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Serotonin Activation of a Cyclic AMP-Dependent Sodium 
Current in an Identified Neuron from Helisoma trivolvis 
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The mechanisms by which neurotransmitters regulate neu- 
rite extension and growth cone motility have been exten- 
sively studied using identified Helisoma neurons regener- 
ating in cell culture. Specific neurons, such as buccal neuron 
B19, display a complex response to the addition of 5-HT 
involving the generation of action potentials, influx of extra- 
cellular calcium, and cessation of neurite extension and 
growth cone motility. While several studies have addressed 
the role of calcium in this cascade, little is known about the 
mechanism underlying the 5-HT-induced excitation of neu- 
ron B19. Therefore, we have begun to characterize the ion 
currents, receptors, and second messengers involved in the 
5-HT-dependent depolarization of B19. Exposure of B19 to 
5-HT resulted in the activation of a maintained inward cur- 
rent. Ion substitution experiments revealed that this current 
was carried mainly by sodium ions. The use of 8-bromo- 
CAMP, forskolin, or the phosphodiesterase inhibitor isobutyl 
methylxanthine (IBMX) to increase intracellular CAMP levels 
all resulted in inward current activation in the absence of 
5-HT. Moreover, preloading the neuron with 8-bromo-CAMP 
was sufficient to prevent further current activation by 5-HT. 
In addition, the IBMX-activated current was greatly en- 
hanced when induced in the presence of 5-HT. Protein kinase 
inhibitors failed to prevent 5-HT activation of sodium current, 
suggesting that CAMP may directly activate the current, in- 
dependent of phosphorylation. Pharmacological experi- 
ments showed the B19 5-HT receptor has an EC,, of ap- 
proximately 10m7 M and can be activated by various indole 
analogs of 5-HT. Furthermore, methysergide displayed par- 
tial agonist activity. These results have identified receptors 
and ion currents that may play crucial roles in the regulation 
of nervous system development during embryogenesis in 
Helisoma. 
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A considerable amount of recent evidence has accumulated sup- 
porting the hypothesis that neurotransmitters function as reg- 
ulatory factors during nervous system development (Lankford 
et al., 1987; Mattson et al., 1988a; Budnik et al., 1989; Goldberg 
and Kater, 1989; Sikich et al., 1990). The in vitro regeneration 
of identified neurons from the snail Helisoma trivolvis has pro- 
vided a useful model to explore in detail one possible mecha- 
nism through which neurotransmitters act as developmental 
regulatory factors. When specific identified neurons were placed 
in cell culture and exposed to 5-HT, growth cone motility and 
neurite extension were reversibly inhibited (Haydon et al., 1984; 
1987). To determine if endogenous 5-HT could act as a regulator 
of neurite development during embryogenesis, Goldberg and 
Kater (1989) used 5,7-dihydroxytryptamine to deplete 5-HT 
concentrations transiently in Helisoma embryos. This treatment 
resulted in aberrations in neuronal morphology, incidences of 
abnormal dye coupling, and enhanced synaptic efficacy in the 
same identified neurons as those affected by 5-HT in the cell 
culture experiments on adult neurons. 

Studies examining the intracellular mechanism through which 
5-HT exerts its actions on growth cone motility and neurite 
extension have provided considerable insight into how growth 
cones interpret the regulatory signals they encounter (Kater and 
Mills, 199 1). 5-HT was found to depolarize the responsive neu- 
ron B 19, a necessary step for the inhibition of neurite outgrowth 
(McCobb and Kater, 1988). Fura- measurements and experi- 
mental manipulation of growth cone calcium levels further re- 
vealed that the influx of calcium through voltage-gated calcium 
channels was also a necessary intermediary in the inhibition of 
neurite extension and growth cone motility in B 19 (Cohan et 
al., 1987; Mattson and Kater, 1987). Recent evidence suggests 
that calcium ultimately affects the processes associated with 
neurite extension via binding to calmodulin, since a specific 
calmodulin antagonist, CGS 9343B, can inhibit 5-HT-induced 
cessation of neurite extension (Polak et al., 199 1). While the 
majority of studies have concentrated on the role that calcium 
plays in this process, little is known about the initial events that 
underlie the 5-HT-induced depolarization. Such information 
would be beneficial since it would identify receptors and ion 
channels with potentially important roles in nervous system 
development that would therefore be substrates for develop- 
mental regulation. Furthermore, it could help to define the role 
of second messengers, such as CAMP, which has been shown to 
mimic the effects of 5-HT on neurite outgrowth (Mattson et al., 
1988b). Therefore, we have undertaken a study, using the tight- 
seal whole-cell recording configuration, to characterize the ion 
channels, second messengers, and receptors that mediate 5-HT- 
induced depolarization of the identified neuron B 19. 
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Figure 1. 5-HT depolarizes neuron 
B19 through activation of an inward 
current. A, Current-clamp recording 
(V,,, -60 mV) showing that bath ap- 
plication of 5-HT to a cultured B 19 (25 
PM final concentration) resulted in 
maintained depolarization and spiking. 
B, The delivery of hyperpolarizing cur- 
rent pulses of amplitudes 100,200, and 
300 pA pre- and postapplication of 
5-HT revealed that accompanying de- 
polarization was a decrease in cell input 
resistance. As measured from the 100 
pA pulse, this represented an average 
decrease in input resistance of 21 k 
2.98% (n = 6). Both the pre- and post- 
application recordings were performed 
with the membrane potential hyper- 
polarized to -90 mV. C, In voltage 
clamp, rapid bath exchange for saline 
containing 25 PM 5-HT resulted in the 
activation of an inward current. Acti- 
vation was reversible upon washing with 
5-HT-free saline. I’,,,,,,, = -70 mV; 
bar indicates duration of 5-HT expo- 
sure. 
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The data presented here show that 5-HT results in the acti- 
vation of a CAMP-dependent sodium current, which leads to 
membrane depolarization. Moreover, current activation does 
not appear to involve protein kinase activity. Finally, we have 
begun to describe pharmacologically the receptors mediating 
the action of 5-HT on B19. 

