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A major factor in the recognition of the diverse roles 
of neuropeptides in the nervous system was the develop- 
ment of radioimmunoassays and immunohistochemistry 
(see Guillemin 1978; H6kfelt et al. 1980; Krieger 1983). 
It became clear that not only neurosecretory cells, but 
also neurons use neuropeptides as messengers, and the 
impact of immunohistochemistry on our understanding 
of the chemical heterogeneity of neurons and the com- 
plexity of chemical signalling has been great. Since the 
late 1970s, when about 20 neuropeptides were known 
in mammals, considerable effort has been directed at 
why the central nervous system operates with so many 
neuropeptides, in addition to the fast neurotransmitters 
and the monoamines. Consequently, a large number of 
additional neuropeptides have been sequenced, and their 
distribution patterns, often colocalized with other neu- 
roactive compounds, have been found to be extremely 
complex. Also, in the last 20 years much has been 
learned about the diverse roles of neuropeptides, 
especially how they regulate neurotransmission (Leh- 
mann 1990; Krause etal. 1990; Cooper etal. 1991; 
H6kfelt 1991). 

Many important achievements in neuropeptide biolo- 
gy have been made with invertebrates as experimental 
animals. Invertebrates offer unique opportunities to 
study neuropeptides at the single cell level due to the 
presence of large identifiable neurons that are embedded 
in comparatively simple circuits or that have targets ac- 
cessible for analysis of peptide action (Scheller et al. 

Abbreviations: A alanine; C cysteine; D aspartate; E glutamate; 
F phenylalanine; G glycine; H histidine; I isoleucine; K lysine; 
L leucine; M methionine; N asparagine; P proline; Q glutamine; R 
arginine; S serine; T threonine; V valine; W tryptophan; Y tyro- 
sine 

1984; O'Shea and Schaffer 1985; O'Shea et al. 1985; 
Tublitz et al. 1986, 1991; Scharrer 1987; Scheller and 
Kirk 1987; Kobayashi and Suzuki 1992). As will be 
shown here, insects, such as locusts, cockroaches, moths 
and flies, have served as handy preparations in neu- 
ropeptide research. 

The first insect neuropeptides to be isolated in pure 
form and sequenced from insects were proctolin (Starrat 
and Brown 1975) and adipokinetic hormone (AKH; 
Stone et al. 1976). Over the last 15 years many more 
insect neuropeptides have been sequenced (see Holman 
et al. 1990b, 1991; De Loof and Schoofs 1990; Hage- 
dorn et al. 1990; Konopinska et al. 1992; Menn et al. 
1991; Kobayashi and Suzuki 1992). A number of these 
were, as in the vertebrates, isolated with the use of bioas- 
says so that some information on the biological action 
of these insect neuropeptides was available from the out- 
set, and often their first determined functions were as 
neurohormones. Also in insects neuropeptides are pres- 
ent in interneurons and motor neurons, in addition to 
neurosecretory cells, and certain neuropeptides may 
function both as hormones and neurotransmitters or 
neuromodulators (O'Shea and Schaffer 1985; Raabe 
1989; Menn et al. 1991). 

A detailed map of peptide-containing neurons and 
their pathways is useful as a starting point when search- 
ing for sites of release and action for subsequent determi- 
nation of functional roles of different peptide mes- 
sengers. Immunohistochemistry of neuropeptides in in- 
sects was initially performed with heterologous antisera, 
raised against mammalian peptides (Kramer et al. 1977; 
Remy et al. 1977; E1 Sahly et al. 1980). Not until the 
early 1980s were the neuronal distribution patterns of 
the first insect neuropeptides, proctolin (Eckert et al. 
1981 ; Bishop et al. 1981) and AKH (Schooneveld et al. 
1983), mapped. A very large number of papers have 
now been published on the distribution of immunoreac- 
five insect peptides and material recognized by heterolo- 
gous antisera to vertebrate and other invertebrate neu- 
ropeptides (see De Loof 1987; Raabe 1989; N/issel 
1991), and a complete account is not given here. Instead, 
this review outlines the distribution in the insect brain 



o f  a select ion o f  neuropep t ides ,  in pa r t i cu l a r  ones tha t  
have been sequenced f rom insects,  to i l lumina te  pr inci -  
ples o f  o rgan i za t i on  o f  pu ta t ive  pep t ide rg ic  pa thways .  
D u e  to space l imi ta t ions  the n e u r o p e p t i d e  d i s t r ibu t ion  
pa t t e rns  are i l lus t ra ted  ma in ly  f rom d ip t e r an  insects,  bu t  
d a t a  a re  given also for  o the r  insect  species. The  jus t i f ica-  
t ion for  the genera l  t i t le o f  this review is tha t  mos t  o f  
the d a t a  on n e u r o p e p t i d e  b io logy  summar i zed  here is 
f rom studies o f  insects o the r  than  d ip terans .  

I t  is clear  tha t  m a n y  pep t ide rg ic  h o r m o n e s  or  neu- 
r o h o r m o n e s  have def ined  ac t ions  in insects,  inc luding  
i m p o r t a n t  effects on  behav io r  r egu la t ion  (see O ' S h e a  and  
Schaffer  1985; Tubl i tz  et  al. 1986, 1991; R a a b e  1989; 
H o l m a n  et al. 1990b;  M e n n  et al. 1991), bu t  w h a t  are 
the funct ions  o f  neu ropep t ide s  in in te rneurons  o f  in- 
sects? 

Chemistry of neuropeptides and problems 
with their detection 

To understand the problems in localizing neuropeptides to specific 
neurons with immunocytochemistry, it is important to consider 
how neuropeptides are synthesized and processed by neurons and 
neurosecretory cells. The known neuropeptides range in size from 
3 amino acid residues (thyrotropin-releasing hormone) to more 
than 50, e.g., insulin. Neuropeptides are generated from larger pre- 
cursor proteins, in the size range of 90-250 amino acids. Biosynthe- 
sis of these precursors requires gene activation, DNA transcription, 
and RNA translation as for regular protein synthesis (see Eipper 
et al. 1986; Sossin et al. 1989; Dores et al. 1990). Using recombin- 
ant DNA techniques the search for genes encoding for neuropep- 
tide precursors has been quite successful, and amino acid sequences 
of many prohormones and the neuropeptides possibly generated 
from them have been deduced, including several insect prohor- 
mones: AKH, bombyxin (PTTH), eclosion hormone, FMRFa- 
mide-related peptides, and pheromone biosynthesis-activating neu- 
ropeptide (see Nambu et al. 1988; Nichols et al. 1988; Schneider 
and Taghert 1988 ; Horodyski et al. 1989; Iwami et al. 1989 ; Heki- 
mi et al. 1991 ; Davis et al. 1992). 

