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on the spectrum of serotonin responses in Aplysia neu- 
rons. 

Lysergic acid diethylamide (LSD) has been long 
known to be an antagonist of serotonin receptors, and 
tritiated LSD has been used to map the presence of such 
receptors in the mammalian CNS (Whitaker and See- 
man, 1978). Detection of serotonin receptors has been 
greatly facilitated by the develo ment of the high spe- 
cific activity radioligand lZ51-L8D (Engel et al., 1984; 
Kadan et al., 1984). The high energy emissions of the 
'251-isotope make this compound especially useful for 
autoradiographic studies (Altar et al., 1986; Kadan and 
Hartig, 1988. Yagaloff and Hartig, 1985). In Aplysia, 
studies with i251-LSD have revealed serotonin binding 
sites located on both the neuropil and soma of various 
populations of cells in the central gan lia (Kadan and 
Hartig, 1988). This labelling is bloc a ed by lop6  M 
serotonin and M cyproheptadine and mianserin. 

Kadan and Hartig (1988) reported that lZ5I-LSD 
binds to the neuropil and to two large, symmetrical 
neuronal cell bodies on the rostra1 edge of the Aplysia 
abdominal ganglion. These neurons are most likely cells 
L1 and R1, the only large symmetrical neurons in this 
osition (Frazier et al., 1967). In the present study, we 

Eave taken advantage of the autoradiographic localiza- 
tion of these neurons, focusing on the five major neurons 
which constitute the abdominal gan lion left u per 

serotonergic response pattern and pharmacology of 
each of these five neurons in order to determine which of 
the serotonin receptor-ionophore complexes correlates 
best with the pharmacological rofile and location of 

ported. 

quadrant (Ll, L2-4, and L6). We have c fl aracterize B the 

the 1251-LSD autoradiographic P abeling previously re- 

MATERIALS AND METHODS 
Autoradiography 

Sectioning and labeling rocedures were carried out 
as described previously &adan and Hartig, 1988). 
Briefly, ganglia were mounted for cryostat sectioning in 
O.C.T. (Tissue-Tek I1 embeddin medium), and rapidly 

Dry Ice. Sectioning was performed at -14°C using a 
Hacker model 5030 cryostat; 10-pm sections were thaw 
mounted onto gelatin-subbed glass slides and air dried 
before use. 

Sections were incubated with 0.3 nM lZ51-LSD for 
twenty minutes at 37°C on a slide warmer, washed for 
40 min in ice-cold distilled HzO and dried under a gentle 
stream of cold air. Autoradiograms were obtained b 
exposing slides to either ultrafilm 3H (LKB) or Koda 
Min R for 1 and 5 days, respectively. All lZ51-LSD 
binding experiments were carried out in an assay buffer 
consisting of 0.1% Na ascorbate, 5 mM MgS04, 10 pM 
pargyline, and 300 pM dopamine in 5 mM Tris-C1, 
pH 7.6. 

Electrophysiology 
Abdominal ganglia were removed from 150 to 200 g 

Aplysia and were incubated in artificial seawater 
(ASW) containing 0.7 M sucrose (to shrink the cell and 
facilitate removal of the connective tissue capsule) for 
30 min as reviousl described (Slater et al., 1984; 
Salanki et a[, 1989). 111 experiments were performed at 
23°C. Neuron cell bodies were exposed by desheathing 

frozen by bringing the specimen a older into contact with 

z 

using fine forceps and scissors to remove the connective 
tissue. Ganglia were washed with normal ASW for at 
least 30 min before starting recordings. Neurons were 
impaled by two glass microelectrodes (5-10 MQ, filled 
with 2 M K acetate) connected to a Dagan 8500 voltage 
clamp unit, and were voltage clamped as previously 
described (Slater et al., 1984; Salanki et al., 1989). 
Voltage and current records were displayed on an oscil- 
loscope and stored on tape. 

Drugs were applied by a rapid local perfusion method 
described by Slater et al. (1984) which has been demon- 
strated to produce a concentration jump within 100 ms. 
This procedure has advantages over iontophoresis in 
that it generates large currents which can be easily 
distinguished and separated both by voltage depen- 
dence and rates of desensitization. The experiments 
consisted of study of 2 Rls, 4Lls, 3L2s, 4L3s, 3L4s, and 
5L6s. 

