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ABSTRACT The evolution of the cholinergic (nicotinic)
- receptor in chick muscles is monitored during embryonic
development with a tritiated a-neurotoxin from Naja nigri-
collis and compared with the appearance of acetylcholines-
terase. The specific activity of these two proteins reaches a
maximum around the 12th day of incubation. By contrast,
choline acetyltransferase reaches an early maximum of
specific activity around the 7th day of development, and
later continuously increases until hatching. Injection of
a-toxin in the yolk sac at early stages of development causes
an atrophy of skeletal and extrinsic ocular-muscles
and of their innervation. In 16-day embryos treated by the
a-toxin, the endplates revealed by the Koelle reaction are
almost completely absent. The total content and specific
activities of acetylcholinesterase and choline acetyltrans-
ferase in atrophic muscles are markedly reduced.

Snake venom a-neurotoxins bind with a high affinity and a low
reversibility to the cholinergic (nicotinic) receptor site (1-3).
They have therefore been widely used to assay, characterize,
and identify the protein that carries this site (see ref. 4).
These neurotoxins can also be used to create a chronic block
of neuromuscular transmission at the postsynaptic level and
to analyze the consequences of this block in the differentiation,
morphogenesis, and stability of a neuromuscular synapse.

In this paper, we report on the cholinergic receptar sites in
chick-embryonic muscles and on their evolution during de-

velopment, in comparison to the appearance of choline acetyl-

transferase and acetylcholinesterase. Injection of the a-
toxin from Naja nigricollis at early stages of development
causes a marked atrophy of skeletal muscles and of their in-
nervation, accompanied by characteridtic changes in their con-
tent of choline acetyltransferase and acetylcholinesterase.

MATERIALS AND METHODS

[H la-Toxin. The ai-isotoxin was purified from the venom
of Naja nigricollis by the method of Boquet et al. (5) and
Karlsson et al. (6) and tritiated according to Menez et al. (7).
The stock solution contained 24 uM a-toxin (10.2 Ci/mmol);
729%, of the molecules of a-toxin were active.

Embryos. Chick embryos were obtained from fertilized eggs
of a local strain and incubated at 38° at a relative humidity of
70-80%; 3-, 4-, 5-, 6-, 8-, 11-, 12-, 14-, 16-, 18-, and 21-day-
old embryos were used. Muscles were dissected under a stereo-
microscope and quickly frozen; most samples were lyophilized
and stored at —45°. With 3- to 6-day-old embryos, assays
were made on posterior limb buds; from the 8th day of in-
cubation and after, the posterior muscles of the leg were used.
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The embryos were treated with a-toxin by three successive
injections (the 3rd, 8th, and 12th day of incubation) in the yolk
sac with a Hamilton syringe, through a small window in the
shell. Each time, 20-100 ul of a 1 mg/ml solution in sterile
Ringer’s solution was injected. Embryos were examined the
16th day of incubation. About 30%, of the injected embryos
died during development.

Homogenization. The tissue was added to ice-cold Ringer’s
solution (for [*H ]a-toxin binding), to 0.5% Triton.X-100 in
0.2 M Na-phosphate (pH 7.4) (for choline acetyltransferase
assay) or to 0.05% Triton X-100 in Ringer’s solution (for
acetylcholinesterase assay) and homogenized in a PT-10-0D
Polytron Homogenizer (Luzern, Switzerland). The concentra-
tion of tissue in the homogenates ranged from 1 to 10 mg of
dry weight per ml.

Enzymatic Assays. Choline acetyltransferase was measured
by the radiometric method of McCaman and Hunt (8), as
modified by Fonnum (9) (microassay). Acetylcholinesterase
was estimated (2) by the method of Ellman et al. (10), with
acetylthiocholine as the substrate. Proteins were measured by
the method of Lowry et al. (11), using bovine-serum albumin
as standard.

