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SUMMARY

1. When a nerve-muscle preparation is paralysed by tetrodotoxin, brief
depolarizing pulses applied to a motor nerve ending cause packets of
ncetyloholine to be released and evoke end-plate potentials (e.p.p.s),
provided calcium ions are present in the extracellular fluid.

2. By ionophoretic discharge from & 1 m-CaCl, pipette, it is possible to
produce a sudden increage in the local calcium concentration at the
myoneural junction, at varying times before or after the depolarizing pulse.

8. Abrief application of caleium facilitates transmitter release if it ocours
immediately before the depolarizing pulse. If the caleium pulse is applied
o little later, during the period of the synaptic delay, it is ineffective.

4. Tt is concluded that the utilization of external calcium ions at the
neuromuscular junction is restricted to a brief period which barely outlasts
the depolarization of the nerve ending, and which precedes the transmitter
release itself,

5. The suppressing effect of magnesium on transmitter release was
studied by & similar method, with ionophoretic discharges from a 1 M-
MgCl,-filled pipette. The results, though not quite as clear as with caleium,
indicate that Mg pulses also are only effective if they precede the de-
polarizing pulses.

INTRODUCTION

The presence of extracellular caloium ions is lnown to be essential for
neuromuscular transmission. The principal point of calcium action is the
process by which the nerve impulse releases acotylcholine from the motor
nerve endings (Katz & Miledi, 1965¢). This process can be studied even.
when. the nerve impulse and its accompanying sodium current have been
eliminated by tetrodotoxin; under these conditions & brief depolarizing
pulse locally applied to the nerve ending causes ‘packets’ of acetylcholine
to be released, provided caleium jons are present in the extracellular
medium (Katz & Miledi, 1067 ). The time course of the transmitter release
could be determined with great accuracy, by measuring the statistically
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varying intervaels between pulse and quantal e.p.p.s in a long series of
observations. After a brief pulse (0-56-1 msec), there is a short delay, about
1-9 mseo at 5° O, during which the probability of release does not per-
ceptibly exceed the low background level. This is followed by a rapid rise
to o peak and a gradual decline of the probability of release which may
extend over 10 mgec or more. .

Tt wos of interest to find out at what stage during this sequence of events
the external calcium ions come into play. By close ionophoretio application,
it i3 possible to produce a sudden inorease in the local calcium concentra-
tion, and to time it fairly acourately in relation to the depolarizing pulse,
The question which the present experiments are meant to answer is
whether the extracellular calcium is utilized during the period preceding
the transmitter release (i.e. during depolarization plus initial latency), or
whether it becomes effective during the transmitter releage itself,

METHODS

~ The procedure follows thab described in previous papers (Kabz & Miledi, 18054, ¢;
10067 @, ). The muscle (sartorius of Rana pipiens or temporaria) was placed in & Ringer
golution of low caleium (< 0'1 mar) and added magnesium (about 1 mm) content, parelysed
by tetrodotoxin (about 10-¢ g/ml.) and kept et low temperature (about 4° O). The main
difference from previous work is that e twin-pipette was employed, containing 1 u solutions
of Na0Ol and OaCl, respectively in the two barrels. The sodium channel was usod to apply
depolarizing and various electrical ocontrol pulses to the surface of the nerve terminal, while
$he other channel was used to raise the local caloium concentration at desived momenta,
Onoe o caloium effeot was seen, the strength and duration of the pulse was roeduced and the
pipotte carefully ro-positioned until an optimum effect; was obtained. 1.p.p.s were recorded
with an intracollular elestrode. Prostigmine (10-¢ g/ml.) was uged in most experiments, In
other exporiments, twin- or triple-pipettes were uged one of whose borrels contained

" 1 1-MgCl, replacing, or in addition to, the caleinm pipette.

The uge of multiple-barrel pipettes made special precautions necessary. A. strong current
pulso through one of the barrels was apt to conse & transient rosistance change in an adjacent
barrel, possibly by dislodging charged particles from the tip. This was checked by monitoring
the ourrent intensities, and it was verified that, usually, barrel interactions of this ldnd
wero nob large enough to vitiate the rosulbs.

