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ABSTRACT The innervation pattern of skeletal muscles was studied in the normal and regen-
erating tail of Notophthalmus viridescens. Silver staining for nerve endings and histochemical
localization of acetylcholinesterase (AChE) were used for light microscopy. In normal musculature,
AChE positive reactions were localized at the ends of the muscle fibers where they are anchored
on connective tissue septa by myotendinous junctions. At this level, silver staining shows nerve
terminals forming endplates. During regeneration, positive reactions for AChE appear de novo as
dense plates localized at the ends of the newly formed myotubes. The mechanisms involved in the
localization of AChE on this surface seem to operate before previous local contacts by nerve termi-
nals. From the ultrastructural data and immunohistochemical results with anti-laminin antibody,
these observations suggest that regenerating muscle fibers determine a region of post-synaptic
specialization in close relation with the organization of myotendinous regions and basement mem-
brane formation. Nerve-muscle contacts appear at these levels at stage IV (15-20 days after
amputation) in the stump and in the rostral part of the regenerate (transition zone). These nerve
terminals are provided by the disorganized peripheral nervous system of the injured segment. In
the regenerate a similar pattern of AChE reaction can be seen in every myotube, differentiating
according to a rostro-caudal gradient. Innervation at the ends of the muscle fibers is in spatio-
temporal relation with the exits of the ventral roots from the regenerating nerve cord as the

regenerate continues to grow in length.

An adult urodele amphibian can regenerate its
tail after amputation by forming a blastema at
the tip of the stump. This blastema gives rise to
a regenerate in which cell differentiation occurs.
Epidermal structures, skeleton, central (CNS)
and peripheral (PNS) nervous systems, and skele-
tal muscles are regenerated in a normal struc-
tural pattern through five recognizable stages of
which the main histological characteristics are
summarized in Table 1, from the data of Iten and
Bryant ('76a) and from our observations in re-
spect to the shape and the days post-amputation
of the regenerate. The number of segmented
structures (myomeres and vertebrae) that form
in the regenerate is directly proportional to the
number removed by amputation (Iten and Bry-
ant, *76a,b). )

The evidence that two distinct modes of skele-
tal muscle regeneration exist was proposed by
Cox ('69) studying muscle regeneration in the liz-
ard tail and generalized by Carlson ('70) to the
amphibian regeneration: 1) a tissue mode that re-
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stores the damaged muscle fibers in the injured
myomeres at the level of amputation; and 2) an
epimorphic mode that occurs within the regener-
ate itself. Mufti (73), who first studied muscle re-
generation in newt tail system, showed that the
two processes of muscle regeneration are tempo-
rally and spatially distinct. Iten and Bryant (76b)
showed that a gradient in muscle differentiation
exists from the stump to the regenerate. Only
later do muscle masses segregate and display a
longitudinal segmented pattern, forming new my-
omeres. At a given stage of regeneration, the most
proximal muscle fibers are numerous and histo-
logically mature, whereas myoblasts and myo-
tubes are present in the distal growing part of the
regenerate.

Regeneration of newt spinal cord occurs in a
proximal-distal direction, with neurons of the
stump sending their axons along the regenerating
ependymal tube (Egar and Singer, ’72). Some of
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TABLE 1. Main histological characteristics of tail regeneration!

Stage I

(1-6 days after amputation): wound healing

Migration of epidermis over the amputation surface

Breakdown of the distal muscle in the stump

Ependymal epithelium is closed off and ependymal vesicle is formed

Nerves from the spinal ganglia appear disorganized, ending at the amputation

level
Stage 11

(5-11 days after amputation): blastema formation
In the stump, muscle dedifferentiates

Ependymal tube with terminal vesicle grows into the blastema

Peripheral nerve fibers grow in the regenerate and innervate the epidermis

Mesenchymal blastema cells begin to accumulate beneath the epidermis

Stage III (10-15 days after amputation): cone-shaped blastema

Aggregates of myoblasts and myotube formation are seen in the stump and in the
lateral part of the rostral part of the regenerate

Cartilage rod differentiates under the spinal cord

AChE reaction appears at the ends of the myotubes and new basement membrane

is formed around them

Stage IV (13-22 days after amputation): elongation of the regenerate

Early stage IV:

