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Summary

1. The effects of a number of dopaminergic agonists and antagonists upon the
soma of a prothoracic inhibitory motoneurone of the cockroach {Periplaneta
americana) have been recorded under voltage-clamp conditions.

2. Dopamine generates inward currents that are extremely voltage-dependent:
currents increase rapidly at membrane potentials more negative than about —120
to —150 mV and also show a peak at membrane potentials of approximately
-20 mV. As a result of this voltage-dependence, dopamine induces a region of
negative resistance in the current-voltage relationship of the neurone.

3. The dopaminergic agonists apomorphine, bromocryptine, ergometrine and
A-6,7-DTN mimic the action of dopamine on this neurone, all having a similar
voltage-dependence to that of dopamine. The selective D-l receptor agonist
SK&F 82526 and the D-2 agonist LY171555, however, were both inactive on the
preparation.

4. Responses to dopamine were suppressed by a number of D-l and D-2
receptor antagonists, indicating that the pharmacological profile of the dopamine-
sensitive receptor in this insect preparation is different from that of vertebrate
dopamine receptors.

Introduction

Until recently, insect central neuropharmacology has focused mainly upon
receptors for acetylcholine (ACh) and gamma-aminobutyric acid (GABA), which
are both major neurotransmitter candidates in the insect central nervous system
(CNS) (see Pitman, 1985). Considerably less is known about other compounds
which may act as important neurotransmitters or modulators in this system, such
as the catecholamines noradrenaline and dopamine. These have both been
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detected in the CNS of a number of different species. In the cockroach CNS, for
example, the concentration of dopamine in the thoracic ganglia is about
2.7 pmolmg"1 tissue wet mass, which is approximately an order of magnitude
greater than that of noradrenaline (Dymond and Evans, 1979). Adrenaline, in
contrast, is below the level of detection. Catecholamines can also be localized
histochemically in the cockroach brain (Frontali, 1968; Klemm, 1976, 1982) and
ventral nerve cord (Fleming and Pitman, 1983; Baker and Pitman, 1989).
Although there appear to be relatively few catecholamine-containing neurones in
the ventral nerve cord, catecholamine-containing processes arborize extensively in
the neuropiles of all the ventral ganglia (Fleming and Pitman, 1983; Baker and
Pitman, 1989).

At least some of the actions of dopamine in the cockroach CNS may be
mediated through elevation of the intracellular cyclic AMP concentration, since
dopamine-sensitive adenylate cyclase activity has been detected in the nerve cord
(Nathanson and Greengard, 1973, 1974; Harmar and Horn, 1977; Downer etal.
1985). Although noradrenaline can also stimulate such activity, it appears to do so
by binding cyclase-linked receptors for dopamine, octopamine and serotonin. The
insect CNS, therefore, appears to lack a specific noradrenaline-sensitive adenylate
cyclase (Nathanson and Greengard, 1973; Harmar and Horn, 1977).

In the majority of electrophysiological studies, catecholamines have been found
to excite insect central neurones (Gahery and Boistel, 1965; Kerkut et al. 1969;
Walker etal. 1980). One exception to this is the report by Steiner and Pieri (1969)
that ionophoretically applied dopamine inhibited neuronal activity in the ant
brain. Recently, dopamine has been shown to depolarize and excite the soma of a
prothoracic common inhibitory motoneurone (Pitman and Fleming, 1985; Pitman
and Baker, 1989; Pitman and Davis, 1988). Currents evoked by dopamine from
this neurone are unusual, however, in that they are extremely voltage-dependent,
going through a minimum near the normal resting potential of the neurone, but
increasing when the membrane potential is more positive or more negative than
this (Pitman and Davis, 1988). Calcium apparently plays an important role in the
generation of these dopamine-stimulated currents, since they are abolished in
Ca2+-free solution or in the presence of Cd2+ or verapamil. However, other ions
may also contribute, since alterations in the external concentrations of Na+, K+ or
Cl~, in some instances, can affect responses.

