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ABSTRACT

0

®-Bungarotoxin was labelled with fluorescent

dyes and used to examine the distribution of .acetylcholine

receﬁtors on cultured amphibian muscle cells., Within two

v

days in culture all non-innervated muscle cells developed”
discrete patches of high receptor density. fnnervation
”Faused the development of a region of densely packed recep¥ers
along the path of nerve-contébt. This change involved the
formation of new regions of high receptor density in the

subneural membrane, and occurred independently of synaptic

activity. Similar chahges occurred when muscle cultures
were stained before adding nerve cells, indicating that

innervation induced previously stained receptors te aggrepate

along the path of nerve coqiact. %his process of receptor

redisgribution was confirmed in successive observations on

identified pre-stained muscle‘cells. In similar- experiments
'\

receptor patches on non-innervated muscle cells also formed

-re

by a process of receptor aggregation.
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CONDENSE -

-~

On a utilisé une prépafation d'a~bungarotoxine
couplée avec des molécules fluorescentes pour étudier la
distribution des }écepfeurs pour l'acétylcholine dans les |,
cellules musculaires amphigiennes en culture. ,Z Toutes les
cellules non-innervées développent, en moins de deux joufs
de culture, des régions isolées possédant une hauFe densité

de récepteurs, L'innervation cause le développement d'une

4

région & haute densité de récepteurs le long de la trajectoire
de contact du nerf. Ce changement comporte la formation de
nouvelles régions & haute densité de récepteurs dans la

membrane sous-neurale, et il se produi;fiﬁaépendamment de
. ¢

l'acqivité synaptique. Des changements similaires se produisent
quand des cultures de muscle sont exposées & 1'o-bungarotoxine .

avant 1'addition de cellules nerveuses, montrant que

i

1'innervation induit 1l'aggrégation, le long de la trajectoire :
de contact avec le nerf, de récepteurs a &té confirmé par des

observations successives de cellules musculaires identifieés
Bty

préalabiement exposées & la préparation d'o-bungarotoxine. Dans
des éxﬁériences similairés, le processus d'aggrégation des

Y .
récepteurs a aussi expliqué la formation de régionsﬁsﬁhaute

densité de récepteurs dans, des cellules musculaires nmon-innervées.
{
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. PREFACE

The present thesis was prepared according to the provisions
of regulation numbér 54h of the Faculty of Graduate Studies and Research

. 0f McGill University.- This regulation allows the presentatioén of

theses to be in the form of papers suitable for publication in a-

professional journal, with a supplementary introduction of the literature
and'concluding remarks. The main body of th;s thesis is thus d;vided
into three sections (Chapters 2-4) which have eithér been published
\

(Chapter 2) or submitted for publication in the Journal of Physiology
(Chapters 3-4)., The progression between these respective chapters will
hopefully be self-evident to thenreadef as the methodological develop-
menits in the eariy.cbgpters lead to new experimental conciusions in the
latter, i

. The thgds is entirely original and largely thé work of the author
carried out in the Iaborat;ry of Dr. ﬁ.w, Cohen. Two of thg experimental
eubrée;tions, however, were carried out by other members of the group{
and are included only to providé a comprehensive view of the project.
Dr. E. Zorychta carried.put the experiments to determine the patt ﬁs
of recep;gr Ftaining on identified innervated muscle cells. Drs. M.W.
Céhén and E. Zorychta also carried out the radioautographic experiments,

with considerable technical assistance very generously provided by

I. Chow, !
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Localization of chemosensitivity at
the-peuromuscular judnction

Puring the past decade ‘there has been an upsurge of interest in the
acetylcholine (ACh) receptor of vertebrate skeletal muscle. This has
come about'in part because of the development of biochemical techniques
for the identification and measurement of this receptor subétance, but
also is due to the variety of important biological processes in which it
is in'volved.

Historically the ACh réceptor was one of the first drug receptors
to have been postulated, and the early studies of its phamacologica‘l
interactions were instrumental in the develapment of the concept of a
"receptor" substance. This early progress was due in large part to the
introduction into European medieine of cholinergic drugs whicp had long
been used by tribal socteties in the Americas. Thus it was observed in
the nineteenth century that nicoti'f"ﬁ; could mimic the effect of stimulating
the motor nerves, to evoke contraetion of skeletal muscle ufibres (Langley
& Dickenson, 1890), and that curare blocked the effect of nerve stimulation
by its direct action on muscle (Bernard, 1856, 1857). However, it was not
until the present century that t‘:.h'é ‘concept of 'receptive substances' was
introduced (seé Langley, 1905),;1n part to rationalize the antagonistic
effects of curare and nicotine on skeletal muscle. Soon thereafter Langley
(1907) noted a-dramatic variation in the sensitivity of frog muscle to
smell drops of nicotine he applied topically with a brush, and sugéested
that this variation mri?g.ht be ’explained by a localization of the '"receptive

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

Later investigations eventually led to the discovery that ACh had
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pharmacological properties which resembled those of both nictoin\e and
muscarine (Dale, 1914), and that a humoral substance similar in action to
ACh was released as result of nerve stimulation (Loewi, 1921; Loewi &
Navratil, 1926).

Although Langley's suggestion, that a specific receptor substance
was localized at the site of innervation, has long been accepted, it has
been difficult to obtain conclusive biochemical evidence for its existence.
This problem, which still exists for the majority of oth;er drug receptors,
was due to a lack of means for identifying the receptor substance, ot;her
than in a living cell. However in the case of the ACh receptor of
vertebrate muscle the physiological effect is so easy to observe that
considerable progress was made in characterizing it on the basis of its
interactions with a host of pharmacological agents of related chemical
structure. This indirect evidence led to the deduction that the nicotinic
receptor has at least two sites wh‘ich interact with ACh: an anionic site
which undergoes a g:olxlombic interaction with thé'quaternary nitrogen
group of ACh, and a hydrogen-bonding site which interacts witP the esteric
carbonyl (see reviews, Michelson & Ziemal, 1973; Goldstein, Archow &
Kalman, 1974). Thus many\studies have indicated that the interaction of -
the receptor .with ACh resembles in many respects that between enzyme and
substrate, excépt that the result is not a chemical change in the transmitter,
but rather a conformational change, presumably 11'1 the receptor substance,
which allows a greater degree of cation permeability through the membrane.

There havealso been dramatic technical improvements since Langley's
time in the means of examining the distribution of chemosensitivity on

the surface of muscle cells. A particularly important advance was brought
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about by the development of the iontophoretic technique for applying
minute quantities of a drug onto a small portion of the cell surface
(Nastuk , 1953; del Castillo & Katz, 1955), while recording the resulting
change in membrane potential with an intracellular microelectrode. Small

transient currents passed through a glass microelectrode containing ACh,

or another ionic substance, lead to the ejection of amm‘x\nts of drug
proportional to the charge in the current pulse (see Krnjevic, Mitchell
& Szerb, 1963). Thus i)y 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 within 100 um of the motor nerve ending on normal rat
muscle fibres. More recently the localization of the fontophoretic
electrode with respect to individual branches of the nerve terminal has
been eunhanced by the use of Womarski 'inrorfernnr‘o—cnntrasr optice (Peper &
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), Using 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 similar localization of chemosensitivity has also been observed
for other putative transmitters such as glutamate in insect muscle
(Usherwood, 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, Kuffler & Dennis, 197}). Thus the localization of transmitter

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 receptor

While the classical cholinergic 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
fibreé, the reversibility and relatively low affinity of the drug-receptor
interaction have precluded any marked success in biochemically isolating
the receptor substance. This difficulty has now largely been overcome by
the discovery that theiyenoms of severalnelapid snakes contain peptide
toxins which act upon the ACh receptor of vertebrate skeletal muscle as
specific and irreversible antagonists,

Using starch gel electrophoresis Chang & Lee (1963) separated the

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

which they named &, p, and b’--bungarotoxins. The &A-bungarotoxin ( ~BGT)
fraction was found to abolish the response of muscle fibres to ACh without
altering the ACh output of the presynaptic nerve terminals and thus
resembled curare in its mode of action. However, the toxin differed from
curare in that its poit-synaptic block was not relieved by even prolonged
washing. Using intracellular and extracellular recording techniques Lee
& Chang (1966) demonstrated that «BGT and a similar toxin from cobra
venom produqed a progressive block of the end-plate potential without'
affectiﬁg the restfng_membrane potential or terminal nerve spike. They
also found thaé cirare slowed the rate of development of the post-syn;ptic
block produced by either‘toxin. The similarities between the effects of
curare and the snake toxins, as well as the protection afforded by curare

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

fashion with the ACh receptor. Llater studies confirmed and extended this

.
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idea (Miledi, Molinoff & Potter, 1971; Lester, 1972a, b). The neurotoxins

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

the response to iontophoretically applied ACh at the frog neuromuscular

junction and Torpedo &lectroplax, and did so at an exponential rate

. proportional to the toxin concentration. Furthermore, the presence of

the ACh antagonist curare, or the agonists nicotine and carbachol, slowed
the rate of rééeptof inactivation. While the ;retection afforded by these
agents increased with their concentration, they were ineffectivg in
reversing the block induced by a previous exposure to the toxin. It can
be concluded from these pharmacological studies that the elapid neurotoxins
exert their effect by irreversiblf blocking the activation of ACh receptors
on musple cells:

Chemically the post-synaptic toxins from elapid snakes are a
homologouslgroup of small basic polypcptides (sce Lee, 1972) with molecular

s

weights of approximately 8,000. Cobra neurotoxin and «BGT, for example,

»

are composed of 71 and 74 amino acid residues respectively, with similar
primary and tertiary structures. Thus, in all the toxins so far studied

a similar location has been found for eight half-cysteins, and at least -
ten other amino acids in the sequence. A similar region in the center of
each toxin molecule is thought to be the 'gctive site' for interaction
with the ACh receptor, and contains three basic¢ .amino acids and a tyrosine

§ B

which are important in cowferring specificity to the interaction with the

°

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

due to the unusually large percentage of hydrophoblc amino acids.in the

3
toxin molecule.
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\ 1974), Wwhen the surface area of the post-junctional membrane is taken into

. -

Localization of ACh receptors at the neuromuscular junction

Since the initial demonstrations that «BGT is a specific antagqnist‘
which reacts Lrreversibly with the ACh receptors on muscle fiﬂres, and
that radioactive derivatives of the toxin not only retain its pharmacological
properties, but also become localized at the neuromuscular junction (Lee &
Tseng, 1966), therélnavebeen systematic attempts to develop techniques for
determining the number and distribution of toxin-binding sites in
cholinergic tissues such as skeletal muscle and the electroplax. 1In each
case protein-tracing techniques which were originally developed for use
with immunoglobulins have been extended to the much smaller peptide snake
toxins, |

The most widely used strategy has been to prepare radioactive
derivatives of either cobra neurotoxin or ™ BGT by iodination (Miledi,
Molinoff & Potter, 1971; Raftery, Schmidt, Clark, & Wolcott, 1971; Berg,
Kelly, Sargent, Williamson & Hall, 1972) or acetylaéion with 3H-labelled
acetic anhydride (Barnard, Wieckowski & Chiu, 1971; Meunier, Oisen; Menez,’ ‘
Fromageot, Boquet & Changeux, 1972; Chang, Cgen & Chuang, 1973a). The

radiocactive derivatives offer not only a simple means of quantitating

ey BB 4

the number of binding sites, but also permit the distribution of the bound

PEORLE LR S

toxin to be examined by radioautography., Using this approach the number

of toxin-binding sites at vertebrate neuromuscular junctions has been

Sl e

estimated at between'lOJ.and 108 (Miledi & Potter, 19715 Barnard, Wieckowski &
Chiu, 1971; Fambrough & Hartzell, 1972; Chang, et al., 1973a, b; Porter,

Chiu, Wieckowski & Barmard, 1973; Albuquerque, Barnard, Porter & Warnick,

account this 1ndicaTés that ACh receptors are concentrated at the neuromuscular

| ) . . v
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_Junction with over 104 toxin-binding sites per um?. Recent studies have
examined the distribution of toxin-binding sites at the ultrastructural
level with either radioautography (Fertuck & Salpeter, 1974, 1976),'or an

immunoperoxidase technique based upon the use of «BGT as an antigenic -

agent (Daniels & Vogel, 1975). The distribution of bound toxin was found
to be limited to the post-junctional membrane and extended only about a
third of the way into the complex folds at mammalian junctions. In fact'
the distribution of sil;ef grains was foqu to be consistent with a

radioactive source restricted to theregion of electron-dense membrane

(o s B

revealed by conveptional ultrastructural examination (see Fertuck &

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

A

of ACh sensitivity on normal muscle fibres, and indicate that chemical r> .
derivatives of the snake neurotoxins are efficient affinity labels which ~

can be used 2sg biechemical markers for the ACh receptor substance.
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Isolation and biochemical properties of
the nicotinic ACh receptor

Attempts to isolate the nicotinic ACh receptor have ugually started

ith the electric organs of either eels or th; marine electric fish (see
reviews Karlin, 1974; Rang, 1975). While the snake neurotoxins abolish
miniature end-plate potentials and sensitivity to iontophoretically applied
ACh 1in both tissues without affecting the reséing membrane potential
(Miledi, Molinoff & Potter, 1971), the electric organs are a richer source
of receptors than muscle, As described below, a variety of procedufes has
been used to isolate a protein fraction from the electroplax which shows
binding to snake neurotoxins that is competitively inhibited by reversible
cholinergic ligands, In the process several chemical properties of the
ACh receptor have been demonstrated.

Early in the attempt to isolate the toxin-binding substaqce it became '
evident that it was an integral membrane protein (see Singer & Nicolson,
1972). This was ‘demonstrated by the observatién that specific toxin. L
binding remained with tissue mgmbrane fragments unless they were tr;ated
with detergents (Changeux, Kasai, Hucﬁet & Meunier, 1970; Changeux, Meunier,
& Huchet, 1971; Miledi, et al., 1971; Rafgery, et al,, 1971; Eldefrawi, .
Eldefrawi, Seifert & O'Brien, 1972; Franklin & Potter, 1972). 1In the
prgfence‘of weakly iOnic.(Chéngeux et gl.,'1970; 1971) or non=-ionic "
detergents (Miledi, et al., 1971; Raftery et al., 1971; Franklin & Potter,

1972) protein-detergent\complexes were obtained which exhibited neurotoxin
binding that was competitively inhibited by‘éksgffgigLérugs, but not by
muscgrine, physostigmine or choline.l On the other hand, strong 1oni;
detergents inactivated the receptor. Attempts tg’determine such

!
physical properties as molecular weight and-subunit composition
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were however hampered by both the presenc;_of the detergents necessary to
keép the receptor in solution, and the anomalous behavior of the
solublized membrane proteins (in comparison to hydrophilic érotein
standards) during gel-filtration and density-gradient sedimentation.
Furthermore the initial efforts to fractionate receptor-containing extracts
using physical techniques which separate macromolecules on the basis of
their size, electrical charge or ngelectric péint produced only moderate
incréases in specific activity as measured by neéurotoxin binding. This
difficulty arose from the fact that most of the.proteins in the membrane
extracts shared similar physical characteiistics (see Raftery, Schmidt,
Martinez-Carrion, Mocody, 6and1en & Duguid, 1973)., However, it is wérth
noting that the‘physicag techniques were effective in separating the

f N
specific toxin-binding fraction from virtually all of the acetylcholinestetlse

-

activity. 1In fact the esterase could be removed from the membrane even by
mild treatments eggé a; salt-extraction, and therefore is not an integral
membrane protein, |

Significant increases in purify of the receptor preparations have since
been achieved by several groups using affinity-chromatography with resing or
gels covalently attached to a vardety of cﬁoliéergic ligands (Karlson, Heilbronn
& Widlund, 1972; Olsen, Meunier &Changeux, 1J972;“Schmidt & Raft;ery, 19'}2, 197\3; ‘
Eldefrawi & Eldefrawi, 1973; Klet t, Fulpius, Cooper, Smith, Reich & Possani, 1973) .I
However, the material isolate@“r each of thése studies has been hetefogenoéx
on'élecyrophoresisﬁin the presénce of the strongly ionic detergen£ $DS, which
denatures proteins and often reveals their complex subunit composition.

This cOmpiexity appears to be due to the fact that the ACh receptor exists

in the membrane as a complex of several dissimilar polypeptides.. While

to
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there is still dispute over th; exactlsubunit composition of the receptof,
the most thorough analyses at the present time (Changeux et al., 1976;
Raftery, Vandlen, Reed & Lee, 1976) suggest that it 1is composed of 2-4
proteins with molecular weights between 40- and 64-thousand daltons.

These appear to be grouped in a complex composed of 6-8 subunits, for;ing )
a receptor unit with 3-4 «BGT binding sites and having a molecular weight Coge

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

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

»
+

surface of the cell membrane.
The membrane gly;oprotein isolated from the electroplax has been
{dentified as the ACh receptor on the basis of a reaction with snake
neurotoxins which is competitively inhibited by nicotinic drugs. However,
the ultimate proof thag this substance is the ACh receptor should include
the demonstration that—it can also modulate cation permeability in response
to cholinergic agonists, Michaelson & Raftery (1974}rand Hazelbauef &
Changeux (1974) have found that vesicles preparéd witﬁ lipids extracted
from;khe electroplax can be loaded with radioactive 22Na, which exehaﬁges
slowly with normal 23Na in the externdl medium. When purified 'receptor'
protein is incorporated in such liposomes they respond to ACh and carbachol

with a dramatic increase in the leakage rate of the 224a, While a more direct

LY

demonstration of the functioning of the iso;ated receptor in an artificial membrane
would have been preferable, this result strongly suggests that the purified

receptor is capable of functioning as an ionophore in.response 'to cholinergic

®

drugs.,
Further evidence indicates that the receptor subunits may be arranged
as a toroidal complex within the lipid bilayer, suggestive of the receptor's

function as an ion channel through the membrane. This possibility has been

® LY
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taised by electron microscopic studies of both negatively-stained. synaptic
membranes and isolated receptor extra;ts“which reveal dense arrays of
intr;meqbranous particles that occasionaily'appear to que a‘dimplefiﬁ
their centre (Cartaud, Benedééti,Cohen, Meunier & Changeux, 1973; Nickel
& Potter, i9j3; Landowne, Potter & Terrar, 1975). Anatomical studies of
the ﬁéufomuscular Junction using freeze fracture tecﬁniqges have also
revealed a densely-packed array of intramembranous partiéles which is
confined to the subg&napti; memb;ane (Peper, Dreyer, Sandri, Akert & Mbo;;
1974 ; éeuser, Reese & Landis, 1974; Rash & Ellisman, 1974) and thus' ‘
coincides with the distfibution of ACh‘receptors.

‘On the basis of the extensive biochemical evidence it can thus be

concluded that ACh receptors are in fact poﬁﬁiex integral membrane

glycoproteins which are sufficiently large to be visualized directly in
& 2

the .electron microscope, and which are packed in an almbst-crystalline'

array in the subsynaptic membrane of the neuromuscular junction,

2
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Neural regulation of the distribution of
0 ACh receptors in adult muscle

While it is evident that ACh receptor's exist atua very high density i
in the post-junctional met;lbr'ame, and are virtually ab~sent from the rest

of the sarcolemma of normal adult muscle fibl;es, it is not clear how such

a non-random distribution of receptors could have developed. in fact

this localized aggregation of receptors is amz;jor anomaly in the light

of currént.theories in which biological membranes are viewed as fluids ' \\

~

"y

¥
vy .

[ !
containing a, diversity of freely diffusing glycoproteins and ‘glycolipids

e

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

mosaic' model of the membrane is that random thermal motion would lead to

a uniform distribution of integral membrane glycoproteins such as the ACh
receptor. If this model is corregt there are likely to be specialized
mec}{anisms which preserve the highly-ordered arrangement of receptors

in the post junctional membrane. Furthermore, since ACh receptors are

coucen.t'rated only at sites of inmervation the meghanism ’oflreceptor'

PR

10ca[,1j.zation must depend upon positional cues provided by some form YA

S e v

interaction bgtween nerve and muscle’/cels.

(X

For some time it has been evident that ‘this ‘distribution of receptors - é

'{s dependent, upon normal. innervation. When a motor nerve is damaged, for ?
.example byssevering the axons, a number of changes occur in the denervated . :f:;
-~ . - N © ::1
Ymuscle fibres over periods from a few days to months, Within a matter T
of da&s the entire extrajunctional membrane becomes sensitive to ACh , . §
(Ginetzinsky & Shamarina, 1942; Axelsson & Thesleff, 1959; Miledi, 1960b; %i

. #

Albuquerque & Mclsaac, 1970), Biochemical and radiocautographic techniques 3
based upon the binding of snake neurotoxins have indicated that this 7
. 2

: :
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extrajunctional chemose,nsitivity is due to the widespread appearance of
E . ;g R -
G , ACh receptors (Lee, Tseﬁg & Chiu 1967 Miledi & Potter, 1971 Berg, Kelly,

Sargent, w1llian(;t;n\& Hall 1972 Hartzell & Fambfrough, 1972; Libelius,
 1975). However both Cthe 1eve1 of exi:rajunctional chemosensit?ivit:y and
the density -of toxin-bindi;xg sites remain iower than at the neux;omus&lar
juncti.on.‘ In fact the ‘3en'sity of extrejunctional toxin-binding .eiees only
reaches levels of 102 - 193 per um2 (Hartzell & Fambrough, 1972; Libelius,
1975)‘,‘which is at least an order of magnitu‘de less than that bbservjed
at the adult neuromuscular junction (Miledi & Pot/ter, 19."71; Barnard et al.,
1971; Fambrough & Harpzell, 1972; Porter et al., 1973; Chang et al., 1973a,
(>“b; ‘A_l‘lﬂxquerque et al., 1974). ’
Several studies have sought to.d“etermined the source of the extra-

!

junctional receptors %n denervated muscle, ,Katg & Miledi (1964Db) .

demonstrated that nerve-free muscie ségqents also developed a high level
'ofdhenioserts}.'t’:fiv'\ity; which indicatéd ’that;°f;he extréjunctiona} receptors
| t;lust either have existed—‘througﬁout ;:he mugcle fibre in an inact_ive form,
or else been synthesized de movo aftelerembval of the neuijal‘influer‘;ce'.
Later. studies have fo;md thet the increase in chemose.nsi"tivity following
denervation is prevented by a variety of drugs which block the. synthesis
- of either protein or,RNA (/Fambrough, 1970; Grampp, Harris & Thesleff
: 1972, Kimura &_Kimere', 1973‘; "Chan‘g1' Tung, 1974, Sakman, 1975).() More
direct evidence that, th‘e extrajunctional recei:tors are synthesized and
inserted ;.nto the membrane ﬁ’follow:lng‘. denervation has ‘recently been provided
by Brockes & Hall (1975a), After incubation of demervated r%diaphragms in

organ culture in the presence of 358-methionine, affinity chromatography

was used to purify an extract of ACh receptors. This extract was found to

'
¥
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to contain J°S-labelled material which could not be separated from ACh
receptors by either velocity sedimentatim or isocelectric focussing.
Similar treatments of diaphragm which had ﬁgt yet begun to develop
extrajunctional receptors produced a receptor extract without the
radioactive label. However, given the difficulty experlienced in attempting
to separate ACh receptors from other membrane proteins using such physical
techniques (see Raftery, et al., 1973) it is not certain to what extent

the receptor extract might have been contaminated by other radioactive
membrane constituents. A somewhat different technique was used by
Devreotes & Fambrough (1976) who carried out similar experiments on mouse
leg muscles., 1In these experiments newly synthesiz.d 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 labelled by first blocking the pre;existing receptors with

native oBGT and later exposing the musclesto 1251 & BET. Control muscles

131y & Bor.

were used as a source of normal receptors and wére labelled with
When newly-synthesized detergent-solublized membrane proteins were partially
separated from the older ones by buoyant density centrifugation, the
receptors 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 some of the extrajunctional receptors

had been synthesized from heavy amino acids. On the basis of these
experiments iE can be concluded that dechervation of muscle has dramatic
effé;ts on the metabolism of ACh receptors, and ¢pes not merely lead‘to

the activation of previously-dormant receptors which were already presentxg

throughout the muscle cell. 3
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The experiments described so far found no dramatic changes in the
density of receptors at old end plates following denervation. Recenély
however, Frank, Gautvik and Soﬁmerschild, (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 loss of normal nerve contact ;esults in both the synthesis
of ACh receptors and the development of a more random distribution of the
rééeptor population,

It has been eonventional to view th; neural regulation of‘ACh
receptor distributicn in terms of a restriction on the development of
extrajunctional receptors (see reviews Guth, 1968; Harris, 1975). This
orientation has arisen rather naturally since in most experimental
siLuations‘dramatic changes have been observed in extrajunctional
chemosensitivity without correspondingly obvious changes at the neuromuscular
junction. An important focus of interest has therefore been the mechanism
by which the neural influence i{s transmitted to the muscle cell,

There are several forms of message which motor neurons might conceivably
employ in order to influence the muscle fibres with which they are 1n'contact.
These can be grouped into two general categories on the basis of their
involvement in the sequence of events which leads to muscle contraction,
Thus, in priniciple, the interaction of ACh with the post-synaptic membrane,
depolarization of the sarcolemma, or the contraction of the muscle cell
could each be importént for the regulation of ACh receptors. On the other
hand, negral influence might be expressed by some<mechaqi$m independent of

activity, such as the release of a 'trophic' substance or the actual
/7
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physical contact between the two cell surfaces. While these latter

possibilities remain somewhat speculative due to a lack of well-

N

/
documented biological precedents, they are likely to reflect the means

of 'inductive' influence between nonexcitable cells, Furthermore, since
there is no reason toWpresume that only a single regulatory factor 1is
involved in the interaction between nerve and muscle, a combination of the -
above alternatives may be required in any of the several‘possible
permutations. It is also conceivable that the nature of the neural
influence may not remain constant throughout the life of an organism.