Muscle fibers with cross striations and nerve-muscle contacts are visible in the

stump

Aggregates of myoblasts and bundles of myotubes with AChE reaction at their
ends are seen in the rostral part of the regenerate
Scattered aggregates of myoblasts are seen in the caudal part

Late stage VI:

Mpyogenesis continues in the distal part of the regenerate
Striated muscle fibers organize into myomeres isolated by myosepta
Spinal ganglia are formed and innervation of skeletal muscle fibers shows a

rostro-caudal gradient

Segmentation of the cartilage rod and formation of the neural and hemal arches
Stage V. (30-60 days after amputation): growth
Myomeres with lateral and medial muscle fibers form along the length of the re-

generate

!From Iten and Bryant ("76a) and our results.

the growing axons exit from the regenerating spi-
nal cord, forming ventral roots going to specific
targets in the regenerate (i.e., regenerating mus-
cle fibers). Nerves coming from the PNS of the
injured body segment grow into the blastema,
where they are suspected to exert a neurotrophic
effect (Singer, ’65; Brockes and Kintner, '86). Con-
sequently, the blastema and early regenerate are
very richly provided by nerve fibers. However, it
is not known when and where nerve terminals
make specific contacts (endplates) with the regen-
erating skeletal muscles.

During vertebrate development, contacts of
nerve terminals are observed throughout the
length of newly formed myotubes, corresponding
to the deposition of AChE, a marker of synapse
formation. This scheme suggests that the initial
sites of nerve-muscle contacts occur at random
along the length of each myotube and that mature
muscle fibers can subsequently eliminate incor-
rect synapses in favor of correct ones. But, it was
also demonstrated, in vitro, that in the absence of

axons, muscle cells may determine the formation
of a post-synaptic organization (Moody-Corbett
and Cohen, ’82) and that, during regeneration,
information about the synaptic site remaining in
the muscle basement membrane controls the pat-
tern of reinnervation (Sanes, ’89, for review).
The present study was designed to determine
the spatio-temporal sequence of muscle reinner-
vation during tail regeneration of Notophthalmus
viridescens at the level of the stump (tissue mode
of regeneration) and in the regenerate (epimor-
phic regeneration) in relation to the persistence
and/or the formation of the basement membrane.

MATERIALS AND METHODS
Animals

Adult newts, Notophthalmus viridescens, were
obtained from Lee’s Newt Farm, Oak Ridge, Ten-
nesee, and were maintained at 25°C on a diet
of Tubifex. After anesthetization with 1:1,000
MS 222 (Sigma), amputations were performed
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through the proximal third of the tail at the level
of the intervertebral junction, Operated animals
were observed daily.

Histology

For histological study, blastemata of regener-
ates along with a few millimeters of the stump
were removed, fixed in Bouin’s fluid, decalcified
in 0.5 M EDTA (ethylenediamine tetraacetate),
dehydrated in graded alcohols, and embedded in
Paraplast. Serial sections were cut at 6 pm and
stained with hematoxylin and eosin or with
Heidenhain’s aniline blue technique for connec-
tive tissue. Serial sections cut at 15 um were
stained with the reducing silver method of Sam-
uel (°53) for the detection of nerve fibers. A total
of 28 samples covering the five stages of tail re-
generation were examined.

Histochemistry

For the detection of acetylcholinesterase
(AChE) sites, samples were directly embedded
unfixed in OCT (Miles Scientific, Naperville,
IL) and frozen in 2-Methyl-Butane cooled with
dry ice. Serial cryostat sections cut at 15 pm
were fixed and stained with the Goshgarian
('77) silver-AChE method for nerve fiber and end-
plate detection and counterstained with eosin.
Twenty-eight regenerates corresponding respec-
tively to stage II (7 samples), stage I1I (7 samples),
early stage IV (7 samples), and late stage IV and
stage V (7 samples) were used for this study.

Electron microscopy

According to the rostro-caudal gradient in the
procress of differentiation, tissue samples of stage
III and early stage IV were taken along the prox-
imodistal axis of the regenerates and fixed for
2.5 hr in 2.5% glutaraldehyde, 4% formaldehyde
in 0.1 M cacodylate buffer (pH 7.4), postfixed for
1 hr in 1% osmium tetroxide in the same buffer,
dehydrated in acetone, and embedded in epon. Al-
ternate semi-thin (1 pm) and ultrathin sections
were collected. Semi-thin sections were stained
with toluidine blue. Ultrathin sections were
stained with uranyl acetate and lead citrate and
examined with a Philips 400 or Hitachi H 600
electron microscope.

