
General Pharmacology 32 (1999) 669–681

Serotonin induces four pharmacologically separable contractile
responses in the pharynx of the leech Hirudo medicinalis
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Abstract

Stimulation of the serotoninergic innervation of the leech pharynx or application of serotonin to the isolated pharynx induced
four distinct types of contractile activity: an increase in basal tonus, large phasic contractions of 10–15 s in duration, smaller phasic
contractions occurring at approximately 1 Hz, and a relaxation after washout of serotonin. Application to the isolated pharynx
of the selective serotonin agonists (6)-8-hydroxy-2-(di-n-propylamino)tetralin, N-(3-trifluoromethylphenyl)piperazine, 1-(m-chlo-
rophenyl)-piperazine, (6)-2,5-dimethoxy-4-iodoamphetamine, 2-methyl-5-hydroxytrypamine, a-methyl-5-hydroxytryptamine, and
5-methoxytryptamine induced distinct types of pharyngeal contractile activity. The results of this study suggest that the leech phar-
ynx possesses more than one type of serotonin receptor.  1999 Elsevier Science Inc. All rights reserved.
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Serotonin (5-HT) activates the largest number of dif- 1994; Saudou and Hen, 1994; Witz et al., 1990). Simi-
ferent receptors known for any single neurotransmitter. larly, the Drosophila 5-HTdro2, the Lymnaea 5-HTlym re-
In mammalian systems, there are at least seven differ- ceptor, the Caenorhabditis 5-HTCe, and the mammalian
ent families of serotonin receptors, with many of these 5-HT1 family of receptors are apparently homologous
families having several receptor subtypes (Hoyer and (Olde and McCombie, 1997; Peroutka and Howell,
Martin, 1996). These receptors are coupled to most (if 1994; Saudou and Hen, 1994; Sugamori et al., 1993;
not all) of the major second-messenger systems as well Witz et al., 1990). However, not all invertebrate seroto-
as to ligand-gated ion channels. The multiplicity of sero- nin receptors have obvious relationships to vertebrate
tonin receptor subtypes is believed to be due to the an- receptors. On the basis of amino acid sequence homol-
cient origin (more than 750 million years ago) of the pri- ogy and transduction mechanism, two serotonin recep-
mordial serotonin receptor (Peroutka and Howell, tors from Aplysia (Ap5-HTB1 and Ap5-HTB2) are not
1994; Walker et al., 1996). On the basis of an analysis of easily grouped with any of the other described seroto-
the amino acid sequences of the known G protein-cou- nin receptors from either vertebrates or invertebrates
pled serotonin receptors, Peroutka and Howell (1994) (Li et al., 1995).
concluded that ancestors to the mammalian 5-HT1, The combination of a large number of selective sero-
5-HT2, 5-HT5, 5-HT6, and 5-HT7 receptors existed before tonin agonists and antagonists along with the large
the divergence of the vertebrates from the invertebrates. number of workers in the field has lead to an extensive
However, many of the subtypes of these receptors, (but by no means complete) understanding of serotonin
known from mammalian systems, first appeared after receptor pharmacology in the vertebrates. In contrast,
the divergence of the vertebrates from the invertebrates. the field of serotonin receptor pharmacology in the in-

Several invertebrate serotonin receptors have se- vertebrates is not as thoroughly developed. Attempts to
quence homologies and transduction mechanisms in fit invertebrate serotonin receptors into the mammalian
common with mammalian receptors. For example, the scheme by using pharmacological methods have often
Drosophila 5-HTdro1 and mammalian 5-HT7 receptors failed. Locust neuronal somata possess three serotonin-
apparently are homologous (Peroutka and Howell, induced currents whose pharmacologies differ from any

vertebrate serotonin-induced current (Bermudez et al.,
1992). On the basis of the responses of the lobster sto-* Corresponding author. Tel.: (212) 854-2349; Fax: (212) 854-7491;

E-mail: bogara@barnard.columbia.edu. matogastric ganglion to a variety of serotonin agonists
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and antagonists, Zhang and Harris-Warrick (1994) con- of approximately 1 Hz. The work in this report reexam-
ines the response of the pharynx to both serotonin ap-cluded that neurons of the stomatogastric ganglion pos-
plication and LL cell stimulation. The contractile re-sess several serotonin receptors. However, the pharma-
sponses of the pharynx elicited by LL cell stimulation orcology of each of these receptors is unlike any known
serotonin application were more complex than that de-vertebrate receptor. These authors report several occa-
scribed by Lent and Dickinson (1984). With the use ofsions in which two drugs that act on the same vertebrate
a number of selective serotonin agonists, the complexserotonin receptor have different actions on the stoma-
response of the pharynx to serotonin can be separatedtogastric ganglion. In a similar manner, the pharmacol-
into four distinct types of contractions. The differentialogy of molluscan serotonin receptors also does not fit
actions of these agonists indicate that the leech pharynxwithin the vertebrate classification scheme (Fong et al.,
may possess several different serotonin receptors.1993, 1996; Goldberg et al., 1994; Vehovszky and

Walker, 1991).
Serotonin has been known to be an important neuro- 1. Materials and methods

transmitter in leeches for more than 30 years [reviewed
Medicinal leeches, Hirudo medicinalis, were obtainedby Leake and Walker (1980) and by Leake (1986)].

from commercial suppliers (Leeches U.S.A., Ltd., West-More recently, it has become clear that the leech pos-
bury, NY, USA, or ZAUG GmbH, Biebertal, Germany)sesses several serotonin receptors; however, their num-
and maintained in aquaria at about 188C on a 12 h:12 hber and relatedness to other described serotonin recep-
L:D photoperiod. Animals maintained in the laboratorytors are largely unknown. The P sensory neurons of
for longer than 4 months were fed bovine blood.Hirudo medicinalis may possess three different seroto-

nin receptors. A serotonin-activated Cl2 conductance is 1.1. Pharynx: head ganglia preparation
mediated by an ionotropic receptor whose pharmacol-

Leeches were anesthetized with ice-cold saline andogy does not fit within the mammalian classification
pinned ventral side down in a frozen wax-bottomed dis-scheme (Leßmann and Dietzel, 1995; Sanchez-Armass
section dish. A dorsal midline incision was used to ex-et al., 1991). A second receptor, whose pharmacology re-
pose the pharynx. The pharynx was freed from its con-sembles that of 5-HT2 receptors, activates a nonselective
nections to the body wall by first severing the dorsal andcationic conductance by protein kinase C and tyrosine
lateral extrinsic radial muscles. The pharynx was freed

phosphatase (Catarsi and Drapeau, 1997; Sanchez-
from the animal by first cutting through the crop caudal

Armass et al., 1991). A third receptor, whose pharma- to the posterior sphincter of the pharynx and then sev-
cology resembles that of 5-HT1A receptors, reduced the ering the remaining radial muscles on the ventral side of
open state probability of a potassium channel by pro- the pharynx as the tissue was lifted out of the animal.
tein phosphorylation (Goldermann et al., 1994). The supraesophageal ganglion, the subesophageal gan-