The precursors may contain multiple copies of a given neu- 
ropeptide sequence, as for example the precursors of the FMRFa- 
mide-related peptides (Schaefer et al. 1983; Nambu etal. 1988; 
Schneider and Taghert 1988). The biologically active peptide prod- 
ucts of the prohormones are produced by a few different mecha- 
nisms. One is posttranslational processing by means of enzymatic 
processes within the secretory pathway: cleavage into smaller pep- 
tides, e.g., at pairs of basic amino acids, amidation at the carboxy 
terminus, glycosylation of asparagine residues, sulfation of tyrosine 
residues, and pyroglutamate formation by cyclization of glutamine 
(Eipper et al. 1986; Sossin et al. 1989; Dores et al. 1990). The bio- 
synthesis of peptide precursors can involve two mRNAs as seen 
for the locust AKHs (Hekimi et al. 1991 ; O'Shea and Rayne 1992) 
where two mRNAs are translated into two prohormones (pro- 
AKH-I and proAKH-I]), which are oxidized into three dimeric 
precursors. These in turn are processed into monomeric AKHs 
and dimeric AKH-precursor-related peptides (APRPsl-3). In some 
cases the different peptide products of a given precursor can be 
demonstrated immunocytochemically in the same neurons. Tissue- 
specific posttranslational prohormone processing, however, also 
occurs. This may be by differential endoproteolytic cleavage of 
the peptide products, as well as by other modifications listed above, 

Another major mechanism by which different peptide products 
arise is by alternate splicing of the primary transcript, leading to 
tissue-specific expression of neuropeptides. One example is the 
splicing of the tachykinin message. In the rat central nervous system 
(CNS) the RNA splicing gives rise to an mRNA encoding for 

substance P, whereas the predominant splicing pattern in the gut 
gives rise to mRNA encoding both for substance P and substance 
K (Krause et al. 1990). An interesting example of alternate RNA 
splicing has been demonstrated for the FMRFamide gene tran- 
script in the snail Lymnaea stagnalis (Saunders et al. 1992). This 
differential splicing differs from that in the vertebrate systems in 
that the processing is cell specific rather than just tissue specific. 
So far alternate splicing of neuropeptide transcripts has not been 
demonstrated for insects. 

One important consideration when attempting to determine the 
cellular localization of neuropeptides is that colocalized peptides 
may be differentially distributed within the processes of a single 
neuron (or neurosecretory cell). In Aplysia it has been shown that 
the peptide products of the precursor of egg-laying hormone, the 
bag cell peptides and egg-laying hormone, are sorted and trans- 
ported to different processes of the same cell (Sossin et al. 1989). 

A recent discovery, which may have wide implications for our 
understanding of neuropeptide synthesis, is that in the rat vasopres- 
sin and oxytocin mRNAs can be transported from the hypothala- 
mic perikarya to the axon terminals in the posterior pituitary 
(Mohr et al. 1991). This raises the possibility that protein synthesis 
occurs in axon terminals, although the components of a protein 
synthesis machinery have not yet been observed in axons. 

The neuronal expression of precursors and different stages of 
processed neuropeptides (which may be tissue or neuron specific), 
the production of related peptides from the same precursor, as 
well as the existence of many neuropeptides from different precur- 
sors sharing amino acid sequences, may cause problems in interpre- 
tation of immunocytochemical results. 

The problem of antiserum specificity for neuropeptide identifi- 
cation is well recognized (Van Leuwen 1986; Veenstra 1988), but 
actually many of the immunocytochemical studies on the mamma- 
lian nervous system have to a large extent been confirmed by in 
situ hybridization histochemistry with nucleotide probes to peptide 
precursors (H6kfelt 1991). However, when using antisera to hetero- 
logous neuropeptides, which was commonly done in insects earlier, 
problems of interpretations are acute (see Thorpe and Duve 1987; 
De Loof 1988 ; Veenstra 1988). Another drawback with immunocy- 
tochemistry is that although the morphology of the peptide-con- 
taining neurons often can be displayed in great detail, some parts 
of the neurons, e.g., dendrites, may remain unlabeled in insects, 
as has been shown by combining immunostaining with intracellular 
dye injection (Thompson et al, 1991). 

Neuropeptides in insects: a general introduction 

The to ta l  n u m b e r  o f  d i f ferent  insect  n e u r o p e p t i d e  se- 
quences exceeds 100, inc luding  all species var iants ,  and  
cont inues  to grow. These  pep t ides  can be a r r anged  in 
a b o u t  20 groups ,  some o f  which  have  been referred to 
as famil ies  (see Tables 1 and  2). The  g roups  are  based  
on  homolog ie s  in a m i n o  acid  sequence.  Some  pept ides ,  
like p roc to l in  and  C C A P ,  are  ident ica l  in all species ana-  
lyzed (and  they are  thus o r p h a n  pept ides) .  F o r  o the r  
pept ides ,  l ike the F M R F a m i d e -  and  A K H - r e l a t e d  pep-  
tides, there  are n u m e r o u s  m e m b e r s  in the respect ive fam-  
ilies (even wi th in  a species several  m e m b e r s  have been 
identif ied) .  M a n y  o f  these neuropep t ides ,  which for  in- 
s tance m a y  have  dif ferent  N - t e r m i n u s  extensions  and  
a conserved  C- te rminus ,  d i sp lay  cross-act ivi t ies  in differ-  
ent  b ioassays  (Kun iyosh i  et al. 1992; Duve  et al. 1992). 

In  insects a var ie ty  o f  h o r m o n a l  pep t ide  funct ions  
are  k n o w n  in d iapause ,  r ep roduc t i on ,  deve lopment ,  os-  
moregu l a t i on ,  me tabo l i sm,  p igmen t  synthesis  and  co lor  
change,  as well as in r egu la t ion  o f  skeletal ,  hear t ,  and  
visceral  muscle  (Raabe  1989; M e n n  et al. 1991). Add i -  



Table 1. Representatives of the main groups of insect neuropep- 
tides. NC, neurons; NSC, neurosecretory cells; PT, peripheral tar- 
gets innervated; CCI, corpora cardiaca intrinsic cells ; PC, secretory 
cells in intestine or other tissues. The insect neuropeptide terminol- 
ogy is according to Raina and G/ide (1989) and the neuropeptide 
abbreviations are:AKH, adipokinetic hormone; AT, allatotropin; 
CCAP, crustacean cardioactive peptide; CCK, cholecystokinin; 

