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Summary

1. Pressure-sensitive mechanosensory (P) neurones of the leech Hirudo
medicinalis produce two responses to serotonin (5-HT): activation of a CV
conductance and of a non-selective monovalent cation conductance. The effects of
channel blockers, the receptor pharmacology and the second-messenger depen-
dence of these responses were studied in voltage-clamped P cells in culture.
Antagonists were applied by superfusion and agonists by pressure ejection.

2. Zn2+ (lOO^moir1) and H + (pH6.5 and lower) reversibly reduced the CV
conductance activated by 5-HT. The cation conductance was impermeant to
calcium ions and was reduced by micromolar concentrations of the Na+ channel
inhibitors amiloride and 3,4-dichlorobenzamil.

3. High concentrations of antagonists or agonists of 5-HTt receptors and an
antagonist of 5-HT3 receptors had no effect on either response of P cells to 5-HT.
Micromolar concentrations of ketanserin or cyproheptadine, which selectively
antagonize 5-HT2 receptors, reduced the cation but not the Cl~ conductance.
From these results, the receptor underlying the cation conductance appears to be
of the 5-HT2 subtype, whereas the receptor activating the Cl~ conductance does
not fit within the mammalian classification scheme.

4. Brief (<500ms) application of membrane-permeant agonists of the second
messenger cyclic AMP elicited a CV conductance, whereas antagonists of cyclic-
AMP-dependent protein kinase A reversibly suppressed the Cl~ conductance
elicited by 5-HT and by cyclic AMP agonists. Compounds affecting other second
messenger pathways were without effect on the Cl~ conductance. It therefore
appears that the Cl~ conductance is activated by cyclic-AMP-dependent protein
kinase A.

5. Cyclic nucleotide agonists and antagonists were without effect on the cation
conductance. However, brief application of phorbol esters, which activate protein
kinase C, elicited an amiloride-sensitive cation current. An inhibitor of protein
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kinase C reduced the cation conductance activated by 5-HT and by phorbol esters.
Therefore, the cation conductance appears to depend on activation of protein
kinase C.

6. We conclude that 5-HT activates two types of receptor coupled to separate
ionic channels via different second messenger pathways in P cells. A receptor that
is distinct from the mammalian subtypes activates Cl~ channels via cyclic-AMP-
dependent protein kinase A. 5-HT2 receptors appear to activate cation channels
by means of protein kinase C.

Introduction

The displacement of 5-HT binding to receptors in mammalian neuronal
preparations by a variety of agents has led to the classification of several major
classes of binding sites. 5-HTx binding sites were first identified by their higher
affinity for 5-HT than for spiperone, as opposed to 5-HT2 sites which show the
opposite affinity (Peroutka and Snyder, 1979). In recent years, compounds with
greater (but incomplete) selectivity for these two sites have been identified or
synthesized. These drugs have permitted the classification of 5-HTi binding sites
into four subtypes (1A, IB, 1C and ID) and have been used to identify a third class
of binding sites (5-HT3) in the nervous system (Peroutka, 1988). Each of these
binding sites corresponds to a 5-HT receptor that mediates physiological effects in
the peripheral or central nervous systems (Bobker and Williams, 1990).

The receptors are differentially distributed (Peroutka, 1988) and many neurones
in vertebrates (Nicoll, 1988) and in invertebrates (Gerschenfeld, 1973) show
multiple responses to 5-HT which depend on the pattern of synaptic inputs. In
many neurones, 5-HT receptors are coupled to second messengers; for example,
5-HT1A receptors that modulate adenylate cyclase (Shenker etal. 1985; Markstein
et al. 1986; DeVivo and Maayani, 1986) and 5-HT2 receptors that activate
phosphatidylinositol turnover (Brown et al. 1984; Conn & Sanders-Bush, 1985;
Kendall and Nahorski, 1985). The combination of multiple responses mediated by
a variety of receptors with different regional distributions makes the serotonergic
system highly complex.

We have been studying the properties of specific synapses formed between
identified leech neurones. The mechanosensory (P) cell receives serotonergic
innervation in situ and in culture (Fuchs et al. 1982). Application of 5-HT by
pipette elicits two long-lasting responses in the P cell: activation of an inhibitory
Cl~ conductance and of an excitatory cation conductance (Henderson, 1983;
Drapeau and Sanchez-Armass, 1988). Interestingly, only the Cl~ response is
activated upon 5-HT release by the serotonergic Retzius cell (Fuchs et al. 1982;
Drapeau and Sanchez-Armass, 1988), apparently because of the selective loss of
the cationic response at sites of contact between the neurones (Drapeau et al.
1989).

In this study, we tested the effects of a variety of pharmacological agents in
order to characterize the receptors that activate these ionic channels. This was
particularly interesting since 5-HT receptors in invertebrate neurones (e.g. Walker
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and Smith, 1973; Gerschenfeld and Paupardin-Tritsch, 1974; Drummond et al.
1980) have yet to be classified with the drugs developed recently for mammalian
preparations.

The currents activated in the P cell by 5-HT released synaptically or by
application by pipette are of long duration, lasting hundreds of milliseconds
(Drapeau and Sanchez-Armass, 1988), which is common for 5-HT responses
mediated by intracellular second messengers (Kehoe and Marty, 1980; Kaczmarek
and Levitan, 1987). Therefore, an additional interest was to determine the nature
of the long-lasting responses to 5-HT in the P cell. We show that the Cl~ and
cationic responses occur in parallel through the actions of 5-HT on distinct
receptors coupled to separate ionic channels via different second messenger
pathways. A preliminary report of some of these results has appeared elsewhere
(Drapeau & Sanchez-Armass, 1989).

