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Introduction

Neuropeptides are the most numerous and diverse of all the different types of chemical messengers
known in the nervous system of metazoans (Mutt, 1989; Hikfelt, 1991; Cooper et al., 1991; Kobayashi and
Susuki, 1992; Masler et al., 1993; N ssel, 1993a; Schoofs et al., 1993). There is a large number of struc-
turally and functionally distinct neuropeptides in a given species and it is not unusual that a given neu-
ropeptide exists in multiple structural isoforms in a species. Furthermore specific neuropeptides often dis-
play some species variations in their amino acid sequences. The diversity is also seen in that many given
neuropeptides are localized to a variety of neuron types as well as to neurosecretory or endocrine cells, in-
dicating multiple functions of a given neuropeptide. In addition to the complexity in peptide structure and
distribution, we can also expect that the receptors of the neuropeptides exist in several subtypes. Do we
have any means of understanding this apparent complexity in peptide signalling systems? With respect to in-
sects, we have some indications about functional roles of neuropeptides at peripheral targets, but a justified
question is whether we at present understand the physiological role of any neuropeptide in the central ner-
vous system. The present paper attempts to address some of the problems in revealing the functions of neu-
ropeptides. For this purpose the nervous system of insects is chosen as an example.

The specific focus of the present review is on two aspects of insect neuropeptides that may be of fun-
damental importance in the evolution of complex signalling systems. The first aspect is the functional sig-
nificance of the presence of multiple neuropeptide isoforms in a given species. Is the existance of multiple iso-
forms of neuropeptides reflecting the development of increasing degrees of fine-tuning of neural transmission
or are we observing poorly regulated mechanisms subserving peptide biosynthesis, processing and expression,
leading to appearence of novel peptide isoforms with no specific functions? The second apsect discussed here
is the variation in expression of different neuropeptides in the insect nervous system. Some neuropeptides are
very abundant, indicating multiple functions, others are expressed in few neurons or neurosecretory cells,
which may mean that they have a limited range of actions. Of specific interest is that some given neu-
ropeptides display different patterns of expression in different insect species. Thus certain neuron types may
contain the specific peptide in most species (probably homologous populations of neurons), whereas certain
populations of neurons only express the peptide in species-specific manners. Do these "additional" po-
pulations of neurons, seen only in some insect species, express a functional peptidergic phenotype or are we
observing occational superfluous expression caused by poor gene regulation (Bowers, 1994). In other words,
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is it so that additional to the poor regulation leading to production of initially non-functional peptide isoforms,
we may also encounter poor gene regulation leading to peptide expresion in cells not yet utilizing the pep-
tides? Portions of the present account have occured in a recent review (Nissel, 1994).

1. The detection of neuropeptides and the concept of multiple peptide actions

Neuropeptides are commonly isolated and purified from tissue extracts by monitoring a biological activity in
a sensitive bioassay (e. g. stimulation of muscle contraction). After the bioactive components have been brought
to homogeneity by high performance liquid chromatography (HPLC), using different columns systems and sol-
vent gradients, the amino acid sequence can be obtained by Edman degradation. Antisera can be raised to the
purified or customs synthesized neuropeptides for use in immunocytochemical detection of peptides in tissue of

Table 1. Amino acid sequences of insect neuropeptides representing major peptide groups'

Neuropeptides abbreviation species sequence
AKH-like Lom-AKH-I Locusta PQLNFTPNWGT-NH2
Drm-AKH Drosophila pQLTFSPDW-NH2
Corazonin Periplaneta pQTFQYSRGWTN-NH2
proctolin Periplaneta RYLPT
myokinins LK-I Leucophaea DPAFNSWTG-NH2
Lom-K-1 Locusta AFSSWG-NH2
tackykinin-like Lom-TK-I Locusta GPSGFYGVR-NH2
pyrokinins Lem-PK Leucophaea pQTSFTPRL-NH2
myotropins Lom-MT-I Locusta GAVPPAAQFSPRL-NH2
PBANs Hez-PBAN Heliothis LSDDMPATPADQEMYRQD-
-PEQIDSRTKYFSPRL-NH2
Acc. gland myotropin Lom-AG-MT-I Locusta GFKNVALSTARGF-NH2
sulphakinins Lem-SK-I Leucophaea EQFEDY(SO;)GHMRF-NH2
Drm-SK-I Drosophila - FDDY(SO;)GHMRF-NH2
FMRFamide-like CalliFMRFa I Colliphora TPQQDFMRF-NH2
DrosoFMRFa I Drosophila DPKQDFMRF-NH2
Lem-MS-I Leucophaea pQDVDHVFLRF-NH2
MasFLRFa Manduca pQDVVHSFLRF-NH2
cardioactive peptides CCAP Locusta PFCNAFTGC-NH2
myoinhibitory Lom-MIP Locusta AWQDLNAGW-NH2
Lom-MIH Locusta pOXYXKQSAFNAVS-NH2
vasopressin-like F1* Locusta CLITNCPRG-NH2
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Table 1. (continued)

diuretic hormones Mas-DH Manduca PRMSLSIDLPMSVLRQKLSLE-
-KERKVHALRAAANRNFLNDI-NH2

