
DEVELOPMENT AND PLASTICITY OF

NEUROMUSCULAR INNERVATION

By

Richard R Ribchester

(BSc, Dunelm; PhD, Newcastle)

Reader in Neuroscience

The University ofEdinburgh

Thesis in submission for the Degree of
Doctor of Science

at

The University of Edinburgh
January, 2003



DECLARATION

I hereby certify that the publications presented in this thesis have not been
submitted for any other degree or diploma, and each piece of work included is
either my own or, in those pieces involving others, I have made significant
contributions in terms of initiating the work, leading the research and in writing up
the material. Publications with the co-authorship of J.B. Harris (Publication
Numbers 20-23 inclusive) contain findings and illustrations that were included in
my PhD Thesis (University of Newcastle-upon-Tyne, 1977).

R.R. Ribchester

January 2003

(i)



Dedication

A life-time, a part:
neuromuscular junction -

mind meeting matter

Tim, Lucy:
both our children -

hereafter.

(ii)



THE UNIVERSITY OF EDINBURGH

ABSTRACT OF SUBMISION FOR HIGHER DEGREE
(Postgraduate Regulation 1.1.3)

Name of candidate.. Richard Roland Ribchester, B.Sc.(Dunelm), Ph.D. (Newcastle)
Address: Division of Neuroscience, University of Edinburgh, Edinburgh EH8 9JZ
Degree in view... DSc Date: 31 January 2003
Title ofSubmission-. DEVELOPMENT AND PLASTICITY OF NEUROMUSCULAR INNERVATION

The thesis presents contributions to the field of neuromuscular synaptic plasticity. Synaptic remodelling
brings about changes in convergence and divergence in many different parts of the nervous system during
development. Neuromuscular junctions have proved to be accessible synapses in which to describe and
explain the mechanims. During development, muscle fibres initially receive convergent, polyneuronal
innervation (rc) by axons arising from different motor neurones. The characteristic mononeuronal
innervation (jit) pattern of adult muscle is achieved by synapse elimination, a process of weakening of
synaptic strength followed by withdrawal of synaptic boutons, until all but one of the motor neuron inputs
to an endplate is lost. Similar hyperinnervation and elimination occur in adult muscle after nerve injury,
collateral sprouting and regeneration. These processes are strongly influenced by activity, apparently in
accordance with Hebbian rules of synaptic plasticity. But how decisive is activity in ultimately
determining the pattern of neuromuscular connectivity? The amount of sprouting is increased and the rate
of synapse elimination is decreased when muscle activity is blocked. Sprouts regress and synapse
elimination resumes when muscles are stimulated, or once normal activity is restored. Selectively
blocking or restoring activity in some motor neurones but not others supplying a 7t-junction gives a

competitive advantage to the more active neuromuscular synapses. However, activity is not sufficient to
effect synapse elimination because many muscle fibres retain 7t-junctions after activity resumes following
a period of paralysis. Nor is activity strictly necessary, because - paradoxically - synapse elimination
continues at some motor endplates even when muscles are completely paralysed. Competition for
neurotrophic factors may play an important role in determining the outcome of synapse elimination, but
factors intrinsic to the motor neurone, perhaps involving the selective trafficking of maintenance factors
along specific axon collaterals, appear to be important also. In each motor neurone, synapses are
eliminated or strengthened asynchronously. Though this suggests that local factors regulate the
persistence or withdrawal of individual synapses, asynchronous synapse withdrawal also occurs following
synchronous disruption of axonal trafficking. These latter experiments have been performed in a mouse

mutant, Wlds, in which axons persist after nerve injury, but where axotomy induces synapses to withdraw,
in a fashion that strongly resembles synapse elimination. The Wlds mutant - and its transgenic equivalents
- offer unique opportunities to obtain insight into many aspects of the function and mechanisms of
synaptic plasticity. The data thus far suggest that neurodegenerative mechanisms are compartmentalised
in neurones, and that different mechanisms regulate synapse elimination and synapse degradation. The
possibilities for finding other mutations, that protect synapses from degeneration in addition to the
protection of axons, affords potential for intervening in neurodegenerative diseases, including - but not
restricted to - neuropathies in which synaptic dysfunction and degeneration are precursors to wholesale
neuronal degeneration.
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INTRODUCTION

The papers collected in this volume are largely a connected series representing about 25
years of my research into mechanisms of synaptic plasticity. They mainly utilise the
neuromuscular junction as a paradigm. Neuromuscular junctions are "experimentally
favourable objects whose study could throw light on synaptic mechanisms elsewhere"
(Katz, 1996; PMID 9023717; see Ribchester, 2001 for review). Without doubt, they are

highly specialised synapses. Yet no other synapse is more "typical", since every synapse
is arguably adapted to fulfil a specific functional role in the discourse among neurones
that orchestrates sensation, emotion, motivation and movement - the principal activities
of mammalian nervous systems. Thus, neuromuscular junctions display features of
synaptic development, maintenance, degeneration and repair that epitomize the neural
dynamic that occurs throughout the nervous system. The relationship between these states
of maturation and differentiation of neuromuscular synapses is depicted in Figure 1.

Synaptic plasticity may be defined as the systematic and enduring changes that may take
place in the structure and function of connections between neurones (or between
neurones and their peripheral targets) in response to their use or disuse (Ribchester,
1986). While Katz's remark (above) was intended as an apologia for his Nobel Prize-
winning revelations of fundamental mechanisms of synaptic transmission, my contention
is that the remark - and the neuromuscular synaptic paradigm - may be applied equally to
experimental analysis of fundamental mechanisms of synaptic plasticity. As in other
aspects of cell biology, genetic and environmental influences are intertwined in the
determination of synaptic form and physiology. However, there is a groundswell of
current opinion in this field that we should add a third factor, namely chance, to the
essential interplay between gene expression and environmental factors (see for example
Pinker, 2002). The sub-text of this collection of papers is thus, a concern about the
determination and remodelling of synaptic connections that occur in response to genetic,
environmental and stochastic forces of nature. Indeed the probabalistic nature of
neurotransmitter release, that Katz so elegantly revealed in his groundbreaking work,
underscores the crucial role for chance in the mechanisms of synaptic transmission. This
may yet turn out to be the most remarkable of the findings of Katz's school, and the most

prophetic as we achieve a better understanding of other kinds of synaptic mechanisms,
including synaptic plasticity.

The accessibility of neuromuscular synapses to a wide range of microanatomical and
electrophysiological techniques, together with the stereotyped pattern of "mononeuronal
innervation" (|_l) that each muscle fibre normally acquires postnatally, remain the
principal basis for their captivating allure as model systems for exploring relationships
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Figure1



Figure1 The"Life-Cycle"ofmammalianneuromuscularsynapsesbasedonstudiesinrodents.Motorneuronsgrowaxonsandformconnectionswith myotubesprenatally.Significantnumbers(upto50%)ofmotorneuronsdiebeforebirth.Mostneonatalmusclefibresreceivepolyneuronal innervation(7t),whichiseliminatedduringthefirstthreepostnatalweeksbyaprocessthatappearstobecompetitive.Musclefibres, neuromuscularjunctionsandsynaptictransmissionareconsolidatedandexpandoverthenextmonth,establishingtheadultpattern:onemotor neuroninnervatingmanymusclefibres(themotorunit),buteachmusclefibrereceivinginputfromonlyonemotorneuron(monononeuronal innervation,p).Ifamuscleispartiallydenervated,throughaxonalinjury(forceps),degenerationofthedistalstumpoccursrapidly-within 24hrs.Intactmotorunitssproutnewcollateralsoverthefollowing3-14days,bothfromtheintactterminalsandnodesofRanvieroftheiraxons. ThiscollateralsproutingisprecededbysproutingofSchwanncells,thatguidetheaxonalsproutstothedenervatedendplates,re-establishing function.Meanwhile,injuredaxonsregenerate.Theregeneratedaxonsvieoncemoreforoccupancyofmotorendplatesand,inmostcases,this
isresolvedoncemorethroughcompetitivesynapseelimination.
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between synaptic structure and function. These relationships are of intrinsic interest but,
arguably more important, they also offer possibilities for insight into the mechanisms of
brain and mind. If we posit that our extraordinary mental properties as human beings
arise from the billions of connections which myriad neurones make amongst one another,
then it must follow that understanding of those mental properties is incomplete without
an exhaustive description and explanation of neural connections and of their functions,
mechanisms and regulation. Such descriptions and explanations can be achieved through
meticulous application of microanatomical visualisation techniques, and through
carefully-reasoned hypotheses tested by rigorously-designed biophysical and molecular
genetic experiments.

Renaissance and Regeneration
Motoneurones arise in germinal zones through a proliferative process (neurogenesis),
from where most migrate and aggregate in the lateral motor columns in the ventral/
anterior horns of grey matter in the spinal cord. Neuromuscular connections arise when
these motoneurones project axons unerringly into peripheral nerves, where they branch
into developing muscle masses. In some instances, the axonal growth cones make contact
randomly with nascent muscle fibres; but recent data from Caroni and colleagues (Pun et
al. 2002, PMID: 11988168 ) suggest that in some muscles connections are formed at pre¬
determined and prematurely differentiated sites: future motor endplates. In rodents (and
the descriptions here are confined to rodents), these events occur prenatally: about half
way through gestation. In most cases, initial synaptic contact between one growth cone
and a myotube is followed by a wave of hyperinnervation. That is, several other nerve

branches, arising from different motoneurones, converge on the nascent motor endplate
site occupied by the first axon terminal. All these convergent contacts become
differentianted as functional synapses. In other words, most muscle fibres acquire a state
of polyneuronal innervation (7t) during the latter half of prenatal development. This
pattern of innervation persists until after birth. During the first 2-3 weeks of postnatal life,
there follows an inexorable process of synapse elimination, at a rate that declines
approximately exponentially. This process is wholly distinct from motoneurone cell
death, an important prenatal phenomenon preceding the active withdrawal of connections
by the surviving neurons (Brown et al., 1976, PMID: 978579). Thus, motor unit size - the
number of muscle fibres supplied by a motoneurone - declines postnatally. By about four
weeks of age, all the supernumerary synaptic inputs have been removed, and muscle
fibres thereby acquire their characteristic, mature pattern of p-innervation, as the
innervation of each motor endplate is taken over by one terminal, excluding those of
other axons (Walsh & Lichtman, 2003). The surviving synapses (which are not

necessarily the same as the first to arrive prenatally) continue to mature and consolidate
their connection with their muscle fibres. This consolidation includes an increase in
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synaptic strength, represented by expansion of the area of contact and a concomitant
increase in the amounts of neurotransmitter released in response to each invading nerve

impulse. At the same time there is an increase - as well as a change in isoform - in the
density of acetylcholine receptors in the membranes of the muscle fibres at the motor
endplates (Missias et ah, 1997) .

Drawings that represent the first visualisations of mammalian neuromuscular junctions
are reproduced in Figure 2, including osmium-gold stained specimens of guinea-pig and
rat, drawn by Kiihne(1888) and rabbit, by Ranvier (1889). The gold chloride method was

supplanted at the turn of the century by enhanced silver staining methods, championed by
Ramon y Cajal (1911) and his students (Fig 2B). These days, histological methods based
on immunocytochemistry are preferred over silver staining methods (Fig 3A). Most
recently, transgenic technology has enabled the manufacture of mice in which
motoneurones, their axons and their neuromuscular synaptic terminals express
fluorescent proteins (Feng et ah, 2000, PMID: 11086982). An example of a
neuromuscular junction from a mouse expressing Cyan Fluorescent Protein in
motoneurones - counterstained with fluorescent a-bungarotoxin to visualise postsynaptic
receptors - is shown in Fig 3B.

Polyneuronal innervation of skeletal muscle fibres was first observed in silver-stained
preparations from neonatal rabbit muscle by J.F. Tello (1917), a pupil of Ramon y Cajal
(Fig 4). Contemporary immunocytochemical methods confirm the existence of this
anatomical pattern in neonatal rodents. However, a year earlier Boeke (1916) reported 7t-
innervation of muscle fibres in reinnervated intercostal muscles of adult hedgehogs,
following nerve injury and regeneration (Fig 5). This feature of reinnervated muscles is
also clearly revealed using contemporary immunocytochemical methods (Fig 6). Thus, it
appears that regenerated connections recapitulate their development in the important
respect of hyperinnervation of muscle fibres. Later, as in development, redundant
connections are removed by synapse elimination, and in most cases the p-innervation
pattern is restored. However, Hoffman (1953) recognised the persistence of 7t-innervation
at some neuromuscular junctions in reinnervated adult rat muscle, for more than a year.
(The relationship of the withdrawal, or elimination-based mechanism of synaptic
remodelling, to the degeneration of connections that follows nerve injury, is considered
below.)

The phenomenon of 7t-innervation, in both neonatal and reinnervated muscle, was largely
neglected and overlooked by many investigators for about 50 years after its discovery.
But the renaissance in interest in the phenomenon really began with Redfern's (1970,
PMID: 5499804) physiological demonstration of 7t-innervation in postnatal rat diaphragm
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Figure2 Left:ThefirstaccuratedrawingsofmotornerveterminalsinmammalianmuscleweremadebyKiihne(1888)inguineapigandratskeletal muscleusinganosmium-goldstainingtechnique(upperleft;retouchedforclarification)andbyRanvier(1889)inrabbitskeletalmuscle(lower left),alsousingagoldchloridemethod. Right:motoraxons,nerveterminals,motorend-platesandmusclefbres,visualisedinrabbitmuscleusingamodificationofGolgi'ssilver stainingmethod,byRamonyCajal(1911).
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Figure3 Left:Confocalfluorescenceimmunostainedwhole-mountpreparation,madeinmylaboratory,showingmotoraxons(neurofilamentantibody, FITC-secondary,green)andmotorendplates(TRITC-a-bungarotoxin,red)inmousetriangularissternimuscle.Themotornerveterminals appearyellow,wherethegreenandredemittedlightcombine. Right:ConfocalfluorescenceimageofCyanFluorescentProtein,transgenicallyexpressedinneuronsinnervatingamousetriangularissterni muscle(thyl-CFPmouselinepurchasedfromJacksonLabsandcross-bredinmylaboratorywithC57BIAVldsmice).Acetylcholinereceptorsat
themotorend-plateshavebeencounter-stainedwithTRITC-a-bungarotoxin.
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J.F.Tello

Polyneuronalinnervationin fetalhumanmuscle (1917)



Figure4 J.F.Tello(1917),andadrawingcomprisingthefirstevidenceoffocalpolyneuronalinnervationinfetalhumanmuscle,



Figure5

J.Boeke

Polyneuronalinnervationin reinnervatedhedgehogmuscle (1916)



Figure5
J.Boeke,andthefirstevidenceofpolyneuronalinnervationinreinnervatedmammalian(hedgehog)muscle.
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Reinnervatedadultmousemuscle
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muscle. This was followed by a similar demonstration in reinnervated adult rat muscle by
McArdle (1975, PMID: 1204700). Studies that constituted watersheds in this field,
however, on account of the rigour of their extensive experiments and explanations of the
phenomenon, were those Brown et al. (1976) and Brown & Ironton (1978, PMID:
671308). They showed definitively that synapse elimination did not involve a significant
amount of cell death; that the retraction of synaptic connections was distinct from the
process of axotomy-induced (Wallerian) degeneration; and that two kinds of processes -

one an inter-synaptic competition, the other an 'intrinsic withdrawal' - were likely to
underlie the establishment of the mature, |i-innervation pattern of muscle fibres.

Neuromuscular synapses work by matching the high electrical impedance of small
diameter motor axons to the low impedance of large diameter muscle fibres (Katz, 1966).
This is achieved by the coupling of electrical depolarisation - normally supplied by a

propagated action potential into the synaptic terminal - to the release of chemical
neurotransmitter, acetylcholine. This occurs by exocytosis, following fusion of synaptic
vesicles with the presynaptic plasma membrane. Transmitter release by exocytosis is
fundamentally a stochastic process, in which the probability of vesicle fusion is
influenced by the intracellular concentration of calcium ions (admitted to the synaptic
terminal via voltage-gated channels activated by the presynaptic action potential).
Calcium ionic interactions with synapse-specific proteins located in vesicular and
terminal membrane 'SNARE' complexes trigger the fusion of docked vesicles with the
plasma membrane (Rizo & Siidhof, 2002, PMID: 671308). The neurotransmitter
molecules diffuse across the synaptic cleft. Most are hydrolysed en route, as a

consequence of abundant acetylcholinesterase activity located in the synaptic basal
lamina. However, a sufficient minority succeed in running this gauntlet, and bind to
acetylcholine receptors that are concentrated in the muscle fibre membranes at motor
endplates. The gating of a large transmembrane conductance through the integral
transmembrane pores contained by the Ach receptor subunits lead to a transmembrane
current carried by cations (Mishina et al., 1986, PMID: 2423878). This gives rise to a

depolarising endplate potential, that can easily be recorded using an intracellular
microelectrode whose tip is inserted into the muscle fibre in the vicinity of the motor
endplate. Typically, the endplate potential is more than twice the amplitude required to
depolarise the muscle fibre membrane to threshold (Wood & Slater, 2001, PMID:
9097941), thus re-igniting voltage-gated ion channels, and renewing propagation of an
action potential. This in turn brings about muscle contraction, a process beyond the
further scope of this thesis.

The most obvious function of neuromuscular junctions is to mediate transmission of
instructive neural activity. According to neurotrophic theories of nervous system
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development (e.g. Purves, 1988), synapses also play a crucial role in mediating the
transmission of retrograde trophic signals, from their target cells and tissues - in this case
muscle fibres - to the cell bodies of the neurones and beyond. These signals regulate
neuronal gene expression, and the number and disposition of synaptic connections made
by and upon dependent neurones. Thus, neuromuscular synapses lie at the interface of a

two-way traffic of information that includes - but is probably not limited to - rapidly
transmitted orthograde electrochemical signals for bringing about muscle contraction;
and slowly transmitted retrograde neurotrophic signals that regulate overall neuronal
form and function.

Given the importance of neuromuscular junctions as mediators of activity in the nervous

system and ultimately behaviour, it became natural to enquire whether neural or muscular
activity might also play a role in the neurotrophic functions of these synapses. Indeed it
was considered very important to establish whether activity might be a crucial regulator
of the innervation pattern itself. Specifically, one may ask whether activity plays a

permissive or even an instructive role in the transition of muscle innervation pattern from
7t to p.. Precedents for this in brain were already recognised from pioneering studies of
Hubel and Wiesel (Hubel & Wiesel, 1965, PMID: 5883730; Hubel et al„ 1971, PMID:
19791; Hubel & Wiesel, 1974, PMID: 4215829). They demonstrated that postnatal
remodelling of connections - represented by 'ocular dominance' or 'orientation'
columnar organisation of neurones and their synapses in the developing visual system
were critically influenced by selective visual experience and - presumably - the neural
activity that mediated it. Driving this enquiry is the compelling notion - most eloquently
advanced by D.O. Hebb - that synapses participating in simultaneous activation of pre-
and post-synaptic cells are strengthened through growth and/or enhanced synaptic
transmission (Hebb, 1949; Stent, 1973, PMID: 4352227).

It is intriguing that the onset of synapse elimination in muscle coincides with the
progressive rise in independent voluntary movement that newborn rat or mouse pups rely
upon to feed effectively and to survive. Experiments performed in the late-1970's
demonstrated at least a permissive role for neuromuscular activity in sculpting muscle
innervation patterns. Blocking activity delayed synapse elimination (Thompson et al.,
1979, PMID: 424074; Taxt, 1983, PMID: 6887046), and imposing additional, high-
frequency patterns of electrical stimulation of muscle appeared to accelerate it (O'Brien
et ah, 1978, PMID: 722562; Thompson 1983, PMID: 4215829) .

5
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My investigations into activity-dependent competitive synapse elimination, 1979-
2000.

The majority of the papers in this volume represent my contributions to the debate over
the instructive versus permissive roles of competition and/or of activity in sculpting
muscle innervation patterns via their effects on neuromuscular synapse elimination. The
nub of the issue is whether activity, in addition to modulating the rate of synapse

elimination, is both sufficient and necessary to determine the outcome: i.e., which
synaptic inputs should persist at endplates that initially receive 7t, and which should be
eliminated, thus leaving the muscle in a p state. I have studied both neonatal and adult rat
muscles as paradigms, but most of my research into these issues has been performed on
reinnervated adult rat muscle. The reason for this is largely technical: the preparations are

larger, and it was easier to conduct experiments that required chronic nerve conduction
block as a crucial part of the experimental design.

Also crucial to the conduct of these experiments was the discovery and development of
the advantages of a novel preparation: the fourth deep lumbrical muscle (4DL) and its
dual nerve supply. In rodents, the 4DL muscle is supplied by motor axons that run in the
tibial/lateral plantar nerve (LPN) and a branch of the sural nerve (SN). The latter forms a
natural anastomosis with the LPN at the heel.

I should like to take the opportunity at this point to recount how we developed the
SN/LPN-4DL preparation, since it represents quite a nice example of serendipity. I
stumbled on the motor innervation pattern of 4DL quite by chance, while I was working
as a postdoctoral fellow in Professor William Betz's laboratory, in the Department of
Physiology at the University of Colorado School of Medicine in Denver. My
postdoctoral colleague, Dr. John Caldwell, had remarked on the existence of the SN/LPN
anastomosis in dissected material, and the anatomy is very clearly described in E.C.
Greene's classic laboratory manual, The Anatomy of the Rat. However, we were minded
to assume - based on common knowledge from clinical studies in man - that
functionally, the sural nerve contained only sensory axons. In John's absence on vacation
about the middle of 1978, I had started an experiment on a different toe muscle
preparation, but the dissection went awry and so I decided - out of curiosity - to
stimulate the sural nerve supply, which was still intact in the preparation. The fourth deep
lumbrical muscle, as well as the interroseus muscles, contracted vigorously in response to
the stimulus. To some degree, I was fortunate that day, because our subsequent
investigations established that the SN contains no motor axons supplying 4DL in about
25% of cases. However, in those muscles with SN motor innervation, we quickly
established that there were no discernible differences in the physiological properties of

6
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motor units supplied to 4DL by the SN or LPN. Chance evidently dictates the distribution
of numbers of axons reaching the 4DL via these routes, from a total motor unit count of
about 14 motoneurones. The SN, however, is nearly always the minor source of
innervation, supplying between 1-5 motor units in about 75% of muscles (Betz et ah,
1979).' The dual LPN-SN motor nerve supply to 4DL enabled us to design several crucial
experiments that gave results which would have been impossible or much more difficult
to interpret in virtually every other kind of muscle.

Unbeknownst to us at the time of conducting these initial experiments, Nakanishi &
Norris (1975, PMID: 5414376) had reported and published the existence of motor axons
in the rat sural nerve. Thus, I may not claim the discovery of the motor innervation
pattern of the rat 4lh deep lumbrical muscle. None the less, we were able to take this
feature much further, through quantitative descriptions and experimental analysis (Betz et
ah, 1979, PMID: 536920; 1980a, PMID: 7431234). The subsequent utilisation of the 4DL
preparation involved development of an additional, new method for producing reliable,
sustained and patent chronic nerve conduction block in freely moving animals that
Caldwell and I developed together (Betz et ah, 1980b). This method was based on

delivery of an otherwise lethal dose of tetrodotoxin contained in an implanted osmotic
minipump (Figure 7). These minipumps were themselves a novel, commercial innovation
at the time. We connected the implanted minipumps via an indwelling catheter to a

loosely-fitted silicone rubber cuff placed around either the sciatic nerve or the LPN in
anaesthetised animals. In this way (following recovery of the rats from anaesthesia) we
achieved nerve conduction blocks which persisted for 7-14 days, far longer and far more

reliably than anyone had achieved hitherto. The animals were otherwise unconstrained in
their movements, but easily tested for the patency of the nerve block, by the local
anaesthesia of their toe pads to firm pinching. This correlated exactly with the absence of
propogated action potentials in the blocked nerves. Either selective or complete nerve
conduction block were central to the subsequent body of our experiments that tested the
necessity and sufficiency of neuromuscular activity in the regulation of competitive
synapse elimination (Betz et ah, 1980b, PMID; 7431235; 1990; Taxt, 1983; Ribchester &
Taxt, 1983, PMID: 6655594; 1984, PMID: 6707966; Ribchester, 1988, PMID: 3171995;
1993, PMID: 8410701; Barry & Ribchester, 1995, PMID: 7472398; Costanzo et ah,
1999, PMID: 10581308; 2000, PMID: 10862702).

1 It remained somewhat exasperating to us for many years after reporting our initial findings, that other
groups - mainly working in the field of pain mechanisms - continued to conduct experiments on rats in
which the experimental design rested crucially on the assumption that the rat sural nerve was purely
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The overall outcome of these experiments, though surprising, may be summarised quite
simply. First, neuromuscular activity clearly has a very strong influence on the
stabilisation of muscle innervation patterns. Thus, following reinnervation, 60-95% of
muscle fibres sustain ^-innervation for as long as nerve conduction block is maintained
(Taxt, 1983). Put another way, imposing inactivity may be viewed as a method for
protecting synapses from the effects of signals that normally leads to the elimination and
withdrawal of some of them. Second, however, although activity has a strong influence
on the rate and outcome of synapse elimination, it is not a decisive force. Differences in
activity among competing synapses at an endplate appear - at least superficially - to bias
the outcome in favour of the more active axons (Ribchester & Taxt, 1983; 1984); but
inactive synapses can displace other inactive or active synapses from these sites
(Ribchester, 1988; 1993).

Another technical development was required to specifically test the necessity and
sufficiency of activity in competitive neuromuscular synapse elimination. This was

provided by the introduction and development of fluorescent styryl dyes, notably "FM1-
43" a derivative of a compound called RH414 that had already been used for several
years as a voltage-sensitive dye. Betz and his colleagues showed that these dyes could act
as activity-dependent vital stains for motor nerve terminals in isolated neuromuscular
preparations (Betz et al., 1992, PMID: 1371312). The "FM" dyes stain recycling
synaptic vesicles, and thus their uptake and loading into nerve terminals is enhanced by
nerve stimulation (Ribchester et al. 1994, PMID: 8153137; Richards et al., 2000, PMID:
11055437). Different derivatives, fluorescent at different excitation and emission
wavelengths, provided the means to vitally stain and thus, to visually identify the origin
of parent motor axons. We used FM1-43 to routinely stain SN motor axon terminals, by
stimulating the SN whilst bathing the 4DL in solutions containing a low concentration of
the dye; then RH414 to label LPN motor nerve terminals (Figure 8). In this fashion, we
were subsequently able to distinguish SN (fluorescent green/yellow) from LPN
(fluorescent orange/red) terminals polyinnervating the same 4DL motor endplates (Barry
& Ribchester, 1995). We were then able to make recordings from such junctions, and to
measure the relative synaptic strengths of the convergent inputs as a function of their
fractional occupancy of an endplate. Our analysis established that activity is not sufficient
to effect synapse elimination, because many muscle fibres retain equal and strong tl-
innervation - apparently indefinitely - after activity resumes following nerve conduction
block (Costanzo et al., 1999). Finally, we used FM1-43 and RF1414 staining to reveal
innervation patterns in experiments that utilised a combination of tetrodotoxin and a-

bungarotoxin to completely and irreversibly paralyze muscles, rendering both LPN and
regenerating SN motor terminals, synaptically-ineffective (i.e. silent). We found that
takeover of postsynaptic sites - either partially or completely - by one of the competing

8
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Figure8 Fluorescencemicroscopicimagesofmotornerveterminals,vitallystainedwiththeactivity-dependentstyryldyesFM1-43(yellow-green)and RH414(orange).Theimageontheleftshowsmotornerveterminalsonadjacent,mononeuronallyinnervatedmusclefibres(p)suppliedby axonsbelongingtodifferentmotorunits.Theimageontherightshowsapolyneuronallyinnervatedjunction(n),wheresynapticboutons belongingtodifferentmotoraxonsareseentoconvergeandintermingleonthesamemotorendplateofasinglemusclefibre.
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inputs still occurs at the overwhelming majority of motor endplates (Costanzo et al.,
2000). Therefore, strictly speaking, activity is not necessary for synapse elimination.

We still do not know precisely what deciding factors determine whether a synaptic
bouton should persist or be removed from a Tt-junction, or indeed whether there is no

single deciding factor. One possibility is that the level of receptors for growth factors
play a role. We found that one factor, GDNF, has physiological effects on synaptic
transmission at neuromuscular junctions (Ribchester et al., 1998, PMID: 9769409); while
others showed that transgenic expression of GDNF in muscle sustains Tt-junctions and
delays synapse elimination (Nguyen et al., 1998). Computational models, based on the
stoichiometry of neurotrophic factors and their receptors, turn out to be consistent with all
the main experimental findings so far (Van Ooyen & Ribchester, 2003). Ultimately, it
may transpire that activity plays an influential but permissive, rather than instructive,
role. For example, perhaps inactivity - by stimulating nerve branching and
hyperinnervation of muscle fibres - enhances the opportunities for competitive
interactions to occur between synaptic terminals. But the final outcome may be
determined randomly, by chance. It is perhaps noteworthy that we considered this to be
one of the possibilities, advanced in the Discussion of our first {the first) paper on
differential effects of activity on competitive synapse elimination (Ribchester & Taxt,
1983). Perhaps "Chance and Necessity", an apt resume of the factors regulating
molecular evolution (Monod, 1972), may yet be fitting epithets for the emergence of
functionally-appropriate innervation patterns in the nervous system.

Mutant and transgenic approaches to studying mechanisms of synapse withdrawal
I began my research career as a PhD student, investigating neuromuscular synaptic
structure-function relationships in mutant mice with a form of muscular dystrophy
(Harris & Ribchester, 1978, PMID: 202877; 1979a, PMID: 231101; 1979b, PMID:
218667, 1979c, PMID: 38724). In a sense, my present research has come full circle, for
once again I am focused on the utility of mutant mice - and now also, their transgenic
equivalents - in studies of neuromuscular synaptic plasticity. This time, however, the
mutation is one that affects a different property: the orthograde (Wallerian) degeneration
of axons, first described by Augustus Waller in 1850, and first illustrated at the
neuromuscular junction by Tello (1907; see Figure 9). Until recently, the prevailing view
was that axons and synapses disconnected from lines of communication to their cell
bodies were cut off from the supply of essential maintenance factors, and this deficiency
triggered an inevitable and inexorable, rapid decline in structure and function. However,
this viewpoint has required re-evaluation since the discovery of the spontaneous mutant
Wlds (Wallerian degeneration Slow) mouse.

9
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The Wlds mutant was discovered by chance in Oxford in the late 1980's, as a

spontaneous mutation in a breeding colony of C57B1/6 mice supplied by Harlan-Olac
(Lunn et ah, 1989, PMID: 12106171). The mouse has no overt phenotype: but one is
distinctly and profoundly revealed by surgical section of peripheral (or central) nerve
axons. In normal mice, the distal axons - and their neuromuscular or sensory terminals -

degenerate within 24-48 hrs. Remarkably, however, in Wlds mutant mice, distal axons

persist and continue to be capable of conducting action potentials for up to two weeks or
more. The trait is due to a dominant mutation on Chromosome 4, and has recently been
identified as a tandem triplication of an 85kb segment of DNA (Conforti et al., 2000,
PMID: 11027338). The fusion boundary constitutes a continuous reading frame,
incorporating the complete sequence for NMNAT, the enzyme that synthesises the
cellular housekeeping molecule NAD, and the code for 70 amino acids at the N-terminal
of a ubiquitination co-factor, Ube4b. Transgenic mice engineered to express the chimeric
sequence under the control of the (3-actin promoter show the same phenotype as Wlds
mice. Thus, we have now shown, through collaboration with Dr.Michael Coleman, that
this protein is both necessary and sufficient for conferring the slow Wallerian
degeneration phenotype (Mack et al., 2001, PMID: 11770485).

Chance and serendipity have played significant roles in my work in this area also. I began
studying Wldsmice in 1993, following a chance remark made by Dr Michael Brown
during a conversation I had with him at tea-break in a meeting of the Physiological
Society, in St. Andrews. Michael had noticed that cutting the axotomised distal stump in
a Wlds mouse, a week after initial section of the sciatic nerve, resulted in a muscle twitch.
I was gob-smacked by this remark, because up to that point almost everyone had assumed
that motor nerve terminals normally degenerate very rapidly after disconnection from
their motoneuronee cell bodies, simply because their line of communication to the only
source of protein synthesis was cut off. Michael Brown's clinical observation of the
neuromuscular phenotype in Wlds mice implied to us both that the neuromuscular
junctions - as well as motor axons - were still functional. Therefore - at a stroke - the
conventional wisdom about reliance of motor terminal integrity on continuity with the
motor cell body would appear to be wholly false. Rather, it now appears more likely that
degeneration of synaptic terminals is an active process, triggered by the axonal lesion.
Interestingly, this hypothesis that had been mooted - but subsequently neglected - as one

possibility in a pioneering paper in this field by Miledi & Slater (1970, PMID: 5499034).
Michael Brown and 1 agreed to collaborate in a study of this phenomenon. The next piece
of luck was that it transpired that the breeding colony of C57B1/6 in the Medical
Microbiology Animal Area, in the Medical School in Edinburgh, had originally been
established with stock procured from Harlan-Olac. I quickly established in a pilot study
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that these mice also showed the Wld phenotype. Thus a ready supply of Wlds mice was

already established for experiments to be performed in Edinburgh.

Our subsequent study (Ribchester et ah, 1995, PMID: 7551 190) established the time
course for loss of synaptic transmission in axotomised Wlds mouse muscle, and that this
depended on the length of the remaining distal nerve stump. We also provided
preliminary descriptions of abnormalities, such as neurofilament accumulation, in the
ultrastructure of the axotomised nerve terminals, although they also contained many
normal features, such as intact mitochondria and synaptic vesicles - never seen in
axotomised wild-type terminals. Since the time course of synaptic loss was very similar
to the time course of developmental synapse elimination, we began to entertain the
hypothesis that axotomy in Wlds mice induced a form of asynchronous synapse

withdrawal, rather than synchronous degeneration of motor nerve terminals. We found
that natural, developmental synapse elimination occurred normally in Wlds mice, and that
these neonates also showed the protection from Wallerian degeneration following
axotomy (Parson et ah, 1997, PMID: 9283813). Further investigations, performed largely
by two PhD students - Tom Gillingwater and Richard Mattison - and my exceptionally
able research technician, Derek Thomson, established many similarities in both the
physiology and morphology of axotomised synapses in young adult mice, with normal
synapses undergoing competitive withdrawal during development (Figure 10). However,
there were two noteworthy additional features: first, severed distal motor axons persisted
for much longer than neuromuscular synaptic terminals; second, the synaptic phenotype
was almost completely lost, reverting to wild-type, in Wlds mice older than about 4
months (Gillingwater et ah, 2001, PMID: 11483696; 2002). Recently, Tom Gillingwater
has added further insight into the breakdown of communication between nerve and
muscle after axotomy in Wlds mice. Reconstruction of an axotomised nerve terminal
from 300 serial sections examined in the electron microscope (Figure 11), has established
the existence of isolated synaptic boutons - or indeed entire terminals - produced by an as

yet unexplained "nipping" mechanism. Thus synapse elimination and withdrawal in
normal development or following axotomy may be linked in other ways that had not
previously been anticipated.

Very recently, we have managed to establish breeding colonies in which expression of
fluorescent proteins in axons and neuromuscular synaptic terminals (Feng et ah, 2000,
PMID: 11086982) is superimposed on a homozygous Wlds background. This profound
technical advance affords remarkable opportunities to obtain deeper insight into synaptic
structure-function relationships that underlie synaptic withdrawal and degeneration
(Gillingwater et ah, 2002). Our ongoing research has shown conclusively that the
synaptic terminals within a single, yellow fluorescent-protein expressing motoneurone,
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also protected by Wld expression, withdraw in an asynchronous fashion (Figures 12,13.
See also http://www.dns.ed.ac.uk/~rrr/YFP/YFPWldO 1 .htm for an interactive illustration
of terminals in different stages of endplate withdrawal. This interactive demonstration is
also included on the CD-ROM appended to this thesis). The confocal images were all
made by Tom Gillingwater - now a postdoctoral research fellow in my laboratory - from
material obtained in collaboration with Dr. Michael Coleman. Furthermore, our most
recent studies have shown that completely blocking synaptic transmission at the
axotomised neuromuscular junctions further delays, but does not prevent the
asynchronous synapse withdrawal induced by axotomy in Wlds mice.

Among other things, these new results - which show an asynchronous effect of a

synchronous interruption in continuity between the cell body and all its terminals - mean
that neurobiologists must exercise caution before concluding that asynchronous synapse
withdrawal implies that synapse elimination is entirely regulated by local interactions (eg
Keller-Peck et al., 2002, PMID: 11516396). They also reaffirm the potential importance
of both inactivity, and 'intrinsic withdrawal' : that is, synapse elimination driven by
mechanisms internal to the motoneurone, independent of competitive synaptic
interactions (Fladby & Jansen, 1987, PMID: 3577811). This concept has lain dormant for
about 15 years. The combination of the Wld genotype with fluorescent protein
expresssion affords a way to revisit and carry out more research on this issue.

Taken together with other literature, our findings now militate towards an important
working hypothesis, that changes the way neurobiologists ought to think about
neurodegeneration, synapse elimination and how they are controlled. We have proposed
that degenerative mechanisms are compartmentalised in neurones (Gillingwater &
Ribchester, 2001; Figure 14). The distinctive character of cell body degeneration is
highlighted in study by Deckwerth & Johnson (1994, PMID: 8088451) - also on Wlds
mice - which showed that apoptosis and neurite degeneration are regulated differently in
cell culture. Our additional findings suggest first, that distinctly different kinds of
molecular mechanism regulate synaptic degeneration as well. Second, although axon

protection by the Wld gene is age-independent, the different synaptic phenotypes in old
and young mice suggest that there is more than one kind of degenerative mechanism in
synaptic terminals. Third, the loss of the synaptic withdrawal phenotype suggests that the
withdrawal mechanism is itself a regulated cellular response, that disappears after its
utility is spent - normally lasting for the first 2-3 postnatal weeks. An echo or residue of
the mechanism is revealed by axotomy in young adult Wlds mice, only because the axons
and synapses are protected from Wallerian degeneration. Thus, we envisage synapse
elimination and Wallerian degeneration as characteristic and distinct responses as part of
a continuum (Fig. 14). The former may normally result from selective trafficking of
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Figure12 SinglelabelledmotorunitinaThy1-YFP/'Super5-WldLumbricalMuscle5DayspostSciaticNerveLesion



Figure12 Montageconstructedfromthirteenz-series,eachcomprisingacompressedstackofopticalsections,embracinganentireYFP-expressingmotor unit,5-daysafteraxotomyinahybridthyl-YFP-H/Wldmouse.RelativelyfewmotoneuronesexpressYFPinthismouseline,andlabelled motorunitswereobservedinonlytwooutoftwentylumbricalmusclesweexamined.Reconstructionofthisunitintheconfocalmicroscope demonstratedthatthemotoraxonisintact,butmotorterminalsareremovedfromendplatesinanasynchronousfashion:someendplatesarestill fullyoccupied,othersarepartiallyoccupied;andsomearevacant,contactedonlybyanexpanded"retractionbulb"attheendoftheaxon collateralsupplyingtheendplate.
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Figure13 Diagrammaticillustrationofthepatternofnervebranchingandendplateoccupancy,fortheaxotomisedYFPAVldmotorunitshowninFig12.
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Figure14 Top:Diagrammaticrepresentationofa"compartmental"viewofthemotorneuronwithrespecttothelocalisationofneurodegenerative mechanisms.OurstudiesofWldsmutantmice,comparedwithwild-typemice,suggestthatindependentmechanismsmaybringaboutand regulatethedegenerationofdifferentpartsoftheneuron,includingapoptosisofcellbodies,Walleriandegenerationofaxons,anda separateprocess("synaptosis")controllingdegenerationofsynapticterminals. Bottom:ComparisonoftheresponsestoaxotomyinjuvenileandmatureWldsmicesuggestarelationshipbetweenneonatalprocessesof synapticwithdrawalduringdevelopmentalsynapseeliminationandtheresponsestoaxotomyinwild-typeadults.Injuveniles,synapsesrespond
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maintenance factors into synaptic terminals; the latter is the normal, active response to
complete deprivation of the same or different trophic factors in the adult (although
Wallerian degeneration still occurs in response to axotomy in neonatal wild-type mice).

Our findings also have potentially significant implications for the way neurologists
should think about mechanisms of many neurodegenerative diseases. There is a

groundswell of opinion that Alzheimer's, Parkinson's, and Huntingdon's diseases, as well
as motoneurone diseases such as Amyotrophic Lateral Sclerosis, and 'dying-back'
neuropathies such as gracile axonal dystrophy, may all begin with degeneration of
synapses (see for example, Selkoe, 2002). Synaptic dysfunctions related to ubiquitination
of synapse-specific proteins are implicated in all these conditions (Ehlers, 2003). Thus,
there are considerable reasons and scope for further research on the relationships between
naturally-occuring synapse elimination, degeneration induced by trauma, and
degeneration arising pathogenically. Advancement in these areas of basic and clinical
research may rest decisively on first, investigations into the mechanisms of axon

protection by the Wld gene. Second, parallel research should utilise the Wld phenotype,
to seek and identify novel mutations that additionally or selectively protect synapses.
Axotomised neuromuscular synapses are only partly protected by the Wld gene, and only
before the animals expressing the gene become fully mature. Nonetheless, the Wld
phenotype will be an important substrate, upon which to probe and seek out ways to bring
about an equivalent synaptic protection following traumatic or pathologenic injury. Once
the mechanisms of synaptic degeneration are understood, and effect treatments found to
mitigate it in mouse models, the door will be open to the design and implimentation of
effective new strategies for treatment of neurodegenerative disease in its many
manifestations

Miscellaneous

The summaries above relate to the two main sections of my published papers presented in
this thesis. In addition, the last two sections on physiology of synapses, and on their
development, incorporate papers from my related work on development of neurones and
their connections in chick embryos; and physiological studies of muscle fibres in vitro
(e.g. Betz et al„ 1980c, PMID: 6253797; Eide et al„ 1982, PMID: 6212673; Douglas &
Ribchester, 1986, PMID: 3008949; Gillespie & Ribchester, 1988, PMID: 3237989; Bryce
& Ribchester, 1993, PMID: 8377523; Parson & Ribchester, 1995, PMID: 7714519).
There are also some studies that have so far only been presented to scientific meetings of
the Physiological Society, in peer-reviewed abstract form (e.g. Higgins et al., 1983;
Ribchester & Rowand, 1986; Ribchester, 1989a.b; Anderson & Ribchester, 1993; Court
et ah, 2001). Also included is reference to the developmental neurobiology textbook I
wrote for advanced undergraduates (Ribchester, 1986); and indications of the period I
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was privileged to spend as an Editor of the Journal of Physiology, from 1986 to 1993,
including a two-and-a-half year spell as Distributing Editor (1988-90), when I handled
the reviewing of all papers submitted to the Journal in the area of cellular
neurophysiology. These publications reflect the diversity of my interests in cellular
neurobiology and physiology.
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THE SIZE OF MOTOR UNITS DURING POST-NATAL

DEVELOPMENT OF RAT LUMBRICAL MUSCLE

BY W. J. BETZ, J. H. CALDWELL AND R. R. RIBCHESTER*
From the Department of Fhysiology, University of Colorado

School of Medicine, Denver, Colorado 80262, U.S.A.

(Received 20 February 1979)

SUMMARY

1. The number of muscle fibres innervated by individual motor neurones (motor
unit size) was measured in lumbrical muscles of rats aged 0-28 days, during the
period of elimination of polyneuronal innervation. Motor unit sizes were determined
from twitch tension measurements combined with muscle fibre counts made from

histological sections of the muscles.
2. The relative tensions contributed by individual motor units declined from

about 25 % of the total tension at birth, to about 9 % at 28 days of age. Intracellular
recordings showed that part of this decrease reflected the elimination of synapses
from polyneuronally innervated muscle fibres.

3. During the same period, however, new muscle fibres were produced. The total
number of muscle fibres present increased from about 500 at birth to about 950
fibres in mature muscles.

4. These two processes were offsetting: some synapses were eliminated (from
polyneuronally innervated fibres) while simultaneously others were formed de novo
(on newly produced muscle fibres). Quantitative measurements showed that for the
first 10 ten days after birth, there was little change in motor unit size. Thereafter pro¬
duction of new muscle fibres ceased, and motor unit size decreased to the adult level.

5. It is concluded that during early post-natal development, a lumbrical motor
neurone maintains a nearly constant number of synapses, but extensively reorganizes
its synaptic field, retracting synapses from some muscle fibres, while forming new
synapses with other fibres.

INTRODUCTION

The normal development of skeletal muscle involves a series of interactions
between motor neurones and muscle fibres. Early in embryogenesis, motor axons
grow into the undifferentiated muscle primordium. Instructions are exchanged that
affect the subsequent course of maturation of muscle fibres (see Jacobson, 1978) and
also the fate of motor neurones—which ones will persist and which ones will die
(Cowan, 1973). Functional synapses develop in such a way that, at birth in mammalian
muscle, each muscle fibre receives inputs from several different motor neurones.
Postnatal maturation involves the elimination of some of these synaptic inputs so
that by 2-3 weeks of age, each muscle fibre is innervated by a single motor neurone,
and motor unit size has decreased to the adult level (Redfern, 1970; Bagust, Lewis
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& Westerman, 1973; Bennett & Pettigrew, 1974; Brown, Jansen & Van Essen,
1976; Riley, 1977).

The present report concerns a study of post-natal development in rat lumbrical
muscle. This preparation is of interest for two reasons. First, as will be shown, its
motor innervation is delivered to the muscle by way of two different, anatomically
separated peripheral nerves. This is a useful situation for certain experimental
manipulations designed to study elimination of polyneuronal innervation. Secondly,
the lumbrical muscle is relatively immature at birth, for it contains only about one
half the adult number of muscle fibres. Thus, as the present experiments show,
postnatal development involves not only elimination of some synaptic inputs, but
also the maturation and de novo innervation of other muscle fibres. Quantitative
estimates of motor size show that for a time these two events (elimination and
formation of synaptic inputs) proceed at about the same rate, so that motor unit size
changes little during the first 10 days after birth. A preliminary account of this work
was given earlier (Betz, Caldwell & Ribchester, 1979).

METHODS

Experiments were carried out on the fourth deep lumbrical muscle which inserts on the fifth
digit of the hind foot in Sprague Dawley rats. This lumbrical muscle receives innervation via
both the lateral plantar nerve and sural nerve. The sural nerve anastomoses with the lateral
plantar nerve at the heel and the muscle is then innervated by a deep branch of the combined
nerves.

Muscle tension recordings. Muscles were isolated with the branches of the lateral plantar
and the sural nerve intact. The distal tendon was pinned to the bottom of a Sylgard lined dish.
The proximal tendon was attached to a transducer (Vernitron Piezoelectric, Bedford, Ohio).
Muscles were superfused with a Ringer solution of the following composition (mM): Na+ 150,
K+ 5, Mg2+ 1-0, Ca2+ 2-0, Cl~ 147, HC03_ 12, SO2- 1, D-glucose 11. Solutions were equilibrated
by bubbling with 95 % 02/5 % C02. A few drops of phenol red were added per litre of Ringer
solution in order to monitor the pH of the solution. Experiments were performed at room
temperature. The output of the transducer was monitored differentially using a WPI dual
probe electrometer. The output was filtered and amplified using a Tektronix AM 501 amplifier
and displayed on a storage oscilloscope screen and on a Gould pen recorder. The transducer
was sensitive to applied forces of less than 10 mg and responded linearly up to 5 g. The frequency
response of the system was greater than 150 Hz. The resting tension of muscles was adjusted to
give a maximal isometric twitch response. Nerves were stimulated using suction electrodes;
stimulation was produced by applied voltages of 0-1-10 V amplitude and 50-200 /tsee duration.
In adults, the number and size of discrete increments in muscle tension (motor units) evoked by
graded stimulation to either nerve were recorded. These increments of tension were used to
calculate motor unit size. This is a generally accepted procedure (Brown & Ironton, 1978;
Thompson & Jansen, 1977). However, Brown & Matthews (1960) showed that in cat muscles
series elasticity can give rise to non-linear summation of the twitch tensions of different motor
units. Consequently, twitch tension measurements may lead to over-estimates of the size of
lowest threshold motor units and under-estimates of highest threshold motor units. This problem
could be avoided by measuring tetanic tensions of single motor units (Bagust, Lewis, Luck &
Westerman, 1972). This was not feasible in the present experiments since different motor axons
often had close excitation thresholds which led to fluctuations in the tetanic tensions. In any
event, the mean motor unit size would be the same regardless of the measuring technique used.
In neonatal animals (0-15 days) only the lowest threshold motor units in both the lateral
plantar and sural nerves were measured. By reversing the polarity of the stimuli applied to the
nerves, different motor units could sometimes be recruited first. In best cases it was therefore
possible to measure up to four motor units in the neonate. The maximum twitch response to
direct muscle stimulation was obtained by applying a suction electrode to the muscle. A slight
amount of negative pressure was applied to form a seal at the mouth of the suction electrode.
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Supramaximal stimuli (100 V amplitude and about 1 msec duration) were used to evoke muscle
responses. Motor unit sizes were expressed as percentages of the total direct tension.

Histology. After recording muscle tension, adult muscles were frozen in isopentane cooled
with liquid nitrogen. Muscles were pinned at their resting length. Transverse sections were cut
with a cryostat. Sections were stained with haematoxylin and eosin. The numbers of muscle
fibres comprising the adult muscles were counted at 200 x magnification using an eyepiece
graticule that formed a 10x10 maxtrix over the image of the muscle when viewed under the
light microscope.

Neonatal muscles were fixed in phosphate buffered glutaraldehyde, post-fixed in osmium
tetroxide, processed and embedded in Epon. Transverse, thin sections were taken through the
middle of the muscles, mounted on single-hole formvar coated copper grids, stained and viewed
with a Zeiss EM 9S electron microscope. Adjacent thick sections were cut and stained with
toluidene blue. Muscle fibre counts were made at 400 or 1000 x magnification and with the aid
of a camera lucida. In four muscles, groups of muscle fibres counted using light microscopy
were located in the adjacent thin sections using the electron microscope. Muscle fibre counts
made in those areas were compared using the two methods. Muscle fibres were identified accord¬
ing to criteria in Results.

Intracellular recording. Micro-electrode recordings were made from muscles from rats of
different ages, to determine the time course of the elimination of polyneuronal innervation
(Brown et al. 1976). Cut muscle fibre preparations (Barstad, 1962) were used to abolish twitching
of muscles and to abolish muscle fibre action potentials. The lateral plantar and sural nerves
were stimulated separately and the applied stimuli were graded so as to recruit synaptic inputs
(e.p.p.s) of different thresholds and latencies. Standard intracellular recording techniques
were used.

results

Adult muscles

The sizes of individual motor units supplying lumbrical muscles were estimated
from recordings of motor unit twitch tensions and from muscle fibre counts made
from transverse histological sections.

Motor unit tensions. Motor axons reached the muscle via either the lateral plantar
or the sural nerve. The former provided the major input to the muscle, while the
sural nerve provided the minor input. The twitch tension of an individual motor
unit, compared to the total direct twitch tension of the muscle, provided a measure
of the fraction of fibres innervated by the motor neurone. Fig. 1 shows typical records
of twitch tension evoked by graded nerve stimulation. Superimposed oscilloscope
records (Fig. \ A) and continuous pen recordings (Fig. 1 B) were obtained. The
incremental steps in tension reflected the recruitment of additional motor units as
the nerve stimulus strength was increased. In the cases illustrated, there were
nine motor axons in the lateral plantar nerve. This procedure was followed with
thirty-one normal adult muscles. These muscles received seven to fourteen motor
axons (mean + s.d. = 11-3+ 1-9). In nineteen of these muscles the individual contri¬
butions of the sural nerve and the lateral plantar nerve were measured. The sural
nerve provided up to five motor axons (mean + s.d. = 1-8 ± 1-5) and the lateral
plantar nerve provided seven to thirteen (mean + s.d. = 10-0 ± 1-7). In general,
there was an inverse relationship between the number of motor units in either
nerve, suggesting that the axons in the two nerves were drawn from a common pool
of motor neurones (cf. Thompson & Jansen, 1977).

The average size of motor units in lateral plantar and sural nerves was the
same; each contributed about 9 % of the total direct tension. The distribution of
tensions of motor units in the two nerves is shown in Fig. 2.
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90 msec

Fig. 1. Tension recordings from adult muscles illustrating the method used to count
motor units. A, superimposed oscilloscope traces of twitch tensions recorded in
response to graded stimulation of the lateral plantar nerve. Nine motor units can be
counted. B, continuous pen recording of sequential twitch tension responses (from a
different muscle). The stimulus strength to this nerve was gradually increased until
the maximum response was recorded; then the stimulus was gradually decreased. Nine
motor units can be counted in each case, although the order of recruitment of motor
units was not exactly the same (cf. the first two motor units recruited).

An additional point concerns the size of the lowest threshold motor unit for each
muscle, that is, the first motor unit recruited. The point is important because in
neonatal animals (discussed below) the size of only the first motor unit recruited
could be measured accurately, due to the overlap of synaptic fields in the young
animals. In adults, the tension of the first motor unit recruited in lateral plantar
nerve was consistently larger than the over-all average, as has been found in lum-
brical muscles of the cat (Bessou, Emonet-Denand & Laporte, 1965). This was not
true, however, for the first sural motor units, which generated tensions not signi¬
ficantly different from the over-all average. The explanation for this difference
probably lies in the fact that the lateral plantar nerve usually contained about nine
motor axons, and the sural nerve only about two motor axons. Thus, assuming
that the axons in either nerve are drawn randomly from the pool of motor neurones,
the probability that a given axon (say, the one with the lowest threshold) will
reside in lateral plantar nerve is 9/11, and for the sural nerve the probability is 2/11.
Thus, it is reasonable that the first motor unit recruited in the lateral plantar is
larger than the first sural motor unit.
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Fig. 2. Distribution of motor unit twitch tensions (expressed as % of total twitch ten¬
sion) in adult muscles. Motor units from lateral plantar nerve (n= 263, dashed line) and
sural nerve (n ** 37, continuous line) are plotted separately; the histograms are very
similar, suggesting that motor units from the two nerves are comparable in size.

In summary, the lumbrical muscle received a major portion of its motor supply
via the lateral plantar nerve, and a minor portion via the sural nerve. The motor
units in each nerve appeared to be drawn randomly from the total population of
motor neurones.

Muscle fibre counts. In addition to the tension recordings, the total number of
muscle fibres in the adult muscles had to be determined in order to estimate motor
unit size. Counts, were made from histological sections (see Methods) of the same
muscles whose motor unit tensions had been measured. The mean number of fibres
in the adult muscles was 938 ± 79 ( + S.d.).

Motor unit size. The tension and histological measurements were then combined
to provide a measure of motor unit size. Specifically, the number of muscle fibres
innervated by each motor unit is given by (t/T)xn, where t = single motor unit
twitch tension, 7' = total (direct or indirect) tension, and n = total number of muscle
fibres. The mean ( ± s.d.) motor unit size was 87 ± 49. The distribution of motor unit
sizes is shown in Fig. 3. The average size of the lowest threshold motor units (n = 50)
was 105 ± 74 (s. 1).).
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20 -
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Fig. 3. Distribution of estimated adult motor unit size (number of muscle fibres
innervated by a motor neurone). The over-all average motor unit size (arrow) was
eighty-seven muscle fibres. The average sizes of sural nerve and lateral plantar nerve
motor units were not significantly different (81 + 66, n— 32 and 88 + 49, n= 210 muscle
fibres, respectively; P> 0-2, t test).

Neonatal muscles

The same procedure was used to estimate motor unit size in neonatal rats of
different ages (0-15 days), with the exception that only the lowest threshold motor
unit sizes were measured. This limitation was due to the fact that synaptic fields
overlapped greatly in the young muscles. Thus, except for the first motor unit
recruited, measurements of increments in twitch tension would have seriously
underestimated the true motor unit tensions.

Motor unit tensions. In new-born (0-2 days) muscles, the first motor unit generated
a twitch tension which was about 25 % of the total direct twitch tension (cf. Brown
et al. 1976). This is considerably greater than in adult muscles (average of first
motor units = 11-3 %), indicating that motor units in the neonatal muscle innervated
a substantially larger fraction of muscle fibres than did adult motor units. The
distribution of motor unit tensions in new-born animals (0-2 days) is shown in
Fig. 4. For comparison, the distribution of motor units from mature muscles is also
shown (dashed line). The experiment was repeated on animals of different ages,
and the results are shown in Fig. 5. Motor unit twitch tension (as per cent of total
direct twitch tension) declined progressively over the first 2 weeks after birth.

Muscle fibre counts. The decrease in relative tension of motor units with age could
result simply from the elimination of synapses on polyneuronally innervated muscle
fibres (Brown et al. 1976). However, as is shown below, the situation is more complex
in the lumbrical muscle. Muscle fibre counts (of the same muscles studied physio¬
logically) revealed that at birth, only about one half of the adult number of muscle
fibres were present.
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Fig. 4. Distribution of tensions of lowest threshold motor units (as % of total tension)
in new-horn animals (continuous line). Shown for comparison is the distribution of
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Fig. 5. Time course of reduction in motor unit tension (as % of total tension) during
post-natal development. Each time point shows the mean + s.D. for twelve to twenty-
five lowest threshold motor units.



470 W. J. BETZ, J. H. CALDWELL AND R. R. RIBCI1ESTER

Special procedures were adopted to ensure accurate counts of the muscles from
the youngest animals. To be certain that sections were taken only in the mid-belly
region, a fine thread was tied around the mid-point of the muscle before embedding,
and subsequently identified in the histological sections from which counts were
made. There was considerable uncertainty in identifying individual muscle fibres
with the light microscope (400-1000 x magnification). In particular, as others
have observed (Kelly & Zacks, 1969a, b\ Ontell & Dunn, 1978), closely apposed
profiles were not easily distinguished as separate cells. In addition, some small
diameter nucleated profiles with smooth contours contained little cytoplasm, and
their identity was uncertain. However, even if these were included, the resulting
counts were still far below adult levels. Finally, irregularly shaped cells with long,
slender processes were easily excluded.

The light microscopic counts were checked in four muscles (from 0-1 day old rats)
by examining adjacent thin sections in the electron microscope. Low magnification
photo montages were constructed as an aid to subsequent examination at high
magnification (94,250 x). Profiles were carefully examined for the presence of
myofilaments and, when cells were closely apposed, for the presence of continuous
and separate plasma membranes. Some profiles were of regular shape but contained
no identifiable myofilaments. Ontell (1977) showed with serial sections of neonatal
rat muscle that such cells often were indeed myogenic. That is, a cell might lack
myofilaments in one section and contain them at another level. Such cells probably
were myotubes or immature muscle fibres. Accordingly, in the present procedure,
cells with regular profiles but lacking identifiable myofilaments were included in
the fibre counts. Finally, muscle satellite cells were identified by their close association
with muscle fibres and by their heterochromatic nuclei surrounded by scant cyto¬
plasm (Ontell, 1977). These were not counted.

In the four muscles examined in this dual fashion, the electron microscope counts
were 20 + 4 % greater than the corresponding light microscopic counts. Therefore,
in the other fifty-nine muscles from 0-2 day old rats, which were examined only by
light microscopy, the counts were increased by 20 %. In summary, the procedure
insured that all cellular profiles were separately identified, and all cells with myofila¬
ments plus some without (identified as myotubes) were counted. The number
present at birth (about 500) was considerably smaller than in the adult (about 950).

The time course of the post-natal addition of muscle fibres was determined by
counting muscle fibres in 5, 10 and 15 day old lumbrical muscles. Results are shown
in Fig. 6. In muscles from rats aged 5 days or older, there was little or no difficulty
discerning discrete muscle fibres, so the light microscopic counts made on those
muscles were not altered. This is consistent with results of Ontell & Dunn (1978),
who found that small, tightly packed clusters of rat extensor digitorum longus
muscle fibres present at birth had dispersed into more easily identifiable profiles
by the age of 5 days.

One possible explanation for the reduced muscle fibre counts at birth is that the muscle fibres
might not run the entire length of the muscle. Ontell (1977) has shown that myotubes are ofter
only several himdred microns in length. Thus a single transverse histological section might not
include all fibres. This is unlikely to be a problem (at least in terms of estimation of those fibres
which are innervated) because lumbrical muscles in both adult and new-born animals showed £
single band of cholinesterase stain in the middle of the muscle. All of the sectioning for fibre
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Fig. C. Time course of development of the total number of muscle fibres. Each point
shows the mean + s.D. for five to ten muscles. Counts of muscles from rats > 5 days
old were made with a light microscope. Counts on younger muscles (0-2 days old) were
based on light and electron microscopic observations (see text).

counts was done in this end-plate region of the muscle. It is not known when a myotube becomes
innervated, but any myotubes that were innervated should have been counted with this pro¬
cedure.

20 -i

o 10- ^4

i—v
40

1—i—i—i—i—i—r~
80 120 160 200

Motor unit size

—r~
240

fi-n
280 320

Fig. 7. Distribution of motor unit size in neonatal rats (0-2 days old). The average
(arrow) was 122 muscle fibres per motor unit. n=63.
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Motor unit size. In muscles from 0-2 day old animals, the mean size of lowest

threshold motor units was 145. In adult muscles, the average size of the lowest
threshold motor units (105) was about 20% greater than the average of all adult
motor units (87). If this same relationship held in new-born muscles, for which only
the lowest threshold motor unit size could be calculated, then the over-all average
motor unit size is calculated to be (145x 87/105)= 120 in 0-2 day old muscles. The
distribution of new-born motor unit sizes, each adjusted in this fashion is shown in
Fig. 7. It may thus be compared directly with the distribution of all adult motor
units, shown in Fig. 3. Evidence that this adjustment is correct is provided in the
observation that the average size of lowest threshold sural motor units at birth was
123 (n= 18). In the adult, sural motor unit size (83) also was about the same as the
over-all average (87) for reasons discussed above.

!50r

100

50

5 5 1 1

10 15

Age (days)
20 >28

Fig. 8. Estimates of average motor unit (mean + S.E.) in rats of different ages. Motor
unit size remained approximately constant at about 120 fibres for the first 10 days
after birth, and thereafter declined to the adult level (about eighty-seven fibres).
The first point includes data from animals 0-2 days old.

Similar procedures were used to estimate the size of motor units in animals aged
5 days or older. Results are shown in Fig. 8. Motor unit size did not follow the decline
in relative tension of motor units (Fig. 5) because of the offsetting nature of the
increase in the total number of muscle fibres (Fig. 6). Motor unit size remained
roughly constant up until about 10 days of age and then declined towards adult
levels.

In summary, twitch tension measurements showed that new-born motor units
innervated about one quarter of the muscle fibres present, and adult motor units
only about one tenth. However, muscle fibre counts showed that only about one
half of the adult number of muscle fibres were present at birth. Thus the actual
number of muscle fibres innervated by a motor neurone (i.e. the motor unit size) at
birth was about 40% greater than the average adult motor unit size. For 10 days
or so after birth, motor unit size remained approximately constant, because the
elimination of some synapses was balanced by the production and innervation of new
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Fig. !). Superimposed oscilloscope traces of intracellularly recorded end-plate potentials
evoked by graded stimulation (arrows) of the lateral plantar (LPN) or sural nerve
(SN) in a cut muscle fibre preparation from a 10 day old rat. A, this fibre received one
synaptic input from the sural nerve and two from the lateral plantar. B, this fibre
received a single synaptic input from the lateral plantar nerve.

muscle fibres. Thereafter, in older animals, motor unit size decreased to the adult
level.

Intracellular recordings. The results described above were used to check the
outcome of a wholly independent experiment, namely the time course of elimination
of polyneuronal innervation. In this experiment, end-plate potentials (e.p.p.s)
evoked by graded nerve stimulation were recorded with intracellular microelectrodes
(Redfern, 1970). Both the lateral plantar and the sural nerves were stimulated;
typical results are shown in Fig. 9. Inputs from both nerves or incremental steps
in the e.p.p. indicated that the fibre was polyneuronally innervated. Twelve to
thirty fibres were sampled in each of twenty muscles from animals of various ages-
For each muscle, the percent of fibres polyneuronally innervated was calculated.
Results are shown in Fig. 10; each filled circle represents data from one muscle.
The asterisks are independent predictions (based upon the previously described
data) calculated as follows. The total number of synapses in a muscle is given by the
product: (motor unit size) x (total number of motor units). The total number of
muscle fibres was obtained from histological counts. In neonatal muscles, there
were more synapses than muscle fibres, hence at least some muscle fibres were

polyneuronallv innervated. How the excess synapses were distributed is not known
with certainty; here it is assumed that they were distributed in such a way to produce
the maximum possible amount of polyneuronal innervation. For instance, in 10 day
old muscles, there were about (113 x 11 -4) = 1 288 synapses (113 = average motor unit
size in 10 day old muscles; 11-4 = average number of motor units) and about 774
muscle fibres. Thus there were (1287 — 774) =514 excess synapses. If these were
distributed evenly, then the muscle coidd contain at most 514 ( = 00-4%) poly¬
neuronally innervated fibres. Expressed analytically, the predicted maximum
percentage of fibres polyneuronally innervated at time t is given by the following:

% poly - ,00 ( - )
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Fig. 10. Time course of elimination of polyneuronal innervation. Each filled circle is
from one muscle and shows the per cent of impaled fibres which received more than
one synaptic input. The asterisks show the maximum amount of polyneuronal inner¬
vation predicted from independent tension and histological data (see text).

where S = motor unit size, M = number of muscle fibres, and 11-4 = number of motor
units.

In summary, estimates from tension recordings and histological counts of muscle
fibres agreed well with the observed time course of elimination of polyneuronal
innervation. The fact that the maximum amount of polyneuronal innervation was
observed indicates that muscle fibres produced post-natallv became innervated by
more than one neurone.

DISCUSSION

The experiments described in this paper were aimed at measuring a single para¬
meter: motor unit size in developing muscle. The technique involved combined
twitch tension measurements and histological counts of muscle fibres. While these
tests are somewhat indirect, they gave reasonably accurate estimates of motor unit
sizes in adult muscles, which consist of a uniform population of easily identifiable
singly innervated muscle fibres. In muscles from new-born animals, however, the
situation is more complex, for the muscle presents a spectrum of fibres at different
developmental stages, and the estimates of motor unit size are accordingly less
certain. For instance, the tension measurements are based on the assumptions that
muscle fibres behave independently and receive only suprathreshold synaptic inputs.
Electrical coupling between muscle fibres or subthreshold e.p.p.s would result in
over- or underestimates respective^, of motor unit size. The existence, much less
the quantitative extent of such phenomena cannot be estimated with certainty.
In addition, histological counts of muscle fibres are more difficult in new-born than
in adult muscles. Identification of primary and secondary myofibres (Kolly & Zacks,
1969«; Ontell & Dunn, 1978) presents no great problem if examined in the electron



ffpp'- .; •-■
!||fcv;- l)f%

X /.I <atf . -■
willnm > i t mm..!,.!..... .1 — -—■« '■■■""•*

NERVE MUSCLE DEVELOPMENT 475

microscope, but myotubes, even in the end-plate region of the muscle, contain no
myofilaments in some sections, and some or all of the myotubes may not be inner¬
vated (Ontell, 1977). While these myotubes are a minority population, their presence
introduces a further uncertainty. These problems diminish soon after birth; in
muscles from 5 day old rats, the fibres have separated from each other and are much
easier to identify in the light microscope.

The experiments revealed an orderly post-natal development of rat lumbrical
muscle. At the cellular level, three events of special importance were identified,
namely the elimination of synapses on polyneuronally innervated muscle fibres,
the production of new muscle fibres, and the formation of new nerve-muscle contacts.

A Birth B 0—10 days

Fig. li. Schematic diagrams illustrating the post-natal development of rat lumbrical
muscle. .4, at birth all muscle fibres present are polyneuronally innervated. B, during
the first 10 days after birth motor neurones lose some of their terminals (dotted lines)
through synapse elimination, but the same motor neurones form new synapses on
newly produced muscle fibres (dashed lines). The new muscle fibres probably become
polyneuronally innervated. The two processes (synapse elimination and synapse
formation) balance, so that there is little change in the number of synapses made by
each motor neurone. Thus, motor unit size remains approximately constant. C, between
10 and 20 days of age, muscle fibre production ceases but elimination of synapses from
polyneuronally innervated fibres continues (dotted line) and the average motor unit
size decreases. D, after about 20 days of age, the adult pattern of innervation is reached:
each muscle fibre is singly innervated.

The quantitative observations from which this illustration was created (see Figs.
5-8) are as follows: the total number of muscle fibres increased from about 500 at birth
to 950 (the adult level) by 15 days of age. The average motor unit size remained at
about 120 fibres until 10 days of age, and then decreased to about eighty-five fibres
(the adult level).
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These results are illustrated diagramatically in Fig. 11. The sequence in which these
events occur at the cellular level is unknown. Indeed, none of the six possible se¬
quences (one of which is as follows: synapse elimination->new nerve contact on
muscle precursor ^maturation of the new muscle fibre) can be ruled out with any
certainty. However, the overall rates of the processes were measured. At birth,
motor unit size was about 40 % larger than in the adult, and remained fairly constant
for about 10 days. During this first 10 days, about 35 % of the total number of adult
muscle fibres was produced and innervated. Thus, the relative constancy of motor
unit size did not reflect a static pattern of innervation. Rather, a large number of
new synapses was formed on the newly produced fibres, and an approximately
equal number of synapses was eliminated from other fibres. Moreover, the newly
formed fibres apparently became polyneuronally innervated, since no singly inner¬
vated fibres were detected (by means of intracellular recordings) in muscles less than
6 days old. At this age about 25 % of the total number of muscle fibres present was
produced post-natally. This conclusion is based on the assumption that both newly
formed and more mature muscle fibres were sampled with the micro-electrode.

If these events had continued unchanged to maturity, motor unit size would
have remained large, and the muscle would have contained more fibres (all singly
innervated) than actually observed. Instead, the rate or production of new muscle
fibres gradually fell below the rate of synapse elimination, and motor unit size
accordingly decreased. The reason for this is not clear. Three possible explanations
will be considered. First, motor units may lose the ability to innervate the expanded
number of muscle fibres. Such a mechanism of intrinsic withdrawal has been proposed
as an explanation of development in rat soleus muscle (Brown et al. 1976; Thompson
& Jansen, 1977). That is, in soleus, motor neurons are intrinsically 'programmed' to
reduce the size of their synaptic fields, and the determination of which synapses
are withdrawn is postulated to depend on the degree of competition with other
motor neurones at any particular end plate (Brown et.al. 1976). Later, of course,
motor neurones regain the ability to innervate a larger-than-normal number of
muscle fibres, as studies of nerve terminal sprouting in adults have shown (Thompson
& Jansen, 1977; Brown & Ironton, 1978; Thompson, 1978).

Alternatively, in the lumbrical muscle, the eventual reduction in motor unit size
could reflect a loss of the motor neurons' ability to induce the formation of new
muscle fibres. This possibility can be pursued a bit further. The results suggest that
the newly formed muscle fibres were polyneuronally innervated. This raises the
possibility that the formation of these new muscle fibres required the additive efforts
of more than one nerve contact. If so, then it is conceivable that in the final stages
of synapse elimination, so few new nerve sprouts were produced that no muscle
precursors were contacted by more than one nerve. These final abortive efforts
would lead to a reduction in motor unit size.

Finally, the reduction of motor unit size might reflect an inability of the muscle
to produce additional muscle fibres despite the presence of nerves capable of inducing
the formation of and innervating muscle fibres. Such an upper limit on the number
of muscle fibres would reflect some property intrinsic to the muscle and independent
of the number of motor nerves.

In summary, it is not clear why the final stage of lumbrical muscle maturation
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involves a reduction of motor unit size, rather than the production of additional
muscle fibres. As discussed, the motor nerves may lose the ability to innervate an
expanded number of muscle fibres, or they may lose the ability to induce the forma¬
tion of new muscle fibres, or the muscle may lose the ability to produce new muscle
fibres. These possibilities could be investigated further by measuring the dependence
of post-natal muscle fibre production on the number of remaining motor units in
partially denervated muscles, an experiment for which the lumbrical is aptly suited,
given its dual peripheral nerve supply.

We thank Drs J. K. S. Jansen and W. Thompson for their helpful comments on the manu¬
script, Ms Margaret Grimes for preparing the histological sections and Mr G. Tarver for prepara¬
tion of the Figures. This work was supported by grants from the National Institutes of Health
(NS 10207) and the Muscular Dystrophy Association. R.R.R. was supported by a fellowship
from the Muscular Dystrophy Association.
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EXPLANATION OF PLATES

Plate 1

A light micrograph of a transverse section through the end-plate region of a 1 day old rat
lumbrical muscle. The wide range of sizes of cell profiles, combined with the tight packing
in clusters, made it difficult to count the total number of fibres accurately. Therefore, adjacent
thin sections were examined in the electron microscope. The area marked with a rectangle
is shown in PI. 2. Calibration line = 60 /im.

Plate 2

Electron micrograph (A) of the region of muscle marked in PI. 1. From a i day old rat. Each
cell profile was examined (at higher magnification), and the tracing B shows the identity of
each. F, filamented cell (i.e. cell containing regular arrays of myofilaments); Mt, myotube;
SC, satellite cell; Fb, fibroblast; MC, mast cell. In general, criteria proposed by Ontell (1977)
were used to identify each cell type. Calibration line= 2-5 /tm.
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SUMMARY

1. Two aspects of nerve-muscle development were studied in neonatal rats, the
role of competition between motor neurones during the elimination of polyneuronal
innervation, and the dependence of muscle fibre production upon the number of
motor neurones innervating the muscle.

2. Rat lumbrical muscles were partially denervated at birth by cutting the lateral
plantar nerve. Many muscles remained innervated by a single motor axon from the
sural nerve. These motor units developed in the complete absence of competition
from other motor units. In the adult muscles the number of innervated muscle fibres
was approximately the same as at birth (about 120 muscle fibres).

3. In muscles that were totally denervated at birth, the normal post-natal pro¬
duction of muscle fibres was arrested. In partially denervated muscles, the pro¬
duction of new muscle fibres depended on the number of remaining motor units. The
relationship between the total number of muscle fibres and the number of remaining
motor units was fitted by a simple model.

4. The results suggest that in the lumbrical muscle, the decrease in motor unit size
that occurs during normal development can be accounted for entirely by competition
between motor nerve terminals.

5. The results also suggest that the normal post-natal increase in the total number
of muscle fibres depends on a trophic interaction between the muscle and its
innervation.

INTRODUCTION

At birth, rat skeletal muscle fibres are polyneuronally innervated; that is, each
fibre receives synaptic inputs from several different motor neurones. During the
ensuing 2-3 weeks, synapses are eliminated to produce the adult pattern in which each
muscle fibre is innervated by a single motor neurone (Redfern. 1970). The mechan¬
isms controlling this elimination of synapses are not well understood. Random
elimination is ruled out as the only explanation on the grounds that such a process
could not produce a muscle in which each fibre ultimately received one and only one
synaptic input (Brown, Jansen & Van Essen, 1976). A plausible alternative expla-
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nation is that synaptic inputs interact competitively to gain sole input to a muscle
fibre. However, it has been reported that, after partial denervation of the neonatal
soleus muscle, motor unit size (the number of muscle fibres innervated by a motor
neurone) decreased more than would be expected solely on the basis of competition
between the remaining motor units (two to sixteen in number); that is, some
synapses were withdrawn by a mechanism intrinsic to the motor neurone. Thus, it
was suggested that two mechanisms, namely intrinsic withdrawal and competitive
elimination of synapses, guide the post-natal development of soleus muscle (Brown
et al. 1976; Thompson & Jansen, 1977). The relative importance of the two mechan¬
isms was difficult to assess quantitatively, largely because the partially denervated
soleus muscles always contained more than one motor unit, so that at least a portion
of the observed reduction in motor unit size could be attributed to elimination by
competition.

The present study was undertaken to determine more precisely the contributions
of intrinsic withdrawal and competitive elimination in the maturation of nerve-
muscle synapses. The preparation, a rat lumbrical muscle (Betz, Caldwell & Rib-
chester, 1979), was especially well suited for such a study, since it was possible (in
about one fourth of the cases) to cut all but one of the motor axons innervating the
muscle at birth. The single remaining motor unit then could mature in the tota*
absence of competitive influences from other motor neurones. Thus, any observed
change in motor unit size could be ascribed solely to processes intrinsic to the motoi
neurones. Twenty-three single motor unit muscles were studied. The estimated mear
motor unit size was not significantly different from that at birth, indicating that, ir
the lumbrical muscle, elimination of polyneuronal innervation is based only upor
competition between motor nerves.

In an earlier study (Betz et al. 1 979), it was found that about one third to one hal
of the adult number of lumbrical muscle fibres are produced post-natally. It was o:
further interest to determine whether this production depended on motor nerves
The results show that, in muscles partially denervated at birth, the number of musclt
fibres subsequently produced depended upon the number of remaining motor units
The results could be fitted with reasonable quantitative accuracy by a simple model

METHODS

The experiments described in this paper were carried out using the fourth deep lumbrica
muscle of the rat, which receives motor innervation from axons in both the lateral planta
nerve and the sural nerve.

The techniques of muscle tension recording and histological measurements were the same a
described earlier (Betz et al. 1979). Two additional procedures were incorporated in the presen
paper. Operations were performed bilaterally on fifty-three rats 0-2 days after birth. Thi
animals were anaesthetized with ether, and a small incision was made on the medial side of th<
ankle, exposing the lateral and medial plantar nerves. Both nerves were cut. The muscles wen
examined 4-5 weeks later. The nerves did not regenerate, judged by the appearance of the nervi
under a dissecting microscope and by testing with stimulation proximal to the cut. The number o
remaining motor units was determined from recordings of twitch tensions, evoked by grade<
nerve stimulation. Four partially denervated muscles were stained with zinc iodide and osmiun
(Akert & Sandri, 1968; Jansen & Van Essen, 1975) in order to examine the morphology of moto
nerve endings.
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Calculations of the number of innervated fibres. The numbers of innervated and denervated
muscle fibres were estimated from histograms of muscle fibre diameter distributions. An iterative
procedure was used, in which each bin of the histogram, starting with the largest, was addressed
separately. The fibres in each bin were partitioned into denervated or innervated classes according
to criteria described below. The procedure was based on the assumption that denervated fibres
in partially denervated muscles had the same diameter distribution as fibres in totally denervated
muscles. The calculations were based on three measurements: (i) the average distribution of
muscle fibre diameters in totally denervated muscles, (ii) the distribution of muscle fibre dia¬
meters in the experimental muscle and (iii) the total number, N, of muscle fibres in the experi¬
mental muscle.

For the first iteration, an upper limit was estimated for the total number of denervated fibres
(wd) in the experimental muscle. In practice this was taken to be the total number of fibres in the
muscle. This was used to construct, bin by bin, a hypothetical histogram of denervated fibre
diameters. For each bin (x) in the histogram, the hypothetical number of denervated fibres
present (Dx) was calculated: Dx = nA.px, where px = the fraction of all fibres in bin x of the
histogram from the totally denervated muscles. If the calculated value of D, was less than the
number of fibres actually present in the bin, the remainder (If) was identified as innervated
muscle fibres. After all bins had been addressed, the total number of innervated fibres (estimated
from this iteration) was given simply by 2/x.

The entire procedure was then repeated, this time with a new estimate of nd. This new value
was simply the total number of fibres in the muscle minus the number of innervated fibres
identified in the previous iteration (2/„). Successive iterations added fewer innervated fibres to
the total, and the total number asymptotically approached a constant value. In practice, the
procedure was ended when the estimates from successive iterations differed by less than one
percent.

In some experimental muscles, the amount of atrophy of the denervated fibres was not the
same as that in the average of the totally denervated muscles. In such cases, the iterative
procedure described above led to a bimodal distribution of the diameters of the innervated
fibres. In every case, the additional peak was in the range of the smallest diameter fibres. These
fibres probably were not in fact innervated; more likely, the iterative procedure had failed to
'extract' them from the histogram along with other denervated fibres. These fibres were not
included in the estimates of the number of innervated fibres. Their inclusion would boost the
mean motor unit size by about ten percent. This difficulty occurred only with histograms from
certain individual muscles. When the procedure was applied to the average histogram from all
twenty-three muscles, the result was in good agreement with the mean obtained by treating
each muscle individually (see Results).

RESULTS

Number of motor units in mature partially denervated muscles. Muscles were partially
denervated 0-2 days after birth by cutting the lateral plantar nerve. At the time of
the final experiment (4-5 weeks later), none of the severed nerves showed signs of
regeneration; muscles were either totally denervated or received 1-8 inputs from the
sural nerve. The distributions of the number of sural motor units in control and

experimental muscles are shown in Fig. 1. The distributions are not significantly
different (P > 0-05, y2 test); thus cutting the lateral plantar nerve did not affect the
number of sural motor units in mature muscles. This suggests that at the time of the
operation the adult number of sural motor units was determined.

The histograms in Fig. 1, while not significantly different statistically, are not precisely
superimposable. In control muscles, no sural nerves contained more than five motor units, while
in eight partially denervated animals six to eight sural motor units were observed. This raises
the possibility that, at birth, the muscle might contain a few more motor units than in the adult,
and that some are lost through a process of post-natal neuronal cell death normally, but not in
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partially denervated muscles. Romanes (1946) suggested on the basis of histological observations
that some post-natal cell death occurred in the mouse, but Brown et at. (1976) found that new¬
born rat soleus muscle received the same number of motor units as the adult. Their experiments
involved recording twitch tensions in response to stimulation of teased ventral root filaments.

Motor unit size

One of the major aims of this study was to determine the motor unit size (i.e. the
number of muscle fibres innervated by a motor axon) in muscles innervated by only
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Fig. 1. Histograms showing the distributions of the number of motor units in sural
nerves from control muscles (n = 31) and from mature muscles in which the lateral
plantar nerve (LPN) was sectioned at birth (n = 96).

one motor axon after partial denervation. The results described below suggest that
the single remaining motor unit maintained its expanded neonatal size.

Persistence of denervated muscle fibres. In sixteen muscles, there was no tension
generated in response to nerve stimulation; these muscles had been completely
deprived of their motor innervation. Nevertheless, they generated tension with a
characteristically slow time course upon direct stimulation (Fig. 2A), and muscle
fibres, though atrophied, were clearly visible histologically (PI. IB).

In twenty-three muscles, tension recordings revealed a single motor unit innervat¬
ing the muscle. The tension produced by nerve stimulation was about one half that
produced by direct muscle stimulation, suggesting that the muscle contained de-
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nervated as well as innervated fibres (Fig. 2 B). The histological picture was consistent
with this: the muscles contained many small fibres (which were the same size as those
in totally denervated muscles) and some clearly hypertrophied fibres (PI. 2). Presum¬
ably, the small ones represented the denervated fibres, and the large ones represented
the innervated fibres. This interpretation is consistent with the fibre size distribution
observed in the other partially denervated muscles, containing from two to eight sural

Fig. 2. Physiological evidence for the persistence of denervated muscle fibres in partially
denervated muscles. The records show lumbrical muscle tension recordings from 4- to
5-week-old rats whose lateral plantar nerve had been sectioned at birth.

A, from a totally denervated muscle. Sural nerve stimulation gave no response.
Direct muscle stimulation produced the response illustrated.

B, from a muscle with one sural motor unit. Supramaximal sural nerve stimulation
produced the smaller response; direct muscle stimulation produced the larger response.

motor units. Representative histograms from individual muscles are shown in Fig. 3.
From top to bottom, muscles with fewer motor units are shown, ending with a
histogram from a totally denervated muscle. The changes in the shapes of the histo¬
grams can be explained by assuming that, with fewer motor units, increasing numbers
of denervated, atrophied muscle fibres resulted and that the remaining innervated
muscle fibres hypertrophied. This interpretation is analysed quantitatively below.

Single motor unit muscles. One of the histograms shown in Fig. 3 is from a muscle
which had one remaining motor unit. It seems reasonable to suppose that the largest,
hypertrophied fibres were innervated and that the smallest, atrophied fibres were
denervated (PI. 2). However, while there is a suggestion of a bimodal distribution in

B 20 msec
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the histogram, there is not a total separation of the two types. About half of the
histograms from single motor unit muscles showed a bimodal distribution in fibre
size; the distributions of the remaining muscles were skewed but essentially uni-
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Fig. 3. Representative histograms of muscle fibre diameters in muscles with different
numbers of remaining motor units. Arrows indicate mean fibre diameter in the control
muscle. The histograms are arranged in descending number of motor units from top to
bottom. The changes in the shapes of histograms can be explained by supposing that the
partially denervated muscles consist of some denervated, atrophied muscle fibres and
some innervated, hypertrophied fibres. With fewer motor units, the proportion of
denervated fibres increased (note the growth in the proportion of fibres with diameters
smaller than 10 /im, going from top to bottom).

modal. The average histogram from all twenty-three muscles is shown in Fig. 4.
To estimate the numberof innervated and denervated muscle fibres in these muscles,

a special procedure was adopted. Tt is described briefly here, and in detail in Methods.
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The procedure involved dividing the histogram of muscle fibre diameters into de-
nervated and innervated portions, on the assumption that denervated fibres in
single motor unit muscles atrophied to the same extent as muscle fibres in totally
denervated muscles. Thus, as large a population of muscle fibres as possible, having
the same diameter distribution as fibres in totally denervated muscles, was 'extracted'

Muscle fibre diameter (tim)

Fig. 4. Average distribution of muscle fibre diameters from all single motor unit muscles
(n = 23). The shaded area represents muscle fibres identified as innervated, estimated

: according to a partitioning procedure described in the text.I

from the single motor unit muscle histogram. These were identified as denervated
fibres. The remaining fibres were identified as innervated. Fig. 4, which is the average

i histogram of all twenty-three muscles, shows how the histogram was partitioned.
The number of innervated fibres (shaded area) was 117.

When this procedure was applied separately to each of the twenty-three single
motor unit muscles, the resulting distribution (Fig. 5) of the motor unit size was
similar to that of the neonatal muscle. The similarity between both the means and
the distributions of motor unit size suggests that 4-5 weeks after partial denervation
the motor unit size has neither shrunk nor expanded. The failure to sprout is interest¬
ing since there were many denervated fibres available for innervation.

Tension recordings lent further support to the validity of this procedure. In totally
denervated muscles, the average direct tension produced was 450 mg, and the average
number of muscle fibres counted histologically was about 600. Thus, each fibre
produced 0-75 mg tension. In single motor unit muscles, the difference between
direct and indirect tension was taken as a measure of the tension produced by the
denervated fibres. This averaged 350 mg. The mean number of denervated fibres in
these muscles was 441 (estimated by the partitioning procedure). This gives a value
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of 0-79 mg as the average tension per denervated fibre, which is in good agreement
with the value obtained directly and independently from totally denervated muscles.

The tension measurements support the assumption that denervated muscle fibres in partially
denervated muscles behave like those in totally denervated muscles. Unfortunately, it is not
true that innervated fibres in partially denervated muscles behave like those in control muscles.
In particular, it has been reported that contractility of hypertrophied fibres is less than that of
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Fig. 5. Distributions of motor unit sizes of the twenty-three mature single motor unit
muscles (continuous line). Shown for comparison is the distribution of motor unit size
at birth (redrawn from Betz et al. 1979, Fig. 11). The mean value (dashed arrow) is
nearly the same as the single motor unit mean value (continuous arrow).

controls (Lesch, Parmley, Hamosh, Kaufman & Sonnenblick, 1968). In the present study, results
of comparisons between indirect tension and estimates of cross-sectional areas of innervated
fibres were consistent with this. For instance, the average indirect tension in single motor unit
muscles was about three times the average motor unit tension in control muscles. The estimated
cross-sectional area of the innervated fibres in single motor unit muscles was about four times
the average area of control motor units. This suggests that the contractility of the experimental
motor units was about three-fourths of that of control motor units. This is in good agreement
with Lesch et al. (1968), who showed that contractility of overloaded muscle fibres was 70-85%
of normal.

In muscles with more than one remaining motor unit, the partitioning procedure
was less useful than it was for single motor unit muscles. This resulted primarily
from the fact that the degree of hypertrophy decreased in muscles with more than
one motor unit, thereby narrowing the range of muscle fibre sizes, and hence reducing
the sensitivity of the partitioning procedure. The method was applied to several
muscles with two or three remaining motor units, and it appeared that motor unit
sizes were not significantly different than those in single motor unit muscles.

In summary, the number of innervated muscle fibres in single motor unit muscles
was estimated to be 117. This is about the same as the estimated average size of
motor units at the time of partial denervation (122), and is significantly greater
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(P < 0-005) than the normal adult size of 87 (Betz et al. 1979). Thus it appears that
a single motor unit maintains its expanded size in the absence of competing motor
neurones.

Number of muscle fibres
Counts of the total number of muscle fibres provided additional information about

the maturation of partially denervated muscles. Fig. 6A shows the relationship
between the total number of muscle fibres in muscles 4-5 weeks of age which had
been partially denervated at birth (ordinate) and the number of remaining motor
units (abscissa). The lines in the figure are based on a model described below.

Total denervation. In muscles with no remaining axons, the average number of
muscle fibres was 595 (Fig. 6A). This is about the same as the average number
estimated to have existed at birth (512 muscle fibres).

These two values are not quite significantly different (P = 0-06). The difference between the
two means (eighty-three muscle fibres) is similar to the number of muscle fibres produced in
about a day in normal neonates (see Fig. 6, Betz et al. 1979). If the difference is in fact real, it
suggests that the effect of denervation is delayed; that is, the muscles may have continued to
produce new muscle fibres for about a day after the operation. Since the nerve was cut a con¬
siderable distance from the muscle, there might have been a residual trophic effect which per¬
sisted for some hours. Similar effects have been postulated in adult denervated muscle (Luco &
Eyzaguirre, 1955; Harris & Thesleff, 1972; Uchitel & Robbins, 1978).

While the results suggest that total denervation arrested the post-natal production
of muscle fibres, an alternative explanation is that the muscles may have produced
the full number of fibres even in the absence of innervation, but that these fibres
subsequently atrophied and disappeared (before the age of 4 weeks). To test this,
counts were made on eight totally denervated muscles (and their contralateral
controls) from rats of different ages. Results are shown in Fig. 6 B, where the number
of muscle fibres in each denervated muscle is expressed as a percentage of its contra¬
lateral control (ordinate). The continuous line (derived from Fig. 6 of Betz et al.
1979) shows the relationship expected if muscles fail to produce new muscle fibres
after denervation at birth. The agreement with this prediction is reasonably good,
and it seems clear that the post-natal production of muscle fibres depends upon the
presence of a nerve supply.

Returning to Fig. 6^4, one can also see that muscles with eight motor units
produced as many muscle fibres as controls with eleven or twelve motor units. This
suggests that there is an upper limit to the number of muscle fibres that can be
produced post-natally and that this number is reached with less than the normal
number of motor units.

The results described so far were used to construct a quantitative model of motor
unit and muscle fibre development. The value of one parameter (described below)
was unknown and the lines in Fig. 6^4 show the extreme limits of the model. The
known features are as follows. (1) There is an upper limit to the number of muscle
fibres in a mature muscle. (2) Polyneuronal innervation is eliminated. (This was
confirmed in two experiments in which a mature partially denervated muscle was
examined with intracellular recordings. One muscle received three and the other four
motor units and no impaled fibres (n = 63) were innervated by more than one axon.
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B

Age (days)

Fig. 6. A, the number of muscle fibres is plotted as a function of the number of re¬
maining motor units in muscles 4-5 weeks old which had been partially or completely
denervated at birth. The point at twelve motor units is from control muscles. Points
show mean + s.D. Lines are predictions based on models described in text, in which new

synapses form preferentially either on newly produced muscle fibres (continuous line)
or on fibres denervated at birth (dashed line). B, total denervation at birth arrests pro¬
duction of new muscle fibres. The number of muscle fibres (as % contralateral controls)
is plotted against age. Each filled circle shows data from one animal; open circle shows
means ± s.D. from all mature denervated muscles. The line shows relationship expected
if denervation halts production of new muscle fibres.



PARTIAL DENERVATION EFFECTS 275

Brown et al. (1976) reported the same result for partially denervated rat soleus
muscle.) (3) Muscles contain about 600 muscle fibres at the time of the partial
denervation operation. (4) So long as muscle fibres are available for innervation,
motor neurones form new synapses as others are eliminated from polyneuronally
innervated fibres. This is based on observations of development of normal lumbrical
muscles (Betz et al. 1979). In other words, motor neurones attempt to maintain their
neonatal motor unit size (about 120). For instance, in a mature partially denervated
muscle with eight motor units and 960 singly innervated muscle fibres, each motor
neurone could be accommodated with its neonatal motor unit size (120 x 8 = 960).

Finally, one condition is not known; this concerns the target for new nerve
contacts. That is, new synapses might be made on newly produced muscle fibres (as
in normal development) or on denervated muscle fibres (i.e. those present at birth,
but denervated by the operation). The continuous line in Fig. QA is based on the
assumption that new synapses are made only on new muscle fibres (i.e. denervated
fibres remained denervated). The dashed line is based on the other assumption,
namely that all denervated fibres become reinnervated before any new muscle fibres
are produced. The calculations are described below. The continuous line is clearly
the better fit, but a more important point perhaps is that data from a number of
different kinds of experiments can be accommodated in a fairly simple model of
post-natal nerve and muscle development.

A model of motor .unit and, muscle fibre development. The following calculations were used to
construct the model described above and illustrated in Fig. 6.4. Conditions for the model were:
the muscle contains 600 muscle fibres, and each motor neurone innervates 120 muscle fibres at the
time of the partial denervation operation. Polyneuronal innervation is subsequently eliminated.
Simultaneously motor neurones make pew synapses in an attempt to maintain their motor unit
size. Finally there is an upper limit (= 938) to the number of muscle fibres in a mature muscle.
There are two potential targets available for newly formed synapses, namely (1) fibres de¬
nervated by the operation and (2) newly produced muscle fibres. These are treated separately.

(1) Suppose new synapses are made preferentially on denervated muscle fibres, and that no
new muscle fibres are produced until all existing fibres are innervated. This gives the dashed line
in Fig. 6.4. In muscles with five or fewer motor units, no new fibres will be produced, since a
muscle with 600 singly innervated fibres can accommodate five motor units, each innervating
120 fibres. For each motor unit added beyond five, 120 new muscle fibres must be produced, until
the maximum is reached (see Fig. 6 A, dashed line).

(2) Suppose new synapses are made preferentially on newly formed muscle fibres (i.e. de¬
nervated fibres remain so). This gives the continuous line in Fig. 6.4. The number of muscle
fibres added post-natally is equal to the number of 'redundant' synapses that exist immediately
after the operation. Redundant synapses are those lost as polyneuronal innervation is eliminated.
The number of redundant synapses is equal to the total number of synapses minus the number of
innervated fibres immediately after the operation. The total number of synapses in simply 120 n,
where n = number of remaining motor units. The number of remaining innervated fibres was
calculated from the hypergeometric distribution:

p _ (u — s) \ (u — n) !d
(u — n — s) \u !

where Pd = fraction of fibres denervated (= 1 — fraction innervated), u = number of motor
units before partial denervation (= 12), s = average number of synapses per muscle fibre
before the partial denervation (= 2-4), and n = number of motor units remaining after partial
denervation. Since s is a fraction, its factorial is undefined. Thus, the calculation was performed
at flanking integers, and a weighted mean was used. That is, it was assumed s = 3-0 for 40%
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of the fibres and s = 2-0 for the rest. Thus the total number of muscle fibres predicted =

600+120 n— 600(1 — Pd). This method assumes that synapses are distributed as evenly as
possible on muscle fibres. Essentially identical results are obtained assuming that synapses are
distributed randomly. In this case, the fraction of fibres denervated follows a binomial distri¬
bution: Pd = (1 — 120/600)". However, adjustments must be made, since this method predicts
incorrectly that even in a normal muscle (n = 12) some fibres (forty-one in the case at hand)
are denervated.

In summary, in totally denervated muscles, no muscle fibres were produced post-
natally, while the full number of fibres was produced in muscles with only two thirds
the full number of motor units.

Zinc iodideIosmium staining. Four mature muscles, partially denervated at birth,
were stained with zinc iodide and osmium tetroxide (Akert & Sandri, 1968). Motor
nerve terminals were examined in order to investigate the possibility that intrinsic
withdrawal might have occurred and then have been masked by subsequent sprouting.
The muscles were teased into bundles of five to ten fibres and 50-100 terminals were

examined in each muscle. No ultraterminal sprouts were seen in any of the muscles.
This observation implies that no sprouting was occurring at the time of the final
experiment. In three of the muscles the appearance of the end-plates was entirely
normal. In the fourth muscle, of seventy-six terminals examined, several appeared
to arise from short collateral branches. The branches were clearly myelinated. In
addition, twenty eight terminals received more than one pre-terminal branch from
the same axon. Over-all, the appearance was quite unlike that seen in partially
denervated adult muscle, in which many ultraterminal sprouts are visible and the
collateral nerve branches are either thinly myelinated or completely unmyelinated
(M. C. Brown & R. Ironton, 1978; our unpublished observations).

DISCUSSION

The experiments described in this paper involved a study of rat lumbrical muscles
which had been partially denervated at birth. There are two results of special
interest. One concerns nerve-nerve interactions (competition between motor neu¬

rones) and the other concerns nerve-muscle interactions (the dependence of muscle
fibre production on the number of remaining motor units).

Competition between motor neurones. Elimination of polyneuronal innervation
during development of the rat has been demonstrated in soleus muscle (Brown et al.
1976; Thompson & Jansen, 1977) and diaphragm muscle (Redfern, 1970; Bennett &
Pettigrew, 1974), in the submandibular ganglion (Lichtman, 1977) and in the cere¬
bellum (Crepel, Mariani & Delhaye-Bouchaud, 1976). Some of the details of the
elimination are different in these tissues; nevertheless, the phenomenon seems to be
a general one and the factors responsible for this elimination are of interest. Two
mechanisms have been proposed based on experiments by Brown et al. (1976) and
Thompson & Jansen (1977) who studied the development of motor units in rat
soleus muscle. They found that, in muscles partially denervated at 1-5 days, motor
unit size subsequently decreased almost to the normal adult value. They suggested
that, in addition to a competitive mechanism of elimination, many synapses were
withdrawn by a mechanism intrinsic to the individual motor neurones. The relative
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contributions of the two mechanisms are difficult to assess quantitatively, since the
partially denervated soleus muscle always contained more than one remaining
motor unit, so that some reduction of motor unit size by competition would be
expected.

In the present experiments twenty-three mature muscles with a single remaining
motor unit were studied, and the average motor unit size was 117, which is not
significantly different from the normal size at birth (122; Betz etal. 1979). The simplest
explanation of this result is that the isolated motor units maintained their expanded
neonatal size, and did not decrease to the normal adult level (about eighty-five).
This suggests that the normal post-natal reduction in motor unit size depends
entirely on competition between motor units. This conclusion is different from that
proposed by Brown etal. (1976) and Thompson & Jansen (1977). However, the present
experiments were performed on 4-5 week old animals, and it is conceivable that motor
unit size may have reversibly changed at earlier post-natal times. For instance, the
units might have become smaller (intrinsic withdrawal) and then larger (sprouting).
However, if this did occur, the sprouting was not by way of terminal sprouts, since
none were observed in zinc iodide osmium stained preparations. Moreover, while some
abnormal terminals were seen in these preparations (see Results), the great majority
were of uniform size and maturity. Thus it seems more reasonable to conclude that
only competition operates in the lumbrical muscle.

This difference in results between soleus and lumbrical muscles is one of several
clear differences between the two muscles. For instance, muscle fibres denervated at
birth disappear entirely in 4-5 weeks in soleus (Brown et al. 1976), but persist in the
lumbrical muscle; motor unit expansion at birth is apparently much greater in soleus
(3-5 times the normal adult size) than in the lumbrical (1-4-fold greater); there is
apparently little post-natal production of muscle fibres in the soleus (Thompson &
Jansen, 1977), but much in the lumbrical. It seems reasonable to add the pheno¬
menon of intrinsic withdrawal to this list of differences.

The mechanism of competition is unknown. There is some evidence that electrical
activity in the nerve and muscle may be important. A change in the overall activity
has been shown to alter the rate of synapse elimination. Decreased activity in the rat
(Benoit & Changeux, 1978; Thompson, Kuffler & Jansen, 1979) and chick (Srihari &
Vrbova, 1978) delays the elimination of multiple innervation; increased activity
leads to an acceleration of elimination in the neonatal rat (O'Brien, Ostberg &
Vrbova, 1978). Although these experiments clearly show an elfect on the rate of
elimination, they of course cannot show whether the level of nerve activity affects
the final outcome, in terms of which terminals persist and which are eliminated. This
problem could be addressed by differentially affecting the activity of the motor
axons to the muscle, rather than by increasing or decreasing the activity of the entire
nerve.

A trophic effect of motor nerves on the number of muscle fibres. In addition to
competitive interaction between motor nerves, there is also an interaction between
the motor nerves and developing muscle fibres. It is well known that the normal
development of a muscle depends upon its nerve supply (see Jacobson, 1978, for
review). The results described in this paper extend this observation to a quantitative
level. The number of muscle fibres produced post-natally depended in a consistent
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fashion upon the number of remaining motor units. In totally denervated muscles,
the number of muscle fibres remained at the level which existed at the time of the

operation (about 600). In partially denervated muscles, additional muscle fibres were
produced post-natally, and the full number of muscle fibres (about 950) was present
in muscles with only eight motor units (normal is eleven or twelve motor units).
In other words, there was an upper limit to the number of muscle fibres produced
post-natally; regardless of the number of nerves present, no more than about 950
muscle fibres (total) could be produced. Thus, the post-natal role of motor nerves is
permissive, rather than instructive, in that they promote production of muscle fibres
within a limit established independently at an earlier time (i.e. pre-natally). The
mechanism governing this upper limit to the number of muscle fibres is unknown.
Perhaps myoblasts are instructed earlier in development as to the number of divisions
they can undergo before withdrawing from the mitotic cycle to fuse with other muscle
fibre precursors (cf. Church, 1970). Such a mechanism could determine a maximum
number of muscle fibres in adult muscle. The source of such an instruction also is
unknown. Conceivably, it could depend on the number of nerve axons which first
reach the muscle primordium.

The relationship between the number of muscle fibres and the number of remaining
motor units was fitted with reasonable accuracy by a simple model (Fig. 6A). The
model is based on the observations that there is an upper limit (about 950) to the
number of muscle fibres, and that polyneuronal innervation is eliminated. In
addition, the assumption is made that, subject to these two basic constraints, motor
units attempt to maintain their neonatal size (about 120) by inducing the formation
of (and innervating) new muscle fibres as they lose synapses on other fibres. The
assumption, in other words, is that motor units in partially denervated muscles
behave like those in normal muscle. The model predicts that motor unit size remains
at the expanded neonatal level in all mature muscles with up to eight remaining
motor units. With more than eight motor axons, motor unit size must decrease,
because no further muscle fibres are produced.

In summary, the work described in this paper extends the observations made
previously on normal development of rat lumbrical muscles (Betz et al. 1979). At
birth muscle fibres are polyneuronally innervated, and during post-natal development
nerve terminals are eliminated by a mechanism which depends entirely on competi¬
tion between motor units. The post-natal addition of new muscle fibres depends,
within a limit established before birth, on the number of motor axons innervating
the muscle.

We thank Drs J. K. S. Jansen and W. Thompson for their helpful comments on the manu¬
script, Ms Margaret Grimes for preparing the histological sections and Mr G. Tarver for prepa¬
ration of the figures. This work was supported by grants from the National Institutes of Health
(NS 10207) and the Muscular Dystrophy Association R.R.R. was supported by a fellowship
from the Muscular Dystrophy Association.
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EXPLANATION OF PLATES

Plate 1

Normal lumbrical muscle (A) and lumbrical muscle which was totally denervated at birth (B),
at the same magnification. Transverse frozen sections stained with haematoxylin and eosin.
The fibres in the denervated muscle are atrophied but have not disappeared (5 weeks after
birth). Calibration bar = 100 /im.

Plate 2

Lumbrical muscle with a single remaining motor unit after partial denervation one day after
birth. Same magnification as PI. 1. Note the large hypertrophied fibres and the many atrophied
fibres (5 weeks after birth). Transverse frozen section. Calibration bar = 100 fim.
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SUMMARY

1. Certain muscles in the hind foot of rats were partially paralysed by applying
tetrodotoxin to part of their motor innervation. In these muscles motor nerve
sprouting occurred from the terminals of the unblocked axons. The extent of sprout¬
ing was compared with that seen in totally paralysed and in partially denervated
muscles.

2. Action potentials were blocked in the medial and lateral plantar nerves of
adult rats for 5-13 days by continuous superfusion with a solution containing
tetrodotoxin. The drug was delivered through a tube and nerve cuff from an osmotic
pump placed intraperitoneally. Control experiments showed that nerve block was
complete and that signs of nerve damage were absent in the animals included in the
study.

3. Two muscles (the second lumbrical and flexor digitorum brevis), which received
innervation only from the medial plantar nerve, were totally paralysed by the nerve
block. Two different muscles (the fourth lumbrical and flexor digitorum quinti brevis)
were only partially paralysed, since they received their innervation from the lateral
plantar nerve and, in addition, from the sural nerve which was not blocked. One day
before the final experiment, the lateral plantar nerve was cut, and its terminals
degenerated. Thus in the partially paralysed muscles only the unblocked terminals
from the sural nerve remained. These terminals were observed after staining with
zinc iodide and osmium tetroxide. Similarly, terminals from the medial plantar
nerve were examined in the totally blocked muscles from the same animal.

4. In other experiments, muscles were partially denervated by cutting the lateral
plantar nerve in order to compare effects of nerve block and nerve section.

5. Sprouting occurred under all three conditions. Active terminals in the muscles
partially paralysed for 5-7 days sprouted to the same extent as terminals in muscles
totally blocked during the same period: about 35% of the terminals had sprouts,
and their average length was about 13/<m. Sprouting was more pronounced in
partially denervated muscles: about 65% of the terminals had sprouts and they
averaged 24/<m in length. Collateral (preterminal) sprouts were seen only after
partial denervation.

* Present address: Institute of Physiology, University of Oslo, Karl Johans Gate 47, Oslo 1,
Norway.
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6. Physiological and histological observations suggested that sprouts in paralysi
muscles, unlike those in partially denervated muscles, seldom if ever made nt
synapses on neighbouring muscle fibres, even after 12-13 days of nerve block.

7. The results show that inactive muscle fibres cause active nerve terminals i

neighbouring fibres to sprout, perhaps by releasing a diffusible, sprout-promoti;
factor, which is part of the stimulus for motor nerve sprouting in partially denervat
muscles.

INTRODUCTION

Motor nerve terminals in adult mammalian skeletal muscle maintain precise ai
stable anatomical relationships with the muscle fibres they innervate, covering all
the specialized post-synaptic membrane and seldom straying beyond it. This norn
pattern is not immutable, however, since the nerve terminals, when given the prof
stimulus, can sprout, grow, and innervate neighbouring muscle fibres, while mai
taining their original synaptic connexions. The stimuli for motor nerve sprouti
have been investigated in several kinds of experiments, in particular after part
denervation and after pharmacological block of nerve-muscle activity.

After partial motor denervation, the remaining nerve terminals sprout a
innervate adjacent denervated muscle fibres (Hoffmann, 1950; Edds, 1953; Brown
Ironton, 1978). Evidence suggests that one stimulus for sprouting in such muse
comes from degenerating nerves: injection of lipid extracts of peripheral nerves in
normal muscles causes sprouting of motor nerve terminals (Hoffmann, 1950), as dc
dorsal root section, which produces degenerating sensory nerves without mo1
denervation (Brown, Holland & Ironton, 1978).

While products of nerve degeneration apparently provide a sufficient stimulus i
sprouting, they are not necessary; sprouting can occur in the absence of degenerati
nerves. Thus, motor terminals sprout if muscles are completely paralysed by blocki
neuromuscular transmission with botulinum toxin (Duchen, 1970) or by blocki
nerve activity with tetrodotoxin (Brown & Ironton, 1977). In these cases, t
sprouting stimulus must come from a different source. Further experiments ha
shown that the source is not intrinsic to the blocked motor nerves, since the sprouti
can be blocked by stimulation of the paralysed muscles, through implanted el
trodes (Brown, Goodwin & Ironton, 1977) or foreign motor nerves (Duchen
Tonge, 1977). Thus the sprouting stimulus must come from the muscle fibres, a:
result of inactivity.

It is not known whether an inactive muscle fibre stimulates sprouting only of
own nerve terminal, or whether it is capable of causing terminals on neighbour]
muscle fibres to sprout, perhaps by releasing a diffusible sprout-promoting fact
Such a diffusible factor, in addition to the products of nerve degeneration, woi
operate in partially denervated muscles.

The present experiments were designed to determine whether inactive mus
fibres can cause sprouting of active terminals on neighbouring muscle fibres, in f
absence of nerve degeneration products. The experiments involved blocking activ
in some, but not all, motor axons to a muscle for 1-2 weeks. Subsequent examinati
of the active terminals revealed that sprouting had occurred. Thus inactive mus
fibres communicate with nerve terminals on neighbouring muscle fibres, causing tin
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to sprout. The degree of sprouting in the partially blocked muscle was compared to
that seen in totally blocked and partially denervated muscle.

METHODS

Experiments were carried out on male and female Sprague Dawley rats bred from stock
obtained from Charles River Laboratories. At the time of initial surgery the rats weighed
150-200 g. Operations were carried out using ether or sodium pentobarbitone (60 mg/kg)
anaesthesia.

Chronic block of nerve conduction. Prolonged block of nerve action potentials was achieved in
the medial plantar nerve and lateral plantar nerve by chronic superfusion with tetrodotoxin
(TTX; Sankyo). This drug was used because it blocks action potentials without affecting
axoplasmic transport (Lavoie, Collier & Tenenhouse, 1977). The TTX, dissolved in 0-9% saline
was contained in osmotic mini-pumps (Alza Corp., Palo Alto, California U.S.A.) which were
implanted intraperitoneally. Two types of pump were used: Model 1701, which delivered its
contents in 5-7 days, was filled with 250 fig TTX/ml.; Model 1702, which delivered its contents
in 12-13 days, was filled with 500 fig TTX/ml. Both types of pump supplied TTX at a rate of
about 0-3 fig/hr. Silastic tubing led from the osmotic pump to a moulded silastic cuff (length
3-4 mm; o.d., 2-2 mm; i.d., 2-0 mm). The tubing was threaded under the skin and the cuff was
placed around the plantar nerves in the mid-calf region (Fig. 1).

The cuffs fitted quite loosely, minimizing the possibility of damage to the nerves through
compression. The tubing was filled initially with the TTX solution. The cuff served to hold the
opening of the tubing in the vicinity of the nerves and to keep the TTX from rapidly diffusing
away. In eleven rats studied in earlier experiments, relatively thick walled cuffs of much smaller
internal diameter were used. These cuffs often damaged the nerves. Those experiments are not
included here.

The plantar muscles receive innervation through the medial and lateral plantar and the sural
nerves. The fourth deep lumbrieal muscle and flexor digitorum quinti brevis receive innervation
from the lateral plantar nerve and often, in addition, from an anastomotic branch of the sural
nerve. The flexor digitorum brevis receives innervation from the medial nerve and also often
from an anastomotic branch of the lateral (Betz, 1977; Betz, Caldwell & Ribchester, 1979). The
second deep lumbrical muscle receives innervation from the medial plantar nerve only. Chronic
superfusion of TTX around the plantar nerves therefore caused the fourth deep lumbrical and
the flexor digitorum quinti brevis to become partially inactive and the second lumbrical and the
flexor digitorum brevis to become totally inactive (Fig. 1).

The degree of nerve conduction block was assessed daily by pinching the toe pads of the foot
with forceps (see Results). Briefly, light pinching of the most medial toe pads on the contralateral
(unblocked) foot caused a brisk leg withdrawal response, while the animal ignored strong pinches
made to the medial toe pads on the blocked foot.

Removal of inactive nerve terminals before final experiment. When nerve block began to wear off
after 5-7 days, the lateral plantar nerve was cut in order to allow its nerve terminals to de¬
generate. Control experiments (see Results) showed that motor nerve terminals degenerated
and no longer stained with zinc iodide and osmium tetroxide 12-24 hr after nerve section. Rats
were therefore sacrificed 24 hr after section of the lateral plantar. This procedure ensured that
only the nerve terminals belonging to motor axons in the unblocked sural nerve were stained.

In early experiments the lateral plantar nerve was cut above the anastomotic branch to the
medial as this was technically the simplest operation. However, this procedure restricted the use
of other muscles in the foot as controls for nerve damage. In later experiments the lateral nerve
was cut just proximal to the anastomotic branch of the sural nerve (Fig. 1). In those rats electro¬
physiological recordings and tension measurements (see below) were made from the flexor
digitorum brevis and second deep lumbrical muscles respectively, to test for the possibility of
nerve damage caused by initial surgery or by the cuff. As an additional control a piece of the
lateral plantar nerve was removed at the time of denervation and processed for histological
counts of the number of myelinated axons. The nerves were fixed in phosphate buffered 2-5%
glutaraldehyde and embedded in Epon. Transverse sections were taken at 1 /im and the sections
were stained with toluidine blue and photographed. Myelinated axons were counted from x 2000
photomicrographs of the sections.
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Partial denervation. In a separate group of rats the fourth deep lumbrical aiut flexor digitorum

quinti brevis muscles were partially denervated by cutting the lateral plantar nerve above the
anastomotic branch to the medial plantar nerve. This operation left the fourth lumbrical

LPN MPN

(LIV, FDQB) (LlT, FDB)
Fig. 1. Schematic diagram illustrating anatomy arid experimental design. 'I lie osmotic
pump, filled with TTX, was implanted intraperitoneally. Action potentials were
completely blocked in two nerves (lateral and medial plantar, LPN and M''M) by the
TTX, which was delivered from the pump through tubing to a cuff around the nerves
in the lower leg. The sural nerve (SN), which lies on the other side of the. leg, was not
blocked. Thus, two muscles (fourth deep lumbrical and flexor digitorum quinti brevis,
LIV and FDQB), which received inputs from both blocked (lateral plantar) and
unblocked (sural) motor axons, were partially paralysed (note that the partial paralysis
was due to complete block of part of the nerve supply). Two other muscles (second
lumbrical and flexor digitorum brevis) were totally paralysed. In the diagram, para¬
lysed muscle fibres are stippled. Nerve block lasted 4—13 days (see text). One 'lay before
the final experiment, the lateral plantar was cut (scissors in diagram). Thia operation
had the effect that only the blocked axons to the partially paralysed muscles were
severed. Their terminals degenerated, leaving only the active, unblocked terminals to
be examined in the final experiment. The totally blocked muscles were unaffected by
this operation.

muscles innervated by 1-5 sural motor axons (Betz, Caldwell & Ribchester, 19Kb/ The animals
were killed 5-6 days later.

Zinc iodide/osmium tetroxide staining. In the final experiments, muscles were stained with
zinc iodide and osmium tetroxide (ZIO). The staining medium was made by a mod.fixation of the
met o of Akert & Sandri (1968). Zinc iodide was made freshly on each occasion ivy reacting 3 g
powdered zinc with 1 g iodine in 40 ml. deionized water. The reaction procc/led until the
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supernatant was colourless. Excess zinc was rapidly filtered off. To the filtrate, 8-5 ml. of an
aqueous 2 % solution of osmium tetroxide was added and the mixture allowed to stand for
45-60 min. This mixture was then filtered and the muscles were pinned to dental wax and stained
with the filtrate for 5 hr. The muscles were rinsed in deionized water, teased into bundles of up to
ten fibres, and mounted in glycerol on microscope slides. Sprouts were identified as fine beaded
outgrowths from the nerve terminal arborization. Measurements were made only on those sprouts
which could be identified unambiguously, i.e. where the myelinated pre-terminal axon was visible
or where multiple sprouts were observed. The length of nerve terminals (excluding sprouts) and
the length of the longest terminal sprouts were measured at 500 x using an eyepiece graticule.

Intracellular recording and tension measurements. Physiological experiments were carried out
to check for nerve damage and to search for signs of polyneuronal innervation of muscle fibres.
Intracellular recordings were made using 4 M-potassium acetate-filled micro-electrodes of
40-80 Mfl resistance. In muscles with innervation from two nerves, each nerve was stimulated
separately. In other muscles D-tubocurarine chloride was added to the bathing fluid and stimuli
to the muscle nerves were graded in order to recruit synaptic inputs of different thresholds
(Redfern, 1970).

Isometric tension recordings were made by attaching one tendon of a muscle to a transducer
(Grass FT03). The other tendon was pinned to the bottom of a Sylgard-lined dish. The resting
length of the muscle was adjusted for maximal twitch responses. Motor units were counted from
tension increments by grading the strength of stimuli applied to the nerve. Pulses of 1-10 V
and 100 ju.sec duration were applied using suction electrodes. Maximal direct tension was evoked
by pulses of 100 V amplitude and 1 msec duration from a suction electrode placed directly on the
surface of the muscle. Polyneuronal innervation was assessed by recording the tetanic tension
produced in response to separate stimulation of each of the two nerves innervating the muscle,
compared with the total tetanic tension (Brown & Matthews, 1960). The muscles were stimulated
at 50 Hz for 0-5-1 sec. In addition, the amount of polyneuronal innervation was assessed from
the twitch tension seen on delaying by 10 msec, single stimuli applied to each nerve (Brown &
Matthews, 1960). Specifically, the percentage of fibres innervated by axons in both the lateral
plantar and sural nerves was given by:

(LS'ILS) — 1
%dual=

(575)-l Xl°°' (I)
where LS is the twitch tension seen on stimulating both nerves simultaneously and LS' is the
tension seen on delaying the stimulus applied to the sural nerve by 10 msec. S and S' are the
tensions seen on applying two stimuli to the sural nerve simultaneously (S) or separated by a
10 msec delay (S').

RESULTS

Control experiments
The present experiments were done to determine whether partial inactivity in a

muscle could elicit sprouting of motor nerve terminals on normal, active muscle
fibres. It was especially important that three conditions be satisfied. First, the nerve
block had to be complete in order to compare quantitatively the sprouting in
partially blocked muscles with that in partially denervated muscles. Secondly, there
had to be no nerve damage produced by the cuffs. Thirdly, a method had to be found
to identify histologically the active nerve terminals in partially blocked muscles.
These are described below.

Tests for total nerve block. In previous studies (e.g. Brown & Ironton, 1977; Lavoie
et al. 1977; Thompson, Kuffler & Jansen, 1979) the absence of a toe spreading reflex
was used to indicate completeness of motor nerve block. In those studies, TTX was
applied to the whole sciatic nerve causing extensive paralysis of the lower hind limb.
In the present experiments the TTX was applied to only a part of the nerve supply
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innervating the plantar muscles and skin of the hind foot, and the toe spreading
reflex was not a useful test of nerve block. An alternative behavioural test, which
proved to be reliable and sensitive, involved observing leg withdrawal in response to
pinching (with fine forceps) certain toe pads of the hind foot. Control experiments on
seven rats, in which the three nerves, medial and lateral plantar and sural were cut in
every possible combination shortly before behavioural testing, showed that the

Controls

2 cm

Fig. 2. Drawings of rat left hind feet showing foot pads on plantar surface that were
pinched with forceps during daily tests of nerve block. Filled pads, total anaesthesia;
stippled pads, partial anaesthesia; open pads, normal sensitivity. A, B and C from
control animals in which the normal innervation pattern was mapped. Observations
were made 1-2 days after cutting the medial plantar (A), the lateral plantar (B) or both
nerves (C). The results show that the medial foot pads were innervated exclusively by
the medial plantar nerve, and the lateral foot pads received innervation from the lateral
plantar nerve and another source (shown in other experiments to be the sural nerve).
Shown in D are typical results from an animal with 7 day TTX block of both medial
and lateral plantar nerves. The pattern of anaesthesia is very similar to that seen after
nerve section (C).

medial nerve always innervated the medial foot pads, and that the lateral plantar
and sural shared innervation of the lateral foot pads. Typical results are illustrated
in Fig. 2. In experimental animals, before the supply of TTX contained in the osmotic
pump was exhausted, the behavioural responses (Fig. 2D) were very similar to
control animals in which both plantar nerves had been cut (Fig. 2C). Thus the
animals ignored strong pinches of the medial foot pads, and withdrew variably to
pinches of the lateral foot pads, owing to innervation by the unaffected sural nerve.
Light pinching or mere touching of the toe pads on the contralateral foot always
evoked a brisk leg withdrawal.

This profound sensory anaesthesia reflected a concomitant motor nerve block, as
demonstrated in three experimental animals. Three days (two rats) or 13 days (one
rat) after pumps were implanted, these animals were tested behaviourally and
showed signs of complete block, as described above. Then they were anaesthetized
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and the plantar nerves were exposed and stimulated electrically above and below the
cuiF. Stimulation above the cuff caused no contraction while stimulation below the
cuff caused a strong contraction of plantar muscles in each animal.

In nerve-blocked animals, the pattern of foot pad anaesthesia remained constant throughout
the period of nerve block (up to 13 days). In the partially denervated animals, however, the
areas of anaesthesia shrunk over a period of several days after the plantar nerves were cut. This
partial recovery was observed long before reinnervation could have occurred. Devor, Schonfeld,
Seltzer & Wall (1979) investigated this phenomenon more thoroughly, and showed that, after
section of the plantar nerves, saphenous nerve terminals in adjacent areas of skin sprout and
innervate the denervated plantar skin. Since the animals with plantar nerve block showed no
behavioural signs of sprouting, it seems that nerve block alone is not a sufficient stimulus to
provoke sprouting and formation of functional receptors by adjacent, active sensory terminals.

Tests for motor nerve damage. It was of critical importance that experimental
animals which suffered any nerve damage be excluded from the study, since sprouting
in these animals might be attributed to the partial denervation resulting from the
nerve damage. Signs of nerve damage were sought at the time of the final experiment,
by studying properties of the two totally blocked muscles (flexor digitorum brevis
and second deep lumbrical). Several tests were used, as follows (see Table 2).

1. Evoked end-plate potentials were recorded with intracellular recording elec¬
trodes, ordinarily from flexor muscle fibres. In some animals, recordings were made
from more than one muscle. Of the animals included in the study, every muscle
fibre impaled (n = 220 in eight muscles from five rats) produced an evoked synaptic
response. Although this is suggestive of lack of nerve damage, it is not a severe test
since sprouts might have innervated fibres denervated by nerve damage. Thus other
tests were also performed.

2. Motor units in second deep lumbrical muscles were counted by observing the
number of increments of twitch tension in response to graded nerve stimulation
(Fig. 3). The numbers were compared to contralateral control muscles. None of the
experimental muscles showed signs of a reduced number of motor units (Table 2).

3. The numbers of myelinated axons were counted in histological sections of the
nerves from the lateral plantar region. The nerve sample was taken when the nerve
was sectioned, 1 day before the terminal experiment. In each case, the number of
axons was about the same as in a similar control nerve (Table 2). In addition there
were no obvious signs of damage to the nerves and the axon profiles were uniformly
packed in the nerve (PI. 1).

4. In four rats, totally blocked second lumbrical muscles were stained with ZIO
and small bundles of fibres teased apart. All fibres examined received a nerve
terminal, and while terminal sprouts were visible (Table 1), no collateral (pre-terminal)
sprouts, which are characteristic of partially denervated muscle (Brown & Ironton,
1978) were observed.

In summary, the combined results of these tests suggest that no damage had been
produced by the cuffs in the animals included in the study.

Identification of active nerve terminals. In partially blocked muscles, the blocked
axons (in the lateral plantar nerve) were cut one day before the terminal experiment
(see Fig. 1). Their terminals degenerated, and only the active terminals (from the
sural nerve) stained with ZIO. Control experiments showed that the 1 day period
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allowed complete degeneration of terminals of cut axons, without permitting sprout¬
ing from neighbouring intact terminals. First, five muscles were totally denervated
one day before being stained with ZIO; no stained terminals were observed (cf. Slater
& Wolfe, 1977). Secondly, three normal fourth deep lumbrical muscles were partially
denervated by lateral plantar nerve section for 1 day, and then stained with ZIO. Of
ninety-nine teased muscle fibres examined, four had terminal sprouts. This frequency

0-5 g

30 sec

Fig. 3. Continuous pen recordings of isometric twitcli tensions produced by second
deep lumbrical muscles in response to increasingly strong nerve stimulation. A, from
a muscle totally paralysed for 7 days. B, from the contralateral control muscle. The
number of reproducible, discrete increments in tension indicates the number of motor
units present. In each muscle, eight motor units can be counted (arrows), suggesting
that the blocked nerve had not been damaged. Dots mark unique responses, which
were not counted.

of sprouting is not significantly different from that seen in normal muscles (about
5%, cf. Barker & Ip, 1966; Tuffery, 1971), illustrated in Fig. 4 (P > 0-05, t test).
Thus a 1 day period of partial denervation is not sufficiently long to cause sprouting
of remaining terminals.

In summary, the osmotic pump assemblies were capable of maintaining a stable
prolonged block of nerve conduction for 5-13 days without damaging the axons in the
plantar nerves. A single day of partial denervation preceding the final experiment
allowed degeneration of the nerve terminals of the severed axons without causing
sprouting of the remaining terminals.

Experimental muscles
Plantar nerve block produced total paralysis of some muscles (second lumbrical

and flexor digitorum brevis) and partial paralysis of others (fourth lumbrical and
flexor digitorum quinti brevis), which also received innervation via the (unblocked)
sural nerve. One aim of this study was to compare sprouting in these two types of
muscles. In addition, some muscles were partially denervated for 5-6 days, to
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compare effects of denervation and nerve block. The results show that sprouting
occurred under all three conditions, but was most pronounced following partial
denervation, as shown in Fig. 4.

Sprouting in partially inactive muscles. The morphology of active motor nerve
terminals in partially inactive muscles (fourth lumbrical and flexor digitorum quinti
brevis) was visualized by ZIO staining 1 day after cutting the lateral plantar nerve
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Fig. 4. Results of measurements of terminal sprouts in muscles under four different
conditions. The left-hand graph shows the frequency at which sprouts were observed
at end-plates, and the right-hand graph shows the mean length of the longest sprout
at end-plates that showed any sprouting. C, control (normal) muscles; PD, partially de-
nervated muscles; I, inactive muscles with nerve supply totally blocked by TTX;
A, active terminals in muscles in which other axons were totally blocked by TTX
(partially paralysed muscles). Results of t tests comparing different columns were the
same for each graph, columns I and A are not significantly different; all other com¬
parisons are significantly different at the P<0-01 level. Vertical bars = s.E. of mean.

which had been blocked for the preceding 5-7 days. Sprouting of the active (sural)
nerve terminals had clearly taken place (Fig. 5; PI. 2). Terminal sprouts were seen in
about 35 % of the terminals examined and the average length of the sprouts was
about 11 /tm (Fig. 4). No collateral (pre-terminal) sprouts were seen and only eight
out of 104 of the terminal sprouts extended to adjacent muscle fibres (Table 1), and
even these sprouts terminated only in small varicosities, which did not resemble
mature terminal arborizations (Fig. 5).

Sprouting in totally inactive muscles. The second deep lumbrical muscle is innervated
solely by the medial plantar nerve, and therefore was totally paralysed by the TTX.
Also, cutting the lateral plantar nerve the day before the terminal experiment did not
affect second lumbrical innervation. The extent of sprouting observed in ZIO these
stained muscles was very similar to that seen in the fourth lumbrical (partially
inactive) muscles described above. About 35 % of the terminals examined in second
lumbrical muscles possessed sprouts and the sprouts were about 14 /tm long (Fig. 4).
Examples are shown in Fig. 5 and PI. 2. Less than 5 % of the sprouts projected to
adjacent muscle fibres, and no collateral sprouts were seen in the totally inactive
muscles. These observations are very similar to those of Brown & Ironton (1977 6),

PHY 303
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who studied sprouting in mouse soleus and peroneus tertius muscles which had been
totally paralysed by application of TTX impregnated cuffs to the sciatic nerve.

Longterm nerve block. It was of considerable interest to know whether sprouts in
the paralysed muscles were capable of forming functional synaptic connexions with

Table 1. Nerve terminal sprouts

Terminals Sprout length Sprouts forming
Duration with sprouts/ (fim) new terminals/

Rat (days) total terminals mean + s.d. total sprouts

(A) Partially blocked muscles
1 5 12/30 7-4+5-0 0/12
2 4 14/31 19-6 ±8-1 3/14
3 4 15/35 16-2 ±1-4 0/15
3a 4 11/29 12-0 + 4-3 0/11
4 5 11/26 13-4 ±4-5 1/11
5 7 21/55 12-3 + 7-5 2/21
6 6 14/51 11-5 ± 12-5 2/14
7 7 6/30 9-8 + 7-6 0/6

(B) Totally blocked muscles
1 5 15/43 16-9 ±9-9 0/15
3 4 10/28 14-0 + 5-8 0/10
5 7 17/39 7-8 + 5-5 1/17
7 7 9/30 6-1 ±2-3 0/9

(C) Partially denervated muscles
8 5 23/38 27-1 + 23-0 7/23
9* 5 22/26 22-5 ± 12-3 12/22

:o* 6 18/33 20-1 + 8-2 11/18
A* 6 18/27 24-6 ± 12-3 12/18

* Single remaining motor unit

Summary of measurements of nerve terminals and sprouts stained with ZIO. Nerves (lateral
and medial plantar) were blocked by TTX (A, B) or the lateral plantar was cut to produce
partial denervation (C). A, partially blocked muscles were the flexor digitorum quinti brevis
(rats 3a and 6) or fourth deep lumbrical (all others). The lateral plantar nerve was cut 1 day
before staining the muscles, so that only active terminals were measured (see Methods). B,
totally blocked muscles were the second deep lumbrical. C, partially denervated muscles were
the fourth deep lumbrical.

neighbouring fibres, thereby producing muscle fibres with polyneuronal innervation.
However, as noted above, after 5-7 days of nerve block, the sprouts were quite short.
Thus, attempts were made to produce a nerve block of longer duration, using a long
lasting osmotic pump (see Methods). In two animals, plantar nerve block was
achieved for 12-13 days, without signs of nerve damage. In these animals the lateral
plantar nerve was not sectioned one day before the final experiment. All four muscles
with their nerve supplies were removed from each animal and examined for signs of
polyneuronal innervation with intracellular and tension recording techniques, before
staining with ZIO. Results were very similar to those observed after nerve block
lasting only 5-7 days.

In the flexor digitorum brevis and fourth lumbrical muscles, evoked synaptic
responses were recorded in response to stimulation of the three different nerves, the
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Fig. 5. Camera lucida drawings of motor nerve terminals stained with ZIO. Drawings
were selected to show typical sprouting pattern, except E and F, which were rare
occurrences. A, control showed no sprouts (fourth deep lumbrical muscle); B, muscle
totally blocked by TTX for 5 days showed small varicoso sprouts extending towards
adjacent muscle fibre (second deep lumbrical musclo); D, muscle partially denervated
for 5 days showed collateral (preterminal) sprouts which formed new terminal arbori¬
zations on adjacent muscle fibres (fourth lumbrical muscle); C, E, F, active terminals
in muscles partially paralysed for 5 days (G), 7 days (E), and 13 days (F). Terminal
sprouts are visiblo in each case, and in E and F, a sprout formed an ectopic terminal
varicosity on a neighbouring fibre. Such contacts were rare in paralysed muscles.
Drawings A-D correspond to photographs in PI. 2 A-D. Calibration bar=25 finl.

IO-2
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medial and lateral plantar and the sural. None of the fibres impaled received inputs
from more than one nerve (twenty to fifty muscle fibres were sampled in each case).

In three of these muscles, resting membrane potentials were measured. The muscles were
studied under identical conditions. In one totally blocked flexor digitorum brevis muscle, resting
potentials averaged —40 + 2 mV (mean + S.e. of mean, n= 10 muscle fibres), while in the contra¬
lateral control, they averaged -67 + 2 mV (n = 12). Similarly, in a partially blocked fourth

Table 2. Control experiments showing absence of damage to TTX-blocked nerves

ABC
Number of Number of

Muscle fibres motor units LPN axons

Rat Musclef (innervated/impaled) Blocked Contralateral Blocked Contralateral
5 FDB 55/55 — ■— 633 599

LII — 9 8 — —

6 FDB 22/22 — — 847 811
LII — 8 8 — —

7 FDB 30/30 .— — 962 943

LII — 8 9 — —

12* FDB 30/30 .—. — 1472 —

LII — 8 9 — —

LIV 24/24 — — — —

13* FDB 27/27 — — 1214 1050
LII 10/10 7 7 •— —

LIV 22/22 11 -
— —

* LPN not cut in these animals, which had implanted 2 week pumps. See Text. Results were
obtained from intracellular recordings (column A), tension measurements (column B), and
histological counts of myelinated axons (column C).

t Abbreviations as in Fig. 1.

lumbrical muscle, paralysed fibres (innervated by the lateral plantar nerve) had lower resting
potentials (mean = 55 ± 2 mV, n= 14) than active fibres (innervated by the sural nerve) in the
same muscle (70 ± 1 mV, n = 8). The differences between active and inactive muscle fibres in
each case are highly significant (P < 0-001, t test). This suggests that inactivity causes a reduction
in resting membrane potential, similar to that seen following denervation (McArdle & Albuquer¬
que, 1973).

Tension recordings gave similar results. As illustrated in Fig. 6, the amount of
polyneuronal innervation was estimated in two ways. First, tetanic stimulation of the
two nerves to a muscle showed little overlap (Fig. 6M); that is, the tension generated
by stimulating both nerves simultaneously was about the same as the sum of the
tensions produced by stimulating each nerve alone. A second test for polyneuronal
innervation, illustrated in Fig. 6 B, was based on the twitch tensions seen when a
short interval separated stimuli given to the lateral plantar or sural nerves or both
(cf. Brown & Matthews, 1960). When one of the two nerves (sural) was given two
stimuli separated by a 10 msec delay, a relatively large increment in the twitch
tension was seen (Fig. QB, left). Simultaneous stimulation of both lateral plantar and
sural nerves caused a single synchronous contraction of every muscle fibre (Fig. 6 B
right, lower trace). When the stimulus to the sural nerve followed that to the lateral
plantar by 10 msec, only fibres innervated by both nerves generated additional
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tension. Only a very small increment in tension was seen on stimulating the two
nerves in this way, further suggesting that few, if any, muscle fibres received poly-
neuronal innervation.

Following the physiological experiments, muscles were examined histologically.
Zinc iodide/osmium staining revealed motor nerve terminals with sprouts in these

Fig. 6. Tracings of pen recordings of tension generated by a muscle (fourth deep lum-
brical) that was partially blocked for 13 days, showing the lack of tension overlap,
indicating that few, if any, muscle fibres were dually innervated. A, tetanic tensions
produced by stimulation of the sural nerve (lower trace), lateral plantar (middle trace)
and both nerves (upper trace). Stimulation frequency =50/sec. Arrow shows sum of
lower two traces, which is the same as that observed when both were stimulated, indi¬
cating a lack of dual innervation. B, twitch tensions from the same muscle. The
amount of polyneuronal innervation was assessed by delaying stimuli applied to the
separate nerves. Left traces: stimulation of sural nerve only; right traces: stimulation
of lateral plantar and sural nerves simultaneously (lower trace) and delayed (the sural
stimulated 10 msec after the lateral plantar, upper trace). Using eq. (1) in text, 7 % of
the muscle fibres were calculated to be innervated by both nerves.

muscles, although, as in muscles partially blocked for only 5-7 days, the sprouts were
generally short. Only one clear case of a long sprout terminating on an adjacent
muscle fibre was seen. This unusual sprout is shown in Fig. 5 F. Thus, the histological
picture was consistent with the physiological results: even after nearly 2 weeks of
nerve block, few sprouts had formed functional synapses on neighbouring fibres.

Sprouting in partially denervated muscles. Four second deep lumbrical muscles were

A

3 g

500 msec
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partially denervated by lateral plantar nerve section for 5-6 days, and then examined
for signs of sprouting. The tension produced by each remaining (sural) motor unit
was 31-5 ±5-8% (mean + s.E. of means) of the total direct tension. This is nearly
4 times larger than in control muscles (8-6 + 0-8%; Betz et al. 1979), and probably
reflects sprouting and reinnervation of denervated fibres by the sural motor neurons
(cf. Thompson, 1978).

This interpretation was supported by the histological appearance of motor nerve
terminals. Two kinds of sprouts were identified in ZIO stained preparations. Terminal
sprouts were fine axon outgrowths from the terminal arborization itself. In addition,
pre-terminal sprouts (also called collateral sprouts) were identified as axon outgrowths
arising from nodes of Ranvier of pre-terminal axons (cf. Edds, 1953; Brown &
Ironton, 1978). Examples of both kinds of sprouts are shown in Fig. 5 D and PI. 2D).
Quantitative results are given in Table 1 and Fig. 4. About 65 % of the terminals
examined in partially denervated muscles possessed terminal sprouts and these
sprouts were about 25 jum long (Fig. 4). Of all the sprouts examined, about 50%
extended to and formed terminal arborizations on adjacent, otherwise denervated
muscle fibres (Table 1).

It was not possible to measure the frequency of collateral sprouting accurately, since the ZIO
technique (which stained nerve terminals jet black) sometimes did not stain the pre-terminal
axons at all. For this reason the number of muscle fibres innervated by sprouts might have been
underestimated. If a terminal arborization could not be traced to a sprout, it was assumed to be
an original nerve terminal.

Three of the partially denervated muscles were innervated by only a single motor
axon after the lateral plantar nerve section. In these muscles all motor nerve ter¬
minals belonged to the same motor neurone. If sprouting is governed by a central
command from the motor neurone cell body, one might expect that each nerve
terminal would sprout to the same extent in such muscles. This was clearly not the
case. In all three muscles, some motor nerve terminals had well defined sprouts, while
other terminals, located on adjacent muscle fibres, possessed no sprouts at all.

In summary, two types of sprouting were observed in partially denervated muscles:
one arising from terminals, and the other arising from pre-terminal nodes of Ranvier
(the latter were not observed in the paralysed muscles described earlier). About two
thirds of the end-plates had terminal sprouts, and many of these extended consider¬
able distances to form contacts on neighbouring muscle fibres. This degree of terminal
sprouting was significantly greater than in the paralysed muscles, where sprouts
grew from about one third of the terminals, and very few reached other muscle fibres.

DISCUSSION

The results of this study show that paralysed muscle fibres were capable of
causing active nerve terminals on adjacent active muscle fibres to sprout. The
degree of sprouting was not as great, however, as that seen after partial denervation.
Even after nearly two weeks of partial (or total) nerve block, few sprouts had grown
to neighbouring fibres, and physiological signs of polyneuronal innervation were
virtually absent. In similar experiments on the frog cardiac ganglion, Roper & Ko
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(1978) also found no physiological signs of functional sprouting when they blocked
some of the preganglionic axons with TTX.

A possible explanation for the difference between paralysed and denervated muscles
is that, in partially denervated muscles, sprouts have ready access to vacant target
sites, the denervated end-plates, for which growing axons show a high affinity
(Sanes, Marshall & McMahan, 1978). In the blocked muscles, however, all end plates
were occupied by motor nerve terminals, [f sprouts, like cultured neurones, grow in a
pulsatile way (Harrison, 1910), extending and withdrawing growth cones in search
of vacant end plates, then it is perhaps not surprising that the sprouts were shorter
in blocked muscles. By itself, however, this explanation seems inadequate, for the
fraction of terminals showing any sprouts at all was significantly lower in blocked
muscles (35%) than in partially denervated muscles (65%), and collateral sprouts
were observed only in partially denervated preparations (cf. Brown & Ironton, 1978).
This suggests the presence of a stronger or additional stimulus to sprouting in
partially denervated muscles. As others have shown, the source of this additional
stimulus is the degenerating nerves (Hoffman, 1950; Brown et al. 1978).

Thus, two independent sources of sprouting stimuli exist, whose effects are
additive. It is perhaps simplest to envision the stimuli as diffusible sprout-promoting
molecules, released by degenerating nerves and paralysed muscle fibres. However,
different sprouting control mechanisms have been postulated in other preparations.
For instance, amphibian skin sensory nerve terminals are thought to release an anti-
sprouting factor normally, and the loss of this factor in denervated skin apparently
allows intact terminals to sprout from adjacent regions (Diamond, Cooper, Turner &
Maclntyre, 1976). Also, axotomized frog motor neurons can convey a sprouting
stimulus to their contralateral homologues, producing sprouting in otherwise normal
muscles (Rotshenker, 1978). This latter mechanism apparently does not operate in
rats, since in the present study total denervation of a muscle did not cause sprouting
in the contralateral muscle.

While it is clear that the sprouting stimuli in mammalian muscles arise from two
different sources, it is not known whether the stimuli themselves are the same or
different. Collateral sprouting is observed after partial denervation, but not after
nerve block. This might suggest that nerve degeneration products are required for
collateral sprouting. On the other hand, the two stimuli might be the same, but the
response could be dose-dependent. That is, the nodes of Ranvier, from which colla¬
teral sprouts arise, are close to the source of the stimulus (degenerating nerves) in
partially denervated muscles, but are somewhat isolated from the stimulus source
(inactive muscle fibres) in paralysed muscles, by virtue of the diffusion barrier
formed by the perineurium.

The site of action of the stimulus for terminal sprouting is also unclear. The
stimulus might act directly on the nerve terminals, or it might act indirectly, for
example by causing some change in the surface properties of the muscle fibre, that
change being detected in turn by the nerve terminal. Experiments designed to detect
changes in surface membrane properties (e.g. resistance to the blocking action of
TTX) of innervated fibres in partially denervated muscles have produced contra¬
dictory results (Cangiano & Lutzemberger, 1977; Tiedt, Albuquerque & Guth, 1977).
In other experiments, Pestronk & Drachman (1978) concluded that chronic block of
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acetylcholine receptvjt- with a-bungarotoxin prevented sprouting in botulinum
poisoned muscles. would suggest that the sprouting stimulus acts indirectly, by
causing changes in i.^ylcholine receptors on the muscle fibre surface. This conclu¬
sion, however, seems _'j consistent with an earlier study, in which sprouts were ob¬
served during reinmem-riition of muscles chronically paralysed with a-bungarotoxin
(see Fig. 4 in Jansen k Van Essen, 1975). Thus it is not yet clear what role is played
by the surface memrsraiie of innervated fibres in causing terminal sprouting

Regardless of how -oe stimulus is received by a motor neurone, its terminals do
not respond very syrjcnronously. That is, as the present results showed, in muscles
with only a single remaining motor unit, some terminals developed well-defined
sprouts, while others faded to sprout at all. This might reflect the ability of individual
terminals to respond locally to the presence of sprout-promoting stimuli, although a
non-uniform response to a central command from the cell body cannot be ruled out
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EXPLANATION OF PLATES

Plate 1

Transverse sections of the lateral plantar nerves from a rat in which one of the nerves (A) was
superfused with tetrodotoxin for 7 days. No evidence, qualitative or quantitative, of axonal
damage can be seen. B, contralateral control nerve. Calibration bar =65 /no.

Plate 2

Zinc iodide and osmium tetroxide staining of motor nerve terminals. Camera lucida drawings of
the same fields are shown in Fig. 5. A, control muscle; B, muscle totally paralysed for 5 days
showing terminal sprouts; C, muscle partially paralysed for 6 days (blocked axons were cut one
day before staining) showing sprouts arising from formerly active nerve terminals; D, muscle
partially denervated for 5 days showing collateral (preterminal) and terminal sprouts, one of
which has contacted an adjacent muscle fibre. Calibration bar = 25 /im.
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SUMMARY

1. The size of motor units has been measured in adult rat muscles reinnervated

by active and inactive motor axons. The results suggest that active nerve terminals
have a competitive advantage over inactive terminals during neuromuscular synapse
elimination.

2. The experiments were done using the fourth deep lumbrical muscle in the rat
hind foot, which receives its motor innervation from the lateral plantar nerve (l.p.n.)
and the sural nerve (s.n.). The muscles were denervated by a nerve crush close to the
muscle. Five to ten days later, nerve impulse conduction in the l.p.n. was blocked
for 1-2 weeks by chronic superfusion of the nerve with tetrodotoxin (Betz, Caldwell
& Ribchester, 19806).

3. After 2 weeks of l.p.n. block, the isometric tetanic tension of s.n. motor units
increased about two-fold, compared with contralateral control muscles. This was due
to an increase in the number of muscle fibres innervated by s.n. motor axons.
Intracellular recordings showed that more fibres were innervated by the s.n. than in
normal muscles. In some animals, the blocked l.p.n. was cut 1—2 weeks later. The l.p.n.
terminals were allowed to degenerate for 1-2 days. There were more s.n. terminals
in zinc iodide—osmium stained preparations of these muscles than in normal muscles.

4. Calculations of tetanic tension overlap between l.p.n. and s.n. motor units, and
the amount of mono-neuronal innervation seen in intracellular recordings suggested
that a larger fraction of the muscles was innervated only by s.n. motor nerve
terminals than in controls. This fraction increased with time, ultimately reaching
about 14% of the muscle per s.n. motor unit. The expansion of the s.n. motor units
appeared to take place by terminal and preterminal sprouting of motor axons.

5. The l.p.n.-evoked tetanic tension decreased in parallel with the increase in the
s.n. tetanic tension. The decrease in the l.p.n. twitch tension did not parallel the
increase in the s.n. twitch tension. At least part of this discrepancy was due to
repetitive firing of the regenerated, inactive l.p.n. terminals when the nerve was
stimulated electrically.

6. The results support the notion that modifications in connectivity between
pre- and post-synaptic cells can come about by growth or withdrawal of terminals,
as a result of differences in the level of activity in the presynaptic cells (Hebb, 1949).

* To whom correspondence should be addressed
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INTRODUCTION

Each adult mammalian skeletal muscle fibre is normally innervated at a single
motor end-plate by a nerve terminal from only one motoneurone. All motoneurones
innervate many muscle fibres. The size of the motor unit is related to the size of the
motoneurone and the conduction velocity of the axon, the total number of muscle
fibres in the muscle, the number of other motor axons innervating the muscle and
the stage of development (Betz, Caldwell & Ribchester, 1980a; Brown & Ironton,
1978; Brown, Jansen & Van Essen, 1976; McPhedran, Weurker & Henneman, 1965a,
b; Taxt, 1982). In new-born mammalian muscles, the motor units are expanded, as
each motoneurone innervates more muscle fibres than in the adult. The muscle fibres
are polyneuronally innervated and the mulitple synapses are usually located at the
same motor end-plate (Bixby, 1981; O'Brien, Ostberg & Vrbova, 1978; Redfern,
1970; Riley, 1981). In changing from the neonatal to the adult pattern of innervation,
all but one of the terminals are removed from most muscle fibres and there is a

concomitant reduction in the size of the motor units (Bagust, Lewis, Luck &
Westerman, 1973; Betz, Caldwell & Ribchester, 1979; Brown etal. 1976). Polyneuronal
innervation followed by synapse elimination also occurs in denervated or partially
denervated adult muscle when the original motor axons are allowed to regenerate
into the muscle (Brown & Ironton, 1978; McArdle, 1975; Tate & Westerman, 1973;
Thompson, 1978).

It has been argued that the mechanism of synapse elimination, and therefore the
regulation of motor unit size, must involve competition for motor end-plates. If nerve
terminals were eliminated randomly, then some muscle fibres would become
completely denervated. This does not normally occur (Betz et al. 1980a; Brown et
al. 1976; Willshaw, 1981). The principal evidence in favour of a competitive
interaction between motoneurones is from studies of adult muscles partially dener¬
vated at birth. The remaining motor axons retain some or all of the connexions they
made initially (Betz et al. 1980a; Thompson & Jansen, 1977).

What determines the outcome of this competition is not known. The total amount
of activity to which nerve or muscle fibres are subjected influences the over-all rate
of synapse elimination (Benoit & Changeux, 1975, 1978; O'Brien et al. 1978; Taxt,
1983; Thompson, Kuffler & Jansen, 1979; Thompson, 1983). It is not known whether
the more active motor nerve terminals are favoured as terminals are withdrawn. The

present paper is concerned with the possibility that differences in the activity of
individual motoneurones might influence the number of terminals and the number
of muscle fibres they ultimately supply.

This possibility was investigated in reinnervated adult rat lumbrical muscles.
Following reinnervation, and during synapse elimination, nerve impulse conduction
in some of the motor axons was blocked. The size of the unblocked motor units was

measured subsequently. The results suggest that the active motor axons innervated
more muscle fibres than in normal muscles and the inactive terminals were

progressively excluded from polyneuronally innervated muscle fibres.
Some preliminary results were communicated to the Physiological Society (Rib¬

chester & Taxt, 1982).
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METHODS

All experiments were done using adult female rats with an initial weight of 100-150 g. Their
weights at the time of the terminal experiment were between 150 g and 200 g. Before all the surgical
procedures, the animals were anaesthetized with ether, or by intraperitoneal injection of sodium
pentobarbitone (Mebumal, 60 mg/kg). The experiments were carried out using the fourth deep
lumbrical muscle in the hind foot. All the experiments were done in Oslo.

crushed and 5-10 days later nerve impulse conduction in the l.p.n. and m.p.n. was blocked
by chronic superfusion with TTX. Osmotic mini-pumps (Alzet Model 2002) were filled with
0-9% sterile saline containing dissolved TTX (Sigma; 500/^g/ml.) and ampicillin
(200/^g/ml.). The mini-pumps were implanted in the peritoneal cavity. Sterile silicone
rubber tubing was threaded under the skin. The cuff was fitted loosely around the m.p.n.
and l.p.n. about 1 cm from the l.p.n.-s.n. anastomosis. The animals received a single
subcutaneous injection in the neck of procaine-penicillin, to help prevent infections. Note
that this procedure causes a complete block of part of the nerve supply to the lumbrical
muscle.

Denervation and reinnervation

The experimental procedure is illustrated in Fig. i. The fourth deep lumbrical muscles in both
hind feet were denervated by crushing the muscle nerve with watchmakers' forceps. The muscles
were completely reinnervated within 10 days, judging by tension measurements (see Taxt, 1983,
for details of the method of denervation and the time course of reinnervation).
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Lateral plantar nerve block (l.p.n.-blocked muscles)
In adult rats it is possible to block nerve impulse conduction selectively in some of the motor

axons that innervate the lumbrical muscle by chronic application of tetrodotoxin (TTX) to the
lateral plantar nerve. Five to ten days after denervating the muscles, the medial plantar nerve
(m.p.n.) and the l.p.n. on the right side were prepared for nerve block (Fig. 1). The surgical
procedures and the daily tests for nerve block were carried out exactly according to methods
described previously (Betz, Caldwell & Ribchester, 19806; Taxt, 1983). L.p.n. block was maintained
for up to 15 days.

Acute experiments
The acute experiments were carried out 5-15 days after implanting the mini-pumps, either on

animals in which the l.p.n. was still completely blocked (no leg withdrawal when the medial toe
pads were pinched), or on animals which responded weakly to pinching of the toe pads. No animal
was allowed to continue for more than one day after relief of the nerve block was first detected.
Most of them were taken on the same day. Animals with complete anaesthesia of the toe pads were
first anaesthetized with ether and the m.p.n., l.p.n. and sural nerve (s.n.) were exposed in the leg
and out proximally. The s.n. was stimulated with a pair of silver wires, using 10 V, 01 msec pulses.
This always caused contraction of some of the musculature on the lateral side of the foot, showing
that the TTX had not spread to the s.n. The l.p.n. and m.p.n. were stimulated, first above, then
below or within the cuff. In every case, stimulation within or above the cuff failed to produce any
movement of the foot, whereas stimulation below the cuff caused vigorous flexion. This test
confirmed the assessment of nerve block made from the daily verification of local anaesthesia.
Animals with partial recovery of sensation in the foot were not tested in this way.

The animals were killed and the lumbrical muscles on both sides were dissected with the l.p.n.
and s.n. intact. Tension measurements and intracellular recordings were made as described
previously (Betz et al. 1979, 19806; Taxt, 1983). Two cases of muscles with fewer than eight l.p.n.
motor units were not included in the results, in case the low numbers were due to damage of the
l.p.n. by the cuff. In the other muscles (thirty-five), the number of l.p.n. units was greater than
five, as in normal muscles, suggesting that the nerve blocking procedure did not damage the l.p.n.
motor axons (see also Betz et al. 19806). We did not determine whether TTX had an effect on
axoplasmic transport. However, TTX has been applied to nerves in many different ways without
having any effect on axoplasmic transport (Bray, Hubbard & Mills, 1979; Lavoie, Collier &
Tenenhouse, 1977; Ochs & Hollingsworth, 1971; Pestronk, Drachman & Griffin, 1976).

The average size of the s.n. motor units was calculated from the tension obtained on tetanic
stimulation (50 Hz) of the nerve, the number of s.n. motor units and the total tetanic tension:

This method was used to avoid errors introduced by non-linear summation of twitch responses
due to imperfect isometric recording conditions (Brown & Matthews, 1960).

The fraction of the muscle innervated only by s.n. motor axons was calculated as follows. When
both nerves were stimulated together (at 50 Hz), the tension obtained was greater than when the
l.p.n. alone was stimulated. The difference in tension must be due to fibres with suprathreshold
inputs only from the s.n. This difference, expressed as a percentage of the total tension, was shared
equally among the s.n. motor units (counted during twitch tension measurements). Expressed
analytically:J

/j /LS)
s.n. only (% total tension) = — x 100, (2)

where LS is the total tension, L is the tension obtained by l.p.n. stimulation alone, and Ns is the
number of s.n. motor units. This calculation was only carried out if the nerve-evoked and direct
muscle tensions were within 10% of each other.

The amount of dual (l.p.n. and s.n.) and single (l.p.n. or s.n.) innervation of muscle fibres was
also determined in some muscles by making intracellular recordings from cut muscle fibre
preparations (Barstad, 1962; Betz et al. 1979). The l.p.n. and s.n. were stimulated supramaximally

s.n. (%) =
s.n. tetanic tension

: : X 100.
no. s.n. units x total tension

(1)
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(up to 10 V; 0 2 msec pulse duration). The stimulus to the nerve was not graded routinely. In most
cases measurements were not taken from fibres innervated only by the l.p.n., so that there was
more time to record from s.n. innervated fibres (with or without additional l.p.n. input) before the
preparations deteriorated. In four muscles, surface and deep muscle fibres were sampled system¬
atically. Several electrode tracks were made through the muscle, sampling from edge to edge in
the end-plate region. Intracellular end-plate potentials (e.p.p.s) were measured and the muscle fibres
grouped according to the relative sizes of the responses to l.p.n. and s.n. stimulation. Muscle fibres
with an e.p.p. only from the l.p.n. were placed in group I. Muscles fibres with an e.p.p. only from
the s.n. were placed in group V. Dually innervated fibres were placed in groups II, III and IV.
If the l.p.n. e.p.p. was more than twice as big as the s.n. e.p.p., the fibre was put in group II. If
the s.n. e.p.p. was more than twice as big as the l.p.n. e.p.p., the fibre was put in group IV. The
remaining dually innervated fibres were put in group III. ' Nerve-dominance' histograms were then
constructed (cf. Hubel & Wiesel, 1962; Roper & Ko, 1978).

Muscle fibre diameters
Fourteen muscles, on which only tension measurements had been made, were fixed in 5%

glutaraldehyde, 2-5% paraformaldehyde in phosphate buffer, pH 7 4, processed and embedded in
Epon. Transverse sections were taken through the end-plate region and muscle fibre diameters
measured from tracings made from photographs. Muscle fibre diameter histograms of the complete
muscles were constructed as described previously (Betz et al. 1980a). There were three kinds of
muscles: control muscles, l.p.n.-blocked muscles with s.n. input, and completely blocked muscles
(l.p.n.-blocked but without s.n. input). The accumulated histogram from the l.p.n.-blocked
(s.n.-innervated) muscles was partitioned into two histograms - one attributed to inactive muscle
fibres and one attributed to active muscle fibres - by using the distributions for control and
completely blocked muscles. The procedure was essentially as described by Betz et al. (1980a). Each
bin of the fibre diameter histogram was addressed separately. The first step was to assume that
the muscle fibres had a control distribution. From the percentages in the actual control distribution,
the number of muscle fibres predicted for each bin of the l.p.n.-blocked muscle was calculated. If
the number observed was greater than that calculated, the excess fibres were assumed not to belong
to the control distribution and a new estimate was made of the number of fibres belonging to the
control distribution. In practice, this was simply the difference between the first estimate and the
calculated number of excess fibres. This procedure was repeated until the number of excess fibres
calculated on successive iterations differed by no more than 1 %. It produced a small population
of fibres (see Fig. 5) which could not be resolved from the control distribution and a large population
which could. The larger population was then partitioned into two histograms, corresponding to
active and inactive muscle fibres, using the histogram of the distribution from the completely
inactive muscles. The same procedure produced two further histograms, one with a normalized
distribution the same as for completely inactive muscles and one comprising the remaining ' active'
fibres. The ratio of the total number of 'active' muscle fibres to 'inactive' fibres was compared
with the ratio of muscle tensions produced bv l.p.n. and s.n. stimulation.

Zinc iodide—osmium staining
To obtain an independent assessment of the s.n. motor unit size, nerve terminals were counted

in muscles stained with zinc iodide-osmium (ZIO; Akert & Sandri, 1968). The animals were

operated on in the same way as the others, except that 1-2 days before the acute experiment, they
were anaesthetized and the l.p.n. on the blocked side was cut. This allowed the l.p.n. terminals to
degenerate, ensuring that subsequently only the s.n. terminals were stained (Betz et al. 19806).
Contralateral muscles were not denervated but used as controls for the success of the stain. On the

day of the acute experiment, the number and size of the s.n. motor units were determined from
tension measurements and the muscles pinned side by side to strips of dental wax and stained with
ZIO as described previously (Betz et al. 19806). The muscles were teased into bundles of five to
thirty muscle fibres, taking care not to snap the bundles in the end-plate region. The total number
of muscle fibres with ZIO stained terminals was counted. The ratio of the number of terminals
on the two sides was then compared with the tension measurements.
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RESULTS

Taxt (1983) showed that lumbrical muscles are completely reinnervated by about
10 days after a muscle nerve crush. By about 18 days after denervation, approximately
40 % of the muscle fibres are polyneuronally innervated; this decreases to about 20 %
within 30 days. Thus, in the present experiments, activity in the l.p.n. motor axons
was blocked during a period when there was most opportunity for competition to take
place between s.n. and l.p.n. motor nerve terminals innervating the same muscle
fibres.

L.p.n. blocked Control

400 ms

Fig. 2. Isometric twitch (A, B) and tetanic (C, D) tension recordings from an l.p.n.-blocked
muscle and its contralateral control. In each case the lower trace is the response to s.n.
stimulation, the middle trace is l.p.n. stimulation and the upper trace is combined nerve
stimulation. In the l.p.n.-blocked muscle, the s.n. and l.p.n. twitch and tetanic tensions
were about equal, despite the large difference in the number of motor axons in these nerves.
Recordings made 20 days after muscle nerve crush and a further 10 days of l.p.n. block.
In both cases, the maximum indirect tension and the direct tension were equal.

22 mN

S.n. motor unit sizes

The efFect of l.p.n. inactivity on the tension produced by s.n. motor units was
striking. In the example shown in Fig. 2, activity in the l.p.n. was blocked from
10 days after crushing the muscle nerve and the recordings made 10 days later,
20 days post-crush. It shows the twitch and tetanic tension responses obtained by
supramaximal stimulation of the s.n., l.p.n. and both nerves together. Four points
can be made. First, the s.n. tension on the blocked side was about two-and-a-half
times that of the s.n. tension on the control side. Second, the l.p.n. tension was smaller
on the blocked than on the control side. This was most evident on the tetanic tension
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records. Third, a significant fraction of the 1.p.n.-blocked muscle must have been
innervated only by the active s.n. axons, because the tension obtained on combined
nerve stimulation was much greater than on stimulating only the l.p.n. Finally, in
the l.p.n.-blocked muscles, the rise time and decay time of the l.p.n. tension was
prolonged, compared with either the s.n. tension response in the same muscle or the
combined or separate tension responses in the contralateral control muscle.

The tension responses of the same pair of muscles to graded nerve stimulation are
shown in Fig. 3A-D. There were three s.n. motor units in each muscle. On the

L.p.n.-blocked

L.p.n

S.n.

Control
50

40-

E a
c £
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30-
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40 ms

o — DO J
L t
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o - O -J

11-15 16-20 21-25

Days after nerve crush

Fig. 3. Tension recordings (A-D) and motor unit size in l.p.n.-blocked and control muscles
(E). The tension recordings are from the same pair of muscles shown in Fig. 2. The
recordings show the response to graded nerve stimulation causing excitation of motor units
of successively higher threshold. Note the large tension response of the s.n. motor units
on the l.p.n.-blocked side. E, the s.n. motor unit size in l.p.n.-blocked (#) and control
(O) muscles. Each symbol is obtained from one muscle, by dividing the s.n. tetanic tension
by the number of s.n. motor units and expressing the result as a percentage of the total
muscle tension. The square brackets indicate the range of values in l.p.n.-blocked (left)
and control (right) muscles at each of the time intervals after muscle nerve crush.

l.p.n.-blocked side, the total twitch tension of these three s.n. units was only a little
smaller than that made by the eight l.p.n. units in the same muscle. By contrast,
the three s.n. units on the control side produced about one-third the tension of the
nine l.p.n. units in that muscle, as in unoperated muscles (Betz et al. 1979, 19806).

The average size of s.n. motor units was calculated from the s.n. and combined
tetanic measurements and the number of s.n. motor units. Since the l.p.n. block was
initiated at times varying between 5 and 10 days after the nerve crush the results
are grouped according to the time after the muscles were denervated. The data were
grouped arbitrarily into 5 day intervals, between 11 and 25 days after the nerve crush.
The animals in the final group received TTX for between 10 and 15 days.

With time, the s.n. motor units in l.p.n.-blocked muscles produced an increasingly
larger fraction of the total muscle tension. The mean s.n. motor unit size was always
significantly larger than in controls (P < 0-05, Wilcoxon test). By 20-25 days after
the nerve crush the s.n. motor units on the blocked side each innervated between 21 %
and 29% of the muscle, compared with 4% to 16% on the control side (P < 0-01,
Wilcoxon test). In two muscles in the middle group (10-20 days post-crush; 10 days
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25-8±3-5

Tetanictension

L.p.n.

40-5+10-6

45-5±11-5

34-1±118*

49-8±21-8

316±12-1*

52-6±8-4

(mN)

S.n.*

19-4±6-8

8-9±4-9

31-5±7-8

18-2±9-4

30-2±15-5

10-9±3-7

Com.

55-9±171

573±112

54-0±22-5

62-5±22-4

518±131

65-5±6-4

*L.p.n.-blockedandcontrolvaluessignificantlydifferent;P<005,ttest.
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of l.p.n. block) s.n. motor units each innervated 48% and 35% of the muscles. Both
muscles contained only one s.n. motor unit. There were nine and seven l.p.n. motor
units respectively, in these muscles.

The simplest interpretation of these data is that the s.n. motor units in the
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Fig. 4. Muscle fibre diameter histograms from l.p.n.-blocked (^4), contralateral reinnervated
control (B), and completely blocked (C) muscles. The data were obtained from seven pairs
of muscles 18—25 days post-crush. The l.p.n. on the right side was blocked for at least 8
days. Completely blocked muscles were the ones without any s.n. input.

l.p.n.-blocked muscles were larger because the s.n. motor axons innervated more
muscle fibres than normal. The tetanic tension obtained by stimulating all the I.p.n.
motor axons also decreased with time (Table 1), and this suggests that they
innervated progressively fewer muscle fibres.

It would be misleading to apply the same principles to assess the size of the individual l.p.n. motor
units. Inactivity prolongs the time course of synapse elimination (Benoit & Changeux, 1975, 1978;
Caldwell & Ridge, 1982; Taxt, 1983; Thompson et al. 1979). Many of the muscle fibres must have
been multiply innervated only by l.p.n. axon terminals; one would therefore expect these motor

4 phy 344
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units to be expanded. On the other hand, overlap between these motor units could lead to an
underestimate of l.p.n. motor unit size. If there were eight l.p.n. units and the amount of
polyneuronal innervation were substantial, then the increment in tension as successive motor units
were stimulated would be progressively smaller. To divide the total l.p.n. tension by the number
of l.p.n. units would then produce a spurious underestimate of the average l.p.n. motor unit size.

By the same argument, if there were significant overlap among the s.n. motor units, this would
cause their average size to be underestimated. The data shown in Fig. 3E therefore represent the
lower bounds of the s.n. motor unit size.

Muscle fibre diameters
A larger than normal s.n. motor unit size is not the only explanation of the tension

recordings. It is possible that the tension differences were due solely to atrophy of
the inactive muscle fibres and hypertrophy of the active fibres. Muscle fibre diameter
histograms were therefore constructed and analysed. Distributions were obtained
from l.p.n.-blocked muscles, control muscles and completely blocked muscles (l.p.n.-
blocked muscles which turned out to have no s.n. innervation). All the muscle fibres
in fourteen muscles were measured. The distributions are shown in Fig. 4. Examples
of muscle sections are shown in Pis. 1 and 2.

There was no significant difference in the mean diameter of l.p.n.-blocked muscle
fibres (1T68 + 2-99/zm; mean + s.D.) and control muscle fibres (11-76 + 2-48 /tm).
However, the l.p.n.-blocked histogram was broader and the variance ratio of the two
sets of data was significantly greater than expected by chance (P < 0-001; F test).
This suggests that some atrophy of inactive muscle fibres and hypertrophy of active
fibres may have occurred. The histogram in Fig. 4 A should then represent combined
data from active and inactive muscle fibres. This histogram was partitioned by
assuming that the population of inactive muscle fibres had the same distribution of
muscle fibre diameter as that shown for completely inactive muscles (Fig. 40). The
mean diameter of muscle fibres in completely inactive fibres (10-41 ± 1-84 /tm) was
significantly different from controls (P < 0-001; t test). Fig. 4 A was partitioned into
'active' and 'inactive' muscle fibre distributions as described in Methods. The
outcome is shown in Fig. 5. A shows a population of fibres extracted from the data
used to produce Fig. 4 A, and resolved from the control distribution of Fig. 4B. Only
299 fibres out of 3757 from four muscles could not be distinguished from the control
distribution. The remaining 3458 muscle fibres were partitioned by scaling the
completely inactive muscle histogram (Fig. 4C) to the data. The result is shown in
Fig. 5B. Approximately 50% of the muscle fibres in the l.p.n.-blocked muscles could
be attributed to inactive muscle fibres and 50% to active fibres. The mean number
of s.n. motor units in the l.p.n.-blocked muscles was 3-3 + 2-2. The muscle fibre data
therefore suggest that each s.n. motor unit innervated about 17 % of the muscle. This
is close to the estimates made by tension measurements.

Dual and single innervation of active muscle fibres
While the increase in the tension of the s.n. motor units and the decrease in

the l.p.n. tension suggest that s.n. terminals have a competitive advantage, the
evidence is not conclusive. If blocking activity in some of the motor axons simply
delayed synapse elimination from all the muscle fibres, then one would expect the s.n.
motor units to be larger. This possibility was ruled out by comparing the number of



COMPETITION IN REINNERVATED MUSCLE 99

muscle fibres innervated only by the s.n. motor axons in lumbrical muscles on the
1.p.n.-blocked and control sides.
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Fig. 5. Histograms showing the results of partitioning the data from Fig. 4^4 into active
and inactive muscle fibres, according to the procedure described in the Methods. A, using
the distribution for control muscles (Fig. 4B) as the reference histogram. B, using the
completely inactive muscle histogram (Fig. 4C) as the reference on the larger partition
from A.

Tension overlap
We calculated the fraction of the muscles innervated only by s.n. motor axons from

the tension overlap obtained on tetanic stimulation of the nerves (Fig. 3C and D).
The amount of tension overlap, expressed as a percentage of the muscle innervated
by the s.n. is shown in Fig. 6. There was no significant difference between blocked
and control muscles in the amount of overlap in any of the three groups suggesting
that there was no net change in the amount of dual innervation with time. This does
not reflect a static innervation pattern however, because the s.n. motor unit size was

increasing throughout this time (Fig. 3 E). These data therefore suggest that new

synapse formation was occurring continually, at a rate which matched the rate of
synapse elimination from polyneuronally innervated muscle fibres. This is reminiscent
of the normal post-natal development of the lumbrical muscle (Betz et al. 1979). An
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additional factor which might have contributed to the persistence ofsome polyneuronal
innervation is the effect of low systemic concentrations of TTX (Taxt, 1983).

The average fractions ofeach muscle innervated only by s.n. motor axons are shown
in Fig. 6 B. The results are expressed as a percentage of the total muscle tension, and
calculated from the s.n. motor unit size and the amount of tension overlap (eqn. (2)
in Methods). With time, the s.n. motor units obtained exclusive innervation of a

progressively greater proportion of the 1.p.n.-blocked muscles. By 21-26 days after
the nerve crush, each s.n. motor axon innervated between 12 % and 22 % of the muscle
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Fig. 6. A, tetanic tension overlap data from 1.p.n.-blocked and control muscles. Symbols
and brackets as for Fig. 3. Tension overlap expressed as a percentage of the s.n. tetanic
tension. Each point shows the percentage of the s.n.-innervated fibres that was also
innervated by the l.p.n. The data are expressed in this way so that the amount of
polyneuronal innervation can be compared, because the s.n. tension was different on the
two sides. B, the percentage of the muscle innervated only by s.n. motor axons in
l.p.n.-blocked and control muscles. Each point is calculated from the amount of tension
overlap and the number of s.n. motor units (eqn. (2) in Methods).

exclusively, compared with between 3 % and 11 % on the control side. The mean value
for unoperated muscles, assuming that every fibre is singly innervated, is about 8%
of the muscle per motor unit (Betz et al. 1979). Thus s.n. units on the blocked side
innervated about twice as many muscle fibres exclusively, as motor units in
completely unoperated muscles.

Intracellular recordings
It was important to obtain evidence for competition between active and inactive

nerve terminals at the level of individual muscle fibres, because the tension
measurements would underestimate the amount of polyneuronal innervation, if
significant numbers of muscle fibres received a sub-threshold input from either l.p.n.
or s.n. nerve terminals.

Representative intracellular recordings from muscle fibres innervated by both
nerves are shown in Fig. 7. Most muscle fibres were innervated by the l.p.n. In some
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dually innervated muscle fibres the response to l.p.n. stimulation (l.p.n. e.p.p.s) was
the larger (Fig. 7 A-D), in others the s.n. response (s.n. e.p.p.s) was larger. Muscle
fibres innervated only by inactive l.p.n. axons, or with only a small input from the
s.n. gave e.p.p.s with a prolonged time course, especially on the decay phase (Fig.
7A and B). Muscle fibres innervated only by the s.n., or with a substantial input

D

JV,

—A*.

10 mV 4 mV

10 ms

Fig. 7. Examples of intracellular recordings from l.p.n.-blocked muscles studied with
intracellular recording. All the recordings are from cut muscle fibre preparations. The l.p.n.
was stimulated first, then about 20 ms later, the s.n. was stimulated. According to the
scheme used to construct the histograms shown in Fig. 8 the muscle fibres would fall into
the following nerve-dominance categories: group I (A); group II (B, C) \ group III (D)\
group IV (E) \ group V (F). Note the large amplitude and prolonged decay time of the
e.p.p.s in fibres dominated by large l.p.n. inputs (A, B) compared with the shorter time
course of e.p.p.s in fibres with a substantial or exclusive input from s.n. motor axons (C-F).

from the s.n., gave e.p.p.s with a much shorter time course (Fig. 7 C-F). In every case,
the time courses of the two e.p.p.s on dually innervated muscle fibres were similar,
suggesting that the nerve terminals were located at the same closely adjacent motor
end-plates. If the small e.p.p.s were sub-threshold in the intact muscle, then
presumably the muscle fibres with small s.n. e.p.p.s and large l.p.n. e.p.p.s were
inactive during the l.p.n. block, while the fibres with moderate sized or large s.n.
e.p.p.s were active.
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Fig. 8. Nerve-dominance frequency histograms from muscles with l.p.n. block for 4-13
days (14-24 days post-crush). Open bars are singly innervated fibres; filled bars dually
innervated fibres. A, 14 days post-crush; 4 days blocked; l.p.n.: nine motor units; s.n.:
three motor units; n = 53. B, 18 days post-crush; 10 days blocked; l.p.n.: seven motor
units; s.n.: one motor unit; n = 35. C, 22 days post-crush; 12 days blocked; l.p.n.: nine
motor units; s.n.: two motor units; n = 73. D, 24 days post-crush; 13 days blocked; l.p.n.:
eight motor units; s.n.: two motor units; n = 63. The assignment to dominance groups
is described in the Methods. The ratio of the l.p.n. to the s.n. tetanic tension in these
muscles were as follows: A, 154; B, 2-30; C, 165; D, 1 -28.

The results of all the intracellular recordings are summarized in Table 2. It was
easier to find muscle fibres innervated by the s.n. in the l.p.n.-blocked muscles than
in controls. This was consistent with the larger s.n. motor unit sizes in l.p.n.-blocked
muscles compared with controls. The fraction of those muscle fibres innervated by
the s.n., that were also innervated by the l.p.n. (dually innervated fibres) was also
larger in the l.p.n.-blocked muscles. In general, the number ofdually innervated fibres
was greater than expected from the tension overlap measured in the same muscles.
The discrepancy is probably accounted for by the sub-threshold s.n. inputs on muscle
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fibres dominated by the l.p.n. and the sub-threshold l.p.n. inputs on those fibres
dominated by the s.n.

Four of the muscles were surveyed systematically with micro-electrodes, so it was
possible to construct nerve-dominance histograms for muscle fibres innervated by the
l.p.n. or s.n. motor axons (see Methods). These confirmed that a progressively larger
fraction of the muscle fibres became innervated exclusively by s.n. motor axons. The
results are shown in Fig. 8. Similar results were obtained from another four muscles,
although the number of muscle fibres impaled were smaller. With time after the nerve

Table 2. Comparison of dual innervation in l.p.n.-blocked and control muscles, obtained by
intracellular recordings and tension measurements from the same muscles. The intracellular
recording data were calculated from the percentage of those muscle fibres innervated by the s.n.
which also produced an e.p.p. in response to l.p.n. stimulation. The tension overlap was calculated
from the size of the tetanic tension responses and is given by (s.n. + l.p.n. — com.)/s.n. x 100, where
the abbreviations have the same meaning as in Table 1. All the data are expressed as mean + s.d.
n, number of muscles. Numbers in parentheses underneath the intracellular data refer to the total
number of s.n.-innervated fibres that were impaled

Dual innervation

(% s.n. innervation)

Days Intracellular Tetanic

post-crush Muscle recording tension

11-15 L.p.n.-blocked 54-7 + 17-3 44-9 ±90
(n = 6) (90)
Control 19-5+14-8 33-4 + 20-5

(re = 5) (53)
16-20 L.p.n.-blocked 63-4 + 22-4 55-4 ±14-7

(re = 6) (103)
Control 30-7 + 13-7 47-6 ± 11-3
(n = 3) (29)

21-25 L.p.n.-blocked 39-3+12-5 40-4 ± 120
(n = 3) (104)
Control 39-4 + 61 250 ±11-0
(n = 2) (17)

crush, and increasing duration of the nerve block, the number of fibres innervated
by the s.n. (dominance groups II to V) increased and the fraction innervated only
by s.n. terminals also increased (dominance group V). These fractions were similar
to those estimated from tension measurements made in the same muscles (see legend
to Fig. 8). There was a corresponding decrease in the fraction of the muscle fibres
dominated by the l.p.n. (dominance groups I, II). Interestingly, there were only a
few fibres innervated by a small input from the l.p.n. and a large input from the
s.n. (dominance group IV).

Morphology of active motor nerve terminals
Some muscles were stained with ZIO after physiological measurements were made,

in order to see whether the increase in the tension of the s.n. motor units could be
correlated with the morphology and number of nerve terminals. The l.p.n. was cut
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Fig. 9. Camera lucida drawings of motor nerve terminals in muscles stained with zinc
iodide—osmium. For clarity, the muscle fibre outlines have not been drawn. A, a spray
of terminals belonging to a single s.n. motor unit in an 1.p.n.-blocked muscle (Table 3,
Rat 14.2.82). The terminals have a 'blebby' appearance and they are interconnected by
non myelinated terminal and preterminal sprouts. This set of terminals is also shown in
I'l 3.B, examples of terminals with sprouts from contralateral control muscles. Calibration:
40 fim.

on the 1.p.n.-blocked side 1-2 days before staining the muscles, allowing time for
degeneration of their terminals. Thus, only the active s.n. terminals were stained
(Betz et al. 19806).

Long, terminal and preterminal sprouts were seen in both 1.p.n.-blocked and
control reinnervated muscles (Fig. 9 and PI. 3). On the 1.p.n.-blocked side, the s.n.
terminals were often grouped together-some muscle fibre bundles did not possess
any terminals (presumably these fibres were innervated by l.p.n. terminals before
their axons were cut) while other bundles contained a spray of endings deriving from
the same axon. Some of these terminals were joined together by terminal sprouts (Fig.
9,4).
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To compare the extent of sprouting with that predicted by the tension measure¬
ments, the numbers of nerve terminals in the ZIO-stained preparations were counted
and compared with the s.n.-evoked and total muscle tensions produced by the same
muscles (Table 3).

Fortuitously, each of the 1.p.n.-blocked muscles contained only a single s.n. motor
unit. The mean number of s.n. terminals in these muscles was 151. The mean number
of terminals counted in one normal muscle (697) and the three control muscles, was
678. This is about 30% less than the average number of muscle fibres counted in

Table 3. Nerve terminal counts and tension data from 1.p.n.-blocked and control muscles. The
l.p.n.-blocked muscles were partially denervated by cutting the l.p.n. 1-2 days before staining with
ZIO (see text). The ratio of the number of s.n. terminals in the blocked muscles to the total number
of terminals in the controls can be compared with the ratio of the nerve-evoked to the total tetanic
tension response in the same muscles.

No. of Indirect tetanic
terminals tension ratio

Days post-crush/ (l.p.n.-blocked/ (l.p.n.-blocked/
Rat days l.p.n. block control) control)

11.2.82 20/9 179/754 0-40

(0-24)
14.2.82 23/11 127/548 0-31

(0-23)
17.2.82 26/14 148/714 015

(0-21)

transverse sections ofother muscles used in the present study (mean + s.d. = 933 + 69;
n = 14). The discrepancy is probably due to stain failing to penetrate to all the nerve
terminals, or failure to count all the terminals that were stained. Nevertheless, the
ratio of the numbers of terminals in the l.p.n.-blocked and control muscles, 0-22,
compares well with the mean size of s.n. motor units estimated from tetanic tension
measurements (Fig. 3).

Repetitive firing of l.p.n.-blocked nerve terminals
The time course of muscle contraction to l.p.n. stimulation was much longer in the

l.p.n.-blocked muscles than in controls (Table 1). At first we attributed this to an effect
of inactivity on the contractile properties of the muscle fibres (Lewis, 1972; Lomo,
Westgaard & Engebretsen, 1980; Salmons & Sreter, 1976). However, other obser¬
vations suggested that repetitive firing of inactive nerve terminals formed at least
part of the explanation of the prolonged contractions.

First, the tetanus/twitch ratio of l.p.n. units was smaller on the blocked side (Fig.
10A and B). Second, the l.p.n. twitch tension, unlike the tetanic tension, did not
decrease with time (Table 1). Finally, in some muscle fibres innervated only by the
l.p.n., a single nerve stimulus produced a pair of e.p.p.s (Fig. 10C and D). On
repeating the stimulus, the second response of the pair usually disappeared. It
appears that the regenerating but inactive nerve terminals responded to a single nerve
stimulus with a pair of action potentials releasing transmitter from the nerve
terminal. The interval between the pairs of e.p.p.s was sufficiently long to cause two
muscle fibre action potentials in an intact fibre, which would produce tension
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summation. The prolonged decay time ofe.p.p.s in other 1.p.n. innervated fibres (Figs.
1 A, B and 10D) might also produce double firing of some muscle fibres in an intact
muscle. This effect is probably explained by reduced cholinesterase activity at motor
end-plates of paralysed muscle fibres (Davey, Younkin & Younkin, 1979 ; Weinberg
& Hall, 1979; see also Taxt, 1983). Neither prolonged e.p.p.s nor double firing were
seen in fibres with a substantial input from the s.n.

The implication of the repetitive firing is that the blocked l.p.n. axons innervated
fewer muscle fibres than it appeared from the twitch tension measurements.

22 mN

400 ms

10 mV

10 ms

Fig. 10. Evidence for double firing in response to single nerve stimuli in muscle fibres
innervated only by l.p.n.-blocked terminals. A, B, twitch and tetanic tension responses
to l.p.n. stimulation from l.p.n.-blocked (A) and contralateral control (B) muscles. (Same
muscles as shown in Figs. 2 and 3.) Note the relatively small tetanus/twitch ratio in A.
C, D, intracellular recordings from fibres innervated only by l.p.n. terminals. In the case
of C, the first stimulus to the l.p.n. caused a double e.p.p., the second stimulus produced
only one e.p.p. There was no response to s.n. stimulation. In D, the decay phase of the
e.p.p. was prolonged. This e.p.p. could not be resolved into two components by graded
nerve stimulation. A possible explanation is delay in transmitter release from two widely
spaced terminals supplied by the same motor axon (cf. Kuffler, Thompson & Jansen, 1980).

DISCUSSION

The aim of the present study was to determine whether a more active motor nerve
terminal has a competitive advantage over a less active terminal when both innervate
a skeletal muscle fibre. We attempted this by blocking nerve impulse conduction in
some of the motor axons during synapse formation and elimination in reinnervated
adult muscles. The main findings were first, the active motor units were larger than
in normal muscles; secondly, the fraction of the muscle innervated only by the active
motor axons increased with time; thirdly, this process involved sprouting of the
active motor axons and their terminals. The simplest explanation is that there was
competition between the active and inactive motor units and the active motor axons
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had the competitive advantage. This suggests that modifications in synaptic
connexions between motoneurones and muscle fibres may occur during reinnervation,
as a result of differences in the level of activity in some motor units.

The expansion of the s.n. motor units
Preventing activity in the l.p.n. during reinnervation resulted in stronger s.n. motor

units and a relatively large fraction of the contractile force was due to fibres
innervated only by the s.n. How well do the tension measurements reflect the size
of the s.n. motor units-the number of muscle fibres innervated by the s.n. motor
axons? A plausible alternative is that the larger tension of the s.n. motor units is
entirely due to hypertrophy of the active muscle fibres and the reduced l.p.n. tension
is due to atrophy of the inactive fibres. The data suggest that this is unlikely to be
a complete explanation. There are three lines of evidence: (i) although there was a
slightly greater range of muscle fibre diameters in the l.p.n.-blocked muscles, there
was no clear evidence ofa bimodal distribution caused by the two distinct populations
with a large difference in their mean diameters. The degree of atrophy in completely
inactive muscles was so slight that the difference from control muscles was only
detected because ofthe large number ofmuscle fibres that was measured. Nevertheless,
it was possible to partition the histogram from the l.p.n.-blocked muscles into a
distribution the same as that for completely inactive muscles and the remainder,
which was attributed to active muscle fibres innervated by the s.n. There was good
agreement between the fraction of the muscle in the ' inactive' and ' active' groups
and the amount of tension produced by l.p.n. and s.n. stimulation. The data are not
conclusive, because slight variations in the fibre diameters in different muscles might
produce large errors in the partitioning procedure. As a further caveat, Walsh, Burke,
Rigmer & Tsairis (1978) showed that fast twitch muscles in cat gastrocnemius muscles
produced about 40% more tension than normal after synergistic muscles were
tenotomized, but with no significant change in the diameter of muscle fibres in these
motor units, (ii) Intracellular recordings showed that a greater proportion of fibres
was innervated by the s.n. in the l.p.n.-blocked muscles than expected from the
number of s.n. motor units in the muscles, (iii) There were increased numbers of s.n.
terminals in muscles stained with ZIO. Assume that the lumbrical muscle contains
about 930 muscle fibres (the mean number counted in transverse sections in the
present study) and the muscle comprises about ten motor units. In a normal muscle,
each s.n. motor unit should therefore innervate about 93 muscle fibres (s.n. motor
axons actually innervate about 8% of the muscle per motor unit; Betz et al. 1979).
The mean number of s.n. terminals (per motor unit) in the three l.p.n.-blocked
muscles was 151. This number may be a lower limit, as we probably failed to stain
or count some of the end-plates in the muscle.

In summary, it seems reasonable that the decrease in the l.p.n. tension and the
increase in the s.n. tension are due mainly to a decrease in the number of muscle fibres
innervated by the l.p.n. and an increase in the number of fibres innervated by the
s.n. After sufficient time, the s.n. motor units became about twice their normal size.
To say precisely how large the difference is probably requires further experiments,
perhaps using glycogen-depletion techniques to label fibres belonging to particular
motor units (Kugelberg & Edstrom, 1968).
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The mechanism of the competition
The idea that synapses might be strengthened through growth as a result of

coincidence in the activity of pre-synaptic and post-synaptic cells, and that inactive
synapses on the same cells might be repressed, was first postulated by Hebb (1949).
Hebb's postulates have been used to account for the reorganization of connexions
that can occur in many parts of the developing nervous system. For instance, the
reorganization of orientation or ocular dominance columns in the mammalian visual
cortex that occurs as a result of selective deprivation, has been explained in this way

(see for example Rauschecker & Singer, 1981). The demonstration that this kind of
modification can occur at the neuromuscular junction is encouraging, because it
suggests that the mechanism of ' Hebb synapses' may now be accessible to a greater
range of techniques.

The outcome of the present experiments could be either the result of presynaptic
interactions which do not require the participation of the post synaptic cell, or the
effect could be mediated by the muscle fibre. Alternatively, both the presynaptic and
the post-synaptic cells could play an important part. O'Brien et al. (1978) suggested
that synapse elimination was a result of a process of degradation of presynaptic
terminals by enzymes secreted by the muscle fibre and that the rate of secretion of
these enzymes could be activity dependent. It is difficult to see how such a mechanism
could cause more active terminals to be favoured over less active or inactive terminals.
A different scheme involving the activity-dependent release of synaptic repressors
from the post-synaptic cell and synaptic repressor blockers from active presynaptic
terminals could produce a selective stabilization of active presynaptic terminals
(Changeux & Mikoshiba, 1978; Nelson & Brenneman, 1982; Willshaw, 1981).

One explanation of the present results, which confers the competitive advantage
on the active terminals indirectly, was suggested to us by Dr David Van Essen. At
the level of individual muscle fibres, synapse elimination may be random (i.e.
independent of the activity of the presynaptic terminals). If, as a result of random
elimination, a fibre were left innervated by an inactive terminal, the muscle fibre
would be inactive and attract sprouts from neighbouring active and inactive
terminals (Betz et al. 19806; Brown & Ironton, 1978). Fibres left innervated by active
terminals would be active and refractory to further innervation (Brown, Goodwin
& Ironton, 1977; Duchen & Tonge, 1977). In this way, the number of fibres innervated
only by the active terminals would gradually increase as these fibres were removed
from competition, while competition continued for fibres innervated by inactive
terminals.

The attraction of this mechanism is that it is consistent with existing knowledge
about the stimuli for nerve growth in muscle (Brown, Holland & Hopkins, 1981). If
this were the only mechanism operating, then one prediction would be that
ultimately, all the muscle fibres should become innervated by the active motor axons
and all the inactive terminals should be withdrawn. Two factors which might act
against this would be a limit on the number of terminals that the motoneurones could
support (Jansen, Thompson & Kuffier, 1978), and an activity-independent mechanism,
by which mature nerve terminals hold onto their synaptic contacts. The importance
of these other factors could be tested by allowing active motor axons to regenerate
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into completely innervated but inactive muscles, and by allowing inactive motor
axons to regenerate into muscles containing a small number of expanded, active
motor units.
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EXPLANATION OF PLATES

plate 1

Transverse section taken through the belly of an l.p.n.-blocked muscle 23 day? afi • crushing the
muscle nerve. The l.p.n. was blocked for 13 days. There was one s.n. motor unit in ' tils muscle and
seven l.p.n. motor units. The muscle was sectioned at 1 fim and stained with Toluidene Blue.
Calibration: 100 fim.

plate 2

Transverse section taken through the belly of the contralateral muscle to that shown in PI. 1. This
muscle was denervated by muscle nerve crush 23 days previously, but the l.p.n. was not blocked
subsequently. There were thirteen motor units in this muscle. The muscle was sectioned at 1 fim
and stained with Toluidene Blue. Calibration: 100/im.

plate 3
Teased preparations of lumbrical muscles stained with zinc iodide-osmium. A, terminals from an

unoperated lumbrical muscle. B, s.n. terminals from an l.p.n.-blocked muscle in which the l.p.n.
was cut 2 days previously (same set of terminals as shown in Fig. 9^4). The motor axons are much
smaller in diameter and there is extensive sprouting of the axons and terminals. Calibration : 40 fim.
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SUMMARY

1. The size of motor units has been measured in adult rat muscles reinnervated

by active and inactive motor axons. The results suggest that active nerve terminals
have a competitive advantage over inactive terminals during neuromuscular synapse
elimination.

2. The experiments were done using the fourth deep lumbrical muscle in the rat
hind foot, which receives its motor innervation from the lateral plantar nerve (l.p.n.)
and the sural nerve (s.n.). The muscles were denervated by a nerve crush close to the
muscle. Five to ten days later, nerve impulse conduction in the l.p.n. was blocked
for 1-2 weeks by chronic superfusion of the nerve with tetrodotoxin (Betz, Caldwell
& Ribchester, 19806).

3. After 2 weeks of l.p.n. block, the isometric tetanic tension of s.n. motor units
increased about two-fold, compared with contralateral control muscles. This was due
to an increase in the number of muscle fibres innervated by s.n. motor axons.
Intracellular recordings showed that more fibres were innervated by the s.n. than in
normal muscles. In some animals, the blocked l.p.n. was cut 1—2 weeks later. The l.p.n.
terminals were allowed to degenerate for 1-2 days. There were more s.n. terminals
in zinc iodide—osmium stained preparations of these muscles than in normal muscles.

4. Calculations of tetanic tension overlap between l.p.n. and s.n. motor units, and
the amount of mono-neuronal innervation seen in intracellular recordings suggested
that a larger fraction of the muscles was innervated only by s.n. motor nerve
terminals than in controls. This fraction increased with time, ultimately reaching
about 14% of the muscle per s.n. motor unit. The expansion of the s.n. motor units
appeared to take place by terminal and preterminal sprouting of motor axons.

5. The l.p.n.-evoked tetanic tension decreased in parallel with the increase in the
s.n. tetanic tension. The decrease in the l.p.n. twitch tension did not parallel the
increase in the s.n. twitch tension. At least part of this discrepancy was due to
repetitive firing of the regenerated, inactive l.p.n. terminals when the nerve was
stimulated electrically.

6. The results support the notion that modifications in connectivity between
pre- and post-synaptic cells can come about by growth or withdrawal of terminals,
as a result of differences in the level of activity in the presynaptic cells (Hebb, 1949).

* To whom correspondence should he addressed
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INTRODUCTION

Each adult mammalian skeletal muscle fibre is normally innervated at a single
motor end-plate by a nerve terminal from only one motoneurone. All motoneurones
innervate many muscle fibres. The size of the motor unit is related to the size of the
motoneurone and the conduction velocity of the axon, the total number of muscle
fibres in the muscle, the number of other motor axons innervating the muscle and
the stage of development (Betz, Caldwell & Ribchester, 1980a; Brown & Ironton,
1978; Brown, Jansen & Van Essen, 1976; McPhedran, Weurker & Henneman, 1965a,
b; Taxt, 1982). In new-born mammalian muscles, the motor units are expanded, as
each motoneurone innervates more muscle fibres than in the adult. The muscle fibres
are polyneuronally innervated and the mulitple synapses are usually located at the
same motor end-plate (Bixby, 1981; O'Brien, Ostberg & Vrbova, 1978; Redfern,
1970 ; Riley, 1981). In changing from the neonatal to the adult pattern of innervation,
all but one of the terminals are removed from most muscle fibres and there is a

concomitant reduction in the size of the motor units (Bagust, Lewis, Luck &
Westerman, 1973; Betz, Caldwell & Ribchester, 1979; Brown etal. 1976). Polyneuronal
innervation followed by synapse elimination also occurs in denervated or partially
denervated adult muscle when the original motor axons are allowed to regenerate
into the muscle (Brown & Ironton, 1978; McArdle, 1975; Tate & Westerman, 1973;
Thompson, 1978).

It has been argued that the mechanism of synapse elimination, and therefore the
regulation of motor unit size, must involve competition for motor end-plates. If nerve
terminals were eliminated randomly, then some muscle fibres would become
completely denervated. This does not normally occur (Betz et al. 1980a; Brown et
al. 1976; Willshaw, 1981). The principal evidence in favour of a competitive
interaction between motoneurones is from studies of adult muscles partially dener¬
vated at birth. The remaining motor axons retain some or all of the connexions they
made initially (Betz et al. 1980a; Thompson & Jansen, 1977).

What determines the outcome of this competition is not known. The total amount
of activity to which nerve or muscle fibres are subjected influences the over-all rate
of synapse elimination (Benoit & Changeux, 1975, 1978; O'Brien et al. 1978; Taxt,
1983; Thompson, Kulfler & Jansen, 1979; Thompson, 1983). It is not known whether
the more active motor nerve terminals are favoured as terminals are withdrawn. The

present paper is concerned with the possibility that differences in the activity of
individual motoneurones might influence the number of terminals and the number
of muscle fibres they ultimately supply.

This possibility was investigated in reinnervated adult rat lumbrical muscles.
Eollowing reinnervation, and during synapse elimination, nerve impulse conduction
in some of the motor axons was blocked. The size of the unblocked motor units was

measured subsequently. The results suggest that the active motor axons innervated
more muscle fibres than in normal muscles and the inactive terminals were

progressively excluded from polyneuronally innervated muscle fibres.
Some preliminary results were communicated to the Physiological Society (Rib¬

chester & Taxt, 1982).
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METHODS

All experiments were done using adult female rats with an initial weight of 100-150 g. Their
weights at the time of the terminal experiment were between 150 g and 200 g. Before all the surgical
procedures, the animals were anaesthetized with ether, or by intraperitoneal injection of sodium
pentobarbitone (Mebumal, 60 mg/kg). The experiments were carried out using the fourth deep
lumbrical muscle in the hind foot. All the experiments were done in Oslo.

crushed and 5-10 days later nerve impulse conduction in the l.p.n. and m.p.n. was blocked
by chronic superfusion with TTX. Osmotic mini-pumps (Alzet Model 2002) were filled with
09% sterile saline containing dissolved TTX (Sigma; 500/ig/ml.) and ampicillin
(200 /ig/ml.). The mini-pumps were implanted in the peritoneal cavity. Sterile silicone
rubber tubing was threaded under the skin. The cuff was fitted loosely around the m.p.n.
and l.p.n. about 1 cm from the l.p.n.-s.n. anastomosis. The animals received a single
subcutaneous injection in the neck of procaine-penicillin, to help prevent infections. Note
that this procedure causes a complete block of part of the nerve supply to the lumbrical
muscle.

Denervation and reinnervation

The experimental procedure is illustrated in Fig. 1. The fourth deep lumbrical muscles in both
hind feet were denervated by crushing the muscle nerve with watchmakers' forceps. The muscles
were completely reinnervated within 10 days, judging by tension measurements (see Taxt, 1983,
for details of the method of denervation and the time course of reinnervation).
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Lateral plantar nerve block (I.p.n.-blocked muscles)
In adult rats it is possible to block nerve impulse conduction selectively in some of the motor

axons that innervate the lumbrical muscle by chronic application of tetrodotoxin (TTX) to the
lateral plantar nerve. Five to ten days after denervating the muscles, the medial plantar nerve
(m.p.n.) and the l.p.n. on the right side were prepared for nerve block (Fig. 1). The surgical
procedures and the daily tests for nerve block were carried out exactly according to methods
described previously (Betz, Caldwell & Ribchester, 19806; Taxt, 1983). L.p.n. block was maintained
for up to 15 days.

Acute experiments
The acute experiments were carried out 5-15 days after implanting the mini-pumps, either on

animals in which the l.p.n. was still completely blocked (no leg withdrawal when the medial toe
pads were pinched), or on animals which responded weakly to pinching of the toe pads. No animal
was allowed to continue for more than one day after relief of the nerve block was first detected.
Most of them were taken on the same day. Animals with complete anaesthesia of the toe pads were
first anaesthetized with ether and the m.p.n., l.p.n. and sural nerve (s.n.) were exposed in the leg
and cut proximally. The s.n. was stimulated with a pair of silver wires, using 10 V, 0T msec pulses.
This always caused contraction of some of the musculature on the lateral side of the foot, showing
that the TTX had not spread to the s.n. The l.p.n. and m.p.n. were stimulated, first above, then
below or within the cuff. In every case, stimulation within or above the cuff failed to produce any
movement of the foot, whereas stimulation below the cuff caused vigorous flexion. This test
confirmed the assessment of nerve block made from the daily verification of local anaesthesia.
Animals with partial recovery of sensation in the foot were not tested in this way.

The animals were killed and the lumbrical muscles on both sides were dissected with the l.p.n.
and s.n. intact. Tension measurements and intracellular recordings were made as described
previously (Betz et al. 1979, 19806; Taxt, 1983). Two cases of muscles with fewer than eight l.p.n.
motor units were not included in the results, in case the low numbers were due to damage of the
l.p.n. by the cuff. In the other muscles (thirty-five), the number of l.p.n. units was greater than
five, as in normal muscles, suggesting that the nerve blocking procedure did not damage the l.p.n.
motor axons (see also Betz et al. 19806). We did not determine whether TTX had an effect on
axoplasmic transport. However, TTX has been applied to nerves in many different ways without
having any effect on axoplasmic transport (Bray, Hubbard & Mills, 1979; Lavoie, Collier &
Tenenhouse, 1977; Ochs & Hollingsworth, 1971; Pestronk, Drachman & Griffin, 1976).

The average size of the s.n. motor units was calculated from the tension obtained on tetanic
stimulation (50 Hz) of the nerve, the number of s.n. motor units and the total tetanic tension:

s.n. tetanic tension
s.n. (%) = : r :—x 100. (1)

no. s.n. units x total tension

This method was used to avoid errors introduced by non-linear summation of twitch responses
due to imperfect isometric recording conditions (Brown & Matthews, 1960).

The fraction of the muscle innervated only by s.n. motor axons was calculated as follows. When
both nerves were stimulated together (at 50 Hz), the tension obtained was greater than when the
l.p.n. alone was stimulated. The difference in tension must be due to fibres with suprathreshold
inputs only from the s.n. This difference, expressed as a percentage of the total tension, was shared
equally among the s.n. motor units (counted during twitch tension measurements). Expressed
analytically:J

i i / // 81
s.n. only (% total tension) = — x 100, (2)

where LS is the total tension, L is the tension obtained by l.p.n. stimulation alone, and Ns is the
number of s.n. motor units. This calculation was only carried out if the nerve-evoked and direct
muscle tensions were within 10% of each other.

The amount of dual (l.p.n. and s.n.) and single (l.p.n. or s.n.) innervation of muscle fibres was
also determined in some muscles by making intracellular recordings from cut muscle fibre
preparations (Barstad, 1962; Betz et al. 1979). The l.p.n. and s.n. were stimulated supramaximally
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(up to 10 V; 0 2 msec pulse duration). The stimulus to the nerve was not graded routinely. In most
cases measurements were not taken from fibres innervated only by the l.p.n., so that there was
more time to record from s.n. innervated fibres (with or without additional l.p.n. input) before the
preparations deteriorated. In four muscles, surface and deep muscle fibres were sampled system¬
atically. Several electrode tracks were made through the muscle, sampling from edge to edge in
the end-plate region. Intracellular end-plate potentials (e.p.p.s) were measured and the muscle fibres
grouped according to the relative sizes of the responses to l.p.n. and s.n. stimulation. Muscle fibres
with an e.p.p. only from the l.p.n. were placed in group I. Muscles fibres with an e.p.p. only from
the s.n. were placed in group V. Dually innervated fibres were placed in groups II, III and IV.
If the l.p.n. e.p.p. was more than twice as big as the s.n. e.p.p., the fibre was put in group II. If
the s.n. e.p.p. was more than twice as big as the l.p.n. e.p.p., the fibre was put in group IV. The
remaining dually innervated fibres were put in group III. ' Nerve-dominance' histograms were then
constructed (cf. Hubel & Wiesel, 1962; Roper & Ko, 1978).

Muscle fibre diameters
Fourteen muscles, on which only tension measurements had been made, were fixed in 5 %

glutaraldehyde, 2 5% paraformaldehyde in phosphate buffer, pH 7 4, processed and embedded in
Epon. Transverse sections were taken through the end-plate region and muscle fibre diameters
measured from tracings made from photographs. Muscle fibre diameter histograms of the complete
muscles were constructed as described previously (Betz et al. 1980a). There were three kinds of
muscles: control muscles, l.p.n.-blocked muscles with s.n. input, and completely blocked muscles
(l.p.n.-blocked but without s.n. input). The accumulated histogram from the l.p.n.-blocked
(s.n.-innervated) muscles was partitioned into two histograms - one attributed to inactive muscle
fibres and one attributed to active muscle fibres - by using the distributions for control and
completely blocked muscles. The procedure was essentially as described by Betz et al. (1980a). Each
bin of the fibre diameter histogram was addressed separately. The first step was to assume that
the muscle fibres had a control distribution. From the percentages in the actual control distribution,
the number of muscle fibres predicted for each bin of the l.p.n.-blocked muscle was calculated. If
the number observed was greater than that calculated, the excess fibres were assumed not to belong
to the control distribution and a new estimate was made of the number of fibres belonging to the
control distribution. In practice, this was simply the difference between the first estimate and the
calculated number of excess fibres. This procedure was repeated until the number of excess fibres
calculated on successive iterations differed by no more than 1 %. It produced a small population
of fibres (see Fig. 5) which could not be resolved from the control distribution and a large population
which could. The larger population was then partitioned into two histograms, corresponding to
active and inactive muscle fibres, using the histogram of the distribution from the completely
inactive muscles. The same procedure produced two further histograms, one with a normalized
distribution the same as for completely inactive muscles and one comprising the remaining 'active'
fibres. The ratio of the total number of 'active' muscle fibres to 'inactive' fibres was compared
with the ratio of muscle tensions produced by l.p.n. and s.n. stimulation.

