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GABA, Receptors Modulate an w-Conotoxin-Sensitive Calcium 
Current That Is Required for Synaptic Transmission in the Xenopus 
Embryo Spinal Cord 
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Activation of GABA, receptors in the Xenopus embryo, a 
simple vertebrate, causes presynaptic inhibition of trans- 
mitter release from glycinergic spinal neurons and an in- 
crease in action potential threshold. To investigate the un- 
derlying mechanisms of GABA, receptor action, we have 
made whole-cell voltage-clamp recordings from acutely iso- 
lated Xenopus embryo spinal neurons. 

The GABA, receptor agonist baclofen caused a reversible 
reduction in the amplitude of Ca2+ currents. This reduction 
of Ca2+ currents appeared to be voltage dependent as it was 
removed at very positive potentials. Since the specific GA- 
BA, antagonists CGP35348, phaclofen, and P-hydroxy- 
saclofen all blocked the reduction in Ca2+ currents, we con- 
cluded that the modulation of the Ca2+ current was mediated 
by GABA, receptors. 

We have investigated the pharmacological identity of the 
Ca2+ current modulated by baclofen using the selective 
blocker w-conotoxin, fraction GVIA (o-CgTX). o-CgTX selec- 
tively blocked voltage-gated Ca2+ currents without affecting 
the voltage-gated Na+ current. w-CgTX substantially occlud- 
ed the action of baclofen, suggesting that GABA, receptors 
modulate an w-CgTX-sensitive Ca2+ current. Since GABA, 
receptors mediate presynaptic inhibition, we have studied 
the involvement of the w-CgTX-sensitive Ca2+ current in syn- 
aptic transmission in the intact spinal cord. Inhibitory inter- 
neuron axons were stimulated to evoke monosynaptic IPSPs 
in motoneurons, and recorded intracellularly. Since o-CgTX 
blocked inhibitory transmission, we concluded that the 
o-CgTX-sensitive Ca *+ current plays an essential role in 
transmitter release. If  modulation of this current were to oc- 
cur in nerve terminals, it could contribute to the GABA, re- 
ceptor-mediated presynaptic inhibition of transmitter re- 
lease. We next tested whether the reduction of the Ca*+ 
current could also contribute to the increase in spike thresh- 
old mediated by GABA, receptors. Depolarizing current was 
injected into spinal neurons in order to evoke action poten- 
tials. In 6 of 10 neurons w-CgTX caused a dropout of action 
potentials presumably by increasing the threshold. 
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Finally, we have investigated whether K+ currents could 
also be modulated by GABA, receptors. In 4 of 25 neurons 
tested, baclofen caused a reversible enhancement of the 
outward currents. 

Our results suggest that a major effect of GABA, receptor 
activation is to reduce an w-CgTX-sensitive Ca2+ current, 
though it can also have additional effects. This current not 
only is required for synaptic transmission in the spinal cord 
but also plays a role in determining the action potential 
threshold in some neurons. We therefore propose that a 
reduction in an w-CgTX-sensitive Ca2+ current could con- 
tribute to GABA, receptor-mediated presynaptic inhibition. 

[Key words: baclofen, acutely isolated neurons, presyn- 
aptic inhibition, threshold, potassium currents, whole-cell 
patch clamp] 

GABA is well established as an inhibitory neurotransmitter in 
the CNS of many organisms and is thought to act on at least 
two receptor subtypes, GABA, and GABA, (see Bormann, 1988, 
for review). Activation of GABA, receptors classically produces 
postsynaptic inhibition (see Nicoll et al., 1990, for review) 
whereas the precise actions of GABA, receptors remain unclear 
(for review, see Bowery, 1993). GABA, receptors have been 
implicated in the presynaptic inhibition of transmitter release 
(Bowery et al., 1980; Davies, 198 1; Gray and Green, 1987) and 
in the modulation of postsynaptic K+ currents (Gahwiler and 
Brown, 1985; Dutar and Nicholl, 1988; Soltesz et al., 1988). 
The mechanism by which GABA, receptors mediate presyn- 
aptic inhibition of transmitter release remains controversial. 
GABA, receptors reduce Ca2+ currents in a number of different 
neurons (rat dorsal root ganglia, Dolphin and Scott, 1987; myen- 
teric plexus, Cherubini and North, 1984; cultured hippocampal 
neurons, Scholtz and Miller, 1991). In some neurons this re- 
duction in Ca*+ currents is partially occluded by the snail toxin 
o-conotoxin, fraction GVIA (w-CgTX; Scholtz and Miller, 199 1; 
Cox and Dunlap, 1992). Were the reduction in the Ca2+ current 
to occur in presynaptic nerve terminals, it could clearly con- 
tribute to a reduction in transmitter release. GABA, receptors 
have also been implicated in the modulation of K+ currents, 
which could also reduce transmitter release by shortening the 
duration of the action potential (Saint et al., 1990; Gage, 1992). 
GABA, receptors are selectively activated by &p-chlorophenyl- 
GABA (baclofen; Bowery et al., 1980) and are antagonized by 
phaclofen (Kerr et al., 1987) 2-hydroxysaclofen (Curtis et al., 
1988) and CGP35348 (Hills et al., 1991). 

