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Octopamine receptors in the honey bee and locust nervous system:
pharmacological similarities between homologous receptors of

distantly related species
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1 Honey bees are perhaps the most versatile models to study the cellular and pharmacological
basis underlying behaviours ranging from learning and memory to sociobiology. For both aspects

octopamine (OA) is known to play a vital role.

2 The neuronal octopamine receptor of the honey bee shares pharmacological similarities with the
neuronal octopamine receptor of the locust. Both, agonists and antagonists known to have high
affinities for the locust neuronal octopamine receptor have also high affinities for the bee neuronal

octopamine receptor.

3 The distribution of receptors is more or less congruent between locusts and bees. Optic lobes and
especially the mushroom bodies are areas of greatest octopamine receptor expression in both species,
which mirrors the physiological significance of octopamine in the insect nervous system.

4 The neuronal octopamine receptor of insects served as a model to study the pharmacological
similarity of homologous receptors from distantly related species, because bees and locusts are
separated by at least 330 million years of evolution.
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Introduction

The biogenic monoamine octopamine (OA) gained sub-
stantial interest because it has widespread modulatory
actions in invertebrates (Orchard, 1982; Evans, 1985; Bicker
& Menzel, 1989; Roeder, 1994; 1999). OA is believed to play
an important role for the general control of behaviour,
regulating the motivational state of the animal (Hoyle, 1986;
Sombati & Hoyle, 1984a,b; Bacon et al., 1995; Roeder et al.,
1998). In insect, crustaceans and molluscs, numerous effects
of OA on peripheral targets such as muscles and within the
central nervous system are known. As peripheral targets are
easily accessible to experimental manipulation, the number
of studies dealing with OA’s action on these tissues is far
greater than those dealing with its role in the central
nervous system. One of the most impressive examples of
OA’s action on the behavioural state of an invertebrate
came from studies on lobsters. OA together with 5-HT
regulates the social and aggressive state of the lobster in a
well coordinated way. These two amines function as
‘gainsetters’ leading to expression of specific sets of
behaviours (Livingstone et al., 1980). The initiation and
maintenance of rhythmic behaviours such as flying and
walking in insects, swimming in crustaceans or chewing in
molluscs was found to be dependent on OA (Sombati &
Hoyle, 1984b; Mulloney et al., 1987; Kyriakides &
McCrohan, 1989). Even complex behaviours like learning
and memory are influenced in different ways by this
compound (Dudai et al., 1987; Menzel et al., 1988; Hammer,
1993; Hammer & Menzel, 1998). Recently, another exciting
action of OA became apparent. Robinson er al. (1999)
found that bees, injected with OA receptor (OAR) agonists
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showed a significant increase in their ability to discriminate
nestmates from non-nestmates. They showed an increased
aggressiveness against non-nestmates and a reduced aggres-
siveness against nestmates. The effects caused by OAR
agonist injection could be blocked by coinjection with OAR
antagonists.

Beside this outstanding physiological significance in
invertebrates, the receptors for OA attained additional interest
because OA is, together with its biological precursor tyramine,
the only non-peptide transmitter whose physiological role is
restricted to invertebrates. Octopaminergic systems of inverte-
brates, and adrenergic systems of vertebrates share numerous
physiological similarities, indicating that they are homologous
(Roeder, 1994; 1999; Roeder & Nathanson, 1993). Never-
theless, the pharmacological profiles of OARs and adrenergic
receptors are very different. Its restriction to invertebrates,
together with the observation that some well known
insecticides develop their insecticidal activity through interac-
tion with OAR, focused invertebrate pharmacology on this
target. These efforts resulted in the development of various
high affinity and highly specific agonists. Surprisingly, OAR
are the only invertebrate metabotropic receptors with a
known, peculiar pharmacological profile that is not entirely
based on vertebrate pharmacology. Among the four OAR
subtypes that could be distinguished pharmacologically, the
predominant neuronal OAR (class 3 receptor; Roeder, 1992) is
believed to be the target for these insecticides.

