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1. Tho offoct of brief depolarizations focally applied to & motor nerve ending wos studied.
Particular attention wag paid to the relation between (i) strength end duration of the pulse
and (ii) the size and latency of the resulting end-plate potential.

2. The release of acetyloholine lags bohind the depolarization which causes it. If pulses of
loss than 4 ms duration are used (at § °C), the releasoe starts after the end of the pulse.

8. Within & cortain range, lengthening the pulse inorenses tho 7afe of the ensuing trens-
mittor reloasge.

4. Unexpeotedly, lengthening the depolarizing pulse also increases the latency of the
transmitter rolonse, This finding is discussed in detail. It is regarded as evidence suggesting
that entry into the axon membrano of & positively charged substance (external Cpdt ions or
& calcium compound CaRt) is tho firab step leading to the release of acetylcholine packets
from the terminal.

INTRODUCTION

Tt has been shown in the preceding paper that the use of tetrodotoxin enables one
to eliminate the nerve impulse and to study the process of transmitter release by
applying electric pulses of graded strength and duration to the motor nerve ending.
In the present paper this method will be employed to study certain quantitative
aspects in more detail, in particular to examine the relation between the parameters
of the applied pulse and the latency and size of the evoled response,

It had previously been found (Katz & Miledi 1965 b) that there is an appreciable
delay between the rige of the action potential wave in the nerve terminal and the
release of acetylcholine, The cause of this delay is unknown, and it is of interest to
find out whether this latent period can be altered by varying the intensity or
duration of the imposed depolarizing pulse.

Mzrraons

Much. of the technical detail has been described in previous papers (Katz &
Miledi x965a, ¢). For most of the present work the focal method of pulse applica-
tion (Katz & Miledi 19670, method B) was preferred. By placing a microelectrode
(a capillary usually of 2 to 4 um tip diameter, filled with 0-56 or 3 m NaCl) over a
junctional area and applying negative-going pulses to the pipette, a minute part
of the junction could be depolarized. for defined brief periods,

The pulse applied in this way alters the potential of a small surface of both the
axon terminal and the underlying muscle fibre. This is represented schematically
in figure 1. Suppose a 2 um length of nerve ending of 1-6 pm diameter is covered by
the micropipette and becomes uniformly depolarized by the applied surface-
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negative pulse. The area of membrane which becomes discharged a.xnourl.‘b-ri:EL 1;0
approximately 10 um?. The corresponding ares of the musole' membrane W1XLCE S
lying this part of the nerve ending is of the same order _Of size. The memlfrfln
potential change follows the applied current with very little time lag; a f-"n;-'w
constant’ can be derived approximately from the product of the capacity OE[‘ t 18
small membrane area (about 10~7 ) and the input resistance of the fibre which 18
of the order of 10° chms for the muscle and 108 ochms for the nerve terminal. T his
would give 10~2 us for the muscle and 10 s for the nerve.

Freurn 1. Diagram illustrating method of focal depolarization. (a) Tip of pipette placed. owvor
nerve-muscle junction. N, cross section of nerve terminel. M, muscle fibre. 4, cuirrent
"entering tip of pipette, (b) Equivalent oireuit, with tip of pipette indicated by dashod
outline, 0, capacity of glass wall of pipette; R,, resistance of tip of pipette, B,, skant
resistance on surface of nerve-musole junction, O, and R,, capecity and resistarice of
localized surface of muscls fibre. Gy and Ry, capacity and resistence of local surfa co of
nerveterminal, #, andr,, input resistances of musele fibre and nerve terminal, respectiivoly.

In the steady state most of the potential difference applied across R, (i.e.
between inside and outside of the pipette) will appear across the focal area, oFf tho
membrane because the transverse resistance of this area is of the order of 1010 ohmes,
i.e. very much higher than the input resistance of the fibre, However, this ceases
to be the case if the membrane resistance falls to a, very low value or is actually
caused to break down under the influence of an excessive electric pulse. This clid,
In fact, ocour quite often, at least in the musclo fibro from which intracellular
records were taken. It showed itself by the sudden appearance of an ‘electrotonic
potential’, indicating that a low resistance had suddenly been established betwween

the micropipette and the interior of the musale fibre (see also Huxley & Tavy-lor

1958). Evidence of local breakdown in the axon terminal was observed less fre-

quently; it showed itself by a sudden prolonged outburst of miniature e.p.ps. VWi.on
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Release of acetylcholine from nerve endings 25

these symptoms oocurred the series of observations had to be discontinued and the
pipette moved to another spot, or to another fibre.

