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Tetraethylammonium Ions: 
Effect of Presynaptic Injection on 
Synaptic Transmission 

Abstract. Tetraethylammnonium ions 
were injected into the presynaptic axon 
of the squid giant synapse. Injection of 
these ions caused prolongation of the 
action potential with decreased out- 
ward current. The prolonged spike was 
associated with increased release and 
prolonged activity of the transmitter 
substance. Although the amplitude of 
the postsynaptic potential increased 
with presynaptic depolarization, strong 
depolarization blocked transmitter re- 
lease. In the injected presynaptic axon, 
transmitter release was blocked by 
10-6 gram of tetrodotoxin per milliliter. 
Transmitter release appears to be under 
control of presynaptic potential levels. 

The relation of an action potential 
arriving at ia presynaptic terminal to 
the ensuing release of transmitter has 
not been fully elucidated. Depolariza- 
tion of the presynaptic terminal where 
inward current has been blocked by 
addition of tetrodotoxin is a sufficient 
stimulus for transmitter release (1). 

The action of tetraethylammonium 
ions (TEA) on electrogenesis of axonal 
action potentials has been thoroughly 
studied (2). Intracellular injection of 
TEA produces prolonged spikes with 
diminution and even elimination of the 
outward K+ current (K+ activation) 
normally present following initial rapid 
depolarization of the action potential. 
Furthermore, TEA causes. an in- 
crease of transmitter release at synapses 
(3). We have examined the effects of 
TEA-induced presynaptic potential 
changes on this release. 
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The giant synapse of the squid pro- 
vides an excellent preparation for the 
study of the mechanism coupling the 
action potential with transmitter release 
(4, 5). The electrical properties of the 
postsynaptic axon have been thoroughly 
studied, but the presynaptic fiber is it- 
self large enough to be impaled with 
several microelectrodes. 

The stellate ganglion, together with 
the pre- and postsynaptic nerves, of the 
common squid (Loligo paelii) avail- 
able at Woods Hole was freed by dis- 
section. The preparation was cleaned 
and placed in a chamber through which 
oxygenated, cooled (20'C) sea water 
was run. Two microelectrodes filled 
with 1M potassium citrate were placed 
postsynaptically less than 0.5 mm from 
the synapse. One microelectrode con- 
taining potassium citrate and another 
filled with 1M tetraethylammonium 
chloride were placed in the presynaptic 
axon as close as possible to its terminal. 
The isolated. preparation could be 
studied for periods up to 10 hours. 

Before ejection of TEA from its 
microelectrode, normal synaptic func- 
tion was studied. A directly evoked 
presynaptic action potential produced 
by outward current through a micro- 
electrode led to a depolarizing, excita- 
tory postsynaptic potential (PSP) and 
usually to triggering of the post- 
synaptic spike. Further depolarization 
of the presynaptic axon produced in- 
cremental increases in the maximum 
voltage of the presynaptic spike with 
accompanying increases in the PSP am- 
plitude. Intense rectification following 
the presynaptic spike normally pro- 
hibited prolonged steady-state depolari- 
zation beyond 30 mv. No change in the 
time course of the PSP accompanied 
such prolonged low-level presynap-tic 
depolarization. Orthodromically invaded 
presynaptic spikes were, on the other 
hand, attenuated by depolarization, re- 
sulting in depression of the PSP ampli- 
tude (5). 

Extracellularly applied TEA did not 
produce clearcut effects; however, after 
TEA was injected into the presynaptic 
axon by iontophoresis with currents up 
to 10-6 amp for periods as long as 
5 hours, prolongation of the pre- 
synaptic action potential was observed 
(Fig. 1). Such prolongations (TEA 
spike) increased with increasing dura- 
tion of applied TEA. Stronger currents 
appeared to damage the presynaptic 
fiber. Accompanyilng the spike prolon- 
gation, there was either no change in 
the properties of the membrane at rest 
or, at most, a slight decrease in 