Leake and Koubanakis (1995) examined the effects glion, and the first two segmental ganglia together with
of a number of selective serotonin agonists on the body the pharynx and mouth were removed from the animal
wall muscles and Retzius neurons of Hirudo. These au- as a unit. The nerve cord was pinned ventral side up in
thors utilized agonists for several of the 5-HT1 receptor a small Sylgard-lined dish (Dow-Corning, Midland, MI,
subtypes as well as agonists for 5-HT2, 5-HT3, and 5-HT4 USA), and the pharynx was reflected anteriorly so that
receptors. They concluded that either these two cell it was not under the nerve cord. Movements of the
types contain a mixed population of serotonin receptors pharynx were monitored with the use of a force trans-
or the individual serotonin receptors activated more ducer (FORT-10, WPI, Sarasota, FL, USA). The sub-
than a single second-messenger system. Although na- esophageal ganglion was desheathed by using fine
tive receptors coupled to more than a single second- scissors and illuminated during the experiment by a
messenger system have not been unequivocally dem- dark-field condenser to allow viewing of the neuronal
onstrated, studies on cloned receptors indicate that somata within the ganglion. The preparation was con-
individual receptors can be simultaneously coupled to tinuously superfused with saline at a rate of 0.5 ml/min.
more than one second-messenger system (Gudermann Microelectrodes for electrophysiology had resistances
et al., 1996; Reale et al., 1997; Robb et al., 1994). of 20–35 MV; and were filled with 4 M potassium ace-

The muscular pharynx of Hirudo medicinalis pumps tate and 20 mM KCl. Data from the microelectrode and
blood from a wound on the host to the crop, where the force transducer were recorded onto magnetic tape and
blood meal is stored. The pharynx was previously subsequently transferred into computer-based format
shown to be responsive to serotonin application and to by using the CODAS data acquisition system (Dataq
stimulation of the large lateral serotonin-containing Instruments, Akron, OH, USA) at a sampling rate of
neurons (LL cells), whose somata are located in the first 1000 samples/s/channel.
neuromere of the subesophageal ganglion (Lent and

1.2. Isolated pharynx preparation
Dickinson, 1984). The response of the pharynx to either
form of stimulation was described as consisting of a se- The initial dissection was similar to that described in

Section 1.1, except that the central nervous system wasries of peristaltic contractions occurring at a frequency
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not removed from the animal along with the pharynx.
To remove the pharynx from the leech, the pharynx was
transected just posterior to where it passes through
the circumesophageal connectives. A short length of
the pharynx, from the mouth to the dorsal surface of the
head ganglia, was not removed from the leech. A sepa-
rate microsurgical needle, bent into a hook shape and
attached to 8-0 monofilament nylon suture material
(Ethicon 2808G, Sommerville, NJ, USA), was inserted
through each end of the pharynx. One suture was an-
chored to the bottom of a small perfusion tissue bath
(volume 0.2 ml), and the suture attached to the other
end of the pharynx was attached to an isometric force
transducer (FORT-10). This physical arrangement most
effectively monitored longitudinal contractions of the
pharynx; however, as judged by simultaneous visual ob-
servation of the pharynx, circular contractions also were
recorded. The pharynx was placed under approximately
20–25 mN of tension and allowed to relax for approxi-
mately 1 h. Most pharynxes were initially quiescent but
exhibited spontaneous contractions well before the end
of the 1-h relaxation period.

The output of the force transducer was fed into a
transducer interface (Transbridge, WPI, Sarasota, FL,
USA), whose subsequent output was fed into a com-
puter-based data-acquisition system (CODAS or WIN-
DAQ, Dataq Instruments). The signal from the force

Fig. 1. Illustration of how pharyngeal contractile responses to seroto-transducer was digitized at 50 samples/s and recorded to
nin agonists were quantified. The contractile response of the pharynx

disk. Subsequent data analysis of the records was per- was evoked by an approximately 1 min application of 100 mM
formed by using the playback software of the data- 5-MeOT [application time indicated in (B)]. (A) Peak tension was the

greatest tension produced after agonist application. The maximal in-acquisition system and Advanced CODAS software
crease in basal tonus was the greatest sustained increase in muscle to-(Dataq Instruments).
nus. (B) Integrated area was the area under the contraction curveThe tissue bath was continuously perfused with sa-
from the time of agonist application until the response returned to

line at a rate of 1 ml/min; saline was removed from the baseline.
top of the chamber by suction. Control or agonist-con-
taining salines were introduced into an inlet at the bot-
tom of the perfusion chamber through a valve attached contractions. If the agonist did not induce phasic con-
to reservoirs containing each of the salines. An air bub- tractions, peak tension and the maximal increase in
ble was introduced into the perfusion line to indicate basal tonus were identical. Integrated area is a measure
the beginning and end of each treatment. Each applica- that is sensitive to the duration of the induced response
tion of agonist-containing saline was 1 ml in volume and as well as to the frequency of phasic contractions.
approximately 1 min in duration. In the determination To estimate the relative efficacy of the agonists ex-
of concentration–response curves, the lowest agonist amined, the concentration of agonist necessary to pro-
concentration was applied first and higher concentra- duce a half-maximal response (EC50) was estimated
tions were added in sequential order. from concentration–response curves for each measured

We quantified the response to each agonist applica- parameter (e.g., see Fig. 6). The highest agonist concen-
tion by measuring the following parameters (Fig. 1): (1)

tration applied to the pharynx was 1 mM. However, for
peak tension (i.e., greatest tension produced in re-

some agonists, the responses had not reached an appar-
sponse to the agonist); (2) maximal increase in basal to-

ent asymptotic peak by 1 mM (especially true for inte-nus (i.e., greatest sustained elevation in muscle tonus);
grated area). In such a case, the reported EC50 (Table 1)(3) integrated area (i.e., area under the contraction
is probably an underestimate of the true EC50.curve during the response to the agonist); and (4) relax-

ation (i.e., any reduction in tension compared with the 1.3. Drugs and saline
baseline tension; e.g., see Fig. 3A). As a practical mat-

During the dissection and experiment, the preparationter, when phasic contractions were elicited in addition
was superfused with a physiological saline containing (into an increase in basal tone, we defined the increase in

basal tonus as the highest point between two phasic mM): NaCl (115), KCl (4), CaCl2 (1.8), MgCl2 (2),
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Table 1
EC50 values for increases in basal tonus, peak tension, integrated area, and relaxation

Basal tonus Peak tension Integrated area Relaxation*
Agonist (mM) (mM) (mM) (mM)

Serotonin 11 4 190 1.7
8-OH-DPAT 180 200 280 —
TFMPP 170 19 190 —
mCPP 48 48 220 —
DOI 250 122 200 280
a-Me-5-HT 18 1.2 22 30
2-Me-5-HT 1.8 1.4 1.1 —
5-MeOT 31 12 80 ,0.01

* The EC50 values for agonists that failed to induce relaxation are reported as “—”.

