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SUMMARY

1. Evoked synaptic potentials and currents were recorded in neonatal rat fourth
deep lumbrical muscle during the period of polyneuronal innervation. Signs of
inhibitory interactions between converging mononeurone terminals were detected.

2. Muscle fibres innervated bv axons from the lateral plantar nerve (LPN) and
from the sural nerve (SN) were studied. In unblocked preparations the muscle
contracted, and electrode tips were mounted on flexible wires to prevent loss of
impalements.

3. In voltage recordings from unblocked preparations, paired two-shock stimu-
lation of one nerve revealed synaptic depression: the second response was smaller
than the first. XVhen the two stimuli were delivered to different nerves (SN and LPN),
the second response was smaller than its own control.

4. In voltage clamped. unblocked preparations, a similar result was obtained.
Conditioning stimulation of one nerve (SN, for example) inhibited the response to
test stimulation of the other nerve (LPN). The inhibition was greater with larger
conditioning responses, was maximal when the conditioning and test stimuli were
approximately superimposed, and decayed with a time course of several tens of
milliseconds. Several tests showed that the end-plate was well clamped: the observed
inhibition could not be explained by voltage escape at the end-plate.

5. The inhibition was not constant during the tail of the test end-plate current
(EPC). Instead, it declined during the EPC tail, suggesting that the mechanism of
inhibition was active, though diminishing, throughout the time course of the test
EPC.

6. The amount of inhibition was not noticeably affected by altering the muscle
membrane potential (two cells studied).

7. Treatment with curare or a-bungarotoxin to block most ACh receptors reduced
the inhibition. In about half of the fibres studied, no inhibition was evident: in the
others, up to 50% inhibition was observed. The average inhibition for all receptor-
blocked fibres was about 15%.

8. In six a-bungarotoxin-treated cells. multiple conditioning stimuli were
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delivered. In most cases, the amount of inhibition increase(d with increasing numbers
of conditioning stimuli.

9. Several possible mechanisms of inhibition are discussed, including reduction of
current through ACh channels during the test response owing to alterations in
synaptic cleft ion concentrations produced by the conditioning response, presynaptic
inhibition of transmitter release, and postsynaptic receptor saturation.

INTRODUITCTION

During development of vertebrate skeletal muscle, axons from several different
monotoneurones converge at each end-plate. Electron micrographs of developing
mammalian neuromuscular junctions (Bixby, 1981) show that terminal profiles lie in
close apposition, often without intervening Schwann cell processes. Light microscopic
visualization of individual nerve terminal arborizations in adult frog (Werle &
Herrera, 1987) and embryonic snake (Lichtman, Wilkinson & Rich, 1985) show
varying degrees of terminal interdigitation, with terminals from different axons often
lying in close physical proximity. This close contact between terminals raises the
possibility of physiological interactions between terminals, either through pre- or
postsynaptic mechanisms. Wre have detected signs of such interactions using
electrophysiological techniques and a simple experimental protocol.
We used the neonatal rat lumbrical muscle, which receives its motor input from

two different peripheral nerves. Most axons arrive via the lateral plantar nerve
(LPN); a few arrive via the sural nerve (SN). We impaled muscle fibres at their end-
plate and then stimulated the two nerves separately to identify fibres innervated by
axons in both nerves (Betz, Caldwell & Ribehester, 1979). WAe then recorded end-
plate currents (EPCs) in response to individual nerve stimulation (control) and to
paired stimulation. We found that when both nerves were stimulated within about
50 ms of each other the second EPC was reduce(d relative to its control amplitude.
Further experiments suggested that changes in ion concentrations in the synaptic
cleft as a consequence of postsynaptic activity may inhibit transmitter release or
action, although other mechanisms may be involved additionallyT. Some of these
results have been presented in preliminary form (Betz, Chua & Ridge. 1989).

METHODS

All experimnenits were performed oni fourth (lee}) lunimbrical mtuseles clissected together with their
nerve supply from 4- to 9-day-old rats. which were killed by stunninig and decapitation. Both the
sural nerve (SN) andl lateral planltar nerve (LPN) supply motor innervation to the muscle; the
separate nerves join near the heel (l3etz et (l. 1979). About 20% of the polyneuronallv innervated
neoniatal muscle fibres receive inputs from both nerves: in each such muscle fibre, SN and LPN
inputs conxerge at a sinigle end-plate. Thus. by stimulating the nerves separately ancl together we
could studv interactions betweeni the two.

Nerve-mtuscle preparations were pinnle(l in a smiall. Sylgard-lined (lish and(i the SN and LPN were
drawnr- inito separate suetion stimnulatinig electrocles. The preparation was continuously sui)erfuse(d
writh Krebs solution of the following compositioni (I NaCil. 1:36: KlCl. 5: Mg('12. 1:-PIPES buffer
2 glucose ll. (Ca('12 was raisedl fromn a niormnal 2 mn.N con-centration to 6 or 8 mni to imrprove the
cualitv of' imicrroelectrode penietratid)ns. Solutionss w\erTe bubb)lecl witlh 100% 02. All experi-iments
were )erformnedl at roomn temperature (20 22 0(1). In some experimients acetvl choline (ACh)
receptors were blockedwl-ith d-tubocturarille or a-bbun-garotoxin. d-Ttiboc crarine was added to the
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perfusion medium; the conicentration was usually 3 /um-a-buiigarotoxiii (I /ig/lnl) was ad(lecl to the
perfusing medium temporarily. while moniitorinig end-plate potentials (El'I's) in a imtuscle fible. At
the first sign of reduction in EPP amplitud(le. the a-bungar)otoxin concentration was redluce(l to 0(5
or 0 25 pig/ml; when the EPP had clecline(d to a low level (2-5) mVN'). perfusion of' toxin-free mle(litumil
was begunl again. It was considerably mlore difficult to achieve anl al)prol)riate l)lock level with
a-bungarotoxin than With d-tubocurarine. sinice the concentration of the latter could be a(l,justedl
during the experiment if necessary.
Most experiments were performed on unblocked preparations. Thus whenl either nerve was

stimnulated, the muscle contracted. To avoidl (lislodging intracellular microelectrodes. mnuscles were
stretched to about 120)%, of their resting length and 'floating 'microelectrode tip>s were llse(l. These
were made bv scoring and then breaking off, under water. the tip (1-2 minm long) of conventional
microelectrodes. The tip was then mounited oIn a highly compliant. coiled silver wire: a d(ab) of
V'aseline held the tip to the wire. WVith this arrangement. some penetrationsw;ere heldl long enioutrh
to record dozens, and in some cases hundreds, of synaptic responises.