To study the significance of octopaminergic neurotrans-
mission, OAR from different invertebrates were cloned (von
Nickisch-Roseneck et al., 1996; Han et al., 1998; Gerhardt et
al., 1997a,b). In addition, OA-depleted Drosophila mutants
were produced (Monastirioti et al., 1996). Both approaches
gave relatively little additional information about the
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significance of octopaminergic neurotransmission. The main
reason for this unsatisfactory situation is the unavailability
of OAR knock-outs in these animals. As these knock-outs
can not be expected in the next few years, alternatives are
required.

The wealth of pharmacological information about OAR
pharmacology is primarily obtained from locusts (Roeder,
1990; 1995) and cockroaches (Nathanson & Greengard,
1973; Nathanson, 1985). Numerous highly specific and high
affinity agonists and antagonists are available, but it is not
known if these pharmacological features are peculiar to
locusts or cockroaches respectively, or if they are of more
general importance, meaning that these compounds can also
be used for other insects. Honey bees are ideally suited for
this purpose because pharmacology could be combined with
behaviour, opening the possibility to dissect octopaminergic
neurotransmission in the insect brain with pharmacological
tools (Kloppenburg & Erber, 1995; Mercer & Menzel, 1982;
Mercer & Erber, 1983; Hammer & Menzel, 1998). With
respect to two questions, the basis of learning and memory
as well the basis of kin selection, both of outstanding
interest for neurobiologists and behavioural pharmacolo-
gists, bees are the model of choice. Invertebrate models for
learning and memory are attractive but became less
important when significant advances were made in under-
standing the mechanism of hippocampal LTP. Among the
invertebrate models, the honey bee is closest to the
situation found in vertebrates with respect to the learning
abilities. Very recently it became apparent that LTP is not
necessarily coupled to learning and memory (Zamarillo et
al., 1999). This should result in a renaissance of
invertebrate models, especially the honey bee, because
learning can be studied in great detail using this system.
As mentioned above, OA has also an effect on the ability
of bees to distinguish between nestmates and non-
nestmates, an absolute requirement for social systems
(Robinson et al., 1999). The wealth of agonists and
antagonists identified in this study, that act specifically and
with high affinity on the main neuronal octopamine
receptor, the one that is believed to be responsible for
most behavioural effects of OA, opens the opportunity to
study these questions.

In addition, this study opens the possibility to evaluate
the pharmacological relatedness between homologous recep-
tors of distantly related species. Vertebrates are not well
suited to study this interesting question, because the great
variety of receptor-subtypes makes direct comparison
between two homologous receptors from distantly related
species almost impossible. The insect neuronal OAR is
perhaps the best candidate to address this question, because
its pharmacology has been studied in great detail, and the
homologous receptors of different species could be char-
acterized easily. It has to be borne in mind that the
evolutionary lines of bees and locusts split about 330 million
years ago, which is as long as mammals and birds are
separated (Burmester er al., 1998). Prior to doing in vivo
pharmacology with an insect such as the bee, the
pharmacology of the OAR needs to be explored, especially
with respect to the agonists and antagonists that should be
used.

The current study addresses two main questions. (1) Are
there high affinity agonists and antagonists for the neuronal
OAR of the honey bee that could be used to specifically
activate or block octopaminergic neurotransmission within
the bees’ CNS? (2) Are the pharmacological essentials of
neuronal OAR studied in one insect species applicable to

OAR’s of other species or are these findings more or less
species specific?

Methods

Animals

Experiments were done with adult honey bee workers (Apis
mellifera), and with desert locusts (Schistocerca gregaria) of
both sexes, 2—20 days after imaginal moult. The locusts were
reared at approximately 35°C (light—dark cycle 12— 12 h), and
fed with a diet of bran and grass. Adult honey bee workers
were caught at the entrance of the hive.

Chemicals

[*H]-NC-5Z (4-azido, 2, 6-dimethyl phenyliminoimidazolidine;
40 Ci mmol~"), and St 92 (2, 4, 6-triethyl phenyliminoimida-
zolidine) were generous gifts from Dr J. A. Nathanson
(Massachusetts General Hospital, Boston, U.S.A.; Nathanson,
1989). The other phenyliminoimidazolidines (NC 7: 4-chlor, 2-
methyl; NC 5: 2, 6-diethyl) were from Shell Agriculture, and
Boehringer Ingelheim, demethylchlordimeform, phentolamine
and maroxepine were from Ciba-Geigy. The aminooxazoline
AC6 (4-chlor, 2-methyl-aminooxazoline) was generously made
available by Cyanamid, and the antagonist epinastine was a
gift from Boehringer Ingelheim. Octopamine HCI, tyramine
HCI, synephrine HCI, metoclopramide and mianserin were
from Sigma, chlordimeform and chlorpromazine from Serva.
All other chemicals were of the highest quality available.