The chief drawback of the method is that it does nob provide adequate informa-
tion on the amplitude of the pre-gynaptic potential change. The best one can do is
to obtain an indication of the local displacement of the post-synaptic membrane
potential by the applied current, This is revealed by the change in size, and ulti-
mately reversal of sign of the miniature e.p.ps which are elicited during the con-
tinued flow of the applied ourrent. For example, suppose the membrane potential
of the muscle fibre is —90 mV and the average unit e.p.p. (spontaneous, or oc-
curring after a pulse) is 05 mV, The e.p.p. is known to reverse sign when the
membrane potential is displaced by more than 75 mV, ie. beyond —15mV (del
Castillo & Katz 19546). Suppose & cwrent of one particular strength elicits unit
potentials of the samo size, but opposite sign, then the membrane potential has
presumably suffered a local displacement of 150 mV, from —90 to +60 mV.
Rough estimates of this kind were made in several experiments and indicated that,
post-synaptically at least, the shift of the membrane potential ecould reach an
anplitude of several hundred millivolts before the local insulation of the membrane
broke down. These calculations, however, do not provide a safo hasis for estimating
even approximately the change of the pre-synaptic membrane potential. Apart
from the inaccuracy of this procedurs, ‘delayed rectification’ may limit the focal
displacement of the potential much more severely in the nerve ending than in the
muscle fibre. This is because the input resistance of the axon terminal exceeds that
of the muscle fibre by a few orders of magnitude. A lowering of the membrane
registance to, say, 10 ohm em? would scarcely affect the distribution of potentials
in the muscle fibre (between r,, and R,,; figure 1), but in the nerve ending
this could cause the greater part of the potential drop to appear electrotonically
across 7,

A further diffioulty is that a strong negative pulse from the pipette might con-
oeivably subject the surrounding parts of the nerve terminal to s strong electrotonic
hyperpolarization and lead to the ‘anodal breakdown’ effect, i.e. bursts of miniature
e.p.p. (del Castillo & Katz 1954b; Katz & Miledi 1965a), originating outside the
focal area. Such an event, however, would be easily recognized (@) from the abrupt
appearance of bursts and long after-discharges following the pulse, (b) from the
faot that the size and sign of such extra-focal discharges would not bo altered by
prolongation of the applied current. In our experience, with electrodes of 2 pm or
larger diameter, the upper limit for the usable current strength was usually set by
the oceurrence of post-synaptic brealkdown.

The upshot of these technical complications was that current intensities had to
be kept within & limited range in which repeatable and consistent responses were
obtained, and that only those problems could be studied which did not depend on
an exact knowledge of the amplitude of the pre-synaptio potential change. The
frequency of focal stimulation was usually kept low, with intervals between
pulses ranging from 1-5 to 105, Even at these rates, e.p.p. responses tended to
decline, and the statistical occurrence of failures to increase progressively. This was
especially marked when the initial failure rate was low (and the value of m greater
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Frqurr 2. Strength-response relations obtained with fooal, 1 mg Ppulses. Temp, 3:5 °C. Tx. the
sories on the loft, hollow circles show average amplitudes, in mV, of evoked o.p.p. Oxy the |
‘quantal content’ of evrolked k

ean unib size was approx. 1 mV b
in both series. Full circles: minimum latencies, in s, measured from the starts of tho

right (from another sories): hollow ciroles show mean
responss, caloulatecd from the proportion of failures. The m

applied pulse to the beginning of the earliest, ©.p.p. Note: results shown in all figures were
obtained by intracellular recording from musecles paralysed by tetrodotoxin (10-¢ g /rnl.),

than & small fraction of unity), This is not very surprising,
one unit per pulse from s fow microns length of nerve
nearly the full rate of release by & normal nerve impulse,

for an average release of

Recording

The response was recorded intracellularly from the muscle fibre, with a suitably
placed external microelectrode serving as reference lead, The resicual artifa.cts
associated with the applied pulse were not sufficiently laxge to obscure the +tirne

course of the evoked e.p.p. The ‘artifact’ included & small electrotonic potential
chango in the muscle fibre which arose