A 

5 msec 

Fig. 1. Development of TEA spikes. (A) 
Control presynaptic (upper trace) and 
postsynaptic (lower trace) response to 
orthodromic stimulation. (B) Responses 
after iontophoretic injection of TEA into 
presynaptic axon, showing prolongation of 
the presynaptic spike; the postsynaptic 
spike is followed by a prolonged PSP as- 
sociated with a conductance increase of 
the postsynaptic fiber tested by a current 
pulse. Top trace shows current monitor, 
and bottom trace shows response of the 
resting membrane of the postsynaptic fiber 
to applied current. (C) An antidromically 
invaded postsynaptic spike during a pro- 
longed PSP is greatly attenuated by the 
increased conductance of the postsynaptic 
membrane. 

conductance. During the plateau of 
the prolonged action potential, mem- 
brane conductance was almost indis- 
tinguishable from that found in the 
resting condition. Current-voltage stud- 
ies showed that the usual rectification 
in the depolarizing direction was great- 
ly reduced or eliminated by intracel- 
liular application of TEA. These changes 
are similar to those produced in exper- 
iments where TEA is introduced by 
pressure (2). No changes in the electri- 
cal properties of the postsynaptic axon 
were produced by presynaptic admin- 
istration of TEA. To prevent initiation 
of postsynaptic action potentials and 
nonlinearities in PSP amplitude pro- 
duced by conductance changes related 
to depolarization we studied small PSP's, 
or we used background postsynaptic 
hyperpolarization. Therefore, the PSP 
can be considered a measure of trans- 
mitter release. 

The TEA spike was accompanied by 
an increase in PSP size and a prolonga- 
tion of the PSP. The PSP persisted 
throughout the duration of the pre- 
synaptic spike and terminated milli- 
seconds after the termination of the 
TEA spike. The prolonged PSP was 
associated with an increased conduc- 
tance and related changes in spike elec- 
trogenesis shown both by application 
of pulses of current (Fig. 1B) and by 
incomplete invasion and shunting of 
an antidromic spike (Fig. 1C). 

In the presence of TEA, large de- 
polarizations of the presynaptic fiber 
were possible. Increasing presynaptic 
depolarization produced a graded in- 
crease in the PSP amplitude until a 
maximum was reached with depolariza- 
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tions of 80 to 120 mv (Fig. 2). Further 
depolarization produced drastic reduc- 
tion in the PSP size, and, finally, after 
depolarizations greater than 175 mv,- no 
PSP was seen until the end of the de- 
polarizing step (Fig. 2). With strong 
depolarizations, PSP's were seen on 
the break of the current step (Fig. 
2, A4 and C3). The PSP's induced by 
the break were approximately of the 
same duration as those found normally. 
During the phase :of diminished trans- 
mitter release, PSP's could be elicited 
at both the onset and offset of the 
current (Fig. 2, A3). 

By using long pulses of current, we 
could produce prolonged depolariza- 
tions (Fig. 2C) that were associated 
with prolonged PSP's which always 
outlasted the duration of the depolar- 
ization. Thus, PSP's could be pro- 
duced which were even longer than 
those accompanying TEA spikes. The 
PSP's were again associated with in- 
creased conductance of the postsynap- 
tic membrane. 

Increasing the strength of presynap- 
tic depolarization beyond a maximum 
level leads to progressive 'reduction in 
PSP size. The turning-off of transmit- 
ter release with increasing presynaptic 
depolarization is completely graded and 
must represent the mobilization of a 
process which quantitatively competes 
with the normal mechanism of trans- 
mitter release. This second process is 
apparently more rapidly turned off than 
the transmitter-release mechanism is, 
resulting in the break responses seen 
in Fig. 2, A4 and C3. The interaction 
of the process inhibiting transmitter re- 
lease with the release mechanism is 
clearly seen in Fig. 2, A3, where facil- 
itation of the depressed PSP is dem- 
onstrated after the depolarizing cur- 
rent pulse is terminated. These data 
clearly show that TEA increases trans- 
mitter release, at least partially, through 
its actions on the electrically excita- 
ble presynaptic membrane. The nature 
of the mechanism inhibiting transmit- 
ter release is less clear. However, it 
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5 msec 

BI 2 Cl 2 3fo 
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154 , S * ' 10 msee cq 
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Presynaptic peak depolarization (mV) 

