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toxin (Table 5) and many of its structural analogues block the AChl response
(J. A. Benson, L. Kaufmann, B. Hue, M. Pelhate, F. Schiirmann, L. Gsell and
T. Piek, in preparation). Bicuculline is a competitive antagonist at GABAA

receptors and picrotoxin is a blocker of GABAA receptor-activated Cl~ channels.
These compounds blocked the AChl response equipotently (bicuculline ECso
31/tfnolP1; picrotoxin EC50 29^anolP1). The antagonistic actions of strychnine,
bicuculline and picrotoxin were all independent of membrane potential (Benson,
19886).

Discussion

We have shown that the response to acetylcholine in isolated, voltage-clamped,
thoracic ganglion neuronal somata from Locusta migratoria consists of a fast,
nicotinic (AChl) component and a slow, muscarinic (ACh2) component (Benson
and Neumann, 1987). In contrast to the vertebrate brain, nicotinic receptors are
much more abundant in the insect brain and thoracic ganglia than are muscarinic
receptors (Dudai and Ben-Barak, 1977; Breer, 1981), and a comparison of the
doses of acetylcholine and muscarine required to evoke responses of similar
magnitude suggests that this relationship may apply equally to individual somata
(Figs 1 and 3).

The nicotinic (AChl) response

Membrane-potential-dependence and ionic-dependence

The I-V curve for the AChl response extrapolates to a reversal potential in the
membrane potential range 0 to +20 mV. This value is in agreement with other
studies of insect cholinergic responses, all of which indicate that the major charge
carrier for the cholinergic current is Na+. Kerkut et al. (1969ft) showed that the
depolarising response to acetylcholine in cockroach neurones is substantially
reduced in Na+-free saline and similar results were reported by Harrow et al.
(1982) and David and Sattelle (1990). Reversal potential values for nicotinic
acetylcholine responses, usually determined by extrapolation of current-voltage
curves, have been reported for several insect neuronal preparations: —35 to
—40 mV for neuronal somata in the cockroach sixth abdominal ganglion (Callec,
1974; Pitman and Kerkut, 1970) and the soma of the cockroach fast coxal
depressor motoneurone Df (David and Pitman, 1982); -40mVfor the soma of the
embryonic giant interneurone 2 (Blagburn et al. 1985); and +20 mV for dorsal
unpaired median neurones in Schistocerca nitens (Goodman and Spitzer, 1980).
The variation in these values may be due to the different salines used but all are
consistent with activation of a predominantly Na+-mediated current by acetylchol-
ine.

Pharmacology of the AChl (nicotinic) response

The nicotinic cholinergic receptors of the vertebrates have been divided into two
rather inhomogeneous classes, neuromuscular and ganglionic, based on location
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and pharmacological profile. The sensitivity of insect neuronal nicotinic receptors
to a'-bungarotoxin (Schmidt-Neilsen et al. 1977; Dudai, 1978) distinguishes them
from most vertebrate brain nicotinic receptors, which do not bind this toxin. In
both binding (e.g. Jones et al. 1981) and electrophysiological (e.g. David and
Sattelle, 1984; present work, Tables 1, 2) experiments, the low potencies of
decamethomium, a neuromuscular agonist, and hexamethonium, a ganglionic
antagonist, distinguish the insect receptor from its vertebrate counterparts.