Immunohistochemistry

For preparation of cryostat sections, samples
were embedded in OCT compound. They were
frozen rapidly in liquid nitrogen and stored at
—20°C. Serial sections of 15 um were cut in a
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cryostat at —22°C, collected on polylysine-coated
glass slides, and stored at —20°C until immuno-
fluorescent staining was performed. Anti-mouse-
laminin polyclonal antibody kindly provided by
Dr. J.F. Riou and monoclonal antibody anti-
neurofilaments (Immunotech, France) were used
in double-labeling experiments. These antibodies
were previously described respectively by Riou et
al. ’87) and Alfonsi et al. ('83).

RESULTS

Normal muscle organization and innervation
in the tail

The caudal musculature is formed by two types
of axial muscles or myomeres, the medial muscu-
lature attached to the hemal or to the neural
spines of adjacent vertebra and the lateral muscu-
lature attached to myosepta and to the transverse
processes. The motor axons of the ventral roots
pass through the spinal ganglia. Spinal nerves
diverge backward to give rise to dorsal and ven-
tral branches running into the connective tissue
located between the medial and the lateral mus-
culature. These branches divide and go through
the myosepta until they reach the myofibers. Our
major histological features confirm previous ob-
servations of Francis ('34) and Iten and Bryant
(’76a) for musculature and those of Anton and
Doring ('88) for the PNS.

With the Goshgarian technique we co-localized
nerve fibers and AChE + sites (Figs. 1, 2). These
results show that the motor endplates are located
at the ends of the muscle fibers, where they are
anchored to the connective tissue. The histochem-
ical reaction is strongly positive at the apex and
appears as a dense plate associated frequently

Fig. 1. Normal muscle. Longitudinal section of lateral
musculature showing the sites of AChE reaction at the ends
of muscle fibers (arrows), where they are anchored to the con-
nective tissue. Note the myomeric organization of the muscle
fibers (M). Silver-stained nerve fibers can be detected in the
framed area (for enlargement see Fig. 2). Goshgarian method.
Ms, myosepta. x 140.

Fig. 2. Normal muscle. Framed area from Fig. 1. Nerve
fibers (N) contacting sites of AChE reaction (arrowhead) and
positive synaptic dots on the lateral surface (arrows) of mus-
cle fibers can be observed. Goshgarian method. x 750.

Fig. 3. Normal muscle. High magnification of end of mus-
cle fiber (M) showing the anchoring AChE-positive zone (ar-
rowheads), lateral AChE-positive dots (arrows), and nerve
fibers (N). Goshgarian method. C, connective tissue matrix
% 1,000.
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Figures 4 and 5.
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with tufts of extracellular material. Dots of reac-
tion product are also visible along the lateral sur-
face (Fig. 3). No reaction can be observed along
the medial part of the fiber.

Electron micrographs (Fig. 4a,b) of the ends of
the muscle fibers show that the plasmalemmal
membrane forms numerous projections penetrat-
ing deeply into the extracellular matrix. Among
these projections, axons can frequently be ob-
served. They establish neuromuscular contacts
identifiable by the characteristic accumulation of
vesicles in the presynaptic bud and by the pres-
ence of subneural clefts on the muscle fiber. End-
plates can also be observed on the lateral sur-
face near the ends of the muscle fiber (Fig. 5).
They appear as a series of nerve-muscle contacts
formed by the same nerve fiber creeping along the
sarcolemma. In this figure a tangential section of
the plasmalemma and surrounding dense mate-
rial located between two consecutive pre-synaptic
buds is shown.

Nerve muscle relationships during early
stages of regeneration at the level
of the stump

A few days after amputation, a disorganization
of severed muscles can be seen in the stump. The
endomysium and the perimysium are altered in
their morphology and muscle masses are replaced
by a loose connective tissue in which numerous
fragments of degenerating muscle fibers, fibro-
blast-like cells, macrophages, and blood cells can
be observed. These observations are consistent
with those of Mufti ('73) and Iten and Bryant
("76). We will only report observations concerning
most interesting stages (stages IIl and IV) in mus-
cle regeneration and innervation.

