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The molluscan neuropeptides, small cardioactive peptides 
A and B (SCP,,), are known to modulate the responses of 
many molluscan central and peripheral target cells (see re- 
view by Lloyd, 1986), but their full range of physiological 
actions remains unknown. External application of SCP, (l- 
10 PM) modified diverse ionic conductances in a set of giant 
identifiable neurons in the brain of the marine mollusk Her- 
missenda crassicofnis. SCP, caused a transient depolari- 
zation and increased input resistance that enhanced or pro- 
moted cell firing. Under voltage-clamp, SCP, reduced a 
“background” residual current (a), reduced early transient 
K+ current (/,,), reduced a delayed K+ current (Cm), and en- 
hanced /,,, c, and a Ca2+-activated K+ current, /K,c.Y In tet- 
raethylammonium chloride (TEA) saline, SCP, enhanced the 
amplitude and duration and reduced the threshold of evoked 
Ca and Ba spikes. lmmunocytochemical staining techniques 
have localized an endogenous SCP,-like peptide in numer- 
ous somata and their neurites in the nervous system of Her- 
missenda (Longley and Longley, 1985; Watson and Willows, 
1986). These data are consistent with a role for SCP, as a 
neurotransmitter/neurohormone modulator of neuronal ex- 
citability in Hermissenda. A neurotransmitter role for endog- 
enous SCPs has been proposed for a synaptic pair of cul- 
tured neurons in the Aplysia buccal ganglion (Lloyd et al., 
1986). SCP, has been implicated in the control of feeding 
motor output in Aplysia (Sossin et al., 1986) and Trifonia 
(Willows and Watson, 1986), and in the presynaptic facili- 
tation of sensory neurons mediating the gill and siphon de- 
fensive withdrawal reflex in Aplysia (Abrams et al., 1984). 

The notion that bioactive peptides, in addition to their roles as 
neurohormones, can serve as neurotransmitters and modulators 
is gaining acceptance (Krieger, 1983). Neuropeptides most likely 
represent the greatest diversity of chemical messengers in the 
nervous system and peripheral tissues (Scheller et al., 1984). 
Two small neuropeptides with cardioexcitatory actions, termed 
small cardioactive peptide A (SCP,) and B (SCP,), 11 and 9 
amino acids long, respectively, are found in many gastropod 
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species (see review by Lloyd, 1986). They are derived from a 
common precursor (Mahon et al., 1985), and have been purified 
and sequenced (Morris et al., 1982) and are thus available for 
experimentation. Biochemical and immunocytochemical tech- 
niques have localized endogenous SCP, in the gut and nervous 
system of ApZysia (Lloyd et al., 1985), Tritonia (Masinovsky et 
al., 1985) Hermissenda (Longley and Longley, 1985; Watson 
and Willows, 1986) and other nudibranchs (Watson and Wil- 
lows, 1986). The SCPs are suspected of playing a role in the 
initiation and modulation of the feeding motor program, since 
they are most concentrated in the buccal ganglia, and have been 
reported to stimulate contractile activity in the gut, enhance the 
contraction of the radula closer muscle, and increase the output 
of the burst pattern generator that drives feeding movements 
in Aplysia (see review by Lloyd, 1986). In several different mol- 
luscan neurons, the SCPs have been reported to coexist with 
other peptides (W. H. Watson, personal communication) and 
conventional transmitters like ACh (Lloyd et al., 1985; Masi- 
novsky et al., 1985). In Aplysia, the SCPs act at multiple sites. 
SCP, and SCP, have an excitatory action on identified cultured 
buccal neurons (Lloyd et al., 1986). SCP, acts centrally and 
peripherally to modulate the gill-withdrawal reflex in Aplysia, 
in addition to having cardioexcitatory actions (Cawthorpe et al., 
1985; Lukowiak and Colmers, 1987). In siphon sensory neurons 
that mediate the defensive withdrawal reflex in Aplysia, the 
SCPs mimic the presynaptic action of serotonin by also facili- 
tating transmitter release due to CAMP-dependent closure of 
the S K+ channel (Abrams et al., 1984). 

The present study was undertaken to explore the physiological 
actions of SCP, on I,, and diverse K+ currents that have been 
characterized in a set of identified pedal and pleural ganglion 
neurons in the brain of Hermissenda, some of which are also 
sensitive to serotonin and CAMP (Fig. 1) (Acosta-Urquidi, 1985; 
Jacklet and Acosta-Urquidi, 1985). This study demonstrates 
that SCP, simultaneously suppresses diverse K+ currents and 
enhances Z,, and ZKcca,, with the resultant net effect of enhancing 
neuronal excitability. A preliminary account of these findings 
has been reported (Acosta-Urquidi, 1986). 

