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One of the prevailing hypotheses con- 

cerning the mechanism by which de- 

polarization of a presynaptic terminal 
results in the release of a synaptic 
transmitter ("depolarization release 

coupling") incorporates the assumption 
that calcium flux into the terminal is 
the triggering factor for release (1). In 
the squid giant synapse, the existence of 
a membrane potential-dependent in- 
crease in calcium conductance at the 

presynaptic terminal has been demon- 
strated; a calcium action potential may 
be recorded at the presynaptic terminal 
after simultaneous reduction of the peak 
sodium and potassium currents with 
tetrodotoxin and tetraethylammonium 
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ions, respectively (2). Under these con- 
ditions synaptic transmitter is released, 
as is indicated by a prolonged post- 
synaptic potential change in the giant 
axon after this calcium-dependent pre- 
synaptic spike. 

The question remains whether, as a 
result of the action potential, calcium 

actually enters the axoplasm of the pre- 
synaptic terminal and is available there 
as a free ion, or whether it simply moves 
from one "membrane compartment" to 
another without changing the axoplas- 
mic level. That the latter might be the 
case has been considered because the 
ionophoretic application of calcium in- 
side the presynaptic nerve terminal is 
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without effect on the release of trans- 
mitter (3). A second possibility suggested 
to explain these negative results is the 
existence of an avid intracellular cal- 
cium sequestering system that would 

prevent the injected calcium ions from 

triggering synaptic release (3). 
We attempted to ascertain whether 

the intracellular calcium concentration, 
[Ca2 +], changes during the activation 
of the presynaptic nerve terminal. 
Changes in the concentration of this ion 
were detected by microinjection of ae- 
quorin, a bioluminescent protein sensi- 
tive to calcium (4), into the presynap- 
tic terminal. This substance emits light 
when exposed to very low concentra- 
tions of ionized calcium, and has been 
used to demonstrate calcium entry into 
the giant axon of the squid under var- 
ious conditions (5). Our results de- 
monstrate that concomitant with repeti- 
tive synaptic transmission there is an in- 
crease in [Ca2+]i at the presynaptic 
level. The time course of this increase 
is consistent with the existence of a 
strong intracellular calcium buffering 
system. 

Experiments were performed in the 
stellate ganglion of Loligo pealii. The 
stellate ganglion, together with its pre- 
and postsynaptic axons, was removed 
from the mantle and mounted in a 
transparent acrylic plastic chamber (6). 
The synapse was bathed with flowing, 
oxygenated, artificial seawater (NaCl, 
466 mM; KC1, 10 mM; CaCl,, 11 mM; 
MgCI,, 54 mM; NaHCO3, 3 mM) (2), 
and the chamber was kept at 10?C by 
means of a thermoelectric (Peltier ef- 
fect) cooling system (Fig. 1). The pre- 
synaptic axon was activated by means 
of external silver-silver chloride elec- 
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Fig. 1. Diagram of experimental arrangement and electro- 
physiological recordings. The chamber was kept cool by means 
of a Peltier effect disc (PED) with an underlying water-cooled 
heat sink. The temperature was automatically controlled from a 
thermistor in the chamber. The synapse was superfused with 
oxygenated artificial seawater throughout the experiment (Art. 
sea H20 - 02). Aequorin was injected presynaptically through 
a micropipette (Aeq) (upper right schematic diagram). The 
injection was performed and observed under a dissecting micro- 
scope. Electrical activity in pre- and postsynaptic fibers was re- 
corded with electrodes 2 and 3, respectively (details shown in 
upper right diagram). The presynaptic fiber was activated by 
means of external electrodes. A, simultaneous records from elec- 
trodes 2 and 3 (baselines superimposed), illustrating typical action 
potentials of pre- and post-synaptic fibers and synaptic delay. B 
and C, superimposed trains of postsynaptic responses (from 
electrode 3 only) evoked at 10 per second stimulation in B and 
100 per second in C; those in B are of uniform configuration, 
while those in C show progressive diminution and failure of the 
EPSP. The light emission after aequorin injection was measured 
with a fiber-optic system (FO) located immediately above the 
synapse and in contact with the seawater. The collected light 
was detected with a photomultiplier (PM). In records A to C, 
voltage and time calibration are 20 mv and 1 msec, respectively. 
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Calcium Transient in Presynaptic Terminal of 

Squid Giant Synapse: Detection with Aequorin 

Abstract. Microinjection of aequorin, a bioluminescent protein sensitive to 
calcium, into the presynaptic terminal of the squid giant synapse demonstrated an 
increase in intracellular calcium ion concentration during repetitive synaptic 
transmission. Although no light flashes synchronous with individual presynaptic 
action potentials were detected, the results are considered consistent with the 
hypothesis that entry of calcium into the presynaptic terminal triggers release of 
the synaptic transmitter substance. 
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trodes, and the pre- and postsynaptic 
action potentials were recorded intracel- 
lularly with micropipettes filled with 
3M KC1, which were placed very close 
to the synapse. Aequorin was injected 
intracellularly under pressure through a 
third micropipette (tip diameter, ap- 
proximately 1 ym) attached to an oil- 
filled micrometer syringe. 

