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SUMMARY

1. It was confirmed that in the fourth deep lumbrical muscle of the rat the number
of muscle fibres at birth is about half that in the adult.

2. The average number of slow-myosin-containing (S) fibres (as determined by
specific antibody binding) remains constant from birth to adulthood. Therefore it is
likely that all the muscle fibres generated post-natally are type F (i.e.
slow-myosin-free).

3. A comparison in the electron microscope between tranverse mid-belly sections
from new-born (day 0) and 4 day muscles showed many muscle fibres or myotubes
to be intimately associated with other fibres and cells of other types in the new-born,
but to be much less closely grouped at 4 days.

4. A full cell count was obtained from electron microscopy of a mid-belly section
of a lumbrical muscle at birth.

5. Cross-sectional area measurements in the light microscope at 3-5 days and in
the adult showed that at 3-5 days on average the S fibres have a greater cross-sectional
area than the F fibres. This is reversed in the adult where the S fibres are the smaller.
At 3-5 days the range of cross-sectional areas of F fibres is much wider than for S
fibres. Some F fibres are among the largest fibres in the muscle.

6. It is argued from the data that the motor units of adult muscle, which are
homogeneous with respect to muscle-fibre types, are produced by selective withdrawal
of neonatal motor-unit contacts during developmental synapse elimination.

INTRODUCTION

A basic question in developmental neurobiology is how correct synaptic contacts
are made and, further, how they survive while incorrect contacts are broken. It is
now known that in several parts of the developing nervous system there is a period
when the number of synaptic inputs to individual cells is greater than it is in the adult
condition. Between these two states synapse withdrawal or elimination occurs (for
a general review of this topic see Betz, 1986). The question is: what factors decide
which synapses persist ?

Synapse elimination has been studied most in developing skeletal muscle, following
Redfern’s (1970) physiological demonstration that new-born rat muscle fibres are
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polyneuronally innervated (adult fibres are not). So far two main factors have been
implicated in synapse elimination: an intrinsic property of the developing moto-
neurone to withdraw neuromuscular connexions (Brown, Jansen & Van Essen,
1976 ; Thompson & Jansen, 1977), and a competitive interaction among presynaptic
terminals (Betz, Caldwell & Ribchester, 1980). In this paper we give evidence which
leads us to identify a third factor: the recognition of the appropriateness of the
post-synaptic element (the muscle fibre) by the presynaptic element (the moto-
neurone), leading to persistence or withdrawal of the contact.

A preliminary account of some of this work has been given earlier (Jones, Ridge
& Rowlerson, 1985).

METHODS

Light microscopy

Muscles were isolated, frozen, sectioned and stained with periodic acid—Schiff reagent (PAS) or
labelled with anti-slow myosin antibody as described in the preceding paper (Jones, Ridge &
Rowlerson, 1987). Camera lucida drawings were made and cross-sectional areas measured, also as
described previously.

Electron microscopy

The two muscles from a rat at birth (day 0) and from one at 4 days were fixed in 2% (w/v)
glutaraldehyde (buffered in 0-1 M-sodium cacodylate at pH 7-2), post-fixed in osmium tetroxide (in
the same buffer) under moderate stretch, and embedded in Epon.

They were then sectioned at 50 nm and examined in a Zeiss EM 109 microscope at 80 kV. A low
magnification ( x 6642) montage was made of a complete mid-belly section of the muscle at birth.
A total cell count was then performed, the cells being divided into identifiable myotubes (containing
thick and/or thin filaments), nuclear cells (satellite cells and others cut through the nucleus, and
any sections of myotubes where the nuclear profile filled the cell to the exclusion of identifiable
myofilaments), morphologically undifferentiated cells, and fibroblasts (rich in Golgi apparatus and
rough endoplasmic reticulum). Intrafusal fibres were classified separately where they could be
identified by the presence of the spindle capsule, and blood cells and capillary endothelial cells were
not counted. The extent of close grouping of muscle fibres and myotubes was compared at the two
ages (Pls. 3 and 4).