Materials and Methods 

Animals were collected locally (Westcott Bay, San Juan Island, WA) 
and kept in running, ambient (12°C) seawater aquaria at Friday Harbor 
Labs. The circumesophageal nervous system was dissected free and 
pretreated with 1 mg/ml protease type VII (Sigma) in seawater for ca. 
10 min at 20-2 1°C in order to digest the connective sheath and permit 
easy 2-electrode impalements. Most measurements of effective mem- 
brane input resistance (R,,) and excitability to directly evoked spikes 
were made using 2 microelectrodes; one for passing current, the other 
for recording membrane potential changes. Conventional 2-electrode 
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voltage-clamp techniques were used. Command pulse rise time was ca. 
100 psec, settling time l-2 msec at a gain of 2500. Membrane current 
was measured using a virtual ground circuit connected to the bath ref- 
erence Ag/AgCl electrode. Glass electrodes (AM Systems, thin-wall) had 
resistances of S-10 MQ. filled with 3 M KC1 or 3 M K acetate. The choice 
of anion had ,no effect on the results. Voltage and current records were 
monitored on a pen writer (Gould 2Xhannel,40 Hz cutoff frequency) 
and photographed on the CR0 screen. Fresh stock solutions of 1 mM 
SCP, (Peninsula Labs, Belmont, CA) were made in distilled water 
and refrigerated before use. Test solutions were added to the bath (ca. 
1 ml) and excess fluid was removed by suction. SCP, was bath-applied 
in all voltage-clamp experiments. For some current-clamp experiments, 
SCP, was “puffed” directly onto the cell being recorded by pressure 
ejection (Knox-Norton electropneumatic valve; 10-20 psi for 0.3-l set) 
from a micropipette with a broken-off tip loaded with SCP, (0.1 mM) 
placed 50-100 PM from the cell surface. 

Saline composition for the study of diverse K+ currents was (in mM): 
430 tetramethylammonium chloride (TMA; Aldrich), replacing equi- 
molar Na+, 10 CaCl,, 10 KCl, 48 MgCl,, 10 Trizma base (Sigma), pH 
adjusted to 7.7. To study Ic=, 100 mM tetraethylammonium chloride 
(TEA; Aldrich) replaced equimolar TMA to block ZK(“), and 5 mM 
4-aminopyridine (4-AP; Aldrich) blocked I,. In some experiments, 10 
mM Ba*+ replaced Ca*+ in order to study inward current (I,) free of 
contaminating ZK,ca,. CdCl, (1-5 mM) was effective in blocking Zca and 
Ca spikes (Jacklet and Acosta-Urquidi, 1985). All experiments were 
performed at 16-l 8°C. As standard protocol for voltage-clamp exper- 
iments, current-voltage (Z-v) curves were obtained before (controls) 
and at various times after SCP, was added. 

Data were taken from a select set of identifiable pedal and pleural 
ganglion giant cells 80-200 pm in diameter (LP,_,, LPltc, LPlc, LPI,_,, 
and RPl,; see Fig. l), which were identified on the basis ofcolor, position, 
relative size and electrophysiological signature. All these cells have a 
full complement of diverse K+ currents and Ze, (cf. Adams et al., 1980), 
but magnitude and kinetics vary considerably between different cells. 
This latter feature assists in the recognition of identified neurons (J. 
Acosta-Urquidi, unpublished observations). The effects of SCP, on the 
inward Cl- rectifier (cf. Chenoy-Marchais, 1982) exhibited by some cells 
was not systematically studied. Also, Na+ currents were not studied. 

Results 
SCP, excitatory action 
In seawater, bath application of SCP, (l-10 FM) had an exci- 
tatory action on the identified left pedal neurons tested. To 
examine direct effects on a given cell, the technique of “puffed” 
focal delivery of SCP, was employed. Within seconds, an ex- 
citatory response to the peptide was recorded; it consisted of 
depolarization and initiation of sustained firing or enhancement 
of the existing firing rate (Fig. 2A). The SCP,-induced depolar- 
ization (< 10 mV) was accompanied by an increased R,, (25- 

Figure 1. Schematic map of dorsal 
surface of Hermissenda circumesopha- 
geal ganglion, showing relative sizes and 
locations of the giant identified neurons 
whose currents are being studied. LP, 
left pedal ganglion; LPI, left pleural 
cluster; RPI, right pleural. Shading in- 
dicates cells with short-duration spikes 
(3-8 msec) that undergo very small 
broadening and little accommodation 
during repetitive firing. LPltc and LPlc 
or LPI, are sometimes pigmented white. 
Some LPI cluster cells have higher input 
resistance and wider spikes (lo-20 
msec) with a shoulder on the repolar- 
izing phase, that undergo pronounced 
broadening and accommodation dur- 
ing repetitive firing. 

50%) which was not secondary to depolarization owing to the 
presence of anomalous rectification in some of these cells (J. 
Acosta-Urquidi, unpublished observations). An example of in- 
creased R,, [controlled for changes in membrane potential (V,)] 
and enhanced excitability after SCP, was “puffed” onto cell LP, 
is shown in Figure 2B. Repeated “puffed” applications of SCP, 
failed to elicit the initial excitatory response, suggesting possible 
desensitization of the extrasynaptic receptors distributed over 
the somata. 