To investigate the mechanisms of GABA, receptor action, we 
have used the vertebrate embryo Xenopus laevis. The Xenopus 
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embryo has a simple nervous system, with a spinal cord con- 
taining only eight morphological classes of neuron (Roberts and 
Clarke, 1982). It exhibits a series of well-defined locomotor 
behaviors and has successfully been used as a model system for 
studying the neuronal control of locomotion (for review, see 
Roberts, 1990). The Xenopus embryo swimming motor pattern 
is produced by a partially defined neural network or central 
pattern generator (CPG). This CPG can be considered as two 
antagonistic motor centers, one residing in each side ofthe spinal 
cord. Both centers receive tonic excitation (depolarization) dur- 
ing swimming and are coupled together by reciprocal inhibition 
carried by inhibitory intemeurons that cross the cord ventrally 
(Dale, 1985; Dale et al., 1990). Thus, when neurons in one center 
are active, neurons in the other are inhibited and vice versa. 

reduce the rundown of Ca*+ currents the higher resistance electrodes 
were favored. Recordings had series resistance of 6-14 Me, electronic 
compensation was used to neutralize 60-80% of this series resistance. 
To record K+ currents, the patch pipette recording solution contained 
(in mM) K+, 100; Mg*+, 6; MeSO,-, 100; Cl-, 12; BAPTA, 2; ATP. 
Na,, 5; GTP.Na,, 1; and HEPES, 20. To help isolate the inward currents 
a Cs+ electrolyte composed of (in mM) Cs+, 100; Mg*+, 6; MeSO,-, 
100; Cl-, 14; EGTA IO; Ca*+, 1; ATP.Na*, 5; GTP.Na,, 1; HEPES, 
20 was used to record both Ca*+ and Na+ currents. Both electrolyte 
solutions were adjusted to pH 7.4. Osmolarity was adjusted to 240 
mOsm with water or glucose and solutions were sterile filtered. 

To isolate the Ca*+ current, recordings were carried out in saline 
containing 0.1 PM TTX to block the Na+ current with either 5 mM TEA 
or 60 mM TEA substituted for 60 mM NaCl to block K+ currents. 
Neurons were clamped at a holding potential of - 50 mV and exposed 
to two protocols: a step protocol consisting of 10 mV steps from -50 
mV to +60 mV. each 70 msec long with an interstimulus interval of 2 
set, and a ramp’protocol ramping &om - 100 mV to + 100 mV in 140 
msec, repeated at an interval of 3 sec. For the leak subtraction ofrecords, 
100-150 PM Cd*+ was applied to block inward currents at the end of 
experiments and the resultant equivalent traces subtracted from the 
records of the Ca*+ currents. Experiments in which the leak significantly 
changed were rejected. To isolate the Na+ currents, the external saline 
contained 150 PM Cd*+ to block the Ca*+ currents and 62.5 mM TEA 
substituted for NaCl to block K+ currents. Na+ currents were evoked 
by stepping from a holding potential of -50 mV to +30 mV for 30 
msec. For the recording of K+ currents neurons were clamped at -80 
mV or - 50 mV and stepped in 70 msec, 10 mV steps to +40 mV with 
an interval of 2 set, 0.1 PM TTX was included in the saline. Drugs were 
applied to isolated neurons via a nine barreled microperfusion system. 

Procedure for recording from whole embryos. Whole embryos were 
prepared as described by Wall and Dale (1993). Briefly, stage 37/38 
Xenopus embryos were anesthetized in MS222 (0.5 mg/ml) and their 
dorsal fins slit to allow access of the neuromuscular blocker cY-bungar- 
otoxin. The embryos were then transferred to 1 ml of solution of cy-bun- 
garotoxin (0.077 mg/ml) for 15-20 min until they could no longer swim 
in response to normal stimuli. Embrvos were Dinned through the no- 
tochord to a rotatable Sylgard table with etched tungsten pins and con- 
tinually perfused with saline composed of (in mM) Na+, 117.4; K+, 3; 
Mg*+, , 1. Ca*+, 5; HCO,m, 2.4; Cl-, 130; and HEPES, 10; pH 7.4 at a 
temperature of 18-22°C. For intracellular recording from the spinal 
cord, the overlying skin and myotomes were removed with fine mounted 
etched tungsten pins. Intracellular recordings were made with microe- 
lectrodes of resistance 180-300 MQ filled with 3 M K-acetate. 

Immunocvtochemical techniaues have demonstrated the 
presence of five groups of GABAergic neurons within the Xen- 
opus CNS including three categories in the hindbrain and two 
in the spinal cord (Roberts et al., 1987). Xenopus spinal neurons 
possess both GABA, (Soffe, 1987) and GABA, receptors (Wall 
and Dale, 1993); GABA, receptors are involved in a simple 
stopping reflex (Boothby and Roberts, 1992). The roles of GA- 
BA, receptors are less clear; however, their activation has a 
number of effects on the swimming motor pattern including an 
increase in action potential threshold and a reduction of trans- 
mitter release from a defined population of inhibitory glycinergic 
intemeurons (Wall and Dale, 1993). We have used both acutely 
isolated Xenopus spinal neurons (Dale, 1991) and the intact 
embryo to investigate the mechanisms underlying the actions 
of GABA, receptors in the Xenopus embryo spinal cord. 