The action of dopamine upon the prothoracic common inhibitory motoneurone
does not appear to be mediated via a rise in intracellular cyclic AMP concen-
tration, since dopamine responses were unaltered under conditions which inter-
fere with this second messenger system (Pitman and Fleming, 1985; Pitman and
Baker, 1989). In this motoneurone, dopamine appears to act via receptors distinct
from those for noradrenaline or octopamine, since responses to each of these
compounds are affected differentially by a number of pharmacological antagonists
(Pitman and Davis, 1988). In mammals, central dopamine receptors can be
divided into two types, D-l and D-2 (Kebabian and Calne, 1979). Activation of D-
1 receptors leads to stimulation of an adenylate cyclase and a rise in intracellular
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cyclic AMP, while D-2 receptor activation may produce a fall in the cyclic AMP
concentration or leave it unaltered. These two mammalian dopamine receptor
types can also be distinguished according to their differing pharmacological
profiles. If receptors sensitive to dopamine in the insect CNS have similar
properties to mammalian dopamine receptors, the effects of dopamine on the
cockroach common inhibitory motoneurone might be expected to involve acti-
vation of D-2 receptors, a process which does not produce a rise in intracellular
cyclic AMP level. If this were the case, the pharmacological profile of the insect
receptor should also conform to that of a mammalian D-2 receptor.

We report here the effects of a range of dopaminergic agonists and antagonists
upon dopamine-sensitive receptors in the soma membrane of the prothoracic
common inhibitory motoneurone of the cockroach.

Materials and methods
Recordings were made from a common inhibitory motoneurone (designated D 3

by lies, 1976) in the prothoracic ganglion of adult male cockroaches (Periplaneta
americana L.). The preparation was set up for intracellular recordings under
current-clamp or voltage-clamp in a manner similar to that described previously
for the metathoracic ganglion (Pitman, 1975). Desheathed prothoracic ganglia
were placed in an experimental chamber containing circulating oxygenated
physiological saline. Normal saline had the following composition: NaCl
214mmoir1; KC1 3.1 mmoll"1; CaCl2 9.0mmoll"1; Tes buffer (pH7.2)
lOmmolP1. Pharmacological agonists and antagonists were dissolved in normal
physiological saline without osmotic compensation. Because dopamine is rela-
tively unstable in solution, in the majority of experiments it was dissolved in
normal physiological saline containing lg/lOOml sodium metabisulphite.

Neurones were impaled under visual control with two microelectrodes filled
with 2moll"1 potassium acetate. One microelectrode was used to monitor
membrane potential and the other to pass current through the neurone. Recording
microelectrodes had a resistance of 20-30 MQ, while current-passing microelec-
trodes were normally bevelled to a resistance of 8-15 MQ.

During impalement of neurones with intracellular microelectrodes, current-
clamp recordings were made with a standard unity-gain high-input impedance
amplifier and bridge system. To voltage-clamp the neurone, the output from the
voltage-recording amplifier was fed into the input of a laboratory-built high-
voltage (±100V) inverting amplifier with an adjustable gain and frequency
response. The output of this amplifier was connected to the current-passing
intracellular microelectrode. To generate command steps, pulses from a Tektronix
162 waveform generator and Tektronix 161 pulse generator were applied to the
input of this inverting feedback amplifier. Current was monitored by a current-to-
voltage converter connected to the preparation bath. Drug responses were
displayed on a Tektronix 5103N oscilloscope, and permanent records recorded on
a Gould 220 pen recorder.
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In most instances agonists were applied locally to the motoneurone cell body
from a micropipette by pressure pulses (7-170 kPa; 50-500 ms) using a Picos-
pritzer II system (General Valve Corp.). The tip of the drug-filled micropipette
was positioned over the nerve cell body under visual control. Bath application of
agonists and antagonists was achieved by adding a 0.3 ml sample to the bath in
such a way that the drug was diluted by mixing before it reached the preparation.
Concentrations of these agents are expressed as the final concentration after
dilution in the volume of the experimental bath (3 ml). To wash out bath-applied
drugs, saline was perfused through the experimental chamber at a rate of
lOmlmin"1.