Fig. 2. Presynaptic axon treated with TEA; directly evoked presynaptic spikes and 
depolarizations; and resulting PSP's (A, 1-4). Relation between level of presynaptic 
depolarization and amplitude of PSP. Presynaptic depolarization was gradually in- 
creased from Al to A4 (B, 1 and 2). After tetrodotoxin; no PSP is generated (C, 1-3). 
Recovery after tetrodotoxin was washed out. In B2 and Cl to C3, the lowest trace 
monitors applied current. Calibrations: the smaller 50 mv sign for presynaptic re- 
sponse and larger 50-mv sign for postsynaptic response. Time calibrations: 5 msec 
for Al to A4; 10 msec for Bi to B2 and Cl to C3. The graph demonstrates the 
relation between the maximum applied presynaptic depolarization and the maximum 
amplitude of the PSP in the preparation in which TEA was injected presynaptically. 
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may represent the progressive dislodging 
of membrane-bound calcium ions by 
strong electric fields. 

The addition of 10-6 g of tetrodo- 
toxin per milliliter to the bathing solu- 
tion of TEA-treated preparations 
abolished all pre- and postsynaptic 
spike electrogenesis without changing 
the properties of the resting membrane. 
Strong depolarization of the TEA- 
treated presynaptic fiber now no longer 
produced any sign of postsynaptic ac- 
tivity (Fig. 2B). This effect of tetro- 
dotoxin was readily reversed by wash- 
ing the preparation with sea water for 
30 minutes. Bloedel et al. (1) have 
shown that depolarization of the pre- 
synaptic axon treated with tetrodotoxin 
is an effective stimulus for transmitter 
release in the absence of TEA. Smaller 
doses of tetrodotoxin did not change 
the effect of TEA. 

Tetrodotoxin blocks activation of in- 
ward movement of Na+ (6), and TEA 
blocks activation of outward movement 
of K+ (2). It is difficult to relate these 
findings to the observed effects of 
these agents on synaptic transmission. 
In addition to its better known effect 
on sodium ions, perhaps the tetrodo- 
toxin effect in our study is related to 
blockade of movement across the mem- 
brane of potassium or calcium ions, 
or both (7), which may be responsible 
for transmitter release. Another pos- 
sibility is that tetrodotoxin may have 
operated on the postsynaptic mem- 
brane. 

The effects of TEA on synaptic trans- 
mission clearly indicate that coupling 
of excitation and transmitter release is 
related to depolarization of the pre- 
synaptic terminal and not to any con- 
ductance change produced by that de- 
polarization. Even if the effect of TEA 
at the terminal membrane was less 
than that at the site of injection, it 
would be in the same direction, that is, 
producing a reduction in the outward 
current normally associated with de- 
polarization. At the same time, how- 
ever, transmitter release was clearly in- 
creased. Thus, the energy provided by 
the spike operates on the release mech- 
anism to overcome some potential bar- 
rier to transmitter release. 

Note added in proof. A report has 
appeared with many similar findings 
(8). 

K. KUSANO 

D. R.X LIVENGOOD 
R. WERMAN 

Institute of Psychiatric Research, 
Indiana University Medical Center, 
Indian-apotls 
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Muscarine: Isolation from 

Cultures of Clitocybe rivulosa 

Abstract. Muscarine has been iso- 
lared in a yield of 0.013 percent from 
mycelia of Clitocybe rivulosa grown in 
the laboratory on a. medium supple- 
mented with beer wort. Its reineckate 
and aurichloride derivatives were pre- 
pared. 

Muscarine has previously been iso- 
lated from the carpophores of species of 
Inocybe, Amanita, and Clitocybe (1); we 
have isolated it for the first time from 
the mycelium of a laboratory-grown 
culture of Clitocybe rivulosa (Pers. ex. 
Fr.) Kummer. Occurrence of the com- 
pound in natural carpophores has been 
reported on the basis of chromato- 
graphic data or biological activity; in 
one study muscarinic activity was found 
(2) in aqueous extracts of laboratory- 
grown Inocybe rimosa. We selected the 
species from among several of the 
genera Amanita, Inocybe, Boletus, and 
Clitocybe which were studied (3) to 
reveal their capacity to produce com- 
pounds with muscarinic activity (4) in 
the mycelium or broth of surface-grown 
cultures. 

