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SUMMARY

1. The axo-axonic giant synapse in the stellate ganglion of the squid
has been used to study synaptic transmission.

2. When tierve impulses have been eliminated with tetrodotoxin,
synaptic transfer of potential changes can still be obtained by applying
brief depolarizing pulses to the presynaptic terminal.

3. Suitably matched pulses are as effective as the normal presynaptic
spike in evoking post-synaptic potentials. The synaptic delay and the time
course of the post-synaptic potential are very similar to that in the normal
preparation.

4. The synaptic transfer (input/output) characteristic has been studied
under different experimental conditions. With brief (1-2 msec) current
pulses, post-synaptic response becomes detectable when the presynaptic
depolarization exceeds about 30 mV. The post-synaptic potential in-
creases about tenfold with 10 mV increments ofpresynaptic depolarization.

5. Calcium increases, magnesium reduces the slope of the synaptic
transfer curve. The influences on this curve of (i) duration of the pulse,
(ii) preceding level of membrane potential, (iii) position of recording
electrode, (iv) rate of repetitive stimulation are described.

6. After loading the synaptic terminal with tetraethylammonium ions,
large inside-positive potentials can be produced in the terminal and main-
tained for many milliseconds.

7. By raising the internal potential to a sufficiently high level, synaptic
transfer becomes suppressed during the pulse, and the post-synaptic
response is delayed until the end of the pulse.

8. This observation is in accord with a prediction of the 'calcium
hypothesis', viz. that inward movement of a positively charged Ca com-
pound, or of the calcium ion itself, constitutes one of the essential links in
the 'electro-secretory' coupling process of the axon terminal.



B. KATZ AND B. MILEDI

INTRODUCTION

Our knowledge of the mechanism of release of transmitter substances is
based to a large extent on studies of the vertebrate neuromuscular junction.
There are several features which have made this junction an obvious choice
for detailed exploration: its ready accessibility, the definite identification
of acetylcholine (ACh) as the chemical mediator, and the presence of
miniature end-plate potentials (min. e.p.p.s) which enable the experi-
menter to count quantal packets of ACh as they are discharged from the
nerve terminal and to determine the timing and localization of this event
with great accuracy.
The neuromuscular junction suffers, however, from a serious experi-

mental limitation. It is impracticable to insert electrodes into the fine
nerve terminals and so obtain direct measurements of the presynaptic
membrane potential which is known to be an important factor regulating
the secretion of the transmitter substance (Katz, 1962). To tackle this
problem quantitatively 'giant' synapses like the one between the inter-
neurone and the motor axon in the stellate ganglion of the squid must be
used. Although the important features of the myoneural junction (i.e.
identification of the transmitter, and readily recordable miniature poten-
tials) are lacking, there is very strong indirect evidence that a chemical
mode of transmission operates at this synapse (in contrast with the other-
wise similar connexion between giant axons in the abdominal cord of the
crayfish (Furshpan & Potter, 1959)). The main lines of evidence for chemical
transmission in the squid are (i) the presence of an irreducible synaptic
delay, and the absence of direct electrotonic transfer of potential changes
(Bullock & Hagiwara, 1957; Hagiwara & Tasaki, 1958; Miledi & Slater,
1966); (ii) the mutually antagonistic roles of calcium and magnesium ions,
Ca facilitating and Mg depressing transmission (Takeuchi & Takeuchi,
1962; Miledi & Slater, 1966); (iii) the direct relation between membrane
potential and post-synaptic current, indicating a permeability change
similar to that found at the motor end-plate (Hagiwara & Tasaki, 1958).
All these features resemble the situation at the neuromuscular junction so
closely that it is justifiable to interpret them in an analogous manner.
Moreover, it has now been shown (Miledi, 1966, 1967) that miniature
potentials similar to min. e.p.p.s do, in fact, occur at the squid giant
synapse, though because of the low impedance of the axon they are
usually too small to be recognized.
On the basis of all these findings, one may safely adopt the view that

chemical transmission operates at this giant synapse, and that the pro-
duction of post-synaptic potential changes is mediated by the quantal
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release from the presynaptic terminal of a transmitter substance, still to
be identified.

Previous observations on this synapse have been made by several
investigators (Bullock, 1948; Bryant, 1958; Hagiwara & Tasaki, 1958;
Takeuchi & Takeuchi, 1962; Miledi & Slater, 1966). For the present work,
it was important to eliminate the all-or-none response of the nerve to help
reveal the graded relation between presynaptic electric input and the out-
put of post-synaptic potentials. By analogy with the nerve-muscle junction
(Katz & Miledi, 1965c, 1967a-c; Kao, 1966), it seemed feasible to achieve
this by using tetrodotoxin. This substance selectively blocks the sodium
current which is responsible for the rise of the action potential, while it
does not interfere with the local release and action of ACh at the myo-
neural junction. Tetrodotoxin proved similarly useful in obtaining a
'functional isolation' of the synapse in the stellate ganglion of the squid.
The present paper gives a detailed account of work previously reported

in summary (Katz & Miledi, 1966a), which was done at the Stazione
Zoologica, Naples, during the summer of 1966.

METHODS

The stellate ganglion of Loligo vulgari. was used. Most of the experiments were made on
the 'distal' giant synapse, that is the connexion between the terminal branch of the second-
order giant fibre and the giant motor axon in the last stellar nerve (Young, 1939).

Nomenclature. The prefixes 'pre-' and 'post'- will be used as abbreviated versions of pre-
and post-synaptic; e.g. pre-potential for presynaptic membrane potential, post-fibre for
post-synaptic axon.

Dissection, mounting and procedures for stimulating and recording have already been
described (Miledi, 1967). Two kinds of preparation were employed. One consisted of a small
excised square of mantle containing the stellate ganglion with in- and outgoing nerves. This
preparation was preferred if the animal was small. If the squid was large, the ganglion
with its nerves was dissected away from the mantle muscle. The choice was dictated by best
visibility in transmitted light of the detailed structure of the stellate ganglion. In small
animals, the mantle muscle is thin enough not to interfere with transillumination of the
ganglion, and the course of the large axons through the ganglionic mass is then easier to
follow in itu. Removal of the ganglion was necessary, however, if the mantle muscle was
thick and opaque, as it always tends to be in medium-sized and large animals.
The dissection was carried out in cooled and well oxygenated artificial sea water of the

following composition (mM): NaCl 466, KCI 10, CaCl2 11, MgCl2 54, NaHCO3 3. In contrast
to axonic conduction, synaptic transmission in the stellate ganglion deteriorates rapidly and
irreversibly unless adequate oxygen supply is maintained (cf. Bryant, 1958). This can make
all the difference between a poor and rapidly failing response and an experiment which gives
stable results for more than 12 hr.
When the excised mantle preparation was used, a difficulty arose if it was necessary to

record nerve impulses before tetrodotoxin paralysis, because the ensuing vigorous contrac-
tion of the muscle interfered with the insertion of intracellular electrodes. To obviate this,
the nerve-muscle connexions were severed by a circular incision at some distance from the
ganglion passing through all the stellar nerves, or by crushing them individually.

