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Abstract 

Dopamine (10 to 50 PM) modulates in two different ways 
the duration of the Ca’+-dependent action potential recorded 
in the cell body of identified neurons of the snail Helix 
aspersa. In some neurons (cells El3 and Fl) dopamine in- 
creases the amplitude of their Ca’+-dependent spike plateau 
by decreasing the S-current (Klein, M., J. S. Camardo, and E. 
R. Kandel (1982) Proc. Natl. Acad. Sci. U. S. A. 79: 5713- 
5717), a K+ current controlled by cyclic AMP. In another 
neuron (cell D2), dopamine decreases the Ca*+-dependent 
plateau of the somatic action potential by evoking a decrease 
in Ca2+-current resulting from a decrease in Ca*+ conduct- 
ance. Both modulatory effects could be observed in the same 
single neuron in which dopamine induces decreases of both 
the Caz+ conductance and cyclic AMP-dependent K+ con- 
ductance. Nevertheless, in these cells (such as cell F5) 
dopamine only evokes a decrease of the amplitude of the 
Ca*+ spike plateau. Since the modulation of the duration of 
the Ca*+ action potential recorded in the neuronal soma has 
been shown to constitute a good model of events taking 
place at synaptic endings, it is suggested that these modu- 
latory mechanisms evoked by dopamine may be involved in 
processes of presynaptic facilitation and inhibition. 

The cell body membrane of molluscan neurons has been one of 
the preparations of choice in the study of Ca” channels (see 
Kostyuk, 1980; Hagiwara and Byerly, 1981) since a great number 
of the large cell bodies of these neurons carry a composite action 
potential involving both Ca”+ and Na+ ions. 

In recent years, a convincing body of evidence has been accu- 
mulated indicating that the Ca2+ currents might be modulated by 
neurotransmitters. These observations were first made in cardiac 
muscle fibers of both amphibians and mammals in which it was 
found that the stimulation of P-receptors by adrenaline. and its 
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agonists caused an increase of the plateau component of the action 
potential of the cardiac muscle fibers, resulting from an increase of 
the Ca2+ current (see Reuter and Scholz, 1977; Reuter,l983; Tsien, 
1983). This effect was found to be mimicked by the application of 
the cyclic 3’5.adenosine monophosphate (CAMP) and its ana- 
logues (see Tsien, 1977; Brum et al., 1983; Reuter et al., 1983) and 
by the injection of the catalytic unit of a CAMP-dependent protein 
kinase (Osterrieder et al., 1982; Brum et al., 1983). More recently, 
patch clamp studies have shown that P-adrenergic stimulation of 
cardiac muscle cells evokes an increase of the average number of 
functional Ca2’ channels per cell (Reuter et al., 1983; Bean et al., 
1984) and a slowing down of the time course of both the activation 
and the inactivation of these channels (Bean et al., 1984; Brum et 
al., 1984). 

A different mechanism was found to be involved in transmitter- 
induced increases of the plateau phase of the Ca’+ spikes recorded 
in the cell body of identified molluscan neurons. In sensory neurons 
of Aplysia californica and in identified neurons of Helix aspersa, 
serotonin (5hydroxytryptamine; 5HT) was found to elicit an increase 
of the plateau component of the somatrc Ca2’ action potential which 
resulted from a decrease in K+ conductance (Klein and Kandel, 
1978, 1980; Paupardin-Tritsch et al., 1981). This effect of 5HT was 
also found to be mimicked by either the intracellular injection of 
CAMP or by agents which increased the intracellular CAMP concen- 
tration (Klein and Kandel, 1978, 1980; Deterre et al., 1981, 1982). 
An increase of the plateau phase of the action potential of Aplysia 
neurons was also evoked by the intracellular injection of the catalytic 
unit of a CAMP-dependent protein kinase (Kaczmarek et al., 1980; 
Castellucci et al., 1982). In voltage-clamped Aplysia sensory neu- 
rons, Klein et al. (1982) demonstrated that 5-HT decreased a specific 
outward current which they named the S-current. Patch-clamp anal- 
ysis of the same neurons also revealed that either 5-HT or CAMP 
elicited the closing of the same population of “background” K+ 
channels (Siegelbaum et al., 1982). The application of the catalytic 
unit of a CAMP-dependent protein kinase to inside-out membrane 
patches from the same neurons induced the closing of the same K+ 
channel population (Shuster et al., 1985). More recently, Boyle et al. 
(1984) have reported that 5-HT also evoked in the Aplysia sensory 
cells an increase in the intracellular Ca” concentration, which could 
be due to an increase in Ca2+ influx or to an alteration of either the 
uptake or the release of Ca2’ by its intracellular stores. 

Neurotransmitters have also been shown to decrease the duration 
of the Ca2’ spikes recorded in the cell body of other neurons. In rat 
sympathetic neurons, noradrenaline decreases the duration of the 
Ca” spike recorded in their soma (Horn and McAfee, 1980; Galvan 
and Adams, 1982) and similar effects were observed in chick 
embryo dorsal root sensory neurons in culture following the appli- 
cation of several neurotransmitters (noradrenaline, GABA, serotonin, 
dopamine, enkephalin, and somatostatin) (Dunlap and Fischbach, 
1980; Canfield and Dunlap, 1984). The mechanism of the effects of 
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noradrenaline in both the dorsal root sensory neurons and in the 
sympathetic ganglion neurons is the same and involves a decrease 
in Ca” current resulting from a decrease in Ca*+ conductance 
without apparent alteration of the Ca2+ current kinetics (Dunlap and 
Fischbach, 1980; Galvan and Adams, 1982). Muscarinic agonists 
have also been reported to decrease the plateau phase of the action 
potential of the cardiac muscle fibers (Giles and Noble, 1980; see 
Tsien and Siegelbaum, 1980). This effect appears to be associated 
with a Ca’+ conductance decrease (Hino and Ochi, 1980) and may 
involve cyclic 3’5.guanosine monophosphate (cGMP) as a second 
messenger (Trautwein et al. 1982). 