Stimuli were delivered independently to SN and LPN from a WNTPI stimutlator wvith isolated
outputs. The usual protocol involved stimulating each nerve separately at 15-(i() s intervals, and(l
then paired at a short interval (0-100 ms). Each of the three traces w!as store(l for later analy'vsis.
This cycle was repeatecd a number of times before changiing the interval or otlher l)lrametels: sutich
a repeated cycle is referred to as a run. Recordings were displave(l on a Nicolet Explorer
oscilloscope. Digitized data were stored on magnetic disc and analvsed with a Hewlett-Packard
9816 computer. An Axoclamp IIA amplifier (Axon Instruments) was used for all recordings and
both single- and two-electrode voltage clamping. Membrane currents were measured fromn the
current applied to the feedback circuit.

Single-electrode voltaye clamip
Initiallv, we tried to use the single-electrode voltage clamp (SEVC(') technique to clatllp the

muscle membrane potential. In most experiments the following parameters applied: electrole
resistance, 20-30 MQ; feedback gain. 8 nA/mV; time conistant. 2ims; switching frequency. 8-15
kHz. Muscle fibre input resistance was usually 10-30 MK. but could be as high as 100()MQ. The
voltage on the electro(le was carefully monitored. U'nder these coniditionis it appeared that the
SEVC' was workinig well; voltage escape at the peak of the EPC appeared to be only a few milliv-olts.
Howexver. a further check with a second. independent recording electrode revealed seriouts voltag,e
escape at the impalement site in the SEVC mode. W'e theni switched to conventional two-electrode
voltage clamp (TEXVT) and repeated the observations. Results are shown in Fig. 1. Superimiposed
traces (Fig. IA) show EP(-s obtained at different membrane potentials for two-electrode clamping
(left side) and SEVC (right side). Both techniques gave similar passive 1-I' curves (Fig. I ). btit
the SEVrC greatly underestimated EP( amplitude (Fig. IC). Thus, we abandoned the SEVC('
technique.

Conventional voltage clamp
The need to use two intracellular microelectrodes added significantly to the technical difficulty

of the experiments. Obtaining good resting potentials with both electrodes precisely localized at the
end-plate and maintainiing stable impalements while the muscle contracted was tedious: ouir
success rate was low, with about 90% of the fibres lost or discarded before useful data could be
obtained. A number of criteria (described later) were developed to check the integrity o)f the (lata.
The two-electrode clamp worked well. A typical record is shown in Fig. 2. ElI'Ps are shown in Fig.
2A, the smaller was obtained under voltage clamp and is enlarged in Fig. 2B. The clamped EP('
is shown in Fig. 2C. The maximum voltage escape wvas less than 2 mV and this occurredl dlurinig the
initial J)art of the EPC; at the peak of the EPC. the voltage escape was less than 0 5 mV.

In some experiments, we used the dye 4-Di-2-ASI' (4-(4-diethylatniniostvryl-w)-N-methlx\1-
pyridinium iodide: supplied by Molecular Probes, Inc., Etugene, OR. USA; Magrassi, Purves &
Lichtmain. 1987) to stain nerve terminals. Krebs solutioin containing the dye (5) #AI) was perfused
through the chamber for 1 nmmin the preparation was thein observed in ultraviolet light with a L,eitz
epifluorescenice microscop)e. Observation periods had to be kept short to avoi(1 )hoto-damage to the
nerve terminals, indicated by a rise in miniature end-plate potential (MEIPl') frequency. Thus, we
used this procedure to observe surface fibres briefly and( visually localize small clusters of enicl-
plates. Fibres were theii impaled while illuminated with transmitted visible light.
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Fig. 1. Comparison of single-electrode voltage clamp (SEVC) and two-electrode voltage
clamp (TEVC) in the same cell. A, superimposed records of EPCs with the membrane
potential clamped to different levels. TEVC (left) and SEV"C (right) traces are shown.
Analyses of these data are showni in B and C for TEV C (DO) and SEVC (0). B, passive
membrane I-T' curves are similar for the two modes of clamping. Measurements were

made 1 ms before the EPC deflection. C, EPC amplitudes were seriously underestimated
in SEVC mode. owing to large amounts of voltage escape.

RESULTS

Voltage recordings, unblocked preparations
Repetitive stimulation of a single input

Use-dependent changes in the amplitude of synaptic potentials have been
described in a variety of preparations. At the neuromuscular junction, presynaptic
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changes in transmitter release (e.g. facilitation, depression, post-tetanic potentiation)
and altered postsynaptic responsiveness (e.g. non-linear voltage summation) have
been shown to contribute to changes in EPP amplitude with repetitive activity (see
Erulkar. 1983. for review). As illustrated in Fig. 3A. in neonatal muscle we observed

10 mV

A

1 mV

B~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
-----__

10 nA

2 ms

Fig. 2. Convenitionial (two-electrode) voltage clamp operated at over 97- % effieiency. A,
uinclamped (upper trace) anid clamped (lower trace) EPIP. B. clamped EIP at higher gaini.
(1 EPC unider voltage clamp. Note thait the maximuiim voltage escape ws as about 1 5 mVX
and that at the )eak of thie EPC the voltage escape wcas less thaini 05- mV. Membrane
clamped at restin;g )otential (-5'1)I \V).

a reduction in the amplitude of a test EPP which followed a conditioning EPP. with
both stimuli delivered to the same inerve; twelve superimposed sweeps are shown iin
Fig. 3A. At short, conditioning-test intervals, whein the test response rose from the
tail of the conditioning EPP, the test EPP amplitude was greatly reduced. Since test
EPPs arose from the tail of the conditioning EPP. part of this reduction can be
attributed to non-linear summation of voltage. This cannot be the cotmiplete
explanation, however, since at short, intervals the peaks of the test EPPs (Io not
reach the same membrane potential as control EPP peaks. Other factors. such as a
reduction in transmitter release (synaptic depression ) and/or an increase in
postsynaptic membrane conductance. could also contribute to the observed
reduction in test EPP amplitude.
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Interactions between separate inputs

Figure 3B shows results from a different kind of experiment in which the
conditioning and test stimuli were delivered to separate axons innervating the same
end-plate. In such cases the test response was compared not to the conditioning

A
10 ms

10 mv

B

SN

20 ms
10 mv

Fig. 3. A, two-shock stimulation of a single input. At 10 s intervals the LPN was
stimulated twice, the initershock interval varying in 10 ms increments. The superimposed
traces show that the second response of the pair was depressed if it occurred at a short
interval, particularly during the decay phase of the first response. Membrane potential,
-48 mV. B, interactioni between LPN and SN. In this uniblocked preparation., SN
stimulation alone produced an action potential (dotted trace). The response was much
smaller (arrow) if it was preceded by LPN stimulationi. Resting potential. -71 mV.