Fig. 4. a: Normal muscle. Electron micrograph showing
the anchoring end of the muscle fiber and the presence of
nerve fibers (N) containing synaptic vesicles. Note the pres-
ence of dense material (arrows) accumulated on the inner
part of the sarcolemma and of the basement membrane (ar-
rowheads). x14,600. b: Normal muscle. Typical motor end-
plate seen at the end of a muscle fiber (M). N, nerve; arrow-
heads, subneural clefts. x 19,000.

Fig. 5. Normal muscle. Lateral endplates near the end of
a muscle fiber (M). Tangential section of the plasmalemma
and surrounding dense material located between two consec-
utive nerve terminals suggest the continuity of the nerve fi-
ber. Note the presence of active sites (arrows) above the sub-
neural clefts (arrowheads). C, connective tissue matrix; m,
mitochondrion; SV, synaptic vesicles. x 19,000.
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Stage III

By stage III (10-15 days after amputation) a
transition zone is located between the stump and
the blastema. The mesenchyme of this zone is
formed by the accumulation of undifferentiated
cells. In front of this zone prefusion myoblasts
showing the characteristic alignment and some
sparse myotubes, oriented parallel to the surface
of the epidermis, appear in the loose connective
tissue of the stump (Fig. 6). They are involved in
the regeneration of the musculature of the injured
segment. The newly formed muscle fibers can be
distinguished from the old ones by a reduced di-
ameter and the central position of their nuclei.

Silver staining shows that the stump is sup-
plied by numerous nerve fibers coming from the
peripheral nervous system of the injured segment
(Fig. 7). Bundles of nerve fibers run towards the
amputation level and penetrate the regenerate.
Other fibers radiate inside the loose connective
tissue where they seem to proceed freely among
regenerating myotubes without precise contacts
with the new muscle fibers (Fig. 8). Co-localiza-
tion of nerve endings and AChE sites show that,
by stage III (10-15 days after amputation), a posi-
tive reaction for AChE appears as a dense plate
covering the ends of the differentiating myotubes
and myofibers. At this stage no patches of reac-
tion are seen on the lateral surface and no nerve
endings are revealed at this level.

Electron microscopy shows inside the loose con-
nective tissue a ruffled granular layer correspond-
ing to remnants of the old muscle basement mem-
brane (Figs. 9, 10). Numerous threads of this
dense material and winding profiles are fre-
quently observed not directly in contact with the
differentiating myotubes but, in Figure 9, one of
them is completely included in a such winding
process.

In differentiating myofibers a thin extracellu-
lar material is frequently seen in close apposition
to the sarcolemma. This new basement mem-
brane first appears at the ends of the muscle fibers
where it is denser and thicker than on the lateral
surface (Figs. 17, 18).

On immunochistochemically stained sections by
anti-laminin antibody, the degenerating zone of
musculature shows a ruffled reaction with respect
to the regular profile of reaction in normal mus-
culature (Figs. 12, 13a,b). The newly differentiat-
ing myofibers are surrounded by a slight reac-
tion sometimes associated with discontinuous
anti-laminin positive patches or threads (Fig. 14).
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Figures 6-8.
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These observations suggest that the old basement
membrane of the degenerating myofibers could
guide the alignment of the prefusing myoblasts
but is removed afterwards and replaced by a base-
ment membrane formed de novo.

Stage IV

By stage IV (20 days after amputation), the
AChE + reaction is identical to that of normal
muscle in well-differentiated muscle fibers, and
nerve endings are seen in close contact with the
ends of the muscle fibers (Fig. 20). Patches of reac-
tion are seen only at these ends. A good correla-
tion exists between the appearance of the new
basement membrane at these sites and the local-
ization of the newly formed endplates (Fig. 19).
A closely associated nerve fiber with numerous
synaptic vesicles and mitochondria is seen in the
connective tissue near the surface of the muscle
fiber and on the neighboring lateral surface of the
muscle fiber, and on the neighboring lateral sur-
face, differentiating endplates can be seen.