Binding of [*H)a-Toxin. To 0-3 mg (dry weight) of ho-
mogenized tissue was added 40 ul of 48 nM [*H]e-toxin;
the final volume was adjusted to 540 gl with Ringer’s solu-
tion. The mixture was incubated 4-6 hr at room temperature
and filtered on a Millipore filter to remove the unbound [*H Ja-
toxin. The filter was then washed with 15 ml of Ringer’s
solution, dried, added to 10 ml of Toluene-POPOP, and
counted in an Intertechnique liquid scintillation spectrometer
12).

Histochemistry and Electron Microscopy. Acetylcholin-
esterase was revealed by the histochemical method of Koelle
and Friedenwald (13). For ultrastructural studies, muscles
were fixed in 3.5%, glutaraldehyde and postfixed in 2% osmic
hydroxide; specimens were embedded in Araldite (Ciba) and
observed with a Siemens 1 A electron microscope.

RESULTS
Binding of (*H)a-toxin to embryonic muscles
during development
It has been reported that a-toxins from snake venoms bind
to vertebrate skeletal muscle (14-18), including chicken
muscles (19). Fig. 1 confirms that the tritiated a-toxin from N.
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nigricollts binds to membrane fragments in homogenates of
chick-embryonic muscles. Under our experimental conditions
10 mM decamethonium, a known cholinergic agonist, reduces
by 97% the total amount of [*H ]a-toxin bound.* In the pres-
ence of 1 mM d-tubocurarine, a typical nicotinic antagonist, a
similar decrease occurs. These observations were repeated with
homogenates of 5-; 12-, 18-, and 21-day embryos. As already
extensively discussed (see refs. 1-4, 7, 14-18), the protective
effect of cholinergic ligands against a-toxin binding con-
stitutes an excellent criterion for the selective binding of the
a-toxin to the cholinergic receptor site. Therefore, the binding
of [*H]a-toxin is assumed to reveal the presence of cholinergic
receptor sites at all these stages.

Titration curves of the type shown in Fig. 1 give estimates
of the number of a-toxin binding sites, or of cholinergic re-

ceptor sites, present per mass of tissue. In 12-day embryos, -

there are 0.49 nmol of binding sites per g of muscle protein, a
value close to that reported with other muscle preparations
(14-18), but smaller than that found with membrane frag-
ments purified from Electrophorus electric organ (5-15 nmol/g
of protein) (7, 12).

In Fig. 2 are presented the changes during development of
the total number of toxin-binding sites in the posterior muscles
of the leg and of the specific activity of these sites in the same
muscles (expressed as nmol/g of protein). In 4-day embryos,
the amount of [*H]a-toxin eventually bound to posterior limb
buds remains below the limits of resolution of the method.
After the 4th day, sites are detected and their total number
increases monotonically but much faster from the 4th to the
12th day than from the 12th day to the 18th. In contrast, the
specific activity rises rapidly until the 12th day, where it
reaches a maximum and subsequently decreases until the 18th
day of incubation.

In Fig. 2 are also compared the changes in the levels of
acetylcholinesterase and choline aceyltransferase with those
of the cholinergic receptor sites in the same group of muscles.
It should be recalled that in embryonic-chick muscle, the
cholinesterase activity arises primarily from acetylcholin-
esterase, rather than from pseudocholinesterase (20, 21).
The time-course of the variation in the level of acetylcholines-
terase parallels that observed with toxin-binding sites, except,
perhaps, that the initial, fast, increase lasts until the 16th
instead of the 12th day of incubation. The specific activity of
both proteins reaches a peak on the 12th day. With choline
acetyltransferase the picture is different. The total transferase
activity increases continuously until hatching without a
plateau. The specific activity rises rapidly until the 6th day,
falls from the 7th to the 11th day, but then increases again
after the 11th day of incubation until hatching. During muscle
differentiation, then, the content of the protein responsible for
acetylcholine synthesis evolves in a manner different from that
of the proteins involved in acetylcholine recognition and deg-
radation.