Materials and methods

Cultures

P cells were isolated from the nervous system of the leech Hirudo medicinalis
(purchased from Ricarimpex, Audenge, France) and cultured as described
previously (Dietzel et al. 1986). Desheathed ganglia were exposed to collagenase
(Type XI, Sigma Chemical Co., St Louis MO, USA) and the somata of P cells
were removed by aspiration into a micropipette. The cells were plated (singly) in
the wells of polylysine-coated microtest culture dishes containing Leibovitz-15
medium (L-15) supplemented with 2% heat-inactivated foetal bovine serum
(Gibco Canada, Burlington, Ontario, Canada). Under these conditions, the cells
usually did not extend neurites (which makes voltage-clamping easier; see Dietzel
et al. 1986; Drapeau and Sanchez-Armass, 1988). Most experiments were
performed 5-10 days following plating.

Recordings

P cells in culture were voltage-clamped with a single microelectrode (4 moll"1

caesium acetate; 15-20 MQ) using a sample-and-hold amplifier (Axoclamp 2a,
Axon Instruments, Burlingame, CA) and were superfused continuously, as
described previously (Drapeau and Sanchez-Armass, 1988). For experiments in
which the pH of the superfusion solution was changed, a bath electrode was used
to compensate for large voltage offsets. The solutions used were (concentrations in
mmoll"1): Normal solution, NaCl, 155; KC1, 5; CaCl2, 1; MgCl2, 1; glucose, 10;
Hepes, 10, pH7.4; Calcium solution, CaCl2, 110; glucose, 10; Hepes, 10, pH7.4;
TrisCl solution, TrisCl, 165, pH7.4; CsCl, 5; MgCl2, 2; 3,4-diaminopyridine
(DAP), 10; glucose, 10; TEA+ solution, tetraethylammonium chloride (TEAC1,
prepared from 20 % TEAOH titrated with HC1), 155; CsCl, 5; MgCl2,2; DAP, 10;
glucose, 10; Mes, 10, pH5.5 or 6.5, Hepes, 10, pH7.4 or Tris, 10, pH9.0 (for
experiments at pH5.5, Mes was used instead of Hepes); Na2SO4 solution,
jka2SO4, 135; MgSO4, 5; DAP, 10; glucose, 10; Hepes, 10, pH7.4; anthracene-9-
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carboxylic acid (9-AC: a Cl~ channel blocker), O.lmmoll"1 from a O^moll"1

stock solution dissolved in dimethylsulphoxide (DMSO). Other solutions contain-
ing a drug (e.g. antagonists or blockers) are indicated in the text and figure
legends. Stock solutions of more hydrophobic drugs were prepared in DMSO and
diluted so that the final DMSO concentration was no more than 0.05%, a
concentration that had no direct effect on the recordings. 5-HT and other
compounds (e.g. agonists or permeant second messengers) were applied by
pressure ejection (200 or 500 ms pulses at 105Pa) from a large-tipped (15-2

1pipette containing lOO/tfnoll"1 5-HT or the indicated concentration of other
compounds dissolved in the same solution used to superfuse the P cells. Switching
solutions of the same ionic composition (but containing different drugs) had little
effect on the holding current.

The compounds used and their sources are the following: 8-OH-DPAT [8-
hydroxy-2(di-7V-propylamino)tetralin], RBI; RU24969, gift of Roussel-Uclaf;
spiroxatrine, Jansenn Pharmaceutica; metitepine, gift of Hoffmann-La Roche
Ltd; ketanserin, gift of Dr C. deMontigny; ICS 205-930, gift of Sandoz Canada
Inc.; cyproheptadine, forskolin, tolbutamide, dbcAMP (dibutyryladenosine-3':5'-
cyclic monophosphate) and dbcGMP (dibutyrylguanosine-3':5'-cyclic monophos-
phate), Sigma Chemical Co.; amiloride, gift of J. Hanrahan; 3,4-dichlorobenza-
mil, gift of G. J. Kaczorowski; DPIB (12-deoxyphorbol-13-isobutyrate), PDA
(phorbol-12,13-diacetate) and PMA (phorbol-12-myristate-13-acetate), LC Ser-
vices Corp.; l-(5-isoquinoline-sulphonyl)-2-methylpiperazine dihydrochloride
(H-7) and iV-[2-(methylamino) ethyl]-5-isoquinolinesulphonamide dihydrochlor-
ide (H-8), Seikagaku America, Inc., St Petersburg, FL.

Results
We describe below the chloride and cation conductances in the P cell activated

by 5-HT. For each response the properties of the channels, their pharmacological
profiles and the roles of different second messengers have been characterized.

