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fibres end immedietely anterior to the point of entry of the posterioer
nexrve branch. In & suitable dissection the muscle fibres on the cut edge
of the preparation obtained their nerve supply immediately from the enter-
ing posterior nerve branch. However the origin of +the nerve supply of the
central fibres of the hemi-diaphragm was very varisble., In about 50% of
preparations a recurrent twig from the (sectioned) anterior branch not only
supplied the central muscle fibres but also frequently encroached considerw
ably en the territory of the posterier branch. Such preparations vere dis-
carded as also were mreparations in which the nerve twigs ran some distance
radially before innervating the musele fibres.

Suitable preparations vere mounted as shown in Pige 35 the border-
ing fibres being placed as close as possible to the Perspex partition. This
rartition was 1.5 mm thick and, beneath it, through a notch sealed with
vaselin% the posterior branch of the phrenic nerve was led., With non~-polar-
isable electrodes arranged as shown (Figs. 2 & 3) to pase direct current,
the lines of current flow converge at this notch. For a given current the
polarisation produced at a given nerve terminal is & function of the space
constant of the nerve fibres, the proximity of the termin2l to the notch
(normslly less than 200jt) and the relative volume of tissue, including other
nerve fibres, passing through the notch. A disadvantage of this arrangement
vas that a considerable potential difference was produced by current £flow in
the bath solution. Where uecessary this potential was compensated either by
adjusting the operating condition of the input cathode Ffollower to bring its
output back to the original voltage level or else by applying & compensating
potential to the other input of the differential amplifier.

Normally the polarising current wae applied by manual operation of

a potentiometer. A monitoring resistor wes placed in series with the nerve

and the p.d. developed across it was read on & d.c. voltmeter.
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For brief reétangular pulses the potentiometer was preset and the
pulses were applied by the action of a Carpenter relay which was driven
from the sweep potential via a Schmitt trigger circuit. By manwal operation
the polarising current could be gradually increased over several seconds, so
utilizing the accommodation process te prevent the intense repetitive dis-
charge vhich would have been produced by the sudden onset of such 2 current.

For experiments in which it was necessary to block nerve impulses
close to the nerve terminals (Section 3) & cold bloek was produced, For
this purpose a thermode similar to that described by Douglas & Malcolm (1955)
was used. The preparation was dissected as for the polarising experiments,
and was mounted as shown in Fig. 4. The posterior branch of the phrenic
nerve was lodged in a slot in the silver tip (2.5 mm diameter) of the thermogde
which, for the purposes of insulation, was surrounded by liquid peraffin
enclosed by & very thin Perspex collar. A high flow rate of the chamber
solution was employed to maintain the neuromusculsr junctions as near as
possible o the normal temperature of 3800.‘ The coolant for the thermode
vwas alcohol brought to a temperature below ~WO°C by the addition of solid
carbon dioxide. The temperature of the thermode tip was determined by
silver - Eurekas thermocouples, the reference junction being immersed in
crushed ice, Nervous conduction was blocked completely at + 500 but to
allow a mergin of safety the temperature was held at —100 during experiments.
The nerve block was rapidly and completely reversible,

For investigations on tissues in vivo, rats were ansesthetised
with intraperitoneal pentobarbital sodium (40 mg per Kg), pliced supine and
immobilized on a cork surface by means of pins inserted through the forefeet,
pelvis and hind limd joints. The left gracilis muscle was exposed under a

paraffin pool, the indifferent electrode being a saline-sosked pad sutured

1o the muscles of the abdominal wall,
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(P)e Instrumental noise and artefacts. No electriocal equipment is noise-

free and, at the high amplifications employed, the resent circuitry was

no exception. However baseline noise was not a serious problem since the
range was usually less than 50 uV, and, further, very high frequency compon-
ents could be suppressed by a filter normally set at 30 Kc/sec.

More important in the present work were the various artefacts en-
countered (Figs. 5 & 6). This collection may appear formidable but, in
rractice, most types were but rarely seen. Therein, hovever, lay their
inconvenience for it was important that their true nature be recogmised
immediately.

Artefacts presented two proﬁlems. First, monophasic artefacts
could simulate "physiological" spontaneous potentials - intra- or extra-
cellularly recorded - especially with form and time course unresolved at a
low sweep velocity. Secondly, oscillatory artefacts, unless resolved by a
high sweep velocity, could interfere with the measurement of amplitudes.

The most frequent and interesting of the oscillatory artefacts
was that depicted in Fig. 5, Records Cy D & BE. This artefact appeared only
when the microelectrode tip was located on or in a fibre. OFf & frequency in
the renge 20-40c/sec (Main's supply was 5Qc/sec) it would appesr sponteneously
dﬁring & recording; sometimes to die away, sometimes 4o increase and become
disorganised, and yet sometimes to persist unaltered until the electrode was
withdrawn, Not infrequently it was merkedly asymmetrical and occasionally
exhibited obvious “beats",

(G). Measurement of frequencies and amplitudes. The method of recording

series of spontaneous potentials and e.p.p. responses was essentially similar
to that described by Castillo & Katz (1954b).

(1) Determination of frequencies of spontaneous potentials,

When}for a random process such as the spontaneous potentisls, the
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mean frequency, £ per sec., is estimated by measurement over n seconds,

YO'S. Hence, if

the standard error of the estimated mean is given by (£/n
it is desired to keep the standard error at & constant fraction of the mean,
it is necessary to maintain the product fn constant, ie.e. the duration of
observation should vary inversely with the mean discharge frequemcy at a
junction. B8uch a procedure was adopted in the present work.

Special problems were encouatered in attempting to determine the
mean frequency of the miniature discharge when frequencies were very high
or very low. For an accurate determination of the low discharge freguencies
that occurred for instance with hyperpolarisation of the terminals (Section
3), it was necessary %o extend observaxions over many minutes at each setting
of the polarising current. DBeside expending phetographic film, such long
periods of recarding greatly increased the risk of encountering either pro-
gressive change or {ransitory disturbances of the discharge frequency due to
extraneous factors. Progressive effects could be detected by checking the
value of the resting frequency at intervals during a series, More serious
Froblems were encountered with very high discharge frequencies, Minimal
baseline 'noise' was essential. Further it was necessary to localise the
Junction precisely so that potentials would be recorded with maximum ampli-
tude and briefest time course. Anticholinesterases were undesirable since
they involved & prolongation of time-course and an increased liability of
the generation of action potentials. Under favourable conditions and with a
very high sweep velocity, frequencies as high as.600-700 per sec were readily
determined, but above this level there was an increasing uncertainty in the
recognition of individual potentials and counts were very likely to under-

estimate the true values.

In all records interspersed large miniature potentigls were

&ssumed %o result from the fortuitous coimeident discharge of quanta and
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hence the guantal content of such poﬁeatialé ves estimated for the frequency
count. Such a procdedure ignores the tendency of the mammelisn miniature
dischargeg to display a greater number of coincident discharges than would
be expected by stochastic theory (Sections 1 & 4),

The effective frequencies during very brief intervals after the
application of a reckangular current pulse %o the terminsls (Fig. 33, Section
3) were determined by photographing seversl thousand pulses and counting the
number of discharges occurring within the corresponding intervals on ¢sach.

A similar procedure was employed to determine the effective fre-
quency of the winiature discharge at very brief intervels following the
arrivel of a nerve impulse at a preterminal nerve block (Fig. 36, Section 3).
(1i) Determinetion of amplitudes of sponteneous potentials and responses,

The use of anticholinesterases to increase the amplitude of the
potentials was deemed inadvisable in view of the low threshold for propa-
gated responses encountered in rat muscle fibres. In many fibres action
potentials were initiated by espeps's of 6 = 8 uV, a value which agrees
with the figures of Lundberg & Quilisch (1953a). Direct electrical stimu~
lation by current pulses through one barrel of a double microelectrode con-
firmed this low threshold,

The accurate measurement of the amplitude of beth spontaneous
potentials end e.p.p. responses required a precise localisation of the junctior
vwhich vas recognisable by the brief time course and large size of the potenw
tials. It was necessary to appreciate that for large potentisls, involving
a significant displacement of the membrane potentisld toward the equilibrium
potential of the e.p.p. (Castillo & Katz, 1954b), the constituent units

would no.longer sum linearly,

In 21l wmeasurements it was essential to have baseline noise at a
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minimal level, for any unresolved noise would lead to an underestimate of
amplitudes when potentials were measured from the upper edge of the immedi~
ately preceding baseline.

(iii) Further precautions necessary in the measurement of e.D.p. responses.

Extrinsic potentials were frequently detected and vhen large
could lead to a significant underestimate of response amplitude.

In experiments in which the €eDePe '8 were Tfragmented' by abnor-
mal calcium and/or magnesium concentrations (Sections 2, 3 & 6) care was
necessary in deriving the number of Ffailures to a series of stimuli. Theo-
reticelly the proportion of failures could be overestimated if stimulation
was inadequate or if nerve block occurred. However suprameximel stimylation
was:used in all experiments, and, in ﬁarticular, all stimuli of a tetanus
were of equal strength. Nerve block would be characterised by a progressive
deterioration of response and by an independence of initial response size,
but it was n,qt encountered as a source of gpurious failures of response.

On the other hand, the presence of spontaneous potentials inevite
ably leads to an underestimate of failures, since 'unitary' responses and
spontaneous potentials are, by amplitude, indistingiishable., It may be
shown that, if ot is the accepted latency variation range of responses and
T is the mean interval of the spontaneous poteﬁtiala, then, for & series of

N stimuli, the iotal number of quanta involved in the responses will be

overestimated by a number, n = ¥ at/m s 1% being assumed thet all spontaneous
potentials involve & single quantum only. If the spontaneous discharge is
of low freguency and a high sweep velocity is used, this correction is un-
important. Such precautions were observed in Section 2, except in the case

of Figs., 21 & 26 which represent experimeuts performed for the purpose of

obtaining illustrations.
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In Sections 5 and 6 it was necessary to investigate junctions at
vhich the frequency of the spontaneous potentisls was much higher, and
hence & correction to the observed number of failures was necessary. If

&% and T have the same meaning as above, and z is the observed number
of failures in a series then it way be shown that the true number of
failures, x = z/(1 - at/p).

No interaction was observed between"fragmqnted' responses at a
stimulus interval of 1 sec., However Liley & North (1953) have shown that,
in a curarised preparation, on e.p.ps is depressed for some 5 - 8 sec after
& conditioning e.p.p. Hence for the measurement of amplitudes in such 8
preparation a minimum stimulus interval of 10 sec would be desirable, which
means that a series of some 200 responses would require about 30 minutes of
continuous recording. This period is prohibitive, for, besides the risk of
the electrode accidentally emerging from the fibre, any drift in membrane
potential may more than offset the hypothetical gain in accuracy. Hence,
for the appropriate experiments of Section 2 (Table 5), a stimulus interval
of 5 see vas accepted as a compromise,

(H). Stetistics, In the majority of investigations concerning the effect

of various agents on the frequency of spontaneous potentials, guantal content
of responses etc., observations were randomized rather than paired.

Paired observations involved long periods of recording at single
junctions. Such obgervations could readily be invalidated by any drift in
resting discharge frequency or membrane potential and often such effects
could be detected only by analysis after an experiment was concluded, Not
infrequently a junction displayed steady behaviour for an hour or longer
but in most experiments it proved more convenient to randomize observations.

For this purpose 2 continuous traverse across the preparation with the
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mieroelec‘l;mde was undesirable for, although the diaphragn was under light
tension only, it is unlikely that tissues were under equal tension at all
points (cf. Hutber & Traviwein, 1956). Hence by vascular and neural land-
marks the diaplragm was divided into a number of strips and these strips
were cyclically assigned to the different stages of the experiment. Within
a strip a continuous traverse in 40-50u steps was made with the miercelectrods
Wherever possible groups of observations were made in the sequence:-
control -~ test - control_. If the initial and final control groups showed
satisfactory statistical agreement they were pooled for comparison with the
test observations. Vhers groups of observations showed disparity of
variance, the tables of Aspin & Welch (1949) were used in the comperison
of means,.
Other mathematical or statistical procéedures are more conveniently

explained as they arise in the appropriate Sections.
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SECTION I
SPONTANEOUS ACTIVITY AT THE NEUROMUSCUIAR JUNCTION OF THE RAT

INTROIUCTION

This Section describes the occurrence of spontansous activity
at the neuromuscular junction of the albino rat. The characteristics of
this activity have been investigated, both in isolated tissues snd, to o
less extent, in vivo.

RESUIZS

On penefration of a muscle fibre, the microelecirode immediately
recorded a membrane potential of the order of 70-75 mV (internally negative).
Measurements in 31 fibres in one isolated diephragm gave a mean value for
the resting membrane potential of 73.2 wiV (8.de 5.2 mV ).

Spontaneocus miniature potential changes of rising phase 0.6 ~ 2
msec and half decay approximately 1.5 msec were readily detected in all
innervated muscles investigated (Fig. 7). These potential chenges, represen~
ting a decreased internal negativity vwere observed not only in the fibres of
the isolated diaphragm but also in the fibres of the gracilis musele in situ.
In the latter case, especially in young animsls, minimal disturbances of the
tlesues was invelved as the microelectrodes readily pemetrated the intact
epimysium, .Henee there seems little doubt that the spontanecus potentials
are a naturally occur:ing event rather then a phenomenen ~ glbeit a signifi-
cant one - appearing only in the questionably normal conditions of isolation.

With isolated tissues in solutions of normal constitution the
mrecise localisation of the ministure potential discharge to the end-plate
zone was difficult. Under normal conditions in the rat, unlike the case

in the frog, the form and amplitude of the indirectly evoked action potential

recorded at the neuromuscular junction shows no characteristic differences

from thet recorded at points distent along the fibre.
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However both in vive and in vitre the miniature potentials could
be detected only at sites where the nerve filamenis, 2s viewed under the
dissecting microscope, could be seen to ramify finely and apparently
terminate,

Purther confirmation was obtained by repetitive indirect stimue
Jation of the preparation at fregquencies greater than 50 per second. Under
these conditions,at the junction an e.p.p. 'step' does appear on the rising
vhase of the action potential and eventually the propmgmted muscle spike
fails, leaving merely an e.p.p. By contrast, at points distant along the
fibre, no steps are seen on the action potential and conduction appears to
be 'all or unothing' in type. Using tﬁis criterion the miniature potentials
could be detected only at the junctional zone., Similarly electiricel identi-
Tieation of the end-plate zone could be achievec}. by the appearance of an
@«PeDes 'step! during progressive neuromusenlar blockage by raised magqesium
concentrations (6 - 10 mM) or by the addition of d-tubocurarine (7 x 10'8).
Again the miniature potential Qischarge was found to be located exactly at
the junction, although in the latter case this discharge was simultaneously
ablated,

That the spoutaneous potentials arose by the action of quanta of
acetylcholine on the end-plate zone of the muscle fibre was strongly sugges-
ted by the effects of d-tubocurarine chloride (7 x 10"8) and gallemine tri-
ethiodide (10"”’) in obliterating the discharge and the action of prostigaine
bromide (19"6) in doubling the amplitude and inereasing by approximately
80% the half decay time of the miniature potentials (FigMB i::z.

Finally the origin of these quanta of acetylcholine in the nerve

terminals was confirmed both by the dismppearance of the discharge in the

presence of 0.01% novocaine and by observation of the effects of denervation.
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Within 12-14 hours of phrenic neurectomy performed 56 mm from the diaphragm
all response to indireet stimulation had disappeared and within the next

few hours the miniatuwre discharge elso vanished. Moreover the discharge

was never observed in & chronically denervated preparation. On the other
hend, 25 soon as the presence of indirect excitability indiecated the regene-
ration of the motor axons and terminals, tﬁe miniature potentials could be
readily detected.

Amplitude and frequency.

The amplitude of the miniature potentials recorded both in vive
and in vitro was of the order of 0.5 - 1,5 mV. The amplitudes varied not
only from one fibre to the next but also at a given end-plate. Usually
it was observed (Fig. 8) that the amplitudes were distribﬁted approximately
normally sbout some modal value, but isolated discherges of much greater
awplitude were relatively frequent - values as high as 10 mV being occasion-
ally encountered., Some of these large potentials displayed ong or more
steps on their rising phases (Pig, 7, Bl), which may be taken to indicate
that they are produced by the temporal summation of smeller miniature
potentials, However, freguently no such effect could be observed, the
larger potentials presenting a time course almost identical with that of
the concomitent miniature discharge (Fig. 7, Az).

The frequency of the miniature discharge also varied widely from
fibre to fibre. A% 3700, under normal conditions, the extreme values were
1/5 per sec and 118 per sec (Fig. 9), but in over 97% of Pibres the fre-
quency did not exceed 7 per sec, the modal value being 1 - 1.5 per sec for
both isolated diaphragm snd gracilis in vivo., When & given fibre was ob-
served over long periods of time small random wariations in frequency were

seen and eccasionally this variation was superimposed on & progressive
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change - usually a gradual acceleration.