The aequorin was extracted from 
specimens of Aequorea forskalea (col- 
lected at Friday Harbor, Washington), 
and subsequently purified by a combi- 
nation of gel-filtration and ion-exchange 
chromatography. The product was a 
mixture of three luminescent compo- 
nents of aequorin with isoelectric points 
of pH 4.42, 4.55, and 4.70 (7); no non- 
luminescent proteins could be detected 
on polyacrylamide-gel disc electro- 

phoresis. The aequorin was prepared 
for physiological use by a technique 
(8) in which the purified protein was 
freed of EDTA and other salts, and 

lyophilized in the presence of beads of 

chelating resin (Chelex 100). Just be- 
fore use, the lyophilized material was 
dissolved in 10 percent glycerol solution 
buffered to pH 7.3 with potassium phos- 
phate (90 mM). The Chelex beads were 
filtered off with a Millipore filter in a 

specially constructed miniature holder, 
and the micropipettes were filled from 
the tip. The concentration of the aequo- 
rin injected was in the range of 0.1 to 
0.5 mM (estimated from the photon 
yield of samples of the final solution; 
the quantum efficiency was assumed to 
be 25 percent). The amount of aequorin 
injected could be estimated from the 

position of the aequorin-oil meniscus 

(the oil had been treated with Sudan 

black). In most cases the volume in- 

jected was approximately 0.00025 jul; 
the injected fluid produced a distinctly 
visible change in the refractive index of 
the fiber, which indicated that aequorin 
entered all of the presynaptic digits 
visible under the microscope. In a sub- 
stantial proportion of the experiments, 
the presynaptic terminal ceased to gen- 
erate action potentials immediately after 
the injection, probably because of dam- 

age produced by the increase in intracel- 
lular pressure. In most cases in which 

presynaptic action potentials survived 
the injection, however, synaptic trans- 
mission was apparently normal for up 
to several hours after injection. The 

aequorin itself thus appears to have lit- 
tle or no deleterious effect on the pre- 
synaptic secretory system. 

Luminescence was detected through a 

fiber-optic light guide (diameter, 2 mm; 
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0.5; combined end current of the photomultiplier was con- 
?ercent), the tip of verted to a voltage signal with an opera- 
ed directly over the tional amplifier (Zeltex 133) (90 per- 
with a micromanip- cent rise time; 100 /sec), monitored on 
thered by the fiber- an oscilloscope (Tektronix 565), and re- 

through a shutter corded on a Grass polygraph inkwriter. 
th a microscope ob- Pre- and postsynaptic membrane poten- 
)cathode of an EMI tials were monitored on an oscilloscope. 
lier tube (cathode Baker et al. (5) have indicated that 
volts). The anode in the squid giant axon injected with 

aequorin and bathed in normal sea- 
water, the light output at rest was 
stable for long periods and increased 

20 na only slightly by repetitive stimulation. 
• __ _ . - Large calcium transients during repeti- 

tive stimulation were observed only 
when the extracellular calcium con- 

Threshold 100 na centration was greatly increased (9). 
On the other hand, we found that in 
normal seawater the level of lumines- 
cence in the presynaptic terminal 

ibthreshold na decreased progressively after the injec- 
ubthreshold . tion of aequorin and, more important, 

^_C ~_^_2_that repetitive electrical activation 

.............. -of the presynaptic fiber resulted in 
a substantial increase in luminescence I (Fig. 2). When the light output at rest 

20 na disappeared, so did the luminescent 
response to stimulation, suggesting that 
the decline resulted from the utilization 
of the injected aequorin (which reacts 
only once) rather than from a decrease 

on during stimulation in [Ca2+] (10). 
njected with aequorin. 
erved after aequorin The results of two different experi- 

ords the background ments in which a series of trains of 

constantly decreasing conducted action potentials were evoked 
itive stimulation (dark in the presynaptic fiber are shown in 
v increase in lumines- Fig. 2 (100 per second for 1 second 
aptic terminal to ap- 
nes background level, every 5 seconds in A, and 100 per 
ie luminescence slow- second for 3 seconds every 8 seconds 
e dark current level in B, C, and D) (11). The stimulation 
luent stimulation gave produced an increase of the lumi- 
)nse. The synapse had nescence only when presynaptic action 
etitively several times 
njection. This record potentials were generated (compare Fig. 

effective stimulation 2C with Fig. 2, B and D); under such 
ch the aequorin was conditions the background light inten- 
synapse continued to sity often more than doubled (Fig. 2A). 