Effect of a-toxin on neuromuscular development

A 3-day-old hatched chick given 10 ug of a-toxin intra-
muscularly dies in 20-30 min from respiration block. Ad-
ministration of the total of 60-300 ug of a-toxin in three
injections does not kill the embryo, however, which survives
until hatching, but it causes a reduction in its size and weight
*A similar reduction occurs in the presence of 1 uM decane-
thonium and 100 uM carbamylcholine, flaxedil, or d-tubo-
curarine.
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Fie. 1. Binding of [®H]a-toxin to a muscle homogenate from
12-day embryos. The homogenate was incubated in 3.5 nM a-toxin
with or without prior incubation in 10 mM decamethonium.

without evident malformation. The magnitude of the atrophy
varies from one injected embryo to the other, but a significant
reduction in size was already noticed in 12-day embryos. In
16-day embryos, the dry weight of leg muscles in treated
embryos was about half that of untreated embryos (Table 1).
At that age the atrophy was evident in all skeletal muscles
and also in extrinsic ocular muscles. Interestingly, the in-
nervation of all these muscles was affected as well. Fig. 3
shows the reduction of size of the sciatic nerve, of its spinal
roots, and of corresponding sensory ganglia caused by toxin
injections. Preliminary observations indicate that the mo-
tility of these embryos is considerably reduced.

Histologically (Fig. 4), atrophic muscles from 16-day
treated embryos markedly differ from those of normal em-
bryos. At that age, normal muscles contain typical adult
fibers, with nuclei at the periphery and regularly organized
cross-striated myofibrils. Some mononucleated cells are closely
applied to fibers; myotubes are rare (Fig. 4a and b). By con-
trast, in toxin-treated embryos, the contractile elements are
mostly myotubes (4c); in their cytoplasm myofilaments are
disorganized (4f) and they no longer make parallel bundles
except near the nuclei. A few myoblasts are still present and
the connective tissue is more abundant. Few, if any, muscle
fibers are present; at both ends these fibers show nuclei
arranged in columns (4d). Similar figures commonly seen in
muscle cultures or after denervation are signs of dedifferen-
tiation. Phagocytic histiocytes, with dense bodies, lysosomes,
vacuoles, and masses of granular or filamentous material
are frequently observed (Fig. 4¢ and 4). Preliminary obser-
vations at the 12th day show that at this stage atrophic and
degenerative changes are much less marked than at the 16th
day. The same observations were made by Drachman (22)
with botulinum toxin.

The distribution of acetylcholinesterase on muscle fibers
was revealed by the method of Koelle. In 16-day normal
embryos only the endplate region reacts (4z). In toxin-treated
ones, the Koelle reaction is almost completely negative
(4l). The few positive spots seen correspond to endplates
established with the rare mature muscle fibers present in the
atrophic muscle (4m).

Finally, the content of choline acetyltransferase and acetyl-
cholinesterase was estimated in leg muscles and sciatic nerve
of toxin-treated and control embryos (Table 1). The total ac-
tivities of transferase and esterase in leg muscles are, respec-
tively, 5.9- and 8.4-times lower after toxin treatment. The
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decrease in the total dactivities is not simply due to the reduc-
tion of muscle size and weight, since the specific activities
of the two enzymes drop, respectively, 2.4 and 3.5 times. In
sciatic nerve, the decrease of choline aceyltransferase specific
activity parallels that seen with muscle. Therefore, toxin
treatment affects both the development of the muscle and
that of its innervation.

DISCUSSION

The development of motor innervation in chick embryo com-
prises three major steps (for review, see refs. 23, and 24): (¢)
from the 4th to the 6th day of incubation, root motor fibers
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Fic. 2. Developmental changes of choline acetyltransferase
(CHAc), acetylcholinesterase (AChE), cholinergic receptor
(ACh-R), dry weight (D.W.), and protein in embryonic leg mus-
cles. (4) Total activities and protein (ChAc and AChE: uM per
muscle group and hour; ACh-R:pM per muscle group; protein:
mg). (B) Specific activities and dry weight (ChAc: uM per g of
protein per hour; AChE: uM per mg of protein per hour; ACh-R:
nM per g of protein; D.W.: mg). Bars represent SEM; ACh-R
determinations were made in most cases in duplicate (at each
stage, single measures are indicated ).
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TasLe 1. Consequences of an early a-toxin injection on
acetylcholinesterase and choline acetyltransferase content of
innervated leg muscles in 16-day chick embryos

