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SUMMARY

1. Evoked release of transmitter at the squid giant synapse was examined under
conditions where the calcium ion concentration in the presynaptic terminal was
manipulated by inhibitors of calcium sequestration.

2. Simultaneous intracellular recordings of presynaptic and post-synaptic resting
and action potentials were made during bath application of one of the following
metabolic inhibitors: sodium cyanide (NaCN), carbonyl cyanide-p-trifluoro-
methoxyphenyl hydrazone (FCCP); ruthenium red (RuR) and sodium-free
(lithium) sea water.

3. Cyanide and lithium sea water reversibly depressed the post-synaptic potential
(p.s.p.) whilst RuR and FCCP blocked the evoked post-synaptic response irreversibly.
The progressive reduction of p.s.p. amplitude was accompanied by a reversible
increase in synaptic delay.

4. The time course of block of the p.s.p. was similar for different agents and
dependent on the rate of presynaptic activity (30-40 min at 0-01 Hz). Recovery of
the post-synaptic action potential following block by cyanide and lithium sea water
was obtained within 40 min and 5 min respectively.

5. Synaptic depression by the metabolic inhibitors does not result from changes
in presynaptic resting or action potentials, nor from a change in post-synaptic
receptor sensitivity. The post-synaptic response to the local ionophoresis of
L-glutamate was unchanged following inhibition of evoked release of transmitter by
cyanide.

6. Injections of EGTA into presynaptic terminals poisoned by cyanide produced
transient increases in p.s.p. amplitude, suggesting that cyanide is having its effect
through raising intracellular calcium rather than lowering ATP. Control experiments
injecting EGTA into unpoisoned nerve terminals showed no apparent effect on
evoked transmitter release.

* Present address: Department of Pharmacology, University of Miami School of Medicine, P.O.
Box 016189, Miami, FL 33101, U.S.A.
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INTRODUCTION

Calcium ions play a fundamental role in the process of excitation-secretion
coupling in synaptic transmission (Katz, 1969). The dependence of transmitter
release on the external calcium ion concentration has been extensively investigated
at the squid giant synapse (Katz & Miledi, 1967, 1969; Kusano, 1970; Llinas,
Steinberg & Walton, 1981 b; Charlton, Smith & Zucker, 1982; Augustine & Eckert,
1984); however, the relationship between the free (ionized) calcium concentration
in the presynaptic terminal and transmitter release is ill defined. Manoeuvres to alter
cytosolic calcium levels, either indirectly, using ion-containing lipid vesicles
(liposomes) at the frog neuromuscular junction (Rahamimoff, Meiri, Erulkar &
Barenholz, 1978; Kharasch, Mellow & Silinsky, 1981) or directly, via intraterminal
calcium injection at the squid giant synapse (Miledi, 1973; Miledi & Parker, 1981;
Charlton et al. 1982) can increase the amount of transmitter released. Paradoxically,
large and prolonged injections of calcium ions into the presynaptic terminal have
been reported to depress evoked release of transmitter (Miledi & Slater, 1966;
Kusano, 1970).
Calcium homeostasis in presynaptic nerve terminals is largely dependent on

intracellular organelles, such as mitochondria and endoplasmic reticulum, which
sequester calcium by energy-linked processes (Alnaes & Rahamimoff, 1975; Blaustein,
Ratzlaff & Kendrick, 1978; Martin & Miledi, 1978). One possible way in which to
manipulate the level of ionized calcium in the presynaptic terminal is to interfere
with sequestration of calcium with metabolic inhibitors (cyanide, carbonyl cyanide-
p-trifluoromethoxyphenyl hydrazone), ruthenium red or inhibitors of sodium-
calcium exchange (lithium sea water). Therefore, we have investigated the action
of these agents on evoked transmitter release at the squid giant synapse. Our results
are consistent with the hypothesis that an increased intracellular level of ionized
calcium in the presynaptic terminal can also act to block synaptic transmission.
A preliminary report of these results has been presented to the Physiological Society
(Adams, Takeda &Umbach, 1983).

