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There has been little agreement as 
to the identity of the transmitter 
compound that is released from synap- 
ses on primary afferent fiber terminals 
and is responsible for both the primary 
afferent depolarization recorded as the 
dorsal root potential and for the 
phenomenon of presynaptic inhibition. 
In 1963, Eccles and his colleagues (1) 
postulated that gamma-aminobutyric 
acid (GABA) might be this transmit- 
ter in view of the evidence that it 

depolarized dorsal root terminals in the 
cat. Subsequently, the finding that 
GABA depolarizes primary afferent 
terminals has been confirmed (2, 3) and 
has been denied (4), and the latter 
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evidence used to deny the possible role 
of GABA in presynaptic inhibition. 

Bicuculline, an alkaloid known to 
have similar convulsant properties in 
mammals and amphibians (5), has 
been shown specifically to block the 
action of GABA at a variety of synap- 
tic sites in the cat central nervous sys- 
tem (6, 7), the cat autonomic ganglion 
(8), and the crayfish stretch receptor 
(9). Presynaptic inhibition is probably 
generated by similar mechanisms in the 
spinal cord of mammals and amphibians 
(10), because there is a great similarity 
in the dorsal root potentials and in 
their pharmacological properties (2). 
There are conflicting reports, however, 

evidence used to deny the possible role 
of GABA in presynaptic inhibition. 

Bicuculline, an alkaloid known to 
have similar convulsant properties in 
mammals and amphibians (5), has 
been shown specifically to block the 
action of GABA at a variety of synap- 
tic sites in the cat central nervous sys- 
tem (6, 7), the cat autonomic ganglion 
(8), and the crayfish stretch receptor 
(9). Presynaptic inhibition is probably 
generated by similar mechanisms in the 
spinal cord of mammals and amphibians 
(10), because there is a great similarity 
in the dorsal root potentials and in 
their pharmacological properties (2). 
There are conflicting reports, however, 

about the effects of bicuculline on pre- 
synaptic inhibition. Levy and co-work- 
ers (11) showed that this alkaloid 
blocked primary afferent depolarization 
in the cat spinal cord, whereas Curtis 
and co-workers (6) were unable to 
demonstrate any effect on presynaptic 
inhibition of the spinal monosynaptic 
reflex in the same species. This study is 
concerned with the effects of bicuculline 
and GABA on presynaptic inhibition in 
the isolated frog spinal cord and adds 
direct evidence to the hypothesis that 
GABA is the transmitter involved in 
spinal presynaptic inhibition. 

The isolated frog spinal cord was em- 
ployed because potential changes at the 
dorsal root terminals produced by var- 
ious drugs and transmitters can easily be 
measured. In addition, this preparation 
circumvents difficulties seen in intact 
vertebrates when drugs and transmitters 
are administered intravascularly. 

By the use of conventional methods 
(12), spinal cords and roots were re- 
moved from 9-cm-long frogs (Rana 
pipiens), were hemisected sagittally, and 
were perfused with oxygenated amphib- 
ian Ringer solution (13) in a tempera- 
ture-controlled Lucite bath. A flow rate 
of 2.0 to 4.0 ml/min was used in differ- 
ent experiments. Dorsal and ventral 
roots 8 and 9 were pulled through slits 
in thin plastic partitions sealed with 
Vaseline. For a-c recordings and stimu- 
lation, the roots were placed on pairs of 
Ag-AgCl electrodes (interelectrode 
distance 12 to 15 mm) and covered 
with mineral oil to prevent desiccation. 
For d-c recording, nonpolarizing Ag- 
AgCl electrodes were used. Contact 
was made with the roots by means of 
a cotton wick (14). Stable recordings 
could be obtained from a preparation 
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Fig. 1. (A-C) Effect of bicuculline on presynaptic inhibition. 
(Left) Polysynaptic ventral root reflexes produced by supramaxi- 
mum stimuli applied to dorsal root. (Right) Inhibition of poly- 
synaptic reflex when stimulation of adjacent ventral root preceded 
dorsal root stimulation by 50 msec. (A) Before, (B) 4 minutes, 
and (C) 11 minutes after addition of bicuculline (10 /xg/ml) to 
Ringer solution. Records obtained by superimposing six traces. 
Bath temperature, 13?C. (D-F) Effects of bicuculline on dorsal 
root potential. (D) Dorsal root potential evoked by supramaxi- 
mum stimulation of ventral root. (E) Ten minutes and (F) 20 
minutes after bicuculline (10 Aug/ml). Dorsal root potential 
completely abolished. Bath temperature, 15?C. (G-H) Effect of 
bicuculline on primary afferent depolarization. (G) (Left) Anti- 
dromic response recorded from dorsal root produced by con- 
stant-current, local stimulation in dorsal horn by a micropipette. 
(Right) Primary afferent depolarization as manifested by in- 
creased excitability of dorsal root terminals produced by stimu- 
lation of ventral root 50 msec before. (H) Sixteen minutes after 
bicuculline (10 ,ug/ml). Six superimposed traces in each figure. 
Bath temperature, 15?C. Vertical calibration: (A-H) 1 mv. 
Horizontal calibration: (A-C) 40 msec; (D-E) 100 msec; 
(G-H) 1 msec. 
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Gamma-Aminobutyric Acid Antagonism and 