In particular, somewhat different mechanisms might operate in embryonie
tissue while the synapse is forming, compared to the adult where only
maintenance of structure is required,

It is also worth noting that innervation is important in the
regulation of several characteristics of normal muséle fibres 1in addition
to the distribution of ACh receptors. This has been demonstrated by
experiments in which the restingmembrane potential (Albuquerque, Shuh, &
Kaufman, 1971) membrane resistance (Albuquerque & McIsaac, 1970) and
sensitivity of action pbtential generation to tetrodotoxin WRedfern &
Thesleff, 1971) have all been found to change after denervation. It is
also ciear that the high level of junctional acetylcholinesterase
(Filogamo & Gabella, 1966; Sonesson & Thesleff, 1968) and the comflex
folding of the post-junctional membrane (Reger, 1959; Bi;ks, Katz & Miledi,
1960; Bauer, Blumberg & Zachs, 1962; Nickel & Waser, 1968; Miledi & Slater,
1968) likewise depend upon innervation. It is therefore likely‘that
mechaniéms which mediate the neural influence on the distribution of ACh

%
receptors also affect other substances involved in synaptic transmission.

POy
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To determine whether the restriction of extrajunctional chemosensitivity

is dependent upon synaptic activity the most common approach has been to
remove some component of physiological activity while leaving synaptic
structure intact, It has remained difficult however to demonstrate that
pharmacological agents which are effective for this approach do not also
disrupt some other biological process in addition to their conspicuous
effect on synaptic transmission. Despite this drawback the chronic effects
of several neuromuscular 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), ﬁ)-bungarotoxin (Hofmgnn & Thesleff, I§72), «BGT (Chang,
Chang & Huang, 1975) or curare (Berg & Hall, 1975a) leads to a development
of extrajunctional ACh receptors analogous to that produced by denervation.
Similar results were also obtained by Lowo & Rosenthal (1972) who used
chronic topical application of a local anaestheFic onto the sciatic nerve
to block impulse conduction, while -allowing sub-threshold spontaneous
activity. The practical'difficulties 1nheren£‘in this approach were
demonstrated by the later discovery that local anaesthetics also block
axoplasmic transport from the soma to the nerve endings and would be
expected to interfere with other processes dependent upon supplies from
the cell body (see Anderson & §§strom, 1973).

More convincing evidence that synaptic activity has long-term effectd
on the distribution of ACh receptors has come from experiments in which
chronic electrical stimulationrof aAdeﬁervated muscle 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 sensitivify to the range
found in normal innervated fibres (Lomo & Westgaard, 1975). However,

in 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 studles

therefore indicate that extrajunctional recept;r density is profoundly .
affected by &he level of muscle activity, and suggest that the mechanism
which maintains the h{gh density of ACh receptors at the neuromuscular
junction may either operate independently of activity or be too slow a
process to have been detected in these experiments.

There 1is, however, also evidence that factors independent of activity
have an effect on extrajunctional chemosensitivity. For example, blocking
exoplasmic trencpert by the %pplication of colchicine or vinblastine to
motor nerve trunks, either by ;;jection into the nerve sheath or implanting
silastic cuffs containing the drug around the n;rve, results in the
development of extrajunctional chemosensi;ivity in innervated muscle
(Hofﬁann & Thesleff, 1972; Albuquerque, Warnick, Tasse, & Sansone, 1972;
Pilar & Landmessar, 1972). This increased sensitivity was observed in
muscle fibres wﬁich had miniature end plate potentials and could be
activated by electrical stimulation distal to the regiontreated with the
drug. However these studies did not exclude either a direct effect of
the drugs on themuscle itself (see Lomo, 1974) or on the pattern of muscle
usage. They nevertheless provide suggestive evidence that another neural

mechanism dependent upon axonal transport may be important in restricting

extrajunctional chemosensitivity. °
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There 1s qlso more convincing evidence that nerve contacts have
effects on the distribution of ACh receptors that are independent of
muscle activity. Miledi (1960a) partially denervated multiplyfinnervated
frog musclé‘fibreik,enﬂ subsequently found an increased ACh sensitivity in

»

the vicinity of denervated end plateé but not around functional end plates
on the same muscle fibres. Since muscle contractile activity would have .
been similar throughout an individual fibre unéer these conditions, some
other effect of innervation must have been withdrawn. Another line of evidence
has shown that the time before the onsetof denervation changes, such as the
development of extrajunctional ACh receptors, increases with the length of the
stump between the point of nerve section and the muscle (Luco é?!&zaguirre,
1955; Emmelin & Malm, 1965; Salafsky, Bell & Prewitt, 1968; Harris & Thesleff,
1972), Since muscle activity stops at the time of denervation, some other
neural factor, presumably delivered to the nerve ending by axoplasmic flow,
must retard the development of extrajunctional chemosensitivity. Furthermore
when motdr nerves regenerate either after denervation (Miledi, 1960c; Bennett,
Pettigrew & Taylor, 1973) or botulinus intoxication (Bray & Harris, 1975) the
level of extrajunctional sensitivity falls before the regenerating nerve 1is
able to elicit muscle contraction. Recently both Lavoie, Collier & Tenenhouse
(1976) and Pestronk, Drachman & Griffin (1976) have examined the effects of
both muscle inactivity and surgical denervation on the development of extra-
junctional receptors, measured as 1251- X BGT binding sites, in mouse leg
muscles. Inactivity, brought about by placing silastic cuffs containing
tetrodotoxin onto the sciatic nerve, or by its injection into the ;erve
sheath, resulted in the development of extrajunctional receptors,
However, the rate of appearance of new receptors, 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 restricg
the development of extrajunctional receptors both by evoking muscle
contraction, and also by a still-obscure mechanism which is independent
of synaptic activity, ) » )
re. While studies of the changes in ACh recep;or distribution produced
; ?y denervation and other means in adult muscle have produceé many important
insights, they have not revealed any physiological ;ole or purpose for
{
extrajunctional receptors., Likewise they provide almost no information
regarding the means whereby unusually high densities of junctional
receptors develop in the sarcolemma at sites of innervation.
Studies in adult muscle have however shown that conditions which

lead to the development of 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
Tequirement for the formation of synapses between muscle and nerve (Katz &
Miledi, 1964; Fexy,Sonessoq: Thesleff & Zelena, 1966). Of great significance

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

o T A Sl ot

v neonatal muscle fibres in the rat diaphragmbave a widespread sensitivity

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

that the effect of denervation was to produce a reversal of the normal . &

curiosity. It also revealed that the remarkable 1ocalizftion of ACh
receptors at sites of innervation was the result of a somewhdt gradual

E

?

E

I developmental sequence, and was not a mere experimental or pathological

r process related to the di fferentiation of the muscle cell. Innervation can
‘ 1
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in fact be scen as inducing a final step 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 process, and the question of mechanism
should most appropriately be examined in developing muscle. As is described
in the following sections experimentzldifficulties involved in .working with
normally developing emb;'yog have led to a reliance on cell culture techniques,
and evidence concerning developmental changes in the distribution of ACh

receptors remains-quite indirect.

* . .‘
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Acquisition of ACh receptors 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
variety of vertebrates such as amphibians (Lentz, 1969) the chick (Hirano,
1967; Atsumi, 1971), rat (Teravainen, 1968a, b; Kelly & Zachs, 1969) and
human (Juntunen & Teravainen, 1972). Several ;ommon events have emefged
from thgse studies. The earliest evidence of structural specialization
along the intramuscular branches of growing motor nerves was the development
of ‘'synaptic' vesicles at otherwise undifferentiated regio&élpf nerve-muscle
contact (Hirano, 1967; Teravainen, 1968b; Lentz, 1969; Kelly & Zachs, 1969). ’
At a presumably later stage of develobment an increased density of hedvy-
metal staining was found in the sarcolemma opposite nerve terminals containing
vesicles (Hirano, 1967; Teravainen, 1968b; Kelly & Zachs, 1969; Tentz, 1969).
Somewhat later still the development of basement membrane in the synaptic
cleft and post-junctional folds was observed (Hifano, 1967; Lentz, 1969;
Teravainen, 19éétl,ﬁnﬂistochemically detectable acetylcholinesferase also
appeared to develop late, after the onse; of physiological activity (Teravainen,
1968a) and at the time post-junctional folds had begun to form (Lentz,
1969)., A significant.COmplication for stques of the developmental changes
in muscle associated with innervation was also ;llustrated in these experiments,
Even within a single muscle the junctions did not develop synchronously,
and considerable variation was found in synaptic morphology at most
developmental stages (Teravainen, 1968b; Kelly & Zachs, 1969). 1In the light
of recent evidence that the distribution of ACh receptors at adult mammalian

end plates may be co-extensive with the region of post-synatpic 'thickening'
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observed in conventional ultrastructural studies (see Fertuck & SBalpeter,
1974, 1976), these results suggest that the developmient of a local region
of high receptor density associgted with ‘the site of nerve-muscle contact
may be one of the earliept signs of post-synaptic specialization. However
there is no direct evidence that such heavy-metal staining is invariably
associated with & high receptor density (see Vogel & Dapiels, 1976).

It has not been determined whether ACh receptors are present on
developing muscie fibres prior to nerve contact during normal development,
but several lines of evidence suggest this is the case. Giacobini,
Filogamo, Weber, Boquet & Changeux (1973) examined the developwent of
receptors in the chick limb bud. They found that binding of 3y-1abelled
cobra neurotoxin became detectable during the developmental stage in which
the limb bud was first invaded by growing nerve fibres., Since synapse
fotmation as revealed by neurogenic motor behavior gegan at the same -
stage, 1t is difficult to estimate the sequence of events on individual
cells. The experimental situation has been found to be somewhat simpler
in the case of myotomal muscle cells in amphibian embryos which undergo
a more synchronous sequence of developmental changes than 1s found in the
limb bud. It has thus been determined that myotomal muscle cells depolarize
towbath applied ACh about 1-2 hours before nerve processes grow out of the
developing neural tube (Kullberg, 1974; Lentz, T.,unpublished observatigns).

125I-labelled o«BGT c¢can also be detected at the same

Specific binding of

stage, before the outgrowth of nerve fibres (I. Chow, unpublished observations),
Thus the study of receptor production and incorporation into the

sarcolemma has proved difficult in normally developing 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 cultures of chick, rat and mouse myogenic cells have £een
used in numerous studies of muscle development (see reviews, Murray, 1&72;
Nelson, 1975). 1In these preparations mononucleated cells are obtained
by disrupting embryonic muscle tissues with trypsin and mechanical
Bgitation, and are then sprinkled into culture chambers which have a
collagen-coated substratd, The mononucleated cells which survive this
treatment are composed of a mixture of fibroblasts and myoblasts that
are indiétinguishable morphologically. After a period of cell proliferation,
which can be controlled to some extent by the culture conditiong, the
migratory myoblasts fuse to form compound multinucleated myotubes. These
are stationary cells that continue to fuse with myoblasts and other hyotubes
to produce elongated cells reminiscent of muscle fibres in vivo. They
usually develop striations and, when older, often undergo spontaneous
contraction., However, the fibroblasts also continue to multiply and may

-

obscure tﬁe developing myotubes unless the cultures are treated with drugs

?

which are toxic to dividing ceils. After such treatment virtually pure
cultures of 10;; striated myotubes are obtained (Fischbach, 1972), These
cultures allow ready access to individual muscle cells and can reproducibly
be obtained in substantial quantities. They have thus provided a considerable
amount of information regarding the 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 ilontophoretically applied
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ACh could first be detected: While they observed only a small population of
precocious mononucleated cells sensitive to ACh, all of the myotubes showed
depolarizing responses to the drug. In andihgf gtudy using a cloned cell

»

» 1line of rat myoblasts Patrick, Heinemann, Lindstrom, Schubert & Steinbach

(1972) found that specific binding of 125

I-labelled cobra néurotoxin also
began at about the time of myoblast fusion. Hartzell & Fambrough (1973)
examined the kinetics of the incorporation of ACh receptors, measured as

i
1251~ apGT binding sites, into the sarcolemma of growing chick and rat

myotubes in cell culture. They exploited the irreve}sible binding of
native toxin to mask 'old' receptors and then measured the appearance of
new sites with radiocactive toxin, These results ;ere compared with both
iontophoretic mapping of ACh sensitivity and radiocautography, which
revealed the distribution of both the total and new receptor populationms.
They found an approximately steady rdte of incorporation which amouﬂted
to a 4-5% increase in the number of receptors per hour. This increase
was greater than the change in surface area over the samé time interval
and thus reflected an increase 1; the density of receptors in the surface
membrane, .The increase in the number of binding sites was the result of
active processes within the cells and could be prevented by cold, metabolic
- inhibitors and cycloheximide, but not b§;xBGT or actinomycin-D, This
suggested that the increase in number of toxin-binding sites was depéndent
upon the synthesis of new protein but not new messengar RNA, The synthesis
of new receptors has been implicated more directly by Devreotes & Fambrough
(1976) who"emonstrateé the incorporation of heavy deuterium-labelled

amino acids into new toxin-binding material on rat ﬁnd chick myotubes. The

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

bl
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Fambr ough {(1973) was paralleled by an equivalent increase in ACh sensitivity.
In ad&itioh, the .cjistribution of binding sites and chemosensitivity was
uniform over the cell surface for both the entizje population of receptors
and those which appeared affier an initial block with «BGT.

Devreotes & Fambrough '(19753 1976) have extended these studies to
examine the‘pathway of ACh receptor metabolism in cultured chick and rat
myotubes. They observed, in addition to the pt.)pulation of receptors in
the sarcolemma whi:ﬁmcould be pulse-labelled with extracellular «BGT,
two additional mem¥rane-BBund 'pools' of specific toxin-binding sites
which could be labelled ir; detergent extracts of the cells. On:e of these,
which was equivalent i'n number to 30% of the surf\a/cé sites, could be
saturated by overnight exposure to extracellular «BCT., This pool was not
sensitive to treatment of the cells with protein synthesis inhibitors,
and probably corres?onds to surface receptors in the process of degradation.
In other experiments the kinetics of receptor turnover was examine‘d after
pulse-l_!.aabelling the surface receptors with 1251; o BGT. Radioactivity was
released from the labelled muscle cells with a half-time of 22-24 hours,

125

and could be accounted for quantitatively by the appearance of I-tyrosine

1N

in the culture medium. In the presence of protein synthesis inhibitors

which block the appearance of new receptors, the rélease of radiocactivity,

- /

after pulse-labelling parallelelthe decline in the mumber of receptors in/

/
the membranes of control myotubes., These results indicatg that surfacf/-
bound toxin was taken up into the muscle cells in association with A(;Iﬁ
receptors and degraded by proteolytic enzymes. Electron microscope

radioautography further indicated that uptake of the labelled toxin had

occurred into secondary lysosomes within the muscle cells, which suggested

N
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that they were probably the sites responsible for the degradation of the
toxin-receptor complexes,

The second pool of cytoplasmic receptor sites, corresponding to

a ¢ -
about 10% of the number of surface receptors, could not however be labelled ”

¥

even by overnight exposure to extracellular «BGT. Also, during

treatment with the protein synthesis inhibitor puromycin, the number of

binding sites in this pool declined to zero by‘ the time new receptors
had stopped appearing in the sarcolemma.‘ It is therefore likely that this

pool represents newly synthesized receptors awaiting insertion into the

"
surface membrane.

Itwould seem on the basis of these observations that extrajunctional
ACh receptors are first’synthesized from amino acids into a precursor pool

of receptors that is associated with cytoplasmic membranes, After a
i

periéd of time, which may be required for glycosylation, these newly-
synthesized receptors are inserted into the smercolemma. Subsequently the
receptors are lost from the surface in a randomzjfirst-order process and
beocome incorporatedﬂijh a paol associated with lysosomal granules where

they are presdmably degraded back to théir constituent amino acids.

]

Essentially similar patterns of .receptor metabolism have been observed in

a

denervated adult muscle where‘extrajunctiortal receptors are also synthesized
de novo from amino acids kBrogkes & Hall, 1975a; Devreotes & Fambrough, 1976)
and later removed from the sarcolepmip for proteolytic degradation (Berg &

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

/ )
receptors on the surface of dvian and memmalian muscle cells wasabout one

day,

-

In the gbove experimerts, carried out in culture during the period of

1
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rapid cell growth and net receptor synthesis, the distribution of ACh
receptors was uniform over the cell surface. The density of receptors in
the sarcolemma could thus be seen simply as a steady state determined by
the relative rates of synthesis and turnover. Later in their development
however, both chick (Vogel, Sykowski ;N;renberg, 1972; Fischbach & Cohen,
1973; Sytkowski, Vogel, & Nirenberg, 1973) and rat myotubes (Ha(rtzell &
Fambrough, 1973) have been found to develop discrete regions of the
sarcolemma wigh a high density of ACh receptors, in addition to a widespread
area of lower receptdr density. This distribution was determined using
both iontophoretic mapping (Fischbach & Cohen, 1973, Hartzell & Fambrough,
1973) and radiocautography after labelling thb receptors with 1251— &BGT
(Vogel et al., 1972, Fischbach & Cohen, 1973, Sytkowski et al., 1973;
Hartzell & Fambrough, 1973). Sytkowski et al,, (1973) also examined the
time course of the appecarance of the dense receptor patches on chick
myotubes in relation to the total number of receptors, measured as tqxin-
binding sites. The total number of sites increasedfrom days 3-8 in cultures
and then remained at a constant level. The dense receptor patches however
appeared on about the seventh day in culture, and could be found on more
than 807 of the myotubes by the eleventh day. Their appearance thus
coincided with the levelling off in the total nxgxnber of receptors. Of
particular interest was the finding that the density of toxin-binding sites
in the patches was comparable to that of the subneural membrane of adult
vertebrate muscle fit;res in vivo, and about ten-fold greater than the
density over the remainder of the sarcolemma.

(Y

On the basis of these fipdings it can be concluded that the ability

9(
to develop densely-packed regions of ACh receptors is a characteristic of

muscle itgelf which does not require any interaction with nerve processes.

ol b el &
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It 1s not clear how such & non-random distribution of ACh receptor: might
develop, however, nor why the dense patches should only form late in the
maturation of the myotube. In any case, as such & distribution has not
been found for other membrane receptors (sece reviews Singer & Nicolson,
1972, Nicolson, 1974) it is likely that the mechanism which produces the
localization of the receptors in dense patches on cultured myotubes 1is
related to that responsible for the development of the post-synaptic

accumulation of receptors on innerwated muscle cells in vivo.
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Formation of the neuromuscular junction in culture

\

As a tool in neurobiology tigsue culture had an auspicious beginning.
R. G. Harrison (1910) invented the technique in order to study neural
development and, in the process, firmly established the neuronal theory,
It {8 sometimes forgotten that in the same study he demonstrated the
formation of functional‘nerve-muscle connexions. He noted that explants
of émbryonic tadpole tail muscle failed to twitch spontaneously unless
pieces of neural t138ug were included. 1In subsequent years the formation
of functional connexions and anatomical&y normal neuromuscular junctions
in vitro has been demcnstrated in a variety of tissues using modern
electrophysiological and microscopic techniques. A distinction needs to
be made, however, between 'tissue culture' and 'cell culture'. 1In the
former, substantial pieces of tissue are maintained in vitro ag an aggregate
of cells, frequently retaining much of the three-dimensional structure of
the original organism. In cell cultures this organization is completely
destroyed to obtain a scattering of isoiated cells over the substrate.
This 1isolation of cells is required for many forms of experimental observation,
particularly those involving identification of individual cells in the light
microscope, but distorts a.large number of regulatory processes presumably
mediated by cell contact. This introduces problems which are usually
observed as the failure of cells to either maturd normally or survive. Such
difficulties are encougtered eventually in all ‘primary' cultures, but may
pose particular problems for the study of synapse formation in cell culture.

Several studies have reported evidence for the formation of neuromuscular

junctions in explant cultures of skeletal muscle and spinal cord (Bormstein,

-r

e e Crpe Nt e T aeacy. B

s o e e

o e\ it e+



ST e e

.
[ R B T £ 7 VUGV . R el e = e

- 32 -

Iwvanami, Lehrer & Breitbart, 1968; James & Tresman, 1968, 1969; Nakai,
1969; Veneroni & Murray, 1969; Peterson & Crain, 1970; Cr’t‘iin & Peterson,
1971; Kano & Shimada, 197la, b; Pappas, Peterson, Masurovsky & Crain,
1971; Robbins & Yonezawa, 197la, b; Cohen, 1972; Giller, Schrier,
Schainberg, Fisk & Nelson, 1973). Some of these studies also found
relatively mature nerve-muscle junctions as determined either by ultra-
structural criteria (Peterson & Crain, 1971; P;lppas et al,, 1971) or by
the development of junctional acetylcholinesterase (Bornstein et al., 1968;
Peterson & Crain, 1970; Pappas et al., 1971). Other studies have examined
monolayers of avian and mammalian myotubes cultured with spinal cord
either as small explants or dissociated cells., While numerous cases of
functional innervation were observed (Fischbach, 1970, 1972; Robbins &
Yonezawa, 1971a, b; Fischbach & Cohen, 1973; Shimada & Fishman, 1973;
Fambhrough, Hartzell, Rash & Ritchie, 1974), there was Jittle evidenc‘e

for either ultrastructural specialization (Shimada, Fishman & Moscona,
1969a, b; Fambrough et al., 1974) or the develop-rment of junctional
acetylcholinesterase (Fischbach, 1972). Both the frequency of miniature
endplate potentials and the mean quantal content of evoked end-plate
potentials were also low in comparison with adult junctions in vivo
(Robbins & Yonezawa, 1971b; Fischbach, 1972; Cohen & Fischbach, 1973).
However one important 'structural' alteration was observed in these studies.
An increased sensitivity to iontophoretically applied ACh was found on the
cultured myotubes at sites of functional innervation (Kano & Shimada, 1971;
Fischbach & Cohen, 1973), Similarly an increased density of 1251. xBGT
binding sites was found on the myotubes in the vicinity of functional nerve-

muscle contacts (Fambrough, et al, 1974). 1In the latter study a large
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number of non-functional contacts showed no increase in receptor density,
It does therefore appear that cell cultures of nerve and muscle develop
characteristics of immature junctions, such as the release of transmitter,
and a rudimentary subsynaptic membrane with an increased density of ACh
receptors,

It is not clear, however, in what manner functional nerve terminals
become associated with regions of the sarcolemha 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; Sytkowslkd et
al., 1973) there are two fundamentally different mechanisms which could
explain this association. These two alterfatives reflect quite different
means of neural influence, and thus have important implications for an
understanding of the neural regulation of receptor distribution in the
adult as well,

In one case (see Sytkowski et al., 1973) it is the muscle cell which
initiates the process of synaptogenesis by providing discrete regions
of high ACh receptor density. The actiog of the nerve process in this
gituation would be to search for the approgx;jate sites specified by the
muscle cell. After synaptic contact is established the role of the nerve
terminal would thus be expected to remain passive, perhaps simply to
protect receptors 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

-‘role assigned to the process of neural induction in determining the

{
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distribution of ACh receptors on the muscle cell.
The principal alternative hypothesis is that an inductive influence
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 nerve contact

in the regulation of extrajunctional ACh receptors in adult muscle. As
mentioned earlier, the involvement of such an inductive process in. the
regulation of ACh receptor distribution is still speculative, and the

evidence 1s based largely on the fact that muscle activity canngQt alone

account for all the experimentally observed changes in the density of

.

extrajunctional receptors. However, other post-synaptic features such as

the complex folding of the sub-synaptic membrane and the high level of

cholinesterase activity develop on muscle cells only in response to

-

innervation. They therefore provide evidence that innervation causes the

development of local structural specialization by a pooriy understood
inductive mechanism. It is therefore not implausible that a similar
mechanism might also be responsible for the development of a high local

-

density of junctional ACh receptors.

g
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Formulation of the problem

As described in the preceding account, several studies have
shown that functionally innervated myotubes in cell culture have local

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

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

the site of nerve contact. It is not known,however, whether developing
nerve processes become associated with pre-existing patches of high
receptor densit‘}f; or alternatively the high receptor density at the site
of inncrvation is induced by the nerve. The present investigation is an
attempt to answer this question, and also to gather further information
concerning the molecular mechanisms involved in the changes which occur
in ACh receptor distribugtion during development of the muscﬁ.e cell.