The culture (5), maintained on po- 
tato-dextrose agar, was grown in 1-liter 
Roux bottles on the surface of a medi- 
um (100 ml per bottle) composed of 
beer wort, 25 percent; mannitol, 2 per- 
cent; succinic acid, 1 percent; KH2PO4, 
0.1 percent; MgSO4 - 7 H20, 0.08 per- 
cent; FeSO4 7 H20, 0.0013 percent; 
tap water; and NH40H solution to pH 
5.2. Incubation was at 240 + 1? C for 
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6 to 8 weeks. The pooled mycelial mats 
(491 g wet weight), extracted with 0.5 
percent acetic acid (4 liters), yielded 
muscarine (0.013 percent, dry-weight 
basis) obtained as the reineckate (38 
mg) by the following procedure. 

The acid extract, concentrated to 300 
ml in vacuo, was desalted by adding 
6 volumes of ethanol, filtering, and re- 
concentrating. The desalting process 
was repeated twice. The final syrupy 
concentrate (15 ml) was diluted with 
water to 50 ml and extracted three 
times with equal volumes of n-butanol. 
The aqueous layer was concentrated to 
10 ml and adsorbed on 9 g of a mixture 
of neutral alumina-celite ,(1 : 2), and 
the powder was packed above a column, 
2 by 4.3 cm, of dry-packed, grade 1 
neutral alumina. Elution with benzene- 
eithanol (2: 1) gave fractions that con- 
tained muscarine, shown by thin-layer 
chromatography analysis with modified 
Dragendorff's reagent. Concentrate of 
combined fractions, about 3.5 ml, was 
purified by paper electrophoresis (4 by 
41 cm Whatman No. 1 paper; 0.2M 
acetate buffer, pH 4.8 ? 0.1; 0.5 ma/ 
cm; 7.5 hr) by applying 125 to 150 fd 
on the anode side of each strip. The strip 
area containing muscarine, as revealed 
by controls, was extracted with methanol 
in a Soxhlet apparatus. The methanolic 
extract was taken to dryness, the resi- 
due was dissolved in water and suffi- 
cient NaOH solution to bring the pH to 
about 12, and the solution (about 4 
ml) was treated with ammonium rei- 
neckate solution (13 percent in metha- 
nol) to give muscarine reineckate. Re- 
crystallization from acetone-isopropanol 

gave the derivative with a melting point 
of 1780 to 1800C corrected; undepres- 
sed in admixture with a reference sam- 
ple (6). The infrared spectra of the 
isolated derivative and of the reference 
sample were identical. Muscarine chlo- 
ride was generated from the reineckate 
by passage of a solution through the 
chloride form of AG 1-X4 anionic ex- 
change resin. Muscarine gold chloride 
prepared from the salt gave a melting 
point of 1180 to 1200C corrected; re- 
ported (7) 1180 to 1210C. 

These data provide essential evidence 
that muscarine is biosynthesized by Cli- 
tocybe rivulosa in artificial media sup- 
plemented with beer wort and that the 
fruiting body of the fungus is not es- 
sential to this capacity. 

MEI-LIE L. SWENBERG 
W. J. KELLEHER 

A. E. SCHWARTING 
Pharmacognosy Research Laboratory, 
University of Connecticut, Storrs 
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Collagen-Coated Cellulose Sponge: Three-Dimensional 

Matrix for Tissue Culture of Walker Tumor 256 

Abstract. Three-dimensional growth of large populations of cells in vitro has 
been observed in the interstices of a matrix consisting of collagen-coated cellu- 
lose sponge. The growth of Walker tumor 256 in this composite matrix is com- 
pared with that found in a matrix composed of either cellulose sponge alone or 
collagen sponge alone. The composite matrix is superior to either one. Collagen- 
coated cellulose sponge may provide a simple tool for the study of social inter- 
action of cells in the formation of organized elementary tissue structures. 

Many investigators now use, as an 
optimal substrate for growing cells as 
monolayers, a glass surface coated with 
a thin film of collagen rather than 
bare glass. This development had its 
beginning in the work of Ehrmann and 
Gey, who found that several kinds of 
cells adhere to and grow better on col- 
lagen-coated glass than they do on bare 

glass (1). Study of the three-dimensional 
structure of tissues in vitro has been 
conducted with methods of organ cul- 
ture, rotation mediated aggregation, and 
with sponge-matrix tissue culture (see 
2). 

Although we have used matrices of 
cellulose sponge and plasma clot in 
a number of studies, we have encoun- 
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