The chloride conductance

Channel properties

We have described previously the Cl~ conductance (Drapeau & Sanchez-
Armass, 1988). This response can be isolated by superfusing the P cell in TrisCl
solution, an impermeant cation solution in which Na+ and K+ are replaced by Tris
and Ca2+ by Mg2+. The current-voltage relationship of the Cl~ conductance
shows outward rectification and depends on the Cl~ gradient. The current is
reduced by inhibitors of Cl~ channels, including 9-AC (Bryant and Morales-
Aguilera, 1971) and the stilbene derivative 4,4-diisothiocyanostilbene 2,2-disul-
phonic acid (DIDS) (Knauf and Rothstein, 1971).

lOOjimiolP1 Zn2+ reversibly reduced the Cl~ current (45±13% of control,
N=l; Fig. 1A), as reported for other Cl" channels (Bertag, 1987). At 10/imoll"1,
Zn2+ had no significant effect (not shown). Since a variety of Cl~ channels are'
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Fig. 1. Block of the Cl conductance by Zn2+ and low pH. (A) A cultured P cell was
superfused with TrisCl solution with (Zn2+) or without (Controls) O.lmmoll"1 ZnCl2
present. (B) A different P cell was superfused with TEAC1 solution at pH 7.4 or 6.5, as
indicated. For the period indicated by the bar, 100,umol I"1 5-HT dissolved in the same
solution used to superfuse the P cell was pressure-ejected. The holding potential was
OmV. The controls show the responses both before and after the treatments.

sensitive to the extracellular pH (Bretag, 1987), we examined the effects of
acidification and alkalization on the Cl~ current. As shown in Fig. IB, lowering
the pH to 6.5 reversibly reduced the C\~~ current (35±15 % of control, N=7). The
Cl~ current was completely blocked at pH5.5 and was unaffected at pH9.0 (not
shown). Neither the block by Zn2+ nor that by H + was noticeably voltage
dependent.

As described below, we tested the effects of a variety of compounds on currents
elicited at different holding potentials (usually only one is shown) and the results
were consistent with effects on the conductance to Cl"

Pharmacology

5-HT agonists and antagonists were applied in order to characterise the receptor
properties of the Cl~ conductance according to the criteria used for mammalian
5-HT receptor subtypes (Peroutka, 1988). Agonists were tested by pressure-

rejecting TrisCl solution containing the drug while superfusing the P cell in drug-
rfree TrisCl solution. Antagonists were tested on P cells superfused with TrisCl
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solution containing the drug by pressure-ejecting TrisCl solution containing
lOOjUmoll"1 5-HT (sufficient to give a maximal response in the absence of drug;
Drapeau and Sanchez-Armass, 1988).

At low concentrations, 8-OH-DPAT and RU24969 are selective agonists of
5-HT1A and 5-HT1B receptors, respectively; at high concentrations, these com-
pounds also activate other 5-HTi receptors, including 5-HTlc and 5-HT1D

receptors (see Peroutka, 1988). Low concentrations of these drugs were ineffective
and even very high concentrations (lOO/imoll"1 8-OH-DPAT or 2001umoll~1

RU24969) failed to activate a significant Cl~ conductance (Fig. 2). When tested as
antagonists, they failed to block the Cl~ conductance (not shown). High
concentrations of spiroxatrine, a selective antagonist of 5-HT1A receptors (Nelson
and Taylor, 1986), and metitepine, which has the highest affinity of all antagonists

Cyproheptadine

ICS 205-930

20 40 60 80 100
% Control conductance

Fig. 2. Pharmacology of the Cl conductance. The effects of a variety of
5-HT-receptor-specific agonists and antagonists were tested on P cells superfused in
TrisCl solution (P cells clamped at -20 to OmV). The effects of agonists (8-OH-DPAT
and RU24969) were tested by pressure-ejecting a solution of each compound dissolved
in TrisCl solution and comparing the responses to those elicited by ejection of a control
solution containing lOOjumolF1 5-HT (mean of the control measurements obtained
before and after testing each of the drugs). The effects of antagonists (spiroxatrine,
metitepine, ketanserin, cyproheptadine and ICS205-930) were tested by superfusing
the cells with TrisCl solution containing the compound and measuring the relative
amplitude of the current activated by pressure-ejection of 5-HT. The concentrations of
the drugs were Gumoir1): 8-OH-DPAT, 100; RU24969, 200; spiroxatrine, 6; metite-
pine, 10; ketanserin, 10; cyproheptadine; 10; ICS 205-930, 10. The mean of all
measurements of the peak conductances in the presence of a drug as a percentage of
the mean of the control conductances elicited by 5-HT in the absence of (before and
after) the test drug are illustrated by the bars in the histogram. The number of
determinations and the S.E.M. are indicated for each bar.
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for 5-HTj receptors (Leysen et al. 1981), failed to block the Cl~ conductance
(Fig. 2). Therefore, the Cl~ conductance is not coupled to a 5-HTj receptor.

Micromolar concentrations of the highly selective 5-HT2 antagonists ketanserin
(Leysen et al. 1982) and cyproheptadine (McCall and Aghajanian, 1980) were also
without effect on the Cl~ conductance. Higher, and therefore less specific,
concentrations of cyproheptadine (100/imoll"1 or more) can block the Cl~
conductance (Drapeau and Sanchez-Armass, 1988) and Cl~-dependent responses
in vivo in the leech (Sawada and Coggeshall, 1976). These results argue against a
5-HT2 receptor for the Cl~ conductance.

Recently, drugs specific for 5-HT3 receptors have been developed (Peroutka,
1988). One of the first and best studied of these is ICS 205-930 (Richardson et al.
1985). As can be seen in Fig. 2, lO^moU"1 ICS 205-930 in the superfusion solution
was without effect. In addition, 100 jumol P 1 ICS 205-930 applied by pipette did not
elicit a response (not shown). These results argue against a role for a 5-HT3

receptor in the Cl~ conductance.
In conclusion, the receptor mediating the effect of 5-HT on the Cl~ conductance

does not have a pharmacological profile consistent with that of any of the
mammalian classes of 5-HT receptors.

