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In the central nervous system (CNS) of both vertebrates and
invertebrates, biogenic amines are important neuroactive mol-
ecules. Physiologically, they can act as neurotransmitters,
neuromodulators, or neurohormones. Biogenic amines control
and regulate various vital functions including circadian
rhythms, endocrine secretion, cardiovascular control, emotions,
as well as learning and memory. In insects, amines like dopam-
ine, tyramine, octopamine, serotonin, and histamine exert their
effects by binding to specific membrane proteins that prima-
rily belong to the superfamily of G protein-coupled receptors.
Especially in Drosophila melanogaster and Apis mellifera con-
siderable progress has been achieved during the last few years
towards the understanding of the functional role of these re-
ceptors and their intracellular signaling systems. In this re-
view, the present knowledge on the biochemical, molecular, and
pharmacological properties of biogenic amine receptors from
Drosophila and Apis will be summarized. Arch. Insect Biochem.

Physiol. 48:13-38, 2001.
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INTRODUCTION

Communication between individual neurons
as well as between neurons and non-neuronal tar-
get cells is mediated by unique electro-chemical
signaling pathways. Action potentials lead to the
release of chemical “messengers” from specialized
cell regions of the excited neuron. These messen-
gers include small organic or peptidergic com-
pounds, which either act as neurotransmitters,
neuromodulators, or neurohormones. Some com-
pounds may even have overlapping properties,
acting as neurotransmitters in locally confined
interneuronal signaling or as neurohormones
when released into the blood or haemolymph and
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transported via the circulatory system to their tar-
get tissues in the body. The messengers are rec-
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ognized by specific receptors on the surface mem-
brane of the target cell. Interaction between the
messenger and its receptor translates the chemi-
cal signal into a specific electrical or biochemical
response of the target cell.

Although the structural features of neuroac-
tive substances are quite diverse, the cellular re-
sponses evoked by these compounds are generally
mediated by members of only two large gene fami-
lies encoding different types of membrane recep-
tors. Binding of the messengers to ionotropic
receptors (ligand-gated ion channels) leads to the
opening of the channel pore and causes either ex-
citation or inhibition of the target cell. In contrast
to ion channel activation, binding of messengers
to metabotropic receptors (G protein-coupled re-
ceptors; GPCRs) leads to slower cellular responses.
Activated GPCRs transmit the signal to intracel-
lular trimeric GTP-binding (G) proteins (see
Structural Properties of Biogenic Amine Recep-
tors). Once activated, the G proteins either stimu-
late or inhibit specific target proteins. This causes
changes in the concentration of intracellular “sec-
ond messengers,” e.g., cyclic nucleotides (cAMP,
c¢cGMP), inositol 1,4,5-trisphosphate (IP3), and
diacylglycerol (DAG) (see Signaling Pathways Ac-
tivated by Biogenic Amine Receptors). Finally, sec-
ond messenger-dependent enzymes are activated
and transiently modify the functional properties
of various cytosolic, membrane-bound, or nuclear
proteins. G protein subunits may also regulate
ion channel activity directly (Hille, 1994; Clapham
and Neer, 1997; Schneider et al., 1997).

One important group of messenger substances
that primarily bind to GPCRs are the biogenic
amines (for a review see Vernier et al., 1995). These
molecules are synthesized from amino acids in
single to multistep reactions (see Biosynthesis of
Biogenic Amines), and are found in both vertebrates
and invertebrates (see Table 1). In the central ner-
vous system (CNS), biogenic amines control and
modulate various functions, including cardiovascu-
lar homeostasis, circadian rhythms, emotional
states, endocrine secretion, sexual behavior, ther-
moregulation, as well as learning and memory. In
humans, the etiology of several neural diseases has
been linked to impaired biogenic amine signaling.
Much effort has been given to evaluating the mo-
lecular and functional properties of biogenic amine
receptors and their downstream reaction partners

TABLE 1. List of the Major Biogenic Amines
Identified in Vertebrates and Invertebrates

Vertebrates Invertebrates
Dopamine Dopamine
Norepinephrine Tyramine
Epinephrine Octopamine
Serotonin Serotonin
Histamine Histamine

in order to identify potential targets for the phar-
macological treatment of such diseases. In recent
years, considerable progress has been made in un-
raveling the physiological role of biogenic amines
and their receptors in invertebrates. The aim of this
review is to summarize the molecular, pharmaco-
logical, and functional properties of insect biogenic
amine receptors. Since our own work is focused on
the molecular and pharmacological characterization
of receptors from the fruitfly (Drosophila melan-
ogaster) and the honeybee (Apis mellifera), we will
concentrate primarily on these two species.

BIOSYNTHESIS OF BIOGENIC AMINES

In both vertebrates and invertebrates, the
group of biogenic amine messengers consists of
five members (see Table 1). In addition to molecules
shared by both phylogenetic groups (dopamine, se-
rotonin, histamine), some biogenic amines seem to
be synthesized preferentially in either vertebrates
(norepinephrine, epinephrine) or invertebrates
(tyramine, octopamine). Biogenic amines are syn-
thesized from three different amino acids and here
we will briefly summarize these biosynthetic path-
ways. Additional information can be found in com-
prehensive textbooks (Siegel et al., 1998; Hardman
et al., 1996) and the citations in this section will
consider only publications on Drosophila.

Biogenic Amines Derived From Tyrosine

In vertebrates, tyrosine gives rise to the cat-
echolamines dopamine, norepinephrine, and epi-
nephrine (see Fig. 1). Biosynthesis starts with
hydroxylation in the meta-position of tyrosine and
is catalyzed by tyrosine hydroxylase (TH). TH is
the rate-limiting enzyme in catecholamine syn-
thesis. In a second step, 3,4-dihydroxy-L-phenyl-
alanine (L-DOPA) is decarboxylated to dopamine.
The conversion is mediated by the enzyme DOPA
decarboxylase (DDC). In certain vertebrate neu-
rons, dopamine is an intermediate reaction prod-
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Fig. 1. Biosynthesis of catecholamines. Tyrosine is hydroxy-
lated by tyrosine hydroxylase (TH) to L-DOPA. Decarboxyla-
tion of L-DOPA by DOPA decarboxylase (DDC) generates
dopamine. Dopamine is hydroxylated by dopamine B-hydroxy-
lase (DBH) to norepinephrine. Norepinephrine is methylated
by phenylethanolamine N-methyltransferase (PNMT) to epi-
nephrine.
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uct and will be further metabolized. Dopamine
B-hydroxylase (DBH) catalyzes the formation of
norepinephrine and adds a hydroxyl group to the
B-carbon on the side chain of dopamine. But even
norepinephrine can be further modified. This is
achieved by the enzyme phenylethanolamine N-
methyltransferase (PNMT), which adds a methyl
group to the nitrogen of norepinephrine, thereby
forming the secondary amine epinephrine.
Whereas the identical pathway to synthesize

Drosophila and Apis 15

dopamine also exists in invertebrates (Hirsh and
Davidson, 1981; Livingstone and Tempel, 1983;
Neckameyer and Quinn, 1989; Restifo and White,
1990), norepinephrine and epinephrine have not
been unequivocally identified in Drosophila
(Wright, 1987) although low concentrations have
been detected in some other insect species (Brown
and Nestler, 1985; Evans, 1980).

In addition to the biosynthesis of dopamine,
invertebrates use an alternative biochemical path-
way to generate the phenolamines tyramine and
octopamine from tyrosine (see Fig. 2). In a first
step, tyrosine is decarboxylated to tyramine by ty-
rosine decarboxylase (TDC; Livingstone and
Tempel, 1983). Similar to the conversion of dopam-
ine to norepinephrine, tyramine can also be hy-
droxylated on the B-carbon of the side chain. This
reaction is catalyzed by tyramine B-hydroxylase
(TBH) and generates octopamine (Monastirioti et
al., 1996). Since octopamine and norepinephrine
are chemically very similar, though not identical
substances, it has been suggested that the nor-
adrenergic/adrenergic system of vertebrates is
functionally substituted by the tyraminergic/
octopaminergic system in invertebrates (Evans,
1985, 1993; Roeder, 1999).

Serotonin Is Derived From Tryptophan

In both vertebrates and invertebrates, iden-
tical biochemical pathways exist to synthesize the
indolamine 5-hydroxytryptamine (5-HT, serotonin)
from L-tryptophan (see Fig. 3). In the first and
rate-limiting reaction, a hydroxyl group is added
to the indole ring in the 5'-position by tryptophan
hydroxylase (TRH; Livingstone and Tempel, 1983;
Neckameyer and White, 1992). Once synthesized,
5-hydroxytryptophan is decarboxylated by DDC to
serotonin (Hirsh and Davidson, 1981; Livingstone
and Tempel, 1983). Since DDC also participates
in the decarboxylation of L-DOPA to dopamine
(see Fig. 1), a defect or loss of function of this en-
zyme will simultaneously result in a severely im-
paired production of both dopamine and serotonin.
In Drosophila, DDC null mutants cause the death
of the animal in early developmental stages
(Wright, 1987).