METHODS

Experiments were made on the distal (giant) synapse of the isolated stellate ganglion of adult
Alloteuthis subulata (see Gillespie, 1979). Small live squid (mantle lengths 5-10 cm) were used within
48 h of capture. The ganglia were dissected free of the mantle and the remaining lengths (1-2 cm)
of the preganglionic nerves and the 5th stellar (giant) axon were tied off at their extremities with
fine silk thread. The bulk of the surrounding muscular and connective tissues was removed, as

was the large blood vessel on the 'muscle' surface (Miledi, 1967). Both ganglia were pinned out on

a Sylgard base in a small Perspex bath. Using a combination of oblique transmitted and direct
light, it was possible to visualize clearly the pre- and post-synaptic elements in the majority of
preparations.
The bath was perfused continuously, and as measured by dye dilution, the extracellular solution

was completely exchanged within 5-7 min. The temperature was kept constant at 12-16°C as

monitored by a thermistor located within 2 mm of the ganglion. Artificial sea water (ASW)
contained (mM): NaCl, 470; KCl, 10; CaCl2, 11; MgCl2, 55; TRIS buffer, 10, pH 7-8. In one series
of experiments, high-calcium sea water of the following composition (mM) was used: NaCl, 400;
KCl, 10; CaC12, 112; TRIS buffer, 10, pH7-8. Sodium cyanide (NaCN; Sigma) titrated to pH 7-8,
carbonyl cyanide-p-trifluoromethoxyphenyl hydrazone (FCCP; Sigma) or ruthenium red (RuR;
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contained 20% dye; Sigma) were added to ASW to give the final concentrations indicated.
Sodium-free (lithium) sea water was made by equimolar substitution of LiCl for NaCl. Cadmium
chloride was added to ASW at a concentration of 01-1 mm. Hydrogen peroxide was added to all
solutions to a concentration of 0-002 % (v/v) as a source of molecular oxygen (Llinas, Steinberg
& Walton, 1981 a; Walton & Fulton, 1983). Although the giant synapse of other species of squid
has been found to be very sensitive to oxygen (e.g. Bryant, 1958; Katz & Miledi, 1967), Alloteuthis
is relatively insensitive to anoxia (our observations and J. I. Gillespie, personal communication).
Resting and action potentials (and synaptic transmission) could be maintained at initial levels for
periods of at least 4 h.

Conventional electrophysiological techniques were used for intracellular recordings with
3 m-KCl-filled micro-electrodes (resistances ca. 15 Mil). The preganglionic nerve was stimulated
extracellularly at a frequency of 0-01 Hz using fine platinum electrodes and short-duration pulses
(200 ss). Usually responses were stored on the oscilloscope screen every 5 min and were
photographed directly using Polaroid film. Some experiments were recorded on FM tape (Racal
Store 4, band width d.c. to 20 kHz) for later analysis.

Simultaneous recordings from the presynaptic terminal and the post-synaptic axon were made
in most cases. The pre-synaptic electrode was inserted (usually first) in the last (most distal)
preterminal digit, which often overlay or was adjacent to the proximal termination of the giant
axon (see Fig. 1). It was possible to elicit a presynaptic action potential and normal synaptic
transmission by passing current (with a bridge circuit) through the pre-synaptic electrode
(Fig. 1 B). The aim was to insert the post-synaptic electrode close to the pre-synaptic electrode
(< 200 ,sm away): the rising phase of the post-synaptic potential (p.s.p.) was rapid, almost merging
completely with the post-synaptic potential and the synaptic delay was short, between about 0.5
and 1-2 ms (Fig. 1A).

Electrodes for glutamate ionophoresis contained 1 M-sodium glutamate, pH 7-2 and had
resistances of > 30 Mf. Current was passed using a constant-current source; a few nA of braking
current prevented leakage. Ethyleneglycol-bis-(aminoethylether)-N,N-tetraacetic acid (EGTA,
Sigma) injection electrodes (5-10 MO) were filled with 0-5 M-K2 EGTA, pH 7-2. A bridge circuit
was used when injecting current presynaptically.