it was selected to Results similar to those in Fig. 2 were 
lich the baseline (dark 
scale. (B, C, and D) scale. (B, C, and D) obtained in ten different trials in ~four 

t; the time constant preparations. In several experiments the 
increased to filter out extracellular calcium concentration was 

tomultiplier noise. In increased from 12 to 150 mM, and this 
itive activation of pre- im 
rated increased lumf 

- immediately produced a large increase 
fter a small reduction of light emission and consequently a 

ensity to subthreshold very rapid depletion of the intracellular 
lo increase in lumi- aequorin. When deterioration of the 
the stimulus intensity presynaptic terminal (inexcitability or 
md luminescence was 

(note tu e change in failure of synaptic transmission) oc- 
ds B and D). Base- curred before the injected aequorin had 

ween records (B) and been depleted, it also was accompanied 
veen (C) and (D) to by a very large increase of lumi- 
e. The time calibration nescence and a rapid depletion of the 
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m photomultiplier in remaining aequorin. 
Our findings indicated that a signifi- 
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cant rise in the intracellular concentra- 
tion of Ca2 + results from repetitive 
activity in the presynaptic terminal of 
the giant synapse even when bathed in 
normal seawater (12). However, the 
time course of that rise is probably 
several orders of magnitude slower than 
that of the events responsible for the re- 
lease of transmitter. This suggests that 
if a rapid increase in [Ca2?+]i is respon- 
sible for transmitter release, it does not 
take place throughout the space oc- 
cupied by the injected aequorin. If such 
a rise occurred in the bulk of the aequo- 
rin space, one might expect a rapid flash 
of greater intensity than the slow rise in 
luminescence actually recorded, since 
the icrease in [Ca2+]i which produced 
the slow change in luminescence did 
not result in or interfere with synaptic 
transmission. The possibility may be 
considered that a fast calcium transient 
did occur throughout the aequorin 
space, but that it was too rapid to be 
detected by the aequorin reaction, 
which does not precisely follow very 
rapid changes in calcium concentration 
(13). This seems unlikely, however, 
since some luminescence is detectable 
within the first millisecond after ae- 
quorin is exposed to calcium (13), and 
it is improbable that any calcium tran- 
sient produced by the action potential 
would be substantially briefer than the 
action potential itself (Fig. 2). 

Although we found no direct indica- 
tion of rapid calcium transients syn- 
chronous with individual synaptic 
events, we believe that our results are 
consistent with the hypothesis that a 
transient increase in calcium concen- 
tration somewhere in the axoplasm of 
the presynaptic terminal is a significant 
step in the release phenomenon. This 
belief is based on the fact that our ex- 
periments did demonstrate a rise in 
[Ca 2+]i associated with repetitive acti- 
vation of the presynaptic terminal, sug- 
gesting the flux of free calcium into the 
axoplasm. Our inability to detect rapid 
calcium transients associated with the 
individual action potentials might well 
result from the restriction of these tran- 
sients to a small portion of the axo- 
plasm of the presynaptic terminal. At 
least two likely mechanisms could pro- 
duce such a restriction. First, the axo- 
plasm might contain a calcium buffer- 
ing system capable of confining large 
calcium transients to a very narrow 
zone of axoplasm in the immediate vi- 
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tial was terminated rapidly.) Mitochon- 
dria bind calcium in large amounts and 
might represent at least one component 
of such an intracellular calcium se- 
questering system (5, 14). In the pres- 
ence of such a system the calcium con- 
centration detected by the bulk of the 
intracellular aequorin would be that in 
equilibrilum with the buffering system, 
and changes in that concentration 
would reflect changes in the degree of 
saturation of the buffer capacity. In a 
well-buffered system these changes 
would be slow and relatively slight ex- 
cept in the immediate vicinity of the 
site of calcium entry. 

A second possible factor that might 
contribute to the difficulty in detecting 
rapid calcium transients is the small 
diameter of the terminal digits relative 
to their length (considerably smaller 
than indicated in the schematic dia- 
gram of Fig. 1). If rapid calcium tran- 
sients were more pronounced in the 
digits than elsewhere (as they might 
well be, if for no other reason than the 
greater surface to volume ratio), the 
aequorin in the digits might be dis- 
charged relatively early. Unspent ae- 
quorin would diffuse down the long 
narrow digits relatively slowly, with 
the result that the rapid transients 
would go undetected. Further experi- 
ments are required to test these possi- 
bilities. 
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metal particles and large organic dye 
molecules (1, p. 182) are carried by 
water ascending the column, which 
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Ascent of Sap in Trees 

Abstract. Experimental results concerning the ascent of sap in the xylem are 
usually interpreted in terms of gradients of hydrostatic pressure in the xylem con- 
duits. In this report an alternative model is proposed that is equally consistent 
with the experimental results: under static conditions the water column is sup- 
ported by a gradient in the chemical activity of the water, and the hydrostatic 
pressure is constant throughout. Observations that support the new model are 
cited, and experiments are suggested that would permit a choice between the two 
models. 
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