response, but to its own control, recorded in the absence of conditioning stimulation.
The usual procedure was to evoke in turn at 10 s intervals conditioning, control, and
then conditioning-test responses, with the conditioning-test interval fixed. This
cycle was repeated a number of times, and responses were averaged in most cases.
Such a series constitute(d one run. In some cells, it was possible to record several runs

3()
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under different, conditions (e.g. different conditioning-test intervals). In Fig. 3B,
stimulation of the sural nerve (SN) alone produced an action potential. If howN-ever,
SN stimulation followed lateral plantar nerv-e (LPN) stimulation by a short interval,
the SN response was greatly diminished. This reduction has a trivial explanation,
namely that the SN test response arose during the muscle fibre's refractory period.
Another example of interaction between SN and LPN is shown in Fig. 4. In this

cell, action potentials were not observed, owing to the relatively depolarized
membrane potential (-54 mV). Averaged responses at three different con(ditioning
(LP_N) -test (SN) intervals are shown in Fig. 4A. In each case. the SN test EPP was
smaller than its control. (Each test EPP amplitude was measured from the
extrapolated tail of the conditioning EPP. In many experiments, conditioning
responses weere recorded without t,est responses to c,heck that the extrapolations were
accurate.) Results are plotted in Fig. 4B (DC ). where percentage inhibition is
defined as 100 (1 - test/tcontrol)

Again, non-linear voltage summation cannot account fully for the observeed
inhibition, because the peaks of the test EPPs did not reach the same mnembrane
potential as their controls (Fig. 4A). In fact. correcting for non-linear summation
increases, rather than decreases the amount of inhibition (Fig. 4B, A). Clearly, some
other mechanism(s) must be contributing to the inhibition. Presynaptic use-
dependent effects. however, cannot be involved here, since the conditioning stimulus
was given to LPN, andl the test stimulus to SN.

Results from fourteen cells (thirty-six runs) in which this type of experiment
(unblocked preparation. voltage recording) was performed are shown in Fig. 4C.
Most cells showed inhibition, which lasted a few tens of milliseconds and had fully
decayed within about 100 ms. In general, the inhibition was reciprocal in that the
response to either nerve was inhibite(d if prece(led by stimulation of the other nervTe.
The amount of inhibition also dlepended upon the size of the conditioning EPP, with
larger EPPs giving mnore inhibition.

I toltaye clanmp. it itblocked preparations

The large postsynaptic voltage changes produced by conditioning EI'Ps could
easily produce conductance changes which could reduce the amplitude of a
subsequent test EPP. In order to prevent such postsynaptic changes, voltage clamp
experiments were performed (see Methods). Clear signs of inhibitorv interactions
were still observed with voltage clampinig. Examples are shown in Figs 5 and 6.
Figure 5A shows superimposed averaged EPCs in response to LPN stimulation
(control) and SN-LPN (conditioning test) stimulation. It is clear that the current
produced bv LPN stimnulation was re(luced( when it was preceded by conditioning SN
stimulation by several milliseconds. Results fromn another run are shown in Fig. 5B.
Stimulation of SN or LPN alone prodlucld (averaged) EPCs of about 20 nA in
amplitude; stimulation of both nerves so that the EPC peaks approximately
coincided (Both) produce(l a marginally largyer EPC, far less than the expected sum
of individual responses. Aleasuiredl against control SN,. the observed inhibition was
80%; against control LPN. the inhibition was 67 'Yo. A total of seven such runs were
obtained fromn this cell. SN w-as stimnulated first in somne runs (e.g. Fig. 5A); in other
runs, LPN was stimulate(d first. Firure 5(0 shows the percentage inhibition for all
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Fig. 4. Interaction between LPN and SN. Action potentials were not observed in this
unblocked cell, probably owing to the relatively low resting potential (-54 m\'). 4.
averaged EPPs. The peaks, left to right. are LPN (conditioning). SN (test). all(n SN
(control, offset slightly to the right for clarity). The LPN-SN interval was 10 ms (top
traces), 20 ms (middle) and 30 ms (bottom). Note that each SN test response, measure(d
from the extrapolated tail of the LPN response, was smaller than its control. Moreover,
the peak of each SN test response did not reach the same membrane potential as the peak
ofthe control response. B, the percentage inhibition, defined as 100 (1 - Vtest/ Vcontrol) where
Vtest is the peak amplitude of the test EPP (measured from the extrapolated tail of the
conditioning EPP) and .ontrow is the peak amplitude of control EPP, is plotted against
conditioning-test interval. [], raw data; A, data in which each EP'P was corrected for
non-linear voltage summation before averaging. Lines are best exponential fits (method
of linear least squares). C, data from all unblocked preparations in which conitrol
responses did not give action potentials (fourteen cells; thirty-six runs).