Nerve-muscle relationships within the
regenerate during early stages of
regeneration

Stage II1

By stage IIl (10-15 days after amputation),
clusters of pre-muscle aggregates and bundles of
myotubes are formed in the lateral region within
the rostral part of the regenerate. They are fre-
quently located at some distance from the end of
the altered muscle masses of the stump. Electron
microscopy shows that myotubes and/or myofi-

Fig. 6. Regenerating muscle. Parasagittal section
through the regenerating zone of the stump at stage III, 15
days after amputation. Regenerating muscle fibers (M) are
seen in the loose connective tissue. Two branches of the spinal
nerve are visible {(arrows), one going to regenerating muscle
of the stump, the other going to the regenerate at the right
of the figure. The continuity of the spinal nerve branches,
visible on serial sections, is indicated by the dashed lines.
Note the presence of spinal ganglia (SG) and section of a
vertebra (V) of the injured segment. Silver-stained sections
counterstained with eosin. x 250.

Fig. 7. Enlargement of the framed part of Fig. 6, showing
nerve fibers (Nf) ending in the connective tissue. M, regener-
ating muscle fibers; N, nerve fibers. Silver-stained section,
counterstained by eosin. % 500.

Fig. 8. Another view of the richly innervated regenerat-
ing muscle of the stump. Numerous nerve fibers (N) are ob-
served among regenerating myoblasts and myotubes. Silver-
stained section counterstained by eosin. x 1,500.
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bers are provided with a layer of extracellular
material directly in contact with the sarcolemmal
membrane. This newly formed basement mem-
brane is more dense at the ends of the fibers than
on the lateral surface. Immunoreactivity with
anti-laminin antibody confirms this observation.
In Figure 15, the ends of muscle fibers appear
more densely labeled by the antibody than the
lateral surface (double arrows). AChE sites are
located at the level of the ends of the differentiat-
ing muscle fibers without apparent nerve-muscle
contacts (Fig. 21). Indeed, the regenerate is sup-
plied by numerous nerve fibers coming from the
PNS of the stump. Nerve bundles are frequently
seen running parallel to the myogenic zone and
are visible up to the epidermis. But no focal con-
tacts were distinctly observed on serial sections,
at the light or at the EM level.

Immunohistochemical staining with neurofila-
ment monoclonal antibody used in double-label-
ing experiments with anti-laminin antibody (Fig.
16) confirms our observations with the Goshga-
rian technique and with E.M. on the absence of
nerve-muscle contacts.

Stage IV

As early as stage 1V (15-20 days after amputa-
tion), myofibers are visible at this level and they
are already distinctly arranged segmentally as
myomeres. This disposition foreshadows the seg-
mentation pattern of the regenerated tail. How-
ever, at this stage, boundaries between myomeres
are not yet distinctly established as myoseptal
connective tissue.

Silver-stained sections show that numerous
nerve fibers are present in the ventro-lateral part
of the ependymal tube. In sagittal sections, these
fibers are seen in continuity with those of the spi-
nal cord of the stump (not shown). In some places
along the rostro-caudal axis, nerve fibers exit
from the ependymal tube and form the ventral
root anlagen running until the myogenic zone
(Fig. 22). Taking advantage of the existence of a
rostro-caudal gradient of regeneration of the spi-
nal cord and of the exit of the ventral roots, it was
possible to observe the spatio-temporal progress
of the innervation with the regenerate.

Electron microscopy shows that, at the emer-
gence of the ventral roots, exiting nerve fibers are
wrapped by glio-ependymal cell processes (Fig.
23), as previously described by Nordlander and
Singer ("78) and Géraudie et al. ('89). On serial
ultrathin sections we showed nerve processes
wrapped by Schwann cells running laterally into
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the connective tissue densely populated by colla-
gen fibers. At the level of the regenerating myo-
fibers, early developmental stages of motor end-
plates can be observed (Figs. 24, 25). The axonal
terminus is dilated and contains small mitochon-
dria and a large number of synaptic vesicles.
Schwann cell cytoplasmic processes are absent on
the side of the axon facing the differentiating
muscle fibers, but they frequently cover the oppo-
site surface.

On the muscle surface, invaginations of the
plasmalemma containing a dense extracellular
material mark the first appearance of the subneu-
ral clefts. The forming endplates can be detected
at the time when the myofibers exhibit numerous
striated myofibrils. The number of such struc-
tures characteristic of motor nerve-muscle con-
tacts increases in the rostral direction.