To further examine the mechanism of direct membrane ac- 
tions of SCP, on the set of identified Hermissenda neurons under 
study, voltage-clamp experiments were performed. SCP, effects 
were tested on diverse K+ currents and ZCa, previously charac- 
terized. 

Efects on background residual current &J 

I, is a “background” current present in varying degrees in all 
the cells studied. Some left pleural cluster cells consistently have 
very small I, in comparison to other cells, notably LP,-, and 
RPl,-, (see Fig. l), which have a sizable I, component. I, is 
probably carried mostly by K+ ions, since its reversal potential 
(ca. - 65 mV) shifts more positive in high external K+ solutions 
(ca. 30 mV for a 3-fold increase in [K,,], in reasonable agreement 
with the Nemst equation prediction for a K+-selective conduc- 
tance), and the slope conductance also increases (J. Acosta- 
Urquidi, unpublished observations). In the range - 30 to - 160 
mV, I, is a linear, time-invariant and voltage-insensitive cur- 
rent, since slope conductance is independent of holding potential 
(V,,) in the range -40 to - 100 mV. At potentials more positive 
than - 30 mV, ZR starts to exhibit moderate voltage-dependence 
(Fig. 3A, b). I, is resistant to external TEA and is only slightly 
reduced by 4-AP, Cd, and EGTA injection, but is strongly sup- 
pressed by internal Cs+ (J. Acosta-Urquidi, unpublished obser- 
vations). Z, in these cells is also consistently suppressed by 
serotonin and CAMP (Acosta-Urquidi, 1985, 1986; Jacklet and 
Acosta-Urquidi, 1985). 

SCP, (l-10 KM) consistently reduced the slope conductance 
(560 * 150 nS control versus 370 1- 80 nS after SCP,; p < 
0.05, paired samples; II = 9 cells) of linear I, measured in the 
range -30 to - 160 mV. The degree of SCP, reduction of ZR 
was variable between different cells, being most prominent in 
cells with a sizable I, component. Figure 3 illustrates the re- 
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Figure 2. Excitatory responses to focal application of SCP, onto identified pedal neurons recorded in seawater. A, SCP, “puffed” onto cell LP, 
caused depolarization and robust firing for about 3 min. B, SCP, produced a depolarization, increased input resistance (R,,), and enhanced excitability 
in cell LP,. a, Control responses before SCP,; constant hyperpolarizing pulses (- 1.5 nA, 500 msec) monitor R,,, and a superimposed depolarizing 
step (+ 1.0 nA, 10 set-arrowheads) elicits a train of spikes interrupted by the hyperpolarizing pulses. Cell LP, was silent (V,, -64 mV) and 
received excitatory synaptic input (small EPSPs are just detectable). b, Depolarization and increased R,, seconds after SCP, was “puffed” onto cell 
(the increased R,, was not secondary to depolarization). Note slower time base. c, At 1 min after SCP, was applied, EPSPs triggered spiking tnat 
most likely was due to depolarization and increased R,,. V, was -56 mV. d, At 3 min after addition of SCP,, V, returned to -63 mV and the 
cell was silent. R,, was slightly enhanced and a + 1 .O nA step revealed an increased firing rate (increased excitability). The smaller R,. after spike 
train was transient and associated with postburst hyperpolarization. e, At 5 min a volley of EPSP depolarized LP, and led to spiking. An imposed 
hyperpolarization (- 1 .O nA) reduced firing rate and revealed further increased R,, and EPSPs clearly. 

duction of I, by SCP, in 2 different cells, LP, and LPlc. In LP,, 
SCP, effects on I, were measured in the ranges -80 to - 150 
and -30 to - 10 mV. For this experiment, steady holding cur- 
rent was reduced approximately 2 nA by SCP, at V,, -80 mV. 
Figure 3B illustrates the suppression of I, in LPlc by SCP,. I, 
was measured at - 100 and +20 mV, evoked in the presence 
of TEA plus 4-AP and Cd, which blocked Zr+,;ZA, ZK(Caj, and 
Z CS’ 

No detectable transient shifts in holding current (measured 
at the usual sensitivity of the recordings, 5-10 nA/cm) were 
apparent at a V, of -40 or -80 mV in Na+-free saline after 
SCP,. If desensitization did occur, bath application of SCP, may 
have precluded the recording of rapid transient conductance 
changes (shifts in holding current). It remains to be determined 
whether “puffed” SCP, applications reveal transient conduc- 
tance changes. 

In TEA plus 4-AP saline, SCP, increased R,, an average of 
38.3 t- 5.4%; n = 15 cells. The SCP,-induced increase in R,, at 
or near rest is consistent with the reduction of I, (cf. Jacklet 
and Acosta-Urquidi, 1985). 