As a preliminary to describing the rationale behind the present ﬁudv
it is instructiye to consider‘(the reasons why the above questions have

not been ansvered by previous investigations. In my view previous studies

have been limited by at least two important technical difficulties. Firstly,

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

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

Consequently, only a limited amount of morphological differentiation took

place at the developing nerve-muscle junctions (see Fischbach & Cohen, 1973;

Fambrough et al,, 1974), and it was not possible to determine whether the
limited changes which were observed in 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 available for examining the distribution of ACh

receptors have severely limited the nature of the observations which can
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be made. TIontophoretic mapping, for example, 18 very time consuming and

not really suited for the systematic sampling of a large number

of cells,

' Radioautography does not share this particular limitdtion, but can only

be carried out on fixed dried cells, It cannot therefore be used for

examining changes in the distribution of receptors on identified single

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

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

1975; Fertuck & Salpeteg, 1976).

The present study has thus concentrated on an attempt to circumvent

both 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:

development of e simple fluorescent staining technique for examining the

distribution of ACh geceptors on muscle cells, (2) the design o
monolayer culture system for nerve and muscle, based upon cells
from ;apidly developing amphibian embryos, (3) the characteriza
the different patterns of receptor distribution on both innerva
non-innervated muscle cells in culture, and (4) an examination

mechanism whereby changes occur in the distribution of ACh rece
the sarcolemma of cultured embryonic muscle cells, both as a re

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 sensitivity than either

radioautography or fontophoretic mapping, but is quite adequate

(1) the
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revealing the topographical distribution of ACh receptors in regions of
high packing density such as tﬂe subneural membrane. Furthermore,
fluorescent staining has several advantages which have béen of great
significance for the present study: (1) it allows the distribution of
ACh receptors to be examined visually and then recorded in a brief
photographic exposure, (2) in routine use the spatial resolution is
superior to that obtainable with either radioautography or iontophoretic
mapping, (3) it allows the distribution of ACh receptors to be examined
directly on living muscle cells, thus combining important advantages of
beth previous techniques for determining ACh receptor distribution, and
(4) 1t is an irreversible stain for individual receptor 'molecules' in the
sarcolemma, and can thws be used to follow changes in their location with
time on single identified muscle cells,

The second portion of this study (Chap. 3) describes some interesting
features of the new cell 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 skeletal -muscle cells in culture, myotomal cells develop

.

discrete patches of high receptor density which, according to my results,
can readily be visualized with fluorescent staining. Furthermore, when
neural tube cells are included, they form functional nér#gj;j§:§gﬂzgnctions,
and develop a dense array of ACh receptors in the subsynaptic membrane.
Conveniently, only éhe functionally innervatea cells in this system undergo

spontaneous contractions, which allows them to be identified even without

the use of electrical recording techniques (see Cohen, 1972), This can be
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contrasted with cultured myotubes from higher vertebrates which fibrillate

spontaneously. The most dramatic feature of fhese cultures is, however,
the great speed with which they differentiate,| Since cells in culture
are inevitably growing under sub-optimal conditions, such a rapid
development allows a much greater degree of differentiation before the
eventual period of decline, This difference in the rate of development
is demonstrated most directly by the time required for the cells to
develop 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 withinone day of plating the cells, and only two dajs”gﬁﬁer egg
fertilization. This rapid differentiation relative to the rate of cell
metabolism (which would be expected to be lower in cold-blooded amphibian
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 inner;ation. The analysis has proceeded along tﬁree main lines,
Firstly I have tested the effects of neuromuscular blocking‘agents, which
prevent both nelurogenic electrical activity and muscle éonfmaction, on the
changes in receptor distribution brought about by innervation.ﬁ Secondly,

I have examined the effects of delaying innervation by a further 2-3

days to determine whether neural influen directed at the process

w‘preby newly synthesized receptors are inserted into the sarcolemma, or
alternatively whéther it affects the populatiop of receptors already in

the membrane. Lastly, I have carried o qﬁthial obsexrvations of the
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same receptor population on individual identified muscle cells, both in

the absence of any neural influence and during the process of innervation.
The results demonstrate 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

in the formation of the dense ACh receptor patches on non-innerv&ted cells.
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CHAPTER 2

FLUORESCENT STAINING OF ACETYLCHOLINE RECEPTORS

IN VERTEBRATE SKELETAL MUSCLE

“
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1. «-Bungarotoxin was labelled with fluorescent. dyes and used as

a stain for visualizing the distribution of acetylcholine receptors in
vertebrate skeletal muscle fibres.

2. Dye-toxin conjuga;es had the same pharmacological.properties
as native toxin, but theilr potencies were lower.

3. Fluorescent staining was examined in teased muscle fibres.

The stain was found to be confined to the neuromuscular junction and
associated with the subsynaptic membrane,

%4, Staining intensity was reduced by curare and even more so by
carbachol, but not by atropine or neostigmine. Pretreatment of muscles
with unlabelled &-bungarotoxin entirely prevented stain{ng.

5. The staining at amphibian neuromuscular junctions was characterized
by a pattern of intensé transverse bands occurri?g at intervals of
approximately 0.5-1 u, with fluorescence of lower intensity between them.
Fluorescent staining was not detected on adjacent, extrasynaptic, muscle
membrane. 1In side views the staining appeared as a fine line with small
protuberances occurring at the same intervals as the intense bands scen

. face-on. \These results indicate that acetylcholine receptors are associated
with the entire subsynaptic membrane, including the membrane of the
junctionalAfolds and that their density changes abruptly at the bérder

between synaptic and extrasynaptic muscle membrane.
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(’i INTRODUCTION

ty

The distribution of acetylcholine recéptors in vertebraée skeletal
muscle has for a long time been studied by measuring muscle responses

to topical application of acetylcholine and its analogues (I;angley,

1907). Several refinements, including the use of singlg mus/,cle fibres
(Buchthal & Lindhard, 1937; Ginetzinsky & Shamarina, 1942; Kuffler,

1943), the development of the fonophoretic method of applying’ acetylcholine
(Nastuk, 1953; del Castillo & Katz, 1955), and the application of ‘Nomarski
optics (Peper & McMahon, 1972) have permitted a high de‘gree of rekolution
to be achieved with th;ls dpproach. It has thus been shown that

sensitivity to acetylcholfne is ifeatest at the sites wf neuromuscular

)t

~

contact; the chemosensitivity of ‘a’djacent, extrasynaptic,bmurscle memprane
is very low, though detectabile levels exist for a few hundred micronsﬂ
beyond the synaptic region (Miledi, 1960; Feltz & Mallart, 1971; Peper &

McMahon, 1972)., Amphibian muscle fibres and mammalian slow muscle fibres

are also sensitive to acet:yl’chloline close to the musEle—tendon»junction

ok (Katz & Miledi, 1964; Miledi & Zelena, 1966). ° v .

* Other approaches have recently been developed which involve the
use of cholinergic agents labelled with radiodctive isotopes. 1In this
regard the discovery of several snake toxins which combine with high

affinity to acetyleholine recepté;s has been especially valuable (Chang

3
ﬁ
%
1
s,
%
h
:

& Lee, 1963; Tamiya & Arai, 1966; Lester, 1970; Lee, 1972), One of
these is &-bungarotoxin, a basic polypeptide with a molecular weight
A : ) N @ '

of about 8,000 (Mebs, Narita, Twanaga, Samejim's:.&'pee, 1971). It has

'been used to estimate the number of receptors on single cells in

o skeletal mpscle (Barnard,. Wieckowski & Chiu, 1971; Miledi & Potter; 1971;

a
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Berg, Kelly, Sargent, Williamson & Hall, 1972; Chang, Chen & Chuang, L‘(v_ﬁ\\’z
1973) and in electric organs (Changeux, Kasai & Lee, 1970; Miledi,
Molinoff & Potter, 1971) and to visualize thelr 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 thousand-fold within 150 u of
the neurgmuscular junction (Fambroughl& Hartzell, 1972; Hartzell &
Fambrough, 1972), | -

A brief report has also appeared in which the distribution of
acetylcholine receptors is visualized by an indirect immunofluorescent

-~

technique, based on the use of «-bungarotoxin as an antigenic agen}
(Bougeouis, Tsuje, Boguet, Pillot, Ryter & Changeux, 1971),

In the present study we have labelled «-bungarotoxin directly
with fluorescent dyes and have used these dve-toxin conjugates to view

the distribution of receptors with fluorescent microscopy. The method

has proven to be relatively simple and rapid, and has revealed that the

“

receptors are distributed throughout the subsynaptic muscle membrane,
1 4

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

part of this work has been reported (Ande}son & Cohen, 1973).
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METHODS
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Preparation of da-bungarotoxin

4

o-Bungarotoxin was brepared from lyophilized venom of Bungarus
multicinctus (obtained from Miami Serpentarium, .Miami, Florida)
essentially by the procedure previously described by others (Changeux
et al., 1970; Berg et al,, }972; Bosmann, 1972; Lee, Chang, Kau & Luh,

©

1972), The venom (200 mg) was dissolved in 0.1 M ammonium acetate y
buffer, pH 5.0, and passed through a column (100 x 2.5 cm) of Sephadex
G-50 at 4°C. Of the four protein peaks obtained, the middle two
were concentrated with an Amicon Diaflo filter (UMO5) and applied to a
column (100 x 2.5 cm) of carboxymethyl-Sephadex C-50 equilibrated with
0.05 M ammonium acetate buffer, 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 dissolved in 0.05 M ammonium

acetate buffer, pH 7.0, to a final concentration of 1 mg/ml. This
solution was sterilized by passage through a Millipore filter (pore

size: 0,22 u) and stored at 4°C.

Conjugation of &X-bungarotoxin with fluorescent dye
d—Bungarotgxin was labelled with fluoroscein isothiocydnate (FLITC)
or tetramethylrhod;mine iéothiocyanate'(TRITC) by modification of the
method of Marshall, Eveland & Smith (1958). ‘Toxin (1-2 mg) was equilibrated
with 0.05 M sodium carbonate bu%fer. pH 9.5, and concentrated by

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

of the same buffer, was then -added. Concentration ratios of about

200 ug FITC/mg toxin and 1 mg TRITC/mg toxin were routinely used, although

» © N

i
i
7 ot ol P i

BT DT IS P o . )

D R ok & P N

o TR R e we RN S Fes



‘ . V v 1

!SI £ T ST gar v % G aer e e T s 4 & W e

- 45 -
‘g
C
TEXT - fig. 1
\

10
e I
c
o
[+9]
N
®
[}
(4]
c
aQ
D
-
2 st
0
[./]
[ ]
>
s
] |
[+ 4

by
0'. 1 A i - A A " " 1 i " A il
400 600 800 1000

| Volume of eluant (ml)

Elution profile of the venom of Bungarus
multicinctus chromatographed on CM-Sephadex 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 tﬁg Methods. The flow rate was
12,3 ml/hr, and samples of 6.2 ml were coliected.
No material was detected in the first 350 ml of
eluant. The eluant indicated by the bar was pooled

and found to contain a-bungarotoxin,
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five-fold smaller ratios also ylelded conjugates which were effective
for fluorescent stai;ing. The mixture was stirred overnight at 4°c
and then re-equilibratedkwith 0.05 M ammonium acetate buffer, pH 7.0,
and concentrated by ultrafiltration. Dye-toxin conjué;te was separated
from free'dyé by passage through a column (30 x 1.5 cm) of G-25
Sephadex and was stored at 4°C for subsequent use,
Toxin concentrations were determined by the method of Lowry using
bovine serum albumin (fraction V) as primary standard (Lowry, Rosebrouéh,

Farr & Randall, 1951). Absorbances were determined at 760 nm with a

Zeiss PMQ II spectrophotometer.

Material and general procedﬁre

Amphibian muscles were stained in vitro at room temperature (20~
23°C) by expgging them for 15-60 min to dye-toxin conjugate at concentrations
of 10'6 - 105 g;/ml in Ringer solution., After rinsing for 1-2 hr with
several chapnges of Ringer solution the muscles were fixed in 50-95%
ethanol at —16°C§for up to 2 days. Muscles stained with tetramethylrhodamine-
labelled toxin were sometimes fixed instead with 10% neutral formalin at
4°C for up to 16 hr, The fixed muscles were washed for several hours with
Ringer solution at 49C and then s ingle fibres, or small bundles of fibres,
were teased out and mounted on glass cover slips for fluorescent.
microscopy. The mounting medium for fibres stained with fluorespein-
labelled toxin consisted of b.} M sodium carbonate in 90% glycerol. Fibres
stained with tetramethylrhodamine-labelled toxin were mounted in pure
glycerol.

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

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

golution. In a few cascs mouse muscles were stained by iﬁjecting dye~toxin

o
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(:;‘ conjugate intramuscularly. The muscles were removed 2-5 hr after the [
injection, rinsed, and then treated as above.

For most experiments the following muscles were used; sartorius

of Rana pipiens and Xenopus laevis, tail musculature of Xenopus laevis

tadpoles, mouse soleus and plantaris, and rat diaphragﬁ. Several other
muscles were also examined including extensor longus digitorum IV, rectus

: abdominis, rectus femorls anticus, and cutaneous pectoris of Rana pipilens

and Xenopus laevis, and interhyoideus, and levator mandibularis of

Xenopus tadpoles. Amphibians were anaesthetized with tricaine. Mice and
rats were anaesthetized with ether. "

To produce degeneration of motor nerve terminals in frog sartorius
i muécles a 5-10 mm length of sciatic nerve was excised high in the leg.

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

Miledi, 1960). pegeneration of wotor nerve terminals in mous$ soleus and

. X plantaris was produced by excising a 3-6 mm length\of sclatit nerve high -

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

é & Slater, 1968). |

? Conventional methods were used for intracellular recordings from :

§ amphibian muscle fibres. Muscle tension was measured with a force :‘
transducer and displayed on a Grass polygraph, Co;tpaction responses 5
of Xenopus tadpole tails were viewed through a dissecting microscope at ‘
a magnification of 25 times, . N

v ' . 1

The composition of the Ringer solution in mM!’ was: NaCl, 111;
KC1, 3; CaCly, 1.8; tris maleate adjusted to pH 7.4 with NaOH, 5. The
composition of the Lo;kedsolution in mM. was: NaCl, 150; KC1l, 5;
CaCl,, 2; MgClpy, 1; NaHpPO4, 1; NaHCO3, 12; glucose 11. The solution

was bubbled with a mixture of 95% 0 and 5% €O, .
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Fluorescent microscopy

¢

s  Teased muscle fibres were examined with a Zeiss Ultraphot II
microscope, using an HBO200W/4 lamp as the excitation source.,” For

fibres stained with fluorescein-labelled toxin the exciting light was
passed through a heat-absorbing filter (KGl) and a BG 12 blue filter.

The emitted light was filtered with a No. 50 barrier filter. For fibres
stained with tetramethylrhodamine-labelled toxin an intereference filter
transmitting at 546 + 5 nm was placed in the excitation path gether
with the heat-absorbing filter. The emitted light was usually filtered
with a Kodak No. 23A light red filter but in some cases & 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

between 15 sec and 4 min.

—r——_
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RESULTS <

Biolbgical activity of dye-toxin conjugates

Dye-toxin conjugates, like native toxin, blocked the depoiarizing
action of acetylcholine. Miniature end-plate potentials, end-plate
potentials, and depolarization responses to bath applied carbachol |
were abolished in surface muscle fibres within a few minutes after ' |

adding the conjugate to the bathing fluid (final concentration: 1075 gm/ml).

e
However the conjugates turned out to be less potent than native toxin.
Quantitative estimates}of these differences in potency were determined

as follows. Skinned tails of Xenopus tadpoles (stages 47-48 of

Nieuwkoop and Faber, 1936) 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

e et - b e %

only once and the time required for complete block was noted. From these

e

measurements a dose-response curve was plotted as 111ustrateq in Text-fig.2,
Similar determinations of times to block were then made with dye-toxin
conjugates at concentrations of 10™3 or 5 x 1073 gm/ml and the "effective"
concentration of the conjugate was obtained from the relationshi;vYn
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 to vary with the dye/toxin ratio in
the initial reaction mixture. Reductions_in potency have previously been
noted after conjugating f]uorescent dyes to other types of substances, |
including antibodies, enzymes, and hormones (Goldman, 1968).

Loss of potency was also revealed by comparing the toxicity of

dye-toxin conjugates with that of native toxin. For these experiments

the toxin was injected intramuscularly into the legs of mice énd the
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TEXT - fig. 2
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Relation between concentration of d-bungarotoxin

and the time requitred for the toxin to completely
abollish the contraction response of tadpolg talls to
10-4gm/m1 carbachol. Tails of stage 47-48 Xenopus

< tadpoles were skinned and exposed to o-bungarotoxin, g
until tested with carbachol. Contraction responses
were viewed through a dissecting microscope at a
magnification of 25 times. Each tail was tested only
once, Meane + 1 S.E.M. are shown, and the number of
determinations at each concentration of toxin is

indicated in parenthesis.
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animals were observed for the mext several hours., Doses of native toxin
above 0.3 ug/gm body weight killed all mice within 4 hr whereas doses below
0.1 ug/gm did not cause any deaths, This range of lethal and sub-lethal

doses 1is similar to that found in previous 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 above, caused

death only in doses above 1 ug/gm.

Conjugates were also tested for their reversibility of action, using

sartorius muscles of Xenopus laevis, Following complete block of neuromuscular

4 gm/ml carbachol, the

transmission and of the contraction response to 10~
muscles were washed with Ringer solutién for about 1 hr at room temperature
and subsequently at 4°C, Periodic tests were made at room temperature

}or up to 60 hr without any sign of recovéry of the response to carbachol,
although the muscles remained responsive todirect stimulation and control
muscles continued to respond to carbachol ddring the same pefiod. Similar
observations have previously been made with native toxin (Miledi & Potter,
1971). The results thus indicate that, in spite of their reduced

potency, dye-toxin conjugates act in the same 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

below). -

Localization of fluorescent stain

The patterng of fluorescence on single muscle fibres after treatment

with dye-toxin conjugates were similar to those seen with other methods
which permit visualization of the subsynaptic muscle membrane or the

motor nerve terminals (Kuhne, 1887; Couteaux, 1947; Couteaux & Taxi, 1952;

e
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McMahon, Spitzer & Peper, 1972), 1In frog and Xenopus the patterns
consisted of long narrow bran;hes oriented mainly parallel to the long
axis of the muscle fibres (Pl. 1 a-c). The width of these branches was
fairly constant (2-4 u) but their number, length (up to several hundred
microns), and degree of branching varied considerably in different
muscle fibres. In rat and m;use the fluorescent patterns were also
composed of narrow branches, a few microns wide, but were always more
compact (P1l. 1 d-h). 1Individual branches were often less than 20 u long
and usually did not show any preferred orientation. In most examples
their borders were mare intensely fluorescent than their interiors. A
similar characteristic outlining has previously been observed with other
methods which stain the subsynaptic muscle meﬁbrane (Couteaux, 1947, 1955;
Couteaux & Taxi, 1952).

The neuromuscular localization of fluoresceni stain was further
revealed by comparing the digtribution of flurescence_and cholinesteraée‘
oﬁ the same muscle fibres. For these experiments Xenopus muscles were
exposed to dye-toxin conjugate and then stained for cholinesterase, using
Karnovsky's method (1964). The reaction product in the latter method
preferentially accumulates at the edges of the neuromuscular junction and

‘thefeby ouilines it (McMahon et al., 1972). The patterns of staining

on single muscle fibres proved to be virtdally identical for both methods,
with the fluorescence being conf{ined within the boundaries of the
cholinesterasg stain (Pl. 2).

Sthdies of the prejunctional effects of acetylcholine and of
<%

anticholinesterases have raised the possibility that motor neryﬁ,hééglnals
may also contain acetylcholine receptbrs (Hubbard, Schmidt & Yokota, 1965;

Katz, 1969). 1If these receptors contributed gignificantly to the

n
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fluorescent staining then a decrease in staining intensity would be
expected following degeneration of the terminals. However no obvious
decreases in intensity were observe in frog and mouse muscles which had
been denervated for sufficient periods of time to allow degeneration of
the terminals (see Methods). It follows that in no;éal muscles the
fluorescent stain was associated mainly with the subsynaptic muscle
membrane and not with the motdr nerve terminals, Other features of the
distribution of fluorescent stain in denervated muscle will be presented
later (Cohen & Anderson, in preparation).

Amphibian muscle fibres and mouse soleus muscle fibre; were dalso
examined for fl orescence in the vicinity of their tendons since
ionophoretic me:{;ds have revealed a significant sensitivity to acetylcholine
her%, albeit some hundred- to thousand-fold less than that at the
neuromuscular junction (Katz & Miledi, 1964; Miledi & Zelena, 1966).

However no obvious fluorescent staining was observed,

Specificity of fluorescent stain

On the basis of previous findings which have demonstrated that
a-bungarotoxin binds jrreversibly to nicotinic acetylcholine receptors
some predictions can be made concerning the effects of various procedures °
on the intensity of the fluorescent stain. Pre-exposure éo native toxin
for a sufficient period of time sho&ld entirely prevent staining.
Reversible nicotinic agents, such as curare and carbachél, should reduce
the intensity of staining whereas muscarinic agents and anticholinesterases,
should not have any significant effect. These predictions were
experimentally tested, most extensively on the tail musculature of stage
47-49 Xenopus tadpoles, The tails are relatively thin and are composed

o
w
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of a series of myotomes, each containing nuscle cells whose ends are
innervated and very closely aligned (Lewis & Hughes, 1960). Theqe‘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 order to examine the
effects of, reversible agents on the fluorescent staining, tails were
skinned and exposed for 20 min to Ringer solution containing the agent

at a concentration of 1074 gm/ml. Dye-toxin conjugate was then added to
a final concentration of 10'5'gm/m1. After a further 20 min the t;ils
were transferred to Ringer solution of the original composition and were
rinsed for 60 min. The staining in these experimental tails was compared
with controlslyhich were treated in the same manner cxcept for the
absence of the¢ reversible agent,

P1. 3 ilestrates some typlcal results., Curare diminiched the
fluorescent staining and carbachol virtually abolished it (Pl. 3 a-c).
These observationslare in line with previous studies which have shown
that carbachol is more effective than curare in inhibiting the bind}ng
of toxin to muscle (Miledi & Potter, 1971; Berg et al., 1972). As
further predicted, atropine and neos&igmine did not have any significant

effect (Pl. 3 d, e)., Pretreatment with native toxin (10"5 gm/ml for

15 min) entirely prevented staining in tadpole tails even 1f the exposure

time to dye-toxin conjugate was increased to 60 min. In addition,. the
binding of stain to muscle was not readily reversible; satisfactory
fluorescent sfaining was observed even when tails were riﬁsed'in Ringer
solution for 30 hr, at 4°C, after exposure to dye7£oxin conjugate.