RESULTS

In all experiments the post-synaptic response was evoked either by stimulating
the preganglionic nerve with extracellular platinum electrodes (Fig. 1A) or by
injecting current through a micro-electrode located in the presynaptic terminal
(Fig. 1 B). The mean values obtained for the pre- and post-synaptic resting potentials
were -59-5+ 51 mV (+1 S.D., n = 25) and -64-1 + 4-6 mV (n = 32), respectively.
Action potentials recorded from the presynaptic terminal and post-synaptic axon
were typically 90-110 mV in amplitude, although the amplitude of the preterminal
spike was consistently lower than that of the post-synaptic axon (see Gillespie, 1979).

Block of evoked release of transmitter by pharmacological agents which inhibit
the calcium influx during the presynaptic action potential provides a sensitive
indicator of the equilibration time of the extracellular solution with the preparation.
Cadmium inhibits synaptic transmission by blocking ion movement through open
presynaptic terminal calcium channels (Llinas et al. 1981 a; Augustine & Eckert,
1984). Evoked release of transmitter as determined from p.s.p. amplitude was

inhibited within 5-7 min (essentially the bath exchange time) in sea water containing
1 mM-CdCl2 (Fig. 2). Recovery from the block of synaptic transmission followed a

similar time course on the wash-out of cadmium. The rapid onset and reversal of
this cadmium blockade shows that the bath exchange in the experimental chamber
was relatively efficient and that there were few diffusional barriers for the access of
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Fig. 1. A, simultaneous intracellular recording ofpresynaptic and post-synaptic potentials
in response to stimulation of the preganglionic nerve. Resting membrane potentials:
-53 mV presynaptic; -60 mV post-synaptic. Temperature 14 0C. Note that the post-
synaptic action potential is superimposed on the p.s.p. Inset: schematic diagram of the
squid stellate ganglion and location of intracellular micro-electrodes in the presynaptic
terminal and post-synaptic axon. B, presynaptic and post-synaptic action potentials
elicited in response to current injection via the micro-electrode located in the presynaptic
terminal. The brief (2 ms) depolarizing current pulse was superimposed on a constant
current hyperpolarizing the presynaptic membrane to -65 mV. Temperature 12 0C.
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Fig. 2. Time course of inhibition of evoked release by cadmium. Superimposed records
of presynaptic and post-synaptic potentials obtained following 1, 3 and 5 min exposure
of the synapse to ASW containing 1 mM-CdCl2. Resting membrane potentials: -56 mV
presynaptic; -64 mV post-synaptic. Temperature 16 'C.

cadmium to its site of action at the presynaptic terminal. In three experiments, there

was no change in the amplitude of either resting or presynaptic action potentials
in the presence of cadmium (see Fig. 2).

Cyanide depresses evoked release of transmitter

Synaptic transmission at the squid giant synapse was studied in the presence of

metabolic inhibitors which have been shown to increase the axoplasmic calcium ion

A
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concentration in the squid (see Baker, 1978; Requena & Mullins, 1979). The effect
of cyanide on evoked release of transmitter was monitored by recording pre- and
post-synaptic potentials simultaneously during bath perfusion with sea water
containing 2 mM-NaCN. Cyanide sea water produced a progressive decline in the
amplitude of the evoked post-synaptic response: after approximately 10 min
exposure to 2 mM-NaCN the p.s.p. failed to reach threshold for generation of the

A B
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Fig. 3. A, depression of evoked release of transmitter during exposure to 2 mM-NaCN.
Superimposed traces of the pre- and post-synaptic potentials (stimulation at O001 Hz).