Antagonists. The most active antagonist at the AChl receptor was PMNI, an
example of the nitromethylene heterocycle insecticides (Soloway et al. 1979) that
are rapidly emerging as an important new group of plant protection agents. These
compounds have their site of action at the nicotinic receptor (Schroeder and
Flattum, 1984; Harris et al. 1986) and they compete with a'-bungarotoxin in insect
neuronal membrane binding assays (Sattelle et al. 1989; I. Bermudez and J. A.
Benson, unpublished observations). They are nicotinic agonists in cockroaches
(e.g. Sattelle et al. 1989; Buckingham et al. 1989) and, at relatively high concen-
trations (threshold approximately SOnmoll"1), they also act as agonists at the
AChl receptor in Locusta migratoria. However, we have shown that in Locusta
migratoria they can be potent and selective (i.e. non-muscarinic) antagonists at
concentrations several orders of magnitude below their agonist threshold (Ben-
son, 19896,1990). There is no evidence of agonistic shifts in the baseline current at
the concentrations of PMNI that result in 50% or more blockade of the AChl
response in Locusta migratoria (Benson, 19896,1992a). PMNI is totally inactive at
the muscarinic ACh2 receptor. Zwart et al. (1992) have recently confirmed the
effects of PMNI at high concentrations on Locusta migratoria neuronal somata but
report that this compound has much lower potency against vertebrate nicotinic
receptors, particularly those of the neurones. They suggest that this differential
sensitivity at the receptor level could provide a basis for the low mammalian
toxicity of these insecticides.

The polypeptide a'-bungarotoxin was a highly potent antagonist. Early studies
localized a'-bungarotoxin binding proteins, often showing nicotinic pharmacology,
in a variety of insect neuronal tissues (Dudai, 1977) and these observations have
been repeated and refined many times since (reviewed by Eldefrawi and
Eldefrawi, 1988). This toxin is well-known as a competitive antagonist selective for
the vertebrate neuromuscular junction cholinoreceptor. It has no effect on most
vertebrate neuronal acetylcholine receptors. In contrast, it has frequently been
shown to block the nicotinic cholinergic responses of insect neuronal somata (e.g.
David and Sattelle, 1984). or-Bungarotoxin has been reported to bind irreversibly
to its receptor in vertebrate muscle (Miledi and Potter, 1971) and on some insect
neurones (e.g. David and Sattelle, 1984) but not others (Hall, 1980; Eldefrawi and
Eldefrawi, 1980). Its effect on Locusta migratoria thoracic neuronal somata is
readily, if comparatively slowly, reversed by supervision of the preparation with
control saline (Benson, 1988a) and is voltage-independent over the membrane
potential range —40 to —100mV (Benson, 1988a), as expected for an antagonist
acting competitively at the acetylcholine recognition site.
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A further difference between the AChl receptor and the classical vertebrate
receptors was revealed by the action of lobeline, an alkaloid from Indian tobacco
(Lobeliaceae). This compound is a potent agonist in mammalian systems with
blocking activity that possibly results from desensitisation (Bowman and Rand,
1980). In contrast, at the AChl receptor, it shows only very weak agonism but is an
antagonist with a potency rivalling that of obungarotoxin and mecamylamine. It
was found to be a nicotinic antagonist in Periplaneta americana by Battersby and
Hall (1985), but with a large difference in potency for Musca domestica and
Periplaneta americana in [3H] cr-bungarotoxin binding assays.

Mecamylamine, an antagonist selective for the vertebrate ganglionic nicotinic
receptor, also blocked the AChl response with an EC50 value (63nmoll~') very
similar to that for a-bungarotoxin. On the cockroach motoneurone Df, in situ,
David and Sattelle (1984) reported an EC50 value of 2.6/zmoll~l, compared with
64nmoll~1 for cr-bungarotoxin. Mecamylamine is always observed to be a poor
displacer of radiolabelled a-bungarotoxin (e.g. Jones et al. 1981), probably
because it acts as a channel blocker at a site different from the recognition site for
competitive ligands. In Periplaneta americana, mecamylamine pretreatment does
not protect the somal nicotinic receptor from blockade by cr-bungarotoxin (David
and Sattelle, 1984).

Trimethaphan camsylate (EC50 0.67/zmoir1), a vertebrate ganglionic blocker
like mecamylamine, was about 10 times less active than mecamylamine. It is
probably a rather unspecific blocker of ligand-binding-activated ion channels since
it also blocks the open channels of glutamatergic receptors in locusts (Ashford
et al. 1988). The remaining nicotinic antagonists exhibited comparatively low
potencies, their EC50 values covering the same range as the values for muscarinic
compounds active at the nicotinic AChl receptor (see below).

