow branches, a few microns wide, but were always more 

compact (Pl. 1 d-h). lndividual branches were often less than 20 u long 

and usually did not show any preferred orientation. ln most examples 

1 
their borders were more intensely fluorescent than their interiors. A 

sim11ar characteristic outlining has previously been observed with other 

methods which stain the subsynaptic muscle membrane (Couteaux, 1947, 1955; 

Couteaux & Taxi, 1952). 

The neuromuscular localization of fluoresc~nt slain W!iS further 

revealed by comparing the di~tribution of flurescence and cholinesterase 

-
on the same muscle fibres. For these experiments Xenopus muscles were 

exposed to dye-toxin conjugate and then stained for ~holinesterase, using 

Karnovsky's method (1964). The reaction product in the latter method 

preferentially accumulates at the edges of the neuromuscular junction and 

ther'eby outlines it (McMahon et al., 197?"). The patterns of staining 

on single muscle fibres proved to be virtually identieal for both m~thods, 

with the fluorescence being confined within the boundaries of the 

cholinesterase stain (Pl. 2) • 
. 

Studies of the prejunctional effects of acetylcholine an~ of 
~ 

anticholinesterases have raised th~ possibility that motor nerv~na1S 
" 

o may also contain acetylcholine receptors (Hubbard, Schmidt & Yokota, 1965; 

Katz, 19~9). If thesc receptors contributed significantly to the , , 
i, 
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fluorescent staining then a decrease in staining intensity would be 

expected' following degeneration of the terminaIs. However no obvious 

decreases in intensity were observe in frog and mouse muscles whieh had 

been denervated for sufficient periods of time to allow degeneration of 

the terminals (see Methods). It follaWs that in normal muscles the 

fluorescent stain, was associated mainly with the stlbsynaptic muscle 

membrahe and not with the motor nerve terminaIs. Other features of the 

distribution of fluorescent stain in denervated muscle will be presertted 

later (Cohen & Anderson, in preparation). 

Amphibian muscle fibres and mouse soleus muscle fibres were also 

examined for fl~rescence in the vicinity of tneir tendons since 

ionophoretic met~odR have revealed a significant sensitivity to acetylcholine 

1 
here, albeit some hundred- to thousand-fold less than that a~ the 

neuromuscular 1unction (Katz & Miledi, 1964; Miledi & Zelena, 1966). 
~. ~ 

However no obv10us fluorescent etaining was observed. 

Specificity of fluorescent stain 

On the basis of previous findings which have demonstrated that 

~-bungarotoxin binds trreversibly to nicotinie aeetyleholine ~ec~ptors 

sorne predictions ean be made concerning the effects of various procedures 

on the intensity of the fluorescent stain. Pre-exposure to native toxin 

for a sufficient period of time should entirely prevent staining. 

ReveJ'siblc nieotinie agents, such as. cu,rare and carbachol, should reduce 

the intensity of staining whereas muscarinic agents and anticholinesterases, 

should not have any signifiean t effect. These predicÙons were 

experimentally .tcsted, most ~xtensively on the tail musculature of stage 

41-49 Xenopus tadpoles. The tails are relativcly th!n and arc comp~sed 

1 

\ 

l 



o 

~'-, ' ..--

,,' ... l "'~ ___ ..... ___ ~~ ..... __ ~. , ... __ .. ~~ ____ .....-,~ .. ro ... ~ .... _;'" .. 

54 -

of a series of myotomes, ench containing muscle cells whose ends are 

lnnervated and very closely aligned (Lewis & Hughes, 1960). The~e unique 

features permitted the fluorescent staining to be viewed in hemisected 

tails and effectively reduced the variability in staining intensity that 

can occur when sampling single muscle fibres. In arder ~o examine the 

effects ofJreversible agents on the fluorescent staining, tails were 

skinned and exposed Îor 20 min ta Ringer solution containing the agent 

at a concentration of 10-4 gm/ml. Dye-toxin conjugate was then added to 

a final concentration of 10-5' gm/ml. After a further 20 min the tails 

were transferred ta Ringer solution or the original composition and were 

rinsed for 60 min. The staining in thesc experimental tails,w8s compared 

with contraIs which were treated in the same manner cxcept for the 

absence of th~ reversible agent. 

Pl. 3 illlctratec some typical results. Curare dirniniGh~d the 

fluorescent staining and carbachol virtually abolished it (PI~ 3 a~c). 

These observations are in line with previous studies which have shown 

that carbachol is more effective than curare in inhibiting the binding 

of toxin to muscle (Miledi & Patter, 1971~ Berg et al., 1972). As 
. 

further predictèd, atropine and neostigmine did not hav~ any significant 

effect (Pl. 3 d, e). Pretreatment with native toxin (10-5 gm/ml for . 
15 min) entirely prevent~ staining in tadpo1e taila even if the exposure 

Ume t'ô dye-toxin conjugate was 1ncreased ta 60 rtlin. In addition, _ the 

binding of stain ta muscle was not readily reversible; satisfactoFY 

fluorescent staining was observed even when ta!ls were rinsed in Ringer 

sol'ution for 30 hr, at 4oC, after exposure to dye-:-toxin conjugate. 

Qualitatively stmilar observations were made on ,several other amphibian 

1 

l, 
1 
1 

1· , 

1 
1 

" ~ 

, ',- ",.'" , '---, .. ~ ... ~~-';'. -. ~~--:-'-'--.-........ ' ... ',.", ....... -.. .. -.-.. ,J 1 ._.· ... IIJI.iI1llllililiilitlWJ.iS.$..,.,IN11 ...... ~---,-: .-, --~---:---;.:-".~,,~.,: " ••• ~ii::~,."l.,.~~} .. , /:;.' .. ' "'; ..• .:.,,~ :\~.' ':' '.. 



~"" 

,;' 

) 

o 

, ., 
<," 

'\., , 
• ~ "_",~~"_~~,,,,,-~~,,"~I~ .... ~,.qI ___ • _.-._ ....... _ .... -......-........,.._1 ..... 

- 55 • 

and mouse muscles. On the basis of these results it seems re~sonable 

to eonclude thl.}t the fluorescent; staining is due to b.;lnding of dye-toxin 

moleeules to acetylcholine receptors. 

Fine stain on subs a tic membrane 

At high magnifiea ion~ face-on views of the fluorescent staining in 

frog and Xenopus muscle fibres r~vealed that. individual branches of 

fluorescence were composed of a pattern of intense transverse bands 

occurring at intervals of apprQximately o.5-i u, with fluorescence of 

lower intensity between them (Pl. 4 a, b). The intense bands were observed 

" even when muscles were rinsed with Ringer solution for over 24 hr at 4°c 

following exposure to dye-toxin conjugate, but were prevented by the 

presence of carbachol (10-4 sm/ml) or by pretreatrnent with natlve toxin. 

They are therefore due to specifie rncmbrane-bound stai~ rather than non-
o ~ ; 

,,' 
specifie trapping of stain. A similar pattern has previously been' 

observed in amphibian muscle fibres stained for cholinesterase (Couteaux 

&. Taxi, 1952). In the light of subsequent studies' in which eholinesterase 

r' 
staining has been viewed with the electron tn:l,croscope oit i8 clear that 

the intense bands reflect the stain within the half:' to one-micron deep 

junctional fo1ds (Lehrer &. Ornstein, 1959; Barnett, 1962; Couteaux, 
;, 

1963), The sarna interpretation presumably applies in the present case 

and ia in I1ne with the observation that the intervals between the intense 

fluorescent bands are similar to the intervals between junctional folda 

in amphibian mu~cle (BirJ<s, Huxley &. Katz, 1960; McMahon et al., 1972).. 

'The width of the intense bands is greater than the,width of the junet.ional 

fol-ds (about 0.1 u) ,but this 18. not une:xpecte4 in vievt of the fa,ct that 

folds are oftèn b,rl!'rich~d (B:r:r~s et a1., 1960;, Mcl.~ahon et ,al., 1972). 'l'he 
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l' 
léSS intense fluorescence between the intense bands pres\lmably reflects/, 

the staining of receptors associated with the subsynaptic tneJTIh.rane between 

the folds. 
• • C) ~ 

On the other hand, fluorescent staining was not detected on 
, 

adjacent, extrasynaptic, muscle membrane. 1nstead the fluorescence 

declined abruptly ta background 1evels at the border be~een synaptic and 

extrasynaptic muscle membr.'J.nc. 

• 
Additionai\ support for the above interpretations was obtained from 

side views of the fluorescent staining. 111 this orientation thè staining 

appeared a$ a fine line with small protuberances (less than
v 

1 u) occurring 
,. 

at the same intervals as the intense bands seen face-on (Pl. 4 c, d). The 

simplest explanation' ~f the protuberances is th,at they are due to staining 
, , 

of receptors associated wi th the membrane of the Jupctional folds. The 

fluofesence between the protuberanc~s suggests that the aynaptic membrane 

bebleen folds also containE receptors. 

A p~tterq of intense fluor'escent bands af the sort seen in amphibian 

muscle fibres' was r~rély, rest)lved in rat and· mouse musç~e fibres. The 
1 

hasis for this différence prestln}ab~y ,does not result frOO'l basic differences 

in the dhtribut:t.on of licetylcholine receptors i.n amph:f,.bia.n and màmmalian 

muscle fibres bl\t rather f'!;'otn the fact that ,the orientation of foids at 
(, 

matmlla1ian neuromuscular junctions i8 VJari.able, and irregtilar so that the 

chances of ''visuali:z;.ing'' them 1~ teased prepara.t:ions târ~ very low 

(Couteaux, 1958;' AnderssonïCedergren, 1"959; Lehrer & Ornstein, 1959). 

Simila~ly, the characteristic intense fluorescent outlining ~hich occurred 

in martana li an , but not in amphibian, musc le fibres (Pl. 1) presumably 

---ref1ects the faet that the junètional gutters arè considerably deepeF in 

matmlla1ian mus~le than they are in amphibian muscle (Couteaux, 1955). 
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DISCUSSION 

The present study has demonstrated that conjugation of fluorescein 

isothiocyanate or tetramethylrhodamine isothiocyanate to Â-bungarotoxin 

L 
provides specifie fluorescent stains for acetylcholine receptors in .. 
vertebrate skeletal muscle. Although the ~~ye-toxin conjugates were less 

potent than. native toxin they retained tl-re same action of blocking 

acetylcholine receptors irreversibly. The lower potency of the conjugates 

. 
appears to be related to the fact that the dyes react with ~ -amino groups 
, 

of basic rumino acid residues, such as lysine, and affect their charge 

(Goldman, 1968). Evidence hA been obtained whict't i~dicates that at least 

sorne lysine residues in ~-bungarotoxin are important in determining its 

~ot eney (Le e. 1972). On th c 0 'her hand hydrophobie ":ino acid resid ues • 

with which the dyes do not reaet, appe.ar to be :Important in conferring 
" 

upon oo:-bungarotoxin its irreversibility of actj,ôn (Lee, 1972). It is 

theTEtrore not unexpected that the dye-toxin conjugates also acted 

irreversibly. • 
The method of fluorescent staining revea1ed that acetyIcho.l ine 

receptors are associated with the memhLane of the junctionai folds, and 

probably\w~th the entire subsynaptic muscle membrane. Since the folds 

increase the area of st,lbsynaptic membrane by an estimated factor of 4-5 

times (Andersson-Cedergren, 1959), many more receptors can be &9~~odated 
\-' 

t~an wou1d othèrwise be the case and t'bis in. turn may permit larger 

synaptlc currenlilj ta be generated (Eccles &. Jaeger, 1958). In this respect 

ft is probably significant that synaptic veslc1es, from which acetylchol1ne 

\ 

la presumably released, tend to be accumulated opposite junctiona1 folds 
.\ 

(Birks et aL, 1960; McMahon .tlJ..l., 1972). Hli>wever, the junctiona1 folds 
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sIse contain chelinesterase '(Coute.aux, 1958; 1963~ and i.t ia not known 

" . 
to what depth the molecules of a released packed of, acetylcholine can 

\, 
diffuse before they are entirely hydrolyzed. 

Whereas subsynaptic membrane was brigh tly stained by dye-toxin 

conjugates, fluorescent stnining wes net detected on adjacent extrasynaptic 

muscle membrane. We have not l1ttempted to quanti fy these observation~ 

snd tl~refore have no estimate of the relative decline in rcceptor density. 

Neverthefless, our resul ts indicate that the densi ty of acetylcholine 
4, 

rece,ptorsJchanges abrupt~y st the border between subsynaptic and extra­

synaptic lembrane. Similarly, Peper & McMahon (1972) have elegantly 

demonst:rated a very steep fall in acetylcholine tfiensitivity immediately 

outside the subsynaptié membrane. The abrupt change in receptor density 

makes i t unlikely that synapt ic receptors migrate into adjacent extrasynaptic 

membrane. 'fui D iD in contrllD t \lith the fin::ling !:lu'l-t corne curillce antigens 

on cult,,!red myotubes do move continuously at a slow rate (Edidjn & 
l 

-i'ambrough, 1973). Whether acetylchol1ne receptors move witbin the limits 

of the subsynaptic membrane or whether they are rigidly fixed may be 

possible to detemine by staining a portion of the subsynaptic membrane 

and observing if the fluorescence spreads with time. 

Al though fluorescent staining of extrasynaptic muscle membrane was 

not detected in the present study, the existence of extrssyt;)aptic receptors 
, 

is well estab1ished. 1.0 rat diaphragm extrasynaptic sensi tivity to 

acetylcholine decHnes with distance awày from the néuromuscular j'iftction 
~-

and at distances of 100-200 u can be several thousand times less than the 

synaptic, sensitivity (Miledi, 19(0). Likewise, estimates based on 

autoradiography with I 125.labelled «-bungarotoxin indicate that the( 

density of receptors faUs about a thousand-fold within 150 u of .the \ 

.. 
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neuromuscu1ar junction (llartzell & Fambrough, 1972). It is unlike1y 
'1& 

that the method of fluorescent staining could detect such low densities 

in teased muscle fibres. In the frog, extrasynaptic receptors are most 

abundant during the winter and abseT\t during the summer (Feltz & Mallart, 

1971). However our samp1e of observations on muscle fibres of "winter" 

frogil is too small at this point to 11l1ow any conclusions concerning 

detecti@n of runphibian extrasynaptic receptors by fluorescent staining. 

A limitation in the sensitvity of the method may a1so account for the 

absence of steining st the ttlyotendinous junction. Acetylcholine sensitivity 

at this site tends to be variable and is often several thousand times 

1ess than at the neuromuscular junction (Katz & Miledi, 1964; Miledi ft 

Zelena, 1966). On the other hand we are not aware of any studles which 

have demonstrated extra binding of a-bungarotoxin at the myotendinous 

junction. 

Despite th e possible limi taÙons with regard to sensi tivity th~rc 

are clearly many problems to which the metbod of fluorescent staining may 

be profitably applied. Many vertebrate and invertebrate neurons contain , 

nicotinic ac-etylcholine ~eceptors and recent studies have indicE1-ted that 
.. 

a-bungarotoxin binds to these receptors in guinea pig cerebral cortex 

and on chick sympathetic neurons (Bosmann, 1972 ; Greene, Sytkowski, Vogel 

& Nirenberg, 1973). Fluoresc;ent staining may reveal more precisely the 

distt:ibuti<>n of receptors on 6uch neurons as well as the l\llInbers and 

loca,Ùon of "nicotinic" neurons in the central nervouS system. The fact 

that «-bungarotoxin can ~e labelled w:lth fluorescent dyes ()f different 
.... 

.. col,our may also pennit one to detenn1ne' if synaptic contacts turn over 

ot" if they can be made to do so by. expérim~ntal modification of neuronal 

activity. It will also be of i~terest ta use as fluorescent stains 

as ~ -bungaro~x1n (Chang & Lee, 1963; Chàng, Chen & other toxins, such 
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c, Lee J 1973) J which act irreverSiQy on other components of the nervous 

system. 
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PLATE l 

Examples of fluorescent s taining on single muscle 

fibres. (!-s) Xenop~s sartorius; (d) mouse p1antaris; 

(~,!) mouse soleus; (g,!!.> rat diaphragm. Muscles 

W'ere stained with tetr-amel:hylrhodamine-Iah-elled tox~n 

(!.-f) and w1th .fluorescein-lahelled toxin (g,,!!). 
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l'LATE 2 

Fluorescent staining and cholinesterase staining 

on the sarne muscle fibres. (~) Xenopus sartorius 

muscle fibre stained with tetramethlyrhodamine-labelled 

toxine '(~) same muscle fibre'as in (~), stained for 

cholinesterase by the method of Karnovsky (1964) and 

viewed with brightfield optics.' The cholinesterase 

stain accumulates preferentially at the edges of the 

neuromuscular junetion and out1ines it (see M~~ahon, 

Spitzer ~ Peper,1972): Comparison of (!.) and (~) confirms 

that the fluorescent stain is confined to the neuromuscular 
, 

junction. (S,~) Another muscle fibre, fxom rectus 

femoris antieus of Xenopus, stained as in (~) and (~ 

respectively. 
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PLATE 3 

Effects of cholinergie agents on fluorescent 

staining of tafl musculature from stage 47-49 Xenopus 

tadpo1es. '(!.) Hemisected taU, stained for 20 min 

with 10-5 ~/~1 tetramethy1rho~amine-la~elled toxin. 

(lD Another pisected tail, treated as in. (!> but 

10-4 gm/ml d-tubocurar1n& chlorid~ was present for 

20 min bafore, during, and for the rinsing period 

after exposure to dye-toxin conjugate. (c-e) Hemi-

sected tails, treated as in {~) but instead of curare 

the same concentration of carbacho1 chloride (~), 

neostigmine bromide (~), or atropine sulphate (~) W8~ 

present. Photogràphic conditions yere identita1 in 

~ach case. Note that the fluorescent sta.ining waB 

decreased by curare ~nd virtually e1iminated by 

. -carbachol, but was unaffected by neost1gmine or atropine. 

(f) \Hemisected tail, stained for cholinesterase and 

, . inclicating a similar pattern of dis'tr.:lbution liS the 

fluorescent st~1n. 
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PLATE 4 

Fine distribution of fluorescent stain at 

amphibian neuromuscular junc~ions. Face-on views 

of part of frog sartorius neuromuscular junction 

stained with fluorescein-labelled toxin (!) and 

Xenopus sartorius neuromuscular junction stained 

with tetramethylrhodamine-Iabelled to~ln (~). 

Note the intense transverse bands of fluores,cence,' 

and the fluorescence of lower intensity between them. 

Note also the absence of staining beyond the synaptic 

borders. (S,~) Side views of part of Xenopus sartorius 

neuromuseular junctions staine~with tetramethylrhodnmine-

labelled toxin. In each case the muscle fibre oecupies 

the lO·Ner portio? of the field. The fluorescent staining 

consists of a fine line with small protuberances 

occurring at intervals similar to those of the intense 

transverse bands in (!) and (~). The intense bands ,.. 
(!,~) and the protuberances (~,~) probably r~flect the 

st.~~ of .C.tYlc~line receptors on ,the membrane of 

the jun~tional folds. Th~ fluorescence between the 

intense bands and between the protuberances probably 

ref1ects stain associat~d with ace.tylcholine réceptors 

on the' subsynaptic membr~ne lietwe~n j\l'nctional folds. 