Ringer’s fluid surrounding the polarizing
less than 1 mV, well below 1% of the foc
(Katz & Miledi 19670) prostigmine wag u

micropipette. This amounted usualiy~ to
ally applied potential change. As before
sed in most experiments.
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05,
25 mV
2,
10 ms
i of Fravrm 3. Bxamples of ‘quantal’ e.p.ps evolked by brief focal pulses. Temp. 4-6°C. Bach block
8 %o shows two simultaneous recordings, the top record ab the higher speed and amplification
indicated on the scales, Bach recording consists of two superimposed traces. The column
on the left was obtained with a slightly weaker pulse. Note: ‘all-or-none’ appearance of
discrete units of response, and variable latencies,
bly- effect already described with the method of eleatrotonic application. Below a certain
1ots intensity, the probability of observing even a single unit digcharge is very small;
ime above this apparent threshold, occasional unit e.p.ps are seen (figure' 3), and a
tial further increase of current strength causes & steep rise in the amplitude, i.e: the
the number of quantal units, of the e.p.p. (see Katz & Miledi 19670).
r to A similar non-linear increase in the size of the e.p.p. is observed if one increases
‘ore the duration of a pulse of constant intensity from, say, 0-2 ms to a few milliseconds

(figure 4), ' 4
If one determines the ‘threshold’ intensity of pulses of different durations,
. taking the appearance of an occasional unit e.p.p. as threshold index, one obtains
the a ‘strength duration’ curve of the kind shown in figure 5 (ef. Katz & Miledi 1965 d).
This has the usual hyperbolic shape indicating that for very brief pulses, the
i transmitter release depends on the time integral of the depolarization rather than
the on ity amplitude, '
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The interpretation of this curve differs from that of the.) conventional t}’?@t I;Jj
strength-duration relation which is related to the elact'rxo ‘tlme.faotor ((; ally
membrane (see Katz 1939). In the latter ocase depolarization rises gra U{l;h A
during a current pulse ; the shorter the current, the greater must he its stren &

ms

; i g . "
Treure 4, Effect of pulse duration on size of evoked response, Temp, 7 °C. Ordt.na.ta. averag
amplitude of a\lrjoked e.p.p. Absoissa: duration of applied pulse. Pulse intensity” wWos
325 pA.

207 )

10~
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ms
Fravre 5, ‘Strength-dumtion’curve, showing the relation, between
equally effective pulses, Temp. 8+5 °C. The duration (abscissa,

strength (ordinate, relative units) was determined whigh caused oceasion;
to appear at the end of the pulse. The ‘rhechage’ (intensity required for

0'1ms (see Methods), and the pulses of focal depolarization produced by the
currents in figures 4 and & were Presumably ‘square’ except for a sm
& millisecond at beginning and end,

The disproportionate inerease
(figure 4) indicates that the rat

all fractionn. of

in the response with increasing pulse duration
¢ of transmitter releage which results fromm g
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depolarization of given amplitude, is not determined by that amplitude alone but
continues to rise when the depolarization is prolonged up to several milliseconds
in duration. Further examples are shown in figure 9 where an increase in pulse
length from 0-5 to 212 ms caused the average quantal release m (del Castillo &
Katz 19540) to increase from 0-07 to,0-97 units per pulse, in spite of a falling pulse
intensity. The value of m increased roughly as the square of the Coulomb quantity
of the pulse,

10 ms

Freurm 6. Inverted e.p.ps (i.e. negative-going potontials with intracellular recording) during
focal current application. Temp, 7 °C. Current strength approx. 0'7 pA (varied between
0-57 and 0-76 pA), Duration of pulse 50 ms, starting at beginning of traco. Vertical scale
0:4mV in @, I mV in b, 2mV in ¢. Current strength was raised in b and o. About 150
pulses were given at 6 s intervals, Throughout the series, only one potential (at arrow)
had the normal, positive-going, sign; this was prosumably & spontaneous min. e.p.p.
arising outside tho focal depolarized zone. )