32

A

A

.%



MOTONEURONE TERMINAL INTERACTIONS 33

A * lO_> 10 nA

* ~~~~~2ms

:.. .....

SN
B - LPN

SN
LPNB
Both

C 100

c
0
._

(' 500

0)

SN -* LPN O

A

A

10 20

LPN -4 SNA

30
Interval (ms)

Fig. 5. Interaction produced by LPN and SN stimulation in unblocked preparation under
voltage clamp. A, inhibition of LPN by SN. The LPN test response (measured from the
extrapolated tail of the SN response) was smaller than the LPN control response. B,
simultaneous stimulation of LPN and SN produced a response (Both) which was larger
than either SN or LPN alone, but much smaller than the sum of the two individual responses.
EPCs in A and B are averages of three to six individual responses. C, results of seven runs
in the same cell at different intervals with SN (U) or LPN (A) as conditioning stimulus.
The line is an exponential best fit to all points.

runs, plotted against the conditioning-test interval. The line is an exponential best
fit for all points. The inhibition in this cell was maximal when the two responses were
approximately superimposed. The inhibition of SN by LPN was slightly larger than
the reverse (inhibition of LPN by SN); this parallels the size of the individual EPCs.
In fact, in this and all other experiments, the larger EPC produced the greater
inhibition, as was the case for voltage recordings described above.

PHY 418
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Figure 6 shows another example of the inhibition observed under voltage clamp
conditions. In this cell, multiple EPCs were observed with LPN or SN stimulation,
suggesting that each nerve supplied more than one axon to the muscle. The averaged
EPCs in response to supramaximal stimulation are shown in Fig. 6A. In Fig. 6B the

A B-
_ X

II, /
*

/ /
/

i5 ms

5 nA

Fig. 6. In this cell. the muscle fibre was innervated bv more than one axon in both Ll'N
and SN. A. stimulation of SN alone (top) or LPN alone (middle) pro(luced multiple EPICs.
indicating that several axons from each nerve innervated the fibre. In the bottom tra(e.
both nerves were stimulated simultaneously. The dotted curve at the bottom shows the
arithmetic sum of the top and middle traces. B. same cell and protocol as in A. except that
the SN stimulus was reduced in amplitude and (lelivered later (compare top traces iln A
and B). All traces are averages of three to six EPCs.

stimulus to the SN was reduced so that a single deflection was observed (compare top
traces in A and B). In both cases, stimulation of both nerves produced a smaller
response than the sum of the responses to separate stimulation of each nerve.

Spontaneous miniature EPCs were also observed on many traces, and allowed us

i.
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to calculate quantal content of the evoked EPCs. In most cells. quantal content fell
between 8 and 20 quanta. For example, in the cell illustrated in Fig. 5, miniature
EPCs averaged -24 nA in amplitude (recorded at a -91 mV holding potential;
S.D., 1-0 mV; n = 21). This gives a quantal content for LPN of 19 and for SN of 16.

In summary, the observed inhibition was maximal at or close to zero separation,
was larger for larger conditioning EPCs. and decayed with a time constant that was
similar to the decay of the conditioning EPC.

A B
0

-10

E "Ue
-20

o 30 -

2-4°L-
-50 -

-60
0 10 20 30 0 10 20 30

Time (ms) Time (ms)
Fig. 7. Traces sho-w end-plate potentials in response to SN (A) or LPN (B) stimulation.
The squares sho,-. for each of the seven runs under voltage clamr). the amount of voltage
escape at the end-plate which would be required to explain the inhibition of the test
response of one nerve bn conditioning stimulation of the other nerve. AMuch. and in some
cases all. of the unclamnped EI'P would have to escape clamping in order to explain fully
the observed inhibitioni.

All of these observations could be explained if the efficiency of the voltage clamp
was inadequate. XVhile there is little doubt that the voltage was well controlled at the
site of impalement (see Methods), if the impalements were not precisely at the end-
plate, serious voltage escape at the end-plate could produce effects like those we
observed. That is, voltage escape at the end-plate during the conditioning response
would reduce the driving force for inward current during the test response, thereby
producing apparent inhibition of the test EPC. To estimate how inadequate the
clamp would have to be, we calculated the amount of voltage escape at the end-plate
that would have had to occur in order to explain the observed inhibition. For
example, if we observed 40% inhibition of the test EPC. it would require a
depolarization at the end-plate sufficient to reduce the electrical driving force by
40% to explain fully the observed inhibition. Results from the cell of Fig. 5, which
are typical of other cells, are shown in Fig. 7. The traces show unclamped EPPs in
response to SN and LPN stimulation. The squares mark the voltage change at the



36 W. J. BETZ, M. CHUA AND R. M. A. P. RIDGE

A 100

o

.501..

B -

0

L)

* 2ms

/ ~~~~~10nA

C 1

0-

0 5 10 15 20
Time (ms)

Fig. 8. Decay of inhibition during the decay of the test EPC. Inhibition calculated as in
Fig. 4. A, for the traces in Fig. 5B, the percentage inhibition was calculated for every point
during the decay of the test EPC. Note that the inhibition decreased during the decay.
B, for the same data, the lower trace is the LPN EPC; the upper trace is the response to
simultaneous stimulation of LPN and SN (marked Both in Fig. 5B) minus the SN
response. In other words, the upper trace is the amount added to the SN response by
simultaneous LPN stimulation. Its rather flattened time course during the decay of the
LPN response gives rise to the decay of inhibition during the EPC tail. C, to test whether
large EPCs decay faster or slower than small EPCs, two EPC amplitude ratios are plotted.
The upper trace is the ratio of SN/LPN for the data in A and B. The lower trace shows
the SN/LPN ratio from a different experiment (Fig. 6B). The ratios show a small decrease
over time, indicating that small EPCs decayed only slightly faster than larger EPCs. This
cannot account for the decay of inhibition during the tail of test EPCs.
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end-plate which would be needed to explain fully the observed inhibition in each
of the seven runs performed on this cell (ACh reversal potential assumed to be
-10 mV). It is clear that a very poor clamping efficiency would be required; over
70 %, and in some cases over 95 %, of the EPP at the end-plate would have to escape
from the voltage clamp to produce the observed inhibition.

A -40 mV
.-o
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-120 mV

20 nA

10 ms

B
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50-A
0 -40OmVA

~~~~~~~~~~-80mV

-120 mV o

C
-1 0 1 2 3 4 5 6 7 8
Control Interval (ms)

Fig. 9. Clamping to different membrane potentials had little effect on the amount of
inhibition. The amount of inhibition was measured at -40, -80 and - 120 mV. A,
sample traces. A pair of superimposed traces (control and conditioning-test EPCs) is
shown at each membrane potential. B, all results from this cell, with varying intervals
between LPN and SN stimulation.

We conducted several independent tests to examine further the possibility of large
amounts of voltage escape at the end-plate. The results of these tests are described
below and in the Appendix. They strongly suggest that the observed inhibition
cannot be explained by inadequate clamping at the end-plate.

. ^^ I
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Qualitative tests of Voltage clamnp efficiency
In some experiments we used 4-Di-2-ASP to localize end-plates visually. As

described in the Methods, this procedure was used to localize small clusters of surface
end-plates; fibres were then impaled under transmitted light. Thus, the technique
did not allow us to localize individual end-plates with absolute precision. but helped
us find the end-plate more easily.

A 10 ms
.'*-Sum

LPN Both 2 mV

Nl.

Control t r o

8 100 _

0

.0
c

) 50

CL

0)
~..~.. ..

0. . ..

0 20 40 60 80 100
Time (ms)

Fig. 10. Inhibition with most ACh receptors blocked by pre-treatment with a-
bungarotoxin. A, averaged EPPs, showing that the test SN response (Both) was inhibited
when preceded by a conditioning LPN response compared to control. The trace (Sum)
shows the arithmetic sum of separate LPN and SN responses. B, the inhibition observed
was nearly constant throughout the decay phase of the EPP. Resting potential,-56 mV.
Non-linear voltage summation can account for only a few per cent of the observed
inhibition.

We also compared the time courses of EPPs and EPCs; impalements at end-plates
gave EPCs with decay time courses significantly shorter than EPP decays (See Fig.
2). A single exponential described most of the decay, but the time constants were
very different (about 9 ms for EPC, 19 ms for EPP). The much faster EPC decay is
expected if the impalemnent is at the end-plate, since the EPC reflects transmitter
action directly, while the EPP decay reflects this and, additionally, passive discharge
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of membrane capacitance and voltage-sensitive conductance changes. Impalements
remote from the end-plate gave EPCs and EPPs with decay time courses which were
verv similar to each other.