The post-synaptic potential failed to reach threshold for generation of an action potential
(ap)after approximately 10 mmn exposure to cyanide sea water. Resting membrane

potentials: -54 mV presynaptic; -55 mV post-synaptic. Temperature 16s5 0C. B, time
course of onset and recovery from block by 2 mM-NaCN. The post-synaptic potential
amplitude (mY) is plotted during (32 mmn) and following exposure to cyanide. Resting
membrane potentials: -63 mV presynaptic; -64 mV post-synaptic. Temperature 16 0C.

action potential and complete depression of the p.s.p. occurred after 30-45 min
(Fig. 3A). Failure of synaptic transmission was not due to a change in either the
presynaptic resting and action potentials or the post-synaptic resting potential.
Recovery of the post-synaptic action potential was observed following 30-45 min
wash out. The time course of onset and recovery of the p.s.p. from block by cyanide
is described in Fig. 3B. The onset of depression of the post-synaptic response was
dependent on the frequency of depolarization of the presynaptic terminal. Increasing
the rate of stimulation to 0 1 Hz in the presence of 2 mM-NaCN accelerated the rate
of block of the evoked p.s.p. approximately 2-5-3-fold. In eight experiments the
depression of evoked release of transmitter observed in cyanide sea water was
completely reversible upon wash-out. Similarly, the increase in intracellular ionized
calcium levels measured in cyanide-poisoned axons has been shown to be completely
reversible upon wash-out or by injecting ATP (Blaustein & Hodgkin, 1969; Baker,
Hodgkin & Ridgeway, 1971).
The progressive reduction of the p.s.p. amplitude in the presence of cyanide was

accompanied by an incre-ase in the synaptic delay or latency of transmitter release
(Katz, 1969). The synaptic delay was increased by approximately 50°/% when the
evoked p.s.p. had been reduced to less than 10% of its initial value. The presynaptic
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action potential amplitude and duration were invariant during the progressive
reduction of the post-synaptic response, suggesting that the site of action of cyanide
is either at the post-synaptic membrane or at the presynaptic locus for excitation-
secretion coupling. Since the post-synaptic action potential initiated by direct
stimulation of the axon is unaffected by cyanide poisoning (not shown), it is likely
that the site of action of cyanide is of presynaptic origin. Lowering the extracellular
calcium concentration from 11 to 2 mm depressed the p.s.p. to less than 2 mV
amplitude over a period of 30 min, a similar time course to that observed for the
effect of cyanide. However, the reduction of the post-synaptic response recorded in
2 mM-calcium sea water was not accompanied by a corresponding increase in
synaptic delay, consistent with the lack of effect of extracellular calcium on the time
course of phasic release of acetylcholine reported at the mammalian neuromuscular
junction (Datyner & Gage, 1980).

Irreversible inhibition of synaptic transmission by RuR and FCCP
FCCP is a potent mitochondrial uncoupler and has been shown to increase ionized

calcium levels in squid axoplasm irreversibly (Brinley, Tiffert, Scarpa & Mullins,
1977). Bath perfusion with sea water containing 10-20 /LM-FCCP produced a
progressive reduction in the evoked p.s.p., as illustrated in Fig. 4A. Complete
inhibition of the evoked post-synaptic response occurred after 35-40 min. The block
of synaptic transmission in the presence of FCCP was not due to a failure of the
presynaptic action potential, as shown in Fig. 4B. Both the pre- and post-synaptic
resting potentials were unchanged in sea water containing 20 /,M-FCCP. The rate
of inhibition of the p.s.p. was also dependent on the frequency of stimulation of the
presynaptic nerve, increasing with higher rates of stimulation. The effect of FCCP
on synaptic transmission was irreversible: after 65 min wash-out there was no
recovery of the post-synaptic response, as shown in Fig. 4C. In four experiments,
the inhibition of evoked transmitter release by FCCP was not reversed even following
wash-out periods of up to 120 min.
RuR, which interferes with mitochondrial uptake of calcium, dramatically

increases spontaneous transmitter release and inhibits evoked release at neuro-
muscular and neuronal synapses, presumably by raising intracellular calcium levels
(Alnaes & Rahamimoff, 1975; Baux, Simmoneau & Tauc, 1979). The effects of RuR
on evoked release were investigated at the squid giant synapse in four experiments.
RuR at a concentration of 10 gm produced no change in synaptic transmission at
01 Hz stimulation during 40 min continuous perfusion. However, raising the RuR
concentration to 100 /M depressed the p.s.p. and eventually abolished it without
any significant change (< 5 mV) in the pre- and post-synaptic resting potentials or
in the presynaptic action potential amplitude or duration (Fig. 5). RuR block of
evoked release followed a similar time course to that of FCCP (at the same rate of
presynaptic activation) and was irreversible, even following prolonged periods of
wash-out.