Second messengers

The activation of the Cl~ conductance by applied and synaptically released
5-HT is slow and long-lasting (Fuchs et al. 1982; Henderson, 1983; Drapeau and
Sanchez-Armass, 1988). For example, the onset of the postsynaptic current in P
cells innervated by serotonergic Retzius cells is delayed by about 10 ms following
the presynaptic action potential, reaches a peak after 20-50 ms and declines along
a biexponential time course with time constants of about 70 and about 600 ms
(Drapeau and Sanchez-Armass, 1988). Sustained responses to 5-HT in neurones
are generally due to the actions of second messengers (Kehoe and Marty, 1980;
Kaczmarek and Levitan, 1987; Bobker and Williams, 1990). The effects on the Cl~
conductance of agents known to modify the activity of protein kinases were tested
to determine the possible regulation by second messengers. An important
criterion for the effects of activating compounds was that they should develop over
a similar time course to the effects of 5-HT, i.e. with a delay of less than 100 ms and
a prolonged effect following brief application.

Application of 1 mmol T 1 dbcAMP for 500 ms onto a P cell superfused in TrisCl
solution, resulted in the rapid activation of a prolonged current with a reversal
potential near the resting potential (approx. — 50mV), similar to that observed for
the Cl~ conductance (Drapeau and Sanchez-Armass, 1988). This effect was more
pronounced when the phosphodiesterase inhibitor theophylline ( lmmolP 1 ) was
included with the dbcAMP (Fig. 3A). In addition to the Cl~ conductance,
dbcAMP, but not 5-HT, activated a non-selective cation conductance permeant to
Tris, unlike the cationic conductance described below, and impermeant to TEA"1"
(S. Sanchez-Armass, in preparation). Consequently, the Cl~ conductance acti-
vated by dbcAMP was more apparent in TEA+ solution (14/17 cells tested) than
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A dbcAMP plus theophylline
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Fig. 3. Activation of the Cl conductance by dbcAMP and forskolin. P cells were
superfused with TrisCl solution and voltage-clamped at the indicated potentials
(current recordings were overlapped at the beginning of the traces). A solution of
l m m o i r 1 dbcAMP and lmmoll"1 theophylline (A) or lOO^moll"1 forskolin (B)
dissolved in TrisCl solution was pressure-ejected for the period indicated by the black
bars.

in TrisCl solution (10/27 cells). Forskolin, which activates adenylate cyclase, also
activated the Cl~ conductance in 15/23 cells in TrisCl solution (Fig. 3B) and 2/3
cells in TEA"1" solution.

To determine if the same Cl~ channels were being activated by 5-HT, dbcAMP
and forskolin, we tested two blockers of cyclic-AMP-dependent protein kinase A.
The first was tolbutamide, a sulphonylurea which blocks ATP-dependent K+

channels (Trube et al. 1986) and protein kinase A (Kanamori et al. 1976) and which
reversibly blocks cyclic-AMP-dependent processes including amylase secretion
(Kanamori etal. 191 A), hormone-stimulated lipolysis (Wray and Harris, 1973) and
a Ca2+ current in snail neurones (Doroshenko et al. 1984). As shown in Fig. 4,
tolbutamide reversibly reduced the Cl~ conductance activated by 5-HT (estimated
K05 of O.Smmoll"1). In addition, the isoquinoline derivative H-8 (lO^moll"1), a
non-selective inhibitor of protein kinases (Hidaka et al. 1984), reduced the Cl~
conductance activated by 5-HT (4±10 % of control, N=7), dbcAMP (20±19 % of
control, N—5) and forskolin (29±14% of control, N=8), as illustrated in Fig. 5.
Therefore, the Cl~ conductance appears to depend on the activation of protein
kinase A.
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Fig. 4. Block of the Cl conductance by tolbutamide. P cells were superfused with
TrisCl solution containing 1 mmol I"1 theophylline without (controls before and after
superfusion of drug) or with 1 mmol 1~x tolbutamide and were voltage-clamped at 0 mV
(current recordings were overlapped at the beginning of the traces). TrisCl solution
containing 100 /^moll"1 5-HT was pressure-ejected for the 200 ms period indicated by
the black bar.

Application of 1 mmol 1 1 dbcGMP failed to activate the Cl conductance (not
shown). However, P cells superfused with TrisCl solution containing 100/imolP1

dbcGMP showed a weak inhibition of the response to 5-HT (72±8% of control,
iV=15), suggesting that dbcGMP has a partial antagonistic effect on the activation
of the Cl~ conductance by protein kinase A.

Application of up to l^jUmoll"1 of the phorbol esters DPIB or PDA, which
activate protein kinase C (Nishizuka, 1988), failed to elicit the Cl~ conductance
(not shown).

In conclusion, it appears that the Cl~ conductance is activated by the effect of
5-HT on an unindentified receptor subtype that is coupled to Cl~ channels via the
activation of cyclic-AMP-dependent protein kinase A.