Materials and Methods 
Animals. Snails used as neuron donors were members of an inbred 
laboratory colony of albino Helisoma trivolvis. They were raised in flow- 
through aquaria under a 12 hr light/ 12 hr dark photoperiod and fed a 
diet of trout chow (Vextra) and lettuce. 

Cell culture. The method used for isolation of identified neurons from 
Helisoma buccal ganglia follows closely that used by Haydon et al. 
(1985). Snails of between 8 and 15 mm vertical shell diameter were 
deshelled and placed in a 25% Listerinelartificial pond water solution 
(0.025% Instant Ocean) for 15 min. This served to partially sterilize 
and anesthetize the snails for subsequent dissection. Under aseptic con- 
ditions, buccal ganglia were removed from the snails and then placed 
in 0.2% trypsin for 15 min prior to isolation of neurons. Following 
trypsinization, ganglia were pinned onto a silicone rubber (General Elec- 
tric) pad, and the interganglionic commissure and lateral nerve trunks 
were crushed. Using an electrolytically sharpened tungsten needle, the 
ganglionic sheath was slit adjacent to neuron B 19 and the neuron’s cell 
body was gently pushed out through the slit. The B19 cell body was 
then withdrawn with suction into the opening of a micropipette that 
was attached to a micrometer syringe (Canlab). Using gentle repeated 
cycles of negative and positive pressure, the neuron’s axons were grad- 
ually stretched until they broke, thereby freeing the neuron. 

Isolated neuron B19s were placed either onto coverglass pieces or 35 
mm culture dishes (Falcon 300 l), both of which were polylysine coated 
and conditioned with Helisoma neurite outgrowth-promoting factors 
(Wong et al., 1981). Culture dishes were conditioned by incubating 2 
ml of Helisoma defined medium (50% Liebowitz; GIBCO special order, 
containing no added salts and supplemented with 40 mM NaCl, 1.7 mM 
KCl, 4.1 mM CaCl,, 1.5 mM MgCl,, 5 mM HEPES, 50 mg/ml gentamicin, 
and 0.015% glutamine; pH 7.3-7.4) with the central ganglionic rings 
from four snails. The incubation was carried out for 24 d at room 

temperature. To condition coverglass, pieces were placed on the bottom 
of 35 mm culture dishes and the above procedure was then employed. 
The ganglionic rings were removed from the culture dishes prior to 
neuron plating. 

Electrophysiological recording. Whole-cell recordings were performed 
at room temperature either in a recording chamber (Warner Instru- 
ments) that allowed for rapid, gravity-fed exchange of the bathing so- 
lution or, alternatively, directly in the culture dish. In the latter situation, 
drug application was performed by addition of a concentrated volume 
(10 ~1) to the bath to yield the final concentration. Cells used for re- 
cordings were plated on the day before use. Cells that possessed either 
neuritic processes or a skirt of lamellapodium but had yet to extend 
processes were used in recordings. Qualitatively, both types of cells gave 
the same response to serotonin and the other experimental agents. 

The basic kxtracellular recording solution consisted of a saline solu- 
tion comnosed of 5 1.3 mM NaCl. 1.7 mM KCl. 4.1 mM CaCl,. 1.5 mM 
MgCl,, aid 5 mM HEPES; pH’ 7.3-7.4. Fo; sodium-free recording 
situations, sodium was substituted with Tris. 5-HT and the various 
pharmacological agents were made up fresh daily. a-Methyl 5-HT (am- 
5-HT), 5-carboxyamidotryptamine (5-CT), and methysergide were ob- 
tained from Research Biochemicals Inc., while all other chemicals were 
obtained from Sigma. 