In summary, the order of potency of the nicotinic antagonists at the AChl
receptor was PMNI £> cv-bungarotoxin (nm)3=loberine&mecamylamine (ga)>
trimethaphan camsylate (ga)>chlorisondamine (ga)2=d-tubocurarine (nm)S=
hexamethomium (ga)^gallamine triethiodide (nm)^tetraethylammonium (ga).
This profile shows that the AChl receptor does not discriminate between
antagonists selective for neuromuscular and ganglionic receptors in vertebrates.
The EC50 values of the two classes of compounds active at the AChl receptor are
about equally distributed from highly potent to weak. In a comparable electro-
physiological study on the Periplaneta americana neurone Df in situ, David and
Sattelle (1984) determined a similar rank order of potency for nicotinic antagon-
ists: a'-bungarotoxin> mecamylamine>d-tubocurarine, with hexamethonium and
gallamine triethiodide requiring more than lmmoll"1 to block the response. For
the gastric mill muscles of the crabs Cancer pagurus, C. irroratus and C. borealis
(Marder and Paupardin-Tritsch, 1980a), the rank order of nicotinic antagonists
was mecamylamine>trimethaphan camsylate>chlorisondamine>d-tubo-
curarine^hexamethonium. a-Bungarotoxin was without effect.

Agonists. In vertebrates, nicotinic agonists in general are active at both the
neuromuscular and ganglionic receptors. When bath-applied, all of the nicotinic
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agonists reduced the AChl response evoked by acetylcholine in a dose-dependent
manner (Table 2). The only simple criterion that distinguishes the reduction of the
AChl response due to the combination of desensitization and receptor site
competition, as for nicotine, from blockade at the acetylcholine recognition site or
ion channel, is that desensitisation is accompanied by an agonistic shift in the
resting current of the clamped neurone, with the threshold for this effect
coinciding with or being lower than the threshold for reduction of the AChl
response. For the agonists listed in Table 2, the EC50 values for desensitisation and
blockade were high in comparison to the values for most of the antagonists
described above (Table 1), and none of the agonists tested affected the ACh2
response when applied at 10 or lOO/imoll"1 (Table 2).

Nicotine and anabasine are alkaloids of similar structure from Nicotiana
(cultivated tobacco), and both are potent agonists at the AChl receptor. Nicotine
has a threshold of between 0.1 and 0.3 ^mol P 1 and an EC50 value for desensitisa-
tion (O.SjiimolP1) that is lower than that for anabasine (lO/xmolP1). The
response to microapplication of nicotine was always larger and slower than that for
an identical pulse of acetylcholine, an observation typical of arthropod neurones
(e.g. crab stomatogastric neurones; Marder and Paupardin-Tritsch, 1978). A
significant exception is the comparatively feeble response to nicotine recorded in a
motor neurone, PPR, in the tobacco hornworm Manduca sexta, which feeds on
Nicotiana (Trimmer and Weeks, 1989a). The considerable efficacy of nicotine in
desensitising the AChl receptor was the main reason that acetylcholine was used
in the study of the AChl response, rather than the more selective nicotine.
Tetramethylammonium (EC50 62/imolT1) is a ganglionic compound that stimu-
lates both nicotinic and muscarinic receptors in vertebrates (Bowman and Rand,
1980). However, in Locusta migratoria it was selective for the AChl receptors. It
evokes a response in Manduca sexta PPR neurones similar to that of nicotine
(Trimmer and Weeks, 1989a) and it mimics the nicotinic acetylcholine response in
the stomatogastric ganglion neurones of the crab Cancer pagurus (Marder and
Paupardin-Tritsch, 1978). DMPP (EC50 85/xmoir1) strongly stimulates the
adrenal medulla in vertebrates but is also active on the autonomic ganglia
(Bowman and Rand, 1980). It is an effective agonist at a'-tubocurarine-sensitive
acetylcholine receptors in the mollusc Aplysia californica (Kehoe, 1972) and
mimics the slow response to nicotine in the stomatogastric ganglion neurones of
the crab Cancer pagurus (Marder and Paupardin-Tritsch, 1978). However, in
contrast to its activity on Locusta migratoria somata, it was reported to give only a
small response when applied at lOmmoll"1 to the cockroach neurone Df (David
and Sattelle, 1984).