Zinc iodide—osmium staining
To obtain an independent assessment of the s.n. motor unit size, nerve terminals were counted

in muscles stained with zinc iodide-osmium (ZIO; Akert & Sandri, 1968). The animals were

operated on in the same way as the others, except that 1-2 days before the acute experiment, they
were anaesthetized and the l.p.n. on the blocked side was cut. This allowed the l.p.n. terminals to
degenerate, ensuring that subsequently only the s.n. terminals were stained (Betz et al. 19806).
Contralateral muscles were not denervated but used as controls for the success of the stain. On the

day of the acute experiment, the number and size of the s.n. motor units were determined from
tension measurements and the muscles pinned side by side to strips of dental wax and stained with
ZIO as described previously (Betz et al. 19806). The muscles were teased into bundles of five to
thirty muscle fibres, taking care not to snap the bundles in the end-plate region. The total number
of muscle fibres with ZIO stained terminals was counted. The ratio of the number of terminals
on the two sides was then compared with the tension measurements.
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RESULTS

Taxt (1983) showed that lumbrical muscles are completely reinnervated by about
lOdays afteramuscle nerve crush. By about 18days after denervation, approximately
40 % of the muscle fibres are polyneuronally innervated; this decreases to about 20 %
within 30 days. Thus, in the present experiments, activity in the l.p.n. motor axons
was blocked during a period when there was most opportunity for competition to take
place between s.n. and l.p.n. motor nerve terminals innervating the same muscle
fibres.

L.p.n. blocked Control

11 mM

400 ms

Fig. 2. Isometric twitch (A, B) and tetanic (C, D) tension recordings from an l.p.n.-blocked
muscle and its contralateral control. In each case the lower trace is the response to s.n.
stimulation, the middle trace is l.p.n. stimulation and the upper trace is combined nerve
stimulation. In the l.p.n.-blocked muscle, the s.n. and l.p.n. twitch and tetanic tensions
were about equal, despite the large difference in the number of motor axons in these nerves.
Recordings made 20 days after muscle nerve crush and a further 10 days of l.p.n. block.
In both cases, the maximum indirect tension and the direct tension were equal.

22 mN

S.n. motor unit sizes

The effect of l.p.n. inactivity on the tension produced by s.n. motor units was
striking. In the example shown in Fig. 2, activity in the l.p.n. was blocked from
10 days after crushing the muscle nerve and the recordings made 10 days later,
20 days post-crush. It shows the twitch and tetanic tension responses obtained by
supramaximal stimulation of the s.n., l.p.n. and both nerves together. Four points
can be made. First, the s.n. tension on the blocked side was about two-and-a-half
times that of the s.n. tension on the control side. Second, the l.p.n. tension was smaller
on the blocked than on the control side. This was most evident on the tetanic tension
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records. Third, a significant fraction of the 1.p.n.-blocked muscle must have been
innervated only by the active s.n. axons, because the tension obtained on combined
nerve stimulation was much greater than on stimulating only the l.p.n. Finally, in
the l.p.n.-blocked muscles, the rise time and decay time of the l.p.n. tension was
prolonged, compared with either the s.n. tension response in the same muscle or the
combined or separate tension responses in the contralateral control muscle.

The tension responses of the same pair of muscles to graded nerve stimulation are
shown in Fig. 3^4-Z>. There were three s.n. motor units in each muscle. On the

L.p.n.blocked Control

L.p.n.
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Fig. 3. Tension recordings (A-D) and motor unit size in l.p.n.-blocked and control muscles
(/?). The tension recordings are from the same pair of muscles shown in Fig. 2. The
recordings show the response to graded nerve stimulation causing excitation of motor units
of successively higher threshold. Note the large tension response of the s.n. motor units
on the l.p.n.-blocked side. E, the s.n. motor unit size in l.p.n.-blocked (#) and control
(O) muscles. Each symbol is obtained from one muscle, by dividing the s.n. tetanic tension
by the number of s.n. motor units and expressing the result as a percentage of the total
muscle tension. The square brackets indicate the range of values in l.p.n.-blocked (left)
and control (right) muscles at each of the time intervals after muscle nerve crush.

l.p.n.-blocked side, the total twitch tension of these three s.n. units was only a little
smaller than that made by the eight l.p.n. units in the same muscle. By contrast,
the three s.n. units on the control side produced about one-third the tension of the
nine l.p.n. units in that muscle, as in unoperated muscles (Betz et al. 1979, 19806).

The average size of s.n. motor units was calculated from the s.n. and combined
tetanic measurements and the number of s.n. motor units. Since the l.p.n. block was
initiated at times varying between 5 and 10 days after the nerve crush the results
are grouped according to the time after the muscles were denervated. The data were
grouped arbitrarily into 5 day intervals, between 11 and 25 days after the nerve crush.
The animals in the final group received TTX for between 10 and 15 days.

With time, the s.n. motor units in l.p.n.-blocked muscles produced an increasingly
larger fraction of the total muscle tension. The mean s.n. motor unit size was always
significantly larger than in controls (P < 0-05, Wilcoxon test). By 20-25 days after
the nerve crush the s.n. motor units on the blocked side each innervated between 21 %
and 29% of the muscle, compared with 4% to 16% on the control side (P < 0 01,
Wilcoxon test). In two muscles in the middle group (10-20 days post-crush; 10 days
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Table1.Twitchandtetanictensionin1.p.n.-blockedandcontralateralcontrolmuscles.Thedataaregivenasmean+s.d.Rowslabelledl.p.n.,s.n.refertostimulationofthosenerves.Rowslabelledcom.wereobtainedeitherbycombinednervestimulationordirectmusclestimulation,whicheverwaslarger.Usually,thenerve-evokedanddirecttensionresponsesdifferedbylessthan5%.n,numberofmusclesDaysafternervecrush
11-15

16-20

21-25

L.p.n.-blocked

Control

L.p.n.-blocked

Control

L.p.n.-blocked

Control

(n=5)

(n=5)

(n-9)

(»=5)

(n=5)

(n=6)

No.ofmotor

L.p.n.

8-4+1-1

8-2+1-3

7-8±1-4

8-8±1-1

7-2+1-5

8-8+1-1

units

S.n.

2-3+1-2

1-8+0-8

2-8±1-9

2-8+0-8

2-4+1-1

1-8±0-8

Twitch

L.p.n.*

61+13

49+11

57+12

47±6

57±6

46±6

time-to-peak(ms)
S.n.

47+8

47+9

44±7

45±6

42+2

42±7

Twitchtension

L.p.n.

22-8±5-4

21-9+3-3

21-8±8-5

21-9+9-3

21-3+8-2

21-9±2-5

(mN)

S.n.*

11-2+31

5-4±2-3

15-2±9-8

9-5+4-5

14-9+71

5-8±1-9

Com.

28-1±5-7

25-5+4-1

28-7±11-6

26-2±12-2

27-5±6-8

25-8±3-5

Tetanictension

L.p.n.

40-5+10-6

45-5±11-5

341+11-8*

49-8±21-8

31-6+121*

52-6+8-4

(mN)

S.n.*

19-4+6-8

8-9±4-9

31-5+7-8

18-2+9-4

30-2+15-5

10-9+3-7

Com.

55-9+171

57-3+11-2

54-0±22-5

62-5±22-4

51-8+13-1

65-5±6-4
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*L.p.n.-blockedandcontrolvaluessignificantlydifferent;P<005,ttest.
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of l.p.n. block) s.n. motor units each innervated 48% and 35% of the muscles. Both
muscles contained only one s.n. motor unit. There were nine and seven l.p.n. motor
units respectively, in these muscles.

The simplest interpretation of these data is that the s.n. motor units in the
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Fig. 4. Muscle fibre diameter histograms from l.p.n.-blocked (^4), contralateral reinnervated
control (B), and completely blocked (C) muscles. The data were obtained from seven pairs
of muscles 18-25 days post-crush. The l.p.n. on the right side was blocked for at least 8
days. Completely blocked muscles were the ones without any s.n. input.

l.p.n.-blocked muscles were larger because the s.n. motor axons innervated more
muscle fibres than normal. The tetanic tension obtained by stimulating all the l.p.n.
motor axons also decreased with time (Table 1), and this suggests that they
innervated progressively fewer muscle fibres.

It would be misleading to apply the same principles to assess the size of the individual l.p.n. motor
units. Inactivity prolongs the time course of synapse elimination (Benoit & Changeux, 1975, 1978;
Caldwell & Ridge, 1982; Taxt, 1983; Thompson et al. 1979). Many of the muscle fibres must have
been multiply innervated only by l.p.n. axon terminals; one would therefore expect these motor

4 phy 344
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units to be expanded. On the other hand, overlap between these motor units could lead to an
underestimate of l.p.n. motor unit size. If there were eight l.p.n. units and the amount of
polyneuronal innervation were substantial, then the increment in tension as successive motor units
were stimulated would be progressively smaller. To divide the total l.p.n. tension by the number
of l.p.n. units would then produce a spurious underestimate of the average l.p.n. motor unit size.

By the same argument, if there were significant overlap among the s.n. motor units, this would
cause their average size to be underestimated. The data shown in Fig. 3E therefore represent the
lower bounds of the s.n. motor unit size.

Muscle fibre diameters
A larger than normal s.n. motor unit size is not the only explanation of the tension

recordings. It is possible that the tension differences were due solely to atrophy of
the inactive muscle fibres and hypertrophy of the active fibres. Muscle fibre diameter
histograms were therefore constructed and analysed. Distributions were obtained
from l.p.n.-blocked muscles, control muscles and completely blocked muscles (l.p.n.-
blocked muscles which turned out to have no s.n. innervation). All the muscle fibres
in fourteen muscles were measured. The distributions are shown in Fig. 4. Examples
of muscle sections are shown in Pis. 1 and 2.

There was no significant difference in the mean diameter of l.p.n.-blocked muscle
fibres (11-68 + 2-99 /<m; mean + s.D.) and control muscle fibres (11-76 + 2-48/^m).
However, the l.p.n.-blocked histogram was broader and the variance ratio of the two
sets of data was significantly greater than expected by chance (P < 0-001; F test).
This suggests that some atrophy of inactive muscle fibres and hypertrophy of active
fibres may have occurred. The histogram in Fig. 4 A should then represent combined
data from active and inactive muscle fibres. This histogram was partitioned by
assuming that the population of inactive muscle fibres had the same distribution of
muscle fibre diameter as that shown for completely inactive muscles (Fig. 4C). The
mean diameter of muscle fibres in completely inactive fibres (10-41 +1-84 fim) was
significantly different from controls (P < 0-001; t test). Fig. 4 A was partitioned into
'active' and 'inactive' muscle fibre distributions as described in Methods. The
outcome is shown in Fig. 5. A shows a population of fibres extracted from the data
used to produce Fig. 4 A, and resolved from the control distribution of Fig. 4 B. Only
299 fibres out of 3757 from four muscles could not be distinguished from the control
distribution. The remaining 3458 muscle fibres were partitioned by scaling the
completely inactive muscle histogram (Fig. 40) to the data. The result is shown in
Fig. 5 B. Approximately 50 % of the muscle fibres in the l.p.n.-blocked muscles could
be attributed to inactive muscle fibres and 50% to active fibres. The mean number
of s.n. motor units in the l.p.n.-blocked muscles was 3-3 + 2-2. The muscle fibre data
therefore suggest that each s.n. motor unit innervated about 17 % of the muscle. This
is close to the estimates made by tension measurements.

Dual and single innervation of active muscle fibres
While the increase in the tension of the s.n. motor units and the decrease in

the l.p.n. tension suggest that s.n. terminals have a competitive advantage, the
evidence is not conclusive. If blocking activity in some of the motor axons simply
delayed synapse elimination from all the muscle fibres, then one would expect the s.n.
motor units to be larger. This possibility was ruled out by comparing the number of
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muscle fibres innervated only by the s.n. motor axons in lumbrical muscles on the
1.p.n.-blocked and control sides.
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0 10 20 30
Diameter (fim)

Fig. 5. Histograms showing the results of partitioning the data from Fig. 4^4 into active
and inactive muscle fibres, according to the procedure described in the Methods. A, using
the distribution for control muscles (Fig. 4B) as the reference histogram. B, using the
completely inactive muscle histogram (Fig. 4C) as the reference on the larger partition
from A.

Tension overlap
We calculated the fraction of the muscles innervated only by s.n. motor axons from

the tension overlap obtained on tetanic stimulation of the nerves (Fig. 3 C and D).
The amount of tension overlap, expressed as a percentage of the muscle innervated
by the s.n. is shown in Fig. 6. There was no significant difference between blocked
and control muscles in the amount of overlap in any of the three groups suggesting
that there was no net change in the amount of dual innervation with time. This does
not reflect a static innervation pattern however, because the s.n. motor unit size was
increasing throughout this time (Fig. 3 E). These data therefore suggest that new
synapse formation was occurring continually, at a rate which matched the rate of
synapse elimination from polyneuronally innervated muscle fibres. This is reminiscent
of the normal post-natal development of the lumbrical muscle (Betz et al. 1979). An

4-2
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additional factor which might have contributed to the persistence ofsome polyneuronal
innervation is the effect of low systemic concentrations of TTX (Taxt, 1983).

The average fractions ofeach muscle innervated only by s.n. motor axons are shown
in Fig. 6B. The results are expressed as a percentage of the total muscle tension, and
calculated from the s.n. motor unit size and the amount of tension overlap (eqn. (2)
in Methods). With time, the s.n. motor units obtained exclusive innervation of a

progressively greater proportion of the 1.p.n.-blocked muscles. By 21-26 days after
the nerve crush, each s.n. motor axon innervated between 12 % and 22 % of the muscle
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Fig. 6. A, tetanic tension overlap data from l.p.n.-blocked and control muscles. Symbols
and brackets as for Fig. 3. Tension overlap expressed as a percentage of the s.n. tetanic
tension. Each point shows the percentage of the s.n.-innervated fibres that was also
innervated by the l.p.n. The data are expressed in this way so that the amount of
polyneuronal innervation can be compared, because the s.n. tension was different on the
two sides. B, the percentage of the muscle innervated only by s.n. motor axons in
l.p.n.-blocked and control muscles. Each point is calculated from the amount of tension
overlap and the number of s.n. motor units (eqn. (2) in Methods).

exclusively, compared with between 3 % and 11 % on the control side. The mean value
for unoperated muscles, assuming that every fibre is singly innervated, is about 8 %
of the muscle per motor unit (Betz et al. 1979). Thus s.n. units on the blocked side
innervated about twice as many muscle fibres exclusively, as motor units in
completely unoperated muscles.

Intracellular recordings
It was important to obtain evidence for competition between active and inactive

nerve terminals at the level of individual muscle fibres, because the tension
measurements would underestimate the amount of polyneuronal innervation, if
significant numbers of muscle fibres received a sub-threshold input from either l.p.n.
or s.n. nerve terminals.

Representative intracellular recordings from muscle fibres innervated by both
nerves are shown in Fig. 7. Most muscle fibres were innervated by the l.p.n. In some
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dually innervated muscle fibres the response to l.p.n. stimulation (l.p.n. e.p.p.s) was
the larger (Fig. 7 A-D), in others the s.n. response (s.n. e.p.p.s) was larger. Muscle
fibres innervated only by inactive l.p.n. axons, or with only a small input from the
s.n. gave e.p.p.s with a prolonged time course, especially on the decay phase (Fig.
1A and B). Muscle fibres innervated only by the s.n., or with a substantial input

Fig. 7. Examples of intracellular recordings from l.p.n.-blocked muscles studied with
intracellular recording. All the recordings are from cut muscle fibre preparations. The l.p.n.
was stimulated first, then about 20 ms later, the s.n. was stimulated. According to the
scheme used to construct the histograms shown in Fig. 8 the muscle fibres would fall into
the following nerve-dominance categories: group I (A); group II (B, C); group III (D)\
group IV (E)\ group V (F). Note the large amplitude and prolonged decay time of the
e.p.p.s in fibres dominated by large l.p.n. inputs (A, B) compared with the shorter time
course ofe.p.p.s in fibres with a substantial or exclusive input from s.n. motor axons (C-F).

from the s.n., gave e.p.p.s with a much shorter time course (Fig. 7 C-F). In every case,
the time courses of the two e.p.p.s on dually innervated muscle fibres were similar,
suggesting that the nerve terminals were located at the same closely adjacent motor
end-plates. If the small e.p.p.s were sub-threshold in the intact muscle, then
presumably the muscle fibres with small s.n. e.p.p.s and large l.p.n. e.p.p.s were
inactive during the l.p.n. block, while the fibres with moderate sized or large s.n.
e.p.p.s were active.
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Fig. 8. Nerve-dominance frequency histograms from muscles with l.p.n. block for 4-13
days (14-24 days post-crush). Open bars are singly innervated fibres; filled bars dually
innervated fibres. A, 14 days post-crush; 4 days blocked; l.p.n.: nine motor units; s.n.:
three motor units; n = 53. B, 18 days post-crush; 10 days blocked; l.p.n.: seven motor
units; s.n.: one motor unit; n = 35. C, 22 days post-crush; 12 days blocked; l.p.n.: nine
motor units; s.n.: two motor units; n = 73. D, 24 days post-crush; 13 days blocked; l.p.n.:
eight motor units; s.n.: two motor units; n = 63. The assignment to dominance groups
is described in the Methods. The ratio of the l.p.n. to the s.n. tetanic tension in these
muscles were as follows: A, 154; B, 2-30; C, 1-65; D, 128.

The results of all the intracellular recordings are summarized in Table 2. It was
easier to find muscle fibres innervated by the s.n. in the l.p.n.-blocked muscles than
in controls. This was consistent with the larger s.n. motor unit sizes in l.p.n.-blocked
muscles compared with controls. The fraction of those muscle fibres innervated by
the s.n., that were also innervated by the l.p.n. (dually innervated fibres) was also
larger in the l.p.n.-blocked muscles. In general, the number of dually innervated fibres
was greater than expected from the tension overlap measured in the same muscles.
The discrepancy is probably accounted for by the sub-threshold s.n. inputs on muscle
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fibres dominated by the l.p.n. and the sub-threshold l.p.n. inputs on those fibres
dominated by the s.n.

Four of the muscles were surveyed systematically with micro-electrodes, so it was
possible to construct nerve-dominance histograms for muscle fibres innervated by the
l.p.n. or s.n. motor axons (see Methods). These confirmed that a progressively larger
fraction of the muscle fibres became innervated exclusively by s.n. motor axons. The
results are shown in Fig. 8. Similar results were obtained from another four muscles,
although the number of muscle fibres impaled were smaller. With time after the nerve

Table 2. Comparison of dual innervation in l.p.n.-blocked and control muscles, obtained by
intracellular recordings and tension measurements from the same muscles. The intracellular
recording data were calculated from the percentage of those muscle fibres innervated by the s.n.
which also produced an e.p.p. in response to l.p.n. stimulation. The tension overlap was calculated
from the size of the tetanic tension responses and is given by (s.n. + l.p.n. —com.)/s.n. x 100, where
the abbreviations have the same meaning as in Table 1. All the data are expressed as mean + s.d.
n, number of muscles. Numbers in parentheses underneath the intracellular data refer to the total
number of s.n.-innervated fibres that were impaled

Dual innervation

(% s.n. innervation)

Days Intracellular Tetanic
post-crush Muscle recording tension

11-15 L.p.n.-blocked 54-7+ 17-3 44-9 ±90
(n = 6) (90)
Control 19-5 + 14-8 33-4 ±20-5
(n = 5) (53)

16-20 L.p.n.-blocked 63-4+ 22-4 55-4 ±14-7
(n = 6) (103)
Control 30-7+ 13-7 476+ 11 3

(n = 3) (29)
21-25 L.p.n.-blocked 39-3+ 12-5 40-4 ± 12-0

(n = 3) (104)
Control 39-4 + 61 250+11 0

(» = 2) (17)

crush, and increasing duration of the nerve block, the number of fibres innervated
by the s.n. (dominance groups II to V) increased and the fraction innervated only
by s.n. terminals also increased (dominance group V). These fractions were similar
to those estimated from tension measurements made in the same muscles (see legend
to Fig. 8). There was a corresponding decrease in the fraction of the muscle fibres
dominated by the l.p.n. (dominance groups I, II). Interestingly, there were only a
few fibres innervated by a small input from the l.p.n. and a large input from the
s.n. (dominance group IV).

Morphology of active motor nerve terminals
Some muscles were stained with ZIO after physiological measurements were made,

in order to see whether the increase in the tension of the s.n. motor units could be
correlated with the morphology and number of nerve terminals. The l.p.n. was cut
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Fig. 9. Camera lucida drawings of motor nerve terminals in muscles stained with zinc
iodide—osmium. For clarity, the muscle fibre outlines have not been drawn. A, a spray
of terminals belonging to a single s.n. motor unit in an 1.p.n.-blocked muscle (Table 3,
Rat 14.2.82). The terminals have a 'blebby' appearance and they are interconnected by
non-myelinated terminal and preterminal sprouts. This set of terminals is also shown in
PI. 3. B, examples of terminals with sprouts from contralateral control muscles. Calibration:
40 lira.

on the 1.p.n.-blocked side 1—2 days before staining the muscles, allowing time for
degeneration of their terminals. Thus, only the active s.n. terminals were stained
(Betz et al. 19806).

Long, terminal and preterminal sprouts were seen in both 1.p.n.-blocked and
control reinnervated muscles (Fig. 9 and PI. 3). On the 1.p.n.-blocked side, the s.n.
terminals were often grouped together-some muscle fibre bundles did not possess

any terminals (presumably these fibres were innervated by l.p.n. terminals before
their axons were cut) while other bundles contained a spray of endings deriving from
the same axon. Some of these terminals were joined together by terminal sprouts (Fig.
94).
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To compare the extent of sprouting with that predicted by the tension measure¬
ments, the numbers of nerve terminals in the ZIO-stained preparations were counted
and compared with the s.n.-evoked and total muscle tensions produced by the same
muscles (Table 3).

Fortuitously, each of the 1.p.n.-blocked muscles contained only a single s.n. motor
unit. The mean number of s.n. terminals in these muscles was 151. The mean number
of terminals counted in one normal muscle (697) and the three control muscles, was
678. This is about 30% less than the average number of muscle fibres counted in

Table 3. Nerve terminal counts and tension data from 1.p.n.-blocked and control muscles. The
I.p.n.-blocked muscles were partially denervated by cutting the l.p.n. 1-2 days before staining with
ZIO (see text). The ratio of the number of s.n. terminals in the blocked muscles to the total number
of terminals in the controls can be compared with the ratio of the nerve-evoked to the total tetanic
tension response in the same muscles.

No. of Indirect tetanic
terminals tension ratio

Days post-crush/ (l.p.n.-blocked/ (l.p.n.-blocked/
Rat days l.p.n. block control) control)

11.2.82 20/9 179/754 0-40

(0-24)
14.2.82 23/11 127/548 0-31

(0-23)
17.2.82 26/14 148/714 015

(0-21)

transverse sections ofother muscles used in the present study (mean + s.D. = 933 + 69;
n = 14). The discrepancy is probably due to stain failing to penetrate to all the nerve
terminals, or failure to count all the terminals that were stained. Nevertheless, the
ratio of the numbers of terminals in the l.p.n.-blocked and control muscles, 0-22,
compares well with the mean size of s.n. motor units estimated from tetanic tension
measurements (Fig. 3).

Repetitive firing of l.p.n.-blocked nerve terminals
The time course of muscle contraction to l.p.n. stimulation was much longer in the

l.p.n.-blocked muscles than in controls (Table 1). At first we attributed this to an effect
of inactivity on the contractile properties of the muscle fibres (Lewis, 1972; Lomo,
Westgaard & Engebretsen, 1980; Salmons & Sreter, 1976). However, other obser¬
vations suggested that repetitive firing of inactive nerve terminals formed at least
part of the explanation of the prolonged contractions.

First, the tetanus/twitch ratio of l.p.n. units was smaller on the blocked side (Fig.
10A and B). Second, the l.p.n. twitch tension, unlike the tetanic tension, did not
decrease with time (Table 1). Finally, in some muscle fibres innervated only by the
l.p.n., a single nerve stimulus produced a pair of e.p.p.s (Fig. 10C and D). On
repeating the stimulus, the second response of the pair usually disappeared. It
appears that the regenerating but inactive nerve terminals responded to a single nerve
stimulus with a pair of action potentials releasing transmitter from the nerve
terminal. The interval between the pairs of e.p.p.s was sufficiently long to cause two
muscle fibre action potentials in an intact fibre, which would produce tension



I

I

I

1

I

I
I

106 R. R. RIBCHESTER AND T. TAXT

summation. The prolonged decay time ofe.p.p.s in other 1.p.n. innervated fibres (Figs.
7 A, B and 10D) might also produce double firing of some muscle fibres in an intact
muscle. This effect is probably explained by reduced cholinesterase activity at motor
end-plates of paralysed muscle fibres (Davey, Younkin & Younkin, 1979; Weinberg
& Hall, 1979; see also Taxt, 1983). Neither prolonged e.p.p.s nor double firing were
seen in fibres with a substantial input from the s.n.

The implication of the repetitive firing is that the blocked l.p.n. axons innervated
fewer muscle fibres than it appeared from the twitch tension measurements.

22 mN

400 ms

10 mV

10 ms

Fig. 10. Evidence for double firing in response to single nerve stimuli in muscle fibres
innervated only by l.p.n.-blocked terminals. A, B, twitch and tetanic tension responses
to l.p.n. stimulation from l.p.n.-blocked (A) and contralateral control (B) muscles. (Same
muscles as shown in Figs. 2 and 3.) Note the relatively small tetanus/twitch ratio in A.
C, D, intracellular recordings from fibres innervated only by l.p.n. terminals. In the case
of C, the first stimulus to the l.p.n. caused a double e.p.p., the second stimulus produced
only one e.p.p. There was no response to s.n. stimulation. In D, the decay phase of the
e.p.p. was prolonged. This e.p.p. could not be resolved into two components by graded
nerve stimulation. A possible explanation is delay in transmitter release from two widely
spaced terminals supplied by the same motor axon (cf. Kuffler, Thompson & Jansen, 1980).

DISCUSSION

The aim of the present study was to determine whether a more active motor nerve
terminal has a competitive advantage over a less active terminal when both innervate
a skeletal muscle fibre. We attempted this by blocking nerve impulse conduction in
some of the motor axons during synapse formation and elimination in reinnervated
adult muscles. The main findings were first, the active motor units were larger than
in normal muscles; secondly, the fraction of the muscle innervated only by the active
motor axons increased with time; thirdly, this process involved sprouting of the
active motor axons and their terminals. The simplest explanation is that there was
competition between the active and inactive motor units and the active motor axons
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had the competitive advantage. This suggests that modifications in synaptic
connexions between motoneurones and muscle fibres may occur during reinnervation,
as a result of differences in the level of activity in some motor units.

The expansion of the s.n. motor units
Preventing activity in the l.p.n. during reinnervation resulted in stronger s.n. motor

units and a relatively large fraction of the contractile force was due to fibres
innervated only by the s.n. How well do the tension measurements reflect the size
of the s.n. motor units-the number of muscle fibres innervated by the s.n. motor
axons? A plausible alternative is that the larger tension of the s.n. motor units is
entirely due to hypertrophy of the active muscle fibres and the reduced l.p.n. tension
is due to atrophy of the inactive fibres. The data suggest that this is unlikely to be
a complete explanation. There are three lines of evidence: (i) although there was a
slightly greater range of muscle fibre diameters in the l.p.n.-blocked muscles, there
was no clear evidence of a bimodal distribution caused by the two distinct populations
with a large difference in their mean diameters. The degree of atrophy in completely
inactive muscles was so slight that the difference from control muscles was only
detected because of the large number ofmuscle fibres that was measured. Nevertheless,
it was possible to partition the histogram from the l.p.n.-blocked muscles into a
distribution the same as that for completely inactive muscles and the remainder,
which was attributed to active muscle fibres innervated by the s.n. There was good
agreement between the fraction of the muscle in the 'inactive' and 'active' groups
and the amount of tension produced by l.p.n. and s.n. stimulation. The data are not
conclusive, because slight variations in the fibre diameters in different muscles might
produce large errors in the partitioning procedure. As a further caveat, Walsh, Burke,
Rigmer & Tsairis (1978) showed that fast twitch muscles in cat gastrocnemius muscles
produced about 40% more tension than normal after synergistic muscles were
tenotomized, but with no significant change in the diameter of muscle fibres in these
motor units, (ii) Intracellular recordings showed that a greater proportion of fibres
was innervated by the s.n. in the l.p.n.-blocked muscles than expected from the
number of s.n. motor units in the muscles, (iii) There were increased numbers of s.n.
terminals in muscles stained with ZIO. Assume that the lumbrical muscle contains
about 930 muscle fibres (the mean number counted in transverse sections in the
present study) and the muscle comprises about ten motor units. In a normal muscle,
each s.n. motor unit should therefore innervate about 93 muscle fibres (s.n. motor
axons actually innervate about 8% of the muscle per motor unit; Betz et al. 1979).
The mean number of s.n. terminals (per motor unit) in the three l.p.n.-blocked
muscles was 151. This number may be a lower limit, as we probably failed to stain
or count some of the end-plates in the muscle.

In summary, it seems reasonable that the decrease in the l.p.n. tension and the
increase in the s.n. tension are due mainly to a decrease in the number of muscle fibres
innervated by the l.p.n. and an increase in the number of fibres innervated by the
s.n. After sufficient time, the s.n. motor units became about twice their normal size.
To say precisely how large the difference is probably requires further experiments,
perhaps using glycogen-depletion techniques to label fibres belonging to particular
motor units (Kugelberg & Edstrom, 1968).
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The mechanism of the competition
The idea that synapses might be strengthened through growth as a result of

coincidence in the activity of pre-synaptic and post-synaptic cells, and that inactive
synapses on the same cells might be repressed, was first postulated by Hebb (1949).
Hebb's postulates have been used to account for the reorganization of connexions
that can occur in many parts of the developing nervous system. For instance, the
reorganization of orientation or ocular dominance columns in the mammalian visual
cortex that occurs as a result of selective deprivation, has been explained in this way
(see for example Rauschecker & Singer, 1981). The demonstration that this kind of
modification can occur at the neuromuscular junction is encouraging, because it
suggests that the mechanism of ' Hebb synapses' may now be accessible to a greater
range of techniques.

The outcome of the present experiments could be either the result of presynaptic
interactions which do not require the participation of the post-synaptic cell, or the
effect could be mediated by the muscle fibre. Alternatively, both the presynaptic and
the post-synaptic cells could play an important part. O'Brien et al. (1978) suggested
that synapse elimination was a result of a process of degradation of presynaptic
terminals by enzymes secreted by the muscle fibre and that the rate of secretion of
these enzymes could be activity dependent. It is difficult to see how such a mechanism
could cause more active terminals to be favoured over less active or inactive terminals.
A different scheme involving the activity-dependent release of synaptic repressors
from the post-synaptic cell and synaptic repressor blockers from active presynaptic
terminals could produce a selective stabilization of active presynaptic terminals
(Changeux & Mikoshiba, 1978; Nelson & Brenneman, 1982; Willshaw, 1981).

One explanation of the present results, which confers the competitive advantage
on the active terminals indirectly, was suggested to us by Dr David Van Essen. At
the level of individual muscle fibres, synapse elimination may be random (i.e.
independent of the activity of the presynaptic terminals). If, as a result of random
elimination, a fibre were left innervated by an inactive terminal, the muscle fibre
would be inactive and attract sprouts from neighbouring active and inactive
terminals (Betz et al. 19806; Brown & Ironton, 1978). Fibres left innervated by active
terminals would be active and refractory to further innervation (Brown, Goodwin
& Ironton, 1977; Duchen & Tonge, 1977). In this way, the number of fibres innervated
only by the active terminals would gradually increase as these fibres were removed
from competition, while competition continued for fibres innervated by inactive
terminals.

The attraction of this mechanism is that it is consistent with existing knowledge
about the stimuli for nerve growth in muscle (Brown, Holland & Hopkins, 1981). If
this were the only mechanism operating, then one prediction would be that
ultimately, all the muscle fibres should become innervated by the active motor axons
and all the inactive terminals should be withdrawn. Two factors which might act
against this would be a limit on the number of terminals that the motoneurones could
support (Jansen, Thompson & Kuffler, 1978), and an activity-independent mechanism,
by which mature nerve terminals hold onto their synaptic contacts. The importance
of these other factors could be tested by allowing active motor axons to regenerate
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into completely innervated but inactive muscles, and by allowing inactive motor
axons to regenerate into muscles containing a small number of expanded, active
motor units.
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Transverse section taken through the belly of an l.p.n.-blocked muscle 23 days afi ■ crushing the
muscle nerve. The l.p.n. was blocked for 13 days. There was one s.n. motor unit in * his muscle and
seven l.p.n. motor units. The muscle was sectioned at 1 jum and stained with Toluidene Blue.
Calibration: 100 /im.

plate 2

Transverse section taken through the belly of the contralateral muscle to that shown in PI. 1. This
muscle was denervated by muscle nerve crush 23 days previously, but the l.p.n. was not blocked
subsequently. There were thirteen motor units in this muscle. The muscle was sectioned at 1 //m
and stained with Toluidene Blue. Calibration: 100 ym.

plate 3

Teased preparations of lumbrical muscles stained with zinc iodide—osmium. A, terminals from an

unoperated lumbrical muscle. B, s.n. terminals from an l.p.n.-blocked muscle in which the l.p.n.
was cut 2 days previously (same set of terminals as shown in Fig. 9H). The motor axons are much
smaller in diameter and there is extensive sprouting of the axons and terminals. Calibration: 40 /im.
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SUMMARY

1. The fourth deep lumbrical muscle in the hind foot of adult rats was partially
denervated by crushing the sural nerve (s.n.). The denervated muscle fibres became
completely reinnervated by sprouts from lateral plantar nerve (l.p.n.) motor axons.
By about 20 days after the nerve crush, s.n. motor axons started to reinnervate the
muscle.

2. In control muscles, a small proportion of the muscle fibres — about 2-5% of the
muscle per motor unit - was reinnervated by s.n. motor axons over the following
20 days. Hence the regenerating terminals were able to re-establish functional
synapses, despite the fact that all the muscle fibres were functionally innervated by
l.p.n. terminals.

3. When nerve impulse conduction in the l.p.n. was blocked with tetrodotoxin for
up to 2 weeks, starting from the time when s.n. axons returned to the muscle, s.n.
motor axons retrieved a much larger proportion of the muscle fibres - about 6-5 %
of the muscle per motor unit. There was a concomitant decrease in the tension
produced by the sprouted l.p.n. motor axons. Intracellular recordings showed that
many muscle fibres became innervated exclusively by regenerated s.n. motor nerve
terminals. Measurements ofend-plate potentials suggested that l.p.n. sprouts and the
original nerve terminals were eliminated non-selectively. These results suggest that
regenerating, active motor nerve terminals have an additional competitive advantage
in reinnervating innervated muscles, if the intact terminals are inactive.

4. When the l.p.n. was cut, rather than blocked, extensive reinnervation by the
s.n. occurred - about 30% of the muscle per motor unit. This suggests that the
absence of an intact nerve terminal in the motor end-plate provides a stronger
stimulus than inactivity for synapse formation by regenerating motor axons.

INTRODUCTION

Neuronal connexions are not immutable; they can be modified by external stimuli.
The most effective stimulus is damage to connexions made on nearby cells. This may
cause sprouting of the intact innervation and replacement of the damaged synapses
(reviewed by Cotman, Nieto-Sampedro & Harris, 1981). Connectivity also changes

* Address for all correspondence and reprint requests.
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in response to non-destructive cues in the environment. For instance, a restricted
visual experience during early development leads to permanent changes in the
synaptic organization of the visual cortex (Hubel, Wiesel & LeVay, 1977 ; Rauschecker
& Singer, 1981). It is an intriguing possibility that these kinds of effects share common
cellular mechanisms.

It is now well known that partial denervation ofskeletal muscle causes intact motor
axons to sprout and reinnervate denervated muscle fibres (Van Harreveld, 1945;
Edds, 1950; Brown, Holland & Hopkins, 1982). If the damaged motor axons are
allowed to regenerate, re-formation of neuromuscular junctions occurs. In lower
vertebrates, the regenerating motor axons may retrieve all of their original muscle
fibres, displacing the sprouted nerve terminals (Bennett & Raftos, 1977; Wigston,
1980). In mammals, however, fewer muscle fibres are reinnervated by the regenerating
axons, especially if the nerve injury is restricted to only a few of the axons innervating
the muscle (Guth, 1962; Brown & Ironton, 1978) or if the reinnervation is delayed
by cutting or resecting the nerve (Frank, Jansen, Lomo & Westgaard, 1975;
Thompson, 1978). What is clear from these studies is that regenerating motor axons
are able to compete with terminals on innervated muscle fibres. The outcome can be
resolved in favour of the regenerating terminals, causing complete regression of intact
terminals. In the extreme case, when a foreign nerve is implanted into the end-plate
region of a normal innervated muscle, some of the intact terminals are displaced
(Bixby & Van Essen, 1979).

One explanation of these effects is that the large (intact) motor units are at a
competitive disadvantage because their cell bodies must support many terminals
compared with the regenerated motoneurones, which have few or no terminals
(Brown & Ironton, 1978; Jansen, Thompson & Kuffler, 1978). It is not known to what
extent other factors, such as activity, might influence the attempted reinnervation
of innervated muscle fibres by regenerating motor axons.

The results of a previous paper (Ribchester & Taxt, 19835) suggest that the level
of activity of a motoneurone influences the outcome of competition between
regenerating terminals during reinnervation of a completely denervated muscle. The
aim of the present study was to determine whether regenerating motor axons were
able to reinnervate more muscle fibres when a completely innervated muscle was made
inactive. We attempted this by making a minor partial denervation of a muscle. The
denervated muscle fibres quickly became innervated by sprouts from the remaining
intact motor axons. Later, when the regenerating motor axons returned to the muscle,
the activity of the intact motor units was blocked selectively with tetrodotoxin (Betz,
Caldwell & Ribchester, 1980; Ribchester & Taxt, 19835). The results suggest that
in these muscles more muscle fibres were innervated by regenerating motor axons
than was the case in completely innervated muscles in which the intact nerve was
not blocked.

Preliminary results have been presented to the Physiological Society (Ribchester
& Taxt, 1983a).
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METHODS

The experiments exploited the dual innervation of the fourth deep lumbrical muscle in the rat
hind foot (Fig. 1). The procedures for blocking activity in the lateral plantar nerve (l.p.n.) and for
measuring tension, making intracellular recordings and staining with zinc iodide-osmium (ZIO)
have been described previously (Betz et al. 1980; Ribchester & Taxt, 19836). The difference in the
present experiments was the location of the initial nerve crush.

Fig. 1. Diagram showing the experimental design. Bilateral partial denervation of the
fourth deej) lumbrical muscle was produced by crushing the sural nerve (s.n.). After 21-28
days activity in the medial plantar nerve (m.p.n.) and the lateral plantar nerve (l.p.n.)
on one side was blocked by chronic superfusion with tetrodotoxin (TTX) from an osmotic
minipump, which was implanted intraperitoneally. Note that this procedure produced a
complete block of nerve impulse conduction in the intact nerve supply to the muscle
during regeneration of the crushed (s.n.) motor axons (which were not blocked).

The hind foot was partially denervated by crushing the branch of the sural nerve (s.n.) which
joins by anastomosis with the l.p.n. in the region of the ankle. The operations were performed
bilaterally in animals anaesthetized with sodium pentobarbitone (Mebumal, 60 mg/kg). This
operation produced a minor partial denervation of the muscle, because the s.n. is usually the source
of only one or two of the motor axons which innervate the lumbrical muscle and the l.p.n. supplies
about eight motor axons. Therefore, only a small amount of sprouting of each remaining l.p.n. axon
was required for the muscle to become completely reinnervated. Three to four weeks after the
operation, when regenerating s.n. axons had just returned to the muscle (see Results), activity in
the l.p.n. and medial plantar nerve (m.p.n.) on one side was blocked by chronic superfusion of the
nerves with tetrodotoxin (TTX, Sigma; 0-25/tg/h). The quality of the nerve block was assessed
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daily by brief pinching of the toe pads with forceps (Ribchester & Taxt, 19836). In another group
of rats the l.p.n. was cut at this time rather than blocked. This permitted a comparison of
reinnervation of muscles by the s.n. when its axons returned either to control muscles, to
completely innervated but inactive (l.p.n.-blocked) muscles, or to denervated (l.p.n.-cut) muscles.
After an interval of up to 2 weeks the nerve block was tested in the anaesthetized animals by
stimulating above and below the nerve cuff. The lumbrical muscles and the attached nerves were
then isolated for tension measurements and intracellular recording (Ribchester & Taxt, 19836;
Taxt, 1984).

One additional pair of muscles was operated on for l.p.n. block in the same way as the others,
but after 11 days the l.p.n. and m.p.n. were cut. Two days later the muscles were isolated, tension
measurements were made and the nerve terminals were stained with ZIO (Betz et al. 1980). Neither
muscle responded to stimulation of the distal stump of the l.p.n.

All the experiments were done in Oslo.

RESULTS

Sprouting and reinnervation

Up to 16 days after the s.n. crush, stimulation of the s.n. produced no tension
response. Tension measurements were made in a group of nine muscles with no s.n.
input, 14-20 days after s.n. crush. The ratio of the twitch tension obtained by l.p.n.
stimulation to that obtained by direct muscle stimulation was 0-99 + 0-03 (mean + S.D.).
Intracellular recordings were made from 103 muscle fibres in seven of the muscles.
No muscle fibre in these muscles was innervated by the s.n. and all but one produced
an end-plate potential (e.p.p.) to l.p.n. stimulation. These measurements suggest that
by the time s.n. motor axons returned, the intact l.p.n. motor axons had sprouted
and reinnervated all the muscle fibres (cf. Brown & Ironton, 1978; Thompson, 1978;
Betz et al. 1980).

In some muscles, reinnervation by s.n. motor axons occurred as early as 16 days
after the nerve crush. Examples of twitch tension recordings made from control,
l.p.n.-blocked, and l.p.n.-cut muscles more than 35 days after s.n. crush are shown
in Fig. 2. These recordings show first, that the s.n. tension response occurred with a
much longer latency than the l.p.n. tension response (Fig. 2^4, B). This is presumably
because the conduction velocity of action potentials in the regenerated motor axons
was lower than in unoperated muscles (Sanders & Whitteridge, 1946). Second, the
s.n. twitch responses were larger in the l.p.n.-blocked muscles than in the reinnervated
controls. Third, there was significant summation of the l.p.n. and s.n. twitch responses
when both nerves were stimulated simultaneously in normal (Fig. 2C) and l.p.n.-
blocked muscles, but not in the reinnervated controls (Fig. 2 B). This is important
because it suggests that a significant fraction of the l.p.n.-blocked muscles became
innervated only by s.n. motor axons. Finally, the s.n. tension in muscles with the
l.p.n. cut, rather than blocked, was much larger than in the other cases (Fig. 2D).

Motor unit sizes

L.p.n.-blocked and control muscles. The difference between s.n. tensions in the
l.p.n.-blocked and control muscles was evident at the level of individual motor units.
Examples of twitch tension recordings to graded nerve stimulation are shown in Fig.
3. These kinds of recordings allowed the number of l.p.n. and s.n. motor units and
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A B

13 mN

40 ms 40 ms
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11 mN

11 mN 13 mN

40 ms40 ms

Fig. 2. Superimposed twitch tension recordings from a partially denervated and s.n.-
reinnervated, 1.p.n.-blocked muscle (^4), a contralateral s.n.-reinnervated control muscle
(B), an unoperated lumbrical muscle (C) and an s.n.-reinnervated muscle to which the
l.p.n. was cut 21 days after the s.n. crush (D). In A-C, three traces are superimposed in
addition to the base line; the lower trace is the response to s.n. stimulation, the middle
trace l.p.n. stimulation and the upper trace combined nerve stimulation. In B, combined
nerve stimulation resulted in no more tension than stimulating the l.p.n. alone, producing
completely superimposed traces. In D, the lower trace is the response to s.n. stimulation
and the upper trace is the response to direct (bath-applied) muscle stimulation. The
numbers of s.n. motor units in these muscles were as follows: A, 3; B, 1; C, 3; D, 1.

l.p.n.

l.p.n.
blocked

Control

13 mN 2 mN

40 ms 40 ms

Fig. 3. Responses of s.n.-reinnervated lumbrical muscles to graded stimulation of the l.p.n.
and the s.n. in an l.p.n.-blocked muscle (A, B) and the contralateral control (C, I)). The
l.p.n. was blocked for 10 days. In A, the time course of the l.p.n. twitch was prolonged
hut there was a normal number of motor units. Both muscles contained three s.n. motor
units. Note the difference in the tension calibrations.
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the average size of s.n. motor units to be determined (Fig. 4). Both sets of recordings
in Fig. 3 are from one animal, whose right l.p.n. was blocked for 11 days, starting
from 28 days after s.n. crush. There were three s.n. motor units on both the
l.p.n.-blocked and control sides. The total tension produced by the three units on the
l.p.n.-blocked side was about 10 times that on the control side. Each of the s.n. units
on the l.p.n.-blocked side was larger than the combined tension response of the s.n.
units on the control side. In spite of this difference, the s.n. units of the l.p.n.-blocked
side were usually not larger than the l.p.n. units on either side.
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Fig. 4. Reinnervation of lumhrical muscles after crushing the s.n. Each point is the mean
tension produced by stimulation of the s.n. divided by the number of s.n. motor units and
expressed as a percentage of the total muscle tension. A, data are shown for l.p.n.-blocked
muscles (#). contralateral controls (O) and muscles from animals which received no TTX
(V). B, data from nine pairs of the muscles shown in A, in which both the l.p.n.-blocked
muscles and the contralateral controls received innervation from the s.n.

In normal lumbrical muscles, each s.n. motor axon innervates about 8% of the
muscle (Betz et al. 1979; see also Fig. 5.4). Thirty-five days or more after s.n. crush
the mean tension produced by the regenerated motor axons was only 2-5+ 16% of
the total tension (Fig. 4.4, Table 1). This suggests that each s.n. motor axon
reinnervated only about one-third of the number of muscle fibres innervated by s.n.
axons in normal, unoperated muscles.

In l.p.n.-blocked muscles the percentage of the total tension obtained by stimulating
the s.n. increased with time. After 35 days post-crush, stimulation of the s.n. produced
6-4 + 2-3% of the muscle tension per motor unit. This was not significantly different
from the s.n. motor unit size in unoperated muscles (Fig. 5.4; P < 0-05, Wilcoxon
test). The l.p.n. tetanic tension decreased to about 89% of the total muscle tension.
Even before 36 days post-crush, the s.n. motor units were significantly larger
(Table 1) but the l.p.n. tension was not significantly different from controls.

A paired comparison of the s.n. motor unit sizes from l.p.n.-blocked and contralateral
control muscles was possible in nine animals (Fig. 4B). In the remainder, one or other
of the muscles on the two sides contained no s.n. input. The s.n. motor units on the
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Table 1. Summary of twitch and tetanic tension data from l.p.n.-blocked and control muscles
following s.n. reinnervation. Data from contralateral control muscles were combined with data from
animals which received no TTX, as there was no significant difference between them. N = number
of muscles

Days post-crush

16-35 days 36-52 days

Control L.p.n.-blocked Control L.p.n.-blocked
Number of motor units

S.n. 2-0+1-1 1-4 + 0.5 2-0+11 3-0 + 0-7
L.p.n. 8-2+1-5 8-6 + 2-0 8-3+1-8 6-5+1-8

S.n. motor unit size 1-4+1-0 4-3+1-9* 2-5+1-6 6-4 + 2-3*
(% twitch tension)

L.p.n. tension 97-1+2-9 97-5 + 2-9 97-9 + 2-4 89-2 + 4-5*
(% total tetanic tension)

N 25 10 13 4

* Significantly different from control (P < 0-01, t test).

1.p.n.-blocked side were larger in all but one of the nine cases by factors of between
3 and 10.

The difference in s.n. motor unit size between 1.p.n.-blocked and control muscles
cannot be explained by any difference in the number of axons innervating the muscles
as there was no such difference (Table 1). Neither can it be explained by any systemic
effect of TTX (Taxt, 1984), as there was no difference in the mean size of s.n. motor
units between contralateral reinnervated control muscles and s.n.-reinnervated
muscles from animals which were not subsequently operated for l.p.n. block and which
therefore received no TTX (Fig. 4 A).

In two partially paralysed and one control muscle, very small motor units (0-5-1-0% of the total
tension) were the only ones found in the s.n., up to 50 days after s.n. crush. In these cases the interval
between the l.p.n. and s.n. twitches was about 60 ms and the rise time of the s.n.-evoked twitches
was also approximately 60 ms. Normally, these values were no more than 20 ms and 40 ms
respectively. The responses were obtained at stimulus intensities between 3 and 5 V, while the s.n.
motor axons in other preparations had threshold of 2-3 V. Because these were unusual responses,
we excluded them from the data. We do not know the explanation of these small twitch
contractions. Perhaps they were due to reinnervation of extrafusal fibres by y-efferents, or
autonomic motor nerve fibres, or perhaps they represented sprouts from s.n. motor axons which
innervate other muscles in the foot (cf. Emonet-Denand, Laporte & Proske, 1971; Landmesser,
1971; Bennett, McLachlan & Taylor, 1973; Grinnell, Letinsky & Rheuben, 1979; Brown, Hopkins
6 Keynes, 1982).

L.p.n.-cut muscles. In one group of animals the l.p.n. was cut 20-25 days after the
s.n. crush, so that the regenerating s.n. motor axons could be confronted with a
completely denervated target. The aim was to determine the maximum capability
of s.n. axons to re-form synapses in the muscle. The s.n. motor axons quickly
reinnervated a larger fraction of the muscles than in any of the other cases. Within
7 days, stimulation of the s.n. motor units produced 312 + 22-1 % of the total tension
and no motor unit produced less than 10%.

The distributions of the s.n. motor unit twitch tensions in all three kinds of
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Fig. 5. Distribution of s.n. motor unit sizes in unoperated (d), s.n.-reinnervated (B),
s.n.-reinnervated, l.p.n.-blocked (C) and s.n.-reinnervated, l.p.n.-cut muscles (D) 32 days
or more (B, C) and 28 days or more (D) after s.n. crush. Numbers of muscles (N) and
numbers of motor units (n) were as follows: A, N = 7, n = 19; B, N = 7, n = 15 ; C, N = 6,
n = 16; D, N = 1 ,n = 12. The mean motor unit size was not significantly different between
A and C and both were significantly different from that in B (P < 0 01, Wilcoxon test).

experimental muscle and in normal, unoperated muscles are summarized in Fig. 5.
S.n. motor units in normal muscles produced 7 7 +4-6 % of the total tension (cf. Betz
et al. 1979).

Single and, polyneuronal innervation of I.p.n.-blocked muscles
It was important to determine whether the regenerating axons innervated any

muscle fibres exclusively, because this would show whether the active motor nerve
terminals were able to displace the inactive terminals that were already present. We
therefore measured the amount of dual and single innervation of muscle fibres, using
tension overlap measurements and intracellular recording.

Tension overlap. Measurement of the deficit in tetanic tension obtained by separate
and combined stimulation of the l.p.n. and s.n. suggested that about 50-75% of the
muscle fibres innervated by regenerated s.n. motor axons were also innervated by
l.p.n. axons at all times after reinnervation (Table 2). This suggests that a substantial
number of fibres were innervated only by s.n. motor axons. The difficulty with these
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Table 2. Dual innervation of muscle fibres in 1.p.n.-blocked muscles studied with both tension
measurements and intracellular recording. The fraction of the muscle innervated by s.n. motor
axons also innervated by l.p.n. motor axons is expressed as a percentage of the s.n. innervation.
Numbers in parentheses below the intracellular recording data are total numbers of muscle fibres
impaled. N = number of muscles

Dual innervation (% s.n. innervation)

Days post s.n. crush Tetanic tension overlap Intracellular recording
16-35 (N = 4) 62-1 ± 7 0 62-5 ±25 0

(99)
36-52 (N = 3) 50 6 ± 20-6 56-4 + 19-3

(138)
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Fig. 6. A, examples of intracellular recordings from cut muscle fibre preparations of
l.p.n.-blocked muscles between 30 and 40 days after s.n. crush. The s.n. was stimulated
first and the l.p.n. about 20 ms later. Most fibres with s.n. input were also innervated by
I.p.n. motor nerve terminals (a-c) - hence the appearance of two e.p.p.s. A significant
number of muscle fibres was also innervated only by s.n. terminals (d). B, nerve dominance
histograms (Ribchester & Taxt, 19836) from two l.p.n.-blocked muscles 36 and 39 days
after s.n. crush. Open bars, fibres innervated exclusively by the l.p.n. (group I) or by
the s.n. (group V). Hatched bars, fibres innervated by both l.p.n. and s.n. terminals. Group
II, l.p.n.-e.p.p. more than twice the size of the s.n.-e.p.p.; Group III, l.p.n.-e.p.p. one-half
to twice the size of the s.n.-e.p.p.; Group IV, s.n.-e.p.p. more than twice the size of the
l.p.n.-e.p.p. (a) 10 days blocked, nine l.p.n. motor units, three s.n. motor units, eighty-two
fibres impaled; (6) 11 days blocked, seven l.p.n. motor units, three s.n. motor units,
forty-four fibres impaled.

data is that polyneuronally innervated muscle fibres with a subthreshold input from
either nerve would be overlooked by a tension overlap measurement.

Intracellular recording. In all, fifty-nine out of 237 fibres recorded from seven
muscles were innervated by s.n. motor axons (Table 2, Fig. 6 A). Most of these fibres
were also innervated by axons in the l.p.n. There was no difference in the rise time
of e.p.p.s from either nerve in dual-innervated muscle fibres, which suggests that the
terminals were located on the same or closely adjacent motor end-plates. Significant
numbers of fibres were innervated only by s.n. axons. Nerve dominance histograms
(Ribchester & Taxt, 19836) from two muscles are shown in Fig. 6 B. In these muscles
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thirty-two of the 139 muscle fibres impaled (i.e. about 23%) were innervated by the
s.n. and twelve of these were innervated only by the s.n. The amount of dual
innervation (63 % of the fibres innervated by the s.n.) was similar to that calculated
from the tetanic tension overlap measurements. Thus, although some subthreshold
synaptic inputs were present in these muscles (Fig. 6Aa,c; dominance groups II and
IV in Fig. 6B), most inputs were suprathreshold.

B

I.p.n.-blocked : l.p.n.-e.p.p.s.

■ l.p.n. (n = 72)
□s. n. (n = 108).
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Fig. 7. Distribution of e.p.p. latency in unoperated (A) and l.p.n.-blocked muscles after
s.n. crush (B, C). The mean latencies of s.n.-e.p.p.s and l.p.n.-e.p.p.s in unoperated muscles
were not significantly different. In the l.p.n.-blocked muscles the latency of the l.p.n.-e.p.p.s
in fibres innervated exclusively by l.p.n. motor axons was not significantly different from
that of dual-innervated muscle fibres (B). The mean latencies were significantly longer
than in unoperated muscles (see text). The mean latency ofs.n.-e.p.p.s (C) was significantly
greater than that of the l.p.n.-e.p.p.s in both dual-innervated muscle fibres and in fibres
innervated only by the s.n.

The possibility that the regenerating s.n. terminals only competed for innervation
of the muscle fibres which they innervated originally was investigated by studying
the latencies of the e.p.p.s. Evidence that s.n. terminals also competed for innervation
of muscle fibres innervated by the original l.p.n. terminals (rather than by sprouts)
was obtained. Histograms of e.p.p. latency in four normal unoperated and six
l.p.n.-blocked muscles are shown in Fig. 7.

In the normal muscles, stimulation of the l.p.n. or the s.n. always produced an e.p.p.
with a latency of less than 4 ms. In l.p.n.-blocked muscles about 5% of the muscle
fibres produced e.p.p.s to l.p.n. stimulation (l.p.n.-e.p.p.s) with latencies greater than
4 ms. These long-latency responses were probably due to slowly conducting non-
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myelinated terminal sprouts. The latencies of l.p.n.-e.p.p.s in dual-innervated fibres
fell within the same range as in singly innervated fibres; thus twenty-nine out of
thirty-two of the dual-innervated fibres had l.p.n.-e.p.p.s with a latency of less than
4 ms.

The latency of e.p.p.s to s.n. stimulation (s.n.-e.p.p.s) in these muscles was greater
than that of l.p.n.-e.p.p.s (Fig. 6), presumably because of a lower conduction velocity
in the regenerated motor axons. There was no difference in the distribution ofs.n.-e.p.p.
latencies between dual-innervated muscle fibres and fibres innervated only by the s.n.

Fig. 8. Camera lucida drawings of s.n. terminals stained with zinc iodide-osmium from
an l.p.n.-blocked muscle (A, B) and its contralateral control (C, D). The l.p.n. on the right
side was blocked for 11 days and then the l.p.n. on both sides was cut 2 days before isolating
the muscles. Calibration, 40 /im.

The tensions produced by s.n. stimulation in most control muscles were so small that it was
impossible to measure tension overlap reliably (Table 1, Fig. 2 B). For the same reason, we did
not make intracellular recordings routinely from the control muscles. Two control muscles with
reasonable tension responses to s.n. stimulation were studied. One of the muscles contained four
s.n. motor units, which produced a total of 14% of the total twitch tension. The amount of tetanic
tension overlap suggested that 25 % of the muscle fibres innervated by the s.n. were also innervated
by the l.p.n. Intracellular recordings were made from the region of the muscle which was seen to
contract when the s.n. was stimulated. Recordings were obtained from eleven muscle fibres
innervated by the s.n. and two of these fibres also produced an e.p.p. to l.p.n. stimulation. An
extensive search of the rest of the muscle for s.n.-innervated fibres produced six more, of which
only one was polyneuronally innervated.
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In the other control muscle there were three s.n. motor units, which produced altogether 41 %
of the total twitch tension. S.n. stimulation produced an e.p.p. in one muscle fibre out of twenty
impaled, and this fibre also received an l.p.n. input.

Zinc iodide—osmium staining
Nerve terminals belonging to s.n. motor axons were examined in one pair of muscles

stained with zinc iodide—osmium (ZIO). There were three s.n. motor units on the
l.p.n.-blocked side and one on the control side, but the units on the blocked side
produced about five times the tension of the unit on the control side.

Camera lucida drawings of motor nerve terminals are shown in Fig. 8. Most of the
muscle fibres in the ZIO-stained preparations had no nerve terminal. Those terminals
that were stained belonged to the s.n. motor axons. There were 151 terminals in the
l.p.n.-blocked muscle and thirty-eight in the control muscle. The ratio of the numbers
of terminals in the two muscles was therefore similar to the ratio of the nerve-evoked
tensions. In the l.p.n.-blocked muscle, many teased bundles of fibres contained nerve
terminals. Many had long terminal sprouts and terminals on adjacent muscle fibres
were joined by sprouts (Fig. HA,B). In the control muscle the terminals were
scattered throughout. Fig. 8 D shows one of the few instances of terminals on adjacent
muscle fibres. The terminals appeared to be located at the original motor end-plates,
judging by the distance of stained terminals from the degeneration debris of l.p.n.
terminals on adjacent fibres (Fig. 8C). The s.n. terminals were of similar appearance
to terminals in unoperated muscles, but the preterminal axons were rather narrow.

DISCUSSION

The present results confirm that when motor axons regenerate into the end-plate
region of a completely innervated muscle, some intact nerve terminals regress and
permit the formation of new synapses by the regenerating axons (Brown & Ironton,
1978; Thompson, 1978; Bixby & Van Essen, 1979). The results also show that when
the muscles are completely inactive because of nerve impulse conduction block, then
more terminals are displaced by the regenerating active synapses. These observations
therefore support and extend the conclusions of the previous study (Ribchester &
Taxt, 19836), in which inactive and active terminals were allowed to compete for
synaptic sites in completely denervated muscle. Since the selective regression of the
inactive terminals in both cases was entirely dependent on the presence of the active
nerve terminals, the inactive terminals must have been repressed through interaction
with the active terminals. We do not know whether the repression of the inactive
terminals involves a gradual reduction in the quantum content of e.p.p.s, as in
reinnervated amphibian muscle (Dennis & Yip, 1978; Wigston, 1980), or whether
it occurs more suddenly. Continuous intracellular recording during synapse
elimination would settle this point.

The outcome of the present experiments can be compared in more detail with that
of our previous experiments (Ribchester & Taxt, 19836). In those experiments,
lumbrical muscles were completely denervated by crushing the muscle nerve. Both
l.p.n. and s.n. motor axons returned to the muscle at the same time. Upon
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reinnervation, nerve impulse conduction was blocked in the l.p.n. for up to 2 weeks,
in the same way as described in the present experiments. Thus, apart from the
inactivity of the l.p.n. axons, s.n. and l.p.n. terminals competed on an equal footing
for reinnervation of muscle fibres. The outcome was that the active terminals
obtained exclusive innervation of about twice as many muscle fibres as they
innervated before the complete denervation. In the present experiments, most muscle
fibres were not deprived of their original innervation: the partial denervation
produced by s.n. crush removing terminals from only 10-20% of the muscle fibres.
Sprouting of the l.p.n. axons quickly produced reoccupation of the denervated
end-plates. Subsequent l.p.n. block produced completely inactive, innervated
muscles. Upon regeneration, the active motor axons reinnervated, at most, no more
muscle fibres than they innervated before the partial denervation.

The results from both kinds of experiment are compatible with the same cellular
mechanism. The discrepancy in the sizes of the motor units could be explained if the
rate of expansion of motor units by new synapse formation depended upon the
number of synapses formed initially (Cotman et al. 1981). In the completely
denervated muscles (Ribchester & Taxt, 19836), large s.n. motor units were
established at the outset. This is presumably because the regenerating l.p.n. and s.n.
motor axons had equal access to vacant motor end-plates. In the partially denervated
muscles (present study), all the motor end-plates were occupied and this constituted
an additional barrier to synapse formation by the regenerating s.n. motor axons (see
also Brown & Ironton, 1978). This conclusion is supported by the observation that
when the l.p.n. was cut, rather than blocked, the regenerating s.n. axons rapidly
established synaptic contact with large numbers of muscle fibres.

In all the muscles described in the present and previous experiments, inactive
muscle fibres became polyneuronally innervated by active and inactive motor axons.
This contrasts with the failure to find polyneuronal innervation in partially inactive
muscles which were not surgically denervated (Betz et al. 1980). Blocking activity
in part of the preganglionic nerve supply to the cardiac ganglion of the frog (Roper
& Ko, 1978), or blocking activity in the ganglion cells of one eye in the cat (Archer,
Dubin & Stark, 1982) or goldfish (Meyer, 1982), also produces only limited increases
in the convergence ofsynaptic input to the respective post-synaptic cells. The amount
of nerve sprouting in all these cases appears to be greater after partial denervation
(Ko & Roper, 1978; Schmidt, Cicerone & Easter, 1978; Betz etal. 1980; Robson, 1981).
The differences between these observations and the present results suggest that
inactivity alone provides only a weak stimulus for the growth of nerve processes and
the formation of new synapses, at least in adult skeletal muscle. Once new connexions
are permitted, interactions whose outcome is strongly dependent on the activity of
the synaptic inputs may occur.

The situation may be somewhat different during ectopic synapse formation.
Inactivity in muscle produced by blocking nerve impulse conduction or synaptic
transmission causes the axons of an ectopically implanted nerve to make many
synapses (Jansen, Lomo, Nicolaysen & Westgaard, 1973; Tonge, 1977).
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discussions and for helpful comments on the manuscript. Havard Tonneson provided expert



510 R. R. RIBCHESTER AND T. TAXT

assistance in all technical matters. We thank the European Science Foundation for a Twinning
Grant and the Nordic Insulin Fund for a grant to purchase osmotic minipumps and TTX.

REFERENCES

Archer, M. R., Dubin, M. W. & Stark, L. A. (1982). Abnormal development of retino-geniculate
connectivity in the absence of action potentials. Science, N. Y. 217, 743-745.

Bennett, M R., McLachlan, E. M. & Taylor, R. S. (1973). The formation of synapses in
mammalian striated muscle reinnervated with autonomic preganglionic nerves. J. Physiol. 233,
501-517.

Bennett, M. R. & Raftos, J. (1977). The formation and regression of synapses during the
reinnervation of axolotl striated muscles. J. Physiol. 265. 261-293.

Betz.W. J., Caldwell, J. H . & Ribchester, R. R. (1979). The size ofmotor units during post-natal
development of rat lumbrical muscle. J. Physiol. 297, 463—478.

Betz, W. J., Caldwell, J. H. & Ribchester, R. R. (1980). Sprouting of active nerve terminals
in partially inactive muscles of the rat. J. Physiol. 303, 265-279.

Bixby, J. L. & Van Essen, D. C. (1979). Competition between foreign and original nerves in adult
mammalian skeletal muscles. Nature, Lond. 282, 726-728.

Brown, M. C., Holland, R. L. & Hopkins, W. G. (1981). Motor nerve sprouting. A. Rev. Neurosci.
4, 17-47.

Brown, M. C., Hopkins, W. G. & Keynes, R. (1982). Short- and long-term effects of paralysis of
the motor innervation of two different neonatal mouse muscles. J. Physiol. 329. 439-450.

Brown, M. C. & Ironton, R. (1978). Sprouting and regression of neuromuscular synapses in
partially denervated mammalian muscles. J. Physiol. 278, 325—348.

Cotman, C. W., Nieto-Sampedro, H. & Harris, E. W. (1981). Synapse replacement in the nervous
system of adult vertebrates. Physiol. Rev. 61. 684-784.

Dennis, M. J. & Yip, .1. W. (1978). Formation and elimination of foreign synapses on adult
salamander muscle. J. Physiol. 21A. 299-310.

Edds, M. V. (1950). Collateral regeneration of residual motor axons in partially denervated muscles.
■1. exp. Zool. 113, 517-551.

Emonet-Denand, F., Laporte, Y. & Proske, U. (1971). Contraction of muscle fibres in two
adjacent muscles innervated by branches of the same motor axon. J. Neurophysiol. 34, 132-138.

Frank, E., Jansen, ,J. K. S., Ldmo, T. & Westgaard, R. H. (1975). The interaction between
foreign and original motor nerves innervating the soleus muscles of rats.J. Physiol. 247, 725-743.

Grinnell, A. D., Letinsky, M. S. & Rheuben, M. A. (1979). Competitive interaction between
foreign nerves innervating frog skeletal muscle. J. Physiol. 289, 241-262.

Guth, L. (1962). Neuromuscular function after regeneration of interrupted nerve fibres into
partially denervated muscle. Expl Neurol. 6, 129-141.

Hubel, D. H.„ Wiesel, T. N. & LeVay, S. (1977). Plasticity of ocular dominance columns in
monkey striate cortex. Phil. Trans. R. Soc. B 278, 377-409.

Jansen, J. K. S., Lomo, T., Nicolaysen, K. & Westgaard, R. (1973). Hyperinnervation of
skeletal muscle fibres: dependence on muscle activity. Science., N. Y. 181, 559-561.

Jansen, J. K. S., Thompson, W. & Kuffler, D. P. (1978). The formation and maintenance of
synaptic connections as illustrated by studies of the neuromuscular junction. Prog. Brain Res.
48, 3-18.

Ko, C.-P. & Roper, S. (1978). Disorganised and 'excessive' reinnervation of frog cardiac ganglia.
Nature, Lond. 21A. 286-288.

Landmesser, L. (1971). Contractile and electrical responses of vagus-innervated frog sartorius
muscle. J. Physiol. 213. 707-725.

Meyer, R. L. (1982). Tetrodotoxin blocks the formation of ocular dominance columns in goldfish.
Science, N. F. 218, 589-591.

Rauschecker, J. P. & Singer, W. (1981). The effects of early visual experience on the cat's visual
cortex and their possible explanation by Hebb synapses. J. Physiol. 310, 215-239.

Ribchester, R. R.&Taxt.T. (1983 a). Competition between active and inactive motor axons after
reinnervation of partially denervated rat muscle. J. Physiol. 334, 67-68P.

Ribchester, R. R. & Taxt, T. (19836). Motor unit size and synaptic competition in rat lumbrical
muscles reinnervated by active and inactive motor axons. J. Physiol. 344, 89-111.



REPRESSION OF INACTIVE NERVE TERMINALS 511

Robson, J. A. (1981). Abnormal axonal growth in the dorsal lateral geniculate nucleus of the cat.
J. comp. Neurol. 195, 453—476.

Roper, S. & Ko, C.-P. (1978). Impulse blockade in frog cardiac ganglion does not resemble partial
denervation in changing synaptic organization. Science, N. Y. 202, 66-68.

Sanders, F. K. & Whitteridge, D. (1946). Conduction velocity and myelin thickness in
regenerating nerve fibres. J. Physiol. 105, 152-174.

Schmidt, J. T., Cicerone, C. M. & Easter, S. S. (1978). Expansion of the half retinal projection
to the tectum in goldfish: an electrophysiological and anatomical study. J. comp. Neurol. 177,
257-278.

Taxt, T. (1984). Local and systemic effects of tetrodotoxin on synapse elimination in rat lumbrical
muscle. J. Physiol, (in the Press).

Thompson, W. (1978). Reinnervation of partially denervated rat soleus muscle. Acta physiol. scand.
103,81-91.

Tonge, D. A. (1977). Effect of implantation of an extra nerve on the recovery of neuromuscular
transmission from botulinum toxin. J. Physiol. 265, 809-820.

Van Harreveld, A. (1945). Reinnervation of denervated muscle fibres by adjacent functioning
motor units. Am. J. Physiol. 144, 477-493.

Wigston, D. J. (1980). Suppression of sprouted synapses in axolotl muscle by transplanted foreign
nerves. J. Physiol. 307, 355-366.



Publication Number 6

Ribchester, R.R. (1986) Neural activity and the reorganisation of motor units in
reinnervated skeletal muscle. In W.A.Nix & G. Vrbova (ed.) Electrical stimulation and
neuromuscular disorders. Springer Verlag, Berlin Heidelberg.

R R Ribchester, DSc Thesis, 2003 6



Neural Activity and the Reorganization of Motor Units
in Reinnervated Skeletal Muscle*

R. R. Ribchester1

Introduction

The control of voluntary muscle contraction rests ultimately in the 'final common
path' — the spinal motoneurons and the muscle fibres they innervate (Sherrington
1906). Peripheral nerve injury requires compensation for the loss of muscle innerva¬
tion, if the quality of muscle control is to be restored. Compensation in the motor
system may occur at many levels: peripheral, spinal and supraspinal (Tsukuhara
1981). In the periphery, denervation of skeletal muscle fibres provokes two mecha¬
nisms: sprouting, from intact motor axon collaterals and their terminals; and regen¬
eration of the injured axons (Brown et al. 1981). Sprouting provides a relatively
rapid and effective restoration of muscle function, but it is unsatisfactory because the
sprouted motor units are expanded. Fine motor control is therefore further com¬
promised.

Regeneration of damaged motor axons does not necessarily redress the balance.
A number of studies have shown that regenerating motor axons fail to reinnervate
muscle fibres in the numbers they innervated before injury, especially if the target
muscle is completely reinnervated by sprouts from intact motor innervation (Brown
and Ironton 1978; Thompson 1978). This failure may be attributed partly to the oc¬
cupancy of motor end-plates by sprouts. Evidently, regenerating axons vie with in¬
tact axons for synaptic space. A clearer understanding of the cellular mechanisms of
such competition may indicate ways in which the motor system might be manipulated
during peripheral nerve regeneration; ways which might facilitate the recovery of
precise motor control.

Motoneurons differ in the patterns of nerve impulse activity they express (Hennig
and Lpmo 1985), and there is evidence that activity can affect the size of motor units.
For example it is well established that paralysis of skeletal muscles, produced by
blocking nerve impulse conduction or synaptic transmission with neurotoxins, leads
to motor nerve sprouting (Brown and Ironton 1977; Duchen 1970; Holland and
Brown 1980). During postnatal development of motor units, paralysis inhibits motor
unit reorganization, and stimulation accelerates it (Benoit and Changeux 1975;
Brown et al. 1982; Caldwell and Ridge 1983; Duxson 1982; O'Brien et al. 1978;
Ridge and Betz 1984; Thompson et al. 1979; Thompson 1983). Paralysis also inhibits
or prevents elimination of polyneuronal innervation of muscle fibres in reinnervated
adult skeletal muscle (Benoit and Changeux 1978; Taxt 1983b).
* This work was supported by the Medical Research Council and Action Research - The National
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However, there is also evidence that the size of a motor unit depends on intrinsic,
metabolic properties of the cells. Motoneurons with large somata and axons nor¬
mally innervate more muscle fibres than small motoneurons (Henneman et al. 1965;
Brown and Ironton 1978; Burke et al. 1982). Furthermore, the extent of motor axon
sprouting after partial denervation appears limited, so that only about five times the
original complement of muscle fibres can be captured by sprouts (Brown and Ironton
1978; Thompson and Jansen 1977). When a foreign nerve is implanted into a dener-
vated skeletal muscle, the distribution of motor unit sizes is characteristic of the
nerve implant, rather than of the muscle implanted (Taxt 1983a). It therefore be¬
comes important to establish to what extent the distribution of motor unit sizes de¬
pends on their relative activity patterns, and to what extent it depends on their intrin¬
sic, metabolic properties.

The present paper reviews briefly our recent evidence that differences in the ac¬
tivity of regenerating motor axons influence the number of muscle fibres they ulti¬
mately innervate (Betz et al. 1980b; Ribchester and Taxt 1983, 1984). Additional
evidence is presented which suggests that activity is the main, but by no means exclu¬
sive, determinant of the outcome of neuromuscular synapse elimination during mus¬
cle reinnervation.

Experimental Procedures

All the experiments were performed on adult rat lumbrical muscles. The fourth deep
lumbrical muscle in the hind foot receives its motor innervation from the lateral plan¬
tar nerve (LPN) and a branch of the sural nerve (SN), which fuses with LPN near the
ankle. (This functional anatomy is also found in mice and hamsters, but not in rab¬
bits or cats; nor of course in man, where the sural nerve is purely sensory.) Because
the LPN and SN are anatomically distinct, the motor axons innervating the lumbrical
muscle can be manipulated independently. Motor unit recordings show that this
muscle, which contains about 1000 muscle fibres, is innervated by 9-14 motor axons.
Most of the motor axons are supplied by the lateral plantar nerve. Up to six may
reach the muscle via the sural nerve, but in most animals the SN contains only one
to three motor axons (Betz et al. 1979, 1980a).

This unique distribution of the motor axons permits an approach to four separate
but related questions. First, what is the role of neuronal activity in the sprouting of
intact motor axons? Second, does an active motor nerve terminal have a competitive
advantage over an inactive terminal when both converge on a single muscle fibre?
Third, can active motor axons repress and displace established but inactive terminals
on paralysed muscle fibres? Finally, can muscle fibres reinnervated by functional,
collateral sprouts sustain their innervation when inactive motor axons return?

These questions were addressed by studying the properties of motor units in lum¬
brical muscles in which nerve impulse conduction in the LPN motor axons was
blocked. To address the first, innervated muscles were studied. For the second, mus¬
cles were completely denervated and the LPN was blocked during nerve regenera¬
tion. In the third and fourth, partially denervated muscles were studied. The LPN
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Fig.l. Schematic diagram of the fourth deep lumbrical
muscle and its innervation by branches of the sural nerve
(SN) and the lateral plantar nerve (LPN). The LPN runs

adjacent to the medial plantar nerve (MPN) in the shank.
Also shown schematically is the method for producing
chronic nerve conduction block in the LPN. Silicon rubber

tubing interconnects an osmotic minipump (Alzet 2002;
0.5pil/h) containing dissolved tetrodotoxin (TTX; 500pg/ml),
and a loose-fitting silicone rubber cuff. The tubing opens
into the lumen of the cuff, which serves a dual purpose: to
keep the source of TTX as close to the nerve as possible and
to restrict diffusion of the toxin. This procedure was used in
conjunction with either muscle nerve crush, SN crush, or
LPN crush

was blocked either during the regeneration of SN motor axons only, or during regen¬
eration of LPN motor axons.

Most of the methods have been described in detail elsewhere (Ribchester and
Taxt 1983). Briefly, partial or complete denervation of the lumbrical muscles was
produced by crushing the muscle nerve (complete denervation), the SN (minor par¬
tial denervation) or the LPN (major partial denervation). In addition, complete
nerve conduction block in the LPN was accomplished by treating the nerve with
tetrodotoxin (Fig. 1). This toxin does not inhibit axonal transport (Bray et al. 1979)
and can be used to dissociate the effects of neuromuscular activity from other factors
that depend on the structural integrity of neuromuscular synapses. On the day of the
acute experiment, the animals were anaesthetized with Sagatal (80mg/kg) and nerve
block was confirmed by stimulating electrically above the LPN cuff or below it, while
observing muscle contractions in the foot. Muscle tension responses and intracellular
recordings were registered in isolated preparations, dissected with the LPN and SN
intact. For tension measurements, the proximal tendon was attached to a sensitive
force transducer (AE 801, Akers Engineering, Norway). The fifth toe, with the at¬
tached distal tendon, was pinned to the base of a Sylgard-lined chamber. The prepa¬
ration was superfused at room temperature with oxygenated mammalian saline, pH
7.2 (Liley 1956). For intracellular recordings, cut muscle fibre preparations were
used to abolish muscle action potentials. Endplate potentials were recorded using
glass microelectrodes filled with 4 M potassium acetate.
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Review of Findings

Innervated Muscles

The immediate effect of partial denervation is paralysis of the denervated muscle
fibres. The purpose of the first group of experiments was to investigate the possibility
that inactivity of muscle fibres initiates mechanisms which cause sprouting of motor
axons on normal, innervated muscle fibres (Betz et al. 1980b). Innervated lumbrical
muscles were subjected to a "functional" partial denervation (rather than one involv¬
ing nerve degeneration), by blocking nerve impulse conduction in the LPN. The
properties of motor units and the structure of motor nerve terminals were studied 5—
14 days later. Motor nerve terminals belonging to axons in the active SN were selec¬
tively visualized by cutting the blocked LPN axons 24 h earlier. This was all the time
needed to cause degeneration of the blocked nerve terminals. The intact, SN termi¬
nals were then stained with zinc iodide-osmium.

There were two main findings. First, a modest amount of sprouting occurred
from the intact, active nerve terminals. About 35% of the terminals possessed fine
sprouts, but these extended only about 13 pm at most. By contrast, numerous
sprouts extended for more considerable distances from intact terminals and nodes of
Ranvier in muscles that were partially denervated for 5 days or more. Secondly, few
sprouts in the partially paralyzed muscles extended to adjacent muscle fibres. Intra¬
cellular recordings produced no evidence of polyneuronal innervation of muscle
fibres, and there was no evidence that the size or function of blocked or active motor
units was altered. Again, this was in contrast to muscles that were partially dener¬
vated for comparable periods.

The main conclusion from this work was that muscle inactivity provides a small,
but significant stimulus to the sprouting of active motor axons. Denervation of the
muscle fibres provides additional stimuli, to which the effects of inactivity are addi¬
tive. Similar conclusions were reached in experiments performed by M.C.Brown
and his colleagues (reviewed by Brown et al. 1981). The additional stimuli provided
by partial denervation probably have qualitatively different effects on the sprouting
of intact axons in addition to the quantitative ones: nodal sprouting occurs from in¬
tact axons in partially denervated muscles, but not from active nerve terminals in in¬
active muscles (see also Keynes et al. 1983).

Reinnervated Muscles

The next series of experiments addressed the role of activity in motor axons during
the regeneration of neuromuscular synapses (Ribchester and Taxt 1983). If active
motor nerve terminals were to sustain a competitive advantage over inactive termi¬
nals when they transiently converge on single muscle fibres (McArdle 1975), then
one would expect the active terminals to persist and the inactive terminals to be
eliminated selectively. Accordingly, the active motor units would become larger at
the expense of inactive motor units. Our investigation suggested that the outcome of
such competitive interactions does depend on motoneuron activity, as elsewhere in
the nervous system (see Ribchester 1986).
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Fig. 2. A-D Motor unit twitch
tension recordings from rein-
nervated lumbrical muscles ob¬
tained in an acute experiment,
after chronic paralysis of LPN
motor units on one side for
10 days. These recordings were
taken from a pair of muscles
20 days after crushing the
muscle nerve. Stimuli to the
LPN and SN were carefully
graded in intensity to excite
motor axons of successively
higher electrical threshold.
There were similar numbers of
motor units on both sides, but
the SN motor units were about
twice as large in the LPN-
blocked muscle compared with
the control. The graph sum¬
marizes data on SN motor unit
twitch tensions in LPN-blocked

(filled circles) and control
(open circles). By 21-25 days,
the SN motor units in LPN
blocked muscles were all about
twice as large as in controls.
(From Ribchester and Taxt
1983)

DAYS AFTER NERVE CRUSH

Adult lumbrical muscles were completely denervated by crushing the muscle
nerve. Upon regeneration of the motor axons, conduction in the LPN was blocked
with tetrodotoxin (TTX). Muscles were studied by making tension measurements,
intracellular recordings and zinc iodide-osmium staining. After 10-14 days of LPN
block, motor units innervated by SN motor axons developed about twice as much
tension as in control muscles (Fig. 2). There was a concomitant reduction in the
tetanic tension generated by the stimulating the LPN motor axons. Zinc iodide-
osmium staining confirmed that more muscle fibres were innervated by the active
motor axons than normal. Intracellular recordings showed that competition took
place at the motor endplates of muscle fibres that were polyneuronally innervated by
LPN and SN motor axons. The overall level of polyneuronal innervation of muscle
fibres did not change during this period, in spite of the increase in the SN innervation
and the decrease in the LPN innervation. This suggests that competition was a con¬
tinuous process in these muscles, and active motor axons continually retrieved mus¬
cle fibres from paralyzed motor units.

Two additional, noteworthy observations were made in the course of this study
(Taxt 1983b). First, it was confirmed that complete paralysis of the reinnervated
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muscles prevented synapse elimination completely; and secondly, it appeared thai
circulating TTX, to which contralateral control muscles were exposed, also partially
sustained the level of polyneuronal innervation. The systemic actions of low circulat
ing concentrations of TTX are obscure (Bower et al. 1981). Nanomolar concentra
tions of the toxin can produce significant decrease in the output of neurotransmittei
from motor nerve terminals (Dascal et al. 1981). Changes in the relationship be
tween membrane proteins and the neuronal cytoskeleton, attributable to the binding
of TTX, have also been reported (Baumgold et al. 1981). Low circulating concentra
tions of TTX also prolong the supersensitivity of reinnervated muscles to acetyl
choline (R. Price and R. Ribchester, unpublished).

Minor Partial Denervation

Because activity influenced the outcome of synapse elimination in completely dener
vated and reinnervated muscles, it became important to establish the role o
neuronal activity under more demanding conditions. Minor partial denervation o
skeletal muscles leaves most of the nerve terminals intact. Very little sprouting is re
quired to produce complete collateral innervation of muscle fibres. We wonderei
whether inactivity would impair the capacity of motoneurons to sustain their termi
nals in the face of competition from regenerating, active motor axons (Ribcheste
and Taxt 1984).

To test this possibility, adult lumbrical muscles were partially denervated b
crushing the SN, thus depriving the muscles of very few of the motor axons whicl
normally innervate them (Fig. 1). Within 16 days, sprouts from LPN axons rein
nervated the denervated muscle fibres. On average, each intact motor unit expandei
by about 10%.

In control muscles, regenerating SN motor axons reinnervated very few muscl
fibres. By 40 days, each SN motor unit comprised only about 2% of the muscle, o
about one-fifth the normal proportion. However, when LPN motor axons wer
blocked, regenerating SN motor units recovered to about normal size (Fig. 3). Ur
like the outcome in completely denervated muscles, SN motor axons never reir
nervated a larger than normal number of muscle fibres. They were not incapable c
doing so; when SN axons alone regenerated into completely denervated muscles
they reinnervated five to ten times the normal number of muscle fibres (Fig. 3d).

These results suggest that regenerating, active motor axons can selectively repre;
intact, but inactive, motor nerve terminals. Their capacity to do so is limited, how
ever, and other factors are important. One possibility is that these factors may be as
sociated with the capacity of motoneurons to support metabolically only a limite
number of terminals. The final group of experiments in this series was designed to ir
vestigate this possibility.

Major Partial Denervation

Extensive partial denervation of lumbrical muscles was achieved by crushing th
LPN. This procedure left most muscles innervated by between one and three SI
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Fig. 3 A-D. Histograms showing the dis¬
tribution of SN motor units sizes in un-

operated muscles (A), and muscles in
which the LPN was blocked during SN
regeneration (C); compared with con¬
trols in which the LPN was not blocked

(B) or in which it was cut (D). In the
LPN-blocked muscles, the distribution
of regenerated motor unit sizes is similar
to that in unoperated muscles and signifi¬
cantly larger than in controls, but signifi¬
cantly smaller than in muscles innervat¬
ed only by the SN (From Ribchester and
Taxt1984)

motor axons (Fig. 1). Complete reinnervation of the muscle therefore required ex¬
tensive sprouting by SN motor axon collaterals. Sprouting of SN terminals following
LPN lesions is easily seen using zinc iodide-osmium staining (Betz et al. 1980b) and
by the increase in SN motor unit tension. By 16 days, stimulation of the SN produced
tension responses that were similar to those obtained by supramaximal, direct mus¬
cle stimulation - provided the SN supplied two or more motor units.

Regenerating LPN motor axons returned to the muscles by about 18 days after
the initial surgery. Thus, the regenerating motor axons — deprived of their targets —
returned to muscles innervated by very few, intact motor axons. The intact motor
units were probably as large as the parent motoneurons could support metabolically.
In controls, the LPN tension recovered to normal with time in many cases. In some
muscles, however, LPN motor axons developed less than half the muscle tension,
even 2 months after their return. There was a net decrease in the size of the

sprouted, SN motor units in the reinnervated muscles. But again, in some muscles
single SN motor axons innervated more than 50% of the muscle up to 2 months after
LPN crush (Ribchester 1984). It was as if regenerating LPN axons exuberantly
formed new synaptic connections on returning to the lumbrical muscle, but then
synapse elimination occured nonselectively between terminals belonging to SN and
LPN motor axons.

To test whether motoneuron activity might be important in interactions between
expanded SN motor units and exuberant LPN axons, activity in the regenerating
motor axons was blocked with TTX from 18-21 days after crushing the LPN. Mus¬
cles were studied in acute experiments 9-13 days later, that is, 27-33 days after the
original surgery. Tension recordings from an LPN-blocked muscle and its contralat¬
eral control are shown in Fig. 4. There were two significant findings. First, the ten¬
sion responses produced by stimulating the blocked, regenerating axons were about
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Fig.4A-D. Twitch and tetanic muscle tension recordings in a pair of lumbrical muscles made during
regeneration of LPN motor axons, 33 days after crushing the LPN. The LPN was blocked for 12 days
in the case of the recordings shown on the left (A, C). In each case, the smallest tension response
was obtained by stimulating the LPN motor axons, the middle trace is the SN tension response and
the upper trace combined nerve stimulation. The SN contained three motor axons in both these mus¬
cles and the LPN contributed seven and eight motor units respectively. Note the prolonged twitch of
the LPN tension in the LPN-blocked muscle. This is a characteristic feature of the paralyzed motor
units and is partly due to repetitive firing in the blocked motor axons when they are stimulated elec¬
trically (Taxt 1983b). The fused tetanic tension responses (70Hz) give a more reliable indication of
the proportion of muscle fibres innervated by the blocked and active nerves
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Fig. 5. Comparison of the mean (± SEM) LPN and SN tetanic tension responses in muscles examin¬
ed between 25-35 days after crushing the LPN. Open bars, control muscles; filled bars, 9-13 days of
LPN block. The LPN produced consistently less tension in LPN-blocked muscles than in controls,
and the SN tension responses were consistently larger (P<0.02; Mest)
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half that in controls (Fig. 5). This result is consistent with our earlier observations,
described in the preceding sections. It indicates that inactivity impairs the capacity of
regenerating motor axons to establish or consolidate synaptic connections in com¬
pletely innervated, active muscles.

The second, and perhaps more surprising finding was that in every muscle, some
muscle fibres became exclusively reinnervated by inactive motor axons. There was
evidence for this in the tension measurements: combined nerve stimulation always
produced more tension than SN stimulation alone (Fig. 4). The mean contribution by
fibres innervated by the LPN alone was calculated to be 13.9% ± 2.3% of the total
(mean ± SD). Nevertheless, this was significantly less than in contralateral controls
(40.1% ± 17.8%). The possibility that the excess tension was due to muscle fibres
which retained a subthreshold SN input was ruled out by intracellular recording from
muscle fibres (Fig. 6): 31.4% of fibres impaled with microelectrodes produced end-
plate potentials to LPN stimulation only (n = 86 fibres in three muscles). Thus, it
appears that despite their inactivity, the regenerating LPN axons could displace ac¬
tive SN terminals from some muscle fibres. As a result, muscle fibres that were ini¬
tially active due to their SN innervation became paralyzed due to the substitution of
inactive LPN terminals.

t
LPN SN

!
LPN

10 msec

SN

Fig.6A-D. End plate potentials recorded in a cut-muscle fibre preparation 28 days after LPN crush.
The LPN was blocked from 21 days post crush until the time these recordings were made. In each
record, the LPN was stimulated first and the SN about 20ms later. A Muscle fibre innervated only
by an LPN motor axon. Note the prolonged repolarization, characteristic of muscle fibres reinner¬
vated by an inactive nerve. B, C Dual-innervated fibres, with inputs from LPN and SN motor axons.
D Muscle fibre innervated only by an SN motor axon
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General Conclusions

Disparities in the size of competing motor units and disparities in their activity may
both influence the numbers of muscle fibres they ultimately innervate. Neither factor
is overriding. This suggests that, at the level of single muscle fibres, interactions in¬
volving convergent nerve terminals have a stochastic, unpredictable quality: for a
given muscle fibre it may be impossible to say which terminals shall persist and which
are to be eliminated.

It should be possible to test this hypothesis. The most productive approach might
be to study synapse elimination in culture, where culture conditions or the acitvity of
motor axons might more easily be manipulated (Fischman and Nelson 1981; Schaff-
ner et al. 1984). It will be important to develop a protocol in which focal convergence
of motoneurons onto single muscle fibres is produced reliably in vitro, and in which
it is possible to monitor synapse elimination continuously. It should then be possible
to predict the overall pattern of innervation and whether the average probability of
persistence or withdrawal of terminals depends mainly on the activity of competing
motoneurons.

Finally, the experiments described here may have some implications for the role
of activity in the clinical management of peripheral nerve regeneration. In particular,
they imply caution in the use of electrical stimulation if the object is to repair
neuromuscular function. Our results suggest that inactivity in intact motor units is a
more potent stimulus for the reformation of functional connections by a regenerating
nerve.

Acknowledgements. I thank Julie Douglas for her outstanding technical assistance.
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1 Introductory Overview

The elimination of polyneuronal innervation of muscle fibres in immature skel-
• etal muscle is well documented (see review by Bennett 1983). The main purpose

of this chapter is to address briefly the issue of polyneuronal innervation and its
elimination in reinnervated adult muscle, especially following injury to part of its
nerve supply. The repair of connections in partially denervated muscle sometimes
occurs with only limited success. This topic is therefore germane to the failure of
reorganization of neuronal convergence and divergence in the injured central ner¬
vous system, because it is more comparable than, say, reinnervation ofcompletely
denervated muscle, which is usually completely successful.

Anatomists working earlier this century commented on the imperfect nature
of newly-formed connections in reinnervated muscle. For instance, Boeke (1921)
noted "... complicated aberrant endplates with their exuberance of branches ...

gradually disappear .... Superfluous expansions ... seem to be drawn in" (see
Fig. 1). Similarly, Ramon y Cajal (1928) described "many duplications and errors
of distribution ... incongruences [which] are progressively corrected", during
reinnervation of peripheral structures. These early observations suggested that
reinnervated muscle fibres receive a transient convergent innervation by motor
nerve terminals arising from different motoneurons. Dual innervation of muscle
fibres by sprouted and regenerated motor nerve terminals following reinnervation
of partially denervated muscles was shown anatomically by Hoffmann (1951).
Physiological evidence of polyneuronal innervation of muscle fibres and its sub¬
sequent elimination was obtained from recordings of tension overlap on stimula¬
tion of separate ventral roots and from intracellular recording of compound end-
plate potentials in reinnervated muscle (Guth 1962; McArdle 1975; Thompson
1978; Brown and Ironton 1978).

The functional significance of neuromuscular synapse elimination, in develop¬
ment or repair, is that it constrains movement by bringing about an adjustment
in the numbers of motor nerve terminals supplied by a motoneuron; that is, motor
unit size. At least three properties of regenerating axons influence the numbers
of muscle fibres that they ultimately recover. These are activity, the number and
size of competing motor units, and the time taken for axons to regenerate into
the target muscle. Thus paralysis of reinnervated muscle promotes retention of
synapses and stimulation accelerates synapse elimination (Taxt 1983; Duchen and

H. Flohr (Ed.)
Post-Lesion Neural Plasticity
© Springer-Verlag Berlin Heidelberg 1988
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Fig. 1. Drawing made by
Boeke (1916) of motor
nerve terminals in a reinner-
vated intercostal muscle of
the hedgehog. Branches of
two motor axons converge
on the same motor end-
plate. One of the axons is
illustrated as forming a
synapse en passant

Tonge 1977; Jansen et al. 1973; Magchielse and Meeter 1986). Selective inhibition
of motor unit activity promotes stabilization of the more active nerve terminals
(Ribchester 1986; but see Callaway et al. 1987). Secondly, when axons regenerate
into completely innervated muscles, terminals belonging to the intact, larger mo¬
tor units regress (Brown and Ironton 1978; Thompson 1978; Bixby and Van
Essen 1978). Finally, the longer axons take to regrow to their targets, the smaller
the size of the regenerating units (Frank et al. 1975; Thompson 1978; Brunetti et
al. 1985).

A number of hypothetical mechanisms of elimination of immature synapses
have been proposed (e.g. Gouze et al. 1983; Willshaw 1981; Purves and Lichtman
1985; Nelson and Brenneman 1982; O'Brien et al. 1978,1984). What these models
have in common is the notion that synapses rely on latent external crises in order
to maintain their structure and function. The idea is that the stability of the
synapse in the normal state is due to a balance of forces tending to displace it and



Neuromuscular Synapse Elimination in Reinnervated Adult Skeletal Muscle 13

forces promoting its expansion. Nerve injury stimulates the forces leading to ex¬
pansion (that is, sprouting and synapse formation), whereas ingrowth of excessive
innervation favours neurite regression. Through this balance, the functional re¬
quirements - for growth at early stages of innervation, cessation of growth once
connections are established, and regression of superfluous connections thereafter
- is be successfully controlled.

Models of synaptic stabilization differ, however, in the supposed loci of origin
and action of hypothetical stabilizing and de-stabilizing factors. For instance,
Gouze et al. (1983) postulate the existence of a muscle-derived trophic factor, /r,
which is released from muscle in an activity-dependent manner: that is, denerva¬
tion or paralysis enhances its release. This factor is supposed to act on convergent
pre-synaptic terminals at the motor end-plate and to be preferentially taken up
by the more active terminals. Inside the terminal, /r acts permissively in stimulat¬
ing synthesis of a second, terminal stabilizing factor, s. Further synthesis of s de¬
pends on an autocatalytic process. Simulations using this model can predict the
selective stabilization of active synapses when active and inactive terminals con¬
verge on the same motor end-plates (e.g. Ribchester and Taxt 1983). But this
model does not really provide a satisfactory explanation for the formation of
large numbers of stable, functioning connections in completely paralyzed muscle
(e.g. Brown et al. 1982; Taxt 1983). By comparison, O'Brien et al. (1978) proposed
the existence of a degrading substance, specifically a proteolytic enzyme that may
be a calcium-activitated neutral peptidase (O'Brien et al. 1984), produced either
by the muscle fibres or in the pre-synaptic terminals. More of this is supposed to
be produced at active neuromuscular synapses than inactive ones. Formal anal¬
ysis of this model (Willshaw 1981) predicts the acceleration of synapse elimina¬
tion in stimulated muscle and its retardation in paralyzed muscle but the model
is unsatisfactory in explaining selective stabilization during competition between
active and inactive terminals converging on the same motor end-plates.

What is missing from both kinds of model is an empirical kinetic description
of events during synaptic rearrangement in vivo. The potential value of kinetic
descriptions is to yield insight into cellular mechanisms and suggest strategies for
further investigation (see Hille 1984, for a clear illustration of this). I outline here
an attempt to describe reinnervation kinetically. A full account of the experimen¬
tal data on which the description is based is published elsewhere (Ribchester
1988).

2 Theoretical Considerations

Suppose muscle fibres can acquire neuronal input from two sets of motoneurons,
S or L. The fibres can exist in one of three states (excluding complete denerva¬
tion): innervated by S only, by L only, or receiving convergent input from S and
L. Suppose there is a simple equilibrium between these states

ki k2
S ^ DUAL ^ L,

k-i k-2
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and the rate constants k; are first order, their absolute magnitude determined by
the number of motoneurons in either set. If we consider the system with all the
muscle fibres initially in state S, the achievement of equilibrium should occur in
a predictable way - analogous to that in sequential, reversible chemical reactions.
The appropriate equations have been derived (Dawes 1972). Specifically,

^ [S] = k _ j [DUAL] — kj [S]

^[DUAL] = k1[S] + k_2[L]-(k_, + k2)[DUAL]dt

^ [L] = k2 [DUAL] — k _ 2 [L].
The total numbers of muscle fibres, M, is a constant so:

M = S + L + DUAL.

The explicit solutions of the differential equations are:

S(t) =cl ■ exp(bl • t) + c2 • exp(b2 • t) + M(k_! • k_2)/D (1)

DUAL(t) = c3 • exp(bl • t) + c4 ■ exp(b2 • t) + M(k, • k_2)/D (2)

L(t) =c5 • exp(bl • t) + c6 • exp(b2 • t) +M(k[ ■ k2)/D, (3)
where D = k,k2 + k_1-k_2 + k1k_2.

The constants ci, bl and b2 are obtained from the solution of a set of simultaneous
equations, viz.

bl -f- b2 = — (k, +k_ t + k2 + k_2)
bl • b2 = kj • k2 + k_! • k_2-(-k, ■ k_2
cl • bl + c2 • b2= — k, • [M]
cl +c2 = [M] ■ (kj • k2 + k_2 ■ k^/D
c3 ■ bl +c4 ■ bl = k, • [M]
c3 + c4= — [M] • (k, • k_2)/D
c5 • bl +c6 • bl =0

c5 + c6= — [M] ■ (k, • k2)/D .

Example solutions are shown in Fig. 2. If the forward and backward rate con¬
stants were equal, then the system would converge toward equilibrium with equal
amounts of muscle innervated by S, L or receiving DUAL innervation (Fig. 2 A).
If the backward rate constants were zero, then there would be a transient rise in
dual innervation, but ultimately all the muscle fibres would be innervated by
neurones in set L (Fig. 2B). Unequal, non-zero rate constants would predict an
intermediate outcome.
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Time

Time

Fig. 2. Predicted regression of mononeuronal innervation of muscle fibres by a sprouted popu¬
lation of motoneurons, S in partially denervated muscle when axons belonging to a second pop¬
ulation; L return. The changes in the amounts of mononeuronal innervation and the amount of
convergent (D) innervation are calculated by Eqs. (1)—(3). In a the rate constants are all equal.
In b the backward rate constants are zero

. 3 Experimental Design and Results

A state ofcomplete initial innervation by one set of neurons, followed by competi-
. tion with a regenerating set, was engineered using the distributed motor nerve

supply to the rat hind foot. In rodents, the motoneurons innervating plantar
flexor muscles, lumbricals and interossei are supplied by the medial plantar nerve,
the lateral plantar nerve (LPN) and a branch of the sural nerve (SN) which forms
a natural anastomosis with the LPN near the ankle (Nakanishi and Norris 1970;
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Peyronnard and Charron 1982). The SN supplies between one and five of the mo¬
tor motor axons innervating the fourth deep lumbrical muscle (Betz et al. 1979,
1980 a). This muscle normally contains a total of about ten motor units. In nor¬
mal, unoperated lumbrical muscles the tension evoked by SN or LPN stimulation
depends on the number of motor units and the numbers of muscle fibres supplied
by the two nerves. In muscles receiving three SN motor units, for instance, the
tension produced by SN stimulation is about 30% of the total tension, while stim¬
ulation of the LPN generates about 70% of the total tension (Betz et al. 1979).

Adult female rats were anaesthetized with sodium pentobarbitone (Sagatal,
60 mg/kg; i.p.) and the hind foot was partially denervated by crushing the LPN
and the medial plantar nerve with fine forceps, proximal to the SN anastomosis
(see for example, Betz et al. 1980 b). Isometric twitch and tetanic tension measure¬
ments were made from isolated nerve-muscle preparations 15-50 days later, ac¬
cording to methods described previously (Ribchester and Taxt 1983). Compari¬
son of the total muscle tension produced by combined nerve stimulation (Fig. 3),
with the arithmetic sum of the tension produced by stimulating the LPN or SN
separately (the tension overlap) gives an estimate of the proportion of DUAL in¬
nervation and the proportion of the muscle innervated exclusively by LPN or SN
motor axons:

%DUAL =(SN + LPN — COMBINED) • 100/COMBINED
%LPN only = (l — SN/COMBINED) ■ 100

%SN only = 100(%DUAL+ %LPN only).

Partial denervation of the lumbrical muscles by LPN crush leaves most
muscles innervated by the few motor axons supplied by the sural nerve. Expan¬
sion of the SN motor units then occurs by motor nerve sprouting (Betz et al.
1980 b). By 16 days, the LPN motor axons return to the lumbrical muscle (Rib¬
chester 1984). Provided three or more SN motor units remain, the tension they
produce is not significantly different from the total muscle tension evoked by di¬
rect muscle stimulation. Thus SN motor units are capable of sprouting to at least
three times their normal size following lateral plantar nerve crush. This is a similar
order of magnitude to that seen previously in partially denervated rat soleus
muscle, for instance (Thompson 1978). Recovery of LPN tension is accompanied
by regression of the sprouted SN motor units (Fig. 3).

Figure 4 shows the change in exclusive SN innervation, exclusive LPN inner¬
vation and DUAL innervation with time, calculated from the tension measure¬
ments in muscles containing three SN motor units. Day zero is taken as 17 days
after LPN crush, the mean time found experimentally for the damaged axons to
produce any tension in the muscles. These data show that the proportion of the
muscle innervated by the three SN motor axons fell from 100% to about 50%
over the 40 days following return of the LPN motor axons, whereas the percent¬
age of the muscle receiving exclusive innervation by the LPN axons (mean, seven
motor units) reached only about 40%, over the same period. Dual innervation
reached a peak of only about 20% of the muscle fibres by 10 days after the LPN
axons returned and remained at about 10% throughout the remaining period.
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A 15 days

17

B 30 days

C 45 days

5 mN 20 mN

50 msec 500 msec

Fig. 3. Examples of isometric twitch (left) and tetanic (right) tension measurements in partially
denervated lumbrical muscles after crushing the lateral plantar nerve, showing regression of
sprouted motor units and recovery of regenerated motor units with time. In each case, the lowest
trace is the response to stimulating the regenerating, LPN axons; the middle trace is the response
to stimulating intact, SN motor axons; and the top trace is due to combined nerve stimulation.
The recovery of the LPN responses was accompanied by a decrease in the latency of the isometric
twitch, as conduction velocity in the regenerating axons also recovered. A, 15 days after LPN
crush; muscle containing four SN motor units. B. 30 days post crush; three SN motor units; C.
45 days post crush; three SN motor units

This confirms that regenerating motor axons have an impaired capacity to effect
functional recovery following reinnervation of a partially denervated muscle.

Thus there are three features of the reinnervated muscles that seem proble¬
matical. First, levels of dual innervation never become particularly high despite
significant reinnervation by the regenerating nerve. Second, some dual innerva¬
tion of muscle fibres persists until late stages of reinnervation. Third, the re¬
gression of the sprouted motor axons is incomplete and the recovery of LPN mo¬
tor units is smaller than expected based on the numbers of intact and regenerating
axons.
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Time (days)

Time (days)

Fig. 4. Data on proportion of reinnervated lumbrical muscle fibres innervated exclusively by SN
motor nerve terminals, exclusively by LPN motor nerve terminals, and receiving convergent
(DUAL) innervation by SN and LPN motor axons, 17-25 days crushing the LPN. Day zero is
taken as 17 days after nerve crush, the mean time found experimentally for the damaged LPN
motor axons to return to the muscle. All the data are from muscles containing precisely three
SN motor units. The solid curves were computed from Eqs. (1)—(3) with values for the rate con¬
stants k2 = 1.0 days" 1 and k_2 =0.1 days" 1. The ratios k2:k 2 and k _2:k, were 7:3- that is,
similar to the ratio of the numbers of LPN to SN motor units. In a open squares are calculated
data on exclusive SN innervation .filled squares the convergent innervation calculated from the
tension overlap. In b open squares are data on exclusive LPN innervation calculated from the
tension overlap
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An attempt to reconcile these observations using the kinetic model is also
shown in Fig. 4. The predicted variation in amounts of SN only, DUAL innerva¬
tion and LPN only were obtained empirically using Eqs. (l)-(3). The sizes of rate
constants that determine the transition between SN, LPN and DUAL innervated
states were made proportional to the numbers ofmotor axons supplied by the two
nerves. Thus the ratio of the rate constants k,:k_2 = k_,:k2 was 3 (SN) to 7
(LPN). Despite the noise in the data (inevitable given the relatively small number
of elements in the system) the model appears to provide a quantitatively-accept¬
able description of the main experimental findings.

4 Conclusions and Discussion

The kinetic analysis provides a quantitative description of the dynamic interac¬
tions that occur between motor nerve terminals when they converge on muscle
fibres. An important implication is that although the overall distribution of mo¬
tor unit tensions in the reinnervated muscles can be predicted on the basis of the
numbers of motor units supplied by regenerating and intact motor nerves, at the
level of single muscle fibres it may be impossible to predict which terminals are
stabilized and which are subseqeuntly eliminated, or when during their interac¬
tion this might occur. The description further predicts that when regenerating and
intact nerve terminals compete for exclusive innervation of a muscle fibre, there
is a finite probability that the regenerating terminal may be eliminated. This is un¬
expected in light of contemporary ideas about the role ofdisparities in motor unit
size in determining the outcome of neuromuscular synapse elimination (Brown
et al. 1976; Smallheiser and Crain 1984).

It is not clear what determines the size of the forward and backward rate con¬

stants in the kinetic description. It is perhaps significant that an acceptable fit was
obtained by assuming that the rate constants were proportional to the numbers
of competing motor axons. This suggests that these rate constants might be de¬
termined by the levels of factors intrinsic to the motoneurons, and further that
the amounts of these factors might be constant between motoneurons. The effects
of either selective or non-selective changes in activity could perhaps be predicted
if activity altered one or more of the rate constants in the kinetic equations.

A possible mechanism controlling synaptic competition, consistent with the
kinetic description, might result from interactions involving two substances
whose functions are antagonistic: a promoting substance arising from skeletal
muscle which stimulates neurite growth, and a growth retarding substance which
activates neurite withdrawal (Fig. 5). The latter could either be expressed on the
surface, or be secreted by immature or growing motor nerve terminals. Together,
these two substances could operate a "push-pull" control system analogous to
that regulating other kinds of internal physiological variables (e.g. blood glucose).
This kind of control would predict that in denervated, paralyzed, or newly-rein-
nervated muscle there would be excesses of both growth-promoting and re¬
pressing factors. As suggested by others (e.g. Henderson et al. 1984; Dohrman et
al. 1986; Gurney et al. 1986), the levels of growth promoter would decline as
muscle activity was restored. The balance would then tip in favour of neurite re-
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G
G

Fig. 5. Hypothetical model of neuromuscular synapse elimination consistent with the kinetics
and experimental observations on the reorganization of motor units following normal reinnerva-
tion, or reinnervation combined with partial or complete paralysis. Muscle-derived growth-pro¬
moting factor, G, acts on receptors (solid triangles) on the motor nerve terminals to stimulate
sprouting. Release of G is enhanced by denervation or paralysis and suppressed by normal
muscle activity. Nerve-derived synaptic repressor, /, acts on receptors (open rectangles) to stim¬
ulate regression. Expression of I (which could be diffusible or a cell surface factor) may be partly
activity dependent, and a mechanism should exist for inactivation of its expression and/or down
regulation of receptors for I as the motor nerve terminals mature. Immature, ingrowing terminals
might be potent sources of I, and their membranes loaded with receptors for G and I. The rates
of regression of synapses would depend on binding kinetics of I and G for their receptors. Ev¬
idence exists for molecules with properties predicted for G, but the existence of I is speculative
at present

pressor released from the growing nerve terminals. Paralyzed muscles would con¬
tinue to produce the growth promoter (Henderson et al. 1986), and in stimulated
muscles its production might be turned off more rapidly. The balance of the pro¬
moter and repressor substances would also be altered at motor end-plates receiv¬
ing convergent input from terminals which differed in their activity.

If the growth repressor were a surface factor it might participate in some form
of contact inhibition of growth, like that described for growth cones by Kapfham-
mer and Raper (1987). It is perhaps difficult to see how this could be activity-de¬
pendent. If the factor were diffusible, however, mechanisms would be required to
insure against autolytic effects. For instance, as surviving terminals matured the
production of neurite growth repressor would have to decline, or receptors for it
on nerve terminals would have to be down-regulated or disappear. Alternatively,
the regression factor could act in a voltage-dependent manner, such that active
nerve terminals (i.e. the ones releasing regression factor) would be immune to its
effects. There are a number of receptors showing voltage-dependent gating be¬
haviour in the central nervous system: for instance, the receptor for N-methyl-D-
aspartate (NMDA) is associated with a calcium channel which is subject to a volt-
age-dependent block by magnesium ions under normal physiological conditions
(Nowak et al. 1984). In passing, it is perhaps worthy of note that the NMDA re¬
ceptor has been implicated in a number of forms of synaptic plasticity (Bear et
al. 1987), and NMDA receptors are expressed in motoneuron membranes
(O'Brien and Fischbach 1986).

Another possible mechanism of regression is suggested by experiments in
which depolarization of motor nerve terminals, produced pharmacologically or
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by raised extracellular potassium ion concentration, inhibits neurite growth and
stimulates synapse elimination (Fishman and Nelson 1981; Campenot 1986).
Vrbova et al. (1988) suggest that elevation of extracellular potassium, caused by
a potassium efflux during muscle activity, could depolarize inactive nerve termi¬
nals, promote a calcium influx, activate a peptidase and precipitate synapse elimi¬
nation. One problem with this idea is that estimates of potassium efflux from
axons during activity indicate that the concentrations of K+ which have an effect
on neurite growth in vitro are unlikely to occur in the synaptic cleft (Attwell and
lies 1979).

It may be that we are only likely to learn more about the mechanisms of
synaptic competition by studying cellular interactions continously: observing the
properties of specific identified neurons and their targets over long periods of
time. Studies on nerve terminal form in vivo (Lichtman et al. 1987) and recordings
of synaptic potentials in the same cells on different days in vitro (e.g. Fuchs et al.
1981; Magchielse and Meeter 1986) suggest that repeated observations of identi¬
fied synapses made over long periods are feasible in principle.
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Models, Mechanisms and Kinetics
of Neuromuscular Synapse Elimination
in Reinnervated Adult Skeletal Muscle

R. R. Ribchester
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1 Introductory Overview

The elimination of polyneuronal innervation of muscle fibres in immature skel-
. etal muscle is well documented (see review by Bennett 1983). The main purpose

of this chapter is to address briefly the issue of polyneuronal innervation and its
elimination in reinnervated adult muscle, especially following injury to part of its
nerve supply. The repair of connections in partially denervated muscle sometimes
occurs with only limited success. This topic is therefore germane to the failure of
reorganization of neuronal convergence and divergence in the injured central ner¬
vous system, because it is more comparable than, say, reinnervation ofcompletely
denervated muscle, which is usually completely successful.

Anatomists working earlier this century commented on the imperfect nature
of newly-formed connections in reinnervated muscle. For instance, Boeke (1921)
noted "... complicated aberrant endplates with their exuberance of branches ...

gradually disappear .... Superfluous expansions ... seem to be drawn in" (see
Fig. 1). Similarly, Ramon y Cajal (1928) described "many duplications and errors
of distribution ... incongruences [which] are progressively corrected", during
reinnervation of peripheral structures. These early observations suggested that
reinnervated muscle fibres receive a transient convergent innervation by motor
nerve terminals arising from different motoneurons. Dual innervation of muscle
fibres by sprouted and regenerated motor nerve terminals following reinnervation
of partially denervated muscles was shown anatomically by Hoffmann (1951).
Physiological evidence of polyneuronal innervation of muscle fibres and its sub¬
sequent elimination was obtained from recordings of tension overlap on stimula¬
tion of separate ventral roots and from intracellular recording of compound end-
plate potentials in reinnervated muscle (Guth 1962; McArdle 1975; Thompson
1978; Brown and Ironton 1978).

The functional significance of neuromuscular synapse elimination, in develop¬
ment or repair, is that it constrains movement by bringing about an adjustment
in the numbers of motor nerve terminals supplied by a motoneuron; that is, motor
unit size. At least three properties of regenerating axons influence the numbers
of muscle fibres that they ultimately recover. These are activity, the number and
size of competing motor units, and the time taken for axons to regenerate into
the target muscle. Thus paralysis of reinnervated muscle promotes retention of
synapses and stimulation accelerates synapse elimination (Taxt 1983; Duchen and

H. Flohr (Ed.)
Post-Lesion Neural Plasticity
© Springer-Verlag Berlin Heidelberg 1988
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Fig. 1. Drawing made by
Boeke (1916) of motor
nerve terminals in a reinner-
vated intercostal muscle of
the hedgehog. Branches of
two motor axons converge
on the same motor end-
plate. One of the axons is
illustrated as forming a
synapse en passant

Tonge 1977; Jansen et al. 1973; Magchielse and Meeter 1986). Selective inhibition
of motor unit activity promotes stabilization of the more active nerve terminals
(Ribchester 1986; but see Callaway et al. 1987). Secondly, when axons regenerate
into completely innervated muscles, terminals belonging to the intact, larger mo¬
tor units regress (Brown and Ironton 1978; Thompson 1978; Bixby and Van
Essen 1978). Finally, the longer axons take to regrow to their targets, the smaller
the size of the regenerating units (Frank et al. 1975; Thompson 1978; Brunetti et
al. 1985).

A number of hypothetical mechanisms of elimination of immature synapses
have been proposed (e.g. Gouze et al. 1983; Willshaw 1981; Purves and Lichtman
1985; Nelson and Brenneman 1982; O'Brien et al. 1978,1984). What these models
have in common is the notion that synapses rely on latent external crises in order
to maintain their structure and function. The idea is that the stability of the
synapse in the normal state is due to a balance of forces tending to displace it and
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forces promoting its expansion. Nerve injury stimulates the forces leading to ex¬
pansion (that is, sprouting and synapse formation), whereas ingrowth of excessive
innervation favours neurite regression. Through this balance, the functional re¬
quirements - for growth at early stages of innervation, cessation of growth once
connections are established, and regression of superfluous connections thereafter
- is be successfully controlled.

Models of synaptic stabilization differ, however, in the supposed loci of origin
and action of hypothetical stabilizing and de-stabilizing factors. For instance,
Gouze et al. (1983) postulate the existence of a muscle-derived trophic factor, n,
which is released from muscle in an activity-dependent manner: that is, denerva¬
tion or paralysis enhances its release. This factor is supposed to act on convergent
pre-synaptic terminals at the motor end-plate and to be preferentially taken up
by the more active terminals. Inside the terminal, /r acts permissively in stimulat¬
ing synthesis of a second, terminal stabilizing factor, s. Further synthesis of s de¬
pends on an autocatalytic process. Simulations using this model can predict the
selective stabilization of active synapses when active and inactive terminals con¬
verge on the same motor end-plates (e.g. Ribchester and Taxt 1983). But this
model does not really provide a satisfactory explanation for the formation of
large numbers of stable, functioning connections in completely paralyzed muscle
(e.g. Brown et al. 1982; Taxt 1983). By comparison, O'Brien et al. (1978) proposed
the existence of a degrading substance, specifically a proteolytic enzyme that may
be a calcium-activitated neutral peptidase (O'Brien et al. 1984), produced either
by the muscle fibres or in the pre-synaptic terminals. More of this is supposed to
be produced at active neuromuscular synapses than inactive ones. Formal anal¬
ysis of this model (Willshaw 1981) predicts the acceleration of synapse elimina¬
tion in stimulated muscle and its retardation in paralyzed muscle but the model
is unsatisfactory in explaining selective stabilization during competition between
active and inactive terminals converging on the same motor end-plates.

What is missing from both kinds of model is an empirical kinetic description
of events during synaptic rearrangement in vivo. The potential value of kinetic
descriptions is to yield insight into cellular mechanisms and suggest strategies for
further investigation (see Hille 1984, for a clear illustration of this). I outline here
an attempt to describe reinnervation kinetically. A full account of the experimen¬
tal data on which the description is based is published elsewhere (Ribchester
1988).

2 Theoretical Considerations

Suppose muscle fibres can acquire neuronal input from two sets of motoneurons,
S or L. The fibres can exist in one of three states (excluding complete denerva¬
tion): innervated by S only, by L only, or receiving convergent input from S and
L. Suppose there is a simple equilibrium between these states

k i k2
S ^ DUAL L,
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and the rate constants k; are first order, their absolute magnitude determined by
the number of motoneurons in either set. If we consider the system with all the
muscle fibres initially in state S, the achievement of equilibrium should occur in
a predictable way - analogous to that in sequential, reversible chemical reactions.
The appropriate equations have been derived (Dawes 1972). Specifically,

^ [S] = k _ j [DUAL] — k, [S]

j [DUAL] = k! [S] + k _ 2 [L] - (k _, + k2)[DUAL]

|[L] = k2[DUAL]-k_2[L],
The total numbers of muscle fibres, M, is a constant so:

M = S + L + DUAL .

The explicit solutions of the differential equations are:

S(t) =cl ■ exp(bl • t) + c2 • exp(b2 • t) + M(k_! • k„2)/D (1)

DUAL(t) = c3 • exp(bl • t) + c4 • exp(b2 • t) + M(k! • k_2)/D (2)

L(t) =c5 • exp(bl • t) + c6 • exp(b2 ■ t) +M(k1 • k2)/D, (3)
where D = k,-k2 + k_1-k_2 + k,-k_2.

The constants ci, bl and b2 are obtained from the solution of a set of simultaneous
equations, viz.

bl + b2 = — (k[+k_j + k2 + k_2)
bl • b2 = k, • k2 + k_, • k.j + k, ■ k_2
cl bl+c2-b2=-k1-[M]
cl -t-c2 = [M] • (k, • k2 + k_2 • k,)/D
c3 • bl +c4 ■ bl =k, • [M]
c3 + c4 = — [M] ■ (k i • k _ 2)/D
c5 • bl -fc6 ■ bl =0

c5 + c6= —[M] ■ (k, • k2)/D .

Example solutions are shown in Fig. 2. If the forward and backward rate con¬
stants were equal, then the system would converge toward equilibrium with equal
amounts of muscle innervated by S, L or receiving DUAL innervation (Fig. 2 A).
If the backward rate constants were zero, then there would be a transient rise in
dual innervation, but ultimately all the muscle fibres would be innervated by
neurones in set L (Fig.2B). Unequal, non-zero rate constants would predict an
intermediate outcome.
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Time

Fig. 2. Predicted regression of mononeuronal innervation of muscle fibres by a sprouted popu¬
lation of motoneurons, S in partially denervated muscle when axons belonging to a second pop¬
ulation; L return. The changes in the amounts of mononeuronal innervation and the amount of
convergent (D) innervation are calculated by Eqs. (1)—(3). In a the rate constants are all equal.
In b the backward rate constants are zero

3 Experimental Design and Results

A state of complete initial innervation by one set of neurons, followed by competi¬
tion with a regenerating set, was engineered using the distributed motor nerve
supply to the rat hind foot. In rodents, the motoneurons innervating plantar
flexor muscles, lumbricals and interossei are supplied by the medial plantar nerve,
the lateral plantar nerve (LPN) and a branch of the sural nerve (SN) which forms
a natural anastomosis with the LPN near the ankle (Nakanishi and Norris 1970;
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Peyronnard and Charron 1982). The SN supplies between one and five of the mo¬
tor motor axons innervating the fourth deep lumbrical muscle (Betz et al. 1979,
1980 a). This muscle normally contains a total of about ten motor units. In nor¬
mal, unoperated lumbrical muscles the tension evoked by SN or LPN stimulation
depends on the number of motor units and the numbers of muscle fibres supplied
by the two nerves. In muscles receiving three SN motor units, for instance, the
tension produced by SN stimulation is about 30% of the total tension, while stim¬
ulation of the LPN generates about 70% of the total tension (Betz et al. 1979).

Adult female rats were anaesthetized with sodium pentobarbitone (Sagatal,
60 mg/kg; i.p.) and the hind foot was partially denervated by crushing the LPN
and the medial plantar nerve with fine forceps, proximal to the SN anastomosis
(see for example, Betz et al. 1980 b). Isometric twitch and tetanic tension measure¬
ments were made from isolated nerve-muscle preparations 15-50 days later, ac¬
cording to methods described previously (Ribchester and Taxt 1983). Compari¬
son of the total muscle tension produced by combined nerve stimulation (Fig. 3),
with the arithmetic sum of the tension produced by stimulating the LPN or SN
separately (the tension overlap) gives an estimate of the proportion of DUAL in¬
nervation and the proportion of the muscle innervated exclusively by LPN or SN
motor axons:

%DUAL = (SN +LPN —COMBINED) • 100/COMBINED

% LPN only = (l —SN/COMBINED) • 100

%SN only = 100(% DUAL + % LPN only).

Partial denervation of the lumbrical muscles by LPN crush leaves most
muscles innervated by the few motor axons supplied by the sural nerve. Expan¬
sion of the SN motor units then occurs by motor nerve sprouting (Betz et al.
1980 b). By 16 days, the LPN motor axons return to the lumbrical muscle (Rib¬
chester 1984). Provided three or more SN motor units remain, the tension they
produce is not significantly different from the total muscle tension evoked by di¬
rect muscle stimulation. Thus SN motor units are capable of sprouting to at least
three times their normal size following lateral plantar nerve crush. This is a similar
order of magnitude to that seen previously in partially denervated rat soleus
muscle, for instance (Thompson 1978). Recovery of LPN tension is accompanied
by regression of the sprouted SN motor units (Fig. 3).

Figure 4 shows the change in exclusive SN innervation, exclusive LPN inner¬
vation and DUAL innervation with time, calculated from the tension measure¬
ments in muscles containing three SN motor units. Day zero is taken as 17 days
after LPN crush, the mean time found experimentally for the damaged axons to
produce any tension in the muscles. These data show that the proportion of the
muscle innervated by the three SN motor axons fell from 100% to about 50%
over the 40 days following return of the LPN motor axons, whereas the percent¬
age of the muscle receiving exclusive innervation by the LPN axons (mean, seven
motor units) reached only about 40%, over the same period. Dual innervation
reached a peak of only about 20% of the muscle fibres by 10 days after the LPN
axons returned and remained at about 10% throughout the remaining period.
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i=l

_R_
20 mN
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Fig. 3. Examples of isometric twitch (left) and tetanic (right) tension measurements in partially
denervated lumbrical muscles after crushing the lateral plantar nerve, showing regression of
sprouted motor units and recovery of regenerated motor units with time. In each case, the lowest
trace is the response to stimulating the regenerating, LPN axons; the middle trace is the response
to stimulating intact, SN motor axons; and the top trace is due to combined nerve stimulation.
The recovery of the LPN responses was accompanied by a decrease in the latency of the isometric
twitch, as conduction velocity in the regenerating axons also recovered. A, 15 days after LPN
crush; muscle containing four SN motor units. B. 30 days post crush; three SN motor units; C.
45 days post crush; three SN motor units

This confirms that regenerating motor axons have an impaired capacity to effect
functional recovery following reinnervation of a partially denervated muscle.

Thus there are three features of the reinnervated muscles that seem proble¬
matical. First, levels of dual innervation never become particularly high despite
significant reinnervation by the regenerating nerve. Second, some dual innerva¬
tion of muscle fibres persists until late stages of reinnervation. Third, the re¬
gression of the sprouted motor axons is incomplete and the recovery of LPN mo¬
tor units is smaller than expected based on the numbers of intact and regenerating
axons.

B 30 days

C 45 days

5 mN

50 msec
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Time (days)

Time (days)

Fig.4. Data on proportion of reinnervated lumbrical muscle fibres innervated exclusively by SN
motor nerve terminals, exclusively by LPN motor nerve terminals, and receiving convergent
(DUAL) innervation by SN and LPN motor axons, 17-25 days crushing the LPN. Day zero is
taken as 17 days after nerve crush, the mean time found experimentally for the damaged LPN
motor axons to return to the muscle. All the data are from muscles containing precisely three
SN motor units. The solid curves were computed from Eqs. (1)—(3) with values for the rate con¬
stants k2 = 1.0 days"1 and k_ 2 = 0.1 days" '. The ratios k2:k , and k _ 2:k, were 7:3- that is,
similar to the ratio of the numbers of LPN to SN motor units. In a open squares are calculated
data on exclusive SN innervation, filled squares the convergent innervation calculated from the
tension overlap. In b open squares are data on exclusive LPN innervation calculated from the
tension overlap
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An attempt to reconcile these observations using the kinetic model is also
shown in Fig. 4. The predicted variation in amounts of SN only, DUAL innerva¬
tion and LPN only were obtained empirically using Eqs. (l)-(3). The sizes of rate
constants that determine the transition between SN, LPN and DUAL innervated
states were made proportional to the numbers ofmotor axons supplied by the two
nerves. Thus the ratio of the rate constants k1:k_2 = k_1:k2 was 3 (SN) to 7
(LPN). Despite the noise in the data (inevitable given the relatively small number
of elements in the system) the model appears to provide a quantitatively-accept¬
able description of the main experimental findings.

4 Conclusions and Discussion

The kinetic analysis provides a quantitative description of the dynamic interac¬
tions that occur between motor nerve terminals when they converge on muscle
fibres. An important implication is that although the overall distribution of mo¬
tor unit tensions in the reinnervated muscles can be predicted on the basis of the
numbers of motor units supplied by regenerating and intact motor nerves, at the
level of single muscle fibres it may be impossible to predict which terminals are
stabilized and which are subseqeuntly eliminated, or when during their interac¬
tion this might occur. The description further predicts that when regenerating and
intact nerve terminals compete for exclusive innervation of a muscle fibre, there
is a finite probability that the regenerating terminal may be eliminated. This is un¬
expected in light ofcontemporary ideas about the role of disparities in motor unit
size in determining the outcome of neuromuscular synapse elimination (Brown
et al. 1976; Smallheiser and Crain 1984).

It is not clear what determines the size of the forward and backward rate con¬

stants in the kinetic description. It is perhaps significant that an acceptable fit was
obtained by assuming that the rate constants were proportional to the numbers
of competing motor axons. This suggests that these rate constants might be de¬
termined by the levels of factors intrinsic to the motoneurons, and further that
the amounts of these factors might be constant between motoneurons. The effects
of either selective or non-selective changes in activity could perhaps be predicted
if activity altered one or more of the rate constants in the kinetic equations.

A possible mechanism controlling synaptic competition, consistent with the
kinetic description, might result from interactions involving two substances
whose functions are antagonistic: a promoting substance arising from skeletal
muscle which stimulates neurite growth, and a growth retarding substance which
activates neurite withdrawal (Fig. 5). The latter could either be expressed on the
surface, or be secreted by immature or growing motor nerve terminals. Together,
these two substances could operate a "push-pull" control system analogous to
that regulating other kinds of internal physiological variables (e.g. blood glucose).
This kind of control would predict that in denervated, paralyzed, or newly-rein-
nervated muscle there would be excesses of both growth-promoting and re¬
pressing factors. As suggested by others (e.g. Flenderson et al. 1984; Dohrman et
al. 1986; Gurney et al. 1986), the levels of growth promoter would decline as
muscle activity was restored. The balance would then tip in favour of neurite re-
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Fig. 5. Hypothetical model of neuromuscular synapse elimination consistent with the kinetics
and experimental observations on the reorganization of motor units following normal reinnerva-
tion, or reinnervation combined with partial or complete paralysis. Muscle-derived growth-pro¬
moting factor, G, acts on receptors (solid triangles) on the motor nerve terminals to stimulate
sprouting. Release of G is enhanced by denervation or paralysis and suppressed by normal
muscle activity. Nerve-derived synaptic repressor, /, acts on receptors (open rectangles) to stim¬
ulate regression. Expression of I (which could be diffusible or a cell surface factor) may be partly
activity dependent, and a mechanism should exist for inactivation of its expression and/or down
regulation of receptors for I as the motor nerve terminals mature. Immature, ingrowing terminals
might be potent sources of I, and their membranes loaded with receptors for G and 1. The rates
of regression of synapses would depend on binding kinetics of I and G for their receptors. Ev¬
idence exists for molecules with properties predicted for G, but the existence of I is speculative
at present

pressor released from the growing nerve terminals. Paralyzed muscles would con¬
tinue to produce the growth promoter (Henderson et al. 1986), and in stimulated
muscles its production might be turned off more rapidly. The balance of the pro¬
moter and repressor substances would also be altered at motor end-plates receiv¬
ing convergent input from terminals which differed in their activity.

If the growth repressor were a surface factor it might participate in some form
of contact inhibition of growth, like that described for growth cones by Kapfham-
mer and Raper (1987). It is perhaps difficult to see how this could be activity-de¬
pendent. If the factor were diffusible, however, mechanisms would be required to
insure against autolytic effects. For instance, as surviving terminals matured the
production of neurite growth repressor would have to decline, or receptors for it
on nerve terminals would have to be down-regulated or disappear. Alternatively,
the regression factor could act in a voltage-dependent manner, such that active
nerve terminals (i.e. the ones releasing regression factor) would be immune to its
effects. There are a number of receptors showing voltage-dependent gating be¬
haviour in the central nervous system: for instance, the receptor for N-methyl-D-
aspartate (NMDA) is associated with a calcium channel which is subject to a volt¬
age-dependent block by magnesium ions under normal physiological conditions
(Nowak et al. 1984). In passing, it is perhaps worthy of note that the NMDA re¬
ceptor has been implicated in a number of forms of synaptic plasticity (Bear et
al. 1987), and NMDA receptors are expressed in motoneuron membranes
(O'Brien and Fischbach 1986).

Another possible mechanism of regression is suggested by experiments in
which depolarization of motor nerve terminals, produced pharmacologically or
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by raised extracellular potassium ion concentration, inhibits neurite growth and
stimulates synapse elimination (Fishman and Nelson 1981; Campenot 1986).
Vrbova et al. (1988) suggest that elevation of extracellular potassium, caused by
a potassium efflux during muscle activity, could depolarize inactive nerve termi¬
nals, promote a calcium influx, activate a peptidase and precipitate synapse elimi¬
nation. One problem with this idea is that estimates of potassium efflux from
axons during activity indicate that the concentrations of K + which have an effect
on neurite growth in vitro are unlikely to occur in the synaptic cleft (Attwell and
lies 1979).

It may be that we are only likely to learn more about the mechanisms of
synaptic competition by studying cellular interactions continously: observing the
properties of specific identified neurons and their targets over long periods of
time. Studies on nerve terminal form in vivo (Lichtman et al. 1987) and recordings
of synaptic potentials in the same cells on different days in vitro (e.g. Fuchs et al.
1981; Magchielse and Meeter 1986) suggest that repeated observations of identi¬
fied synapses made over long periods are feasible in principle.
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Competitive elimination of
neuromuscular synapses
Sir—Callaway et al.' recently concluded
that inactive motor neurons have an

advantage over active motor neurons
during neuromuscular synapse elimina¬
tion in neonatal rabbit skeletal muscle. It
is important to draw attention to certain
limitations in their methodology and to
exercise some caution in the interpreta¬
tion of the data.

First, Callaway et al. report data
obtained using only a single, indirect
measure of innervation: twitch contrac¬
tions of isolated skeletal muscles in
response to stimulation of individual
motor axons. It is well known that twitch
tension measurements can overestimate
both the amount of polyneuronal inner¬
vation and motor unit size, even though
extreme precautions may be taken to
ensure that the recordings are isometric2.
Tetanic tension measurements are more

reliable because time is given during a
tetanus for series compliance in muscle to
be saturated. Corroborative measure¬

ments. using intracellular recording or
measurement of motor unit size using
selective glycogen depletion of motor
units, and histology1 are also necessary to
support the contention.

Second, Callaway et al. base their con¬
clusions on differences in the sizes of the
twitch tensions produced only by the in¬
active motor units. There are two poten¬
tial problems with interpretation here that
could :%■ addressed using direct methods.
One i. hat, under some conditions,
chronic:.:iy paralysed neuromuscular
junctions respond repetitively to single
shock stimuli to the nerve, leading to sum¬
mation of twitch tension, and therefore to
spurious overestimates of motor unit size.
This has been demonstrated using intra¬
cellular recording'. A second problem is
that synapse elimination is delayed in
muscle fibres which become innervated
< '. by convergent terminals from
Sep.,ijtc tetrodotoxin-blocked motor
neurons'. At any particular stage in the
developmental process this would pro¬
duce larger than normal inactive motor
units, but no difference in the size of active
units in the same muscles, as Callaway
et al. actually report.

Finally, Callaway et al. make an impor¬
tant, additional observation which should
also be confirmed using direct methods:
the measurements of tension overlap
indicate that some muscle fibres become
innervated exclusively by inactive motor
axons. This does not mean that inactive
axons must have had a competitive
advantage. That conclusion could only be
made if there had been a corresponding
decrease in the mean size of the active
motor units in the muscles. A simpler
explanation is that factors other than

differences in activity contribute to the
selective stabilization of terminals; indeed
it would be surprising if it were not so.

That muscle paralysis or stimulation
influences the overall rate of synapse
elimination is generally accepted2"*. In
relation to synaptic competition however,
a cautious conclusion, based on the study
of Callaway et al. and a complementary
one by Ridge and Betz', is that it is diffi¬
cult to demonstrate a clear effect of differ¬
ences in motor neuron activity during
synapse elimination in immature skeletal
muscle. Furthermore, such differences, if
they occur, are small and of uncertain
functional significance for the maturation
of motor innervation patterns. Even dur¬
ing nerve regeneration, where the effects
of inactivity during competition seem
clear cut410, differences in motor neuron
activity cannot be an overriding influence
in the interactions between motor neurons

during synapse formation and elimina¬
tion.

R. R. Ribchester
Department of Physiology,
University Medical School, Teviot Place,
Edinburgh EH8 9AG, UK
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Callaway et al. reply — Ribchester
raises four specific concerns about our
experimental paradigm and the inter¬
pretation of our results. First, adequacy
of twitch tension measurements. We did
not use tetanic tension measurements,
because preliminary experiments showed
that this led to gradual irreversible tension
fatigue in our in vitro preparation. The
key issue is not whether twitch tensions
are less accurate than tetanic tensions as a

measure of absolute motor unit size but
whether they provide a reliable measure
of changes in motor unit size in normal
and experimental muscles. We agree that
lack of perfect isometric recording con¬
ditions means twitch tensions tend to

overestimate absolute motor unit size',
but the recording conditions are similar
for all motor units from a given muscle.
Twitch tensions therefore provide a
reasonable indication of the relative size
of different units in the same muscle.

We emphasize that our primary assay
compared the relative tensions of motor
unit populations from different spinal

roots in the same animal. This within-
animal normalization procedure mini¬
mized the sensitivity of our analysis to any
systematic tendency of twitch tensions
to overestimate the precentage of muscle
fibres in a motor unit. We would welcome

any corroborative measurements using
other procedures but we contend that the
high statistical significance of our major
findings demonstrates the sensitivity and
reliability of our paradigm.

Second, repetitive nerve firing. Our
estimates of twitch tension for inactive
motor units would have been system¬
atically overestimated if there was
repetitive nerve firing in this subpopula-
tion of motor axons. Inactivity-induced
repetitive firing has been reported2 but
only where much of the muscle was
inactive; in these cases motor-unit twitch
rise times were significantly slowed. Our
paradigm was designed to maintain activity
over nearly all the muscle and thus should
not have been subject to this effect. In
support, we found that the average rise

• time of motor units from tetrodotoxin
(TTX)-inactivated roots was within 2 per
cent of that for motor units from active
roots in the same animals and for those
of control and norma! animals (fast and
slow motor-unit rise times analysed
separately).

Third, delayed synapse elimination. We
presented evidence against a delay in
synapse elimination at end-plates jointly
innervated by active and inactive inputs.
Ribchester suggests instead that the delay
might have been restricted to end-plates
that had lost their final active input but
still received multiple inputs from inactive
motor neurons. Such fibres should have
been rare in our experiments and are
unlikely to have contributed signifcantly
to the larger size of inactive motor units.
We have recently obtained more direct
evidence against this possibility by
allowing 5-7 days of recovery after
4-5 days of TTX inactivation. TTie pre¬
viously inactivated motor units remain
significantly larger than their active
counterparts in control animals, by an
amount comparable to that found in the
short-term experiments (in preparation).
Moreover, analysis of silver-stained end
plates confirms that there is no significant
degree of polyinnervation in these
muscles. As well as arguing strongly
against the delay hypothesis, these
observations provide further evidence
against the concern about repetitive
firing, because the preparation had 5-7
days of presumably normal activity to
recover from any side effects of inactivity.

Finally, decrease in size of active motor
units. If inactive motor units have an

advantage, the active motor units against
which they compete should indeed have
become smaller than normal. The

magnitude of the expected difference is
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however, rather small because the in¬
active motor units were very much in the
minority. Their substantially larger sizes
would be balanced by a smaller change in
size among a larger population of active
motor neurons. Moreover, detection of
any such difference entails a comparison
of motor-unit tensions scaled to the
maximum direct tension — without using
the within-animal normalization we

employed to circumvent the significant
individual variability in average motor
unit sizes found even in normal animals.
Nonetheless, a small bias in the appropr¬
iate direction was reported in our initial
sample. Including the additional data
obtained in the long-term recovery exper¬
iments (see above) makes this difference
statistically significant (P < 0.05).

In summary, we feel we have now
demonstrated a clear effect of differential
activity on neuromuscular competition,
and we hope that we have adequately
addressed any residual doubts. We concur
with Ribchester that differential activity is
not the only factor contributing to the
selective stabilization of synapses but it is
likely to be important, given that the
effects we observed were quite substantial
(> 45 per cent), and particularly because
of the short time for which differential

activity was maintained. Effects of this
magnitude, if integrated over the full
period of synapse elimination, could in
principle make an important contribution
to sculpting motor-unit size distributions
during normal maturation.

Edward M. Callaway
James M. Soha

David C. Van Essen
Division of Biology 216-76,
California Institute of Technology,
Pasadena, California 91125, USA
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summary

1. Reinnervation of adult rat fourth deep lumbrical muscles was studied, following
extensive partial denervation of the hindfoot by crushing the lateral plantar nerve
(LPN). Most muscles remained innervated by between one and five motor axons
supplied by the sural nerve (SN). Intact SN motor units expanded as a result of
collateral sprouting. Virtually complete collateral reinnervation occurred in muscles
containing more than two SN motor units. Twitch tension measurements from
isolated muscles suggested that most of the sprouts evoked suprathreshold responses
from the muscle fibres they innervated. Intracellular recordings suggested that only
a small percentage of sprouts evoked subthreshold end-plate potentials.

2. Lateral plantar nerve motor axons returned to the lumbrical muscles within
15-18 days and subsequently reinnervated muscle fibres already innervated by SN
motor nerve terminals. Nerve conduction in the regenerating axons was then blocked
for 7 — 15 days by chronic superfusion with tetrodotoxin. In both Ll'N-blocked and
control (LBN crushed but not blocked) animals, isometric tetanic tension overlap
and intracellular recordings showed that some lumbrical muscle fibres became
innervated exclusively by regenerating LPN motor axons.

3. With time, the tension evoked by stimulating regenerating motor axons
increased and there was a parallel fall in the tension produced by stimulating the
intact motor units. The extent of reinnervation by LPN motor axons was inversely
related to the number of remaining SN motor units. In comparable muscles,
regenerated LPN-blocked motor units produced only about half the tension of the
controls. Selective glycogen depletion of motor units and intracellular recordings of
end-plate potentials indicated that this was due to reduced numbers of muscle fibres
innervated by the blocked motor axons.

4. Nerve conduction block prolonged the time course of the isometric twitch in
regenerated motor units, and increased the duration of the end-plate potential in
muscle fibres innervated only by the regenerating axons. LPN block did not affect
the recovery of the latency of the end-plate potential. The regenerated motor units
were more resistant to fatigue caused by continuous 4 Hz nerve stimulation than
intact SN units, but the resistance to fatigue of LPN-blocked motor units was no
different from the controls.
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5. The regression of motor innervation provided by intact motor axons,
recovery of regenerated motor unit tension and the transient dual innervatio
muscle fibres is described quantitatively by a system in which muscle fibres can <
in one of three reversible innervated states, and in which the rate of transi
between states is governed by first-order rate constants. The relative magnituc
the rate constants (between 0-05 and 0-65 days-1) suggests that regenerating m
nerve terminals are more labile with respect to both synapse formation and syn
elimination than intact terminals. Activity in motoneurones is only one of a nur
of factors which determine the outcome of the synaptic competition.

6. The results and analysis are consistent with the notion that the patter
motor innervation in reinnervated lumbrical muscles is determined by an interar
between antagonistic neurite growth-promoting and growth-repressing stimu
the motor end-plate.

INTRODUCTION

Changes in connectivity normally occur in many parts of the nervous sy;
during late fetal and early post-natal development. At the cellular level. imrm
neurones make excessive numbers of connections with post synaptic cells. Lat
development, some of the connections are withdrawn. Analogous processes c
during regeneration, when axons must retread developmental paths for no
function to be restored. Synapse elimination reduces neuronal divergence fron
viewpoint of the presynaptic neurone, and it reduces neuronal convergence fron
viewpoint of the postsynaptic cell (Purves & Lichtman, 1985). In many insta
during development or repair, selective use or disuse of connections can inflr
their stabilization: misused or inactive connections are selectively displace
favour of ones expressing an appropriate or enhanced pattern of activity (W
1982; Jackson, 1983; Ribchester & Taxt, 1983; Ridge & Betz, 1984; Chap:
Jacobson, Reiter & Stryker, 1986).

When motor axons return to skeletal muscle following a crush injury to the m
nerve, the number of motor units (groups of muscle fibres responding to activi
single motor axons) is usually restored. But the number and distribution of m
fibres reinnervated by each axon may be quite different from normal. Intera
between motor axons takes place on individual muscle fibres, which expri
transient polyneuronal innervation (Boeke, 1921; McArdle, 1975). The disparit:
motor unit size which may result are especially conspicuous following reinnervi
of partially denervated muscle. Motor units which have expanded through n
nerve sprouting regress to a variable extent when regenerating axons return
sprouted motor units usually remain larger than normal and regenerating a
rarely recover the same numbers of muscle fibres they once innervated (Guth, ]
Brown & Ironton, 1978; Thompson, 1978).

In a previous study, it was shown that greater regression of expanded motor
occurs upon regeneration of injured axons when the intact units are para
(Ribchester & Taxt, 1984). The present experiments were undertaken to addres
relat ive importance of disparities in the size of competing motor units and dispa
in their activity, by allowing inactive motor axons to reinnervate a muscle i:
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vatod bv expanded, but active motor units. The analysis suggests that intact and
regenerating motor nerve terminals are in dynamic equilibrium, and the persistence
or withdrawal of terminals depends on antagonistic, local stimuli acting at the motor
end-plates. The data suggest that differences in the activity of convergent motor
axons may contribute an important, but not overriding, influence to the processes of
synapse formation and synapse elimination.

Fig. 1. Diagram of the experimental design. Fourth deep lumbrical muscles were partially
denervated by crushing the lateral plantar nerve (LPN). After sprouting of motor axons
in the intact sural nerve (>SN), and upon return of injured LPN motor axons, nerve
conduction in the LPN was blocked by superfusion with tetrodotoxin (TTX). The TTX
was contained in osmotic minipumps (Alzet 2002) implanted intraperitoneally.

METHODS

Experiments were carried out using the fourth deep lumbrical muscle of adult rats (Fig. 1). In
rodents, this muscle receives its motor innervation from the lateral plantar nerve (LPN) and a
branch of the sural nerve (SN). The SN normally supplies between one and five of the lumbrical
motor units and the LPN more than six motor units (Betz, Caldwell & Ribchester, 1979).

Adult female rats weighing 120-180 g were anaesthetized with sodium pentobarbitone (Sagatal,
60 mg/kg; i.p.) and the hindfoot was partially denervated by crushing the LPN and the medial
plantar nerve with fine forceps, proximal to the SN anastomosis. The wounds were closed with
7/0 silk suture. In some animals, chronic LPN block was effected by superfusion of the nerve with
tetrodotoxin (TTX; Sigma) according to methods described previously (Ribchester & Taxt, 1983).
Briefly, 16-21 days after crushing the LPN, the animals were re-anaesthetized with pentobarbitone
and osmotic minipumps containing TTX (500/rg/ml in 09% sterile saline) and ampicillin
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(200 ng/m\) were implanted intraperitoneal^. Silicone rubber tubing ending in a mouk
connected to the pump, threaded under the skin and the cuff was placed round the tit
the right shank. Animals were tested daily for the security of the block by pinching th<
pads. Animals giving withdrawal reflexes before 1 week of continuous nerve block were
further. The security of nerve block was confirmed in the remaining animals on the day
experiment. The animals were anaesthetized with pentobarbitone and the tibial nerve \
distal stump was stimulated above the cuff (which produced no contraction in the foot
it (which caused vigorous contractions of plantar musculature).

Isometric twitch and tetanic tension measurements and intracellular recordings <
potentials (EPPs) were made from isolated nerve-muscle preparations 14-55 days
crush, as described previously (Ribchester & Taxt, 1983). In addition, glycogen depleti
units was produced in some muscles by stimulating either the LPN, SN or both togef
continuously for 1 h. Perfusion of the recording chamber with glucose-free,
physiological saline was continued throughout the period of stimulation (Jonei
Rowlerson, 1987). The muscles were then fixed in cold (4 °C) 4% formaldehyde, 1
chloride, sectioned in paraffin and stained with periodic acid and Schiffs reagent (PAS
depleted fibres were identified from their complete or partial failure to stain with I
example Fig. 11). Muscle fibre diameters and cross-sectional areas were measured
by tracing fibre profiles on a digitizing tablet (Summagraphics Bitpad-1) conr
microcomputer.

Two muscles were stained with a combined silver/cholinesterase method (Namba, I1
Grob, 1967; Hopkins, 1981).

RESULTS

Expansion of SN motor units
One aim of the experiments was to determine whether inactivity in mc

would impair their capacity to reinnervate muscle, even when intact m
were expanded to their maximum extent. First it was important to est
extent of collateral reinnervation by sprouting of intact motor axons. A i
supplied by the SN normally contributes 3-20 % of the total muscle tens
Caldwell & Ribchester, 1979, 1980a). A previous histological study showe
motor axons sprout extensively within 7 days of LPN section (Betz, C
Ribchester, 19806). In the present experiments, the extent of sprouting w;
from tension measurements and intracellular recordings 14-18 days afte
the LPN, that is coincident with the return of regenerating LPN motor
below).

Examples of isometric tension and intracellular EPPs are shown in I
instance, Fig. 2A and B show recordings from a muscle containing four
units and in which sural nerve stimulation (0-1 ms pulse) and dire
stimulation with silver electrodes (nominally 100 V for 1 ms) produced
twitch tension. Figure 3 shows the amount of isometric twitch tension pr
SN stimulation in muscles with different numbers of remaining SN unit
containing either one or two SN units produced variable amounts of tens
data were somewhat difficult to interpret because the 'direct' tension was
equal to the indirect tension even though this was relatively small. T
produced by muscles containing three or more SN units was more uniform
and in each muscle was within 10% of the total tension evoked by din
stimulation. The conclusion is that muscles containing three or more
virtually completely reinnervated by collateral nerve sprouts.
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Fig. 2. Isometric twitch (A and B) and intracellular recordings (C-F) from muscles 15-18
days after crushing the LPN. A-C are recordings from intact muscles; D-F are from cut
muscle fibre preparations. A, responses to supramaximal stimulation of the LPN (lowest
trace), the SN (middle trace) and direct muscle stimulation (uppermost trace). The SX
contributes almost all the muscle tension. B, graded stimulation of the SN in this muscle
shows four large SN motor units. C, intracellular recording showing a long-latency,
subthreshold EPP from the regenerating LPN (first stimulus) and a brief-latency action
potential from the SN (second stimulus). D, weak, variable synaptic potentials from the
LPN (first stimulus) in a dual-innervated muscle fibre, followed by a stronger synaptic
potential from the SN. Three sweeps superimposed. E and F, trains of EPPs evoked at
10 Hz in two different muscle fibres in response to SN stimulation. The EPPs in E have
a higher quanta! content than those in F, based on the differences in their coefficients of
variation. Vertical calibrations: A and B, 5 mN; C, 40 mV upper trace, 4 mV lower trace;
D-F. 4 mV. Horizontal calibrations: A and B. 40 ms; C and D, 10 ms; £ and F. 1 s.

Intracellular recordings made from cut muscle-fibre preparations (Ribchester &
I axt, 1983) of the partially denervated muscles supported the conclusions from the
tension measurements (Fig. 2C-F). The resting membrane potentials of muscle fibres
m these preparations were usually more negative than —30 mV, and miniature end-
plate potentials were sometimes detectable. In muscles with three or more SN units,
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121 of 137 fibres impaled from five muscles responded with end-plate potentii
the SN was stimulated. No systematic quantal analysis was made but the co
of variation of the EPP amplitudes in most fibres was sufficiently small (li
15%) to suggest that they were the suprathreshold inputs that produced
contraction in intact preparations (Fig. 2E). In eleven fibres repetil
stimulation produced small, more variable responses however (Fig. 2F), ar
to evoke EPPs in a significant fraction of trials in some of them.

25 r

15

1

Number of SN units

Fig. 3. Force of indirect twitch contractions evoked by SN stimulation in muse'
containing different numbers of SN motor units 14-18 days after crushing the LI

Taken together, the tension measurements and intracellular recordings
that SN motor units could expand by a factor of three to five following
denervation by LPN crush. Almost all the intact and sprouted terminals j
released transmitter with a quantal content sufficient to induce muscle con
but a small proportion may have produced subthreshold responses.

Dual innervation of muscle fibres
As the regenerating motor axons in the LPN returned to muscles i

sprouting was completely effective, all the fibres they confronted would be im
by SN motor nerve terminals. Intracellular recordings and histological exai
of the muscles confirmed that the SN and LPN motor axon terminals subsi

converged on the same muscle fibres, and that SN terminals were eliminai
some of the fibres.

Intracellular recording. Reinnervated muscles contained some fibres im
only by SN motor nerve terminals, some receiving dual innervation by rege
LPN axons and SN axons, and some innervated exclusively by the rege
axons. This was found even in LPN-blocked muscles containing three or mo
SN motor units (Fig. 4). Thus inactive LPN axons evidently displaced son
active SN terminals from muscle fibres. As in a previous study (Ribchester
1983), LPN block significantly prolonged the time course of the EPP in mus
innervated exclusively or mainly by LPN axons (Fig. 4D).
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Relatively few muscle fibres were dual innervated at any stage, and the proportion
of dual innervated fibres varied little with time, in spite of the progressive increase
in the proportion of fibres innervated only by the LPN and the decrease in the
numbers of SN innervated fibres. Figure 5 shows data from muscles containing
comparable numbers (either three or four) SN motor units. The numbers of motor

LPN SN

10 ms

Fig. 4. Intracellular recordings from reinnervated muscle fibres taken 25-35 days after
LPN crush. A-C, control muscles, I), LPN-blocked muscle, responses evoked by
stimulating below the site of the cuff and after washing away the TTX in the recording
chamber. In each case, the LPN was stimulated first and the SN a few milliseconds later.
These records show examples of fibres innervated only by the SN (A), receiving dual
innervation (B), and exclusive innervation by the LPN (C and D). Note the prolonged
time course of the EPP in the LPN-blocked muscle fibre innervated only by an LPN
motor axon. Vertical calibration: 10 mV (A and D) \ 4 mV (B and C).

units were determined from tension measurements prior to intracellular recording. In
LPN-blocked muscles studied at 25-35 days, 61 + 10% (n = 5 muscles) of the fibres
innervated by the LPN were also innervated by SN motor axons compared with
47 + 33 (n = 5) in reinnervated controls. At this stage, there were significantly more
fibres innervated by the SN and significantly fewer fibres innervated by the LPN in
these muscles compared with control muscles (P < 0-001, x2 test).

EPP latency. Differences in the conduction time in LPN motor axons compared
with SN axons were evident in the latency of the isometric twitch in all muscles (e.g.
fig 2.-1), and these differences decreased with time. In intracellular recordings,
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Fig. 5. Cumulative distribution of muscle fibres receiving innervation by the SM
dual innervation, and exclusive LPN innervation, obtained in intracellular rei
EPPs from cut muscle fibre preparations. A, 15-24 days after LPN cri
muscles); B. 25-35 days (N = 4); C. 36-50 days (N = 2); D. 25-35 days after r
and 9-15 days of LPN block (A7 = 5). All these data were from muscles contai
three or four SN motor units.

30 r

1

15 25 35 45 55

Days after LPN crush

Fig. 6. Recovery of nerve conduction in the LPN following crush. Each point :
difference between the latency of the LPN-evoked and SN-evoked EPPs mea
intracellular recordings from ten to sixty muscle fibres in one muscle. The curv
exponential with a time constant of 8-18 days.

examples of subthreshold EPPs evoked by LPN stimulation were seei
stages of reinnervation, and these EPPs had a much longer latent
evoked by SN stimulation (see Fig. 2C and D). At later stages, the
fibres varied little in amplitude upon low-frequency, repetitive stimi
motor axons and the latency of the LPN-evoked EPPs had decreased (;
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assess this recovery and to compare LPN-blocked with control muscles
differences between the latency of SN-evoked EPPs and LPN-evoked EPPs
plotted against time after return of the LPN axons. The conduction distance (
3 cm) was similar for both nerves and similar between preparations. Rectar
hyperbolic and exponential curve fits were attempted for the data. A
exponential with a time constant of 8-18 days provided a better fit than hype
functions (Fig. 6). This is perhaps surprising, since the recovery of condi

LPN-blocked Control

Fig. 8. Tsometric twitch (A and B) and tetanic (C and D) tension responses obtained fr<
a pair of lumbrical muscles 29 days after crushing the LPN. A and C, LPN-block
starting 19 days post-LPN crush and maintained for 10 days. B and D, contralate
control. Both muscles contained three SN motor units. In each case, the lowest tract
the response to LPN stimulation; the middle trace is the SN response and the top tn
the response to combined nerve stimulation. Note the incomplete tension overlap; 1
prolonged time course of the LPN-evoked twitch, and the relatively small contribution
the LPN to the total tension in the LPN-blocked muscle.

velocity in regenerating motor axons must depend on many factors, includi
rate of increase in girth of the axons and the reformation of myelin.

LPN conduction block had no effect on the recovery of EPP latency. By
days, that is after 11-13 days of LPN block, the mean difference (LPN —SI
5'57 + T29 ms (n = 6 muscles), which was not significantly different from the c<
(5-31 + 1-01 ms, n = 7; P > 0-05, Mann-Whitney test).

Histology. Two reinnervated muscles were stained with silver and histochei
for cholinesterase, 24 days after crushing the lateral plantar nerve. Exam
stained motor end-plates are shown in Fig. 7. Of 234 end-plates examined ii
muscles, thirty-seven appeared to receive a convergent input from more th
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motor axon, confirming that the dual innervation of muscle fibres occurred over a
restricted area of the muscle fibre surface - namely, the original motor end-plates.

Regression of SN motor units and recovery of LPN motor units
The first signs of recovery of tension in regenerating LPN motor units were seen

15 days after nerve crush (e.g. Fig. 2 A). It was not possible to determine the numbers
of LPN motor units at these early stages of reinnervation, because the tension
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Fig. 9. Isometric tetanic tension data from reinnervated muscles containing different
numbers of SN motor units 25-35 days after crushing the LPN. Circles show the tension
in individual muscles and the bars represent the mean tension. A and C, data from LPN-
blocked muscles; R and D, from contralateral controls. The only statistically significant
differences comparing LPN-blocked and control muscles were in the ones containing three
or four SN motor units. The SN tension was significantly larger and the LPN significantly
smaller in LPN-blocked muscles.

responses to graded nerve stimulation were too weak and too variable. Within a
further 7 days however, graded nerve stimulation became more reliable and showed
that all the muscles were reinnervated by at least six LPN motor axons, as in normal
muscles. One LPN-blocked muscle was discarded because it contained fewer than six
LPN units. In the remaining LPN-blocked muscles, the lateral plantar nerve
supplied 8 + 1 units.

Control muscles. The tension generated by LPN stimulation returned rapidly after
20 days following nerve crush (Ribchester, 1984). By 25-35 days, the tetanic tension
produced by stimulating the LPN axons was 52 + 28% (n = 34) of the total (Fig. 8)
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and by 40-50 days, it was 63 + 23% (n = 15, P > 0-05, t test). The large
between muscles (coefficient of variation 30-60%) could at least partly be
by differences in the numbers of remaining SN motor units. Thus, the tens:
by stimulating the regenerated LPN axons in muscles containing three i
motor units was significantly larger than in muscles containing five or moi
(Fig. 9; P < 0 005, t test). The tension produced by LPN stimulation was (
in muscles containing only one or two SN units, but this was expected bee
muscles probably contained many vacant denervated motor end-plates e
the LPN axons returned (see Fig. 3).

The regeneration of LPN motor units was accompanied by a fall in t
produced by SN motor units. In muscles containing three or more units, f
fell to 67 + 21 % (n = 17) of total tension by 25-35 days, and only slightly
59 + 20% (n = 5) - at 40-50 days. Less regression of SN motor units o
muscles with more than four SN motor units compared with those contai
than three (Fig. 9; P < 0-03, t test).

Single SN unit muscles. As in previous studies (e.g. Betz et al. 198'
lumbrical muscles contained only one motor unit supplied by the sr
Tension recordings indicated that these motor units retained mos
connections with muscle fibres, and that the regenerating axons mainly re:
the denervated muscle fibres. An example of a reinnervated muscle contE
one SN unit is shown in Fig. 10. At 49 days after LPN crush, this SN uni
almost as much tension as the nine motor units supplied by the regener
Altogether, sural nerve-evoked tetanic tension was 32-8+12-7 mN at 1
(n = 6 muscles) and 24-5 ± 10-3 mN (50 + 20% of total tension, n = 10
days. At 40-50 days, single motor unit tension was 25+14 mN (42 + 22
None of these differences is statistically significant, but the total mus<
increased during this period, along with the growth of the animals so the
that some sprouts were displaced cannot be ruled out. None the less, the
innervation of the muscles by these single motor axons should be compart
mean motor unit size of about 9% in unoperated muscles (Betz et al. If

The overall conclusion from these tension data is that the sprouted SN r
retained control of a relatively expanded proportion of the muscles in s
greater numbers of regenerating motor axons supplied by the lateral plai
But it would also seem that the ability of the expanded SN motor units to
displacement by the reappearing LPN axons is related to the number o1
This could be because in muscles containing few SN units, the SN tern
more fragile, compared with muscles containing more SN units, eacl
supported fewer terminals. However, there is the additional factor that
with fewer SN units there were likely to be more reappearing LPN ui
together, would have exerted a stronger competitive influence.

LPN-blocked muscles. Regenerated LPN motor axons produced less te
SN axons comparatively more tension, when LPN conduction was block'
In those muscles containing three or four SN units, the LPN tension was
that of controls and the SN tension was correspondingly larger (Fig. 9;
t test). Like controls, it is impossible to make any firm conclusion abo
containing one or two SN units because they probably contained many <
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muscle fibres at the time the LPN axons returned (see Fig. 3). Thus, the SN-evoked
tetanic tension in LPN-blocked muscles containing only a single SN motor unit was
27 9±12T mN (57 + 34% of total tension; n — 5), not statistically different from
single-SN unit controls. None of the LPN-blocked muscles in the present study
contained more than four SN motor units.

Fig. 10. Isometric tension responses from a control muscle 49 days after crushing the
LPN. This muscle contained only a single SN motor unit. A, twitch tension obtained by
supramaximal stimulation of the SN (lowest trace), LPN (middle trace) and combined
nerve stimulation (uppermost trace). B, similar order of responses to supramaximal,
tetanic stimulation at 70 Hz. C and D. motor unit tension responses to careful grading of
the stimulus intensity applied to the SN (C) and LPN (D). The single SN unit produced
almost as much tension as the nine regenerating LPN units.

Glycogen depletion. It is possible that the reinnervated muscle fibres produced less
tension than those left with intact innervation following LPN crush. Previous studies
suggested that denervation and inactivity in lumbrical motor units causes only slight
atrophy, at least over the duration of the present experiments (Ribchester & Taxt,
1983). But to examine this point further motor units were selectively stimulated in
an attempt to deplete their muscle fibres of glycogen, and the muscles were then
examined histologically (Fig. 11). The results of these attempts, while generally
supporting the previous findings, were not entirely conclusive. This was mainly
because the amount of glycogen depletion was usually less than the proportion of the
muscle tension evoked by stimulating the nerve used to produce it. For instance, in
'u ° muscles the entire motor nerve supply was stimulated at 5 Hz for 1 h to see
whether glycogen could be depleted from all the muscle fibres. In one of these, an

I
PH V 4(U
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Fig. 11. Examples of PAS staining for glycogen in reinnervated lumbrical mu
unstimulated control muscle, all fibres stain positive. B, complete depletion in
blocked muscle in which the entire nerve supply was stimulated. C, partial <
produced by SN stimulation in a control muscle. I), partial depletion in an LPN
muscle produced by SN stimulation. More fibres are depleted than in ('. Oal
30 fi m.
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LPN-blocked muscle, all but a ring of fibres (amounting to about 5% o
around the perimeter of the muscle were depleted (Table 1). In the other
stimulated muscle (a control, muscle 5 in Table 1), however, only abo
the fibres were depleted. Perhaps this partial failure of the technique •
the experimental conditions: in these isolated preparations, it may not
possible to prevent block of neuromuscular transmission in some fil
glycogen depletion was complete.

Table 2. Fatigue resistance of LPN-blocked and control muscles
LPN-blocked Control

LPN SN LPN SN

Tv (ras) 358±59* 3L7±2-4 29*8±1T* 30-6 ±0-7
Ta (ms) 54-0 ±9-6+ 36-7 ±8-4 44-2 ±6-3+ 32-6 ±6 0
FR (% initial) 43±14f 23±4f 49±18* 23±7*
n 4 4 4 4

Tension data from muscles subject to continuous fatiging stimulation at 4 Hz.
(Tp) and time from peak to half-decay (Td) were measured at the start of the stimulus t
resistance (FR) is the twitch tension after 10 min stimulation given as a percentage
twitch tension. All the measurements were made at room temperature. *P < 005. 1

In the remaining muscles, sural nerve stimulation always produced £
depletion of muscle glycogen. SN units in LPN-blocked muscles also cont
muscle fibres than controls. Two of the LPN-blocked muscles containe
motor units. The SN tension in these was 84 and 90% of the total, and 7
of the fibres respectively were depleted of glycogen. Two of the controls
three SN units and one contained four units. The mean SN tension was 64
mean glycogen depletion was 34% of the muscle fibres.

The mean diameter of glycogen-depleted fibres (innervated by th
slightly, but significantly larger than non-depleted fibres in LPN-block
(mean difference IT /tm ; P < 0-02, paired t test). There was no difference
or diameters comparing depleted with non-depleted fibres in control mi

Fatigue, resistance. The speed of contraction and fatigue resistance of a
are labile properties which can be altered by muscle activity (Salmon
1976; Cotter & Phillips, 1986). It was therefore of interest to examine wh
blocked motor units differed in their fatigue resistance from the o
units.

Eight muscles were stimulated continously at 4 Hz for 10 min and th
twitch tension at the start of the period compared with that at the end. A
the times to peak and half-relaxation of LPN-blocked motor units were s
longer than controls or SN motor units (Table 2), confirming the fii
previous study (Ribchester & Taxt, 1983). Regenerated LPN motor units
resistant to fatigue than intact SN motor units, but the fatigue resistan
blocked units was no different from LPN units in controls (Table 2).
inactivity in lumbrical motor units affects some of their properties - such
course of the twitch and motor unit size - but not others, such as
individual muscle fibre contractions or fatigue resistance.



REINNERVATION OF PARTIALLY DENERVATED MUSCLE 69

100 r

80

60

40

20

0 10 20 30 40

Time (days) Time (days)
Fig. 12. Solutions to rate eqns (1)—(3) using rate constants given in the text, together with
data from muscles containing three or four SN motor units. The amount of muscle
innervated only by SN axons, only by LPN axons, or receiving dual innervation is plotted
as a percentage against time after return of LPN motor axons to the lumbrical muscle.
Time zero represents 17 days after LPN crush, the mean time found for the regenerating
axons to arrive at the muscle. A, all three theoretical curves superimposed. Reading at 40
days: upper - SN only; middle - LPN only; lower - dual innervation. B-D, each curve
presented separately together with the tension data. B, SN only. C, dual innervation. D,
LPN only.

Empirical kinetic description
The proportion of the muscles innervated exclusively by SN motor axons,

exclusively by LPN motor axons, and receiving convergent, dual innervation by
axons in either nerve is plotted against time after return of the LPN axons in
Fig. 12. These data were obtained from tetanic tension recordings by measuring
the tension overlap on combined (LPN and SN) stimulation compared with separate
LPN and SN stimulation (Fig. 8), viz.

% dual = 100 (LPN + SN)/combined— 1,
% LPN only = 100 (1 — SN/combined),

% SN only = 100- (% dual + % LPN only).
for instance, by 25-35 days after LPN crush, about two-thirds the LPN tension

gave tension excess and about one-third tension overlap with the SN (Fig. 8). By
1 omparison. the LPN tension was distributed about equally between tension overlap
and tension excess in LPN-blocked muscles (Fig. 8).
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The data shown in Fig. 12 are those obtained from control muscles c
either three or four SN motor units. The data on other muscles were excluc

grounds that it probably required at least three units to effect complete
reinnervation by sprouting (Fig. 3). Muscles containing fewer SN units wou
denervated fibres on ret urn of the LPN. Muscles containing five or more SN
significantly different ratios of LPN to SN tension (Fig. 9).

Superimposed on the data in Fig. 12 are curves calculated assuming
lumbrical muscle fibres can exist in one of three innervated states and th

represent a dynamic equilibrium, viz.

SN ^dual ^ LPN

In this scheme, Aq determines the rate of formation of synapses by LPN
fibres already innervated by SN axons, and k_s reflects the rate of eliininat
sprouts. Similarly, would determine the rate of elimination of r
terminals from dual innervated fibres and ks reflects the rate of formation ol
by SN sprouts on fibres already innervated by LPN motor nerve 1
Assuming the rate constants are first order, the formal rate equations ar<

(SN) = k, |dual] — Aq [SN],
at

(dual) = Aq [SPN] + ks | LPN J — (k_s + k_]) [dual],

~ (LPN) = k_s [dual] — ks [LPN].

Two further assumptions were that the muscles were completely innerva
motor axons when the LPN first returned (Fig. 3), and at any given stage t
no denervated muscle fibres. Thus the total number of muscle fibres, M,

M = SN + dual + LPN = 100%.

Under these conditions, the amounts of SN, dual and LPN change
according to the following equations:

SN(<) = c, exp (b1 t) + c2 exp (b2 t) + M(&_, ks)/1).

dualp) = c3 exp (b11) + c4 exp (b21) + M(Aq ks)/D.

LPNp) = c5 exp (6, t) + c6 exp (b21) +M(k1 k_s)/D,
where D = Aq k_s + A,-_, ks + Aq ks.

The constants bi: ci are entirely determined by the rate constants (th<
arbitrary constants) and their values were obtained from simultaneous
given by Dawes (1972). In order to obtain a reasonable fit to the data, A-_,
made larger than the other rate constants. Otherwise, a much faster rate of
of SN motor units would be predicted than was observed experimentally,
shows the time course and outcome of an empirical fit using rate coi
the order k_t > k_s > ki > ks; specifically, k_} = 0-64 days-1, A:_s = 0-2f
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kx = (M28 days-1 and ks = 0-0512 days-1. Perhaps coincidentally, the ratios of
rate constants in the direction away from dual innervation and in the directions
towards dual innervation were about equal to the ratio of LPN to SN motor units
in these muscles i.e.: , ,, .k_Jk_s = kjks = 2-5.

It is noteworthy that this kinetic analysis accommodates three important,
characteristic features of the reinnervated muscles. First, the regression of the
sprouted units was incomplete even when relatively large numbers of regenerating
axons returned. Second, the regression of the SN and expansion of the LPN
innervation was not accompanied by extensive dual innervation at any stage in spite
of the significant changes in relative SN and LPN tension. Third, small amounts of
dual innervation persisted to the latest stages examined.

The effects of selective LPN block on the outcome of the synaptic interactions
could perhaps be predicted if one or more of the rate constants were to change,
although the resolution of the data would have to be improved and the effects of
various durations of nerve block would then have to be measured to settle this

point.

DISCUSSION

The results and analysis extend previous findings that during reinnervation of
partially denervated muscles, the probability that either intact or regenerating
motor nerve terminals will persist depends on the number of interacting motor units
(Brown & Ironton, 1978). But the kinetic analysis predicts that at the level of single
muscle fibres, there is a finite probability that regenerating terminals are eliminated
during competition with intact terminals and sprouts. Furthermore, this analysis
predicts that the sprouted motor axons will have the competitive advantage, because
when sprouted a'-id regenerated motor axons converge on the same muscle fibres,
the regenerated terminals are eliminated more rapidly (k_t > k_s). Perhaps less
surprising, it may be inferred from the empirical rate constants that the rate of
synapse formation by regenerating axons in the lateral plantar nerve was much
greater than the rate of reformation of connections by sprouts from the sural nerve
(kl > ks). Thus in general, regenerating motor axons appear to be more labile with
respect to both synapse formation and synapse elimination, than motor nerve
terminals belonging to intact axons, even when the intact motoneurones are
compelled to support more terminals. In support of this, the form of intact
neuromuscular junctions studied continuously in vivo changes little over periods in
excess of 1 month, whereas regenerating terminals undergo radical shape changes
over the same period (Lichtman & Rich, 1986; Lichtman, Magrani & Purves,
1987).

'I he exclusive innervation of muscle fibres by regenerating axons
1 he results also confirm that inactivity in regenerating axons does not impair their

capacity to regenerate (Williams & Gilliatt, 1977) but it increases the probability of
u 'Ihdrawal of axon terminals during competition with active motor units (Ribchester
'V laxt. 1983. 1984; but see also Callaway, Soha & Van Essen, 1987; Ribchester,
1.188). Differences in activity may not be overriding, however, because inactive
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motor nerve terminals made stable, functioning connections on fibres alreac
innervated by active axons. In some fibres, inactive terminals evidently displao
active ones - rendering paralysed muscle fibres that were once mobile. T1
conclusion is based on the following evidence: first, the tension of the SN motor un:
decreased following the return of inactive LPN axons; second, stimulation of t
LPN and SN together produced excess tension over that produced by SN stimulate
alone; finally, it was quite easy to find muscle fibres giving EPPs exclusively to Lf
stimulation in the LPN-blocked muscles. There is no contradiction here with t
conclusion that sprouted nerve terminals had an overall advantage: merely, the
was still a finite probability in these LPN-blocked muscles that SN terminals won
be eliminated.

An alternative explanation is that the inactive axons selectively reinnervated t
small population of denervated fibres that remained in the muscles after SN mot
units had sprouted to their maximum extent. This seems unlikely in view of t
regression of the SN tension but it cannot entirely be discounted because the tensi
measurements and intracellular recordings made prior to the return of the LI
axons showed that some muscle fibres remained denervated, even in muse

containing three or more SN motor units. Either way, muscles examined after mc
than 10 days of LPN block contained some fibres innervated only by inactive axoi
If these connections were dynamic, then active terminals were eliminated: if th
were not, then inactive axons must have made persistent stable connections
muscle fibres during expansion and regression of active motor units.

The mechanism of synaptic competition
Do the present results have any implication for the cellular mechanisms of mo

unit interaction in skeletal muscle ? One possibility is that the SN terminals n
have been displaced by terminals which were functionally more appropriate fo
particular muscle fibre type (Thompson, Sutton & Riley, 1984; Jones et al. 19
Lichtman & Wilkinson, 1987). Alternatively, growth and regression of terminals n
be controlled by factors independent of muscle fibre type. For instance, Gouze, La
& Changeux (1983) have analysed a model based on the co-operative action c
muscle-derived growth promoting factor and a pre-synaptic 'stabilizing' factor;
this model does not adequately explain how stable connections persist in complet
paralysed muscles (Brown, Hopkins & Keynes, 1982; Taxt, 1983).

Another possibility is that neurite-growth inhibitors might lead to displacemen
nerve endings. Brown, Jansen & Van Essen (1976) argued against this, but a str<
case was made for growth inhibitors by Diamond, Cooper, Turner & Maclnt
(1976), to explain the constraints on regenerating axons in amphibian skin,
interaction between growth-repressing molecules and antagonistic, anti-repress
was discussed as a possible model for plasticity in the central nervous system
Nelson & Brenneman (1982).

There is good evidence that skeletal muscles produce specific molecules which
on motoneurones to promote growth of their axons (Edgar, Timpl & Thoenen, 19
Henderson, Huchet & Changeux, 1984; Dohrmann, Edgar, Sendtner & Thoen
1986; Gurney, Appattoff & Heinrich, 1986; Gurney, Heinrich & Lin, 1986). Evide
for endogenous neuronal growth inhibitors is more indirect. First, alcohol vi
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alkaloids, potent glucocorticoids, and tonic depolarization all inhibit growth of
neurites when applied exogenously, either in vivo or in vitro (Speidel, 1941; Diamond
et al. 1976; Unsicker, Kriseh, Otter & Thoenen, 1978; Fishman & Nelson, 1981;
Campenot, 1986). Second, neurite growth-inhibiting activity has been found
associated with astrocytic neuroglia in the mammalian spinal cord (Liuzzi & Lasek,
1987). Third, in culture, the growth of neurites from different types of neurones is
mutually inhibited when their growth cones contact one another (Kapfhammer &
Raper, 1987). Finally, specific endogenous substances which inhibit growth of non-
neuronal cells have been identified - for instance, a protein named transforming
growth factor /? which acts on epithelial cells (Silberstein & Daniel, 1987). O'Brien,
Ostberg & Vrbova (1978) suggested that secretion of peptidases by muscle might lead
to selective withdrawal of nerve terminals, and there is some evidence that inhibition
of calcium-activated neutral peptidases inhibits synapse elimination (O'Brien,
Ostberg & Vrbova, 1984; Connold, Evers & Vrbova, 1986).

The results of the present experiments, the analysis shown in Fig. 12 and data
obtained by others, are perhaps compatible with the activity-dependent release of a
muscle-derived promoting substance that stimulates neurite growth (as in the model
of Gouze' et al. 1983), and the expression by growing axons of an antagonistic,
growth-repressing substance that causes neurite withdrawal. The growth-promoting
substance would drive the system towards polyneuronal innervation, while the
growth repressor would act heterosynaptically to drive dual-innervated fibres
towards mononeuronal innervation. The rate and end result of synaptic competition
would then depend on the relative amounts and efficacy of both substances. This
kind of model is consistent with the known effects of either complete or selective
nerve conduction block. For instance, a normal active muscle (present experiments)
might produce a paucity of growth factor and the rate of synapse formation by
ingrowing axons and regression of intact nerve terminals would then depend on
the amount of a synaptic repressor produced by the regenerating axons. Partly or
completely inactive muscle, however (Ribchester & Taxt, 1983, 1984), might produce
relatively large amounts of the growth factor in addition to the putative repressor
produced by regenerating axons. In that case, a more rapid and profuse initial
innervation by regenerating axons would be expected, but more intact terminals
would then be exposed to the local effects of synaptic repressor.
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SUMMARY

The process of neuromuscular synapse elimination has
been studied in the fourth deep lumbrical (4DL) muscle
of the rat, a preparation which offers technical advan¬
tages for some types of experimental work. Studies have
been performed both during development and in adult
denervated muscles undergoing reinnervation. Results

INTRODUCTION

Adult mammalian skeletal muscle presents a

highly stereotyped pattern of innvervation, with
each muscle fiber receiving synaptic input from
one and only one motoneuron. During develop¬
ment (and in adult denervated muscle undergoing
reinnervation), however, muscle fibers are tran¬
siently innervated by more than one motoneuron;
all but one of these inputs are subsequently elimi¬
nated. The forces governing this synapse elimina¬
tion have been studied in a variety ofpreparations,
and it appears that several different competitive
mechanisms may operate, including the level of
activity and the matching of muscle fiber and mo¬
toneuron by type (e.g., slow or fast) and positional
cues.

One useful preparation for studying these pro¬
cesses has been the fourth deep lumbrical (4DL)
muscle of the rat. Its utility arises from several
features. For example, it receives its motor inner¬
vation from two different peripheral nerves: the
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indicate that synapse elimination is dependent upon

competition between motoneurons. Cellular mechanisms
underlying this competition have also been explored.
Both neuromuscular activity and muscle fiber type rec¬

ognition appear to play a role, but positional cues appear

unimportant in this small muscle.

lateral plantar nerve (LPN) and the sural nerve

(SN). This separation makes it relatively easy to
alter selectively one part of the nerve supply (for
example, blocking action potentials only in LPN)
and then observe the effects on synapses made by
the other nerve (SN in this example). Another ad¬
vantage of the 4DL is its small size. It contains
only about 1000 muscle fibers and therefore sur¬
vives well in vitro. The drudgery of quantitative
microscopy, such as measuring cross-sectional
areas of every muscle fiber, is also lessened. Fi¬
nally, 4DL is supplied by only 10-12 motoneu¬
rons, so it is relatively easy to count and to isolate
motor units in physiological experiments.

In this paper we review some previously pub¬
lished work on 4DL muscle, describe recent un¬

published work from our laboratories, and offer
some speculations on the mechanisms underlying
synaptic competition in this preparation. Other
recent reviews are by Betz (1987), Ribchester
(1988b), and Ridge (1989a,b).

Background

Synapse Elimination Occurs in 4DL. Following
the work of Redfern (1970) and Jansen and col¬
leagues (e.g., Brown, Jansen, and Van Essen, 1976)

1
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A Birth B 0-10 days

Figure 1 Development of the 4DL muscle. At birth, only about one-half of the adult number
of muscle fibers is present. Each fiber receives inputs from several motoneurons. During the
next 10 days, new muscle fibers appear and become innervated; synapses are lost from other
muscle fibers. By about 20 days, the adult pattern of single innervation is established. From
Betz et al. (1979).

on rat soleus muscle, Betz, Caldwell, and Ribches¬
ter (1979) studied the development of the 4DL
muscle, using intracellular and muscle tension re¬

cording techniques. Polyneuronally innervated
fibers were detected for about 2-3 weeks after
birth; in the adult nearly every fiber was singly
innervated. The low level of polyneuronal inner¬
vation in adult muscles has recently been con¬
firmed (Chamberlain and Ridge, 1989), a previous
report to the contrary (Taxt, 1983) probably being
erroneous due to a recording artefact described by
Soha, Yo, and Van Essen (1987).

Betz et al. (1979) also showed that new muscle
fibers are generated postnatally in 4DL. Thus, the
motoneurons (all ofwhich are present at birth) not
only withdraw some connections, but they also
make new synapses on the newly generated muscle
fibers (which transiently become polyneuronally
innervated), as diagrammed in Fig. 1. The result of
these opposing processes of synapse formation and
elimination is that average motor unit size (the
number of muscle fibers innervated by a single
motoneuron) remains fairly constant (at about
120) until new muscle fiber production ceases at
about 10 days; thereafter the rate of synapse elimi¬
nation exceeds that of synapse formation, and

motor unit size decreases to the adult level of
about 80 muscle fibers per motoneuron. This pe¬
riod (from about day 10 to day 20) of net reduction
in motor unit size is not, however, a time of gener¬
alized atrophy of motoneurons. On the contrary,
the amount of transmitter released at individual

junctions increases rapidly from 10-20 quanta per
stimulus at 8-10 days (Betz, Chua, and Ridge,
1989) to more than 100 in the adult.

Synapse Elimination Is Based on Competition in
4DL. Betz, Caldwell, and Ribchester (1980a) cut
the LPN at birth in 96 animals and examined the
fate of the remaining SN innervation a month
later. Control observations revealed no signs of
reinnervation by the severed LPN axons or of
sprouting by the remaining SN nerve terminals. In
23 animals, a single axon in the SN innervated the
4DL muscle, and the average motor unit size at 1
month in these animals was not significantly dif¬
ferent from that at birth (about 120). In other
words, removing all competing influences abol¬
ished the reduction in motor unit size (from 120 to
80) which otherwise would have occurred. The
simplest conclusion is that all synapse elimination



ft

i

Competitive Mechanisms in Lumbrical Synapse Elimination 3

in 4DL muscle is based on competition between
converging motoneuron terminals.

In summary, synapse elimination occurs in
4DL, and it appears to be based upon competition
between motoneurons with overlapping innerva¬
tion patterns. With this background, the question
becomes: What is the basis of this competition?
More recent work has focussed on several possibil¬
ities which are discussed in turn below.

Activity and Synapse Elimination in 4DL

Competition in Adult Reinnervated Muscles. The
gross anatomical separation of the motor nerve

supply to the 4DL allowed Ribchester and Taxt
(1983,1984; Ribchester, 1988a) to gain experimen¬
tal access to the interactions between convergent
synapses during reinnervation of denervated mus¬
cle. The principal idea was that some insight into
the nature of motor nerve terminal interactions
could be obtained by pitting motor axons in the
LPN and SN against one another, under circum¬
stances designed to destabilize or disadvantage
those in one nerve or the other. A series of experi¬
ments was performed to address the possibility
that the more active a terminal is, the greater the
chance that it becomes selectively stabilized at the
expense of less active terminals.

There were two important reasons for using
adult animals to study the role of activity in syn¬
aptic interaction. First, in neonatal animals inter¬
pretation of tension and intracellular recording
data in terms of selective synaptic stabilization is a
little complicated because of the new muscle fibers
which are added postnatally. This is not the case in
reinnervated adult muscle. Secondly, it was possi¬
ble in adults to use tetrodotoxin (TTX) to produce
chronic conduction block (in neonates the safety
margin for TTX is much lower). The LPN motor
axons were blocked using a technique of chronic
superfusion of the nerve with tetrodotoxin (Fig. 2).
Implanted osmotic minipumps were used, so that
continuous nerve block could be maintained in

freely moving animals. The TTX was contained in
high concentration within the minipumps. Sili¬
cone rubber tubing connected the pump to a

loose-fitting rubber cuff placed round the tibial
nerve. This cuff prevented premature diffusion of
the TTX from its site of application and ensured a

prolonged nerve block. Thus complete block of
part of the nerve supply (from the LPN) was ef¬
fected. The sural nerve was not blocked by this
procedure. The LPN block also caused local anaes¬
thesia on specific parts of the sole of the foot. This

Osmotic
pump

Figure 2 Diagram of the experimental designs for
studying the effects of selective block of activity on rein-
nervation of adult 4DL muscle. Three different para¬

digms are shown. In each case, activity in LPN was
blocked with TTX during reinnervation following crush
of all axons to the muscle (paradigm b in text), crush of
the SN (paradigm c), or crush of LPN (d). The osmotic
pump was located intraperitoncally. Redrawn from
Ribchester and Taxt (1983).

was used to monitor daily the effectiveness of the
nerve block. Stimulating the nerve above and
below the cuff in anaesthetized animals confirmed
its potency.

The effects of selective nerve block were assayed
after 1-2 weeks in acute experiments by measuring
muscle tension, which gave estimates of motor
unit size. An indication of the overall level of
polyneuronal innervation was obtained by mea¬
suring "tension overlap" between blocked and ac¬
tive motor units. Intracellular recordings were
made to obtain an additional measure of levels of

polyneuronal innervation. The morphology of the
SN motor nerve endings was studied by staining
them with zinc iodide and osmium: the LPN
axons were cut in vivo and their terminals were

allowed to degenerate for 24 h before sacrificing
the animals. Only SN motor nerve terminals sub¬
sequently took up the zinc iodide-osmium stain in

0 P)
TTX
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these muscles. No sural nerve sprouting occurs

during the 24 h period of predenervation (Betz,
Caldwell, and Ribchester, 1980b).

Four types of related experiments were per¬
formed, each addressing a distinct question. The
experimental paradigms and major conclusions
were

1. Crush both nerves (LPN and SN) to 4DL;
block conduction in both nerves during reinnerva-
tion (Taxt, 1983). Result: synapse elimination
slowed or abolished.

2. Crush both nerves (LPN and SN) to 4DL;
block conduction in LPN only during reinnerva-
tion (Ribchester & Taxt, 1983) (see Fig. 2). Result:
LPN motor unit size reduced compared with con¬
trol (same paradigm without TTX block).

3. Crush SN only (minor denervation); block
conduction in LPN only during reinnervation
(Ribchester & Taxt, 1984) (see Fig. 2). Result: SN
motor unit size enlarged compared with control
(same paradigm without TTX block).

4. Crush LPN only (major denervation); block
conduction in LPN only during reinnervation
(Ribchester, 1988a) (see Fig. 2). Result: SN motor
unit size was larger than control (same paradigm
without TTX block).

Although the design of the experiments differed
only slightly in detail, each gave insight into sepa¬
rate aspects of the processes of synaptic interaction
in reinnervated muscle, as discussed below.

Complete Block After Complete Denervation. Re¬
sults from neonatal muscles suggested that paraly¬
sis inhibits synapse elimination (Thompson et al.,
1979; Caldwell and Ridge, 1983). The results of
Taxt on adults generally endorsed these findings.
However, it remains uncertain whether the rate of
synapse elimination was merely reduced during
paralysis, or whether it was abolished completely.
Furthermore, it is not possible to rule out an accel¬
eration of synapse formation and no change in the
rate of synapse elimination. Both synapse forma¬
tion and synapse elimination probably occur con¬
currently in reinnervated muscle (see below).

LPN Block After Total Denervation. Ribchester
and Taxt (1983) investigated the role of selective
nerve block; the paradigm is illustrated in Fig. 2.
The 4DL muscle was completely denervated by
crushing the muscle nerve close to the muscle.
Then after 10 days—sufficient time for reinnerva¬
tion to occur—conduction in the LPN was

blocked with TTX for up to 2 weeks. Motor units
in the SN produced about twice the tension of

controls (same paradigm without TTX block), and
the LPN motor unit tensions were correspond¬
ingly reduced (Fig. 3). These data, supported by
histological and intracellular recording data from
the same muscles, suggest that unblocked motor
axons reinnervated about twice the normal num¬

ber of muscle fibers and blocked axons reinner¬
vated fewer fibers than normal.

LPN Block After Minor (SN) Denervation. Next,
Ribchester and Taxt (1984) asked whether intact
but inactive motor axon terminals were also dis¬

advantaged when presented with an active, regen¬
erating nerve supply. To address this, 4DL muscles
were subjected to a minor partial denervation by
crushing the SN (Fig. 2). This operation initially
denervated about 25% of the muscle fibers in the
4DL. On average, each of the LPN motor units
needed to expand (by sprouting) by only 3-4% for
the denervated muscle fibers to become functional

again. When the SN motor axons returned (about
2 weeks later) their original synaptic sites were oc¬

cupied by LPN sprouts. Activity in the LPN was
then blocked and the muscles were finally studied
1-2 weeks later. The LPN block favored the recov¬

ery of the regenerating SN motor units. The ten¬
sion produced by the SN motor units recovered to
levels comparable to those in unoperated muscles
(about 8% of the muscle per motor unit). By con¬
trast, SN reinnervation of control muscles was

very poor—less than 2% of the muscles per regen¬

erating SN motor unit.
It is tempting to conclude from these studies

that activity in motor axons influences the capac¬

ity of terminals to become selectively stabilized,
specifically by a direct repression of other, less ac¬
tive competitors. A potent criticism is that the re¬
sults could equally have come about by a profound
and generalized stimulus for nerve growth (per¬
haps secretion by paralyzed muscle fibers of a
"growth factor"), accompanied by random elimi¬
nation of terminals. This hypothesis is difficult to
sustain in its entirety in light of the next set of
experiments, however.

LPN Block After LPN Denervation. Experiments
were carried out on the reinnervation of partially
denervated 4DL muscles in which the degree of
sprouting by intact motor axons was maximal
(Ribchester, 1988). In this paradigm (see Fig. 2),
the LPN was crushed. This operation denervated
about 75% of the muscle and led to extensive

sprouting of the few remaining SN motor axons.
Conduction in the regenerating LPN axons was
blocked when they returned to the muscle, about 2
weeks after the crush. The sprouted (SN) motor
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Figure 3 SN motor unit size in LPN-blocked (solid circles) and control (open circles) mus¬
cles. Each symbol was obtained from one muscle by dividing the SN tetanic tension by the
number of SN motor units and expressing the result as a percentage of the total muscle
tension. The square brackets indicate the range of values in LPN-blocked (left) and control
(right) muscles at each of the time intervals after muscle nerve crush. From Ribchester and
Taxt (1983).

units were thereby challenged with regenerating
but inactive (LPN) motor axons.

This experiment is of interest for two reasons.

First, it allowed a test of the relative importance of
activity-dependent and activity-independent fac¬
tors (such as intrinsic limits to the numbers of ter¬
minals supported by a motoneuron). Secondly, it
provided the means to examine the possibility
outlined above that the effects of selective nerve

block might be indirect, affecting mainly synapse
formation rather than synapse elimination. The
reasoning is as follows. The partially denervated
muscles became reinnervated initially by SN
sprouts. Since the activity of these axons was not
altered experimentally, we may expect that nearly
all of the muscle fibers would have become active

again by the time the blocked LPN motor axons
returned. There is therefore no reason to suppose
that these muscles should have produced any more
or less growth factor than in animals in which the
LPN was not blocked during its regeneration.
Thus if the effect of selective nerve block in the

previous studies had been due to a paralysis-in¬
duced increase in levels of a muscle-derived,
growth-promoting factor, then in the latest experi¬
ments there should have been no difference in the
numbers of muscle fibers reinnervated by inactive
axons compared with unblocked axons.

In fact, the data suggested that the regenerating
axons reinnervated fewer fibers when they were
blocked with TTX (Fig. 4). The tension produced

100

Number
of fibres 60

20

100

Number
of fibres 60

20

L F=F
c

LPN DUAL SN LPN DUAL SN

Figure 4 Cumulative distribution of muscle fibers re¬
ceiving innervation by the SN, dual innervation, and
exclusive LPN innervation obtained in intracellular re¬

cordings of endplate potentials from cut muscle fiber
preparations: (A) 15-24 days after LPN crush (n = 4
muscles), (B) 25-35 days (n = 4), (C) 36-50 days (n = 2),
(D) 25-35 days after nerve crush and 9-15 days of LPN
block (n = 5). All these data were from muscles contain¬
ing either three or four SN motor units. From Ribches¬
ter (1988a).
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by active SN units was larger than normal and that
produced by blocked axons was smaller than nor¬
mal. Intracellular recordings confirmed that fewer
muscle fibers became reinnervated by regenerating
axons than reinnervated control muscle. Inactivity
did not inhibit nerve regeneration itself, because
reinnervation of muscles with no SN input oc¬
curred just as quickly when the LPN was blocked
as when it was not (see also Williams and Gilliatt,
1977). The simplest interpretation is that an
axon's activity directly influences its capacity to
interact with other terminals through a presynap¬
tic mechanism and ultimately, it is the inactive
terminal that is disadvantaged.

The experiments also showed, incidentally, that
inactive terminals are not always selectively elimi¬
nated: some regenerating, inactive motor axons
obtained an exclusive innervation of muscle fibers.
Thus activity is probably one of a number of fac¬
tors influencing the outcome of synaptic competi¬
tion. Whether these other factors are related to the
size of competing motor units remains unknown.
A kinetic analysis of reinnervation (Ribchester,
1988b; summarized below) implies that depen¬
dence ofcompetitive capability on motor unit size,
if it exists, is not straightforward.

Activity and Synapse Elimination in 4DL During
Development. Caldwell and Ridge (1983) showed
that neonatal synapse elimination in 4DL is
slowed if overall activity is reduced by combined
deafferentation and spinal cord section. The ef¬
fects of selective alteration of activity in neonates
were studied by Ridge and Betz (1984), who per¬
formed experiments on neonatal animals which
were analogous to one of the paradigms used by
Ribchester and Taxt on adult animals. Neonatal
animals were anesthetized for several hours daily
for 4-5 days and the LPN (or, in some animals, the
SN) was stimulated with high-frequency intermit¬
tent trains. At the end of this period, motor unit
sizes were estimated using tension measurements.
The results were consistent with those of Ribches¬
ter and Taxt in that stimulated SN motor units
were generally larger than others that received SN
stimulation and smaller than others in animals re¬

ceiving LPN stimulation. Thus, during develop¬
ment of 4DL, increased activity appears to confer
a competitive advantage on motoneurons.

A Kinetic Model of Synapse Elimination. We
may ask what contribution these data make to¬
ward a general understanding of processes which
operate at the cellular level to selectively stabilize

motor nerve connections. How do they relate, for
instance, to contemporary studies of outgrowth
and retraction of nerve growth cones studied in
vitro? Recent studies suggest that nerve activity
may significantly affect the average level of intra¬
cellular free Ca ion concentration (Kater et al.,
1988). Interestingly, in some cells the rise in free
Ca, associated with activity, is accompanied by a

temporary cessation of growth (Bolsover, Gilbert,
and Spector, 1988; Bolsover, Lamb, and Silver,
1988). Vrbova, Lowrie, and Evers (1989) have
conjectured that a rise in intracellular calcium in
nerve terminals, associated with activity, might
activate enzymes which degrade the nerve termi¬
nal cytoskeleton, leading to synapse elimination
and neurite withdrawal.

At first sight these observations and suggestions
appear to present a paradox, for they imply that
electrically active growth cones are the ones that
do not grow so well, whereas the results of studies
on 4DL suggest that more active terminals have a

competitive advantage over less active ones. There
would be no conflict in these observations, how¬
ever, provided activity also inhibits filopodial and
neurite retraction as well as outgrowth. The out¬
come when two growth cones (or terminals) con¬
verge on a fiber would then depend on the balance
of specific probabilities of stasis, withdrawal, or
continued growth, independent of any competi¬
tion for, say, the supply of growth factor from a
muscle fiber. Indeed these studies call into ques¬
tion whether the term "competition" is the most
appropriate one to describe interactive events at
the neuromuscular junction.

Kinetic analysis of synapse elimination has
provided some new insights (Ribchester, 1988b). If
we assume for instance that lumbrical muscle
fibers can exist in one of three interchangeable
states (LPN only, SN only, or dual innervation by
both LPN and SN axons) and that the transition
between states is governed by first order kinetics,

LPN ^ DUAL ^ SN
k-s k\

and the system would be expected to settle to a

dynamic steady state, in which the relative pro¬

portions of SN, LPN, and dual innervated fibers
would depend on the ratios of the specific rate
constants for synapse formation (ks, k{) and syn¬
apse elimination (k-s, k-1), where "s" and "1" refer
to SN and LPN, respectively.

This analysis provided a quite useful way of
viewing data on reinnervation of partially dener-
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vated adult lumbrical muscles (Ribchester, 1988a).
Surprisingly, an acceptable fit to the data was ob¬
tained by taking the rate of synapse elimination by
regenerating axons to be greater than the rate of
elimination of intact (SN) terminals and by taking
the rate of synapse formation by regenerating ter¬
minals also to be greater than for intact terminals.
This suggests that regenerating axons do not have
any "competitive advantage" in recovering their
lost territory from intact motor units. Their ability
to do so results from an overall lability with respect
to both synapse formation and synapse elimina¬
tion (Fig. 5). Indeed one may argue that it is the
intact and sprouted axons which have the advan¬
tage: their motor units remain larger than normal
and the rate constants for the formation and elimi¬
nation of their neuromuscular synapse are low,
favoring stability.

Viewing synapse elimination as an outcome of
processes governed by probabilities based on inde¬
pendent motile activity of convergent motor axons

may help focus on the nature of "competition" for
selective stabilization of connections. (The de¬

scription becomes perhaps analogous to the inde¬
pendent opening and closing of ion channels in
excitable cell membranes, each with a low proba¬
bility, for instance.) It may become important now
to ask not: how does one terminal cause the elimi¬
nation ofanother? But rather: how is the loss of the
one remaining terminal prevented, after all others
have withdrawn themselves from a motor end-

plate?
There is another, pragmatic advantage of the

kinetic description. It may help to resolve some
other apparent contradictions. For instance, Cal¬
laway, Soha, and Van Essen (1987) described the
results of experiments that superficially appear to
contradict the earlier findings of Ribchester and
Taxt(1983, 1984)and Ridge and Betz(1984). Spe¬
cifically, Callaway et al. suggest that inactive nerve
terminals have the advantage in competition (but
see Ribchester, 1988c). This contradiction would
be reconciled if activity or inactivity in motoneu¬
rons in different muscles, or in different species (or
in the same species at different developmental
stages), differently affects the rate constants of
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Figure 5 Time course of reinnervation of muscle fibers by SN, LPN, and both nerves after
LPN crush. Solid lines show solutions to theoretical rate equations; circles show data from
muscles containing 3 or 4 SN motor units. (A) Theoretical curves showing percent of muscle
fibers innervated by SN only, LPN only, and both nerves. (B-D) Each curve presented
separately with experimental data: (B) SN only, (C) dual innervation, (D) LPN only. Values of
rate constants were k\ = 0.128 d-1; k-\ = 0.64 d_l, /q = 0.0512 d'1, k-s = 0.256 d~'. From
Ribchester (1988a).
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Figure 6 Predicted effects of selective variation of the rate constants of synapse formation
(k\, ks) and synapse elimination (k-\, /c_s); "s" and "1" refer to SN and LPN, respectively.
Curves were calculated according to the reaction scheme described in the text. Values, relative
to those in Fig. 5, were as follows: (A) ks doubled (i.e., rate of synapse formation by SN
doubled), (B) k-s halved, (C) k-\ halved, (D) k\ doubled.

synapse formation and synapse elimination. As il¬
lustrated in Fig. 6, selective changes in the ratios of
the forward and backward rate constants can have

quite marked effects on the distribution of termi¬
nals in the dynamic steady state.

Interactions Between Nerve Terminals During De¬
velopment of4DL. As in other mammalian skele¬
tal muscles, each muscle fiber in 4DL receives all
synaptic input at a single endplate. Thus, in neona¬
tal (and adult reinnervating) muscle, all terminals
innervating a muscle fiber lie in very close proxim¬
ity. This raises the possibility of physiological in¬
teractions between adjacent terminals; perhaps ac¬

tivity in one motoneuron could alter the ability of
other motoneurons to excite the muscle. Recently,
Betz, Chua, and Ridge (1989) have found signs of
such interactions in neonatal 4DL muscle. Condi¬

tioning stimulation of one nerve (for example,
LPN) often reduced the response to test stimula¬
tion of the other nerve (SN; the SN test response
was compared with its own control, that is, the
response to SN stimulation without preceding
LPN stimulation). This is an example of hetero-
synaptic inhibition. Inhibitory interactions were

observed even when the muscle membrane was

voltage clamped (Fig. 7). The inhibition was max¬
imal when the conditioning-test interval was short
and decayed monotonically over a period of
50-100 ms after the conditioning stimulus. Block¬
ing postsynaptic receptors with curare or alpha-
bungarotoxin reduced the inhibition. The mecha¬
nism of the inhibition was also explored; it ap¬

peared to be at least partly due to alterations in the
concentration of ions (Na, K, and/or Ca) in the
synaptic cleft, produced by the action of acetyl¬
choline released by the conditioning stimulus.

It is unknown if such interactions play a role in
synapse elimination. It is easy to imagine how the
observed inhibition could explain how activity
conveys a competitive advantage to a motoneuron
terminal. For example, if nerve terminals must ac¬

quire a trophic substance from muscle fibers, and
if the release and uptake of the substance are activ¬
ity-dependent, then the inhibition by conditioning
stimulation could lead to the eventual elimination
of other terminals. However, the observed inhibi¬
tion produced by a single conditioning stimulus
was brief (a few tens of milliseconds); moreover,
the observed interactions probably could not
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operate over distances greater than several mi¬
crometers. Further work will be required to deter¬
mine if these temporal and spatial constraints per¬
mit a role of nerve terminal interactions in com¬

petition and synapse elimination.

Muscle Fiber Type and Synapse
Elimination in 4DL

Most mammalian skeletal muscles contain more

than one type of muscle fiber, as evidenced by
myosin isoform content or oxidative and glyco¬
lytic enzyme levels. Work by Ridge and colleagues
has shown that there are three different types of
fibers in 4DL, based on immunostaining proper¬
ties using antibodies to two different myosin iso-
forms, and on myosin ATPase histochemistry.
Since work on other muscles has shown that adult
motor units are homogeneous with respect to
muscle fiber type, several questions naturally arise:
Are adult motor units in 4DL similarly homoge¬
neous with respect to fiber type? If so, does this
occur because of selective synapse formation dur¬
ing development, or because of "mismatch with¬
drawal" during synapse elimination, or because
muscle fibers change their type, if necessary, to
match that of their innervating motoneuron? As
described below, work on normal neonates and
adults, as well as on experimentally altered mus¬
cles, has shown that most adult units are indeed
homogeneous, and that this arises in part due to
elimination of mismatched neonatal synapses.