HEPES buffer (10), brought to pH 7.4 with NaOH. 2. Results
Experiments were conducted at room temperature (21–

2.1. Response of the pharynx to LL cell stimulation25 8C). Drugs were purchased from the following sup-
pliers: 5-hydroxytryptamine creatinine sulfate complex Stimulation of an individual LL cell in an isolated
(serotonin), (6)-8-hydroxy-2-(di-n-propylamino)-tetralin pharynx–head ganglion preparation (N . 20) caused a
HBr (8-OH-DPAT), and 1-(m-chlorophenyl)-piperazine complex series of contractile responses in the pharynx
HCl (mCPP) were purchased from Sigma (St. Louis, (Fig. 2). Stimulation of the LL cells caused an elevation
MO, USA); and (6)-2,5-dimethoxy-4-iodoamphetamine in basal tonus and a series of phasic contractions each
HCl (DOI), N-(3-trifluoro-methylphenyl) piperazine of which was approximately 10 to 15 s in duration. Su-
HCl (TFMPP), 5-methoxytryptamine HCl (5-MeOT), perimposed on these phasic contractions were a series
2-methyl-5-hydroxytryptamine maleate (2-Me-5-HT), and of smaller contractions occurring at a frequency of ap-
a-methyl-5-hydroxytryptamine maleate (a-Me-5-HT) proximately 1 Hz. Subsequent to termination of LL cell
were purchased from RBI (Natick, MA, USA). stimulation, the basal tonus of most preparations fell to

levels below those prior to stimulation (not shown). Si-
multaneous visual observation of the pharynx during
LL cell stimulation indicated that the large phasic de-
flections were due to longitudinal contractions of the
pharynx, whereas the small, rapid deflections were due
to circular contractions. The origins of the rise in basal
tonus or the relaxation subsequent to LL cell stimula-
tion were not obvious. Tachyphylaxis of the pharyngeal
response was noted during repeated LL cell stimula-
tions; however, we did not attempt to quantify the
tachyphylaxis. The repetitive pharyngeal peristalsis in-
duced by LL cell stimulation that was described by Lent
and Dickinson (1984) occurred at a frequency similar to
that of the circular contractions recorded here; thus, we
were probably observing the same events described by
these workers.

Fig. 2. Pharyngeal contractions elicited by stimulation of the seroto- 2.2. Response of the isolated pharynx to serotonin and
nin-containing LL cell. The top trace is a tension recording showing serotonin agonists
contractions of the pharynx. The bottom trace shows an intracellular
recording from the left LL cell during injection of 1.5 nA of current. 2.2.1. Serotonin
Shortly after the initiation of current-induced spiking in the LL cell, The response of the isolated pharynx to serotonin re-
the contractions of the pharynx changed in pattern and amplitude. sembled that elicited by LL cell stimulation and con-The most obvious change was the induction of large phasic deflec-

sisted of four components (Fig. 3): (1) an elevation oftions, on which were superimposed smaller deflections. Simultaneous
basal tonus, (2) phasic longitudinal contractions 10 to 20visual observation of the pharynx indicated that the large phasic de-

flections were due to longitudinal contractions, whereas the smaller s in duration, (3) circular contractions occurring at a fre-
deflections were produced by circular contractions. The basal tonus quency of approximately 1 Hz, and (4) a relaxation of
was also slightly elevated compared with the tension at the start of LL basal tonus after washout of the serotonin. The circularcell stimulation. The hyperpolarizations in the LL cell membrane po-

contractions were usually superimposed on the longitu-tential that are coincident with the longitudinal contractions are
movement artifacts. dinal contractions.
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occurred with approximately the same sensitivity to dif-
ferent concentrations of serotonin. Compared with the
other three curves, the curve for integrated area was
shifted to the right. The reason for this shift is that high
concentrations of serotonin caused a proportionally
larger increase in the response duration compared with
the increases induced in peak tension or basal tonus.
The rightward shift in the concentration–response
curve for the integrated area was also reflected in the
higher EC50 for integrated area (by approximately an
order of magnitude) compared with the other three
measures (Table 1).

To determine whether the complexity of the pharyn-
geal response to serotonin application might be due to
the activation of more than one serotonin receptor, we
exposed the pharynx to several selective serotonin ago-
nists. If the overall response to serotonin was due to si-
multaneous activation of several receptors, selective ag-
onists might be able to induce only some components of
the overall response to serotonin. The contractile re-
sponses of the isolated pharynx to the tested agonists
are presented in Figs. 5 and 7A, whereas concentration–
response curves for the agonists and serotonin are pre-
sented in Fig. 6. EC50 values for the induction of the in-
crease in basal tonus, peak tension, integrated area, and
relaxation are reported in Table 1. In the text that fol-
lows, reference to the receptor specificity of each sero-
tonin agonist in mammalian systems does not imply that
a response of the leech pharynx to that agonist is neces-
sarily mediated through a receptor similar to the mam-
malian receptor. Unless otherwise noted in the descrip-
tions that follow, the actions of each agonist were quali-
tatively similar at different concentrations. In other
words, the magnitude of the response was concentra-

Fig. 3. Typical contractile response of the isolated pharynx elicited by
tion dependent, but the contractile pattern induced byapplication of 10 mM serotonin. (A) Serotonin induced four distinct
the agonist was present at all concentrations tested.types of contractile responses: an increase in basal tonus, large phasic

contractions of approximately 10–15 s duration, smaller phasic con-
2.2.2. 8-OH-DPAT (5-HT1A agonist)tractions occurring at approximately 1 Hz superimposed on the large

phasic contractions, and a relaxation of tonus after washout of the se- In each of five preparations, the response of the
rotonin. The series of small deflections near the beginning of the sero- pharynx to 8-OH-DPAT (Fig. 5A) was similar to that of
tonin application are artifacts produced by the bubble in the perfu- serotonin in that it induced a rise in basal tonus, longitu-
sion line used to separate the different solutions. (B) An expanded

dinal contractions of 10–20 seconds in duration, and cir-single large phasic contraction [contraction indicated by arrow in (A)]
cular contractions at approximately 1 Hz. However,showing the superimposition of the small contractions occurring at

approximately 1 Hz. 8-OH-DPAT did not induce relaxation after washout
(Fig. 6D). As gauged by the estimates of the EC50s,
8-OH-DPAT was equally effective in inducing an in-

Serotonin concentration–response curves for basal crease in basal tonus, peak tension, and integrated area.
tonus, peak tension, integrated area, and relaxation are 8-OH-DPAT was approximately an order of magnitude
shown in Fig. 4. The threshold concentration of seroto- less effective in inducing increases in basal tonus and
nin for producing effects on each of these four measures peak tension compared with serotonin. However, the
was approximately 10 nM. The concentration–response EC50 for integrated area was similar for both agonists.
curves for basal tonus, peak tension, and integrated area