This applies to brief periods of depolarization, say up to 2 or 3 ms at 5 °C. If the
duration of the current is lengthened further, the rate of rolease, measured as the
frequency of evoked miniature e.p.ps, undergoes & complex sequence of changes, an
example of which is shown in figures 6 and 7. These figures illustrate the temporal
distribution of miniature e.p.ps recorded during o series of strong depolarizing
pulses of 50 ms duration. Samples of the records from which the histograms in
figure 7 were compiled are shown in figure 6. It will be noted that these potential
changes are of opposite electric sign to spontaneous potentials and to those recorded
after the end of a pulse (e.g. figure 12), for reasons already explained (Methods and,
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Katz & Miledi 19654). The size of the early peak in the histograms musst be :;101 .
underestimate because, during ‘peak times’, units were crowded togethell ;lb 3
nearly synchronous reponses, and not all their minia,t'ure compone:,nts cou 1c . : |
resolved. The general features, however, are clea,r,. viz. that d}mng the I_?-‘gf ?
depolarizing current the frequency of quantal transmitter relea,b?e rises after & lue
deley and builds up to a peak in several milliseconds, from which it falls o a low

level. This is followed by a slow secondary rise. A detailed investigation oFf these
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Fraurn 7. Latenoy histogram of e.p.pﬁ from the experiment illustrated in figare 10, |

(@): Response during the firat 50 pulses. (b): Histogram of the whole series (145 pulsoes).
There was & gradual decline in the later part of the response,

complex changes which are presumably related to the ‘vefractoriness’ and © Faoili- |
tation’ described in the previous Paper must be left to a later study. In some experi- |
ments, the phase of depression shown in figure 7 was not evident; this may well |

dopend on such variable factors as the size of the focal pipette and the relative
resistances of the nerve ending and its depolarized membyane area (see p. 285).

The present observations indicate that one of the assumptions which wa.s basio
to Liley’s (1956) hypothesis, namely that the rate of transmitter releage is deter- |

mined by the value of the Pre-synaptio membrane potential at that instant, ig not
valid. The reason why the st

viously been recognized lies in the facts that earlier experiments were macle at a

high temperature at which transient Phenomena are confined to a much shorter |

initial period, and that in the sbsence of tetrodotoxin the currents had to be

established gradually to avoid initiation of impulses. This procedure inevitably
obscures the phenomena which have been reported here,

riking time-dependence of the process has not pre- |

Lele

The e

Tho results so far
dopolarizing pulse ant
geation, the tme cowr
The main observati
of figurey ¥ to 10, The
begin to appear until
duration of thix pulse
(Katz & Miledi xg6gl
mately, the moment.

I

Lo

Fraunt 8y Loteney distri
duration, Towp, bd
Lutween atart of dep

error inenrred in nasitn
0 1my (Kata & Milwdi
pulses of depolavizati
somo 1 6o 2 my have o
unlike tho release of
meximum intensity o
there iy likely to ha
potentinl chungy nnd

The second point wl
sistently observed whe

When the pulse is o
releaso is influonved i
incrense in the total .
expectedly, howaver,
pulse—is lengthened, '
figares 0 to 12 and tab



i
he histograms mus® 'b? an S«
re crowded togetlre¥ JlltOE

jure components could bo
iz, that during thre large

or velease rises after & brief |
:om which it falls t© & 19“’%,
iled investigation of thesef
i

1

,%

(a) ;

H

()

10

50

mb illustrated in fignare 10, ‘_.
*ho whole series (145 pulses).
nse. !

refractoriness’ and. < Facili- |
der study. In some experi- |
ot evident; this may well |
| pipette and the relative
brane area (see p. 25). '
imptions which wa.s bagic -
nsmitter release is deter- :
tinl at that instant, im not
“the process has no+t pre- ;
seriments were ma.cle at g :
nfined to & much sh.orter

t the currents hadl to be !

‘his procedure newvitably

I
¥

i

B e

Release of acetylcholine from nerve endings 31

The delay between depolarization and quental relense

The results so far described show the relations between size and duration of the
depolarizing pulse and the resulting sntensity of transmitter releaso. In the present
section, the time course of the resulting transmitter release will be considered.