The actions of suberyldicholine and decamethonium were complex. Both
compounds are potent vertebrate neuromuscular agonists, and decamethonium is
well-known as a 'depolarising blocker' (i.e. causing synaptic block by desensitisa-
tion of the neuromuscular nicotinic receptors) (del Castillo and Katz, 1955).
However, in binding studies on Drosophila melanogaster neural extract, deca-
methonium is only very weakly active as a competitor with o--bungarotoxin,



222 J. A. BENSON

weaker than the muscarinic agents pilocarpine or oxotremorine (Dudai, 1978).
These compounds are without agonistic effect, in control saline, both on Locusta
migratoria somata (Table 2) and on the stomatogastric ganglion neurones of the
crab Cancer pagurus, at concentrations of up to lmmoll"1 (Marder and
Paupardin-Tritsch, 1978). At high concentrations, both compounds cause partial
blockade of the AChl response (EC50 values approximately ljumoll"1 and
approximately 40/jmoll"1, respectively) and of nicotinic cholinergic responses in
the cockroach neurone Df (EC50 2.8mmoll~1 for decamethonium; David and
Sattelle, 1984). This blockade at high concentrations is probably the rather non-
specific channel blocking effect also reported for vertebrates since it was not
accompanied by any evidence of agonism. The unusual observations for the
Locusta migratoria somata are that, when pulse-applied in the presence of
acetylcholine in the bathing saline, both compounds evoked the AChl current and
the amplitude of the evoked current increased with the concentration of
acetylcholine in the bathing saline (Benson, 1988a). The mechanism of this effect
is unknown, but it is probably not due to saturation of cholinesterase since it could
not be mimicked by addition of the cholinesterase inhibitor eserine to the control
saline. The lack of agonistic effects by suberyldicholine and decamethonium
distinguishes the AChl receptor from the vertebrate neuromuscular nicotinic
receptor, despite the observation that both receptor subtypes are highly sensitive
to cr-bungarotoxin.

Pyrantel and Levamisole are anthelmintics that act as agonists at the acetylchol-
ine receptor on the muscle cells of the nematode Ascaris suum (Harrow and
Gration, 1985). The order of potency for Ascaris is Pyrantel>Levamisole>acetyl-
choline, with the agonist threshold for Pyrantel being between 10 and
lOOnmol P 1 . When applied to Locusta migratoria somata, these compounds were
low-potency blockers (Pyrantel EC50 36/zmolP1 and Levamisole EC50
38/unoir1) and showed agonism only at concentrations above 30^mol 1~'. They
possess only weak insecticidal activities.

The EC50 values given in Table 2 are based on the blocking and desensitising
effects of the cholinergic agonists and disguise the varied modes of action of these
compounds. Nicotine was the most potent agonist, followed by anabasine,
tetramethylammonium and DMPP. Pyrantel and Levamisole were very weak
agonists, and suberyldicholine and decamthomium were not agonistic.

Action of non-selective compounds. Strychnine has been used to distinguish
between the vertebrate GABAA receptor and the glycine receptor, for which it is
selective (e.g. Grenningloh etal. 1987), but it is also a vertebrate cholinergic
blocker (Alving, 1961). Long ago Roeder showed that strychnine blocks a
cholinergic synapse in the sixth abdominal ganglion of the cockroach (Roeder et
al. 1947). It had no effect against the ACh2 response but was extremely active at
the AChl receptor. At 10//moll"1, it blocked the effect of acetylcholine and the
excitatory junction potential (EJP) recorded from the stomach dorsal dilator
muscle of the lobster Panulirus interruptus (Marder, 1976).