2.2.3. TFMPP (5-HT1B/2C agonist)were each monotonic functions. However, in contrast,
In each of the 13 preparations examined, the con-the curve for relaxation peaked at 100 mM and exhib-

tractile response induced by TFMPP (Fig. 7A) was simi-ited a large reduction at 1 mM serotonin. Examination
lar in waveform to that elicited by mCPP (Fig. 5B).of Fig. 4 reveals that the development of basal tonus,

peak tension, and relaxation (ignoring 1 mM serotonin) Both agonists induced an increase in basal tonus; how-
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Fig. 4. Concentration–response relations of the effects of serotonin on basal tonus, peak tension, integrated area, and relaxation. Values for relax-
ation are plotted as absolute magnitude. The ordinate for each set of data is scaled so that the maximum value is approximately the same distance
from the abscissa. The threshold concentration for each parameter was approximately 10 nM, with increasing concentrations of serotonin causing
increases in each parameter. The data for each of the curves are derived from six preparations.

ever, TFMPP also caused a concentration-dependent within a single preparation). On rare occasions, phasic
contractions persisted through application of high con-increase in phasic contraction frequency. TFMPP was

considerably less potent than mCPP in inducing an in- centrations (1 mM) of mCPP and were superimposed
on an increase in basal tonus (not shown). Such occur-crease in basal tonus (Fig. 6; Table 1). The EC50 of

TFMPP for peak tension was approximately an order of rences indicate that the increase in basal tonus induced
by mCPP is not a summation of phasic contractions intomagnitude lower than the EC50 values for basal tonus or

integrated area (Table 1). The lower EC50 for peak ten- a sustained tension in a manner analogous to tetanus.
The increase in phasic-contraction frequency inducedsion is indicative of the ability of TFMPP to induce

phasic contractions at low concentrations (Fig. 7). The by mCPP resembled the increase in phasic-contraction
frequency induced by TFMPP (Fig. 7A); however, thefrequency of phasic contractions was increased by ap-

plication of 10 to 100 mM TFMPP, whereas 1 mM propensity of mCPP to induce phasic contractions was
much lower than it was for TFMPP. The response toTFMPP caused an inhibition of phasic contractions

(Fig. 7 A and B). This relation was quantified in Fig. 7B mCPP persisted for a considerable period after drug
washout. A 1-min application of 1 mM mCPP com-in which the change in phasic contraction frequency

during the 5-min period preceding TFMPP application monly produced a response lasting 45 min to 1 h after
drug washout. The long duration of the response to highis compared with the 5-min period beginning with

TFMPP application. concentrations of mCPP underlies the relatively high
potency of mCPP as measured by integrated area (Fig.

2.2.4. mCPP (5-HT1B/2C agonist) 6C). This was true even though mCPP was one of the
TFMPP and mCPP are very similar to each other in least effective agonists at inducing increases of peak

structure (mCPP is the chloro counterpart of TFMPP), tension compared with other agonists (Fig. 6B). The
and both caused an increase in basal tonus. However, EC50 for producing an increase in basal tonus was
mCPP was apparently one of the most selective agonists slightly greater than that for serotonin, but the EC50 val-
tested on the leech pharynx in that the response to ues for integrated area were similar for both substances
mCPP in most cases consisted solely of an increase in (Table 1). The EC50 values reported for basal tonus and
basal tonus (Fig. 5B). In addition, spontaneously oc- peak tension for mCPP are the same because, in the
curring phasic contractions were suppressed by mCPP. vast majority of preparations, the mCPP-induced in-
We have observed this type of response in several hun- crease in basal tonus was also the peak tension.
dred preparations. However, in a few preparations (less
than 10%), mCPP also caused an increase in phasic con- 2.2.5. DOI (5-HT2A/2C agonist)

In seven of ten preparations examined, DOI pro-traction frequency. This increase in phasic contraction
frequency was more likely to occur at low concentra- duced an increase in basal tonus and increased the fre-

quency and amplitude of longitudinal phasic contrac-tions of mCPP than at higher concentrations (even
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dinal contractions of the pharynx. The EC50 values of
a-Me-5-HT for the increases in basal tonus and peak
tension were similar to those for serotonin, whereas the
EC50 for relaxation was an order of magnitude higher
than that of serotonin (Table 1). In contrast, the EC50 of
a-Me-5-HT for integrated area was about an order of
magnitude lower than that of serotonin.

2.2.7. 2-Me-5-HT (5-HT3 agonist)
In five of five preparations examined, 2-Me-5-HT

caused an increase in basal tonus (Fig. 5E). 2-Me-5-HT
did not induce a relaxation after agonist washout or, with
rare exceptions (one preparation at 100 mM and 1 mM),
longitudinal contractions. Application of 2-Me-5-HT
often caused the trace to appear noisier than that prior
to agonist application. This may represent the induction
of a series of very small contractions of unknown origin.
The amplitude of the 2-Me-5-HT response peaked at 10
mM and became smaller at higher concentrations (Fig.
6A–C). Because the response to 2-Me-5-HT peaked at
this relatively low concentration, the EC50 values for
basal tonus and integrated area were the lowest of any
of the tested agonists (Table 1). The EC50 for peak ten-
sion was equal to the lowest produced in this study.
Although the primary action of both mCPP and 2-Me-
5-HT was to produce an increase in basal tonus, the du-
ration of action of these two agonists was quite differ-
ent. The mCPP-induced effect persisted for several
times the duration of the 2-Me-5-HT-induced response
(compare Fig. 5B and 5E). This largely accounts for the
much greater magnitude of mCPP-induced integratedFig. 5. Contractile responses elicited by different serotonin agonists.
area compared with 2-Me-5-HT-induced integratedEach agonist was applied for approximately 1 min (indicated by

arrows). Small deflections occurring near the beginning or end of the area (Fig. 6C).
agonist application are artifacts due to change of solutions. (A) 1 mM
8-OH-DPAT; (B) 1 mM mCPP; (C) 1 mM DOI; (D) 100 mM a-Me- 2.2.8. 5-MeOT (5-HT4 agonist)
5-HT (the dotted line below the trace illustrates the relaxation oc- At concentrations ranging from 10 nM to 10 mM,
curring after agonist washout); (E) 10 mM 2-Me-5-HT; (F1) 1 mM 5-MeOT induced only relaxation (five of five prepar-5-MeOT; (F2) 10 mM 5-MeOT. Relaxation was induced by 5-MeOT

ations; Fig. 5F2). At higher concentrations, 5-MeOTonly at concentrations of 10 mM and below. Higher concentrations in-
induced an increase in basal tonus, longitudinal con-duced the other components of the overall response to serotonin.
tractions, and circular contractions (five of five prepara-
tions; Fig. 5F1). Relaxation was usually not evident at

tions (Fig. 5C). The remaining three preparations did these higher concentrations (Fig. 6D). The EC50 of
not show an obvious response to DOI. DOI did not in- 5-MeOT for inducing relaxation was by far the lowest
duce circular contractions or, at most concentrations, a of any agonist tested for any of the parameters mea-
relaxation in basal tonus after drug washout. However, sured in this study (Table 1).
at high concentrations (1 mM), DOI may induce small

The relative potencies [using the response amplitude
amounts of relaxation (Fig. 6D). As indicated by its

at 1 mM (Fig. 6A)] of the tested agonists for the induc-
EC50 values (Table 1), DOI was one of the least potent

tion of an increase in basal tonus were: 5-MeOT . sero-
agonists tested on all measures.