Materials and Methods 
Dissociation of acutely isolated neurons. Acutely isolated spinal neurons 
were prepared by methods based on those described by Dale (1991). 
Briefly, stage 37/38 embryos (Nieuwkoop and Faber, 1956) were anes- 
thetized in a solution of MS222 (0.5 mg/ml; Tricaine, Sigma), pinned 
to a rotatable Sylgard table in HEPES Sal&e, composed ofTin &) Na+, 
117.4: K+. 3: Ma*+. 1: Ca*+. 2: NO,-. 2: HCO,m. 2.4: Cl-. 124: HEPES. 
10; and glucose,-1 0; and their spinal Loids weie carefully removed. Thd 
spinal cords were then transferred to a dish containing 0.1-0.3 mg/ml 
DNase in HEPES saline and incubated at room temperature for 3 min. 
The spinal cords were transferred to a dish containing 8-10 mg/ml 
pancreatin (Sigma; 8 x USP) in a low-chloride trituration saline, com- 
posed of (in mM) Na+, 117.4; MeSO,-, 115; K+, 3; Mg*+, 1; Ca*+, 2; 
NO,-, 2; HCO,-, 2.4; Cl-, 9; HEPES, 10; and glucose, 10; and were 
incubated at room temperature for 2 min. The spinal cords were then 
transferred to a dish of zero-divalent-cation dissociation saline, com- 
posed of (in mM) Na+, 115; MeSO,-, 115; K+, 3; EDTA 2; Cl-, 3; 
glucose, 10; and PIPES, 10, pH 7.0, for 1 min; and then to a dish 
containing PIPES saline, composed of (in mM) Na+, 115; MeSO,-, 115; 
K+, 3; Mg*+, 0.1; Ca*+, 0.1; Cl-, 3.4; glucose, 20; and PIPES,~lO, pH 
7.0, for 3 min. The spinal cords were then gently triturated in trituration 
saline containing 3 &/ml DNase in an Eipenhorf tube until the cords 
had dissociated. The cells were finally transferred to polylysine-coated 
35 mm tissue culture dishes containing HEPES saline and allowed to 
settle and stick to the substrate for at least 30 min before recording. 

Electrophysiological recording from dissociated neurons. Before re- 
cording from isolated spinal neurons, the HEPES saline was exchanged 
for a control saline composed of (in mM) Nat, 117.4; K+, 3; Mg*+, 1; 
Ca*+, 10; HCO,-, 2.4; Cl-, 140; HEPES, 10; pH 7.4, at a temperature 
of 18-22°C. Whole-cell patch-clamp recordings were made from the 
isolated neurons with a List EPC7 amplifier. A CED 1401 or Data 
Translation 283 1 digital interface and IBM compatible computer, to- 
gether with the software of Dale (199 1) were used to generate voltage 
command sequences, and display and store results on computer disk. 
For statistical comparisons the paired sample t test and the analysis of 
variance (Minitab) were used. All values are the mean ? SEM unless 
otherwise stated. Electrodes were made with thin walled glass (World 
Precision Instruments, TW 150F) and had a resistance of 4-8 MQ. To 

Drugs were applied to embryos via a nine-barreled microperfusion 
system. The microperfusion nozzle was moved as close to the impaled 
cell as possible (flow was initially visualized by the inclusion of the dye 
fast green). 

Electrical stimulation of inhibitory axons. The axons of both excit- 
atory and inhibitory intemeurons run along the outside of the spinal 
cord, in the marginal zone lateral tracts (Roberts and Clarke, 1982). A 
small suction electrode was placed on the lateral margin of the spinal 
cord and used to stimulate electrically the axons of intemeurons. When 
excitatory transmission was blocked with 2 mM kynurenic acid (Sillar 
and Roberts, 1990) IPSPs could be recorded intracellularly in ventrally 
located motoneurons in response to electrical stimulation. The IPSPs 
appeared to be monosynaptic since they had a short and constant latency 
(mean 4.1 msec, SD = 0.6 msec, n = 126, minimum 3 msec, maximum 
6 msec, pooled data from nine embryos) depending on distance between 
the stimulating and recording electrode (0.5-l mm). The conduction 
velocities for the inhibitory axons were thus similar to the values mea- 
sured for excitatory transmission (Dale and Roberts, 1985; Roberts and 
Sillar, 1990). 

Drugs. Baclofen (l-100 PM; Ciba-Geigy), CGP35348 (200 PM; Ciba- 
Geigy), 2-hydroxysaclofen (200 PM; To&-Neuramin), phaclofen (200 
UM and 1.6 mr+i: Tocris Neuramin). w-conotoxin GVIA (w-&TX: 5 UM: 

Bachem), tetrohotoxin (TTX; 0.i'~~; Sigma), kynurenic aiid (i I&; 
Sigma), strychnine (1 PM; Sigma), cadmium chloride (Cd*+, 100-150 
PM; Sigma), tetraethylammonium chloride (TEA; 5-60 mM; Aldrich). 

Results 
Baclofen reduces Caz+ currents 
To test whether the GABA, agonist, baclofen acts to raise spike 
threshold and mediate presynaptic inhibition by reducing the 
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Figure I. Baclofen reversibly reduced Ca*+ currents in acutely isolated 
spinal neurons. A, Ca*+ currents were evoked by stepping the membrane 
potential from - 50 mV to + 10 mV, 50 PM baclofen reversibly reduced 
the peak Ca*+ current by 50.4%. The records have been leak subtracted. 
B, A bar chart plotting as a percentage of control the inward current 
remaining against the concentration of baclofen. Error bars represent 1 
SEM. 

amplitude of Ca2+ currents, recordings were made from isolated 
spinal neurons using whole-cell voltage clamp. In the majority 
of neurons tested baclofen (l-1 00 PM) reversibly reduced Ca2+ 
currents evoked by both ramp and step protocols in multipolar 
and unipolar neurons (Fig. 1A). In 15 neurons, 50 PM baclofen 
blocked 43.9 * 4.2% of the maximum Ca2+ current. Since Ca*+ 
currents show washout with prolonged whole cell recording, only 
experiments with at least 50% recovery from the effects of ba- 
clofen during the wash were accepted. Between the concentra- 
tions of l-50 PM, baclofen produced a dose-dependent reduction 
of CaZ+ current (Fig. 1B). The receptors appear to be saturated 
at 50 FM as there was no significant difference between the 
amount of block caused by 50 and 100 PM baclofen (p > 0.05, 
ANOVA; Fig. 1B). Even saturating doses of baclofen blocked 
only about 50% of the total Ca2+ current. All of the inward 
current, presumed to be a Ca2+ current, could be blocked by 
100-150 ELM CdZ+. 