(5-Philanthotoxin 433, a polyamine and one of the toxic fractions from the
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venom of the bee wolf Philanthus triangulum (Piek et al. 1988), blocks open
channels at insect glutamatergic neuromuscular synapses (Clark et al. 1982;
Benson et al. 1992). It also blocks nicotinic cholinergic neurotransmission in
insects (Piek et al. 1984), and both this compound (Table 5) and many of its
structural analogues block the AChl response with the same or higher potency as
they do at the Musca domestica larva neuromuscular glutamate receptor (J. A.
Benson, L. Kaufmann, B. Hue, M. Pelhate, F. Schurmann, L. Gsell and T. Piek,
in preparation). Bicuculline and picrotoxin, blockers of vertebrate non-cholinergic
neurotransmitter-evoked responses, were active against the AChl response but
not the ACh2 response. The concentration range for these compounds was typical
of channel blockers but higher than at their sites of selective action. Bicuculline is
the diagnostic antagonist for GABAA receptors (Bowman and Rand, 1980). It
appears to be inactive at most insect GABAA-type receptors but is a moderately
effective blocker of the AChl response (Table 5; Benson, 1988c). Picrotoxin is a
potent blocker of GABAA-receptor-activated Cl~ channels both in vertebrates
(Bowman and Rand, 1980) and in insects (Lees et al. 1987). The EC50 value for
picrotoxin against the AChl response was 29jumoll~1, and comparable concen-
trations also block cholinergic responses in non-insect arthropods. At
0.1-1 /umoll"1, picrotoxin blocked the effect of acetylcholine and the EJP
recorded from the stomach dorsal dilator muscle of the lobster Panulirus
interruptus (Marder, 1976) and at SO^moir1 it blocked the acetylcholine-evoked
increase in Na+ conductance in the paired gastric mill muscles of the crab Cancer
pagurus (Marder and Paupardin-Tritsch, 19806). Although moderately potent
against the AChl response, none of these compounds had any effect on the ACh2
response. This probably indicates a fundamentally different channel structure and
a different receptor superfamily for the ACh2 receptor.

Somal versus synaptic insect nicotinic receptors

The pharmacological profiles of the insect synaptic and somal nicotinic receptors
are similar in some respects. Like the AChl response, insect nicotinic synapses are
very sensitive to o'-bungarotoxin (e.g. Sattelle et al. 1980), curare is much more
effective as a blocker than atropine (e.g. Waldrop and Hildebrand, 1989) and
transmisson is blocked by gallamine triethiodide (Pitman and Kerkut, 1970).
However, based on single-channel recordings from reconstituted Locusta migra-
toria nicotinic receptors in lipid bilayers, Tareilus et al. (1990) found evidence for
two different receptor subtypes, which they suggest might represent synaptic and
extrasynaptic nicotinic acetylcholine receptors. In contrast to the AChl receptor,
the neuropile-derived, 'synaptic' receptors are more sensitive to suberyldicholine
than to acetylcholine. In the absence of pharmacological data from the reconsti-
tuted somal receptors, it is not possible to be certain that they are the AChl
receptors, but this seems very likely.

The muscarine (ACh2) response

The description of functional muscarinic receptors in insects has lagged behind
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the elucidation of their pharmacology by biochemical methods. Trimmer and
Weeks (1987,1988,1989a,b) have reported a decrease in action potential threshold
in Manduca sexta motoneurones caused by muscarinic agents, and there is
evidence that muscarinic receptors inhibit acetylcholine release at the cereal
nerve-giant interneurone synapses of the cockroach Periplaneta americana (Hue
et al. 1989; Le Corronc et al. 1991). Gorczyca et al. (1991) were able to activate a
central pattern generator of the pharyngeal muscles of larval Drosophila melano-
gaster using muscarinic agonists and to block this response, as well as endogenous
activity, using muscarinic antagonists.