Lom-DH Locusta MGMGPSLSIVNPMDVLRQRLLLEIAR-
-RRLRDEEQIKANKDFLQQI-NH2
pigment-disp. factors Rom-PDF Romalea NSEIINSLLGLPKLINDA-NH2
eclosin hormones Mass-EH Manduca NPAIATGYDPMEICIENCAQCKKMLG-
-AWFEGPLCAESCIKFKGKUIPECEDF-
-ASIAPFLNIKL
bombyxin bomyxin II Bombyx A-chain GIVDECCLRPCSVDVLLSYC
B-chain pQQPQAVHTYCGRHLAR-
-TLADLCWEAGVD
allatotropins Mas-AT Manduca GFKNVEMMTARGF-NH2
allatostains Dip-ASB2 Diploptera AYSYVSEYKRLPVYNFGL-NH2
Mas-AS Manduca pQVRFRQCYFNPISCF

This table is altered from Nissel (1993) Footnotes: 1. Only one or a few representatives of each group are given
to save space. References to litterature are given in text. 2. Two other forms of vasopressin like peptide exist
which are parallel and antiparallel dimeres of F1.

for use in immunoassays to detect and quantify the peptides in tissue extracts. Such immunoassays can be used
for the detection of related neuropeptides in other animal species and as monitors for the subsequent pu-
rification and isolation in these species. More recently molecular cloning techniques have been succesfully ap-
plied in detection of genes coding for neuropeptide precursors and been instrumental in the detection of mul-
tiple neuropeptide isoforms. A large number of insect peptides have been isolated and sequenced by now
(examplified in Table 1). The largest number of peptides isolated from a single species of insect are from the lo-
cust Locusta migratoria, where the number is approaching 40 (Schoofs et al, 1993). The total number of dif-
ferent peptides from all insect species studied is nearing 200 and with molecular cloning techniques, and deduc-
tion of peptides from their precursor codons, this number is steadily increasing.

The impact of immunohistochemistry on our understanding of the chemical heterogeneity of neurons and com-
plexity of chemical signalling has been great. Certainly, our understanding has also benefited from the availability
of synthetic peptides (as a result of improved isolation and sequencing techniques) for pharmacological experiments,
progress in electrophysiological recording techniques, advances in molecular biology leading both to cloning of pep-
tide precursors and receptors as well as other components in the signal transduction pathway (see Dores et al.,
1990; Restifo and White, 1990; Buchner, 1991; Battey et al., 1993; Benjamin and Burke, 1994).

2. What make neuropeptides special?

Neuropeptides are formed as cleavage products from large precursor proteins encoded in the genome. Neu-
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ropeptide precursor synthesis takes place in the cell body of the neuron or neurosecretory cell by the same mechan-
isms as for regular protein synthesis. The primary structure is encoded in exons of a gene, together with initiating,
processing and regulatory sequences. After transcription into pro-mRNA, splicing leads to removal of introns (non-
coding sequences) and the coding mRNA is translated into a preprohormone. The preprohormone commonly con-
tains a signal sequence and one or several copies of neuropeptide(s). By posttranslational processing the final bioac-
tive peptide products are produced. Posttranslational processing includes enzymatic cleavage of the peptide(s) from
the precursor, and other modifications such as C-terminal amidation, glycosylation, sulfation and N-terminal py-
roglutamate formation. These posttranslational modifications occur within the secretory pathway, the endoplasmic re-
ticulum, the Golgi apparatus and in the secretory vesicles. After release and action the peptides are degraded by en-
zymes (endo- and exopeptidases) associated with the cell membrane (see Masler et al,, 1993).

The primary structure of neuropeptides is thus directly dependent on the nucleotide codons and single point
mutations suffice to change amino acids in a peptide. It is presumed that the neuropeptide diversity we see in
organisms is the result of different forms of gene duplications followed by diversification by mutations (Ohno,
1970; Doolittle, 1981; Otsuka and Yoshioka, 1993). Repeated internal gene duplications may result in gen-
eration of multiple coding sequences for bioactive peptides with the same primary structure. Since one or a few
of these will be sufficient for synthesis of physiological amounts of peptide, other coding sequences can be alt-
ered by mutations without serious drawbacks for the organism. With time these novel neuropeptides may get
their own physiological functions after co-evolution of novel receptors. Duplications of whole genes also seems
to have occurred, after which the peptides encoded on the duplicate gene were available for alteration by mu-
tations. The new genes may thus eventually encode similar but functionally different neuropeptides. Examples
of possible gene duplications and internal gene duplications are provided by the two known precursors of the
FMRFamide-related peptides (FaRPs) in Drosophila. Two different precursors have been isolated which contain
FaRPs. One precursor contains only two copies of FaRPs the drosulfakinins I and II (Nichols ef al., 1988). The
other gene contains 13 FaRP sequences, 5 of which are identical, and an additional sequence resembling cor-
ticotropin releasing hormone (Nambu er al., 1988; Schneider and Taghert, 1988). In this gene one FaRP se-
quence seems to have become duplicated several times and then some copies may have undergone mutational
changes, resulting in five intact DPKQDFMRFamide sequences and eight changed forms. A third FaRP pre-
cursor seems to be present in Drosophila, since a new FaRP was recently isolated biochemically that is not en-
coded on any of the two known precursors (Nichols, 1992).