If the irreversible failure of synaptic transmission produced by RuR and FCCP
was due to reduced calcium influx during the presynaptic action potential, then
raising the extracellular calcium concentration may overcome the inhibition of
evoked release. In two experiments, the synapse was bathed with high-calcium
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Fig. 4. Irreversible inhibition of synaptic transmission following bath application of
FCCP. A, post-synaptic potentials recorded in response to preganglionic nerve stimulation
at 001 Hz in the presence of 20 gM-FCCP. Post-synaptic resting potential -65 mV.
Temperature 16 0C. B, superimposed traces of pre- and post-synaptic potentials in the
presence of 20 4uM-FCCP. Resting membrane potentials: -67 mV presynaptic; -59 mV
post-synaptic. Temperature 16 0C. C, failure of recovery of synaptic transmission after
65 min wash-out following block of the evoked post-synaptic response by FCCP.

(112 mM) sea water following block of the p.s.p. The elevated extracellular calcium
increased the threshold for initiation of the presynaptic action potential but no
recovery of the evoked post-synaptic response was observed after 30 min.
The decrease in evoked release by FCCP and RuR was also accompanied by an

increase in synaptic delay (see Figs. 4 and 5) similar to that observed in the presence
of cyanide. The synaptic delay has been proposed to consist of two components: (a)
the time dependence of calcium-channel opening and (b) the time required for
secretion of transmitter following the entry of calcium (Llinas et al. 1981b;
Augustine, Charlton & Smith, 1985). An increase in the latter component is most
likely to account for the effect of the metabolic inhibitors on the synaptic delay,
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rather than a change in the kinetics of the presynaptic calcium current (cf. Stimers
& Byerly, 1982).

Effects of LiCi on synaptic transmission
Substitution of extracellular sodium with lithium is known to increase intracellular

ionized calcium, but does so without disrupting energy-yielding processes in mito-
chondria. An established action of lithium is to interfere with the active extrusion

100 kM-RuR
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Pre 111\\

A lii I'XA1\1 \ I\

-J20 mV
0-5 ms

Fig. 5. Irreversible inhibition of evoked transmitter release following bath application
of 100 ,uM-RuR. Superimposed traces of pre- and post-synaptic potentials obtained during
40 min exposure to RuR. Resting membrane potentials: -56 mV presynaptic; -66 mV
post-synaptic. Temperature 15 'C.

of intracellular calcium ions across the plasma membrane (see Baker, 1972). Since
both metabolic inhibitors and lithium can raise intracellular calcium, but do so
through different mechanisms, the effect of (sodium-free) lithium sea water on
synaptic transmission was investigated. Changing the external solution to lithium
sea water reduced the resting potential of both the presynaptic terminal and
post-synaptic axon by 5-8 mV; this effect was completely reversible on return to
normal (sodium) sea water (Fig. 6). Lithium sea water also progressively depressed
the evoked post-synaptic response elicited at 001 Hz to less than 2 mV within
30-40 min. The failure of synaptic transmission cannot be attributed to a loss of the
presynaptic spike since the action potential amplitude and duration were not
significantly changed during exposure to lithium sea water (Fig. 6A). This observation
contradicts the explanation proposed by Crawford (1975) for the block of synaptic
transmission by lithium at the frog neuromuscular junction. Return to normal
(sodium) sea water resulted in recovery of the post-synaptic action potential
(Fig. 6B) within 3-5 min (the time required to exchange the external solutions).