In the present work, we have examined the effects of dopamine 
(DA), the main catecholamine present in the molluscan nervous 
system, on the Ca’+ action potential recorded in the cell body of a 
number of identified snail neurons. We have found that DA can 
either increase or decrease the Ca*+-dependent plateau of these 
spikes. The DA-induced increase of the Ca*+ spike plateau was 
found to result from a decrease of an outward current component 
similar to the S-current (Klein et al., 1982) i.e., from a CAMP-mediated 
decrease in K+ conductance. Therefore this action of DA appears 
to be similar to the above described effect of 5-HT on the Ca*’ 
spike of Aplysia sensory neuron and on a group of identified snail 
neurons. 

The DA-induced decrease of the Ca*+-dependent plateau of the 
somatic spike of some identified snail neurons was found to be due 
to a decrease in Ca*’ current resulting from a decrease in Ca*+ 
conductance. This DA effect did not appear to be associated with 
increases in the intracellular concentrations of CAMP, cGMP, or 
Ca”+. 

Each of these two opposite actions of DA on the Ca*’ spike of 
snail neurons could be observed in different neurons, and indepen- 
dently from the other. However, in another group of neurons, both 
effects of DA could also be found in the same single identified cell. 
In such neurons, the DA-induced Ca’+ conductance decrease was 
the predominant effect on the somatic spike since DA was observed 
to decrease its plateau phase. 

Some of these results were previously reported in preliminary form 
(Deterre et al., 1982; Gerschenfeld et al., 1984). Recently, Akopyan 
et al. (1984) have also reported the observation of a DA-induced 
decrease of Ca*’ conductance in neurons of the mollusc Lymnaea 
stagnalis. 

Materials and Methods 

This study was performed on a group of identified neurons of the 
visceroabdominal ganglionic mass of the snarl Helix asperse The neurons 
(D2, E13, Fl, and F5) were rdentrfred from one preparation to another by 
their position accordrng to the ganglion maps established by Kerkut et al. 
(1975). In the experiments, the snail perioesophagic ganglionic ring was 
isolated and fixed Inside a suitable plastic chamber. The glioconnective 
envelope of the ganglia was extensively removed under microscopic control. 
The preparation was bathed in a continuously circulating saline of the 
following composrtron (In millimolar concentration per Inter): NaCI, 120; KCI, 
2.5; Car&, 6; MgCln, 3.5; and HEPES, 10, pH 7.4. The bath was connected 
to earth through an agar bridge. 

The identified neurons were voltage clamped using a two-microelectrode 

system. The pipettes were filled with 3 M KCI and had resrstances of 1 to 5 
megohms. The transmembrane voltages and the clamping currents were 
recorded simultaneously on a Tektronrx oscilloscope, a Gould pen recorder, 
and a Racal 4 magnetic tape recorder. 

In some experiments the I-V curves were obtained by holding the neuron 
membrane potential at the resting level (-50/-55 mV) and then depolarizing 
the cell using pulses of either 30 to 40 msec or 1 set in duration. In tracing 
the I-V curves for the Ca2+ currents, the current responses to equivalent 
hyperpolanzing pulses were added to cancel linear leakage. 

In other experiments, the I-V curves were obtained from neurons in which 
the membrane potential was held at +10 mV. The membrane potential was 
then stepped by usrng 1-set-duration voltage jumps, either In the hyperpo- 
lariring direction (down to -90 mV) or in the depolarizing direction (up to 
+30/+40 mV). 

Dopamine and 5-HT were applied to the neurons from single micropipettes 
the tips of which were placed near the cell membrane under microscopic 
control. The transmrtters were ejected either by iontophoretic currents or by 
pressure. The iontophoretrc pipettes were filled with either a 0.1 M aqueous 
solution of dopamine chloride or a saturated aqueous solution of 5-HT- 
creatrnrne sulfate, while the pipettes for pressure application were filled with 
a 1 mM solution of the transmitters in saline. In other cases DA was dissolved 
in the saline and applied through the circulating system. 

EGTA, CAMP, and cGMP were injected intracellularly from single micropi- 
pettes by pressure or rontophoretically by passing appropriate currents 
between the barrels of double microelectrodes. In the latter case, one of the 
barrels was filled with aqueous solutions of 0.25 M K,-EGTA or 0.1 M CAMP 
monosodium salt or cGMP monosodium salt, and the other barrel with 3 M 

KCI. In the case of pressure injections the three agents were dissolved rn 
saline. 

The extracellular ionic concentration was modified in many experiments: 
NaCl was replaced by Tris-Cl or sucrose, and the extracellular Cd’ concen- 
tration was totally replaced by either Mg’+, Bd+, or Co’+. The latter two 
divalent cations were sometimes simply added to the saline. Tetraethylam- 
monium (TEA) chloride was added to the saline by substitutrng for an 
equimolar amount of NaCI. Tetrodotoxin (TTX), 4-amrnopyridine (4.AP), 
EGTA, and some DA antagonists were drssolved in the circulating saline. 
Forskolrn was first dissolved in absolute alcohol to prepare a 20 mM stock 
solutron and then was diluted in the saline. 

Nystatin experiments. These experiments were performed following the 
protocol established by Tillotson (1979). The neurons were first bathed for 
30 min in a “Cs+-loading” solution containing (in millimolar concentration per 
liter): CsCI, 60; MgCI*, 9.5; sucrose, 130; HEPES, 10, pH 7.4, and 50 mg/ 
liter of nystatin. The preparation was then washed in the same solution 
without nystatin for another 30 min. After this, the neurons were bathed in a 
solution containing (in millimolar concentration per Inter): NaCl or Tris-Cl, 120; 
CsCI, 5; MgCl’+, 3.5; BaCl*, 6; and HEPES, 10, pH 7. In these experiments 
the mrcropipettes for recording voltage and current were always filled with 1 
M &cl. 