The mean frequency of the miniature discharges showed some varia-
tion from preperation to preparation but in most cases the extent of this
deviation was small,

The amplitude and/or frequency of the ministure potentials could
be modified by a number of agents which may be considered as follows:

a. Anticholinesterases. Prostigmine in & concentration of 1/106 w/v
approximately doubled the amplitude of the discharge without significant
alteration in frequency (Figs. 7 By &nd By, 10 A & B)e Occasionally the
large potentials were so augmented by the addition of prostigmine that they
generated propagated action potentials (Fig, 10 C,D).

be Temperature. Over the range of 25—4000 the frequency of the miniature
discﬁarge had a positive temperature coefficient, the relation of frequency
to temperature being approximately linear to give a Qig_BBOC of 3 - 4

(Fig. 11A). Unexpectedly, however, over the range from 16°C (the lowest
temperature investigated) %o 2560 the frequency appeared to have quite a
high negative temperature coefficient, This effect was originally observed
during continuous recording from single fibres and, although reversible,
was regarded with suspicion on the grounds that slight movements in the
apparatus arising from the differing thermal coefficients of expansion of
its various components might have led to small displacements of the micro-
slectrode and hence injured (q.v.) the adjacent nerve terminal. As a check
the frequencies of the miniature discharges in a number of different fibres
in one preparation were recorded at each of three set temperatures and the
resaltent graph shows clearly the upward cencavity of the freguency-tempersw
ture curve,.

No consistent relationship between peak amplitude and temperature
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wag observed. However reducing the temperature to 20°¢ doubled the duration
both of the rising phases and of the half decays of the miniature potentials
(Fig. 21B).
¢s Indirect stimulation. Pollowing a single nerve volley the probability
of the occurrence of a minimture potential was considerably enhanced (Pigz.
124). This enhancement vas maximal immediately after the arrival of the
volley at the terminals and represented an increase in the miniature poten-
tial frequency of 50-200%. Barly experiments suggested that the increase
was more marked the lower the resting frequeney of the discharge (Liley,
1956a) but subsequent experiments failed to confirm this. No gignificant
change in amplitude was observed. Subsidence of the frequency to the origi-
nal rate occurred in less than 200 msec.

When the preparation was tetanically stimulated, these effects
vere much more pronounced. For example a tetasus of 3,000 impulses (200
per sec for 15 sec) increased the discharge frequeucy to a transient value
some forty times the resting rate (Pig. 14), again without change in the
amplitude of the potentianls (ef. Brooks, 1956a). The decline from this
peak frequency vwas initially very rapid, but the return to the resiing
discharge rate required some 6 or 7 min {Pigs. 13, 14, 15AJ., This time
course resembles that of the familiar post-tebtanic potentiation of the
€.DsPs in a curarised fibre (Pig. 158), but certain important differences
wore noticed. Firstly, the increase in the miniature potential frequency
was maximal immediately after the cessation of the tetanic stimulation
vhereas in a curarised fibre the e.p.p. was virtually zero at the end of

the tetanus and increased through a subnormal range to & supernormal peak

amplitude over a course of some seconds. Secondly, the percentage increase

in the miniature potential frequency was wuch greater then the corresponding
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change in the e.p.p. amplitude,.

Direct stimulation - either single (Fig. 12B) or repetitive -
of the muscle fibre produced no change in the frequency of the miniature
discharge. fThese results indicate that the post-tetanic change in minia-
ture potential frequency was dependent only on rresynaptic activity, and,
further, that the effect could not be attributed to mechenical trauma which
might be produced in the nerve terminal by the microelectrode during the
tetanic cogtractions.
de Osmotic pressure., Both the frequency and the amplitude of the miniature |
potentials were affected by the tonicity of the bathing solution (Fig. 16).
When the osmotic pressure of the solution was increased 25% by the addition
of sucrose the frequency was increased tenfold while the amplitude was re-
duced by approximately 40%. Both of these effects were readily reversible,
@« Trauma. The invariable response to mwechanical traums inflicted for
instance by gentle pulling of the nerve, vibraiion or small horizontal
movements of the microelectrode or the insertion of electrodes which Pro-
duced visible 'dimpling' of the preparation was an increase in the freguency
of the winiature discharge. 1In some ocases values as high as 1000 per sec
were observed. TFrequently the effect was irreversible, the extent of loeal
mechanical damage being confirmed by a fall in the resting membrane potential
of the impaled muscle fibre and often by the failure of neuromusculax trans-
mission. These observations rrobably account for the gradual progressive
increase in the frequency of the miniature discharge that is seen in some
fibres during prolonged recording, for minute movements of the_preparation
due to turbulence in salution‘flow and any vibration communicated to the

microelectrode via the menipulator could injure the ad jacent nerve terminals.

Similarly the occasional high frequencies observed immediately following
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penetration (e.g. velues greater than 10 per sec in Fig. 9) could be accounw
ted for by demage to the nerve terminal as the electrode approached the
fivre surface,

The miniature potential discharge appeared relatively resistent
to anoxia - certainly more & than neuromuscular transmission. Miniature
potentials could be recorded at normal frequencies for at least 20 minutes
after the immersion of diaphragms in non-oxygenated solution apd similarly
in the gracilis in situ 15 minutes after the barbiturate-induced death of
the rat. Howéver prolonged anoxia induced for instance by immersing the
preparation in a non-oxygenated solution beneath a layer of paraffin evenw
E%élly rroduced very high frequenciles, although there is a consgiderable
likeliheood that mechanisms other than anoxia alone, e.g. potassiva accumu-
lation, were involved. Sodium cyenide in a concentration of 2 mM per-libne
reduced the nuscle membrane resting potential to a steady value of 40-45 mV
within 5 minutes but had no effect on the miniature potentisl frequenecy over

an observed peried of 25 minutes.

Extracellular recording of miniature potentials.

Occasionally it was possible both in vive and inm viiro to detect
the miniature discharge with the microelectrode tip situated on the surface
of the junctional zone of the muscle fibre., Under these conditions, as in
the frog (Patt & Ratz, 1952; Castillo & Katz, 1956a) there were certain
differences from the intracellular records.

i« The polearity of the potentials was reversed i.e. on increasing negativity
of the microelectrode relative to the indifferent electrode was recorded in
contrast to the intracellular decreasing negativity (Pige. 17). This change
of polarity wvas extremely sensitive to s#light movements of the microelectrode

as would be expected from the tenuous nature of the surface membrane.
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ii. The‘extracellular localization of the miniature potentials was very
critical, as evidenced by the fact that, although in several thousand fihres
the discharge was detected intracellularly, in only seven fibres was any
external sign of activity observed.
iii, The %time course of the miniature potentials was briefer when recorded
extracellularly as illustrated by Teble 2 and Fig. 18B. The explanation of
these differing time courses lies in conideration of the currents flowing
in the conventional equivalent circuit of the fibre membrane as & number of
capacitor-resistor-battery elements arranged in parallel. The extracellular
¢lectrode records the potential change produced by the cufrent that flows as
the capacitor elements rapidly equalize their charge. By contrast the intré-
cellular electrode at the junction (as at points distant), records a potential
change until such time as the charge on the capacitofs is fully restored by
the batitery elements,
TABLE 2,
Time course of miniature potentials
Mean and $,D. of 16 measurements in each case

Duration of rising phase (msec) Half decay time (msec)

Extracellular 0.80 (0.) 1.25 (0.22)

Intracelluler 1.75 (0.28) 1.60 {0.14)

ive In Four of the five fibres in which both extra- and intracellular
observations of miniature potentials were made, the extracellularly recorded
diseharge was noted to be of lover frequency than that recorded intracellularly
but this difference lay only at the 'probable! level of statistical signifie

cance. In the fifth fibre however (Fig, 18A) the externally recorded dis-
charge was only 2% of the internal recorded rate.

In all cases the extracellularly observed miniature potentials
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showed a much greated dispersion of amplitudes then their inbtracellular
counterparts, the co~efficient of variation of the amplitudes of the former
being approxiﬁately double that 6f the latter.

These observations accord with the concept of 'active spots! in
the end plate surface as postulated by Patt & Katz (1952) and Cas%ino &
RKatz (1955a, 1956a) in the frog, but also suggest that the spatial dispersion
of such 'active spots! is less in the rat than in amphibia, the external
microelectrode theredy being less discriminative at the mammalisn junction,
The miniature discharge as a stochastic rrocess.

In the rat, as in the frog, the sequence of minieture potentials
appeared to be completely irregular. Moreover no short bursts of high fre-
quency activity such as ocour at frog junctions (Fatt & Katz, 1952) were
observed. However, in view of the relative frequency of 'miniature! poten-
tials with amplitudes several times that of the modal value, i{ became
necessary to submit the apparent r@ndomness of the miniature discharge to
statistical test,

For this purpose the method of analysis described by Feller (1950)
and used by Fatt & Katz (1952) on their date from the frog was employed.
For complete randomness of the discherge, that is where the probability of
occurrence of any one discharge is independent of preceding activity, the
relevant relations are;:.

2. For am interval at, very brief compared with the mean interval T, the
probability of at least one discharge is given by P = ot/T.

be For a lemger interval, +, the rrobability of at least one discharge
inereases exponentizlly and is given by P = 1 - exp (~t/T).

¢ce The intervals belween successive discharges in a large series of observa-

tions (total number N) are distributed exponentially, the frequency of any

interval between t and t + At being given by n = §¥ 4t/T exp (~4/7).
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The applicability of these relations was tested on a series of
929 miniature potentials which covered a total period of 508.1 sec giving
a mean frequency of 1.83 per sec and mean interval T of 547 msec. No signi-
ficant alteration in the mean frequency occurred during the recording of
this series,

Successive intervals between individual ministure potentials were
grouped into brackets, at, of %0 msee. The resuliing distiibution, as
shown in Fig. 19, fits reasonably with the theoretical distribution for a
stochastic process n = N at/? exp («t/7). (7(? = 0.9y £ = 30).

Similarly, as shown in Pig. 20, plotting the total number of
intervals of duration less than t against t gives a curve which accords
closely with the predicted curve P = 1 ~ exp (~t/7), From these results
there is little to suggest that the discharge is other than completely random.

Hovever investigation of the siatistical distribution of amplitudes
of the same series of miniature potentisls indicates that some form of inter-
action certainly does occur. PFig. 8 illustrates this distribution for 903
miniature potentials, In 26 miniature potentials the amplitudes could not
be determined accurately as the peaks oceurred during the 3 msec !'flyback!
of the C.R.0. beam. No potential could be lost entirely during the !'flyback!
however, hence measurement of the intervals between discharges was still
possible,

Theémm&itudes of 887 of the 903 miniature potentials are distributed
approximately normally about a mean value of 0,58 mV with a coefficient of
varistion of 50.9%. Further there are no marked secondsry humps and the
amplitudes do not tail off to zero. Hence this population would appear to
indicate the existence, as in the frog, of & standard sized 'unit! discharge.

The scatter about the mean value could result from several factors:-



26
8. The finite dimensions of the nerve terminals (mean diameter 31, Cole,
1956 ) resulting in a spatis) dispersion relative to the microelectrode of
the presynaptic foci emitting these jets of acetyleholine,.
b. The conformation of the terminals leading to some of these foci being
situated at points less effective than others for postsynaptic stimulation.
¢. Tossible post-synaptic effects of facilitation or depression as a result
of activation by 1revious discharges,
d. Baseline 'noise’ voltage which had a range of catso BV leading to small
inaccuracies in measurement.,

Besides this population however there is a group of 11 discharges
with amplitudes approximately double the unit value, 2 discharges about
treble andg 3 about'4 or 5 times the mean size. These would appear to répre-
sent the simultaneous occurrence of 2, % or more discharges respschively.
Further, as a high sweep velocity was employed it was possible to ascertain
that none of these larger discharges showed a ‘stepped! rising phase. Under
these conditions the minimum interval between discharges which could be
resolved was effectively 2 msec. The probability of one discharge following
another within such an intervel is given by at/T = 2/547 £ 1/274. The chances
that two such intervals (leading to a treble discharge )follow each other is
given by 1/2742 = 1/75,000. Similarly the probebilities of quadruple or
quintuple discherges are respectively & x 10"7 and 1/5.6 X 10"9. Hence,
were the discharge completely random, we might reasonably have expected to
encounter 3 or 4 'double' discharges, but not any larger discharges. Thus
the observation of 11 double discharges and 5 with triple or even greater
quantal content strongly suggests that at brief intervals at least the

sequence cannot be considered entirely random. PFurther investigations of

this phenomenon are described in Section IV.
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DISCUSSION

The occurrence of spontaneous subthreshold activity at the
mammalian meuromusculer junction was not vnexpected and the present obser-
vations indiecate that this activity conforﬁs fundamentally to the pattern
observed in the frog (Fatt & Katz, 1952). Species variation in mean ampli-
tude and frequency of the miniature discharge may be accounted for by differ-
ences in multiple interacting factors including temperaiure, ionic media,
excitable membrane constants and motor terminal, ﬁorphology. The basic
picture stands of the spontaneous release of small quenta of transmitter
substances from motor nerve terminals, although a complete explanation of
the mechanism of this release is lacking.

The effect of prostigmine on the uiniature rotential amplitude
adequately accounts for earlier descriptions of fibrillation induced in
mammalian muscles by enticholinesterases (Bacq & Brown, 1937; Masland &
Wigton, 1940; Eccles, Katz & Kuffler, 1942) although the origin of fasciw
culation which implies changes in presynaptic activity remains ebscure.

In this comnection the observations of Boyd & Martin (1956a) are
of interest. They Ffound, in the cot tenuissimus muscla, that prostismine

®_ 10" waa some influence on the miniature poten-

at a concentration of 10~
tial frequency. Such an effect could not be found in the rat diaphracnm,
The influence of temperature on the discharge frequency implies
that the resting frequency is determined by more than one factor. 4 priori
the rate of acetylcholine synthesis must be involved and, as shown in
Section 3, the discherge frequency is very sensitive to the level of the

terminal membrane potential. Other processes may also be involved and their

differing temperature coefficients would be reflscted in the non-linear

relation of temperature and resting discharge frequency.
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SECTION 2,

THE QUANTAT, COMFONENTS OF THE MAMMAIIAN END-PLATE DOTENTIAL

INTROTUCTION

The relationship of spontaneous subthreshold activity at the
neuromuseular junction to the e.p.p. involved in normal neuromuscular trans-
mission hés been investigated in the frog by Castillo & Katz (19548 - c)
and in the cat tenuissimus muscle by Boyd & Martin (1956b). In both animals
it was shown that the e.p.p. was composed 6f summated miniature potentials.

In this Section the quantal nature of the e.p.p. in the rat has
been demonstrated, and, in the light of this finding, a further study has
been made of the phenomenon of facilitation at the memmaelian neuromusculayr
junction (Hubter, 1952; Liley & North, 1953; Lundberg & Quilisch, 1953a, b).

Numerous workers have imnvestigated the effects of calcium epd/or
magnesium on neuromuscular transmission in the memmal (Wiki, 1906; Imbinska,
1935; Boyd & Brosnan, 1936; Brosnan & Boyd, 1936, 1937; Maaske et al., 1938;
Boyd et al., 1938; Brown & Harvey, 1940; Hoff et al., 19405 Lundberg &
Quilisch, 1953b). The observations of these workers are confirmed and

extended by intracellular recording in the present investigation.

RESULTS

Part I. Quantal Nature of the End-plate Potential

When the calcium content (normal value 2 mM) of the solution was
reduced to 0.5 mM or the magnesium content({normal value 1 i) was increased
to 6 - 8 mM, it was observed on indirect stimulation that the propagated
action potential of an impaled muscle fibtre intermittently failed leaving
merely an e.pep. of some 6-~10 m¥. Upon further reduction in calcium or
increase in magnesium concentration the e.p.ps became smaller. Simulteneounsly

fluctvations in the e.p.p. smplitude occurred and intermittently there was
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complete failure of any response to indirect stimulation (Pige 21 A & B).
The fluctuations appsared to oecut in discrete steps each appraximatély
equal to the amplitude of the concomitant miniature discharge.

This observation suggests that the e.pe.ps in calcium-deficient
or mbgnesium-enriched sclutions arises by the synchronous discharge of =&
small number of quanté of trensmitter, each being equivalent to the quantum
involved in the production of & miniature potential. Thus the €eDePe Would
consist of summated winiature potentials. This hypothesis previously
advanced in the frog (Fatt & Katz, 1952; Castillo & Katz, 1954b) and in the
cat (Boyd & Martin, 1956b) is supported by observations of the effect of low
temperatures on the e.p.p. response in magne sium~enriched solutions (Fig.
21 ¢ & D). At 22°C the fluctuations in e.p.p. amplitude still occurred,
but in addition the rising phasesof the responses freguently exhibited one
or more inflexions, In a number of instances these gteps corresponded in
amplitude to the concomitant miniature potentials. As in the frog (Castillo,
1955) it would appear that the reduction in the temperature had sufficiently
slowed the activation of the nerve terminal to produce a fLemporal dispersion
of the quantal components of the €sPeDe

The membrane potential of muscle fibres was not significantly
affected by the changes in caleium or magnesium concentrations that induced
these alterations in the e.p.p. pattern (Table 3). Further, in high concen-
trations of magnesium there was no significant change in the mean frequency
of the miniature potentials, although, for example, their amplitudes in 12 o
magnesium were reduced to about 0% of the values recorded in normal solutions
(cf. Maaske & Gibson, 1939; Engback, 1948). However this reducticn was of
2 much smaller order than thet of the e.p.p. at & similar concentration of

mRENESium,
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TABLE 3.
Effect of magnesium concentration on mesn membrane potential in
groups of resting muscle fibres in one preparation. Groups vere
recorded in the order shown in the table.