Materials 
lZ51-LSD was synthesized by the method of Hartig 

et al. (1985). Drugs were obtained from the following 
sources: acet lcholine bromide and 5-hydroxygramine 
(Aldrich); 5- i ydroxytryptamine creatinine sulphate, 
neostigmine bromide and d-tub0 curarine chloride 
(Sigma); cyproheptadine and mianserin (Merck, Sharp 
and Dohme Research Laboratories); cobalt acetate 
(Fisher); tryptamine HCI (Calbiochem). Nonradioactive 
d-LSD was provided by the National Institute on Drug 
Abuse. 

RESULTS 
Binding of 1251-LSD to Aplysia ganglia 

Figure 1 shows a histological cross section of the ab- 
dominal ganglion of Aplysia (A) and an autoradiograph 
from an adjacent section showing the binding of 
1251-LSD. This figure is derived from data of the previ- 
ously re orted study of Kadan and Hartig (1988). There 

region of the ganglion that does not contain nerve cell 
bodies but does contain numerous processes and synap- 
tic contacts. In addition, there is clear and dense label- 
ing on a single nerve cell body in the upper left quadrant 
of the ganglion. The neuron which appears to corre- 
spond to that labeled cell is indicated by the arrow in 
Figure 1A. This large neuron is part of the upper left 
quadrant identified cells of the L1-6 group. By virtue of 
its location, it appears to be cell L1. Although not 
illustrated in this particular section, a second labeled 
neuron was found in a symmetrical position in the upper 
right quadrant. This cell was tentatively identified as 
cell R1 on the basis of location, size and pigmentation. 
The electro hysiologic investigations below were done 
to identify t R e cells definitively and to characterize their 
responses to serotonin. 

Identification of cells 
Cells in the upper left quadrant of the abdominal 

ganglion could be identified by position, color, action 
potential firing pattern, synaptic input and response to 
acetylcholine. We use the nomenclature established by 
Frazier et al. (1967). Cells L1, L2, L3, L4, and L6 were 
originally described as having H (hy erpolarizing) re- 

the acetylcholine (ACh) response of L2, L3, L4, and L6 
could be resolved into a biphasic hyperpolarization un- 

is signi P icant labeling in the neuropil (np), the central 

sponses to acetylcholine. As describe cp by Kehoe (19721, 
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Fig. 1. Distribution of '"I-LSD binding to a tissue section from an  
abdominal ganglion. A Hematoxylin-stained tissue section from the 
abdominal ganglion. Nuclei of individual neuronal soma appear as  
darkly stained amorphous structures surrounding the central neuropil 
(n 1 The arrow in the upper left quadrant points to a single neuronal 
ceE body (Ll),  which appears to be stained more lightly throughout the 
cyto lasm than adjacent neurons. B: Autoradiogram of Y - L S D  total 
bind!ng. A high level of labeling is observed throughout the neuropil of 
both hemigan lia In addition, a single large neuronal soma in the 
upper left quairant is labeled by '2sI-LSD. Note that the labeled soma 
corresponds precisely in shape and position with the neuron indicated 
by an arrow in A. A,B: Two immediately adjacent 10-pm tissue 
sections. 

der current clam conditions. Under voltage clamp, the 

desensitizing current with equilibrium potential close 
to the calculated equilibrium potential for C1- (-60 
mV), followed by a slowly rising, slowly desensitizin 
current that tended to zero near the calculated K 
equilibrium potential (-85 mV) (right-hand records in 
Fig. 2). This is similar to  the acetylcholine response of 
the medial cells of the pleural ganglion (Kehoe, 1972; 
Salanki et al., 1989). 

The acetylcholine response of L1 and R1 consisted of a 
single component, a rapidly rising, rapidly desensitizing 
current reversing close to  the C1- equilibrium potential 
(left records in Fig. 2). This difference in the acetylcho- 
line response, together with the soma size, location, and 
color, permitted an unambiguous identification of L1 
and R1. 

current consiste dp of an initial rapidly rising, rapidly 

F 

Serotonin responses of cells L3 and L6 
Despite the similarities of their acetylcholine re- 

sponses, the serotonin response of cells L2, L3, L4, and 
L6 fell into two categories. Cells L3 and L6 responded to 
50 pM serotonin with a slowly rising outward current 
due to a conductance increase that showed little desen- 
sitization (Fi . 3A). This current declined to near zero 
close to the K equilibrium potential but did not reverse 
sign even at - 120 mV. This response has some similar- 
ities to the B type of response described by Gerschenfeld 
and Paupardin-Tritsch (1974a), although we could not 
block it with 5-methoxygramine. Subsequent experi- 
ments using voltage ramps to generate current-voltage 
curves demonstrated an increase of the slope of the 
inwardly rectifying portion of the current-voltage curve 
similar to that described by Adams and Benson (1985). 