Effects on I, 

Two species of A current, distinguished by differences in kinetics 
and voltage range of activation-inactivation, were encountered 
in the different cells studied. Cells with short-duration spikes 
(3-8 msec at half-amplitude) that undergo little broadening and 
accommodation to sustained depolarization (see Fig. l), exhibit 
a “fast” IA type (ZAr), which typically peaks in less than 10 msec, 
has a Hoff of ca. 30-50 msec, activates at ca. -40 mV, and is 
half-maximally inactivated at ca. - 65 mV at 18°C. Some cells 
in the left pleural cluster, notably LPltc, LPc and LPI, (see Fig. 
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Figure 3. SCP, reduced a “background” residual current (Z& A, Cell LP, in 0 Na, TMA plus Cd saline. a, Z-V plot of linear component of I, 
before (control, open symbols, I, slope conductance, 3 18 nS), and after (closed symbols, 200 nS) 5 PM SCP,, evoked by hyperpolarizing steps. The 
reversal potential was ca. - 65 mV, Vh = - 80 mV. Sample I, responses at - 140 mV are shown. No measurements were made in the linear portion 
of I, between -80 to - 30 mV in this case. b, Same experiment, segment of Z-l/plot of I, measured at the end of 800 msec depolarizing command 
pulses before (control) and after SCP,. B, Cell LPlc in TEA plus 4-AP Ca2+ saline with added Cd*+ to block Zc,, showing SCP, (5 PM) suppression 
of I, at negative and positive potentials. In this and all subsequent figures, command pulses are to the indicated potential (absolute value in mV) 
from the V, indicated at the foot of each pulse and calibration bar is 2 set for I, responses elicited by negative command pulses. 

1) have wider spikes (10-20 msec) with a distinct shoulder on maximal inactivation at ca. -40 mV). Both I,, and ZAr are 
the falling phase which exhibit pronounced broadening and ac- blocked by 5 mM 4-AP. At voltages more positive than -10 
commodation to evoked firing. These cells exhibit a “slow” mV, I,, usually begins to overlap with ZKCvj, but the superim- 
ZA(ZAs), which typically peaks at ca. 20-30 msec, has roff of ca. posed ZKCvj can always be detected as the slower component, 
200-300 msec and an activation-inactivation curve that is shift- which inactivates to paired pulses (refer to Fig. 5). In some 
ed more positive (activation at ca. -35 to -20 mV and half- pleural cells, Z,, has kinetics of decay that closely match those 

Table 1. Summary of ionic currents modulated by SCP. in identified Hermissenda neurons 

Decreased’ Increase& 

K+ currents 
Background residual I, 32.35 + 17, n = 9b 
Early transient 

Z Af 67.6 f 7.84, n = SC 
Z 

Delayed rectifier ZK(“) 

52.5 f 8.42, n = Q 
43.4 k 5.8, n = 6 

Ca2+-activated Z KGd 
Ca2+ current 

Z ca 
Z BB 

0 Average percentage change + SEM, n = number of cells. 
h Linear slope conductance values. 
c N.S., Student t test. 
d Measured at + 30 mV. 

40.6 -t 13, n = 7d 

87.5 + 39.7, n = ti 
59.6 + 13.9, n = lo’ 

F Measured at 0 mV (N.S., Student t test). 
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Figure 4. SCP, suppressed A currents. A, “Fast” I, (Z,J recorded in 
cell LP, from same experiment as in Figure 3A. Activation plot of peak 
I,, amplitude (corrected for linear ZR), evoked from V, - 80 mV, before 
(Con) and after SCP,. Inset, Sample responses show SCP, reduced peak 
I,, and steady-state amplitude, which is I, (see text). B, “Slow” I, (I,J 
recorded in pleural cell LPI,. Activation curve for peak I,, amplitude 
(I, corrected) before (Con), and after application of SCP, (5 PM). Sample 
responses at right show SCP, reduced the I,, peak (32% at - 10 mv) 
and steady-state amplitude, which is I,. Note, also, that SCP, reduced 
I, evoked by negative pulses. Saline for both A and B was 0 Na, plus 
TMA with added Cd*+ to block I,,. 

of ZK(“,. However, in these cells, ZKcv) is resistant to 4-AP and is 
blocked by TEA, which does not suppress IAs (J. Acosta-Urquidi, 
unpublished observations). 

SCP, reduced the peak amplitude and steady-state value of 
both I,, and ZAr (Fig. 4, A, B). The steady-state component 
corresponds to I,, since it is the residual outward current seen 
after 4-AP block of I, (the transient component of outward 
current). The average percentage reduction in peak IA (both 
“fast” and “slow” species pooled) was 59.4 f 6.03, y1= 11 cells. 
Table 1 lists the average percentage reductions in ZAf and ZAr 
separately. The suppression of I,, and ZAs occurred in the pres- 
ence of Cd*+, which blocked ZCa, and hence cannot be attributed 
to an induction or enhancement of Zca by SCP,, which can 
attenuate peak I, because of close temporal overlap. Suppres- 
sion of I, by SCP, would tend to promote repetitive firing (cf. 
Connor, 1980). 