Histamine Is Derived From Histidine

A single decarboxylation step converts L-his-
tidine to histamine (see Fig. 4). The reaction is
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Fig. 2. Biosynthesis of phenolamines. Tyrosine is decarboxy-
lated by tyrosine decarboxylase (TDC) to tyramine which is
hydroxylated by tyramine B-hydroxylase (TBH) to octopamine.
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Fig. 3. Biosynthesis of the indolamine serotonin. L-tryp-
tophan is hydroxylated by tryptophan hydroxylase (TRH) to
5-hydroxytryptophan, which is decarboxylated by DOPA de-
carboxylase (DDC) to serotonin.
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Fig. 4. Biosynthesis of histamine. L-histidine is decarboxy-
lated by histidine decarboxylase (HDC) to histamine.

mediated by the enzyme histidine decarboxylase
(HDC; Burg et al., 1993). Histamine has been
shown to be the major neurotransmitter released
from invertebrate photoreceptors (Hardie, 1989;
for reviews see: Néassel, 1991, 1999). In verte-
brates, histamine is considered one of the most
important mediators of allergy and inflammation.
In the vertebrate CNS, however, histamine is syn-
thesized from a small population of neurons lo-
cated in the posterior hypothalamus. These
neurons project to most cerebral areas and have
been implicated in hormonal secretion, cardiovas-
cular control, thermoregulation, and memory
functions (Schwartz et al., 1991).

STRUCTURAL PROPERTIES OF BIOGENIC
AMINE RECEPTORS

Biogenic amine receptors belong predomi-
nantly to the superfamily of GPCRs. Within this
gene family, biogenic amine receptors fall into the
largest subfamily, i.e., rhodopsin-like receptors. All
members of this group are integral membrane pro-
teins. Based on crystal structure data (Palczewski
et al., 2000) as well as hydropathy profile analy-
ses and phylogenetic comparisons (Baldwin, 1994,
Vernier et al., 1995; Baldwin et al., 1997; Valden-
aire and Vernier, 1997), these receptors share the
common motif of seven transmembrane (TM) do-
mains (see Fig. 5). As type II membrane proteins,
the N-terminus is located extracellularly and the
C-terminus is located intracellularly. The N-ter-
minus often contains consensus sequence motifs
for N-linked glycosylation (Probst et al., 1992;
Strader et al., 1995). The membrane-spanning re-
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Fig. 5. Topography of a biogenic amine receptor. The
polypeptide spans the membrane seven times. These trans-
membrane regions (TM 1-7) are depicted as cylinders. The
N-terminus (NHy) is located extracellularly and often con-
tains glycosylated residues (small open circles). The C-ter-
minus (COOH) is located intracellularly. The membrane
spanning regions are linked by three extracellular loops (EL)

gions are linked by three extracellular loops (EL)
that alternate with three intracellular loops (IL).
A pair of cysteine residues in EL2 and TM3 are
believed to form a disulfide bridge that contrib-
utes to the structural stability and binding prop-
erties of these receptors (Noda et al., 1994).
Additional cysteine residues in the cytoplasmic
tail of the polypeptides are the target of posttrans-
lational palmitoylation. Insertion of these fatty
acids into the plasma membrane will create a
fourth intracellular loop (IL4) and further stabi-
lize the structure of these receptors (Jin et al.,
2000). Activation of the receptors occurs by bind-
ing of specific biogenic amines. The interaction
between the ligand and its receptor takes place
in a binding pocket formed by the TM regions in
the plane of the membrane. Specific residues in
different TM segments interact with functional
groups of the biogenic amines. In particular, an
aspartic acid residue (D) in TM3, serine residues
(S) in TM5, and a phenylalanine residue (F) in
TM6 were shown to determine the ligand bind-
ing properties of biogenic amine receptors (Stra-
der et al., 1995; Valdenaire and Vernier, 1997).
Once the ligand is tightly bound to its receptor,
the receptor’s conformation will change. This
structural change is then transferred to trimeric

IL3

that alternate with three intracellular loops (IL). Residues
that participate in ligand binding are indicated in grey: an
aspartic acid residue (D) in TM3, serine residues (S) in TM5,
and a phenylalanine residue (F) in TM6. When the protein
is posttranslationally palmitoylated at cysteine residues (C)
in the cytoplasmic tail, a fourth intracellular loop (IL4) will
be formed.

G proteins. Residues in close vicinity to the
plasma membrane of IL2, 3, and 4 determine the
specificity and efficacy of G protein-activation. Re-
ceptor mediated signaling, however, will finally
be turned off by phosphorylation of serine and
threonine residues in the C-terminus and IL3
(Chuang et al., 1996; Palczewski, 1997).

SIGNALING PATHWAYS ACTIVATED BY
BIOGENIC AMINE RECEPTORS

A common feature of GPCR activation is the
subsequent change of intracellular messenger con-
centrations. Depending on which type of GPCR
is activated, a change in the intracellular concen-
tration of cAMP ([cAMP];) and/or Ca*" ([Ca®']) is
most likely to take place. Since these are the most
commonly found cellular responses to biogenic
amine treatments, they are used to functionally
classify receptor subtypes. As a result of GPCR
activation, [cAMP]; can change in two directions:
[cAMP]; levels are either elevated or decreased
(see Fig. 6). The cellular response strictly relies
on the specificity of interaction between the re-
ceptor and the G protein (Gudermann et al., 1996,
1997). When the receptor binds to a G,-type pro-
tein, the activated G,, subunit will interact with
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Fig. 6. Biogenic amine receptors coupled to intracellular
cAMP signaling pathways. A: Biogenic amine receptors are
activated by binding of agonists (ligand, Lig). The ligand-
bound receptor then activates a stimulatory G protein (Gy),
which leads to an increase in the enzymatic activity of
adenylyl cyclase (AC). Adenylyl cyclase catalyzes the con-

adenylyl cyclase (AC) in the plasma membrane.
This leads to an increase of cyclase activity and
production of cAMP from ATP. The rise in [cAMP];
will then activate cAMP-dependent protein kinase
(protein kinase A, PKA). Phosphorylation of serine
and/or threonine residues by PKA modifies the
properties of various substrate molecules includ-
ing cytosolic proteins, ligand-gated and voltage-
dependent ion channels, as well as transcription

AC

AC

version of ATP to cAMP. As the intracellular concentration
of cAMP increases, cAMP-dependent protein kinase (PKA)
is activated and phosphorylates different target proteins on
serine and threonine residues. B: Several biogenic amine
receptors are known to inhibit AC activity via inhibitory G
proteins (Gy).

factors, such as CREB, CREM, and ATF-1 (De
Cesare et al., 1999). Several biogenic amine re-
ceptors are also known to inhibit adenylyl cyclase
activity. This effect is mediated by interaction of
the receptor with inhibitory G proteins (G;). In-
teraction of adenylyl cyclase with activated Gg;
subunits most likely competes with binding of ac-
tivated G, subunits and thereby interferes with
cyclase activation.
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Another pathway that is activated by sev-
eral biogenic amine receptors results in a rise of
[Ca™]; (see Fig. 7). Here, the amine-activated re-
ceptor binds to G proteins of the Gy, family
(Gudermann et al., 1996, 1997). The activated Gqyo
subunits bind to and stimulate phospholipase C
(PLC) activity (Rhee and Bae, 1997). The enzyme
hydrolyzes a membrane-bound substrate, phos-
phatidylinositol 4,5-bisphosphate. Cleavage gives
rise to two second messengers, IP; and DAG. The
IP; freely diffuses and binds to specific IP; recep-
tors on the membrane of intracellular Ca* stores
(endoplasmic reticulum). These receptors are sec-
ond messenger-gated Ca”** channels. Therefore,
after binding of IP;, the channel pore is opened
and Ca® is released into the cytoplasm. Ca®* ions

O Lig
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play a pivotal role in the regulation of many cel-
lular functions by directly controlling enzymatic
or ion channel activities. Furthermore, Ca* can
also bind to members of the large family of Ca®*-
binding proteins (calmodulin, calbindin, calret-
inin, etc.) that modulate the activation properties
of many effector proteins by protein-protein in-
teraction. Since PLC not only generates IP; but
also DAG, receptor coupling to G, proteins might
activate a second signaling pathway in addition
to Ca®* release. In contrast to IP;, DAG remains
associated with the membrane, where it activates
protein kinase C (PKC). Full enzymatic activity
of PKC, however, requires the presence of DAG
and Ca* as well as association of the kinase with
the membrane. Similar to PKA (see above), PKC

PLC DAG

T,

PKC

Fig. 7. Biogenic amine receptors coupled to intracellular
IP3/DAG signaling pathways. Agonist (ligand, Lig)-bound bio-
genic amine receptors activate G proteins of the Gy family
(Gg/) that regulate the enzymatic activity of phospholipase
C (PLC). This enzyme hydrolyzes phosphatidylinositol 4,5-
bisphosphate into inositol 1,4,5-trisphosphate (IP3) and

diacylglycerol (DAG). Binding of IP3 to specific receptors (IPs-
R) that form ion channels in the membrane of the endoplas-
mic reticulum (ER) causes release of Ca?* into the cytoplasm.
Both the increase in intracellular Ca®* and the membrane-
bound DAG activate protein kinase C (PKC) that phospho-
rylates different target proteins.
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phosphorylates a variety of proteins on serine and
threonine residues, which alters the functional
properties of these proteins. In summary, GPCR
activation generates graded cellular responses
depending on the second messenger pathways in-
volved. The different intracellular messenger
pathways may also be activated in parallel within
the same cell when the respective receptors and
coupling partners are present. Such co-activation
events potentially lead to either amplifications or
diminishments of the cellular responses and pro-
vide a cellular basis for “coincidence detection.”