RESULTS
Number of muscle fibres at different ages

The numbers of slow myosin-containing (S), slow myosin-free (F) and total fibres
in muscles of various ages between birth and adulthood are shown in Fig. 1. The data
confirm the finding of Betz, Caldwell & Ribchester (1979) that about half the fibres
in the adult are generated post-natally. In addition we find that the number of S fibres
remains constant from birth to adulthood (mean number+s.D. of S fibres at less than
10days = 853+ 79 (n = 39); at more than 10 days = 82:1 +6-7 (n = 9)). All the fibres
generated post-natally are therefore of the F type, unless there is some closely linked
reciprocal conversion of F to S, and S to F types.

The S fibres were identified in mid-belly sections of the muscles by slow-myosin-
specific antibody labelling. Examples of such sections cut from muscles at three ages
(0, 28 and 86 days) are shown in Pls. 1 and 2. It is striking that in each section the
S fibres are distributed roughly evenly throughout the entire section and with no
population of intermediate-staining fibres. Polyneuronal innervation would have
been high (possibly maximal) at day 0, and synapse elimination (at least in terms
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of functional synapses: see Taxt, 1983) would have been complete by 28 days (Betz
et al. 1979).

Total-fibre counts at birth are impossible to make accurately with the light
microscope because of the grouping of myotubes which has been shown by electron
microscopy at this age in limb muscles (Ontell, 1977). Betz et al. (1979) produced
total-fibre counts at this age in this muscle by counting in the light microscope and
applying a correction factor (+20 %) derived from electron microscopy. We thought
it worthwhile to produce a complete count from a mid-belly section by making a
montage of electron micrographs covering the entire transverse section.
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Fig. 1. The number of muscle fibres at different ages in the fourth deep lumbrical muscle.
x = total fibres; @ = F fibres; O = S fibres.

Whole-muscle count at birth

The cells counted were: extrafusal myotubes, 404; intrafusal myotubes (three
spindles identified), 4; nuclear cells with the profile of the nucleus, 118; morpho-
logically undifferentiated cells (m.u.c.s; with no nuclear profile) 58; fibroblasts, 88.
Capillary endothelial cells, blood cells and all fibroblast profiles not containing a
nucleus were not counted. Spindle capsular cells were scored as fibroblasts. Fibro-
blasts in the epimysium were not counted.

Most muscle cells were myotubes with central nuclei (where these were present in
the section). They occurred most commonly in small groups consisting of one to four
myotubes with one to three nuclear cells which were often closely associated (and
sometimes interdigitating) with one or more myotubes. Occasionally small myotubes
were similarly arranged in relation to large myotubes. Usually one myotube was
larger than the other in the group, as found by Kelly & Zacks (1969) in rat fetal
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intercostal muscles, and by Ontell & Dunn (1978) at birth in rat extensor digitorum
longus (e.d.l.). Of the classes of cells identified the myotubes were the easiest to
identify, the presence of myofilaments being the criterion employed. The count is
probably a slight underestimate, as it is possible that some myotubes were sectioned
through a portion of their length not containing myofilaments and were classified as
‘nuclear cells’. Others may not have extended into the section. However, the total
count of myotubes, nuclear cells and m.u.c.s was 584 which is very considerably less
than the number of muscle fibres in an adult muscle (our mean value 931 +69 (+s.D.)
muscle fibres).

Nuclear cells and m.u.c.s. These were cells which did not contain recognizable
myofilaments or profuse Golgi apparatus. The great majority were closely associated
with myotubes. Often they interdigitated with these cells but did not have very
widely extended filpodia (as had most fibroblasts). In two thirds of cases a nucleus
was present (these were scored as nuclear cells), frequently occupying almost all of
the cell profile. This class of cell probably included satellite cells and m.u.c.s (Kelly
& Zacks, 1969) cut through the nucleus (these were not distinguishable). A few of
the smallest cell profiles without a nucleus (scored as m.u.c.s) could have been the
nerve terminals of neuromuscular junctions.

Fibroblasts. These cells occurred throughout the section. They are very irregular
in shape and small parts of the cells appeared in profusion throughout the section.
Consequently only profiles containing nuclei were counted. The count is therefore
likely to be an underestimate of the number of individual fibroblasts making an
appearance in the section.