Biochemical experiments. The assay of the adenylate cyclase activity was 
performed on isolated single identified snail neurons using a modification of 
the method that lmbert et al. (1975) initially devised for assaying the enzyme 
in isolated nephrons. The neurons were isolated from the ganglia by pulling 
their axons at a point located beyond their axon hillock. The cells isolated in 
this manner were placed in cold saline, aspirated with a saline aliquot inside 
a fine polyethylene tubing, and transported to the well of an excavated glass 
slide kept at 0°C. The saline was removed under microscopic control and 
was replaced by 0.5 ~1 of a solution contarnrng: 100 mM Tris-HCI (pH 7.2), 1 
mM [3H]cAMP (0.02 PCi), 20 mM creatine phosphate, 0.3 mM ATP; 0.25 &M 

EDTA, 0.1 mM GTP, 5 mM MgS04, and 1 mg/ml of creatine kinase. To allow 
the penetration of the substrates, the cell membranes were punctured using 

B 
Figure 1. Both DA and 5HT increase the 

amplitude of the spike plateau of an El3 
neuron bathed in a saline containing 30 mM 
TEA. A, Superimposed recordings of two ac- 
tion potentials, in the absence (control) and 
in the presence of 20 PM DA. B, Superim- 
posed recordings of two action potentials 
obtained in the same cell, in the absence 
(control) and in the presence of 10 PM 5HT. 
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two needles and the incubation was then started by adding 1.5 bcl of the 
medium described above containing 2 to 3 &Zi of [a-3ZP]ATP and, when 
necessary, 100 to 500 gM DA. Each slide was tightly covered and incubated 
for 30 min at 30°C. At the end of the Incubation period, the reactlon was 
stopped by adding another solution containing 200 ~1 of Tns-HCI (pH 7.4), 5 
mM ATP, 5 mM CAMP, and 10 fig/ml of sodium lauryl sulfate. [(u-~‘P]cAMP 
was isolated as previously described by Bockaerl et al. (1976). To measure 
the adenylate cyclase activity in unstimulated cells, more than 200 cpm were 
always counted, the blank value being less than 40 cpm. The values given 
In Table 1 are the means for 10 cells of the same identified class. 

Results 

DA-induced increase of the plateau phase of the calcium spike 
in snail neurons El3 and Fl. Figure 1 shows the effects of a short 
extracellular application of DA and 5HT on the action potential 
recorded in the soma of an El 3 neuron bathed in a saline containing 
30 mM TEA. Dopamine, like 5-HT (see Klein and Kandel, 1980; 
Paupardin-Tritsch et al., 1981), evoked an increase of the plateau 
phase of the Ca’+ spike. No attenuation of this DA effect on the 
action potential was observed even if the application was prolonged 
for 10 to 20 min and regardless of the application method used. 

Since it was already known that in those molluscan neurons in 
which !I-HT induced the increase of Ca*’ spike plateau, 5-HT also 
evoked a CAMP-mediated decrease of K+ conductance, we explored 
whether DA elicited similar effects on cells El 3 and Fl In voltage- 
clamped cells, when the membrane potential was stepped from a 
holding level of -5O/-55 mV to O/+10 mV by depolarizing pulses 
of 30 msec duration, a complex current was recorded, composed 
of an inward Na+/Ca’+ component followed by a rather large outward 
current. The outward current could be better examined using pro- 
longed depolarizing pulses (1 to 2 set). An important part of the 
outward current thus recorded corresponded to the different K+ 
currents previously described in molluscan neurons: lDR, the K+ 
current associated with delayed reactification; la, an early transient 
K+ current; Ic, the Ca”+-dependent K+ current (see reviews by D. J. 
Adams et al., 1980; Adams, 1982); and the S-current (Klein et al., 
1982). 

To analyze separately the inward and outward currents of cells 
El3 and Fl , the ionic composition of the extracellular medium was 
modified and some channel-blocking agents were added to the 
saline. In the experiment of Figure 2 such procedures were used to 
analyze in cell Fl the effects of DA on either the isolated Ca’+ 
current or the TEA-resistant outward current. 

A 

In Figure 2A, the Ca*+ inward current component was separated 
from the other current components and facilitated by replacing with 

Ba’+ the extracellular Ca*’ content of a saline containing both 5 PM 
TTX and 30 mM TEA (see Hagiwara and Byerly, 1981). The addition 
of 10 to 25 PM DA to this modified saline elicited no alteration of the 
inward current of cell Fi (Fig. ZA). Indeed, the trace of Figure 2A 
actually corresponds to two superimposed recordings of the inward 
current obtained in the presence and in the absence of DA in the 

bath. In contrast, DA decreased the outward current. Figure 28 
illustrates the outward current elicited by a long depolarizing pulse 
in the same Fi cell bathed in a saline containing 30 mM TEA. The 
application of 10 /IM DA evoked a decrease of the outward current, 

and this effect of DA resembles that of 5-HT on the Aplysia sensory 
neurons (Klein et al., 1982). 

Figure 3 illustrates another experiment on an Fl cell, directed to 
identify the ionic nature of the outward current component decreased 
by DA. During the entire experiment, the bathing saline contained 
30 mM TEA. In Figure 3A the membrane potential was initially held 
at -70 mV and stepped by depolarizing pulses to +I 0 mV. In these 
conditions, the early peak component of the outward current (Fig. 
3A-a) disappeared when 1 mM 4-AP was added to this medium (Fig. 
3A-b). The current component blocked by 4-AP in the presence of 
TEA probably corresponded in large part to la. Nevertheless, the DA 
application in the presence of both TEA and 4-AP was still able to 

evoke a decrease in amplitude of the outward current (Fig. 3A-c). 
In Figure 3B, 4-AP was removed from the bath and the holding 
potential was set at -50 mV for the rest of the experiment. Then, 
when the membrane potential was stepped to +lO mV the peak 
current previously blocked by 4-AP was less prominent (Fig. 3B-a). 
In these conditions, the replacement of the extracellular Ca”+ content 
of the saline by Mg’+ evoked a significant reduction of the amplitude 
of the outward current (Fig. 3B-b) due to the block of TEA-resistant, 
Ca’+-dependent components. However, DA was still found to elicit 
a marked depression of the outward current (Fig. 313-c). In contrast, 
when the extracellular Ca*’ was replaced by either Co’+ (Fig 3C) or 
Ba’+ (fig. 3D), the amplitude of the outward current was markedly 
decreased and the addition of DA to the bath had no further effect 
(Fig. 3C-c and D-c); i.e., in these experiments both Co*+ and Ba*+ 
blocked, besides the CaZf-dependent outward current components, 
the DA-sensitive outward current component. With the exception of 
its sensitivity to these divalent cations, the current component 
suppressed by DA appeared to be similar to the S-current inactivated 
by 5-HT in Aplysia sensory neurons (Klein et al., 1982). 