The following drugs were used: dopamine hydrochloride (Sigma and Aldrich),
apomorphine hydrochloride (Sigma), bromocryptine mesylate (2-bromo-alpha-
ergocryptine methane sulphonate) (Sigma), ergometrine maleate (Sigma), ADTN
hydrobromide [(±)-2-amino-6,7-dihydroxy-l,2,3,4-tetrahydronaphthalene hydro-
bromide] (Research Biochemicals), fenoldopam (SK&F 82526 methane sulphon-
ate) (Smith Kline & French), LY 171555 (quinpirole hydrochloride) (Lilly
Research), fluphenazine hydrochloride (Squibb), (+)-butaclamol hydrochloride
(Research Biochemicals), cis-(Z)-flupenthixol dihydrochloride (Lundbeck),
SCH 23390(7-chloro-8-hydroxy-3-methyl-l-phenyl-l,2,3,4,5-pentahydro-3-benza-
zepine maleate) (Schering-Plough Corp. Inc.), metoclopramide monohydrochlor-
ide (Sigma), spiroperidol (spiperone) (Janssen), haloperidol (Janssen), YM 09151-
2 [N-(l-benzy]-2-methyl pyrrolidin-3-yl)-5-chloro-2-methoxy-4-methyl-amino-
benzamide] (Yamanouchi Pharmaceutical), sulpiride (Sigma) and chlorpromazine
hydrochloride (Sigma).

Results
Under current-clamp conditions, dopamine depolarizes the soma of the

prothoracic common inhibitory motoneurone D3 (Pitman and Davis, 1988; Pitman
and Fleming, 1989). In voltage-clamp recordings dopamine responses are revealed
as inward currents that are relatively small when dopamine is applied at membrane
potentials close to the normal resulting potential (-55 to -60 mV) of the neurone
(Fig. 1). The magnitude of inward currents generated by dopamine, however,
increased dramatically at membrane potentials in the region of -120 to -150mV.
There was also an increase in dopamine currents at more positive potentials. It was
not possible to observe dopamine responses directly at potentials more positive
than those shown in Fig. 1, since prolonged command steps of this magnitude
caused membrane currents to become unstable. To overcome this problem,
currents generated by brief command pulses in the absence of dopamine were
subtracted from currents generated by identical voltage steps applied at the peak
of responses to dopamine. Currents obtained by such subtractions represent the
current produced by dopamine at any given command potential. Fig. 2 illustrates
graphically this method of determining the current-voltage relationship for
dopamine obtained by the above method, showing the voltage-dependence of
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Fig. 1. Effect of command potential upon currents evoked by local application of
dopamine (DA) to the soma of the prothoracic common inhibitory motoneurone D3

under voltage-clamp conditions. Inward currents are shown as downward deflections.
Command potentials at which responses were obtained are given above each trace.
Brief pressure pulses (150 ms, 70kPa) were applied to a micropipette with its tip
positioned close to the soma membrane. Current calibrations: trace 1, 50 nA; trace 2,
2nA; traces 3,4,5, lnA; trace 6, 5nA; trace 7, lOnA. Holding potential, -60mV.
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Fig. 2. Voltage-dependence of dopamine currents recorded from the neurone under
voltage-clamp conditions ( • ) . Dopamine-evoked currents obtained by subtraction of
the current-voltage relationships obtained before ( • ) and during (•) application of
dopamine.

dopamine currents. Dopamine currents normally reached a minimum at mem-
brane potentials between -60mV and -lOOmV, but increased dramatically as the
membrane potential approached -120 to -150mV. At progressively more
positive command potentials, inward dopamine currents increased to a maximum
in the region of —10 to — 20 mV before declining then reversing at approximately
OmV.
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Dopaminergic agonists

To determine the characteristics of the receptor that mediated the responses to
dopamine in this preparation, the effects of a number of different mammalian
dopaminergic agonists were tested. The morphines apomorphine and bromocryp-
tine, the dopaminergic ergot ergometrine and the naphthalene A-6,7-DTN
(ADTN) all depolarized the neurone in current-clamp recordings. Voltage-clamp
recordings revealed that responses to all four compounds had a similar voltage-
dependence to that of the currents evoked by dopamine; responses were minimal
at potentials close to the resting potential of the neurone, but increased as the
membrane potential was shifted to more positive or more negative values. The
current-voltage relationships of the above agonists, determined in a manner
similar to that described for dopamine, showed a steep rise at membrane
potentials of -140 to -160mV and a peak in inward current at about -10 to
-20 mV (Fig. 3). The current finally reversed and became outwardly directed
between 0 and +15 mV.