In eight of nine cells, the baclofen inhibition at + 10 mV to 
+40mV was accompanied by a dramatic slow-down of current 
activation (Fig. 2C). With voltage steps to +30 mV the mean 
time for the Ca2+ current to reach its maximum in control was 
3.5 msec f 0.6 msec (n = 6) compared to a mean time to peak 
in 50 I.LM baclofen of 27.6 msec _+ 5.5 msec (p < 0.05, n = 6). 
The reduction in current was also less toward the end of the 70 
msec pulse (Fig. 2B,,B,). The decrease in the rate of activation 
and overall depression were largely relieved at more positive 
voltage steps (Fig. 2A). At +60 mV the time course of baclofen 
modulated currents resembled those of control and the inhi- 
bition was relieved. The mean reduction of sustained current 
(measured at the end of the voltage pulse) by 50 PM baclofen at 
+ 10 mV was 39.8 f 5.7% compared with a mean reduction of 
5.5 + 2.4% (n = 8, t = 7.5, p < 0.001) at +60 mV. These 
findings suggest that baclofen inhibition is voltage dependent, 
being relieved at very positive potentials (cf. Bean, 1989; Grassi 
and Lux, 1989; Poll0 et al., 1992). 

GABA, antagonists block the reduction in Caz+ current 
amplitude 
We next tested whether the effects of baclofen were mediated 
via GABA, receptors by studying the actions of the specific 
antagonists CGP35348, 2-hydroxysaclofen, and phaclofen. Both 
200 I.IM CGP35348 and 200 PM 2-hydroxysaclofen antagonized 
the effects of 50 PM baclofen by 91.2 f 5.6% (n = 6) and 80.4 
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Figure 2. The GABA, receptor-mediated reduction in Ca2+ current 
showed voltage dependence. A, Ca*+ currents were evoked in an acutely 
isolated neuron by stepping from - 50 mV to +60 mV in 10 mV steps; 
50 PM baclofen caused a reversible reduction in Ca*+ current amplitude. 
At +20 mV baclofen slowed the activation of the current. At more 
positive potentials (+40 mV, +50 mV, and +60 mV) this slowing of 
activation became less pronounced and most of the block was removed. 
B, and B,, Current-voltage plots showing the control Ca*+ current 
(squares) and the Ca2+ current in 50 PM baclofen (circles). The Ca*+ 
current, measured 5 msec from the beginning of the voltage step (B,), 
is blocked to a much greater extent than the sustained current measured 
at 5 msec from the end of the voltage step (BJ. C, Ca2+ currents were 
evoked in a different isolated neuron bv stennina from - 50 mV to + 30 
mV. Application of 50 PM baclofen g&tlysiow~d the activation of the 
current. All records have been leak subtracted. 

f 7.7% (n = 6) respectively (Fig. 3A,C). However, phaclofen 
was a much weaker antagonist having no effects on the actions 
of baclofen at 200 PM (n = 4) and only producing a 60 f 9.9% 
(n = 4) antagonism at 1.6 mM (Fig. 3B). 

The actions of w-conotoxin on voltage-gated inward currents 
The snail toxin, w-conotoxin, fraction GVIA (o-CgTX) is claimed 
to be a selective Ca*+ channel blocker (Feldman et al., 1987) 
and has been used to pharmacologically separate Ca*+ currents 
in a number of neurons (Barish, 199 1; Cox and Dunlap, 1992; 
Mintz and Bean, 1993). We have investigated the effects of 
w-CgTX on the inward currents of acutely isolated Xenopus 
spinal neurons. Application of 5 PM w-CgTX reduced the max- 
imum CaZ+ current evoked in response to both voltage steps 
and ramps by a mean of 56 + 4.4% (n = 19; Fig. 4A,). The 
w-CgTX-mediated block did not appear voltage dependent as 
even with large depolarizations there was still a significant block 
(Fig. 4AJ The effects of w-CgTX were partially reversible; in 
six neurons 38.3 f 6.5% of the 5 MM w-CgTX-mediated block 
was removed upon wash. 

Feldman et al. (1987) showed that application of w-CgTX 
could produce small, irreversible reductions of the Na+ current 
in chick dorsal root ganglia cells. To test whether w-CgTX might 
also block voltage-gated Na+ currents in Xenopus neurons, 5 
PM w-CgTX was applied to neurons in which the Na+ currents 
had been pharmacologically isolated. In six neurons the appli- 
cation of 5 PM w-CgTX did not significantly reduce the peak 
Na+ current (mean change - 1 of: 0.4%, t = 0.56, p > 0.05; Fig. 
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Figure 3. GABA, receptor antagonists blocked the baclofen-mediated 
reduction in Ca*+ current amplitude. Voltage ramps from - 100 to + 100 
mV were used to evoke Ca2+ currents in acutely isolated neurons. A, 
Ca2+ currents in the presence of 50 PM baclofen (I), 50 PM baclofen and 
200 ELM CGP35348 (2), and the wash (3). B, Ca*+ currents in 50 PM 
baclofen (1). 50 UM baclofen and 1.6 mM ohaclofen (2) and the wash 

~ I I  

(3). C, Ca2+ currents in 50 PM baclofen (I),-50 PM baciofen and 200 PM 

2-hydroxysaclofen (2) and the wash (3). All records are an average of 
five consecutive traces and have not been leak subtracted. The irregu- 
larities in the traces of(C) are due to spontaneous synaptic currents. 