Scal,e in (~) a1so app.l1es to .(~) and (E:)" 
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CHAPTER 3 

EFFECTS OF INNERVATI~ ON 'rn~ DISTRIBUTION OF ACF.TYLCHOLINE 

" " 

" . 

.. , 

RECE,Pl'ORS ON CULTURED AMFHIBIAN MUSCLE CELLS 
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1. Myotomal muscle cells fram embryos of Xenopus laevin were 

cultured as a ,monolayer eithér alone or together'with neural tube cells 

from the same embryos. 

2. Spontaneous twitching and contractions evoked by electrical 

stimulation of neutona1 perikarya were observed on1y in nerve-contacted 

muscle c~lls, and could be abolished by curare or «-bungarotoxin. 
, ~ ~ 

3. Within 2 days in culture muscle cells not contacted by nerve 

developed one or more discrete patches of acetylcholine (ACh) receptors 
\ ~ 

as revealed by staining with fluorescent conjugates of cx-btplgarotoxin. 

Similar patches were also seen whert staining was carried out àfter 

pà1:'af,ormaldehyde fixation, suggesting that they were not induced by the 

dye~toxin conjugate. 

4: Radioautography after labelling with 1251_ 0( -bungarotoxin 

revealed patches w~th graip densities approximately 25-fold greater 

than over the remainder of the c~ll. 

5. Fluorescent stsin on innervsted cells was festri,eted to the 

,path of nerve"muscle .contact and somet:1mes extended for greater lengths., ~-' 

, • \. J " ~-------~ 
th4n the large,st patches seen on nC1n-cQqtscted muscle cells. 

6. Similar 10n$ .bà~ds of stain ~ssociated with nerve-m~scle contacts 
b ' 

""'ere 'obsèrved when c;ul tures were .. gro-ym in h1gh. concentra trc;ns of curare 

and carbachol which prevf;!flted spontaneous t,,'itching. 
• 0 1-

They were als~ 

seen in cultures ip wh:Lch the. àdditi~n of néural tu1$e 
, " 1 • 

cell-s wae derayed. 

for 2"3 days'. 
4' , 

7... It 1a concluded that innf!rvat'ion caused recept6rs to ~.fc:umutte. 

'at sites of n'érve-muscle contact and that tbis process ci,n operate 
: ~ " "', 

independently of m\,lsele aetlvit~. 
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INTRODUCTION 
(""?*' 
\ 

It has been known for many years that in skeletal muscle sensitivity 

to ~Ch ia localized alrnost exclusively at the region of inne~ation 

(Langl~, 19~,vJ(uff1er, 1943), :2)e iontophoretic technique (Nastuk, 195'3; 

de1 Casti1lo & Katz, 1955) and the subsequent app1icati~n of Nomarksl 
(.) 0 

optics (Peper & McMahon, 1972) ,have grestly improved the 'spatial reso1ution 
" ...... 

Qf such measurements and lt 1a now c1~ar that ACh sensitivity la restticted 

1aJgely, to tl1e subsynaptic membrane. !For example, sensltivity has pêen 

xound to decllne flfty-fo1d within ~ um of the site of n~rve contact 

(Kuff1er & Yoshikami, 1975) and a thousand-fo1d or more w1thin a few 

hundred microns (Mi1edl, 1960bj Dreyer & Peper, 1974). Oth~r inv~stisations, 
, '( . 

1 ~ _, 

in which ACh receptors Eave been 1abe11ed w1th'conjugates of ~-bungaroto~tn. 
~ ~ 

and their,..,dist.ribution examined by rad1oautography, have further indicated, 

thât receptor density is very much higher in the subsynaptic membrane than 
, \ 

in:the remainder of th"~ sarcolernma (Barnard, Wieckowski.&· Chiu, 1971; , , , 

Hartzell & F~brough, 1972; Albuquerque, Barnard, Porter & Warnick, 1974; 
, . , , 

1 

F.-tuck & Salpeter , 1974,1976) .. ,Regions of high chemoge~itivity have i11so 
, ~ .' 

, 'been' observed at Sites of' 9Ynapt1.c cbn~8ct en pa!as.ympa~hetic neurons in 

'. 

. ' 

the' amphibian ~art (Harris, Ruffler &~ Dennïs, 1971; Roper, 1976) and at' 
, . 

excitatory-snd inhibitory synapses in,arthropod muscle (T~keucki & Takeuchi, 

1964, .1.965; Us?erwood, f.1atf,iti & ~eaf\"196,8')'. on the baais of these 
, " ,. ~ . , 

findtngs, it seems, 1i1.<ely that a high 'recé~tor d,:na~y will p,l;ove to be a 

common characte~~tic o~ many chemica1 synapses. . 

The manner in which .. receptor. bec"';'. loca~1u.d at.. :.1"8, dudng the 

course of d~velopment 1s an intr1g~in8 questio~.' .lt has'been-establ1shéd that 
<1 •• , • • 

'\ . 
a t ear1y stages of dev.elopment, ahorJ:ly aft'" innervation' has occurre~,' 

8~ei~~,al mu'sele fibre; have a high 
.. 

sensitivity to ACh "alè~g "their entire 
l . ., 

l ' 

, 1 ,; 
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leng,th (Diamond &. Miledi, 1962; see'dso Berg, Kelly, Sargent, WilHamson &. 

Hall, 1972). A number of experimental procedures aleo lead to the develop-

ment of a widcspl."ead sensitivity in mature muscle fibres. Sinee these . 

1 
procedures restore the muscle fibre's ability to accept new innervation, 

it has been suggcsted that sensitivity to ACh may be a prerequisite for 
li 

the establinhment of nèrve-muscle synapse.p (Katz Sc Miledi, 1964; Fex, 

Sones,aon, Thesleff &. Z~lE'na) ~966). More récenl:ly it has been fouTld that 

avian and rat myotubes in ceU culture develop not only a w1d'espread 

distribût1-0n of receptors " but a180 patches of eve\t greater density' (Voge1, 
't. 

Sytkowski &. Nirenberg, 1972: Fischbach &. Cohen, 1973; Sytkowski, Voge1 &. . 

Nirenberg, 1973; Hart~eti &. Fambrough, 1973; Vogel &. Daniels, 1976). This 

has raised the. possibility that receptor' patches are potentia1 sites of . .' 
innervàtion ~hich grq~ing,nerve fibres séek àu~ (Sytko~ski !!, !l., 

.\ 
/' 

l~73; Fischbach &. Cohen, 1973). On the other hand, the distrib~t1o~ 
, 

of ACh rece~tors ~rior to inner~ation has not been determined for the 

'case of normal embryonic development, 1 t is therefore- necesssry to, 
,: 

cons1der the alternative pos,sibil~ty that innervation· itseH induces a 

high density of, ACh rec.e.ptors o~t the site o~ conta.ct;, 'jU,st as 'it is known 

<to lnduce fu~~tional folds 'and éholinesteras~ (MU'edi, 1962; C9uteaux, 1963). 
, If <;II' 

We have explorèd th~se pOGsibilities in ce11 cultures of myotomal muscle 

,and neural t,~lbe derived from embryoB of XenOp119 1aevis. The muscle cella 

and neural tube cells deve10p rapidly in culture and estab1ish many 

functional synaptic contacts. The cuitures~have other useful featuresj 
.' 

they can be maintained under relatively simple conditions àt room temperature 

witnout antib1otics" and with li tth contamination. by other cell types, 

In addition the muscle cells remain mono'nucleated and do not proliferate, 

lt i8 of interest to note thst the firet indication of nerve-muscl; synapse 
'" 

n 
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~rm.tion in Vit." ia foun~ in R. G. H ••• is09', (~910) ol.,aio.1 atudy in 

~~Ch he UB~d explants of these tissues to demonsttate axonal growth. 

I~the present study we have examined the distributipn of ACh recept~rs 

wit~ fluorescent conjugates -of o(-bungarotCixin (Anderson & Cahen, 1,974). 

This pa~e~ describes the rapi~ and,dramatic changes in 'receptor 9tstributioh 

which occu,r when the muscle; cells ,become innervatèd., Tb.e following paper " 

considera the man~l; in which these changes are brought about (Andetson & 
'f. " • ' ~_ 

\. Cohen, 1976).. Brief accounts of th1s work have been reported. (Anderson & 

C,ohen, 1975; Af!.derson, Cohen & ZO'rychta, 1976). 
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METHODS 

Pre~a;ation of cultures 
1 

Mating was induced in mature Xenopus laevis toadè by injection of 

~hori~ic gonadorrophin (Ayerst) into the ~orsa1 lymph sacs as, described 
,. 

by Nieuwkoop & Faber (1956). ,Approxlmately 24 hr after fertilL~atiQ~ 

norma11y developing embryos were transferred tp a steri~e dissecting 
.. 

medium and'thereafter all:pro~edures Wére carried out under sterile 

conditions. 'Dorsal portions of 8tage 22-23 embryos (Nieuwkoop & Faber, 

1956) were isolated by dissect~?n and incubated fot 30-6Q min in a collagenase 

solution in order to facilitate. the separation of neural tube, myotomal 

muscle and notochord (Text-Fig. 1). Either of the following three types 

of culture 'was then prepared. (1) Mixed nerve and muscle cultures,: Isolated 

neural tubes an~yotomal muscle were bathed ~n a trypsin-EDTA solution for 

abou~ r hr and then ~ently agitated in order to enhance their dissociation. 

The .ce11s were then plated dircctly in the sarne- culture c~~ber. One day 
\ . 

- ' 
later the plating medium was replaced-by a maintenance medtum, and thereaft~r, 

the cultures were left undisturbed until re,9uired f,!r ex·perin\e'nta~ion. 

(2) Muscle cultures, free of nerve: In this case oRly" ieolated muscle was 

dtssociated and plated. Otherwise, the procedur~:s we're tl?e' 8'am~ as for the 

~txed cultures. (3) Muscle cultures to wh~cn'-neural twbe cell.s were added 
• r", '. , 

after 2~3, days: Muscle cultures.were prepatea as, aboVè and isolat~~ ne~ral 

tubes were stored at 4-lOoC in plastic Petri dishell .(Falcon) 'corttd.ning; 
, ~ 

, 
'plating medium. After ?-3 days the neurâl tubes w~~e di~socinted and add\d. 

As de8cribc~_ below the maintenance medium was modified immediately before 

neural tube cella were added in order to jacilitate their adhesion to the 
1 

culture ~ish·. 
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TEXT - fig. 1 
... 

" ... , . 
.. 

,1 ... .,. 

Diagram illustrati~g a portion.~f the dorsal 

region of a stage 22-23 Xenopus emb~yo after 

removing the skin. On either side of thé 'neural 

tube and notocho~d there are 9-12 myotQmes only 

thtee of which,lare shown. Each myotome consista ... ..-' '\ 

.... of about 100 musclé cells. approxlmately 109 um ., 

long" and 10 um in diameter. The cella are 1aden 

with yolk granul~8 and inn~rv.tion is just 
i 

beginning (Nieuwkoop & Faber, 1956; Muntz, 1~75). 
1 

Treatment w~th collagenase a~lows the myotomes 

arid neural tube to be separated frOID each other 
" , 

~nd from the ncStochord. 

1 • 
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AU procedures were carried out st room temperature (21-24°C). 

(Text~fig. 1 nesr here) 

Solutions and culture media 

Dissecting medium: JL~15 (Giheo), 60% (v/v); dialyzed horse serum 

(Gibeo), 5% (v/v); ~ycastatin (Gibco), 50 units/ml; gentàmycin (Schering), 
,v 

50 ug/ml. The latter: two agents are effective .in ,eliminating the f~ngal 

and bacterial contamination normally ~8soc1ated w!th Xenopus eggs 

(Laskey, 197~). 

Collagenase (Type l, Sigma) was used at approximately' l mg/ml in 60% 

L-l5. ' 

D1ssoci~tion,medium: a solution (Gibco) of tfypsin (5 mg/ml) and EDTA 

(2 .. mg/ml). was diluted to' 20'7. {v Iv) w1 th a R1nger solution containing 67 mM 

NsCI, 1. 6 lI\l'\1 KCl and 8 tl'lM HF.Pn:S buffer (Oibco). 

Plating medium: L-15, 60%;, dialyzed ho~se serum, 5%; Halmes' ~-l-protein 
, " 

(Gibco), 0.2 ug/ml . . 
Maintenance medium: L-15, 60%; Ho~mes' ÇI(,-l-i>rotein, 0.'2 ug/ml. Serum 

wss omttted because its continued presence at a concentration of 5% caused 
, ' 

myotomal muscle cells ta degenerate within 3-4 days. However, some serum 

was found to be eBsential for the attachment of cells to the culture dish. 
-

As a reBult when neural tube celIs were addéd to 2- and 3-day-old muscle' , . 
1 

cultures the maint~nance medium was supp~emented at the same time with up 

t~ 1% dialyzed horse serum. l nlp.se levels of s~r~ caused- granulation to 

occur in some muscle cella, but they remained viable for at 1east another 

four days. 

For some e~pcrimcn ta the plating and maintenance media" aIso contained 

10 .. 5 ~ 10 .. 4 g/m], èarbR.~hol c'hloridc .(Mann) or 10-4 g/m'l d-t.ubocurarine 

chl'oridc (~isma) .. 

;"" 
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All of the above media were prepared using starile disti11ed water 

(Gibco) and when necessary pH QSS adjusted to about 7.2 with NaOH or HCl. 

Solutions of non-st'~rUe ~gents were stertlized by double filtration 

tbrough MÙl~pore membranes (pore' size: 0,22 um). 
, 

Frog Ringer contained, in mM l, " ! NaCl, 111; RC1, 3; CaCl2 J 1. 8; 

Tris maleate buffer adjusted to PH 7.4 with NaOH, '5. 

Culture chambers 

When cultures waret to be fixed after fluorescent stairli,ng a' simp,1e , 
, . 
çhambet<wss frequently uset! Which èonsis,ted of a.glass ring on a collagen-

coateq glass coverslip, After filling'w~th medium (volume: about 1.8 ml) 

and adding dissociated tissue, the chamber was sealed by plscing another 
"u 

glss,s coverslip on top of the glass ring. All connexions were made with 

heat-ster11ized silicone grease (Dow Corning). Affer staining and fixing 

i the cultures ~ th~ col1agen-coated covers1ip wlis removed and mounted on à 
, , 

glass slide for examination in. thé fluorescençe microscope. 

When fluorescent staining was to be examined in living cultures a more 
, , 

complex chamber was used (Text-fig, 2). The floor of the chamber also 

consisted of a collagen-coated glass, coverslip but tn this case it cov~red 
. . ' , 

a ho,'l~ (16 mm diameter) in a glass slide; ,On tO}) of the slidé, surroul'ld:tng 

the hole, was a glass ring, The chamber was held together with silicon~ 

grease and scaled as above, After fluorescent staining the glass ri~g was 

remove'd and a covers1ip set directly ov'er the ho1e in the glass sÙde, 

(Text-fig,2 near hare) 

Electrical stimulation , 

... Cultures were placed on the fixed stage of an inverted phase contra8~ 

, " , 

, , 
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TEXT fig. 2 

1 J 

1 1 J 1 , 
: \ 

"-

Diagram illustrating a side view of the culture 

chamber, The ~loor consists of a collagen-eoated 

covers1ip which covers a hole (15 mm i~ diameter) 

in a glass slide •. A glass ring (9 mm high) resta 

on the dide and 8urrounds tpe hole. After filling 

tbe chamber with me~ium and addins' .. tissue to it, 

the top 1& covered with a second c,oversl1p. All . \ 

connexions are sealed with silicone grease. , The 

~iagram ia not drawn to scale. 
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Zeiss microscope and grounded by an agar-Ri~ger electrodc. Electrical 

r .. 

" 

pulses of about 1 mse'c duration were del1vered through a glass, Ï!'icroelectrode 

fi11ed with 'frog Ringer and h~ving a bevelled tip of about 2 um diameter. 

Stimulus intensities rcquired to cvoked muscle contraction by direct 

stimulation were at least five~fold greater than for èvokinS: contractions 
.. 

'by stimulation of neuronal cell bodies. 
, , 

Fluorescent staining 

«-Bungarotoxin and its conjugates with fluorescein isothiocyanate 
, 

(BBL) and tetramethy1rhodamine isothiocyanate (BBL) w,ere pt:eparpd as 

pr~iously ~escribed (Anderson & Cohen, 1974), except that the final 

solution's wcre equ1liprated with 'frog R;ln~~r instead of with 0.05' M 

emnon1~ acetate buffer.' Stock solutions (10-4 - 10-3 g/m1) w~r~ sto~'ed, 

frozl;'n st' -400 c and thawed when required. Rhodamine-~oxin "conjugates' had 

a potency of 5-10% re1a~ive to native toxin, as determined by tests on 

Xenopus tadpole taUs (see Anderson tic Cohen, 1974). The patency of 

f1uorescein-toxin conjugates W8S 1-3%. 

Cultures were stained by exposing them to f1uoresc~nt toxin (10- 5 g/ml 

in platins medium) for 20-30 min at room temperature. After r1nsing with 

60% L-15 the cultures were e1th~r fixed by immersi~n 'in cOld (-160 C) 95% 

ethana1 or exam1ned al1va. Ethano1-fixed, cultures were rehydrated briefly 

with frog Ringer.- When fluoresce1n staining was to be observed the fixed 

cultures were mouoted in 90% glycero1 containing either 0.1 ~,sod~um 

carbonate (pH 9.5) or O.l}t Tris .buffer (pH 9.b). Whcn an1y rhodamine 

staining was ta be o,bscrved the cultures were mounted in pure glycero1. 

Staining appeared brighter'in fixed, glycerol-mounted, cultures t~an in 

living cultures but the staining patterns were simi~ar. 

li 
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: 'Fl:uo,r,es~~<l. mieroscopy 
- ' 

in earJy experiments fl.uarescent stsining WB,8 oblferved, wieh a 'ZeiJls -.' 

micr&scope using' t~~nsmitted'dark-field illumination as previously described , '. 
,(Anderson & 'Cohen, 1974). More rece~tty ,wc have, used incident 'ill,Ull'Iination, 

employing. th:e ZeUs 11.1 RS,epi-condenser. '.W1th this lat,ter system the ,9ame 
• • .. • l " ~ J 

fi:eld, can alS'o be' exaroined direqt1y'with phase ,èontrast optlcs. For 
l 1.... '\ ... 

excitat1.on of fluorescein the li8h~ fr,011\ an HB0200/W2 lamp wa,s passèd 
, . , 

through a~ ~P4S5 filter ~nd a KP500' i~terference filter. For rhodamine' 

KP600 a~d gP546. interference" fil te~-e were ,uscd . 'The ~orre~pondi~g barrier 

f~lters wer~,an LP520'for fl~or~8ce!~ and a"kodak No. 23A fo~ rhodamine. 