tonin < mCPP < a-Me-5-HT . DOI < TFMPP < 2-Me-
5-HT < 8-OH-DPAT. However, the order of efficacy2.2.6. a-Me-5-HT (5-HT2 agonist)
(Table 1) was: 2-Me-5-HT . serotonin < a-Me-5-HT <In four of five preparations examined, a-Me-5-HT
5-MeOT < mCPP . TFMPP < 8-OH-DPAT < DOI.caused an increase in basal tonus, circular contractions
For peak tension, the order of potency as determinedof the pharynx, and relaxation after agonist washout
by response amplitude at an agonist concentration of(Fig. 5D). The remaining preparation did not show
1 mM (Fig. 6B) was: serotonin < 5-MeOT < 8-OH-an obvious response to a-Me-5-HT. The a-Me-5-HT-
DPAT . DOI < a-Me-5-HT . mCPP . TFMPP <induced relaxation was seen only at concentrations of

100 mM and above. a-Me-5-HT did not induce longitu- 2-Me-5-HT. The order of efficacy (Table 1) for peak
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Fig. 6. Concentration–response curves for the serotonin agonists used in this study. Data from Fig. 4 showing responses to serotonin are replotted
in this figure for comparative purposes. (A) Basal tonus; (B) peak tension; (C) integrated area (inset shows integrated area data for low agonist
concentrations plotted with an expanded ordinate); (D) relaxation. Relaxation is plotted as the reduction in tension induced by the agonist applica-
tion compared with the preapplication tension. This method of plotting relaxation data contrasts with Fig. 4, where relaxation induced by serotonin
is plotted as the absolute magnitude of relaxation. Because pharynxes continuously relax for the duration of the experiment, relaxations of less
than 20.4 mN (dashed line) were probably not agonist induced. In each panel, some points have been displaced horizontally for clarity. Points
clustered around a particular concentration indicate the response at that concentration. Data in this figure are derived from five preparations for
each agonist, except for serotonin (N 5 6), TFMPP (N 5 13), and DOI (N 5 10).
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ation, the order of potency using the response amplitude
(Fig. 6D) was: serotonin @ 5-MeOT . a-Me-5-HT .
DOI. The order of efficacy for relaxation (Table 1) was:
5-MeOT @ serotonin . a-Me-5-HT . DOI.

The effects of serotonin and the serotonin agonists
on each of the four components of the serotonin-in-
duced contractile response are summarized in Table 2.
All agonists tested induced increases in basal tonus. The
agonists showing the greatest potency for inducing in-
creases in basal tonus were mCPP and 5-MeOT. The
high ranking of mCPP is based on the long duration of
the mCPP-induced response, which in turn was respon-
sible for its high value for integrated area (Fig. 6C).
Both phasic longitudinal and circular contractions were
evoked by serotonin, 8-OH-DPAT, and 5-MeOT, where-
as mCPP and 2-Me-5-HT failed to evoke either contrac-
tion type. Both TFMPP and DOI induced longitudinal
contractions but not circular contractions, whereas a-Me-
5-HT induced circular contractions but not longitudinal
contractions. Relaxation was induced by serotonin,
5-MeOT, a-Me-5-HT, and, at high concentrations, DOI.

3. Discussion

3.1. Response of the pharynx to serotonin and LL
cell stimulation

The observations in this study differ from those of
Lent and Dickinson (1984) in a number of important as-
pects. Lent and Dickinson stated that both LL cell stim-Fig. 7. Effects of TFMPP on phasic-contraction frequency were con-
ulation and serotonin application to the isolated phar-centration dependent. (A) Contractile records from a single isolated

pharynx when exposed to different concentrations of an approxi- ynx caused only the induction of peristaltic waves. They
mately 1 min application of TFMPP (application time for all traces is did not report an increase in basal tonus, phasic longitu-
indicated by the bar below bottom trace). Application of 1026 M dinal contractions, or relaxation of basal tonus. There
TFMPP had little if any effect on phasic-contraction frequency,

are a number of possible explanations for the discrep-whereas application of 1025 M and 1024 M caused an increase in pha-
ancies between their data and ours. In both studies, LLsic-contraction frequency. Application of 1023 M TFMPP caused a

transient increase in contraction frequency followed by a prolonged cell stimulation caused a series of circular contractions
suppression of phasic contractions. This response is somewhat atypi- occurring at an approximate frequency of 1 Hz. We
cal in that some very small contractions persisted during the falling characterized these contractions as merely being circu-phase of the increase in basal tonus. However, even these small con-

lar contractions, whereas Lent and Dickinson charac-tractions were absent during the later parts of the falling phase of the
terized these contractions as being peristaltic. In the ex-increase in basal tonus. (B) Group data plotting the change in phasic-

contraction frequency versus TFMPP concentration. Application of periments reported in this paper, the pharynx and
1025 M and 1024 M TFMPP caused an increase in phasic-contraction central nervous system were removed from the animal,
frequency, whereas 1023 M TFMPP caused a decrease in phasic-con-

whereas, in the Lent and Dickinson (1984) study, thetraction frequency below the preapplication level. Data were derived
recordings were made in situ. The most obvious differ-from seven preparations for 1026 M and 13 preparations for the other

concentrations of TFMPP. ence between the two preparations is that the extrinsic
radial muscles, which connect the pharynx to the body
wall, were severed by our dissection but left intact by

tension was: a-Me-5-HT < 2-Me-5-HT < serotonin . Lent and Dickinson. The presence of intact radial mus-
5-MeOT < TFMPP . mCPP . DOI . 8-OH-DPAT. cles may be necessary for the production of LL cell-
The order of potency for integrated area at 1 mM (Fig. induced peristaltic waves (M.H. Dickinson, personal
6C) was: mCPP . serotonin < 5-MeOT . DOI < communication).
TFMPP < a-Me-5-HT < 8-OH-DPAT . 2-Me-5-HT. The differences in the dissection used in this study
The order of efficacy for integrated area (Table 1) was: and that used by Lent and Dickinson (1984) may ac-
2-Me5-HT . a-Me-5-HT . 5-MeOT . serotonin < count for other differences noted in the complexity of

the pharyngeal response to LL cell stimulation. OwingTFMPP < DOI < mCPP < 8-OH-DPAT. For relax-
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Table 2
Summary of pharyngeal responses to serotonin and serotonin agonists

Agonist Basal Longitudinal Circular
(mammalian receptor) tonus contractions contractions Relaxation

Serotonin (all) 1 1 1 11

8-OH-DPAT (5-HT1A) 1 1 1 2

TFMPP (5-HT1B/2C) 1 1 2 2

mCPP (5-HT1B/2C) 11 2 2 2

DOI (5-HT2A/2C) 1 1 2 1(at 1 mM)
a-Me-5-HT (5-HT2) 1 2 11 1

2-Me-5-HT (5-HT3) 1 2 2 2

5-MeOT (5-HT4) 11 1 1 11

Note: A plus sign indicates that the agonist evoked the component, whereas a minus sign indicates
a failure to evoke that component. Two plus signs (11) indicate that the agonist strongly evoked the
component (compared with the other agonists). These rankings are based primarily on the amplitude
of the response evoked by each agonist.