In most experiments, the fluid bathing the preparation was renewed continuously by slow



410 B. KATZ AND R. MILEDI
perfusion of the chamber at a rate of about 2-5 ml./min. with oxygenated artificial sea water.
Tetrodotoxin was added at concentrations varying between 10-7 and 10-6 g/ml. The bath
was kept cool by a Peltier element in the bottom compartment of the chamber as previously
described (Katz & Miledi, 1965d). The temperature of the stellate ganglion was usually at
about 110 C, ranging between 5 and 130 C in different experiments.

Electrode&. Micropipettes for intracellular stimulation and recording were filled with
3m-KCl. In special experiments, the presynaptic terminal was loaded iontophoretically with
tetraethylammonium (T.E.A.) by using, for the stimulating electrode, a pipette filled with
a concentrated solution of T.E.A. bromide. For recording, the micro-electrodes were con-
nected to cathode follower input stages without negative capacity feed-back.

Input time constants of the recording system can be evaluated from the capacitative
artifacts produced by rectangular steps of current (e.g. Figs. 5-7). The changes of membrane
potential were in general slow enough to be recorded without distortion, except when very
strong depolarizing pulses were applied. These cause a transient presynaptic potential
change with very early peak and rapid decline, due to 'delayed rectification'. In such in-
stances, the pre-potential passed through its peak before the capacitative artifact had sub-
sided, and in measuring the amplitude of the potential a small error was then unavoidable.
Fortunately this only occurred in a range in which the input-output curve (e.g. Fig. 8) was
practically flat, and consequently even appreciable errors in the measurement of the pre-
potential would have no serious effect on the characteristic curve.

Stimulation. The main observations were made, during tetrodotoxin paralysis, by locally
displacing the presynaptic membrane potential with a current-passing electrode which had
been inserted into the 'pre-fibre' near the region of synaptic contact. At the same time,
potential changes were recorded in, or very close to, the synaptic region of both pre- and
post-fibres. The usual procedure was to insert first the post-synaptic recording electrode,
then the presynaptic stimulating electrode. When impulses had been abolished by tetro-
dotoxin, a strength-response curve relating current intensity (through the stimulating
electrode) to post-synaptic potential was determined (see Fig. 3). This served as a check on
any deterioration in the pre-fibre, when the second electrode was inserted (Fig. 3).
For preliminary studies, two other forms of stimulation were occasionally employed:

(i) wire electrodes which had been cemented into the chamber were used to stimulate pre-
ganglionic or stellar nerves; (ii) large chlorided silver plates were attached to two opposite
walls of the chamber. They could be used to apply a longitudinal electric field to an isolated
nerve-ganglion preparation. This was useful for various initial explorations, for example it
enabled one to depolarize the presynaptic terminals of both, proximal and distal, synapses
and produce synaptic responses during tetrodotoxin paralysis without having to insert
intracellular electrodes into the pre-fibres (see Fig. 17).

RESULTS

Transmitting power of the nerve impulse
In a normal preparation, an impulse arriving at the distal giant synapse

gives rise to a large post-synaptic potential which rapidly reaches threshold
and initiates a spike in the giant axon. As was shown by Miledi & Slater
(1966) the normal post-synaptic potential has a large safety margin: its
rate of rise exceeds that of a just subthreshold potential (reduced by
calcium withdrawal or repetitive stimulation to about 15 mV peak size)
by a factor of nearly five.

Figure 1 illustrates an experiment in which tetrodotoxin (5 x 10-7 g/ml.)
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was applied, and the gradual decline of both the presynaptic action
potential, and of its post-synaptic effect, followed. The intra-axonal
positions of the recording electrodes were about 025 mm away from the
start of the synapse in the pre-fibre, and near the end of the synapse in
the post-fibre. The synaptic contact region extended over a length of
0-6-07 mm between these two electrodes. The pre-nerve was stimulated
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Fig. 1. Pre- and post-synaptic responses during development of tetrodotoxin
paralysis. The presynaptic nerve was stimulated, and intracellular records were
obtained close to the synaptic region. In each pair the lower record is from the pre-
fibre, the upper from the post-fibre. Record 1 (which was still normal) was taken
7 min after adding tetrodotoxin to the fluid, records 2-6 after 14-15 mi.
Fig. 2. Relation between pre- and post-synaptic potential changes. Presynaptic
spike potentials (see Fig. 1) are shown by filled circles (also in the semilog plot of
the inset). After complete tetrodotoxin paralysis, and without altering the position
of the electrodes, curves 2 (half-filled circles) and 3 (open circles) were obtained
with local pulses of 1 msec and 2 msec duration, respectively, applied to the pre-
fibre.
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with an external electrode at a distance of several millimetres from the
ganglion, checking repeatedly by small adjustments of stimulus strength
that the fibre to the distal synapse alone was active. Some minutes after
the toxin had been added to the bath, the pre-spike began to decline in
amplitude (from 1 to 5) and soon a block developed (between records 5
and 6). The post-synaptic potential which initially (record 1) rose so
steeply that it cannot be separated from the rapidly ascending spike, was
reduced more severely in successive records, and blockage of propagation
occurred already between records 2 and 3. The relation between size of
the pre-spike and the more rapidly falling amplitude of the post-
synaptic potential is shown by the full circles in Fig. 2. The inset suggests
a logarithmic relation, a tenfold change in post-synaptic potential being
associated with a 13-5 mV change in the pre-spike. As is shown in this
figure, a very similar relation was obtained later during the experiment
when, instead of pre-spikes, brief local depolarizations were produced by
current pulses of varying strength applied intra-axonally about 1x4 mm
farther away from the synapse.

Curves relating the amplitudes of pre-spike and post-synaptic potential
have previously been obtained from this synapse by Hagiwara & Tasaki
(1958), Takeuchi & Takeuchi (1962) and Miledi & Slater (1966). Their
results differ from the present observations in an important respect, viz.
that the variations in amplitude were produced by polarizing the pre-fibre,
and consequently the spikes started from varying levels of membrane
potential, whereas in the experiment of Fig. 2 the resting p.d. remained
constant at about -65 mV.