Livi~g cultures' wer~ a1ways examined with ',inciden,t p~umination and for 

rhodami~e '~taining an extra BP.546 'tU ter was p1aced :Ln the excitation , , 

: path. ' 

Kod8'~ Tr,i:;X 35 'nun film, proccssed to ASA 1600 in Acufine Developer', 
" . 

was used in preparin~b1ack and white micrographs. For co1or m1crographs 

, High Speed Ektschrome, pro"cessed to ASA 4e~, was used. 

: 

o 

Radioautograph:y; 

~-Bungarotoxin was co~jugated with carrier-free 1251 (new Eng1and 

Nuclear) by ch10ramine T oxid~tion as described by Berg et al. (1972) and 

-separated from the reaction mixture by chrornatography on Sephadex G-25. 

The 1abclled toxin had an initial specîfic activity of 2'0,0'00 tpm/ng. 

Radioactivity was measurcd in a gamma ~cinti11ation ~pectromet~r (Nuc1car 

Chicago, Mode1 1185). 
\ ! 

Cu1t~res were cxposed to the'radioactive toxin (10- 6 g/m1 in plating 

medium) for 20 min. After rlnsirtg they wcre ,fixed with 3~) glutaraldehyde 

in 0.1 M"sod~um phosphata buffer (pli 7.0), rin8~d.with bUffer, dehydrated 

' ... 

" 
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in ethanol, de~t'ea.sed in xyhne and, then t;eturned ~Q .e.tbanol. The 

coverslips containing the ,cu1tur.ed;' cella we're dri'rd 'in air 4t t'oom 
• .' l ' ~ 'J '. 

temp~râture, coated with Kcdak NTB-2 emulsion aqd'; incubat~d in" the dsrk 
- ' , , , , l ' " 

at 4~C (KC;;priwa & Leb1ond, 1962).', Radioautographs were developed in ,1 1 

'Kodak DH(j 'at l$oC' .nd fiXed with 0,24 s/ml .Odit thio;ul phate, . \ 

, . Grains were' ccunted at a magn1flcaticn of 1;250 Urnes, and areas 

Ft;)r path~" contain~~~,.' h~Sti 
gràin density an area of 64.um2 Qr ~ore was cc nted. For grains Qver 

l " • , ,t 

" , 

thé rèst of the ceU the auas that were l'counted were at least fifteen 

were determ~ned w:l:th an 'eyepiece grid. 

,1 

times' 1arger', ,To e~timat~ the areà of- a' de~8e patcl:l relaUve to 

the r~ainder cf the e~U. photographie 

respective 

'. 

parts and welghed. 
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'RESULTS 

General dèscrtption of cu1tu~e8 
..r- . 

Muscle .cultures 

D1ssociated muscle cells attached to the collagen sub$trate 'and , .. 
.beg~n· to 'elongat~ within 12 hr. The m~jority reacquiréd ,a ~ipo1ar 

" , 

configurdtiç>n, usuatly with Beve!~l proj~çtlons emérging aiong the'ir ' 

lengt\l, but ~thers ,deve'ioped a more,s'tellate app~rance (Pl.l). StriatiohS, 

. having a" periodicity of Jlbout 1. 9- um, were observed \;jithin onè, dz1y and . ' :. 

increas~d in promin~nce dur~ng the following 3-~ Da~s. Ov~r'the s~e 

period most of the yolk 'granule~ originally pre$ent in the cella were 

con~umed ànd the celle grewan size. Bipolar ce1ls attained lengths of , , . . 
up to 30~ um and widths of up'to 40 um. The cel1s a1so increased in 

thickness àrtd after about 4 d~ys began to lose 's~e of their finer, 

processes. 1'hroughout the period that the cultures were maitltained 

(up to 1 week) the muscle ce1ls rema1ned mononucleated and dtd not 

migrate on the culture dish. 

Each culture contained several hundred muscle cells as we1l 8S a few 

,,' 

other cellso, snch as fibroblasts and an occaslonal me1anocyte. Contamination 
L ~ 1 

, 
by neural tube cells was rare, occurring in le,B8 than 10% ,0'1: the more than 

40 muscle cul~urc8 oxamined in this study. These contaminated cultures 

never contained more than four n~rve cells, and were not included in 

·further stud tCEl. 

Muscle contraction did not occur spontaneously but could be ~voked by 

direct e1ectrical stimulation and by application of ACh and carbacho1. 

Both d-tubocurarine and ~-bungarotoxin were ef~cctivc in b10cking the 

action ~f the cholinergie a*o~ists but did not aff~ct contractions evoked 

by e1ectical stimulation. Contractions of sufficicnt intertslty èsused 

the cells to detach from the s~bstr.ate, resu1ting in irreversible damage. 

" 
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,-
Mixed cul tut'es 

Neural tube cells in culture occurre,d' e1ther 'in isolation or 1.n small 

clus,ters, and had spherica"1 perikarya which wet'e 10-20 um in diametet'. 

During the first day processes bElgan to emerge from them :ln .. the manner 
) ,/ 

or1.gina11y des cribed by Harrison (1910). TheBe nerve processes, continued 

ta grow ~or 2-3 dayB and contact,ed many muscle cells (Pl. lB), Rowever, 

aftel' 

nerve 

the g 

e thi~d day'nerv~ gt'owth appeared to cease. In fact fewer 

ocesses and nerve-muscle contacts were observed in ,4-5 day-old 

s than 1n 2-3 day old ones, This 'retraction of nerve processes 

absenee of serum 1n the culture medium after the first 

e Methods), Although the continued p;r:es\ e~cè of ,s'erum faci1~tated 
. 

processes it also çaused the myotomal muscle ce Ils 
, - , 

• 
to de enerate wi;thin 3-4 ~ays •. ,' 13y wttPdrawing set'lUn from the cultures 

after the first day the, mu~cle ceJ,ls, remained,.viable for at, least a week. 

erve-muscle (',ontacta seelned t'o have uo 'pl"~fe::t:recl locatlon or' . 

orie tation (see Pla. ~'and 6). 
, '",. 

Frequently the,nerve grew slong -the 
, " '..' 

edge of mUl)cl e cells bu~ in ma.~y ~ases it cours~d ov~r th,e musere eell, 
, 1 

eithtr on the surface facing the collag<!n substrate of the cultu,re dish 
\ 

or gn the opposite frQe surface', Sorne of the contactE! ,were 'orientedl
, 

1 

lon$itudinally with reRpect 1:0 the ~USClé ceU axis whereas others had .. 
i' ( 

a' transverse orient~ tion, They occurred in virtuallY.~J'ny region of the 

muscle ceU and varied greatly in length. 

Single electrical stimuli applied to nerve ecU bod:les evoked' 

synchronoua contractions in many of the contacted mUDc\e cells. 
, 

j 
Sp,ontaneous 

contractions Werc a1so obaerved in sorne of the nerve-contacted muscle 

eells. Their frequency ",as usually low but conld be quickly and 

reversibly augmented by th~ addition I!If 1-270 serum. B~th. spontaneous and 

evoked contractions were reversibly blocked by d-tubocurarine (10- 5 g/ml) 

1 

.. 

, ' 
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and by magnesium (10mM») and were irreversibly blocked by "' (I(-bungarotoxin 
~ 

(10-6 g/ml for 20 min). These .f'inding's indf.cate that 'muscle cella had 

become functionally 

in explant cültures 

Mùscle cultures. 

innervated, 'as was previously shawn' to be the 
't 

case 

;: these :~e tissue, (Cohen: 1972)., // 

.;;P..;;;a;.;;t..:;;t.;;e.:;.r.:.;n;.;;s---.:;;o.:;.f--=.f.:;.l..:;u..;;;o..::.r...:;€..:;.s..:;.c.:::.ET.:.;n:,.:t ...... , ':;'S..::t.::::~.:;:;ir 

////' 

One or more patches of fluorescent ~tai~~wêre pbserved on virtually 
/' 

'" ,//, J 

e'Vèry muscle cell in fourteen cultu.res examined 2-5 ds,ya, after pla'ting .. 
. 

Actual counts were made in 8even cultures; 2-4 days old. 'In each case 

abo~tl one hundred muscle eells,were examihed, and out of a total of six 

hundred and fifty-two cella only one was observed wbich did not have a .. 
.' 

.' pàtch of. stdn. On the other hand fliiprescent 'statn was never seen on 

fibroblas ts" mélanÇ>cytes, or ~ti~~r non'-mu~éle' cel,1- types. 
, a , 

• • 
Several eX8;IDples 111u~trat:ing th~ diver.sity. of the patches 'of stain -

are shawn in P1s., 2. 3 and. ~. .~1~6oU8h re.re . w.. con'ider~~:. :v.~I~U.on . 

from, ceU ta cell in the locatioh, n~ber," è1ze and configura~io~ of these 

, patçhes some g~ne'ralization" can De made. Their most cOmmQn, location 

was ~t or near, the end~ of cells" br ctÙl proc~sses, On the, su~face fa.r;ing 

the coUagen subst;ate (Pls~ 2A,B,E,F:3A,B) •. Another ëommon lo'cation was 
, " '. , . 

on the free surface in more centt'al regions of the: cel('(Pls. 3C,D; 4A) •. 

However patches on th~ frec surfa~e sometimes occurred near tBe ~nds of 
, , 

cel,ls (Pl. 3E,F) and those on the collagen surface alsi:> oecurred in 

central regions. Less frequently patches w~re dso situated on the, edges 

of cells and could' not be visual1zed face-on (Pl. 2e, 0)'. Patchès on the 

sarne aCcU ftl!rl 'belongcd to more than one" of these c~tegor~es. (Pls: 2C,D; 
, ' 

If' '. 11 ~ t?' • 

cells 'tended to have mpre and lar~ot;. patchcà and in s~e 4A)./, .Larg 
• , 1 

inst:ances as seven distinct patches were sean on a singlè cell, 
1 

! 
, , 

" 

,., 
" 

.' . 

1 
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However, even on the largest cells patches usually axtended for 1nss than 

20 um and never more than 40 um. When they occurred in central regions of 

cells they never extended from one edge of the cell to the ot~er. 

Individual patches of stain had fairly distinct boundaries but the 

intensi ty within the patch was frequently non-uniforTIl. Thus many patches 
t 

appeared to be compound structures composed of nurncrous lines or<spots. 

TIlei~ substructure varied according to their location on the cell. Patches 

on the collagen surface were usually composed of a series of fine lines of 

~lternating intensity generally oriented parallel to each other (Pl. 2E,F) • .. 
On the other hand, patches on the free surface consisted of either compact 

arrays of smaii spots (PIs 3e; 4A) or c~p1ex arrangements of\thin lines 

sornetimes oriented in a stellate pattern (Pl. 3E). Often there appeared 

to be littic if any fluorescent stain between the lines or spots. 

\liXf'd cu l t ure s r_ 

Fort y mixed ~tures ranging in age from 2~5 days were examined in 
.1 

this study. In six of the cultures which were 3 days old sorne of the 

innervated muscle cells vere first identified on the basis of spontaneous 

twitching or contractions evoked by electrical stimulation of the 

appropriate nerve cell bodies; they wer.e then stained and examined alive. 

In every one of 78 identified innervated muscle cells staining was 

testricted ta the path of the innervating nerve process and there were 

no patch.es of stain elsewhere on the cell (Pl. 5). Indeed the distribution 

of stain in most of these examples was dramatically diffe~nt from thnt 

" found either on the ce lis in muscle cultures or on non-contacted muscle~ 

cells in these mixed cultures. Such distinctive staining patterns were 

seen on man y of the nerve\{ontacted muscle ce1ls in aIl mixed cultures, 

and a variety of examples ar_e shown in P1,s. 4B,S and 6. Thé following 

description ls based on the \talning patterns seen in aIl 40 mixed 
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cultures of varying ages. 
.. , 

Stain was associated \iith nerve-muscle contacts independently of C' 
their locatiOn on the muscle cell. In sorne cases the staining appeared 

as a fine line along the edge of the cell (PIs. 5E; 6C, E) and in other 

cases it appeared as a narrow band either on the surface facing the 

collagen substrate or on the opposite free surface. These face-on examples 

seemed ta hoive no preferred orientation with respect to the 'long axes of 

the muscle cells or their processes. Thus in sorne instances the bands of 

stain had a longitudinal orientation (PIs, 5A; 6D) whereas in others 

they extended across the cell (PIs, 5G, I; 6D) or even across s veral 

cells in succession (PIs, 4B, 6A) . Interestingly the bands an lines of 

stain were frequently located in the central regions of muscl cells. 

This is in contrast ta the situation in vivo where the myo otnél' rmscle 

~ 
cells are innervated excluslvely at thpir ends (Lewis & Hu hes, 1960). 

Viewed at high magnificat ion it was apparent that the distribution 

of stain along the path of n'erve contact vaTied considerably. Occasionally 

the staining continued ~ithout interruption alon~ the en tire length of the 

contact (Pl, 6A, B), MO'st often, however, the bands were discontinuous and 

consisted of a seriès of $malI irregular regions of stain (PIs. 5; 6C,D). 

In still other examples the stain was limited ta only a portion of the 

contact. Sorne bands of st~intense ~orders parall~l ta the path 

of the nerve (PIs. 4B; 6A), b~j in the majority of examples this was not 

the case. Nevertheless th~fndS of stain always had ,.,ell-defined 

boundaries where the staining intensity changed abruptly rather than 

gradually. Their widths ,.ere variable. even along the path of a single 

contact,and usually had a range of 2 - 5~. However, the bands of stain 

often exte~ded beyond the diameters of the corresponding nerve process 
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(Pl. 5A,B,I,J) suggesting that the stain was assaciated mainly if not 

" entirely with the muscle cells. Indeed fluorescént stain was never found 

on nerve processes as they coursed over the culture dish or over other 

cell types such as fibroblasts. 

\ 

The lengths of the lines and ~ands of stain were also highly variable. 

Thus, while many were less than 20 um sorne extended for more than 40 um 

and occasionally for as much as 100 um (Pls. SA,C; 6C,D). This finding 

ls of particular significance since the patches on non-contacted muscle 

cells were never more than 40 um in their greatest dimension. 1n addition, 
o 
unlike the patches on non-contacted cells, the bands of stain sometimes 

~ extended entirely across the central regions of muscle cells (PIs. 4B; SI; 

6A~ These examp1es therefore can not be explained simply in terms of the 

nerve having contacted pre-existing receptor patches. Instead they 

indi~Rte that the l~ca]ization of at 1east sorne of the receptors along 

the path of contact was neurally Induced . 
..... ~ 

Lines and bands of stain sometimes appeared to extend beyond the 

region of nerve contact and in a few cases were also found on muscle cells , 
which had nO apparent, nerve contact. These làtter examples were seen only 

in regions of the culture which contalned neural tissue. They can most 

likely be explained either by diffi~lty in resolving very fine nerve 

processes in the 1ight microscope (see a1so Fambrough, Hartzell, Rash & 

Ritchie, 1974), by mechanical displacement of the nerve process during the 

staining procedure, or by spontaneo~s retraction of the nerve process. 

Sorne retraction clearly did occur with aging of the cultures and an 

example of retraction associated with a modified pattern of stain is 

given in the following paper (see Pl. 6 in Anderson & Cohen, 19.76), 

Although innervation was invariàb1y correlated with a localization 
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of stain along the path of nerve cont~ct 80d with an absence of stain 
• ( 1 

elsewhere on the cell, such distinc patterns of stain w~re n~t 

associated with aIl nerve-contacted Instead some muscle cells 

had little or no stain along the path of In these cases 

there was almost always additional stain on othér regions of the cell. 

This staining sometimes consisted of the characteristic patches associated 

with non-contacted muscle celYs. On the other ha~e staining pattern 
( 

~as sometimes markedly different and consisted of a scattering of small 

fluorescent spots over ~ large portion ef the cell. This latter form 

of staining wa~ observed more frequently in cultures where addition of 

neural tissue was delayed for 2 - 3 days (see below). 

~ 
Addition of neural tube cellG!h,?-and-3-day-old muscle cultures 

The results described so far fndicate that contact of a growing 

nerve fibre with a pre-existing patch of high reccptor denci ty can ~ot 

Bccount for aIl of the staining that was associated with nerve-muscle 

contacts. Indeed since the nerve and muscle cells were plated simulta~eousiy 

the receptor distribution prior to innervation was unknown and patches may 

never have been present. It was therefore ~f inte~est to determine whether 

the nerve would induce a similar localization of receptors if innervation 

was delayed until patches had already developed on aIl muscle cells. This 

possibility could be readily tested because aIl the muscle cells in "pure" 

muscle cultures developed characteristic recept~r patcheé within two days 

of plating. Muscle cultures were therefore allowed to develop for 2 - 3 

\ 
days during which time they were carefully e~amined to ensure that there 

was no neural contamination. Freshly diss@ciated neural tube cells were 

then plated. 
1 

Within one day gtowing nerve processés contacted many of the 
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muscle cells, sorne. of which began to twitc~ spontaneously, indicating that 

innervation had occurred. were stained with 

fluorescentCtoii~ 1-2 days 

Altogcther six such c~lt~res 

after ,the additio~ural tube cella. ù 

In each of these ,cultures the staint"ng" patterns on nerve-contacted 

cells were similar to those described for cultures where neural tube cella 

were present from the start. Most significantly lines and bartds of stain 

wére associated with paths of nerve-muscle contact, and sorne of these 

extended for more than 40 um (Pl. 7A,C) or crossed the' entire width of the 

cell. In such cases there were usually no characteristic patch~s elsewhere 
~ 

on the cell, One interesting difference, however, between these cultures 

and those in which neural tissue was present from the start, was that in 

many more instances there was a widespread speckling of small spo~s of 

fÎuorescent stain (Pl. 7A,E), particularly on the first day after adding 

neural tissue. This speckling was usually ;ost extensive 

cells which had relatively little stain along the path of 

on those muscle 

nerve-muscle contact. 

Furtherinore, it was never seen on non-conts\ted muscle cells in regions of the 

éulture devoid of neural tube cells', or in two additional. cultures which were 

treated ~n thè same manner (see Methods) except that neural tube celle were - . 
not added. Instead the non-cont~ted muscle cells had~only the characteristic 

patches of stain. 
, 

• These ob$e .... vations therefore indicate that the nerve can cause both 

a rapid accumulation of receptors at sites of cont~ct, and the de;elopment 

of scattered recptor clusters, on muscle cells which have receptor patches 
\ 

before contact is made. 

Mixed cultures grawn in curare..: and carbachol 
4 

Previous' studies havé' indicated that neuromuscul,ar connections can 

become E'stHblished tn the presence of cholinergie ag~nts which block 

neuromuscula:.· transmission (Cohen, 1972: J,ansen & Van Bssen, 1975). On 

ri 

'. 
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the other hand supresaion of neuromuscular ac'tiv'ity in adult muscle 

results in the appearance of extrajun~U-cna1 ACh receptors (ThelPteff, 
/ . 