DOPAMINE RECEPTORS

The catecholamine dopamine is present in
relatively high concentrations in the insect CNS
(Mercer et al., 1983; Brown and Nestler, 1985;
Fuchs et al., 1989; Harris and Woodring, 1992;
Taylor et al., 1992; Kirchhof et al., 1999; Wagener-
Hulme et al., 1999; Schulz and Robinson, 1999).
Dopaminergic neurons possess widefield arboriza-
tions that extend to most areas of the brain sug-
gesting that dopamine plays an important role
as a neurotransmitter and/or neuromodulator in
insects (Budnik and White, 1988; Nassel and
Elekes, 1992; Schifer and Rehder, 1989; Schiir-
mann et al., 1989; Blenau et al., 1999).

During Drosophila development, dopamine
levels show four discrete peaks. These coincide
with larval molts, pupariation, and adult emer-
gence (Martinez-Ramirez et al., 1992). The analy-
sis of Drosophila mutants also suggests a role for
dopamine in the terminal differentiation of the
nervous system as well as in learning behavior.
Mutants that lack the enzyme DDC (Ddc, see Bio-
genic Amines Derived From Tyrosine and Seroto-
nin Is Derived From Tryptophan) and, therefore,
are devoid of the biogenic amines dopamine and
serotonin, die as early embryos (Tempel et al.,
1984). In addition to these null alleles, less se-
vere Ddc mutants exist that only have a reduced
enzymatic activity of DDC. The greater the im-
pact on DDC activity in these mutants, the worse
their performance is in associative learning tests
(Tempel et al., 1984). It was also shown that the
threshold concentration to sucrose, which elicits
the proboscis extension response, is raised [6-fold
in the mutants (Tempel et al., 1984). The learn-
ing defect of Ddc mutants, however, could not be

reproduced in another independent investigation
(Tully, 1987). Nevertheless, during larval devel-
opment Ddc mutants show an aberrant pattern
of neuronal arborization (Budnik et al., 1989). The
extent of branching can be partially restored to
wild-type levels by feeding the mutants with
dopamine. Inactivation of TH (see Biogenic Amines
Derived From Tyrosine) during development re-
sults in akinesia, developmental retardation, and
decreased fertility of the flies (Neckameyer, 1996).
In addition, dopamine-depleted adult males show
impaired habituation in experience-dependent
courtship paradigms (Neckameyer, 1998).

In the honeybee, the physiological role of
different biogenic amines has been examined by
behavioral and electrophysiological studies of ol-
factory brain centers (for a review see: Bicker
and Menzel, 1989). Injection of dopamine into
the a-lobe of the mushroom bodies, important
brain structures for higher order olfactory infor-
mation processing, alters the electrical responses
to olfactory stimuli (Mercer and Erber, 1983) and
reduces proboscis extension responses to water
vapor (Blenau and Erber, 1998). Dopamine also
affects the retrieval of olfactory memories (Mer-
cer and Menzel, 1982; Macmillan and Mercer,
1987; Michelsen, 1988). Since the experimental
approach used in these studies may have evoked
non-specific responses, an alternative strategy
was used by Menzel et al. (1999). Amine levels
were first depleted with reserpine. This caused a
significant impairment of motor-output patterns.
Subsequent injection of dopamine into the brain,
restored the reserpine-induced defects in motor
patterns, but had no effect on either sensitiza-
tion or conditioning (Menzel et al., 1999).

In vertebrates, dopamine binds to two sub-
families of dopamine receptors: D1- and D2-(like)
receptors (Kebabian and Calne, 1979). These re-
ceptors belong to the family of GPCRs and possess
different pharmacological and biochemical prop-
erties. In humans, D1- and D5-receptors consti-
tute the D1-subfamily and activate adenylyl
cyclase, whereas members of the D2-subfamily,
i.e., the D2-, D3-, and D4-receptors, either inhibit
adenylyl cyclase or couple to different intracellu-
lar second messenger systems (for reviews see:
Jackson and Westlind-Danielsson, 1994; Missale et
al., 1998; Vallone et al., 2000). Benzazepines like
R(+)-SCH 23390 bind to D1-like receptors with high
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affinity but not to D2-like receptors. In contrast,
butyrophenones, like spiperone, bind with high af-
finity to D2-like but not to D1-like receptors.

Drosophila DmDOP1- and the Honeybee
AmDOP1-Receptor

Application of low stringency hybridization
protocols led to the cloning of the first dopamine
receptor genes from Drosophila (Dmdop1, Gotzes
et al., 1994; dDA1, Sugamori et al., 1995). Both
genes encode almost identical polypeptides except
for a 126—amino acid extension of the N-termi-
nus found only in DmDOP1. This difference most
likely is caused by strain-specific nucleotide sub-
stitutions and insertions in the dDA1-gene, which
was cloned from a different Drosophila wild-type
strain than the Dmdop1-gene (Gotzes and Bau-
mann, 1996). Therefore, we will refer to both
genes as Dmdop1.

Within the putative TMs, DmDOP1 displays
high sequence similarity to human dopamine D1-
(53.1%) and D5-receptors (51.8%). Amino acid
residues that interact with ligands in vertebrate
dopamine receptors (Missale et al., 1998) are well
conserved in DmDOP1. Functional expression of
the DmdopI-gene in human embryonic kidney
(HEK 293) cells specifically elicited cAMP produc-
tion after dopamine application (Gotzes et al.,
1994). This response was also evoked by dopam-
ine D1-receptor agonists, e.g., SKF 38393 (Gotzes
et al., 1994) and 6,7-ADTN (Sugamori et al.,
1995). In contrast to dopamine, stimulation of
DmdopI-transfected HEK 293 (Gotzes et al.,
1994), COS-7, and Spodoptera frugiperda (Sf)9
cells (Sugamori et al., 1995) with the benzazepine
SKF 38393 gave rise to only a small increase in
[cAMP];. The production of cAMP was inhibited
by dopaminergic antagonists such as S(+)-butacla-
mol and cis(Z)-flupentixol. Most notably, the
benzazepine R(+)-SCH 23390, a typical vertebrate
D1-receptor antagonist (see above), neither bound
with high affinity to DmDOP1 nor was it as po-
tent as butaclamol or flupentixol in inhibiting
dopamine-induced cAMP elevation (Gotzes et al.,
1994; Sugamori et al., 1995).

The expression pattern of the DmdopI-gene
was examined by in situ hybridizations and
Northern blot analyses. Receptor mRNA is ex-
pressed as a maternal transcript and restricted
to apical regions of the cortical peripheral cyto-
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plasm in the embryo (Sugamori et al., 1995). In
adult flies, the gene is widely expressed in the
CNS (Gotzes et al., 1994). The expression pat-
tern of the receptor gene agrees well with the
widespread distribution of dopaminergic nerve fi-
bers determined immunohistochemically.

A homologous gene to Dmdop1 was recently
cloned from honeybee (Apis mellifera) brain
(Amdop1, Blenau et al., 1998). Within the puta-
tive TM regions, the deduced amino acid sequence
of Amdop1 (AmDOP1) shares [775% similarity with
vertebrate D1-like receptors and [03% similarity
with DmDOP1. Therefore, the honeybee AmDOP1-
receptor most likely is the orthologue of the Droso-
phila DmDOP1-receptor. The pharmacological
profile of the heterologously expressed AmDOP1-
receptor (Blenau et al., 1998) is very similar to that
determined from [PH]LSD binding studies to mem-
brane preparations of honeybee brains (Table 2;
Blenau et al., 1995a). ['HILSD specifically binds
to AmDOP1 with a Ky [ nM. Of all biogenic
amines tested, dopamine was the most potent com-
petitor (K; = 56 nM). In addition, several synthetic
dopaminergic agonists and antagonists also po-
tently displaced [PH]JLSD from its binding site on
the AmDOP1-receptor (Table 2). Similar to the
Drosophila DmDOP1-receptor, benzazepines, i.e.,
SCH 23390 and SKF 38393, which bind to mam-
malian D1-like receptors with nanomolar affinity,
were 200 to >1,000-fold less potent at the AmDOP1-
receptor. When either dopamine or 6,7-ADTN was
applied to AmDOP1-expressing HEK 293 cells, an
increase in [cAMP]; was observed (Blenau et al.,
1998), suggesting that AmDOP1 also belongs to the
dopamine D1-like receptor family.

In situ hybridization to tissue sections of
adult honeybee brain revealed that AmdoplI
mRNA is expressed in many neurons of the CNS,
including neurons of the optic lobes, intrinsic
mushroom body neurons, neurons of the anten-
nal lobes, and neurons of the suboesophageal gan-
glion (Blenau et al., 1998). This widespread
distribution suggests that the AmDOP1-receptor
is a likely candidate for the processing of higher
order sensory information.