The main observations are presented in figures 11 and 12 and the histograms
of figures 8 to 10. They contain two important features. First, unit e.p.ps do not
begin to appear until well after the end of the depolarizing pulse, provided the
duration of this pulse does not exceed a few milliseconds. It was proviously shown
(Katz & Miledi 1965b) that the beginning of the unit e.p.p. indicates, approxi-
mately, the moment at which a quantal packet of acetylcholine is released. The

201~
10
g ) ’T T g ﬁl-’-—'__"r—
1 2 3 4 5 6
pulse ms

Fraurp 8. Latency distribution of e.p.ps evoked by constant, focal current pulses of 0:68 ms
duration. Temp. 45 °C. Ordinate: number of observod responses. Abscissa: time intorval
between start of depolarizing pulss and beginning of e.p.p.

error incurred in assuming coincidence of these two events is probably no more than
0-1ms (Katz & Miledi 1965¢). It seems safe to concluds that, with these brief focal
pulses of depolarization, the resulting transmitter release does not start until
some 1 to 2 ms have elapsed after the depolarization has subsided. This is quite
unlike the release of potassium ions (Hodgkin & Huxley 1952) which attains its
maximum intensity during the depolarization. These observations suggest that
there is likely to be a series of intermediate reactions between the membrane
potential change and the release of acetycholine.

The second point which deserves attention is the latency shift which was con-
sistently observed when a pulse of given strength was altered in duration.

The ‘latency shift’

‘When the pulse is lengthened, o.g. from 0:5 to 2 ms, the process of transmitter
reloase is influenced in two apparently opposite ways. There is the very large
increase in the total amount relensed which has already been desoribed. Un-
expectedly, however, the delay—measured from the start of the depolarizing
pulse—is lengthened. This effect is small, but consistent. Examples are shown in
figures 9 to 12 and table 1.
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Fraune 9. Bffoet of pulse duration on the latoncy histogram. Two pulses (4 and Z3) WBI"?
applied. The latoncies of evoked o.p.ps are shown, respectively, by shaded axrrcl clear
ecolumns, Temp. 4+4 °C, Tho short Pulses (4) evoked only 14 e.p.ps in 211 trials s hence

m = In211/197 = 0-07. The longer pulses (B) produced 104 responses in 168 trials ; hence
ms= 1!1163!54 = 0-97,
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If one measures the delay from the end of the pulse, this diminishes with
inereasing pulse duration, and eventually the e.p.p. is seon to start during the
pulse itself. If the focally applied current is strong, the e.p.p. may be inverted while
the pulse lasts (figure 12), but reverts to the normal polarity as soon as the pulse
is withdrawn.

The absolute values of the latencies depend not only on pulse duration, but also
on its intensity (figure 2) and on the temperature. At 6 °C, the shortest delays

Fraune 11. Samploe records from the oxperiment illustrated in figure 10. Left column: short
pulses (4, figure 10); right column ; long pulses (3). Simultaneous recordings in each block
at two apoeds and amplifications, Bach recording on the left consists of 6, on the right
of 3, superimposod traces, :

observed with strong brief pulses were 1-6 to 2 ms, the earliest e.p.p. observed
during a strong long-continued current started after 4 to 5 ms.

The fact that a prolongation of the depolarizing pulse not only increases trans-
mitter output, but delays its appearance, provides an interesting clue to the
physico-chemical mechanism of release and will be discussed in detail below.

An obvious further experiment was to apply pulses of opposite sign during the
latent period, in order to see whether hyperpolarization immediately after the
depolarizing pulse would cancel, or at least modify, the transmitter release. The
results of this type of experiment, however, were not very revealing. The procedure

3 Vol. 167. B.
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was to use depolarizing pulses (P), of 0-4 to 2 ms. duration, and follow ther after

& brief interval (20 to 140 us) with ‘anodic’ pulses (4) of the same or somewhat f

lower intensity. Several series of observations were made; to summarize, the anodic

pulses were either ineffective or produced & small reduction in transmitter owrtput, g

without obvious change in the latency distribution. With very brief intervals

between P and A4 pulses, the suppressing effect of the hyperpolarization, thou.gh :
small, was statistically significant. Thus, with approximately 20 us separation

4ms

Frevrm 12, Turther examples of ‘latency shift’. Three pulse durations. Beginning of e.p.ps |

shown by arrows. Note: inversion of e.p.p. during long current pulse (bottom record).

Temp. 4:5 °C. The preparation was in & medium of low sodium and ealeium content (half
sodium replaced. by sucrose, 0-2 mm Ca).