to the more extensive dissection utilized in this study, amination of the data in Figs. 5 and 7A and in Table 2
the preparations were likely to be more mechanically indicates that each of the four components of the over-
stable than were those of Lent and Dickinson (1984). In all serotonin-induced response can be pharmacologi-
fact, Lent and Dickinson noted that they were not able cally dissected from the other components.
to drive the LL cell at high-impulse frequencies, be- An increase in basal tonus was induced by all the ag-
cause it induced large movements of the pharynx that onists tested here. However, two agonists (mCPP and
dislodged the microelectrode from the LL cell. It is pos- 2-Me-5-HT) evoked only an increase in basal tonus
sible that these large movements were the longitudinal without inducing any of the other components of the se-
contractions that we noted (Fig. 2). Owing to the me- rotonin-induced response. It is important to note that
chanical arrangement of the tissues in the head, longitu- the actions of mCPP and 2-Me-5-HT were not identical.
dinal contractions of the pharynx are more likely to dis- The duration of the mCPP-induced response was much
lodge microelectrodes positioned in neurons of the longer than the 2-Me-5-HT-induced response (Fig. 5B
subesophageal ganglion than are circular contractions. and 5E). This may indicate that these two agonists acti-

The differences noted between this study and that of vate different receptors, each of which induces a basal
Lent and Dickinson (1984) in the complexity of the re- tonus increase, or that the interaction of the two ago-
sponse of the isolated pharynx to serotonin application nists with a single receptor is quite different. In mam-
may have simple explanations. Lent and Dickinson ex- malian preparations, mCPP activates 5-HT1B and 5-HT2Cposed their isolated pharynxes to serotonin concentra- receptors, whereas 2-Me-5-HT activates 5-HT3 recep-
tions ranging from 10 nM to 1 mM, whereas, in this tors. Receptors of the 5-HT1 and 5-HT2 families are
study, the concentration range was extended to 1 mM. G-protein coupled, whereas 5-HT3 receptors are ligand-
In the present study, longitudinal phasic contractions

gated ion channels. If mCPP and 2-Me-5-HT differen-and the increase in basal tonus were more easily ob-
tially act on G-protein coupled and ligand-gated recep-served at serotonin concentrations higher than 1 mM
tors in the leech, the suggestion is that increases in basalthan at the lower concentrations used by Lent and
tonus can be produced through disparate transductionDickinson. Lent and Dickinson’s failure to note the re-
mechanisms. If mCPP and 2-Me-5-HT do in fact bind tolaxation of basal tonus after serotonin washout also
a single receptor, the difference in their actions mightmay have a simple explanation. Lent and Dickinson did
be due to differences in the agonist-induced conforma-not use a flow-through perfusion system in their organ
tional changes of the receptor. These differences in ago-chamber, as was used in this study. They terminated the
nist-induced conformational changes might then activateapplication of serotonin by draining the bathing me-
the subsequent transduction mechanisms in distinct man-dium from the chamber. In our hands, draining fluid
ners (Gudermann et al., 1996).from an organ chamber in this manner invariably pro-

The results of this study with the use of mCPP andduces artifacts in the tension record that would obscure
TFMPP suggest that a serotonin receptor preferentiallythe relaxation noted here.
activated by phenyl piperazines induced an increase in

3.2. The pharyngeal response to serotonin can be basal tonus. A similar receptor may exist in trematodes.
pharmacologically dissected with selective The body wall muscle of the liver fluke, Fasciola hepat-
serotonin agonists ica, responds to serotonin application by producing

both an increase in basal tonus and a series of phasicAs noted previously, serotonin application to the iso-
contractions (Tembe et al., 1993). Most serotonergic ag-lated pharynx produced a complex response consisting

of four components (Fig. 3). We believe that careful ex- onists examined by these authors induced both types of
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contractions. In contrast, TFMPP induced only an in- obvious example of this phenomenon is that of the
8-OH-DPAT concentration–response curve for peakcrease in basal tonus without inducing phasic contrac-
tension (Fig. 6B). The unusual shape of this concentra-tions; an action similar to that observed in this study.
tion–response curve results in 8-OH-DPAT being oneHowever, in contrast with the leech pharynx, the fluke
of the most potent agonists (as judged by contractionbody wall muscle was insensitive to mCPP.
amplitude) at a concentration of 1 mM, whereas theThe phasic longitudinal and circular contractions of
EC50 is the highest of any agonist. The reasons for thesethe pharynx could be pharmacologically separated from
nonparallel concentration–response curves cannot bethe other type of phasic contraction. DOI and TFMPP
directly deduced from the type of experiments per-(at low concentrations) induced longitudinal contrac-
formed in this study. However, one possible explana-tions but not circular contractions, whereas a-Me-5-HT
tion is that inflections in the concentration–responseinduced circular contractions but not longitudinal con-
curve could be due to interactions of the agonist withtractions (Fig. 5).
different receptor types.Circular contractions as well as relaxation were in-

On the basis of the differential effects of the agonistsduced by serotonin, a-Me-5-HT, and 5-MeOT (Fig. 5A,
utilized in this study, it is possible that the pharynx pos-5D, and 5F2) but not by 2-Me-5-HT (Fig. 5E). A com-
sesses as many as four different serotonin receptors,parison of the structures of these serotonin analogs sug-
with a separate receptor mediating each of the fourgests that the presence of a methyl group at the 2 posi-
components of the serotonin response. However, it istion of the indole ring (as is found in 2-Me-5-HT) may
possible that all of the agonists examined interactedlead to the loss of the ability to induce circular contrac-
with a single receptor but the differential contractile re-tions or relaxation. The serotonin analogs that induced
sponses were due to agonist specific coupling of the re-circular contractions or relaxation all lack a functional
ceptor to different transduction mechanisms (Eason etgroup at this position. A serotonin-induced decrease in
al., 1994: Gudermann et al., 1996; Reale et al., 1997;basal tonus was previously described in leech body wall
Robb et al., 1994).muscles (Leake and Koubanakis, 1995; Leake et al.,

Given the diversity of contractile responses elicited1981; Mason and Kristan, 1982). However, the presence
by the serotonin agonists utilized in this study, it isof a methyl group at the 2 position did not seem to be
likely that the pharynx possesses more than a singlecorrelated with the ability of an agonist to induce relax-
class of receptor. If in fact the pharynx possesses moreation (Leake and Koubanakis, 1995). A comparison of
than one class of serotonin receptor, it is not clear if allthe actions of serotonin and 5-MeOT with those of
pharyngeal muscle cells possess the same complement

a-Me-5-HT showed that a-methylation did not affect the
of receptors or only some subset of receptors. However,

ability of the agonist to induce relaxation or circular con-
the finding that certain agonists preferentially induce

tractions. However, that is not to say that the presence of circular contractions. whereas other agonists preferen-
a-methylation is without consequence. This is most easily tially induce longitudinal contractions, suggests that a
seen by comparing the integrated area and relaxation differential distribution of these hypothesized receptors
amplitude (Fig. 6C and 6D), where a-Me-5-HT is consid- may occur on the muscle cells involved in these two
erably less potent than serotonin or 5-MeOT. types of contractions.

