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Abstract 

Dopamine’s effect on calcium influx into the bursting neuron, R15, of Aplysia californica was tested by tail 
current measurements and by measurement of absorbance of intracellular Arsenazo III, a calcium-sensitive 
indicator. Slow outward tail currents were elicited by subthreshold depolarization in voltage clamp and were 
demonstrated to be dependent upon transient increases in intracellular calcium activity, ((Ca)i), using calcium- 
free seawater, calcium blockers (Mn’+ and Las+), and intracellular injection of EGTA. Dopamine reduces these 
tail currents as it reduces the slow inward current. Next, the transient elevations of (Ca)i accompanying 
subthreshold depolarization were measured directly in Arsenazo III-loaded neurons. Dopamine did not reduce 
the rise in (Ca)i measured in the soma during depolarization. However, when absorbance of the axodendritic 
region was monitored, dopamine did reduce calcium influx. Voltage monitoring in the axon indicated that the 
reduced calcium influx could not simply be ascribed to altered space clamp. In keeping with the apparent 
axodendritic location of dopamine action, isolation of the soma by ligation of the axon markedly reduced the 
dopamine response. Dopamine seems to reduce calcium influx into R15, but this effect is topographically 
limited to nonsomatic membrane, an area of the neuron not usually monitored in optical studies of (Cab. 

The endogenous bursting rhythm of the neuron R15 of Aply- 
sia californica can be modulated by both natural synaptic input 
(Wilson and Wachtel, 1978) and artificial application of puta- 
tive neurotransmitters (Gospe and Wilson, 1980). Specifically, 
dopamine profoundly inhibits bursting in R15 and markedly 
alters the current-voltage (I-V) curve of the cell. The slow 
inward current (SIC) which underlies the depolarizing phase of 
the bursting cycle (Wilson and Wachtel, 1974) is no longer 
detectable by voltage clamp techniques after dopamine appli- 
cation. The apparent absence of the SIC is manifest in the I-V 
curve as a loss of the negative slope resistance region in the 
subthreshold voltage range (Gospe and Wilson, 1980). 

There are several possible explanations for the effect of 
dopamine on Rl5. The SIC is thought to be either an inward 
sodium (Barker and Smith, 1978) or calcium (Gorman et al., 
1982) current or perhaps a combined sodium and calcium 
current. Therefore, dopamine could be reducing calcium and/ 
or sodium conductance underlying the SIC. Alternatively, it 
has been suggested that dopamine increases potassium con- 
ductance (Ascher, 1972), which then might summate with and 
obscure the SIC, producing a net outward current during small 
depolarizations. 

We have attempted to test one of these hypotheses; i.e., that 
dopamine reduces calcium influx into R15 during small depo- 
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larizing commands. To do so, we have used two approaches. 
First, we demonstrated that dopamine eliminates tail currents 
which seem to be dependent upon intracellular calcium accu- 
mulation. Second, we observed the effect of dopamine on cal- 
cium influx using the calcium indicator dye Arsenazo III. The 
results suggest that dopamine reduces calcium influx into the 
axodendritic tree of R15 during small depolarizing commands. 

Materials and Methods 

Aplysia calijornica weighing 100 to 200 gm were purchased from 
Marine Specimens Unlimited (Pacific Palisades, CA) and kept in a 
marine aquarium at 16°C. The abdominal ganglion was pinned to the 
bottom of a chamber immersed in artificial seawater of the following 
composition (in millimolar concentration): Na+, 492; Cl-, 664; Mg2+, 
100; Sod-‘, 30; K+, 10; and Ca’+, 10. The pH was buffered using 5 mM 
Tris at 7.8. All solutions were at room temperature of 21 to 23°C. The 
high magnesium level (100 mM) facilitated small current analysis by 
reducing the incidence of interfering large postsynaptic currents and 
minimizing uncontrolled distal spiking during voltage clamp depolari- 
zations. Previous use of high magnesium seawater has demonstrated 
no misleading or damaging effects (Gospe and Wilson, 1980; Lewis, 
1984). R15 was exposed by removal of the overlying capsule. In exper- 
iments where neuropil absorbance measurements were made, the neu- 
rons surrounding R15 were removed prior to placing fiberoptic probes. 
The single-electrode voltage clamp (Goldner and Wilson, 1975) was 
used, employing electrodes filled with 1.5 M KC1 having resistances 
between 1.5 and 2.0 megohms. 