Several insect neuropeptide precursors have been deduced from molecular cloning (some from several
species): AKH, bombyxin, eclosion hormone, prothoracicotropic hormone, diapause hormone (with phero-
mone biosynthesis activating neuropeptide), locust insulin-like peptide, diuretic hormone, neuroparsin A, al-
latostatins, corazonin and two different FaRP encoding precursors (for original references see Nagasawa,
1992, 1993; Nassel 1993a; Donley et al., 1993; Sato et al., 1993; Veenstra, 1994). Several of these are or-
ganized similar to the FaRP precursors with several peptides encoded (natural analog series), like the al-
latostatin and diapause hormone precursors (Donley et al., 1993; Sato et al., 1993).

3. The different patterns of peptide expression

Specific neuropeptides are each expressed in stereotyped patterns of neurons or in neurons and additional



Neuropeptide Diversity in the Insect Nervous System: what are the functional implications 15

cell types such as neurosecretory cells and endocrine cells. The pattern of expression may give us some in-
dications of the function or at least sites of release of the peptides. Thus one of the first aims after isolation
of novel neuropeptides is to map their distribution. The most common method to display peptide expression
is by immuncytochemical detection using antisera raised against chosen portions of the peptide or the whole
molecule (in each case commonly a peptide sequence conjugated to a carrier protein). More recently molec-
ular biology has provided us with probes such as labeled nucleotide probes that in tissue can detect mes-
senger RNAs encoding the neuropeptides in question.

Using these techniques, especially immunocytochemistry, we have quite good ideas how insect neu-
ropeptides are distributed in the brain and other parts of the nervous system in some groups of insects (see
Nissel, 1987, 1991, 1993a; Nissel et al., 1994; Schoofs et al., 1993; Agricola and Briunig, 1994, Homberg,
1994). The best studied insect species are not representatives of major groups or types of insects, but they
rather represent some of the major laboratory insects that have been used over the years in physiology and
endocrinology as well as anatomical studies. Most published work on neuropeptide distribution thus relates
to locusts, moths, cockroaches and dipteran flies (blowflies and Drosophila); the runner ups would be crick-
ets, hemipteran bugs (Rhodnius) and the coleopterans (e. g. Colorado potato beetle and Tenebrio). Studies
on neuropeptide action have also been performed on the same limited selection of insects, although certain
aspects have in addition been employing mosquitos and stick insects. The following account will con-
centrate on work on locusts, cockroaches and flies, although mention of other insects is made when ap-
propriate.

Four main types of peptide expression patterns can be distinguished in the nervous system. (1) Peptide
distributed only in neurosecretory cells (or predominantly in these cells); (2) Peptide restricted to a small
number of interneurons; (3) Peptide expressed in larger population of interneurons (interneurons of many
types); and (4) Peptide found in a mixture of many neurosecretory and interneuron types {(or even mo-
torneurons and other efferents). We shall also see that some neuropeptides are distributed in similar patterns
in different insect species (maybe even in homologous neurons or neuron clusters), whereas other neu-
ropeptides appear to have species variations in expression pattern. This variation commonly manifests itself
as the existence of a certain rudimentary population which is invariant (found in the different species) and a
superimposed variable set of differing size and location in different species. In the next sections I will brief-
ly deal with the four types of peptide expression and also discuss the possible relevance of several peptide
isoforms in those cases they have been indicated. The four patterns will be examplified with a few neu-
ropeptides only to avoid too much confusion: (1) Predominant neurosecretory cell distribution: Corazonin,
adipokinetic hormones, eclosion hormone and others; (2) Expression in small number of interneurons: pig-
meni-dispersing factors; (3) Large population of interneurons: insect tachykinins; and finally (4) Mixed po-
pulation: myokinins or leucokinin-related peptides.

1) Pattern 1: Predominant expression in neurosecretory cells
Some neuropeptides have only been demonstrated in neurosecretory cells or endocrine cells, like adi-

pokinetic hormones (Schooneveld ef al., 1986; Orchard, 1987), eclosion hormone (Copenhaver and Truman,
1986; Ishizaki and Susuki, 1992), prothoracicotrepic hormone and bombyxin (Ishizaki and Susuki, 1992),
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Manduca and Locusta diuretic hormones (Veenstra and Hagedorn, 1991; Patel et al., 1994) and neu-
roparsins (Tamarelle and Girardie, 1989). One would assume that these neuropeptides act solely as neu-
rohormones released into the circulation. This does not preclude that they each may have a spectrum of phy-
siological actions as has been demonstrated for e. g. adipokinetic hormones (Orchard, 1987; Gade, 1990;
O'Shea and Rayne, 1992). Also, as we shall see at the end of this section, the possibility exists that a neu-
ropeptide has different actions in different species (even if the peptide structure is well preserved). Certainly
it is much easier to search for the actions of neurohormonal neuropeptides than interneuronal neuropeptides.