Presynaptic Inhibition in the Frog Spinal Cord 

Abstract. The convulsant alkaloid bicuculline blocked presynaptic inhibition, 
dorsal root potentials, primary afferent depolarization, and depolarizing effects of 
gamma-aminobutyric acid on dorsal root terminals of the amphibian spinal cord, 
but did not block efects of other putative amino acid transmitters. These actions 
of bicuculline suggest that gamma-aminobutyric acid may be the transmitter 
involved in spinal presynaptic inhibition. 
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for 8 to 10 hours. Drugs were dissolved 
in standard Ringer solution and the 
pH was adjusted when necessary. 

When bicuculline (5 to 20 tug/ml) 
was added to the Ringer solution bath- 
ing the spinal cord of the frog, it had 
distinct excitatory effects and produced 
a significant increase in the sizes of 
both the ventral root potential and the 
ventral root polysynaptic reflex evoked 
by stimulating the dorsal root of the 
same segment with a supramaximum 
stimulus (Fig. 1, A-C). This increased 
excitability can be attributed to at least 
two phenomena-depolarization of 
motoneurons (inferred from depolariza- 
tions of 0.5 to 1.0 mv recorded from 
the ventral root) and loss of presynap- 
tic inhibition. 

Stimulation of a ventral root can 
produce presynaptic inhibition of the 
polysynaptic reflex in the amphibian 
spinal cord (10) (Fig. 1A). This de- 
pressant effect on reflex transmission 
is presumably due to a synaptically 
generated depolarization of the primary 
afferent dorsal root fibers (10, 15), 
which produces a diminution in the size 
,of the presynaptic terminal action poten- 
tial and a consequent decrease in the 
amount of transmitter released from 
these terminals. The depolarization of 
primary afferent fibers may be recorded 
from the dorsal root (Fig. ID) after 
electrotonic spread from the synapti- 
cally depolarized nerve terminals (dor- 
sal root potential), and can be inferred 
from the increased excitability of dor- 
sal root fiber terminals (Fig. 1G) (16). 
The time courses of all three associated 
phenomena-the presynaptic inhibition 
of reflex transmission, the duration of 
the dorsal root potential, and the dura- 
tion of the increased afferent terminal 
excitability-are nearly identical (10, 
15, 17). 

Bicuculline affected all three mea- 
sures of presynaptic inhibition in a 
similar way. Concentrations of 5 to 20 
[kg/ml completely abolished the ventral 
root-dorsal root potential (Fig. IF) and 
the increased excitability of dorsal root 
terminals produced by ventral root 
stimulation (Fig. 1H). The reflex inhi- 
bition produced by ventral root stimu- 
lation was also abolished (Fig. 1C). 
These effects occurred rapidly (8 to 12 
minutes) but were irreversible despite 
prolonged (more than 2 hours) wash- 
ing with normal Ringer solution. 

The addition of GABA (Fig. 2A2) to 
the Ringer solution in concentrations 
of greater than 10-5M produced a 
depolarization of 1 to 5 mv when 
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Fig. 2. Effect of bicuculline on depolariza- 
tions produced by glutamic acid (Glut) 
and GABA. (A) Glutamic acid (10-3M) 
and GABA (10-3M) added to Ringer solu- 
tion and each applied for 2 minutes (hor- 
izontal bars) produced approximately equal 
depolarizations of dorsal root terminals. 
The ventral root was stimulated every 10 
seconds and the dorsal root potential can 
be seen as an upward "spike." In d-c rec- 
ords in this figure plotted with an ink- 
writer, negativity is upward. (B) Twenty 
minutes after exposure of preparation to 
bicuculline (7.5 agg/ml). The alkaloid pro- 
duced a 1-mv depolarization and loss of 
the dorsal root potential. Glutamic acid 
produced a larger depolarization, but bicu- 
culline blocked most of the depolarizing 
effect of GABA. Spontaneous dorsal root 
depolarizations produced by bicuculline 
are seen in (B) and in (C), which was 
taken 5 minutes after the last application 
of GABA (B2). 

recorded between the bath and the pe- 
ripheral end of the dorsal root. The de- 
polarization, as expected, was associated 
with an increased excitability of dorsal 
root terminals (17) and was propor- 
tional to the concentration of GABA. 