I 10nA 200 msec 

5 msec 
+lO- +-I --PS-- 

-50 - 

TEA-- 
-me 

6 Ba 30 -50--- 6 Ca, 30 TEA cm-w 
Figure 2. DA effects on the membrane currents of an Fl neuron. A, Voltage-clamp recordings from an Fl cell in which the membrane potential held at 

-50 mV is stepped to 0 mV using pulses of 25 msec duration. The unique trace actually corresponds to two superimposed recordings of the Inward current 
obtained in the absence and in the presence of IO pM DA in the extracellular medium. The inward current was isolated by bathing the preparation in a saline 
containing 5 PM TTX and 30 mM TEA in which Ca” was replaced with Ba’+. B, Outward current recordings from the same Fl neuron bathed In a saline 
containing 30 mM TEA. The neuron was also held at -50 mV and the voltage was stepped to +lO mV using pulses of 1200 msec duration. The application 
of IO PM DA decreased the amplitude of the outward current. 
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Figure 3. DA depresses an outward current component insensitive to both TEA and 4-AP. All of the recordings are from the same Fi neuron bathed in 
a saline containing 30 mM TEA. A, The neuron held at -70 mV was depolarized to +lO mV by pulses of 1200 msec duration. a: Control recording. b: The 
addition of 1 mM 4-AP to the medium blocks both the peak and a sustained component of the outward current. c: The addition fo 10 PM DA in the presence 
of 4-AP still depresses the outward current. B, Recordings obtained after removing 4-AP from the extracellular medium. In the Fl cell held at -50 mV the 
potential IS stepped to +lO mV using pulses of 1200 msec duration. Notice that tn these conditions the peak of the current is less prominent. a: Control. b: 
The Ca*+ content of the saline is replaced with Mg*’ and the TEA-resistant, Ca’+-dependent outward currents are blocked. c: The application of 10 PM DA 
still depresses the remalnlng outward current recorded in a Ca”-free, TEA-contalnlng extracellular medium. C, The control TEA-resistant outward current (a) 
IS recorded as in B. The replacement of the Ca” content of the saline with Co*+ blocks an important part of the outward current (b). Further addition of 10 
/IM DA to this medium has no effect (c). D, Outward current recorded as in C. a: Control current recorded in a TEA-containing saline. b: Replacement of 
the extracellular Ca” with Ba2+ blocks an important part of the outward current. c: Application of 10 PM DA has no effect on the remaining outward current. 

An important finding of the previous work on the 5HT-induced 
decrease in K+ current was the observation in the patch-clamp 
experiments of Siegelbaum et al. (1982) that, in the Aplysia sensory 

neurons held at membrane potentials near the zero level, the K+ 
channels closed by 5HT constituted the main population of open 
channels observed. This might account for our own previous obser- 

vation in identified snail neurons (Deterre et al., 1982) that the K+ 
conductance inactivated by 5-HT could also be studied in voltage- 
clamp conditions, holding the neuron membrane potential for long 

periods of time at +lO or +20 mV. In these conditions, the applica- 
tion of 5-HT onto snail cells El3 and Fi elicited an inward current 
which resulted from a CAMP-dependent decrease in a K+ conduct- 

ance different from the conductances generating lDR, la, and lc 
(Deterre et al., 1981; Paupardin-Tritsch et al., 1981), and this 5-HT- 
induced inward current probably corresponded to the closing of the 
main population of channels open at such potential levels. DA was 

also found to evoke a similar inward current. The recordings of 
Figure 4 were obtained from an Fl neuron bathed in normal saline, 
in which the membrane potential was held at +lO mV. Successive 

iontophoretic applications of either DA or 5-HT evoked inward 
currents showing similar latencies and time courses (Fig. 4A). These 
inward currents were not affected when the NaCl of the saline was 

replaced by Tris-Cl or sucrose (not shown). In contrast, the amplitude 
of these responses was somewhat decreased when the (Ca2+)0 was 
replaced by Mg’+. However, even if 1 mM EGTA was added to a 

Ca”+-free saline and the cell was kept in such medium for more than 
1 hr, the DA- and 5-HT-induced inward currents were not blocked. 
The replacement of the extracellular Ca’+ ions by either Co”+ or 
Ba’+ induced an inward current by itself (see Paupardin-Tritsch et 

al., 1981) and then the application of either DA or 5-HT became 
ineffective (see below). 

Bath application of 10 to 50 PM DA to an Fl neuron held at +lO 
mV induced an inward current that reached a maximal saturating 

amplitude (Fig. 48). This DA-induced current persisted without 
desensitizing for as long as DA was present in the extracellular 
medium. A similar current saturation was also observed when 10 to 
50 PM 5-HT was applied, and in both cases, this saturation corre- 

sponded to the maximal closing of the K+ channel population (see 
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Siegelbaum et al., 1982). Indeed, in the presence of a response- 
saturating concentration of DA, further application of either DA or 5- 
HT became completely ineffective (Fig. 4B). 

Like DA, intracellularly injected CAMP evoked an inward current 
in the El3 and Fl neurons when their membrane potential was held 
at +lO mV. Figure 5A shows that this CAMP-induced inward current 
had a time course rather similar to that of the current induced by DA 
but that its latency was much shorter. When bath-applied DA evoked 
a saturating inward current, further intracellular injections of CAMP 
became ineffective (Fig. 58). 

The same observations could also be made when the increase of 
the intracellular CAMP concentration was obtained by other methods. 
These consisted of either stimulating adenylate cyclase or inhibiting 
phosphodiesterase. Thus, the application of 20 PM forskolin, a potent 
adenylate cyclase stimulator (Seamon and Daly, 1981), to cells El3 
and Fl evoked a saturating inward current during which DA appli- 
cation became ineffective (Fig. 5C). Similar results were observed 
when bathing the El3 and Fl neurons in 100 PM isobutylmethylxan- 
thine (IBMX), a phosphodiesterase inhibitor (Fig. 50). 

Table I summarizes the results of the experiments of biochemical 
assay of the adenylate cyclase activity in single isolated El3 and Fl 
snail neurons (see also Deterre et al., 1982). These results indicate 
that DA induced a 2-fold stimulation of the enzyme activity of these 
cells. 