Solutions bathing the cell could be easily changed by a gravity-driven 
flow-through system allowing complete exchange of the lo-ml bath 
volume in 3 to 5 min. Manganese (MnCl*) and lanthanum (LaCl$), 
when used, were simply added to artificial seawater. Zero-calcium -2 
mM EGTA seawater was made by substituting 10 mM MgC12 for 10 
mM CaCl* and adding 2 mM EGTA to artificial seawater. Dopamine 
was added to artificial seawater along with ascorbic acid (Gospe and 
Wilson, 1980) to prevent dopamine oxidation. EGTA was pressure 
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injected (Picospritzer, General Valve Corp., Hanover, NJ) into cells 
through a second micropipette containing 250 mM EDTA adjusted to 
pH 7.3 with KOH and containing 10 mM Arsenazo III to visualize the 
injection solution. The concentration of K+ was altered in seawater by 
adding or deleting the appropriate amount of KCl. 

Arsenazo III absorbance measurements were made using a modifi- 
cation of the previously described single-wavelength microspectropho- 
tometer (Lewis and Wilson, 1982). The machine was modified to a 
dual-wavelength differential instrument using two monochromators 
and a chopping system which illuminated the cell with the alternate 
wavelengths with a chopping rate of 300 Hz. Two of three wavelengths, 
570, 655, or 700 nm, were utilized in each experiment (Gorman and 
Thomas, 1978). When studying absorbance changes in the soma, there 
was abundant dye in the path in the large soma of R15. Consequently, 
570-nm light (at the peak of the absorbance spectrum of Arsenazo III) 
was markedly attenuated, and attempts to use the 655-/570-nm pair 
produced a noisier, less stable signal than did the 655./700-nm pair. 
Therefore, in soma absorbance measurements, the 655./700-nm pair 
was used. When measuring axodendritic absorbance changes, there was 
little dye in the light path and use of the 655-/570-nm pair was 
satisfactory. Gorman and Thomas (1978) have shown that accurate 
measurements of changes in intracellular calcium activity ((Ca)i) can 
be obtained using either wavelength pair. With the small changes in 
signal (<5%) seen in these experiments, the light intensity changes are 
essentially linearly proportional to the absorbance changes; thus the 
chart tracings in the figures are calibrated in absorbance. Absorbance 
calibrations, expressed as percentage of absorbance change, were A % 
= 100 log (Z1/Zz), with A % being the percentage of absorbance, I, being 
the light intensity after the change in absorbance, and 12 being the 
intensity before the change. Arsenazo III was pressure injected into 
cells as a 100 mM solution in deionized water (Sigma grade I Arsenazo 
III). The intracellular concentrations measured at the soma varied 
from 0.3 to 0.8 mM and were determined as previously described (Lewis 
and Wilson, 1982). 

Calcium was iontophoresed into R15 using the method of Gorman 
and Hermann (1979), and stable outward current transients were 
obtained prior to dopamine application using iontophoresis currents of 
100 to 200 nA. Iontophoresis current was generated using a lOO- 
megohm resistor in series with the iontophoresis pipettes utilizing a 
Grass stimulator as the voltage source. 

Statistical significance of changes in current or absorbance values 
was tested using the appropriate t test, and means and standard 
deviations are given for each measurement. 

Axon ligations were attempted in 25 cells and two met the criteria 
for successful ligation; i.e., spike overshoot to between +40 and f50 
mV, spike undershoot below -45 mV, and no increase in slope con- 
ductance in the hyperpolarized region of the I-V curve. For ligation a 
fine silk suture (8-O) was threaded through a piece of theta tubing 
pulled to a small fire-polished tip. The silk suture formed a loop and 
this was placed over the soma and snugged down to the proximal axon 
about 50 to 100 wrn from the soma. The loop was slowly tightened while 
the cell was maintained in voltage clamp, using a micrometer attached 
to the silk suture. This entire device was held in a micromanipulator. 
To test for completeness of ligation, inhibition of long duration (Adams, 
et al., 1980) was triggered by stimulation of the branchial nerve. When 
ligation was complete, the postsynaptic current was no longer visible. 
In addition, other spontaneous synaptic activity was undetectable and 
distal uncontrolled spikes were no longer elicited by depolarizing com- 
mands. 