Metabolic inhibition and post-synaptic receptor channels
To determine the site of action of the metabolic inhibitors and lithium on evoked

release, the response of the post-synaptic membrane was tested by application of
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a putative neurotransmitter before and during block of synaptic transmission. The
post-synaptic response to L-glutamate was examined since L-glutamate has been
proposed as a possible transmitter at the squid giant synapse (Miledi, 1967; Kelly
& Gage, 1969; Kawai, Yamagishi, Saito & Furuya, 1983). Local ionophoresis of
L-glutamate was used to elicit a post-synaptic response since bath application of 10

A B

/ i ~~~~~~ XZ~~~~mW 1 t~~~~~~ = LZ~~20mnVpre
0O5sRes0c5veys

Fig. 6. Reversible block of synaptic transmission in (sodium-free) lithium sea water. Pre-
and post-synaptic potentials recorded in response to preganglionic nerve stimulation at
0-01 Hz. A, onset of depression of the post-synaptic response during bath perfusion of
the giant synapse with lithium sea water. Temperature 16-5 'C. B. recovery from block
of evoked transmitter release by lithium sea water. Pre- and post-synaptic potentials
recorded during 15 min period following return to normal (sodium) sea water. Note that
in the presence of lithium sea water there is a reversible depolarization (5-8 mV) of the
resting membrane potentials but no change in the amplitude of the presynaptic action
potential.

mm-sodium glutamate did not produce a detectable change(l < 3 mV) in the
post-synapt-sy ting potential. However, exposure to 10 mm-glutamate for 40 min
did cause a reversible decrease in the amplitude of the p.s.p. elicited at I Hz
stimulation. The post-synaptic response to the local ionophoresis of L-glutamate in
an unpoisoned synapse is shown inFigweA.T AThe glutamate-induced p.s.p. had a

typical rise time of less than 500 ms and an amplitude of 10-12 mV, but these
parameters were critically dependent on location of the ionophoretic electrode with
respect to the post-synaptic chemosensitive sites. The post-synaptic response to
L-glutamate following inhibition ofevoked release oftransmitter by 2 mm-NaCN was

unchanged, as shown in Fig. 7B where the glutamate-induced p.s.p. was recorded
at the same site as the control response. The post-synaptic sensitivity to L-glutamate
ionophoresis was also unchanged in another experiment where the p.s.p. was
inhibited irreversibly by 10 #um-FCCP. These results indicate that synaptic depression
produced by metabolic poisons is unlikely to be a consequence of desensitization or

pharmacological block of the post-synaptic receptors.

Presyntptic injection of EGTA
To test the hypothesis that the depression of evoked release by the metabolic

inhibitors and lithium is a consequence of a rise in intraterminal calcium levels, the
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Fig. 7. Post-synaptic response to local ionophoresis of L-glutamate before (A) and follow-
ing block of synaptic transmission by 2 mM-NaCN (B). Upper traces: current pulse
(-0 12 1sA; 800 ms) passed through a glutamate-filled extracellular micro-electrode. A
5-10 nA braking current was maintained on the ionophoretic electrode to avoid leakage
of L-glutamate. Lower traces: post-synaptic potentials produced in response to iono-
phoresis ofL-glutamate in ASW (A) and following inhibition ofevoked release after 35 min
exposure to cyanide (B). Post-synaptic resting potential -70 mV. Temperature 14 0C.
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Fig. 8. EGTA injection into unpoisoned (A) and cyanide-poisoned (B) presynaptic nerve
terminals. A, superimposed records ofpre- and post-synaptic potentials obtained following
prolonged (20 min) injection ofEGTA. Resting potentials: -58 mV presynaptic; -69 mV
post-synaptic. Temperature 12 C. B, the effect ofEGTA injection on post-synaptic poten-
tial amplitude before and during exposure to 2 mM-NaCN. Note the lack of effect of
EGTA on the action potential. Following low of the spike and depression of p.s.p. by
CN, 10 min injections of EGTA transiently increased the p.s.p.