The cation conductance

Channel properties

In our previous study, the cation conductance was estimated to be relatively
non-selective for monovalent (Na+ and K+) cations and did not require the
presence of extracellular Ca2+ (Drapeau & Sanchez-Armass, 1988). As shown in
Fig. 6, 5-HT did not elicit an inward current in isotonic CaCl2 (for all 12 P cells
tested), demonstrating that the cation conductance was impermeant to this
divalent cation. We tested the effects of amiloride and a related compound, 3,4-
dichlorobenzamil, as blockers of the cation conductance, since micromolar
concentrations of amiloride block certain Na+ channels in a number of prep-
arations (Garty and Benos, 1988). As shown in Fig. 7, micromolar concentrations
of amiloride reduced the cation conductance. 3,4-Dichlorobenzamil had the same
effect (not shown).
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Fig. 5. Block of the Cl~ conductance by H-8. The experimental protocol was identical
to that described in the legend to Fig. 4 except that 10f<mol P 1 H-8 was used (instead
of tolbutamide) in one of the solutions. TrisCl solution containing lOO^molP1 5-HT
(A), lmmoll"1 dbcAMP(B) or lOOjumolF1 forskolin (C) was pressure-ejected for the
200 ms period indicated by the black bar.

Pharmacology

As observed for the Cl~ conductance, the 5-HTi receptor agonists 8-OH-DPAT
and RU24969 and antagonists spiroxatrine and metitepine and the 5-HT3 receptor
antagonist ICS 205-930 were ineffective when tested on the cation conductance
(Fig. 8B). However, micromolar concentrations of the 5-HT2 antagonists ketan-
serin (Fig. 8A,B) and, to a lesser extent, cyproheptadine (Fig. 8B) reduced the
cation conductance. Higher concentrations of cyproheptadine (lOO/imoll"1 or
more) resulted in complete block of the cation conductance (Drapeau and
Sanchez-Armass, 1988). Therefore, the cation conductance is coupled to a
receptor resembling pharmacologically the mammalian 5-HT2 subtype.
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Fig. 6. Permeability of the cation conductance for Na+ and Ca2+. The P cell was
superfused with either normal solution or calcium solution and held at — 60 mV. 5-HT
dissolved in the same solution used for superfusion was ejected for the 200 ms period
indicated by the black bar.

5-HT in Na2SO4

0.2nA

Controls

500
Time (ms)

1000

Fig. 7. Block of the cation conductance by amiloride. A P cell was superfused with
Na2SO4 solution and voltage-clamped at -60mV in the absence (controls before and
after drug treatment) and in the presence of 3^moll~' amiloride. For the 200ms
period indicated by the black bar, 100 ̂ mol F 1 5-HT dissolved in Na2SO4 solution was
pressure-ejected onto the P cell. The current traces were overlapped at the beginning
of the recordings.

Second messengers

We tested the effects of a brief application of modifiers of protein kinase
activities on the cation conductance. Pressure ejection of lmmoll"1 solutions of
the dibutyryl derivatives of either cyclic AMP or cyclic GMP did not appear to
activate the cation conductance (not shown). In addition, superfusing the P cells
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Fig. 8. Pharmacology of the cation conductance. (A) A P cell was superfused with
Na2SO4 solution and voltage-clamped at — 60 mV in the absence (controls before and
after drug treatment) and in the presence of l^moll"1 ketanserin. For the 200ms
period indicated by the black bar, lOOfunoll"1 5-HT dissolved in Na2SO4 solution was
pressure-ejected onto the P cell. The current traces were overlapped at the beginning
of the recordings. (B) Agonists and antagonists were dissolved in Na2SO4 solution and
tested as described for Fig. 2. The number of measurements and S.E.M. are indicated
for each group. The P cells were clamped at -40 to — 70mV. The stars indicate the
results obtained for ketanserin reduction of the cation current in a single experiment
(A) and for the mean of several experiments (B).

with Na2SO4 solution containing 0.6 mmol 1 1 tolbutamide, which was sufficient to
reduce the Cl~ conductance to about one-third of the control value (Fig. 4), did
not block the cation conductance significantly (87±4% of control, N=7).

Brief (<1 s) application of micromolar concentrations of the less hydrophobic
phorbol esters DPIB (1 jUmoll"1; Fig. 9) and PDA (12^moll-1; not shown), which
directly activate protein kinase C (Nishizuka, 1988), elicited an inward current at
hyperpolarized potentials in P cells superfused with Na2SO4 solution. We
examined whether the cationic current activated by the phorbol esters underlies
the cation conductance activated by 5-HT by testing the ability of amiloride to
block the DPIB-activated current. As shown in Fig. 9, a high (20/rniolP1)
concentration of amiloride partially reduced the effects of DPIB (57±15% of
control, N=4), suggesting that the phorbol esters activated the same cation
conductance as well as an amiloride-insensitive component. The compound H-7
(50;umol I"1), a high-affinity blocker of protein kinase C (Kawamoto and Hidaka,
1984), almost completely reduced the cation conductance activated by 5-HT
(10±12 % of control, 7V=13) or phorbol esters (21 ±17 %, N=3), as illustrated in
Fig. 10. The less specific inhibitor H-8, which was a potent blocker of the Cl~
conductance (Fig. 5), failed to block the cation conductance at concentrations up
to 10/zmoir1 (not shown). Higher concentrations (10^moll~J) of phorbol esters
activated a much larger current that could result in loss of clamp control and the
appearance of active currents.