Kormal Selution Solutibn. enriched - Normal Solution

(1 =M Mg) with 12 mM Mg
Numbsr of fibres 2 19 1l
Mean membrane
potential (mv) 7341 70,0 T3e4
SeDe (V) Bel : 9.1 340

Reduction of calcium concentration to 0.5 mM exerted no gignificant effect
on the miniature discherge frequency, but in the complete absence of caleium
a reduction in frequency was observed (Table 4). This reduvetion was statis-
tically significant in one experiment (Preparation B, P<.«01) but not in
another (Preparation A, P> «05) in which the control values of the dlscharge

frequency vwere unusually low.

TABLE 4.
Effect of caloium on resting discharge frequency in two preparations,

Mean velues & §.D, and range of frequencies in groups of junctions, the
number of junctions in each group being indicated in paraﬁﬂ‘;hesﬁs.‘ Groups
were recorded in the order shown in the table, the prepax:atrlons being
allowed two hours to egquilibrate with each solution. Magnesium 1 wM (norma.’!.)

throughout,

Preparation A. 2mM Ca. Zereo Ca 2m; Ca
(normal)

Mean :L’requency(sec“l) 0.7i2‘.‘0.28(20) 0.61 20,35 (23)  0.78 % 0.7 (19)

Range (sec™) 0.3 = 1.4 0.2 = 1.7 062 = 1.8
Preparation B

Mean frequen,cy(sec“‘l) 1.60% .60(20) 107 = 54 (D) 141t .70 ()
)

Range (sec” 10 = 3,2 Oud = 244 05 =~ 3.5
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It would seem reasonable to infer that the e.p.p. under normal
conditions also consists of summated min;ature.petentials, and, on this
assumption, en atiempt may be made to derive an approximate value for ihe
quantal content of a.normal 2¢LeDe Unfortunately in the rat no accurate
estimate of the amplitude of the 'normel! e.p.p. can be madé. In controe
distinction to the frog, the rising phase of the action potential recorded
at the myomeural junction shows no obvious inflexion even when examined
with an electronic differentistor,

However, wheﬁAproloaged repetitive stimulation at 50 impulses
ver sec¢ has brought about impending failure of neuromusculsr tranamission,
an e.p.P. step does appear on the rising phase of the juncti#nal reccrd.

With action potentials of normal emplitude (80-&00 mV) this step varied
from 20«40 mV in different fibres when Tirst observable. Greater reliance
may be placed on the larger values of this range for they illustrate the
sitvation vwhen the intracellular electrode is acourstely located at the
Junctional region. Experiments on curarised muscle fibres of the rat dia-
phragn have indicated that the e.p.p. decrements to 1/e in about 200 p
(Fige 22).

Thus, from the value of 40 mV for the step at junctions partially
fatigued by a tetanus, it would appear likely that the amplitude of the @.DeDs
under normal conditions is of the order of at least 50 mWV and possibly longer.
Now, 1f such an e.p.p. consists of summated miniature potentials each of the
order of 1 mV, the minimal quantal content must be 50, Certainly the number
must be larger, for as pointed out by Castillo & Katz (1954b) large numbers
of miniature potentials would not sum linearly since successive guania of
transmitter comtribute smaller potential increments. Hence it may be deduced

that the normal e,p.p. would involve the simulteneous discharge of probably



324

some 80-100 miniature potentiasls at least, and the maximal number of quanta
which could contribute to a response may be even larger.

However the observation of appesrent quanial fluctuation of the
€+DePe in ealciuvm-deficient or magmesium-enriched solutions is not in itself
sufficlent evidence to justify the hypothesis that the e.psbe consists of
summated miniature potentisls. A statistical analysis is necessary in order
to exclude the alternative possibilities, either that the fluctuations indim
cate a continuously varisble release of trausmitter, or that the di scharged
‘quanta have a variety of amplitudes.

The method of analysis employed has been explained fully by Castillc
& Katz (1954b), but the salient principles may be recapitulated briefly.

Let us assume that a nerve terminal conbains a vopulation of n
units of transmitier capable of release by an impulse, These units need
not have a uniform probability of relesse, but i% is assumed that the T ohe~
bility for any given unit remeins constent. Henee, if 5 is the average
probability of release by an impulse, the number, m, of quanta comprising
an é.p.p} is given by m = nﬁ.

In,ncrmal-solutioné P may be assumed to be large, which signifies
that a considerable proportion of the quantal population is liberated by an
impulse becanse there is evidence that some 45% of the freely available
acetylcholine resent in the rat phrenic nerve terminals way be discharged
by & single volley (Liley & North, 1953), However in calcium-deficient and/
or magnesivm-—enriched solutions the small size and intermittent failure of
the e.p.p. indicate a drastic reduction of the chances of any given unit
being discharged. Effectively the probability of response of any quantal

unit would appear to be at most some few per cemt of the value pertaining

in normal solutions.
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Under such conditions vhere 5 is very smaell, the relative freguenci
with vhich, in a large series of observations, an @.Depes contains x ( =0, 1,
2, 3 etc.) units should be distribtuted according to +the Poisson expansion
e"mmx/il The parameter, m, of the Poisson series here represents the mesan
unit content of the e.peps On the basis of the hypothesis that the eepebe
consists of summated synchronous miniature potentiels it may be defined as

n = Pean amplitude of e.p.v. response ceesssansses (1)

mean amplitude of miniature poteniials

Implicit in this relation is the sssumption of linesr summation of the
miniature potentials, which is justifiable only if the response is so small
that it does not displace the membrane potential significantly towards the
equilibrium potential for the e.p.p. (Castillo & Katz, 1954b). By substiw
tution of the above value of m in the first term of the Poisson series,
exp (-m)}, we may calculate the expected yroportion of failures to a series
of nerve impulses and hence compare this value with the observed proportion.

More conveniently, however, from the observed proportion of
failures we may calculate, on the assumption of a Poisson distribution, a
value for m independent of equation (1), since the first term of the Poisson

geries may be recast as

m = 10genumber of nerve impulses cessaces (2)
nunber of failures of @.Ds.p. response

Equality of these two estimates of m would confirm the validity of cur
assumptions,.

Fige 2% 1llustrates the results of {wentysix experiments in which
this test was applied and shows that the two estimates of m are approximately
equal. In practice a complication frequently arose in that the microelectrade

detected a variable extrinsic potential duve to e.pev.s af the junctions of

closely adjacent fibres (see Pig. 21B, records 2 & 6; also Fatt & Katz,
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3951; Easton, 1955). Not infrequently the amplitude of these extrinsic
@.DePes WaS some 5 or 0% of the e.p.p. observed at the impeled junction.
Apparently in such caseé the e.p.p.s at adjacent junctions were much larger
than those in the fibre under cobservation. Since these extrinsic @.DePes
were of the opposite polarity te the e.p.p.s recorded in the impaled fibrs,
the practice of measuring the amplitude of @.p.pes from the immediately
preceding baseline would lead to an underestimate of the mean €.,pa.Pe response.
On the other hand the measurement of the mean amplitude of +the miniature
potentials was not compromised by this factor, and hence the value of m
derived by equation (1) would be an underestimate. It is likely that this
complication could account for the swall deviation from predicted equality
that is observed in Pig. 23,

Essentially the preceding analysis is equivalent to the prediction
of the number of failures of response to a series of impulses from the mean
gquantal content of the responses, However, if our assumptions are correct,
it sould be possible to predict not only the number of Pailures in a series
but alse the entire distribution of amplitudes of the responses.

Fige 24 illustrates an experimeuwt iv which this prediction was
attempted. The value of m, determined by equation (1) was used to caleulate
the successive terms of the Poisson series. The first term of the series
(giving the predicted number of failures) agreed exactly with the observed
value but in distribuiting the remaining terms it was necessary to allow for
the scatter of amplitudes of the funitary' spontaneous potentials (Fig. 24,
inset)., This wag done by caleulating the normal curve which would corres-
poud o the miniature potential histogram and using X times the mean snd

variance of this curve in distributing the remaining Poisson terms. The

distributed curves were then summed to give the theoretical distribution
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of Fig. 244 The general form of this curve agrees reasonably with the
obgerved histogram. The discrepancies between the observed and caloulated
peak positions would disappear if the mean amplitude of the spontaneous
potentials had, in fact, been under estimated by 50 pV. Such an error in
measurement is possible with the photographed baseline thickenad by unresol-

ved high-frequency noise (Castillo & Katz, 1954a).

& further test of the hypothesis arises from the fact that the
coefficient of variation of a polulation obeying a Poisson distribution is
given by m”o‘s. Plge 25 illustrates the results obtained in 24 experiments
in which the coefficients of variation of the e.p.p. anplitudes vere come
pared with the predicted coefficients m—O.B. Agein there is good agreement
with prediction. Thus both types of experimental test have provided strong
support for the initial hypothesis and the assumpbtions implicit in it:

(a) that neuromusculsr transmission is a gquantal process imvolving the
release of units of transmitters whose sizes are indicated by the spontan-
eous miniature potentials; (b) that for a response of low guantal content

the precise number of contributing quanta veries in a statistically prew-

dictable marmer; (c) that small numbers of miniature potentials sum linearly.

With calcium and magnesium concentrations nearer or at normal
values the preceding methods of estimation of the quantal content of the
2+PsP» &re no longer applicable, The peak of the e.p.p. is qbscured by the
muscle action potential, the consti%uenx unite of a large e.p.De G0 not sum
linearly and no failures of response occur. However an estimate of the
quantal content may be attempted by measurement of the coefficient of varia-
tion of such an e.pa.pe in the presence of curare for, although the spontansous
potentials are obliterated, the reduced e.p.p. no longer generates a muscle

spike and its constituent units may be assumed to sum linearly (Mertin,
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1955)s On the assumption that a Poisson relation still obitainsg, i.e.
that the number of quante, m, liberated by an impulse is very mﬁch smaller
than the total number of quanta, n, available for liberation, +then the
quantal conteni of the e.p.pe may be calculated from the relation:—
Coefficient of variation = mo*”

Table 5 shows the results obtained for the e.Det.s at Ffive curarised
junctions,

TABIE 5.

Quantal content (ﬁ 8.E.) of e.DePes in sclution of normal ionic comstitution.

Tubocurarine chloride 1.3 % 10-6. See text.

Preparation A, Fibre Quantal content of 2.Pels
1 271 (% 45)
2 174 X @)
3 170 (% 17)
Preparation B
1 339 2 %0
3 178 ¥ 18

Such calculations however indicate little more than the order of the true
content, First, any inaccuracy in measurement due 4o baseline noise leads
to an underestimate of 'm! since the calculation assumes:all variation to
be an intrinsic propert# of the e.peps Secondly it is unlikely that a
Poisson relation applies for a normal e.p.P., for Liley & North (195%)
deduced that about 45% of the freely available acetylcholine present in the
terminals is liberated by aAsingle impulse, Under these condlitions, i.€.

where m is not very much smaller than n, the e.p.pe amplitudes would dis-

play a binomial type of distribution. Hence the estimate of Table 5 weuld

seriocusly overestimate the quantal conbent since the relevant relation
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sﬁould be of the type:

Ceefficient of veriation = (m™+ - n"t)0*?
(if all quenta have the same probability of release per impulse, 1.2
var p =0) or else:~

Coefficient of varistion = [m"l(l A R n"lx 0>
:

(if the probability of release per impulse is not the same for all gquanta;
P = wean probability, var p = variance of individual probabilities ) (see

Kendall, 1948).

Part II., Facilitation at the Mammalian Neuromuscular Junction

At a Junction at which transmission hes been blocked by low cal-
cium or high magnesium concentrations the pattern of resvense evoked by
indirect tetanic stimuletion (Pig. 26B) differed strikingly from the record
obtained in a curarised preperation (Pig, 26C). In the curarised rreparation
the ap.pes of a tetanus‘exponﬁntially declined to a platean (Liley & Horth,
195%), whereas at magne sium~treated or calcium-deficient junctions the suew
cessive responses while still fluctuating tended to be progressively incres
seds, Although discernable at frequencies of stimulation as low as 10 per
sec, this effect was much more obvious at higher frequencies. Hence it
appears that under these conditions some form of potentiation is occurring,
which is waximal immediately following the arrival of an impulse at the
terminals and which persists for some 100 msec at least,

Such a potentiation of response could arise by any one or more of
three mechanisms:

(2) An increase in the sensitivity of the muscle junotional
membrane to the transmitter;

(b) An dncrease in the number. of quants of tremsmitber liberateds

(e) An increase in the moleeular content of the guania.
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Phe first and third mechanisms may be dismissed on the evidence that spon-
taneouns potentials occurring in the course of & tetanus, or immediately
aftef it (e.ge Pig, 26B, records 3, 5 and 6) show no significant change in
amplitude from those discharging pretetanically.

A more yrecise discrimination ig provided by statistical analysis,
Essentially this analysis is the same as that employed in the preceding
section. Increase in the number of quante liberaigi (mechanism b) leads %o
the expectation that in a large series of tetani the proportien of failures
of response to each succeeding stimulus will decrease in a predictable
manner. On the other hand according to mechanisms (a) or (¢), alteration
respectively in the size or effect of the quante but no change in the proba-~
bility of their release, it may be predicted that the proportion of failures
remains constant, and hence that the two values of 'm! derived respectively
from equations (1) and (2) of the preceding section should diverge progress-
“dvely.

In all of nine experiments a progressive decrease in the propor-

tion of failures during a tetanus was observed, Hence for amalysis it was

desirable o selectla junction showing a high proportion of failures to a
single stimulus. PFig. 27 illustrates the results obtained at such a Junction
vhen 100 brief tetani were recorded. For the corresponding responses, the
valuea of m from equations (1) and (2) were derived., The coincideut pro-
gresgsive increases in these independent determinations of m indicate that
the potentiation of response arises simply by the liberation of more quanta
of transmitter,

This rise in the probability of release of the quanta did nov

develop linearly throughout the duration of 2 tetanus. As shown in Fig.

27 the potewntiation increased raéidly over the first few responses and
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then more slowly. This slower increment continued for a consideradls
time, Thus at a frequency of 200 impulses per sec some 6 to 10 seconds
were required for the fluctuating responses to reach a steady mean amplitude

(Fig. 28),.

Following a tetanus the responses to single test stimuli showed
a marked potemtiation (Pig. 29). Since the responses vere still fluctuating,
the time course of this potentiation was studied by averaging serizl test
responses over short intervals. By this analysis it was found that, although
the deeline from the mean response smplitude attained over the final stages
of a tetanus was initially repid, return to the control level of response
was protracted (Fig. 0B, %1B & D). Purthermore, the total duration of the

potentiation was dependent on the duration of the tetenus,

Concomitant with this post-tetanic potentiation of the response
to indirect stimulation there was an increase in the freguency of the SPoh-
tanecus miniature potentials (Pig. 29). This effect, previously observed at
junctions in normel solutions (Pigs. 13, 14) appeared to be unaffected by
changes in calcium and magnesium concentrations. The time course of this
change in frequency closely paralleled that of the potentiation of response
(Pig. 30A, 314 & C) although the proportional increase in the discharge fre-
quency was some two to three times greater than the change in response ampli-

tude,

DISCUSSION
The hypothesis that the spontaneous ministure potentials represent
the units of transwmitter activity and that the e.p.p. consists of a summation
of such units has been tested at the amphibian myoneural junction {Castillo

& Ratz, 1954b) and more recently in a mammelian tissue (Boyd & Martin, 19560.
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The present investigation indicates that the neuromuscular junction of the

rat also conforms to this patbtern of activity.

Strictly spesking, all the experimental evidence supporting the
hypothesis has been obtained at concentrations of caleium and/br me.gne sium
far removed from values considered normal, although recently Martin {(1955)
has extended investigations inte a range of eoncentrations nearer normal
values. In so far as it affects the release of aceiylcholine, the action
of magnesium may be considered as due %o s simple displacement of caleium
from some essential process (Castillo & Engbaek, 1954; Castillo & Katz,
1954a). However the precise nature of this imtermediate process in which
caleivm is involved remains obscure. Nevertheless the continuous relation
perteining between acetylcholive output and calecium concentration (Castille
& Stark, 1952) justifies the application of the hypothesis to the behaviour
of the junction in normal solutions, where it is no longer possible to apply
the statistical methods which support the hypothesis in caelcium-deficient

media,.

Recent independent investigations of the changes induced in mammal-
ian neuromuscular transmission by conditioning indirect stimwlation have
produced results in close agreement, Hutter (1952) and Iiley & North (1953)
demonsirated a post-tetanic potentistion of e.p.p.s in curarised mammalian
muscles, and in both investigations it was concluded that this effect was
rroduced presynaptically, i.e. that there was a temporary post-tetanic ine
crease in the amount of acetylcholine liberated by & volley. Tiley & North
(1953) also observed that in the curarised rat diaphragn a single condition-

ing velley was followed by an early brief (20-300 mse¢) phase of potentia-

tion superimposed on the prolonged (5-8 sec) depression of Hransmission.