Since it is extremely difficult to quantify the concentration of drugs reaching the
neuronal membrane when applying agents by brief pressure application, the
relative potencies of different dopaminergic agonists was determined by bath
application of these compounds in the manner described in Materials and
methods. Threshold concentrations were established by determining the minimum
concentration of agonist necessary to produce a discernible response. Using this

lO-i A

0

-10-

-20-

-30-

-40-

Apomorphine

-200 -150 -100 - 5 0 50

20-I

10-
n

10
20
30
40
sn

B

f\\

J

Bromocryp tine

-200 -150 -100 - 5 0 50

20-,

0

- 2 0

- 4 0

-60-1

Ergometrine

-150 -100 -50 50

0

-10

-20

-30-

D

ADTN

-40
-200 -150 -100 -50 50

Command potential (mV)

Fig. 3. Current-voltage relationships of responses to (A) apomorphine, (B) bromo-
cryptine, (C) ergometrine and (D) ADTN recorded under voltage-clamp conditions.
Agonist-evoked currents were determined as described for Fig. 2.
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Table 1. Summary showing the relative potencies of bath-applied pharmacological
agonists on the membrane properties of the soma of the cockroach prothoracic

common inhibitory motoneurone

Compound

Threshold
concentration

(moir1)
Mammalian

target receptor
Effect on

insect neurone

Dopamine 10 4

ADTN 1(T4

Ergometrine 10~3

Apomorphine 10~3

Bromocryptine 10~
SK&F 82526 <10"4

LY171555 <1(T4

D-l/D-2
D-2
D-2
D-2
D-2
D-l
D-2

+ (17)
+ (6)
+ (6)
+ (7)
+ (7)
- (5)
- (7)

+ =agonistic; —=no effect.
* Final concentration following bath application.
Number of experiments performed with each compound is shown within brackets.

method, it was found that the relative potencies of the active dopaminergic
agonists were apparently ADTN>ergometrine>apomorphine>bromocryptine.
The potency of ADTN was similar to that of dopamine.

Although the preparation responded to dopamine, apomorphine, bromocryp-
tine and ergometrine, which are considerably more effective on mammalian D-2
receptors, than upon D-l receptors (Kebabian and Calne, 1979; Offermeier and
van Rooyen, 1982), the partial ergoline LY 171555, a selective D-2 receptor
agonist, was inactive when locally applied to the neurone in concentrations up to
10~4 mol I"1. The preparation was also insensitive to the benzazepine D-l receptor
agonist SK&F82526 at concentrations up to 10~4moll~'. Thus, although the
insect receptor investigated here responded well to relatively non-selective
dopaminergic agonists, these two selective agonists were completely inactive at the
concentrations tested. Unfortunately, the limited solubility of LY 171555 and
SK&F 82526 precluded use of these compounds at higher concentrations.

The relative potencies of bath-applied dopaminergic agonists are given in
Table 1.

Dopaminergic antagonists

The action of dopamine on the prothoracic common inhibitory motoneurone
could be suppressed by a range of mammalian dopaminergic antagonists. To
determine the potencies of different antagonists in blocking the action of
dopamine, a standard response was obtained by pressure application. Antagonist
was then applied to the bath in samples of ascending concentration until a point
was reached at which agonist responses were virtually eliminated. Responses to
dopamine were reversibly suppressed by the non-selective antagonist (+)-
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butaclamol (10~7molP1). Although the phenothiazine antagonist fluphenazine
(10~6moll~1) also reversibly blocked the action of dopamine in the preparation,
the effectiveness of the related phenothiazine chlorpromazine as an antagonist
could not be established, because this compound had major irreversible effects
upon the resting properties of the neurone which varied from one preparation to
the next. Following application of chlorpromazine at concentrations ranging
between 10~9 and 10~4moll~1, the membrane potential could undergo marked
hyperpolarization or depolarization which was frequently accompanied by a
drastic increase in membrane conductance.

Among the antagonists tested, the mixed D-l/D-2 receptor antagonist flupen-
thixol was the most potent, suppressing dopamine responses at concentrations in
the region of 10~9moll~1. Responses could also be reversibly suppressed by the
selective D-l antagonist SCH23390 (10~6moir1). The receptor mediating dopa-
mine responses in this preparation, however, did not appear to distinguish
between D-l and D-2 antagonists, since dopamine-stimulated currents could be
blocked by the butyrophenone D-2 receptor antagonists haloperidol and spiroper-
idol or by the benzamide YM 09151-2 (Fig. 4). While the antagonism of dopamine
responses produced by haloperidol or YM 09151-2 could be at least partially
reversed, the action of spiroperidol was completely irreversible at all concen-
trations that reduced the magnitude of responses to dopamine. Unlike YM 09151-
2, the benzamide antagonist metoclopramide, at concentrations up to
10~4moll~1, failed to suppress dopamine responses. The effectiveness of the
related antagonist sulpiride could not be evaluated because, like chloropromazine,
it produced large non-specific effects upon the resting properties of the neurone in
the absence of applied dopamine. These changes included changes in membrane
potential and a large rise in membrane conductance.