Choline
acetyltransferase

Acetylcholin-
Dry esterase

weight Specific Total Specific Total
(mg) activity activity activity activity

Muscle
Control (2)* 27.5 7.58 0.11 3.13 47
Treated (3) 11.7 2.98 0.02 0.87 5.7
Ratio Control

Tréated 235 25 58 3.6 8.4
Nerve
Control (2) 57.2
Treated (3) 26.7
Ratio Control shill

Treated 2.1

* Same units as for Fig. 2. The embryos received 300 ug of
a-toxin in three injections at the 3rd, 8th, and 12th days of incu-
bation, and were killed the 16th day when leg muscles were dis-
sected out. In the controls the same opening in the shell was made
as in the experimental animals. A slight increase in choline acetyl-
transferase results from this operation and explains the difference
seen between the numbers given here and in Fig. 2.

gradually invade limb-bud muscles; the first myotubes appear
with a diffuse localization of acetylcholinesterase; embryonic
movements of neurogenic origin (25-27) are present; (¢7) from
the 6th to the 12th day, the contractile elements grow and
differentiate; a massive formation of myotubes occurs;
acetylcholinesterase is gradually restricted to the myo-tendon
junctions (23); (#72) from the 12th day until hatching, muscle
fibers replace the myotubes, and the nerve endings differ-
entiate into motor endplates with acetylcholinesterase local-
ized at the subneural apparatus (23). The small irregular
potentials of the electromyogram evolve in typical action
potentials (28) and acetylcholine sensitivity, diffuse in the
early stages, becomes restricted to the endplate region.

The present data indicate that toxin-binding sites, and
therefore cholinergic receptor sites, as well as acetylcholin-
esterase, are already present in embryonic muscles at step ().
The total and specific activities of these two proteins increase
markedly during step (iz), which chronologically corresponds
to the fusion of myoblasts into myotubes (see ref. 18). The
decrease of specific activities observed during step (¢4%) re-
sults from the slower increase of the content of cholinergic
receptor and acetylcholinesterase, and from the faster increase
in muscle weight due largely to an enrichment in myofibrillar
proteins (29, 30). During this last period, a redistribution of
the sensitivity to acetylcholine and of acetylcholinesterase on
muscle surface takes place.

The evolution of the choline acetyltransferase content dur-
ing embryonic development follows a different program. First
of all, it is clear from Hebb’s and Israél’s work (31, 32) that
this enzyme is almost exclusively present in the neural moiety
of the innervated muscle and, therefore, characterizes nerve
terminals. The observed time course is similar to that already
described by Giacobini (33) for axial and thigh muscles. The
fast increase in specific activity during the first step of de-
velopment likely corresponds to the arrival of motor fibers;
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Fic. 3 (left). Legs from 19-day-old control (right) and «-toxin-treated (left) embryos. Top: the corresponding sciatic nerves (with

their plexuses) are represented.

Fic. 4 (right). Consequences of early a-toxin injection on the anatomy of innervated leg muscles in 16-day-old embryos. (a) and (b)
control embryo: muscle fibers with adhering mononucleated cells (X 110); (c) and (d) a-tozin-treated embryos: myotubes and dedifferentiation
processes (X110); (e) control embryo: regularly organized myofibrils (X22,000); (d) a-toxin-treated embryo: disorganized myofilaments
(X 36,000) (g) and (h) a-tozin-treated embryo: phagocytic histiocytes (X25,000 and 30,000); (¢) control embryo: Koelle-positive reaction at
motor endplates (X 110); (I) a-toxin-treated embryo: Koelle-negative reaction after prolong incubation (X 110); (m) a-toxin-treated embryo:

exceptional motor endplates (X540).

the decrease, which lasts from the 6th to the 8th day of
incubation, would be caused by the relatively faster growth of
muscle tissue. The final increase of specific activity would be
related to increasing number and complexity of the endplates.
The development of choline acetyltransterase activity, there-
fore, does not parallel that of receptor and that of acetyl-
cholinesterase [as in spinal and sympathetic ganglia (34, 35)].
The specific activity of choline acetyltransferase increases
earlier than that of the two postsynaptic proteins, suggesting
a causal relationship in this sequence of events.