Recently, single cation channels recorded in P-cell-attached patches were shown
to be activated by both 5-HT and phorbol ester, and H-7 was shown to block these
effects (Drapeau, 1990). The results with macroscopic and single-channel record-
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DPIB in Na2SO4
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Controls

0 500 1000
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Fig. 9. Activation of the cation conductance by phorbol ester. A P cell was superfused
with Na2SO4 solution and voltage-clamped at -45 mV in the absence (controls before
and after treatment) and in the presence of ZOjumoll"1 amiloride. For the 400 ms
period indicated by the black bar, 1 jUmolF1 DPIB dissolved in Na2SO4 solution was
pressure-ejected onto the P cell. The current traces were overlapped at the beginning
of the recordings.

ings together suggest that the cation conductance is linked to a 5-HT2 receptor and
depends on activation of protein kinase C.

Discussion

Our results demonstrate that 5-HT activates two distinct receptors coupled to
separate ionic channels via different second messenger pathways. The Cl~
channels were blocked by Zn2+ and H + , consistent with the results obtained, in a
wide variety of species and tissues, for Cl~ channels which are open in the absence
of a specific ligand (Bretag, 1987). In contrast, the GAB A receptor/ Cl~ channel
complex in lobster muscle is blocked by Zn2+ and is activated by H + (Smart and
Constanti, 1982). As discussed below, the P cell Cl~ channels are operated by a
second-messenger system, supporting the possibility that the Cl~ channels are
physically distinct from the 5-HT receptors.

The Cl~ conductance was insensitive to a variety of drugs that affect 5-HT
receptors in mammalian preparations, suggesting that the receptor may be of a
novel type, perhaps restricted to invertebrates. Clear identification of the receptor
activating the Cl~ conductance as a different receptor type would require the
development of specific agonists or antagonists. As observed for some 5-HT
responses in other preparations (Kehoe and Marty, 1980; Kaczmarek and Levitan,
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0 1000
Time (ms)

Fig. 10. Block of the cation conductance by H-7. P cells were voltage-clamped and
superfused with Na2SO4 solution without or with SO^moll"1 H-7. 5-HT (lOO/imolF1,

1

2000

holding potential of -46mV) or DPIB (O.l^moir1, holding potential of -42mV)
dissolved in the superfusion solution was pressure-ejected onto the cell for the
indicated period. Controls show the responses before and after treatment.

1987; Bobker and Williams, 1990), the Cl conductance was apparently dependent
on the action of cyclic AMP, presumably requiring activation of protein kinase A.
An association between adenylate cyclase and 5-HT1A receptors has been
suggested from studies of the mammalian brain (Shenker et al. 1985; Markstein et
al. 1986; De Vivo and Maayani, 1986). Our results suggest that the receptor
activating the Cl~ conductance may be an invertebrate equivalent of the 5-HT1A

receptor that is insensitive to the drugs developed for mammalian preparations. It
is interesting that a 5-HT response in Aplysia neurones that is dependent upon
cyclic AMP is blocked by the 5-HT2-specific antagonists ketanserin and ritanserin
(Ocorr and Byrne, 1986), again at odds with mammalian pharmacology.

A cyclic-AMP-dependent pathway would explain the prolonged effects of the
synaptic activation of the Cl~ conductance in the P cell (Drapeau and Sanchez-
Armass, 1988). Cl~-dependent miniature synaptic potentials are observed at the
Retzius-P cell synapse (Henderson et al. 1983; Dietzel et al. 1986). As for the
secretion of transmitters having rapid, direct effects on postsynaptic channels (e.g.
the acetylcholine receptor/channel), our results suggest that second-messenger-
dependent responses can occur by quantal release of transmitter.

The cation response fits more readily into the mammalian scheme as a 5-HT2
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receptor. A difference between the cation conductance and mammalian 5-HT2

receptors was the lack of effect of metitepine on the cation conductance, since this
antagonist binds with high affinity to both 5-HTj and 5-HT2 receptors (Leysen et
al. 1981). The activation of the cation conductance by phorbol esters indicates a
role for diacylglycerol, a product of inositide phospholipid metabolism which
activates protein kinase C (Nishizuka, 1988) and ionic channels (Berridge, 1986).
The blockage of the cation conductance by H-7 is also consistent with a role for
protein kinase C in activation of the channel. This provides a further similarity
between the cation conductance and mammalian 5-HT2 receptors, since this
receptor type in rat brain is believed to be coupled to phosphoinositide turnover
(Brown et al. 1984; Conn and Sanders-Bush, 1985; Kendall & Nahorski, 1985).

We have shown that, during innervation of the P cell by the serotonergic Retzius
cell in culture, contact between the neurones causes the selection of the correct in
vivo response, i.e. only the Cl~ conductance and not the cation conductance is
activated upon 5-HT secretion (Drapeau et al. 1989). Recordings of single cation
channels suggest that it is the activation of the channels by protein kinase C that is
reduced as a prelude to synapse formation (Drapeau, 1990). The existence of
parallel mechanisms for processing these responses in the P cell appears to be
critical to the selection process, since the independent pathways permit the
inactivation of one response without affecting the other.

We thank Mr J.-M. Clairoux and Ms E. Melinyshyn for their expert technical
assistance and the Centre de recherches Roussel-Uclaf, Hoffman-La Roche Ltd,
and Sandoz Canada Inc. for their generous gifts of compounds used in this study.
We are grateful to J. Hanrahan for suggesting the use of amiloride and to
C. deMontigny for his discussions and criticisms of an earlier draft of the
manuscript. SS-A was supported as a Visiting Scientist by the FCAR and the MRC
of Canada and the Research Institute of the Montreal General Hospital. DCM
was supported by a Studentship from the MRC of Canada. PD was supported by
Scholarships and grants from the FRSQ and the MRC of Canada.