It is of interest that some neuropeptides are expressed predominantly in neurosecretory cells and a minor
population of what may be interneurons. One such peptide is corazonin which was first isolated from Peri-
planeta americana (Veenstra, 1989), and then demonstrated in identical form in other insects including Dro-
sophila (Veenstra, 1991, 1994). In Periplaneta both interneurons and neurosecretory cells of the lateral neu-
rosecretory cell group (LNC) were demonstrated by immunocytochemistry (Veenstra and Davis, 1993;
Predel et al., 1994). However, in the cockroach L. maderae (Predel et al., 1994) and the blowfly Phormia
terraenovae (Cantera et al., 1994) the number of interneurons is very small. In P. terraenovae there are ac-
tually only two interneurons in the brain (as compared to 14 cells in the LNC group). Could it be assumed
that the neurohormonal role of corazonin in the blowfly is more prominent than its role in the two in-
terneurons or is it even possible that the expression of corazonin-immunoreactivity in the two interneurons
is due to cross reactivity or non-functional expression due to poor gene regulation?

It is noteworhy that, although the peptide structure is well preserved, the action of corazonin seems to
vary between species. Corazonin was originally isolated from corpora cardiaca by its cardioacceleratory ac-
tion in P. americana (Veenstra, 1989). The peptide also induces contractions in hyperneural muscle and the
antennal pulsatile organ of the same species (Predel et al., 1994). The response to corazonin of these mus-
cles was tested in 8 different cockroach species and it was found that only in three species did the heart
respond and clear effects on the other muscles were seen only in P. americana. Obviously, there must be
other targets for corazonin in these species. One may even ask whether the main function of corazonin is as
a cardioacceleratory hormone. Corazonin, like a number of other myoactive peptides (see Holman et al.,
1991; Schoofs ef al., 1993) were isolated by convenient and sensitive assays which may not tell us much a-

bout the main physiological functions of the peptides.
2) Pattern 2: Peptide expression in small population of interneurons

It is rare to see a neuropeptide expressed only in a small population of interneurons in the insect brain. A
few examples are a neurokinin A-like peptide in the cockroach optic lobe (Nissel, 1991; Nissel et al.,
1992b), sulfakinins in a small set of descending neurons of Drosophila and Calliphora (Tibbets and Ni-
chols, 1993; Duve et al., 1994) and pigment-dispersing hormone-related peptide in neurons associated with
the optic lobes of a variety of insects as discussed in the following.

Several closely related octadecapeptides have been isolated from crustaceans and insects by their ability
to disperse pigment in chromatophores of fiddler crabs (Rao et al., 1985, 1991). These peptides were desig-
nated pigment-dispersing hormones (PDH) in crustaceans and pigment-dispersing factors (PDF) in insects.
The sequence of cockroach (Periplaneta americana) PDF is NSELINSLLGLPKVLNDAamide (Mohrherr et
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al., 1991) and other insect PDFs are quite similar. In insects only one isoform of PDFs has been detected in
those species were analysis has been made, whereas more isoforms may be present in some crustaceans
(Rao et al., 1991; Klein et al., 1994). In orthopteran, blattarian and dipteran insects the peptide of PDF type
seems to be expressed in well defined populations of interneurons in the brain. These interneurons are as-
sociated with the optic lobes (Homberg et al., 1991; Nissel ef al., 1991, 1993; Helfrich-Forster and Hom-
berg, 1993; Stengl and Homberg, 1994). In orthopterans (except crickets), cockroaches and flies some of
these PDF containing neurons form strong bilateral connections between optic lobes and have processes in
the so called accessory medulla, a small neuropil which in some insects receive inputs from extraocular pho-
toreceptors (Hagberg, 1986, Nissel et al., 1988; Fleissner et al., 1993). The morphology and projections of
these optic lobe PDF neurons suggested that they are incorporated into a bilaterally synchronized circadian
pacemaker system (Homberg et al.,, 1991). A more extensive study in the cockroach L. maderae, has pro-
vided further evidence for the role of PDF containing neurons in circadian pacemaker functions (Stengl and
Homberg, 1994). In this study the circadian locomotor activity of the cockroaches was examined after le-
sions of the PDF neurons (subsequently probed by immunolabeling). The circadian locomotor rhythm was a-
bolished after lesion of both optic tracts (severing the bilateral PDF pathway). In Drosophila some of the
PDF containing neurons also contain the period protein, a gene product involved in circadian regulation
(Helfrich-Forster, 1994; see also Zerr et al., 1990).

The PDF-containing neurons in the brain of many insects thus seem to be a rather homogeneous po-
pulation of neurons (two types of optic lobe neurons, one of which has not been so well characterized). In
the brain of these species the PDF-like peptide may thus have a single function as a regulator in circadian
activity patterns. It is, however, not yet clear for any insect what the actions of PDFs are and by what
mechanisms they act. And as usual, things are never as simple as one wants them to be. In some insect
species there appear to be additional populations of PDF containing neurons. For instance in the blowfly
brain there is a small population of lateral neurosecretory cells displaying PDF-immunoreactivity. In the
same species, as well as in Drosophila, there are also six large efferent neurons in the last neuromeres of
the abdominal ganglion with processes innervating the hindgut which are PDF immuoreactive. The find-
ing of additional PDF-immunoreactive neurons could have several explanations: (1) that in some species
PDF-like peptide has additional functions, i. e. neurchormonal actions and myotropic action on hindgut
muscle: (2) that additional PDF isoforms exist in some species and these are expressed in additional neu-
rons, (3) that the PDH antiserum cross reacts with a non-PDF-like peptide in the additional neurons (this
peptide must share some epitope with PDH) and (4) that in some species there are additional neurons ex-
pressing PDF-like peptide due to poor regulation of gene transcription and further translation and pro-
cessing.