1960; Lomo & Rosenthal, 1972; Berg & Ha1l, ~975a: Chang, Chu~ng & Huang, 

1975; Lavoie, Collier & Tenenhouse, 1976; Pestronk, Drachman & Griffin, 

1976). Studies of synapse formation in ce Il cul~ure have led ta the 

suggestion that contractile activity may a1so be required for nerve ,contacts 

to bring about c~anges in the distribution of extrajunctional receptors 

dur~ng development (F1schbach & Cohen, 1973; Cohen & Fischbach, 1973). 

It ~ therefore of interest to determine ~hether the spontaneous .. 

neuromuscular activity in the present e~periments was necessary fo~ the 

development of the distinctive staining patterns on nerve-contacted cells. 
" 

For this purpose mixed cultures were grown from the start, ~3-4' days, 
- -4 

in ,the presence of either d-tubocu~arine chlorid~iO g/ml: 3 cultures) 

-5 -4 /. ( or carbachol chloride (10 - 10 g ml; 6 cultures-). In addition, neural 

tube cells were added to 3-day-old muscle cultures in the presence of 

-4 d-tubocurarine chloride (la giml; 3 cultures) and allowed t6 develop 

for 1-2 days. As in drug-fr~e cultures,nerve 'processes developed.rapidly 

and within one day many could be seen in contact with muscle cells • 
. 

However; as expected, contractions did not océur ~pontaneously under these. 

conditions and CGuld not b~ evoked by electrical stimulation of neural 
,~ 

.,. tube cells. On 'the other- hand, both spontaneoùs and nerve-evoked contractions 

were qbserved within 10-20 min aftèr withdraw1ng the drug. When such 

• cultures were stained after ~insing out the drug the uBual patterns of . 
fluores'cence were observ~d. Muscle eel~s not contacted by nerve had 

characteristic patehes of stain, whereas· sorne of those which were 

contacted had the distinctiv~ lines anq,bands without any patches 
10 

elsewhere (Pl. 8D,F) •. Likewi~e, muscle cells which had little or no statn 
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a'long the path of norve 'contact sometimes had a widespread scàttering of 

small fluorescent s~ots. As in cu~tures grown in th~ absence of the drugs, 

tbis feature was more c~on in cultures where the addition of neural tube 

cells was" d~layed. These results therefore indicate that nerve-induced 
, 

changes in the distribution af ACh receptors occurred by a mechanism which 

is independent of contràctile activity. This finding is extended in' the , 

foll.owing paper which demoastrates similar patterns of stain even' .wh~n 

cultures are grown ,in the près~nce of OC-bungarotoxin (Anderson & Coh~n. 1976). 

Control experiments 

s stainin 
, 

study it was established that ~~bungarotoxin retains 

its specificity for ACh receptors after it has been labelled with fluores~ent 

dyes (Anderson & Cohen, 1974). 'As indicated in Table l, specificity tests 

were also carried in_~he present st~dy. with similar results .. Fluorescent 

stain was barely detectab1e when the staining procedure was carried out in 

the presence of d-tubocurarine (lO-4g/ml ) and wa~ not aeen when cultures 

were pretreated with native ~7bunga~oço~i~ (lO~6g/ml for 20 min). 

Carbachol w.8:s"jaho tested but in this ca'se ene cultur~s were grown in the 

drug fram-the Jtart in order to avoid muscle contracture and damage. At 

'. -4,· .l" concentration of 10 s/ml it completely inhihited flt,lOrescent staining. 
~ 

As expected the blocking effect of native toxin waa not overcome even when 

the cu~tJre$ w~re'rinse~ extensively with toxin-free medium for up to 1 hI'. 

'On the other hand the bl~ckitlg èffècts of curàre ànd-carbachol wete 

quickly reversible. 

expo~ed for 30 min 

curare (lQ-4g / m1 ). , 

For example in one type of experiment cultures were 
~, r ~ ~ 

ta rhddamine-tox1n (lO-Sg/ml) in the presence of 

They were then rinsed for 20 min w!th a med ium free 

of both agents and exposed to (lO-Sg/ml) for a further fluorescein-toxin 

~~ 30 min. 
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• 
Tablé 1. Effects of cholinergie agents~on f1uoresèent stai~ing. F and R 

indieate f1uo~seein and tetramethy1rhodatnine respecti've1y, Cdneentratio~s 

8~e given in te~t. 

Culture 
Medium 

standard 

'standard 

standard 

standard 

plus 
earbaeh'ol 

- plus 
carbacho1 

. , 
r 

\ 

" 

Staining Procedure 

F-toxin 

R .. toxin 

tox.in 

'curare 

c~b~chol , 
R-toxin 

carba"Chol 
F-toxin 

, ' 

.. 

, 

R-toxin 

curare, 
R-toxin 

F-J;Qxin 

R-<toxin 

. '1 

" . 
lI. , 

• Fluorescent Staining 

F R 

.bright none , 
• 

none bright 

F-toxin none none 

F-toxin bright bare1y 
visible 

bright none 

none bright 

) 

.. 

, \ 

" 

1 ., 

, + 
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\ . 
Upon examination in the ,luorescence microscope onl~, the green s~in due 

, -

to the fluorescein 
\ \ . 

conjug~te was observed (P~ •. 8A-C). ~imilar, r~sult!J 
, 

were obtained when carbacllol was used itlsteâd of c~rar~ (P1. 8D-'F;. Table 

1). or- AH of these tests therefore indicate that the stl/-ini'ng is spe.cif.1c 

for ACh receptors. 
() 

Receptor staining was readilY'distinguishable fram yol~ granules 

which' proved to be autof~~oresc~nt. The granules hâd a s~69th appearance 

(Pl., 3C) with 'no single plane of focus, an~ when viewed with f\uor~scein 
Q 

optics they appear~d yellow rather than green. Their presence ~n_ large 

'. nwnb~rs :r;:esulted in a bright glow which obscured the fluor~$cent stain, 

anp bècausè of this we restricted our observations to cultures which were 

.2 or more clays old. Smaller bright refractile spots, also readily 

distingulshabfe from receptor staining,.were seen-in early experimen~s 
1 

in which tran&mitted Light was used for·excitation (Pl. 4). These spots 

, were not observec1 with incidept light fluorescence. 
\ 

Staining after fixat;on wit~ parafo~aldehyde 

Although the patterns of fluorescent st~in_ref1ect the distribution 
. ~ 

of ACh repeptors, it is less clear that they also correS$Ond to the 
. ' 

di~tribution of receptors pridr to bindins w!th fluorescent toxin. " For 

êxample, other ligands such as immunoglobulins and lectins can cause their 

receptors to aggregate in the p~a~alemma (Taylor, Duffus, Raff & de petrt1, 

1971; Ros~nblith, Ukerta, Yin, Berlin &. Karnovsk~, 197~). -rhis elfect 

appears to depend upon the faot that these ligands are multivalent and can 
'" . 

therefore cross-link thetr previousiy disp~rsed receptors~ ~-Bungsrotoxin 

on the other hand i8 a sm~ll univalent ligand (Mebs, Narità, I~anaga, 

Sameji~a & Lee, 1971; Lee, 1972) and wou1d therefore not he expected -t~' 
~ cause changes in the distribution of_ACh receptors. In ~ny event we have 

attempted to exrunine this P08sibility'experimentally, and have based the 

-' 
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te9t on the fact that lig~nd-induced changes in receptor distribution can 

be prevented if the cells are first fixed with paraformaldehyde (Rosenblith 

!! al., 1973; Ryan, Borysenko & Karnovsk" 1974) • 
.; 

, For these experiments muscle cultures were fixed st room tempera~ure ... 
, -2 

for 1 hr with 3 x 10 g/~l paraformaldehyde in 0.1 M phosphate buffer at 

"pH 7.0. The cultures ~lere then rinsed wi th plating medium fo~ at least 30 

min and stained wi th fluorescent toxin. In sorne cases the rinse ,and 

staining we~carried out ln the presence of carb~chol (10-4g/ml). Upon 
~ 

examination with fluorescence optics thé celfs genera11y appeared brlghter' 
, 

than usual, but had characteristic patches similar to those on living cells 

'Pl. ~A,B). Cells stained in the presence,of carbachol alsokappeared 
. . 

brighterlthan usual, suggesting sorne non-specifie uptake or dye-toxin 

conjugatc, but hild no patches of fluorescent sta:l.ning. These results 

indicate that staining spec~fjcity for ACh receptors was r~tained after 

paraformnldchydc fi=u!.~i~rl, nl'ld suggest that· receptor patches er.isted on 

the cells bofare exposure to the toxin." Similar ~oné1usions have been 

·drawn for the patchy distribution ;f toxin-binding sites on cultured chick . , 

myotubes (Sytkowski ~~, 1973), 

125 . . 
Radioautography with l·labélled .toxin 

A1though fluorescent staining caR reveal areas of high ~éceptor 

; 

~ density'the sensitivity or the method may ~ot be sufficiently great to 

o 

reveal lower densities bf receptors (Anderson &,Coh~n, 1974), lt was 

therefore not possible to determine by fluoreSèent staining whether all 
1 ~ 

receptors on muscle cells ~ete localized in ~atches or whether sorne ~ere 

also'~istributed elsewhere on the sarcolemma, In\Order to check this 
~ , 

possibili'ty experiments were carried out in whi;ph' receptor distribution 

• 
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" 125 ' ' 
was asseksed by radioautography us1ng I-labelled OI-buIJ.garo~oxin.' 'For 

4(;\ thèse experim~nts muscle cultures were exposed to the radioactive toxin 

-6 1 (10 g. ml) for 29 mint rinsed, and then processed as described in 'the 

Methods. As expected, patches of high grain density were obsèrved whièh 

were sfmilar both in size and distribution to -the patch es of fluores~ent 
cr 

staining on the ~ree surfàce of the muscle ~ells (Pl. 9C,D.E). In ~ddition 
to these patches a lower density of grains wss'qbs~rved over the remainder ' ...... 
of the cell. Mos't.of the grains aPI?éared to be due te specifie binding of .. 

radioactive toxin to.ACh receptors: thus in a sister culture which was 
\ 

-6 incubated for 20 min with 10 g/ml native tOxin before being exp~sed to 

the radioactive toxin the gr~in counts on the cells'were reduced by 92% 

(Table 2). In one cutture·grain counts were mad~ on 13 muscle célls 

having on1y one obvious patch and the grain densit!es were found to be about 

25 tir.les higher in the patches .than on the rest of the cell (Tabl~ 2). 

Estimates based on ~easurements of relative patch and cell areas further 

, ind'icated' that about 44% of all the grains on thase CÉüls were localized 

~ 1n pa~ches (Table 2). It fo1lows from these exper~ments ~hat ACh receptors 

occurred not only in patches but a1so over tpe entire cell. The density 

·of receptors in this'widelPread phase, however, was too low to be det~cted 

by the· fluore~cent staining technique. 

. , 
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,Table 2 •. Radioautography with _125I -labe1ied OC-bungarotoxin il). 2".-day-01d 

muscle cultures. 

A. .Inhibition by pre-in.cubation with ,native toxin' (IQ-6 gm/ml for 20 lilih): 
Isolated cells were chosen st random, and aIl grains over at least seventy 
percent of each cell'were counted .. Similar'areas adjacent to the cells ' 

J 

were a}so counted in order to o~tain the'backgrouqd grain density. Th~ 
re.sul,ts (mean + stanèrard error) in each case are based on fourteen ce11s 

":'1." ... , , 
or çulture disn areas. Percent inhibition was ca1cu1ated after correction 
fqr background grains on th~ eu1 ture d'ish. 1 

Grain density (gra1ns/64 um2) 

" 
Pre-incuba,ted ,with native toxin No pre-in~ubation 
Culture dish .. , ~ Culture dish CelI' 

0.8 ± 0.1 0.4 ± 0.03 5.4 ± 0.4 

per(:ent 
inhibition 
by natiye 
toxin 

92 

B. Distribution of grains. 
patch of h1gh grain density. 
grains on the culture dish. 

Isolate~ cells w~re chosen which had only one 
Grain'densities are corrected for background 

'No. of 
cells 

, Grain density 
Mgh density 
patch 

(grains/.64 um2'j 
rest of cell 

Grain density 
in ptltch 
relative to 
reat of tell-

Area or 
p'atch 

,relative' 
to re"lt 
of eell ' 

Perc:entage 
of grains. 
in patch 

13 48 + 2 2 + 0.2 26 ± 3 0'.034 ±' 0.004 44 + 3 

" 

~ 1'" - , [ 
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DISCUSSIO~ 

Patches ôf ACh receptors.on non-i~ne~vated èell& 

The present study has demonstrated ,diS,tincti'.le pat:ter'os of ACh· 
, , 

receptor distrib~tion on myotomal muscle cell~ cultured with' and withou't 
, . , 

nerve • Non-innervated muscle cells develop èharacteristic patches' of . 
, , ' 

receptors which tend to occur in preferr~d ~ocations,. SUC~l fj-,s near tbe 

tips of cell ( processes focing the'tollagen.s~bstrate and in central 
l' .... ' 

regLans on the opposite'side pf the cell. They ocçupy a s~all perc~~t&ge 

.. of the cell ares but contain a 'signiflcant fraction of th~ receptors. 

Radioautogrà'phic experiments' indicated· that single patches whicn oc~upy 

only about 3-4% ,of the éèll alrea contain almos.t 50% of the receptors. 

Presumlbly th~sè patches reflect r~gions .of sarcolemma where the receptor, 

den~ity is relatlvely high. This .has recently beèn found.to be the case 

for ACh receptor patches on cultured chick'myotubes in experiments whi~h 

combined an iimnunoperoxidase ,technique wit~ ~le,ctr~:m mictoscopy (Vogel '& 

Danie.la, 1~76). The alternative pos~ibility, that receptor density in the -

, . sarcolemma is uni;form and' that .. the patches reflect regions of extensive 

, membrane folding, seem's unl~kely. For e:lÇample bright fluorescent statning 

was observ,ed on" fin,e cell processes '~hi?h were. less than ,1 um in diameter' 
~ . 

(see Pl. 3À? and which'wou1d not be expected to have 'ext~nsi~~ membrane 
, , ., . 

fo1ding •. Furthermore, radioautography rev~alea patches with grain­
t 

densities which were on, th'e - ~verD;ge 25~fC?ld greater than over the 

remainder of the cell. 
, , 

In i~dividual examples the factor was as large as 

40-fo1d. To increase the surface area by sllch a large factor,woul& re~uite: 
. \ , ' -

.:;. J 

\ 

a degree of membrane fo1ding which ,has never been seen in normal or '.cul.tured 
1 

muscl~ cells. For,example ~hé compYex folds at the m~alian'heuromuscular , , . 
) 
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junction are estimated to increase membrance area by only 4-5 times 

(Andersson-Cedergren, 1959). In view 'of these consideraÈ'ions it seems 

likely that the receptor patçhes on cultured myotomal muscle cells, like .-~ 

those on cultured ch~ck myotubes, reflect regions of sarcolemma containing 
'1 

a high receptor density. 

Another quest~on is whether the paeches of receptors on' non-innervated , 
cells are a normal feature of the sarcolemma. This matter is of considerable 

relevance since other ligands such as immunoglobulins and 1ectins have been 

shown to induce the aggregation o~ their receptors (for reviews see Raff & 

de Petris, 1974; Nico1sQn, 1974». However, discrete regions of high ACh 

receptor den~ity have been revealed in cultures of chick and rat myotubes 

by the method of iontophoresis which is .carried out in the absence of 

ol-bungarotoxin (Cohen & Fischbach, 1973; Hartze't l & Fambrough, 1973). 

Receptor patcheA WE>re also observed in the present study as weIl as on 

chick myotubes (Sytkowski et al., 1973) when receptor labe11ing was carried 

~ut after forma1dehyde fixation, a procedure which i~ known to prevent ... 
ligand-induced clustering of receptors in other systems (Rosenb1ith ~ al, 

1973; Ryan 'et al., 1974). It therefure appears that: ACh receptor patches 

are a normal feature of the sarcolemrna and do not merely reflect an 

aggregation of receptors induced by toxin binding. 

It ia possible nevertheless that the formation of ACh receptor patches 

may reflect processes similar to those which have been implicated in the 

aggregation of irnmunog10bulin and lectin r~ceptor~. For·example, several 

studies have suggested that the mobility of sorne me~brance recept~rs is 

controlled by attachement to cytoskeletal elements cOD\posed of microfi1aments 

and microtubules (for reviews see Nicolson, 1974; Raff & de Petris, 1974; 

h. 

,- \ 
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Edelman, 1976). Similar cytoplasmic ~~ructures may also interact with '. 

\ 

C, ACh receptors. The resolution~orded,by fluorescent staining has. 
, 

) 

reveaied that ACh receptor patches are highly ordered structures with 

distinctive patterns. Furthermore, the complex substructure of the 

patches on the surface of the celi in contact with the collagen substrate 
" 

ls distinctly li fferent from that of patches ~n tpe free surface. This 

di fference in organizat ion presumably reflec t s .'the fact that the 

sarcolemma is attached in sorne regions to the substrate. The complexity 

of receptor patches on the free surface is pârticularly difficult ta 

rationalize if, one assumes the mernbrance is a simpl~ "fl~id-mosaic" in 

which integra! glycoproteins exist in a state of diffusional equilibrium 

(see Singer & Nicolson, 1972). These ACh receptor patches usually consist 

of either an aggregate of small receptor clusters (Pl. 3'C) Gr a stellate 

pattern of thin lines, sometimes interspersed with smaH clusters 

(Pl. 3E). It is unlikely that the components of these patches are held 

t6gether in such non-random arrays by simple intermolecular ferr,ces between 

receptor units. Instead it seems, more probable that small ACh receptor 

clusters are anchot'ed to cytoplasmic "elernents which might then provide a 

structural basis for the complex patch substructure. In this vein it i8 

interesting also tQ note that the cable~1ike bundles of contractil~ pro"teins 

which forro part of the cytoskeleton in non-muscle èells have been found to J 
.' '-, 
".1 

assume complex networks' (IAzarides, 1976) with foei not unlike the stellat" 
) .,...1 

,arrangeménts of sorne ACh receptor patches. 
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Distribution of ACh receptors on innervated ce11s 

The most distinctive feature of the receptor staining on innervated 

~ 

myotomal cells was its localization along the path of nerve contact. Since 

staining was never seen on nerve processes which were not in contact with 

muscle cells, and in man y cases bands of stain were bro&der than the 

corresponding nerve, the pattern of stain at sites of nerve contact almost 

certainly reflects the development of a high receptor density in the 

subsynaptic membrane. This conc!«sion can be drawn most direètly fram the 

resu1ts of the fol10wing paper wt.ere similar patterns of stain were found. 

to develop even when muscle cells were exposed to fluorescent toxin prior 

to the addition of nerve (Anderson & Cohen, 1976). It is also in agreement 
.t-

with other studies which have demonstrated either a high sensitivity to 

ACh (Harris, Heinemann, Schubert & Tarakis, 1971; Kano & Shimada, 1971a; 

~ Fischbach & Cohen, 1973) or a high density of 1251 _ ex-bungarotoxin binding 

sites (Fambrnllgh et al,. 1974) in the vicinity of nerve-musc1e contacts in 

celi culture. 

contact was continuous and uniform but in the majority of examp1es the bands 

of stain were discontinuous and irregular. Of particu1ar signlficance 18 

that in aIl cases there were abrupt changes in stainiftg intensity, and 

hence in receptor density, a10ng the edges of the bands of stain. Simi1~r 

abrupt changes in receptor dens! ty occur at the border between synaptic and 

extrasynaptic membrane in normal ~dult muscle (Peper & McMahon, 1972; 

Hartzell & Fambrough, 1972; Anderson & Cohen, 1974; Kuffler & Yoshil<am!, 

1975; Fertuck & Sa1peter, 1976). The present study has indicaçed that 

'\ 

~ 
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they can also occur elsewhere on the muscle celi. For e~ample receptor 

~ patches on non-contacted muscle cells had well-defined boundaries, as did 

o 

,tiIl1• 4n• - .1 .... 

the small receptor clusters which were seen on sorne of the nerve-contacted 

cells. Tt is apparent therefore that abrupt changes in receptor density 

are not a unique feature which is dependant upon innervation. Instead 

they are more likely to reflect a inechartism within the mus-o..l:e cell that can 

organize ACh receptors into two d.f.stinct phases whieh have markedly 

different packing densiti~s and are separated by distinct borders. 