References
BERRIDGE, M. J. (1986). Regulation of ion channels by inositol trisphosphate and diacylglycerol.

J. exp. Biol. 124, 323-335.
BOBKER, D. H. AND WILLIAMS, J. T. (1990). Ion conductances affected by 5-HT receptor

subtypes in mammalian neurons. Trends Neurosci. 13, 169-173.
BRETAG, A. H. (1987). Muscle chloride channels. Physiol. Rev. 67, 618-724.
BROWN, E., KENDALL, D. A. AND NAHORSKI, S. R. (1984). Inositol phospholipid hydrolysis in

rat cerebral cortical slices. I. Receptor characterization. J. Neurochem. 42, 1379-1387.
BRYANT, S. H. AND MORALES-AGUILERA, A. (1971). Chloride conductance in normal and

myotonic muscle fibres and the action of monocarboxylic aromatic acids. J. Physiol., Lond.
219, 367-383.

CONN, P. J. AND SANDERS-BUSH, E. (1985). Serotonin-stimulated phosphoinositide turnover:
Mediation of the S2 binding site in rat cerebral cortex but not in subcortical regions. J. Pharm.
exp. Ther. 234, 195-203.

DE VIVO, M. AND MAAYANI, S. (1986). Characterization of the 5-hydroxytryptamine1A receptor-



546 S. SANCHEZ-ARMASS, D. C. MERZ AND P. DRAPEAU

mediated inhibition of forskolin-stimulated adenylate cyclase activity in guinea pig and rat
hippocampal membranes. J. Pharm. exp. Ther. 238, 248-253.

DIETZEL, I. D., DRAPEAU, P. AND NICHOLLS, J. G. (1986). Voltage dependence of
5-hydroxytryptamine release at a synapse between identified leech neurones in culture.
J. Physiol., Lond. 2,12, 191-205.

DOROSHENKO, P . A . , KOSTYUK, P . G . , MARTYNYUK, A . E . , KURSKY, M. D . AND VOROBETZ, Z . D .
(1984). Intracellular protein kinase and calcium inward currents in perfused neurones of the
snail Helix pomatia. Neuroscience 11, 263-267'.

DRAPEAU, P. (1990). Loss of channel activation by transmitter and protein kinase C during
innervation of an identified leech neuron. Neuron 4, 875-882.

DRAPEAU, P., MELINYSHYN, E. AND SANCHEZ-ARMASS, S. (1989). Contact-mediated loss of the
non-synaptic response to transmitter during reinnervation of an identified leech neuron in
culture. /. Neurosci. 9, 2502-2508.

DRAPEAU, P. AND SANCHEZ-ARMASS, S. (1988). Selection of postsynaptic serotonin receptors
during reinnervation of an identified leech neuron in culture. J. Neurosci. 8, 4718-4727.

DRAPEAU, P. AND SANCHEZ-ARMASS, S. (1989). Parallel processing and selection of the responses
to serotonin during innervation of an identified leech neuron. J. Neurobiol. 20, 312-325.

DRUMMOND, A. H., BENSON, J. A. AND LEVITAN, I. B. (1980). Serotonin-induced
hyperpolarization of an identified Aplysia neurone is mediated by cyclic AMP. Proc. natn.
Acad. Sri. U.S.A. 77, 5013-5017.

FUCHS, P. A., HENDERSON, L. P. AND NICHOLLS, J. G. (1982). Chemical transmission between
individual Retzius and sensory neurones of the leech in culture. J. Physiol., London 323,
195-210.

GARTY, H. AND BENOS, D. J. (1988). Characteristics and regulatory mechanisms of the
amiloride-blockable Na+ channel. Physiol. Rev. 68, 309-373.

GERSCHENFELD, H. M. (1973). Chemical transmission in invertebrate central nervous systems
and neuromuscular junctions. Physiol. Rev. 53, 1-119.

GERSCHENFELD, H. M. AND PAUPARDIN-TRITSCH, D. (1974). On the transmitter function of
5-hydroxytryptamine at excitatory and inhibitory monosynaptic junctions. J. Physiol., Lond.
243,457-481.

HENDERSON, L. P. (1983). The role of 5-hydroxytryptamine as a transmitter between identified
leech neurones in culture. J. Physiol., Lond. 339, 309-324.

HENDERSON, L. P., KUFFLER, D. P., NICHOLLS, J. G. AND ZHANG, R.-J. (1983). Structural and
functional analysis of synaptic transmission between identified leech neurones in culture.
/. Physiol., Lond. 340, 347-358.

HIDAKA, H., INAGAKI, M., KAWAMOTO, S. AND SASAKI, Y. (1984). Isoquinolinesulfonamides,
novel and potent inhibitors of cyclic nucleotide dependent protein kinase and protein kinase
C. Biochemistry, N. Y. 23, 1304-1310.

KACZMAREK, L. K. AND LEVITAN, I. B. (eds). (1987). Neuromodulation: the Biochemical Control
of Neuronal Excitability. New York. Oxford University Press.