3) Pattern 3: Peptide expression in diverse population of interneurons, examplified by insect
tachykinins

Tachykinins constitute a large family of peptides found both in vertebrates and invertebrates. The best
known tachykinin is substance P (Otsuka and Yoshioka, 1993). The originally isolated tachykinins all have
a C-terminal pentapeptide with the sequence FXGLMamide. More recently, however, some forms of ta-
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chykinin-like peptides were isolated from invertebrates which have sequence identities in other portions of
the molecule and a C-terminus pentapeptide FXGVRamide. Substance P is a multifunctional messenger in
mammals and can act both as an excitatory neurotransmitter and as a modulator involved in regulation of
sensory processing, movement control, gastric motility, vasodilation, salivation, and micturation (Hershey et
al.,, 1991; Otsuka and Yoshioka, 1993). As we shall see later, the tachykinin-related peptides of insects are
also diverse in structure and may share some of the functions with their mammalian relatives. There are,
however, so far no reports on the structure of insect tachykinin precursors or the genes encoding them.

The first insect peptides resembling tachykinins, locustatachykinin I-IV (LomTK I-1V) were isolated from
the locust, Locusta migratoria (Schoofs et al., 1990a,b), by means of the Leucophaea maderae hindgut con-
traction bioassay. The locustatachykinins (Table 3) display about 30-40% amino acid homologies with the
vertebrate tachykinins, but in the C-terminal pentapeptides the differences are so large that the insect pep-
tides have been placed in a separate subfamily (Schoofs et al., 1993). Since the four peptides were isolated
from extracts of dissected brains with corpora cardiaca- corpora allata complexes, the exact tissue dis-
tribution of LomTK I-IV was initially obscure. By in vitro assays several actions of locustatachykinins were
established: stimulatory action on locust foregut and oviduct muscle, stimulatory action on locust hindleg ex-
tensor tibia muscle (Schoofs et al., 1993) and pheromonotropic activity on moth (Bombyx mori) pheromone
glands (Fonagy et al., 1992). Later, two tachykinin-related peptides, callitachykinin I and II, were isolated
from the blowfly Calliphora vomitoria (Lundquist et al., 1994a).

Antisera were raised against LomTK I (Nissel, 1993b) and it was found that large numbers of neurons
(about 800) were immunolabeled in the locust brain (Nissel, 1993b). The cell bodies of the lo-
custatachykinin-immunoreactive (LomTK-IR) neurons in the brain are distributed in all neuromeres and
have processes in most neuropil regions. Most, if not all, neurons in central ganglia appear to be in-
terneurons. A few LomTK-IR neurons in the protocerebrum project to the glandular lobe of corpora car-
diaca. They form terminals innervating the adipokinetic hormone (AKH) producing glandular cells and
since LomTK I induces release of AKH I from locust corpora cardiaca in vitro, these LomTK-IR neurons
may be involved in control of release (Nissel et al., 1995). LomTK-IR cell bodies and processes were also
found in the frontal ganglion and processes in the hypocerebral ganglion. The distribution of LomTK-IR
neurons and fibers indicate involvement in sensory processing (antennal lobes, optic lobes, ocellar neuropil),
higher motor control (central body complex), control of foregut (frontal ganglion) and processing in higher
multimodal centers such as the mushroom bodies. It is important to note that the LomTK antisera we raised
recognize LomTK I-III and to a lesser extent LomTK IV (Lundquist et al., 1994a) and we thus display all
these peptides in immunocytochemistry. Therefore we have no data on the distribution of the individual iso-
forms: colocalization versus differential distribution remains an open question.

In the cockroach L. maderae a similar distribution of LomTK-IR neurons was seen in the brain (Muren et
al., 1995). In addition endocrine cells of the midgut were labeled and immunoreactive fibers were found on
muscle of the foregut, midgut and on the pharyngeal dilator muscles in the head (these structures were not
studied in the locust). Thus tachykinin-like peptides may have additional roles in intestinal function and con-
trol of skeletal muscle (Muren et al., 1995). In the blowfly, the callitachykinins are distributed in in-
terneurons and endocrine cells of the intestine only (Lundquist et al., 1994b; Nissel et al., 1995).

What are the possible functions of tachykinin-like peptide in the nervous systems of locust, cockroach
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and flies? In the locust and cockroach brain the distribution of immunoreactive fibers in nearly every neu-
ropil region indicates a wide distribution of release sites and thus presumably actions are widespread. The
rich supply of LomTK-LI fibers to the antennal lobes, central complex, optic lobes, ocellar neuropil, mush-
room bodies, tritocerebrum, pars intercerebralis and glandular lobe of corpora cardiaca, suggest that lo-
custatachykinin-like peptides are involved in sensory processing, higher motor control, learning, feeding and
release of hormones. These are types of actions known also for the mammalian tachykinins (Otsuka and
Yoshioka, 1993). Whether the action of the LomTKs in the CNS are as primary neurotransmitters or as neu-
romodulators is not known, but it seems likely that these peptides, like their mammal counterparts (with
some exceptions) act as neuromodulators via second messengers. An important issue that is now being ad-
dressed in our laboratory is the possibility that the different isoforms have different actions and have dif-
ferent physiological roles.