Wre also measured passive and active I-V relationships and EPC reversal potential
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Fig. 11. Summary of all results in a-bungarotoxin-treated preparations. All responses
were corrected for non-linear voltage summation assuming a reversal potential of
-I) mV . The filled symbol represents the cell in Fig. 1).

in every cell (see Appendix). If the electrodes were remote from the end-plate, the
EPC I-V relationship was not linear and the reversal potential shifted to positive
values; such cells were discarded. This test was a sensitive indicator of proximitv to
the end-plate. Our initial criterion for proceeding with a cell was that the reversal
potential be negative; after the experiment was completed, more stringent criteria
were also applied. These are described in detail in the Appendix. Briefly, we
estimated the maximum distance possible between the recording site and the end-
plate, and concluded for the impalements we accepted that this distance was within
0-06 length constants. Finally, we calculated from this the maximum voltage escpe
that might have occurred in each cell, and found that this could not account fully for
the observed inhibition.

Decay of inhibition during EPC tails
We next extended the analvsis of inhibition from a consideratioin of peak EPC

amplitudes to include the decay phases. For example. if the peak of a test EPC was
inhibited by 40%, would the decay phase of the EPC also showN, 40% inhibition
throughout its duration? Typical results are illustrated in Fig. 8. which shows that
the inhibitory effect did decay during the tail of the test EPC. The data are froIm the
experiment shown in Fig. 5B. In Fig. 8A. the percentage inhibition for each point in
the EPC is defined as before: 100 (1- tcst)/Icontrol) The peak of the EPCs occurred
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at about 4 ms. During the decay phase of the test EPC, the amount of inhibition
declined; the time course of the decay of inhibition was approximately the same as
the decay of the EPC. This can also be seen in Fig. 8B. Here, the lower trace is the
LPN EPC; the upper trace is the difference between the EPCs in response to
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Fig. 12. Effect of multiple conditioning stimuli. A, three conditioning LPN responses were
followed by a single SN response. The control SN response is displaced to the right for
clarity. The arrow marks the peak of the control SN response, which is represented by the
vertical line drawn rising from the extrapolated tail of the last conditioning response. B,
summary of all results with multiple conditioning stimuli. Each symbol represents a
different cell. Vertical lines show + 1 S.D. In general, the amount of inhibition increased
with the number of conditioning shocks. In the cell with ten conditioning stimuli, the
amplitude of conditioning EPPs had decayed to a barely detectable level by about the
seventh stimulus.

stimulating both nerves and stimulating the sural nerve (Both - SN in Fig. 5B). In
other words, the upper trace in Fig. 8B is the amount added to SN by LPN when
both nerves were stimulated simultaneously. Its rather flattened time course during
the decay of the LPN response gives rise to the decay of inhibition during the EPC
tail.
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The decay of inhibition during the EPC tail could occur if, for some reason, large
EPCs decayed more slowly than smaller EPCs. To check this possibility, the
amplitude ratio SN/LPN was calculated for every point during SN and LPN EPCs;
two of these ratios are plotted in Fig. 8 C. The upper curve is for the cell illustrated
in Fig. 8A and B; the lower curve is from a different cell (Fig. 6B) in which SN was
much smaller than LPN. The amplitude ratios declined slightly during the decay
phases, but not enough to explain the observed decay of inhibition.
The decay of inhibition during the tail of the EPC suggests that the inhibition was

active, although diminishing, during the time course of the test EPC. This suggests
that it was not exclusively presynaptic in origin. Had it been presynaptic, one would
predict that the inhibition would be constant during the decay phase (see Discussion).

Effect of holding potential on inhibition
Figure 9 shows the results of an experiment in which the amount of inhibition was

measured in the same cell at membrane potentials of - 40, -80 and - 120 mV.
Sample traces are shown in Fig. 9A and results with each response normalized to the
average control amplitude at each holding potential are shown in Fig. 9B. There was
no evident effect of muscle fibre holding potential on the magnitude of the inhibition.
The experiment was performed in one other cell, with similar results.

ACh receptor block
In other experiments, signs of SN-LPN interaction were sought in preparations in

which most ACh receptors were blocked. In one series, muscles were exposed to
a-bungarotoxin for 10-20 min while monitoring EPPs in one fibre; when EPPs had
been reduced to a low level, the preparation was perfused with normal Krebs
solution. Because the postsynaptic responses were small, it was not necessary to
voltage clamp the end-plate membrane; unclamped EPPs were recorded instead. We
studied seventeen cells in this fashion (a total of eighty-one runs with varying
stimulus protocols were obtained). In general the amount of inhibition was greatly
reduced compared to unblocked preparations; about one-half of the cells showed
negligible levels of inhibition. Overall, with single conditioning stimuli, the average
inhibition of test EPPs was 15%; this was not significantly altered by correcting
responses for non-linear summation of voltage. An example is shown in Fig. 10.
Averaged EPPs are shown in Fig. 1OA; the SN response which rose from the tail of
the LPN EPP was about 20% smaller than expected (observed inhibition, 25%;
after correction for non-linear voltage summation, 19%). As can be seen from Fig.
10B, this inhibition was nearly constant during the tail of the EPP. This is different
from inhibition in unblocked preparations, which decayed during the decay of the
test EPC. This might suggest that two inhibitory mechanisms operate, although the
different recording conditions (voltage clamp in unblocked preparations, EPP
recordings in a-bungarotoxin-treated preparations) must be taken into account (see
Discussion).

Results from all a-bungarotoxin experiments in which single conditioning stimuli
were used are shown in Fig. 11; the filled symbol is from the experiment illustrated
in Fig. 10.
We performed a similar series of experiments in which d-tubocurarine, rather than
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oc-bungarotoxin, was used to block ACh receptors, with similar results. In twenty-
seven cells studied (thirty-four runs in total), about half showed no significant
inhibition; the average inhibition for all cells was 11 %; the maximum was 32 %.

Multiple conditioning 8hocks
In six cells treated with a-bungarotoxin, multiple conditioning shocks were

delivered. An example is shown in Fig. 12A; three LPN conditioning stimuli were
given, followed by a single SN test stimulus. The arrow marks the expected peak of
the SN response. The vertical line was drawn to indicate the amplitude of the control
SN response rising from the extrapolated tail of the last conditioning EPP. The test
EPP was inhibited by about 35 %. Non-linear voltage summation could account for
only 4% of this inhibition (resting potential, -59 mV; reversal potential assumed to
be -10 mV). The results from all six cells studied in this way are shown in Fig. 12B.
It is clear that the amount of inhibition increased with two to six conditioning
shocks. In one cell, the inhibition was absent when ten conditioning shocks were
applied. In this cell, the ten conditioning EPPs sequentially declined in amplitude
(depression); the tenth produced a barely detectable response.
In summary, the inhibition with postsynaptic blockade, while not observed in

every cell with a single conditioning stimulus, appeared to be a real phenomenon. It
could not be accounted for by non-linear summation, and it increased if several
conditioning stimuli were given. Moreover, the inhibition did not decay during the
tail of the EPP (in unblocked preparations the inhibition decayed during the decay
of the test EPC).