KANAMORI, T., HAYAKAWA, T. AND NAGATSU, T. (1974). Adenosine 3',5'-cylic monophosphate
dependent protein kinase and amylase secretion from rat parotid gland. Biochem. biophys.
Res. Commun. 57, 395-398.

KANAMORI, T., HAYAKAWA, T. AND NAGATSU, T. (1976). Characterization of protein kinases
from bovine parotid glands. The effect of tolbutamide and its derivative on these partially
purified enzymes. Biochim. biophys. Ada 429, 147-162.

KAWAMOTO, S. AND HIDAKA, H. (1984). l-(5-isoquinolinesulfonyl)-2-methylpiperazine (H-7) is a
selective inhibitor of protein kinase C in rabbit platelets. Biochem. biophys. Res. Commun.
125, 656-661.

KEHOE, J. AND MARTY, A. (1980). Certain slow synaptic responses: their properties and possible
underlying mechanisms. A. Rev. Biophys. Bioeng. 9,437-465.

KENDALL, D. A. AND NAHORSKI, S. R. (1985). 5-hydroxytryptamine-stimulated inositol
phospholipid hydrolysis in rat cerebral cortex slices: Pharmacological characterization and
effects of antidepressants. J. Pharm. exp. Ther. 233, 473-479.

KNAUF, P. A. AND ROTHSTEIN, A. J. (1971). Chemical modification of membranes. I. Effects of
sulfhydryl and amino reactive reagents on anion and cation permeability of the human red
blood cell. J. gen. Physiol. 58, 190-210.



Dual responses to 5-HT in an identified neurone 547

LEYSEN, J. E., AWOUTERS, F., KENNIS, L., LADURON, P. M., VANDENBERK, J. AND JANSENN, P.
A. J. (1981). Receptor binding profile of R 41468, a novel antagonist at 5-HT2 receptors. Life
Sci. 28, 1015-1022.

LEYSEN, J. E., NIEMEGEERS, C. J. E., VAN NUETEN, J. M. AND LADURON, P. M. (1982) 3H-
Ketanserin (R41468), a selective 3H-ligand for receptor binding studies. Molec. Pharmac. 21,
301-314.

MARKSTEIN, R., HOYER, D. AND ENGEL, G. (1986). 5-HT1A-receptors mediate stimulation of
adenylate cyclase in rat hippocampus. Eur. J. Pharmac. 333, 335-341.

MCCALL, R. B. AND AGHAJANIAN, G. K. (1980). Pharmacological characterization of serotonin
receptors in the facial motor nucleus: a microiontophoretic study. Eur. J. Pharmac. 65,
175-183.

NELSON, D. L. AND TAYLOR, E. W. (1986). Spiroxatrine: a selective serotoniniA receptor
antagonist. Eur. J. Pharmac. 124, 207-208.

NICOLL, R. A. (1988). The coupling of neurotransmitter receptors to ion channels in the brain.
Science 241, 545-551.

NISHIZUKA, Y. (1988). The molecular heterogeneity of protein kinase C and its implications for
cellular regulation. Nature 334, 661-665.

OCORR, K. A. AND BYRNE, J. H. (1986). Evidence for separate receptors that mediate parallel
effects of serotonin and small cardioactive peptide B (SCPB) on adenylate cyclase in Aplysia
californica. Neurosci. Lett. 70, 283-288.

PEROUTKA, S. J. (1988). 5-Hydroxytryptamine receptor subtypes. A. Rev. Neurosci. 11, 45-60.
PEROUTKA, S. J. AND SNYDER, S. H. (1979). Multiple serotonin receptors: Differential binding of

3H-serotonin, 3H-lysergic acid diethylamide and 3H-spiroperidol. Molec. Pharmac. 16,
687-699.

RICHARDSON, B. P., ENGEL, G., DONATSCH, P. AND STADLER, P. A. (1985). Identification of
serotonin M-receptor subtypes and their specific blockade by a new class of drugs. Nature 316,
126-131.

SAWADA, M. AND COGGESHALL, R. E. (1976). Ionic mechanism of 5-hydroxytryptamine induced
hyperpolarization and inhibitory junctional potential in body wall muscle cells of Hirudo
medicinalis. J. Neurobiol. 7, 63-73.

SHENKER, A., MAAYANI, S., WEINSTEIN, H. AND GREEN, J. P. (1985). Two HT receptors linked
to adenylate cyclase in guinea pig hippocampus are discriminated by 5-
carboxamidotryptamine and spiperone. Eur. J. Pharmac. 109, 427-429.

SMART, T. G. AND CONSTANTI, A. (1982). A novel effect of zinc on the lobster muscle GABA
receptor. Proc. R. Soc. B 215, 341-341.

TRUBE, G., RORSMAN, P. AND OHNO-SHOSAKU, T. (1986). Opposite effects of tolbutamide and
diazoxide on the ATP-dependent K+ channel in mouse pancreatic /3-cells. Pfliigers Arch. 407,
493-499.

WALKER, R. J. AND SMITH, P. A. (1973). The ionic mechanism for 5-hydroxytryptamine
inhibition of Retzius cells of the leech Hirudo medicinalis. Comp. Biochem. Physiol. 45A,
979-993.

WRAY, H. L. AND HARRIS, A. W. (1973). Adenosine 3',5'-cyclic monophosphate-dependent
protein kinase in adipose tissue: inhibition by tolbutamide. Biochem. biophys. Res. Commun.
53, 291-294.




