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Accuracy of myotube counts
Primary myotubes run from tendon to tendon from
the earliest times of their development (Dennis et al.
1981; Ontell & Kozeka, 1984a). It is therefore valid to
assume that all primary myotubes will be seen in a
single section across the midbelly endplate-containing
region of a developing muscle, regardless of its age.
In the lumbrical muscle, these will typically include
three myotubes destined to be part of the muscle
spindles (these were not counted in the older muscles
where they could be identified). In rat extensor
digitorum longus muscles, newly formed secondary
myotubes were short and at first randomly distributed
over the middle two thirds of the muscle so that only
60-70 % spanned its point of widest girth (Ontell &
Kozeka, 1984a). Lumbrical muscles are fusiform so
that muscle fibre-tendon relations are simpler than in
the pennate EDL and, in the serial section study of an
E21 lumbrical muscle, all secondary myotubes were

centred on the endplate zone. Thus, our counts would
include all secondary myotubes more than a few
hours old.

Muscle cell death has a role in muscle morphogen-
esis, but we did not see degenerating myotubes in
lumbrical muscles during embryogenesis. By analogy
with other muscles, it would not be expected until
most secondary myotubes had formed; our prelimi-
nary observations indicate that it occurs after PN10 in
the lumbricals and so does not interfere with the
accuracy of our counts.

Mononucleate cells
The number of undifferentiated mononucleate cells
in a single muscle cross section was used as an
estimate of the number of myotube precursor cells in
the muscle. The cells counted include myoblasts and
myoblast and fibroblast precursor cells; at present, it
is not possible to distinguish between these cell types.

Fig. 8. Attachment of a secondary myotube to the primary myotube. In this cross section of an E21 lumbrical muscle, a
secondary myotube (2°) lies within the basal lamina of a primary myotube (7°). Long processes of the secondary
myotube push deeply into the primary myotube. At the interface between the myotubes is a junction displaying parallel,
electron-dense membranes separated by a regular cleft (arrow); such junctions are thought to be a form of adhering
junction ('desmosome-like' junction), mn, mononucleate cell. Bar, lum.
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The increase in number of these cells during the last
four days in utero, concomitant with the appearance
of secondary myotubes, we take to reflect an
increased proliferation of myoblasts.

Myogenic cells have at least three possible fates: to
give rise to primary myotubes, secondary myotubes
or muscle satellite cells (Armand, Boutineau,
Mauger, Pautou & Kieny, 1983). Whether these
classes constitute a single lineage or reflect the
presence of two or several stem cell lines is not known
(Quinn et al. 1984), although it is clear that all are of
somitic mesodermal origin (Armand et al. 1983).

Junctions between myotubes
Gap junctions between primary myotubes were
prominent from their time of first appearance on
E16. They have been observed from the earliest times
of myotube development in rat intercostal muscles
(Kelly & Zacks, 1969a; Dennis et al. 1981), rat
hindlimb muscles (Rash & Staehelin, 1974; Schmal-
bruch, 1982) and in amphibian myotomes (Blackshaw
& Warner, 1976), as well as in myoblast and muscle
cell tissue cultures (Rash & Fambrough, 1973).
Coupling is so extensive that excitation spreading
laterally between myotubes gives rise to waves of
excitation that propagate across the entire muscle
(Dennis et al. 1981). Thus, all the coupled myotubes
are subject to the same pattern of activity. Gap
junctions may also be involved in the transfer of
regulatory molecules between cells (Gilula, Reeves &
Steinbach, 1972).

Secondary myotubes in the lumbrical muscle were
all joined to primary myotubes via gap junctions at
E21, and so can be assumed to be electrically
coupled. Also they were mechanically coupled to
the primary myotubes, via interdigitating insertions
which pushed deeply into the primary myotube and
by desmosome-like junctions. The structure of these
desmosome-like attachment zones between primary
and secondary myotubes closely resembled that of the
fascia adherens seen in the intercalated discs of cardiac
muscle.

Muscle innervation
In amphibia, birds and mammals, axons enter the
premuscle mass before myotube formation begins
(Filogamo & Gabella, 1967; Teravainen, 1968; Ben-
nett & Pettigrew, 1974; Kelly & Zacks, 1969ft; Dennis
et al. 1981; Cameron & McCredie, 1982). These
observations are confirmed here. The failure of
Ontell & Kozeka (1984a) to see axons in the EDL
premuscle mass might reflect difficulties in fixation.