Muscle spindles. There were three clearly defined spindle capsules in the section.
The first contained two myotubes (one much larger than the other), the second
contained one myotube and two nuclear cells, and the third contained one myotube
and one nuclear cell. Presumably the single (or the larger) myotube would have given
rise to a bag, intrafusal muscle fibre in the adult muscle by analogy with spindle
development in the cat (Milburn, 1984). The three large intrafusal fibres were among
the largest myotubes in the entire muscle section. It is possible that a few of the
myotubes classified as extrafusal were in fact intrafusal, the spindle capsules being
at other levels of section in the muscle.

Myotube grouping at birth and at 4 days

In the previous paper (Jones, Ridge & Rowlerson, 1987) we report our findings
relating to the fibre composition of motor units in the age range 3-5 days, as obtained
by glycogen depletion. Our conclusion, that at this age motor units are composed of
a mixture of S and F fibres, depends for its validity on the level of electrical coupling
between adjacent fibres being fairly low since electrical coupling itself could produce
a mixture of glycogen-depleted fibres. By intracellular recording we assessed the level
of electrical coupling to be about 12%, (Jones & Ridge, 1987). As electrical coupling
is likely to be associated with close grouping of fibres (Schmalbruch, 1982) we
compared the appearance of grouping at 4 days with that at day 0 (where many gap
junctions, which are probable sites of electrical coupling, are known to occur:
Schmalbruch, 1982). Representative low power and higher power electron micro-
graphs are shown in Pls. 3 and 4 respectively. It will be seen that close grouping is
very marked at day 0 and greatly reduced at 4 days.
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Fibre cross-sectional areas

If S fibres are generated earlier (perhaps as the primary myotubes: Rubinstein &
Kelly, 1981) than F fibres, they might be expected to have larger mean cross-sectional
areas than F fibres at early ages. It was not possible to make this comparison with
certainty at day 0 because of close grouping of myotubes at this age and the inability
of the antibody to distinguish slow myosin in fixed tissue. However at 3-5 days the
data support the predictions. In Table 1 are given the mean cross-sectional areas of

TaBLE 1. Fibre cross-sectional areas in 3-5 day fourth deep lumbrical muscles. Results are
means +5.D. Figures in parentheses indicate the number of fibres measured

Area (#m?)

S fibres F fibres

PAS +ve

997 +21-2 (87)

1125+ 366 (93)
87:5+17-3 (70)
7554229 (85)
852+ 234 (89)
576+ 137 (88)
61-3+11-6 (88)
959+ 19-0 (80)
971+ 17-8 (83)
60-0+ 110 (103)
66:5+ 141 (88)
541 +13-2 (96)

PAS —ve

PAS +ve

66-0+ 324 (604)
59-8+371 (612)
52:1+30'5 (524)
458+ 265 (524)
485+ 28'5 (635)
354+ 19'5 (676)
35:5+21-9 (592)
603 +29-0 (656)
586+ 30-1 (676)
354 +20-6 (607)
4394254 (641)
366+ 226 (658)

PAS —ve

84-1+ 167 (100) 54:0 + 240 (4) 5524279 (644)  22:9+108 (56)
852+ 22:5 (78) 270 @) 5204346 (602) 1534126 (62)
92:0 210 (88) 355 @) 5174306 (619) 152+ 91 (64)
937+ 19-1 (93) 90-0 (1) 60-1+32:3 (615)  188+101 (47)
82:6 4163 (86) 720 (1) 4654269 (671) 1761133 (68)
79-4 4207 (96) 217 (3) 50-6+280 (615)  20-1+139 (56)
71-34+20-0 (88) 380 (1) 4574283 (641) 140+ 77 (44)
6164138 (95) 140 (1) 4194222 (654) 147+ 70 (52)

97-7+21-2 (87)
1077+ 358 (80)
Mean coefficient

of variation:
0-23

66-0 + 32-4 (604)
70-1+37:5 (570)

0-57

PAS, periodic acid-Schiff reaction for glycogen.