Electrodes for whole-cell recordings were fashioned from either lead 
glass (World Precision Instruments PG6 1165-4; 1.65 mm o.d.) or from 
borosilicate glass (World Precision Instruments 1 B150F; 1.5 mm o.d.). 
Electrodes were pulled on either a Narishigi PB-7 vertical puller or a 
Flaming Brown horizontal puller (Sutter Instruments). Whole-cell elec- 
trodes, when filled with the standard recording solution (54.4 mM K-as- 
nartate. 2 mM EGTA. 2 mM MaCl,. 5 mM HEPES. 5 mM dextrose. 5 
LM ATP, and 1 mM’GTP, pH-7.j-7.4), had resistances of l-5 I& 
Electrodes typically were coated near their tips with dental wax to lower 
noise levels. All electrodes were heat polished. 

Recordings were made using a Dagan 3900 integrating patch-clamp 
amplifier, following standard whole-cell recording procedures (Hamill 
et al., 1981). Recordings were filtered at 2 kHz, using the 4-pole Bessel 
filter internal to the Dagan 3900. Generally, series resistance compen- 
sation was not employed during recordings, since the nature of the 
responses measured here did not warrant its use. Whole-cell responses 
were output either to a Gould RS3200 chart recorder or to a 80386 
IBM clone equipped with the INDEC FASTLAB suite of data acquisition 
and analysis programs. 
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Results 
5-HTa’ependent depolarization of neuron B19 
Previous experiments examining 5-HT-dependent excitation of 
B19 used extracellular patch recordings to assay this response 
(McCobb and Kater, 1988). Here we show the responses to 5-HT 
recorded in the whole-cell recording configuration. While more 
invasive, it allowed for the measurement of changes in input 
resistance as well as the introduction of factors to the interior 
of the cell. 

In the current-clamp recording mode, exposure of neuron B 19 
to 25 PM 5-HT resulted in robust membrane depolarization and 
the initiation of spiking activity (Fig. IA). This persisted for as 
long as 5-HT was present in the bath; in one instance the cell 
remained depolarized for over 4 hr. Depolarization was re- 
versible upon washing. Associated with depolarization, gener- 
ally, was an overall decrease in cell input resistance, as deter- 
mined by the decrease in the amplitude of voltage responses to 
hyperpolarizing current pulses (Fig. 1 B). 

In voltage-clamp recordings, the response to 5-HT exposure 
was manifested as the activation of an inwardly directed, main- 
tained current. This was consistently associated with an overall 
increase in the baseline noise level, indicative of an increase in 
ion channel activity (Fig. 1C). From a sample of 14 cells, the 
current induced by 25 PM 5-HT and recorded at a holding po- 
tential of -70 mV had a mean amplitude of 152 f 19 pA and 
ranged from 67 to 267 pA. 

Current-voltage (Z/v) relationships were obtained for the B 19 
5-HT-activated inward current using a staircase protocol. The 
holding potential was increased by 10 mV increments every 1 
set from - 100 mV to - 10 mV before and after application of 
5-HT. The voltage range used was chosen to minimize contam- 
ination by voltage-gated currents. The steady-state current level 
at the end of each 1 set interval was then measured and used 
to calculate the current due to 5-HT exposure. Subtraction of 
the current values obtained before 5-HT application from those 
obtained during 5-HT exposure revealed the 5-HT-induced cur- 
rent. 5-HT-activated current remained inward over the range 
of hyperpolarized potentials and approached zero current near 
- 10 mV (Fig. 2A; n = 7). This suggests that the channel acti- 
vated by 5-HT is not totally selective for sodium ions. 

A curious increase in inward current level was seen in the 
5-HT Z/V curve between -40 and -30 mV. A negative slope 
conductance was also seen in a similar voltage range in the 
steady-state Z/I/ curve for B19 prior to 5-HT application (Fig. 
2B). This could represent an underlying voltage dependence for 
the ion channel activated by 5-HT. Alternatively, it could rep- 
resent a separate conductance that is enhanced by 5-HT. Inter- 
estingly, Taussig et al. (1989) saw a similar situation in the 
Aplysia neuron B15, where the 5-HT ZIVcurve also possessed 
an increased inward current level between -30 and - 15 mV. 