This finding was confirmed by Lundberg & Quilisch (195%a). Brown &
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Harvey (1941) had noted a similar effect in partially curarised extra-
ccular musclea. Hence, although a single volley may be considered as a
liniting form of a tetanus, it would seenm reasogable to replace the term
'post-tetanic potentiation' (PIP) by 'post-activation potentiation' (PAP).
This latter expression will therefore be used in further discussion in this

Section,

Tiley & ¥orth (1953) introduced the concept of the 'release factor!
‘er fraction of freely available acetylcholine present in the nerve terminal s,
vhich is liberated by a single impulse. From an anzlysis of the changes
which a conditioning tetanus evokes in the pattern of a brief test tetanus,
they deduced that the PAP of the e.p.p. resulted, not from an increased’ cone
centration of transmitber in the terminals following activity, but from an
increase in the fraction of transmitter released. This increase in the
release factor vas maximal immediately after the conditioning activity.
Hence it was concluded that the serial decline in responses during a tetanus
and the depression of response following a single volley indicated a deple-
tion of the store of freely available transmitter. The transmitter concen-
tration and the release factor recovered to their normal velues with differ-
ent time courses; only affer a considerable number of impulses was the ine
crease in release factor great enmough to cutlast the depressed concentration
of free transmitter and so produce an absolute petentiation of response,
Tundberg & Quilisch (195%a) also postulated a '"mixture" of potentiation
and demession' 40 explain their ocbservations with intracellular elecirodes
in curarised rat diaphragm. It is therefore of interesi to test this inter~
pretation at single junctions in 8 calcium deficient and/or wegnesium—enriche

ed solution, because, provided that choline-acetylase activity is 1little

altered in such a solution (cf. Feldberg & Hebb, 1947), the small number
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of guanta libverated by an impulse should not gignificantly denlete the con-

centration of transmitier in the terminals.

The present results indiecate that at the mammalisn Junction, as in
the frog (Castillo & Kabz, 1954¢), potentiation is a quantal process invole
ving the mogressive recruitment of responding miniature units. Hence the
trelease factor! is related to the mean probability of response of the
miniature units. Further the results (Figs. 29, 304, %1A & C) show that,
with responses of low quantal content, the PAP of the SeTebe is maximal
immediately after the conditioning activity, This observation supports the
view that the initisl depression following activity in a curarised prepara-
tion in normal solutions results from a reduction in the concentration of

the freely available transmitter in the terminsls,

The post-activation increase in the freqguency of the spontaneons
miniature potentials, previously observed at junctions in wnormal solutions
is nov shown to be umaffected by changes in caleium concentration. Since
this post-activation potentiation of discharge frequency runs & time course
paralleling the PAP of response, there is good ground for postulating a
common causation., EHowever any explanation must account for the observation
that the mean probability of the quanta discharging spontansously is in-
creased by a greater (by 2 or 3 times) factor than the mean probability of

their discharge by an impulse.

The observation thet the order of the PAP of discharge freguency
is independent of calcium concentration is rather unexpected, It is reason-
able to consider that the frequeney of the miniature potentials would be
determined by two Factors:

(a) the total number of available quantas

(b) the meen probability of their spontaneous discharge.
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In normal solutions the immedimte PAP of discharge frequency may still be
explained despite 2 gross reduction in the number of avalilable quanta pro-
vided the mean probability of the spontaneous discharge of the remaining
available quanta is increased sufficiently. However, in celcium~deficient
solutions, where the initial depletion of gquanta must be largely obviated,

a much greater order of PAP of discharge frequency would be predicted. Howw

ever no such change in the order has been observed,

The maximum PAP of the e.p.p. which can be evoked in curarised

mammalian muscle is of the order of 200-2%0% (Hutter, 1952; Liley & North,

195%), The work of Martin (1955) indicates that for the mmall displacement
of muscle membrane potentisls occasioned by the e.p.p. in the presence of
curare, linear summetion of the constituent units may be assumed. Hence a
Potentiation of an s.p.p. by D0-250% represents an incrense in the number
of units discharging by a factor of 2 to 2.5, This value falls far short
of the potentiation which mey be elicited in calecium deficient solﬁtions,
for example an increase in the mean response by a factor of 12.6 after 34b0

impulses (Fig. %0B). However this discrepancy is readily explained.

First, in normal solutions following a tetanus of the order of_
5000 impulses, for several segonds, the increase in the release factor can-
not outweigh the gross depletion of available guanta in a Yerminal. Hence
potentiation is not maximel until some ]O~20 seconds post-tetanically by
which time the increase in the release factor has declined considerably

from its initial mesximal value,

Secondly, it is important to consider the mean probabllity of the
quanta contributing to & respomse in normal solutions. A release factor of
0.45 for the rat nerve terminals (Iiley & North, 1953) implies that no pro-

cess can increase it by more thanm 2 -~ 2.5 times. On the other hend, in
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calcivm-deficient solutions the arall mean probability of the guanta contri=
buting to a response gives adequate scope for the exhibition of a potentia-

ting process.
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SECTION 3,

THE EFFECTS OF PRESYNAPTIC POLARISATION ON THE SPONTANEOUS ACTIVITY AR

THE MAMMATIAN NEUROMUSCULAR JUNCTION

INTRODUCTION

It has been shown (Boyd & Martin, 1956b; Section 2) that the
mammalian e.p.p. 15 generated by the synchronous release of quanta of
transmitter whose individual spontansous liberation gives rise to the
miniature potentials. These observations immediately raise the guestion
of the mechanism by which a coordinated discharge of the quanta is pro-
duced by an impulse arriVving af the motor nerve terminals. Castillo &
Katz (1954d) have investigated a similar problem at the frog nyoneural
Junction.

In this Section a study has been mede of the relation between
the frequency of the miniature discharge and electrotonic polarization of
the motor nerve terminals. A study has been made also of the effects of

potassium concentration on the frequency of the miniature potentials,

These investigations have led to the development of an hypothesis
concerning the release of acetylcholine by an impulse and this hypothesis

has been subjected to Ffurther tests.

REUITS

Part T. Bffect of electrotonic polarisation of motor terminals on ministure

discharge freguency.

Cathodic polarisation (see Mebthods) of the terminals produced an
increase and anodic polarisation a decrease in the freguency of the minia.
ture discharge (Fig. 32). These effects were graded mccording o the intene

81ty of the polarising current and at a given junction were readily

reproducible.
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The mean amplitude of the miniature potentials was unaffected by
the polarisation of the terminals,

The polarising current did not produce any change in miniature
discharge activity at junetions whose sxons were severed close to the ter~
minals, nor could any effect be obtained at junchtions situated more than a
few millimetres from the sealed notch transmitting the nerve. These obser-
vations establish that the changes in frequency were dependent on electro=-
tonic polarisation of the nerve terminals and that the current flow in the

bath solution played no part in their causation.

Experiments involving the application of rectangular current
pulses to the terminals showed that the alteration in discharge frequency
developed very rapidly (Fig. 33). By 2 msec after the onset of the polaris-
ing currvent the freguency had attained a value from which no statistically
significant deviétion coccurred by 16, 50 or 150 msec. With more prolonged
applications of current the diséharge was stable at its new freguency over
the observed range from 1 se¢ t0 5 mine Thus, when the membrane potential
of the nerve terminals is altered by a polarising current, the frequency of
the miniature potentials faithfully parallels the potential, there being no
aprreciable delay at the onset nor decline during a prolonged application

of the current change.

Unfortunately, events within the initial 2 msec after the onset of
the current were dﬁscured by artefacts. With electrotonic polarisation of
the terminels i% would not be expected that the frequency would attain its
final valuve instantaneously with the onset of current. PFirst, the normal

neuremuscular delay means that recorded activity lags behind presynaptic
events by about 1 msec. Secondly, although the generating cirenit delivered

& rectanguler pulse, the wave front of a pulse as it affected a nerve
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terminal would be distorted in a menner determined by the time and length
constants of the axonal membrane. No reliable estimates of these constants
in the terminal branches‘of the mammalian motor axon are available. The
distortion may be minimised by selecting a junchbion as close as possible

to the orifice admitting the nerve but without a knowledge of the time cone

stent of the axom it cannot be asserted that the discharge frequency insten=

taneously follews the changing membrane potentiznl.

The frequency of the miniature discharge was not linearly related
to the current intensity (Fig. 32). However, in fifteen out of seventeen
experiments on normal junctions, when the logarithms of the frequencies
were plotted against the respective current intensities, a relation was

obtained which statistically was strongly suggestive of linearity (Fige 344).

In the tvwo deviating series the depression of discharge frequency
with anodic polarisation was less then expected, the larger deviation being
illustrated in Pig. 34B. In each experiment redetermination of the resting
frequency showed that wo progressive change had occurred. A% these_very low
frequencies, even when ssries are recorded over several minutes, there may
be considerable error in the determination of the frequency, and further,
any errors may be magnified in a logarithmic plot, but it is not %o be
expected that all the determingtions would be overestimates of the true
values. The significance of these two experiments is difficult to assess.
The records showed no bursts of high frequency activity and the effect does
not remotely resemble the triggered "breakdown" discharge encountered with

strong hyperpolarisation of frog nerve terminals (Castillo & Katz, 1954d).

In calcium-deficient or magnesium-enriched solutions the effects

of both depolarising and hyperpolarising currents on the ministure dis-
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charge were markedly reduced. Thus with & calcium concentration é; 0.25 oM
(normal 2 mM) or a magnesium concentration of 12 wiM (normal 1 mM) polaris—
ing currents of either sign“were virtually unable o displace the discharge
frequency from its resting value (Fig. 34B). However, in iwo experiments
with 12 md magnesium, intense depolarising currents were able to produce =
small increase in the freQuency. When the effects of polarisation had been
suppregsed by 12 oM magnesium, almost complete restorstion was cbitained bﬁ

raising the calcium concentration to 8 nM.

An investigation was made of the ability of volarising currents to
modify the miniature discharge frequency when this had been artificially
displaced from its resting value. At three junctions an increase in the
discharge frequency to the order of 100 per sec was produced by small (3 -
Qx) lateral movements of the microelectrode. Although the frequency was
not very stable following this procedure, in each case it was readily ine-
fluenced by both anodic and cathodic polarisstion (Fig. %5A) following the
same empirical linear relation belween current intensity and logarithm of
discharge frequency. Similarly, when the discharge frequency was increased
from 2 per sec to 43 per sec by the extracellular application of 15 mM
potassium chloride (g.ve)s, it was still affected in the seme manner by

polarising currents (Fig. 25B).

In-a nerve fibre distal to a blocked segment of the nerve, seversl
authors (Hodgkin, 1937; Lorente de NS, 1939; Tasaki, 1939) have demonstrated
the electrotonic depolarisation produced by an impulse approaching the
block. Now, since the miniature discharge frequency was modified by an
applied electrotonic potential, it was reasonsble to expect that the fre-
quency would alsc be affected by the physioclogical electpotonic depolariso-

tion produced by an impulse reaching 2 blocked segment of the azon very
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near the terminal. This expectation was tested using a cold blocﬁﬁ(see
Methods), end, as shown in Pig. 36, a transient small but significant
increase in the discharge frequency occurred at an interval (corresponding
to the normal neuromuscular delay) after the arrival of an impulse at the

preterminal bleck,

Part IT. Effsct of potassium coneentration on the miniature potentials.

Alteration in potassium concentration affeeted both the ampli-
tude and frequency of the miniature discherge. Reduction in potassium con-
centration below the ﬁdrmal level of 5 mM produced ne significant change in
the amplitude of the discharge, tut increasing the concentration to X0 i
reduced the amplitude +to approximately one third. This effect would appeax
40 be posteynapiic in origin, and 4o result from the fsll in muscle membrane
potential vhich is observed in high potassium concentrations. It may be
agsumed that the acktion of acetylcholine on the mammelian postsynaphic
membrane is similar to that demonstrated in the frog (Fatt & Kabz, 1951),

hence it wonld be expected that the amplitude of the miniature potentials

would vary with fthe level of the muscle membrane potential.

‘Much more steiking was the affect of potassium on the frequency
of the miniature potentials {Fig. 37, hollow circles), Reduction of the
potassium conecentration from 5 my to 2 md produced & small but statistically
significant reduction in the discharge frequency. On the other hand the fre-
quency was more than doubled when the concentration was increased from 5 oM
$o 10 mM. At 30 oM the frequency was of the order of 700 per sec. There
wag a further increase at higher concentrations, but an accurate count was
no longer possible. Over the range of 10-30 mM the mean frequency appeared

to vary linearly with potassiuvm concentration. When any single junction

wes observed following a change in the potassium concentration, it was
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observed that some 14 minutes had elapsed before the alteration in dis-
charge frequency was fully developed. Théreafter the discharge rate vas

steble for at least 2 minutes even when it was sbove 500 per sec.

The effects of potassium on the discharge frequency were modified
considerably by high concentrations of magmesivm, As had been'observed
previously, magnesium was without effect on the frequency at junctions in
solutions of nmormal potassium content (Section?2; Boyd & Martin, 1956a; see
also Castillo & Katz, 1954a). However, in the presence of 12,5 mM magnesium,
reduction in potassium concentretion exerted no sigmificant effect on the
discharge frequency (Fig. 37, filled circles) while the influence of raised
concentraﬁioﬁs of potassium wes markedly demressed. Thus % mM potassium
in the presence of (normal) 1 mM magnesium increased the mean frequency to
715 per sec whereas in 12,5 mM magnesium the increase was limited to T4 per
sec. Nevertheless, as seen in Pig. 37, in high concentrations of magnesium
there was still a linear relation between the discharge frequencies and

potasgium concentrations greater than 10 mM,.

DISCUSSION AND TEST OF HYPOTHESIS

The mwesent results show that the effects of esynaptic polariste
tion on the winieture discharge are not the same in mammals and amphibia
(Castillo & Katz, 19544). Although depolarisihg currents produced comparable
effects, moderate hyperpolarisation was without influence on the discharge
in the frog whereas in the rat the discharge was readily depressed well below
the resting value in all of seventeen exyperiments, It wight possibly be argued
that the motor nerve terminals of the isclated rat dlaphragn are already
depolarised on account of their abnormal enviromment and that hyperpolarising

currents are merely restering the membrane potential and hence reducing the

discharge frequency towerd s true basal level, This is unlikely, however,
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for experiments on the gracilis muscle in vivo (Section 1) indicated that
the mean frequency of the miniature discharge wasz of the same order as
that observed in the isolated diaphragm. PFurthermore, an increase in
magnesium (or a reduction in calcium) concentration offsets the increase
in frequency produced by depolarising currents, but is without effect on

the resting discharge frequeney in the isolated diaphragu.

The sudden bursts of high frequency activity observed in the frog
with strong anodic polarisation (Castillo & Ratz, 1954d) were not encounterw
ed in the rat diaphragm despite the fact that, as judged by cathodic effects,
comparable current intensities across the terminal membrane were obteined
in the two investigations {compare Pig. 5 of Castillo & Katz, 19544, with
Fig., 34 of the presem: paper). If this phenomenon in the frog results, as
suggested, from an event resembling a dielectric breakdown, the absence of
any comparable effect in the rat indicates that the mammalian membrane is

more resgsigtant to electrical stress,.

The effects of polarising curreunts suggest that the discharge
frequenpy should be influended when the membrane potential is altered by
variations in extracellular potassium concentration. Unfortunately the
membrane potential of the motor nerve terminals camnot be directly measured.
Purthermore, the membrene potential will not be linearly related to the
logarithm of potassium comcentration as predicted by the Nexrnst equation.
Rather, as shown by Hodgkin & Eatsz (1949), an equation derived from the
constant field theory of Goldmann would apply. This equation predicts that
a lovw conecentration of potassium will exsert litile influence on the membrane
potential, the effect of other ions bheing dominant, bui as the concentration

of potassium ls progressively raised ahove normal, the membrane potential

will more nearly be related linearly to the logarithm of the potassium
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concentration as predicted by the Nernst equation.

Obgervation® with polarising currents at Jjunctions covering a
wide range of resting frequencies have indicated a linear relatioanship
between the logarithm of the discharge frequency and the polarisation of
the motor nerve terminals (Pigs. 344, 35). Therefore it may be predicted
that, as the potassium concentration is increased, a value will be reached
beyond vhich the logarithm of the discharge frequency will be related linearw
1y to the logarithm of potassiuvm concentration. Alternatively, dispensing
with logarithms, the frequency wounld be expected to vary directly with the
potassium concentration. The experiments illustrated in Fige. 37 show thatl
this prediction was fulfilled for pobassiun concentrations beyond 10 mi.
Unforbunately, investigations could nod be carried beyond 30 mM since the
discharge became too frequeni for an accurate count, However, acceptling
the risks ivherent in extrapolation, the straight line in Fig. 37 indicates
that, beyond a concentraiion of 10 mi, a tenfold increase in potassium cone

centration aungments the discharge frequency by a factor of 104.