S and F fibres for each of twenty-two muscles in this age range. In all cases the mean
cross-sectional area of S fibres is greater than that of the F fibres (mean area of
S/F = 162, range = 1-47-1-85). Also included in Table 1 are, for eight of the
muscles, the cross-sectional areas of S and F fibres that did not stain with PAS and
therefore contained little or no glycogen (these muscles had not been stimulated, and
so these muscle fibres had not contained glycogen which had been depleted). For S
fibres the numbers of such fibres are very small. They may be nuclear bag intrafusal
fibres (intrafusal fibres were not included if they were clearly identifiable by the
presence of a spindle capsule). In all but two cases they are smaller than the



400 S.P.JONES, R. M. A. P. RIDGE AND A. ROWLERSON

glycogen-containing S fibres. The numbers and proportions of glycogen-free fibres are
much higher in the F-fibre population. Some of these are probably not muscle fibres
or myotubes, since it is not possible to differentiate clearly between unstained cell
types in the PAS- and antibody-stained sections. In every case the mean cross-
sectional areas of the glycogen-free cells are smaller than those of the glycogen-
containing fibres.

TaBLE 2. Fibre cross-sectional areas in adult fourth deep lumbrical muscles (one muscle at each
age). Results are mean +s.D.

Area (gm?)
Age (days) S fibres F fibres
28 2527 + 54-1 3552+ 1268
40 277-3+82-2 4484+ 1589
46 325:0+1102  5726+211-9
86 433-8+102-2  794-94232-7
Mean coefficients 0-27 0-34
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Fig. 2. Distribution of coefficients of variation (with means +s.p.) for cross-sectional areas
of muscle fibres in 3-5 day and aduit lumbrical muscles. (] = 3-5 days, S; ] = 3-5 days,
F; B = adult, S; N = adult, F.

For comparison mean cross-sectional areas for a number of adult muscles are given
in Table 2. In every case the mean value for S fibres is smaller than for F fibres (mean
area of S/F = 0-61, range = 0-54-0-71, increasing with age). The same thing has been
seen in many other fast muscles (e.g. cat gastrocnemius: Burke & Tsairis, 1973).

The distribution of fibre cross-sectional areas

If S fibres make their appearance prenatally and roughly synchronously as primary
myotubes (Rubinstein & Kelly, 1981), and F fibres are being generated up to about
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10 days post-natally, one might expect that at young ages the cross-sectional areas
of S fibres would vary less than those of F fibres. Figs. 2 and 3 show this to be the
case. For S-fibre cross-sectional areas the coefficient of variation (s.p./mean) ranges
from 0-18 to 0-33 (mean = 0-23); for F fibres it ranges from 0-48 to 0-67 (mean = 0-57).
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Fig. 3. The distributions of cross-sectional areas (with means+s.p.) of F and S fibres in
a 4 day (A) and adult (250 g; B) rat lumbrical muscle.

The difference is greatly reduced in the adult muscles, where the mean ratios are 0-27
(range 0-21-0-34) and 0-34 (range 0-29-0-37) for S and F fibres respectively. The
distributions of coefficients of variation for S and F fibres in neonatal and adult
muscles are shown in Fig. 2. The complete distributions for S and F fibres for two
muscles are shown in Fig. 3, a 4-day muscle in 4 and an adult muscle in B. (It should
be remembered from the results of glycogen staining that some of the smaller profiles
in the ‘F fibre’ population are probably not muscle fibres, and that a few (possibly
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drawn from the smaller fibres) of the S fibres are probably intrafusal.) In the 4-day
distribution one sees that already a few of the F fibres are the largest in the muscle,
and examples can be seen in the high-magnification light micrographs in the previous
paper (Jones et al. 1987, Pl. 3B).