Adult Muscle Fiber Types. Three main types of
muscle fibers have been identified using histo-
chemical and immunocytochemical techniques.
Results are summarized in Fig. 8. Two antibodies,

specific for two myosin isoforms, one slow and one
fast, have been especially useful. The great major¬
ity of adult muscle fibers (about 820 out of 970, or

85%) do not bind either one of the antibodies and
are called type IIX here. These are the largest fibers
in adult animals. Of the remaining fibers, about 70
stain only with the fast I1A antibody (called type
IIA), and others (about 80) stain with both the IIA
and the slow antibodies (called type IIC fibers).
Few if any stain only with the slow antibody.

Details of this identification scheme are as fol¬
lows. One antibody was raised against slow myosin
from cat soleus muscle (see Rowlerson, Pope,
Murray, Whalen, and Weeds, 1981); the other an¬
tibody is specific for the IIA form of myosin, raised
against fast myosin from guinea pig masseter as
described by Carpene, Rowlerson Mascarello &
Veggetti (1982). Staining with these two antibodies
provided the main criteria for fiber type identifica¬
tion. Type IIX fibers were also identified on the
basis of their ATPase and succinic dehydrogenase
histochemical staining (Schiaffino, Saggin, Viel,
Ausoni, Sartore, and Gorza, 1986; Schiaffino,
Gorza, Saggin, Ausoni, Vianello, Gundersen, and
Lomo, 1989), although the presence of the IIX
heavy chain has not yet been sought in 4DL. Type
IIA fibers show a gradation of staining intensity,
and so the counts of total numbers are not likely to
be accurate. Only those fibers which stain most
intensely with this antibody have the acid-labile
m-ATPase activity typical of the IIA fibers, but for
convenience they are all called IIA here. Fibers
which bind the slow myosin antibody show corre¬
sponding degrees of acid-stable myosin ATPase ac¬
tivity. Most of these fibers also bind the IIA anti¬
body and are therefore type IIC rather than type I
(Billeter, Weber, Lutz, Howald, Eppenberger, and
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Figure 7 Inhibitory interactions between SN and LPN terminals in neonatal 4DL. Endplate
currents were recorded using a two-electrode voltage clamp; no blocking drugs were used. Two
superimposed averaged current traces are shown: upper trace, control response to stimulation
of LPN only: lower trace, SN was stimulated a few milliseconds before test stimulation of
LPN. Note that the test LPN response (measured from the extrapolated tail of the SN re¬
sponse) was greatly reduced compared with control. From Betz et al. (1989).
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Figure 8 Schematic diagram illustrating development of fiber types and motor units in 4DL
muscle. The neonatal (4 days) pattern is shown at the top, the adult pattern below. Each circle
represents 20-25 muscle fibers. The size of each circle reflects the size of the muscle fibers (see
scale). Antibody staining properties are shown on the left and are indicated on the illustration
(fibers with heavy outline stain with the antislow antibody; shaded fibers stain with the antifast
antibody). In neonates, antifast staining patterns are not useful, due to background staining
(see text). Neonatal fibers that stain with the slow antibody are called S; other neonatal fibers
are called F. Adult fibers (bottom) that stain only with the fast antibody are called IIA; those
that stain with both the fast and slow antibody are called IIC; those that stain with neither
antibody are called IIX. Motoneurons and motor unit organization are indicated to the right.
Three slow and eight fast motoneurons are drawn; their actual sizes and positions in the spinal
cord are not known. In the neonate, muscle fibers are polyneuronally innervated, and future
fast motor units are nearly random with regard to the type of muscle fiber innervated. Adult
muscle fibers are singly innervated, and motor units are selective: fast units innervate only
type IIX muscle fibers and slow units innervate only type IIA and IIC (but not IIX) muscle
fibers.

Jenny, 1980). There are occasional fibers in some
muscles at this age that bind the slow myosin anti¬
body but not the IIA antibody and are therefore
type I fibers, but they occur in very small and vari¬
able numbers and are not always present. Finally,

muscle fiber counts in the adult 4DL have been
made by Betz et al. (1979), Jones, Ridge, and
Rowlerson (1987b), and Gates (1988a,b). The
study by Gates on muscles from 60-day-old rats
has provided the most complete picture of the
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adult muscle, and the approximate values given
here are based on this.

Motor Unit Composition in Adult 4DL. Using the
glycogen depletion technique (e.g., Kugelberg,
1976) to identify muscle fibers belonging to a sin¬
gle motor unit, Ridge and colleagues showed that
type IIX fibers are organized into virtually homo¬
geneous motor units. IIX units spanned the entire
range of motor unit sizes, and all large units found
were IIX. All other motor units (6 of 27 studied)
contained a mixture of IIC and IIA fibers, but
never IIX fibers. In these mixed units the type IIC
fibers constituted 50-89% of the total number of
fibers. There appear to be from two to three such
units in each muscle. Tension measurements

showed that the IIC/IIA units found were small,
about one-third as large as the average motor unit
size. So far no pure IIC or pure IIA units have been
found in 4DL.

In summary, the adult 4DL muscle contains
three types of muscle fibers (type IIX, the largest
and most numerous, type IIA, and type IIC) and
two types of motor units (IIX and mixed IIC/IIA).
There are about 11 motoneurons supplying the
muscle. Eight or nine of these innervate only type
IIX fibers; two or three are mixed IIC/IIA. Most
IIX motor units are from two to three times larger
than the IIC/IIA units.

Development ofMuscle Fiber Types in 4DL. Elec¬
tron micrographic observations ofembryonic 4DL
muscles by Ross, Duxson, and Harris (1987a,b)
have shown that axons first appear in the muscle
primordium on embryonic day 15 (E15) and make
close contacts with as yet undifferentiated cells.
Primary myotubes are generated between E16 and
17. On El8 primary myotubes begin to separate
from their previous clusters, and on E19 the first
secondary myotubes are seen. After this the num¬
ber of secondary myotubes rapidly increases so
that at birth (E21/22) there are about 100 primary
and 300 secondary myotubes. There are extensive
gap junctions between primary myotubes and be¬
tween primary and secondary myotubes. Many of
the steps in this developmental sequence are simi¬
lar to those seen by others in other muscles, for
example in the classical study of embryonic devel¬
opment carried out on rat intercostal muscle by
Kelly and Zacks (1969).

Nerves play an important, although not exclu¬
sive, role in governing this process. The initial ap¬
pearance of primary myotubes is unaffected by de¬
nervation induced by the injection of beta-bun-

garotoxin at E13 or 14, the normal number being
present at El7 (about 100; Ross et al., 1987b). The
further development and maintenance of primary
myotubes is, however, nerve-dependent. In com¬

pletely denervated muscles they degenerate within
the next 2 or 3 days. Secondary myotube develop¬
ment is almost totally dependent on the nerve
supply, and completely denervated muscles may
not have contained any secondary myotubes (al¬
though it is difficult in these muscles to differen¬
tiate morphologically between what are probably
retarded primary myotubes and secondary myo¬
tubes). Postnatally, continued generation of sec¬
ondary myotubes is also nerve dependent in a
graded fashion: after partial denervation, in mus¬
cles with fewer than 9 innervating neurons, the
fewer the remaining neurons, the fewer the num¬
ber of secondary myofibers generated (Betz et ah,
1980).

At birth, then, only about one-half of the adult
number of muscle fibers is present (Betz et ah,
1979). This finding was confirmed by Ross et ah
(1987a) and Jones et ah (1987b) who also studied
fiber type composition in neonatal 4DL muscles.
The type IIA antibody was not as useful in neo¬
nates as in adults because it cross reacts with em¬

bryonic and/or neonatal myosin isoforms, which
are contained in all muscle fibers. The slow anti¬

body staining characteristics, however, produced
interesting results. In the following sections,
neonatal fibers staining with the slow antibody
are called S; fibers not staining are called F (see
Fig. 8).

Ridge and colleagues found that the number of
neonatal fibers staining with the slow antibody was
similar to that in adults (Fig. 9). Thus it seems that
all of the S fibers are present at birth and that all
fibers subsequently generated are slow myosin-free
(F). Possibly the S fibers are primary myotubes, as
suggested for the extensor digitorum longus mus¬
cle of rat by Rubinstein & Kelly (1981). Certainly
neonatal S fibers stand out as having the largest
cross-sectional areas (see Plate 1 of Jones et ah,
1987b). Moreover, in muscle cross sections, S
fibers are not distributed randomly but are spaced
evenly throughout the muscle, in a mosaic-like
pattern (Jones et ah, 1987a; Gates and Betz, un¬
published observations). Even ifall S fibers present
at birth originated as primary myotubes, appar¬
ently not all primary myotubes become S fibers,
since about 20 are missing, according to the em¬
bryonic counts of Ross et ah (1987a). What has
happened to these 20 fibers is not known, and it
would be interesting to have counts of myotubes
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Figure 9 The number of muscle fibers at different ages in the 4DL muscle: squares = total
fibers; filled circles = F fibers; open circles = S fibers. Redrawn from Jones et al. (1987b).

that bind slow myosin antibody in the embryo,
particularly before secondary myotubes are gener¬
ated at El8.

Motor Unit Composition During Development of
4DL Muscle. Tension recordings have shown that
the number of motor units in 4DL muscles of
newborn rats is not significantly less than in the
adult (Betz et al., 1979). Therefore the newly gen¬
erated muscle fibers receive their motor supply
from branches or sprouts from motor axons al¬
ready innervating other fibers. Duxson, Ross, and
Harris (1986) have observed in the electron micro¬
scope the sharing of nerve terminals by adjacent
primary and secondary myotubes in 4DL at E21.
They proposed that the first neuromuscular con¬
tact on each new secondary myotube is transferred
from the neighboring multiterminally innervated,
primary myotube, the sharing position being an
intermediate stage in the process of transfer.

An important question is whether these nascent
motor units are homogeneous or mixed with re¬

spect to muscle fiber type. It will be recalled that in
adults motor units are homogeneous, in that most
motor units contain no slow-staining fibers (all
fibers are type IIX), while the remainder (type
1IC/IIA) contain many slow-staining fibers, but no

type IIX fibers.
To address this question. Ridge and colleagues

measured the composition of individual 4DL
motor units at 3-5 days of age (Jones and Ridge,
1987; Jones et al., 1987a,b). Fibers belonging to
single motor units were identified by glycogen de¬

pletion (intense stimulation of a single motor axon
followed by periodic acid SchifFs staining of fro¬
zen midbelly sections for glycogen); fiber typing
was performed using the slow myosin antibody on

adjacent sections. The use of the antibody was
crucial, since myosin ATPase histochemistry gives
very poor fiber-type separation in very young
muscles, probably because of the presence of fetal
and neonatal myosin isoforms. The antibody to
slow myosin was particularly suitable because it
does not cross-react significantly with other myo¬
sins present in young muscles.

Unlike adult units, all neonatal motor units ex¬

amined contained both S and F fibers. In 12 units
the quality of the experimental and control sec¬
tions permitted a complete quantitative analysis.
In 11 of these 12, innervation of muscle fibers was

virtually random. That is, in muscles of this age
12.4% ofall fibers on average are type S, and the 11
single motor units studied contained an average of
13.0% S fibers (range 7.5-18.8%). It is likely that
these units were destined to become IIX units in
the adult; if so, then they would either have to lose
selectively synapses on S fibers, or convert the S
fibers to F, since adult IIX units contain no slow
fibers. As discussed above, it is unlikely that S
fibers lose their identity. Thus, it seems that mis¬
match withdrawal must occur.

The twelfth unit was different, being clearly
biased toward S fibers, which constituted 31.7% of
the fibers in the unit. This unit was also much
smaller than the other units in the sample, when
expressed either as number of fibers, percentage
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cross-sectional area of the whole muscle, or as a

percentage twitch or tetanic tension of the whole
muscle. It would seem likely that this unit was
destined to become a IIC/IIA unit in the adult. As
noted above, the IIA antibody was not useful in
neonates, but other evidence supports the idea that
the F fibers in this unit were destined to become

type IIA. For example, the F fibers had a much
smaller mean cross-sectional area (13.2 ^m2) than
F fibers in the other units (range 24.9-66.0 fim2) as
is the case for the IIA fibers in the adult. This unit,
together with several other small units and some

larger ones, also had a long time-to-peak twitch
tension (90 ms for the twelfth unit of the histologi¬
cal sample compared with a mean of 70 ms for the
whole mechanical sample of 159 motor units).

It would be desirable to examine single motor
units by glycogen depletion at stages of develop¬
ment even younger than 4 days, but at birth there
is likely to be the serious complication of extensive
electrical coupling between muscle fibers, since
many gap junctions have been found by freeze
fracture and transmission electron microscopy at
birth (Schmalbruch, 1982). At 4 days there is still
some electrical coupling. Jones and Ridge (1987)
estimated from intracellular recording that about
12% of fibers that responded to stimulation of a

single motor unit did so as a result of electrical
coupling rather than neuromuscular contact.
Could the results described above, showing the ap¬

parent mixture of S and F fibers in the 4 day units,
be explained by electrical coupling? The estimate
of 12% electrical coupling at 4 days by Jones &
Ridge (1987) was based on quite a small sample (8
out of 68 fibers), and possibly intracellular record¬
ing biases the sample towards larger and more ma¬
ture fibers as well. Gap junctions originate be¬
tween primary and developing secondary myo-
tubes so that activity originating in the primary is
more likely to be conveyed to the secondary than
in the reverse direction, because of the favorable
impedance matching of a large to a small fiber.
Therefore it is unlikely that S fibers (the largest at
birth) in units destined to become IIX were acti¬
vated by electrical coupling. However, depleted F
fibers in future S units could be activated in this

way, in which case the S units in reality may have
been more heavily biased in favor of S fibers than
appeared from counting glycogen depleted fibers,
but this is unlikely to account for all F fibers in
S-biased units since S units in the adult are IIC/
IIA—that is, mixed units.

Several additional new observations emerged
from these studies: on average each 4-day muscle

fiber receives inputs from 3 different motoneu¬
rons; a third of the muscle fibers in any one motor
unit receive weak inputs from the motoneuron
(such that the muscle fiber does not respond with a
twitch to a single axonal stimulus); each muscle
fiber receives at least one strong input from one of
the motoneurons innervating it; and large units
often showed extensive areas in the middle of the
muscle section or associated with the nerve entry,
where most fibers were depleted.

Given the very different patterns of fiber types
and motor unit composition at 4 days and in the
adult, it is natural to investigate the changes that
occur during intermediate stages. This has been
the focus of recent work. At 8 days of age the S
fibers are true type I fibers (alkali labile myosin
ATPase and no reaction with anti-IIA myosin an¬

tibody), the majority converting to IIC fibers (acid-
and alkali-stable myosin ATPase and binding both
anti-S and anti-IIA) from about 1 month of age

(Rowlerson, 1988). The appearance of IIA fibers
(anti-IIA positive, anti-S negative) begins at about
16 days (Rowlerson, 1988), although these fibers
are probably segregated with respect to cross-sec¬
tional area by 4 days (see above). Preliminary stud¬
ies of motor units at 8, 10, and 12 days have indi¬
cated that even by 8 days glycogen-depleted fibers
of single units probably destined to become MX
are virtually all F (Ridge and Rowlerson, unpub¬
lished data). However, as reviewed recently by
Ridge (1989), these results are complicated by the
fact that, on the basis of disparities in unit size
deriving from tension measurements and histol¬
ogy, not all the muscle fibers in these units were
depleted of their glycogen. Thus it seems that if the
motor units are still extensively mixed at these
ages, the mismatched fibers are not being depleted
of their glycogen in the experiments. This could be
due to early changes at the neuromuscular junc¬
tion leading ultimately to withdrawal.

In summary, 4DL originates from about 100
primary myotubes which can be generated inde¬
pendently of nerve supply but which require nerve

supply for their continuing development. For
about 2 weeks (from about El8 to postnatal day
10) about 900 secondary myotubes are generated,
their appearance being dependent on, and quanti¬
tatively regulated by, motor axons. Probably none
of the secondary myotubes ever contains slow
myosin. The vast majority of the secondary myo¬
tubes become IIX fibers in the adult, but probably
a few of these become small IIA fibers. It is likely
that most or all of the primary myotubes synthe¬
size slow myosin, and continue to do so, becoming
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the IIC fibers of the adult. At 4 days all motor units
contain both S and F fibers. Future I1X motor

units exhibit a more or less random sample of
muscle fibers, but some (or all) future IIC/IIA
units are already biased towards their adult muscle
fiber composition.

Synapse Elimination by Mismatch Withdrawal.
In 4DL it seems likely that one factor involved in
synapse elimination is mismatch withdrawal,
whereby nascent fast motoneurons withdraw con¬
nections from S muscle fibers, and nascent slow
motoneurons do likewise from F muscle fibers.
The evidence for this is indirect; it is that at 4 days
all motor units are mixed, most being more or less
random in the numerical distribution of their con¬

tacts on muscle fibers, whereas in the adult all
contacts are type-specific: F units innervate only
type IIX fibers; S units innervate type IIC and IIA,
but never type IIX fibers. In theory this could be
brought about by muscle fiber conversion as the
motoneurons mature, but since the number of S
fibers remains constant well beyond the period of
synapse elimination, this is unlikely.

Mismatch withdrawal from S or F fibers cannot

account for all of the synapse elimination that
occurs in 4DL. For example, there is no evident
mismatch when a neonatal F fiber receives input
from two fast motoneurons, yet one of those
inputs will be eliminated. The amount of synapse
elimination that can be accounted for on the basis
of mismatch withdrawal from S or F fibers can

only be roughly estimated. For example, an upper
limit of about 36% can be calculated as follows.
Assume that each of 11 motoneurons (3 S and 8 F)
innervates 80 muscle fibers in the adult 4DL (880
total muscle fibers); assume further that during de¬
velopment each muscle fiber received three syn¬
apses (two of which were eliminated), and that S
and F motor unit sizes were the same (240). Given
80 S muscle fibers, 160 inputs were eliminated
from them; these could have been all F inputs. The
S motoneurons lost 3 • 160 = 480 synapses; these
could have been lost from F muscle fibers. Thus,
the maximal number of inputs lost by mismatch
withdrawal is 160 + 480 = 640. The total number
of synapses lost, according to this model, was
880*2 = 1760. Thus, up to 100*640/1760
= 36.4% of the synapses were eliminated by mis¬
match withdrawal. Of course there may be other
markers on muscle fibers which motoneurons can

recognize which are not as yet recognizable by us.
In that event, all of synapse elimination could be
directed by mismatch withdrawal.

Competition and Mismatch Withdrawal in
4DL. The experiments described above clearly
show that the conversion of motor units from
mixed (in neonates) to homogeneous (in adults)
occurs by withdrawal of inappropriately matched
motoneurons and muscle fibers, that is, by mis¬
match withdrawal. In its simplest form, this would
not be a competitive process. That is, a motor
neuron, acting independently of all other moto¬
neurons, would initially form synapses at random,
and then realize that it had made some mistakes
and so withdraw those connections. But recently
Gates (1988a, and in preparation) showed that this
was not the case, that in fact mismatch withdrawal
is competitively based. Repeating the paradigm of
Betz et al. (1980), Gates cut all but one motor axon
to 4DL muscles at birth, thereby abolishing synap¬
tic competition in the muscles, and then, 1-2
months later, identified and typed the muscle
fibers in the single remaining motor unit, using
glycogen depletion and staining with antibody to
slow myosin. The results were in accord with the
earlier study by Betz et al. (1980): the remaining
units did not withdraw synapses. But more impor¬
tantly in the present context, Gates found that
each unit was still mixed with regard to fiber type;
the motoneurons did not withdraw their mis¬
matched connections. If mismatch withdrawal had
occurred, the proportion of S fibers in these (fast)
units would have been zero; instead, the propor¬
tion averaged 21.4%, which is very close to that
found in the whole muscle at birth (20.5%, Jones
et al., 1987b), the time at which the partial dener¬
vation was performed. This finding indicates that
mismatch withdrawal is dependent upon competi¬
tion between motoneurons, since in the absence of
competition it did not occur. This result also offers
further evidence that conversion of S to F fibers
does not normally occur during development in
this muscle.

Positional Cues and Synapse
Elimination in 4DL

In some muscles, it appears that synapse elimina¬
tion may be guided at least in part by positional
cues. That is, motor axons arising from or lying in
a particular place tend to favor muscle fibers lying
at a certain location within the muscle (Brown &
Booth, 1983; Bennett & Lavidis, 1984). Recently,
Gates & Betz (unpublished observations) investi¬
gated this question in the 4DL muscle by measur¬
ing the spatial position of muscle fibers in 23 single
(glycogen depleted) motor units (all were fast
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units). In most of the muscles the fibers within the
depleted unit were spread randomly throughout
the muscle, with no sign of positional partitioning.
Thus, positional cues do not appear to play a role
in shaping the pattern of synaptic connections
in 4DL.

SUMMARY

The fourth deep lumbrical (4DL) muscle of the rat
has been a useful preparation for studying synaptic
competition. Its dual nerve supply (SN and LPN)
has allowed experimental manipulations which
are more difficult to accomplish in other prepara¬
tions. Its small size (about 1000 muscle fibers and
11 motor units) has made quantitative measure¬
ments easy to perform. Its largely (80%) homoge¬
neous composition of a single type of muscle fiber
and single type of motor unit has simplified some

experimental interpretations, while at the same
time its minority population (20%) of different
muscle fiber types and motor units has revealed
interesting new aspects of its development.

When the 4DL muscle is innervated develop-
mentally or is reinnervated in adult animals, each
muscle fiber transiently becomes polyneuronally
innervated; over a period of several weeks all but
one of the synaptic inputs are withdrawn. This
withdrawal is based upon competition between the
converging terminals, the less successful ones

being actively eliminated. The mechanisms un¬

derlying this competitive elimination have been
investigated in a number of studies. The roles of
muscle fiber position, nerve activity, and muscle
fiber type have been studied.

No evidence of positional markers has been
found. Fast motor units, which comprise the ma¬

jority of motor units, innervate muscle fibers in a

nearly random pattern. Given the small size of the
muscle, this is perhaps not surprising.

Activity appears to play an important role in
synapse elimination, with more active motoneu¬
rons at a competitive advantage. This has been
investigated most thoroughly in adult muscles un¬

dergoing reinnervation; several different experi¬
mental paradigms have shown that blocking ac¬
tion potentials in motor axons reduces their syn¬

aptic competitiveness, compared with unblocked
axons.

While most muscle fibers are of one type (fast,
identified mainly according to myosin isoforms), a

minority (slow) differ. In neonates, synapses are
formed more or less randomly, without regard to

muscle fiber type, but in adults motor units are
selective with respect to the type of muscle fiber
innervated. Thus, either muscle fiber types are

changed under instructions from motoneurons or

synapse elimination occurs as "mismatched" con¬
nections are removed. Experimental evidence
strongly favors the latter mechanism, called mis¬
match withdrawal. However, this withdrawal
occurs only in the presence of competing axons; if
a muscle matures with only one innervating axon,
motor units remain mixed with respect to muscle
fiber type. Thus, mismatch withdrawal is based on
competition. The basis of this competition is not
known.

At present, it is not possible to explain synaptic
development in the 4DL muscle fully in terms of
nerve activity and muscle fiber type. For example,
if activity conveys an insuperable advantage, the
least active motor unit should be totally elimi¬
nated. The number of innervating motor units,
however, does not change during postnatal devel¬
opment of 4DL. Nor can activity alone account
for mismatch withdrawal. Normally, during devel¬
opment F synapses on S muscle fibers are elimi¬
nated and vice versa. This cannot be explained by
assuming, for example, that F motoneurons are
more active than S motoneurons. One possibility
is that S and F muscle fibers respond differently to
activity, but there is currently no experimental evi¬
dence for this.

Synaptic competition and elimination occur
widely throughout the nervous system, and al¬
though the 4DL muscle is just about as far from
the brain as you can get in a rat, it may offer clues
about important developmental events that shape
the ultimate wiring of the brain, spinal cord, and
peripheral nervous system.

We thank Steve Fadul and Jenny Gooch for their
superb technical assistance. Drs. Anthea Rowlerson and
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script.
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Introduction

Neuromuscular synapse elimination is a dynamic
phenomenon which is a necessary antecedent in the
formation of a stable innervation pattern in skeletal
muscle (reviewed recently by Jansen and Fladby,
1990). Formation of neuromuscular synapses in
mammalian skeletal muscle is invariably followed
by a transient, convergent innervation by one or
more collaterals belonging to other motoneurones.
This is true not only during the initial formation of
connections in foetal and neonatal muscles, but also
following reinnervation in adults. In the absence of
any evidence to the contrary, it is convenient to
suppose that the formation and elimination of poly-
neuronal innervation in adult reinnervated muscle
are regulated by mechanisms the same as or similar
to those that operate during development. Despite
two decades of research (Redfern, 1970; Brown
et al., 1976; Betz et al., 1980a; Ribchester and Taxt,
1983; Van Essen et al., 1990), however, these mech¬
anisms remain elusive.

One theory which attempts to explain, among
other phenomena, those of synapse stabilization
and elimination, is the 'neurotrophic theory'
(Purves, 1988). This theory has emerged from data
gathered over a greater time scale - about fifty
years - compared to data pertaining to the specific
phenomenon of neuromuscular synapse elimina¬
tion. Neurotrophic theory embodies three import¬
ant principles: first, the idea that target tissues are

the source of specific neurotrophic molecules upon
which the survival of neurones and the number and

disposition of their connections depend; second, the
idea that the levels of such neurotrophic molecules
are modulated by the activity of the synaptic inputs
to the target tissues; and third, the idea that the
neurotrophic resources are limited in supply; this
generates competition between neurones and their
connections. Competitive interactions and activity
are thought to underpin the dynamics of synaptic
interactions during development and repair of
synaptic connections and, ultimately, at least partly
to explain the plasticity of connections which pre¬
vail more or less throughout life in many parts of
the nervous system.

It is worth examining the notion of competition
in more detail. Competition may be defined in
general terms as the negative effects which one
interacting participant (molecule, cell, organism or
society) has on others, by consuming or controlling
access to a resource which is limited in supply
(Keddy, 1989). This definition adequately describes
the status of motor nerve terminals during synapse
elimination in muscle. Thus, axon collaterals (the
participants) converge on a muscle fibre at the end-
plate (the resource), and by consuming or control¬
ling access (we do not know which) to some feature
of that site, all but one terminal is removed (the
remaining one being, ipso facto, dominant in its
negative influences on other terminals). In the con¬
text of neurotrophic theory, we can immediately

/



identify three important issues that must be con¬
fronted to further our understanding of the mech¬
anism of synaptic competition. First, we need to
identify the nature and distribution of the resource
for which motor nerve terminals evidently compete.
The various possibilities will not be dealt with here:
they have been reviewed recently by Van Essen et al.
(1990). Secondly, we do not know whether success is
based on consumption of the trophic resource, con¬
trol of access to it, or some combination. Thirdly,
we do not know the precise role of activity in
mediating the trophic dependence of neurones on
their targets. This article is concerned with the
possible role of activity in the selective stabilization
of axon collaterals during muscle reinnervation in
adults.

Does activity selectively stabilize neuromuscular
synapses?

There is sufficient experimental evidence to con¬
clude that neuromuscular activity modulates the
rate of synapse elimination. For instance, paralysis
of muscle inhibits synapse elimination, thereby pro¬
longing the period when muscle fibres are poly-
neuronally innervated. This is the case both during
development and during nerve regeneration in
adults (Thompson et al., 1979; Brown et al., 1982;
Taxt, 1983). Stimulation, as expected, has the op¬

posite effect: it accelerates synapse elimination
(O'Brien et al., 1978; Thompson, 1983). It is tempt¬
ing to conclude that these effects of activity unmask
a negative feedback loop in which the levels of
trophic resource increase when the activity is low
and decrease when the activity is high. Partial den¬
ervation experiments (which may be classified as
'removal experiments' in the jargon of population
biologists who study competition) support this
view. Partial denervation of adult skeletal muscle
causes sprouting of remaining axons and this is
partly mimicked by the effects on active terminals of
partial paralysis (Betz et al., 1980b). In other words,
partially denervated adult muscle provides an envir¬
onment conducive to the formation of polyneuronal
innervation. A corollory of this is that when poly¬

neuronal innervation is already present, partial den¬
ervation inhibits the elimination of remaining syn¬

apses. Thus, partial denervation of neonatal muscle
preserves collaterals belonging to intact motoneu-
rones (Betz et al., 1980a; Fladby and Jansen, 1987).

There are as yet insufficient data to explain clearly
to what extent neuromuscular activity influences the
outcome (rather than the rate) of synaptic competi¬
tion. There are apparently conflicting data on this
point. Most data suggest that where active and
inactive terminals compete for innervation of the
same muscle fibres, the active terminals are selec¬
tively stabilized (Ribchester and Taxt, 1983, 1984:
Ridge and Betz, 1984; Magchielse and Mieter, 1978:
Ribchester, 1988). Other, indirect evidence has led
some authors to the opposite conclusion - thai
inactive axons have a competitive advantage
(Callaway et al., 1987; but see Ribchester, 1988; see
also Dunia and Herrera, 1991, this volume).

In spite of this difference of opinions, it is cleai
that the selective stabilization of motor nerve ter¬

minals is not completely dictated by the activity ol
the convergent inputs. For instance, in one stud>
(Ribchester, 1988) it was apparent that active motoi
axons were at a competitive advantage, but some
muscle fibres became exclusively reinnervated b>
inactive motor axons, probably displacing terminals
that were active. This interpretation, if correct,
has important consequences for the neurotrophic
theory. According to neurotrophic theory (see
Purves, 1988, pp. 156-158 and his Fig. 8.6), nerve
terminals that are active in synchronization with the
post-synaptic cell should be selectively stabilized
(This is also known as Hebb's postulate, Hebb
1949.) It is assumed that trophic resources are
localized near the site of their origin, and that ar
active ending is stimulated to take up the trophic
factor (say, by enhancement of endocytosis)
Convergent terminals from different neurones tha
are synchronously active (or inactive) should have
equal or equivalent access to the trophic resource
and, therefore, they should persist, perhap:
indefinitely.

It is difficult to see how inactive terminals coulc
ever displace active ones according to this hypoth
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esis. The experimental data (Ribchester, 1988; Call¬
away et al., 1987), therefore, appear to conflict with
an extremely important prediction of neurotrophic
theory. The remainder of this chapter is concerned
with a preliminary account of experiments which
directly address the hypothesis that simultaneously
inactive terminals should coexist rather than

compete.

Methods

Experiments were carried out using the fourth deep lumbrical
muscle in the hind foot of adult female Wistar rats. A combina¬
tion of partial denervation and complete muscle paralysis with a
tetrodotoxin block of conduction in the sciatic nerve was used.
The advantages of the fourth deep lumbrical muscle for these
experiments are: first, the muscles are readily accessible to a
minor partial denervation; second, the technique for producing
chronic nerve conduction block is well-established from our

previous work; third, the muscles are small enough to withstand
prolonged study using tension measurement and intracellular
recordings from isolated preparations in acute experiments at the
end of a period of chronic nerve block.

The experimental design combined features of our previous
studies [Ribchester and Taxt (1984): partial denervation by sural
nerve (SN) crush; and Taxt (1983); sciatic nerve block]. All of the
surgical procedures were carried out in animals anaesthetized by
intraperitoneal injection of sodium pentobarbitone (60-70 mg/kg).
The rats weighed in excess of 150 g at the start of the exper¬
iments.

(a) Fourth deep lumbrical muscles were partially denervated
by crushing the sural nerve (Ribchester and Taxt, 1984). This
causes only a minor partial denervation of the lumbrical muscle.
Our previous work has shown that intact lateral plantar nerve
axons (LPN) sprout within a few days to completely reinnervate
the muscles. As the LPN axons comprise the majority of axons
innervating the lumbrical muscle, each motor unit expands by
only a small amount.

(b) Complete paralysis of the muscle was effected by blocking
conduction in the sciatic nerve, from which both the LPN and
SN are derived (Taxt, 1983). The timing of initiation of the block
(14 19 days after SN crush) was sufficient to allow injured SN
axons to return to the muscle, but not sufficient to allow signifi¬
cant numbers of SN synapses to form before all the axons were
blocked.

(c) The sciatic nerve block was monitored daily by testing the
local anaesthesia of the toe pads to pinching with forceps and by
observing the absence of toe-spreading reflexes. Complete block
was maintained for 7-15 days, during which time inactive SN
axons would be expected to form functional synapses in the
muscle even though their axons were blocked (Ribchester, 1988).

(d) Assays of motor innervation by SN and LPN axons were
carried out in vitro so as to wash away the TTX and allow
physiological measurements to be made (Ribchester, 1988a).

The essential point of this experimental design is that SN
axons returned to muscles that were completely innervated by
LPN axons and sprouts. Any fibres that subsequently became
innervated exclusively by regenerating SN axons must have
arisen because inactive SN axons displaced inactive LPN ter¬
minals from muscle fibres. According to neurotrophic theory,
this should not happen, and any fibre innervated by the SN
should also be convergently innervated by the LPN. Qualitative
evidence of single innervation by regenerating SN fibres would,
therefore, constitute sufficient grounds to reject this aspect of
neurotrophic theory.

Results and discussion

The preliminary results reported here were obtained
from five muscles. All these muscles contained nor¬

mal numbers of motor units (range 8-13), at least
seven of which in each case were supplied by the
LPN. In all these muscles the result was qualita¬
tively the same; that is, there was unequivocal evi¬
dence that some muscle fibres became exclusively
innervated by inactive SN terminals. An example is
shown in Fig. 1. This figure shows isometric twitch
and tetanic tension recordings, and subsequent in¬
tracellular recordings, from a muscle, 28 days after
SN crush and 10 days after complete block of the
sciatic nerve. The block was initiated 18 days after
SN crush and was patent on behavioural criteria
(local anaesthesia to toe pinch, absence of toe-
spreading reflex) during the period of block, and on
physiological criteria (absence of muscle contrac¬
tion on stimulating the nerve above the cuff in the
anaesthetized animal just before the acute experi¬
ment, presence of contraction on distal stimula¬
tion). Figure 1 shows that there was only a partial
overlap in the isometric twitch and tetanic tension
measurements. The tension excess on simultaneous
LPN and SN tension over the response to LPN
stimulation alone is most simply explained by the
presence of significant numbers of fibres innervated
exclusively by SN motor axons. In the muscle illus¬
trated, the tension overlap suggests that about 50%
of the fibres innervated by the SN were innervated
only by SN axons, and the remaining fibres shared a
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SN LPN SN J

Fig. I. Isometric tension (A,B) and intracellular recordings
(C, D) from the same lumbrical muscle, 28 days after crushing the
sural nerve, including 9 days' sciatic nerve conduction block. A.
Tetanic tensions evoked by nerve stimulation at 70 Hz. The
lowest trace was produced by SN stimulation, the middle trace
by LPN stimulation and the uppermost trace by combined LPN
and SN stimulation. B. Single stimuli applied to the SN and
graded in intensity produced twitch contractions, indicating the
regeneration of four motor units. C. Intracellular recording of
end-plate potentials from a muscle fibre receiving convergent
input by SN and LPN motor axons. The SN was stimulated first
and the LPN a few milliseconds later. Note the longer latency of
the response from the regenerated SN input. D. Exclusive inner¬
vation of a muscle fibre by an SN axon. The negative wave
following LPN stimulation is probably the field potential picked
up from surrounding fibres which did receive LPN input. Calib¬
rations - A: 50 mN, 1 s; B: 5 mN, 100 ms; C, D: 15 mV, 25 ms.

convergent innervation with LPN axons. This con¬
clusion was borne out by intracellular recordings.
Figures 1C, D show examples of intracellular re¬

cordings from a muscle fibre responding only to the
sural nerve (Fig. ID) and one responding to either
nerve (Fig. 1C).

The amount of polyneuronal innervation estim¬
ated from tension measurements was about twice as

much in blocked muscles compared to the controls.

200

175
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0/
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0
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E
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Fig. 2. Nerve dominance histograms showing the numbers <
muscle fibres receiving LPN only, SN only, or convergent, du;
innervation by both nerves in sciatic nerve blocked (A) an
control (B) muscles. Accumulated data from 5 blocked muscli
and 3 controls.

This was corroborated by data obtained from intrt
cellular recordings from the same muscles (Fig. 2
These show that relatively more fibres received
convergent, dual innervation by SN and LPN axor
in the blocked muscles than in controls. Nonetht

less, the important data in the context of the preser
experiments are that in blocked muscle, 5-10% c
the total number of muscle fibres received an e>

elusive innervation by inactive SN axons. It is po:
sible that these were muscle fibres which either wei

still denervated when the regenerating axons n
turned, or that they represented fibres which b(
came exclusively innervated by returning SN axor
before sciatic nerve block was initiated. These poi
sibilities cannot be ruled out entirely at the preser
time, although the first is unlikely, given the numbf
of remaining LPN axons and the extent of the
sprouting (Ribchester and Taxt, 1984; Ribcheste
1988). The second possibility could be addressed b
initiating the sciatic nerve block even earlier tha
described here. The difficulty is that the techniqc
used to block the nerve is limited to two weef
duration by the volume and rate of delivery of TTi
from the osmotic minipumps. If they were applie
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too early, there would be insufficient reinnervation
by the time of the acute experiments to adequately
judge the outcome. Chronic infusion of TTX from
an external source would resolve this problem
(Gundersen, 1990).

In summary, our data suggest that inactive motor
axons can displace other inactive motor terminals
during muscle reinnervation, although further ex¬
periments are needed to secure this conclusion. If, as
seems likely, activity-independent factors constitute
a significant drive to synaptic competition, it will be
necessary to revise at least one aspect of the neuro¬
trophic theory of development and repair of neural
connections. Finally, what is impossible to tell from
our data is whether competition is based on

consumption or on control of access to trophic
resources. Nor can we say what kinds of mech¬
anisms might be responsible. The outcome of most
forms of competitive interaction can be predicted by
two kinds of processes: those based on the capacity
of competitors to exploit a trophic resource, or
those based on their capacity to interfere with other
competitors (Keddy, 1989). Under conditions of
spatial competition, where interactions are confined

Synapse elimination

Fig. 3. Schematic diagram showing how either 'exploitation
competition' or 'interference competition' could operate at
neuromuscular junctions. Positive feedback operating on an
initial advantage accruing to one, no matter how slight, could in
principle lead first to dominance and, ultimately, to exclusion of
all but one terminal from the motor end-plate. Based on Keddy
(1989).

to a restricted arena like the motor end-plate, either
exploitation or interference could - via positive
feedback - lead to the emergence of a hierarchy of
dominance or, ultimately, the exclusion of all but
one terminal (Fig. 3).
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Cartels, competition and
activity-dependent synapse
elimination
The article by Colman and
Lichtman in the June issue of
TINS1 evokes a delightful, dyn¬
astic imagery, with the intro¬
duction of the term 'cartel' to
describe the collection of neuro¬

transmitter release sites derived
from the single axon collateral
innervating a mature skeletal
muscle fibre. However, there are
other definitions of the term

'competition', which are perhaps
more helpful than the ones
Colman and Lichtman provide,
and that may help guide thinking
about the possible mechanisms of
synapse elimination - the process
which ensures that a single set of
synaptic boutons acquires ex¬
clusive innervation of a muscle
fibre during development or fol¬
lowing nerve regeneration2,3. The
definition of competition that' f
prefer4 is based on one used by
Keddy5 to describe the dynamic
interactions between populations
of organisms in an ecosystem.
Specifically, we may define syn¬
aptic competition as the negative
influences that one synaptic ter¬
minal has on others, by consum¬
ing or controlling access to a
resource which is limited in avail¬
ability. Not only does this defi¬
nition embrace the independent
and interdependent forms of
competition identified by Colman
and Lichtman, it also encap¬
sulates, in a more specific way,
the most important issues that
have to be addressed, and the
kinds of processes that need to be
investigated in order to uncover
the mechanisms of neuromus¬

cular synapse elimination.
The surviving terminal at a

mature neuromuscular junction
has had a negative influence on
the other synaptic terminals that
previously converged with it; this
is simply a statement of fact (and
one that is readily illustrated
experimentally, for instance by
the recovery of innervation of
a partially denervated skeletal
muscle by regenerating axons6,7).
The precise nature of the negative
influence is the main issue. Popu¬
lation biologists such as Keddy
identify two forms of compe-

. tition: a consumptive form, based

on depletion of a limited trophic
resource, and a spatial form,
based on the control of access.to

spatially restricted resources.
Each form of competition can be
engaged either directly (including
the independent and inter¬
dependent modes identified by
Colman and Lichtman), or in¬
directly, employing a third party.
Keddy's book5 contains cogent
examples of all these forms and
mechanisms of competition in an
ecological context. At the neuro¬
muscular junction, the resource
for which motor terminals evi¬

dently compete is the motor end-
plate of the muscle fibre. How¬
ever, whether this competition
involves the surviving terminal
being better able to consume,
say, a soluble neurotrophic mol¬
ecule, or being better able to
control access to, say, an essential
extracellular matrix component is
not known. The possible partici¬
pation of third-party cells, such as
the terminal Schwann cells that
coexist with motor terminals at all
endplates, is also an issue which
has not been adequately explored
to date.

The role of neural activity in
selectively stabilizing neuro¬
muscular synapses is interesting
because of the insight it may
provide into forms of structural
plasticity in which the outcome is
directed according to Hebbian
rules8. Indeed the idea that
Hebbian rules determine the out¬
come of dynamic, structural inter¬
actions between synapses is an
important component of the
neurotrophic theory9. The recent
experiments reported by Lo and
Poo10 and earlier studies by other
workers11-13 are therefore signifi¬
cant, because they support the
idea that asymmetry in activity
forms the basis for a positive
feedback that could stabilize the
more active terminal at the ex¬

pense of others that are less
active4. However, it is probably
equally important that neurobiol-
ogists should not get too carried
away with this idea. Recent data
suggest that at least some neuro¬
muscular synapse elimination can
occur in the complete absence of
neural activity14. Moreover, there
is indirect evidence that synapse
elimination may occur even when

other competing axons are absent
altogether, and even though this
elimination leaves some muscle
fibres denervated15. These pro¬
visional conclusions are suf¬
ficiently intriguing to merit their
further direct investigation, using
the kinds of techniques for re¬
peated visualization of identified
neuromuscular junctions in vivo
so elegantly pioneered by
Lichtman and his colleagues16,17.

Richard R. Ribchester
Dept of Physiology, University Medical School,
Teviot Place, Edinburgh, UK EH8 9AG.
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The analysis of 'cartellian'
competition among neuromus¬
cular synapses by Colman and
Lichtman1 overlooks a paradox
that may be resolved by ex¬
tending their analogy even fur¬
ther. They suggest that frequent,
synchronous activity in the syn-
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aptic contacts provided by one par¬
ticular motor axon strengthens its
hold on a muscle fiber by weak¬
ening the synapses from other
motor axons. If Henneman's
size principle2 holds in the early
stages of development, then the
more active motoneurons will be
the smaller ones. However, it is
the larger motoneurons that seem
to win more of the muscle fibers3.

In the business world, both the
efforts expended to win a compe¬
tition and the consequences of
winning have real costs that re¬
duce the capability of the entity
to compete further. A moto¬
neuron that tries to maintain a

large, far-flung, demanding em¬
pire of client muscle fibers may
start to compromise its ability to
produce and distribute a key
resource. Suppose that the
resource is ACh, whose release
might induce postsynaptic recep¬
tor molecule's"to migrate away
from less active regions of the
sarcolemma to more active ones

(one of several possibilities con¬
sidered by Fischbach and Cohen4).
Then the measure of a synapse's
competitiveness would not be the
number of action potentials gen¬
erated, but the amount of neuro¬
transmitter released. Assuming
there is some limit to the rate of
transmitter synthesis that can be
sustained by the parent moto¬
neuron, a given motoneuron
should elect to activate a small
number of muscle fibers fre¬
quently (which describes the
adult state of small motoneurons)
or to activate a larger number of
fibers infrequently (the role of
large motoneurons). Such limi¬
tations may not come into play
in the limited environment of in
vitro studies.

The curiously distributed mo¬
saic of muscle fibers belonging
to a single motor unit suggests
that there may be further re¬
strictions on the cartellian strat¬

egies that result in neighborhood
oligopolies rather than mon¬
opolies. Highly localized mon¬
opolies do form during reinner-
vation of adult muscle, but they
are probably undesirable from the
standpoint of producing finely
graded forces and reducing shear
strain of the perimysial connective
tissues5. The development of

mechanically stable muscle units
may require different competitive
mechanisms in muscles with dif¬
ferent types of fiber architecture6.

Cerald E. Loeb
Bio-Medical Engineering Unit, Abramsky Hall,
Queen's University, Kingston, Ontario, Canada
K7L 3N6.
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Reply
We thank both Dr Ribchester and
Dr Loeb for their insightful
comments concerning the nature
of synaptic competition. Dr
Ribchester brings to our attention
a recent interesting book by P. A.
Keddy1. Keddy's formulation for
competition has as its aim an all-
purpose definition for phenom¬
ena related to competition be¬
tween organisms. Dr Ribchester
argues that this definition also
applies to competition between
synapses. The key to this defi¬
nition (and for us its stumbling
block) is the insistence that
competitors 'consume or control
access to some resource that is
limited in availability'. What we
defined as interdependent com¬
petition2 is certainly encompassed
by Keddy's definition. But what
we called independent compe¬
tition is less well served by it. In
situations in which competitors
act independently, third parties
decide the outcome (e.g. the
judges in an Olympic-style diving
competition). In certain cases
when a third party decides the
outcome, the only resource that
the competitors could be con¬
sidered to be 'consuming' or
'controlling access to' is winning
itself. What the competitors actu¬
ally do in the course of compe¬

tition (e.g. perfect dive
nothing to do with consul
controlling access to ar
With Keddy's definitior
ogists might assume th,
must strive to figure out
the nature of the limited r

that is consumed by the c
ing synapses. We believe '
possible for competition t
in a way in which only t
come is in limited supply,
such a resource more a

tic than substantive rea

example of this can be see
the local gentry ente
zucchini in the state ft
judges pick one zucchini
'Best-of-the-Fair' becausi
enormous size. This is
a competition, but the <
source in limited supply
availability of the word 'E

What Keddy's definitio
we believe, is enough e
on the third parties tha"
times judge competitio
decide the outcome. In t
of synaptic competition tl
synaptic cell could play tl
of essential role. By atter
the possibility that both tl
petitors and the intern
(judges) are critical ager
possible that other ways
ing at competition will
Because, ultimately, the ;
transform theoretical arj
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cell biology, it is import
the terminology not li
options that are consider

Dr Loeb points out a i
concerning the way ir
neural activity might n
synaptic competition,
larger motor units are
after, and less often th
motor units according to
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are the ones that fire I
quently, and yet, sur|
they maintain innervati
the largest number of
fibers. This may mean tf
onal activity is inversely r
competitive vigor (as sorr
iments suggest3,4; see
Refs 5-7), or, as Dr Loeb
that the total amount o1
axon can release is limi
would like to suggest
possibility: that it is
amount of activity but tl
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that is crucial. For example, at the
neuromuscular junction, two or
more synaptic cartels might be
considered to be 'talking' to the
muscle fiber, each trying to con¬
vince the fiber to maintain its

synapses. The recruitment of
motor units according to the size
principle means that the axons
'speak' in a fixed order. The out¬
come observed indicates that the
axons recruited last have the edge
in synaptic competition and main¬

tain innervation with more muscle
fibers than axons recruited earlier
and more often. Thus, it seems
that the competitor that gets in
the most words is no match for
the competitor that gets in the.,
last word.

Howard Colman

Jeff W. Lichtman
Dept of Anatomy and Neurobiology,
Washington University School of Medicine, Box
8108, 660 South Euclid Ave, St Louis, MO
63110, USA.
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Sulfatedglycoprotein 2: new relationships ofthis
multifunctionalprotein to neurodegeneration

Patrick C. May and Caleb E. Finch

Sulfated glycoprotein 2 (SGP-2) from rat, and similar
molecules from cow, dog, human, pig, ram and quail
are known by 11 or more acronyms. SGP-2 is associ¬
ated with the responses of brain and'other tissues to
injury; it and related molecules are also normally
secreted by the adrenal gland, the liver and the testes.
The mRNA of this protein is found in increased levels
in Alzheimer's disease. In rats, after perforant path or
excitotoxin lesions, levels of the protein or mRNA are
elevated in astrocytes, and also in neurons. In rats,
brain SGP-2 is regulated by gonadal and adrenal
steroids. However, these increases after brain lesions
may relate to a function that is associated with the
human protein, namely that of inhibiting complement-
mediated cell lysis. Other activities suggested for SGP-2
are lipid transport and cell-cell interactions, which are
consistent with sequence data that predict binding of
dinucleotides, heparin and lipids. The emerging neuro¬
biology of SGP-2 encompasses the subjects of cell
death, synaptic remodelling, neuroendocrinology and
neurodegenerative diseases.

Sulfated glycoprotein 2 (SGP-2) was isolated by
Michael Griswold as a dimeric acidic glycoprotein that
is st creted by Sertoli cells1,2 and which is present in
seminal fluid, as well as being bound to spermatozoa3.
However, SGP-2 and its 2.0kb mRNA are also found
in brain and many other tissues4. The functions of
SGP-2 are unknown, but this protein has attracted
wide interest because of its responses to diverse
types of cell injury. We review possible multiple roles
for SGP-2 in neurodegenerative processes. For
further background information, see the recent re¬
views by Jenne and Tschopp5 and Michel et al.6

Regulation of SGP-2 in mammalian brain
Alzheimer's disease. In searching for molecular

correlates of Alzheimer's disease (AD), we isolated a
clone from a human hippocampal cDNA library,
pADHC-9, that encodes a human protein resembling
rat SGP-2 (Refs 7-9). The deduced amino acid
sequence of pADHC-9 has 77% identity to that of rat

SGP-2. RNA blots showed a twofold increase in the
level of pADHC-9 RNA transcripts in AD hippocampal
RNA above that of normal controls8,9. In in situ
hybridization experiments, pADHC-9 showed strong
signals over the hippocampal pyramidal neurons and
granule cell neurons, as well as over smaller cells in
the hilus and molecular layer of the dentate gyrus9. At
about the same time, other workers cloned the
hamster equivalent of SGP-2 (88% amino acid ident¬
ity) from scrapie-infected hamster brains10; the
human equivalent was cloned from a liver cDNA.
Using the hamster sequence as a probe, the level of
SGP-2 mRNA was found to be higher in the hippo¬
campus in AD and Pick's disease, than that in a single
Huntington's disease specimen10.

There is no evidence that the SGP-2 gene carries
mutations pertinent to AD. Assignment of the human
gene to chromosome 8 (Ref. 11) excludes linkage to
the known genetic loci for familial forms of AD.
Genomic sequencing of SGP-2/pADHC-9 is incom¬
plete and the extent of polymorphisms are unknown.

Responses to lesioning. To address functions of
SGP-2 in neurodegeneration, we studied various
hippocampal lesions that induce death of select
hippocampal neurons [the excitotoxin kainic acid
(KA)12, ischemia from four-vessel occlusion13, and
prepubertal adrenalectomy (ADX)14,15], and lesions
of afferents from the entorhinal cortex that model
the deafferenting aspect of AD hippocampal pathol¬
ogy16-18. Lesions that induce intrinsic neuron loss or
deafferentation caused moderate to robust increases
in SGP-2 expression (Table I). Unlesioned adult rats
showed little SGP-2 immunoreactivity in the hippo¬
campus.

KA lesions induced the accumulation of SGP-2
protein in atrophic hippocampal pyramidal neurons by
14 days9. These increases of SGP-2 expression after
treatment with KA were confirmed by immunoblots of
hippocampal homogenates and by northern RNA
blots23. Hippocampal SGP-2 mRNA and protein were
also similarly increased three days after transient
global ischemia2'.
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CO-EXISTENCE AND ELIMINATION OF CONVERGENT MOTOR NERVE
TERMINALS IN REINNERVATED AND PARALYSED ADULT RAT

SKELETAL MUSCLE
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Edinburgh EH8 9AG

(Received 10 July 1992)

SUMMARY

1. Experiments were carried out to determine whether neuromuscular synapse
elimination can occur in skeletal muscle in the complete absence of conducted neural
activity, using reinnervation of partially denervated adult muscle as a paradigm.
Partially denervated rat lumbrical muscles were paralysed with a nerve conduction
block applied to the sciatic nerve during regeneration of injured sural nerve motor
axons. Both intact (lateral plantar nerve) and regenerating motor axons converging
on the same muscle fibres were therefore inactive.

2. Paralysed muscles expressed prolonged twitch contractions, low tetanus-to-
twitch ratios, prolonged synaptic potentials and marked post-tetanic potentiation of
frequency of miniature endplate potentials compared with control muscles and
neuromuscular junctions.

3. Isometric tension and intracellular recording data suggest that regenerating
axons reinnervatcd more muscle fibres in paralysed muscles than in controls. A
greater proportion of muscle fibres was polyneuronally innervated in the paralysed
muscles, but significant numbers of muscle fibres acquired a mononeuronal
innervation by regenerated, inactive motor nerve terminals.

4. The data suggest that muscle paralysis enhances the regeneration of motor
axons when they grow into partially denervated muscles, but activity-independent
competition may also be important in the mechanism of synapse elimination at
neuromuscular junctions. The data further imply that when nerve endings expressing
identical patterns of activity converge on a postsynaptic cell. Hebbian rules may not
be sufficient to predict the outcome of the competition, contrary to specific
postulates of the neurotrophic theory of development and maintenance of neural
connections.

INTRODUCTION

Motor nerve terminals in adult skeletal muscle are normally rather stable in their
fine structure and distribution (Lichtman, Magrassi & Purves, 1987). But during
development or reinnervation, muscle fibres are transiently polyneuronally inner¬
vated and motor nerve terminal structure is more dynamic (Brown, Jansen & Van
MS 1604
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Essen, 1976; Betz. Caldwell & Ribchester, 1979; Rich & Lichtman, 1989: IJ
Gordon & Lichtman. 1990). Mature terminals also react to changes in their
environment. For instance, partial denervation of adult muscle induces coll
sprouting from intact motor axons and from their terminals. When regenei
axons return to partially denervated muscle a proportion of the muscle fibres
once innervated is recovered, and sprouts arising from intact axons are fort
regress (Brown & fronton, 1978; Thompson, 1978; Ribchester & Taxt,
Ribchester, 1988). Similar changes occur when injured motor axons are fore
reinnervate intact muscles in which every motor endplate is innervated fro:
outset by the native nerve (Bixby & Van Essen, 1979); or when a somatic :
nerve returns to a muscle that is innervated by a foreign cholinergic nerve (Gri
Letinsky & Rheuben, 1979). In general, the elimination of polyneuronal inner\
that occurs during reinnervation resembles the synapse elimination which (
during neuromuscular development, and both processes are probably at
analogous to the structural plasticity of synapses that is expressed c
development in other parts of the nervous system, including autonomic ga
cerebellar cortex, auditory cortex and primary visual cortex for exampf
Purves, 1988; Jansen & Eladby, 1990 for reviews).

The mechanism of elimination of polyneuronal innervation in developi
reinnervated muscle is unknown. Competition is evidently important (Betz, Ca
& Ribchester, 1980a; Fladby & Jansen, 1990; Betz, Ribchester & Ridge, 1990;
& Ridge, 1992), but the precise nature of the negative influences of one motor
on others, the nature of the trophic resources and the mechanism of the compe
in consuming or controlling access to neurotrophic resources are all unclear (K
1989; Ribchester & Mijnster, 1991). The rate and outcome of the compet.itk
influenced by imposing changes in neuromuscular activity, in a manner which
support to the idea that negative feedback between activity and the level of t
derived neurotrophic resources controls the number and disposition of the i
muscular connections (Purves, 1988). For instance, muscle paralysis lea
increased and persistent levels of polyneuronal innervation (Thompson, Kul
-Jansen, 1979; Taxt, 1983) while muscle stimulation during development accel
synapse elimination (O'Brien, Ostberg & Vrbova, 1978; Thompson, 1983). Pai
or stimulation of selected motor units appears to favour the more active
terminals when they are in competition (Ribchester & Taxt, 1983, 1984; Ri
Betz, 1984; Ribchester, 1988; Lo & Poo, 1991). There is circumstantial evider
an activity-independent component to synaptic competition, however. In a pr<
study (Ribchester, 1988) it appeared that when inactive axons regeneratec
active muscles innervated by a small number of sprouted motor units, some
muscle fibres became exclusively innervated by the inactive axons. A ca
inactive terminals having a competitive advantage during synapse eliminat
neonatal muscle has also been made, on the basis of the size of motor unit 1
contractions in partly paralysed muscles (Callaway, Soha & Van Essen, 1989

The present experiments were designed to clarify the issue of activity-indepe
synaptic competition at neuromuscular junctions, by studying the reinnervat
rat lumbrical muscles that were subject to a minor partial denervation. The m
were completely paralysed by applying a nerve conduction block to the entire
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supply to the muscle during reinnervation. The results of isometric tension
measurements and intracellular recordings strongly suggest that paralysis increases
the amounts of both polyneuronal and mononeuronal innervation in reinnervated
muscles. A preliminary report to the Physiological Society has been published
(Ribchester & Mijnster, 1992).

METHODS

Partial denervation and paralysis of the fourth deep lumbrical muscle (4I>L) was carried out in
adult female VVistar rats using a combination of methods described previously (Taxt, 1983;
Ribchester & Taxt, 1984; see Fig. 1). Prior to all surgical procedures, the rats were anaesthetized
with sodium pentobarbitone (Sagatal, 55 mg/kg i.p., single injection). Deep anaesthesia was
indicated by the absence of normal reflexes to toe or tail pinch None of the surgical procedures
lasted more than 30 min. After surgery, the animals were kept in sawdust-lined plastic cages in a
well-ventilated room in a regulated animal housing area, with standard laboratory animal feed and
water available at all times.

In the first stage of the experiment, the branch of the sural nerve (SN) which forms a natural
anastomosis with the lateral plantar nerve (LPN) was exposed near the ankle and crushed for 30 s
using fine forceps. The wounds were closed and sutured and the animals were allowed to recover.
Previous studies (Ribchester & Taxt, 1984; Ribchester, 1988) show that single motor units in
lumbrical muscles are capable of sprouting, after partial denervation, to innervate three to five
times (300-500%) the number of muscle fibres they originally innervated. The number of LPN
units in 4DL muscles is normally two to five times greater than the number of SN units. After SN
crush in the present experiments, each LPN unit remaining after SN crush therefore needed to
expand its territory by less than 50% in most cases in order to effect complete collateral
innervation of the muscles. (For example, 4DL muscles contain about 1000 fibres. Suppose these
are distributed uniformly between eight LPN motor units and three SN units. Suppose 300 fibres
are denervated by SN crush, and these fibres are recovered by LPN sprouts. Each LPN unit
expands by about 38 fibres, or about 37% of the average initial LPN size.) Sprouting occurs within
the first I 2 weeks after denervation, and is probably complete before the regenerating axons
return (see, for example, Ribchester & Taxt. 1984; Ribchester. 1988).

After 10-19 days, the rats were re-anaesthetized, a laparotomy was performed and the right
sciatic nerve was exposed in the thigh. An osmotic minipump (Alzet 2002) containing tetrodotoxin
(TTX. Sigma. Poole, Dorset: 500/rg/ml in sterile saline. 200//g/ml ampicillin) was implanted
intraperitoneallv. Narrow bore silicon rubber tubing (Dow Corning Silastic 602-105; i.d. 0-35 mm,
o.d. 0-64 mm, mated with 602-135; i.d. 0-51 mm, o.d. 0-94 mm) was led from the outlet of the
minipump and cemented with silicone rubber to the inside of a 5 mm length of wider bore silicone
rubber tubing (i.d. 1-5 mm) which was placed as a cuff around the sciatic nerve. The tubing (but
not the cuff) was also filled with the TTX solution. Internal and external wounds were sutured with
7/0 and 6/0 silk suture respectively. Paralysis of the right hindlimb was evident within 24 h of
recovery from anaesthesia. The patency of the nerve conduction block was monitored daily, by
observing the complete absence of toe-spreading reflexes on the blocked side when the animal was
gently lifted by the tail, and the absence of withdrawal reflexes in response to firm pinches applied
to the toe pads with blunt forceps. Nerve conduction block was maintained for up to 2 weeks in
most animals. The results described in the present paper were obtained from thirteen animals in
which nerve conduction block was evident up to the time of the acute experiment.

After 8-15 days of nerve conduction block the animals were terminally anaesthetized (Sagatal,
1 10 mg/kg i.p.) and the sciatic nerve was exposed on the right side and cut proximal to the cuff.
The nerve was then electrically stimulated below or within the cuff, using brief trains of
supramaximal pulses (04 ms, 10 V; 70 Hz for 0-5 s every second). No contractions of the distal limb
were seen. The nerves were then stimulated in situ below the cuff, giving strong contractions in
every case. The integrity of the behavioural tests as an assay for complete nerve conduction block
was further tested in one animal, in which the sciatic nerve was blocked for 10 days, by recording
compound action potentials at high gain in the LPN and SN in situ (Fig. I B). Stimulation of the
sciatic nerve above the block evoked no response, while stimulation below it evoked large action
potentials. Thus the behavioural and electrical tests suggested that nerve conduction block had
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•••II maintained complete throughout the period of reinnervation of the lumbrieal muscle
generating SN motor axons.
Nerve muscle preparations of 4I)L were then made and the muscles were pinned to the flo
s\ Igard-lined chamber perfused with mammalian physiological saline (concentrations,

■•'. 148-3: K*. 5; CP, 160; H2P04". 0-3; Mg2*. 1 : C'a2+, 8; D-glucose, 11 ; HC03", 11) bubbled

TTX

Osmotic
pump
(IP.)

Tubing

Lumbrical
muscle

20 ms

Toe V

big. 1. A, diagram of the experimental design. The fourth deep lumbrical muscle receive
its innervation from branches of the lateral plantar nerve (LPN) and the sural nerve (SN
via an anastomosis between the two at the ankle. The medial plantar nerve (MPN
innervates other muscles in the foot. All three nerves are ultimately derived from th<
sciatic nerve. The sural nerve was crushed with forceps. Following collateral sprouting o
axons in the LPN, and during reinnervation of the lumbrical muscle by the SN, al
propagated activity was blocked by applying tetrodotoxin to the sciatic nerve fron
implanted osmotic minipumps. After 8-15 days, nerve-muscle preparations were made ti
assess the extent of reinnervation and the amount of polyneuronal and mononeurona
innervation of the muscle fibres. Note that with this protocol, an inactive SN motor axoi
terminal could only acquire exclusive innervation of a lumbrical muscle fibre if it firs
displaced an intact or sprouted (but also inactive) LPN motor nerve terminal. Ii
extracellular recordings made with hook electrodes from the SN in the lower leg in ai
anaesthetized animal in which the sciatic nerve was blocked for 10 days by the methoi
shown in ,4, and which showed absence of a toe spread reflex and local anaesthesia to to
pad pinches on the blocked side up to the time of the acute experiment. The sciatic nerv
was stimulated with 10 V, 0-1 ms pulses above the cuff (upper trace, stimulus artifact bu
no conducted action potential recorded in the SN), and then below the cuff (lower trace
large compound action potentials). Three traces are superimposed in each case. A simila
set of records was obtained on recording from the LPN in each case.
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95% 02, 5%C02. The relatively high Ca2+ concentration was used to improve the stability of
subsequent intracellular recordings. The distal tendon, attached to the fifth toe, was pinned to the
base of the chamber and the proximal tendon was attached by a short length of 6/0 silk suture to a
sensitive force transducer (SensoNor AE801). Resting tension was adjusted to give maximum
responses to supramaximal single stimuli applied to the SN and LPN. The numbers of motor units
were assessed by carefully grading the intensity of the nerve stimuli. Responses to tetanic
stimulation (70 Hz for 1 s) were also measured. Direct muscle tension responses were obtained by
stimulating the muscle with a suction electrode applied to the surface of the muscle. Intracellular
recordings were made from some of the muscles. 'Cut fibre' preparations were made as described
previously (Betz et al. 1979; Ribchester, 1988), by detaching the muscle fibres from their proximal
and distal tendons. The muscle was stretched laterally, forming a thin sheet and this was pinned
through the margins of the muscle to the bottom of the recording chamber. The muscle fibres were
illuminated obliquely, through a dark-field condenser, to facilitate the localization of neuro¬
muscular junctions. Focal recordings of endplate potentials (EPPs) were recorded with glass
microelectrodes filled with 4 m potassium acetate, using standard techniques. Tension recordings
and intracellular recordings were digitized using a modified SONY PCM 701ES digital pulse code
modulator (Lamb, 1985) and recorded on standard VHS video tape. Measurements and analysis
were carried out either on-line or off-line, using a Nicolet 20903C digital oscilloscope and a
microcomputer.

One pair of muscles was fixed in 4% paraformaldehyde, 1 % calcium chloride and stained for
cholinesterase activity using the method described in Harris & Ribchester (1979). Single muscle
fibres were teased from the muscles and the lengths of the endplates in the longitudinal axis of the
muscle fibres were measured from digitized video images (processed with a 3 x 3 pixel linear
enhancement digital filter) using a Watford Video Digitizer and a program written using an Acorn
Archimedes computer. Bundles of fibres were also dissected from these muscles, embedded in gelatin
and sectioned transversely on a freezing microtome, stained with Haematoxylin and mounted in
Aquapolymount. Fibre diameters were measured from digitized video images using the same
hardware and software as for the endplate size measurements.

Three main kinds of effects of paralysis on the partially denervated muscles during
reinnervation were noted in (he present study: effects on muscle contractile
properties, effects on the extent of reinnervation, and effects on the polyneuronal
versus mononeuronal innervation of muscle fibres.

Effects of paralysis on physiological properties of reinnervated muscles
Muscles paralysed for more than 8 days were noticeably atrophic in appearance.

Measurements of muscle fibre area and diameter were made in one muscle that had
been paralysed by sciatic nerve conduction block for 14 days, beginning 12 days after
SN crush. The mean fibre diameter in this muscle was 10-3 + 2 0 /tm (mean + s.n.,
n = 34 fibres) significantly less than the mean diameter of 13 2 + 3-1 ym (n = 35 fibres)
in the contralateral control (/J < (MM ; t test). For reasons which are unclear, the
mean length of the endplates was also slightly, but significantly, less on the blocked
side (33-7+4-9 ym; n = 21 fibres) compared with the control (37-9 + 6-3 ym; n = 21
fibres; P < 005, t test).

Some of the muscles showed spontaneous, apparently random twitches in the
recording chamber. These fibrillations were not overt in situ, when the muscles were

exposed during dissection. The most consistent change in the physiology of the
paralysed muscles was a fall in the tetanus: twitch ratio (Fig. 2 A and R: Table 1). The
mean tetanus: twitch ratio in the TTX-blocked muscle was about two-thirds that of
control muscles. There was no difference in the tetanus: twitch ratio of blocked intact

RESULTS
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Fig. 2. Isometric tension recordings (.-I and B) showing superimposed twitch and tetan
(70 Hz) responses, and intracellular recordings from cut muscle fibre preparations (C ai
I)) from sciatic nerve-blocked (A and (') and control (B and I)) reinnervated 4DL muscle
Note the reduced tetanus-to-twitch ratio and the slower time course of the twitch in tl
blocked muscle (A) compared with the control. The gain of the recording system in A
twice that in B (vertical calibration. 20 mX in ,4. 40 mN in B: horizontal calibratio
400 ms). The intracellular recordings illustrate the slower time course of endpla
potentials in the sciatic nerve-blocked muscle (C) compared with muscle fibres in contr
reinnervated muscles (D). In both sets of superimposed oscilloscope records, the sui
nerve was stimulated first and the lateral plantar nerve was stimulated a few millisecon
later. The muscle fibre recorded in C received convergent innervation from a regenerati
SN terminal as well as an intact (or sprouted) LPN motor nerve terminal, but in this fih
the SN response had a low quanta! content, as indicated by the variability of t
amplitude of the response and the occurrence of 'failures' during repetitive stimulatio
(Calibrations in C and I): vertical, 20 mV; horizontal, 20 ms).

Table 1. Contractile properties of reinnervated 4DL nerve-muscle preparations 16-52
after SN crush

Amplitude Rise time Half-decay time Tetanus: twite!
(mN) (ms) (ms) ratio

Sciatic blocked 20-2± 12-2 54-7±9'9 85-9±310 21 ±05
(n= 13)

Control 24-3 ±100 44-5 ±7'5 56-8 ±198 30 ±06
(n = 20)

The time course of the twitches and the tetanus: twitch ratios were all significantly dil
comparing blocked with control muscles (P < 0 01 , t test). The difference in the total twitch i
was not significant (P > 0 05 ; t test).
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(LPN) motor units, compared with blocked regenerated (SN) units. There was no

significant difference in the total LPN twitch tension, but the rise time and time-to-
half-relaxation of the twitch of intact motor units were prolonged by 23 and 51 %
respectively in the paralysed muscles (Table I). These variables were a less reliable
indicator of paralysis, however, because they showed a marked temperature

Table 2. Time course of EPFs in cut muscle fibre preparations 16-52 days after SN crush,
based on DC recordings of the responses to SN or LPN stimulation

SN EPPs LPN EPPs

Rise time

(ms)
2-6 ±0-6

Half-decay time
(ms)

4-6 ± 1-4

Rise time

(ms)
2-7+0-7

Half-decay time
(ms)

4-4+1-3Sciatic blocked
(n = 5)

Control 2-2 ±0-5 2-9 ±0-8 2-1+0-4 2-8 + 0-8
(» = 5)

The differences between blocked and control muscles were not quite significant at the P = 0 05
level in this sample.

dependence, with a ^110 (temperature coefficient) of 1-5-2-0 (data not shown).
Tetanus : twitch ratios were not sensitive to the range of ambient temperatures in the
present experiments (15-23 °C).

As in previous studies of reinnervated lumbrical muscle (Ribchester & Taxt, 1983,
1984; Taxt, 1983), the rise time and time-to-half-decay of endplate potentials
recorded from cut muscle fibre preparations was prolonged in the chronically
paralysed muscles compared with the controls, although the variance between
muscles was greater than the variance within muscles in the present study (Fig. 2 6'
and D ; Table 2). Spontaneous miniature endplate potentials (MEPPs) were also seen
in most cut-fibre preparations of the muscles. It was not possible to say whether the
amplitude and frequency of these MEPPs were responsible for the spontaneous,
fibrillation-like contractions of some of the muscles, as reported in muscles paralysed
for more than 30 days (Gundersen. 1990).

One of the paralysed lumbrical muscles had an unusual distribution of motor
axons, in that nine motor units were supplied by the SN and only four were supplied
by the LPN. Normally the LPN supplies eight to twelve motor units and the SN
supplies zero to five units (Betz et al. 1979). Nerve conduction in the sciatic nerve was
blocked for 15 days in this case, beginning 15 days after the SN crush. Figure 3 shows
isometric tension and intracellular recordings of EPPs from the 4DL muscle. In
addition to the prolonged duration of the twitch and reduced tetanus: twitch ratio
characteristic of other paralysed muscles, the isometric tetanic tension response of
the regenerated SN motor units in this muscle showed a pronounced sag, and this was
followed by a prolonged after-contraction once tetanic (70 Hz) stimulation ceased
(Fig. 3A and B). The mechanism of the after-contraction was not investigated in
detail, but a likely cause was revealed by intracellular recordings after making a cut
fibre preparation (which abolishes action potentials in the muscle fibres). During
and after 1 s, 70 Hz tetanic stimulation of the SN, there was profound post-tetanic
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Fig. 3. Tetanic tension responses (A and B) and intracellular recordings (C and D) froi
an unusual lumbrical muscle which contained nine motor units supplied by tl
regenerated SN, and only five units supplied by the LPN. The sciatic nerve was blocke
for 15 days during SN regeneration. In A, the upper trace is the response to tetan
(70 Hz) stimulation of both the SN and the LPN and the lower trace is the response t
SN stimulation alone. The tetanic stimulus was turned off at the time indicated by tf
arrow. Note the prolonged after-contraction. In B, the lower trace is the response to LP
stimulation (the upper trace is the same as the upper trace in A for reference). Note tl
tension excess, which is most simply explained by a significant fraction of fibr<
mononeuronally innervated by the regenerated SN axons. C and D, intracelluk
recordings obtained from cut muscle fibre preparations of the same muscle as shown in
and B. In C, the fibre responded only to stimulation of the SN. A 1 s, 70 Hz stimulus wf
applied to the SN. This induced a profound post-tetanic potentiation of miniatui
endplate potentials over a time course similar to the tetanic after-contraction shown in t
In D, a recording obtained under similar conditions from a fibre responding only 1
stimulation of the lateral plantar nerve. The post-tetanic potentiation of MEPPs is muc
less. (Calibrations: A and B, 10 mN, 400 ms; C and D, 2 mV, 20 ms).
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potentiation in the frequency of MEPPs, lasting about 2 s (Fig. 3C). This
sufficient in some fibres to produce a large tonic depolarization of the endplate
post-tetanic potentiation of MEPP frequency following stimulation of the ii
LPN, or the LPN or SN in other, control muscles was much less (Fig. 3D). Ther

a number of possible causes for the enhanced potentiation, ranging from reverb
tonic depolarization of regenerated motor terminals by acetylcholine in the syn
cleft; to a depolarizing effect of excess potassium ions in the synaptic cleft; or d
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induced changes in the intracellular or membrane mechanisms for buffering
intraterminal Ca2+ ions. None of these possibilities were examined in the present
experiments.

Prolonged post-tetanic contractions and post-tetanic potentiation of MEPPs were
evident in other muscles paralysed for more than about 10 days (see also Taxt, 1983),
but the smaller number and size of regenerated SN motor units in these muscles made
the phenomenon more difficult to investigate. Post-tetanic potentiation of MEPP
frequency was absent or much reduced at SN neuromuscular junctions where the
quantal content of evoked synaptic transmission was low (indicated by wide
fluctuation in EPP amplitude (see Fig. 2) and many 'failures' (see Boyd & Martin,
1956)).

Finally, Fig. 3B also shows that the tension produced by combined nerve
stimulation was greater than that produced by stimulating the LPN alone. This
tension excess was due to fibres innervated exclusively by SN axons, as shown in the
subsequent intracellular recordings. This issue is dealt with in more detail in the last
section of Results.

In sum, morphological, contractile, and intracellular recording data from sciatic
nerve-blocked 4DL muscles, when taken together with the daily behavioural tests
showing absence of toe-spreading reflexes and flexion-withdrawal reflexes, strongly
suggest that the nerve conduction block was complete and secure throughout the
experimental period, including the period of reinnervation by regenerating SN motor
axons. Confidence in this point was essential for the accurate interpretation of the
effects of paralysis on the competition between SN and LPN motor axons during
reinnervation of muscles by the SN.

Effect of paralysis on regeneration of SN motor units
Previous studies showed that regenerating axons return to partially denervated

4DL muscles about 2 weeks after nerve crush in the shank region (Ribchester & Taxt,
1984; Ribchester, 1988). The first signs of functional reinnervation were seen at a
similar time in the present experiments. Two control muscles were studied 16 days
after SN crush. These muscles gave extremely weak twitch contractions - less than
0-05 mN - to SN stimulation. A further six control muscles were studied 22-24 days
after SN crush. One of these muscles contained five SN units, and gave a twitch
tension of 2-1 mN, but the mean SN-evoked tension of the other five muscles was

only 042 mN. The maximum tension produced by LPN stimulation differed from the
total twitch tension by no more than 1 mN, and from the total tetanic tension by no
more than 2-5 mN. These values contrast with the total twitch and tetanic tension
of about 25 and 90 mN respectively, and single SN motor unit twitch contractions
of about 5 mN in unoperated iumbrical muscles of rats of comparable body weight
(Betz et al. 1980a; Taxt. 1983). Thus the degree of sprouting of intact LPN motor
axons following SN crush was sufficient to effect almost complete functional
reinnervation of the lumbrical muscle fibres by the time the regenerating SN motor
axons returned. Regenerating axons were then unable to re-establish innervation of
significant numbers of fibres by the time sciatic nerve conduction block was initiated
in experimental muscles.

1 he functional properties of the regenerated motor units continued to improve
throughout the experimental period in both sciatic nerve-blocked and contralateral
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control muscles, although the tension responses of SN motor units in control m
remained considerably smaller than those in unoperated muscles even up to 51
after SN crush (Figs 4 and 5F). The most consistent index of improvemi
reinnervation was the decrease in the latency of twitch contractions
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Fig. 4. A, amplitude of twitch tension responses to SN stimulation in reinnervat
muscles, 15-52 days after crushing the SN. #. sciatic-blocked muscles; O, controls,
recovery of relative latency of SN responses following reinnervation. Relative latency w
calculated as the difference between the absolute latencies of SN-evoked and LPN-evok

responses. #. ▲, sciatic-blocked muscles; O, A, controls. Circles are data obtained fr<
twitch tension recordings, triangles are data from intracellular recordings.

intracellularly recorded EPPs on SN stimulation. For instance, at 22 days afl
crush the latency of the SN EPPs was about 24 ms, whereas by 52 days the SH
latency had decreased to about 7-5 ms. Between 25 and 35 days after SN crus
latency of SN EPPs was about 14 ms (Fig. 4B). The latencies of LPN EPP
about 35 ms in all muscles, though this varied slightly between prepar;
depending on the length of the nerve dissected. There were insufficient d
conclude that the recovery of latency in the regenerating SN axons was more
in paralysed muscles compared with controls, but the data in Fig. 4B, taken to
with those in a previous study (Ribchester, 1988), suggest that this point n
worth examining in more detail.

It appeared that the capacity of regenerating axons to recover fum
innervation of 4DL muscle fibres depended, apparently disproportionately,
numbers of regenerating SN motor axons (Figs 5 and 6). For instance, the a
twitch tension of regenerating motor units in five paralysed muscles supplied 1
or two SN motor units was 0-37 ±0-25 mN/motor unit, whereas average mot(
tension in four muscles supplied by more than three SN units was 1-29+ 03(
motor unit. By comparison, in six controls containing one or two regenerated SN
each produced only 0-09 + 0-08 mN of twitch tension/motor unit, and in ten n
containing more than three units the tension was 0-30 + 0-13 mN/SN motoi
Overall, paralysed muscles containing more than three SN units generated
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Fig. 5. Tension responses showing the difference in extent of reinnervation in sciatic-
blocked (A, C and E) and control (B, D and F) muscles containing different numbers of
SX motor units. A and B, muscles containing two regenerated SN units; C and D, muscles
containing five regenerated SN units. Twitch tension responses to graded stimulation of
the SX are shown in E (same muscle as C) and F (same muscle as D). A-D are tetanic
tension records obtained in each case by 70 Hz stimulation of the SN (lowest trace), LPN
(middle trace) and both SN and LPN together (upper trace). Note the larger SN tension
responses of the blocked muscles, and the clear tension excess on combined stimulation
compared with stimulating the LPX alone. Each of the regenerated SN motor units also
developed much more tension than regenerated units in controls. Note the twentyfold
additional gain for the traces shown in F compared with those in E. Calibrations: A and
B. 20 mX. 400 ms; C and D, 40 mX, 400 ms; E, 4 mN, 40 ms; F, 0-2 mN, 40 ms).

four times as much tension as control muscles containing comparable numbers o
units, and also about four times as much tension as blocked muscles containing fewe:
than three motor units.
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The overall conclusions from these data are that, as in the previous studies
1983; Ribchester, 1988), paralysis had no marked adverse effect on the caps
regenerating axons to form strong, functional neuromuscular synapses, nor
recovery of their conduction velocity. In fact, there was an enhancement in the
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Fig. 6. Summary of tension data obtained from stimulation of the SN in sciatic-bloc
and control muscles containing different numbers of regenerated motor units. Bars s
the mean + s.E.M. The amplitudes of the tension responses of the blocked muscles \
much higher than controls, even though the tetanus: twitch ratios were lower in the
of the blocked muscles. However, there was a greater disparity between the blocked
controls the greater the number of regenerating motor units (i.e. the greater the exter
the original partial denervation).

of SN motor units in paralysed lumbrical muscles, even though these mote
were also inactive, and even though there were sufficient numbers of the LPI
to provide functional motor innervation to virtually all the muscle fibres.

It is possible that the interpretation of the data could be swayed by the ir
of the aberrant muscle containing nine SN motor units. However, even wl
muscle was excluded from the analysis, the SN still appeared to reinnerval
muscle fibres in blocked muscles than controls. The median number of SIS
units in the blocked muscles was three, the same as the median number in <

(means, 3-08 and 3-25 respectively, excluding the 9-SN-unit blocked muscl
mean twitch tension produced by the SN in blocked muscles (excluding th
unit muscle) was 1-96 + 213 mN (s.d. ; n = 9 muscles) compared with 0-79 + C
(n = 16 muscles) in controls. These differences are not quite significantly di
but when the SN tension was divided by the number of SN units and expr*
a percentage of the total muscle twitch tension the differences were stati
different: 3-00 + 2-35% per motor unit in the case of TTX-blocked r

compared with 0-87 +0-72% per motor unit in controls (P < 0-01; t test). Si
mean number of regenerating axons was approximately the same in both
and in general motor units in blocked muscles tend to produce less tension (
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of atrophy) than controls, the data still suggest that regenerating axons in the TTX-
blocked group produced about two to three times as much tension as regenerating SN
axons in controls. This conclusion was endorsed by intracellular recordings from
blocked and control muscles (see below).

Effects of paralysis on the polyneuronal versus mononeuronal innervation of muscle
fibres

Evidence that some muscle fibres became exclusively innervated by regenerating
SN motor axons was obtained indirectly, from tension measurements, and directly,

Table 3. Isometric tension and intracellular recording data from five sciatic nerve-blocked and
five control muscles 23-52 days after crushing the SN

Days blocked/ Tension Intracellular
Muscle days post SN crush

No. of SN tetanic/ Mono SN No. of Mono SN/
SN units total (% total) fibres dual

01B 15/31 9 22-6/31-2 23-7 64 19/29
05B 13/27 2 1-9/53-8 3-6 49 2/2
06B 14/29 2 0-7/44-8 00 51 1/4
1 IB 9/28 4 5-4/87-9 4-9 50 2/7
14B 11/23 5 11-2/64-9 4-9 72 0/17
05C —/27 3 1-8/88-4 01 55 0/1
09CC ~/52 5 4-3/91-5 3-9 61 7/1
04C —/35 2 1-2/58-2 1-1 63 1/3
14C —/23 5 0-8/91-0 2-2 34 0/0
16C —/23 4 5-0/85-8 2-1 89 0/15

The first column is the muscle code number (B = blocked; C = control). The first number in the
second column is the duration of the nerve conduction block and the second number gives the time
between the initial nerve crush and the acute experiment. The third column gives the number of
SN motor units counted from careful grading of the nerve stimulus during twitch contractions. The
first number in the fourth column is the tetanic tension (in mN) developed by 70 Hz stimulation
of the SN, and the second number is the total tetanic tension developed by combined SN and LPN
stimulation. Mononeuronal innervation calculated from the tension measurements was obtained
from the tension overlap, viz. Mono SN (% total) = 100 (LS —LPN)/LS, where LS is the total
tension. The intracellular data show the number of fibres impaled in the penultimate column. The
last column gives the number of fibres out of the total impaled responding with an EPP to
stimulation of the SN only, and the number responding to stimulation of both the LPN and the
SN.

from intracellular recording of EPPs, in both control and sciatic nerve-blocked
muscles. Critical data from five sciatic nerve-blocked muscles and five reinnervated
controls, from which complete and accurate tension and intracellular recording data
were obtained, are shown in Table 3. In the case of the blocked muscles (including
ones not shown in Table 3) indirect tension measurements indicated that the
overwhelming majority (12/13) showed evidence of some muscle fibres innervated
exclusively by the SN. This conclusion is based on the excess twitch and tetanic
tension responses that were obtained on supramaximal stimulation of both SN and
LPN simultaneously at up to 70 Hz, compared with stimulation of the LPN alone
(Fig. 5; see also Fig. 3). The mean tetanic tension excess in the paralysed muscles was
3-66% of the total tetanic tension compared with 3-31% in controls. The simplest
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Fig. 7. Intracellular recordings from cut muscle fibre preparations of sciatic nerve-bloc
lumbrical muscles, showing the range of relative contributions of SN- and LPN-evo
endplate potentials (EPFs) to the postsynaptic response. In each case, the SN
stimulated first and the LPN was stimulated a few milliseconds later. Fibres v

classified as Group 1 (LPN response only; A), Group 2 (LPN response more than twice
amplitude of the SN response; B), Group 3 (LPN and SN responses of similar amplit
within a factor of two; C and D), Group 4 (SN response more than twice the amplit
of the LPN response; E), and Group 5 (SN response only; F).

explanation for the tension excess is that it was due to fibres which were funct
innervated by SN, but not by LPN motor axons. The tension excess was incoi
however. In other words there was a measurable tension overlap, which i
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expected if some muscle fibres receive suprathreshold synaptic inputs from both
LPN and SN motor axons.

Dual innervation of some muscle fibres by SN and LPN axons was also shown
directly by intracellular recording of EPPs in cut fibre preparations (Fig. 1B-E). But
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Fig. 8. Nerve dominance histograms showing the relative numbers of fibres falling into
each of the groups indicated in Fig. 7. for sciatic nerve-blocked muscles (A) compared with
controls (R). These histograms show that a greater proportion of muscle fibres were
reinnervated by the SX in the blocked muscles, and a greater proportion were also
exclusively reinnervated by the SN (Group 5) in these muscles compared with controls.

significantly, most (6/7) sciatic nerve-blocked muscles studied with intracellular
microelectrodes contained fibres which gave an EPP in response to SN stimulation
and no response to LPN stimulation (Fig. IF).

Data on the numbers of fibres receiving dual and mononeuronal innervation by
LPN and SN motor axons in paralysed muscles are shown in Fig. 8, in the form of
nerve-dominance' histograms (Ribchester & Taxt, 1983) in which muscle fibres are

classified on the basis of the relative amplitudes of EPPs evoked by LPN or SN
stimulation. Overall, more fibres were polyneuronally innervated (Groups 2-5) in the
blocked muscles compared with controls, and more fibres were mononeuronally
innervated by SN axons (Group 5) in the blocked muscles. It was actually quite
difficult to find evidence of either dual or exclusive innervation of muscle fibres by
SN motor terminals in controls, because fewer muscles fibres had re-acquired
functional SN input of any kind compared with the sciatic nerve-blocked muscles.
I hese SN-only fibres (Group 5 in Fig. SB) were probably distributed randomly
throughout the muscles, so the chances of impaling them with an intracellular
mieroelectrode in control muscles were correspondingly small.
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Finally, a noteworthy finding was that the fraction of SN-innervated fibres
were mononeuronally innervated (i.e. the numbers in Group 5 divided by the su
the fibres in Groups 2-5) was about the same in blocked and control muscle (Fi}
Again it is possible that the data were biased by the inclusion of data from
aberrant 9-SN-unit muscle. However, inspection of all the intracellular recor
data did not bear this out. In six other TTX-blocked muscles the total numbi
fibres found exclusively innervated by the SN was 21 out of 317 fibres impalec
a total of seven control muscles studied with intracellular recording there were
11 mononeuronal SN fibres innervated out of 401 impaled. A further 35/317 fi
in blocked muscles received convergent innervation from LPN and SN axons,
only 15/401 received a dual innervation in controls. Thus in blocked muscles -

recalling that the median number of motor units was the same in both grot
about twice as many muscle fibres were reinnervated bv SN axons (in agreer
with estimates from tension measurements) but the same proportion of
innervated fibres was mononeuronally innervated in both blocked and coi
muscles.

DISCUSSION

The main findings of the present study are, firstly, that inactive motor axons ap
able to compete with other inactive axons and to induce synapse elimination du
reinnervation of a partially denervated, paralysed muscle. Secondly, paral
muscle evidently provides a more conducive environment for functional recovei
motor units regenerating in partial denervated muscle, even when both the in
and regenerating axons are inactive; although the beneficial effects of para
appear to depend on the initial extent of the partial denervation.

Activity independence in synaptic competition
The present experiments were designed such that the only way muscle fibres c

have become innervated exclusively by SN axons following their regeneration w
inactive SN axons had displaced inactive LPN motor nerve terminals from the m

endplates they occupied prior to the return of the regenerating axons. The res
show that small, but significant numbers of muscle fibres did become reinnerv
exclusively by inactive SN axons. The basis for assuming that most or all of the ■
muscle fibres were innervated by LPN sprouts prior to the return of the regenera
SN axons is that more than five LPN axons remained in each of the muscles stuc

while only three remaining units arc required to effect complete or virtually com}
collateral reinnervation of 4DL muscles by sprouting (Ribchester, 1988). O
studies have also shown that intact motor axons can expand their motor i

through sprouting by up to a factor of five (Thompson & Jansen, 1977; Brow
Ironton, 1978; Thompson, 1978).

The alternative explanations for the exclusive innervation of muscle fibres bj
axons are: (a) regenerating axons may have returned to the muscles and comp

successfully with LPN sprouts before the nerve block was initiated; (b) n
conduction block was not as complete or effective as it appeared from the c
behavioural tests and the subsequent electrophysiological data ; (c) technical reas
such as damage to one or two LPN axons during dissection of isolated preparati
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(d) the SN-only fibres represent a minority which failed to acquire innervation by
LPN sprouts after SN crush, and then became selectively reinnervated by SN axons.

The first three of these alternatives can be ruled out as very unlikely. First, the
main outcome was the same, whether the block was initiated only 10 days after SN
crush (well before return of SN axons) or as late as 19 days after SN crush (when any
regenerated SN units would have been small in any case). With regard to the second
alternative, the behavioural tests for nerve block and the physiological effects of the
TTX block, especially the reduced tetanus:twitch ratio, were highly reproducible.
It seems unlikely that any spontaneous activity in the muscles caused by MEPPs
becoming suprathreshold (Gundersen. 1990) would be sufficient to counteract the
effects of paralysis, although this possibility cannot be ruled out entirely. By
comparison, the fibrillation of surgically denervated skeletal muscle is not sufficient
to overcome the activity-dependent changes in their physiology (e.g. Purves &
Sakmann, 1974).

Regarding the third alternative, the direct and indirect tension responses of the
muscles were usually within 5% of one another. Lumbrical muscles sometimes
receive an additional peripheral nerve input from a small, superficial branch of the
lateral plantar nerve. It is possible, but unlikely, that this additional source of motor
innervation of4DL muscles was missed in some of the dissections, and therefore that
some muscle fibres apparently innervated only by the SN were also innervated by
intact axons supplied by the aberrant nerve; but this nerve was routinely tested and
ruled out as a source of motor units in muscles which subsequently showed evidence
of exclusive reinnervation by the SN axons.

The last possibility, that some muscle fibres originally innervated by the SN failed
to attract sprouts from the LPN. and then became selectively reinnervated by SN
axons is also unlikely. SN motor units show no distinctive properties compared with
LPN units in normal muscles: it appears to be a matter of chance whether an axon
runs in one nerve or the other (Betz et al. 1980a). Extensive sprouting normally
occurs following extensive partial denervation of 4DL muscles, and this makes
unattractive the idea that SN-innervated and LPN-innervated fibres express some

unique characteristic which predisposes them to become selectively reinnervated.
Finally, it is hard to explain by this reasoning why more of any such 'privileged'
fibres should be present in the TTX-blocked muscles compared with the controls,
since the nerve conduction block was initiated at least 10 days after the partial
denervation by SN crush. Attempting to anticipate the worst case, however, suppose
that in controls all the fibres exclusively innervated by SN axons represent the
average fraction which failed to become innervated by LPN sprouts. This amounted
to less than 5% of the muscle fibres in most cases (Fig. 8A). Yet in the TTX-blocked
muscles, about 10% of fibres were mononeuronally innervated (Fig. 8B) and a
further 1 ">% received a convergent innervation by both SN and LPN axons.

I bus the present results underscore the conclusions made previously on the basis
of more indirect evidence (Ribchester, 1988; Callaway et al. 1989) that inactive motor
terminals are capable of displacing other terminals, and extend those findings to a
conclusion that synapse elimination can occur even when all the convergent endings
are inactive. Previously it was tempting to assume that synapse elimination did not
occur as long as muscles and neuromuscular junctions were disused (Thompson et al.
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1979; Taxt, 1983; Colman & Lichtman. 1992). But perhaps synapse formati
synapse elimination are concurrent, on-going processes in paralysed muf
appears may be the case during sprouting in partially denervated muscle (F
Rowlerson, 1990), or as suggested by kinetic analysis of reinnervation of p,
denervated muscle (Ribchester, 1988). These issues could be clarified furt
making direct observations of identified terminals during reinnervation of pa
muscle, using techniques for repeated imaging of identified neuromuscular ju
in vivo, for instance (Rich & Lichtman. 1989).

Is synapse elimination entirely activity independent ?
The present data should not be taken to discount other studies that sugge

differences in the activity of convergent neuromuscular inputs to muscle fit
influential in determining the outcome of the competition. Heterosynaptic ef
stimulating an axon on other terminals innervating the same muscle cell are n
documented (Ridge & Betz, 1984; Betz, Chua & Ridge, 1989; Lo & Poo, 190
Ribchester & Taxt (1983, 1984) concluded that inactive terminals wer

disadvantage in competition with active terminals in reinnervated adult mi
It is possible, however, that the main effects of muscle paralysis are

branching and sprouting of motor axons, perhaps mediated through the act;
muscle-derived motoneurone growth factor. Muscle paralysis appears to pr
strong stimulus for nerve branching and for the way axon bundles fasciculate
early development (Dahm & Landmesser, 1988). The collateral and ti
sprouting of axons in partially denervated or paralysed muscle also bi
phenomena of nerve branching (Brown & Ironton, 1977; Betz et al. 1980/
reasonable to assume that the amounts of synapse formation would be propc
to the amount of nerve branching in paralysed muscle. The amount of s
elimination may in turn depend mainly on the amount of synapse formal
contrast to the effects of paralysis on sprouting, it is clear from the present sti
others that the formation of specializations leading to strong chemical s;
transmission can occur whether muscles are active or not (indeed, the muscle
not even required for morphological differentiation of motor terminals; Glick
Sanes, 1984). Thus disused motor terminals are not intrinsically weak or ui
The possibility that, at bottom, activity may not be necessary for s
elimination to occur either is raised by the present data which suggest t
proportion of muscle fibres innervated exclusively by SN axons in reinn<
muscles was about the same in the TTX-blockcd animals compared w
controls, even though the overall amount of reinnervation was greater in the
muscles (Fig. 8). The increased prevalence of polyneuronal innervation in pa
muscles seen in the present and in previous studies (e.g. Taxt, 1983; Ribch
Taxt, 1983) could be construed as a consequence of an enhanced rate o

branching and synapse formation in these muscles, rather than as an inhibitio
rate of synapse elimination (see kinetic descriptions in Ribchester, 1988; Be
1990). Thus the amount of mononeuronal innervation by SN axons may be
more to the overall amount of reinnervation by the regenerating axons thai
presence or absence of activity. This conclusion is made with some caution, hi
as the total number of fibres in control muscles which became reinnervated
axons was very small.
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Implications for neurotrophic theory
Neurotrophic theory (Purves, 1988) explains the number and disposition of

connections in the nervous system in terms of reciprocal influences between nerve-
growth promoting factors, derived from postsynaptic target cells, and activity
induced in target cells by their presynaptic inputs. A central tenet of the theory is
that activity limits the availability of neurotrophic resources, and this generates
competition when presynaptic terminals converge on a common postsynaptic target
cell. The increase in the extent of reinnervation of partially denervated muscles
brought on by paralysis (Ribchester & Taxt, 1984; and present study) is broadly
consistent with the neurotrophic theory.

A problem arising from neurotrophic theory is to explain how terminal boutons
belonging to one axon collateral will co-exist as a set on a postsynaptic cell, but
compete rather than co-exist with other synaptic boutons of the same type, but
derived from different neurones. One hypothesis is that activity in an axon terminal,
as well as limiting the availability of neurotrophic molecules, also influences the
capacity of terminal arbors to consume or control access to those molecules,
according to Hebbian rules (see Fig. 8.3 in Purves, 1988). According to this
hypothesis, terminal boutons which form an interconnected arbor co-exist because
their synchronous activity insures they have equal access to neurotrophic support.
Thus a prediction is that convergent terminal arbors belonging to different
presynaptic neurones and expressing different patterns of activity should compete,
but those expressing the same, synchronous pattern of activity should co-exist. On
one level, the findings of the present study would appear to refute this hypothesis,
because synapse elimination still evidently occurred on muscle fibres innervated by
terminals expressing identical (in)activity. Other evidence suggests that increasing
the levels of synchronous activity in motor units accelerates rather than inhibits the
rate of synapse elimination (O'Brien et al. 1978; Thompson, 1983). In those
experiments the possibility remained that the synchronous activity was super¬
imposed on an endogenous asynchronous pattern. It would be interesting to know
whether synapse elimination would still occur among motor units stimulated distal
to a complete nerve conduction block, that is, in muscles in which the only activity
of convergent terminals was imposed, synchronous activity.

Finally, the present study also suggests that the beneficial effects of paralysis may
depend on the initial extent of partial denervation (Figs 5 and 6) and it remains
unclear why this should be so. However, an interesting question arising from these
observations is whether the improved reinnervation of partially denervated muscles
will outlast a period of muscle paralysis.
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INTRODUCTION

A compelling problem in developmental neurobiology during the past few decades has been
to resolve how networks of functionally appropriate connections arise during development,
and how they are maintained throughout adult life, given that the genetic pre-specification
of every connection would require a degree of encoding that could outstrip an organism's
genomic capacity. It is more or less taken for granted that the diversity and specificity of
functions in the nervous system arise through some degree of selectivity in the formation
and use of neural connections (Purves & Lichtman, 1985), but it has been proposed that
the full complement of neuronal connections must be determined by epigenetic, trophic
dependences of neurones on their target organs (Purves, 1988). According to this
'neurotrophic theory', neurones are predisposed to make broadly selective synaptic
connections, but the number of neurones innervating a specific target and the number and
diversity of each neurone's connections are regulated by a negative feedback loop: specific
nutrients (trophic factors) derived from peripheral targets regulate neuronal survival and
growth of dendrites, axon collaterals and synaptic terminals; while orthograde patterns of
neural activity limit the production, availability or accessibility of the trophic support (Figs
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Fig. 1. A, general form of the neurotrophic theory, as it might be applied to the motor innervation of smooth or
skeletal muscle. The level of neurotrophic factor produced by the target tissue is up- or down-regulated by the
level of activity induced in the muscle by its motor nerve supply (MN). Decreased levels of activity give rise to
increased levels of neurotrophic factor, and increased levels of activity reduce the level of neurotrophic support.
The level of neurotrophic factor acquired by the neurone influences its survival and the number, disposition and
strength of its connections. Based on Purves (1988). B and C, schematic illustrations of the principal differences
in the distribution of motor innervation to smooth and skeletal muscle, and how this might relate to distribution
of neurotrophic resources. In smooth muscle (B), the neurotrophic resource (NGF; stippling of muscle) may
be distributed over the entire area of the target tissue, and the autonomic motor nerve terminals compete for
this on a consumptive basis, leading to a stable steady state in which the resource is partitioned between the
boutons of the nerve supply. By contrast, in skeletal muscle (C) the neurotrophic resource may be restricted to
a relatively small area, leading to spatial competition between convergent motoneurones and their terminals,
emergence of a dominance hierarchy and, ultimately, exclusion of all but one of the convergent terminals.

1 and 2). Thus neurones and their axons and dendrites appear to flourish in proportion to
the capacity of their axon terminals to exploit trophic resources, whose levels they indirectly
limit and control. It is customary to describe this potential interaction between neurones
and their targets in terms of competition for neurotrophic resources.
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Fig. 2. Fluorescence micrographs showing the difference in motor innervation of smooth muscle (A and B) and
skeletal muscle (C), as visualized with vital staining. A and B, autonomic motor nerve terminals in a preparation
of mouse vas deferens stained with the fluorescent carbocyanine dye DiOC2(5). Note the extended, beaded
distribution of fluorescent nerve terminals. C, somatic motor nerve terminals in a reinnervated and paralysed
rat lumbrical muscle stained with the fluorescent styryl dye 4-Di-2-Asp. Note the pair of axons converging on
the reinnervated motor endplate on the left (arrow). Calibration bar, 20 jum. (Panels A and B reproduced with
permission from Lavidis & Bennett, 1992).

Neurotrophic theory has arisen, at least in part, from the notion that the interplay
between neurones and their synaptic connections during development resembles more
closely the interactions between organisms in a biological system than the organization of
elements in an electrical circuit (Purves & Lichtman, 1985, p. 363). Competitive, Darwinian
principles are also the cornerstone of other theories of higher brain function and
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development (Edelman, 1987, 1992). Our aims in this review are therefore threefold.
Firstly, we explore the possibility that principles used to describe competition in a different
biological context - namely the dynamic interactions between members of plant and animal
communities (Keddy, 1989)-may be applied to the problem of neuronal or synaptic
competition. The intention is to indicate how these principles might be used as basis for
further experimental investigation of competitive synaptic mechanisms. Secondly, we
consider some potential weaknesses in the way neurotrophic theory is currently applied to
thinking about the control of skeletal muscle innervation, particularly in relation to the role
of motoneuronal activity. Thirdly, we consider alternative kinds of molecular mechanisms
for competition at neuromuscular junctions, and we present a speculative model based on
'induced fit' between presynaptic and postsynaptic molecules. This model embodies some
of the criteria used in population biology to define the nature of competition between
individuals vieing for access to limited resources. Finally, we briefly consider the possible
relevance of our approach to thinking about the control of convergence and divergence
elsewhere in the nervous system during development or nerve regeneration.

A DEFINITION AND SOME GENERAL PRINCIPLES

The essence of the neurotrophic theory is that neurones are supported by substances which
are limited in supply, and this implies that a neurone may profoundly influence the access
of others to the same neurotrophic factors. In the context of skeletal muscle innervation, a

cogent illustration of this kind of influence is provided by the process of reinnervation after
partial denervation. Intact motor axons, which first sprout to reinnervate muscle fibres
vacated by degenerating terminals, relinquish some of their additional connections only
when regenerating axons return (Guth, 1962; Brown & Ironton, 1978; Thompson, 1978;
Ribchester, 1988 a). Thus the number of muscle fibres innervated by each regenerating
motoneurone (motor unit size) gradually increases, at the expense of the intact, sprouted
motor units (Fig. 3). At a cellular level, the competition is played out on muscle fibres which
receive convergent, functional innervation by regenerating axons and intact or sprouted
motor axons (Fig. 4).

This example, which we shall return to in sections below, is sufficient to permit a concise
working definition of synaptic competition: the negative effects which one neurone and its
terminals have upon others by consuming, or controlling access to, a resource that is
limited in availability.

This definition of competition is almost identical to that proposed by Keddy (1989) to
describe competitive interactions between organisms in plant and animal communities. As
a definition it generates several important questions. First, what is the precise nature of the
negative influences between neurones? Second, what is the precise nature of the resources?
Third, is synaptic competition based on consumption of resources or on control of access
to resources? And finally, what other factors limit the availability of trophic resources and
how is this limitation brought about?

'Resources' are defined in population biology as substances or factors which lead to
increased growth rates as their availability in the environment is increased. 'Consumption'
and 'control of access' refer to two different modes of competition. In plant and animal
communities, organisms either consume a fraction of a resource which is distributed over
a large available area; or they vie for access to the whole of a resource which is only
available in a restricted area. In the first case, the competition is referred to as consumptive
competition; in the second case it is referred to as spatial competition. The availability of
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A 15 days

B 30 days

C 45 days

5 mN 20 mN

50 ms 500 ms

Fig. 3. Competition between motor axons illustrated by the reinnervation of partially denervated adult skeletal
muscle. Isometric twitch tension recordings on the left, tetanic tension recordings on the right, from muscles
studied 15, 30 and 45 days after crushing the major source of innervation. In each set of three traces, the lowest
trace is the muscle tension response to stimulation of the regenerating nerve, the middle trace is the response
to stimulation of the intact, sprouted nerve, and the top trace is combined nerve stimulation. With time, the
regenerating axons exert a progressive negative influence on the sprouted axons, and the motor units supplied
by the regenerating nerve increase in size, at the expense of muscle fibres supplied by the sprouted nerve.

resources may be limited by various means: by competitors exploiting resources and
removing them from the local environment (competition by exploitation), or by competitors
directly or indirectly interfering with other competitors seeking access to the resource
(competition by interference).

Consumptive competition and spatial competition tend to produce different kinds of
stable steady state (Keddy, 1989). Consumptive competition commonly leads to a fairly
uniform spatial distribution of competing individuals in relation to the resources on which
they rely (resource partitioning). This competitive strategy and steady state is illustrated by
mobile organisms; for example, in the distribution of whale populations in relation to the
plankton resources on which they feed. Spatial competition, by contrast, almost invariably
leads to establishment of hierarchies, in which one or more participants becomes dominant
over others (dominance hierarchies). This strategy and steady state are commonly
experienced by sessile organisms; for example, in the distribution of barnacles adhering to
a rock. The establishment of dominance is interesting because it may be thought of in terms
of two positive feedback loops (Fig. 5) which contrive further to strengthen the position of
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Fig. 4. Examples of intracellular recordings from partially denervated rat lumbrical muscles that were
subsequently paralysed by a tetrodotoxin block applied to the sciatic nerve, during regeneration of injured (SN)
motor axons. A and F are mononeuronally innervated muscle fibres; B-E are polyneuronally innervated to
different extents by sprouted (LPN) and regenerated axons. (From Ribchester, 1993.)

dominant competitors at the expense of others (the subordinates). An essential requirement
for dominance - or, in the limit, exclusion of all but one participant - is some initial form
of asymmetry between future dominant or subordinate competitors; otherwise the
competitors co-exist.

From the above standpoint, it seems to us that if we can describe and explain competitive
synaptic interactions in terms of negative influences; identify the molecular nature of the
resources; determine the extent to which competitive interactions are regulated by the
consumption of, or control of access to, resources; and demonstrate how the resources are
limited; then it would be fair to say that we will have achieved a reasonable understanding
of synaptic competition. This understanding might then be translated into rational and
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Mononeuronal
innervation

innervation

Fig. 5. Schematic diagram showing how positive feedback may generate the outcome of spatial competition at
neuromuscular junctions, whether the mechanism is by exploitation of a trophic resource or interference
between convergent nerve terminals on a muscle fibre. Initial asymmetries are amplified, leading to elimination
of polyneuronal innervation and progressive emergence of mononeuronal innervation.

beneficial ways of manipulating neurotrophic resources and competition. For example,
recent reports have indicated that it may be feasible to treat certain neuromuscular
disorders by manipulating levels of activity or by administering neurotrophic factors which
may not normally be present in muscle (Sendtner, Kreutzberg & Thoenen, 1990; Gurney,
Yamamoto & Kwon, 1992; Sendtner, Holtmann, Kolbeck, Thoenen & Barde, 1992a;
Sendtner, Schmalbruch, Stockli, Carroll, Kreutzberg & Thoenen, 1992ft).

NEUROMUSCULAR PARADIGMS OF NEUROTROPHIC COMPETITION

Innervation of smooth muscle
An established paradigm for neurotrophic theory is provided by the innervation of

smooth muscle targets by autonomic ganglion neurones, especially those arising in
sympathetic ganglia. It is well known that the innervation of smooth muscles is a
distributed one (e.g. Lavidis & Bennett, 1992; Fig. 2). There is good evidence that smooth
muscle regulates sympathetic ganglion cell numbers and the number and disposition of
their peripheral (axonal) and intraganglionic (dendritic) branches (Olson & Malmfors,
1970; Hume & Purves, 1988; Voyvodic, 1989). This regulation is evidently mediated, at
least in some cases, by a family of structurally related, diffusible growth factors, including
'neurotrophins' such as nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophins 3 and 4/5 (NT3, NT4/5), and structurally dissimilar molecules
such as ciliary neurotrophic factor (CNTF), leukaemia inhibitory factor (LIF) and
fibroblast growth factor (FGF; see Levi-Montalcini, 1987; Korsching, 1993, for reviews).
The survival and growth of a sympathetic neurone probably depends on the capacity of its
nerve terminals to bind these neurotrophin resources (mediated by specific, tyrosine-kinase-
associated neurotrophin receptors), followed by uptake by endocytosis and retrograde
transport (Yankner & Shooter, 1983; Berkemeier, Winslow, Kaplan, Nikolics Goeddel &
Rosenthal, 1991; Lindsay, Alderson, Friedman, Hyman, Furth, Maisonpierre, Squinto &
Yancopoulos, 1991; Thoenen, 1991; Dechant, Biffo, Okazawa, Kolbeck, Pottgeisser &
Barde, 1993 a; Dechant, Rodriguez-Tebar, Kolbeck & Barde, 1993ft; Rodriguez-Tebar,
Dechant, Gotz & Barde. 1993). Fractions of the total amount of neurotrophin resource
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appear to be partitioned between and consumed by the terminal boutons of the autonomic
nerve supply.

The smooth muscle paradigm provides a compelling illustration of neurotrophic theory
in its most conventional form (Fig. 1 A and B); and it seems to represent a form a
consumptive competition based on exploitation of an essential resource. Levels of
neurotrophin molecules appear to be regulated by negative feedback: the production of the
neurotrophic molecules is down-regulated in the target muscle and consumption is up-
regulated by the autonomic innervation. This regulation appears to be activity dependent,
although the evidence for this remains indirect (Shelton & Reichardt, 1984; Heumann,
Korsching, Scott & Thoenen, 1984; Heumann & Thoenen, 1986; Snider, 1988).
Innervation of skeletal muscle

A quite different form of neurotrophic interaction and different competitive pressures
appear to prevail at skeletal neuromuscular junctions, where interactions involving more
than one motoneurone occur within a much more restricted area of the muscle fibre surface

(Figs 1 C and 2C). The pattern of innervation of skeletal muscle, and the manner in which
it normally emerges, are what one might expect if spatial competition rather than
consumptive competition were driving the interaction between motor nerve terminals and
muscle fibres.

The events leading to the mature pattern of innervation of motor endplates are quite well
documented (reviewed by Jansen & Fladby, 1990). Motoneurones grow selectively into
specific skeletal muscles in early development (Lance-Jones & Landmesser, 1980;
Landmesser, 1984; Tanaka & Landmesser, 1986). Normally about half these motoneurones
subsequently die (Lance-Jones, 1982; Oppenheim, 1991). Motoneurone death is largely a
prenatal phenomenon (Hardman & Brown, 1985; Oppenheim, 1986), and neurotrophin
growth factors produced by muscle or in peripheral nerve have recently been implicated in
it (Oppenheim, Qin-Wei, Prevette & Yan, 1992; Yan, Elliott & Snider, 1992; Sendtner
et al. 1992a). Motoneurones which survive cell death provide a transient, focal polyneuronal
innervation of muscle fibres (Boeke, 1925; Redfern, 1970; Bennett & Pettigrew, 1974).
Significantly, the terminals converge on a common synaptic site, the motor endplate, which
constitutes about OT % or less of the total area of exposed muscle fibre membrane (Bekoff
& Betz, 1977; Bixby, 1981). The surviving neurones typically withdraw between one-half
and nine-tenths of their initial complement of peripheral branches during postnatal
development, a process commonly referred to as synapse elimination (Brown, Jansen &
Van Essen, 1976; Korneliusen & Jansen, 1976; Riley, 1977; Betz, Caldwell & Ribchester,
1979; Fladby, 1987). Recent data strongly suggest that the loss of functional input is
protracted and occurs by stepwise elimination of individual terminal boutons, rather than
by a sudden disconnection of axon collaterals or retraction of the entire terminal. The
surviving terminal progressively adds boutons to the endplate over the same period (Balice-
Gordon, Chua, Nelson & Lichtman, 1993a; Balice-Gordon, Garriga & Lichtman, 1993ft).

Synapse elimination during development ultimately yields a familiar, stereotyped pattern
of adult muscle fibre innervation (at least in mammalian skeletal muscle and many of those
in birds, reptiles and amphibia) of a single motor nerve terminal attached to each muscle
fibre. Similar processes occur during reinnervation of completely or partially denervated
adult skeletal muscle: like immature muscle fibres, reinnervated muscle fibres in adult
muscles experience a transient polyneuronal innervation, which in most cases is
subsequently eliminated (Boeke, 1916; McArdle, 1975; Gorio, Carmignoto, Finesso,
Polato & Nunzi, 1983; Taxt, 1983a, ft). From the viewpoint of either development or
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reinnervation, the key (related) questions are: why do terminals of different motoneurones
not normally co-exist at a motor endplate and how is it that only one terminal normally
persists?

Indirect evidence for spatial competition in skeletal muscle
Evidence that neuromuscular synapse elimination results from some form of spatial

competition can be deduced from the kinds of experiment which population biologists
would call 'removal' experiments and 'additive' experiments. A removal experiment
involves depleting an existing population and then searching for evidence of competitive
'release' in the remainder; a result of alleviation of pressure on resources. In the case of
muscle, a removal experiment may be instigated by performing a partial denervation. In an
additive experiment, the ratio of putative competitors to the level of resource is artificially
increased, and the investigator searches for a resulting decrease in some index of
performance of the competitors: the predicted result of increased pressure on resources.
Additive experiments can be implemented by performing an implant, forcing additional
axons to innervate a muscle.

Motor unit size is preserved or may even continue to decline in neonatal muscle after
partial denervation at birth: there is no evidence for an expansion of the motor units
(Brown et al. 1976; Thompson & Jansen, 1977; Betz, Caldwell & Ribchester, 1980a;
Fladby & Jansen, 1987). In adults, however, the response to partial denervation is quite
different. Rampant sprouting and occupancy of denervated motor endplates by intact
axons occurs (Brown, Holland & Hopkins, 1981a). In rodents, the transition of the
response occurs around 3 weeks after birth, when most of the polyneuronal innervation has
been eliminated (Brown, Hopkins & Keynes, 1982).

When excess motor axons are implanted into the endplate region of an adult muscle,
elimination of some - actually rather few - of the intact motor terminals occurs (Bixby &
Van Essen, 1979). An alternative approach, successfully carried out in frogs, has been to
force motor axons from ipsilateral and contralateral sides of the spinal cord to grow into
only one hindlimb (Lamb, 1980). This also results in hyperinnervation of muscles, by twice
as many motoneurones as normal. Individual motor units are evidently smaller in these
muscles, as predicted from an increase in pressure on resources, but the interpretation is
complicated because the number of muscle fibres forming during development depends on
the number of motor axons innervating the muscle, and nerve implants induce formation
of more muscle fibres than normal (Betz et al. 1980 a; Ross, Duxson & Harris, 1987; Sheard
& Lamb, 1991).

The reinnervation of partially denervated muscle may be regarded as a combination of
a removal and an additive experiment. When regenerating axons return to a partially
denervated muscle, they recover innervation of fewer fibres than they innervated initially,
evidently because their endplates become occupied by sprouts from intact axons, as
described above. It appears that these opportunistic connections are not readily winkled
out by the regenerating axons (Fig. 3), and the longer the interim between nerve injury and
regeneration, and the fewer the number of regenerating axons, the less competitive they
appear to become (Brown & Ironton, 1978; Thompson, 1978; Luff & Torkko, 1990;
Ribchester, 1993). The success of the regenerating axons in reinnervating partially
denervated muscle is dramatically improved by simply cutting the intact axons immediately
before the regenerating ones return, causing the intact terminals and their sprouts to
degenerate (Ribchester & Taxt, 1984). Although substantial improvement in the amount of
synapse formation by the regenerating axons can also be obtained merely by paralysing the
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muscle during reinnervation - rendering the muscle functionally denervated - the increase
is not as great as when sprouts from intact axons are improved by complete, structural
denervation (Ribchester & Taxt, 1984; Ribchester, 1993).

The absence of sprouting in neonatal muscles following partial denervation and the
difference between the effects of paralysis and surgical denervation on sprouting in adult
muscles are findings that are compatible with a mechanism of spatial competition at
endplates based on interference (the presence of either a functional or non-functional
terminal preventing or inhibiting synapse formation by an ingrowing nerve) but not readily
explained by a mechanism based on consumptive exploitation of a trophic resource whose
levels are controlled solely by activity. These findings together suggest that the gradual
elimination of polyneuronal innervation during normal development or regeneration may
be represented as the emergence of a dominance hierarchy (Fig. 5), based on some form of
initial asymmetry (not necessarily a size or geometric asymmetry) in the capacity of the
convergent axons to respond to the resources concentrated at the developing motor
endplate and leading, via positive feedback, to the exclusion of all the subordinate motor
terminals.

The proposition that spatial competition regulates the focal innervation of skeletal
muscle fibres and that consumptive competition regulates the distributed innervation of
smooth muscle is compromised by a few possible exceptions, however. For example, the
extensive axon collateral and motor nerve terminal sprouting which occurs following
partial denervation or paralysis of adult muscle (Betz, Caldwell & Ribchester 19806;
Flolland & Brown, 1980; Brown Holland & Hopkins, 1981 /?; Brown, Hopkins <Sr Keynes,
1982), the distributed innervation of tonic muscle fibres in some muscles (Gordon, Perry,
Tufferey & Vrbova, 1974; Lichtman, Wilkinson & Rich, 1985), and the distributed motor
innervation of intrafusal muscle fibres in muscle spindles (Barker, 1974; Banks, 1981) all
provide a superficial resemblance to the distributed pattern of innervation of smooth
muscle. A further complication is that supernumerary motor nerve terminals in skeletal
muscle are not always eliminated. For instance, following treatment of neonatal male rats
with testosterone, muscle fibres in the bulbocavernosus and levator ani muscles acquire a

polyneuronal innervation which persists into adulthood (Jordan, Letinsky & Arnold, 1989;
Lubischer, Jordan & Arnold, 1992). Also, following reinnervation of partially denervated
muscles in normal adults, a small proportion of fibres appear to acquire a stable
polynenronal innervation (Ribchester, 1988/7; Werle &. Herrera, 1991 ; Barry &. Ribchesfer,
1994). These exceptions suggest that perhaps different factors regulate the growth and
branching of axons in skeletal muscle, independently of the factors which motivate the
competition between convergent terminals at neuromuscular junctions. Overall, however,
the differences in the patterns of innervation of smooth and skeletal muscle suggest to us
that, normally, consumptive competition is the principal basis for the control of
innervation in the case of smooth muscle, whereas convergent terminals in skeletal muscle
mainly experience a form of spatial competition.
Predictions regarding plasticity of smooth and skeletal muscle innervation

Our proposals yield some immediate predictions about the scope and extent of on-going,
systematic and enduring changes in the structure of neuromuscular connections (i.e. their
plasticity) in smooth and skeletal muscle For example, if the innervation of smooth muscle
is regulated by a form of consumptive competition, then, like mobile organisms, their axon
terminals might be expected to be continually shifting in their distribution over the surfaces
of smooth muscle cells, in response to local changes in the concentration of neurotrophic



SPATIAL COMPETITION AT MOTOR ENDPLATES 475

resources. By contrast, if the mononeuronal innervation of skeletal muscle arises by spatial
competition, then, like sessile organisms, we might expect the motor nerve terminals which
exclusively innervate single extrafusal muscle fibres to be structurally rather inert. From
similar reasoning we would predict that the motor innervation of muscle spindles and tonic
extrafusal muscle fibres should be more labile than that of extrafusal twitch muscle fibres,
and that during nerve sprouting after partial denervation there should be continuous
remodelling of nerve terminals, with making and breaking of neuromuscular contacts as
on-going processes.

There is some supporting evidence for these proposals. Repeated visualization of nerve
terminals in mature skeletal muscle in vivo indeed shows that once the basic architecture of
a nerve terminal is established it remains quite invariant in form (Lichtman, Magrassi &
Purves, 1987; Balice-Gordon & Lichtman, 1990, 1993). There is also evidence, albeit
indirect, in support of the prediction that terminals belonging to sprouted axons should be
more labile, based on the distribution of sizes of innervated and denervated muscle fibres
in partially denervated muscles (Ridge & Rowlerson, 1990). Either direct or indirect
evidence in support of on-going remodelling of terminals in muscle spindles or in smooth
muscle is lacking, however. Interestingly, repeated observation of dendrites and cell bodies
of the sympathetic neurones themselves, which also receive a distributed innervation,
suggest that their synaptic inputs are quite dynamic in form (Purves, Voyvodic, Magrassi
& Yawo, 1987). It would seem to be worthwhile to apply similar repeated-visualization
techniques to study the dynamic properties of motor terminals in smooth muscle.

COMPETITION VERSUS CO-EXISTENCE OF MOTOR NERVE TERMINAL BOUTONS

We now consider in more detail some of the difficulties in applying neurotrophic theory
in its conventional form to the problem of competitive elimination at neuromuscular
junctions in skeletal muscle. In particular, we address the proposed importance of neural
activity in determining the rate and outcome of elimination, and the possible importance
of selective, recognition mechanisms that might influence the competition. The former is a
linchpin of neurotrophic theory; the latter is normally excluded from it.

After synapse elimination is completed in early postnatal development, each surviving
motor nerve terminal is seen typically to arborize into a number of twigs and boutons. As
Purves (1988) has pointed out, this actually poses an interesting paradox. How is it that
individual boutons which make up the single surviving presynaptic terminal are allowed to
co-exist, while similar boutons belonging to different axons are eliminated? (Co-existence
of organisms and species undergoing spatial competition for a common resource is also an
intriguing problem to population biologists; Keddy, 1989.) Put another way, what
property of a synapse might normally protect intraterminal synaptic boutons from
competitive elimination, while simultaneously promoting interterminal competition?

Role of activity
Activity and the processes which hinge upon it are natural candidates for explaining the

synaptic bouton paradox. When an action potential occurs in a motor axon collateral, it
spreads almost simultaneously into all the boutons of the nerve terminal, producing
synchronous and uniform exocytosis, release of transmitter and recycling of synaptic
vesicles (Betz, Mao & Bewick, 1992; Ribchester, Mao & Betz, 1994). It is possible to
imagine a number of mechanisms by which terminal boutons that are synchronously active
behave as equals in competition, while boutons that are not simultaneously active will not
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Fig. 6. Nerve dominance histograms showing the proportion of mononeuronally innervated fibres (Groups 1 and
5) and polyneuronally innervated (Groups 2-4) muscle fibre after reinnervation of partially denervated rat
lumbrical muscles, with (A) or without (B) paralysis during nerve regeneration. The SN was crushed and the
distribution of innervation was studied about 30 days later. Levels of both polyneuronal innervation and
mononeuronal innervation by the regenerated axons are increased by paralysis during nerve regeneration,
indicating an activity-independent element to synaptic competition. (From Ribchester, 1993.)

have equivalent status with respect to access to neurotrophic resources (for example, see
Purves, 1988, p. 157). Such proposals imply that if simultaneous activation of boutons were
somehow to inhibit competition, then terminals belonging to different, convergent axons
that are compelled to express identical patterns of activity would exert no mutual negative
influence, and would therefore co-exist rather than compete. In other words, a prediction
is that if individual muscle fibres are innervated by convergent axons expressing identical
activity, they should remain polyneuronally innervated. The available experimental
evidence does not entirely support this prediction.

It is generally agreed that paralysis inhibits synapse elimination; thus when the terminals
of the same and different axons are synchronously inactive they show a tendency to co-exist
(Benoit & Changeux, 1975; Thompson, Kuffler & Jansen, 1979; Brown et al. 1982;
Duxson, 1982; Caldwell & Ridge, 1983; Taxt, 1983&; Callaway & Van Essen, 1989). This
finding is broadly in accord with the standard form of neurotrophic theory (Fig. 1).
However, recent experiments indicate that some synapse elimination can occur in the
absence of propagated neural activity. Competition between completely inactive axons was
studied by blocking activity in the entire motor nerve supply during reinnervation of
partially denervated muscle (Ribchester, 1993). As expected, this procedure increased both
the overall amount of synapse formation and the amount of polyneuronal innervation in
the muscles. But the number of mononeuronally innervated fibres, exclusively innervated by
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regenerating, inactive axons was also increased (Fig. 6). Thus it is apparently possible for
some inactive terminals to be displaced during competition with other inactive terminals.

The results of synchronizing neuromuscular activity using chronic electrical stimulation
also pose some problems. Chronic electrical stimulation of immature muscles, contrary to
the above predictions, does not cause convergent terminals on polyneuronally innervated
muscle fibres to co-exist; rather, synapse elimination is accelerated (O'Brien, Ostberg &
Vrbova, 1978; Thompson, 1983). It could be argued that chronic muscle stimulation merely
superimposes some synchronous activity on the natural, asynchronous activation of motor
units, and the net effect is to reduce the amount of trophic resource available; thus, in
accordance with neurotrophic theory, increasing the competitive pressure and hence
increasing the rate of synapse elimination. The outcome of the competition could still be
determined by the endogenous asynchronous activity of the convergent axons. This
explanation cannot be refuted with available data. It could be tested, however, perhaps by
electrically stimulating motor nerve terminals and muscle fibres directly, while remotely
blocking the conduction of natural activity in the peripheral nerves which supply the
muscles.

The question of a physiological role for differences in the activity in determining the
outcome of neuromuscular synaptic competition has been specifically examined in a
number of studies. The first studies involved selectively blocking activity in motor axons

innervating polyneuronally innervated muscle fibres in reinnervated adult muscles, and
these studies suggested that active terminals are preferentially stabilized at the expense of
inactive ones (Ribchester & Taxt, 1983, 1984). However, the effects of blocking activity in
some axons but not others in neonatal animals have been interpreted differently;
apparently the blocked motor axons acquire larger motor units (Callaway, Soha & Van
Essen, 1987; but see Ribchester, 19886).

Experiments with selective stimulation of motor units in neonatal muscle have also been
carried out. When some axons but not others are electrically stimulated, the more active
terminals appear to have a competitive advantage and their motor units remain expanded,
at the expense of the less active axons (Ridge & Betz, 1984). An acute, heterosynaptic
depression has also been reported during stimulation of two axons convergently innervating
single muscle fibres (Betz, Chua & Ridge, 1989). Selective stimulation of motoneurones
making convergent synapses on myotubes in culture has also been reported to stabilize the
stimulated synapses and repress the non-stimulated connections (Magchielse & Meeter,
1986; Lo & Poo, 1991; Dan & Poo, 1992). However, it has also been reported that while
stimulation of neuromuscular preparations in tissue culture accelerates synapse elimination,
there is no effect of selective versus non-selective stimulation on the terminals which survive
(Nelson et al. 1993). As yet, there are no reports of the effects of selective stimulation on
elimination of polyneuronal innervation in reinnervated adult muscle.

One alternative to presuming a central role for activity is the idea that competitive
success might be based on the capacity of the motoneurone cell body to support only a
limited number of terminals, and that trophic resources gathered by one collateral or
bouton are redistributed or shared among others (e.g. Smallheiser & Crain, 1984).
However, such ideas are not very compelling. For example, inactive regenerating axons are
additionally disadvantaged in competition with intact axons, even when these have
sprouted to their maximum extent (Ribchester, 1988a). Also motoneurones are clearly
quite capable of supporting more terminals than they actually do, whether competing
terminals are present or not, as shown by the effects of muscle paralysis in delaying or
inhibiting elimination of polyneuronal innervation in both neonates and reinnervated adult
muscle (Thompson et al. 1979; Taxt, 19836; Barry & Ribchester, 1994).
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Role of selective synapse formation and elimination
An alternative or additional explanation of the one-to-one relationship between a motor

nerve terminal and a skeletal muscle fibre is that this arises through some form of selective
recognition process, occurring either during synapse formation or synapse elimination. It
is very clear that skeletal muscle is not a homogeneous tissue from the viewpoint of
developing or regenerating motoneurones. For instance, motoneurones are evidently
capable of making crude distinction between muscles on the basis of their position or
segmental origin (Bennett & Lavidis, 1984; Wigston & Sanes, 1985; Donahue & English,
1987, 1989; Hardman & Brown, 1987; Balice-Gordon & Thompson, 1988; Bennett & Ho,
1988; Laskowski & Sanes, 1988; Laskowski & High, 1989). Other data suggest that
matching of motor terminals to muscle fibres of a pre-specified, complementary type is
important in competition, both during postnatal development and following reinnervation
in adults. This is due partly to selectivity during synapse formation, and partly to selective
synapse elimination, mismatched terminals being preferentially withdrawn in competition
with functionally matched motoneurone and muscle fibre types (Thompson, Sutton &
Riley, 1984; Gordon & Van Essen, 1985; Jones. Ridge & Rowlerson, 1987a, b\ Lichtman
& Wilkinson, 1987; Soha, Yo & Van Essen, 1987; Bennett, Davies & Everett, 1989;Fladby
& Jansen, 1990; Gates & Ridge, 1992).

In sum, to date most experiments suggest that active motor terminals have an advantage
over inactive ones, but differences in propagated activity in motor axons alone appear to
be insufficient to ensure persistence of specific terminals at polyneuronally innervated
junctions. Thus explanations other than activity appear to be required to account for both
competition between terminals and co-existence of boutons belonging to the same motor
nerve terminal. Evidence that some form of selective recognition process plays a role in
synaptic competition is now quite compelling. A possible molecular basis for activity-
dependent adjustment of selectivity of neuromuscular connections is presented in the
penultimate section of this review.

MOLECULAR BASIS FOR NEUROMUSCULAR SYNAPTIC COMPETITION

Our conclusion thus far is that criteria used to categorize competition in an ecological
context may have utility in a neurobiological context, at least in relation to understanding
the control of muscle innervation. Notions of 'spatial competition' or 'consumptive
competition' appear to provide a useful analogy, because they may potentially influence the
way we might formulate more detailed hypotheses about the cellular and molecular
mechanisms underlying competition in smooth and skeletal muscle.

Diffusible versus fixed molecular resources

According to Keddy (1989), the existence of competition in ecosystems is best
demonstrated by showing a dependence of the interacting participants on the level of
essential resources. In skeletal muscle, unlike smooth muscle, a critical problem is that we
do not yet have any clear idea of the molecular identity of the trophic resources for which
motoneurones and their terminals appear to compete. The search for products of skeletal
muscle which function as specific motoneurone growth factors continues unabated
(Dohrmann, Edgar & Thoenen, 1987; Henderson, 1988; Oppenheim, Haverkamp,
Prevette, McManaman & Appel, 1988; Arakawa, Sendtner & Thoenen, 1990; Henderson,
Camu, Mettling, Gouin et al. 1993). Interestingly, it has recently been shown that
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expression of mRNA encoding the neurotrophin BDNF increases in skeletal muscle
following denervation (Funakoshi, Frisen, Timmusk, Zachrisson, Verge & Persson, 1993;
Koliatsos, Clatterbuck, Winslow, Cayouette & Price, 1993). BDNF and NT3 have also
been shown to increase the efficacy of synapses in tissue culture (Lohof, Ip & Poo, 1993).
The mechanism of the synaptic strengthening is unclear. One possibility is that retrogradely
transported second messengers are involved (Flarish & Poo, 1992). Another is that since
neurotrophic factors are normally taken up by receptor-mediated endocytosis, neuro-

trophins might stimulate activity-dependent synaptic vesicle exocytosis and recycling.
Such effects could provide a cellular basis for the kind of positive feedback required to
produce exclusive innervation of a motor endplate. Techniques have recently been
described for quantitative study and analysis of the control of exocytosis, endocytosis and
synaptic vesicle recycling at neuromuscular junctions and synaptic boutons (Betz &
Bewick, 1993; Ryan, Reuter, Wendland, Schweizer, Tsien & Smith, 1993; Ribchester et al.
1994), so it should be possible to test this idea.

To date, however, while there is suggestive evidence that neurotrophins may play a role
in promoting motoneurone survival and possibly in the control of nerve branching, there
is no clear indication that neurotrophins have anything to do with competitive elimination
of terminals at endplates. Indeed, if the mode of competition at polyneuronally innervated
neuromuscular junctions is predominantly one of spatial competition - for the reasons
outlined in sections above - it would seem inherently more likely that competitive synapse
elimination should involve motor nerve terminals vieing for access to fixed molecules in
their local environment.

What sorts of molecule might fixed neurotrophic resources comprise, and where might
they be located? The neural cell adhesion molecule (N-CAM) is a plausible candidate.
Tight adhesions form between motoneurone growth cones and muscle fibre membranes
within a few minutes of contact (Buchanan, Sun & Poo, 1989). Neural cell adhesion
molecule has been implicated in the control of nerve growth and branching in muscle, both
during development and following partial denervation in adults (Booth, Kemplay &
Brown, 1990; Landmesser, Dahm, Tang & Rutishauser, 1990; Tang & Landmesser, 1993),
and the distribution of N-CAM changes in skeletal muscle after denervation, from a
restricted distribution to the endplate region in innervated muscle to a more diffuse
distribution in denervated muscle (Sanes, Schachner & Covault, 1986). Activity also
regulates the expression of N-CAM (Couvault & Sanes, 1986). There are presently thought
to be about 200 molecular forms of N-CAM, based on alternative splicing and/or variable
glycosylation. Some of these isoforms promote and others inhibit neurite growth (Small &
Akeson, 1990; Saffell, Walsh & Doherty, 1991; Walsh, Furness, Moore, Ashton &
Doherty, 1992; Zorn & Krieg, 1992). Different isoforms of N-CAM are expressed in
neonatal muscles, compared with mature or ageing muscles (Andersson, Olsen,
Zhernosekov, Gaardsvoll, Krog, Linnemann & Bock, 1993).

Another possibility is that acetylcholine receptors (AChR) or molecules tightly associated
with them may provide a substrate for spatial competition, and there is some evidence in
support of this. It is well known that junctional AChR become locked into the endplate
region during early postnatal development (Slater, 1982). Forms of AChR differing in
subunit composition or metabolic half-life are selectively expressed at endplates under
different conditions (e.g. Witzemann, Bremner & Sakmann, 1991; Andreose, Xu, Lomo,
Salpeter & Fumagalli, 1993). Data from J. W. Lichtman's laboratory support a hypothesis,
originally proposed by Stent (1973), that local activation ofjunctional ACh receptors feeds
into an intracellular mechanism which eliminates inactive receptors (Lichtman & Balice-
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Gordon. 1990). Repeated visualization of nerve terminals in living animals, either during
postnatal development or during nerve regeneration in adults, appears to show that
acetylcholine receptors in the postsynaptic membrane are eliminated prior to retraction of
disadvantaged terminals (Rich & Lichtman, 1989; Balice-Gordon & Lichtman, 1991,
1993). Remaining terminal boutons evidently fail to occupy the synaptic space vacated by
the retreating terminals. Interestingly, when a patch of receptors at an intact endplate is
inactivated by focal binding of a-bungarotoxin, the patch of receptors is removed, the
overlaying terminal boutons are withdrawn and the remaining boutons fail to occupy the
vacated postsynaptic space (Balice-Gordon & Lichtman, 1991). Complementary approaches
also indicate that junctional ACh receptors are inherently or potentially more labile
in their spatial distribution in mature muscle than presumed hitherto. Junctional receptors
spread from motor endplates in muscle fibres stripped of their basal lamina and cultured
(Lupa & Caldwell, 1991). Interestingly, the junctional AChR reaggregate at sites where
newly synthesized receptors and myonuclei are co-localized (Anderson & Ribchester,
1993). Junctional ACh receptors also become redistributed beneath nerve terminal sprouts
in muscles poisoned with botulinum toxin (Balice-Gordon et al. 1993 b).

However, to date there are no experiments which definitively show that either N-CAM
or AChR are the molecules which subserve spatial competition at endplates. We know that
genes expressed by myonuclei localized to motor endplates are regulated in a different way
from those expressed by extra-junctional myonuclei (Merlie & Sanes, 1985; Sanes,
Johnson, Katzbauer, Mudd, Hanley & Martinou, 1991; Witzemann et al. 1991), and, not
surprisingly, a number of molecules, in addition to N-CAM or acetylcholine receptors, are
known to be selectively expressed at endplates. For example, numerous sodium channel
isoforms are expressed in muscle fibre membranes and these are concentrated at
neuromuscular junctions (Caldwell & Milton, 1988; Schaller, Krzemien, McKenna &
Caldwell, 1992; Lupa, Krzemien, Schaller & Caldwell, 1993). Acetylcholinesterase
(Massoulie & Bon, 1983), cytotactin (Sanes et al. 1986), s-laminin (Hunter, Shah, Merlie &
Sanes, 1989) and acetylgalactosaminyl transferase activity (Scott, Balsamomo, Sanes &
Lilien, 1990) are also localized to the neuromuscular junction. It would be interesting to
know whether any of these components is selectively up-regulated or down-regulated
during synapse elimination, or whether experimentally induced manipulation of these
potential resources influences the rate or the outcome of elimination.

Are there growth inhibitory factors in skeletal muscle?
Neurotrophic theory is normally discussed in terms of competition between nerve

endings for growth-promoting factors. Yet inhibition of growth is arguably as important
a part of synapse formation and stabilization (Watson, 1976; Patterson, 1988). Perhaps the
competition is so intense because the perijunctional or extra-junctional membrane or
extracellular matrix provide more than just a non-permissive environment for growth.

The capacity of nerve terminals to form synapses ectopically, outside the normal
endplate region is germane to this issue. Ectopic synapses will form when a foreign nerve
is implanted into skeletal muscle, but in adults this only occurs when the muscle is
denervated (Frank, Jansen, Lomo & Westgaard, 1975), and in neonatal muscle ectopic
synapse formation normally occurs only when the nerve implant is positioned more than
about 1 mm from the native endplates. Thus distance between endplates seems to be a
regulated variable (Brown et al. 1976; Kuffler, Thompson & Jansen, 1977, 1980; Grinnell,
Letinsky & Rheuben, 1979; Haimann, Mallart, Ferre & Zilber-Gachelin, 1981; Werle &
Herrera, 1988). Paralysis reduces the allowable distance between endplates in such muscles
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(Jansen, Lomo, Nicolaysen & Westgaard, 1973; Srihari & Vrbova, 1978; Ding, Jansen,
Laing & Tonnesen, 1983). It is interesting that ectopic synapses do not readily form in
denervated adult fast-twitch muscle; instead the implanted axons grow along the muscle
surface and synapse preferentially on the motor endplates originally innervated by the
native nerve (Taxt, 1983a).

There is no direct evidence that endogenous neurite-growth inhibitors have anything to
do with these findings, indeed they do not allow us to distinguish this interpretation from
one based on the effects of a passive, non-permissive environment. However, taking these
observations together with data from other systems brings into sharper focus the possibility
that active, growth inhibitory mechanisms operate in muscle.

First, neurite growth inhibitors are expressed on axons and on neuroglia in the central
nervous system, and such molecules may be responsible for the failure of nerve regeneration
in the CNS (Caroni & Schwab, 1988a, h; Schnell & Schwab, 1990). A specific role for
astrocytes in providing a 'stop growth' or inhibitory signal in the CNS has been proposed
(Luizzi & Lasek, 1987). Neuroglial cells, specifically terminal Schwann cells, also overlie
motor nerve terminals at all neuromuscular junctions, and there is evidence that when
Schwann cells are added to neurones and muscle fibres in co-culture this either inhibits

synapse formation or promotes synapse elimination (Chapron & Koenig, 1989).
Secondly, during early development, growing sensory and motor axons are selectively

steered into the anterior half of the somites (Keynes & Stern, 1984). This appears to be due
to the production of a specific, peanut-lectin binding molecule by cells in the posterior half
of the somite (Davies, Cook, Stern & Keynes, 1990). Peanut-lectin binding activity is also
found at vertebrate motor endplates (Ko, 1987), but it is not known whether this has
neurite growth inhibiting activity.

Finally, there is some evidence that a balance between the activity of proteases secreted
by growth cones and protease inhibitors in the extracellular environment can determine
whether neurites will extend or withdraw (Monard, 1988; Fawcett & Housden, 1990). A
group of hypotheses for an explicit role for proteases in synapse elimination have been
proposed, based on the reported effects of ions and protease inhibitors on the time course
of synapse elimination (O'Brien et al. 1978; O'Brien, Ostberg & Vrbova, 1984; Connold,
Evers & Vrbova, 1986; Vrbova, Lowrie & Evers, 1988; Zhu & Vrbova, 1992; Navarette &
Vrbova, 1993).

The possibility that the peri-junctional region of the motor endplate might constitute
some sort of 'terminal exclusion zone', constraining terminals to the endplate and
intensifying competition, could be further explored experimentally by determining whether
ectopic synapses will fail to form in this region even when the native nerve supply is
removed by denervation. It would also be interesting to know whether growth cone
collapse (Kapfhammer & Raper, 1987), a useful indicator of growth inhibiting activity,
occurs when a foreign axon is presented ectopically to an innervated muscle, compared with
an ectopic presentation to a previously denervated muscle. It would additionally be
interesting to know whether Schwann cells play a role in regulating the activity of proteases
and protease inhibitors, like that proposed for astrocytes and growing axons in the CNS.
Repeated observations of identified terminals (Lichtman et al. 1987) or of selectively
labelled Schwann cells (e.g. Mirsky & Jessen, 1984) in muscles treated with proteases or
protease inhibitors could provide a useful approach here.
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AN 'INDUCED-FIT' MODEL OF NEUROMUSCULAR SYNAPTIC COMPETITION

While most experiments are consistent with a mechanism of competitive synapse
elimination based on control of access by terminals for a spatially restricted resource, a
number of unanswered questions remain about the qualitative nature of this mechanism.
For example, how can neuromuscular synapse elimination occur under some circumstances
in the absence of neural activity? Why do no muscle fibres become completely denervated
during the period of synapse elimination? Why, after partial denervation, do regenerating
axons not recover innervation of many of the muscle fibres they once innervated? How is
it that some observations suggest that particular terminals are advantaged through selective
synapse formation, while other data suggest that innervation is non-selective but
elimination is selective?

In an attempt to reconcile observations such as these, we should like to propose a
mechanism based on induction of selective adhesion as a plausible alternative to other
hypotheses. By analogy with enzyme kinetic studies, and recent insights into antigen-
antibody interaction, we will describe our hypothesis as an 'induced-fit' model.

There are four principal elements to the hypothesis. The first is that motor nerve
terminals may induce a selective change in the nature of adhesion molecules in the muscle
fibres they contact at motor endplates. The goodness-of-fit for nerve terminals provided by
these molecules could be determined by the expression of unique isoforms, generated by
alternative splicing and/or differential glycosylation, or by a conformational change
induced by the binding of a specific ligand on the nerve terminal to a complementary
adhesion molecule expressed on the surface of the muscle fibre (Fig. 7). The second element
of the hypothesis is that competing axons may be allowed to occupy synaptic space because
there is partial fit between dissimilar isoforms or conformations of the adhesion molecules
initially expressed at an endplate. In other words, weak ('noisy') fits would be allowed
between different, competing terminals and a muscle fibre. The third element of the
hypothesis is that with time, a conformational change in a particular isoform is induced to
become more permanent. This would lead to preferential adhesion by one of the terminals
innervating an endplate and a progressive loss of adhesion and withdrawal of the
remainder. This process would represent a form of positive reinforcement of a terminal,
mediated by the muscle fibre, based on an initial asymmetry in the strengths of adhesions
of competitors, as required of a mechanism based on spatial competition. The fourth
element of the hypothesis allows for activity in competing terminals to accelerate the
conformational change or synthesis of the appropriate complementary isoform, thereby
providing the competitive edge that is normally observed when active and inactive
terminals are pitted against one another.

There are precedents for some of the elements of the induced-fit hypothesis in other
systems. First, it has long been recognized that the goodness-of-fit between the reactive site
of an enzyme and its substrate can be altered by a conformational change in the enzyme.
In fact the term 'induced fit' was first introduced in the context of enzyme-substrate
reaction kinetics (Koshland, Nemeth & Filmer, 1966; Koshland, 1973). Second, it has
recently been shown that antigens can change their conformation when antibodies bind to
them, in a way that facilitates the antigen-antibody binding (Rini, Schulze-Gahmen &
Wilson, 1992). Third, studies on T-lymphocytes show that binding of these to the
intercellular adhesion molecule ICAM-1 is enhanced by an induced fit between the
adhesion molecule and the cell surface ligand LFA-1, and this is facilitated by an
intracellular signalling process activated by binding of different antigens to other T-cell
receptors (Cabanas & Hogg, 1993).
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Reinnervation Sprouting

adhesion molecules ensure a tight bond between the motor nerve terminal and the muscle fibre. After
denervation of the fibre, the endplate may become rcinnervated by sprouts bearing a different, characteristic
isoform of the adhesion molecule. The initially weak interactions between these adhesion molecules and those
already present may result in a conformational change, which is signalled to the endplate nuclei and translated
into the expression of a more appropriate isoform in the muscle fibre membrane (upper right). If regenerating
axons return soon enough, the transition in expression of isoforms may be incomplete and the terminals co-exist
(lower right). Disuse of the muscle might maintain the state of non-specific expression of adhesion molecule
isoforms in the muscle membrane. If reinnervation is delayed, however, the adhesion molecule isoform
expressed may be completely transformed to that appropriate for the sprouted nerve.

How might an induced-fit mechanism work in relation to, say, reinnervation of partially
denervated muscle? When an adult muscle is partially denervated, reactive changes leading
to motor nerve sprouting occur, and denervated endplates become occupied by sprouts.
Functional contact could be allowed because the denervated endplates permit a 'noisy fit',
perhaps as a result of change in the isoform of adhesion molecule expressed or the
conformation of the existing isoforms. With time, the sprouted terminals would transform
the expression of the complementary adhesion molecules by an activity-dependent
induction of gene expression in the endplate nuclei. This could be mediated by intracellular
second messengers. It is known, for example, that second messengers play a crucial role in
determining which major isoform of acetylcholine receptor is expressed at an endplate, and
this is mediated in part by neural activity (reviewed by Laufer & Changeux, 1989).
Regenerating axons returning to the muscle may reinnervate their old sites, but their
goodness-of-fit may depend on how long the sprouts had had to respecify the fit on at the
motor endplate, and on how active the sprouted terminal had been. Thus in a paralysed
muscle more 'noisy fits' by regenerating axons would be allowed compared with an active
muscle, and multiple terminals would persist for longer. But the longer the interim between



484 R. R. RIBCHESTER AND J. A. BARRY

nerve injury and the return of the regenerating axons, the more likely it is that the nature
of the adhesion molecules would be transformed and the less the likelihood that a noisy fit
by regenerating axons would be allowed.

The induced-fit hypothesis seems to us to provide a plausible basis for explaining why
terminals do not normally co-exist at an endplate and why one and only one terminal
ultimately persists in an essentially invariant form. Testing the hypothesis is feasible,
although difficult, mainly because it is not clear which molecular isoforms would be the best
candidates for mediating the induced fit. However, as a start, it would be interesting to
know whether muscles normally express alternatively spliced isoforms of N-CAM or
AChR in proportion to the number of motor units they contain, and whether partial
denervation at birth (which permanently reduces the numbers of motor units) reduces the
numbers of isoforms expressed.

CONCLUDING DISCUSSION

Neurotrophic theory in its conventional form (e.g. Purves, 1988) has been highly successful
in providing a framework for thinking about the control of innervation of targets where
these receive a distributed innervation, as in the case of smooth muscle, where NGF and
related neurotrophins have been identified as important neurotrophic resources. However,
the mode of competition presumed to occur in smooth muscle is perhaps too restrictive to
account for stabilization and maintenance of connections which are initially focused in
more restricted areas of cell surfaces.

In our view, the terminology used by Keddy (1989) to describe competition in an
ecological context helps us to focus on the options to be considered for understanding
neuromuscular synaptic competition. Specifically, the terminology and conceptual
framework which he (and we) recommends help us to view the competitive interactions
between motor nerve terminals from a number of different standpoints, and place
contemporary approaches to the study of skeletal muscle innervation into perspective. This
is a necessary exercise if the challenge of integrating molecular, cellular and organismic
physiology is to be met (Boyd & Noble, 1993). For example, adopting the definition of
competition that we propose not only underscores the importance of identifying the nature
of the molecular resources for which motoneurones compete; it also indicates that success
in this endeavour will not provide all the answers to the problem of synaptic competition.
Nonetheless it would be helpful to know whether nerve terminals consume neurotrophic
molecules, or whether the competition is based on control of access to specific isoforms of
adhesion molecules that are spatially restricted in the region of the endplate. We need to
know whether there is more than one type of chemical factor driving the interactions
between terminals - for example, whether there are both endogenous growth-promoting
and endogenous growth-inhibiting molecules in muscle - and to what extent other cell
types (like Schwann cells, for example) might influence the outcome of competition. Also,
it still remains important to establish how and to what extent the use and disuse (activity)
of nerve terminals or muscle fibres are able to limit the availability or access to
neurotrophic resources and to regulate the number and disposition of terminal boutons at
a motor endplate; and to establish the role of activity-dependent competitive remodelling
of neuromuscular junctions in the overall function of motor units in the control of
movement.

Finally, although these ideas about consumptive and spatial competition may be applied
to the problem of synaptic competition in the peripheral nervous system, it is important to
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ask whether they are also likely to be of value in understanding the control of convergence
and divergence in the central nervous system. In contrast to skeletal muscle, each neurone
in the CNS normally receives many different kinds of synaptic input, and there is
burgeoning evidence that a membrane protein not expressed in skeletal muscle, the
TV-methyl-D-aspartate (NMDA) receptor, plays a critical role in many forms of synaptic
plasticity in the CNS (Daw, Stein & Kox, 1993; Malenka & Nicoll, 1993). Activity-
dependent, competitive elimination of convergent, homologous inputs is common during
critical periods of development in the CNS, for instance in visual cortex, auditory nuclei,
and in the cerebellum (Jackson & Parks, 1982; Shatz, 1990; Rabbachi, Bailly, Delhaye-
Bouchaud & Mariani, 1992). In adults, even profound lesions to the CNS may bring about
only a minor partial denervation of individual target cells, because of the plethora of
synaptic inputs to any given neurone by local interneurones. For example, complete spinal
transection brings about only a minor partial denervation of lower spinal motoneurones,
because the large number of synapses provided by local interneurones and peripheral
sensory afferents are unaffected by the lesion. It seems probable that at least some of these
synapses undergo continuous remodelling (cf. Purves et al. 1987), and sprouting of axons
in the injured spinal cord is now quite well documented (Schnell & Schwab, 1993; Schwab,
1993). Some form of competition will surely occur when (if?) regenerating axons are able
to reform connections on neurones partially denervated by a spinal lesion. So there may
well be closer parallels than realized hitherto between, say, the competitive reinnervation
of partially denervated skeletal muscle and the processes required to re-establish
functionally appropriate innervation of partially denervated cells in the injured CNS. In the
past, the neuromuscular junction has admirably served neurobiologists seeking explanations
for a number of general neurobiological phenomena (such as the mechanism of chemical
synaptic transmission; Katz, 1969; Eccles, 1990). Perhaps a clearer understanding of
the principles and mechanisms of synaptic competition at neuromuscular junctions will
therefore make a significant contribution towards explaining how the numbers and
disposition of connections elsewhere in the nervous system are regulated and maintained.
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Persistent Polyneuronal Innervation in Partially Denervated Rat
Muscle after Reinnervation and Recovery from Prolonged Nerve
Conduction Block

Jacqueline A. Barry and Richard R. Ribchester
Department of Physiology, University Medical School, Edinburgh, EH8 9AG Scotland, United Kingdom

The contribution of activity to the long-term stability of syn¬
aptic connections is a subject of ongoing debate. In the
present study we examined the effects of recovery from
chronic disuse on the pattern of reinnervation of partially
denervated adult rat skeletal muscles, using tension mea¬
surements, intracellular recordings, and observations of vi¬
tal staining with activity-dependent styryl dyes. Fourth
deep lumbrical muscles were partially denervated by
crushing the lateral plantar nerve (LPN) bilaterally. Dener¬
vated muscle fibers became innervated by sprouts from
the sural nerve (SN); 17-23 d after LPN crush, conduction
in the right sciatic nerve was blocked by connecting an
osmotic minipump containing tetrodotoxin to a cuff placed
around the nerve. Distal muscies remained continuously
paralysed for 10-19 d. After 2 weeks of nerve block the
tension produced by stimulating the regenerated LPN ax¬
ons had reached about 70% of the total. Regenerating ax¬
ons in contralateral muscles reinnervated only about 55%
of the muscle fibers. The level of dual innervation by both
regenerating and intact axons reached about 50% of the
total muscle fibers after 2 weeks of paralysis, but only
about 20% in contralateral controls. We then measured the
rate and amount of decline in motor unit tension and po¬
lyneuronal innervation in reinnervated muscles during an
eight week period of recovery from nerve block. Some LPN
and SN connections regressed within 2-4 weeks, but about
35% of the muscle fibers still retained convergent inputs
from LPN and SN motor axons 8 weeks after activity had
resumed. This was about twice the level observed in con¬

tralateral reinnervated muscles. Vital staining with the styr¬
yl dyes FM1-43 and RH414 confirmed that many of the rein¬
nervated motor end-plates were convergently supplied by
both SN and LPN axons. Intracellular recordings showed
that most of the dually innervated fibers in paralyzed mus¬
cles were supplied by suprathreshold inputs from both
LPN and SN axons. The increased excitability of these
muscle fibers was partly explained by their two-fold in¬
creased input resistance. Input resistance recovered to
control levels within 4 weeks of resumption of activity, but
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dually innervated fibers in previously blocked muscles still
gave mostly suprathreshold responses to stimulation of
both the LPN and the SN. We conclude that chronic nerve

conduction block generates or sustains a local environ¬
ment which allows some convergent synaptic inputs on
reinnervated muscle fibers to become consolidated and

strengthened, independent of subsequent neuromuscular
activity.

[Key words: rat, motor unit, motor nerve terminal, neu¬
romuscular junction, sprouting, regeneration, polyneuronal
innervation, synapse elimination, vital staining, paralysis,
activity, neurotrophism]

Experimental studies of mammalian skeletal muscle show that
after partial denervation, axotomized motor terminals degenerate
and intact axons and nerve terminals sprout to reinnervate va¬
cated motor end-plates (Brown et ai„ 1981; Ribchester and Bar¬
ry, 1994). When regenerating axons return, they reestablish con¬
tact with muscle fibers that may already be innervated by
sprouts, resulting in polyneuronal innervation (Guth 1962;
McArdle. 1975; Brown and Ironton. 1978; Thompson. 1978;
Taxt, 1983; Ribchester and Taxt. 1984; Ribchester. 1988). The
subsequent competitive elimination of supernumerary terminals
resembles events seen in neonatal muscles during normal post¬
natal development (Redfem. 1970; Brown et ai„ 1976; Betz et
ai„ 1979; Bixby, 1981). Here elimination proceeds by progres¬
sive removal of synaptic boutons. with accretion of boutons be¬
longing to the axon collateral that remains (Balice-Gordon et ai..
1993). Muscle paralysis, either during development or reinner¬
vation, increases the proportion of polyneuronally innervated fi¬
bers, either by stimulating nerve growth (sprouting) and/or by
inhibiting elimination of convergent synaptic inputs (Thompson
et ai., 1979; Duxson, 1982; Taxt. 1983; Ribchester. 1993). There
is some debate, however, over the extent to which activity selects
which terminal boutons will survive. For example. Ribchester
and Taxt (1983, 1984) showed that selective paralysis of motor
units during nerve regeneration favors expansion of the active
motor units at the expense of the inactive motor units. Ridge
and Betz (1984) showed that selective stimulation of motor units
in neonatal muscies also confers a competitive advantage on the
stimulated axons. Intracellular recordings have revealed acute
heterosynaptic depression of synaptic inputs in isolated neuro¬
muscular preparations and cultured myocytes (Betz et al., 1989;
Lo and Poo, 1991; Dan and Poo, 1992), and repeated imaging
of end-plates in vivo has demonstrated elimination of synaptic
boutons after small areas of receptors disappear (Rich and Licht-
man. 1988), or are rendered ineffective by blocking them with
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TTX Sciatic

ieep iumbncal muscles (4DL) were partially denervated by crushing
he lateral plantar nerve (L.P.N.), which normally supplies 9-15 motor
nits to the muscle. After sprouting or intact sural nerve (S.N.) axons
nd regeneration of LPN axons, nerve conduction in the entire motor
erve supply to 4DL was blocked for 1-3 weeks, by chronic superfu-
lon of tetrodotoxin from an implanted osmotic minipump. Some ani-
nals were left for a further 2-8 weeks to recover from nerve block
efore isolated preparations of 4DL were made for analysis.

t-bungarotoxin (Balice-Gordon and Lichtman. 1994). Other
lata suggest the effects of activity may be complex, however,
rallaway et al. (1989) reported that twitch contractions of par-
lvsed motor units in neonatal rabbit muscle were larger than
heir nonparalyzed competitors: and Nelson et al.( 1993) showed
hat stimulation accelerated elimination of both stimulated and
lonstimuiated synapses on cultured muscle fibers. Finally some
vnapse elimination occurs in reinnervated adult muscle even
vhen all the competing motor units are inactive (Ribchester.
993).

In the present study we have further investigated the activity
ependence of neuromuscular synaptic competition. Our aim
vas to determine whether increasing the initial extent of rein-
ervation and poiyneuronal innervation of partially denervated
auscles—by chronically paralyzing them—would subsequently
i.ad to stabilisation or elimination of the additional inputs once
ctivity resumed. The data show that within about 2 weeks of
ecovery from chronic nerve conduction block, some muscle
ibers may lose either their sprouted or their regenerated inputs,
lut about half the polyneuronally innervated fibers retain con-
ergent inputs, many of them generating suprathreshold synaptic
esponses. These fibers remained polyneuronally innervated in
pite of the resumption of neuromuscular activity.

Some of the observations and data in the present report have
een published in abstract form (Barry and Ribchester. 1994a,b).

Materials and Methods
artial denervation and paralysis of the fourth deep lumbricai muscle
1DL) was carried out on young adult female Wistar rats (initial weights
reater than 120 gm). All surgical procedures were licensed by the UK
lome Office and earned out under asepuc conditions and halothane
naesthesia (5% in N.O/O.; 1:1). The animals had free access to water
nd feed at all other times.

The overall expenmental design is diagrammed in Figure 1. The 4DL

receives dual innervation (Betz et al.. 1979) from the LPN (6-14 motor
units, m.u.) and the SN (0-6 m.u.). In normal adults, each muscle fiber
is mononeuronally innervated, by either an LPN or an SN axon. When
either the LPN or the SN is injured, the axons in the other nerve give
rise to sprouts which collaterally innervate the denervated muscle fibers
(Ribchester and Taxt. 1984; Ribchester. 1988. 1993). In the present se¬
ries of experiments the LPN of both hind limbs was exposed close to
the ankle and crushed for 30 sec using fine forceps, thus effecting a
major partial denervation of 4DL. The wounds were closed and sutured.
In previous experiments (Ribchester. 1988. 1993) it was shown that
partially denervated lumbneal muscles containing two or more motor
units became comprehensively reinnervated by collateral sprouts by the
time regenerating axons returned, that is about 14-20 d after LPN or
SN crush. In the present experiments, the rats were reanaestheuzed 17-
23 d after LPN crush, and the right sciatic nerve was exposed in the
thigh. An osmotic minipump (Alzet 2002) containing tetrodotoxin (TTX
in citrate buffer. Caibiochem; 500 p.g/ml in sterile saline. 200 p.g/mi
ampicillin) was implanted intrapentoneally as described previously
(Betz et al„ 1980: Taxt. 1983: Ribchester. 1993). In brief, narrow bore
silicone rubber tubing (Dow Corning Silastic 602-105: i.d. 0.35 mm.
o.d. 0.64 mm. mated with 602-135: i.d. 0.51 mm, o.d. 0.94 mmi was
led from the outlet of the rrunipump and cemented with silicone rubber
to the inside of a 5 mm length of wider bore silicone rubber tubing (i.d.
2 mm l which was placed around the sciatic nerve. The tubing, but not
the cuff, was also rilled with TTX. Internal and external wounds were
sutured with 7/0 and 6/0 silk suture, respectively. Paralysis of the right
hind limb was evident within 24 hr. The patency of nerve conduction
block was monitored daily by observing the absence of toe-spreading
reflexes on the blocked side when the animal was gently lifted by the
tail, and the absence of withdrawal reflexes in response to firm pinches
applied to the toepads with blunt forceps. Nerve conduction block was
maintained for between 8-20 d (mean 13.5 d).

Final experiments were earned out after about 2 weeks of nerve
conduction block (0 Weeks Recovery) or after additional 2. 4. or S
weeks of recovery from block (referred to as 2wB OR, 2wB 2R. 2wB
4R. and 2wB 8R, respectively, in the following text and figures). We
did not monitor continuously the animals' use of their limbs once the
block had worn off. but it was clear that the previously-paralyzed limbs
were used normally as the animals moved around their cages: their toe
spreading and withdrawal reflexes were completely restored. On the day
of the final experiment, animals were terminally anestheuzed (Sagatai.
110 mg/kg i.p.) and the sciatic nerve was exposed on the right side ana
cut proximal to the cuff. The nerve was electrically stimulated above
and below the cuff using brief trains of supramaximal pulses (0.1 msec.
10 V; 70 Hz for 0.5 sec every second). In the case of the 2wB OR group
(blocked up to the time of the acute experiment), no response was
elicited from stimulation above the cuff, while stimulauon below it
evoked strong contractions in the lower limb. In the 2-8 week recovery
groups responses were seen with stimulation both above and below the
cuff. This test therefore confirmed the behavioral observations.

Nerve/muscle preparations of 4DL were made and placed in a Syl-
gard-lined chamber perfused with mammalian physiological saline (con¬
centration, mm: Na" 137.1, K* 5; CI" 150.8: H.PO," 0.3, Ca2+ 8.
Mg2+2, HCOj" 23.8. d-glucose 11) bubbled with 95% O,, 5% CO.. The
relatively high Ca2r concentration was used to improve the stability of
intracellular recordings. The distal tendon, attached to the fifth toe. was
pinned to the base of the chamber and the proximal tendon was attached
by a short length of 6/0 silk suture to a sensitive force transducer
(SensoNor AE801). The muscle length was set for optimal tension pro¬
duction. The numbers of motor units were assessed by carefully grading
the intensity of the nerve stimuli. Responses to tetanic stimulauon (70
Hz for 1 sec) were also measured. Intracellular measurements were
carried out either on cut-fiber preparations (Betz et al. 1979: Ribchester.
1988), or on muscles stretched to one-and-a-half to two times their
resting length. Muscle contractions were almost eliminated with both
methods: the cut-fiber muscle preparations became depolarized, inacn-
vating voltage-dependent sodium channels: while stretched-fiber prep¬
arations expressed near normal resting potentials and action potentials
but their myofilaments were pulled out of alignment, reducing contrac¬
tile movements and force production. Suprathreshold and subthreshold
synaptic responses were readily distinguished using this latter method.
Focal recordings of endplate potentials (EPPs) were made from about
40 fibers, using standard intracellular recording techniques, with glass
microelectrodes of ca. 40 MCI resistance filled with 3 m KC1. Tension
and intracellular recordings were digitized using a modified SONY



PCM 701ES digital pulse code modulator and recorded on VHS vid¬
eotape. Measurements and analysis were earned out either on-line or
off-line, using a CED1401 + (Cambridge Electronic Design. Cambridge,
UK) interface and a personal computer, using wcp software supplied
by Dr. J. Dempster (University of Strathclyde. Glasgow). Estimates of
muscle fiber input resistance were made in some preparations. In these
expenments. whole muscles were pinned out slightly longer than their
resting length. Superficial fibers were penetrated with 5-10 Mfl elec¬
trodes filled with 3 m KC1. Hyperpolarizing current pulses of 30 msec
duration and up to 10 nA in amplitude were passed through the record¬
ing electrodes and membrane potential was simultaneously monitored
using the Wheatstone bridge circuit of our recording amplifier (WPI
model M707). Input resistance was read from the bridge balance after
subtracting the electrode resistance. Double microelectrode impaiements
of single muscle fibers with separate current- passing and recording
microeiectrodes wouid perhaps have provided more accurate measure¬
ments. but this method is difficult to apply in lumbrical muscles without
damaging muscle fibers, owing to their small diameter tea. 10 |xm)
compared with most rat skeletal muscle fibers (Ribchester and Taxt,
1983: Betz et al.. 1989). We therefore opted for the single microelec¬
trode method, which enabled us to increase the number of muscle fibers
sampled in each muscle.

Some muscles were stained with the vital aminostyrvl dyes FM1-43
and RH414 (Molecular Probes. Eugene. Oregon). Preparations were
bathed in a 2 pAt solution of FM1-43 and the sural nerve was stimulated
at 30 Hz for 5 sec every 15 sec. for 10 min. The preparation was washed
with physiological saline for 15 min. then this was replaced with one
containing a 15-20 pj»t solution of RH414. The LPN was stimulated
using a similar pattern. After a further 30-60 min wash, preparations
were viewed in a fluorescence microscope using a standard Nikon flu¬
orescein excitation/emission filter block. Under these imaging condi¬
tions. synaptic boutons stained with FM1-43 (SN) fluoresced yellow/
green, while those stained with RH414 (LPN) fluoresced orange. Pho¬
tographs were taken on high-speed Kodak Ektachrome film, scanned,
enhanced on an Apple Macintosh Quadra using adobe Photoshop soft¬
ware. and printed on a Kodak ColorEase printer. Some preparations
were destained using nerve stimulation. Low-light images (1-10%
transmission neutral density filter between the 100 W xenon light source
and the preparation) were taken using a Falcon LTC1160 SIT (Custom
Cameras. Wells, UK) and linear contrast stretched between equal limits
using NIH image or ionvtsion (Improvision, Coventry, UK) software.

In order to study the effects of paralysis under conditions of intense
competition between sprouted and regenerated motor units, we restrict¬
ed our analysis to muscles with two or more SN motor units. Data from
muscles with single SN units were excluded because these muscles
probably contained many fibers which were not innervated by sprouts,
leaving regenerating axons free to reinnervate them without competition
(Ribchester, 1988). All experimental groups comprised 7-12 animals.
Data are given as mean + SEM unless stated otherwise. Statistical
differences between groups were tested using one-way analysis of vari¬
ance (ANOVA) with post hoc applications of Tukey's multiple range
test unless otherwise indicated.

Results

We used a combination of isometric tension, intracellular re¬

cording and vital staining with activity-dependent styryl dyes to
determine the state of motor units and the pattern of reinner-
vauon after various periods of recovery from chronic nerve con¬
duction block. We first present evidence that recovery from
nerve block restored the contractile properties of the muscles.
Next, we show from tension and intracellular data that paralysis
enhances reinriervauon. and produces long-lasung increases in
levels of poiyneuronal innervation in the partially denervated
4DL muscles. Finally, we report our attempts to explain differ¬
ences in the strengths of synaptic inputs to polyneuronally in¬
nervated muscles in previously-paralyzed and control reinner-
vated muscles.

Changes in muscle contractile properties with recovery from
nerve block

As expected from previous work (Ribchester and Taxt, 1983;
Kowaichuk and McComas, 1987), a number of contractile prop-
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erties changed as a result of 2 weeks muscle disuse. Paralyzed
muscles produced only about half the maximum tetanic force of
contralateral reinnervated muscles. The tetanusitwitch ratio was

about two-thirds the normal value, affecting LPN and SN units
about equally (Figs. 2. 3). Twitch tension was unaffected by
chronic paralysis, as in previous studies (Ribchester and Taxt.
1983; Ribchester, 1993). A noteworthy point is that the maxi¬
mum isometric tension of both blocked and contralateral rein¬

nervated muscles remained below that of unoperated control
muscles over the entire experimental period. When compared
with reinnervated contralateral controls, however, there was al¬
most complete recovery of total tetanic tension and tetanus:
twitch ratio within 2—t weeks of nerve block wearing off (Fig.
3). Twitch contraction time also recovered as normal activity
resumed (data not shown).

Effect of paralysis and recovery on LPN and SN motor
innervation

As expected, crush injury of LPN axons triggered sprouting of
SN motor axons, then regression as regenerating LPN axons
returned (Ribchester, 1988). The extent of SN sprouting and
LPN reinnervation varied considerably between muscles. Figure
4 summarises the results we obtained from eighty-eight muscles
in which complete tension and intracellular data were obtained.
(In a further 13 muscles, we obtained tension but not intracel¬
lular data. These muscles were included in the calculation of
mean data shown in subsequent figures). The data in Figure 4
are ranked in each group according to the size of their tetanic
tension responses to stimulation of the LPN. Each stacked bar
shows the fractional contribution of LPN motor units (or fibers:
open bars), SN motor units (or fibers: hatched bars), and the
degree of overlap indicative of functional, or synaptic dual in¬
nervation (solid bars).

Inspection of the individual data in Figure 4 suggests that
paralysis increased the fraction of the total muscle fibers rein¬
nervated by regenerating LPN axons compared with reinnervat¬
ed controls. Nine out of 10 muscles in the 2wB0R group pro¬
duced more than 50% of total tension upon tetanic LPN stimu¬
lation. and the LPN response was more 70% of total in 4 of
these muscles. After 8 weeks recovery (2wB8R), 7 of 8 muscles
still gave more the 50% of total tension on LPN stimulation, but
only 2 of these muscles gave more than 70%. By comparison,
in muscles contralateral to group 2wB0R. tetanic stimulation of
the LPN produced more than 50% of total tension in only 3 out
of 9 muscles. Eight weeks later, the LPN contribution had
scarcely increased beyond this: only 4 of 8 muscles showed LPN
responses contributing more than 50% of total muscle tension.
In unoperated muscles, LPN motor units contribute about 80%
of total tetanic tension and the SN contributed about 20% (Fig.
3). Thus, paralysis accelerated the recovery of muscle fibers by
regenerating axons, and it appeared that some, though not all.
of the additional inputs were subsequently consolidated.

The differences in the extent of reinnervation comparing
blocked and control muscles at any stage were not due to dif¬
ferences in the numbers of competing LPN and SN units. Figure
5 shows that the amount of LPN reinnervation was related to

the number of intact, competing SN motor units, but the corre¬
lation was quite weak—especially in the case of the paralyzed
muscles—and there were no significant differences comparing
numbers of intact SN units between groups.

Means of the data from Figure 4 (together with tension data
from other muscles in which no intracellular recordings were
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yure 2. Examples of tetanic tension recordings from remnervated 4DL muscles. A. After 2 weeks of sciatic nerve block (zero weeks recovery!.
iwest trace SN (2 units), middle trace LPN (11 units), top trace combined stimulation: B. a contralateral reinnervated muscle. Lowest trace LPN
units), middle trace SN (5 units), top trace combined stimulation: C, 4 weeks recovery from nerve block. Trace order as in A, 3 SN units. 11

PN units: D. contralateral muscle after the same recovery period. Trace order as in B. 2 SN units, 8 LPN units. The blocked muscle (A) shows a
iatively low tetanic tension, a marked sag in the tetanic tension response, and a pronounced posttetanic after-contraction on LPN or combined
imuiauon. These are all characteristics of chronically paralyzed reinnervated muscles. They recovered within 2-4 weeks of resumption of neu-
muscular activity.

ade) are shown in Figure 6. The data have been lumped, ig-
inng the differences in the numbers of SN and LPN units
itween muscles. They show none the less, that in
ock-t- recovery muscles the mean extent of LPN reinnervation
as consistently above that of the contralateral controls. The
ean LPN tension perhaps declined slightly in previously
ocked muscles with time, whereas in contralateral reinnervated
uscles it increased slightly. Mean SN tension and numbers of
iers innervated declined with time in both contralateral and
ocked muscles, but there were no systematic or statistically
gnincant differences comparing these groups at different times,
hus. we may surmise that the overall effect of paralysis and
covery from nerve block was predominantly on the extent of

reinnervation by regenerating LPN axons. Quantitatively, since
the SN contributed about 3 motor units on average and the LPN
contributed about 9 units, the fractional loss of connections from
the intact SN axons was about 3% per motor unit, compared
with less than 1% of connections per motor unit from regener¬
ating LPN axons.

Polyneuronal innervation
Three main points can be made with respect to the dual inner¬
vation of muscle fibers by LPN and SN axons (Fig. 4). First,
the levels were consistently higher in the blocked than in the
corresponding control groups. Second, the level of dual inner¬
vation declined most in animals recovering from nerve block
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Figure 3. Tension data from reinnervated 4DL muscles after recovery
from nerve block. A, Maximum tetanic force: open circles, blocked
muscles: solid circles, contralateral reinnervated muscles. Eight to 10
muscles in each case. B. comparable data from unoperated controls
i UO and nerve-crush only controls (CO, which did not receive TTX.
Eight muscles in each case. C, Tetanus:twitch ratio, same symbols as
.4. D. Comparable data from unoperated and crush controls. Both max¬
imum tetanic tension and tetanusirwitch ratio recovered with 2 weeks
of muscle activity resuming, but the tetanic tension did not recover to
those of unoperated muscles within the 8 week recovery period studied.

(i.e., more in previously blocked muscles than in controls).
Third, there were some clear discrepancies between the amounts
of polvneuronal innervation estimated by tension overlap mea¬
surements. compared with intracellular recording. The discrep¬
ancies appeared to be due to differences in the numbers of sub¬
threshold and suprathreshoid synaptic inputs (analyzed further
in a section below).

An overview of the changes in dual innervation is shown in
Figure 7. Interestingly, three of the unoperated muscles showed
evidence of a low level of poiyneuronal innervation (cf. Taxt,
1983). The tension data show that in blocked muscles (2wB0R),
about 50% of fibers appeared to be dually innervated. With re¬
covery, the level of dual innervation in previously blocked mus¬
cles appeared to decline steeply, to about 20% of fibers. In the
contralateral reinnervated groups, tension overlap never exceed¬
ed 20% of the muscle and by 8 weeks only 5% of fibers were
estimated to be dually innervated according to this method. In¬
tracellular recordings showed consistently higher incidences of
dual innervation than tension measurements in most of the

groups. In the 2wB OR group (paralysed up to the time of the
acute experiments), about 50% of fibers gave synaptic responses
to LPN and SN stimulation, a similar fraction to that inferred
from the tension overlap. But by 8 weeks of recovery, intracel¬
lular recordings suggested that about 35% of fibers in previously
blocked muscles were dually innervated, compared with about
15% in controls: that is, about 1.5 times and 3 times more, re¬

spectively, than the estimates based on tension overlap.
Overall, it appeared that the tension produced by SN and LPN

motor units, and the levels of dual innervation of fibers by intact
and regenerating axons had stabilized by eight weeks recovery
from nerve block. We therefore did not examine any muscles
after recovery periods greater than 8 weeks.

The physiological evidence of significant persistence of dual
innervation was supported by observations of LPN and SN ter¬
minals stained with the vital aminostyryl dyes RH414 and FM1-
43 (Betz et al., 1992: Ribchester et ai., 1994). Figure 8A-F
shows examples of mononeuronaily innervated and polvneuron-
allv innervated muscles examined during the recovery period.
These examples show variable numbers of orange fluorescent
(LPN) and yellow/green fluorescent (SN) boutons at single mo¬
tor endpiates in the reinnervated muscles. The variability in the
numbers of boutons supplied by either nerve presumably reflects
the variable synaptic strengths of the LPN and SN inputs in these
fibers, (see below; cf. Hams and Ribchester. 1979: Betz et al.,
1993). Sets of similarly colored boutons were selectively de-
stained by stimulating the relevant nerve. Figure 1G-L shows
successive SIT camera (monochrome) images of a dually inner¬
vated terminal after loading with FM1-43 and RH414. during
continuous stimulation of the LPN at 30 Hz. Only the few bou¬
tons supplied by the LPN (visible as orange fluorescence down
the microscope) destained. confirming that the pattern of staining
was due to poiyneuronal innervation of muscle fibers and not
random staining of boutons by the differently colored dyes.

These observations confirmed the presence of persistent po-
Ivneuronal innervation in reinnervated muscles and further dem¬
onstrated that the convergent inputs were located and interdigi-
tated at a single motor end-plate, rather than being separately or
ectopicaily positioned.

Tension-intracellular discrepancies in estimates of
poiyneuronal innervation
We investigated the origin of the discrepancy between estimates
of dual innervation based on tension versus intracellular mea¬

surements by making intracellular recordings from intact prep¬
arations. mechanically stretched to the point where action po¬
tentials in the fibers no longer triggered production of significant
muscle force or movement. We found we were able to make

quite stable intracellular recordings of action potentials and EPPs
from such preparations, even during tetanic stimulation of either
of the nerves. Our working hypothesis was that the differences
were due to some of the synaptic inputs to dually innervated
fibers providing only subthreshold responses.

Examples of mononeuronaily and dually innervated fibers are
shown in Figure 9. We found numerous examples of dually in¬
nervated fibers giving subthreshold synaptic responses to one
nerve, and a suprathreshoid (action potential) response to stim¬
ulation of the other; while several other fibers gave suprathresh¬
oid responses on separate stimulation of both nerves.

Figure 10 shows the partem of innervation of reinnervated
muscles, in terms of the percentages of mononeuronaily versus
polyneuronally innervated fibers, in the form of nerve domi¬
nance histograms (compare for example with Ribchester and
Taxt. 1983). In the present study, Groups 1 and 5 represent fibers
innervated exclusively by the LPN and SN respectively; Group
3 represents fibers which gave action potentials in response to
stimulation of both the LPN and the SN, while Group 2 fibers
generated action potentials in response to LPN stimulation and
a subthreshold EPP to SN stimulation. For Group 4 fibers the
reverse was true.

About 45% of fibers gave suprathreshoid responses to both
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7igure 4. Overview of tension and
ntraceilular data. Results from eighty-
ight muscles in which each pair of
onzontal bars (left, tension: right, in-
■aceilular) represents the measure-
aents obtained from one muscle. The
ata from each muscle are expressed as
percentage of the total indirect ten-

ion and the total number of innervated
bers respectively. In each case, the
pen bar shows the proportion of the
tuscle supplied only by LPN axons,
ae hatched bar shows the percentage
upplied only by SN axons, and the
oiid bar shows the fraction of dually
anervated libers. The tetanic tension
asponse to LPN stimulation (open +
11) has been used as a key to rank the
auscles in each group. The numbers
own the left side of the tension data
:fer to the numbers of LPN units in
ach muscle, and the numbers down
le right side are the numbers of SN
nits. Abbreviations at the left of the

gure refer to the blocked, recovery,
nd control groups as designated in the
latenais and Methods and Results
;ctions.
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,PN and SN stimulation in blocked muscles whereas only 15%
f fibers responded in this way in contralateral muscles (Fig.
0). By 4 weeks of recovery, 27% of fibers still gave supra-
lreshold responses to both nerves, while only 9% of fibers did
a in contralateral controls. Over the same period the fraction

of total fibers that was poiyneuronally innervated declined (see
Fig. 7) suggesting that, as in development, elimination of ter¬
minals involved a gradual decrease in the efficacy of individual
synaptic inputs (cf. Jones and Ridge. 1987; Balice-Gordon et al..
1993).
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The relatively low incidence of subthreshold inputs in 2 week
blocked muscles (no recovery) was reflected in the smaller dis¬
crepancy between tension and intracellular estimates of poiy-
neuronal innervation compared with contralateral controls. For
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Figure 6. Recovery of LPN motor units. Mean and SEM of LPN and
SN tension (A. B) and intracellular (C, D) recordings. The intracellular
data are based on those presented in Figure 4. The tension data include
muscles shown in Figure 4. combined with those from other muscles
in which only tension recordings were obtained. The hatched bars show
the mean and SEs from unoperated muscles for comparison. Open cir¬
cles are from blocked muscles, solid circles from contralateral controls.
Differences between blocked and control muscles in A and C were

statistically significant at 0 and 2 weeks recovery.

instance, the tension overlap data from the muscles shown in
Figure 10 suggested that 61.1% of the fibers were dually inner¬
vated by suprathreshold inputs, and 62% of fibers observed in
the intracellular recordings were dually innervated, although
about one-fourth of these actually showed subthreshold re¬
sponses from one of the nerves. By comparison, the incidence
of subthreshold inputs in the contralateral controls at this time
almost accounts for the observed discrepancy. Thus, 7.8% of
fibers were dually innervated according to the tension measure¬
ments, while the intracellular recordings showed a dual inner¬
vation of 25% of fibers: 15% with both inputs suprathreshold
and 10% with one input subthreshold. By-4 weeks recovery, the
discrepancy in previously blocked muscle was similarly matched
by the number of subthreshold inputs: 17% dually innervated
according to tension measurements but 43% dually innervated
according to intracellular recordings: 29% with both inputs su-
prathreshoid. In contralateral muscles at this stage, the incidence
of suprathreshold dual inputs was 9% of fibers, compared with
6% estimated from tension overlap. Overall, there was a good
correlation between the numbers of dually innervated muscle
fibers giving suprathreshold responses to the LPN and the SN
(Group 3) and the tetanic tension overlap from the same muscles
(Fig. 10B).

We investigated whether the discrepancies could be accounted
for by differences in the input resistances of the muscle fibers
in blocked and contralateral muscles. One of the earliest re¬

sponses to disuse or denervation is a rise in muscle fiber input
resistance due to a fall in membrane chloride permeability (Berg
and Hall. 1975: Heathcote, 1989). Atrophy of the paralyzed
muscle fibers would also be expected to increase their input
resistances. We therefore surmised that the input resistance
might be higher in blocked muscle fibers, which would increase
the tendency of weak synaptic currents to generate suprathresh¬
old synaptic responses. Stronger synaptic currents would be re¬
quired to trigger action potentials in contralateral muscle fibers,
to compensate for their lower input resistance.
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Weeks Recovery from Block Weeks Recovery from Block
ri<>iire 7. Dual innervation of muscle fibers. Mean and SEM of the percentage dual innervation, based on tetanic tension overlap (/t) and
ntraceilular recording tB). Open circles are from blocked muscles, solid circles from contralateral controls. Differences between blocked and control
nuscies at 0 and 8 weeks recovery were statistically significant.

The data shown in Figure 11 suggest that input resistance was
bout twice as high in the blocked muscles compared with the
ither groups. Thus a fall in muscle fiber input resistance on
esumption of activity provides a partial explanation for the
mergence of a tension-intraceiluiar discrepancy in estimates of
lolvneuronal innervation. After 4 weeks recovery from block,
iowever. there were no longer any systematic differences in
nuscle fiber input resistances on the blocked and control sides,
'et there were still significantly more suprathreshold inputs in
reviously blocked muscles compared with the contralateral
ruscles (Fig. 10).

Jiscussion

"he results of the present study have implications for under-
tanding how the number and disposition of motor neuron con-
ections are regulated by neuromuscular activity. Our most im-
ortant finding is that paralysis produced an enduring, stable
attern of poiyneuronal innervation of about one-third of the
imbrical muscle fibers after partial denervation and reinnerva-
on.

Persistent polyneuronal innervation has been described be-
Dre, for example in reinnervated frog muscle (Werle and Her-
:ra, 1991), or after treatment of neonatal rats with testosterone
rordan et al., 1990; Lubischer et al., 1992). In mammalian mus-

les. persistent polyneuronal innervation is normally associated
'ith separate motor end-plate sites, situated more than 1 mm

part (Kuffler et al., 1977). However, Brown et al. (1982)
rowed that focal polyneuronal innervation of mouse tensor fas-
iae latae muscle fibers persisted for more than 120 d after neo
atal injection of botuiinum toxin, although it was almost com-
letely eliminated in gluteus muscles treated the same way. The
resent study shows that motor terminals derived from different
xons in reinnervated adult rat lumbrical muscles are also able
> coexist at an end-plate, with interdigitation of their synaptic

boutons at sites of synaptic contact. Furthermore, the present
study shows that increased levels of persistent convergent in
nervation appeared in reinnervated muscle as a consequence of
earlier muscle paralysis, and remained even after physiological
signs (contractile properties, input resistance) indicated that mus¬
cle activity had resumed. It is unlikely that the persistent poly
neuronal innervation was due to ongoing injury from the im¬
planted cuff around the sciatic nerve, because the numbers of
motor units and their contractile properties were restored to nor¬
mal within two weeks of the block wearing off. In any case this
could not explain the (lower) levels of persistent dual innerva¬
tion in the reinnervated controls that were not blocked. It is

possible that persistent polyneuronal innervation is a peculiar
feature of reinnervated muscle after partial denervation, al¬
though there are no systematic differences in the properties of
LPN and SN motor units (Betz et al.. 1979).

Previous studies have suggested that the rate of and outcome
of synaptic competition are strongly dependent on the level of
neuromuscular activity (O'Brien et al., 1978; Thompson et al.,
1979; Thompson. 1983; Ribchester and Taxt. 1983; Ridge and
Betz. 1984; Baiice-Gordon and Lichtman. 1994; Purves. 1994).
For example, Ribchester and Taxt (1983) showed that active
axons have an advantage during competitive reinnervation of
motor end-plates; and Baiice-Gordon and Lichtman (1994) re¬
cently extended these findings to differences in the postsynaptic
effectiveness of individual synaptic boutons at single motor end
plates. However. Ribchester (1993) demonstrated that some neu¬
romuscular synapse elimination can occur following nerve re¬
generation even when propagated activity in all the convergent
inputs was blocked: and Baiice-Gordon and Lichtman (1994)
showed that very few terminals show loss of synaptic boutons
when receptors covering more than 40% of the end-plate area
are blocked with a-bungarotoxin. Others have also shown that
elimination of neuromuscular connections sometimes appears to
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Figure 8. Motor nerve terminals
stained with styryi dyes. The images
were obtained 2—8 weeks after recov¬

ery from nerve conduction block. The
SN motor terminals are stained with
FM1-43 (yellow/green) and the LPN
terminals are stained with RH4I4 (or¬

ange). 4, Two end-plates on adjacent
fibers, one innervated exclusively by
LPN boutons. the other by SN boutons;
B-F. dually innervated endplates with
variable numbers of SN/LPN boutons.
G-L. Successive SIT camera images of
a dually innervated endplate during
stimulation of the LPN at 30 Hz over

an 8 mm period. Most of the boutons
were supplied by the SN and only a
few—one of which is indicated by the
green arrow—were supplied by the
LPN. The LPN boutons destained dur¬

ing LPN stimulation. The other (SN)
boutons did not destain significantly
during LPN stimulation. Scaie bar 4-
F, 50 p.m; G—L, 20 p.m.
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'igure 9. Intracellular recordings from stretch-fiber preparations. In
ach record, two to eight oscilloscope sweeps are superimposed and on
ach the LPN was stimulated first and the SN a few milliseconds later.
.. Group 1 fiber, suprathreshold response from the LPN only; B, Group
fiber, suprathreshold LPN response, subthreshold SN response; C and

). Group 3 fibers, with intermittent subthreshold responses from one
f the two inputs and consistent suprathreshold responses from the oth-
r; £. Group 4 fiber, suprathreshold SN input and sub-threshold LPN
iput; F. Group 5 fiber, suprathreshold SN response only.

e "non-Hebbian": that is, independent ot coincidence in the
ctivity of pre- and postsynaptic cells (Callaway et al., 1989;
lelson et al., 1993). The present data complement and extend
rese findings. Thus, while our previous studies have shown that
ome synapses may be eliminated even when all the muscle
bers are paralyzed (Ribchester, 1993), the present data suggest
onverseiy that some fibers retain polyneuronal innervation sev-
ral weeks after resumption activity in these fibers. The main
Tiplicauon from the present and previous data is therefore that
ifferences in activity may be influential in determining the out-
ome of competition between synaptic boutons at an endplate,
ut they are not decisive at the level of individual muscle fibers,
lotor cnd-piatcs or terminal boutons.

As expected, paralysis increased the number of fibers dually
inervated by sprouted and regenerating axons (Ribchester.
993). Our data suggest that muscle paralysis during the critical
eriod when regenerating axons begin to vie for synaptic space
nth sprouts from intact axons, provides an environment in

which both sprouted and regenerated terminals are almost equal¬
ly likely to become consolidated. Thus, after 8 weeks recovery
from nerve block, many more of the dually innervated fibers
showed suprathreshold responses to stimulation of both intact
and regenerated axons, compared with contralateral muscles that
were reinnervated but not blocked. The differences were partly
explained by increased excitability of atrophic muscle fibers in
the blocked muscles, on account of their higher input resistance.
However, this explanation could not account for the strength or
efficacy of convergent synaptic inputs in previously blocked
muscles once activity had resumed. By 4 weeks (and possibly
earlier) there was no difference in the input resistance of pre¬
viously paralyzed muscle fibers compared with controls, yet
twice as many of the dually innervated fibers gave suprathresh-
old responses to stimulation of the convergent inputs.

Thus, about 50% of the dually innervated end-plates resisted
the forces of synaptic competition. Stimulation of both regen¬
erated and sprouted inputs evoked suprathreshold synaptic re
sponses in about half the fibers that remain poiyneuronallv in¬
nervated after paralysis and 4-8 weeks recovery (Fig. 10). A
similar fraction of polvneuronaily innervated fibers retained su¬
prathreshold inputs in reinnervated controls, suggesting that the
amount of consolidation of dual inputs may depend on the initial
level of polyneuronal innervation, rather than any peculiar or
pathological characteristic of previously paralyzed muscle fibers.
We presume that some property of the motor end-plates en¬
couraged both intact and regenerated synaptic boutons to remain
in effective synaptic communication with individual muscle fi¬
bers. This property could be related to the organisation of cell
adhesion molecules or ACh receptors (Covault and Sanes, 1986;
Balice-Gordon and Lichtman, 1994); or to the production, action
or consumption of a retrograde signal such as a neurotrophic
factor (Funakoshi et al., 1993; Lohof et al. 1993), or a low mo¬
lecular weight intercellular signaling molecule (Harish and Poo.
1992; Connor and Smith, 1994; Lindgren and Laird, 1994; Wang
et al., 1995); or to respecification of surface molecules which
may determine which subtypes of motor neurons are best
matched to the muscle fibers they innervate (Gates and Ridge.
1992; Ribchester and Barry, 1994). A further possibility is that
the consolidation of synaptic inputs is a function of the organi¬
sation of terminal neuroglia (Son and Thompson, 1995a.b). We
also did not examine in the present study whether stronger neu¬
romuscular transmission at polyneuronally innervated endplates
in the previously blocked muscles was due to a higher and/or
more equal quantal content of synaptic currents in the conver¬
gent inputs; or to a greater density of ACh receptors or Na chan¬
nels; nor whether the physiological properties of the junctions
correlated with structural features, such as the area of synaptic
contact, the numbers of synaptic boutons. or the extent of junc¬
tional folds (Slater et al., 1992; Wilkinson et al., 1992; Lupa et
al., 1995; Martin. 1995). The ease with which convergent ter¬
minals may now be identified by selective staining with ami-
nostyryi dyes (Fig. 8) may allow us to design experiments to
distinguish between the various possibilities.

Our results may have implications for the therapeutic potential
of controlling activity in relation to neuromuscular function. Ax¬
ons regenerating into partially denervated muscle rarely recover
innervation of most of the fibers they previously innervated,
because of the intensity of the competition from intact, sprouted
axons (Thompson. 1978; Ribchester. 1988; present study). Our
data show that it is possible to produce long-lasting improve-
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muscles 0. 4, and 8 weeks after recovery from nerve block. Each histogram shows the summed results from four to eight preparations. Each bar
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responses to stimulation of both the LPN and the SN. Open circles, previously blocked muscles: solid circles, contralateral reinnervated muscles.
The regression line is the best fit to the combined data from blocked and contralateral reinnervated muscles.

ments in the extent of reinnervation of such muscles, simply by
prolonging the period of muscle disuse. Deliberately paralysis is
already used therapeutically in a clinical context. For example,
there are a number of reports of the successful use of botulinum
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Figure 11. Input resistances before and after recovery from nerve
block. The data were obtained from recordings made from intact prep¬
arations. 0 and 4 weeks after recovery from nerve conduction block.
The input resistance of 2 week blocked muscles was significantly higher
than in the other groups (P < 0.02; Welch's test). From left to right,
the numbers of muscles were: 5, 6, 7, 5. About 20 fibers were sampled
in each muscle. Bars are the SEMs.

toxin-induced paralysis in the treatment of palsies (e.g., Hesse
et ai„ 1994). Conversely, electrical stimulation—which reduces
muscle atrophy (Morkusch et ai.. 1990)—is reported to have no
effect on nerve regeneration (Gutmann and Gutmann. 1944;
Hines et al.. 1945), or to increase the tension of reinnervated
motor units (Nix and Hopf, 1983). However, electrical stimula¬
tion inhibits motor nerve terminal sprouting (Brown and Hol¬
land, 1979) and during development, it accelerates synapse elim¬
ination (O'Brien et al., 1978; Thompson. 1983). The effects of
imposing activity electrically, or preventing atrophy chemically,
are partly to suppress the expression of regulatory genes, such
as myoD and myogenin (Dutton et al., 1993; Maltin et al., 1993;
Meriie et al.. 1994). The effects of inhibiting expression of these
regulatory genes on the competitive elimination of neuromus¬
cular synapses are not yet known. It would be interesting to
investigate whether there is a trade-off between mitigation of
sprouting and competitive synapse elimination, that could be
exploited by controlling muscle activity or regulatory gene ex¬
pression exogenously.

Finally, our data suggest that reinnervated adult skeletal mus¬
cles may offer a paradigm for the study of physiological inter¬
actions between closely spaced convergent synaptic inputs, like
those found on the dendrites of neurones elsewhere in the ner¬

vous system. The small size and the large number and com¬
plexity of dendritic branches and the synaptic inputs neurons in
the CNS receive, hampers their direct investigation using a com-
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lination of morphological and physiological techniques. The
tudy of perstsent focal innervation of motor end-plates by dif-
erent axons may provide an accessible route to the elucidation
if any common cellular mechanisms controlling convergence
nd divergence in the nervous system.
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innervated neuromuscular junctions

in reinnervated rat muscle
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1. Intracellular recordings and quantal analysis of synaptic transmission were made at neuro¬
muscular junctions receiving stable convergent innervation in reinnervated rat lumbrical
muscles, following recovery from chronic nerve conduction block. The polyneuronally
innervated motor endplates (^-junctions) were identified by vital staining of lateral plantar
nerve (LPN) and sural nerve (SN) motor terminals, using the activity-dependent staining
properties of the aminostyryl dyes RH414 and FM1-43, respectively.

2. Endplate depolarisation and quantal content per unit area varied by more than a factor of
ten (~01—1-4 quanta ju.m~ ) between fibres. However, the stable 77-junctions produced nearly
equivalent endplate depolarisations and quantal content per unit area, suggesting that
synaptic strengths were co-regulated at these motor endplates. Quantal content per unit
area was also independent of the size of individual synaptic inputs, or whether one, both or
neither input was judged sufficient to produce suprathreshold or subthreshold endplate
depolarisations.

3. Simultaneous excitation of convergent LPN and SN inputs from some tt-junctions resulted in
profound non-linear summation, and in some cases complete occlusion of the response of the
smaller input. The amplitude of the smaller, test responses recovered with a time constant of
2*1 + 0-5 ms (mean + s.e.m.) on varying the interval between paired stimuli, of similar
order to the time constant of repolarisation of the conditioning endplate potential.

4. The data show that it is not necessary for a motor nerve terminal to occupy most of an

endplate, or to produce a suprathreshold response in order to become stable. The occlusion of
linear summation, similar to that described previously at polyneuronal junctions in neonates,
suggests that convergent inputs comprising interdigitated synaptic boutons evoke self-
contained synaptic responses at endplates, and that these are non-co-operative with respect
to overall endplate depolarisation or safety margin for synaptic transmission.

Activity exerts powerful, selective effects on the organisation,
stability and strength of synaptic connections in all parts of
the nervous system, including neuromuscular junctions
(Lohof et al. 1996; Sanes & Lichtman, 1999). For example,
neonatal rat muscle fibres are innervated at single motor
endplates by motor nerve terminals supplied by several
motoneurones (polyneuronal innervation; 7r-junctions), and
a similar pattern is re-established in adult muscle after
nerve injury and regeneration (Brown et al. 1976; Betz et al.
1979; Ribchester, 1988). With time, synaptic boutons and
axonal inputs are progrocsivoly eliminated, eventually
leaving most endplates innervated by only one motor axon
(Gan & Lichtman, 1998). Progressive and disproportionate

weakening of synaptic transmission, induced by differences
in pre- and postsynaptic activity, has been presumed to
underlie this competitive process (Ribchester & Taxt, 1983;
Balice-Gordon & Lichtman, 1994; Coleman et al. 1997).
However, activity may not be sufficient to induce elimination
from all ^-junctions. Previous studies of paralysed neonatal
or reinnervated adult muscle suggest that significant
polyneuronal innervation persists once activity resumes
(Hoffman, 1953; Brown et al. 1982; Barry & Ribchester,
1995). The properties that allow convergent synapses of
difforont oizo and officacy to poroiat at a motor ondplate are
unknown. Equally, it is unclear whether apparently stable,
convergent synaptic inputs in reinnervated muscles may in
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fact be slowly undergoing heterosynaptic repression and
progressive elimination, as in development.
If small synaptic inputs to 77-junctions in reinnervated adult
muscles were actually undergoing elimination then they
should be disproportionately weak: that is, transmitter
release per unit area should be less than normal; or the
synapses should show a reduced receptor density; or a
combination of both (Balice-Gordon & Lichtman, 1994;
Coleman et al. 1997). To test this prediction, we have used
vital dyes and intracellular recording to correlate fractional
endplate occupancy with synaptic efficacy, measured in
terms of overall depolarisation and transmitter release per
unit area. We also studied the interactions between

convergent inputs, by comparing the amplitudes of the
endplate potential responses evoked by separate and
combined stimulation. Our findings indicate that converging
inputs to reinnervated mammalian neuromuscular junctions
are indeed stable; that these stable inputs have nearly
equivalent synaptic strengths; that the strengths of
converging inputs are regulated up or down together; that it
is not necessary for small inputs to generate suprathreshold
roDponoco in muoolo fibres in order to beoomo otablo; but that
tho oynaptic rocrponoco derived from difforont inputs can bo
largely self-contained, and mutually occlusive.
A preliminary account of these data was presented to
The Physiological Society (Costanzo et al. 1999).

METHODS

Surgery
Adult female Sprague-Dawley rats were anaesthetised with
halothane (2-5% in 1:1 N20/02), and the lateral plantar nerves
(LPN) were exposed and crushed bilaterally, leading to sprouting of
intaot sural nerve (SN) axons innervating the fourth doop lumbrioal
(4DL) muscles (Betz et al. 1979; Barry & Ribchester, 1995).
Ninotocn to twenty one dayo later, animalo were reanaesthetised
and osmotic minipumps (Alzet 2002) containing tetrodotoxin
(TTX; 500 /tg ml-1) were implanted intraperitoneally. Minipumps
woro connected via cilioono tubing to a cuff loosoly fitted around
the right sciatic nerve. All surgical procedures were carried out
under licence and in accordance with UK Home Office regulations.
Animals were monitored daily following surgery, and showed no
signs of pain or distress. Nerve block was maintained continuously
for 11 34 days, as ascossod each day by testing for withdrawal of
reflex responses to pinching the plantar surface of the foot, and toe
spread reflex responses to lifting the animal by the tail. The
contralateral foot always gave reflex responses. The TTX supply in
tho minipump was eventually exhausted and tho day when pinch
responses and/or toe-spread reflexes returned on the formerly
blooked side was recorded as tho first day of rocovcry from ncrvo
block. Animalo woro killed on the day of tho acute experiments by
stunning and cervical dislocation. The 4DL muscles were thus
dissected with their intact nerve supplies 2-10 weeks (median,
6 weeks) after the resumption of these signs of activity; that is,
from 7 to 21 weeks after the original nerve crush. Our previous
studies (Barry & Ribchester, 1995) have shown that this procedure
leads to enduring polyneuronal innervation in about 30% of the
reinnervated 4DL muscle fibres.

Vital staining of 77-junctions
LPN and SN terminals were stained by repetitive stimulation in
the presence of RH414 (30 /iM; 20 Hz, 12 V, 10 min) and FM1-43
(4 /7m; 20 Hz, 12 V, 10 min; both dyes obtained from Molecular
Probes), respectively, and washed with oxygenated physiological
saline for at least 15 min between each dye application (Betz et al.
1992; Barry & Ribchester, 1995). Preparations were viewed in a
fluorescence microscope (Micro Instruments M2B) using a Zeiss
x40 water immersion objective (NA 0-75) and a Nikon filter block
fitted with 400-440 nm excitation, 515 nm IF emission filters and
a 455 nm dichroic mirror. Images were captured with a Hamamatsu
C5810 chilled colour CCD camera. Regions covered by LPN and SN
terminals were analysed using OpenLab Software (Improvision,
Coventry, UK). Briefly, areas occupied by SN and LPN terminals
were estimated from binary masks judged to exactly overlap the
respective areas of FM1-43 and RH414 fluorescence.

Electrophysiological recording
Intracellular endplate potential (EPP) recordings were made from
identified 77-junctions using conventional microelectrode techniques.
Muscle action potentials were blocked with /7-conotoxin (2 fiM for
20 min; Scientific Marketing Associates, Barnet, UK). In some
recordings, microelectrodes were filled with Lucifer Yellow (4% in
1 m LiCl; Sigma) and the muscle fibre was ionophoretically injected
with the dye at the end of the recording period, in order to verify
the source of its nerve supply, by briefly overcompensating the
electrode capacitance. Here we use the terms 'synaptic efficacy' to
denote the amount of depolarisation (EPP amplitude) produced by a
motor nerve input to the endplate, and 'synaptic strength' to
indicate the amount of transmitter released (quantal content) per
unit area. Evoked EPPs were digitised with a CED 1401+ interface
(Cambridge Electronic Design, Cambridge, UK). EPP amplitudes
were corrected to a standard resting membrane potential (—80 mV)
to allow comparison of synaptic efficacies and strengths between
fibres. Quantal contents were measured using the variance and
(where appropriate) failures methods, after automatically correcting
EPP amplitudes for non-linear summation according to the formula
derived by McLachlan & Martin (1981) setting /= 0'8, using
WinWCF software kindly provided by Dr J. Dempster (University
of Strathclyde, UK). Efficacy:occupancy indices (e:o) were calculated
for each input by dividing the normalised synaptic efficacy by the
normalised input area, e:o = (EPPj/EPP^fAreaT/Area!), where i
and T denote the input and the summed total of the two inputs,
respectively. Reanalysis of the data without first correcting
synaptic potentials for non-linear summation did not alter the
statistical significance of the correlations between input size and
strength.