Since non-contacted muscle cells deve10ped patehes of high receptor' 

densi ty ana10gous to those which have been observed on chick (Voge1 et al', 

1972; Fischbach & Cohen, 1973; Sytkowski, et al.; 1973; Voge1 & Daniels, 

1976) and rat myotubes (Hartzell & FambrOUg~,\ the question can be 

raised as to whether these structures play a role in synaptogenesis, 

perhaps by providing a site which growing nerves seek out. To' answer this 

question it would be necessary to determine whethe! any part of the 

subneural membrane contained a high density of ACh receptors prior to the 

establishment of synaptic contact. The resu1ts of the 'present study 

therefore do not,exclude this possibility. However they do indieate the 

existence of an alternative mechanism by which receptors become 10calized 

at sites of innervation. For example, the lengths of the bands of staining 

at sites of nerve contact were sometimes too great to be exp1ained simp1y 

by the nerve having contacted a pre-existing patch. Even if a patch was 

contacted, the staining pattern on innervated myotoroal cells can thus only 

be rationalized by asstnning that new regions of densely packed receptors 

formed along the path of the ner\Te. In fact, Buch an inductive process 

could alone accOunt for aIl the changes in ACh receptor. distribution at 

sites of innervation. "Taken together, these considerat ions imply that the 

P- l 
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formation of dense receptor patches may not be a requirement for synapse 

formation. Instead the formation of patch~s may simply reflect"a mechanism 

in muscle cells which normally mediates the nerve-induced localization of 

ACh receptors. 

The ?erve-induced changes in receptor distrib~tion demonstrated in 

the present study involved not ônly an accumulation of receptors in the 

subneural membrane, but; also in some cases the de\Telopment of .a., widespread 
r 

scattering of small receptor clusters. Simi~ar changes occurred even when 

the cultures were grown iri high con~ntrations of curare or carbachol 

which block aIl spontaneous twitching. Indeed. the concentrati'on of éurare 

used in these experiments has been shown to abolish aIl neurogenic 

electrical activity in cultured myotomal muscle cells (Cohen, 1972). This 

indicates that the development of new regions of high receptor density at 
u 

the site of innervation, and the extensive changes in the d{stribu'\='lon of 
l , , 

'extrajunctional' receptors, were brought ~bout ~by sorne ne~al factor 

independant of sy~aptic or contracti1{~' activity. /I~e sar ,>ocillsion 

be drawn from the results of the follo~ng stUdy where corresponding 

can 

changes in receptor distribution were observed when development took place 

in the presence of oc::-bungarotoxin (Anderson & Cohen, 1976). These 

observations thus indicate that changes in receptor distribution must have 

been induc~d either by the release of a neural substance or by direct 

interaction between the surface membranes at the site of contact. 

The inductive process involved in the change in receptor distribution 

could operat~ in at least two conceptually distinct ways. In one case nerve 

contact might provide a spatial component to receptor metabolism, leading 

ta a graduaI build-up of r~ceptors synthesized after the contact is made. 

4C) For example newly synthesized receptors might be inserted preferentially 

" 
," 

., .. "'MI 
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st the site of contact or receptors in the regio~o~ contact mlght be 

protect~d from degradation. The latter possibl1ity ls ~n 1ine with recent 

studies which have revea1ed'~hat junctlonal receptors are -more stable 

" r~etabo!ica11y than extraJunctlonsl receptors (Berg & Hall, 1974, 1975b; 

.v"èhâng & Huang~ 1975; Frank, Gautvik & Sommerschi1d, 1975). The otner 
. '.)' 

principle alternative wou1d be that nerve contact produces ft rearrangement 

of receptors in the sa~co1emma sUèh·that mobile receptors aggregate at the 

site of innervation. This possil1ility is supported by the "findlng of the 

" 

present study that the inductive effect of innervation on receptor distribution 

ls not restricted ta the vicinity of the nerve c?ntact, but can a1so lead 

to the appearance of 8ma11 receptor élusters over large areaa of extrasynaptic 

muscle membrane. More direct evidence in support of a process of receptor 

rediatrib~tion ia provided in the fo11owing paper (Anderson & Cohen, 1976). 
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EXPLANATION OF PLATES 

. Except, whete stated otherwise examples of 
t . 

fluorescent staining were abtained w1th incident' 

illumination. Bars repre~ent 20 um. 

Plate 1 

.Low rnsgn1fication phase contrast views of liv-ilig 

cultures. A: A region of a 3-day-old filu'scle culture. 

By this t1me in culture the myotomal muscle cells 

have devel~ed striations. l~e cells re~ain 

mononucleated. B: A region of a 2-day~old mixed, 

nerve and muscle cu~ture. Nerve processes 

emanating from a cluster of neural tube cells 

h~v~ contacted sever~l myoto~al muscle celle. Most 

of ~he muscle cells still have numerous yolk granules 

in their nucle.ar region' and have·1ess prominent 

striations than in 1 •• 
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Plàte 2 

Patche& of fluorescent stain on muscle cells 

cultured witho~,t neural t'issue. Cultures were 

stained with rhodamine-Iabelled toxin, fixed in 

ethanol and mounted in glycerol. A, B: Fluorescepcé 

and phase coptrast views of the same field in a 

5-day-old culture. Patches of statn are on the 

collagen surface of the cells. The bright prnfile 
, 

near the left hand edge of A is auto fluorescence 
\ 

associated with the unidentified particle in B. 

Ce II outlineR (A) have been traced in.C,D! 

Fluorescence and phase contrast of a field in a 

3:day-old culture. A patch of stain i9 located on 

the edge of the cell. Other patches on the 

collagen 9ur~ace of the cell are not in the plane 

of focus and appear faint. E: Patches of stain 

on collagen surface at ends of c~ll processes. 

Fluorescence and phase contrast views are 

superimposed. 3-day-old culture. Scale as in D. 

F: Same as E, 
~ 

but from another 3-day-old 
~1 

culture. 'Note the non-uniformities within each 

patch. Scale as in B. 
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Plate 3 

Patches of fluorescent stain on muscle cells 

cultu~ed without neural tissue. 4-day-old cultures 

were stained with rhodarnine-labelled toxin and 

examined alive. Each pair of micrographs shows 

the same' field viewed with fluorescence and phase 

contrast optics. A, B: Patches on co1lagen surface 

of cell. Note in particular the staining associated 

with sorne of th~ very fine processes at the cell -

edge. C, D: Patches (see arrows) of stain on the 

free surface of the cell. Note tbat the lower 

patch consists of an aggregation of smalt fluorescent 

spots. 'Sevenll a'utofluorescent granules are present 

in the perinuclear region. ?,F! Patch,'on free 

surface of celI, consisting of a network of fid\ 

Itlines and spots. 
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Plate 4 

Colour micro'graphs of cultured' muscle cells 

st~ined, with rh6damine-labelled toxin~ 3-day-old 

cultures fixed in ethanol, mounted in glycerol, 

and examined with transmitted dark-field 

illumination (see Methods). A-: ,'From a cu~ 
withaut neural tissue. The central patch Df 

8tài~ '.~S ,on t~ree surface of the cell and consist.s 

of an, :.agg;-egation of smaU fluoresoent spots. 'Two 
t. 1 ~ 

other pate he j, not in the plane 'of focus,' a.re on 

the collagen surface of the cell. .B: Fr.om a mbed 

cu~ture containing both netvc' and muscle cells': , 

The narrow bands of fluorescént stain are Dn the 

~ollagen,surface of two muscle cells. Such 'bands 

Df stain are typically assoèiated with th~ path of 
\ ' 

- ,.... 1 

nèrvè' contaèt (not seen). ~e- absence Df 

st4in, e~sewhere on these cells. The small bright 
- , 

,refr~ctile. SP6~$ _(A,B) .:were, not, seen ~ith inc1dent-
\ , 

of • ' 
light fluorescence. 
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r Plate 5 
,Q 

Patterns of fluorescent stain on identified, 

innervated muscle cells. 3-day-old cultures were 

stained with rhodarnine-toxin and examined alive. 

AlI of the nerve-contacted muscle cells in this 

plate had twitched spontaneously prior to bei~g 

stained. Each pair of rnicrographs shows the same 

field vfewed with fluorescence and phase eontrast 

opties. Natp. that in aIl cases the stain i8 restrieted 

to regions of nerve-muscle contact. 
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P'late 6 

Patterns of fluorescent stain on nerve-

contacted muscl. cells. Cultures were 

stained with rhodnminp-labelled toxin. A, B: 

î-
Fluorescence and phase contrast views of the same 

t 
• 

field in a 4-day-old living culture. The stain 

follows the path of nerve-muscle contact and extends 

across the entire breadth of three successive cells. 

C,D: Fluorescent staining in a 2-day-old culture, 

fixed in ethanol and mounted in glycerol. Notte 

the long lengths of stain along edge of cell (C) 

and across breadth of cells (D). Paths Dt nerve-

muscle contact were nct visible in these examples. 

Scale as in B. E, F, G: A field in a 5-day-old 

living culture viewed with fluorescence (E) and 

phase contrast (~) optics. In F both the-

fluorescence and phase contrast images in E and G 

are superimposed to show that the fluorescent 

stain ls entireLy restricted to the site of 

nerve-muscle contact. 
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Plate 7 

Patterns of fluorescent stain on nerve-

contacted muscle cells in cultures ta which neural 

tuhe cells were added on day 3. Cultures were 

stained with rhodamine-toxin and examined alive. 

Each p~ir of micrographs shows the same field 

viewed with fluorescence and phase contrast optics. 

A, B: A field in a culture stained one day after , 

adding neural tube cells. Note ~he intense staining 
~ 

associated with one of the nerve contacts and the 

scattered small s~ots of fluorescent stain elsewhere 

on the cell. C,D: A field in a culture two days 

--after adding neural tube cells. The stain is 

restricted to the path of nerve-muscle contact. 

E,F: From a culture stained one day after adding 

neural tube cells. The same nerve process has 

contacted severa1 muscle cel1s and there ia considerable . 
, 

variation in the amount of stain associated with the 

sites of contact. ~ote also the widespread scattering 

of spots of fluorescent stain on the cell in the 

upper left hand quadrant. In A and E cells have b~en 

outlined and nerve processes are indicated by 

dotted lines. 
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Plate 8 

Reversible inhibition of fluorescent staining 

by cholinergic B&ents. A.B,C: A field in a 2-day-

old lIlixed cl,llture which was exposed to rhadamine-

-4 toxin in the presence of curare.(lO sm/ml) and 

then to fluorescein-toxin after washing out the 

curare. The phase contrast view (A) shows a nerve 

process contacting a muscle celi. When ~xamined 

for fluorescence virtually no rhodamine staining 

(B) was observed but the fluorescein staining (C) 

was &right. D,E,F: A field in 3-day-old mixed 

culture grown in the presence of carbachol (lO-5~n/ml). , 

The culture was exposed to fluorescein-toxin in th"e 

presence of carbachol and then ta rhodemine-toxin 

sfter washing out the carbachol. The phase contrast 

view (D) shows a nerve process in contact vith tWQ 

muscle cells. When examined for fluorescence 

virtually no" fluorescein staining (E) vas observed -but the rhodamine staining (F) was bright. Cultures 

vere fixed in ethanol and mounted in alkaline 

glycerol (see Methods). After Buch treatment it 

vas usually tmpossible ta visualizc the path of , 
nerve-muscle contacts (A,D). 
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Plate 9 

A,B: Fluorescence and phase contrast views 

of a field in a muscle culture which was fixed for 

1 hr. in 4% paraformaldehyde before being stained 

with rhodamine-toxin. Note the typical patches of 

stain. C,D,E: Radio8utographs from a 2-day~old 

muscle culture exposed to 125I-labelled toxin. 

Brightfield (C) and phase contrast (D) views of 

the sarne field show a scattering of g~ins over 

the muscle cell as well as a patch of high grain 

density. Another field (E) viewed with ;phase 

contrast optics. Scale 20 um. 
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CRAPTER 4 

NERVE"'INDUCED AND SPcrnTANEOUS REDISTRIBUTION OF . 
\ 

ACETYLCHOLINE RECEPl'ORS ON ClIT .. TURED MUSCLE CELLS 
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SUMMARY 

1. Three-day-old cultures of myotomal mus,cle, obtained from embryos of 

Xenopus laevis, were stained with fluorescent conjugates of 

~-bungarotoxin and maintained in native toxin in order t~ ensure 

that ACh.receptors subsequently inserted into the sarcolemma would 

not be stained. Neural tube ce1ls were then added to the cultures. 

& ~. When cultures were examined 1-3 days Iater fluorescent stain was 

found to -be associated with sites of nerve-muscle COh.ta,ct. _, In sorne 

cases the stain along the path of contact extended for great~r 

distances than the patches of stain seen on non-corttacted muscle 

cells. 

3. The development of new areas of fluorescent stain at sites of 

nelve-muscle contact was confirmed by making successive observations 

on thè same muscle cell over a period of Çl day. 

4. Similar experiments on muscle cel1s not contacted by nerve revealed 

~ t~e formation of new receptor'patches, usually in areas of cel1 

growth., 

5. The majority of fluorescent patches on non-conta~ted muscle ce1ls 

did'not undergo changes in size or shape over the course of 1-2 days. 

However sorne e~amples cf enlargement, shrinkage and disappearanc~ 

,were observed. 

6. On the basis of .thesc findings it is concluded that ACh receptors 

aggregatc within the sarcolemma, spontaneously as weIl as in response 

to innervation. ln the latter cas~ extrajunctional receptors ac~ 

0. cumulate nt the site of nerve contact thereby contributing to the 

~evelopment of a high receptor density in the subneural muscle 

r~ 
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membrane, This prOéess of receptor redistribution occurs in the 

o absence'of synaptic or contractile activitr' 

7, Possible mechanisms involved in the redistribution of ACh re-' 
, 

ceptors are discussed in relation to tho1se which l1ppear to modulate 
, " 

ligand-induced changes in the diStr;l.bution of lectin 'and immuno-

globul~n receptors • 
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INTRODUCTION 

/' 
./ . 
/

'~ 

In the preceding paper it was concluded that nervation causes 

ACh receptors to accumulatE! in the membrane of cultùyed 

amphibian muscle cells Zorychta, 1976). This ac-

~/ 

cumula tion could ,n a number of different ways. Newly synthesized 

receptors migh be preferential1y insertetl into the subneura1 membrqne, 

recept,ors ere might be protected against degradation,or else re-

cep tors elsewhere in the sarcolemma might change their position 

and ate in the subneural membrane. We have attempted J •• 1=o test 

the ~atte 'alternative by examin!ng the effect of innervation on the 

----_./ 
distribution of those ACho rec'~ptors already present on the muscle 

cel1s before contact is made. For( this purpose muscle cu1tures'were 

stained with fluorescent conjugates of d.-bungarotoxin prier to the 

addition of neural ti~sue and the~vmaintai'ned in nati~ toxln te ensure 
, , ./ 

that receptors subsequent1y in~~rted into the membrane would not be 

st~ined •• ..A ft er' a furA':'t'rec -,1-3 days of development the cultu,~es were 

, '.' , . ' 

exam~neQ with·f~up'rescence mieroscopy., ln sOme experiments changes, in , 
the pattern pf, flùoresc~nt. stain wet'e also fopowed on inÇli'Vidual c'el1s . , , , 

• , il: ~ • 

'The results indicate ~hat receptors origind11 présent, elséwheré on the 

~u;cle cell becomes focalized at sites ~f 'neTvé-muscle contact. . 
\ 

tion ,is,yalso rei:ptln~:i,.ble fOt'Dthe 'fonna~iôn 9~ ACh, reCêptol: Jia~ch~s o.-n 
l 

'Similar experim,ents indicatè that ~ ,proc"lss. of -':éc~'pter. ,t:~d,is.tl:"ibu ... : ., ' ~ 

.. , ,. . 
~ '1. 1 .. 

",," .. ,', I}On-i~ne'(va,ted :mJ1sè;l.e cel~,s. 
' .. 

" 
'1~ . ' - " .. 

:' ~ .b);ief JlCCOU?~~ of this work has be~~, reported' <A~derso~ &, ,Cohen, 
, . 

, i, • î 97 6). ,', 
, . 
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METHons 

The procedures used ~n this study were ~imilar to those described 

previously (Anderson et al., 1976). Biiefly, Xe~opus laevis embryos 

were skinned and treated with co11agenase in order to ;.isolate myotomal 

muscle and neural tubes. The ffi4scle was then dissociated into single 

cells and plated as a monolayer, whereas neural tubes were stored at 

G 
4-l00 C for subsequent use. puring the first three days the muscle 

cultures were carefully inspected with phase contrast microscopy and 

those with any signs of ne~ral contamination were discarded. After 
.. " being screened in this way the cultures were stained by incubation for 

20-30 min with a sferil{zed (see below) fluorescent conjugate of 
\ , 

oI-bungarqtoxin (10- 5 g/~l) and then rinsed with several 'changes of 60% 

(v/v) L-15. Thereafter the cultures \\Iere kept in maintenance medium 

containing 5 x 10-6 g/ml native c<-bungarotoxin. PreviOusly isolate:;\ 

neural tubes wcre brougflt to room temperature, dissociated and added to 
..:.. 

the stained cultures. One to three days later the cultures were ex-

amined alive fur fluoresaent staining or 'Were fîxed and storeâ in cold 
1 

, 0 
95% ethanol (-16 C) so that they could be conveniently examined later. 

In sorne experiments on living cultures, t'Wo or three successive ob-

servàtions were made on identified muscle cells over an int~rval of 

1-2 days. 