CRF, corticotropin-releasing factor; DH, diapause hormone; DP, 
diuretic peptide; EH, eclosion hormone; MIP, myoinhibitory pep- 
tide; MRCH, melanization and reddish coloration hormone; MT, 
myotropin; PBAN, pheromone biosynthesis activating neuropep- 
tide; PTTH, prothoracicotropic hormone; RPCH, red pigment 
concentrating hormone 

Group (family)a Examples of members Related peptides Immunocytochemistry 

Adipolcinetic and hypotrehalosaemic peptides 

AKH/RPCH family AKH I-II glucagon, corazonin NC, NSC, CCI 

Myotropins 

Proctolin proctolin - NC, NSC, PT 
Insect kinins leucokinins I V I I I  - NC, NSC, PT 
Insect tachykinins locustatachykinins I-IV tachykinins NC, PC, PT 
Pyrokinins/myotropins leucopyrokinin MRCH, PBAN. LomMT NC, NSC 
Sulfakinins drosulfakinins I I I  gastrin/CCK, FaRPs NC, NSC 
FMRFamide-related calliFMRFamide sulfakinins NC, NSC, PT, PC 
Cardioactive peptides Lom-CAP, Mas CAP2a crustacean cardioactive peptide NC, NSC, PT 
Myoinhibitory peptide Lom-MIP Aplysia APGWamide - 
Accessory gland myotropin Lom-AG-MT I I I  - NC, NSC, PC 
Corazonin-related corazonin hypertrehalosemic hormone NC, NSC 

Diuretic hormones 

Vasopressinlike F1, F2 vasopressin, conopressin NC/NSC 
Diuretic hormones Mas-DP urotensin I, CRF NSC 

Other groups 

Pigment-dispersing peptides PDF, PDH - NC, NSC, PT 
PBAN/MRCH Hez-PBAN pyrokinins, Lom MT NC, NSC 
Diapause hormone Bom-DP PBAN/MRCH, pyrokinins 
Neuroparsins neuroparsins I-III neurophysins NSC 
Eclosion hormones Mas-EH - NSC 
PTTHs Bombyxin (4K PTTH) insulin NSC 

22K PTTH b - NSC 
Altatotropins Mas-AT - - 
Allatostatins allatostatins A I ~  Met-enkephalinRGL NC, NSC, PT 

a See text for original references to neuropeptides and Table 2 for sequences. The immunocytochemical findings have been discussed 
with references in the text 
b The 22K PTTH is not insulinlike 

tionally, some neuropeptides have been shown to be im- 
por tant  in the regulation of  specific behaviors, e.g., eclo- 
sion hormone  and the cardioacceleratory peptides of  the 
moth  Manduca sexta (Tublitz et al. 1986, 1991). Neu- 
ropeptides are also known to be released as cotransmit-  
ters, modulat ing fast transmission at neuromuscular  
junctions (O'Shea and Schaffer 1985; Evans and Myers 
1986). The actions of  a given neuropeptide may  occur 
at several different sites and at different levels, including 
CNS circuits, peripheral synapses, and at the peripheral 
targets such as muscles and glands (see Scheller et al. 
1984; Scheller and Kirk 1987; O'Shea and Schaffer 
1985; Raabe 1989; Tublitz et al. 1991). This is reflected 
in the morphology  of  peptidergic neurons. Single pepti- 
dergic neurons in insects have been found with varicose 
processes both  in central neuropil and in neurohemal 
release sites (Remy and Girardie 1980; N/issel e tal .  
1988a, b; Lundquist  and N/issel 1990; Thompson  et al. 
5991). 

How do neuropeptides regulate behavior? The pro- 
duction of  behavioral sequences is accomplished by tem- 
poral  and spatial coordination of many  neuronal cir- 

cuits. Each of the circuits controlling behavior employs 
sets of  sensory neurons, interneurons, and motor  neu- 
rons. Since behaviors can be generated with a number  
of  variants and some behaviors share elements, it is not 
surprising that  multiple neural networks share neural 
elements. Furthermore,  single networks can be modulat-  
ed to produce different behaviors (Harris-Warrick and 
Marder  1991). In the crustacean stomatogastr ic ganglion 
the reconfiguration of  neural circuits to produce differ- 
ent behaviors results from the actions of  neuropeptides 
and monoamines.  A large number  of  behavioral  circuits 
can be established f rom a single anatomically defined 
network, and neural elements can switch between net- 
works. The neuromodulators  accomplish this by altering 
the intrinsic properties or the response properties (synap- 
tic efficacy) of  the neural components  of  the network 
as well as their target muscles (see Kravitz 1988; Harris- 
Warrick and Marder  1991). 

An example of  modula tory  peptide actions on behav- 
ior in insects is provided by the cardioacceleratory pep- 
tides (CAPs) of  Manduca sexta. The CAPs are known 
to modulate  four different behaviors during defined peri- 



Table 2. Amino acid sequences of insect neuropeptides representing major peptide groups" 

Neuropeptides Abbreviation Species Sequence 

AKH-like Lom-AKH-I Locusta 
Drm-AKH Drosophila 

Corazonin 

Proctolin 

Kinins 

Tachykininlike 

Pyrokinins 

Myotropins 

PBANs 

Diapause hormone 

Accessory gland myotropin 

Sulfakinins 

FMRFamide-like 

Cardioactive peptides 

Myoinhibitory 

Vasopressinlike 

Periplaneta 

Periplaneta 

Leucophaea 
Locusta 

Locusta 

Leucophaea 

Locusta 

Heliothis 

Bombyx 

Locusta 

Leucophaea 
Drosophila 

Aedes 
Aedes 
Calliphora 
Drosophila 
Leucophaea 

Locusta 

Locusta 

Locusta 
Locusta 

Lem-K-I 
Lom-K-I 

Lom-TK-I 

Lem-PK 

Lom-MT-I 

Hez-PBAN 

Bom-DH 

Lom-AG-MT-I 

Lem-SK-I 
Drm-SK-I 

Aea-HP-I 
Aea-HP-II b 
CalliFMRFamide I 
DrosoFMRFamide I 
Lem-MS-I 

Lom-CAP 

Lom-MIP 

F1 
F2 

Diuretic hormones Mas-DP Manduca 

FMRF-gene derived ~ Drosophila 

Pigment-dispersing factors Rom-PDF Romalea 

Neuroparsins NP(compound 7) Locusta 

Eclosion hormones Mas-EH Manduca 

PTTHs a Bom-PTTH-II Bombyx 
(Bombyxin) 