4B). Thus, in Xenopus spinal neurons w-CgTX is a selective 
blocker of voltage-gated Ca*+ channels. 

w-CgTX substantially occludes the GABA, receptor-mediated 
reduction in Ca2+ current 
We next investigated the pharmacological identity of the Ca*+ 
current inhibited by GABA, receptors by studying the actions 
of w-CgTX. We first applied 50 PM baclofen alone and then once 
again after the application of 5 PM w-CgTX, to determine wheth- 
er the blocking action of the two drugs was additive or occludent. 
Because the 5 PM w-CgTX-mediated block was partially re- 
versible, w-CgTX was continually applied during the application 
of baclofen. When applied alone, 50 I.IM baclofen reduced the 
maximal Ca2+ current by a mean of 48 f 5.4% (n = 11; Fig. 
5A). After the baclofen had been washed off, 5 PM w-CgTX 
reduced Ca*+ currents by a mean of 58.3 f 4.1% (n = 11; Fig. 
5B). Fifty micromolar baclofen then applied in the presence of 
5 /IM w-CgTX reduced the currents by 65.6 + 2.3% of control 
(n = 11; Fig. 5B), an increased block of only 7.3%. In all 11 
neurons tested, the amount of current blocked by baclofen was 
greatly reduced in the presence of 5 I.IM w-CgTX but not totally 
abolished (p < 0.00 1, t = 6.7; Fig. 5). Since the blocking actions 
of w-CgTX and baclofen were not additive and o-CgTX greatly 
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Figure 4. w-CgTX blocked voltage-gated Ca2+ channels but did not 
block the Na+ current. A,, Ca*+ currents were evoked in an acutely 
isolated neuron by stepping from -50 mV to +45 mV in 5 mV steps; 
5 PM w-CgTX caused a reduction in Ca*+ current amplitude. A,, Plot 
of maximal Ca*+ current against voltage for control (squares) and 5 FM 

w-CgTX (circles). Curves are the product of the best-fitting Boltzmann 
equation to describe channel activation, and the best fitting Goldman- 
Hodgkin-Katz equation to describe permeation of the channel by Ca2+. 
B, Graph plotting maximum Na+ current amplitude against time. Na+ 
currents were evoked by stepping from -50 mV to +30 mV for 30 
msec every 10 sec. Insets show the evoked Na+ currents represented by 
the arrowedpoints. Application of 5 PM w-CgTX (bar) had no effect on 
the amplitude or kinetics of the Na+ current. 

occluded the effect of baclofen, we therefore conclude that GA- 
BA, receptors block an w-CgTX-sensitive Ca2+ current. We 
cannot exclude the possibility that GABA, receptors may also 
weakly block an w-CgTX-insensitive current. In 3 of the 11 
neurons tested, the application of 50 PM baclofen in the presence 
of w-CgTX produced a small increase in the net evoked inward 
current (mean = 12.5 + 5.5 PA), suggesting baclofen may have 
additional, as yet uncharacterized, actions. 

w-CgTX and baclofen block inhibitory synaptic transmission 
The reduction of the w-CgTX-sensitive Ca2+ current by GABA, 
receptors could, in principle, contribute to presynaptic inhibi- 
tion if this current was present in nerve terminals. We therefore 
tested the role of the w-CgTX-sensitive CaZ+ current in synaptic 
transmission. IPSPs were evoked in the intact spinal cord by 
electrical stimulation of contralateral rostra1 or ipsilateral caudal 
inhibitory axons (see Materials and Methods). These IPSPs were 
blocked by 1 PM strychnine (Fig. 6C) and hence were glycinergic. 
Neurons were current clamped at either a constant depolarized 
membrane potential (-50 mV to -30 mV) or a constant hy- 
perpolarized membrane potential (- 100 mV) to move the 
membrane potential from the chloride reversal potential and 
thus increase the size of evoked IPSPs. 

Both 50 I.LM baclofen (Fig. 6A) and 5 PM w-CgTX (Fig. 6B) 
reversibly reduced the amplitude of evoked IPSPS in their nor- 
mal or reversed form. The mean reduction in IPSP size in 50 
FM baclofen was 61.1 f 6.5% (n = 12) and in 5 MM w-CgTX 
was 70.4 f 6.2% (n = 7). Unlike 5 I.LM o-CgTX, baclofen 50 
WM did not reduce the evoked IPSP amplitude in all neurons 
tested: 6 of 18 neurons tested were resistant to block. The effects 
of baclofen were fully reversible, whereas only 45.6 f 5.4% (n 
= 3) of the w-CgTX block was removed (see Fig. 6B, trace 3) 
after washing for a long time (15-20 min). 