The input/output relation of the synapse during tetrodotoxin paralysis
Records 5 and 6 of Fig. 1 might be taken to suggest that a spike is

needed in the pre-fibre to elicit a post-synaptic potential. That this is,
however, not the case became quite clear during the further course of the
experiment. Within a further 10 min, as the toxin became fully effective,
all traces of regenerative electric response-local as well as propagated-
vanished (see also Bloedel, Gage, Llina's & Quastel, 1966). During this
state of complete paralysis, local current pulses were applied to the pre-
fibre via a second intracellular electrode. By varying the strength of these
pulses, electrotonic potentials of varying size were produced in the synaptic
region of the pre-fibre. If the terminal became depolarized by more than
a certain amount, postsynaptic potentials appeared and rapidly grew in
amplitude as the pre-potential increased. Examples from other experiments
are shown in Figs. 4-9. The relation between pre- and post-potentials is
steep, but perfectly graded. The apparent 'threshold', that is the smallest
presynaptic change at which a post-synaptic response was readily de-
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tected, varied in different experiments depending on factors which will be
discussed later; usually it was between about 25 and 40 mV. This is higher
than the 15 mV depolarization at which a spike normally arises in the
pre-fibre. Hence, no post-synaptic response is normally observed if the
presynaptic potentials remain subthreshold for an impulse (see Takeuchi &
Takeuchi, 1962; Miledi & Slater, 1966).
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Fig. 3. These and all subsequent figures were obtained during complete tetrodo-
toxin paralysis. A. Relation between strength of presynaptic current pulse
(abscissa) and post-synaptic potential (ordinate). Duration of pulse 1 msec.
Series a was taken before, series b after inserting presynaptic recording electrode.
B. Relation between strength of current and peak potential change in the pre-fibre.
Current electrode was 0 7 mm, pre-recording electrode 0 35 mm from start of
synapse.

The input/output relation was studied in detail with depolarizing pulses;
hyperpolarizing pulses were also tried and usually evoked no synaptic
response. In a few cases, however, when a prolonged hyperpolarization of
more than 100 mV was imposed on the terminal, small irregular post-
synaptic potentials, about 1 mV or less in amplitude, appeared. We are
uncertain of the significance of this phenomenon; it may be related to the
'anodic break-down' effects observed at the myoneural junction of the
frog (del Castillo & Katz, 1954; Katz & Miledi, 1965 a) and in other tissues
(Hodgkin, 1951).
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Fig. 4. Superimposed tracings of seven current pulses and corresponding pre- and
post-synaptic potential changes. Inset: Relation between peak amplitudes of pre-
and post-synaptic potentials.

Fig. 5. Sample records of current pulses (top trace), presynaptic (bottom) and
postsynaptic (middle) potentials. Note 'synaptic delay' between pre- and post-
potentials.
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Factors regulating the presynaptic mechanism
It can be concluded from the present experiments that a passive potential

change of the terminal, matched approximately in size and shape, is no less
effective in releasing transmitter and producing a post-synaptic response,
than is the normal action potential. Hence, the cause of the transmitter

Fig. 6. Same experiment as in Fig. 5, using stronger currents (and lower voltage
amplification).

release is not the regenerative sodium entry which occurs during the normal
spike and is eliminated by tetrodotoxin, but some other event associated
with the presynaptic depolarization.

Conceivably this might be the rise of potassium conductance in the
depolarized membrane (the 'delayed rectification' of Hodgkin & Huxley,
1952). This process is not eliminated by tetrodotoxin (see Narahashi,
Moore & Scott, 1964), as is evident from the shortening of the presynaptic
potential (Figs. 4 and 7) and the diminishing slope of the voltage/current
relation with increasing pulse intensity (Fig. 3B). Inspection of the curves
in Figs. 3 and 4 may indeed convey the impression that there is a con-
nexion between rectification in the presynaptic membrane and the appear-
ance of post-synaptic responses. On other grounds, however, it is very
unlikely that the potassium efflux which is responsible for the rectification
plays a role in transmitter release. The potasssium conductance can be
decreased by preceding the pulse with hyperpolarization and yet the release
is facilitated, not diminished by this procedure (Fig. 14). Furthermore,
delayed rectification can be greatly reduced by intracellular dosage of
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tetraethylammonium (Armstrong & Binstock, 1965) without hindering the
process of transmitter release (Figs. 10 and 11). It is probable, therefore,
that the simultaneous appearance of delayed rectification and post-
synaptic response is a coincidence, or at least that there is no direct relation
between them.

I
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Fig. 7. Sample records from another experiment, using longer current pulses.

The calcium hypothesis
The ion which is known to be an essential reagent in the process of

transmitter release is calcium (Katz & Miledi, 1965 b). At the neuromuscular
junction there is increasing evidence that inward movement of calcium
from the outside reservoir towards the internal surface of the axon
membrane is an important link between depolarization of the nerve
terminal and the quantal release of ACh (Katz & Miledi, 1967a-c). There
are several findings which indicate that similar conclusions apply to the
giant synapse of the squid. When calcium is removed from the bath,
transmission fails. The nerve impulse, though it still arrives in the pre-
synaptic terminal, no longer elicits a post-synaptic response (Miledi &
Slater, 1966). This observation was confirmed in the course of the present
work; we also found that after tetrodotoxin, calcium still facilitates, and
magnesium depresses, the post-synaptic response to presynaptic depo-
larization. For example, raising the external calcium concentration from
11 to 58 mm changed the slope of the input/output characteristic so that
a tenfold increase in post-synaptic potential needed only 7-5 mV, instead
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of 11 mV increment in presynaptic depolarization (2 msec pulses). Raising
the magnesium concentration from 54 to 184 mm caused a depression of
synaptic transfer, a tenfold change now requiring 18 5 mV instead of 12 mV
increment.
The suggestion that depolarization causes inward movement of calcium

is supported by other evidence. Thus, Hodgkin & Keynes (1957) found
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Fig. 8. Example of input/output curve. A. Diagram of electrode positions. Pre:
presynaptic terminal. Post: postsynaptic axon. Length of synapse d-e: 0-8 mm.
a: current electrode; b: pre-recording electrode; c; post-recording electrode.
Distances: a-d, 0-7 mm; b-d, 0 35 mm; e-c, 0 3 mm. B. Relation between pre-
(abscissae) and post-(ordinates) potentials. 1 msec pulses: Series was taken 50 min
after raising calcium concentration from 11 to 58 mm. C. Initial part of relation in
greater detail. D. Semilogarithmic plot of input/output relation. Slope of straight
line corresponds to tenfold change of post-synaptic response for 11-5 mV change in
pre-potential.