If 1% he assumed tlmt beyord 10 m the potassivm concen‘tfat:ion
determine s the membranre potential of the moter nerverterminals in the manner
predieted by the Nernst equation, it follows that the miniature discharge
frequenocy is increased by a factor of 1{)4 for a decrease in the membrane
potential of approximately 60 mV. Hence from the logarithmic relationship
between discharge frequency end displacement of the membrane potential (Pigs.
344, 75) the discharge frequemey corresponding to any ehange of the membrane
potential may be predicted., Similarly it mey be calculated that, for a
muscle in 12,5 mM magnesium the discharge freguency would be altered by a

factor of 1093 for a change in the membrene potential of approximetely

60 nmv.
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Since the mammalian end-plate potential consists of summated
miniature potentials (Boyd & Martin, 1956b; Section 2) it is reasonable to
interpret the increase in miniature discharge frequency associated with
depolarisation as a prolonged and attenvated version of the events occurring
when the nerve ferminals are briefly and inxepsely depolarised by an asctien
potential., This interpretation is supporied bg the obéervation that neurc-
muscular transmission and the effects of depolarising current are both de-
rressed by increase in magnesium concentration, an action which in turn is
antagonised by caleiuvm. Several predictions capable of simple experimental
test can be derived immediately from this hypothesis that the e.p.ps or
liveration of guanta by an impulse is simply the random release of quamta

accelerated by depolarisation of the terminal membrane,.

Pirstly, on the taclt assumption that the action potential is of
the same amplitude in all of the motor nerve terminals, the quantal content
of the e.p.p. should be proportional to the resting discharge freqguency.
This relationship should apply not only for normal neuromuscular transmission
but also for conditions where the effect of an impulse has been attenuvated
by an excess of magnesium and/br 8 deficiency of c¢alcium ions. In this
latter case, where the quantal content of the responses is smell and easily

measurable, the predicted relationship way be readily tested.

Pigs. 38 & 39 illustrate the results obtained when & number of
Junctions in fwo preparations were investigated. The points in these graphs

show considerable scatter. Indeed previous observations on & smaller number
of junctions prompied the statement that the quantal content of a response
and the miniature discharge frequency were not direetly related - although

both were increased following indirect stimulation (Iiley, 1956b). However,

as shown by the larger series of observations in Pigs. 78 & 39, the
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guantal content of a response and the resting discharge frequency shov &
positive correlation which, statistically, is highly significant. Asg would
be expected the regression line is stgeper in Fige 39 @1 = 0425% + 0,01)
where the caleium concentration wes 1.5 mM than in Fige 38 (4 = 0.16x - 0.01)

with calcium concentration 1 mM.

On the contrary, Boyd & Martin {1956b) state that, in general,
they observed no consistent relationship between the miniature potential

frequency and the e.p.p. quanial content in the cat tenuissimus muscle.

In their many papers, Castillo & Ketz (19%54a - 1956b) have mede
no mention of any correlation between these two quantities in the frog.
While not directly disproving the existence of & correlation, they argued
(Castillo & Katz, 1954a) that the quantal content of the e.p.D. énd the
resting discharge frequéncy are unrelated because magnesium reduces the

former but not the latter,

However the mwesent results in the mammal are supporied dy the
findings of Hutter & Preutwein (1956) in the frog. These workers have
demonstrated that %he discharge frequency and the guantal content of the
€.DsPs increase pari passu when a muscle is stretched. They alsc state
that, in those junctions where the frequency of the miniature potentials
was low, the probability of eliciting 2 response to a nerve volley was also
low. Conversely a high rate of spontaneous discharge in a fibre was generally
accompanied by a comparatively lerge elicited response, In Pig. 8 of théir
paper Hutter & Trautwein show the results of ten experiments in which the
discharge freguency and the gquantal content of the e.p.p. were determined
as the muscle was stretched, Considering only the starting point in each

experiment (i.e. the values for lex muscle) the graph resembles closely

Pigs. 38 & 39 of this thesis,
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A second prediction comcerns the derivation ¢of the abesolute

guantal content of a response, or, essentially, the calibration of an action
potential in terms of the number of guanta which it should liberate under
‘defined conditions. This ecalibration is made possible by the relationship
(deduced from Fig. 37) between discharge frequency and displacement of
membrane potential (Fig. 40, inset). Fow the actionm potvential of a motor
nerve terminal cannot be fully and directly recorded, bul as an approximation
the intracellularly recorded action potential of a mammalian (eat) motor
axon may be investigafed (Pig. 40R)s TIf such an action potential, corrected
for dismorﬁion.in recording (Fig. 40C), is divided into a series of very
brief (0.02 msec) steps, the miniature discharge freguency corresponding
toc each potential step may be determined, and henece the theoretical guantal
content of a response may be estimated., Implicit in this procedure are two
assumptions -~ first, that the discharge frequency follows faithfully and
instantaneously any change in membrane potentizl and second, that there is
no sericus depletion of avallable quanta during an impulse even though the
discharge frequency attains very high values., The former assumption would
appear reasongble, for, as shown in Fig. 33, the discharge frequency adapts
very rapidly %o electrotonic polarisation of the terminals. ©On the other
hand the latter assumption is open to question, for, immediately after am
impulse in normal solutions, there appears o be a considerabls depletion
of the available transmitter (Idiley & North, 1953). However, igmering this
possible restriction, it is possible to compute the number and temporal dis
tribution of the quanta which an action potential having the amplitude and
time course-shpwn in Fig. 40 would cause to be liberated from a nerve

terminal having a resting discharge frequency in the modal range of 1-2 per

sec. This liberation would comprise 290 to 500 quanta and would be
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produced almost entirely by that portion of the action potential exceeding

60 mV. Hence it would be spread over some 0.3 msec.

The quantal content of the e.p.p. in normal solutions cannot be
measured with any great precision. Howvever estimates in the rat diaphragm
(Table 5) gave a range of 170-340. Hence the derived figure of 250500
appears to be of the correct order. Further it is in good agreement with
the figures of 220 and 310 vhich Boyd & Martin {1956b) deduced for the

quantal content of two e.pe.pses in the cat tenuissimus muscle.

A more precise check is possible when the calenlation is repeated
for the same action potential but using the discharge freguency - membrane
potential relationship derived in the mresence of 12,5 mM magnesium, In
such a solution the guantal content of responses can be determined accurately.
Furthermore, depletion of available quanta is no longer a theoretical hazard
compromising the calculation. Por a solvbtion containing 12.5 mM magnesium
the predicted quantal content of s response is 1,2 for a junction with a
regting discharge frequency of 1 per sec. Measurements on nine junctions
gave a mean discharge frequency of 2,7 per sec and therefore & theoretical
mefn quantél content of the responses of %.24. The observed mean value was

3040

This very close agreement of predicted and observed values is
probably fortuitous, for it is based on the improbable assumption that the
action potentials of rat motor nerve terminals and cat motor axons are
ideuntical. HNevertheless, the agreement of order supports the hypothesis
that the e.p.pe. is merely the random miniature discharge accelerated by

the changes in membrane potenbial which constitute the propagated impulse.

The derivation of the quantal content of a response automatically

leads to a prediction of the time course of release of the quanta or,
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essentially, the frequency distribution of stimulus-response intervals for
the quanta in 2 large series of responses, provided it be assumed that the
quante all take the same time to diffuse from the liberating terminal mem-
.brane 4o the responsive muscle junctional membrane, Pige 41A shows this
theoretical distribution for the quanta involved in a large series of
responses at a junciion in 12.5 mM magnesium, Fig., 41B & C illustrate the
distributions of stimulus-response intervals observed at two junctions in
such & solution. PFig. 42 shows examples of this latency variation at the
junction of Fig. 41B. These Jjunctions both had responses of low quantal
content, the majority of stimuli being followed by a failure of response

or the discharge of a single quantum. However, since a number of responses
in each series (about 15% in 41B and 257 in 41C) involved two or three
quanta and in such responses only the latency of the earliest gquantum could
ve measured, the distributions of Fig. 41B & C will be skewed in favour of
the briefer latencies. No accuraite correction for this distortion can be
applied. WNevertheless, although the test lacks preeision, the predicted

and observed distributions agree reasonsbly both in form and range.

Thus the evidence so far addueced suggests that, in so far as it
affects the release of transmitier, an impulse does not differ from a depolar-
isation of the terminal membrane produced electrotonically or by excess
potassium. It is not necessary to postulate any "kriggering" or threshold
effect or to associate chemically the release of acetylcholine with the

activity of the sodium or potassivm carriers,

The observation that, in the mammal, the miniature discharge
frequency may be reduced by hyperpolarisation and increased by depolarisation

of the terminal membrane suggests initially that the guanta might be positive-

1y charged particles whose passage across the nerve membrane is deter-
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mined simply by potential gradiemts. According to this concept the resting
discharge frequency is merely the release rate corresponding 4o one pariticu-
lar membrane potential - the resting membrane potential - in a continuum.
.Howeﬁer this simple model camnot readily explain the influence of calcium
and magnesium concentrations on the release of quanta. If the presence of
calcium ions was essentlial for the liberation of quanta, variation in cal-
cium and magnesium concentrations should affect the resting discharge fre-

quUency.
In the cat tenuissimus muscle the resting discharge frequency

varied with calcium bui wasighfluenoed by magnesium concentration (Boyd &
Martin, 1956a), desvite the fact that magnesium antagonised the effect of
calcium on neuromuscular transmission (Boyd & Martin, 1956b). On the con-
trary, in the frog (Fatt & Katz, 1952; Castillo & EKatz, 1954a) the discharge
frequency was unaffected by changes in caleium or magnesium concentrations,
In the rat diaphragm the discharge was reduced in frequency but not abolished
in the complete absence of calcium (Table 4). However neither the addition
of magnesium nor reduction im caleium concentration to 0,5 mM has any marked
effect on the resting discharge frequency but this frequency appears to be
stabilised so that it cannot be displaced from its resting level by.hyper»
polarisation or depolarisation of the terminal membrane.

Vo explanation cen be offered for this stabilisation of the di 5=
charge frequency in calcium-deficient and/br magne sium-enriched solutions.
Further experiments sre also necessary to determine the mechanism by which
the membrane potential affects the miniature discharge frequency.

Several workers (Brown & Feldberg, 193%6; Feldberg & Guimarais,

19363 Hutter & Kostial, 1955) have demonstrated that potassivm may initiate

release, or augment the spontaneocus release, of acetylcholine from cholinergic
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terminals in the mammalian auvtonomic nervous system., Although the spon-
taneous cuantal release of transmitter has not been deomonsatrated at these
cholinergic junctions, the effect of potassium would appear analogous to

the action cbserved at the mammalian moter nerve terminals,
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SECTION 4.

GIANT POTENTIALS AT THE MAMMALIAN NEUROMUSCULAR JUNCTION

INTRODUCPION

In Section 1 reference was made to the freguernd.observation of
spontaneous large 'miniature'! potentials with amplitudes several %imes the
modal value of a series of potentials. In varticular, celenlations, at one
junction (Fig. 8), showed that more of these large potentisls ocourred than
could be aceounted for by the randowm summation of the 'unitary!t m;niature
potentials., The present Section deals with a further investigation of this
phenomenon. It would seem paradoxical to desgignate potentials vhose ampli-
tudes may reach 12 mV as 'ministure! potentials; hence, in this Section,
such potentiale will be referred to as 'giant potentials!, In distinction,

'miniature potentials'® will refer to the 'unitary' spontansous potentials.
RESUITS

Giant potentials could be detected at any junction, both in the
gracilis muecle in vivo (Fig. 4%A) and in the isolated diaphragm (Fig. 43B).
However the relative frequency of giant potentials varied greatly from one
fibre to the next. At some junciions the giant potentials comprised 20% or
more of the spontaneous dischafge, but this was unusual., At most junctions
There were but few more than would have been predicted from random summation
of miniature potentials. Nevertheless in twenty junctional records, selecbted
for detailed sbudy hecsuse the in&idence of giant potentials did not appesr
excessive, no instance was found in which the occurrence of giant potentials
did not exceed the expectation from stochastic theory. Although the numeri.
cal values were small, the probability of their 'natural! origin, by statis-

tical summation of unitary potentials, was exceedingly remote, being in
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most cases of the order of 10™", ©On the other hand detailed analysis show-
ed that at brief intervals, e.g. in the range of 2-5 msec, discharges were
not in excess of expectation. The problem was that tco many quanita appeared
to be discharged symchronously. This phenomenon wag unrelated to the posi-
tion of the intracelluvlar electrode tip, whether near or relatively distent

from the junction.

A%t a given Junction the glant potentials varied in amplitude.
Predominantly they were small, being some 2 or 3 times the modal amplitnde
of the miniature potentisls, but isolated potentials of some 5 or 6 mV
were common, 2nd the maximum amplitude encountered was 12 nV,. Not infre-
guently, in normal solutions, those giant potentials exceeding 6 - & mV

generated propagated muscle action potentials (Fig. 43B).

At some junctions the freguemcy distribution of amplitudes of
giant potentials displayed an obvious periodicity (?ig. 44), with pesks
occurring at simple multiples of the modal amplitude of the miniature
potentials. Such observations implied that the giant potentials arose by
the synchromous discharge of a number of quanta of iransmitter each equel
to the quantum normally generating a miniature potential. However in some
graphs (Pigs. 46 & 48) no such periodicity was evident. Such observations
were not unexpected, for the demonstration of peaks requires that the ampli-
tude:spread of the miniature potentisls be small, Further, for the larger
glant potentials, linesr summetion of any constituent uvnits could not be
expected since the membrane potential was significantly displaced toward
the equilibrium potentisl for the e.p.p. (Castillo & Katz, 1954b). Giant
potentials of any given amplitude band displayed no rhythmiecity. Rather

they appeared to comprise a stochastie process within the random patterm

of the miniature potentials,
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The timecourse of the giant potentials normally did not differ
from that of the miniature potentials, Occasionally, with the larger
glant potentials the rising phase was slower (Figs. 45 & 47) usually towards
its peak, vhich possibly indicates a situation akin Lo that described by
Castillo & Katz (1955a, 19562) in the frog, viz, loeal saturation of acetyl-
choline receptors by the focal release of a large quantity of aecetylcholine,
In conseguence more distant receptors at the junction became increasingly
involved and the effeet of the transmitter persists until the local concenw
tration falls belov saturation level. More frequently the falling phase of
the giant potentials appeared longer. Such an effect could also srise from
the local saturation mechanism, or, more readily, merely from the fact that
with the exponentially declining giant potentials a disﬁlacemenﬁ from the

baseline was recognisable for a longer time.

By contrast, in three fibres unequivocal evidence of double in-
nervation was obtained (Figs. 45 & 46). In this sitwation naturelly, the
larger potentials exhibited 2 much briefer timecourse. Further, each vopu~
lation exhibited its own family of giant potentials, Gbviously it was im-
portant to recognise such double inmervation for indiscriminate measurement
of potentials in such fibres would lead to a markedly bimodal distribution

of miniature potential amplitudes,

The effects of a number of agents and procedures on the giant
potentials have been iunvestigated:
(a) Denervation. The giant potentisls disappeared coincidentally

with the miniature discharge.

(b) Tubocurarine. During curarisation of a preparation giant

potentials diminished in amplitude, but frequently they could be detected

after the miniature potentials were lest 4in the baseline noise,
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{¢) Anticholinesterases. Progtigmine in a concentration of 10"6

augmented and prolonged the giant potentials. Many of the larger potentials
generated muscle action potentials (Figs 10). Indeed it appeared thet only
giant potentials could produce fibrillation, for prostigmine at this concene
tration merely doubled the miniature potential amplitude - %0 some 2 -~ 3 nuv,

which was well below the threshold for a muscle action potential,

(d) Temperature variation (25 to 40%); anoxia; sodium cyenide
(2 mM); glucose deprivation (2 nours). Individually all these agents were

without significent effect on the relative frequency of giant potentisls.

(e) Nerve block, Production of nerve block {(by cold) about 1.5 mm
from the terminals was without influence on the giant potentials. This
observation ruled out the possibility that giant potentials resulted from
orthodremic impulses - either from the cut end of the phrenic nerve in the

isolated‘ﬂgaphragm or from the spinal cord with the gracilis muscle in vivo.

In order to determine whether the giant potentials were sssociated

with antidromic impulses in the motor nerves, the phrenic nerve trunk, over

a few millimetres, was pared down to about half its original cross-section.
-By.applying stimulating electrodes to “the pered nerve; the miscle fibres — -
whose innervation was still intact were identified., The microelectrode was
retained at one of these inmervated junctions while the surface electrodes

on the pared phrenic nerve were led, via an amplifier, to the second bean

of the C.R.0. No activity could be detected in the phrenic nerve. When,

on the other hand, prostigmine (10-6) was added to the solution bathing the
muscle strip, numerous antidromic impulses could be detected in the phrenie

nerve (Pig. 47). This phenomenon was originally observed by Masland & Wigton

(1940) in the eserinized cat. However, although the giant potentials were
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augmented, many sufficiently so to generate muscle action petentials, no
association could be found between the nerve impulses and glant potentials,
Indeed, with potentials whose amplitudes exceeded threefold or more the
modal amplitude of the miniature potentials, no nerve impulse was recorded
within 2 5 msec of any of these 44 giant potentials recorded at 4 separate
Junctions. If the nerve impulses indieate the discherge of motor units
(fasciculation), it is to be expected that an occasional muscle action
potential would be asscciated with a nerve impulse, but this event was not
observed. The genesis of the antidromic impulses in the presence of anti-
cholinesterases remains obscure, but on the present evidence it may ve said
that the nerve impulses certainly do not usually, and possibly may not ever,

develop in the process which initistes spontaneous giant potentials,

(£) Magnesium and calcium, Variation in masmesium concentration
over the range 1 - 12,5 mM and in calcium conceniration over the range 0 = 4
oM had no effect on the relative frequency of giant potentials. At one
Junction blocked by 12 mM magnesium the paradoxical situétion was observed
that, whereas a nerve impulse evoked a response of low quantal content vhich
never approached the muscle fitre threshold, an oceasional spontaneous giant
potential of some 8 - 10 mV readily initiated s muscle sction potential, In
these conditions no evidence was obiained that glant potentials could oceur

as a response to a stimulus,

(g) Electrotonic polarisation of nerve terminals., When the motor
nerve terminals were'hyperpolarised or depolarised a decisive and unexpected
observation was made at junctions displaying a high proportion of giant

potentials, Whereas the miniature potential frequency was readily modified

hv presynaptic polarisation (Section 3), the absolute frequency of the giant

wokentials was not significantly @ltered. Hence the relative frequeney of
giand “otentmals varied greatly with polarisation (Pig., 48), Furthermore,
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while at a junction displaying but few giant potentials, it was correct to

say that the mean amplitude of the miniature (meaning *all spontaneous!')
potentials was unaltered by presynaptic polarisation {Section %), such a
statement would not apply at a junction such as that depicted in Fig. 48,
The amplitude of the miniature (unitary) potentials remained constant, but

the mean amplitude of the tobtal spontaneous discharge varied with the relative

frequency of giant potentials.