Effects on delayed K+ current, I,, 
The largest component of outward current in these cells is ZKcv). 
Isolation of ZKcv) was accomplished by minimizing contamina- 
tion by IA (blocked either with 4-AP or by setting I’,, at a level 
at which I, is completely inactivated, e.g., -40 mV for cell LP,), 
and ZKtCa) (Cd*+ was added to block I,-,, monitored by a block 
of Ca spikes; see Fig. 8C). ZKcv) is blocked by external TEA (100 
mM) and activates more slowly and at more positive potentials 
(typically ca. - 10 mV or more positive) than I,. ZKcv) charac- 
teristically displays pronounced voltage- and time-dependent 
inactivation to identical paired or repetitive pulses. This inac- 
tivation can be removed by a conditioning hyperpolarizing 
(> -20 mV) prepulse (e.g., Fig. 54) or rest (15-30 set for com- 
plete recovery) (cf. Ruben and Thompson, 1984). 

SCP, consistently reduced peak ZKcv) (43.4 f 5.8%, n = 6 cells) 
and the steady-state component in records of Z,,,, in all cases 
tested (Fig. 5). The reduction of the steady-state component 
measured at the end of an 800 msec command pulse in records 
of ZKcv) (Fig. 5, A, C) mainly reflects the suppression of I, by 
SCP,. 

Efects on I, and Ca2+ spikes 
In 0-Na TEA saline, overshooting Ca*+ spikes, lasting tens of 
milliseconds, can be evoked in all the cells studied. These Ca*+ 
spikes and their underlying I,, are blocked by Cd (l-5 mM) (Fig. 
8C). Z,-, amplitude varies considerably across different cells, 
being largest for the 2 giant cells (LP, and RPl,; see Fig. 1). In 
all cells I,, inactivates, but the degree of inactivation (measured 
as twin-pulse inactivation at 0 mV) varies considerably across 
different cells. I,-, typically activates at ca. - 35 mV, and peaks 
between 0 and + 10 mV. Ba*+ effectively replaces Ca*+ as the 
charge carrier. Ba*+ spikes are of longer duration (up to ca. 1 
set), and I,, also exhibits twin-pulse inactivation, but the rate 
of I,, inactivation is slower than that for I,,, which is due in 
part to the absence of a contaminating ZKcCa) (compare Figs. 6B 
and 7B). 

SCP, enhanced I,-, and I,, (measured at 0 mV) by 87.5 + 
39.7%, n = 6 cells, and 59.6 & 13.9%, n = 10 cells, respectively 
(data from cells LP,, LPlc, LPI,, and RPl,). Examples of this 
effect are shown in Figures 6, A, B; 7B. However, reduction of 
I, by SCP, could lead to an apparent increase in inward current, 
since Cs+ injection, which also suppresses I,, can produce a 
slight enhancement of I, (J. Acosta-Urquidi, unpublished ob- 
servations). Despite these considerations, a direct enhancement 
of I,, and I,, by SCP, is possible, as suggested by the complete 
Z-I/ plot of I,, (Fig. 6B), and the fact that in some cases SCP, 
enhanced I,-, with just detectable suppression of I, (Fig. 7B). 
Further tests on the I,-. in a Cs+-loaded cell to remove I, con- 
tamination are necessary to convincingly demonstrate a direct 
enhancement of I,, by SCP,. 

SCP, affected Ca2+ or Ba*+ spikes in 2 ways: (1) by augmenting 
their amplitude (18.7 f 4.4%, n = 9 cells) and duration (average, 
503 f 153%, n = 12 cells); and (2) by reducing spike-initiation 
threshold (not shown), which resulted in increased excitability. 
Examples of enhanced spike amplitude and duration are shown 
in Figure 6A, a. Enhanced amplitude and increased excitability 
(reduced threshold not shown) after SCP, are shown in Figure 
7A (refer also to Fig. 2B for increased excitability after SCP,). 
The enhanced amplitude and duration of Ca*+ and Ba2+ spikes 
always correlated with enhancement of Zca and I, (Fig. 6A, a, 
b). The increase in Ca2+ and Ba*+ spike amplitude by SCP, was 
probably due mostly to increased Z,, and I,. The sizable in- 
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tamination. ZKcv) responses evoked from 
V,, -40 mV (at which I,, is completely 
inactivated in this cell), exhibit char- 
acteristic voltage- and time-dependent 
inactivation to paired or repetitive 
pulses, which is removed by condition- 
ing hyperpolarization. In this case, twin- 
pulse inactivation is evidenced as a de- 
creased amplitude and increased rate of 
inactivation of the second response. A 
2 set prepulse conditioning hyperpo- 
larization to -80 mV removed inacti- 
vation and restored the first response. 
SCP, (5 PM) reduced peak and the 
steady-state amplitude (which is the I, 
component; see text) and also reduced 
linear I, (response to -80 mV). B, Cell 
LP,. Family of ZKcv) responses before 
(Con) and 10 min after SCP, (35% re- 

-6OJ u -90 
l 50 

duction at +50 mV). C, Z,,,, responses 

1 fi 60 IA in pleural cell LPI, before (Con) and at 

- 13 min after SCP,, which caused a 90% 
400 111. reduction in ueak amolitude and 57% 
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crease in duration could be explained by enhanced I,, and ZBa, 
in conjunction with suppression of ZR, which appears to con- 
tribute to the repolarization of TEA-broadened spikes (cf. Klein 
et al., 1982). As noted earlier, suppression of ZR could also 
contribute to enhancement of ZBa, and hence Ba2+ spike ampli- 
tude, but this may be difficult to quantify. 