effect of EGTA injection to lower the intracellular calcium levels was investigated.
Prolonged ionophoretic injections of EGTA (-50 to -100 nA for 10 min periods)
had no apparent effect on synaptic transmission in unpoisoned terminals. Simul-
taneous intracellular recording of the presynaptic and post-synaptic resting and
action potentials in response to 0-1 Hz stimulation following presynaptic injection
of EGTA is shown in Fig. 8A.

ms
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Repeated injections of EGTA failed to inhibit the evoked post-synaptic response.
This paradoxical insensitivity of calcium-dependent evoked release of transmitter
to presynaptic EGTA injection might be accounted for by the difference in kinetics
of calcium buffering by EGTA and that which normally follows the presynaptic
action potential (see Thomas, 1982).
The effect of EGTA injection was also examined during block of synaptic

transmission by metabolic inhibitors. In two experiments where the evoked
post-synaptic response (001 Hz) was inhibited by exposure to 2 mM-NaCN, EGTA
injected into the presynaptic terminal transiently and reproducibly increased the
evoked p.s.p. amplitude (Fig. 8B). The transient recovery of the p.s.p. amplitude
following EGTA injection indicates an increase in evoked release of transmitter. The
decline in p.s.p. amplitude after initial recovery probably reflects continued calcium
loading of the presynaptic terminal with maintained nerve stimulation in the
presence of cyanide. The transient increase in p.s.p. amplitude following EGTA
injection into metabolically poisoned terminals suggests that cyanide may inhibit
evoked release by raising the intracellular calcium ion concentration, rather than
by lowering ATP levels.

DISCUSSION

Cyanide, FCCP, RuR and lithium sea water depressed evoked transmitter release
at the squid giant synapse. This effect was first seen as a loss in the post-synaptic
action potential followed by a decrease in the p.s.p., which can be completely
suppressed during long periods of drug application. Since these agents significantly
increase intracellular free calcium in the squid axon (Baker, 1972, 1978; Requena
& Mullins, 1979) a simple explanation for our observations is that a sustained rise in
presynaptic calcium levels exerts an inhibitory effect on evoked transmitter release.
This hypothesis, as well as alternative possibilities for the action of metabolic
inhibitors and lithium, are considered below.

It could be argued that synaptic depression arises from a loss of membrane
excitability during drug application. Indeed, Crawford (1975) has suggested that this
is the mechanism by which lithium blocks synaptic transmission at the frog
neuromuscular junction. However, we observed that resting potentials and pre-
synaptic action potentials were essentially unchanged during transmission block by
metabolic inhibitors and lithium. Also, our results are unlikely to result from
pharmacological inhibition or desensitization of post-synaptic receptors: during
transmission failure produced by either cyanide or FCCP, ionophoretic pulses of
L-glutamate elicited the same post-synaptic response as they did under control
conditions (Fig. 7). The continued sensitivity of the post-synaptic membrane to
glutamate in the presence of cyanide and FCCP suggests that the block of
transmission occurs presynaptically.

In the squid axon, cyanide poisoning begins to raise ionized calcium within
20-40 min of application (Baker et al. 1971) and the calcium concentration eventually
equilibrates at or above the micromolar range (DiPolo, Rojas, Vergara, Lopez &
Caputo, 1983; Baker & Umbach, 1983). The rate of rise and final level of ionized
calcium can be enhanced by previous loading of calcium into the nerve and by
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elevating extracellular calcium during poisoning. Cyanide blocks evoked synaptic
transmission in 20-30 min and this rate of block is dependent on presynaptic nerve
activity. However, in the axon, substantial recovery of the intracellular calcium
concentration from cyanide poisoning usually occurs within 5 min ofwash-out (Baker
et al. 1971; DiPolo et al. 1983). The slow recovery of evoked transmission at the
synapse may reflect the time required for the nerve terminal to recover from high
levels of free calcium. In the squid axon, FCCP can also raise ionized calcium to reach
the micromolar range and prolonged exposure results in irreversible increases of
intracellular calcium (Brinley et al. 1977). At the synapse, FCCP and RuR
irreversibly blocked evoked transmission, and by analogy with the axon it may be
that increased intracellular calcium levels result in the inhibition of evoked
transmitter release. Alnaes & Rahamimoff (1975) have shown that RuR depressed
the evoked release of transmitter while it also increased the frequency and decreased
the amplitude of miniature end-plate potentials at the frog neuromuscular junction.
They suggested that this increase in spontaneous transmitter release was due to an
increase in intracellular free calcium evoked by RuR. At the squid giant synapse,
RuR irreversibly blocked synaptic transmission within 30-40 min. The time course
of this effect most likely reflects a gradual rise of intracellular calcium following
inhibition of mitochondrial calcium uptake processes.
Lithium sea water effectively depresses calcium buffering in squid axoplasm (Baker