(h) Potassium. Potassivm in & concentration of 15 - 20 m had no
effect on the absolute fregqueuncy of giant potentials, their relative fre-
quency merely declining as the frequency of the miniature potentials in-

creaged,

(i) Post-activation potentiation., The sbsolute frequency of
glant potentials at two junctions showed no marked change when the minig-
ture discharge was accelerated by a tetanus of 7%,000 impulses (200 per sec
for 15 sec).

DISCUSSION

Castille & Katz (19%56a) opined that it might be possible with an
intracellular electrode to deteect, amid the population of minieture poten-
'tials, a few large fast potentials which would arise (as a subtlety of
recording) by convergence of curreut flow at an 'active patch' (Castille &
Katz, 1955a, 1956a; Section 1) situated very close to the electrode tip.
The expected characteristics of such 'active patch'! potentials may be ftabu-

lated as follows:

{a) Detection (as for extracellular miniature potentials) would be rare and

difficult, for it would recuire a very precise location of the electrode at

the end=-plate,

(b) The time-course would slways be faster than that of the miniature
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potentials.

(¢) Amplitudes would not occur as simple multiples of the miniature poten-
tial modal amplituwde. Totentials of largest amplitude would not generate

muscle action potentials.

(@) Prequency would vary with the miniature discharge frequency when the

latter was mnodified by any agent.

(e) ZLarge potentials would occasionslly contribute to responses to stimuli.

£11 these theoretical criteriz of large tactive pateh' potentials
stand in sharp contrast to the charachteristics of the giant potentials deg-

eribed in this Section.

The present observations indicate that giant potentials are of
regyneptic origine. Their pharmacology is similar to that of the winiature
poteﬁtials and it would appear that glant pobtentials arise simply by the

synchronous or near-synchronous release of a number of gquenta of acetylcholine

Feither the mechanism of this synchronous release nor the great
variation in relative freguency of giant potentials at different junctions
can be explained. The glant votentials neither result from nor camse impul-
ses in the motor axons, Veriation in calcivm and magnesium concentration
modify profoundly the effects of an impulse and electrotonic depolarisation
on the release of guanta, but these ions are without effect on the indldence
of giant potentiels. Hence it appears unlikely that the glant potentials

are generated by local responses of the motor terminal membrane.

Originally it was supposed that the discharge of a single quantum
might facilitate the release of a second quantum, possibly by an electrical

event in the motor terminal membrane (Liley, 19562). This model was sugges-
ted by the observations that the miniature potential freguency was raised

after indirect stimulation, and that electrotonic depolerisation of the
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terminals accelerated the discherge. However this explanation raises
several problems. First, it predicts that the behaviour of a notor ey«
minal is inherently unstable, =2nd that intermittently there would develop

a fulminating chain reaction of miniature discharges, Secondly, any facili-
tatory effect must be of very brief duration, for the incidence of disw
charges at intervals of 2 - 5 mesec is not excessive, Thirdly, this explans-
tion would appear incompatible with the observation that the relative fre-
quency of giant potentials falls as the discharge is accelerated by depolar-
isation of the nerve terminals. It is desirable, therefore, to consider
other mechanisms which, conceivably, could account for the production of

giani potentials,

A multivalent carrier molecule could be invelved in the "spontane~
eous' passage of quanta across the terminal membrane., The normel 'load! of
such a carrier would be a single guantum, bui occasionally the carriage of

twe or more guanta could occur,

Alternatively coalescence or physical adherence of gquanta may be
postulated, The occasional release of the resulting aggregates of +trans-
mitter would produce the same potential change as the synchronous release
of several independent quanta. This model might be compatible with the
stability of the absolute frequency of giant potentisls from terminals which
are subjected to elechirotonic depolarisation, excess potassium and tetanic
stimilation, for the mobility of large aggregated would be less than +that
of single quanta. Alterpatively, under these conditions, the high turnover

of quanta might reduce the probability of their coalescence,

Recent electron-microscope studies {Palade, 19543 Robertson, 1956)

have revealed that vertebrate motor nerve terminals contein numercus

o
'vesicles! with diameters in the range 20-500A". Robertson (1956)
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suggests that these vesicles might be charged with acetylcholine and be
apnalagous to secretion granules (cf. Castillo & Katz, 1955b, 1956b). It
is an attractive and convenient hypothesis that these vesicles are the
morphologieal correlates of the quanta of transmitter which, on release,

generate miniature potentials.

Within this framework it is intevesting to seek ovidence that
glant potentials might be produced by preformed aggregates of transmitter.
If the vesicles tended to maintain a spherical form, then a giant potential
equivalent to as many as ten unitary potentials would derive from a vesicle
with diameter little more than double that of a 'unitary! vesicle and such
a structure would hardly ve prominent., If, on the other hand, vesicles
aggregated linearly to produce rod-like bodies, such structures should be
cbvious amongst the general population of 'unitary! vesicles. It, there-
fore, is suggested that the structures designated 'elongated vesicles' by
Robertson (1956) might represent the nulti-quantal accumulations of trans-—

mitter vhich on release produce giant potentials.

Whatever theoretical interest they may possess, giant potentials
are of considerable practicel importance. Undoubtedly they appear to be the

generators of fibrillation in muscles treated with snticholinesterases.

Just as Fatt & Katz (1952) initially suspected the possibility of
an artefact when they first encountered spoutanecous activity at the frog
myoneural junction, so, in the present work, junctions displaying numerous
giant potentials were originally regarded with suspicion and aveided where
possible, As a result, in most experiments involving the determination of
the mean amplitude of sponmtanecus potential populations {Section 2}, few
giant potentials were present to disturd calculations. However it is

cbvious that, for a junction displaying numerous giant potentials, the
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modal amplitude of spontaneous potentials would be more meaningful than the

mezn amplitude as a measure of the 'unitary' potentials,

Originally junctions displaying numercus giant potentials were
also avoided in experiments involving the electrotonic polarisation of
nerve terminals. Such a practice was fortunate, for a large ghtable popﬁ—
lation of giant potentials could seriously dietort the interpretation of
records - particularly with hyperpolarised terminals. Indeed reinvestigation
of the records of two junciions in which hyperpolarising currents failed +o
devress the discharge frequency to an expected level (Fig. 34B) shoved that
a partial but nof complete 'correction' was effected by the deletion of a

few giant potentials.

”

Finelly the cccurrence of giant potentials raises the rroblenm
of measurement of discharge frequencies. Por a measure of the rate at which
quante are expended it is ressonable to estimate the gquantal content of any
glant potentials on a record. However in terms of the motor nerve terminal
membrane it is possible that a giant potential represents an event in no way

different from the release of m single quantun,
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SECTION 5.

THE EFFECTS OF GIUCOSE IEPRIVATION AND PHIORIDZIN ON THE MINIATURE

DISCHARGE AT THE MAMMALIAN NEUROMUSCULAR JUNCTION

INTRODUCTION

The frecquency of the miniature discharge may be modified pro-
foundly by a number of agents, but corresponding effects on the amplitude
of the miniature petentisls are slight or abseni. Further, the effects of
curare, prostigmine {Section 1) magnesium (Section 2) and potassium {Section
%) on the miniature potential amplitude can be assigned to the post-synaptic
level. At a junction poisoned with botulinum toxin (Brooks, 1956b) the
miniature potentials disappeared without prior reduction in amplitude. No
agent has been discovered which indisputably modifies the molecular éontent
of the quania of transmitter end nothing is known of the mechanism deter-
mining this content except that it is very stable. Thus a resting terminal
in an isclated disphragm may release some 30,000 m‘eo,ooo quanta of constant
or near constant size during an 8 hour experiment while in the presence of
50 md potassium a terminal can expend in 20 min the greater part of a million
guanta which display remerkeble uniformity, 2% least in their post-synaptic
effects.

Since alteration of the motor terminal membrane potential does
not alter the size of the guante it would seem reasonable to direct an attack
against the synthesis of acebtylcholine.

The choline-acetylase activity of moteor nerve terminals may be

assumed to resemble the process which has been investizated in other nervous

tissues (for a review ses Feldberg, 1945). However, when electrical recorde

ing rather +than chemical Or blological assay is used to detect acetyl-
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choline, the choice of agents for modifying acetylcholine synthesis is
limited. Since the muscle junctional membrane is the delicate indicator
of acetylcholine release, it is important that the muscle sensitivity to

acetylcholine and the muscle membrane potential are not disturbed.

In viev of the elegant work of EKshlson & MacIntosh (19%9) on
the synthesis and release of acetylcholine in the superior cervicel ganglion
of the cat, an investigation has been made of the effects of glucose depri-
vation on the freguency and amplitude of miniature potentials in the isolated
rat diaphragn.
RESULTS
The immersion of a preparation (including the phrenic nerve) for
2 hours in a solution combaining zero glucose produced no significant change
in the frequency (Table 6) and amplitude of the miniature discharge or inm
the muécle resting membrane wnotential,
TABLE 6.
Effect of glucose on resting discharge frequency. Mean freguency,
S.D. and range of frequencies in groups of junctions. The number of junctions
in each group is shown in parentheses and groups were recorded in the order
gshown. The time in parentheses after specification of a solution indicates

the time at which recording commenced after immersion in that particular

solution.
Glucose 2G/1 Zero glucose Glucose 20/L
{normel) (2 nr,) (% nr,)
Hean frequency
(sec™1) 1.0 (20) 1.64 (20) 1,87 ()
5.D, (sec™t) 0465 0.81 0.85

Range (seo™r)  0.93-3.35 0.82~3,57 0441-3.61
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When however, after deprivation of glucose, & preparation was stimulated
for 3/@ hour at 2 per sec (5,400 impulses) the mean frequency of the minig-

ture discharge was reduced by some &0% (Table 7).,

This low frequency was maintained, in the absence of glucose, for
at least 20 min, as was found by comparing the first and second halves of
the group of observations. On the other hand the discharge freguencies
recoversd completely after 5—1Q:§§ﬁin normal glucose concentration. Wo
attempt was wade to record conﬁinuously from fibres during stimulation in
the absence of glucose, but, afier stimuletion, the miniature potentials
appeargd %o lie in the normal amplituds range. This impression was cone
firmed by continmous recording from one junction as the glusoses concene
tration was resftored and the frequency recovered Ffrom 0.42/cec to a stable
value of 1.0%/sec over 5 minutes. A control period of shtimulation in normal
glucose concentration produced only a émall and insignificant increase in
the mean frequency of the miniature discharge.

TABLE 7.

Effect of low frequency repetitive stimulation on discharge fre-
quency in the absence and presence of glucose. Couventions of labels are
the same as in Table 6.

Glucose. 2G/L  Zero ghucese  Gluccse 26/T  Glucose 26/%
thsaa (3/4 br stim at (10 min)  (3/4 hr stim

2/sec) at 2/sec)
Mean frequency
(sec =1y 1,15 (21) 0.43 () 1.10 {20) 1.26 (R0)
8.D. (see™) 0.5 0421 0,50 0.65
Range (sec™™) 0.15-2.75 0412-0496 0.27=2.37  0.20~2.58

Theoretically the glycoside vhloridzmin should produce the same

effects as the withdrawal of glucose, for phloridzin prevents the utilisa-

tion of glucose by inhibitigg phosphorylation. Experiments, hovever,
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demonstrated that dosage with phloridzin d4id not mimic simple glucose

demrivation,

At 2 concentration of 0.4 gfijphloridzin rroduced a significant
acceleraﬁion,iqﬁhe miniature discharge {Table 8, vreparation a), and a
further acceleration occurred following 3/4 hour stimulation at 2 per sec.
These effeets were greatly enhanced when the phloridzin concentration was
increased to 1.6G/L (Table 8, preparation b), At both concentrations the
effects vere reversible although about 20~25 min was required for full
recovery, Throughout, the muscle resting membrane potential was unaffected

and no change in the amplitude of +the miniature discharge was detected,

TARBLE 8.
Effect of phioridezin, and repetitive stimulation in the presence of phloridzin,
on discherge frequency. Conventions of labels are the same as in Table 6.

Preparation a

Normal Phloridzin 0.46/1  Phlcridzin Normal
solution (3/4 nur) 0.l 6/1 solution (& hr)
(3/4 br stim
at 2/sec)
Mean frequency
{sec™t) 1.42(23) 1.77 (20) 2,97 (D) 1.27 (D)
S.D. (sec™t) 0.42 0.88 1,16 0487
Range (sec™ )0,41-2403 0,67-3.96 1104476 0444-3408

Preparation b

Normal Phloridzin 1.66/T  Phloridzin 1.6G/L Normal
solution (% nr.) (3/4 nr. stim solution
| at 2/sec) (3/4 1r)
Mean frequency
(sec™l) 1.10(20) 3.2 (20) 17.9 (20) 1,28 (19)
8.D. (sec™) 0,56 To7 5.0 0479

Range(sec™) 0,42-2.42  3.8-31.0 8.5-27,0 0.449-3.38
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DISCUSSION

In a recent review Castillo & Ketz (19%6b) asked whether, at the
mammalien neuromusucler junction, deprgivation of glucose might cause the ¢
quenta, or wnits of acetylcholine relsase, to diminish in sige, for it would
be reasonable to expect that glncose lack would influence acetylcholine
synthesis at the mwolecular, rather than at the quag*ta.l, level,

The present investigation anwwers that query. In a resting pre-
varation glucose deprivation has no effect on the miniature discharge.
Following stimulation the spontaneous ocutput of acetylcholine is dminiched,
but this effect is graded at the quantal and not the moleculer level., As
with other agents the discharge frequency may alter, but the quantal size
is constant, |

Kahlson & MacIntesh (1939) found that glucose deprivation did not
alter the acetylcholine content of the resting perfused supverior cervieal
ganglion of the cat., However, vhereas in normal sclutions with prolonged
lov frequency stimulation the ganglion maintained a steady acetylcholine
ontput and effector organ res@onse, in the absence of gluecose the acebyl-
choline ocutput and effector organ response declined markedly and the scetyl-
choline content of the ganglion was reduced. These phenomena showed & slow
recovery vwhen stimulaxioqﬁeased but a prompt recovery occurred when glucose

was admiitted even if stimulation was continued.

In the light of these observations the present results may be
explained. Assuming that the frequency (and smplitude) of the miniature
potentials are a Jegitimate index, the acetylcholine content of the motor
nerve terminals is not affected by 2 hours of glucose deprivedion. Further-

more, since in this time a terminal way expend 10,000 quanta, it is probable

that there is somw degree of synthesis. ProTonged stimulation in the
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absence of giucose cauges & f£all in the discharge frequency which may be
interpreted as an exhaustion of available transmitter. In contrast to

the ganglion, no recovery from this exhaustion was found when the stimu-
lation was discontinued for % hour. However, since in this time a terminal
expends about 1,000 guanta it is possible that the random loss of trans-
mitter offsets a limited resynthesis. The restoration of glucose, on

the other hand, produces a prompt and complete recovery of the motor ter-

Troansmotter
minal content as judged by the frequency of miniature potentials.

During the 3/4 hour of indirect stimulation in:the absence of glu-
cose it was cbserved that.the muscular contractions progressively diminished.
Since the miniature discharge is independent of the state of nervous conduc-
tion (providing the motor terminal mewbrane potential is unaltered), the
present resulits would appear to sepsrate transmitier exhaughtion from any
contribution which nerve block might maeke to the neuromuscular depression
produced by glucose demivation. Nevertheless the present results in the
isoleted diaphragm are in accord with the observations of Mcelowall et al
{19249) and Hadju & McDowall (194¢) who used mechanical recording and with
tha observations of Jeffries (195%) on e.DP.D.5 in the curarised prepara-
tion. Hadjv & McDowsll (1949) found that, in the absence of glucose, the
responses to indirect stimulation were depressed in two stages. The first
stage was attributed to depressed synthesis of transmitter; the second un-

doubtedly resulted from failure of conduction in the medullated axons.