Drosophila DAMB/DopR99B-Receptor and the
Honeybee AMBARG6-Receptor

A second dopamine receptor gene was cloned
from Drosophila using polymerase chain reaction
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TABLE 2. Pharmacological Properties of Dopamine Receptors in Apis mellifera*

Apis AmDOP1 in

HEK 293: [*'HILSD (K, [nM])

Apis brain homogenate:
dopamine-sensitive [*PH]LSD
binding site (K;[nM])

Apis brain homogenate:
[*HISCH 23390 binding
site (K;[nM])

Biogenic amines

Dopamine 56
L(-)-Norepinephrine 3,100
Serotonin 3,600
Tyramine 9,900
DL-Octopamine 110,000
Dopamine receptor agonists
R(+)-Lisuride 4.3
6,7-ADTN 93
R(+)-SKF 38393 4,200
Dopamine receptor antagonists
Chlorpromazine 15
ciz(Z)-Flupentixol 17
Spiperone 64
S(+)-Butaclamol 77
R(+)-SCH 23390 250
Haloperidol 390
S(-)-SCH 23388 440
trans(E)-Flupentixol 650
R(-)-Butaclamol 42,000

22 30,800
7,000 548,000
_ 21,000,000
— 892,000
4.7 —
78 —
— 3,200
48 208
150 218
— 25,400
89 13,800
— 9.5
3,600 -
>100,000 —

Values for AmDOP1 expressed in HEK 293 cells are from Blenau et al. (1998). Values for the dopamine-sensitive [*’H]LSD
binding site of the honeybee are from Blenau et al. (1995a) and for the honeybee [*H]SCH 23390 binding site are from
Kokay and Mercer (1996). Note the rather low affinity for the AmDOP1-receptor of the benzazepines R(+)-SKF 38393 and
R(+)-SCH 23390 and the low affinity of the putative endogenous agonist dopamine for the [PH]SCH 23390 binding site in

membrane homogenate of honeybee brains.

(PCR) and single-strand conformation analysis
(DAMB, Han et al., 1996; DopR99B, Feng et al.,
1996). DAMB and DopR99B encode identical
polypeptides except for 27 amino acids at the C-
terminus. The difference most likely is caused
by incomplete splicing of the DopR99B transcript
(Feng et al., 1996; Han et al., 1996). The DAMB/
DopR99 ¢cDNA and deduced amino acid sequence,
however, clearly differ from the Drosophila
DmDOP1-receptor (Gotzes et al., 1994).
Functional expression of DAMB in Droso-
phila S2 and HEK 293 cells resulted in an in-
crease in [cAMP]; upon dopamine application.
Since this response was blocked by cis(Z)-flu-
pentixol, DAMB is considered an additional mem-
ber of the subfamily of D1-like dopamine receptors
in Drosophila (Han et al., 1996). Agonist stimu-
lation of DopR99B expressed in Xenopus oocytes
led to an increase in [Ca®*]; as monitored by Ca*-
dependent chloride channel activity (Feng et al.,
1996; Reale et al., 1997a). In addition to the cal-
cium response, dopamine application also induced
an increase in [cAMP]; in DopR99B-expressing
oocytes (Feng et al., 1996). These results suggest
that the DAMB/DopR99B-receptor activates dif-

ferent intracellular signaling pathways in paral-
lel when expressed in Xenopus oocytes. Synthetic
dopamine receptor-antagonists blocked both cel-
lular responses with a similar rank order of po-
tency (Feng et al., 1996; Reale et al., 1997a). In
contrast, the rank order of potency of a range of
synthetic receptor agonists that activated the dif-
ferent signaling pathways was not identical
(Reale et al., 1997a).

DAMB/DopR99B mRNA was detected in
heads as well as in legs and/or antennae by North-
ern blotting, suggesting that this receptor might
be functional in both the central and peripheral
nervous system (Han et al., 1996; Feng et al.,
1996). In situ hybridization showed that DAMB
transcripts are preferentially expressed in the
perikarya of intrinsic mushroom body cells. Sig-
nals were almost absent in other parts of the
brain, thoracic, and abdominal ganglia as well as
in other tissues (Han et al., 1996). Staining of tis-
sue sections with a polyclonal antibody also
showed that the protein was preferentially ex-
pressed in the mushroom bodies. Strong labeling
was found in the a- and B-lobes while the pedun-
culi and y-lobes were less intensely stained. In con-
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trast, immunoreactivity was absent in the caly-
ces, which house the dendrites of intrinsic mush-
room body neurons. The staining pattern of the
DAMB-receptor is very similar to the expression
pattern of a Ca®"/calmodulin-regulated adenylyl
cyclase encoded by the rutabaga-gene (Han et al.,
1992). It has been suggested that this enzyme
serves as a coincidence detector during condition-
ing in Drosophila and integrates cellular signals
mediated by GPCR activation and/or the Ca®'/
calmodulin complex (Davis, 1993). Therefore, the
co-localization of DAMB and the rutabaga-gene
product in axons of mushroom body neurons as
well as the ability of DAMB to activate adenylyl
cyclase make this receptor an attractive candidate
to mediate the effects of reinforcers during asso-
ciative conditioning (Han et al., 1996).

Recently, a number of partial cDNA clones
that probably code for biogenic amine receptors
have been isolated from the honeybee by library
scanning (Ebert et al., 1998). One of these frag-
ments served to isolate a full-length ¢cDNA clone
(AmBARG6; Kokay et al., 1999; Humphries et al.,
unpublished data). The deduced amino acid se-
quence of AmMBAR6 (AmBARG6) shares [(170% iden-
tity with DAMB suggesting that it is the honeybee
orthologue of the Drosophila dopamine receptor.
Whole-mount in situ hybridization to worker hon-
eybees and drones revealed that the expression
pattern of AmBARS is restricted to the mushroom
bodies but differs between large and small diam-
eter Kenyon (= intrinsic mushroom body) cells
(Humphries and Ebert, 1998). In both sexes,
AmBAR6 mRNA is highly expressed in small-di-
ameter Kenyon cells whereas expression levels in
larger diameter Kenyon cells were variable and
increased with the age of the worker bee (Hum-
phries and Ebert, 1998). Whether AmBARG is a
member of the D1-like dopamine receptor subfam-
ily still awaits pharmacological characterization
as well as identification of its intracellular trans-
duction pathway.

Putative D2-Like Dopamine Receptors

Although dopamine D2-like receptors have
not yet been cloned from Drosophila or other in-
sects, pharmacological investigations suggest that
they exist (Davis and Pitman, 1991; Granger et
al., 1996; Yellman et al., 1997; Andretic and Hirsh,
2000). Receptors that display a D2-like pharma-
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cology were identified in the honeybee. High af-
finity binding of [*H]spiperone (Kp 0.1 nM) was
observed in brain homogenates (Kokay and Mer-
cer, 1996). In addition to the pronounced phar-
macological similarity with mammalian D2-like
receptors, the honeybee [*H]spiperone binding site
also exhibits a phenolaminergic component (Ko-
kay and Mercer, 1996). Therefore, it was assumed
that the ligand will bind to other, most likely
tyramine and/or octopamine receptors, as well.
Incubation of brain sections with the radioligand
showed that the binding sites are concentrated in
the a- and B-lobes and calyces of the mushroom
bodies (Kokay et al., 1998). In primary cultures
of antennal lobe neurons, spiperone binding sites
were also described (Kirchhof and Mercer, 1997;
Kokay et al., 1999). A ¢cDNA fragment (AmBARS3;
Ebert et al., 1998) has recently been identified
that is very similar to human dopamine D2-re-
ceptors and has led to the cloning of a full-length
cDNA for a putative dopamine D2-like receptor
from the honeybee (Kokay et al., 1999).

In summary, the dopamine receptors cloned
from insects display almost unique pharmacologi-
cal properties that set them apart from vertebrate
receptors. The functional coupling of individual
receptors to certain intracellular messenger sys-
tems is an alternative way to classify receptor sub-
types. At present, two D1-like receptors have been
characterized in Drosophila (DmDOP1, DAMB)
and the honeybee (AmDOP1, AmMBARG). Whether
additional subtypes are expressed should soon be
answered with the availability of the complete ge-
nomic sequence of Drosophila (Adams et al., 2000).
The presence of D2-like dopamine receptors in in-
sects still has to be confirmed by additional clon-
ing efforts and functional characterization of
receptor candidates in both Drosophila and the
honeybee.

RECEPTORS FOR TYRAMINE AND
OCTOPAMINE

High concentrations of the phenolamines
tyramine and octopamine are found in insect ner-
vous tissue, whereas only trace amounts, if any,
have been detected in vertebrate brains (for re-
views see: Axelrod and Saavedra, 1977; David and
Coulon, 1985). Little is known about the physio-
logical role of tyramine in insects. It was assumed
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that tyramine might only serve as biochemical
precursor of octopamine rather than being a neu-
roactive substance itself. However, with the mo-
lecular cloning (see below) of specific tyramine
receptors, and recent reports that attribute a role
to tyramine in cocaine sensitization in Drosophila
(McClung and Hirsh, 1999), a new picture is
emerging.

In contrast to tyramine, the physiological
role of octopamine has been thoroughly studied
in a number of invertebrate species. Octopamine
has been shown to act as a neurotransmitter,
neuromodulator, and neurohormone, and modu-
lates/regulates various behavioral patterns in in-
sects (for reviews see: David and Coulon, 1985;
Bicker and Menzel, 1989; Erber et al., 1993;
Roeder, 1999). Often, octopamine is considered as
a “fight or flight” hormone in insects and its
physiological functions are compared with those
of norepinephrine and epinephrine in vertebrates
(Evans, 1993; Roeder, 1999).