4) Pattern 4: Peptide expression in large mixed populations of cells, examplified by leucokinin-
like peptides

A number of insect neuropeptides are expressed both in neurosecretory cells and neurons. Examples are
the FMRFamide-related peptides, proctolin, allatostatins and leucokinins (see Nissel, 1993a; Homberg,
1994). Here we shall deal with the leucokinins since they illustrate quite well problems connected with
species variations, the question of differential distribution and function of neuropeptide isoforms and the di-
lemma caused by lack of systematic screening of peptide actions.

In the late eighties, eight myotropic peptides, designated leucokinin I-VIII (LK I-VIII), were isolated from
whole heads of the cockroach Leucophaea maderae, with the aid of a sensitive hindgut contraction bioassay
(Holman et al., 1986, 1990, 1991). With the use of the same bioassay and similar purification schemes
closely related peptides were isolated from a cricket and a locust species: five achetakinins (AK I-V) and
one locustakinin (LomK) (Holman et al., 1990, 1991; Schoofs et al., 1992). More recently three leucokinin-
like peptides, culekinin depolarizing peptides (CDP I-III), were isolated from the mosquito Culex salinarius
(Clottens et al., 1993) and another three from Aedes aegypti (Veenstra, 1994). The leucokinins were the
first clear example in insects of a natural analog series of isopeptides in one species. The leucokinins have
nearly identical C-terminal pentapeptides; the carboxy terminal pentapeptide has the structure FXSWGamide,
where X is either N, S, H or Y (in locustakinin X is S). The achetakinins have the C-terminus pentapeptide
FX,X,WGamide, where X; Y, S, Nor Hand X, is P or S.

The action of leucokinins on the cockroach hindgut is an increase in the frequency and amplitude of spon-
taneous phasic contractions at lower concentrations and with a tonic component in higher concentrations
{Holman et al., 1986; Cook and Wagner, 1991). These actions are calcium dependant. Leucokinins also act
on the foregut and oviduct, but only at 100-1000 times higher concentrations and the heart did not give con-
sistent responses (Cook and Wagner, 1991). The dose concentrations that give half maximal response (EDs)
on the hindgut for the eight leucokinins vary somewhat and LXK VI, LK VI and LK V are the most potent.
it was also shown that the leucokinins, achetakinins and locustakinin induce fluid secretion in Malpighian
tubules of mosquitos, crickets and locusts (Hayes et al., 1989; Coast et al., 1990; Patel et al., 1994) and
again the potencies varied. In the cricket assay AK V is the most potent with an EDs, of 0.018 nM and AK
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III is least potent with an EDs, of 0.324 nM (Coast et al., 1990).

The achetakinins I, IT and V are also potent in causing lipid mobilization and inhibiting protein synthesis
in cricket and locust fat body, similar to Acheta adipokinetic hormone (Goldsworthy et al., 1991). The sim-
ilar actions of achetakinins and AKH could be explained by the molecular conformations (secondary struc-
ture) of the two peptides being similar, but Goldsworthy et al. (1991), however, argue that AKHs and ache-
takinins probably have different receptors on fat body (at least in the locust) and act via different second
messenger systems. We will return to the action of leucokinins/achetakinins on the visceral muscles and
Malpighian tubules later, but we should note that there are indications that the different myokinins may
have different receptors and thus possibly have different physiological functions.

The distribution of leucokinin immunoreactive (LK-IR) peptide in the nervous system of the cockroach L.
maderae was surprisingly diverse (Nissel et al., 1992a). About 160 LK-IR neuronal cell bodies were found
in the brain. All of these were located in the protocerebrum, although their processes were found also in
deuto and tritocerebrum. The brain neurons appear to be of 8 main types: lateral and median neurosecretory
cells, local optic lobe neurons, descending neurons connecting protocerebrum with antennal lobes and the
ventral cord, and about four types of local or bilateral interneurons in the midbrain (Nassel et al., 1992a).
The LK-IR lateral and median neurosecretory cells send axons to the neurohemal organ termed corpora car-
diaca where they terminate in the storage lobe. In the subesophageal ganglion 8 weakly leucokinin im-
munoreactive neurons were seen and in each of the thoracic ganglia 4-6 strongly labeled and two clusters of
4-6 weakly labeled cell bodies were revealed. Each of the abdominal neuromeres contain two pairs of ef-
ferent neurons which could be labeled with their axons projecting through the posterior abdominal nerve
roots, via the link nerve to varicose terminations in the lateral cardiac nerve.

A substantial component of the LK-IR neurons are neurosecretory cells with release sites either in the
cephalic neurohemal organ, corpora cardiaca, or in the abdominal release sites in the lateral cardiac nerves
adjacent to the contractile aorta (heart). It can thus be proposed that the peripheral actions of leucokinins at
¢. g. Malpighian tubules and hindgut are mediated by hormonally released leucokinin(s).