Application of 20 ~J.M cyproheptadine or mianserin for 
10 min prior to application of 50 pM serotonin plus drug 
did not block the K+ response. This is illustrated for 
cyproheptadine in Figure 3B. 

Serotonin responses of cells L2 and L4 
Cells L2 and L4 gave a biphasic response to 50 pM 

serotonin consisting of an inward current that was 
rapidly rising and desensitizing and associated with a 
conductance increase, followed by a sustained, voltage 
dependent inward current apparently due to a conduc- 
tance decrease (Fig. 4). The extrapolated equilibrium 
potential for the fast phase was close to 0 mV, indicating 
that this res onse was the A type described by Ger- 
schenfeld anfl'aupardin-Tritsch (1974a). This was fur- 
ther confirmed by demonstrating that it was blocked by 
10-30 pM tryptamine. 

The slow response was voltage dependent in a similar 
fashion to the serotonin response described by Pellmar 
and Carpenter (1980) and was blocked by Co2+ ion. The 
apparent conductance decrease in response to the 10 
mV hyperpolarizing command pulses applied from the 
holdin potential can be accounted for by assumin that 

number of the steeply voltage dependent channels, 
resulting in a decrease of the membrane current in 
response to the command steps compared with the 
control. Cyproheptadine or mianserin (20 p,M) pretreat- 
ment for ten minutes blocked only the Na+ conductance 
(lower records). 

Serotonin responses of cells L1 and R1 
L1 and R1 gave a triphasic response to serotonin 

(Fig. 5). The initial response was a very fast, inward 
current identical to that seen in cells L2 and L4. There 
was also the late, voltage dependent inward current 
characteristic of L2 and L4. In addition to the Na+ 
conductance and the voltage dependent conductance, an 
outward current due to a conductance increase was 
interposed between these two. This current had an 
equilibrium potential close to that for C1-, and was 
partially blocked by 100 pM neostigmine (not illus- 
trated). Thus, it ap ears similar to the C serotonin 

Tritsch (1974a). The current voltage responses of the 
three serotonin responses of a representative L1 cell are 
shown in Figure 6. 

Cyproheptadine and mianserin (20 pM) both blocked 
the Na+ and C1- responses but did not affect the voltage 

5 

the vo K tage step was sufficient to close a signikcant 

response described 1 y Gerschenfeld and Paupardin- 
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Fig. 2. Acetylcholine responses of L1 and L3. The records on the left 
are responses to  a brief microperfusion of acetylcholine (5 x M) 
onto L1. The numbers a t  the left of each panel are the holding potential 
in mV. The R1 acetylcholine response was similar. Both appear to  be 
pure C1- conductances. On the right, responses of L3 to acetylcholine 

A t 

B 

t 

20 
nA 
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Fig. 3. Serotonin responses of cells L3 and L6. A. Responses of L6 at 
three holding potentials (in mV at left of each record). Serotonin (50 
pM) was applied by microperfusion between arrows. Asterisks (*) 
below the -40 mV record indicate current in response to 10 mV 
hyperpolarizing voltage command steps. The response is an  outward 
current associated with a conductance increase which is abolished at 
-90 mV and is therefore identified as a conductance increase to  K'. B: 
Recordings from L3 and the lack of effect of cyproheptadine on the 
L3iL6 serotonin response. Upper record: Control application of 50 pM 
serotonin. Lower record: Application of 50 pM serotonin + 20 pM 
cyproheptadine following 10 min pretreatment with 20 KM cyprohep- 
tadine. Holding potential -40 mV. Mianserin also had no effect on the 
L3/L6 serotonin response. 

t I 
(5 x 10- M, applied between arrows). The response is clearly biphasic 
a t  both -40 and -60 mV, with the early fast component reversingnear 
to -60 mV (the C1- equilibrium potential) and the late outward current 
smaller a t  -60. This is a K' conductance. Acetylcholine responses of 
L2, L4, and L6 were similar. Note slower time scale of L3 recording. 

de endent response. This is shown in Figure 7, where y 
hofding potential of -40 mV was used to show the Na 
and C1- components of the response but to minimize the 
voltage de endent Ca2+ component. The C1- response 

ment with the revious observations of Gerschenfeld 
and Paupardin-f'ritsch (1974a). LSD (500 nM) blocked 
the C1- response of L1 with little if any effect on the 
early Na' component. The late voltage and calcium 
dependent current was not affected by LSD. This is 
shown in Figure 8. 