Incubation

The nervous tissue (brain, suboesophageal ganglion, and
thoracic ganglia) of adult honey bees or desert locusts was
carefully dissected, and stored frozen in incubation buffer
(Tris/acetic acid 50 mm, MgSO, 5 mMm, pH 7.6, supplemen-
ted with 200 uM phenyl methyl sulphonyl fluoride (PMSF))
until use. The nervous tissue was homogenized, the
homogenate centrifuged (20,000 x g, 30 min, 2°C), and the
pellets were resuspended in the original volume. This
procedure was repeated twice to obtain a washed prepara-
tion. Pellets were stored frozen at —70°C until use. The
incubation continued for 60 min at room temperature, and
was terminated by filtration through pre-treated glass fibre
filters (0.3 % polyethyleneimine). A total volume of 250 ul
was used throughout the studies, with protein concentrations
ranging from 0.5-1.5mgml~'. Each experiment was
performed at least three times in triplicate. Further
experimental details were given previously (Roeder &
Nathanson, 1993; Wedemeyer et al., 1992). To study
saturation parameters, [°’H]-NC-5Z concentrations ranging
from 0.1-2 nM were used. Nonspecific binding was deter-
minded in the presence of 10 uM cold OA. Filtration was
performed using a Skatron like system.

Receptor densities for the bee mushroom bodies, optic lobes
and remainder of the brain were evaluated using saturation
analysis followed by Scatchard analysis.

To study brain area specific expression of the octopamine
receptor, the brains of locusts and bees were desheathed, the
retinae, the optic lobes, the mushroom bodies, the antennal
lobes, the remainder of the brain, the suboesophageal ganglion
and the three thoracic ganglia were dissected, and used to
determine the OAR density.
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Evaluation

Results of the competition experiments were evaluated using
the LIGAND program (Munson & Rodbard, 1980). Most of
the data for the locust neuronal octopamine receptor were
taken from Roeder (1995).

Results

The tritiated, high-affinity OAR agonist [*'H]-NC-5Z displays
very high affinity for a single binding site in the honey bee
nervous system. The site is saturated at nanomolar concentra-
tions, and binding is fully reversible. The saturation
experiments were performed with three different parts of the
bee brain; the mushroom bodies, the optic lobes and the
remainder of the brain. The binding sites in all three tissues
could be saturated even at low radioligand concentrations
(Figure 1, top). A closer evaluation of the saturation
experiments was done using Scatchard-analysis (Figure 1,
bottom). For all three brain areas studied, all points are more
or less on the straight line indicating the presence of a single
class of non-interacting binding sites (inclinations for optic
lobes —0.84+0.14, the mushroom bodies —0.7940.11 and
for the remainder of the brain —0.68+0.15). For the optic
lobes, the maximal number of binding sites is
500436 fmol mg~' protein, for the mushroom bodies
719442 fmol mg ™' protein and for the remainder of the brain
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Figure 1 Saturation analysis of [*H]-NC-5Z binding to honey bee
nervous tissue membranes. Three different parts of the honey bee
brain, the mushroom bodies, the optic lobes and the remainder of the
brain (central brain without mushroom bodies and antennal lobes)
were prepared. [*H]-NC-5Z concentrations ranging from 0.1—2 nmol
were used. Each concentration was tested at least three to four times
in triplicate. s.d. is given as vertical bars (top). A Scatchard-plot of
the saturation data is shown in the lower part of the figure.

243412 fmol mg~" protein. Hill-plot analysis of these data
further gave evidence for the existence of single class of non-
interacting binding site. The corresponding Hill-coefficients are
all close to 1 (optic lobes Heor=1.03540.045 *=0.99;
mushroom bodies Heyer=0.995+0.037, *=0.993; remainder
of the brain Heeer=1.0140.06, *=0.992).