In experiments where only One observation was to be made the aim 

was to determine whether the pattern of. fluorescent stain on nerve- . '" 
contacted cells could be accounted for simp1y in terms of the nerve 

having.. made contact with a p:re-stained patch. Since patches on muscle 

cells wete never longer than 40 um, and usually less than 20 um 
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(Anderson et al., '1976), pnrticulnr attention WllS paid to cxamples 

where the stain extended for greater distances thah these. When su eh 

exam:ples occurred, in a sif\gle plane of Ilfocus they were pl\otographE:d and 

subseq,uently measured. This procedure necessarily underestimates the 

nutnber of examples of' l'ong lengths of "synaptic" staining because it 

do~s not includè cases where the stain was associated with a changing 

plane of focus. 

Native ~bungarotoxin and its fluorescent conjugates were ster-

ilized by, fil~ration. Fluoropore filters (Mil~pore: 0.22 um pore 

size), pretreated with about 2 ml serum, were found to be most effective' 

in that adsorption of toxin was ~inimal. This procedure allowed over 

90% recovery of i25I-labelled «-bungarotoxin (10 ml, 10-6 g/ml). 

( 1 

IbW 

" 
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RESULTS 

Fluorescent staining on pre-stained muscle cells 

C~ltures without neural tube cells 

Seven cultures were stained and maintained thereafter in native 

toxin without adding neural tube cells. The intensi ty of the 

fluorescence appeared ta decrease progressively \..dth time after stain-

ing. However the patterns were similar to those seen in freshly 

stained cultures and consisted of the charac teristic patches previously 

described (Anderson et al., 1976). The f>atches were most commonly 

situated at or near the ends of muscle cells and their processes, on 

the side of the cell facing the collagen substrate. They also occurred 

in more central regions of muscle cells, on the collagen surface, on 

the free surface and less frequently on the edge. The patches were 

almost always less than 25 um in their longest dimension. Of the 

several hundred cells in each of the seven cultures examined here only 

twenty patches were more than 25 um ;J,.n le'ngth and aIl were less than 
rI 
.'J. ... 

40 um (Table 1). In addition, patches located in central regions of 

cells never extended from one edge of the cell to the other. 

The results thus indicate that the fluore.scent staiu remains 

visible for up ta three days, that the presence of native toxin during 

this period does not lead to any obvious changes in the patterns o-f 
t' 

stain~ and that the cultures did not have any neural contamination 

which had gone unnoticed during the earlier inspection with phase con-

trast opties (see Methods). 

~. 
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Table 1. Long lengths of fluorescent stain in cultures with and' without , 

neural tube cells. The length of a stained area was measured as the 

longest straight Une between its borders. The values ootained'with and 

without neural tube cells are significantly different; P<O.05 in column .3 

and P(O.Ol in columns 4 and S. 

Days after 
staining 

., Number of 
cultures 

Number of Examples 
Stain extends more than Stain extends 

entirely across 

25um 40um 
central region 
of cell 

Cultures without neural tube cells 

1 4 7 

2 2 7 

3 1 6 

Mean ± S.E.N. 2.9 + 1.2 

Cultures with neural tube cells 

l 9 14 

2 6 61 

3 3 ...li... 
Mean ± S. E.N. 8.4 + 1.4 

. , 

o 

o 

~ 

o 

32 

33 

6 

3.9±O.8 

o 

o 

o 

o 

24 

27 

--i-
3.1 ± 0.8 
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• 
Cultures with neural tube cells 

Sorne thirty cu1tur:es were stained before the addition of neural 

tube cel1s and were examined 1-3 days later. As was, the ,case for cul-

tures without neural tube cells the intensity of the fluorescence ap-
, 

peared ta decrease progressively during this 3-day period. Nevertheless 

the patterns of stain were similar ta those seen in fr~shly stained 

cultures (Anderson et al., 1976). Muscle cells not contacted by nerve 

had the characteristic patches, whereas on many of the contacted cells 

the stain was associated with the path of the nerve and appeared as 

continuous Dr interrupted narrow"bands and lines (PIs. 1-3). Most of 

these "synaptic" forms of stain extended for distances of less than 

25 um. Sorne however were longer and, unlike patches on non-contacted 

cells, they sometimes extend~d for more than 40 um (PIs. 2, 3), or ran 

entirely across the central regions of cells (Pl: 1). As indicated in 

Table l, counts were made of these examples in eighteen cultures and 

their numbers were smal1 but significant. ~uch examples" are most re-

vealing insofélr as they cannot' be explained simply in terms of the nerve 

having contacted pr,e-existing patches of stain. 'Instead, they indicate 

that at least some previously-stained reeeptOhs changed their location 

and accumulated at sites- of netve~muscle contaèt. 

As in fresh1y stained cul~ures an additiona! tiistinctive form of 

staining which occurred on nerve-contac'ted cells consisted of a scat-.. 
tering'of smal1 spots approximately l um in diameter. In some cases they 

extended o~er a greater area of the cell thsn the largest patches seen 

in muscle cultures (Pl. 2E, F). Such examples thus pro~ide additional 

evidence that ACh receptors chal1ge~ their position in the membrane. 
~li' 

.. 
.. 

• 
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Control Experirnents 

In the ab ov e. experiments it is assumed that the fluorescent stain-

ipg was due entirely ta survival of toxin-receptor cornplêXes formed 

during the short exposure ta fluorescent toxin 1-3 days earlier. This 

wou1d seern,to be a reasonable assumption since the staining i5 due 

entire1y to specifie toxin binding (Anderson & Cohen, 1974; Anderson ~ 

al., 1976) and other studies indicate that radioactively-Ia~~lled toxin 

dissociates from receptors with a half-time of several days (Berg & Hall; 

1975b, Chang & Huang, 1975). In any event, sinee cultures were main­

tained in a relatively bigb concentration (5 x 10-6 g/ml) of native 

~-bungarotoxint trace arnounts of fluorescent stain in the culture 

medium should have had little chance of binding ta receptors inserted 

into the sarcolemma after the addition of neural tissue. Determinations 

made with 125I-labelled toxin indicated tbat the total amount of labelled 

toxin remaining "in solution as weIl as in association with cells was 

less than 0.02% of the nat~ve toxin subsequently added ta the culture 

charnber. As described below additional tests were carried out in order 

to check that the native toxin remained 

period and that ~on-speciÎic uptake'of 

of the staining. t \ 

'\ 

effective throughout the culture 

toxin did not contribute to any 

Effectiveness of native toxin after 1-3 days in culture 

Three types of experiment were carried out in this' regard. 

(1) The r~lative potency of the toxin in culture medium ~as tested 

by deterrnining how quickly the medium abolished the contraction response 

of stBge 47-48 tadpol"e tail§ to 10-4 g/ml carbachol. The tirnes-to-

" 
ttt 
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block for the medium from each of six cultures were always less than 

10 min and this was the case even when the toxin had been in culture 

for 3 days. These results indicate that the effective toxin concentra­

tion was at least 2 x 10-6 g/ml (See Anderson & Cohen, 1974) 50 that 

there could have been no more th~n about a two-fQld 10ss of potency. 

(2) Culture medium,from six other cultures was tested for its 

abi1ity to block fluorescent staining of Xenopus tadpole tafls. The 

tails were first expoSed to the culture medium for 20-30 mint{ and then 

to fluorescent toxin (10-5 g/ml) for a further 30 min. In no case was 

fluorescent staining ever observed. 

(3) Two cultures, originally stained with rhodamine-toxin and al-' , 

lowed to develop for a further two days in native toxin, were exposed' 

at the end of this period to the fluorescein-toxin conjugate (10-5 g/ml 

for 30 min). In neither cilture was any fluorescein staining observed. 
\ 

These experiments thus demonstrate that the native toxin remained 

,effective throughout the "period that it was present in culture. 

Contribution'of non-specifie uptake to fluorescent stainigg 

!WO types of experiment were carried out to 'test this poin~. In 

orie set three cultur~~ we~e maintained from the start in the presence 

of 10-5 g/ml carbachol. After 3 days they were exposed 'for 30 min ta 

~ither rhodamine-toxin (10-~ g/ml) or fluorescein-toxin (10-5 g/ml) in 

tli'è presence of car.bachol. Following this, they were rinsed in order 

ta wash out the carbachol an~ fluorescent to~in, and were exposed for 

a furtner 30 min to the alternate dye-toxin canjugate. Flnally they 

were rinsed again, medium c;ntaining 5 x 10-6 g/ml nat~ve toxin was 
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added to the culture chmnber, and neural tube cells were plated. When 

èxamined 2 days later only fluoreSc~nt staining with~the second dye-toxin 
. 

conjugate was seen. No staining was ever observed wi,th the dye-toxin 

conjugate which was used in the presence of carbachol (Pl. 3, E-G). 

In an analogous test three cultureS which had been grown in the absence 

of carbachol were exposed first to 10-5 slml rhQdamine-toxin for 30 min, 

-5 . 
rinsed, and then exposed to 10 s/ml fluorescein-toxin, aIs a for 30 min. 

After rinsing again, native toxin was added to the cultures and then neural 

tube eells were plated. On examination one day later the usual patterns of 

staining were observed, but in this case only with rhodamine optics. 

These observations thus indicate that non-specifie uptake did not 

contribute to the fluor.escent stain which was subsequently observed. Nor 

did the traces ·of fluorescent toxin whieh remained in the culture medium 

contribute. Instead'all of the,stain must have been due to the specifie 

binding which cccurred during the initial b;rief exposure to the fluorescent 

toxin. 

Development of new regions ,of stain 

-on identified pre-stained muscle cells 

In order to.directly demonstrate changes in the distribution 6f 

fluorescent stain experiments'were carried out in whieh successive 

observations were made on individual muscle cells.' Since the int;ensity 
. " 

\ of the fluorescence g~nerally decreases with time af,ter staining, as 

weIl as wi~h repeated excitation, these obseryations were limited to 2 

or 3 photogra.phic exposures over a period of' up to 2 days. As in pre­

vious experiments, cultures were maintained in native toxin (5 x 10-6 g/ml) 

after being stained. 

. , 
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c) Muscle cells contacted by nerve 

q 

ln three cultures, nine cells were followed which had already 

been contacted by nerve at the time of the first observation. In 

three of these cells upon initial observation there was no stain 

along the path of nerve· contact ,and patches of stain w~;i.sible 

elsewhere. No sig,nificant changes in this pattern ,.,ere observed 18-

24 hours later. The other six cells did have stain along the path 

of nerve-muscle contact at the time of the first observation. In 

one of these cells no apparent change was observed 20 hr later; how-

ever, in the'other five cells additional stain appeared along the 
,-

path of nerve-muscle.contact. Pl. 4 illustrates the most striking 

example. A and C show phase-contrast" and fluorescence views of a 
-,; 

field 22 hr after staining and adding neural tissue ta the culture. 

A nerve process i9 already in contact with a muscle cell and there are 

several small patches of staining'along the path of contact. EIse-

where on the cell are four larger patches as weIl as a few small spots 

of stain.· Band D show the same field 18 hr later. The nerv.e has 

grown and branthed, and some of the muscle processes have become nar-

rower and thicker. The lar'ge fluorescent patches which were initially 

present, are not~ vèry faint or entirely absent. On the other hand, 

fluorescent staill. along the path of nerve-muscle contact has become 

considerably more extensive. In addition numerous small spots of 

fluorescent $tain have a1so appeared in the central region of the 

eell. 

Pl. 5 indicates anothet example of accumulation of stain at the site 

Il 
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of nerve-muscle contact. In this case the firs.t observation (A and C) 

was made 21 hr after staining ànd adding neural tube cells. A nerve 

process can be seen which runs along the edge of a m~scle cell and then 

crosses to the other side. There is little visible ~tain except for a 
. 

short length along the edge of .the muscle cell in the region of nerve 

contact. The second observation (~and D), 18 hr later, shows that 

the nerve process i8 now thicker anp appears tb have been joined by 

others. The muscle cell outline has also changed slightly. Of most 

significance, the length of stain along the path of nerve-muscle contact 

has greatly increased. 

These observations thus indicate that pre-stained receptors, which 
'\ 

originally existed elsewhere on the mu.scle cell, \l1ere induced by the 

neuve to aggregate at the site Of contact. 

\v"hile following changes in the pattern of fluorescent staining on 

nerve~contacted cells, one field was found to undergo·a qu~te different 

change. In the first obs~rvation (Pl. 6 A and C), a growing nerve 

process can be seen approaching a pair of muscle cells which have ,. . 
patches of fluorescent stain on the cell surface in contact with the 

collagen substratc. In the second observatiOn (Pl. 6 Band, D), 21 hr 
"l 

Iater, the nerve has disappeared but the pa~tern of staining has changed 

dramatically. B~th calls have lost their original ~atches Qf stain and 
Cl 

have developed instead a widespr-ead sU ppling' of small fluorescent spots; 

Since such patterns of stain are never observed in cultures without 

neural tissue it is likely that thi~ change in staining pattern was 

.b~ught about by transient nerve-muscl~ contact. 

Muscle cells not contacted by nerve 

During the course.of the âbove eiPeriments a further interes~ing 

hl ,. -
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change was observed, as revealed in Pl. 4. At the top of the field can 

be seen part of a muscle cel! which at the time of the first observation 

had a single bright fluorescent patch (A and C). During the next 18 hr 
.) 

the cell grew and déveloped a new patch of fluorescent stain in the 

region of growth (B and D). This observation suggested that receptor 

redistribution might also occur spontaneously and similar experiments 

• were therefore carried out in muscle cultures. 
j 

Pl. 7 illustra tes one such example where two bright patches were' 

obse~ed at the time of the first observation. Twenty-four hours 
, -

later the original patches wete less intense but two new patcbes had 
; 

formed. Both of these new patches were located on cell processes which 

had developed during the interval b~tween observations. Altogether,. 

whilê following a total of 30 patèhes, 13 new patches were observed and, 

of these, Il were associated with regions of ce11 extension. In aIl 

cases the ~ew patches wer~ smaller than. those already present on the 

cell. These results ind1cate that the formation of patohes/on .non-

innervated cells also involves a process whereby r'ecep-tors change their 

position and pac~ng density within the sarcolemma. 

A variety of other spontaneous changes were also observed on non-

innervated cells. Of 'the 30 patches which were exam~ned 25 were still-

visible 18-24 hr after the initial observation. In al~, 15 remained 
. 

the same size and shape, 5 appeared sma1ler, and 5 underwent some exten-
. 

sion. Examples of the latter two categories are shown in Pl.S. In this 

instance the first observatiort, which waS made shortly after staining, 

reveaied two adjacent p~chesat the end of a cell on the surface which 

"was contacting the collagén substrate (A and C). The second observation. 

21 hr later, revealed that the cell had grown in. the region near the 

f, 

.. .. ' 
• 'M MU ...... 
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patches. A major portion of one patch was ,no longer visible but the 

neighboring patch had apparently e10ngated in the direction of ce1l 

growth (B and D). In two other examples patch elongation also occurred 

in a region of cell grow~h. 

Six of eight patches were still visible when a third observation 

was made t'GTO days after 'the first. Of these, three underwent no change 

in size or shape, one elongate~, and anothe:r became sntaller beeween 

the first two observations but then remained the same shape. Finally, 

one patch first became smaller, but th en underwent elQngation. 

Together these results indicate that receptor patch es on non-

innervated cells form by a process of receptor aggregation within the 

sareolemma. Once formed they tend to remain unchanged in size and 

shape for a 1-2 day period, but may also decreas,e in size or undergo 

enlargement. 
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D!SCVSSrON 
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The present ex~er_iments navè detnonstrated the appearance of new areas 
"''>p,''''' , -

- \ . 
· of fluorescent J;tain on cultured muscle celIs, Qne or more d'ays after: they 

were exposed to f.1uorescent :~-bul'\gat"o'to:xill. - S:/.nce d)!e-toxin çonjugates, 

... like the native toxin. bind specific~~ly' to ACh réceptôrs, new araas of 

stain refiect new accumulat-ions of ACI)' :receptors: Residual, tractas 'of 
.... l, 

fl\lotescent tOJÇin in the 'medium co~l~ _not.~ave stained l'eceptors sub- / 
, " 

se9uently 'i~serted fnta the sa';c:ô.lennn~ because. ,afte~ exposure' ta the 

fluore~cent toxin, cultures were maintained in a high concentration of native 
.' I!" ' " 

tbxin. In~ernally "controll~d experiments,. _in wh~ch -both fluorescein- and 
. 

rhodamine-labelied toxin were~ used, f~rther i~dic~ted that non-specifie up~ 
l 

'-

take 'of fluo.~eScent toxi~ did not eontribute to any of the patterns of , , . 
". " -f" . : .. • ; ',; , • ~ , 

'f1uorescent stai.ning. In parti.cular) if non-specifie uptake did acêur #. ~ ~ .... " .. • J • -, or. 

i t did nçit r,es\1i~_ in t~~ staini.ng ~f' any', intrac.el~u}..ar..~ rec_ep~o~s wiiich 
, ' 

\lter~ later' insérted in,to the. melllbï::ane .. · In thïs 'yein it, i5, interestfng 
-,,'" ' 

" 

to note ,~bât a recent àtudy by- Devreotes' &.' Fambrough Ü'915) on ~uÙ:,ur~d' 
• 1 \' ... • .' ~. ,. _ • ' ~ 

. , . - . 
chick ,myotubes ha& indic;:ated :that rec.el'tors ~hich are d'estined to be 

_ "" • _ _-~ .' : • ' .: " ' :." ,41 ", ' '._ ' , 

, insertad into' ,th~ m:é1llb;ran'e cannot be labelléd éven py overni.ght eXp'Qsure 
, . . . . 

,-' 

t; 'o(-bungarotoxin. :'these copsid~r-atio~s therefdr:é lead ta thl'l conclusion 
• ~ .. '., ... • 'r ro .." 0;0 1 . ~. . .. 

· that new ateas of. f1uor~~ce~t' -Btain arose becaus~ prev'iolÎsly ,~'t'a-in~d 
, . · ,'.....' 

receptors changed, the-ir locatio'n in the ·sarcolennna,. 
~ ,Y [j ~" • ' .. 1 ... \ 

< " " 

, . 
1 • 

Neural fegulat:L'on of ACh ·recepr'ors, 
~ " '.. ' ~. » .. j • 

'The fb~ma.tion of new ~.egic~s 'or ,fi~or~~!!en~ st~:l.·n:i.n~· alopg -paths ,C?L 
•• _ .:. ,.' • • .~. r ' , • .~.', ~,.; > f ,,' J: t) • 

nerve-mu/?cle cont"lct ;lndi"cates that a prOCèàs of f~.ceptor"reçhstt;'1bution· 
'. - ~ -. l " ~..., __ " , 

, contti;btit'es' 'to .the ,deve;Lopment ;{'a high .'A~h:' ~ée~t~~, de,U?!'ty. i~ the 
", , ' 

" , 

" -

\ 

, , 

\ -

, .' 