Physiol. I9227
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an increased calcium influx in the giant axon of the squid during periods
of spike activity, and the recent work of Hagiwara & Nakajima (1966) on
crustacean muscle (see also Koketsu & Nishi, 1966) indicates that, unlike
the rise of sodium conductance, an increase of calcium permeability in the
depolarized cell membrane may not be eliminated by tetrodotoxin (see
however Watanabe, Tasaki, Singer & Lerman, 1967).
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Fig. 9. From same experiment as Fig. 8, after changing positions of pre-electrodes.
A: a-d, 0-6 mm; d-b, 0-35 mm. B, C and D as in Fig. 8. Slope in D corresponds to
tenfold change of post-potential for 7-5 mV change in pre-potential.

The present picture which arose from studies of the motor end-plate and
probably applies generally to chemical synapses is the following (see Katz
& Miledi, 1967b):

depolarization -- calcium influx -÷ quantal transmitter release.
A quantal packet, whether it is concentrated within a synaptic vesicle or

some other subcellular structure, must be discharged instantly from its
storage site into the extracellular synaptic gap. This presumably requires
a reaction at the cell surface between storage particle and axon membrane
leading to a simultaneous break-down of the two intervening diffusion
barriers. It points to the inside of the axon membrane as the locus of the
critical reaction (del Castillo & Katz, 1957). Depolarization is assumed to
facilitate the occurrence ofthe event by increasing the calcium permeability
ofthe membrane, enabling calcium ions to traverse and to reach the critical
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site of the 'release reaction'. The initial part of the process resembles the
transit of sodium through the depolarized axon membrane in the absence
of tetrodotoxin, with the important difference that the calcium current is
much too small to have a regenerative effect on the imposed depolarization
(cf. Hodgkin & Keynes, 1957).

Fig. 10. Sample records of long current pulses and resulting pre- and post-potentials
after iontophoretic loading of the terminal with tetraethylammnonium. 1-8: in-
creasing pulse intensity. Note gradual change from oNw- to orr-response.

If calcium migrates inward as a cation (either as Ca2+, or after forming
a compound CaRe), then the positive displacement of the internal potential
will have a dual effect: (i) it will open a specific gate for calcium; by
analogy with other voltage-dependent conductance changes, this probably
occurs with a time lag; (ii) it will oppose the influx of all cations while the
electric field is maintained.

27-2
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On the present hypothesis, therefore, raising the internal potential to a
large enough positive value should neutralize the inward calcium current
and so annul transmitter release and postpone it until the termination
of the voltage step (Katz & Miledi, 1967b).

The effect of tetraethylammonium (T.E.A.)
In order to test this prediction, a way must be found of maintaining a

large reversed (inside positive) membrane potential for more than a few
milliseconds. As is clear from Fig. 4, this is made difficult by the increase
of membrane conductance ('delayed rectification') resulting from the
potential change. This cannot easily be overcome by a feed-back arrange-
ment, as the current intensity required to maintain the potential would be
prohibitive for the intracellular micro-electrodes. Use was made of a recent
observation (Armstrong & Binstock, 1965; see also Hagiwara & Tasaki,
1957), viz. that intra-axonal application of tetraethylammonium ions can
block the potassium channels and eliminate delayed rectification. One of
the pre-electrodes was filled with a concentrated solution of T.E.A.
bromide, and after impaling the pre-fibre near the synaptic region the
terminal was loaded iontophoretically with T.E.A. by passing outward
current pulses through the T.E.A. pipette for some hours.
The results in Figs. 10 and 11 illustrate an experiment in which this

procedure enabled one to maintain large depolarizations for many milli-
seconds. The position of the stimulating (T.E.A.) electrode was at the
start of the synapse, the pre-recording electrode 0-28 mm farther down in
the synaptic region, and the post-recording electrode another 0-3 mm
down near the end of the synapse. The resting potential was -65 mV in
both, pre- and post-fibres; in addition a small negative bias was applied
to the T.E.A. electrode bringing the steady level of the presynaptic
potential to -69 mV. This was done because it was found to lower the tip
resistance of the T.E.A. pipette appreciably and made it possible to pass
current pulses of sufficient strength.

Fig. 10 shows the effects of varying intensities of pulses, each of 18 msec
duration. The main features are: (i) steps of presynaptic potentials as high
as 200 mV can be produced and maintained fairly well for the duration of
the pulse (records 6-8); (ii) with relatively weak pulses (records 1 and 2),
post-synaptic response is evoked by the initial peak of the presynaptic
potential, but not by the lower plateau; (iii) with pulses of intermediate
strength (records 3-5), synaptic transfer is prolonged and can occur
throughout the plateau; (iv) with higher intensity, as the internal potential
of the presynaptic terminal is made more and more positive, the post-
synaptic response becomes progressively suppressed during the pulse and
replaced by an 'OFF '-response at the end of the pulse.
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Fig. 11. Input/output curves from experiment illustrated in Fig. 10. A. Inset dia-
gram shows electrode positions. a: pulse electrode (T.E.A. filled pipette) at start of
synapse; b: pre-recording electrode; c: post-recording electrode. Distances: a-b,
0-28 mrn; a-c, 0-6 mm; length of synapse, about 0-8 mm. I. Relation between
pre-potentials (abscissae) and post-potentials (ordinates) using brief (1 msec.)
current pulses. II. Start of curve in greater detail. B. Long (18 msec) current pulses.
Relation between presynaptic potential change (peak amplitude, abscissae) and
post-synaptic ON and OFF responses (ordinates). Initial level of presynaptic mem-
brane potential was -69 mV.