Other physiologically active amino 
acids, glutamic acid (Fig. 2A1), gly- 
cine (18), and aspartic acid produced 
similar depolarizations of dorsal root 
terminals. The actions of amino acids 
on intraspinal nerve terminals (19) had 
previously been attributed not only to 
a direct action of the amino acid on 
the terminal, but to effects on interneu- 
rons in the pathway to the presynaptic 
synapses (2, 4). However, the four 
above amino acids produced identical 
depolarizations when reflex transmis- 
sion in the spinal cord was suppressed 
by the removal of Ca2+ and the addi- 
tion of Mg2+ (10 to 20mM) to the 
Ringer solution. This procedure pie- 
cludes the possibility that an alteration 
in the activity of interneurons caused 
the depolarizations and demonstrates 

that the entire depolarizing activity of 
amino acids can be explained by their 
direct effects on afferent terminals. 

Examination of the interactions be- 
tween amino acids and bicuculline on 
dorsal root terminals revealed that addi- 
tion of the alkaloid to the perfusing fluid 
effectively reduced the depolarizing ac- 
tion of GABA (Fig. 2B,) on all prep- 
arations tested. It usually potentiated 
the effects of glutamic acid and did not 
modify the depolarizations produced 
by glycine or aspartic acid. The GABA- 
blocking activity of bicuculline was ir- 
reversible. 

Thus, GABA and several other amino 
acids-can mimic the actions of the nat- 
ural presynaptic inhibitory transmitter 
in depolarizing the membrane of dorsal 
root terminals. Antagonism by bicucul- 
line, however, discriminates between the 
effects of GABA and the effects of the 
other amino acids tested, as has been 
shown in other neural sites (5-7). It 
is not possible, however, to state what 
the interactions between bicuculline 
and GABA are. The alkaloid would ap- 
pear to have direct effects on dorsal 
roots, because it produced a slowly de- 
veloping (5- to 20-minute), long-lasting 
depolarization (0.5 to 1.0 mv) of dorsal 
root terminals. In addition, the alka- 
loid frequently induced rapid, super- 
imposed depolarizations (Fig. 2C) 
(20). High doses of bicuculline (> 30 
/ig/ml) sometimes produced a rapid, 
irreversible depolarization recorded at 
both ventral roots and dorsal roots. 
These latter effects make it difficult to 
determine whether the alkaloid blocked 
the action of GABA at the presynaptic 
receptor site or interfered with some 
other later part of the synaptic process. 
However, the simultaneous reduction by 
bicuculline of presynaptic inhibition and 
of the actions of GABA on dorsal root 
terminals suggests that GABA could be 
the spinal presynaptic inhibitory trans- 
mitter in amphibians. Such a role for 
this amino acid has already been postu- 
lated in the spinal cord of the cat (11). 

Note added in proof: Curtis and his 
colleagues in recent investigations 
[Nature 231, 187 (1971); Brain Res. 
32, 69 (1971)] have shown that bicu- 
culline does block long duration inhi- 
bition of monosynaptic reflexes and 
the dorsal root potential in the cat. 

ROBERT A. DAVIDOFF 

Neurology Service, Veterans 
Administration Hospital, and 
Department of Neurology, University 
of Miami School of Medicine, 
Miami, Florida 33152 
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gations of other developing systems. 