Pharmacology

The pharmacological characterization of the bee neuronal
OAR was performed with numerous octopaminergic agonists
and antagonists, known from other invertebrates. Biogenic
amines with structural similarities to the natural ligand OA
displayed affinities very similar to those known from other
neuronal OAR. In this group of substances, OA itself has
highest affinity (13.4 nM) for its own receptor followed by its
N-methylated product synephrine (34.4 nM). The precursor of
OA, tyramine, has lowest affinity in this group (51.4 nMm). If the
K-values are compared with the corresponding values
obtained from the locust neuronal OAR, it is obvious that
the affinities of the three compounds are almost in the same
range. The rank order of affinities is somewhat different in the
bee if compared with the locust neuronal OAR, where
synephrine has a 2 fold higher affinity than OA (Table 1).
Regarding this high degree of similarity, other high affinity
agonists, derived from different classes of compounds, were
tested. Although they have different chemical structures, it
ruled out that compounds known to have high affinities for
locust neuronal OAR also have high affinities for the bee
neuronal OAR. Among them are members of the formami-
dines (demethylchlordimeform, chlordimeform), the phenyli-
minoimidazolidines (NC 5, NC 7, NC 5Z, NC 13, St 92), and
the aminooxazolines (AC 6). The overall affinities are in the
lower nanomolar or even in the subnanomolar range, a
characteristic of high affinity agonists (Figure 2, Table 1).
Although the affinities are similar in bees and locusts, the rank
orders of affinities show minor differences. The agonist with
highest affinity for the locust neuronal OAR, NC 7, has an
about five times lower affinity in the honey bee. Three other
agonists, St 92 (1.89 nm), NC 5Z (0.89 nM), and AC 6
(0.53 nM) have higher affinities in the bee compared with the
locust. AC 6, the substance with highest affinity in the bee, has

Table 1 Affinities of octopaminergic agonists for the honey
bee and locust octopamine receptor

Ki-honey bee Ki-locust

Biogenic amines

Octopamine 1.34 1078 7.9 107°

Synephrine 3.44 1078 3.38 1077

Tyramine 514 1078 5.16 107*
Formamidines

Demethylchlordimeform 3.94 1078 1.97 107°

Chlordimeform 249 10° 1.37 1077
Phenyliminoimidazolidines

NC 5Z 8.91 10710 1.05 107°

St 92 1.89 107° 5.6 10710

NC 7 1.91 107° 31071

NC 5 3.51 107° 8.7 1071

NC 13 2.56 1078 438 107°
Aminooxazolines

AC 6 53110710 9.510° 1

K~values +s.d. are given. Each substance is tested in at least
5-7 different concentrations 3—4 times in triplicate. The
values for the locust OAR are taken from Roeder (1995).
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an about five times higher affinity than in the locust. The
radioligand used in this study, NC 5Z, is among the
compounds with an affinity in the subnanomolar range. NC
13 and St 92 are two compounds that were used to distinguish
between central and peripheral receptors (Nathanson, 1993).
Whereas St 92 has higher affinity for neuronal OAR than NC
13, the rank-order is reversed for peripheral type OAR. A
pharmacological characteristic shared by most OAR is the
high affinity of the formamidines demethylchlordimeform and
chlordimeform. Demethylchlordimeform (K;=3.94 nM) has an
affinity that is about 500 times higher compared with
chlordimeform (2.49 uMm), which is also known for most OAR.

The classification of OAR into the different sub-
populations was performed with antagonists. It its possible
to classify the four OAR of the locust simply by
determination of the affinities of four different antagonists.
These antagonists are mianserin, phentolamine, chlorproma-
zine and metoclopramide. The neuronal OAR of the honey
bee is characterized by the following rank order of affinities:
mianserin  (0.73 nM) > phentolamine (49 nM)>chlorproma-
zine (550 nM)>metoclopramide (810 nMm, Table 2) which is
the same order found for the locust neuronal OAR (Figure
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3). The antagonist with highest affinity is mianserin, as for
the locust neuronal OAR. Its K; value is below 1 nMm
(0.73 nM) which is exceptionally high. Although the rank
order of affinities of these four antagonists is the same as
found in the locust CNS, metoclopramide has an affinity
much closer to that of chlorpromazine than in the locust
CNS (Figure 3). In addition to these four antagonists, two