Hadju & McDowall (1949) also found that, in the absence of glucose,
neuromuscular depression developed mors rapidly when the potassium concen-

tration was increased from 5 mM to 10 mM, This effect would be expected,

for the increased random discharge at the higher potassium concentration
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will be shown (Section 6) that, as the votassiunm concentration is increased,

the output of transmitter per impulse is also augmented,

Hadju & MoDowall {1949) reported that phloridzin produced a
readily reversible neuromuSCulér block. They stated that "200 mg of
phloridzin was added" but did not specify the volume of the bath nor whether
the added material dissolved cpmpletely. Accepbing their impligatiqn that
the apparatus was similar t§ that of Mclhowall et al. (1949) with & bath
volume of 50 ml, the concentration of phloridzin would have been 4 gyin
In the present investigation saturation was obtained at about %g phloridzin/l
at 3800. Further, phloridzin did not mimic glucose deprivation in its effect
on the miniature discharge. It would be of interest to jnvestigate the
effect of this substance on the acetylcholine comtent of the stimulated

superior cervical ganglion of the cat,
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SECTICN 6.

TEE FFFECIS OF POTASSIUM ON TRANSMISSION AT THE MAMMALIAN

BFUROMUSCUTAR JUNCTION

INTRODUICTION

Boehm (1894) first described the decurarising effect of repetitive
indirect stimulation on the neuromusenlar junetion. Boyd {(1932) redis-
covered this phenomenon ivn a mammslian preparation and subsequentiy Brown
& von Euler (1938) demonstrated the post-tetanic potentiation (m?_) of the
€+DeDe 1in curarised muscle and distinguished this phenomenon from the post-
tetanic augmentation of contractions in uncurarised muscle which had been
described by Resenblueth and Morison.(1937). S8ince that time PIP of +the
mammalian e.p.p. has been investigated by seversl workers (Hutter, 1952,
Liley & NWorth, 1953; Jeffries, 1953; Lundberg & Quilisch, 1953a, b), but
the cause of the phenomenon has remained obscure. Rosenblueth & Connon
{1940) claimed that post-tetanically a muscle was stimulsted by an injection
of acetylcholine which failed to stimulate the resting muscle, but Hutter
(1952) found that post-tetanically the sensitivity of a muscle 4o acetyl-
choline was unaltered., He concluded, as also did Iiley & North (1953),
that the post-tetanic effects were mwesgynaptic in origin. Jeffries (1955)

demonstrated that PTP of the e.p.p was independent of glucose concentration,

Following the work of Brown & Feldberg {19356) on genglia and
Wilson & Wright (1937) on muscle, Rosenblueth and co-workers {Rosenblueth
& Morison, 1937; Rosenblueth & Cammon, 1940; Cannon & Rosenblueth, 1940 )
attributed posi-tetanie effects to a'mobilisstion of potaasion iong?! on

the grounds that potassium could imitate some of the effecis of repetitive

stimulation. ILiley & North (195%) showed that in curerised muscle the PTP
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of the e.p.p. could be suppressed by raising the votassium concentration.
Subseque’ntly it has been demonstrated (Section ?) +that post~tetanically
the e.p.p. is augmented quantally, and that, in curarised muscles, this
augmentation appears to be superimpesed on an initial depression which
presumably is due 4o exhausbkion of'the gvailable transmitier. Further i%
has been observed (Section 3) that increase in potassium concentration
accelerates the spontaneous miniature discherge, as also does repetitive
stimulation {(Sections 1 & 2)s In view of these results it is of interest

to investigate the effect of potassium on the gquantal content of the e.DeDs

both before and after repetitive stimulation,

RESUIALS
The effect of potassium on the mean quantal content of the e.D.De
was investigated in two preparations (Table 9)e In each preparation it was
observed that when the potassium concentration was raised from 5 mM to 15 mM
there was a significant (p< .0l) increase in the mean quantal content of
the e.p.p.s. As expected (Section %) the mean frequency of the miniature
discharge was also increased and, for thia concentration of potassimm at
least, the proportional increase in mean quantal content of the e.p.p.8 and

mean discharge frequency were of the same order,

When a junction which had been blocked by excess magnesium was
subjected to a large number of brief tetani, it was found that the increase

in mean amplitude of the corresponding responses in each tetanus (Section 2)

was smaller when the potassium concentration was inoreased from the normal
5md to 15 mM (Pig. 49)s This effect was also observed with extracelliulsr
recording in the diaphragm strip preparation, and it was found that, with

mrelonged stimulation, not only was the increase in serial responses less

marked but also that the responses reached o plateau earlier (Fig. 50) in
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high potasaiwm concentration,.

TABLE 9.

Effect of potassium on mean quantal content of e.p.p.s and mean
discharge frequency of groups 6f junctions in two preparations. Mg 12 mM,
Ca 1.5 miM, At each junction 2 series of some 200 - 400 Tesponses was
recorded. The number of failures in the series was correched (see Methods)
and the guantal content was calculated from the relation:

1oge No, of impulses {Section 2)e In each prepaxatlon the observations
Fo. of failures
in normal (5 mM) potassium were made in two groups - one group hefore and

one after the observations in 15 mM potassium, For each preparation the

two 'normal' groups were then pooled to give %he values in +the table.

Preparation A 5 md (Normal) KV 15 mi K

Number of junctions 18 &

Mean quental content of response 0.66 {0.58) 1.28 {0.384)
(8.04)

Mean frequency (8.D.) of minia-
ture potentials {sec™) 3,07 {1.19) 5400 (2.,22)

Preparation B

Number of junctions 19 ‘ 20
Mean quantal content of response 1,06 (0.73) 1.66 {0.61)
(8.2.)

Mean frequency (S.D. ) of minia-
ture potentials (sec™1) %80 {2435) 6476 (4446)

Intracellular recording showed that in a prevaration blocked by

magnesium the PAP of the e,pe.p. response {Section 2) was much smaller and

briefer with high potassium coneentration (Fig. 51D) than with normal
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potassium (Fig. 51B). Similarly the post-tetanic acceleration of the
miniature discharge (Section 2) was also reduced in degree and duration

in high potassium concentration (Figs. S1A, C).

DI SCUSSION
The effect of potassium on a nerve-muscle preparation is compleX.
In high concentration, potassium way directly execike nerve (Brown & Mao~
Intosh, 19%9) and muscle fibres (Magladery & Solandt, 1942) through acute
depolarisation. On the other hand prolonged depolarisation by potassium

may produce nerve block or neuromuscular block (Thesleff, 1955 )

Several authors (Wilson & Wright, 1976; Brown & von Fuler, 1938;
Hadju, Knox & McDowall, 1950) have demonstrated that potassium also Pfacili-
tates nevromuscular transmission in the mammal although this effect is not
sustained. These results accord with the observation of Liley & North (1955)
who found that, although potassium reduced the amplitude of the €.DePe in
the curarised diaphragm, the pattern of a brief tétanus wags altered in a
manner which suggested a facilitated release of acetylecholine, Quilliam

& Taylor (1947) demonstraied potassivm-curare antagonism in the rat diaphragm.
They considered that this antagonism occurred onm the post-synaptic membrane,
but their argument sssumes that the smount of acetylcholine released by an

impulse is unaffected by potassium.

The present resulis provide confirmation that potassium sugments
the relsase of acetylcholine by an impulse and indicate that this augmentation
is a quantal process. The ultimate effect of +this augmented release on

neurcomuscular transmission would appear, however, to be conditioned by the

concomitant effect of potassium on the muscle membrane potentisal and on the

gengitivity of the end-plate 4o acebylcholins.
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The mechanisa by which an increase in extracellular potagsium
facilitates the release of acetylcholine by a.ﬁ _impulse cannot be :;:'iaaéily
explained, for, from the evidence adduced in Section 3, it would be expected
that the quantal content of the e@.pep. would be influenced only by the abso=
lute peak voltage and the fime-course of the action votential and not by
changes in the resting votential of the motor terminal wembrane, The effect
of potessium could be explained by a prolongation of the ackion potential
but there is no evidence to suppors this contention. Indeed Hodgkin & Ketz

(1849) found that, in the squid axon, an increase in extracellular potassium

had a negligible effect on the timecourse of +the actioﬁ potential.

The suppression of PA? of the e.p.p. by potassium vhich was obser-
ved in the curarised diapﬁragm by ﬁiley & Worth (1953) is now seen o occur
at a junction blocked by masmesium. Repetitive stiwwlation and potassium
each increase the gquantal content of the e.p.pes but these effects are not
additive but occlusive. This occlusion occurs even in the magnesium blocked
preparation, which allows an optimal éppmrtunity for facllitation since
exhaustion of available transmitter is obviated. Similarly, tetanic stimu-
lation and petassium each accelerate the spontaneous discharge of trans-

mitter, but again these effects are occlusive,

In discussing the increased twiich tension which was observed
folloving repetitive stimulation of an uncurarised muscle, Rosenblueth &
Morison (1937} used the phrase 'mobilismtion of votassium ions' {of. Brown
& Feldberg, 1936). Subsequently this expression has vlagued the literature
on various post-tetanic phenomena. Many avthors have quoted the phrase

with 1ittle or no indication of the presumed origin or site of action of

the 'mobilised' potassium. Brown & von Fuler {1938) ot least specified
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that potassium would be liberated by muscle action potentials. However a
'mobilisation' of potassium ions from muscle fibres camnot explain the PAP
of the e.pe.p. at junetions blocked by cursre or magnesium, for under these
conditions the only tetanic responses in the muscle fibres are very small
2.PePs's, HNevertheless, since potassium dosege mimics the effects of a
tetanus both on the quantal content of +the e.p.p. and on the miniature dis-

cherge frequency, it is reasonable to seek an explanation of these post-
tetanic phenomena in terms of potassium redistribution. The relevani source
and site of action of such a redistribution would be the motor nerve terminals

themselves,

It may be argued %hax, since an impulse is assogizted with a teme
porary loss of intracellular potassium, the potassium conceniration gradient
across the moter nerve terminal membrane would be reduced afiter prolongsd
stimilation. In this situation, as pointed out by Tiley & North {1953), i%
would be the inbracellular reduction in potessium concentration which was of
significance because g foesl inerease in extracellular notassium concentra-
tion would rapidly dissipate by diffusion into the surrounding medivm {Hodg-
kin & Huxley, 1947). A post-tetanic reduction in the potassium concentration
gradient across the motor termins)l membrave implies a fall in the membrane

potential, i.e. an after~-depolarisation,

Such an after-depolarisation would readily explain the post-tetanic
acceleration of the ministure discharge., Caleulations based on the relations
derived in Section 3 show that the PAP of the discharge frequency depicted
in Fig. 14 would require an after-depolarisation with a transiert initial

peak value of some 25 wV,

Cn the other hand the mechanism by which a post~tetanic after-
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depolarisation would quantally augment the e.D.pe 13 1o more explicable

+than the effect of potassium in increasing the quantal content.

Further the negative affer-poteniial hypothesiz cannot explain
why the post-tetanic effects on e.D.p. guantal content snd discherge fre-
quency are not additive with the corresponding effscis induced by potassium
uniess it is presumed thet the negetive affer-potentisl no longer occcurs

when the exiracellular potassium concentration is increassd.

An alternative hypothesis would be that bhoth repetitive activity
and potassium facllitate the release of guanta by a process independent of
change in the termingl membrane potential. Several possible mechanisms for
such an effect may be considered.

(a) Calcinm-like action. Calecium, by some yrocess unknown, incresses
the quantal content of the e.p.p. However the effect of calcium does not
resemble that of tetanic stimulation or potassium for whereas these latier
agents readily accelerate the miniature discharge, calcium has negligible
influence on the discharge frequency,

(b) Increased store of trensmitter., This expianaﬁion was discarded by
Iiley & Worth {1953) on the evidence thet both repetitive stimwlation and
potassium dosage produced a shteeper seriel decline and finally a lower
plateauy of the €.7.T. responses 4o a brief dest tetanus. From thig change
of pattern it was copcluded that repetitive activity and potassium causad
an increase in the fraction of available transmitter liberated by an impulse
and hence a more rapid depletion of transmitter by a brief test tetanus. |
Hutter & Trautwein (1956) have placed the same interpretation on the anala~

gous changes in the pattern of responses to a brief tetanus in the frog

when & muscle is streitched.
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(e} Strategic redistribution of quanta within o motor nerve terminal.
Baquating quanta of transmitter to the presynaptic vesicles of the electron
microscopists it is apparent that not all quantas are equally tavailable!

for release or, formally, the probability of release of the quanta is not
uniforms. Although data sre inadequate to make sny estimete of the mobility
of vesicles, this conclusion is alwmost inevitable for the release of a
cuantum implies movement of 2 vesicle to provide 2 collision with the hHermie
nzl membrane (cf.:Castillé & Ratz, 1956b) and the vesicles are not all equi-
.distant from the membrane., This descripbion applies, of course, only for a
very brisf time inter¥al and it is assumed that the duration of an aschion
potential is such a brief interval, On the other hand, in the long run
random movement of vesicles woﬁld,result in the mean probebility of dis-

charge of one quanitum being the same as that for every other gquanium.

IT repetitive activity resulted in a temporary redistribution of
vésicles so that they were concenirated near the membrane, then both the
increased CePePs quantal content and the accelerated miniature discharge
plus the common fimecourse of these two effects may be eéxplaeined. That
disuse and, by corollary, activity may induce changes in concentration of
vesicles near a presynaptic membrene is shown by the electron nicrescopic

records of de Robertis & Franchi (1§56) on the rod and cone synapses of

the rabbit retinz.

Since potassium mimics the effects of a tetanus, the hypothesis
sugrests that potassium also cavses o redistribubion of vesicles so that
they are concentrated near the terminal membrane, The occlusion of DO St

tetanic effects by potassium would gimply imply that there is a limit to

the local concentration of vesicles which may be attained.
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The maln argument against this convenient hypothesis is the fact
that the relation between the discharge frequency and potassium concentrow
tion (Section 3) is precisely of the ferm which would be expected if potasse
ium exerted its effect solely through the change 1% produced in the membrane

potential of the motor nerve terminal.
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GERERAL DISCUSSTON

A few investigators have stated, and meny have implied, that the
process of transaission seen at the neuromuscular junction represents the

broad pattern of achtivity at other synapiic regions.

Elliot (1907) first emphasized the resemblances in behaviour of
the motor end-plates of skeletal muscles and the nsurcnes in sympathetic
ganglia. Rosenblueth (1950) has summarised further similarities between
these structures, However it might seem hazardous to extend anslogies into
the central nervous system. With light wmicroscopy a great variety of symap-
tic structures and patterns may be found. With but a single exception
(Reeles, Fatt & Koketsu, 1953, 54) the transmitters in the central nervous
system have not been identified, and. even more disconcerting, most excibo-

tory pathways still lack any specific pharmacologye.

Wevertheless much information has been gained ﬁy intracellular
recording, On the motoneurone Brock et al (1952) observed that excitatory
and inhibitory volleys produced, respectively, excitatory and inhibitory
vost-synaptic potentials (EPSPs and IPSPs). Coonmbs, Curtis & Beclea (1956a)
have derived the timecourses of the membrane currents which generate EPSP's
and IPSP's and the ion species involved in these currents have been idenbti-
fied {Coombs, Eccles & Fatt, 1955a, b)s The intersction of EPSP's and IPSP's
in the excitation of motoneurones have been investigated (Coouwbs, Fccles &
Patt, 1955¢) and details of the process by which the EPSP excites a2 moto-
neurone have been added by Coombs, Curtis & Fccles (1956b). These investi-~
gations demonstrate that the later stages of transmission at central synapses,

while not identiecal with, are certainly auslogous to the processes which

have been described at the neuromusculsr junchion {Feecles, Katz & Kuffler,
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1941a; Ruffler, 1942; Fatt & Xatz, 1951: Boyd & Martin, 1956b),

Humerons investligations have been made on the effects of disuse
and revetitive activity on transmission in the monosynaphtic reflex arc
(Iloyd, 1949; Fecles & Rall, 1950; 19512, b; Eccles & MoIntvre, 1951, 1953).
There is evidence that post-tetanic effects, at least, are of presynapiic
origin, for the responses to heterosynaptic test volleys show no potentig-

107

Avart from these observations litile is known of the early siages
of transmission in central synapses, Moreover any attemp: 4o modify the
ionie envircmment of the terminals would pose formidable techniesl problems.
In this predicament it is reasonable to agsume, as a working hypothesis, that
the release of ceuntral transmitters resembles the mrocess which has been
displayed at vertebrate neuromuscular junctions. There is some justification
for this assumpbtion, for electron microscopy has revesled a remarkedble uni-
Tormity in the fine structurs of central and peripheral synapses which show
little resemblance between the gross gtructures revealed by conventional
light microscopy. The fundamental features of a presynapiic accumulation of
vesicles {200-500 A° dismeter ) and discontinuity of vre-~ and post-synapiic
cytoplasm have been observed at synapses in the memmslian retins {de Rebertis
& Franchi, 19%6), cerebral cortex, medulla, sympathetic ganglion and muscle
{Palade, 1954; Palay, 1954). Similar detail has been described at aynapses
in the lover vertebrates and invertebrates {de Robertis & Bennet, 1955;
Rovertson, 1956), Roberitsen (1956) has speculated upon 4 posaidle relation-

ship between vesicles ond axoplasmic Filaments,

The proposal thet the vesicles, so characteristic of nerve Hermie

vals, rewresent the conitainers of quanta of transmitier is a very convenient
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hypothesis, but one that is not readily amenable to proof. Wevertheless

some guide to the feasibility of the proposal may be obtained at the mammoe
lian neuromuscular junction. From the table of Acheson (1948) it may be
caleulated that the amount of acetylcholine liberated st a junction by an
impulse is of the order of 10™-° mole, The mumber of guanta of transe

mitter liberated from a terminal by & single impulse has been estimated +o

be of the order of 250 (Boyd & Martin, 19%6b; Section 2). According Ho
Palade {1954) vesicles in rat nerve terminals ore of diameter range 200-500A?.
Accepting o mean diameter of 350 AO, the concentration of acetylcholine in

a vesicle may be calculated as

18 3
30 x 10 5 = 0.2 Molar
250 4/3(1.75 x 1079)

Little reliance may be placed in the accuracy of this estimate for the
values used in its derivation are sidbject to considerable wneertainty.
Purthermore the likely errors would all cause an underestimate of the con-

centration. Nevertheless the order of magnitude is plausible.