In Drosophila, interneurons and efferent neu-
rons constitute the octopaminergic neuronal popu-
lation (Monastirioti et al., 1995; Monastirioti,
1999). In the larval CNS, all octopamine immu-
noreactive somata are localized in the midline of
the ventral ganglion while in the adult CNS im-
munoreactivity is observed in clusters of both un-
paired and bilateral neurons (Monastirioti et al.,
1995; Monastirioti, 1999). When flies were fed
with formamidines that probably bind to octop-
amine receptors they displayed impaired learn-
ing after classical conditioning (Dudai et al., 1987).
Null mutations for the enzyme TBH, which is es-
sential for the synthesis of octopamine (see Bio-
genic Amines Derived From Tyrosine), have been
generated by P element insertion (Monastirioti et
al., 1996). Interestingly, the animals are viable
and do not show severe phenotypic alterations.
Female flies, however, are sterile because they can-
not deposit their eggs but sterility is rescued by feed-
ing them with octopamine (Monastirioti et al., 1996).
Although these results suggest that octopamine
might not be as important for development and dif-
ferentiation as dopamine (see Dopamine Receptors)
it is currently unclear whether or not the loss of
octopamine might have been functionally substi-
tuted by promiscuous binding of tyramine to
octopamine receptors. The mutants that are unable
to produce octopamine, however, will certainly help

to unravel the contribution of octopamine in Droso-
phila learning and memory.

In the honeybee brain, five clusters of (1100 oct-
opamine-immunoreactive somata were identified
(Kreissl et al., 1994). Varicose octopaminergic fibers
invade all parts of the brain and the suboesophageal
ganglion except the pedunculi of the mushroom bod-
ies and large parts of the a- and [-lobes (Kreissl et
al., 1994). It has been shown that octopamine modu-
lates many physiological functions such as the pro-
boscis extension response (Mercer and Menzel, 1982;
Braun and Bicker, 1992), sting response (Burrell
and Smith, 1995), juvenile hormone release from
the corpora allata (Rachinsky, 1994; Kaatz et al.,
1994), and the discrimination of nestmates from
unrelated bees (Robinson et al., 1999). Injection of
octopamine into different areas of the CN'S enhances
neural activity and facilitates motor-reflexes (Erber
et al., 1993; Erber and Kloppenburg, 1995; Kloppen-
burg and Erber, 1995; Pribbenow and Erber, 1996).
One particular octopaminergic neuron, VUM, ,,
plays an important role in the reinforcement path-
way during honeybee olfactory conditioning (Ham-
mer, 1993). The VUM,,,; neuron depolarizes in
response to the presentation of sucrose rewards to
antennae and proboscis. Current injection into the
VUM,,,; neuron or octopamine injection into either
the antennal lobe or the calyces of the mushroom
bodies can substitute for the sucrose reward dur-
ing olfactory conditioning (Hammer and Menzel,
1998). It was concluded that octopamine is involved
in selectively mediating the reinforcing but not the
sensitizing or response-releasing function of the su-
crose reward (Menzel et al., 1999).

Numerous pharmacological studies have been
performed in locusts in order to classify octopamine
receptor classes. According to their pharmacologi-
cal properties and intracellular signaling pathways,
four different classes were identified: OCT-1, OCT-
2A, OCT-2B, and OCT-3 (for reviews see: Evans and
Robb, 1993; Roeder, 1999). Activation of OCT-1 re-
ceptors induces an increase in [Ca®'];, whereas ac-
tivation of OCT-2A, OCT-2B, or OCT-3 receptors
stimulates adenylyl cyclase and leads to increases
in [cAMP];. In comparison to the locust, only a few
studies were performed in Drosophila and the hon-
eybee to determine the pharmacological properties
of octopamine receptors (Table 3; Dudai and Zvi,
1984a; Degen et al., 2000). In Drosophila head
homogenates, octopamine is a potent stimulator of



Biogenic Amine Receptors of

Drosophila and Apis 25

TABLE 3. Pharmacological properties of tyramine and octopamine receptors in Drosophila melanogaster and

Apis mellifera

Drosophila Drosophila Drosophila Drosophila
DmTYR DmTYR head homogenate: head homogenate: Apis
in CHO-K1: in COS-7: [SH]yohimbine [SH]octopamine brain homogenate:
[*Hlyohimbine  [*Hlyohimbine binding site binding site [’HINC 5Z binding
(Ki[nM]) (Ki[nM]) (Ki[nM]) (EC5[nM]) site (Ki[nM])
Biogenic amines
Tyramine 1,400 1,200 380 300 514
DL-Synephrine 10,800 20,000 — 30 34.4
DL-Octopamine 129,200 40,000 62,100 6 13.4
Dopamine 137,900 50,000 — 5,000 —
(-)-Epinephrine 139,000 70,000 — 1,000 —
L(-)-Norepinephrine — 150,000 — 700 —
Serotonin 75,000 175,000 — 20,000 —
Other ligands

Yohimbine 6.2 5.5 4.6 4,000 —
Chlorpromazine 180 25 — 300 553
Phentolamine 2,200 85 350 20 48.7
Mianserin 1,200 100 — — 0.73
Cyproheptadine 2,600 175 — — —
Metoclopramide 4,600 — — — 812
Clonidine 21,000 15,000 — 20 —

Values for DmTYR expressed in CHO-K1 cells are from Arakawa et al. (1990) and from Robb et al. (1994). Values for
DmTYR expressed in COS-7 cells are from Saudou et al. (1990). Values for the Drosophila [PHlyohimbine binding site are
from Robb et al. (1994) and values for the Drosophila [*Hloctopamine binding site are from Dudai and Zvi (1984a). Values
for the honeybee [PHINC-5Z binding site are from Degen et al. (2000). Note the higher affinity of tyramine compared to
octopamine for the cloned DmTYR-receptor and the [*H]yohimbine binding site in Drosophila head homogenates. This is
in contrast to the nanomolar affinity of octopamine for native octopamine receptor binding sites.

adenylyl cyclase activity (Uzzan and Dudai, 1982).
Interestingly, simultaneous application of both
tyramine and octopamine reduces the effect of
octopamine. This observation suggests that tyr-
amine activates specific tyramine receptors that in-
hibit adenylyl cyclase and thereby reduce the
stimulatory effect of octopamine (Uzzan and Dudai,
1982). In membrane homogenates of honeybee
brains, octopamine also stimulates cAMP produc-
tion (Blenau et al., 1996). In addition, injections of
octopamine into the antennal lobe of the honeybee,
evoke a rapid and transient activation of PKA
(Hildebrandt and Miiller, 1995). The effects of
tyramine were also tested on membrane prepara-
tions from honeybee brain. When tyramine is ap-
plied at high concentrations, it activates adenylyl
cyclase (ECs of (2.2 uM) but at low concentrations
(0.1-1 pM) it attenuates forskolin-stimulated cAMP
production (Blenau et al., 1996, 2000). Taken to-
gether, the results indicate that both octopamine
and tyramine mediate their effects by binding to
different members of the GPCR family.

The distribution of binding sites for [*H]oct-
opamine in tissue sections of honeybee brain has

been analyzed with autoradiographic methods (for
a review see Erber et al., 1993). Specific and high
labeling densities were detected in the mushroom
bodies, especially in the pedunculus and in the
a- and B-lobes. Interestingly, these brain regions
are not innervated by octopaminergic neurons
(Erber et al., 1993; Kreissl et al., 1994). Phentol-
amine displaced (3% of [*H]octopamine binding
in all brain areas except the mushroom bodies
([770% displacement). These results suggested
that octopamine receptors in the mushroom bod-
ies may be pharmacologically different from those
in the rest of the brain (Erber et al., 1993).

Drosophila DmTYR- and the Honeybee
AmTYR1-Receptor

A gene encoding the first member of the
tyramine/octopamine receptor family from Droso-
phila (Dmoct/tyr) was independently cloned by
two groups (Arakawa et al., 1990; Saudou et al.,
1990). The deduced amino acid sequence of
DmOCT/TYR is highly homologous to mamma-
lian a,-adrenergic receptors (Arakawa et al.,
1990). The functional coupling to intracellular sig-
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naling pathways was examined after heterologous
expression of the gene in either Chinese hamster
ovary (CHO-K1; Arakawa et al., 1990) or COS-7
cells (Saudou et al., 1990). Application of tyramine
or octopamine attenuated forskolin-stimulated
adenylyl cyclase activity (Arakawa et al. 1990;
Saudou et al., 1990). The affinity of tyramine to
the receptor is [12 times higher than that of
octopamine (Table 3; Saudou et al., 1990; Robb
et al., 1994). This led to the suggestion that the
gene most likely encodes a functional tyramine
receptor (Saudou et al., 1990). In subsequent bio-
chemical studies, it was shown that the receptor
mediates both inhibition of adenylyl cyclase ac-
tivity and elevation of [Ca®]; (Robb et al., 1994).
Tyramine is about two orders of magnitude more
potent than octopamine in inhibiting forskolin-
induced cAMP accumulation, whereas octopamine
is slightly more potent in elevating [Ca*]; (Robb
et al., 1994). Interestingly, when expressed in Xe-
nopus oocytes, stimulation of DmOCT/TYR with
either ligand led to an increase of [Ca*]; but failed
to inhibit adenylyl cyclase activity (Reale et al.,
1997b). Thus, this Drosophila receptor displays
“agonist-specific coupling to different second mes-
senger systems,” which seems to depend on the
specific supply of G proteins provided by the dif-
ferent cell types used for heterologous expression
(Robb et al., 1994; Reale et al., 1997Db).