Table 2 Affinity of agonists for the honey bee and locust
octopamine receptor

Kj-honey bee K;-locust
Mianserin 7.29 10710 12107°
Epinastine 1.1107° 2107°
Maroxepine 279 1078 1.02107°
Phentolamine 487 108 1.9 108
Chlorpromazine 5531077 7.66 1077
Metoclopramide 8.12 1077 5261077

Ki-values +s.d. are given. Each substance is tested in at least
5-7 different concentrations 3—4 times in triplicate. The
values for the locust OAR are taken from Roeder (1995) and
from Roeder et al. (1998).
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Figure 2 Affinity of selected high affinity agonists for the honey bee and locust neuronal octopamine receptor. Increasing
concentrations of six different high affinity agonists were used to displace specific [’H]-NC-5Z binding in the bee and locust nervous
system. Each concentration is tested at least three times in triplicate.
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others are of outstanding interest. These are epinastine and
maroxepine, both of them were shown to have exceptionally
high affinities for the locust neuronal OAR. Maroxepine has
high affinity for the bee OAR, but its affinity is about 20
times lower than in the locust CNS. Epinastine is of even
greater importance, it shows very high affinity properties in
both preparations with affinities between 1 and 2 nMm (Table
2, Figure 3). In contrast to most other known high-affinity
antagonists, epinastine has relatively low affinities for other
receptors for biogenic amines (Roeder et al., 1998), which
makes this compound ideally suited to block octopaminergic
neurotransmission without disturbing other systems.
Comparison of the affinities of the compounds tested with
the corresponding affinities obtained for all four OAR classes
(OAR 2428 from Evans, 1981; 1985; OAR; from Roeder,
1990; 1995; Roeder et al., 1998) of the locust showed different
degrees of congruency. With the type I OAR, the correlation is
lowest (s= —0.9, *=0.56, P=0.23). Both, with the type 2A
(s=0.35, »=0.27, P=0.23), and 2B (s=0.21, *=0.24,
P=0.26) moderate congruencies could be observed. The
highest homology could be observed with the neuronal type
3 OAR (s=0.99, *=0.7, P<0.001). As seen in Figure 4 most
points, each representing a specific compound, are more or less
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on the bisector of the angle indicating their high degree of
homology.

Distribution of octopamine receptors within the insect
nervous system

To study the OAR distribution in different parts of the honey
bee and locust central nervous system, areas of the respective
brains were isolated and used to measure the receptor density.
In the honey bee, the receptor densities of the optic lobes, the
mushroom bodies, and the remainder of the brain were
evaluated using Scatchard analysis of saturation data. The
other data were obtained from experiments using a single
radioligand concentration and normalization with the above
mentioned saturation data for the three brain areas. The
highest density of the OAR binding site could be observed in
the mushroom bodies of the bee. It is about 3 fold higher
compared with the remainder of the brain. In addition to the
concentration found in the mushroom bodies, the OAR
concentration found in the optic lobes of the honey bee is
also higher than that found in the remainder of the brain. In
the other parts of the brain, the midbrain (supraoesophageal
ganglion minus optic lobes), the antennal lobes, and in the
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Figure 3 High affinity antagonists of the honey bee and locust octopamine receptor. The effect of increasing concentrations of six
different antagonists on the displacement of specific [’H]-NC-5Z binding is plotted for the honey bee and locust neuronal

octopamine receptor. Details see Figure 2.
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Figure 4 Comparison of the pharmacological profile of the bees neuronal octopamine receptor with those of all four octopamine
receptors of the locust. The affinities (pK;-values) of the substances tested on the honey bee neuronal OAR were compared with the
corresponding values for the four different octopamine receptors of the locust. Each point represents a sgeciﬁc substance as
indicated in the plot. Regression analysis of these points revealed different slopes (s), correlation coefficients (), and probabilities
(P). CDM =chlordimeform, DCDM = demethylchlordimeform, epi.=epinastine, mian. =mianserin, octop.= octopamine.

suboesophageal ganglion and the thoracic ganglion the OAR,
concentration is almost constant. The higher concentrations
found in the mushroom bodies, and the optic lobes are
significant (compared with the remainder of the brain). In
opposite to the other parts studied, the retina is almost devoid
of octopamine receptors.