DISCUSSION 
The results presented in this study suggest that 

'251-LSD binds to a subset of serotonin receptors that 
are coupled to a C1- channel on the somata of cells L1 
and R1 and is widely distributed in the neuropil. These 
two cells are anatomically symmetrical, are unusual for 
neurons with cell bodies in the abdominal gan lion in 

be expected to have similar pharmacological properties. 
Although we have not surveyed other regions of the 
abdominal ganglion as thoroughly as the left up er 

current in any other cells (e.g., L2-6, RB or RC neurons). 
Thus, for the cell bodies studied the localization and 
pharmacological similarity between the 1251-LSD bind- 
ing site and the serotonin evoked electrophysiological 
res onse in these cells is precise. 

?here are multiple responses that can be elicited by 
serotonin in both mammalian (Peroutka, 1988) and 
invertebrate (Gerschenfeld and Paupardin-Tritsch, 
1974a) neurons. LSD and its derivatives have been 
found to have actions at several of these responses, 
although with differing efficacy (Peroutka, 1988). In 
Aptysia, Gerschenfeld and Pau ardin-Tritsch (1974a) 

(C1-) responses without affecting the A' (slow Nai) or ci 
and p responses, due to  conductance decreases. In ver- 

was also b f ocked by d-tubocurarine (100 pM), in agree- 

having their axons in the connective nerves an 5 might 

quadrant, we have not seen this serotonin induced 8 1- 

reported that LSD blocks the A ( P ast Na+), B (K+), and C 



26 M.L. EVANS ET AL. 
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+ cyproheptadine 
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Fig. 4. Effect of cy roheptadine and mianserin on the L2/L4 seroto- 
nin responses. Recoris were obtained from two experiments on cell L4. 
The up er traces (A,B) show the control responses to 50 pM serotonin, 
appliejbetween the arrows, obtained at a holding potential of -35 mV. 
A,B: The lower traces show effects of application of 50 pM serotonin 10 
rnin after perfusion of 20 pM cyproheptadine or mianserin, respec- 
tively. Both blocked the Na' but not the Ca2. current. 

tebrate systems LSD also binds to more than one sero- 
tonin receptor (Peroutka and Snyder, 1979; Seeman 
et al., 1980). 

We have confirmed the report of Gerschenfeld and 
Paupardin-Tritsch (1974a) that the C1- response is very 
sensitive to LSD, but find the A responses considerably 
less sensitive. We also have confirmed the observation 
that D-tubocurarine and neostigmine block the seroto- 
nin induced C1- current. These compounds do not an- 
ta onize the autoradiographic labelling of L1 and R1 by 

crepancy may be accounte for by proposing 1251-LSD 
binds to the agonist recognition site of the rece tor- 
channel complex. Cyproheptadine, mianserin, an cp LSD 
presumably act at the serotonin recognition site, block- 
ing both autoradiographic labeling and the electrophys- 
iological res onse. D-Tubocurarine and neostigmine 

and block only the electrophysiological response. There 
is evidence that high concentrations of carbamate anti- 
cholinesterases antagonize the Na+ acetylcholine chan- 
nel (Gage and McBurney, 1975). although there is no 
equivalent information for the acetylcholine Cl- re- 
sponse. D-Tubocurarine also antagonists the acetylcho- 
line C1- res onse and may act as a general C1- channel 

penter et al., 1977). It appears that cyproheptadine and 
mianserin are specific and potent anta onists of both 

act at the agonist recognition site. 
Kadan and Hartig (1988) provided evidence that gua- 

f 
l2 ?? I-LSD (Kadan and Harti , 1988). This apparent dis- 

may act as c K annel blocking drugs at the C1- channel 

blocker at t R e effective concentration of 100 ~J.M (Car- 

the serotonin Na' and C1- responses an c f  most probably 

-35 

-40 

- 50 

Fig. 5. Serotonin responses of L1 and R1, in this case a recording 
from cell R1. Holding potentials are indicated a t  the left of each record. 
Serotonin was applied at the arrow. Conductance monitoring pulses 
indicate the current in response to 10 mV hyperpolarizing command 
steps. Note the very early, rapid inward and late slow sustained inward 
currents as in cells L2 and L4. There is an additional outward current 
due to a conductance increase interposed between the early inward and 
late inward currents. 

nine nucleotides modulate the serotonin affinity at the 
LSD-sensitive site, suggesting that a G protein is in- 
volved in transduction at this receptor-ionophore com- 
plex. G proteins have been implicated in serotonin 
stimulation of cyclic AMP production in the mammalian 
central nervous system (Nelson et al., 1980) as well as in 
Aplysia (Drummond et al., 1980). However, the seroto- 
nin-evoked ionic responses in which cyclic AMP has 
been s ecifically implicated are a potassium conduc- 

conductance increase (Drummond et al., 1980). The 
identification of the LSD-sensitive site as a serotonin 
receptor coupled to a C1- channel supports the conclu- 
sion that a G protein is essential in the receptor- 
ionophore coupling for C1-dependent responses on some 
neurons. While not all G protein responses are coupled 
to cyclic AMP, the previous studies linking serotonin 
stimulation of cyclic AMP to G proteins raise the possi- 
bility, which deserves further study, that cyclic AMP 
may also play a role in some C1-dependent responses in 
Aplysia. 

