
was either normalized or abolished. 
The decrease in sympathetic nerve ac- 
tivity occurred in spite of a drop in 
blood pressure of 6 to 53 mm-Hg. 
Figure 2 contains records illustrating 
the effects of antiarrhythmic doses of 
propranolol on neural activity. In the 
other experiment, propranolol not only 
failed to restore cardiac rhythm to 
normal but also failed to influence 
neural activity. 

Another aspect of the correlation 
between sympathetic nerve activity and 
cardiac rhythm was observed in three 
animals that developed spontaneous 
ventricular arrhythmias before the ad- 
ministration of ouabain. In all three 
the arrhythmia was episodic and the 
occurrence and disappearance of sev- 
eral periods of arrhythmia were ob- 
served. The remarkable thing about 
these arrhythmias was their close asso- 
ciation with changes in the activity in 
the cardiac sympathetic nerve fibers. 
Shortly before the arrhythmia, the nor- 
mal rhythmic bursts of activity in the 
sympathetic nerves disappeared and 
were replaced by either randomly oc- 
curring bursts of higher amplitude or 
a continuous stream of activity similar 
to that produced by ouabain. This kind 
of neural activity persisted throughout 
the period of arrhythmia. When the 
neural activity reverted to normal, the 
cardiac rhythm also reverted to normal. 

We recently reported (9) that oua- 
bain has no significant effect on blood 
pressure in control animals but causes 
a large increase in blood pressure in 
baroreceptor denervated animals, and 
that these denervated animals are more 
susceptible to the arrhythmogenic ef- 
fects of ouabain. To explain these find- 
ings (9) we postulated that the pres- 
sure rise and greater cardiotoxicity in 
denervated animals is due in large part 
to a ouabain-provoked increase in sym- 
pathetic nerve activity and that the 
absence of a pressor response and the 
lower cardiotoxicity in control animals 
is due to reflex inhibition of sympathetic 
activity. The present demonstration of 
the effects of ouabain on activity of 
the sympathetic nerves substantiates 
this postulate. In addition, the demon- 
stration of the ability of propranolol 
to counteract this ouabain-induced in- 
crease in neural activity is in accord 
with the idea put forward by Standaert 
and colleagues (10) that neurodepres- 
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side, ouabain, has effects on the sym- 
pathetic nervous system and substanti- 
ates the hypotheses that these neural 
effects are important in mediating or 
modifying the cardiovascular effects of 
this agent. 
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At the frog neuromuscular junction, 
acetylcholine increases the conductance 
of the postsynaptic membrane to both 
sodium and potassium ions (1, 2). It 
has recently been found that under 
voltage-clamp conditions the sodium 
and potassium conductance changes 
caused by a quantum of acetlycholine 
have different time courses and that 
procaine affects only the change on 
sodium conductance (3). This evidence 
suggests that acetylcholine may open. 
separate channels for sodium and po- 
tassium ions in the postsynaptic mem- 
brane. At the squid giant synapse, the 
transmitter is probably not acetylcho- 
line but glutamate (4). It is of interest 
to know whether a neurotransmitter 
other than acetylcholine also opens sep- 
arate sodium and potassium channels 
in postsynaptic membranes. 

Experiments designed to answer this 
question were performed during the 
summer of 1968 at the Marine Biolog- 
ical Laboratory in Woods Hole, Massa- 
chusetts. The stellate ganglion with 
about 3 cm of distal giant axon (aver- 
aging about 500 /s in diameter) and 
about 2 cm of presynaptic nerve was 
dissected from the squid Loligo pealii 
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as described originally by Bullock (5). 
The preparation was mounted in a shal- 
low bath through which flowed cooled, 
artificially oxygenated seawater, and 
the preparation was kept at 8? to 12?C. 
The presynaptic nerve was electrically 
stimulated either extracellularly or with 
an intracellular microelectrode. Because 
of the multiplicity of excitatory path- 
ways, particular care was taken to ex- 
cite only that presynaptic nerve which 
formed a giant synapse with the post- 
synaptic axon (6). The potential across 
the postsynaptic membrane was moni- 
tored by a microelectrode inserted into 
the postsynaptic axon in the same re- 
gion. An enameled silver wire (50 ht i 
diameter), the end of which had been 
scraped clean of enamel for about 
1 mm, was mounted on a micromanip- 
ulator so that it could be threaded 
into the open end of the postsynaptic 
giant axon. The postsynaptic membrane 
potential could be maintained at any 
desired level by an electronic feedback 
circuit which supplied or received the 
necessary current through the wire, a 
technique rather similar to that of Hagi- 
wara and Tasaki (7) and Takeuchi and 
Takeuchi (7). As the wire was being 
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Synaptic Current at the Squid Giant Synapse 
Abstract. Transmission in the giant synapse of squid was studied by measuring 