4

Qualitatively similar observations were made or several other amphibian
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and mouse muscles. On the basis of these results it seems reasonable

N

to conclude that the fluorescent staining is due to binding of &ye-toxin

molecules to acetylcholine receptors,

Q

Fine distribution of flybrescent stain on subsynaptic membrane

At high magnificaz/;on; face-on views of the fluorescent staining in
frog and Xenopus muscle fibres revealed that, individual branches of
fluorescence were composed of a pattern of intense transverse bands
occurring at intervals of apprqximatelyIO.S-?l u, with fluorescence of
lower intensity between them (Pl. 4 a, b). The intense bands. were ob;erved
even vhen muscles were rinsed with Ringer solution for over 24 hr at 4°C
following exposure to dye-toxin conjugate, but were prevented by the (
pre”sence of carbachol (10"4 gm/ml) or by pretreatment with native toxin.
They are therefore due to spec:}.fic r_nembrane-bound stair}// rather t:’han non- ™

b} s

specific trapping of stain. A similar pattern has pfe/viously been:
observed i;n amphibian muscle fibres stained for cholinesterase (Cox‘xteaux
& Taxi, 1952). 1In the light of subsequent studies in which cholinesterase
staining has been viewed with the electron rtn.:l,cr'oscc‘pe: JAt is clear that

the intense bands reflect the stain within the half- to one-micron deep |
junctional folds (Lehrer & (;rnstéin, 1959; Barnett',. 1962; Couteaux,

1963), The same interpretation prezaumably applies in the present case
and is in line with the observation that the intervals between the intense

<

fluorescent bands are similar to the intervals between junctional folds

in amphibian muscle (Birks, Huxley & Katz, 1960; McMahon et al., 1972),

‘Th(e width of the intense hands is greater than the.width of the junctional

¥

nf'olds (about 0.1 u) but this is.not unexpected in view of the fact that

folds are often brarched (Birks et al., 1960; McMahon et .al., 1972). The

-
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c%\ less intense fluorescence between the intense bands presumably reflectsj
the staining of receptors ;associat:ed with the subsynaptic memhrane between
the folds. On t:he~ other hand, fluorescent staining Was not detected on” v
adjacent, ext’rasynaptic, muscle n}embrane. Instead th: fluorescence
declined abruptly to background levels at the border betvieen synaptic and
[ extrasynaptic muscle membrane. ,

. ]
- Additional support for the above interpretations was obtained from

. side views of the fluorescent st’aining. In this orientation the staining

S s e et e Al oo b | £

appeared as a fine line with small protuberances (less than 1 u) occurring .
r° ’
at the same intervals as the intense bands seen face-on (Pl. 4 ¢, d). The -

simplest explanationrpf the protuberances is that they are due to staining

of receptors associated with the membrane of the Jupetional folds, The

~

fluotesence between the protuberances suggests that the aynaptic membrane

between folds also contains receptors,
n

¢

A pattern of intense fluorescent bands of the sort seen in amphibidn

0

~

? muscle fibres was rare‘ly‘ resplved in rat and mouse musc¢le fibres. The

basis for this difference presumably does not result from basic differences

R TS e

in the distribution of dcetylcholine }eceptors in amphibian and mammalian

muscle fibres but rather from the fact that the orientation of folds at
4 .

S

mammalian neurcmuscular junctions is variable and irregular so that the

AT A

chances of "visualizing" them in teased preparations dre very low

(Couteaux; 1958; AnderssonCedergren, 1959; Lehrer & (5rnstein, 1959).

.

Similarly, the characteristic intense fluorescent outlining which occurred

% ) .
in mammalian, but not in amphibian, muscle fibres (Pl, 1) presumably
\ «D

reflects the fact that the junctional gutters are considerably deeper in —

b mammalian muscle than they are in 'amphibian muscle (Coutfeaux, 1955),

O | :
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DISCUSSION

The present study has demonstrated that conjugation of fluorescein
1sothiocyanate or tetramethylrhodamine isothiocyanate to «-bungarotoxin

i
provides specific fluorescent stains for acetylcholine receptors in
L ]

vertebrate skeletal muscle. Although the dye-toxin conjugates were less

1

potent than native toxin they retained tHe 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 amino acid residues, such as lysine, and affect their charge
(Goldman, 1968). FEvidence L been obtained which indicates that at least
some lysine residues in «-bungarotoxin are importantgin determining its
potency (Lee, 1972). On the other hand hydrophobic mninouacid residues,
with which the dyes do not react, appear to be important in conferring
upon  x-bungarotoxin its irreversibility of action (Lee, 1972). It is
therdfore not unexpected that the dye-toxin conjugates also acted

A
irreversibly. *

The method of %luoresceng staining revealed that acetylcholine
receptors are associated with the membrane of the junctional folds, and
probablyswith the entire subsynaptic muscle membrane. Since the folds
increase the area of subsynaptic membrane by an estimated factor of 4-5
times (Andersson -Cedergren, 1959), many more receptors “can be &pcqgmodated
than would otherwise be the case and this in. turn may permit 1arger o
synaptic currents to be generated (Eccles & Jaeger, 1958). 1In this respect
it is probably significant that synaptic vesicles, from which acetylcholine
is presumably released,\tend to be accumulated opposite junctional folds

. A
(Birks et al., 1960; McMahon gt al., 1972), Hewever, the junctional folds
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also contain cholinesterase ‘(Couteaux, 1958; 1963) and 1t 18 not known
to what depth the molecules of a nre]:eased packed of acetylcholine can
diffuse befc;re they are entirely hydrolyzed.

Whereas subsynaptic membrane was brightly stained.by dye-toxin
conjugates, fluorescent staining was not detect-ed on adjacent extrasynaptic
muscle membrane., We have not attempted to quanti fy these observations
and tf¥refore have no estimate of the relative decline in receptor density,
Neverthe‘fl,ess, our results indicate that the density of acetylcholine
receptors changes abruptfy at the border between subsynaptic and extra-
syna'ptic Jnembrane. Similarly, Peper & McMahon (1972) have elegantly
demonstrated a ‘vehry steep fall in acetylcholine sensitivity {mmediately
outside the subsynaptic¢ membrane., The abrupt change in receptor density
makes 1t unlikely that synaptic receptors migrate into adjacent extrasynaptic
membrane.  This is in contrast with thc finding that some surfece antigens
on cultured myotubes do move continuously at a slow rate !(Edidin &
Fambrough, 1973). Whether acetylcholine receptors move within the limits
of the subsynaptic membrane or whether they are rigidly fixed may be
possible to determine by staining a portion of the subsynaptic membrane
and observing if the fluorescence spreads with time.

Although fluorescent staining of extrasynaptic muscle membrane was
not detected in the present study, the existence of extrasynaptic ;:ece?tors
is well established, In rat diaphraém extrasynaptic sensitivity to
acetylcholine dueclines with distance away from t‘he neuromuscular jypction
and at distances of 100-200 &+ can be several thousand times less than the
synaptic‘ sengitivity (Miledi, 1960). Likewisé, estimates based on

autoradiography with Ilzs-labelled do-bungarotoxin indicate that the

density of receptors falls about a thousand -fold within 150 u of the

~
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neuromuscular junction (Hartzell & Fambrough, 1972)., It is unlikely
that t;he 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 absent during the summer (Feltz & Mallart,
1971). ‘However our sam1;1e of observations on muscle fibres of "winter"
frogs is too small at this point to allow any conclusions concerning
detection of amphibian extrasynaptic receptors by fluorescent staining.

A limitation in the sensitvity of the method may also account for the

absence of staining at the myotendinous junction, Acetylcholine sensitivity

at this site tends to be variable and is often several thousand times
less than at the neuromuscular junction (Katz & Miledi, 1964; Miledi &
Zelena, 1966). On the other hand weAare not aware of any studies which
have demonstrated extra binding of &-bungarotoxin at the myotendinous
Junction.

Despite the possible limitations with regard to sensitivity there‘
are clearly many problems to which the method of fluorescent staining may
be profitably applied‘. Many vertebrate and invertebrate neurons contain
nicotinic acetylcholine receptors and recent studies ha've indicated that

«-bungarotoxin l;inds to these receptors in guinea pig cerebral cortex
and on chick sympathetic neurons (Bosmann, 1972; Greene, Sytkowski, Vogel
& Nirenberg, 1973), Fluorescent staining may reveal more precisely the
dis‘tributiOn of receptors on such neurons as well as the numbers and
1oca:t(ion of 'nicotinic' neurons in the central nervous system. The fact
that a-bungaro‘toxiu can be labelled with fluorescent dyes of different
colour may also permit one to.deg:ermineif aynaptic— c;nta,cts turn over
or if they can be made to do so by. expérimental modification of neuronal
activity., It will also be of {ihterest to (ase as fluorescent stains

other toxins, such as p~bungarot xin (Chang & Lee, 1963; Chang, Chen &
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Lee, 1973), which act 1rreversiQy on other components of the nervous
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PLATE 1 ()
g . .
Examples of fluorescent staining on single muscle
fibres. (a-c) Xenopus sari:orius; (d) mouse plantaris;
(e,f) mouse soleus; (g,h) rat diaphragm. Muscles
were stained with tetr:-amethylrhodamine-l_ab”elled toxin

(a-f) and with fluorescein-labelled toxin (g,h).

| Y
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PLATE 2 ) ’
S,
Fluorescent staining and cholinesterase staining
on the same muscle fibres. (a) Xenopus sartorius
muscle fibre stained with tetramethlyrhodamine-labelled
toxin. ' (b) Same muscle fibre as in (a), 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 junction and outlines it (see McMahon,
Spitzer & Pepér,1972).‘ Comparison of (a) and (b) confirms
that the fluorescent stain is confined to the neuromuscular
junction. (g,d) Another muscle fibre, fxom rectus
femoris anticus of Xenopus, stained as in (g) and (b)

respectively.
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; PLATE 3 , (‘)

‘Effécts of cholinergic agents on fluoresgent
staining of tail musculature from stage 47-49 Xenopus

- tadpoles, ‘(a) Hemisected tail, stained for 20 min
with 1072 gm/ml tetramethylrhodamine-labelled toxin.

(b) Another }gﬂisected tail, treated as im (a) but

10" gm/ml d-tubocurarine. chloride was present for

i 20 min before, during, and for the rinsing period

| after exposure to dye-toxin conjugate, ' (c-e) Hemi-
secte;’ tails, treated as in (b) but instead of curare
the same concentration of carbachol chloride (c),
neostigmine bromlde (d), or atropine sulphate (e) was
present. Photographic conditions were identical in
each case. Note that the fluorescent staining was
decreased by curare and virtually eliminated by
carbachol, hut was unaffected by 'neostigmine or atropine.
(£) ;Hemiaected tail, stained‘ for cholinesterase and

".dndicating a similar pattern of dis’tr;!:but_ion ;s the

-~

fluorescent stain, , A

-
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PLATE 4

#

Fine distribution of fluorescent stain at

j
amphibian neuromuscular junctions. Face-on views
of part of frog sartorius neuromuscular junction
stained with fluorescein-labelled toxin (a) and
Xenopus sartori;s neuromuscular junction stained
with tetramethylrhodamine-labelled 'tox’in (b).
Note the intense transverse bands of fluorescence,
and the fluorescence of lower intensity between them.
Note also the absence of staining beyond the synaptic
borders. (c,d) Side views of part of Xenopus saréorius
neuromuscular junctions staiAed-with tetramethylrhodamine-
labelled toxin. 1In each case the muscle fibre occuples
the lower portion 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 (a) and (b). The intense bands
(a,b) and the protu'berances (¢,d) prof;bly reflect the
stai@ of acetylcholine receptors on the membrane of
the junétional folds. The fluorescence bet:ween‘t:he
intense bahds and between the 'protuberantv:ez; probably
reflects stain associated with acetylcholine reéceptors
on the subsynaptic membrane between jxrnction;al folcl.s. N

Scale in (d) also ai)p,lies to (b) and (c).:
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CHAPTER 3

EFFECTS OF INNERVATION ON THE DISTRIBUTION OF ACFTYLCHOLINE
RiZCE,PTORS 0§ CULTURED AMPHIBIAN MUSCLE CELLS
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SUMMARY
=

1. Myotomal muscle cells from embryos of Xenopus laevis were

cultured as a monolayer either alone or together with neural tube cells
from the same embryos.
v ~ 3

2. Spontancous twitching and contractions evoked by electrical
stimulation of neuronal perikarya were observed only in nerve-contacted

muscle cells, and could be abolished by curare or «-bungarotoxin.
[ I Y
3., Within 2 days in culture muscle cells not contacted by ‘nerve

developed one or more discrete patches of acetylcholine (ACh) receptors

Y . 3

as revealed by staining witH fluorescent conjugates of &-buyngarotoxin.
Similar patches‘were also seen wherl staining was carried 'out after
paraformaldehyde fixation, suggesting that they were not i;ndwuced by the
dye-toxin conjugate. | @

4. Radioautogr:aphy after labelling with 1251- «-bungarotoxin

revealed patches with graip densities approximately 25-fold greater

than over the remainder of the cell.

4 .
5. TFluorescent stain on innervated cells was ¥estricted to the

—

- /

‘ ‘ “ ”
than the largest patches seen on non-contacted muscle cells,

LOU SRRV - . 4 - . hn e wwmiwe e g n e ne P s
v

path of nerve-muscle.contact and sometimes extended for greater lergths .-

. 6. Similar long -i>an.ds of stain associated with nerve-muscle contacts

ko]

were ‘observed when cultures were grown in high. concentratténs of curare
: ! ¢

v

and carbachol which prevented spontaneous twitching. They were alse
. . : o o

seen in cultures in which the, additn’m‘of neural tulfe cells was delayed. °

for 2-3 days. ' .

a

"7. It is concluded that innervation caused receptérs to aﬂcc,umu]‘ate

‘at sites of nerve-muscle contact and that this procea—s cgn operate

ag f .

independently of muscle activity.

l Q
a

»
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INTRODUCTION

P

)
It has been known for many years that in skeletal muscle sensitivity

to ACh is localized almost exclusively at the region of innesvation

X

- (Langlay, 1907;, Kuffler, 1943), '1;1}e iontophoretic technique (Nastuk, 1953;
del Castillo & Katz, 1955) and the subsequent application of Nomarksi

optics (Peper & Mciziahon., 1972) have greatly improved the spatial resolution

of suchuﬁieasurements and it is now clear that ACh sensitivity is restficted

] ' laygely to the subsynaptic membrane.
/

found to decline fifty-fold within 2 um of the site of nerve contact

'For example, sensitivity has been

~(Kuffler & Yoshikami, 1975) and a ;:Phousand-fold or more within a few
2 ’ hundred microns (Miledi, 1960b; Dreyer & Pep;zr, 1974).
in which ACh i‘zceptors have been 1;bé11ed' viith'conjugates of d-bungarotoxin,
- " and their distributiom examined by radioautography, have further indicated
- tba't receptor density is very much higher in the subsynaptic membrane than

in the rema:[nder of the sarcolemma (Barnard Wieckowski. & Chiu, 1971'
! Hartzell & Fambrough, 1972; Albuquerque, Barnard, Porter & Warnick, 1974
Fetuck & Salpeter, 1974, 1976). . Reglons of high chemosefMitivity have alao
. : beev’n‘ observed at sites of sy:napt’ic cbntfact en pa;aqympasfx'etic neurons in
the'amphibian lyaax"t (Harrié; K'\':ffl‘e'\r 6: Dennis, 1971; Roper, 1976) t‘and at”
‘excitatory -and iﬁhibitory synapses in-arthropod muscle (Takeuckl & Take'uchi,

t

On the basis of these

1964, 1965; Ushervood, Machili & Leaf) 1968)-

findings, it seems likely that a high receptor densi‘ﬁy will p!:ove to be a

1

common characteri.rtic of many chemical synapsea.

p The manner in which, receptors become 1ocaljized at. eyn%es during the

course of developmgnt: is an inttiguing question. . It hae been. established that

at e;\rly atagés of development, shorz:ly after 1nnervation has occurred

’ . -~ »
. - skeletal muscle fibres have a high sensitivity to ACh alor)g their entire

Other investigations, /. .

-

”
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lengyh (Diamond & Miledi, 1962; see’also Berg, Kelly, Sargent, Williamson &
Hall, 1972), A vumber of experimental procedures aiso lead to the develop-
ment of a widespread sensitivity in mature muscle fibres. Since these’
procedures restore the muscle fibre's ability to accept new innervation,

'
it has been suggecsted that sensitivity to ACh may be a prerequisite for
the establishment of nerve-muscle s;napsqg (Katz & Miledi, 1964; Fex,
Sonesson, Thesleff‘& Zelena, 1966). More récently it hag been found that
avian ana rat myoéubes in cell culture develop not only a widespread
dietribﬁt;on of receptors, but also patcheg of evéh greater density (Vogel,

x,
Sytkowski & Nirenberg, 1972; Fischbach & Cohen, 1973; Sytkowski, Vogel & .

Nirenberg, 1973; Hartzell & Famﬁrough, 1973; vogel & Daniels, 1976). This

has raised the-possibility that receptbr'patches are potential sites of

g 5

1nnetvation which grOwing nerve fibree seek out (Sytkoyski et al

1973 Fischbach & Cohen, 1973). On the other hand, the distributinp‘

_of ACh receptors prior to 1ﬁheryation has not been determined for the

‘case of normal embryonic development, It is therefore- necessary to.

consider the alternative possibility that inhervation. itself induces a

high density of ACh rééapéorSUAt the site of contact,'just as it 13 known

+to induce unctional folds and cholinesterase (Miledi 1962 Couteaux, 1963)

o

We have explored these poasibilities in cell cultures of myotomal muscle

- and neural tube derived from embryos of Xenopus laevis. The muscle cells

and neural tube cells develop rapidly in culture and establish many

functional synaptic contacts, The cultures-have other useful features;

Rl

»

they can be maintained under relatively simple conditions at room temperature

without antibiotics,‘and with little contamination by other cell types.
In addition the muscle cells remain mononucleated and do not proliferate,

It 18 of interest to note that the first indication of nerve-muscle synapse




-

formation in vitrd is found in R, G, Harrisop's (1910) classical study in

Iﬂk‘!

vhich he unéd explants of these tissues to demonstrate axonal growth,

Il},;the present study we have‘examined the dist:ributip:-x of ACh receptors
with fluorescent conjugates of &-bungarotoxin (\Anderson & Cohen, 1974),
This paper describes the rlall;ifi ;nd.dramat{c changes in receptor distribution
which occur when the muscle’cells Abecome' innervateéd. The following paper
consid‘eral the manhgr in which these changes are brought about (Anderso; &

14 - ) .
( Cohen, 1976). Brief accounts of this work have been reported. (Anderson &

%

A

" Cohen, 1975; Aﬁderson, Cohen & Zorychta, 1976),

»

’ » ” M
- . . o
y "

-
’
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METHODS
S

Preparation of cultures

. - ! '
Mating was induced in mature Xenopus laevis toads by injection of

chorionic gonadotropﬁin (Ayerst) into the dorsal lymph sacs as described

by Nieuwkooé & Faber (1956).  Approximately 24 hr after fertilization

f (3

normally déveloping embryos were transferred tp a sterile dissecting
LS

medium and’ thereafter all-procedures were carried out under sterile

* conditions, Dorsal portions of stage 22-23 embryos (Nieuwkoop & Faber,

1956) were isolated by dissection and incubated for 30-60 min in a collagenase

solution i{n order to facilitate,the.separation of neural tupe, myotomai
muscle and notochord (Text-Fig, 1). Either of éhe following three types

qf culture"WQb then prépared. (1) Mixed nerve and muécle cultures;: .Isolgted
neural tubes andgnystomal muscle were bathed in a trypsin-EDTA solution for
about, I hr and then gently agitated in order to enhance thé;r dissociation.
The‘cells were then plated directly in thé same. culture c?hm?ef. O?Eﬁga?.
later the plating medium was repldced by a maiﬁtenance.medfmn, and thereaféer,
the cultures were léft undisturbed until required for experimentagion.

(2) Muscle cultures, free of nerve: In this case onlyhisolated muscle was
dissociated and plated, Otherwise, the procedurg? vere theisamg as for the
mixed cultures, (3) Muscle cultures to which neural éube cells were added
after é*dea§b: Muscle cultureslﬁéré prepafé& as_ above and isolatéd neural

tubes were stored at 4-10°C in plastic Petri dishes~(Falcon)'containlng:

‘plating medium, After 2-3 days the neural tubes were dissociated and added.

As described below the maintenance medium was modified 1ﬁmediate1y before
neural tube cells were added in order to facilitate their adhesion to the

‘culture dish,

b e, v FR

o -
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Diagram illustrating a portion,of the dorsal

region of a stage 22-23 Xenopus embryo after -
removing the skin. On either side of the,’neural
tube and notochord there are 9-12 myotomes only

thtee of which:are shown. Each myotome cons:!.sta !

.-

of about 100 muscle cells, approximately 100 um *

i

long and 10 um in diameter. The cells are laden
with yolk granules and innervation 18 just
beﬁinning (Nieuwkoop & Faber, 1956; Muntz, 1975).

Treatment with collagenase allows the myotomes

.and neural tube to be separated from each other

dnd from ti\e notochord. - ‘ )
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PO




IR e T TR TR TR

ST TR T

B A

ST T R R T T el T AT AT T T T

O

- 72 -

All procedures were carried out at room temperature (21-24°C).

(Text-fig. 1 near here)

»

Solutions and culture media

Dissecting medium: ~L-15 (Gibco), 60% (v/v); dialyzed horse serum
(Gibeco), 5% (v/v); Mycostatin (Gibco), 50 units/ml; gentamycin (Schering),
50 ug/ml. The latter two agents are effective in eliminating the fqnggi
and bacterial contamination normally associated with Xenoﬁus eggs ‘
(Laskey, 1970), !

Collagenase (Type l, Sigma) was used at approxiﬁately-l mg/ml in 60%

o

—

L-]-So :
Dissociation medium: a solution (Gibeo) of trypsin (5 mg/ml) and EDTA

(2:mg/ml) was diluted to 20% (v/v) with a Ringer solution containing 67 mM

' NaCl, 1.6 M KC1 and 8 wM HEPES buffer (Gibco).
Plating medium: L-15, 60%;,dia1yzed hétée serum, 5%; Holmes' ﬁ-l-pfotein

. (Gibeo), 0.2 ug/ml.

Maintenance medium: L-15, 60%; Holmes} mml-protein, 0.2 ué/ml._ Serum
was omitted because its continued presence at a concentration of 5% caused
myotomal muscle cells to degenerate within 3 4 days., However, some serum
was found to be essential for the attachment of cells to the culture dish.
As a result when neural tube cells weré addéd to 2- and 3-day-old mutclé
cultures the maintenance medium was Eupp}emented at the same time with up
to 1% dialyzed horse serum.1 These levels of sérﬁm caused:granulation to

occur in some muscle cells, but they remained viable for at least another

-

four days.

For some experiménta the plating and maintenance media® also contained

107% < 1074 g/ml carbachol chloride .(Mann) or 10-4 g/mi d-tubocurarine

chloride (Sigma).

ARV
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Ali‘of the above media were prepared using sterile distilled water
(Gibco) and when necessary pH was adjusted to about 7.2 with NaOH or HCl.
Solutions of non-sterile agents were stertlizeﬁ by double filtration
through Miilipore membranes (pore size: 0:22 um) .,

Frog Ringer contained, in mM‘.: NaCl, 111;~KCI, 3; CaCl,, 1.8;

Tris maleate buffer adjusted to ﬁﬁ 7.4 with NaOH, '5. -

Culture chambers ’ .

When cultures were to be fixed after fluorescent staining a simple

'éhambereﬁas frequently used which consisted of aglhss ring on a collagen-

coated glass coverslip, After filling'wi;h medium (volume: about 1.8 ml)
and adding dissociated tissue, the chamber was sealed by placing anther
glass coverslip on top of the glass ring., All connexions were made withn
heat-sterilized silicone grease (Dow Corn@ng). After staining and fixing
jthe cultures, the collagen-coated coverslip wés removed and mounted on &
glass slide for examination in. the fluoreécence micfoécope.

When fluorescent staining was to be examined in l4iving cultures a more
complex chamber was used-(Text-fié. 2). The floor of‘the chamber also
consisted of a collagen-coated glass\cOVerslip but in this case it covered
a hhlg (16 mm diameter) in a gfasa slide:; .On zop of the slide, eu;rodhding
éhe hole, was a glass ring. The chamber was.held Coéeuher witghsilicone

grease and sealed as above. After fluorescent staining the glasé riqé was

removed and a coverslip set directly over the hole in the glass slide,

'

(Text-fig.2 near here)

Electrical stimulation .