Allatotropins Mas-AT Manduca 

Allatostatins Dip-ASB2 Diploptera 
Mas-AS Manduca 

pQLNFTPNWGT-NH2 
pQLTFSPDW-NH2 

pQTFQYSRGWTN-NH2 

RYLPT 

DPAFNSWG-NH2 
AFSSWG-NH2 

GPSGFYGVR-NH2 

pQTSFTPRL-NH2 

GAVPAAQFSPRL-NHz 

LSDDMPATPADQEMYRQDPEQIDSRTKYFSPRL-NHa 

TDMKDESDRGAHSERGALCFGPRL-NH2 

GFKNVALSTARGF-NH2 

EQFEDY(SO3)GHMRF-NH2 
FDDY(SO3)GHMRF-NH2 

TRF-NH2 
pQRPhPSLKTRF-NH2 
TPQQDFMRF-NH2 
DPKQDFMRF-NH2 
pQDVDHVFLRF-NH2 

PFCNAFTGC-NH2 

AWQDLNAGW-NH2 

CLITNCPRG-NH2 
CLITNCPRG-NH~ 

CL1TNCPRG-NH2 

RPMSLSIDLPMSVLRQKLSLEKERKVHALRAAANRN- 
FLNDI-NHz 
QAEQLPPEGSYAGSDELEGMAKRAAMDRY-NH2 

NSEIINSLLGLPKLLNDA-NH2 

NPISRSCEGANCVVDLTRCEYGDVTDFFGRKVCAKGP- 
GDKCGGPYELHGKCGVGMDCRCGLCSGCSLH- 
NLQCFFFEGGLPSSC 

NPAIATGYDPMEICIENCAQCKKMLGAWFEGPLCAES- 
CIKFKGKLIPECEDFASIAPFLNKL 

A-chain GIVDECCLRPCSVDVLLSYC 
B-chain pQQPQAVHTYCGRHLARTLADLCWEAGVD 

GFKNVEMMTARGF-NH2 

AYSYVSEYKRLPVYNFGL-NH~ 
pQVRFRQCYFNPISCF 

a Only one or a few representatives of each group are given to save space. References to literature are given in text 
b The hP residue is 4-hydroxyproline 

Amino acid sequence deduced from cDNA sequence of Drosophila FMRFamide precursor; no bioactivity has been determined 
d The "big" (22K) PTTH is a homodimer of a 109 amino acid peptide. Sequence is given by Nagasawa (1992) 

ods of  the insect's development. Two modula tory  actions 
are on ingestion of  nutrition, and the others are regula- 
tion of  heart activity during wing inflation and during 
flight (Tublitz etal .  1991). Some neuropeptides are 
known to directly trigger a specific behavior. One exam- 
ple in insects is eclosion hormone,  which initiates eclo- 
sion behavior (and all ecdysis) during development of  
the moth  Manduca (see Tublitz et al. 1986). 

How do neuropeptides modulate  synaptic transmis- 
sion? A few examples are given here f rom noninsect 

preparations since they are quite illustrative. Neuropep- 
tides are often colocalized with fast neurotransmitters 
or monoamines  (Lundberg and H6kfelt  1983; Adams 
and O'Shea 1983; Bartfai et al. 1988; Weiss et al. 1992). 
In Aplysia, it has been shown at the single neuron level, 
that different colocalized messengers are released during 
different frequencies of  firing. In the terminal of  motor  
neuron B15, acetylcholine alone is released during low 
frequency firing, whereas acetylcholine and the small 
cardioactive peptides (SCPs) are released at higher fre- 



quencies (Whim and Lloyd 1989). The released neu- 
ropeptides can act pre- or postsynaptically, often on re- 
ceptors coupled to second messenger systems, to modu- 
late the synaptic transmission of a fast neurotransmitter. 
As an example, the B15 motor neuron of Aplysia, men- 
tioned above, contains acetylcholine, the two SCPs, and 
a third neuropeptide, buccalin (Cropper et al. 1988). The 
SCPs act postsynaptically on the muscle to potentiate 
the action of acetylcholine, whereas buccalin acts presyn- 
aptically to inhibit acetylcholine release. 

One example of complex interactions of coexisting 
peptides and fast neurotransmitters, which highlights the 
various leyels at which substances may act, is seen in 
the synapses of the primary sensory afferents in the dor- 
sal horn of the rat spinal cord (Htkfelt 199t). A scheme 
of events leading to full potentiation of the response 
has been suggested from experimental work. The sensory 
afferents can release colocalized glutamate, substance P, 
and calcitonin gene-related peptide (CGRP), each of 
which has excitatory effects on the postsynaptic neuron. 
Each of these compounds have postsynaptic receptors; 
additionally substance P and CGRP have presynaptic 
receptors. CGRP potentiates the release of substance 
P and glutamate via the presynaptic receptors. Substance 
P presynaptically potentiates release of glutamate and 
may also enhance the excitatory postsynaptic response 
to glutamate (sensitization of glutamate receptors). Fur- 
thermore, CGRP is known to inhibit an endopeptidase 
that cleaves substance P, thus keeping the extracellular 
level of substance P high, 

Distribution and morphology 
of peptide-containing neurons in the insect brain 

In the following the distribution of a number of neu- 
ropeptides will be described with emphasis on neuropep- 
tides that have been isolated and sequenced in at least 
one insect species. First a brief outline of the brain orga- 
nization is given. 

Organization of the insect central nervous system (see 
Strausfeld 1976). The insect brain contains around 105- 
106 neurons depending on the species. It consists of three 
main divisions: the protocerebrum, deutocerebrum, and 
tritocerebrum (Figs. 1, 2). In each of these divisions dif- 
ferent neuropil regions are located. Some are highly 
structured and are termed glomerular neuropils; others, 
called nonglomerular neuropils, lack obvious geometri- 
cal architecture. In the protocerebrum a multitude of 
higher sensory centers associated with vision are located 
together with centers processing multimodal information 
(e.g., the mushroom bodies and the different neuropil 
regions of the central complex; Fig. 1). The superior pro- 
tocerebrum, with the pars intercerebralis, contains dif- 
ferent sets of neurosecretory cells supplying neurohemal 
organs in the corpora cardiaca and corpora allata, which 
are located in the head or in some insects in the neck 
or prothorax, Fig. 2a). Additional neurosecretory cell 
groups in other locations also supply these neurohemal 
organs. The deutocerebrum contains antennal centers, 

notably the well-ordered antennal olfactory glomeruli. 
In the tritocerebrum, neurosecretory neurons and neu- 
rons associated with control of feeding and foregut activ- 
ity can be found. The tritocerebrum is also connected 
to the frontal ganglion and the retrocerebral glandular 
complex. The optic lobes flanking the protocerebrum 
are composed of the three to four most well-ordered 
neuropils in the brain. Via connectives the brain is con- 
nected to the subesophageal ganglion and the thoracic 
and abdominal ganglia (often referred to as the ventral 
cord; Fig. 2a). For details of brain organization refer 
to Strausfeld (1976). The distribution and functions of 
non-peptide transmitters and modulators in insects are 
summarized in some recent reviews (Nfissel 1987, 1988, 
1991; Restifo and White 1990; Buchner 1991). 