There are several striking similarities between the 
Aplysia serotonin C1- receptor and the mammalian 
serotonin 1C receptor which has recently been cloned 
and expressed in Xenopus oocytes (Gunderson et al., 
1983; Julius et al., 1988; Liibbert et al., 1987a,b). Acti- 
vation of this receptor in oocytes induces a C1- conduc- 
tance increase response. Activation is dependent on a G 

rotein, and LSD, mianserin, and cy roheptadine all 

tance a ecrease (Deterre et al., 1986) and a potassium 

[ind to the receptor with high affinity. !r he activation of 
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Fig. 6. Current-voltage relation for the three currents shown in Figure 5. ( 0 )  early inward (Na) current, 
(0) fast outward (C1) current and stars the slow inward (Ca) current. 
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Fig. 7. Effect of cyprohe tadine and mianserin on the L l R 1  seroto- 
nin responses. The controrresponse is from R1 clamped a t  a holding 
potential of -40 mV with application of 50 pM serotonin, ap lied a t  the 
arrow. This holding potential was chosen to minimize the SEW inward 
current in order to  study the blockade of the fast inward and outward 
currents. Pretreatment (10 min) with 20 pM cyproheptadine reversibly 
blocked the rapid inward and reduced the later outward currents in 
response to application of 50 pM serotonin + 20 pM cyproheptadine. 
Serotonin (50 *MI applied after 30 min ASW wash shows full recovery 
of the rapid inward and partial recovery of outward current. Applica- 
tion of 50 p M  serotonin + 20 p M  mianserin following 10 min retreat- 
ment with 20 pM mianserin resulted in total blockade of b o d  compo- 
nents. This blockade was also almost totally reversible with prolonged 
washing. 

LSD (1 min) 

G-- - - - - - - 

LSD (15 min) 

b- ------- 

5 s  

Fig. 8. Effect ofLSD on the L1R1 serotonin response. This recording 
comes from an ex eriment on L1 recorded at a holding potential of -40 
mV. In the controythere is a n  obvious rapid inward current followed by 
the relatively rapid outward current which reverses at  the C1- e uilib- 
rium potential. The voltage-dependent Ca2' current is not Qearly 
ap arent because of the holding otential, but some trace of it is 
inicated by the irregularities on tEe falling phase of the C1- compo- 
nent. Following a 1-min application of 500 nM LSD, there is a clear 
reduction in the C1- component ofthe response to 50 pM serotonin plus 
500 nM LSD. After 15-min LSD application, the C1- component in 
response to serotonin plus LSD IS gone, but the fast Na' remains, and 
a prolonged inward current that had been obscured becomes apparent. 
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the receptor is thought to be associated with synthesis of 
inositol phosphates which lead to release of Ca2+ from 
intracellular stores. The C1- channel is thought to be 
activated secondary to the elevated intracellular Ca2+ 
concentration. We have no information on possible Ca2+ 
de endency of the Aplysia response. 

is of interest to note that the Aplysia C1- conduc- 
tance increase has a relatively slow time course com- 
pared to acetylcholine C1- responses. The time to peak 
of the serotonin C1- response is in the range 2-10 s in 
our recordings, whereas the acetylcholine C1- response 
(which is presumably a directly linked receptor-iono- 
phore unit) rises to  a peak in 300-800 ms and shows 
rapid desensitization (see Fig. 2). Thus far, the agonist 
responses most convincingly demonstrated to be medi- 
ated by G proteins in Aplysia are the slow time course 
K+ acetylcholine, dopamine, and histamine responses 
(Sasaki and Sato, 1987). The demonstration that gua- 
nine nucleotides and their analogues alter the binding 
of 1251-LSD in the abdominal ganglion suggests that in 
cells L1 and R1, one ty e of serotonin receptor is coupled 
to C1- channels via a Zprotein mechanism whereas the 
acetylcholine receptors are directly coupled to C1- chan- 
nels. The C1- channels may have similar properties. 
Further electrophysiological studies will be needed to 
confirm this point. 
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