
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; ð_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 progressively 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 ð_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

different size and efficacy to persist at a motor endplate are

unknown. Equally, it is unclear whether apparently stable,

convergent synaptic inputs in reinnervated muscles may in
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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 (ð-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 (•0·1—1·4 quanta ìm¦Â) between fibres. However, the stable ð-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 ð-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.
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fact be slowly undergoing heterosynaptic repression and

progressive elimination, as in development.

If small synaptic inputs to ð-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

responses in muscle fibres in order to become stable; but that

the synaptic responses derived from different inputs can be

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 NµOÏOµ), and the lateral plantar nerves

(LPN) were exposed and crushed bilaterally, leading to sprouting of

intact sural nerve (SN) axons innervating the fourth deep lumbrical

(4DL) muscles (Betz et al. 1979; Barry & Ribchester, 1995).

Nineteen to twenty-one days later, animals were reanaesthetised

and osmotic minipumps (Alzet 2002) containing tetrodotoxin

(TTX; 500 ìg ml¢) were implanted intraperitoneally. Minipumps

were connected via silicone tubing to a cuff loosely 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 14—34 days, as assessed 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

the minipump was eventually exhausted and the day when pinch

responses andÏor toe-spread reflexes returned on the formerly

blocked side was recorded as the first day of recovery from nerve

block. Animals were killed on the day of the 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 ð_junctions

LPN and SN terminals were stained by repetitive stimulation in

the presence of RH414 (30 ìÒ; 20 Hz, 12 V, 10 min) and FM1_43

(4 ìÒ; 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

²40 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 ð_junctions using conventional microelectrode techniques.

Muscle action potentials were blocked with ì-conotoxin (2 ìÒ for

20 min; Scientific Marketing Associates, Barnet, UK). In some

recordings, microelectrodes were filled with Lucifer Yellow (4% in

1 Ò 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 f = 0·8, using

WinWCP 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 = (EPPéÏEPPT)(AreaTÏAreaé), 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.

Immunocytochemistry

Following fixation (4% paraformaldehyde in phosphate-buffered

saline for 15 min) muscles were incubated (20 min) in á_bungaro-

toxin conjugated to tetramethylrhodamine isothiocyanate (TRITC-

á-BTX, 5 ìg ml¢; 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 (FITC)-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

andÏor 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. 1A). 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. 1B, F, H and I). At other ð_junctions, the areas

occupied by SN and LPN boutons were about equal

(Fig. 1D; see also Fig. 4C).

In two of the preparations, the areas and pixel intensities of

endplate AChRs labelled with TRITC-á-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. 1F).

In both instances, there was no discernible difference in the

TRITC-á-BTX fluorescence intensity beneath the smaller

input compared with the average fluorescence intensity over

the rest of the endplate (Fig. 1I). Intracellular recordings

were subsequently made from one of these endplates

(Fig. 1F and G) and the ð_junction was finally relocated in a

confocal microscope after staining immunocytochemically

for neurofilaments and the synaptic membrane antigen SV2

(Fig. 1H). 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 ð_junctions. First,

intracellular recordings showed that ð_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. 2A). The rise times of the EPPs

from the smaller inputs (2·19 ± 0·27 ms; mean ± s.e.m.,

n = 18) were slightly but significantly slower than those of

the larger inputs (1·50 ± 0·12 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. 2B). 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 depolarisation per unit area for each input to the

19 SN—LPN dually innervated motor endplates (Fig. 2C).

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 0·1 quanta ìm¦Â to about 1·4 quanta ìm¦Â,

similar to the range reported in species as diverse as snakes

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. 2D; 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

ì_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 electrophysiology of stable ð_junctions

Immunocytochemistry was used to visualise nerve terminals (FITC) and TRITC-á-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 greenÏyellow 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



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 ð_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. 3A), 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 al. 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 ð_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 ± 0·5 ms, n = 5; see

Fig. 4B) 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 á_bungarotoxin

(10 ìg ml¢; data not shown).
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a slender regenerating axon. Thus, this endplate is a stable ð_junction. B, D and F, composite digital

images from three different, vitally stained stable ð_junctions innervated by LPN (orange, RH414 labelled)

and SN (yellowÏgreen, 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 ð_junctions after bathing the preparations in ì-conotoxin to abolish muscle (but not axonal) action

potentials. In each case the orange spot indicates LPN stimulation and the yellowÏgreen spot indicates SN

stimulation. The relative EPP amplitudes varied in proportion to the relative areas covered by LPN and

SN synaptic boutons. The ð_junction shown in F was relocated using a confocal microscope after fixing and

staining for neurofilamentÏSV2 (H; FITC-conjugated secondary antibody, green fluorescence) and ACh

receptors (I; TRITC-á-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 ± 0·167 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 ìmÂ (93·2% of total area) and the SN covered 10 ìmÂ (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 H 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 I corresponds to the following measures:

A, 10 ìm; B, D and F, 20 ìm; H and I, 15 ìm; 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.



This group of recordings was not obtained from ð_junctions

identified directly by vital staining. However, subsequent

loading of SN and LPN terminals with FM1_43 and RH414

revealed ð_junctions in the vicinity of the recording

electrode, with interdigitated synaptic boutons from the

two nerves (see, for example, Fig. 4C).

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 ð_junctions have also been observed in adult muscles

after neonatal treatment with neuromuscular blockers
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Figure 2. Convergent inputs to stable ð_junctions have equivalent synaptic strengths

A, EPP amplitudes corrected for non-linear summation plotted against nerve terminal area for LPN (1) and

SN (0). 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).



(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 á_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 & Lœmo,

1985). It is therefore not yet clear how these 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 ionic current through endplate channels without

altering the reversal potential (see also Attwell & Iles, 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 (mÏa) 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 > 0·05, 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 ð_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 á_bungarotoxin (10 ìg ml¢) to the bathing medium (not shown).

B, time course of recovery from occlusion (1) and best non-linear least-squares single exponential curve fit

of the form Vt = Vþ(1 − e
−tÏô

) 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 ð_junction where the boutons derived

from the SN (greenÏyellow) 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) andÏor 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 greenÏdark

orange or dark greenÏlight 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.



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 ð_junctions

in the reinnervated muscles are often interdigitated (Fig. 4C;

see also Barry & Ribchester, 1995). Perhaps some ð_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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