257 P pulses evoked 100 responses, The same number of combined P+ .4 Pulses

produced only 74 responses. When intervals of 115 ps were used, the proportion of |

responses was 130/419 and 118/400, to P and P+ .4 respectively, a difference which
does not pass the usual tests of statistical significance. Similar results were ob-

tained in another experiment, where at 45 s separation the depolarizing pulses |
alone evoked 154 responses in 417 trials, while P+ A4 gave 59 responses to 243}
pulses. When the intervals were lengthened to 140 ps, no difference betweenn 2 and

P+ 4 effects was seen. Thus, it appears that the anodic pulses given during the

—
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latent period are not very effective in interfering with the release mechanism. This
contrasts with the powerful anodic suppression described in a previous paper
(Katz & Miledi 1967 a) where the hyperpolarizing pulse was applied immediately
after the negative peak of the focal axon spike, i.e. during the decline of the mem-
brane action potential. The difference presumably arises from the fact that, in the
present case, there is no appreciable direct interference between opposite membrane
potential changes, the anodic pulse being applied after the depolarization, while
in the previous case the anodic pulse overlepped with and curtailed the action
potential, and so greatly reduced its efficacy in releasing transmitter.

TapLp 1. THE ‘LATENCY® SHITT

Results were from a single end-plate at about §:2 °C; observations with 1:0, 1-27 and 2-2 ms
pulses were made at one spot.

pulse duration  number of number of minimum latency
(ms) appliod pulses roesponses (ms)
05 23 3 21
1-0 98 14 24
1.27 326 61 27
2:2 106 96 34

T'riggered ‘grant’ responses

Under certain abnormal conditions, the graded relation between the size of the
pulse and of the evoked e.p.p. is replaced by an entirely different phenomenon,
viz. a huge, almost explosive release which is triggered suddenly at an unpredictable
pulse strength. This was observed in an experiment in which 5 mu tetrasthylam-
monium bromide had been added (figures 13 and 14). The response consisted of an
e.p.p. of about 50 mV which subsided slowly and showed fluctuating high-frequency
components of multiple miniature e.p.ps during its decline. A similar effect was
seen in two experiments in which a dose of tubocurarine had been given together

* with the tetrodotoxin, and the nerve was subjected to a sevies of very strong

depolarizing pulses.

40 ma

40 ms

Frevrm 13. Triggered ‘giant’ e.p.ps Preparation was in a solution containing 5 mm tetrae
ethylammonium bromide. Temp. 3:5 °C. Pulse was applied to motor axon (‘elestrotonic’
method).
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The quantal content of the enormous e.p.ps shown in ﬁg,.ure 13 ?laust hu,;re ':zf;n
well over one thousand, judging from the relatively s?ma,ll sizes ?f b cla sponlll ihat ‘ S
miniature potentials (about 0:15 mV). The mechanism by which fmsat uge ele;
sponsces are triggered is obscure, It was noted that they occurred d.unng a transi nf
state of abnormal instahility, which was characterized by & high frequency o
spontancous discharge and which was followed by total failure of any evoked
response,

60—

mV

U 05 10 1'5 75
779
Fieunm 14, Strength-response relations, showing amplitude of e.p.ps (ordinate) evoked by
6'5ms current pulses applied to the motor axon (method 4, Katz & Miledi 19670),

Absoissa, current strengbh, Hollow civelos: bofore adding 5mm tetrasthylammonium, Full

circles: after adding 1".Z.4. R: ‘rheobuso’ dotermined at boginning of experiment (befors
applying tetrodotoxin),

Discussron

The central piece of evidence presented in this paper is contained in figures 9 to
12. These show (a) that the release of the transmitter is delayed and, in fact, only
starts after the end of the brief depolarization which initiated it, (b) that lengthen-
ing the depolarizing pulse causes a larger amount to be released after a longer delay.

In searching for a reasonable interpretation of thess findings, it should be recalled
that external caleium ions are essontial for the depolarization to become effective
(Katz & Miledi 1965¢),

We envisage that the evoled release of quantal Packets of acetylcholine pro-

ceeds in several stages the first of which is an inward movement through. the axon
membrane either of (g2t itself, or of g positively charged calojum comypound
CaR*, The subsequent steps could be pictured in varioug ways, e.g. according to
the vesicular hypothesis as a reaction on the inside of the membrane by which Ca

or Cal causes momentary fusion of vesicular and axon envelopes at their point of
collision (del Castillo & Katz 1957; Katz 1962).