Nerve-myotube contacts were observed from the
outset of appearance of myotubes. Dennis et al.
(1981) observed that nerve stimulation evoked

muscle contraction from the earliest time of appear-
ance of primary myotubes and so we assume that the
axon terminals seen on E16 in rat lumbrical were
functional; at this time, they were growth cones
containing occasional vesicles and the myotube mem-
brane was unspecialized at the point of apposition. A
study of the initiation of nerve contacts on secondary
myotubes is presented separately (Duxson, Ross &
Harris, 1986). Maturation of nerve-muscle junctions
in lumbrical muscles was similar to that in rat inter-
costal muscle (Teravainen, 1968; Kelly & Zacks,
1969ft), apart from the difference in timing, and needs
no further description here.

Nerve contacts with mononucleate cells
Nerve-undifferentiated cell contacts were abundant
in E16 lumbricals; these may have been maintained
during fusion of myoblasts to form myotubes. Close
contacts between nerve terminals and nonfilamented
cells also were present during the period of secondary
myotube formation, E19-22 (Fig. 2B). Serial section
analysis confirmed that these cells were mono-
nucleate and contained no myofilaments (M. Dux-
son, unpublished observations). Contacts between
axons and undifferentiated cells have been seen in
other tissues and species including chick myotomes
(Sisto Daneo & Filogamo, 1973); chick ALD and
PLD muscles (Oppenheim & Chu-Wang, 1983) and
rat intercostal muscle (Kelly & Zacks, 1969ft). The
destinies of these undifferentiated cells (muscle or
connective tissue) and the identity of the axons
(motor or sensory) are generally unknown.

Motoneurone death
Motoneurone death is described in the chick embryo
by Hamburger (1948), and has recently been quanti-
fied both in mice (Lance-Jones, 1982) and rats (Harris
& McCaig, 1984). If, as suggested in the following
paper (Ross et al. 1987), innervation is involved in
regulating the number of myotubes generated in a
muscle, it is important to understand how moto-
neurone death is regulated so as to determine how
many axons will supply the muscle during the period
of generation of secondary myotubes.

Death of lumbrical motoneurones was monitored
by assaying total ChAT activity in the hindfoot over
time. Cairns, McCaig & Harris (1986) found a linear
relation between the number of axons in the phrenic
nerve and E21 rat diaphragm muscle ChAT activity,
and we assume the same relation between muscle
nerve axon number and muscle ChAT activity to hold
during development of the hindfoot muscles. An
inflexion in the ChAT activity curve indicates loss of a
significant proportion of the axons innervating the
hindfoot muscles over E17-E19. Motoneurone death
in the lumbar spinal cord was assayed by counting L4
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ventral root axons. The L3, L4 and L5 adult ventral
roots have similar numbers of axons (Coggeshall,
Emery, Haruhide & Maryward (1977) thus minimiz-
ing any risks of inaccuracy due to misidentification.
Most motoneurone death in the lumbar spinal cord
occurred during E16-E17 and was substantially com-
plete by E19.

The lack of synchrony between removal of nerve
terminals in muscles of the foot and the general
timecourse of motoneurone death in the lumbar cord
is evidence that death in an individual motor pool is
regulated by feedback from the target muscle. The
lumbrical is a late-developing muscle, and develop-
mental death of lumbrical motoneurones is corre-
spondingly later than most other lumbar moto-
neurones. At the time of motoneurone death, the
lumbrical muscles had developed all their primary
myotubes, but secondary myotube formation had not
yet begun. All motoneurones that subsequently
would innervate secondary myotubes must have sur-
vived the cell death period by contacting primary
myotubes. If survival of motoneurones is determined
by competition (Easter, Purves, Rakic & Spitzer,
1985) within a 'target', this target consists solely of
primary myotubes, representing a small fraction of
the number of adult muscle fibres (10 % in the case
of lumbricals) or of adult synaptic sites. The role
of motoneurone death, we suggest, is not to adapt the
number of motoneurones to the number of synaptic
sites, but to regulate the number of motoneurones in
order to determine the ratio of secondary to primary
myotubes in individual muscles.

This work is part of the PhD dissertation submitted to the
University of Otago by Jenny Ross, who was the recipient
of a postgraduate fellowship from the Southland Frozen
Meat Company. The work was supported by the New
Zealand Medical Research Council.
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