DISCUSSION

In this paper, we describe the patterns of re-
innervation of skeletal muscle during post-trau-
matic regeneration of the tail of the urodele am-
phibian Notophthalmus viridescens. Our results
are as follows.

Reinnervation of the regenerating muscle first
appears at an early stage, 15-20 days after am-
putation (early stage IV of Iten and Bryant, *76a).
The innervation pattern is different depending on
the level of the regenerating part. At the level of
the stump and in the transitional zone located in
the proximal part of the regenerate, nerve end-
ings originate from the PNS of the injured body
segment. Although it was not possible to distin-

Figs. 9, 10. Electron micrographs of parts of transversely
sectioned damaged muscle fibers (MF) of the transition zone
close to the amputation level, 15 days after amputation (stage
III). Note the ruffled feature of the basal lamina sheath (ar-
rowheads) of the dissociating myofibers, but also of that
(arrows) of the Schwann cell only seen in part in the lower
left (corner) in Fig. 9. Note also the aggregates of pleated
basal lamina sheaths (asterisks) among extracellular matrix
material rich in fibrillar collagen (c). SC, spinal cord; Z, Z
band. In the two figures, bar equals 1 um. Fig. 9, x700; Fig.
10, x7,000.

Fig. 11. Electron micrographs of a cross-section through
an area of regenerated muscle fibers (MF) in the rostral part
of a 21 day old tail blastema. The plane of section nearly
coincides with the endplate region of the myofibers, which
is also their insertion zone where the basal lamina (BL) is
particularly well visible. Note the highly stained sites
attached to the myofibrils. Note also the presence of a fibro-
blast (F) close to the muscle fibers. The cytoplasmic processes
of this fibroblast are most likely involved in the synthesis
of collagen fibrils (c) of the forming perimysial sheath. my,
myofibrils; Z, Z band. Bar equals 1 um. x1,000.
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guish between sensory and motor fibers, it ap-
pears that by stage III, many fibers of spinal
nerves remain located at this level and extend
through the loose connective tissue in the region
of the degenerating muscle masses. By stage 1V,
nerve fibers establish contacts with the ends of
the differentiating muscle fibers. In the regener-
ate, the most characteristic feature of the inner-
vation of the epimorphically regenerating muscle
is the appearance of the ventral roots coming from
the regenerated spinal cord, already observed by
previous investigators (see Géraudie et al., '89,
for review). The temporally correlated differentia-
tion of endplates is very rapid and follows a
rostro-caudal gradient. Another potential source
of innervating axons comes from the spinal roots
of segments rostral to the amputation plane. We
observed such nerve fibers running in the myo-
genic zone but no focal contacts between them and
regenerating muscle fibers were seen at these
early stages of regeneration (cf. Fig. 16 and sec-
tion 3, below).

The presence of the old basement membrane in
the loose connective tissue of the stump confirms
the existence of the tissue mode of muscle regen-
eration in the stump, described by Carlson ("70)
and Mufti °73). However, this structure is altered
in its morphology, degenerated, and is replaced
by a new one, directly in contact with the sarco-
lemmal membrane of the regenerating muscle fi-
bers. The appearance of the new basement mem-
brane progresses from the ends to the median part
of the myotube. When the myofiber is mature, the
new basement membrane is completely reformed
and the remnants of the old one are not visible in
their proximity. At the level of the epimorphically
regenerating muscle fibers, the new basement
membrane is formed de novo in close contact with
the differentiating myotubes and as in the stump,
a first layer of dense extracellular matrix appears
at their ends and seems to progress in the direc-
tion of their median part.

These observations are in good agreement with
those of Gulati et al. (83a,b) who first studied
changes in basement membrane zone components
by immunohistochemistry, during skeletal mus-
cle fiber regeneration in autotransplanted muscle
in the rat and during epimorphic limb regenera-
tion in the newt. In rat, during regeneration by
the tissue mode, these investigators observed that
the basement membrane is not a static structure
as previously thought but rather that its compo-
nents change rapidly during myofiber regener-
ation. During epimorphic regeneration in the
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Figures 12-16.
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newt, they observed that laminin is seen for the
first time around the newly regenerated myo-
tubes in the region corresponding to their base-
ment membrane. Our observations of tail regen-
eration suggest that the ruffled remnants of the
old basement membrane, during the first stages of
tissue mode regeneration in the stump, determine
the alignment of prefusing myoblasts. However,
as a new basement membrane is formed around
the myotubes, the old one cannot be involved in
the localization of the site of reinnervation of the
myofibers.