The I-V relations of Figure 6 further indicate that DA and CAMP do 
affect the same ionic channels of the Fl neuron membrane. In this 
graph, the normalized values of the net currents elicited by the 
application of either DA or CAMP to an Fl cell were plotted against 
the levels at which the membrane potential was stepped from a 
holding level of +I 0 mV using pulses of 1 set duration. It is evident 
that the value of the net currents induced by DA (Fig. 6, circles) and 
CAMP (Fig. 6, squares) are fitted by the same I-V curve, which 
shows that both DA- and CAMP-induced currents reversed at -50 
mV. The existence of such a negative reversal potential in the case 
of an inward current was a confirmation that the mechanism gener- 
ating the currents was a decrease in cationic conductance. The 

A 

B 

C 

D 

u 20 

DAt 

5-d 
I/- 40 set 

I 
5nA 

Figure 4. A, lontophorefic application of DA and !I-HT onto an Fl neuron 
held at +lO mV evokes inward currents of similar time course. B, Bath 
application of 20 pM DA evokes a saturating inward current and further 
iontophoretic application of either DA or 5-HT becomes ineffective (see the 
text). 

DAi 

Figure 5. A, The iontophoretic application of DA and the intracellular 
pressure injection of CAMP evoke inward currents of similar characteristics 
In an Fi neuron held at +I0 mV. 6, The intracellular injection of CAMP 
becomes Ineffective in the presence of a saturating inward current elicited 
by the bath applidation of 10 bc~ DA. The iontophoretic application of DA 
also becomes ineffective in the presence of a saturattng inward current 
elicited by the application of 20 FM forskolin (C) or 200 FM (D) (see the text). 

TABLE I 
Adenylate cyclase activity in identified snail neurons 

CAMP values are means + SEM for 10 different neurons of the same class. 
Observed Increases are given as percentages of the basal activity. 

Neuron 
Base CAMP 

(102 fmol/30 min/cell) Increase 

Fl” 59 + 6 141 + 15b 150% 

El3 97+ 10 198 f 28” 100% 

D2” 61 ?9 58 + 7 0 

a From Deterre et al. (1982). 
bp<O.OOl. 

sensitivity (not illustrated) of the reversal potential to the alteration of 
(K+),, but not to the changes in (Na+& or (Cl-),, suggests that the 
DA- and CAMP-induced currents mainly involved a decrease in K+ 
conductance. However, the reversal potential of the net currents 
evoked by both agents did not exactly correspond to the value of 
the equilibrium potential for K+ ions, EK, of snail neurons bathed in 
normal saline, which is approximately -75 mV. This difference 
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between EK and the reversal potential of the net currents evoked by 
the two agents may be due either to other effects of these agents 
on the membrane conductance of the Fi neuron (see Ascher, 1972; 
Swann and Carpenter, 1975; D. J. Adams et al., 1980; Akopyan et 
al., 1980; Hockberger and Connor, 1983; Chesnoy-Marchais, 1984; 
Swandulla and Lux, 1984) or to an extracellular accumulation of K+ 
ions resulting from the fact that the cell was held at +lO mV or from 
a lack of selectivity of the channels. 

DA-induced decrease of the calcium component of the action 
potential of neuron 02. In the D2 neuron the effect of DA application 
on the action potential was opposite to that observed in the cells 
El3 and Fl, described in the previous sections. 

l ZO 60 
f 1 

EmV. 

Figure 6. I-V curves relating the normalized net currents evoked by the 
iontophoretic applications of DA (0) and the intracellular pressure injections 
of CAMP (W) in an Fl neuron bathed in saline containing 30 mM TEA. The 
steady-state I-V curves were first obtained by stepping the voltage from the 
holding level (+lO mV) to -90 and +50 by using 1 -sec.duration pulses and 
measuring the current at the end of the pulses. The net currents evoked by 
either DA or CAMP were obtained by subtracting the steady-state I-V curves 
obtained in the presence of the two agents from the control steady-state I-V 
cuIves. 

Figure 7A illustrates that, in a D2 neuron bathed in a TEA- 
containing extracellular medium, DA application either from an ion- 
tophoretic micropipette or through the circulating saline (at 1 to 10 
FM concentration), decreased the amplitude of the plateau phase of 
the spike recorded in the cell body. A voltage-clamp analysis of the 
transmembrane currents in the same neuron (Fig. 7, B and C) 
revealed that the mechanism involved in this action of DA was 
completely different from that observed in neurons El 3 and Fl 
Thus, when the D2 cell was bathed in a medium in which Ca2+ was 
replaced by Mg’+ and to which 30 mM TEA was added, the 
application of a 1-set voltage step from a holding level of -50 mV 
to 0 mV evoked an outward current. The application of 10 PM DA 
did not alter this outward current: the trace in Figure 7C actually 
corresponds to the superimposed recordings of the outward current 
in the absence and in the presence of DA. In contrast, when the 
membrane currents of cell D2 were recorded in a TTX/TEA-contain- 
ing saline in which Ca’+ was replaced by Ba’+, bath application of 
10 pM DA evoked a 30 to 40% decrease of the inward current and 
of the inward tail currents (Fig. 7B, arrows). 

To confirm that DA specifically decreased the Ca’+ current in cell 
D2 and that such effect did not involve any modification of a hidden 
outward current component, a series of experiments was performed 
using the antibiotic nystatin to exchange completely the intracellular 
K+ content by Cs’ (see Tillotson, 1979). Figure 8 corresponds to 
one of these experiments in which, after incubating a D2 neuron in 
the Cs+-loading solution containing nystatin (see “Materials and 
Methods”), the nystatin-containing solution was removed and the 
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Figure 7. DA-induced decrease of the Ca*+-dependent plateau and of the inward current in neuron D2. A, Bath application of 10 PM DA to a D2 cell 

bathed In a saline containing 30 mM TEA evokes a marked decrease of amplitude of the spike plateau, After the DA application the successive action 
potentials recorded are superimposed. B, Inward currents recorded after voltage-clamping the same D2 neuron bathed in a TEA-containing saline in which 
Ca2+ was replaced wrth Ba”. The cell held at -50 mV is depolarized for 30 msec to 0 mV and then repolarized to -75 mV, the potential level corresponding 
to EK. In this condition the control current shows an inward tail current (arrow). The application of 10 PM DA decreases the amplitude of both the inward 
current and the tail inward current. C, Outward current recorded in the same D2 cell recorded in a TEA-containing saline in which Ca” was replaced with 
Mg’+. The apparently unrque trace corresponds to two superimposed recordings obtained in the absence and in the presence of a 10 PM concentration of 
DA in the bathing salrne. 