DISCUSSION

In this paper we have presented evidence that the number of slow-myosin-
containing fibres (S) in the fast muscle studied remains constant from birth to
adulthood. In addition, we also confirmed the finding of Betz et al. (1979) that the
total number of fibres almost doubled during the first 2 weeks after birth. Therefore,
we conclude that all the muscle fibres appearing after birth are fast (F; that is, they
do not contain slow myosin). This conclusion is consistent with our observations on
fibre cross-sectional areas. In the adult muscle the S fibres are on average smaller
in cross-sectional area than the F fibres; but at 3-5 days the reverse is true, and the
range for F fibres is much wider than for S fibres. Many of these F fibres are small,
though a minority are among the largest in the muscle. The idea of early development
of S fibres is consistent with the findings of Rubinstein & Kelly (1981) in rat e.d.l.
muscle which led them to the hypothesis that the primary myotubes in the muscle
primordium persisted into adulthood as the small population of S fibres found there.

In the previous paper (Jones et al. 1987) we gave evidence that in the lumbrical
muscle at 3-5 days the motor units are composed of both F and S fibres, in many
cases distributed in a ratio close to that for the whole muscle; that is, many of the
motoneurones providing motor supply to this muscle at this age innervate muscle
fibres drawn randomly from the total fibre population of the muscle. It is well known
that in adult skeletal muscle each motoneurone provides effective innervation to
muscle fibres of one type only, as determined by their histochemical profile. The time
course of the change from heterogeneity to homogeneity of muscle-fibre type in motor
units has not been studied in detail (and here we are concerned only with F and S
fibres), but in the absence of evidence of extensive rearrangement of contacts after
the period of synapse elimination it is reasonable to suppose that the necessary
changes are occurring during the period of synapse elimination.

One can imagine two very different mechanisms that could account for the change
from admixture to purity in fibre-type composition of motor units. One would be by
fibre conversion under motoneuronal influences, as is well known in adult muscle
where the motor supply has been perturbed in some way (e.g. Buller, Eccles & Eccles,
1960: cross innervation; Salmons & Vrbovd, 1969: chronic stimulation). In this case
at some stage in development the motoneurone would become mature enough to be
able to alter any mismatching muscle fibres to match motoneuronal properties.
Presumably this would occur after synapse elimination, since before this some muscle
fibres would be subjected to conflicting instructions. It is known that such an
influence is exerted by motoneurones at a later period in the development of the rat
soleus muscle (Kugelberg, 1976) but by then the motor units are probably
homogeneous and whole motor units change from fast to slow via an intermediate
condition. Thus the known process is not identical to the hypothetical process with
which we are concerned here. If such a process explained fully the production of pure
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motor units then it would imply that synapse elimination is not directly concerned
with this.

An alternative mechanism is that at some stage motoneurones acquire the ability
to distinguish between F and S muscle fibres and proceed to withdraw selectively from
one or other sort. This could be one of the events associated with synapse
elimination, along with other events, such as the known competitive interaction
between motor terminals on the same fibre, occurring at the same time (Betz et al.
1980; Ridge & Betz, 1984). This could be the component intrinsic to the motoneurones
(and independent of competition) described for the developing rat soleus muscle by
Brown et al. (1976) and Thompson & Jansen (1977). The maturation process could
be either in the muscle (the ability to generate an appropriate signal) or in the
motoneurone (the ability to perceive the signal) or both.

Our data lead us to favour the second alternative (that motoneurones distinguish
between F and S fibres). We give evidence in this paper that the number of S fibres
does not change from birth well into adulthood (and well beyond the period of synapse
elimination). At the level of visual inspection the distribution of S fibres does not
change noticeably throughout this age range (they are fairly evenly scattered
throughout mid-belly transverse sections of the muscle); nor do we see large numbers
of transforming fibres which would occur if there were type conversion. The simplest
explanation of this is that S fibres appear early in development and do not change
to F fibres later in the age range. Neither are further S fibres generated post-natally.
Any other explanation would require that the opposing forces causing S loss and gain
should be equal, which seems unlikely. Since fibre conversion does not take place it
follows that some other process (such as selective withdrawal) must be operating to
produce pure motor units.