Membrane-potential-dependence and ionic-dependence

The current activated via the ACh2 receptor is inward at -30 mV and decreases
with hyperpolarisation to zero at -80 to -90mV (Benson, 19886). In Manduca
sexta motoneurone PPR, the current evoked by oxotremorine is at its maximum
near the normal resting potential of -50 mV and declines with hyperpolarisation
or depolarisation. The current is tetrodotoxin-insensitive but is abolished in the
absence of external Na+ (Trimmer and Weeks, 1991). In several crustacean
preparations, muscarine evokes responses that resemble the ACh2 current.
Marder and Paupardin-Tritsch (1978) described an inward current evoked by
microapplication of the muscarinic agonist acetyl-/J-methylcholine to the somata
of stomatogastric ganglion neurones in the crab Cancer pagurus. This response
was blocked by 0.1-1 /xmol I"1 atropine and had a voltage-dependence very similar
to that of the ACh2 response, a decrease in amplitude with hyperpolarisation
levelling off at membrane potentials of between —80 and — 90 mV. The same
neurones exhibit a predominant response to nicotine and acetylcholine that bears
many similarities to the AChl response (Marder and Paupardin-Trisch, 1978). A
similar muscarine-evoked current has been recorded in the cardiac ganglion
motoneurones of the lobster Homarus americanus, decreasing with hyperpolarisa-
tion and becoming zero but not reversing at —80 to —100 mV (Freschi and
Livengood, 1989). However, when these neurones are clamped at positive
potentials, the current is observed to reach a maximum at —30 to —10 mV and to
reverse at +20 mV. This current is carried largely by Na+ but is also dependent on
extracellular K+ concentration (Freschi and Livengood, 1989).

Pharmacology of the AChl (muscarinic) response

On pharmacological grounds, the mammalian muscarinic receptors have been
classified into at least three subtypes, neuronal-M1; cardiac-M2 and glandular-M3

(Doods et al 1987; Giraldo et al. 1988; Mei et al. 1989). Molecular cloning studies
have revealed a family of five muscarinic receptor genes, m!-m5 (e.g. Peralta et al.
1987). The antagonist binding profiles of the expressed m1; m3 and m4 receptors
correspond best to the M1; M2 and M3 receptors (Mei et al. 1989). One insect
muscarinic receptor gene has been cloned and it codes for a receptor that is
comparatively similar in amino acid sequence to the m1; m3 and m5 vertebrate
muscarinic subtypes (Onai et al. 1989).
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Dudai and Ben-Barak (1977) first demonstrated the presence of a distinct
muscarinic binding receptor in an insect. Later studies suggested heterogeneity
among the insect muscarinic binding sites, on the basis of Hill coefficients of less
than 1 (Shaker and Eldefrawi, 1981; Aguilar and Lunt, 1984) and on linkage to
different second messengers, cyclic AMP and phosphatidylinositol in particular
(Trimmer and Berridge, 1985; Duggan and Lunt, 1986, 1988). Recently, a
Drosophila melanogaster muscarinic receptor gene has been expressed in mam-
malian Yl cells, where it mediates stimulation of phosphatidylinositol metabolism
(Shapiro et al. 1989). Knipper and Breer (1988, 1989) provided pharmacological
support for the existence of heterogeneity among functional muscarinic receptors
in insects. Based on differences in pirenzepine affinity, they proposed that release
of acetylcholine from locust ganglia synaptosomes was inhibited via presynaptic
M2 muscarinic autoreceptors coupled to a cyclic AMP second-messenger cascade.
M] receptors seemed to be preferentially located in the cell body membrane
fraction (Knipper and Breer, 1988). However, from the results presented in this
paper, as well as from similar experiments on lobster cardiac neurones (Freschi,
1991), it seems that pirenzepine-sensitivity by itself is an insufficient basis for
allocating arthropod muscarinic receptors to the vertebrate Mi and M2 categories,
despite the pharmacological similarities between the pirenzepine-sensitive, somal
ACh2 receptor and the vertebrate Mi receptor.