synaptic currents in the voltage-clamped postsynaptic giant axon. These currents 
varied linearly with the axon',s membrane potential, and showed an intercept on 
the voltage axis at, or near, the sodium equilibrium potential. The intercept 
shifted in seawater containing less sodium by even more than the shift in the 
sodium equilibrium potential. It is concluded that the transmitter at this synapse 
causes a significant change in the sodiuml conductance only. 
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inserted, action potentials were elicited 
in the giant axon either by stimulation 
of the presynaptic nerve or by passing 
current through the wire to stimulate 
the giant postsynaptic axon directly so 
that the action potential at the tip of 
the wire could be observed. After the 
wire had been inserted 1 to 1.5 cm, the 
action potential was generally up to its 
maximum amplitude (100 to 125 mv). 
No further change in amplitude oc- 
curred as the wire was moved on into 
the synaptic region except when the 
membrane was damaged by being 
pushed by the wire tip during the entry. 
In contradistinction to the frog neuro- 
muscular junction (1, 8) there was no 
difference between action potentials 
synaptically or directly elicited. This 

suggested that the transmitter equilib- 
rium potential might be close to the 
sodium equilibrium potential. At the 

frog neuromuscular junction, synaptic- 
ally activated action potentials are dis- 
torted by the synaptic "shunt" which 
tends to pull the action potential to- 
ward an effective synaptic equilibrium 
potential of - 10 to -20 mv. In four 

experiments with the squid synapse, 
such as shown in Fig. 1, an antidromic 
action potential in the postsynaptic 
nerve wag made to collide with a syn- 
aptic potential at different points in its 
time course. No change was seen in 
the amplitude of these action poten- 
tials. This technique is possibly less 
sensitive here than at the frog neuro- 
muscular junction where the ratio of 

Fig. 1. The effect of synaptic transmission 
on antidromic action potentials in the post- 
synaptic axon. The record was obtained 
with a microelectrode in the synaptic re- 
gion of the postsynaptic axon. The pre- 
synaptic nerve was stimulated once every 
5 seconds and an antidromic action po- 
tential was directly elicited in the post- 
synaptic axon at different times before or 
after each presynaptic stimulus. In this 
illustration successive trials were recorded 
on the same film frame so that the synap- 
tic responses were superimposed and ap- 
pear darker. Antidromic action potentials 
precede or appear on the synaptic re- 
sponses. When the antidromic action po- 
tentials preceded the synaptic potentials 
by less than 2 msec, synaptic potentials 
without action potentials were recorded. 
Calibration: 49 mv and 1 msec. 
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the maximum conductance associated 
with synaptic activity to the membrane 
conductance of the electrically excit- 
able component causing the action po- 
tential may be greater than in the squid. 

When the postsynaptic membrane 
was clamped at a fixed potential, a 
record was made of the current which 
was passed through the intra-axonal 
wire to maintain that potential steady 
during synaptic activity (Fig. 2). The 

amplitude of the synaptic current va- 
ried as the membrane potential was 

clamped at different levels and the 

relationship between the two variables 
was linear. The results obtained from 
one such experiment are plotted in Fig. 
3. At membrane potentials between 
-40 mv and +80 mv (inside, relative 
to an outside ground), the normal 

voltage clamp ionic currents of the non- 

synaptic membrane begin to turn on 
and increase with further depolariza- 
tions. The effect of these currents is to 
mask the decreasing synaptic currents 
to the point where the measurement of 
their amplitudes in this region was rela- 

tively inaccurate. In two experiments, 
reversed synaptic currents were record- 
ed at membrane potentials more posi- 
tive than +80 mv and the points were 
found to lie on a line extrapolated from 
the linear relationship between synaptic 
current and membrane potential in the 

region -150 to -40 mv. If it is as- 
sumed that the synaptic current is car- 
ried only by sodium and potassium 
ions as at the frog neuromuscular junc- 
tion (1, 2), the following linear equa- 
tion relating synaptic current to mem- 
brane potential can be written: 