Proctolin 

Proctolin, the first sequenced insect neuropeptide, was 
isolated from the cockroach Periplaneta americana (Star- 
rat and Brown 1975). It is an unblocked and nonamidat- 
ed myoactive peptide with the sequence RYLPT. In the 
three arthropod species for which proctolin has been 
sequenced, the cockroach Periplaneta americana, the 
crab Carcinus maenas, and the horseshoe crab Limulus 
polyphemus, the amino acid sequence is identical (Starrat 
and Brown 1975; Stangier etal. 1986; Groome etal. 
1990), and no related peptides have been found. Procto- 
lin is one of the most extensively studied invertebrate 
neuropeptides, and comprehensive reviews have been 
written, which cover aspects of distribution, modes of 
action, and pharmacology (O'Shea et al. 1985; Orchard 
et al. 1989). The action of proctolin has been studied 
mainly on skeletal, heart, and visceral muscles in arthro- 
pods, and in crustaceans proctolin has been shown to 
modulate central pattern-generating networks that con- 
trol feeding and ventilatory behaviors (see Orchard et al. 
1989; Harris-Warrick and Marder 1991). 

In insects proctolin has been demonstrated in motor 
neurons, interneurons and neurosecretory cells (Bishop 
and O'Shea 1982; Veenstra etal. ]985; Nfissel and 
O'Shea 1987; Davis et al. 1989; Homberg et al. 1991a). 
In the lobster there is evidence that dendrites of sensory 
neurons, the stretch receptors of the oval organ, contain 
proctolin and release this peptide upon stretching (Pasz- 
tor et al. 1988). 

In the cockroach brain about 40 proctolinlike immu- 
noreactive (PLI) cell bodies have been found (Bishop 
and O'Shea 1982). Most of these are located in the trito- 
cerebrum (two pairs of clusters), and only three pairs 
of PLI cell bodies can be detected in the protocerebrum 
(Bishop and O'Shea 1982). A similar number and distri- 
bution of PLI cell bodies has been seen in the Colorado 
potato beetle, Leptinotarsa decemlineata (Veenstra et al. 
1985). 

In the blowfly brain about 80-90 PLI cell bodies have 
been labeled (Nfissel and O'Shea 1987; Fig. l b). Addi- 
tionally about 100 PLI cell bodies are associated with 
each lobula of the optic lobe. Also in the blowfly brain, 
the PLI cell bodies are distributed in the proto- and 
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Fig. 1. Schematic diagrams of the blowfly brain. The top drawing 
shows a compressed horizontal view and the bottom one a frontal 
view. In the bottom diagram the proctolin-immunoreactive neurons 
of Calliphora are shown. The posteriorly located cell bodies are 
black, whereas the anterior ones are stippled. Note innervation 
of two layers of the fan-shaped body (other neuropil innervation 
is not shown here). The cell bodies indicated by arrows also react 
with AKH antiserum. AL Antennal lobe; aL alpha lobe; bL beta 

lobe; Ca calyx of mushroom body (MB); Cc cervical connective; 
E ellipsoid body; ef esophageal foramen; FB fan-shaped body; 
La lamina; LNC lateral neurosecretory cells; Lo lohula; Lop lobula 
plate; Me medulla; MNC median neurosecretory cells; P peduncle; 
Re retina; SG subesophageal ganglion; TC tritocerebrum; all other 
abbreviations denote neuron types�9 The proctolin immunoreactivi- 
ty is redrawn from N/issel and O'Shea (1987) 

tritocerebrum, as well as in the subesophageal ganglion. 
The protocerebral PLI neurons are located in several 
different clusters. Two of  these constitute the neurosecre- 
tory cells of  the median (MNC) and lateral (LNC) neu- 
rosecretory cell groups. A cluster of  about 30 smaller 
cell bodies innervates two distinct layers of  the fan- 
shaped body of  the central complex (Fig. 1 b). 

In the insect brain, proctolin may act as a neuromo- 
dulator in central synaptic neuropil (N/issel and O'Shea 
1987) and may also be a neurohormone.  In the moth 
Manduea sexta, cerebral neurosecretory cells containing 
PLI material have axon terminals that arborize in the 

corpora allata (Homberg et al. 1991 a), and in the Colo- 
rado potato beetle and several moths, PLI terminals are 
found in the corpora cardiaca (Veenstra et al. 1985; Da- 
vis et al. 1989). 

Adipokinetic hormone 

Adipokinetic hormone (AKH) was first isolated and se- 
quenced (pQLNFTPNWGTamide)  from the corpora 
cardiaca of  the locust Locusta migratoria by Stone et al. 
(1976). Now we know that the adipokinetic hormones 
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Fig. 2. Distribution of AKH-like immunoreactivity (AKHLI) in 
the insect brain, a A generalized diagram of AKH-immunoreactive 
neurons in brain, subesophageal (SOG) and thoracic (TG) ganglia 
and glandular cells in corpora cardiaca (CO. AKHLI neurons 
are seen in proto- (PC), deuto- (DC) and tritocerebrum (TC). 
Dashed lines indicate neurosecretory pathways. FG Frontal gangli- 
on; OL optic lobe; PI pars intercerebralis. Slightly altered after 
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Schooneveld et al. (1985) with permission from H. Schooneveld. 
b AKHLI neurons in the blowfly brain (Calliphora). The two large 
protocerebral neurons (LP) are traced in detail. The four subesoph- 
ageal neurons (S) appear to have axons (arrow) descending to the 
thoracic ganglia. One set of small cells supplies processes to fan- 
shaped body (FB). Tr Tritocerebral neurons; E esophageal fora- 
men; N noduli 

constitute a large family of insect and crustacean neu- 
ropeptides, many of  which bear other names, such as 
red pigment concentrating hormone (RPCH), hypertre- 
halosemic hormone, periplanetins CCI-II, MI, and MII, 
and neurohormone D (see G/ide 1990; Schaffer et al. 
1990). So far about 20 members of  the A K H / R P C H  
family have been sequenced from about seven insect 
orders (examples in Table 2). Commonly they are ami- 
dated and pyroglutamate-blocked octa- or decapeptides. 
In several species two forms of peptides have been iso- 
lated. As outlined in the introduction, the locust A K H  
precursor protein undergoes complex processing to yield 
active products (Hekimi et al. 1991 ; O'Shea and Rayne 
1992). The prohormones,  p roAKH-I  and proAKH-II ,  
are formed from two different mRNAs. By oxidation 
three dimeric precursors arise, which are processed into 
monomeric AKH-I  and AKH-I I  and three dimeric pep- 
tides (APRPI-3)  whose functions are unknown. Many 
functions of  the AKHs are, however, known, some of  
which are species specific - mobilization of lipids or car- 
bohydrates, acceleration of  heart beat, myoactivity, and 
inhibition of fatty acid and protein synthesis (Orchard 
1987; G/ide 1990). The chief source of  AKHs appears 
to be the glandular cells of  the corpora cardiaca, and 
many of  the listed functions for AKHs  are probably 
mediated by hormonal  action via the circulation. 