Immunocytoehemistry
Following fixation (4% paraformaldehyde in phosphate-buffered
saline for 15 min) muscles were incubated (20 min) in a-bungaro-
toxin conjugated to tetramethylrhodamine isothiocyanate (TRITC-
ix-BTX, 5//.g ml-1; Molecular Probes) to label junctional acetyl¬
choline receptors (AChRs). The muscles were then permeabilised in
methanol at —20 °C (7 min). Visualisation of axons was achieved by
addition of antibodies directed against the 165 kDa neurofilament
protein (diluted 1:250) and the synaptic vesicle antigen SV2 (1:500;
Feany et al. 1992). Both primary antibodies were obtained from the
Developmental Studies Hybridoma Bank (University of Iowa, Iowa
City, IA, USA). Binding of both antibodies was visualised using
fluorescein isothiocyanate (FlTC)-conjugated sheep anti-mouse
secondary antibody (SAPU, Law Hospital, Carluke, UK). Some
junctions studied by intracellular recording were relocated in a
Leica confocal microscope.
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RESULTS

Synaptic efficacies at polyneuronally innervated
junctions
As in a previous study (Barry & Ribchester, 1995) about
30% of junctions were innervated by regenerating axons
and/or sprouts from the LPN and SN, more than 2 weeks
after recovery from chronic nerve block and more than
8 weeks after regenerating axons returned to the partially
denervated 4DL muscles (Fig. 1 A). Vital staining with
FM1-43 and RH414 revealed that sometimes very few
synaptic boutons (1—4) were provided by one of the two
converging axons, covering less than 20 % of total endplate
area (Fig. IB, F, H and I). At other 77-junctions, the areas
occupied by SN and LPN boutons were about equal
(Fig. 1 D\ see also Fig. 4C).
In two of the preparations, the areas and pixel intensities of
endplate AChRs labelled with TRITC-a-BTX were measured
before staining with FM1-43 and RH414. In one of these
endplates only a single synaptic bouton was supplied by the
LPN and the rest of the endplate was innervated by the SN.
In the other, three boutons were supplied by the SN and the
remainder of the endplate was supplied by the LPN (Fig. IF).
In both instances, there was no discernible difference in the
TRITC-a-BTX fluorescence intensity beneath the smaller
input compared with the average fluorescence intensity over
the rest of the endplate (Fig. 1/). Intracellular recordings
were subsequently made from one of these endplates
(Fig. lFand G) and the 77-junction was finally relocated in a
confocal microscope after staining immunocytochemically
for neurofilaments and the synaptic membrane antigen SV2
(Fig. 177). This, and all other junctions in the same muscle,
showed coincidence of synaptic boutons, i.e. there were no
terminals with immunostained boutons that had not also
been vitally stained, and vice versa.

There were also no discernible differences in the synaptic
efficacies per unit area at the reinnervated /T-junctions. First,
intracellular recordings showed that //-junctions supplied by
terminals approximately equal in area produced EPPs about
equal in amplitude. Junctions supplied by inputs that
differed in area gave larger EPP responses to the larger of
the two inputs and proportionally smaller EPPs to the
smaller input (Fig. 1C, E and G). Thus, there was a very
strong correlation between the fractional occupancy (area)
and efficacy (corrected EPP amplitudes) indicating that the
small synaptic inputs were weaker than the large inputs
(Pearson's r=0-94; Fig. 2d). The rise times of the EPPs
from the smaller inputs (2J9 + 0-27 ms; mean + s.e.m.,
n = 18) were slightly but significantly slower than those of
the larger inputs (1'50 + 0J2 ms; P< 0-03, paired t test).
But the differences did not correlate with fractional

occupancies of the endplate (r= —0-23; P> 0-3); and the
times to half-decay of the EPPs were not statistically
different (3-24 + 0-25 and 2-82 + 0-23 ms, respectively;
P> 0-05, paired t test). The differences in rise times of the
smaller and larger EPPs are most probably due to the
reduced quantal content of the smaller inputs rather than

weak sensitivity to transmitter beneath the small inputs
(see below). EPP rise times are also expected to reduce as

quantal content increases, assuming the time course of the
endplate membrane conductance change is the same for all
responses (Martin, 1979).
Small synaptic inputs were not disproportionately
weak

Other studies have shown that synapses undergoing
elimination release less neurotransmitter and have a weaker

postsynaptic effect per unit area than synapses that persist
(Balice-Gordon & Lichtman, 1994; Coleman et al. 1997).
However, further analysis of our data showed that the
synaptic efficacies and strengths of converging inputs were
equivalent. We calculated a dimensionless efficacy:occupancy
(e:o) index for each input (Fig. IB). We reasoned that if
terminals occupying less than 50% of the total synaptic
area were undergoing elimination they would have e:o
indices significantly less than unity, and this measure would
decline significantly with decreasing fractional occupancy.
In fact most small terminals had calculated e:o indices

greater than 1-0; but the slope of the regression line was not
significantly different from zero (r = —0-24).

Synaptic strengths of convergent inputs were
co-regulated
The data in Fig. 2A and B suggest there was a very strong
positive correlation between the efficacies of convergent
LPN and SN terminals. To examine this further, we
recalculated synaptic efficacy in terms of millivolts of
membrane dopolarioation per unit aroa for each input to tho
19 SN—LPN dually innervated motor endplates (Fig. 2G).
The synapses with the greatest efficacies per unit area were
those with about equal fractional occupancies, but the two
inputs had equivalent efficacies over the entire range
(Fig. 2C; r= 0-90; P< 0-001). Furthermore, calculations of
quantal content per unit area (synaptic strength) ranged
from less than 0-l quanta /ruff2 to about 1-4 quanta /im~2,
oimilar to tho range reported in cpooies as divoroo ao cnalroc
and man (Slater et al. 1992; Wilkinson et al. 1996). The
LPN—SN correlation coefficient for synaptic strength was
less than that for normalised EPP amplitude but nevertheless
highly significant (Fig. 271; r=0-62; P< 0*005). Thus,
irrespective of their relative sizes, strong synapses appeared
to co-exist with other strong synapses, or weak co-existed
with weak at the same neuromuscular junctions.

Small, subthreshold inputs were also stable
Neuromuscular junctions normally operate within a large
safety margin of neurotransmitter release but when endplate
size or occupancy is reduced, small synaptic inputs would be
expected to release insufficient transmitter to reach the
action potential thresholds of the motor endplates they
innervate (Wood & Slater, 1997). The present experiments
were carried out using preparations pre-treated with
//-conotoxin, which blocked muscle action potentials whilst
leaving axonal action potentials and synaptic transmission
intact (Hong & Chang, 1989). Thus, we calculated whether
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Figure 1. Morphology and eleetrophysiology of stable 7r-junctions
Immunocytochemistry was used to visualise nerve terminals (FITC) and TRITC-a-BTX was used to
visualise AChRs in fixed preparations; FM1 -43 and RH414 were used to label synaptic boutons supplied by
SN and LPN motor axons in freshly isolated preparations, staining their recycled synaptic vesicles
fluorescent green/yellow and orange, respectively. A, confocal microscope image of two motor endplates in
a reinnervated muscle, 9 weeks after LPN crush (including 4 weeks recovery from a 2 week nerve
conduction block, applied 3 weeks after the original crush). The endplates are bridged by an axonal sprout,
probably arising from the motor nerve terminal on the left. The endplate on the right is also innervated by
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EPPs were subthreshold or suprathreshold (see Fig. 3
legend). We concluded that three muscle fibres in the sample
would have given consistent subthreshold responses to both
inputs, twelve fibres would have given suprathreshold
responses to only one of the two nerves, and four fibres
would have given suprathreshold responses to both SN and
LPN inputs. These proportions are similar to the numbers
of supra- and subthreshold inputs to 7r-junctions measured
directly in reinnervated muscle (Barry & Ribchester, 1995).
Comparing these data with fractional occupancy, it appeared
that only inputs covering more than about 40% of the
endplate would have given rise to consistent suprathreshold
responses (Fig. 3^4), although some terminals occupying
more than 60% of an endplate were predicted to give
consistent subthreshold responses. This suggests first, that
the safety margin for synaptic transmission in reinnervated
junctions may be significantly lower than that of intact
junctions (Wood & Slater, 1997), but second, it is not
necessary for an input to either be large or produce a
suprathreshold response in order to become stable.

Disproportionate strengthening of small or ineffective neuro¬
muscular synapses has been observed in other studies (Ding,
1982; Tsujimoto et at. 1990; Plomp & Molenaar, 1996). But
here we found that junctions where both inputs were supra¬
threshold, or both inputs were subthreshold, did not have
significantly greater quantal content per unit area compared
with junctions where only one of the inputs was supra¬
threshold (Fig. 3B). Subthreshold inputs had numerically
higher quantal contents per unit area at eight of the
endplates where only one of the two inputs was

suprathreshold, but the differences were not statistically
significant (P> 0-05, paired and unpaired t tests).

Convergent inputs were reciprocally occlusive
Given the correlation between size and efficacy of the
convergent inputs, it was of interest to determine the extent
of their summation in response to simultaneous stimulation.
Our initial intent was in fact to use the two inputs to an

endplate as probes, to measure and check the formula for
conventional non-linear summation derived by McLachlan &
Martin (1981). Some SN and LPN EPPs produced summated
responses on combined nerve stimulation. In five out of
eight 7T-junctions, however, we found that EPPs from the
larger convergent input almost completely occluded the
response of the smaller input on combined stimulation
(Fig. 4A). For instance, if the LPN response was the larger
EPP, simultaneous stimulation of the SN produced very
little or no additional response. As the interval between
paired (conditioning—test) stimulation was increased, the
amplitude of the test EPP recovered, and was restored
completely to its original mean amplitude with intervals
greater than 20 ms. The time constant of recovery from
occlusion of the smaller inputs (2-1 + 05 ms, n = 5; see

Fig. 47?) was of similar order to the recovery time constants
of the conditioning EPPs (see above). Reversing the order of
stimulation revealed a similar proportional occlusion of the
larger EPP, with a similar recovery time constant
(2*5 + 0*8 ms, n— 3 fibres). If the occlusion had been due to
conventional non-linear summation of synaptic potentials
then it should have been relieved after reducing the voltage
driving force at the endplate (McLachlan & Martin, 1981).
However, there was no change in the degree of occlusion or
the time constant of its recovery during progressive block
of ACh receptors by bath application of a-bungarotoxin
(10 /ig ml-1; data not shown).

a slender regenerating axon. Thus, this endplate is a stable 7r-junction. B, D and F, composite digital
images from three different, vitally stained stable 7r-junctions innervated by LPN (orange, RH414 labelled)
and SN (ycllow/grccn, FM1-43 labelled) terminal boutons, several weeks after regeneration and recovery
from nerve conduction block. The image in F is a montage made up from two original digital images taken
in slightly different focal planes. C, E and G, corresponding intracellular recordings of EPPs evoked from
these 7r-junctions after bathing the preparations in /i-conotoxin to abolish muscle (but not axonal) action
potentials. In each case the orange spot indicates LPN stimulation and the yellow/green spot indicates SN
stimulation. The relative EPP amplitudes varied in proportion to the relative areas covered by LPN and
SN synaptic boutons. The 7r-junction shown in F was relocated using a confocal microscope after fixing and
staining for neurofilament/SV2 (77; FITC-conjugated secondary antibody, green fluorescence) and ACh
receptors (7; TRITC-a-BTX, red fluorescence). Data from this endplate were as follows: in response to
stimulating the nerve supplies repeatedly at 1 Hz, the LPN produced a large amplitude EPP
(40 + 0T67 mV, n= 110; uncorrected amplitudes; 93% of the total synaptic response; mean quantal
content, 47-4) and the SN produced a proportionally smaller amplitude EPP (2-9 + 0'168 mV; 7% of the
total synaptic response; 13'8 times smaller than LPN response; mean quantal content, 3* 1). The synaptic
area covered by the LPN was 137 /tm2 (93-2% of total area) and the SN covered 10 /tm2 (arrows in F;
6-8% of total area; 13-7 times smaller than LPN). The confocal images confirmed that the differently
coloured boutons were supplied by distinct axons directed to the same endplate, and that all boutons
visualised immunocytochemically were also stained with the vital dyes before fixation. Arrows in 77 point
to the location of the same boutons as indicated in F. There was no discernible difference in the fluorescence

intensity of receptors in the region of the endplate occupied by the three SN boutons compared with
receptors occupied by LPN boutons. Calibrations: scale bar in 7 corresponds to the following measures:
A, 10 fim; B, D and F, 20 /tm; 77 and 7, 15 /mi; C, E and G, 25 ms. The electrophysiological records were
scaled to match the largest EPP in each case. These were as follows: C, 6 mV; E, 24 mV; G, 42 mV.
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This group of recordings was not obtained from ^-junctions
identified directly by vital staining. However, subsequent
loading of SN and LPN terminals with FM1-43 and RH414
revealed zr-junctions in the vicinity of the recording
electrode, with interdigitated synaptic boutons from the
two nerves (see, for example, Fig. 4F).

DISCUSSION
The data from the present study, taken together with
previous reports (Hoffman, 1953; Brown et al. 1982; Barry
& Ribchester, 1995) suggest that recovery of muscle activity
is not sufficient to re-establish the mononeuronal pattern of
muscle fibre innervation after nerve injury and regeneration

at all motor endplates. Our present findings also suggest,
surprisingly, that it is not necessary for a motor nerve
terminal to occupy most of an endplate or produce supra-
threshold responses in order to become stable. Polyneuronal
innervation, sometimes viewed as an unstable and transient
situation in skeletal muscle fibre innervation, should thus be
viewed as an alternative, stable endpoint on one trajectory
leading from an initially unstable pattern (Fig. 4D). The
physiological occlusion of the convergent inputs, similar to
that reported in neonatal muscles by Betz et al. (1989), raises
interesting questions about the functional consequences of
persistent, stable polyneuronal innervation.
Stable zr-junctions have also been observed in adult muscles
after neonatal treatment with neuromuscular blockers

Figure 2. Convergent inputs to stable ^-junctions have equivalent synaptic strengths
A, EPP amplitudes corrected for non-linear summation plotted against nerve terminal area for LPN (O) and
SN (•). The two measures are expressed as a percentage of the arithmetic sum of the EPP amplitudes and
terminal areas, respectively. The correlation coefficient was 0'94 and regression analysis (continuous line)
and 95% confidence limits (dotted lines) showed no significant deviation from linearity over the entire
range of percentage occupancies. B, efficacy:occupancy (e:o) indices calculated for the minor inputs (less
than 50% occupancy). The lack of correlation, or consistent evidence that small inputs produce EPPs
smaller than others for their size suggests that even those inputs with fractional occupancies of less than
20% of the endplate are not disproportionately weak. C, the specific efficacies of converging inputs,
calculated as the EPP amplitude per unit area - corrected for non-linear summation and normalised to a
resting membrane potential of —80 mV - were highly correlated (r = 0-90). This correlation could not be
attributed to passive electrical properties of the muscle fibres alone, because the quantal content per unit
area of the converging inputs was also highly correlated (D\ r= 0-62; P< 0-005).
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(Brown et al. 1982) or hormones (Lubischer et al. 1992), as
well as in normal and reinnervated frog muscle (Werle &
Herrera, 1987; Harada & Grinnell, 1996). These findings
contrast, however, with those of Balice-Gordon & Lichtman
(1994) who showed that focal blockade of small fractions
(< 20 %) of adult, mononeuronally innervated endplates
with a-bungarotoxin inevitably led to synapse withdrawal;
and that during development, mononeuronal innervation is
established by inexorable attrition of small, weak inputs
(Coleman et al. 1997). Could the converging inputs we
observed have become stable because they were

synchronously active and therefore indistinguishable from a
set of synaptic boutons belonging to a single axon? This
seems unlikely, first, because the convergent inputs arose
from one regenerating and one intact axon, differing in their
conduction velocities and synaptic latencies, and second,
because the activity of adult motor units is not
synchronised during voluntary movement (Hennig & Lomo,
1985). It is therefore not yot clear how those disparate
findings will be resolved. One difference may be that during
reinnervation of partially denervated muscle, synapses
appear to compete for occupancy of existing synaptic sites,
unlike synapses in neonatal muscle where vacated sites are
not reoccupied by terminals that remain (Sanes & Lichtman,
1999).

It will be interesting to establish whether small, stable neuro¬
muscular synaptic inputs represent those that withstand a
critical period of activity-dependent competition, beyond
which relative size or efficacy of synaptic transmission by
converging inputs also no longer acts as a decisive,
destabilising influence; and whether stable polyneuronally
innervated endplates display cytochemical or biophysical
characteristics that distinguish them from mononeuronally
innervated muscle fibres. One such property is suggested by
the mutual occlusion of synaptic potentials with paired
stimulation. A similar form of heterosynaptic, inhibitory
interaction was reported by Betz et al. (1989) in their studies
of SN and LPN motor terminals in neonatal lumbrical

muscle, but there the recovery time constant was about
25 ms, approximately 10-fold longer than at the reinnervated
junctions we studied here. Betz et al. (1989) considered the
most plausible explanation to be changes in sodium and
potassium ionic concentrations in the synaptic cleft,
reducing ionio ourront through ondplato ohannolo without
altering the reversal potential (see also Attwell & lies, 1979).
Alternatively, the activation of each convergent input might
concomitantly gate a membrane conductance that would
shunt synaptic current from the sites of other synaptic
inputs or the recording microelectrode. Betz et al. (1989)
concluded on the basis of voltage-clamp experiments that
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Figure 3. Suprathreshold and subthreshold synaptic inputs have similar synaptic strengths
A, the size of terminals (expressed as fractional occupancy of the endplate) required to evoke
suprathreshold (super) responses in the muscle fibres was estimated assuming an action potential threshold
of —63 mV from a resting potential of —75 mV (Wood & Slater, 1997). None of the inputs with fractional
occupancies less than 40% of total synaptic area were predicted to give suprathreshold responses, although
some inputs occupying more than this fraction were predicted from their EPP amplitudes to give
subthreshold (sub) responses. B, transmitter release per unit area (m/a) plotted for the three categories of
endplate based on the capacity of their inputs to evoke suprathreshold responses: sub-sub, both inputs
calculated to produce subthreshold responses; sub-super, one of the two inputs only calculated to give
suprathreshold responses; super-super, both inputs calculated to be suprathreshold. In some of the sub-
super fibres the subthreshold inputs showed greater and the suprathreshold inputs showed weaker synaptic
strengths per unit area, but the differences were not quite statistically significant (P> O05, paired t test).
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Figure 4. Some convergent inputs are mutually occlusive
A, three superimposed records showing EPPs evoked by SN, LPN and combined (Both) stimulation, with
variable intervals between the combined stimuli in two different 7r-junctions. Stimulation timed to make
the two peaks coincide produced no additional increment in EPP amplitude (occlusion). Assuming
conventional non-linear summation of endplate conductance (McLachlan & Martin, 1981) the amplitude of
the combined response should have been at least 10 mV greater than the response to LPN stimulation alone.
By increasing the interval between the two stimuli, the LPN EPP was used as the conditioning input and
the SN EPP as the test input. EPP occlusion was still virtually complete even when many of the AChRs
were blocked, following addition of a-bungarotoxin (10 /tg ml-1) to the bathing medium (not shown).
B, time course of recovery from occlusion (O) and best non-linear least-squares single exponential curve fit
of the form Vt = F00(l — e~l/T) for the SN EPP shown in A. The recovery time constant was longer than the
decay time constant of the conditioning EPPs. C, example of a stable 7r-junction where the boutons derived
from the SN (green/yellow) and LPN (orange) are interdigitated. D, mononeuronal and polyneuronal
innervation represented as alternative stable states, in which synaptic boutons belonging to one or more
inputs may be co-regulated. Saturation of orange or green colour is used to represent synaptic strengths of
two different inputs in terms of overall efficacy (EPP amplitude) and/or quantal content per unit area. The
relative areas covered by orange or green, and the relative synaptic efficacies or strengths (colour
saturation), may initially change due to synaptic competition and synapse elimination. Data on the effects
of chronic use or disuse at mono-innervated junctions, once established, have shown that synaptic strength
continues to be labile (see references in text). The present study extends this to show that, with time, stable
synaptic boutons supplied by different motoneurones to the same muscle fibre become equivalent. The data
further suggest that the synaptic efficacies or strengths may be scaled up or down together, i.e. they may be
interconvertible (reversible blue arrows). Mismatches in the strengths of convergent inputs (light green/dark
orange or dark green/light orange; upper icons) may represent a transient state characteristic of a critical
period leading to synapse elimination at some junctions (left) and mononeuronal innervation as in
development, or to stable polyneuronal innervation with equivalent, co-regulated synaptic strengths (light
with light, or dark with dark; right) as shown by the present study.
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such a conductance would have to be very rapidly activated
and inactivated to account for the time course of recovery of
synaptic current, and this caveat is underscored by the even
more rapid recovery time constants observed in the present
study. Equally, Betz et al. (1989) ruled out a presynaptic
effect on the basis that the amount of occlusion decayed
during the tail of the endplate current. In accordance with
their suggestion that the occlusive effects would be expected
to act over a very close range, FM1-43 and RH414 co-
staining has revealed that synaptic boutons at 7r-junctions
in the reinnervated muscles are often interdigitated (Fig. 4C;
see also Barry & Ribchester, 1995). Perhaps some 7r-junctions
comprise self-contained domains whose electrical properties
allow (non-linear) summation of synaptic responses within a
domain, but not between domains. Further studies,
combining voltage-clamp analysis with optical measurement
of extracellular ion concentrations within junctional folds,
may help to explain how the arrangement of synaptic
boutons gives rise to mutual occlusion of heterosynaptic
responses.

Finally, perhaps the most important finding of general
significance in our data is that the individual synaptic
strengths per unit area of convergent inputs were equivalent
whatever their relative size, indicating that the strengths of
converging inputs are scaled up or down together — that is,
they are co-regulated (Fig. 4D). These findings accord with
recent reports suggesting that the synaptic strengths of all
the inputs to a postsynaptic neurone are scaled concomitantly
(Turrigiano et al. 1998). Further studies of stable poly-
neuronally innervated muscle fibres in adult muscle may
therefore provide opportunities for insight into general
mechanisms of heterosynaptic integration and co-operation
in the nervous system (Zhang et al. 1998), as well as the
competitive processes that allow regenerating axons to
restore functionally appropriate connections after injury.
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Synaptic connections are made and broken in an activity-dependent manner in diverse regions of
the nervous system. However, whether activity is strictly necessary for synapse elimination has not
been resolved directly. Here we report that synaptic terminals occupying motor endplates made
electrically silent by tetrodotoxin and a-bungarotoxin block were frequently displaced by regenerat¬
ing axons that were also both inactive and synaptically ineffective. Thus, neither evoked nor sponta¬
neous activation of acetylcholine receptors is required for competitive reoccupation of
neuromuscular synaptic sites by regenerating motor axons.

Neural development and repair include stages in which neurone
make more connections with their target cells than they ulti¬
mately retain in the normal adult1'. This initial excess and sub¬
sequent decrease in neuronal divergence is matched, from the
perspective of the postsynaptic cell, by a decrease in convergence;
that is, the numbers of connections that each neuron or target
cell itctives also decreases during postnatal development or aftei
nerve regeneration. For example, during the development of the
mammalian visual system, the distribution of connections from
the thalamus to layer 4 of primary visual cortex is transformed
from a diffuse pattern to an ordered, alternating pattern of ocu¬
lar dominance. In neonatal rat cerebellum, individual Purkinjc
ixUs arc initially innervated by several climbing fibers, but these
inputs are pared away until only one remains1. Changes in the
number and disposition of connections occur in other parts of
the nervous system, including the olfactory bulb, hippocampus,
spinal cord and autonomic ganglia3. In most cases, these devel
opmental changes involve a decrease in overlap of neural con¬
nectivity.

These changes in neuronal divergence and convergence are
generally considered to be neither spontaneous nor random.
Rather, they seem driven by competition for as-yet-unidentified
molecular resources, leading to selective growth of some synaps¬
es and elimination of others. There is overwhelming evidence that
patterns of use or disuse of connections strongly bias the rate and
outcome of competitive synapse elimination. However, whether
experience or activity are strictly necessary for the induction or
expression of synapse elimination has not been satisfactorily
resolved. For example, the initial organization of connections in
the visual system is reported not to require either visual experi¬
ence4'5 or neural activity6. In hippocampal neurons, strengthen¬
ing of groups of synaptic connections may occur locally at
electrically stimulated sites and at nearby, unstimulated sites7-8.

Neuromuscular connectivity offers a tractable model system
in which to investigate the importance of activity in sculpting
innervation patterns at the level of individual, identified cynaps
es. Synaptic boutons converge on single motor endplates,
domains defined by unique structural specializations (junction¬
al folds) and a high density of acetylcholine receptors and other
synapse-specific proteins9. Hyperinnervation (polyneuronal

innervation) of muscle fibers occurs during development10.
Polyncuronal innervation is transformed to mononcuronal
innervation as convergent synapses are competitively eliminat¬
ed from the motor endplate areas. Similar changes occur after
nerve injury, because of divergence of intact motor units through
axonal sprouting and regeneration of injured motor axons to
endplates occupied by sprouts11. The transformation fiom
polyneuronal to mononeuronal innervation is delayed by neu¬
romuscular paralysis and resumes when activity is restored12
Differences in the activity of convergent synapses confer com¬
petitive advantages on the more active13-15. These findings sug¬
gest that competitive neuromuscular synapse elimination is
sLiongly influenced by endogenous activity. However, many
observations do not agree with a decisive function for activity in
synapse elimination. For example, some polyneuronal junctions
persist in the presence of activity12-16 and, conversely, sometimes
inactive synapses have a competitive advantage over active
ones11-17-18. We therefore set out to stringently test the hypothesis
that there is an absolute requirement for activity in competitive
synapse elimination in reinnervated muscle.

Our experimental design took advantage of the dual motor
nerve supply to the fourth deep lumbrical (4DL) muscle in adult
rats. Both the lateral plantar nerves (LPN) and sural nerves (SN)
supply axons to the 4DL muscle. The LPN normally supplies
about ten motor axons that innervate more than 70% of the 4DL
muscle fibers; the SN normally provides one to three motor axons
that supply less than 30% of the muscle fibers19. Injury to the SN,
therefore, results in minor partial denervation of the 4DL. Rel¬
atively little reactive sprouting by each LPN axon is required to
bring about complete collateral reinnervation of SN-denervat-
ed muscle fibers. Thus, within about a week of SN crush, almost
all fibers are innervated by the LPN18 (see below). Following
regeneration of SN motor axons, a very small fraction (less than
5%) of the reinnervated 4DL motor endplates acquire terminals
supplied by both nerves. Most of these polyneuronally innervat¬
ed muscle fibers become mononeuronally innervated by an axon
in one or other of the two nerves, through competitive synapse
elimination.

Here we asked whether any reinnervated 4DL muscle fibers
would become either mainly or exclusively supplied by regener-
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Fig. I. Experimental design. First (I), 4DL muscles were subjected to
bilateral minor partial denervation by crushing of the sural nerve (SN).
Sprouting of intact lateral plantar nerve (LPN) axons and their terminals
brought about effective collateral reinnervation of almost all muscle
fibers within 14 d. Regenerating SN axons returned after about 15 d,
polyneuronally innervating muscle fibers supplied by the LPN. Next (2),
from 14 d after SN crush, sciatic nerve conduction and synaptic trans¬
mission in 4DL were blocked using tetrodotoxin (TTX) and a-BTX.
Finally (3), styryl dyes were used to label SN (green; FM 1-43) and LPN
(orange; RH4I4) motor nerve terminals in isolated preparations. Blue,
terminal Schwann cells at endplates. Fluorescence microscopy estab¬
lished the proportions of SN, LPN and dual innervation.

ating SN motor axons when all neuromuscular activity was
blocked. If activity were necessary for competitive synapse elim¬
ination, then no synapse elimination would occur in paralyzed
muscles; all muscle fibers reinnervated by the SN should also
retain their sprouted LPN inputs (Fig. 1). However, if neuro¬
muscular activity were not required, then there would be evi¬
dence of exclusive or majority innervation of endplates by the
SN despite complete neuromuscular paralysis.

RESULTS
We assessed the innervation patterns of reinnervated 4DL mus¬
cles by staining SN and LPN motor nerve terminals with the vital
fluorescent styryl dyes FM1-43 and RH414, respectively12'20
(Fig. 2). The assays were carried out after two weeks of continu¬
ous, complete nerve conduction block, with or without addi¬
tional neuromuscular block. During reinnervation of chronically
paralyzed muscles, regenerating SN synapses competitively dis¬
placed LPN synapses from most polyneuronally innervated mus¬
cle fibers. Control experiments established that LPN sprouting
was nearly complete by the time regenerating SN axons returned,
that chronic paralysis was complete throughout the period of SN
regeneration and that there was no direct toxic effect of either
tetrodotoxin (TTX) or a-bungarotoxin (a-BTX) on motor nerve
terminals.

Chronic nerve block did not prevent synapse elimination
The first signs of reinnervation of partially denervated 4DL by
SN motor axons were observed no earlier than 15 days after nerve
crush11'14'18. When propagated neuromuscular activity alone was
blocked by chronic superfusion of the sciatic nerve of one hind
limb with tetrodotoxin (TTX only), 10.1 ± 2.3% (mean ± s.e.m.)
of muscle fibers became polyneuronally innervated by SN and
LPN terminals {n = 399 fibers in four muscles; Fig. 3a). A fur¬

ther 4.9 ± 1.7% became reinnervated exclusively by regenerating
SN terminals alone. Thus about 15% of total muscle fibers reac¬

quired SN input, that is, about half the number in most unop-
erated muscles. The area occupied by SN motor nerve terminals
at the polyneuronal endplates in chronic TTX-only muscles
(107.2 ± 9.3 pm2, mean ± s.e.m.; n- 41 endplates in four mus¬
cles) was significantly greater than that of intact LPN terminals
supplying the same junctions (56.0 ± 6.5 pm2;p < 0.0001, Mann-
Whitney test; Fig. 3b). The total area of the polyneuronally inner¬
vated motor endplates in the TTX-only muscles was not
discernibly different from that of the mononeuronally innervat¬
ed junctions. Thus, the overwhelming majority of fibers inner¬
vated by both LPN and SN were more than 50% occupied by
regenerating SN terminals, and this feature was independent of
the overall sizes of the endplates (Fig. 3c).

Synapse elimination continued during neuromuscular block
It was possible that spontaneous quantal or non-quantal release
and action of neurotransmitter at the endplate21 could have been
involved in competition between intact and regenerating synap¬
tic terminals. To test this, we blocked all acetylcholine-induced
activity at 4DL neuromuscular junctions by combining chronic
TTX superfusion of the sciatic nerve, as described above, with
daily local injections of a-BTX (Fig. 1). This procedure ensured
complete block of all extant and newly synthesized acetylcholine
receptors in the hind foot musculature22 (checks described
below). After two weeks, muscles were isolated, and LPN and SN
terminals were stained with the vital dyes as in the TTX-only
group (Fig. 2).

About 15% of the motor endplates in these totally paralyzed
muscles (128 of 804 fibers in five muscles) also became reinner¬
vated by regenerating SN motor axons (Fig. 3d). The percentage
of polyneuronal innervation was 13.1 ± 4.5%, whereas 4.0 ± 1.0%
of total fibers were exclusively supplied by regenerated, FM 1 -43-
stained SN synaptic boutons. All five muscles contained exam¬
ples of these mononeuronal, SN-innervated endplates. The
distributions of motor nerve terminal areas on polyneuronally
innervated muscle fibers were about equal (Fig. 3e). Moreover,
the distribution of percentage occupancies was not discernibly
biased toward either nerve (Fig. 3f). The mean fractional reoc-
cupancy by SN terminals at polyneuronally innervated junctions
was significantly smaller than that in the TTX-only or crush-only
control groups (p < 0.05, ANOVA; Fig. 3f). Complete neuro¬
muscular block might therefore have introduced a slight addi¬
tional delay in competitive synapse elimination. However,
competition was clearly not prevented by either form of paraly¬
sis. As almost all motor endplates were fully occupied by LPN
terminals at the time regenerating SN axons returned (see below),
competitive displacement of LPN synaptic boutons by SN bou¬
tons must have occurred at most, if not all, of the paralyzed end¬
plates supplied by the two nerves.

By contrast, in reinnervated control muscles that were not
blocked (crush-only controls), only about 5% of total muscle
fibers had become reinnervated by the SN by 30 days after nerve
crush (Fig. 3g), even though the SN axons probably regenerated
down their original endoneurial tubes and back to their original
endplates23. There were few polyneuronally innervated fibers in
these muscles (2.3 ± 0.8% of 595 fibers in five muscles). Thus,
about half of the endplates supplied by regenerated SN axons had
already become mononeuronally innervated (1.9 ± 0.4% of total
fibers). The distribution of fractional occupancies in the small
number of polyneuronally innervated junctions that remained
was similar to that in the TTX-only group (Fig. 3h and i).
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Fig. 2. Neuromuscular junctions in paralyzed muscles stained with vital
styryl dyes. SN-reinnervated muscles after TTX block of nerve conduc¬
tion alone (TTX only) or complete paralysis (TTX/a-BTX). LPN termi¬
nals were stained fluorescent orange by stimulating the nerve in isolated
preparation in the presence of RH4I4; SN terminals were stained fluo¬
rescent green/yellow in similar way with FMI-43. Endplates were sup¬
plied by LPN axons alone (orange boutons only), by dual innervation
with variable fractions of the endplate supplied by either nerve, or by
regenerating SN terminals alone (green/yellow boutons). Motor axons
often appeared fluorescent yellow in these preparations, because of pas¬
sive (activity-independent) staining of myelin by the successive applica¬
tion of the two styryl dyes.

Together, these measurements suggest that nerve conduction
and neuromuscular transmission block, and the consequent mus¬
cle paralysis, promoted sprouting of the LPN and regeneration
of the SN motor axons and their terminals. This evidently
increased the opportunities for SN terminals to competitively
displace synaptic boutons belonging to intact LPN terminals.
Thus, muscle paralysis measurably increased the proportion of
muscle fibers that became reinnervated by the regenerating SN
motor axons, restoring about half the original complement of
SN motor nerve terminals; however, synapse elimination con¬
tinued at a significant subset of the neuromuscular junctions,
despite the chronic nerve conduction and neuromuscular blocks.

Sprouting and paralysis were effective and complete
Correct interpretation of the data in Fig. 3 depends on three
assumptions: that the endplates were fully or mostly occupied
when the regenerating axons returned, that paralysis of the mus¬

cles was complete during reinnervation by the SN, and that there
was no direct toxicity or mechanical trauma caused by adminis¬
tration of either TTX or a-BTX to motor axons or their termi¬
nals. We carried out several checks to address these issues.

Previous electrophysiological data18 seemed to rule out the
possibility that the regenerating axons merely reoccupied junc¬
tions that failed to become innervated by sprouts from LPN axons
and their terminals, but to examine this further, we vitally stained
seven muscles with FMI-43 and a-BTX fluorescently labeled with
tetramethylrhodamine isothiocyanate (TRITC-a-BTX) 14 days
after the SN was cut. Between 200 and 400 endplates were exam¬
ined in each muscle. No examples of unoccupied endplates were
located; almost all endplates were fully occupied by LPN terminals
(Fig. 4a). One endplate was about 50% occupied by an LPN ter¬
minal, but the fractional occupancy of all other endplates exam¬
ined was greater than 80% of the total endplate area. Most of the
partly occupied endplates showed only one or two vacant acetyl¬
choline receptor clusters (Fig. 4b and c).

Styryl dyes like FMI-43 and RH414 label terminals by stain¬
ing recycling synaptic vesicles; therefore, the dyes do not label
nerve sprouts very well. However, other muscles were immunos-
tained for neurofilament/SV2 and with TRITC-a-BTX to visu¬
alize acetylcholine receptors 3-14 days after the SN was crushed.
Within three days, SN terminals had degenerated, and LPN axons
and terminals had already begun to sprout, forming bridges
between innervated and neighboring denervated muscle fiber
endplates (data not shown)24. At 14 days after SN crush, we found
only two examples of unoccupied endplates, of 1,483 fibers exam¬
ined from thirteen muscles (Fig. 4d). An additional 51 endplates
(3.4% of total examined) were partially occupied, but in all these,
the LPN terminals occupied at least 80% of the endplate area.
Thus, overall, the immunocytochemical data confirmed the vital
staining, and indicated that LPN sprouting was nearly complete
within 14 days of SN injury. Less than 1% of all endplates
remained vacant or partly vacant by the time regenerating SN
axons returned to the 4DL muscles. A few muscles were also
examined by immunostaining after regenerating axons had
returned. There were neurofilament-positive sprouts linking end¬
plates in all three groups of reinnervated muscles (Fig. 4e).

It was also important to be confident that the TTX/a-BTX-
blocked muscles were completely paralyzed. Tests on isolated
preparations, with daily behavioral tests of neuromuscular func¬
tion in vivo, confirmed that almost all endplates were complete¬
ly blocked. First, low-impedance NaCl-filled micropipettes were
used to probe endplates for residual synaptic currents. No spon¬
taneous or nerve-evoked synaptic currents could be elicited from
the TTX/a-BTX-paralyzed muscles, whereas strong signals were
evoked from the endplate region of reinnervated controls
(Fig. 5a-d). Spontaneous activity due to endogenous muscle fiber
fibrillation was also absent from the chronically blocked mus¬
cles, and no fibrillation potentials were detected in extracellular
or intracellular muscle fiber recordings25. The amount of unla¬
beled a-BTX used for chronic injections, when added to medium
bathing control muscles, rapidly (within about 10 min) produced
complete block of neuromuscular transmission (Fig. 5d). Next,
fluorescent TRITC-a-BTX was injected into both hind feet of
one rat on the day before the acute experiment. Staining was
absent from endplates on the side that had received daily injec¬
tions of unlabeled toxin for the preceding 13 days, but receptors
on the control side became heavily labeled with the fluorescent
toxin (Fig. 5e and f). Finally, a saturating concentration of fluo¬
rescent TRITC-a-BTX was added to medium bathing two chron¬
ically paralyzed muscles on the day of the acute experiment. Less
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Fig. 3. Motor endplates in paralyzed muscles became
mainly or exclusively reinnervated by inactive axons.
Effects of nerve conduction block alone (TTX-only), of
complete neuromuscular paralysis (TTX/aBTX), and of
nerve crush without paralysis (crush control) on the pat¬
tern of reinnervation of 4DL muscles following partial
denervation and SN regeneration, (a, d, g) Percentages
of muscle fibers examined supplied by LPN axons alone,
SN axons alone or combined (7t) innervation. Bars repre¬
sent s.e.m. (b, e, h) Box-whisker plots showing the distri¬
bution of areas of SN and LPN terminal boutons at

endplates convergently innervated by axons in both
nerves. Boxes, 25-75% interquartile range; horizontal
lines in boxes, median area; whisker, 10-90% range; cir¬
cles, 5% and 95% outliers, (c, f, i) Percent occupancies of
endplates receiving inputs from both nerves (open cir¬
cles, SN synapses; filled circles, LPN synapses), in relation
to total synaptic area.
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than 2% of endplates showed evidence (not shown)
of any staining, and this comprised only faint punc¬
tate patches covering less than 50% of each end-
plate, whereas all endplates in the contralateral
control pinned alongside in the same chamber were
strongly stained. In four other muscles, BTX injec¬
tions were curtailed one day early. Endplates were
only faintly stained with TRITC-a-BTX a day later.

A residual concern was that administration of
either TTX or a-BTX might have damaged some
axons or their terminals, yielding vacant endplates
that might have become either mono- or polyneu-
ronally innervated by regenerating axons. Previous
analysis indicated that the technique used to block
nerve conduction neither mechanically nor chem¬
ically injured motor axons'1^14. The a-BTX injec¬
tions were made subcutaneously rather than
intramuscularly, which also minimized the possi¬
bility of mechanical or chemical trauma to motor
nerve terminals. However, to test the possibility of
inadvertent damage by these treatments, we carried out a group
of control experiments on four animals in which we first par¬
tially denervated the 4DL muscles by SN crush. Fourteen days
later, TTX block was initiated as in the other experimental groups,
but at the same time we deliberately resectioned the SN axons.
Then we ascertained whether there were any denervated (vacant)
endplates after a further 14 days of continuous TTX block,
accompanied by daily injections of a-BTX. No uninnervated
receptor patches were detected in FMl-43/TRITC-a-BTX-stained
preparations of these muscles; that is, all the endplates seemed
to be fully or mostly occupied by LPN motor nerve terminals
(506 endplates examined in 4 muscles). As most endplates were
also almost completely occupied by LPN axons at 14 days
(Fig. 3), these control data are consistent with absence of trau¬
matic injury of axons and terminals during the period of toxin
administration.

DISCUSSION
The results from all the experimental and control groups togeth¬
er suggest that motor endplates became mostly or fully occupied
by the SN motor terminals because intact LPN axons were com¬

petitively displaced by the regenerating inactive terminals, even
though the postsynaptic sites at which this competition took place
were unresponsive to acetylcholine and therefore completely elec-
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trically silent. Almost all endplates were more than 80% occu¬
pied by the time regenerating axons returned. As most SN axon
terminals had reoccupied more than 20% of the endplate area,
and there was no change in total endplate area, competitive dis¬
placement of LPN axons is the simplest and most reasonable
explanation for the relative sizes of the two nerve inputs to these
junctions.

The incidence of polyneuronal innervation was greater in
chronically paralyzed muscles than in controls, consistent with
previous findings3-28. This may be interpreted in terms of either a
sprouting stimulus released by inactive muscle fibers promoting
growth of the regenerating axons, and/or a stimulus from the
paralyzed muscle fibers that inhibits or prevents synapse elimi¬
nation. Thus, our previous data show that when the LPN is
injured just before the SN returns to 4DL, many more muscle
fibers are reinnervated by the SN than if the LPN is either intact
or selectively blocked. However, more fibers become reinnervat¬
ed than controls when nerve conduction is blocked, as we con¬
firmed here using direct visualization with styryl dyes. Thus, the
presence of LPN motor nerve terminals occupying motor end¬
plates inhibits or represses synapse formation by regenerating
SN axons, whether or not they are active14. Here the proportions
of the reinnervated endplates that were recaptured by regenerat¬
ing axons were, on average, greater after blocking nerve conduc-
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Fig. 4. Control experiments showing that almost all muscle fibers were occupied by LPN
terminals or their sprouts before the return of regenerating SN axons, (a-c) Preparations
in which acetylcholine receptors (red) were stained with TRITC-a-BTX and remaining
LPN axon terminals (green) were stained with FMI-43, 14 d after nerve crush, (a) Fully
occupied neuromuscular junction in which each receptor patch is covered by an FM I -43-
stained LPN synaptic bouton. More than 95% of endplates were fully occupied in this way
in the partially denervated muscles at 14 d. (b, c) Occasionally, endplates partially occupied
by LPN terminals were found. Small patches of acetylcholine receptors stained with fluo¬
rescent TRITC-a-BTX (arrows) were not covered by overlying synaptic boutons at these
endplates. (d) Neuromuscular junction 14 d after nerve crush in a preparation stained
immunocytochemically for neurofilament, SV2 and TRITC-a-BTX to visualize axons,
synaptic boutons and motor endplates, respectively. The endplate at the bottom was one
of very few encountered that was not occupied by sprouts from nearby intact LPN motor
axons and their terminals, (e) immunostaining of a pair of endplates interconnected by
sprouts and regenerating axons in a preparation examined after 14 d of neuromuscular
paralysis (TTX/BTX), 28 d after SN crush. Scale bar, 10 jam (a-c); 20 |tm (d, e).

tion alone. Thus, spontaneous activity at motor endplates may
confer a slight competitive advantage on regenerating axons.
However, this does not detract from the competitive success of
regenerating axons in the completely paralyzed muscles. Signifi¬
cant numbers of endplates acquired exclusive innervation by
regenerated boutons in the paralyzed muscles, and most end¬
plates were also more than 20% reoccupied by SN boutons. This
should not have occurred if modulation of postsynaptic activity
were essential for synapse elimination. Thus, our experiments
provide the most compelling evidence so far that activity and,
more specifically, activation of acetylcholine receptors is not
required for competitive elimination of mammalian neuromus¬
cular synapses.

These findings contrast with other reports that synapse elim¬
ination only occurs from endplates that are partly, but not com¬
pletely, blocked with a-BTX15. Perhaps the main difference in
our experimental design was that axons were compelled to vie

for occupancy of their former postsynaptic sites.
The alternative, that the original postsynaptic sites
were removed and replaced by new ones induced
by the regenerating axons, is not consistent with
either the persistence of endplate morphology after
complete denervation in adults15,2'1 or our finding
that total endplate area was the same in paralyzed
and crush-only muscles (Fig. 3). Furthermore, our
findings are complementary to the results of other,
developmental studies. For example, synapse for¬
mation and elimination occur normally in mutant
zebrafish lacking nicotinic acetylcholine recep¬
tors27.

Our findings may also be compared with
synaptic plasticity in other parts of the nervous sys¬
tem. For example, changes in strength or stability
are not restricted to active synapses during long-
term potentiation in hippocampal neurons7,8.
Related studies of connectivity in the visual system
show that organization of orientation columns,
although sensitive to activity, may occur without
exposure to contoured visual stimuli4,6, and ocu¬
lar dominance columns can form without retinal

input, and therefore retinal activity5. Our study has
shown, at the level of individual identified synaps¬
es, that activity, although facilitating synaptic com¬
petition, is not obligatory for synapse elimination,
and that ligand gating of postsynaptic receptors is
not an essential, instructive step in the mechanism
of the competition at most endplates.

Previous findings suggest that in addition to
delaying synapse elimination, selective nerve con¬
duction block confers a competitive advantage on
active terminals and synaptic boutons over inac¬
tive ones13-15. Although these previous data may
seem at first inconsistent with our findings here,
one possibility is that activity is one of many per¬
missive influences in synaptic competition, and the
instructive selection of which synapses persist is
governed by other factors. It is well established that
paralysis of muscle stimulates motor nerve growth
(sprouting)2,3,21 and promotes retention of
polyneuronal innervation'1,11,28. The simplest and
most conventional explanation is that this is due
to production of growth factors by muscle fibers36.
Thus, axons regenerating into the paralyzed mus¬

cles, as in our experiments here, may have responded better to
strong growth-promoting stimuli (growth factors) released from
the paralyzed muscle fibers, by virtue of higher levels of expres¬
sion of receptors for these factors in the nerve terminal mem¬
branes. Intact terminals or their sprouts already occupying motor
endplates might have expressed fewer receptors, decreasing their
competitiveness. Computational analysis of a model in which
neurotrophic factors are presumed to induce the expression of
additional presynaptic receptors for these molecules predicts a
range of experimental findings, including those here30.

Further experiments using paralyzed, reinnervated muscles
as an example may establish the primary molecular resources
underpinning neuromuscular synaptic competition and
whether these mediate a consumptive or a spatial form of bio¬
logical competition28,29. Regenerating, but not intact, motor
nerve terminals in adult muscles undergo reactive growth in
response to glial cell line-derived neurotrophic factor (GDNF)
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Fig. 5. Control experiments confirming the effectiveness of the chronic
neuromuscular block, (a-d) Electrophysiological recordings from para¬
lyzed (a, c) and reinnervated control (b, d) 4DL muscles, (a) Focal EMG
recording showing no response to nerve stimulation in a muscle para¬
lyzed for 13 d. (b) Extracellular endplate current following indirect stim¬
ulation of the muscle nerve to the contralateral control muscle; the
muscle was pre-incubated with 2 gM g-conotoxin to block muscle
action potentials, (c) Action currents in the paralyzed muscle following
direct stimulation of muscle fibers, (d) Abolition of the synaptic current
in the control muscle after the addition of unlabeled a-BTX to the

bathing solution, (e, f) Fluorescent images in the vicinity of intramuscu¬
lar nerves, from chronically paralyzed muscles (e) and control muscles
(f) in the same rat 24 h after injection of fluorescent TRITC-a-BTX into
both hind feet. There was no staining on the chronically paralyzed side,
indicating the receptors were all occupied by unlabeled toxin.

overexpression (M.L. Bernstein et al„ Soc. Neurosci. Abstr. 24,
413.3, 1998), and other studies suggest that in immature mus¬
cle, GDNF sustains high levels of polyneuronal innervation31
and enhances synaptic transmission32. An alternative kind of
mechanism is that the regenerating terminals compete effec¬
tively by more direct interference28-29, possibly mediated by a
balance between secreted proteases and endogenous protease
inhibitors33-34. In this regard, although we blocked the action of
neurotransmitter on postsynaptic membranes, we did not pre¬
vent spontaneous exocytosis of neurotransmitter or other mol¬
ecules from the competing presynaptic terminals. Exocytosis of
small molecules and peptides may be independently regulated
in neural cells35. The function of exocytosis-endocytosis in com¬
petition for neurotrophic molecules or endplate space could be
tested by blocking all vesicle recycling during nerve regenera¬
tion with botulinum toxin, for example, although different
methods would be required to assess the outcome, as styryl dyes
require vesicle recycling to produce selective vital staining of
nerve terminals.

Resumption of activity after chronic nerve conduction block
is not sufficient to bring about synapse elimination at all rein¬
nervated neuromuscular junctions37. Our study here showed that

activity is not even necessary for neuromuscular synapse elimi¬
nation. Whereas other studies have shown that when activity is
present, remodeling of neuromuscular synapses occurs, our study
showed that when activity was absent, there was still remodeling
of synaptic connections. Whether paralysis stimulates remodel¬
ing by promoting both sprouting and withdrawal of terminal
arbors remains an open question. However, our results emphasize
the idea that activity is influential but not decisive in the compe¬
tition for exclusive innervation of motor endplates, and that the
function of activity may be more permissive than instructive12.
Finally, if inactivity leads to similar reactive growth of axons and
enhancement of the opportunities for competitive restoration of
connections elsewhere in the nervous system, then a period of
synaptic silence, imposed locally at sites of injury, might actual¬
ly promote regeneration and restoration of functional connec¬
tions in these regions also.

METHODS
All experiments were carried out under license in accordance with UK
Home Office regulations. Adult female Sprague-Dawley rats were deeply
anesthetized by inhalation of halothane/nitrous oxide. In the first exper¬
imental group, the SN was crushed with fine forceps, then 14 d later the
animals were re-anesthetized, and Alzet osmotic minipumps (Charles
River, Margate, UK), containing tetrodotoxin (TTX; Calbiochem, San
Diego, California, or Sigma, Poole, UK) at a concentration of 500 gg per
ml in 0.9% saline with antibiotics, were implanted. The pumps were con¬
nected by subcutaneous tubing to the inside of a cuff placed around the
sciatic nerve, as described12-18. The advantage of this technique is that it
does not cause nerve damage because the cuffs are loose-fitting and mere¬
ly secure the tip of the indwelling cannula to the vicinity of the nerve,
while restricting the rapid diffusion ofTTX from its site of administration
and thereby ensuring patent, reliable and long-lasting nerve conduction
block. The distal hind limb remained completely unused during the peri¬
od of chronic nerve conduction block. Toe extension and flexion with¬
drawal reflexes were tested daily and were routinely absent for at least
two weeks. These signs are reliable indicators of complete and continuous
nerve conduction block18. In the second group, all transmitted activity
at endplates was abolished by combining reinnervation and nerve block
as described above. In addition, the rats were lightly anesthetized with
halothane each day (including the day of the acute experiment), and the
hind foot pad on the TTX-blocked side was injected subcutaneously over
the lumbrical muscles with 5 gl purified, unlabeled a-BTX (Molecular
Probes, Leiden, Netherlands), at a concentration of 500 gg per ml, to
block all extant and newly synthesized acetylcholine receptors. The a-
BTX was dissolved in a buffer solution of 20 mM sodium acetate, 100
mM arginine, 1% mannitol, 100 mM sodium sulfate and 0.1% bovine
serum albumin, pH 6.9.

Only animals with persistent absence of reflexes were studied further.
In some animals, TRITC-a-BTX (Molecular Probes) was injected into
the foot either on the last or the penultimate day of the chronic experi¬
ment. After 14 d of nerve and/or neuromuscular block, 4DL prepara¬
tions with attached SN and LPN nerves were isolated (removing the TTX
block). In some cases, extracellular recordings were made from the end¬
plate regions with standard electrophysiological techniques, using
micropipettes filled with 1 M NaCl and broken at their tips to yield a tip
resistance of 1-10 M£2. Recordings from contralateral reinnervated mus¬
cles were made after 20 min of incubation in 2 gM g-conotoxin (Scien¬
tific Marketing Associates, Barnet, UK) to selectively block muscle action
potentials and abolish contraction. This treatment was unnecessary for
muscles that had received chronic a-BTX treatment because they did not
twitch in response to nerve stimulation.

Motor nerve terminals supplied by the SN and LPN were identified
by selective loading with 4-8 gM FM1-43 and 25 gM RH414 (both from
Molecular Probes). In most experiments, muscles were first bathed in
FM1-43, and the SN terminals were stained by stimulating the nerve at 20
Hz continuously for 10 min. After muscles were washed for 15-20 min,
RH414 was added, and the LPN terminals were stained using a similar
pattern of stimulation. This procedure rendered SN boutons fluorescent
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green/yellow and LPN boutons orange when viewed with a fluorescence
filter cube with 435 nm excitation, 455 nm dichroic mirror and 515IF
emission filter. Mononeuronal and polyneuronal innervation were
assigned scores using fluorescence microscopy (Fig. 2). Control experi¬
ments showed that terminals and synaptic boutons only stained with the
dyes when the axons were stimulated. Thus, for example, stimulation of
One of the axons to a polyneuronally innervated endplate in the presence
of FM1-43 stained its boutons fluorescent green, whereas incubation in
RH414 without stimulation produced no orange staining of either the
remaining boutons or any of the boutons at mononeuronally innervated
endplates. The two dyes, when used selectively to stain SN and LPN
synaptic boutons, therefore accurately revealed the extent of innervation
of individual endplates by these motor axons. Endplate areas and frac¬
tional occupancies were measured from binary masks constructed to
exactly overlay areas stained with FM1-43 or RFL414, using Openlab soft¬
ware (Improvision, Coventry, UK). LPN terminals in muscles denervat-
ed for 14 d were vitally stained with FM1-43 by bathing the muscles for
5-10 min in a depolarizing solution of the dye, in which potassium ion
concentration was increased to 50 mM, with the sodium ion concentra¬
tion reduced by 45 mM. Immunocytochemical staining was carried out
by fixing 4DL muscles for 15 min in 4% paraformaldehyde in phosphate-
buffered saline. Muscles were then incubated for 20 min in 5 |ig per ml
TRITC-a-BTX to label junctional acetylcholine receptors, and were per-
meabilized in methanol at -20°C for 7 min. This was followed by label¬
ing of axons and nerve terminals with antibodies against the 165-kDa
neurofilament protein (diluted 1:250) and the synaptic vesicle antigen
SV2 (diluted 1:500). Both primary antibodies were obtained from the
Developmental Studies Hybridoma Bank (University of Iowa, Iowa City,
Iowa). Antibody binding was visualized using fluorescein isothiocyanate-
conjugated secondary antibodies. In some of the preparations, there were
areas where either primary or secondary antibodies had evidently failed
to penetrate very well to the deepest fibers, yielding only weak fluores¬
cence. Thus our observations focused mainly on superficial fibers on
both sides of the muscles.
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Development and Plasticity of
Neuromuscular Innervation

RICHARD R. RIBCHESTER

ABSTRACT

Neuromuscular junctions comprise the last synapses in the chain
mediating voluntary and reflex commands that under behaviour.
Access to general mechanisms of synaptic development and
plasticity is facilitated at neuromuscular junctions by the stereotyped
patterns of motoneuron innervation of muscle, and by the large size
of the postsynaptic structures at motor end-plates on individual
muscle fibres. These features permit detailed descriptions at systems,
cellular and molecular levels of the organization of neuromuscular
connections, and enable experiments to be designed which probe
and quantify the role of activity in stabilization and elimination of synap¬
tic connections. Recent experiments suggest that activity is influential,
but not decisive, in these processes.

1. INTRODUCTION

Professor Sir Bernard Katz recounted one motivation behind his pioneering
work in neuromuscular synaptic physiology, during the Fenn Lecture to the
International Union of Physiological Sciences held in Glasgow in 1993: namely
that "the neuromuscular junction is an experimentally favourable object whose
study could throw light on mechanisms of synaptic transmission elsewhere"
(Katz, 1996). Three years later Professor Mu-Ming Poo remarked, during a
presentation at a symposium on Mechanisms of Synaptic Plasticity held in
Edinburgh, that the neuromuscular junction may be regarded as "the ultimate
synapse". Such anecdotes propel an argument that neuromuscular synapses are
important; not merely because we literally cannot live without them, but because
their properties are representative of synapses in general; and these properties
remain more accessible to experimental investigation using combinations of
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techniques that are not always possible or easy to apply to central synapses in
situ. There is now little reason to doubt the validity of Katz's hypothesis, since it
has been so amply supported by subsequent analysis of synaptic transmission in
the central nervous system. And Poo was only half-joking: it is of course literally
true that neuromuscular junctions are the final connection in the system that
mediates wilful behaviour via neural activity. It seems plausible to suggest (and
this is implicit in Poo's metaphor) that knowledge and understanding we acquire
by studying neuromuscular development and plasticity will also eventually be
extended to presynaptic and postsynaptic cell relationships elsewhere in the
nervous system. This ultimately promises insights into the role of synaptic
development and plasticity in all higher brain functions, including environmental
adaptation; memory and learning; as well as the planning and execution of
complex movements.

The anatomical patterning of connections between motoneurones and skeletal
muscle in adult mammals is highly stereotyped (Figure 1). Each motoneuron,
with few exceptions, innervates just one anatomically defined muscle; but within
that muscle the motor axon branches many times. Remarkably, each of the
thousands of muscle fibres contained in a muscle is targeted by only one axon
collateral, derived from the small contingent of motoneurons uniquely supplying
it. Each motor axon terminal is constrained to make functional synaptic contacts
on a small, circumscribed area on its target muscle fibre: the motor endplate.
Here the terminal may remain throughout life, often unaltered but with the
potential to undergo adaptive remodelling of both function and form.

This beautiful phenomenon raises obvious questions: how are neuromuscular
synaptic connections formed? What processes bring about selective innervation
of a muscle fibre by only one motoneuron? What properties constrain the extent
of an individual motoneuron's axonal arbour? How are the size and strength of
a neuromuscular synapse regulated once the stable connection has formed?
What processes and factors govern the reaction to nerve injury and bring about
nerve sprouting and regeneration of neuromuscular synapses?

Perhaps the most beguiling questions, however, are those that relate to the
importance of neural activity and function in the formation, maintenance and
repair of neuromuscular innervation and gene expression. At a systems level,
axons supplying muscle fibres are made and broken in a fashion that appears to
optimize the potential of the neuromuscular system to adapt to changing func¬
tional requirements during development, or to recover function after injury. At
a cellular level, neural activity modifies the size and strength of individual
synaptic connections and the organization of subcellular components that
comprise them. At a molecular level, activity up- or down-regulates the state of
individual signalling proteins, and alters the expression of genes that provide the
protein scaffolds required to modify and maintain overall neuromuscular synaptic
form and function. How does use or disuse bring about such changes? Above all,
is activity both sufficient and necessary for the induction and expression of
neuromuscular synaptic plasticity?

My aim in this chapter is to provide first, as a foundation, a straightforward
overview of the salient features of the mammalian neuromuscular system; some
of the cellular and molecular relationships at neuromuscular synapses; and the
formation of these connections during development. The references in this
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Figure 1 Images of mammalian neuromuscular junctions. A: Fluorescence micrograph of motor
endplates, terminals and axons in a mouse muscle stained with TRITC-a-bungarotoxin and immuno-
cytochemically with antibodies against SV2 and neurofilament (R.R. Ribchester & D. Thompson,
unpublished). B: Scanning electron micrograph of neuromuscular junctions in hamster muscle. (From
Desaki & Uehara, 1981, with permission.) Calibration: A, 10 pm; B, 5 pm.
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section are not intended to be extensive, representing only a sample of those
relating to the facts presented. Next, I have attempted a more critical appraisal
on three issues: plasticity of relationships between synaptic structure and function
in adult muscles; elimination of polyneuronal innervation during development;
and the synapse elimination that accompanies competitive reinnervation of
muscle after nerve injury and axon regeneration. These are critical issues in the
search for understanding the importance of activity in the development and
plasticity of synaptic structure and function. The conclusion that emerges is that
activity is not absolutely necessary for the induction or expression of any of these
phenomena in skeletal muscle, though it is sufficient for some of them.

The context of this handbook largely precludes an extensive review of the litera¬
ture relevant to the topics discussed here, however. For example, I have side¬
stepped most of the literature concerned with valuable studies of neuromuscular
synapses in non-mammalian vertebrates and invertebrates. Grinnell (1995)
provides excellent coverage of important findings acquired from these species up
to relatively recent times. Though relevant, I shall also not refer in detail to the
relationships between neuromuscular synaptic development and plasticity, and
similar phenomena elsewhere in the nervous system. Jansen & Fladby (1990),
Purves (1994) and Snider & Lichtman (1996) provide outstanding essays attempt¬
ing to integrate these topics. Finally, the reader must look elsewhere for
descriptions of the development and plasticity of the complex sensorimotor
innervation of muscle receptors (Patak et al., 1992; Patten & Ovalle, 1991; Rees
et al., 1994; Walro & Kucera, 1999); the autonomic innervation of skeletal,
cardiac and smooth muscle (Burnstock & Hoyle, 1992; Gabella, 1995); and the
reflex innervation of spinal motoneurons by peripheral and central afferents and
interneurons (Kalb & Hockfield, 1992; Konstantinidou et al., 1995; Lin et al.,
1998); all of which are beyond the remit and scope of this chapter.

2. BACKGROUND AND OVERVIEW

2.1. The neuromuscular system

2.1.1. Organization of adult motoneurons and their connections

Spinal motoneurons supplying each skeletal muscle are loosely clustered
dorsoventrally, mediolaterally and rostrocaudally in sausage-shaped "pools" in
the ventral horn horn of spinal cord grey matter (Figure 2). These usually extend
over one to three spinal segments (Crockett et al., 1987; Lance-Jones &
Landmesser, 1980). The location and extent of a motoneuron pool can be
determined experimentally by mapping the extracellular field potential with an
extracellular microelectrode in response to antidromic stimulation of muscle
nerves; or by applying fluorescent or enzymic retrograde tracer molecules to the
muscle nerves and locating the motoneuron cell bodies in sections of spinal cord,
using fluorescence microscopy or histochemistry (Clowry & Vrbova, 1991; Lev-
Tov & O'Donovan, 1995; Mesulam, 1982). Such methods have demonstrated that
motoneurons supplying muscle groups that are either synergistic or antagonistic
in function - flexors and extensors in the limb, for example - though spatially
quite discrete, nonetheless have their cell bodies, dendritic trees and afferent
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inputs intermingled (A.G. Brown, 1981). Given this refined chaos it is remarkable
that each motoneuron projects a single axon out of one ventral root unerringly -
without branching - to one specific, anatomically distinct muscle or compart¬
ment. The distance each motor axon extends to its specific target varies from a
few microns, in a mouse embryo for example, to a few metres - for instance from
spine to toes in a fully mature giraffe. But after reaching their targets during
early embryogenesis, maintenance of contact as the limbs elongate is probably
controlled by different mechanisms from the initial selection (Bray, 1984).

The specificity and extent of motor axon projection, though impressive, pales
before the astonishing selectivity of innervation of the motoneurons themselves
by primary sensory afferents, intraspinal interneurons and descending connec¬
tions from higher motor centres (Figure 2C). It is truly awe-inspiring to consider
that primary sensory axons supplying muscle spindles have been contrived by
natural selection to make their monosynaptic central connections onto
homonymous motoneurons, in far greater numbers and strengths than to those
motoneurons supplying muscles that are synergistic or antagonistic in function.
This occurs during development in spite of the cell bodies and dendritic arbors
of both synergists and antagonists becoming close neighbours within the same
spinal segment (Eide et al., 1982). Considering the apparent opportunities for
random connectivity, the developmental ordering of ascending and descending
connections to motoneurons are equally astounding phenomena (Armand et al.,
1997; Lemon, 1998). Experimental analysis of spinal cord development in embry¬
onic chickens and frogs suggest that in some cases the central connections are
specified after peripheral motor and sensory connectivity is laid down, implying
that peripheral-to-central signalling, and activity-dependent reinforcement of
central synaptic connections are involved (Seebach & Ziskind-Conhaim, 1994;
Wenner & Frank, 1995). However, it is unlikely that such orthograde and retrograde
influences are ultimately responsible for all the nuances of central connectivity,
and at least the broad pattern of selective connections is probably mapped out
by a programmed distribution of recognition molecules (Purves, 1988, 1994).

There are many fewer motoneurons within a specific motoneuron pool than
muscle fibres in the target muscle to which they project. This is only partly a con¬
sequence of extensive cell death among the population of motoneurons, which
reduces some motoneuron pools by more than 50% during mid-embryogenesis
(see Oppenheim et al., this handbook). Thus, once confined to its target muscle
compartment, each motor axon branches many times, and each collateral branch
ultimately supplies a neuromuscular junction on just one muscle fibre: a state
referred to as "mononeuronal innervation". The number of muscle fibres inner¬
vated by an individual motoneuron defines the motor unit size. The numbers
may vary over two orders of magnitude - from tens to thousands - but within a
specific adult muscle the coefficient of variation of motor unit size is usually
about 30-50%. Different muscles have characteristic distributions of motor unit
size: in some the number varies approximately symmetrically about a mean, as
in the mouse soleus muscle for example; in others the distribution has a positive
skew, as in the mouse extensor digitorum longus. These size distributions are
characteristic for the types of nerves that supply the muscles. Thus cross-
reinnervation of muscle confers a motor unit size distribution characteristic of
the nerve implant, rather than the muscle host (Taxt, 1983a).
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Motoneurons supplying different muscle show very distinctive firing patterns
in their day-to-day use, and this is determined partly by the activity of cortical
connections that connect with them (e.g. Bennett & Lemon, 1996) and partly by
their intrinsic firing capabilities (adaptive range; Westgaard & Lomo, 1988). In
the rat, motoneurons supplying phasic muscles engage intermittent firing patterns,
at about 80 Hz for very brief periods; whereas those supplying postural muscle
are more tonically active, firing for longer periods at around 20 Hz (Hennig &
Lomo, 1985). These patterns may play a role in specifying muscle fibre types and
synaptic efficacies at neuromuscular junctions (see below). Variable motor unit
numbers and sizes, activity patterns, and mononeuronal innervation are crucial
adaptaptions that optimize the range of forces a muscle is required to produce
for its overall function (this handbook; Kernell, 1998).

2.1.2. Organization of adult muscles and muscle compartments
Skeletal muscles are anatomically discrete, defined by the patterns created by
migration, segmentation and coalescence of somite mesoderm cells during
development. Each adult muscle is bounded by tissue fascia. Many muscles are
subdivided into compartments which comprise major anatomical subdivisions,
and these are largely selectively innervated by discrete populations of neurons.
Each muscle compartment is further subdivided into internal fascicles by similar
connective tissue and microvascular barriers. For example, the extensor digi-
torum longus muscle of the rat is divided into at least two major compartments
(Balice-Gordon & Thompson, 1988a). Although there is some overlap in their
innervation up to the first few days after birth, the nerve supply is restricted to
motoneurons which supply only one compartment or the other (Figure 3).
Similar compartmental boundaries are evident in muscles with a segmental nerve
supply such as the thoraco-abdominal muscles, or the gluteal muscles. The
distribution of motoneuron collaterals within compartments and between fas¬
cicles is quite promiscuous, however. For example, a fascicle comprising about a
dozen muscle fibres can be supplied in some cases by as many motoneurons; and
an individual motoneuron can extend collateral branches to as many fascicles as
there are present in a muscle compartment.

Muscle fibres may be "typed" according to a system of classification based on
their contractile properties, isoforms of myosin and histochemical profile of
enzymes they express. Each fascicle normally comprises a mixture of muscle fibre
types, although one type or other may predominate in different, anatomically
distinct muscles. The soleus muscle fibres of rodents, for example, are predom¬
inantly "slow twitch" - that is, the rise time of isometric force development is
relatively long, about 20-30 ms; and soleus muscles comprise mostly type I fibres.
These are characterized by high levels of expression of "slow" myosin; an acid-
stable ATPase; and enzymes important in oxidative metabolism. The fibres of
extensor digitorum longus, by contrast, are predominantly type II: expressing
"fast" isoforms of myosin; alkali-stable AITase; and enzymes important in
glycolytic metabolism. Isometric twitch rise times of these muscles are of the
order of 10-20 ms at normal body temperature.

Muscle fibre types may be further subdivided on the basis of a combination of
physiological and morphological critieria: type II fibres, for example are
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Figure 3 Transverse section of extensor digitorum longus muscles in newborn (A) and 14-day-oId (B)
rats. Muscle fibres in the medial compartment have been depleted of glycogen by tetanic stimulation
of the compartmental nerve. Note that there is no overt difference in the segregation of muscle fibres
in the two compartments with age. Calibrations: 500 pm (From Balice-Gordon & Thompson, 1988,
with permission.)

classified into at least three subtypes (IIA, B; and type IIX - also called type IID
by some investigators). These subtypes are either fast or intermediate in their
contraction speed; fatiguable or fatigue-resistant; and express either glycolytic,
or a mixture of glycolytic and oxidative enzymes. In addition, some muscle fibres
(most in the case of the rat fourth deep lumbrical muscle) bind antibodies to
both type I and type IIA antibodies and are described as type IIC (Ridge, 1989;
see Figure 4). Even these subcategories may represent the tip of an iceberg in
muscle fibre phenotyping: combinations of myosin isoform expression generate
a large continuum of subtly different muscle fibre subtypes (Pette & Staron,
1993; Pctte & Vrbova, 1992).
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Figure 4 Transverse section of an adult rat lumbrical muscle following glycogen depletion of a single
motor unit (A) and immunocytochemical staining for slow (type I) and fast (type II) myosin
antibodies respectively (B,C). The symbols denote three fibres in the same unit (all glycogen-
depleted) and motor unit is therefore a mixed IIC/IIA unit because two of the fibres stain positively
with slow myosin antibody (B) and all three stain positive with fast myosin antibody (C). Calibration:
100 pm. (From Gates et at., 1991, with permission.)

2.1.3. Matching of motoneuron and muscle fibre types
Motoneurons appear normally to be matched to specific types of muscle fibre.
Thus, although muscles normally contain a mixed population of fibre types, with
one or two exceptions (see below) the muscle fibres within a motor unit are
homogeneous with respect to type. This is thought to be primarily due to imposition
or matching of muscle fibre properties to motoneuron activity. For example,
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muscle fibre subtype characteristics are transformed by imposing activity via
electrical stimulation. Chronic low-frequency stimulation of dissociated adult
skeletal muscle fibres in culture up-regulates the expression of p-myosin heavy
chain within 6 days (Liu & Schneider, 1998). Low-frequency stimulation of rat
EDL muscle in vivo for up to 4 months converts almost all type IIB and type IIX
fibres they normally contain to type IIA and then to type I (Windisch et al., 1998).
Conversely, stimulation of rat soleus muscles with high-frequency phasic
patterns converts type I fibres to type IIB and IIX (Hamalainen & Pette, 1996).
However, sometimes motor units are of mixed fibre type; for example, motor
units containing a mixture of type IIA fibres and type IIC occur in adult rat
lumbrical muscles (Gates et al., 1991). This has a bearing on the role of activity
in muscle fibre type development and determination (Section 2.3.2 below), and
on the role of nerve terminal-muscle fibre recognition in competitive synapse
elimination (Section 3.2.2).

Muscle fibres in muscles with characteristically different fibre type com¬
positions and the motoneurons that supply them differ significantly in their
membrane electrophysiological properties, including resting membrane potential,
input resistance and action potential characteristics (e.g. Bakels & Kernell, 1993;
Harris & Luff, 1970; Wood & Slater, 1995). Remarkably little seems to be known
about the specificity and regulation of the links between activity, membrane
excitability, and intracellular characteristics that distinguish different muscle
fibre types.

2.1.4. Summary
The muscle fibres that comprise each motor unit - that is those supplied by a
single motoneuron - may be dispersed among many fascicles, but are normally
confined to a discrete compartment (when the anatomically defined muscle com¬
prises multiple compartments). Each motor unit normally, though not necessarily,
comprises muscle fibres of the same histochemical type. One of the most
striking features of the organization of the system of motor units is the apparent
matching of a motoneuron's firing properties to the type of motor unit it
supplies. This matching appears normally to be appropriate to the postural or
phasic function of the motor units concerned. An important goal of develop¬
mental neuroscience research into the organization of the motor system is to
explain how motoneurons become matched in specific muscle compartments to
functionally appropriate muscle fibres in a fascicular mosaic.

2.2. Cellular and molecular biology of the neuromuscular junction

2.2.1. Structure and function of neuromuscular synpases

Most of the fundamental structural and functional characteristics of neuro¬

muscular junctions were discovered and measured by members of Bernard
Katz's school over the decades from 1950 to 1980 (see, for example, Aidley, 1998;
Martin, 1977). Work during this period, surely a golden era of cellular neuro¬
science, established that neuromuscular synaptic transmission is a process of
coupling membrane depolarization of a nerve terminal to that of the muscle fibre
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via a chemical intermediary, acetylcholine (ACh); and that this process is
"quantized", probably by exocytosis causing instantaneous release of the
neurotransmitter molecules constituting each quantum (Figure 5). The random,
spontaneous release of transmitter is explosively accelerated when an action
potential invades the nerve terminal. Following an influx of Ca2+ ions the amount
of transmitter released is proportional to the fourth power of the Ca2+ ion
concentration. In addition to quantized release of transmitter there is a constant
trickle of ACh from nerve terminals via membrane transporters. Molecules of
ACh subsequently act on receptors concentrated in the motor endplate
membrane. Binding of ACh to postsynaptic receptors gates a small inward
current due to the transmembrane flux of cations, mainly Na+ and K+ also Ca2+.
These summate, giving rise to spontaneous miniature endplate current (MEPCs;
each peaking about a nanoamp) and nerve-evoked endplate currents (EPCS;
several nanoamps). Non-quantal release of ACh adds a steady backround
current amounting to about 100 pA. The action of ACh is terminated by its
catalytic hydrolysis mediated by acetylcholinesterase, an enzyme also specifically
localized to the neuromuscular junction. One of the breakdown products,
choline, is transported back into nerve terminals and used as a substrate for
resynthesis of ACh (mediated by cholineacetyltransferase) and recycled. The
motor endplates of mammalian muscle are also the source of an endogenous DC
current, mediated by non-uniform distribution of chloride ion channels (Betz et
al„ 1980, 1984).

The elegant and mathematically rigorous studies of the biophysics and
biochemistry of synaptic transmission at the neuromuscular junctions, that estab¬
lished the above description, were contemporaneously matched by careful
ultrastructural studies (Heuser, 1989). The neuromuscular junction was thus
revealed to be a close apposition between a muscle fibre and a highly
differentiated presynaptic nerve terminal, containing mitochondria and richly
endowed with many thousands of 50 nm spherical synaptic vesicles (Figure 5).
Synaptic vesicles fuse with active zones in the presynaptic membrane, releasing
their transmitter contents by exocytosis. ACh continues to be released via
transporter incorporated into vesicular membranes exposed to the synapse,
accounting for non-quantal release (Nikolsky et al., 1994). Recycling of vesicular
membrane occurs via clathrin-mcdiated endocytosis, either directly restoring
vesicles or indirectly via internal membrane stores. The presynaptic terminal is
apposed to an elevated, thickened postsynaptic membrane that is thrown into a
labyrinth of folds; a complex referred to as the motor endplate. The presynaptic
terminal is capped by a small number of Schwann cells. Interspersed between the
Schwann cells, nerve terminals and motor endplate membrane is a conspicuous
electron-opaque fuzz: the basal lamina.

A number of ingeneous experiments demonstrated the fusion of vesicles with
active zones in the presynaptic membrane; and measurements of the concen¬
tration of ACh in single synaptic vesicles. Together with the cloning and three-
dimensional reconstruction of the structure of the ACh receptor; the correlation
of its ion channel properties with fundamental features of synaptic transmission;
and the biochemical characterization of acetylcholinesterase in the basal lamina
and cholineacetyltransferase presynaptically; the main framework for a
satisfactory and quantitative explanation for the electrophyiological phenomena
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Figure 5 A: Electron micrograph of the neuromuscular junction of a frog muscle, showing the motor
nerve terminal containing synaptic vesicles (V) and mitochondria (M); capped by a terminal Schwann
cell (SC). The terminal forms a synapse (S) with the muscle fibre (MF) at the motor endplate, which
is thrown into junctional folds (F). The basal lamina is visible as an electron-dense fuzz between the
terminal and muscle fibre plasma membranes. (From Heuser, 1989, with permission.) B: Intracellular
recordings from a mouse neuromuscular junction in which transmitter release was partially
suppressed. Endplate potentials evoked by nerve stimulation at constant intensity, fluctuate in a
"quantized" fashion, by steps equivalent in magnitude to spontaneous MEPPs, one of which has
occurred spontaneously, to the right of the evoked responses (R.R. Ribchester & D. Thomson,
unpublished recordings) . Calibrations: horizontal: A, 200 nm; B, 5 ms; vertical: 5 mV.
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recorded postsynaptically from the motor endplate was complete by about 1980
(see Aidley, 1998).

A complete review of the structure and function of adult neuromuscular
synapses is beyond the scope of this chapter but a few more recent findings, of
relevance to studies of development and plasticity, may be highlighted. The
process of vesicle exocytosis and recycling at neuromuscular junctions has been
visualized with fluorescent stytryl dyes, revealing that recycled vesicles remix
randomly with the intraterminal pool (Betz & Bewick, 1992; Cochilla et al.,
1999). Synaptic vesicles are recycled at different rates in motor nerve terminals
innervating fast- and slow-twitch muscle fibres (Reid et al., 1999). Studies
combining membrane capacitance measurements, voltammetry, pharmacology,
immunocytochemistry, and molecular biology in other systems have generated
the 'SNARE' hypothesis, a molecular mechanism for docking and fusion of a
synaptic vesicle with the presynaptic membrane (Angleson & Betz, 1997;
Fernandez-Chacon & Sudhof, 1999; Robinson & Martin, 1998). Short-term
synaptic plasticity, represented by facilitation, depression, augmentation or post-
tetanic potentiation, is associated with persistent changes in intracellular Ca
(Tang & Zucker, 1997): these are mediated by mitichondria and a multitude of
ion channels and ion exchangers in presynaptic membranes (Rahamimoff et al.,
1999); and presynaptic receptors for neurotransmitters and purines (Ribeiro et
al., 1996; Tian et al., 1997). Recently, evidence for a pivotal role for Schwann cells
in short-term synaptic depression has been demonstrated, employing combined
recording from Schwann cells and muscle fibres (Robitaille, 1998).

It may also be of importance that neurotransmitter is released by exocytosis
from some postsynaptic membranes (Girod et al., 1995). Following surgical
denervation, motor endplates in some muscles also exhibit conspicuous endo-
cytosis, in association with a loss of postsynaptic folding (Lawoko & Tagerud,
1995). It is well established that denervated or paralysed muscle fibres re-express
a neonatal form of ACh receptors (containing a y-subunit substituted for the e-
subunit), and that this response is reversed by reinnervation or by imposing
muscle activity (Lomo & Westgaard, 1975). Denervation or paralysis also
accelerates the turnover, although not the isoform, of junctional ACh receptor
expression, due at least in part to phosphorylation of the (3-subunits (Meir &
Wallace, 1998; Stiles & Salpeter, 1997; Witzemann et al., 1991).

2.2.2. Molecular constitution of neuromuscular junctions
The ultrastructurc of motor nerve terminals, motor endplates, Schwann cells and
the extracellular matrix between them are quite different from elsewhere along
the muscle fibre or motor axon. This could either arise because distinctive
molecules are expressed at these sites, or by virtue of a special arrangement of
molecules that are expressed ubiquitously. The molecular analysis of
neuromuscular junctions, and the consequences for neuromuscular development
of knocking-out synapse-specific proteins, have recently been reviewed by Sanes
et al. (1998) and by Sanes & Lichtman (1999; Figure 6).

The best-characterized molecule whose expression is restricted to the neuro¬
muscular junction is the nicotinic ACh receptor (Unwin, 1998), concentrated at
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Figure 6 Schematic diagrams illustrating some of the specific protein molecules found concentrated
at neuromuscular junctions (A); and the pathways from orthograde factors released by motor nerve
terminals leading to regulation of muscle fibre gene expression and localization of acetylcholine
receptors in synaptic and extrasynaptic membranes. (From: A, Sanes et al., 1998, B, Edgerton et al.,
1996; with permission.)
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the crests of the junctional folds in the motor endplate membrane. Voltage-gated
ion channels are also concentrated at neuromuscular synapses, including
sodium, potassium and calcium channels expressed pre- and postsynaptically
(Braga et al., 1992; Katz et al., 1996; Lupa et al., 1993). Somewhat less is
understood about the distribution of metabotropic receptors on either side of
the synaptic cleft, or ion exchangers; for example, the sodium-calcium exchanger
(Mulkey & Zucker, 1992), sodium-hydrogen exchanger, and sodium-potassium
pump (Zahler et al., 1996). Specific isoforms of neural cell adhesion molecules,
including NCAM itself, and others including cadherin and integrins, are
localized to neuromuscular synapses (Chen & Grinnell, 1995). Proteins involved
in exocytosis, endocytosis and recycling of synaptic vesicles are receiving
increasing attention, though most of the characterization of these is being done
in brain rather than peripherally. Molecules localized to extracellular matrix
include acetylcholinesterase, synaptic forms of laminin and other distinct
P-GalNAc-containing carbohydrates (Martin et al., 1999). Molecules affiliated
with the membrane proteins and ion channels that directly mediate
neuromuscular function have been identified. These include rapsyn (formerly
called 43K protein), spectrin, dystrophin, utrophin, and a muscle-specific protein
kinase (MuSK) which acts as a physiological receptor for agrin (Bewick et al.,
1996; Wood & Slater, 1998). Neuromuscular junctions are also sites of selective
expression of specific serine proteases and protease inhibitors, protein kinases
and phosphatases (Akaaboune et al., 1998; Dai & Peng, 1998; Kim et al., 1998;
Plomp & Molenaar, 1996). Finally, molecules that direct and control the
morphogenesis of the endplate by regulating or localizing structural protein
expression have been identified (Figure 6B): these include orthograde,
presynaptic neurotrophic factors including agrin, neuregulin (formerly known as
ARIA) that probably play a role at all neuromuscular junctions (Loeb et al.,
1999); and molecules such as calcitonin gene-related neuropeptide (CGRP) that
are probably expressed at only some junctions, or only in response to nerve injury
(Sala et al., 1995). Knockout mice that fail to express either CGRP, FGF-5,
tenascin C or NCAM show either minor or no abnormality of neuromuscular
structure and development (Moscoso et al., 1998). Muscle and Schwann cell-
derived factors have been found that may mitigate motoneuron death and
synaptic development and plasticity. Some are as yet uncharacterized; others
include neurotrophins such as BDNF and NT4; insulin-like growth factors (IGF);
glial cell-line derived neurotrophic factor (GDNF); and leucocyte inhibitory
factor (LIF). Other factors such as NGF, CNTF and GAP-43 may be expressed
and/or secreted in responses to denervation or muscle injury (Caroni, 1997;
McAllister et al., 1999).

2.2.3. Summary
The motor unit functions in a unitary fashion, because each adult neuromus¬
cular junction normally transmits action potentials from the presynaptic motor
nerve terminal to the muscle fibre with exceptionally high fidelity and within a
large safety margin. This specialization is accomplished by the concentration of
synapse-specific molecules that take part either directly in synaptic transmission
and cell-cell adhesion; or indirectly, where their roles as ancillary proteins include
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localization of the functional proteins to these sites; or homeostatic maintenance
of the local environment of the nerve terminals and motor endplates.

2.3. Muscle development

2.3.1. Formation of muscle

Vertebrate muscles are derived from individual somites that generate two distinct
populations of myoblasts: those that give rise to myotomal muscle, forming axial
and trunk musculature; and a migratory population that colonizes developing
limbs and gives rise to the limb musculature. The latter arises from two muscle
masses on either side of the limb, dorsal and ventral, that then partition into
different muscle groups (Purves & Lichtman, 1985). Muscle cell differentiation
involves activation of specific transcription factors (see Section 2.3.2 below),
myoblast cell proliferation, cell-cycle arrest, fusion of myoblasts to form myotubes,
and expression of structural muscle proteins (Ludolph & Konieczny, 1995).

Cell-cell adhesion, mediated at least in part by NCAM and N-cadherin, is a
precursor to myoblast fusion; but the role of these adhesion molecules in myoge-
nesis is unclear. Transgenic mice overexpressing NCAM show morphological
abnormalities in the generation of secondary but not primary myotubes (Fazeli
et al., 1996). Polysialation reduces the adhesiveness of NCAM, and this property
may underlie myotube separation during secondary myogenesis, as well as
defasciculation of axons when they reach their target muscle (Allan & Greer,
1998).

The myotubes that are generated first in mammalian embryos comprise a set
called "primary" myotubes (Kelly & Zacks, 1969a; Rubinstein & Kelly, 1981).
These multinucleated syncytia form by near-synchronous, longitudinal fusion of
tens to thousands of myoblasts. In rats the primary myotubes develop
autonomously, between embryonic days 13 and 17 depending on the proximal-
distal location of the muscles. These myotubes act as a scaffold around which a
secondary population of myotubes are clustered, but myoblasts join with the
secondary myotubes at random positions along their length (A.J. Harris et al.,
1989a). Secondary myogenesis is complete before birth in some muscles, but
continues for about a week after birth in the most distal muscles of the rat hind
limb (Betz et al., 1979; Duxson, 1992; Duxson & Sheard, 1995; Ross et al., 1987).
Primary and secondary muscle fibres remain electrically coupled to one another
via gap junctions until about a week after birth (Fladby, 1987; Schmalbruch,
1982). Shortly after fusion, myotubes express the protease inhibitor nexin I on
their surfaces; and the myotubes express nitric oxide synthase. These may play a
later role in the stabilization of growth cones after they contact the myotube
surface (Chao et al., 1997; Verdiere-Sahuque et al., 1996).

Primary myotubes form at about the same time as motor axons grow into a
muscle, but their development does not require innervation, because primary
myotubes will develop in the absence of a nerve supply. By birth these aneural
muscles have a similar fibre type composition in terms of the myosin isoforms
they express as innervated muscles, suggesting that this property is also
independent of a nerve supply (Condon et al., 1990b). Secondary myogenesis is
also not strictly dependent on a nerve supply as it also is still initiated in aneural
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limbs (Condon et al., 1990b). Maturation and survival of secondary myotubes are
strongly dependent on an intact nerve supply, however, since either pre- or
postnatal denervation rapidly leads to profound diminution in the number of
secondary muscle fibres (Betz et al., 1980a; Ross et al., 1987). On the other hand,
fully differentiated synaptic contacts are not required for this regulation, since
muscle fibre numbers develop normally in knockout mice lacking agrin, despite
the absence of properly formed neuromuscular junctions in these mice (Gautam
et al., 1996).

2.3.2. Molecular mechanisms of muscle formation

Distinct signals are necessary for formation of distinct myoblast populations in
the vertebrate somite (Christ et al., 1998; Hughes & Salinas, 1999). Several
helix-loop-helix muscle-specific transcription factors have been identified;
MyoD, myogenin, Myf-5 and MRF4 (also called herculin or MRF-6) being the
most studied. MyoD and myf-5 are essential genes that commit somitic cells to
myogenesis, because myoblasts and myofibres are entirely absent in double-
knockout mouse embryos that lack both Myf-5 and MyoD (Kablar et al., 1999).
Mice lacking myogenin are deficient in skeletal muscle, with only a few muscle
fibres present at birth. Mice lacking MRF4 are viable and have skeletal muscle;
but they up-regulate myogenin expression and this could compensate for the
absence of MRF4 (Rawls et al., 1998). Other transcription factors upstream of the
Myf-5/ MyoD have been identified. Pax genes 1-7, and other early genes,
including sonic-hedgehog, Wnt's and Bmp's have been implicated in initiating
myogenesis and controlling the fate of myoblasts. Migrating somitic cells express
Pax-3 before other muscle transcription factors and Pax-3 mutations result in
disruption of muscle organization (Tremblay et al., 1998). Experiments with
retroviruses and myotoxins (the latter in studies of regenerating adult muscle)
have suggested a plausible sequence: Wnt and sonic hedgehog signals induce
expression of Pax-3 and Pax-7, concomitantly with Myf-5. This then triggers MyoD,
followed by myogenin and MRF4 expression (Maroto et al., 1997; Mendler et al.,
1998). These genes then induce expression of structural genes for the contractile
proteins.

The pattern of myosin isoform expression in both primary and secondary
myotubes is strongly influenced by the nerve supply. All primary myotubes
initially express two isoforms of myosin: an "embryonic" isoform and a "slow"
isoform. Later some primary tubes switch to expression of a "neonatal" myosin
isoform. All secondary myotubes initially express neonatal myosin, but some
later switch to expression of the slow isoform (Condon et al., 1990a,b).
Postnatally - by about 2 weeks after birth - those fibres still expressing neonatal
myosin switch to expression of fast isoforms (Dhoot, 1992). Clones of myoblast
cells analysed in culture express forms of myosin heavy chain that are type-
specific for the muscle from which they are derived, suggesting a form of lineage
determination of muscle fibre types. Embryonic and neonatal forms of myosin
heavy chain are expressed by distinct lineages of myoblasts (Cho et al., 1993).
However, when clones of these different lineages were retrovirus-labelled and
injected into different muscles they contributed by differentiation to a variety of
muscle fibre types (Hughes & Blau, 1992). The distribution of isoforms, and the
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switches between them are most likely determined by interactions with the
motoneurons that supply these muscle fibres. For example, MyoD levels are
higher in fast-twitch (type IIB/IIX) fibres than in slow-twitch fibres, and
disruption of MyoD expression shifts the fibre type composition of muscle to
slower types (Hughes et al., 1997).

2.3.3. Summary
The profile of muscle fibre types in an adult muscle is ultimately determined by
the muscle environment, and the nerve supply probably plays an instructive role
in this fibre-type determination. Part of the influence may be over levels of
muscle-specific transcription factors. Nonetheless, the fact that some fibre types
can develop independently of a nerve supply raises the possibility that these
types become selectively innervated by motoneurons of complementary type.
The implications of this for the subsequent refinement of the innervation pattern
are considered in Section 3.2.2.

2.4. Neuromuscular development

2.4.1. Formation of neuromuscular junctions
The generation of neuromuscular contacts in vertebrates has been very elegantly
visualized in zebra fish embryos, exploiting the relative transparency of their skin
in combination with time-lapse fluorescence microscopy. Neuromuscular
contacts are formed within 24 h of fertilization in these rapidly developing
creatures (Liu & Westerfield, 1990). Physiological studies of neurite growth and
synapse formation in cultures of embryonic Xenopus neurons and myocytes
suggest that growth cones release neurotransmitter and myocytes express ACh
receptors prior to formation of synapses between them, and that spontaneous
and evoked synaptic transmission can be recorded within seconds of mutual
contact (Evers et al., 1989). It rapidly accelerates over minutes, and continues to
increase substantially throughout pre- and postnatal development, as the motor
nerve terminals enlarge. Motor nerve terminals accumulate large numbers of
synaptic vesicles, and release of neurotransmitter by exocytosis is further
potentiated by the differentiation of specific active zones in the nerve terminal
membrane.

Descriptions of neuromuscular synapse formation in mammals have been, of
necessity, more indirect. In rodents, neuromuscular connections begin to form at
around embryonic day 14 (E14), only 1-week before birth. By comparison,
neuromuscular junctions form in human muscle during the 8th-9th week of
gestation (Hesselmans et al., 1993); that is, about one-fourth the way through a
normal pregnancy. This is about the time most expectant mothers first
experience active fetal movements.

Neuromuscular synapse formation has been systematically described in studies
of thoracic (intercostal, diaphragm) muscles of embryonic rats. Axon bundles
grow into the intercostal muscle region of rat embryos by E13, about two-thirds
through gestation in the rat. Axon collaterals are visible less than a day later
(E14). Spontaneous or evoked synaptic potentials can be recorded from myotubes
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at this time. The site where the first successful synaptic contact is made remains
considerably labile to other ingrowing motoneuron growth cones, resulting in
polyneuronal innervation of neuromuscular junctions. By E17 most fibres are
maximally supplied by functional synapses from several motoneurons. These
convergent inputs are almost always focused on single motor endplate sites
(Dennis et al., 1981). At the level of the electron microscope, rudimentary
neuromuscular appositions first appear in intercostal muscles at E16. These
immature synapses are already capped by Schwann cells. By E18 the multiple
axon terminal sprouts that converge on an endplate are well differentiated and
contain numerous synaptic vesicles. Postsynaptic folding and accumulation of
junctional myonuclei are apparent by birth (E21; Kelly & Zacks, 1969a,b).
Studies of the rat hemidiaphragm muscle have offered a tidy explanation for why
endplates appear to be constrained in some adult muscles to a tight band across
the muscle surface: the first neuromuscular contacts appear to be formed by
motoneuron growth cones randomly on the surface of the immature muscle
fibres, which then increase their length by adding sarcomeres to their ends
(Bennett & Pettigrew, 1974). A transitional stage in the innervation of some
primary and secondary myotubes is that two immature fibres may be transiently
innervated by a single synaptic terminal, implying that in some instances sec¬
ondary myotubes may acquire their initial nerve supply by progressive transfer of
synaptic terminals from primary to secondary myotubes (Betz et al., 1979;
Duxson et al., 1986).

Motor endplate differentiation has been revealed by fluorescent staining of
ACh receptors, and by scanning electron microscopy (Figure 7). At birth, rat
endplates have the form of a smooth, cup-like impressions about 20 pm2 in area,
stamped into the muscle fibre surface. The variegated structure characteristic of
mammalian motor endplates appears over the course of the following 1-2 weeks
(Desaki & Uehara, 1987; Marques et al., 2000; Slater, 1982a). Once established,
there is some remodelling over the course of the animal's life in some muscles;
others show little change in endplate form over years (Balice-Gordon et al., 1990;
Barker & Ip, 1966; Tuffery, 1971; Wigston, 1989). The variegations of the
endplate form may be determined at least in part by selective removal of ACh
receptors from parts of the initial plaque, preceding (or at least coincident with)
elimination of overlying synaptic boutons (Sanes & Lichtman, 1999). Scanning
and transmission EM studies show that endplate gutters and ridges form
between P5 and P10, and only by P13-P15 are these are infiltrated with a pattern
of numerous slit-like secondary folds (Desaki & Uehara, 1987). By adulthood,
rat endplates are about 300 pm2 in area.

Complete denervation leads to atrophy of existing muscle fibres, as in adults.
Axotomy- induced degeneration of motor nerve terminals causes endplates and
their receptors to expand (Slater, 1982b), and this coincides with redistribution
of a number of cytoskeletal proteins, including rapsyn, spectrin, dystrophin, and
utrophin (Bewick et al., 1996). Neonatal muscle fibres appear to be transiently
refractory to reinnervation (Dennis & Harris, 1980). It has recently been shown
that Schwann cells at neonatal endplates rapidly undergo programmed cell death
by apoptosis in response to axotomy; but if this is prevented by administering the
neuregulin, glial growth factor II, successful reinnervation can occur in neonates
(Trachtenbcrg & Thompson, 1996). One of the functions of synaptic forms of
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Figure 7 Scanning electron micrographs of motor endplates in neonatal rat muscle fibres at different
stages of maturation. 1: Birth: cup-like depression; 2: 5 days postnatal: formation of ridges within the
endplate trough; 3: 15 days postnatal: distinct nodal profusions (P) and gutters; 4: 30 days postnatal:
formation of secondary junctional folds. Calibration: 5 (im. {From Desaki & Uehara, 1987, with
permission.)

laminin may be to deter engulfment of motor terminals by overlying,
perisynaptic Schwann cells (Patton et al., 1998).
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2.4.2. Molecular mechanisms of neuromuscular synapse formation

Postsynaptic differentiation
Agrin is responsible for initiating the organization of postsynaptic receptors and
the other membrane and extracellular features that characterize the mature

synapse. Agrin may also be viewed as an initiator of presynaptic differentiation,
although this probably occurs indirectly via retrograde actions of molecules
derived from the myotubes or Schwann cells. Agrin is released from growth
cones and motor nerve terminals and becomes bound and localized in
extracellular matrix. This bound agrin is subsequently sufficient and necessary
for initiating aggregation of ACh receptors and other molecules in the muscle.
The receptor complex for agrin includes a muscle-specific tyrosine kinase
(MuSK). Agrin does not bind directly to this, however; rather, it requires a co-
factor that has not clearly been identified, but which may be either a- or |3-
dystroglycan. Binding of agrin to its receptor complex leads to phosphorylation
of MuSK, and also phosphorylation of the p-subunits of the ACh receptors. It
also triggers the aggregation of the 43 kDa protein rapsyn, a molecule that is
always associated via RATL with clustering of ACh receptors. Clustering of
rapsyn is in fact required for ACh receptor aggregation; for synthesis of ACh
receptors and other synapse-specific membrane and cytoskeletal proteins
(including sodium channels, dystrophin, utrophin, spectrin-like molecules and
NCAM); and for secretion of other specific proteins into the synaptic basal
lamina (including synaptic isoforms of laminin and acetylcholinesterase).
Rapsyn-knockout mice fail to aggregate ACh receptors during de-novo synapse
formation and the mice therefore die of paralysis (Sanes & Lichtman, 1999).

The synthesis of synapse-specific molecules expressed in motor endplate
membranes is regulated by neuregulin, also synthesized by motoneurons and
released from motor nerve terminals, and probably by terminal Schwann cells
also. Neuregulin acts on erbB3 and erbB4 receptors in the muscle fibre membrane,
resulting in subsequent transcriptional regulation of gene expression in the
nuclei located nearest the sites of synaptic contact (Fischbach & Rosen, 1997).

Presynaptic differentiation
Presynaptic differentiation may be a response to factors secreted into the basal
lamina, or to diffusible neurotrophic molecules released by the myotubes at the
sites of contact. Small molecules such as nitric oxide, and derivatives of arachi-
donic acid, notably 5HPETE, may also be important (Fitzsimonds & Poo, 1998;
Harish & Poo, 1992). The identity of the agents reponsible for presynaptic
differentiation is not yet established, but it is mimicked and neurotransmitter
release is enhanced by neurotrophins (such as BDNF, NT3 and NT4) and
neurotrophic cytokines (such as CNTF, GDNF, LIF and IGF). Some of these
molecules have local effects on synaptic function; others require signalling via
the motoneuron cell body. Membrane depolarization, elicited by activity, rapidly
and specifically increased the levels of NT-3 mRNA in developing Xenopus
muscle cells in culture (Xie et al., 1997). A recent study suggests that the induc¬
tive effects of neurotrophic factor on transmitter release are potentiated by
presynaptic depolarization (Boulanger & Poo, 1999).
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2.4.3. Summary
Molecular and cellular differentiation of postsynaptic and presynaptic specializa¬
tions of the neuromuscular junction occur more or less synchronously, beginning
within seconds or minutes of the first contacts by a motoneuron growth cone at
a random site on a myotube surface. The axon stops elongating, and the growth
cone develops the presynaptic specializations that facilitate synaptic transmission.
At the same time postsynaptic differentiation begins, probably in response to
signalling by extracellular agrin and neuregulins released from the developing
motor nerve terminals into the extracellular matrix. Receptors and sodium
channels accumulate in the nascent motor endplate. As myotubes begin to
expand in circumference the motor nerve terminal grows in parity, increasing its
synaptic strength (see Section 3.1). Motor endplates initially acquire additional
inputs from several motoneurons; this is a transient feature of neonatal muscle
innervation and synapse elimination subsequently establishes the mononeuronal
innervation pattern to each muscle fibre (see Section 3.2). Polyneuronal innerva¬
tion and synapse elimination are restored in adult muscle after nerve injury and
regeneration (see Section 3.3).

3. SPECIAL TOPICS: ROLE OF USE AND DISUSE IN THE
DEVELOPMENT AND PLASTICITY OF CONNECTIONS

This section addresses the issues of necessity and sufficiency of muscle activity
in the formation, maintenance and repair of neuromuscular structure and func¬
tion. Plasticity of size-strength relationships at neuromuscular junctions will be
considered first. Motor nerve terminal and endplate size vary in proportion to
muscle fibre size, so it is interesting to consider the physiological consequences
of this size relationship for the efficacy (strength) of neuromuscular junctions,
and how it might be regulated. Next, the role of use and disuse in the elimination
of polyneuronal innervation in neonatal muscles will be discussed. Synapse
elimination brings about a profound change in the pattern of muscle innervation,
with obvious functional consequences for the contribution and relative strengths
of motor units to muscle use. Finally, similar transformations in innervation
pattern that occur in reinnervated adult muscles will be considered. Motor axon
sprouting and regeneration are the principal mechanisms responsible for
compensation and restoration of motor unit function (respectively) after nerve
injury, and it is worthwhile to compare and contrast the role of activity in these
processes, with developmental synapse formation and elimination.

3.1. Size-strength plasticity at the adult neuromuscular junction
The average amounts of evoked neurotransmitter release increase as muscle
grow with postnatal age (Kelly & Robbins, 1983). Repeated observations of the
same motor terminals at different ages in re-anaesthetized mice reveal that the
general form of an endplate does not change radically as its muscle fibre grows
throughout most of the animal's life, but the overall size does (Balice-Gordon et
al., 1990; Lichtman et al., 1987). In mature muscles motor nerve terminal size is
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strongly correlated with muscle fibre size (Figure 8). Taking these observations
together, it comes as no surprise that transmitter release varies in proportion to
the size of the nerve terminal (Betz et al., 1993; Harris & Ribchester, 1979; Kuno
et al., 1971; Tsujimoto et al., 1990; see Figure 8C). The principal basis of this
appears to be that synaptic vesicle densities and active zones - the specific sites
of transmitter exocytosis - are distributed periodically in motor nerve terminal
membranes (Betz et al., 1992; Pawson et al., 1998a), and the bigger the terminal,

Figure 8 Relationships between size and strength of neuromuscular junctions. A,B: Fibre
diameter/endplate area correlation in human (A) and mouse (B). C: transmitter release/nerve
terminal length correlations for evoked (upper) and spontaneous (lower) transmitter release. D:
Isolation and relocation of single synaptic boutons at neuromuscular junctions in the snake, with E:
synaptic responses from a single relocated synaptic bouton. (From: A, Slater et al., 1992; B, Harris &
Ribchester, 1979; C, Tsujimoto et al., 1990; D,E, Wilkinson et al., 1996, with permission.)
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the more vesicles and active zones are present . Thus, according to the simple
binomial model of neuromuscular transmission (m= n Katz, 1969) mean
quantal content (m) increases in proportion to the increased number (n) of
available quanta or release sites, assuming no change in the unit probability of
release (p); hence large terminals tend to release more transmitter than small
terminals, other factors being equal.

Measurements of the amount of neurotransmitter release per unit area have
been elegantly obtained by Wilkinson and his colleagues in studies of synaptic
transmission in isolated preparations of garter snake muscle (Wilkinson et al.,
1996; Figure 8D,E). They enzymically detached individual synaptic boutons from
endplates and micromanipulated them back onto the same or adjacent dener-
vated endplates. Estimates of quantal content per unit area varied between
about 0.1 and 2.0 quanta/pm2 using this method, consistent with estimates based
on overall nerve terminal size and quantal content. At frog neuromuscular junc¬
tions, quantal contents of 200 (vesicles) are typical, and at mammalian neuro¬
muscular junctions quantal contents of around 70-100 are the norm. The critical
quantal content required to depolarize muscle fibres from a resting potential of
-75 mV to the firing threshold of -63 mV is about 13-20 quanta (Wood & Slater,
1995; 1997). Thus, taking these estimates of the amount of transmitter required
to depolarize motor endplate membranes to threshold together with morpho¬
logical data from different species including humans (Martin, 1994; Slater et al.,
1992), it would appear that most motor nerve terminals are between two and 10
times the size they are required to be, in order to be effective in triggering muscle
fibre action potentials.

3.1.1. Function of size-strength plasticity
One possible function of a size-strength relationship is to provide compensation
for the smaller synaptic potentials that accrue in larger-diameter muscle fibres;
or conversely, the reduced requirement for large amounts of transmitter to be
released from a terminal innervating a small-diameter muscle fibre. Muscle
fibres of differing diameter show inverse variation with an electrophysiological
measure: "input resistance". This is defined empirically as the ratio of steady-
state membrane depolarization to current injected into a muscle fibre. Large-
diameter fibres have a higher axial conductance per unit length and so current
escapes more readily from the locus of current injection. Also, current leaks
more readily across the surface membrane of a large-diameter fibre, because
there is a greater surface area per unit length over which that current may also
escape. For muscle fibres with a constant specific membrane and specific axial
resistance, it is thus expected that, the larger the muscle fibre, the lower the input
resistance of the fibre (Katz & Thesleff, 1957), and the smaller the depolariza¬
tion of the endplate to each unit of depolarizing current provided by each
exocytotic release of neurotransmitter from the nerve terminal. It follows from
this that the critical quantal content required to reach action potential threshold
in a muscle fibre will be greater for large-diameter than for small-diameter
muscle fibres. A plausible hypothesis is that the size-strength relationship is
maintained by a muscle-activity-dependent, negative feedback loop. Thus, if a
synaptic response dips below threshold - for instance with a decline in input
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resistance as a muscle fibre grows - then this could stimulate production of
growth-promoting or synaptic strength-promoting molecules that act on nerve
terminals to restore functional synaptic transmission to an adequate level.

However, this hypothesis cannot be an entirely satisfactory one, on the basis of
several reasons and experimental observations. These would tend to suggest that
muscle activity is not necessary for inducing or maintaining the muscle
fibre/motor nerve terminal size-transmitter release relationship.

First, as indicated above, the safety factor for transmission is normally much
greater than unity. Thus we can expect that muscle fibre action potentials are
nearly always produced, even if mean quantal content were to be reduced by a
factor of two or more. Even tetanic stimulation fails to reduce the quantal
content of EPPs below about 50% of its initial value (Elmqvist & Quastel, 1965).
Secondly, there are non-linearities in the relationship between nerve terminal
size and transmitter release, at least at frog neuromuscular junctions, where
transmitter release per unit length declines with distance from the nerve entry
point. This feature could favour the hypothesis above, because it is likely to
impair synaptic transmission most in large muscle fibres with large terminals
(Grinnell, 1995; Nudell & Grinnell, 1982). However, the amount of depolar¬
ization produced by single quanta as a function of muscle fibre diameter is also
non-linear: MEPPs and endplate currents measured in large fibres are
substantially larger than predicted by Ohm's Law (Wilkinson et al., 1992),
suggesting that single quantal efficacy is probably regulated postsynaptically.
Finally, the safety margins for synaptic transmission in diverse species are
roughly the same, in spite of differences in their geometry.

Motor nerve terminals in human skeletal muscle are relatively small, and have
low quantal content as a consequence, in relation to muscle fibre size; whereas
the ratio of rodent, frog or chicken motor terminal size to muscle fibre diameter
is relatively large (Figure 9). The ratio of endplate area:muscle fibre diameter in
humans is about 200:50 pm (4:1), whereas in mice it is about 600:30 pm (20:1):
about a five-fold difference (Harris & Ribchester, 1979; Slater et al., 1992) and
yet the safety factor for transmission is high in both species. The principal
explanation may lie in the degree of junctional folding: in humans the primary
and secondary folds are extensive; in chickens they are virtually non-existent.
Rodents have junctional folds that are intermediate in their density and com¬
plexity. Junctional folds contain high densities of sodium channels, and
theoretical calculations suggest that the high densities of these voltage-gated
channels coupled with the fold geometry substantially enhance the current
density and lower the excitation threshold of the endplate (Martin, 1994).

Although muscle action potentials may not play a necessary role in the neuro¬
muscular size-strength relationship, activity could still be sufficient to regulate it.
Changes in muscle fibre size stimulated by training bring about increases in
nerve terminal size and neurotransmitter release in some muscles but not others
(Deschenesct al., 1993; Waerhauge/ al., 1992; Figure 10). Paradoxically, however,
disuse of terminals also brings about increases in transmitter release, and growth
of motor nerve terminals by reactive sprouting. Initial investigations suggested
that increases in transmitter release were a passive consequence of increases in
nerve terminal size (Snider & Harris, 1979), but it now appears that transmitter
release is regulated independently from nerve terminal size. For example,
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Figure9Differencesinrelativesizeofmotorendplatesandextentofjunctionalfoldsinrat(A,B)andhuman(C,D)neuromuscularjunctions.Ratjunctions, showninA,Cwithcholinesterasestaining,aremuchlargerinproportiontomusclefibrediameterthanhumanjunctions,butthelengthandextentofjunctional foldsismuchgreaterinhumans.Calibration:A,C,20pm;B.D,2pnt.(From:A,B,Wood&Slater,1997;C,D,Slateretal.,1992;withpermission.)
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Figure 10 Effect of training on the growth of rat EDL and soleus motor nerve terminals. Enforced
wheel running for 6 weeks caused a significant increase in the size, but not complexity, of terminals
in EDL muscles, but not soleus. (From Waerhaug et al., 1992, with permission.)

treadmill training of mice leads to a significant increase in evoked quantal
content at neuromuscular junctions without significant changes in muscle fibre
diameter (Dorlochter et al., 1991). Conversely, Tkujimoto et al. (1990) showed
that muscle disuse, brought on by tetrodotoxin block of nerve conduction,
produced increases in transmitter release within 24-48 h; about a day before any
increase in motor nerve terminal size by sprouting is observed. Inactivity also
rapidly induces increased turnover of ACh receptors (Akaaboune et al., 1999).
Recent genetic manipulations in Drosophila suggest that plastic changes in
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quantal size and quantal content in relation to muscle fibre size and innervation
are regulated by independent molecular mechanisms (Davis & Goodman, 1998;
Petersen et al., 1997; Sigrist et al., 2000).

3.1.2. Mechanism of size-strength plasticity
Muscle action potentials may not comprise necessary stimuli for nerve terminal
size-strength homeostasis, but the sufficiency of activity does not discount the
possibility that terminal size and strength are regulated by a negative-feedback,
trophic relationship between the terminal and its motor endplate as the muscle
fibre grows. For example, Balice-Gordon et al. (1990), using a technique of
repeated visualization of neuromuscular junctions over months, demonstrated
that correlation between terminal size and muscle fibre size was maintained in
mice treated with testosterone to increase muscle fibre diameter in muscles with

receptors for this hormone. Evidence has been obtained that adhesion molecules
or neurotrophic factors may regulate nerve sprouting in response to disuse
(Booth et al., 1990; Gurney et al., 1992). Neurotrophins, cytokines and arachi-
donic acid derivatives also enhance transmitter release in both cell cultured and
intact muscle preparations (Harish & Poo, 1992; Lohof et al., 1993; Ribchester et
al., 1998; Stoop & Poo, 1995). Transmitter release is up-regulated in rat muscle
during chronic, partial neuromuscular block induced by administration of a-
bungarotoxin. This up-regulation is blocked by protein kinase inhibitors,
particularly those which affect protein kinase C (Plomp et al., 1994; Plomp &
Molenaar, 1996). Endurance training in rats leads to increases in the level of
CGRP in some motoneurons (Gharakhanlou et al., 1999).

If muscle activity directly influences the production of molecules that regulate
nerve growth then this would imply that the role of activity is instructive.
However, the effects of activity could be merely permissive, an indirect conse¬
quence of its general effects on muscle growth. For example, growth-induced
swelling of muscle fibres might cause mechanical deformation of terminals, that
could then stimulate the physiological mechanisms that regulate nerve terminal
form and function. Mechanically distorting muscle fibres stretches endplates and
motor nerve terminals in much the same way as a logo on balloon as it is blown
up. Increases in spontaneous transmitter release induced by muscle stretch are
blocked by administration of RGD peptides, suggesting that this response is
mediated by integrins (Chen & Grinnell, 1995, 1997). It is conceivable that
deformation could also signal, in similar fashion, the intercalation of membrane
components that would render such deformations permanent.

3.1.3. Summary
The functional significance of the size-strength relationships between motor
terminals and muscle fibres remains obscure. Though some insights into the
physiological regulation of transmitter release have been obtained, we still do
not know how these are related to regulation of nerve terminal size and form.
The idea that negative feedback based on the critical firing threshold of muscle
fibres might provide a necessary stimulus to nerve terminal growth is not plausible,
although the role of activity may be permissive in this regard. Physiological
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changes in transmitter release are evidently regulated independently from overt
morphological growth of terminals, which may expand either in response to use
or disuse (though perhaps via different mechanisms). Hormones and neuro¬
trophic factors may act, via membrane receptors, on specific protein kinases and
phosphatases to regulate transmitter release; but how these processes are trans¬
lated into regulated growth of terminals is still not known. It would be interesting
to establish, for example, whether induction of nerve terminal growth by training
is also inhibited by blocking presynaptic integrins; or by blocking specific protein
kinases or phosphatases.

3.2. Elimination of polyneuronal Innervation during development
Polyneuronal innervation was first observed in neonatal muscles using silver
staining methods by Tello (1917) and confirmed by Boeke (1921). Interest in this
phenomenon was revived with its demonstration using physiological techniques,
beginning with the study by Redfern (1970), who based his measurements on
intracellular recording from motor endplates in the rat diaphragm. Graded
stimulation of motor axons produced stepwise increments in the size of the
motor endplate potential, whereas evoked synaptic responses in adult muscle
fibres show no stepwise increments. The simplest explanation is that convergent
axons with distinct electrical thresholds convergently innervate most muscle
fibres in neonates (Figure 11A). This pattern of innervation is lost over the first
2-3 postnatal weeks by a process now normally referred to as "synapse elimi¬
nation". Tetanic muscle tension and/or histological measurements later revealed
polyneuronal innervation in kitten, neonatal mouse and neonatal rabbit muscle
(Bagust et al., 1973; Brown et al., 1982a,b; Gordon & Van Essen, 1983).
Polyneuronal innervation in human muscles has been demonstrated histologically
in fetuses (Figure 11B) and most synapse elimination occurs prenatally, by about
the 25th week of gestation (Figure 12); but there appears to be some uncertainty
about how much synapse elimination occurs postnatally in humans
(Gramsbergen et al., 1997; Hesselmans et al., 1993).

In a study that represents the watershed in this field, Brown et al. (1976)
demonstrated that the elimination of polyneuronal innervation cannot be
adequately accounted for by loss of entire motor units through cell death, because
the number of functional motor units is similar in neonates and in adults. Rather,
most motoneurons in neonatal muscles innervate more muscle fibres than they
do in adults. The adult pattern (mononeuronal innervation) of muscle fibres is
achieved through a process of withdrawal of many, and in some cases most, of
the collateral branches each motoneuron supplies to individual muscle fibres.
Brown and colleagues also carried out partial denervation experiments that identi¬
fied a role for competitive and non-competitive components to synapse
elimination (see below); and cross-reinnervation experiments showing that
distance between synaptic sites is a mitigating feature of synapse elimination.
Thus, the process of neonatal synapse elimination defines the final motor unit
size distribution in the normal adult muscle. Since mononeuronal innervation of
muscle fibres optimizes the control of muscle force by combinatorial activation
of motor units, synapse elimination may be viewed as a process of fundamental
importance in the development and maturation of function in the neuromuscular
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Figure 11 Examples of polyneuronal and mononeuronal innervation in fetal and neonatal muscle. A:
Neonatal rat muscle, 6 days postnatal, axons and synaptic terminals stained with FITC-conjugated
antibodies against neurofilament and SV2, and receptors stained with TRITC-bungarotoxin. Most of
the junctions are polyneuronally innervated by two or more axons (R.R. Ribchester and R. Panteri,
unpublished). B: Combined silver/cholinesterase stain of a polyinnervated junction in human psoas
muscle from a fetus at 28 weeks gestation. (From Gramsbergen et al., 1997, with permission.) C:
monoinnervated junctions stained immunocytochemically in a wild-type mouse muscle, littermate
control to D, a transgenic mouse overexpressing GDNF under the control of the myogenin promoter.
Note the extensive convergent innervation of endplates in the mutant. (From Nguyen et al., 1998, with
permission.) Calibration: A, ca. 3 pm; B, ca. 5 pm; C,D, 10 pm.

system. The interactions that result in mononeuronal innervation take place
within the confines of the motor endplate.

The possibility that significant numbers of adult skeletal muscle fibres sustain
polyneuronal innervation was intially suggested by Hunt & Kuffler (1954), but
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Figure 12 Time course of elimination of polyneuronal innervation in A, human; B, mouse muscle; B,
shows data from wild-type and transgenic myo-GDNF mice overexpressing the trophic factor to
different degrees. Elimination is largely complete in human neonates by birth, but occurs more
rapidly in the postnatal period in rodents. (From A, Gramsbergen et al., 1997; B, Nguyen et al., 1998;
with permission.)
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this was discounted by Brown & Matthews (1962), who carefully illustrated the
pitfalls associated with reliance on isometric twitch tension recordings (see
Section 3.4). The debate lingers, to some extent. Taxt (1983b) reported small
amounts of persistent polyneuronal innervation in adult rat lumbrical muscles,
an infrequent phenomenon also noted by Barry & Ribchester (1995). However,
Chamberlain & Ridge (1989) failed to find any consistent evidence for it in their
studies of the same muscle. Soha et al. (1987) attributed apparent instances of
polyinnervation in adult muscles to an artefact of intracellular recording
techniques, particularly when recording from deep muscle fibres. This can lead
to pickup of synaptic potentials generated at endplates on nearby fibres. On the
other hand, anatomical studies have provided unequivocal evidence of persistent
polyneuronal innervation in about 14% of frog twitch muscles; about 30% of
muscle fibres in tensor fasciae latae in adult mouse muscles following neonatal
paralysis with botulinum toxin; and a similar percentage of fibres in rat levator
ani muscles following treatment with androgenic steroids (Brown et al., 1982b;
Herrera, 1984; Lubischer et al., 1992).

The principal structural characteristics of polyneuronally innervated neuro¬
muscular junctions and their elimination from neonatal mammalian muscles are
as follows (Figure 13):

1. The converging terminals synapse within the same, circumscribed motor
endplate region (Bixby, 1981; Brown et al., 1976; O'Brien et al., 1978);

2. The synaptic boutons of the converging axons are initially intermingled, but
subsequently undergo some segregation. Eventually all the boutons belong¬
ing to all but one of the axons are withdrawn, and the axon collateral - tipped
by a "retraction bulb" - is rapidly sequestered by the parent axon (Balice-
Gordon et al., 1993; Gan & Lichtman, 1998; Riley, 1977, 1981).

3. ACh receptors are initially distributed uniformly in motor endplates sup¬
plied by the multiple axons, reflecting a simple plaque-like structure to the
motor endplates. Subsequently, the form of postjunctional apparatus adopts
a variegated pattern at the surface of the muscle fibre, conferring a unique
shape to each neuromuscular junction (Desaki & Uehara, 1987; Marques et
al., 2000; Slater, 1982a,b).

4. The formation of the variegated adult structure is accompanied by the redis¬
tribution and/or removal of ACh receptors and other extracellular and
intracellular proteins including cytoskeletal proteins, membrane-bound cell
adhesion molecules, and molecules in the extracellular matrix (Sanes &
Lichtman, 1999).

5. The reorganization of postsynaptic structure coincides with, and sometimes
evidently precedes, the withdrawal of overlying synaptic boutons (Balice-
Gordon & Lichtman, 1993, 1994; Rich & Lichtman, 1989a).

6. Both polyneuronally innervated and mononeuronally innervated neuromus¬
cular junctions are normally capped by between one and six perijunctional
(terminal) Schwann cells. These Schwann cell numbers are regulated by their
nerve supply; and dispersal of Schwann cells defocuses the innervation of
muscle fibres (Love & Thompson, 1998; Trachtenberg & Thompson, 1997).

7. Transmitter release per unit area and postsynaptic sensitivity are initially
uniform at sites of synaptic contact. As synapse removal and rearrangement
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Figure13Structureandfunctionofpolyneuronallyinnervatedneuromuscularjunctionsinrodents.A:Electronmicrographshowingseveralcloselyapposed synapticboutonsatasingleneuromuscularjunction.Someoftheboutonsarestackedupononeanother.B:Silverstainof"retractionbulbs"(arrows).C: Quantalcontentsofsynapticpotentialsevokedbyconvergingboutonsdivergeduringsynapseelimination.D:Stereopairfluorescencemicrograph.Oneofat leasttwoconvergingaxonterminalshasbeenlabelledwithcarbocyaninedye.Asmallretractionconnectedbyfineaxonalfilamentisdetachingfromthe endplate.Calibrations:A,1gm;B,10pm;D,10pm.(From:A,Korneliussen&Jansen,1976;B,R.R.Ribchester,unpublished;C,Colmanetal.,1997;D,Gan &Lichtman,1999,withpermission.)
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continue, synaptic efficacies of the converging inputs diverge (Colman et al.,
1997; Kopp et al., 2000).

8. The surviving motor nerve terminal continues to expand and increase its
levels of transmitter release in proportion, matching the circumferential
dimensions of the muscle fibre it supplies (see Section 3.1). The basic form
of most endplates and their terminals may not change significantly over the
remaining course of the animal's life, however (Balice-Gordon et al., 1990;
Harris & Ribchester, 1979; Lichtman et al., 1987).

9. In normal animals, synapse elimination is coincident with increased postnatal
use of muscles. Experimental alteration of neuromuscular activity influences
the rate, and - at least partly - the outcome of the competition between
converging synapses on the endplate (Callaway et al., 1987; O'Brien et al.,
1978; Ridge & Betz, 1984; Thompson, 1983a).

10. In addition to the activity-dependent, competitive mechanisms of synapse
elimination, there is evidence for activity-independent competitive and non¬
competitive withdrawal of mammalian neuromuscular synapses (Betz et al.,
1980a; Fladby & Jansen, 1987; Gates & Ridge, 1992).

Parallels have been drawn between the transformation of the polyneuronal to
the mononeuronal state and the transformation of patterns of innervation in
the autonomic and central nervous system, including the cerebral cortex. The
most studied paradigms, other than the neuromuscular junction, are the elimina¬
tion of thalamocortical connections in the visual system and the elimination of
multiple climbing fibre inputs to cerebellar Purkinje cells (Jansen & Fladby,
1990; Lohof et al., 1996). All show activity-dependence, although some recent
studies suggest that, at least in the visual system, visual experience and/or activity
may not be as decisive in patterning retinothalamocortical connections as
presumed hitherto (Crowley & Katz, 1999).

3.2.1. Competition based on activity

Activity is not required for the formation or differentiation of neuromuscular
junctions at sites of growth-cone:muscle fibre apposition, since they will do so in
culture or in paralysed embryos (Cohen, 1972; Ding et al., 1983; Giacobini et al.,
1973; Liu & Westerfield, 1990; Verhage et al., 2000; Westerfield et al., 1990) or
after regenerating into paralysed adult muscles (Ribchester, 1988a; Taxt, 1983b).
However, since synapse elimination results from a removal of inputs at a time
when muscles are becoming active, it is natural to enquire whether activity plays
a decisive role in this remodelling process. Two fundamental questions have been
addressed. First, does the overall level of activity affect the rate of synapse
elimination? Second, do differences in the activity of converging inputs affect the
outcome of synaptic competition?

Answers to the first question have been quite clear-cut. In a nutshell, blocking
activity profoundly delays or prevents synapse elimination; whilst stimulating
muscles accelerates it. There are some nuances to these findings, however. For
example, Thompson et al. (1979) showed that the effect of muscle paralysis
induced by a nerve conduction block kicked in only after a couple of days; thus,
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synapse elimination continued for a day or so after the onset of nerve block, but
then went into reverse and levels of polyinnervation of the rat soleus muscles
they studied climbed back to almost 100% of muscle fibres. Paralysis in this study
was induced by implanting plastic pellets impregnated with tetrodotoxin sub-
epineurially. Blocking synaptic transmission presynaptically, using botulinum
toxin, or postsynaptically using a-bungarotoxin, also preserves polyneuronal
innervation (Brown et al., 1982a,b; Callaway & Van Essen, 1989; Duxson, 1982),
although the effect with a-bungarotoxin is not as great as with either botulinum
toxin, or tetrodotoxin. Greensmith & Vrbova (1996) have reported that a-
bungarotoxin block in early postnatal development transiently accelerates
synapse elimination, then delays it. The reasons are not understood, but perhaps
they are related to an as-yet-unestablished role for spontaneous transmitter
release and action. Synapse elimination is also delayed in the paralyse mutant
mouse (Blondet et al., 1989), and by paralysing muscles indirectly, via tenotomy
or by surgical isolation of peripheral and descending inputs to spinal
motoneurons (Benoit & Changeux, 1975; Caldwell & Ridge, 1983). Although the
neonatal elimination of synapses is associated with, or even preceded by, a
reduction in ACh receptor density (Balice-Gordon & Lichtman, 1993; Colman et
al., 1997), ACh receptors per se are unlikely to play a pivotal role in the rate of
developmental synapse elimination. Synapses continue to be withdrawn appar¬
ently in accordance with a developmental schedule in mutant zebra fish which
lack ACh receptors (Liu & Westerfield, 1990; Westerfield et al., 1990). Finally, it
was found in a recent study of knockout mice which fail to express the adult (e-
subunit) form of the receptor, that synapse elimination occurred at a normal
rate, even while levels of the neonatal (y-subunit) form of the receptor were
declining (Missias et al., 1997; Schwarz et al., 2000).

The effects of stimulation are not entirely uniform either. O'Brien et al. (1978)
first reported that imposing a daily regime of electrical stimulation of nerve and
muscle in neonatal rats accelerates synapse elimination. However, the greater
effects were observed from the physiological data based on intracellular record¬
ing of EPPs, compared with the histological measure based on combined
silver/cholinesterasc staining. Later, Thompson (1983a) showed that phasic
stimulation at 100 Hz was effective in promoting synapse elimination in the
neonatal rat soleus muscle; but continuous stimulation at 1 Hz did not affect the
rate of elimination. Other, more indirect methods of increasing muscle activity
are reported to increase the rate of elimination. These include, for example, pro¬
longing the action of ACh by inhibiting acetylcholinesterase (Duxson & Vrbova,
1985); incubating muscles in solutions containing elevated concentrations of
potassium ions (Vrbova et al., 1988); calcium ions (Zhu & Vrbova, 1992); and
increasing spontaneous, non-quantal release of ACh (Vyskocil & Vrbova, 1993).
These latter studies report effects on levels of polyneuronal innervation over the
course of a few hours at room temperature in vitro, in otherwise plain
mammalian physiological saline. This is very surprising, because it suggests that
the dismantling of motor nerve terminals has a Ql0 that is very low. However,
recent estimates suggest that, once initiated, elimination of a synaptic input by
the normal physiological mechanisms takes about a day (Gan & Lichtman,
1998), so it is plausible that overt pharmacological effects on innervation pattern
should be observed after treatments lasting only a few hours.
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The effects of selective activation of motor axons converging on polyneu-
ronally innervated neuromuscular junctions are even less straightforward. The
experiments are technically difficult to conduct, because they require surgical or
semi-acute experiments using preparations with an accessible dual nerve supply.
These constraints have also meant that experiments designed to probe the role
of activity in the outcome of synaptic competition (in terms of which terminals
persist and which are eliminated) have been concentrated in adult models (see
Section 3.3 below). Nonetheless, some experiments on neonates have been
performed, and there are additionally a number of studies on nerve and muscle
cells in tissue culture.

Ridge & Betz (1984) subjected neonatal rat lumbrical muscles to selective
stimulation in a daily regime, and reported that the stimulated motoneurons
acquired exclusive innervation of more muscle fibres, at the expense of unstim¬
ulated units. Their conclusions were based on isometric twitch tension measure¬

ments, and the inherent variability in the motor unit sizes in the lumbrical muscle
meant that the effect became readily apparent only when the data were
normalized. Callaway et al. (1987) carried out the complementary experiment,
selectively blocking activity in some of the axons supplying the neonatal rabbit
soleus muscle. However they reported the opposite finding: that the inactive
motor units were the ones that acquired a competitive advantage and became
larger. The data obtained by these authors also required considerable processing
to tease out their conclusion, and this study was also based on an indirect, twitch-
tension method (see Ribchester, 1988a; and Section 3.3 below).

Tissue culture studies have produced results that are equally fraught with
difficulty of interpretation. For example, Magchielse & Meeter (1986) reported
that selective stimulation of cholinergic ciliary ganglion neurons, innervating
chick myotubes in culture, provoked selective elimination of the unstimulated
inputs. However, Nelson et al. (1993) report that either selective or non-selective
stimulation of mammalian preparations produced non-selective elimination of
the stimulated inputs. More recent reports from this group suggest that selective
activity-dependent elimination does occur, but only in the presence of activators
of the thrombin receptor of protein kinase C (Jia et al., 1999). One of the
problems with these tissue culture models is that they do not properly reproduce
one of the key structural features of polyneuronally innervated mammalian
neuromuscular junctions in vivo: namely, the convergent innervation of motor
terminals belonging to different motoneurons on the same postsynaptic, motor
endplate site. Distance between competing synaptic inputs has been shown to be
an important additional variable in synapse elimination (Brown et al., 1976;
Kuffler et al., 1980), so this important constraint needs to be considered in the
design of tissue culture studies. Moreover, most of the culture paradigms used to
study synapse elimination are devoid of Schwann cells, which are now known to
have a role in regulating ion concentrations in the synaptic cleft and synaptic
function (Attwell & lies, 1979; Robitaille, 1998). Increasing attention is being
focused on the possible role of Schwann cells in the regulation of synaptic
competition (Culican et al., 1998; Hirata et al., 1997; Koenig et al., 1998; Parson
et al., 1998; Patton et al., 1998; Trachtenberg & Thompson, 1997).

Attempts to influence the physiology of synaptic transmission by selective
stimulation - considered to be a likely precursor to structural, heterosynaptic
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elimination - have also been carried out in isolated nerve-muscle preparations
and in culture. Betz et al. (1989) found that paired stimulation of inputs to
polyinnervated muscle fibre in isolated rat lumbrical muscles produced a
heterosynaptic suppression of the endplate current (EPC). The effect lasted a
few tens of milliseconds and was fully decayed within 100 ms. A pair of elegant
experiments by Poo and his colleagues have demonstrated similar effects in a
culture system of frog myocytes and neural tube cells. Lo & Poo (1991) found
that stimulating separate inputs to spherical myocytes caused suppression of
quantal content from the unstimulated input. Furthermore, if the stimulated
input was initially relatively weak, its quantal content became stronger; but if it
was initially strong then there was no homosynaptic effect. These authors also
showed, by comparing the effects using elongated rather than spherical myocytes,
that heterosynaptic suppression did not occur if the converging synapses were
separated longitudinally by more than 75 |im. In a subsequent study, Dan & Poo
(1992) showed that heterosynaptic suppression could be produced by sub¬
stituting the stimulated neuron with an ACh-filled iontophoretic micropipette.
The unstimulated (real) neuronal synapses were suppressed for about 60 ms
from the time of administration of ACh. As in the study in the rat by Betz et al.
(1989), these selective effects of stimulation on heterosynaptic neurotransmitter
release were shown, by voltage-clamping, to depend not on muscle fibre
membrane depolarisation per se\ but rather on postsynaptic increases in
intracellular calcium ions. Thus the heterosynaptic effects were blocked by
injecting the calcium chelator BAPTA into the myocytes. Interestingly, the
heterosynaptic suppression of transmitter release was not accompanied by any
changes in ACh sensitivity at either the stimulated or unstimulated sites. This
suggests that if heterosynaptic suppression is a precursor to structural
elimination, it is not necessarily a consequence of ACh receptor loss, even though
reduction and redistribution of ACh receptors accompanies synapse elimination
at mammalian neuromuscular junctions (Colman et al., 1997; Slater, 1982a,b).

In sum, there is little doubt that experimentally altering neuromuscular activity
patterns can measurably influence the rate and outcome of both acute and
chronic heterosynaptic interactions that lead to synapse elimination. It remains
uncertain as to how decisive activity is in this regard. The issue of the necessity
and sufficiency of activity to drive elimination of polyneuronal innervation is
discussed further in Section 3.3.2, in connection with competitive synapse
elimination in reinnervated adult muscle.

3.2.2. Activity-independent competition

Competition based on specificity of matching of motoneuron type to muscle
fibre type has been debated by a number of investigators. The possibilities that
have been explored are: competition based on segmental origin of motoneurons;
competition based on organization of muscle compartments; competition based
on inherent fast-slow characteristics of skeletal muscles.

Studies on the role of the rostrocaudal placement of motoneurons in the
spinal cord suggest that segmental interactions are important in establishing the
innervation pattern of some muscles. For example, although segmentally
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organized muscles such as the gluteal muscles receive input predominantly from
the appropriate spinal segment from the outset, selective elimination of projec¬
tions from neighbouring segments may play a role in establishing the final
innervation pattern (Brown & Booth, 1983). During reinnervation there is also
evidence for preferential synapse regeneration in segmentally innervated muscles
by the original spinal segment. Other studies suggested that segments supplying
muscles whose fibres are not segmentally organized are also selectively eliminated
with respect to the rostrocaudal location of their motoneurons in the spinal cord
(Miyata & Yoshioka, 1980). However, subsequent studies carried out in different
laboratories failed to replicate this finding (Gordon & Van Essen, 1983; Thompson,
1983b). More recently, competition favouring axons of the appropriate rostro¬
caudal position has been demonstrated during reinnervation of neonatal serratus
anterior muscles (Laskowski et al., 1998).

The organization of motor units between distinct muscle compartments has
also been scrutinized and debated. The emerging conclusion is that muscles
organized into anatomically distinct compartments are selectively innervated by
different groups of motoneurons from birth. The rat EDL muscle falls into this
category, for example (Balice-Gordon & Thompson, 1988a,b). These compart-
mental motoneurons are sometimes organized segmentally, for example L4 and
L5 motoneurons are unequally distributed to rat gastrocnemius muscles (Bennett
et al., 1986). But some aberrant projections between compartments do exist in
neonates (Dennis et al., 1981, Donahue & English, 1987) and these are
subsequently withdrawn, suggesting that compartmental identity is a mitigating
factor in competition. Segmental denervation, removing some of the
competitors, stabilizes at least some of these aberrant projections (Gatesy &
English, 1993).

Competition based on matching of motoneuron type to inherent fast-versus-
slow characteristics of muscle fibres has also generated a stimulating debate. At
issue is whether muscle fibres become selectively innervated at an early stage in
synapse formation/elimination; or whether muscle fibres are initially non-selec-
tively innervated and the selective pattern emerges only as a consequence of
synapse elimination. Studies by Fladby & Jansen (1987), Soha et al. (1987), and
by Thompson et al. (1990) support the notion that muscle fibres are selectively
innervated from the outset, based on the high proportions of muscle fibres of a
particular immunocytochemical or histochemical profile within motor units at
the onset of synapse elimination. However, studies by Jones et al. (1987a)
suggested that muscle fibres in rat lumbrical muscles are initially indiscriminately
innervated. A compelling study by Gates & Ridge (1992) shows that, following
partial denervation of lumbrical muscles at birth, adult muscles comprising a
single motor unit contain a mixture of muscle fibre types in similar proportion to
the composition of neonatal units, whereas most motor units in normal adult
muscles are homogeneous with respect to fibre type. They thus conclude that
competition is at least in part based on "mismatch withdrawal". Ribchester &
Barry (1994) have proposed that one way of accommodating such findings is if
there were an "induced fit" between surface markers or adhesion molecules on

motor nerve terminals and muscle fibres, but this hypothesis has yet to withstand
experimental test.
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3.2.3. Molecular basis of competition
Competition in biological systems is based on consumption or control of access
to finite resources. In a neurobiological context, synaptic competition can be
based either on consumption of neurotrophic resources, or on access to space at
the motor endplate (Ribchester & Barry, 1994; Van Essen et al., 1990). The
winners in this process may express superior capacity to exploit the relevant
resources (as in a drinking race) or by interference (as in a boxing match).
Arguably, competition can be established only once the relevant resources have
been identified (Keddy, 1989), which has not yet been achieved in the context of
neuromuscular development. Thus, the evidence that the adult innervation
pattern arises through competition remains indirect, though highly plausible.
Attempts to identify molecules that might define a spatial competition have so
far drawn a blank. For example, it is remarkable how normally developmental
elimination of synapses occurs in various transgenic animals in which expression
of cell surface or extracellular matrix molecules has been disrupted (NCAM,
AChR etc.; Sanes et al., 1998). On the other hand, there are a number of
reported effects of diffusible neurotrophic factors on synapse elimination and
these factors are candidates for a consumptive mode of competition based on
exploitation of the neurotrophic resources. Alternatively (or in addition) there is
evidence that neuromuscular synapses might engage in competition based on
interference, via secretion of proteases and protease inhibitors.

Neurotrophic factors
Experiments involving pharmacological or transgenic regulation of neurotrophic
factors produce small or transient effects on elimination of polyneuronal
innervation (English & Schwarz, 1995; Jordan, 1996a,b; Kwon et al., 1995; Kwon
& Gurney, 1996). However, a recent study by Nguyen et al. (1998b) of transgenic
mice overexpressing GDNF under the control of the myogenin promoter,
revealed extensive polyneuronal innervation at a relatively late postnatal stage in
these mice (Figures 11C,D, 12). Mononeuronal innervation was eventually
established, but about 2 weeks later than normal. It seems unlikely based on
more recent evidence (Nguyen et al., 1998a; J.W. Lichtman and colleagues,
personal communication) that GDNF is the endogenous mediator of
neuromuscular synaptic competition. On the other hand, GDNF is strongly
expressed in human muscle (Lie & Weis, 1998; Suzuki et al., 1998). Either way,
the principle of an interaction between the transient expression of a neurotrophic
molecule and the asynchronous regulation of its receptors expressed
presynaptically is given a considerable boost by the findings of Nguyen et al.
(1998b). Thus, a role for GDNF as an endogenous "synaptotrophin" cannot be
ruled out at present (Snider & Lichtman, 1996).

Proteases and protease inhibitors
Inspection of neuromuscular junctions at different stages in the the transition
from polyneuronal to mononeuronal innervation has revealed that boutons of
the terminal that will ultimately be eliminated are withdrawn in stepwise,
piecemeal fashion (Balice-Gordon et al., 1993; Gan & Lichtman, 1998). Whether
this process is completely different from the process of degeneration, of the type
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induced by nerve injury, has been debated. Rosenthal & Taraskevich (1977)
presented electrophysiological and ultrastructural evidence in support of this
idea, but most investigators in this field now accept instead the conclusion made
initially by Korneliussen & Jansen (1976) and later, in an exhaustive electron
microscope study, by Bixby (1981), that synapse withdrawal during elimination is
quite distinct from Wallerian degeneration. This conclusion was endorsed by the
electrophysiological analysis presented by Colman et al. (1997), which demon¬
strated gradual suppression of eliminating synapses. This contrasts with the
abrupt cessation of synaptic transmission that accompanies degeneration of
nerve terminals following nerve section (Miledi & Slater, 1968, 1970)

Notwithstanding the evident distinction between synapse elimination and
degeneration, a role for proteases and protease inhibitors has been sought in the
case of both, but the discussion here will be restricted to synapse elimination.
The search for a physiological role for proteases and their inhibitors may in part
be motivated by the idea (and the evidence for it) that growing axons and their
growth cones are invasive cellular proboscices, which must clear a path through
a dense cellular and extracellular matrix in order to reach their targets (Fawcett
& Housden, 1990; Seeds et al., 1997). Once motor axon growth cones reach their
targets they become transformed from a "growing state" to a "transmitting state"
(Greensmith & Vrbova, 1996; Watson, 1974). The first evidence that a balance
between the levels of proteases and protease inhibitors might play a role in
synapse stabilization and subsequent elimination was presented by O'Brien et al.
(1978), who suggested that muscle fibres are the source of proteases at the
neuromuscular junction. Earlier, Betz & Sakman (1973) had shown that treating
frog neuromuscular junctions with a cocktail of proteases gently releases synaptic
terminals from muscle fibres. Subsequently, G.Vrbova and her colleagues have
investigated the possible role of specific proteases by administering selective
inhibitors via impregnated plastic implants placed in the vicinity of neonatal
muscles (Connold et al., 1986; Connold & Vrbova, 1994; O'Brien et al., 1984;
Vrbova et al., 1988). The protease baton has since been taken up by P.G. Nelson
and B. Festoff and their colleagues (Liu et al., 1994). The serine protease
inhibitor nexin I is concentrated at neuromuscular junctions (Akaaboune et al.,
1998) and mRNAs for this inhibitor, and for prothrombin and thrombin
receptor, are all expressed in mouse mouse (Kim et al., 1998). Levels of all three
are elevated at birth but decline - though not at the same rate - by day 20; by two
orders of magnitude in the case of prothrombin and thrombin receptor; and by
a factor of 4-5 in the case of nexin I. Inhibition of thrombin with another selec¬
tive protease inhibitor, hirudin, delays or prevents synapse elimination in a cell
culture model (Zoubine et al., 1996), and removes the selective effect of nerve
stimulation on heterosynaptic elimination - also in culture (Jia et al., 1999).

Thus there is growing evidence that proteases and their inhibitors could play
a significant physiological role in neonatal synapse elimination (Chang & Balice-
Gordon, 1997). Indeed a balance between adhesion of nerve terminal boutons to
muscle fibres, and retractile, motor forces exerting tension within growth cones
or their postsynaptic endplate sites (Bray, 1987; Crick, 1982) could readily be
tipped in favour of detachment and withdrawal, versus strong adhesion and
persistence, by disturbances in levels of proteases or their inhibitors. Tension-
adhesion forces within axons and their targets are thought to play an important
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role elsewhere in the nervous system, for example in synaptic plasticity (Fischer
et al., 1998) and in sculpting the form of the cerebral cortex during development
(Van Essen, 1997).

3.2.4. Non-competitive synapse elimination

Non-competitive elimination of neuromuscular synapses has been the subject of
an intriguing dialogue, that has yet to be definitevely resolved. Brown et al.
(1976) suggested, on the basis of motor unit size measurements made in adult rat
soleus muscles following partial denervation at birth, that motoneurons with¬
draw some of the connections in a programmed fashion irrespective of the
presence or absence of competing motor terminals supplied by different
motoneurons to the same endplates. This possibility is commonly referred to as
"intrinsic withdrawal". It was supported by Thompson & Jansen (1977), who
carried out similar partial denervation experiments in a strain of rats in which the
soleus muscle receives a dual nerve supply. However, the design of the
experiments left open the possibility that partial denervation left intact
motoneurons competing for innervation of the same muscle fibres, and that this
could account for the subsequent reduction in motor unit size. Betz et al. (1980a)
attempted to resolve this issue by studying lumbrical muscles partially denervated
at birth so as to leave a proportion innervated only by a single remaining
motoneuron. They concluded that these motoneurons underwent no reduction
in the numbers of muscle fibres they innervated (Figure 14A). However, the
interpretation was complicated by the fact that new muscle fibres are added to
rat lumbrical muscles postnatally, and this failed to occur after partial dener¬
vation at birth. Thus tension measurements used to establish motor unit size in
neonates overestimate the number of muscle fibres receiving suprathreshold input
from motoneurons unless the number of muscle fibres is explicitly determined.

The issue of intrinsic withdrawal was revisited by Fladby & Jansen (1987) in a
study of synapse elimination in partially denervated mouse soleus muscle. These
muscles have their adult complement of muscle fibres established by birth. Some
of the soleus motor units provide subthreshold inputs to muscle fibres (Fladby,
1987), as in the rat lumbrical muscle (Jones et al., 1987b), so muscle tension
measurements underestimate the numbers of neuromuscular connections

supported by motor axons at this stage. Moreover, by comparing the observed
adult motor unit sizes following neonatal partial denervation with the predic¬
tions of a simple stochastic model defining the initial innervation pattern, Fladby
& Jansen (1987) showed a consistent shortfall in the numbers of innervated
fibres in the experimental muscles (Figure 14B). Intrinsic remodelling of
terminal arbors, independent of activity or competitors, has also been described
in normal and mutant zebra fish (Liu & Westerfield, 1990). Activity-independent
competition has also been demonstrated in reinnervated muscle (see Section
3.3). Thus a significant body of evidence favours the hypothesis that neonatal
synapse elimination is controlled in part by an unknown, intrinsic property of
motoneurons.

It is interesting to note, in passing, that in mutant Wlds mice with slow or
absent Wallerian degeneration, axotomy induces a form of synapse withdrawal
also characterized by piecemeal removal of synaptic boutons and gradual
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Figure 14 Evidence for competition (A) and intrinsic withdrawal (B) of terminals in neonatal muscle.
A: Histograms of motor unit size in newborn rat lumbrical muscle (dotted line) and in adult muscle
following partial denervation at birth (solid line). In contrast to normal adult motor units there was
no reduction in the size of the units in partially denervated muscles. (From Betz etal., 1980.) B: Motor
unit size in mouse soleus muscles after partial denervation at birth, as a function of the number of
remaining motor units. All the points fall below the solid curved line, which represents the expected
motor unit size if competition alone accounted for synapse elimination. The upper dotted line
represents average motor unit size at birth and the lower dotted line average motor unit size in adults.
Thus, about half the synapse elimination occurs by a non-competitive mechanism. (From Fladby &
Jansen, 1987, with permission.)
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suppression of transmitter release. Overall the axotomy-induced synapse
withdrawal in Wlds mice shows considerable morphological and physiological
resemblance to neonatal synapse elimination in wild-type animals (Ribchester et
al., 1995; Parson et al., 1997; T. Gillingwater and R.R. Ribchester, 2001). An
intriguing possibility is that this may be the consequence of disrupted orthograde
trafficking of intrinsic factors that are responsible for non-competitive
withdrawal of motor axon collaterals during normal development.

3.2.5. Computational models of synapse elimination

Computational models of neonatal synapse elimination have attempted to
describe the experimental findings, but in only a few cases have the models
predicted fundamental properties of the neurons that are accessible to further
experiments. Many propose a role for neurotrophic factors secreted into the
local environment of motor terminals, coupled with presynaptic factors that limit
the maximum number of terminals a motoneuron can support at any given stage
of development (Bennett & Robinson, 1989; Jean-Pretre et al., 1996).
Autocatalytic biochemical reactions in presynaptic terminals have been invoked
to generate the positive feedback required to selectively eliminate disadvantaged
terminals (Gouze et al., 1983). Some models posit a balance between forces that
strengthen the remaining synapses in a motor unit as others are eliminated, by
competition for presynaptic and postsynaptic resources (Rasmussen & Willshaw,
1993; Van Ooyen & Willshaw, 1999a; Willshaw, 1981). Others model the emerg¬
ing patterns of innervation in terms of competition for substances versus
competition for space (Van Essen et al., 1990).

Perhaps the most challenging recent model has been proposed by Van Ooyen
& Willshaw (1999b), who have computed the outcome of a wide range of experi¬
mental interventions, based on action of neurotrophic factors and the induction
of presynaptic receptors for these factors, in a fashion that strikes a chord with
the experimental findings of Nguyen et al. (1998b). A specific prediction of Van
Oojen & Willshaw's model is that levels of presynaptic receptors for growth
factors are up- or down-regulated in a fashion that indicates which terminals will
persist and which will be eliminated. The measurements required to test this
hypothesis are feasible, but they have not yet been made.

3.2.6. Summary
Synapse elimination at polyneuronally innervated junctions transforms not only
the pattern and degree of convergence but also the shape of individual neuro¬
muscular junctions. Growing evidence suggests that, although competition and
activity strongly influence the time course and outcome of this process, non¬
competitive and activity-independent mechanisms must also play a significant
role. The challenge over the next few years is to identify the nature of the (fixed
versus diffusible) resources underpinning the competitive mechanisms and whether
non-competitive withdrawal is due to selective innervation of muscle fibre or traf¬
ficking of intracellular maintenance factors along specific motor axon collaterals.
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3.3. Competition during muscle reinnervation in adults

The effectiveness of regeneration after complete crush or section of peripheral
nerves is well known. For example, after sciatic nerve crush in young adult
rodents even the most distal muscle fibres become fully reinnervated within
about a month. Many of the reinnervated muscle fibres acquire transient poly-
neuronal innervation, as in postnatal development. Polyneuronal innervation in
reinnervated mammalian skeletal muscle was first recorded in 1916 by J. Boeke
(Figure 15) and his actually represents the first description of polyneuronal
innervation of skeletal muscle fibres under any circumstances. (J.F. Tello failed
to spot this phenomenon in his seminal study of reinnervated muscle published
in 1907, although he was the first to espy it in neonatal muscle.) Boeke's silver
stains and text descriptions of reinnervated muscles in intercostal muscles of
adult hedgehogs appear to show a number of instances where muscle fibres
receive convergent innervation from different motor axons. Boeke was evidently
undecided whether the converging axons were really independent, however, or
whether his stains depicted a single motor nerve terminal forming en passant by
an axon that looped back into the peripheral nerve. Subsequent reanalysis using
intracellular recording, histology and vital staining (Barry & Ribchester, 1995;
McArdle, 1975; Gorio el al., 1983) now leave no room for doubt about the robust
nature of this phenomenon (Figure 15). Costanzo et al (1999, 2000) recently
utilized the abbreviation "ji-junction" to refer to polyneuronally innervated
neuromuscular junctions in reinnervated muscles. It has aesthetic appeal, and
serves just as well to describe the same phenomenon in neonatal muscles.

The relationship of polyneuronal innervation and its subsequent elimination
in reinnervated muscle to synapse elimination in neonates is secured by four
main observations: the convergent inputs are located at the same motor endplate
site (Gorio et al., 1983); elimination of polyneuronal innervation in reinnervated
muscle is delayed or arrested by muscle paralysis (Barry & Ribchester, 1995;
Taxt, 1983b); synaptic boutons are eliminated in piecemeal fashion (Rich &
Lichtman, 1989b); and, in at least some instances, selective removal of ACh
receptor plaques precedes nerve terminal withdrawal (Culican et al., 1998); all as
in development. On the other hand, regenerating axons reoccupy motor end-
plates that are already present and differentiated before nerve injury, rather than
inducing these postsynaptic sites. Thus, wc must exercise caution when
interpreting findings made about synapse stabilization and elimination in
reinnervated muscles, and when comparing them with the analogous
developmental phenomena.

The identity of the molecules responsible for competitive elimination of polyneu¬
ronal innervation in reinnervated adult muscles is unknown, as in development.
However, denervated adult muscle fibres express several intracellular and
membrane characteristics in common with fetal or neonatal muscle. Such
"denervation changes" include reactivation of myogenin (Witzemann &
Sakmann, 1991), expression of extrajunctional (y-subunit form) ACh receptors
and molecules associated with them, such as rapsyn, RATL and MuSK (Sanes &
Lichtman, 1999; Witzemann et al., 1991), TTX-resistant sodium channels
(Bambrick & Gordon, 1987; Lupa et al., 1995; Trimmer et al., 1990) adhesion
molecules including N-CAM (Cashman et al., 1987; Covault & Sanes, 1986;
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Figure 15 Polyneuronal innervation in reinnervated adult muscles. Left, J. Boeke who, in 1917, first
described polyneuronai innervation in reinnervated intercostal muscle fibres of hedgehogs (right).
Bottom, confocal micrograph of a reinnervated motor endplate in rat lumbrical muscle, stained
immunocytochemically. Three axons converge supplying unique sets of synaptic boutons. Each
bouton is about 2 pm in diameter.
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Sanes et al., 1986), neurotrophic factors (Caroni et al., 1994; Funakoshi et al.,
1995; Lie & Weis, 1998; Rassendren et al., 1992), and myosin isoforms
(Hamalainen & Pette, 1996; Windisch et al., 1998). These "neonatal" properties
are reversed and muscle fibres re-express their normal, mature patterns of gene
expression following reinnervation.

The remainder of this section will focus on studies of sprouting and
competitive reinnervation of partially denervated muscles, an appealing model
with a number of distinctive features appropriate to experiments designed to
probe mechanisms of competitive synapse elimination.

3.3.1. Motor nerve sprouting
Collateral sprouts arise both from nerve terminals (terminal, or "ultraterminal"
sprouts) and intramuscular nodes of Ranvier (nodal sprouts). Both forms of
sprouting take place from intact axons following crush or section of a fraction of
the motor nerve supply to a muscle. Most contemporary studies of nerve sprout¬
ing in response to partial denervation stem from the studies of Edds (1953) and
Hoffman (1950,1953). The excellent review by M.C. Brown and colleagues (Brown
et al., 1981a) documents the field over the following 25 years. Competitive
reinnervation of partially denervated muscles was studied using tension measure¬
ments, intracellular recording and anatomical methods in two important,
contemporaneous reports by Brown & Ironton (1978) and Thompson (1978).

Intact axons react within about 2-3 days of injury to their near neighbours, and
the sprouts are directed towards the endplates of nearby denervated fibres.
During sprouting, some intact terminals withdraw synaptic boutons from their
endplates at the same time as they generate sprouts. This weakens synaptic
transmission at the intact endplates (Lubischer & Thompson, 1999; Weiss &
Edds, 1946). With time, however, the sprouted terminals are strengthened, such
that most are capable of robust synaptic transmission. Extensive partial denerva¬
tion results in maximal sprouting of intact motor units, which become between
two and five times their initial size (Brown & Ironton, 1978; Gordon et al., 1993;
Rafuse et al., 1992; Ribchester, 1988b; Thompson, 1978). Motor nerve sprouting
is primarily a phenomenon of mature muscle, however. Neither can it be induced
by partial denervation in neonatal muscles: the earliest sprouting reactions occur
about a week after neonatal synapse elimination is complete (Brown et al.,
1982a; Lubischer & Thompson, 1999).

Extensive sprouting can also be induced by paralysing muscle, either with
botulinum toxin, a-bungarotoxin or via a chronic nerve conduction block (Brown
et al., 1981b). The sprouting that occurs with all these treatments is generally
restricted to the nerve terminals rather than axons. Ultraterminal sprouting is
very profuse after botulinum toxin injection, but less so after bungarotoxin or
TTX block of nerve conduction. In the latter cases few sprouts form functional
contact on adjacent muscle fibres (Betz et al., 1980b; Brown et al., 1982b).
Electrical stimulation of muscles blocks terminal sprouting (Brown et al., 1980).
Terminal sprouting (induced by botulinum toxin) is also blocked by administra¬
tion of antibodies against the cell-adhesion molecule N-CAM (Booth et al.,
1990). No treatments to date have been identified that block nodal sprouting
after partial denervation.
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Both terminal and nodal sprouting can also be stimulated by "products of
nerve degeneration". For example, when only muscle afferents are injured - by
dorsal rhizotomy - motor axons in the deafferented muscles sprout within a few
days (Brown et al., 1978). Sprouting is also evoked by tissue damage or inflam¬
mation. Myotoxic or mechanical injury to muscle fibres triggers withdrawal then
directional sprouting of axon terminals (Grubb et al., 1991; Rich & Lichtman,
1989b; Van Mier & Lichtman, 1994). Local administration of neurotrophic
molecules (neurotrophins, cytokines) also triggers a mild sprouting reaction but
it is unclear at present whether this is a direct effect of the growth factors on
presynaptic receptors, or a secondary consequence of a more generalized inflam¬
matory reaction to injection of the factors (Caroni et al., 1994; Funakoshi et al.,
1995; Gurney et al., 1992).

It is becoming clear from a number of studies that neuroglial cells play a
crucial role in motor nerve sprouting (Figure 16). One of the earliest responses
to partial denervation or paralysis is reactive differentiation of Schwann cells
associated with the denervated muscle fibres, and this can be detected by
immunostaining with the 4E2 monoclonal antibody or antibodies against nestin
(Kopp & Thompson, 1998; Son et al., 1996). Schwann cells also proliferate and
then generate their own cellular sprouts. These are directed towards endplates
on denervated muscle fibres, forming bridges between them and the innervated
endplates (Love & Thompson, 1998). Axonal sprouts appear to be passively
directed along these Schwann cell bridges and onto the denervated muscle fibres
(Reynolds & Woolf, 1992; Son & Thompson, 1995a,b). Recent data suggest that
either complete paralysis or muscle stimulation blocks formation of Schwann cell
bridges in partially denervated muscles, and thereby suppresses directional
terminal sprouting. This suggests that some kind of gradient between active,
innervated muscle fibres and nearby denervated fibres is necessary to produce
directed Schwann cell and motor nerve sprouting (F. Love and W.J. Thompson,
personal communication). The nature of this gradient remains unidentified, but
it could be generated either by diffusible neurotrophic molecules or by fixed
molecules in extracellular matrix. The physiological regulator is unlikely to be
the glial cell-line-derived neurotrophic factor, GDNF, however. Injecting plasmids
containing code for GDNF into adult muscle fibres leads to local synthesis and
release of this cytokine, but mature motor nerve terminals do not react to its
presence (Bernstein et al., 1998). Schwann cell sprouting is itself preceded by
secretion of specific components of the synaptic basal lamina (Chen & Ko, 1994;
Ko & Chen, 1996; Astrow et al., 1997). Synaptic forms of laminin inhibit sprout¬
ing of Schwann cells (Patton et al., 1998).

The overall picture that emerges with regard to the state of partially dener¬
vated muscle is that many (or all) of the motor endplates vacated by injured
axons become taken over by sprouts, as a consequence of an activity-dependent
formation of Schwann cell bridges and directed growth from motor nerve
terminals and preterminal nodes of Ranvier. The occupancy of these endplates
effectively constitutes an energy barrier which regenerating axons must
overcome in order to reform their connections and restore function. Some
thought-provoking findings have been made concerning, the effectiveness of
regeneration and the inevitability of synapse elimination; and the necessity and
sufficiency of activity in bringing it about.
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Figure 16 Sprouting of Schwann cells and axons following partial denervation. Top: fluorescence
micrographs of terminal Schwann cells (left) and axon sprouts (right) stained immunocytochemically
with monoclonal antibodies. Cartoons A-F show stages in the degeneration of an injured axon, the
reactive proliferation and sprouting of Schwann cells at the denervated endplate, and the formation
of a bridging sprout by an intact axon terminal on a neighbouring muscle fibre. (From Son &
Thompson, 1995, with permission.)

3.3.2. Reinnervation of partially denervated muscles
Functional recovery by the regenerating axons, measured from the isometric
tension, is accompanied by regression of the intact motor units (Hoffman, 1953;
Rafuse & Gordon, 1998; Ribchester, 1986, 1988b; Weiss & Edds, 1946). It is rare
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to find that regenerating axons fully restore their original motor unit sizes,
however (Figure 17). The longer the delay in regeneration, the less the recovery
of function (Fu & Gordon, 1995; Grower al., 1995; Thompson, 1978). Moreover,
the smaller the number of axons axotomized by nerve injury (minor partial
denervation) the less effective are the injured axons in recapturing the fibres they
once innervated (Ribchester, 1988a, 1993; Ribchester & Taxt, 1984). Put another
way, the less extensive the requirement for sprouting by intact units, the more
capable the sprouts are in retaining their new synaptic sites in the face of com¬
petition by regenerating axons, and the less successful those regenerating fibres
become in recovering exclusive control of the motor endplates they previously
supplied.1

Remarkably, however, many axons regenerating into partially denervated
muscle do recover exclusive innervation of motor endplates, and this requires
competitive elimination of the occupying terminals formed by the sprouts
(Brown & Ironton, 1978; Thompson, 1978). This recovery takes place even if all
the endplates are occupied by intact terminals and their sprouts. Intracellular
recordings and selective staining with the activity-dependent vital dyes FM1-43
and RH414, show that synaptic boutons belonging to sprouted and regenerated
axons become intermingled (Barry & Ribchester, 1995; Betz et al., 1992; Brown
& Ironton, 1978; Thompson, 1978). It is likely, though not proven, that the
regenerating axons also vie for endplates that were always occupied by the
uninjured, intact axons (Ribchester & Taxt, 1984). An extreme instance of
regenerating axons competing successfully with intact ones was demonstrated by
implanting a foreign nerve into the endplate region of the fully innervated soleus
muscle (Bixby & Van Essen, 1979).

3.3.3. The role of activity in competitive reinnervation
There is no doubt that the ability of regenerating axons to reform and sustain
connections in partially denervated muscle is strongly influenced by muscle
activity. Thus, levels of polyneuronal innervation and the size of regenerating
motor units are significantly increased when intact motor units are paralysed
during reinnervation (Barry & Ribchester, 1995; Ribchester & Taxt, 1984). The
effects of chronic electrical stimulation on the rate of synapse elimination from
reinnervated motor endplates remain unknown. The prediction from
comparable experiments carried out in neonatal muscles would be that fast
patterns of chronic stimulation should accelerate synapse elimination and that

'In this respect the reinnervation of partially denervated skeletal muscle bears some
resemblance to regeneration in the central nervous system, after spinal injury or stroke,
for example. Owing to the myriad connections that survive injury, and the compensatory
sprouting that results, CNS lesions nearly always constitute a very minor partial
denervation, from the viewpoint of individual postsynaptic neurons. The failure of
regenerating axons to reconnect under these circumstances may only be quantitatively
different from the failure of axons regenerating into partially denervated muscles to
restore all their connections. Partially denervated muscles may therefore constitute an
effective paradigm in which to address general issues raised by the failure of regenerating
axons to fully recover and restore functional innervation after nerve lesions.
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selective stimulation should give an advantage to the active motor units (O'Brien
et al., 1978; Ridge & Betz, 1984; Thompson, 1983a). Recent studies by Cangiano
and colleagues (Bussetto et al., 2000) suggest that synchronised nerve stimulation
preserves polyneuronal innervation rather than accelerates synapse elimination.
However, these experiments were carried out on muscles where the regenerating
axons were forced to make ectopic synapses on muscle fibres, rather than
competing for reinnervation of original motor endplates. Nonetheless, this novel
finding, taken together with other observations described below, raises questions
not only about the mechanism by which use and disuse might stabilize synaptic
connections, but also whether activity is both sufficient and necessary for synapse
elimination.

Activity is influential, but not decisive
A tempting conclusion from the majority of studies on the effects of
manipulating neuromuscular activity is that action potentials are required to
induce and/or execute synapse elimination (Sanes & Lichtman, 1999). The first
suggestion that activity may not play a decisive role in competitive elimination of
synapses emerged from a study of partially denervated muscles in which the
regenerating axons - rather than the intact ones - were rendered inactive
(Ribchester, 1988a). Whilst fewer of the regenerating axons were able to
reinnervate muscle fibres, nevertheless there were many fibres that became
exclusively reinnervated by these axons. The experimental design of this study
left open the possibility that the regenerating axons merely occupied endplates
that had failed to attract sprouts from the intact nerve. A more definitive
experimental design, in which all activity was blocked after minor partial
denervation, ruled out this possibility. The outcome and inference were the same.
Electrophysiological analysis of innervation patterns after reinnervation of
completely paralysed muscles established two features: first, paralysed muscles
provide a conducive environment for regenerating axons to manufacture and
restore functional synaptic connections. Second, inactive terminals are capable
of competitively displacing other terminals even when these are also inactive
(Ribchester, 1993; Figure 18 A,B).

Recently, Costanzo et al. (2000) carried out a critical test of the activity
hypothesis, using vital dyes to selectively stain and distinguish regenerating and
intact (or sprouted) terminals that cither mononeuronally or polyneuronally
innervated muscle fibres. In this study synapse elimination occurred from some
junctions in completely paralysed muscles (by TTX superfusion of peripheral
nerves and daily intramuscular injection of muscles with a-bungarotoxin). In
addition to fibres that became exclusively innervated by regenerating axons, most
of the polyneuronally innervated fibres became innervated by synaptic boutons
supplied mostly by the inactive regenerating nerve, rather than the inactive,
intact nerve (Figure 18C-E). Control experiments established that more than
99% of endplates were innervated; almost all endplates were fully occupied by
sprouts; and both presynaptic and postsynaptic activity blocks were patent
immediately prior to and during the return of the regenerating axons. Thus,
elimination of silent synapses by other silent synapses occurred after the nerve
regeneration. We believe this finding constitutes compelling evidence that
activity is not necessary for competitive synapse elimination.
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Other experiments challenge the sufficiency of activity in promoting synapse
elimination once it is restored. Barry & Ribchester (1995) observed that
following recovery from chronic nerve conduction block, many reinnervated
muscle fibres in partially denervated muscles retained polyneuronal innervation,
for at least 8 weeks after resumption of activity. The influence of activity on
synapse elimination was confirmed in two ways: first, levels of polyneuronal
innervation were significantly elevated in the paralysed and reinnervated
muscles before nerve conduction block wore off. Second, significant amounts of
synapse elimination occurred within the first 2 weeks of resumption of activity.
Thereafter, levels of polyneuronal innervation remained about three times higher
than in control muscles that were not paralysed during nerve regeneration.
Recent data suggest that the synapses provided to an endplate by converging
terminals need not be large, or evoke suprathreshold responses in order to
become stable (Figure 19); and that the synapses belonging to stable converging
inputs are of similar strength per unit area whatever their relative size (Costanzo
et al., 1999).

These findings accord with others suggesting that synapses are not necessarily
eliminated as a consequence of muscle activity. First, some polyneuronal
innervation, normally less than about 10% of muscle fibres, persists for long
periods after reinnervation of partially denervated muscle (Brown & Ironton,
1978; Weiss & Edds, 1946; Werle & Herrera, 1987,1991). In fact Hoffman (1953)
clearly illustrated this persistence ("hyperneurotization") as long as a year after
partial denervation and reinnervation of rat gastrocnemius and soleus muscles
(Figure 20). Second, when some neonatal muscles are paralysed with botulinum
toxin, then allowed to recover, levels of polyneuronal innervation remain
elevated through to adulthood (Brown et al., 1982b; Figure 20). Third, treatment
of other neonatal muscles with testosterone delays synapse elimination and
about 30% of fibres remain polyneuronally innervated for a considerable period
after testosterone therapy has been withdrawn (Lubischer et al., 1992). Finally,
in transgenic mice engineered to overexpress GDNF secretion from muscle in
neonates, the extent of polyneuronal innervation is profound and synapse
elimination is delayed for at least 2 additional weeks, despite a significant excess
of muscle activity in these mice (Nguyen et al., 1998b).

The above findings contrast with other studies of synapses undergoing
competitive elimination in adults, however. For example, Rich & Lichtman
(1989a) reported that synapse elimination always runs to completion in
reinnervated adult mouse sternomastoid muscle; and that synapse elimination
begins with elimination of small patches of ACh receptors followed by removal
of the overlying synaptic boutons. In an elegant extension of this finding, Balice-
Gordon & Lichtman (1994) blocked small patches of receptors in adult
innervated neuromuscular junctions by topical administration of a-bungarotoxin
in vivo, rendering the synapses overlying them functionally ineffective. They then
repeatedly visualized the same sites over several weeks (Figure 21). Based on this
technical tour-de-force the authors were able to conclude that, provided the
areas of local inactivity were small, the synaptic boutons overlying them were
almost guaranteed to become eliminated. Areas of paralysis extending to more
than about 40% of an endplate normally did not lead to elimination of either
receptor patches or overlying boutons, however. These findings, taken together
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Figure 18 Levels of mononeuronal and polyneuronal innervation in reinnervated rat lumbrical
muscle following minor partial denervation and nerve conduction block during reinnervation (A)
compared with contralateral reinnervated controls (B). The presence of mononeuronal (SN) fibres
indicates that, at at least some reinnervated endplates, activity is not necessary for synapse
elimination to occur. Staining with styryl dyes to distinguish intact (orange) from regenerating
(yellow/green) synaptic boutons (C) and with subsequent immunostaining (D) in completely
paralysed muscle confirmed that some endplates (E, rhodamine bungarotoxin stain) become mostly
or completely occupied by regenerating terminals, and thus that competition can occur at silent
neuromuscular junctions. (From Ribchester, 1993 and Costanzo etal., 2000.)
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Figure 20 Persistent polyneuronal innervation in adult rodent muscles. A: Mouse tensor fasciae latae
muscle following recovery of activity after neonatal injection of botulinum toxin. Silver stains show
clear evidence of convergence of different axons. (From Brown et al., 1982b, with permission). B:
Endplate in a rat fourth deep lumbrical muscle stained with vital styryl dyes to reveal synaptic boutons
from different converging axons (green/orange), 8 weeks after recovery from chronic nerve
conduction block during reinnervation. (From Barry & Ribchester, 1995). Calibrations: A, 30 pm; B,
5 pm.
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Figure 19 Persistent polyneuronal innervation in reinnervated rat lumbrical muscles 4-8 weeks after
recovery from chronic nerve conduction block. A: Examples of monoinnervated (top left and bottom
right traces) and polyneuronally innervated junctions. B: Relationship between relative synaptic
strength (endplate potential amplitude) and fractional occupancy of polyneuronally innervated
endplates. The strong linear correlation indicates that neither small nor large inputs are
disproportionately weak at these stable polyinnervated junctions. The persistence of stable
polyinnervated junctions for weeks, months and years after resumption of activity indicates that the
presence of activity is not sufficient to bring about synapse elimination. (From Barry & Ribchester,
1995; and Costanzo et al., 1999.)

with descriptions of physiological and morphological properties of synapses
undergoing elimination in neonates (Colman et al., 1997), have led to the idea
that there is an inevitability to the elimination of small, relatively ineffective
synaptic boutons at motor endplates, and that this is inexorably driven by
differences in the activity of the majority over the minority inputs to the endplate
(Frank, 1997; Jennings, 1994).

It is not clear how the idea of a decisive role of activity during synapse
elimination favoured by Lichtman and colleagues will be reconciled with
observations of persistent polyneuronal innervation in partially denervated and
reinnervated adult muscle, or conversely the elimination of synapses from
paralysed muscle fibres (Ribchester, 1993; Barry & Ribchester, 1995; Costanzo
et al., 1999, 2000). One testable hypothesis is that paralysed muscle releases
neurotrophic factors to which regenerating axons are more responsive than intact
axons and their terminals, by virtue of enhanced expression of the appropriate
receptors in their presynaptic membranes. This may enable the levels of
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Figure 21 Elimination of synaptic boutons in an adult mouse neuromuscular junction following focal
blockade of a small fraction of the endplate by local superfusioin with tx-bungarotoxin. The endplate
has been repeatedly visualized in vivo over the course of a month using vital fluorescent dyes. Both
receptors and overlying synaptic boutons are eliminated from the inactivated area. Graph below
summarizes data from junctions with different extents of focal nerve block. Elimination occurred
consistently only from regions where less than 30% of the endplate was blocked. Calibration: 20 pm.
(From Balice-Gordon & Lichtman, 1994, with permission.)

neurotrophic factor to promote the consolidation of the regenerating over the
intact or sprouted terminal more effectively, whilst the activity of the terminal
per se need not play a decisive role. Recent evidence supports the hypothesis that
regenerating terminals are more responsive than intact terminals to the neu¬
rotrophic cytokines CNTF and GDNF (Bernstein et al., 1998; Ulenkate et al.,
1994). Enhanced release of proteases is a further possibility, although this would
have to be highly selective, since components of the extracellular matrix are not
altered prior to synapse elimination (Culican et al., 1998; Rich & Lichtman,
1989a).
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3.3.4. Summary
Polyneuronal innervation recurs after complete or partial nerve injury in adult
mammals and in several respects this resembles the developmental phenomenon
(Section 3.2). In contrast to development, however, regenerating axons normally
reinnervate preformed synaptic sites; and synapse elimination does not always
completely remove all the synaptic boutons from supernumerary motor axons
converging on the endplate. With respect to which boutons persist or are
eliminated, activity appears to be a mitigating factor, rather than a decisive one.
Further experiments are required to establish the molecular and biophysical
characteristics of polyneuronal versus mononeuronally innervated muscle fibres;
and whether different molecular mechanisms are responsible for synapse
elimination in neonatal and reinnervated adult muscles.

3.4. A technical note on evaluating polyneuronal innervation
All methods for estimating the amounts of polyneuronal innervation in muscle
are individually flawed. Isometric tension measurements may overestimate levels
of polyneuronal innervation owing to non-saturation of muscle series compliance
(Brown & Matthews, 1962); or underestimate it owing to the ineffectiveness of
subthreshold inputs (Fladby, 1987). Intracellular recording is a reasonably reliable
method for distinguishing poly- from mononeuronally innervated fibres.
However, this method also has pitfalls; for example, sampling errors due to
clustering of 7i-junctions. In addition, evoked EPPs vary in amplitude with
repeated stimulation at the same suprathreshold level of excitation, owing to
random variation in the number of synaptic vesicles undergoing exocytosis from
stimulus to stimulus. This random variability becomes worse when mean quantal
content is reduced (Boyd & Martin, 1956), and this can make it difficult to
assess whether a muscle fibre receives weak input from one or from several axons
(see for example the recording from a mononeuronally innervated (p) junction in
Figure 5B). Moreover, if a weak input is contributed by an axon with an electrical
threshold higher than a strong input, it may not be easily detected when the
stimulus strength is maximal; and non-linear summation of synaptic potentials
exacerbates this problem. Selective stimulation of separate motor nerve supplies
to a muscle, for example as in the fourth deep lumbrical muscle (Betz et al.,
1979), overcomes this problem to some extent. However, in the limit, only
stimulation of all the motor axons individually - by splitting ventral root filaments
-will give the most definitive measurements of polyneuronal innervation (Brown
et al., 1976). On the other hand, such preparations are technically difficult to
make - especially in neonates - and damage to one or more ventral root fila¬
ments will therefore lead to underestimates of polyneuronal innervation.
Anatomical methods - based on silver staining or immunocytochemistry - give
no clue as to the origin and physiological effectiveness of a visible input (O'Brien
et al., 1978). Selective staining of convergent terminals with different carbo-
cyanine dyes can be achieved in neonates, using fixed preparations (Balice-
Gordon et al., 1993; Gan & Lichtman, 1998; Laskowski et al., 1998); but these
methods do not work well on adult preparations. It is possible to unequivocally
identify polyneuronally innervated junctions in adult muscles using selective vital
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staining with styryl dyes that stain recycling synaptic vesicles in an activity-
dependent fashion (Barry & Ribchester, 1995; Betz et al., 1992; Costanzo et al.,
1999, 2000; Lichtman et al., 1985; Lichtman & Wilkinson, 1987). However, for
reasons which are not understood, these dyes do not work very well on neonatal
mammalian preparations (although they are effective on synapses between
neurons in culture; see for example Forti et al., 1997). Moreover, they rely on
maintained transmission during prolonged stimulation to ensure dye uptake.

The important point is that, if conclusions are to be made with confidence
about the pattern of innervation of muscle, multiple methods should always be
applied, particularly when attempting to interpret the outcome of experiments
designed to probe mechanisms of synapse elimination (Ribchester, 1988c).

4. CONCLUSIONS AND DISCUSSION

Three main points summarizing knowledge and understanding of the role played
by activity in formation, maintenance and repair of neuromuscular connections
can be made. Maintenance of form and function has been considered first,
because issues raised there provide a context for the relationships between form
and function during postnatal development, or after nerve injury in adults.
1. Once neuromuscular synapses have formed and the adult pattern of innerva¬

tion is established, mature terminals continue to grow throughout life, but
the general form of a neuromuscular junction does not change substantially.
The size, shape and strength of neuromuscular connections can be altered as
a consequence of extreme use or disuse, however. Thus, both muscle paralysis
and muscle stimulation or excessive exercise increase the amount of trans¬
mitter release and the size of nerve terminals, and the changes in synaptic
strength (efficacy; quantal content) precede any morphological changes,
suggesting they are regulated independently. Some of the changes may be a
consequence of mechanical distortion, mediated by tension-sensing recep¬
tors (such as the integrins) in nerve terminal membranes. Changes brought on
by excessive use tend to result in uniform expansion of terminals, matching
the effects of activity to increases in muscle fibre diameter. Such changes
may be adaptive, controlled by negative feedback to ensure that muscle
fibres reliably respond to presynaptic action potentials. But militating
against this is the high safety factor for neuromuscular transmission that
normally prevails, together with evidence that activity is not necessary for
boosting transmitter release or synaptic area. Changes brought on by
paralysis normally do so by inducing terminal sprouting, disrupting the
normal size-strength relationship. This may be mediated by trophic factors
released by inactive muscle or Schwann cells; or by the re-expression of
adhesion molecules in the muscle fibre membranes or extracellular matrix.

2. Following initial synapse formation during fetal development, muscle fibres
acquire inputs from several motoneurons. Postnatally, all but one of these
inputs is eliminated, synaptic bouton-by-bouton in piecemeal fashion. This
synapse elimination is not due to degeneration or death of entire motoneu¬
rons, but rather to withdrawal of a significant fraction of each motoneuron's
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intramuscular nerve branches, producing a fall in motor unit size. Synapse
elimination appears to be driven by both competitive and non-competitive
mechanisms. Though coincident with the onset of activity and selective use
of muscles, there are activity-dependent and activity-independent components
to both competitive elimination and non-competitive synapse withdrawal.
The molecular mechanisms are unknown. A number of molecules expressed
at the neuromuscular junction (such as the adult form of the acetylcholine
receptor) have been ruled out as mediators of synapse elimination, but there
is appealing evidence that neurotrophic factors and their receptors regulate
its rate and outcome. There is growing evidence that terminal Schwann cells
and glial growth factors (neuregulins) may also play a role. Sequestration of
the detached axon and its retraction bulb occurs quite rapidly, possibly as a
consequence of the activity of motor proteins in the axon which might gener¬
ate significant intra-neuritic traction. One view is that synapse elimination is
fundamentally a consequence of breakdown in cell-cell adhesion. The
search for evidence for a specific role of known adhesion molecules has not
yet produced a compelling outcome. However, proteases and their inhibitors
have been implicated and these could play a pivotal role in regulating adhe¬
sion or intra-neuritic tension and withdrawal during synapse elimination.

3. After nerve injury, distal axons and their terminals normally degenerate
rapidly by an active mechanism that is still poorly understood. Intact axons
and terminals and Schwann cells that remain in a muscle react to the presence
of denervated fibres and sprout, providing compensatory, collateral
reinnervation. There is compelling evidence that motor nerve sprouts, and
regenerating axons, are guided passively by Schwann cell sprouts that form
bridges between intact and denervated endplates. Regenerating axons often
polyneuronally innervate muscle fibres, as in development. Subsequently
many, but not all, of the polyneuronal inputs are removed, via activity-
dependent and activity-independent mechanisms that may resemble those
controlling developmental synapse elimination. The molecular mechanisms
are unknown, but sprouting can be induced by paralysis or by neurotrophic
molecules, and inhibited by antibodies against neural cell adhesion mole¬
cules. The inputs that remain at persistently polyneuronally innervated
junctions have equivalent synaptic strengths that are scaled up or down
together; and it is not necessary for an input to occupy large fractions of the
endplate, or to generate suprathreshold synaptic responses in order to
become stable. Thus activity is neither sufficient nor necessary to promote
synapse elimination at all neuromuscular junctions in reinnervated muscles.

A conventional view is that polyneuronal innervation of mammalian muscle
fibres is an inherently unstable state (Frank, 1997; Jennings, 1994). Disparities
in the relative size, synaptic strength and/or activity are presumed in these models
to lead inexorably and inevitably to the withdrawal of the weaker competitors
until only one axon terminal remains. However, the number of instances in
which muscle fibres remain polyneuronally innervated for considerable periods,
together with evidence for intrinsic and activity-independent synapse elimination,
suggests that this model is oversimplified. Muscle fibres can sustain a persistent
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polyneuronal innervation in a number of different circumstances, indicating, ipso
facto, that polyneuronal innervation is not an inherently unstable state. Figure
22 summarizes the possible relationships between different stable and unstable
polyneuronally innervated states. According to this view, stable mononeuronal
and polyneuronal innervation represent two alternative endpoints: low-energy
states in which the synapses all have equivalent synaptic strengths. These
alternative endpoints can be reached from an unstable starting condition via low-
threshold switches that carry synapses along one or other of the two trajectories
to their stable endpoints. Which switch predominates under any given set of
circumstances is unknown; but we might view development as a circumstance in
which the trajectory leading to mononeuronal innervation is preferrred, while
the other trajectory is preferred following reinnervation of a paralysed adult
muscle, for example. According to this model it should be possible for a neuro¬
muscular junction to leave a stable polyinnervated state and become mono-
innervated, provided sufficient energy (trophic factor?) is injected into the
system, to fuel the transition from one of the low-energy stable states to the high-
energy state represented by unstable polyinnervation.

A number of questions for future investigations arise (Figure 23). Do
converging terminals compete for access to space, or consumption of substances
localized at endplates? Are there unique molecules, or biophysical properties
associated with stable monoinnervated versus polyinnervated junctions? Are
increases in the size and strength of synaptic connection - induced by either

STABLE STABLE

Figure 22 Alternative trajectories from an initially unstable pattern of innervation, based on data on
the size, strength and pattern of innervation of immature and adult neuromuscular junctions.
Normally, polyneuronal innervation is eliminated during development, leaving monoinnervated
junctions in which synaptic strength can be up- or down-regulated by use or disuse. Sometimes, after
recovery from paralysis for example, muscle fibres sustain a persistent, stable polyinnervation in
which the strengths of converging inputs are also co-regulated. (From Costanzo et at, 1999.)
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activity or inactivity - mediated by common signalling pathways? How might the
strengths of synaptic boutons supplied by the same or different axons be co-
regulated? How important are cell-cell recognition, orthograde myotrophic
factors, retrograde neurotrophic factors, and local neuroglial factors in forma¬
tion, maintenance and plasticity of neuromuscular synapses? Does "intrinsic
withdrawal" of axon collaterals result from perturbed cell-cell interactions, or to
selective trafficking of materials (nucleic acid and/or protein) in motor axon
collaterals?

Whilst the diversity of stable and unstable states of muscle fibre innervation
suggested here may initially surprise, given the paucity of polyneuronal inner¬
vation in most normal adult muscles, it should not be considered astonishing
when we consider that most other kinds of muscle - including for example the
intrafusal muscle fibres of skeletal muscle - and virtually all neurons elsewhere
in the nervous system, receive convergent innervation from different sources
throughout life. Interestingly, several recent studies have questioned the
adequacy of the Hebbian synaptic model (the requirement for coincident
presynaptic and postsynaptic activity) to account for homosynaptic potentiation,
heterosynaptic depression or the fine-tuning of cortical circuitry in the central
nervous system (Crair et al., 1998; Crowley & Katz, 1999; Engert & Bonhoeffer,
1997; Fitzsimonds et al., 1997; Zhang et al., 1998). Taken together, such
observations vindicate the choice of the mammalian neuromuscular junctions as
a paradigm for investigating general mechanisms of synaptic plasticity, beyond
their mere accessibility to experimental investigation. Ultimately, analysis of
neuromuscular synaptic development and plasticity will doubtless have
significant impact on our understanding of the control of neuronal convergence
and divergence, not only in skeletal muscle but elsewhere in the nervous system
as well.
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Competition in the Development of Nerve
Connections

Arjen van Ooyen and Richard R. Ribchester

During development, neurons and other target cells
are often initially innervated by more axons than
ultimately remain into adulthood. The process that
leads to elimination of connections is referred to as

axonal or synaptic competition. This chapter reviews
the models of competition that have been proposed
for the neuromuscular and the visual system, and
describes in detail a model that links competition
in the development of nerve connections with the
underlying actions and biochemistry of neurotrophic
factors.

10.1 Competition

The establishment and refinement of neural circuits

involve both the formation of new connections and

the elimination of existing connections (e.g., Lohof
et al. 1996). A well-studied case of this form of
remodeling is the withdrawal of connections that
takes place during development. Neurons, and other
cell types, are initially innervated by more axons than
they ultimately maintain into adulthood (Purves and
Lichtman, 1980; Lohof et al., 1996). This is a wide¬
spread phenomenon in the developing nervous sys¬
tem and occurs, for example, in the development
of connections between motor neurons and muscle

fibers (reviewed in Jansen and Fladby, 1990; Sanes
and Lichtman, 1999; Ribchester, 2001; see also sec¬

tion 10.2.2), the formation of ocular dominance
columns (see chapter 12 and section 10.2.3), and the
climbing fiber innervation of Purkinje cells (Crepel,
1982).

The process that reduces the amount of innerva¬
tion onto a postsynaptic cell is often referred to as
axonal or synaptic competition, although neither term
describes the competitors adequately (Colman and
Lichtman, 1992; Snider and Lichtman, 1996). Since a

single axon can branch to innervate, and compete on,

many postsynaptic cells simultaneously, competition is

perhaps better described as occurring between axon
branches rather than between axons. By further arbo¬
rization, the contact between an axon branch and a

postsynaptic cell can involve several synaptic boutons,
so that competition occurs not between single syn¬

apses but between groups of synapses.

Defining synaptic competition has exercised a
number of authors. In discussing the neuromuscular
system, Van Essen et al. (1990) gave one of the most
general definitions of competition; a process in which
there are multiple participants whose behavior is
governed by certain rules so that one or more of the
participants emerge as victors. This definition leaves
open the processes by which the victors arise. Based
on whether or not there are interactions between

*

the participants, Colman and Lichtman (1992) distin¬
guished two ways by which victors can come about,
leading to two types of competition:

1. In independent competition, victors do not arise as a
result of interactions (either direct or indirect) be¬
tween the participants, but are chosen (by "judges")
based on a comparison of the performance or desir¬
able features of the participants (e.g., as in a beauty
contest). In this form of competition, one participant
cannot influence the performance of the others during
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the competition. Lotteries are another example of this
form of competition. Here the criteria for selection
are random, and there is nothing a single ticket holder
can do to influence the outcome. In axonal competi¬
tion, this would mean that the axons innervating the
same postsynaptic cell do not affect each other and
that the postsynaptic cell would decide, on the basis of
some performance or random criteria, which axon(s)
would win. Since axons do affect each other (see sec¬

tion 10.2), and synapse elimination is nonrandom, this
form of competition is unlikely.
2. In interdependent competition, victors emerge as a
result of direct or indirect interactions between the

participants, affecting their performance. This is the
type of competition that is considered in population
biology, where two species of organisms are said to
compete if they exert negative effects on the growth
of each other's population. Ribchester (1992) and
Ribchester and Barry (1994) extended this defini¬
tion to neurobiology; they defined competition as the
negative effects that one neuron or its synapses have
on others. Based on how the negative interactions
come about, two types of interdependent competition
can be distinguished (Yodzis, 1989; see also figure
10.1):
* In consumptive competition, in systems of consumers
and resources, each consumer hinders the others
solely by consuming resources that they might other¬
wise have consumed; in other words, consumers hin¬
der each other because they share the same resources.
In neurobiology, competition is commonly associated
with this dependence on shared resources (Purves and
Lichtman, 1985; Purves 1988, 1994). In particular, it
is believed that axons compete for target-derived
neurotrophic factors (see section 10.2.1).
• In interference competition, instead of hindrance
through dependence on shared resources, there is
direct interference between individuals, e.g., direct
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a Axon 1 . " Axon 2

b Axon 1 Axon 2

Resource

Figure 10.1
(a) Interference competition. (b) Consumptive competition.
See the text for details. (Modified from Huisman, 1997.)

negative interactions, such as aggressive or toxic
interactions. In axonal competition, nerve terminals
could hinder each other by releasing toxins or pro¬
teases (see section 10.2.2). If some essential resource
can be obtained only by occupying, more or less
exclusively, some portion of space (competition for
space), this is also primarily interference competition,
because each consumer is seeking to monopolize a

portion of space rather than to share resources (Yod¬
zis, 1989).

Although the notion of competition is commonly
used in neurobiology, there is little understanding
of the type of competitive process or the underlying
molecular mechanisms. In this chapter we discuss the
different models of competition that have been pro¬

posed, both in the neuromuscular and in the visual
system (for a more detailed review, see Van Ooyen,
2001). We classify the models according to the forms
of (interdependent) competition that are distinguished
in population biology (as described earlier). Before
presenting the models, we briefly review the biology
of neurotrophic factors—which play an important
role in many models—and the development of the
neuromuscular and the visual system, the two systems
where competition is most widely studied.
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10.2 Neurobiological Background

10.2.1 Neurotrophic Factors

During an early stage of development, when initial
synaptic contacts are made, neurotrophic factors have
a well-established role in the regulation of neuronal
survival (see chapter 9). However, many studies now
indicate that neurotrophic factors may also be in¬
volved in the later stages of development, when there
is further growth and elimination of innervation (see
sections 10.2.2 and 10.2.3; for a critical review, see

Snider and Lichtman, 1996). For example, neuro¬

trophic factors have been shown to regulate the de¬
gree of arborization of axons (e.g., Cohen-Cory and
Fraser, 1995; Funakoshi et ah, 1995; Alsina et ah,
2001).

In addition to their decisive role in the fate of

neurons and the disposition of their connections,
neurotrophic factors have well-defined roles in mod¬
ulating synaptic transmission. For instance, neuro-

trophins (i.e., neurotrophic factors of the NGF family,
including BDNF, NT-3 and NT-4/5; Bothwell,
1995; Lewin and Barde, 1996), acting on their specific
Trk receptors, may phosphorylate synapse-specific
proteins and enhance transmitter release (Lohof et ah,
1993). Similar effects are exerted by other neuro¬

trophic factors, of the ciliary neurotrophic factor
(CNTF) and glial cell line-derived neurotrophic fac¬
tor (GDNF) classes (Ribchester et al., 1998; Stoop
and Poo, 1996). It is of some interest that positive
effects of neurotrophic factors on synaptic transmis¬
sion and growth can be commuted to negative effects,
depending on the relative levels of intracellular sig¬
naling molecules such as cyclic nucleotides (Bou-
langer and Poo, 1999; Poo, 2001).

10.2.2 Neuromuscular System

Adult System and Development
In adult mammals, each muscle fiber is innervated at

the endplate—a discrete region near the midpoint of
the muscle fiber—by the axon from a single motor
neuron. This state is referred to as mononeuronal (p)
or "single" innervation (figure 10.2b). However, a

single motor neuron, through its axonal branches,
typically contacts many muscle fibers. The motor
neuron and the group of muscle fibers it innervates
is referred to as the motor unit, and the number of
fibers contacted by a given motor neuron is called the
motor unit size. Motor neurons with higher firing
thresholds—which may therefore be less frequently
activated—have progressively larger motor units (the
size principle; Henneman, 1985).

During prenatal development, the axons of the
motor neurons grow toward their target muscle, and
near the muscle each axon arborizes to innervate a

large number of muscle fibers. At birth, the end-
plate of each muscle fiber is contacted by axons from
several different motor neurons, a state referred to

as polyneuronal (n) or "multiple" innervation (figure
10.2a). During the subsequent few weeks, axonal
branches are removed or withdrawn until the motor

endplate of each muscle fiber is taken over by the
synaptic boutons derived from a single motor axon
collateral (Brown et ah, 1976; Betz et ah, 1979;
Keller-Peck et ah, 2001a; Walsh and Lichtman, 2001).
Thus, during the elimination of polyneuronal inner¬
vation, the number and size of the synaptic boutons of
the winning axon increase, while the synaptic bou¬
tons of the losing axon are either gradually retracted
or nipped off from their parent neuron (Keller-Peck
et ah, 2001b). With contemporaneous addition and
loss of synaptic boutons, the synaptic area on the
endplate actually increases during the elimination
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Motor neuron

Axon

Figure 10.2
The development of connections between motor neurons and muscle fibers, (a) At birth, each fiber is innervated by axons front
several different neurons. (b) In adulthood, each fiber is innervated by the axon from a single neuron. (From Van Ooyen, 2001.)

Muscle fiber

Synaptic Endplate
bouton

of polyneuronal innervation (Sanes and Lichtman,
1999). Motor unit sizes, as well as the range of sizes,
decrease during elimination of polyneuronal innerva¬
tion (Brown et al., 1976; Betz et al., 1979; Balice-
Gordon and Thompson, 1988).

Competition
The elimination of polyneuronal innervation appears
to be a competitive process. Following removal of
some motor axons at birth, the average size of the
remaining motor units after elimination of poly¬
neuronal innervation is larger than normal (Thomp¬
son and Jansen, 1977; Betz et al., 1979; Fladby and
Jansen, 1987). This competition for the endplate
(postsynaptic competition), however, cannot explain
why larger motor units decrease in size more than
smaller ones (thus reducing the range of motor
unit sizes) and why sometimes branches at singly
innervated fibers—where there is no competition—

apparently withdraw (Fladby and Jansen, 1987). This
process of "intrinsic withdrawal" has not yet been
observed directly, but Keller-Peck et al. (2001b) have
argued that the asynchronous pattern of synapse loss
observed within motor units precludes intrinsic with¬
drawal as an integral component of synapse elimina¬
tion. It should now be possible to resolve this issue by
repeating the earlier studies of Betz et al. (1979) and
Fladby and Jansen (1987) using thyl-YFP transgenic
mice, which have endogenously fluorescent motor
axons and synapses, facilitating repeated visualization
of identified neuromuscular junctions (Feng et al.,
2000). If confirmed, the existence of intrinsic stimuli
to synapse elimination would imply that there are
also presynaptic constraints that restrict the number of
axon branches each neuron can maintain.

What mediates the competition in the develop¬
ment of mononeuronal innervation? We discuss this

for both consumptive and interference competition.
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Consumptive Competition
Muscles might release diffusible neurotrophic factors
for which axons compete (Snider and Lichtman,
1996). Several factors produced by muscles are capa¬
ble of retarding elimination of polyneuronal elimina¬
tion when applied to postnatal muscles (English and
Schwartz, 1995; Kwon and Gurney, 1996; Jordan,
1996). For example, transgenic mice overexprecsing
the neurotrophic factor GDNF show extensive poly¬
neuronal innervation at a relatively late postnatal stage

(Nguyen et al., 1998). Mononeuronal innervation is
eventually established, but about 2 weeks later than
normal. Exogenous administration of GDNF to neo¬
natal muscle also delays elimination of 7i-junctions,
but the pattern of innervation, together with the de¬
cline in sensitivity, suggested that the predominant ef¬
fect of this growth factor is to stimulate or maintain
nerve branch points, rather than synaptic terminals
per se (Keller-Peck et al., 2001a). It remains uncer¬
tain where the receptors for GDNF are located and
how their expression is regulated. However, the ob¬
servation that small but significant enhancements
in neurotransmitter release occur in response to low
concentrations of GDNF suggests that immature syn¬

aptic terminals at least express the receptor (Rib-
chester et al., 1998). It is not known whether nodes
of Ranvier, or other sites of neural sprouting, also ox

press GDNF receptors.

Interference Competition: Competition for Space
Until recently, the notion that competition occurs

only for space at the endplate was controversial be¬
cause some observations of developing neuromuscu¬
lar junctions in vivo revealed that as one terminal is
withdrawn, the space it occupied is left vacant rather
than being taken over by another terminal (Balice-
Gordon and Lichtman, 1994). However, a takeover
of existing space clearly occurs during reinnervation
of partially denervated muscle (Costanzo et al., 2000).
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Moreover, very recent observations made by Licht¬
man and colleagues, utilizing transgenic thyl-YFP
mice, suggest that both processes—takeover and
withdrawal without takeover—occur at the same or

different junctions during neonatal synaptic competi¬
tion as well (Walsh and Lichtman, 2001). At present,
it remains to be seen whether takeover will turn out

to be the predominant mechanism, as in rcinnervated
muscle (Barry and Ribchester, 1995; Costanzo et al.,
1999, 2000).

However, attempts to identity molecules that
might mediate a spatial competition have so far been
unsuccessful (Ribchester, 2001). For example, normal
elimination of synapses occurs in various transgenic
animals in which expression of cell surface or extrac¬
ellular matrix molecules, such as neural cell adhesion
molecules (N-CAMs) has been disrupted (Sanes et al.,
1998). But since synapse elimination must, at some

stage in the process, involve weakening of the ad¬
hesive bonds between synaptic membranes and
molecules in the extracellular matrix, the notion of
interference competition based on access to synaptic
space should therefore still receive attention. Intra-
neuritic tension-adhesion mechanisms have been

posited to account for morphogenesis in the brain
(Van Essen, 1997), and such mechanisms may be
accessible to experimental investigation at a cellular
level, using the neuromuscular junction as a paradigm.
Mechanical stimulation*(stretch) of motor nerve end¬
ings regulates transmitter release at neuromuscular
junctions, and this effect is mediated by integrins, re¬

ceptors for adhesion molecules (Kashani et al., 2001).
Integrins are implicated in synapse formation, growth,
and specificity in Drosophila muscle (Beumer et al.,
1999).

Interference Competition: Direct Negative Interactions
Another possibility is axon-derived or axon-
stimulated release of interfering molecules. For
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instance, proteases might mediate direct negative in¬
teractions between axons (Sanes and Lichtman,
1999). Many proteases and protease inhibitors are lo¬
cated at the neuromuscular junction (Hantai et ah,
1988), and various proteases have been proposed to

play a role in synapse destabilization (e.g., Zoubme
et al., 1996). Highly selective proteases could also
work indirectly, mediating the kind of spatial com¬

petition indicated earlier.

Role ofElectrical Activity
Does the overall level of activity affect the rate of
synapse elimination? Blocking activity (by interfering
with input activity, synaptic transmission, or muscle
activity) delays or prevents synapse elimination
(Thompson et al., 1979; Brown et al., 1982; Rib¬
chester and Taxt, 1984; Callaway and Van Essen,
1989; Barry and Ribchester, 1995), while stimulating
activity accelerates synapse elimination (O'Brien et al.,
1978; Thompson, 1983; Zhu and Vrbova, 1992;
Vyskocil and Vroba, 1993; for a review, see Rib¬
chester, 2001).

Do differences in the activity of innervating axons

confer competitive advantages on the more active
axons? Here the findings are less clear-cut. Selectively
stimulating motor neurons in neonates, Ridge and
Betz (1984) found that the more active axons have
a competitive advantage over the less active ones,
whereas Callaway et al. (1987), using selective block¬
ing, found the opposite. Experiments in tissue culture
also show opposing results (Magchielse and Meeter,
1986; Nelson et al., 1993). Based on observations
that synapse elimination begins with elimination of
AChRs (the postsynaptic receptors for acetylcho¬
line, the neurotransmitter in motor neurons) and
that in adults partial but not complete paralysis of
the endplate leads to the elimination of the termi¬
nals overlying the silent patches, Balice-Gordon and
Lichtman (1993, 1994) suggested that electrically

active synapses are the stimulus for removing the
AChRs underlying the less active synapses, which are
then eliminated. However, when motor endplates are
made completely silent by blocking nerve conduction
and synaptic transmission during nerve regeneration,
inactive terminals appear capable of competitively
displacing other, active or inactive, terminals (Rib¬
chester, 1988, 1993; Costanzo et al., 2000). Thus,
differences in activity are not strictly necessary for
synapse elimination.

Electrical activity also seems to be insufficient
for synapse elimination. Barry and Ribchester (1995)
found that following recovery from chronic nerve
conduction block, many reinnervated muscle fibers
in partially denervated muscles retain polyneuronal
innervation, in spite of the resumption of normal
neuromuscular activity. Following on from this, Cos¬
tanzo et al. (1999) showed that the synaptic efficacy
per unit area was similar in the coinnervating inputs to
the muscle fibers, whatever the relative synaptic area
covered by each motor nerve terminal.

In conclusion, activity is clearly influential in syn¬

aptic competition—particularly in regard to its effects
on the rate of synapse elimination—but activity does
not seem to be decisive (Costanzo et al., 2000; Rib¬
chester, 2001). To reconcile the different findings,
one possibility is that activity is just one of many
influences in competition. Perhaps its main influence
is restricted to critical periods during the competitive
process, while the actual competition is governed
by other factors, e.g., neurotrophic factors, adhesion
molecules, and their receptors (Costanzo et al., 2000;
see also section 10.4).

10.2.3 Visual System

Adult System and Development
In the adult visual system, the different layers of the
lateral geniculate nucleus (LGN) receive axons from
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Figure 10.3
The development of ocular dominance columns, (a) The
adult visual system. The lateral geniculate nucleus (LGN) of
the thalamus is composed of two or more layers, each of
which receives axons from either the left or the right eye.
In the visual cortex, cells in layer IV respond preferentially
to input from either the left or the right eye. (b) In the im¬
mature system, the arbors of the geniculate axons overlap
extensively within layer IV. (c) During further develop¬
ment, remodeling of axonal arbors takes place so that each
cortical cell receives axons from either the left-eye or right-
eye geniculate neurons. (From Van Ooyen, 2001.)

either the left or the right eye (figure 10.3a). Like the
different layers in the LGN, columns of cells in layer
IV of the visual cortex (to which the axons from the
LGN project) respond preferentially to input from
either the left or the right eye (ocular dominance; see
also chapter 12).

The formation of eye-specific layers and columns
requires anatomical remodeling of axonal arbors dur¬
ing development (figures 10.3b and 10.3c). Initially,
the retinal axons from the two eyes overlap exten¬

sively within the LGN. Similarly, the arbors of geni¬
culate axons are initially evenly distributed within

layer IV. Just as in the elimination of polyneuronal
innervation in the neuromuscular system, the refine¬
ment of connections to the LGN and cortex involves

both the retraction of axonal side branches that

project to the wrong region and the elaboration
of branches that project to the correct region, and
the total number of synapses onto a postsynaptic cell
actually increases during the period in which elimina¬
tion takes place.

Competition
As in the neuromuscular system, the formation of
eye-specific layers and columns might involve com¬

petition between axons or axon branches for target-
derived neurotrophic factors. Continuous infusion
of the neurotrophins NT-4/5 and BDNF in the cat
visual cortex prevents the formation of ocular domi¬
nance columns (Cabelli et ah, 1995), presumably
because the LGN axon branches fail to retract. In

monocular deprivation experiments (see the follow¬
ing section) in cats and rats, excess neurotrophic factor
mitigates or abolishes the relative increase of the ocu¬

lar dominance stripes associated with the open eye

(e.g., Yan et ah, 1996; see also chapter 12).