To test whether the reduction in IPSP amplitude by baclofen 
was a specific effect of GABA, receptor activation, we studied 
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Figure 5. w-CgTX substantially occluded the action of baclofen. Ca2+ 
currents were evoked by voltage ramps from - 100 mV to + 100mV. 
A, Control Ca*+ currents in an acutely isolated spinal neuron (I); 50 
PM baclofen reduced the peak Ca2+ current by 65.3% (2). Ca2+ currents 
returned to nearly control amplitude after wash (3). B, In the same 
neuron, Ca*+ currents were reduced by 64.5% in 5 PM w-CgTX (I); 50 
PM baclofen applied in the presence of 5 PM w-CgTX gave a further 
block of only 16.3% to reduce the current by 80.8% of control (2). 
Cadmium (100 PM blocked all inward current (3). All records are an 
average of five consecutive traces and are not leak subtracted. C, Bar 
chart plotting the mean percentage of control current blocked by 50 PM 
baclofen alone, 5 PM m-CgTX alone, and 50 PM baclofen applied in the 
presence of 5 PM w-CgTX for 11 embryos. Error bars represent 1 SEM. 

the actions of CGP35348 and phaclofen. Two hundred micro- 
molar CGP35348 reversed the 50 HIM baclofen-mediated re- 
duction in IPSP amplitude (mean reduction in block 89.8 + 
5. I%, II = 7). As with the GABA, receptor-mediated inhibition 
of Ca*+ currents, 200 PM phaclofen produced little or no an- 
tagonism (mean reduction in block 11.2 + 11.2%, n = 6). We 
thus conclude that the w-CgTX-sensitive Ca*+ current is in- 
volved in inhibitory synaptic transmission and that modulation 
of this current by GABA, receptors could play a substantial role 
in presynaptic inhibition. 

The w-CgTX-sensitive Ca2+ current is involved in action 
potential threshold 

We have previously demonstrated that GABA, receptors in- 
crease the spike threshold of spinal neurons. Since the net bal- 
ance of inward and outward currents determines the spike 
threshold, modulation of the w-CgTX-sensitive current could 
be effective in altering the action potential threshold. To inves- 
tigate the possible role of the w-CgTX-sensitive current in set- 
ting the threshold, constant depolarizing current pulses just suf- 
ficient to evoke an action potential were injected into spinal 
neurons. In 6 of 10 neurons tested the application of 5 PM 
w-CgTX reversibly caused a loss of action potential firing that 
was restored either by injection of more depolarizing current or 
by washing off the w-CgTX (Fig. 7). We therefore conclude that 
the w-CgTX-sensitive current is active around the spike thresh- 
old and may help to determine the probability of spike gener- 
ation. 

In control swimming episodes ventral rhythmic spinal neu- 
rons received tonic excitation, glycinergic midcycle inhibition 
and fired one action potential per cycle (Fig. 8A,,B,). The ap- 
plication of baclofen caused a selective loss of the midcycle 
inhibition (Fig. 8A,) and then reduced the excitatory drive (Fig. 
8A,; see also Wall and Dale, 1993). Longer applications of ba- 
clofen caused an abolition of swimming in response to sensory 
stimuli (see Wall and Dale, 1993). The application of 5 PM 

w-CgTX also caused a progressive reduction in both the excit- 
atory and inhibitory synaptic drive during swimming. At in- 
termediate stages of drug action, around 1 min, 5 PM w-CgTX 
had reduced both the amplitude of tonic depolarization by a 
mean of 34.4 + 12.4% (n = 5) compared to control and the 
midcycle inhibition by a mean of 32.4 f 16.5% (n = 5; Fig. 
8BJ. As more time elapsed and the w-CgTX gained better access 
to the spinal cord, the synaptic drive became progressively smaller 
(Fig. 8B,) until after 2-3 min all motor activity in response to 
electrical stimuli or dimming the lights was completely abol- 
ished (Fig. 8B,). Unlike baclofen, w-CgTX did not selectivity 
block inhibitory transmission during swimming but affected both 
excitatory and inhibitory drive equally. This may reflect a non- 
selective action of w-CgTX on all types of neurons and synaptic 
transmission. These reductions in synaptic drive and the loss 
of swimming were not readily reversible and presumably re- 
sulted from the almost complete blockade of synaptic trans- 
mission. We thus conclude that the w-CgTX-sensitive CaZ+ cur- 
rent is essential for the functioning of the swimming motor 
circuitry. 

w-CgTX disrupts and then abolishes the swimming motor 
pattern 

Baclofen modulates K+ currents in a minority of neurons 

Although our results show that GABA, receptors clearly mod- 
ulate Ca*+ currents, we have also tested whether baclofen could 
modulate voltage-gated K+ currents. We have used two ap- 
proaches to investigate the possible modulation of K+ currents: 
direct study of the K+ currents in isolated neurons and an ex- 
amination of the action potential after hyperpolarization (AHP) 
of neurons in the intact spinal cord. Baclofen (SO-100 PM en- 
hanced the outward currents in only 4 of 25 neurons tested. In 
the intact spinal cord, 50 PM baclofen reversibly increased the 
AHP amplitude in only one of 15 neurons. Together these ob- 
servations suggest that K+ currents are modulated in only a 
small minority of neurons. 