,l' 
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subnèural membrane of cultuted myotomal, cells. The same ,process presumably 

0llerates duril1g tHe e~tab1ishtnent. and growth of syn~p.$e8 i~ Y.!Y..2..'and, would 

be expected ta lower the density of receptors in adjacent mus~l~.membTaner· 
~ , ..... . " ~ , . , , 

~his might exp1ain the decrease in extrajunèt~onal chemosensitivity which 

has been observed in SOrne studies prior to the resumption of neurompscu~ar 

transmission during reinnervation (Miledi, 1960; Bennet, Pettigréw & 

Taylor, 1973; Le'tinsky, 1975) as well as dur:L.ng recovery from treatment 

with botulinum toxin (Bray & Harris, 1975). The incorporation of extra-

junctiona1 receptors fnto the s~bsynaptic membrane may a1so continue in 

normal adult muscle and participate in a slow turnover of j~nctional 

l receptors. 
, ;1 r 
to a progressive -decline in the number of juuctional receptors thus in-

This idea is consistent with the finding that. denervation lel,lds 

.. 

" 

dicating that the intAct nerve'terminal i5 necessary for their continued 
G. 

maintenance '(Frank, Gautvik & Sonnnerschi1d, 1975}. 
1 

Whereas cont~actile activity is unn~cessary for receptor redistribution 

it is weIl 

receptors. 

est~blished that it \n affec't the density of .extrajuncti:onal 

Ior examp1e, direct stimulat~on has been $hown to m~rkedly 
, -

reduce th~ extrajun~tion~l chemosensitiv~ty'Qf denervated adult muscle 

'(Jo~ës' '&"' Vrb'Ova,' "1970, J.974:; Lomo,. & Rosenthal, 1972; Drachman & tvitzke, 
, (~ ~ .' 

1?72; Purves &, Sa~~ti,., 1974; 'Lo~o ,"&"Westgaard', 1975)'. Converseli, 
, Ù • 

~ , " , '"' 
"ptacedures ~hicn block,neuroruuscular transmission lead to the appearance , 

1 " 
pf èxtr~ju~ctlonal re~eptors in ~'ttï'érwise .norm*l',ly-inn~rva~ed adu1t musçie 

(Berg' & Hall, 1975; Chàng, Chuang ~ HUE!ng., 1975; ,Lavole, Collier & 

~enenho~s~,' 19?~; Pestrortk" bÎ'a'c~an ~-~r.,~fffn, 1976).·~ Q~h'er 'sl:udies 
, \,., 

. indicat~d tha'~, in denervatéd and,' cultux:ed muscle- Qxtrajunc,tional receptors 
t • '. ':" 1 l , ,1 _ ' ~ 

are cont';l.~uous1yubeing ~yntp:~si2:ed: (Brookès. & sâu, 197 Sa; Devr.eotes &' 
_ • " 1 

Fambrough, 1976) and degradéd (Ber~ & H~11, 1974, 1975b;Çha~.& Huang, ~975; 

o , . 

" ' 
, . 

.' 1 ~ ~ 
1 

,\ , , . 
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Devreotes & Fambrough, 1975). Contractile activity which markedly 
-" 

reduces extrajunctional chemosensitivity does not appear to increase 

the rate of receptor degradation and it has therefore been suggested 

that activity re~ulates the density of extrajunctional receptors by 

limiting their rate of synthesis (Hogan, Marshall & Hall, 1976). 
\ 

It i5 evident therefore that innervation has 'at least two distinct 
.... 

actions which regulate ACh receptors. Independntly of muscle activity 

it causes a redistribution of receptors within the sarcolemma leading to 

their accumulation in the subsjnaptic membrane. In addition, by virtue 

of the contract'ile activity it generates in muscle cells innervation a)o 

modifies receptor metabolism, apparently reducing the rate of receptor 

synthesis. Both of these actions of the nerve wililead to a decrease ,in 

the number of extrajunctional receptors. Their relative importance in 

thjs cont~xt i8 obviously a qrtantitative question whose answer will depend 

on many parameters such as the rate of growth ('lf the subsynaptic membrane 

'€nd the arnount of muscle activity. Clearly these factors ~ill vary at 

different stages of developmen~,. It also remains to be determined wl1etlB: 

innervàtion regulates the distribution of ACh receptors by other actions 

as weIl. 

Mechanisms invo'lved in receptor redistribution 

, 1 
ACh receptors can exist in at least two phases within the surface 

membrane of cultured myotomal muscle cells. One of these is a relatively 

dispersed p~ase which is not visible after fludrescent stairllng but can 
, 

be detected by:adioautography (Anderèon ~ àl .• 19~). The 6ther ls a 

') 

more densely packed phfise which can be visuallzed either by radiol,lut,ography 
.' -

or fluotescent staining. The resolution afforded'by fluorescent staining 

has allowed at least three topographical,sub-classes ofl ~he more de~saly 

o 

---_ .. __ .:---
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packed phase to b~ recognized. they include (a) large complex parches 

~hich are usually 5~20 um in their longest dimension, (b) muth smaI1é! 

patches or Sp~8 approximateiy ,1 um diameter or less t and (c) the f 
t;>. 

4, 

subneural muscle'membrane of innervated cells. 

The present stu~y has demonstrated that these T~gions of higb receptor 

density can form on cultured muscle cells by a process of redistribution. 

The only ~ll established mecha~ism whereby integral glycoproteins have been 

shawn to change their posit~on in the plasma membrane is that of late~~l 
J , 

movement within the~ lipid bilayer (for reviewssae Singer & ~icols~n" 1972; 

Nicolsop, 1974; Raff & dePetris, 1974), The formation of ne~ patches of 

ACh receptors and the incorporation of receptors into the subneural membrane 

can thus be explained mOst readily by a process w?ereby individual receptor 

units move 'and' aggregate within the sarcolemma. Coml'ersely, both t~e 

'decrease in'size of the large receptor patches on'non~innervated muscle 

cel1~, and their disappearance following innervation, may involve a process 
\, 

of d~~olution into the dispersed !eeeptoi phase; howevet the techniques 

UBèd ~n this study cannat exclude alternativès such as removal and de­

gradat~~n within the muscly cell (see Devreotes & Fambrough, 1975). 

Evidence f(jr more oom,plex routes of recept~r moV'ement i6 provided by 

thé' transümt appearartce of small receptor' cüusters over large' areas of 
\ 

the sarcol~a on nerve-contacted cells. Such a scattering of rec~ptor 

clusters is not observed either on non-contacted muscl~, ce1ls, or on cQntacted 

'cells which have extensive subneural staining (Anderson et al~,-1976). , 
, -' 

, They are how~er' common on 'bof;h freshly stained and pr~-st:ained muscl,e cells 

with~n 1-2 clays of addins neutal tube cells to 2- and 3-day-~ld'muscle 

cultùt'es. Whil'~ it i8 'therefo~e cleit'!:' that they constitute a'~ew', arrangement 

of the r,eceptor population, which 'Wils present before nerve contact, it i~ 

o 
" 



~ 
il 

& 
~ 
~ 
, 
~ 

" e 
~ 

t' 

~ 
t 
~ , 
i. 
~ 

t , 
1 
~ 
t 

129'· 

... 
less obvious whether they develop through a process of aggregation from 

the dispersed receptor phase, by the breaking up of 1arger patches, or 

both. Simi1ar1y their disappearance may involve incorporation into the 
~ . \ 

developing 8ubsynaptic membrane, di8~olution fnté the disperse receptor 

phase, or degradation. However, it i8 interesting to note that both .. the 

recéptor patches on non-innervated cells (see Anderson et al., ,1976, 

Pl. 3e) and the immature subneura1 membrane (PIs. 2C, 4C) are often 

composed of small receptor clusters. It 15 therefore possible that the 

receptor c1usters themse1ves move as a unit within the sarcolemma. By 

examining the changes in the location of fluorescent stain on a 1arger 

sample of individual muscle cells, and at shorter intervals between 

observations, it May be possible to reso1ve whether this is in fact,the 

case. 

In recent yenrs it has become apparent that the organization of the 

plasma membrane is governed by severa1 interacting processes. In many 

cases integra1 glycoproteins move 1atera1ly through the membrane in a 

manner ana1ogous to free diffusion (Frye & Edidin, 1970; 

Edidin & Fambrough, 1973; Poo & Cone, 1974; Liebman & Entine, 1974; 

Edidin, Zagyansky & Lardner, 1976~. In contrast, in the p1asmalemma of 

red blood c~ls the mobi1ity of the principle glycoprotein appears to 

-be restricted by association with the intracellular protein; spectrin 

(Nicolson.& Painter, , 1973; Nicolson, 1973). In the lymphocyte still 
, , 

-more ëomplex processes modulating the distribution of surface receptors 

. have been revealed. For example, the binding of immunoglobulin to a ' 

fraction of the receptors on the cell surface Ieads to aggregation of 

the uniformly distributed receptors into smaIl clusters, and their aub-

sequent collection into a larger,aggregate at one pole of the cel! 

\ 
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(Taylor, Duffus, Raff & dePetris, 1971; Raff & dePetris, 1974). While 

the first step in this process can be accounted for simply by adhesive 

interactions provided by the multivalent ligand, the later movement of the 

~! small receptor clusters to one pole of the çell is a more complex process 

" dependent ~pon energy metaPolism. - Also, when lymphocytes interact with the 

1ectin concanava~in A, covalently attached to either latex beads or 

blood platelets, the local binding to a small faètion of the lectin 

receptors has been found to restrict the mobility of immunoglobuli~ 

receptor~ over the entire cell surface (Rutishauser, Yahara & Edelman, 

1974; Yahara & Edelman, 1975). This too ia difficult to interpret on 

the basis of adhesive interactions between individual receptor units. 

Instead both of these phenomena imply the existence of an intracellular 

mechanism which is capable of producing either co-ordinated movement or 

inunobilization of 'surface receptors in response to local interactions with 
t ,l!, 

Macromolecules in the plasmalemma. Observations that drugs which are 

known to disrupt cytoplasmic structures such a-s microfilaments and micro-
1 

tubules also affect ligand-induced changes in receptor mobility, have 
, 

led té the suggestion (Edelman, Yahara & Wang, 1973) that these organelles 

are involved in a complex cytoplasmic structure which regulates the 

mobility of some surface receptors. 

" There appear to be several similarities between the ligand-induced 

clustering of surface recepto~s and the spontaneous aggreg~tion of ACh 

receptors on cultured muscle cells. , For eXablple, in either ~ituation 

there is an aggregation within the membrane of a fraction of the pre-

viously dispersed receptors. Also, aggregates of receptors in both 

cases can e~ist either as smaii clusters or iarger compound structures. 

While we have #not observed the formation of small ACh receptor c1usters 



G 

o 

to be a preliminary event in the development of large patches, as occurs 

during ligand-induced receptor aggregation, large ACh teceptor patehes 

often consist of a collection of smaller units. As in the case of 

ligand-induced aggregates, the existence of these compound structures'ia 

difficult ta understand simply in terms of direct interactions between 

individual receptors, and seems ~o require sorne forrn of long-range inter­

action 'between separate receptor clusters. Taken together these similari-

ties suggest that cytoplasmic~structures may participate in regulating 

the distribution of ACh-receptors. They further suggest that cellular 

mechanisms which mediate the aggregation of Integral membrane glyco-

proteins can aet both in response to external ligands and also independ­

ebtly. If one presumes~that such mechanisms are available for modulating 

the distribution ~f ACh receptors on non-innervated muscle cells, it is 

reasonable that they should a1so participate in the redistribution of 

,receptors Induced by innervation. Should this be the case a developing l 
nerve proeess might, by a local interaction with the sarcolemma, provide 
~ 

a locus for an aggregation of ACh receptors mediated by eytoplasmic 

structures in the muscle celle 

rfuile a more complex mechanism ls suggested by the above considera-

tions it is not yet possible to exclude sorne simpler alternatives. For' 

examplè"direct adhesive intêra~tions may occur between individual receptor 

units su ch that receptor patehes forro in response to an increasing- receptor 
1 

density in the sarcolemma, in a manner analogous ta crystal formation from 

_ a supersaturated ·sQl~tiçn. As described above, however, the complex 

organization of many receptor patches suggests that this alternative is 

implausible. It' i8 a1so possible that comp1eme~tary ligands,associated 
~ 

with nerve processes might undergo direct adhesive interacttons with ACh 

, ..... 
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receptors in the sarcolemma. Su ch interactiOns could trap mObi~e " 

receptor units and thereby lead to their accumulation in the subneural 

membrane. This mechanism, however, also appears to'be inadequate for 

explaining the observation that fluorescent· stain a~ sites of nerve-

* . 

muscle contact commonly ext~nded beyond the breadth of the nerve process 

(PIs. 3E, lG; 4B, D). 

Regardless of the mechanisms which regulate theit distribution it 

would not be surpristng if an early step in synapse formation d~ in-

volve a direct neural interaction with ACh receptors.. lt has been known ~ 

for some time that experimental conditions which caus~ mature muscle cells 

to develop extrajunctional receptors also make them receptive to further 

innervation. These findings have led to the suggestion that ACh re-

ceptors may be a prerequisite for the establishment of synaptic contact 

• between m~scle and nerve (Ka~z & Miledi, 1964; Fex, Sonesson, Thesleff 

& Zelena, 1966). If ~ome iigand associated with cholipergic neurons 
. 

were specifie for ACh receptors, and varièd in other neurons according 

to transmitter~ it would provide a molecular basis for the appropriàte 

matching between trartsmitter and receptor at s~apses. 

. " 
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~XPLANATION OF PLATES 
; 

~cept where stated otherwise the experfmental 

procedure consisted of staining 3-day-old muscle 

c~tures with Thodamine-labelled toxin, rinsing them 

with toxin-free ~dium, and then adding native toxin 

to th'è culture. Neural tube cells were then plated 

(Pls. 1-6) or not (Pls. 7-8). Each pair of 

micrographs shows the same field viewed with 

fluorescence optics and phase contrast optics. In 

'ls. 4-8 mu~le cells have been outlined and nerve 

processes are shawn as dotted 1ines. 

, Plate 1 / 

.. 
Fluorescent stain a,long paths' of nerve co~tàct 

extending across the central regions of muscle cella. 

Two days (A, B) and one day (C-F) after staining 

ànd add~ng neural tube cells. The cultures were 
. ''''. 

~ined ~live. Scale 20 ume 
\ 
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'PUte 2 '. , 
1 

Variety of patterns of ftuorescent sta~~ on 

nerve-contacted celis, one day after 9taining and 

adding ~éural tube cells. CultureS were ~ixed in 

ethanol and mounted in glycero'!. Scale 20 \lID. 

" 

,\ 

;. 

.. 
", 

·' 'lst; 

> • 

, .. 
~! , 



• 

. , . .. 

/ 
, 



: .• "lMi 11 L;I 1 

, , 

" t 

- . ~ , 
U _1 ... *t L1' " 

135 _ .. 

". 

Pl:até 3 
-, 

A-D: Long 'l;engths of fliJoreBcént stain 
, , 

associated with paths of nel.".ve-l1.luscle contact. 
" 

Cu1tures were ex~ined alive two days after 

stain~ng and adding neural tube cells. E-G: 

Reversible ~nhibit~on of fiuorescent staining·by 

carbachol. In tbis experiment a culture of 

muscle cells was maintained in the presence of 

-s carbachol (10 g/m1). On dat> 3 ft was exposed, to 

l."hOdamine-t~~n with carbachoi present, rinsed and 

then exposed to fluorescein-toxin in the absence 

of the drug. After rinsing again, native toxin 

was added and neural tube cells were plateà. The 

culture waS examined alive two days Iatel.". ~e 

example shows bright fluorescein stnining (E) 

along the patb of nerve-muscle contact (G),and a 

corresponding absence of' r.hodamine staining (F) •• 

Thua car.ba~hol reversib~y inhibited staining.. The 

bright areas in the upper right hand corners of E 

and rare associated with the êellular debris Been 

in G. Scale 20 ume 
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plate 4 

Changes ;lit distr:l:bution 'of fluo:rescE!nt stain". 
) , '. <O. 

on a rte'l've-contacte~scle cell. A.C: 22 nr' 

after stàinin·g. a,n'd/lf.;"d~ng n~ural tùbe cella. n, 
" . 

D: The sarne field 18 hr Iater. Thére <ls no'W more 

,stain aiong t1\e path of nerv~::'muscle.·~ontac~, and' 

'JJ: ' 
-', 

" 
.... ·1' 

" the patches which, were ori~inall~ p~ese~ elsewhe~e 

on the cel! have ei ther becOll1e much faintét or 

disappeared entirely. In addition many smali- spots 

of fluorescent stain have appeared. Note also 

that the cel~ in the upper 1eft quadrant grew and 

deve~oped' a new patch of stain in the region ·~f 

ceU extension. Scale 3,0 UDl. 
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" 

Plate 5 

Change~ in the distribution of fluores~ent 

stain on a nerve-tontacted muscle cel1. A, C: 

21 hr after staining and adding neural tube c;lls. 

B,D: 

nerve 
\ 

The S8me ~leld 18 hr Iater. Note the new 
1 

i processrs a10ng the edge of the cell in the 

rigi\lt hpnd portion of the' field ~ and the increased 
1 l!Jf' 

extent of che staining at the site of nerve-musc1e 

contact. Sca1e 30 um. 
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Plate 6 

Changes in the distribution of fluorescent 

stain a-fter transienf nerve contact. A J C: 22 hr 

after staining· and adding neural tube cells. Note 

thàt, the growth cane of the nerve proce~s in the 

lower right quadrant has contacted one 0; the 

muscle cells. B,D: 'nle same field 21 hr 1ater. 

'nle nerve process has disappeared and the patterns 

of fluorescent sta1n on both muscle cells have 

changed. '!'wo particles in the lower right 

quadrant (B) were autofluorescent (D). 

Scale 20 ume 
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,Plate 7 

Changes in the d1stri:bûtion of fluores.cent 
~ 

statn on non-contacted muscle celle. A, C: 3 hr 

lfter staining', B, D: The same field 24 hr latcr. 

The original patches of stain are still present but 
, 

two additional patches have appeared on new ceU 

projections. Scale 30 ume 
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Plate 8 

Changes in the pattern of fluorescent staining 

on il non-contacted muscle cel1. A, C: 2 br after 

stai~ing. B, D: The srune field 21 hr later. One 

of the original' patchea has elongatéd whereaa the 

other has altnoat disappeared. Note alao that the 
. 

cell grew in the region of the patahes. 
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Conclusions 

The presen~ study has demonstrated that dramatic changes can oceur 

in the distribution of ACh receptors on 'cu1tured embryonic muscle through 

a rearrangement of receptor units within the sarco1emma. A direct 

demonstration of this process was possible because fluore~cent staining 

allowed the spatial distribution of the recep~or population which was 

present in the !'Iarcolemma before nerve contact, to be observed as a function 

of time. The success of these experiments can a1so be 'attributed to the 

rap1d development of the amphiqian embryos that we.re used to prepare the 

cultures. Thus the rate of reC!eptor turnover (see Berg & Hall, 1974; 

1975b; Devreotes & Fam:t>rough, 1975), wh~ch was presumably responsible 

ror the fading of the fluorescent stain observed after pulse-Iabelling 

ACh receptors in the sarcolemma, was slow compared to the nerve-induçed 

receptor redistributidn. Had' the rate of redistribution been slow, as 

may well be, the 'case in more slowly developing .speeies, the fract~on of, ... 

the receptor ~opulation which was still l~belled by the time the subneural' 

membrane had formed ~ight have been too low to detect. For similar ressons 

it may be difficult in future studies to detect'any incorporation of 
, -

extrajurtctional receptors into the subsynaptic membrane,which may oeeur 

in normÙly :i:nnervated a~ult muscle., In fact, the available éVidën~e 

indicates' that the post-synaptie structural elements of v'ertebrate skeletal 

'muscle cella are'extremely stable metabolicalÎy , at least in the adult. 