Is = Ag0Na (E,a - ENa) + AfgK (Emn - Ec) 

where Is denotes synaptic current, AgNa 
is the change in sodium conductance 
and AgK the change in potassium con- 
ductance caused by the transmitter, 
Em is the membrane potential, and 
ENa and EK are the sodium and potas- 
sium equilibrium potentials, respective- 
ly. From the voltage intercept of the 
line in Fig. 3, it can be seen that the 
synaptic current would be zero when 
the membrane potential is +55 mv. At 
nine synapses the mean value of this 

intercept was +45 ? 3.6 mv (mean ? 

S.E.). The sodium equilibrium poten- 
tial has been measured in squid giant 
axons and found to range from +45 to 
+59 mv in fresh axons with an average 
of +50 mv (9). In Fig. 3, s1 is zero 
when Em is +55 my, which is at, or 
very close to, ENa. In two experiments, 
when the sodium concentration was 

reduced by replacing 50 percent of the 
sodium in the seawater with tris chlo- 

ride, the synaptic current intercept 
shifted 24 and 36 mv in the direction 
of a reduced ENa; this is more than 
the shift of 16 to 18 mv that would be 

predicted from the Nernst relation. The 
fact that it takes a long time (15 to 
30 minutes) for changes in the medium 
or additions of toxins to be reflected 
in the activity of this synaptic prepara- 
tion may underlie this discrepancy. 
Moore and Adelman (9) observed a 
decline in Exa of 0.125 mv/min in 

resting squid axons. In the 15 to 30 
minutes between the observations in 
normal and reduced sodium, EN, could 
be expected to fall by at least 2 to 4 
mv. Furthermore, the increased surface- 
to-volume ratio in the vicinity of the 

synapse (where the postsynaptic axon 

tapers to its soma) may result in a 

higher rate of decline in ENa than re- 

ported for the cylindrical portion of 
the axon. In any case it is difficult to 
see how these observations could be 

explained in terms of an appreciable 
change in gK in the postsynaptic mem- 
brane. 

The slope of the relation between 
the synaptic current and postsynaptic 
membrane potential usually gave a 
conductance of about 0.1 mmho. It is 
interesting to note that this is the input 
resistance of a semi-infinite cable (ex- 
tending to infinity in only one direc- 

10 Ua 

1 msec 

Fig. 2. Synaptic current in a postsynaptic 
axon clamped at -70 mv (traced from an 
X-Y plotter record). 

-10 

-160 
mv 

-120 -80 40 --80 
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Fig. 3. Graph of the peak amplitude of 
synaptic currents against the clamped 
membrane potentials at which they were 
recorded. The line through the points has 
been extrapolated to give a voltage inter- 
cept. 

511 

'~~~~~~ 
-~~~~~~ 



tion) with the characteristics of a squid 
axon 500 j:t in diameter. This would 
appear to represent a biological ex- 
ample of an optimal match (equality) 
of source to load for maximum power 
transfer. 

The observation that the transmitter 
equilibrium potential in this synapse is 
at, or close to, ENa suggests that the 
synaptic conductance change is due 
predominantly to a change in sodium 
conductance. This contrasts markedly 
with the effect of acetylcholine at the 
frog neuromuscular junction where an 
increase in both sodium and potassium 
conductance occurs. Here, because the 
increases in conductance occur in much 
the same time (3), the effective trans- 
mitter equilibrium potential is -10 to 
-20 mv (1, 2). 