Results 

Dopamine effects on the membrane currents. Cells were held 
in voltage clamp between -45 and -50 mV, and prolonged, 5- 
to lo- set-duration commands to between -50 and -25 mV 
were issued to elicit the SIC (Fig. 1A). Large commands, usually 
above -25 mV, elicited rapid, brief inward current deflections 
(not shown) signifying distant uncontrolled spikes; such distal 
spiking was avoided whenever possible to prevent activating 
tail currents secondary to spikes (Lewis, 1984). With commands 
to above -40 mV the SIC typically decays significantly during 
the command, and upon return to holding potential, a slow 
outward tail current (SOC) develops (Fig. 1A). The SOC was 
described by Johnston (1980) and, in agreement with his data, 
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Figure 1. Dopamine effects on the SIC and SOC. A, Top row: Current 

traces in control cells during commands to -40, -35, and -30 mV from 
a -50.mV holding potential. Note SOC (Arrows) after steps. Bottom 
row: Current traces during the same commands in dopamine (250 FM). 

Note SIC and SOC disappearance. Z3, I-V curve of R15 before (O), 
during (O), and after (a) dopamine bath application (250 PM). Current 
values are peak inward current during command. C, Graph of peak 
values of SOC versus command level (Step Voltage) before (O), during 
(0) and after wash (A) of dopamine. All records are from the same cell. 

we observed the SOC to peak in 5 to 10 set and to decay to 
base line in 20 to 30 set (at -50 mV holding). 

Bath application of dopamine to R15 eliminates the SIC and 
negative slope resistance region in the subthreshold voltage 
range of the I-V curve in a dose-dependent manner (Gospe and 
Wilson, 1980) (Fig. 1, A and B). Maximum dopamine effects 
are seen at 250 to 500 pM concentration (Gospe and Wilson, 
1980), and these levels were used in our experiments to maxi- 
mize changes of optical signals which might correlate with 
dopamine’s effect on currents. Dopamine not only eliminates 
the SIC but reduces the SOC as well (Fig. 1, A and C). In six 
cells tested, 500 ELM dopamine reduced the SOC from 2.15 f  
1.0 nA to 0 f  0 nA (p < 0.005), using moderate depolarization 
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to -35 or -30 mV. Recovery after wash was to 1.75 + 0.8 nA. 
Dihydroergotamine, which blocks the effect of dopamine on the 
SIC (Gospe and Wilson, 1981), also blocked its effect on the 
SOC. In all cells, dopamine produced a 3- to 6-nA outward shift 
of the holding current at -50 mV, possibly due to reduction of 
persistent SIC which is activated at the holding potential. 

Calcium dependance of SOC. Johnston (1980) showed that 
the SOC was blocked by calcium channel blockers, Co*+ and 
Mn’+, and suggested that the SOC was a calcium-dependent 
current. We also tested the sensitivity of the SOC to intracel- 
lular calcium accumulation by application of calcium blockers 
Mn2+ and La”+, by washing cells in zero-calcium -2 mM EGTA 
seawater, and by injecting EGTA intracellularly to buffer rises 
in (Ca),. In these experiments, the SIC was measured as the 
peak inward current deflection during the command, and the 
SOC was measured as the peak magnitude of the tail following 
the command, both relative to the holding current as an arbi- 
trary zero base line. 

In five cells washed in 25 mM Mn*+ for 20 min (Fig. 2A), 
SOC amplitude was 0.35 f  0.13 nA prior to Mn2+ exposure and 
0 f  0 nA in Mn2+ (p < 0.01). SIC amplitude was 2.28 + 0.71 
nA before and 0.43 + 0.08 nA in Mn2+ (p < 0.02). Lanthanum 
was applied (5 mM) to only two cells, eliminating the SOC in 
both and reducing the SIC to zero in one and to 30% of control 
amplitude in the other. 

Washing cells in zero-calcium 2 mM EGTA seawater (Fig. 
2B) reduced the SOC from 1.75 f  0.86 nA to 0 + 0 nA (n = 6, 
p < 0.01) and the SIC from 8.3 f  3.6 to 4.1 + 1 nA (p < 0.05). 
Both the changes due to manganese and those due to zero 
calcium were reversible upon washing the cells in normal sea- 
water. 