To examine the ionic species carrying the 5-HT-activated 
inward current over the hyperpolarized range of potentials, ion 
substitution experiments were performed. In experiments where 
potassium aspartate in the electrode solution was substituted 
with N-methylglucamine, 5-HT still induced the activation of 
inward current (data not shown; y1 = 8). However, replacement 
of external sodium with Tris resulted in a marked decrease in 
the amplitude of inward current, a shift in the reversal potential 
to more negative potentials, and elimination of the region of 
negative slope conductance (Fig. 2A; n = 7). Therefore, sodium 
appears to be the major ion species carrying 5-HT-activated 
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Figure 2. I/V curves for 5-HT-dependent inward current. A, Sub- 
traction of the steady-state current measured before application of 25 
PM 5-HT from that measured after application. Shown are the mean 
currents obtained under normal sodium conditions (open symbols) and 
under sodium-free conditions (solid symbols), demonstrating the sodi- 
um dependence of the current. Inset shows the staircase protocol used, 
with each voltage step being 1 set in duration. Current was measured 
at the end of each step. Error bars represent SEM (n = 7 for both open 
and solid symbols). B, Representative Z/Vcurve for steady-state current 
in B 19 in the absence of 5-HT using the staircase protocol described in 
A. Note the negative slope region of the Z/V curve between -40 and 
-30 mV. 

inward current. Positive to the reversal potential, the steep slope 
of the outward current suggests the 5-HT-activated current is 
outwardly rectifying. 

Role of CAMP in 5-HT-dependent sodium current activation 

Previous experiments had implicated CAMP as a second mes- 
senger mediating the actions of 5-HT on growth cone motility 
and neurite elongation of neuron B19 (Mattson et al., 1988b). 
To determine if 5-HT-dependent sodium current activation 
involved a CAMP-dependent mechanism, the actions of CAMP 
analogs and agents influencing the metabolism of CAMP were 
investigated. 

Exposure of neuron B 19 to 2 mM 8-bromo-CAMP resulted in 
the activation of inward current (Fig. 3A; n = 8). However, 
further addition of 25 PM 5-HT still produced substantial inward 
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Figure 3. Activation of inward current by CAMP. A, Bath exchange 
for saline containing 2 mM 8-bromo-CAMP resulted in inward current 
activation. B, Preloading of the B19 cell body with 100 PM d-bromo- 
CAMP prevented the activation of inward current normally seen fol- 
lowing bath exchange for 5-HT-containine. saline. The small. transient 
outward current, a perfusion artifact associated with the bath exchange 
system, was not consistently observed. C, Bath exchange for saline 
containing 32 PM forskolin resulted in transient activation of an inward 
current. In all instances, the holding potential was -70 mV. Bars in- 
dicate duration of 8-bromo-CAMP, 5-HT, and forskolin exposure. 

current (data not shown). To determine if this additivity was a 
reflection of inward current activation not involving CAMP as 
a second messenger or was due to inadequate membrane per- 
meability of the CAMP analog, a pipette solution containing 100 
MM S-bromo-CAMP was used to load the neurons effectively 
with the analog. Under these conditions, bath exchange for 5-HT- 
containing saline failed to result in gating of 5-HT-dependent 
sodium current (Fig. 3B; n = 6), thereby supporting the involve- 
ment of CAMP in the activation process. 

To test further the hypothesis that CAMP mediates the acti- 
vation ofthe 5-HT-dependent sodium current, agents that stim- 
ulate the formation or prevent the degradation of CAMP were 
also examined. Application of 32 PM forskolin, a stimulator of 
adenylate cyclase, induced a transient inward current (Fig. 3C, 
n = 3). The transient nature of the current was likely due to 
insufficient long-term stimulation of cyclase activity over en- 
dogenous phosphodiesterase activity with the concentration of 
forskolin used. 

If  5-HT-activated sodium current involves a CAMP-depen- 
dent step, then the phosphodiesterase inhibitor isobutyl meth- 
ylxanthine (IBMX) should potentiate this response. Exposure 
of B19 to 0.5 mM IBMX resulted in the weak activation of 
inward current (Fig. 4A; n = 6). The same cells were then sub- 

IBMX 
(+S-HT) 

Figure 4. Exposure of B 19 to the membrane permeable phosphodies- 
terase inhibitor IBMX resulted in inward current activation. A, Bath 
exchange for saline containing 0.5 mM IBMX resulted in weak inward 
current activation. B, In the same cell as in A, following washing, bath 
exchange for 25 PM 5-HT-containing saline-induced inward current 
activation as expected. Application of 0.5 mM IBMX in the presence 
of 5-HT resulted in stronger activation of inward current than seen with 
IBMX alone. In all instances, the holding potential was - 70 mV. Bars 
indicate duration of IBMX and 5-HT exposure. C, Graph quantifying 
the mean inward current due to 0.5 mM IBMX alone and the current 
due to 0.5 mM IBMX following initial 5-HT exposure. This latter value 
was measured from the peak of the 5-HT response and does not include 
the current activated by 5-HT. Error bars represent SEM (n = 6). 