70

60

50

An

30
30

20

10

60 r-

40 h

0~



B. KATZ AND R. MILEDI

The results of this experiment are plotted in Fig. 11B which shows
amplitudes of initial 'oN' and final 'OFF' responses in the post-fibre as a
function of the amplitude (peak value) of the presynaptic voltage step.
The result fulfils the prediction of the calcium hypothesis according to
which a large enough increase of the internal potential 'would completely
prevent inward movement of the postulated Ca-compound, and trans-
mitter release could in principle be delayed until the end of the pulse
regardless of its duration' (Katz & Miledi, 1967b, p. 37). In the previous
work on the neuromuscular junction such striking effects were not ob-
served. It was found, however, that if one increased the duration of a

Fig. 12. From same experiment as Fig. 10. Strong current pulses of increasing
duration were applied (top traces in records 1-6). The main post-synaptic deflexion
occurs after the end of the pulse.

depolarizing pulse, this caused a lengthening, within certain limits, of the
latency of the transmitter release. This latency shift was difficult to explain
except in the terms of the hypothesis proposed in that paper.
The latency shift, of course, is merely another aspect of the same

phenomenon, and examples are shown in Fig. 12. The current strength
was not sufficiently well maintained to suppress synaptic transfer com-
pletely during the pulse, but it is clear that the main response is delayed
in each record until after the end of the pulse.

It will be noted that the latency of the steep OFF-responses in Fig. 10
(records 6-8) is shorter than that of similar oN-responses (e.g. record 4).
In the terms of our hypothesis the following explanation may be offered:
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transmitter release requires inward movement of calcium; this depends on
a permeability change which lags behind the rise and fall of the pre-
synaptic membrane potential. Hence, during 'ON', calcium flux does not
occur until the permeability has risen; during 'OFF', calcium movement
occurs immediately, before the permeability has declined.
Apart from their main features, Figs. 10 and 12 show several interesting details whose

exact interpretation must be left for further study. Thus, the nature of the small oscillations
superimposed on the rise of the pre-potential is uncertain. They may be related to peculiari-
ties of the present method which is bound to introduce non-uniform conditions and gradients
of potential as well as of T.E.A. concentration along the presynaptic terminal. Other possi-
bilities such as a small regenerative contribution of inward calcium current would also have
to be considered. A few other points in Fig. 10 invite comment. Thus, in record 4 synaptic
transfer goes on throughout the duration of the current pulse, though it is not certain whether
the rate of release is maintained. The synaptic potential declines from its initial peak, but
this may be entirely due to the 'delayed rectification' in the post-fibre (which has not been
injected with T.E.A.). There are, indeed, indications from other experiments that the process
of release becomes intensified and facilitated during maintained depolarization (cf. Katz &
Miledi, 1967b). The complicated course of the post-synaptic potential during the larger
current pulses (records 5-7 in Fig. 10) could be explained as an interplay of suppression and
activation of transmitter release at different regions of the terminal. For example, in record 6
one might suppose that the initial rise of the pre-potential is large enough to suppress
synaptic transfer entirely near the T.E.A. electrode, while transmitter is released at more
distal points thus accounting for the initial post-synaptic step. Later, as the pre-potential
declines, transmitter release may start up at nearby points and cease to occur farther distally.
Thus, the delayed upswing, during the current pulse may be a 'partial off-response'. Finally,
in records 4-8 of Fig. 10, there is a just perceptible immediate rise in the post-synaptic
potential, without any latency. It amounts to some 1-2% of the presynaptic deflexion.
This might be indicative of a small degree of electric coupling between the two cells, but there
is not enough information to exclude an artifact.

Further details of the synaptic transfer characteristic
The synaptic transfer (input/output) curves in Figs. 4, 8, 9 and 1 A all

have a characteristic S-shape. As in the case of the tetrodotoxin-treated
end-plate (Katz & Miledi, 1967a), the relation is graded throughout, and
no trace can be seen of a regenerative 'upswing' of the post-synaptic
potential whether one examines the slope of individual records or that of
the input/output relation.
While the curves are all alike in these respects, they differ in quanti-

tative detail depending upon several factors.
Ionic effects. It has already been mentioned that calcium increases and

magnesium reduces the slope of the curve and the post-synaptic response
to a given pre-potential. The effect of adding 70 mm barium was similar to
that of calcium.

Pulse duration. Lengthening the pulse shifted the curve to the left with-
out appreciably altering its slope or the maximum amplitude of the post-
synaptic potential. However, the interpretation of this effect is not entirely
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clear because, within limits, lengthening the pulse also affects the decre-
ment of the pre-potential along the terminal branch. Suppose, for instance,
the current-electrode is 1 mm upstream, and one records the pre-potential
near the start of the synapse. The amplitude of the potential farther down
in the middle of the synaptic region may be appreciably less, and this
reduction would be more severe for a 1 msec than a 2 msec pulse.

2

1 2 3 4 5 6 7 8
msec

Fig. 13. Effect of curtailing the presynaptic depolarization on the size of the post-
synaptic response. Electrode positions as in Fig. 8. To shorten the presynaptic
potential (middle tracings), the depolaxizing pulse was followed by a pulse of
opposite polarity (top). Corresponding post-synaptic potentials in bottom tracings.

The effect of duration of the pre-potential is illustrated in a different
way in Fig. 13. In this case the depolarizing pulse was succeeded, at two
different intervals, by a brief pulse of opposite polarity which cut off the
declirling phase of the depolarization. This caused a large reduction in the
post-synaptic response (compare records 2 and 1), but to interpret these
effects exactly requires a more elaborate technique, using either a 'focal '

method (Katz &r Miledi, 1967b) or ensuring uniform depolarization of the
whole terminal.

Preceding hyperpolarization. As shown in Fig. 14, hyperpolarizing the
presynaptic membrane by about 50 mV greatly potentiated the response
to a subsequent depolarizing pulse (see also Takeuchi &r Takeuchi, 1962;
Bloedel, Gage, Llina's &r Quastel, 1967). The effect was similar to that

424



SYNAPTIC TRANSMISSION WITHOUT IMPULSES 425
obtained by raising the external calcium concentration. In an experiment
in which the two procedures were compared, a hyperpolarization of 80 mV
was found to be equivalent to a 5-5-fold increase in the calcium concentra-
tion. These observations suggest that hyperpolarization may facilitate the
activation of calcium entry during a subsequent stimulus, but for a
decisive interpretation one has to answer the same kind of objection as that
stated in the previous paragraphs. Hyperpolarization causes the membrane
resistance to rise, as was obvious from the slower decay of the subsequently
imposed depolarization. This must in turn affect the attenuation along the
terminal and so the relevant amplitude of the potential change. Further
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Fig. 14. Effect of preceding hyperpolarization. From same experiment as Fig. 13.
Left. Relation between pre- and post-synaptic potential changes. In each case, the
abscissa shows the depolarization measured from the resting level. In H+D the
depolarizing step started from approximately 50 mV hyperpolarization (i.e. from
-50 mV along the horizontal axis). In D the step started from the resting level
(i.e. the origin). Right. Relation between intensity of presynaptic current pulse and
post-synaptic response, for the same two series.

experiments are, therefore, needed to sort out the several interacting
factors (that is, initial level of potential, duration, degree of decrement of
depolarization).