Ten cells were injected with EGTA; SOC amplitude prior to 
injection but with the injection pipette in the cell was 1.36 + 
0.56 nA and after injection was 0.14 f  0.25 nA (p < 0.01) (Fig. 
2C). SIC amplitude prior to injection was 7.66 f  3.88 nA and 
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Figure 2. Calcium dependence of SOC. A, Steps from -46 mV to 
-42 mV before and during bath application of 25 mM Mn++. B, Steps 
from -50 to -35 mV before and during bathing in zero-calcium -2 mM 

EGTA seawater. C, Steps from -40 to -30 mV before and after 
intracellular injection of EGTA. (Peak SIC in Control (B) was 14.5 
nA; the trace was truncated to accommodate spacing.) 

post injection was 5.28 + 2.40 nA (p < 0.02). EGTA produced 
a slight (1 to 2 nA) increase in inward holding current in 6 of 
10 cells, but no signs of cellular injury (Lewis, 1984) were found. 

We conclude from these experiments that the SOC is de- 
pendent upon increased intracellular calcium due to calcium 
influx during the small depolarizing commands. Although the 
SOC is calcium activated, we could not demonstrate that it was 
a potassium current. The magnitude of the SOC following a 
constant depolarizing command decreased as the holding po- 
tential was made more hyperpolarized and became undetectable 
between -70 and -80 mV; however, hyperpolarization as far 
as -110 mV did not invert the SOC. Also, cells were bathed in 
seawater containing 1 mM, 10 mM, and 30 mM K’ for 30 to 45 
min at each concentration. The altered K’ had no significant 
effect on the amplitude of the SOC following the moderate 
depolarizations used in these experiments (Fig. 3). The SOCs 
following commands to between -30 and -25 mV were meas- 
ured, and the ratio of SOC amplitude in 1 mM K’ to amplitude 

in 10 mM K’ was 1.38 f  0.54 (n = 4 cells). The ratio of SOC 
amplitude in 30 mM K’ to amplitude in 10 mM K’ was 1.02 + 
0.26 (n = 5 cells). Although suggestive of an increase in SOC 
amplitude in low K’, neither of these ratios were significantly 
different from 1 (p > 0.1). The spike undershoot became 5.6 f  
1.2 mV more hyperpolarized in 1 mM K+ and 13.4 f  3.9 mV 
less hyperpolarized in 30 mM K+. 

Dopamine and calcium influx into the soma in R15. Because 
dopamine blocked the calcium-dependent SOC, we hypothe- 
sized that it would reduce calcium influx. Therefore, cells were 
loaded with Arsenazo III and fiberoptic probes were placed on 
the exposed somata to measure absorbance changes during 
depolarizing commands. The diameter of the fiberoptics, 250 
pm, approximated the soma diameter so that only the somatic 
absorbance changes were recorded. Seven cells were success- 
fully studied, using 10.set commands to between -30 and -25 
mV in four cells, to -20 mV in two cells, and to -15 mV in one 
cell. The larger depolarizations often elicited distant uncon- 
trolled spiking; however, this was tolerated because the spikes 
did not invade the soma and therefore presumably did not 
affect our somatic absorbance changes. A signal averager was 
used to sum 10 to 15 absorbance traces in five cells with small 
absorbance changes, but this was unnecessary in two cells with 
exceptionally good absorbance signals. Bath application of do- 
pamine (500 pM) eliminated the SIC and SOC in all cells (Fig. 
4) but had no consistent effect on the absorbance changes. 
Absorbance increased 0.38 + 0.27% during commands before 
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F&-e 3. SOC and extracellular potassium. A, Steps from -50 mV 
to -30 mV in 10, 1, and 30 mM extracellular potassium. B, Plot of the 
peak value of SOC (holding potential -50 mV) versus command level 
(Step Voltage) in different levels of extracellular K+. 
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Figure 4. Dopamine and somatic absorbance changes. Current (up- 
per) and absorbance (655-700 nm) (lower) traces measured at the soma 
are shown before (A), during (B), and after (C) wash off of dopamine 
(500 FM). Note no change in the somatic absorbance trace during 
dopamine treatment although the SIC and SOC are no longer seen. 
Absorbance traces are not averaged in this cell which has exceptionally 
good Arsenazo III signal. 

dopamine, 0.35 r~ 0.34% during dopamine application, and 0.34 
+ 0.27% after washing off dopamine, showing no statistically 
significant change. 