jetted to a protocol in which the IBMX was washed out, followed 
by application of 25 PM 5-HT and then reapplication of 0.5 mM 
IBMX. In the presence of 5-HT, a larger-amplitude IBMX- 
stimulated current was always observed (Fig. 4B). Owing to the 
much larger current seen in response to IBMX following initial 
stimulation of the cell with 5-HT, this suggests 5-HT activates 
cyclase activity in B19 (Fig. 4C). 
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Figure 5. Sodium and calcium dependency of IBMX-potentiated in- 
ward current. A, Graph summarizing the results of ion substitutions on 
the amplitude of IBMX-potentiated inward current. Control represents 
mean IBMX-potentiated current under normal ionic conditions as mea- 
sured in Figure 4, B and C. Error bars represent SEM (n = 6, 5, 6, and 
6, respectively). B, Under 0 Na+, 100 PM Ca2+ conditions, very little 
IBMX-potentiated inward current was seen. C, Same cell as B. Following 
washing and exchanging the recording solution for 100% Na+, and 100 
/LM Ca*+ saline, a very large IBMX-potentiated current was seen. Bars 
indicate the duration of 5-HT and IBMX exposure; holding potential 
was -10 mV. 

To determine if the IBMX-potentiated current was carried 
by sodium, ion substitution experiments were again performed. 
In the absence of sodium, 0.5 mM IBMX still resulted in sig- 
nificant inward current following initial 5-HT application (Fig. 
54; y1= 5). The current-voltage relationships seen for this IBMX 
current did not indicate it was due to the reduction of a potas- 
sium current, since the current was inward at very negative 
potentials (data not shown) and the equilibrium potential for 
potassium ions was approximately -90 mV under these con- 
ditions. Therefore, the possibility that calcium ions were car- 
rying this current was examined by decreasing extracellular cal- 
cium from 4.1 mM to 100 pM. Under low calcium and zero 
sodium conditions, very little current was seen in response to 
5-HT and subsequent IBMX application (Fig. 5B; n = 6). Sur- 
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Figure 6. Dose-response relationship for 5-HT-activated sodium cur- 
rent: graph showing the contribution ofdifferent concentrations of 5-HT 
to inward current activation, obtained from concentration step exper- 
iments where neurons were exposed to increasing concentrations of 
5-HT without intermediating washes. For all cells, the maximal response 
was observed at a concentration of 10 PM. In all instances the holding 
potential was -70 mV. Error bars represent the SEM. 

prisingly, upon washing and replacement of the bath solution 
with low-calcium, normal-sodium saline, a very large IBMX- 
potentiated current was observed (Fig. 5C). Taken together, 
these results suggest the following. (1) Sodium is the main carrier 
of the IBMX-potentiated current. (2) Under sodium-free con- 
ditions, it is apparent that calcium ions can permeate the chan- 
nel. (3) Because the amplitude of the IBMX-potentiated current 
was much larger under low-calcium conditions than under nor- 
mal-calcium conditions, this suggests that calcium ions might 
also have an inhibitory influence on channel conductance (Fig. 
5A). 

The above results support a role for CAMP in the activation 
of 5-HT-dependent sodium current. To determine if this action 
involved the activity of protein kinases, the effects of protein 
kinase inhibitors were assayed. Kinase inhibitors were dissolved 
directly into the electrode solution, and recordings were made 
using neurons that had yet to extend neurites. This avoided 
complications due to poor diffusion of the inhibitor into neu- 
rites. The nonspecific kinase inhibitor H7, at concentrations 
(100 PM) that should inhibit most kinase activity, was ineffective 
at preventing the activation of the 5-HT-dependent sodium 
current. In four cells, currents ranging from 60 to 167 pA were 
seen in response to 25 FM 5-HT. Moreover, in an additional 
four cells. 50 WM H7 did not prevent robust depolarization of 
B19 following exposure to 25 PM 5-HT. Similarly, the more 
specific CAMP-dependent kinase inhibitor H89 (10 PM) also did 
not prevent robust depolarization of B19 (n = 3). Therefore, 
while CAMP is likely to be involved in the activation of 5-HT- 
dependent sodium current, it does not appear to act through 
the stimulation of protein kinases. 

Pharmacology of the B19 5-HT receptor 

To examine the dose-response relationship for 5-HT-activated 
sodium current, the sustained nature of the 5-HT response was 
taken advantage of. When 25 PM 5-HT was repeatedly applied 
to B 19 with intermediating washes, a constant decrease in the 
amplitude of the 5-HT-activated sodium current was observed. 
In contrast, with a single application of 5-HT, the activated 
current maintained a constant amplitude once a steady-state 
level had been reached. Therefore, B19s were exposed to in- 
creasing concentrations of 5-HT without intermediating wash 
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Figure 7. Activities of indole agonists at the B19 5-HT receptor. A, 
Representative trace showing the inward current activated by 100 PM 
am-5-HT followed by a 25 PM 5-HT/lOO PM am-5-HT mixture. B, 
Graph represents the mean (?SEM) inward current activated by the 
agonist alone as a percentage of the total current response to the agonist 
plus 25 PM 5-HT. See A for protocol; 170 PM 5-CT (n = 6); 100 PM 

am-5-HT (n = 4); 100 PM tryptamine (Trypt; n = 2). C, In the same 
cell as in A, when the neuron was exposed first to 5-HT and then to the 
5-HT/am-5-HT mixture, additivity was never seen. This result was 
observed for all the indole agonists tested. In all instances, the holding 
potential was -70 mV. Bars represent the duration of am-5-HT and 
5-HT exposure. 

periods. Thus, dose-response relationships were determined for 
single cells. This procedure yielded a mean current amplitude 
at the dose giving maximal current activation (10 PM; 138 f 
15 pA, n = 8) that was not significantly different from that seen 
after a single application of 25 PM 5-HT (152 & 19 pA, n = 14; 
t test, p = 0.6107). 