There were considerable differences in the order of
3.3. Comparison of the responses of different leechpotency (Fig. 6) and the order of efficacy (Table 1). The
tissues to serotoninergic agonistsagent showing the greatest discrepancy between the two

orders was 2-Me-5-HT. The EC50 values of 2-Me-5-HT Using the Retzius neurons and the body wall muscles
for basal tonus, peak tension, and integrated area were of Hirudo, Leake and Koubanakis (1995) examined the
as low or lower than any of the other agonists tested effects of several of the same agonists used in this study.
(Table 1). However, the response amplitude elicited by However, it is difficult to discern patterns of agonist ac-
2-Me-5-HT at 1 mM was one of the smallest of the tivity common to the two studies. For example, Leake
tested agonists (Fig. 6A–C). The discrepancies between and Koubanakis noted that many of the agonists in-
the orders of potency (Fig. 6) and the orders of efficacy duced a relaxation of the body wall muscles. The most
(Table 1) are largely because the response induced by effective agonists for inducing body wall relaxation
some agonists peaked at lower concentrations than did were 5-carboxamidotryptamine (which we did not use)
other agonists. For example, the response induced by and a-Me-5-HT. Although a-Me-5-HT induced pha-
2-Me-5-HT peaked at 10 mM and became smaller at ryngeal relaxation (Fig. 5D), it did so only at high con-
higher concentrations. The lower the concentration at centrations (100 mM and above). At lower concen-
which the response peaks, the lower will be the EC50. trations, a-Me-5-HT preferentially induced circular
Another factor underlying the discrepancies between contractions and an increase in basal tonus. Although
the orders of potency and efficacy is that the concentra- Leake and Koubanakis found that a-Me-5-HT also in-
tion–response curves for some agonists are clearly not duced phasic contractions, it did so only at high concen-

trations. Another agonist showing somewhat differentparallel to those of the other agonists. Perhaps the most
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actions in the two studies is 5-MeOT. Leake and Kou- contractile activity of the leech pharynx. Previous de-
scriptions of the serotonin-induced contractile responsebanakis found that 5-MeOT induced contractions of the

body wall muscles at low concentrations. When tested of the leech pharynx do not convey the complexity of
the induced responses noted in this study. Stimulationat low concentrations in this study, 5-MeOT induced re-

laxation, and only at higher concentrations were con- of the serotonin-containing large lateral (LL) cells in
the subesophageal ganglion induced several types oftractions induced (Fig 5F). The agonist showing the

most similar actions in the two studies was 2-Me-5-HT. contractile activity in the pharynx. LL cell stimulation
caused the following changes in the contractile activityWhen applied to the pharynx, 2-Me-5-HT induced an

increase in basal tonus (Fig. 5E). Leake and Kouba- of the pharynx: an increase in basal tonus, longitudinal
nakis (1995) noted that 2-Me-5-HT induced an increase contractions of approximately 10 to 15 seconds in dura-
in basal tonus of strips of dorsal body wall; however, tion, circular contractions, occurring at approximately 1
when applied to strips of ventral body wall, 2-Me-5-HT Hz, and a relaxation of basal tonus subsequent to the
induced relaxation and suppression of spontaneous termination of LL cell stimulation. Exposure of the iso-
contractions. lated pharynx to serotonin induced similar types of con-

Although the pharynx, body wall muscles, and Ret- tractile activity. Application of a number of serotonin
zius cells of the leech each respond to a variety of sero- agonists (8-OH-DPAT, mCPP, TFMPP, DOI, 2-Me-
tonin agonists, it is unclear if particular agonists are 5-HT, a-Me-5-HT, 5-MeOT), known to preferentially
acting on the same receptor(s) in each preparation. activate different classes of vertebrate serotonin recep-
However, if the different agonist-induced responses in tors, induced distinct types of pharyngeal contractile ac-
each preparation are in fact mediated by different re- tivity. On the basis of the different contractile patterns
ceptors, the results of this study combined with those induced by these serotonin agonists, we conclude that it
of Sanchez-Armass et al. (1991), Goldermann et al. is likely that the leech pharynx possesses several differ-
(1994), Leake and Koubanakis (1995), and Leßmann ent serotonin receptors.
and Dietzel (1995) suggest that the leech possesses a
large number of different serotonin receptors. It is not
unprecedented to find a large number of different re- Acknowledgments
ceptors for a particular neurotransmitter in the leech.

This research is supported by grants from NIH (R15Leeches possess at least seven different types of nicotinic
NS30688) and NSF (IBN-9514483) to B.A.O. We thankacetylcholine receptors distributed among neurons, glia,
John I. Glendinning for a critical reading of the manu-and somatic and visceral muscles (Ballanyi and Schlue,
script.1989; Calabrese and Maranto, 1986; O’Gara et al., 1997;

Szczupak et al., 1993, 1998; Walker et al., 1970). Simi-
larly, it would not be surprising to find different types

Referencesof serotonin receptors in the nervous system and so-
matic and visceral muscles of the leech. Ballanyi, K., Schlue, W.R., 1989. Electrophysiological characteriza-

tion of a nicotinic acetylcholine receptor on leech neuropile glialWe believe that it is premature to draw affinities be-
cells. Glia 2, 330–345.tween the responses elicited by the serotonin agonists

Bermudez, I., Beadle, D.J., Benson, J.A., 1992. Multiple serotonin-used in this study and the receptor subtypes described
activated currents in isolated, neuronal somata from locust tho-

in other systems. Relatively small changes in the amino racic ganglia. J Exp Biol 165, 43–60.
acid sequence of critical areas of a receptor could lead Calabrese, R.L., Maranto, A.R., 1986. Cholinergic action on the heart

of the leech, Hirudo medicinalis. J Exp Biol 125, 205–224.to substantial differences in the binding of ligands to the
Catarsi, S., Drapeau, P., 1997. Requirement for tyrosine phosphatasereceptor. A widely recognized example of an incorrect

during serotonergic neuromodulation by protein kinase C. J Neu-classification of a serotonin receptor based on pharma-
rosci 17, 5792–5797.

cological data is that of the 5-HT2C receptor. This recep- Eason, M.G., Jacinto, M.T., Liggett, S.B., 1994. Contribution of ligand
tor was initially named the 5-HT1C receptor on the basis structure to activation of a2-adrenergic receptor subtype coupling
of its affinity for a number of ligands compared with to Gs. Mol Pharmac 45, 696–702.