Enhanced ZKcCa, could have resulted from increased Ca influx 
due to enhancement of I,, by SCP,. However, a direct SCP, 
effect on ZKccaj is possible. Further experiments on ZKcca), elicited 
directly by Ca*+ injection (cf. Gorman and Thomas, 1980), are 
necessary to test this possibility. It is interesting to note that 
serotonin, which has effects similar to SCP, on all of the other 
K+ conductances studied in these cells (see Discussion), also 
enhances ZK(ea) (Acosta-Urquidi, 1985; Jacklet and Acosta-Ur- 
quidi, 1985). 

In 0-Na, TEA plus 4-AP and Ca*+ saline, depolarization to + 10 In all the aforementioned voltage-clamp experiments, the ef- 
mV or more positive evokes I, and an outward current con- fects of SCP, on diverse ionic currents, excepting ZK(ca)r were 
sisting of I, plus ZK(caj. ZK(caj in these cells can be suppressed by evidenced within 30-60 set, developed steadily over the next 
EGTA injection (J. Acosta-Urquidi, unpublished observations) 3-l 0 min, and usually reached saturation by 15 min. A vigorous 
or indirectly by Cd blockage of I,, (Fig. 8C). In some experi- washout resulted in only partial reversibility of SCP, effects. 
ments, SCP, enhanced an outward current that was identified Table 1 summarizes the SCP, effects on all the currents studied. 

as LCaj- The average increase in ZK(caj was 40.6 + 13%, n = 7 In conclusion, SCP, affected multiple ionic conductances, which 
cells. This effect was usually expressed after 1 O-l 5 min exposure considerably complicated the analysis of its excitatory mem- 
to SCP,, suggesting that it was secondary to a buildup of intra- brane effects. The SCP,-induced conductance changes would 
cellular Ca2+, in addition to the increase in I,,. In 5/7 cells there favor potentiation oftransmitter release (cf. Abrams et al., 1984) 
was also a clear increase in Zc, detected earlier. Enhancement and would also promote enhanced neuronal excitability, such 
OfZ K(Caj by SCP, was not always apparent, as it was masked by as that reported for Aplysiu sensory neurons (Klein et al., 1986). 

the simultaneous suppression of I, by SCP,, and hence detection Such conductance changes in appropriate target cells could sus- 
of this effect depended on the relative magnitudes of ZR and tain or drive a motor pattern generator for stereotyped behav- 
Z K(Caj and the degree to which these currents were affected by iors, such as feeding. Preliminary voltage-clamp studies of Her- 
the peptide in a given cell. An example from cell LP,, showing missenda buccal ganglion cells, which appear to be homologous 
SCP, enhancement of ZKccaj, is shown in Figure 8B. In this ex- to SCP,-sensitive neurons implicated in feeding behavior in 
periment, SCP, first produced a 28% increase in I,-, (not shown). other marine mollusks (Willows and Watson, 1986), revealed 
The enhanced ZK(ca), which was detected later, caused an ap- the existence of IA, ZKcvj, and I,-, (J. Acosta-Urquidi, unpublished 
parent decrease in I,,. observations). 
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a b 

l 30 
10 nA Ll 

Figure 6. SCP, enhanced I,, and Ba2+ 
- 

spike broadening and suppressed I,. A, 
400 mr 

Cell LPlc in 0 Na plus TEA, with 4-AP 
and Ba*+ as the charge carrier (replacing 
Ca2+) to eliminate ZKcCaj contamination B 
(see text). a, SCP, (5 PM) increased R,, 
(27%) and greatly enhanced duration 
(14 x) and amplitude (25%) of directly -40 

evoked Ba2+ spike (V,, -40 mV, t4 
nA, 400 msec pulse). b, Same experi- Con 
ment, under voltage-clamp. Paired de- 
polarizing pulses evoked slowly inac- 
tivating I,. SCP, reduced linear I, 
slightly (arrow) and enhanced I, 328%. 
c, SCP, also reduced outward current 
at +30 mV, which is I, (see text). B, 
Cell LP, in TEA plus 4-AP Ba2+ saline. * Control 

In this case no outward current was de- 
tectable. I-V plot of peak I,, (linear I, 
corrected) before (control, open sym- -10 I 20 nA 

bols), and after (filled symbols, dotted -LFm 
lines) 5 PM SCP,. Inset, ZBa responses -70 - 400 mr 

to paired pulses were enhanced 77% by 
-2wt 

SCP,. Im(nA) 