AChE reactivity appears de novo at the ends
of the muscle fibers. The reaction first appears
as a dense plate with numerous fibrils radiating
into the connective tissue of the myosepta. When
nerve endings make contacts with the muscle fi-
bers, they form small patches aligned on the lat-
eral surface at the ends of the muscle fibers, near
the terminal dense plates. Such dispositions are
clearly seen in normal musculature and can be
seen reappearing on regenerating muscle fibers.
But the terminal dense plate is already observed
before neuromuscular contacts are seen.

The nerve-muscle contacts are seen to be
formed exclusively at the ends of the regenerating
muscle fibers both in the stump and in the regen-
erate and there is a spatial correlation between
the pattern of their formation, the pattern of
AChE reaction, and the pattern of formation of
the new basement membrane.

Fig. 12. Distribution of laminin in a cross-section of nor-
mal muscle. Laminin is seen in the endomysium of skeletal
muscle (M) and the perineurium of the nerve (N). x120.

Fig. 13. a,b: Distribution of laminin in a cross-section of
the degenerating muscle in the stump, anterior to the level
of the amputation, 10 days after amputation (stage II). Note
the ruffled aspect of the reaction in respect to the normal
musculature. X 120.

Fig. 14. Distribution of laminin in the regenerating mus-
culature, 15 days after amputation (stage III), in the stump.
Note the presence of circular profiles (M) corresponding to
the regenerated myofibers and threads (R) corresponding to
remnants of old basement membrane. x120.

Figs. 15, 16. Distribution of laminin and neurofilaments
in the myogenic zone of the anterior part of the regenerate
(longitudinal section), 15 days after amputation. Compared
with Fig. 16 (double labeling with anti-laminin and anti-
neurofilament antibodies). Note the presence of a dense reac-
tion at the ends of the myotube (double arrowheads). The
pathway of the nerves coming from the stump is labeled by
the anti-laminin antibody (single arrowheads). In Fig. 16,
these nerves do not contact the myofibers (M). x 500.
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It has been demonstrated that adult salaman-
der muscle has the ability to eliminate incorrect
synapses in favor of correct ones (Dennis and Yip,
"78). Such a selective process could also be in-
volved in eliminating nerve fibers coming from
the tail stump that do not correspond to the nor-
mal pattern of innervation. We have not observed
the appearance of transitory positive reactivity
for AChE. Furthermore, nerve endings contacting
regenerating muscle fibers were seen only at the
ends. Finally, we did not see the regression of for-
eign positive sites for AChE along the entire
length of the muscle fiber as was observed by Ben-
nett et al. ('79) in limb muscle of the axolotl.

During development and regeneration of the
tail of the lizard Hemidactylus bowringi, Liu and
Maneely ('68) showed that the AChE reaction ap-
pears on the muscle fibers close to the interseg-
mental zones before neural elements invade the
developing muscle segment and long before they
have differentiated endplates. The binding of
AChE to the basement membrane is independent
of nerves, as was demonstrated in vitro with am-
phibian myotubes by Moody-Corbett and Cohen
(’82) and Lappin and Rubin (’85). In their studies,
localization of AChE and also clusters of AChR
are linked to an ultrastructural post-synaptic-like
specialization, even in the absence of nerves. In
vivo, myotendinous junctions of myotomal mus-
cles of Xenopus laevis are sites of AChE activ-
ity (Cohen, ’80). Our observations are in good
agreement with the findings of these previous in-
vestigators. We first observed the appearance of
dense positive plates at the ends of the muscle
fibers during regeneration before nerve endings
contact them.