When applying & strong positive-going pulse to tho caloium pipette, the possibility of
electrical (as distinet from jonophoretio) effects had to be considered (see Katz & Miledi,
1067 b, Mathods). Certein control experiments have already been reported (Kotz & Miledi,
1867%): depolarizing pulses were followed after intervala of 20~140 psec by similar hypor-
polarizing (positive-going) pulses from tho same godium pipette. It was shown that there is
no significant interforence by the positive pulse, if it was applied more than 100 pseo after
the end of the depolarization, and only & small reduction of the trensmitter release when
applied within 20-50 useo, These earlier findings are also relevant to the obhservations
desoribed below.

ROSULTS
Figures 1 and 2 illustrate results of two experiments. A sories of de-
polarizing pulses (P) was applied via the sodium barrel, at intervals of
goveral seconds, The pulses given by themselves failed to evole more than
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very infrequent unit e.p.p.s. If P was preceded by a brief ionophoretic
discharge of calcium from the other barrel (positive-going pulse Ca), the
failure rate was greatly reduced, and unit responses occurred ab verying
times as shown in Figs. 1-4. (Italicized symbols (Ca, Mg) refer to iono-
phoretically applied doses of these substances.)

sCa
e 10 msec .

Tig. 1. Effeot of ionophoretic pulses of caloium (U) on end-plate responsa. De-
polarizing pulses (£), and caloium were applied from & twin-barrel micropipette
to & small part of the nerve-musolo junction. Intracellular recording from the end-
plate region of & muscle fibre. Boltom traces show current pulses through the
pipette. Column A. Depolarizing pulse olone, B. Calcium pulse precedos de-
polarizing pulse. €. Depolarization precedes caloium pulse. Temperature 4° O,

To obtain a maximum effect, the interval between Ca and P pulses had
to be adjusted so asg to allow the calcium concentration to reach a peak at
the critical site and time. In the case of Fig. 5, the optimum Ca—P interval
was about 10-20 mseo. But a significant effeot. could be obtained with
much shorter intervals, and this was important for the present study. With
careful placing of the pipette, a facilitating action of calcium ecould be
observed when & Co pulse as brief as 1. msec was applied, separated from
the start of the depolarizing pulse by as little as 50-100 usec.

In the experiments illustrated in Figs. 1 and 2, pairs of Ca+ P pulses
alternated with pairs in which the time sequence of Cw and P was roversed.

"The result was unequivooal: Ca pulses given after the depolarization were
ineffeotive. They failed to raise the level of responss even if they were
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applied immediately after P, i.e. during the minimum latent period of the
recordet response. It should be noted that it was not possible to synchron-
ize the Ca and P pulses, because simultaneous application of the two pulses
of opposite sign cancelled some of the depolarization produced by P alone.

One may conclude from these experiments that the utilization of external
caloium ions occurs during, and possibly immediately after, the depolariza-
tion, that is during a period preceding that of increased probability of
transmitter releage. It is true that the time resolution of the ionophoretic
method is limited becauso of inevitable diffusion delay. Nevertheless, tho
difference in timing between effective Cu pulses, immediately befove P,

s s Tig, 2. 4, depolarizing pulses (P); B, Og pulses+P; 0, P+ Oa. The ourrents through
¥ i ! : i tho twin-pipette are shown in the bottom trace of each record. Temperature §° C.