The relative potencies upon the preparation of the dopaminergic antagonists
tested are given in Table 2.

Discussion

It has been shown previously that the actions of dopamine upon the cockroach
common inhibitory motoneurone are mediated by receptors with pharmacological
characteristics that differ from those of receptors that mediate responses to
octopamine, noradrenaline or ACh (Pitman and Davis, 1988). In view of those
observations, it is highly probable that specific dopamine receptors are present in
this preparation. The results presented here further strengthen this case, since the
action of dopamine on this preparation may be mimicked by a number of classical
dopaminergic agonists and blocked by specific antagonists.

Another important issue is whether these receptors resemble mammalian
dopamine receptors, since any unique pharmacological features of the insect
receptor may make it an important potential target for the design of novel
insecticides. Dopamine receptors in the mammalian CNS have been divided into
two classes (Kebabian and Calne, 1979), which have been distinguished both in
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Fig. 4. Block of dopamine-evoked currents by the D-2 receptor antagonists haloperi-
dol, spiroperidol and YM09151-2. (A) • control; • 5min haloperidol (KT'moir1) ;
9 45 min wash produced partial reversal of blockade by haloperidol. (B) • control; •
15 min spiroperidol (10~6moll"1); • 45 min wash resulted in no restoration of the
response to dopamine. (C) • control; • 5min YM09151-2 (10"6moirL); • 10min
wash resulted in partial return of dopamine-evoked currents.
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terms of their pharmacological profiles and the second messenger system they
employ; D-1 receptor activation is frequently associated with a rise in intracellular
cyclic AMP concentration, while activation of D-2 receptors is not.

The pharmacological profile of receptors in the insect inhibitory motoneurone
preparation does not conform well to that of either mammalian D-1 or D-2 classes,
since dopamine responses could be completely blocked by the D-1 receptor
antagonists flupenthixol and SCH 23390 or by the D-2 receptor antagonists
haloperidol, spiroperidol and YM 09151-2. Conversely, some compounds such as
SK&F 82526, LY171555 and metoclopramide, which are potent dopaminergic
agents in mammals, are inactive on this insect preparation. The receptor,
however, does resemble the mammalian D-2 receptor in that apomorphine,
bromocryptine and ergometrine all act as agonists, which is more characteristic of
their action at such sites than upon D-1 receptors, where they normally act as
antagonists or partial agonists (Markstein et al. 1978; Trabucchi et al. 1976;
Kebabian and Calne, 1979).
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Table 2. Summary of the actions of dopaminergic antagonists upon dopamine
currents recorded from the cell body of the cockroach prothoracic common

inhibitory motoneurone

Compound

(-t-)-Butaclamol
Fluphenazine
Flupenthixol
Chlorpromazine
SCH 23390
Haloperidol
Spiroperidol
YM 09151-2
Metoclopramide
Sulpiride

+ =reversible block; + +
Number of experiments ]

Blocking
concentration

(moll"1)

io-7

HT6

lO" 9

>io-9

10~6

io-9

io-5

io-6

<10~4

>10"6

= irreversible block;
performed with each

Mammalian
target receptor

D-l/D-2
D-l/D-2
D-l/D-2

D-2
D-1
D-2
D-2
D-2
D-2
D-2

Effect on
insect neurone

+ (7)
+ (9)
+ (6)
?(11)
+ (8)
+ (6)

+ +(7)
+ (8)
- ( 9 )
?(7)

—=no effect; ?=non-specific effects.
compound is shown within brackets.