Paupardin-Tritsch et al. Vol. 5, No. 9, Sept. 1985 2528 

If- I 

I 1OnA 

5 ms 

On+--e-e 

50 -- after nystatin treatment --- 
Figure 8. Persistance of the DA-induced decrease of the inward current 

in a D2 neuron loaded wrth Cs+, after nystatin treatment. The cell is bathed 
in a saline in which K+ was replaced with Cs+ and Ca’+ was replaced with 
Ba’+. 
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Figure 9. DA effect on the I-V curve obtained in a D2 neuron bathed in a 
TTX/TEA-containing saline in which Ca*+ was replaed with Ba2+. The maxi- 
mum inward currents obtained In the absence (0) and in the presence (A) 
of 50 PM DA in the extracellular medium were plotted against the values at 
which the potential was stepped. Both curves were corrected for lrnear 
leakage conductance. 

cell was bathed in a Cs+-containing Tris saline in which Ca’+ had 
been replaced by Ba*+‘. The Ca*’ current recorded in such conditions 
(in which the only monovalent cation present inside and outside the 
cell was Cs’) also became markedly decreased by the addition of 
10 PM DA to the bath (Fig. 8, DA). 

Attempts were then made to investigate the mechanism involved 

in the DA-induced modification of the Ca*’ current. Figure 9 illustrates 
I-V curves relating the Ca*’ current amplitudes and the membrane 
potential at which they were recorded in a D2 cell bathed in a TTX/ 
TEA/Ba’-containing saline. These I-V curves were corrected by 
subtracting the leakage current. It is clear that DA decreased the 
Ca” current (Fig. 9, triangles) through all the range at which the D2 
cell membrane potential was stepped. Moreover, the potential level 
at which the Ca*’ current became maximal either in the presence 
or in the absence of 50 ELM DA in the bath was the same, and the 
decrease induced by DA was maximal at such potential levels, In 
the voltage-clamp conditions of our experiments, we could not 
exclude the modification of the reversal potential of the Ca*’ current 
by DA (Fig. 9). However, such modification could not have been a 
substantial one (see, for instance, the calculations of Dunlap and 
Fischbach (1980) which predict that, to account for a 30% decrease 
in Ca” current, the shift of the reversal potential should be much 
more important than it appears in Fig. 9). Therefore, it can be 
concluded that the main effect of DA on the snail D2 neuron was to 
decrease the maximal Ca*’ conductance. 

Other experiments were directed to explore whether an intracel- 
lular messenger intervened in the DA-induced decrease of the Ca” 
conductance. Three of these messengers have been involved in the 
intracellular control of the Ca*’ current: CAMP (see Reuter, 1983) 
cGMP (see Trautwein et al., 1982) and Ca*+ ions (see Tillotson, 
1979; Eckert and Tillotson, 1981). The intracellular injection of either 
CAMP or cGMP in the D2 neuron affected neither the Ca*’ spike 
nor the membrane currents. Table I also shows that DA did not 
induce any alteration of the basal activity of the adenylate cyclase 
in single D2 cells (Deterre et al., 1982). Therefore, an increase in the 
intracellular concentration of either CAMP or cGMP does not appear 
to play a role in the DA-induced decrease of Ca’+ conductance. 

Looking for a possible intervention of intracellular Ca”, we have 
studied the effects of decreasing the intracellular Ca” concentration 
by injecting EGTA into the cell. In Figure lOA, the Ca*’ current of a 
D2 cell bathed in a TTX/TEA/Ba*+-containing medium was de- 
creased by DA. After injecting EGTA inside the neuron for 30 min, 
a marked increase of the amplitude of the Ca*’ current was ob- 
served. Such an effect of EGTA could be due either to a removal of 
Ca’+ channel inactivation resulting from the decrease in intracellular 
Ca’+ or to a block of a hidden Ca’+-dependent outward current 
component. Nevertheless, when DA was applied at the end of the 
EGTA injection period, it induced a decrease of the Ca*+ current 
proportional to that observed in the control experiment (Fig. 1013). 
This therefore suggests that the DA-induced decrease of Ca’+ 
conductance is not mediated by an increase in intracellular Ca”. 

Composite effects of DA on the voltage-dependent currents of 
other snail neurons. The examples of neurons El3 and Fl on the 
one hand, and of the D2 neuron on the other hand, illustrate that 
DA can act by specifically decreasing one component of the mem- 
brane conductance. However, in other identified neurons in which 
DA evoked a decrease in the plateau phase of the somatic Ca”+ 
spike, DA showed more complex effects on the membrane currents. 

This is illustrated in Figure 11A which shows two superimposed 
recordings from a TEA-treated F5 neuron. The plateau phase of the 
action potential of this cell was markedly decreased in the presence 
of IO PM DA. Nevertheless, when the F5 neurons of different snail 
preparations were voltage clamped and their membrane currents 
analyzed, the results of DA application were surprising. As expected 
from previous experiments, in a saline in which Ca*’ was replaced 
with Ba’+ and 30 mM TEA was added, DA was found to induce a 
decrease in the Ca’+ current (Fig. 1 lB), resembling that seen in the 
D2 neuron. However, when the F5 neuron was bathed in a TEA- 
containing saline in which Ca” was replaced by Mg*+, DA also was 
found to evoke a decrease of a TEA-resistant outward current similar 
to the S current (Fig. 11 C). The steady-state voltage-clamp analysis 
of cell F5 also revealed that DA induced in this cell an inward current 
showing the same features as those described in cells El 3 and Fl 
This inward current was also mimicked by CAMP. From these results 
we concluded that DA induced, in cell F5, both a CAMP-mediated 
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Figure 70. Intracellular Injection of tl;l I H rn 
cell D2. A, Superimposed recordings of the 
decreasing inward current following the appli- 
cation of 10 PM DA. The D2 cell is bathed in a 
TTX/TEA/Ba*+-containing saline. B, Recording 
from the same cell after injectrng EGTA intra- 
cellularly for 30 mm. The amplitude of the inward 
current IS markedly increased, but the applica- 
tion of 10 PM DA evokes a decrease of the 
inward current proportronal to the effect re- 
corded before the EGTA injection. 
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Figure 7 1. Composrte effect of DA on the membrane currents of neuron F5. A, Bath application of IO PM DA decreases the plateau of the spike of cell 