Somatic calcium influx persisted in dopamine-treated cells, 
but the SOC was eliminated. This dissociation could indicate 
that the calcium entering the soma is somehow prevented by 
dopamine from activating outward current. To test this hy- 
pothesis, we iontophoresed calcium into the soma of R15 near 
the membrane surface and were able to elicit outward currents, 
presumably the calcium-activated potassium currents as de- 
scribed by others (Gorman and Hermann, 1979) (Fig. 5). In 
five cells tested, the amplitude of the calcium-activated outward 
current in control was 7.78 f  1.78 nA, 6.98 f  2.6 nA in 500 pM 

dopamine, and 7.5 f  3.8 nA after washing off dopamine. The 
change was not significant (p > 0.1). 

Uopamine and calcium influx into the axodendritic region of 
R15. Ascher (1972) states that dopamine iontophoresed on the 
soma of R15 produces no current change, whereas iontophoresis 
into the axodendritic region elicits typical responses; this ob- 
servation has also been made in our laboratory (unpublished 
results). Therefore, we attempted to measure the effect of bath- 
applied dopamine upon calcium influx in the axodendritic 
region of R15. The neurons surrounding R15 were carefully 
removed and the 250-pm fiberoptic probes were placed, one on 
each side of the mass of neuropil underlying the soma of R15. 
The soma was filled with Arsenazo III, and as the dye diffused 
into the cell processes, a small increase in absorbance at the 
isosbestic point, 570 nm, was clearly observed. The soma was 
visible above the probes and out of the light path. After each 
experiment, the fiberoptics were withdrawn and the axon was 
clearly visible, stained purple by the dye in the mass of tissue 
which had been between the fiberoptics. We could not see 
smaller processes, however, since our observations were limited 
to a dissecting microscope. Nine cells were successfully studied, 
and very small increases in absorbance were observed during 
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Figure 5. Persistence of somatic calcium-activated outward current 

during dopamine application. A, Control cell is depolarized from -40 
mV to -35 mV for 4 set eliciting the SIC and SOC; then calcium is 
iontophoresed near the inner surface of the soma membrane producing 
a transient outward current response (arrow). B, Bathing the cell in 
dopamine (500 FM) eliminates the SIC and SOC during the depolari- 
zation, but the response to calcium iontophoresis is not reduced. C, 
After washing off dopamine, the SIC and SOC return. The repetitive 
downward deflections in the current trace in A and C are periodic 
EPSCs which are usually inhibited by bath-applied dopamine, hence 
their absence in B. 

lo-set steps to between -30 and -25 mV (Fig. 6). The absorb- 
ance increase was 0.056 + 0.024% (n = 9) prior to dopamine, 
0.021 f  0.010% during dopamine (500 pM) application, and 
0.043 f  0.020% after washing off dopamine. The decrease with 
dopamine and recovery with wash were both significant (p < 
0.01). Signal averaging was used in all cells due to the low 
signal-to-noise ratio with such small absorbance changes. 

Nonuniform space clamp as a source of artifact. The apparent 
decrease of calcium influx in the axodendritic region in dopa- 
mine could result from a decrease in the length constant of R15 
due to dopamine. Specifically, if dopamine reduced membrane 
resistance, depolarization of the axon might be less extensive 
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Figure 6. Effect of dopamine on axodendritic absorbance changes. 
A, Current trace (upper) and absorbance trace (lower) (655-570 nm) 
during a lo-set command from -50 to -25 mV. The absorbance traces 
in A, B, and C are on a different time scale; because they were 
photographed from the display of the averaging computer, each trace 
is an average of 10 commands. The current traces are one of the 
unaveraged single commands used to generate the average absorbance 
change and were traced from a chart recorder graph. A, Control; B, 
same cell bathed in 500 pM dopamine; C, same cell after washing off 
dopamine. 