DISCUSSION

Repetitive activity at chemically transmitting synapses is known to produce
changes in the amplitude of successive synaptic potentials. In some cases, responses
increase (facilitation, post-tetanic potentiation); in others responses decrease
(synaptic depression). These changes have usually been attributed to presynaptic
mechanisms such as intraterminal calcium accumulation (facilitation) or depletion of
releasalle vesicles (depression), which alter the amount of transmitter released. In
the present study, conditioning stimulation produced a depression of test EPPs in
neonatal rat lumbrical muscle (both stimuli delivered to the same nerve; see Fig.
3A).
Our main concern in this study was to look for interaction between inputs deriving

from separate motoneurones but terminating at the same end-plate site on the
muscle fibre in polyneuronally innervated neonatal muscles. We used the rat fourth
deep lumbrical muscle because of its convenient dual nerve supply deriving from
both the lateral plantar nerve (LPN) and the sural nerve (SN). We found clear
evidence of time-dependent inhibitory interactions when measuring postsynaptic
responses both as EPPs and, under voltage clamp, as EPCs. This is of interest
because such interactions could be important in determining which neuromuscular
contacts persist and which are lost in normal developmental synapse elimination.
This is discussed further below.
The inhibitory interaction was reciprocal in that either nerve could inhibit the
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other. Inhibition was greater with larger conditioning EPCs; for example, if the SN
EPC was larger than the LPN EPC, then SN would inhibit LPN to a larger extent
than LPN would inhibit SN. The inhibition was greatest if the conditioning and test
responses were approximately superimposed. The longer the separation between
conditioning and test stimuli, the less the inhibition; the total duration of the
inhibitory effect was several tens of milliseconds, modestly longer than the duration
of the EPC. Some possible explanations for these effects will now be considered.

Inadequate voltage clamp
If the voltage at the end-plate partially escaped clamping, the resulting end-plate

potential would reduce the driving force for the subsequent test response, and so
reduce the test EPC amplitude. This could occur either if clamp circuitry was
inefficient or if the electrodes were not located precisely at the end-plate. The first
possibility was routinely checked by measuring the membrane voltage (Fig. 2); at
the peak of the EPC, if the driving force was reduced by more than about 3% the
data were discarded. The second possibility (electrodes remote from end-plate) was
also routinely checked in a number of ways, both optical and electrical. In some
experiments, nerve terminals were stained with a fluorescent dye and electrodes were
placed at the end-plate under visual guidance. Several electrical tests were also
employed, including passive and active I-V curves with reversal potential, and
comparison of time courses of EPCs and EPPs. These tests and other calculations,
described in the Results and in the Appendix, strongly suggest that little voltage
escape occurred at the end-plate. Moreover, the amount of escape needed to explain
fully the observed inhibition was large, from 70 to 95% of the unclamped EPP.
Taken together, these observations make it unlikely that technical artifacts like
voltage escape could have produced the observed inhibition, and so we turned to a
consideration of possible physiological mechanisms.

Presynaptic inhibition of transmitter release
Perhaps a substance released by the conditioning stimulus binds to the presynaptic

membrane of the test nerve terminal, inhibiting its subsequent release. We tested for
this possibility simply by extending measurements of inhibition from the peak of the
test EPC to include the tail as well. If the inhibition were purely presynaptic,
producing a reduction in the amount of transmitter released, then the amount of
inhibition should remain constant throughout the duration of the test EPC. In fact,
this was not the case; the inhibition decayed during the tail of the EPC (Fig. 12),
suggesting that the mechanism responsible for the inhibition was on-going, although
diminishing, during the conditioning EPC.

There are several ways in which this could conceivably occur, although the present
experiments offer no direct evidence about such possibilities. One possibility is that
the developing nerve terminals might interact electrically. Another is that ionic
fluxes across nerve terminal membranes during the conditioning stimulus might alter
ion concentrations in the vicinity of terminals active during the test stimulus. Such
fluxes, however, would be far smaller than those that occur across the postsynaptic
membrane in unblocked preparations. Finally, chemical substances released by the
conditioning stimulus might directly interfere with transmitter release by the test
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stimulus. Two substances known to be released by vertebrate motor nerve terminals
are ACh and ATP (Schweitzer, 1987). Adenosine, a metabolite of ATP, has been
shown to inhibit transmitter release (Silinsky, 1984; Silinsky, Ginsborg & Hirsh,
1987). Reports on the actions of ACh and its analogues have been conflicting, some
reporting apparent enhancement, and others inhibition of release (Baldo & Van der
Kloot, 1988; earlier work reviewed in Erulkar, 1983). If such substances act
physiologically in an inhibitory fashion at neonatal terminals, their latency would
have to be very short in order to explain the inhibition we have observed, suggesting,
for example, a direct channel block rather than activation of a second messenger
system.

Changes of concentrations of ions in the synaptic cleft
These could be brought about by the conditioning response. For example, flux of

Na+, Ca2+, and K+ through ACh-gated channels during the conditioning response
could lead to depletion ofNa+ and Ca2+ and accumulation ofK+ in the synaptic cleft;
this in turn could reduce both the amount of transmitter released by the test
stimulus and the current through ACh-gated channels activated by the test EPC.
The former would be a presynaptic effect, and as discussed above, cannot wholly
explain the observed inhibition because the inhibition decayed during the tail of the
test EPC. Reduction of postsynaptic current, on the other hand, might be relieved
as cleft ions were replenished by diffusion from neighbouring extracellular fluid; thus
the inhibition would decay during the tail of the test EPC, as observed. Depletion of
cleft ions has been examined theoretically for the adult frog neuromuscular junction
(Attwell & Iles, 1979). For a single spontaneous miniature EPC, the calculated
changes in cleft Na+ and K+ concentration are large (30-40% for each ion at the site
of activated receptors), and the recovery of concentrations is only slightly slower
than the time course of the decay of the EPC. Similarly, the inhibition we observed
was large and decayed somewhat more slowly than the time course of the EPC. This
mechanism, of course, would require that the conditioning response produce changes
in the synaptic cleft at sites where the test response occurs.