In the nervous system of the locust, the distribution of OAR
is slightly different. The parts of the nervous system that have
only low basal concentrations of OAR are almost identical in
locusts and bees. These are the remainder of the brain, the
suboesophageal ganglion, the thoracic ganglia, and the
antennal lobes. As in the bee, the retinae are devoid of
octopamine receptors. Two parts of the brain display highest
receptor concentration. These are the mushroom bodies and
the optic lobes. In contrast to the situation found in the bee,
the optic lobes of locusts are the parts of the brain with highest
OAR concentration followed by the mushroom bodies.

Discussion
Receptor distribution
The biogenic monoamine OA is the best characterized

modulatory compound in the insect nervous system. It is
believed to modulate almost every peripheral organ, and most
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Figure 5 Concentration of octopamine receptors in different parts of
the nervous systems of the honey bee and the locust. The octopamine
receptor concentration in the retinae (ret), the optic lobes (ol), the
mushroom bodies (mb), the antennal lobes (al), the remainder of the
brain (rb), the suboesophageal ganglion (sog), and the thoracic
ganglia (tg) of the honey bee (white) and the locust (black) was
evaluated and plotted as per cent of maximal binding.

sense organs. In addition, it has numerous effects in the CNS.
As mentioned earlier, habituation of visually induced startle
response, and participation in the molecular processes under-
lying learning and memory are among these effects (Roeder,
1999). This functional role is reflected by the high receptor
concentration in the corresponding brain areas, the optic lobes
and the mushroom bodies respectively. Both brain areas are
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supplied with OA via identified OA containing neurones
(Konings et al., 1988; Stevenson et al., 1992; Kreissl et al.,
1994). The mushroom bodies of bees are innervated by
identified ventral unpaired median neuron, the VUMmxI
neuron, with its soma located in the suboesophageal ganglion.
Its important role in the memory formation was studied with a
combination of electrophysiological and behavioural methods
(Hammer, 1993). In the locust, a pair of identified,
octopamine-containing neuron supplies large areas of the
optic lobes with OA. Their somata are located in the ipsilateral
deutocerebrum. These neuron are known to mediate dish-
abituation in the visual system (Bacon ef al., 1995; Roeder et
al., 1998). In addition, a very large number of putative
amacrines of the medulla (the second visual neuropile) contain
OA. This congruency of receptor localization, OA immuno-
reactivity and physiological function points to the importance
of the corresponding brain areas for octopaminergic neuro-
transmission (Erber ez al., 1993; Erber & Kloppenburg, 1995).
Han et al. (1998) recently reported the expression of an
OAR in the mushroom bodies of the fruitfly Drosophila.
Expression in other parts of the brain could be neglected. Our
observation gave a more differentiated picture. Although the
mushroom bodies are areas of highest receptor density in bees
and locusts, the receptors are present in other parts of the brain
in considerable concentrations. This mirrors the physiological
relevance of OA in e.g. the thoracic ganglia or the optic lobes.
We were not able to find pharmacological differences
between mushroom body and e.g. optic lobe OAR, which
indicates that the corresponding receptors are identical. The
comparison of the receptor concentrations in the nervous
systems of the locust and the honey bee revealed striking
similarities. Although these insects are separated by about 330
billion years of evolution (Burmester et al., 1998), a time scale
equivalent to the mammal-bird divergence, this feature has
remained almost unchanged. Only the exceptional high
concentration in the bees mushroom bodies might be an
adaptation to the specific abilities in olfactory memory. This
indicates that their last common ancestor had comparable
octopaminergic systems. It is not possible to state if this
pharmacological relatedness between holo- and hemimetabo-
lous insects is only found for the octopaminergic system,
because no comparable studies focussing on other transmitter
systems e.g. serotonin or dopamine receptors, are available.

Pharmacological relatedness between locust and bee
octopamine receptor

The pharmacological characterization of the bee neuronal OA
receptor gives some very interesting information about the
pharmacology of biogenic amine receptors in invertebrates.
One of the most striking features is the relatively high degree of
pharmacological homology between the locust and the bee
neuronal OAR. The corresponding receptor of the locust was
until now the only well characterized neuronal OAR. There-
fore, it was not obvious if the pharmacological features of this
receptor are peculiar to locusts or are applicable to insects in
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