_ Cultures were placed on the fixed stage of an inverted phase contrast

Y . o
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.

s
Diagram illustrating a side view of the culture

chamber, The floor conaieta of a collagen-coated
coverslip which covers a hole (15 mm in diameter)
. in a glass slide, - A glass ring (9 mm high)v reaté
: - on‘ the slide and s\llrrounde the hole., After filling
the chamber with medium and adding tissue to :I.t:, |
the top is covered with a second coveralip. \A11
connexions are sealed witih silicone greasde, _- The

s

diagram is not drawn to scéle,

e
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~by stimulation of neuronal cell bodies, .
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Zeiss microscope and grounded By an agar-Ringer electrode. Electrical

L4

pulses of about 1 msec duration were delivered through a glaqa‘microelectrode

filled with frog Ringer and having a bevelled tip of about 2 um diameter,
Stimulus intensities required to evoked muscle contraction by direct

stimulatibn were at least five<fold greater than for evoking contractions

! ~

Fluorescent staining

«-Bungarotoxin and its confugates with fluorescein isothioc&anate

¢BBL) and tetramethylrhodhmine 1aoihiocyanate (BBL) were ptepared as

previously described (Anderson & Cohen, 1974), except that the final

solutions were equilibrated with frog Ringer inatead of with 0.05 M
ammonium acetate buffer.. Stock soluqiona (10"4 - 10-3 g/ml) Wgre ato?eq
frozen at' -40°C and thawed when required. Rhodamine-QOxin"consugates'had
a potency of 5-10% relative to naéive toxin, as determined by tests on
Xenopus tadpole tails (see Andergon & Cohen, 1974), The potenéy of
fluorescein-toxin conjugétes was 1-3%. '

Cultures were stained by exposing them to fluoreacght toxin (].0"S g/ml

© 4n plating medium) for 20-30 min at room temperature. Aftgr'rinsing with

60% L-15 the cultures were either fixed by immersion in c01& (-16°C) 95%
ethanol or efamined ali;e. Ethanol-fixed Fultures were rehydrated briefly
with frog Ringer.- When fluorescein staining was to be observed the fixed
cultures were mounted in 90% glycerol containing eiéher 0.1 M sodium
carbonate (pH 9.5) or 0.1 M Tris buffer (pH 9 0). When only rhodamine
staining was to be observed the cultures were mounted 1n pure glycerol.
Staining appeared brighter in fixed, glycerol7mounted, cultures than in

living cultures but the staining patterns were similar,
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< 3

in early experiments fluereacent staining was obeerved withxa’Zeias‘“'

microscope using transmitted dark field illumination as prev10usly described

-(Anderaon & Cohen, 1974) More recently we have.used incident illumination,

employing the Zelss III RS .epi- condenaer. \With this latter system the same

£ie1d can aldo be examined dirently with phaae Contrast optics, for
excitation of fluorescein the 1ight from an HBOZOO/WZ lamp was passed
through an LP455 filter and a KP500 interference filter, TFor rhodamine’
KP600 and BP546 interference filtero were used The corresponding barrier

. ! o

filters were .an LP520 for fluoreacein and a Kodak No. 23A for rhodamine,

'Living cultures\wereralways examined with - incident illumination and for

rhodariine staining an extra BP546 filter was placed in the excitation

© path, ’

Kodak Tni;k'BS'mm film, processed to ASA 1600 in Acufine Developer,

.

was used in preparing black and white micrographs, For color micrographs

. High Speed Ektachrome, probessed to ASA 4@9, was used,

Radioautography

a-Bungarotoxin wae conjugated with carrier-free 1251 (new England

Nuclenr) by chloramine T oxidation as described By Berg et al, (1972) and
separated from the reaction mixture by chromatography on Sephadex G-25.
The labelled toxin had an initial soedific activity of 20,000 tpm/ng.
Radioactivity was measured in a gamma scintillation opectrometer {Nuclear
Chicago, Model }185). /

Cultures were exposed to the:radioactive toxin (10"6 g/ml in plating
medium) for 20 min. After rinsing they were -fixed with 37%, glutaraldehyde
in 0:1 M“sodiumjphosphato buffer (p 7.0), r{nsqd.with bufEer, dehydrated

>k ‘ ¢ _
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in ethapol, degreased in xylene and then returned tcr ethanol. ‘The

cOVerslipa containing the cultured cells were driqd in air at room
temperdture, colted wich Kodak NTB-2 emulsion aqd{ incubated in the ddrk

at 4°¢ (Kopriwa & Leblond, 1962). - Radioautographa were develaped in

'Kodak D17D at 18° C "and fixed with 0,24 g/ml aodi/.lm thiosulphate \
Grains were counted at a magnification of 1250 t.imes, and areas

were determined wi‘th an eyepiece grid. For pat hes‘ containing‘a higﬁ

* grain density an area of 64 um or more was coynted. For grains over
the reat of the cell the areas that were counted were at least fifteen

t

times'latger‘. . To eqtimate the area of— a dense patcb relative to

the re;mainder'of the cell photographic prints were cut into the two

respective parts and weighed,

. v
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RESULTS

General description of cultures
. - _CULERY

Muscle cultures

o \ .
Dissociated muscle cells attached to the collagen subgtrate ‘and

,began to ‘elongate within 12 hr. The méjority reacquired/é bipolar

configuration, usually with aeveral projections emerging along their

length, but others developed a more stellate appearance (P1, 1). Striatiohé;

. having a periodicity of about 1 9 um, were observed within one day and

increased in prominence during the following 3 & days. 0ver»the same
period most of the yolk granulea originally present in the cells were
congumed #od the cells grew 1R size. Bipolar cells attained lengths of
up to 360 um and widths of up to 40 u;n.~ The cello’also {ncreased in
tﬁicknesélénd'after about & doys began to lose some of their finer .
processes, Throuéhout the period that the cultures were maintained

(up to 1 week) the muscle oeils remained mononucleated and did not

migrate on the culture dish,

5 ©

Each culture contained ;everal hundred muscle cells as well as a few

other cells, such as fibroblaets and an occasional melanocyte. Contamination

by neural tube cells was rare, occurring in less than 10% of the more than

40 muscle culturcs examined in this study. These contaminated cultures

never contained more than four nerve cells, and were not included in
further studies, .

Muscle contraction did not occur spontaneousiy but could be evoked by
direct electrical stimulation ond by application of ACh and carbachol.
Both d-tubocurarine and g{-hungarotoxin were effective in blocking the
action of the'cholinergic agonists but did not affect contractions evoked
by electical stimulation. Contractions of sufficieot iotensity caused

the cells to detach from the substrate, resulting in irreversible damage.
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Mixed cultures

Neural tube cells in culture occurred efther ‘4n isolation or in small

.

clusters, and had spherical perikarya which were 10-20 um in diameter,

During the first day processes began to emerge from them in the manner

~

, .
originally described by Harrison (1910), These nerve processes continued et

 to grow for 2-3 days and contact\éd many mt.;scle cells (PI. 1B). However, 4
after the third day nerve growth appeared to cease. 1In fact fewer : . W, . 7 )

nerve pyrocess¢s and nerve-muscle contacts were observed in 4-5 day-old
cultures than in 2-3 day old ones. This retraction of nerve processes

; vag related to the absence of serum in the culture mediuym after the first
" rd LY

day (spe Methods). Although the continued pres\‘encé of gerum facilitated

~ o

the growth 'of nerve processes it also caused the myotomal muscle cells
to degenerate within 3-4 days. By withdrawing serum from the cultures

after| the first day the muscle cells remained viable for at. least a week,

s

erve-muscle coutacts seemed to have no prefetrred locatlon or
orientation (see Pls, 5-and 6). Freq\:ently the .nerve grex:r’ along the

edge{ of muscle cells but in many cases it coursed over the muscle cell,
either on the surface facing the collagen substrate of the culture dish
' ' ' \

or gn the opposite free surface. Some 6f the contacts were ‘oriented‘

S S X et ol AN Dl s
LA AT TR S TR

ey T,
Sy

longitudinally with respect to the muacle cell axis whereas others had

a 'transverse orientation. They occurred in virtuallypfmy region of the @
muscle c?ll and varied greatly in length, ' } §

Single electrical stimuli applied to nerve cell bodies evoked ; . sfk
éynchronous contractions in many of the c.ontacted muscle cellq_. Spjontaneous {%
contractions were also observed in some of the nerve-contfactéd muscle ?ﬁ
_cells. Their fréquency was usually low but could be quickly and §
reversibly augmented by the addition of 1-2% sérum. Both, spontaneous and , ,
evoked contractiont; were reversibly blocked by d-tubocurarine &10‘5 g/ml) ) g

- Vg

By e s, -
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and by magnesium (10mM), and were irreversibly blocked by oa-bungarotoxin

¢

(10'6 g/ml for 20 min). These findinge {ndicate that muscle cells had

become functionally innervated, as was previously shown to be the case
1

in explant ciltures of these same tissues (Cohen,ﬂ 1972). , /
/™ L /
- Patterns of fluorescent staining L

I}

Muscle cultures.

o
e

One or more patches of fluorescent ftain were observed on virtually
~ e

evéry muscle cell in fourteen cultures esamined 2-5 days after plating,

\

Actual counts were made fn seven cultures, 2-4 days old In each case

’

about: one‘hundred muscle cells, were exami’ned, and out of a total of six
" hundred and fifty-two cells only one was observed which did not have a

. ' pdtch of stain., On the other hand fluprescent stain was never seen on
. . o - ® ¢ ' . &
fibroblasts, melanocytee, or other tion’-mus"cle'cell- types.

@

*

Several examples 111ustrat1ng the diversity of the patches of stain i

<

are shown- in Pls, 2 3 and 4A. Al;hough jthere wag considergble variation )

. [

from cell to cell in the location, number, 5ize and configuration of these
" patches some generalizations can be made, Their most comman location

was at or near the ends of cells, br ce11 processes, on the. surface fa;:ing
the collagen substrate (Pls. 2A,B,E,F;3A,B). " Another tommon location vas -
on the free surface in more central regions of the celltl'(Pls. 3C,D; 4A),
However patches on ;he fe'ee surface sometimes occurred near ‘tﬁe ends of
cells (Pl. 3;3,1“) ano those on the coilagen eurface also ‘occu.rred in
central regions. Less frequently patches wvere also situated on the edges

of cells and could noL be visualized face-on (P1 2C,D). Patches on the

same .cell #ftéﬁ belonged to more than one.of these categories (Pls 2C,D;

v

. ‘ f&A).]/f Large cells tended to have more and largon ‘patches and in sg}me

inst:,lances 438 many as seven distinct patches were seen on a single cell,

2
} 3 ty s .
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= -
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However, even on the largest cells patches usually extended for less than
20 um and never more than 40 um. When they occ;rred in central regions of
cells they never extended from one edge of the cell to the other.
Individual patches of stain had fairly distinct boundaries but the
intensity within the patch was frequently non-uniform. Thus many patches
appeared to be compound structures composed of numerous lines or¥spots.
Thelr substructure varied according t§ their location on the cell. Patches
on the collagen surface were usually composed of a series of fine lines of
alternating intensity generally eoriented parallel to each other (Pl. 2E,F).
On the other hand, patches on the free surface consisted of g}ther compact
arrays of small spots (Pls 3C; 4A) or cgmplex arrangements of\thin lines
sometimes oriented in a stellate paFterh (P1. 3E). Often there appeared

to be little if any fluorescent stain between the lines or spots,

r -

%ﬁxod cultures ' »

( Forty mixed ﬁﬁTﬁures ranging in age from 2-5 days were examined in
this séudy. In six of the cultures which were 3 days old some of the
innervatéd muscle cells were first identified on the basis of spontaneous
twitching or contractions evoked by‘electrical stimulation of the
appropriate nerve cell bodies; they were then stained and examined alive.

In every one of 78 identified innervated muscle cells staining was
restricted to the path of the innervating nerve process and there were
;o patches of stain elsewhere on the cell (P1. 5). Indeed the distribution
of stain in most of these examples was dramatically different from that
found either on the cells in muscle cultures or on non-contacted musclegl
cells in these mixed cultures. éﬁch distinctive staining patterns were

seen on many of the nerveséontacted muscle cells in all mixed cultures,

and a variety of examples are shown in Pls. 4B,5 and 6. Thé following

description is based on the %taining patterns seep in all 40 mixed
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cultures of varying ages.

Stain was associated yith nerve-muscle contacts independently of (:.
their location on the muscle cell. In some cases the staining apﬁeared
as a fine line along the edge of the cell (Pls. 5E; 6C,E) and in other
cases 1t appeared as a narrow band elther on the surface facing the
collagen substrate or on the opposite free surface. These face-on examples
seemed to hgve no preferred orientation with respect to the'long axes of
the muscte cells or their processes. Thus in some instances the bands o%

stain had a longitudinal orientation (Pls. 5A; 6D) whereas in others

they extended across the cell (Pls. 5G, I; 6D) or even across sgveral

cells in succession (Pls. 4B, 6A). Interestingly the bands and lines of

stain were frequently located in the central regions of musclle cells.
This is in contrast to the situation in vivo where the myotioma' ruscle
cells are innervafed exclusively at their ends (Lewis & Nughes, 196C).
Viewed at high magnification it was apparent that the distribution
of stain along the path of nmerve contact varied considerably. Occasionally
the staining continued without interruption along the entire length of the
contact (Pl, 6A,B). Most often, hewever, the bands were discontinuous and
consisted of a series of small irregular regions of stain (Pls. 5; 6C,D).
In still other examples the stain was limited to only a portion of the
contact, Some bands of sta intense horders parallel to the path
of the nerve (Pls. Aﬁ; 64), buy in the ma jority of exampfes this was not
the case. Nevertheless thejﬁénds of stain always had well-defined
boundaries where the staining intensity changed abruptly rather than
gradually. Their widths were variable, even along the pdth of a single

contact,and usually had a range of 2 - 5 um, However, the bands of stain

often extended beyond the diameters of the corresponding nerve process
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(Pl. 5A,B,1,J) suggesting that the stain was associated mainly ;f not
.
{ entirely with the muscle cells, Indeed fluorescent stair} was never found |
on nerve processes as they coursed over the culture dish or over other
cell types such as fibroblasts,

a

The lengths of the lines and hands of stain were also highly variable.

AR A da i & “ub M i LR )

Thus, while many were less than 20 um some extended for more than 40 um

and occasionally for as much as 100 um (Pls. 5A,C; 6C,D). This finding

v

is of particular significance since the patches on non-contacted muscle
cells were never more t£an 40 um in their greatest dimension. In addition,
ﬁnﬂike the patches on non-contacted cells, the bands of stain sometimes
@;5 extended entirely across the central regions of muscle cells (Pls. 4B; 51;
6A» These examples therefore can not be explained simply in terms of the
nerve having contacted pre-existing receptor patches. Instead they ’
indicate that the lgpcalization of at least some of the receptors along
the path of contact was neurally induced,

—rr 3{3‘
Lines and bands of stain sometimes appeared to extend beyond the

3
)
t
:
]
.
:
L
3
-
?
]
g

region of nerve contact and in a few cases were also found on muscle cells
which had no apparent nerve contact. These ldtter examples were seen only
in regions of the culture which contained neural tissue. They can most
likely be explained either by diffi®ulty in resolving very fine nerve

+' processes in the light microscope (see also Fambrough, Hartzell, Rash &
Ritchie, 1974), by mechanical displacement of the nerve process during the
staining procedure, or by spontaneous retraction of the nerve process.

»

Some retraction clearly did occur with aging of the cultures and an

e ke B e

v example of retraction associated with a modified pattern of stain is

given in the following paper (see Pl. 6 in Anderson & Cohen, 1976).

hgiurt % ade b

e ' Although innervation was invariably correlated with a localization
- L
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of stain along the path of nerve contact and with an absence of stain
3 [ s

| :
ve patterns of stain were not

elsevwhere on the cell, such distinc

associated with all nerve-contacted ce Instead some muscle cells

had little or no stain along the path of Werve contact, In these cases -

there was almost always additional stain on other regions of the cell.
This staining sometimes consisted of the characteristic patches associated

with non-contacted muscle cel¥s. On the other ha?d*rﬂé staining pattern _

was sometiimes markedly different and consisted of a scattering of small '
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fluorescent spots over & large portion ef the cell. This latter form
of staining was observed more frequently in cultures where addition of :
i neural tissue was delayed for 2 - 3 days (see below),.

Addition of neural tube ce11§/E3\g-and-3—day-old muscle cultures

The results described so far fndicate that contact of a growing

BRI . Fondier T X H L g et

nerve fibre with a pre-existing patch of‘high receptor density can not

¥
L

B e

account for all of the staining that was associated with nerve-muscle

contacts, Indeed since the nerve and muscle cells were plated simultaneousz

ATNE LB

o Bot gt gt

DFEss

the receptor distribution prior to innervation was unknown and patches may
never have been present. It was therefore of interest to determine whether

the nerve would induce a similar localization of receptors if innervation

%

was delayed until patches had already developed on all muscle cells., This

possibility could be readily tested because all the muscle cells in "pure"

1
§

muscle cultures developed characteristic receptor patches within two days
of plating. Muscle cultures were therefore allowed to develop for 2 - 3
days during which time they were carefully examined to ensure thag‘there
was no neural contamination., Freshly disseciated neural tube cells were

then plated. Within one day gfowing nerve processes contacted many of the
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muscle 6e119, some. of which began tc twitch spontaneously, indieating that

innervation had occurred., Altogether six such cdltures were stained with

{i' fluorescent *toxin 1-2 days after the additio::jé“ﬁéural tube cells. - °

v .

In each of these pultures the staining patterns on nerve-contacted

R LT RN . e

s

cells vere similar to those described for cultures where neural tube cells ¥
were present from the start. Most significantly lines and bands of stain
were associated with paths of nerve-muscle contact, and scme 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 patchés elsewhere
,‘ H

on the cell. One interesting difference, however, between these culture{ ,

/"\

and those in which neural tissue was present from the start, was that in

ke 0y,

[P

many more instances there was a widespread speckling of small spots of ‘

fiuorescent stain (P1, 7A,E), particularly on the first day after adding

R e

neural tissue, This speckling was usually 1ost extensive on those muscle 7
cells which had relatively little stain along the path of nerve-muscle contact.

Furthermore, it was never seen on non-contatfed muscle cells in regions of the E

¢ulture devoid of neural tube cells, or in two additional.cultures which were ;

treated in thé same manner (see Methods) except that neural tube cells were . .
" N -

not added. Instead the non-contatted muscle cells haduonly the characteristic

patches of stain, !

hd .

L]
* These observations therefore indicate that the nerve can cause both
AN

-

a rapid accumulation of receptors at sites of contact, and the de@élopment

of scattered recptor clusters, on muscle cells which have receptor patches
\
before contact is made.

Mixed cultures grown in curare. and carbachol
4

Previous studies have indicated that neuromuscular connections can

1

become established in the presence of cholinergic agents which block

0 neuromuscular transmission (Cohen, 1972; Jansen & Van Essen, 1975). On

. L

.
e - ; . e
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the other hang'SUpfeSSion ¢f neuromuscular agtiﬁity in adult muscle
results\in the apﬁearance of extrajunctional ACh receptors (The#teff,
1960; Lomo & Rosenthal, 1972; Berg & Hall, 1975s; Chané, Chuang & Hua;g,
1975; Lavéie, Collier & Tenenhouse, 1?76; Pestronk, Drachm;n & Gfiffin,
1976). Studies of synapse formation in cell culture ha;e led to the'
suggestion that contractile activity may also be required for nerve contacts
to bring about changes in the distribution of exérajun;;ional receptors
during development&(fischbach & Cohen, 1973; Cohen & Fischbach, 1973).

It 8 therefore of interest to determine yhether the sponéaneous..
neuromuscular activity in the present experiments was necessary for. the
development of the éisg}nctive staining patterns on nerve-contacted ecells.
For this purpose mixed cultures were grown from the start, ES,“3-4ldays,
in tﬁe presence of either d-tubocurarine chlori;5¢4i0-4g/m1; 3 cultures)

5

i _ - 4 . .
or carbachol chloride (10 - 10 " g/ml; 6 cultures). In addition, neural

tube cells wer; added to 3-day-old muscle cultures in the presence of
d-tubocurarine chloride (10-4g/m1; 3 cultures) and allowed to develop

for 1-2 dafs. As in drug-free cultures,nerve processes developed_rapidlye
and within one day many could be seen in contact with muscle cells.
However; as expected, contractions did not oceéur gpontaneously unéer these .
conditions and ceuld not be evéked by electrical stimulation of neural
tube cells. On the oéhef‘hand, both spontaneous and nerve-evoked contraétions
were observed within 10-20 min after withdrawing the drug. When such‘
cultures were stained after rinsing out‘thé drug the usual patterns of
fluorescence were observed. Muscle cells hot contacted by nerve had
chafacte;istic patchgs of stain, whereés-some of those which were

contacted had the distinctive lines and bands without any patcheé

I

elsewhere (Pl, 8D,F).. Likewise, muscle cells which had little or no stain

-
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along the path of nerve ‘contact sometimes had a widespread scattering of

small fluorescent spots. As in cultures grown in éhe absence of the drugs,

D o

this featuré was more‘common in cultures where the addition of neural tube
cells was,  delayed, These ;esults therefore indicate that nerve-induced

changes in the distribution of ACh receptors occurred by a mechanism which
18 independent of contrégtile activity. This finding is extended in' the 3
following paper which demonstrates similar patterns of stain evéﬁﬂwhgn ‘ j

cultures are grown in the presence of o&-bungarotoxin (Anderson & Cohen, 1976). )

14

Control experiments

Specifictty™of fluorescent staining

o BN,

p In a previoud study it was established that «a-bungarotoxin retains
its specificity for ACh receptors after it has been labelled with fluorescent

dyes (Anderson & Cohen, 1974). 'As indicated in Table 1, specificity tests 4

were also carried in. the present study, with similar results. . Fluorescent
stain was barely detectable when the staining procedure was carried out in

the presence of d-tubocurarine (10'4ghn1) and was not seen when cultures

were pretreated with native «-bungarotoxin (10»6g/m1 for 20 min).

4 Carbachol was:also tested but in this case the cultures were grown in the

S}

drug from the ztart in order to avoid muscle contracture and damage, At

i .

- é*concéntration of 10-4g/m1 it completely inhibited fluorescent staining, .
E As exﬁected the blocking effect of native toxin was not overcome ev;;w;;en
- the cultures wire’ rinsed extensively with toxin-free medium for up to 1 hr,
¥ "On the other hand the Bldckiﬁg effects of curare and~carbachol were
- quickly reversible. For example‘in one type of experiFent cultprqs were
exposed for 30 min to rhddamine—go#ih (10'5g/m1) in the presence of
curare (10'4g/m11. They werevthén rinsed for 20 min with a medium free
. - of both agents and exposed to flporescein-toxir{ (10'5g/m1) for a further oy

' 30 min, \_ ‘

& B ’
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Table 1. Effects of cholinergic agents.on fluoresdent staining. F andyR

indicate fluoréscein and tetramethylrhodamine respectively. Céncentrations p
arle given in text, . ' \ ‘ .
Culture * .
Medium Staining Procedure Fluorescent Staining
] F < R o
¢ :
standard F-toxin - . - Jbright none . |
. * f
'standard R-toxin . e - none bright |
' LY h 3
standard toxin R-toxin F-toxin none none -
standard ‘éurare curare, F-toxin bright barely :
R-toxin - visible
. 5
plus cérbachol, F-toxin -- bright none F
carbachol R-toxin ' ]
-plus carbachol R-toxin -- none bright

carbachol F-toxin - . L.
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Upon examination in the fluorescence microscope only- the green sbpih due

P \ . ‘ ’ :
to the fluorescein conjugate was observed (Pl. 8A-C). Similar results
were obtained wbén carbacﬁol was used insgtedd of curare (Pl. 8D-F; .Table I

1).7 All of these tests tﬁereforq indicate that the stainfng is'specific

¢ N
]

for ACh receptors,

0 o

Receptor staining was readily'distingﬁishaﬁle from yolk granules

which’ proved to be autofluorescent. The granules hdd a smooth aﬁpeérance'

(Pl. 3C) with mo single plane of focus, and when viewed with fluorescein
N o
optics they appeared yellow rather than green. Their presence in_large-
- numbers resulted in a bright glow which obscured the fluorescent stain,

and becausé of this we restricted our observations to cultures which were

Smaller brigﬁt refractile spots, also readily :

2 or more days old,
distingufshabie from receptor staining, were seen "In early experiments

in yhicﬁ transmitted light was used for .excitation (ﬁl. 4). These spots

- were not observed with inéident'light f{uorescence.

’

o

Staining after fixation with paraformaldehyde ' -

3

Although the patterns of fluorescent stain reflect the distribution

. o
of ACh receptors, it is less clear that they also correi?ond to the

distribution of receptors pridr to Binding with fluorescent toxin, For

¢ - -~
éxample, other ligands such as immunoglobulins and lectins can cause their .

receptors to aggregate in the plasmalemma (Taylor, Duffus, Raff & de Petr;Z,
1971; Rosenblith, Ukena, Yin, Berlin &.Karnobsky, 1973). <“This effect

appears to depend upon the fact that these ligands are multivalent and can

-

therefoie cross~1link their previousiy dispérsed receptors’ *-Bungarotoxin

“

on the other hand is a small univalent ligand (Mebs, Narita, Iwanaga,
Samejima & Lee; 1971; Lee, 1972) and would therefore not be expected t

cause changes in the distribution of _ACh receptors. In—gny event we have

Fl
1

attempted to examine this possibility experimentally, and have based the

4 >

v
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test on the fact that ligand-induced changes in receptor distribution can
be prevented if the cellg are first fixed with paraformalaepyde (Rosenblith
et gl.,‘1973; Ryan, Boryseﬁto & Karnovsky,dl974). .