F5 bathed rn a salrne containing 30 mM TEA. B, Inward current of the same cell F5 recorded in a TEA-contarning saline in which Ca*+ was replaced with 
Ba*+. Bath application of IO PM DA decreases the inward current. C, The outward current of the same F5 neuron is recorded in a TEA-containing saline in 
which Ca2+ was replaced with Mg’+. The same application of DA also decreases the outward current. 

decrease of the S-current and a decrease of the Ca*’ current, and 
that the latter had a predominant effect on the amplitude of the Ca” 
spike plateau. 

Experiments were also performed to explore whether the DA 
effects on the somatic spike of neuron F.5 could be changed by 
modifying the amplitude of its Ca*’ plateau by altering the membrane 
potential and the frequency of stimulation. We then observed that 
DA decreased the duration of the Ca’+ spike of cell F5 regardless 
of the amplitude of its plateau phase. 

Discussion 

The present results indicate that DA, besides its previously de- 
scribed actions on molluscan neurons (Ascher,1972; Berry and 
Cottrell, 1975; Swann and Carpenter, 1975; Gospe and Wilson, 
1980; W. B. Adams et al., 1980; Akopyan et al., 1980; Chesnoy- 
Marchais,l984), can also exert modulatory actions on the somatic 
spike by inducing either an increase or a decrease of its Ca2+- 
dependent plateau phase. 

This paper also shows that in some identified snail neurons, each 
of these DA-induced modulatory actions on the somatic action 
potential is related to a decrease of a different specific conductance: 
the DA-induced increase of the Ca’+ spike plateau is associated 
with a CAMP-mediated decrease of a specific K+ current, the S- 

current (Klein et al., 1982) whereas the DA-induced decrease of the 
spike plateau results from a decrease in the Ca*+ conductance. 

The DA-induced decrease in the CAMP-controlled S-current. The 
outward current decreased by DA is unaffected by the presence of 
both 30 mM TEA and 1 mM 4-AP in the extracellular medium, a drug 
combination which has been reported to block both IDR and IA in 
molluscan neurons. Moreover, the persistence of the effect of DA 
after the removal of Ca*+ from the extracellular medium indicates 
that the outward current component blocked by DA is neither lc nor 
other Ca*+-dependent outward current components (Byerly and 
Hagiwara, 1982). This conclusion is also supported by the results of 
previous experiments in steady-state voltage-clamp conditions (De- 
terre et al., 1982) showing that an intracellular injection of EGTA 
which blocked the Ca*+-dependent K+ conductance had no effect 
on the DA-induced inward currents of cells El3 and Fl 

Therefore, our experiments strongly suggest that the outward 
current suppressed by DA is similar to the S-current inactivated by 
5HT in Aplysia sensory neurons (Klein et al., 1982). Indeed, the 
same K+ conductance decrease is produced by both DA and 5HT 
in identified snail neurons (Deterre et al., 1982). 

Another important similarity between the DA-sensitive outward 
current and the S-current is that they are both controlled by the 
intracellular CAMP concentration. The intracellular injection of CAMP 
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mimicks both the depressing effect of DA on the outward currents 
of the Fl and El3 cells and the DA-induced inward current recorded 
from these neurons in steady state voltage-clamp conditions. More- 
over, DA and CAMP were found to induce net currents which fit the 
same I-V relation. The view that both DA and CAMP close the same 
population of channels is also supported by the inefficacity of CAMP 
when injected in the neuron in the presence of a maximal DA 
concentration, i.e., during a maximal closing of the ionic channels. 
Moreover, the same channel population could be maximally closed 
by either injecting CAMP or by increasing its intracellular concentra- 
tion by applying either forskolin or IBMX and, in such cases, DA 
became in turn ineffective. In addition, the biochemical assay of the 
adenylate cyclase activity in single isolated El3 and Fi neurons 
confirmed that DA did stimulate the activity of the enzyme, thus 
increasing the intracellular CAMP concentration. Finally, on the basis 
of the results of experiments combining the application of DA and 
5-HT, it is not difficult to accept that the K+ channels closed by DA 
are the same as those inactivated by 5HT in the identified snail 
neurons and in the sensory neurons of Aplysia. The only differences 
are that, on the one hand, in the Aplysia sensory neurons, DA has 
no effect on the S-current and, on the other hand, Ba*+-containing 
media block the S-current in snail neurons but not in Aplysia neurons. 
Previous results had also shown that in snail neurons El3 and Fl 
the effects of 5-HT and DA on the CAMP-controlled K+ conductance 
are mediated by different receptors (Deterre et al., 1982). 

This mechanism of increase of the Ca2’ spike plateau in the 
identified molluscan neurons is different from that involved in the 
increase of the duration of the Ca2’ action potential evoked in frog 
and mammalian cardiac muscle fibers by the stimulation of the p- 
adrenergic receptors. CAMP is also involved in this effect, but the 
Ca2+ channels are the target of this transmitter modulation (see 
Reuter, 1983; Tsien, 1983). 

The DA-induced decrease in Ca’+ conductance. The results of 
our experiments on the snail D2 neuron are in favor of the view that 
the decrease in the Ca2’ plateau component of the somatic action 
potential is due to a decrease in Ca2’ conductance. The conditions 
in which the DA-induced decrease of the inward current was re- 
vealed, i.e., replacement of Ca2’ by Ba2’, presence of TEA in the 
extracellular medium in all experiments, presence of TTX and 4-AP 
in many of them, make it difficult to believe that DA could evoke an 
apparent decrease of the inward current by increasing a hidden 
outward current component. The experiment on the nystatin-treated, 
Cs+-loaded D2 cells also supports the idea that DA only affects the 
Ca” current even if, as recently described, outward currents carried 
mainly by Cs may be recorded in nystatin-treated, Cs-loaded mol- 
luscan neurons (Byerly and Hagiwara, 1982). In fact, if such currents 
were sometimes observed in some nystatin-treated snail neurons, 
we never observed them in the D2 neuron. Moreover, the I-V curves 
of Figure 6 confirm that the main effect of DA on neuron D2 is to 
decrease the Ca2’ conductance. 