in dopamoine and thereby would activate less calcium conduct- 
ance during the test depolarizations. We tested the effect of 
dopamine on axon space clamp in two cells. Single-electrode 
voltage clamp was applied at the soma and the axon was 
impaled distally, just before it entered the septum dividing the 
right and left halves of the abdominal ganglion. The axon was 
visualized by injecting the soma with Arsenazo III. The point 
of impalement was approximately 300 pm from the soma as 
measured using a calibrated eyepiece in the dissecting micro- 
scope. This point was at the distal edge of the optical field used 
in the absorbance measurement experiments. Axon voltage was 
well controlled, prior to dopamine application, soma depolari- 
zations resulted in axonal depolarizations which were between 
0.5 and 1.5 mV more depolarized than during dopamine appli- 
cation (Fig.7A). Thus, in the axon region monitored optically, 
the depolarizations attained in control and in dopamine were 
probably within 1 mV of each other. 

The maximum change in axonal absorbance expected on the 
basis of altered space clamp could be estimated if the relation- 
ship between level of depolarization and increase in absorbance 
was known. In six of the cells used for the axonal absorbance 
recordings, test depolarizations to levels between -37 and 5 
mV were performed in the absence of dopamine. The peak 
increase in absorbance is plotted against the level of depolari- 
zation (Fig. 7B). The slope of these lines is 0.0045 + 0.002% 
absorbance change/mV. Thus, if the entire region optically 
monitored were 1 mV less depolarized in dopamine, a decrease 
in absorbance of 0.0045% might be expected on the basis of 
space clamp alteration. The mean decrease in peak absorbance 
was 0.035% or nearly &fold that expected from space clamp 
alterations alone, based on these best case estimates. 

Isolated somatic currents in R15. If, as the absorbance meas- 
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Figure 7. Axon voltage changes and absorbance versus command 
voltage in axodendritic region. A, Top row (from left to right): Voltage 
trace at soma during depolarization from -50 to-40 mV, voltage trace 
from axon 300 pm distal from the soma, and current trace at the soma, 
all before dopamine. Bottom row: repeat step while cell was bathed in 
500 @M dopamine. B, Graph of the absorbance increase (ordinate) 
versus the command potential (abscissa) for six cells. Lines were drawn 
by hand and slopes were taken from the lines. 

urements indicate, dopamine acts primarily on the axodendritic 
calcium influx to produce its profound effects on the I-V curve 
(see Fig. lB), this suggests that elimination of the axodendritic 
portion of the cell should eliminate the dopamine response. To 
test this hypothesis we attempted to ligate the axon of R15 
within 50 to 100 pm of the soma. Most commonly, ligation 
severely damaged the cell, markedly increasing slope conduct- 
ance and blocking spike generation, but 2 of 25 cells were 
successfully ligated (see “Materials and Methods” for criteria 
of successful ligation). Ligation was considered complete when 
spontaneous and evoked postsynaptic currents were absent. 
Prior to ligation, stimulation of the branchial nerve elicited a 
prolonged outward current during which the SIC appeared to 
be blocked (Fig. 8A). After ligation, the SIC was reduced or 
eliminated, and stimulation of the connective elicited no de- 
tectable response (Fig. 8A). In addition, the SOC following 
voltage clamp commands up to -15 mV was eliminated by 
ligation in both cells, although slow post-tetanic outward tail 
currents could be elicited by long bursts of driven spikes. 

The I-V curve of one of the ligated cells is shown in Figure 
8B. This cell showed a normal response to dopamine prior to 
ligation. After ligation the cell had lost its SIC, but there was 
no evidence of nonspecific conductance increase. Dopamine 
had a very small effect on the I-V curve after ligation. This cell 
did not burst after ligation but would fire long trains of spikes 
with small depolarizing current injection or fire slowly repeti- 
tive spikes without depolarizing current (Fig. 8C). The other 
ligated cell retained some negative slope resistance region after 
ligation and showed spontaneous bursts of five to seven spikes 
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Figure 8. Axonal ligation. A, Pre-ligation current record (holding 
potential -50 mV) shows steps to -35 mV for 5 set (0) and stimulus 
to branchial nerve (A) eliciting a prolonged outward current response 
during which a command does not elicit an inward current. Post- 
ligation, the stimulus does not produce an outward current and the 
same command elicits an outward current with no following SOC. B, 
I-V curves from ligated cell showing dopamine (500 pM) effect pre- and 
post-ligation. C, On the left is a typical burst from the cell pre-ligation 
and on the right is the response to 3 nA injected depolarizing current 
post-ligation. Note that spike overshoots are clipped by the pen re- 
corder. 

separated by hyperpolarized interburst intervals. Dopamine 
(500 pM) did not change the I-V curve nor did it inhibit the 
bursting activity post-ligation. 