Discussion 
Immunocytochemical studies of the Hermissendu CNS (Longley 
and Longley, 1985; Watson and Willows, 1986) reveal clusters 
of SCP,-like immunoreactive neurons in the pedal, pleural, ce- 
rebral, and buccal ganglia that send axons out of many peripheral 
nerves. In the brain, some cells have extensive neuritic arbor- 
izations that course in the vicinity of the identifiable cells stud- 
ied. At high resolution, SCP,-like immunoreactivity in fibers is 
visible as a fine network of vaticosities. The fact that responses 
to SCP, were recorded in the select set of cells chosen for this 
study suggests that they have receptors for SCP, and thus may 

be targets for SCP, released by neurons within the ganglion. To 
date, no candidate presynaptic SCP,-containing neurons have 
been identified. Interestingly, cell RPl, (see Fig. 1) reveals strong 
SCP,-like immunoreactivity (Longley and Longley, 1985); it 
remains for future studies to demonstrate whether it mediates 
intraganglionic SCP,ergic transmission. 

The actions of SCP, are very similar to those of serotonin at 
central and peripheral sites in Aplysia (see review by Lloyd, 
1986). In Hermissendu, serotonin also had effects similar to 
those of SCP, on the same ionic conductances in some of the 
same identified neurons used in this study; for example, sero- 
tonin reduced ZR, ZAn IAs, and ZKcV, and enhanced I,, ZKcaj, and 
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Figure 7. SCP, enhanced excitability and unmasked Ia Cell LPI, in 0-Na with TEA plus 4-AP CY+ saline. A, Under current-clamp, +4 Na 
pulses monitored R,, and evoked only a single Caz+ spike before (Con) application of 5 jtM SCP,. V,, -46 mV. R,, was increased and +4 nA pulse 
now evoked 2 larger-amplitude Cal+ spikes after SCP,. V, was set at -46 mV. Longer-duration control pulses failed to evoke 2 spikes owing to 
I,, inactivation (not shown). B, Same experiment under voltage-clamp shows SCP, enhanced I,-= at 0 mV and “unmasked” Zc, at +30 mV. Note 
that in this case outward current was unaffected and I, was only slightly reduced by step to - 110 mV, suggesting a direct effect of SCP, of enhancing 
I,, (see text). 

Ca spike duration (Acosta-Urquidi, 1985, 1986; Jaclclet and to those of serotonin, it is conceivable that SCP, may play a 
Acosta-Urquidi, 1985). Serotonin is present in numerous cells role in the associative learning model of Hermissenda. 
and their processes in the Hermissenda brain (Land and Crow, In siphon and tail sensory neurons of Aplysia, SCP, increases 
1985; W. Watson, personal communication), and has been im- CAMP levels and mimics the effects of serotonin by also closing 
plicated as a putative transmitter/modulator in the oculoves- the S K+ channels via CAMP mediation (Abrams et al., 1984) 
tibular pathway that mediates the learning-induced conductance and inducing an inward current associated with a decreased 
changes in the type B photoreceptor, since it mimics these con- resting conductance (Occor and Byrne, 1985). The reduction of 
ductance changes (Crow and Bridge, 1985; Farley and Auerbach, I, by SCP,, serotonin, and CAMP in Hermissenda giant cells 
1986). Because some type B photoreceptor dark K conductances (Jacklet and Acosta-Urquidi, 1985; Acosta-Urquidi, 1986) re- 
(excepting Zca-k; cf. Alkon et al., 1984) are similar to those pres- sembles the effects of serotonin and CAMP on the macroscopic 
ent in the giant cells of this study, and SCP, has effects similar S K+ current in Aplysia (Klein et al., 1982; Pollock et al., 1985; 
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Figure 8. SCP, enhanced Ca-activat- 
ed K+ current, ZKtcaj. Cell LP, in 0-Na 
with TEA and 4-AP, Ca*+ saline. A, I-V 
plot of peak Zc, (linear I, corrected) and 
steady-state outward current (upper pair 
of truces) measured at end of the first 
pulse, before (Control, open symbols) 
and at 15 min after (closed symbols) 5 
PM SCP,. SCP, enhanced outward cur- 
rent and reduced inward current. At an 
earlier time, a 28% increase in Zc, by 
SCP, was recorded (not shown; see text). 
B, Sample recordings from this exper- 
iment reveal SCP, strongly enhanced 
outward current, which caused an ap- 
parent reduction of peak Ic.. Outward 
current and tail current (arrow) are Z,,,,. 
Note also slight reduction of linear Z,. 
C, Different experiment on cell LP, in 
same saline demonstrated that outward 
current was mostly IKccsj, since Cd 
blocked Ca spike, blocked 1,, and the 
component of outward current activat- 
ed by Ca2+ influx, leaving only I*. 
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Brezina et al., 1987b) and some Helix neurons (Paupardin- 
Tritsch et al., 1985). Single-channel studies (cf. Siegelbaum et 
al., 1982) are necessary to demonstrate conclusively whether I, 
in Hermissenda neurons is the equivalent of the S K+ current. 