These complications must also be borne in mind before one can discuss
in very great detail the shape of the input/output curves. It is clear from
Figs. 4 and 7 that it was not possible to change the amplitude of the pre-
potential without altering its time course and also its spatial attenuation
along the axon (because of the voltage-dependent lowering of the mem-
brane resistance). That this, however, did not distort the general picture
will be evident from the fact that very similar input/output curves were
obtained after loading the terminal with T.E.A. (Fig. 11 A).

Electrode position. The location of the presynaptic electrodes was a very
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important factor. A relatively small displacement, particularly of the
recording electrode, can produce large changes in the position of the
'threshold' and in the steepness of the input/output curve.
The procedure which we preferred throughout was to arrange the two

presynaptic intracellular electrodes in 'descending' order, that is to have
the current-passing electrode upstream, the voltage-recording electrode
further downstream in or near the synaptic region. With an arrangement
like that in Fig. 8 where the current electrode is 07 mm and the recording
electrode 035 mm from the start of the synapse, one can be certain that
the pre-potentials in the synaptic region farther down are smaller than the
observed values. The true input/output curve must therefore lie somewhat
to the left of that shown in Fig. 8 and have a greater slope. In Fig. 9, the
pre-recording electrode had been placed about 07 mm farther down, into
the synaptic region itself. This may now give a curve which is close to the
'true' transfer characteristic; but one might argue that the part of the
synaptic region which is upstream from the recording electrode is sub-
jected to a larger voltage and, therefore, that the true curve now lies a
little to the right of the one shown in the graph.

TABLE 1. Synaptic transfer characteristics

This is a summary of the initial, logarithmically rising part of the input/output
curves. Mean values and ranges, each from three different giant synapses.

'Slope' of
Position of presynaptic 'Threshold' Vi,/log Vo,,t curve

recording electrode (mV) (mV per tenfold change)
0-25to 0-6mm from 42-5 12
synapse (35-50) (11-16)

Start of synapse 29 9
(20-34) (5-7-16)

+ to I way down synapse 25-5 6-5
(length of synapse about (20-29) (3*7-7.5)
0.8 mm)

In Table 1, the results obtained in twelve experiments have been sum-
marized by placing them in three different groups according to the location
of the presynaptic recording electrode. The pulses were 1 to 2 msec long;
'threshold' is the presynaptic depolarization needed to elicit just detect-
able (about 0x2-0*5 mV) post-synaptic potentials. If we take the values
recorded at the 'start' of the synaptic region as most representative, then
the 'threshold' is around 30 mV and, in the initial part of the curve,
9 mV increment of presynaptic depolarization causes a tenfold increase in
post-synaptic response.

It should be noted that there is no critical threshold for the synaptic
response, and it would have been more satisfactory to choose an arbitrary
threshold level statistically, in terms of a certain frequency of failures of
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quantal response (see Katz & Miledi, 1967a; Miledi, 1967). This was,
however, usually not practical because of the very low signal/noise ratio
of the miniature synaptic potential (Miledi, 1966, 1967).
The results in Table 1 indicate roughly the degree of decrement that

occurred in the terminal branch. Additional information was obtained in
the experiment illustrated in Figs. 8 and 9, by comparing the presynaptic
voltage/current characteristics with different electrode placements. Using
the initial slope of the curves for 1 msec pulses (see e.g. Fig. 3B), the value
of V/I was 55,000 Q at the beginning of the experiment; after equilibrating
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Fig. 15. Effect of position of presynaptic stimulating electrode. Relation between
presynaptic current strength (abscissa, 1 msec pulses) and post-synaptic response
(ordinate) is shown for two positions of the current-electrode: 1 mm from start of
synapse (open circles), and close to synapse (filled circles).

the preparation in a solution containing 58 mM-Ca, V/I rose to 67,000 Q.
Increasing the separation between I and V electrodes from 0 35 to 0-65mm
caused V/I to fall to 50,000 Q, indicating a decrement of about 25 % in
0 3mm. With large depolarizations, the spatial attenuationwas more severe.
Another example of presynaptic decrement is seen in Fig. 15. In this

experiment, only one presynaptic electrode was inserted, to pass current
pulses, and the post-synaptic response alone was recorded. Initially the
pre-electrode was about 1 mm from the start of the synaptic region (open
circles); later the experiment was repeated with the pre-electrode very
close to the start of the synapse (filled circles). During the second run, not
only was less current needed to produce a given response, but the curve
rose to a much higher plateau. The significance of this saturation level is
probably not the same in the two cases. The higher curve reaches 57 mV
which presumably comes close to the post-synaptic 'equilibrium potential'
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(Hagiwara & Tasaki, 1958). The largest post-synaptic potential in all these
experiments was 63 mV, with a resting potential of 66 mV. It may be that
close approach to the 'null-point' determined the plateau in many of the
input/output curves. However, this cannot be true in the case of the lower
curve of Fig. 15 which flattens at only 26 mV post-synaptic response. The
explanation is very probably the lowering of presynaptic membrane
resistance which sets a limit to the electrotonic spread of depolarization
into the 1 mm distant synaptic region.

Figure 16 shows an attempt to find the 'null-point' of the post-synaptic
potential. The membrane potential of the post-fibre was displaced in either
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Fig. 16. Effect of post-synaptic polarization on the size of the synaptic potential.
Two different experiments. Abscissa: Level ofmembrane potential in the post-fibre.
Arrows indicate normal resting potential. Hyperpolarization to the right, de-
polarization to the left of arrow. Ordinate: Amplitude of synaptic potential evoked
by constant pulse in the pre-fibre. In the lower curve, 'depolarized' results were
obtained with different pulse strength; these ordinates were scaled down by a
factor of 0.8. The extrapolated lines intercept the horizontal axis at + 12 mV and
-8 mV respectively.

direction from the resting level with currents passed through a second
intracellular electrode. Hyperpolarization caused an approximately pro-
portional increase in the amplitude of the post-synaptic potential. De-
polarization, however, lowered the membrane resistance and caused a dis-
proportionate fall and eventually abolition of the synaptic potential. The
extrapolated intercepts in Fig. 16 indicate a null-point not far from zero,
in agreement with the observations of Hagiwara & Tasaki (1958) made in
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the absence of tetrodotoxin. To determine the reversal point accurately,
a more elaborate procedure with adequate voltage control is needed.