Chick embryo provides a convenient preparation to study
the effect of the a-toxin on the development of innervated
muscle, since the embryo survives high doses of a-toxin.
Embryos injected with 60-300 ug of a-toxin become atrophic,
with a marked reduction in the development of skeletal
muscles. A similar atrophy was observed by Drachman (22)
after injection of botulinum toxin or d-tubocurarine. Minor
differences are noticed, however: a less-marked replacement of
muscle by fat and a reduction of length of the bone leg in the
a-toxin-treated embryo. These differences may be related to

the fact that Drachman’s injections were made later than
ours.

The atrophic muscle presents signs of delayed differentia-
tion, since contractile elements are mostly represented by
myotubes after 16 days of incubation. However, increased
connective tissue, the enlarged blood vessels, the regressive
forms of muscle fibers, and the phagocytic histiocytes suggest
that dedifferentiation might occur as well. Most of these
effects resemble those seen upon surgical denervation. The
effects of the a-toxin are not restricted. to muscle. In the 16-
day toxin-treated embryo, motor endplates are almost com-
pletely absent, the size of the sciatic nerve is reduced, the
choline acetyltransferase content of muscle and sciatic nerve
decreased, etc. Moreover, spinal roots and sensory ganglia
show a marked reduction in size.

An important question is raised by the mechanism through
which the a-toxin causes these important alterations in the
development of skeletal muscles and of their innervation.
First, we emphasize that the a-toxin at the doses used is not
teratogenic: its effects seem limited to systems involving
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typical nicotinic receptors. Second, most present evidence
indicates that a-toxin affects neither central nervous activity
nor peripheral propagation of impulses (1). Although this last
alternative cannot be completely ruled out, the most likely
interpretation is that the observed effects arise from blockade
by the a-toxin of the cholinergic receptor site of embryonic
muscle. All the postsynaptic effects of delayed differentiation
and dedifferentiation would then be simply caused by the
lack of postsynaptic activation and, therefore, of muscle
contraction.

The existence of presynaptic effects raises a question. How
does a postsynaptic blockade influence the motor nerve
terminal? A first possibility is that the cholinergic receptor
surface contributes to the recognition between motor nerve
fibers and muscle surface in the early stage of development:
the a-toxin would then interfere with this recognition step (36).
However, as early as the 4th day of incubation, when the first
injection of a-toxin is made, Alconero (26) and Ripley and
Provine (27) have observed neurogenic movements; at this
early stage functional contacts are already made between the
free nerve endings and the contractile elements. Moreover, at
day 16, in injected embryos, some abortive endplates are seen.
These two observations suggest that the a-toxin inpairs the
development of the endplate rather than the establishment of the
neuromuscular contact.

Another possibility is that, during development, the muscle
cell informs the nerve terminal of its state of activity. One
channel that might transmit this information could be the
sensory pathway from the muscle to the motoneuron. The
extrinsic ocular muscles offer a situation particularly rele-
vant to this point, since they receive essentially only motor
innervation (37). In these muscles as well, the a-toxin causes
a marked reduction in size, both of the muscle and of the cor-
responding motor nerves. Here, at least the sensory pathway
could not be involved. We are, therefore, led to postulate
that a retrograde signal passes directly from the postsynaptic
to the presynaptic cell in a direction opposite to that of the
transmission of impulses. The chemical nature of this signal
is completely unknown.

Whatever the mechanism involved, it is clear that develop-
ment of neuromuscular synapses depends upon an essential
correlation between center and periphery (38—40). In addition,
as in other systems (41-43), their differentiation and stability
appears highly coupled with their functioning. The eventual
implication of this property in learning processes has been
discussed recently (44, 45).
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