Role of Electrical Activity
The process of segregation into eye-specific regions is
influenced by neural activity, which arises not only

S%

from visual stimulation through photoreceptor activa¬
tion but also from spontaneous activity in retinal gan¬

glion cells. When all activity in both eyes of kittens is
blocked by tetrodotoxin, ocular dominance columns
do not form at all (Stryker and Harris, 1986). When
only the visually driven activity is blocked, however,
as in macaque monkeys reared in complete darkness, a
normal pattern of ocular dominance columns is found
(LeVay et ah, 1980). In fact, in monkeys at least, ocu¬
lar dominance columns are present prior to birth and
eye opening (Horton and Hocking, 1996). Taken

- Column
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together, these observations suggest that spontaneous
activity in the retina may instruct the formation of
ocular dominance columns. This is inconsistent with

the finding that eye removal in ferrets early in visual
development does not prevent the development
of ocular dominance columns (Crowley and Katz,
1999). Recently, Crowley and Katz (2000) showed
that in ferrets, ocular dominance columns appear

much earlier during development than previously
thought, and that these early columns are unaffected
by imbalances in retinal activity. They proposed that
axon guidance cues are sufficient to initially establish
columns.

Although activity might not be necessary for the
initial formation of ocular dominance columns, the
prevailing view is that it does play a decisive role
in their later plasticity. For example, when vision
through one eye is prevented by suturing the eyelids
shut after birth, the stripes or patches formed by the
sutured eye's input become smaller than those formed
by the open eye's input (e.g., Shatz and Stryker, 1978;
see also chapter 12). However, even this bastion of
synaptic plasticity seems to be under renewed assault
(Wickelgren, 2000; Crowley and Katz, 2000; Crair
et al., 2001). In conclusion, just as activity has a role in
the development of the neuromuscular system, activ¬
ity is also influential in the development of the visual
system, but it may not be overwhelmingly decisive.

10.3 Review of Models

Models in which competition plays an important role
have been proposed for both the neuromuscular and
the visual system. In the neuromuscular system, the
main aim is to explain the change from polyneuronal
to mononeural innervation of muscle fibers. In the

visual system, the main aim is to explain the develop¬
ment of columnar organization of synaptic connec¬

tivity, especially ocular dominance. The presentation
of the various models here is structured on the basis of

how competition is implemented: through synaptic
normalization and modified Hebbian learning rules
(section 10.3.1), dependence on shared resources

(section 10.3.2), or interference (section 10.3.3).
For each model, we identify its underlying positive
feedback loop; this is what enables one or more

competitors to outcompete the others. To show the
differences and similarities in modeling approach,
mathematical equations are given for one model of
each type.

10.3.1 Competition Through Synaptic
Normalization and Modified Hebbian Learning Rules

Many models—especially those of the formation of
ocular dominance—enforce competition rather than
implement its putative underlying mechanisms (for a

review, see Miller, 1996). That is, these models ex¬

plore the consequences of imposing certain rules that
are introduced to ensure competition between axons.
These models usually describe changes in synaptic
strength (physiological plasticity) rather than changes
in axonal arborization (anatomical plasticity). To see
how competition can be enforced, consider n inputs
with synaptic strengths w,(f) (i = 1,. . ., n) impinging
on a given postsynaptic cell at time t. Simple Hebbian
rules for the change Au)j(t) in synaptic strength in time
interval At state that the synaptic strength should grow
in proportion to the product of the postsynaptic
activity level y(t) and the presynaptic activity level
Xj(t) of the ith input:

Au>j(t) oc y(t)xj(t)At. (10-1)

According to Eq. (10.1), only increases in synaptic
strength can take place, and if the activity levels of
two inputs (e.g., two eyes) are both sufficient to
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achieve potentiation, then both pathways are strongly
potentiated (and no ocular dominance can occur). To
achieve the situation that when the synaptic strength
of one input grows, the strengths of the other one
shrinks (i.e., competition), y)" W/(t) should be kept
constant (synaptic normalization). At each time inter¬
val At—following a phase of Hebbian learning, in
which Wj(t + At) = utj{i) + Au'i(t)—the new synaptic
strengths are forced to satisfy the normalization con¬

straint, either by multiplying each synaptic strength by
a certain amount (multiplicative normalization; Will-
shaw and Von der Malsburg, 1976) or by subtracting
a certain amount from each synaptic strength (sub-
tractive normalization; Miller et al., 1989). The final
outcome of development may depend on whether
multiplicative or subtractive normalization is used
(Miller and MacKay, 1994). Multiplicative, but not
subtractive, normalization prevents the development
of ocular dominance if there are positive between-eye
correlations (which are likely to be present when the
two eyes are open). Experimental evidence for multi¬
plicative normalization has been found in cultures of
cortical neurons (Turrigiano et al., 1998; see also
chapter 8).

Another approach for achieving competition is
to modify Eq. (10.1) so that both increases in syn¬

aptic strength (long-term potentiation, or LTP) and
decreases in synaptic strength (long-term depression,
or LTD) can take place. Assume that y(f) and .v,(f)
must be above some thresholds 0y and 0X, respectively,
to achieve LTP, and otherwise yield LTD (Miller,
1996); i.e.,

AWi(t) cc [y(f) - 0y][xj(t) - 0x\At. (10.2)
A stable mechanism for ensuring that when some

synaptic strengths increase others must correspond¬
ingly decrease is to make one of the thresholds vari¬
able. If 0'x increases sufficiently as y(t) or w,(t) (or
both) increases, conservation of synaptic strength can

be achieved (Miller, 1996). Similarly, if 0y increases
faster than linearly with the average postsynaptic
activity, then the synaptic strengths will adjust to keep
the postsynaptic activity near a set point value (Bien-
enstock et al., 1982; see also chapter 12).

Yet another mechanism that can balance synaptic
strengths is based on (experimentally observed) spike
timing-dependent plasticity (STDP; reviewed in Bi
and Poo, 2001). Presynaptic action potentials that
precede postsynaptic spikes strengthen a synapse,
whereas presynaptic action potentials that follow
postsynaptic spikes weaken it. Subject to a limit on
the strengths of individual synapses, STDP keeps the
total synaptic input to the neuron roughly constant,

independent of the presynaptic firing rates (Song et al.,
2000).

10.3.2 Consumptive Competition: Competition for
a Target-Derived Resource

Keeping the total synaptic strength on a postsynaptic
cell constant (synaptic normalization) is a biologically
unrealistic way of modeling competition during de¬
velopment. In both the neuromuscular and the visual
system, the total number of synapses on a postsynaptic
cell increases during competition as the winning
axons elaborate their branches and the losing axons
retract branches (see section 10.2). In models that
implement consumptive competition, competition
between input connections does not have to be
enforced, but comes about naturally through their
dependence on the same target-derived resource.
There are two ways in which this can be modeled:

1. In fixed-resource models, the total amount of post¬

synaptic resource is kept constant. The total amount
of resource is the amount taken up by the input con¬
nections (i.e., the total synaptic strength if the re¬
source is "converted" into synaptic strength) plus the
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amount left at the target. Thus, the total synaptic
strength is not kept constant and can increase during
development when the resource becomes partitioned
among the input connections.
2. In variable-resource models, it is not imposed that
even the total amount of resource should remain

constant. In these models, there is continuous pro¬
duction of neurotrophin and continuous uptake
or binding of neurotrophin. Continuous uptake or

binding ("consumption") of neurotrophin is needed
to sustain the axonal arbors and synapses. This view
of the way in which the resource exerts its effects is
closer to the biology of neurotrophins, and is also
closer to other consumer—resource systems in biology;
organisms need a continuous supply of food (resource)
to sustain themselves.

Fixed-Resource Models

Dual Constraint Model (Bennett and Robinson, 1989;
Rasmussen and Willsliaw, 1993)
Based on experimental results that suggest a role for
both a postsynaptic and a presynaptic resource in
the development of neuromuscular connections (see
section 10.2.2), the dual constraint model combines
competition for both these types of resources. Each
muscle fiber m has a postsynaptic resource B (in
amount Bm), and each motor neuron n has a pre¬

synaptic resource A, which is located in its cell soma

(in amount A„) and in all its terminals nrn (in amount

Anm). In the synaptic cleft, a reversible reaction takes
place between A and B to produce binding complex
C:

A,Im + Bm C,„„, (10.3)
with

~ = aAnmBmC^ - (10.4)
at

where a and f! are rate constants. The size of the ter¬
minal is assumed to be proportional to C„m. Including
C,Cm (with /i > 0) in Eq. (10.4) incorporates a positive
feedback and is needed to achieve single innervation.
The justification given by Bennett and Robinson
(1989) for including this positive feedback is that
electncal activity in the nerve terminal could produce
electromigration of molecules B in the endplate, so
that larger terminals will attract more molecules.

The total amount Ao of presynaptic substance in
each motor neuron is fixed:

M M

Ao = A„ + y ' A„j + y ' Cnj, (10.5)
j=\ j= l

where N and M are the total numbers of neurons

and muscle fibers, respectively. The amount Anm is
assumed to be proportional to C,„„ (thus incorporating
a second positive feedback) and An\

Anm = KCllmA,„ (10.6)

where K is a constant.

The total amount B0 of postsynaptic substance in
each muscle fiber is also fixed:

N

Bo = Bm + C„„. (10-7)
(=1

Introducing Eqs. (10.3), (10.6), and (10.7) into Eq.
(10.4) gives a set of differential equations for how C„,„
changes over time.

Single innervation is a stable state of the model, and
there is an upper limit, proportional to Aq/Bq, on the
number of terminals that can be supported by each
motor neuron (Rasmussen and Willshaw, 1993). So
if the initial amount of polyneuronal innervation is
larger than this limit, then terminals will withdraw,
even in the absence of competition (intrinsic with¬
drawal; see section 10.2.2).
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Polyneuronal states can also be stable and can co¬
exist with single innervation states (Van Ooyen and
Willshaw, 1999a). This offers an explanation for par¬
tial denervation experiments that show that persistent
polyneuronal innervation occurs after reinnervation
and recovery from prolonged nerve conduction block
(see section 10.2.2), while under unblocked condi¬
tions single innervation develops (see also section
10.4).

Weak points of the dual constraint model are that
(1) it does not make clear the identity of the pre- and
postsynaptic resources; (2) a stronger biological justifi¬
cation for the positive feedback loops is needed; and
(3) without electrical activity [p = 0 in Eq. (10.4)], no

competitive elimination of connections takes place,
which is not in agreement with recent experimental
findings (see section 10.2.2).

Joseph and Willshaw (1996) and Joseph et al.
(1997) gave a more specific interpretation of the dual
constraint model in which A represents the protein
agrin, B the acetylcholine receptor (AChR), and C
aggregated AChRs. They were able to explain the
results produced by focal blockade of postsynaptic
AChRs (Balice-Gordon and Lichtman, 1994; see also
section 10.2.2).

Harris et al. (1997, 2000)
This model of the development of ocular dominance
columns incorporates a combination of Hebbian syn¬

aptic modification and activity-driven competition for
neurotrophins. In the model, each cortical cell has a
fixed pool of neurotrophin to distribute over its input
connections. The higher the connection strength,
the faster the uptake of neurotrophin. Connection
strength increases owing to Hebbian LTP at a rate that
depends on the amount of neurotrophin taken up

(together with the previous assumption, this creates
a positive feedback loop). Connection strength de¬
creases owing to heterosynaptic LTD.

The model shows that (1) ocular dominance col¬
umns develop normally—even with positive intereye
correlations in activity (compare section 10.3.1)—
when the available neurotrophin is below a critical
amount and (2) column development is prevented
when excess neurotrophin is added. A criticism of the
model is that it incorporates only physiological plas¬
ticity, while anatomical plasticity is (mainly) involved
in the formation of ocular dominance columns.

Variable-Resource Models

Elliott and Sliadholt (1998a, h)
This model of the development of the visual system

explicitly describes anatomical plasticity and incorpo¬
rates a role for electrical activity, both in the release
and in the uptake of neurotrophin. For the case of a

single target (e.g., a cortical cell) with a number of
innervating axons (e.g., from the LGN), the rate of
change in the number s, of synapses that axon i has on
the target is given by

dsi [/T , T {a + a;)pj
— = ESi 7i) + T] ^—-— 1dt [V Zj/ sj J sj(a + aj)Pj

(10.8)

where To is a constant representing the activity-
independent component of release of neurotrophin
by the target; T\ is ,a constant for the activity-
dependent component; JT S/dy/ JT Sj is the mean
activity of a synapse, where ay is the level of activity
of axon j; (a + <a,)/j, represents the capacity of an axon
to take up neurotrophin, where a is a constant for
activity-independent uptake and p, is the number
of neurotrophin receptors per synapse. Equation
(10.8) incorporates a positive feedback: neurotrophin
increases the number of synapses, while more synapses
mean a higher uptake of neurotrophin. The model
permits the formation of ocular dominance columns,
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even in the presence of positively correlated inter-
ocular images (compare section 10.3.1). A high level
of neurotrophin released in an activity-independent
manner prevents the formation of ocular dominance
columns.

A criticism of the model is that it is not clear

why the activity-dependent release of neurotrophin is
taken to depend on the mean activity of the synapse,
rather than on the level of activity of the target. Also,
in the model, electrical activity directly increases the
uptake of neurotrophin, rather than by increasing
the number of neurotrophin receptors (Salin et al.,
1995; Birren et al., 1992) or the number of synapses

(Ramakers et al., 1998).

Jeanpretre et al. (1996)
Jeanpretre et al. (1996) were the first to model neuro¬

trophic signaling in a tully dynamical way, imple¬
menting production, degradation, and binding of
neurotrophin. They considered a single target that
releases neurotrophin and at which there are a num¬
ber of innervating axons. In the model, each axon has
a variable called axonal vigor, which represents its
ability to take up neurotrophin and which is propor¬
tional to its total number of neurotrophin receptors.
The rate of change in vigor depends on the vigor itself
(i.e., positive feedback) and increases with the frac¬
tion of receptors occupied by neurotrophin, over and
above some threshold (the threshold is a constant that
represents the value of the axonal vigor that yields
zero growth). The system will approach a stable equi¬
librium point in which a single axon—the one with
the lowest threshold—survives.

Criticisms of the model are that (1) the rate of
change in axonal vigor (including the positive feed¬
back) is postulated but not explicitly derived from
underlying biological mechanisms; and (2) the thresh¬
olds do not emerge from the underlying dynamics but
need to be assumed.

Van Ooyen and Willshaiv (1999b)
Independently from Jeanpretre et al. (1996), Van
Ooyen and Willshaw (1999b) proposed a model of
competition that implements neurotrophic signaling
in a fully dynamical way and that does not have the
above-mentioned drawbacks. For the description of
this model, see section 10.4.

10.3.3 Interference Competition

Competition for Space
Competition for space occurs if some essential re¬
source can be obtained only by monopolyzing some

portion of space. The resource may be space itself or it
may be some immobile resource.

Van Essen et al. (1990)
This model incorporates competition for space

together with the idea that the increase in size of a
motor neuron terminal depends on how much "scaf¬
fold" is incorporated in the underlying basal lamina at
the endplate. In the model, a terminal occupies a cer¬
tain amount of space on the endplate and grows (as a
stochastic process) by occupying more space at the
expense of the size of other terminals. It is not clear
whether the model can account for single innervation,
because even after many iterations, a high percentage
of muscle fibers remained polyneuronally innervated.

Induced-Fit Model (Ribchester and Barry, 1994)
In the induced-fit model, which was not given in
mathematical terms, nerve terminals from different
axons have different isoforms of an adhesion mole¬

cule, and each endplate may express a number of
different complementary isoforms. Nerve terminals
induce a conformational change in (or increase the
expression of) the complementary adhesion mole¬
cules in the endplate so that goodness-of-fit increases.
Electrical activity in a terminal accelerates the con-
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formational change. The model was proposed to

explain that a block in nerve conduction delays or
inhibits elimination of polyneuronal innervation in
partially denervated and reinnervated muscle (Taxt,
1983; Barry and Ribchester, 1994, 1995; see also sec¬
tion 10.2.2).

Direct Negative Interactions
In the following models, all of which describe the
neuromuscular system, interference competition in¬
volves direct negative interactions. Nerve terminals
are destroyed or disconnected by the punitive effects
of other axons.

Willshaw (1981)
This is the first published formal model of the elimi¬
nation of polyneuronal innervation in the neuromus¬
cular system. Based on a proposal by O'Brien et al.
(1978), Willshaw (1981) assumed that each terminal
injects into its endplate a degrading signal, at a rate

proportional to its own "survival strength" (the size of
the terminal is thought to be proportional to this
strength), that reduces the survival strength of all the
terminals (including itself) at that endplate. The sur¬
vival strength of each terminal also increases, at a rate

proportional to that strength (positive feedback). Fur¬
thermore, the total amount of survival strength sup¬

ported by each motor neuron is kept constant, i.e.,
synaptic normalization of the total strength of the
output connections.

The model can account for (1) the elimination of
polyneuronal innervation, (2) the decrease in spread
of motor unit size, (3) the competitive advantage of
the terminals of smaller motor units over those of

larger ones (Brown and Ironton, 1978), and (4) the
increase in motor unit size after neonatal partial
denervation (Fladby andjansen, 1987).

Criticisms of the model are that (1) the positive
feedback is not accounted for biologically; and (2)

it uses synaptic normalization of output connections,
which implies that not all fibers will show an increase
in their total input survival strength during develop¬
ment (see section 10.2).

Nguyen and Lichtman (1996)
This model, which was not given in mathematical
terms, has many similarities with Willshaw's (1981)
model except that there is an explicit role for electrical
activity. In the model, each active synapse, by activat¬
ing its underlying acetylcholine receptors in the
endplate, generates two postsynaptic signals: (1) a

punishment signal that spreads over short distances
and eliminates the AChRs of neighboring synaptic
sites, which instigates the removal of the overlying
nerve terminal; and (2) a more locally confined pro¬
tection signal that neutralizes the punishment signal.
The strength of both signals is proportional to the
level of activity. Thus, when postsynaptic sites at the
same endplate have a different level of activity, the less
active ones will generate a weaker protection signal
(and a weaker punishment signal) than the more
active ones, so that the less active ones lose more

AChRs. The loss of AChRs further reduces local

postsynaptic activity, leading to an even weaker pro¬
tection signal, more loss of AChRs, and eventually
the removal of the overlying nerve terminal. This
positive feedback loop can bring about the removal

*

of all nerve terminals except the most active one.
When all the postsynaptic sites are equally active or
when they are all inactive, all nerve terminals will be
maintained.

The model can account for the observation that

when the AChRs of a portion of an endplate are

blocked, the blocked AChRs and their directly over¬

lying nerve terminals are eliminated only when a sub¬
stantial portion remains unblocked (Balice-Gordon
and Lichtman, 1994). A criticism of this model (and
the next one) is that it relies heavily on electrical
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activity, while recent experimental results suggest that
activity might not play such a decisive role (see section
10.2.2).

Barber and Lichtman (1999)
Barber and Lichtman (1999) put the ideas of Nguyen
and Lichtman (1996) into mathematical terms, al¬
though the punishment and protection signals are not
explicitly modeled. In their model, each synaptic area,
Amn for the area that neuron n makes on muscle fiber
in, is subjected to two effects: (1) loss of synaptic area,
in an amount Emn, through the punishing effect of
other axons; and (2) gain or loss of synaptic area, in
an amount U,„„, through utilization of neuronal
resources. Thus,

^=-xEmll+pUmtn (10.9)dt

where y and p are rate constants.
It is assumed that axons are able to compete effec¬

tively only during asynchronous activity and that the
punishing effect of an axon is proportional to the
amount of neurotransmitter it releases (which in turn
is proportional to the axon's terminal size at the end-
plate and to its mean firing rate), so that

Emn = ^2fiAmi(l-r2fnfi), (10.10)
i *n

where f and f„ are the firing rates of neuron i and n,

respectively; the neurons are asynchronously active
during a fraction (1 — r~J,f) of the time, where r is a
constant.

The total amount R of presynaptic resource in each
motor neuron is kept constant, so that

R = R +f«Y.AJ>" (1(U1)
i

where R,, „ is the amount of free resource left in motor

neuron n and y < 1 represents the assumption that
large synaptic areas are disproportionally less taxing on
the resources of the neuron. This total amount of

presynaptic resource in each neuron is divided among
all its connections, with large synaptic areas receiving
a greater share, so that

(10.12)

In addition to accounting for the elimination of
polyneuronal innervation, the model is able to repro¬
duce the size principle (see section 10.2.2) because the
presynaptic resource is utilized more heavily with
increased activity of the neuron. The competitive
advantage of higher frequency axons early in devel¬
opment is overcome at later stages by the greater syn¬

aptic efficacy of axons finng at a lower rate.

10.4 One Model in More Detail

Van Ooyen and Willshaw (1999b) proposed a model
of (consumptive) competition that implements neu¬

rotrophic signaling in a fully dynamical way. Unlike
Jeanpretre et al. (1996) (see section 10.3.2), they did
not need to assume a priori thresholds. Important
variables in the model are the total number of neuro-

trophin receptors that each axon has and the concen¬
tration of neurotrophin in the extracellular space. In
this model, there is a positive feedback loop between
the axon's number of receptors and the amount of
neurotrophin bound. Unlike the model ofjeanpretre
et al. (1996), this positive feedback, which enables one
or more axons to outcompete the others, was derived
directly from underlying biological mechanisms. Fol¬
lowing binding to their receptors, neurotrophins can
increase the terminal arborization of an axon (see sec¬

tion 10.2.1) and therefore the axon's number of syn-



Competition in the Development of Nerve Connections 197

apses. Because neurotrophin receptors are located on

synapses, increasing the number of synapses means

increasing the axon's total number of receptors. Thus
the more receptors an axon has, the more neuro¬

trophin it will bind, which further increases its
number of receptors, so that it can bind even more

neurotrophin—at the expense of the other axons.

Neurotrophins might increase the axon's total
number of receptors not only by enhancing the ter¬
minal arborization of an axon but also by increasing
the size of synapses (e.g., Garofalo et al., 1992) or by
upregulating the density of receptors (e.g., Holtzman
et al., 1992).

10.4.1 Description of the Model

A single target cell is considered at which there are n

innervating axons, each trom a different neuron (fig¬
ure 10.4a). Neurotrophin is released by the target into
the extracellular space at a (constant) rate o and is
removed by degradation with a rate constant 5. In
addition, at each axon i, neurotrophin is bound to

receptors with association and dissociation constants
kai and kjti, respectively. Bound neurotrophin (the
neurotrophin-receptor complex) is also degraded,
with a rate constant pr Finally, unoccupied receptors
are inserted into each axon at a rate and are

degraded with a rate constant y,. Thus, the rates of
change in the total number R, of unoccupied recep¬
tors on axon i, the total number C, of neurotrophin—
receptor complexes on axon i, and the extracellular
concentration L of neurotrophin are

dC
= (fe„,,LR, - kijQ) - PiQ

at

dRj /f f .

—r- = 4i ~ yiRi - (k,,iLRj - kj iQ)
at

dL

(10.13)

(10.14)

where v is the volume of the extracellular space.
Axons that will end up with no neurotrophin
(C; = 0) are assumed to have withdrawn.

The biological effects of neurotrophins—all of
which, as explained earlier, can lead to an axon ob¬
taining a higher total number of receptors—are trig¬
gered by a signaling cascade that is activated upon

binding of neurotrophin to its receptors (Bothwell,
1995). In order for the total number of receptors to
increase in response to neurotrophin, the rate of in¬
sertion of receptors, must be an increasing func¬
tion, f (called the growth function), of Q. To take
into account the fact that axonal growth is relatively
slow, lags behind f{C,), with a lag given by

(10.16)

where the time constant r for growth is on the order
of days. Immediately setting <j>i = _/i(C,) does not
change the main results. Van Ooyen and Willshaw
(1999b) studied different classes of growth functions,
all derived from the general growth function

MQ) =
a, Cj"

K,m + C"
(10.17)

— = a-SL - - ferf,iQ)/v, (10.15)

Depending on the values of m and K, the growth
function is a linear function (class I: m = 1 and FC,
much greater than C,) ®r a saturating function, which
can be either a Michaelis-Menten function (class II:
m = 1 and K, not much greater than C,-) or a Hill
function (class III: m = 2). Within each class, the spe¬
cific values of the parameters a, and K,, as well as those
of the other parameters, will typically differ among
the innervating axons as a result, for example, of dif¬
ferences in activity or other differences. For example,
increased presynaptic electrical activity can increase
the axon's total number of receptors (by upregulation:
Birren et al., 1992 and Salin et al., 1995; or by stim¬
ulating axonal branching: Ramakers et al., 1998),
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L+R — C

• Neurotrophin (L)
-x Unoccupied receptor (R)
-* Neurotrophin-receptor complex (C)

Figure 10.4
The model of Van Ooyen and Willshaw (see section 10.4). (a) Target cell with three innervating axons. The target releases
neurotrophin, which binds to neurotrophin receptors at the axon terminals. For three different classes of growth functions, (ft—
d) show the development of innervation for a system of five innervating axons, where each axon has a different competitive
strength (e-g) The nullcline pictures for a system of two innervating axons [the variables R,, Q, i = 1,2 and L are set at
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which implies that, for example, a,- is increased or y,- is
decreased.

10.4.2 Results of the Model

For class I, starting with any number of axons, elimi¬
nation of axons takes place until a single axon remains
(single innervation), regardless of the rate a of neu-

rotrophin release (see figure 10.4). For class I, the
number of surviving axons cannot be increased by
increasing a because an increased amount of neuro-

trophin will again become limiting as a consequence
of the resulting increase in the size of the winning
axon, which shows that the widely held belief that
competition is the result of resources being produced
in limited amounts is too simplistic. The axon that
survives is the one with the highest value of the
quantity /?, ee [fea,,-(af/iC,- - />;)]/["/;(&</,i + />,)], which is

interpreted as the axon's competitive strength. If the
growth function is a saturating function (classes II and
III) more than one axon may survive (multiple inner¬
vation) and then the higher the rate a of release of
neurotrophin, the more axons survive. For class III,
stable equilibria of single and multiple innervation can

coexist, and which of these will be reached in any

specific situation depends on the initial conditions.

For classes I and II, there is just one stable equilibrium
point for any set of parameter values and therefore no

dependence on initial conditions. For all classes, axons
with a high competitive strength /?,■ survive, and the
activity dependence of/?,- (e.g., via a,j means that these
are the most active ones, provided that the variation
due to other factors does not predominate.

The model can account for the following:

• The development of both single and multiple
innervation.

• The coexistence of stable states of single and mul¬
tiple innervation (class III) in skeletal muscle. Persis¬
tent multiple innervation is found in denervation
experiments after reinnervation and recovery from
prolonged nerve conduction block (Barry and Rib-
chester, 1995; see section 10.2.2 and figure 10.5).
• Increasing the amount of target-derived neuro¬

trophin delays the development of single innervation
(class I) (see section 10.2.2) or increases the number of
surviving axons (classes II and III) (e.g., in epidermis;
Albers et al., 1994).
• Decreasing the difference in competitive strengths
between the different axons (which could be brought
about by blocking their activity) delays the develop-

quasi-steady state; in (e) and (/), /?, > /?2; in (g), f = fl2]. The variable C is expressed in nurrj£>er ofmolecules and <p in number
of molecules hr . Axons that at the end of the competitive process have no neurotrophin (Q = 0; equivalent to f = 0) are
assumed to have withdrawn. In (e g), the bold lines arc the nullclincs off and the light lines are the nullclines ofyb (the x and
y-axes are also nullclines of 02 and </>], respectively). The intersection points of these lines are the equilibrium points. A filled
square indicates a stable equilibrium point, an open square an unstable equilibrium point. Vectors indicate direction of change,
(fr) Class I. Elimination of axons takes place until the axon with the highest value of the competitive strength jlt survives, (c)
Class 11. For the parameter settings used, several axons survive, (r?) Class III Dependence on initial conditions Although axon 1
has the highest value of the competitive strength, axon 2 survives because its initial value of <jt, is sufficiently higher than that of
axon 1. (e) Class I. The nullclines do not intersect at a point where both axons coexist. (f) Class II. The nullclines intersect at a

point where both axons coexist. For a sufficiently lower rate of ncurotrophin release, for example, the nullclincs would not in
tersect and only one axon would survive, (g) Class III. There is a stable equilibrium point where both axons coexist, as well as
stable equilibrium points where either axon is present. For a sufficiently higher value of Kfor example, the stable equilib¬
rium point where both axons coexist would disappear. (From Van Ooyen, 2001.)
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a b

Figure 10.5
For class III, persistent multiple innervation can arise after recovery from nerve conduction block. Shown are the phase-space
plots for a system of two innervating axons; for notations, see figure 10.4. The triangles mark the starting points of trajectories
(bold lines). As shown in (a), under normal conditions—with electrically active axons that have a different level of activity
(values of a, high and different) and a low initial number of receptors—single innervation develop. When activity is blocked
(values of a, lower and the same), as in (b), the same initial conditions lead to multiple innervation. Subsequent restoration of
activity means that the nullclines are again as in (a), but now the starting values of ipi are those reached as in (b), i.e., in the basin
of attraction of the polyneuronal equilibrium point. The system goes to this equilibrium and will remain there; i.e., there is
persistent polyneuronal innervation. (From Van Ooyen, 2001.)

ment of single innervation or increases the number of
surviving axons (the latter only for classes II and III).
• Both presynaptic and postsynaptic activity may be
influential, but are not decisive (Ribchester, 1988;
Costanzo et al., 2000; see section 10.2.2). For compe¬
tition to occur, it is not necessary that there be pre¬

synaptic activity; differences in the axons' competitive
strengths /?, can also arise as a result of differences in
other factors than activity. It is also not necessary that
there be postsynaptic activity, or activity-dependent
release of neurotrophin (compare Snider and Licht-
man, 1996).

An interesting observation is that the coexistence of
several stable equilibria for class III implies that an
axon that is removed from a multiply innervated
target may not necessarily be able to reinnervate the
target ("regenerate") when it is replaced with a low
number of neurotrophin receptors (figure 10.6). To
stimulate reinnervation, the model suggests that it is

more efficient to increase the number of receptors on

the regenerating axons than to increase the amount of
neurotrophin, because the latter treatment also makes
the existing axons stronger.

10.4.3 Influence of the Spatial Dimension of the
Extracellular Space

Van Ooyen and Willshaw (1999b) assumed that the
concentration of neurptrophin is uniform across the
extracellular space, so that all axons "sense" the same
concentration. This is a valid assumption if all the
axons are close together on the target structure, as, for
example, at the endplate on muscle fibers (Balice-
Gordon et al., 1993). However, if the target structure
is large (e.g., a large dendritic tree), the spatial dimen¬
sion of the extracelluar space should be taken into ac¬
count. Modeling local release of neurotrophin along
the target and diffusion of neurotrophin in the extrac¬
elluar space, Van Ooyen and Willshaw (2000) showed
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a

b c

Figure 10.6
(a) Removal of an axon from a multiply innervated target and subsequent replacement, for class II (b) and class III (c). At
t = 504 hr, axon 1 (bold line) is removed. At t = 756 hr, axon 1 is replaced (with initial conditions 0, = 30, R] =

(4l/y, and Cj = 0). Only for class II can the replaced axon survive. For class III, in order for the replaced axon to survive, a
much higher initial value of </>t would be required. For notations, see figure 10.4. (Modified from Van Ooyen, 2001.)

that the distance between axons mitigates competi¬
tion, so that if the axons are sufficiently far apart on
the target, they can coexist (even under conditions,
e.g., a class I growth function, where they cannot
coexist with a uniform extracellular space; see figure
10.7). This can explain why (1) when coexisting
axons are found on mature muscle cells they are

physically separated (Kuffer et al., 1977; Lo and Poo,
1991) and (2) in adulthood a positive correlation exists
between the size of the dendritic tree and the number

of innervating axons, while in newborn animals neu¬
rons of all sizes are innervated by approximately the
same number of axons (e.g., in the ciliary ganglion of
rabbits; Hume and Purves, 1981; Purves, 1994).

10.4.4 Axons Responding to More than One Type
of Neurotrophin

Van Ooyen and Willshaw (2000) considered a single
target that releases two types of neurotrophin and at
which there are two types of innervating axons (see
figure 10.8). Each axon type can respond to both
neurotrophin types. The following situations were
examined: (1) Individual axons have only a single type
of neurotrophin receptor, but this can bind to more
than one type of neurotrophin. Different types of
axons have different receptor types. (2) Individual
axons have more than one type of neurotrophin
receptor, and each receptor type binds exclusively to
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Target
Neurotrophin release

i I f
Diffusion

Axon 1 Axon 2

Figure 10.7
Influence of distance between axons on competition, (a) There is release of neurotrophin along the target and diffusion of
neurotrophin in the extracellular space. Both axons have a class I growth function. (b-d) If the axons are relatively far apart,
both survive, (e—g) If the two axons are close to each other, only one will survive, (c, /) The neurotrophin concentrations L, (in
nrol 1 ~1) near the axons, (d, g) The null-isoclines, in which the bold lines are the null-isoclines of and the thin lines those
of ^2- For other notations, see figure 10.4. (Modified from Van Ooyen and Willshaw, 2000.)

Time (h)
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200 150

Figure 10.8
(rt) System of five innervating axons where the target releases two types of neurotrophin, 11 and 1.2. Axons 1, 2, and 1 have re¬

ceptor type R1 (which binds preferentially, but not exclusively, to L1), and axons 4 and 5 have receptor type R2 (which binds
preferentially, but not exclusively, to L2). In {b—d), CI, (C2,) is the total number of Rl-Ll and R1-L2 (R2-L1 and R2-L2)
complexes for axon i. Except in (</), all axons have a class I growth function. Time is in hours. For other notations, see ftguie
10.1, (b) When the receptor specificity is high, there is competitive exclusion within each group, but coexistence among

groups, (c) When the receptor specificity is low, only one axon overall survives. In (rf), the second group of axons (axons 4 and
5) has a class II growth function, the first group (axons 1, 2, and 2) class 1 Axons 1, 4, and S survive. (Modified from Van Ooyen
and Willshaw, 2000.)

one type of neurotrophm. Different types of axons
have these receptor types in different proportions.
The results show that for both (1) and (2), different
types of axons can coexist (even under conditions,
e.g., a class I growth function, where they cannot
coexist with a single type of ncurotrophin) if they re¬

spond to the neurotrophins with sufficiently different
"affinities." For (1), this means that each type of re¬

ceptor should bind preferentially, but not necessarily
exclusively, to one type of neurotrophin. For (2), this

means that the receptor content among different types
of axons should be sufficiently different. By having
axons respond with different affinities to more than
one type of neurotrophin, the model can account
for competitive exclusion among axons of one type
while at the same time there is coexistence with axons

of another type innervating the same target (figure
10.8b,d). This occurs, for example, on Purkinje cells,
where climbing fibers compete with each other dur¬
ing development until only a single one remains,
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which coexists with parallel fibers innervating the
same Purkinje cell (Crepel, 1982).

10.4.5 Parallels with Population Biology

In population biology, competition has been studied
in many formal models (e.g., Yodzis, 1989; Grover,
1997). Parallels with axonal competition would allow
results from population biology to be applied to neu¬

robiology. Van Ooyen and Willshaw (2000) showed
that the equations describing axonal competition are
of the same form as those describing consumer-
resource systems (Yodzis, 1989). By making quasi-
steady-state approximations—on the slow time scale
of —for R, and C, (i.e., dRjdt = dCj/dt = 0), they
showed that Eqs. (10.13)-(10.16) can be rewritten as

^ (L,^j) - A3]
dL

It
= a — SL — ^ d>jhj(L),

(10.18)

(10.19)

where function £,(L, </>,) encompasses the growth
function and function /i,(L) = + L) includes
the kinetics of binding neurotrophin to receptors. (All
As are constants.) Note that under the quasi-steady-
state approximations, ^, = p,Q + y,R,. Thus, tf>t is a
measure of the total number of neurotrophin recep¬
tors (unoccupied plus bound to neurotrophin) on
axon i. In population biological terms, is the size of
the population of consumer species i; L is the size of
the resource population; /i,(L) is the functional re¬

sponse of the consumer, which describes how much
resource is consumed per individual consumer per
unit of time; and g,(L, //>;) — a3 is the numerical re¬

sponse of the consumer, which describes the change
in the consumer population expressed per individual
per unit of time in response to (in general) both re¬

source and consumer. For class I of the general growth
function, gt(L, ^,) = g,{L) = A4,,L/(A2,; + L).

The form in which the classical Lotka-Voltera

competition equations are given, i.e., without direct
reference to what the consumer species are competing
for, is obtained from Eqs. (10.18) and (10.19) by
making a quasi-steady-state approximation for the re¬

source, i.e., dL/dt = 0. This gives an expression for L
in terms of <t>h which can then be inserted into Eq.
(10.18). For example, for class I, if we assume for sim¬

plicity that all A.2,i are the same and 5 can be neglected,
we obtain

dt
*3 (10.20)

10.5 Discussion

The model by Van Ooyen and Willshaw (1999b)
links competition in the development of nerve con¬
nections with the underlying actions and biochemistry
of neurotrophins. It can account for the development
of single and multiple innervation, as well as for sev¬
eral other experimental findings, including the obser¬
vation that activity is influential but not decisive in
competition.

The model suggests that the regulation of axonal
growth by neurotrophins is crucial to the competi¬
tive process in the development, maintenance, and
regeneration of nerve connections. Among the many
axonal features that can change during growth in
response to neurotrophin [the degree of arborization
(and consequently the number of synapses), the size
of synapses, and the density of neurotrophin recep¬

tors], the consequent change in the axon's total num¬
ber of neurotrophin receptors, which changes its
capacity for removing neurotrophin, is what drives
the competition.
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Being a variable resource model (see section
10.3.2), this model has the advantage that its variables
and parameters are directly interpretable in terms of
the underlying biology (e.g., release, degradation, and
binding of neurotrophin; insertion and turnover of
receptor). This makes it also more straightforward to
extend the model.

Future Modeling Studies

Axons in the model by Van Ooyen and Willshaw
(1999b) have only a single target, whereas in the neu¬
romuscular system, for example, each axon innervates
a number of targets, so that there will also be compe¬
tition among branches of the same axon for neuro¬

trophin receptors (which are produced in the soma).
Furthermore, the effects of activity have not yet been
studied explicitly (e.g., the activity-dependent release
of neurotrophin).

In general, a challenge for future modeling studies
is to investigate whether explicitly implementing
the putative underlying mechanisms of competition
makes a difference in models in which competition is
involved. For example, Harris et al. (1997) and Elliott
and Shadbolt (1998b) showed that implementing the
putative underlying mechanism of activity-dependent
competition permits the formation of ocular domi¬
nance columns in the presence of positively correlated
interocular images. Ocular dominance columns do
not occur under these conditions when competition is
enforced using multiplicative normalization.

Further challenges for modeling competition in¬
clude (1) accounting for the observation, in the visual
system as well as in the neuromuscular system, that
activity is influential but may not be decisive; and (2)
combining physiological plasticity (changes in syn¬

aptic strength) with anatomical plasticity (changes in
axonal arborization) (as in Elliott et al., 2001).

Future Experimental Studies

Further experimental studies are necessary to find out
what type(s) of competition is (are) involved in the
formation of nerve connections. More types of com¬

petition may be involved at the same time, e.g., con¬

sumptive competition plus interference competition
(see section 10.2.2). Recent findings (see sections
10.2.2 and 10.2.3), both in the neuromuscular and in
the visual system, have supported a role for neuro¬

trophic factors in consumptive competition.
The model by van Ooyen and Willshaw (1999b),

which implements consumptive competition for neu

rotrophins, can be tested experimentally. The model
predicts that axons that are being eliminated will have
a low number of neurotrophin receptors. The shape
of the growth function [i.e., the dose-response curve
between neurotrophin and axonal growth; see Eq.
(10.17)], which determines what type of innervation
can develop, can be determined experimentally in
vitro by measuring, for different concentrations of
neurotrophin, the axon's total number of neuro¬

trophin receptors over all its synapses.
In assessing the role of electrical activity in compe¬

tition, it is important to know exactly how activity
has been changed, including postsynaptic activity (and
whether decreased levels of activity increase or de¬
crease the release of neurotrophin; see Snider and
Lichtman, 1996), the absolute level of presynaptic
activity, and the relative differences in activity among

innervating axons. The models suggest that all these
could in principle have different effects.

Finally, synapse elimination is thought to be a

process distinct from "Wallerian" degeneration—a
synchronous, obliterative response to nerve injury in
which nerve terminals are degraded and undergo
phagocytosis (e.g., Winlow and Usherwood, 1975).
However, an interesting alternative paradigm with
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the potential to offer insights into mechanisms of
synapse elimination is provided by the Wlds mutant
mouse and its transgenic derivatives (Ribchester et ah,
1995; Gillingwater and Ribchester, 2001). These
mice have slow Wallerian degeneration or none.
Sciatic nerve axotomy in lVlds mice induces synaptic
boutons to withdraw from motor endplates in a fash¬
ion that strongly resembles synapse elimination. Very
recently, the Wlds genotype has been used to form
the genetic background for thyl-CFP transgenic
mice, in which motor axons and synaptic terminals
endogenously express cyan fluorescent protein (D.
Thomson and R. R. Ribchester, unpublished data).
These mice, which have endogenously fluorescent
synapses that are protected from Wallerian degen¬
eration, offer many advantages that should facilitate
further descriptive, experimental, and computational
analyses of synapse elimination and its molecular
mechanisms.
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Neuromuscular transmission is
adequate in identified
abnormal dystrophic muscle fibres
[t has been suggested that 'functional denervation', a
failure of structurally intact neuromuscular junctions to
evoke a muscle fibre action potential following nerve
stimulation, plays an important part in the pathogenesis of
nurine muscular dystrophy1,2. Other workers, however,

Fig. 2 An indirect action potential with its first derivative (b)
was recorded from a dystrophic muscle fibre. The fibre was
subsequently marked with Procion brilliant red and located using
fluorescence microscopy (c). After staining for cholinesterase
and teasing (a, d) the endplate cholinesterase (ep) and the site
of the dye injection (PBR) were located. This fibre displayed
longitudinal splitting, confirmed by serial section of the embed¬
ded fibre (ej\ g). Calibrations; b, 50 mV, 500 Vs_I vertical; 5 ms

horizontal; d, 80 pm.

have been unable to confirm the existence of 'denervated'
muscle fibres in dystrophic mouse muscle3. Moreover, the
demonstration that transmitter release in response to nerve
stimulation is normal in such muscle4 seems to preclude the
possibility that 'denervation' may arise in an unpredictable
or spasmodic way as a result of changes in transmitter store
size or mobilisation during or after the repetitive discharge
of the motoneurone. It has been considered possible, how¬
ever, that the microelectrode techniques used in many of
these studies do not always sample diseased muscle fibres,
but select only a hypothetical group of 'normal' or 'healthy'
muscle fibres. We have therefore applied a technique of
intracellular staining5,6 and demonstrated that structurally
abnormal muscle fibres in dystrophic muscle display normal
neuromuscular transmission.

Experiments were carried out at room temperature on
extensor digitorum longus (EDL) muscles removed from
3-6-months-old dystrophic (Bar Harbor 129 ReJ) mice and
their clinically normal litter mates. In some muscles, muscle
fibre action potentials were generated in response to indirect
excitation and were recorded using standard intracellular
techniques. In other muscles, endplate potentials (e.p.ps)

Fig. 1 Two typical experiments in which the input resistance of a
muscle fibre was recorded using a standard two microelectrode
technique. The current passing electrode was filled with a 4%
solution of Procion brilliant red. The hyperpolarisation of the
membrane (lower trace) in the two fibres following the passage
of current (upper trace) is shown in a and b. The muscle fibres
were then marked with dye by passing steady d.c. current for
10-20 s. The marked fibres were located using fluorescence
microscopy (c, d) stained for cholinesterase and teased from the
whole muscle (e, /). The first fibre (a, c, e) showed longitudinal
splitting, and dye injection had taken place at the site of splitting.
The second fibre (b, d, /) was 'short' and had probably under¬
gone necrosis. M.e.p.ps were recorded from this fibre (not shown).
Calibrations; a, b, 5 ms horizontal; 20 nA, 20 mV vertical;

ej\ 70 pm.



were recorded following nerve stimulation at frequencies of
3 Hz and 30 Hz in the presence of 0.6-1.2/iM d-tubo-
curarine. The quantum contents of the e.p.ps were estimated
from the coefficient of variations of e.p.p. amplitudes7. After
recording either action potentials or e.p.ps, a second micro-
electrode filled with a 4% (w/v) aqueous solution of Procion

Fig. 3 An indirect action potential with its first derivative (c)
was recorded from a dystrophic muscle fibre which was marked
with dye (PBR in a). This fibre was very short, and it terminated
before the normal tendon of insertion (a). Its cholinesterase
distribution appeared normal (b). Calibration; c, 50 mV, 500 Vs-1

vertical; 3 ms horizontal; a, 80 pm.

Table 1 Mean quantum content of e.p.ps evoked at 3 Hz and 30 Hz
nerve stimulation in uninjected fibres and fibres injected with Procion

brilliant red

Mean quantum content
3 Hz 30 Hz

Normal EDL 306.3 ±22.5 184.2±15.8
(unmarked) (14) (14)
Normal EDL 346.2±51.9 232.0±35.4
(marked) (5) (5)
Dystrophic EDL 381.9±47.1 233.4±24.4
(unmarked) (22) (22)
Dystrophic EDL 379.0± 127.4 243.9±40.9
(marked) (12) (12)

Fibres were injected from microelectrodes filled with a 4% solution
of dye. Figures are mean ± s.e.m. Mean values at corresponding
frequencies are not significantly different (P > 0.05; Welch test).

osmium tetroxide (15min), and were then routinely pro¬
cessed and embedded in Spurr resin for subsequent micro¬
tomy. Sections were cut at 1 pm and were stained with hot
toluidine blue.

The experiments indicated that grossly abnormal fibres
in the dystrophic muscle were sampled using the described
techniques, and two of these fibres are shown in Fig. 1. In
12 fibres indirect action potentials were generated and the
fibres were subsequently marked with dye and teased out of
the muscle. Ten of the fibres showed abnormalities such as

longitudinal splitting9'10 (Fig. 2) or necrosis (Fig. 3). In a
further 12 muscle fibres, the quantum content of the evoked
e.p.ps was shown to be normal (Table 1); yet nine of the

brilliant red H3BN (ICI, Blackley) was introduced into the
muscle fibre within 100 pm of the recording electrode. Dye
was ejected by passing inward direct current (20-80 nA;
10-20 s) through the dye-filled microeleotrode. A visible red
spot and a localised swelling of the muscle fibre indicated
successful staining. Muscles were immediately fixed in cold
(4 °C) formal-calcium (10% formalin, 1% CaCl2) for 4 h,
teased into small bundles and stained for cholinesterase
activity". The marked fibres were located using a Vickers
Photoplan fluorescence microscope. The exciting light was
filtered through a combination of Schott UG3, Schott BG12
and Balzers TRITC- I filters; emitted light was collected
using a combination of Schott GG4 and Wratten 2E barrier
filters. The marked fibres, which fluoresced bright red,
were teased from the bundles, and, after photography, were
embedded in 1% agar-agar, post-fixed in phosphate-buffered
4% glutaraldehyde (1 h) followed by phosphate-buffered 1%

Fig. 4 Input resistance (b) and a train of endplate potentials
(30 Hz, c) were recorded in the presence of d-tubocurarine from
a dystrophic muscle fibre which was marked with dye (PBR in a).
This fibre terminated well before the normal insertion of
adjacent fibres. The cholinesterase staining was somewhat frag¬
mented. The quantum content of the e.p.ps was normal (see
Table 1). Calibration a,50 pm; b, 60 nA, 60 mV vertical, 15 ms

horizontal; c, 10 mV vertical, 1 s horizontal.

PBR

/



/

fibres show overt morphological abnormalities (Fig. 4 is
typical).

We have thus demonstrated normal transmission in 24

dystrophic muscle fibres, 19 of which were grossly abnormal,
exhibiting between them longitudinal fibre splitting, necrosis
and, apparently, termination within the bulk of the muscle
rather than at the normal myotendinous junction11. We
suggest, therefore, that the pathological involvement of
muscle fibres in this disease cannot be either a direct or

indirect consequence of a peripheral block of neuromuscular
transmission.
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The first explicit suggestion that some form of denervation was common in
the skeletal muscles of the dystrophic mouse was made by McComas and
Mrozek in 1967.1 They reported that up to 45% of muscle fibers in dystrophic
tibialis anterior muscles could not be excited by indirect stimulation in vivo,
even though the fibers could be excited by direct (anode-break) stimulation.
They also showed that the resting membrane potentials of the "apparently
denervated" fibers were the same as those of the "apparently normal" fibers,
from which they inferred "that [the] denervated fibers may be in reasonably
good condition." It is important to acknowledge that McComas and Mrozek 1
did not attempt to specify the site of the lesion, pointing out that both pre- and
postsynaptic sites should be considered.

These early observations have been repeated and extended by Law et al.2"'
In their most recent work,4 these authors have suggested that the nerve terminal
is implicated in "denervation," because 18% of soleus muscle fibers gave no
electrical response at the end-plate region after stimulation of the motor nerve.
A further 35% of muscle fibers generated either an end-plate potential that did
not reach the threshold for action potential generation or low-amplitude action
potentials that faded as they were propagated along the muscle fiber. All of the
abnormalities are classified by the authors as giving rise to "functionally dener¬
vated" fibers, a condition defined by McComas 5 as one in which an axon is in
close apposition to a muscle fiber, is still able to supply sufficient "trophic
influence" to prevent frank denervation, but is not healthy enough to maintain
an electrophysiologically efficient synapse. Law's use of the term clearly includes
fibers in which the deficit is located in the sarcolemma. Law et aid have also

suggested that the 18% of fibers in soleus muscles that are totally unexcitable
may correspond to the "silent synapses" described by Dennis and Miledi6 as
occurring in regenerating frog neuromuscular junctions. This term was used by
Dennis and Miledi to describe synapses at which the spontaneous release of
transmitter could be monitored but at which indirect stimulation resulted in only
a small end-plate potential. It should be noted that neither McComas and
Mrozek 1 nor Law et al.2-' have ever commented on the presence or absence of
spontaneous transmitter release at neuromuscular junctions of "functionally
denervated" muscle fibers.

* Supported by the British Medical Research Council, the Muscular Dystrophy
Group of Great Britain, and the Muscular Dystrophy Association of America, Inc.
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Apart from these very explicit suggestions that "denervation" plays a role in
the expression of murine muscular dystrophy, other features of the diseased
muscle have been considered relevant to the concept. These features include
abnormalities in the spontaneous release of transmitter,7' 6 the sparse distribution
of vesicles in dystrophic nerve terminals,9-10 the presence of fibrillation in the
diseased muscle,11 and the presence of small muscle fibers 1 and central nuclea-
tion. The presence of elongated nerve terminals, preterminal and collateral
sprouting,12- 1:1 and fragmented subsynaptic apparatuses12 has also been re¬
ported, but the existence of such abnormalities has not always been unequiv¬
ocally established.

1. Cell death & axonal degeneration

2. Axonal degeneration preceding
cell-death

3. Conduction failure along axon

ion^v^

4. Reduced output of transmitter

5. Reduced sensitivity of postsynaptic
region to transmitter

6. Conduction failure along muscle fiber

f— ////////////A

7. Isolation of part of muscle fiber by
plug of necrotic tissue

/

Figure 1. Possible abnormalities responsible for the existence of "denervated"
muscle fibers in dystrophic mouse skeletal muscles. Derived from McComas and
Mrozek.1

Site(s) of the Lesion

In the context of murine muscular dystrophy, it has already been demon¬
strated that "denervation" and "functional denervation" are terms applied to
Aiuscle fibers that do not generate propagated action potentials in response to
indirect excitation. In this circumstance, many possible explanations for the
observation may exist, and the more obvious ones are outlined in Figure 1.

The loss of the anterior horn cell and the subsequent or concurrent degenera¬
tion of the axon seems an unlikely reason for the existence of denervated muscle
fibers. It has been demonstrated by Papapetropoulos and Bradley 11 that there is
no loss of spinal neurons in the dystrophic mouse and, by Huizar et al,,15 that
the physiologic properties of the anterior horn cells are normal. Moreover,
despite the reported reductions in the number of axons in some dystrophic
mouse nerve trunks,16 and of the gross morphologic abnormalities seen in almost
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all spinal roots,17'ls there has been virtually no report of the presence of large
numbers of degenerating axons. Even if many axons did degenerate, to pre¬
cipitate denervation, there is no reason to suppose that the muscle fibers would
remain denervated, because it is well appreciated that after nerve section or
nerve crush, dystrophic nerves are capable of regeneration and of innervating
all available denervated muscle fibers. This is true whether the muscle to be
reinnervated is dystrophic ,!'--1 or, in experiments utilizing parabiosis, when the
dystrophic nerve is directed to reinnervate a normal muscle.19' 20 That the
dystrophic nerve does reinnervate a normal muscle is particularly important,
because in view of the reduced number of muscle fibers in a dystrophic muscle
relative to normal,71 each axon has to enlarge its territory approximately twofold.,

Axonal degeneration prior to horn cell death seems a possibility in view of
the age-related loss of axons in the nerves of dystrophic mice.-- However, if a
loss of axons is symptomatic of the disease, it is unlikely that many muscle fibers
would remain denervated, because unaffected axons should be expected to
enlarge their territory by means of collateral innervation.

Conduction failure along the dystrophic axon is an unlikely cause of the
"denervation," because impulses are conducted (albeit at a reduced rate)
through the amyelinated roots and along the myelinated portions of the
axon.15' 2:1

The inability of the nerve terminal to release sufficient transmitter to effect
neuromuscular transmission or of the postjunctional membrane to respond to
the released transmitter has to be considered as the site(s) of failure, and indeed
the nerve terminal has been implicated quite explicitly by Law et old Moreover,
the ability of the muscle fiber membrane to propagate an action potential has
been questioned,1 and McComas and Mrozek 1 specifically questioned the role
of necrotic segments of tissue in isolating portions of otherwise normal muscle
fibers from the end-plate region. These four sites, then (4-7 in Figure 1),
would appear to be the sites most likely to be involved in the appearance of
denervated muscle fibers in the skeletal muscles of dystrophic mice. In sub¬
sequent sections, we shall consider the nature of action potential generation in
dystrophic skeletal muscle and then shall discuss transmitter release from the
motor nerve terminal, fibrillation and the pharmacologic properties of dystrophic
skeletal muscle, the relevant morphologic features of dystrophic muscle fibers,
and the organization of the synaptic region.

Action Potential Generation in Dystrophic Muscle Fibers

The ability of dystrophic muscle fibers to generate an action potential in
response to indirect excitation has been studied by Harris et at. in both th?
129 Rej (dy/dy) and the C57BL/6J (dy-'dy-') strains of the mouse.21- 21-25 All
muscle fibers have been shown to generate action potentials. In general, it has
been established that the maximum rate of rise of the action potential in dys¬
trophic muscle fibers is lower than normal, and the reduction would seem to be
genuine and not an indirect consequence of the reduced membrane potential
of dystrophic muscle fibers.21-25 Both the maximum rate of rise (dv/dr) and
the amplitude of the overshoot of the action potential are related to the resting
membrane potential of the muscle fiber as normal (Figure 2). Furthermore, we
have recently shown that dv/dr is maximal in both normal and dystrophic ex¬
tensor digitorum longus muscle (EDL) fibers at a membrane potential of —95
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to —100 mV, is reduced to 50% of maximum between —62 and —65 mV mem¬
brane potential, and is "inactivated" at a membrane potential of between —35
and —40 mV (Figure 3). Thus, our experiments indicate that dystrophic
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Figure 2. Relationship between action potential amplitude and maximum rate of
rise (X 10_1) and the resting membrane potential of normal (A & C) and dystrophic
(B & D) muscle fibers. Each point represents data obtained from a single muscle fiber.
The action potentials were generated by nerve stimulation and were recorded from
tibialis anterior muscles in vivo. (From Harris & Marshall.1'* By permission of Ex¬
perimental Neurology.)

muscle fibers do generate action potentials in response to indirect stimulation
and that action potentials so generated are essentially normal.

It is difficult to pinpoint the reasons for the disparity between the observa¬
tions of Harris et al., on the one hand, and McComas and Law, on the other.
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Figure 3. Relationship between maximum rate of rise of an action potential and
resting membrane potential of muscle fibers in normal (O) and dystrophic (•) EDL
muscles in vitro. The action potentials were generated by use of a double-microelec-
trode technique, and the resting potential was changed locally by use of the current
passing electrode. The curves were obtained from 24 normal and 26 dystrophic mus¬
cle fibers, and each point is the mean of all observations.

One suggestion by Law et al. ' is that Harris and Marshall 21 may have "regarded
the abortive spikes as propagating action potentials." This suggestion is un¬
tenable because examination of the data derived by Harris and Marshall 21
(reproduced in Figure 2) reveals quite clearly that few dystrophic fibers gen¬
erated action potentials that failed to overshoot zero potential and that a similar
number of normal fibers generated such action potentials. Another possibility
that has been raised is based on the observation that dystrophic nerve terminal^
exhibit a reduction in the density, and possibly the size, of the synaptic
vesicle.9'10 The inference drawn is that transmitter release would be impaired
in such fibers. Thus, any procedure that involved the lengthy dissection or the
long-term stimulation of the peripheral nervous system might lead to the onset
of transmission failure. If this were the case, one might expect to find abnormal
patterns of both spontaneous and evoked transmitter release, a reduction in the
size of the available store of transmitter, an increased probability of release, a
decreased facilitation of transmitter release at depressed junctions, and a rapid
drop of the amplitude of end-plate potentials during repetitive stimulation.
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Transmitter Release at Dystrophic Neuromuscular Junctions

Miniature end-plate potentials (MEPPs) in dystrophic muscle fibers have
been reported to be of normal amplitude 7 and reduced amplitude.8 The ampli¬
tude of MEPPs is dependent on both the resting membrane potential of a muscle
fiber and its input resistance.20 Consequently, unless these parameters are
measured and accounted for in experiments designed to define the characteristics
of MEPPs, mean values of MEPP amplitude offer little useful information. In a
recent investigation into transmitter release at dystrophic neuromuscular junc¬
tions, Carbonetto 27 has shown that any apparent deviation of MEPP amplitude
from normal may be explained on the basis of variations in the input resistance
of- the muscle fiber, and similar observations have been made by Harris and
Ribchester in an independent series of experiments. The results of these two
investigations are summarized in Figure 4. Since the "transmitter null poten¬
tial" is normal in dystrophic muscle fibers,28 the fact that the amplitude of
MEPPs is dictated solely by variations in the resting membrane potential and
the input resistance in the dystrophic muscle fibers suggests strongly that the
postsynaptic sensitivity to released transmitter is normal.

The frequency of MEPPs in dystrophic muscle fibers has been reported to
be normal,8 reduced,7 and normal in some muscles until the later stages of the
disease.29 Miniature end-plate potential frequency varies with age29-20 and is
probably related to the size of the nerve terminal. The area of the nerve terminal
increases with fiber diameter.21 If the number of transmitter release sites in¬
creases with increasing nerve terminal area^ and the probability of transmitter
release does not fall, transmitter release will be proportional to muscle fiber
diameter. It has been shown that MEPP amplitude is proportional to the %

INPUT RESISTANCE (Mil)

Figure 4. Relationship between MEPP amplitude and input resistance in normal
and dystrophic muscle fibers. The panel on the left has been redrawn from Carbo-
netto.-"7 The regression line drawn through dystrophic data (•) has the same slope as
the regression line drawn through normal data (O)- On the right are the results of
Harris and Ribchester that show that a single regression line can be drawn through
dystrophic (O) and normal (•) data.
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power of fiber diameter.32 Thus, it could be anticipated on theoretical grounds
that MEPP amplitude (x) and MEPP frequency (y) are related and that the
relationship should be of the form y = kx'3/2. Harris and Ribchester have dem¬
onstrated that such a relationship appears to hold for both normal and dystrophic
muscle fibers (Figure 5). The results indicate that large variations in MEPP
frequency may be expected in dystrophic muscles as a result of variation in
muscle fiber diameter and that the precise results obtained in a given investiga¬
tion will depend on the number of fibers studied and on the ability of the tech¬
nique used to sample a representative population of muscle fibers.

The evoked release of transmitter has rarely been studied at dystrophic
neuromuscular junctions. Law et al.4 have claimed that 18% of nerve fibers
release no transmitter and that a further proportion generate a subthreshold
end-plate potential. The more direct quantitation of transmitter release from the
nerve terminal of diseased animals is difficult. The biologic or chemical assay of
acetylcholine is not readily applicable to the quantities that might be expected
to be released from individual mouse muscles. In addition, for biologic assay,
the transmitter must be collected in the presence of an anticholinesterase, and
anticholinesterases may have harmful effects at the neuromuscular junction of
the dystrophic mouse.33 There are, therefore, compelling reasons to use the
statistical analysis of the amplitude of MEPPs and end-plate potentials (EPPs)
as the basis of the quantitative study of transmitter release. These techniques
also pose several problems. First, it is necessary either to inhibit the release of
transmitter so that the EPP that results from nerve stimulation does not reach
the threshold for action potential generation or to achieve the same goal by
blocking some of the postsynaptic acetylcholine receptors. In both cases, it has
to be assumed that the diseased junctions will behave normally. If there is any

FREQUENCY(Hz)

Figure 5. Mean amplitude of MEPPs plotted against frequency. Each point repre¬
sents data plotted from a single normal or dystrophic muscle fiber. The solid line is a
curve of the form y = kx~z,i. The points with error bars are mean values plotted from
diaphragm muscle fibers. Apparatus noise level was of the order of 100 mV peak to
peak.
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Table 1

Transmitter Release at Neuromuscular Junctions of Normal
and Dystrophic Mouse Muscles During Nerve Stimulation

stimulus Quantal Content
Frequency

Muscle Technique (Hz) Normal Dystrophic

EDL * high Mg2* 0.5 11.1 zt 1.12 t
(19) t

10.8±1.37
(29)

EDL curarization 3.0 302 + 21.0

(19)
3657=34.9

(34)
30 191 + 15.2

(19)
233 ±21.3

(34)

Diaphragm cut fiber 0.1 167+15.5
(17)

261 + 66.3
(17)

1.0 136± 14.6
(17)

198 + 48.2
(17)

10 126+15.4
(17)

193 + 37.3
(17)

30 98 ztz 13.7

(17)
148 + 30.4

(17)
100 92+13.2

(17)
136 + 57.2

(17)

* Results derived from Carbonetto.27
t All results are means ± SEM.
t Numbers of muscles studied are shown in parentheses.

doubt that the diseased junctions will behave normally, another available tech¬
nique is the "cut-fiber" preparation,34 in which the resting membrane potential
of the muscle fiber falls to such a level (commonly about —20 mV) that the
sodium ion current is completely inactivated. In this circumstance, nerve stimu¬
lation results in the generation of an end-plate potential uncomplicated by the
generation of an action potential. The techniques are discussed in detail by
Ginsborg and Jenkison.:,r' In view of the uncertainties surrounding the technique
of choice, it is of some interest to note that in three recent investigations into
transmitter release at dystrophic neuromuscular junctions, different techniques
were used. Carbonetto 27 studied transmitter release at the neuromuscular junc¬
tion of EDL muscle fibers during nerve stimulation at 0.5 Hz in the presence of
high concentrations of magnesium ions. Harris and Ribchester investigated
transmitter release in "cut" hemidiaphragm preparations during stimulation at
0.1-100 Hz, and the same authors studied transmitter release in EDL muscles
partially blocked with rf-tubocurarine and stimulated at 3 and 30 Hz. The results
of these investigations are summarized in Table 1 and suggest that there is no
abnormality in the ability of dystrophic nerve terminals to release transmitter in
response to nerve stimulation at a wide range of frequencies.

The possibility that transmission might fail during prolonged stimulation was
also considered by Harris and Ribchester. "Cut" hemidiaphragm preparations
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Figure 6. A train of EPPs generated in a cut-hemidiaphragm preparation by stimu¬
lation at 100 Hz. Note the early fall in amplitude during the first six to 10 impulses.
Calibration bars: 16 mV, vertical; 500 msec, horizontal.

were stimulated at a physiologic frequency (30 Hz) for a maximum of 60 sec.
Of 22 normal fibers examined, three failed before 60 sec; of 18 dystrophic fibers
examined, two failed. Thus, dystrophic junctions appear to be as robust as
normal ones.

At a depressed junction, the second end-plate potential generated by a pair of
closely spaced stimuli is often larger than the first. This phenomenon is known
as facilitation. At junctions that liberate "normal levels" of transmitter, high-
frequency stimulation (i.e., §100 Hz) results in a rapid drop in the amplitude
of the first five to 10 end-plate potentials until a new stable level is achieved
(Figure 6). Analysis of the early run down, assuming that this phenomenon
represents loss of transmitter from the available store at too high a rate for
refilling to occur, yields an estimate of the size of the store, and the ratio of the
amplitude of the first EPP in the train to the store size gives an estimate of the
probability of release. The technique for obtaining an estimate of store size is
illustrated graphically in Figure 7. Values for the calculated facilitation, prob¬
ability of release, and store size in dystrophic nerve terminals are presented in
Table 2. All are statistically similar to normal.

In summary, it would appear that both the spontaneous and the impulse-
mediated release of transmitter at dystrophic neuromuscular junctions are
normal. There would seem to be no evidence of any pre- or postsynaptic
abnormalities that could lead to the failure of neuromuscular transmission. That
few fibers, if any, in the muscles of the dystrophic mouse are "denervated" is
also implied by a consideration of the relevant pharmacologic properties of
dystrophic muscle.

Fibrillation and Pharmacologic Properties of Dystrophic Muscles

Fibrillation potentials were first recorded from dystrophic mouse muscles by
Mclntyre et a!.,'1 who noted that "this spontaneous activity is strikingly similar
to that seen following denervation." The observation has been repeated on
numerous occasions and has been used as evidence in favor of the existence .of
denervation in dystrophic mouse muscles. However, it is now well established
that immature muscle growing in tissue culture or regenerating after a period
of necrosis and degeneration also fibrillates. "'"-:t7 It is also possible to induce a
form of repetitive activity in muscle fibers by producing local damage. Such
activity is commonly seen when a conventional microelectrode is inserted into a
small muscle fiber. Without supporting histologic and physiologic data, it is
unwise to use fibrillation as an index of denervation.

Other pharmacologic properties of skeletal muscle that are indicative of
denervation include the appearance of acetylcholine receptors outside the normal
end-plate region, together with a concomitant increase in the sensitivity of the
extrajunctional region to acetylcholine,xs-:l!l the development of action potentials
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Em

Figure 7. Graphic derivation of the size of the immediately available store and the
probability of release of transmitter from trains of EPPs produced as shown in Figure
6. The quantal content of an EPP (m) is plotted against the sum of all preceding
EPPs (2m). Extrapolation of the line to m = 0 gives a value for the size of the avail¬
able store and the ratio of the amplitude of the first EPP/size of the available store
gives a value for the probability of release. Top, Typical data from dystrophic fibers;
bottom, data from normal fibers. Experiments made in cut-hemidiaphragm muscles.

Table 2

Features of Evoked Transmitter Release at Neuromuscular Junctions
of Normal and Dystrophic Mouse Muscles

Muscles

Normal Dystrophic Muscle

Facilitation ratio * 19.8±2.30t 17.8±2.71 EDL
(13) t (24)

Size of available store § 2593±325 2807±402 diaphragm
(14) (15)

Probability of release § 0.08±0.006 0.09±0.012 diaphragm
(14) (15)

* Calculated from pairs of stimuli delivered to the nerve in the presence of 15 mM
Mg2\ Results derived from Carbonetto.27

t All results are means ± SEM.
+ Numbers of muscles studied are shown in parentheses.
§ Calculated from analysis of trains of end-plate potentials generated at 100 Hz in

cut-fiber preparations.
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partially resistant to tetrodotoxin and saxitoxin,10- 11 and the enhanced uptake of
depolarizing agents by the muscle. '2 All of these changes may be observed when
the denervation is caused either by surgical interference with the nerve or by
disease.1-' They may also be seen when transmission is blocked by pre- or
postsynaptic blocking agents "• 15 or when impulse conduction along the axon
is prevented.The inhibition of axoplasmic flow will induce the appearance
of these denervation-like changes, even though in this case the axon may con¬
tinue to conduct an impulse.'" The important point to gain from this list is that
almost any disruption of the normal structure or function of the axon will give
rise to characteristic changes in the properties of the muscle. It, therefore, must ■
be of some significance that neither Harris and Marshall21 nor Miledi02 was
able to find any sign of extrajunctional sensitivity to acetylcholine and that -
Howe et at. could find little evidence of extrajunctional a-bungarotoxin-binding
sites on the sarcolemma of dystrophic muscle.'"-r,n Only Marshall et aid1 have
reported any increase in sensitivity to acetylcholine, in muscles removed from a
very old animal. Similarly, Harris and Marshall 21-21 have found virtually no
evidence for tetrodotoxin-resistant action potentials in Rej 129 dystrophic mouse
muscles. Muscles from C57BL/6J (dy2>dy->) dystrophic mice do exhibit marked
tetrodotoxin resistance, and this observation is discussed in detail by Harris and
Montgomery.25 Marusyk and Monckton 52 have shown that dystrophic muscles
take up no more labeled decamethonium than do normal muscles. It is im¬
portant that it has been demonstrated quite unequivocally that the surgical
denervation of dystrophic skeletal muscle leads to the appearance of all of the
above-mentioned features.2'• 52

These results appear to imply that any abnormality in either the physiologic
behavior or the morphology of the motoneuron in murine muscular dystrophy
is either qualitatively or quantitatively insufficient to give rise to significant
associated changes in the pharmacologic properties of the muscle fibers. It
should be mentioned that although in man some form of neuropraxic lesion may
give rise to functionally denervated muscles that fail to develop any other signs
of denervation,"1 we are unaware of any such condition occurring in any other
mammalian species.

Observations on Morphology of Dystrophic Muscle Fibers

Many of the morphologic abnormalities of dystrophic muscles render the
interpretation of the physiologic behavior of the muscles difficult. Of particular
relevance are the loss of muscle fibers seen during the early stages of the dis¬
ease 22-51 and the presence of splitting fibers.55-5" Many of these fibers split into
only two daughter fibers (Figure 8), but they may also be extremely tortuous
and split many times.55 It is not known exactly how many of the fibers are split,
but Isaacs et aid'1' suggested an incidence of 20% in gracilis muscle, and
Ribchester,63 on the basis of observations on 100 single teased muscle fibers from
EDL muscles, has suggested that 50% may be a conservative estimate. The
significance of splitting in the study of action potential propagation is con¬
siderable. For example, in some cases, both daughter fibers seem to be inner¬
vated (Figure 8), and we do not know what would happen if both daughter
branches were excited and the resultant action potentials attempted to propagate
into the parent fiber. Similarly, although Law et aid have suggested that in many
fibers, action potentials become smaller as they attempt to propagate along the
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Figure 8. A dystrophic EDL muscle fiber shows one major split (Sp) and several
minor splits (small arrows). Note that each "daughter" fiber had a recognizable end-
plate (shown by staining for cholinesterase). Calibration bar, 70 Mm-
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fiber, without a morphologic correlate, it is difficult to know how the observation
should be interpreted. In the face of this difficulty, we have made no serious
attempt to study action potential propagation in dystrophic muscle fibers.

Organization of Dystrophic Neuromuscular Junctions

Harman et al.1- reported that motor end-plates were elongated and that
cholinesterase staining suggested much fragmentation of the subsynaptic region.
They also commented that collateral sprouting was uncommon. Hudgson 13
reported that collateral sprouting was extensive and common in dystrophic
mouse muscles but provided no quantitative data. Despite the discordant nature
of these reports and the lack of detailed information, it has been commonly
suggested that the loss of motoneurons in the dystrophic mouse should lead to
reinnervation of the denervated muscle fibers by collateral sprouts arising from
adjacent axons.5T

We have made a direct attempt to study the nature and extent of nerve
terminal sprouting in dystrophic mouse muscles by use of the zinc iodide/
osmium tetroxide technique. The nerve terminal structure was assigned to one
of several categories: simple endings (a single terminal arborization), pre¬
terminal sprouting (one or more preterminal sprouts ending on the same muscle
fiber), ultraterminal sprouting (a single axon giving rise to ultraterminal sprouts
ending on the same muscle fiber), and collateral sprouting (preterminal or
ultraterminal sprouts ending on adjacent muscle fibers). The results are sum¬
marized in Table 3, and some typical examples of the main categories of endings
are shown in Figure 9. The results suggest that although nerve terminal sprout¬
ing is common, collateral innervation is uncommon.

Neuromuscular Transmission in Identified Dystrophic Muscle Fibers

One of the major difficulties involved in any study of physiologic processes
in diseased tissue is the possibility that the techniques employed do not sample
a representative population of tissue elements. Flowever, by use of a marking

Table 3

Incidence of Different Patterns of Innervation on Normal
and Dystrophic Muscle Fibers *

r
Terminal Innervation Pattern (%)

Preterminal Ultraterminal Collateral
Simple Sprouting Sprouting Innervation n

Normal

Dystrophic

84

48

16

19

0

32

0

< 1

99

289

* Expressed as a percentage of the total numbers of observations made. Approxi¬
mately equal numbers of soleus and EDL fibers were studied, and the results have been
compounded.
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Figure 9. Classification of innervation patterns on muscle fibers identified by use
of zinc iodide/osmium tetroxide. a. Simple; b, preterminal sprouting; c, ultraterminal
sprouting; d, collateral innervation. Calibration bars, 40 ^m.

technique, Harris and Ribchester have demonstrated that clearly abnormal
dystrophic muscle fibers exhibit normal synaptic behavior,"1 and Carbonetto 27
has shown that transmission was normal in the smallest muscle fibers he sampled.

Summary

The results of recent investigations by ourselves and others indicate that no
form of denervation exists to any remarkable degree in dystrophic mouse
skeletal muscles. This conclusion is based on the following information:

Dystrophic nerve terminals liberate normal amounts of transmitter both
spontaneously and during impulse-mediated activity.

The characteristics of the release process, the size of the available store of
transmitter, and the probability of release of transmitter in response to the
invasion of an action potential appear to be normal.

The sensitivity of the postsynaptic membrane to the transmitter is normal.
Action potential generation in response to both direct and indirect excitation

is normal.
There is no unequivocal pharmacologic evidence of denervation in dys¬

trophic skeletal muscle, even though dystrophic muscle fibers respond to surgical
denervation in a normal fashion.

Nerve terminal sprouting is extensive, but there is no evidence of collateral
reinnervation.
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Discussion

P. K. Law (Vanderbilt University School of Medicine, Nashville, Tenn.):
I would like to clarify certain issues about functional denervation as reported
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(Law, Atwood & McComas, Exp. Neurol. 51: 434-443, 1976). The term "func¬
tional denervation," as originally coined by Dr. McComas, is often confused
with surgical denervation. By functional denervation, we mean that by supra-
maximally and indirectly stimulating a particular dystrophic muscle, we cannot
elicit full action potentials from some muscle fibers. In some fibers, abortive
spikes are obtained but do not have the characteristics of a full action potential.
The abortive spikes do not propagate the whole length of the muscle fiber.
I refer to such muscle fibers as functionally denervated, because the abortive
spikes cannot elicit a full contraction of the muscle fibers. I don't think we
disagree on this point, because both of us record potentials of reduced amplitude
and rate of rise, although Dr. Harris lumps these spikes together with normal
action potentials. I consider these potentials as abortive spikes because of their
inability to propagate the full length of the muscle fiber. This type of functional
denervation is likely due to postsynaptic abnormality.

Only 18% of the 105 dystrophic soleus muscle fibers that I sampled did not
give any detectable electrical response after supramaximal nerve stimulation.
This type of functional denervation could be attributed to presynaptic abnor¬
mality. We conducted the experiments in vivo at 37 and at 23° C. At both
temperatures, we were able to identify the functionally denervated fibers, indi¬
cating that functional denervation is not due to anoxia, as suggested by Harris
and Marshall {Exp. Neurol. 41: 331-344, 1973). I feel that although functional
denervation exists in dystrophic mice, the muscle weakness is too severe to be
explained in terms of functional denervation alone.

Harris: We quite deliberately didn't study action potential propagation
along muscle fibers in these animals. The reasons were primarily because on
teasing these fibers, we find such a large number of abnormalities that we felt
that unless we could actually identify the precise location of the recording elec¬
trodes, we weren't going to get very far. Professor Bradley has demonstrated
the gross distortion of some of these muscle fibers in his paper with Isaacs and
Henderson, and Dr. Ribchester has calculated, on the basis of 100 teased fibers,
that probably at least 50% of dystrophic fibers exhibit splitting, with short
splits and long splits intermingled. Now, of course, if you have grossly split
muscle fibers, you need to know exactly where you are recording your action
potential, and that is very difficult.

Law: In 18% of the fibers that I sampled, there was no detectable electrical
response after nerve stimulation. My interpretation is that not enough acetyl¬
choline may be moving across the nueromuscular junction.

When we are talking about functional denervation, we are referring to
physiologic measurements and not histologic observations. As to whether func¬
tionally denervated fibers exhibit extrajunctional acetylcholine sensitivity, Law
.and Atwood (Exp. Neurol. 34: 200-209, 1972) previously reported that func¬
tional denervation is not equivalent to surgical denervation and, therefore, does
not necessarily produce extrajunctional acetylcholine sensitivity. In fact, those
muscle fibers have totally different cable properties from the surgically dener¬
vated muscle fibers.

Harris: We know that in animal experiments, one can block axoplasmic
transport, crush or cut the axon, poison the axon or cell body with drugs, such
as colchicine and tetrodotoxin, and block transmission with pre- and postsynap-
tically active agents, such as yS- and a-bungarotoxins, respectively. In every case,
the muscles will develop either extrajunctional acetylcholine receptors or tetrodo¬
toxin resistance. You are developing the concept that in some circumstances
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(for example, murine muscular dystrophy), functionally denervated muscle
fibers may not develop such symptoms. You may be right, but I think the onus
is on you to produce the unequivocal evidence.

G. Suarez-Kurtz (Columbia University, New York, N.Y.): Is it possible
that any of these differences of opinion could be related to the changes in the
passive cable properties of the muscle fibers?

Harris: That, of course, is what Dr. Law would suggest.
Law: With either surgical or chemical denervation, the whole muscle has

no electrical or contractile activity, except that eventually the muscle fibers
develop fibrillation. I think dystrophy is a totally different phenomenon.
Although some functionally denervated fibers do not have any contractile ac¬
tivity of their own. they are still under the passive stretch of neighboring active
muscle fibers. This observation may underlie the difference in cable properties
between normal and functionally denervated dystrophic muscle fibers.
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The first explicit suggestion that some form of denervation was common in
the skeletal muscles of the dystrophic mouse was made by McComas and
Mrozek in 1967.1 They reported that up to 45% of muscle fibers in dystrophic
tibialis anterior muscles could not be excited by indirect stimulation in vivo,
even though the fibers could be excited by direct (anode-break) stimulation.
They also showed that the resting membrane potentials of the "apparently
denervated" fibers were the same as those of the "apparently normal" fibers,
from which they inferred "that [the] denervated fibers may be in reasonably
good condition." It is important to acknowledge that McComas and Mrozek 1
did not attempt to specify the site of the lesion, pointing out that both pre- and
postsynaptic sites should be considered.

These early observations have been repeated and extended by Law et al.2_1
In their most recent work,1 these authors have suggested that the nerve terminal
is implicated in "denervation," because 18% of soleus muscle fibers gave no
electrical response at the end-plate region after stimulation of the motor nerve.
A further 35% of muscle fibers generated either an end-plate potential that did
not reach the threshold for action potential generation or low-amplitude action
potentials that faded as they were propagated along the muscle fiber. All of the
abnormalities are classified by the authors as giving rise to "functionally dener¬
vated" fibers, a condition defined by McComas r' as one in which an axon is in
close apposition to a muscle fiber, is still able to supply sufficient "trophic
influence" to prevent frank denervation, but is not healthy enough to maintain
an electrophysioiogically efficient synapse. Law's use of the term clearly includes
fibers in which the deficit is located in the sarcolemma. Law et aid have also

suggested that the 18% of fibers in soleus muscles that are totally unexcitable
may correspond to the "silent synapses" described by Dennis and Miledi0 as
occurring in regenerating frog neuromuscular junctions. This term was used by
Dennis and Miledi to describe synapses at which the spontaneous release of
transmitter could be monitored but at which indirect stimulation resulted in only
a small end-plate potential. It should be noted that neither McComas and
Mrozek 1 nor Law et al.2~ ' have ever commented on the presence or absence of
spontaneous transmitter release at neuromuscular junctions of "functionally
denervated" muscle fibers.

* Supported by the British Medical Research Council, the Muscular Dystrophy
Group of Great Britain, and the Muscular Dystrophy Association of America, Inc.
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Apart from these very explicit suggestions that "denervation" plays a role in
the expression of murine muscular dystrophy, other features of the diseased
muscle have been considered relevant to the concept. These features include
abnormalities in the spontaneous release of transmitter,7- 8 the sparse distribution
of vesicles in dystrophic nerve terminals,9- 10 the presence of fibrillation in the
diseased muscle,11 and the presence of small muscle fibers 1 and central nuclea-
tion. The presence of elongated nerve terminals, preterminal and collateral
sprouting,12-13 and fragmented subsynaptic apparatuses12 has also been re¬
ported, but the existence of such abnormalities has not always been unequiv¬
ocally established.

1. Cell death & axonal degeneration

2. Axonal degeneration preceding
cell-death

3. Conduction failure along axon

4. Reduced output of transmitter /V /6. Cont

5. Reduced sensitivity of postsynaptic
region to transmitter

6. Conduction failure along muscle fiber

////////////A
J

7. Isolation of part of muscle fiber by
plug of necrotic tissue

/

Figure 1. Possible abnormalities responsible for the existence of "denervated"
muscle fibers in dystrophic mouse skeletal muscles. Derived from McComas and
Mrozek.1

SlTE(s) OF the LESION

In the context of murine muscular dystrophy, it has already been demon¬
strated that "denervation" and "functional denervation" are terms applied to
Aiuscle fibers that do not generate propagated action potentials in response to
indirect excitation. In this circumstance, many possible explanations for the
observation may exist, and the more obvious ones are outlined in Figure 1.

The loss of the anterior horn cell and the subsequent or concurrent degenera¬
tion of the axon seems an unlikely reason for the existence of denervated muscle
fibers. It has been demonstrated by Papapetropoulos and Bradley 14 that there is
no loss of spinal neurons in the dystrophic mouse and, by Huizar et al,,15 that
the physiologic properties of the anterior horn cells are normal. Moreover,
despite the reported reductions in the number of axons in some dystrophic
mouse nerve trunks,10 and of the gross morphologic abnormalities seen in almost
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all spinal roots,17, ls there has been virtually no report of the presence of large
numbers of degenerating axons. Even if many axons did degenerate, to pre¬
cipitate denervation, there is no reason to suppose that the muscle fibers would
remain denervated, because it is well appreciated that after nerve section or
nerve crush, dystrophic nerves are capable of regeneration and of innervating
all available denervated muscle fibers. This is true whether the muscle to be
reinnervated is dystrophic 111'-1 or, in experiments utilizing parabiosis, when the
dystrophic nerve is directed to reinnervate a normal muscle.19,20 That the
dystrophic nerve does reinnervate a normal muscle is particularly important,
because in view of the reduced number of muscle fibers in a dystrophic muscle
relative to normal, '1 each axon has to enlarge its territory approximately twofold,

Axonal degeneration prior to horn cell death seems a possibility in view of
the age-related loss of axons in the nerves of dystrophic mice.'-- However, if a
loss of axons is symptomatic of the disease, it is unlikely that many muscle fibers
would remain denervated, because unaffected axons should be expected to
enlarge their territory by means of collateral innervation.

Conduction failure along the dystrophic axon is an unlikely cause of the
"denervation," because impulses are conducted (albeit at a reduced rate)
through the amyelinated roots and along the myelinated portions of the
axon.19,2,1

The inability of the nerve terminal to release sufficient transmitter to effect
neuromuscular transmission or of the postjunctional membrane to respond to
the released transmitter has to be considered as the site(s) of failure, and indeed
the nerve terminal has been implicated quite explicitly by Law et al:' Moreover,
the ability of the muscle fiber membrane to propagate an action potential has
been questioned,1 and McComas and Mrozek 1 specifically questioned the role
of necrotic segments of tissue in isolating portions of otherwise normal muscle
fibers from the end-plate region. These four sites, then (4-7 in Figure 1),
would appear to be the sites most likely to be involved in the appearance of
denervated muscle fibers in the skeletal muscles of dystrophic mice. In sub¬
sequent sections, we shall consider the nature of action potential generation in
dystrophic skeletal muscle and then shall discuss transmitter release from the
motor nerve terminal, fibrillation and the pharmacologic properties of dystrophic
skeletal muscle, the relevant morphologic features of dystrophic muscle fibers,
and the organization of the synaptic region.

Action Potential Generation in Dystrophic Muscle Fibers

The ability of dystrophic muscle fibers to generate an action potential in
response to indirect excitation has been studied by Harris et al. in both th?
129 Rej (dy/dy) and the C57BL/6J (dy2>dy->) strains of the mouse.21, 24, 25 All
muscle fibers have been shown to generate action potentials. In general, it has
been established that the maximum rate of rise of the action potential in dys¬
trophic muscle fibers is lower than normal, and the reduction would seem to be
genuine and not an indirect consequence of the reduced membrane potential
of dystrophic muscle fibers.21, 25 Both the maximum rate of rise (dv/dr) and
the amplitude of the overshoot of the action potential are related to the resting
membrane potential of the muscle fiber as normal (Figure 2). Furthermore, we
have recently shown that dv/dr is maximal in both normal and dystrophic ex¬
tensor digitorum longus muscle (EDL) fibers at a membrane potential of —95
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to —100 mV, is reduced to 50% of maximum between —62 and —65 mV mem¬
brane potential, and is "inactivated" at a membrane potential of between —35
and —40 mV (Figure 3). Thus, our experiments indicate that dystrophic
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Figure 2. Relationship between action potential amplitude and maximum rate of
-ise (x 101) and the resting membrane potential of normal (A & C) and dystrophic
(B & D) muscle fibers. Each point represents data obtained from a single muscle fiber.
The action potentials were generated by nerve stimulation and were recorded from
tibialis anterior muscles in vivo. (From Harris & Marshall.24 By permission of Ex¬
perimental Neurology.)

muscle fibers do generate action potentials in response to indirect stimulation
and that action potentials so generated are essentially normal.

It is difficult to pinpoint the reasons for the disparity between the observa¬
tions of Harris et al., on the one hand, and McComas and Law, on the other.
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Figure 3. Relationship between maximum rate of rise of an action potential and
resting membrane potential of muscle fibers in normal (O) and dystrophic (•) EDL
muscles in vitro. The action potentials were generated by use of a double-microelec-
trode technique, and the resting potential was changed locally by use of the current
passing electrode. The curves were obtained from 24 normal and 26 dystrophic mus¬
cle fibers, and each point is the mean of all observations.

One suggestion by Law et al.1 is that Harris and Marshall21 may have "regarded
the abortive spikes as propagating action potentials." This suggestion is un¬
tenable because examination of the data derived by Harris and Marshall 21
(reproduced in Figure 2) reveals quite clearly that few dystrophic fibers gen¬
erated action potentials that failed to overshoot zero potential and that a similar
number of normal fibers generated such action potentials. Another possibility
that has been raised is based on the observation that dystrophic nerve terminal^
exhibit a reduction in the density, and possibly the size, of the synaptic
vesicle.9'10 The inference drawn is that transmitter release would be impaired
in such fibers. Thus, any procedure that involved the lengthy dissection or the
long-term stimulation of the peripheral nervous system might lead to the onset
of transmission failure. If this were the case, one might expect to find abnormal
patterns of both spontaneous and evoked transmitter release, a reduction in the
size of the available store of transmitter, an increased probability of release, a
decreased facilitation of transmitter release at depressed junctions, and a rapid
drop of the amplitude of end-plate potentials during repetitive stimulation.
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Transmitter Release at Dystrophic Neuromuscular Junctions

Miniature end-plate potentials (MEPPs) in dystrophic muscle fibers have
been reported to be of normal amplitude 7 and reduced amplitude.8 The ampli¬
tude of MEPPs is dependent on both the resting membrane potential of a muscle
fiber and its input resistance.-0 Consequently, unless these parameters are
measured and accounted for in experiments designed to define the characteristics
of MEPPs, mean values of MEPP amplitude offer little useful information. In a
recent investigation into transmitter release at dystrophic neuromuscular junc¬
tions, Carbonetto 27 has shown that any apparent deviation of MEPP amplitude
from normal may be explained on the basis of variations in the input resistance
of. the muscle fiber, and similar observations have been made by Elarris and
Ribchester in an independent series of experiments. The results of these two
investigations are summarized in Figure 4. Since the "transmitter null poten¬
tial" is normal in dystrophic muscle fibers,28 the fact that the amplitude of
MEPPs is dictated solely by variations in the resting membrane potential and
the input resistance in the dystrophic muscle fibers suggests strongly that the
postsynaptic sensitivity to released transmitter is normal.

The frequency of MEPPs in dystrophic muscle fibers has been reported to
be normal,8 reduced,7 and normal in some muscles until the later stages of the
disease.29 Miniature end-plate potential frequency varies with age29'30 and is
probably related to the size of the nerve terminal. The area of the nerve terminal
increases with fiber diameter.31 If the number of transmitter release sites in¬
creases with increasing nerve terminal area^ and the probability of transmitter
release does not fall, transmitter release will be proportional to muscle fiber
diameter. It has been shown that MEPP amplitude is proportional to the %

INPUT RESISTANCE (Mil)

Figure 4. Relationship between MEPP amplitude and input resistance in normal
and dystrophic muscle fibers. The panel on the left has been redrawn from Carbo-
netto.27 The regression line drawn through dystrophic data (•) has the same slope as
the regression line drawn through normal data (O). On the right are the results of
Harris and Ribchester that show that a single regression line can be drawn through
dystrophic (O) and normal (•) data.
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power of fiber diameter.32 Thus, it could be anticipated on theoretical grounds
that MEPP amplitude (x) and MEPP frequency (y) are related and that the
relationship should be of the form y = kx~3'2. Harris and Ribchester have dem¬
onstrated that such a relationship appears to hold for both normal and dystrophic
muscle fibers (Figure 5). The results indicate that large variations in MEPP
frequency may be expected in dystrophic muscles as a result of variation in
muscle fiber diameter and that the precise results obtained in a given investiga¬
tion will depend on the number of fibers studied and on the ability of the tech¬
nique used to sample a representative population of muscle fibers.

The evoked release of transmitter has rarely been studied at dystrophic
neuromuscular junctions. Law et al* have claimed that 18% of nerve fibers
release no transmitter and that a further proportion generate a subthreshold
end-plate potential. The more direct quantitation of transmitter release from the
nerve terminal of diseased animals is difficult. The biologic or chemical assay of
acetylcholine is not readily applicable to the quantities that might be expected
to be released from individual mouse muscles. In addition, for biologic assay,
the transmitter must be collected in the presence of an anticholinesterase, and
anticholinesterases may have harmful effects at the neuromuscular junction of
the dystrophic mouse.33 There are, therefore, compelling reasons to use the
statistical analysis of the amplitude of MEPPs and end-plate potentials (EPPs)
as the basis of the quantitative study of transmitter release. These techniques
also pose several problems. First, it is necessary either to inhibit the release of
transmitter so that the EPP that results from nerve stimulation does not reach
the threshold for action potential generation or to achieve the same goal by
blocking some of the postsynaptic acetylcholine receptors. In both cases, it has
to be assumed that the diseased junctions will behave normally. If there is any

FREQUENCY (Hz)

Figure 5. Mean amplitude of MEPPs plotted against frequency. Each point repre¬
sents data plotted from a single normal or dystrophic muscle fiber. The solid line is a
curve of the form y = kx~3'2. The points with error bars are mean values plotted from
diaphragm muscle fibers. Apparatus noise level was of the order of 100 /iV peak to
peak.
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Table 1

Transmitter Release at Neuromuscular Junctions of Normal
and Dystrophic Mouse Muscles During Nerve Stimulation

Muscle Technique

Stimulus
Frequency

(Hz)

Quantal Content

Normal Dystrophic

EDL * high Mg2t 0.5 11.1 +1.12 t
(19) t

10.8+1.37
(29)

EDL curarization 3.0 302 + 21.0

(19)
365 + 34.9

(34)

30 191 + 15.2
(19)

233 + 21.3
(34)

Diaphragm cut fiber 0.1 167 ±15.5
(17)

261 + 66.3
(17)

1.0 136+14.6

(17)
198 + 48.2

(17)
10 126± 15.4

(17)
193 + 37.3

(17)
30 98 + 13.7

(17)
148 + 30.4

(17)
100 92+13.2

(17)
136 + 57.2

(17)

* Results derived from Carbonetto.27
f All results are means ± SEM.
t Numbers of muscles studied are shown in parentheses.

doubt that the diseased junctions will behave normally, another available tech¬
nique is the "cut-fiber" preparation," in which the resting membrane potential
of the muscle fiber falls to such a level (commonly about —20 mV) that the
sodium ion current is completely inactivated. In this circumstance, nerve stimu¬
lation results in the generation of an end-plate potential uncomplicated by the
generation of an action potential. The techniques are discussed in detail by
Ginsborg and Jenkison." In view of the uncertainties surrounding the technique
of choice, it is of some interest to note that in three recent investigations into
transmitter release at dystrophic neuromuscular junctions, different techniques
were used. Carbonetto 27 studied transmitter release at the neuromuscular junc¬
tion of EDL muscle fibers during nerve stimulation at 0.5 Hz in the presence of
high concentrations of magnesium ions. Harris and Ribchester investigated
transmitter release in "cut" hemidiaphragm preparations during stimulation at
0.1-100 Hz, and the same authors studied transmitter release in EDL muscles
partially blocked with rf-tubocurarine and stimulated at 3 and 30 Hz. The results
of these investigations are summarized in Table 1 and suggest that there is no
abnormality in the ability of dystrophic nerve terminals to release transmitter in
response to nerve stimulation at a wide range of frequencies.

The possibility that transmission might fail during prolonged stimulation was
also considered by Harris and Ribchester. "Cut" hemidiaphragm preparations



160 Annals New York Academy of Sciences

Figure 6. A train of EPPs generated in a cut-hemidiaphragm preparation by stimu¬
lation at 100 Hz. Note the early fall in amplitude during the first six to 10 impulses.
Calibration bars: 16 mV, vertical; 500 msec, horizontal.

were stimulated at a physiologic frequency (30 Hz) for a maximum of 60 sec.
Of 22 normal fibers examined, three failed before 60 sec; of 18 dystrophic fibers
examined, two failed. Thus, dystrophic junctions appear to be as robust as
normal ones.

At a depressed junction, the second end-plate potential generated by a pair of
closely spaced stimuli is often larger than the first. This phenomenon is known
as facilitation. At junctions that liberate "normal levels" of transmitter, high-
frequency stimulation (i.e., £;100 Hz) results in a rapid drop in the amplitude
of the first five to 10 end-plate potentials until a new stable level is achieved
(Figure 6). Analysis of the early run down, assuming that this phenomenon
represents loss of transmitter from the available store at too high a rate for
refilling to occur, yields an estimate of the size of the store, and the ratio of the
amplitude of the first EPP in the train to the store size gives an estimate of the
probability of release. The technique for obtaining an estimate of store size is
illustrated graphically in Figure 7. Values for the calculated facilitation, prob¬
ability of release, and store size in dystrophic nerve terminals are presented in
Table 2. All are statistically similar to normal.

In summary, it would appear that both the spontaneous and the impulse-
mediated release of transmitter at dystrophic neuromuscular junctions are
normal. There would seem to be no evidence of any pre- or postsynaptic
abnormalities that could lead to the failure of neuromuscular transmission. That
few fibers, if any, in the muscles of the dystrophic mouse are "denervated" is
also implied by a consideration of the relevant pharmacologic properties of
dystrophic muscle.

Fibrillation and Pharmacologic Properties of Dystrophic Muscles

Fibrillation potentials were first recorded from dystrophic mouse muscles by
Mclntyre et al.,11 who noted that "this spontaneous activity is strikingly similar
to that seen following denervation." The observation has been repeated on
numerous occasions and has been used as evidence in favor of the existence .of
denervation in dystrophic mouse muscles. However, it is now well established
that immature muscle growing in tissue culture or regenerating after a period
of necrosis and degeneration also fibrillates.:lT It is also possible to induce a
form of repetitive activity in muscle fibers by producing local damage. Such
activity is commonly seen when a conventional microelectrode is inserted into a
small muscle fiber. Without supporting histologic and physiologic data, it is
unwise to use fibrillation as an index of denervation.

Other pharmacologic properties of skeletal muscle that are indicative of
denervation include the appearance of acetylcholine receptors outside the normal
end-plate region, together with a concomitant increase in the sensitivity of the
extrajunctional region to acetylcholine,the development of action potentials
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Figure 7. Graphic derivation of the size of the immediately available store and the
probability of release of transmitter from trains of EPPs produced as shown in Figure
6. The quantal content of an EPP (m) is plotted against the sum of all preceding
EPPs (2m). Extrapolation of the line to m = 0 gives a value for the size of the avail¬
able store and the ratio of the amplitude of the first EPP/size of the available store
gives a value for the probability of release. Top, Typical data from dystrophic fibers;
bottom, data from normal fibers. Experiments made in cut-hemidiaphragm muscles.

Table 2

Features of Evoked Transmitter Release at Neuromuscular Junctions
of Normal and Dystrophic Mouse Muscles

Muscles

Normal Dystrophic Muscle

Facilitation ratio * 19.8±2.30 t 17.8±2.71 EDL
(13) t (24)

Size of available store § 2593 ±325 2807±402 diaphragm
(14) (15)

Probability of release § 0.08±0.006 0.09±0.012 diaphragm
(14) (15)

* Calculated from pairs of stimuli delivered to the nerve in the presence of 15 mM
Mgz\ Results derived from Carbonetto.27

t All results are means ± SEM.
{ Numbers of muscles studied are shown in parentheses.
§ Calculated from analysis of trains of end-plate potentials generated at 100 Hz in

cut-fiber preparations.
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partially resistant to tetrodotoxin and saxitoxin,1"- 11 and the enhanced uptake of
depolarizing agents by the muscle.12 All of these changes may be observed when
the denervation is caused either by surgical interference with the nerve or by
disease.1'1 They may also be seen when transmission is blocked by pre- or
postsynaptic blocking agents"17' or when impulse conduction along the axon
is prevented. "1- 17 The inhibition of axoplasmic flow will induce the appearance
of these denervation-like changes, even though in this case the axon may con¬
tinue to conduct an impulse."1 The important point to gain from this list is that
almost any disruption of the normal structure or function of the axon will give
rise to characteristic changes in the properties of the muscle. It, therefore, must
be of some significance that neither Harris and Marshall-1 nor Miledi0- was
able to find any sign of extrajunctional sensitivity to acetylcholine and that-
Howe et ul. could find little evidence of extrajunctional a-bungarotoxin-binding
sites on the sarcolemma of dystrophic muscle.111- 50 Only Marshall et al.''1 have
reported any increase in sensitivity to acetylcholine, in muscles removed from a
very old animal. Similarly, Harris and Marshall-1-1 have found virtually no
evidence for tetrodotoxin-resistant action potentials in Rej 129 dystrophic mouse
muscles. Muscles from C57BL/6J (dy-'dy-j) dystrophic mice do exhibit marked
tetrodotoxin resistance, and this observation is discussed in detail by Harris and
Montgomery.-7' Marusyk and Monckton 7,2 have shown that dystrophic muscles
take up no more labeled decamcthonium than do normal muscles. It is im¬
portant that it has been demonstrated quite unequivocally that the surgical
denervation of dystrophic skeletal muscle leads to the appearance of all of the
above-mentioned features.-'- 7,2

These results appear to imply that any abnormality in either the physiologic
behavior or the morphology of the motoneuron in murine muscular dystrophy
is either qualitatively or quantitatively insufficient to give rise to significant
associated changes in the pharmacologic properties of the muscle fibers. It
should be mentioned that although in man some form of neuropraxic lesion may
give rise to functionally denervated muscles that fail to develop any other signs
of denervation,7,1 we are unaware of any such condition occurring in any other
mammalian species.

Observations on Morphology of Dystrophic Muscle Fibers

Many of the morphologic abnormalities of dystrophic muscles render the
interpretation of the physiologic behavior of the muscles difficult. Of particular
relevance are the loss of muscle fibers seen during the early stages of the dis¬
ease2-- 7,1 and the presence of splitting fibers.7'7'-7,0 Many of these fibers split into
only two daughter fibers (Figure 8), but they may also be extremely tortuous
and split many times.7'7' It is not known exactly how many of the fibers are split,
but Isaacs et ttl.r,r' suggested an incidence of 20% in gracilis muscle, and
Ribchester,6'1 on the basis of observations on 100 single teased muscle fibers from
EDL muscles, has suggested that 50% may be a conservative estimate. The
significance of splitting in the study of action potential propagation is con¬
siderable. For example, in some cases, both daughter fibers seem to be inner¬
vated (Figure 8), and we do not know what would happen if both daughter
branches were excited and the resultant action potentials attempted to propagate
into the parent fiber. Similarly, although Law et al:' have suggested that in many
fibers, action potentials become smaller as they attempt to propagate along the
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Figure 8. A dystrophic EDL muscle fiber shows one major split (Sp) and several
minor splits (small arrows). Note that each "daughter" fiber had a recognizable end-
plate (shown by staining for cholinesterase). Calibration bar, 70 ^m.
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fiber, without a morphologic correlate, it is difficult to know how the observation
should be interpreted. In the face of this difficulty, we have made no serious
attempt to study action potential propagation in dystrophic muscle fibers.

Organization of Dystrophic Neuromuscular Junctions

Harman et al.12 reported that motor end-plates were elongated and that
cholinesterase staining suggested much fragmentation of the subsynaptic region.
They also commented that collateral sprouting was uncommon. Hudgson 13
reported that collateral sprouting was extensive and common in dystrophic
mouse muscles but provided no quantitative data. Despite the discordant nature
of these reports and the lack of detailed information, it has been commonly
suggested that the loss of motoneurons in the dystrophic mouse should lead to
reinnervation of the denervated muscle fibers by collateral sprouts arising from
adjacent axons.57

We have made a direct attempt to study the nature and extent of nerve
terminal sprouting in dystrophic mouse muscles by use of the zinc iodide/
osmium tetroxide technique. The nerve terminal structure was assigned to one
of several categories: simple endings (a single terminal arborization), pre¬
terminal sprouting (one or more preterminal sprouts ending on the same muscle
fiber), ultraterminal sprouting (a single axon giving rise to ultraterminal sprouts
ending on the same muscle fiber), and collateral sprouting (preterminal or
ultraterminal sprouts ending on adjacent muscle fibers). The results are sum¬
marized in Table 3, and some typical examples of the main categories of endings
are shown in Figure 9. The results suggest that although nerve terminal sprout¬
ing is common, collateral innervation is uncommon.

Neuromuscular Transmission in Identified Dystrophic Muscle Fibers

One of the major difficulties involved in any study of physiologic processes
in diseased tissue is the possibility that the techniques employed do not sample
a representative population of tissue elements. However, by use of a marking

Table 3

Incidence of Different Patterns of Innervation on Normal
and Dystrophic Muscle Fibers *

f
Terminal Innervation Pattern (% )

Preterminal Ultraterminal Collateral
Simple Sprouting Sprouting Innervation n

Normal

Dystrophic

84

48

16

19 32

0 0

< 1

99

289

* Expressed as a percentage of the total numbers of observations made. Approxi¬
mately equal numbers of soleus and EDL fibers were studied, and the results have been
compounded.
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Figure 9. Classification of innervation patterns on muscle fibers identified by use
of zinc iodide/osmium tetroxide. a, Simple; b, preterminal sprouting; c, ultraterminal
sprouting; d, collateral innervation. Calibration bars, 40 ^m.

technique, Harris and Ribchester 00 have demonstrated that clearly abnormal
dystrophic muscle fibers exhibit normal synaptic behavior,"1 and Carbonetto
has shown that transmission was normal in the smallest muscle fibers he sampled.

Summary

The results of recent investigations by ourselves and others indicate that no
form of denervation exists to any remarkable degree in dystrophic mouse
skeletal muscles. This conclusion is based on the following information:

Dystrophic nerve terminals liberate normal amounts of transmitter both
spontaneously and during impulse-mediated activity.

The characteristics of the release process, the size of the available store of
transmitter, and the probability of release of transmitter in response to the
invasion of an action potential appear to be normal.

The sensitivity of the postsynaptic membrane to the transmitter is normal.
Action potential generation in response to both direct and indirect excitation

is normal.
There is no unequivocal pharmacologic evidence of denervation in dys¬

trophic skeletal muscle, even though dystrophic muscle fibers respond to surgical
denervation in a normal fashion.

Nerve terminal sprouting is extensive, but there is no evidence of collateral
reinnervation.
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Discussion

P. K. Law (Vanderbilt University School of Medicine, Nashville, Tenn.):
I would like to clarify certain issues about functional denervation as reported



Harris & Ribchester: Mouse Dystrophy 169

(Law, Atwood & McComas, Exp. Neurol. 51: 434-443, 1976). The term "func¬
tional denervation," as originally coined by Dr. McComas, is often confused
with surgical denervation. By functional denervation, we mean that by supra¬
maximal^ and indirectly stimulating a particular dystrophic muscle, we cannot
elicit full action potentials from some muscle fibers. In some fibers, abortive
spikes are obtained but do not have the characteristics of a full action potential.
The abortive spikes do not propagate the whole length of the muscle fiber.
I refer to such muscle fibers as functionally denervated, because the abortive
spikes cannot elicit a full contraction of the muscle fibers. I don't think we
disagree on this point, because both of us record potentials of reduced amplitude
and rate of rise, although Dr. Harris lumps these spikes together with normal
action potentials. I consider these potentials as abortive spikes because of their
inability to propagate the full length of the muscle fiber. This type of functional
denervation is likely due to postsynaptic abnormality.

Only 18% of the 105 dystrophic soleus muscle fibers that I sampled did not
give any detectable electrical response after supramaximal nerve stimulation.
This type of functional denervation could be attributed to presynaptic abnor¬
mality. We conducted the experiments in vivo at 37 and at 23° C. At both
temperatures, we were able to identify the functionally denervated fibers, indi¬
cating that functional denervation is not due to anoxia, as suggested by Harris
and Marshall (Exp. Neurol. 41: 331-344, 1973). 1 feel that although functional
denervation exists in dystrophic mice, the muscle weakness is too severe to be
explained in terms of functional denervation alone.

Harris: We quite deliberately didn't study action potential propagation
along muscle fibers in these animals. The reasons were primarily because on
teasing these fibers, we find such a large number of abnormalities that we felt
that unless we could actually identify the precise location of the recording elec¬
trodes, we weren't going to get very far. Professor Bradley has demonstrated
the gross distortion of some of these muscle fibers in his paper with Isaacs and
Henderson, and Dr. Ribchester has calculated, on the basis of 100 teased fibers,
that probably at least 50% of dystrophic fibers exhibit splitting, with short
splits and long splits intermingled. Now, of course, if you have grossly split
muscle fibers, you need to know exactly where you are recording your action
potential, and that is very difficult.

Law: In 18% of the fibers that I sampled, there was no detectable electrical
response after nerve stimulation. My interpretation is that not enough acetyl¬
choline may be moving across the nueromuscular junction.

When we are talking about functional denervation, we are referring to
physiologic measurements and not histologic observations. As to whether func¬
tionally denervated fibers exhibit extrajunctional acetylcholine sensitivity, Law
Jand Atwood (Exp. Neurol. 34: 200-209, 1972) previously reported that func¬
tional denervation is not equivalent to surgical denervation and, therefore, does
not necessarily produce extrajunctional acetylcholine sensitivity. In fact, those
muscle fibers have totally different cable properties from the surgically dener¬
vated muscle fibers.

Harris: We know that in animal experiments, one can block axoplasmic
transport, crush or cut the axon, poison the axon or cell body with drugs, such
as colchicine and tetrodotoxin, and block transmission with pre- and postsynap-
tically active agents, such as fi- and a-bungarotoxins, respectively. In every case,
the muscles will develop either extrajunctional acetylcholine receptors or tetrodo¬
toxin resistance. You are developing the concept that in some circumstances
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(for example, murine muscular dystrophy), functionally denervated muscle
fibers may not develop such symptoms. You may be right, but I think the onus
is on you to produce the unequivocal evidence.

G. Suarez-Kurtz (Columbia University, New York, N.Y.): Is it possible
that any of these differences of opinion could be related to the changes in the
passive cable properties of the muscle fibers?

Harris: That, of course, is what Dr. Law would suggest.
Law: With either surgical or chemical denervation, the whole muscle has

no electrical or contractile activity, except that eventually the muscle fibers
develop fibrillation. I think dystrophy is a totally different phenomenon.
Although some functionally denervated fibers do not have any contractile ac¬
tivity of their own, they are still under the passive stretch of neighboring active
muscle fibers. This observation may underlie the difference in cable properties
between normal and functionally denervated dystrophic muscle fibers.
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PHARMACOLOGICAL ASPECTS OF NEUROMUSCULAR TRANSMIS¬
SION IN THE ISOLATED DIAPHRAGM OF THE DYSTROPHIC (Rej 129)

MOUSE

J.B. HARRIS & R.R. RIBCHESTER

Muscular Dystrophy Group Research Laboratories, Regional Neurological Centre,
Newcastle General Hospital, Newcastle upon Tyne NE4 6BE

1 Some aspects of the pharmacology of neuromuscular transmission have been studied in the
isolated diaphragm of the normal and dystrophic mouse.
2 The effects of ( + )-tubocurarine and atropine on the indirectly elicited twitch responses of the
dystrophic diaphragm were indistinguishable from normal.
3 Intracellular recording techniques revealed no significant differences between the rise time, time
to half decay, frequency and amplitude of miniature endplate potentials (m.e.p.ps) recorded in dystro¬
phic muscle fibres, compared to those recorded in normal muscle fibres.
4 Transmitter null potential, the size of the available store of transmitter, the probability of release
of the transmitter, and the characteristics of endplate potentials (e.p.ps) of dystrophic muscle fibres
did not differ from normal.

5 The quantum contents of e.p.ps generated in response to nerve stimulation of 0.1 to 100 Hz
were consistently larger in dystrophic muscle fibres than in normal muscle fibres, but the differences
were not statistically significant under the conditions of the experiment.

Introduction

Murine muscular dystrophy was described by Michel-
son. Russell & Harman in 1955. Animals suffering
from the disease may be distinguished from their un¬
affected littermates at the age of about 3 weeks post
partum by virtue of their small body size and the
characteristic flexion of the hind limbs. Michelson et

af., (1955) classified the disease as a genetically-deter¬
mined primary disease of skeletal muscle with an
autosomal-recessive mode of inheritance. Although it
is now clear that many other tissues and organs such
as the peripheral nervous system (Bradley & Jaros,
1979), the thymus (Karmali & Horrobin, 1976) and
the endocrine pancreas (Lundquist, Hakanson,
Harris. Libelius & Sundler, 1979) exhibit abnormali¬
ties in development, morphology or function, it is still
the pathophysiology of the skeletal muscle that claims
most attention.

The abnormalities of skeletal muscle are well recog¬
nized, and include a reduction in muscle fibre
number, variation in muscle fibre diameter, coagu¬
lation and segmental necrosis in individual muscle
fibres, and central nucleation (See, for example. West
& Murphy, 1960; Rowe & Goldspink, 1969). Dystro¬
phic muscles are weaker than normal, both in abso¬
lute terms and when expressed in terms of tension
generated per unit wet weight or per unit area, and
the rate of shortening per sarcomere is reduced

(Douglas & Baskin, 1971; Taylor, Fowler. Mason &
Spann, 1971; Harris & Wilson, 1971). It has also been
claimed that 'functional' denervation of muscle fibres
may contribute to the observed weakness (McComas
& Mrozek, 1967; Law, Atwood & McComas, 1977),
a claim that is still controversial (see Harris & Ro¬
chester, 1979). However, in spite of the obvious im¬
portance of this controversy, the role of the neuro¬
muscular junction in the expression of murine muscu¬
lar dystrophy has only rarely been systematically
examined, and there are few reports on either the
physiological or pharmacological behaviour of the
neuromuscular junction in the muscles of the dystro¬
phic mouse.

In the earliest work on pharmacological aspects of
transmission apparently available. Baker, Wilson,
Oldendorf & Blahd (1960) reported that intact dystro¬
phic mice were relatively insensitive to injections of
tubocurarine. Later experiments on isolated nerve-
muscle preparations (Baker & Sabawala, 1963;
Beaulnes, Bois & Carle, 1965) seemed to confirm
these early observations, and led to the concept that
murine muscular dystrophy was associated with
either some form of abnormality that led to the for¬
mation of an increased number of acetylcholine recep¬
tors on the postsynaptic membrane (Baker & Saba¬
wala, 1963), or with an abnormality, presynaptic in
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origin, that led to an increase in the amount of 'ace¬
tylcholine or acetylcholine-like' material (Beaulnes et
al., 1966) released from the nerve terminal in response
to a nervous impulse.

In view of the rather imprecise nature of these early
pieces of work, and of the continuing controversy sur¬
rounding the role of the neuromuscular junction in
the aetiology and/or expression of the disease, we
have re-examined some pharmacological aspects of
neuromuscular transmission in isolated nerve-muscle

preparations of the dystrophic mouse using both
'classical' and electrophysiological techniques. A pre¬
liminary account of some of these experiments has
been presented to the Physiological Society and to
the New York Academy of Sciences (Harris & Ro¬
chester, 1976; 1979, respectively).

Methods

The experiments were carried out on nerve-muscle
preparations removed from dystrophic mice of either
sex of the Bar Harbor 129 Rej strain and their clini¬
cally normal litter mates. The mice were bred in the
Muscular Dystrophy Group Laboratories from stock
originally obtained from the Jackson Laboratories,
Bar Harbor. Maine. The animals were killed when

aged 3 to 6 months.

Bathing fluids

The isolated preparations were bathed in Liley's fluid
(Liley, 1956) of the following composition (itim): K +
5.0, Na+ 150, Ca2 + 2.0. Mg2+ 1.0. CI" 148, H2P04
1.0, HCO3 12.0 and glucose 11.0. The solution was
maintained at room temperature and equilibrated
with 5% C02 and 95% 02. Cut-fibre preparations
(q.v) were usually maintained in 2.5 mM K.+ rather
than in 5.0 mM (see Hubbard & Wilson, 1973).

Experiments utilizing the twitch response

These experiments were carried out on intact hemi-
diaphragm preparations. The phrenic nerve was
stimulated at 0.1 Hz with pulses of 0.05 ms duration
and supramaximal voltage. The contractions were
recorded isometrically with a Devices Ltd. dynam¬
ometer (UF1), amplifier (3559; HF cut 150 Hz) and
recorder (MXZ). The resting tension on the muscle
was adjusted until the twitch response was maximal.
The mean (±s.e.mean) resting tension required was
1.2+0.09 g (n = 16) for normal muscles and
1.1 + 0.18 g (/1 = 13) for dystrophic muscles. At the
end of every experiment, the preparation was
removed, the rib-cage trimmed away and the muscle
lightly blotted and weighed. The recording system
was then calibrated.

The effects of ( + )-tubocurarine and atropine on the
twitch response were measured by constructing dose-
response curves. A contact time of 2 min was used,
followed by a period of washing of 15 min during
which nerve stimulation was interrupted. In 6 experi¬
ments dose-response curves were constructed to both
atropine and ( + )-tubocurarine on the same prep¬
aration. In order to prevent any bias in these experi¬
ments, atropine was used first in 3 experiments and
( + )-tubocurarine was used first in the other 3. In all
cases, preparations were washed for 1 h between the
two parts of the experiment.

The effect of Mg2+ on the twitch response was
determined by constructing cumulative dose-response
curves. The preparation was allowed to equilibrate
for 5 min before a change in concentration was made.

Electrophysiological recording methods

The electrical responses of muscle fibres were
recorded with glass microelectrodes filled with 3 M
KC1. The electrodes had tip potentials <5 mV and
resistances of 5 to 15 MQ. When it was necessary
to measure 'input resistance,' 'time constant' or to
cause local changes in membrane potential, a second,
current passing, electrode was inserted into a muscle
fibre 50 to 100 pm away from the recording electrode.
The recording and current generating circuits used
were home-built, and have been described by Allan.
Gascoigne. Ludlow & Smith (1977).

Miniature endplate potentials

Miniature endplate potentials (m.e.p.ps) were
recorded from intact hemidiaphragm preparations,
pinned to small Sylgard strips (Dow-Corning Ltd.)
and immersed in Liley's fluid (Liley, 1956) at room
temperature. The presence of m.e.p.ps with a rise time
of <1.1 ms was taken to indicate the focal location
of the endplate. The m.e.p.ps were recorded on an
FM tape recorder at 3.75 i.p.s. (Precision Instruments
PI 6200) for later analysis. The 'input resistance' and
'time constant' of the muscle fibre were routinely
recorded.

Endplate potentials

Endplate potentials (e.p.ps) were recorded from cut
fibre preparations (Barstad, 1962). The muscle fibres
were cut 1 to 2 mm either side of the zone of innerva¬
tion and the preparation left for 20 to 40 min. During
this time, the resting potential fell from a mean of
approximately —70 mV to a mean of approximately
— 15 mV. The final resting potential of a cut fibre
varies between —10 and —40 mV. During these ex¬
periments, therefore, a second, current-passing elec¬
trode was used to maintain the membrane potential
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at —20 mV at the endplate region. At this level of
membrane potential, sodium inactivation is virtually
complete, and it is possible to record endplate poten¬
tials uncomplicated by any form of regenerative re¬
sponse.

Quantum content of e.p.ps

The quantum content (m) of e.p.ps was estimated by
the variance method (del Castillo & Katz, 1954; Mar¬
tin, 1955). This method assumes that the release of
transmitter at undepressed junctions obeys Poisson
rather than binomial statistics. The assumption has
been tested and considered valid by Martin (1966)
and by Elmqvist & Quastel (1965). However, Miya¬
moto (1975) has suggested that the release is best de¬
scribed by binomial statistics at low rates of stimu¬
lation and Wilson (1977) considers only binomial stat¬
istics to be accurate. Clearly, the statistical nature of
the release process is controversial. However, in spite
of the difficulties involved in the use of the variance

method, it does allow a fairly detailed study of some
aspects of presynaptic activity to be made. Endplate
potentials were considered focal if they had a rise
time <1.1 ms. Trains of 20 e.p.ps were recorded at
0.1 and 1.0 Hz. and trains of 40 e.p.ps were recorded
at 10. 30 and 100 Hz. An interval of 1 min was

allowed between each period of stimulation. The
e.p.ps were recorded on moving film and measured,
after suitable enlargement, to the nearest 0.05 mV.
Quantum size and mean quantum content were then
calculated after correcting e.p.p. amplitudes for the
non-linear summation of quantal units (Martin, 1955).
In order to avoid early tetanic rundown and the
regression of e.p.p. amplitude that occurs at high fre¬
quencies of stimulation (Elmqvist & Quastel, 1965),
only the last 20 e.p.ps of the train of 40 generated
at frequencies in excess of 1 Hz were used in the
appropriate calculations.

Theoretically, the variance method for the calcula¬
tion of quantum content underestimates the true
quantum content if corrections for variation in noise
and quantum size are ignored. In practice, the contri¬
bution of noise in the recording system is negligible.
Moreover, with cut fibre preparations, where m.e.p.ps
cannot be recorded, it is not possible to make a direct
measurement of the within-fibrc variance in quantum
size. This correction was not. therefore, applied. How¬
ever. if it is assumed that the within-fibre variance
in m.e.p.p. amplitude recorded in intact preparations
(see Results, page 415) is the same as the within-fibre
variance in quantum size in cut fibres, it is possible
to estimate the size of the introduced error from the
formula:

"Tor = mCai (1 + CVij
where mcor is the corrected quantum content, mca.

is the quantum content calculated by the variance
method and CVmepp is the coefficient of variation of
m.e.p.p. amplitude. Such calculations revealed that
the uncorrected values of quantum content are under¬
estimates by approximately 3% and 7% in normal
and dystrophic preparations respectively. Errors of
this size had little practical significance and were
masked by the much greater variations in the calcu¬
lated quantum contents of e.p.ps in both normal and
dystrophic muscles (see Table 4).

Transmitter null potential

The correction for non-linear summation of quantal
units involves a term for transmitter null potential.
This has been assumed to be between —10 and —12
mV in cut fibre preparations (Hubbard & Wilson,
1973; Wilson, 1977), but our own preliminary results
suggested that it was closer to —4 mV (Harris &
Ribchester, 1976). In the present experiments the
transmitter null potential (t.n.p.) was recorded in
every experiment by making stepwise changes in the
resting potential (using the current passing electrode)
and recording the amplitude of the evoked e.p.p. The
resting potential was varied between +30 and —30
mV. allowing e.p.p. amplitude to be plotted as a func¬
tion of membrane potential. The t.n.p. could be
measured directly from the curve and the value thus
obtained used in the appropriate calculations for cor¬
recting for non-linear summation.

Transmitter store size and the probability of release

The size of the immediately available store, and the
probability of release of transmitter were estimated
from the early tetanic rundown of e.p.p. amplitude
at 100 Hz (Elmqvist & Quastel. 1965). It is assumed
that the early tetanic rundown represents the de¬
pletion of the available store without replenishment.
This commonly involves the first 4 to 10 e.p.ps. Extra¬
polating the line joining m e£m to m = 0 gives an
estimate of the size of the store of available transmit¬
ter, and the ratio of the size of the first e.p.p. to the
size of the store gives an estimate of the probability
of release. Both estimates are subject to error (Chris-
tensen & Martin, 1970), but might be expected to
reveal large and systematic differences between nor¬
mal and dystrophic junctions.

Statistical analysis of results

The results are routinely presented as mean
+ s.e.mean. The differences between two means were

analysed either by Student's t test or, where the vari¬
ances differed significantly, by Welch's test (Welch,
1937). A probability level of P < 0.05 was considered
statistically significant.
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Results

Experiments on the twitch response of the isolated dia¬
phragm

General properties The diaphragm of the mouse is
often considered to be 'spared' the dystrophic process
on the grounds that even severely crippled animals
breathe without obvious difficulty. However, the iso¬
lated dystrophic hemidiaphragm preparations used in
these experiments were lighter than normal, and
generated less tension in response to a single stimulus
to the nerve than normal. This was true whether the

response was expressed in absolute terms or as ten¬
sion generated per unit wet weight of tissue (Table 1).
Weakness is the most characteristic feature of dys¬
trophic muscle, and these results are consistent with
previous observations on the mechanical properties
of dystrophic muscle in vitro and in vivo (Sandow &
Brust, 1958; Douglas & Baskin, 1971; Taylor et al.,
1971; Harris & Wilson, 1971). Histological examin¬
ation of the diaphragm of the dystrophic mouse
revealed fibre-splitting, central nucleation and some
variation in muscle fibre diameter (unpublished obser¬
vation). These morphological abnormalities are typi¬
cal of dystrophic mouse muscle (Michelson et al.,
1955). On the basis of these physiological and mor¬
phological criteria, it seems unreasonable to support

the view that the diaphragm of the dystrophic mouse
is spared the disease process.

Action of ( + )-tubocurarine The effect of ( + )-tubo-
curarine on indirectly elicited twitch response of the
hemidiaphragm was assessed on 14 normal and 9 dys¬
trophic nerve-muscle preparations. The results
(Figure 1) indicate that the sensitivity of the dystro¬
phic preparations is similar to normal.

The curare/atropine ratio Atropine is the classical
competitive inhibitor of acetylcholine (ACh) at the
'muscarinic receptor.' At other cholinoceptors, atro¬
pine will usually block the effects of ACh, although
large concentrations are usually needed. Moreover,
there is virtually unequivocal evidence that at non-
muscarinic sites, the drug has a non-competitive
mode of action (Katz & Miledi, 1973). However, the
curare/atropine ratio (that is, the ratio of concen¬
trations of ( + )-tubocurarine and atropine respectively
needed to induce a 50% inhibition of a given re¬
sponse) has been used as an index of the 'nature' of
cholinoceptors (see for example, Itina, 1959; Beranek
& Vyskocil, 1967; Harris, Marshal & Wilson, 1973).
The mean ratio of 6 dystrophic preparations was
0.0011 ± 0.0004, and in 6 normal preparations the
mean ratio was 0.0013 ± 0.0004. The means were not
significantly different.

Table 1 Some properties of the isolated diaphragm preparations of normal and dystrophic mice

Normal Dystrophic
Wet weight 29.6 ± 1.56 (12) 21.8 ± 1.26 (12)*
Resting tension (g) 1.2 + 0.09 (16) 1.1 ± 0.18 (13)
Twitch tension (g) 7.0 + 0.41 (16) 3.9 + 0.36 (13)*
Twitch tension

wet weight (g/mg) 0.25 + 0.018 (12) 0.19 + 0.016 (13)*

The muscles were stimulated indirectly and the twitch response was recorded isometrically. Resting tension
refers to the tension under which the muscles were maintained and at which the muscle response was maximal.
Figures are mean + s.e.mean, and the number of preparations used is given in parentheses.
* Dystrophic significantly different from normal (P < 0.05; t test).

Table 2 Some electrical properties of normal and dystrophic diaphragm muscle fibres

Normal Dystrophic

Resting membrane potential (mV) —66 + 0.9 —66 ± 1.4
(29) (20)

Input resistance (MO) 0.54 + 0.03 0.55 ± 0.03
(29) (20)

Membrane time constant (ms) 1.97 + 0.05 2.00 ± 0.05
(20) (17)

Figures are mean + s.e.mean, and the number of fibres examined is given in parentheses.
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Figure 1 The effect of ( + )-tubocurarine on the twitch
response of indirectly stimulated diaphragm prep¬
arations of normal (•, n = 14) and dystrophic (O,
n — 9) mice. The contact time was 2 min, and doses
were repeated every 15 min. The line has been fitted
by eye. Vertical lines show s.e. mean.

The effects of My2* The effects of Mg2^ on neuro¬
muscular transmission were tested by exposing 5 nor¬
mal and 4 dystrophic nerve-muscle preparations to
increasing amounts of the ion. Cumulative dose-re¬
sponse curves were plotted. In both normal and dys¬
trophic preparations, a 50% inhibition of the twitch
response was achieved with 10 to 12 mM Mg2+ and
100% inhibition was seen with 16 to 20 mM Mg2t.
The results on dystrophic muscles were indistinguish¬
able from those on normal muscles.

Experiments with intracellular microelectrodes

General properties of the muscle fibres The mean
resting membrane potential, mean input resistance
and mean membrane time constant of muscle fibres
randomly penetrated in dystrophic muscles did not
differ significantly from normal (Table 2).

The spontaneous release of transmitter The spon¬
taneous release of transmitter was studied by measur¬
ing the characteristics of the m.e.p.ps in 29 normal
and 20 dystrophic muscle fibres. The mean frequency,
rise-time, half-decay time and amplitude of the poten¬
tials were statistically similar to normal (Table 3).
However, there was greater than normal variation in
the amplitude of individual m.e.p.ps within a given
muscle fibre (see Figure 2). Thus the mean coefficient
of variation (that is standard deviation/mean ampli¬
tude) of m.e.p.p. amplitude within dystrophic muscle
fibres was 0.27 compared with 0.16 within normal
muscle fibres.

Transmitter null potential The transmitter null poten¬
tial (also known as the equilibrium potential) was
determined with cut fibre preparations. The ampli¬
tude of the e.p.p. was recorded at various membrane
potentials as described in Methods. Typical records
of e.p.ps recorded under these conditions are show n
in Figure 3 and the relationships between amplitude
of the end-plate potential and the membrane potential
derived from the records shown in Figure 3 are also
shown. The mean transmitter null potential of 43 nor¬
mal fibres was —4.4 ± 0.38 mV, and of 34 dystrophic
fibres was —4.8 + 0.29mV. The difference was not

statistically significant.

The endplate potential The amplitude and time-
course of e.p.ps generated in response to a single
stimulus were measured in normal and dystrophic

Table 3 Characteristics of miniature endplate potentials (m.e.p.ps) in normal and dystrophic muscle fibre

Normal Dystrophic

M.e.p.p. amplitude (mV) 2.0 + 0.07 1.9 + 0.10

(corrected to — 90 mV) (29) (20)
M.e.p.p. frequency (Hz) 1.4 + 0.13 1.6 + 0.13

(29) (20)
Rise time (ms) 0.7 + 0.04 0.7 + 0.04

(27) (18)
Time to half decay (ms) 1.5 + 0.04 1.5 + 0.08

(27) (18)

Figures are mean ± s.e.mean and the number of fibres examined is given in parentheses. M.e.p.ps were recordee
at the resting membrane potential of the muscle fibre, and their amplitudes corrected to a standard resting
potential of -90 mV (see Methods).
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Figure 3 Transmitter null potential in typical normal and dystrophic diaphragm muscle fibres. The muscle
fibres were cut, and an e.p.p. was recorded in response to indirect stimulation. The resting membrane potential
(m.p.) of the cut fibres was gradually changed using a current passing microelectrode. and successive e.p.ps
generated at each level of membrane potential were stored. Amplitude of e.p.p. was then plotted against resting
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axis.
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muscle fibres. In all respects differences between e.p.ps
in dystrophic fibres and normal fibres were small and
not statistically significant. The mean quantum con¬
tent of e.p.ps was calculated from measurements of
trains of e.p.ps generated at stimulus frequencies of
0.1 to 100 Hz. The results for a number of normal
and dystrophic muscle fibres are presented in Table 4.
Although the mean quantum content of e.p.ps was
considerably higher in dystrophic than in normal
fibres at all rates of stimulation used, the differences
were not statistically significant (P > 0.05; Welch's
test).

The effect of long-term stimulation on the end-plate
potential Occasionally during the course of an experi¬
ment, nerve stimulation suddenly failed to generate
an e.p.p. (possibly due to local anoxia, see Krjnevic
& Miledi, 1959). In a series of experiments designed
to test the ability of nerve terminals to liberate trans¬
mitter over a relatively long time course, normal and
dystrophic cut-fibre preparations were stimulated at
30 Hz for up to 60 s. Out of 22 normal fibres studied,
one failed at 20 s, and 2 failed between 30 and 60
s; of 18 dystrophic fibres tested, one failed at 23 s
and 1 failed at 51 s. The results indicate that dystro¬

phic nerve-muscle preparations are as 'stable' as nor¬
mal preparations.

The size of the available store and the probability of
release Some typical results showing the relationship
between m and Im are shown in Figure 4. In 14
normal fibres, the estimated size of the available store
of transmitter was 2,593 + 324 quanta, and the prob¬
ability of release was 0.08 ± 0.006. In 15 dystrophic
fibres the size of the available store was 2,807 + 402
quanta and the probability of release was
0.09 ± 0.012. Neither of these parameters in the dys¬
trophic muscle was significantly different from nor¬
mal.

Discussion

Choice of experimental procedures and sources of
errors

In these experiments, an attempt was made to deter¬
mine whether or not there were any major abnormali¬
ties in the pharmacological behaviour of the neuro¬
muscular junction in murine muscular dystrophy. The

Tabic 4 Some properties of endplate potentials (e.p.ps) in normal and dystrophic muscle fibres

Normal Dystrophic

Resting membrane potential tmV) -16 + 1.1 - 14 + 0.9

(17) (16)
Transmitter null potential (mV) -4.5 + 0.5 -4.6 + 0.4

(20) (70)
Amplitude of e.p.ps 4.7 + 1.6 3.9 + 1.3

at 0.1 Hz (mV) (20) (20)
Rise time (ms) 1.0 + 0.04 0.9 + 0.06

(20) (20)
Time to half decay (ms) 1.7 + 0.07 1.5 + 0.07

(20) (20)
Quantum Contents

a, 0.1 Hz 167.2 + 15.5 261.3 + 66.3

(17) (17)
b. 1 Hz 135.8 + 14.6 198.0 + 48.2

(17) (17)
c. 10 Hz 126.4 + 15.4 192.9 + 37.3

(17) (17)
d. 30 Hz 98.0 + 13.7 148.2 + 30.4

(17) (17)
e. 100 Hz 91.7 + 13.2 136.1 + 57.2

(17) (17)
Size of the immediately 2592.9 + 324.6 2806.7 + 402.4

available store (14) (15)
Probability of release 0.08 + 0.01 0.09 + 0.01

(14) (15)

Figures are mean + s.e.mean and the numbers of fibres examined are given in parentheses. The experiments
were done on 'cut' muscle fibres. The resting potentials of the cut fibres were set to a standard of -20 mV
hv passing current through a second microelectrode before e.p.ps were recorded.

ii.J.P. 65/3- h
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Dystrophic

Normal

5m

Figure 4 The relationship between the quantum con¬
tent of successive endplate potentials (e.p.ps, m) and
the sum of all preceding e.p.ps (Im) in 2 normal and
2 dystrophic muscle fibres. The fibres were cut. and
the e.p.ps are the first few generated in response to
indirect stimulation at 100 Hz. The intercept on the
Xm axis (i.e. where m = 0) is taken to indicate the store
of available transmitter (n), and the ratio m (of 1st
e.p.p.)/n is the probability of transmitter release.

isolated diaphragm was chosen for the experiments
even though it is commonly suggested that it is
'spared' the dystrophic process. It should be empha¬
sized. therefore, that the diaphragm was shown to
share many of the properties that characterize dystro¬
phic skeletal muscle, in terms of morphological
appearance, wet weight and the ability to generate
tension. In other respects, the diaphragm seems to
be atypical in its involvement in this disease. Thus,
the resting membrane potential, the time constant and
the input resistance of the dystrophic fibres did not
differ significantly from normal; the hind limb
muscles usually demonstrate a reduced resting mem¬
brane potential (Harris, 1971) and changes in both
time constant and input resistance (McComas &
Mossawy, 1966; Law & Atwood, 1972).

One of the problems routinely encountered in work
on the pathophysiology of diseased tissues is that of
systemic errors caused by the biased sampling of 'nor¬
mal' or 'abnormal' cells or regions in a larger piece
of tissue. In the case of our own experiments on dys¬
trophic muscle, microelectrode techniques were used
to sample on a random basis a relatively small
number of muscle fibres in a given normal or dystro¬
phic piece of muscle. It is difficult to refute the possi¬
bility that in the dystrophic muscles such techniques
are likely to lead to the biased sampling of larger
(and hypothetically healthier) muscle fibres. Our
results, showing that the variation of input resistance
of dystrophic muscle fibres was no greater than nor¬
mal (see Table 2) in spite of the larger variation in

fibre diameter that characterizes murine muscular

dystrophy, may indicate that we had sampled a rather
more homogeneous population of dystrophic fibres
than we might have expected. However, large muscle
fibres, as well as small muscle fibres in dystrophic
muscles exhibit all the morphological features of the
disease, and Harris & Ribchester (1978) using intra¬
cellular dye injection and micro-dissection, have
shown unequivocally that the random penetration of
fibres in dystrophic muscles does allow the sampling
of grossly abnormal muscle fibres. Further, it should
be noted that this disease is genetically determined
with an autosomal-recessive mode of inheritance. This
means that all cell nuclei have to be homozygous for
the dystrophic gene. If that gene is fully expressed,
as it appears to be in skeletal muscle, the argument
that non-dystrophic muscle fibres can exist in a dys¬
trophic muscle is not strong.

Another possible source of error lies in our choice
of the cut fibre preparation of Barstad (1962) for the
analysis of evoked transmitter release. The prep¬
aration was chosen because it is the only preparation
available that allows a statistical examination of
transmitter release to be made in the absence of
transmission-blocking agents. Some sources of
error, commonly ignored, such as the correct choice
of a value for transmitter null potential and the pro¬
gressive fall in resting membrane potential, were con¬
trolled. Other sources of error arc that it is necessary
to assume that cutting the muscle fibres has no effect
on presynaptic function, and that Poisson statistics
are an accurate statistical description of the release
process. These assumptions may not be strictly valid
for normal systems, and their validity with respect
to the dystrophic muscle is virtually untestable.

Experimental results

Contrary to earlier reports (Baker & Sabawala, 1963;
Beaulnes el al., 1966), we could detect no differences
between normal and dystrophic preparations with
regard to sensitivity to (+ )-tubocurarine. This dis¬
crepancy might be more apparent than real. The ex¬
periments reported by Baker & Sabawala (1963)
were on isolated diaphragm and peroneus longus
muscle, and only in the latter muscles was any signifi¬
cant difference in sensitivity to (+ )-tubocurarine
established. The experiments by Beaulnes el at. (1966)
involved measuring the time to transmission block
in diaphragm muscles in vitro after exposure to a fixed
concentration of drug. This technique is so different
from that used by Baker & Sabawala and ourselves
that it is difficult to compare our respective findings.
It seems possible that there are slight differences in
the sensitivity of normal and dystrophic preparations
to (+ )-tubocurarine that are exposed by varying the
conditions of an experiment, or that the difference
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is seen in only a few muscles. In either case, it seems
unlikely that any large and systemic differences exist.

In other experiments the effect of Mg2+ on the
twitch response of the isolated diaphragm was
measured. No differences between normal and dystro¬
phic muscles were noted. Assuming that Mg2 +
specifically inhibits transmitter release from the motor
nerve terminal (del Castillo & Engbaek, 1954), it
seems reasonable to draw the inference that transmit¬
ter output per impulse (and safety factor for neuro¬
muscular transmission) in dystrophic muscles is
broadly similar to normal.

Experiments such as those described above reflect
only the responses of a large number of individual
muscle fibres; they give no indication of the behav¬
iour of individual junctions. Thus, the gross sensitivity
to (-t-)-tubocurarine and to Mg2+ might remain nor¬
mal when a reduction in nerve-impulse mediated
transmitter release is compensated for by an increase
in muscle fibre input resistance. Similarly, a change
in quantum size might be compensated for by an in¬
crease in quantum content, leading to a normal safely
factor for neuromuscular transmission and normal

sensitivity to agents such as (+ )-tubocurarine and
Mg2 + . The electrophysiological analysis of transmit¬
ter release provided one way of examining the behav¬
iour of single neuromuscular junctions.

The mean amplitude and time course of m.e.p.ps
in the dystrophic muscle fibres were similar to nor¬
mal. and it would seem, therefore, that the post-junc-
tional sensitivity to the released transmitter does not
differ significantly from normal.

The amplitude and time course of e.p.ps in the dys¬
trophic fibres were similar to normal, and the prob¬
ability of release, the size of the available store of
transmitter and the ability of the nerve terminal to
respond to abnormally lengthy periods of stimulation
at normal frequencies (the normal rate of discharge
in the mouse phrenic nerve is 10 to 12 impulses at
approximately 30 Hz per respiratory cycle, Purves &
Sackman, 1974) were also indistinguishable from nor¬
mal.

The quantum content of e.p.ps generated in re¬
sponse to nerve stimulation at all rates ranging from
0.1 to 100 Hz was greater than normal in dystrophic
muscle fibres, but the increase was not statistically sig¬
nificant at the 5°,, level. Of some interest was the
observation that the variance of the estimates of

quantum content in the dystrophic preparations was
greater than normal. One practical consequence of
this was that Welch's test (Welch. 1937) had to be
used to calculate the significance of the difference
between the means. A second was that the sensitivity
of the analysis was impaired. As an example of the
lack of sensitivity introduced, it can be shown by

'backtracking' through Welch's form of analysis that
at 0.1 Hz, for example, a difference between mean
quantum contents would only be demonstrated to be
statistically significant at the 5% level if the means
differed by 1.8 to 2.0 times.

The reason for this very large difference in variance
is not clear. It may reflect the true situation in dystro¬
phic fibres. It may also reflect some of the uncertain¬
ties inherent in the use of the variance method. In¬
spection of the data presented in Table 4 shows that
the difference between the variance of normal and
dystrophic preparations tends to decline as the fre¬
quency of stimulation increases. For example, at 0.1
Hz the variance ratio (dystrophic:normal) is approxi¬
mately 18, and at 30 Hz the ratio is approximately
5. Moreover, this change in variance ratio is primarily
due to a relatively large fall in variance in the dystro¬
phic preparations with increasing stimulus frequency.
One interpretation of this observation would be that
at low rates of stimulation, when large numbers of
quanta are being released per impulse, the statistical
basis of transmitter release tends towards binomial
rather than Poisson and that this tendency is stronger
in dystrophic fibres than in normal fibres. Since the
cut fibre preparation does not allow one to make a
direct measurement of quantum size, this possibility
cannot be readily tested, but analysis in terms of Pois¬
son rather than binomial statistics would result in
an overestimate of quantum content, and this over¬
estimate may be larger in dystrophic than normal fibres.
The possibility that the differences in evoked trans¬
mitter release are more apparent than real might also
be strengthened by the observation that intact dystro¬
phic diaphragm preparations do not show any
marked insensitivity to either Mg2+ or (+ )-tubocur-
arine.

In summary, the expression of murine muscular
dystrophy does not appear to be complicated by any
gross abnormality in the behaviour of the neuro¬
muscular junction. There is no evidence that transmit¬
ter release is impaired, even at high rates of stimu¬
lation, and so the neuromuscular junction is probably
not involved in the development of'clinical' weakness.
It is possible that at low rates of stimulation, trans¬
mitter release is greater in dystrophic muscles than
normal. Since the safety factor for transmission in
mammalian systems is commonly of the order 8 to
10 (Waud & Waud, 1975; Kelly. 1978), an increase
in transmitter release would be of little practical con¬
sequence to the animal.

This work was supported by the Muscular Dystrophy
Group of Great Britain, the Muscular Dystrophy Associ¬
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an MRC grant for training in research methods.
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SUMMARY

1. The morphology of nerve terminals and sub-neural apparatuses was examined
in the muscles of normal and dystrophic adult mice of the Bar Harbor 129 ReJ
strain. Nerve terminals were larger in dystrophic muscles than in normal muscles
and nerve terminal sprouting was evident in about 50 % of the dystrophic muscle
fibres. End-plate area was positively correlated with muscle fibre diameter in both
normal and dystrophic muscles.

2. Polyneuronal innervation was found in only 1 % of dystrophic muscle fibres
impaled with micro-electrodes.

3. Miniature end-plate potential amplitude was positively correlated with muscle
fibre input resistance in both normal and dystrophic muscles. There was however,
a greater than normal variation in the amplitudes of m.e.p.p.s recorded from
individual dystrophic muscle fibres.

4. Quantum contents of end-plate potentials were estimated in normal and
dystrophic mouse nerve-muscle preparations partially blocked with D-tubocurarine.
The quantum content of e.p.p.s seemed to be related to muscle fibre diameter, and in
dystrophic muscles the characteristics of evoked release were indistinguishable from
normal.

5. It was concluded that the nerve terminal sprouting and the expansion of
end-plate area which were observed in dystrophic muscles are not a consequence of
any form of denervation, but represent an attempt by the axon to expand the area of
synaptic contact in hypertrophied muscle fibres.

INTRODUCTION

There are a number of mutant strains of mice in which affected individuals display
abnormalities of muscle, the peripheral nervous system and the neuromuscular
junction (Sidman, Cowen & Eicher, 1979; Duchen, 1979). The dystrophic mouse
(Michelson, Russell & Harman, 1955) exhibits characteristic abnormalities of muscle
including a wide variation in muscle fibre diameter, reduced numbers of muscle fibres,
central nucleation of fibres, longitudinal fibre splitting and a proliferation of fat and
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connective tissue (West & Murphy, 1960; Rowe & Goldspink, 1969a, 6; Isaacs,
Bradley & Henderson, 1973). Abnormalities of the peripheral nervous system include
amyelination of axons in dorsal and ventral spinal roots and a reduced axonal con¬
duction velocity in those regions (Bradley & Jenkison, 1973; Stirling, 1975; Huizar,
Kuno & Miyata, 1975; Bisco, Headley, Martin & Stirling, 1977). In addition Schwann
cells in the peripheral nerves lack basement membrane (Madrid, Jaros, Cullen &
Bradley, 1975) and axons are often poorly myelinated and have elongated nodes of
Ranvier (Jaros, 1977). Morphological abnormalities of the neuromuscular junction
that have been described include collateral sprouting of motor nerve terminals
(Harman, Tassoni, Curtis & Hollinshead, 1963) a decreased density of presynaptic
vesicles (Ragab, 1971), a decreased activity of end-plate cholinesterase (Glaser &
Seashore, 1967) and poor organization of post-synaptic folds (Rash, Ellisman,
Staehelin & Porter, 1974).

The possibility that some form of denervation plays a role in the expression of
murine muscular dystrophy has been the subject of considerable debate (see Harris
& Ribchester, 1979a). However, direct studies of neuromuscular transmission in the
disease have concentrated either on transmitter release in the presence of high
concentrations of Mg2+ (Carbonetto, 1977) or on pharmacological aspects of trans¬
mission (Harris & Ribchester, 19796).

In this paper we describe attempts to relate our findings on the morphology of
motor end-plates to the release of transmitter in unblocked and curarized nerve-
muscle preparations.

METHODS

Male and female dystrophic mice and their clinically normal litter-mates of the Bar Harbor
129 ReJ strain were bred in this laboratory and fed on Oxoid breeding diet, supplemented by
wheat germ and dried milk. Experiments were performed on nineteen dystrophic animals and
fifteen of their clinically normal litter-mates aged between 3 and 6 months. The mice were
killed by dislocation of the cervical vertebrae and the left hemidiaphragm, extensor digitorum
longus and soleus muscles were removed.

Nerve terminal staining. A combined zinc iodide and osmium tetroxide method was used to
stain motor nerve terminals (Akert & Sandri, 1968). Zinc iodide solution was prepared freshly on
each occasion by reacting 1-5 g powdered zinc with 0-5 g iodine in 20 ml. water and collecting
the filtrate. This solution was mixed with an aqueous 2 % solution of osmium tetroxide in the
ratio 4:1 (v/v). Isolated muscles were incubated in this solution for about 5 h, washed several
times in distilled water, teased into large bundles of fibres and stored overnight in glycerol.
Small bundles (one to ten fibres) were teased from the larger bundles and mounted on glass
slides. The length of motor nerve terminals in the long axis of the muscle fibres was measured
at a magnification of 400 x using an eye-piece micrometer. In addition, end-plates were subjec¬
tively assigned to categories based on criteria suggested by Tuffery (1971). An end-plate was
classified T1 if a muscle fibre was innervated by a single axon which gave rise to a single terminal
arborization (see PI. 1). Three categories of nerve terminal sprouting were recognized: pre¬
terminal sprouting (T2 terminals), where sprouts arose as pre-terminal bifurcations of the axon;
ultraterminal sprouting, where sprouts arose from the terminal arborizations of the axon;
and collateral sprouting, where sprouts arising either from terminal arborizations or from axonal
bifurcations extended over and apparently formed synapses with adjacent muscle fibres. Where
unequivocal evidence of multiple innervation of muscle fibres was encountered, terminals were
designated as multi-terminal innervation.

Cholinesterase staining. The sub-neural apparatus was visualized using a modification of the
direct-colouring method for cholinesterase described by Karnovsky & Roots (1964) Muscles
were fixed for 4-6 hr in cold (4 °C) formol calcium (10% formalin; 1 % CaCl2) and teased into
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large bundles of fibres. These bundles were then rinsed in distilled water (5 min) and incubated
in a solution of the following composition (mM): S-acetylthiocholine iodide, 1-73; acetic acid, 30;
sodium acetate 150; sodium citrate, 30; copper(II) sulphate, 3; potassium ferricyanide, 5.
Muscles were incubated in this solution for 8-10 min, rinsed in distilled water (5 min) and stored
overnight in glycerol. Single fibres were teased from the larger bundles and mounted in glycerol
on glass slides. Slight adjustments of the cover-slip position brought about rotation of a fibre
so that its sub-neural apparatus could be viewed in one focal plane. Selected fibres were photo¬
graphed using a Zeiss photomicroscope and from x 800 photographic prints the muscle fibre
diameters and total areas of end-plates were measured. Muscle fibre diameter was taken as the
width of a teased muscle fibre perpendicular to its long axis in the region of the end-plate.
Estimates of the total area of end-plates were obtained by drawing the ellipse of minimum area
containing all the area stained for cholinesterase, onto a sheet of transparent graph placed over
the photographic print. The total area was calculated from the number of circumscribed i mm
squares.

In addition to these measurements end-plates were assigned subjectively to one of three
categories: simple, comprising end-plates showing an unbroken profile of the sub-neural
apparatus, no matter how convoluted the shape; fragmented, comprising end-plates where the
sub-neural apparatus was broken up into a number of discrete islands of cholinesterase staining
spread over the surface of the muscle fibre membrane; multiplex (duplex, triplex, etc.), com¬
prising end-plates where more than one well differentiated plaque of cholinesterase activity was
apparent on a muscle fibre (see PI. 2).

Physiological recordings. The techniques and instrumentation used for recording the various
electrical properties of the muscle fibres have been described in full elsewhere (see Fewings,
Harris, Johnson & Bradley, 1977; Allan, Gascoigne, Ludlow & Smith, 1977). It has been demon¬
strated unequivocally that the techniques do sample grossly abnormal muscle fibres in dys¬
trophic muscles of the mouse (Harris & Ribchester, 1978). All measurements were made at
room temperature in a bathing solution of the following composition (mm): K+, 5-0; Na+, 150;
Ca2+, 2-0; Mg2+, 10; CI, 148; H2P04-, 10; HC03~, 12-0; D-glucose, 110. Solutions were equi¬
librated by bubbling with 95 % 02/5 % C02.

Polyneuronal innervation. Evidence of polyneuronal innervation of dystrophic muscle fibres
was sought by grading the stimulus applied to nerve—muscle preparations whilst recording
intracellularly at the end-plate (Redfern, 1970). Cut muscle fibre preparations (Barstad, 1962)
of hemidiaphragm, extensor digitorum longus, and soleus muscles were used so that end-plate
potentials (e.p.p.s) could be recorded in the absence of muscle fibre action potentials. The nerve
was stimulated at 0-1-1 Hz using a suction electrode and e.p.p.s were recorded using micro-
electrodes filled with 3 m-KCI together with standard intracellular recording methods. The
stimulating voltage was progressively increased from zero to maximum (100 V nominal) using
both polarities in order to determine whether e.p.p.s of discrete amplitudes and/or latencies
could be recruited.

Miniature end-plate potentials (m.e.p.p.s). Miniature end-plate potentials were recorded in a
second series of experiments on isolated extensor digitorum longus muscles. Recording was
considered focal when m.e.p.p.s with a rise time of less than 1-1 msec were observed. Records
were stored on magnetic tape. All recordings were made from fibres in which the membrane
potentials had been hyperpolarized to — 90 mV at the end-plate region by passing inward direct
current through a second micro-electrode inserted into the same fibre less than 100 /im from the
recording electrode. This procedure made it possible to make a direct comparison of m.e.p.p.
amplitudes from fibre to fibre since correction for variations in membrane potential was un¬
necessary ; a secondary benefit was that the signal to noise ratio was improved. After recording
m.e.p.p.s for 45-75 sec the input resistance of the fibre was estimated from the change in mem¬
brane potential induced by passing a 30 msec, rectangular inward (hyperpolarizing) current
pulse of 40-80 nA.

End-plate potentials. In a third series of experiments e.p.p.s were recorded in preparations
partially blocked with D-tubocurarine at a concentration (0-5-1 -0 /tM) that would just prevent
muscle twitches when the nerve stimulated at 3 Hz. E.p.p.s with rise times less than 1-1 msec
were recorded onto moving film. Twenty e.p.p.s were recorded at a nerve stimulation frequency
of 3 Hz and 40-80 e.p.p.s at 30 Hz (Fig. 8). At the end of the recording, a current-passing
electrode was inserted, and the input resistance of the fibre was measured. In some fibres direct
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action potentials were then evoked by passing an outward (depolarizing) current pulse and the
threshold for action potential generation was measured. E.p.p. amplitudes were corrected to a
membrane potential of — 90 mV (Katz & Thesleff, 1957); they were not corrected for non-linear
summation since the e.p.p.s were typically of 1-8 mV amplitude and at this level, the correction
factor is negligible (see Martin, 1976). Quantum contents of e.p.p.s were calculated from the
coefficient of variation of their amplitudes (del Castillo & Katz, 1954; Martin, 1955). At 3 Hz
all e.p.p.s recorded were used in the calculation, but at 30 Hz only the last twenty e.p.p.s were
used so that the phase of early rundown was avoided (Elmqvist & Quastel, 1965).

Calculation of the safety factor for neuromuscular transmission. In this study the safety factor
for neuromuscular transmission (0) was defined as the depolarization (Fp) that would have been
achieved by the evoked release of transmitter from the nerve terminal in the absence of an action
potential mechanism, divided by the depolarization required to drive the membrane potential
from the resting potential to the threshold for action potential generation (Fc):

0=Fp.Fc-1 (1)
For any given fibre in a D-tubocurarine-blocked preparation, Fp may be predicted from the

mean quantum content of the e.p.p.s (m) and an estimate of the quantum size (q) in the un¬
blocked preparation. The latter was obtained indirectly from the input resistance (ffto) of the
fibre in question. Recordings of m.e.p.p.s in unblocked preparations showed that their mean
amplitude was related to the input resistance by:

q = 2-4 Rm (2)
and this relationship held for both normal and dystrophic muscle fibres (see Fig. 6A). The
value of q so obtained was corrected to the resting membrane potential of the fibre (Katz &
Thesleff, 1957). The product of m and the estimated value q gave a value, Fp', which could be
related to the safety factor parameter Fp by the correction for non-linear summation (Martin,
1955):

Vp = Fp'U + FZ/Fo)-1 (3)
where F0 = Em — ET; the difference between the resting membrane potential (Em) and the
reversal potential (Er). Er was assumed to be — 10 mV in all calculations.

The action potential threshold was not always measured directly, since direct action potentials
were not generated in all the muscle fibres studied. In such cases it was assumed to be — 56 mV
(Table 4). Having obtained Fp and Fc, the safety factor for neuromuscular transmission was
obtained using eqn. 1.

Statistical analysis of results. The results are presented as mean + s.e. of mean. The significance
of any difference between two means was tested using either Student's t test, or, if the variances
were unequal, Welch's Test (Welch, 1937). A probability level of less than 5% was taken to
indicate a significant difference between the two means. Where a correlation between two
variables was sought, the correlation coefficient was calculated from the estimated covariance
and the standard deviations. In cases where sample numbers were small and/or the data were not
normally distributed, Kendall's coefficient of correlation was calculated.

RESULTS

Morphology
Nerve terminal staining. In normal extensor digitorum longus and soleus muscles

80-90% of nerve terminals were classified as Tl (Table 1; PI. 1; see methods for
definition). T2 endings occurred in 10-20% of fibres. These probably arose as a
result of preterminal sprouting of axons (Barker & Ip, 1966). Ultraterminal sprouts
were never seen in normal muscles nor was there any evidence of multiple innerva¬
tion. These observations are similar to those made in the cat by Barker & Ip (1966)
and Tuffery (1971).
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In dystrophic muscles, the pattern was quite different. Only about 50 % of nerve
terminals could be classified as T1 (see PI. 1; Table 1). Pre-terminal sprouts (T2
end-plates) were seen in about 20 % of fibres, but the examples that were seen were
far more noticeable than those in normal fibres; the pre-terminal branches were
usually longer and the separations of the terminal arborizations were more pro¬
nounced (compare PI. 1C with IB). Approximately 30% of nerve terminals in both
dystrophic extensor digitorum longus and soleus muscles exhibited ultra-terminal

Table 1. Characteristics of nerve terminals in normal and dystrophic extensor digitorum
longus (e.d.l.) and soleus muscles. The classification of the nerve terminals into Tl, T2, etc. is
described in detail in Methods. The length of the nerve terminals is quoted as mean±s.e. of
mean. The numbers of muscle fibres studied are given in parentheses. The mean length of
terminals in dystrophic muscles was significantly greater than in the corresponding normal
muscles (P < 0 01; Welch's test)

Ultra- Multi-
terminal terminal

Tl T2 sprouting innervation Length
(%) (%) (%) (%) (fim)

Normal e.d.l. 90 10 0 0 37-9+1-3

(50)
Dystrophic e.d.l. 49 18-5 32 0-5 64-3+3-6

(156)
Normal soleus 77-5 22-5 0 0 44-2 + 2-0

(49)
Dystrophic soleus 48 19-5 31 1-5 60-2 + 2-6

(133)

sprouting. Such sprouting was usually confined to the muscle fibre from whose nerve
terminal the sprout has arisen (PI. 1 D-F) although on rare occasions the sprouts
spread across adjacent muscle fibres. Few collateral pre-terminal sprouts were seen
although this observation should be treated with caution since the zinc iodide and
osmium tetroxide method did not stain myelinated axons adequately. Only three out
of 288 dystrophic muscle fibres had multi-terminal innervation indicating a probable
incidence of multiple innervation of about 1 % (PI. 1H).

The mean length of motor nerve terminals was significantly greater in dystrophic
muscles than in corresponding normal muscles (Table 1) and there was greater
variation in the individual measurements (Fig. 1). There was no correlation between
the length of a nerve terminal and the presence of terminal sprouts, relatively
short terminals being just as likely to possess sprouts as long terminals.

Cholinesterase staining. Most end-plates in normal muscles were characterized by a
single continuous plaque of cholinesterase reaction product. Such end-plates were
classified as 'simple' (Table 2; PI. 2A). 'Multiplex' end-plates (see Methods) occurred
in 4-9% of normal fibres while 'fragmented' end-plates, made up of a number of
small cholinesterase stained sub-units, occurred in 10-20% of fibres (PI. 2).

The cholinesterase reaction product conferred a thicker outline to the end-plates
on normal extensor digitorum longus than on normal soleus (compare PI. 2 A and B).
Since cholinesterase extends to the base of the secondary synaptic folds (Barrnett,
1962; Davis & Koelle, 1967), the difference in the staining pattern observed between
these muscles probably reflects the difference in the depth of their secondary junction
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folds; end-plates in normal extensor digitorum longus muscles having longer folds
than those in normal soleus muscles (Duchen, 1971).

In dystrophic muscles 'simple' end-plates were less than half as common as in
normal muscles (Table 2).' Fragmented' end-plates occurred more than twice as often
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Fig. 1. Distributions of the length of motor nerve terminals in normal and dystrophic
extensor digitorum longus (e.d.l.) and soleus. Measurements were made on teased
preparations stained with zinc iodid/osmium tetroxide. Numbers in parentheses are
numbers of fibres examined.

Table 2. Cholinesterase staining in normal and dystrophic extensor digitorum longus (e.d.l.)
and soleus muscles. Measurements are expressed as mean±s.e. of mean. The numbers of
muscle fibres studied are given in parentheses.

Fibre Total

Simple Fragmented Multiplex diameter* end-plate area'
(%) (%) (%) (H (fim2)

Normal e.d.l. 81-5 10 8-5 41 + 0-9 663+ 17-8

(92) (92) (92) (92) (92)
Dystrophic e.d.l. 65 24 11 50+2-5 1492 ±98-5

(100) (100) (100) (84) (84)
Normal soleus 74 22 4 30 + 0-8 539 + 21-3

(96) (96) (96) (96) (96)
Dystrophic soleus 30-5 55 14-5 46+ 1-8 1019 ± 54-1

(HI) (HI) (HI) (108) (108)
* Differences between corresponding normal and dystrophic muscles statistically significant;

P < 0-01, Welch's test. Note the greater variation in muscle fibre diameter in dystrophic
muscles compared with normals.

in the dystrophic muscles than in the corresponding normal muscles and the cholin¬
esterase 'fragments' were usually spread over a wider area (PI. 2C). It was sometimes
difficult to decide whether an end-plate should be assigned to the 'fragmented' or
'

multiplex' categories. Examples where no such difficulty was encountered are shown
in PI. 2 (B and D).

It would have been of interest to consider the relationship of the cholinesterase
staining patterns to the Znl2/0s04 staining of nerve terminals, but attempts to
combine the nerve terminal and cholinesterase staining methods were unsuccessful
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(see also Jansen & Van Essen, 1975). In normal muscle, the incidence of 'multiplex'
cholinesterase patterns in extensor digitorum longus corresponded quite closely to
that of T2 endings in Znl2/0s04-stained material (compare Tables 1 and 2). The
incidence of' multiplex' patterns in normal soleus however, was far lower than would
have been expected from the observed incidence of T2 end-plates in this muscle. The
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Fig. 2. Total end-plate area plotted against muscle fibre diameter in normal extensor
digitorum longus (^4) and normal soleus (B) muscles. Measurements were made on
teased single muscle fibres stained for cholinesterase. The correlation coefficients were
0-46 (,4) and 0-58 (B).
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Fig. 3. Total end-plate plotted against muscle fibre diameter in dystrophic extensor
digitorum longus (A) and dystrophic soleus (B) muscles. Measurements were made on
teased single muscle fibres stained for cholinesterase. The correlation coefficients were
0-65 (^4) and 0-60 (B).

number of 'fragmented' patterns (Table 2) was relatively high in normal soleus, and
it may be that these patterns of cholinesterase staining were also associated with T2
end-plates in this muscle. In dystrophic muscles it is possible that the appearance
of many 'fragmented' cholinesterase patterns might correspond to extensive pre¬
terminal or ultraterminal sprouting of the nerve terminals, especially where cholin¬
esterase 'fragments' were spread over a wide area (e.g. PI. 2C).



Table3.End-platepotentials(e.p.p.s)weregeneratedinnormalanddystrophicextensordigitorumlongus(E.d.L),soleusorhemidiaphragm musclesusing'cut-fibre'preparations.Whereappropriate,resultsarequotedasmeants.E.ofmean
Restingmembrane potential(mV) Fibresinnervated* Fibrespolyneuronally innervated* Amplitudeofe.p.p.

at0-1Hz(mV)

E.d.l.

Soleus

Normal -23-5+1-57 47/47 0/47 9-4+1-00

Dystrophic
—22-4±1-35 68/68 0/68 9-9+1-00

Normal -28-5+1-30 82/82 0/82
9-1±0-75

Dystrophic -22.7+1-38 56/56 1/56
9-6+0-66

Hemidiaphragm
Normal

-26-0+1-55 54/54 0/54
9-9+0-71

Dystrophic -22-1±1-01 88/88 2/88
10-3+0-59

*Numberoffibres/numberoffibrestested
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End-plates in the dystrophic muscles resembled those in normal soleus muscles
rather than normal extensor digitorum longus in terms of the outline of the cholin-
esterase reaction product and this may reflect the reduction in the depths of secon¬
dary junction folds that has been reported in dystrophic muscles (Ragab, 1971;
Pachter, Davidowitz & Breinin, 1973; Rash et al. 1974).

The total areas of end-plates and muscle fibre diameters were estimated from
x 800 photographic prints of the teased fibres (Table 2). Scatter diagrams relating
end-plate area to muscle fibre diameter revealed statistically significant correlations
between these parameters both in normal and dystrophic muscles (Figs. 2 and 3).
Positive correlations between end-plate size and muscle fibre diameter have been
reported often in earlier literature (e.g., Coers & Woolf, 1959; Nystrom, 1968; Kuno,
Turkanis & Weakly, 1971) but have not previously been shown for dystrophic
muscles. Thus the wide variation in end-plate area seen in dystrophic muscle (Figs. 2
and 3) reflects the characteristic variation in muscle fibre diameter (Michelson et al.
1955; West & Murphy, 1960; Rowe & Goldspink, 1969a, b).

The mean values for fibre diameter (Table 2) were greater than those found by Rowe &
Goldspink (1969a, 6). The discrepancy may have arisen because of the different methods used.
Our estimates were made from teased muscle fibres rather than from transverse sections. We
measured the maximum fibre diameter in the region at the end-plate, thus avoiding the measure¬
ment of daughter branches of longitudinally split fibres (Isaacs et al. 1973) and 'short' muscle
fibres, which taper dramatically before insertion at the tendon (Williams & Goldspink, 1976;
Harris & Ribchester, 1978). Preliminary results indicate that about 50% of fibres in dystrophic
muscle exhibit longitudinal splitting (our unpublished observations).

Physiology
Polyneuronal Innervation. Polyneuronal innervation occurs normally in neonatal

mammalian muscle (Redfern, 1970) or during reinnervation of denervated adult
muscle (McArdle, 1975). A high level of polyneuronal innervation in dystrophic muscle
might therefore have indicated that neuromuscular junctions in dystrophic muscles
were immature or that ongoing denervation and reinnervation of muscle fibres was
taking place. Cut muscle fibre preparations (Barstad, 1962) were used to determine
the incidence of polyneuronal innervation in adult normal and dystrophic muscles
(see Methods). Out of 212 fibres sampled from twelve dystrophic muscles, complex
e.p.p.s were recruited in only three muscle fibres indicating an incidence of 1-2 %
(Fig. 4; Table 3; compare throughout multi-terminal innervation end-plates recorded
in Table 1).

Miniature end-plate potentials. Spontaneous transmitter release was examined in
normal and dystrophic extensor digitorum longus preparations. Measurements were
made from fibres hyperpolarized to — 90 mV (see Methods). There was no significant
difference in the rise time, half-decay time or mean amplitude of m.e.p.p.s between
normal and dystrophic muscle fibres (Table 4). The within-sample variance of m.e.p.p
amplitudes was significantly greater in dystrophic fibres than in normal fibres (see
Fig. 5). This seemed to be due to a higher frequency of 'dwarf'm.e.p.p.s (Kriebel &
Gross, 1974; Kriebel, Llados & Matteson, 1976) and 'giant'm.e.p.p.s (Liley, 1957) in
individual dystrophic fibres. 'Giant'm.e.p.p.s in dystrophic muscle fibres have also
been reported by Carbonetto (1977).
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Fig. 4. End-plate potentials recorded from cut muscle fibre preparations of normal (A)
and dystrophic (B-D) diaphragm muscle. Stimulus strength was progressively increased
in order to recruit inputs of differing thresholds. Only two out of eighty-eight dystrophic
hemidiaphragm fibres showed evidence of polyneuronal innervation, where more than
one e.p.p. could be recruited by altering the stimulus strength (B and D). In all cases the
upper trace is zero potential, middle trace the d.c. record and the lower trace a higher
gain a.c. record.
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Fig. 5. Histograms of m.e.p.p. amplitude distribution from normal (A) and dystrophic
(B) extensor digitorum longus muscle fibres, illustrating the wide variation in ampli¬
tudes of the latter. C, combined histogram of all m.e.p.p. amplitudes measured in
seventeen normal (continuous line) and sixteen dystrophic (dashed line) muscle fibres.
All m.e.p.p.s were recorded from fibres where the resting membrane potential was
hyperpolarized to — 90 mV (see Methods).



NEUROMUSCULAR JUNCTIONS IN DYSTROPHIC MICE 255

> 1-8
E

Q_

I 10

0-2 -

40 -i

> 30 -

20

a io-

T T
0-2 0-4 0-6

~I
0-2 0-4

n-
0-6 0-8

Input resistance (MH)

Fig. 6. A, amplitudes of m.e.p.p.s plotted against the input resistances of extensor
digitorum longus muscle fibres. Each point was obtained from the mean amplitude of
at least thirty m.e.p.p.s recorded from normal (filled circles) and dystrophic (open
circles) muscle fibres in unblocked preparations. The linear least square regression
line is shown. B, quantum sizes calculated from the coefficient of variation of e.p.p.
amplitudes recorded in D-tubocurarine blocked preparations, plotted against the
measured input resistance of the muscle fibres in normal and dystrophic extensor
digitorum longus muscles. The linear least squares regression line is shown. The
correlation coefficient was 0-54.
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Fig. 7. A, amplitude of m.e.p.p.s plotted against frequency of spontaneous release for
normal (filled circles) and dystrophic (open circles) muscle fibres. The points forming the
peak on the ordinate are the mean values obtained from hemidiaphragm preparations
(Harris & Ribchester, 19786). The line is a curve of the form q = kf~3l2 where k has an
empirical value of 0-005 (see text). B, sample records to display the inverse correlation
of m.e.p.p. amplitudes with frequency in normal (a, 6) and dystrophic (c, d, e) extensor
digitorum longus muscle fibres. The input resistances of these fibres were respectively
0-20, 0-25, 0-45, 0-25 and 0-08 Mf2. The resting membrane potentials were hyper-
polarized to — 90 mV while recording m.e.p.p.s (see Methods).
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There was also greater than normal variation in m.e.p.p. amplitudes between
dystrophic muscle fibre samples, but as originally reported by Carbonetto (1977) the
variation appeared to result from a variation in the input resistance of the muscle
fibres, there being a good linear correlation between mean m.e.p.p. amplitude and
muscle fibre input resistance with no obvious systematic difference between normal
and dystrophic points (Fig. 6A).

We further observed an inverse relationship between the mean amplitude and the
frequency of spontaneous m.e.p.p.s (Fig. 7). Kuno et al. (1971) showed that m.e.p.p.
frequency (/) was proportional to end-plate area. End-plate area is proportional to
muscle fibre diameter in both amphibian (Kuno et al. 1971) and mammalian muscles
(Nystrom, 1968) and also in normal and dystrophic mouse muscles (see Figs. 2 and 3).
The input resistance of a muscle fibre is inversely proportional to the 3/2 power of
the fibre diameter (Katz & Thesleff, 1957):

Substituting q for R[n and / for d, it might be expected that a relationship would
exist between the quantum size and the mean frequency of spontaneous transmitter
release of the form:

where the constant, kv depends on the cable properties Rm (the specific membrane
resistance), Rt (the specific internal longitudinal resistance), and on the inter¬
dependence of end-plate area and muscle fibre diameter (d). A curve of the form given
by eqn. 5 provided a reasonable fit to the experimental points (Fig. 7). The deviations
from the predicted curve occurred where the amplitude of individual m.e.p.p.s
approached the level of base-line noise (approximately 150 /tV peak to peak),
leading to possible overestimates of the mean quantum size, q. Again there was no
obvious systematic difference between points obtained from normal and dystrophic
muscle fibres respectively.

End-plate potentials. E.p.p.s were recorded from normal and dystrophic extensor
digitorum longus muscles partially blocked with n-tubocurarine (Fig. 8). There were
no significant differences in either the rise time or half-decay time of e.p.p.s between
normal and dystrophic muscles. The quantum content of e.p.p.s calculated from the
coefficient of variation of the amplitudes tended to be larger in dystrophic muscle
than in normal muscle (Table 4) but the differences were not statistically significant
(P > 0-05; Welch Test).

The coefficient of variation of e.p.p. amplitudes provides not only an estimate of
the quantum content (m) but also of the quantum size {q'; see Hubbard, Llinas &
Quastel, 1969). If q' is a reasonable estimate of the quantum size in the blocked
preparation, it should be proportional to the input resistance of the muscle fibres.
Measurements of Rin and estimates of q' showed that this was the case and the
results are shown in Fig. 6 B. It is clear from the data, in agreement with the measure¬
ments made in unblocked preparations (Fig. 6A), that the points obtained from
dystrophic preparations were representative of those drawn from the population of
normal fibres.

q = V-3/2 (5)
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Fig. 8. Trains of e.p.p.s recorded from normal" (A and B) and dystrophic (C) muscle
fibres in preparations partially blocked with 0-5-1-2 /tm-d-tubocurarine. A, e.p.p.s
evoked at a nerve stimulation frequency of 3 Hz (moving spot on moving film);
B and C, e.p.p.s evoked at 3 Hz and 30 Hz; the stimulation frequency was returned to
3 Hz after recording a train of e.p.p.s at 30 Hz.

Table 4. Spontaneous and evoked transmitter release in isolated normal and dystrophic extensor
digitorum longus muscles. M.e.p.p.s were recorded at muscle fibre membrane potentials of
— 90 mV; e.p.p.s were recorded in the presence of d-tubocurarine (see Methods)

Resting membrane potential (mV)
Input resistance (MI2)
M.o.p.p. amplitude (mV)
Within fibre variance

Normal
- 76-8 ± 1-12 (17)
0-26 + 0-01 (36)
0-56 ±0-02 (17)
0-009 (17)

Dystrophic
■68-91 + 2-11 (16) f

0-23 ±0-02 (50)
0-64 ±0-05 (16)
0-053 (16)*

M.e.p.p. frequency (sec-1) 3-6 + 0-37 (17) 5-88

M.e.p.p. rise time (msec) 0-76 ±0-05 (16) 0-74

M.e.p.p. time to half-decay (msec) 1-72 ±0-11 (16) 1-67

E.p.p. rise time (msec) 0-84 ±0-04 (19) 0-86

E.p.p. half-decay (msec) 1-67 + 0-08 (19) 1-65

Calculated quantum size (mV) 0-018 ±0-004 (14) 0-010

Mean quantum content
3 Hz 306 + 22-5 (14) 345

30 Hz 184+15-8 (14) 216

Action potential threshold (mV) — 56-4 ± 1-04 (14) -56-7

Safety factor
3 Hz 2-81 ±0-62 (14) 4-84

30 Hz 2-44±0-14 (14) 3-81

Figures in parentheses represent number of fibres examined. *P < 0.01, F-test fP < 0.01, t-test.

It has been shown by Kuno et al. (1971) that in amphibian muscle, the mean
quantum content of e.p.p.s is linearly related to both end-plate area and to the
frequency (/) of spontaneous m.e.p.p.s. That is, m is proportional to /. In view of the
relationship between q' and Rln (Fig. 613) and between q and / (Fig. 7), it seemed

9 phy 296
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reasonable to anticipate a relationship between the estimated mean quantum
content of e.p.p.s and the estimated quantum size of the form:

m = k2q'~213 (6)
where k2 is a constant dependent on kt (eqn. 5), the degree of neuromuscular block
and the frequency of nerve stimulation. The relationship between m and q' at nerve

10 20 30 10 20 30

Quantum size (jiV)

Fig. 9. Mean quantum content of e.p.p.s recorded from normal (filled circles) and
dystrophic (open circles) muscle fibres at nerve stimulation frequencies of 3 Hz (A ) and
30 Hz (B) plotted against calculated quantum size. Both estimates were made from the
amplitude and variance of e.p.p. amplitudes in D-tubocurarine blocked preparations.
Lines are curves of the form m = kq~3l3 where k was chosen empirically.

stimulation frequencies of 3 Hz and 30 Hz are shown in Fig. 9. In both cases simple
power curves of the form:

m = k2'q~112 (7)
fitted the data with the highest correlation coefficients, but tests for goodness-of-fit
of the data to curves of the form described by eqn. (6) were statistically acceptable
(0-95 > P > 0-05; %2 test). It is once more apparent (compare Fig. 8) that points
obtained from dystrophic muscle fibres were consistent with those obtained from a
population of normal fibres.

Since quantum size is proportional to Rin (see Fig. 6 A) and in view of the relation¬
ship between m and q (see Fig. 9), one would expect m to be proportional to Rln. This
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was indeed the case. In dystrophic preparations (n = 21) r = 0-33 at stimulus
frequencies of both 3 Hz and 30 Hz. In normal preparations (n = 14) r = 0-49 at
3 Hz and 0-46 at 30 Hz. In all cases these correlation coefficients (Kendall's rank test)
were significant at the 5 % level.

Safety factor. The safety factor for neuromuscular transmission is subject to many
constraints. In particular it should be noted that the safety factor depends not only
on the amount of transmitter released by a nerve terminal and the density of post¬
synaptic receptors, but also on the cable properties of the muscle fibre and the values
of the resting membrane potential, action potential threshold and the transmitter
null potential (eqns. 1-4). The mean safety factors for neuromuscular transmission
calculated for dystrophic muscle fibres (4-84 at 3 Hz, 3-81 at 30 Hz) were significantly
greater than those for normal fibres (2-81 at 3 Hz, 2-44 at 30 Hz). The cable properties
and quantum contents of e.p.p.s of dystrophic fibres did not differ statistically from
normal (Table 4); the differences in safety factor were due to the lower resting mem¬
brane potential of dystrophic muscle fibres. Dystrophic muscle fibres typically had
resting membrane potentials 6-10 mV less negative than normal fibres, while the
threshold for action potential generation was not different from normal (Table 4, see
also Harris, 1971; Harris & Marshall, 1973). A relatively high safety factor is one
possible explanation for an early observation that dystrophic muscles from the hind
limbs were more resistant to fatigue and more resistant to competitive neuromuscular
blocking agents than normal muscles (Baker, Wilson, Oldendorf & Blahd, 1960).

DISCUSSION

The observations reported in this communication relate to the morphology and
physiology of neuromuscular transmission in the skeletal muscle of the dystrophic
mouse. The investigation has three component parts, concerning axonal sprouting,
cholinesterase staining of the sub-synaptic region, and aspects of spontaneous and
evoked transmitter release respectively. We shall discuss each of these parts in turn.

Axonal sprouting
Axonal sprouting can be of two basic kinds: pre-terminal sprouting, where fine

outgrowths arise from the nodes of Ranvier of the pre-terminal axons, and ultra-
terminal sprouting, where the outgrowths arise from the terminal arborizations of
the 'parent' axon. It has been suggested that pre-terminal sprouting is mediated
directly or indirectly by the products of nerve degeneration or by proliferating
Schwann cells (Brown & Ironton, 1978a) and that ultra-terminal sprouting is due to
more subtle changes in the micro-environment of the nerve terminal (Pestronk &
Drachman, 1978; Brown & Ironton, 19786). It is of relevance to this distinction that
in functionally denervated muscles, where there is no major structural damage to
the nerve terminal, only ultra-terminal sprouting is seen (Duchen, 1970; Duchen &
Tonge, 1973), whereas in partially denervated muscles both forms of sprouting are
evident (Brown & Ironton, 1978a).

In dystrophic muscles, both pre- and ultra-terminal sprouting was commonly
observed. In view of the controversy surrounding the possible role of 'functional
denervation' in murine dystrophy (see Harris & Ribchester, 1979a) it is pertinent to
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ask whether or not the sprouting can be explained as a reaction to some form of
denervation or inactivity.

There is some evidence to suggest that the number of axons in a dystrophic
peripheral nerve is reduced (Harris, Wallace & Wing, 1972). However, the loss of
axons appears to take place before the first 3 or 4 weeks of age (Montgomery &
Swenarchuk, 1978), there is little or no structural evidence of axonal degeneration
in the nerves of adult animals (Jaros & Bradley, 1979), and there is virtually no
pharmacological evidence of denervated muscle fibres in dystrophic muscles (see
Harris & Ribchester, 1979a). Thus, if the pre-terminal sprouting had occurred in
response to axonal degeneration or the activation of Schwann cells, it would be
necessary to suggest that it occurred very early in the life of the animal. Moreover,
we could find little evidence of extensive collateral sprouting (by which we mean
innervation of adjacent muscle fibres by axonal sprouts), a feature one might expect
to see in a muscle that is undergoing or has undergone progressive denervation.

It also seems unlikely that sprouting occurs in response to conduction failure in
the axons since in spite of all the documented abnormalities seen in dystrophic
nerves, axonal conduction, though slow, is not blocked (Huizar et al. 1975; Biscoe
et al. 1977; Rasminsky & Kearney, 1976). It is possible, of course, that the sprouting
occurred at a very early stage (that is, before 3 weeks post partum) in the life of the
animal when 'denervation' or conduction failure may have been present, and that
the sprouts (both pre- and ultra-terminal) persisted into adulthood and we have no
direct evidence for or against such a possibility. More importantly perhaps, we do not
know for certain that the sprouts are functionally active.

To summarize, our data on axonal sprouting showed that in dystrophic muscles,
in which there is little evidence of either axonal degeneration or muscle fibre denerva¬
tion, 50% of all terminal regions of axons exhibit sprouting, and that most of the
sprouts arise ultraterminally, thus contributing to an over-all enlargement of the
motor-nerve terminal.

Cholinesterase staining
The most striking observation pertaining to the organisation of the sub-neural

apparatus was the fragmentation of cholinesterase stained regions into small sub-
units. It seems not unreasonable to assume that the cholinesterase-stained regions of
a muscle fibre represent the area of functional synaptic contact, and that the
fragmented staining pattern reflects the extensive sprouting seen in the nerve
terminals.

The area of the muscle fibre stained with cholinesterase was linearly related to the
diameter of the muscle fibre in both normal and dystrophic muscle fibres. This
relationship has been reported often in the case of normal muscle fibres (see for
example, Coers & Woolf, 1959; Nystrom, 1968; Kuno et al. 1971) but not before in
dystrophic muscles. It is believed (see Kuno et al. 1971 for example) that the increase
in area of the end-plate region represents an attempt by the neuromuscular apparatus
to increase the efficiency of neuromuscular transmission by expanding the area of
synaptic contact as a muscle fibre enlarges. If this is so, our results would imply that
even in the largest (hypertrophied) muscle fibres in dystrophic mouse muscles, the
neural apparatus is behaving as if normal. Thus we would interpret our morpho-
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logical findings as indicating that the area of synaptic contact expands as a muscle
fibre enlarges, and in the dystrophic muscles, this expansion involves not simply an
increase in terminal varicosities in a given end-plate, as occurs in developing muscle
fibres (Nystrom, 1968), but the provision of axonal sprouts. This would seem a
reasonable view, since Schitikov (1957) has reported axonal sprouting in muscle
fibres forced to undergo work-induced hypertrophy.

Transmitter release

M.e.p.p.s recorded at dystrophic nerve-muscle junctions have been said to be of
normal amplitude (Conrad & Glaser, 1964) and reduced amplitude (McComas &
Mossawy, 1965). Carbonetto (1977) showed quite clearly that these discrepant
findings probably arose as a result of differences in muscle fibre input resistance, a
variable not considered in any earlier work, and this was confirmed in our own
investigation. Since the transmitter null-potential does not differ from normal in
dystrophic muscle fibres (Harris & Ribchester, 19796), and since the variation of
m.e.p.p. amplitude in dystrophic muscle fibres has been shown by both Carbonetto
(1977) and ourselves to be dictated solely by muscle fibre input resistance, it would
seem unlikely that there is any major change in post-synaptic sensitivity to trans¬
mitter in dystrophic muscles.

The frequency of m.e.p.p.s in dystrophic muscle fibres has been said to be normal
(McComas & Mossawy, 1965) less than normal (Conrad & Glaser, 1964) and normal
until later stages of the disease (Curran & Parry, 1975). Our own experiments may
offer an explanation for these discrepant reports. We demonstrated that m.e.p.p.
frequency was inversely related to m.e.p.p. amplitude. Since m.e.p.p. amplitude is
proportional to muscle fibre input resistance, it would seem probable that larger
diameter fibres (that is, those fibres with low input resistance) will exhibit frequent
small m.e.p.p.s, and smaller diameter fibres will exhibit infrequent large m.e.p.p.s.
Thus, large variations in m.e.p.p. frequency in dystrophic fibres should be expected
as a result the variability of muscle fibre diameter seen in dystrophic muscles.

Kuno etal.( 1971) showed that increases in the size ofend-plates resulted in increases
in the quantum content of the end-plate potential. This observation was interpreted
in terms of an increase in the number of transmitter release sites. Our results indicate
a similar effect in both normal and dystrophic mouse muscles. The quantum content
(to) of e.p.p.s generated at both 3 Hz and 30 Hz was inversely related to quantum
size (q). Carbonetto (1977), working on Mg2+ blocked preparations (Mg2+ 15 mM;
Ca2+ 3 mM), claimed that the quantum content of e.p.p.s in dystrophic muscle was
independent of muscle fibre diameter; according to our results showing the relation¬
ship between to and q, one might have expected the quantum content of end-plate
potentials to be proportional to fibre diameter (or input resistance), and indeed,
there was a significant correlation at the 5% level between quantum content at
3 Hz and 30 Hz and input resistance in both the dystrophic and normal preparations.
The disparity between Carbonetto's (1977) results and our own probably lies in the
fact that in 15 mM-Mg2+, mean quantal content was reduced to about 11 (i.e. <5%
of normal) which would have resulted in considerable loss of sensitivity.

The increase in transmitter output in the large muscle fibres may be seen as an
attempt by the neuromuscular system in dystrophic mouse muscle to retain the
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normal safety factor for transmission. If this is so, then the features governing such
an attempt do not include the actual 'safety factor' itself, because the low resting
membrane potential of dystrophic muscle fibres, coupled with the changes in the
quantum content of the end-plate potential, result in an increase in over-all safety
factor for neuromuscular transmission.

Our physiological findings may be summarized as follows. There was considerable
variation in muscle fibre diameter in dystrophic muscles. In the larger muscle fibres
(i.e. those with lower input resistance) there was a decrease in the amplitude of
m.e.p.p.s and a corresponding increase in m.e.p.p. frequency. The quantum content
of end-plate potentials was increased in the larger fibres. In all respects, transmitter
release was indistinguishable from normal, provided account was taken of the greater
variation in muscle fibre diameter.

Our data on the morphology of the neuromuscular apparatus in dystrophic
muscles suggested that as a muscle fibre hypertrophies, the area of synaptic contact
increases. The increase in the area of synaptic contact allows a greater number of
release sites, which is seen as an increase in m.e.p.p. frequency and an increase in the
quantum content of e.p.p.s in the larger fibres. Thus, in dystrophic muscles, nerve
terminal sprouting may be regarded as a successful attempt by motor axons to
respond to changes in the morphological and physical characteristics ofthe dystrophic
fibres. Why the enlargment of the area of synaptic contact in the dystrophic fibres
should occur by axonal sprouting rather than by a simple increase in the number of
terminal varicosities is not clear, but it may be related either to the extent or to the
rapidity of muscle fibre hypertrophy in dystrophic muscles.
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EXPLANATION OF PLATES

Plate 1

; Teased muscle preparations stained with zinc iodide and osmium tetroxide in normal (A, B)
and dystrophic (C-H) muscles. Nerve terminals are stained black. Positions of pre-terminal
axons are indicated by arrows. Calibration bars represent 25 /im.

j A, T1 end-plate on a normal extensor digitorum longus muscle fibre.
B, T2 end-plate on a normal soleus muscle fibre.
C, T2 end-plate on a dystrophic soleus muscle fibre. Pre-terminal sprouting has given rise to
two well-separated terminal arborizations.
D, complex pre-terminal and ultraterminal sprouting on a dystrophic extensor digitorum
longus muscle fibre.

'

E, a fine ultraterminal sprout extends from an ultra-terminal sprouting end-plate on a dystrophic
extensor digitorum longus muscle fibre.
F, end-plate on a dystrophic muscle fibre where ultraterminal sprouting has given rise to three
well-formed terminal arborizations on a single muscle fibre.
O, ultraterminal sprouting across several dystrophic soleus muscle fibres.
H, multi-terminal innervation end-plate on a dystrophic soleus muscle fibre. Two axons are
visible (a third was out of the focal plane) giving rise to five terminal arborizations.

Plate 2

I Teased single muscle fibres stained for cholinesterase from normal (A and B) and dystrophic
(C and D) muscles. The calibration bar represents 50 /im. In C and D the large fibre diameters
were atypical.
A, 'simple' end-plate on a normal extensor digitorum longus muscle fibre.
B, 'duplex' end-plate on a normal soleus muscle fibre.
C, 'fragmented' end-plate on a dystrophic extensor digitorum longus muscle fibre. Discrete
patches of cholinesterase reaction product are spread over a relatively wide area.
D, 'triplex' end-plate on a dystrophic soleus muscle fibre.
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SUMMARY

1. The morphology of nerve terminals and sub-neural apparatuses was examined
in the muscles of normal and dystrophic adult mice of the Bar Harbor 129 ReJ
strain. Nerve terminals were larger in dystrophic muscles than in normal muscles
and nerve terminal sprouting was evident in about 50 % of the dystrophic muscle
fibres. End-plate area was positively correlated with muscle fibre diameter in both
normal and dystrophic muscles.

2. Polyneuronal innervation was found in only 1 % of dystrophic muscle fibres
impaled with micro-electrodes.

3. Miniature end-plate potential amplitude was positively correlated with muscle
fibre input resistance in both normal and dystrophic muscles. There was however,
a greater than normal variation in the amplitudes of m.e.p.p.s recorded from
individual dystrophic muscle fibres.

4. Quantum contents of end-plate potentials were estimated in normal and
dystrophic mouse nerve-muscle preparations partially blocked with D-tubocurarine.
The quantum content of e.p.p.s seemed to be related to muscle fibre diameter, and in
dystrophic muscles the characteristics of evoked release were indistinguishable from
normal.

5. It was concluded that the nerve terminal sprouting and the expansion of
end-plate area which were observed in dystrophic muscles are not a consequence of
any form of denervation, but represent an attempt by the axon to expand the area of
synaptic contact in hypertrophied muscle fibres.

INTRODUCTION

There are a number of mutant strains of mice in which affected individuals display
abnormalities of muscle, the peripheral nervous system and the neuromuscular
junction (Sidman, Cowen & Eicher, 1979; Duchen, 1979). The dystrophic mouse
(Michelson, Russell & Harman, 1955) exhibits characteristic abnormalities of muscle
including a wide variation in muscle fibre diameter, reduced numbers of muscle fibres,
central nucleation of fibres, longitudinal fibre splitting and a proliferation of fat and
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connective tissue (West & Murphy, 1960; Rowe & Goldspink, 1969a, 6; Isaacs,
Bradley & Henderson, 1973). Abnormalities of the peripheral nervous system include
amyelination of axons in dorsal and ventral spinal roots and a reduced axonal con¬
duction velocity in those regions (Bradley & Jenkison, 1973; Stirling, 1975; Huizar,
Kuno & Miyata, 1975; Bisco, Headley, Martin & Stirling, 1977). In addition Schwann
cells in the peripheral nerves lack basement membrane (Madrid, Jaros, Cullen &
Bradley, 1975) and axons are often poorly myelinated and have elongated nodes of
Ranvier (Jaros, 1977). Morphological abnormalities of the neuromuscular junction
that have been described include collateral sprouting of motor nerve terminals
(Harman, Tassoni, Curtis & Hollinshead, 1963) a decreased density of presynaptic
vesicles (Ragab, 1971), a decreased activity of end-plate cholinesterase (Glaser &
Seashore, 1967) and poor organization of post-synaptic folds (Rash, Ellisman,
Staehelin & Porter, 1974).

The possibility that some form of denervation plays a role in the expression of
murine muscular dystrophy has been the subject of considerable debate (see Harris
& Ribchester, 1979a). However, direct studies of neuromuscular transmission in the
disease have concentrated either on transmitter release in the presence of high
concentrations of Mg2+ (Carbonetto, 1977) or on pharmacological aspects of trans¬
mission (Harris & Ribchester, 19796).

In this paper we describe attempts to relate our findings on the morphology of
motor end-plates to the release of transmitter in unblocked and curarized nerve-
muscle preparations.

METHODS

Male and female dystrophic mice and their clinically normal litter-mates of the Bar Harbor
129 ReJ strain were bred in this laboratory and fed on Oxoid breeding diet, supplemented by
wheat germ and dried milk. Experiments were performed on nineteen dystrophic animals and
fifteen of their clinically normal litter-mates aged between 3 and 6 months. The mice were
killed by dislocation of the cervical vertebrae and the left hemidiaphragm, extensor digitorum
longus and soleus muscles were removed.

Nerve terminal staining. A combined zinc iodide and osmium tetroxide method was used to
stain motor nerve terminals (Akert & Sandri, 1968). Zinc iodide solution was prepared freshly on
each occasion by reacting 1-5 g powdered zinc with 0-5 g iodine in 20 ml. water and collecting
the filtrate. This solution was mixed with an aqueous 2 % solution of osmium tetroxide in the
ratio 4: 1 (v/v). Isolated muscles were incubated in this solution for about 5 h, washed several
times in distilled water, teased into large bundles of fibres and stored overnight in glycerol.
Small bundles (one to ten fibres) were teased from the larger bundles and mounted on glass
slides. The length of motor nerve terminals in the long axis of the muscle fibres was measured
at a magnification of 400 x using an eye-piece micrometer. In addition, end-plates were subjec¬
tively assigned to categories based on criteria suggested by Tuffery (1971). An end-plate was
classified T1 if a muscle fibre was innervated by a single axon which gave rise to a single terminal
arborization (see PI. 1). Three categories of nerve terminal sprouting were recognized: pre¬
terminal sprouting (T2 terminals), where sprouts arose as pre-terminal bifurcations of the axon;
ultraterminal sprouting, where sprouts arose from the terminal arborizations of the axon;
and collateral sprouting, where sprouts arising either from terminal arborizations or from axonal
bifurcations extended over and apparently formed synapses with adjacent muscle fibres. Where
unequivocal evidence of multiple innervation of muscle fibres was encountered, terminals were
designated as multi-terminal innervation.

Cholinesterase staining. The sub-neural apparatus was visualized using a modification of the
direct-colouring method for cholinesterase described by Karnovsky & Roots (1964) Muscles
were fixed for 4-6 hr in cold (4 °C) formol calcium (10% formalin; 1 % CaCl2) and teased into
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large bundles of fibres. These bundles were then rinsed in distilled water (5 min) and incubated
in a solution of the following composition (mM): S-acetylthiocholine iodide, 1-73; acetic acid, 30;
sodium acetate 150; sodium citrate, 30; copper(II) sulphate, 3; potassium ferricyanide, 5.
Muscles were incubated in this solution for 8-10 min, rinsed in distilled water (5 min) and stored
overnight in glycerol. Single fibres were teased from the larger bundles and mounted in glycerol
on glass slides. Slight adjustments of the cover-slip position brought about rotation of a fibre
so that its sub-neural apparatus could be viewed in one focal plane. Selected fibres were photo¬
graphed using a Zeiss photomicroscope and from x 800 photographic prints the muscle fibre
diameters and total areas of end-plates were measured. Muscle fibre diameter was taken as the
width of a teased muscle fibre perpendicular to its long axis in the region of the end-plate.
Estimates of the total area of end-plates were obtained by drawing the ellipse of minimum area
containing all the area stained for cholinesterase, onto a sheet of transparent graph placed over
the photographic print. The total area was calculated from the number of circumscribed 1 mm
squares.

In addition to these measurements end-plates were assigned subjectively to one of three
categories: simple, comprising end-plates showing an unbroken profile of the sub-neural
apparatus, no matter how convoluted the shape; fragmented, comprising end-plates where the
sub-neural apparatus was broken up into a number of discrete islands of cholinesterase staining
spread over the surface of the muscle fibre membrane; multiplex (duplex, triplex, etc.), com¬
prising end-plates where more than one well differentiated plaque of cholinesterase activity was
apparent on a muscle fibre (see PI. 2).

Physiological recordings. The techniques and instrumentation used for recording the various
electrical properties of the muscle fibres have been described in full elsewhere (see Fewings,
Harris, Johnson & Bradley, 1977; Allan, Gascoigne, Ludlow & Smith, 1977). It has been demon¬
strated unequivocally that the techniques do sample grossly abnormal muscle fibres in dys¬
trophic muscles of the mouse (Harris & Ribchester, 1978). All measurements were made at
room temperature in a bathing solution of the following composition (mm): K+, 5-0; Na+, 150;
Ca2+, 2-0; Mg2+, 1-0; CI, 148; H2P04~, 1-0; HC03_, 12-0; D-glucose, 110. Solutions were equi¬
librated by bubbling with 95 % 02/5 % C02.

Polyneuronal innervation. Evidence of polyneuronal innervation of dystrophic muscle fibres
was sought by grading the stimulus applied to nerve-muscle preparations whilst recording
intracellularly at the end-plate (Redfern, 1970). Cut muscle fibre preparations (Barstad, 1962)
of hemidiaphragm, extensor digitorum longus, and soleus muscles were used so that end-plate
potentials (e.p.p.s) could be recorded in the absence of muscle fibre action potentials. The nerve
was stimulated at 0-1-1 Hz using a suction electrode and e.p.p.s were recorded using micro-
electrodes filled with 3 m-KCI together with standard intracellular recording methods. The
stimulating voltage was progressively increased from zero to maximum (100 V nominal) using
both polarities in order to determine whether e.p.p.s of discrete amplitudes and/or latencies
could be recruited.

Miniature end-plate potentials (m.e.p.p.s). Miniature end-plate potentials were recorded in a
second series of experiments on isolated extensor digitorum longus muscles. Recording was
considered focal when m.e.p.p.s with a rise time of less than IT msec were observed. Records
were stored on magnetic tape. All recordings were made from fibres in which the membrane
potentials had been hyperpolarized to — 90 mV at the end-plate region by passing inward direct
current through a second micro-electrode inserted into the same fibre less than 100 /tm from the
recording electrode. This procedure made it possible to make a direct comparison of m.e.p.p.
amplitudes from fibre to fibre since correction for variations in membrane potential was un¬
necessary ; a secondary benefit was that the signal to noise ratio was improved. After recording
m.e.p.p.s for 45-75 sec the input resistance of the fibre was estimated from the change in mem¬
brane potential induced by passing a 30 msec, rectangular inward (hyperpolarizing) current
pulse of 40-80 nA.

End-plate potentials. In a third series of experiments e.p.p.s were recorded in preparations
partially blocked with D-tubocurarine at a concentration (0-5-1-0 /tM) that would just prevent
muscle twitches when the nerve stimulated at 3 Hz. E.p.p.s with rise times less than 1-1 msec
were recorded onto moving film. Twenty e.p.p.s were recorded at a nerve stimulation frequency
of 3 Hz and 40-80 e.p.p.s at 30 Hz (Fig. 8). At the end of the recording, a current-passing
electrode was inserted, and the input resistance of the fibre was measured. In some fibres direct
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action potentials were then evoked by passing an outward (depolarizing) current pulse and the
threshold for action potential generation was measured. E.p.p. amplitudes were corrected to a
membrane potential of — 90 mV (Katz & Thesleff, 1957); they were not corrected for non-linear
summation since the e.p.p.s were typically of 1-8 mV amplitude and at this level, the correction
factor is negligible (see Martin, 1976). Quantum contents of e.p.p.s were calculated from the
coefficient of variation of their amplitudes (del Castillo & Katz, 1954; Martin, 1955). At 3 Hz
all e.p.p.s recorded were used in the calculation, but at 30 Hz only the last twenty e.p.p.s were
used so that the phase of early rundown was avoided (Elmqvist & Quastel, 1965).

Calculation of the safety factor for neuromuscular transmission. In this study the safety factor
for neuromuscular transmission (0) was defined as the depolarization (Fp) that would have been
achieved by the evoked release of transmitter from the nerve terminal in the absence of an action
potential mechanism, divided by the depolarization required to drive the membrane potential
from the resting potential to the threshold for action potential generation (Fc):

0 = Fp. F0_1 (1)
For any given fibre in a D-tubocurarine-blocked preparation, Fp may be predicted from the

mean quantum content of the e.p.p.s (m) and an estimate of the quantum size (q) in the un¬
blocked preparation. The latter was obtained indirectly from the input resistance (JJto) of the
fibre in question. Recordings of m.e.p.p.s in unblocked preparations showed that their mean
amplitude was related to the input resistance by:

q = 2-4 R* (2)
and this relationship held for both normal and dystrophic muscle fibres (see Fig. 6A). The
value of q so obtained was corrected to the resting membrane potential of the fibre (Katz &
Thesleff, 1957). The product of m and the estimated value q gave a value, Fp', which could be
related to the safety factor parameter Fp by the correction for non-linear summation (Martin,
1955):

Fp = Fp'fl+Fp'/Fo)-1 (3)
where F0 = Em — Er; the difference between the resting membrane potential (Em) and the
reversal potential (E,). Er was assumed to be — 10 mV in all calculations.

The action potential threshold was not always measured directly, since direct action potentials
were not generated in all the muscle fibres studied. In such cases it was assumed to be — 56 mV
(Table 4). Having obtained Fp and Fc, the safety factor for neuromuscular transmission was
obtained using eqn. 1.

Statistical analysis of results. The results are presented as mean + s.e. of mean. The significance
of any difference between two means was tested using either Student's t test, or, if the variances
were unequal, Welch's Test (Welch, 1937). A probability level of less than 5% was taken to
indicate a significant difference between the two means. Where a correlation between two
variables was sought, the correlation coefficient was calculated from the estimated covanance
and the standard deviations. In cases where sample numbers were small and/or the data were not
normally distributed, Kendall's coefficient of correlation was calculated.

RESULTS

Morphology
Nerve terminal staining. In normal extensor digitorum longus and soleus muscles

80-90 % of nerve terminals were classified as T1 (Table 1; PI. 1; see methods for
definition). T2 endings occurred in 10-20% of fibres. These probably arose as a
result of preterminal sprouting of axons (Barker & Ip, 1966). Ultraterminal sprouts
were never seen in normal muscles nor was there any evidence of multiple innerva¬
tion. These observations are similar to those made in the cat by Barker & Ip (1966)
and Tuffery (1971).
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In dystrophic muscles, the pattern was quite different. Only about 50 % of nerve
terminals could be classified as Tl (see PI. 1; Table 1). Pre-terminal sprouts (T2
end-plates) were seen in about 20 % of fibres, but the examples that were seen were
far more noticeable than those in normal fibres; the pre-terminal branches were
usually longer and the separations of the terminal arborizations were more pro¬
nounced (compare PI. lC with IB). Approximately 30% of nerve terminals in both
dystrophic extensor digitorum longus and soleus muscles exhibited ultra-terminal

Table 1. Characteristics of nerve terminals in normal and dystrophic extensor digitorum
longus (e.d.l.) and soleus muscles. The classification of the nerve terminals into Tl, T2, etc. is
described in detail in Methods. The length of the nerve terminals is quoted as mean + s.e. of
mean. The numbers of muscle fibres studied are given in parentheses. The mean length of
terminals in dystrophic muscles was significantly greater than in the corresponding normal
muscles (P < 0-01; Welch's test)

Ultra- Multi-
terminal terminal

Tl T2 sprouting innervation Length
(%) (%) (%) (%) (/•m)

Normal e.d.l. 90 10 0 0 37-9+ 1-3

(50)
Dystrophic e.d.l. 49 18-5 32 0-5 64-3 + 3-6

(156)
Normal soleus 77-5 22-5 0 0 44-2 ±2-0

(49)
Dystrophic soleus 48 19-5 31 1-5 60-2 + 2-6

(133)

sprouting. Such sprouting was usually confined to the muscle fibre from whose nerve
terminal the sprout has arisen (PI. 1 D-F) although on rare occasions the sprouts
spread across adjacent muscle fibres. Few collateral pre-terminal sprouts were seen
although this observation should be treated with caution since the zinc iodide and
osmium tetroxide method did not stain myelinated axons adequately. Only three out
of 288 dystrophic muscle fibres had multi-terminal innervation indicating a probable
incidence of multiple innervation of about 1 % (PI. 1H).

The mean length of motor nerve terminals was significantly greater in dystrophic
muscles than in corresponding normal muscles (Table 1) and there was greater
variation in the individual measurements (Fig. 1). There was no correlation between
the length of a nerve terminal and the presence of terminal sprouts, relatively
short terminals being just as likely to possess sprouts as long terminals.