Fong, P.P., Wall, D.M., Ram, J.L., 1993. Characterization of serotoninthose of the previously described 5-HT1 and 5-HT2 re-
receptors in the regulation of spawning in the zebra mussel Dreis-ceptor families (Peroutka, 1988). We believe that the
sena polymorpha (Pallas). J Exp Zool 267, 475–482.elucidation of the affinities between leech pharyngeal

Fong, P.P., Wade, S., Rostafin, M., 1996. Characterization of seroto-
serotonin receptors and other serotonin receptors must nin receptor mediating parturition in fingernail clams Sphaerium
await either sequence data on the receptors or, at a min- (Musculium) spp. from eastern North America. J Exp Zool 275,

326–330.imum, determination of the transduction mechanism(s)
Goldberg, J.I., Koehncke, N.K., Christopher, K.J., Neumann, C., Die-activated by a particular receptor.

fenbach, T.J., 1994. Pharmacological characterization of a seroto-
nin receptor involved in an early embryonic behavior of Helisoma
trivolvis. J Neurobiol 25, 1545–1557.4. Summary

Goldermann, M., Hanke, W., Schlue, W.-R., 1994. Modulation of K1

This study reexamined the effects of serotonin and channels in p-neurones of the leech CNS by phosphorylation. J
Comp Physiol A 174, 231–237.stimulation of a serotonin-containing neuron on the



B.A. O’Gara et al./General Pharmacology 32 (1999) 669–681 681

Gudermann, T., Kalkbrenner, F., Schultz, G., 1996. Diversity and se- receptor to multiple second messenger pathways by synthetic ago-
nists. J Neurosci 17, 6545–6553.lectivity of receptor–G protein interaction. Annu Rev Pharmac

Robb, S., Cheek, T.R., Hannan, F.L., Hall, L.M., Midgley, J.M., Ev-Toxicol 36, 429–459.
ans, P.D., 1994. Agonist-specific coupling of a cloned DrosophilaHoyer, D., Martin, G.R., 1996. Classification and nomenclature of
octopamine/tyramine receptor to multiple second messenger sys-5-HT receptors: a comment on current issues. Behav Brain Res 73,
tems. EMBO J 13, 1325–1330.263–268.

Sanchez-Armass, S., Merz, D.C., Drapeau, P., 1991. Distinct recep-Leake, L.D., 1986. Leech Retzius cells and 5-hydroxytryptamine.
tors, second messengers and conductances underlying the dual re-Comp Biochem Physiol 83C, 229–239.
sponses to serotonin in an identified leech neurone. J Exp BiolLeake, L.D., Koubanakis, M., 1995. Central and peripheral 5-HT re-
155, 531–547.ceptors in the leech (Hirudo medicinalis) redefined. Gen Pharmac

Saudou, F., Hen, R., 1994. 5-Hydroxytryptamine receptor subtypes in26, 1709–1717.
vertebrates and invertebrates. Neurochem Int 25, 503–532.Leake, L.D.. Walker, R.J., 1980. Invertebrate Neuropharmacology.

Sugamori, K.S., Sunahara, R.K., Guan, H.C., Bulloch, A.G.M.,Wiley, New York, Toronto, pp. 125–133.
Tensen, C.P., Seeman, P., Niznik, H.B., Vantol, H.H.M., 1993. Se-Leake, L.D., Mason, A.J.R., Sunderland, A.J., 1981. Is 5-hydroxy-
rotonin receptor cDNA cloned from Lymnaea stagnalis. Proc Natltryptamine a neuromuscular transmitter in the leech? Adv Physiol
Acad Sci USA 90, 11–15.Sci 22, 391–406.

Szczupak, L., Jordan, S., Kristan, W.B., Jr., 1993. Segment-specificLent, C.M., Dickinson, M.H., 1984. Serotonin integrates the feeding
modulation of the electrophysiological activity of leech Retziusbehavior of the medicinal leech. J Comp Physiol A 154, 457–471.
neurons by acetylcholine. J Exp Biol 183, 115–135.Leßmann, V., Dietzel, I.D., 1995. Two kinetically distinct 5-hydroxy-

Szczupzk, L., Edgar, J., Peralta, M.L., Kristan, W.B., Jr., 1998. Long-tryptamine-activated Cl2 conductances at Retzius P-cell synapses
lasting depolarization of leech neurons mediated by receptorsof the medicinal leech. J Neurosci 15, 1496–1505.
with a nicotinic binding site. J Exp Biol 201, 1895–1906.Li, X.-C., Glot, J.-F., Kuhl, D., Hen, R., Kandel, E.R., 1995. Cloning

Tembe, E.A., Holden-Dye, L., Smith, S.W.G., Jacques, P.A.M.,and characterization of two related serotonin receptors from the
Walker, R.J., 1993. Pharmacological profile of the 5-hydroxy-brain and reproductive system of Aplysia that activate phospholi-
tryptamine receptor of Fasciola hepatica body wall muscle. Parasi-

pase C. J Neurosci 15, 7585–7591.
tology 106, 67–73.

Mason, A., Kristan, W.B., Jr., 1982. Neuronal excitation, inhibition
Vehovszky, A., Walker, R.J., 1991. An analysis of the 5-hydroxy-

and modulation of leech longitudinal muscle. J Comp Physiol A tryptamine (serotonin) receptor subtypes of central neurons of
146, 527–536. Helix aspersa. Comp Biochem Physiol 100C, 463–476.

O’Gara, B.A., Abbasi, A., Kaniecki, K., Sarder, F., Liu, J., 1997. Phar- Walker, R.J., Brooks, H.L., Holden-Dye, L., 1996. Evolution and
macological characterization of the pharyngeal acetylcholine re- overview of classical transmitter molecules and their receptors.
ceptor in the medicinal leech, Hirudo medicinalis. Soc Neurosci Parasitology 113, S3–S33.
Abstr 23, 1235. Walker, R.J., Woodruff, G.N., Kerkut, G.A., 1970. The action of cho-

Olde, B., McCombie, W.R., 1997. Molecular cloning and functional linergic antagonists on spontaneous excitatory potentials recorded
expression of a serotonin receptor from Caenorhabditis elegans. J from the body wall muscles of the leech Hirudo medicinalis. Comp
Mol Neurosci 7, 53–62. Biochem Physiol 32, 691–701.

Peroutka, S.J., 1988. 5-Hydroxytryptamine receptor subtypes. Annu Witz, P., Amlaiky, N., Plassat, J.L., Maroteaux, L., Borrelli, E., Hen,
Rev Neurosci 11, 45–60. R., 1990. Cloning and characterization of a Drosophila serotonin

Peroutka, S.J., Howell, T.A., 1994. The molecular evolution of G pro- receptor that activates adenylate cyclase. Proc Natl Acad Sci USA
tein-coupled receptors: focus on 5-hydroxytryptamine receptors. 87, 8940–8944.
Neuropharmacology 33, 319–324. Zhang, B., Harris-Warrick, R.M., 1994. Multiple receptors mediate

Reale, V., Hannan, F., Hall, L.M., Evans, P.D., 1997. Agonist-specific the modulatory effects of serotonergic neurons in a small neural
network. J Exp Biol 190, 55–77.coupling of a cloned Drosophila melanogaster D1-like dopamine