A first indication of the differential distribution of leucokinins I-VIII has been obtained with the use of a
specific antiserum raised to achetakinin I, which also specifically recognizes LK VIII (Meola et al., 1994).
When the AK I antiserum was applied to the central nervous system of L. maderae Meola et al. (1994)
found labeling of only a small subset of the neurons labeled with our LK I antiserum. In the median neu-
rosecretory cell group only 24 of the about 100 LK-IR cell bodies could be labeled and in the lateral group
only two pairs as compared to seven pairs (see Fig 1). No other neurons were found in the brain with the
AK 1 antiserum. Similarily, only a smaller number of neurons were labeled in the thoracic ganglia. The find-
ings of Meola et al. (1994) indicate that LK VIII has a restricted neuronal distribution in the cockroach ner-
vous system and since the AK-IR neurons were barely detectable with our more general leucokinin an-
tiserum it could well be that the other leucokinins are not colocalized with LK VIIL

Leucokinin-like immunoreactive material has been demonstrated in neurons in many species of insects:
cockroaches, locusts, a cricket, blowflies, Drosophila, mosquitos, a crane fly, the honeybee, and moths (Ni
ssel and Lundquist, 1991; Nissel et al.,, 1992a; Cantera and Nissel, 1992; Cantera et al., 1992; Clottens et
al., 1993; Nissel, 1993b; Chen et al., 1994a,b; Meola et al., 1994). When comparing different insects it is
obvious that there are species differences in immunolabeling with LK I antiserum (also seen when using
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LK IV antiserum). Interestingly, however, some main types of LK-IR neurons can be found in insects
representing Diptera, Lepidoptera, Orthoptera, Blattodea and Hymenoptera. These are the LK-IR lateral neu-
rosecretory cells of the abdominal ganglia which in all studied species have axons leaving a posterior ab-
dominal nerve root and supply processes to neurohemal organs and/or areas in the abdomen (Nissel, 1994).
Also, in all species, except the bee (Chen et al., 1994a), LK-IR neurosecretory cells are found in the cere-
bral ganglia (Nissel, 1994).

The pattern of interneurons in the brain displaying leucokinin immunoreactivity, however, varies between
the insect orders. In fact we have even detected a significant difference between two species of blowfly Cal-
liphora vomitoria and Phormia terraenovae (Nissel, 1994). Only a few neurons in the brain of C. vom-
itoria label with antisera to leucokinin I and IV (Nissel, 1994), whereas many more were labeled in the
brain of P. terraenovae (Lundquist et al., 1993; Nissel, 1994). In the Drosophila brain more or less the
same small number of LK-IR neurons were seen as in Calliphora (Nissel, 1994). The LK-IR neurons of
Drosophila and Calliphora are likely to be homologs of a subpopulation of the LK-IR neurons in Phormia.

What can the comparative immunocytochemistry tell us about possible functions of leucokinin-like pep-
tides in the insect nervous system? The cells that appear to contain leucokinin related peptide in all studied
insect species are neurosecretory cells of the brain (except the honey bee) and abdominal ganglia. Thus hor-
monal action(s) of leucokinin-related peptides seem to be important in all studied species. Suggested hor-
monal actions are stimulation of secretion in Malpighian tubules (Hayes et al., 1989, 1994; Coast et al,
1990; Patel et al., 1994), possibly stimulation of contraction in visceral muscle (Holman et al., 1990, 1991)
and activation of lipid mobilization and inhibition of protein synthesis (Goldsworthy et al., 1992). In the lo-
cust it was found that locustakinin is involved in water balance at two sites: LemK increases fluid secretion
in Malpighian tubules and stimulate water reabsorption by the rectum (Schoofs et al., 1993). Hormonal
release of leucokinins has been indicated by demonstration of calcium dependent, potassium stimulated
release of LK-IR material from the L. maderae corpora cardiaca in vitro and presence of physiological lev-
els of immunoreactive material in the hemolymph (Muren er al., 1993). Interneuronal functions of leu-
cokinin-related peptides are not known, but it appears that in the cockroach CNS leucokinins may act in
many types of circuits both within restricted areas and in projection pathways.

Concluding remarks

In the previous sections we have seen that different neuropeptides have distinct distributions in small sub-
sets of neurons of the insect central nervous system. Commonly a given insect neuropeptide is distributed in
less than 0.1% of the neurons of the brain or ventral cord (Nissel 1991, 1993a; Nissel et al., 1994; Agri-
cola and Braunig, 1994; Homberg, 1994). Some neuropeptides are present in very few neurons: for example
in the entire adult central nervous system of the blowfly there are 10 neurons (4 of these in the brain) react-
ing with antiserum to crustacean cardioactive peptide (CCAP) (unpublished) and 16 neurons and neu-
rosecretory cells containing corazonin {Cantera et al., 1994). In Drosophila an antiserum to pigment disp-
ersing hormone labels 22 neurons in the entire central nervous system (Helfrich-Forster and Homberg, 1993;
Nissel et al., 1993). On the other hand some peptides, like LomTK-like peptides and FaRPs, are located in
several hundred neurons and neurosecretory cells in different insect species, but still less than 0.1% of the
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total number (Nassel, 1993a,b, 1994).