Cholinesterase staining. Most end-plates in normal muscles were characterized by a
single continuous plaque of cholinesterase reaction product. Such end-plates were
classified as 'simple' (Table 2; PI. 2A). 'Multiplex' end-plates (see Methods) occurred
in 4-9% of normal fibres while 'fragmented' end-plates, made up of a number of
small cholinesterase stained sub-units, occurred in 10-20% of fibres (PI. 2).

The cholinesterase reaction product conferred a thicker outline to the end-plates
on normal extensor digitorum longus than on normal soleus (compare PI. 2 A and B).
Since cholinesterase extends to the base of the secondary synaptic folds (Barrnett,
1962; Davis & Koelle, 1967), the difference in the staining pattern observed between
these muscles probably reflects the difference in the depth of their secondary junction
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folds; end-plates in normal extensor digitorum longus muscles having longer folds
than those in normal soleus muscles (Duchen, 1971).

In dystrophic muscles 'simple' end-plates were less than half as common as in
normal muscles (Table 2). 'Fragmented' end-plates occurred more than twice as often
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Fig. 1. Distributions of the length of motor nerve terminals in normal and dystrophic
extensor digitorum longus (e.d.l.) and soleus. Measurements were made on teased
preparations stained with zinc iodid/osmium tetroxide. Numbers in parentheses are
numbers of fibres examined.

Table 2. Cholinesterase staining in normal and dystrophic extensor digitorum longus (e.d.l.)
and soleus muscles. Measurements are expressed as mean + s.e. of mean. The numbers of
muscle fibres studied are given in parentheses.

Fibre Total

Simple Fragmented Multiplex diameter* end-plate area1
(%) (%) (%) H (fim2)

Normal e.d.l. 81-5 10 8-5 41 + 0-9 663+ 17-8

(92) (92) (92) (92) (92)
Dystrophic e.d.l. 65 24 11 50+2-5 1492 ±98-5

(100) (100) (100) (84) (84)
Normal soleus 74 22 4 30 + 0-8 539 + 21-3

(96) (96) (96) (96) (96)
Dystrophic soleus 30-5 55 14-5 46+1-8 1019 ± 54-1

(HI) (HI) (HI) (108) (108)
* Differences between corresponding normal and dystrophic muscles statistically significant;

P < 0-01, Welch's test. Note the greater variation in muscle fibre diameter in dystrophic
muscles compared with normals.

in the dystrophic muscles than in the corresponding normal muscles and the cholin¬
esterase 'fragments' were usually spread over a wider area (PI. 2C). It was sometimes
difficult to decide whether an end-plate should be assigned to the 'fragmented' or
'

multiplex' categories. Examples where no such difficulty was encountered are shown
in PI. 2 (B and D).

It would have been of interest to consider the relationship of the cholinesterase
staining patterns to the Znl2/0s04 staining of nerve terminals, but attempts to
combine the nerve terminal and cholinesterase staining methods were unsuccessful
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(see also Jansen & Van Essen, 1975). In normal muscle, the incidence of 'multiplex'
cholinesterase patterns in extensor digitorum longus corresponded quite closely to
that of T2 endings in Znl2/0s04-stained material (compare Tables 1 and 2). The
incidence of' multiplex' patterns in normal soleus however, was far lower than would
have been expected from the observed incidence of T2 end-plates in this muscle. The
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Fig. 2. Total end-plate area plotted against muscle fibre diameter in normal extensor
digitorum longus (^4) and normal soleus (B) muscles. Measurements were made on
teased single muscle fibres stained for cholinesterase. The correlation coefficients were
0'46 (A) and 0-58 (B).
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Fig. 3. Total end-plate plotted against muscle fibre diameter in dystrophic extensor
digitorum longus (A) and dystrophic soleus (B) muscles. Measurements were made on
teased single muscle fibres stained for cholinesterase. The correlation coefficients were
0-65 (A) and 0-60 (B).

number of 'fragmented' patterns (Table 2) was relatively high in normal soleus, and
it may be that these patterns of cholinesterase staining were also associated with T2
end-plates in this muscle. In dystrophic muscles it is possible that the appearance
of many 'fragmented' cholinesterase patterns might correspond to extensive pre¬
terminal or ultraterminal sprouting of the nerve terminals, especially where cholin¬
esterase 'fragments' were spread over a wide area (e.g. PI. 2C).
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End-plates in the dystrophic muscles resembled those in normal soleus muscles
rather than normal extensor digitorum longus in terms of the outline of the cholin-
esterase reaction product and this may reflect the reduction in the depths of secon¬
dary junction folds that has been reported in dystrophic muscles (Ragab, 1971;
Pachter, Davidowitz & Breinin, 1973; Rash et al. 1974).

The total areas of end-plates and muscle fibre diameters were estimated from
x 800 photographic prints of the teased fibres (Table 2). Scatter diagrams relating
end-plate area to muscle fibre diameter revealed statistically significant correlations
between these parameters both in normal and dystrophic muscles (Figs. 2 and 3).
Positive correlations between end-plate size and muscle fibre diameter have been
reported often in earlier literature (e.g., Coers & Woolf, 1959; Nystrom, 1968; Kuno,
Turkanis & Weakly, 1971) but have not previously been shown for dystrophic
muscles. Thus the wide variation in end-plate area seen in dystrophic muscle (Figs. 2
and 3) reflects the characteristic variation in muscle fibre diameter (Michelson et al.
1955; West & Murphy, 1960; Rowe & Goldspink, 1969a, b).

The mean values for fibre diameter (Table 2) were greater than those found by Rowe &
Goldspink (1969a, 6). The discrepancy may have arisen because of the different methods used.
Our estimates were made from teased muscle fibres rather than from transverse sections. We
measured the maximum fibre diameter in the region at the end-plate, thus avoiding the measure¬
ment of daughter branches of longitudinally split fibres (Isaacs et al. 1973) and 'short' muscle
fibres, which taper dramatically before insertion at the tendon (Williams & Goldspink, 1976;
Harris & Ribchester, 1978). Preliminary results indicate that about 50% of fibres in dystrophic
muscle exhibit longitudinal splitting (our unpublished observations).

Physiology
Polyneuronal Innervation. Polyneuronal innervation occurs normally in neonatal

mammalian muscle (Redfern, 1970) or during reinnervation of denervated adult
muscle (McArdle, 1975). A high level of polyneuronal innervation in dystrophic muscle
might therefore have indicated that neuromuscular junctions in dystrophic muscles
were immature or that ongoing denervation and reinnervation of muscle fibres was
taking place. Cut muscle fibre preparations (Barstad, 1962) were used to determine
the incidence of polyneuronal innervation in adult normal and dystrophic muscles
(see Methods). Out of 212 fibres sampled from twelve dystrophic muscles, complex
e.p.p.s were recruited in only three muscle fibres indicating an incidence of 1-2 %
(Fig. 4; Table 3; compare throughout multi-terminal innervation end-plates recorded
in Table 1).

Miniature end-plate potentials. Spontaneous transmitter release was examined in
normal and dystrophic extensor digitorum longus preparations. Measurements were
made from fibres hyperpolarized to — 90 mV (see Methods). There was no significant
difference in the rise time, half-decay time or mean amplitude of m.e.p.p.s between
normal and dystrophic muscle fibres (Table 4). The within-sample variance of m.e.p.p
amplitudes was significantly greater in dystrophic fibres than in normal fibres (see
Fig. 5). This seemed to be due to a higher frequency of 'dwarf'm.e.p.p.s (Kriebel &
Gross, 1974; Kriebel, Llados & Matteson, 1976) and 'giant'm.e.p.p.s (Liley, 1957) in
individual dystrophic fibres. 'Giant'm.e.p.p.s in dystrophic muscle fibres have also
been reported by Carbonetto (1977).
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Fig. 4. End-plate potentials recorded from cut muscle fibre preparations of normal (.4)
and dystrophic (B-D) diaphragm muscle. Stimulus strength was progressively increased
in order to recruit inputs of differing thresholds. Only two out of eighty-eight dystrophic
hemidiaphragm fibres showed evidence of polyneuronal innervation, where more than
one e.p.p. could be recruited by altering the stimulus strength (B and D). In all cases the
upper trace is zero potential, middle trace the d.c. record and the lower trace a higher
gain a.c. record.
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Fig. 5. Histograms of m.e.p.p. amplitude distribution from normal (A) and dystrophic
(B) extensor digitorum longus muscle fibres, illustrating the wide variation in ampli¬
tudes of the latter. C, combined histogram of all m.e.p.p. amplitudes measured in
seventeen normal (continuous line) and sixteen dystrophic (dashed line) muscle fibres.
All m.e.p.p.s were recorded from fibres where the resting membrane potential was
hyperpolarized to — 90 mV (see Methods).
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Fig. 6. A, amplitudes of m.e.p.p.s plotted against the input resistances of extensor
digitorum longus muscle fibres. Each point was obtained from the mean amplitude of
at least thirty m.e.p.p.s recorded from normal (filled circles) and dystrophic (open
circles) muscle fibres in unblocked preparations. The linear least square regression
line is shown. B, quantum sizes calculated from the coefficient of variation of e.p.p.
amplitudes recorded in D-tubocurarine blocked preparations, plotted against the
measured input resistance of the muscle fibres in normal and dystrophic extensor
digitorum longus muscles. The linear least squares regression line is shown. The
correlation coefficient was 0-54.
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Fig. 7. A, amplitude of m.e.p.p.s plotted against frequency of spontaneous release for
normal (filled circles) and dystrophic (open circles) muscle fibres. The points forming the
peak on the ordinate are the mean values obtained from hemidiaphragm preparations
(Harris & Ribchester, 19786). The line is a curve of the form q = kf~3l2 where k has an
empirical value of 0-005 (see text). B, sample records to display the inverse correlation
of m.e.p.p. amplitudes with frequency in normal (a, b) and dystrophic (c, d, e) extensor
digitorum longus muscle fibres. The input resistances of these fibres were respectively
0-20, 0-25, 0-45, 0-25 and 0-08 MX. The resting membrane potentials were hyper-
polarized to —90 mV while recording m.e.p.p.s (see Methods).
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There was also greater than normal variation in m.e.p.p. amplitudes between
dystrophic muscle fibre samples, but as originally reported by Carbonetto (1977) the
variation appeared to result from a variation in the input resistance of the muscle
fibres, there being a good linear correlation between mean m.e.p.p. amplitude and
muscle fibre input resistance with no obvious systematic difference between normal
and dystrophic points (Fig. 6A).

We further observed an inverse relationship between the mean amplitude and the
frequency of spontaneous m.e.p.p.s (Fig. 7). Kuno et al. (1971) showed that m.e.p.p.
frequency (/) was proportional to end-plate area. End-plate area is proportional to
muscle fibre diameter in both amphibian (Kuno et al. 1971) and mammalian muscles
(Nystrom, 1968) and also in normal and dystrophic mouse muscles (see Figs. 2 and 3).
The input resistance of a muscle fibre is inversely proportional to the 3/2 power of
the fibre diameter (Katz & Thesleff, 1957):

Substituting q for Rln and / for d, it might be expected that a relationship would
exist between the quantum size and the mean frequency of spontaneous transmitter
release of the form:

where the constant, ku depends on the cable properties Rm (the specific membrane
resistance), R{ (the specific internal longitudinal resistance), and on the inter¬
dependence of end-plate area and muscle fibre diameter (d). A curve of the form given
by eqn. 5 provided a reasonable fit to the experimental points (Fig. 7). The deviations
from the predicted curve occurred where the amplitude of individual m.e.p.p.s
approached the level of base-line noise (approximately 150 pV peak to peak),
leading to possible overestimates of the mean quantum size, q. Again there was no
obvious systematic difference between points obtained from normal and dystrophic
muscle fibres respectively.

End-plate potentials. E.p.p.s were recorded from normal and dystrophic extensor
digitorum longus muscles partially blocked with n-tubocurarine (Fig. 8). There were
no significant differences in either the rise time or half-decay time of e.p.p.s between
normal and dj^strophic muscles. The quantum content of e.p.p.s calculated from the
coefficient of variation of the amplitudes tended to be larger in dystrophic muscle
than in normal muscle (Table 4) but the differences were not statistically significant
(P > 0-05; Welch Test).

The coefficient of variation of e.p.p. amplitudes provides not only an estimate of
the quantum content (m) but also of the quantum size (q'; see Hubbard, Llinas &
Quastel, 1969). If q is a reasonable estimate of the quantum size in the blocked
preparation, it should be proportional to the input resistance of the muscle fibres.
Measurements of Rin and estimates of q' showed that this was the case and the
results are shown in Fig. 6JS. It is clear from the data, in agreement with the measure¬
ments made in unblocked preparations (Fig. 6A), that the points obtained from
dystrophic preparations were representative of those drawn from the population of
normal fibres.

q = kj~ (5)
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1 sec

Fig. 8. Trains of e.p.p.s recorded from normal" (A and B) and dystrophic (C) muscle
fibres in preparations partially blocked with 0-5-1-2 /m-d-tubocurarine. A, e.p.p.s
evoked at a nerve stimulation frequency of 3 Hz (moving spot on moving film);
B and C, e.p.p.s evoked at 3 Hz and 30 Hz; the stimulation frequency was returned to
3 Hz after recording a train of e.p.p.s at 30 Hz.

Table 4. Spontaneous and evoked transmitter release in isolated normal and dystrophic extensor
digitorum longus muscles. M.e.p.p.s were recorded at muscle fibre membrane potentials of
— 90 mV; e.p.p.s were recorded in the presence of d-tubocurarine (see Methods)

Normal Dystrophic
Resting membrane potential (mV) — 76-8 ± 1-12 (17) -68-91 ± 2-11 (16)f
Input resistance (MI2) 0-26 ±0-01 (36) 0-23 + 0-02 (50)
M.e.p.p. amplitude (mV) 0-56 ±0-02 (17) 0-64 + 0-05 (16)
Within fibre variance 0-009 (17) 0-053 (16)*
M.e.p.p. frequency (sec-1) 3-6 + 0-37 (17) 5-88+ 1-28 (16)
M.e.p.p. rise time (msec) 0-76 ±0-05 (16) 0-74 + 0-05 (16)
M.e.p.p. time to half-decay (msec) 1-72 ±0-11 (16) 1-67 + 0-06 (16)
E.p.p. rise time (msec) 0-84 ±0-04 (19) 0-86 + 0-04 (34)
E.p.p. half-decay (msec) 1-67 + 0-08 (19) 1-65 + 0-16 (34)
Calculated quantum size (mV) 0-018 ± 0-004 (14) 0-010 + 0-001 (21)
Mean quantum content

3 Hz 306 ±22-5 (14) 345 + 29-5 (21)
30 Hz 184+15-8 (14) 216+16-8 (21)

Action potential threshold (mV) -56-4+ 1-04 (14) -56-7 ± 1-98 (17)
Safety factor

3 Hz 2-81 ±0-62 (14) 4-84 + 0-65 (21)f
30 Hz 2-44 + 0-14 (14) 3-81 + 0-58 (21)f

Figures in parentheses represent number of fibres examined. *P < 0.01, E-test fP < 0.01, <-test.

It has been shown by Kuno et al. (1971) that in amphibian muscle, the mean
quantum content of e.p.p.s is linearly related to both end-plate area and to the
frequency (/) of spontaneous m.e.p.p.s. That is, m is proportional to/. In view of the
relationship between q' and Rln (Fig. 6B) and between q and / (Fig. 7), it seemed

9 phy 296
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reasonable to anticipate a relationship between the estimated mean quantum
content of e.p.p.s and the estimated quantum size of the form:

m = k2q'~2,3 (6)
where k2 is a constant dependent on Aq (eqn. 5), the degree of neuromuscular block
and the frequency of nerve stimulation. The relationship between to and q' at nerve

10 20 30 10 20 30

Quantum size (/jV)

Fig. 9. Mean quantum content of e.p.p.s recorded from normal (filled circles) and
dystrophic (open circles) muscle fibres at nerve stimulation frequencies of 3 Hz (A) and
30 Hz (B) plotted against calculated quantum size. Both estimates were made from the
amplitude and variance of e.p.p. amplitudes in D-tubocurarine blocked preparations.
Lines are curves of the form m — kq~2l3 where k was chosen empirically.

stimulation frequencies of 3 Hz and 30 Hz are shown in Fig. 9. In both cases simple
power curves of the form:

to = k2'q~112 (7)
fitted the data with the highest correlation coefficients, but tests for goodness-of-fit
of the data to curves of the form described by eqn. (6) were statistically acceptable
(0-95 > P > 0-05; y2 test). It is once more apparent (compare Fig. 8) that points
obtained from dystrophic muscle fibres were consistent with those obtained from a
population of normal fibres.

Since quantum size is proportional to Rin (see Fig. 6 A) and in view of the relation¬
ship between to and q (see Fig. 9), one would expect to to be proportional to i?ln. This
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was indeed the case. In dystrophic preparations (n = 21) r = 0-33 at stimulus
frequencies of both 3 Hz and 30 Hz. In normal preparations (n — 14) r = 0-49 at
3 Hz and 0-46 at 30 Hz. In all cases these correlation coefficients (Kendall's rank test)
were significant at the 5% level.

Safety factor. The safety factor for neuromuscular transmission is subject to many
constraints. In particular it should be noted that the safety factor depends not only
on the amount of transmitter released by a nerve terminal and the density of post¬
synaptic receptors, but also on the cable properties of the muscle fibre and the values
of the resting membrane potential, action potential threshold and the transmitter
null potential (eqns. 1-4). The mean safety factors for neuromuscular transmission
calculated for dystrophic muscle fibres (4-84 at 3 Hz, 3-81 at 30 Hz) were significantly
greater than those for normal fibres (2-81 at 3 Hz, 2-44 at 30 Hz). The cable properties
and quantum contents of e.p.p.s of dystrophic fibres did not differ statistically from
normal (Table 4); the differences in safety factor were due to the lower resting mem¬
brane potential of dystrophic muscle fibres. Dystrophic muscle fibres typically had
resting membrane potentials 6-10 mV less negative than normal fibres, while the
threshold for action potential generation was not different from normal (Table 4, see
also Harris, 1971; Harris & Marshall, 1973). A relatively high safety factor is one
possible explanation for an early observation that dystrophic muscles from the hind
limbs were more resistant to fatigue and more resistant to competitive neuromuscular
blocking agents than normal muscles (Baker, Wilson, Oldendorf & Blahd, 1960).

DISCUSSION

The observations reported in this communication relate to the morphology and
physiology of neuromuscular transmission in the skeletal muscle of the dystrophic
mouse. The investigation has three component parts, concerning axonal sprouting,
cholinesterase staining of the sub-synaptic region, and aspects of spontaneous and
evoked transmitter release respectively. We shall discuss each of these parts in turn.

Axonal sprouting
Axonal sprouting can be of two basic kinds: pre-terminal sprouting, where fine

outgrowths arise from the nodes of Ranvier of the pre-terminal axons, and ultra-
terminal sprouting, where the outgrowths arise from the terminal arborizations of
the 'parent' axon. It has been suggested that pre-terminal sprouting is mediated
directly or indirectly by the products of nerve degeneration or by proliferating
Schwann cells (Brown & Ironton, 1978a) and that ultra-terminal sprouting is due to
more subtle changes in the micro-environment of the nerve terminal (Pestronk &
Drachman, 1978; Brown & Ironton, 19786). It is of relevance to this distinction that
in functionally denervated muscles, where there is no major structural damage to
the nerve terminal, only ultra-terminal sprouting is seen (Duchen, 1970; Duchen &
Tonge, 1973), whereas in partially denervated muscles both forms of sprouting are
evident (Brown & Ironton, 1978a).

In dystrophic muscles, both pre- and ultra-terminal sprouting was commonly
observed. In dew of the controversy surrounding the possible role of 'functional
denervation' in murine dystrophy (see Harris & Ribchester, 1979a) it is pertinent to

9-2
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ask whether or not the sprouting can be explained as a reaction to some form of
denervation or inactivity.

There is some evidence to suggest that the number of axons in a dystrophic
peripheral nerve is reduced (Harris, Wallace & Wing, 1972). However, the loss of
axons appears to take place before the first 3 or 4 weeks of age (Montgomery &
Swenarchuk, 1978), there is little or no structural evidence of axonal degeneration
in the nerves of adult animals (Jaros & Bradley, 1979), and there is virtually no
pharmacological evidence of denervated muscle fibres in dystrophic muscles (see
Harris & Ribchester, 1979a). Thus, if the pre-terminal sprouting had occurred in
response to axonal degeneration or the activation of Schwann cells, it would be
necessary to suggest that it occurred very early in the life of the animal. Moreover,
we could find little evidence of extensive collateral sprouting (by which we mean
innervation of adjacent muscle fibres by axonal sprouts), a feature one might expect
to see in a muscle that is undergoing or has undergone progressive denervation.

It also seems unlikely that sprouting occurs in response to conduction failure in
the axons since in spite of all the documented abnormalities seen in dystrophic
nerves, axonal conduction, though slow, is not blocked (Huizar et al. 1975; Biscoe
et al. 1977; Rasminsky & Kearney, 1976). It is possible, of course, that the sprouting
occurred at a very early stage (that is, before 3 weeks post partum) in the life of the
animal when 'denervation' or conduction failure may have been present, and that
the sprouts (both pre- and ultra-terminal) persisted into adulthood and we have no
direct evidence for or against such a possibility. More importantly perhaps, we do not
know for certain that the sprouts are functionally active.

To summarize, our data on axonal sprouting showed that in dystrophic muscles,
in which there is little evidence of either axonal degeneration or muscle fibre denerva¬
tion, 50% of all terminal regions of axons exhibit sprouting, and that most of the
sprouts arise ultraterminally, thus contributing to an over-all enlargement of the
motor-nerve terminal.

Cholinesterase staining
The most striking observation pertaining to the organisation of the sub-neural

apparatus was the fragmentation of cholinesterase stained regions into small sub-
units. It seems not unreasonable to assume that the cholinesterase-stained regions of
a muscle fibre represent the area of functional synaptic contact, and that the
fragmented staining pattern reflects the extensive sprouting seen in the nerve
terminals.

The area of the muscle fibre stained with cholinesterase was linearly related to the
diameter of the muscle fibre in both normal and dystrophic muscle fibres. This
relationship has been reported often in the case of normal muscle fibres (see for
example, Coers & Woolf, 1959; Nystrom, 1968; Kuno et al. 1971) but not before in
dystrophic muscles. It is believed (see Kuno et al. 1971 for example) that the increase
in area of the end-plate region represents an attempt by the neuromuscular apparatus
to increase the efficiency of neuromuscular transmission by expanding the area of
synaptic contact as a muscle fibre enlarges. If this is so, our results would imply that
even in the largest (hypertrophied) muscle fibres in dystrophic mouse muscles, the
neural apparatus is behaving as if normal. Thus we would interpret our morpho-

wffm
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logical findings as indicating that the area of synaptic contact expands as a muscle
fibre enlarges, and in the dystrophic muscles, this expansion involves not simply an
increase in terminal varicosities in a given end-plate, as occurs in developing muscle
fibres (Nystrom, 1968), but the provision of axonal sprouts. This would seem a
reasonable view, since Schitikov (1957) has reported axonal sprouting in muscle
fibres forced to undergo work-induced hypertrophy.

Transmitter release

M.e.p.p.s recorded at dystrophic nerve-muscle junctions have been said to be of
normal amplitude (Conrad & Glaser, 1964) and reduced amplitude (McComas &
Mossawy, 1965). Carbonetto (1977) showed quite clearly that these discrepant
findings probably arose as a result of differences in muscle fibre input resistance, a
variable not considered in any earlier work, and this was confirmed in our own
investigation. Since the transmitter null-potential does not differ from normal in
dystrophic muscle fibres (Harris & Ribchester, 19796), and since the variation of
m.e.p.p. amplitude in dystrophic muscle fibres has been shown by both Carbonetto
(1977) and ourselves to be dictated solely by muscle fibre input resistance, it would
seem unlikely that there is any major change in post-synaptic sensitivity to trans¬
mitter in dystrophic muscles.

The frequency of m.e.p.p.s in dystrophic muscle fibres has been said to be normal
(McComas & Mossawy, 1965) less than normal (Conrad & Glaser, 1964) and normal
until later stages of the disease (Curran & Parry, 1975). Our own experiments may
offer an explanation for these discrepant reports. We demonstrated that m.e.p.p.
frequency was inversely related to m.e.p.p. amplitude. Since m.e.p.p. amplitude is
proportional to muscle fibre input resistance, it would seem probable that larger
diameter fibres (that is, those fibres with low input resistance) will exhibit frequent
small m.e.p.p.s, and smaller diameter fibres will exhibit infrequent large m.e.p.p.s.
Thus, large variations in m.e.p.p. frequency in dystrophic fibres should be expected
as a result the variability of muscle fibre diameter seen in dystrophic muscles.

Kuno et al. (1971) showed that increases in the size ofend-plates resulted in increases
in the quantum content of the end-plate potential. This observation was interpreted
in terms of an increase in the number of transmitter release sites. Our results indicate
a similar effect in both normal and dystrophic mouse muscles. The quantum content
(m) of e.p.p.s generated at both 3 Hz and 30 Hz was inversely related to quantum
size (q). Carbonetto (1977), working on Mg2+ blocked preparations (Mg2+ 15mM;
Ca2+ 3 mM), claimed that the quantum content of e.p.p.s in dystrophic muscle was
independent of muscle fibre diameter; according to our results showing the relation¬
ship between m and q, one might have expected the quantum content of end-plate
potentials to be proportional to fibre diameter (or input resistance), and indeed,
there was a significant correlation at the 5% level between quantum content at
3 Hz and 30 Hz and input resistance in both the dystrophic and normal preparations.
The disparity between Carbonetto's (1977) results and our own probably lies in the
fact that in 15 mM-Mg2+, mean quantal content was reduced to about 11 (i.e. <5%
of normal) which would have resulted in considerable loss of sensitivity.

The increase in transmitter output in the large muscle fibres may be seen as an
attempt by the neuromuscular system in dystrophic mouse muscle to retain the
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normal safety factor for transmission. If this is so, then the features governing such
an attempt do not include the actual 'safety factor' itself, because the low resting
membrane potential of dystrophic muscle fibres, coupled with the changes in the
quantum content of the end-plate potential, result in an increase in over-all safety
factor for neuromuscular transmission.

Our physiological findings may be summarized as follows. There was considerable
variation in muscle fibre diameter in dystrophic muscles. In the larger muscle fibres
(i.e. those with lower input resistance) there was a decrease in the amplitude of
m.e.p.p.s and a corresponding increase in m.e.p.p. frequency. The quantum content
of end-plate potentials was increased in the larger fibres. In all respects, transmitter
release was indistinguishable from normal, provided account was taken of the greater
variation in muscle fibre diameter.

Our data on the morphology of the neuromuscular apparatus in dystrophic
muscles suggested that as a muscle fibre hypertrophies, the area of synaptic contact
increases. The increase in the area of synaptic contact allows a greater number of
release sites, which is seen as an increase in m.e.p.p. frequency and an increase in the
quantum content of e.p.p.s in the larger fibres. Thus, in dystrophic muscles, nerve
terminal sprouting may be regarded as a successful attempt by motor axons to
respond to changes in the morphological and physical characteristics of the dystrophic
fibres. Why the enlargment of the area of synaptic contact in the dystrophic fibres
should occur by axonal sprouting rather than by a simple increase in the number of
terminal varicosities is not clear, but it may be related either to the extent or to the
rapidity of muscle fibre hypertrophy in dystrophic muscles.
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EXPLANATION OF PLATES

Plate 1

Teased muscle preparations stained with zinc iodide and osmium tetroxide in normal (A, B)
and dystrophic (C-H) muscles. Nerve terminals are stained black. Positions of pre-terminal
axons are indicated by arrows. Calibration bars represent 25 /tm.
A, T1 end-plate on a normal extensor digitorum longus muscle fibre.
B, T2 end-plate on a normal soleus muscle fibre.
O, T2 end-plate on a dystrophic soleus muscle fibre. Pre-terminal sprouting has given rise to
two well-separated terminal arborizations.
D, complex pre-terminal and ultraterminal sprouting on a dystrophic extensor digitorum
longus muscle fibre.
E, a fine ultraterminal sprout extends from an ultra-terminal sprouting end-plate on a dystrophic
extensor digitorum longus muscle fibre.
F, end-plate on a dystrophic muscle fibre where ultraterminal sprouting has given rise to three
well-formed terminal arborizations on a single muscle fibre.
O, ultraterminal sprouting across several dystrophic soleus muscle fibres.
H, multi-terminal innervation end-plate on a dystrophic soleus muscle fibre. Two axons are
visible (a third was out of the focal plane) giving rise to five terminal arborizations.

Plate 2

Teased single muscle fibres stained for cholinesterase from normal (A and B) and dystrophic
(C and D) muscles. The calibration bar represents 50 /im. In G and D the large fibre diameters
were atypical.
A, 'simple' end-plate on a normal extensor digitorum longus muscle fibre.
B, 'duplex' end-plate on a normal soleus muscle fibre.
C, 'fragmented' end-plate on a dystrophic extensor digitorum longus muscle fibre. Discrete
patches of cholinesterase reaction product are spread over a relatively wide area.
D, 'triplex' end-plate on a dystrophic soleus muscle fibre.
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Abstract

The present study was undertaken to examine the fate of neuromuscular junctions in C57ESL/Wlds mice (formerly
known as OLA mice) after nerve injury. When a peripheral nerve is injured, the distal axons normally degenerate
within 1-3 days. For motor axons, an early event is deterioration of motor nerve terminals at neuromuscular
junctions. Previously, the vulnerability of motor terminals has been attributed either to a 'signal' originating at the
site of nerve injury and transported rapidly to the terminals or to their continual requirement for essential
maintenance factors synthesized in the motor neuron cell body and supplied to the terminals by fast axonal
transport. Mice of the Wlds strain have normal axoplasmic transport but show an abnormally slow rate of axon
and myelin degeneration. Structure and function are retained in the axons of distal nerve stumps for several
days or even weeks after nerve injury in these mice. The results of the present study show that Wlds
neuromuscular junctions are also preserved and continue to release neurotransmitter and recycle synaptic
vesicle membrane for at least 3 days and in some cases up to 2 weeks after nerve injury. Varying the site of the
nerve lesion delayed degeneration by -1-2 days per centimetre of distal nerve remaining. These findings
suggest that the mechanisms of nerve terminal degeneration after injury are more complex than can be
accounted for simply by the failure of motor neuron cell bodies to supply their terminals with essential
maintenance factors. Rather, the data support the view that nerve section normally activates cellular components
or processes already present, but latent, in motor nerve endings, and that in Wlds mice either the trigger or the
cellular response is abnormal.

Introduction

When a peripheral nerve is cut or crushed, the distal axons degenerate
by a process first described in frogs, known as Wallerian degeneration
(Waller, 1851; Langley, 1909). Normally, neuromuscular transmission
fails early on in this process (Rirks et al, I960) In rodents,
transmission fails within -12-36 h, while axons and myelin sheaths
deteriorate over a further 24-48 h (Miledi and Slater 1970; Winlow
and Usherwood, 1975). Thus by 3 days after nerve injury, both
neuromuscular transmission and nerve conduction in the distal stump
have normally failed completely. Miledi and Slater (1970) proposed
that the rapid rate of nerve terminal degeneration might be due to a

process or 'signal' originating at the site of injury and that this signal
is normally transported to the nerve terminal by fast axoplasmic
transport. Their interpretation was based on the finding that the onset
of degeneration of nerve terminals in the rat diaphragm depended on
the length of the phrenic nerve stump. Neuromuscular transmission
failed 1-2 h later per additional centimetre of distal nerve that was
left after nerve injury. Other contemporaneous studies favoured a
different interpretation, however: namely that motor terminals norm
ally degenerate rapidly after nerve section because the axotomized
neuronal cell bodies are no longer capable of supplying their terminals
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with the essential cellular components required to maintain synaptic
transmission and function (Albuquerque et al., 1972; Perisic and
Cuenod, 1972). For example, Hudson et al. (1984) concluded that
the effects of topical administration of batrachotoxin to the sciatic
nerve of rats caused motor terminals to degenerate then recover at a
rate that was consistent with interruption then resumption of fast
axonal transport.

Wallerian degoncration of axons occurs much more slowly than
normal in mice of the C57BLAVlds strain (Wlds) (I .unn et al 1989)
Following nerve section, the structure of axons and myelin sheaths
is maintained, and the axons continue to conduct action potentials
for several weeks (Perry et al., 1990a; Brown et al., 1992; Tsao et al.,
1994). The rate of fast axoplasmic transport in isolated segments of
Wlds peripheral nerves appears to be normal (Smith and Bisby, 1993).
The defect in these mice has recently been traced to an autosomal
dominant gene, located on chromosome 4 (Perry et al., 1990b; Lyon
et al., 1993). This gene seems to affect an intrinsic property of the
axons rather than any important properties of glia, supporting cells
or myclomonocytic cells, but the molecular basis of the slow Wallorian
degeneration in these mice remains obscure (Perry et al., 1990a;
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Brown et al., 1991b; Perry and Brown, 1992; Glass et al., 1993;
Buckmaster et al., 1994; Deckwerth and Johnson, 1994).

The aim of the present study was to use Wlds mice to investigate
further the possible nature of the trigger for the rapid degeneration
of motor nerve terminals that normally follows nerve injury. If
terminals depend on a 'maintenance factor' supplied by fast axonal
transport from the cell body, then we would expect the rate of
degeneration of motor nerve terminals to be the same in Wlds and
control mice. Equally, if nerve terminal degeneration were due to the
active transport of a 'degeneration factor' propagated from the site
of nerve injury, we should expect the same dependence on nerve
stump length in Wlds as in control mice.

We show that in young adult Wlds mice, degeneration of motor
nerve terminals is abnormally slow. Terminals disconnected form
their cell bodies continue to transmit and recycle synaptic vesicles,
in some cases up to 2 weeks after nerve section. Degeneration is also
more protracted when a long nerve stump is left compared with a
short stump: but by -1-2 days per cm of distal nerve, rather than h
per cm as normally found in wild-type animals (Miledi and Slater,
1970). We also found that in older Wlds mice, however, the rate of
degeneration of motor terminals approaches that in wild-type mice.

Some of the observations reported here have appeared in abstract
form (Ribchester et al., 1994a, b).

Materials and methods

Wlcf mice

We used two separate breeding colonies of C57BLAVlds mice for the
present experiments: one housed in Oxford (formerly designated
C57BL/6/01a) and one built up and maintained over several years in
the Department of Medical Microbiology in Edinburgh (C57BL/6/
EUMM). Both colonies were originally derived from stock supplied
by Harlan-Olac (Bicester, UK). Mice from both colonies shared the
property of slow degeneration of axons after peripheral nerve injury.
The 'wild-type' strains (normal degeneration) used as controls in the
present study were CBA and C57BL/6J.

We studied structure and function of neuromuscular junctions in
the soleus (SOL), flexor digitorum brevis (FDB) and triangularis
sterni (TS) muscles after injury to the sciatic nerve, tibial nerve or
intercostal nerves respectively, in mice aged 1^1 months. The SOL
muscle was chosen for the facility for making accurate isometric
tension recordings in this muscle. The FDB muscle was chosen
because its fibres are very short (-500 pm) and electrically isopotential
along their length (Ribchester, 1989), facilitating intracellular record¬
ing and analysis of synaptic potentials and structural analysis of
motor nerve terminals at light and electron microscopic levels. The
TS was chosen for vital staining of junctions with FM1-43, because
the muscle is only 1-2 fibres thick, which minimizes background
fluorescence (McArdle et al., 1981; Ribchester et al., 1994c). Most
SOL muscle experiments were carried out in Oxford, while all the
FDB and TS muscle experiments were done in Edinburgh. Electron
microscopy was done in Oxford and Edinburgh.

Surgery
Mice were anaesthetized either by inhalation of halothane or ether,
by i.p. injection of sodium pentobarbitone (0.5 mg/10 g) or by
injection of Avertin (2.4 mg/10 g). The sciatic nerve was sectioned
on one or both sides at one of four different levels: at the emergence
of the nerve at the sciatic notch; at the mid-thigh level; distal to the

popliteal fossa (denervating the SOL muscle only); or at the mid-calf
level (tibial nerve), denervating the foot only. Electron microscopy
of distal sciatic nerve stumps, prepared 5-6 days after nerve section,
confirmed the presence of myelinated axons with few overt signs of
degeneration, in contrast to the distal stumps of sectioned nerves in
wild-type strains of mouse (see, for example, Tsao et al., 1994). In
some mice, the second to sixth intercostal nerves were sectioned on

the left side, -0.5 cm lateral to the vertebral column.

Isometric tension

Isolated SOL nerve-muscle preparations were bathed in a solution
of the following composition in mM: Na+ 144.5, K+ 5, Ca2+ 2,
Mg2+ 1, CD 131, HC03- 23, H2P04" 1.5, D-glucose 11. The Achilles
tendon was pinned to the base of a Sylgard-lined chamber and the
proximal tendon was attached with a short length of silk thread to a
silicon strain gauge. The nerves were stimulated using suction
electrodes with 0.1-1.0 ms pulses, up to 100 V.

Intracellular recording
Intracellular recordings were made between 1 and 15 days after nerve
section. Isolated FDB nerve-muscle preparations were made and
bathed in physiological saline as defined above for tension measure¬
ments. Normally, 20 muscle fibres from each muscle were impaled
with glass microelectrodes filled with 4 M potassium acetate, of -40
M£2 resistance. For each fibre, the resting membrane potential,
presence of miniature end-plate potentials (MEPPs) and latency of
any end-plate potential (EPP) or action potential evoked by stimulation
of the FDB muscle nerve were recorded. The muscle nerve was

stimulated using a suction electrode, with pulses of 0.2 ms duration
and up to 100 V in amplitude (normally <10 V). The occurrence of
MEPPs was monitored for each fibre in one or more 10 s sweeps on
a slow oscilloscope time base. MEPP frequency was categorized as
>1 MEPP/s; 0.1-1 MEPP/s; and <0.1 MEPP/s (no MEPPs). Record¬
ings were made at room temperature (17-22°C). Recordings from
some fibres were digitized using a modified SONY PCM 701ES and
stored on VHS videotape. MEPP amplitudes were measured off-line
from these tapes, using a CED1401 interface and a personal computer
running the WCP software package, written and supplied by J. Dem¬
pster (University of Strathclyde, Glasgow, UK).

FM1-43 imaging
Triangularis sterni muscles and, in some cases, FDB muscles were
stained with FM1-43 (Molecular Probes, Eugene, USA) by bathing
isolated preparations in a 2 pM solution of the dye in mammalian
saline (composition as above) and stimulating the distal nerve stump
at 30 Hz for 5 s every 15 s, for 10 min (Ribchester et al.,
1994c). After washing, nerve terminals were viewed in a fluorescence
microscope using a 100 W xenon lamp attenuated with 1-10%
transmittance neutral density filters, via a 435 nm excitation filter,
455 nm dichroic mirror and 515 nm interference barrier filter.
Terminals were destained either by continuous nerve stimulation or
by bathing preparations in saline with |K+] raised to 50 mM ([Na+]
reduced by 45 mM). Images were captured through a Falcon LTC1160
SIT camera (Custom Cameras, Wells, UK) and digitized on an Apple
Macintosh Quadra 840AV microcomputer fitted with a Perceptics
PixelPipeline frame store. Images were averaged (32-64 frames) and
processed using either NIH Image (public domain software) or
IonVision (Improvision, Coventry, UK). Successive images were
aligned and linear contrast stretched between equal limits. Regions
of interest were outlined and the mean pixel intensity calculated.

t
i



Neuromuscular junctions in Wlds mice 1643

Photographic quality images were prepared using Adobe Photoshop
and printed on a Kodak ColorEase printer.

Zinc iodide-osmium tetroxide staining
Some muscles were stained with zinc iodide and osmium tetroxide

(ZIO), teased into bundles of a few fibres, and mounted in glycerol
as described previously (Harris and Ribchester, 1979). Images were
captured and processed using a Sony CCD camera and the same
digitization and processing software as for FM1-43 stained
preparations.

Electron microscopy
FDB muscles were fixed overnight in 2% glutaraldehyde/0.2% picric
acid in 0.1 M phosphate buffer, pH 7.4. After rinsing in buffer, the
muscles were post-fixed in 2% osmium tetroxide in buffer for 2 h,
rinsed in buffer, stained for 1 h in 2% uranyl acetate, dehydrated and
embedded in acrylic LR white resin (London Resins, UK). Ultrathin
sections were viewed with a JEOL 100CX electron microscope.
Enlarged electron photomicrographs were scanned at 150-300 d.p.i.,
enhanced and reprinted using Adobe Photoshop on the same computer
system as described above.

Results

Wild-type animals
In common with previous findings (e.g. Miledi and Slater, 1970;
Winlow and Usherwood, 1975), nerve sectioning in the two wild-type
strains we studied (CBA and C57BL/6J) caused rapid degeneration of
motor terminals and axons. By 48 h after nerve section, the distal
nerve stump had adopted a uniform, opaque appearance that contrasted
with the regular banding pattern of intact nerves. Stimulation of the
distal nerve stump caused no contractile or evoked electrical responses
in the muscles. Intracellular recordings from 20 fibres in one FDB
muscle studied 24 h after nerve section revealed seven fibres with

spontaneous MEPPs. but no evoked F.PPs or action potentials.
Recordings from a similar number of fibres in another muscle studied
48 h after nerve section revealed no signs of innervation. Staining
with ZIO in a third muscle studied 72 h after nerve section revealed
no nerve terminals.

Structure and function of neuromuscular junctions in Wltf
muscles

The distal nerve stumps on the axotomized side of 1 -month-old Wlds
mice retained the banded appearance characteristic of intact nerves
in all cases examined, up to 15 days after section of the sciatic or
tibial nerves. Isolated SOL and FDB muscles contracted visibly in
response to stimulation of the distal nerve stump in virtually all these
muscles. Freshly dissected muscles on the axotomized side also
showed a considerable amount of spontaneous contractile activity,
resembling fibrillation. This activity was most conspicuous in FDB
muscles 3 8 days after tibial nerve section.

Figure 1A, B shows twitch and tetanic contractions of Wlds SOL
muscles in response to stimulation of the distal nerve stump, 5 days
after sciatic nerve section at the mid-thigh level. Figure 1C-E shows
intracellular recordings of spontaneous MEPPs and nerve-evoked
responses in FDB muscle fibres, obtained 5 days after tibial nerve
section. These responses were typical of the Wlds muscles studied
within the first few days after axotomy.

Intracellular recordings from many of the fibres in the axotomized
Wlds FDB muscles also revealed infrequent spontaneous action

Fig. I. Isometric twitch (A) and tetanic (B) tension recordings and intracellular
recordings (C E) from Wlds mouse muscles, 5 7 days aftor cutting the sciatic
or tibial nerves. In A and B, the uppermost traces are the response to direct
stimulation of a SOL muscle 5 days after sciatic nerve section and the lower
traces are responses to stimulating the distal nerve stump. The lowest trace
in B shows a muscle twitch to indicate the tetanus-.twitch ratio. (C) Intracellular
recording from an FDB muscle fibre 5 days after coction of the tibial nerve,
showing an action potential obtained in response to stimulating the distal
nerve stump. (D) Some spontaneous MEPPs triggered action potentials. In
this panel successive oscilloscope traces have been superimposed and aligned
with the rising phase of each MEPP. Two of the MEPPs triggered full-blown
action potentials, one generated an abortive spike and the two others shown
were sub threshold. (E) Successive traces showing random occurronco of
MEPPs of significantly larger amplitude, but similar frequency, compared
with unoperated muscles. Calibrations: A, 5 mN, 40 ms; B, 20 mN, 200 ms;
C, 30 mV, 10 ms; D, 5 mV, 5 ms; E, 5 mV, 200 ms.

potcntiala, accounting for the spontaneous contractile activity of the
muscles (Fig. ID). Spontaneous contractions and the action potentials
were inhibited by raising the [Ca2+] in the bathing medium from 2
ntM to 10 mM; and they were completely blocked in the presence
of 0.5 pM d-tubocurarine. The spontaneous action potentials were
all apparently triggered from the rising phase of abnormally large
MEPPs (Fig. IE). In unoperated Wlds FDB muscle fibres, the mean
MEPP amplitude was 2.0 ± 0.6 mV (SEM). By 5 days, the mean
MEPP amplitude was almost doubled, to 3.6 ± 0.6 mV. This increase
was probably due to an increase in the membrane resistance of the
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Fig. 2. (A-D) Motor nerve terminals in Wlds muscles stained with ZIO. (A) ZIO-stained terminal in FDB, 5 days after tibial nerve section. (B) FDB terminal
7 days after sciatic nerve section. (C. Di FDB terminals 8 days after tihial nerve section. Note the thinning of the preterminal axons and the retraction of their
myelin sheaths in C, and the fragmented appearance of the nerve terminal boutons in D. (E, F) Electron micrographs of neuromuscular junctions and distal
nerve stump in FDB muscles of Wld5 mice 5 days after tibial nerve section. Note the peripheral distribution of synaptic vesicles in E and the accumulation of
neurofilaments in F. Calibrations: A-D, 40 pm; E, 2 pm; F, 1 pm.
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Fig. 3. Images of a motor nerve terminal in a ts muscle, 3 days after section of the third intercostal nerve. The terminal was stained by stimulating the distal
stump in the presence of FM1-43, then destained (at time zero) by bathing the preparation in mammalian physiological saline containing 50 mM potassium
ions. The terminal destained rapidly over the first 2 min in high potassium, then more slowly thereafter.

muscle fibres, as the rise time and half-decay time of the MEPPs
were also significantly prolonged (data not shown). The resting
membrane potentials of the muscle fibres on the operated side were
also less negative than those in contralateral unoperated FDB muscles.
By 4-6 days after tibial nerve section, the mean resting potential
was -55.99 ± 4.62 mV (n = 80 fibres, four muscles), compared
with -65.92 ± 2.31 mV (n = 120 fibres, six muscles) in controls.
Increased membrane resistance and membrane depolarization are
well-known characteristics of denervated muscle, so these features—
when taken together with the persistent transmitter release from nerve
terminals—probably explain the increased excitability of the Wlds
muscle fibres after nerve section. Thus the spontaneous activity of
the axotomized Wlds muscles had a different origin from the classical
fibrillation of denervated muscles (cf. Purves and Sakmann, 1974).

The physiological evidence of persistent neuromuscular junctions
was corroborated by histological and electron microscopic observa¬
tions. Figure 2A, B shows examples of motor nerve terminals in
ZIO-stained preparations made 5 days after nerve section. These
muscles were replete with well-stained terminals. It was difficult to
distinguish the appearance of these from terminals in unoperated
muscles. At longer times, however, terminals appeared fragmented

with fewer boutons, and it appeared that the myelin sheaths had
begun to retract from many of the terminals (Fig. 2C, D). Figure 2E,
F shows electron micrographs of terminals in FDB muscles, 5 days
after tibial nerve section. Synaptic vesicles and mitochondria were
still present, although the vesicles appeared to be concentrated near
the plasma membrane. A conspicuous feature was accumulation of
neurofilamentous material (cf. Jones and Kwanbunbumpen, 1970;
Winlow and Usherwood, 1975; Watson et al., 1993). This was not
seen in motor terminals from contralateral unoperated muscles.
Electron microscopy also confirmed the presence of myelinated axons
in the axotomized distal stump, as reported previously (e.g. Tsao
et al., 1994).

Recycling of synaptic vesicles
In order to test whether motor nerve terminals in Wlds mice were

also capable of recycling synaptic vesicles, in addition to releasing
transmitter, we attempted to stain and destain axotomized terminals
using the activity-dependent styryl dye, FM1-43 (Betz et al., 1992;
Ribchester et al., 1994a). We found that motor terminals in TS and
FDB muscles could be stained with this dye up to 11 days after nerve
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section. Figure 3 shows the destaining of a nerve terminal in a TS
preparation that was first loaded with FM1-43 by stimulating the
distal nerve stump of an intercostal nerve which had been sectioned
3 days previously. The preparation was washed and then destained
by exchanging the bathing medium for one with [K~ ] elevated to 50
mM ([Na + ] ions reduced correspondingly). The terminal destained
rapidly over the first 2 min, then fluorescence plateaued above
background over the next few min (Fig. 4). Similar results were
obtained from another six terminals in FDB muscles, up to 7 days
after nerve section.

Time course of degeneration of terminals in Wlcf mice
Motor terminals in Wlds mice eventually degenerated after nerve
section. Figure 5A, C shows the time course of degeneration of
neuromuscular junctions in SOL and FDB muscles, measured from
isometric tension and intracellular recordings respectively. By 3 days
after nerve section, there was very little difference in the relative
tension (indirect/direct) in SOL muscles, and in FDB muscles virtually
all fibres responded with action potentials or EPFs on stimulation of
the distal nerve stump. By seven days, the tension produced by
stimulating the distal stump was about one-third that produced by
direct stimulation, while intracellular recordings showed that about
half the neuromuscular junctions had ceased to transmit. By 2 weeks,
it was difficult to find evidence of functionally transmitting synapses.

Circumstantial evidence for gradual deterioration of synaptic trans
mission in at least some of the neuromuscular junctions was obtained.
First, the proportion of FDB muscle fibres expressing spontaneous
MEPPs but failing to respond to nerve stimulation increased up to 7
days after nerve section then declined. The number of completely
denervated fibres increased progressively in parallel (Table 1).
Secondly, in a few instances, repetitive stimulation produced inter¬
mittent failure of transmission, indicating an abnormally low quantal
content (Boyd and Martin, 1956). Finally, the latency of evoked
responses (action potentials or EPPs) in innervated fibres increased
only slightly with time after nerve section. In unoperated contralateral
controls, the mean latency was 1.91 ± 0.42 ms (mean ± SEM; n =
120 fibres in six muscles). After 7 days, the latency in those fibres
that still responded was 2.99 ± 0.33 ms (n = 46 fibres in seven

muscles) and by 11 13 days this figure increased to 3.63 ± 0.09 ms
(n — 7 muscle fibres; P < 0.01; t- test). The simplest interpretation
of these data is that conduction of action potentials into nerve
terminals and motor axon degeneration deteriorated loss rapidly than
failure of neuromuscular transmission (see also Brown el al., 1994).

Effect of nerve stump length
Differences in the length of the distal nerve stump had significant

effects on the loss of neuromuscular function (Fig. 5B, D). Thus in
SOL muscles, 7 days after section of the sciatic nerve at the sciatic
notch, stimulation of the distal stump generated 70% of the total
muscle tension. By contrast, section of the nerve in the popliteal
fossa (~2 cm nearer the SOL muscle) resulted in only -20% of the
muscle fibros contributing to the twitch tension after a similar period
(Fig. 5B). Similar effects were seen in FDB muscles. Seven days
after section of the sciatic nerve at mid-thigh level, -75% of the FDB
muscle fibres still responded with action potentials, EPPs and/or
MEPPs, whereas only -50% of fibres were innervated 7 days after
section of the tibial nerve (P < 0.05; t- test), -12 mm more distal
(Fig 5D) Taking the tension and intracellular data together, the effect
of a long nerve stump length was to delay degeneration by 1 2 days
per cm of nerve.
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Fig. A. Time course of in mean pixel intensities from seven of the
brightly fluorescent synaptic boutons in the terminal shown in Fig. 3. The
lowest two lines are from two background spots.

Effect of age

Perry et at. (1992) showed that persistence of nerve conduction after
axotomy in Wlds mice declines with age: in 1-month-old mice,
compound action potentials declined to only -80% of their normal
amplitude by 5 days after axotomy, whereas in 3- to 6-month-old
mice the compound action potentials were reduced to -20-30% of
normal after a similar period. By 1 year of age, compound action
potentials in the axotomized distal stumps were lost at about the
same rate as in wild-type animals (but only -30% of the axons

appeared histologically 'abnormal' 5 days after nerve section).
We also found evidence of an age-related increase in the rate of

degeneration of motor nerve terminals. Thus in three Wlds mice aged
4 months and studied 2-3 days after bilateral tibial nerve section, 11
out of 120 muscle fibres in six FDB muscles (that is, only -9% of
fibres) expressed MEPPs, and only one of these innervated fibres
responded with an EPP to nerve stimulation. The remainder gave no

response. If we assume that the reduction in the compound action
potential reported by Perry et al. (1992) is related to the number of
axons failing to respond to stimulation, the present data suggest that
there were 3- to 30-fold fewer axons with functional motor terminals
than in the distal nerve. Thus degeneration of motor nerve terminals
in these muscle appeared to precede loss of action potential propaga¬
tion in axons, as in the young adult Wlds mice or wild-type animals.

Discussion

Motor nerve terminals degenerate within 21 h of nerve section in
normal rodents (Miledi and Slater, 1970; Winlow and Usherwood,
1975). The present data suggest that this property is under genetic as
well as epigcnctic control. The main findings are first, neuromuscular
junctions in Wlds mice remain intact and functional many days after
terminals in normal mice have degenerated. The persistent junctions
are able to recycle synaptic vesicle membrane as well as release
transmitter in response to depolarising stimuli. Secondly, as in normal
mice, the rate of degeneration depends on the length of the distal
nerve stump, but the additional delay is -48 h per additional cm of
distal nerve, at least 5 20 times slower than in normal animals.
Thirdly, the capacity of motor terminals to withstand nerve injury is
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Fig. 5. Time course of slow degeneration of functional innervation of Wlds muscles and its dependence on nerve stump length. (A) Data from SOL muscles
after section of the sciatic nerve at the mid-thigh level. (B) Comparison of time course of degeneration in SOL muscle after section of the sciatic nerve at the
sciatic notch (long stump) and SOL muscle nerve (short stump). (C) Data from intracellular recordings from FDB muscles after section of the tibial nerve,
leaving a nerve stump similar in length to A. Each point is from one muscle. Some of the points superimpose. (D) Incidence of functionally innervated fibres
in FDB muscles, 7 days after section of the sciatic nerve at the mid-thigh level, compared with tibial nerve section. Data in A, B and D are mean and SEM,
based on 3-9 muscles for each point (except the 6 days data in A and B, which are from one animal). There were significantly more transmitting neuromuscular
junctions 7 days after sciatic nerve section than after tibial nerve section (D; P < 0.05; r-test). The curve in C was a cubic spline interpolation drawn through
the estimated means of the data points.

related to the age of the individual Wlds mice: those older than ~3
months lose functional neuromuscular transmission after nerve section
much more rapidly than young adult mice of this strain.

The rate of nerve terminal degeneration
The rate of nerve terminal degeneration in normal animals can be
influenced by at least two important local (epigenetic) variables: the
length of the distal nerve stump and temperature. The effects of
these variables suggest that axoplasmic transport and components
or processes dependent on the energetics of cell metabolism are

important.
The effect of nerve stump length on nerve terminal degeneration

was carefully studied by Miledi and Slater (1970), who demonstrated
that in rat diaphragm, each additional cm of distal nerve stump
delayed degeneration by 1-2 h. A similar magnitude of effect was
seen with respect to the onset of membrane responses to denervation
in muscle fibres (Harris and Thesleff, 1972). By comparison, extraord¬
inary persistence of neuromuscular junctions is seen after nerve
sections in the invertebrates, best illustrated by studies of crayfish
neuromuscular junctions. Functional transmission may be recorded
up to a year after nerve section, and the effect of nerve stump length
is to delay degeneration by 7-20 days per cm of distal nerve (Atwood
et at., 1973; Chiang and Govind, 1984). The persistent neuromuscular
junctions in crayfish are maintained by influences from the surrounding
glial cells (Bittner, 1991), but this is unlikely to be a factor in the
slow degeneration of terminals in Wlds muscles (Perry et at., 1990a;
Brown et at., 1991b; Buckmaster et at., 1994; see below).

Table 1. Evidence for progressive deterioration of functional transmission in
Wlds FDB muscles after tibial nerve section

Days after nerve section % unresponsive % MEPPs only (>0.1 Hz)

0 0 2.6

(n = 6 muscles; 115 fibres)
3-5 10.4 7.8

(n = 6; 115)
6-7 41.0 20.5

(n = 8; 161)
11-13 75.0 11.5

(n = 3; 61)

The table shows the percentage of the total fibres impaled with either no
evoked or spontaneous synaptic activity (% unresponsive) and those showing
no evoked responses but displaying spontaneous miniature EPPs at frequencies
greater or equal to one event every 10 s (% MEPPs only).

Degeneration of terminals is strongly temperature-dependent. For
example, Albuquerque et at. (1978) showed that in hibernating ground
squirrels—whose body temperature sinks to ~5°C—motor nerve
terminals remain intact and functional in hindlimb muscles up to 30
days after sciatic nerve section. Similarly, Cull-Candy et at. (1982)
showed that degeneration of human neuromuscular junctions in organ-
cultured preparations of intercostal muscle biopsies occurs more
slowly at lower temperatures. They found that in cultures maintained
at 23°C, neuromuscular transmission persisted for up to 8 days,
whereas transmission deteriorated rapidly in cultured muscles main¬
tained at 36°C. Similar results have been obtained with non-mamma-

/



1648 Neuromuscular junctions in Wlds mice

lian vertebrates. In frogs kept at 23°C terminals persist for 1 week
after nerve section, and much longer if the animals arc kept in a cool
environment (Langley, 1909; Birks et al., 1960). After 6 days of
culture at 14°C, -30% of fibres still responded to nerve stimulation
and showed spontaneous MEPPs (Cherki-Vakil and Meiri,1990). The
same study showed that the frequency of MEPPs inrcascd and the
quantal content of EPPs declined as the terminals slowly degenerated.
Some of the slowly degenerating junctions we recorded from in the
present study also showed evidence of low quintal contents (data not
shown). Cherki-Vakil and Meiri (1990) also noted that during the
final stages of degeneration MEPPs could be recorded from some
fibres but no evoked responses could be elicited (cf. Table 1). A
progressive, 2 to 7 fold decrease in quantal content was also described
by Chiang and Govind (1984) in their study of slowly degenerating
axons in crayfish muscle. By contrast, the frequency of MEPPs and
the quantal content of EPPs increase in muscles that are merely
paralysed rather than denervated (Tsujimoto et al., 1990; Plomp
et al., 1994).

Thus our present findings suggest that the rate of degeneration of
terminals and some of the physiological characteristics of degenerating
motor terminals in Wlds mice are similar to those in muscles kept at
a much lower ambient temperature than normal, or those in naturally
octothcrmio animals. Our data also suggest that the mechanisms of
synaptic vesicle recycling may be quite durable in Wlds mice after
nerve section. It would bo intorosting to know whether enhancing the
rate of recycling, by chronic stimulation of the axotomized distal
nerve stumps, would further accelerate the degeneration of terminals
in Wlds mice, as reported previously under acute or semi-acute
conditions in mammalian and amphibian muscles (Jones and
Kwanbunbumpen, 1970; Ceccarelli et al.. 1972, 1973; Lynch, 1982).

The mechanism of nerve terminal degeneration: cytoplastic
apoptosis?
The nature of the trigger for motor nerve terminal degeneration after
nerve section is unknown. Two hypotheses are first, that axotomy
deprives terminals of essential trophic resources that are normally
synthesized in the cell body and transported by fast axonal transport
to the terminals (Perisic and Cuenod, 1972; Hudson et al. 1984); and
second, that an active signal is generated at the site of injury, and
this is propagated into the terminals at a rate that is similar to that
of fast axonal transport (Miledi and Slater, 1970).

Hypothesis 1
The plausibility of tho first hypothesis arises from earlier observations
that focal treatment of peripheral nerves with agents that block
axoplasmic transport (such as high concentrations of colchicine or
low concentrations of batrachotoxin) mimic the effects of nerve

section by producing depression of synaptic transmission and nerve
terminal degeneration, but without producing any overt signs of
axolemmal damage (Albuquerque et al., 1972; Perisic and Cuenod,
1972; Hudson et al., 1984). However, the present findings suggest to
us that the validity of this hypothesis is now in some doubt. If
terminals depended critically on factors supplied by the cell body,
then we should have to assume that in Wlds mice the motor terminals
had developed some special independence of such factors; that unlike
axons and terminals in normal animals, axons in Wlds mice carry out
protein synthesis; or that the nutritive functions of the cell body are
supplantod in Wlds mice (but not in normal mice) by supporting cells
in the vicinity of the motor terminals. The studies of axons in Wlds
mice carriod out to date have not revealed any significant or distinctive
ultrastructural characteristic, such as the presence of ribosomcs; and

the rate of axoplasmic transport appears to be normal (Smith and
Bisby, 1993). The relevant data also suggest that the slow rate of
axon degeneration in Wids mice is an intrinsic property of the axons
rather than an indirect consequence of some unusual property of
supporting glial cells or the myelomonocytic cells which normally
mediate nerve degeneration (Perry and Brown, 1992). For instance,
transplanting bone-marrow from normal mice into irradiated Wlds
mice docs not lead to an accelerated Wallcrian degeneration after
nerve section. Conversely, bone-marrow Uaiisplaiitatioii from Wld''
mice into irradiated wild-type mice does not lead to slow Wallerian
degeneration after nerve section (Perry et al., 1990a). When neurites
growing out from explants of Wlds mouse sensory ganglia maintained
in culture arc severed, the distal ncuritcs degenerate as slowly as they
do in vivo, in contrast to the rapid degeneration of axotomized
ncuritcs from wild type explant cultures (Buckmaster et al., 1994).
Furthermore, when growth factor is withdrawn from cultures of
dissociated Wlds neurons the cell bodies degenerate, but the neurites
persist for several days (Deckwerth and Johnson, 1994).

Hypothesis ?
The second hypothesis, that an active signal for degeneration is
propagated into nerve terminals, seems the more attractive of the
two. To accommodate our present findings, we need only presume
that in Wlds mice either the nature of the signal and/or the sensitivity
of the degenerative mechanisms in the terminals are somehow
defective, and that there are age-dependent changes which restore the
signal or the sensitivity of the degenerative mechanisms in the Wlds
terminals. The gene which is affected in Wlds is a single autosomal
dominant allele on chromosome 4 (Perry et al. 1990b; Lyon et al.,
1993). but the gene product and its precise function have yet to be
determined. It seems plausible that one of the enzymes responsible
for degradation of principal components of the cytoplasm may be
defective. In support of this, Glass et al. (1994) have shown that
the Ca2+ affinity of a Ca-activated neutral protease involved in
neurofilament degradation is reduced in Wlds mice. However, the
rate of neurofilament degradation by Ca-activated proteases is normal
under some circumstances (Tsao et al., 1994).

If the degradation of nerve terminals is an active process, then this
implies that the cellular mechanisms required to bring it about are
normally present in nerve terminals, but in a latent or repressed
state. Thus nerve terminal degeneration may represent a form of
programmed cell death, perhaps similar to the degeneration which is
triggered by factors in the environment of many types of neurons
during normal development, or following deprivation or injury in
adults (see also Deckwerth and Johnson, 1994; Lapper et al., 1994).
Such 'apoptosis' (Wyllic et al., 1980) normally requires expression
of genes that are suppressed in the neuron (Martin et al., 1988;
Johnson and Deckwerth, 1993). However, it has recently been shown
that anuclear cell fragments ('cytoplasts') prepared from cell lines
will undergo apoptosis in culture when the cytoplasts are treated with
the potent protein kinase inhibitor staurosporine, or by withdrawing
essential growth factors from the culture medium (Jacobson et al.,
1994). Protein synthesis is not required for the induction of apoptosis
in these cytoplasts. Wallerian degeneration of amputated axons or
neurites could result from a similar process.

Jacobson et al. (1994) also showed that degeneration of cytoplasts
is inhibited if they are made to over-express the bcl-2 gene product.
Thi3 gene product mitigates cell death in many different type3 of
neurons. For example, over-cxprcssion of bel-2 prevents cell death
when neurotrophins arc withdrawn from cultures of cranial 3ensory
neurons (Allsop et al., 1993). Bcl-2 and its essential homologuc bax
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(bcl-x) are also differentially regulated in the sensory neurons after
axotomy of dorsal root ganglia in adults (Boise et al., 1994; Gillardon
et al., 1994; Yin et al., 1994). Recently it has also been shown that
motoneuron death in vivo is mitigated by the over-expression of bcl-2
in transgenic mice (Dubois-Dauphin et al., 1994; Martinou et al.,
1994). The bcl-2 gene, which may protect cells from the harmful
effects of free radicals generated by cell metabolism (Hockenbery
et al., 1993), is also of potential interest in the context of Wallerian
degeneration because it has been reported that the Wlds gene product
regulates Ca2+ release from intracellular stores (Lam et al., 1994).
Ca2+ fluxes across cell membranes increase at the sites of nerve

injury, and activation of Ca-sensitive proteases is probably necessary
for Wallerian degeneration to occur (Shlaepfer, 1974; Kamakura
et al., 1983; Glass et al., 1994).

Although it is unlikely that the bcl-2 gene has a direct role in the
slow degeneration of axons in Wlds mice [bcl-2 is located on mouse
chromosome 1 (Mock et al., 1990)], it would be useful to know
whether over-expression of the gene product, or others implicated in
control of programmed cell death (Nunez and Clarke, 1994; Reed,
1994), would also mitigate Wallerian degeneration in normal mice;
and conversely whether treatment with protein kinase inhibitors, or
enhancing production of free radicals, would acutely accelerate
Wallerian degeneration of terminals in isolated or organ-cultured
preparations from Wlds mice. Such data might help to establish
whether the rapid deterioration of motor nerve terminals that is a
normal consequence of nerve injury, represents another example of
'cytoplastic apoptosis' (cf. Jacobson et al., 1994).
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ZIO zinc iodide-osmium tetroxide

References

Albuquerque, E. X., Warnick, J. E„ Tasse, J. R. and Sansone, F. M. (1972)
Effects of vinblastine and colchicine on neural regulation of the fast and
slow skeletal muscles of the rat. Exp. Neurol., 37, 607-634.

Albuquerque, E. X., Deshpande, S. S. and Guth, L. (1978) Physiological
properties of the innervated and denervated neuromuscular junctions of
hibernating and non-hibernating ground squirrels. Exp. Neurol., 62, 347-373.

Allsopp, T. E., Wyatt, S., Patterson, H. F. and Davies, A. M. (1993) The
proto-oncogene bcl-2 can selectively rescue neurotrophic factor-dependent
neurons from apoptosis. Cell, 73, 295-307.

Atwood, H. L., Govind, C. K. and Bittner, G. D. (1973) Ultrastructure of
nerve terminals and muscle fibres in denervated crayfish muscle.
Z. Zellforsch. Mikrosk. Anat., 146, 155-165.

Betz, W. J., Mao, F. and Bewick, G. (1992) Activity-dependent fluorescent
staining of living vertebrate motor nerve terminals. J. Neurosci., 12,363-375.

Birks, R., Katz, B. and Miledi, R. (1960) Physiological and structural changes
at the amphibian myoneural junction, in the course of nerve degeneration.
J. Physiol., 150, 145-168.

Bittner, G. D. (1991) Long-term survival of anucleate axons and its implications
for nerve regeneration. Trends Neurosci., 14, 188-193.

Boegman, R. J., Deshpande, S. S. and Albuquerque, E. X. (1980) Consequences
of axonal transport blockade induced by batrachotoxin on mammalian
neuromuscular junction. 1. Early pre and postsynaptic changes. Brain Res.,
187, 183-196.

Boise, L. H., Gonzalez-Garcia, M., Postema, C. E., Ding, L., Lindsten, T.,
Turka, L., Mao, X., Nunez, G. and Thompson, C. B. (1993) Bcl-x, a bcl-
2-related gene that functions as a dominant regulator of apoptotic cell death.
Cell, 74, 597-608.

Boyd, I. A. and Martin, A. R. (1956) The end-plate potential of mammalian
skeletal muscle. J. Physiol., 132, 74-91.

Brown, M. C., Booth, C. M., Lunn, E. R. and Perry, V. H. (1991a) Delayed
response to denervation in muscles of C57BL/01a mice. Neuroscience, 43,
279-283.

Brown, M. C., Perry, V. H„ Lunn, E. R„ Gordon, S. and Heuman, R. (1991b)
Macrophage dependence of peripheral sensory nerve regeneration: possible
involvement of nerve growth factor. Neuron, 6, 359-370.

Brown, M. C., Lunn, E. R. and Perry, V. H. (1992) Consequences of
slow Wallerian degeneration for regenerating motor and sensory axons.
J. Neurobiol., 23, 521-536.

Brown, M. C., Perry, V. H., Hunt, S. P. and Lapper, S. R. (1994) Further
studies on motor and sensory nerve regeneration in mice with delayed
Wallerian degeneration. Eur. J. Neurosci., 6, 420-428.

Buckmaster, A. E., Perry, V. H. and Brown, M. C. (1994) Wallerian
degeneration of axons of cultured SCG and DRG neurons from normal and
C57BLAVlds mice. J. Physiol., 481, 39-40P.

Ceccarelli, B„ Hurlbut, W. P. and Mauro, A. (1972) Depletion of vesicles
from frog neuromuscular junction by prolonged tetanic stimulation. J. Cell
Biol., 54, 30-38.

Ceccarelli, B., Hurlbut, W. P. and Mauro, A. (1973) Turnover of transmitter
and synaptic vesicles at the frog neuromuscular junction. J. Cell Biol., 57.
499-524.

Cherki-Vakil, R. and Meiri, H. (1990) Acetylcholine release at identified nerve
terminals in the organ-cultured frog neuromuscular preparation. J. Physiol.,
423, 579-592.

Chiang, R. G. and Govind, C. K. (1984) Decrease in transmitter output and
synaptic ultrastructure at lobster neuromuscular junctions with
decentralization. Brain Res., 299, 265-279.

Cull-Candy, S. G., Miledi, R. and Uchitel, O. D. (1982) Denervation changes
in normal and myasthenia gravis human muscle fibres during organ culture.
J. Physiol., 333, 227-249.

Deckwerth, T. L. and Johnson, E. M. (1994) Neurites can remain viable after
destruction of the neuronal soma by programmed cell death (apoptosis).
Devi Biol., 165, 63-72.

Dubois-Dauphin, M„ Frankowski, H., Tsujimoto, Y., Huarte, J. and
Martinou, J.-C. (1994) Neonatal motoneurons overexpressing the bcl-2
protooncogene in transgenic mice are protected from axotomy-induced cell
death. Proc. Natl Acad. Sci. USA, 91, 3309-3313.

Gillardon, F., Wickert, H. and Zimmerman, M. (1994) Differential expression
of bcl-2 and bax mRNA in axotomized dorsal root ganglia of young and
adult rats. Eur. J. Neurosci., 6, 1641-1644.

Glass, J. D., Brushart, T. M., George, E. B. and Griffin, J. W. (1993) Prolonged
survival of transected nerve fibres in C57BL/01a mice is an intrinsic
characteristic of the axon. J. Neurocytol., 22, 311-321.

Glass, J. D., Schryer, B. L. and Griffin, J. W. (1994) Calcium-mediated
degeneration of axonal cytoskclcton in the Ola mouse. J. Neurochem., 62,
2472-2475.

Harris, J. B. and Ribchester, R. R. (1979) The relationship between end-plate
size and transmitter release in normal and dystrophic muscles of the mouse.
J. Physiol., 296, 245-265.

Harris, J. B. and Thesleff, S. (1972) Nerve stump length and membrane
changes in denervated skeletal muscle. Nature New Biol., 236, 60-61.

Hockenbery, D. M., Oltvai, Z. N., Yin, X.-M., Milliman, C. L. and Korsmeyer,
S. J. (1993) Bcl-2 functions in an antioxidant pathway to prevent apoptosis.
Cell, 75, 241-251.

Hudson, C. S., Deshpande, S. S. and Albuquerque, E. X. (1984) Consequences
of axonal transport blocked by batrachotoxin on mammalian neuromuscular
junction. III. An ultrastructurai study. Brain Res., 296, 319-332.

Jacobson, M. D., Bume, J. F. and Raff, M. C. (1994) Programmed cell death
and Bcl-2 protection in the absence of a nucleus. EMBO J., 13, 1899-1910.

Johnson, E. M. and Deckwerth, T. L. (1993) Molecular mechanisms of
developmental neuronal death. Annu. Rev. Neurosci., 16. 31^16.

Jones, S. F. and Kwanbunbumpen. S. (1970) The effects of nerve stimulation

/



1650 Neuromuscular junctions in Wlds mice

and hemicholinium on synaptic vesicles at the neuromuscular junction.
J. Physiol., 207, 31-50.

Kamakura, K., Ishiura, S., Sugita, H. and Toyokura, Y. (1983) Identification
of Ca2+-activated neutral protease in the peripheral nerve and its effects
on neurofilament degeneration. J. Neurochem.. 40. 908-913.

Lam, M., Dubyak, G., Chen, L., Nunez, G„ Miesfield, R. L. and Distelhorst,
C. W. (1994) Evidence that BCL-2 represses apoptosis by regulating
endoplasmic reticulum-associated Ca2+ fluxes. Proc. Natl Acad. Sci. USA,
91, 6569-6573.

Langley, J. N. (1909) On degenerative changes in the nerve endings in striated
muscle, in the nerve plexus of arteries and in nerve fibres of the frog.
J. Physiol., 38, 504-512.

Lapper, S. R., Brown, M. C. and Perry, V. H. (1994) Motor neuron death
induced by axotomy in neonatal mice occurs more slowly in a mutant strain
in which Wallcrinn degeneration is very slow. Eur. J. Ncurosci., 6, 473 -477,

Lunn, E. R., Perry, V. H., Brown, M. C., Rosen, H. and Gordon, S. (1989)
Absence of Wallcrinn degeneration does not hinder regeneration in peripheral
nerve. Eur. J. Neurosci., 1, 27-33.

Lynch, K. (1982) The effects of chronic stimulation on the morphology of
the frog neuromuscular junction. J. Neurocytol., 11, 81-107.

Lyon, M. F„ Ogunkolade, B. W., Brown, M. C„ Atherton, D. H. and Perry, V.
II. (1993) A gene affecting Wallerinn degeneration maps distally on mouse
chromosome 4. Proc. Natl Acad. Sci. USA, 90, 9717-9720.

McArdle, J. J., Angaut-Petit, D., Mallart, A., Boumaud, R„ Faille, L. and
Brigant. J. L. (1981) Advantages of the triangularis stemi muscle of the
mouse for investigations of synaptic phenomena. J. Neurosci. Methods, 4.
109-115.

Martin, D. P., Schmidt, R. E., DiStefano, P. S., Lowry, O. H., Carter, J. G.
and Johnson, E. M. (1988) Inhibitors of protein synthesis and RNA synthesis
prevent neuronal death caused by growth factor deprivation. J. Cell Biol.,
106, 829-844.

Martinou, J.-C., Dubois-Dauphin, M., Staple, J. K., Rodriguez, I., Frankowski,
H.. Missotten, M., Albertini, P., Talabot, D., Catsicas, S., Pietra, C. and
Huarte, J. (1994) Overexpression of BCL-2 in transgenic mice protects
neurons from naturally occurring cell death and ischaemia. Neuron, 13,
1017-1030.

Miledi, R. and Slater, C. R. (1970) On the degeneration of rat neuromuscular
junctions after nerve section. J. Physiol., 207, 507-528.

Mock, B., Krall, M„ Blackwell, J., O'Brien, A., Schurr, E., Gros, P.,
Skamene, E. and Potter, M. (1990) A genetic map of mouse chromosome
1 near the Lsh-Ity-Bcg disease resistance locus. Genomics, 7, 57-64.

Nunez, G. and Clarke, M. F. (1994) The Bcl-2 family of proteins: regulators
in cell death and survival. Trends Cell Biol., 4, 399^403.

Perisic, M. and Cuenod, M. (1972) Synaptic transmission depressed by
colchicine blockage of axoplasmic flow. Science, 175, 1140-1142.

Perry, V. H. and Brown, M. C. (1992) Role of macrophages in peripheral
nerve degeneration and repair. BioEssays, 14. 401^105.

Perry, V. H., Brown, M. C., Lunn, E. R„ Tree, P. and Gordon, S. (1990a)
Evidence that very slow Wallcrian degeneration in C57BL/01a mice is an
intrinsic property of the peripheral nerve. Eur. J. Neurosci., 2, 802-808.

Perry, V. H., Lunn, E. R.. Brown, M. C., Cahusac, S. and Gordon, S. (1990b)
Evidence that the rate of Wallerian degeneration is controlled by a single
autosomal dominant gene. Eur. J. Neurosci., 2, 408-413.

Perry, V. H.. Brown, M. C. and Tsao, J. W. (1992) The effectiveness of the
gene which slows the rate of Wallerian degeneration in C57BL/01a mice
declines with age. Eur. J. Neurosci., 4. 1000-1002.

Plomp, J. J., van Kempen, G. T. H. and Molenaar, P. C. (1994) The upregulation
of acetylcholine release at endplates of a-bungarotoxin-treated rats: its
dependency on calcium. J. Physiol., 478, 125-136.

Purves, D. and Sakmann, B. (1974) Membrane properties underlying
spontaneous activity of denervated muscle fibres. J. Physiol., 239, 125-153.

Reed. J. C. (1994) BC1-2 and the regulation of programmed cell death. J. Cell
Biol., 124, 1-6.

Ribchester, R. R. (1989) Decline of inward rectifier currents in intact muscle
fibres isolated from the mouse. J. Physiol , 409, 5?P

Ribchester, R. R„ Barry, J. A. and Brown, M. C. (1994a) Effect of age on
synaptic vesicle recycling at neuromuscular junctions in mire with slow
Wallerian degeneration. Eur. J. Neurosci., Suppl. 7, 200.

Ribchester, R. R„ Barry, J. A., Tsao, J. W., Perry, V. H. and Brown, M. C.
(1994b) Slow degeneration of motor nerve terminals in mice of the Wlds
strain and its dependence on nerve stump length. J. Physiol., 479, 2-3P.

Ribchester, R. R., Mao, F. and Beta, W. J. (1994c) Optical measurements
of activity-dependent membrane recycling in motor nerve terminals of
mammalian skeletal muscle. Proc. R. Soc. Lond. B, 255, 61-66.

Schlaepfer, W. W. (1974) Calcium-induced degeneration of axoplasm in
isolated segments of rats peripheral nerve. Brain Res., 69, 203-215.

Smith, R. S. and Bisby, M. A. (1993) Persistence of axonal transport in
isolated axons of the mouse. Eur. J. Neurosci., 5, 1127-1135.

Tsao, J. W., Brown, M. C., Carden, M. J., McLean, W. G. and Perry, V. H.
(1994) Loss of the compound action potential' an electrophysiological,
biochemical and morphological study of early events in axonal degeneration
in the C57BL/01a mouse. Eur. J. Neurosci., 6, 516-524.

Tsujimoto, T., Umemiya, M. and Kuno, M. (1990) Terminal sprouting is not
responsible for enhanced transmitter release at disused neuromuscular
junctions of the rat. J. Neurosci., 10, 2059-2065.

Waller, A. (1851) Experiments on the section of the glossopharyngeal and
hypoglossal nerves of the frog, and observations of the alterations produced
thereby in the structure of their primitive fibres. Edin. Med. Surg. J., 76,
369-376.

Watson, D. F., Glass, J. D. and Griffin, J. W. (1993) Redistribution of
cytoskeletal proteins in mammalian axons disconnected from their cell
bodies. J. Neurosci., 13, 4354-4360.

Winlow, W. and Usherwood, P. N. R. (1975) Ultrastructural studies of
normal and degenerating mouse neuromuscular junctions. J. Neurocytol.,
4, 377-394.

Wyllie, A. H., Kerr, J. F. R. and Currie, A. R. (1980) Cell death: the
significance of apoptosis. Int. Rev. Cytol., 68, 251-306.

Yin, X.-M., Oltvai, Z. N. and Korsemeyer, S. J. (1994) BH1 and BH2 domains
of Bcl-2 are required for inhibition of apoptosis and heteroriimerization
with Bax. Nature, 369, 321-323.



Publication Number 25

Parson SH, Mackintosh CL, Ribchester RR. 1997. Elimination of motor nerve terminals
in neonatal mice expressing a gene for slow Wallerian degeneration (C57B1/Wlds).
Eur J Neurosci. Aug;9(8): 1586-92.
PMID: 9283813

R R Ribchester, DSc Thesis, 2003 25



European Journal of Neuroscience, Vol. 9, pp. 1586-1592, 1997 © European Neuroscience Association

Elimination of Motor Nerve Terminals in Neonatal Mice
Expressing a Gene for Slow Wallerian Degeneration
(C57BU Wlds)

Simon H. Parson1, Claire L. Mackintosh and Richard R. Ribchester
Department of Physiology, University Medical School, Teviot Place, Edinburgh EH8 9AG, UK
1 Present address: Centre for Human Biology, Worsley Medical and Dental Building, University of Leeds, Leeds, LS2 9JT, UK

Keywords: mutant, neuromuscular junction, plasticity, synapse

Abstract

Degeneration of motor terminals after nerve section occurs much more slowly than normal in young adult mice
of the C57B\/Wlds strain. This observation prompted us to re-examine the possible role of degeneration and
intrinsic axon withdrawal during neonatal synapse elimination. Polyneuronal innervation was assayed by two
methods: intracellular recording of end-plate potentials in cut-muscle fibre preparations of isolated
hemidiaphragm and soleus muscles; and in silver-stained preparations of triangularis sterni and transversus
abdominis muscle fibres. No differences in the rate of synapse elimination were detected in unoperated Wlcf
compared with CBA, C3H/HE and BALB/c mice. At 3 days of age, >80% of fibres were polyneuronally
innervated. By 7 days this declined to -20% of hemidiaphragm, 50% of triangularis sterni and 60% of soleus
fibres. Nearly all fibres were mononeuronally innervated by 15 days. The mean number of terminals per
triangularis sterni muscle fibre 7 days after birth was 1.55 ± 0.07 in Wlds and 1.56 ± 0.09 in wild-type mice.
Three to 4 days after sciatic nerve section, near-normal numbers of motor units were evident in isometric tension
recordings of the soleus muscle, and intracellular recordings revealed many polyneuronally innervated fibres.
Mononeuronally and polyneuronally innervated fibres were also observed in silver-stained preparations of soleus
and transversus abdominis muscles made 3-4 days after sciatic or intercostal nerve section. We conclude
(i) that the Wlds gene has no direct impact on the normal rate of postnatal synapse elimination, (ii) that Wallerian
degeneration and synapse elimination must occur by distinct and different mechanisms, and (iii) that muscle
fibres are able to sustain polyneuronal synaptic inputs even after motor axons have become disconnected from
their cell bodies.

Introduction
Adult mammalian skeletal muscles have a characteristic pattern of
innervation: each fibre is innervated at a single motor end-plate by a
collateral branch of just one motoneuron. This pattern emerges during
development from one in which each motor end-plate is convergently
innervated by collaterals of several motoneurons (for review see
Ribchester and Barry, 1994). In rodents, most of the elimination of
this polyneuronal innervation occurs postnatally over a period of
2-3 weeks (Redfem, 1970; Brown et al., 1976; Betz et al., 1979;
Fladby, 1987). The mechanisms which select the surviving axon
collateral and terminal are unknown, but hypotheses include a role
for endogenous proteases (Vrbova et al., 1988), competition for
limited neurotrophic resources (Purves, 1988), and competition for
space mediated by a limited distribution of acetylcholine receptors
and/or adhesion molecules (Ribchester and Barry, 1994; Nguyen and
Lichtman, 1996). Neuromuscular activity plays a role, because the
rate of synapse elimination is reduced in paralysed neonatal muscle
and accelerated in stimulated muscle (O'Brien et al., 1978; Thompson
et al., 1979; Thompson, 1983). Competition may also be based on
selective chemical matching of motoneuron and muscle fibre types

(Jones et al., 1987; Thompson et al., 1987; Fladby and Jansen, 1990;
Gates and Ridge, 1992).

One question which has not been satisfactorily resolved is whether
nerve terminals undergoing synapse elimination regress as a result of
a process akin to 'degeneration' of terminals, like that seen after
nerve injury (Miledi and Slater, 1970; Winlow and Usherwood, 1975;
Rosenthal and Tareskevich, 1977). Observations based on quantitative
electron microscopy appear to refute this, suggesting that synapse
elimination and degeneration are unrelated phenomena (Korneliusen
and Jansen, 1976; Riley, 1977; Bixby, 1981). On the other hand.
Brown et al. (1976) suggested that some motor axon collaterals
undergo a programmed 'intrinsic withdrawal', retracting their
terminals and regressing into the parent axon independently of the
presence of their competitors, even though this may lead to denervation
of fibres (Thompson and Jansen, 1977; Fladby and Jansen, 1987).
Although intrinsic withdrawal may not occur in all muscles (Betz
et al., 1980), its relationship to nerve 'degeneration' remains unclear.
The possibility that Wallerian degeneration is itself a programmed
cellular event (Lapper et al., 1994; Ribchester et al., 1995) suggested
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that it was timely to re-examine possible links between programmed
nerve degeneration and synapse elimination.

The C57B1/WW1 mouse (formerly known as C57Bl/6/01a) has an
autosomal dominant mutation on chromosome 4 which renders distal
nerve stumps relatively resistant to Wallerian degeneration after nerve

injury (Brown et al., 1991; Lyon et al., 1993; Tsao et al., 1994). One
of the earliest signs of axon degeneration in normal mice is loss of
motor nerve terminals, usually within 12-24 h (Miledi and Slater,
1970; Winlow and Usherwood, 1975). But in young adult Wlds mice
motor axons and nerve terminals persist for 3-14 days after nerve

injury (Crawford et al., 1995; Ribchester et al., 1995). We reasoned
that if synapse elimination takes place by a process related to nerve

degeneration, we should expect synapse elimination to occur at a
slower rate than normal in the mutant mice. Our results suggest,
however, that synapse elimination occurs at a normal rate in neonatal
Wlds mice, even though the mutant phenotype could be induced
during this period. Our findings therefore support the hypothesis that
the molecular mechanisms responsible for withdrawal of terminals
and axons during synapse elimination are distinct from the mechanisms
responsible for Wallerian degeneration. The data also suggest that
motor terminals have some autonomy from their parent cell bodies,
and that the rate and outcome of neuromuscular synapse elimination
is mainly determined by factors in the local environment of the
competing terminals.

Preliminary results have been published in abstract form
(Mackintosh and Ribchester, 1995; Parson et al., 1995).

Materials and methods

Experiments were carried out using mice drawn from a breeding
colony established many years ago in Edinburgh from stock originally
obtained from the Harlan-Olac Laboratories (Bicester, UK). The
Edinburgh line is formally designated C57B1/6/EUMM. Independent
experiments have established that adults of this strain have slow
Wallerian degeneration after peripheral nerve section, similar to that
described for the Wlds mice by M. C. Brown and colleagues (Lunn
et al., 1989; Ribchester et al., 1995), so we refer to the Edinburgh
colony of mice as Wlds throughout the present paper. As controls,
three strains with normal rates of Wallerian degeneration were studied:
BALB/c, CBA and C3H/HE. Mice were killed by stunning and
dislocation of cervical vertebrae. Hemidiaphragm, soleus, triangularis
sterni and transversus abdominis nerve/muscle preparations were
dissected and placed in mammalian saline of the following composi¬
tion (mM): Na+, 137; K+, 5; Ca2+, 2; Mg2+, 1; CI", 122.2, HC03",
23.8; H2P042~, 2; D-glucose, 5; pH 7.2-7.4. Solutions were bubbled
to equilibration with 95% 02/5% C02.

Electrophysiology
Polyneuronal innervation was assessed by intracellular recording from
cut-muscle fibre preparations of the soleus and hemidiaphragm
muscles. Carefully graded stimuli were applied to the muscle nerves
using fine-tipped suction electrodes. Mononeuronally innervated fibres
were scored as those giving a unitary end-plate potential on graded
stimulation. Polyneuronally innervated fibres were indicated by sys¬
tematic changes in the amplitude of their end-plate potentials in
response to graded stimulation (Fig. 1). We did not attempt to score
the number of synaptic inputs to each polyneuronally innervated
muscle fibre using this method, owing to the difficulty of distinguishing
multiple inputs from quantal fluctuations of synaptic potentials (but
see Morphology, below). In addition, recordings from muscle fibres
in which the responses to graded stimulation were equivocal were
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Fig. 1. End-plate potentials recorded from two polyneuronally innervated
neuromuscular junctions in cut-fibre preparations of Wlds mouse
hemidiaphragm muscles 6 days after birth. The records are AC-coupled,
curtailing the duration of repolarization. (A) Fibre in which graded nerve
stimulation revealed at least four approximately equal-sized inputs. (B) Fibre
with one low-threshold small input and a large higher threshold input.
Calibration, 5 mV, 15 ms.

not included in the analysis of the results; that is, we excluded those
fibres in which the size of random, quantal fluctuations in end-plate
potential amplitude made it too difficult to decide whether the
fibre was polyneuronally or mononeuronally innervated. At least 20
unambiguous muscle fibres were recorded in each case. Unresponsive,
apparently denervated fibres were included in the tally.

Morphology
Some soleus muscles and nerves were fixed in p-formaldehyde/
glutaraldehyde in phosphate buffer, postfixed in osmium tetroxide,
dehydrated and embedded in Araldite. Transverse thin sections were
cut from which estimates of fibre/axon number and area were made

using the 'systematic-random' method of Mayhew (1990). Other
muscles were fixed in buffered p-formaldehyde and whole mounts
were stained with the combined silver/acetylcholinesterase method
of Namba et al. (1967), as modified by Hopkins and Slack (1981).
Morphological analysis was performed on an Apple Macintosh
computer using the public domain NIH Image program, developed
at the US National Institutes of Health and available from the Internet

by anonymous ftp from zippy.nimh.nih.gov.

Denervations

Unilateral sciatic nerve sections at mid-thigh level were carried out
in mice aged 3—4 days. The mice were sedated with halothane then
chilled on ice until respiratory movements and vital signs had ceased.
After surgery, the mice were gradually warmed up under a lamp.
Respiration and other vital signs returned within a few minutes and
the mice were then returned to their mothers and littermates. This
method of anaesthesia (for which UK Home Office authorization was
obtained) was very effective and it did not affect the subsequent
feeding behaviour or growth of the mice after recovery. The mice
were killed 3-7 days later. Before the animals were killed, the foot
on the operated side was tested for withdrawal reflexes by pinching
with forceps; they proved unresponsive in every case. The mice
always withdrew the unoperated, contralateral limb on pinching. After
the animals had been killed, the level of section of the sciatic nerve

was confirmed by relocating the site of injury in the thigh. In some
mice the intercostal nerves were sectioned on one side instead,

axotomizing the motoneurons innervating the triangularis sterni and
transversus abdominis muscles.
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Isometric tension recordings were made from isolated soleus
muscles in three of the operated animals. Motor unit contractions
were evoked by carefully grading stimuli to the nerves. This method
gave a lower bound estimate of the number of motor units in the
neonatal muscles; accurate estimates could not be made because of
non-linear summation of motor unit tensions (due to polyneuronal
innervation) and the difficulty of resolving all the motor units on the
basis of their threshold responses to electrical stimulation.

Statistical data are given as mean ± SEM throughout unless stated
otherwise.

Results

Time course of synapse elimination in unoperated Wlds
muscles

Electrophysioiogy
Intracellular recordings from neonatal Wlds muscles are shown in
Figure 1. Graded stimulation applied to the muscle nerve revealed
many muscle fibres to be polyneuronally innervated, as in normal
mice. The time course of synapse elimination in hemidiaphragm
muscles comparing Wlds and CBA mice is shown in Figure 2A,
and data from Wids and C3H/HE mouse soleus muscles are shown
in Figure 2B. In neither case was there any evidence that synapse
elimination occurred more rapidly or more slowly in Wlds muscles
compared with the wild-type mice. About half the muscle fibres
were mononeuronally innervated by ~6 days in hemidiaphragm
muscles and by ~7 days in soleus muscles.

Morphology
The physiological findings were supported by silver/cholinesterase-
stained preparations of triangularis sterni muscles from 3- to 16-
day-old Wlds and BALB/c mice. Some fibres were clearly
mononeuronally innervated and some were equally clearly polyneu¬
ronally innervated in these preparations (Fig. 3A, B). Occasionally,
evidence of retraction of axons was seen, in the form of 'retraction
bulbs', similar to those described by Riley (1977). Significant
numbers of Wlds fibres were already mononeuronally innervated 3
days after birth (24.5%), but the majority were polyneuronally
innervated (68.5 ± 4.7%; four muscles, 200 fibres). Figures for
the BALB/c control were: 12% mononeuronal and 82 ± 6.9%

(four muscles, 200 fibres) polyneuronal at the same ages. The
number of inputs to the remaining 6-7% of fibres could not be
resolved with certainty. By 7 days approximately half of all fibres
were polyneuronally innervated: 47.5 ± 2.5% (four muscles, 200
fibres) of Wlds fibres and 49.0 ± 1.4% (two muscles, 100 fibres)
of BALB/c fibres. At this age, the mean number of terminals per
muscle fibre was 1.55 ± 0.07 in Wld* and 1.56 ± 0.09 in BALB/
c mice (two muscles, 100 fibres in both cases). By 16 days after
birth almost all fibres were mononeuronally innervated (~96% of
Wlds fibres and 94.5% BALB/c fibres), while the mean number
of terminals present per muscle fibre was 1.04 in Wlds and 1.07
in BALB/c (Fig. 4).

Response to nerve injury
We carried out unilateral sections of the sciatic nerve in
anaesthetized mice aged 3—1 days in order to test the possibility
that the normal rate of synapse elimination in these mice might
be due to failure of expression of the Wlds gene perinatally. The
outcome of most operations was assessed 3-4 days later (i.e. 6-7
days after birth). In two mice from a control strain (C3H/HE;
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Fig. 2. Time course of synapse elimination in (a) hemidiaphragm and (B)
soleus muscles from Wlds (filled circles) and wild-type (open circles) mice.
Each point shows the percentage of fibres from one muscle responding to
graded nerve stimulation with more than one discrete end-plate potential
component.

wild-type with respect to Wallerian degeneration) there was no
evidence of any residual innervation after this period of denervation.
The distal nerve stumps were translucent in appearance and the
muscles did not contract in response either to cutting or to
electrical stimulation of the nerve in vitro.

The appearance of nerves and function of muscles in Wtds mice
3-4 days after cutting the sciatic nerve were quite different. As
in wild-type mice, the hindlimb on the operated side—particularly
the foot—was smaller, more poorly developed and unresponsive
to pinching. After killing and dissection, the soleus muscles were
overtly pale and atrophic compared with the contralateral, unoperated
muscle. But the characteristic banding pattern of intact peripheral
nerves—visible through the dissecting microscope—was still appar¬
ent, as in controls. Only one of the axotomized distal stumps gave

adequate cross-sections for counting axons: this contained 25
myelinated axons, about half the number counted in three
contralateral controls (55 ± 5). Transverse sections of the denervated
soleus muscles showed they contained similar numbers of muscle
fibres, but the cross-sectional area of muscles on the operated side
was ~20% less than on the contralateral side (Table 1).

Tension recordings
Stimulation of the distal stump on the operated side evoked strong
twitch contractions in the soleus muscles. These muscles also
showed a considerable amount of visible, spontaneous contractile
activity. By 7 days after nerve section, only weak contractions
could be evoked by stimulating the soleus muscle nerve on the
operated side. Intracellular recordings revealed only one out of 80
fibres in four muscles giving end-plate potentials. Most measure¬
ments were therefore made on mice 3—4 days after neonatal
nerve section.

Isometric tension recordings were made from three pairs of
soleus muscles. There appeared to be similar numbers of motor
units in all these muscles (Fig. 5), but the unreliability of graded
stimulation and the degree of twitch tension overlap precluded
using this method to reliably estimate the total number of motor
units. The time course of the twitch contractions was longer on
the operated side, and in two of the three cases the tension was
weaker on this side. In the third pair of muscles, surprisingly,
soleus twitch tension on the operated side was larger, in spite of
its atrophic appearance, compared with the contralateral muscle.
In all cases, the direct tension evoked by applying the suction
electrode to the surface of the muscle was similar to the contraction
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Fig. 3. Silver-stained preparation of transversus abdominis muscles from 6 day old Wlds mice. (A) Control (unoperated) muscles showing relatively large
claw-like endings. (B) Higher power view of the same field as A, showing a polyneuronally innervated fibre. (C) Three days after intercostal nerve section
(done 3 days after birth). The motor nerve terminals are still intact, though smaller than the control, and have a 'blebby' appearance. (D) Higher power view
of a similar preparation to C, showing polyneuronally and mononeuronally innervated end-plates. Calibration bar. A, C, 80 pm; B, D, 30 pm.

Age (days)

Fig. 4. Elimination of polyneuronal innervation in triangularis sterni muscles
of Wlds (filled circles) and wild-type mice (open circles), based on silver/
cholinesterase preparations. Each point is the mean number of terminals per
muscle fibre from one muscle, based on a sample of 50 muscle fibres in each.

Intracellular recording
Intracellular recordings were made from six pairs of muscles. Many
of the fibres showed evidence of polyneuronal innervation (Fig. 5).
Data showing the proportions of mononeuronally innervated fibres,
polyneuronally innervated and denervated fibres are given in Figure
6. Also shown are data from five muscles studied 3^1 days after
birth, the time when nerve sections were carried out.

The data show that 3-4 days after birth ~80% of muscle fibres
were polyneuronally innervated (compare with Fig. 2). By 6-7 days
~50% of contralateral control soleus muscle fibres were mononeuron¬

ally innervated. By contrast, on the operated side ~50% of fibres
failed to respond to nerve stimulation. Of the remaining 50% of fibres
that did respond, the majority expressed compound end-plate potentials
upon graded nerve stimulation, indicating that they were polyneuron¬
ally innervated. In the light of the tension measurements the proportion
of denervated muscle fibres is perhaps surprising, but it was not
possible in these experiments to determine whether some of the motor
axons failed to respond to stimulation (either due to high stimulus
thresholds or to failure of synaptic transmission, which sometimes
happens in cut-muscle fibre preparations).

evoked by nerve stimulation, suggesting that all the muscle fibres
had retained functional motor nerve terminals. This was not borne
out by intracellular recordings from cut-fibre preparations, however.

Silver/cholinesterase staining
Whole-mount, silver-stained preparations of soleus and transversus
abdominis muscles broadly confirmed the electrophysiological data.
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Fig. 5. Isometric tension (A, B) and intracellular recordings (C, D) from 6-
day-old Wlds soleus muscles. (A) Three days after nerve section (done 3 days
after birth). Graded nerve stimulation reveals at least 10 motor units. (B)
Contralateral control muscle; similar numbers of motor units revealed by
graded stimulation. (C) Intracellular recording of end-plate potentials from a
soleus muscle fibre in a cut-fibre preparation 3 days after nerve section.
Graded stimulation of the distal stump reveals at least two, possibly four
convergent inputs. (D) Contralateral control muscle fibre showing two inputs
in response to graded stimulation. Calibration, A, B, 0.25 g, 400 ms; C. D,
5 mV. 15 ms.

In Wlds mice 3-4 days after nerve section there were many polyneuron-
ally innervated muscle fibres, with multiple axons converging onto
single motor end-plates. The end-plates on the axotomized side had
a more immature, 'blebby' appearance compared with the unoperated
contralateral controls, however (Fig. 3C, D; compare for example
with Balice-Gordon et al., 1993), as if nerve section had arrested
maturation of the end-plates. Their appearance was similar to that of
terminals in paralysed muscles of neonatal mice injected with
botulinum toxin (Brown et al., 1982).

We did not attempt to quantify the numbers of denervated and
innervated muscle fibres in these preparations, due to the small
size and overlapping appearance of the muscle fibres in the light
microscope.

Discussion

The main findings of the present study are (i) that neonatal synapse
elimination occurs normally in mice with a genetic defect that slows
nerve degeneration after axotomy, and (ii) that neonatal nerve section
in these mice initially preserves the polyneuronal innervation of many
of the muscle fibres.

Time course of synapse elimination in mouse skeletal muscle
Previous studies have recorded the time course of synapse elimination
in mouse muscles in terms of the decline in motor unit size based on

tension measurements, or using imaging methods (Fladby, 1987;
Fladby and Jansen, 1987; Balice-Gordon and Lichtman, 1993; Balice-
Gordon et al., 1993). Our data confirm that synapse elimination in
mouse muscles occurs somewhat earlier than in neonatal rats. In the
rat soleus muscle, for example, all muscle fibres are polyneuronally
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Fig. 6. Summary of data on the pattern of muscle innervation in Wlds soleus
muscles based on intracellular recording. In each panel. D represents the
number of denervated fibres giving no response to nerve stimulation, M is
the number of mononeuronally innervated fibres, and P is the number of
polyneuronally innervated fibres giving compound end-plate potentials in
response to graded nerve stimulation. Each set of similarly filled bars represents
the data from one muscle. (A) Three days after birth. Most fibres were
polyneuronally innervated. (B) Six days after birth, 3 days after cutting the
sciatic nerve. About half the fibres failed to respond to nerve stimulation, but
most of those that did respond were polyneuronally innervated. (C)
Contralateral control muscles. About half the fibres were mononeuronally
innervated.

innervated up to -10 days after birth (Brown el al., 1976), whereas
our present data show that only -20% of muscle fibres remain
polyneuronally innervated at this age in mice (Fig. 2B). We saw a
few mononeuronally innervated fibres as early as 3 days after birth.
The rate of emergence of mononeuronally innervated fibres appears
to be similar in the mouse and rat, however. Thus the present data
show polyneuronal innervation declining from 80 to -10% of fibres
over the course of 5-7 days, similar to the time course typically seen
in rat and rabbit muscles (Brown et al., 1976; Rosenthal and
Tareskevich, 1977; Betz et al., 1979; Soha et al., 1987).

Relationship between synapse elimination and Wallerian
degeneration
If synapse elimination and Wallerian degeneration were related—that
is, if both processes employed common cellular mechanisms—we
might have expected the time of onset or the rate of neuromuscular
synapse elimination to be measurably slower in Wlds mice than
normal. We saw no evidence of this. For instance, after nerve section
all terminals degenerated within 24—48 h in wild type mice, whereas
-50% of fibres were still innervated 72-96 h after nerve section in
Wlds mice. We argue that this difference is big enough that we should
have detected a slowing of synapse elimination in Wlds mice if the
defective gene played any role in this process. Our data therefore
support earlier suggestions, based on electron microscopic descriptions
of immature nerve terminals, that synapse elimination and Wallerian
degeneration are independent and distinct cellular phenomena
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(Korneliusen and Jansen, 1976: Bixby, 1981), and refute the opposite
conclusion, also based on electron microscope observations, made by
Rosenthal and Tareskevich (1977).

A possible caveat arises from our previous finding that the rate of
nerve terminal degeneration after nerve injury in Wlds mice depends
on nerve stump length (Ribchester et at., 1995): the shorter the distal
nerve stump the more closely the rate of degeneration approached
that in normal mice. Thus, if the elimination of polyneuronal
innervation of muscle fibres during development were due to a highly
localized 'injury' of all but one of the competing terminals at the
neuromuscular junction itself, one could argue that there might not
necessarily be any difference in the rate of elimination when comparing
Wlds mice with wild-type strains. In fact, degeneration of distal axons
after sciatic nerve section did appear to be more rapid in the neonatal
Wlds mice (which inevitably have shorter distal stumps following
nerve section at the same anatomical level): 3 days after denervation
in neonates about half the muscle fibres failed to respond to nerve
stimulation, whereas in young adults virtually all fibres were respons¬
ive 5 days after nerve section (compare present Fig. 6 with Fig. 5C
in Ribchester et al., 1995). In pursuit of this caveat, it could prove

interesting to determine whether immature motor terminals in Wlds
mice are more resistant to chemical injury than terminals in wild-
type mice, for example by treating them with staurosporine, which
can trigger programmed cell degeneration even in the absence of cell
nuclei (Jacobson et al., 1994).

Persistence of polyneuronal innervation
Our tension data suggest that significant numbers of motor units
remained after nerve section, whereas the intracellular data suggest
that ~50% of the muscle fibres became completely denervated within
3 days of nerve section. The ratio of polyneuronally innervated to
mononeuronally innervated fibres in axotomized Wlds mice was
similar to that in muscle at the time of the operation, however: i.e.
~80% of the innervated fibres were polyneuronally innervated whereas
only ~50% of contralateral muscle fibres were polyneuronally innerv¬
ated. A plausible explanation for this derives from the known effects
of muscle inactivity on synapse elimination. Polyneuronal innervation
is preserved in paralysed muscles (Thompson et al., 1979; Taxt, 1983;
Barry and Ribchester, 1995). In the Wlds mice, nerve section may
have produced an effect similar to paralysis in a wild-type animal
because the terminals attached to distal stump axons, although intact,
were of course incapable of mediating activity from the central
nervous system.

Computer simulations (not shown), based on initially random
innervation patterns with random removal of motoneuronal connec¬
tions, confirmed intuition by failing to generate any pattern resembling
that observed experimentally. For example, when we simulated a
random initial innervation pattern of the soleus muscle by 17
motoneurons (Fladby, 1987), each with an average expansion of
three-and-a-half-fold, this generated an average number of about four
motoneuron inputs per muscle fibre. When we then randomly removed
motoneuron inputs until 50% of the muscle fibres were denervated,
only ~5-10% of the remaining innervated muscle fibres were predicted
to retain a polyneuronal innervation whereas, experimentally, we
observed ~80% of innervated fibres retaining polyneuronal innervation
in the axotomized Wlds soleus muscles.

At present we are therefore left with two appealing alternative
explanations for the coexistence of completely denervated and poly¬
neuronally innervated muscle fibres 3 days after neonatal nerve
section: either all the collateral branches of a motoneuron are

equivalent in their cytochemical characteristics, so that collaterals (or
motoneurons) showing similar vulnerability to nerve injury tend to

innervate the same muscle fibres and degenerate after injury at the
same rate; or perhaps after nerve injury some sort of retrograde signal
feeds back onto the motor terminals innervating the fibre and triggers
their synchronous rejection.

Indirect support for a role of the muscle fibre in synapse elimination
is provided by observations that it takes place after changes in the
organization of postsynaptic molecules (Rich and Lichtman, 1989;
Balice-Gordon and Lichtman, 1994), and that the release of neuro¬

transmitter onto immature muscle cells in culture leads to inhibition
of transmitter release by other synapses on the same cells, probably
via a muscle cell-derived intermediate (Dan and Poo, 1995). The
possible nature of the retrograde signal is obscure, but it could arise
from a decline in the level of a target-derived neurotrophic factor
(Lohof et at., 1993), from products of membrane breakdown such as
arachidonic acid or its derivatives (Flarish and Poo, 1992), or from
the production of free-radicals such as nitric oxide (Wang et at., 1995).

The source of signals which trigger synapse elimination and axon
withdrawal need not necessarily be the muscle fibre, however. For
example, Thompson and colleagues have shown that terminal Schwann
cells regulate sprouting and regeneration of motor axons after nerve

injury in adults, and that the survival of Schwann cells is obligatory
for axon regeneration after nerve section in neonates (Son and
Thompson, 1995a,b; Trachtenberg and Thompson, 1996; Son et al.,
1996).

More data are required before any firm conclusions can be made
about the primacy of motor nerve terminals, muscle fibres or the
terminal Schwann cells in the mechanism of synapse elimination.
The slow rate of degeneration of motor nerve terminals in Wlds
muscles suggests that such studies might fruitfully be conducted
in vitro, for example by organ culture of suitable neuromuscular
preparations.
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This review focuses on recent developments in our understanding of neurodegeneration at the
mammalian neuromuscular junction. We provide evidence to support a hypothesis of
compartmental neurodegeneration, whereby synaptic degeneration occurs by a separate,
distinct mechanism from cell body and axonal degeneration. Studies of the spontaneous
mutant Wld5 mouse, in which Wallerian degeneration is characteristically slow, provide key
evidence in support of this hypothesis. Some features of synaptic degeneration in the absence
of Wallerian degeneration resemble synapse elimination in neonatal muscle. This and other
forms of synaptic plasticity may be accessible to further investigations, exploiting advantages
afforded by the Wlds mutant, or transgenic mice that express the Wkr gene.

Orthograde degeneration in the distal segment of severed
axons was first described by Augustus Waller in 1850, when
he examined lesioned hypoglossal and glossopharyngeal
nerves in the frog. Waller noted that the axon

disintegrated and the remaining debris was subsequently
removed within a few days of axotomy. However, our
present knowledge and understanding of the underlying
mechanisms of Wallerian degeneration (WD) remain
sketchy, despite the advent and improvement of
physiological, immunocytochemical and molecular
techniques.

Our aim here is fourfold. First, to briefly review what is
known about WD in wild-type animals. Second, to discuss
the characteristic phenotype of the spontaneous mutant
Wlds mouse, and the opportunities this mutant offers to
gain insights into the molecular mechanisms of WD.
Third, to appraise the evidence that WD is one of several
distinctive, compartmentalised degeneration mechanisms
in neurones, whereby survival of cell bodies and
dendrites, axons, and synaptic terminals may be
regulated independently. Finally, we argue for the
utility of the Wlds mouse as a paradigm for studying
other issues in neurobiology, such as mechanisms
responsible for plasticity of synaptic structure and
function.

(1) Wallerian degeneration of axons and motor nerve
terminals

Axons. The primary event in WD is axonal fragmentation
and degeneration (Vial, 1958; Allt, 1976; Hallpike, 1976;
Nicholls et al. 1992). Subsequent breakdown and removal
of the myelin sheath occurs by phagocytosis involving the
invasion of myelomonocytic cells after the onset of axonal

degeneration (Beuche & Friede, 1984). Once the lesioned
axon has begun to fragment, the myelin sheath retracts
from the nodes of Ranvier creating enlarged nodal spaces
(Fig. 1). These then segregate the nerve into 'digestive
chambers' or 'ellipsoids' (Allt, 1976). Within each of
these compartments, the axon fragments proceed to a
state of complete degradation. Electron microscopy has
demonstrated that the major early axonal changes
include fragmentation of endojulasmic reticulum and
dissolution of neurofilaments and microtubules within
48 h (Vial, 1958; Honjin et al. 1959; Ballin & Thomas,
1969; Donat & Wisniewski, 1973). These changes have
been attributed by Schlaepfer (1974) to the influx of
calcium ions at the lesion site. Soon after the onset of
these events it is also possible to detect a more distinctive
degenerative marker, the swelling and lysis of axonal
mitochondria.

As degradation of the axon continues, the ellipsoids are
removed by phagocytosing Schwann cells and invading
macrophages. At the same time, Schwann cells proliferate:
in lesioned rabbit sciatic nerve after 25 days there are up
to 13 times the number present before injury (Abercrombie
& Johnson, 1946). These Schwann cells join together, tip
to tip, forming longitudinal bands known as 'bands of
Biingner'. The Schwann cell bands may play a role in
guiding the regenerating proximal nerve stump axons
back to the denervated site. Schwann cells secrete many
different growth and adhesive factors such as nerve
growth factor (NGF; Heumann et al. 1987), the neural cell
adhesion molecule (N-CAM; Nieke & Schachner, 1985)
and cytokines including members of the interleukin
(IL-x) family (Rutkowski et al. 1999; for review see Fu &
Gordon, 1997).
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Cell body reaction. In adults the proximal portion of an
axotomised motoneurone does not normally degenerate
alongside the distal stump following axotomy, at least in
the short term (Romanes, 1941; Johnson & Duberley,
1998). However, marked changes occur to both the cell
body and its nucleus (Nicholls et al. 1992). The cell body
swells, the nucleus translocates and the Nissl substance
(endoplasmic reticulum) becomes dispersed.

In contrast, survival of neonatal motoneurones is
strongly dependent upon their maintaining synaptic
contact with their target muscles. Thus neonatal moto¬
neurones normally die by apoptosis within a few days of
nerve section. In this case, motoneurone death is
mitigated by neurotrophic factors originating in the target
muscles signalling through transmembrane receptors to
the Bax—Bcl-2—Bcl-X system, activating calcium-
dependent proteases (Martinou et al. 1994; Knudson et al.
1995; Arce et al. 1998; Villa et al. 1998; reviewed by
Pettmann & Henderson, 1998).

Immediate early genes (IEGs; see Morgan & Curran, 1991),
which control the cell body response following axotomy of
adult motoneurones, are activated by transcription
factors including c-Jun and JunD, which are selectively
expressed in axotomised peripheral and central neurones
within 10—15 h of nerve lesion (for review see Herdegen &
Leah, 1998). By contrast, c-Fos, FosB, JunB and Fras
expression do not occur at all (Leah et al. 1991; Jenkins &

Hunt, 1991; Herdegen & Zimmermann, 1994). Induction
of c-Jun expression precedes the activation of several
regeneration-associated genes such as GAP-43, tubulins
and other cytoskeletal proteins required for axon

regeneration (Mikucki & Oblinger, 1991; Tetzlaff et al.
1991; Herdegen & Zimmermann, 1994).

Neuromuscular junction. The progress of WD at the
mammalian neuromuscular junction (NMJ) is well
documented (Miledi & Slater, 1968, 1970; Manalov,
1974; Winlow & Usherwood, 1975). Axotomy induces
degeneration of nerve terminals before the degeneration
of their motor axons (Birks et al. 1960): within 24-26 h
after axotomy in rodents, depending upon the length of
the remaining distal nerve stump. Initial degenerative
changes in the nerve terminal include (after a lag period
of 3-8 h): (i) swelling, disruption of the cristae and
destruction of mitochondrial membranes; (ii) a reduction
in the number of and clustering of synaptic vesicles; and
(iii) active invasion of terminal Schwann cell processes into
the synaptic cleft. More advanced degenerative changes
involve extensive fragmentation of nerve terminal
membranes, accompanied by axoplasmic autolysis and
phagocytic engulfment of the nerve terminal by the
terminal Schwann cell. These sometimes remain apposed
to the postsynaptic folds for up to 3 weeks after
phagocytosis is complete. Retention of Schwann cells in
the period following denervation is significant, because
they promote reinnervation by extending processes that

Figure 1. Schematic representation of Wallerian degeneration
A, the cellular organisation of a motoneurone, skeletal muscle fibre and Schwann cells. B, following an
axonal lesion, the distal stump of the axon and its motor nerve terminal degenerate. The resident
Schwann cells dedifferentiate and proliferate. The axonal, nerve terminal and myelin debris are removed
by phagocytosing Schwann cells as well as invading macrophages. The cell body undergoes chromatolysis
and the nucleus translocates. C, after the removal of all debris and the formation of bands of Bungner by
Schwann cells, the proximal nerve stump regenerates back to the denervated muscle fibre. (Adapted from
Nicholls et at. (1992) with permission.)
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guide sprouts and regenerating axons back to denervated
end plates (Son & Thompson, 1995a, 6).

In summary, axotomy induces distinct cellular responses
on either side of an axonal lesion. Distal axons and

synaptic terminals degenerate. In neonates, axotomised
neurones also die, by apoptosis. Adult neurones normally
survive axotomy, however. Thus these distinct reactions
of normal neurones to interruption of their axons suggest
that different cellular mechanisms regulate cell survival;
and these mechanisms may, to a certain extent, be
compartmentalised.

(2) The Wld8 mouse

Discovery of the Wld" mouse. During their investigations
into the role of recruited myelomonocytic cells in WD of
mouse peripheral nerve, M. C. Brown, V. H. Perry and
their colleagues discovered, quite serendipitously, a
spontaneous mutation in the C57B1/6 line of mice
supplied originally by Harlan-Olac (Lunn et al. 1989). The
mutant mice show no readily discernible phenotype and
they breed easily. What distinguishes these mice is that
WD is significantly delayed and protracted after
axotomy. Thus, the distal portion of cut axons and their
motor nerve terminals remain morphologically intact for
as long as 2 weeks. Remarkably, the isolated distal axons
are still capable of conducting action potentials, and
neuromuscular synapses continue to release neuro¬
transmitter and recycle synaptic vesicles for several days,
despite being disconnected from their cell bodies (Tsao et
al. 1994; Ribchester et al. 1995). Both sensory and
motor axons are delayed in their degeneration, and the
mutation also delays WD in the central nervous system,
for example following section of the optic nerve (Perry et
al. 1990a; Ludwin & Bisby, 1992). The Wld8 phenotype
appears to be an age-dependent phenomenon, however;
mice over 4 months of age appear to revert to the WD
pattern of a wild-type (Perry et al. 1992; Tsao et al.
1994; Ribchester et al. 1995; Gillingwater et al. 2000;
T. H. Gillingwater, D. Thompson, M. P. Coleman &
R. R. Ribchester, manuscript in preparation; but see
Crawford et al. 1995).

Molecular genetics of the Wld8 mouse. Genomic analysis
of the mutant subsequently led to its redesignation as
Wld" (Lyon et al. 1993). The nature of the Wld8 mutation
has now also been unequivocally demonstrated.

Perry et al. (1990c) produced genetic outcrosses and
backcrosses with the Wld8 mouse and as a result showed
that the mutation is controlled by a single autosomal
dominant gene. Further studies mapped the Wld locus to
the distal end of chromosome 4, the region homologous
with the human chromosomal region lp34—lp36 (Lyon et
al. 1993). The Wlcl locus was subsequently identified to be
an 85 kb tandem triplication within the candidate region,
although in some mice there is a tandem duplication
indicating that there may be some instability in the
repeat copy number (Coleman et al. 1998).

Recent studies have identified exons of three genes located
within the 85 kb repeat sequence that could account for
the Wld8 phenotype (Conforti et al. 2000). Two genes,
ubiquitin fusion degradation protein 2 (Ufd2) and a novel
gene, D4Colele, were reported to span the proximal and
distal boundaries of the repeat unit, forming a chimeric
gene with an open reading frame coding for a 43 kDa
fusion protein (Fig. 2). The Wld8 gene and its protein
product are strongly expressed in the nervous system of
Wld8 mice. The third exon, coding for Rbp7, is not
expressed in the nervous system (Conforti et al. 2000).
It has since been shown that the novel sequence D4Colele
incorporates the complete sequence encoding nicotinamide
mononucleotide adenylyl transferase (Nmnat), the
enzyme responsible for synthesising NAD (Emanuelli et
al. 2001), but incorporating an N-terminal sequence of 18
amino acids that is not normally translated in Nmnat.
Transgenic mice expressing the complete chimeric protein
sequence under the control of a /?-actin promoter also
show the Wld8 jnhenotype (M. P. Coleman, personal
communication).

Slow WD in the Wld8 mouse is an intrinsic property
of the nerve. Despite the recent demonstration of the
genetic characteristics of the Wld8 mutant, the exact
function of the gene and the mechanisms by which it
confers protection from the effects of axonal injury are
not known. In their initial paper describing the Wld8
mouse, Lunn et al. (1989) postulated that the reason for
the slow progression of WD was a problem with the
recruitment of myelomonocytic cells to the distal portion
of the axon. They subsequently showed in transplant
experiments that the phenotype was not due to a defect
in the circulating monocyte population (Perry et al.
19906). They concluded that the mutation therefore alters
intrinsic properties of axons. These findings were
supported by Glass et al. (1993) who showed that Wlds
axons still degenerate slowly within grafted peripheral
nerve sheaths containing wild-type Schwann cells, while
axotomised wild-type axons degenerate normally within
an environment containing Wld8 Schwann cells.
Likewise, axotomy of Wld8 axons demyelinated by
intraneural injection of lysophosphatidyl choline resulted
in slow degeneration of the distal stump (Hall, 1993).
Axotomised Wlds neurites also persist in tissue culture.
For example, Deckwerth & Johnson (1994) studied Wld8
sympathetic neurones from the superior cervical ganglion.
In wild-type neurones the cell body and axons degenerate
concurrently following the removal of NGF (Edwards &
Tolkovsky, 1994). However, in cultures of Wld8 neurones
where NGF was absent, the axons survived whilst cell
bodies underwent apoptosis. Distal neurites also persist
following physical axotomy in culture (Glass et al. 1993),
although the survival of axons depends on how long the
neurones are cultured before their axons are cut

(Buckmaster et al. 1995). From these experiments it was
suggested that the cell body of a neurone may provide a
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maintenance factor which is transported to the extremities
of the cell via axoplasmic transport and inhibits the
initiation of WD. The Wld" mutation may either cause a
stabilisation of such a factor, or impair the axonal
machinery responsible for its breakdown, thereby
prolonging the initiation of WD following separation from
the cell body.

The hypothesis that the Wlds phenotype may be due to the
impairment or failure of axonal transport was examined
by Glass and colleagues (Glass & Griffin, 1991, 1994;
Watson et al. 1993), but refuted with the demonstration
that bi-directional transport of neurofilaments continues
at a normal rate for up to 14 days post-axotomy. Tsao et
al. (1994) also found no abnormalities in neurofilament
phosphorylation and stability. A number of studies have
addressed the possibility that an altered regulation of
Ca + ions within the nerve causes the Wld5 phenotype.
For instance, both Glass et al. (1994) and Buckmaster et al.
(1995) demonstrated that degeneration in Wlds axons, as
in wild-type axons, is calcium dependent. Their data also
suggest that calcium-dependent WD-associated proteases
are present in Wlds axons, but that these may require
higher levels of calcium for their activation than in
normal axons. However, Tsao et al. (1994) found that the
levels of calcium-activated proteases in Wlds axons were
normal and Glass et al. (1998) found no evidence for a
defect in the m-calpain 80 kDa subunit. The calpain
system of neurofilament degradation therefore appears

C57BI/6J

to be functioning normally, but the possibility that
calpain activation by calcium is impaired in the Wld5
mouse has not been ruled out.

Recent evidence in support of the hypothesis that calcium
ions may play a pivotal role in the regulation of the Wld5
phenotype is provided by experiments examining the role
of NAD in intracellular Ca2+ regulation. Both cyclic ADP-
ribose (cADPR) and nicotinic acid adenine dinucleotide
phosphate (NAADP), derivatives of NAD and NADP,
respectively, initiate release of Ca2+ from intracellular
stores (Lee, 1999; Ziegler, 2000; Podesta et al. 2000). This
has led to the suggestion that NAD derivatives are
endogenous modulators of intracellular Ca2+ (White et al.
2000) and may also have a role in the modulation of
neurotransmitter release from pre-synaptic nerve
terminals (Mothet et al. 1998). This hypothesis is
noteworthy given the identification of Nmnat in the
Wld5 genotype (Conforti et al. 2000).

Intriguingly, a recent study by Benavides et al. (2000)
suggests that the elevation of intracellular Ca2+ in Wld5
hippocampal neurones following depolarisation is
significantly less than in control preparations. They
suggest that this is evidence for abnormal calcium ion
entry into Wlds neurones. However, if the mutation
produces abnormal calcium buffering, perhaps via its
effects on NAD levels, this could perhaps explain their
findings.

Nmnat Rbp7
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Figure 2. Genetics of the Wld mouse

Location of exons within the 85 kb triplication repeat unit in the Wld5 mutant mouse, showing the
formation of the Ufd2-Nmnat chimeric gene and the triplication of the complete Rbp7gene. (Based on
Conforti et at. (2000).)
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Finally, proteins targeted by ubiquitin (Laney &
Hochstrasser, 1999) may play a critical role in the Wld8
phenotype. It is possible that the fragment of Ufd2
expressed in the chimeric Wlds protein may act to
competitively inhibit the action of native Ufd2 (a
'dominant-negative' effect).
Effect of axotomy on Wld8 NMJs. Axotomised Wlds
motor nerve terminals, as well as axons, undergo a process

remarkably distinct from classical WD. Ribchester et at.
(1995) showed that Wlds NMJs are also preserved and
retain their ability to release neurotransmitter and
recycle synaptic vesicle membrane for at least 3 days, and
in a few instances as long as 2 weeks, following nerve
lesion.

Evidence for piecemeal withdrawal of axotomised Wld8
nerve terminals and retraction of axons has since been

presented, based on studies using vital dye labelling,
immunocytochemistry, electrophysiology and nerve/
muscle cultures (Fig. 3; Mattison et al. 1996; Parson et al.
1998a, 6; Ribchester et al. 1999). These studies suggest that
nerve terminals remove themselves from the endplate,
bouton by bouton, until they form a characteristic
bulbous swelling at the distal end of the axon, detached
from the endplate (Mattison, 1999; D. Thomson,
T. H. Gillingwater & R. R. Ribchester, manuscript in
preparation). Physiological changes at these synapses
include a reduced quantal content and the occasional
appearance of 'giant' miniature endplate potentials
(MEPPs). The progressive nature of this synapse
withdrawal is quite distinct from the synchronous
degeneration of terminals observed at wild-type
denervated NMJs (Miledi & Slater, 1968, 1970; Winlow &
Usherwood, 1975).

The ultrastructure of withdrawing terminals in axotomised
Wld8 neurones is also distinctive (Fig. 3; Ribchester et
al. 1995; Gillingwater et al. 2000). They appear
morphologically intact and show none of the classical
signs of degeneration such as mitochondrial disruption
and swelling. Morphological alterations include dense
packing of synaptic vesicles towards the pre-synaptic
membrane, with some vesicles as large as 130 nm in
diameter. The appearance of large synaptic vesicles
suggests that the synaptic vesicle retrieval mechanism
may be impaired during withdrawal of Wld8 nerve
terminals. Neurofilaments also accumulate in the centre

of withdrawing nerve terminal boutons.
Like axon degeneration, the degeneration of denervated
NMJs in the Wld8 mouse is also age dependent. In mice
older than 3—4 months, both the time course and
morphology of degeneration revert to that seen in wild-
type mice (Gillingwater et al. 2000, 2001).

Secondary characteristics associated with the Wld8
phenotype. Although the Wld" mouse appears
indistinguishable in appearance and behaviour from the

C57B1/6J mouse, both operated and unoperated Wlds
mice show some subtle, as yet unexplained, phenotypic
features, suggesting that slow nerve degeneration is not
the only effect of the Wlds mutation.
Brown et al. (1991a) found that normal, unoperated Wlds
soleus muscles express greater intrinsic tension, fewer
macrophages per muscle fibre and lower basal levels of
acetylcholine sensitivity than their wild-type counterparts.
Using high resolution 1H magnetic resonance spectroscopy,
Tsao et al. (1999) detected altered cerebral metabolism
(indicated by decreased levels of glutamate and
phosphocholine relative to total IV-acetyl aspartate
content) in Wld8 mice compared to wild-type controls.
Other studies describe specific axotomy-related secondary
characteristics associated with the Wld8 phenotype. For
example, axotomy-induced motoneurone death in
neonates (Lapper et al. 1994) and retrograde degeneration
of cell bodies in axotomised adult retinal ganglion cells
(Perry et al. 1990a) are also significantly delayed. In
denervated Wlds muscles, the initiation of muscle
atrophy and development of acetylcholine sensitivity
have a slower onset, and the rise in serum creatine kinase
levels is also delayed (Brown et al. 1991a).

Axon—glia signalling plays an important role in the
maintenance and control of both cell types in vivo.
Sprouting responses of non-myelinating terminal Schwann
cells are delayed by several days (both in vivo and in vitro)
following denervation in the Wld8 mouse (Barry et al.
1997; Parson et al. 19986). The resident Schwann cells in
peripheral nerve produce potential maintenance factors
that are taken up by the axon: for example, ciliary
neurotrophic factor (CNTF). Following axotomy in the
Wld8 mouse, both mRNA and protein levels of CNTF
remain normal for up to 4 days, whereas in wild-type
animals they both decline rapidly and synchronously
(Subang et al. 1997). However, by 10 days after axotomy,
CNTF mRNA levels in the Wld8 mice have decreased to

wild-type levels, but levels of CNTF protein remain
unchanged. This suggests that the CNTF protein is
relatively stable in axotomised Wld8 axons. Its retention
could contribute some protection against degeneration.

The failure of macrophage recruitment after axotomy
(see above) may be due to a failure of the nerve to produce
a chemotactic signal, or there may be some form of
blockade that prevents the myelomonocytic cells from
entering the nerve (Perry et al. 19906). Some candidates
for this chemotactic signal are the monocyte chemo-
attractant protein-1 (JE), which fails to be induced in
Wld8 mice following axotomy (Carroll & Frohnert, 1998),
and granulocyte macrophage colony-stimulating factor
(GM-CSF), whose levels are also deficient following
axotomy in Wld8 mice. It is also possible that persisting
distal axons produce a factor that inhibits macrophage
recruitment, whereas production of this normally ceases
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(Ramon y Cajal, 1928; Brecknell & Fawcett, 1996). In
mice, this process gains momentum and proceeds over a
number of days before achieving a reinnervation of
skeletal muscle after about 2—3 weeks.

Previously WD was thought to play a functional role in
generating an environment conducive to nerve
regeneration (Ramon y Cajal, 1928). It was therefore
hypothesised that in the WkP mouse, intact distal nerve
stumps would be equivalent in their obstructive effect to
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5
mV
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in axotomised wild-type axons (Ludwin & Bisby, 1992).
Whether any or all of these features are related to
Ufd2—Nmnat overexpression in Wlds mice remains to be
tested.

Nerve regeneration in the Wld" mouse. Following
axotomy in the PNS, immediate-early gene expression is
initiated within a few hours (see above), and after an
initial 'dying back', the proximal axon stump is primed
for regeneration, which begins 5—48 h after the lesion

Figure 3. Piecemeal withdrawal of motor nerve terminals at axotomised Wld5 NMJs
Electrophysiological, immunocytochemical and ultrastructural correlates of control, withdrawing and
vacant X.M.Js. Control preparations (.1) have strong endplate potentials, exact matching of pre- and
postsynaptic components and a healthy distribution of mitochondria and clear 50 nm synaptic vesicles
within terminal boutons. Withdrawing terminals (B) show a weakening of synaptic transmission as well
as piecemeal retraction of boutons. Ultrastructurally, withdrawing boutons appear normal (with intact
mitochondria and normal vesicle numbers) except for the accumulation of neurofilaments within the
terminal. Vacant and nearly vacant endplates (C) show no electrophysiological activity and nerve
terminals are sometimes replaced at the synaptic site by Schwann cells. The axon shown stained with
neurofilament and SV2 antibodies ends in two 'retraction bulbs' resembling structures seen during
neonatal synapse elimination. (Authors' unpublished data.)
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intact nerves. Brown et al. (1991 b) showed that severed
axons would not grow into a completely undegenerated
portion of nerve. Remarkably, however, regeneration of
motor axons after a nerve crush injury in the Wlds mouse
is not prevented by the presence of axons in the
remaining distal nerve stump (Lunn et al. 1989). This
suggests that even though Wld5 axons persist after
axotomy and remain capable of functioning normally,
they may undergo some conformational changes that
allow regenerating nerves to progress along the distal
stump.

Other studies suggest that whilst motor axons appear able
to regenerate almost as well as in wild-type mice, sensory
nerve regeneration in Wld8 mice is significantly impaired
(Bisby & Chen, 1990; Brown et al. 1992). Sommer &
Schafers (1998) showed that the delay in sensory nerve

regeneration leads to prolonged mechanical allodynia.
One possible explanation for the disparity between the
regeneration of motor and sensory nerves is that
axotomised sensory nerve axons degenerate and regenerate
more slowly because they are responsive to NGF levels
(Bisby & Chen, 1990) and NGF levels do not increase as

rapidly after nerve section in Wlcl8 mice compared to
wild-type mice (Brown et al. 1991 b). Motor axons do not
respond to NGF. They also appear to be more opportunistic,
using myelinating and non-myelinating Schwann cells to
guide regeneration (Brown et al. 1992, 1993). Tenascin-C
is upregulated selectively in Schwann cells of axotomised
muscle nerves of Wlds mice, and axons regenerate more
rapidly in these nerves than in cutaneous nerves, where
there is delayed expression of tenascin-C (Fruttiger et al.
1995). Conversely, myelin-associated glycoprotein (MAG)
normally inhibits axon regeneration, but the rate of axon
regeneration in Wlds mice was partially restored when
these mice were cross-bred with MAG knockout mice

(Schafer et al. 1996).

Shi & Stanfield (1996) also reported differences in
sprouting and regeneration patterns in the CNS of the
Wlds mouse. In wild-type mice, sprouting responses are
detected in the septohippocampal and hippocampal
commissural projections within 3 days of a lesion to the
perforant path to the dentate gyrus. However, in WkT
mice septohippocampal axonal sprouting was only observed
5—7 days after a perforant pathway lesion and changes in
the distribution of commissural axons in the dentate

gyrus were not observed before I 2 days. It would clearly
be of interest to establish the fate of axotomised

synapses, and their associations with astrocytic neuroglia
following axonal lesions in the brains of Wld8 mice.

Alterations in the rate and extent of both motor and

sensory reinnervation occurring as a result of the Wlcl8
mutation are not due to problems with the cell body
reaction to axotomy. The time course of expression of
transcription factors such as c-Jun is very similar in Wld8
mice to that in BALB/c controls (Brown et al. 1993).

(3) Compartmental neurodegeneration
Whilst the major structural and functional compartments
of the neurone are well defined (the cell body and
dendrites, the axon and the synaptic terminals), there has
been little debate on a possible compartmentalisation of
the neurone with regard to pathophysiology. The
distinctive nature of neuronal cell death by apoptosis (for
reviews see Nijhawan et al. 2000; Yuan & Yanker, 2000),
and the WD of distal axons suggests that different
mechanisms are embedded in neurones for executing
these processes. Taken together with observations of slow
synapse withdrawal at axotomised Wld8 NMJs, and other
recent findings (see below), it appears the degeneration of
synapses may also occur by a distinct, compartmentalised
mechanism.

Neuronal apoptosis. The term 'apoptosis' was coined by
Kerr et al. (1972), to describe a process involved in the
normal turnover of hepatocytes: intrinsic cell suicide.
There are three main regulators of apoptosis in neurones:
the Bcl-2 family of proteins, an adaptor protein known as
apoptotic protease-activating factor 1 (Apaf-1) and the
cysteine protease caspase family (Yuan & Yanker, 2000).
Neuronal apoptosis is inhibited by growth factors and by
over-expression of genes such as Bcl-2. By contrast, WD
appears to be independent of the same growth factors from
the cell bodies, and is unaffected by the overexpression of
Bcl-2 (Dubois-Dauphin et al. 1994; Sagot et al. 1995;
Burne et al. 1996).

'Cytoplastic apoptosis' of axons. Whilst some of the
cellular processes that occur during WD (for example
ellipsoid body formation) are remarkably similar to those
seen during apoptosis, WD obviously cannot involve all
apoptotic cellular processes (eg. DNA degradation) because
axotomised distal stumps do not include motoneurone cell
bodies. However, it has previously been shown that
apoptosis can occur in the absence of RNA or protein
synthesis (Martin, 1993) and in cells lacking nuclei
(Jacobson et al. 1994; Ellerby et al. 1997). Thus, a number
of authors have suggested that axonal degeneration
might be viewed as a form of 'cytoplastic apoptosis'
(Ribchester et al. 1995; Buckmaster et al. 1995; Alvarez et
al. 2000). To test this hypothesis, however, it will be
necessary to discover the enzymes and signalling
molecules that are involved.

Studies in which the role of Bcl-2 in axonal degeneration
was examined also concluded that the molecular
mechanisms involved are distinct from those activated

during apoptosis. Burne et al. (1996) showed that
overexpression of the human Bcl-2 protein in retinal
ganglion cells protects the cell body as expected.
However, the axons were not protected from WD. Similar
findings were reported in a study by Sagot et al. (1995)
who examined the fate of cell bodies and axons in a mouse

model of motoneurone disease with Bcl-2 overexpression.
The increased level of Bcl-2 rescued facial motoneurones
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and restored their soma size and choline acetytransferase
expression. However, there was no effect on the rate of
axonal degeneration in facial and phrenic motoneurones.
Thus it seems unlikely that Bcl-2 itself plays a significant
role in axon degeneration.

Finn et a\. (2000) recently examined whether the molecular
machinery of WD depends upon the caspase family of
cysteine proteases. They found that caspase-3 (which is
thought to be important for apoptosis in neurones) was
not activated in the axon during WD. Thus, they argued
that WD is molecularly distinct from the classical
caspase-dependent apoptotic process implicated in axonal
degeneration.

'Synaptosis'. The slow withdrawal of axotomised nerve
terminals in Wlds mice suggests a novel form of synapse-
specific neurodegeneration that is unmasked when axonal
degeneration (WD) is delayed. We tentatively designate
this process 'synaptosis'. Interestingly, nerve terminals
withdraw in a similar fashion during synapse elimination,
an essential step in the formation or reformation of
normal neuromuscular innervation patterns, which takes
place in postnatal development or following reinnervation
(Sanes & Lichtman, 1999; Lichtman & Colman, 2000;
Ribchester, 2001). Thus, nerve terminals undergoing
withdrawal during synapse elimination are removed
from the endplate bouton by bouton, ending with the
formation of a characteristic 'retraction bulb' (Brown et
al. 1976; Riley, 1977, 1981; Balice-Gordon et al. 1993;
Gan & Lichtman, 1998). These events resemble those at
axotomised Wlds NMJs in both morphology and time
course (Ribchester et al. 1995, 1999; Mattison et al. 1996;
Parson et al. 1998a; Costanzo et al. 2000; Gillingwater et
al. 2000).

Developmental synapse elimination takes place at a normal
rate in Wld3 mice, although axotomy in the neonate still
delays degeneration (Parson et al. 1997). Thus we are not
suggesting that the mechanisms of synapse withdrawal
are in any way abnormal in Wlds mice. However, it is
noteworthy that the role of 'degeneration' in synapse
elimination was a matter of debate during the 1970s. For
instance, ultrastructural analysis of neonatal synapse
elimination by Rosenthal & Taraskevich (1977) led to
their suggestion that the retraction of supernumerary
inputs from developing motor endplates occurs by a
mechanism similar to WD. Subsequent electron microscopic
studies repudiated these findings, however, and provided
evidence that the removal of excess inputs occurs by a
distinctive process of retraction (Korneliussen & Jansen,
1976; Riley, 1977,1981; Bixby, 1981). Since the withdrawal
of nerve terminals in axotomised Wlds and normal

development appears to be morphologically similar, and
yet distinct from WD, this raises the possibility of a
common underlying mechanism of nerve terminal
retraction. One way of rationalising these findings is to
suggest that synaptic maintenance depends upon the
supply of essential and specific maintenance factors or

molecules. If the supply of these factors is compromised,
then synapses withdraw at a rate that varies inversely
with the concentration of such factors. During normal
development, an adequate supply may depend on their
trafficking into motor nerve terminals. In Wlds mice
disruption of this trafficking is synchronised by
axotomy. Synapse withdrawal (rather than degeneration)
is observed because WD is absent (or profoundly delayed).
In wild-type animals axotomy induces additional, rapid
degenerative mechanisms in axons, which therefore mask
the slower process of synapse withdrawal. In normal
development there is no axotomy as such, but disruptive
trafficking of the same molecules could lead to selective
loss of synaptic inputs to muscle fibres. Such a mechanism
is consistent with earlier propi isals of 'sibling neurite bias'
or 'intrinsic withdrawal' as important processes in
establishing the normal motor innervation pattern of
skeletal muscle fibres (Brown et al. 1976; Thompson &
Jansen, 1977; Smalheiser & Crain, 1984; Fladby & Jansen,
1987).

Disruption of axonal transport under experimental
conditions also triggers synapse withdrawal. For instance,
blocking fast axonal transport with batrachotoxin causes
nerve terminals to withdraw from endplates within 18 h;
but they then grow back (Hudson et al. 1984). Nerve
terminals also retract in a 'non-Wallerian' fashion

following a single subcutaneous injection of the organo-
phosphate sarin (Kawabuchi et al. 1991). Rich & Lichtman
(1989) observed comparable, reversible nerve terminal
withdrawal from degenerating muscle fibres. Nerve
terminals also retract in piecemeal fashion in a mouse
model of myasthenia gravis (Rich et al. 1994).

The molecular mechanisms of synapse withdrawal, either
during synapse elimination in development or following
axotomy in Wlds mice, remain unknown. However,
further evidence in support of the hypothesis that the
'degeneration' of synapses is regulated independently
from that of cell bodies or axons has been obtained in

recent studies of CNS neurons. For example, Ivins et al.
(1998) have shown that activation of caspases plays a crucial
role in neurite degeneration in cultured hippocampal
neurones exposed to an apoptotic stimulus (amyloid
/!-peptide). Using the same cell-death stimulus, Mattson et
al. (19986) found no caspase activation in axons, but
instead reported that caspases were activated in cortical
synaptosomes. Their data also provide evidence that
apoptotic biochemical cascades (such as caspase activation)
are selectively triggered at synaptic sites following
exposure to staurosporine and Fe"+. The term 'synaptic
apoptosis' was proposed (Mattson et al. 1998a,6; Mattson,
2000; Guo & Mattson, 2000).

In summary, analysis of the reactions of cell bodies,
axons and synaptic terminals to axotomy in Wld3 mice
suggests that mechanisms of degeneration are highly
compartmentalised in neurones (Fig. 4). Neuronal cell
bodies react to certain pathophysiological stimuli, or
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deprivation of growth factors by changing their pattern
of gene expression, leading — at some stages in
development, or after prolonged periods of deprivation in
adults — to programmed cell death by apoptosis. Under
normal circumstances, the death of the cell body is
followed by rapid degeneration of the other neuronal
compartments: dendrites, axons and synaptic terminals.
Nerve injury disconnects axons and synapses from their
cell bodies, and this normally triggers an independent
mechanism - WD - in the isolated distal axon. The
dissociation between neuronal cell body apoptosis and
WD is revealed when WD is absent or delayed, as in the
Wlds mutant mouse. The slow pace of axon degeneration
in this mutant (and in transgenic mice expressing the
Wlds chimeric protein) also reveals that disconnection of
synapses from cell bodies can induce at least one
additional mechanism of degeneration, namely withdrawal
of synaptic terminals.

(4) Future research and additional utilities of the
Wlds mouse

With the full characterisation of the chimeric Wlds gene,
it should become possible to gain deeper insights into the
functions of this gene and mechanisms by which it
mitigates axon degeneration. One possibility is that the
Ufd2—Nmnat chimeric protein upregulates the production
of NAD, which in turn acts as a maintenance factor or

indirectly as an axonal calcium buffer. To discover the
subcellular location and action of such a maintenance or

buffering mechanism within the axon would be of great
importance in uncovering the mechanisms and fine
control of calcium-mediated degeneration in both the
perqAeral and central nervous systems. An alternative
hypothesis is that the mutant gene destabilises the
proteolytic system involving ubiquitin. As ubiquitin is
crucial in the selection process of which proteins are to be
degraded (Laney & Hochstrasser, 1999), it will be
interesting to find out whether the mutation in the Wld"
mouse affects the degradation of all, some or none of the

constituent proteins of the axon. This could perhaps be
examined by creating transgenic animals in which the
tJfd2 fragment or Nmnat are independently expressed.
Further research into the underlying mechanisms of
synapse withdrawal at axotomised Wlds NMJs may also
provide insights into the mechanisms responsible for
synapse elimination during development and following
reinnervation after nerve injury. Since the phenomenon
of synapse elimination is not restricted to the PNS, study
of axotomy-induced synaptic withdrawal in the CNS of
these mice could provide a greater understanding of the
mechanisms of remodelling central connections, for
example in the developmental organisation of the visual
system and cerebellum (Lohof e.t al. 1996). Understanding
the resjjonse to brain or spinal cord injury, especially the
role of collateral secondary degeneration (Dirnagl et al.
1999), might also be facilitated by experiments using
Wlds mice.

Finally, the persistence of functional synapses in isolated
preparations of neural tissue from Wlds mice — or mice
transgenically expressing the Wlds gene — beyond the
period when axotomy normally induces axons and
synajAic terminals to degenerate, suggests that these
mice may be of considerable value for studies aimed
towards improved understanding of mechanisms of
functional synaptic plasticity. It may be possible to use
the absence of axon degeneration in brain slice
preparations from Wlds mice to track synaptic strengths
over many more hours than is presently feasible. For
example, this could prove valuable in studies of the
induction and expression of 'late' long term potentiation
of synaptic transmission (Frey & Morris, 1998). The
mechanisms of other activity-dependent changes in the
physiological responses of synapses could also now become
more accessible, by utilising in vitro preparations in which
classical neurodegeneration of synapses and axons remains
absent for more than 48 h after axonal injury.

Synaptosis
Apoptosis (BCI-2/Bax) Wallerian degeneration (Ufd2/Nmnat) (unknown)

Figure 4. Compartmental organisation of degeneration mechanisms in the neurone based on the
present review
Genes regulating cell body degeneration by apoptosis (blue) and axon degeneration (magenta) are given in
parentheses. The genes controlling synaptic degeneration (Synaptosis; yellow) have not yet been defined.
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Axons and their synapses distal to an injury undergo rapid Wallerian degeneration, but axons in the
C57BL/H7ds mouse are protected. The degenerative and protective mechanisms are unknown. We
identified the protective gene, which encodes an N-terminal fragment of ubiquitination factor E4B
(Ube4b) fused to nicotinamide mononucleotide adenylyltransferase (Nmnat), and showed that it
confers a dose-dependent block of Wallerian degeneration. Transected distal axons survived for two
weeks, and neuromuscular junctions were also protected. Surprisingly, the Wld protein was located
predominantly in the nucleus, indicating an indirect protective mechanism. Nmnat enzyme activity,
but not NAD+ content, was increased fourfold in Wlds tissues. Thus, axon protection is likely to be
mediated by altered ubiquitination or pyridine nucleotide metabolism.

The distal segment of an injured nerve normally undergoes Wal¬
lerian degeneration within 24-48 hours1. Axon death in diverse
neurodegenerative diseases follows the same final pathway. The
earliest observable events, disruption of the cytoskeleton and
blebbing of the axolemma, occur within the axon itself, whereas
later stages also involve the reaction of other cell types, such as
Schwann cells and macrophages. It is not known how Wallerian
degeneration is initiated, but the mechanism is clearly distinct
from neuronal cell body degeneration2'3.

Remarkably, central and peripheral nervous system axons in
the slow Wallerian degeneration mutant mouse, C57BLIWlds,
survive several weeks after transection4-6. The neuroprotective
phenotype is dominant3 and intrinsic to the axon2'7'8. Thus, an
unknown protective factor should exist in Wlcfi axons even before
nerve transection, as the protected distal segment of axon is iso¬
lated from sites of protein translation. The existence of the puta¬
tive regulatory molecule suggests that Wallerian degeneration is
not a passive process, as previously thought, but an active one
that removes damaged axons8. How this degenerative process is
prevented in healthy axons, and thus the nature of the process
itself, should follow from the identification of the Wld gene.

nature neuroscience • volume 4 no 12 • december2001

Wallerian degeneration has a prominent causative role in a spec¬
trum of human neuropathologies. Axon loss occurs not only in
traumatic disorders such as spinal cord injury9, but is an early event
in numerous neurological disorders of diverse etiology, such as amy¬
otrophic lateral sclerosis10, multiple sclerosis11 and toxic neuropa¬
thy12. The Wlds mutation protects also from vincristine toxicity13
and its potential for protection of axons in diverse neurological dis¬
eases is an area of considerable current interest. Protection of neu¬

ronal cell bodies often fails to prevent neurological disease14'13, so it
is also important to find ways to protect axons. Thus, the Wld gene
may open a new avenue for therapeutic strategies.

An 85-kb tandem triplication16 has been characterized with¬
in the Wlds region on distal mouse chromosome 4 (ref. 17). This
led to the discovery of a chimeric gene containing the 5' end of
Ube4b and a gene of previously unknown function, D4Colelels.
Both parent proteins are also expressed in WlcP mice. The human
homolog of D4Colele (F.S. Fernando, unpublished data) is iden¬
tical to human NMNATi9, a key enzyme in the synthetic path¬
way of NAD+ (ref. 20). Although the chimeric gene is the most
plausible candidate for Wld, the triplication also directly affects
retinol binding protein 7 (Rbp7) and could exert a position effect
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Fig. I. Preserved axon ultrastructure in distal sciatic
nerve 5 days after transection. Electron micrographs
(3,400x) of transverse thin sections of lesioned sciatic
nerve 2—4 mm distal to the lesion site after 5 days, (a)
Wild-type, (b) 4836 homozygote, (c) 4830 homozygote
(d) W/ds homozygote. Insets, 20,000x magnifications of
axons marked by asterisk (top inset) and '#' (bottom
inset) from main images.

P-actin promoter. Four transgenic lines (4830,
4836, 4839 and 4858) expressed the protein from
multi-copy integrations. The transgene expression
level increased in the order 4839 < 4830 = 4858 <

Wlds ~ 4836 (Fig. 3). Line 4858, whose expression
level and phenotype was similar to line 4830, is not
discussed further. Like spontaneous Wlds mice,
transgenic mice up to at least one year old showed
no unusual overt phenotype.

on nearby genes. Indeed, mutation of the human homolog of
one neighboring gene, kinesin family lb (Kiflb)21, causes axon
loss in Charcot-Marie-Tooth disease type 2A22.

To test the hypothesis that the Ube4blNmnat chimeric gene
confers the slow Wallerian degeneration phenotype, we expressed
it in transgenic mice. The Wide" phenotype was reproduced fully
in one line and partially in other lines according to transgene
expression level, thus proving that the chimeric gene is the Wld
gene. We detected Wld protein in nuclei of neurons but neither in
axons nor in Schwann cells, implicating the existence of down¬
stream factor(s) thai mediate the protective effect. Further, we
report that the Wld protein showed Nmnat enzyme activity and
acted in a strongly dose-dependent manner.

Structural preservation of transected axons
First we tested the structural preservation of
axons following unilateral sciatic nerve transec¬
tion, analyzing a nerve segment 2-4 mm distal to
the lesion after 3-5 days. Electron microscopy
revealed that almost all axons in line 4836

homozygotes, separated from their cell bodies for
five days, contained fully preserved cytoskeleton
(Fig. 1 and Supplementary Fig. 1, available on the
Nature Neuroscience web site), thus successfully

reproducing the W/tr phenotype. In contrast, all myelinated
and unmyelinated wild-type axons showed clear signs of degen¬
eration. Line 4830 axons were partially protected in accordance
with the lower transgene expression level in this line (Fig. 3a)
and line 4839 homozygotes also showed partial protection after

5 mV

Results
Generation of transgenic mice
To test the role of the Ube4blNmnat chimeric gene, we generated
transgenic mice expressing the Ube4b!Nmnat cDNA from a

Fig, 2= Physiological and morphological evidence for preservation of
axons and neuromuscular junctions. Intracellular recordings (a, b), vital
staining (c, d) and immunostaining (e, f) in isolated transgenic muscles,
(a) Homozygous 4836 FDB, 3 days after axotomy; (b) hemizygous 4836
FDB after 2 days, (c, d) Lumbrical muscles from 4836 hemizygote,
3 days after axotomy (c); 4836 homozygote, 5 days after axotomy (d)
vitally stained with FM I -43, which indicates intact synaptic transmission
mechanisms, together with TRITC-a-bungarotoxin staining of acetyl¬
choline receptors, (e, f) Immunostaining for neurofilament/SV2 (FITC)
and TRITC-a-bungarotoxin. (e) 4836 homozygous lumbrical muscle,
5 days after axotomy, showing occupied endplates and some axon
swelling, (f) Confocal stereo pair of 5-day axotomized 4836 homozy¬
gous lumbrical muscle showing almost fully occupied endplates (left and
right), partially occupied (Second right) and junction with only a slender
axonal filament tipped by a 'retraction bulb' (second left). Scale bar,
20 Jim (c-e); 50 Jim (f).
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Fig. 3. Dose-dependence of axon protection by the Wld gene,
(a) Top, western blot showing the extent of 200-l<D neurofilament
protein degradation in distal sciatic nerve 3 days after transection
(5 days for 4836 and W/ds homozygotes). Complete preservation of
NF-200 in uncut contralateral nerve (lane I) indicated degradation
occurred only in vivo. Middle, western blot showing the expression
level of the Wld protein in brain homogenates (detected by N70 anti¬
serum). Bottom, same western blot probed with control monoclonal
antibody (3-tub 2.1 against fi-tubulin. (b) Percentage of intact myeli¬
nated axons 2^1 mm distal to a sciatic nerve lesion. Preserved axons

were counted using light microscopy in nerve segments immediately
proximal to those used in (a). Counts of 93-99% in uncut contralat¬
eral nerves confirmed that observed degeneration occurred in vivo,
n indicates total number of nerves counted. Mean ± s.e.m. of the mid¬
dle three scores when n is odd; mean ± s.e.m. of the middle four
when n is even, (c) Axon preservation as a function of the expression
level of Wld protein. Axon preservation after 3 (black circle), 5
(white square) and 14 (cross) days as in (b); means ± s.e.m. where
n > I. Wld protein expression level is the signal quantified from (a),
standardized against p-tubulin and expressed as a percentage of the
expression in Wlds homozygotes.

three days (Fig. 3a). Presence of the Wlds phenotype in inde¬
pendent lines confirms that it is caused by the transgene rather
than any integration effect. Thus, Ube4b/Nmnat is the Wld
gene, and it protects both sensory and motor axons in
Wlds and transgenic mutants. No alteration to Rbp7, Kiflb
or any other gene is required to reproduce the phenotype
of Wlds mice.

Functionally competent motor axons and synapses
Next we tested whether axons were functionally as well as struc¬
turally preserved. Nerve-muscle preparations of flexor digito-
rum brevis (FDB) were isolated and stimulated 2-5 days after
lesion. Axotomized wild-type muscles showed no response at
these time points. In axotomized transgenics, however, as in the
Wlds mutant23, conduction of action potentials and synaptic
transmission at neuromuscular junctions persisted for at least
three days (Fig. 2). In a homozygous 4836 mouse, 80% (12/15) of
muscle fibers responded to nerve stimulation three days after sci¬
atic nerve section (for example, Fig. 2a). In another 4836
homozygote, functional innervation even after 5 days was indi¬
cated by 73% (22/30) of FDB muscle fibers showing spontaneous
miniature endplate potentials (MEPP) and some responding to
nerve stimulation (data not shown). Weaker, and sometimes
more variable, responses indicating low quantal content were
observed both in line 4836 hemizygotes (Fig. 2b) and homozy¬
gous 4830 mice. In the latter, 50% (12/24) and 30% (8/25) of
fibers from two mice responded to stimulation two days after
lesion. These weaker responses are in accord with the lower
expression levels of the Wld protein (see below).

Axotomized 4836 nerve terminals also recycled synaptic vesi¬
cles, visualized by activity-dependent staining with the styryl dye
FM1-43, both upon incubating lumbrical muscles in a depolar¬
izing solution (Fig. 2c and d) and upon stimulation of the distal
stump of axotomized tibial nerve. Preservation of pre- and post¬
synaptic structures was confirmed using antibodies against
NF165/SV2 and TRITC-a-bungarotoxin respectively (Fig. 2e and
f). In two line 4836 homozygotes, 87-93% of endplates (n = 154
and 164) were occupied or partially occupied (8%) by nerve ter¬
minals 5 days after axotomy, similar to Wlcfi mice23,24. Fewer than
50% (n = 187 and 210) were occupied in two 4836 hemizygotes
after 3 days, and fewer still in 4830 homozygotes, again reflect¬
ing the lower transgene expression.

Wld protein

fi-tubulin

3 days
3.2 ±1.0
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1.8 ±0.5
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Thus, motor nerve conduction, synaptic transmission, vesi¬
cle recycling and motor nerve terminal morphology were pre
served in a dose-dependent manner, with line 4836 showing a
level of protection similar to Wlds. Axons evidently persisted
longer than functional motor nerve terminals, supporting the
hypothesis that synaptic degeneration, at least in Wlds mice, dif¬
fers from that of axons and neuronal cell bodies25.

Protection depends on Wld protein expression level
The above experiments suggested that the degree of protection
depends on the expression level of Wld protein. This was sur
prising because heterozygous Wlds axons at short survival times
degenerate only slightly faster than those of homozygotcs5. Wc
quantified Wld protein expression in each mutant strain to deter
mine the level required to preserve cytoskeletal protein and axon
structure for 3-5 days (Fig. 3). At lower expression levels, both
measures of axon preservation indicated a strong dose-depen¬
dence. .Alton counts at 3 days differed significantly between hem
izygous 4836 and hemizygous 4830 mice (p < 0.001). Significant
differences between homozygotes and hemizygotes of a single
line (p < 0.01 for 4830; p < 0.001 for 4839) indicated that this is
not a line-specific silencing effect26. Line 4839 hemizygotes were
even indistinguishable from wild-type mice in neurofilament
western blotting (NF-200 band, Fig. 3a), light microscopy
(Fig. 3b) and electron microscopy (data not shown), despite
expressing a small amount of the Wld protein (Fig. 3a). Thus, it
is necessary for expression of Wld to reach a threshold level to
exert a significant protective effect.

To investigate whether the protective effect of Wld protein
plateaus at higher expression levels, and to test axon protection in

nature neuroscience • volume 4 no 12 • december2001 1201
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transgenic mice under still more stringent conditions, we extend¬
ed these studies to post-lesion times of 10-14 days. Fourteen days
after transection, protection of axons in line 4836 homozygotes
(69-73%) was as strong as that in Wld5 homozygotes (73-78%;
Figs. 3c and 4), again indicating full reproduction of the Wld5 phe-
notype. Protection in line 4836 hemizygotes, however, was con¬
siderably weaker (35% after 10 days and only 7% after 14 days).
Thus, the extent of axon protection differed far more between
4836 homo- and hemizygotes after 14 days than after 3-5 days,
indicating that dose-dependence still operates at higher Wld
expression levels. It follows that ifWld protein expression could
be raised still further, an even stronger protective effect than in
Wld5 and line 4836 mice could be achieved.

Wld is a predominantly nuclear protein
To determine whether the Wld protein could itself be the pro¬
tective factor in axons, we determined its intracellular loca-

Fig. 5. The intracellular location of the Wld protein, (a) Presence of
the Wld protein in neuron nuclei of isocortex and (b) its absence from
C57BL/6J control tissue. Red, anti-N70 antibody, which detects Wld
and Ube4b. Green, anti-MAP2 antibody markedly outlining neuronal
cell bodies, (c) Absence of Wld protein (red) in astrocytes (arrows,
main picture). Cytoplasmic staining in ependymal cells (central chan¬
nel) of Wld5 thoracic spinal cord could be Ube4b. Inset, absence in
astrocytes and endothelial cells (arrow) of W/ds isocortex. Green, anti-
GFAP. Blue, Hoechst Dye nuclear counterstain. (d-f) Confocal images
of triangularis sterni muscle preparations immunostained with anti-
N70 antibody (green) and motor endplates counterstained with
TRITC a-bungarotoxin (red), (d) 4836 homozygote, (e) Wlds,
(f) C57BL/6J. (g-i) Motor neurons in thoracic spinal cord of both W/ds
(g) and 4836 (h) expressed the Wld protein (red) in their nuclei,
whereas those of C57BL/6J (i) did not. Cytoplasmic signals may be
Ube4b or low level Wld protein. Counterstain, neurofilament (green),
(j-l) Red channel (Wld protein plus Ube4b) images corresponding to
(g-i). Scale bars, 5 pm (a, b), 10 |tm (c), SO |im (d-l).

Fig. 4. Axon protection 10-14 days after transection, (a) Western blot
showing the extent of 200-kD neurofilament protein degradation in dis¬
tal sciatic nerve 10-14 days after transection. Lane 1, 4836 homozygote
after 14 days; lane 2, W/ds homozygote after 14 days; lane 3, 4836 hem-
izygote after 14 days; lane 4, 4836 hemizygote after 10 days; lane 5,
C57BL/6J after 12 days; lane 6, C57BL/6J unlesioned. (b-e) Light micro¬
scopic images (scale bar, 10 pm) of distal sciatic nerves following tran¬
section at a more proximal site 10-14 days earlier, (b) 4836
homozygote after 14 days (corresponding intact axon count, 73%),
(c) Wlds homozygote after 14 days (73%), (d) 4836 hemizygote after
10 days (35%), (e) C57BL/6J after 12 days (0%). Electron microscopy
(data not shown) indicated that cytoskeleton and myelin was preserved
in 4836 and Wlds homozygotes as in Fig. I.

tion. An antiserum labeling the N-terminal 70 amino acids of
Wld protein and Ube4b detected mainly a punctate nuclear pat¬
tern in Wld5 and transgenic neurons (Fig. 5a, c, g and h) and this
signal was absent in wild-type neurons (Fig. 5b and i). There was
no detectable signal either in motor axon terminals (Fig. 5d—f),
which can be preserved by the Wld gene (Fig. 2e and f), or in sci¬
atic nerve axons (Supplementary Fig. 2, available on the Nature
Neuroscience web site). Swollen endbulbs of 24-hour transected
central and peripheral nervous system axons, which accumulate
other axonal proteins, also lacked Wld protein signal (data not
shown). In addition, the antibody weakly labeled the normal
Ube4b protein in cytoplasm of wild-type mice, so additional
labeling of any small amount of cytoplasmic Wld protein might
not be distinguishable.

Although the Wlds phenotype is intrinsic to neurons2,7'8, Wld
protein was also detected as a punctate nuclear stain in other cell
types in both Wld5 and transgenic mice (Fig. 5d and e). There
was no sign ofWld protein in glial cells (Fig. 5c-e), although pre¬
vious RT-PCR (reverse transcription-polymerase chain reaction)
data indicate there may be a small amount in Schwann cells18. It
is highly unlikely that expression in other cell types is required
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Fig. 6. NAD+ metabolism in Wlds brain, (a) Increased Nmnat activity
and (b) unaltered NAD+ content in W/ds brain. Bar charts show Nmnat
specific activity and NAD+ content in homogenates of fresh brain from
homozygous W/ds and C57BL/6J mice. Means and standard error are
shown (n = 3).

to protect axons, but it is possible that the Wld protein confers
as yet unknown properties on other cell types. For example, the
delayed response of Wlds muscles to denervation could have an
intrinsic component27. We conclude that the Wld protein is pre¬
dominantly located in the nucleus; thus, other factor(s) are like¬
ly to mediate the protective effect on axons.

Q
<

WIcP 6J WIcP 6J

The Wld protein has Nmnat enzyme activity
Sequence alignment with human NMNAT indicated that
nucleotides 282-1140 of Wld span the entire Nmnat open read¬
ing frame. To detect any intrinsic Nmnat enzyme activity, we
expressed protein recombinantly and measured the enzyme activ¬
ity of the bacterial lysate. The observed specific activity for Nmnat
(0.96 U/mg) was comparable with that of a bacterial lysate con¬
taining recombinant human NMNAT (1.74 U/mg)19. To deter¬
mine whether there is a corresponding increase in Nmnat activity
in Wlds mice, we studied Nmnat activity in brain homogenates
and found a fourfold increase in Wlds brain compared to
C57BL/6J (p < 0.05; Fig. 6a). The total content of NAD+, how¬
ever, was not significantly altered (p = 0.2; Fig. 6b). Therefore,
the Wld protein confers an increase in Nmnat activity without
altering the steady-state level of NAD+.

Discussion
We showed that the Ube4b/Nmnat chimeric gene is neces¬

sary and sufficient to protect injured axons for two weeks. We
conclude that the Ube4b/Nmnat chimeric gene is the Wld gene,
which encodes a unique neuroprotective factor for axons. It is
important now to determine whether protection requires
Ube4b sequences, Nmnat sequences, or both. The yeast
homolog of Ube4b is required to multi-ubiquitinate proteins30
and a direct link between ubiquitination and axon degenera¬
tion comes from the Uch-ll mutation in gracile axonal dystro¬
phy31. However, the Wld protein contains only 70 of 1,173
amino acids from Ube4b, and these are absent from the yeast
homolog. They are therefore unlikely to confer multi-ubiqui-
tination activity but may have a related role. The protective
mechanism may be linked to the nuclear location of the Wld
protein and perhaps to the non-homogeneous intranuclear
distribution. Possibilities include sequestering of ubiquitina¬
tion factors by protein-protein interactions and ubiquitina¬
tion within the nucleus altering transcription factor stability
or RNA processing, leading to an axon effect mediated by
unknown proteins. Regulated nuclear transport of other ubiq¬
uitination factors can control ubiquitin-mediated degradation
of nuclear substrates32. However, any Wld protein in the axon
below the detection level of immunostaining could still have a
direct protective role.

Nmnat is a nuclear protein and the only known mammalian
enzyme catalyzing the reaction NMN + ATP —> NAD+ + PPi
(ref. 20), a reaction generally assumed not to be at equilibrium
because of the constitutive action of pyrophosphatases. Thus, the
increase in Nmnat activity in Wlds should increase NAD+ syn¬
thesis, and the maintenance of normal steady-state levels sug¬
gests that the putative additional NAD+ is metabolized. The
product of a compensatory reaction could itself be involved in
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axon protection. For example, poly-ADP ribosylation uses NAD+,
influencing protein activity and cellular NAD+ and ATP content,
especially in response to stress33'34. Mild activation of PARP with¬
out NAD+ depletion can be neuroprotective35. Another metabo¬
lite, NADPH, is a coenzyme for nitric oxide synthase, an enzyme
linked to axon damage36, and synthesis of the signaling molecule
cyclic ADP ribose from NAD+ regulates calcium release from
intracellular stores37, potentially influencing calcium activated
proteases in Wallerian degeneration.

Both spontaneous and transgenic Wlds mice could be used to
investigate the function of each parent gene. We already show that
overexpression of Nmnat activity causes no overt phenotype, and
report an in vivo mutation of a mammalian E4 ubiquitination fac¬
tor. Despite the critical role played by the ubiquitin-proteasome
pathway in neurological disease and many other processes, we
know remarkably little about the function of such proteins.

Identification of the Wld gene facilitates studies to deter¬
mine whether it protects axons in clinically relevant situations.
The Wlds mutation is already known to protect neuronal
processes in vitro from the toxic effects of vincristine13, indi¬
cating that traumatic and toxic axon death share a common
final pathway. Current studies indicate that distal axon loss in
myelin protein zero knockout mutants38 is rescued by Wlds
(M. Samsam and R. Martini, unpublished data), and that Wlds
protects in a mouse model of motoneuron disease (A. Ferri and
A.C. Kato, unpublished data). Studies of Wlds in diverse neu¬
rological diseases is facilitated by our identification of the Wld
gene and by recent protocols for tracking the inheritance of
Wlds in crosses with neurological disease mutants39. Models of
common and complex neurological disorders such as multiple
sclerosis and diabetic neuropathy can now be investigated
through the development of viral vectors for Wld and genera¬
tion of transgenic Wld' rats. Mutational analysis in human neu¬
rological disorders with a homologous chromosomal location,
such as hereditary Parkinsonism40, also becomes possible.
Delayed Wallerian degeneration also alters the glial response to
injury, as in a mouse model of spinal cord injury, where it delays
inflammatory cell and astrocytic responses9'41. It may be that
this information could be used to optimize tissue destruction
and repair processes.

We conclude that the Wld gene is a chimera of Ube4b and
Nmnat encoding a predominantly nuclear protein in neurons,
and we propose that other factors may mediate the protective
effect on the axon. Axon protection is strongly dose-dependent
and pyridine nucleotide metabolism is altered in the WWS mouse.
These findings open the way to a molecular understanding of
Wallerian degeneration and to much-needed neuroprotective
strategies that target not only the cell body, but also the axons
and synaptic terminals.
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Methods
Generation of transgenic mice. Ube4b/Nmnat cDNA was RT-PCR
amplified from WIds brain using Platinum Pfx polymerase (Life Tech¬
nologies, Karlsruhe, Germany) and cloned downstream of the (3-actin
promoter in pi l[)APr-1 (ref. 42; Supplementary Fig. 3). Wld protein
was thus expressed in neurons, where it has an intrinsic effect2,7'8, and
other cell types, where Wlds mice also express it (Fig. 5). A 6-kb frag¬
ment containing promoter, cDNA and polyadenylation signal was
released using Ndel and £coRI and gel-purified using QIAquick extrac¬
tion (Qiagen, Hilden, Germany). Pronuclear injection into CBA X C57
F1 single-cell embryos (G. Kollias, Vari, Greece) resulted in nine
founders from 62 pups.

Genotyping of transgenic mice. DNA was prepared from a 5-mm tail
biopsy using the Nucleon HT kit (Amersham Pharmacia, Freiburg,
Germany). The 1.1-kb transgene coding region was detected using
alkaline Southern blotting of a BamHl/HindUl double digest on
Hybond N+ (Amersham Pharmacia) and hybridization with a corre¬

sponding 32P-labeled probe.

Sciatic nerve lesion. Six- to eleven-week-old mice were anesthetized

intraperitoneally with Ketanest (100 mg/kg; Bayer, Leverkusen, Germany)
and Rompun (5 mg/kg; Parke Davis/Pfizer, Karlsruhe, Germany). Right
sciatic nerves (upper thigh) were transected and the wounds were closed
with single sutures. Two to fourteen days later, mice were killed, the
swollen first 2 mm of the distal nerve was discarded, the next 2 mm was

used for light and electron microscopy, and a segment 4-10 mm distal
to the lesion site was used in western blotting. Further distal nerves and
muscles were used for electrophysiology.

Light and electron microscopy. Nerve segments were fixed for 1—3 days
in fresh half-strength Karnovsky's fixation (4% paraformaldehyde, 2%
glutaraldehyde in 0.1 M sodium cacodylate, pH 7.3; ref. 43), extensively
buffer-rinsed and osmicated for 4 h with 1% 0s04 in 0.1 M cacodylate.
Samples were taken through a graded ethanol series including a uranylic
acetate en bloc staining step overnight in 70% ethanol. Before infiltra¬
tion with Araldite Cy212 epoxy resin (Serva, Heidelberg, Germany),
propylene oxide was used as intermedium. Tissue blocks were cured for
60 h at 60°C. Semithin (0.5 |Xm) and thin (60 nm) cross-sections were
taken on a Reichert Ultracut UCT ultramicrotome. Semithin sections
for light microscopy were stained with methylene blue and thin sections,
with 1% aqueous uranylic acetate (20 min), and sections were counter-
stained with Reynold's lead citrate (7 min)44. Thin sections were mount¬
ed on 150 mesh Formvar coated copper grids and examined with a Zeiss
EM 902 electron microscope at 80 kV acceleration voltage.

Neuromuscular junction electrophysiology and morphology. FDB and
lumbrical muscles and contralateral controls were removed in Cologne
and placed in cold physiological saline (137 mM Na+, 4 mM K+, 2 mM
Ca2+, 1 mM Mg2+, 147 mM CI", 5 mM glucose, 5 mM HEPES,
pH 7.2—7.4, equilibrated with air or 100% oxygen). Electrophysiological
experiments were done later the same day in Edinburgh, following trans¬
fer to a medium containing similar concentrations of Na+, K+, Ca2+ and
Mg2+, plus 23 mM HC03~, 2 mM H2P04", equilibrated with 95% 02/5%
C02. MEPPs and evoked synaptic responses to tibial nerve stimulation
(EPPs) were recorded from FDB using an intracellular glass microelec-
trode and analyzed using WinWCP software45 (J. Dempster, University of
Strathclyde). Recycled synaptic vesicles of motor nerve terminals were
stained in lumbrical muscles using FM1-43 (Molecular Probes, Leiden,
Netherlands) with 20 Hz nerve stimulation or depolarizing physiological
solutions, and acetylcholine receptors subsequently stained with TRITC-
a-bungarotoxin (Molecular Probes)46,47. Endplates and terminals were
examined in a Nikon fluorescence microscope (Kingston-upon-Thames,
UK) using respectively a standard rhodamine filter cube and a customized
cube with a 435 nm excitation filter, 455 nm dichroic mirror and a

10 nm bandpass 515 nm emission filter46.
Conventional immunocytochemical and fluorescent bungarotoxin

probes were used for structural analysis. Muscle preparations, fixed for 60
min in 0.1 M PBS, 4% paraformaldehyde, were incubated in TRITC-a-

bungarotoxin (5 pg/ml; 30 min) followed by overnight primary antibody
(1:200 monoclonal anti-165 kDa neurofilament plus anti-synaptic vesi¬
cle antigen SV2, Developmental Studies Hybridoma Bank, University of
Iowa; or affinity purified rabbit polyclonal N70; see below). Secondary
antibodies (1:200 dilution; 4 h) were FITC-conjugated sheep-anti-mouse
IgG or anti-rabbit IgG (Diagnostics Scotland). Preparations were mount¬
ed in Vektashield (Vector Labs, Burlingame, California) and viewed in a
fluorescence microscope Using a Leitz 5UX water immersion objective
lens (NA 1.00; Wetzlar, Germany). Most images were captured with a
Hamamatsu C5810 chilled color CCD camera and acquired using Open-
lab software (Improvision, Coventry, UK). Confocal images were
obtained using a BioRad Radiance 2000 system (Hemel Hempstead, UK).

Western blotting. We analyzed Wld protein expression level in mouse
brains homogenized in two volumes of 20 mM HEPES (pH 7.5), 0.2 M
CaCl2, 0.2 M MgS04, 1 ml/20 g tissue protease inhibitor cocktail (Sigma,
Taufkirchen, Germany) and 1 mg/ml DNase (Sigma). Cytoskeletal protein
preservation was determined in lesioned sciatic nerves homogenized in 20
volumes of this buffer. Proteins were separated using standard SDS-PAGE
and semi-dry blotted onto nitrocellulose. Loading and transfer were
checked using Ponceau S (Sigma) and Coomassie Blue. Primary anti¬
bodies were applied (overnight, 4°C) followed by horseradish peroxi-
dase-coupled secondary antibody (1 h, room temperature;
goat-anti-mouse 1:3,000, goat-anti-rabbit 1:5,000; Dianova, Hamburg,
Germany) and detection using enhanced chemiluminescence (Amer¬
sham Pharmacia). Chimeric protein expression was quantified using
affinity-purified N70 antibody (below) and (3-tub 2.1 (Sigma) control
and Quantity One software (BioRad). Cytoskeletal protein degradation
was analyzed using phosphate-independent monoclonal N52 (1:2,000;
Sigma) against heavy neurofilament protein.

Morphological quantification of axon preservation. We counted 500-
1500 myelinated axons in randomly chosen fields 2-4 mm distal to a sci¬
atic nerve lesion in transverse semithin sections on a Zeiss Axiophot
microscope (Gottingen, Germany) coupled to a digital camera. Survival
criteria were normal myelin sheaths, uniform axoplasm and intact mito¬
chondria, supported by electron microscopy spotchecks. Scoring was
documented with Meta Imaging software (Universal Imaging Corpora¬
tion, Downingtown, Pennsylvania). Standard errors of the mean and t-
tests were calculated using SPSS for Windows 10.0.

Cloning and expression of recombinant proteins. Constructs were gen¬
erated to express in bacteria the N-terminal 70 amino acids (N70) of the
chimeric protein and full-length chimeric protein. Inserts were PCR-
amplified from transgene construct using Pfx polymerase (Life Tech¬
nologies). Primers for N70 were5'-GACTAGCTAGCATGGAGGAGCTGA
GCGCTGAC-3' and 5'-ATCCGCTCGAGCTAGTCTGCTGCACCTATG
GGGGA-3'.

For full-length chimeric cDNA, the second primer was replaced by 5'-
CGCCTCGAGTCACAGAGTGGAATGGTTGTGC-3'.

Products were ligated into Nhel/Xhol double-digested pET-28b (+) vec¬
tor (Novagen, Schwalbach, Germany) and transformed into XL-10 Gold
(Stratagene, Amsterdam, Netherlands). Plasmids isolated using the Plasmid
Mini Kit (Qiagen) were retransformed into BL21 (DE3) (Novagen). Pro¬
tein expression was induced with 1 mM IPTG for 3 h at OD600 = 0.8. For
analysis of Nmnat activity, cells were lysed by sonication.

Generation of polyclonal antisera. The N70 bacterial pellet was resus-
pended in native binding buffer (20 mM sodium phosphate, 500 mM
sodium chloride pH 7.8,100 pg/ml egg white lysozyme), sonicated on
ice (6 X 15 s with 15-s intervals) and centnfuged (3,000 g, 15 min). N70
was purified using a ProBond column (Invitrogen, Groningen, Nether¬
lands) and concentrated using a YM-3 Centricon centrifugal filter (Mil-
lipore, Bedford, Massachusetts). Antisera were raised by intradermal
immunization of two SPF-rabbits by Eurogentec (Seraing, Belgium) with
boosts at days 14, 28 and 56, and a final bleed at 80 days.

For affinity purification 500 |lg N70 protein bound to ProBond resin
(2 ml wet volume) was blocked with 5% (w/v) dried skimmed milk pow¬
der plus 1% (w/v) BSA in native binding buffer. Resin was incubated
with crude antiserum (2 ml in 8 ml binding buffer), and washed with 10
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bed volumes binding buffer. Specific antibodies, binding only Wld pro¬
tein and Ube4b, were eluted with 100 mM ethanolamine (pH 11.5), neu¬
tralized with 1.5 M Tris and dialyzed against PBS.

Immunocytochemistry of spinal cord, nerves and brain. Perfusion-
fixed tissues were fixed for a further four hours in 4% paraformalde¬
hyde, 0.1 M PBS before embedding in paraffin. Paraffin sections on
poly-l-lysine coated slides were dewaxed, washed in PBS, rinsed in cit¬
rate buffer overnight (60°C) and incubated with 0.1% Triton X-100
(Sigma). After blocking (5% BSA in PBS), the following primary anti¬
bodies were applied (overnight, 4°C): affinity purified N70 (above),
plus monoclonal anti-MAP2 (Sigma), mouse polyclonal anti-GFAP
(Sigma) or monoclonal anti-neurofilament (Biogenex, San Ramon,
California). Secondary antibodies (1 h, room temperature) were either
Cy3-labeled goat-anti-rabbit (Dako, Hamburg, Germany) or Texas
Red-labeled goat-anti-rabbit (Molecular Probes) together with Cy2-
labeled goat-anti-mouse (both Dako), diluted according to the
manufacturers' instructions.

Determination of NMNAT activity. Mice were killed, and whole brains
were immediately removed and cut into two equal hemispheres for
NMNAT assay and NAD+ determination, respectively. Tissue was sus¬
pended in 3 volumes of 100 mM Tris-HCl, pH 7.4, 0.5 mM EDTA, 1 mM
MgCl2, 1 mM DTT, 1 mM PMSF and homogenized on ice (3 x 3 s with
10-s intervals) using an Ultra-Turrax homogenizer at medium speed.
NMNAT activity was determined using a reaction mixture of 40 mM
Tris-HCl pH 7.5, 5 mM nicotinamide mononucleotide (NMN), 3.4 mM
ATP, 18 mM MgCl2, 10 mM NaF, and brain homogenate (final volume of
0.5 ml). The reaction was started by the addition of NMN at 37°C and
stopped after 10-40 min by adding 100 |il of assay mixture to 50 jil of
ice-cold 1.2 M HC104. After 10 min, at 0°C the mixture was centrifuged
and 130 pi of supernatant was neutralized by addition of 35 pi 0.8-M
K2C03. NMNAT activity was calculated after HPLC identification and
quantification of NAD4 produced48. One unit of enzyme activity cataly¬
ses the synthesis of 1 pmol of NAD+ per minute at 37°C.

Determination of NAD4 content. A brain hemisphere in 2 volumes 7.5%
ice-cold IIC104 was homogenized using an Ultra Turrax (4X1 s, with
20 s intervals). After 15 min at 0°C, the suspension was centrifuged at
16,000 g for 1 min. The pH was adjusted to 6.0 using 0.8 M K2COv After
centrifugation, the extract was analyzed by HPLC48.

Animal experimentation was approved by Stadt Koln Veterinaramt,
licence K13,11//00.

GenBank accession numbers. The GenBank accession number for
NMNAT is AF312734; for Wld, AF260924.

Note: Supplementary figures are available on the Nature Neuroscience web site
(http://neuroscience.nature.com/web_specials).
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Age-dependent synapse withdrawal at axotomised
neuromuscular junctions in Wlds mutant and Ube4b/Nmnat
transgenic mice
Thomas H. Gillingwater*t> Derek Thomson*!, Till G. A. Mack!, Ellen M. Soffin*, Richard J. Mattison*,
Michael P. Coleman:}: and Richard R. Ribchester*
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Axons in Wlds mutant mice are protected from Wallerian degeneration by overexpression of a
chimeric Ube4b/Nmnat (Wld) gene. Expression of Wld protein was independent of age in these
mice. However we identified two distinct neuromuscular synaptic responses to axotomy. In young
adult Wld5 mice, axotomy induced progressive, asynchronous synapse withdrawal from motor
endplates, strongly resembling neonatal synapse elimination. Thus, five days after axotomy,
50-90% ofendplates were still partially or fully occupied and expressed endplate potentials (EPPs).
By 10 days, fewer than 20 % ofendplates still showed evidence ofsynaptic activity. Recordings from
partially occupied junctions indicated a progressive decrease in quantal content in inverse
proportion to endplate occupancy. In Wld5 mice aged > 7 months, axons were still protected from
axotomy but synapses degenerated rapidly, in wild-type fashion: within three days less than 5 % of
endplates contained vestiges of nerve terminals. The axotomy-induced synaptic withdrawal
phenotype decayed with a time constant of -30 days. Regenerated synapses in mature Wld5 mice
recapitulated the juvenile phenotype. Within 4-6 days of axotomy 30-50% of regenerated nerve
terminals still occupied motor endplates. Age-dependent synapse withdrawal was also seen in
transgenic mice expressing the Wld gene. Co-expression of Wld protein and cyan fluorescent
protein (CFP) in axons and neuromuscular synapses did not interfere with the protection from
axotomy conferred by the Wld gene. Thus, Wld expression unmasks age-dependent,
compartmentally organised programmes ofsynapse withdrawal and degeneration.
(Received 12 April 2002; accepted after revision 11 June 2002; first published online 19 July 2002)
Corresponding author R. R. Ribchester: Department of Neuroscience, University of Edinburgh, 1 George Square, Edinburgh,
EH8 9JZ.UK. Email: rrr@ed.ac.uk

Following lesion of a peripheral nerve, distal axons and
synaptic terminals normally degenerate via a cascade of
molecular and cellular responses collectively termed
Wallerian degeneration (WD). In rodents, neuromuscular
transmission rapidly fails, the axonal and terminal
cytoskeleton is disrupted, and fragmentation of nerve
terminals is followed by phagocytosis in terminal Schwann
cells. The axonal and nerve terminal debris is removed by
Schwann cells and invading macrophages within 48 h
(Birks et al. 1960; Miledi & Slater, 1970; Winlow &
Usherwood, 1975). However, in the Wlds mutant mouse

axotomy-induced degeneration is profoundly delayed
(Lunn et al. 1989; Mack et al. 2001). Experiments utilising
this mutant suggest that axon degeneration occurs by a
mechanism distinct from those regulating cell body
degeneration (Deckwerth & Johnson, 1994; Buckmaster et
al. 1995). Independent analysis of synapse-specific
proteases suggests that synapses also contain their own

independent degenerative mechanisms (Mattson et al.
1998a, 1998b). Taken together, such findings militate
towards a view that degeneration mechanisms are
compartmentalised within neurones (Gillingwater &
Ribchester, 2001).

By contrast, synapses are normally remodelled by a
different mechanism in neonatal muscles or in re-

innervated adult muscles. Competition between motor
axons converging on the same motor endplate results
in 'synapse elimination', a process which involves
progressive withdrawal of synaptic boutons from poly-
neuronally innervated motor endplates, until those
supplied by only one of the original axon collateral
branches remain (Brown et al. 1976; Keller-Peck et al.
2001). A similar process occurs in reinnervated adult
muscles after nerve injury and regeneration (see for
example, Barry & Ribchester, 1995; Costanzo et al. 2000).

t These authors contributed equally to this work.



740 T. H. Gillingwaterand others /. Physiol. 543.3

The structural and physiological features of synaptic
degeneration are normally quite different from those of
synapses undergoing elimination, even in Wlds mice
(Brown etal. 1976; Korneliussen &Jansen, 1976; Betz etal.
1979; Bixby, 1981; Colman et al. 1997; Parson et al. 1997;
Ribchester, 2001; but see Rosenthal &Taraskevich, 1977).

Genetic analysis has shown that the Wlds mutation is
inherited as a single autosomal dominant characteristic, by
a gene located on the distal end of chromosome 4 (Perry et
al. 1990h; Lyon et al. 1993). The Wlds mutation comprises
an 85 kb tandem triplication (Coleman et al. 1998). This
triplication contains the exons of three genes; Ube4b (the
mammalian homologue of ubiquitin fusion degradation
protein 2 (Ufd2)), nicotinamide mononucleotide adenylyl
transferase (Nmnat) and a novel member of the cellular
retinoid-binding protein family (Rbp7; see Conforti et al.
2000). The sequence for the N-terminal 70 amino acids of
Ube4b and the complete sequence of Nmnat span the
proximal and distal boundaries of the repeat unit, forming
a chimeric gene with an open reading frame coding for a
43 kDa fusion protein. Transgenic mice expressing the
Ube4b/Nmnat chimeric gene product (Wld) also show the
Wlds phenotype, showing that this gene is both necessary
and sufficient to produce slow axonal and synaptic
degeneration (Mack eta/. 2001).

Remarkably, however, the protection conferred by the
mutant gene affects axons and synapses differently.
Whereas distal axons persist after axotomy for up to three
weeks in Wlds mice, the motor nerve terminals persist for
only 4-10 days (Perry etal. 1990a; Brown etal. 1992; Tsao
et al. 1994; Ribchester et al. 1995; Gillingwater &
Ribchester, 2001). Moreover, there are conflicting reports
concerning the neuroprotective effectiveness of the Wlds
gene as these mice age. Some studies have suggested that
the Wlds phenotype is lost, so that by six months of age,
mutant mice exhibit almost normal rates of axon

degeneration (Perry etal. 1992; Ribchester et al. 1995). By
contrast, Crawford et al. (1995) reported that both axons
and synapses were equally well-protected from axotomy-
induced degeneration in Wlds mice of all ages up to
16 months. Thus, an initial objective of the present study
was to resolve the discrepancy between the studies of
Ribchester etal. (1995) and Crawford et al. (1995) using a
combined genetic, biochemical, morphological and
electrophysiological approach.
Our analysis shows that Wld gene expression is wholly
independent of age, whether driven by the endogenous
promoter or by a heterologous /?-actin promoter. We also
demonstrate that age has no effect on the biochemical or
morphological preservation of Wld axons, but that
preservation of axotomised synaptic terminals is clearly
transformed with age in both character and kinetics. In
young Wld" mice (< 4 months), or their transgenic
equivalents, synaptic terminals degenerate asynchronously,

apparently withdrawing boutons progressively from motor
endplates. By contrast, in mice older than ~7 months, most
distal axons are preserved but synaptic terminals undergo
a more rapid, synchronous degeneration, similar to the
axotomy reaction in wild-type mice. Furthermore, the
maturity of the synapse rather than age of the motor
neurone appears to regulate this age-dependent
phenotype.

Taken together, our observations suggest that newly-
established, mononeuronally innervated junctions retain
the molecular mechanisms required to execute retraction
of supernumerary synapses, beyond the period when they
are normally eliminated as part ofpost-natal development.
Therefore, mice expressing the Wld protein will play a
pivotal role in the understanding of cellular and molecular
mechanisms ofsynapse elimination.

Preliminary data from this study were presented to
meetings of the Physiological Society (Ribchester et al.
1999; Gillingwater etal. 2000; Ribchester etal. 2002).

METHODS

Mice
Natural mutant Wlds mice of-1-2 months were obtained from
Harlan Olac Laboratories (Bicester, UK). Some of these mice were
used within -1 week of arrival, whilst others were maintained
within animal care facilities in Edinburgh until they reached the
older ages (4, 7 and 12 months) required for the age-dependency
experiments. The 4836 line ofWld transgenic mice expressing the
Ube4b/Nmnat chimeric gene were generated in Cologne by
pronuclear injection of a construct of the chimeric gene coupled
to the /?-actin promoter, as described previously (see Mack et al.
2001). Thyl-CFP mice were obtained from Jackson Laboratories
(Bar Harbour, ME, USA) and crossbred with Wlds mice according
to standard breeding techniques. CFP-expressing mice were
identified from the fluorescence of axons in ear-punch biopsies.
Wld homozygotes were confirmed post-mortem, by pulse-field gel
electrophoresis ofDNA isolated from their spleens (Mi etal. 2002).

Surgery
Mice were anaesthetized either by inhalation of halothane (2 % in
1:1N20/02; Edinburgh) or via i.p. injection ofKetanest (100 mg kg L)
and Rompun (5 mg kg~'; Cologne). For experiments using flexor
digitorum brevis (FDB) or lumbrical muscles, either the sciatic or
tibial nerve was exposed and a 1-2 mm section was removed,
denervating the majority of muscles in the hind foot. For
experiments using transverses abdominus (TA), intercostal
nerves were similarly exposed and lesioned. Mice were then kept
in standard animal house conditions for 1-10 days before being
killed by stunning and dislocation of cervical vertebrae. All
surgical procedures were carried out in strict accordance with
local ethical committee guidelines (Stadt Koln Veterinaramt,
Licence K13, 11/00; Cologne) and with the licensed authority of
the UK Government Home Office (PPL 60/2434; Edinburgh).
Electrophysiology
Intracellular recordings were made between 1 and 10 days after
surgery. Isolated FDB nerve/muscle preparations from Wlds mice
were pinned out in a Sylgard-lined bath and perfused with normal
mammalian physiological saline (mM: NaCl 120; KC1 5; CaCL 2;
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MgCh 1; NaH2PO.i 0.4; NaHC03 23.8; D-glucose 5.6) bubbled to
equilibrium with a 5 % CCb/95 % 02 mixture. Transgenic mouse
FDB muscles were isolated in Cologne, bathed in Hepes-buffered
saline and taken by courier to Edinburgh, where they were then
transferred to bicarbonate-saline (above) for electrophysiological
recording the same day, as described previously (Mack et al.
2001). Muscle contractions were reduced/eliminated by bathing
the muscles in 2.5 /im /r-conotoxin GIIIB (Scientific Marketing
Associates, Barnet, UK) for 30-45 min. Thirty fibres were impaled
at random, per muscle, using a glass electrode filled with 5 m
sodium acetate solution. Activity was recorded using an
Axoclamp-2B amplifier (Axon Instruments, Inc., Union City, CA,
USA) and stored and analysed on a PC using WinWCP v3.0.8
software (developed and distributed by Dr John Dempster,
Strathclyde University, UK).
Electron microscopy
For ultrastructural studies, FDB muscles were fixed in ice-cold
0.1 m phosphate buffer containing 4% paraformaldehyde/2.5%
glutaraldehyde for 4 h. Preparations were then washed in 0.1 m
phosphate buffer before postfixing in a 1 % osmium tetroxide
solution for 45 min and dehydration through an ascending series
of ethanol solutions. Dehydrated muscles were embedded in
Durcupan resin before sectioning at 75-90 nm and collection on
formvar-coated grids (Agar Scientific, Stansted, UK). Grids were
then stained with uranyl acetate and lead citrate in an LKB
'Ultrostainer' before viewing in a Philips CM 12 TEM. Electron
microscope (EM) negatives taken between 2000x and 60000x
were scanned at 600 dpi using a Linoscan 1200 (Heidelberg,
Germany) equipped with a transparency adaptor, before
importing into Adobe Photoshop for analysis and presentation.
Axon counts

Lesioned tibial nerves from 2-month- and 7-month-old Wlds
mice (n = 2 in each case) were fixed in ice-cold 0.1 m phosphate
buffer containing 4% paraformaldehyde/2.5% glutaraldehyde
for 4 h. The first 2 mm of the proximal and distal nerve stumps
were discarded, and the remaining tissue was transferred into
resin as described above. 1 /im cross-sections were cut and
collected on glass slides before staining with toluidine blue (1 % in
distilled H20; Sigma). Sections were examined using a 40x water
immersion objective (Zeiss) attached to a standard light
microscope. Images were captured using Openlab (Improvision
Software, Coventry, UK) before being transferred to Adobe
Photoshop for analysis. The total number of myelinated axon
profiles was recorded in six cross-sections from both the proximal
and distal nerve stumps and the counts for each stump were
averaged. To be included in the count, axons had to exhibit
normal myelin sheaths and a uniform axoplasm.
Neuromuscular junction (NMJ) staining
FDB, lumbrical or TA preparations for immunocytochemistry
were fixed in 0.1 m PBS containing 4% paraformaldehyde for
30-40 min before labelling acetylcholine receptors by incubating
for 20 min in a-bungarotoxin (BTX) conjugated to tetramethyl-
rhodamine isothiocyanate (TRITC-a-bungarotoxin; 5 mg ml"1,
Molecular Probes, Inc., Eugene, OR, USA). Muscles were blocked
in 4% bovine serum albumin (BSA) and 0.5% Triton X in 0.1 m
PBS for 30 min before incubation in primary antibodies directed
against 165 kDa neurofilament proteins (2H3) and the synaptic
vesicle protein SV2 (both 1:200 dilution; from the Developmental
Studies Hybridoma Bank, IA, USA) overnight. After washing for
30 min in blocking solution (see above), muscles were incubated for
4 h in a 1:200 dilution of sheep anti-mouse antibody conjugated to
the fluorescent label FITC (Diagnostics Scotland, Edinburgh, UK).

Muscles were then whole-mounted in Vectashield (Burlingame,
CA, USA) on slides for subsequent imaging.
TA nerve-muscle preparations for vital labelling and visualised
recording were stained by repetitive stimulation (20 Hz, 10 V,
10 min) in the presence of4 mm FM1-43 (Molecular Probes, Inc.)
before washing for 15 min in oxygenated physiological saline.
Fluorescence imaging and analysis
Muscle preparations were imaged on either a standard
fluorescence microscope (Micro Instruments M2B) or using a
laser scanning confocal microscope (Biorad Radiance 2000,
Hemel Hempstead, UK). Individual neuromuscular junction
images were obtained using either a 40x (0.8 NA) or 60x (1.0 NA)
water immersion objective. TRITC-a-BTX-labelled preparations
were imaged using 543 nm excitation and 590 nm emission
optics; FMl-43-stained preparations utilised a 400-440 nm
excitation filter and 515 nm emission filter and FITC-labelled

preparations utilised 488 nm excitation and 520 nm emission
optics. For confocal microscopy, 488 nm and 543 nm laser lines
were used for excitation and confocal Z-series were merged using
Lasersharp (Biorad) software. All images were then assembled
using Adobe Photoshop.
Western blotting
Wld protein expression was analysed by homogenising mouse
brains in two volumes of 20 mm Hepes (pH 7.5), 0.2 m CaCl2,
0.2 m MgSO.„ 1 ml (20 g tissue) 1 protease inhibitor cocktail
(Sigma) and 1 mg ml"1 DNase (Sigma). Neurofilament preservation
was assessed in distal sciatic nerve stumps homogenised in
20 volumes of this buffer. Proteins were separated using standard
SDS-PAGE and semi-dry blotted onto nitrocellulose. Loading and
transfer were checked using Ponceau S (Sigma) and Coomassie
Blue. Overnight incubation in primary antibodies at 4 °C was
followed by incubation in horseradish peroxidase-coupled
secondary antibody (1 h at room temperature; goat anti-mouse
1:3000, goat anti-rabbit 1:5000; Dianova, Hamburg, Germany)
and detection using enhanced chemiluminescence (Amersham
Pharmacia, UK). Chimeric protein expression was quantified
using affinity-purified N70 antibody and //-tubulin 2.1 (Sigma)
control. Neurofilament protein degradation was analysed using
phosphate-independent monoclonal N52 (1:2000; Sigma) against
heavy neurofilament protein.

RESULTS

Age-independence ofaxon protection and Wld gene
expression
We examined the levels of expression of the Wld gene in
Wlds mice ofdifferent ages. Western blots of homogenised
brain tissue in mice aged 2, 4, 7 and 12 months
demonstrated that Wld protein expression did not
diminish significantly with age (Fig. 1A). We also analysed
the preservation of severed distal axons in 4 days-
axotomised tibial nerve preparations from 2-month- and
7-month-old Wlds mice, based on Western blots and on

counts of myelinated axon profiles in semi-thin cross-
sections from proximal and distal nerve stumps (Fig. IB
and C). The data show there were no major qualitative
differences in neurofilament preservation in the distal
portions of lesioned tibial nerves and morphological
analysis revealed virtually complete (93-100%) retention
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of myelinated profiles in the distal stump. These data
therefore indicate that both Wld gene expression and
distal axon preservation are largely independent of age in
Wlds mice.

Progressive loss ofsynaptic terminals in juvenile
Wld5 mice

Immunocytochemical staining ofneurofilament (NF) and
SV2 and TRITC-a-BTX labelling of axotomised NMJs in
2-month-old Wld5 mice made at 3-7 days post-axotomy
revealed prolonged retention of pre-terminal axons and
motor nerve terminals (Fig. 2A). However, in addition to

fully occupied endplates, we observed partially occupied
and vacant motor endplates in all axotomised
preparations from these young Wlds mice (Fig. 2B-D).
Sometimes endplates were contacted by a single remaining
synaptic bouton occupying less than 5 % of the endplate.
These resembled 'retraction bulbs', previously identified
in the final stages of synapse elimination from motor
endplates (cf. Riley, 1977; Gorio etal. 1983; Balice-Gordon
et al. 1993). Similar examples of fully occupied, partially
occupied and vacant NMJs were detected in 2 month
preparations examined ultrastructurally (Fig. 2E-G).
Degenerating mitochondrial profiles were observed
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Figure 1. Age-independent protection of axons and Wld gene expression in Wld5 mice
A, Western blot showing retained Ube4b, Wld and /i-tubulin (loading control) expression in Wlds mice of
different ages compared to a 6J mouse control. B, transverse sections through proximal and distal tibial nerve
stumps, 4 days post axotomy in 2- and 7-month-old Wlds mice showing qualitative preservation of
disconnected axons and no signs ofaxon loss or degeneration. Scale bars = 5 /rm. C, quantitative analysis of
distal axon preservation in 2- and 7-month-old Wld5 mice tibial nerves 4 days post axotomy. There was no
significant difference in the numbers ofaxon profiles between proximal and distal nerve stumps at either age.
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at < 3 % of terminals, but these preparations were
otherwise free of classical degenerative markers: synaptic
vesicle density and distribution appeared normal, terminal
plasma membranes appeared intact and there was no
evidence of phagocytosis by terminal Schwann cells. Two
distinct features of many of the junctions were, firstly,
accumulation of neurofilaments within the centre of

synaptic boutons and secondly, instances of'giant' synaptic
vesicles (-75-125 nm in diameter) were observed. Intra¬
cellular recordings demonstrated comparable retention of
synaptic transmission over the same period, although
evidence for a progressive decline in synaptic efficacy was
detected at some junctions, where EPF amplitudes had a
high coefficient of variation and 'failures', indicating a
reduced quantal content (Fig. 2H-J). 'Giant' miniature
endplate potentials (MEPPs) were occasionally observed
in axotomised preparations (Fig. 2H).

The time course of withdrawal of Wlds nerve terminals in

response to axotomy, as measured both morphologically
and electrophysiologically, is shown in Fig. 3/4 and B. The
functional analysis consistently gave lower estimates of the
numbers of remaining synapses than those given by
morphological measurements. However, both analyses
showed that the time course of synapse loss appeared well
fitted by sigmoidal functions. Thus, > 80 % of synapses
were retained 3 days after axotomy, but by 5 days this level
had dropped to -60% of terminals, subsequently
decreasing to -30-50 % by 7 days post axotomy. Figure 3C
and D shows the incidence of morphological and
functional correlates of nerve terminal withdrawal (partial
occupancy of endplates; high coefficient of variation of
EPP amplitudes and random failures in response to nerve
stimulation). Levels of partial occupancy peaked at
5-7 days post axotomy, at -50 %, whilst the increase in the
number of fibres showing failures followed a similar time
course, but only reached a maximum level of -15%.
Withdrawal of synaptic boutons from endplates was
asynchronous and independent ofendplate size. Figure 4A
shows the distribution of endplate occupancies plotted
against the endplate area at 4,6 and 8 days after axotomy in
TA muscles. There was no correlation between endplate
area and fractional occupancy at any time between 3 and
10 days. Thus, the onset of synapse withdrawal seemed to
occur quite randomly, but to proceed at a constant rate
once initiated.

The discrepancies between morphological and
physiological measurements could have been the result of
impaired nerve conduction, or to deterioration in the
physiological mechanisms coupling excitation to
transmitter release. In a small sample ofendplates we made
direct recordings of synaptic physiology and morphology
(Fig. 4B), using FM1-43 to label partially occupied
neuromuscular junctions (Ribchester et al. 1994; Costanzo
et al. 1999). Quantal analysis suggested that depression of

transmitter release preceded structural withdrawal. Thus,
endplates that were still more than 50 % occupied and had
quantal contents at or below the lower bound of the
normal range (Wood & Slater, 1997). Whether this
decrease in quantal content occurred by a change in the
quantal parameters n or p or both (cf. Kopp et al. 2000)
remains open.

The most parsimonious explanation of the progressive
appearance of partially occupied or vacant endplates,
when taken together with the preservation of synaptic
ultrastructure and the gradual decline in synaptic
transmission, is that synaptic terminals in the young Wlds
mice progressively withdrew from motor endplates
following axotomy. Thus, the progression from full
occupancy, through partial occupancy, to vacancy of the
motor endplates (Fig. 2A-D); the absence of conventional
signs of degeneration (Fig. 2£-G); and the pattern of
strong and weak synaptic transmission (Fig. 2H-J), when
taken together with the quantitative analysis, offer
compelling similarities to stages of synapse elimination
that occur at wild-type neuromuscular junctions during
normal postnatal development. The difference here was
that this progressive synaptic withdrawal was triggered in a
juvenile (or young adult) mutant mouse, and the stimulus
was axotomy, rather than competition between synaptic
terminals (see Ribchester, 2001). Synapse elimination
occurs with a normal time course in neonatal Wlds mice

(Parson et al. 1997), and the time course of synapse
withdrawal in response to axotomy in the juvenile/young
adult Wlds mice is remarkably similar.