AKH-like immunoreactivity (AKHLI)  is found in the 
glandular cells of  the locust corpora cardiaca as well 
as in neurosecretory cells and neurons in the brain and 
subesophageal ganglion of  locusts (Fig. 2a) and many 
other insect species (Schooneveld et al. 1983, 1985). The 

neurons and neurosecretory cells can, however, be re- 
vealed only with an antiserum directed against the C- 
terminus of  locust AKH-I  (Schooneveld et al. 1983), 
whereas the glandular cells in corpora cardiaca can be 
labeled with both C- and N-terminus-specific antisera 
(Schooneveld et al. 1986). Hence, the exact chemical 
structure of  the A K H L I  material in the brain is not  
known, but extracts of  locust brain contain small 
amounts of AKH-I-like material as determined by radio- 
immunoassay and bioassay (Moshitzky et al. 1987). 

In the blowfly brain about 50 A K H L I  neurons (la- 
beled only with C-terminus directed antiserum) are dis- 
tributed in the protocerebrum, tritocerebrum, and sub- 
esophageal ganglion (Fig. 2b). Additionally there are a 
few hundred neurons in the left and right medulla of 
the optic lobe (D. N/issel, unpublished). Two prominent 
A K H L I  neurons have their cell bodies in the dorsolater- 
al protocerebrum and extensive arborizations covering 
most of  the superior protocerebrum (Fig. 2b). Another  
set of  about 30 protocerebral neurons innervate the fan- 
shaped body of  the central complex. Some of the sub- 
esophageal A K H L I  neurons appear to be descending 
neurons with axons reaching the thoracic ganglia. The 
large dorsolateral protocerebral neurons and one pair 
of ventral subesophageal ones contain both A K H L I  and 
proctolin-immunoreactive material (Fig. 1). Many 
A K H L I  neurons also react with an antiserum against 
the mammalian peptide galanin message-associated pep- 
tide (Lundquist et al. 1992). At present there are no clues 
to central functions of  AKH-like peptide. In the crusta- 
cean abdominal ganglia the A K H  relative, RPCH, rood- 



ulates neurons of pattern generator circuits controlling 
the swimmeret rhythm (Sherff and Mulloney 1991). 

FM RFamide-related peptides ( FaRPs ) 

The FMRFamide-related peptides (FaRPs) constitute a 
large family of neuropeptides with representatives 
throughout the Metazoa (Greenberg et al. 1988; Price 
and Greenberg 1977, 1989; Holman et al. 1990 b; Walker 
1992). Commonly the FaRPs have the C-terminus tetra- 
peptides -FMRFamide or -FLRFamide (Table 2), but 
a more liberal classification is sometimes also used (see 
Greenberg et al. 1988; Price and Greenberg 1989). Clon- 
ing of cDNAs encoding FaRP precursors of several in- 
vertebrate species, including insects, have added substan- 
tial numbers of new members of this family (e.g., 
Schaefer et al. 1983; Nambu et al. 1988; Nichols et al. 
1988; Schneider and Taghert 1988; Darmer et al. 1991). 
The FaRPs are by far the best studied of the invertebrate 
neuropeptides. Not only do they exist in several molecu- 
lar forms in a given species, they also have very complex 
distribution patterns in a variety of neurons, neurosecre- 
tory cell systems, and glandular cells and display multi- 
ple physiological actions in different tissues (Price and 
Greenberg 1989; Kobayashi and Muneoka 1989; Walker 
1992). At least four FaRP receptor types have been indi- 
cated in molluscs. These are associated with slow potas- 
sium increase, fast potassium increase, sodium conduc- 
tance increase, and potassium conductance decrease (via 
a second messenger), respectively (reviewed by Walker 
1992). 

FaRPs have been isolated and sequenced from a 
number of insects: Leucophaea, Manduca, Schistocerca, 
Aedes, and Calliphora (Holman et al. 1986; Matsumoto 
et al. 1989; Robb et al. 1989; Kingan et al. 1990; Duve 
et al. 1992). Some of these are shown in Table 2. Using 
extracts of blowfly thoracico-abdominal ganglia, Duve 
et al. (1992) isolated 13 FaRPs with the C-terminus se- 
quence-DFMRFamide. The most abundant of the blow- 
fly ventral cord FaRPs is CalliFMRFamide 5, which 
has the sequence APGQDFMRFamide.  In Drosophila 
the sequence DPKQDFMRFamide is encoded in five 
copies on the FaRP precursor, and has been isolated 
from head extracts (Nambu et al 1988). In Drosophila 
a cDNA for another FaRP precursor has been cloned, 
which contains two drosulfakinins, sulfated peptides 
with the carboxyl terminus sequence -HMRFamide (Ni- 
chols et al. 1988). Of the 13 nonsulfated Drosophila 
FaRPs (deduced from cDNA sequence) and 13 isolated 
CalliFMRFamides, only one is identical: a heptapeptide 
(CalliFMRFamide 11) with the sequence PDNFMRFa-  
mide. When comparing two species of Drosphila, Tagh- 
ert and Schneider (1990) found that their precursors of 
FaRPs differed. In D. melanogaster 13 FaRPs were de- 
duced, in D. virilis only 10. Of these only 5 are identical 
in the two species. This illustrates the remarkable diver- 
sity in the FaRPs. Is the molecular diversity matched 
by a similar functional diversity (receptor multiplicity) 
as suggested by Payza (1987)? For the insect FaRPs only 
limited evidence is available so far. In an assay for fluid 

secretion from blowfly salivary glands, only CalliFMR- 
Famides 1-3 can induce salivation at concentrations of 
0.1-1.0 nM, indicating that their N-terminus extensions 
may increase their potency or be crucial for specific ac- 
tivity (Duve et al. 1992). Similar structure activity effects 
have been demonstrated on other target organs in insects 
(Cuthbert and Evans 1989) and in molluscs (Payza 
1987). The Drosophila FaRP precursor also encodes a 
29 amino acid peptide sequence (Table 2) with homolo- 
gies to the mammalian corticotropin-releasing factor 
and Manduca diuretic hormone (Schneider and Taghert 
1988; Kay et al. 1991). 