The cellular slime mold Dictyo- 
stelium discoideum was discovered by 
Raper (1). His classic paper (2) is 
a valuable source for details of its 
development (3). Amoebas of D. 
discoideum live in damp environments 
eating bacteria which they find by 
chemotaxis (4, 5). When the food sup- 
ply is exhausted the amoebas go 
through a period of differentiation, 
called interphase, lasting for 6 to 8 
hours (6). At the end of interphase 
some amoebas, distributed at random, 
begin to emit pulses (7) of an attrac- 
tant (8), almost certainly cyclic adeno- 
sine monophosphate (AMP) (9). 
Neighboring amoebas respond to these 
periodically repeated pulses by emit- 
ting their own pulse approximately 15 
seconds after being signaled (10), and 
then moving toward the original sig- 
nal source. The movement lasts for 
about 100 seconds (11), while the pe- 
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riod between pulses is approximately 
300 seconds (10, 12). During the 
movement each amoeba is apparently 
refractory to further stimulation. These 
features of the signal and response 
mechanisms guarantee the outward 
propagation of a wave of inward 
movement (7, 10-13). As each 
amoeba acts as a local signal source, 
there is a tendency for amoebas to 
move first toward their nearest neigh- 
bors, forming streams (14), which 
then continue to move toward the orig- 
inal signal source, finally leading to 
aggregation. There are many further 
complexities in the signaling and re- 
sponse mechanisms which lead to ag- 
gregation of D. discoideum; a detailed 
discussion is not appropriate here, but 
may be found elsewhere (2, 3, 10-12, 
14). 

We have made a model of wave 
propagation during the aggregation of 

riod between pulses is approximately 
300 seconds (10, 12). During the 
movement each amoeba is apparently 
refractory to further stimulation. These 
features of the signal and response 
mechanisms guarantee the outward 
propagation of a wave of inward 
movement (7, 10-13). As each 
amoeba acts as a local signal source, 
there is a tendency for amoebas to 
move first toward their nearest neigh- 
bors, forming streams (14), which 
then continue to move toward the orig- 
inal signal source, finally leading to 
aggregation. There are many further 
complexities in the signaling and re- 
sponse mechanisms which lead to ag- 
gregation of D. discoideum; a detailed 
discussion is not appropriate here, but 
may be found elsewhere (2, 3, 10-12, 
14). 

We have made a model of wave 
propagation during the aggregation of 

D. discoideum, and from this model 
have been able to extract quantities 
for the duration and amplitude of the 
cyclic AMP signal (10). In order to 
test our model and calculations we 
decided to attempt to initiate and con- 
trol aggregation with an external sig- 
nal source. 

While the only properly investigated 
periodic signaling mechanism for the 
control of development is that of D. 
discoideum, there are many develop- 
mental processes involving movement 
having a component with a period in 
the order of minutes (15). It has been 
suggested that this periodicity might 
represent the activity of an underlying 
control signal of the sort considered in 
Goodwin and Cohen's theoretical 
model for the control of development 
(13, 15). This gives the experimental 
control of D. discoideum aggregation 
added point. 

Amoebas of D. discoideum strain 
NC4-H were cultured on high growth 
agar (3) with Escherichia coli B/r and 
centrifuged free of the food bacteria 
(16). Amoebas were then plated out 
in a plastic chamber on 2 percent agar 
at a density of approximately 600 per 
square millimeter. The thickness of the 
aqueous film on the agar surface was 

adjusted to - 1 ytm. The tip of a glass 
micropipet, with an internal diameter 
of approximately 5 ,tm, was intro- 
duced into the surface film. The micro- 
pipet contained 1 mM cyclic AMP, 
and 1 mM fluorescein in a buffered 
salt solution, pH-6.7 (17), the same 
as that used to make up the agar. Its 
impedance was approximately 1 to 3 
megohms. The fluorescein was used as 
a visible marker in initially setting up 
the system, as it dissociates to produce 
a negatively charged ion with approxi- 
mately the same ionic weight as cyclic 
AMP. The electrolyte in the micro- 
pipet was biased, in order to maintain 
the column of cyclic AMP stationary 
in the pipet, through a chlorided wire 
via a 10-megohm resistor to approxi- 
mately /2 volt above ground, to which 
the agar in the experimental chamber 
was referred, also via a silver chlorided 
wire. Approximately every 4 minutes 
and 25 seconds the bias was reversed 
for 2 seconds to approximately 10 to 
30 volts negative with respect to 
ground, depending on electrode impe- 
dance, driving out the negatively 
charged cyclic AMP and fluorescein 
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Control of Aggregation in Dictyostelium discoideum by an 

External Periodic Pulse of Cyclic Adenosine Monophosphate 

Abstract. We have induced and controlled normal aggregation of Dictyostelium 
discoideum amoebas by electrophoretic release of pulses of cyclic adenosine 

monophosphate from a microelectrode. This has yielded information about the 
sequence of development of aggregation competences during interphase. We 
believe that modifications of the technique will have wide application in investi- 
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