Wo are concerned here only with the

18t link of this chain, The surface-
negative pulse has two opposite effects: it

facilitates this process by raising the
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me@bmne “permeability ’ to Ca?* or Ca Rt ions; but the negative pulses also oppose
theinward mc.)vemeyfm of the positive ions, The former reaction presumably develops
and decays with a time lag, while the latter is a direct electrophoretic effect which
might well account for the delaying action of the applied current. .

On the basis of this hypothesis, one might expect that a sufficiently large nega-
tive surface potential would completely prevent inward movement of the postu-
lated Ca-compound, and that transmitter release could in principle be delayed
until the end of the pulse regardless of its duration. This was not observed: the
delay was limited to 4 to 6 ms at 5 °C, even in an experiment in which the external
caleium concentration had heen reduced to about 0-1 mur, However, this finding
presents no decisive argument against our hypothesis because the relevant quanti-
ties (amplitude of the pre-synaptic potential change, concentration difference and
‘oquilibrium potential’ for the transfer of Ca?* or CaR*) are unknown.

The minimum latencies obtained with intense and very brief pulses are shorter
than the minimum ‘synaptic delay’ between nerve spike and e.p.p. at the same
temperature (Katz & Miledi 1965 ¢). For example, at 5 °C, a strong pulse of 0-5 ms
dwration can elicit a unit response with alatency of 1:5 to 2 ms as compared with
2 to 4 ms minimum spike-e.p.p. delay. There are two probable causes of this dif-
ference: () the current pulse was of very high intensity, close to the strength at
which postsynaptic breakdown tends to oceur (see Methods), Hence the brief local
displacement of the membrane potential of the nerve may have greatly exceeded
that attained during the normal impulse; (b) the duration of the nerve action
potential is longer than the 0-5 ms pulse, and that would also shift the latency in the
observed direction. It is indeed possible that the laxge temperature coefficient of the
synaptic delay results in part from the large effect of temperature on the falling
phase of the action potential, a correlation to which attention has already been
drawn in a previous paper (Katz & Miledi 1965¢).

The ‘strength-response’ relations shown in figure 2 are of interest in that they
help one to assess the relative power of the nerve impulse in releasing transmitter.
Only & portion of the focal ‘strength-response’ relation was obtained, because the
usable range of intensities is limited by the current strength at which the muscle
membrane breaks down (see p. 24). The length of nerve subjected to the stimulus
was of the order of a few miorons, approximately 1%, of the total length of the
junctional branches. Normally (with & calcium concentration of 1-8 mm), & nerve
impulse causes the release of about 200 quantal units. In the experiments of
figure 2, the size of the unit potentials was approx. 1 mV; the 1 ms pulses were able
to release 2 to 4 units from the small ares under the electrode, and there was no
sign of a ‘ceiling’ being reached. Moreover, the duration of the pulse was shorter
than that of a nerve spike at 8:5°C. It appears from this experiment that the
‘secretory power’ of the nerve impulse is well below that of & ‘maximum stimulus’
though it might approach saturationin high calcium, or during tetanic potentiation.

That the release of transmitter increases more than in direct proportion to the
imposed depolarization is known from previous work (del Castillo & Katz 19 54b;
Liley 1956; Takeuchi & Takeuchi 1962; Miledi & Slater 1966). It was not known,
however, that there is a similar non-linear increase when the duration of the
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depolarization is lengthened (figure 4). This observati.on must a‘ﬂ’ecila an'y analyais of
the release evoked by a nerve impulse, If one visualizes & depolarization of a fow
milliseconds duration as being made up of a series of much briefer pulses, then. eac.h
of them apparently facilitates, or ‘potentiates’, the offect of its successor. The. basis
of this process of facilitation is not known. It might be due to acoumulation of
caleium fons or a caleium compound ab the inside of the axon membrane (of. Kata
& Miledi 1965¢; Gage & Hubbard 1966), an idea which would also fit with refsellt
observations by F. 4. Dodge & R. Rahamimoff (unpublished), that tr&nsmljster
release increases much more than in direct proportion to the external caleium
concentration.
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