Like mammalian D-2 receptors, the receptors on the insect neurone studied
here do not appear to produce their effects via an increase in intracellular cyclic
AMP concentration; neither the resting properties of the neurone nor dopamine
responses were significantly affected by application of dibutyryl cyclic AMP, the
phosphodiesterase inhibitor isobutyl methylxanthine (IBMX) or the adenylate
cyclase activator forskolin (Pitman and Fleming, 1985; Pitman and Baker, 1989).
Therefore, in this respect, the receptor studied here shows similarities to the
mammalian D-2 receptor, even though it differs significantly in its pharmacologi-
cal profile.

The results presented here indicate either that this insect preparation possesses
a single class of dopamine-sensitive receptor with pharmacological properties
distinct from either mammalian D-1 or D-2 receptors or that two separate receptor
populations coexist on the neurone. The latter suggestion is the less likely, for two
major reasons. First, if the neurone possessed two types of receptor pharmacologi-
cally similar to those of mammals, any one antagonist which selectively blocked a
single class of those receptors should only partially suppress dopamine responses.
Second, responses could be completely abolished both by the D-1 antagonists
SCH 23390 and flupenthixol and by the D-2 antagonists haloperidol, spiroperidol
and YM 09151-2.

Although this is the first report on the pharmacological profile of receptors that
mediate the electrophysiological effects of dopamine on an identified insect central
neurone, dopamine receptors of cockroach salivary glands have already been
characterized in considerable detail. Dopamine mimics the effects of nerve
stimulation in this preparation, where it appears to act as the neuroglandular
transmitter substance. The glandular response to dopamine includes two indepen-
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dent events which have been studied in detail. First, it stimulates secretion of
saliva from the gland and, second, it causes hyperpolarization of acinar cells (for
reviews, see House and Ginsborg, 1979, 1982). Dopamine-evoked salivary
secretion apparently utilizes cyclic AMP as a second messenger (Gray et al. 1984)
while acinar cell hyperpolarization results from an increase in potassium conduc-
tance which appears to involve mobilization of calcium from an intracellular store
rather than a rise in cyclic AMP level (Ginsborg et al. 1980). A number of selective
D-l or D-2 agonists can produce acinar cell hyperpolarization. However, the
actions of all the agonists were blocked by the D-l receptor antagonist SCH 23390
but not by the D-2 antagonist sulpiride (A. M. Evans and K. L. Green, in
preparation). A range of antagonists exhibit similar absolute and rank order
potencies in blocking either secretory or electrophysiological response, D-l
receptor antagonists being more effective than D-2 antagonists. The order of
potency in blocking acinar cell hyperpolarization was as follows: chlorproma-
zine>haloperidol>SCH23390>metoclopramide. Domperidone and sulpiride
were inactive. These observations indicate that both responses result from
activation of a single class of receptor which resembles the mammalian D-l
subtype (Evans and Green, 1990a,b). It appears, therefore, that in this prep-
aration, activation of a dopamine D-l receptor can generate two distinct responses
via different second messenger pathways.

A direct comparison between the dopamine receptor of the cockroach salivary
gland and that on the prothoracic common inhibitory motoneurone described here
is hard to make, since the range of antagonists tested on the two preparations
differed. However, it does seem that, while the receptor in salivary glands
resembles the mammalian D-l subtype, this does not appear to be true of the
neuronal receptor since the D-2 receptor antagonist haloperidol was approxi-
mately 1000-fold more potent than the D-l antagonist SCH 23390 in blocking
dopamine responses in this preparation, and SCH23390 was essentially equipotent
with the D-2 antagonist YM09151-2. The antagonistic potencies of chlorproma-
zine and sulpiride on the two preparations could not be compared because both
these compounds produced marked non-specific effects on the properties of the
common inhibitory motoneurone in the absence of applied dopamine.