. For these experiments muscle cultures were fixed at room temperature

1 -

for 1 hr with 3 x 10—2g/@1 paraformaldehyde in 0.1 M phosphate buffer at

J,PH 7.0. The cultures were then rinsed with plating medium for at least 30 ,
min and stained with fluorescent toxin. In some cases the rinse and '
staining were carried out 1in the presence of carb;ghol (10_4g/m1). Upon
examination with fluorescence optics the cells generally appeared brighter’
than usual, but had characteristic patches similar to those on liviné cells

’

?Pl. 9A,B). Cells stained in the presence_of carbachol also#appeared
-

bright;rﬁfhgn usual, suggesting some non-specific uptake of d§e-toxin

conjugate, but had no patches of fluorescent staining. These resuits

indicate that staining specificity for ACh receptors was retained after

paraformaldchyde £ixetion, and suggest that receptor patches existed on

the cells before exposure to the toxiww Similar conc¢lusions have been

.drawn for the patchy distribution of toxin-binding sites on cultured chick

myotubes (Sytkowski et al, 1973).

Radioautography with ~2°I-labelled .toxin

Y
Although fluorescent staining can reveal areas of high receptor

-

density' the sensitivity of the method may mot be sufficiently great to

‘reveal lower densities of receptors (Anderson &rCoﬁen, 1974). 1t was

therefore not possible to determine by fluorescent staining whether all

/ T

receptors on muscle cells were localized in 5atches or whether some Were

also distributed elsewhere 6n the sarcolemma. Inwrder to check this
Q ' <

possibilftf eéxperiments were carried out in which' receptor distribution

» N
o



t
o

was assebsed by ?adibaugography using 1251;1abe11ed q-bqua%ogoxin.* For
0’ | thése experiments muscle cultures were exposed to the radiocactive toxin
(10-6g/m1) for 20 min, rinsed, and then processed as described in ‘the
E‘° L ,'Methods. As expected, patches of high grain density weré'obséfvéd whiéh p
‘ were s}milar both in size and dist%ibution to the patches of fluorescent
staining on the free surfdce,of the mu;cle cells (Pl. 9C,D,E). In addition
to these patéhes a lower density of grains was‘qbserved over'the feﬁainder
of the cé;qt Most of the grains appeared to be due to specifié binding of »
radicactive toxin toﬂACh receptors: thus in a sister culture which was
incubated for 20 min with 10-6g/m1 native toxin béfore being éxpgged to
the radioactive toxin the grqi; counts on the cells were reduced b& 929%
(Table 2). In one culture grain counts were madg on 13 muscle cells |
having only one obvious patch and the grain densit}es were found to be about
25 times highe? in the patches than on the rest of the cell (Table 2),
Estimates based on measureménts of relative patch and c¢ell areas further

- indicated that about 44% of all the grains on these cells were localized

. N - 4
™ in patches (Table 2). It follows from these experiments that ACh receptors j
B " ' , j

occurred not only in patches but also over the entire cell. The density

‘of receptors in this’widedpread phase, however, was too low to be detected
: ' ok , a
by thﬁ fluorescent staining technique.

v
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‘Table 2, ' Radioautography with 1251 1abelled ®-bungarotoxin in 2-day-old -,

LN

muscle cultures. ) : ,,

-~

'
L% ‘ f

A. JInhibition by pre-incubation with native toxin (10'6 gm/ml for 20 mih)?
Isolated cells were chosen at random and all grains over at least seventy
percent of each cell were counted. ’Qimilar'areas ad jacent to the cells
were also counted in order to obtain the background grain density. The
results (mean + standard error) in each case are based on fourteen cells

or culture dish areas.” Percent inhibition was calculated after correction
for background grains on the eculture dish. |

Grain density (grains/64 um?) Percent
. : j inhibition
Pre-incubated with native toxin No pre-incubation by native
Cultyre dish .+ Gell Culture dish Cell" toxin
- 0.4 + 0.04 0.8+ 0.1 ~  0.4+0.03 54+0.4 92

B. Distribution of grains. Isolated, cells were chosen which had only’one
patch of high grain density. Grain-'densities are corrected for background
grains on the culture dish. :

7

‘No. of - Grain density (grains /64 um2) Grain density Area of ?ercgntage

cells  "high density - rest of cell in patch patch “of grains
patch — . : relative to .relative - in patch
y . rest of cell to rest Lo
) ' of cell .
13 4842 2402 . 26+3  0.034 £0.004 44 + 3
1 R ‘

'k
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DISGUSSTON - :
, R e e e , - . .
‘ Patches of ACh receﬁtors,on non-innervated cells y

¢

The present study has demonstrated distinctive p&tierhs of ACh °
reeeptor distribution on myotomal muscle cells cultured with and without

nerve. Non-innervated muscle cells develop characteristic patches;of

‘ B ‘ N

réeceptors which tend to occur in preferred deaeions,,such as near the

&

tips of cell ' processes faeing the’ ¢ollagen. substrate and in central .t

regions on the opposite side of the cell. They ocgupy a small perceﬁtege

- of the cell area but contain a significant fraction of the receptors.

Radloautographic e#perimenge indieated-thaﬁ single patches which occupy
only about 3-4% of the ééll area coneain almos; 50% of the réceptors.'
Presum%bly thesé patches reflect regions of sarcolemma where the receptor.
density is relatively high This Jhas recently been found .to be the case -
for ACh receptor patches on cultured ch1ck myotubes in experiments whiﬁh

combined an 1mmunoperoxidase‘technique with electrpn microscopy (Vogel &

Dan{els, 1976). The alternative possibility, that receptor density in the

sarcolemma is uniform and"that‘the pafches reflect regions of extensive

’

membrane folding, seems unlikely, For example bright fluorescent staining
was observed on fine cell proceéses'ahieh were less than -l um in diameter: °

(see Pl. 3A) and which would not be expected to have extensive membrane

1 4
folding. Furthermore, radioautography revealed patches with grain®
- . N { .

densities which were on the everqge 25-fold greater than over the

remainder.ef the cell. Iﬁ individual examples the factor was éswlarge as

40-f01d To increase the surfdce area by such a large factor wuuld\require

¢
[N .

a degree of membrane folding which has never been seen in normal or: ‘eultured
/

. .

muscle cells. For,example the compIex folds at the mammelihn;heuromuscular

.
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juﬂction are estimated to increase membrance area by only 4-5 times
G (Andersson-Cedergren, 1959). 1In view-of these considerabions it seems ' ]

likely that the receptor patghes on cultured myotomal muscle cells, like ™~

those on cultured chick myotubes, refiect regioqf of sarcolemma containing

a high receptor density.

Another question 1s whethea the patiches of receptors on non-innervated

JPoR—y

cells are a normal feature of the sarcolemma. This matter is of considerable
relevance since other 1igands‘such as immquglébulins and lectins have been
shown to induce the aggregation of their receptors (for r;views see Raff &
de Petris, 1974; Nicolsan, 1974, However, discrete regions of high ACh ' ;
receptor density have been revealed in cultures of chick and rat myotubes
by the method of iontophoresis which is,carried out in the absence of

o -bungarotoxin (Cohen & Fischbach, 1973; Hartzell & Fambrough, 1973).
Receptor patches were also observed in the present study as well as on
chick myotubes (Sytkowski et al., 1973) when receptor labelling was carried

out after formaldehyde fixation, a procedure which is knownuFo prevent

ligand-induced clustering of receptors in other systems (Rosenblith gt al,

1973; Ryan et al., 1974). 1t therefore aﬁpeafs that ACh receptor patches

are a normal feature of the sarcolemma and do not merely reflect an - - é
aggregation of feceptors induced by toxin binding.

It 1s possible nevertheless that the formation of ACh receptor patches o

—?
el ot TG e Lk
@

may reflect processes similar to those which have been implicated in the i {

aggregation of immunoglobulin and lectin receptorg. For - example, several

RS, et S e, Paimstrnd, s

i’ studies have suggested that the mobility of some membrance receptors is

controlled by attachement to cytoskeletal elements composed of microfilaments

and microtubules (for reviews see Nicolson, 1974; Raff & de Petris, 1974;
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Edelman, 1976). Similar cytoplasmic éFructures may also interact with
ACh receptors. Tée resolution-ﬂf{orde&\by fluorescent staining has.
revealeé that ACh receptor patches are highl&gordered structures with
distinctive patterns, Furthermore, the complek substructure of the
patchgs on the surface of the cell in contact with the collagen substrate

is distinctly different from that of patches qQn the free surface. This

' .

difference in organization presumably reflects ‘the fact that the
sarcolemma is attached in some regions to the substrate. The complexity
of receptor patches on the free surface i1s particularly difficult to

.

rationalize if one assumes the membrance is a simple "fluid-mosaic' in .
which integral glycoproteins exist in a state of diffusional equilibrium
(see Singer & Nicolson, 1972). These ACh receptor patches usually consist
of either an agpregate of small receptor clusters (Pl. 3C) or a stellate
pattern of thin lines, sometimes in;erspersed with small clusters

(Pl. 3E). It is unlikely that the components of these patches are held
together in such non-random arrays by simple intermolecular forces between
receptor units. Instead it seems more probable that s$a11 ACh receptor

clusters are anchored to cytoplasmic'élements which might then provide a

structural basis for the complex patch substructure. In this vein it is

interesting also tq note that the cable*like bundles of contractile proteins

N

which form part of the cytoskeleton in non-muscle cells have been found to -

assume complex networks:(Lagarides, 1976) with foci not unlike the stellar

}
arrangeménts of some ACh TFeceptor patches,
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Distribution of ACh receptors on innervated cells

The most distinctive feature of the receptor staining on innervated
myotomal cells was its localization aiong the path of nerve conéact. Since
staining was never seen on nerve processes which were not in contact with
muscle cells, and in many cases bands of stain were brogder 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 concl«sion can be drawn most directly from the
results of the following paper where similar patterns of stain were found -

to develop even when muscle cells were exposed to fluorescent toxin prior

to the addition éf nerve (Anderson & Cohen, 1976). It 1is also in agreement
) <
with other studies which have demonstrated either a high sensitivity to

ACh (Harris, Heinemann, Schubert & Tarakis, 1971; Kano & Shimada, 1971a;

R
3
4 = Fischbach & Cohen, 1973) or a high density of 1251- «-bungarotoxin binding
;
: gites (Fambrough et al.. 1974) in the vicinity of nerve-muscle contacts in
P cell culture. -
Vi .

The resolution afforded by fluorescent staining revealed a large

S R

diveréity in the pattern of receptor distripution along the path of
nerve-muscle contact. In some cases the staining along the path of

contact was contirfuous and uniform but in the majority of exa;;les the bands,
of stain were discontinuous and irregulgr. Of particular significance is
that in all cases there were abrupt changes in staining intensity, and

f hence in receptor density, along the edges of the bands of stain. Similar
abrupt changes in receptor density occur at the border between synaptic and
extrasynaptic membrane in normal adult muscle (Peper & McMahon, 1972;

Hartzell & Fambrough, 1972; Anderson & Cohen, 1974; Kuffler & Yoshikami,

1975; Fertuck & Salpeter, 1976). The present study has indicaged that

E L. . TSR RO ) S T R

P Ao TP



- 97 -

they can also occur elsewhére on the muscle cell. TFor example receptor
patches on non-contacted muscle cells had well-defined boundaries, as did
the small receptor clusters which were seen on some of the nerve-contacted
cells. 1t is apparent therefore that abrupt changes in receptor density
are not a unique feature which is dependant upon innervation. Instead

they are more likelyﬁto reflect a mechanism within the mussle cell that can
organize ACh receptors intg two distinct phases which have markedly
different packing densities and are separated by distinct borders.

Since non-contacted muscle cells developed patches of high receptor”
density analogous to those which have been observed on chick (Vogel et al,
1972; Fischbach & Cohen, 1973; Sytkowski, et al., 1973; Vogel & Daniels,
1976) and rat myotubes (Hartzell & Fambrough{hzg;gsv\the question can be
raised as to whether these structures play a role in synapt&éenesis,
perhaps by providing a site which growing nerves seek out. To-answer this
question it would be necessary to determine whether any part of the
subneural membrane contained a high density of ACh receptors prior to the
establishment of synaptic contact. The results of theypresent study
therefore do not exclude this possibility. However they do indicate the
existence of an alternative mechanism by/which receptors become localized
at sites of innervation. For example, the lengths of the bands of staining
at sites of merve contact were sometimes too great to be explained simply
by the nerve having contacted a pre-existing patch. Even if a patch was
contacted, the staining pattern on innervated myotomal cells can thus only
be rationalized by assuming that new regions of densely packed receptors
formed along the path of the nerve. In fact, such an inductive process

could alone account for all the changes in ACh receptor. distribution at

sites of innervation. 'Taken together, these considerations imply that the
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formation of Aense receptor patches may not be a requirement for synapse

formation., Instead the formation of patches may simply reflect a mechanism

in muscle cells which normally mediates the nerve-induced localization of

ACh receptors, L
The perve—induced changes in receptor distribution demonstrated in

the present study involved not ¢nly an accumulation of receptors in the '

subneural membrane, but also in some cases the development of & widespread

scattering of small receptor clusters. Similar changes occurred even when
the cultures were grown in high condEptrations of curare or carbachol

{ which block all spontaneous twitching. Indeed, the concentration of éurare
r_‘ used in these experiments has been shown to abolish all neurogenic
electrical activity in cultured myotomal muscle cells (Cohen, 1972). This
indicates that tﬂe development of new regions of high receptor density at

j the site ofuinnervation, and the extensive changes in the dfstribﬁylon of

‘extra junctional' receptors, were brought about by some ne ral factor

? independant of synaptic or contractiye activity e sa?L chnclusion can

be drawn from the results of the follo;}ng study ere corresponding

changes in receptor distribution were observed when development took place‘

in the presence of o-bungarotoxin (Anderson & Cohen, 1976). These

? observations thus indicate that changes in receptor distribution must have
been inducgdyeither by‘the release of a neural substance or by direct
interactioﬁ between the surface membranes Qt the site of contact.

The inductive érocess involved in the change in receptor distribution

. could operate in at least two conceptually distinct ways. In one case nerve

contact might provide a spatial component to receptor metabolism, leading

to a gradual build-up of receptors synthesized after the contact is made.

Q For example newly synthesized receptors might be inserted preferentially
(‘ .
}

\



at the site of contact or receptors in the regiqg\pf contact might be
Q protected from degradation. The latter possibility is in line with recent
‘ studies which have reveaieé';hat junctional receptors are more stable
o 5 -+ .metsgbolically than extrajunctional receptors (Berg & Hall, 1974, 1975b;
“»“tﬁéng & Huang, 1975; Frank, Gautvik & Sommerschild, 1975). The other
.. 3
principle alternative would be ‘that nerve contact produces a rearrangement
of receptors in the sancolemga such -that mobile receptors aggregate at the
gite of innervation. This possihility is supported by the finding of the
present study that the indactive effect of innervation on receptor distribution
is not restricted to the vicinity of the nerve contact, but can also lead
to the appearance of small receptor clusters ove; large areas of extrasynaptic
muscle membrane. More direct evidence in support of a process of receptor

redistribution is provided in the following paper (Anderson & Cohen, 1976).

~
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EXPLANATION OF PLATES

- Except where stated otherwise examples of
Ly
fluorescent staining were obtained with incident

¥

illumination. Bars represent 20 um.

Plate 1
Low magnification ph;se contrast views of liviug .

cultures, A: A fegion of a 3-day-old muscle culture.

By this time in culture the myotomal muscle cells

have develoyed striations, The cells remain

mononucleated. B: A region of a 2-day-old mixed,

nerve and muscle culture. Nerve processes

emanating from a cluster of neural tube cells

have contacted several myotomal muscle célls. Most

of the muscle cells st;ill have ;1Lunerous yolk granules

{n their nuclear regior;' and have.less prOminent.: :

striations than in A.
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Y Plate 2 ‘
Patcﬁes-of fluofe§cent stain on muscle cells
cultured withoyt neural tissue. Cultures were ' -
stained witb rhodamine—labe}led toﬁin, fixed in‘
ethanol and mounted in glycerol. A, B: Fluorescence
and phase coptrast views of the same field in a
5-day-old culture. Patches of stain are on the
collagen surface of the cells. The bright profile
near ths left hand edge Sf Ais autofluorescence
aSSociatéd with the unidentified particle in B.
Cell outlines (A) have been traced in.C,D!
Fluorescence and phase contrast of a field in a
3<day-old culture. A patch of stain is located on
the edge of the cell. Other patches on the
collagen surface of the cell are not in &he plane
of focus agd appear faint, E: Patches of stain
on collagen surface at ends of cell processes,
Fluorescence and phase contrast views are .
superimposed, 3-day-old culture: Scale as in D,
F: Same as E, but from anothgz B?an-old

culturd. 'Note the non-uniformities within each

patch, Scale as in B.
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Plate 3 : (;)
Patches of fluorescent stain on muscle cells

cultured without neural tissue, 4-day-old cultures

were stained with rhodamine-labelled toxin and
examined alive. Each pair of micrographs shows
_the same’ field viewed with fluorescence and phase Y,
contrast optics. A, B: Patches on ;ollagen surface
of cell, Note i; particular the staining associated
with some of thé very fine processes at the cell ’

edge. C, D: Patc}qles (see arrows) of stain on the

free surface of the cell., Note that the lower

patch consists of an aggregation of small fluorescent
spots. ‘Several autofluorescent granules are present
in the perinuclear region. E,F: Patch, on free

surface of cell, consisting of a netvork of fié% .

galines and sgpots.
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Plate 4 }
Colour micrographs of cultured muscle cells
stained with rhodamine-labelled toxin: 3-day-old
cultures fixed in ethanol, mounted in glycerol,
and examined with transmitted daxgk-field
11lumination (see Methods). A: from a cu@

without neural tissue. The central patch of

stain is on the free surface of the cell and consists

8

of a{x{ ﬁggregation of small fluorescent spots. Two

other patcheg, not in the plame of focus,'.a.re on

the collagen surface of the cell. B: From a mixed

cu]jture confaining both nefve' and muscle cells.
The narrow bands of fluorescent stain are on the
:coliag'en’ surface of two muscle cells. Such 'bands
" of stain ar‘e i:y'pi‘c,allylr associated with tht path <;f

nerve contact (not seen)., Nots the absence of

stain elsewhere on these cells. The small bright

N

‘

_refractile spots (A,B) were not.seen with incident- °

&

N ' - . : -
1ight’ fluorescerice., - ° . . S

’

- .o
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20 um
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"innervated muscle cells. 3-day-o0ld cultures were 5
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r Plate 5 ‘—) 3

1
-0

Patterns of fluorescent stain on identified,

stained with rhodamine-~toxin and examined alive.
All of the nerve-contacted muscle cells in this
plate had twitched spontaneously prior to being
stained, Each pair of microéraphs shows the same <i;

[

field viewed with fluorescence and phase contrast

optics, Note that in all cases the stain 1§ restricted

to regions of nerve-muscle contact.
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Plate 6
Patterns of fluorescent stain on nerve- . \

contacted muscl® cells. Cultures were

stained with rhodamine-labelled toxin. A, B:
Fluorescence and phase contrast v%%ws of the same
field in a 4-day-old living cultuge. The stain
follows the path of nerve-muscle contact and extends
across the entire breadth of three successive cells.
C,D: Fluoresc;nt staining in a 2-day-old culture,

ixed in ethanol and mounted in glycerol. Note

the long lengths of stain along edge of cell (C)
and across breadth of cellg (D). Paths of nerve-
muscle contact were not 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 (L) optics. In F both the:
fluorescence and phase contrast images in ﬁ and G
;re superimposed to show that the fluorescent

stain is 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 to which neural
tube cells were added on day 3, Cultures were
stained with rhod?mine—toxin and examined alive.
Each péir of micrographs shows the same field
viewed with fluorescence and phase contrast optics,
A, B: A fiel& in a culture stained one day after
adding neural tube cells. Note the intense staining
associated with one of the nerve ;ontacts and the
scattered small spots of fluorescent stain elsewhere
on the celi. C,D: A field in a culture two days
after adding neural ;QSZ 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 several muscle cells and there is considerable
variation in the amount of stain associated with the
sites of contact. Note also the widespread scattering
-of spots of fluorescent stain on the cell in the
upper left hand quadrant. In A and E cells have bgen .

outlined and nerve processes are indicated by

dotte@ lines.
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Plate 8
Reversible inhibition of fluorescent staining
by cholinergic agents. A,B,C: A field in a 2-day-
old mixed cylture which was exposed to rhiodamine-~
’ toxin in the presence of curare‘(lo-agm/ml) and ’ ‘
- then to fluorescein-toxin after washing out the
curare. The phase contrast view (A) shows a nerve

i
process contacting a muscle cell, When examined 4

for fluorescence virtually no rhodamine staining

(B) was observed but the fluorescein staining (C)‘ "
was bright. D,E,F: A field in 3-day-old mixed

culture grown in the presence of carbachol (IO-ng/ml).

The culture was exposed to fluorescein-toxin in the ~3
presence of carbachol and then to rhodzmine-toxin -

after washing out the carbachol. The phase contrast

view (D) shows a nerve proceés in contact with two

muscle cells. When examined for fluorescence
v virtually no’ fluorescein staining (Egﬁyas observed

but the rhodamine staining (F) was bright. Cultures

were fixed in ethanol and mounted in alkaline

glyceral (see Methods). After such treatment it s
X ) was usually impossible to visualize the path of ,

nerve-muscle contacts (A,D).
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Plate 9

A,B: TFluorescence 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: Radioautographs from a 2-day-old
muscle cu%‘ure exposed to 125I—labelled toxin,
Brightfield (C) and phase contrast (D) views of
the same field show a scattering of grains over
the muscle cell as well as a patch of high grain
density. Another field (E) viewed with éphase

contrast optics. 8cale 20 um.
|
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CHAPTER 4

NERVE-INDUCED AND SPONTANEOUS REDISTRIBUTION OF °
\

ACETYLCHOLINE RECEPTORS ON CULTURED MUSCLE CELLS
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©,  SUMMARY i :

1. Three-day-old cultures of myotomal muscle, obtained from embryos of

Xenopus laevis, were stained with fluorescent conjugates of

«-bungarotoxin and maintained in native toxin in order to ensure °
that ACh-.-receptors subsequently inserted~into thé sarcolemma would
not be stained. Neural tube cells were then added to the cultures.
: . 2. When cultures were examine& 1-3 days later fluorescent stain was
found to-be a;sociated with sites of nerve-muscle cohtact.. In some )
.casgs the stain along the path of contact extended for greateéer
distances than the patches of stain seen on non-contacted muscle
cells.
3. The development of new areas of fluorescent stain at sites of
R nerve-muscle contact was confirmed by making successive observations
on thé same muscle cell over a period of a day.
4. Similar experiments on muscle cells not contacted by nerve revealed
¥ the formafion of new receptor patches, usually in areas of cell
growth.
5. The majority of fluorescent patches'on non-contacted muscle cells
‘did'not undergo changes in size or shape over the course of 1-2 days.
However some examples of enlargement, éhrinkage and disappearance
were observed.
6. On the basis of .these findings it is concluded that ACh receptors
. aggregate within the sarcolemma, spontaneously as well as in response
'to innervation. In the latter case extrajunctional receptors ac~
I'4

cumulate at the site of nerve contact thereb§ contributing to the

GE@ development of a high receptor density in the subneural muscle

EY
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membrane.

-

absence of synaptic or contractile activitx.

Possible mechanisms involved in the redistribution of ACh re--

ceptors are discussed in relation to those which appear tquodulate

ligand-induced changes in the distribution of lectin ‘and immuno-

.

globulin receptors.
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INTRODUCTION

e

In the preceding paper it was concluded that ifinervation causes

. "\}
¢ membrane of cultured

.

ACh receptors to accumulaté in the subne

amphibian muscle cells (Anders Cohen & Zorychta, 1976). This ac—’

cumulation could arise-In a number of different ways. Newly synthesized

receptors might“be preferentially inserted into the subneural membrane,

receptors ere might be protected against degradation, or else re-

-

ceptors present elsewhere in the sarcolemma might change their position

>

and aggregate in the subneural membrane. We have attempted;;o test

‘alternative by examining the effect of innervation on the

e

distribution of those AChcredEptors already present on the muscle
> . ¢e1is before contact is made., For this purpose muscle cultures ‘were
stained with fluorescent conjugates of d—bungarotoxin prior to the
addition of neural tisgsue and thep- maintained in native toxin to ensure

, . that receptors subsequently inéerted into the membrane would not be
sfained."After a furstfier ~1-3 days of development the cultures were
i

" examined with gluprescence microscopy In some.experiments changes- in

the pattern of fluorescent stain were also followed on individual cells

< -0 N "

‘The results indicate that receptors originally present elsewheré ont the

o .