The maximal decrease of the Ca” current evoked by DA in the 
D2 cell and in other identified snail neurons was never larger than 
30 to 40% of the control value. A similar reduction was observed by 
Dunlap and Fischbach (1980) in their study of the noradrenaline- 
induced decrease of Ca2’ conductance in chick embryo sensory 
neurons. In these neurons a similar decrease in Ca2+ conductance 
was also elicited by other transmitters such as GABA, 5-HT, en- 
kephalin, and somatostatin. The molluscan peptide FMRF-amide can 
also evoke a decrease in Ca2’ conductance both in identified snail 
neurons in which DA evokes a Ca2’ conductance decrease and in 
other snail neurons in which DA had no effect on this conductance 
(see Colombaioni et al., 1985). The observations that Ca” conduct- 
ance could be decreased by more than one transmitter and that DA 
could affect different ionic channels (Ascher, 1972; Berry and Cot- 
trell, 1975; Swann and Carpenter, 1975; W. B. Adams et al., 1980; 
Akopyan et al. 1980; Gospe and Wilson, 1980; Chesnoy-Marchais, 
1984) renders unlikely that the effect of DA is directly exerted on the 
Ca2’ channel. In this context, we have investigated whether an 

intracellular messenger was involved in the effect of DA on the Ca’+ 
conductance. Our experiments discard the intervention of an in- 
crease of the intracellular CAMP concentration in the mediation of 
the DA effects, since DA did not stimulate the adenylate cyclase 
activity of the D2 cell and the intracellular injection of CAMP had no 
effect on the inward current recorded in this neuron. The possibility 
remains that DA may inhibit the activity of the adenylate cyclase. 
However, this was not observed in our single-cell enzyme assay 
experiments. A mechanism involving inhibition of the adenylate 
cyclase has been suggested for the Ca2’ conductance decrease 
evoked by a-adrenergic stimulation of sympathetic ganglion neurons 
(Horn and McAfee, 1980; see McAfee et al., 1981), since a-adre- 
nergic stimulation has been reported to induce adenylate cyclase 
inhibition (Jakobs, 1979; Sabol and Niremberg, 1979). In another 
transmitter-induced Ca2’ current decrease, the one evoked by 
muscarinic agonists on the cardiac muscle fibers, an intervention of 
cGMP as second messenger has been postulated (Trautwein et al., 
1982). cGMP had no effect on the Ca2’ current of the snail D2 cell. 

Intracellular Ca”+ was also a candidate for the role of second 
messenger mediating the effects of DA on the Ca” channels of the 
D2 neuron. There is good evidence that the intracellular Ca2’ plays 
a role in the mechanism of the Ca2’ current inactivation (see Chad 
et al., 1984). I f  DA was able to elicit a release of Ca2’ ions from an 
intracellular compartment, this could account for the decrease in 
Ca2’ conductance. The intracellular injections of EGTA in cell D2, 
even if they succeeded in causing an apparent removal of the 
inactivation, confirmed that intracellular Ca2’ does not intervene in 
the DA-induced decrease of Ca2+ current. 

Duality of DA effects on single identified snail neurons. The study 
of the effect of DA on the snail Fl and El3 neurons, on the one 
hand, and on the D2 neuron, on the other hand, shows that the 
effects of DA on the membrane conductance described above 
clearly involve two different mechanisms: one linked to the stimula- 
tion of adenylate cyclase and a different one affecting the Ca2’ 
current. The present study, however, has also shown that both DA 
effects may be observed in the same neuron. We do not yet know 
whether the two effects result from the activation of one or two 
different receptors. Neither do we know why the DA effect on the 
Ca2+ conductance predominates in the modulation of the cell body 
spike plateau, either from a particular receptor distribution or from a 
difference in the magnitude and/or the kinetics of the ionic currents. 

Possible physiological significance of the DA-induced changes 
of the Ca2+ action potential. The modulation the Ca2+ channels at 
the synaptic endings may have great importance in the mechanism 
of transmitter release. The cell body of neurons carrying a Ca2+ 
spike and endowed with transmitter receptors has been a good 
model to analyze events which may produce a modulation of the 
transmitter release at the neuron endings. Thus, Klein and Kandel 
(1978, 1980) have shown that the 5-HT-induced increase of the 
soma action potential plateau of Aplysia sensory neurons could 
account for the mechanism of the presynaptic facilitation evoked by 
5-HT or the stimulation of some interneurons which underlies the 
“sensitization” of the gill withdrawal reflex. In contrast, Dunlap and 
Fischbach (1980) postulated that the GABA-induced decrease of 
Ca2+ conductance observed in chick embryo sensory ganglion 
neurons could account for the presynaptic inhibition at some of the 
dorsal root ganglion cell endings in the spinal cord. A similar 
parallelism between decrease in the Ca2’ conductance of the soma 
membrane and presynaptic inhibition has been described in neuron 
LlO of Aplysia (Shapiro et al., 1980). The transmitter in this case 
has not yet been identified, but histamine was found to mimic its 
effects (Kretz et al., 1984). 

In the context of such examples, it may be suggested that both 
actions of DA, on the S-current and on the Ca2+ current, could also 
participate in presynaptic mechanisms. If  such were the case, a 
particular situation might exist in the endings of the neurons in which, 
as in neuron F5, DA might depress both the S-current and the Ca2+ 
current. In these neurons, the presynaptic DA effects could be 
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unique, owing to the predominance of the activation of a unique 
receptor, or dual, if DA activates two different kinds of receptors 
and if the receptors of each class are grouped together on separated 
membrane patches facing synaptic endings of different dopami- 
nergic interneurons. Such a dual effect of synaptic transmitters has 

been a constant finding of those investigating the function of mol- 
luscan synapses. 
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