The localization of AChE activity as a dense
plate at the ends of the muscle fibers in normal
and in regenerating muscle fibers raises the ques-
tion of its specificity as an exclusive marker of
the motor endplate (Massoulié and Bon, 82). Such
localization might represent a phenomenon quite
distinct from endplate localization concerning the
molecular form of AChE, as was reported in frog
muscle lamina sheaths (Nicolet et al., ’87) and in
mammalian skeletal muscle (Garcia et al., ’88).
According to Wallace et al. ('85), the structural
as well as the biochemical specialization of the
basement membrane of the myotubes and/or ex-
tracellular matrix in this region could promote,
in vivo, the formation of patches of AChE and
the subsequent establishment of nerve contacts
according to the metameric pattern of the caudal
musculature and innervation.
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Figures 17-19.
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the stump (stage IV), 20 days after amputation. Note the
dense reaction (arrowheads) on the ends and lateral surface
(arrows) of the muscle fibers (M) at this stage. These lateral
dots correspond to the creeping of nerve fiber on muscle fiber.
C, connective tissue matrix. x 750.

Fig. 17. Electron micrograph of the end of a differentiat-
ing muscle fiber (dM), 15 days after amputation (stage III),
in the stump. Projections of the sarcolemma (arrows) begin
to form in the extracellular matrix, and nerve fibers (N) are
in close contact with the muscle cell membrane. C, connective
tissue matrix. X 5,500.

Fig. 18. Enlargement of the framed part of Fig. 17. Mito-
chondria (m) and numerous synaptic vesicles (sv) are seen in
the nerve ending. A basement membrane (arrows) is visible
between the nerve ending and the differentiating muscle fi-
ber. x26,400.

Fig. 19. Electron micrograph of a differentiating lateral
motor endplate in the stump, 21 days after amputation (stage
IV). Vesicles and active centers (arrows) are seen in the nerve
terminal. Accumulations of dense material on the inner part
of the sarcolemma (small arrows) are visible. Note the pres-
ence of forming subneural clefts (arrowheads) in front of the
active centers. dM, differentiating muscle fiber; m, mitochon-
dria. x29,700.
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Fig. 21. Segment of regenerated musculature in a regen-
erate, 15 days after amputation (stage III), stained for AChE
activity. The muscle fibers (M) are aligned, and the AChE
reaction is concentrated at the ends of the muscle fibers, thus
defining the organization of a new myomere between connec-
tive tissue septa (C). This muscle organization is seen in the
regenerate. No nerve-muscle contacts are seen. No nerve con-
tact can be detected in these fibers. x 750.

Concerning the extracellular matrix, we pre-
viously reported the distribution of tenascin im-
munoreactivity in the myogenic zone during tail
regeneration of the amphibian urodele Pleuro-
deles waltl (Arsanto et al., 90). We showed that
the expression of this molecule is progressively
restricted to the myoseptal connective tissue on
which muscle fibers are anchored. Further stud-
ies on organizing processes of the extracellular
matrix and basement membrane in this region
during regeneration with antibody tools are in
progress in the laboratory and will provide new
information on the origin and the guidance of
nerve endings and on the stabilization of nerve-
muscle contacts at this level.
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Fig. 22. Transverse section at the level of the regenerate
(stage IV) 20 days after amputation. This section shows the
exit of nerve fibers from the ventral part of the regenerating
spinal cord (SC). The section is slightly oblique and shows
the nerve tract (arrows) in the lateral wall of the ependymal
tube. At this stage no neuronal cell bodies can be detected at
this level. The ventral root (VR) can be seen in serial sections
to enter the myogenic zone. Silver-stained section counter-
stained with eosin. CR, cartilage rod; M, muscle fibers; sgp,
spinal ganglion primordium. X 500.

Fig. 23. Electron micrograph at the level of the exit of the
ventral root (stage IV). The corresponding semi-thin section
(not shown) is similar to Fig. 9. Note the presence of numer-
ous cross-sections of nerve fibers (*) wrapped by large expan-
sions of ependymal cells (arrows) up to the periphery of the
spinal cord (SC). C, connective tissue matrix; VR, ventral
root. x3,100.
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Fig. 24. Electron micrograph of a forming motor endplate
in regenerate, 21 days after amputation (stage IV). Numerous
nerve fibers (*) are visible in the connective tissue. Here they
are wrapped by Schwann cell (ScC) and make contact with a
differentiating muscle fiber (dM). x10,100.

Fig. 25. Enlargement of area shown in Fig. 24. Note the
formation of subneural clefts (arrowheads) on the differenti-
ating muscle fiber (dM). ScC, Schwann cell; sv, synaptic vesi-
cles; m, mitochondrion. x27,500.
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