Discussion 

These experiments indicate that a significant component of 
the dopamine effect on R15 may be due to reduced calcium 
influx. We also must emphasize that our experiments do not 
exclude additional potential effects of dopamine upon other 
currents. For instance, a component of the SIC may be sodium 
mediated (Barker and Smith, 1978; Wilson and Wachtel, 1978) 
and, therefore, dopamine could reduce sodium influx as well. 
Ascher (1972) suggests that dopamine increases potassium 
conductance, and this possibility also is not yet ruled out. 
Nevertheless, whatever other effects dopamine may have on 
R15, it clearly seems to reduce axodendritic calcium influx 
during small depolarizing commands. 

Dopamine also reduces the SOC following subthreshold de- 
polarization of R15. The SOC has been characterized both as 
a calcium-dependent potassium current (Johnston, 1980) and 
as a calcium-mediated transient inactivation of persistent SIC 
(Adams and Levitan, 1981; Kramer and Zucker, 1983). We also 
found that the SOC is dependent upon increases in (Ca)i. Our 
data are more compatible with the SOC being a transient 
inactivation of persistent SIC because the SOC did not seem 
to invert with hyperpolarization or to have significant sensitiv- 
ity to extracellular K+. Regardless of which mechanism ac- 
counts for the SOC, its reduction by dopamine is compatible 
with partial blockade of calcium influx by this neurotransmit- 

ter. I f  the SOC is an axodendritic calcium-dependent potassium 
current, the decrease in calcium influx seen in Arsenazo III 
experiments may explain its reduction. If  the SOC represents 
transient inactivation of persistently activated SIC channels, 
then dopamine could block the SOC by eliminating the SIC. 
Since the SIC clearly seems to have a component of calcium 
influx (Gorman, et al., 1982), dopamine would be expected to 
reduce calcium influx, as was observed. 

Calcium influx into the soma of R15 persisted in dopamine 
but did not elicit an SOC, even though calcium iontophoresis 
into the soma elicited a typical calcium-activated potassium 
current (Gorman and Hermann, 1979). We suggest that the 
increases in (Ca)i seen at the soma during these modest depo- 
larizations were insufficient to activate the channels activated 
by the local iontophoresis of calcium, which probably produces 
higher local (Ca)i levels (Gorman and Hermann, 1979; Gorman 
and Thomas, 1980). With large depolarizations, occasionally to 
-25 mV (Fig. 1C) and higher (not illustrated), we observed 
SOCs in dopamine. The SOCs following greater depolarization 
may represent calcium-dependent potassium currents activated 
by larger increases in (Ca)i. 

Dopamine did reduce axodendritic calcium influx during 
subthreshold, prolonged depolarizations, and the reduced cal- 
cium influx probably accounts for an unknown portion of the 
outward shift of the shift of I-V curve. The changes in absorb- 
ance in the axodendritic region cannot be quantitated in abso- 
lute terms of calcium flux because the membrane area and dye 
concentration within the small processes being monitored are 
unknown. Nevertheless, the small size of the absorbance 
changes recorded from the axodendritic region does not neces- 
sarily imply that the axon experiences much smaller changes 
in (Ca)i than does the soma. The small signal reflects primarily 
the small volume of active tissue in the total region being 
monitored when the fiberoptics were placed in the neuropil. 
For example, assuming the axon can be represented as a 30. 
pm-diameter cylinder traversing the 250~pm-diameter optical 
field, the profile of the axon would eclipse only 15% of the face 
of the receiving fiberoptic. Therefore, the changes in (Ca)i in 
the axodendritic region could actually be quite large and could 
account for a significant portion of the net SIC. 