. . muscle cell becomes localized at sites of nerve*mu&cle contact.

i

L ' - Similar experiments indicate that a prod@%s of reéepton redistribu—

- .

tion is also reSpbnsxble fora.the formation of ACh.recegtor patches on

‘
2, * ) 2 ke : o

ce nnn—innervated'muscle cells. e T
- - . . i R , o , .
P ". ’A brief ﬁCcount °f this work has been reported (Anderson & Cahen, -
IR ' : , e N N
. s 1976) S LT ey _ | .
L . o ! = N ) - . L .
4 « Lo | E 3 .
T s . . SN ' . ' '
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METHODS

The procedures used in this study were similar to those described
previously (Anderson et al., 1976). Beiefly, Xenopus laevis embryos
were skinned and treated with collagenase in order to disolate myotomal
muscle and neural tubes. The myscle was then dissociated into single
cells and plated as a monolayer, whereas neural tubes were stored at
4-10°C for subgequent use. During the first three days the muscle
cultures were carefully inspected with phase'contrast microscopy and

those with any signs of neyral contamination were discarded. After
- . ¥ ’
being screened in this way the cultures were stained by incubation for

~—

20-30 min with a steril{zed (see below) fluorescent conjugate of
A Y

e-bungarotoxin (107> g/ﬁl) and then rinsed with several changes of 60%

(v/v) L-15. Thereafter the cultures were kept in maintenance medium

A

neural tubes were brought to room temperature, dissociated and added to

5

-
the stained cultures. One to three days later the cultures were ex-

-6 -
containing 5 x 10 g/ml native o-bungarotoxin. Previously isolate

amined alive for fluoresecent staining or were fixed and stored in cold
P

§57 ethanol (-16°C) so that they could be conveniently examined later.

In some experiments on liwving cultures, two or three successive ob-

servations were made on identified muscle cells over an interval of

1-2 days.

In experiménés ghere only one observation was to be made the aim
was to determine~whether the pattern ofi fluorescent stain on nerve-
contacted cells could be accounted for simply in terms of the nerve
having made contact with a pre-stained patch. Since patches on muscle

"

cells were never longer than 40 um, ahd usually less than 20 um
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(Agder;on et al., 1976), particular attention was paid to e;amples
where the stain extended for great;r di;tances thah these. When such
examples occurred in a single plane of %ocus they were photographed and
subsequently measured. This procedure necessarily underestimates the
number of examples of ibng lengths of "synaptic" staining because it
does not include cases where the stain was gséociated with a changing
plane of focus.

Native <—bungarotoxin and its fluorescent conjugates were ster-

ilized by filtration. Fluoropore filters (Milljpore: 0.22 um pore

size), pretreated with about 2 ml serum, were found to be most effective-

in that adsorption of toxin was minimal. This procedure allowed over

>

907 recovery of 125I—labelled o-bungarotoxin (10 mi, 10"6 g/ml).

faus’

ﬂ
=
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RESULTS

«
.

Fluorescent staining on pre-stained muscle cells

Cultures without neural tube cells

Al

Seven cultures were stalned and maintained thereafter in native
toxin without adding neural tube cells. The intensity of the
fluorescence appeared to dec;:ease progressively with time after stain-
ing. However the patterns were similar to those seen in freshly
stained cultures and consisted of the characteristic patches previously
described (Anderson g_t_:__a._l., 1976). The patches 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 m}%n length and all were less than
40 um (Table 1). 1In addition, patcﬁes located in central regions of
cells never extended from one edge of the cell to the other.

The results thus indicate that the fluorescent stain remains
visible for up to three days, that the p;:esence of native toxin during
this period does not lead to any obvious changes in the patt;erns of
stain, and that the cultures did not have any neural contamination

which had gone unnoticed during the earlier inspection with phase con-

trast optics (see Methods).
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Table 1. Long lengths of fluorescent stain in cultures wit,h and without
neural tube cells. The length of a stained area was measured as the

longest straight line between its borders. The values obtained with and

without neural tube cells are significantly different; P<0.05 in column 3

and P{0.01 in columns 4 and 5.

Number of Examples

Stain extends more than Stain extends
entirely across
Days after ¢ Number of central region
staining cultures 25um 40um of cell

Cultures without neural tube cells

1 4 7 0 0
2 2 7 0 0
B 3 1 6 0 0
,n Mean + S.E.M. 2.9 + 1.2 0 0

Cultures with neural tube cells

1 9 74 32 o
. 2 6 61 33 27 a
3 3 a6 _6 4
Mean + S.E.M. 8.4+ 1.4 3.9 +0.8 3.1 +0.8

bty
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Cultures with neural tube cells

Some thirty cultures were stained before the addition of neural
tube cells 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 to decrease progressively during this 3-day period. Nevertheless

-

the patterns of stain were similar to those seen in freshly stained

!

cultures (Anderson et al., 197%). 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

s

continuous or interrupted narrow bands and lines (Pls. 1-3). Most of

- these "synaptic" forms of stain extended for distances of less than

25 um. Some however were longer and, unlike patches on non-contacted
cells, Ehey sometimes exﬁended for more than 40 um (Pls. 2, 3), or ran
entirely across the central regions of cells (P1. 1), As indicated in
Table 1, counts were made of these examples i; eighteen cultures and
their numbers were small but significant. '$uch examples’ are most re-
vealing insofar as they cannot be explained simply in terms of the nerve
having contacted pre-existing patches of stain. Instéad, they indicate
thét at least~somg previously~stained receptobs changed their location
and accumulated at sites of nefve-muscle contact.

As in freshly stained cultures an additional Histinctive form of

3

stgining which occurred on nerve-contacted cells éénsisted of a scat-

tering ‘of small spots approximately 1 um in diameter. In some cases they

extended over a greater area of the cell than the largest patches seen

in muscle cultures (Pl. 2E, F). Such examples thus provide additional

evidence that ACh receptors changed their position in the membrane.
ﬂ} AN ' e
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Control Experiments

In the above experiments it is assumed that the‘fluorescent stain-
ing was due entirely to survival of toxin-receptor complexes formed
during the short exposure to fluorescent toxin 1-3 days earlier. This
would seem .to ge a reasonable assumption since the staining is due
entirely to specific toxin binding (Anderson & Cohen, 1974; Anderson et
al., 1976) and other studies indicate that radioactively-lab%lled toxin
dissociates from receptors with a half-time of several days (Berg & Hall,
1975b, Chang & Huagg, 1975). 1In any event, since cultures were main-

tained in a relatively high concentration (5 x 100 g/ml) of native

&-bungarotoxin, trace amounts of fluorescent stain in the culture

medium shouid have had little chance of binding to receptors inserted
into the sarcolemma after the addition of neural tissue, Determinations
made with 1ZSI—labelled toxin indicated that the total amount of labelled
toxin remaining ‘in solution ;s well as ih a;sociation with cells was

less than 0.02Z of the native éoxin subseduently added t; the culture
chamber. As described below additional tests were carried out in order
to check that the native toxin remained effective th;oughout the culture

period and that non-speci ic uptakeoof toxin did not contribute to any

of the staining. *

N ) ‘

Effectiveness of native toxin‘after 1-3 days in culture
Three types of\experiment were carried oﬁt in this regard.
(1) The relative potency of the toxin in culture medium was tested
by determining how quickly the medium abolished the contraction response

of stage 47~48 tadpole tails to 1074 g/ml carbachol. The times-to-
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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 §oxin concentra-
tion was at least 2 x 10"6 g/ml (see Anderson & Cohen, 1974) so that
there could have been no more than about a two-fold loss of potency.

>

(2) Culture medium from six other cultures was tested for its
ability to block fluorescent staining of Xenopus tadpole tails. The
tails were first exposed to the culture medium for 20-30 ming 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 (107> g/ml
for 30 min). In neither cylture was any fluorescein staining observed.

These experiments thus demonstrate that the native toxin remained

effective throughout the‘period‘that it was present in culture.

2
2

Contribution of non-specific uptake to fluorescent staining

F
N

Two types of experiment were carried out to ‘test this point. 1In
one set three cultures were maintained from the start in the presegce
of 10~ g/ml carbachol. After 3 days ghey were exposed for 30 min to
either rhadamine—toxin (10*3 g/ml) or fluorescein-toxin (10~ g/ml) in
the presence of carbachol. Following this, they were rinsed in order
to wash out the carbachol and fluorescent'toxin, and were exposed for
a further 30 min to the alternate dye-toxin conjugate. Finally they

wvere rinsed again, medium containing 5 x 10-6 g/ml native toxin was

I3 ‘. ) . 5
M@; . , .
.

'
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added to the culture chamber, and ncural tube cells were plated. When

txamined 2 days later only fluorescent staining with“the second dye—tox:in
conjugate was seen. No staining was ever obserVed wi’th the dye~toxin
conjugate which was used in the presence of carbachol (P1. 3, E-G).

‘ In an analogous test three cultures which had been grown in the absence

of carbachol were exposed first to 10--5

g/ml rhodamine-toxin for 30 min,
rinsed, and then exposed to 10"5 g/ml fluorescein-toxin, also for 30 min.
After rinsiﬁg again, native toxin was added to the cultures and then neural
tube cells 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-specific uptake did not
contribute to the fluorescent stain which was subsequ;ntly observed. Nor
did the traces-of fluorescent toxin yhich remained in the culture medium
contribute. Instead all of the stain must have been due to the specific

binding which occurred during the initial brief 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 of
fluor?ascent stain experiments were carried out in ;Jhich su;:cessiv'e
observations were made on individual muscle cells. Since the intensity
of the _fluc;rescence generally decreases wit;t} time a;E'ter staining, as o
" well as with repeated excitation, these observations were limited ‘to 2

or 3 photographic 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)

]

Lol m

after being stained.

!
'

“pe
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Muscle cells contacted by nerve .

In three cultures, nine cells were followed which lad already
been cogtacted 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 vgg};&isible
elsewhere. No significant changes in this pattern were 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-

dever,‘in the'other five cells additional stain appeared along the
path of nerve-muscle contact. Pl. 4 illustrates the most strikﬁng
example. A and C show phase—cont}ast"and fluorescence views of a
field 22 hr after staining and adding neural tissue to the culture.
A nerve process ig already in contact with a muscle cell and there are
several small patéhes of'staining'along the path of contact. Else-
where on the cell are four larger patches as well as a few small spots
of stain.” B and D show the same field 18 hr later. The nerve has
grown and branched, and some of the muscle processes have become nar-
rower and thicker. The large fluorescent patches which were initially
x
present. are now very faint or eﬁtirely absent. On the other hand,
fluorescent stain along the path of nerve-muscle contact has become
considerably more extensive., In addition numerous small spots of
fluorescent stain have also appeared in the cent;al region of th;
eell. ' ’ ot

Pl. 5 indicates another example of accumulation of stain at the gite




3,

of nerve-muscle contact. In this case the firsf observation (A and C)
was made 21 hr after staining and addi;g neural tube cells. A nerve
process can be seen which runs along the edge of a muscle cell and then
crosses to the other side. There 1s little visible gtain except for a
shoft length along the edge of the muscle cell in the region of nerve
contact. The second observation (B and D), 18 hr later, shows that

the nerve process is now thicke£ and 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. i
These observations thus indicate that pre—sﬁained receptors, which
hY
originally existed elsewhere on the muscle cell, were induced by the

neyve to aggregate at the site of contact.

While following changes in the pattern of fluorescent staining on

-

nerve=contacted cells, gne field was found to ;ndergo‘a quite different
change. Imr the first observation (Pl. 6 A ;nd C), a growing nerve .4
process can be seen agproaching a pair of muscle cells which have
patches of fluorescent stain on the cell suréace in contact with thé
collagen substfate, In the second observation (P1. 6 B and%D), 21 hr
later, the nerve hés disappeared but the patterm of staining has changed
dramatically. Both cells have %ost tbeir original patches of staineand
héve develgped in;tead a widespread stippling of small fluorescent sﬁots,

Since such patterns of stain are never observed in cultures without

neural tissue it is likely that thig change in staining pattefn was

brPught about by transient nerve-muscle contact.

Ee N

Muscle cells not contacted by nerve J

During the course of the dbove exXperiments a further inieres;ing
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change was observed, as revealed in P1l. 4., At the top of the field can

be seen part of a muscle cell which at the time of the first observation
had a single bright flq?rescent patch (A and C). During.the next 18 hr

the cell grew and developed a new patch of fluorescent stain in the

region of growth (B and D). This observation suggested that receptor

w

redistribution might also occur spontaneously and similar experiments

-

* [}
were therefore carried out in muscle cultures. .

J

Pl. 7 illustrates one such example where two bright patches were-
obsermved at the time of the first observation. Twenty-four hours

later the original patches were less intense but two new patches had
3

formed. Both of these new patches were located on cell processes which
had developed during the interval between observations. Altogether, .
while following a total of 30 patches, 13 new patches were observed and,

of these, 11 were associated with regions of cell extension. 1In all

Y

cases the ﬂew patches were smaller than, those already present on the
cell. These results indicate that the formation of patches-on non~

innervated cells also involves a process whereby receptors change their -

3

position and packing density within the sarcolemma.
A variety of other spontaneous changes were also observed on non~

innervated cells. Of the 30 patcﬁes which were examined‘ZS'were still

¥ - .

visible 18-24 hr after the initial observation. 1In all, 15 remained

the same size and shape, 5 appeared smaller, and 5 underwent some exten-

¢

sion. Examples of the latter ‘two catepories are shown in ?1.8. In this

instance the first observation, which was made shortly after sfaining,

-

revealed two adjacent p%;ches‘at 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 gfowﬁ in. the region near the

! v
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patches. A major portion of one patch was no longer visible but the
neighboring patch had ap;ljarently elongated in the direction of cell
growth (B and D): In two other examples patch elongation also occurred
in a region of cell growth. A

Six of eight patches were still visible when—a third observation
was made two days after ‘the first, Of these, three underwent no change

‘

in size or shape, one elongated, and another became smaller between .
the first two observations but then remained the same shape, Finally,
one patch first became smaller, but then underwent elaongation.
Together these resu‘lts indicate that receptor patches on non-
innervated cells form by a processaof receptor aggreéation within the
sarcolemma. Once formed they tend to 'remaiﬁ unchanged in size and
ghape for a 1-2 day period, but may also decrease in si;e or undergo

v - 3

enlargement.

&~
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. DISCUSSTON : .

~ 1ike the native toxin, bind specifically to ACh réceptérs, new areas of

. ?lnserte& into‘,tﬁe_ memb,i’an'e cannot be labelled éven by OVernigiht expasure

chick.-myotubes has indicated that receptors which are destined to be
- . - - - 3 B . Lt e . ‘.

r s o _ '
f

The present ex‘per,iments have demonstrated the appearance of new areas

. 14

S

- of fluorescent _st:a:lni on cultured muscle cells, one or more days dfter they

%
. ~ . [

were exposed to fluorescent o-bungarotoxin. Since dye~toxin conjugates,

stain reflect new accumulat-ions of ACh':receptors. Residual traces ‘of
» E3 4

fluorescent toxin in the'medium could notgave stained reCeptors sub-

o

sequently” inserted into the sarcolelmna because, after exposure to the

.
Y
'

fluorescent toxin, cultﬁres were maintained in a high concentration of native

&

' ) t’oxin. Internally ‘controlled experiments, in which both fluorescein-— and

rhodamine—labelled toxin were used further indicated that non—specific up-=

» I
take 'of fluoxeScent toxin did not contribute to any of the patterns of !

’ , . .

fluorescent staining. In partlcu‘ler, if non-speclflc uptake did cxccur
- ’ E, " - N s v

-
“ ¢

. it did ngt tesult. in the staining of’ 'any)' intragellular;receptors which

B [ .

were 1ate1:"i:nserted, into the membkane. In this‘vein it is, interesting ' *"

.

to note that a recent study by’Devreotes’&-'i?‘ambrough {¥975) on cultured .
. s « v .7 ‘-‘ . .t . ) . )

»

" to -d—bungarotéxin. - These considerations therefoﬁé lead to the conclusion

-

& P

- that new areas o£ fluoreSc:ent stain arose because previously stained

receptors changed their 1ocation in the: sarcolemma. T .

‘. Neu—ral regulaticm of ACh receptors R

'
1

. 0 . v

. The formation of new regions of fluorescenc staining alo\p.g paths of
nerve—muscle contact ;Lndicates that a proceSS of receptor redlstributiorx
. " - “

contributes to the .development of a high ACh rqeﬁeptor deneiity in the s

\ N
[

LSS

. %
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subneéural membrane of cultuted myotomal cells. The same process presumably

- '«1 )

operates during the establishment and growth of synapses in vivo and would
be expected to lower the density of receptors in adjacent muscle.membrane.'

This might explain the decrease in extrajunctmoﬂal chemosensitivity which

k]

has been observed in some studies prior to the resumption of neuromuscular
transmission during reinnervation (Miledi, 1960; Bennet, Pettigrew &

Taylor, 1973; Létinsﬁy, 1975) as well as during recovery from treatment .

.

with botulinum toxin (Bray & Harris, 1975). The incorporation of extra-

junctional receptors into the subsynaptic membrane may also continue in

‘

normal adult muscle and participate in a slow turnover of junctional

receptors. This ddea is congistent with the finding that denervation leads
. ~ f‘.

' ?
to a progressive decline in the number of junctional receptors thus in-
s

dicating that the intact nerve terminal is necessary for the%f continued

maintenance (Frank, Gautvik & Sommerschild, 1975).

3 )
Whereas contractile activity is unnecessary for receptor redistribution

*

it is well established that it qgn affect the density of .extrajunctional

receptors. Ror example, direct stimulation has been shown to mafkedly

J

redUCe the extraJunctlonal chemosensit1vity of denervated adult muscle

(Jones & thova, -1970, 1974 Lomo & Rosenthal 1972 Drachman & Witzke,

?

1972 Purves & Sakman, 1974 Lomo & Westgaard 1975). Conversely,

-procadures which block~neuromuscular transmiss1on lead to the appearance

1

of extrajunctional reéeptors in otherwise normally—innenvated adult muscle

(Berg & Hall 1975 Chang, Chuang & Huang, 1975; Lavoie, Collier 3

>

TenenhOUSe, 1976; Pestronk Drachman & Griffin, 1976) Other studies have o

indicated that in denervated ani cultured muscle.ewttajunctlonal receptors
are continuously°being synthesizad (Brockes & Ball 197 5a; Devreotes &

Fambrough 1976) and degraded (Berg & Hall 1974 1975b,Chang & HUang, 1975'

(] » s, e, N

t
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Devreotes & Fambrog§h, 1975). Contractile activity which markedly
reduces extrajunczional chemosensitivity does not appear to increase
the rate of receptor degradation and it has therefore been suggested
that activity regulates the density of extrajunctional receptors by
limiting their rate of synthesis (Hogan, Marshall & Hall, 1976).

It {f evident therefore that innervation Qas at least two distinct
actlons which regulate ACh receptors. Independntly of muscle activity
it causes a redistribution of receptors within the sarcolemma leading to
their accumulation in the subsymaptic membrane. In addition, by virtue
of the contractile activity 1t generates in muscle cells innervation adsoa
modifies receptor metabolism, apparently reducing the rate of receptor
synthesis. Both of these actions of the nerve will lead to a decrease in
the number of extrajunctional receptors. Their relative importance in
this context is obviously a quantitative question whose answer will depend
on many parameters such as the rate of growth of the subsynaptic membrane
‘ghd the amount oé muscle activ}ty. Clgarly these‘factoré will vary at

different étages of development. It also remains to be determined whethx

innervation regulates the distribution of ACh receptors by other actions

as well.

Mechapisms involved in receptor redistribution

| ACh receptors can exist in at least two phases within the surface

.
3

membrane of cultured myotomal muscle cells. One of these is a relatively
dispersed phase which is not visible after fluorescent staining but can

be detected by radioaufography (Andevéon.gg_gl., 1976). The other is a

-

5}

more densely packed phase which can be Qisualized either by radioautography

® ¢

or fluotescent staining. The resolution afforded by fluorescent staining
’

v

has allowed at least three topographical sub-classes of the more densely
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packed phase to be recognized. They include (a) large complex patches _

oa

which are usually 5-20 um in their longest dimension, (b) much smaller
patches or spd%sAapproximateiy 1 um diameter or less, anq (¢) the +
subneural mUSclz\membrane of innervated cells.

The present study has demonstrated that these Tegions of high receptor

density can form on cultured muscle cells by a prbcess of redistribution.

I TR TSN MR C ML S ST e
el

The only %211 established mechanism whereby integral glycoproteins have been
; shown to change their position in the plasma membrane is that of latengl
movement within the lipid bilayer (for reviewssee Singer & Nicolsqnn 1572;
Nicols;n, 1974; Raff & dePetris, 1974). The formation of new patchgs of

1 ]
ACh receptors and the incorporation of receptors into the subneural membrane

—

can thus be explained most readily by a process whereby individual receptor

units moveaand'aggregate within the sarcolemma. Conversely, both the

‘decrease in size of the large receptor patches on non-innervated muscle

cells, and their disappearance following innervation, may involve a process
. .

of digsolution into the dispersed rééeptof phase; however the techniques
used in this study cannot exclude alternatives such as removal and de-

gradatién within the muscle cell {see Devreotes & Fambrough, 1975).

~

Evidence for more ocomplex routes of receptor movement is provided by
thé'transient appearance of small receptorr clusters over large areas of
N

.~ < the sarcolemma on nerve-contacted cells. Such d scattering of receptor

clusters is not observed either on non-contacted muscle cells, or on contacted

"cells which have extensive subneural staining (Anderson et al., 1976). .

° They are however common on both freshly stained and pre-stained muscle cells

.

within 1;2 days of adding neursdl tube cells to 2- and 3~day-old muscle

cultures. While it is therefore clear that they constitute a’new arrangement

of the rPceptor population which was present before nerve contact, it is

. .
o
e ‘ B . v -
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less obvious whether they develop through a proé:g; of aggregation from
the dispersed receptor phase, by the breakinggup of larger patches, or
both. Similarly their disappearance may involve incorporation into the
developing subsynaptic membrane, dissolution Futo the ;;sperse receptor
phase, or degradation. However, it is interesting to note that both,the
recéptor patches on non-innervated cells (see Andersoq 35;3;.,.1976,
Pl. 3C) and the immature subneural membrane (Pls. 2C, 4C) are often
composed of small receptor clusters. It is therefore possible that the
receptor clusters themselves move as a unit within the sarcolemma. lBy
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 resolve whether this is in fact the
case.

In recent years it has become apparent that the organization of the
plasma membrane is governed by several interacting processes. In many
cases integral glycopfoteins move laterally through the membrane in a
manner analogous to free diffusion (Frye & Edidin, 1970;
ﬁdidin & Fambrough, 1973; Poo & Cone, 1974 ; Liebman & Entine, 1974;

Edidin, Zagyansky & Lardner, 1976p. In contrast, in the plasmalemma of

red blood ce‘}s the mobility of the principle glycoprotein appears to

7~bé reégricted by association with the intracellular protein, spectrin

(Nipolson:& Painter,.1973; Nicolson, 1973). 1In the lymphocyte still

more complex 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 leads to aggregation of
the uniformly distributed receptors into small clusters, and their sub-

sequent collection into a larger-agéregate at one pole of the cell
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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 cell is a more complex process
dependent,upén energy metabolism.  Also, when lymphocytes interact with¢the
lectin concanavalin A, covalently attached to either latex beads or
blood platelets, the local binding to a small faction of the lectin
receptors has been found to restrict the mobility of immunoglobulin
receptors over the entire cell surface (Rutishauser, Yahara & Edelman,
1974; Yahara & Edelman, 1975). This too is difficult to interpret on

the basis of adhesive interactions between individual receptor units.
Instead both of these phenomena imply the e;istence of an intracellular
mechanism which is capable of producing either co-ordinated movement or
izmobilization of éurfgfe teceptors in response to local interactions with
macromolecules in the plasmalemma. Observations that drugs which aré
known to disruptgcytOplasmic structures such as microfilaments and micro-
tubules also affect 1iéand—induced changes in receptor mobility, have

led to the suggestion (Eéelman, Yahara & Wang, 1973) that these organelles
are inVolved in a complex cytoplasmic structure which regulates the
mobility of some surface receptors.