Antagonists. QNB (EC50 4nmoll~1) and scopolamine (EC50 7nmoll~1) were
the most potent of the muscarinic antagonists against the ACh2 response, with
atropine, an alkaloid of structure very similar to that of scopolamine, slightly less
potent (Table 3). QNB does not discriminate among the vertebrate muscarinic
receptor subtypes, and the same appears to be true in the arthropods. For
example, it also binds to muscarinic receptors in homogenates of whole bulb mite
(Rhizoglyphus echinopus), which are effectively protected by pirenzepine (M^
but not by methoctramine (M2) (Huang and Knowles, 1990), a pharmacology
different from the ACh2 profile. Like all of the muscarinic antagonists tested
except pirenzepine, QNB, scopolamine and atropine, although highly selective for
the ACh2 receptor, were moderate blockers of the AChl response, with EC50
values of 20-45 /imolF1. The latter observation is in contrast to the report of
Harrow and Sattelle (1983), who found that QNB at concentrations of up to

I"1 was without effect on the acetylcholine response recorded in the soma
of the cockroach giant interneurone 2. This possibly reflects more the ready
accessibility of the isolated Locusta migratoria soma in comparison with neuronal
somata in situ, than a genuine difference in receptor pharmacology. The actions of
QNB and atropine against the nicotinic response in the cockroach neurone Df in
situ had EC50 values of about I00,umoin1 (David and Sattelle, 1984).

Pirenzepine is a tricyclic compound with a pronounced ability to discriminate
between muscarinic receptors in different vertebrate tissues (Hammer et al. 1980).
It binds with high affinity to the M^ receptor and is quite potent as an ACh2
antagonist. The M| receptor seems to be linked to closure of 'M' K+ channels
(Brown and Adams, 1980). In contrast, the ACh2 current results from channels
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opening (decrease in membrane resistance; Fig. IB). Since pirenzepine was
unique among the muscarinic antagonists tested in being without effect on the
nicotinic AChl response, it should be the antagonist of first choice for discriminat-
ing between nicotinic and muscarinic mediation of physiological responses in the
insect nervous system.

HHSiD has a high affinity for Mi receptors in vertebrate neuronal tissues as well
as for M3 glandular and smooth muscle receptors in exocrine glands, but a much
lower affinity for M2 cardiac receptors (Mutschler and Lambrecht, 1984). It
showed the same level of activity as pirenzepine against the ACh2 response (EC50
values about O.S/xmoll"1). QNX, which is selective for Mi receptors, was only
very weakly active, at least 100 times less active than HHSiD and about 10000
times less active than QNB, of which it is a structural analogue. There is thus no
correlation between high affinity to Mx receptors in vertebrates and efficacy at the
ACh2 receptor. The very high potency of QNX against the AChl response has
been discussed above.

AF-DX116 is a pyridobenzodiazepinone tricyclic compound that binds selec-
tively to cardiac (M2) receptors (Hammer et al. 1986). In contrast to pirenzepine,
of which it is a structural analogue, it was without effect against the ACh2
response. The third M2-selective compound was methoctramine, a tetra-amine,
which is a competitive antagonist at vertebrate M2 receptors with a potency similar
to that of the non-selective compound atropine. It also interacts non-competitively
with the nicotinic receptors of frog rectus abdominis muscle (IC50 O^jumoll"1)
(Melchiorre et al. 1987a,b). It was inactive against the ACh2 response, but, as in
the frog, blocked the nicotinic response.

4-DAMP is an M3-receptor-selective compound in vertebrates (Barlow et al.
1976, 1980), where it binds with 50-100 times greater affinity than does
pirenzepine. This is in contrast to its potency against the ACh2 response, where
4-DAMP was only slightly less active than pirenzepine.

In summary, the order of potency of the muscarinic antagonists at the ACh2
receptor was: QNB^scopolamine>atropine>4-DAMP (M3)>benactyzine2=
HHSiD (M!/M3)&pirenzepine (M,). QNX (Mi), AF-DX116 (M2), gallamine
triethiodide (M2) and methoctramine (M2) were almost or completely inactive.
Two of the Mi compounds were potent and one (QNX) was inactive. The three M2