Dose-response experiments revealed that the EC,, for 5-HT 
activation of sodium current was approximately 100 nM (Fig. 
6; IZ = 8). Furthermore, the threshold for current activation was 
relatively low, with measurable current being seen at 5-HT con- 
centrations as low as 0.1 nM in some cells. 

In order to characterize pharmacologically the receptor that 
mediates the activation of 5-HT-dependent sodium current, 
several compounds were analyzed for specific activity at the 
B19 5-HT receptor. Compounds that displayed apparent an- 
tagonist activity on the 5-HT-induced inward current included 
mianserin (25 PM), cyproheptadine (50 FM), and R(+)-S-hydro- 
xydipropylaminetetralin (S-OH-DPAT 50 PM; data not shown). 
However, interpretation of these results was hampered by the 
finding that all of these compounds had additional nonspecific 
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Figure 8. Activity of methysergide (MS) at the B 19 5-HT receptor. A, 
Bath exchange for saline containing 25 PM MS resulted in weak acti- 
vation of inward current. Subsequent exchange for 25 PM methysergide/ 
25 PM 5-HT mixture gave further activation of inward current. B, In 
the same cell as in A, after washing, reverse order of drug application 
revealed apparent antagonistic activity of methysergide. In all instances, 
the holding potential was - 70 mV. Bars represent the duration of meth- 
ysergide and 5-HT exposure. 

effects at the concentrations required for inhibition, namely, the 
reversible blockage of voltage-gated sodium and potassium cur- 
rents. 

In contrast, a number of drugs were found to have activity 
as specific agonists or partial agonist/antagonists at this site. 
Using a protocol in which the drug alone was exposed to B 19 
and then without a drug-free wash period the bath saline was 
exchanged for one containing the drug plus 25 FM 5-HT, three 
drugs-5-CT (n = 6) otm-5-HT (n = 4) and tryptamine (n = 
2)-acted as agonists at the B 19 5-HT receptor. Since each drug 
contributed only about half of the total drug/S-HT response 
(Fig. 7A.B) these compounds appeared to be less effective ag- 
onists than 5-HT itself. Furthermore, when the above experi- 
ments were performed in the reverse order, with 25 PM 5-HT 
delivered first followed by the drug/S-HT mixture, additivity 
was never seen (Fig. 7C). Therefore, these results confirm that 
5-CT, cum-5-HT, and tryptamine act as weak agonists at the 
B 19 5-HT receptor. 

Whereas 5-CT, am-5-HT, and tryptamine were shown to 
possess weak agonist activity at the B 19 5-HT receptor, a fourth 
drug displayed more complex activity at this receptor. Meth- 
ysergide (25 FM), a drug having antagonist activity at vertebrate 
5-HT receptors (Peroutka, 1988) was found to have weak ag- 
onist activity at the B 19 5-HT receptor. Methysergide contrib- 
uted an average of 44.9 ? 8% (n = 5) to the total current elicited 
by methysergide and 5-HT (Fig. SA). However, when the meth- 
ysergide/5-HT mixture was delivered following 5-HT exposure, 
the 5-HT-induced inward current response was reduced by an 
average of 60 ? 3.5% (Fig. 8B; n = 5). Therefore, methysergide 
appears to act as a partial agonist/antagonist at the B19 5-HT 
receptor site. 

Discussion 
The neurotransmitter 5-HT has been shown to influence the 
activity of a variety of ion channels in a number of molluscan 
species. These include the opening and closing of a number of 
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different potassium channels as well as the increase in amplitude 
of voltage-gated calcium currents (Gerschenfeld and Paupardin- 
Tritsch, 1974; Deterre et al., 1982; Klein et al., 1982; Paupardin- 
Tritsch et al., 1986; Kirk et al., 1988; Levitan and Levitan, 
1988; Taussig et al., 1989; Blumenfeld et al., 1990). 5-HT has 
also been shown to activate or enhance sodium currents in a 
number of molluscan preparations. Early studies by Gerschen- 
feld and Paupardin-Tritsch (1974) revealed the presence of two 
kinetically distinct 5-HT-activated sodium currents in noni- 
dentified neurons from both Aplysia and Helix. Furthermore, 
in Aplysia, 5-HT-activated sodium currents have been localized 
in motoneurons B16 (Kirk et al., 1988) and B 15 (Taussig et al., 
1989). 