Attwell & Iles (1979) also found that the calculated reversal potential was little
altered as a result of altered cleft concentrations of sodium and potassium, owing to
the approximately equal permeabilities of the channel to Na+ and K+. For example,
as the membrane is clamped to more positive levels, the amount of Na+ depletion in
the cleft will be diminished, but this will be compensated for by an increased amount
of K+ accumulation in the cleft. Similarly, in two cells examined, we found that the
amount of inhibition was about the same at - 120, -80 and -40 mV. Thus, our
results are consistent with a mechanism involving changes in ion concentrations in
the synaptic cleft, which lead to a reduction in fluxes through ACh channels gated
by the test stimulus.

Saturation ofpostsynaptic ACh receptors by the conditioning stimulus
If ACh released by conditioning and test stimuli partially share a common pool of

receptors, and if these receptors are significantly saturated by the conditioning EPC,
the test EPC would be reduced in amplitude. Moreover, one might predict that, as
receptors become unbound during the conditioning EPC decay, the inhibition would
decrease, as was observed. The inhibition should also be largely independent of
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muscle fibre membrane potential, as observed. Lateral diffusion of ACh has been
examined in detail by Hartzell, Kuffler & Yoshikami (1976) and Salpeter (1987). In
adult animals, the action of acetylcholinesterase (AChE) severely curtails lateral
diffusion of ACh, restricting receptor activation to the immediate vicinity of release.
In neonates, however, where AChE activity may be less pronounced and where nerve
terminals are very small and closely juxtapositioned, it is possible that terminals
may partially share a cornmon pool of receptors.
We tested for receptor saturation by examining synaptic interactions in

preparations in which ACh receptors were partially blocked with curare or a-
bungarotoxin. If receptor saturation were significant in unblocked preparations,
then irreversibly blocking some receptors would have decreased the receptor pool
size. Assuming constant fractional receptor occupancy, this should have produced no
change in the amount of inhibition. If, on the other hand, partial blockade of
receptors allowed more ACh to diffuse to neighbouring receptors, inhibition should
have increased. In fact, the observed inhibition was decreased in receptor-blocked
preparations: about one-half of the muscle fibres examined showed no inhibition,
while the rest showed up to 40-50% inhibition. The overall mean was 15%
inhibition. In six cells multiple conditioning stimuli were delivered, and the observed
inhibition increased with the number of conditioning stimuli (unless the conditioning
responses were greatly depressed; Fig. 12). Even with multiple conditioning stimuli,
however, the inhibition in receptor-blocked preparations was less than in unblocked
preparations. Thus, it is unlikely that receptor saturation accounts for the observed
inhibition in unblocked preparations.
While ACh receptor blockade reduced the observed inhibition, it did not abolish

it in every cell (Fig. 10). This inhibition, like that in unblocked preparations, was
maximal when conditioning and test EPPs were approximately superimposed.
Possibly, the inhibition in receptor-blocked preparations was simply a residuum
of that observed in unblocked preparations. A further observation argues against
this interpretation. As noted above, the inhibition in unblocked preparations
decayed during the tail of the test EPC. In receptor-blocked preparations, on the
other hand, the inhibition during the tail of the test EPP did not decay significantly
(Fig. lOB), raising the possibility that two types of inhibition operate. This
comparison must be viewed with caution, however, because EPPs, not EPCs, were
recorded in receptor-blocked preparations, and even though EPPs were small,
voltage-dependent changes such as charging of membrane capacitance could have
obscured an underlying decay of inhibition during the EPP tail. Nevertheless,
because of this difference in the decay of inhibition during the tail of the test
response, other explanations were considered for the inhibition observed in receptor-
blocked preparations. These experiments were not performed under voltage clamp
conditions because the EPPs were only a few millivolts in amplitude. Correcting for
non-linear voltage summation reduced the observed inhibition only slightly. Such
corrections may in fact be unnecessary, since McLachlan & Martin (1981) showed
that in adult mouse muscle no correction is necessary if EPPs are smaller than about
10 mV. It is possible that a voltage-sensitive postsynaptic conductance increase
produced the reduction in test EPP amplitudes. However, such a conductance
change would have to be highly sensitive to membrane potential and very fast to
develop. In voltage clamp experiments, most fibres showed no significant change in
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passive membrane properties with small depolarizations. Increases in membrane
conductance with depolarization were seen in some fibres (Fig. 13, inset) but such
changes required relatively large depolarizations and developed too slowly to
account for the inhibition observed in receptor-blocked preparations.

Implications for synapse elimination

During the neonatal period, nerve terminals from different axons compete with
each other for sole occupancy of the end-plate. By about 3 weeks of age, each end-
plate is innervated by only one motor axon, all others having been eliminated.
Similar events occur in adult muscle during reinnervation after nerve crush. There
is evidence that synapse elimination in the rat lumbrical muscle is based partly on
the level of electrical activity in motor axons, with more active nerve terminals at a
competitive advantage (Ribehester & Taxt, 1983; 1984; Ridge & Betz, 1984;
Ribehester, 1988; reviewed in Betz, 1987; and Ridge, 1989; but see Callaway, Soha
& Van Essen, 1987). The cellular mechanisms by which activity exerts its influence
are not known. It is natural to enquire whether the inhibitory interactions described
in this paper play a role in this process. For example, one model of competitive
synapse elimination is that postsynaptic receptor activation causes local release by
the muscle fibre at that site of a trophic substance which nerve terminals require for
synapse stabilization; its uptake by the terminals, perhaps in conjunction with
vesicle recycling, is dependent upon recent nerve activity. Thus, according to this
model, inhibition of transmitter release and/or inhibition of transmitter action might
lead to a decreased capacity to take up trophic substance. In attempting to apply the
present results to this model, several apparently severe constraints arise. One
constraint is temporal - the inhibition we observed lasts only a few tens of
milliseconds. This imposes severe restrictions on the rate and pattern of activity in
convergent axons, if this were to play a role in synapse elimination. Interestingly
(although its physiological significance is not known), presynaptic inhibition at the
crayfish neuromuscular junction lasts only about 5-8 ms (Dudel & Kuffler, 1961).
Another constraint is spatial. The mechanisms of inhibition we have considered
operate only over small distances, in the order of several micron'etres; virtually
direct nerve terminal apposition is required. Lichtman et al. (1985) ha e shown that
in embryonic snake fast twitch muscles, synaptic boutons from different eurones do
interdigitate in a fashion that might promote such short-range interactions Whether
such intimate contact occurs in mammals is not known; electron micr6raphs
(Bixby, 1981) show nerve terminal profiles in direct contact, but it is not knpwn
which profiles belong to which neurones. Clearly, it would be of interest to know more
about the spatial distribution of terminals belonging to different motoneurones at
single end-plates in mammalian muscle.