compounds were almost or completely inactive. Of the muscarinic-receptor
subtype-selective compounds, 4-DAMP (M3) was the most active and the only
other M3 compound tested (HHSiD) was almost equally active. The ACh2
receptor antagonist pharmacology thus does not correspond in detail to the
Mi/M2/M3 classification. It seems to possess a mixture of M r and M3-like
properties and to differ most from the M2 profile. In contrast, the presynaptic
muscarinic receptors involved at the cockroach cereal afferent-giant interneurone
synapse are blocked by the M2 antagonists AF-DX116 and methoctramine, but
not by the Mt antagonists pirenzepine and 4-DAMP (Le Corronc et al. 1991). At
the Manduca sexta sensory-to-motor synapse, scopolamine (O.ljumolP1) and
HHSiD (l/zmoll"1) blocked the postsynaptic response, while pirenzepine was
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effective only at concentrations above 10 ^mol I"1 and 4-DAMP was without effect
(Trimmer and Weeks, 19896). These data from Locusta migratoria somata and
from cockroach and Manduca sexta synapses are in broad agreement with the
conclusions of Knipper and Breer (1988, 1989), discussed above, that Mrlike
receptors seem to be preferentially located on somata while M2-like autoreceptors
exist presynaptically.

Freschi (1991) carried out an electrophysiological analysis of the response of the
motor neurones of the cardiac ganglion of the lobster Homarus americanus to the
muscarinic agonist methacholine. The order of antagonist potency was
atropine>pirenzepine^4-DAMP>methoctramine>HHSiD. AF-DX116 and gal-
lamine triethiodide were inactive. Despite a similar high activity of atropine and
pirenzepine, and low activity of AF-DX116 and gallamine triethiodide, this
profile also differs from that of the ACh2 receptor, particularly in the higher
sensitivity to methoctramine and lower sensitivity to HHSiD.

Agonists. Unfortunately, agonists specific to particular muscarinic receptor
subtypes are rare. The only one readily available is McN-A-343, which shows
selectivity for Mi receptors (Roszkowski, 1961). This compound was only feebly
active on the isolated somata (Table 4). Similarly, at the presynaptic muscarinic
receptors of the cockroach cereal afferent-giant interneurone synapse, McN-A-
343 (EC50 15//moll"1) is much weaker than arecoline (EC50 72nmolP1) or
oxotremorine (EC50 4//moll"1) (LeCorronc et al. 1991). At concentrations up to
3jimo\\~l, McN-A-343 was without detectable effect on Manduca sexta sensory-
to-motoneurone synapes (Trimmer and Weeks, 19896), and it was inactive at the
muscarinic receptors on the motoneurones of the lobster cardiac ganglion
(Freschi, 1991).

Cross reaction of vertebrate cholinoreceptor-subtype-selective compounds
between the AChl and ACh2 receptors

A striking observation made during these experiments was that although only
one nicotinic antagonist, lobeline, was active against the muscarinic ACh2
response, all of the muscarinic antagonists, with the single exception of pirenz-
epine, showed activity at the AChl nicotinic receptor, in some cases much more
potently than against the ACh2 response. The AChl receptor appears to differ
additionally from the vertebrate nicotinic subtypes in being unusually accessible to
compounds highly selective for vertebrate muscarinic receptors.

The 'mixed' nicotinic-muscarinic cholinoreceptor

Several early radiolabelled ligand binding studies revealed a receptor site,
possibly a glycoprotein, with a 'mixed' nicotinic-muscarinic pharmacology (e.g.
Eldefrawi and O'Brien, 1970). Since this site bound [3H]nicotine or [3H]decameth-
onium but not [3H]<*-bungarotoxin (Donnellan et al. 1975; Mansour et al. 1977), it
does not correspond to either the AChl or the ACh2 receptor. Lapied et al. (1990)
recently described a nicotine-evoked response in Periplaneta americana DUM
neuronal somata that consisted of two components, one of which appears to be a
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genuine 'mixed' response blocked by d-tubocurarine (1/imoll"1), pirenzepine
(lOnmolP1) and gallamine triethiodide (lOOnmoll"1). It was, however, also
blocked by a'-bungarotoxin (lOOnmolP1). The other component, although
evoked by nicotine, was unaffected by the nicotinic and muscarinic agents tested,
including a-bungarotoxin.

The author thanks Dr Liselotte Kaufmann for excellent technical assistance with
some of these experiments.
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