In the Vpre/ Vpost curves so far considered, the current-passing electrode
was always placed centrally. Whenever the positions of presynaptic
current and voltage electrode were reversed, the resulting curves were
shifted to the left, i.e. to a smaller range of pre-potentials. These results
were rejected because it was clear that the pre-potential recorded upstream
was excessively attenuated and did not represent the depolarization in the
synaptic region. Even if one were able to place the current-electrode
exactly half-way between the voltage electrode and the synapse, the result
would be vitiated, because the electrotonic decrement from the point of
current application is not symmetrical, and is likely to be more drastic in
the upstream direction than towards the closed tip of the terminal. This
asymmetry arises (a) because of the high-impedance termination presented
by the tip and (b) because branching and increased axon diameter lowers
the cable impedance in the upstream direction.

Responses to repetitive pulses
Another important factor which controls the size of the synaptic response

is the rate of repetition of the stimulating pulse. It is well known that
transmission through the squid stellate ganglion 'fatigues' even at low
frequencies of stimulation (Bullock, 1948; Hagiwara & Tasaki, 1958), and
the same effect was observed in the tetrodotoxin-treated preparation. In
fact, the apparent scatter of the points along some of the input/output
curves arose mainly from the depression produced by preceding strong
pulses so that even with pulse intervals of several seconds the size of the
response during the return series was below the initial values.

Figure 17 illustrates the gradual decline of the post-synaptic potentials
which occurred during series of pulses at intervals of 150 msec (record 5) and
20 msec (record 6). Even at 1-5 sec intervals, the response diminished to
60 % of its initial height during a series of 10 pulses. Recovery was almost
complete within less than 30 sec. It may be noted that these records were
obtained by the method of external stimulation in a longitudinal electric
field (see Methods) and recording with a single micro-electrode in the post-
fibre.

This cumulative depression represents one of the several after-effects
which follow the application of a depolarizing pulse to the nerve terminal.
As at the nerve-muscle junction (Katz & Miledi, 1967a) there is an early
'refractory period' during which the second pulse elicits no, or only a very
small, postsynaptic response. This is followed by a period of facilitation
which is in turn succeeded by a slowly decaying phase of depression which
is responsible for the cumulative failure illustrated in Fig. 17. The mecha-
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nisms ofthe second and third phase, facilitation and subsequent depression,
are unknown. Facilitation was not very striking in the present series of
experiments (see e.g. Fig. 18, response to pulse 7). The second post-
synaptic potential rarely exceeded the first by more than 50 %, and care
had to be taken to ascertain that the effect was real and not an artifact
due to a slight change in current intensity. Nevertheless, there were clear
instances of 'true' facilitation, that is an increased post-synaptic response

Fig. 17. Post-synaptic responses due to application of longitudinal electric field
(see Methods). Records 1-4 taken on fast timne base. 1-3: weak pulses, increasing
from below to above 'threshold'. 4: maximum response (at lower amplification).
5 and 6: showing decline of response during repetitive stimulation. Amplification
as in 4. Pulses are indicated in top traces; pulse intervals: 150 msec in 5, and
20 msec in 6.

to the second of two identical presynaptic potentials confirmiing earlier
findings on-this and other synapses (Hubbard & Schmidt, 1963; Martin &
Pilar, 1964; Miledi & Slater, 1966; Bloedel et al. 1966; Katz & Miledi,
1966b, 1967a).
As regards the initial 'refractory period', this is adequately explained

by the period of low membrane resistance (delayed rectification) following
the first depolarization, as had already been suggested for the analogous
phenomenon at the end-plate (Katz & Miledi, 1967 a). If one examines the
pre- and post-potentials in Figs. 18 and 19, it is clear that the refractoriness
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of the post-synaptic response is concurrent with a reduction and gradual
recovery of the size of the presynaptic potential produced by the second
pulse. If one relates corresponding pre- and post-potentials they diverge
very little from the input/output curve obtained with single pulses of

P 2 3 4 5 6 7

e[JLL LYL LYg<g
5 6 7

r f~~~~~~~ ~4.~~ UA ~~~~~~
10

51 2 3 4 5 6 7
I

0 5 10 15 20 25 30 35
msec

Fig. 18. Responses to paired pulses. Top: P1 is the first pulse. 2-7: showing second
pulse at six different intervals after P1. (Pulses are also indicated by heavy bars
below the records.) Middle: presynaptic potential changes produced by the cor-
responding pulses. Bottom: post-synaptic potentials produced by P1 and by the
second pulse at intervals 5, 6 and 7. At intervals 2, 3 and 4, the presynaptic potential
was below the 'threshold' of synaptic transfer.
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Fig. 19. Pre- and post-synaptic potentials produced by the second of two 2 msec
pulses at varying intervals after the first. Abscissa: pulse interval. Ordinate:
presynaptic (open circles) and post-synaptic (ffiled circles) potentials, in mV. The
scatter arose partly from slight variations in current strength.
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varying strength. Hence, one can conclude that the presence of a local
refractory period in the paralysed preparation is simply a consequence of
the fact that one of the two principal causes of refractoriness, namely
'delayed rectification', is not eliminated by tetrodotoxin.

DISCUSSION

The present results are complementary to previous work on the neuro-
muscular junction. In discussing the process whereby a depolarization is
transferred from pre- to post-synaptic membrane, we have drawn through-
out on evidence from both types of junction. This is amply justified, for
whenever it was possible to apply similar tests, analogous results have
been obtained in both cases. To mention only recent examples: the synaptic
transfer mechanism is tetrodotoxin-resistant in both; the reciprocal de-
pendence on external calcium and magnesium which is typical ofthe nerve-
muscle junction, also applies to the squid synapse; synaptic delays and
input/output characteristics are of the same kind (though a presynaptic
voltage scale has been provided only by the squid synapse); there is
evidence that transmitter substances, though chemically different, are
discharged in similar quantal packets from both types of terminals (Miledi
1967); finally, a detailed prediction which arose from work on the end-
plate has been fully substantiated in the present experiments on the squid
(Fig. 10).
On the basis of this converging evidence the hypothesis has been de-

veloped that calcium moves to the inside of the cell membrane and brings
about a critical reaction by which a vesicle, or more generally a storage
particle, discharges its transmitter content. The same idea has been put
forward to account for other forms of neuronal or hormone secretion
(Douglas, 1966; see also Smith & Smith (1966) for ultrastructural evidence).
In presynaptic terminals, the secretory process is started by a wave of
depolarization which raises calcium permeability. An essentially similar
chain of events may be involved in other cases of cellular secretion except
that the initial stimulus might be a change in the chemical environment
rather than electric displacement of the membrane potential (Douglas,
1966).
The results of Fig. 11B suggest that the postulated inward movement of