Since vesicles are found in such a wide variety of nerve terminals,
it is pertinent to ask why "miniature potentials! have not been reported by
workers using inbtracellular electrodes in +issues other then muscles. Cere
tainly most terminals are very much smaller than the motor nerve endings

but the diameter of the vesicles is not correspondingly graded.

Spontanecus potentisls have been sought for, but have not been
observed in sympathetic ganglion cells (R.M. Beeles, personsl communication),.
The Renshaw cells of the ventral horn (Eccles, Patt & Koketsu, 1953, 1954;
Frank & Pucrtes, 1956) are sxcited by cholinergic collaterals from motor

axonse. These cells may discherge 'spontancously' but the cause of this
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phenomenon has not been investigated,

A microeledirode may detect small potentials - excitatory, inhibi-
tory or both ~ in a 'resting' motoneurone (Fccles, personal communication).
The frequency and relative proportion of these spontaneous EPSP'e and IPSP's
vary from cell to cell but it is doubtful whether this activity is analogous
to the miniature discharge ot the neuromusculer junction. It is more probabls
that the potentials represent the background bombardment of a motoneuvrone
by excitatory and inhibitory pathways. This intervretation is supported by
the observation that, with carefully graded stimuli to %he appropriaste
afferent nerve, the first response deiected in the motoneurone may bhe of
the same amplitude as the 'symaphic noise'. Despite the small size of the
synaptic knobs it seems improbable that an impulse would liberate only a
single quantum. Hence, if each of these potentials rerpresents the normal
total ouitput of ftransmitier from a terminal, it follows that the effect of

a single quantum would be indeteciable.

Thecretically the absence of winiature potentials at synapses
other $hen the neuromuscular junction is not unmexpected. The neuromuscular
junetion has no integrative function. For efficiency the safety factor for
transmission must be high. The post-synapbic membrane is highly sengitive
to the transmitter, so much so that a few thousand molecules of transmitter
produce a distinet potential change. By contrast, for any nerve cell on
which numercus fibres couverge, it is important that no one synapse should
excite the cell, else all integrative action would be lost, Hence the post-
synaptic response to the output of a single terminal should be small. If

this output is quantal in nature, the effect of 2 single quantum on the

post-synaptic membrane probably would lis beyond the resclubion of existing

recording circuits.
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The argument that the individual ministure potentials would lie
beyond electrical resclution does not imply that at such junctions the
gpentaneous dischorge could not exert some significant effect, For example
asynchronous quantal release of excitatory transmitter from the hundreds of
synaptic knobs on a motoneurome could conceivably produce a small background
depolarisation of the post-synaptic membrene., Similarly at eserinised cholin.
ergic junctions the discharge wight produce a sigmificant 'resting'! release
of acetylcholine into the perfusion or bathing solution, Brown & Feldberg
(1936) and Hutfer & Kostial (1955) have reported a resting release of
acetylcholine from sympathetic ganglia while Dale et al {19%6) and Brooks
(1954) reported o similsr phenomenon in muscle. Brooks (1954) specified
that this resting release vas stable but other workers have regarded the
effect with suspleion. I% is interesting o speculsbe whether, in Ffact,
these latier workers have been apologising for the oceurrence of an impor-

tant physiclogical phenomenon.,
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SUMMARY AND CONCLUSIONS

The wotor nerve terminals of the rat, like those of other verite-
brates {Fatt & Kasz, 1952; Boyd & Martin, 19%6a), spontanecusly liberate
pAckets or cuanta of acetylcholine. This liberation is dstected DO Gt
synaptically as a near-rendom sequence of miniature potentials {Ssction 1).
The end-plate potential consists of summated miniature potentials (Sectiom

2), Besentially the guante are the currency of neurcmuscular transmission.

Because the trensmitter is released quantally it does not follow
avtomatically that the units are preformed in the motor nerve terminsls.
Conceivably a ¢uantal release could arise st the membrane level with carrier
molecules transporting comrlements of transmitier molecules from o pool of
freely-scluble transmitier within the terminals., Howvever it has besn shown
by nvmerous workers {for a reviev see Feldberg, 1945) that intracellular
acetyleholine 1s not in free ionic solntion, but is bound to some cellular
component, presumably protein. Hencé it may be considered thal ths'quanta
represent preformed bound aggregates of acetylcholine. I+ has been suggested
(Castillo & Katz, 1955b, 1956b; this thesis) that these aggregetes are the

vesicles which electron wmicroscopy has revealed in motor nerve terminals,

The sponteneous discharge of quanta is accelerated when the motor
nerve terminal membrane is depolarised electrotonically or by an increase
in extraceliular poftassium conceunbration., There is evidence {Section 3)
that an impulse affects acetylcholine release simply by the depolarisation
which it produees, i.e. the e.p.D. 0or coordinated discharge of cuanta is
merely the random discharge accelerated by depclarisation. Thus the release
of guanta is not specifically linked to the activity of the sodium or potass-

ivm carriers, but is determined by the changes in mewbrane potential prow

duced by the activity of those carriers. This evidence throws no light on
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the mechanism by which acetylcholine crosses the terminal membrane, but,
if transpord occurs by lipeid-soluble carrier molecules, the activity of

such carriers is continuously graded when the membrane potential varies.

The hyvothesis thaebt the e.p.p. is simply & transient acceleration
of the miniature discharge requires that the resting discharge frequency
and the quantal content of the e.p.p. should be related. A relationship
between these gquantities has besn demonstrated in normal mammalian (Section
%) and frog muscles (Hutter & Travtwein, 1956). In the mammal the discharge
frequency and the quantal content of the e.p.p. are both increased poste-
tetanically (vost-activation potentiation, PAP) and subside with the same
timecourse {Section 2). An increase in extracellular potassium concentra-
tion accelerates the miniature discharge (Section %) and increases the quanial
content of the e.p.p. (Section 6), Glucose lack leads to a reduction of
the discharge frequency in a stimlated mammalian preparation (Section 5)
and a reduction in the e.p.p. (Jeffries, 1953 ). Hutter & Trautwein (1956)
have demonstrated that, in the frog, stretching a muscle increases both

the discharge frequency and the quantal content of the e.peDe

From these results it is apparent that the resting discharge and
the release of quanta by an impulse are pot independent vhenomena. However
these two quantities do not always vary in parallel. In the frog prolonged
stimulation leads to a depression of responses but a greet acceleration of
the miniature discharge (Castillo & Ketz, 1954c). Immediately after a
tetanus, the mammalian muscle in normal solutions exhibvits a great increase
in the discharge frequency at & time when, as seen in a curarised preparation,
the e.pep. i8 very small although recovering rapidly. Excess magnesium has

no influence on the frequency of miniature potentials in frog or mammals

but greatly reduces the guantel content of +he e.PsDs in both vreverations.
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Calcium deficit devreases the quantal content of the e.pe.p. in frogs and
mammals but has no effect on the discharge frequency in the frog and only

8 small effect in the mammal (Boyd & Martin, 1956as Section2). The main
effect of calcium deficit or excess magnesium is to stabilise or 'clamp!

the resting dischargé frequency so that it cannot be accelerated by agents
acting through depolarisation {catelectrotonus, potassium, imyulse) (Castillo

& Katz, 1954b & d; Section 3).

On the other hand the effect on transmission of stretch in frog
nuscle (Hutter & Trautwein, 1956) is not affected by calcium deficit or
excess magnesivm. In these sbnormal solutions PAP of the e.p.p. in the
memmal is more marked (Section 2) but it is proﬁable that this effect
results simply from the more economical expenditure of quanta which thereby
allows & greater relative potentiation. These results suggest that PAP
and the effects of streich may not invelve a2 depolarisation of the motor

nerve . terminal membrane.

Obviously only a model of some complexity can explain these diverse

observations,

Castille & Katz {19%6b) point out that +the discharge of acetyl~
choline from a nerve terminal requires the disruption of mere then one
diffusion barrier - first the release of the transmitter from its intra-
cellvlar sitachment and secondly a passage through the nerve membrane.
They sugsest that, when a teridical'! collision oeccurs between an intra-
cellular acetylcholine-carrier {corpuscle, vesicle) and the wmembrane of the
nerve terminal, the two barriers are opened simultaneousiv, & critical

collision is distinguished from non~fruitful collisions by the stipulation

that certain 'eriticsl! spots on the vesicle and membrane surfaces should
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This model ecan readily explain scme expeorimental findings. The
spontansous miniature discharge represents the few fruitful collisions in
the random bombardment of the membrane by vesicles. Glucose deficit may
reasonably be considered as preventing the replacenent of transmitier lost.
by activity., Hence the number of vesicles and, therefore, the frequency of

collisions with the membrane will be reduced,

An impulse increases the vunber of fruiiful eollisions. Castille
& Kotz (1956b) consider it unlikely thet an impulse would have any immediake
influence on the intracellular constituents. Therefore they sugpest thab
an impulse might alter the properties of the membrarme so that the density
of the reactive spots momentarily increases. Thus the vroportion of fruib-
ful cellisions, but not the total number of epllisions, would be increased.
Experimental evidence requires that calecium is necessery for this effect,
Depolarisation of the terminal membrane by either electrotonic current flow
or excess pobassiun Aéimulates the influence of an impulss on the terminal

nembrane end again the presence of calecium is egssentisl.

Hovever the effects of stretdéh (Hutter & Travtwein, 1956) and
revetitive stimulation (Sections, s 2) on the release of transmitter cannob
be explained on this model unless additional asgumpbions are made. Calcium
deficit does not reduce the effects of these sgents. It has been miggested
(Section 6) that PAP night result from a ghrategic accumilation of vesicles
near the terminal membrane. Such an sccoumulstion would increase the collige

ion rete with the membrans,.

For the minute distances involved diffusion of vesicles would be

very rapid. Indeed the mobilisation would need 4o be rapid to explain the
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fact that the PAP of the discharge frequency is meximel immediately after

the conditioning activity. However it is diffienlt to explain the observow.
tion that, in normal solutions, the PAP of the discharge freguency is maximal
at a time when the e.p.p. is depressed, although recovering (Section 1),
Furthermore, the naturs of the occclusion between the effects of excons
potassium and PA? (Liley & North, 195%; Section 6) remains obscure, It is
reasonable to assume that stretch would affect acetylcholine release through
some action on the motor nerve terminal membrane rather than on the intra-

cellular components, but the nature of this action is unknown.

in conclusion it is useful to consider that the release of trans-
mitter 15 a function of three factors, notably the total mumber of vesicles
rresent in 2 nerve terminal, the disposition of these vesicles apd the

vroperties of the nerve termingl membranec,

The influence of the first of these factors, the total number of
vesicles present in a terminal, would appear to be under test when one ine
vestigates the effects of glucose lack (Section 5) and the immediste depresse
ion of transmiseion in & preparation subjected %o a prolonged tetanus in
normal soluiions (see Secfion 2). It is reasonabls to expect thayﬁhe introe-
cellular structures vhich bind acetylcholine are alsoc concerned with its
synthesis. The amount of trensmitter in a gquanrihum would depend presumably
on the physico-chemical properties of these structures., In this connection,
the phencmencn of giant potentials (8ection 4) suggests that under certain

conditions some linkage might ocour behween vesicles.

The disposition of vesicles in relation to the terminal membrane

has been postulated as a second factor concerned in transmission. On this

factor would depend the collision rate beitween vesicles and the membrane.
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At present the only evidence that this disposition may be modified physic-
logically is provided by de Robertis & Franchi (1956) who studied retinal
synapses with the electron microscops. FEleciron microscopic examination

should now be applied to other synapses subjected to activation and disuse.

Mueh is known of the effects of changes in the motor nerve terminal
membrane, which is the ulitimate factor in the release of transmitter, How-
ever the nature of the changes can only be surmised, becavse the small
dimensions of the terminels has vrecluded direct investigations of the pro=

perties of the membrane by existing techniques, for example by intracellular

recording,
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for which the expected frequency of the miniature discharge was calcylat
Seo text. Inset: theoretical relationship between discharge frequency a
displacement of membrane potential (from Fige. 37) used in caleculation.
Strictly, the ordinate scale as labelled represents the fregquency which
would be attained by a terminel with a resting discharge rate of 1 per =
vhen the membrane was depolarised by an amount showm in the abseissal se
In general, the ordinate scale represents the factor by which the freques
would be altered for a Ziven displacement of membrane potential, depclmy
tion raising the frequency and hyperpolarisation reducing ites Full line:
relation in normal solution. Broken line: relation in solution containir

12.5 mM Mgz.



Pig, 4l A: theoretical frequency distribution of stimulus.response
intervals for the quanta involved in a large series of responses in 12,5 mM
Mg. B & C: observed distributions of latencles of responses at two junction
in 12,5 o Mg. 766 responses in B, 835 in C. 8See text. Ordinate: percenta
of total number of latencies falling in & given elass interval. (Note class
interval for A is 0.02 msec and for B & C 0.04 msec.) Common abscissal scale
has an arbitrary origin corresponding to briefest latency. Mean stimulus-

response interval in B was 1.8 msec and in C 1.2 msec,
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Pig., 42. Selected sweeps from the experiment of Fig. 41B te illustrate

variation in stimulus-response intervals.

A check was made on an expanded

gweep that the stimvulus poeition did not vary on the sweep. After this

check the portion of the sweep containing the responses was expanded to

full screen width.
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Fig. 44s Freqguency distribution of amplitudes of 820 spontaneous potentialt
at a junction with a high proportion (ca. 9%) of giant potentials. Ampli-
tudes grouped into brackets of 1/15 mV. Hote the distinct periodicity in

the distribution, Discharge frequency was 3.09 per sec.
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Fige 45, Record from a fipre Wwith double innervation, Note fast (rising
Phase 0.6 - ¢,9 msec) and slow (rising phasge lag - 2 msec ) potentialsg,
Discha.rge frequency of fast Potentials wag 1.57 per see and of slow Poten-

tials 0,68 Per sec, 8eg also Fig, 46,
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Fig, 46, TFrequency distribution of amplitudes of A: 609 fast and B: 263
slow potentials in the fibre of Fig. 45. Amplitudes grouped into brackets
of 1/15 oV, Note difference between modal amplitudes of 4 and B; also

that each population has & marked 'tail! of giant potentials.



Fig., £7. OSimulteneous intracellular recording at a junction (upper, clean
record) and extracellular recording from the pared phrenic nerve (lower,
noisy record) in a preparation treated with prostigmine bromide 10-6;- Kote
that the action potentials (circled) in the phrenic nerve are not agsociated
with the giant potentials, Voltage calibrations: 2 mv for intrac_:ellular

record, 2uV for extracellular record.
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Pig. 48, Effect of electrotonic polarisation of a nerve terminal on the.
incidence of giant potentials. A: Frequency distribution of emplitudes of
458 consecutive potentials at a resting junction (discharge frequency 10.2
per sec) with a high proportion of giant potentials, Amplitudes grouped
into brackets of 1/15 mV. B: Frequency distribution of amplitudes of 473
congecutive potemtisls at the same junction as A after discharge frequency
had been increased to 117 per sec by depolarisation of the nerve terminal.
Note that the model amplitude is unchanged but the relative frequemcy of
giant potentials has declined markedly. (Strictly, the potentials were not
'consecutive! in either series, becmuse potentiels whose peaks occurred

during the 3 msec 'flyback! of the C.R.0. beam were discarded.s
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STIMULUS OF TETANUS

Fige 494 Effect of potassium on serial increase im the mean amplitude

of corresponding responses of 80 brief teteni at 2 junction in 12.5 mM Mg,
normal Ca. Ordinate:; Ratioc of mean response amplitude to mean amplitude of
the first response. Tetanus frequency 160 per sec (see also Figs. 26, 27 &

50 ).
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Fig. 50. Effect of potassium on the pattern of responses to a long tetanus
in a diephregm in 1.5 oM Ca, 12.5 mM Mg. Extracellular recording. Ordinat:
Ratic of response amplitude to amplitude of the first response, Tetanus
frequency 120 per sec. This low frequency was necessary to aveid overlap

of successive @.p.pP.8 in this particular preparation.
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Fi_g. 5l. A & B: These graphs reproduce Fig. 20 A & B and show the ef_fect_:
of a tetanus of 3,400 impulses (200 per sec for 17 sec) on discharge fre- |
quency and response amplitude respectively. Mg 12 mM, Ca normal, KCl noi-n_ié:!
(5 mM)s € & D: corresponding effects by the seme tetanus at the same .

. junction after potassium coneentration was increased to 15 mM.