’ . ST and ineffective Ca pulses, after P, was so small that our interpretation
5 . : cannot be in doubt. If one were to argue that the responses obtained with
0 mo Lk, Oa+P ave due to external calcium ions reaching the critical membrane
' sites only after the initial latent period, then there would be no explana-
, ; tion for the fact that caleium ions discharged ionophoretically during tho
e B B latency fail to promote the coourrence of later units of response (Figs. 3, 4).
' A number of controls were made to check on any electrio interaction
between. the two barrels. In addition to the observations mentioned in
Methods, & test was made to see whether the negative P pulge from tho
sodium barrel interfered in any way with the discharge of calcium by an
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immediately following pulse from the other barrel. This point was examined
by giving a triple sequence of pulses Py +Ca+ P,, and comparing the offect
with the usual Ca+ P action (relating, in each case, the response to that
obtained without the Ca pulse). The result is shown in Table 1. The calcu-
lated values of ‘m’ aro not at all acourate, but there was clearly no evidence
for any substantial reduction of the calcium effect by the immediately

preceding negative pulse P,
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Fig. 3. Histogram of ‘synaptic delays’. Abscissa: time interval hetweon start of de-
polarizing pulse (P) and beginning of a unit end-plate potential. The time relationa
between oaloium and depolarizing pulse ave indicated below. Ordinate: number of
observed unit potentials. Tho main histogram shows responses evoked by forty-
nine (Ja+ P) pulses. Shaded blocks: responses evoked by 48 (P + Ca) pulses. (These
wore a8 infrequent as responses due to P alone.) Temperature 3° C.
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Tig. 4. Another histogram, obtained with very brief separation between P and
Oa pulses. Ua+.P gave eleven unit responses (as shown) to twenty-nine pulses.
P+0a (see shaded Ca block below) produced no response in fourteen trinls.
P alone also failed to evolce any response, Temperature 4:5° 0.
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Anothior test was to. verify that a Co pulse following P did not reduce the
response, This was done simply by raising the steady Ca-efflux from the
pipette (see Katz & Miledi, 1965, c) and repeating the experiment with
an increased initial rate of P responses.

3=

mseoc

Tig. b. Effect of time interval between Ja and P on end.-plate response, Abscissa:
Tntervel batwoen. start of Ca pulse (1msec duration) and 2-7 mseo depolarizing
pulse P. Ordinates are amplitudes of individual e.p.p.s evoked by P. Temperaburo

-3° Q.
Tasrm 1. Control experiment
A B |Oa 7 r AB, B 1-0 maec; A0 2 meco;
C D oD, 17 meoeo; A T mseo,
Pl PI
Py Ja+ Py Py+Py Pi+0atPy
(Reaponsgos)/(pulses) 1/13 © B[12 '8/26 9/10
'm’ [= In (pulses)/(failuroes)] 0-08 0:54 0-87 23

In a fow oxperiments, the inhibitory influence of magnesium on trans-
mittor release was studied by ionophoretic application (Figs. 6-8).
Magnesium is less potent in equimolar concentration than its antagonist
caloium, and as & consequence it was difficult to produce a sufficiently
intense suppression by brief ionophoretic discharges from the Myg-borrel.
Indeed, the positive pulses had to be made so strong that looal membrane
broak-down was a sevious risk (see Katz & Miledi, 19670). It was possible,
nevertheless, to obtain clear inhibitory effects with. Mg pulses of 6 mseo
duration provided they were applied before P. Figs. 7 and 8 illugtrate an
experiment with a triple pipette (the three barrels containing respectively,
Ca, Na and Mg). A Ca pulse was given throughout, preceding P by about
15 msec, in. order to elicit a background rate of response sufficiently high
for testing the suppressing aotion of My. Figure 8 combines the rosults of
wo complete series in which somewhat different interval settings for P and
Mg pulses wore chosen. The bottom part shows the responses to eighty-
three P pulses in the absence of magnesium. When My pulses precoded F,
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the average value of m (i.e. In (number of pulses)/(number of failures)) Was
reduced from 0-96 to 022, and from 0-4 to 0:03 in the two geries, respoc-
tively. The residual responses (to sixty-one pulses) are represented in the
histogram at the top (Fig. 84). When the My pulses followed ¥ (middle
histogram, Fig. 8B, sixty-five pulses), no suppression was obgerved.