Before turning to the distribution of FaRPs in the 
insect brain it should be noted that a number of other 
neuropeptides display small sequence similarities to the 
FaRPs. Peptides of the neuropeptide Y family (NPY, 
PYY, pancreatic polypeptides or PPs) have often been 
discussed in relation to work on FaRPs in invertebrates. 
The primary structures of the 36 amino acid NPY pep- 
tides are not strikingly similar to the FaRPs. Their car- 
boxy terminus -TRTRFamide (reptilian PP) or- 
TRQRYamide (of NPYs) may, however, crossreact with 
FMRFamide antisera, or C-teminus-specific PP antisera 
may react with FaRPs. Thus, NPY and PP immunoreac- 
tivity has been dismissed as crossreactivity with FaRPs. 
There is, however, some recent evidence that some inver- 
tebrate groups synthesize peptides related to NPY/PP. 
In two platyhelminth worms and the molluscs Helix and 
Aplysia, peptides with 39-40 amino acid residues have 
been sequenced that in the 20 residues of the carboxy- 
terminus display striking homologies to PPs of lower 
vertebrates (Halton etal. 1992; Rajpara etal. 1992). 
These neuropeptides, termed neuropeptide F (plus spe- 
cies name), may represent the invertebrate NPY/PP ho- 
mologs, and they clearly exist in parallel with the FaRPs 
in Helix (Halton et al. 1992). Some evidence for a PP- 
related peptide has accumulated also for the blowfly Cal- 
liphora, where a peptide was isolated that has 36 residues 
in proportions roughly similar to the vertebrate PPs 
(Thorpe and Duve 1987). In Drosophila a receptor pro- 
tein was recently cloned with similarities to the NPY 
receptor (Li et al. 1992) adding further credibility to the 
presence of NPY/PP-like molecules in addition to the 
FaRPs. 

A number of insect species have been investigated 
in some detail with respect to the distribution of immu- 
noreactive FaRPs in the brain: Colorado potato beetle 
Leptinotarsa (Veenstra and Schooneveld 1984), Drosoph- 
ila (White et al. 1986), the blowfly Calliphora (N/issel 
et al. 1988b), the moth Manduca (Homberg et al. 1990), 
and the honey bee Apis (Schiirmann and Erber 1990). 
In these species the distribution of FMRFamide-like im- 
munoreactivity (FLI) in neurons and neurosecretory 
cells is extensive; very large numbers of neurons of many 
different main types can be demonstrated. Furthermore 
smaller or larger subpopulations of the FLI neurons and 
neurosecretory cells in the insect nervous system also 
react with other antisera, notably antisera raised against 
PP, NPY, molluscan small cardioactive peptide (SCPB), 
gastrin/CCK, Met-enkephalin-RF, and substance P 
(Veenstra and Schooneveld 1984; Homberg et al. 1990; 
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Fig. 3. Neurons in the Drosophila brain reacting with RFamide 
antiserum (frontal views), a Total number of intensely labeled neu- 
rons in compressed view. Abbreviations as in Fig. I b and c. Poste- 
rior and anterior cell bodies, respectively. Some identifiable neu- 
rons or clusters are indicated with the terminology used by White 
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et al. (1986). The neurons with underlined labels are the ones ex- 
pressing the FMRFamide precursor transcript as seen by in situ 
hybridization (O'Brien et al. 1991). The SP6 neurons are among 
the identifiable neurons that label only with RFamide antiserum 

Lundquist and N/issel 1990). Does this mean that multi- 
ple peptides are colocalized in different FLI  neurons or 
does it reflect crossreactivity of  the different antisera 
with different FaRPs? In the Drosophila central nervous 
system FaRP-expressing cells have been mapped with 
a combination of  antisera against the sequence FMRFa-  
mide and antisera to some portions of  the Drosophila 
FMRFamide  precursor as well as by in situ hybridiza- 
tion (Chin et al. 1990; O'Brien et al. 1991). It is thus 
possible to determine roughly which of  the FLI  neurons 
that express peptide derived from the FMRFamide  pre- 
cursor (see Fig. 3). 

In Drosophila a total of  about 240 FLI  cell bodies 
have been found in the proto-, deuto-, and tritocerebrum 

and the subesophageal ganglion with antisera to 
FMRFamide  (Figs. 3, 5). Using an antiserum against 
RFamide a few more neurons could be labeled (Fig. 3). 
Many of the FLI  neurons can be identified individually 
or as small clusters from specimen to specimen (see 
Figs. 3, 4). The FMRFamide  gene transcript has been 
revealed by in situ hybridization in many of  the identifi- 
able neurons (O'Brien et al. 1991) as indicated in Fig. 3b, 
c. A number of  the FLI  neurons can be resolved in 
some detail both in the brain and the optic lobes. Many 
of  these are large ipsi- or bilateral interneurons, includ- 
ing descending neurons; others are local interneurons 
in the optic lobe or central complex (Fig. 4). The immun- 
olabeling of  subpopulations of  FLI  neurons with differ- 
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Fig. 5. Immunoreactive FaRPs in the Drosophila brain revealed at top. d Anti-SCPB reveals a smaller subpopulation of the FLI 
with different antisera. Neuron terminology as in Fig. 3 a, b. Anti- neurons, e CCK antiserum labels a subpopulation of the FLI neu- 
FMRFamide (FLI neurons) in posterior and anterior portion of rons, but also some additional neurons termed aCO (arrow). f 
brain, respectively, e Micrograph of FLI processes in the central Met-enkephalin-RF antiserum reveals another subpopulation of 
part of the brain. FLI material is seen in e-lobe (aL), peduncle FLI neurons. As can be seen in this figure many identifiable neu- 
(P), pars intercerebralis (P/), ellipsoid body (EN, noduli (no), and rons are labeled with all of the antisera used here 
two layers of fan-shaped body (arrows). SP3 cell bodies are seen 

Fig. 4. Distribution of immunoreactive FaRPs in frontal sections 
(except e) of the Drosophila brain, a~t Identifiable neurons of the 
brain and subesophageal ganglion (neuron terminology as in 
Fig. 3). Of these only the SP6 neurons in d cannot be labeled with 
FMRFamide antiserum. The substance P-immunoreactive neurons 
(LP1 and SE2) in b are redrawn from N/issel et al. (1990). SE2 
are descending neurons with processes to thoracic ganglia�9 e, f 