Recently, a Drosophila mutant (hono) was
identified that shows impaired olfactory avoidance
behavior to repellents (Kutsukake et al., 2000). This
strain is a B-Gal enhancer-trap line generated us-
ing a P-element mutagenesis approach aimed at
identifying novel olfactory mutants. Standard clon-
ing techniques revealed that the P-element is lo-
cated in the promoter region of the Dmoct /tyr-gene
and causes reduced expression of the Dmoct/tyr
mRNA (Kutsukake et al., 2000). In addition to the
reduced olfactory sensitivity, the mutation also re-
duced the electrical responses to tyramine at the
neuromuscular junction in the larval body-wall
whereas responses to octopamine remained normal
(Kutsukake et al., 2000). Since hono is the first bio-
genic amine receptor mutant identified in inverte-
brates and the effects caused by the hono mutant
are specifically correlated with impaired functions
of tyramine, the Dmoct / tyr-gene should be consid-
ered as a “true” tyramine receptor gene (Dmtyr).

The expression pattern of the hono-gene was

examined by staining for (-Gal positive cells. In
addition to the antennae, many areas of the adult
brain and thoracic ganglion were stained (Kut-
sukake et al., 2000). This result agrees well with
the mRNA expression pattern that was indepen-
dently determined by in situ hybridization to tis-
sue sections of wild-type flies (Hannan and Hall,
1996). In third instar larvae of the hono mutant,
B-Gal staining was detected in the olfactory organ
(dorsal organ), in the CNS, and along the morpho-
genetic furrow of the eye-antennal disc. The re-
sults strongly suggest that the DmTYR-receptor
is important in various aspects of olfactory infor-
mation processing (Kutsukake et al., 2000).

An orthologue of the Drosophila tyramine
receptor gene was cloned from Apis mellifera
(Amtyrl; Blenau et al., 2000). Pronounced sequence
conservation of 83.2 and 78.2% was observed be-
tween the deduced amino acid sequence of Amtyrl
and a tyramine receptor cloned from Locusta
migratoria (LocTYR; Vanden Broeck et al., 1995)
and an octopamine receptor cloned from Heliothis
virescens (K50Hel = HelOCT; von Nickisch-Rosen-
egk et al., 1996), respectively. Multiple alignments
of invertebrate receptor sequences showed that
AmTYRI1, DmTYR, LocTYR, and HelOCT form a
distinct group within the biogenic amine receptor
family (see Fig. 8). When stably expressed in
HEK 293 cells, the AmTYR1-receptor attenuated
forskolin-induced cAMP production after stimula-
tion with tyramine in a dose-dependent manner.
The ECs for tyramine was [1130 nM. Octopamine
also reduced cAMP production in the transfected
cell line but was both less potent (ECs, (B pM) and
less efficacious than tyramine (Blenau et al., 2000).
Similar to the Drosophila Dmtyr-gene (Hannan and
Hall, 1996; Kutsukake et al., 2000), Amzyr] mRNA
is abundantly expressed in many neurons of the
honeybee brain, including neurons of the optic
lobes, mushroom body intrinsic neurons, and neu-
rons of the deutocerebrum. Whether the honeybee
AmTYRI1-receptor participates in olfactory signal-
ing as has been demonstrated for the Drosophila
DmTYR-receptor is currently unknown.

Drosophila OAMB- and the Honeybee AmOCT1-
(= AmBAR1-) Receptor

A cDNA encoding an octopamine receptor
(OAMB) was isolated from a Drosophila head spe-
cific library (Han et al., 1998). The deduced amino
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Fig. 8. Dendrogram of arthropod biogenic amine receptors.
Sequence alignment was done with the CLUSTAL program
of PCGENE software (version 6.6; IntelliGenetic), using the
complete amino acid sequence of each receptor. The receptor
sequences followed by their GenBank/EMBL accession num-
bers (#) are listed in the order illustrated: Apis mellifera
dopamine D1 (AmDOP1, #Y13429), Drosophila melanogaster
dopamine D1 (DmDOP1, #X77234), A. mellifera octopamine
(AmOCT1), D. melanogaster octopamine (OAMB, #AF065443;
DmOCT1B, #AJ007617), Balanus amphitrite (barnacle) pu-
tative octopamine (BalOCT1, #D78363), D. melanogaster
dopamine (DAMB, #U61264), A. mellifera tyramine (AmTYR1,

acid sequence is very similar to those of mam-
malian adrenergic as well as invertebrate tyr-
amine and dopamine receptors. One unique
feature of OAMB is the extension of EL2. This
loop usually contains [R0 amino acids but in
OAMB consists of 130 residues. The functional
significance of this extension is still unknown
(Han et al., 1998). Expression of the OAMB-gene
in either Drosophila S2 or HEK 293 cells led to
an increase in [cAMP];. The EC;, for octopamine
was (1.9 x 107" M (Han et al., 1998). Tyramine

DmbHT?2

#AJ245824), Bombyx mori octopamine (BomOCT1, #Q17232),
Heliothis virescens octopamine (HelOCT1, Q25188), D.
melanogaster tyramine (DmTYR, #M60789), Locusta migra-
toria tyramine (LocTYR1, #Q25321; LocTYR2, #Q25322), Boo-
philus microplus (cattle tick) putative tyramine (BooTYRI,
#AJ010743), B. amphitrite putative serotonin (Bal5HT1,
#D83547), D. melanogaster serotonin (Dm5HTdrol, #P20905),
B. mori putative serotonin (Bom5HT1, #Q25414), D. melano-
gaster serotonin (Dm5HTdro2A, #Z11489; Dm5HTdro2B,
#711490), H. virescens putative serotonin (Hel5HT1, X95605),
and D. melanogaster serotonin (Dm5HT2, X81835).

was much less effective, strongly suggesting that
the gene encodes a functional octopamine recep-
tor. In addition to cAMP production, octopamine
also induced an increase in [Ca®']; in OAMB ex-
pressing cells although only a relatively high con-
centration of octopamine (107° M) was tested (Han
et al., 1998). Since octopamine receptors were
originally classified according to their coupling to
either [cCAMP]; or to [Ca®]; (see above), the OAMB-
receptor is difficult to ascribe to any one of the
existing receptor classes (Han et al., 1998).
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The tissue distribution of the OAMB mRNA
and protein were examined by in situ hybridiza-
tion and immunohistochemistry (Han et al., 1998).
OAMB transcripts were detected in perikarya of
intrinsic mushroom body neurons, and in two clus-
ters of cells in the anterior brain cortex in proxim-
ity to the mushroom body lobes. In addition, cells
scattered throughout the central brain and medulla
were stained. Immunoreactivity was observed in
the calyces, pedunculi, a- (-, and y-lobes of the
mushroom bodies, and in the ellipsoid body of the
central complex (Han et al., 1998). Since OAMB
can activate adenylyl cyclase and is preferentially
expressed in the mushroom bodies, it was sug-
gested that this receptor could participate in olfac-
tory learning in Drosophila (Han et al., 1998).

In the honeybee, the octopaminergic VUM, 4
neuron is involved in olfactory conditioning (Ham-
mer, 1993) and it is assumed that specific octop-
amine receptors modulate the biochemical signaling
cascades within the olfactory pathway. To date, se-
quence information on only one octopamine recep-
tor gene has emerged (AmBAR1; Ebert et al., 1998;
Amoctl, Grohmann et al., 2000). The deduced
amino acid sequence displays high similarity to
the OAMB-gene from Drosophila. When expressed
in HEK 293 cells, AmOCT1 activation leads to an
increase in [Ca*']; and [cAMP]; (Grohmann et al.,
2000). In contrast to OAMB, submicromolar con-
centrations of octopamine are sufficient to induce
the Ca® response whereas micromolar or higher
concentrations are necessary to activate adenylyl
cyclase. In situ hybridization to honeybee brain
sections showed that the gene is expressed in some
perikarya of intrinsic mushroom body neurons, in
somata of the antennal and optic lobes, and in
somata of the suboesophageal ganglion (Groh-
mann et al., 2000).

Tyramine and octopamine receptor genes have
also been cloned from Locusta migratoria (GenBank
accession nos. Q25322, Q25321; Vanden Broeck et
al., 1995) as well as Bombyx mori and Heliothis
virescens (Q17323 and Q25188; von Nickisch-
Rosenegk et al., 1996). The physiological role of
these receptors still awaits identification.

SEROTONIN RECEPTORS

Serotonin (see Serotonin Is Derived From
Tryptophan) serves as a neurotransmitter or

neuromodulator in most animal species. Seroto-
nin regulates or modulates a wide variety of be-
haviors such as aggression in lobsters, feeding
and learning in snails, locomotion in lampreys,
as well as sleep, appetite, and mood in mammals
(for reviews see Bicker and Menzel, 1989; Hen,
1992; Boess and Martin, 1994).