40 msec
Tiaiitotes)

TFig. 6. A triple-barrel pipette containing, respectively, Ua, Na (for depolarization Py,
and Mg, wes used. Column A4 shows the faoilitating, action of & caloium pulsae;
column B shows tho inhibiting influence of & megnesium pulse. To demonstrate tho
inhibitory effect, the bias on the caleium barrel was adjusted between A end B,
80 0a to inorease the response to P alone, Temperature &° C.

Several other experiments of & gimilar kind were made; in some the
result differed from that shown in Fig. 8, in that the My pulse reduced the
response slightly even when it was applied immediately after 2. It'is not
certain whether this was attributable to the magnesium ion, or to the small
suppressing effect which & byperpolarizing pulse had occasionally been
found to produce (Katz & Miledi, 10670). Apart from this small and incon-
sistent effect, the results were in line with those of Fig. 8.
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P

Fig. 7. Effect of Mg-pulses on end-plate response. Loft column: Responses to
dopolarizing pulses P alone, Middle column: Mg pulse precedes P. Right column;
My pulse follows P. Note: in the right column, the positive-going Mg pulse over-
lapped in time with the rising phase of some of the responses, and the associated
focal hyperpolarization coused e transiont inoreese in the amplitudoe of the e.p.p.
{se0 Kotz & Miledi, 10864). Temperature 4° 0, In this figure and Tig. 8, o Ou-pulso
wos appliod in all trials, preceding P by about 15 msee, to raise tho lovel of response
gufflciently for inhibition to be demonstrable. '
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Tig. 8. Histograms of synaptic latenoies. Abscissa: time intorval betwoen atort of
dlepolarizing pulse and start of unit e.p.p. Ordinate: number of observed unit
potentials, Top histogram 4 shows distribution of responses to 01 (M + P) pulsos.
Middle (B): Responses to 65 (P4 Mg) pulses. Two series with different P~y
intervals ag indiosted by the interrupted and dotted outlines of the Mg pulses,

Bottom histogram J': responses to eighty-three depolarizing pulses alone. Tempora-
ture 8° C.
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DISOUSSION

Tt has been suggested that the first step by which depolarization of nerve
endings leads to quantal release of acetylcholine is influx of calcium
through the axon membrane (Hodgkin & Keynes, 1957; Katz & Miledi,
1967b). Recent observations have shown that there is a considerable delay
between a brief depolarizing pulse and the release. The release may not
even commence until sometime after the end of the depolarization (Katz
& Miledi, 10656, 19675). The question, therefore, arises what happens
during this latent period. Does the inward movement of calcium not begin
until sometime aftor the end of the depolarizing pulse? Or is the delay
largely due to subsequent reaction steps? In a recent paper (Katz &
Miledi, 1067D), we suggested that calcium enters the membrane carrying
net positive charge, either as Ca®t or in the form of a compound CaRt,
This view was put forward to explain the peculiar ‘latency shift’, that is
an increase in the minimum latency when the depolarizing pulse was
lengthened.

The present findings suggest that the postulated entry of external
calcium ions into the axon membrane is halted very soon after the end of
the depolarizing pulse. Calcium ions which are made available on the out-
side after that brief initial period, have no influence on the process which
has been set in motion by the depolarization. It may be that the opening
of the external membrane ‘gates’ to Cat or CaRt is & transient event
much briefer than the subsequent rise and fall of the probability of release.
Or some calcium ‘carrier’ or ‘receptor’ only appears for a brief initial
interval of time on the external surface of the axon membrane.

It will have been noted that the present technique is capable of resolving
the time course of the caleium action with only limited accuracy. One may
conclude that ‘acceptance’ of external calcium is terminated before the
actual transmitter release commences. We cannot, however, distinguish
between the period of depolarization and the latent period which immedi-
ately follows it. To do this, a method would have to be devised which
enables one to reduce diffusion time even further than the present iono-
phoretic pulse technigue.

In summary, the most likely picture on the present evidence is this:
(i) depolarization of the axon terminal opens a ‘gate’ to caleium; (i)
onleium moves to the inside of the axon membrane and (iif) becomes in-
volved in a reaction which causes the rate of transmitter release to increase
and which contributes a large part of the synaptic delay.
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