Discussion 

The above findings show that w-CgTX can mimic some of the Activation of GABA, receptors has two main actions on Xen- 
actions of baclofen by causing both presynaptic inhibition and opus embryos: presynaptic inhibition of transmitter release and 

A BACLOFEN B w-CONOTOXIN C STRYCHNINE 

Figure 6. Both w-CgTX and baclofen blocked inhibitory synaptic 
transmission in the intact spinal cord. Monosynaptic IPSPs were evoked 
by electrically stimulating the surface of the spinal cord and recorded 
in probable motoneurons with a microelectrode. Control IPSP (truces 
1 in A-C), amplitude was greatly reduced in 50 PM baclofen (truce A& 
5 PM w-CgTX (truce B2), and 1 PM strychnine (truce C2). After wash 
IPSP amplitude recovered (truces A3 and B3). Records are an average 
of 10 consecutive sweeps. 

an increase in action potential threshold. We therefore asked to 
what extent w-CgTX could also mimic the actions of GABA, 
receptors on the swimming motor pattern. 
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Figure 7. w-CgTX increased action potential threshold. Constant de- 
polarizing current pulses (marked by solid bars) were injected into a 
neuron in the intact spinal cord through the recording microelectrode. 
In control the neuron fired an action potential in response to current 
injection (A). The application of 5 PM w-CgTX first increased the latency 
of the action potential (B), and then caused action potential failure (C). 
Either wash (D), or an increase in depolarizing current allowed the 
neuron to fire action potentials again. Capacitative switching artifacts 
are present at the beginning and end of the current pulses and have been 
partly erased. 

an increase in action potential threshold (Wall and Dale, 1993). 
To understand how GABA, receptors mediate these effects, we 
have used acutely isolated neurons to study the ionic currents 
modulated by GABA, receptors. GABA, receptor activation in 
many neurons clearly results in a reversible block of Ca2+ cur- 
rents. In contrast, the voltage-gated K+ currents of most cells 
appear to be unaffected by baclofen. 

The pharmacological identity of the Caz+ current modulated 
by GABA, receptors 
Five micromolar w-CgTX blocked about 60% of the peak Ca2+ 
current of acutely isolated spinal neurons. This is very similar 
to the block seen in cultured Xenopus neurons (Barish, 1991). 
As the GABA, receptor-mediated block of Ca*+ currents is 
occluded by w-CgTX, this may suggest that GABA, receptor 
activation blocks an N-type current (Tsien et al., 1988; Aosaki 
and Kasai, 1989; Williams et al., 1992a). However, o-CgTX 
has been shown to block the N-type Ca*+ current irreversibly 
in a number of different neurons (Aosaki and Kasai, 1989; Sher 
and Clementi, 1991; Williams et al., 1992a). In our neurons 
approximately 40% of the w-CgTX-mediated block was re- 
moved upon wash. It is therefore possible that w-CgTX is block- 
ing more than one type of Ca*+ current: one reversibly and the 
other irreversibly. While the irreversibly blocked component 
may correspond to the N type Ca*+ current, the identity of the 
reversibly blocked current is not clear. In some neurons there 
is evidence that w-CgTX will transiently block L-type currents 
(Tsien et al., 1988; Aosaki and Kasai, 1989; Williams et al., 
1992b). However, it seems unlikely that w-CgTX is blocking an 
L-type current in our experiments because, like cultured Xen- 
opus neurons (Barish, 199 l), acutely isolated Xenopus neurons 
either do not possess or only have a very small dihydropyridine- 
sensitive Ca*+ current (N. Dale, unpublished observation). It is 
possible that w-CgTX is reversibly blocking a subtype of N-like 
channels; for example, Ellinor et al. (1993) have recently de- 
scribed a rapidly inactivating Ca2+ current that is reversibly 
blocked by o-CgTX and Plummer et al. (1989) have described 
a component of N-type Ca*+ current that is reversibly blocked 
by w-CgTX in peripheral neurons. Resolution of this problem 
awaits the availability of agents that can discriminate between 
the components of the w-CgTX-sensitive current. 

Our results show that GABA, receptors modulate w-CgTX- 
sensitive Ca2+ currents. Similar observations have been made 
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Figure 8. Both baclofen and w-CgTX disrupted the swimming motor 
pattern. Fictive swimming was recorded in an intact embryo using a 
microelectrode and started by dimming the lights. During control fictive 
swimming episodes (A,, B,) neurons fired an action potential once per 
cycle, received midcycle inhibition, and were tonically depolarized. Ap- 
plication of 50 PM baclofen first caused a loss of midcycle inhibition 
(AJ and then a loss of excitation and a dropout of action potentials 
(A,). The effects ofbaclofen were reversed upon wash (A,). After applying 
5 PM w-CgTX for 63 set there was a reduction in both excitation and 
inhibition during swimming (BJ. After 200 set, w-CgTX had greatly 
reduced the swimming synaptic drive (BJ. Longer applications of 5 PM 
w-CgTX caused a complete loss of swimming in response to dimming 
the lights (lights dimmed at arrow, B,). 

for cultured hippocampal neurons (Scholtz and Miller, 1991), 
chick dorsal root ganglia neurons (Cox and Dunlap, 1992), and 
rat spinal cord neurons (Mintz and Bean, 1993). In our exper- 
iments, a small component of the current could still be mod- 
ulated by the activation of GABA, receptors in the presence of 
w-CgTX. This modulation of the remaining current may have 
been due either to an incomplete block of the o-CgTX-sensitive 
current by the dose of w-CgTX that we used, or to an action on 
an w-CgTX-insensitive Ca2+ current. In other preparations, for 
example, cultured hippocampal neurons, baclofen also weakly 
modulates an w-CgTX-insensitive current (Scholtz and Miller, 
199 1). In acutely isolated postnatal rat spinal cord neurons, 
baclofen not only inhibits both an N-type and a P-type Ca*+ 
current (Usowicz, 1992) but also has actions on a further high- 
threshold Ca*+ current that is resistant to blockers of N-, P-, 
and L-type Ca*+ channels (Mintz and Bean, 1993). 