In Drosophila, as in most arthropods, the
majority of serotonergic neurons are interneurons
in the brain and in the ventral nerve cord (Vallés
and White, 1988). The total number of these neu-
rons is small (1100 cells in Drosophila) but they
send projections to most parts of the nervous sys-
tem. Serotonergic innervation is also found in the
pharyngeal muscles as well as in the ring gland,
the endocrine organ of the larvae (Vallés and
White, 1988), suggesting that serotonin modulates
feeding behavior and neuroendocrine activity of
Drosophila. During Drosophila development, a
peak in serotonin concentration precisely coincides
with the onset of germband extension in gastru-
lating embryos. The peak of serotonin synthesis
strictly depends on the maternal deposition of
biopterins into the egg and the zygotic synthesis
of TRH and DDC (see Serotonin Is Derived From
Tryptophan; Colas et al., 1999a). Mutants with
impaired serotonin synthesis are embryonic le-
thal and/or display abnormal gastrulation move-
ments and cuticular defects (Colas et al., 1999a).

The distribution of serotonin-immunoreactiv-
ity has been intensively studied in the brain of
adult (Schiirmann and Klemm, 1984; Nissel et
al., 1985; Schéfer and Bicker, 1986; Rehder et al.,
1987) and pupal worker honeybees (Seidel and
Bicker, 1996). A small set of (175 cell bodies gives
rise to neuronal branches that arborize into most
parts of the brain neuropil. The adult set of sero-
tonergic neurons consists of both persistent em-
bryonic neurons and neurons that differentiate
during pupal metamorphosis. Behavioral experi-
ments have shown that serotonin often function-
ally antagonizes the effects of octopamine and
reduces or blocks rhythmic behavior and reflexes
(Erber et al., 1993; Erber and Kloppenburg, 1995;
Kloppenburg and Erber, 1995; Pribbenow and
Erber, 1996; Blenau and Erber, 1998). Serotonin
also has profound effects on learning and memory
in impairing acquisition and retrieval of learned
behaviors (for reviews see Bicker and Menzel,
1989; Menzel et al., 1994).
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In vertebrates, serotonin binds to and acti-
vates different types of membrane receptors. From
14 receptor genes cloned, one forms an ion chan-
nel (5-HTs). All other genes encode GPCRs. Five
receptors inhibit cAMP production (5-HT 1zppmr),
three receptors induce cAMP production (5-HT
7), three receptors lead to an increase in [Ca®'];
(5-HT9am/1c), and for two receptors (5-HTs5) the
intracellular signaling pathways have not yet been
determined (Hoyer and Martin, 1997). Besides
their functional coupling characteristics, seroto-
nin receptors were classified according to their
binding properties to specific (synthetic) com-
pounds (for a review see: Boess and Martin, 1994).

Serotonin-sensitive binding sites have also
been characterized in Drosophila head homo-
genates (Table 4; Dudai and Zvi, 1982, 1984b) and
in membrane preparations of honeybee brains
(Table 4; Blenau et al., 1995b). Autoradiographic
studies in the honeybee showed that receptor den-
sity was low in the antennal lobes but high in
the calyces of the mushroom bodies (for a review
see: Erber et al., 1993). Similar to the different
signaling pathways described for vertebrate se-
rotonin receptors, it was shown in membrane
homogenates of honeybee brains that serotonin
not only stimulates cAMP production but also in-
hibits forskolin-induced cAMP production (Blenau
et al., 1996). Molecular cloning and functional
characterization of serotonin receptors from
Drosophila revealed that serotonin also operates
through different signaling pathways in the fly
(Hen, 1992).

Drosophila Dm5HTdrol-Receptor

Using a homology screening approach, the first
Drosophila serotonin receptor gene (Dm5HTdrol;
Witz et al., 1990) was cloned from a head specific
cDNA library. The deduced amino acid sequence
shares considerable sequence similarity with
mammalian 5-HT;-receptors (Gerhardt and van
Heerikhuizen, 1997). A hydropathy profile analy-
sis revealed an interesting feature in the N-ter-
minus of Dm5HTdrol. In addition to the seven
TMs, an eighth hydrophobic stretch was identi-
fied (Witz et al., 1990). This segment is theoreti-
cally long enough to span the membrane as a TM
but could also serve as an internal signal se-
quence that is cleaved off during maturation of
the protein. However, an additional TM segment
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would perturb the transmembrane architecture of
the receptor and cause exposure of usually intra-
cellular loops to the external surface. Such an ori-
entation would render the receptor non-functional.
This, however, is not the case as has been dem-
onstrated using heterologous expression of the
Dm5HTdrol-gene in either mouse fibroblasts
(NIH 3T3 cells; Witz et al., 1990) or insect Sf9 cells
(Obosi et al., 1996). In both cell lines, application
of serotonin or receptor agonists led to an increase
in [cAMP];. Stimulation of adenylyl cyclase is a
common feature of vertebrate 5-HT,,-receptors.
Therefore, Dm5HTdrol not only shares sequence
similarity to this group of vertebrate serotonin re-
ceptors, but also activates the same intracellular
signaling pathway. However, as has already been
shown for other invertebrate receptors, the phar-
macological properties of Dm5HTdrol differ quite
significantly from those of vertebrate 5-HTy;-re-
ceptors (Table 4; Saudou et al., 1992). Particularly
striking is the low affinity of 8-OH-DPAT for the
Drosophila receptor (Table 4).

Another sequence motif in the N-terminus
of Dm5HTdrol provides a clue to a possible physi-
ological role for this receptor in the fly. A stretch
of Ser-Gly repeats is located between the newly
identified eighth hydrophobic domain and the first
putative TM. Repetitive stretches of Ser-Gly or
Thr-Gly motives have been implicated as attach-
ment sites for posttranslational modifications
with glycosaminoglycans. Similar motives were
already identified in biological clock genes like
period in Drosophila or frequency in Neurospora.
It was assumed, therefore, that Dm5HTdrol
might also be linked to glycosaminoglycans (Witz
et al., 1990). A function of this modification could
be to localize the receptor in a specialized com-
partment or subdomain of the cell.

Drosophila Dm5HTdro2A- and Dm5HTdro2B-
Receptors

Molecular cloning of two additional, closely
related serotonin receptor genes again was ach-
ieved by an homology based screening approach
(Saudou et al., 1992). The deduced amino acid se-
quences of Dm5HTdro2A- and Dm5HTdro2B-recep-
tors share 84.3% sequence homology. Both genes
encode GPCRs that also share sequence similarity
with mammalian 5-HT,,-receptors (Gerhardt and
van Heerikhuizen, 1997). When the Drosophila



TABLE 4. Pharmacological Properties of Serotonin Receptors in Drosophila melanogaster and Apis mellifera

Drosophila Drosophila Drosophila Drosophila Drosophila Apis brain
Dm5HTdrol Dm5HTdro2A Dm5HTdro2B Dm5HT?2 head homogenate: homogenate:
in COS-7: in COS-7: in COS-7: in COS-1: [*H]serotonin serotonin-sensitive
[**I]LSD binding ['*IILSD binding ['*IILSD binding [***I]DOI binding binding site [*HILSD binding
(Ki[nM]) (Ki[nM]) (Ki[nM]) (Ki[nM]) (IC5[nM]) site (Ki[nM])
Biogenic amines
Serotonin 1,600 16,000 2,100 15 1.4 2.6
130
Tryptamine — — — 1,580 700 130
5-Methoxytryptamine — — — 5,010 700 43
Tyramine >200,000 >200,000 >200,000 2100,000 80,000 >>10,000
DL-Octopamine >200,000 >200,000 >200,000 >100,000 — >>10,000
Dopamine >200,000 >200,000 >200,000 >100,000 200,000 47,000
L(-)-Norepinephrine >200,000 >200,000 >200,000 — — >>10,000
Histamine >200,000 >200,000 >200,000 >100,000 — >>10,000
Other ligands
LSD 0.44 0.26 0.31 — — 0.89
Dihydroergocryptine 13 11 3.8 — — —
S(+)-Butaclamol 32 330 64 — — >10,000
R(-)-Butaclamol 31,000 14,000 30,000 — — >>10,000
Prazosin 9,800 250 180 — — —
Methysergide 1,200 1,400 720 79 40 22
Yohimbine 32,000 18,000 9,800 398 50,000 —
Mianserin — — — 1,995 — 1,500
8-OH-DPAT 106,000 43,000 27,000 12,600 — 2,300