It has been demonstrated that iontophoretic dopamine ap- 
plication is ineffective on the soma but does elicit responses in 
the axodendritic region (Ascher, 1972). Our finding that dopa- 
mine did not reduce calcium influx into the soma, but reduced 
axodendritic calcium influx, agrees with this topography of the 
dopamine response. In addition, in two successfully ligated 
cells, dopamine had only a very small effect on the isolated 
somata. Although two cells is a small number upon which to 
base conclusions, we have never encountered an intact R15 
neuron in which 500 FM dopamine has not produced a dramatic, 
large change in the I-V curve (Wilson and Wachtel, 1978; Gospe 
and Wilson, 1980, 1981). These observations suggest that re- 
duction of calcium influx in the axodendritic membrane of R15 
might have profound influence on the behavior of these neu- 
rons. Dopamine clearly modulates the bursting rhythm of the 
cell (Gospe and Wilson, 1980). In addition, dopamine elim- 
inates afterpotentials following single spikes in R15 (Lewis, 
1984), and the evidence suggests that these afterpotentials are 
generated in the axodendritic region (Adams and Levitan, 1982; 
Lewis, 1984) and activated by calcium influx (Lewis, 1984). 
Therefore, to modulate bursting rhythms powerfully, perhaps 
calcium influx need be changed only in the axodendritic mem- 
brane. 

The results of our axon ligation experiments are compatible 
with the experience of other investigators. Alving (1968) also 
found ligation a difficult technique, with a success rate of about 
10%. One of the successfully ligated cells showed bursting 
activity, and this bursting was not suppressed by dopamine. 
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The other cell did not burst and lost all of its negative slope 
resistance region. The difference between the two cells probably 
reflects variation in several factors, e.g., the number of SIC 
channels on the soma versus the axon, the magnitude of the 
potassium conductance on the soma versus the axon, the 
amount of axon remaining proximal to the ligature, and the 
effects of the unavoidable mechanical injury accompanying 
ligation. Nevertheless, the results are compatible with the do- 
pamine effect being largely axodendritic. The data of Adams et 
al. (1980) also agree with our observations. These investigators 
showed that one effect of stimulating the branchial nerve was 
elimination of the SIC, as was observed prior to ligation in our 
cells. Furthermore, dopamine, presumably by eliminating the 
SIC, attenuated this effect of branchial nerve stimulation as 
we observed also (results not shown). Thus, dopamine seemed 
to be acting on the same conductance which was eliminated by 
inhibition of long duration. We observed that axonal ligation 
eliminated the synaptic effect of branchial nerve stimulation 
and markedly reduced the effect of dopamine, suggesting that 
both phenomena are occurring distally. 

One interpretation of the reduced absorbance change during 
depolarization in dopamine is that dopamine actually reduces 
calcium conductance. However, this conclusion must remain 
tentative. Dopamine does alter the space clamp of the axon. 
Our estimation of the consequences of altered space clamp 
could be inadequate. We measured the voltage control in the 
axon only, and Winlow and Kandel (1976) demonstrated nu- 
merous smaller dendritic processes arising from the axon in the 
neuropil under RX. Dopamine could conceivably lead to larger 
alterations in space clamp in these fine processes. If  so, dopa- 
mine could cause the decreased calcium influx, not by reducing 
calcium conductance but by making depolarization of these fine 
processes less uniform. The same considerations apply to the 
elimination of the SOC. If calcium influx were reduced by poor 
space clamp, the SOC would be expected to be smaller. 

In spite of the question of uniform space clamp, certain 
conclusions can be drawn from these experiments. First, cal- 
cium influx during small depolarizations in R15 is not limited 
to the soma but occurs in the axodendritic region as well. The 
axodendritic calcium influx seems to account for a significant 
portion of the SIC and negative slope resistance region based 
on the axon ligation results. Axonal calcium currents have been 
seen in other, nonbursting Aplysia neurons by Horn (1968). 
Therefore, the calcium contribution to the SIC is not limited 
to the soma, and studies of the SIC must take this extended 
distribution into account. Second, the SOC may not be gener- 
ated primarily in the soma. Dopamine eliminated the SOC but 
did not reduce somatic calcium influx, nor did it reduce outward 
current responses to injected calcium in the soma. Axonal 
ligation eliminated the SOC also. These observations suggest 
that the SOC is generated in the axodendritic region. Finally, 
these experiments show that absorbance measurements can be 
made in the axodendritic region of R15. Unlike the soma, this 
area is rich with presynaptic endings (Frazier, et al., 1967), and 
other experiments exploring modulation of calcium conduct- 
ance by synaptic input or by artificially applied transmitters 
and modulators would seem feasible. 
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