In the present study, the functional aspects of the actions of 
5-HT on Helisoma neuron B 19 served as a starting point for 
determining in detail the mechanism by which this function is 

carried out. 5-HT depolarizes neuron B19 as a first step in a 
cascade of events leading to the cessation of neurite outgrowth 
(Kater and Mills, 1991). Here, we show that 5-HT activates a 
CAMP-dependent sodium current in cell bodies of B19 that 
produces a robust, sustained depolarization under current-clamp 
conditions. This strongly suggests that this signal transduction 
pathway initiates 5-HT’s actions on growth cone motility and 
neurite outgrowth in B 19. However, absolute confirmation of 
this hypothesis is difficult since the 5-HT-activated current is 
carried by sodium ions. Elimination of sodium would prevent 
both the 5-HT-induced depolarization and action potential gen- 
eration, which are known to be essential components of the 
neurite outgrowth response (McCobb and Kater, 1988). Dem- 
onstration that the signal transduction pathway described herein 
is also present in the growth cones of neuron B 19 would further 
support its role in the neurite outgrowth response. 

Studies of Helisoma embryos indicate that the action of 5-HT 
on adult B19s may reflect the expression of mechanisms that 
are utilized during nervous system development. In vivo exper- 
iments showed that 5-HT depletion during embryogenesis pro- 
duces aberrations in B19 morphology and synaptogenesis (Gold- 
berg and Kater, 1989). Furthermore, 5-HT can influence the 
outgrowth state of a large population of cultured embryonic 
Helisoma neurons (Goldberg et al., 199 1). Taken together, these 
studies suggest the receptor-ion channel tandem examined here- 
in may play an important role during nervous system devel- 
opment. Electrophysiological study of cultured embryonic Hel- 
isoma neurons has shown these neurons to be electrically 
excitable, possessing a full array of voltage-gated ion currents 
soon after they differentiate (Goldberg and Price, 199 1). Given 
that large numbers of embryonic neurons respond to 5-HT with 
changes in neurite outgrowth (Goldberg et al., 199 1) and intra- 
cellular calcium concentration (Goldberg et al., 1992b), it will 
be interesting to see if the mechanism of 5-HT-induced depo- 
larization described in this study of an adult neuron is expressed 
in embryonic neurons. 

Cyclic nucleotide dependence of 5-HT-activated sodium 
current 

From our results examining the possibility of a second messen- 
ger mediating the activation of 5-HT-dependent sodium cur- 
rent, three lines of evidence suggest that CAMP serves such a 
role. First, the three treatments used in this study to increase 
intracellular levels of CAMP, membrane permeable analogs of 
CAMP, the adenylate cyclase stimulator forskolin, and the phos- 
phodiesterase inhibitor IBMX, were all effective in eliciting in- 

ward current. Second, since the amplitude of IBMX-induced 
current was greater in 5-HT-stimulated cells than in nonstimu- 
lated cells, the B19 5-HT receptor appears to be coupled to a 
cyclase and can stimulate cyclic nucleotide formation. Finally, 
preloading neurons with CAMP analogs was effective at pre- 
venting 5-HT’s ability to cause inward current activation. In- 
terestingly, single-channel studies have identified an ion channel 
in B 19 whose activity can be stimulated in cell-attached patches 
following bath application of 25 PM 5-HT, or in the absence of 
5-HT by exposure of the neuron to IBMX or 8-bromo-CAMP 
(Price and Goldberg, 1992). Based on its ability to carry sodium 
ions and its apparent CAMP dependency, it is likely that this 
ion channel is responsible for 5-HT-dependent depolarization 
of B19. 

In order to determine if activation of the sodium current 
involved a phosphorylation-dependent step, the ability of pro- 
tein kinase inhibitors to inhibit current activation was tested. 
The ineffectiveness of H7 and H89 to prevent current activation 
and depolarization, while not proving that protein kinase ac- 
tivity is not involved in current gating, strongly suggests that 
CAMP directly gates the ion channel. Supporting this hypothesis 
is the recent finding that H7 is an effective inhibitor ofa different 
response in Helisoma B 19 that does involve CAMP-dependent 
kinase activity (Funte and Haydon, 1992). Moreover, sodium 
conductances gated directly by CAMP have been observed pre- 
viously in molluscan neurons, occurring in anterior and medial 
neurons from the pleural ganglion of Aplysia, as well as in neu- 
rons from Pleurobrunchia (Green and Gillette, 1983; Kehoe, 
1990). 