Values for Dm5HTdrol, Dm5HTdro2A, and Dm5HTdro2B are from Saudou et al. (1992). Values for Dm5HT2 are from Colas et al. (1995). Values
for the Drosophila [*H]serotonin binding site are from Dudai and Zvi (1984b) and values for the serotonin-sensitive [*’H]LSD binding site of the
honeybee are from Blenau et al. (1995b). Note the low affinity of 8-OH-DPAT for the Drosophila Dm5HTdrol-receptor.
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genes were mapped on the chromosomes, the loci
were located within the same chromosomal band.
This suggested that the genes most likely arose
by duplication of a common ancestor gene. In ad-
dition to their sequence homology to vertebrate
5-HT;-receptors, both Drosophila receptors also
share the intracellular transduction pathway with
their vertebrate counterparts. Application of se-
rotonin to heterologously expressed receptors de-
creased forskolin-stimulated cAMP production
with an EC5, of (B x 10° M and [11.8 x 10° M for
Dm5HTdro2A and Dm5HTdro2B, respectively. In
addition to the inhibition of adenylyl cyclase, both
receptors moderately activate PLC in response to
serotonin (Saudou et al., 1992). The specificity of
these receptors for serotonin was confirmed by di-
rect radioligand binding assays (Table 4; Saudou
et al., 1992). Serotonin efficiently displaced the
radioligand ["*’I]LSD from both receptors whereas
dopamine, octopamine, tyramine, and histamine
were =100-fold less efficient. The expression pat-
terns of the genes were examined by Northern
blotting and in situ hybridization (Saudou et al.,
1992). Transcripts were detected in RNA prepa-
rations from embryos, larvae, and adult heads.
Expression in the embryo was restricted to the
CNS. The two receptors, however, were expressed
in distinct cell populations. While Dm5HTdro2A
is predominantly found in VUM neurons, cells
that are involved in axonal guidance during com-
missure formation in embryonic development
(Klambt et al., 1991), the Dm5HTdro2B most
likely is expressed in motor neurons. Although
the subcellular distribution of the receptor pro-
teins has not yet been examined, it was suggested
that both receptors could control motor activity
in the fly (Saudou et al., 1992).

Drosophila Dm5HT2-Receptor

Isolation of the Dm5HT2-receptor gene again
was achieved by a homology screening approach
(Colas et al., 1995). When compared to vertebrate
serotonin receptors, the Dm5HT2 amino acid se-
quence displayed striking similarity to 5-HT,-re-
ceptors (Gerhardt and van Heerikhuizen, 1997).
Activation of these receptors causes an increase in
[Ca?**].. The transduction mechanism of Dm5HT2
has not yet been reported. In comparison to the
deduced amino acid sequences of mammalian 5-
HT,-receptors, the only difference in Dm5HT2 is
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the longer size of the N-terminus. A partial dele-
tion of the N-terminus of Dm5HT2 does not alter
its pharmacological properties but significantly
increases its expression pattern in mammalian
cell lines (Colas et al., 1997). Therefore, it is likely
that the long N-terminus interferes with proper
processing/maturation of the receptor in heterolo-
gous expression systems. The pharmacological
properties of the wild-type Dm5HT2-receptor were
determined after expression of the gene in COS-1
cells (Table 4; Colas et al., 1995, 1997). Binding
studies showed that the pharmacological profile
of the receptor, in addition to its striking sequence
similarity, correlated well with that of mamma-
lian 5-HT,-receptors, but not with any other cloned
serotonin receptor (Colas et al., 1995, 1997).

The expression pattern of the Dm5HT2-gene
was examined by in situ hybridization and quan-
titative RT-PCR (Colas et al., 1995). The gene is
expressed during embryogenesis as well as in the
larval and adult CNS. Interestingly, the mRNA
is already found after 3 h of embryonic develop-
ment. In the embryo, the mRNA is present in
seven evenly spaced transverse stripes along the
antero-posterior axis. This pattern is very simi-
lar to that of pair-rule genes. Comparison with
expression patterns of different pair-rule genes
finally showed that Dm5HT?2 is co-expressed with
fushi-tarazu in the even-numbered parasegments
(Colas et al., 1995). It is most likely that the
Dm5HT2-receptor is necessary for proper germ-
band extension. Mutants that do not express
Dm5HT2 are embryonic lethal. They show a sig-
nificant delay in germband extension, which re-
sults in uncoupling of ectodermal elongation from
endoderm and mesoderm invaginations (Colas et
al., 1999b).

A serotonin receptor gene was also cloned
from Bombyx mori (Q17239; von Nickisch-Rosen-
egk et al., 1996). All cloned insect serotonin re-
ceptors are members of the GPCR family. A
serotonin-gated ion channel comparable to the
mammalian 5-HTs-receptor has not been described
in insects, so far. While amino acid sequences and
transduction mechanisms are often well conserved
between insect and mammalian receptors, the
pharmacological properties often differ consider-
ably and do not allow insect receptors to be classi-
fied according to existing mammalian schemes
(Saudou et al., 1992; Blenau et al., 1995b).
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HISTAMINE RECEPTORS

Histamine has been established as the ma-
jor neurotransmitter that is released from insect
photoreceptor cells in response to illumination (for
reviews see: Néssel, 1991, 1999). In Drosophila,
histamine-like immunoreactivity was also de-
tected in a small number (18-24) of neurons
within the brain (Néssel et al., 1990; Sarthy, 1991;
Pollak and Hofbauer, 1991; Nissel and Elekes,
1992). Many of these neurons have extensive bi-
lateral arborizations that innervate distinct re-
gions of neuropil. It has also been shown in
Drosophila that almost all mechanosensory neu-
rons of imaginal hair sensilla contain histamine
(Buchner et al, 1993). The brain of the honeybee
contains about 150 histaminergic neurons (Born-
hauser and Meyer, 1997). The axons of these neu-
rons innervate most parts of the protocerebrum
except the mushroom bodies (Bornhauser and
Meyer, 1997). Photoreceptor fibers terminating ei-
ther in the lamina or in the medulla as well as
axons emanating from ocellar photoreceptors also
contain histamine (Bornhauser and Meyer, 1997).

Histamine synthesis has been experimen-
tally impaired by mutations in the gene encoding
HDC (see Histamine Is Derived From Histidine;
Burg et al., 1993). Although the mutants (hdc)
are devoid of histamine, they are viable. This sug-
gests that histamine does not have a vital func-
tion during development or in the adult. However,
HDC null mutants are blind (Burg et al., 1993).
This is most likely due to non-existing synaptic
transmission between photoreceptor terminals
and postsynaptic monopolar cells in the lamina
or medulla. In addition to its role in the visual
system, analysis of several other Adc alleles sug-
gested that histamine is important for mechano-
sensory transduction as well (Melzig et al., 1996).
It was shown recently that a histamine-selective
uptake mechanism can restore the wild-type func-
tions of photo- and mechanoreceptors in Adc mu-
tants (Melzig et al., 1998). Besides release from
receptor-neurons, histamine is also important for
communication between interneurons. In the
cricket Gryllus bimaculatus, histamine has also
been shown to inhibit an auditory interneuron
within the prothoracic ganglion (ON1; Skiebe et
al., 1990). Therefore, histamine should be consid-
ered as a sensory transmitter as well as a modu-
lator of interneurons in insects.

So far, three histamine receptor genes have
been cloned from vertebrates. They all belong to
the family of GPCRs. Histamine H;-receptors lead
to an increase in [Ca®'],, whereas histamine H,-
receptors activate and histamine Hs-receptors in-
hibit adenylyl cyclase (Hill et al., 1997). Selective
agonists and antagonists are available that al-
low these different receptor subtypes to be differ-
entiated pharmacologically.

No invertebrate histamine receptor homo-
logues have yet been cloned. However, binding
studies with different radioligands, as well as at-
tempts to purify receptors from membrane prepa-
rations, have already been performed in the locust
(Elias et al., 1984; Roeder, 1990; Roeder et al.,
1993, 1995). At present, it is not clear whether
invertebrate histamine receptors belong to the
family of GPCRs. Since electrophysiological inves-
tigations have shown that histamine released
from photoreceptors activates chloride currents
in postsynaptic monopolar cells (Hardie, 1987,
1989; Skingsley et al, 1995), one could speculate
that invertebrates possess (only) histamine-gated
ion channels. Nevertheless, ongoing and already
completed genome projects will certainly assist
us to answer this question in the near future.

CONCLUSIONS

Biogenic amines are important mediators
and/or regulators of neuronal signaling in the cen-
tral and peripheral nervous system of insects. A
prerequisite to understanding the physiological
role of biogenic amine signaling systems is the
molecular characterization of biogenic amine re-
ceptors and their downstream reaction partners.
The application of molecular biological methods
has greatly enhanced our knowledge of the re-
ceptor polypeptides. As in vertebrates, multiple
receptor subtypes mediate the actions of biogenic
amines in insects. All biogenic amine receptors
identified so far in invertebrates belong to the su-
perfamily of GPCRs and activation of heterolo-
gously expressed receptor polypeptides generally
activate the same intracellular signaling path-
ways as native receptors do in vivo. However, sev-
eral receptor subtypes still appear to be “missing”
as not all of the pharmacological and signaling
properties of biogenic amine receptors described
in vivo are covered by the receptors cloned so far.
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However, the availability of complete genomic se-
quences (Drosophila melanogaster; Adams et al.,
2000) and ongoing molecular research (Apis
mellifera; Maleszka, 2000) will allow such gaps
to be filled in the near future. Combining the ex-
perimental advantages of both insect species, i.e.,
honeybees to study social behavior and the neu-
ronal and biochemical basis of learning and
memory (Menzel and Miiller, 1996, Meller and
Davis, 1996, Hammer, 1997), and Drosophila with
its genetic potential, will certainly improve our
understanding of the behavioral, developmental,
and physiological role of individual biogenic
amine-regulated transduction pathways.
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