The inhibition of Caz+ current is voltage dependent 

Although we have not investigated the kinetics in detail, the 
reduction of the Ca2+ current by GABA, receptors appears to 
be voltage dependent and involve a slowing of the rate of ac- 
tivation. Modulation of Ca *+ currents by several transmitters 
including GABA and noradrenaline can exhibit voltage depen- 
dency (Bean, 1989; Grassi and Lux, 1989; Elmslie et al., 1990; 
Poll0 et al., 1992). To explain this voltage dependency, Bean 
(1989) has proposed a model in which transmitters such as 
GABA inhibit Ca2+ currents by shifting Ca*+ channels from a 
“willing mode” into a “reluctant mode” of opening. When chan- 
nels are in this reluctant mode they are not easily opened by 
small depolarizations but can still be opened by large depolar- 
izations. The physiological significance of this voltage depen- 
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dence remains unclear; however, a train of action potentials 
fired at a high enough frequency could conceivably reduce the 
GABA,-mediated inhibition of the Ca2+ current. During fictive 
swimming in the Xenopus embryo the frequency of action po- 
tential firing (1 O-20 Hz) appears to be insufficient to remove 
the block, as inhibitory transmission remains blocked during 
the application of baclofen (Wall and Dale, 1993). However, 
during struggling behavior much higher frequency bursts of ac- 
tion potentials are fired (Soffe, 1993). Under these conditions 
the inhibition of Ca2+ currents could possibly be weakened. 

An w-CgTX-sensitive Ca z+ current could be involved in neuron 
recruitment 

We have demonstrated that w-CgTX selectively blocks voltage- 
gated Ca2+ currents without reducing other inward currents such 
as the Na+ current. Application of w-CgTX led to the loss of 
action potential firing, an effect that was reversible with the 
injection of more depolarizing current. Since the threshold at 
which a neuron fires an action potential will depend on the 
relative contributions of the inward and outward currents our 
results suggest that the reduction of an w-CgTX-sensitive Ca2+ 
current increases action potential threshold. Of course, a variety 
of other currents will also influence spike threshold, including 
the Na+ current, w-CgTX-insensitive Ca2+ currents and K+ 
currents. Transmitters such as GABA that reduce an w-CgTX- 
sensitive Ca2+ current would increase action potential threshold 
leading to the possible loss of action potentials and the dropout 
of neurons during swimming. The increase in K+ current am- 
plitude seen in a small proportion of neurons may also con- 
tribute to the increase in spike threshold. If an increase in the 
amplitude of the o-CgTX-sensitive Ca2+ current was mediated 
by modulatory transmitters, previously quiescent neurons could 
thus be recruited into the motor pattern during swimming. In 
the Xenopus embryo, the switch from swimming to struggling 
appears to involve recruitment of neurons to the motor network 
(Soffe, 1993). Such a switch in motor patterns could conceivably 
result from modulations of a variety of currents that are active 
around spike threshold including the w-CgTX-sensitive Ca*+ 
current. 

Mechanisms of presynaptic inhibition 

Since application of w-CgTX to the intact spinal cord greatly 
attenuated both the inhibitory synaptic transmission and the 
synaptic drive during swimming, we have concluded that 
o-CgTX-sensitive Ca*+ currents play a key role in synaptic 
transmission. However, the effects ofw-CgTX on synaptic trans- 
mission were partially reversible, suggesting that both the ir- 
reversibly and reversibly blocked Ca2+ currents could be in- 
volved in synaptic transmission. Furthermore, a small remnant 
of synaptic transmission remained in the presence of w-CgTX, 
suggesting that an w-CgTX-insensitive Ca2+ current might also 
be involved in transmitter release. Thus, it is plausible that as 
many as three different Ca2+ currents could play a role in trans- 
mitter release. 

We know that GABA, receptors are present on the terminals 
ofinhibitory interneurons where they are able to modulate spon- 
taneous release (Wall and Dale, 1993) and that the w-CgTX- 
sensitive Ca2+ current is essential for transmitter release and so 
must also occur at the nerve terminals. Although we have not 
shown it directly, it seems plausible that the w-CgTX-sensitive 
Ca2+ current could be modulated by the GABA, receptors pres- 
ent on the nerve terminals and thus contribute to the presynaptic 

inhibition of transmitter release (cf. Edmonds et al., 1990). It 
is possible that GABA, receptors could also modulate other 
Ca2+ currents, which would also reduce transmitter release. Since 
baclofen also enhanced voltage-gated K+ currents, this too, in 
analogy with molluscan systems (Hochner et al., 1986a,b), could 
contribute to a reduction in transmitter release by reducing ac- 
tion potential duration. This may, however, be a relatively un- 
important mechanism as K+ currents are only modulated in a 
small proportion of neurons. 

We have previously shown that baclofen reduced the prob- 
ability of spontaneous release from inhibitory interneurons (Wall 
and Dale, 1993). As these previous experiments were done at 
the resting potential and in the presence of 1 PM TTX and 
sufficient Cd2+ to block the voltage-gated Ca2+ currents, the 
reduction in the probability of spontaneous release must pre- 
sumably occur by a mechanism independent of Ca2+ current 
modulation (cf. Scholtz and Miller, 1992). We therefore suggest 
that although baclofen reduces a Ca2+ current that could plau- 
sibly contribute to a modulation of transmitter release, addi- 
tional mechanisms such as direct modulation of the synaptic 
machinery, for example, by reducing the probability of vesicle 
docking, are also very likely to contribute to presynaptic inhi- 
bition (cf. Man-Son-Hing et al., 1989; Dale and Kandel, 1990). 
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