Selective withdrawal during synapse elimination has been implicated also in the
development of the topographical projection of nerve supply to some muscles and
autonomic ganglia. In some rat and frog muscles individual motor units are
selectively distributed across the width of the muscle, the rough position of the fibres
in the motor unit being related to the segmental levels of the spinal nerve (Bennett
& Lavidis, 1984 : rat; Bennett & Lavidis, 1986: frog) and even to the rostrocaudal
position in the ventral root (Brown & Booth, 1983: rat) at which the motor axon
leaves the spinal cord. This segregation is much clearer after the period of synapse
elimination than before, indicating that it is at least partly brought about by selective
synapse elimination. A rather similar arrangement is found in the innervation of the
superior cervical ganglion of the sympathetic ganglionic chain. Here individual
ganglion cells are innervated preferentially by preganglionic axons originating in
either more rostral or more caudal thoracic segments of the spinal cord and ascending
to the ganglion via the cervical sympathetic trunk. Again this segregation is
sharpened during developmental synapse elimination (Lichtman & Purves, 1980:
hamster).

These findings and those of the present work lead one to conclude that there must
be some recognition of the precise nature of the post-synaptic element by the
presynaptic element during the period of developmental synapse elimination. Re-
cognition between pre- and post-synaptic elements can also be inferred from some
experiments on regenerating nerve supply following nerve section. For example, in
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nerve regeneration into muscle a foreign nerve (previously innervating a different
muscle) may form weaker connexions than the sectioned and regenerated natural
nerve supply, with a lower quantal content in the end-plate potential (e.g. Holder,
Mills & Tonge, 1982: newt), and these may even be displaced by the junctions of the
regenerating natural nerve (e.g. Dennis & Yip, 1978: newt). Another example of
selective regeneration of nerve axons into muscle is provided by the piriformis muscle
of the frog. Here small motor axons regenerate back to tonic muscle fibres, while large
axons reinnervate twitch fibres, thereby re-establishing the normal pattern of motor
supply (Elizalde, Huerta & Stefani, 1983). In these experiments selective guidance
down the previous neural tubes was prevented, and so the result indicates that the
regenerating axons recognize the type of the muscle fibre.

In some of these cases it is not known whether the production of selective
innervation involves selective synapse withdrawal following initial polyneuronal
innervation, or axonal guidance in the formation of the contact. In either case
recognition of the post-synaptic element by the presynaptic element must be
involved, employing some sort of label. The nature of these labels is largely unknown,
although recently Wigston & Sanes (1985) have shown that the label involved in the
topographical innervation of superior cervical ganglion cells by segmental axons may
be quite general. In their experiments, adult rat intercostal muscles that had been
removed from their normal site and implanted into the neck were functionally
innervated by axons growing out of the cut cervical trunk (the superior cervical
ganglion having been excised). The interesting finding was that for each implanted
muscle the innervating axons were selectively drawn from either the more rostral or
more caudal thoracic segments corresponding to the more rostral or caudal origin of
the muscle. Thus the segmental level of the muscle was recognizable to the
innervating preganglionic axon, even though these axons had not previously
contacted muscle. Thus each axon was capable of detecting a label (perhaps different
densities of the same label) either on their natural post-synaptic contacts in the
ganglion, or on intercostal muscles from different segmental levels.

It would be very interesting to identify any of these post-synaptic labels and learn
how they are detected by the presynaptic element and how their detection leads to
appropriate action by this element.
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EXPLANATION OF PLATES

PLATE 1

Mid-belly section from new-born (day 0) rat lumbrical muscle. Frozen section labelled with
slow-myosin-specific antibody. Bar = 50 gm.

PLATE 2

Mid-belly sections from 28 day (4) and 86 day (B) rat lumbrical muscles (at the same
magnification). Frozen sections labelled with slow-myosin-specific antibody. Bar = 200 gm.

PLATE 3
Electron micrographs of transverse sections cut from rat lumbrical muscles at birth (4) and
at 4 days (B). Note the extensive close grouping of cells at birth and their dispersal by 4 days.
Bar = 20 ym.

PLATE 4
High magnification electron micrographs of transverse sections cut from rat lumbrical muscles at
birth (4) and at 4 days (B). In (B) the field has been selected to show an immature myotube (single
arrow) in close contact with a muscle fibre (double arrow; myotubes are being generated at this
age). Two similar fibres occur in 4 where there are about thirty-five complete muscle-fibre profiles.
Bar = 5 ym.
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