& Schlaepfer, 1978; P. F. Baker & J. Umbach, unpublished observation) and can
increase (beyond 1 ,UM) the ionized calcium at the periphery of intact axons (Baker,
Blaustein, Hodgkin & Steinhardt, 1969; Baker et al. 1971; DiPolo et al. 1983). On
return to normal (sodium) sea water, the high level of ionized calcium is reduced
to resting values within minutes. Similarly, at the squid synapse gradual depression
ofevoked transmission was observed in lithium sea water, which was rapidly reversed
when sodium replaced lithium.
Each of the agents used are known to act at different sites, either to disrupt

mitochondrial energy metabolism, block calcium uptake by mitochondria and
endoplasmic reticulum or to interfere with calcium pumping across the membrane;
yet all of them can cause a large increase in ionized calcium. All of our observations
on the blocking of synaptic transmission by the metabolic inhibitors, RuR and
lithium can be correlated with the data available for the effects of these agents on
ionized calcium in the giant axon, and are consistent with the hypothesis that greatly
elevated levels of ionized calcium in the presynaptic terminal block the evoked
release of transmitter. The analogy developed here does not rule out other
alternatives; however, the consequences of EGTA injections clearly implicate
elevated calcium in the blockade of synaptic transmission caused by these
substances.
Assuming that cyanide, FCCP, RuR and lithium all act to depress evoked synaptic

transmission through elevating intracellular calcium, there are many sites in the
release process that could be affected. High internal calcium, for example, could
reduce the calcium influx by reducing the driving force and/or via calcium-dependent
inactivation ofpresynaptic calcium channels (see Eckert & Chad, 1984). Alternatively,
high levels of calcium could simply cause the depletion of transmitter by an increased
steady leakage (prior to blockage). Again, however, the EGTA result and the rapid
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recovery from lithium are difficult to resolve with this notion. Another possibility
concerns the decrease in intracellular pH following exposure to metabolic inhibitors
such as cyanide (Boron & De Weer, 1976). High internal proton concentrations
directly block calcium current in Paramecium (Umbach, 1982) and probably
facilitate the accumulation of intracellular calcium either by directly affecting the
calcium-hydrogen exchange system or by displacement of calcium by hydrogen ions
from internal sites (Moody, 1984). A final possibility is that high intracellular calcium
could 'desensitize' some other step in the excitation-secretion process (see Fig. 18,
Katz & Miledi, 1969) which normally requires the binding of calcium for it to be
operational.

In conclusion, the most likely explanation for the observed depression of synaptic
transmission by metabolic inhibitors and lithium sea water, is that a large rise in
intraterminal calcium blocks the release of neurotransmitter. Indeed, it has been
suggested previously that elevated presynaptic calcium levels (whether caused by
prolonged absence of external sodium or by calcium injection) can depress evoked
release at the squid giant synapse (Katz & Miledi, 1969; Kusano, 1970). Also, in
other calcium-dependent systems a high intracellular level (5-100 JiM) of ionized
calcium can act as an inhibitor of exocytotic processes (Knight & Baker, 1982).
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