Rapid degeneration ofWlds synaptic terminals in
mature mice
Ultrastructural, immunocytochemical and electro¬
physiological analyses of the responses to axotomy in older
Wlds mice suggested that neuromuscular synapses reacted
in a qualitatively different fashion. Ultrastructural
examination revealed that some axotomised nerve

terminals in 4 month preparations showed a curious
morphology: they sometimes contained swollen and
distorted mitochondria but intact synaptic vesicles.
Interestingly, some of the boutons containing these
mitochondrial abnormalities were adjacent to other
boutons, from the same motor nerve terminal, that
contained no signs of degeneration of organelles (Fig. 5A).
In 7 month Wld" preparations, at 2 days post axotomy,
most identifiable terminals showed classical degenerative
signs including swollen and disrupted mitochondria,
reduced synaptic vesicle densities, intra-terminal
membrane whorls, fragmented terminal membranes and
terminal Schwann cell phagocytosis (Fig. 5B and C). Thus,
the appearance of 4 month terminals was intermediate
between that of axotomised 2 month and 7 month
terminals. These observations were corroborated by
immunocytochemically stained preparations observed at
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Figure 2. For legend see facing page.
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the light microscope level. Very few instances of partially
occupied endplates were seen in immunocytochemical
preparations: most endplates were either fully occupied or
vacant, and many of the occupied endplates had an
abnormal, bloated appearance (see Fig. 6). Immuno¬
cytochemical analysis of the prevalence of innervated
endplates with time after axotomy in mice aged
4-7 months is shown in Fig. 5D. In 4-month-old animals,
the time course of synapse loss was well fitted by
exponential curves (in contrast with 2-month-old
animals, Fig. 3). Only -35% of endplates were occupied
3 days after axotomy. In 7 month mice, fewer than 5 %
remained by 3 days, and a similar rapid loss of synaptic
terminals followed axotomy in Wlds mice aged 12 months.
The number of endplates that were partially occupied
3-7 days after axotomy also declined exponentially with
age (Fig. 5F), which further suggested that the synapses
were removed synchronously rather than progressively in
the older mice.

Electrophysiological analysis further supported these
interpretations. Thus, synaptic transmission in
axotomised 4 month mice was usually either robust, or it
was absent and the incidence of junctions exhibiting weak
synaptic transmission (including random failures) was
low. Only -20 % of fibres showed evoked EPPs 3 days after
axotomy in 4-month-old Wlds mice. By 7 months the
corresponding figure was < 5 % (Fig. 5E). The proportion
of fibres showing any spontaneous or evoked endplate
activity also declined exponentially with a time constant of
-30 days (Fig. 5G).

Thus, the axotomy-induced synaptic response in WIcT
mice changes systematically, from one of withdrawal to
one ofdegeneration, as these mice mature.

Recapitulation ofsynaptic withdrawal at
reinnervated Wlds muscles
Because the expression of the Wld gene showed no age
dependence, it was interesting to ask whether the
transformation in the axotomy reaction of synaptic
terminals with age was a function of age perse or whether it
was a function of the maturational state of the synaptic
terminals. To address this, we compared synaptic
preservation of immature synapses at regenerated neuro¬
muscular junctions in old Wlds mice (Fig. 6A). First, in
mice aged 7—12 months, the sciatic nerve was crushed on
one side (conditioning lesion). Regenerated axons were
allowed to reinnervate the FDB muscle. Eight to ten weeks
later, 95 % of fibres had regained synaptic activity from
new synapses formed by the regenerated axons. Next, the
repaired synapses (which could not have been more than
8 weeks old) were lesioned again, this time by cutting the
tibial nerve. The incidence of innervated FDB muscle
fibres following the second lesion was then scored
electrophysiologically and immunocytochemically.
As expected, the first lesion produced rapid loss ofsynaptic
transmission and morphology in these old mice; no fibres
showed signs of synaptic activity at 3 days post axotomy
and fewer than 2 % of endplates were occupied by nerve
terminals (Fig. 6B). By contrast, synapses were consistently
preserved after section of the regenerated axons (Fig. 6C).
Intracellular recordings showed that 3-5 days after
axotomy, 33.0 ±15.3% of endplates still showed
spontaneous MEPPs and/or responded with EPPs to nerve
stimulation (Fig. 6D). Furthermore, immunocyto¬
chemically labelled preparations showed that 4-5 days
after axotomy 41.5 ± 2.02% of endplates were contacted
by overlying nerve terminal (Fig. 6E). These data therefore
indicate that 'new' (i.e. regenerated) synapses in old Wld5

Figure 2. Axotomized nerve terminals retract from endplates in young adult Wld5 mice
A, confocal stereo pair showing synapses protected from degeneration in an FDB muscle from a 2-month-old
Wlds mouse, 3 days post axotomy. Axons and motor nerve terminals were immunocytochemically labelled
with NF and SV2 (FITC) and acetylcholine receptors were labelled with TRITC conjugated a-BTX. Scale
bars = 20 /<m. B, immunocytochemically labelled (NF, SV2, a-BTX) NMJs from a lumbrical muscle, 6 days
post axotomy. Note the complete retention of the lower nerve terminal, but the partial occupancy of the
upper endplate. The arrow indicates a very thin axon collateral terminating in a 'retraction bulb' swelling.
Scale bar = 20 fim. C, immunocytochemically labelled (NF, SV2, a-BTX) NMJ from a TA muscle, 4 days
post axotomy. The remaining axon collateral terminates in a 'retraction bulb' swelling, contacting < 5 % of
the endplate. Scale bar = 10 /rm. D, immunocytochemically labelled (NF, SV2, a-BTX) NMJs from a
lumbrical muscle, 6 days post axotomy. The two endplates on the left are fully occupied whilst the two
endplates on the right are vacant, with nearby axonal terminations. Scale bar = 20 /im. E, electron
micrograph of a nerve terminal bouton from an FDB muscle, 3 days post axotomy. The nerve terminal is
directly opposite the postsynaptic specialisations, is capped by a terminal Schwann cell, and has intact
mitochondria, synaptic vesicles and membranes. Scale bar = 0.75 fim. F, electron micrograph of a nerve
terminal bouton from an FDB muscle, 4 days post axotomy. The terminal shown has retained good synaptic
ultrastructure, but neurofilaments are accumulated in the centre of the bouton. Scale bar = 0.75 /im.
G, electron micrograph of a partially occupied 2 month Wld5 NMJ, 3 days post axotomy. The remaining
synaptic bouton neighbours a region of unoccupied postsynaptic specialisation which is covered by the
nucleus of a terminal Schwann cell. Scale bar = 0.75 /<m, H-J) Intracellular recordings from 2 month Wld5
FDB muscle fibres at 5 days post axotomy. Examples of robust transmission (H), weak transmission (with
varying EPP amplitude and 'failures', I) and loss of transmission (/) are shown. An example ofa'giant' MEPP
is also shown (~5 mV; denoted by *, H). Scale bars = 5 ntV (vertical); 10 ms (horizontal).
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Figure 3. Time course of synapse withdrawal in 2-month-old Wld5 mice
A, morphological data showing the time course ofnerve terminal withdrawal in 2-month-old Wlds mice FDB
muscles following axotomy. B, electrophysiological measurements of the time course of nerve terminal loss
in 2-month-old Wlds mice FDB muscles following axotomy. C, morphological analysis of the incidence of
endplate partial occupancy in 2-month-old Wlds mice FDB muscles following axotomy.
D, electrophysiological analysis of the incidence of failures in response to nerve stimulation in 2-month-old
Wlds mice FDB muscle fibres following axotomy. For all panels, ▲ and ▼ represent data points from
individual muscles and O indicates the mean value calculated at each time point.
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Figure 4. Effect of endplate size and occupancy on synaptic withdrawal
A, endplate size did not influence the withdrawal ofWld" synapses at 4,6 and 8 days post axotomy. There was
no significant correlation between the size of an endplate and the state of withdrawal of its corresponding
nerve terminal. B, FM1-43 (left) and a-BTX (right) images, intracellular recordings and summary graph of
electrophysiological recordings from visualised partially occupied NMJs on 2-month-old Wlds FDB muscles
4 days after axotomy. The NMJ shown has -50% terminal occupancy of the endplate, yet still provides
evidence of robust synaptic transmission. However, quantal analysis using the variance method, indicated a
significantly reduced quantal content (m = ~5), compared to control muscles. The graph shows the
relationship between quantal content and fractional vacancy from eight fibres, indicating that depression of
transmitter release preceded structural withdrawal. Scale bar = 20 /im.
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Figure 5. Degeneration of synaptic terminals in fully mature Wlds mice
A, electron micrograph of two neighbouring nerve terminal boutons from a partially occupied endplate in a
4-month-old Wlds FDB muscle, 3 days post axotomy. The bouton on the right has retained terminal
ultrastructure, but the bouton on the left contains disrupted mitochondria. Scale bar = 0.5 fim. B, electron
micrograph of an individual nerve terminal bouton from a 7-month-old Wlds FDB muscle, 2 days post
axotomy. Note the swollen and disrupted mitochondria, paucity of synaptic vesicles and membrane
disruption. Scale bar = 0.5 /cm. C, electron micrograph of a terminal Schwann cell phagocytosing a grossly
fragmented nerve terminal in situ from a 7-month-old WkT FDB muscle, 2 days post axotomy. Scale
bar = 0.5 /cm. D, immunocytochemical data, showing the incidence of retained terminals following axotomy
in 4-month-old Wlds preparations, indicating an increase in the rate of terminal loss compared to 2 month
preparations (see Fig. 3). £, graph plotted from electrophysiological data, showing the incidence of fibres
exhibiting evoked activity following axotomy in 4 month Wlds preparations. The data support the
morphological findings of an increase in the rate of terminal loss compared to 2 month preparations (see
above). F, graph from immunocytochemical data showing a decrease in the incidence of partial occupancy
with age in Wlds mice. G, graph showing the decline in the incidence of fibres showing synaptic activity with
age. Each point shows the percentage of fibres with MEPPs or EPPs 3 days after axotomy in Wlds mice of
different ages.
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3. Axotomise New Synapses

V

A a
2. Regenerate Synapses (8-10 Weeks)

1. Axotomise Old Synapses

A, schematic representation of the experimental protocol used to assess the role of synaptic maturity versus
chronological age on nerve terminal preservation following axotomy. The Wlds mice used were > 7 months
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mice are better protected from degeneration than the
mature synapses innervating muscles without a prior,
conditioning lesion applied to the nerve.

Age dependence ofsynaptic protection in Wld
transgenic mice
Despite the uniform expression ofWld protein in the brain
we considered the possibility that some subtle aspect of
regulation of Wld gene expression by its endogenous
promoter in motoneurones could result in an age-
dependent synaptic phenotype. To address this, we
examined the age dependence of synapse loss in two
transgenic lines of Wld mice, lines 4836 and 4830 which
also show the Wld phenotype (Mack et al. 2001). In both
these lines the expression of the Wld gene is controlled by
the/?-actin promoter (Fig. 7A), but the 4836 line expresses
the Wld protein more strongly than the 4830 line. The
strength of the phenotype varies accordingly, as measured
by the rate of axon loss after nerve injury. Heterozygotes of
either strain also show weak expression ofWld protein. As
in Wlds mice, Wld protein expression in the 4836 and 4830
transgenic lines was also independent of age (data not
shown). Axon preservation, measured by retention of
neurofilament heavy chains (Fig. 7B), or myelinated axon
counts (data not shown) were also independent of age. In
homozygous 4836-line transgenic mice, morphological
and electrophysiological examination of FDB muscles
indicated that most synapses were still present 5 days after
axotomy, even in 4-month-old animals (Fig. 7C—E).
However, intracellular recordings from hemizygous 4836
and homozygous 4830 muscles showed the same age
dependence in synaptic response to axotomy as seen in
Wld5 mice. Thus the incidence of fibres showing synaptic
responses 2-3 days after axotomy also declined
exponentially with age with a time constant of ~30 days, as
in natural mutant Wld5 mice (compare Fig. 7Fwith Fig. 5G).
Protection ofaxons and synapses expressing
fluorescent protein by the Wld gene
Recently mice have become available that express
fluorescent protein in their axons and synapses under

control of a thyl promoter (Feng et al. 2000). This raises
the possibility that axon and synaptic protection by the
Wld gene might be visualised readily in living
preparations. We therefore crossbred Wlds mice with
thyl-CFP mice. The tibial nerve in CFP-expressing mice
that were homozygous in the F2 generation for Wld was
sectioned and FDB and lumbrical muscle preparations
were examined electrophysiologically and using confocal
microscopy, respectively. The results showed that
fluorescent protein expression did not interfere with the
protection of axons and synapses conferred by the Wld
gene in young mice. Figure 8 shows that four days after
axotomy, many axons remained intact, functional and
endogenously fluorescent through expression of CFP and
neuromuscular synapses were either fully or partly
occupied by axotomised motor nerve terminals.
Intracellular recordings from two muscles showed that at
4 days after axotomy 13 out of 14 fibres were innervated,
and in the other muscle examined 1 day later, 19 out of 25
muscle fibres expressed either MEPPs, evoked EPPs or
both. This degree of axonal and synaptic protection was
similar to that in Wld'5 mice not expressing CFP after the
same period of axotomy (compare with Figs 2 and 3).
These preliminary findings suggest that it should be
possible in the future to visualise axotomy-induced
synapse withdrawal in real time.

DISCUSSION

The main finding of the present study is that lesions of
peripheral nerve induce one of at least two independent
modes of synaptic degeneration in Wld-expressing mice,
depending on the maturity of the synapses that are
axotomised.

Synaptic terminals are progressively withdrawn from
axotomised endplates in young Wld5 mice. In more
mature mice, this phenotype is absent, although axons are
still protected from degeneration by the Wld gene. The
pattern ofsynapse withdrawal in the young (juvenile) mice
bears a compelling resemblance to synapse elimination - a

old, therefore permitting a test of the responses to axotomy at immature (i.e. 2-4-week-old), regenerated
synapses, in mature mice. B, confocal micrograph of an immunocytochemically labelled 7 month Wld5 FDB
muscle, 3 days post axotomy. One of the few remaining terminals from this preparation is shown, with a
characteristic bloated appearance, surrounded by three vacated endplates. C, confocal micrograph of a
regenerated synapse from a 14 month Wld5 FDB muscle, 5 days post axotomy. Axons and motor nerve
terminals were labelled immunocytochemically (NF and SV2; FITC) and acetylcholine receptors were
labelled with TRITC-conjugated a-BTX. Note that all endplates shown are occupied and that the uppermost
instance shows evidence ofpartial occupancy. D, electrophysiological recording from a 14 month Wlds FDB
muscle fibre with regenerated synaptic connections, 5 days post axotomy, showing robust synaptic
transmission. E, graph showing the percentage of fibres with synaptic innervation, as assessed by electro¬
physiological (EP) and immunocytochemical (IM) techniques, in old (non-regenerated) Wld5 FDB muscle
fibres at 3 days post axotomy; in reinnervated muscle fibres 8 weeks after the first lesion but before a second
lesion; and in reinnervated endplates at 3-5 days after the second lesion. Note the rapid and almost complete
loss of innervation following axotomy at the axotomised 'old' synapses (compare with Figure 4) and the
retention of > 30 % of regenerated synaptic connections for up to 5 days post axotomy.
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Figure 7. Age-dependent synaptic protection in Wld transgenic mice
A, the transgene construct for Ube4b/Nmnat (Wld) transgenic mice. The chimeric cDNA was expressed with
non-coding exon 1 of /t-actin under the control of a human /?-actin promoter and terminated with the SV40
polyadenylation signal. B, Western blot showing age-independent preservation of heavy chain neurofilament
proteins (NF-H) in the distal stump of4836 Wld transgenic mice sciatic nerve, 3 days post axotomy. C, confocal
micrograph of immunocytochemically labelled (NF, SV2 and a-BTX) persistent synapses, 5 days post axotomy
in a 4836 Wld transgenic lumbrical muscle. All of the endplates shown are either fully occupied or are missing
only a small proportion of their nerve terminal. Examples of endplates with less than 50 % occupancy as well as
evidence for retraction bulb formation were also found (data not shown). D, electron micrograph of a retained
synaptic bouton from a 4836 homozygous Wld transgenic mouse FDB muscle, 5 days post axotomy, showing
intact membranes and synaptic vesicles. E, time course of the loss of innervation following axotomy in 4836 Wld
transgenic mice. The inset illustrates an electrophysiological recording showing robust synaptic transmission
from a 2-month-old 4836 Wld transgenic FDB muscle fibre, 5 days post axotomy. Scale bars = 5 mV (vertical);
10 ms (horizontal). F, age dependence ofsynapse loss in 4830 and 4836 heterozygous Wld transgenic mice. The
incidence of fibres showing synaptic responses 2-3 days after axotomy declined exponentially with age with a
time constant (r) of-30 days, similar to the natural mutant (compare with Fig. 3).
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phenomenon of immature or regenerating neuro¬
muscular junctions which rationalises the innervation
pattern of mammalian skeletal muscle fibres (see
Ribchester, 2001 for review). This process is also distinct
from Wallerian degeneration because, in most studies,
none of the classical signs of Wallerian degeneration are
seen at junctions undergoing synapse elimination (Miledi
& Slater, 1970; Winlow & Usherwood, 1975; Korneliussen

& Jansen, 1976; Bixby, 1981; but see Rosenthal &
Taraskevich, 1977). Synapse elimination also occurs in
reinnervated muscle (Hoffman 1953; McArdle, 1975;
Brown & Ironton, 1978; Rich & Lichtman, 1989; Barry &
Ribchester, 1995; Costanzo et al. 2000). In the present
study we also found evidence for reinstatement of a

synaptic withdrawal response to axotomy in mature Wld-
expressing mice.

Figure 8. Persistence of neuromuscular junctions following axotomy in thy1-CFP/Wld-
homozygous mice
A, confocal projection image of endogenous CFP fluorescence of a group of axons and terminals supplying
motor endplates, counterstained with TRITC-a-bungarotoxin, in an isolated, unfixed lumbrical muscle,
4 days after axotomy. CFP fluorescence has been pseudo-coloured green, TRITC fluorescence red.
B, electrophysiological recordings of robust (left) and weak (middle: low quantal content, failures) synaptic
responses recorded from FDB muscle fibres in the same axotomised foot. The record on the right shows that,
as in normal Wld mice, a few fibres fail to respond, corresponding to unoccupied endplates. Scale
bars = 5/im (vertical); 10 ms (horizontal).
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The main similarities between synapse elimination and
axotomy-induced synapse withdrawal in Wlds are the
partial occupancy ofendplates and formation of retraction
bulbs (Fig. 2) and a decline in synaptic efficacy (quantal
content) that appears to precede loss of presynaptic
terminals (Figs 2 and 3; see Riley, 1977; Gorio et al. 1983;
Balice-Gordon et al. 1993; Balice-Gordon & Lichtman,
1993; Colman et al. 1997; Kopp et al. 2000). An additional
conspicuous feature of the terminals undergoing
axotomy-induced withdrawal was accumulation ofneuro¬
filaments (see also Watson et al. 1993; Ribchester et al.
1995). It has previously been suggested that neuro¬
filaments are removed from nerve terminals in advance of

synapse elimination (Roden et al. 1991). However, EM
reconstructions of retraction bulbs in neonatal muscle

show clear evidence ofneurofilament accumulation (D. L.
Bishop & J. W. Lichtman, personal communication).
Interestingly, the earliest study of motor nerve terminal
degeneration at axotomised rabbit neuromuscular
junctions (Tello, 1907) shows evidence of partial
occupancy of endplates and retraction of synaptic
terminals, but an ultrastructural study by Bixby (1981)
showed that axotomy of wild-type rabbit neuromuscular
junctions produced similar changes to those in rats and
mice. It would be interesting to describe in more detail the
pattern of synapse withdrawal in Wld mice using repeated
or continuous visualisation methods ( Keller-Peck et al.
2001; Lichtman & Fraser, 2001) in order to appraise
further the similarities with or differences from synapse
elimination. For example, such methods could be used to
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Figure 9. Schematic representation of the compartmental model of neurodegeneration
A, schematic representation of the compartmental model of neurodegeneration indicating the different
degenerative compartments present in neurones (blue = cell body; purple = axon; yellow = synaptic
terminals; drawing based on Nicholls et al. 1992, reproduced with permission from Gillingwater &
Ribchester, 2001). B, schematic representation, based on the findings of the present study, of alternative
modes of synaptic degeneration. We envisage a continuum extending from developmental synapse
elimination (left) to Wallerian degeneration (right). Between these limits, are the typical responses to
axotomy in young Wld mice (middle left) and more mature Wld mice (right). Axotomy induces withdrawal,
resembling synapse elimination in young Wld mice. In older Wld mice the synaptic response to axotomy
more closely resembles wild-type, although axons are still protected by the Wld gene. Arrows on the left
diagram (synapse elimination) imply one hypothetical link: perhaps selective physiological trafficking of
maintenance factors during early postnatal development (or after reinnervation) results in the same
withdrawal response as that induced by surgical axotomy in young Wld mice.
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observe patterns of retraction of Wlds synaptic boutons at
different endplates within the same motor unit (cf. Keller-
Peck et al. 2001). This may also help to resolve whether
synapse withdrawal is initiated locally at endplates, or
stochastically as a result of differences in the rate of
trafficking of maintenance molecules into different
collateral branches of a motor axon, a mechanism some¬

times referred to as 'intrinsic withdrawal' (Brown et al.
1976; Thompson & Jansen, 1977; cf. Betz et al. 1980). The
phenomenon of axon retraction in the absence of
competing inputs at the same endplate has been rather
neglected since its endorsement by Fladby & Jansen
(1987). Further studies of axotomy-induced retraction of
synapses in Wld-expressing mice could throw further light
on this issue.

We also demonstrated that age has no effect on Wld gene
expression or on the biochemical or morphological
preservation of Wld axons, but that preservation of
axotomised synaptic terminals is clearly transformed with
age in both character and kinetics, with a time constant of
~1 month. Synaptic terminals in mice of ~4 months and
older were lost more rapidly and the degeneration of
synapses began to show all the hallmarks of 'classical'
degeneration. Thus, the present findings help to resolve a
discrepancy in the earlier reports concerning the age-
dependent loss of the Wlds phenotype. On the one hand,
our findings support those of Crawford et al. (1995), by
showing that axonal loss was independent of age, and
therefore suggest that the loss ofnerve conduction with age
(Perry et al. 1992; Tsao et al. 1994) must have some other
explanation. Crawford et al. (1995) used a cholinesterase
stain combined with immunostaining for ubiquitin
hydrolase to assay the preservation of terminals following
axotomy in mice aged up to 16 months. On the other
hand, our present analysis clearly shows - using a
combination of electrophysiology, vital staining with
FM1-43, immunocytochemistry and electron microscopy
- that preservation of axotomised Wlds nerve terminals is
strongly age dependent. Moreover, when we compared the
level ofprotection conferred upon existing synapses in old
Wld5 mice and regenerated synapses, it became clear that it
is the maturity of the synapse rather than age of the motor
neurone (or the mouse) which is important. Whether this
is a consequence of the biochemical state of the
regenerated terminal and local regulation of the response
to axotomy, or to recapitulation of patterns of gene
expression in motor neurone nuclei remains unknown
(for review see Herdegen & Leah, 1998). Another
possibility that has recently come to light is that synapses
in different muscles may react quite differently to nerve
injury and in an age-dependent fashion over a similar
time-scale to that we have reported here (Pun et al. 2002).
The loss of a synaptic withdrawal response revealed in
Wlds mice as they mature may also have a bearing on
previous findings that synaptic boutons can be induced to

withdraw by selectively blocking activity at some normal
adult mouse muscle motor endplates, but not others (see
Fig. 6 in Balice-Gordon 8c Lichtman, 1994). Perhaps the
age of the mice should be an important consideration in
the design ofsuch experiments.

The present findings provide further support for the
theory that neurones are compartmentalised with respect
to the mechanisms they contain for bringing about
degeneration. They extend the notion of 'dynamic
polarisation' of the neurone, to degenerative mechanisms
as well as those responsible for sub-cellular differentiation
(Changeux, 2001; Gillingwater 8c Ribchester, 2001).
Specifically the response to axotomy of young, old and
regenerated Wld5 synapses suggests that newly-
established, mononeuronally innervated junctions retain
the molecular mechanisms required to execute retraction
of supernumerary synapses, beyond the period when they
are normally eliminated as part of postnatal development
(Parson et al. 1997; Ribchester, 2001). An extension of this
hypothesis is that neonatal synapse elimination, and by
extension axonal branch elimination, may be triggered by
a 'physiological axotomy', perhaps arising from small
axonal constrictions in an axon collateral or from selective

trafficking of an as yet unidentified synaptic maintenance
factor produced by the cell body (Gillingwater 8c
Ribchester, 2001; see also Raff etal. 2002). In addition, the
finding that Wld5 axons are protected from degeneration
at all ages, but synapses are not, suggests that both
mechanisms of synaptic degeneration (withdrawal in
young Wld mice and Wallerian-like degeneration in older
mice) occur independently of axonal degeneration. Thus,
the present study of young and old Wld5 mice (or their
transgenic equivalents) has revealed a continuum between
at least two types of synaptic degeneration, both distinct
from Wallerian degeneration (Fig. 9).
How does Wld gene initially protect axons and synapses
from degeneration? The Wld protein is localised to cell
nuclei (Mack et al. 2001), and this means that the
protection of axonal and synaptic protection must be an
indirect consequence of the expression of the gene. Our
cross-breeding of the Wld gene into mice expressing
fluorescent protein, as well as offering unrivalled future
opportunities for further analysis of the mechanisms of
synaptic degeneration, suggests that in general the mutant
gene does not interact with other genes that are uniquely
expressed in axons and synapses. An important clue may
lie with the incorporation of the N-terminal 70 amino
acids ofUbe4b, a ubiquitination cofactor, in the Wld gene.
This raises interesting questions about the possible role of
ubiquitination in neuromuscular synaptic plasticity and
the synaptic response to axotomy. It is noteworthy that
Drosophila mutants in which ubiquitin ligases or

deubiquitinating proteases are up- or downregulated
show systematic changes in neuromuscular synaptic form
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and function (Wan et al. 2000; DiAntonio et al. 2001).
Speculation that ubiquitination might regulate
mammalian synaptic form and function (Chang & Balice-
Gordon, 2000) receives circumstantial support from the
present findings. Thus, it will be important to find ways to
critically evaluate the role of protein ubiquitination in
synapse withdrawal and degeneration, whether induced by
axotomy in Wlds mice, or occurring during normal
synapse elimination. The way ahead may lie with the
manufacture of other genes that more directly protect
synapses from the normal consequences ofnerve lesions.
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Endogenous electric field
around muscle fibres
depends on the Na+-K+ pump

W. J. Betz, J. H. Caldwell* & R. R. Ribchestert

Department of Physiology, University of Colorado Health Science
Center, Denver, Colorado 80262

K. R. Robinson* & R. F. Stump?

Division of Molecular and Cellular Biology, National Jewish Hospital,
Denver, Colorado 80206

We describe here experiments which reveal a new physiological
specialization in the endplate (synaptic) region of skeletal
muscle fibres. Using a vibrating microelectrode1 which can
detect small currents flowing in extracellular fluid, we have
found that the membrane in the endplate region behaves as
though a steady positive current is generated in this location.
Current re-enters the fibre in the extrajunctional region. Further
experiments show that this current is dependent on the activity
of the sodium pump. The electric field created by this current
may be important for long-term interactions between muscle
and nerve.

Most experiments to be described were performed on small
(lumbrical and flexor digitorum brevis) muscles of the rat hind
foot, although similar results were obtained in a few experiments
with mouse soleus and frog sartorius muscles. Experiments were
performed in vitro at room temperature (23 °C). Muscles were
bathed in Krebs solution buffered to pH 7.4 with bicar-
bonate/C02 or HEPES.

The vibratin&4»icroelectrode works as follows: a metal-filled
glass micropipette with a platinum ball (10-15-p,m diameter)
electroplated on its tip is attached to a piezoelectric bender,
which is driven at a constant frequency (about 260 Hz). Excur¬
sion distance of the electrode tip is about 35 pm. The input
signal is led to a lock-in amplifier (Princeton Applied Research),
which filters (with bandpass equal to the vibration frequency),
rectifies and then averages the signal over many cycles to reduce
noise further (response time constant was 1-10 s). Thus, the
output provides a measure of the peak-to-peak potential
difference between the electrode tip at its excursion limits. Each
electrode is calibrated with a known current source. Peak-to-

peak input voltages were calculated by multiplying d.c. output
values by 2/0.707; all values presented in text and figures are
peak-to-peak. Potential differences of 0.1 pV can be readily
detected. Krebs solution resistivity is 75 fi cm; thus 0.1 pV
corresponds to a current density of about 1 pA crrT2. The
electrode vibration was oriented perpendicular to the long axis
of the muscle; thus, when adjacent to a muscle fibre, it provided
a measure of membrane current at that point. Baseline values
were obtained with the electrode vibrating far (several mm)
from the muscle.

The spatial distribution of current was mapped along the
lateral margin of whole muscles (Fig. la). Outward current was
detected near the middle of the muscle, and the maximum
outward current was invariably located at the endplate zone,
which was identified by subsequent staining for acetyl¬
cholinesterase. In the flanking regions, membrane current
reversed direction and flowed inward (Fig. la; b, filled circles).
This pattern is drawn schematically in Fig. lc, which also
illustrates relative dimensions of the electrode and fibre.

To gain further information about the spatial distribution of
current sources and sinks, experiments were repeated on single

Present addresses: *Division of Molecular and Cellular Biology, National Jewish Hospital,
Denver, Colorado 80206; tlnstitute of Physiology, University of Oslo, Karl Johans Gate 47,
Oslo, Norway; tDepartment of Physiology, University of Connecticut Health Center, Farming-
ton, Connecticut 06032.
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Fig. 1 a, Current pattern around whole muscle. The electrode,
vibrating continuously, was alternately moved close to the muscle
(marked by bars) and then away to a remote reference position in
the bath. Recording positions near the muscle are shown by lines
connecting the bars to the drawing of the muscle; the stippled area
in the drawing marks the endplate zone. The current was largest
when the electrode was at the endplatc zone, and reversed sign in
the flanking regions. Upward deflection represents outward cur¬
rent. Tho electrode was vibrated perpendicular to the long axis of
the muscle (see c). b, Amplitude of the current (recorded near the
muscle) is plotted as a function of distance from the cndplatc
region. Results from •, an experiment on a whole muscle, and O,
an isolated muscle fibre, c, Schematic diagram of a single muscle
fibre depicting endogenous current pattern. The electrode tip and
muscle fibre are drawn to illustrate approximate scale (bar =

50 (im).

isolated muscle fibres. Flexor digitorum brevis muscles were
incubated in Krebs containing 0.1-0.3% collagenase for 2-3 h,
and then triturated to release hundreds of single, intact fibres2.
The current pattern around single fibres was like that obtained
for whole muscles (see Fig. lb, open circles). The peak outward
current occurred at the endplate, which could be visually
identified on the living cells. In some cases it appeared that the
nerve terminals had been completely removed by the isolation
procedure. Such fibres still generated an outward current in the
endplate region; this identifies the muscle membrane as a source
of the current. The amplitude of the signal fell off rapidly as the
electrode was moved away from the muscle fibre, becoming
undetectable when the electrode was a few hundred p.m from
the fibre. This suggests that, in the whole muscle experiments,
only the fibres near the surface contributed to the recorded
signal. Maximal outward current at the membrane was esti¬
mated to be about 10 p.A cirT2, and integration of the current
profile around the circumference of the fibre gave a value of total
outward current of about 1 nA. In a muscle fibre with an input
resistance of 0.5 Mfl, this should produce a hyperpolarization of
about 0.5 mV.

Five different kinds of experiments suggest a role for the



sodium potassium pump in the generation of the outward cur
rent. In each experiment, whole muscles were used and, after
initial spatial mapping, all measurements were made at the site
of the maximum outward current density (endplatc zone). (1)
Effect of potassium removal: when Krebs solution without
potassium was perfused through the chamber, the outward
current was abolished within 15-30 s (Fig. 2a). The effect was
readily reversible. The rapidity of these effects suggests again
that only fibres near the surface of the muscle contributed to the
recorded signal. (2) Effects of temperature: perfusing the
chamber with ice cold Krcbs solution caused the current to

decrease greatly. Conversely, the signal increased in amplitude
when warmed Krebs solution (37 °C) was infused. These results
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Fig. 2 a, Continuous recording obtained during an experiment to
toot the effect of removal of external potassium ions. During the
times marked by the bars, the electrode was close to the muscle, at
the endplate zone. Note that the endogenous current was abolished
in zero-K Krebs (upward deflection = outward current), b,
Experiment to test the effect of 'sodium loading' of the cndplatc
region. Recordings near the muscle (marked by bars), were made at
the endplate region. After the first two control readings, the
chamber war, perfused with Krobr containing ACh (plus prootig
mine), and the current reversed sign, becoming inward and very
large (note 10-fold gain change). When the chamber was later
perfused with Krcbs containing curare, the current again became
outward, and was about fourfold larger than control. All solutions
contained tetrodotoxin; the time break represents about 20 min.

are consistent with the involvement of a pump. (3) Effect of
ouabain: the cardiac glycoside ouabain is a specific inhibitor of
the sodium pump. When mouse soleus muscle was supcrfuscd
with Krebs solution containing 0.1 mM ouabain, the current was
rapidly abolished. The effect was less clear with rat muscle; 10
mM ouabain reduced, but did not abolish the signal. Rat muscle,
however, is known to be relatively resistant to ouabain3. (4)
Effects of sodium replacement: external sodium was completely
replaced by lithium. Lithium ions can enter muscle cells, but are
not pumped out by the Na+-K' pump. The Li solution reversibly
abolished the current over a period of several minutes. This
effect was probably due to a gradual reduction of internal

sodium concentration, so that the Na+ K+ pump was no longer
active. (5) Sodium 'loading' in the endplate region (Fig. 2b).
Intracellular sodium concentration in the cndplatc region was
increased by perfusing with Krebs solution containing acetyl
choline (ACh, 5xl0~4g mP1) or carbachol (3xl0~5g mP1).
These substances activate ACh receptors, whose distribution is
restricted to the membrane in the endplate region, and which,
when activated, produce an influx of sodium ions. The presence
of these drugs changed the current recorded in the endplatc
region from outward to an extremely large inward current,
reflecting the entry of sodium ions. When the preparation was
subsequently perfused with Krebs solution containing curare
(1 x 10~5g mP1) or a-bungarotoxin (4 x lCrAg mP1) and no ACh
or carbachol, the ACh receptors were blocked, and the recorded
current reversed again, becoming about four times larger than
normal. (Control experiments showed that curare, a-bungaro-
toxin, and tetrodotoxin by themselves had no effect on the
normal outward current). The increased amplitude of the
outward current is consistent with a more active Na* pump, due
to the increased internal sodium concentration.

The results of these experiments lead to the conclusion that
the steady currents which were measured are produced or
maintained by the Na+-K* pump. The existence of such pumps
and their electrogenicity in skeletal muscle are known4. The new
finding reported here is the non-uniform spatial distribution of
membrane current sources and sinks. This must reflect either a

non-uniform distribution of pumping activity (that is, pumps
that are more concentrated, more active, or more electrogenic in
the endplate region) or a non-uniform distribution of leakage
channels, or both. One hypothesis is that there is a higher
concentration of electrogenic Na*-K* pump sites in the end¬
plate region than elsewhere, reflecting the need for removal of
sodium ions that enter the fibre through ACh channels during
nerve-evoked excitation. However, the outward current persis¬
ted in vitro for several hours in the absence of nerve-evoked

activity (even after ACh receptors were totally blocked by
curare or a-bungarotoxin), suggesting that the currents
measured in our experimental conditions were independent of
fluxes through ACh channels.

Whatever the distribution of pumps and leaks, their non-
uniformity produces an electric current and hence an electric
field, whose focus is centred on the endplate region. It is
naturally of interest to inquire whether this field might serve
other functions. For instance, it has recently been shown that
ACh receptor distribution on mvotubes5 and growth of neurites
in culture (ref b, and McCaig, Robinson and Hinkle, unpub¬
lished observations) can be affected by externally applied elec¬
tric fields. This raises the possibility that the endogenous electric
field reported here might be significant for long term inter¬
actions between neurones and muscle fibres. The estimated
peak value of the electric field we measured around single,
isolated muscle fibres is one to two orders of magnitude smaller
than the fields required for effects on ACh receptor distribution
or neurite growth in the studies cited above. However, those
conditions and preparations wprp considerably different from
the ones reported here. Moreover, the electric field which exists
deep within an intact muscle may be larger than that measured
near an isolated fibre. For instance, both the restricted volume of
extracellular space and the presence of many endplates lying in
register would serve to increase electric field strength.
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SUMMARY

Intracellular pH (pH,) has been measured in intact muscle fibres isolated from the mouse flexor
digitorum brevis muscle, using the fluorescence of dicyanohydroquinone as an indicator. The
pHj in fibres cultured from 1 to 14 days ranged from 7 0 to 81. With time in culture, isolated
fibres developed growth cone-like extensions from their ends. These 'myocones' were
significantly more alkaline by 01 -0-2 pH units than the parent fibre. Cultured fibres regulated
pHj in response to acid loading with an NH4CI pulse with recovery rate constants of up to
0-8 pH units/min.

INTRODUCTION

Alkalinization of intracellular pH (pHj) is associated with changes in gene expression in
diverse cell types, ranging from oocytes to cultured fibroblasts (Nuccitelli & Heiple, 1982;
Town, Dominor, Karpinski & Jentoff, 1987). In addition increases in pH; evidently trigger
the assembly of cytoskeletal proteins, leading to changes in cell shape and mitosis
(Moolenaar, Tertoolen & de Laat, 1984). There are rather few studies of pIL in mammalian
skeletal muscle (Aickin & Thomas, 1977a, b\ Aickin, 1986) and no reports, that we are

aware, of measurements of pR in denervated muscle. Denervation of mammalian skeletal
muscle evokes a family of cellular responses due to qualitative changes in gene expression
and protein synthesis (Grampp, Harris & Thesleff, 1972; Metafora, Felsani, Cotrufo,
Tajana, Di Iorio, del Rio, De Prisco & Esposito, 1980). These include expression of
acetylcholine receptors and cell adhesion molecules in the membrane outside the normal,
restricted area of the motor end-plate (Bekoff & Betz, 1977a, b\ Kallo & Steinhardt, 1983;
Covault, Merlie, Goridis & Sanes, 1986). In addition, isolated cultured muscle fibres sprout
growth cone-like structures ('myocones') from their ends (Bekoff & Betz, 19776;
Glavinovic, Miledi & Nakajima, 1983; Bischoff, 1986), especially when cultured on
laminin-coated substrata (Ribchester & Rowand, 1986). We have now compared the
intracellular pH of normal, chronically denervated and cultured skeletal muscle fibres using
dicyanohydroquinone, a pH-sensitive fiuorochrome (Valet, Raffael, Moroder, Wunsch &
Ruhenstroth-Bauer, 1981), as an indicator. Our results suggest that denervated muscle
fibres may be more alkaline than innervated fibres, and that pH gradients may be generated
in intact muscle fibres during prolonged culture.
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METHODS

The flexor digitorum brevis (FDB) muscle on one side of adult female CBA mice was denervated
under sodium pentobarbitone anaesthesia (60mg/kg; i.p.) by sectioning the tibial nerve. The
denervated and contralateral muscles were isolated 7-10 days later. They were incubated in
mammalian saline (Liley, 1956) containing 0 3 % collagenase (Sigma type I) for 1-5 h at 4 °C followed
by 1 -5 h at 37 °C, then dissociated by trituration and either studied immediately or cultured in
Trowells T8 medium supplemented with 10% fetal calf serum, 40 /tg/ml conalbumin and antibiotics
(gentamycin-kanamycin), on glass cover-slips coated with 1 //g of laminin (Ribchester & Rowand,
1986). For pH, measurements the fibres were loaded (2-10 min) with a membrane-permanent ester
derivative of dicyanohydroquinone, namely l,4-diacetoxy-2,3-dicyanobenzol (ADB, 50 /rg/ml:
Paesel, F.R.G.). Fibres were mounted on the stage of a Nikon Diaphot inverted microscope and
superfused with either FlEPES-buffered or bicarbonate-CO,2-buffered Krebs solution at 33-37 °C.
Fluorescence of individual fibres was induced by irradiation at 405 nm with a Xenon lamp, and
photon emissions were counted using two photomultipliers (Thorn EMI. Model 9924B) at 435 and
510 nm. The pHj was obtained from the ratio (Gillespie & Greenwell, 1987). Although the ratio of
emission at the two wavelengths was independent of the absolute intensity of fluorescence, in practice
measurements were only taken from fibres emitting more than 10000 photons/s at both wavelengths
(aperture area ca. 500 //m2), in order to ensure a high signal-to-noise ratio. Intracellular pH was
calculated with reference to a calibration curve made by treating fibres with 10//g/ml nigericin in
saline containing 135mM-KCl (Thomas, Buchsbaum, Zimniak & Racker, 1979). Under these
conditions it was assumed pHj was equal to extracellular pH. The ratio of fluorescence was linear
between pH 6-0 and 8-2.

The data were grouped into three categories: fibres from muscles innervated up to the time of
dissociation and either studied immediately or cultured for 1-2 days (short-term cultures), fibres
cultured for 2-14 days (long-term cultures), and fibres denervated in vivo 7 days prior to dissociation
and cultured for 1-14 days (denervated cultures).

RESULTS

Examples of isolated cultured fibres are shown in Fig. 1. Immediately-dissociated fibres are
about 500 //m long and 30 //m in diameter. The aperture on the fluorescence detector was
set to cover a small area of each muscle fibre (see Methods), so it was possible to compare
the fluorescence of different parts of the same fibre. There was no difference in pHj of the
middle compared with the ends of short-term-cultured fibres (Fig. 1C). These
measurements were made in HEPES-buffered Krebs solution (pH 7-4) and in this medium
the mean pFIi was 7-55 ±0T8 (mean + s.D., « = 24 fibres). Seven-day-denervated muscle
fibres developed myocones (Fig. 1 B) when isolated and cultured for 2-15 days. These
motile, growth cone-like structures were significantly more alkaline by up to 0-2 pH units
than the parent muscle fibre (Fig. 1 D; P < 0-001, paired t test). In this sample, the middle
of the fibres had a pHi of 7-81 ±0-22, significantly more alkaline than control, short-term-
cultured fibres (PcO-Ol, t test). In other samples, however, in which pHj was only
measured from one site, there was no significant difference between short- or long-term-
cultured fibres, or fibres denervated for 1-2 weeks prior to dissociation and culture. Overall,
PH, was 7-66±0-20 (n — 211 fibres in fourteen muscles). But in Krebs solution buffered
with 25 mM-bicarbonate and 5% C02, differences between innervated and denervated
fibres were again apparent: pH, was 7-17 + 0-12 (n = 12 fibres) in fibres cultured for 1-2
days, compared with 7-30 + 0-11 (n = 11 fibres; P < 0-02, I test) in fibres denervated for
1 week prior to dissociation and culture.

We attempted to measure the recovery of pH; following an acid load in fourteen fibres
(Fig. 2). Rebound acidification was produced by a 2 min exposure of fibres to HEPES-
buffered Krebs solution containing 30 mM-NH,Cl (Boron & De Weer, 1976). Seven of these
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Fig. I. A, an intact muscle fibre isolated from the mouse flexor digitorum brevis and cultured for 1 day on
laminin substrate. B, fibre from a 7-day-denervated muscle, cultured for a further 8 days on laminin substrate.
Note the membranous expansion (myocone) at the end of the fibre. Calibration bar: 100 /im (A), 200 /im (B).
C, pH, measured in the middle and ends of fibres, innervated up to the time of dissociation, after 1-2 days in
culture. Each line interconnects the measurements from one fibre. D, same as C, but from fibres bearing
myocones after 2 14 days of denervation and/or culture.
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Fig. 2. Responses of isolated muscle fibres to acid load with an ammonium chloride pulse. Increasing pH
represented downwards. In each case there is a 'rebound' acidification following removal of NH,C1. A, 1-day-
cultured fibre; B, 7-day-cultured fibre; C, 3-day-cultured fibre from a muscle denervated 7 days prior to
dissociation. Small oscillations in pH,, evident on the recovery from acid load, were occasionally seen in fibres
at all stages.

fibres did not recover from the acid load within the 10 min observation period. The other
fibres partly regulated their pH,, with rate constants varying between 0-1 and 0-8 pH units/
min. In neither case could recovery be stimulated either by adding bicarbonate, insulin,
epidermal growth factor, culture medium or serum. There was no difference between short-
term cultures, long-term cultures or previously denervated fibres in their capacity to
regulate pH, under the conditions of our experiments. In light of the generally poor
recovery, we did not test the effects of amiloride or stilbene derivatives (Aickin & Thomas,
1977 b).

We occasionally saw small oscillations of pH; (Fig. 2 C) during recovery from an acid
load. These occurred too slowly and too late to be explained by mixing of fluids perfusing
the recording chamber. They may be artifactual, but were not seen during normal
superfusion of the fibres in the recording chamber prior to the acid-loading procedure.

DISCUSSION

We conclude that cellular outgrowth from denervated and cultured adult muscle fibres is
associated with a spontaneous local alkalinization of intracellular pH. This alkalinization
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is comparable to that induced by growth factors and second messengers in other cell types
(Boron, 1984; Moolenaar et al. 1984). One further possibility is that the pH, measurements
in the myocone may reflect intranuclear pH, since myonuclei were clustered in the
myocones, and in some fibres the pH gradient was very steep. In addition, denervated fibres
may be more alkaline than freshly dissociated, innervated fibres cultured for short periods.
The results obtained in HEPES-buffered media were equivocal, but the differences evident
in bicarbonate-C02-buffered saline may indicate a difference in intracellular buffering
power in denervated fibres.

The pHj of the short-term-cultured fibres was about 015 pH units more alkaline than
that of innervated fibres in the mouse soleus muscle, studied with pH-sensitive
microelectrodes by Aickin & Thomas (1977 a, b). This difference may reflect an early
response to denervation, but we are not yet able to rule out the effects of products of
intracellular hydrolysis of ADB, the effects of collagenase on muscle fibres, or possible
overestimates of pH, based on the calibration curves made using nigericin as a hydrogen
ionophore.

Supported by the Wellcome Trust and Action Research for the Crippled Child. We thank Dr David
Ellis for helpful discussion and suggestions.
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SUMMARY

Intracellular pH (pHj) has been measured in intact muscle fibres isolated from the mouse flexor
digitorum brevis muscle, using the fluorescence of dicyanohydroquinone as an indicator. The
pHi in fibres cultured from 1 to 14 days ranged from 7 0 to 81. With time in culture, isolated
fibres developed growth cone-like extensions from their ends. These 'myocones' were
significantly more alkaline by 01-0-2 pH units than the parent fibre. Cultured fibres regulated
pH, in response to acid loading with an NH,C1 pulse with recovery rate constants of up to
0-8 pH units/min.

INTRODUCTION

Alkalinization of intracellular pH (pH,) is associated with changes in gene expression in
diverse cell types, ranging from oocytes to cultured fibroblasts (Nuccitelli & Heiple, 1982;
Town, Dominor, Karpinski & Jentoff, 1987). In addition increases in pIT evidently trigger
the assembly of cytoskeletal proteins, leading to changes in cell shape and mitosis
(Moolenaar, Tertoolen & de Laat. 1984). There are rather few studies of pHi in mammalian
skeletal muscle (Aickin & Thomas. 1977a, b\ Aickin, 1986) and no reports, that we are
aware, of measurements of pIL in denervated muscle. Denervation of mammalian skeletal
muscle evokes a family of cellular responses due to qualitative changes in gene expression
and protein synthesis (Grampp, Harris & Thesleff, 1972; Metafora, Felsani, Cotrufo,
Tajana, Di Iorio, del Rio, De Prisco & Esposito, 1980). These include expression of
acetylcholine receptors and cell adhesion molecules in the membrane outside the normal,
restricted area of the motor end-plate (Bekoff & Betz, 1977 a, b\ Kallo & Steinhardt, 1983;
Covault, Merlie, Goridis & Sanes, 1986). In addition, isolated cultured muscle fibres sprout
growth cone-like structures ('myocones') from their ends (Bekoff & Betz, 1977/?;
Glavinovic, Miledi & Nakajima, 1983; Bischoff, 1986), especially when cultured on
laminin-coated substrata (Ribchester & Rowand, 1986). We have now compared the
intracellular pH of normal, chronically denervated and cultured skeletal muscle fibres using
dicyanohydroquinone, a pH-sensitive fluorochrome (Valet, Raffael, Moroder, Wunsch &
Ruhenstroth-Bauer, 1981), as an indicator. Our results suggest that denervated muscle
fibres may be more alkaline than innervated fibres, and that pH gradients may be generated
in intact muscle fibres during prolonged culture.
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METHODS

The flexor digitorum brevis (FDB) muscle on one side of adult female CBA mice was denervated
under sodium pentobarbitone anaesthesia (60mg/kg; i.p.) by sectioning the tibial nerve. The
denervated and contralateral muscles were isolated 7-10 days later. They were incubated in
mammalian saline (Liley, 1956) containing 0-3 % collagenase (Sigma type I) for 1-5 h at 4 °C followed
by 1-5 h at 37 °C, then dissociated by trituration and either studied immediately or cultured in
Trowells T8 medium supplemented with 10% fetal calf serum, 40 //g/ml conalbumin and antibiotics
(gentamycin-kanamycin), on glass cover-slips coated with 1 fig of laminin (Ribchester & Rowand,
1986). For pH, measurements the fibres were loaded (2-10 min) with a membrane-permanent ester
derivative of dicyanohydroquinone, namely l,4-diacetoxy-2,3-dicyanobenzol (ADB, 50/tg/ml:
Paesel, F.R.G.). Fibres were mounted on the stage of a Nikon Diaphot inverted microscope and
superfused with either HEPES-bufTered or bicarbonate-C02-buflered Krebs solution at 33-37 °C.
Fluorescence of individual fibres was induced by irradiation at 405 nm with a Xenon lamp, and
photon emissions were counted using two photomultipliers (Thorn EME Model 9924B) at 435 and
510 nm. The pEF was obtained from the ratio (Gillespie & Greenwell, 1987). Although the ratio of
emission at the two wavelengths was independent of the absolute intensity of fluorescence, in practice
measurements were only taken from fibres emitting more than 10000 photons/s at both wavelengths
(aperture area ca. 500 /im2), in order to ensure a high signal-to-noise ratio. Intracellular pH was
calculated with reference to a calibration curve made by treating fibres with 10//g/ml nigericin in
saline containing 135 mM-KCl (Thomas, Buchsbaum, Zimniak & Racker, 1979). Under these
conditions it was assumed pFF was equal to extracellular pH. The ratio of fluorescence was linear
between pH 6 0 and 8-2.

The data were grouped into three categories: fibres from muscles innervated up to the time of
dissociation and either studied immediately or cultured for 1-2 days (short-term cultures), fibres
cultured for 2-14 days (long-term cultures), and fibres denervated in vivo 7 days prior to dissociation
and cultured for 1-14 days (denervated cultures).

RESULTS

Examples of isolated cultured fibres are shown in Fig. 1. Immediately-dissociated fibres are
about 500 //m long and 30 //m in diameter. The aperture on the fluorescence detector was
set to cover a small area of each muscle fibre (see Methods), so it was possible to compare
the fluorescence of different parts of the same fibre. There was no difference in pH; of the
middle compared with the ends of short-term-cultured fibres (Fig. 1C). These
measurements were made in HEPES-buffered Krebs solution (pH 7-4) and in this medium
the mean pHi was 7-55 + 0-18 (mean + s.D., n = 24 fibres). Seven-day-denervated muscle
fibres developed myocones (Fig. 1 B) when isolated and cultured for 2-15 days. These
motile, growth cone-like structures were significantly more alkaline by up to 0-2 pH units
than the parent muscle fibre (Fig. 1 D, P < 0-001, paired t test). In this sample, the middle
of the fibres had a pHj of 7-81 ±0-22, significantly more alkaline than control, short-term-
cultured fibres (PcOOl, t test). In other samples, however, in which pHj was only
measured from one site, there was no significant difference between short- or long-term-
cultured fibres, or fibres denervated for 1-2 weeks prior to dissociation and culture. Overall,
pHj was 7-66±0-20 (n = 211 fibres in fourteen muscles). But in Krebs solution buffered
with 25 mM-bicarbonate and 5% CO,2, differences between innervated and denervated
fibres were again apparent: pH( was 7-17 + 0-12 (n = 12 fibres) in fibres cultured for 1-2
days, compared with 7-30 + 0-11 (n = 11 fibres; P < 0-02, t test) in fibres denervated for
1 week prior to dissociation and culture.

We attempted to measure the recovery of pHi following an acid load in fourteen fibres
(Fig. 2). Rebound acidification was produced by a 2 min exposure of fibres to HEPES-
buffered Krebs solution containing 30 mM-NH4Cl (Boron & De Weer, 1976). Seven of these
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Fig. 1. A, an intact muscle fibre isolated from the mouse flexor digitorum brevis and cultured for 1 day on
laminin substrate. B, fibre from a 7-day-denervated muscle, cultured for a further 8 days on laminin substrate.
Note the membranous expansion (myocone) at the end of the fibre. Calibration bar: 100/<m (A), 200 /im (B).
C, pH, measured in the middle and ends of fibres, innervated up to the time of dissociation, after 1-2 days in
culture. Each line interconnects the measurements from one fibre. £>, same as C, but from fibres bearing
myocones after 2 14 days of denervation and/or culture.
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Fig. 2. Responses of isolated muscle fibres to acid load with an ammonium chloride pulse. Increasing pli
represented downwards. In each case there is a 'rebound' acidification following removal of NH,CI. A, 1-day-
cultured fibre; B. 7-day-cultured fibre; C, 3-day-cultured fibre from a muscle denervated 7 days prior to
dissociation. Small oscillations in pHp evident on the recovery from acid load, were occasionally seen in fibres
at all stages.

fibres did not recover from the acid load within the 10 min observation period. The other
fibres partly regulated their pH,, with rate constants varying between 0T and 0-8 pH units/
min. In neither case could recovery be stimulated either by adding bicarbonate, insulin,
epidermal growth factor, culture medium or serum. There was no difference between short-
term cultures, long-term cultures or previously denervated fibres in their capacity to
regulate pH, under the conditions of our experiments. In light of the generally poor
recovery, we did not test the effects of amiloride or stilbene derivatives (Aickin & Thomas,
1977 ft).

We occasionally saw small oscillations of pHj (Fig. 2C) during recovery from an acid
load. These occurred too slowly and too late to be explained by mixing of fluids perfusing
the recording chamber. They may be artifactual, but were not seen during normal
superfusion of the fibres in the recording chamber prior to the acid-loading procedure.

DISCUSSION

We conclude that cellular outgrowth from denervated and cultured adult muscle fibres is
associated with a spontaneous local alkalinization of intracellular pH. This alkalinization
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is comparable to that induced by growth factors and second messengers in other cell types
(Boron, 1984; Moolenaar et al. 1984). One further possibility is that the pHj measurements
in the myocone may reflect intranuclear pH, since myonuclei were clustered in the
myocones, and in some fibres the pH gradient was very steep. In addition, denervated fibres
may be more alkaline than freshly dissociated, innervated fibres cultured for short periods.
The results obtained in HEPES-buffered media were equivocal, but the differences evident
in bicarbonate-C02-buffered saline may indicate a difference in intracellular buffering
power in denervated fibres.

The pHj of the short-term-cultured fibres was about 015 pH units more alkaline than
that of innervated fibres in the mouse soleus muscle, studied with pH-sensitive
microelectrodes by Aickin & Thomas (1977a, b). This difference may reflect an early
response to denervation, but we are not yet able to rule out the effects of products of
intracellular hydrolysis of ADB, the effects of collagenase on muscle fibres, or possible
overestimates of pE^ based on the calibration curves made using nigericin as a hydrogen
ionophore.
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Optical measurements of activity-dependent membrane
recycling in motor nerve terminals of mammalian
skeletal muscle
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SUMMARY

Motor nerve terminals in a variety of rat and mouse skeletal muscles were stained in an activity-dependent
fashion using the styryl dyes FM1-43 or FM2-10. Low-light video microscopy and digital image
processing techniques were used to evaluate destaining of the preparations during application of
depolarizing stimuli. Best results were obtained with the mouse triangularis sterni muscle. Quantitative
analysis of the destaining of dye-loaded terminals supports the suggestion that FM1-43 stains a recycling
membrane compartment, most probably synaptic vesicles. However, the pattern of staining and
destaining were not the same as those reported previously for frog neuromuscular junctions. The pattern
of nerve terminal staining was less punctate and the rate and amount of activity-dependent destaining
were less than in frog muscle. Part of the explanation may be a more acute susceptibility of mammalian
terminals to phototoxicity.

1. INTRODUCTION

Endocytosis and exocytosis are fundamental mech¬
anisms used by cells to interact with and to influence
their local environment. These two processes are tightlv
co-ordinated at neuromuscular junctions. Neurotrans¬
mitter is packaged in motor nerve terminals within
synaptic vesicles. Depolarization of the nerve terminal
triggers fusion of the vesicles with the plasma mem¬
brane, and release of transmitter by exocytosis into the
synaptic cleft. Synaptic vesicles are reconstituted, at
least in part by recycling of nerve terminal and vesicle
membrane via cndocytosio (Katz 1969; Heuscr 1989;
Sudhof & Jahn 1991; Kelly 1993). Both exocytosis and
endocytocis are Ca2+ dependent (Ceccarelli & Hurlbut
1980), although the mechanisms of their co-ordination
are not understood.

Recent studies of neuromuscular junctions in rep¬
tilian and amphibian muscle suggest it is possible to
visualize the recycling of vesicles at neuromuscular
junctions in real time, using vital fluorescent dyes
(Lichtman et al. I 985 ; Betz el al. 1992 6). For example,
certain styryl pyridinium dyes stain nerve terminals in
an activity-dependent fashion, and the pattern of
staining matches that of synaptic vesicle distribution,
in alignment with the postsynaptic acetylcholine
receptors (Betz et al. 19926; Betz & Bewick 1992,
1993). In an earlier study (Betz et al. 19926) it was
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shown that mammalian terminals can also be stained

by bathing preparations in a depolarizing solution
containing the styryl dye FM1-43. The object of the
present study was to determine whether terminals
stained with this dye, or with a related, more

hydrophilic derivative, FM2-10, would also destain in
an activity-dependent fashion, using either depolar¬
izing solutions or nerve stimulations. We therefore
hoped to establish whether such dyes have a more
general utility for studying synaptic vesicle recycling in
tissues other than frog muscle. Our results show that
mammalian motor nerve terminals can be stained and
destained with the styryl dves FM1 43 and FM2 10 in
an activitv-dependent manner. However, the pattern
of staining differs in subtle, but significant ways from
the staining of frog motor nerve terminals. The
timecourse of destaining, which is assumed to reflect
the rate of exocytosis and recycling of synaptic vesicles,
is also different from that of frog neuromuscular
junctions.

2. METHODS

Nerve muscle preparations were made from adult rats or
mice killed by stunning and cervical dislocation. Preparations
included the flexor digitorum brcvis, second and fourth deep
lumbrical. hemidiaphragm and triangularis sterni ;ts1. TS
muscfes wore dissected according to the description given by
McArdle et at. 19811.

Nerve-muscle preparations were pinned to the base of a
Sylgard-lined 5 cm Petri dish. Motor nerve terminals were
stained in these preparations bv bathing them in mammalian
physiological saline containing either 2 gM I' M 1-43 or

© 1994 The Roval Societe(
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100|imFM2-10 (figure la). The ionic composition (in
millimoles per litre) of the saline was as follows: Na+, 149,
K\ 5, Ca2+, 2, Mg2+, 1, CT, 145.8, H2P04", 0.3, HC03",
11.9. Solutions were supplemented with d-glucose (11.9 mm)
and bubbled with 95 °0 O2/5°0 CO,2. Sometimes a modified
saline was used, in which K+ was increased to 60 mm and Na+
was reduced by 55 mm ('high-K saline')- Staining with
preparations in high-K saline was effected by bathing
preparations in the dye solution for 3-5 min, then washing
the dye from the recording chamber by continuous super-
fusion with normal saline. Preparations stained using nerve
stimulation were incubated in dye solution for 3-5 min, then
the nerve was stimulated with trains of pulses 200 |is in
duration, for 5-10 min. Typically, pulse trains were at 30 Hz
lasting 5 s, repeated every 20 s; but shorter and longer trains
at 20-75 Hz also produced effective staining.

Preparations were washed for 20-45 min with normal
physiological saline, and then viewed in a fluorescence
microscope equipped with a 100 W mercury lamp. The
intensity of the light source was attenuated with 10-50°0
transmittance neutral density filters, placed in front of a

ground glass filter which itself attenuated transmitted light
by 80 °0. Thus the overall attenuation of the light source used
to illuminate terminals was 90-98°/0. The transmitted light
was then passed through 430-440 nm bandpass filter and
455 nm dichroic mirror. Emitted light was collected through
a 500-600 nm barrier filter and viewed with a Dage-MTI 66-
S1T camera. Images were captured at intervals varying
between 30 s and 5 min, using an Imaging Technology frame
store. The images (or more usually, parts of the image
containing the region of interest) were written to disc in a
Silicon Graphics Personal Iris computer and subsequently
processed with software supplied by G. W. Hannaway &
Associates (Boulder, Colorado). Typically, successive images
(8-bit, 256 grey levels; 32-64 frame averages) of a stained
terminal were aligned and identically linear contrast stretched
using the maximum pixel intensity in the first image and the
minimum pixel intensity in the last image as limits. Brightly
stained regions in the terminals were marked, and the mean
intensity of 4-20 pixels in each region was computed. Graphs
and best-exponential curve fits were prepared on an IBM-PC
compatible computer, using SigmaPlot 5.0 (Jandel Scientific,
Erkrath, Germany).

The video gain and offset of the SIT camera were
monitored at the start of each experiment using an
oscilloscope and set optimally for the range of fluorescence
intensity at the neuromuscular junction to be studied. The
gain and black level of the frame store were also adjusted to
encompass the maximum and minimum intensities in the
image. The linearity of the video system was checked by
interposing calibrated neutral density filters between the
mercury lamp and the specimen. The linearity of the
measurements was not affected by the subsequent linear
contrast stretching applied to the stored images.

Terminals were destained either by bathing preparations
in high-K saline, or by nerve stimulation using patterns
similar to those used to induce staining. d-Tubocurarine
(5 |im) was normally added to the bathing medium to block
muscle contractions during nerve stimulation.

3. RESULTS

FM1-43 at a concentration of 2 p.M caused activity-
dependent staining of motor nerve terminals in all the
rat and mouse skeletal muscles tested, including the
flexor digitorum brevis, lumbrical muscles, hemidia-
phragm, and triangularis sterni. In all cases effective
staining required depolarization of the terminals

during incubation with the dye; either by exposure of
the muscles to high concentrations of K+ ions (60 mM)
in the bathing medium, or to intermittent nerve
stimulation at 20-50 Hz. Residual background stain¬
ing, after washout of the dye, was relatively high in all
but the mouse triangularis sterni muscle (ts). Labelled
terminals were uniformly fluorescent, although the
terminals contained some regions that were more
brightly fluorescent than others (figure 1). However, in
contrast to the labelling of frog nerve terminals with
FM1-43 (see also Betz et al. 1992 a, b), there were no
discrete, punctate spots of staining (see Discussion).

A similar pattern of staining was seen using FM2-10,
but a higher concentration was required (100 |Tm). At
this concentration, FM2-10 rapidly, but reversibly,
blocked neuromuscular transmission. Other styryl dyes
also have anti-cholinergic properties (see Betz et al.
1992). In general, the intensity of staining with FM2-
10 was weaker than with FAI1-43, but background
staining after washing out the dye was also lower
(figure 1).

The ts muscle is extremely thin - no more than 1-3
fibres thick over most of its extent - and this probably
accounts for the low background staining with FM1-
43. An additional advantage of the ts is that in this
muscle many terminals lie superficially on the muscle
fibres and completely within a single horizontal image
plane of the microscope (figure 1). The high
signal:noise ratio of labelled ts terminals, taken
together with their superficial location, facilitated
quantitative measurements of terminal fluorescence
during activity-dependent destaining.

Labelled ts terminals destained passively (i.e. with¬
out nerve stimulation) over the course of 1-3 h in
normal bathing medium. But destaining was con¬
siderably accelerated by stimulating the nerve, either
electrically or with high-K solutions. Figure 2 shows
the timecourse of destaining in terminals from two
different preparations. Groups of 4-20 bright pixels
were selected and the average pixel intensities in each
group at corresponding positions on successive video
images were measured. The rate ofdestaining appeared
to be uniform throughout a terminal, even though the
initial intensity of fluorescence was not quite uniformly
distributed (figure 1). Destaining occurred very rapidly 1
when muscles were exposed to high K+, and was
virtually complete within 3-5 min (figure 2a). It was
difficult to obtain accurate data on the rate of

destaining in high K+, however, because the move¬
ments of the muscle fibres during the potassium
contracture made the images of the terminals unstable.
This was not a problem when destaining was induced
by nerve stimulation, provided d-tubocurarine (5 pM)
was included in the bathing medium (figure 2 b).
Stimulation at 30 Hz resulted in a slower rate of

destaining than that in 60 ium K+ solutions. The rate
was greatest during the first 3 min of stimulation, then
slowed. For example, the timecourse of destaining in
the terminal shown in figure 2 b was best fit by the sum
of two exponentials; a rapid component with a time
constant of 2.3 min and a slow component with a time
constant of 83 min. Attempts to fit the timecourse with
a single exponential gave unsatisfactory results.

I'roc. R. Soc. Lond. B (1994)
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(a) (CH3CH2) 3N+(CH2)3 +N ' ^)CH = CH;f j) N((CH2),. CH3)2
FM1-43: i = 3
FM2-10: / = 1

(b) (0
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Figure 1. tin Molecular structure of the styryl dyes used in the present study. The structure of FM1-43 differs from
that of FM2-10 only in the lengths of the terminal hydrocarbon chains. (b e) Motor nerve terminals in frog cutaneous
pectoris ib) and mouse ts c e) muscles loaded with FM1-43 or FM2-10, then destained. The left and right images
in each case are digitized images obtained before and after destaining. Each pair of images was identically contrast-
stretched. ib) Frog cutaneous pectoris terminal stained and destained with FM1-43 by electrical stimulation, (c) FM2-
10 stained terminal in mouse ts, destaining induced by high-K solution. Id) FM1-43 stained terminal in mouse ts,
destaining induced by high-K solution. (>) FM1-43 stained terminal in mouse ts, destaining induced by nerve
stimulation. In each case the left-hand image was taken before stimulation and the right hand image 15 min after
incubation in high-K solution or 15 min after intermittent stimulation at 30 Fiz. Note in U) that despite the destaining
ol the motor nerve terminal, the intensity of the passive staining of the preterminal axon (arrow) hardly changes at
all. Calibration: 8 pm.

Significant destaining did not occur during the
intervals between intermittent bouts of stimulation.

Figure 3 shows the change in local mean pixel intensity
at selected spots in a ts terminal during and after two
periods of stimulation. The nerve was first stimulated
at 50 Hz in two 5 s trains separated by 20 s. The
preparation was then rested for 15 min, then in¬
termittent stimulation was resumed at 30 Hz. Mean

pixel intensity declined during both periods of stimu¬
lation, but did not vary systematically during the
resting period. As expected, the initial rate ofdestaining
during the first period, about ten grey levels per minute
(eight-bit resolution), was less during the second
period, about five grey levels per minute. This may be
attributed partly to the different rates of stimulation in
the two periods, but a slower rate is also to be expected
as unlabelled synaptic vesicles become incorporated
into the releasable pool (Betz & Bewick 1992, 1993).

Prolonged stimulation did not produce complete

destaining of labelled nerve terminals: the residual
fluorescence of a destained terminal was normally
higher than the background fluorescence of the
underlying muscle fibre. The residual terminal fluor¬
escence may have been due in part to phototoxic
damage of terminals resulting from prolonged and
repeated exposure of the loaded terminals to the light
source. For example, over-illumination blocks de¬
staining of frog neuromuscular junctions stained with
FM1-43 (Betz etal. 1992£). In the present experiments,
best results were obtained when terminals were imaged
intermittently for brief periods, and when the strength
of illumination from the mercury lamp was limited to
2°() transmittance using neutral density filters. In
contrast, when terminals stained with FM1-43 were

continuously illuminated over a 10-20 min period with
5°,, transmittance of incident light, the amount of
destaining during stimulation was much less than that
of neighbouring, unilluminated terminals (figure 4).

Prof. R. Sac. Land. B ( 1994)
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time / min
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Figure 2. Timecourse of destaining of two of the terminals
stained with FM1-43 shown in figure 1. Each line shows the
average intensity of selected spots comprising 4—20 pixels.
The upper lines are from bright spots in the terminal and the
lower lines are from randomly chosen background spots. The
light source was attenuated by 98 % with neutral density
filters and the terminal was only illuminated during capture
of the video images, a) High-K+ stimulation ' same terminal
as (d) in figure 1). The High-K+ solution was infused at time
zero. (b) Nerve stimulation fsame terminal as N) in figure 1).
Nerve stimulation commenced at the time indicated by the
arrow. The insets show average data from the destaining
spots in each terminal (filled circles', together with the best
nonlinear least-squares double-exponential curve fit to the
averaged data (Marquardt-Levenbergalgorithm; solid line).
The fast time constant for {a) could not be determined
accurately; the slow time constant was 10.5 min. The fast
time constant in (b) was 2.29 min and the slow time constant

was 82.8 min.

4. DISCUSSION

The main finding of the present study is that the
styryl dyes FM1-43 and FM2-10 can be used to label
mammalian motor nerve terminals, in a manner that
presumably reflects the recycling of an intracellular
membrane compartment, most probably synaptic
vesicles. Other dyes that stain motor nerve terminals in
an activity-dependent manner appear to be phylum or
class specific. For example, sulphorhodamine dyes
stain snake motor nerve terminals but not frog or
mammalian terminals (Lichtman el al. 1985; Lichtman
& Wilkinson 1987). Other dyes which stain motor
nerve terminals, such as the carbocyanine dyes
(Yoshikami & Okun 1984) and the styryl dye 4-Di-2-

of mammalian mtj

Figure 3. Terminals do not destain unless the nerve is
stimulated (stim.). Timecourse of destaining of a mouse ts
terminal stained with FM1-43. The nerve was stimulated
with two five second bursts at 50 Hz with 20 s rest in

between, beginning at time zero. Pixel intensities were
monitored over the following 15 min during which there was
no stimulation. Stimulation was then resumed at 30 Hz

intermittently, and the terminal then continued to destain.
Upper five lines, selected bright spots; lower two lines,
background.

_i i i i i

0 10 20

time / min

Figure 4. Prolonged exposure to incident light inhibits
destaining. Timecourse of destaining of a mouse ts nerve
terminal. This terminal was continuously illuminated with
only 95 °0 attenuation of the incident light source using
neutral density filters. Intermittent nerve stimulation at,
30 Hz was applied for the period indicated (solid bar).
Stimulation was stopped, and the bathing medium was
substituted with high-K solution (open bar). There was littlet
additional destaining with nerve stimulation. Addition of
high-K solution produced only a slight additional destaining.
Upper six lines, selected bright spots; lower two lines,
background. Inset: mean data from the six terminal spots.

Asp (Magrassi et al. 1987) do so in an activity-
independent manner. Staining of reptilian nerve
terminals with FM1-43 is also activity-dependent (C.
Smith, S. Fadul & W.J.Betz, unpublished observ¬
ations). Thus our study extends previous ones by
showing that FM-dyes are presently the only ones
available with potential utility for studying common
mechanisms of activity-dependent membrane recycling
at motor nerve terminals in widely different species.
The utility of these dyes as activity-dependent stains
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arises from the polar and non-polar regions of the dye
molecules (Betz et al. 1992). FM2-10 required a higher
concentration, and staining was generally weaker than
with FM1-43, presumably because the FM2-10 mole¬
cules are more hydrophilic, and so they would not be
expected to partition as readily into plasma mem¬
branes. However, the low background staining with
this dye may afford some advantages for quantitative
measurements of nerve terminal destaining. Activity-
dependent staining of frog motor nerve terminals has
also been obtained with similar concentrations of FM2-
10 (S. Fadul & W.J. Bctz, unpublished results).

FM1-43 produces a characteristic, punctate staining
pattern when applied to frog motor nerve terminals
(Bctz et al. 1992 a,b). In contrast, the staining
pattern of mammalian terminals, although not com¬
pletely uniform, was not discretely punctate either.
The punctate staining of frog terminals is attributable
to clustering of synaptic vesicles, a characteristic also
seen in electron micrographs (see, for example, Nicholls
et al. 1992). Synapsin I, a protein associated with
synaptic vesicles also shows a characteristic punctate
distribution with immunocytochemical staining (Val-
torta et al. 1988). It is not known whether synapsin I
has a more diffuse distribution in mammalian ter¬

minals; neither can we entirely rule out at present that
FM1-43 stains a more diffusely distributed membrane
compartment than synaptic vesicles in these terminals.
However, vesicle clustering is not as obvious in electron
micrographs of mammalian terminals as in frog
terminals (e.g. Padykula & Gauthier 1970; Duchen
1971; Rosenthal & Taraskevich 1977; Cardasis &
Padykula 1981). The initial rate of destaining with
depolarizing stimuli was similar to (about half) that of
frog muscle (figure 2): no significant change in
fluorescence intensity occurred between stimuli (figure
3); and the rate of destaining decreased with time or in
subsequent bouts of stimulation (figures 2 and 3). All
these observations are consistent with the conclusions
made from studies of frog terminals that FM1-43 stains
recycling synaptic vesicles.

If it is assumed that existing and recycled synaptic
vesicles have equal probabilities of undergoing exo-
cytosis during stimulation, then as unlabelled vesicles
are added to the pool it is to be expected that the rate
of destaining would decline with time. Ultimately, all
fluorescence should be lost, or at least decline to very
low levels. This appears to happen at frog neuro¬
muscular junctions (Betz & Bewick 1992, 1993). In the
mouse ts terminals of the present study, however, the
time constant of decay of fluorescence was about half
that of frog muscles stimulated under comparable
conditions (Betz & Bewick 1993); and the fluorescence
of stimulated terminals stabilized at a level that was

consistently above background. This may be attribu¬
table in part to phototoxicity arising from the
prolonged irradiation of terminals with incident or
emitted light (figure 4). In frog terminals, phototoxic
effects of FM1-43 become significant only when much
higher levels of illumination are used for long periods
(Belz et al. 1992A; C. Smith & W.J. Betz, unpublished
results), but perhaps mammalian terminals are much
more sensitive than frog terminals in this regard. An

alternative or additional possibility, is that the dye first
labels an 'immediately releasable' store of vesicles, but
with time (during the washing period, for example) a
fraction of this becomes consolidated in a store with a

lower probability of release that is only mobilized
during prolonged stimulation (Hubbard 1963; Elm-
qvist & Quastel 1965; Glavinovic 1979; Koenig et al.
1989; Hurlbut et al. 1990). The rate of destaining in
high-K+ solutions has not been measured previously,
and the present study shows that, although difficult,
this is feasible in the case of mammalian terminals. It

may therefore be possible to resolve the issue of
membrane sub-compartments within terminals by
making measurements during combined nerve-stimu¬
lation and K+-induced depolarization.

An important problem in synaptic physiology is to
understand why exocytosis is a rapid event, while
membrane recycling by endocytosis is much slower
(Katz 1993). The quantitative measurement of
activity-dependent staining and destaining of synapses
with fluorescent styryl dyes like FM1-43, which now
appear to have utility for studying recycling in
mammalian as well as amphibian synapses, and under
different experimental conditions, may help to provide
new insights into this problem.
This work was carried out while R. R. R. was on study leave
from the University of Edinburgh. The work was supported
by grants from Action Research/SPARKS and The Uni¬
versity of Edinburgh Travel and Research Fund (to
R.R.R.); and from National Institutes of Health (10207)
and (23466) to W.J. 15. We are grateful to Mr Steven Fadul
for outstanding technical assistance; and Drs Amanda
Anderson, Andreas Henkel and Mr Corey Smith for helpful
discussions.
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DOUBLE VISION

A novel class of fluorescent aminostyryl dyes,
known as "FM" dyes has attracted the attention
of a growing number of physiologists: the dyes
have featured in several recent Commun¬
ications to the Society from different laboratories.
They promise to illuminate mechanisms in at
least two important areas ofsynaptic physiology:
• the mechanisms and control of recycling of

synaptic vesicle membrane during exocytosis
and endocytosis.

• the relationships between synaptic structure
and function that underly such phenomena
as synaptic plasticity

Bill Betz at the University of Colorado School of
Medicine in Denver and Fei Mao, a chemist with
Molecular Probes Inc, collaborated in the manu¬

facture of the FM dyes, taking as starting material
an amphipathic styryl dye called RH414. This
dye has been around for many years and used as
a voltage-sensitive dye in optical recordings of
action potentials. Betz and Guy Bewick found
that one of the dyes derived from RH414 was
highly effective in staining depolarised motor
nerve terminals (Betz et al 1992). The code
number for this dye was FM1-43.
A growing body of evidence now suggests that
dyes of the class represented by FM1-43 stain
recycling synaptic vesicles. The key to this
property lies in the relative solubility of the dye
molecules in lipid and aqueous solutions.
Specifically, the aliphatic chains at the hydro¬
phobic ends of the molecules allow them to
partition into phospholipid membranes, whilst
two charged quaternary nitrogen groups at the
hydrophilic ends prevent the molecules from
penetrating membranes completely (Betz et al
1992). An added bonus is that the intensity of
the fluorescence increases when the dye
molecules become associated with lipid.
Electrical stimulation of motor nerve terminals
(or depolarisation with solutions containing
high concentrations of K+) stimulates
endocytosis as well as exocytosis. In the presence
of FM1-43, recycled vesicles become loaded
with dye molecules, which become trapped in
the inner leaflets of vesicular membranes (Fig
1). The result is a simple and beautiful
histological stain for living motor nerve
terminals {see back cover)

FM-dyes stain motor nerve terminals in this
activity-dependent fashion in species as diverse
as flies, frogs and rodents (Ribchester et al 1994).
Recently investigators have begun to explore
the utility of FM1-43 for labelling recycled
vesicles at synapses in the central nervous

system. Problems with passive uptake by glia
and damaged cells make it difficult to use FM
d yes to visualise synaptic structure and fu nction

in slice preparations, although there are now a
number of reports of success with isolated and
cultured cells.

Mechanism and Control of Vesicle

Recycling
Betz and his colleagues have seen beyond the
merely aesthetic and qualitative utility of the
FM dyes for studying synaptic vesicle cell
biology. They have shown that when motor
terminals previously loaded with FM1-43 are
repeatedly stimulated (after washing the dye
out of the recording chamber), further rounds of
exocytosis and endocytosis are triggered and
the fluorescence of the labelled terminals

gradually dims. This "destaining" evidently
takes place as labelled vesicles fuse with the
plasma membrane; the dye molecules partition
out and diffuse away into the bathing medium
(Fig 1). The decline in fluorescence can be

RH414

(CHjCH^ N'(CH^ f/ CH - CH- CH =CH If

(Mol.Probes Cat.No. T-1111)

FM1-43

(CHjCH^ N*(Ciy*N ' y CH .CH-/ \- N [(CH^CH ^

(Mol.Probes Cat. No. T-3163)

Stain Destain

Q O

+++•

wash

H-H-

/ >

FM1-43 molecule

Synaptic vesicle

Q Fusion with nerve terminal membrane

Figl
FM dyes appear to stain recycling vesicles as a consequence of their
polarised lipophilicity/ hydrophilicity. The molecular structure (and
Molecular Probes catalogue numbers) are shown in the upper part of the
figure. The lower part of the figure shows schematically how the dye
molecules stick into nerve terminal membranes and, during nerve
stimulation, become incorporated by endocytosis into the pool of vesicles
available for release by exoctytosis. On further stimulation in the absence
of dye, the terminals "destain". Micrographs on the back cover of the
Magazine shoiv frog and mammalian motor nerve terminals labelled with
FM1-43 and RH414. (Diagram based on Betz et al (2992)).
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measured optically using digital fluorescence
imaging techniques, of a similar kind to the
single wavelength Ca2+imaging methods, such
as those based on flou-3. When taken together
with electrophysiolgical measurements, the
optical measurements allow the time course
and extent of vesicle recycling to be calculated
(Fig 2). In an analytical tour-de-force, Betz and
Bewick showed that recycled vesicles rejoin and
randomly mix with the pool of vesicles available
for release after a "dead time" of about a minute

(Betz & Bewick 1993). Recent data suggest it is
also possible to apply these analytical methods
to measurement of recycling in individual
synaptic boutons between cultured neurones
(Ryan & Smith 1995).
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Fig 2
Terminals loaded with dye destain along an exponential time course
during continuous nerve stimulation. The data suggest that this occurs
because vesicle membranes lose dye upon exocytosis before being recycled
by endocytosis and - after a "dead time" of about a minute- rejoin the pool
of vesicles available for release. Labelled and unlabelled vesicles appear to
have about equal probability of subsequent release. The rate of destaining
thus deviates with respect to cumulative transmitter release (dotted lines
md arrows, increasing downwards), for example measured
dectrophysiologically by summing the amplitude of synaptic potentials
'.based on Bam/ & Ribchester (1994)).

Structure-Function Relationships
The FM-imaging technique has also highlighted
a number of fascinating aspects of intracellular
organisation of synaptic vesicles. At frog
neuromuscular junctions the staining pattern
consists of blobs of fluorescence along the
terminal. These sites coincide with clusters of
synaptic vesicles seen in electron micrographs.
Betz and colleagues have demonstrated directly
the relationship between the numbers of vesicle
clusters stained with FM1-43 and the amounts
of neurotransmitter released by nerve
stimulation. Sometimes the vesicle clusters move

in relation to one another, but they mostly
remained fixed in the terminals. Interestingly,
the fluorescent blobs slowly disperse when
terminals are treated with okadaic acid, a potent
phosphatase inhibitor, but the terminals remain
capable of transmitter release. These
observations are consistent with a view that
vesicles are somehow cross-linked or "caged".
Vesicles liberated from their cages may be the
ones that are available to fuse with the

presynaptic terminal membrane. Phosphatase
inhibitors like okadaic acid appear to maintain
vesicles in their free state, perhaps by blocking
dephosphorylation of synaptic vesicle proteins
(Betz & Henkel 1994).
Henkel and Betz are currently investigating the
effect of inhibiting protein kinases in nerve
terminals using staurosporine. In this case
terminals loaded with FM1 -43 continue to release
transmitter, but they do not destain when
stimulated. The jury is still out on the
interpretation, but one possibility is that
inhibiting protein kinases switches the mode of
transmission from one based on complete fusion
of vesicles to the plasma membrane, to a "kiss-
and-run" in which a transient fusion pore is
formed between a vesicle at the active zone and
the plasma membrane, sufficient for release of a
pulse of transmitter - but not dye - before the
vesicle is rapidly retrieved.
One potential application of the FM dyes lies in
the study of the heterosynaptic, competitive
interactions which lead to stabilisation versus

elimination of neuromuscular synapses: an
activity-dependent process which gives rise to
the familiar one-to-one pattern of innervation of
skeletal muscle fibres by motor axon collaterals.
Jaqueline Barry and I recently reported (Barry &
Ribchester 1994) that FM1-43 and RH414 can be
used selectively and reliably to stain convergent
sprouted and regenerated terminals (yellow-
green and orange respectively) at poly-
neuronally innervated junctions in isolated
preparations of partially denervated and
reinnervated adult rat muscle (see back cover).
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Biomedical Research Assistant Vacancies
Scientists seeking to recruit individuals looking for work in biomedical research may now find their task easier thanks to the
creation of a new database. The Biomed ical Research Assistant Vacancies Database, launched on 10 July by the Wellcome Centre
for Medical Science, is now available to all users of the Internet and the Joint Academic Network (JANET).
The new database is the latest addition to the WISDOM (Wellcome Information Service Databases on Medicine) service.
Information on UK vacancies for graduate, postgraduate and postdoctoral research assistants, technicians on fixed term
contracts and PhD studentships will be supplied via electronic mail by grant holders at academic organisations. The details of
the vacancy will include the subject areas, qualifications required, salary and location.
Further details from: Information Service (Enquiry Desk), Wellcome Centre for Medical Science, 183 Euston Road, London NW1
2BE, tel (0171) 611 8722, fax (0171) 611 8726, Email infoservUwellcome. ac . uk

Posting a Biomedical vacancy on WISDOM
Step 1: If you wish to place a suitable vacancy on the database you must collect and complete the vacancy input template, in
accordance with the accompanying guidance notes. These may be collected in one of two ways:

Collecting the vacancy input template and instructions from WISDOM
IF YOU ARE UNFAMILIAR WITH LOGGING A SESSION TO A FILE USING YOUR COMMUNICATION SOFTWARE
PACKAGE, PLEASE CONSULT YOU LOCAL COMPUTING SUPPORT STAFF FOR ADVICE.

Log on to the WISDOM service (telnet wisdom. wQllcomc . ac . uk Login as wisdom) and press Return to proceed to the Main
Menu. Enter V at the Main Menu prompt and press Return, to collect the template and guidance notes. Open your log file when
you are prompted to do so The service will display the instructions and vacancy input template as a continuous stream of text
to the screen; this text will also be written to your open log file. Finally close the file when you arc prompted to do so, and press
Return to proceed.

Collecting the vacancy input template and instructions via ftp
IF YOU ARE UNFAMILIAR WITH ACCESSING AN ANONYMOUS FTP SERVICE, PLEASE CONSULT YOU LOCAL
COMPUTING SUPPORT STAFF FOR ADVICE.

Begin by making an ftp call to wisdom.wellcome.ac.uk Login as "anonymous" and enter your Email address at the
password prompt. Move down to the pub sub-directory and retrieve two files: the vacancy input template (templatc.job) and
the accompanying guidance notes (README).
For example, if you have an account on a Unix machine, sign on to this account and enter the following sequence of commands
to collect the files:

ftp wisdom.wellcome.ac.uk
login: anonymous
passwored: your_username@machine.address
ftp>cd pub
ftp> get template.job
ftp>get README
ftp> quit

Step 2: Complete the vacancy input template in accordance with the guidance notes, using an editor or word processing
package. Save the completed template as a Text (or ASCII) file. Submit the information to the Information Service by Emailing
the Text file to: wisdom- jobs@wellcome. ac.uk

The inclusion of a vacancy on the database is at the discretiott of the Wellcome Trust.
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1. The acute effects of neurotrophic factors on the frequency of spontaneous transmitter release
(miniature endplate potentials (MEPPs)) from motor nerve terminals has been examined in
skeletal muscles of neonatal mice aged between 9 and 20 days. The following factors were
tested at a concentration of 50 ng ml-1: brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3), neurotrophin-4 (NT-4), ciliary neuronotrophic factor (CNTF),
leukaemia inhibitory factor (LIF), insulin-like growth factors 1 and 2 (IGF-1 and IGF-2),
and glial cell line-derived neurotrophic factor (GDNF). In some experiments, the responses
to 2 fiM LaCl3 and 10 mM K+, or to 2-5 mvi purified a-latrotoxin (a-LTX) were also
measured.

2. Neither BDNF, NT-3, NT-4, LIF, IGF-1 or IGF-2 — singly or in combination — caused any

significant change in MEPP frequency. GDNF, however, produced a highly significant, 2-fold
increase in neurotransmitter release that was reproduced in fourteen muscles.

3. Potentiation of MEPP frequency in GDNF was of the same order as that induced by tetanic
stimulation or substitution of the bathing medium with hypertonic saline; but substantially
less than that induced either by lanthanum ions or a-latrotoxin.

4. The data suggest that concentrations of GDNF that produce maximal enhancement of
motoneurone survival in vitro and in vivo also produce acute, non-saturating enhancement
in transmitter release at immature mammalian neuromuscular synapses. Taken together
with other reports, these findings suggest that GDNF may mediate both functional and
structural plasticity of neonatal neuromuscular junctions.

Neurotrophic factors and their receptors have been
implicated in the control of motoneurone numbers during
prenatal development, and in determining the numbers and
disposition of neuromuscular connections by competition
postnatally (Ribchester & Barry, 1994; Thoenen, 1995).
Neonatal motoneurones express receptors for a number of
neurotrophic factors including brain-derived neurotrophic
factor (BDNF)/neurotrophin-4 (NT-4) (the trkB receptor),
ciliary neuronotrophic factor (CNTF) (the CNTFRa
receptor) and glial cell line-derived neurotrophic factor
(GDNF) (the GDNFRa receptor; Ip feYancopoulos, 1996;
Treanor et al. 1996; Yamamoto et al. 1996). Survival of
motoneurones in culture is improved by supplementing
media with these factors (Henderson et al. 1994; Zurn et al.
1996). Administration of neurotrophins and cytokines pre-
or postnatally in vivo also inhibits motoneurone death (Li et
al. 1995; Yan et al. 1995; Vejsada et al. 1998).

Synaptic transmission and postnatal synapse elimination
are also affected by neurotrophic factors. Enhanced

spontaneous and evoked neurotransmitter release was
observed after adding the neurotrophins BDNF or NT-3 to
amphibian neuromuscular synapses in culture (Lohof et al.
1993). Cytokine growth factors, including CNTF and
GDNF, also enhance neurotransmitter release in the
amphibian neuron-myocyte co-culture system (Stoop & Poo,
1996; Liou et al. 1997). Homosynaptic enhancement of
synaptic transmission, and heterosynaptic depression of
synaptic efficacy probably precede withdrawal of terminals
during synapse elimination (Lo & Poo, 1991; Colman et al.
1997) and there are reports that various neurotrophins and
cytokines delay synapse elimination when administered
chronically (English & Schwartz, 1995; Kwon & Gurney,
1996; Kwon et al. 1995; Jordan, 1996). It was recently
reported that synapse elimination is substantially delayed in
transgenic mice with muscle-specific overexpression of
GDNF (Nguyen et al. 1998).
In view of the possible relationships between neurotrophic
factors, synaptic strengthening and structural reorganization
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of connections suggested by these studios, wo have screened a
panel of neurotrophic factors on isolated neuromuscular
preparations from mice, at an intermediate stage during the
maturation of neuromuscular synapses; that is, when
elimination of polyneuronal innervation is almost complete
(Parson et al. 1997). Of the neurotrophic factors we tested,
enhanced spontaneous neurotransmitter release was
observed only in the presence of GDNF. Taken together
with other studies, the present results support a role for
specific neuroglial cell-derived factors (in addition to factors
acting upon neuroglia; Trachtenberg & Thompson, 1996,
1997) in the functional and structural plasticity of neuro¬
muscular synapses during postnatal development.
Some of the data presented have been communicated
previously in an abstract (Thomson et al. 1997).

METHODS
Mice aged 9-20 days were killed by cervical dislocation, a Schedule 1
method in accordance with UK Home Office guidelines.
Intracellular recordings were made using standard techniques from
isolated preparations of either flexor digitorum brevis (FDB;
innervated by spinal motor nuclei) or levator auris (LA; innervated
by the facial nucleus) bathed in mammalian physiological saline,
composition (mil): NaCl, 137; KC1, 5; CaCl2, 2-8; MgCl2, 1;
NaH2P04, 0-2; NaHC03, 23; d-glucose, 5; bubbled to equilibration
with 95% 02-5% C02. Most experiments were done on FDB
because the fibres are short (< 300 /tm in length) and isopotential,
facilitating recording of focal synaptic responses. A number of the
experiments involving administration of BDNF were carried out on

LA, in the light of reports suggesting a physiological role for trkB
and BDNF in the facial nucleus which innervates LA (Klein et al.
1993; but see Silos-Santiago et al. 1997). Spontaneous MEPPs were
recorded at room temperature (about 20 °C) before and after
administration of growth factors (human recombinant; purchased
from Alomone Labs, Jerusalem, Israel) at a concentration of
50 ng ml-1. The frequency of MEPPs was first estimated in each
muscle fibre by counting the number of occurrences of MEPPs in a
single oscilloscope sweep of 10-50 s duration. The number of MEPPs
in twenty successive sweeps of between 50 ms and 50 s duration
were then counted before and after adding growth factor to the
bathing medium. Between five and ten fibres were sampled before
and after growth factor administration in each experiment. Some of
the data were digitized via a CED 1401+ interface into a personal
computer running Spike-2 acquisition and analysis software
(Cambridge Electronic Design). In some experiments the bathing
fluid was replaced with mammalian saline buffered with Hepes
instead of bicarbonate-C02 and containing either: (a) 2 ym La3+
ions and elevated K+ (10 mm; Curtis et al. 1986); or (b) 2-5 nM

purified a-latrotoxin (a-LTX; Lelianova et al. 1997) in nominally
Ca free solution; or (c) normal mammalian saline made hypertonic
with added sucrose (100 him). In some experiments, MEPPs were
recorded in low Ca2+ (0-5 mm Ca2+, 4 mm Mg2+) solutions before and
after tetanic stimulation for 1 min at 50 Hz. All these procedures
were undertaken as positive controls to measure against the effects
of the neurotrophic factors. Continuous impalements were
maintained during these treatments in only a minority of fibres.
Thus most of the comparisons of effects of the neurotrophic factors
are based on the mean or median frequencies measured in samples
of different fibres impaled before and after adding growth factors to
the bathing medium. Non-parametric statistical methods were
mostly used to analyse the data, which were plotted using Jandel
SigmaPlot (SPSS Inc., Chicago).

GDNF

50 ng.ml"1

V

Figure 1. Effect of GDNF on MEPP frequency
Intracellular recordings from eight different muscle fibres in a
13-day-old mouse FDB muscle before (left) and after (right) adding
50 ng ml-1 human recombinant GDNF to the bathing solution.
Doublet or triplet MEPP responses were uncommon in 1 s

oscilloscope sweeps made before and after adding GDNF, but were
observed more frequently after adding GDNF. The apparent
differences in MEPP amplitude between these samples was
coincidental. Overall, there was no significant effect of GDNF on
MEPP amplitude or rise time (see text). Calibrations: top three sets
of records, 2 mV, 0-5 s; lowest pair of records, 2 mV, 20 ms.
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RESULTS

Figure 1 shows examples of MEPPs recorded from four
fibres before and (in a different set of four fibres in the same

muscle) after administration of GDNF to the medium
bathing an isolated FDB muscle from a 13-day-old mouse.
In this experiment, a small but significant increase in the
median frequency of MEPPs was observed in the two
samples of fibres obtained before and after adding GDNF to
the bathing medium. This finding was reproduced in all
fourteen experimental muscles tested in this group. In one
experiment, GDNF was added to the bathing medium, and
median MEPP frequency increased reversibly: it reduced on
returning to normal bathing medium and was increased
again after reapplying the factor. GDNF had no significant
effects on MEPP amplitude. The mean MEPP amplitude
from four muscles before GDNF treatment was

097 + 027 mV (mean ± s.e.m., n= 21 fibres). Thirty
minutes after GDNF administration, the mean MEPP
amplitude was 1-21 + 0-5 mV (re = 21 fibres; P>O05,
Student's paired t test). Likewise, GDNF did not
significantly alter MEPP rise time, which was overall
1T0 + 0T6 ms, or time from peak to half-decay, which was
overall 2-91 + 0'46 mV (AC-coupled records).
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The distributions of MEPP frequencies from ninety-two
muscle fibres in control solutions, and the same number of
fibres after adding GDNF to the bathing medium, showed
many more fibres with MEPP frequencies greater than 02 s-1
in the GDNF-treated group. The median and distributions of
MEPP frequencies from fourteen muscles were statistically
highly significantly different (control median, 016 s_1, inter¬
quartile (i.q.) range 0-07—0-35; GDNF median, 0-43 s_1, i.q.
range 013-1T3; PcOOl, Mann—Whitney U test;
P < O01, Kolmogorov—Smirnov test). There was no

significant increase in the control MEPP frequency with age
over the range and in the samples we tested (Fig. 2), but the
frequency of MEPPs before and after adding GDNF was
significantly correlated, with a slope of l-5—4 (95% con¬
fidence limits). We thus conclude that GDNF increases MEPP
frequency in most muscle fibres by about a factor of two.
Other growth factors produced no clear or statistically
significant effects. For example, we tested BDNF on ten LA
muscles and two FDB muscles. Median MEPP frequency
increased in two of the LA muscles and in one of the FDB

muscles, but decreased in the other nine muscles. Other
factors were tested on two FDB muscles each, also with no
overt or consistent effects. The data are summarized in
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Figure 2. GDNF increases MEPP frequency by about a factor of two
There was no apparent change in sensitivity of nerve terminals to GDNF over the postnatal period covered.
Mean MEPP frequencies before (ff) and after adding GDNF (B) were not significantly correlated with the
postnatal age of the mice. However the mean frequencies after GDNF were significantly greater and
correlated with the frequency before adding GDNF. Note the difference in scale on the ordinates. C, data
showing correlation of median frequencies before and after adding GDNF in each of the 14 muscles studied,
together with the linear regression and 95% confidence limits (dotted lines). D, for each muscle the mean
MEPP frequency after applying GDNF (G) was divided by the mean frequency before GDNF (C) and the
ratio (G: C) was calculated. The box-and-whisker plot shows the distribution of the G: C ratios (horizontal
line within box, median; box limits, 25-75% interquartile ranges; whiskers,5%—95% ranges;
dots = outliers) and suggests that GDNF potentiated MEPP frequency by a factor of 1-5 to 5, with an
average (median) effect of a 2-fold increase in MEPP frequency.
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Fig. 3. A cocktail comprising all the growth factors (at
50 ng ml-1 each), including GDNF, caused a slight increase
in mean MEPP frequency in one preparation, but decreased
it in another (data not shown). Thus whilst we have no

compelling evidence to suggest an}' synergistic effects of
other factors with GDNF, we cannot rule out the possibility
that other factors might in fact antagonize the effects of
GDNF, or indeed reduce MEPP frequency.
As positive controls, the effects of GDNF on MEPP
frequency were compared with the effects of other
substances known to potentiate spontaneous transmitter
release. La3+ ions at 2 /tM in Hepes-buffered solution
containing 10 mM K+ enhanced spontaneous release in
some, but not all, muscle fibres as reported by Curtis et al.
(1986). Thus the distribution of MEPP frequency in La3+
solutions was positively skewed, but the median frequencies
were 1 -5 to 9-8 times as great as in control solutions (Fig. 3).
Much larger increases in MEPP frequency were induced by
brief (1-5 min) exposure to purified a-latrotoxin (2-5 nai).
Figure 4A shows a modest increase in MEPP frequency
during exposure to GDNF. By contrast, Fig. 4B shows the
result of an experiment in which MEPP frequency increased
by at least three orders of magnitude during exposure to
5 nM a-LTX. The median increase in twenty-one fibres was
a factor of about 200 compared with controls (Fig. 3). As
expected, after the initial increase, the frequency of MEPPs
declined steeply in a-LTX (Fig. 45), presumably as the
intraterminal pools of synaptic vesicles became depleted;

but the residual frequencies remained substantially above
either control or GDNF-treated preparations. The bathing
medium was only nominally Ca2+ free; thus some recycling
of synaptic vesicles may have continued in the a-LTX-
treated terminals (Fesce et al. 1986; Ceccarelli et al. 1988).

We also tested the effect of prolonged tetanic stimulation of
neuromuscular junctions, in one preparation from a 12-day-
old mouse. Stimulation at 50 Hz for 60 s produced an increase
in MEPP frequency from less than 1 s_I before to about 3 s_1
immediately after the train of stimuli (Fig. AC). This
experiment was carried out in a solution containing reduced
Ca2+ and elevated Mg2+ (Nussinovitch & Rahamimoff, 1988)
to facilitate continuous recording from muscle fibres. Similar
post-tetanic potentiation of MEPP frequency was seen in
five other fibres in the same muscle. Potentiations of MEPP

frequency by factors of two to ten were also observed in six
fibres in another neonatal muscle after adding 100 mM
sucrose to the bathing medium.

DISCUSSION

Statistically highly significant effects on MEPP frequency
were seen with bath application of GDNF in 9- to 15-day-

old mouse FDB muscle preparations, of a similar order to
the effects of tetanic stimulation or treatment with hyper¬
osmotic saline. It is perhaps surprising that none of the
other factors tested, including BDNF and NT-3, had any
effect on MEPP frequency, especially in the light of the
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Figure 3. Comparison of effects of neurotrophic factors, lanthanum ions and latrotoxin
A, box and whisker plots (for explanation see legend to Fig. 2) summarizing the distribution of MEPP
frequencies following addition of growth factors at 50 ng ml-1 to the media bathing 9- to 15-day-old FDB
(and in the case of BDNF, LA) muscles. None of the factors apart from GDNF significantly or reproducibly
potentiated MEPP frequent'}'. B, by contrast, lanthanum ions and especially a-latrotoxin produced greater
enhancements in MEPP frequency compared with GDNF. n, number of muscles; N, number of muscle
fibres examined; CON, control solution; BDNF, brain-derived neurotrophic factor; NT-3, neurotrophin-3;
NT-4, neurotrophin-4; CNTF, ciliary neuronotrophic factor; LIF, leukaemia inhibitor factor; IGF1/2,
insulin-like growth factors 1 and 2; GDNF, glial cell line-derived neurotrophic factor; La3+, lanthanum
ions; LTX, a-latrotoxin.
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positive effects reported for amphibian neurone-myocyte
co-cultures (Lohof et al. 1993; Liou et al. 1997). The
concentrations of GDNF and the other factors we used were

in the range reported to be maximal in enhancing
embryonic motoneurone survival in vitro (Henderson et al.
1994) but it is possible that higher concentrations may be
more effective at postnatal neuromuscular synapses.
Furthermore, some factors like CNTF appear to produce a

delayed response, requiring signalling via the cell nucleus
(Stoop & Poo, 1996). Thus we cannot yet rule out a possible
role for the growth factors we tested in addition to GDNF,
since our tests were acute and carried out using isolated
nerve-muscle preparations, which were of course
disconnected from motoneurone cell bodies. Studies of acute

or chronic administration of these other factors in vivo, or

to isolated preparations with an intact spinal cord still
connected to the muscles, might be of interest in
establishing any physiological effects on neurotransmitter
release. The increases in MEPP frequency produced by
GDNF were substantially less than the maximum the
neonatal synapses were capable of producing, since La3+
ions or purified a-latrotoxin stimulated far greater increases
than GDNF. Nonetheless, the effects of GDNF were

consistent, and evidently indicate that this factor may act
locally on motor nerve terminals to modulate neuro¬
transmitter release.

The mechanism of action of GDNF on neonatal terminals

merits further investigation. Upregulation of transmitter
release by exogenous factors is normally mediated either by
direct actions on L/P-type Ca2+ channels or Ca2+

GDNF, 50 ng/ml

lUMlJli Lilnlu

1 mV

B LTX, 5 nM

i mV

30 s

50 Hz : 1 minute

mlii if hi. ii aiMil
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Figure 4. Responses to GDNF are submaximal
Continuous intracellular recordings of MEPPs following treatment of FDB muscles from 13-day-old mice,
with the following. A, GDNF which in this fibre increased MEPP frequency by about a factor of 5. Record
duration, 5 min; B, a-latrotoxin, which enhanced MEPP frequency several 100-fold within 1-2 min.
C, tetanic stimulation at 50 Hz for 1 min, which produced a 3- to 5-fold potentiation of MEPP frequency,
comparable to the effects of GDNF. EPPs were partly blocked by the low Ca2+, high Mg2+ bathing solution.
Horizontal bars in these panels indicate duration of growth factor/toxin administration or stimulation.
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transporters in nerve terminal membranes (Nussinovitch &
Rahamimoff, 1988; Katz et al. 1996), by integrins (C'hen &
Grinnell, 1997), and by intracellular protein kinases and
phosphatases (Sudhof, 1995). GDNF evidently binds to a
receptor complex comprising two or more transmembrane
proteins coupled intracellularly to the c-ret tyrosine kinase,
linking to an intracellular mechanism coupled to ras
(Durbec e.t al. 1996; Treanor et al. 1996; Widenfalk et al.
1997). It is interesting to note that upregulation of
transmitter release following chronic administration of
neuromuscular blockers in adult rats is inhibited by the
same protein kinase inhibitors that block the effects of
GDNF on neurite outgrowth in vitro (Plomp & Molenaar,
1996; Hiwasa et al. 1997; Pong et al. 1997). Protein kinases
and phosphatases are also implicated in the regulation of
synaptic vesicle recycling (Betz & Henkel, 1994; Henkel &
Betz, 1995). It would be of interest to determine whether
synaptic vesicle recycling is coupled to the action and/or
uptake of exogenous neurotrophic factors like GDNF, as this
could provide one route by which such factors might
stabilize and/or enhance synaptic function. If GDNF were
to enhance evoked transmitter release in addition to the
effects on spontaneous transmitter release we have described
here, this would provide one possible mechanism by which
neural activity and trophic factor efficacy might interact to
strengthen synaptic connections, for example during
synapse elimination or maturation. A prediction of this
hypothesis is that GDNF would enhance both synaptic
efficacy - in terms of increased exocytosis and quantal
content of EPPs (or EPCs) — and synaptic vesicle recycling.
It should be possible to measure such relationships in
suitable mammalian preparations (Ribchester et al. 1994).
GDNF is secreted by both skeletal muscle fibres as well as
terminal Schwann cells at neuromuscular synapses
(Yamamoto et al. 1996; Arce et al. 1998). Schwann cells also
play a critical role in the plasticity of neuromuscular
synapses both during development and after nerve injury in
adults (Son et al. 1996; Trachtenberg & Thompson, 1996).
These neuroglia are themselves responsive to target-derived
glial growth factor (GGF, neuregulin; Trachtenberg &
Thompson, 1997). A plausible hypothesis is that the
development and patterning of neuromuscular synaptic
connections may be controlled by reciprocal cellular
interactions mediated by GDNFs and GGFs. GDNF has also
been implicated recently in the mechanisms of elimination
of polyneuronal innervation during postnatal development.
For example, Nguyen et al. (1998) reported that synapse
elimination is delayed in transgenic mice engineered to
overexpress GDNF in skeletal muscle under the control of
the myogenin promoter. Neuromuscular synapses are
eventually eliminated in these mice, however, and the
authors attributed this to cessation of myogenin (and hence
GDNF) expression. An alternative is that motor nerve
terminals lose receptors or sensitivity to GDNF with age.
For example, a recent report suggests that the effects of
GDNF on motoneurone survival may be transient (Vejsada
et al. 1998). However, our present study suggests that

GDNF receptors are present in motor nerve terminal
membranes during and after the normal period of synapse
elimination in mice (Parson et al. 1997) and are linked to
intracellular mechanisms that regulate neurotransmitter
release.
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(Received 15 July 1981)

SUMMARY

1. The pattern of synaptic activity in lateral gastrocnemius (l.g.) motoneurones
in the lumbar spinal cord of chick embryos (Stage 44-45, 19—21 d of incubation) has
been examined using intracellular recording. In the motoneurones of normal chick
embryos, stimulation of different peripheral, sciatic nerve branches gave rise to
characteristic synaptic responses. Stimulation of the lateral gastrocnemius nerve
caused a monosynaptic e. p. s. p. which was graded by the intensity ofnerve stimulation.
Stimulation of synergistic muscle afferents also caused a brief latency e.p.s.p.,
followed by longer latency excitatory and inhibitory synaptic potentials. Stimulation
of antagonistic muscle afferents or cutaneous afferents gave rise to longer latency
inhibitory and excitatory synaptic potentials respectively.

2. The synaptic activity of l.g. motoneurones was also recorded in embryos in
which short segments of the lumbar neural crest had been destroyed by microcautery
at 3 d of incubation (Stage 18). The embryos developed without sensory ganglia and
dorsal roots in the corresponding region.

3. At 19-21 d of incubation, the amplitude of the l.g. e.p.s.p. of l.g. motoneurones
in deafferented segments was on the average only a half to a third of the amplitude
seen in motoneurones of intact spinal segments. However, both the l.g. and synergist
e.p.s.p.s were larger than those seen in acutely deafferented segments of normal
embryos.

4. In spite of the weak monosynaptic input from l.g. and synergistic afferents, the
pattern of synaptic activity evoked by antagonistic muscle afferent or cutaneous
afferent stimulation was not different from normal. This was even the case for

gastrocnemius motoneurones in which no early e.p.s.p. could be evoked by stimulating
the l.g. or synergistic muscle nerves.

5. No muscle spindles could be seen in sections of l.g. muscles from embryos with
extensive lesions of the lumbosacral neural crest. Incomplete lesions of l.g. segments
reduced the number of spindles in the muscle.

6. These results suggest that when motoneurones are deprived of part of their
* Present Address: Department of Physiology, University Medical School, Teviot Place,

Edinburgh EH8 9AG.
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normal synaptic input before the formation of peripheral connexions, the identity
of the motoneurones (in terms of the origin of their synaptic input) is preserved.
Missing synaptic inputs are either replaced by appropriate afferent fibres, if they are
available, or not at all. The chick sensory ganglion cells with monosynaptic
connexions to motoneurones appear to be unable to compensate significantly for
peripheral or central defects in the innervation of the hind limb. They behave as if
their developmental possibilities were quite rigidly determined at an early embryonic
stage.

INTRODUCTION

The nervous system is made up of neurones which are connected to their targets
in very precise ways. This would seem to be a fundamental requirement for a nervous
system to be able to process sensory information in a way which produces appropriate
behaviour. The mechanisms which underlie the formation of such precise connexions
remain largely unknown (see Gaze, 1970; Jacobson, 1978). For instance, the extent
to which neuronal connectivity can be changed by environmental factors during
development remains a challenging problem (Landmesser, 1980). The application of
different experimental models appears to be required to characterize the range of
possibilities open to the developing nervous system when confronted with perturba¬
tions of its cellular environment.

The present study is concerned with the development of synaptic connexions to
motoneurones in the chick embryo after early lesions of the neural crest. Such lesions
eliminate part of the segmental input to the spinal cord before the prospective sensory
ganglion cells have grown axons to the cord or to the periphery. The results show
that in normal embryos there is a stereotyped pattern of synaptic connexions from
various peripheral sources to lumbar motoneurones at late embryonic stages of

I development. After the early neural crest lesions we find that there is only a very
moderate compensation for t he effects of the lesion by the afferent fibres in remaining

I dorsal roots. Furthermore, the; normal pattern of connectivity is preserved, indicating
' a very precise predetermination of neuronal development.

METHODS

The experiments were performed using White Leghorn chick embryos. The eggs were incubated
in a forced draught incubator maintained at 37 °C and 90% humidity. After three days a small
window was opened in the shell, after de-adhering the membranes overlying the embryo. The
windows were sealed with sellotape and the eggs returned to the incubator.

At 19-21 d of incubation the window was extended and the chorioallantoic membrane was torn.
The embryos were decapitated after ligation of the neck. The right leg was drawn through the
window and peripheral branches of the sciatic nerve were dissected.

In the early experiments the branch of the tibial nerve innervating the lateral gastrocnemius
(l.g.) was dissected, along with the deep branches of the tibial nerve (d.tib.) and the entire fibular
nerve (fib.). In later experiments two smaller branches of the fib. were used for stimulation, the
superficial branch (s.fib.) and the cranial ramus innervating extensor muscles of the dorsal shank
(r.m.c.f.). The l.g. nerve is a pure muscle nerve containing no skin afferents. D.tib. is a mixed nerve,
largely innervating muscles synergistic in function to the l.g. including the medial gastrocnemius.
S.fib. projects without branching to the dorsal surface of the foot where it branches and terminates,
mainly in skin. It also innervates some small foot muscles and may contain a few muscle afferents.
R.m.c.f. terminates predominantly in a group of extensor muscles including the tibialis anterior.

1



S YNAPSES ON CHICK MOTONEURONES 455

An additional small branch terminates in the knee joint. The entire sciatic nerve with these exposed
branches was dissected back to its emergence from the ileum. The leg of the embryo was then
replaced in the shell and the back of the embryo was positioned in the window. The lumbar spinal
cord was exposed by a dorsal laminectomy. The dura and pia were slit over the glycogen body which
was then carefully drawn to one side with moist tissue paper. The cavity was tilled with paraffin
oil, covering the right side of the spinal cord. The lumbosacral segments LS3 to LS7 were usually
exposed. Next the sciatic nerve branches dissected previously were led into a cone shaped chamber

Shell

Fig. 1. Schematic diagram of the preparation of Stage 44 embryos for electrophysiological
experiments. The back of the embryo is supported by pins resting on the edge of a window
in the shell. The lumbar region of the spinal cord has been exposed by a dorsal
laminectomy. The various branches of the sciatic nerve have been cut peripherally and
are kept in a saline-filled parafilm chamber for application of suction electrodes.
Abbreviations: LS. lumbosacral segments; d.r.g., dorsal root ganglia; S, stimulating
electrodes; l.g., lateral gastrocnemius nerve; s.fib., superficial fibular nerve; r.m.c.f.,
proximal muscular branches of the fibular nerve; d.tib., deep branch of tibial nerve.

made from parafilm. The nerves were led through a hole in the wall of the chamber, which was
then sealed with vacuum grease. The chamber was filled with a solution of the following composition
(mmol/1): NaCl, 137; KC1, 5; CaCl2, 2; MgCl2, 1; NaH2P04/Na2HP04, pH 7 4, 1 ; Hepes, pH 7-4, 5;
Glucose, 11. The chamber itself was stuck to the right side of the embryo with grease. The nerves
were taken up into suction electrodes. To prevent movements of the preparation the embryos were
then paralysed with an intraperitoneal injection of 2-5 x 10 4 g of D-tubo curarine in 0-5 ml of saline.
A schematic diagram of the preparation is shown in Fig. 1. All experiments were carried out at
room temperature (22 °C) and humidity. Surface recordings were made from the spinal cord using
a silver wire. The indifferent electrode was placed in the skin on the back of the embryo.
Extracellular and intracellular recordings from motoneurones were made using thin-walled (0478
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mm i.d., 1 mm o.d.) glass micro-electrodes filled with potassium acetate 5 mol/1. The electrodes were
either back-filled or filled by boiling for 3 min in the acetate solution. The DC impedances were
20-80 Mfl. The micro-electrode was driven into the spinal cord using a stepping micromanipulator
(Stalex or Burleigh Inchworm). Conventional stimulating and recording techniques were used. At
the end of an experiment the spinal cord and lateral gastrocnemius muscle were sometimes removed
and fixed in phosphate buffered glutaraldehyde (2-5%) and paraformaldehyde (2%) for 12-24 h.
The tissues were processed and embedded in Epon or paraffin. Transverse sections were cut at 1-20
fim. Epon sections were stained with toluidene blue and paraffin sections with haemotoxylin and
eosin.

Neural crest lesions. Microcautery lesions were made in the neural crest of the prospective
lumbosacral segments in Stage 17-18 embryos (Hamburger & Hamilton, 1951). A small (approx¬
imately 1 cm diameter) window was cut in the shell and the eggs were mounted on a stand
submerged in saline. A fine platinum wire (diameter 25 fim) was connected to the output of a current
amplifier controlled by a signal generator. The other electrode was placed in the saline solution.
The platinum wire was touched onto the lumbar crest and a brief (0-5— Is) 1 MHz, 0 5 mA current
passed. The wire was repositioned several times until the desired number of prospective lumbosacral
segments had been lesioned. The lesioned region appeared opaque under suitably focused
illumination (PI. 1). The eggs were then resealed with sellotape and returned to the incubator. At
19-21 d of incubation the embryos were prepared for electrophysiological recording in the same
way as normal embryos.

Presentation of results. Synaptic potentials are referred to the nerve that was stimulated and the
motoneurone impaled. Thus l.g.-l.g. e.p.s.p. refers to the excitatory post-synaptic potential
obtained in l.g. motoneurones on stimulation of the l.g. nerve.

Conversely d.tib.-fib. i.p.s.p. would refer to the inhibitory post-synaptic potential recorded in
a fib. motoneurone on stimulation of the d.tib nerve. We have usually applied this nomenclature
in preference to the terms 'homonymous' and 'heteronymous' because the latter are the more
confusing when considering recordings from differently named motoneurones. Measurements of the
electrophysiological properties of the preparations are given in the text as mean +s.». unless
otherwise stated. However, when comparing differences between distributions of results, the
Wilcoxon Rank Sum Test was used (Hollander & Wolfe. 1973).

RESULTS

Normal embryos
The aim of this part of the study was to characterize the normal pattern of synaptic

activity in a defined population of motoneurones, with respect to the origin of afferent
fibres in the periphery. We concentrated on motoneurones innervating the lateral
gastrocnemius (l.g.) muscle in the hind limb, because its nerve contains no skin
afferents and it is easy to isolate for stimulation. The first part of this section is
concerned with the distribution of afferent fibres in the lumbosacral segments of the
spinal cord, the second part with the localization of l.g. motoneurones and the third
concerns the pattern of synaptic responses in the motoneurones.

Distribution of afferent fibres. The segmental distribution of afferent fibres in the
various peripheral nerves was mapped by stimulating the sciatic nerve branches while
recording from the surface of the spinal cord opposite the dorsal root entry points.
Examples of the responses to stimulation of the entire fibular nerve (fib.), the deep
branch of the tibial nerve (d.tib.) and the lateral gastrocnemius muscle nerve in one
embryo are shown in Fig. 2 A. Similar recordings were obtained from a further seven
embryos. In each case the responses can be divided into two components: an afferent
volley and a dorsal root potential. The relative sizes of these responses differed
depending on which nerve was stimulated and on the position of the recording
electrode. The afferent volley, analogous to the response obtained on stimulating
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Fig. 2. Surface potential from the lumbosacral dorsal root entry zones. A, sample records
from an E 20 d chicken to stimulation of the fib. nerve (a), d.tib. nerve (6), and l.g. nerve
(c). Negativity upwards. B, normalized amplitudes of the maximal dorsal root afferent
volley in LS segments to stimulation of the l.g. nerve (A), d.tib. nerve (#) and fib. nerve
(O)- Mean amplitudes and s.e.m. of response to each nerve are expressed as percent of
maximum afferent volley in each of eight E 19—21 d embryos.

afferent fibres in other vertebrates, appeared as a triphasic wave whose latency to
peak was 5-2+ 1-2 ms (mean +s.d.).

The dorsal root potential was complex and consisted usually of a negative wave
often followed by a slower positive wave. In other vertebrates the positive component
of the response in the dorsal root entry zone has been ascribed to primary afferent
depolarization due primarily to activation of cutaneous afferents (Eccles, Schmidt
& Willis, 1963). This may be the case also in the chick embryo. In a further six
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embryos the superficial branch of the fibular nerve was stimulated (s.fib.), (see
Methods). This small nerve contains skin afferents and gave dorsal root potentials
as large as those of the entire fib. nerve. The l.g. nerve, which is a pure muscle nerve,
gave only very small dorsal root potentials.

There was appreciable variation in the amplitude of the responses obtained in
dorsal cord recordings. Therefore, to standardize the measurements and to allow for
comparison between preparations, the peak-to-peak amplitude of the afferent volley

Depth
(mm)

' 0-7

1-1

4 mV

10 ms

40 mV

10 ms

20 ms

Fig. 3. A. the motoneuronal field to l.g. nerve stimulation recorded by a micro-electrode
during a vertical penetration of the ventral horn in segment LS 5. The scale shows the
position of the micro-electrode tip in mm below the dorsal surface of the spinal cord. B.
extracellular record of an action potential of a single l.g. motoneurone approached during
penetration of the antidromic field to l.g. nerve stimulation. C, intracellular record from
a motoneurone after l.g. nerve stimulation. The response consists of an antidromically
conducted action potential followed by a depolarizing synaptic potential. D, motoneurone
hyperpolarized by current pulse. The antidromic invasion of the cell body has been
blocked. The response consists of a small IS spike followed by a depolarizing synaptic
potential.

for each nerve was expressed as a percentage of the largest afferent volley recorded
in that embryo. The results are shown in Fig. 2 B. They show that the largest afferent
volleys were recorded on stimulation of the d.tib or fib. nerves and the maxima were
in segments LS3 to LS5. Stimulation of the l.g. nerve usually caused smaller responses
and the maxima were in segments LS5 and LS6. Thus we conclude that the l.g.
afferent fibres arrive in the spinal cord mainly by the LS5 and LS6 dorsal roots, with
smaller contributions in the LS4 and LS7 segments. Evidence that the weaker
responses were not due to current spread down the spinal cord was obtained in
embryos in which the LS5 and LS6 dorsal roots were cut acutely. L.g. afferent volleys
were still recorded in LS4 and LS7.
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Location of lateral gastrocnemius motoneurones. The motoneurone pools innervating
muscles of the chick hind limb are organized into longitudinal columns at a very early
embryonic stage (Landmesser, 1978). Labelling of the motoneurone pool by retrograde
uptake of horseradish peroxidase shows that gastrocnemius motoneurones are located
in the LS4 and LS7 spinal segments and predominantly in LS5 and LS6 (Segments
26-29 of Hollyday, Hamburger & Farris, 1977). We confirmed this by recording the
motoneurone field potentials in the ventral horn in response to stimulation of the l.g.
nerve. Extracellular and intracellular recordings from l.g. motoneurones in LS5 are
shown in Fig. 3. The extracellular field potential changed in shape and magnitude
as the micro-electrode tip was advanced through the l.g. motoneurone pool (Fig. 3 A).
The maximum negativity was usually found at 08-09 mm in the LS5 and LS6 spinal
segments. We only occasionally managed to obtain a measurable field in LS4 and LS7.
When the fib. and d.tib. fields could also be recorded in the same segment as a l.g.
field, their maxima lay on either side of the l.g. field maximum - the d.tib. being more
medial and the fib. more lateral (cf. Landmesser, 1978). The dorso-ventral position
of the field maximum corresponded to the location of the lateral motor column which
contains the motoneurones.

With suitable micro-electrodes, extracellular unit activity time-locked to the nerve
stimulus could be obtained (Fig. 3 B). Penetration of these cells resulted in recordings
of large antidromic action potentials, indicating that the cells were l.g. motoneurones
(Fig. 30). The antidromic impulses had no prepotentials and were driven without
failures at stimulus rates of 50 Hz. The action potential was a large all-or-none spike
followed by a late after-depolarization. The full antidromic invasion could be
blocked by first hyperpolarizing the cell membrane potential with current injection
from the intracellular electrode. In this case a residual electrotonic spike (the IS spike;
Eccles, 1957) was obtained and the large after-depolarization persisted (Fig. 3D). This
was the l.g.-l.g. e.p.s.p. (see below) and it could not be evoked in preparations where
the dorsal roots were cut acutely. In subsequent recordings of synaptic activity, we
rejected those cells where the action potential amplitude was less than 65 mV. Of the
remainder, the mean amplitude of the antidromic impulse was 81+9 mV and the
mean latency was 39 +13 ms. The resting membrane potential of these motoneurones
ranged between 65 and 80 mV with values arounctl 70 mV in most cells. These values
were obtained by retraction of the micro-electrode after the examination of the
synaptic input to the cells.

To have a further indication of the quality of penetration of the motoneurones we
measured their input resistance to injected current pulses. The current-voltage
relation was reasonably linear in the hyperpolarizing direction. The mean value of
the slope in this region was 18-4 + 6T MQ(n = 11). This value is about ten times higher
than that of adult cat motoneurones (Frank & Fuortes, 1956). The difference is
probably explained by the smaller size of the motoneurones in the immature chickens.

Pattern of synaptic activity. The pattern of synaptic activity in l.g. motoneurones
with respect to stimulation of the l.g., d.tib. s.fib. and r.m.c.f. nerves was established
in a total of seventy-five cells in nineteen embryos. The pattern was remarkably
consistent from cell to cell (Fig. 4). Homonymous (l.g.) nerve stimulation, usually at
intensities sub-threshold for antidromic activation, caused an e.p.s.p. whose mean
latency was 2-8+ 1-2 ms, when measured with reference to the arrival of the afferent
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volley at the surface of the spinal cord (Fig. 4 A). Stimulation of the d.tib nerve caused
a more complicated response but the earliest component was nearly always an e.p.s.p.
whose mean latency (2 5+ 11 ms) did not differ significantly from the latency of the
homonymous e.p.s.p. (Fig. 4 A and B). These e.p.s.p.s were the earliest synaptic
responses of any kind that we have recorded from these motoneurones.

The latency and the effects of repetitive nerve stimulation suggest that the e.p.s.p.s
were generated by chemical synapses. In most cases (10/13) repetitive stimulation
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fig. 4. Pattern of synaptic activity in normal l.g. motoneurones. .4, sample records from
l.g. motoneurones illustrating synaptic activity elicited by single shock stimulation of the
selected peripheral nerves. H. distribution of latencies of the earliest synaptic response to
l.g. nerve and d.tib. nerve stimulation. Latencies grouped in bins of whole milliseconds,
l.g. observations in the first half, d.tib. observations in the second half of each bin. C,
similar latency distribution of response to s.fib. nerve (first half of bin) and r.m.c.f. nerve
(second half of each bin).

caused depression of the amplitude. In the remainder, the amplitude of the e.p.s.p.
fluctuated during the train. The response to pairs ofstimuli was also variable. In most
cells (12/18) there was depression to the second shock at short invervals. The
remaining six cells showed very little such depression or even some facilitation at short
intervals. Each motoneurone behaved consistently from trial to trial.

We also attempted to increase the amplitude of the l.g.—l.g. e.p.s.p. by hyper-
polarizing the cells and to reverse it by depolarizing the cells. We were never able to
increase the amplitude of the e.p.s.p. by hyperpolarization. Injection of depolarizing
current reduced the amplitude of the e.p.s.p. However, we were not able to inject
sufficient depolarizing current to cause reversal of the response. This behaviour is v-ery
similar to that of monosynaptic e.p.s.p.s in cat spinal motoneurones. The relative
independence of membrane potential is unusual for chemical synapses and has not
been satisfactorily explained. The problem is discussed in several recent reports



S YNAPSES ON CHICK MOTONEURONES 461

(Edwards, Redman & Walmsley, 1976; Atwell & lies, 1979; Engberg & Marshall,
1979).

In recordings from frog and immature rat spinal cords, short latency depolarizations attributed
to electrical coupling of motoneurones have been reported (Grinnell, 1966; Fulton, Miledi &
Takahasji, 1980). In our recordings from embryonic chick motoneurones, such responses were seen
only occasionally. They were evident in less than 5 % of the cells impaled and consisted of a small,
sharp depolarizing potential with a latency as short as that of the antidromic field potential. The
latency of the homonymous e.p.s.p. was always 2 ms or more longer.
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Fig. 5. Distribution of amplitudes of monosynaptic e.p.s.p.s in l.g. motoneurones. A,
superimposed records of e.p.s.p.s to graded stimulation of the l.g. nerve. The strongest
shock was three times the threshold for the motoneuronal field potential and was
supramaximal for the e.p.s.p. The antidromic invasion of the motoneurone was blocked
by a preceding impulse in the cells, activated by a depolarizing transmembrane pulse. I).c.
record above, a.c. record at higher gain below. B, amplitude distribution of the maximal
e.p.s.p. to l.g. nerve stimulation. C, superimposed records of response to graded stimulation
of the d.tib. nerve. D, amplitude distribution of maximal early e.p.s.p.s to d.tib. nerve
stimulation.

The maximum amplitude of the l.g.—1 .g. e.p.s.p. was determined by stimulating the
nerve supramaximallv (usually at three times the threshold of the antidromic field
potential). The antidromic action potential was first blocked by passing a short
depolarizing current pulse through the recording electrode, sufficient to generate a
direct action potential which propagated down to the motor axon. The muscle nerve
was then stimulated during the refractory period, about 10 ms after the onset of the
current pulse (Eig. 5 A). When the intensity of the stimuli applied to the l.g. nerve
was graded, a continuously graded e.p.s.p. was the most usual effect. An example
of superimposed traces obtained at different stimulus intensities is shown in Eig. 5A.
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In general it was extremely difficult to determine the minimum size of any step-like
change in the response with increasing intensity of stimulation. However, the shape
and latency of the e.p.s.p. was conserved with increasing stimulus intensity. This
behaviour of the e.p.s.p. is again consistent with the suggestion that the l.g.-l.g.
e.p.s.p. in these cells is due to monosynaptic connexions made by the muscle afferents.
The maximum amplitude of the e.p.s.p. was always obtained within the range of
stimulus intensities required for maximal antidromic activation of the motoneurone
pool. At higher intensities of stimulation additional longer latency components were
often (but not always) seen. The maximum e.p.s.p. was measured from the base line
with the current pulse but with no nerve stimulation. A histogram of the e.p.s.p.
amplitudes is shown in Fig. 5 B. The distribution is somewhat skewed with a median
value of 5~5 mV but responses as large as 15 mV were sometimes obtained. The early
response ofthe d.tib—l.g. e.p.s.p. to graded stimulation was similar to that of the 1 .g.-l.g.
e.p.s.p. (Fig 5C). The higher threshold, longer latency components were markedly
different however, and characteristic of a polysynaptic response mediated through
interneurones. Thus the responses were longer lasting and shifted in latency with
increasing stimulus strength. The maximum amplitude of the d.tib early e.p.s.p. was
consistently smaller than the maximum e.p.s.p. to l.g. nerve stimulation. In five cells,
no early d.tib e.p.s.p. was detected; a longer latency i.p.s.p. was the only response.
The distribution of d.tib e.p.s.p. amplitudes is shown in Figure 5D. The median
response was T5 mV. The largest response recorded in a motoneurone from a normal
embryo was 5'0 mV.

Stimulation of the s.fib. and r.m.c.f. caused characteristic and markedly different
kinds of synaptic response (Fig. 4A). Stimulation of s.fib., which contains mostly
cutaneous afferent fibres, caused a long latency (10-6+1-8 ms) compound e.p.s.p.
which frequently discharged one or more action potentials. Depolarization or
hyperpolarization of the cells with current injected through the intracellular electrode
caused the action potential to discharge at different latencies off the e.p.s.p.

Stimulation of the r.m.c.f. always caused an i.p.s.p. The mean latency of the
response was 9 5+ 21 ms which is not significantly different from the latency of the
s.fib. response (Fig. 4A and C). The reversal potential of the i.p.s.p. was not precisely
determined. In many cases however, it was very close to the resting membrane
potential of the cells, since stimulation at first caused little or no apparent response.
On depolarization with injected current the hyperpolarization of the i.p.s.p. became
appreciable.

In summary, gastrocnemius motoneurones and their homonymous afferents are
located in the LS4 to LS7 segments and predominantly in LS5 and LS6. The
motoneurones produce a specific set of synaptic responses to stimulation of afferent
fibres projecting from different locations in the hind limb. The lowest threshold l.g.
and d.tib. muscle afferents appear to make monosynaptic excitatory connexions with
the l.g. motoneurones. It appears that cutaneous afferents and antagonistic muscle
afferents do not normally make direct connexions with the l.g. motoneurones: instead
these fibres probably synapse on specific interneurones which mediate excitatory and
inhibitory synaptic responses respectively.

A comparable pattern was seen in motoneurones with axons in the fibular or deep
tibial nerves. The pattern of synaptic activity was more variable because these nerves
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contain functional heterogeneous groups of motoneurones. Thus while these cells
usually produced an early e.p.s.p. to homonymous nerve stimulation the response to
stimulation of the other nerves was not predictable; either e.p.s.p.s, i.p.s.p.s or both
were obtained.

Neural crest lesions

The aim of this part of the study was to determine the consequences of depriving
motoneurones of their segmental afferent input during early embryonic development.
Development of certain lumbosacral dorsal roots and dorsal root ganglia was
prevented by making lesions in the neural crest at Stage 18 (PI. 1). Lesions were
generally confined to the LS4 to LS7 spinal segments, since these are the ones which
normally carry the lateral gastrocnemius afferents (PI. 2). Transverse sections of the
lumbar spinal cord in Stage 44 embryos confirmed the complete absence of dorsal
root fibres in the lesioned segment.

In addition to the elimination of the dorsal roots there was some reduction in size
of the dorsal part of the cord. The degree of atrophy of the dorsal part of the cord
was usually comparable to the example shown in PI. 3. We do not know whether this
reduction of the dorsal horn is due solely to degeneration of the sensory fibres,
additional direct damage of the neural tube at the time of the operation, or to
transneuronal degeneration.

Intracellular recordings from l.g. motoneurones. Intracellular recordings were made
from lateral gastrocnemius motoneurones in eighteen 19-21 d embryos with one or
more dorsal roots absent as a result of the early neural crest lesion. We addressed
the following questions. How is the l.g.-l.g. e.p.s.p. affected in the motoneurones
located in deafferented segments ? Is there any replacement of missing monosynaptic
connections by afferent fibres from the other nerves, which enter t he spinal cord (along
with any remaining l.g. afferents) via the intact adjacent spinal segments?

As a measure of the synaptic effect of the remaining afferent fibres from the l.g.
muscle we determined the peak amplitude of the monosynaptic l.g.-l.g. e.p.s.p. after
a supramaximal shock to the muscle nerve. To prevent interference from the
antidromic invasion of the impulse in the motor axon this was blocked by collision
with an impulse elicited by a preceding, short depolarizing current pulse through the
recording microelectrode (5 A). The latencies and time courses of the l.g.—l.g. e.p.s.p.s
of deafferented segments were indistinguishable from those of normal embryos. This
applied also to the range of intensities of nerve stimulation required to evoke
threshold to maximal e.p.s.p.s.

In contrast, the maximal amplitude of the e.p.s.p. was generally much smaller than
normal in segments which had developed without a segmental afferent input. As many
as 20% of the l.g. motoneurones had no detectable early e.p.s.p. to stimulation of
the l.g. nerve. Our collected results for motoneurones located within half to one and
a half segments of an intact dorsal root containing l.g. afferent fibres arc given in the
histogram of fig. QB. To assess the extent of possible compensation for the
deafferentation by the remaining l.g. afferents the distribution in Fig. 6 B should be
compared to those of Fig. 6A and C. Fig. 6 A shows the results of similar
measurements in normal embryos after acute section of the LS5, LS6 or both dorsal
roots.
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Several points can be made from these data. Firstly, following acute section of the

dorsal root in normal embryos, the amplitude of the l.g.-l.g. e.p.s.p. fell from a median
value of 5-5 mV to less than 1 mV in deafferented segments. Many cells did not show
a homonymous e.p.s.p. This reduction in response was not due to a general
deterioration of the preparation. The e.p.s.p. of motoneurones in neighbouring intact
segments remained largely unchanged. The simplest interpretation of these
observations is that normally only a few of the afferent fibres that enter a given spinal
segment extend to make monosynaptic connexions to motoneurones of neighbouring
spinal segments.
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Fig. 6. Amplitude distribution of maximal l.g.-l.g. e.p.s.p.s. A, after acute section of dorsal
roots LS 5 or LS 6 or both. The sampled motoneurones were located between half and
one and a half segments of an intact dorsal root containing l.g. afferent fibres. H, after
early neural crest lesions preventing the development of LS 5 and/or LS 6. Again all the
motoneurones sampled were located in a completely deafferented segment and between
half and one and a half segment away from remaining dorsal roots containing l.g. afferents.
C, corresponding amplitude distribution in normal embryos (from Fig. 5B). D, from
motoneurones in segments with intact or partially intact dorsal root after neural crest
lesions of neighbouring segments. Nine of the ten embryos also contributed observations
to histogram R. The remaining embryo had only partial lesions in the operated segments.

Secondly, even in the segments deafferented after early neural crest lesions the
l.g.-l.g. e.p.s.p.s were much smaller than normal. Their median value was only 17 mV
(Fig. 6B) as compared to 5'5 mV in the intact embryos (Fig. 60) and there was again
an appreciable number of cells without detectable homonymous e.p.s.p. The difference
between the two distributions is highly significant (P = 001, Wilcoxon Rank Sum
Test). There was no significant difference in the input impedance of the two groups
of cells. Hence, the reductions in amplitude in the neural crest lesioned embryos
indicate a reduced homonymous monosynaptic input.

Third, the amplitude of the l.g.-l.g. e.p.s.p.s after neural crest lesions (Fig. 6 B) were
larger than those obtained after acute dorsal root section (Fig. 6H). Their median
value of 17 mV was significantly larger than the median of 1 mV for motoneurones
of acutely deafferented segments (P = 0-016, Wilcoxon Rank Sum Test). Again there
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was no difference between the input impedances of the two groups of cells. There is
accordingly a real but moderate increase in the efficiency of the homonymous e.p.s.p.
of l.g. motoneurones in deafferented segments after early neural crest lesions.

The effects of the neural crest lesions were probably not generalized effects on
lumbar cord motoneurones, but rather restricted to the deafferented segment. This
appears from records of l.g.-l.g. e.p.s.p. in neighbouring segments with remaining l.g.
afferent fibres. In most of these cases the dorsal root was apparently normal in size;
in some it was clearly smaller than the contralateral root, presumably on account
of the early neural crest lesion. In addition, except for a single l.g. motoneurone
apparently without any monosynaptic input from the l.g. nerve we found no clear
indication of a reduction of the e.p.s.p.s in segments next to deafferented ones (Fig.
6 D).

There was no obvious difference in the response of deafferented motoneurones to
graded stimulation of the l.g. nerve. In spite of the over-all reduction in amplitude
of the e.p.s.p.s, unitary steps of the e.p.s.p.s could not be resolved and must therefore
have been smaller than 0'2 mV in amplitude. The simplest explanation of the larger
amplitude of e.p.s.p.s in lesioned segments compared with acutely deafferented
controls is that this is due to the presence of more afferent inputs, rather than a small
number of more effective inputs (see Discussion).

We saw no evidence of recurrent inhibition of the l.g. motoneurones. In normal intact
preparations, the falling phase of the e.p.s.p. was occasionally reduced at higher stimulus intensities,
presumably by recruitment of inhibitory components. These could have been polysynaptic actions
mediated by tendon organ alferents, for instance (Eccles, Eccles & Lundberg, 1957). In cells with
no l.g.—l.g. e.p.s.p. following acute root section, however, (Fig. 6 A) there was no consistent evidence
of a residual i.p.s.p. that could have been mediated by recurrent motor axon collaterals synapsing
on inhibitory interneurones.

Since the enhancement of the synaptic effects of remaining l.g. afferents only made
up for a small part of the reduction in size of the l.g.-l.g. e.p.s.p. after neural crest
lesions it was possible that the deficit could be made up by a greater enhancement
of the synaptic effects of other remaining afferents with direct connexions to the
motoneurones. We therefore examined the d.tib-g.l. e.p.s.p. after neural crest lesions.
The results are shown in Fig. 7 and they are similar to those of Fig. 6. After acute
section of the dorsal roots LS5, LS6 or both in normal embryos the amplitude of the
d.tib.-g.l. e.p.s.p. was greatly reduced. Half of the cells no longer had an early e.p.s.p.
to d.tib nerve stimulation and the median value was reduced from 1-5 mV (Fig. 7C)
in intact chicks to 05 mV (Fig. 7 A). By comparison, after the neural crest lesions
there was a small but significant increase in the size of the d.tib. e.p.s.p. in
deafferented segments (Fig. 7C) (P = 04)05, Wilcoxon test). The median (13 mV) was
still smaller than that of intact chickens but this difference was not statistically
significant.

Interestingly, in the intact and partly intact neighbouring segments, e.p.s.p.s as

large as II mV were sometimes recorded (Fig. ID). In four of these cells, the d.tib.
e.p.s.p. was larger than the homonymous, l.g.-response; a pattern never seen in a
normal embryo. The median value (3 0 mV) was significantly larger than in controls
(P = 0-01, Wilcoxon test). One explanation for these results is that the d.tib. e.p.s.p.
is increased by enhancement of the signal from synergistic afferents (e.g. from medial
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gastrocnemius) which are also directly connected to l.g. rnotoneurones in normal
embryos (Fig. 4.4 and B).

To gain a better idea of the specificity of the synaptic replacement it was necessary
to examine the responses obtained to stimulating other nerves which do not normally
provide monosynaptic input to the l.g. motoneurones. In this context, the moto-
neurones in which no homonymous e.p.s.p. could be evoked are of particular interest.
These motoneurones had been deprived of their entire l.g. reflex input as a result of
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Fig. 7. Amplitude distributions of maximal d.tib.-g.l. e.p.s.p.s. A, after acute section of
dorsal roots LS 5 or 6 or both. The sampled motoneurones were located between half and
one and a half segment of an intact dorsal root containing l.g. afferent fibres. B, after early
neural crest lesion preventing the development of dorsal roots LS .5 and/or LS 6. Again
the motoneurones were located in a completely deafferented segment and between half
and one and a half segment away from remaining dorsal roots containing l.g. afferents.
(\ corresponding amplitude distribution in normal embryos (from Fig. 51)). D, from
motoneurones in segments with intact or partially intact dorsal root after neural crest
lesion of neighbouring segments.

the neural crest lesion. An example of recordings from one of these cells is shown in
Fig. 8. No l.g. e.p.s.p. could be elicited at stimulus intensities either sub-threshold
or suprathreshold for antidromic invasion (Fig. 8A-0). In spite of this, no early
e.p.s.p. was evoked on stimulation of either the d.tib. or the fib. (Fig. 8 D and E).
These are the two main branches of the sciatic nerve and they gave only later,
presumably polysynaptic responses. A similar pattern was observed in another fifteen
cells from seven embryos. In the same embryos, l.g. e.p.s.p.s were recorded in l.g.
motoneurones located in adjacent intact segments. Observations such as these
re-emphasize the general point that despite the moderate increase in size of the l.g.
e.p.s.p. compared to that after an acute root section, the amount of replacement of
monosynaptic dorsal root input in the deafferented segments is nevertheless small.

Additional evidence to support the idea of specificity of inputs to motoneurones
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in the deafferented segments came from one embryo in which the l.g. and fib.
motoneurone pools overlapped in the ventral horn. Fig. 9.4 shows the depth profile
of the extracellular field generated by stimulation of the l.g. and fib. nerves. Between
0-7 and 0-9 mm, substantial motoneurone fields were detected on stimulating either
of the two nerves in a single penetration. Motoneurones belonging to either nerve were
penetrated (Fig. 9B-E). In each case the pattern of synaptic activity agreed with
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Fig. 8. Recordings from a l.g. motoneurone deprived of monosynaptic input after a neural
crest lesion. A. identification of motoneurone by antidromic activation to l.g. nerve
stimulation. Xoe.p.s.p. at intensities below antidromic threshold. H, antidromic invasion
blocked by a hyperpolarizing current pulse. IS spike but no synaptic response to
suprathreshold l.g. nerve stimulation. C. l.g. nerve stimulation with collision block of
antidromic invasion of cell. No synaptic response to l.g. nerve stimulation (compare with
Fig. 5). /), late i.p.s.p. to d.tib. nerve stimulation. E, late, complex synaptic potential to
fib. nerve stimulation. Dorsal roots LS 4, 5 and fi were missing in this preparation. The
motoneurone was located in LS 6.

that of normal chicks. In Fig. 9B, records from a l.g. motoneurone in the intact LS6
segment are shown. Stimulation at intensities subthreshold for the antidromic action
potential caused an early, l.g.-l.g. e.p.s.p. The maximum size of the e.p.s.p. was
8-0 mV. Stimulation of the entire fibular nerve caused a late depolarizing response,
the initial component being an i.p.s.p. whose reversal potential was more positive than
the resting membrane potential. Injection of a small amount of depolarizing current,
followed by a nerve stimulation caused the initial positivity to reverse in sign.
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Fig. 9. Retained pattern of synaptic input to motoneurones after a neural crest lesion.
In this preparation dorsal root LS 5 was missing while the two neighbouring roots were
apparently intact as indicated by the drawing in centre of figure. A, motoneuronal fields
in LS 5 to stimulation of l.g. nerve (first) and fib. nerve (second). The fields overlapped
at depths between 0-7 and 0-9 mm. B, records from a l.g. motoneurone in intact segment
LG 6. Stimulation of the l.g. nerve gave an e.p.s.p. and antidromic invasion of the cell
(left records). Fib. nerve stimulation (right records) gave late depolarizing response. This
was reversed to a largely hyperpolarizing response on depolarizing of the cell with current
injection. C, records from a l.g. motoneurone in segment LS 5. L.g. nerve stimulation gave
a sub-threshold early e.p.s.p. and antidromic activation at higher stimulus intensities (left
records). Fib. nerve stimulation gave a late depolarizing response which again was partly
reversed by depolarizing the cell (right records). D, E, records from closely neighbouring
fib. motoneurones in LS 5. They respond both with early e.p.s.p. to fib. nerve stimulation
and gave only late, small responses to l.g. nerve stimulation. The initial component of the
response illustrated in E is the IS spike to fib. nerve stimulation. The antidromic invasion
of the cell had blocked spontaneously. The l.g. response in E reversed to a hyperpolarizing
potential on depolarization of the cell.

The centre drawing represents a dorsal view of the lumbosacral spinal cord and indicates
the approximate relative location of the various motoneurones.

Fig. 9C shows records from a l.g. motoneurone in the deafferented LS5 segment. The
maximum size of the l.g.—l.g. e.p.s.p. was 5 mV and the response to the fibular nerve
was a late depolarizing potential similar to that of the cell in the intact segment.
Similarly, in the recordings shown from two fib. motoneurones (Fig. 9D and E). an
early e.p.s.p. was obtained in response to stimulation of the fib. nerve (fib -fib.
e.p.s.p.). In the case of the motoneurone shown in Fig. 9E the antidromic action
potential blocked spontaneously at the initial segment, producing an IS spike
followed by the fib.-fib. e.p.s.p. In both cases (Fig. 9 D and E) stimulation of the l.g-
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nerve caused a slow, late depolarizing wave without any trace ofan early monosynaptic
component.

Finally, in a further three embryos with only the LS5 dorsal root missing, the fibular
nerve was split into the superficial fibular (s.fib.) and r.m.e.f. branches innervating
skin and ankle flexor muscles respectively. Examples of recordings from l.g. moto-
neurones in each of these embryos are shown in Fig. 10. In a total of eleven cells
recorded in the deafferented segment, no early e.p.s.p. was detected and the pattern
of responses was essentially normal. Stimulation of s.fib. caused late depolarizing
responses and stimulation of r.m.c.f. caused late i.p.s.p.s.

r.m.c.f. s.fib.

4 mV

10 ms

Fig. 10. Sample records from l.g. motoneurones in the deafferented segment of each of
three preparations with only the LS 5 dorsal root missing after neural crest lesions. Left
hand records shows the i.p.s.p. obtained from the r.m.c.f. nerve and right hand records
the late e.p.s.p.s obtained from the s.fib. nerve. The pattern of synaptic input to all the
eleven l.g. motoneurones recorded from in these embryos was according to the normal
pattern.

In summary, the effect of the neural crest lesions was to deprive motoneurones of
a large part of the segmental sensory input that they would normally have acquired
by 19 d of incubation. Replacement of missing inputs from the adjacent, intact
segments occurred only to a limited extent. The motoneurones located in the
deafferented segments nevertheless showed specificity in the pattern of their synaptic
input; in particular, a preponderance of appropriate homonymous or synergistic
monosynaptic input.
Muscle spindles in deafferented muscles

The development of the muscle spindles is reported to require the sensory
innervation of the muscle (Zelena, 1964). Hence, after a complete early lesion of the
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sensory ganglia supplying the l.g. muscle any spindles present in the muscle would
indicate peripheral substitution for the missing afferents presumably by sprouting
of inappropriate sensory fibres from neighbouring intaet segments.

The reduction in the l.g. e.p.s.p. to l.g. motoneurones, and our failure to find early
synaptic effects in d.tib. and fib. motoneurones to l.g. nerve stimulation in deafferented
segments, suggest that there is little or no substitution for the loss of sensory
innervation of the muscle. In an attempt to obtain independent information on this,

LS 1

Extent
of
neural
crest

leison

1
Muscle \ / V V VTrv/VV

i ■ *

No of spindles

Exp. side

3

4

5

6

7

8

9

10

11

Control

Normal muscle

16

8

20

6

12

12

10

12

Fig. I I. The number of muscle spindles in l.g. muscle after neural crest lesions. At the
top is a schematic drawing of the lumbosacral region of the spinal cord with dorsal roots
and segments labelled. The region of afferent input from the l.g. muscle is indicated by
hatching. The horizontal lines below represent the extent of missing dorsal roots for each
of the muscles. The figures in the table give the total number of muscle spindles observed
in three equally spaced cross sections from each muscle. Some embryos had bilateral
lesions of lumbosacral dorsal roots. In the others the contralateral dorsal roots were

essentially normal and the number of muscle spindles in the muscles on this side are given
as controls. However, we cannot exclude partial lesions of contralateral dorsal root
ganglia. In no. 9 for instance, the contralateral roots LS 6 and 7 appeared smaller than
normal.

cross-sections of the gastrocnemius muscle were examined for the presence of muscle
spindles. Obvious candidates were bundles containing three to nine fibres surrounded
by a capsule of connective tissue (PI. 4). Such bundles of muscle fibres resembled those
described previously in adult muscle (Tello, 1922; Barker, 1974). In contrast to adults
however, the intrafusal muscle fibres in the embryonic muscles were similar in
diameter to the extrafusal ones. Thus, although spindles sectioned through the
equatorial region were easy to identify (PI. 4x4), they were harder to discern in
sections towards the end of their capsular space (PI. 4 B) and it was impossible to
distinguish extracapsular regions of the spindles from extrafusal muscle fibres.

The muscle spindles were apparently randomly scattered throughout the l.g.
muscle. To obtain a rough estimate of their number in normal embryos we counted
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the number in cross-sections taken through the cranial, the central and the caudal
third of two muscles. The number per cross-section varied between one and seven,
and we found a total of ten spindle profiles in the one and twelve in the other muscle.

Our observations from chicks with neural crest lesions are presented in Fig. 11. In
most of these the contralateral dorsal roots were intact and the muscles from this
side provided the control data shown in the table. One chick had a long bilateral lesion
of the neural crest. Its dorsal roots and ganglia were missing bilaterally throughout
the lumbosacral region (LS 1 to LS 8). The purely sensory nerves, nn. saphenous and
suralis, were also missing on both sides. Macroscopically the hind legs were otherwise
normally developed and there was no obvious muscle atrophy. There were, however,
no muscle spindles in any of the six cross sections from the two muscles (muscles
1 and 2, Fig. 11).

In the remaining muscles from embryos with lesions confined to the segments which
normally contain l.g. afferents (LS4 to LS7) between zero (three muscles) and five
spindles were counted in each muscle. Two of the muscles containing no spindles came
from embryos where the LS4 to LS7 dorsal roots were entirely absent (muscles 4 and
5) and in the other only about 50% of one of these four l.g. sensory roots remained
(muscle 6). Muscle 3 contained three spindles and came from an embryo where the
LS4 to LS7 dorsal roots were entirely absent. In this particular embryo it was noted
that the intact LS8 and LS9 segments contributed unusually large branches to the
sciatic plexus. It is therefore possible that in this embryo, the spindles were induced
by invasion of the l.g. muscle by inappropriate afferent fibres. On the other hand,
the possibility that in some embryos the LS8 dorsal roots normally contain some l.g.
afferent fibres cannot be ruled out.

Considered collectively, the observations confirm Zelena's (1964) observation that
sensory nerves to the muscle are required for the development of muscle spindles.
The observations are also consistent with physiological recordings and suggest that
there is little or no peripheral substitution from neighbouring segments of l.g. muscle
afferents which were eliminated by the neural crest lesion.

Behavioural observations

Four chicks were studied after hatching then killed 3-4 d later for examination of
the extent of the neural crest lesion. In two chicks with complete lesions of two sciatic
segments (LS4, 5) behavioural effects were difficult to detect. A few hours after-
hatching they showed no difficulty in walking and gave brisk leg withdrawal
responses when the toes were pinched. In two chicks with more extensive dorsal root
lesions (LS 3, 4, 5, 6, 7 and LS 4, 5, 6, 7) behavioural differences were evident between
these chicks and unoperated controls. Instead of standing on their toes as normal
chicks they would rest on their entire metatarsals, often extending the leg on the
deafferented side. Pinches applied to the toes failed to elicit withdrawal reflexes.
However, within a couple of days the chicks were able to walk sufficiently well that
they could not be distinguished from their normal hatchmates. The deficient
withdrawal reflex remained at least for 4 d which is as long as we have observed these
chickens.
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DISCUSSION

The recordings from motoneurones in normal embryos suggest that l.g. afferent
fibres make monosynaptic connexions with l.g. motoneurones, while the responses
to stimulation of cutaneous (s.fib.) or antagonistic muscle afferents (r.m.c.f.) must
be mediated by specific interneurones. The response to d.tib. stimulation indicates
a mixture of monosynaptic and polysynaptic input to the l.g. motoneurones. This
pattern is essentially similar to that seen in other vertebrate species such as the cat
(Eccles, 1964). The evidence for the monosynaptic connexions in the chick embryos
is as follows: (i) The l.g.—1 .g. e.p.s.p.s and d.tib.-l.g. e.p.s.p.s were the earliest synaptic
responses obtained to stimulation of peripheral nerves, (ii) Their uniform increase
to graded nerve stimulation (Fig. 5) indicates that they were generated by a homo¬
genous group of afferent fibres, (iii) The sensory afferents often had thresholds to
electrical stimulation below that of motor axons, (iv) Such short latency responses
were never obtained from skin or antagonistic muscle afferents. (v) Dorsal root fibres
with direct synaptic connexions to motoneurones have been found in electron
micrographs of prehatched chicken lumbar cords (P. M. Sandset & N. Laing,
personal communication).

The relatively long latency of the e.p.s.p.s compared with other vertebrate
motoneurones (see Table 1 in Eccles, 1964) is probably due to the reduced temperature
in these experiments and the immaturity of the axons and their myelination. In
new-born mammals the latency of the monosynaptic reflex is comparable to our
observations in the pre-hatch chickens. The relatively large spread in latencies
illustrated in Fig. 4 is presumably explained in the same way. The spread was mainly
due to differences between preparations. Only in two cases did we see more than one
ms difference in the latency of the l.g.-l.g. e.p.s.p recorded from different motoneurones
in one embryo.

The mode of generation of the monosynaptic e.p.s.p. of vertebrate motoneurones
varies between species. In the cat the present evidence indicates that these e.p.s.p.s
are mainly or entirely due to chemical synaptic transmission (Burke & Rudomin,
1977; Engberg & Marshall, 1979). In the frog, on the other hand, there appears to
be an electrically transmitted component in addition (Shapovalov, Shiriajev &
Velumian, 1978; Alvarez-Leefmans, De Santis & Miledi, 1979; E. Frank & M. Wes-
terfield, personal communication). Our evidence from the chicken motoneurones is
less direct, but suggests that the monosynaptic transmission to the motoneurones
is mainly chemical. The evidence for this is the latency of the early l.g.—l.g. e.p.s.p.,
its depression during repetitive activation and finally morphological evidence
for chemical synapses between dorsal root afferent and lumbar motoneurones
(P. M. Sandset & N. Laing, personal communications).

Our observations imply that underlying the stereotyped pattern of synaptic
responses in normal embryos is a very precise pattern of connectivity. The other
experiments described in this paper relate to the mechanisms of formation of those
spinal reflexes during embryonic development. The results show that the appropriate
synaptic connexions are established in the chick spinal cord, even when all the
primary afferent fibres which normally innervate a spinal segment are removed by
an early lesion in the neural crest. Two points of special interest are to be discussed:
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firstly, the amount of replacement of missing inputs, and secondly, the specificity of
those inputs for motoneurones of a particular type.

The compensation after a segmental neural crest lesion
The l.g.-l.g. e.p.s.p. of deafferented segments was significantly larger after early

neural crest lesion than after a comparable acute dorsal root section (Fig. 6A and
C). As outlined in the results section this was probably due to an increased synaptic
effect of homonymous afferents with direct connexions to the motoneurones. The
change could be due either to an increased synaptic efficiency of the individual input
fibres or to an increased number of input fibres contributing to the synaptic potential,
or to a combination of the two. Experimentally we were unable to distinguish between
the various possibilities. However, since we could not identify unitary e.p.s.p.s even
in the neural crest lesioned material we believe that an increased number of input
fibres is at least part of the explanation for the effect.

An increased number of input fibres from remaining neighbouring segments in the
neural crest lesioned embryos could be due to increased survival of axon terminals
formed during earlier stages of development. Such an early, more widespread
distribution of an afferent input has been demonstrated in several instances during
the development of the vertebrate nervous system (Redfern, 1970; Lichtman, 1977;
Crepel Mariani & Delhaye-Bouchand, 1976; Ronnevi & Conradi, 1974; Hubel,
Wiesel & LeVay, 1977). The early phase of extended synaptic connexions is followed
by a period of withdrawal of axon terminals and restriction of the connexions of the
input fibres. The mechanism of this focusing of the synaptic connexions is thought
to be based at least partly on a competitive interaction between axon terminals
converging onto the same target (Brown, Jansen & Van Essen, 1976; Betz, Caldwell
& Ribchester, 1979, 1980; Hubel et al. 1977). The neural crest lesions might have
removed the competitive influence of the ipsisegmental afferents and thereby
enhanced the survival of afferents from neighbouring segments.

Alternatively, the results could be explained by some form of sprouting of the
afferents from adjacent segments into the lesioned segment. There are several reports
of axonal sprouting by remaining afferent fibres in the spinal cord after destruction
of dorsal roots or ganglia (McCouch, Austin, Liu & Liu, 1958; Liu & Chambers, 1958;
Frank & Westerfield. 19826). Furthermore, since axonal sprouting in the central
nervous system is generally much more vigorous in immature animals than in adults
(So & Schneider, 1978; Lund, 1978) this possibility remains a plausible explanation
of the moderate enhancement of the l.g.-l.g. e.p.s.p. in deafferented segments ofneural
crest lesioned chickens.

However, in view of the vigorous sprouting often seen after partial deafferentation
in immature animals, the paucity of monosynaptic inputs to motoneurones after the
neural crest lesion was surprising. Afferent fibres in the l.g. and d.tib. nerves were
still the only ones to contribute a monosynaptic input to the l.g. motoneurones
located in the deafferented segments. Many cells lacked even these, and the overall
sum of the responses to l.g. and d.tib. stimulation was only 30-50 % of that in normal
embryos.

It is difficult to believe that the small degree of replacement is simply due to the
distance that the sensory fibres from neighbouring intact roots would have to cover
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in order to reach the motoneurones of the deafferented segment. First ofall, as pointed
out above, at least some of the relevant fibres make monosynaptic connexions to
motoneurones in neighbouring segments even in normal embryos (Fig. 6 A). Secondly,
the distance between the lumbar segments in the embryos is quite small, at the time
of the establishment of the dorsal roots only 05-1 mm. Thirdly, observations like
those illustrated in Fig. 9 demonstrate that some sensory fibres from neighbouring
segments are present and making synaptic connexions in the very vicinity of the
relevant motoneurones without, however, being able to compensate for their loss of
monosynaptic input.

The stimulus for axon terminals to sprout is usually considered to be the presence
of vacant post-synaptic sites (Raisman, 1969; Cotman & Nadler, 1978). Sprouting
in the central nervous system is usually produced by surgical interruption of part
of the afferent input to a neurone. This leads to vacant synaptic sites after
degeneration of the presynaptic terminals. In the present experiments the afferent
supply was eliminated long before the neural crest cells had started to grow axons
into the spinal cord. It is also possible therefore that the motoneurones develop
without expressing the presence of vacant synaptic sites. On the other hand, by
analogy with skeletal muscle (Brown, Holland & Ironton, 1978) the degenerating
terminal axons might constitute the decisive signal for neighbouring fibres to sprout.
The neural crest lesions leave no degenerating axons and hence no stimulus to sprout.

A more attractive explanation for the small degree of replacement of the eliminated
monosynaptic input derives from the observation that there is a limit to the number
of terminal branches that a neurone can sustain (Thompson & Jansen, 1977). Possibly
the terminal arborization of the chick sensory ganglion cells is already fully
expanded and therefore prevented from occupying additional targets in the
deafferented neighbouring segment. This would be in line with their apparent
inability to replace the peripheral defects in the sensory innervation as well.

Specificity of inputs
Although the amount of synaptic replacement was small there was no evidence to

suggest that it was indiscriminate. On the contrary, the characteristic pattern oi
synaptic input was preserved in the l.g. motoneurones located in deafferented
segments. The remaining l.g. and d.tib. afferent fibres from the appropriate muscles
arriving through neighbouring roots gave moderately enhanced early synaptic
potentials (Figs. 6B and IB), but we never saw any indication that skin afferents
or antagonistic muscle afferents could established monosynaptic connexions. These
inputs still activated interneurones which had apparently normal connexions to the
motoneurones.

This was an unexpected result. Partial deafferentation of a group of neurones often
induces sprouting of remaining input fibres and formation of inappropriate
connexions. This has been shown for instance after partial denervation of the
superior cervical ganglion (Murray & Thompson, 1957); after elimination of some of
the retinal input to the superior colliculus in gold-fish (Schmidt, Cicerone and Easter.
1978) and in hamsters (Frost & Schneider, 1979; Rhoades & Chalupa, 1980); after
removal of the cerebellar input to the neurones of the red nucleus (Tsukahara
Hultborn, Murakami & Fujito, 1975) ; and after partial deafferentation of the hippo-
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eampal formation (Lynch, Gall & Dunwiddie, 1978). In all these cases the remaining
afferent fibres sprout to fill in the vacant region and form functional synapses with
inappropriate targets. In contrast, the present experiments on chick embryos gave
little evidence of abnormal expansion of the connexions of remaining primary afferent
fibres. Furthermore, the reduction of muscle spindles in the gastrocnemius muscle
after deafferentation (Fig. 11) suggests that the relevant sensory fibres were unable
to sprout peripherally.

Recently, Frank & Westerfield (1982a, b) have performed very similar experiments
on frog tadpoles and obtained results that are strikingly different from those in the
chicks. In the frog virtually the entire sensory innervation of the forelimb is derived
from the second spinal segment. After removal of the second dorsal ganglion the
sensory fibres of the third ganglion sprout, both peripherally to innervate the forelimb
and centrally to innervate the deafferented second spinal segment. Moreover, in
sufficiently young tadpoles the sprouts from primary afferent fibres form functional
connexions to the motoneurones of the deafferented spinal segment which qualita¬
tively restores the homonymous monosynaptic connexions between muscle afferents
and their motoneurones. In the present connexion these results are of great interest
on two accounts: firstly, they demonstrate that in the frog appropriate connexion
can be formed in the spinal cord over a novel pathway, and secondly they are in sharp
contrast to the present observations in chicks.

We find it particularly intriguing that there are other instances of analogous
differences between lower vertebrates and chickens. Removal of half the eye in
Xenopus tadpoles usually leads to the development of a smaller eye, which never¬
theless expands its central projection over the entire optic tectum (Straznicky, Gaze
& Keating in Gaze, 1970). In contrast, retinal lesions in the early chick embryo lead
to permanent defects in the retinal innervation of the tectum (Crossland, Cowan.
Rogers & Kelly, 1974). Comparable indications of rigidly prespecified connectivity
have come from recent studies of chick spinal neurones. Early surgical deletion of
lumbar spinal segments leads to permanent denervation of muscles which are
normally innervated from the missing segments (Lance-Jones & Landmesser, 1980).
Similar defects are found in the sensory innervation of the limb (Honig, 1978).
Apparently, motoneurones and sensory ganglion cells in neighbouring intact segments
are unable to expand their innervation and supply the denervated targets.

Thus it may be that in the chick embryo the central and peripheral targets of
primordial neurones are rigidly specified at very early stages of development, and
that these neurones are rather insensitive to the kind of stimuli which, in lower
vertebrates, cause sprouting and replacement of missing synapses.
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EXPLANATION OF PLATES

plate 1

The tail end of a stage 18 chick embryo with a micro-cautery lesion in the lumbar neural crest on
the right side. The lesion appears opaque in this epillumination of the live embryo. Its extent is
similar to that of embryos which developed without dorsal root ganglia in segments LS 5 and 6.
Arrow indicates lesioned area.

plate 2

Dissected lumbar region of the spinal cord of an E 20 d embryo which had a neural crest lesion at
stage 18. The dorsal root ganglia and roots LS 4, 5 and 6 are missing on the right side. The glycogen
body has been removed.

plate 3

Cross-section of spinal segment LS 5 from and E 20 d embryo missing the dorsal root ganglion on
the right side of this segment. The dorsal horn is just perceptibly smaller on the right side, otherwise
the cord looks normal.
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PLATE 4

Cross-sections of muscle spindles in l.g. muscle of a normal E 20 d chick embryo. A. from equatorial
region. The intrafusal muscle fibres contain many nuclei and are surrounded by a lymph space and
capsule. B, intrafusal muscle fibres more densely packed and still surrounded by the capsule in the
paracentral region. Their myoplasm is more homogenous than that of surrounding extrafusal muscle
fibres.
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The number and distribution of motoneurones in the lateral motor columns of normal chick embryos have been compared with em¬
bryos treated daily with dibutyryl cyclic guanine monophosphate and subject to unilateral limb bud amputation. Treatment with cyclic
nucleotide rescued about 17% of the motoneurones compared with controls by Stage 37, but did not prevent amputation-induced mo¬
toneurone death. The role of cyclic nucleotides in motoneurone survival is therefore permissive, rather than instructive.

Regressive events play a conspicuous part in the
developmental organization of cells and tissues26. In
embryonic vertebrate nervous systems, neurones are
formed by the profligate mitosis of neuroblast cells,
but many of the neuronal progeny degenerate and
disappear before the animals reach maturity10'1!.2®.
Evidently, neurones first co-operate to induce differ¬
entiation in their normal target tissues4-5'14'17 and
then compete for unknown factors associated with
the target cells in order to survive1-20. Molecules pro¬
duced by skeletal muscle support both the survival of
motoneurones in vitro and the outgrowth of neu-
rites2-1215'22'25'29. But how the surface interaction of

t

target-derived macromolecules and the motoneu¬
rone terminals is transduced into metabolic actions

t which influence motoneurone survival in vivo is not

known. Recently, Weill and Greene33-34 showed that
intracellular levels of cyclic guanine monophosphate
(GMP) in motoneurones increase during the period
of motoneurone death and that systemic administra¬
tion of the membrane-permeant analogue, dibutyryl
cyclic GMP, mitigated the amount and extent of mo¬
toneurone death during normal development. It is
possible that cyclic nucleotides play an instructive

role in directing motoneurone death or survival, in
which case it should be possible to obviate a moto-
neurone's requirement for target-derived macromo¬
lecules. Alternatively, the intracellular levels of cyc¬
lic nucleotides may play a permissive role, in which
case contact between motoneurones and muscle fi¬

bres would be obligatory for their survival. In the
present experiments, dibutyryl cyclic GMP was ad¬
ministered systemically to chick embryos following
amputation of one hind limb bud, before the out¬
growth of motor axons. The results show that admin¬
istration of this cyclic nucleotide neither prevents nor

mitigates the catastrophic loss of motoneurones that
normally accompanies target muscle ablation13.

Fertile eggs (Parent Breeder Stock) were obtained
from Ross Breeders, Edinburgh and incubated at
37 °C in a water-jacketed incubator. At 3-4 days of
incubation (Stages 17-19), the embryos were ex¬

posed and the right limb buds were amputated by cut¬
ting through the base using an electrolytically sharp¬
ened tungsten needle. The eggs were resealed and
returned to the incubator for a further 7-8 days.
From 5 days of incubation onwards, 0.91 mg of dibu¬
tyryl cyclic GMP (Sigma) was applied to the chorioal-
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Fig. 1. Transverse sections through the lumbosacral region of 10-12 day embryonic chick spinal cords. The sections were stained with
haematoxylin and eosin and viewed with bright-field optics through a green filter. A: embryo treated with dibutyryl cyclic GMP from
day 5. B: saline-treated control embryo. C: operated side of a limb bud-amputated and dibutyryl cyclic GMP-treated embryo. D: un-
operated side of the same section as C. Calibration, 300/rm (A, B); 50/tm (C, D).
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lantoic membrane. The nucleotide was dissolved in

0.2 ml of 0.9% sterile saline or Hanks Balanced Salt

Solution (Flow Laboratories). The vehicle solution
also contained 50 //g penicillin, 50 /rg streptomycin
and 2.5 fig fungizone. One embryo received the vehi¬
cle solution alone. Two further, unoperated groups
of embryos received either dibutyryl cGMP or vehi¬
cle solution alone.

At 10-12 days (Stage 37) of incubation, embryos
were removed and the caudal half of the spinal col¬
umn dissected and fixed in Carnoy solution. The spi¬
nal columns were then paraffin wax-embedded and
serial transverse sections were cut at 10/rm. The start
of the lateral motor column in the caudal thoracic or

lumbosacral region was arbitrarily designated as the
first section to contain more than 15 large, nucleo-
lated, ventrolateral^ positioned cells (motoneu-

rones) on the unoperated side of the embryo. Cells of
similar appearance were counted in every successive
tenth section, until a section containing fewer than 10
motoneurones was encountered. The lateral motor

column extended in most embryos over 10 spinal seg¬
ments, from T7 to LS9 inclusive16-21. In order to com¬

pensate for slight differences in the start of the lateral
motor columns between embryos, each lateral motor
column was subdivided into 10 bins. The numbers of

motoneurones assigned to each bin were calculated
from the counts of every tenth section and from the
total length of the lateral motor columns19. Motoneu-
rone counts were not corrected for double counting.
There was no difference in the nucleolar diameter in

any of the groups, so any correction factor would
only have provided a constant offset30.

Cross sections of 10-12 day embryonic spinal col-
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Fig. 2. Histograms of motoneurone numbers and their distribution in the lumbosacral lateral motor columns of dibutyryl cyclic GMP-
treated (A), control (B), and unilateral limb bud-amputated, dibutyryl cyclic GMP-treated (D) embryos at 10-12 days of incubation.
The histograms Were constructed by dividing the length of the lateral motor columns in each embryo into 10 equally sized segments
(not necessarily coinciding with anatomical segmentation) and accumulating the motoneurones in each 'tenth' into the histogram bin.
C is the arithmetic difference between the mean data given in A. B. Error bars in A, B show the S.E.M. The difference in motoneu¬
rone numbers was statistically significant in the sixth to eighth segments only (/-test: P < 0.05; 0.002; 0.01; respectively). The curves in
D show the mean numbers of motoneurones on the amputated (lower graph) and unopcrated (upper graph) sides of embryos treated
with dibutyryl cyclic GMP from day 5, and the bars show the range in the data from 5 embryos.
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umns are shown in Fig. 1. Unoperated embryos
which received daily administration of dibutyryl cyc¬
lic GMP contained significantly more motoneurones
than embryos receiving the vehicle solution alone.
The lateral motor columns of the treated group con¬
tained 19,234 ± 521 (mean ± S.E.M., n = 16) com¬

pared with 16,463 ± 785 (n = 16) in the saline-control
group (P < 0.01, (-test). This confirms the findings of
Weill and Greene34, although the mean difference is
17% of our controls compared with the 30% differ¬
ence found by them. Part of the discrepancy may be
due to the unusual strain of chickens studied27. In the

present experiments, the excess motoneurones were

found in more caudal regions of the lateral motor col¬
umns (Fig. 2), corresponding in most embryos to
lumbosacral segments LS5 to LS7.

The number and distribution of motoneurones on

the unoperated side of dibutyryl cyclic GMP-treated
embryos following unilateral limb bud amputation
(17,946 ± 145; n = 5) was not significantly different
from unoperated dibutyryl cGMP treated controls.
On the operated side, however, many sections con¬
tained no recognisable motoneurones (Fig. 1). The
mean total number of motoneurones per lateral mo¬
tor column on the limb bud-amputated side was 4,956
± 815 (n = 5). In the regions of the lateral motor col¬
umn normally containing the most motoneurones,
fewer than 5% of the control number were present on
the operated side (Fig. 2). The number of motoneu¬
rones on the operated side of one saline-control em¬

bryo was similar, 4410 motoneurones.

The mechanism of action of target-derived macro-
molecules which influence neuronal survival is still

poorly understood. Nerve growth factor (NGF),
which acts on specific classes of cells (excluding mo¬
toneurones) binds to membrane receptors, is interna¬
lized by endocytosis and transported towards cell so-
mata by retrograde axonal transport32-35. Although a
role for cyclic nucleotides in the regulation of gene

expression by NGF has been ruled out31, many cell
surface-ligand interactions provoke changes in the
intracellular levels of cyclic nucleotides, and these
changes influence various metabolic processes3-
5-9.18.23,24 -phe present results confirm that daily ad¬
ministration of the cyclic nucleotide derivative, dibu¬
tyryl cyclic GMP, inhibits naturally occurring moto-
neurone death during normal development. But it
does not prevent motoneurone death induced by
limb bud extirpation. In other words, elevating cyclic
GMP levels systemically is not sufficient to counter¬
act the trophic dependence of motoneurones on limb
musculature. The role of cyclic GMP is therefore per¬
missive, rather than instructive. It would clearly be of
interest to establish whether agents which decrease
intracellular levels of cyclic nucleotides can influence
motoneurone survival.

We thank Dr. Nigel Laing for critical discussion,
and the MRC and Action Research — The National
Fund for Research into Crippling Diseases for finan¬
cial support.
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Removing the mystery from intelligence

by Stuart Sutherland
Artificial Intelligence: the very idea
by John Haugeland
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ISBN 0262 081539

Workers in artificial intelligence (AI) —

the attempt to write •'intelligent" com¬
puter programs - are intent on remov¬
ing the mystery from intelligence.
They have three rather different goals
- to provide programs that have prac¬
tical applications, to investigate the
nature of intelligence, or to model the
computations presumed to underlie
human intelligence.

The first endeavour has not pro¬
duced much of intellectual interest,
although some of the programs are
useful. For example, a program to
infer the structure of chemical mole¬
cules works by grinding through possi¬
bilities much taster than a person
Again, there are diagnostic programs
in medicine that are provided with the
likelihood of someone having a par¬
ticular disease if a given symptom is
present and that by manipulating prob¬
abilities arrive at the most likely di¬
agnosis. If the information supplied to
the program comes from specialists
who are highly knowledgeable, it may
well perform better than most doctors.

The attempt to discover the nature
of intelligence has not met with much
success. Just as aerodynamics enables
us to understand both how a bird flics
and how to make an aeroplane fly, so
writing intelligent computer programs
might reveal the principles governing
both human and computer intelli¬
gence In fact, few such principles have
been discovered; and those tnat have,
like the power of conditional jumps
and ways to handle lists or execute a
search, have come as much from basic-
computer science as from Al. Nowa¬
days, the attempt to discover general
principles governing intelligence haslargely been abandoned

It is on the third enterprise, the
simulation of human intelligence, that
Professor John Haugeland concen¬
trates His first four chapters are
devoted to clearing t he ground and to a
historical account of the development
of Al It was Thomas Hobbes who set
the scene with his declaration that "By
ratiocination, I mean computation",
but it took a further 40U years bcfoie
Alan Newell, John Shaw and Herbert
Simon actually instantiated a simulac¬
rum ol ratiocination in a computer by-
producing their ill-named "general
problem solver". This was ill-namedbecause it turned out that it could only
solve a special class of problem, name¬
ly, those in which it was possible to
specify an initial state, a number of
operators that could be applied to that
and subsequent states, a clear goal,
and a list of rules that determined
whether a given state was nearer or
further from the goal than other stales.
Unfortunately, the real problem with

most real problems is putting them into
such a tidy form, and there is no
program for doing that, let alone for
deciding whether a problem is worth
solving in the first place.

Haugeland gives a good description
of various high-level languages with
different sets of instructions. For ex¬

ample, John Von Neumann made
provision for accessing an address in
memory both absolutely (by naming it)
and relatively (by specifying its posi¬
tion relative to another address): the
latter facility is crucial in handling
arrays Haugcland also describes John
McCarthy's Lisp, a language which
makes it easy to handle lists of items,
including lists in which lists are embed¬
ded within one another, and Newcll's
production systems in which all in¬
structions are written as conditional
statements and are executed whenever
the condition is satisfied. This system
makes is easy to insert an overriding
condition whose attached instruction
will be obeyed if the condition is
satisfied at any point in the program,
but some feel that it obscures the
structure of a complex program.
Haugeland's clear account of the fun¬
damentals of computing and Al should
interest the layman who wants to
know, for instance, what a last-in-first-
out stack is and why it is needed to
keep a tag on what to do next when, in
a program with many branches, the
end of a branch is reached.

Haugeland makes two substantive
points in the early part of the book. He
distinguishes between computer prog¬
rams that are intelligent (strong AI)
and ones that merely simulate intelli¬
gence (weak Al). He argues that ifhuman intelligence is based solely on
the manipulation of symbols in the
brain, then it would be hard not to
ascribe intelligence to a program that
manipulated symbols in exactly the
same way. If, on the other hand, more
is involved in human intelligence than
symbol manipulation, it might still be
possible to simulate human intelli¬
gence on a computer, but the program
would no more be intelligent than
would a program simulating the be¬
haviour of a hurricane be windy.
Unfortunately, neither Haugeland nor
anyone else can suggest any other way
in which brains might function except
through carrying out computations.

Nevertheless. Haugeland is not con¬
vinced that the human mind is merely
based on symbol manipulation To be
intelligent, human thought, speech
and action must have meaning. He
asks whether it is proper to ascribe
meaning to the output and operations
of a program that manipulates symbols
in the same way as a brain. This is the
only tortuous section of his book, but
he seems to argue as follows If we
discovered a lengthy message written
in completely unfamiliar symbols, we
would decide that it had meaning only
if we could consistently interpret the
symbols as referring to states of affairs
(or possible states of affairs?) in the
world. Now the symbols are not of

course intelligent themselves, but be¬
cause they have meaning they must
have been devised by an intelligent
being. Haugeland argues that intelli¬
gence might consist of the capacity to
manipulate (compute with) internal
tokens which refer to aspects of the
world and which therefore have mean¬

ing. (The manipulation of these sym¬
bols must conform to a set of rules, for
random manipulation could not be
meaningful.) Therefore, a system that
manipulates symbols in the same way
as the brain could be intelligent and its
activities could be meaningful.

As Flaugeland is aware, there are
many who would disagree with him -

notably John Searle, whose famous
Chinese room argument has never
been satisfactorily met. Briefly, it is as
follows. Imagine someone, who docs
not speak Chinese, sitting in a room
with a vast rule book, receiving mes¬
sages in Chinese. He looks up each
symbol in the book and, following its
rules, gives an answer in Chinese
symbols. No matter how accurate the
answers, one would not want to say
that he understood Chinese nor a

Memory
traces
Molecule, Nerve and Embryo
by Richard R. Ribchester
Blackie,£14 95
ISBN 0216918006

It is remarkable how easily the reduc¬
tionist view of the brain has been

accepted The idea that thoughts,
memories, conscious life are the wards
of autonomous and blind cells, like the
elements of a printed circuit, seems to
have passed without resistance into
our culture. Not that the present book
is concerned directly witn philosophi¬
cal or sociological implications: as an
undergraduate text on neurobiology, it
properly confines itself to ex¬
perimental facts. Yet it is all there,
implicitly, for any bright student to
use: memory traces formed by cas¬
cades of biochemical reactions (albeit
in a sea hare); nerve nets that code for
rigid behavioural responses in inverte¬
brates; ocular dominance columns in
monkev brains that display, as though

on a map, the trace lett by visual
experience on the anatomy of the
developing brain.

Richard Ribchester has achieved his
aim of providing undergraduates with
an account of modern neurobiology,
with clanty and style. Despite its title,
his book centres on nerve cells -

neurones, glia and their interactions -
the eponymous embryo and molecule
appearing only occasionally in the
wings. Nevertheless, the range is
there; and it is superbly organized.
Indeed it requires a disciplined pen to
cover contemporary studies of the
brain in 200 pages, and Ribchester has
made every sentence count.

One of the strengths of the book is
its firm foundation in experiment.
Teachers often have difficulty in tread¬
ing the fine line between beautiful
theories and ugly experiments. Here, a
good balance has been struck,
although the path might have been
easier to follow had the numerous line
diagrams performed their task more
effectively. Illustrating aspects of
neuroanatomy, experimental design
or mechanistic schemes, these seem to
have been copied from various
sources, in many instances without
adequate identification of symbols or
other necessary explanations.

Probably the biggest challenge in
writing a book like this, especially
single-handedly, is the rapid pace of
developments. Authors must review
on the run and hope that with the
inevitable delays in printing and dis¬
tribution they will not fall too far
behind. In this respect, Ribchestcr has
done impressively well, most of the
relevant literature being covered up to
the end of 1984. Only the occasional
breakthrough is lost, such as in the
mechanism of fast axonal transport.
These rare lapses, however, arc more
than redeemed by the judicious sprink¬
ling of original conclusions and sugges¬
tions.

There is a great deal here for the
intelligent student. As a small book on
a very large subject, it cannot provide a
deep or detailed analysis of specialized
areas. But as a thoughtful and well-
written account of one of the most

exciting fields of contemporary biolo¬
gy, it deserves to be widely read.

Dennis llray
Dennis Bray is a member of the
scientific staff al the MRC Cell Biophy¬
sics Unit, King's College. London.

fortiori would one say than a computer
using the same rules understood
Chinese. Ergo, according to Searle.
there is more to meaning and under¬
standing than following a set of lules.
It is a pity Haugeland did not confront
this argument directly.

Up to the end of his fourth chapter,
Haugeland seems to be presenting a
tentative defence of strong Al - that is.
the possibility that certain programs
might have genuine intelligence and
execute meaningful operations. In the
last two chapters, he unexpectedly
hoists his true colours and lets loose a

broadside of doubts. Having, as
already noted, pointed out the limita¬
tions of the "general problem solver",
he goes on to expose tne deficiencies of
what is perhaps the other most re¬
nowned AI program - SHRDLU,
written by Terry Winograd SHRDL.U
manipulates (on a visual display) a toy
worlcl of blocks - pyramids, cubes, and
so on. If told to put the green pyramid
on the red cube, it will do so If there is
another block already on top of the red
cube, it will start by removing it in
order to carry out the above instruc¬
tion. It therefore both "understands" a

limited language and can "plan".
Haugcland's main criticism is that the
micro-world on which SHRDLU
works is so limited that the program
cannot be said to have any understand¬
ing. It "knows" nothing about the
blocks except how to move them to a
given place: it has no knowledge ofwhat else they could be used for - for
example, swopping for another article,
throwing, blocking up holes, and so
on. In fact, "SHRDLU performs so
glibly only because its domain has been
stripped of anything that could ever
require genuine wit and under¬
standing '

Moreover, it does not deal with the
"frame problem" which Haugeland
and many others see as a major
obstacle to devising a system that one
would even begin to think of as
intelligent. The problem is how to
keep tr ack of changes occurring in the
world. Supposing we are told that a
father is carrying his baby and moves
to a comer of the room. Where is the
baby now? Clearly - to a human
listener - in the corner of the room,
unless of course the father has careless¬
ly dropped it or unless it is tied to the
ceiling Almost any event, as Hauge¬
land demonstrates, can have a number
of consequences. One might think that
the failure of Al to solve this problem

is merely due to the impossibility ol
giving a program a large enough
knowledge base, but even if such a
base could be provided there would
still remain the problem of how to
ensure that the program selected the
right knowledge for explicating all the
consequences of a given event: indeed,
there might be loo many consequences
to list, since the changes brought about
by a single event can ramify almost
endlessly.

Haugeland also points out that to
understand even the simplest con
versation. one must know or infer the
other speaker's intentions and must
also know the pragmatic rules of
discourse. For example, to understand
the following conversation, it is neces¬
sary to know that people normally only
make relevant remarks: a son says "I
wish 1 had money to go to the films",
and his father replies, "The lawn needs
mowing", the implication being, as
Haugeland puts it, that "there's money
in lawn mowing".

If Al is weak or even wholly defi¬
cient in dealing with this kind of
problem, it is even more deficient in
dealing with a variety of other aspects
of the mind. How could a computer
simulate the experience of seeing red,
being hungry, delighted, grateful, lov¬
ing, embarrassed or patient? And how
if it has no direct experience of sensa¬
tions, passions, emotions, moods and
self-awareness can it understand con¬

versations or stones that depend on
just these experiences?

The final spectre Haugcland raises is
consciousness itself, although sensibly
he keeps his discussion short To my
mind nothing has been written on
consciousness that is worth the word-

processor paper on which it is output,
except possibly for a few articles
destroying some of the nonsensical
ideas put abroad. If the brain is like a
computer in that it manipulates sym¬
bols which in turn govern human
action, consciousness would appear de
trop and it is impossible to understand
why it evolved It is the ultimate
mystery and not even the most inge¬
nious AI fanatic can program mys¬
teries

Having raised all these problems.
Haugeland ends by declaring himself
not an unbeliever but an agnostic he
wisely refuses to foretell the future
Time alone will tell, although only if
the Al community keep on trying

It is cunous tli3f Haugeland docs not
consider programming computers with
goais very different ftoin most current
ones - for example, to earn the respect
of people, to exercise curiosity, to
make moral judgements and act upon
them. There is a further move which he
fails to explore. Supposing a computer
were able to interact through sensors
and mechanical limbs with the cxlei ual
world and had a learning capacity
orders of magnitude greater than that
of any existing program If this could
be achieved, it would make computer
intelligence much more similar to oui
own, but the problem of feelings,
emotions and consciousness would
remain, such a computer would hardly
experience shame it it played a cruel
practical joke on a programmer The
truth is that since we have no scientific

understanding of our own emotions
and feelings, it is idle even to think of
implementing them on a computer
and the few programs purporting to
mimic emotions have been among the
silliest ever written.

Even though many of Haugeland's
arguments arc not new, his book is
salutary and should be accessible to the
lay reader, for it is written with clarity
and vigour. However, although he is
clearly aware of it, he docs not make it
sufficiently explicit that many of the
problems he raises, for example the
"frame problem" (how to keep track of
the consequences of an event) would
not have been formulated had it not
been for work in Al. Indeed, one of
Al's greatest achievements is to ex¬
pose and clarify the problems thai anv
normal human being solves effortless¬
ly Workers in Al may have set out to
remove the mystery from intelligence,
but their greatest achievement to date
has been to exhibit the mystery of
common sense.

Professor Sutherland is director of the
Centre for Research on Perception and
Cognition at the University of Sussex
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Extensive neurite outgrowth occurs within 24 h from explants of embryonic chick dorsal root ganglia floated on the surface of
serum-free culture medium. The amount of neurite outgrowth was less in culture medium containing serum albumen and varied
systematically with the concentration of nerve growth factor (NGF). Compared with outgrowth from floating ganglia, the
NGF-dependent outgrowth of neurites from ganglia stuck to coated substrata was much less on polylysine, but outgrowth was more
extensive on a laminin-coated substrate. Neurites growing out from floating ganglia showed more fasciculation than those growing
out from adherent ganglia. This new, simple preparation provides a serum- and substrate-independent system for studying
mechanisms of neurite outgrowth and for quantitative bioassay for potential neurotrophic factors or for factors which influence
neurite fasciculation.

Introduction

Neural tissue explants are increasingly used as
an adjunct to dissociated cell preparations for
studies of axon outgrowth, guidance, and forma¬
tion and maintenance of neural connections
(Lumsden and Davies, 1986; Tessier-Lavigne et
al., 1988; Fawcett et al., 1989; Heffner et al.,
1990; Mandys et al., 1991; Molnar and Blake-
more, 1991; Stoppin et al., 1991; Tuttle and
Matthew, 1991). For instance, the extended fam¬
ily of neurotrophin growth factors was identified
using techniques for bioassay of growth factor
activity on neural explants and dissociated neu¬

rons, and this facilitated subsequent purification
and molecular characterization of active fractions

Correspondence: Dr. R.R. Ribchester, Department of Physiol¬
ogy, University Medical School, Teviot Place, Edinburgh EJJ8
9AG, UK. Tel.: (031) 650-3256; FAX: (031) 650-6527.

isolated from tissue extracts. Nerve growth fac¬
tor (NGF), brain-derived neurotrophic factor
(BDNF), and other neurotrophins were all char¬
acterized in this way (Barde et al., 1982; Levi-
Montalcini, 1987; Hohn et al., 1990; Maisonpierre
et al., 1990; Thoenen, 1991).

The first bioassays for neurotrophic factor ac¬
tivity, which led to the discovery of NGF, used
sympathetic ganglia or dorsal root ganglia (DRG)
isolated from chick embryos and embedded in
plasma clots. After a few days in culture in the
presence of tissue or medium containing NGF,
dense halos of neurite outgrowth were seen
around the ganglia (Cohen et al., 1954; Levi-
Montalcini, 1964). The quantitative effects of
neurotrophic factors in regulating neurite out¬
growth have since been measured using a variety
of methods, from outgrowth of dissociated neu¬
rons adhered to coated substrata, to 3-dimen-
sional assays in collagen gels or neuroglial matri¬
ces (Letourneau, 1975; Davies, 1989; Ebendal,
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1989; Fawcett et al., 1989). However, these kinds
of studies show that the amount and extent of
fiber outgrowth depend not only on the concen¬
tration of soluble growth factors but also on the
composition of the substrate. For example, NGF
stimulates outgrowth of longer neurites when
sensory neurons are adhered to a substratum
coated with laminin than when they are adhered
to polylysine. In other words, laminin appears to
have an independent, co-trophic effect on neurite
outgrowth, and this is evidently promoted by a

specific laminin-integrin-protein kinase cascade
in the growth cone (Edgar et al., 1984, 1988;
Bixby, 1989). It would obviously be helpful to
disentangle the simultaneous effects of soluble
and substrate-bound neurotrophic activity in or¬
der to obtain a clearer understanding of how
neurite growth is controlled.

In this paper we describe a simple method of
culturing explants of chick sensory ganglia which
results in substantial amounts of neurite out¬

growth in the complete absence of serum or
macromolecular substrates or matrices. We show
that DRG explants floated at the air-liquid inter¬
face of culture medium generate large halos of
neurites after 24 h in culture. The outgrowth of
neurites is sensitive to NGF in the culture

medium, and the extent of NGF-dependent out¬
growth from floating DRG is considerably greater
than from explants adhered to a solid substratum
coated with polylysine. This preparation there¬
fore appears to offer a number of advantages
over conventional methods as a routine bioassay
for growth factor activity. The finding that neu¬
rites will grow along a compliant culture medium
interface also challenges a number of assump¬
tions about the role of growth cone adhesion and
traction of cytoskeletal proteins in the mechanism
of axon outgrowth.

Methods

Culture of floating dorsal root ganglia
DRG were dissected from stage 30 (E7) chick

embryos (Poultry Research, Roslin, UK). The
explants were cleaned of nerve roots in ice-cold
trizma-buffered physiological saline (TD; 137.5
mM Na+; 5 mM K+; 141.8 mM CD; 0.7 mM

HPO4D 24.7 mM trizma base, pH 7.4) and sub¬
mersed in small droplets of buffer in uncoated
plastic culture dishes (35 mm diameter). Addition
of 2 ml of culture medium (Ham's F-12 supple¬
mented with 2 mM L-glutamine, 50 jug/ml gen-
tamycin sulfate and 100 /xg/ml kanamycin sul¬
fate; all from Sigma) and this was routinely suffi¬
cient to raise the ganglion explant to the surface.
Alternatively, ganglia were placed directly at the
interface using a fine-tipped, fire-polished Pas¬
teur pipette.

Floating ganglia cultured in the complete ab¬
sence of fetal calf serum (FCS) or bovine serum

albumen (BSA) were sensitive to movement of
the culture dish during the first few hours. These
ganglia usually drifted to the edge of the culture
dish where the optical properties made it difficult
or impossible to measure neurite outgrowth. Ad¬
dition of 0.05% BSA to the cultures prevented
the ganglia from drifting to the margins of the
culture dishes during routine handling, but slight
lateral movements of the explant normally still
occurred. With care it was possible to change the
culture medium without disrupting the neurite
outgrowth from an existing floating explant.

Culture of adherent ganglia
Substrates coated with either poly-L-lysine

(PLYS) or polyornithine (PORN) and laminin
were prepared to enable a comparison of neurite
outgrowth from floating ganglia with that from
ganglia stuck to an adhesive substrate. PLYS
substrata were prepared by incubating plastic cul¬
ture wells for 3-4 h with a 10 /u,g/ml solution in
distilled water at 20°C. Dishes were then washed
twice with water and air dried. PORN/laminin
substrates were prepared on 13-mm glass cover-
slips. The coverslips were incubated for 30 min
with 50 ix\ of a 250 /xg/ml solution of poly-DL-
ornithine in sodium borate buffer (pH 8.4),
washed 3 times with distilled water and dried
under a UV lamp. The coverslips were then incu¬
bated for 45 min with 50 /x\ of a 100 /xg/ml
solution of laminin in TD, and rinsed twice with
TD. Adhesion of DRG to PLYS or PORN/lam¬
inin substrata was facilitated by weighting them
with a small square overlay of cut dialysis tubing
soaked in culture medium. The explants were
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incubated for 90 min at 37°C and 2 ml of culture
medium was then added and the dialysis tubing
was removed.

Analysis of neurite outgrowth
Quantitative analysis of neurite outgrowth was

carried out after 24 h of culture. The ganglia
were examined using a Nikon Diaphot phase-con¬
trast microscope. Video images were obtained
using a SONY AVC D7CE video camera, con¬
trast enhanced (Colorado Video, model 605) and
printed using a Mitsubishi P66B video hardcopy
unit. Photomontages were then prepared for each
ganglion. Each photomontage was divided into 8
equal sectors. The growth cone furthest from the
edge of the explant was identified in each sector
and connected by a straight line to the furthest
growth cone in the 2 neighboring sectors (Fig. 1).
The area of the resulting octagon was measured
using a Summagraphics Bitpad digitizing tablet

Fig. 1. Schematic illustration of the method used to determine
the neurite outgrowth index. The photomontage of each gan¬

glion was divided into 8 sectors and the longest neurites in
each sector were joined to form an octagon. The area of this,
minus the area of the explant, was multiplied by the average

density of outgrowth, estimated for each sector on an integer
scale. The resulting statistic was taken as an index of neurite

outgrowth.

and a program written for a BBC microcomputer.
The area bounded by the edges of the explant
was also measured. Subtracting the area of the
explant from the area of the octagon gave a value
for the area covered by neurite outgrowth (mm2).
The density of outgrowth in each of the 8 sectors
was estimated subjectively on an integer scale
from 0 to 5 (representing neurites/mm2). These
values were then averaged and a dimensionless
index of neurite outgrowth was calculated by mul¬
tiplying the average density by the total area
covered by neurite outgrowth.

This method of assessing neurite outgrowth
was applied to both floating and adherent ex-
plants and it was sensitive enough to permit a
quantitative comparison of the effects of different
culture conditions.

Results

Rafts of extensive neurite outgrowth projected
from DRG within 24 h of culture at the air-liquid
interface in serum-free medium (Fig. 2). Typi¬
cally, neurites emerged from the explants in thick
bundles which gradually became less fasciculated.
Complete absence of fasciculation was rare, how¬
ever, even for neurites that had extended the
furthest. Some ganglia extended neurites from
one side of the explant only; others showed bias
towards one side. Growing neurites appeared to
elongate along the underside of the surface of the
medium. Filopodial and growth cone activity were
clearly visible at the tips of the neurites. (Fig 3).
Non-neuronal cells also migrated from the ex-

plants up to and beyond the tips of some of the
neurites. These cells did not appear to be associ¬
ated with either the localized extent or direction
of neurite outgrowth nor were they ever attached
or adhered to the neuronal growth cones.

The data presented here were obtained after
24 h of culture. Neurites continued to extend
from the explants over the following 48 h. We
have not cultured isolated ganglia for longer peri¬
ods than this.

Neurite outgrowth did not occur from the
floating explants when FCS (10%) was included
in the culture medium. This inhibition of out-

1. Plot axes. Join longest
neurites in each sector.
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growth was mimicked by serum albumen alone.
Increasing the concentration of BSA in the cul¬
ture medium systematically reduced the amount
of neurite outgrowth from the floating ganglia
(Fig. 2B). For example, in medium containing
10% BSA the neurite outgrowth index was about
one-fifth that in serum-free medium (Fig. 4). This
effect is probably attributable to the reduced
surface tension of medium-containing serum or
albumen (see Discussion).

The potential utility of the floating DRG
preparation as a bioassay for neurotrophic factors
was tested by culturing isolated ganglia in media
containing different concentrations of NGF. A
small amount of BSA was included in the culture
medium to inhibit drifting of the floating ganglia
(see Methods). Outgrowth of neurites from the
floating ganglia was strongly dependent on the

concentration of NGF in the medium, with an

apparent EC50 of 0.60 ng/ml (Fig. 6A). Slightly
less outgrowth was seen after 24 h of culture in
NGF concentrations of 50 ng/ml than in 5 ng
NGF/ml, however.

We next compared the outgrowth of neurites
with outgrowth from ganglia adhered to solid
substrata (Fig. 5). Very little outgrowth was seen
when ganglia were stuck to uncoated tissue-cul¬
ture plastic (not shown). Surprisingly, the extent
of outgrowth on substrate coated with PLYS alone
was much less than that from floating ganglia,
even with high concentrations of NGF in the
medium (>5 ng/ml; see Figs. 5B and 6C). By
contrast, the extent of neurite outgrowth from
ganglia adhered to a PORN- and laminin-coated
substrate was greater than that of floating ganglia
over the same range of concentrations of NGF

Fig. 2. Neurite outgrowth after 24 h of culture from DRG floating on the surface of serum-free culture medium (A) or medium
containing 10% BSA (B). Both cultures contained 20 ng/ml NGF. Calibration bar = 1 mm.
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70

Fig. 3. Higher power view of neurites tipped with growth
cones projecting along the undersurface of serum-free culture

medium.
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Fig. 4. Neurite outgrowth after 24 h of culture in medium
containing BSA and 20 ng/ml NGF. Each point shows the

mean±SD obtained from between 6 and 10 cultures.

(Figs. 5A and 6B), confirming that NGF and
laminin have additive effects on neurite out¬

growth. The apparent EC50 (0.35 ng NGF/ml)
for outgrowth on laminin was about one-half the
apparent EC50 for outgrowth from ganglia float¬
ing in serum-free culture medium. Very few of
the neurites growing out from explants on the
laminin substrate were fasciculated, however, in
contrast to the extensive fasciculation of neurites

generated by floating DRG. We have not deter¬
mined whether a dilute solution of Iaminin has

any effect on the outgrowth or fasciculation of
neurites from floating DRG.

No neurite outgrowth was observed when gan¬

glia were completely submerged without making
contact with either the air-culture medium inter¬
face or the medium-substratum interface, even
when high concentrations of NGF (greater than 1
ju,M) were included in medium.

Discussion

The main finding of the present study is that
sensory neurons in embryonic chick DRG extend
long neurites when DRG explants are floated at
the surface of culture medium, provided serum is
absent or reduced in concentration in the
medium. We initially observed this phenomenon
quite by chance, and it is perhaps surprising it has
not been reported or studied in detail previously

0 0.001 0.01 0.1 1 10

[BSA] (%)
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to our knowledge. In the present study we have
described observations made only with phase-
contrast microscopy. However, we have also
shown that the neurites stain with fluorescent
antibodies against neurofilament proteins (G.J.
Bryce, unpublished), and there is no reason to
doubt that other forms of light or electron mi¬
croscopy, or indeed electrophysiological tech¬
niques, could be used to study the phenomenon
of outgrowth along the culture medium interface.

The other important findings are that the
amount and extent of neurite outgrowth de¬
pended systematically on the concentration of
NGF in the medium and that neurites fascicu¬
lated more readily following outgrowth from
floating DRG, compared with ganglia adhered to
a laminin-coated substratum.

The method we have used to assay the effect
of growth factor on neurite outgrowth from float¬

ing DRG explants is simple and effective, and it
permits a complete concentration-response curve
to be constructed in about one and one-half days,
including the 24 h period of culture. Time-con¬
suming procedures involving preparation of cellu¬
lar matrices or coated substrata, and the adhe¬
sion of cells or explants to them, are completely
circumvented with this method. Floating explant
preparations may therefore be especially well
suited to investigation of neurotrophic factor ac¬
tivity in tissue extracts or conditioned media,
especially when it is considered important to rule
out possible co-trophic effects of adhesive sub¬
strata. In any case, our data show that NGF-de-
pendent neurite outgrowth is greater from float¬
ing DRG explants than from those adhered to
polylysine, so the floating ganglia provide a more
sensitive quantitative assay for neurotrophic fac¬
tors than explants adhered to PLYS. Over the

■ '■'/-'nT..tSS

Fig. 5. Neurite outgrowth after 24 h of culture in medium containing 0.05% BSA and 5 ng/ml NGF. A: on a PORN- and
laminin-coated substrate. B: on a PLYS-coated substrate. Calibration bar = 1 mm.

/
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Fig. 6. Dependence of neurite outgrowth on NGF concentra¬
tion. Neurite outgrowth was assayed after 24 h of culture in
medium containing 0.05% BSA. The mean + SD from be¬
tween 6 and 10 cultures is shown for each point. A: ganglia
suspended at an air-fluid interface. B: ganglia adhered to a

PORN- and laminin-coated substrate. C: ganglia adhered to a
PLYS-coated substrate.

last decade bioassays using primary neuronal cul¬
ture have revealed selective neurotrophic activity
from many sources including extracts from brain,
neuroglia, and muscle (Barde et al., 1982; Dohr-
mann et ah, 1986; Lumsden and Davies, 1986;
Hohn et ah, 1990; Maisonpierre et ah, 1990). It
may be interesting to study the effects of other
growth factors of the neurotrophin family on neu¬
rite outgrowth from floating DRG preparations.

It is interesting to note that explants of mam¬
malian visual cortex or lateral geniculate nucleus
also grow neurites along the surface of serum-free
medium (B. Lotto and D.J. Price, personal com¬
munication) but it remains to be seen whether
floating explants prepared from other parts of the
nervous system will grow neurites in the same
way.

Neurites were clearly able to extend and elon¬
gate from floating ganglia along the under-surface
of the culture medium. This raises interesting
questions about the mechanism of neurite out¬
growth. When neurites grow across the surface of
a solid substratum, adhesions form at the tips of
filopodia and lamellipodia and the growth cone is
pulled forward (Lamoureux et ah, 1989). How¬
ever, it is unclear whether propulsive forces oper¬
ating within the neurite or its cytoskeleton also
contribute to neurite elongation (Bray, 1987,
1991). Traction on the neurite is a sufficient
stimulus for elongation, provided the growth cone
is adhered to a solid surface (Bray, 1984), and
disruption of the cytoskeleton in the vicinity of
the growth cone inhibits neurite elongation
(Bamburg et ah, 1986). However, our observa¬
tions suggest that cytoskeletal, microfilament-
based traction may not be necessary for neurite
elongation from floating DRG, and other experi¬
ments with agents that selectively disrupt micro¬
tubules or microfilaments support this (G.J. Bryce
and R.R. Ribchester, in preparation). Neurites
did not grow into the culture medium when the
ganglia were completely submerged, however, so
some sort of interaction between the neurite and
the surface of the medium must be involved. The
surface tension of the medium is probably impor¬
tant because serum or albumen inhibited neurite
outgrowth, and medium containing serum albu¬
men has a lower surface tension than serum-free
medium (a simple capillarity test demonstrates
this). The charge on the surface of a liquid is
related to its surface tension (Davies and Rideal,
1961; Curtis, 1973) so the attraction between the
neurite and the surface of the medium could be
an electrostatic one. It is therefore possible that
the utility of floating DRG preparations for neu¬
rotrophic factor bioassay, or for studying the
mechanisms of neurite outgrowth, may be tem-

/



pered by possible effects of potential growth fac¬
tors on the surface tension of the medium.