Thue the junctional folds, acetylcholinesterase and ACh recep~ors all 

l 

develop in re~ponse to innervation, but are very resistant to change 

fol1owing removai of the neural influence in the adul t • Ne~elthele8s,. on 

. , 
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pr,!longed denervation there does appea,r to be a grad\Jal loss of both 

esttrase activity (Filogamo & Gabella} ~966) llnd 'the nurnber of ACh 

receptors (Frank ~ al., 1975): Obvious1y some neur~l influence is 
l ' • 

involved in maintaining the integrity of these synaptic structures. By 

far ~he most likely candidate for such a role would appear ta, be the 

-
inductive mechanism which was respon~ible for their initial formation. 

There ia evidence, for example, that mannnalian end plates under'go bath 

-
a slow growth and regressiot) throughout 1He (see Barker & Ip, 1966; 

Tuffery, 1 71) whi9h suggests that developménta1 processes do continue 
, ,. . 

{fi the t, but at a very much - reduced rate compared ta that observed 
, ' , 

during emb yonic development. Unfortunately, tbe slow rate of these 
~ 

biological processes in the adult may make a direct d~onstration of, their 

existence virtually impossible. 

While the present experime~ts have been possible because the nerve-

induced aggregatiotl of receptors' during synaptogenesis ~equtres only 1-2 , 

day~ at the most, t~e decline in the numbet of junctiona1 receptors in 

~enervated adult myscle, which may approximaté the normal replenishment 

of junctional. receptors, is exceedingly slow with_a )alf-~~,e in the 

order ~f five weeks {Frank et al.~ 1975). This difference in r~te also 

indicates that, at least in the adu1t, the aggregation of recepto~s in the 

,Sl,1bsyllaptic tpembrane 18 not ~ readily rever,a,ible process, and suggests 

that addÙional mechanis)ns may be involved in anchoring receptora w'~tl}in 

the- subneural m(>.mbrane afte,r their initial aggregation. There is, for 

exampl~, evi~ence t~~t ju~c~ional a~d extrajunctiona1 ACh receptors in 

adult mus,cle are slightly diff'7rent chemicany, and can be sep_arated by 

bY,isoe1ect'ric-focussing (Br;ock'es 'li. Ha'll, 19751>.). Alt~ough speculative, 

l, 

il 

; 
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~t ls reasonable to preSUl1le that such a chemical modifi~g'd.on ~ay he 
, -, 

involved in a process whereby ACh receptors 'become anchored in -the 

membrane et the site of innervation. 

Just as there may be concept'ually different mechanisms involved in. 

producing and maintaining ,the iocali_~ation of receptors in the subneural 

membrane, there may be more than one regulatory control over the synthesis 

of ACh r.eceptors. The control of extrajunc,tional chemosensitivity has long 
co 

been thought to be related to either the leve'! of usage, or the more-

~ 

obscure 'trophic' effect of innervation. Experimenta in adult muselé 

have indicated that theeffect of 'usage is probably m~diated directly by 

an effect of muscle contraction on receptor synthesis (see for example 

Rogan ~ al., 1976). However, it has also been ~ound that denervation 

has a greater effèct than inactivity per ~ in causing the appearance of 

extrajunctional receptors (Lavoie et al., 1976; Pestronk ~ al., 1976). 

.This differE!tlce is likely to be due to the .removal of an inductive effect 

of the nerve contact. On the basif\ of the presen tU expe"riménts innerv.a tien, 

independently of activity, can remove extrajunctional receptors by 
, . 

converting them into junctional receptors. This inductive process could 
~ 

thus contribute to a reduction of extrajunctional chemosensitivity in 

conditions of rapid synaptic growth, su ch as '!light occur during reinnerv tian. 
1: ' . 

, It m~ght ~ven contribute partially to the maintenance of a law extrajunc ional 

chemosensitivity in normaUy innervated adult muscle by participating in . . '\. ' 

a slow rep~enisbment of junctionsl receptors lost to turnover. The 

quantitative difference between the effects of muscle inactivi ty and 

d,enetvation can th,lls be e'xplained in one of two ways. Ei ther the more 
• , • f 

rapid accumulation of extrajunctional receptors following denervation refle~ts 

an on-going rate of receptor synthesis which would lin normal circumstahces' 

, 
'. 
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6 

have rep1eni.Bh~d junctional receptors lo~t to turnover, or e1ae 

innervation must have an ~ddieional 'in~uctive' infl~ence which limita 

v,~ 
thê aynthesis of new receptors. 

The latter possibility 19 supported by the available evidence wh~ch 
• 

suggests that the receptop! appearing a'ft~r denervati~n ar~ the résult 

of new gene activity. For example, drugs which block ~he synthesis Of 

o 

either J?ew protein or messenger RNA prevent the d,evelopment of e~trajunctional, 
, 

recepto1:S caused by denervation (Harris & Miledi, 1966; Fambrough, 1970t 

Grampp ~ al., 1912; Kimura'& Kimura, 1973; Chang"& Tung, 1974, Sakman, 1975) •. 
p 

In contrnst, once receptors have begun to fo~, the continued a,ppeatance 

of new receptors is still blocked Py proteln-synthesis inhibitors, 'but on1y 

minimally affec~ed by drugs .~hich block 'RNA-synthesis ,(Grampp !:l !1., 1972j 

see a1so Hartzell & Fambrough, ,~973). 
, ! 

The most reasonable interpretation 

of this difference is that denerv!lti.on initiatE's a new synthesis of 

receptors by first causing the synthesis of new ~essen8er RNA. The 1ater 
D , 

ineffectiveness of the RNA-synthesis' inhibitor pt;obably reflects its inability 

to block on-going protein synthesia which wa's inltiated before the drug 

treatment. Ârtif,icially induced muscle contraction likewise can either 

prevent the development of ex-trajunctional 'receptors in den~rvated 'muscle, 
, , . 

or cauae their density to dec1ine after they have already developed (Jones 
~ , 

~ V~bova, 1970, 1974; Drachm~n & IHtzke, 1972; Lomo &, Rosentqal,,,. 19?2; 

Purves. & Slikman~ 1974; Lomo & Westgaard, 1975), and ther'efore seems to 

• . , 

'res.~b1e the effect of dT~gS ~hi~h !-~hib~,t protein~syÛt,nesi~... How~ver since'.­

RNA-synthesi'g tnh'ibit'ors prevent ~he appearance of extrajuJ;\ctional receptors on1y 

wbei) they -are.g:ha1. before detù~rvatiqn, it 1s l:l:kely ~hat the rapiq accumulation' 
\ 

of réceptors" following denerv~tion',results.almo~t e~~irely "fr;om new genétlc 
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acÙvity, brought abp,ut in part by .the remo-val of an inductive effect· of 

" 
the nerve which wculd otherwise limit the rate of receptor, synthesis. 

The present study has demonstrated one mechanism by which the. 
1 t 1 d 

inductive influence of innervation. càn detennine the distribution of ACh 
1 

receptors on muscle cells. l'he ppocess o~ receptor redistribution ·is 

cl_early directed at cellular mechànisms whi,ch determine the arrangement: 

of 'structural' proteins within the saraolemrna ... Togèther the controls 

whi.ch regulate recep,~r sy:nthesis and subsequent localization IDn the celVl 

s\,lrface c~ be view~d teleoiogicàliy ,as a means for ensuring that muscle 

." "\ • û 

fibres. 'retain s~apt:lc con,taçt ohly with motor II:eurons.,whiC? are both 

t tro'phically' competent and appropriately connected witn 'h~,gher' centres 

which .direct mot_or activity. It is known for example thàt during normal 
,tC> 

development ther~ is an initial superabundance of motor neurona, IRost of' 

whic.h. are eventually 'lost (ltlJghes, 1961; Ptes~igc, 1967 i Prestige & 
, 

Hi1~~n, 1972; Reier '& Hughes, 1972).' Likewise there i5 .evidence that , 
. ., 

mamma'tian' ~uscle fibres are initially innervated bY'se'Vér~,lu nerve processes 

(Redf~rn, 1910; Bagust, Lewis & '~esterman, 1973). ('this redunâanty in the 
Q 

early, fO,rmatlon of- Dlctor neurons and nerve-muscle junctions suggests that 
~ , " 

there may. be' a fotln of'-,Irtatural selection' at work whicli d.et~P!l1nes .that 

ooly 'those neutqns ~h1.ch 'e8'tabli~h appropriate connexions will retain 

. ',,' ; ,. ~ynà~ti;. contac'~ Wit~ musçle; ~r e~en :Jrvive in the adult·~·. com(.it~:n., _ .' 
1 

'over the' cellular roeans for the locaUzation '.of ACh rece'Pt~rs mig~t well 

'p,~ ~pÇ>:rtant' in det~t'mining which ~yn.aptic cc;mta,ct~ su~vive flnto ad~r~ho~d . 
" ,1 .....," • t 1 .' J , • .. • , 

'It ia' know.~ tbat a widesprea-d di~tdb~tion ~i extrajunctional Acf!; r'eoeptors 
~ " • \; , ~I ',' ~ \ , ',' -,' , 

, ' .. ,' ," se~.s tQ' b~ required ,f()~ ,;ln~'e~-~tiQ~ ,to t~k~ pl~ie.' (~e~ '~atz ' ~ Mi1~d{t '," , 
, " '. ,,'..,' , ", ;' 1 

" _ :', .',1964D; f'ex- 'et al. , 19~6),.· If th~$. appear~ 'rea~()nable that, by: irv:o~.por.atiJig 
~. 1 -.....,- .. l ~ j 
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'" 
the bulk of the receptors in its dev~~1ftig subneural membrane, and 

~supre~sing receptor synthesis, the most approp;iate nerve contact might 

block the development of competin§ junctions on the same muscle fihre.«t-' 

In the\adult the ne~ ~~yëlopmeht of extraj~ctionaf receptors following 

ne~e damage or insufficient activity might perm~t another n~rve contact 

to develop an~ replace the no-longer competent nerve ~nding. Thus the 
! .... -

"mechanisms which regulate the metabolism.and 4istribution of transmitter 
,~ .. ~ . 

receptQrs WfY 8).80 P~o.vide a means for sdjustiytg the pattern of innervatlon' 
~. . 

to changes in' both, the number of functionalrunits and t4e pattern of.usag~. 
1 "'''' 

r ~ • .' c..". ~ 
While this tTlay be of lesser importance st the level of nerve-muscle . . . 

, connexions 'which do not appesr, to undergo dramatic plastic changes, 

sim:b~r mech~nisms operating ~~een -neuro~s in the ~central nérvous 

sy$te:ro may modulate a vaciety of changes in which the pattern~ of ... 
. 'conJ1ectiv~ty are determined by the usage of specifie neural pathways. 

'! 1 • 

The finding of the present study, that innervation leads to a 

rearrang~ent of integral proteins within the sarcolemma, has an· 

additional~relev~nce'~or the general probl~ of cell d~fferentiat~n. 4 

" . , ~ 

lt has been suggested that 1 surfac::e modulati~n 1 ma;?' be a fundamenta.l . ' . , 

mechanimn which mediates 1n~uc~ive interactions between mauy types 

of cells (see Edelman, 1976). This possib~lity ha~ bean raised by the 

observation thàt other. celi types, 'Plincip811~lYmphocytes, ar~ stimulated 
tI ~ • ( .4 'f ' • , ' l} 

to prolifèra'te b)l' inteIiactfon with multiviilent ligands which bind ta 
, " ,. " .. ~ 

r' 't'cce~to:s, in the. plasma:(~a, 'and sometimes cause them to aggregate 

: (. e~ t.~ i..... RaU & de Pet ri8 • 1974; Ni colso).. 1974). An imPort~ j. 
d1f~iculty fQr th~s intriBuing hypothesis has been the fact that thlse 
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. 
.r~ènts çan induce cell proliferatiort even Without,caueing the aggregatio~ 

of their receptors. Fur~herrnore, the modulation of surfa~c structure 

has not previously-been 'found to occur as a"nec~ssary part of sny 

natural biologieal proce'ssO\ The pres.ent study, howcver, has 

demonstrated thst the aggregatiort of ACh receptors in the sareolemma 
, 'e-

is a normal feature ~~ ~ynaPtogenesis, ~n~ provides the high density of 
-

recept'ors necessaty far the function of .the synapse. Slnce elaborate 

mechanisms are clearly available for controllin, t,he distribution and 
.... 

ma1?i1ity of substa~ces ,iri ,thé s~rface membrane, they, ~re lik'ely to, be 

involved in other inductive 'interactions which influence celi behavior. 
,', ) " , 

Future studie:s of thc_ rnol,ecular mechanisms which underlie receptor 

redistribution should ther-ef~re continue to proV'i~i~ i~formation reoleyant 

t~ the fundameijt~l problème of induction and differeritiation. ., 
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ABSTRACT 

~-Bungarotoxin was labelled vith fluorescént dyes and used as 
1 

a stain for visualizing the distributioq of acetylcholine receptofs in 

vertebrate skeletal muscle fibres. Dye-toxin conjugates had the same - . 
pharmacolog1c~1 PFoperties as nativeAto~in, but their potencies were 

rower. 
• • Q 

Fluorescent staining was examined in teased muscle fibres. The 

stain was found ta be confined to the neuromuscular junction and ,.. 

associated with the subsynaptic membrane. Staining intensity was reduced 
- '\ -' 

by ~urare and even more so by carbachol, but not by atropine or neostigmirie. 

Pretreatment ofmuscles with unlabelled ~-bungarotoxin ~rely prevented 

staining. The staining at amPhibian_ neuromurr junctions wa: 

charà~teri:~d by a pattern of intense transverse bands occurring at 

intervals of approximately 0.5-1 u, with fluorescence of lower i~tensity 

between them. Fluorescent ètaining vas not detected on adjacènt, 

extrasynaptic, muscle membrane. In side-views the staining appeared 
" 

as a fine line with small protuberan~s occurring at the same intervals 

as the int~nse bands s~~n face-on. These res~lts indicate that 

acetyléholinè receptors ~re assoçiated vi~ the entire subsynaptic 

\...-. membrane, incllldins. the membrane 

density changes abruptly at 

muscle membrane. 

.. 
~ 

the jùn~tional folds an~ that their 

er bebWeen synaptic and extrasynaptic 

My~tomal musclé ce~ls fram embryos of Xenopus laev~s were éultured 

as a mono layer ~ither alone or together with neurai ~tube célls fr~ the 

sam~·embryos. Sp~ntaneous twÙching and contrl:lctions evoked by electrical 
If., • '~ ,. 

> 

stimulation 'of neuronal perikarya were observed only in nerve-contacted 
• 

, . 

. " 
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• 

muscle cel1s, and couid be abo1ished by curare or_ cl-bungarotoxin. 

Within 2 days.in culture muscle cel1s not'contacted by Rerve deve10ped 

one or more discrete patches of acety1cho11ne (ACh) receptors as 

revealed by staining with fluorescent cOnjugates of tJ.. -hunSB;rotox,in. 

Simi1ar patches were a1so seen when staining was carried ~ut after , 
paraforma1dehyde fixation, suggesting that they were not induced by 

the dye-toxin conjugate. Radioauto~raphy after labe11ing with 1251 -
1 

, ~ ,-bungarotoxin revealed patches with grain densÜi.es appro::Cimat:ely 

25-fold greater than over the remainder of the ce1~. Fluorescent 

stain on innervated cells was restricted to the path of nerve-muscle 

contact and somettmes extended for greater lengths thap the 1atgest 

patches seen ~n flon-contacted muscle cells. S~ilar long,bands of 

stain associated with nerve-musc1e contacts were observed when cultures. 

were grown in high concentrations of curare and cajoachol which 
«il 

prevented spontaneous twitching. " They were a1so seen 1n cultures 

in whlch the addition of neurJl tube cells was de1ayed for 2~3 days. 

lt is concludèd that innervation caused r~c~ptors to accumulate at ... . . ' . 
sites of nerve~uscle contact and that this proë~~s can operate 

-............. 
independently of muscle activity. 

. Three-é:Jay-old cultures of mybtomal muscle, obtained fram emhryos of 

/ 

Xenopus 1aevis, were stained with fluorescent GOnjugâtes of .·bungarotoxin ~ 
1 

and maintained in native toxin in order to ensure that ACh receptors 
~~ , 

subsequent1y inserée~ into 

tube o~s were thett added 

1-3 t';. l~ter fluorescent 

thi sarcolemma would not be stained. Neural, . ' 
, - 1 

When cultures werft examinel·-: 
l' 

to the cultures. 
, 

stain waé found ta be assaciated with sites 
'-1 
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'. 
" of nerv"e-musc1e contact. In some casea the stain along the patb of \ 

.. c 

contact exten~ed for greater distances than the patches of stain seen 

on non-consacted muscle cells. The,deve1opment of new areas of 

fluorescent stain at sites of nerve4nusc1e contAct was confirmed by 

making successive observations on the same muscle celi over a period 

of a day. S~ilar expertments On muscle ce1ls not contacted by nerve • • 

revealed the forma~ion af new receptor patches, usually in areas of 
~ 

cell growth. The majority of fluorescent patches ~n non-contacted 

muscle c~lls did not undergo changes'in size or shape over the course 

of 1-2 days. However some examples of enlargement, shrinkage and 
. / 

disappearance were observed~ On the basis of theae f1ndinga it ia 

concluded that ACh reêeptor~ aggregate within the sarcolemma, 

spontaneous~y as w~l as 1n response to {nn~~ation. In the latter ~ 

case extrajunctional rèceptors accumulate at ~he stte gf nerve c~tact 

.. 

thereby contributing to the'develo nt of a nigh rece~tor ~nsitY'in ~ , ~ . 

.. ) 
the subneural muscIe'membrane. This process of reoepter re~lstr{bution 

, , 

occurs in the absence of synapt1c or contractlie activ1ty. Possible 

mechanisms involved in the redistribution of Ach receptors are discus'sed 

in r~lation to those whi~h' appear to modu1ate 1igand~!nduced 
l, ' 

cnanges 
( ;' ~ ~ 

of lectin and tmmunoglobu11n receptors. ~i.tribution 

.. -