Commonly insect neuropeptides, like the leucokinins described above, seem to be present both in a var-
iety of interneurons and in neurosecretory cells (Raabe, 1989; Nissel, 1993a; Schoofs et al., 1993; Hom-
berg, 1994) or even like proctolin additionally in motorneurons (O'Shea and Schaffer, 1985; Orchard ef al.,
1989). Some neuropeptides have, however, been detected only in interneurons or only in neurosecretory
cells of the brain. For example in the brains of locust, cockroach, blowfly and Drosophila tachykinins ap-
pear to be expressed by interneurons only (Nassel, 1993, 1994; Lundquist et al., 1994a; Muren et al., 1995).
In the Drosophila, cockroach and locust brain PDH is exclusively expressed in small populations of in-
terneurons associated with the visual system (Homberg et al., 1991; Helfrich-Forster and Homberg, 1993; N
issel et al., 1993). Peptides such as corazonin, eclosion hormone and PTTHs have been demonstrated only
in neurosecretory cells and authentic AKHs only in glandular cells of the corpora cardiaca (Schooneveld et
al., 1986). Thus insects have explored different neuropeptides to varying extents, ranging from peptides
with discrete functions as neurohormones or single-action central messengers to multifunctional molecules
with extremely diverse sites of release and action.

It seems justified to ask whether peptide-containing interneurons constitute peptidergic systems and thus
whether peptides are primary signalling molecules in the CNS, or if they commonly act in modulation of
synaptic transmission. Primary actions seems to be at hand in some cases: the action of eclosion hormone
and cardioactive peptides on behaviour have been monitored during development of the moth Manduca sex-
ta (Truman, 1973; Tublitz et al., 1986, 1991). These peptides trigger behaviors by initiation of specific mo-
tor patterns. A complex behavior or a physiological response may be programmed into the synaptic con-
nections of a circuit of neurons and the only message encoded into the neuropeptide is to switch on the cir-
cuit. A second role that has become evident from studies of the lobster stomatogastric ganglion is that pep-
tides can modulate the activity in neural circuits or induce shifts between functional networks within a
given set of interconnected neurons (Marder et al., 1993; Selverston, 1993; Marder, 1994).

A distinct action of many neuropeptides in the mammalian CNS is to modulate synaptic transmission (H$
kfelt, 1991). By regulating one or several of the mechanisms involved in synaptic transmission, peptides can
impart fine tuning of signal transfer mediated by primary neurotransmitters. In this capacity the neu-
ropeptide may be utilized in various neuronal circuits with entirely different functions and the peptide can-
not be ascribed a primary function in behavior or physiology. In insects peptides have been found to act as
cotransmitters with modulatory action at peripheral targets (Adams and O'Shea, 1983; O'Shea and Schaffer,
1985). Colocalization of for instance GABA and several neuropeptides in the insect brain suggests similar
action centrally (see Nissel, 1993a, 1994; Homberg, 1994). It is also likely that insect neuropeptides act as
releasing factors or in the activation or inhibition of protein synthesis. Peptides such as prothoracicotropic
hormone, PBAN, AKH, allatostatins and allatotropins have these actions in glands or fat body (Raabe, 1989;
Ishizaki and Susuki, 1992; Masler et al., 1993). The LomTK-LI fiber terminals innervating the AKH pro-
ducing glandular cells of the locust corpora cardiaca and the inducement of AKH I release by LomTK I in
vitro suggest a physiological role of LomTKs in control of AKH release (Nissel et al., 1995). In the brain
involvement in regulation of neurohormone release is suggested from the abundant peptidergic innervation
of the pars intercerebralis where the neurosecretory cells have collateral processes (Raabe, 1989; Nissel,
1993a; Homberg, 1994).



Neuropeptide Diversity in the Insect Nervous System: what are the functional implications 23

At present the most promising approaches for analysis of peptide function and mechanisms in peptide ac-
tion still rely on peripheral tissues, such as visceral, skeletal and heart muscles, Malpighian tubules, salivary
glands, pheromone glands, fat body and endocrine tissues (e. g. Raabe, 1989; O'Shea and Schaffer, 1985;
O'Shea et al.,, 1985; Osborne et al., 1990; Holman et al, 1991, Goldsworthy et al., 1992; Masler et al,,
1993; Schoofs et al., 1993; Stay and Woodhead, 1993; Evans, 1994). This would restrict the investigator to
peptides expressed in neurosecretory systems, endocrine cells and neurons with effrent axons to peripheral
targets. It is, however, hoped that experimental approaches will be developed to also enable assay of central
functions of peptides in small brains such as those in insects. Focal injections and miniature assays of re-
gionalized release of peptides are not yet feasible at a relevant resolution in insects. The hopes are instead
probably to be put on advances in molecular genetic approaches to analysis of peptidergic signalling (see Se-
gal, 1993). Some progress has already been made with respect to cloning of neuropeptide receptors and
components of the second messenger systems. Quite a bit more has been accomplished with respect to the
molecular biology and genetics of the components of the signalling pathways of acetylcholine, the amino
acid transmitters and the monoamines (see Restifo and White, 1990; Buchner, 1991) and it is likely that we
will see further advances also for peptidergic pathways.
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