) There appear fo be several similarities between the 1igand-induced
clugtering of surface receptors and the spontaneous aégregqtion of ACh
receptors on cultured muscle cells.  For exahple, in either situation
there is an aggregation within the membrane of a fraction of the pre—
viously dispersed receptors, Also, aggregates of receptors in both

cases can exist either as small clusters or larger compound structures. ’
' ‘

While we have not observed the formation of small ACh receptor clusters

4
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to be a preliminary event in the development of large patches, as occurs
during ligand-induced receptor aggregation, large ACh receptor patches
often consi;t of a collection of smaller units. As in the case of
ligand-induced aggregates, the existence of these compound structures -is
difficult to understand simply in terms of direct interactions between
individual receptors, and seems to require some form of long—ranée inter-
action between separate receptor clusters, T;ken together these similgri—
ties suggest that cytoplasmicbstructures may participate in regu}ating
the distribution of ACh receptors, They further suggest that cellular
mechanisms which mediate the aggregation of integral membrane giyco~
proteins can act both in response to external ligands and aléo independ-
éntly. If one presumes‘ihat such mechanisms are available for modulating
the distribution of ACh receptors on non-innervated muscle cells, it is
reasonable that they should also participate in the redistribution of
receptors inéuced by innervation. Should this be the case a developing 2
nerve process might, by a local interaction with the sarcolemma, provide
:ilocus for an aggregation of ACh receptors mediated by cytoplasmic
structures in the muscle cell,

While a more complex mechanism is suggested by the abéve considerh—
tions it is not yet possible to exclude some simpler alternatives. For~
example, . direct adhesive intéractions may occur between individual'receptor
units such that receptor patches form in response to an increasing~rfceptor
density in the sarcolemma, in a manner analogous to crystal fofmation f£om
a supersaturated-solqtiqn. As described abové, however, the homplex
organization of many receptér patches suggests that this alternative is
implausible. It is also possible that complementary ligands associated

* -~ >
with nerve processes might undergo direct adhesive interactions with ACh
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receptors in the sarcolemma. Such interactions could trap mobi%e .

1

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 at¥ sites of nerve-

muscle contact commonly extended beyond the breadth of the nerve process

I

(Pls. 3E, ‘G:; 4B, D). ' -

Regardless of the mechanisms which regulate theix distribution it
would not be surprising if an early step in synapse formation d‘ in-
volve a direct neural interaction with ACh receptors., It has been known

-4

for some time that experimental conditions which causé 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 muscle and nerve (Katz & Miledi, 196:; Fex, Sonesson, The;leff
& Zelena, 1966). If some iigand associated with cholipergic neurons
were specific for ACh receptors, and variéd in other neurons according
to transmitter, it would Rrovide a molecular basis for the appropriate

matching between trarismitter and receptor at syéépses.

- &2



EXPLAQATION OF PLATES

Except where stated otherwise the experimental
procedure consisted of staining 3-day-old n;uscle
clﬂ.tures with rhodamine-labelled toxin, rinsing them
with toxin-free mgdium, and then adding native toxin
to the 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 opt‘:ics‘ and phase contrast optics. 1In
Pls. 4-8 mugcle cells have been outlined and nerve
processes are shown as dotted lines.

' ‘Plate 1

Fluorescent stain along paths of nerve. coqtéct
extending across i:hg central regions of muscle cells,
Two days (A, B) and one day {C-F) after staining‘
and adding neural tube cells. The cultures were

examined alive, Scale 20 um.
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Plate 3

A-D: Long lengths of fluorescant stain ‘
associated with paths of nc'arye-n'\uscle1 contact.
Cultures were examined alive t;wo days after

‘ , .

staining and adding neural tube cells. E-G:'
Reversible inhibition of éiuorescent staining- by
carbachol. In this experiment a”culture of
muscle cells was maim;ained in the presence of
carbachol (IO'Sg/ml). On dé% 3 it was exposed to
rhodanine-tdxin with carbachol present, rinsed and
then exposesi to fiuorescein—toxin in the absence
of the'drug. After rinsing again, native toxin
was added and neural tube cells were plated. Tue
culture was examined alive two days later. The
example shows bright fluorescein staining (E)

along the path of nerve-muscle contact (G) .and a

corresponding absence of rhodamine staining (F). .

Thus carbathol reversibly inhibited staining.. The

bright areas iﬁ the upper right hand corners of E

and F are associated with the cellular debris seen

in G. Scale 20 um.
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after staining and a&ding neural tube cells. B,
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D: The same field 18 hr later. »Th’ére d.z; now mbfe
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f disappeared entirely, In addition many small- spots
N of fluorescent stain have appeared. Note also : e,
1 that the cell in the upper left quadrant grew and - . ,
developed a new patch of stain in the regionm -of - :
X : o o R
cell extension. Scale 30 um. , R . "
- i ) - _O‘
. ' ' . ) w ) ‘l:‘ ' Tl
;'u - .. - : ! , . fo. ! \ e ‘. R . v .
= - \ - ’ R ‘)" . o« i -
— ’ ! ’ a " i i ; ' . ‘ " , s & .
1 N i B . «'— B : ) 4 , ‘ l‘t N /’ x‘ L
. ' L . , - ' , N B o ) ’ .
E . - ' Tl - '.'"‘ A s ‘ _ ," ;
L ; e N ’ ‘, T b . ' ': " , ¢ N
, R ' g - ¢
' 0 ! ! +
3 = ' 4 IR 2 - -
B 1 . z K , I B [
i \ N . b‘; , . , ' . . ) , ' ; i ~
o P b ’ . R, . ' . . : C
) T Ly AR ‘ . ; KT - . . , ' o -
. . PN y, “ fort . e o to . .
R # ’ ’ P N » 3 * 1] € ¥
. ; ! - ) t a ¥ B ; ’ ! . ‘
Lo . S o T ‘ P n.‘ ' T ’ ~ T -
o v M o P ”n:;} ' [ T N N Lo s ® ‘
. . s sl acs - ' R N '_ . . . .{ .
o B , . ) . s e o { , - >,
7‘9.“ - P TEvey ! \ ‘ - e' .
v » . - . ‘ o ' ; "y
i § S CREEY - : H "‘ . A .
' ° " c . s e " . ’ N v ‘
. T e LT A Y. A



' * - -~ ~
N - . - . ..
. N N . -~ NN f - .
e - . | i 5 . . . - .
- - ~ .. . . \ “ - R - - - R ﬁ
. ) .
[ . - - ° . 8
- N = . . .- R N - . - .
' ' - - - ~ - N . s
' - N . - N X
- - S - -
- ot . R . . ) R . -
N - - . - W
- A ] [N N ‘ » - . . & . N
‘ R ) .
- - - - - LR N s N \ o N B X .

h N ' 3 N . . .
* -
! N - . - "
. Lo - _— . . ®
- N FN ' 1 . B R . :
_— - R - . ’ . .
. B Y ¢ - - . - . .
’ i - - - . .
v - R R ;
x B N . . ~ .- PN
. ) \ \ . . ~ \
- ) . ) N -
L, . . “ ’ ° f - N . .
. - - - .- e - R .
- f - N s e . " .. . . e Y.
- .. — o s = . - - - N « .
" ~ T .
B . b % . R . o . - L
. < . , . : 3 N R - .
> « .. .
1 N - s . A . -
- ~ . ¥ . - . . s -
N - il Y . R
. . . P L ) i
- < .
s = - - . ]
N ) ' ' ~ . - - R .
‘r - .t e N - -
L “ " xr
- B PN . -
. . , . .
3 ' v - i . “ -
N \ . . o - . .
¢
- B : »
- ) - . . ..
B - - . N . . ) -
, - . N 1 . = . ~
- P A PN -
. 't < - . 3 R
) 4 —_
- i - ‘ L =, -
NN - - . N .
. “t i
i PR DN , .
-4 - - ~
i ) M - - . -
: ’ ° : ~ . - - N -
! h > A} - . N N 3
A . . N PR -
A . .
.= ' L ST .
1 B ' - < e
|- R . - - P R R B
- - © . -
N . 4 ' s
~ . N
-
\
N
R . -
t - N 1
[ un
. N .
~o
N -
- - i~
- b\o v *
E . . . . - FISISE P «
° - s - e - - - e - o Wb cm g e b s --
i
.
.. .
. N <
g —~—
.~ - o . ‘
! e’
. .




Plate 5

Changes in the distribution of fluoresdent

stain on a nerve-c¢ontacted muscle cell. A, C:

21 hr after staining and adding neural tube cells.

» r

B,D: The same field 18 hr later. Note the new
/

s

nerve processqg along the edge of the cell in the
{ )

right Hﬁnd portion of the'field, and the increased
{

o : .

extent of the staining at the site of nerve-muscle

contact. Scale 30 um,
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Plate 6 S

Changes in the distribution of fluorescent
stain after transient nerve contact. A, C: 22 hr
after staining and adding neural tube cells. Note
that the growth cone of the nerve process in the
lower right quadrant has contacted one of the
muscle cells, B,D: The same field 21 hr later,
The ﬁerve process has disappeared and the patterns
of fluorescent sta‘inl on both muscle cells have
changed. Two particles in the lower right
quadrant (B) were autofluorescent (D).

Seale 20 um.
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Plate 7

Changes in the distribution of fluorescent

3
stain on non-contacted muscle cells, A, C: 3 hr

after staining. B, D: The same field 24 hr later.
The original patches of stain are still present but

two additional patches have appeared on new cell

projections. gcale 30 um,
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Plate 8
Changes in the pattern of fluorescent stlaining
on a non-contacted muscle cell. A, C 2 hr after
staining. B, D: The same field 21 br‘lat':er. One
of the original patches has elongated whereas the
other has almost disappeared. Note also that. the

cell grew in the region of the patches.,

Scale 30 um.
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Conclusions

The present study has demonstrated that dramatic changes can ocecur
in the distribution of ACh receptors on ‘cultured embryonic¢ muscle through
& rearrangement of receptor units within the sarcolemma, A direct

demonstration of this process was possible because fluorescent staining

allowed the spatial distribution of the receptor population which was
present in the sarcolemma before nerve contact.to be observed as a function

b

of time. The successof these experiments can also be attributed to the
rapid develclzpmen‘t of 'the' amphibian embryos that were used to prepare the; *
cultures. Thus the rate of receptor 'turnover (see Berg & Hall, 1974;
1975b; Devreotes & Fambrough, 1975), which was presumably responsible

. for the fading of the fluorescent stain observed after pulse-labelling

:. ACh receptors in the sarcolemma, was slow compared to the nerve-induced

K ’ receptor redistribution. Had the rate of redistribution been slow, as

may well be‘ the case in more slowly developing species, the fract?.on of
the receptor population .which was still labelled by the time the subneural
membrane had formed might have been too low to detect. For similar reasons
it may be difficglt in future>stud1es to detect'any 1nc9rporation of
extrajun‘cti;mal receptors into the sﬁbsynaﬁtic membrane:which may occur .
in normally innervated adult myscle. In fact, the available éVidénge
1nd1cate$' that the post-synaptic structural elements of vertebrate siceletal
‘muscle cells are’ extremely stab’lé n‘net:abolicallly, at least in the adult,

i

Thus the junctiénal folds, acetylcholinesterase and ACh receptors all

|
develop in response to innervation, but are very resistant to change

following removal of the neural influence in the adult, Nevertheless, on
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prolonged denervation there does appear to be a gradual loss of both

estirase activity (i«‘ilogamo & Gabella, 1966) and'the number of ACh

receptors (Frank et al., 1975). Obviously some neural 1'nf1uence is
' .

involved in maintaining the integrity of these symaptic structure;. By

far the most likely candidate for such a role would appear to be the

. inductive mechanism which was respongibl‘e for their initial formation.

-

There is evidence, for example, that mammalian end plates under'go both
8 slow growth and regression throughout life (see Barker & Ip, 1965;
Tuffery, 1971) which suggésfs that developmental processes do continue

it the adult, but at a very much reduced rate compared to that observed

) during embtyonic development; Unfortunately, the slow rate of fhese

biological processes in the adult may make a direct demonstration of.their
existence virtually imposéible. )

While the present experiments have been possible I;ecause tl-'xe nerve-
induced aggregation of receptors during synaptogenesis lgequi,res‘only 1-2
days at the most, tk}e’ decline in the number of junctional receptors in

denervated adult myscle, which may approximate the normal feplenishment

of junctional receptors, is exceedingly slow with a palf-time in the

order of five weeks (Frank et al., 1975). This difference in rate also

indicates that, at least in the adult, the aggregation of receptors in the

.subsynaptic membrane is not a réadily reversible process, and suggests

that additional mechanisms may be involved in anchoring fecep’tors within

the subneural membrane after their initial aggregatibn. There 1is, for
) A

example, evidence that junctional and extrajunctional ACh receptors in

adult muscle are slightly different chemically, and can be sép_arated by

by,isoelect’ric'-focussing (Brlock'eé: & Hall, 1975b3. Although speculative,

LY

I




" of Ach receptors. The control of extrajunctional chemosensitivity has long

_Tilis difference is likely to be due to the .removal of an inductive effect
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i

& ]

it is reasonable to présume that such a chemical modification may be
involved in a process whereby ACh receptors become anchored in ‘the .
membrane at the site of innervation.

Just as there may be conceptually different mechanisms involved in.

producing and maintaining the iocaligation of receptors in the subneural

membrane, there may be more than one regulatory control over the synthesis

been thought to be related to either the level of usage, or the more-
’ ~
obscure ‘trophic' effect of innervation, Experiments in adult muscle

have indicated that theeffect of usage is pi'obably fmediated directly by

- -

an effect of muscle contraction on receptor synthesis (see for example

1

Hogan et al., 1976). However, it has also been found that denervation

has a greater effect than inactivity per se in causing the appearance of

o

extrajunctional receptors (Lavoie et al., 1976; Pestronk et al., 1976).
™ .

* !

of the nerve contact. On the basig of the presentu experiments innervation,

independently of activity, can remove extrajunctional receptors by

converting them into junctigé;al receptors. This inductive process could

thus contribute to a reduction of extrajunctional chemosensitivity in

conditions of rapid synaptic growth, such as might occur during reimnnervation.

y

'it might even contribute partially to the maintenance of a low extrajunctional

-

chemosensitivity in normally innervated adult mus‘cle by participating in
a slow replenishment of junctional receptors lost to turnover. The :
qua{ntitati;re difference between the effects of muscle inactivity and

denervation can th,u.s be explained in one of tw‘o‘ways. Either the mofe
rapid accumuiation of extrajur;ctional receptors following d.enervatio‘n reflég’ts ‘

an on-going rate of receptor synthesis which would in normal circumstances:
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have replenighed junctional receptors lost to turnover, or else

innervation must have an additional ‘inductive' influence which limits

Y, L
the synthesis of new Treceptors. ‘ « ;

The latter possibility is supported by the available evidence which
suggests that the receptor appearing after denervation are the result
of new gene activity. For example, drugs which block the syntnesis of

either new protein or messenger RNA prevent the development of extrajunctional

receptors caused by denervation (Harris &Miledi 1966; Fambrough, 1970;
Grampp et g_l_., 1972; Kimura ‘& Kimura 1973; Chang & Tung, 1974, Sakman, 1975)., - |
In contrast, once receptors have begun to fom, the continued appearance - )
of new receptors is still blocked by protein-synthesis inhibitors, "l_’:ut‘ only‘

ﬁ.\

minimally affected by drugs which block RNA-synthesis (Grampp et al., 1972;

see also Hartzell & Fambrough, 1973) The most reasonable interpretation .

of this difference is that denervation initiates a new )synthesis of

receptors by first causing the synthesis of new messenger RNA. The later ,
' "

. ineffectiveness of the RNA—synthesis'_inhibitor probably reflectsits inutabiiity

to block on-going protein synthesis which was in'itiated before the drug

treatment. Artificially induced muscle contraction likewise can either

' + prevent the development of extrajunctional ‘receptors in denervated muscle,

or cause their density to decline after they have already developed (Jones

& Vrbova, 1970, 1974 Drachman & Witzke, 1972; Lomo & Rosenthal, 1972'

Purves, & Sakman, 1974; “Lomo & Westgaard 1975), and therefore seems to =~ _
S . " ’resemble the effect of drugs which inhibit protein- synthesis, However since -

RNA synthesis inhibitors prevent: l:he appearance of extrajunctional receptors only

when they are. giva\ before denervation, it is likely that: the rapid accumulation

N a8

of réceptors’ following denervation’ results almost entirely from new genétlc




which are eventually lost (Hughes, 1961; Prestige,

W

act'ivity, brought about in part by the removal of an inductive effect of

the nerve which would otherwiae 1im{t the rate of receptor synthesis.
The present study has demonstrated one mechanism by which the .

inductive influence of innervation can detemine the distribution of ACh

receptors on muscle cells. The process of receptor redistribution is

clearly directed at cellular mechanisms which determine the arrangement

‘ \]

of 'structural' proteins within the sarcolemma. . Tog’ether the controls
which regulate r&ceptpr synthesis and sui)sequent localization on the cellx -

surface cdn be viewed teleoiogidaliy as a means for ensuring that muscle

A fibres ‘retain sy‘napti‘c céntact only with motor neu}ons 'whiéh are both

-

‘trophically competent and appropriately connected with 'nigher' centres

which direct motor activity It ie known for example that during normal

de;(elopment there is an initial superabundance of motor neurons, most of'
‘ 1967; Prestige &
tvileon, 1972; Reier & Hughes, 19'i2). ' Likewise there is evidence that
x'namailian’uiu‘scle fibtes are initially innervated by-severaiu nerve pfocesses

(Redfern, 1970 Bagust, Lewis & Westerman 1973), (*rhis redundancy in the

early formation of‘motor neurons and nerve-muscle junctions suggests that

B
there may. be a form of 'natural selection' at work which detetmines that

.

on’iy thoae neurons which establish appropriate connexions will retain

synaptic contact with musclé," or even survive in the adult Competition e
over the cellular means for the localization of ACh receptors might well
be important in determining which synaptic contact& survive a.nto adulthodd

lt is known that a widespread distribution of éxtrajunctional Ach receptors

. " seems t,o be required for innervation to take plaCe (see Katz & Miledi N

196413 Fex et al. s 1966) It thus appears reaSOnable that, by in.corporating
: i o \ : S Co ¥ .

’




- , .
X i

"

k ? the bulk of the receptors in its dev?lbﬁﬁx'g subneural membrane, and

! " supressing receptor synthesis, the most appropriate nerve contact might

- block the developmer_lt of competing junctions on the same muscle fib’ré.,@

In the\adult the new deyélopmeh.t of extrajtgctionai receptors f;;llowing
.;‘/

nerve damage or insufficient activity might permit another nexrve contact

to develop and replace the no-longer competent nerve ending. Thus the
I o , o
‘mechanisms which regulate the metabolism and distribution of transmitter

| ( receptbrs m}y glso provide a means for adjustipg the pattern of fnnervation’
' to changes in both the number of functional units and the pattern of usage. °

‘4 { While this may be of lesser importance at t(fle levelro“f'nerve—muscle

* connexlions which do not abpear. to undergo dramatic plastic changes,
, I ! [ 4
' si.milar mechanisms operating between neurons in the central nervous

\ ~ £y

%.,{B - o syStem may modulatc a variety of changes in which the patterns of

’ “connectivity are determined by the usage of specific neural pathways.

s
'

’ L The finding of the present study, that innervation .leads to a

rearrangement of iﬁtegral proteins within the sarcolemma, has an-
% . n a?éitio;xalwrelevance for the genéral problem of cell é;tfferentiathn. .
e, ’ It" has been suggested that 'surface modulatign' ma& be a fundamental
. ), o o i mechanir;m vhich mediates ind}uc\ti’ve interaction; bhetween many types
E - «}\ ‘ ('of cells (see Edelman, 1975). This p(;ssibility has been raised by the
U " observation that other. ce11 types, p;incipallflymphocytes, ar;a stimulated
. to proliferate by interaction with multivalent 1iganda which bind to
. | N ‘ 'receptors in the. plasma],gma ‘and sometimes cause them to ag:;regate

'(see x‘eviews Raff & de Petris, 1974; Nicolsoh, 1974). An import ‘}

s BV difficulty fczr this mtriguing hyputhesis has been the fact that théae

v ; 1 s -
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dgents can induce cell proliferation even without causlng the aggregation

of their receptors. Furthemmore, the modulation of surface structure
k3

has not previously-been found to occur as d.necessary part of any

natural biological proce‘ss.a The present study, however, has

demonstrated that the aggregation of ACh receptors in the sarcolemma '
! N

is a normal feature of g&naptogenesis, and provides the high density of
. ‘ ) . , )
receptors necessary for the function of .the synapse. Since elaborate

mechanisms are clearly available for controlling the distribution and

mobility of substances in the st\frface membrane, they are likely to be .

’

involved in other inductive Interactions which 1nfluence cell behavior,
S

Future studies of the molecular mechanisms which underlie receptor

rediatribution should therefore continue to provide 1,nformation relevant

o

to the fundameptal problems of :mduction and dif[erentiation. -t
et .- ‘o ' '

a8
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\/. | ABSTRACT '

\

A -Bungarotoxin was labelled with fluoresceént dyes and.used as

a stain for visualizing the aistributioq of acetylcholine receptors in
vertebrate skeletal mu;cle fibre;. Dye-toxin_conjuagtes had the same
pharmacological properties as nativestoxin, but their potencies were
Tower. Fluorescent staining was examined in teased muséle fibres. The
stain was found to be confined to the neuromuscular junétion and
aggociated with the subsynaptic membrane. Staining intensity was reduced
by curare and even more so by carbachol, but not by atropine of neostigmine.
Pretreatment of muscles with unlabelled ®-bungarotoxin ;ggqrely prevented
staining., The staining at amphibian neuromus r junctions was
charégteri;ed by a pattern of iﬁtens; transverse bands occurriné at
" intervals of approximately 0.5-1 u, with fluorescence of lower intensity

between them. Fluorescent ataining was not deéected on adjacent,

extrasynaptic, muscle membrane. In side.views the staining appiared‘

ag a f%ne line with mmaliﬁpfotuberanqgs occurring at the same 1ﬁtervals

as the intense bands seen face-On. These results indicate that

acetylcholine receptors sare associated with the entire subsynaptic

.

w memﬁtane, iricluding the membrane \of the junctional folds and that their

density changes abruptly at the borMer between synaptic and ext;asynaptic

muscle membrane.

Myotomal muscle cells from embryos of Xenoﬁﬁs laevﬂg were cultured
as a monolayer either alone or ‘together with neural tube cells from the
same embryos. S?pnggneOus twitching and contractions evoked by electrical

stimhlatign-of neuronal perikarya were observed only in nerve-contacted

«
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muscle cells, and could be abolished by curare or &-bungarotoxin.
Within 2 days in culture muscle cells not'contacted by rerve developed
one or more discrete patches of acetylcholine (ACh) receptors as

9 .

revealed by staining with fluorescent conjugates of A\ -bungarotoxin.

* Similar patches were also seen when staining was carried out after

. \
paraformaldehyde fixation, suggesting that they were not induced by

the dye-toxin conjugate. Radioautography after labelling with 125¢-
d.—t;ut'lgarotlox‘in revealed patches ;vith grain éensii:i\es appro;:imat'ely
25-fold greater than over tixe re;mainder of the cell. Fl‘uorescent

stain on innervated cells was restricted to the path of nerve-muscle
contact and sometimes extended for greatez: length-s thap the largest
patches seen on fnon-contacted muscle cells. Similar long, bands’ of
stain associated wif%; nerve-muscle contacts wetre observed when cultures.

were grown in high concentrations of curare and caybachol which

v w2 . 4
prevented spontaneous twitching. They were also seen in cultures

0

in which the addition of neurgl tube cells was delayed for 2-3 days.

It 18 concludeéd that innervation caused receptors to accumulate &t

sites of nerve-muscle contact and that this procegs can operate N
- N\
independently of muscle activity.

- Three-day-old cultures of myotomal muscle, obtained from embryos of

Xenopus laevis, were stained with fluorescent conjugates of «-bungarotoxin
|

and maintained in native toxin‘» in order to ensure that ACh receptors
© 4

subsequently inserted into the sarcolemma would not be stained. Neural;'
. )

tube cplls were then added to the cultures., When cultures werg examineq""

1-3 ddys later fluorescent stain was found to be associated with sites

.
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of nerve-muscle contact. In some cases the stain along the path of‘

contact extenc}ed for greater distances than the patches of ;sta{n seeln
on non-conSacted muscle célls. The development of new areas of
flﬁorescent stain at sites of nerve-muscle contAct was confirmed by
mak—ing successlive observations on the same muscle cell over a period
of a day. Simila*r experiments 6n muscle ‘cells not contacted by nerve
revealed the formation of new receptor patches, usually in areas of
cell growth. The ‘ma;ority of fluorescent patches on non-contacted
muscle cells dié 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 these findings it is
concluded that ACh receptors aggregate within the sarcolemma,
spontaneously as wefil as in response to fnnérvation, In the latter °
case extrajunctional receptors acc;tmulate at the site 9f nerve cgintact .
thereb}; contributing to therdevelopment of a f\\igh recegtor density- in ,,x,

t ]

the subneural muscle membrane. This process of recﬁeptor recg.stribution

occurs in the absence of synaptic or contractile activity. Possible

9 o

mechanisms involved in the redistribution of ACh receptors are discussed

in relation to those which appear to modulate ligand<{nduced changes
A o

in the distribution of lectin and immunoglobulin recep:th)rs. ‘ ' '
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