Finally, neurites growing on a PORN/laminin
substratum showed much less fasciculation than
neurites growing out from floating ganglia, and
there was some evidence for reduced outgrowth
at high concentrations of NGF (50 ng/ml), an
effect previously reported by others. For instance,
Rutishauser and Edelman (1980) observed that
the halo of outgrowth around DRG cultured in
agar, on plastic and on collagen decreased sharply
at NGF concentrations above 12 ng/ml. They
also observed that this inhibition of outgrowth
was correlated with a thickening in neurite fasci¬
cles. Floating DRG preparations may therefore
be useful for studying the mechanism and effects
of neurite fasciculation.
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of Neurite Outgrowth from Embryonic Chick
Sensory Neurons
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SUMMARY

Targets in limb regions of the chick embryo are further
removed from the dorsal root ganglia that innervate them
compared with thoracic ganglion-to-target distances. It
has been inferred that axons grow into the limb regions
two to three times faster than into nonlimb regions. We
tested whether the differences were due to intrinsic prop¬
erties of the neurons located at different segmental lev¬
els. Dorsal root ganglia (DRG) were isolated from the
forelimb, trunk, and hind limb regions of stage 25-30
embryos. Neurite outgrowth was measured in dissociated
cell culture and in cultures of DRG explants. Although
there was considerable variability in the amount of neu¬
rite outgrowth, there were no substantive differences in
the amount or the rate of outgrow th comparing brachial,
thoracic, or lumbosacral neurons. The amount of neurite

outgrowth in dissociated cell cultures increased with the
stage of development. Overall, our data suggest that
DRG neurons express a basal amount of outgrowth,
which is initially independent of target-derived neurotro¬
phic influences; the magnitude of this intrinsic growth
potential increases with stage of development; and the
neurons of the DRG are not intrinsically specified to
grow neurites at rates that are matched to the distance
they are required to grow to make contact with their pe¬
ripheral targets in vivo. We present a speculative model
based on Poisson statistics, which attempts to account
for the variability in the amount of neurite outgrowth
from dissociated neurons. 1995 John Wiley & Sons. Inc.

Keywords: dorsal root ganglion, neurite growth, chick
embryo.

INTRODUCTION

Neurons grow cellular processes (neurites) quite
readily when they are dissociated and cultured in
vitro. The form and pattern of these neurites are
often characteristic of the type of neuron. For in¬
stance, cultured dorsal root ganglion ( DRG) neu¬
rons are bipolar or pseudo-unipolar (Mudge.
1983); other types of neurons, such as autonomic
ganglion neurons or spinal motoneurons, adopt a

multipolar shape in culture (Bray, 1973; Bloch-
Gallego et al., 1991). Although these qualitative
characteristics emerge largely independent of the
composition of the culture environment, sub¬
strate-bound and soluble factors influence the
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amount of neurite outgrowth (Levi-Montalcini.
1987; Rathjen. 1988; Lander. 1989). Such obser¬
vations are partly responsible for the notion that
the amount ofgrowth and the number and disposi¬
tion of nerve branches in vivo are determined by
trophic interactions between neurons and their tar¬
gets ( Purves. 1988). In at least one instance how¬
ever. namely the neurons of the cranial sensory gan¬
glia. the amount and rate of outgrowth are appar¬
ently determined by intrinsic properties of the
neurons. Davies (1989) has shown that dissociated
neurons from the petrosal, geniculate, nodose, and
vestibular ganglia grow neurites at different rates in
a uniform culture environment, but for each neu¬

ron the rate and amount of growth are directly re¬
lated to the in vivo neuron to target distance.

In the chick embryo, sensory neurons in DRG
positioned at different segmental levels appear to
differ in the rate and extent of their initial out¬

growth (Swanson and Lewis. 1982). The greatest

I
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Figure 1 Innervation of the limbs and trunk of stage 28 chick embryos, compiled from
camera lucida drawings of three separate embryos stained with silver and protargol. Rostral is
to the right. Note that the axons innervating the limbs are about two to three times as long as
those innervating the trunk at this stage. Scale bar = 1 mm.

difference is between neurons in the thoracic gan¬
glia, which innervate the skin and musculature of
the trunk, and those of the brachial or lumbosacral

ganglia, which innervate the forelimbs and hind-
limbs. Axons begin to enter the bases of the limb
buds at stage 25 (approximately 4.5 days of incu¬
bation), after the formation of the brachial and
lumbosacral plexuses (Roncali. 1970). By stage
28. the longest axons innervating the limb bud are
two to three times longer than those innervating
the trunk (Fig. 1; see also Fig. 3 in Swanson and
Lewis, 1982); By stage 30 the basic adult pattern of
innervation is established in the hindlimb and dis¬
tal axon tips have reached the wrist of the develop¬
ing forelimb (Flonig, 1982; Scott, 1982, 1987;
Swanson and Lewis, 1982: Tosney and Land-
messer, 1985a.b.c).

The simplest interpretation of these observa¬
tions is that neurites grow more rapidly into the
embryonic limb bud than into the thoracic region
between the limb buds. The object of the present
study was to determine whether neurons project¬
ing to these regions grow or regenerate at intrinsi¬
cally different rates, or whether the differences are

more likely to be explained by differences in local
cues in the environment of the growing axons. We
attempted to distinguish between these two possi¬
bilities by measuring, first, the amount of neurite
outgrowth from dissociated DRG neurons after 24
hours in culture, and. second, by measuring the
rate of growth cone advancement from substrate-
bound explants of whole DRG. The data from
both approaches suggest that DRG neurons at any
given stage of embryonic development are not pre-
specified on the basis of their segmental position to
grow axons at the rates proportional to ganglion to
target distances in vivo. However, we did find evi¬
dence of intrinsic, stage-dependent differences in
the rate of neurite outgrowth from isolated cells
and DRG explants.

METHODS

Dissection and Culture

Dissociated Cells. DRG were dissected from the mid-
brachial. midthoracic, and midlumbosacral levels of

!
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4.5-6.5-day-old chick embryos, corresponding to stages
25-30 of Hamburger and Hamilton (1951). Between
four and eight ganglia from each level were washed in
cold (4°C) Tris-butfered saline (TD) transferred to 1 ml
of 0.05% trypsin in cold TD. then placed in a gassed (5%
carbon dioxide [CO:]) incubator at 37°C. After 45 min.
the tissue was crudely disaggregated, spun down, and
resuspendcd in TD containing 0.025% soybean trypsin
inhibitor and 0.02% DNase to prevent cell clumping.
The crude disaggregates were triturated by 10 passages
with a fire-polished Pasteur pipette to produce a disso¬
ciated cell suspension. This was briefly centrifuged and
the cells were resuspended in 1.2 ml of Ham's F12 me¬
dium (Flow) supplemented with 10% heat-inactivated
fetal calf serum (Row), 2 mM L-glutamine. 40 p.g/m\
conalbumin, 50 p.g/m\ gentamicin. 100 p.%/m\ kanamv-
cin. Purified growth factors were not added to the culture
medium. Aliquots of 50 pi of the cell suspension were

plated onto 9 mm glass coverslips previously coated with
polv-D-L-ornithine ( PORM) and laminin (see later) in a
24-well plastic culture plate ( Linbro space saver. Row).
The plates were transferred to the 37°C incubator for

1 h. Each well was flooded with a further 450 p\ of com¬

plete medium. After 24 h of culture, coverslips were
fixed in 4% paraformaldehyde for 10 min. rinsed in phos¬
phate buffered saline ( PBS), and mounted in Aquapoly-
mount for phase-contrast microscopy.

Explants. Three to five ganglia were removed from bra¬
chial. thoracic, and lumbosacral regions of embryos at
stage 25-30. The ganglia were transferred to a previously-
prepared PORN'/laminin-coated 22 mm coverslip in a
heated chamber (Intracell). A grid was marked on the
underside of the coverslip for reference. A layer of min¬
eral oil was placed over the medium to reduce evapora¬
tion during culture, and the whole assembly was left for
45 min to allow the explants to adhere before transfer to
the microscope stage of a Nikon TMS-F inverted phase-
contrast microscope. The chamber was maintained at
37°C and a 95% air/5% CO, gas mixture was continu¬
ously blown over the surface.

Precoating of Coverslips. A 50 f or 250 pi droplet of
PORN at 250 pg/m\ in sodium borate buffer (pH 8.4)
was placed on each coverslip (9 and 22 mm. respec¬

tively ) and left to stand for 30 min at room temperature.
Excess PORN was removed and the coverslips were

washed three times with sterile, double-distilled water

and allowed to dry for 1 h under an ultraviolet lamp at
room temperature.

Coverslips were subsequently coated with laminin
(Bethesda Research Laboratories). For the dissociated
cell cultures, a 50 p\ droplet containing 100 pg/m\
laminin in TD was added to each coverslip and incu¬
bated for 30 min at 37°C. Excess laminin was drawn off
and the coverslip was rinsed several times with sterile
water. Fibronectin was sometimes used instead of la¬
minin to coat the POR.N-covered coverslips. There was
no difference in outgrowth on fibronectin compared

with laminin in the present experiments (data not
shown). The laminin-coating procedure was altered
slightly for the explant cultures, to increase their adher¬
ence and viability. A 200 /d droplet of 100 Mg/ml
laminin was added to a 22 mm coverslip and incubated
at 37°C for 60 min. The laminin solution was drawn off
and the coverslip washed only once with equilibrated,
complete media. The coverslip was immediately sealed
into an autoclaved, stainless steel chamber with vacuum

grease, and 1.2 ml of equilibrated, complete media was
added. In both cases, the amount of laminin used was in
excess of that which promotes maximum outgrowth
from sensory neurons in culture (Buettner and Pittman.
1991).

Histological Staining

Stage 28 chick embryos were stained with silver and pro-
targol exactly as described by Lewis( 1978). Figure 1 isa
simplified, composite drawing from three embryos,
showing the difference in the extent of nerve outgrowth
into the trunk and limbs at this stage.

Anti-neurofilament staining of one culture was
carried out by washing the culture three times in PBS.
incubating for 30 min at 20°C with 10% fetal calf serum
in PBS, followed by three further washes in PBS. The
culture was then fixed in acetone at -20°C for 4 min.
washed in PBS and incubated for 1 hour at 37°C in a

1:50 dilution of 68 kD neurofilament mouse antibody
(Sigma) and washed in PBS. It was then incubated for
another hour in fluorescein isothiocyanate conjugated
goat anti-mouse immunoglobulin G (Sigma) at 1:5 dilu¬
tion in PBS at 37°C, washed in PBS and mounted in
Aquapolymount for viewing with fluorescence micros¬
copy. using standard fluorescein filters.

Measurement and Analysis of Neurite
Length
Dissociated Cell Cultures. The distribution of neurite

lengths in 300-1500 neurons from each region was mea¬
sured after 24 hours of culture. Each culture was viewed
using an inverted phase-contrast microscope. Although
we did not attempt to measure or control cell plating
density, other than by using equal numbers of ganglia in
each experiment, we studied microscope fields (X40
phase objective) containing not more than four cell bod¬
ies. Most fields contained no cell bodies. Neurons were

selected for analysis if they satisfied two main criteria:
that their cell bodies were rounded and discreet, not clus¬
tered nor associated with other cells: and that their neu-

rites, when present, did not terminate on other neurites.
cell bodies, or nonneuronal cells. Because of the relative
sparsity of the cultures, very few neurons or neurites
were disqualified from assay by these criteria.

Images of the neurons were captured using a JVC
NK. 10 video camera and a Watford Video Digitizer (512
x 256 pixels; 64 gray levels) connected to an Acorn Ar¬
chimedes computer. A laplacian digital filter was some-
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times applied to enhance the contrast of the video image.
Measurements of neurite length and cell body diameter
were then made from the digitized images. Calibration of
the measurements took account of the aspect ratio of
the video image. The measurements of neurite length
were estimated to have a maximum error of approxi¬
mately 7%.

Explant Cultures. Time-lapse recordings of neurite
growth from 80-90 growth cones from each segmental
level were made using a Sony CCD monochrome video
camera and monitor linked to a Mitsubishi HS-S5600.
S-VHS time-lapse video recorder. The same digitizer and
computerized system was used to process and measure
the rate of movement of growth cones as for dissociated
cells. The position of the growth cone was marked on the
monitor at the beginning and at the end of a 30 min
recording period. The shortest distance between the two
points was then measured, from which the growth rate
was calculated. After each period, the field of view was

changed to a different explant. taking brachial, thoracic,
and lumbosacral explants in rotation. The positions of
each field were noted and it was thus possible to return to
the same group of neuntes after several hours. This tech¬
nique allowed larger amounts ofdata to be acquired than
if a small population of neurites had been followed exclu¬
sively over shorter intervals. In a few cases, small groups
of neurons were monitored continuously: the rates of
outgrowth measured from these were similar to those
made by sampling every 30 min. With time, outgrowth
from the explants became too complex for accurate mea¬
surements from individual growth cones to be made. In
practice, this limit was reached after about 15 h.

Statistics

Most of the data were analyzed using nonparametric sta¬
tistical methods, since the distributions of neurite length
were skewed. These distributions were expressed in
terms of their mode, median, and interquartile ranges
and differences were tested using the Mann-Whitney U
test. Student's t test were used to compare the mean rate
of neurite outgrowth from DRG explants.

RESULTS

Qualitative Appearance of Cultures

Dissociated Cells. A number of different types of
cells were present in the cultures (Fig. 2). First,
there were neurons with small, phase-dark cell bod¬
ies and bipolar, unbranched neurites (SDB cells).
The second type were neurons with large, phase-
bright cell bodies from which single or multiple
branched neurites extended (LBM cells). A third
category of cells had large, phase-bright cell bodies,
but no neurites were present after 24 hours in cul¬

ture. We recorded these cells as "failures." The cul¬
tures also contained cells that were clearly not neu¬
rons. These included flattened, granular cells with
no neurites (possibly fibroblasts) and small phase-
dark. spindle-shaped cells (probably Schwann
cells). Cells with these characteristics were ex¬
cluded from the analysis.

Most of the neurons were either unipolar or bi¬
polar (Fig. 2): tripolar neurons were relatively un¬
common and neurons with more than four neu¬

rites were never seen. We stained one culture with
antibodies against the 68 kD fragment of neurofila¬
ment protein. Neurite-bearing cells stained in¬
tensely with the fluorescent antibody. Some of the
failures showed a wispy staining in the cell body.

Explants. Explanted ganglia adhered to the sub¬
strate and began to extend long neurites terminat¬
ing in large, flattened growth cones within 4 hours
(Fig. 3). In addition, flattened nonneuronal cells
migrated out of the explants. Fasciculation of neu¬
ntes was relatively uncommon. Some of the longer
neurites were attached only at the growth cone,
and their neurites appeared to float free in the me¬
dium. (compare Letoumeau. 1975). Other neu¬
rites were relatively taut. The traction exerted by
some growth cones was sufficient to pluck their cell
bodies forcibly out of the explant. There were no
consistent attractive or repulsive interactions be¬
tween neurites on contact (see Honig and Burden,
1993). Neurites would apparently randomly either
cross or grow together before parting again. In all
cultures, a few neurites grew considerably longer
neurites than the majority. In the measurements
described later neurites were selected at random; in
other words, we did not deliberately select either
the longest or the shortest neurites.

Quantitative Analysis of Neurite
Outgrowth in Culture

Dissociated Cells. Distributions of neurite lengths
are shown in Figure 4. These histograms show the
total neurite length per neuron, that is, for each
neuron the summed lengths of each neurite and
any branches, for the three different segmental lev¬
els of stage 28 embryos. The numbers of failure
neurons (as already defined) are also indicated on

Figure 4.
Descriptive statistics for the histograms of neu¬

rite length are shown in Table 1. Non-Gaussian
statistical values are given, because the distribu¬
tions of neurite length were skewed. There was no
evidence that neurons from the thoracic ganglia

/
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Figure 2 Phase-contrast micrographs of dissociated DRG cells from a stage 25 embryo after
24 hours in culture. (A) Bipolar neuron and two phase-bright "failures". ( B) Unipolar neuron.
(C) Phase-dark bipolar neuron. (D) Phase-bright bipolar neuron with long neurites. ( E) Bipo¬
lar neuron with branched neurites. (F) Multipolar neuron with three neurites emerging from
the cell soma. (G) N'onneuronal cell, probably a Schwann cell. (H) N'onneuronal cells, proba¬
bly fibroblasts. Scale bar = 100 pm.

grew neurites shorter or longer than neurons from
the brachial or lumbosacral ganglia (p > 0.05;
Mann-Whitney test).

Stage-Dependent Outgrowth of Neurites. Since
the development of the nervous system follows a
rostrocaudal progression, local differences in the
maturity of neurons between brachial and lumbo¬
sacral ganglia could conceivably have obscured
any intrinsic differences in the rate of neurite out¬

growth in our cultures. We examined this possibil¬

ity in three ways. First, we compared neurite out¬
growth from dissociated neurons obtained from a
more restricted region of the developing neural
axis, that is. we examined outgrowth from rostral
lumbosacral ganglia and compared this with out¬
growth from more caudal lumbosacral ganglia. Sec¬
ond, we studied the outgrowth in cultures prepared
from younger (stage 25) and older (stage 30) em¬
bryos. Finally, we selectively measured the out¬
growth from developmentallv immature SDB neu¬
rons.

/
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Figure 3 Phase-contrast photomontage of a stage 28 explanted dorsal root ganglion after 15
hours in culture. Scale bar = 100 ^m.

Outgrowth from Lumbosacral Ganglia. Axons
enter the crural plexus from lumbosacral (LS) seg¬
ments 1-3, and then project to proximal targets in
the thigh and knee. The sciatic plexus receives
axons from LS 4-8, which then project mainly to
distal targets in the knee and shank (Landmesser,
1978, Scott, 1982). Thus, it appears from silver-
stained preparations that ganglia positioned only
slightly more rostral than others in the lumbosacral

region normally project shorter neurites than those
ganglia positioned only slightly more caudal. Of
course, many neurons in the lumbosacral DRG
also have proximal targets in the thigh (and even in
the body wall). We attempted to accommodate
this by testing for differences in the distributions
(not means) of neurite lengths in large samples us¬
ing nonparametric statistical methods.

Histograms of total neurite length from cultured

/
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Figure 4 Histograms of total neurite length of dissociated DRG neurons from stage 28 em¬
bryos. The data were accumulated from four repeat cultures made from different embryos.
Numbers of failures, i.e., neuronlike cells without neurites, are indicated in the top right
corner. (A) Brachial DRG. n = 393. (B) Thoracic DRG. n = 262. (C) Lumbosacral DRG.
n = 195.

DRG neurons supplying the sciatic or crural plex¬
uses of stage 28 embryos are shown in Figure 5.
Both histograms were positively skewed. There was
no evidence that the neurons from DRG LS 4-8

grew longer neurites than those from LS 1-3 in vi¬
tro. Modal values (125 gm and 100 /am. respec¬

tively) and medians (450 /am and 375 /am) were
not statistically significantly different (p > 0.05,
Mann-Whitnev test).

iXeurite Outgrowth at Earlier and Later Stages.
Measurements on 24-hour cultures were obtained
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Table 1 Summary of Statistical Data on Neurite Growth in Cultures Obtained from Brachial (B), Thoracic (T), and
Lumbosacral (L) Levels of Embryos at Stages 25 to 30

Segmental No. Failures Quartile Point Interquartile
Stage Level Neurons (%) Mode Median Lower Upper Range

25 B 875 35 100 125 100 175 75

25 T 823 40 100 100 75 150 75

25 L 865 40 100 125 75 200 125

28 B 393 22 150 250 150 375 225

28 T 262 20 150 225 150 425 275

28 L 195 12 150 225 150 400 250

30 B 358 7 150 350 200 500 300
30 T 458 13 150 275 175 475 300

30 L 302 11 175 250 150 350 200

from embryos at stage 25, just prior to the invasion
of the limb buds by the growing axons, and at stage
30 when the adult pattern of limb innervation is
essentially established. Figure 6 shows the distribu¬
tion of neurite lengths from the brachial DRG neu¬

rons at stages 25, 28, and 30. Similar results were
obtained from thoracic and lumbosacral regions
(Table 1). In no case were there any significant
differences in neurite outgrowth from the different
segmental levels. There were clear differences in
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Figure 5 Histograms of total neurite length in DRG neurons from stage 28 embryos disso¬
ciated from lumbosacral ganglia 1-3 (A; n = 140); lumbosacral ganglia 4-7 (B; n = 141). The
number of failures are again indicated.
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Figure 6 Median neurite lengths and interquartile
ranges for repeat cultures from the brachial region of
stage 25 to 30 embryos.

the overall amount ofoutgrowth at each stage, how¬
ever. The median neurite length increased signifi¬
cantly, the variance also increased but the propor¬
tion of failures decreased (Table 1). Differences in
the morphology of the neurons were also apparent.
The proportion of multipolar neurons increased
from 0.02% to 2.1% and 3.2% of the total number
of neurons at stages 25, 28, and 30, respectively.
Similarly, the percentage of cells with branched
neurites increased from 7.6% to 9.8% and 18.4% at

the same stages.

Outgrowth from Immature (SDB) Neurons. Neu¬
rons located in the DRG are generated over an ex¬
tended period (Carr and Simpson, 1978). At all
the stages studied here, ganglia contain indifferent
cells (undifferentiated, neural progenitors), primi¬
tive neuroblasts, and intermediate neuroblasts
(Pannese, 1974). It has been shown that neurons
that have only recently developed from precursors
are identifiable as SDB cells (Rohrer et al., 1985;
Ernsberger and Rohrer, 1988; Wright et al., 1992).
Like these authors, we, therefore, assumed that
SDB cells were not axotomized by the isolation
procedure and that they therefore grew their first
neurites in culture. We only analyzed data from
stage 25 embryos, as these contained the greatest
percentage of SDB neurons (Table 2).

Neurite outgrowth from SDB neurons was
about 25% less from thoracic than from limb DRG

regions; from a median of 225 to 250 to one of

175 p.m (p < 0.0001, Mann Whitney test). How¬
ever, this difference in outgrowth is much less than
that inferred from fixed preparations over a 24-
hour period comparing thoracic and limb regions
in vivo.

Time-Lapse Microscopy of Neurite Outgrowth
from Explant Cultures. Our measurements of the
amount ofneurite outgrowth from dissociated cells
permitted a relatively large quantity of data to be
collected and analyzed. However, it is appropriate
to ask whether the amount ofgrowth recorded after
24 hours reflected a uniform underlying rate ofneu¬
rite growth. Initially, we attempted to address this
question using time-lapse microscopy of disso¬
ciated neurons, but we found that the cell bodies
often moved small amounts during the recording
period, and this made accurate measurement of
changes in neurite length and, therefore, rates of
outgrowth difficult to obtain. Rates of neurite
growth were more readily monitored using ex-
plants of DRG cultured under similar conditions
to the dissociated cells. Rates of growth cone ad¬
vance were calculated from measurements over

30-minute intervals.

Explants ofganglia from different segmental lev¬
els at stage 28 showed no overt or statistically signif¬
icant differences in rate of growth cone advance
(Fig. 7). Values of between 0.4 and 3.75 pm/min
were recorded. The form and extent of the neuritic
halos around the explants were similar in all cases.
Measurements were also obtained from stage 25
and stage 30 embryos. Least square fits for the
mean growth cone advance rates at stage 28
showed they were fairly constant throughout the
culture period (Fig. 7). Data for the other develop¬
mental stages are given in Figure 8. At stage 25, no
difference was found between segmental levels,
and the rates recorded were comparable with those
at stage 28. At stage 30, however, growth rates were
reduced at all segmental levels compared with the
earlier stages. Interestingly, this was most pro¬
nounced in the thoracic region, where there was a
further small but significant decrease in growth
rate compared with brachial and lumbosacral lev¬
els (1.0 jttm/min compared with 1.3 jum/min;
/? < 0.01, t test).

DISCUSSION

During the early development of the chick embryo,
DRG neurons project axons into the periphery and
ultimately connect with a variety of presumptive
target tissues (mostly skin and muscle). The basic

i
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Table 2 Summary of Statistical Data for SDB Neurons from Stage 25 Embryos'

Stage
Segmental

Level n Mode Median

Quartile Point

Lower Upper

25 B 55 175 225 125 425

25 T 50 125 175 125 275

25 L 44 100 250 150 425

' These data represent a part of that which was originally presented in Figure 4.

body plan of the embryo determines that some
axons have much further to grow than others in
order to contact or maintain connection with their

peripheral targets. This is especially apparent for
those ganglia that innervate limb versus nonlimb
regions. Indirect measurements indicate that DRG
neurons grow processes toward more distant tar¬
gets at greater rates than toward closer targets
(Honig, 1982; Scott, 1982; Swanson and Lewis,
1982). The main objective of the present study was
therefore to determine whether growth rate is de¬
termined more by an intrinsic, segmentallv based
program, as has been suggested for cranial sensory
neurons by Davies (1989), or whether it is deter¬
mined more by the environment of the limbs,
which regulates neurite outgrowth, as suggested in¬
directly by earlier work (Hamburger, 1939; Ben¬
nett et al., 1980; Swanson and Lewis, 1982). We
investigated this problem by culturing isolated cells
and explants from DRG taken from chick embryos
during the stages over which DRG neurons nor¬

mally grow axons into the periphery. Our data sug¬

gest that at the stages when segmental differences
are clearly apparent in vivo, differences in either
the amount or the rate of neurite outgrowth are
insufficient to account for the growth observed in
vivo. However there were intrinsic, stage-depen¬
dent differences in both amount and rate of neurite

outgrowth, whatever the segmental origin of the
DRG neurons. We also found that the distribu¬
tions of neurite lengths in culture were positively
skewed. We are unable to account for this simply
in terms of neuronal subtypes (SDB/LBM) in the
ganglia. We propose a speculative model to ac¬
count for the distributions.

Segmental Independence of Neurite
Outgrowth
It is clear that neurons have an intrinsic capacity to
grow neurites, and the form of these is often char¬
acteristic for the type of neuron, even in a foreign
culture environment. Our results suggest that
when DRG neurons are placed into a controlled,

homogeneous culture environment, they exhibit
similar neurite outgrowth characteristics, irrespec¬
tive of the segmental level from which they were
isolated. In only one case (stage 25) was the me¬
dian neurite length from the thoracic region less
than those from limb-innervating regions, but the
difference was far less than the amount predicted
over a comparable period of growth in vivo, about
400 to 500 pm. At stage 28, the median amount of
neurite outgrowth from dissociated cells was 230

after 24 hours in culture. This is comparable to
the mean length of neurites from the thoracic re¬
gion at the same stage of development (approxi¬
mately 24 hours after emerging from the develop¬
ing DRG). Thus, the simplest explanation of our
data is that the outgrowth seen in vitro represents a
basal level that is intrinsic to the neurons, and this
may be elevated to greater levels in the limb regions
by the activity of (unidentified) limb-derived fac¬
tors.

There are rostrocaudal differences in the matu¬

rity of neurons. We investigated the possibility that
this could have biased the data by culturing neu¬
rons from the lumbosacral region of the embryo.
Here, neurons that differ in age by only a few hours
appear to show differential growth into target tis¬
sues in the hind limb (Scott, 1982, 1987). The
more caudally located neurons inpervate the more
distal targets of the hind limb at the same time as
proximal targets become innervated by more ros¬
tral neurons. However, when neurons from these
two regions of the lumbosacral plexus were cul¬
tured, no differences in the amount of neurite out¬
growth after 24 hours were observed (Fig. 5).

It is possible that our results reflected differences
in the control of regeneration rather than de novo
growth ofaxons. To investigate further the possibil¬
ity that newly formed neurons may behave differ¬
ently from others in culture, measurements of neu¬
rite length were made from a morphologically dis¬
tinct population of immature (SDB) neurons.
These neurons had not been axotomized; in other
words, they extended their first neurites in culture
(Rohreretal., 1985; Ernsbergerand Rohrer, 1988;
Wright et al., 1992). When these new neurons
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Figure 7 Neurite growth rates (gm/min) from explanted DRG from stage 28 embryos. Data
from four repeat cultures from different embryos. (A) Brachial DRG. (B) Thoracic DRG. (C)
Lumbosacral DRG. Open circles represent data points; filled circles are the means for each
30-minute time interval recorded. The lines are least square fits for the mean data points.

were taken from different segmental levels and cul¬
tured. statistically significant differences in the
amounts of neurite outgrowth after 24 hours were
observed. However, the differences in outgrowth

were insufficient for the magnitude of the differ¬
ences observed in vivo. By contrast, in the study by
Davies (1989), neurites from different cranial sen¬
sory ganglia grew neurites in culture that were com-
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Figure 8 Histogram of mean neurite growth rates t- SEM (/um/min), calculated from pooled
data for all rate measurements made over the 15-hour culture period, from explanted ganglia
from stages 25, 28, and 30 cultures.

parable both in rate and magnitude to observations
made in vivo.

We assessed the rate of neurite outgrowth from
DRG neurons, using explant cultures. Here, a
lower rate of neurite outgrowth from thoracic
DRG was found only at stage 30. after the differ¬
ences are established in vivo. Furthermore, the dif¬
ference reflected a decrease in rate of only about
25% (1.3 to 1.0 juni/min), which again is much less
than the twofold to threefold difference inferred
from fixed preparations of embryos between stages
28 and 30 (approximately 24 hours). Interestingly,
the mean rates of neurite growth in explant cul¬
tures (1.0 and 1.75 /zm/min), if maintained,
should have produced 1440 to 2520 of growth
in 24 hours, far greater than the single neurite
lengths recorded in the isolated cell cultures. The
reasons for this difference between dissociated cells
and explant cultures remain unclear.

Thus, we are unable to account for the amount
or rate of DRG neurite outgrowth in vivo from the
behavior of the neurons in culture. As the neurons

of the DRG represent a developmentallv plastic
population, both in terms of fate and final function
(Le Dourain, 1983), it is perhaps not surprising
that their initial growth characteristics are not pre¬

programmed. This contrasts with neurons derived
from cranial sensory ganglia, which do appear to
have intrinsic target-distance-related rates and

amounts of neurite growth (Davies, 1989). Cranial
sensory ganglia develop from ectodermal placodes
rather than neural crest, so it is conceivable that the
differences could be related to the different embry¬
onic origins of these sensory neurons.

Age Dependence of Neurite Outgrowth
It is clear from the data that any segmental differ¬
ences in neurite growth measured were insufficient
to account for the differences in growth observed in
vivo. There were, however, striking age-dependent
differences in neurite growth." These were mani¬
fested in an increase in the growth potential of the
neurons with increasing developmental stage. By
growth potential, we mean the capacity to produce
longer, more numerous and more highly branched
neurites in culture. In other words, the older the
embryo, the greater the likelihood that isolated neu¬
rons would grow one or more neurites and that
these neurites would be branched. Bray et al.
(1987) and Scott and Davies (1993) have demon¬
strated similar phenomena, of increasing complex¬
ity of neuronal arbors with stage of development in
older chick DRG and trigeminal ganglion cultures.
(In addition the numbers of neurons that failed to
grow a process during the culture period, but other¬
wise appeared healthy, decreased with the stage of
development). Buettner and Pittman (1991) have

/
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demonstrated that the number of primary neurites
extending from a neuron increases with increasing
substrate laminin concentration, but the number
of branch points decreases over the same concen¬
tration range. In our cultures laminin concentra¬
tion was not varied. It could be that the increase in
the length and complexity of neurites with embry¬
onic age is a reflection of a stronger growth cone to
laminin interaction, possibly mediated by an up-
regulation of laminin receptors (Edgar, 1989) at
the neuronal growth cone.

Stage-dependent differences were not observed
in explant cultures. Here, growth rates were rela¬
tively constant between stages 25 and 28 but
showed a decrease at stage 30. It is unclear why this
should be so.

Distribution of Neurite Lengths
The distributions of neurite lengths from the disso¬
ciated cell cultures exhibited two consistent quali¬
ties; they were positively skewed and they con¬
tained a population of apparently healthy neurons
that did not produce a neurite during the 24-hour
culture period. Similar distributions were obtained
from brachial, lumbar, and thoracic ganglia, which
militates against the possibility that the skewness of
the distributions is due to intrinsic, target-dis¬
tance-dependent properties of the neurons. The
shape of the distributions could be related to prop¬
erties of neuronal subpopulations within the DRG,
which might behave differently when placed into
culture. However, although numerous cell surface
and intracellular markers have been used to iden¬

tify subpopulations of DRG cells (Rohrer et al.,
1985. 1986; Marusich et al.. 1986; New and
Mudge, 1986; Sieber-Blum, 1989; Scott et al.,
1990), it remains unclear how these are related to
functionally distinct subsets within very immature
DRG. For instance, mature ganglia contain histo-
chemicallv distinct populations of small, dorsome-
dially located neurons, and larger, ventrolaterally
located neurons (Hamburger and Levi-Montal-
cini, 1949; Hamburger et al., 1981). Dorsomedial
but not ventrolateral cells express substance P and
calcitonin gene-related peptide (New and Mudge,
1986). These cell types are not related by lineage,
nor are they committed to innervate distinct tar¬
gets in the periphery, and clonal analysis of neural
crest cells shows that they are multipotential, only
adopting the appropriate phenotype and forming
central contacts after they have made their periph¬
eral connections (Landis, 1990; Frank and Sanes,
1991). Furthermore, there is no evidence that dor¬

somedial and ventromedial cells are related to the
SDB and LBM cells described in the present study.
Hory-Lee et al. ( 1993) have demonstrated that a
specific subpopulation of muscle sensory neurons
exist within DRG that are maintained in culture by
NT3. However, it is reasonable to expect that any

neurotrophin-dependent subpopulation of neu¬
rons should have targets dispersed throughout the
limb. That is, we would not expect such a group of
neurons to show any distance-dependent out¬
growth of neurites.

Thus, taking all our data together, we are left
with the findings that the distributions of neurite
length in cultures of dissociated cells are skewed;
that neurons dissociated from older embryos grow

longer neurites in culture than those from younger
embryos; and that, from what is known, these dif¬
ferences cannot readily be accounted for by differ¬
entiation of subtypes of neurons within the DRG.

It is possible to account for and quantitatively to
describe the distributions of neurite length using a

simple, albeit speculative, model based on Poisson
statistics. The assumption behind such a model is
that some fundamental component or process con¬

trolling the amount or rate or both, of neurite
growth may be expressed in multiples of a unitary
amount, but each unit is expressed with a low sta¬
tistical probability (see Appendix). The results of
comparing the observed distributions and those
predicted by the model for cultures of neurons
from brachial DRG in stages 25, 28, and 30 em¬
bryos are shown in Figure 9. In each case, we have
assumed that the expression of a single unitary
component generates a range of neurite lengths dis¬
tributed in accordance with a normal (Gaussian)
distribution. The overall distribution of neurite
lengths is thus represented by the sum of several
gaussian distributions, each an integer multiple of
the mean and variance of the unit Gaussian. Figure
9 shows that there was quite a good match between
the distributions of neurite length predicted by the
model and those observed from the data. What is
particularly striking is that the mean "unit" neurite
length is similar in each case: 100 to 125 fim.

It is, of course, premature to speculate at length
about the significance of the correlation between
the observed distributions of neurite lengths and
those predicted by this model: but it is perhaps
worth pursuing the notion that the amount or rate
of neurite growth is regulated somehow in a dis¬
continuous, quantized manner. The present exper¬
iments give no direct clue as to the nature of the
unitary component or process(es) that may be re¬
sponsible, however.

/
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APPENDIX

A Poisson Statistical Model of Neurite
Outgrowth

We were struck by the resemblance of the distribu¬
tions of neurite length and the proportions of fail¬
ures (neuron-like cells with no neurites) to the bi¬
nomial or Poisson distributions that characterize a
number of physiological properties of neural cells:
for instance, the release of neurotransmitter at syn¬
apses (Del Castillo and Katz, 1954; Boyd and Mar¬
tin, 1956; Korn and Faber, 1991). By analogy, we
hypothesized that the distribution of neurite
lengths in dissociated neuronal culture and the
number of failures might be related phenomena.
Specifically, we have assumed that the presence
and length of a neurite are determined by the over¬
all probability of expression of some unitary
(quantal) component or process that is fundamen¬
tal to neurite outgrowth. If it is supposed that the
length of the neunte is determined by the average
number of quantal components expressed, but the
probability of expression of each is independent
and small, then the mean number expressed, m,
will be related to the probability of unitary expres¬
sion, p, and the available total, n, by

Failures = 25
m = np en

Neurite length

Figure 9 Distributions of single neurite lengths ob¬
served in 24-hour cultures of dissociated brachial DRG
neurons from embryos at stage 25 (A), stage 28 (B), and
stage 30 (C), compared with theoretical predictions
based on a model described in the Discussion and in the

Appendix. The bars represent the observed frequencies
of neurites of the given lengths. The solid Gaussian curve
toward the left of each distribution is that attributed to

expression to a single, unit "quantum" of outgrowth ac¬
cording to the model. The solid curve, which envelops
the data, is the predicted overall distribution of neurite
lengths based on the same model. The numbers of failure
neurons in each set of cultures is given in the top right
corner of each distribution. Each set of data is based on

measurements from three to four separate experiments.

The distribution of numbers of quantal compo¬
nents in a population of cultured neurons will be
given by a binomial distribution, which simplifies
under the conditions of low individual probability
of expression of the individual elements to a Pois¬
son distribution:

P(x) = e mrrf jx\ (2)

where P(x) is the fraction of the population ex¬
pressing (x) unitary elements underlying out¬
growth.

Note that the number of failures in a sample of
the population may be predicted by evaluating the
case P(x = 0). Conversely, the mean quantal con¬
tent may be calculated from the fraction of the cells
examined that fail to grow neurites:

(total number of neurons)
(number of failures)

If it is assumed that the expression of one unit of
the quantized component or process produces an
amount of neurite outgrowth that varies according
to a Gaussian distribution, then the observed over-
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all distribution will not be completely discon¬
tinuous. but rather described bv the function:

ATr-10

p(x) = N • cw ■ 2 '
\tx=o

rrf

xl

{idly--'*" -(x - My:)2
2 Mra2 (4)

where N = total size of the population. Cw = class
width of the histogram bins, Mx = mean quantal
content for each iteration, P(x) = probability of
any neurite length (x), a2 = standard deviation of
the quantal unit neurite length.

We calculated the overall distribution of neurite

lengths predicted by equation (4). assuming a unit
mean and variance in the neurite length estimated
from the left-hand tail and left-most peak (mode)
of each observed distribution of neurite length, and
a mean quantal content predicted from the num¬
ber of failure neurons in each culture, using equa¬
tion (3). The predicted unit Gaussian, and the sum
of Gaussian distributions (computed for Mx
= 1-10) comprising integer multiples of the mean
and variance of the unit Gaussian are superim¬
posed on the observed distribution of neurite
lengths in Figure 9.
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Cell Viability and Laminin-induced
Neurite Outgrowth in Cultures of Embryonic

Chick Neural Tube Cells: Effects of Cytosine-B-D-
Arabinofuranoside

S.H. Parson,1 J.F. Price2 and R.R. Ribchester3
Departments of3Anatomy, 2Public Health and 3Physiology, University Medical School,

Teviot Place, Edinburgh, EH8 9AG

We have measured the effects of cytosine-fS-D-arabinofuranoside (AraC) on cell survival and neu¬
rite outgrowth in cultures of dissociated 4-6 day embryonic chick neural tube cells. High con¬
centrations of AraC (greater than 100 (tM) reduced neuronal cell survival and neurite outgrowth
from viable cells. Concentrations normally used to inhibit mitotic cell division (1-10 |rM) were
toxic to the neurones cultured in serum free medium on a poly-DL-ornithine/laminin substrate.
AraC does not appear to have a neurite promoting effect on dissociated neurones that are cul¬
tured in the presence of low numbers of non-neuronal cells. This suggests that the neurite pro¬
moting effects of AraC reported by others is likely to be through the non-neuronal cells that were
an inherent feature of the culturing systems in these studies. AraC cytotoxicity was completely
blocked by the addition of the competitive antagonist: 2'deoxycytidine (2'DC) but not by its
metabolic precursor cytosine (cyt). We suggest that the acute effects of AraC on neurones which
are actively growing neurites are the result of interference with lipid metabolism.

Key words: chick embryo, cytosine arabinoside, neuronal culture

Cytosine-P-d-arabinofuranoside (AraC) is a struc¬
tural analogue of 2'deoxycytidine (2'DC), and a com¬
petitive inhibitor for its incorporation into DNA by
DNA polymerase in many cell types (Furth & Cohen,
1968; Furlong & Gresham, 1971). AraC is widely used
as an anti-mitotic agent to suppress the proliferation
of fibroblasts and other rapids-dividing cell types in
cultures of neural or muscle cells (Furth & Cohen, 1968;
Cohen, 1966; Burry, 1983). Specifically, it has been
reported that 100 nM AraC has no effect on fibroblasts;
at 1 |iM it has variable effects; and at 10 pM AraC kills
all fibroblasts present in neural cultures (Fischbach,
1972). AraC appears to retard the progression of divid¬
ing cells from the G1 to S phase of the cell cycle, and
to prevent cell division in the S phase (Graham &
Whi.tmore, 1970).

Although post-mitotic cells are normally thought to
be unaffected by AraC, evidence for toxicity of high
concentrations of AraC on neurones has been found,
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for instance in cerebellar explants (Messer, 1977; Seil
et ah, 1980; Patel et al., 1988), or following its clinical
application in the treatment of myelogenous
leukaemia (Breuer et al., 1977). Further, Wallace &
Johnson (1989) have demonstrated toxic effect ofAraC
on post-mitotic, chick parasympathetic neurones in
culture. However, others have suggested that low con¬
centrations of AraC have a ncurito growth promoting
effect on axotomized neurones (Oorschot & Jones,
1987); on explanted spinal ganglia in vitro (Sisken et
al., 1988); and on axonal growth into a spinal lesion in
vivo (Guth et al., 1988).

The present study was carried out to evaluate the
effects, and possible mode of action of AraC on the
growth of neurites and on the survival of neurones
over a range of concentrations of this drug. A bioas
say of neurones obtained from 4,5 and 6 day, dioooci
ated chick neural tube was used (Henderson et al.,
1983). In this system we find AraC to be toxic to neural
cells even at relatively low concentrations (< 100 pM).
Further, this toxicity can be blocked by the presence of
2'DC, but not Cytosine (Cyt). Finally, AraC appears to
have independent effects on neuronal survival and
neurite growth.
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Materials and Methods

Neural tube cultures

Neural tubco were dissected from 4 6 day chick embryos (J
Line, AFRC Roslin, Edinburgh; Stages 25-29 of Hamburger
and Hamilton, 1951). The explants were cleaned of dorsal
root ganglia rudiments and meninges in ice cold Trizma-
buffered physiological saline (TD; composition: Na+
138.2 mM, K~ 5 mM Ca2+ 0.49 mM, Mg2+ 0.9 mM,
CI" 143.89 mM, HP042" 0.7 mM), supplemented with
50 gg/ml gentamycin sulphate and 100 |ig/ml kanamycin
sulphate. Between one and three neural tubes were normally
used per experiment, in order to give an adequate yield of
neural cells. The neural tubes were incubated in 0.05%

trypsin (T0646 Sigma) in Ca/Mg-free TD for 45 min at 37°C
and crudely dissociated. Cell suspensions were washed
three times and transferred to TD containing 0,02% DNase
1 (Type 2 Sigma) and then triturated by no more than ten
passages through a fire-polished Pasteur pipette. The cells
were diluted and resuspended in Ham's F12 medium
(Sigma) supplemented with antibiotics, 40 gg/ml Type 3
conalbumin and 2 mM L-glutamine (all from Sigma). Heat
inactivated fetal calf serum (FCS; Flow Laboratories) was
added to some of the cultures. FCS is neither routinely added
nor omitted from neural cultures. It was therefore of inter
est to us to determine if its presence affected either neuronal
characteristics or AraC toxicity. AraC was added to give the
final concentrations indicated in the Results. Additionally
in one group of experiments, either 2'DC or Cyt was added
at a concentration of 100 gM Finally, 0 75 ml of cell suspen¬
sion (20^40 X 106 cells/ml) were added to each 16 mm well
of a 24-well culture plate (Linbro space saver, Flow
Laboratories) In one experiment the four limb-buds from
an E6 chick embryo were removed, dissociated, and cultured
in an identical manner to the neural tubes. These cultures
served as a non-neuron containing control for the anti-neu-
rofilament staining protocol. All cultures were maintained
in a humidified incubator at 37°C and 5% C02.

Preparation of coated dishes
Culture wells were incubated for 30 min with poly-DL-
ornithine (PORN:Sigma) at a concentration of 250 gg/ml in
borate buffer (pH 8.4) at 20°C. The wells were washed three
times with phosphate buffered saline (PBS), and dried for
60 min at 20°C under a UV lamp. Plates were stored for up
to 4 weeks without any apparent reduction in their capacity
to adhere cells. Laminin (Bethesda Research Laboratories;
1 mg/mg) was added to selected wells at 1.2 gg per well,
spread and allowed to dry at room temperature. Laminin
coating was always carried out on the day of the experiment.

Quantitative assay ofneurite outgroivth and cell
numbers

In order to evaluate neurite growth rapidly and reliably in
large numbers of culture wells, we adopted the following
procedure, based on a reference (but essentially arbitrary)
neurite length. After 22-24 h of culture, five central fields
from each culture well were examined. Each field normally
contained 20 50 viable cells. These were defined as cells with

small, phase dark, unflattened somata. Cells possessing one
or more thin processes (neurites) terminating in growth
cones were then scored. Cells with one or more neurites

longer than a 20 gm projection on an eyepiece graticule (cor¬
responding to approximately two cell- body diameters) were
classified as 'long process' cells. Cells with neurites shorter
than this arbitrary length were defined as 'short process'
cells. Preliminary studies had shown that the majority of
cells could easily be separated into two categories; those with
processes less than 10 gm in length, and those with processes
greater than 50 gm in length. Therefore, the essentially arbi¬
trary 20 gm cut-off served to differentiate between two
clearly different populations of neurones. Flattened cells
were not included in the assay, but they never constituted
more than 5% of the total. Viable cells thus fell into three

categories: cells without a process, and cells with short or
long processes.

For pach culture well, the total numbers of cells with short
or long processes were assigned as A or B, such that the num-
her of cells in B was always greater than that in A. Then the
expression N0 = 1 - (A/B) was calculated, to give a value
between 0 and 1. This was defined as positive when B was
equal to the number of cells with long processes, and nega¬
tive when B equalled the number of cells with short
processes. The value of N0 thus gave a linear measure of
ncuritc outgrowth ranging from 1 (all cells with short
piocesses) to +1 (all cells with long processes). A value of
zero would represent a culture with equal numbers of cells
with short and long processes. This method of analysis was
based on one used for other purposes, described by Ridge
Rt Rptz (1984)

Attempts were made to plate equal numbers of cells in
each experiment. In practice, each preparation of dissociated
cells was divided into aliquots, and approximately equal
amounts were distributed into the culture wells of a multi
well plate. Each well corresponded to a different set of sub¬
strate and media conditions (PORN, PORN/laminin; with
or without scrum). Cell counts were normalized with respect
to the culture well containing the maximum number of cells
(normally the control).

Fluorescent labelling with anti-neurofilament
antibody
Cultures were prepared as described, only the cells were
plated onto 16 mm glass coverslips, pre-treated in an iden¬
tical manner to the 24-well culture plates. After 24 h in cul¬
ture, cells were washed three times in PBS then incubated
with FCS for 30 min at room temperature to inhibit sub¬
sequent non-specific binding of protein. The cells were
washed three times more in PBS before permeabilizing them
with acetone for 4 mm at —20°C. This was followed by a fur¬
ther three washes in PBS. The cells were then incubated in
anti-neurofilament 68 kD fragment antibody (Sigma mono¬
clonal NR4) at a dilution of 1:50 in PBS for 60 min at 37°C in
the humidified incubator. Cultures were washed a further
three times and then incubated for 60 min in FITC anti-mouse

IgG at a 1:5 dilution in PBS. Coverslips were washed three
more times in PBS and mounted in PBS/glvcerol (v:v,l :1) con¬
taining Hoescht 33342 to counterstain cell nuclei (1 gg/ml).
Preparations were photographed on Kodak TMAX film (800
ASA) using Nikon Labophot or Diaphot microscopes
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equipped with phase contrast optics and an epifluorescence
attachment.

Results

Appearance of cultures
Cultures on PORN and PORN / laminin substrates dif¬
fered characteristically in appearance. In both cases,
the cells had rounded, phase-dark nuclei from which
processes extended. These took the form of a halo of
short, stubby neurites on PORN (Fig. 1A). or fewer,
long and thin neurites on PORN/laminin (Fig. IB).
At high concentrations of AraC, the majority of
cells appeared dark, crenated and had no processes
(Fig. 1C).

One-day cultures were stained with antibody
against neurofilament 68 kD subunit, which is present
in most post-mitotic neurones (Flenderson et al., 1983).
All cell bodies were lightly stained, but the long
processes were intensely stained in their entirety (Fig.
ID, F). Often a bright calyx was visible at the axon
hillock, near the point of emergence of a neurite. No
cells which appeared flattened and possessed no fine
neurite-like processes under phase-contrast illumina¬
tion were ever brightly stained (Fig. IE, F arrowed).
These cell types were classified as non-neuronal, and
were not included in the assays. As a further control,
cultures of E6 dissociated limb-buds (which contain
no neurones) were made and incubated with the neu¬

rofilament 68 kD antibody. In these cultures only light
staining of the cell body was seen. Some of the cells
bore short, spiky processes but these were also
unstained (Fig. 1G, H).

In five preparations cell counts were made on neu¬
rofilament stained preparations under both phase-
contrast and fluorescence illumination (Fig. 2). Values
for the percentages of cells with short or long processes
were not significantly different (P < 0.001; t-test) for
assays under these two conditions, confirming that

' the criteria used to exclude non-neuronal cells were

effective.

Cell viability
Cell survival was variable even in repeat cultures
under identical conditions. Values are expressed as a
percentage of the largest number of cells surviving
under a single experimental condition (see Materials
and Methods). Results from the three different stages
of development (E4,5 and 6) were not significantly dif¬
ferent, and were combined prior to presentation in Fig.

3. AraC affected cell survival in a dose-dependent way
under all the conditions tested. The lowest dose of
AraC (0.1 pM) had no effect on cell survival. In cul¬
tures on a PORN substrate in the presence or absence
of serum, there was a dose dependent cellular toxicity,
with less than 15% of maximal cell numbers remain¬

ing at the highest doses of AraC (1 mM:Fig. 3A). On a
PORN / laminin substrate in the presence of serum, cell
survival was not reduced in concentrations of AraC of
10 pM or lower (Fig. 3B). Between 10 and 100 pM
AraC, a significant decrease in cell viability was seen,
from 50 to 25% of viable cells. On the same substrate,
but in the absence of serum, cell viability was initially
greater, but was reduced in concentrations of AraC
greater than 1 pM. Neuronal survival at the higher
concentrations of AraC on a PORN/ laminin substrate
was identical in the presence or absence of serum
supplement.

Neurite outgrowth
Neurite outgrowth was expressed as an index calcu¬
lated from the relative proportion of viable cells with
short and long processes. A value of +1 would indi¬
cate that all viable cells had long processes and a value
of —1 would indicate that all cells had short processes.
A value of 0 corresponds to equal numbers of viable
cells having long and short processes.

There was no significant difference in the amounts
of neurite growth recorded in cultures taken from
embryos at E4,5 and 6, and these data were therefore
combined. As expected, there was a clear difference
between the pattern of outgrowth on PORN and
PORN/laminin substrates (Fig. 4). On a PORN sub¬
strate, under control (AraC-free) conditions the major¬
ity of neurites were short, while on a PORN/laminin
substrate the majority were long. On a PORN substrate
alone in the absence of serum, AraC had little effect on
neurite outgrowth (Fig. 4A). The dose response curve
was relatively flat, which suggests that both 'short' and
'long' process cells were killed in equal numbers. On
the same substrate, in the presence of serum, it
appeared that more cells had long processes at low
concentrations, but fewer had long processes at the
higher AraC concentrations. However, these differ¬
ences are not statistically significant. On a PORN/
laminin substrate, most viable cells produced long
processes (Fig. 4B). A significant reduction in the pro¬
portion of cells with long processes was not evident
unless the AraC concentration was greater than
100 |tm. This represents either a selective killing of neu¬
rones with 'long' processes, or inhibition of neurite
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Figure 1. Phase contrast micrographs of typical cultures after 24 h: (A) PORN substrate, AraC-free con¬
trol, serum supplemented. (B) PORN/laminin substrate, AraC-free control, serum supplemented. (C)
PORN/laminin substrate, 1 mM AraC, serum supplemented. (D, F, H) Preparations incubated with anti¬
body to the 68 kD neurofilament subunit: (D) Single neurone from the same culture as (F). (E) Phase con¬
trast (PORN/laminin substrate, serum supplemented); note the flattened cell (arrowed) which is not stained
under fluorescence (F). (G) Phase contrast E6 limb bud culture. (H) Fluorescence micrograph of identical
field to (G); note the very low levels of non-specific binding. Scale bars = 200 |im (A-C), 25 gm (D), 50 gm
(E-H).
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Figure 2. Phase contrast vs. fluorescence microscopic
analysis of neurite length. E4 neural tube preparations were
cultured for 24 h and stained for the 68 kD neurofilament
subunit. Assays were carried out under phase-contrast
(H), and fluorescence (□) illumination for identical cultures.
Values are shown of means ± SEM for the percentage of (A)
'short neurite' and (B) 'long neurite' cells of the total count
from five central fields of five repeat cultures.

growth by AraC. There were no significant differences
between the effects of AraC on cells growing in the
presence or absence of serum on a PORN/laminin
substrate.

Modification of AraC toxicity by 2 'DC and Cyt
We tested the effectiveness of 2'DC and Cytosine (Cyt:
precursor of 2' DC) in blocking AraC induced neuronal
toxicity. AraC is a structural analogue of 2'DC, and

'

competitively inhibits its incorporation into DNA dur¬
ing the S-phase. Wallace & Johnson (1989) have shown
that AraC but not other inhibitors of DNA synthesis
kills post-mitotic rat sympathetic neurones, and that
this is reversed by the addition of 2'DC. This suggests
that a 2'DC specific process unconnected with DNA
synthesis is responsible for AraC's toxicity.

Neuronal cultures were on a PORN/laminin sub¬
strate in serum-free media. 2'DC at 100 |iM blocked
AraC toxicity at concentrations up to the highest
tested: 1 mM (Fig. 5). Neuronal survival at all AraC
concentrations examined was not significantly differ¬

ent from control (AraC-free) cultures (P < 0.005, f-test).
Cyt at the same concentrations as 2'DC had no effect
on the toxicity of AraC. In AraC-free media, cell sur¬
vival was not elevated above normal in the presence of
2'DC. It is unlikely that 2'DC affected neural survival,
either directly or via stimulation of non-neuronal ele¬
ments in the cultures. 2'DC appears then to be specific
in its block of AraC-induced neurotoxicity.

Discussion

Our data confirm the neurotoxicity of high concen¬
trations of AraC (100 pM) in all substrate and media
conditions tested. But the results also suggest that rel¬
atively low concentrations of AraC (1-10 pM), in the
range normally used to control non-neuronal cell pro¬
liferation, were toxic to neurones in serum free medium
on a PORN/laminin substrate. We are unable to confirm
previous reports of neurite growth promotion by low
(10 pM), concentrations of AraC (Oorschot & Jones,
1987; Sisken et ah, 1988; Guth et ah, 1988). In those
studies, either explant cultures were used, or the
experiments were carried out by topical application of
the drug in vivo. In both situations, the site of action of
the drug is unknown. It is possible that the apparent
promotion of neurite growth was a secondary reaction
to the decrease in non-neuronal cell types present fol¬
lowing AraC treatment. The present experiments were
carried out using a relatively pure culture system. As
non-neuronal (flattened) cell types were always at a low
density in our cultures the effects on neurite outgrowth
and cell survival may be assumed to be direct and not a
secondary effect due to killing of non-neuronal cell types.

The cellular mechanism of AraC toxicity has been
studied in some detail in mitotic cell lines (Woodcock,
1987). Here an improper chromosome segregation fol¬
lowing a DNA replication error has been implicated.
It is conceivable that AraC could inhibit survival in

post-mitotic cells by interfering with DNA repair;
however, the anti-mitotic agent aphidicolin inhibits
DNA repair (Berger et ah, 1979) without affecting neu¬
ronal survival (Wallace & Johnson, 1989). It is possible
that a gene (or genes) whose expression is determined
by the metabolic state or by the metabolic demands on
the cell may be selectively inhibited. Evidence for this
comes from work on chick retinal neurones, where
AraC reduces RNA and protein synthesis almost
totally, but the transcription and translation of the gene
for glutamine synthetase is increased. This is not due
to a direct effect of AraC on transcription or transla¬
tion of the structural genes for this enzyme; rather, it
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Figure 3. Survival of dissociated neurones at varying concentrations of AraC after 22-24 h
in culture. Data from each experiment are expressed as a percentage of the greatest single-
well cell count per plate for four repeat experiments in each case. Data points represent results
from four separate experiments, from 3, 4 and 5 day old embryos which were combined for
each substrate condition, prior to the calculation of mean ± SEM for each concentration of
AraC. (A) PORN substrate; (B) PORN/laminin substrate. O, serum free; •, 10% FCS.

is due to an inhibition of the formation or activity of a
repressor gene product which regulates the synthesis
of the enzyme (Jones, 1974). Perhaps cells upon which
high metabolic demands are placed are more sensitive
to AraC. Substrate-induced stimulation of neurite out¬

growth should produce a high metabolic demand
upon a cell. Thus cells cultured on a PORN/laminin
substrate, which stimulates neurite growth, should be
more sensitive to AraC than quiescent cells adhered
to a PORN substrate. The data shown in Fig. 4 sug¬
gests that this might, in fact be the case. Further, cells
with long 'beaded' neurites characteristic of degener¬
ating neurones (Markesbery & Lapham, 1974) were
often seen at 1000 pM AraC on a PORN/laminin sub¬
strate. This suggests that the neurones were initially
viable and produced neurites prior to their death.

Several other groups have observed membrane
disorders in cells treated with AraC. 'Atypical
membrane inclusions' have been reported in
non-neural cells in explant cultures (Oorschot &
Jones, 1986); also, post-mortem microscopical ^
examinations of patients treated intrathecally
with high dose AraC for myelogenous leukaemia
have shown micro-vacuolization, axonal swelling,
demyelination and fat-laden macrophages (Breuer
et al., 1977). How then might AraC directly affect
membrane production? The present study indicates
that 2'DC, but not Cyt is able to block AraC toxicity.
Wallace & Johnson (1989) suggest that this implicates
2'DC as a competitive antagonist for AraC toxicity
and that AraC exerts its toxic effect on post-mitotic
neurones by affecting a 2'DC-specific process.
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Figure 4. Neurite outgrowth from dissociated fetal spinal cord neurones, assayed after
22-24 h to give a neurite growth index value, No, between +1 and —1 (see Materials and
Methods). Data points represent results from four separate experiments, from 3, 4 and 5 day
old embryos which were combined for each substrate condition, prior to the calculation of
mean ± SEM for each concentration of AraC. (A) PORN substrate; (B) PORN/laminin sub¬
strate. □, serum free; ■, 10% FCS.

Tritiated deoxycytidine incorporates into phos-
photidyl choline and ethanolamine via dCDP
intermediaries (Spasokukotskaja et al., 1988), and both
of these molecules are important constituents of
phosholipid membranes. Further, Lauzan et al. (1978),
have demonstrated the production of the ana¬
logous AraC lipids in vivo. It is therefore possible that
AraC disrupts the formation or stability of the
cell membrane by interfering with phospholipid
metabolism. This suggests that under conditions
where neurite outgrowth is strongly stimulated, 2'DC
may be an important, rate-limiting step in membrane
production.

Martin et al. (1990) have shown that AraC-mediated
cell death resembles apoptosis caused by NGF depri¬
vation, and that this was specific to AraC and not to

other anti-mitotic agents. They speculate that 2'DC
may be an important intermediary in signal trans¬
duction following response to a trophic factor. It is
unlikely that the relatively young neurones in our cul¬
tures (st. 25-29), were yet responsive to trophic factors.
For example, motor neurones which make a large pro¬
portion of neural tube cells are only just beginning to
project into the periphery at this stage (Landmesser,
1984 for reviews) and they would not be expected to
express the necessary cellular machinery for trophic
factor reception and signal transduction (Davies et al.,
1987). More recently, Wright et al. (1992) have demon¬
strated that at least some neurones may become
responsive to trophic factors prior to their production
in their target fields, so we cannot completely rule out
this possibility.



106 S.H. Parson et al.

AraC concentration (gM)
Figure 5. Log dose response curves for percentage cell
survival, assayed as detailed in Fig. 3 legend, showing the
affect of 2'DC (♦ and ■ • •) and Cyt (• and ), on AraC
induced neuronal toxicity. (□) and (—) indicate cultures in
the presence of varying concentrations of AraC alone.
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Neuromuscular transmission in the isolated diaphragm of the
dystrophic mouse (129 ReJ/dy.dy)
By J. B. Harris and R. R. Ribchester.* Muscular Dystrophy Group
Research Laboratories, Regional Neurological Centre, Newcastle General
Hospital, Newcastle upon Tyne

Although there is little evidence of ' denervation' in dystrophic mouse
muscle (Harris & Marshall, 1973) it has been suggested that neuromuscular
transmission may be defective (Conrad & Glaser, 1964). We have examined
some features of neuromuscular transmission in the dystrophic mouse
diaphragm during short periods of repetitive nerve stimulation.

Cut muscle fibre preparations (Barstad, 1962) were used so that end-
plate potentials could be recorded in the absence of blocking agents such
as d-tubocurarine or high Mg2+. End-plate potentials were recorded using
standard intracellular techniques during indirect stimulation at fre¬
quencies between 0-1 Hz and 100 Hz. All experiments were carried out at
room temperature.

The membrane potential in normal cut fibre preparations was — 16-06 +
4-68 mV (mean + s.e.m.) and — 14-25 + 3-70 mV in dystrophic fibres.

The rise time and time to half decay of end plate potentials in dystrophic
fibres (1-10 + 0-24 msec; 1-48 + 0-33 msec respectively) were not signifi¬
cantly different from normal (1-25 + 0-21 msec; 1-91 ± 0-39 msec).

Transmitter null potential was measured in 9 normal and 6 dystrophic
fibres using a two-micro-electrode technique. Reversal of the end-plate
potential occurred at — 4-39 + 1-88 mV in normal and — 4-54 + 2-66 mV in
dystrophic fibres.

Using these data, mean quantum contents of end-plate potentials
recorded from 16 normal and 17 dystrophic fibres were estimated from the
coefficient of variation of their corrected amplitudes (Martin, 1955;
Elmqvist & Quastel, 1965), assuming that evoked release of transmitter
was described by Poisson statistics. Mean quantum contents of end-plate
potentials at dystrophic end-plates were similar to normal at all fre¬
quencies tested.

Estimates of the rate of early tetanic rundown of e.p.p. amplitude, size
of the immediately available store of transmitter and probability of
release of transmitter quanta (Elmqvist & Quastel, 1965) showed no
differences between normal and dystrophic end-plates.

Measurement of the overall sensitivities of normal and dystrophic
muscles to bath applied d-tubocurarine (10~7 to 1 0-5 m) and Mg2+
(2-16 mil) revealed no measurable differences.

* M.R.C. Student.

[p.t.o.
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We conclude that there is no detectable defect in the pattern of evoked
transmitter release at the dystrophic mouse neuromuscular junction.

This work was supported by grants from the Muscular Dystrophy Group of
Great Britain, the Muscular Dystrophy Associations of America Inc., and the
Medical Research Council.
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Postnatal development of motor ujriits and muscle fibres in rat lumbrical
muscles

By W. J. Betz, J. H. Caldwell and R. R. Ribchester (introduced by J. B. Harris).
Department of Physiology, University of Colorado Medical School, Denver, Colorado
80262

We have estimated the size of motor units (i.e. the number of muscle fibres
innervated by a single motor axon) in lumbrical muscles of rats at different ages.
Estimates of motor unit size were obtained by measuring the isometric twitch
tensions and by counting the total number of muscle fibres in histological sections
of the same muscles. Specifically, motor unit size = (i/D)xN, where i = indirect
twitch tension of the lowest threshold motor unit, D = total direct twitch tension
and N = total number of muscle fibres. The ratio i/D provided an estimate of
the fraction of the muscle comprising a motor unit. This fraction decreased with
age from about 0-28 (n = 64) at birth to about 0-11 (n = 21) in adults. The decrease
was approximately exponential with a time constant of about 7 days. The decline in
the fractional motor unit tension was offset however, by an increase in the number
of muscle fibres (N) with age, from about 490 fibres at birth to about 950 (adult
number) at 15 days. When preparing muscles for fibre counts, care was taken to
section only in the mid-belly regions. Muscle fibres were counted at either 400 x
or fOOO x using a camera lucida attachment. In some muscles adjacent thin sections
were stained and examined in the electron microscope. Counts were checked at
high magnification (94250 x ) in order to identify unequivocally individual muscle
profiles and to check for the presence of myofilaments. In general we followed criteria
of Ontell & Dunn (1978) for muscle fibre identification.

Calculated motor unit sizes, relative to adult values, were as follows: 1-39 (0-2
days); 1-33 (5 days); 1-31 (10 days); 1-22 (15 days). Using these estimates, it was
possible to predict the time course of the final elimination of the polyneuronal
innervation. Intracellular recordings were made to determine the fraction of fibres
innervated by more than one axon, in muscles from rats aged 5-20 days. The in¬
tracellular measurements were in reasonable agreement with predicted values
obtained from the tension and histology data.

In summary, motor units, which were expanded at birth, remained at a nearly
constant size for about 10 days and then decreased to adult levels as the final elimi¬
nation process occurred. The constancy of motor unit size over the first 10 days,
however, belied a more complex underlying process, by which some synapses were
eliminated while other synapses formed on newly developing muscle fibres. As the
production of new muscle fibres declined, motor size decreased to the adult level.

Supported by grants from NIH and MDA. RRR is an MDA Research Fellow.
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Synaptic activity in lumbar spinal motoneurones of
embryonic chickens

A.-L. EIDE, J.K.S. JANSEN & R.R. RIBCHESTER

Institute of Physiology, University of Oslo^oj-wgy

yig. 1. Intracellular record from a GL
notoneurone to graded stimulation of the GL nerve.
Superimposed sweeps. Chick e. 21 days.

Fhe chick has been used extensively in anatomical
studies of neural development. We have now begun
10 explore the development of synaptic activity
In lumbar spinal motoneurones during the last
lays before hatching, using intracellular
recording.
Shicks aged e. 19-21 days were decapitated and
.mmobilized with d-tubocurarine. The lumbar

■egion of the spinal cord (segments 25-30) was
:xposed through a window in the shell. Various

branches of the sciatic nerve were cut

peripherally and isolated fov stimulation. Intra¬
cellular recordings of synaptic activity were made
using standard techniques. Microelectrodes had
resistances of 30-80 M fi. Recordings could be
made in which the resting membrane potential
(60-70 mV) and action potential (ca. 100 mV)
remained stable for upto 2.5 h or more. Moto¬
neurones innervating the lateral gastrocnemius
(GL) muscle were identified by activating the cell
body antidromically on stimulation of the muscle
nerve. In addition to the antidromic action

potential GL motoneurones responded to graded
stimulation of the GL nerve with a graded early
(6-8 msec) epsp. The fibular, tibial and sural
nerves gave only later, usually more variable,
and predominantly inhibitory synaptic effects
(Fig. 1). The homonymous early epsp was often
elicited by stimulus intensities subthreshold for
antidromic activation of the motoneurone and was

usually maximal at three times the intensity
required to activate the motor axons. The epsp
was reduced in amplitude by depolarizing current
injected into the cell, but was unaffected by
hyperpolarizing current. Paired or repetitive
(50 Hz) stimulation caused depression of the
amplitude of the epsp.
We suggest that the early epsp of GL motoneurones
in the chick is mediated by chemical synapses and
is analogous to the homonymous monosynaptic epsp
obtained in mammalian motoneurones in response to
stimulation of low-threshold muscle afferents.

R.R.R. is in receipt of a Travelling Fellowship
from the Wellcome Trust.
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Elimination of synapses in adult rat muscle reinnervated by active and
inactive axons

By R. R. Ribohester* and T. Taxt. Institute of Physiology, Karl Johans Gate 47,
Oslo, Norway

Polynouronal innervation of muscle fibres and subsequent elimination of synapses
are features of both newborn and reinnervated adult muscles (Redfern, 1970;
McArdlo, 1975). The present experiments woro done to determine whether differences
in the level of activity of different nerve terminals at a single endplate might influence
the outcome of synapse elimination.

The muscle nerve of the fourth deep lumbrical muscle in the rat hind foot arises
from two separate peripheral nerves, the lateral plantar nerve (LPN) and the sural
nerve (SN). Lumbrical muscles were denervated under Nembutal anaesthesia by
crushing the muscle nerve 3-4 mm from its entry into the muscle. Five to ten days
later, action potentials in the LPN were blocked by chronic superfusion of the nerve
with tetrodotoxin (0'25 /tg/hr) delivered from osmotic minipumps which were
implanted intraperitoneally (Betz, Caldwell & Ribchester, 1980). Nerve block was
ma intained for one to two weeks. The muscles woro therefore reinnervatcd by blocked
1 ,PN axons and unblocked SN axons. Eleven to twenty three days after crushing the
muscle nerve, the muscles were isolated with their nerve supplies intact and motor-
unit sizps were estimated from the size of the isometric twitch responses obtained on
grading the intensity of stimuli applied to the nerves. All the muscles were completely
reinnervated and there was no difference in the number of LPN units comparing the
LPN blocked and control sides. The SN motor units in the LPN blocked muscles were

always stronger than the contralateral controls. By twenty to twenty-five days after
the nerve crush the SN motor units on the LPN blocked side were about twice as

large as those on the control side. The amount of polvneuronal innervation of muscle
fibres was estimated from the measurements of the tension deficit on tetanic (50 Hz)
stimulation of the? separate nerves compared with their combined stimulation. In
LPN blocked muscles the amount of dual innervation increased from 24% to 42%
of the muscle fibres. However, the number of muscle fibres innervated only by SN
axon terminals increased from 8% of the muscle per motor unit to about 14% over
the same period. In the control muscles this percentage remained constant at around
7 °-' o •

The results suggest that when active and inactive nerve terminals compete for
exclusive innervation of muscle fibres, the outcome of this competition depends on
the level of activity, where the more active terminals have an advantage over less
active terminals.

R.R.R. was supported by a Travelling Fellowship from the Wellcome Trust.
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Competition between active and inactive motor axons after reinnervation
of partially denervated rat muscle
By R. R. Ribchester* and T. Taxt. Institute of Physiology, Karl Johans Gate 47.
Oslo, Norway and * Department of Physiology, University Medical School. Teriot Place.
Edinburgh ElIS 9AG

Reinnervated muscle fibres in partially denervated mammalian muscle are subject
to a transient polyneuronal innervation (Brown & Ironton, 1978). Loss of
polyneuronal innervation may be due to competition between terminals innervating
the same muscle fibre (Betz, Caldwell & Ribchester, 1980a). The present experiments
were done to determine whether regenerating, active motor axons were preferred when
competing with intact, inactive terminals in partially denervated muscles.

All surgical operations were carried out on adult female rats anaesthetized with
sodium pentobarbital (60 mg/kg). The sural nerves (SN) in both hind legs were
crushed with forceps. This deprived the fourth deep lumbrical muscles in each foot
of between one and five of the motor axons which normally innervate them. Within
15 d the remaining motor axons supplied by the lateral plantar nerve (LPN) had
sprouted and completely reinnervated the denervated muscle fibres. By 25 d after
the nerve crush, axons in the sural nerve had regenerated and reached the lumbrical
muscles. Nerve impulse conduction in the LPN on one side was then blocked for up
to two weeks by chronic application of tetrodotoxin (500 /rg/ml; 0-5 /d/h) to the nerve
(Betz, Caldwell & Ribchester, 19805)- The muscles were subsequently isolated and
motor unit tension recordings and intracellular recordings were made using standard
techniques.

In the LPN-blocked muscles, the SN motor units grew larger with time. After two
weeks, there was no significant difference in the maximum direct tetanic tension
produced by muscles on the LPN-blocked side (mean + s.d. = 65+17 mN, n = 3)
compared with control muscles (71 + 17 mN, n = 4). Stimulation of the SN motor
units however, produced significantly more tension in LPN-blocked muscles
(6-8 + 3-1 % of the total tension) than in the controls (17 + 0'8°o of total tension). In
the LPN-blocked muscles, stimulation of the SN produced e.p.p.s in 32 out of 139
fibres recorded intracellularly. Of these, 12 were innervated only by the SN.

The results support our previous conclusion that active motor nerve terminals
appear to have a competitive advantage over inactive terminals during reinnervation
(Ribchester & Taxt, 1982). This also appears to be the ease even when regenerating,
active nerve terminals compete with inactive nerve terminals belonging to an intact
nerve.

We thank the European Science Foundation for a twinning grant.
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Non-sclcctivc elimination of motor nerve terminals after reinnervation of

partially denervated rat lumbrical muscle
By R. R. Ribchester. Department of Physiology, University Medical School, Teviot
Place, Edinburgh EH8 9AG

Regeneration of damaged motor axon0, into innervated or partially donorvatod rat
muscle causes intact motor nerve terminals to regress (Bixby & Van Essen, 1979;
Thompson, 1978). A possible explanation is that regenerating motor axons havo a
competitive advantage, attributed to a size disparity with intact motor units. If this
were a general mechanism, then regenerating motor axons should be preferred when
forced to compete with motoneurones supporting an enlarged terminal field. The
present experiments demonstrate no suoh preference for regenerated norvo terminals.

Fourth deep lumbrical muscles in adult rats, anaesthetized with Sagatal, were
partially denervated by crushing the lateral plantar nerve (l.p.n.), thereby causing
intact 3ural nerve (3.n.) motor axon3 to 3prout and rcinncrvatc donorvatcd muscle
fibres (Betz, Caldwell & Ribchester, 1980). Isometric tension and intracellular
recordings were made 16—50 days later. As in normal muscles, the l.p.n. contributed
about 10 motor units and the s.n. 1-3 motor units. By 25 days, s.n. motor axons
innervated about 84% of the muscle (range, 53-100%, n = 9 muscles). Reinnervation
by l.p.n. axons was first detected 16 days after l.p.n. crush. By 26-35 days,
supramaximal stimulation of the l.p.n. (at 50-70 Hz) produced about 71 % of the total
tension (range, 58-84%, n = 7). There was no significant change in the total muscle
tension between 16 and 35 days (mean + s.d. = 55-3 + 8-6 mN). Dual innervation,
measured by overlap of l.p.n. and s.n. tension and intracellular recording of e.p.p.s,
was present in about 30% of muscle fibres innervated by the l.p.n. (range, 6-37 %).
After 46 days, dual innervation had decreased to about 15% of the l.p.n. innervation
(range, 5 30%, n <«* 9). By then, thore was considerable variation in the tension
produced by supramaximal stimulation of the nerves. The mean l.p.n. tension fell
to 64 % of total (range, 36-88 %) and the mean s.n. tension to 40 % (range 13-73 %).
In four of these muscles, individual o.n. motor units innervated more than 50% of
the muscle.

The results confirm that regenerating motor axons compete with terminals in
innervated muscle. Subsequently, terminals belonging to both sprouted and regen¬
erated motoneurones are lost. Which synapses persist appears to be determined by
factors independent of the relative sizes of the competing motor units.

I thank Action Research - The National Fund for Research into Crippling Diseases, and the
M.R.C. for support.
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Innervation of extensor digiti IV brevis muscle of the frog by motor axons
in separate branches of the peroneal nerve

By M. J. Higgins, P. A. Kelly and R. R. Ribchester. Department of Physiology,
University Medical School, Teviot Place, Edinburgh EH8 9AG

The innervation of extensores digitorum breves and interossei muscles of the frog
hind foot is supplied by the peroneal branch of the sciatic nerve. Two branches of
the nerve, peroncus medialis and peroneus lateralis, form an anastomosis in the
dorsum of the foot and the common nerve, peroneus communis inferior, supplied
axons to the muscles (Eeker, 1889). The extensor digiti IV brevis and the attached
nerves are easily dissected from the foot, the distal tendon being left inserted on the
second phalanx of the fourth toe. The proximal tendon can be attached to a force
transducer. Frequently, motor axons innervating the muscle are supplied by both
p. medialis and p. lateralis. The total number of motor units is about eight, with a
reciprocal relationship between the number of axons supplied by either nerve and
no clear preference for axons to run in one nerve or the other. A wide range of motor
unit sizes has been found, ranging from 2 % to 70 % of the total twitch tension (about
20 mN at room temperature). In muscles from quiescent frogs kept at 4 °C,
polyneuronal innervation can be demonstrated by separate and combined stimulation
of p. medialis and p. lateralis in most cases. Tension overlap measurements and
intracellular recordings ofend-plate potentials indicate that about 15 % of the muscle
fibres receive nerve terminals from axons in both nerves.

The muscle may be ofuse in studies on the formation and plasticity ofneuromuscular
innervation, as the motor axons in the two nerves can be manipulated quite
independently.
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An application of the BBC microcomputer to teaching cell physiology
By A. R. Gardner-Medwin and R. R. Ribchester*. Department of Physiology,
University College London, Gower Street, London WC1E6BT, and *Department of
Physiology, University Medical School, Teviot Place, Edinburgh EH8 9AG

A computer model for teaching cell physiology, written in Fortran for the
RML 380Z microcomputer, was demonstrated previously to the Society (Gardner-
Medwin, 1983). The program has been revised and rewritten in BBC basic, for
use with the BBC model 'B' microcomputer - a cheaper and more widely used
machine.

Computation of ion gradients, membrane potential and volume of a hypothetical
cell are made by solving ionic flux equations as described for the previous version
of the program. In the present version students carry out 'experiments' on the cell
by selecting paged menus showing: the current cell environment; the relative
permeability to Na, K and CI; the relative activity of the Na/K pump and the ratio
of Na to K ions pumped per cycle. Alterations in external ion concentrations,
osmolarity, membrane permeability and pump activity are keyed into the appropriate
menu. Unacceptable alterations (for example, those which violate the principle of
electroneutrality) are referred back to the user. Single key entries cause display of
either- the immediate, transient effect on cell properties (membrane potential
under conditions of zero net ionic current); the state of the cell after movement of
water to osmotic equilibrium but before any bulk ionic movements; or the steady
state with zero net transmembrane fluxes of ions or water.

As before, the model allows students to study the interactions of cell parameters
that are not easily measured with elementary techniques. The main advantage of the
present version is that it is easier for students to use than the earlier one. The
computer instructions employ programming structures that are peculiar to BBC
basic; translation to other versions of basic for use with other machines should be

possible without too much difficulty.
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Differentiation of isolated mouse skeletal muscle fibres cultured on a

laminin substratum

By R. R. Ribchester and W. S. Rowand. Department of Physiology, University
Medical School, Teviot Place, Edinburgh EHS 9AG

Bekoff & Betz (1977) described the isolation of intact skeletal muscle fibres in the
rat, and the alteration of their membrane properties over 1-2 weeks in culture. We
have adapted the procedure to flexor digitorum brevis (f.d.b.) in the adult mouse.
The mouse f.d.b. muscle fibres are about 500 ym long and about 35 ym in diameter.
These fibres acquire some novel properties, not previously described for cultured rat
f.d.b. fibres.

Muscle fibres were isolated by incubating f.d.b. muscles in 0-3% collagenase at 4 °C
for T5 h, followed by 0 5 h at 37 °C. Trituration of the muscles then released most
of the fibres intact. They were transferred to |" glass coverslips coated with laminin
(2 ^g/coverslip), to which the fibres adhered within 1 h. Cultures were maintained
in Trowell's T8 medium supplemented with 10% fetal bovine serum and 40 yg/m\
conalbumin. Fibroblast mitosis was inhibited with cyt.osine arabinoside (2-75 //g/ml).
Intracellular recordings and ionophoretic application of acetylcholine were made
2-14 days later.

Rest ing membrane potentials of the cultured fibres ranged fro.m —20 to —80 mV:
most measurements were made from fibres with resting potentials more negative
than —45 mV. Acetylcholine sensitivity of vacant motor end-plates ranged from
900-5300 mV/nC. Extrajunctional sensitivity (initially less than 100 mV/nC) in¬
creased over the first 10 days in culture. By 8-10 days, extrajunctional sensitivity
was 500—2500 mV/nC. Over the same period, muscle fibre input resistance increased
from about 2 MQ to about 5 MQ. Spontaneous membrane depolarizations and fibril¬
lation potentials developed in some muscle fibres.

A conspicuous feature of the later cultures was the outgrowth from both ends of
the fibres of large (ca. 100 ym wide) growth-cone like structures similar to those
described by Glavinovie et al. (1983) in cultured frog muscle. These 'myocones'
contained apical clusters of nuclei, abundant microfilaments and radiated filopodia
for up tc 200 ym. The myocones and filopodia were sensitive to acetylcholine (range
100-1500 mV/nC). Prior denervation of f.d.b. muscles under Xagatal anaesthesia
(60 mg/kg i.p.), 7 days before explanting the fibres expedited the development of
myocones on laminin substrate. Myocones were not seen when the muscle fibres were
plated on fibronectin or collagen substrata. These large structures may prove useful
for biophysical studies of cellular outgrowth and motility.

We thank the M.R.O. and the National Fund for Research into Crippling Diseases for support.
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Decline of inward rectifier currents in intact skeletal muscle fibres isolated
from the mouse

By R. R. Ridoiiegter. Department of Physiology, University Medical School, Teviot
Place, Edinburgh EH8 9AG

The inward rectifier of frog skeletal muscle inactivates slowly during prolonged
membrane hyperpolarization : membrane potassium conductance first increases then
decreases when membrane potential is displaced negative to Ek. In the presence of
low concentrations of Cs+, the 3tcady 3tatc current voltage relation shows a steep
negative slope, and this is the cause of regenerative hyperpolarization following
injection of constant current (Gay & Stanfield, 1977).

Figure 1 shows similar characteristics in short (500 //m), intact muscle fibres from
dissociated adult CBA mouse flexor digitorum brevis muscles. The fibres were
plated on laminin-coated glass coverslips (Ribchester & Rowand, 1987). Regener¬
ative hyperpolarizations were routinely induced in normal mammalian saline,
without added heavy-metal cations. Measurements of membrane current using a
two-microelectrode voltage clamp showed a region of negative slope conductance
between — 130 mV and — 180 mV.

« - A B

50 ms

Fig. 1. Responses of isolated fibres to depolarization and hvpcrpolarization in mammalian
saline containing 8 mm-Ca". A, Constant current; upper traces current, lower traces
membrane potential. H, Voltage clamp; upper traces membrane potential, lower tracoo
current: temperature 21 °C; holding potential —80 mV.

Zero slope conductance occured at less negative potentials in solutions containing
1 mM-Cs+ ( — 107 + 6 mV; mean + s.n., n = 11), and at more negative potentials in
Li+-substituted solutions ( — 151 + 10 mV; n = 9) compared with control solutions
( — 137+ 12 mV; n = 18). The inactivation in normal saline may therefore partly be
explained by a voltage-dependent block of inward rectifier channels by Na+ (cf.
Standen & Stanfield, 1979).

Supported by the Wellcome Trust and Action Research for the Crippled Child.
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Regenerative hyperpolarization of chronically denervated isolated mouse
skeletal muscle fibres is due to inactivation of inward rectification

By R. R. Ribchester. Department of Physiology, University Medical School. Teviot
Place, Edinburgh EH8 9AG

Regenerative hyperpolarization of muscle fibre membrane potential has been
reported in chronically denervated amphibian and mammalian muscle (Glavinovie et
al. 1983; Betz et al. 1986). These authors speculated that the mechanism might
involve either an increase or a decrease of membrane potassium conductance. In view
of the similarity of the hyperpolarizations and those induced by Gs ions in innervated
amphibian muscle (Gay & Stanfield, 1977) or intact mammalian muscle (Ribchester,
1988), the more plausible explanation is that this property of denervated fibres is due
to inactivation of currents flowing in inward rectifier channels.

Mice were anaesthetized with pentobarbitone (60 mg/kg i.p.) and the flexor
digitorum brevis on one side was denervated by sectioning the tibial nerve1. After
7-24 days the muscles were isolated and fibres were dissociated using eollagenase.
Intact fibres were then cultured on laminin-coated glass coverslips for 1 4 days in
Trowell's T8 medium. The fibres were about 400 //m long and 25-30 /mi in diameter.
Electrophysiological recordings were made in mammalian saline containing 4-8 m.M-
Ca2+, and 100 /iM-9-anthracene carboxylic acrid (to block chloride permeability).
Membrane currents were recorded using a two-microelectrode voltage clamp.

Regenerative hyperpolarizations were routinely observed when the fibres were
hyperpolarized with constant current pulses, and these responses were more readily
obtained when 1 mM-CsCl was added to the bathing medium. With hyperpolarization
under voltage clamp, inward currents decreased exponentially with time, and the
steady-state slope conductance was negative at membrane potentials more negative
than —140 mV. The size of instantaneous inward rectifier currents increased with

hyperpolarization when extracellular [K+| was raised from 5 to 20 m.M, but the
negative slope conductance persisted.

These observations suggest that the mechanism of regenerative hyperpolarizations
of denervated muscle fibre membranes is a voltage-dependent ionic block of inwardly
rectifying potassium conductance, as in normal innervated muscle.

Supported by the Wellcome Trust.
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A test of neurotrophic theory in reinnervated adult rat fourth deep lumbrical
muscle

R.R. Ribchester and M..J. .Mijnster
Department of Physiology, University Medical School. Teviot Place. Edinburgh EHH 9AG

Neurotrophic theory explains the regulation of numbers and disposition of
synaptic connections in the nervous system in terms of reciprocal influences of
activity and chemical, nerve growth-promoting factors at sites of synaptic
contact. A specific prediction is that synaptic terminals converging on the
same postsynaptic cell should co-exist if they express the same pattern of pre¬
synaptic activity (Purves, 1988).

To test this prediction, adult rats were anaesthetized with pentobarbitone
(Sagatal, 60 mg/kg I.P.) and the fourth deep lumbrical muscles (4DL) of both
hind limbs were partially denervated by crushing the branch of the sural nerve
(SN) just proximal to the anastomosis with the lateral plantar nerve (LPX).
After 10-19 days, animals were re-anaesthetized and chronic nerve conduction
block in the right sciatic nerve was effected by connecting an implanted
osmotic minipump containining 500 pg/ml tetrodotoxin (TTX) in saline, via
silicone rubber tubing to a cuff around the nerve (Ribchester. 1988). Acute
measurements were made in isolated preparations after a period of nerve
conduction block lasting 9 16 days. Thus in these muscles, regenerating SN
motor axons returned to paralysed muscles that were completely innervated
by LPX axons and their sprouts. We asked whether any muscle fibres became
innervated exclusively by the blocked SN motor axons.

Both paralysed and control muscles contained similar numbers of LPX and
regenerated SN motor units (mean 4.4 SN units in TTX blocked. 4.6 units in
controls). Paralysis enhanced the reinnervat ion of the partially denervated
4I)L muscles. The mean SN-evoked tetanic tension in the paralysed muscles
was 6.42 ± 2.36 mX (S. E..M.: 14.1 ± 7.7 % of total: n = 9) compared with 1.64 ±
0.40 mX (1.9 ± 0.5 % of total: n — 7: P < 0.05: I test) in controls. 1 ntracellular
recordings showed that 94/381 fibres were innervated by the SN in the blocked
muscles (■n = 6 muscles) while only 25/401 fibres were innervated by the SN in
controls (n = 7 muscles). In the paralysed muscles, 40 of the SN-innervated
fibres gave an EPP only to SN stimulation, compared with only 11 fibres in
the reinnervated controls. The remaining SN-innervated fibres received a
convergent innervation from LPX axons.

These data suggest that paralysis enhances the amount of reinnervation of
partially denervated lumbrical muscles, as predicted by neurotrophic theory,
but the processes which re-establish nnmoneuronal innervation appear to
depend as much on the number of connections made bv the regenerating axons
as on the presence or absence of neuromuscular activity, contrary to the
predictions of the theory.
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Redistribution of junctional acetylcholine receptors on dissociated mouse skeletal
muscle fibres in culture

A.J. Anderson and R.R. Ribchester

Department of Physiology, Edinburgh University Medical School, Tnviot Place, Edinburgh
EHH9AG

Acetylcholine receptors (AchR) become stabilized at motor end-plates dur¬
ing the course of early postnatal development (Slater. 1982). However, the
factors which are important in initiating and maintaining a high concentration
of AchR at the end-plate have not been established. Recently, Lupa &
Caldwell (1991) reported that fragmentation of mature end-plates occurs when
dissociated skeletal muscle fibres are maintained in culture. We have further

investigated this phenomenon using collagenase-dissociated flexor digitorum
brevis muscle fibres from adult CBA mice (Gillespie & Ribchester, 1988). At
t he time of dissociation, end-plate AchR were labelled with TRITC-con jugated
a-bungarotoxin (5 x 10~6gml"'), and the distribution of the original end-plate
AchR was monitored in identified fibres, for up to 8 days in culture, using low-
light fluorescence microscopy and a SIT camera.

Freshly dissociated fibres possessed a single intense patch of fluorescence
(AchR), located at the motor end-plate. By 2 days in culture the intensity of
the cry b plate fluorescence was reduced, and 55 % (53/96) of fibres exhibited
small discrete patches of AchR, outside the original end-plate area. These
patches were observed both in fibres attached to laminin-coated glass cover-
slips, and in unattached (free floating) fibres. With time in culture, the
redistribution of original end-plate AchR became more extensive so that by
4 days. 83% (48/58) and by 7-8 days, 100% (n = 54) of fibres possessed
multiple patches of AchR. Brief treatment of fibres with Concanavalin A at
the time of dissociation delayed but did not prevent the time-dependent
reduction in end-plate fluorescence and the development of AchR patches. A
similar result was obtained by cross-linking the receptors with biotinylated a-
bungarotoxin followed by TRITC-avidin. The sites at which patches of
original end-plate AchR appeared seemed to be associated with myonuclei. In
fibres stained with Hoescht 33342, 71 % (20/28) of AchR patches at 2 days in
culture, and 92 % (22/24) of AchR patches at 7-8 days in culture, co-localized
with myonuclei.

These data suggest that in adult muscle cohesive forces provided by motor
nerve terminals, supporting cells, or extracellular matrix, maintain the struc¬
ture of the motor end-plate. Disruption of the end-plate following fibre
dissociation is delayed by cross-linking AchR with known ligands. The data
also suggest that regions of the membrane associated with myonuclei are
preferred sites for re-aggregation of junctional AchR.
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Further characterization of novel polypeptides
related to the eosinophil chcmotactic factor val gly
ser-glu
Dawn Davies and Laurence W. Haynes
School of Biological Sciences, University of Bristol,
Woodland Road, Bristol BS8 1UG

Tissue infiltration, chemotaxis and activation of
mononuclear leucocytes in inflammatory reactions are
under the regulation of both non-specific (local mediators,
adhesion molecules) and cell-specific (cytokine, intercrine)
polypeptide factors. A major contributor to tissue damage in
asthma and some macroparasitc infections is the selective
recruitment of eosinophils. Preliminary characterization of
eosinophil chcmotactic activity in antigen challenged
guinea-pig lung led to the identification of two
tetrapeptides val/ala-gly-ser-glu (Goetzl & Austen, 1975).
We proposed mammalian a-calcitonin gene-related peptide
(aCCRP) as a possible precursor to one of these, val gly oor
glu (Davies et al. 1992). We have now raised a polyclonal
antibody to val gly ocr glu coupled to cationizod bovine
serum albumin via 1 ethyl 3 (3 dimcthylaminopropyl)
carbodiimide hydrochloride (EDC) which conjugates haptens
to carrier proteins at either the C- or N-terminus of the
peptide. This antibody cross-reacts weakly with aCGRP
and does not detect antigen in nerve axons in rat or guinea-
pig pulmonary tissue. Inotoad val gly sor glu like
immunoreactivity is present in isolated peritoneal mast cells
and in endocrine cells prosont in tho lower airways
epithelium in the rat. Val-gly-ser-glu-like immunoreactive
material was oolubilizod from R,BL 1 rat basophilic
leukaemia oolls where it was shown to be prcsont in and
released from secretory granules. An immunoreactive peak
of Mt 6000 was separated by Sephadex G50 chromatography
and a small amount of high molecular weight
immunoreactive peptide was identified by SDS-PAGE and
Western Blotting. The results suggest that the eosinophil-
selective chemotactic val-gly-ser-glu peptide sequence forms
part of larger, naturally occurring polypeptides from mast
cells and, possibly, other sites.
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Effects of recovery from chronic nerve conduction
block on elimination of polyneuronal innervation
in partially denervated and reinnervated rat
muscle

Jacqueline A. Barry and Richard R. Ribchester
Department of Physiology, University Medical School,
Teviot Place, Edinburgh EH8 9AG

Paralysis stimulates reinnervation of partially
denervated muscles, and increases levels of both
polyneuronal (PI) and mononeuronal innervation by
regenerating motor axons (Ribchester, 1993). In the present
experiments wo aimed to dotormino whothor the enhanced
reinnervation of partially denervated, inactive muscle
persists when activity rooumoo, or whothor thoro might bo
selective elimination of intact or regenerating motor nerve
terminals during recovery from chronic nerve conduction
block.

Adult rats were anaesthetized by inhalation of halothane
(5 % in air) and the fourth deep lumbrical (4DL) muscles
were partially dcncrvatcd by crushing tho lateral plantar
nerves (LPN) bilaterally. Moot muscles remained innervated
by 1-5 axons supplied via the sural nerves (SN). After
18-22 days sciatic nerve conduction block was induced by
chronic superfusion with tetrodotoxin (Ribchester, 1993).
Block was maintained for 8-20 days. Final experiments
were carried out at this time, or following a recovery period
of 4 weeks. The outcome of competition between
regenerated LPN axons and sprouted SN axons was acsossod
in isolated muscles containing two or more SN motor units,
using isometric tension measurements (intaot muscles) and
intracellular recordings of EPPs (out fibre preparations),

In unoperated control muscles, LPN motor units
produced 804 + 3-2 % (mean ± s.e.m., n= 5) of total tetanic
(70 Hz) tension. Reinnervation alone resulted in a

significantly lower LPN contribution (49'3 + 8'0 %,
P< 0"05; t test, n= 6). After reinnervation with 2 weeks
conduction block the LPN contribution was increased

(66-0+ 7-9%, P<0-05, ?i=5). During this time the SN
contribution to total tension increased significantly from
control values of 20-l + 3'4 % to 76'2 + 54 and 58-7 + 7"7 %
in blocked and contralateral muscles respectively. After
4 weeks recovery no significant change was observed in the
LPN contribution on the contralateral, crush only side. The
LPN contribution on tho blookod sido dcclinod however, to
51-5 + 4-2% (P<0'05, n = 5). SN contribution during this
time also decreased on the blocked side (P<0'05), while
remaining unchanged in the contralateral muscles (n = 3).
Measurements of tetanic tension overlap in blocked muscles
suggested a substantial decrease in the amount of PI over
the recovery period (42-3 + 7-4 to 114 + 13 % of total fibres;
P < 0'01). However, intracellular recordings indicated that
loss of PI was not as great as this (33-4 + 104 to 21-3 + 1*9 %;
P > 0-05), suggesting that after recovery some inputs
provided only weak, sub-threshold depolarization of motor
end-plates.

/



Journal oj Physiology (1994) 476.P 63P

The data suggest that the benefits of muscle paralysis for
reinnervation of partially denervated muscle are not
completely consolidated. Both regenerating and sprouted
axons terminals are vulnerable to repression or elimination
when activity resumes. ~

We thank Action Research, SPARKS and the Wellcome Trust
for support.
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Mechanically induced acute changes in muscle
growth and gene expression

D.F. Goldspink, V.M. Cox, L.A. Eaves, D.M. Lee and
N.J. Osbaldeston

Muscle Research, Department oj Clinical Medicine,
University of Leeds, Leeds LS2 9JT

The extensor digitorum longus (EDL) muscle (in situ) of
dwarf Dutch rabbits (P0-P5 kg) was subjected (halothane
anaesthesia) to either continuous electrical stimulation at
10 Hz, stretch alone, or a combination of both, for time
intervals ranging from 15 min to 3 days. Three days of
electrical stimulation (peroneal nerve) alone failed to induce
any changes in muscle growth, relative to the contralateral
control EDL (see Table 1). Passively stretching this muscle
(Goldspink et al. 1986), however, significantly enhanced its
growth compared with its internal control. The combination
of stretch and 10 Hz stimulation produced even greater
adaptive growth through an additional enhancement of
protein synthesis.

The stretch-induced growth, with or without electrical
stimulation, correlated with a 40- and 13-fold increase
respectively in the muscles' mRNA levels of IGF-1,
suggesting a possible autocrine/paracrine role of this growth
factor in the muscle hypertrophy.

The same mechanical stimuli caused even earlier co-

expression of the oncogenes c-fos and c-jun, with the mRNA
levels of both genes peaking at 1 h after muscle stretching
and 6 h after commencing 10 Hz stimulation. Stretch/
stimulation appears to be more effective than stimulation
alone in initiating crucial changes in gene expression.

Table 1. Effect of mechanifcal stimuli on muscle growth after
3 days

% change relative to control EDL
Wet Protein DNA RNA Protein
weight mass content content synthesis

(a) 10 Hz 1±4 1 + 5 2 ±11 13 + 6 3 ± 11
(b) stretch 13 + 5* 19 + 7* 45 ± 12f 128 ± 11± 138 + 32f
(c) stretch 35 ± 10f 25 ± 7* 186 + 65* 300 ± 78J 345 + 76f

+ 10 Hz

Values are means + s.e.m.; ti = 6; *P<0*05; 1"B<0'01;
JPcOOOl.
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Assessment of latissimus dorsi power output in the
anaesthetized rabbit by force-velocity (Pv) and
work loop studies
R.S. James, I.S. Young, V.M. Cox*, D.F. Goldspink*
and J.D. Altringham
Department of Pure & Applied Biology, *Academic Unit of
Cardiovascular Studies, University of Leeds, Leeds LS2 9JT

Isotonic shortening has been widely used to determine in
vitro muscle power output. This technique yields a
relationship, between force generation and shortening
velocity of the muscle (Hill, 1938), which can then be used to
calculate power output.

Arguably the most important function of skeletal muscle
is power generation. In vivo, skeletal muscle power output
only approaches maximum when the period of activation
coincides with the shortening phase of a length change cycle.
An innovative procedure called the 'work loop technique',
which involves phasically stimulating the muscle to
contract whilst subjecting it to cyclical length changes
(Josephson, 1985), was developed to give a more realistic
estimate of the work a muscle can produce in vivo.

In this investigation Pv and work loop studies were used
to determine the power output of latissimus dorsi (LD)
muscle (at 35 + 1 °C) in rabbits maintained under Hypnorm
(fentanyl)/Hypnovel (midazolam) anaesthesia. The
proximal attachment of the LD was freed and attached to a
force transducer, leaving the major nerve and blood supply
intact. This approach avoids the problem of fibre death, due
to anoxia, often encountered with isolated mammalian
muscle preparations (Segal & Faulkner, 1985).

LD produced a maximum isometric stress of
163*2 + 3-7 kN m~2 (mean + s.e.m., n= 15). Maximum mean

power output of 27*2 + 1*9 W kg-1 (n= 9), at a cycle
frequency of 6 Hz, was determined using the work loop
technique. Maximum mean power output from Pv studies
was 119-9 + 11'5 W kg-1 (n = 7), at a P/P0 of 0-4. The
substantial difference in mean power output is due to power
output being determined in isotonic releases during a period
of maximal activation and constant shortening velocity,
with no account being made for the work done to re-extend
the muscle. Unlike the work loop technique, isotonic study
does not account for many of the dynamic properties of
muscle, including the finite time needed for relaxation,
force enhancement, shortening deactivation and the
viscoelastic properties of the muscle. This technique will
therefore always overestimate the power generating
capacity of muscle in vivo. However, the work loop
technique simulates in vivo power generation and is
therefore the most appropriate to assess the power output of
muscle in vivo.
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he effect of some protein kinase inhibitors on the
a-regulation of acetylcholine release at endplates
: a-bungarotoxin-treated rats
•J. Plomp and P.O. Molenaar
ivision of Membrane Electro-physiology and
harmacology, Department of Physiology, University of
nden, PO Box 9604, 2300 RC Leiden, The Netherlands

Chronic reduction of endplate acetylcholine (ACh)
ceptors in muscles of a-bungarotoxin-treated rats ('toxin-
duced myasthenia gravis', TIMG) leads to up-regulation
ACh release. This might he due to retrograde signalling

Dm muscle to nerve, resulting in the stimulation of the
tivitv of a [Ca2+]rdependent component of the ACh
lease mechanism (Plomp el a I. 1994).
Such a component could be a protein kinase, since the
imulation of protein kinase C (PKC) increases ACh release
endplates of rats (D'Angelo el al. 1992). Furthermore, in

e squid giant synapse, phosphorylation of synapsin I by
i.2+/calmodulin-dependent protein kinase II (CaMKII)
ids to increased neurotransmitter release (Llinas el al.
91).
In the present study we tested the effects of the PKC
hibitors H7 and polymyxin B and of K252a, an inhibitor
various protein kinases (including PKC and CaMKII) on

e up-regulation of ACh release in ..TIMG. We recorded
dplate potentials (EPPs) and miniature EPPs (MEPPs) in
aphragms in which the muscle action potentials were
Dcked by /r-conotoxin and calculated quantal contents
im their amplitudes. Incubation of muscles from four
ntrol (i.e. saline-injected) and TIMG rats with 120 jum H7
duced the MEPP amplitude by about 30 %, but it had no
feet on the quantal contents. Incubation of three TIMG
uscles in 7, 15 and 30 jum polymyxin B had a similar effect,
cubation of four TIMG muscles-in 200 mi K252a caused a

crease of the quantal content from 110• G + 6-1 to 77-6 + 44
leans + s.e.m., P2 < 0*01, Student's I test). However, the
antal contents of four control muscles did not change;
ey were 78'8 + 2-3 and 79'8 + 44 before and after
cubation with K252a.
We conclude that it is unlikely that PKC plays a role in

e up-regulation of ACh release in TIMG but that CaMKII
ight be involved. However, apart from CaMKII, K252a
io strongly inhibits other types of kinases, e.g. the
rosine kinase that is a functional receptor for brain-
rived neurotrophic factor and neurotrophin-3, factors
at have been shown to potentiate ACh release at
veloping endplates (Lohof et al. 1993). Further
periments will be required to elucidate which kinase is
colved in the inhibitory effect of K252a on the up-
jplation of ACh release at the endplates of TIMG rats.
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Slow degeneration of motor nerve terminals in
mice of the Wlds strain and its dependence on
nerve stump length
R.R. Ribchester*, J.A. Barry*, J.W. Tsaof,
V.H. Perryf and M.C. Brownj;
*Department of Physiology, University of Edinburgh and
Departments of f Pharmacology and IPhysiology,
University of Oxford, Oxford

In. mice and rats Wallerian degeneration of the distal
stump of cut axons occurs rapidly over the course of two or
three days. The earliest sign is the failure of transmission at
the neuromuscular junction. The timing of junctional failure
depends on the length of nerve stump below the lesion. It
seems as if degeneration at the terminal is triggered by a
'signal' travelling at the rate of fast axoplasmic transport
from the site of nerve section (Miledi & Slater, 1970).

Axon degeneration occurs very much more slowly in mice
of the C57BL/Wlds strain. In 4-week-old animals axons in
the distal stump can conduct action potentials for up to
3 weeks (Perry et al. 1992). We have now examined the time
course of failure of junctional transmission in 4- to 8-week -

old C57BL/Wlds mice and tested whether the length of the
distal stump affects its time of onset.

In 4- to 6-week-old C57BL/Wlds mice anaesthetized with
1-2% Avertin (04 ml (5 g)-1 i.p.) or sodium pentobarbitone
(025 mg (5 g)-1 i.p.), a single nerve in one lower leg was
sectioned and the animal allowed to recover. Some animals
were operated bilaterally. The nerves were either the sciatic
nerve cut high in the thigh; the lateral gastrocnemius/soleus
nerve cut near its entry into the gastrocnemius; the soleus
nerve cut 2-4 mm from the muscle; or the posterior tibial
nerve cut midway between the knee and the ankle.
Transmission was tested between 3 and 14 daj's later either
in the soleus muscle or in the flexor digitorum brevis (FDB).
In the soleus, isometric twitch tension evoked by nerve
stimulation was compared with the tension evoked by direct
stimulation of the muscle fibres. In the FDB, twenty muscle
fibres were impaled with a microelectrode and the presence
or absence of spontaneous MEPPs or evoked responses
(EPPs or action potentials) was noted. In all cases the
isolated muscles were studied in vitro at room temperature.

At 7 days, transmission was still present on average in
ca 80 % of fibres from both the soleus and FDB muscle-
from mice in which the sciatic nerve had been cut high in
the thigh. Thus motor nerve terminals as well as avn-
degenerate very slowly in C57BL/Wlds mice and lhe\
persist for many days after the arrival or loss of any signal
carried at the rate of fast axoplasmic transpoit
Nevertheless the timing of terminal degeneration
dependent on the length of the nerve stump. By 7 days una
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ca '20 % of terminals could transmit in the soleus when its
nerve had been cut ca 15 mm closer to the muscle and
ca 50 % in the FDB when denervated ca 10 mm closer. The
results could be explained by the 'signal' for degeneration
travelling at a much slower rate in C'57BL/Wlds mice but
there are other possibilities.
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Isoprenaline-induced membrane hyperpolarization
in mouse lumbrical muscle is related with increase
in potassium permeability
H.G.J, van Mil, C. Kerkhof and J. Siegenbeek van
Heukelom

Graduate. School Neurosciences Amsterdam, Institute of
Neurobiology, Group Cell Biophysics, University of
Amsterdam, Kruislaan 320, 1098 SM Amsterdam,
The Netherlands

In mouse m. soleus the adrenaline-induced hyper¬
polarization of the membrane potential, Vm, has been
attributed to the stimulation of the Xa-K-pump because it
can be inhibited by ouabain (Juel, 1988). Pfliegler et al. (1983)
demonstrated that in extensor digitorum longus (EDL) the
stimulation by catecholamines of transmembrane cation
fluxes is less sensitive to ouabain than in m. soleus. This is in
line with our electrophysiological data presented here.

The lumbricalis muscle was isolated from the hindlimb of
a white Swiss mouse, killed by cervical dislocation. We
measured Vm = —73'3 + 0-3 mV (« = 430, mean + s.e.m.) in
a Krebs-Henseleit solution, with 5'7 mil potassium (K0), at
35 °C. Addition of the /Lmimeticum of adrenaline,
isoprenaline (ISO), in (supra)maximal doses (> 200 mvi)
resulted in a hyperpolarization, called here 'ISO-response':
—5*6 + 0-4 mV (22). Lowering of K0 made the ISO-response
larger. When K0 was lowered to 0-76 mm, exchanging
sodium for potassium, Vm could either hyperpolarize to
—95-7 + 24) mV (6) or depolarize to —52-0 + 0-3 mV (245), as
described earlier for the EDL (Siegenbeek van Heukelom,
1991). In the hyperpolarized state the inward (potassium)
rectifier, IKR, is still open; in the depolarized state it is
closed. The ISO-response was increased independent of the
fact that Fm was hyperpolarized: —16-3 + 3'2mV (3), or
depolarized: —11-6 + 05 mV (67). This excludes that a

strongly voltage-dependent mechanism underlies the ISO-
response. Occasionally with depolarized Fm, the ISO-
response was strong enough to reopen IKR, resulting in
hyperpolarizations of —5L7 + 2'7 mV (6) to a final value
comparable to Vm, reached by ISO from a hyperpolarized
case.

With low K0 and Vm depolarized, the ISO-response was

3P

still present up to 20 min after ouabain addition (> O'l mm):
—9-5 + 1'5 mV (12). When K0 was varied between 0'76 and
20 mm, the ISO-response was linearly related with Tm-EK,
with Ek estimated for K, 140 mm. In low doses (80-400 fiM)
barium blocked IKR; in doses > 0'6 mm it also blocked the
ISO-response.

From this we conclude that the ISO increases the IVPxa
ratio and that stimulation of the Na-K pump might be
necessary to support the increased load on the potassium
gradient.
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Membrane currents and action potentials in fast
and slow skeletal muscle fibres

Henk Wolters*, Willemien Wallinga*, Dirk L. Ypey*f
and Herman B.K. Boom*

*University of Twente, Institute of Biomedical Technology,
Enschede, The Netherlands and fDepartment of Physiology,
University of Leiden, Leiden, The Netherlands

Sodium channels play a major role in the upstroke of
intracellular action potentials (IAP). Because sodium
channel density and kinetics differ for fast and slow muscle
fibres, the upstroke of the IAP and the transmembrane
current (TMC) during propagating IAPs were expected to
vary with the fibre type. This hypothesis has been tested by
measuring the upstroke of the IAP and the TMC with the
loose patch clamp method during propagating IAPs of both
fibre types.

Fast extensor digitorum longus (EDL) and slow soleus
muscles of adult mice were permanently perfused in vitro
with gassed Ringer solution (pH = 7*4; 22-24 °C).
Connective tissue was dissected. A single muscle fibre was
stimulated after penetration by a micropipette using break
excitation at hyperpolarizing pulses. With another
micropipette (3-4 mm from the stimulation pipette) the
resting membrane potential (RMP) and the propagated IAP
was measured. From the IAP the amplitude (Va) was
determined. The upstroke of the IAP has been analysed by
studying the second derivative of the potential transient.
The TMC was measured with a loose patch electrode
(<j> + 10 /im). The current was a triphasic outward-
inward-outward signal. Parameters derived from the TMC
and the second derivative of the IAP were: the quotient of
the first outward peak and the peak-to-peak amplitude
(1,/Ipp) and the interval between the first and second peak
(<*t).
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Visualization of synaptic vesicle recycling at
polyneuronally innervated neuromuscular
junctions in isolated adult rat lumbrical muscle

Jacqueline A. Barry and Richard R. Ribchester
Department of Physiology, University Medical School,
Edinburgh EH8 9AG

Elimination of polyneuronal innervation in immature
muscle is accompanied by a progressive loss of motor nerve
terminal boutons (Balice-Gordon et al. 1993). However, the
relative strengths and disposition of boutons at
polyneuronally innervated fibres undergoing synapse
elimination in adult muscle after denervation and
reinnervation is unclear. To investigate this, we are making
use of the activity-dependent staining and destaining of
mammalian motor nerve terminals using two fluorescent
styryl dyes, RH414 and FM1-43 which stain recycling
synaptic vesicles (Betz et al. 1992; Ribchester et al. 1994), and
which have distinctive emission spectra.

Polyneuronal innervation of muscle fibres is regenerated
in fourth deep lumbrical (4DL) muscles of adult rats
anaesthetized with halothane, by crushing the lateral
plantar nerve (LPN) bilaterally. After 2-3 weeks, animals
are reanaesthetized and prepared for unilateral chronic
sciatic nerve conduction block by administration of
tetrodotoxin from an impla'nted osmotic minipump.
Animals are killed either after 2 weeks of hindlimb paralysis
or a further 2-8 weeks, after neuromuscular activity has
resumed (Barry & Ribchester, 1994). Isometric tension and
intracellular recordings of evoked synaptic responses are
made from preparations isolated with the LPN and sural
nerve (SN) attached. Preparations are then incubated in
normal mammalian physiological solution containing
FM1-43 (2 /im) and the SN is stimulated intermittently at
30-50 Hz for 10 min. After washing for 15 min, the
preparations are bathed in RH414 (10-20 /im) and the LPN
is stimulated using a similar protocol. Preparations are then
washed for a further 30 min and viewed in a fluorescence

microscope using < 1 % neutral density filters, a standard
fluorescein filter block (excitation 450-490 nm; emission
> 515 nm), a SIT camera and digital imaging equipment
(ImproVision).

After 2 weeks of nerve conduction block during
reinnervation, many muscle fibres become polyneuronally
innervated. Fluorescence microscopy reveals fibres
innervated by sets of green/yellow (SN; FM1-43) boutons
interspersed with orange (LPN; RH414) boutons in varying
proportions. Repetitive stimulation causes a selective,
simultaneous destaining of the set of boutons supplied by
the stimulated nerve. This pattern is also seen as

polyneuronal innervation declines after recovery from
conduction block. The morphological appearance of the
terminals may reflect the change in the relative strengths of
synaptic inputs from LPN and SN terminals observed in
intracellular recordings.

Thus most of the synaptic boutons at polyneuronally

innervated motor end-plates in reinnervated adult muscle
appear to rooyolc synaptic vociclo mombrano rapidly enough
for them to be visualized using activity-dependent styryl
dyes. Boutons dorivod from difforont axons are not spatially
segregated as a group at these end-plates.

We are grateful for present and previous support by Action
Re&earch/SPARKS and the Wellcome Trust.
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Wallerian degeneration of axons of cultured SCG
and DRG neurons from normal and C57BL/Wlds
mice

A.E. Buckmaster, V.H. Perry and M.C. Brown
Departments of Physiology and Pharmacology, Oxford
University, Oxford 0X1 3PT

Axons degenerate very slowly after axotomy in mice of
the C57BL/Wlds (Wld) strain and this is an intrinsic
property of the nerves themselves (Perry et al. 1990). The
resistance to degeneration is not due to lack of proteases
(Tsao et al. 1994) and the persistence of the axons isolated
from their cell bodies for a week or more shows that the

rapid degeneration in all other strains is not simply a
consequence of structural breakdown following the loss of
transported material. By comparing in culture Wallerian
degeneration of axons from this strain with those of the
related C57BL/6J (6J) strain and by manipulating the
environment in vitro we hope to uncover the sequence of
events that occur in axons as they degenerate.

Superior cervical ganglia (SCG) and dorsal root ganglia
(DRG) were dissected aseptically from 0- to 2-day-old pups
killed by decapitation. Single cells or explants were grown
in L15 medium supplemented with NGF and rat serum on
laminin-coated plastic dishes at 37 °C and 5% C02.

Axons from SCG or DRG neurons from 6J mice always
degenerated within 18 h of transection, however long the
axons had been growing in culture. DRG axons from Wld
mice persisted for about three times as long. Axons from
Wld SCG neurons did not usually persist any longer than
those from 6J mice when cut within 24 h of plating. The
time the axons persisted, however, increased with length of
time in culture prior to cutting and after 7 days the axons
did not degenerate for 5-6 days. Scanning electron
micrographs showed that degenerating axons condensed
into a series of fairly evenly spaced swollen beads which
later separated. Perforations later developed in their
surfaces. An increase in intracellular calcium ([Ca]t) is
thought to be an early event initiating neural degeneration,
although culturing SCG neurons in depolarizing medium
(50 niM K+, which increases [Ca],) protects these cells from
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burst firing at hyperpolarized membrane potentials and so
were classified as non-bursters. The non-bursters exhibited
some heterogeneity in that while some (n= 33) fired
repetitively throughout a suprathreshold depolarizing
current pulse of 500 ms duration; others (n = 8) fired only
a single group of 2-6 spikes at the beginning of the pulse
and then ceased firing. Preliminary examination of labelled
non-burster neurones has revealed that these give off local
axon collaterals which terminate in boutons within the

MS/DB. Attempts are being made to label burster neurones
but these preliminary data imply that local synaptic
interactions do indeed occur within the MS/DB.
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An unusual rhythm of neuronal discharge activity
in the guinea-pig suprachiasmatic nuclei (SCN)
brain slice over 24 h

S.J. Starkey, N.R. Oakley and I.J.M. Beresford

Pharmacology, Glaxo Research & Development Ltd, Park
Road, Ware, Herts

In mammals, the SCN of the hypothalamus act as a
circadian pacemaker and exhibit endogenous rhythms in
vivo and in vitro (Meijer & Rietveld, 1989). Like the rat,
guinea-pig in vivo multiunit activity in the SCN is higher
during the light than the dark phase (Kurumiya &
Kawamura, 1988). However, in contrast to the rat, the
guinea-pig exhibits little or no circadian rhythm in rest-
activity behaviour (Tobler et al. 1993). The present study
compares the 24 h pattern of single unit discharge activity
of guinea-pig and rat SCN neurones in vitro.

Coronal brain slices (500 fixn) containing the SCN were

prepared (zeitgeber time (ZT) 2 or 10; ZT0 = lights on)
from male guinea-pigs (Dunkin-Hartley; 250-350 g) and
rats (Lister Hooded; 150-250 g) previously kept in a
12 :12 h light: dark cycle, and maintained in vitro (37 °C;
Medanic & Gillette, 1992). The spontaneous firing rates of
SCN neurones were sampled over 24 h using carbon fibre
microelectrodes and expressed as 1 h running means
plotted every 05 h. The mean firing rate in both guinea-
pig and rat was higher during subjective light than
subjective dark. However, while there was only one peak
in firing rate in the rat (ZT6'9; n = 4), four were detected
in the guinea-pig (ZT 7-1, 9-8, 16-0 and 20-5; n = 3-4).

57 P

Zeitgeber time (h)

Fig. 1. Mean neuronal firing rate (+ s.e.m.; 9-15 cells per datum
point per slice; n = 3-4 slices) in guinea-pig; shading corresponds
to subjective dark.
The multiple peaks in neuronal firing rate in the guinea-

pig SCN may underlie the poor circadian rest-activity
rhythm in this species. Whether the peaks reflect multiple
or single circadian oscillator populations remains to be
determined.
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Effect of neonatal nerve injury on synapse
elimination in mice with slow Wallerian

degeneration (C57Bl/6/Wlds)

Claire L. Mackintosh and Richard R. Ribchester

Department of Physiology, University Medical School,
Edinburgh EH8 9AG

Neonatal skeletal muscle fibres are polyneuronally
innervated. Whether synapse elimination occurs by
'degeneration' or 'withdrawal' of motor nerve terminals
has not been completely resolved (Rosenthal &
Taraskevich, 1977; Bixby, 1981). In young adult mice of
the C57Bl/6/Wlds strain, degeneration of motor terminals
after nerve section occurs more slowly than in normal mice
(Ribchester et al. 1994). We have now determined the time
course of neonatal synapse elimination in these mice. We
also investigated the fate of their motor nerve terminals
after neonatal nerve section. Polyneuronal innervation
was assayed by graded nerve stimulation while recording
EPPs intracellularly in cut-muscle fibre preparations of
isolated hemidiaphragm (HD) and soleus (SOL) muscles.
Some mice (aged 3-4 days postnatal) were anaesthetized
with halothane, and the sciatic nerve on the left side was

cut at mid-thigh level. Recordings were made from SOL
muscles isolated 3-4 days later.

No differences in the rate of synapse elimination were
detected in unoperated Wlds compared with CBA or
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iraibi et al. 1994). We have previously shown that the
en probability of the channel (PQ) is a bell-shaped function
internal pH (pHj), peaking at about pH 7-0. The present
idy investigates the possibility that the two branches of
; pH-dependent P0 curve are due to different mechanisms.
CCTs were isolated from the kidneys of male mice after
mbation with collagenase at 37 °C. Single-channel currents
re recorded in the inside-out configuration using standard
nger solution on both sides of the membrane patch (mM):
0 NaCl, 4-8 KC1, T2 MgCl2, 1 CaCl2, 10 glucose and
Hepes (pH 7-2 and 8-0) or MES (pH 6-0-6-6). Open and
sed time distributions were determined from one-level

wordings, idealized with a half-amplitude threshold
;orithm and fitted to two exponential functions by a least-
lares method.
At pH 7*2, the mean time constants were 1T9 + 2-9 and
6T + 48-6 ms (means + s.e.m., n=ll) for the open
,tes and 3'0 + 0-7 and 59'8 + 14-3 ms (n =12) for closed
.tes. The main effect of low pH (6-4 or 6-6) was to decrease
; length of the open times to 4-1 + 1-1 (n = 9) and
•7 + 5-9 ms (n = 8) (P < 0-05, Student's t test). A high pH
0) increased the length of the long closed times to
0-6 + 3T2 ms (n = 8; P < 0'05) but had no effect on open
aes.

As in other studies, internal 4-acetamido-4'-iso-
ocyanatostilbene-2,2'-dilsulphonic acid (SITS) locked the
mnel in the open state (n = 6). We compared the effects of
;h and low pH in presence and absence of SITS. The
ribition induced by low pH (6'0 or 6-4) was similar in the
sence and in the presence of SITS (82-4 ±11-0 versus
•6 + 17'4% inhibition, n.= 6), while the inhibition
luced by high pH (8-0) in the absence of SITS
t'6 + 9T% inhibition) disappeared in the presence of
rS (11-8 + 4-9% inhibition) (n = 6).
These results suggest that the pH dependence of the non-
ective cation channel is due to two separate mechanisms.
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»st-tetanic potentiation in isolated preparations of
ronically disused, reinnervated rat skeletal
uscle

cqueline A. Barry and Richard R. Ribchester

•partment of Phusioloqy, University Medical School,
linhurgh EH8 9AG
Marked post-tetanic after-contractions and increased
niature endplate potential (MEPP) frequency, lasting up
2 s, following tetanic stimulation (1 s duration, > 50 Hz)
ve been observed in reinnervated skeletal muscles

Journal of Physiology (1995)489.P

subjected to chronic nerve conduction block for more than
10 days (Ribchester, 1993). In order to learn more about the
mechanism of this phenomenon we have made
measurements of post-tetanic contractions and MEPP
frequency while varying the ionic composition of the bathing
medium.

Adult female Wistar rats were anaesthetized using a

Halothane/02/N20 mixture and the lateral plantar nerve
(LPN) on the right side was crushed with forceps, partially
denervating the fourth deep lumbrical muscle (4DL).
Seventeen to twenty-one days later the animals were re-
anaesthetized and the right sciatic nerve prepared for
conduction block as described previously (Ribchester, 1993).
Ten to seventeen days later 4DL was isolated with its dual
nerve supply; LPN and SN were prepared for in vitro
tension and intracellular measurements during and after
tetanic stimulation of the nerve (1 s duration, 70-100 Hz).

Approximately two-thirds of muscles showed post-tetanic
after-contractions with LPN stimulation, but these were

weak or absent with stimulation of the intact SN. However,
some potentiation of MEPP frequency was observed in SN
innervated muscle fibres. After-contractions were observed
in normal physiological saline solution (2 mM Ca ) at
frequencies above 40-50 Hz and increased in magnitude as
stimulus frequency was increased. Action potentials
originating from post-tetanic MEPPs were observed in
stretched-fibre preparations (Barry & Ribchester, 1995), at
least partly explaining the origin of the after-contraction.

Time taken to 90% of relaxation from end-tetanic tension

(TJ was not affected by increased Ca (8 mM) or decreased
K+ (1 mM) in the bathing solution (n = 2-4 muscles).
Similarly, MEPP frequency was not substantially altered
(n = 8 muscles). Potentiation of MEPP frequency and T90
were reduced by 50 and 70%, respectively, in solutions
containing elevated Mg2+ (5 mM) and reduced Ca2+ (1 mM).
Substitution of 85% of the Na+ ions with Li+ produced even
further reduction of potentiation to approximately 10% of
that seen in normal saline solution. In some muscles Li
substitution completely abolished evoked transmitter release
(n = 5). Tetramethylammonium (TMA) substitution for 85%
of Na ions totally abolished both evoked and spontaneous
transmitter release (n = 4 muscles).

The post-tetanic potentiation of MEPP frequency that we
have observed in this series of experiments appears to be
different from that observed by others in normal,
unoperated mammalian preparations (Nussinovitch &
Rahamimoff, 1988) in both its time course and its sensitivity
to the ionic environment.
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REFERENCES

Barry, J.A. & Ribchester, R.R. (1995). J. Neurosci. 15, 6327-6339.
Nussinovitch, I. & Rahamimoff, R. (1988). J. Physiol, 396,

435-455.

Ribchester, R.R. (1993). J. Physiol. 466, 421-441.



Publication Number 59

Mattison, R.J., Thomson, D., Barry, J.A. & Ribchester, R.R. (1996) Sudden death of
axotomized motor nerve terminals at neuromuscular junctions in Wlds mice. J.Physiol.
495P,152-153P.

R R Ribchester, DSc Thesis, 2003 59



Journal of Physiology (1996) 495.P

dotor unit innervation ratios in anaesthetized cat

auscles partially denervated at birth

l.R. Lutf, G.D. Ciccotosto and L.J. Einsiedel

lepartment of Physiology, Monash University, Clayton,
Victoria 3168, Australia

At birth the skeletal muscle fibres of cats and rats are

olyneuronally innervated but by 3-4 weeks of age each
ruscle fibre receives its innervation from only one
lotoneurone (Bagust el al. 1974). Previous studies suggest
hat partial denervation in the newborn rat fails to prevent
lotoneurone retraction (Thompson & Jansen, 1977);
owever, single motor units were not isolated and the
inervation ratios could not be calculated. The aim of the
resent study was to determine how the innervation ratios
f individual motor units are altered following the partial
enervation of muscles in the newborn cat.

The right L7 ventral root of anaesthetized (2% halothane
l nitrous oxide and oxygen) newborn cats was transected
sctradurally. After either 30 or 100 days of recovery,
nimals were re-anaesthetized (sodium pentobarbitone 25 or
0 mg kg , respectively; i.p.) and the number and isometric
mtractile characteristics of remaining motor units within
re fast-twitch flexor digitorum longus (FDL) and slow-
vitch soleus muscles were determined. Experimental and
mtralateral control muscles were frozen, sectioned and
;ained for the determination of muscle fibre type. Muscle
bre cross-sectional areas and the number of muscles fibres
ithin specific motor units (following glycogen depletion)
rere determined with the aid of an image analysis system,
enervation ratios were also calculated from the mean muscle
l^re area, the maximum tetanic force and an assumed value

>r specific force.
The mean innervation ratios of fifteen control soleus units

as calculated to be 274 ±118 (± s.d.). A single motor unit
:mained in four partially denervated soleus muscles from
3 day animals. The average number of muscle fibres
stermined histologically was 1092 ± 325 and similar values
171 ± 112) were obtained by calculation from maximum
stanic force, indicating that specific force was unchanged,
hese values are about four times that of control
lotoneurones. No further increases in innervation ratios
ere found in the 100 day group. Whilst the extent of
enervation was not as great in FDL muscles, calculated
inervation ratios again indicated that substantial increases

1 the motoneurone peripheral field occurred within 30 days
partial denervation at birth. Extensive partial

enervation of both fast and slow-twitch muscles at birth,
lerefore, produces substantial increases in motor unit
inervation ratios in the cat. Both motoneurone sprouting
id the inhibition of motor nerve terminal retraction may
intribute to these observations.
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Sudden death of axotomized motor nerve terminals
at neuromuscular junctions in Wlds mice

Richard J. Mattison, Derek Thomson, Jacqueline A. Barry
and Richard R. Ribchester

Department of Physiology, University Medical School,
Teviot Place, Edinburgh EH8 9AG

Mice expressing the autosomal dominant gene Wlds,
undergo a much slower degeneration of axons and motor
nerve terminals after axotomy than wild-type mice (Lyon et
al. 1993; Ribchester et al. 1995). In an attempt to obtain
further insight into the mechanisms of motor nerve terminal
degeneration we have measured the efficacy of synaptic
transmission and the occupancy of motor end-plates by
degenerating terminals in Wlds mice after nerve section.

Young adult female Wlds mice were anaesthetized with
halothane (2-5% in 02) and either the tibial nerve or the
intercostal nerves 4-9 were sectioned on one side. Flexor

digitorum brevis (FDB) or transversus abdominis (TA)
muscles were isolated 5-10 days later for intracellular
recording or fluorescence imaging of synaptic vesicle and
junctional acetylcholine receptor distribution. Quantal
contents of EPPs in FDB 'muscle fibres were estimated in

physiological saline containing 3 mm Mg2+ and 1 mm Ca2+.
Occupancy of end-plates was estimated in TA muscles
stained with solutions containing 5 fig ml-1 TRITC-a-
bungarotoxin (TRITC-aBTX), 50 mm K+ and 2 /im FM1-43
(Ribchester et al. 1994). As reported previously (Ribchester
et al. 1995), the prevalence of denervated muscle fibres
increased between 5 and 10 days after nerve section. During
this period, mean quantal contents ranged from 0-5 to 5-0 at
junctions responding to nerve stimulation (forty-two fibres
from seven muscles), but the incidence of junctions showing
more than twenty 'failures' out of 100 stimulus trials in the
elevated Mg2+ solutions (mean quantal content less than 1'6)
was greater on the axotomized side than in contralateral
control muscles (33/42 fibres compared with 18/57 fibres
recorded in ten control muscles). Images of TA neuro¬
muscular junctions showed that between 6 and 8 days, most
were either fully occupied by motor nerve terminals or
completely vacated. In total, twelve out of fifty end-plates
in five muscles were partially occupied: that is, the FM1-43
stained terminals covered between 10 and 90% of the
TRITC-aBTX stained area. Myelinated pre-terminal axons
were still present at many of the partially and completely
vacated end-plates.
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We confirm that the onset of degeneration of axotomized
motor nerve terminals in Wlds mice is delayed for several
days compared with wild-type mice. Once initiated,
however, it appears that terminal degeneration occurs by
rapid, piecemeal retraction of individual synaptic boutons,
and this is paralleled by a rapid decline in the mean quantal
content of evoked transmitter release. Vacation of the end-

plate is probably complete within 6-18 h.
Supported by Action Research. R.J.M. is an MRC student.
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Choline acetyltransferase activity in isolated rat
soleus muscle after chronic paralysis with
tetrodotoxin and botulinum type A toxin

P.O. Molenaar, G.Th.H. van Kempen, J.A. Barry* and
R.R. Ribchester*

Department of Physiology, Leiden University,
Wassenaarseweg, 2300 RC Leiden, The Netherlands and
*Department of Physiology, University Medical School,
Teviot Place, Edinburgh EH8 9AG

The level of choline acetyltransferase (ChAT) activity in
developing motor neurones is influenced by muscle-derived
factors (Martinou et al. 1989). ChAT activity in mature
motor axons that have been disconnected from their targets
is reduced by 30-50% (Hebb & Silver, 1963). However, at
ectopic adult neuromuscular junctions the activity of ChAT
in the terminal parts of motor axons seems to be largely
independent of functional contact with muscle fibres (Van
Kempen et al, 1994).

To investigate this matter further we have compared the
effects of paralysis and surgical denervation on the activity
of ChAT in normal endplates of soleus muscle. Albino
Wistar rats were anaesthetized with halothane or intra¬

peritoneal injections of 300 fig kg-1 fentanyl and 200 fig kg-1
Domitor®. The right soleus muscles were dissected free of
surrounding tissue and injected with four mouse LD50
botulinum toxin A (BoTox). Alternatively, cuffs were placed
around the sciatic nerve and connected to an implanted
osmotic minipump containing 500 fig ml-1 tetrodotoxin
(TTX, see Barry & Ribchester, 1995). In some experiments
the sciatic nerve was crushed.

One week after treatment with BoTox the muscles were

paralysed and their mass was reduced to 59% of controls.
However, the ChAT activity (3200 + 800 pmol h_I,

mean + s.e.m., n — 6 muscles) was unchanged compared
with controls (2800 + 780 pmol h_1, n — 6). Ten weeks after
treatment with BoTox, i.e. at a time when extensive
terminal nerve sprouting occurs (Hassan et al. 1994), the
myscles contracted again upon nerve stimulation, although
their muscle mass was still reduced to 37%, and the ChAT
activity was still the same as in the controls (4000 + 310 vs.
3500 + 390 pmol h-1, n = 6). Paralysis of the muscles by
TTX-sciatic block for 2 weeks also did not affect the activity
of ChAT. Two and four weeks after sciatic nerve crush, the
ChAT activity had decreased to 4 and 6% of controls,
respectively. However, TTX block for 2 weeks, beginning
2 weeks after nerve crush, increased the amount of ChAT
activity from 250 + 210 (5) to 1200 + 290 (5) pmol h 1
(P < 0'05, Student's t test), suggesting that TTX block
somehow facilitated re-innervation or the production of
ChAT.

It is concluded that neuromuscular block by BoTox or
TTX does not disrupt the synthesis of ChAT and its
transport to the endplates.
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A novel calcium-dependent oscillation and giant
depolarizing potentials in postnatal mouse lateral
geniculate neurones studied in vitro

Nikki MacLeod, Julia Edgar and Alex Johnston

Department of Physiology, University Medical School,
Teviot Place, Edinburgh EH8 9AG

Adult thalamic neurones are known to display oscillatory
behaviour at about 5 Hz when their membranes are hyper-
polarized. This oscillation, thought to be associated with
slow-wave sleep, is generated by alternating activation and
deactivation of two steeply voltage-dependent currents IT, a
transient calcium current and /H, a slowly inactivating
current carried by both sodium and potassium ions (Leresche
et al. 1991). Both of these currents and the consequent
membrane oscillation are deinactivated by membrane hyper-
polarization, induced by synaptic inhibition or intracellular
inward current injection. In a series of in vitro recordings
from immature thalamic brain slices (prepared from animals
anaesthetized with halothane and killed by decapitation), we
have recently shown that these two conductances do not
appear to be present in dLGN cells at the earliest
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ynapse elimination in organ cultures of Wlds
nouse skeletal muscle

.H. Parson, N. Davie and R.R. Ribchesterf

1'entre for Human Biology, University of Leeds, Leeds
,S2 9JT and t Department of Physiology, University of
Edinburgh, Medical School, Edinburgh EH8 9AG

Motor axons and motor nerve terminals degenerate slowly
fter nerve section in Wlds mice, but neonatal neuro-

luscular synapse elimination proceeds at a normal rate
ilibelieslei el ul. 199b, Paisun 11 ul. 1997). Wc have now

tudied synapse elimination in isolated nerve-muscle
reparations from Wlds mice using standard organ culture
cchniques. Nerve-muscle preparations of either flexor
igitorum brevis or levator auris longus (LAL) were
issected, pinned to Sylgard-lined dishes and cultured in
upplemented Ml99 medium (Wetzel & Salpeter, 1991) at
7 °C and 5% C02 on a rocking platform for 1-4 days. The
tructure and function of neuromuscular junctions were
xamined using intracellular recording and/or a combined
i lver/acetylcholinesterase stai n.

After 72 h in culture, FDB muscles had a healthy striated
ppearance and responded with twitch and tetanic responses
o indirect nerve stimulation (threshold 2-10 V, with 0T ms

ulses). MEPPs, which occasionally triggered spontaneous
ction potentials, were also recorded in adult and neonatal
luscle up to 3 days in culture. Morphological analysis
idicated that synapse elimination continued in cultures of
eonatal Wlds muscles. LAL muscle fibres from 7-day-old
Vlds mice were 69-5 + 1 % polyneuronally innervated,
eclining to 39 + 1 % after 2 days in vivo. Muscles taken
rom littermates and cultured were 46 + 1 % (mean + s.e.m.,
■ ?* 100) polynouronallv innorvated after 2 days in vitro.
)ver the same period the number of terminals per endplate
dl from L8 to L49 in vivo, and to L42 in vitro. Nerve and
luscle preparations from 5-, 9- and 11-day-old mice were
Do cultured, and in each case we observed a reduction in
he number of polyneuronally innervated endplates after
8 h in vitro. Numerous club-like nerve endings were
bserved after 1 and 2 days in culture, similar to those seen
n Wlds mouse muscles during normal development or after
erve section in vivo (Parson et al 1997) Degenerating
erminals in cultures from wild-type mice were different:
onsisting of beaded and/or blebbed nerve terminals and
,xon collaterals.

The data suggest that Wlds mouse neuromuscular
unctions continue to undergo synapse elimination (as
listinct from degeneration) in vitro, despite the absence of
>atterned neuromuscular activity. The medium-term
■iablity of these preparations suggests that they may"be
iseful for investigating mechanisms of synapse elimination
iy experiments that are not normally feasible in living mice.

Supported by The Nuffield Foundation, The Royal Society and
heMRC.
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Amino acid residues located on the NR2A subunit
control glutamate potency in rat recombinant
NR1/NR2A NMDA receptors

P.E. Chen, L.C. Anson, D. Colquhoun and R. Schoepfer
Wellcome Laboratory for Molecular Pharmacology,
Department of Pharmacology, University College London,
Gower Street, London WC1E 6BT

Effect of nerve growth factor on gap junctional
communication between embryonic rat dorsal root
ganglion neurones

Karina N. Potter* and Barbara P. Fulton

Department of Anatomy and Developmental Biology,
University College Londoh, Gower Street, London
WC1E 6BT

In rat embryos, most dorsal root ganglion (DRG) neurones
in lumbar segments arc generated between days 11 and 14
(El 1-14) (Lawson et al. 1974) and establish their peripheral
connections between E14 and E16 (Reynolds et al. 1991).
From El 3 to El5, each DRG neurone is coupled via gap
junctions to sovoral othors as moasured by transfor of intra
cellularly injected Lucifer Yellow (LY); by El6 coupling is
greatly reduced and declines progressively thereafter
(Fulton, 1990). The timing of reduction in coupling raises
the possibility that junctional communication might be
regulated by peripheral target dorivod signals such as ncrvo
growth factor (NGF). We have investigated whether
exposure of DRG neurones to exogenous NGF during the
period preceding target innervation (El 2-13) can influence
the incidence of dye coupling.

Embryos (E12-13) were obtained from time-mated
Spraguc Dawlcy rats (killod by cervical dislocation under
C02 anaesthesia). Mini-explants of lumbar DRGs or
transverse lumbar slices (500 fim) containing intact DRGs
were plated on laminin-coated coverslips and cultured for
24 h at 37 °C with or without NGF; mini-explants were

exposed to 25, 2-5 or 0'25 ng ml-1 NGF and slices to
25 ng ml-1. DRG neurones from each experimental regime
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terminal membrane before they are embedded into the
vesicles and form a quantal-release-independent pathway for
leakage of ACh from the cytosolic pool. Alternatively, either
ACh-unloaded vesicles are fused ('invisible' mEPPs) or

quantal release and transporter incorporation is not as
necessary for NQR as had previously been postulated
(Edwards et al. 1985).

Supported by grants EU 'Nesting', VS 71658, RBRF
96-04-49608 and 48358 and Charles University, 1998.
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Regulation of synaptic efficacy and occupancy at
mammalian neuromuscular junctions

R.R. Ribchester, E.M. Costanzo, S.H. Parson*
R.J. Mattison and J.A. Barry

Department of Physiology c/n_d Centre for Neuroscience,
University Medical School, Teviot Place, Edinburgh
EH8 9AG and * Centre for Human Biology, Worsley
Medical and Dental Building, University of Leeds, Leeds
LS2 9JT

Adult skeletal muscle fibres become polyneuronally
innervated after nerve injury, degeneration and
regeneration. Many of the convergent synapses are

subsequently eliminated, but significant numbers of
endplates retain a persistent polyneuronal innervation
(Barry & Ribchester, 1995). Vital staining with the activity-
dependent styryl dyes EM 1-43 and RH414 reveals a
diversity of form at these endplates: variable fractional
occupancy of the endplate is shown by the converging inputs
(from 1 to 50%). These synapses also show similar
variability in their efficacy, as measured by the relative
quantal contents of evoked EPPs. What renders small,
isolated synaptic boutons resistant to the forces of
competitive synapse elimination? Conversely, our other
studies suggest that regenerating, inactive synaptic boutons
may competitively displace others (Ribchester, 1993). How
can these seemingly contrary observations be reconciled
with current models of synaptic competition and elimination
(Jennings, 1994; Frank, 1997)? Intracellular recording from
polyneuronally innervated junctions identified by
EM 1-43/RH414 staining reveal some small synaptic boutons
with disproportionately large evoked quantal release,
perhaps enabling the boutons to break out of a vicious cycle
of positive feedback that is regulated by activity and
synaptic transmission, and that normally renders junctions
ultimately mononeuronally innervated.

e-Muscle Interactions ZIP

Further insights into the mechanisms that stabilize
synaptic inputs may come from the study of mutant Wlds
mice in which Wallerian degeneration is absent. Axotomy
either in vivo or in vitro leads to gradual retraction of
synaptic boutons and a decline in their quantal content, in a
fashion that resembles synapse elimination (Ribchester et al.
1995; Parson et al. 1998). This system may provide a useful
paradigm for investigating mechanisms of non-competitive
synapse elimination ('intrinsic withdrawal'), a component of
synapse elimination that has been somewhat neglected of
late (Fladby & Jansen, 1987).

The possible roles of Schwann cells as well as neurotrophic
factors, adhesion molecules and their receptors in synapse
elimination will also be discussed.

Supported by the Medical Research Council and Action Research.
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Mechanical activity is necessary for the normal
development of rat soleus muscle
Linda Greensmith, Duncan 1. Harding, Martin P. Meyer
and Gerta Vrbova

Department of Anatomy and Developmental Biology,
University Colleae London, Gower Street, London
WC1E 6BT

During early development, individual muscle fibres are
innervated by several axon terminals. Within the first two
postnatal weeks all but one terminal is eliminated. Previous
studies have shown that neuromuscular activity is involved
in this process, but whether it is electrical or mechanical
activity that is important has not been established. In this
study we examined this question by reducing the mechanical
but not electrical activity of the soleus muscle.
Excitation-contraction coupling was reduced by treating the
soleus muscle from 9-day-old rats with dantrolene sodium.
The development of force and response to applied ACh of
control and treated muscles was then assessed at various
intervals in vitro. Between days 8 and 13 there is a gradual
increase in force output of normal soleus muscles, and a
decline in their sensitivity to ACh. However, soleus muscles
from 13-day-old rats treated with dantrolene at 9 days of
age produced significantly less force than control muscles.
The sensitivity of the treated muscles to ACh was greater
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Results were analysed from seven undeprived animals, ten
deprived without implants and eight deprived with
muscimol-doped implants.

In layers II/III the mean response to the near neighbour
(NN) vibrissa normally increases from 032 + 005
(mean ± s.e.m.) to 0-74 + 0-09 spikes stimulus-1 as a result
of vibrissae deprivation, but potentiation was prevented
in the presence of muscimol (NN = 0-4 + O08 spikes
stimulus-1). Similarly, in layer IV, NN responses normally
increase from 0-34 + 0-09 to 1-0 + 0-19 spikes stimulus-1
but not in the presence of muscimol (0-37 + 0*03). Finally,
short-latency responses in layer IV normally increase from
1-5 + 0-13 to 2-1 + 0-02 spikes stimulus-1, but in the
presence of muscimol they remained at control levels
(1-4 + 0-1 spikes stimulus-1). In each case the muscimol-
treated deprived animals were significantly different from
chessboard deprived animals (P < 0-02, d.f. = 16, t test) but
not from control undeprived animals (P> 0-2, d.f. = 15,
t test).

The short-latency responses in layer IV (5-7 ms post-
stimulus) are thought to arise from direct thalamocortical
activation of cortical cells. The covariance rule predicts that
thalamocortical inputs to the barrels activated by the spared
vibrissae should depress if the postsynaptic cells cannot
depolarize. The fact that they remained constant implies that
this aspect of the covariance .rule does not apply to
thalamocortical inputs to layer IV.

This work was supported by NIH 27759 and the MRC.
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Synaptic transmission at persistent polyneuronally
innervated neuromuscular junctions in
reinnervated adult rat muscle

E.M. Costanzo, J.A. Barry and R.R. Ribchester

University of Edinburgh Medical School, Department of
Physiology, Teviot Place, Edinburgh EH8 9AG

During development, and in adult reinnervated muscle,
muscle fibres are transiently innervated by more than one
motoneurone. Muscle paralysis increases the proportion of
polyneuronally innervated (PI) muscle fibres, suggesting a
role for activity in shaping the final pattern of neuro¬
muscular connections. However, when activity resumes

following partial denervation, reinnervation, and 2 weeks of
paralysis of adult rat fourth deep lumbrical (41)L) muscles,

approximately one-third of muscle fibres retain convergent
inputs (Barry & Ribchester, 1995). This finding suggests that
resumption of activity may not be sufficient to trigger
synapse elimination (cf. Balice-Gordon & Lichtman, 1994).
In order to resolve whether the persistent polyneuronal
innervation merely represents a transitory state in
progression to mononeuronal innervation, we have examined
whether terminals occupying relatively small fractions of the
endplate (< 30%) are disproportionately weak, as predicted
from developmental studies (Colman et al. 1997).

Adult female rats were anaesthetized with halothane

(2-5% in N20/02 1 :1), and lateral plantar nerves (LPN)
were exposed and crushed bilaterally. Nineteen to twenty-
one days later, animals were reanaesthetized and a
tetrodotoxin (TTX)-containing osmotic minipump
(500 /tg ml-1; Alzet 2002) was implanted intraperitoneally.
Minipumps were connected via silicone tubing to a cuff fitted
around the right sciatic nerve. TTX block was maintained for
14-21 days. Four to eight weeks after activity resumed,
animals were killed and 4DL nerve-muscles preparations
were dissected. LPN and sural nerve (SN) terminals were
stained with RH414 (30 /im; 20 Hz; 12 V; 10 min) or
FM1-43 (4 /m; 20 Hz; 12 V; 10 min). Intracellular
recordings of EPPs were made from identified PI junctions
after bathing preparations in /i-conotoxin (2 /<m; 20 min).
Synaptic efficacy was measured from the amplitudes of
digitized EPPs and synaptic areas were calculated using
image analysis software. An efficacy-occupancy index was
calculated for the smaller of the two inputs at each PI
junction (EPPS/(EPPS + EPPJ x (Areas + AreaL)/Areas;
where L and S refer to the motor nerve terminal providing
the larger and smaller of the two EPP responses — corrected
for non-linear summation - respectively). Some preparations
were stained immunocytochemically with antibodies against
neurofilament, SV2 and TRITC-a-bungarotoxin to visualize
axons, terminals and acetylcholine receptors, respectively.

The correlation coefficient between the efficacy-occupancy
index and percentage occupancy was —0-24 (Pearson's r,
P > 0-05) with 16 of 18 junctions falling within the 95%
confidence limits. We found no differences in the density of
ACh receptors underlying small inputs, and no

neurofilament/SV2-positive boutons that failed to stain with
FM1-43 or RH414. Our results, therefore suggest that small
synaptic inputs at PI junctions are not disproportionately
weak and that resumption of activity, though influential, is
not sufficient to determine the polyneuronal versus
mononeuronal innervation state of muscle fibres.

This work was supported by the MRC.
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Cell-attached measurements of the firing threshold
of hippocampal neorones

Desdemona Pricker, Jos A.H. Verheugen and Richard Miles
Institut Pasteur, Laboratoire de Neurobiology Cellulaire,
Paris, France

The excitability of a neurone depends on its resting
potential and firing threshold. Traditional methods to
measure these parameters may introduce errors, because
impalement with microelectrodes gives rise to a leak
conductance and whole-cell recordings dialyse the cell
interior, creating a junction potential between cytoplasm
and pipette solution. We have attempted to avoid these
problems by using a non-invasive approach, the cell-attached
configuration of the patch-clamp technique, to assess the
resting membrane potential and the firing threshold of CA1
pyramidal cells and interneurones of rat hippocampal slices.

Resting potential was inferred from the reversal potential
of voltage-gated K+ currents evoked by fast voltage ramps in
cell-attached records with symmetrical intracellular and
pipette K+ concentrations. Its mean (+ s.d.) value was
—74 + 9 mV for silent interneurones («.= 17) and
—84 + 7 mV for silent pyramid cells (v = 8). Spontaneous
action currents occurred in a much greater proportion of
interneurones than pyramids. In active cells, membrane
potential values fluctuated by up to 20 mV, in part due to
large hyperpolarizations that followed an action current.
Membrane potential values determined from K+ current
reversal in cell-attached records were about 13 inV more

hyperpolarized than those measured in whole-cell recordings
from the same neurones (n — 8). This difference is probably
due to a Donnan equilibrium potential between pipette and
cytoplasm in whole-cell recording mode.

Firing threshold of silent cells was determined by
elevating external K until action currents were generated,
while monitoring membrane potential from the K+ current
reversal. Spike threshold was attained at —49 mV for
internourones and at --60 mV for pyramidal cells. This
voltage threshold from slow depolarizations was compared
with that measured in whole-cell recordings to examine how
the rate of membrane polarization influenced firing
threshold. Ramp current injections of duration 15-1500 ms
revealed that current threshold followed a classical

strength-duration relation. In contrast, voltage threshold,
determined from current injection or by elevating
extracellular K+, varied little with the rate of membrane
polarization.

The state of activation and inactivation of Na+ and K+
currents might contribute to the stability of the voltage
threshold. Cell-attached records showed that about two-

thirds of Na+ and K+ channels were available for activation
at resting potential in silent cells (n = 8). As cells were
depolarized to threshold, Xa+ current availability was
reduced to 23%, and K+ current availability to 31%.

Another factor contributing to the invariance of voltage
threshold might be the speed of transition into the
inactivated state. At potentials close to threshold, the rate of
inactivation of Na+ and K+ followed a double exponential
time course, such that Na+ currents were 62% inactivated
and. K+ currents were 63% inactivated within 15 ms. In

conclusion, an invariant voltage threshold for all but the
fastest depolarizations may be due to the rapid transition of
both Na+ and K+ channels into their inactivated states.

Neuromuscular synapse elimination in the absence
of activity

Ellen M. Costanzo, Jacqueline A. Barry and
Richard R. Ribchester

Department of Neuroscience, University Medical School,
Teviot Place, Edinburgh EH8 9AG

Several studies have suggested that evoked activity is a
prerequisite for neuromuscular synapse elimination, both in
neonatal development and at adult reinnervated junctions.
However, other studies have shown that regenerating axons
can eliminate intact inputs when all nerve conduction is
blocked (Ribchester, 1993). The latter studies employed
physiological recording, but no synaptic imaging. We have
now used a combination of vital and immunocytochemical
staining to test the hypothesis that activity is necessary for
synapse elimination.

Adult, female Sprague-Dawley rats were anaesthetized
with halothane (2-5% in N20 1:1) and sural nerves (SN)
were crushed bilaterally. Fourteen days later animals were
reanaesthetized and a tetrodotoxin (TTX)-containing
osmotic minipump (500 pg ml-1; Alzet 2002) was implanted
intraperitoneally. TTX was delivered through silicone tubing
to a cuff placed around the right sciatic nerve for 14 days,
when animals were killed by cervical dislocation. We
dissected the dually innervated fourth deep lumbrical (4DL)
muscles and stained SN terminals with FM1-43 (4 /im,
20 Hz, 10 V, 10 min), and lateral plantar nerve (LPN)
terminals with RH414 (30 pu, 20 Hz, 10 V, 10 min; Barry
& Ribchester, 1995). Some preparations were fixed and
stained immunocytochemically with antibodies to
neurofilament (165 kD), and synaptic vesicle proteins (SV2).
Acetylcholine receptors were stained with TRITC-
a-bungarotoxin.

Intact terminals sprouted as early as 3 days after partial
denervation. LPN sprouting was complete at day 14: all
fibres were innervated before regenerating SN axons
returned to the muscle. A few fibres were partially
innervated (35/1168), and of these, all were more than 80%
occupied by LPN terminals. After 2 weeks of paralysis,
levels of polyneuronal innervation were elevated (10-7%;
n = 4 muscles), compared with controls (SN crush only; 2%;
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n = 2 muscles). Analysis of fractional occupancy revealed
that in the majority of polyinnervated fibres (28/41), the SN
comprised the dominant input (64-9% + 3-87% occupancy;
mean + s.e.m.). In addition, we identified junctions that
were mononeuronally innervated by the SN (19 fibres). The
remainder were innervated only by the LPN (333 fibres).
These results confirm previous electrophysiological findings
and provide morphological evidence that evoked activity is
not a requirement for neuromuscular synapse elimination.

This work was supported by the MRC.
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Inhibition of calcium channels by ATP receptors
directly modulates exocytosis in chromaffin cells
A.D. Powell*, A. Teschemacher and E.P. Seward*

Department of Pharmacology, University of Bristol, Bristol
BS8 1TD

Ca2+ entry through voltage-operated Ca2+ channels
(VOCC) regulates exocytosis from chromaffin cells and
neurons. G1/0 protein-coupled receptors are thought to
inhibit neurosecretion by either inhibition of VOCCs and/or
one or more of the proteins involved in exocytosis. In this
study we have used combined membrane capacitance (Cm)
measurements and voltage-clamp recordings to examine
directly the mechanisms underlying modulation of
stimulus-secretion coupling by a G1/0-coupled receptor. We
have focused on the metabotropic purinoeeptors (P2Y),
which respond to extracellular ATP and may provide an
important inhibitory feedback in the regulation of
neurosecretion from a variety of neurones and endocrine
cells (Sperlagh & Vizi, 1996). It has been reported recently
that endogenously released ATP inhibits VOCC in
chromaffin cells via a Gi/0-coupled receptor (Currie & Fox,
1996; Carebelli et al. 1998).

Isolated adult bovine chromaffin cells (glands obtained
from local slaughterhouse) were voltage clamped at —90 mV
using the perforated patch recording technique. VOCC and
exocytosis were stimulated with either single long (200 ms)
depolarizations or trains of short (20 ms) depolarizations.
Ca2+ entry was assessed by integration of evoked Ca2+
currents and correlated to changes in Cm. The Ca2+
dependence of exocytosis was examined by varying pulse
duration as described previously (Engisch & Nowycky, 1996).
2-Methyl-thio ATP (2MeSATP) was used as a selective
agonist for P2Y receptor activation. All data are expressed

as means + s.e.m. Statistical significance was determined
using Student's t test (significance level P < 0*05)

A single 200 ms depolarization to +20 mV resulted in
entry of (327 + 38) x 106 Ca2+ ions, which increased Cm by
275 + 19 fF (n = 14). 2-MeSATP (100 nM) significantly
inhibited both Ca2+ entry and Cm changes (78 + 3 and
76 + 7% of control, respectively; n = 14). During a train of
20 ms duration depolarizations given at 2-5 Hz, inhibition of
Ca2+ entry and exocytosis (65 + 4 and 55 + 7% of control,
respectively; n = 15) was limited to the first five
depolarizing pulses. Pretreatment with pertussis toxin
abolished the effects of 2-MeSATP on VOCC and Cm
increases (102 + 2-5 and 108+14-1% of control,
respectively; n = 4), showing that both effects were
mediated by activation of G1/0 proteins. The inhibition of
VOCC by 2-MeSATP was reversed by application of large
(120 mV, 20 ms) depolarizing prepulses (102 + 2-5% of
control), suggestive of a direct interaction of G/?y with
VOCC. Depolarizing prepulses also reversed the inhibitory
effects of 2MeSATP on Cm increases, thus providing
evidence that inhibition of Ca2+ entry is the sole mechanism
responsible for the inhibition of exocytosis following P2Y
receptor activation. Consistent with this hypothesis,
2MeSATP did not affect the Ca2+ dependence of exocytosis
triggered by either single pulses or trains of depolarizations.
We conclude that inhibition of secretory vesicle exocytosis by
Gi/0-coupled P2Y receptors results from inhibition of VOCC
and the Ca2+ signal controlling exocytosis rather than a
direct effect on the secretory machinery.

This work was supported by The Wellcome Trust and the Medical
Research Council.
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Bimodal modulation of exocytosis by
angiotensin II in bovine adrenal chromaffin cells

Anja G. Teschemacher and Elizabeth P. Seward

Department of Pharmacology, School of Medical Sciences,
University of Bristol, University Walk, Bristol BS8 1TD

Transmitter release from neurones and neuroendocrine
cells can be modulated by the activation of G protein-
coupled receptors. Angiotensin II (angll) receptors have
been previously reported to couple to G1/0 and Gq proteins,
thereby inhibiting adenylate cyclase and stimulating
phospholipase C.

We investigated the action of angll on exocytosis from
bovine adrenal chromaffin cells (obtained from a local
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buffered solution containing acetylthiocholine iodide,
ethopropazine hydrochloride and copper sulphate. Tissue
was then rinsed, transferred to a buffered solution of sodium
sulphide, and embedded for electron microscopy. On thin
sections of the dorsal protocerebrum, we detected
extracellular acetyl cholinesterase along the L-neurone axons
and their arbour. Synaptic vesicles and presynaptic densities
were situated in the L-neurone, close to the detected
esterase, whereas non-synaptic sites remained free of
precipitate. We detected no activity on negative controls and
on controls using the cholinesterase blocker eserine. The
results of both methods combined provide strong evidence
that acetylcholine is a transmitter at locust ocellar L-neurone
synapses.

This work was sponsored by BBSRC (UK), grant number S06923.
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Comparison of effects of a-latrotoxin with a
partially purified toxin from another theridiid
spider, Steatoda paykulliana, on exocytosis at
mouse neuromuscular junctions

T.H. Gillingwater* 1). KalikulovJ, Y. Ushkaryovj" and
R.R, Ribchester*

*Department of Neuroscience., University Medical School,
Edinburgh EH8 9AG, fDepartment of Biochemistry,
Imperial College, London SW7 2AY and I Institute of
Physiology & Biophysics, Uzbekistan Academy of Sciences,
Tashkent, Uzbekistan

The theridiid spiders of the Steatoda genus are frequently
mistaken for the black widow spider (Latrodectus
tredecimguttatus; Cavalieri et al. 1987). Bites from Steatoda
that have emigrated to southern England from tropical
islands, have been reported with similar neurotoxic
symptoms to black widow spider venom (Warrell et al. 1991).
Partial purification of toxins from Steatoda paykulliana,
which is endemic to Mediterranean and Asian countries,
suggests that it contains an active peptide of about 5 kDa
that may form Ca2+ channels in membranes (Usmanov et al.
1985). We have now compared the effects of Steatoda venom,

partially purified low-molecular weight toxin, and purified
a-latrotoxin (130 kl)a) on synaptic vesicle exocytosis in
isolated mouse skeletal muscle preparations using intra¬
cellular recording, FM1 -43 imaging and electron microscopy.

Mice were killed by cervical dislocation and preparations
of flexor digitorum brevis (FI)B) and transversus abdominis
were isolated in normal physiological saline (with 2 mivi

Journal of Physiology (1999) 520.P

Ca2+). Steatoda gland extract added to the bathing medium
produced transient increases in MEPP frequency after about
5 min, from less than 1 s~' to several hundred MEPP s~". The
onset of increased MEPP frequency following application of
micromolar concentrations of the partially purified toxin
was variable between muscle fibres. After a lag of between
5 s to more than 1 min, MEPP frequency increased
progressively, but was randomly punctuated by bursts of
very high MEPP frequency lasting 5-20 s. After about
20 min, MEPP frequency declined until no further signs of
spontaneous transmitter release were detected. In
comparison, purified a-latrotoxin (2 mvi) produced very high,
sustained MEPP frequencies (several 100 s_1, Ribchester et al.
1998) within about 5 min of administration. Motor nerve
terminals in isolated transversus abdominis preparations
were loaded by nerve stimulation in the presence of FM1-43
(5 /im) and terminals were then time-lapse imaged using
low-light fluorescence microscopy. Following administration
of either gland extract, partly purified toxin, or purified
a-latrotoxin, motor terminals destained at an approximately
constant rate (cf. Henkel & Betz, 1995). Some preparations
were examined electron microscopically following Steatoda
toxin treatment. Motor nerve terminal profiles were intact,
but almost completely devoid of small synaptic vesicles.

The data suggest that neurotoxic fractions of Steatoda
venom have subtly distinct effects on spontaneous neuro¬
transmitter release compared with a-latrotoxin, though the
end result - depletion of synaptic vesicles - is the same.
Further purification of Steatoda toxin may provide insights
into the control of exocytosis and endocytosis at synapses.

This work was supported by the MRC, the Royal Society and
The Wellcome Trust.
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Impaired long-term potentiation in the
hippocampus of galanin-null transgenic mice

LI Coumis, I. Kearns, D. Wynick* and C.H. Davies

University of Edinburgh, Department of Neuroscience,
1 George Square, Edinburgh EH8 9JZ and * Department of
Medicine, Bristol University, Marlborough Street, Bristol
BS2 8HW

The hippocampus is implicated in spatial learning,
therefore we investigated the electrophysiological properties
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LR. Ribchester, J.G. Pakiam, C.M. O'Oarroll, D. Thomson,
LJ. Mattison, E.M. Costanzo, T.H. Gillingwater and
.A. Barry

department of Neuroscience, University Medical School,
Edinburgh EH8 9AG

Nerve section triggers a rapid, Wallerian degeneration of
istal axons — beginning with motor nerve terminals -

Rich in wild-type rodents are almost completely and
y'nchronously removed within 36 h (Miledi & Slater, 1970).
n mutant Wlds mice, in contrast, motor nerve terminals
3tain competence to release transmitter in response to
simulation of the axotomized distal stump, but withdraw
rogressively over several days (Ribchester et al. 1995;
Iattison et al. 1996). We have now asked whether early
gns of synaptic dysfunction can be detected in the first
days after axotomy in these mice, before most endplates
low overt signs of synapse withdrawal.

Adult female Wlds mice were anaesthetized with

alothane/N2Q and either the tibial nerve or the intercostal
erves were sectioned. Mice were killed by cervical
islocation and isolated preparations of the flexor digitorum
revis (FDB) or transversus abdominis (TA) muscles were
lade and stimulated via the distal nerve stump 1-7 days
iter. Quantal analysis of EPPs and measurements of
ynaptic facilitation and depression were carried out after
locking muscle action potentials with /z-conotoxin (2 /zm;
0 inin). Some fibres were microinjected with Lucifer Yellow
fter recording EPPs; junctional ACh receptors were stained
'ith TRITC-a-bungarotoxin; and the areas of the motor
ndplates were measured from fluorescence-microscope
nages. In other experiments motor terminals were stained
y stimulating the distal stumps in the presence of FM1-43
1 /zm) and intracellular recordings were made from
erminals that partially occupied TRlTC-a-bungarotoxin-
tained endplates. Other preparations were stained immuno-
ytochemically for neurofilament/SV2, and others were
xamined electron microscopically.

Most motor endplates remained fully occupied up to
days after axotomy in the Wld5 mice. Intracellular

ecordings revealed that nearly all junctions gave robust EPP
esponses with no failures (cf. Mattison et al. 1996). The
iterquartile range of quantal contents was 20-80 quanta
n = 62 fibres), not significantly different from 19-60 quanta
a unoperated mice (n — 22; P> 0-05; Mann-Whitney
est). Paired-pulse facilitation and short-term depression
rere also similar in magnitude to those of unopera'ted
unctions. Although quantal content and endplate area were

trongly correlated in unoperated mice (Pearson's r— 0-87;
' < 0'01), the correlation was lost within the first 3 days of
.xotomy. Thereafter, quantal contents declined, but synaptic

facilitation increased to a level similar to that obtained in

unoperated preparations incubated in solutions containing
4 mM Mg2+ and 1 mM Ca +. This would be expected if the
quantal content per unit area declined following axotomy.
Recordings from identified, partly occupied junctions 4 days
after axotomy confirmed that terminals occupying 10-50%
of an endplate had mean quantal contents from 1 to 5 (n = 8),
or about a tenth of the unoperated range. Electron micro¬
graphs of partly occupied endplates also showed reduced
densities of synaptic vesicles in the extant synaptic boutons.

These data support the hypothesis that axotomized motor
nerve terminals in Wlds mice undergo synapse withdrawal
by a mechanism that is distinct from the active degeneration
of axotomized terminals in wild-type mice, but perhaps
similar to postnatal elimination of synapses that occurs

during normal maturation of the neuromuscular junction
(Gan &Lichtman, 1998).

This work was supported by the MRC, Action Research and
The Wellcome Trust.

Gan, W.-B. & Lichtman, J.W. (1998). Science 282, 1508-1511.
Mattison, R.J., Thomson, D., Barry, J.A. & Ribchester, R.R. (1996).

J. Physiol. 495.P, 152-153P.
Miledi, R. & Slater, C.R. (1970). J. Physiol. 207, 507-528.
Ribchester, R.R., Tsao, J.W., Barry, J.A., Asgari-Jirhandeh, N.,

Perry, V.H. & Brown, M.C. (1995). Eur. J. Neurosci. 7,
1641-1650.

Spinal cord plasticity in response to motor cortex
lesion during development in rat

Claire Gibson, Gordon Arnott and Gavin Clowry

Department of Child Health, Newcastle University, Royal
Victoria Infirmary, Newcastle upon Tyrie NE1 4LP

Corticospinal synapse formation in the cervical spinal cord
of the rat begins 7 days postnatally (P7, Curfs et al. 1996).
From this age onwards two processes have been observed:
(1) a marked reduction in muscle afferent boutons in the
dorsomedial ventral horn, at least for those originating from
extensor digitorum communis (EDC, Gibson & Clowry,
1999); (2) onset of parvalbumin (PV) expression, an activity
dependent marker for inhibitory interneurones, which is
reduced by a motor cortex lesion at P7 (Clowry et al. 1997).
The present study aimed to explore further the influence of
corticospinal input on spinal cord development. Rat pups at
P7 were anaesthetized with a subcutaneous injection of
0'3 /zg (kg body wt)~' fentanyl citrate and 10 fig kg"
fluanisine. The forelirnb motor cortex was exposed unilaterally
and removed by aspiration (» = 10). In sham operations the
cortex was exposed without aspiration (n = 8). The animals
were allowed to survive for 10-12 weeks. Seven lesioned
animals and seven shams were anaesthetized with halothane
and the EDC muscle contralateral to-the lesion exposed. It
was injected with 4 /zl of 0-5% cholera toxin B subunit
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synapses. We have recently tested this hypothesis as follows. A
peptide (termed pep2m - KRMKVAKNAQ) that specifically
blocks the interaction between NSF and GluR2, but not
control peptides, caused a rundown of circa 30% in AMPA
receptor-mediated synaptic transmission, when applied to a
neuron via the patch pipette. In addition, this peptide also
prevented the induction of de novo LTD (induced by
delivering 300 stimuli at 0-5 Hz to a cell voltage clamped at
—40 mV). Conversely, saturation of de novo LTD prevented
the actions of pep2m, specifically in the conditioned input.
This mutual occlusion suggests that LTD specifically
involves an action on the NSF-dependent mobile fraction of
AMPA receptors. When investigated using dendritic recording,
de novo LTD and the actions of pep2m had virtually
identical effects on failure rate and potency. These effects
can most simply be explained on the basis of a reduction in
AMPA receptor number which, in some synapses, leads to
their silencing.
These data suggest that the bi-directional long-term
modification of AMPA receptor-mediated synaptic
transmission involves both alterations in unitary conductance
and receptor number.
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Stability versus elimination of silent neuromuscular
synapses

R.R. Ribchester, E.M. Costanzo and J.A. Barry

Department of Neuroscience, University Medical School,
Edinburgh EH8 9JZ, UK
The pattern of innervation of mammalian skeletal muscle is
transformed during development from mainly polyneuronal
innervation (7r-junctions) to mainly mononeuronal innervation
(fi-junctions) during the first two to three postnatal weeks.
This is a competitive process, but details of the mechanism
remain obscure. After nerve injury and regeneration in
adults, many muscle fibres reacquire 7T-junctions. Some but
not all of these subsequently undergo synapse elimination to
restore the fi-junction pattern (Barry & Ribchester, 1995).
Prevailing hypotheses to account for the transition posit a
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decisive role for activity, possibly acting via the synthesis
and action of neurotrophic or synaptotrophic macromolecules
(Snider & Lichtman, 1996; Van Ooyen & Willshaw, 1999).
We have therefore focused on two questions: (1) is activity
both necessary and sufficient to decide the outcome of
competitive synapse elimination? and (2) is the outcome of
competitive synapse elimination consistent with competition
for synaptotrophic molecules? These hypotheses are neither
mutually inclusive nor exclusive, but the precise relationship
of activity to synaptotrophic control of innervation pattern
is still a compelling issue.
All our experiments were carried out in adult rats.
Denervations, implants of osmotic minipumps and indwelling
cannulae containing tetrodotoxin, and daily injections of
a-bungarotoxin were all carried out in animals anaesthetised
by inhalation of halothane/nitrous oxide, and in accordance
with UK Home Office legislation and guidelines for animal
welfare. Sciatic nerve block and neuromuscular block were

initiated 14 days after tibial or sural nerve crush, and
maintained for two additional weeks.

To test the contribution of activity, we studies reinnervation
of partial denervated fourth deep lumbrical (4DL) muscles.
These muscles are normally supplied by axons running in
either the tibial/lateral plantar nerve (LPN) or sural nerve
(SN). Following sural nerve crush, denervated muscle fibres
in 4DL rapidly become reinnervated by collateral sprouts from
intact LPN axons and their terminals. In our experiments,
these sprouts were then challenged with regenerating SN
motor axons. Normally this leads to competitive elimination
of the sprouts by regenerating axon terminals, in an

activity-dependent fashion. In the present experiments,
however, all propagated and spontaneous neuromuscular
activity was blocked by chronically superfusing the sciatic
nerve (supplying both intact and regenerating axons) with
tetrodotoxin; and by blocking neuromuscular transmission
with chronic daily injections of a-bungarotoxin. We then
used the vital fluorescent dyes FM1-43 and RH414 and, in
some cases, intracellular recording to measure the incidence
of 7r-junctions and /r-junctions after 2 weeks of chronic
paralysis. We reasoned that if activity is necessary for
competitive synapse elimination, then none should have
occurred at the electrically silent synapses in the reinnervated
and paralysed 41 )L muscles.
Control experiments using electromyography, intracellular
recording and immunocytochemistry established the following:
(a) sprouting of intact axons in partially denervated 4DL
muscles begins less than 3 days after nerve injury; (b) within 14
days of sural nerve crush (minor partial denervation),
virtually all 4DL motor endplates are wholly or partly
occupied by intact terminals or sprouts from intact tibial
nerve axons; and (c) no regenerating SN axons return to
4DL muscle before 14 days.
The experimental muscles (reinnervation plus paralysis) all
showed instances of motor endplates that were mostly or
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exclusively reinnervated by regenerating SN axons. The
most plausible explanation is that regenerating fibres can
competitively displace extant synaptic boutons, even when
the synapses are completely electrically silent as a consequence
of nerve conduction and synaptic transmission blocks
(E.M. Costanzo & R.R. Ribchester, unpublished observations).
In other experiments, we tested the sufficiency of activity
to produce synapse elimination by allowing reinnervated
muscles to recover from chronic nerve block, and then
measuring the relative synaptic strengths and areas of
77 junctions. We found that after recovery from chronic
nerve conduction block following LPN crush (major partial
denervation), about 30% of muscle fibres acquire stable
77-junctions supplied by both SN and LPN axons. Synaptic
strengths (quantal content, or EPP amplitude) per unit area
at these endplates were approximately equivalent, suggesting a
form of co-existence and co-regulation that is independent
of ongoing activity in the muscles (E.M. Costanzo, J.A. Barry &
R.R. Ribchester, unpublished observations). Interestingly,
however, separate and combined stimulation of convergent
inputs revealed a profound mutual occlusion of synaptic
responses in some instances. This was not due to conventional
non-linear summation, since occlusion persisted during
pharmacological suppression of EPPs with bath-applied
a-bungarotoxin.
The results of the above findings together suggest that,
though influential, motor end-plate activity is neither
necessarv nor sufficient tor competitive synapse elimination
at all neuromuscular junctions. Thus a critical role for
activity in driving synaptic competition, a key feature of some
contemporary models of synapse elimination (Jennings,
1994; Frank, 1997), is not supported by our findings.
To test the hypothesis that the competition for exclusive
rein nervation of muscle fibres is nonetheless dependent on
the supply and/or receptivity of motor nerve terminals to
synaptotropbic molecules (Van Ooyen & Willshaw, 1999). we
have begun to study the effects of a potent cell survival
factor, glial cell line derived neurotrophic factor (GDNF), on
synaptic physiology and competitive reinnervation, both in
wild-type animals and in transgenic mice which overexpress
GDNF under the control of the myogenin promoter (Nguyen et
al. 1998). Our results suggest that GDNF significantly
enhances transmitter release at neuromuscular junctions in
juvenile mice (Ribchester el al. 1998). The effects on adult
reinnervated junctions will lie reported and discussed.

We thank the MRC, Action Research and the Wellcome Trust for
support; and Dry J.W. Lichtman and \V Snider for a breeding pair of
mvo-GDXF transgenic mice,

Barry, J.A. & Ribchester, R.R. (1995). J. Nearosci. 15, 6327-6:139.
Frank, F. (1997). Science 275, 324- 325.
.Jennings, ('. (1994). Nature 372, 498-499.

J. Physiol. 523.P

Nguyen, Q., Parsadanian, A., Snider, W. & Lichtman, .J.W. (1998).
Science 279, 1725-1729.

Ribchester, R.R., Thomson, D., Haddow, L..J. & Ushkaryov, Y.
(1998). J. Physiol. 512,635-641.

Snider, W. & Lichtman, J.W. (1996). Mol. Cell Neurosci.l, 433-442.
Van Ooyen, A. & Willshaw, D.J. (1999). Proc. R. Soc. B 266,

883-892.

Amyloid /? poptido acetylcholinesterase complexes
and Alzheimer's disease

N.C. Inestrosa, G.V. De Ferrari, F.J. Munoz and A.E. Reyes

Department of Cell and Molecular Biology, Faculty of
Biological Sciences, P. Catholic University of Chile, Santiago,
Chile

Alzheimer's disease (AD) is the most common cause of
dementia in the elderly population and is characterized, at a
molecular level, by the appearance of intracellular protein
aggregates, formed by abnormally phosphorylated tau-
protcino and oxtraoollular deposits of the amyloid /? poptido
(A/1) called senile plaques. While AD has a genetic
component (—10 %), in which the A/1 deposition plays a
major role, the factors involved in the sporadic form of the
disease (~90%) are unknown.

Together with the A/? poptido, sovoral protoins have been
found to he associated with tho senile plaques. Among thorn,
the enzyme acetylcholinesterase (AChE) has been suggested
as a molecular marker for tho selective cholinergic deficit in
the basal forebrain observed in AD patients. In recent years
we have been able to show that AChE accelerates the

assembly of the A/1 peptide into Alzheimer's fibrils by a

hydrophobic domain, which is exposed on the surface of the
enzyme and located close to tho ontranoo of tho aotivo sito.
Moreover, AChE is incorporated into tho growing fibrils
through the formation of A/1-AChE complexes - during the
nucleation phase of the A/?-aggregation process.

It has been shown that fibrillar A/1 induces neurotoxicity
and we have furthered these studies by showing that
A/?-AChE complexes increase the toxic effect of A/1
aggregates. It is of interest to note that we have also
observed that oestrogen, lithium salts and some natural
products attenuate tho toxic effect inducod by A/1 fibrils and
Ay?—AChE complexes in primary cultures of rat hippocampal
neurons, neuronal cell lines and in a rat model of
fihrillogcnesis, raising the possibility of using theso compounds
in the treatment of Al).

Our laboratory is currently focusing its attention on the
intracellular signalling processes that may account for early
events in the onset and development of AD.
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Characterisation of motoneurones and interneurones in
mouse dissociated spinal cord cultures
J. Roa* L.G. Aguayo* J.C. Tapia* G.Z. Mentis, E. Diaz,
L.B. Moran and R. Navarrete

Division of Neuroscience, Imperial College School of Medicine,
Fulham Palace Road, London W6 8RF, UK and *Department
of Physiology, University of Concepcion, PO Box 152-C,
Concepcion, Chile

Spinal neurons in culture undergo developmental changes in
electrophysiological and morphological properties that
resemble in some respects those seen in vivo. Early differences
in the phenotype of spinal neurones can be recognised using
specific immunocytochemical markers (Tanabe & Jessell,
1996). Here we have studied the expression of markers that
differentiate between motoneurones and interneurones in
dissociated spinal cultures used for electrophysiological studies.
Cultures were prepared from 14-day-old embryos as
previously described (Tapia et al. 1997). At intervals up to
14 days in vitro (DIV), cultures were processed for immuno-
cytochemistry. Antibodies against the following proteins
were used: (a) microtubule-associated proteins (MAP-2) as a

pan-neuronal marker, (b) Isletf/2 and the low-affinity NGF
receptor (p75) as motoneurone markers, and (c) calbindin-
D28K (CB) and calretinin (CR) as interneuronal markers. To
study further their morphology, some electrophysiologically
characterised cells were labelled intracellularly with biocytin.
Neuronal density in culture, as assessed by MAP-2 expression,
was greatest at 5 DIV (44T + 3'7 cells per 105 /tm2;
mean + s.e.m.) and decreased to 14-7% of this value at
14 DIV. During the same period, motoneurones expressing
Isletl/2 decreased to 56'4% and interneurones expressing
CR and CB decreased to 38T and 57-8% of their respective
values at 5 DIV. Table 1 shows that cells expressing
motoneurone markers were larger than interneurones as
indicated by measurements of somatic area and total
neuritic length (TNL).

Table 1. Morphometrie characteristics of motoneurones and
interneurones in dissociated spinal cord cultures

Motoneurone markers Interneurone markers

p75 Isletl/2 CB CR
Area (/rm2) 164-7 + 18-6 144-2 ± 6-2 99-7 ± 10-4*tf 121-7 + 8-6*
TNL (urn) 455-4 + 59-5 — 110-5 ± 11-2*** 203-1 + 55-1**

Values are means + s.e.m. Student's unpaired t test: asterisks
indicate significant difference with respect to p75 (* P < 0-05,
**P< 0-01, ***P< 0-001); daggers indicate significant difference
with respect to Isletl/2 (ff/J < 0-01).

These results indicate that motoneurones and interneurones
in dissociated spinal cord culture continue to express some
of the markers they normally express in vivo and their
pattern of expression can be useful for cell identification in
combined electrophysiological and morphological studies.
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Age-dependent synapse withdrawal at axotomised
neuromuscular junctions in Wlds mutant mice

T.H. Gillingwater, S. Koutsikou, J.A. Barry
and R.R. Ribchester

Department of Neuroscience, University Medical School,
Edinburgh EH8 9JZ, UK
Nerve section triggers rapid and synchronous Wallerian
degeneration of distal axons and nerve terminals. This
process is delayed in mutant Wlct mice, and axotomised motor
nerve terminals remain capable of synaptic transmission for
several days (Ribchester et al. 1995). However, there are
conflicting reports over possible age-dependent effects of the
mutation. Based on recordings of compound nerve action
potentials, Perry et al. (1992) reported that Wlf mice older
than about 6 months exhibit almost normal rates of axonal

degeneration; but Crawford et al. (1995) reported no age-

dependent effect on motor nerve terminal morphology by
5 days after axotomy. To resolve this, we have re-examined
the response of nerve terminals to axotomy as a function of
their age, using a combination of electrophysiological,
immunocytochemical and ultrastructural methods.
Wltf mice (2 months, 4 months and 7—8 months old) were
anaesthetised with halothane-N20 and the tibial nerve was
sectioned. Following cervical dislocation 3—7 days later,
isolated preparations were made of the flexor digitorum brevis
and lumbrical muscles. Standard intracellular techniques
were used to record EPPs; to visualise neurofilaments and
synaptic vesicle proteins; and to examine nerve terminal,
Schwann cell and muscle fibre relationships with transmission
electron microscopy.
Intracellular recording revealed progressive deterioration of
synaptic transmission following axotomy. The incidence of
fibres failing to respond with EPPs to nerve stimulation
3—4 days after axotomy, increased from 47 % at 2 months
(n = 72 fibres; N = 4 muscles) to 87 % at 4 months (n = 94;
N — 5). By 7-8 months, almost all fibres were unresponsive.
This was not due to failure of nerve conduction, because similar
changes in the incidence of occupied, partially occupied and
unoccupied endplates were found in preparations of lumbrical
muscles stained immunocytochemically for neurofilaments
and SV2. At 2 months, 93% of terminals were either
partially or fully occupied 3-4 days after axotomy (n = 345,
N= 6). By 4 months, only 16*3 % were occupied (n = 641,
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N— 4) and by 7 8 month:! virtually all cndplatos woro
denervated in most muscles. None of the motor nerve

terminal profiles from 2-month-old Wlef mice showed any
of the characteristic ultrastructural signs of Wallerian
degeneration; mitochondria and synaptic vesicles appoarod
intact; and there was no membrane fragmentation or
Schwann cell engulfment of terminals. In 4-month-old mice,
we found evidence of an intermediate, transitional phase
between withdrawal and Wallerian degeneration. Most
partially occupied endplatcs contained intact terminals. But
some boutons were partly engulfed by Schwann cell processes
and, though containing synaptic vesicles, they showed
accumulations of neurofilaments and/or mitochondria with
disrupted eristac. In the 7- to 8 month old mice, however,
19/20 end plates examined were totally vacated by 3 days
after nerve section. The remaining terminal showed major
characteristics of Wallerian degeneration, including complete
loss of vesicles and mitochondria, granular cytoplasm and
complete engulfment of degenerating boutons by Schwann cells.
The data suggest that: (i) in young adult Wlcf mutant mice,
axotomised motor nerve terminals undergo a distinctive
form of synapse withdrawal; (ii) the rate of terminal
withdrawal in our colony of IVhf mice strongly depends on

age; (iii) there may be an age-dependent switch in the
mutant from the distinctive pat'te'rn of withdrawal, to a
classical Wallerian pathway. Thus, piecemeal withdrawal
and Wallerian degeneration may be the extremes on a scale,
with intermediate characteristics of both exhibited during
the transitional period, at around 3-5 months of age.
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The recovery cycle of excitability in isolated optic
nerve of myelin mutant taiep rats during postnatal
development
M. Roncagliolo, C. Leon, J. Silva and J.R. Eguibar*

Departamento de Fisiologia, Facultad de Ciencias, Universidad
de Valparaiso, Valparaiso, Chile and *Instituto de Ciencias
Fisiologicas, B. Universidad Autonoma de Puebla, Puebla,
Mexico

Taiep rats are autosomal recessive neurological mutants
(Holmgren et al. 1989) characterized by abnormal myelination

(dysmyolination) and subsequent domyolination of the CNS
(Duncan et al. 1992; Couve et al. 1997), due to a microtubular
defect in oligodendrocytes (OLs). The optic nerve, myelinated
by OLs, provides a suitable model of the CNS tract.
DifForonoco in mombrano excitability between dysmyclinatcd
optic nerves (D-ONs) and control optic nerves (C-ONs)
obtained, respectively, from taiep and normal rats, were

investigated along post-natal development (I'lO, P20, P40),
by paired stimulation during the first 30 ms of the recovery
cycle. ONs were isolated after decapitation of animals under
anaesthesia. The normalized recovery cycle (RC) can be
compiled from differences in latency between tho compound
action potentials (CAPs) of a pair. At any age, C-ONs
display a typical triphasic recovery curve that consists of
the absolute refractory period (ARP), the relative refractory
period (RRP) and the supernormal period (SNP). The time
course of the RC changed with the maturation of the ON.
RRP duration decreases progroooivoly during dovclopmont.
While no differences were found at P10, the RC of D-ONs
at P20 and P40, after an initial tendency to recover, shows a

long lasting subnormal excitability poriod. Bocausc of tho
molecular reorganization of axonal membrane induood by
demyelination, we have also compared the effects of
potassium channel blockers, tetraethylammoniun (TEA) and
4 amynopyridinc (4AP), on tho RC of D ONs and C ONo.
The membrane properties of C-ONs were slightly affected
by TEA (10 mil), while D-ONs show a significant decreases
in membrane excitability, more marked from P20. 4AP
(1 ium) induces significant increases in amplitude and
duration of CAPs in all ONs studied, though more marked
in the ONs of younger control and taiep rats. At P10 and
P20, the RC of C-ONs exhibits an initial SNP that decreases
progreooivoly from 8 to 12 ms. At P10, after a delayed RRP
a SNP is observed from 10 ms. The ONs of taiep rats
exhibits a marked sensitivity to 4AP at all ages. The RCs of
D-ONs were characterized by a long-lasting SNP. Due to
demyelination, non-treated taiep ONs exhibit a decreased
excitability at all ages compared to controls. The 4AP-
sensitive channel, normally covered by the myelin sheath at
paranodal regions, becomes unmasked, facilitating the
action of drugs, increasing significantly the amplitude and
duration of CAP and increasing excitability.

This work was supported by FONDECYT-GONICYT, Chile, grants
1991004 and 7990085 to M.R.
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J. Neurosci. Res. 47, 573-581.

Duncan, I.D., Lunn, K.F., Holmgren, B., Urba-Holmgren, R. &
Brignolo-Holmes, L. (1992). J. Neurocytol. 21,870-884.
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/



Publication Number 69

Ribchester, R. R. &. Costanzo, E.M. (2000) Mutual occlusion of synaptic responses at
stable polyneuronally innervated neuromuscular junctions in reinnervated rat muscle.
J.Physiol (Proceedings) 526P,71P.

R R Ribchester, DSc Thesis, 2003 69



,/. Physiol. 526.P Cellular Neurophysiology

Modifying somatotopy in the primary motor
cortex after facial nerve lesions in adult rats

J. Toldi, T. Parkas, Z. Kis, J. Perge, U. Grimm*
and J.R. Wolff*

Department of Comparative Physiology, University of Szeged,
PO Box 533, H-6701 Szeged, Hungary and *Department of
Anatomy, University of Gbttingen, Kreuzbergring 36, D-37075,
Germany
In adult mammals, the somatotopic representation map of
the muscle system in the motor cortex is not stable, but may
be modified, for example by transection of the facial nerve
(n7X; Sanes & Donoghue, 1997). The resulting disinhibition
of horizontal cortico-cortical connections suggested restriction
of reorganisation to the contralateral hemisphere, in that
the n7-representation field shrinks while the adjacent fields
'expand'. These changes take hours to days to be completed
and persist as long as muscle rein nervation is prevented.
We have recently demonstrated (Toldi et al. 1996) that
reorganization begins much earlier (3—5 min after n7X)
and is biphasic: a transient disinhibition of transcallosal
interhemispheric and long associative connections in both
hemispheres is followed by a long-lasting disinhibition of
short associations in the contralateral hemisphere. With
short-latency, unilateral n7X via a decreased level of
cortical inhibition leads to an unmasking of the latent
inputs to the primary motor cortices on both sides (Toldi et
al. 1999). As the primary modification can be mimicked by
picrotoxin, GABAergic mechanisms may be involved in
these changes.

Recently, electrophysiological and histochemieal methods
were combined in order to follow the changes in the cerebral
cortex between 5 min and several days after n7X. In these
experiments rats were anaesthetised with a mixture of Ketavet
(10'0 mg (100 g)_l) and Rompun (xylazin, 0*8 mg (100 g)~').
At the end of experiments the animals were humanely
killed.

During the transient disinhibition induced by n7X, a new
histochemical technique visualised a transient chloride
accumulation in changing subpopulations of pyramidal cells.
In parallel with this phenomenon, a small percentage of the
pyramids (4 out of 85 neurones, identified with antidromic
stimulation) displayed a reversal in response to juxtacellular
application of GABA (10~4 m) or muscimol (10~4 m; inhibition
vs. facilitation). The results suggest that peripheral nerve
injury (n7x) rapidly and transiently induces GABAa receptor-
dependent disinhibition in the neocortex.

Sanes, .J.N. & Donogliue, .1.1' (1997). Ailr. Xeurnt. 73, 277 28(>.
Toldi, ,!., Karkas, T., Purge, -I. & Wolff. .J.It. (1999). Xeuroreport 10,

2143-2147.

Toldi,.!., Laskawi, It., Landgrelje. M.& Wolff, .1. R, (1990). Xiumsci.
Lei I. 203, 17!)-182.

Mutual occlusion of EPPs at stable polyneuronal
neuromuscular junctions in reinnervated rat muscle

Richard R. Ribchester and Ellen M. Costanzo

Department of Neuroscience, University of Edinburgh, George
Square, Edinburgh EH8 9LE, UK
Reinnervation of rat skeletal muscle is accompanied by
formation of stable polyneuronal innervation at the motor
endplates of some muscle fibres (zr-junctions; Costanzo et al.
1999). We have examined electrophysiological interactions
between these stable convergent synaptic inputs.

Rats were anaesthetised with halothane-N20 by inhalation and
4th deep lumbrical (4DL) muscles were partially denervated
by crushing the lateral plantar nerve (LPN). The sciatic
nerve was blocked during reinnervation (14—28 days later)
by chronic superfusion of tetrodotoxin from osmotic minipumps
(implanted under halothane-N20 anaesthesia) as described
previously (Barry & Ribchester, 1995). Nerve block was
maintained for 2-3 weeks. The animals were killed by
cervical dislocation and muscles were isolated after a further

2—8 weeks recovery from nerve block, when about 30% of
4DL muscle fibres express persistent poly neuronal innervation
(Barry & Ribchester, 1995). Intracellular recordings of LPN
and sural nerve (SN) sj'naptic responses were made after
blocking muscle action potentials with /r-eonotoxin (2 pm).

B

SN LPN S+L

5 mV

20 ms

Figure 1. 1 ntracellular recordings of RPFs before (.4) and during
(II) progressive neuromuscular blockade by a-bungarotoxin.
Responses to stimulation of SX and LPN failed to summate upon
combined stimulation.

In 8/10 77-junctions, stimulation of both nerves produced
synaptic responses that virtually failed to summate. Thus,
at these endplates the combined response (SN + LPN
stimulation) was about equal to the larger of the two
separate responses. The time constant of recovery of the
smaller synaptic response amplitude was 2-1 + (bo ms (n = 5;
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Costanzo et al. 1999). The responses to SN and LPN
stimulation were also measured during neuromuscular block,
induced by a bungarotoxin (10 fig ml-1) added to the bathing
medium, in order test whether occlusion might have occurred
by conventional non linear summation of EPPr. (McLachlan
& Martin, 1981). However, occlusion persisted through the
development of complete neuromuscular block (Fig. 1).
The occlusion may be due to heterosynaptic depletion of ions
in the synaptic cleft (Attwood & lies, 1979; Betz et al. 1989)
but other possible mechanisms will be discussed.

This work was supported by the MRC.
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Modelling the backpropagation. of action potentials
to distal dendrites of thalamocortical neurones

K. Antal, Zs. Emri and V. Crunelli

School of Biosvii nan, Cardiff University, Museum Avenue,
Cardiff CF1 3 US, UK
Keeent dendritic recordings from thalamocortical (TCI) neurones
in the dorsal lateral geniculate nucleus have revealed an
almost uniform dendritic K+ channel (yK) distribution while
the low-threshold, T-type Ca2+ (t/T) and Na+ (</Na) channels
were found to be non-u niformly distributed on proximal
dendrites. In addition, the active backpropagation of action
potentials uas found to lie compromised by dendritic branching
(Williams & Stuart, 2000). The propagation through branching
dendrites with uniform channel distribution occurs without

amplitude degradation when the dendritic geometry ratio
(GR) equals 1. When GR < 1, however, a time delay and a
decrease in action potential amplitude occur. In the case of
T(' neurons, OR — 1 only at the first branch points, while in
distal dendritic regions GR < 1. Thus, the amplitude of
back propagating action potentials is controlled by the non¬
uniform distribution of </Na and the dendritic geometry. To
study the interaction between these two factors, we
modified the geometry of our TG neurone model (Emri et al.
2000) to include GR < 1, and used the same gK and gr
distributions as reported in Williams & Stuart (2000). The
effect of the following </Na distributions on the properties of
back propagating action potentials, evoked din ing tonic
and burst firing, was investigated (values as a percentage
ot soma density m primary/secondary/distal dendrites):
0/0/0, 100/50/0, 100/50/25, 100/50/50.

J. Physiol. 526.P

During tonic firing, we found that in the presence of </Na on
distal dendrites, the dendritic geometry affected the delay-
but not the amplitude of the aotion potentials. During burst
firing, with no gNA on the distal dendrites, the amplitude of
the first1 aotion potential in a burst decreased more during
propagation than that of the successive action potentials.
The distal dendritic amplitude ratios (i.e. ratios of the
amplitudes of the action potentials within a burst) was

significantly affected by the GR values only when distal
dendritic <7Na was 25%.
Our results suggest a profound effect of dendritic geometry
on the amplitudo of baokpropagating action potentials when
the distal dendritic gNa is small. Increasing distal dendritic
?Na gradually compensates for the attenuation due to
GR < 1. At 50% distal dendritic ^Na, the attenuation is
nearly eliminated irrespective of the value of GR. The delay-
in the propagation that occurs due to GR < 1, however,
remains unaffected.

Emri, Zs., Antal, K., Toth, T.I., Cope, D.W. & Crunelli, V. (2000).
Neuroscienct (in the Press).

Williams, R.R k. Stuart, If J. (2000). J. Neurosri 20, 1307-1317

Regulation of cell volume, and the efflux of
endogenous amino acids, in corobrocortical minislicos
prepared from normal rats and rats with
thioaoetamide induood hopatio encephalopathy: offooto
of raised external K+

R.O. Law, M. Zielinska* W. Hilgier* and J. Albrecht*

Department of Cell Physiology and Pharmacology,
University of Leicester, Leicester, UK and * Department of
Neurotoxicology, Medical Research Centre, Polish Academy
of Sciences, Warsaw, Poland

Hepatic encephalopathy (HE) is a complex neurological
disorder in which elevation of plasma ammonia and its
subsequent entry into brain is the major neurotoxic insult,
and cerebral oedema the most frequent precipitating factor.
The present study cuiiCei lis the effects of raised extei nal IC+
(as occurs following neuronal stimulation) on cell volume
and the efflux of L-aspartate, L-glutamate and taurine
during 60 min incubation of cerebrocortical minislices from
normal and HE rats. Statistical comparisons were made on
the basis of Student's / test, with P < 0"05 being considered
significant.
Medium K+ was varied from 5—25 mil. Acute HE was

induced by administration of thioacetamide (250 mg (kg
body wt)_1 for 8 days, i.e.) (Albrecht & Hilgier, 1984).
Animal:; were killed by cervical dislocation. Measurements
of cell volume and amino acid losses were as previously-
described (Zielinska et al. 1999).

Cellular Neurophysiology



Publication Number 70

Court, F., Brophy, P.J & Ribchester, R.R. (2001). Effects of peripheral demyelination on
meuromuscular transmission and glial cell organisation in periaxin gene-deficient mice.
J.Physiol. (Proceedings) 536P,118P.

R R Ribchester, DSc Thesis, 2003 70



1 18/' Cellular Neurophysiohtgy ,/. Physiol. (2001). 536.P

Effects of peripheral demyelination on neuro¬
muscular transmission and glial cell organisation
in periaxin gene-deficient mice

F.A. Court, P.J. Brophy and R.R. Ribchester

Departments of Neuroscience and Preclinical Veterinary
Sciences, University of Edinburgh, Edinburgh EH8 9JZ, UK

rhe periaxin gene (Prx) is specifically expressed in
nyelinating Schwann cells. Prx —/— mice initially
uroduee compact myelin, but later demyelinate due to
lisruption of a novel dystroglycan complex (Sherman et
il. 20(H). Phenotypically, the mice show tremor,
nappropriate clasping reflexes, and reduced peripheral
lerve conduction velocity (Gillespie et al. 2000). We have
low examined the physiology and morphology of
3rx —/— neuromuscular junctions, to assess their
lontriliution to the phenotype. Null-mutant mice and
heir wild-type littermates, aged 7 weeks (asymptomatic)
o 8 months (overt phenotype in the mutants), were killed
>y cervical dislocation and intracellular recordings of
5PPs were made from isolated flexor digitorum brevis
FDB), with a constant nerve conduction distance of
ipproximately 1.5 cm, after blocking muscle action
lotentials with /<-conotoxin (2 /t.\l). Triangularis sterni
TS) muscles were either vitally stained with FM 1-43 to
dsuali.se recycling synaptic vesicles, or immunostained
or axons and terminals (neurofilament/SV2), or
Schwann cells (Si00; P0; L-Periaxin). Acetylcholine
eceptors were stained with TRITC-a-bungarotoxin.
Tost mutant junctions showed normal synaptic
esponses, with similar amplitude, time course and
luantal contents compared with wild-type at all ages,
iowever, EPP latency increased significantly with age:
iy 8 months it was 6.31 + 0.21 ms in Prx —/— muscles
mean + S.E.M.; » = 9 fibres, 2 muscles) compared with
'.56 + 0.06 in wild-type (n = 11, 2; P< 0.001, t test).
Vbout 40% of Prx —/— endplates (10/25 fibres in three
nuscles) responded intermittently to repetitive
timulation at 30 Hz. Vital staining and immunostaining
evealed endplates with axonal sprouting, focal swellings,
hinning of the preterminal axon and retraction of the
ayelin sheath. The number of preterminal axon branches
/as 2.3 + 0.5 (n = 27, 3) in Prx—/—, compared with
.3 + 0.5 in wild-type (n = 13, 2); the number of terminal
ichwann cells per endplate was reduced, to 1.2 + 0.1 in
'rx — /— from 2.5 + 0.1 in wild-type (n = 43, 68
ndplates, respectively; P< 0.001, Mann-Whitney test).
Tiese features could not be explained by absence of Prx
ene expression directly, because periaxin immuno-
taining, though present in wild-type myelin, was absent
rom terminal Schwann cells.

'he intermittent nature and increased latency of EPPs,
s a consequence of Schwann cell disassociation, provide a

simple explanation for the abnormal reflex responses and
tremor in Prx —/— mice. The data thus support a critical
role for terminal Schwann cells in maintaining normal
structure—function relationships at neuromuscular
synapses.

Gillespie, C.S., Sherman, D.L., Fleetwood-Walker, S.M.,
Cottrell, D.F., Tait, S., Garry, E.M., Wallace, V.C., Ure, J.,
Griffiths, I.R., Smith, A. & Brophy, P.J. (2000). Neuron 26,
523-531.

Sherman, D.L., Fabrize, C'., Gillespie, C'.S. & Brophy, P.J. (2001).
Neuron 30, 677-687.
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Astrocytic glycogen maintains axon function
during periods of hypoglycaemia in central white
matter

A.M. Brown and B.R. Ransom

Department of Neurology, Box 356465, University of
Washington, Seattle, IVA 98195, USA

Although it is known that CNS glycogen is located
exclusively in astrocytes its function is not well
understood. Although an obvious role for glycogen is as
an energy source only two studies have addressed this. In
one study neurons grown in astrocyte-rich cultures are
less severely injured by aglycaemia than neurons in
astrocyte-poor cultures (Swanson & Choi, 1993). In the
second study we showed that maintenance of axon
function in CNS white matter during aglycaemia was
dependent upon the presence of glycogen, and that
glycogen in astrocytes was metabolized to lactate, which
was shuttled to axons where it was used as an energy
source (Wender et al. 2000). We report further studies on
the role of glycogen during hypoglycaemia.
Adult Swiss Webster mice were deeply anaesthetized
with C02 in an enclosed chamber, and exsanguinated by
decapitation. This procedure is within the guidelines laid
down by the University of Washington animal welfare
committee. Optic nerves were placed in an interface
perfusion chamber in ACSF maintained at 37 °C, bubbled
with 95% 02 and 5% C02, and allowed to recover for 1 h
in 10 mil glucose. Axon function was assessed by
monitoring the compound action potential (CAP), which
was evoked every 30 s by a 50 /rs supramaximal stimulus.
Glycogen content was measured as previously described
(Wender et al. 2000). Data are presented as means + s.E.M.
and one-way ANOVA tests were carried out to determine
significance.
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RECAPITULATION OF AXOTOMY-INDUCED SYNAPSE WITHDRAWAL AT
REGENERATED NEUROMUSCULAR JUNCTIONS IN MATURE WLDS MICE. R.
R. Ribchester, M.P. Coleman , D. Thomson, T.H. Gillingwater and D. Wagner

The Wlds mutant mouse expresses a chimeric protein not found in wild-type mice,
comprising a hybrid of the 70 N-terminal amino acids of the ubiquitination factor
Ube4b and the complete sequence of NMNAT, the enTyme that synthesises NAD
(Ube4b/Nmnat; Wld protein). The Wld protein protects distal axons from degeneration
after injury, and this phenotype is reproduced in transgenic mice expressing the Wld
chimeric gene (Mack et al., 2001; Nature Neuroscience 4, 1199-1206). In Wlds mice
younger than 2 months, neuromuscular synapses undergo progressive withdrawal from
endplates in response to axotomy. However, in older animals (> 7 months old)
axotomised synapses degenerate at almost the same rate in as in wild-type mice. Here
we asked whether the loss of synapse protection by Wld was due to age-dependence of
the pattern of Wld gene expression, or to the local state of differentiation of the
synapses. To distinguish these possibilities we examined the response to axotomy of
regenerated neuromuscular junctions ("young" synapses) in old Wlds mice. The sciatic
nerve in adult Wlds mice aged 7-12 months was crushed, under halothane/N20
anaesthesia, and allowed to regenerate for 8-10 weeks. The mice were then re-
anaesthetised and the tibial nerve was cut. Tibial nerve section alone (without a previous
sciatic lesion) in mice of this age caused all neuromuscular transmission and synaptic
morphology to be lost within 2 days. Muscles in which the tibial nerve was lesioned
following prior sciatic nerve injury and regeneration showed a consistent pattern of
protection of synapses, with morphologically intact nerve terminals and EPPs and/or
MEPPS in 13-50% of muscle fibres (N=ll muscles). Western analysis of Wld gene
expression showed Wld protein levels unaltered with age. Thus, the declining protection
of neuromuscular synapses from the effects of axotomy with age in Wlds mice is not
due to changes in the pattern of Wld gene expression, or to age of the animals per se.
Rather, the persistence and/or progressive withdrawal of regenerated synapses following
axotomy in old mice appears to be due to the immaturity of the synaptic terminals. The
function and mechanism of this form of synapse withdrawal could be the same as that
activated physiologically, during competitive synapse elimination following
reinnervation, as well as during normal postnatal development. Support: The Wellcome
Trust.

Department of Neuroscience, 1 George Square, Edinburgh University, Edinburgh EH8
9JZ, UK.