APPENDIX

Quantitative tests of voltage clamp efficiency
After an experiment was completed we performed further tests to check that

impalements were at the end-plate; if not, the data were discarded. The I-V
relationship for the cell illustrated in Fig. 5 is shown in Fig. 13. The passive I-V curve
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is plotted in Fig. 13A; measurements were taken 1 ms before the EPC deflections
(inset). The input slope conductance increased (with a delay) approximately 12-fold
between -90 and + 5 mV, from 50 to 640 nS. EPC amplitudes are plotted against
membrane potential in Fig. 13B; the reversal potential is -10 mV and the
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Fig. 13. I-V curve for cell illustrated in Figs 6, 8 and 9. A, passive membrane properties
measured 1 ms before the start of EPC (see inset traces). Input conductance increased
more than 30-fold between -90 and + 5 mV. B, EPC amplitudes at different membrane
potentials. The reversal potential was - 10 mV. The line is the best linear fit to the points.
The negative reversal potential and linear EPC-membrane potential relationship in the
face of a highly rectifying membrane suggests that the end-plate was well clamped.

relationship is reasonably linear throughout the entire voltage range. This linearity
in the face of highly rectifying passive membrane properties and the negative
reversal potential further suggests that the impalements were very close to the end-
plate. If the impalements had been remote from the end-plate, the clamp efficiency
would have deteriorated with membrane depolarization, owing to the fibre's greatly
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shortened length constant at depolarized potentials. This would have led to increased
voltage escape at the end-plate, shifting the measured reversal potential in a positive
direction and curving the relationship in Fig. lOB (concave downward).
We next estimated the maximum distance from the end-plate possible, given the
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Fig. 14. Electrical estimates of distance between clamp electrodes and end-plates. A,
curves show theoretical current Ix (see text for equation) as a function of distance from
end-plate, based on an extreme assumption (ACh action causes a complete short circuit
at the end-plate). Squares mark observed currents and give an upper limit (about 006
space constants) to the distance from end-plate. There are multiple curves because runs
were carried out at slightly different holding potentials. B, assuming that clamp electrodes
were 006 space constants from the end-plate, the line plots the theoretical relationship
between the fractional voltage escape at the end-plate and the size of the unclamped EPP.
The squares mark the escape which would be required to explain the observed inhibition
(cf. Fig. 7). The poor agreement is further evidence that the inhibition cannot be
explained by voltage escape at the end-plate.

observed EPC amplitudes and muscle fibre input resistance. That is, we made the
worst case assumption that ACh action at the end-plate produced a short circuit,
reducing the input resistance to zero at that site. With the electrodes at the end-
plate, this would produce an infinitely large EPC. Figure 14A shows the expected
relationship between EPC amplitude (Ix) and electrical distance (xll) from the end-
plate, where x is distance between end-plate and clamping electrodes and I is the
length constant. The squares mark the observed currents on the appropriate curve.
(There is more than one curve because different runs were carried out at slightly
different holding potentials.) The lines were calculated as follows; the total current
(Itot) flowing at an end-plate with remote clamping electrodes is given by Auerbach
& Betz (1971, eqn (4)) as:

Itot VOtot RS +2RO/(I + coth (x/l))'
where RS = synaptic resistance due to ACh action and Ro = input resistance, VO =
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driving force (membrane potential-reversal potential), x = distance between end-
plate and clamping electrodes, and I = length constant. Itht divides into two
components: one passes along the muscle fibre towards the clamp electrodes (I, ) and
the other away from the clamp electrodes. The amount passing towards the
electrodes is given by:

I> = ItOt/(1 +tanh (x/l)).
Part of this current leaks out of the fibre before reaching the clamp electrodes; the
current reaching the electrodes (Ix) is given by:

Ix = I>/cosh (xll).
The lines in Fig. 14A were drawn according to this equation. Ro was measured
directly; reversal potential was assumed to be -10 mV; Rs was set to zero (short
circuit at end-plate). These calculations are based on several assumptions, namely,
perfect clamping efficiency and complete charging of membrane capacitance between
clamp elecrodes and end-plate. Errors arising from these assumptions are probably
small; the observed clamping efficiency was over 97% and the distances being
considered are a small fraction of a length constant, making it likely that
capacitative lags were negligible.
None of the squares in Fig. 14A is at a distance greater than about 0-06 length

constants from the end-plate. This, of course, is an upper limit, since the transmitter
action at the end-plate was assumed to be infinite.

In another test, SN and LPN EPP and EPC amplitudes were used to predict
reversal potential. Assuming that electrodes are located at the end-plate, EPP
amplitude V is given by:

V = VoRo/(Ro +Rs),
and EPC amplitude I by:

I= VO/Rs.

Combining these two equations, and solving for Ro gives:

Ro = V VO/I(Vo-V).
Adding subscripts for sural nerve (SN) and lateral plantar nerve (LPN) responses and
solving for V0 gives:

VO = VSN(ISN/ILPN- i)/(ISN/ILPN- VSN/VLPN).
The reversal potential is simply the resting potential + V0. For the cell in Fig. 14,

the reversal potential calculated from this relationship is -9 mV, close to the
measured value (-10 mV). More generally, one can ask how the measured reversal
potential (Erev) changes with distance from the end-plate. At EPC reversal, the error
in measuring Erev is simply the difference between the membrane potential at the
recording site and at the end-plate (Vx-Erev), which is given by:

(Erev-RP) (ex/l- 1),
where RP = resting potential. With RP = -60 mV, the error is about 11 mV when
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x/l = 02. This is misleading, however, because in the cell in Fig. 14, the input
resistance fell by about an order of magnitude when the cell was depolarized to about
- 10 mV. Since length constant is proportional to input resistance, 0 2 length
constants at -10 mV is equivalent to approximately 0-02 length constants at
-60 mV. In other words, if the electrodes had been more than a few hundredths of a
length constant (measured at the resting potential) away from the end-plate, the
error in estimating the reversal potential would have been more than 10 mV. This
would have required that the true reversal potential be more negative than -20 mV,
which is very unlikely.

In summary. the results taken together make it seem reasonable to conclude that
the impalements were within 006 length constants of the end-plate. In a final
calculation, we used this value to estimate the maximum amount of voltage escape
that might have occurred in this cell; results are shown in Fig. 14B. The squares show
the escape that would be required to explain the observed inhibition (cf. Fig. 7). The
line shows the escape expected as a function of EPP amplitude, assuming that the
clamp electrodes were 0 06 length constants from the end-plate (calculated according
to Auerbach & Betz. 1971. eqn (6)). It is clear that voltage escape cannot account
fully for the observed inhibition. One can add further that, if the apparent inhibition
were due solely to voltage escape, we should have recorded from the occasional cell
which, impaled precisely at the end-plate, showed no inhibition. In fact, in voltage
clamp experiments on unbloeked preparations, all cells showed an inhibitory effect.
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