FMRFamide, another related endogenous cardioactive pep- 
tide (Price and Greenberg, 1977), has been colocalized with 
SCP, by differential immunofluorescence staining in some Her- 
missenda neurons (W. Watson, personal communication). In 
some Aplysia abdominal and pleural ganglion neurons, 
FMRFamide (independently of CAMP involvement) suppressed 
Z,, and activated an outward current that resembled the S K+ 
current (Brezina et al., 1987a, b). In some ofthe same abdominal 
neurons, FMRFamide induced a Na+ current and enhanced Z, 
(Ruben et al., 1986). In Aplysia sensory neurons, FMRFamide 
opened S K+ channels via a CAMP-independent second-mes- 
senger system, and reversed the closure of S K+ channels induced 
by serotonin or CAMP (Berladetti et al., 1987). By contrast, in 
some identified Helix neurons FMRFamide suppressed both 
the S K+ current and I,, (Colombaioni et al., 1985), and in other 
Helix neurons FMRFamide modulated sodium conductance 
and other diverse K+ conductances (Cottrell et al., 1984). These 
findings demonstrate that molluscan cardioactive peptides mod- 
ulate many diverse conductances and produce different (even 
opposite) membrane effects depending on the individual type 
of neuron tested. The emerging pattern is that in some neurons 
SCP, and serotonin appear to have similar membrane actions, 
whereas FMRFamide and serotonin have opposite effects on 
some of the same conductances. 

The long-lasting and only partially reversible SCP, effects are 
consistent with involvement of internal messengers. In Aplysia 
motoneuron R,,, treatments that elevate CAMP mimic the phys- 
iological response to egg-laying hormone, ELH (Ram, 1983). In 
Aplysia sensory neurons, present indirect evidence is consistent 
with CAMP mediation of the SCP, effects (Abrams et al., 1984; 
Occor and Byrne, 1985). In Aplysia central and peripheral tis- 
sues, SCP, increases adenylate cyclase activity (Cawthorpe et 
al., 1985). In the Hermissenda cells studied, I found that treat- 
ments that elevated intracellular CAMP mimicked the SCP,- 
induced conductance changes. These treatments included 
application of 8-BrcAMP (a nonhydrolysable, soluble CAMP 
analog), forskolin (an activator of adenylate cyclase), and Ro- 
20- 1724 (a phosphodiesterase inhibitor), all of which reduced 
I,, IA, ZK(“), and enhanced I,, (Acosta-Urquidi, 1985). 

The SCP,-induced modulation of conductances reported in 
this study would tend to favor a rise in free intracellular Caz+ 
(Ca2+), because of the enhanced amplitude and duration of Ca2+ 
spikes and the increased number of spikes during a burst. Ad- 
ditionally, SCP, might cause release of internal Ca2+ or inter- 
ference with internal Ca2+ buffering, which might be detectable 
as activation of ZKcca). In a number of cases, I recorded a sec- 
ondary enhancement of the steady-state component of IA in 
experiments in which SCP, first reduced IA peak amplitude and 
I,. Such an effect could have resulted from activation of ZKcCa) 
by SCP, (see Fig. 8). This interpretation follows from the ob- 
servation that a depolarization-induced increase in (Ca2+)i, mea- 
sured with arsenazo III differential absorption spectrophotom- 
etry, produces a transient suppression of Z, peak amplitude and 
a parallel enhancement of the I, steady-state component owing 
to the activation of ZKcCa) (Acosta-Urquidi et al., 1983). It was 
reported that serotonin increased (Ca”), in the Aplysia sensory 
neurons in which it also suppressed the S K+ current (Boyle et 
al., 1984). Given the similarity ofactions of serotonin and SCP,, 

this possibility should be considered for SCP,. A rise in (Ca2+), 
caused by SCP, could also lead to activation of calcium cal- 
modulin-dependent kinases, such as type II CaM kinase and/ 
or C-kinase, which could also modulate channel activity (cf. 
Huganir, 1987) and lead to long-lasting conductance changes. 
In support of this possibility, I found that injection of exogenous 
type II CaM kinase purified from rat brain (cf. Kennedy et al., 
1983) and phosphorylase kinase (Cohen, 1982) into some of the 
same giant Hermissenda cells sensitive to SCP, resulted in a 
reduction of I,, I,, and ZKcV, and enhancement of Ica, ZBa, and 
Ca2+ spike amplitude and duration (Acosta-Urquidi et al., 1983; 
Acosta-Urquidi, 1985). In the Hermissenda type B photorecep- 
tor, injection of an exogenous phosphorylase kinase and acti- 
vation of C-kinase suppressed the same K+ currents reduced by 
associative training (Acosta-Urquidi et al., 1984; Farley and 
Auerbach, 1986). More work is needed to elucidate the involve- 
ment of CAMP and/or other internal messengers in the modu- 
lation of diverse membrane ionic conductances by SCP, in cen- 
tral molluscan neurons. 
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