An additional indirect source of evidence that the channel 
carrying 5-HT-dependent sodium current is directly activated 
by cyclic nucleotides arises from the results of the low-calcium/ 
IBMX experiments. Since IBMX potentiated current was much 
larger under low-calcium conditions than under normal-calcium 
conditions, it is likely that calcium partially inhibits this current. 
However, under sodium-free conditions calcium appears to also 
permeate the channel. Similar characteristics have also been 
observed with the cyclic nucleotide-gated channels found in 
vertebrate rods and olfactory receptors. It has been proposed 
that calcium ions permeate these channels, but have longer res- 
idency times within the pore giving smaller currents than seen 
under low calcium conditions (Zimmerman and Baylor, 1986, 
1992; Kurahashi, 1989; Dhallan et al., 1990; Kaupp, 1991). 
Further experiments examining the ability ofcAMP to stimulate 
channel activity in cell-free patches from neuron B19 are un- 
derway to test this hypothesis further. 

Pharmacological characterization of the B19 5-HT receptor 
Although several different responses to 5-HT have been char- 
acterized in mollusks, little is known about the pharmacology 
of 5-HT receptors mediating these responses. Therefore, we 
undertook an examination of the pharmacological nature of the 
B 19 5-HT receptor to compare this receptor to other molluscan 
and vertebrate 5-HT receptors. Results from dose-response ex- 
periments suggest the B19 5-HT receptor has a relatively high 
affinity for 5-HT. Dose-response data has also been reported 
for two actions of 5-HT in Helisoma embryos. The ED,, for 
both the modulation of neurite outgrowth in embryonic neurons 
(Goldberg et al., 199 1) and the stimulation of ciliary activity in 
intact embryos (Diefenbach et al., 199 1) is approximately lOO- 
fold higher than what we report here. While poor access to 
receptor sites may account for the lower affinity seen in the 
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ciliary response, differences seen in the activities of indole ag- 
onists (Goldberg et al., 1992a) suggest that it is mediated by a 
different receptor type than that studied here. Recently, a 5-HT 
receptor has been cloned from the pond snail Lymnaea stagnalis 

adenylate cyclase in the central nervous system. Mol Pharmacol 34: 
880-887. 

Funte LR, Haydon PG (1992) H-7 prevents target induced enhance- 
ment of action potential evoked calcium accumulation in the pre- 
synaptic neuron during synaptogenesis. Sot Neurosci Abstr 18:23.11. 

binding experiments indicated a relatively low affinity for 5-HT, 
and expressed in Cos-7 cells (Sugamori et al., 1993). Receptor 

again suggesting that this Lymnaea receptor may be different 
than the B 19 5-HT receptor. Functional analysis of the Lymnaea 
5-HT receptor is required to allow for further comparison be- 

Gerschenfeld HM, Paupardin-Tritsch D (1974) Ionic mechanisms and 
receptor properties underlying the responses of molluscan neurones 
to 5-hydroxytryptamine. J Physiol (Land) 243:427456. 

Goldberg JI, Kater SB (1989) Expression and function of the neuro- 
transmitter serotonin during development of the Helisoma nervous 
system. Dev Biol 13 1:483495. 

tween these two receptor types. 
The use of pharmacological drugs to characterize the B19 

5-HT receptor was hampered by the finding that many of the 
classical agonists and antagonists used to describe vertebrate 
5-HT receptors had nonspecific actions on Helisoma neurons 
(C. J. Price and J. I. Goldberg, unpublished observations). Cy- 
proheptadine, mianserin, and 8-OH-DPAT all appeared to in- 
hibit 5-HT-dependent activation of sodium current. However, 
all were very effective and reversible inhibitors of voltage-de- 
pendent sodium and potassium currents. Therefore, it cannot 
be determined from these results if these drugs are acting at the 
receptor or are acting as nonspecific ion channel blockers, since 
the electrophysiological assay of receptor pharmacology used in 
this study cannot differentiate between the two possibilities. 

Useful results were obtained from analysis of the agonist ac- 
tivities of the indoles tryptamine, 5-CT, and am-5-HT. All of 
these compounds showed only weak activity at the B19 5-HT 
receptor, underscoring the structural specificity needed for full 
binding and/or activation of the receptor. Interestingly, a 5-HT,, 
receptor that has greater affinity for 5-HT than for most other 
putative agonists and antagonists, including 5-CT, has recently 
been cloned from rat brain (Teitler et al., 1992). Taken together 
with its relatively high affinity for 5-HT, its apparent coupling 
to the CAMP second messenger system, and its activation by 
5-CT, the Helisoma B 19 5-HT receptor shares properties com- 
mon to the vertebrate 5-HT, family of receptors. Alternatively, 
positive coupling of the B19 5-HT receptor to adenylate cyclase 
and the limited effectiveness of the indole agonists suggest that 
this receptor may be more closely related to the 5-HT, receptor 
family (Dumuis et al., 1988; Bockaert et al., 1992). Only through 
binding studies and molecular cloning of the Helisoma B19 
5-HT receptor can these relationships be resolved. 
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