One implication of some significance 
which may be derived from these re- 
sults is that different excitatory neuro- 
transmitters in the central nervous sys- 
tem may have different effects on ionic 
conductances in postsynaptic mem- 
branes. A transmitter which increased 
only sodium conductance in a postsyn- 
aptic membrane would be more effec- 
tive in synaptic transmission than one 
which increased sodium and potassium 
conductance equally, that is, a quantum 
of transmitter which increased only 
sodium conductance would produce 
more depolarization than would be ob- 
tained if both sodium and potassium 
conductances were increased by about 
the same amount as at cholinergic neu- 
romuscular junctions. The finding of 
the rather selective effect on sodium 
conductance of the transmitter at the 
squid giant synapse is of particular 
interest in. connection with the hypoth- 
esis that the sodium and potassium 
channels may be separately activated 
by transmitters (3). 
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rocalcitonin. Thyrocalcitonin apparently 
feeding after deprivation. 

The mammalian thyroid gland, by 
virtue of its ability to release the hypo- 
calcemic polypeptide, thyrocalcitonin (1), 
can protect against hypercalcemia pro- 
duced in the laboratory by artificial pro- 
cedures, such as parenteral administra- 
tion of a calcium salt (2), injection of 
parathyroid hormone (3), or treatment 
with massive doses of vitamin D (4). 
Nevertheless, there has been justified 
skepticism concerning the physiological 
significance of thyrocalcitonin, because 
the experimental evidence for protection 
against hypercalcemia by the thyroid 
gland has been based entirely on results 
obtained under circumstances never en- 
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the experiments of Bronner et al. (5) 
had indicated that even at high rates of 
calcium absorption from the gut, the 
concentrations of calcium in the serum 
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our results on the feeding (by stomach 
tube) after fasting of ordinary amounts 
of calcium to thyroidectomized animals 
and animals with intact thyroid glands. 
In related experiments two other groups 
obtained ambiguous results (6). 

A modest dose of calcium intragas- 
trically produced marked hypercalcemia 
persisting at least 2 hours after the 

gavage in thyroidectomized rats, where- 
as the increase in the concentration of 
calcium in the serum in sham-operated 
rats was minimal and short-lived (Fig. 
1). In these young male albino rats the 
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planted to the cervical strap muscles at 
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protects against hypercalcemia during 

night, with 9 mg/100 ml or more serv- 
ing as an indication that the trans- 
planted parathyroid glands were func- 
tional. Rats meeting this criterion were 
divided randomly into four groups on 
the following day, and food (Purina 
laboratory chow) was withheld for 24 
hours. Some of the rats were thyroidec- 
tomized by blunt dissection (without 
cautery) under ether anesthesia and 
others underwent sham operation. Cal- 
cium (15 mg per 100 grams of body 
weight; as a 1 percent solution of cal- 
cium chloride) was given by stomach 
tube immediately after the operation. 
Control rats, some thyroidectomized and 
some with thyroid gland intact, were 
given an equal volume of 0.9 percent 
sodium chloride by the same route. 
Blood samples for calcium analysis were 
obtained by cardiac puncture at 60 
minutes and 120 minutes after gavage. 
The concentration of calcium in serum 
was determined in the Technicon Auto- 
analyzer (7) within 2 hours after the 
blood was collected. Since the concen- 
trations of calcium in the serum of thy- 
roidectomized rats and normal rats given 
sodium chloride were not significantly 
different, they are presented as com- 
bined means in Fig. 1, and represent 
the control situation. 

Similar experiments were conducted 
with acutely thyroparathyroidectomized 
rats (without cautery), because a sepa- 
rate experiment (not shown) demon- 
strated that removal of the parathyroid 
glands did not impair the ability of the 

thyroid gland to protect against hyper- 
calcemia after oral ingestion of a cal- 
cium load. In 13 experiments involving 
280 rats the amounts of calcium admin- 
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Thyrocalcitonin: Evidence for Physiological Function 

Abstract. A calcium salt given by stomach tube in modest amounts, such as 

might be ingested in a normal meal, produced hypercalcemia in acutely thyroidec- 
tomized fasted rats, whereas in rats with intact thyroid glands the same dose of 
calcium had little or no detectable effect, presumably because of release of thy- 
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