The finding that dopamine-sensitive receptors in the insect CNS have pharmaco-
logical properties distinct from those of mammalian dopamine receptors is similar
to some observations that have been made on dopamine responses in molluscan
neurones; Bokisch and Walker (1988)' studying hyperpolarizing responses to
dopamine in neurones of the snail Helix aspersa, and Audesirk (1989) studying
hyperpolarizing and biphasic responses in Lymnaea stagnalis neurones have each
concluded that the receptors on these neurones cannot be placed into the
mammalian receptor classification scheme on the basis of their pharmacological
properties. Failure to observe conformity with the mammalian classification
scheme, however, does not appear to reflect any gradual evolution in the
pharmacology of invertebrate receptors, since considerable variation occurs even
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among molluscan dopamine receptors. Thus, Bokisch and Walker (1988) found
that SCH 23390 could block inhibitory responses to dopamine in Helix while
Audersirk (1989) detected no antagonistic effects of this compound in Lymnaea.
The insect receptors characterized in this report appear to be distinct from either
of these molluscan receptors, since ergometrine, apomorphine and bromocryptine
act as agonists on this insect preparation but serve as antagonists on Helix
neurones, while apomorphine has no effect at all on the receptors of Lymnaea
RPeDl and B-2 cells. Conversely, SCH 23390 blocks the action of dopamine on
insect neurones but is without effect on RPeDl and B-2 neurones. The insect
receptor and the Lymnaea receptors studied by Audesirk (1989), however, do
have a number of characteristics in common. First, neither appears to involve
cyclic AMP as a second messenger, and, second, both the insect and Lymnaea
receptors are insensitive to related specific D-l agonists (SK&F 82526 and
SK&F 38393) and the D-2 agonist LY171555.

Further diversity of invertebrate dopamine receptors is revealed by work on
growth hormone producing cells of Lymnaea, which indicates that they possess
two types of receptor that do have similar characteristics to those of mammals
(Stoof et al. 1985). Depolarization and an increase in membrane excitability
evoked by dopamine is mediated by D-l-like receptors, while activation of D-2-
like receptors produces membrane hyperpolarization. Cyclic AMP mimicked the
effects of D-l receptor activation and antagonized events mediated by D-2
receptors in this preparation (Stoof et al. 1985; de Vlieger et al. 1986). Despite the
general similarity of these receptors to those of mammals, the D-2 receptors of
these two groups do show some differences in their pharmacological profiles
(Werkman et al. 1987). In view of these observations, it appears that a number of
different types of dopamine receptor exist on molluscan neurones, some of which
fit into the mammalian dopamine receptor classification scheme, while others do
not. It is interesting that, over the past few years, evidence has begun to emerge
indicating that, even in mammals, both D-l and D-2 receptors can be divided into
a number of subtypes which may exhibit characteristic differences in their
pharmacology or in the second messenger pathway through which they operate
(for a review see Andersen et al. 1990). It is possible, therefore, that further
research will reveal a similar diversity of dopamine receptors in insects.

The unusual voltage-dependence of dopamine-evoked currents suggests that
dopamine may be exerting a novel role in neuronal function. Dopamine currents
are small and inwardly directed at membrane potentials in the region of the normal
resting potential of the neurone, but become much larger at more depolarized
potentials. It may be expected, therefore, that activation of dopaminergic
synapses would only produce significant physiological actions when the neurone
has been depolarized by some other means. One possible function of such currents
could be to contribute to burst generation in a manner similar to that in some
neurones of the crustacean stomatogastric ganglion, in which dopamine can
change the membrane properties of some neurones in such a way that their burst-
generating ability is enhanced (Marder and Eisen, 1984; Flamm and Harris-
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Warrick, 1986). The effects of dopamine upon ionic currents responsible for
burster properties have also been studied in the Aplysia neurone R15. This
molluscan neurone exhibits a slow inward calcium current which generates a
region of negative slope resistance in the current-voltage relationship of the cell
and confers burster properties (Wilson and Wachtel, 1978; Lotshaw and Levitan,
1988). Dopamine inhibits bursting in this neurone by suppressing the slow calcium
current, hence eliminating the negative slope region from the current-voltage
relationship.

Dopamine has the converse effect upon the cockroach common inhibitory
motoneurone studied here, since it causes the appearance of a region of negative
resistance in the current-voltage relationship. Such a change, in principle, could
enable the neurone to acquire burster properties or the ability to generate plateau
potentials in response to brief synaptic inputs. However, application of dopamine
under current-clamp conditions did not induce such properties in the neurone. At
most, prolonged exposure to dopamine occasionally caused the neurone to
produce action potentials in bursts (Pitman and Baker, 1989). These observations
indicate either that the role of dopamine is different from that proposed above or
that expression of such properties is conditional upon some other, as yet unknown,
factors. Recent evidence does indicate that some excitatory motoneurones in the
cockroach can generate plateau potentials. These, however, do not appear to be
modulated by dopamine (J. C. Hancox and R. M. Pitman, personal observation).
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