calcium ceases when a voltage step of about 200mV is applied to the inside
of the terminal, i.e. when the membrane potential is raised from -70 to
+ 130 mV. If one supposes that at this level Ca2+ ions are in electro-
chemical equilibrium, then with an external concentration of 11 mm, the
ionized calcium concentration inside the terminal would come to approxi-
mately 4 x 10-7 M. All one can say is that this is not an impossible figure;
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for the giant axon, Hodgkin & Keynes (1957) estimate the intracellular
concentration of ionized calcium to be less than 10-5 M.
The result of the T.E.A. experiment (Figs. 10-12) follows the predictions

of the calcium hypothesis closely and is, therefore, considered to support
this hypothesis very strongly. Nevertheless, it should be pointed out that,
had it not been for previous strong evidence, the present finding might
have been interpreted in various alternative ways. Taken by itself, the
suppresssion of synaptic transfer during an inside-positive pulse merely
signifies that the influx of a cation, or efflux of an anion, forms an essential
link in the transmitter release. There is good evidence that it is calcium
rather than sodium influx which matters (reviewed by del Castillo & Katz,
1956; Katz, 1962; Douglas, 1966), and this is further strengthened by the
experiments with tetrodotoxin which is known to stop the voltage-
dependent rise of sodium permeability but does not block synaptic
transfer. Moreover, the voltage pulse required for suppression oftransmitter
release appears to go far beyond the sodium equilibrium potential.

If the transmitter substance itself is an anion, as might conceivably be
so at the squid synapse (Miledi, 1967), the question arises whether an
inside-positive pulse could prevent transmitter efflux directly. This would,
however, leave unexplained the 'latency shift' at the neuromuscular
junction where the transmitter is a cation, nor could this type of mecha-
nism operate if the release of transmitter molecules occurs by a discharge
from synaptic vesicles (cf. del Castillo & Katz, 1957; Smith & Smith, 1966),
rather than by trans-membrane flux from the axoplasm. The point might
be tackled experimentally by examining the size of the miniature synaptic
potential, before and during a 'suppressing pulse'.
The present study shows that the regenerative mechanism of the impulse

which is essential for propagation of signals plays no immediate part in the
synaptic transfer process. It is true that even in tetrodotoxin-treated tissues
a membrane depolarization may become reinforced by inward current of
calcium. There is good evidence for such an action in crustacean muscle
(Hagiwara & Nakajima, 1966), but in the present experiments there is no
evidence of the 'second upswing' of the potential which is characteristic
of regenerative systems.
The question may be raised whether tetrodotoxin resistance at this

synapse is a genuine phenomenon or an artifact due to a failure of
penetration of the drug. The abolition of any, even abortive, traces of
electric excitation in the synaptic region provides one answer to this
objection. Equilibration times in the squid stellate ganglion are certainly
longer than at the skeletal neuromuscular junction, and presumably
diffusion is slow in the synaptic region (cf. Miledi & Slater, 1966). How-
ever, the full effect of the tetrodotoxin solution was always established
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well within 1 hr, sometimes within 10-15 min; thereafter the response was
stable for many hours. Finally, one may recall the close resemblance of
these results to the tetrodotoxin resistance of the neuromuscular junction;
this junction is very sensitive to other drugs of similar or larger molecular
weight, and there is no doubt that the toxin reaches the entire cell surface,
but selectively spares the junctional process.

There are many details on which the present paper gives only pre-
liminary information. The exact parameters of the synaptic input/output
curve will need revision when fully adequate voltage control over the whole
length of the synapse has been achieved. Technical improvements are also
needed to enable one to express synaptic output in terms of transmitter
release rather than the non-linearly related postsynaptic potential. The
'ceiling' of the input/output curves cannot be taken as evidence that the
rate of transmitter release has reached a maximum, for there were other
limitations, in the spatial spread of the presynaptic potential, and in the
approach to a post-synaptic 'equilibrium potential', which would cause
'saturation' of the synaptic response. These points, and the closely related
question whether the nerve impulse normally operates at or near maximal
rate of transmitter release, must be left for further study.
The results of the present work agree in general with those recently

reported by Bloedel et al. (1966) on Loligo pealii. Quantitatively, however,
there are discrepancies: thus, Bloedel et al. obtained smaller post-synaptic
responses and required much larger presynaptic potential changes to
elicit them. It may be that several of the factors which influence the input/
output relation (see p. 425) somehow combined to produce these differ-
ences. As Bloedel et al. (1966) themselves point out, the results which they
described cannot easily be fitted to a characteristic along which the normal
action potential might operate. To explain this, one may have to assume
either that voltage attenuation towards the terminal was abnormally high
in their experiments, or that the efficacy of the release process was much
reduced.

In a second communication, Bloedel et al. (1967) emphasized the fact
that preceding hyperpolarization increases the synaptic efficacy of a
depolarizing pulse. This is confirmed by the results in Fig. 14, though
further work is needed to discriminate between several factors which can
contribute to this effect. Strong support for the view that hyperpolariza-
tion facilitates transmitter release comes from the work of Takeuchi &
Takeuchi (1962) who showed that a spike arriving during the period of
hyperpolarization could elicit a larger post-synaptic potential, even though
the peak of the spike did not reach as high a level as it did normally.

Reference has been made to previous work in which the steady mem-
brane potential of the pre-fibre was displaced by various amounts, and the
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amplitude of the upstroke of the presynaptic spike was related to the size
of the post-synaptic potential (Hagiwara & Tasaki, 1958; Takeuchi &
Takeuchi, 1962; Miledi & Slater, 1966). It should be noted that this gives
an input/output relation which is superficially similar to, but in fact of a
different kind from, those considered in the present paper. Here, all
potential changes were measured from a common base line. -This applies
even to the two curves in Fig. 14 (left); in the upper curve, the abscissae
are depolarizations measured from the normal resting level, not the up-
strokes from the hyperpolarized level which were 50 mV larger. The result
suggests that hyperpolarization increases the releasing power of a sub-
sequent displacement of the membrane potential to a given level, but that
the amplitude of the voltage step is not a relevant quantity (an upstroke
of 90 mV from the hyperpolarized level produced no response; the same
deflexion from the resting level gave 22 mV post-synaptic potential).

We are indebted to the Director and Staff of the Stazione Zoologica, Naples for the supply
of squid and laboratory facilities, and to the Royal Society for a travel award.
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