FMRFamide-immunoreactive neurons in the optic lobe of Dro- 
sophila. In e a horizontal section is shown, whereas f is a frontal 
view. OL4 are small neurons whose projections could not be re- 
solved. The axons indicated by arrows in f are derived from cell 
bodies in dorsal protocerebrum. Ca Calyx of mushroom body; 
CB central complex; LH lateral horn; PI pars intercerebralis; SEG 
subesophageal ganglion 
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Fig. 7. FLI neurons in the blow- 
fly brain (frontal compressed 
view). Many anterior and some 
posterior cell bodies have not 
been traced here to simplify the 
diagram. Two sets of neurons 
were traced in detail (SP1 and 
SE2). The SE2 neurons are sub- 
esophageal descending neurons, 
and the SP1 may be protocere- 
bral descending neurons (their ax- 
ons could not be traced past the 
subesophageal ganglion). Note 
that several neurons appear to be 
homologous to Drosophila FLI 
neurons (LPI, SP1, SP2, MP1, 
MP3, SE2) 

ent antisera is shown in Fig. 5. Progressively smaller sub- 
popula t ions  o f  F L I  neurons  are obtained with different 
antisera in the fol lowing order :  R F a m i d e > F M R F a -  
mide > SCP > gas t r in /CCK > Y G G F M R F  > substance P 
(Nfissel et al. 1991; unpubl ished results). Only the gas- 
t r i n /CCK antisera labeled neurons  in addi t ion to the 
ones over lapping with the RFamide- immunoreac t ive  
ones (Fig. 5 e). 

Fig. 6. Fluorescence micrographs of double and triple labeling of 
frontal sections of the blowfly brain with antiserum against 
FMRFamide and other neuropeptide antisera, a, b On the same 
section binding of rabbit FMRFamide antiserum detected with 
FITC-labeled secondary antiserum (yellow green) and mouse SCPB 
antiserum detected with TRITC labeled secondary antiserum (red). 
Note that some cells (arrows) react with both antisera, wheras some 
display only FMRFamide immunoreactivity. Also some subsets 
of the fibers react with both antisera. FB Fan-shaped body. Scale 
bar a, b: 100 gm. e, d Protocerebral cell bodies labeled with anti- 
FMRFamide (yellow green) and SCPB (blue; AMCA). Note that 
fewer cells are labeled in d and that the neurites (arrows) contain 
only FLI material. Scale bar e, f: 25 gin. e, f Subesophageal cell 
bodies labeled as in e and d. Same scale as e and d. g, h Triple 
labeling of the same section with guinea pig antiserum to FMRFa- 
mide (yellow green), mouse anti-SCPB (blue) and rabbit anti-leuco- 
kinin I (red). g Is a double exposure with FITC and rhodamine 
filter sets. The leucokinin immunoreactivity (LKIR) is not coloca- 
lized with FMRFamide immunoreactivity, h Is a double exposure 
with the AMCA and rhodamine filter sets. No colocalization be- 
tween SCPB and LKI immunoreactivities. In both micrographs the 
differential distribution of the two antigens in the lower division 
(Ld) of the fan-shaped body is seen. The noduli (No) contain only 
LKIR material. The cell bodies in median neurosecretory cell group 
(arrow) contain both FMRFamide and SCPB immunoreactivity. 
EF Esophageal foramen. Scale bar g, h: 100 pm 

In the blowfly brain double  labeling or labeling o f  
adjacent sections with the different antisera listed above 
has been used to establish the pat terns o f  colocal izat ion 
o f  immunoreac t ion  (Fig. 6), and confirms the p roposed  
Drosophila colocal izat ion pattern.  Several o f  the neuron  
types resolved in detail in Drosophila can also be resolved 
in the blowfly brain, and m a n y  identifiable cells and 
cell clusters appear  h o m o l o g o u s  in the two species 
(Fig. 7). In the blowfly brain it is possible to obtain  bet- 
ter details o f  arbor izat ions  o f  F L I  neurons  in different 
neuropil  regions due to the larger size (Fig. 8). I t  is clear 
that  the distr ibution o f  F L I  processes is extremely com-  
plex. The labeling pat terns  seen with the different anti- 
sera listed above m a y  represent crossreactivities with the 
different forms o f  FaRPs  k n o w n  in Drosophila and Calli- 
phora. The FaRPs  are variable in the N-terminus,  and 
the different antisera used m a y  have different affinities 
for the different N- te rminus  extensions. Thus,  the 
Y G G F M R F  and SCPB antisera m a y  well recognize en- 
dogenous  FaRPs  in the flies. The gas t r in /CCK antisera 
may  also contain  antibodies that  identify sulfated resi- 
dues and hence recognize the drosulfakinins as well as 
the nonsulfa ted  FaRPs.  The polyclonal  substance P anti- 
serum, however,  may  recognize colocalized tachykinin-  
like peptide in a subpopula t ion  o f  the F M R F a m i d e - i m -  
munoreac t ive  neurons  (N/issel et al. 1992b). The differ- 
ential distr ibution o f  Ca l l iFMRFamides  1-13 m a y  be 
hard  to investigate, but  possibly some clues can be ob- 
tained by testing the synthetic blowfly FaRPs  in R I A  
or E L I S A  against  the different antisera that  label subpo-  
pulat ions o f  the F L I  neurons.  It  is for  instance k n o w n  
that  the SCPB ant iserum can bind to some N- terminus  
extended forms o f  F M R F a m i d e s ,  like lobster 
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Fig. 8. Micrograph of a cryostat section through an anterior por- 
tion of the ventral brain of Calliphora labeled with an FMRFamide 
antiserum. The extensive FLI labeling of fibers in both glomerular 
and nonglomerular neuropil is seen. Note labeled glomeruli (gO 

in antennal lobe (AL). FLI fibers are seen in beta lobes (bL) of 
mushroom body, lateral accessory lobes (LAL), median anterior 
protocerebrum (MAP), superior (SP) and ventral (VP) protocere- 
brum. dc Deutocerebral FLI cell bodies. Scale bar: 50 gm 

T N R N F L R F a m i d e  (Arbiser and Beltz 1991). Of course, 
the most direct approach would be to raise antisera to 
the specific N-termini of  the different FaRPs. 

Peptides remotely related to tachykinins (including 
locustatachykinins and leucokinins) 

The tachykinins constitute a large family of peptides 
most of which have been isolated from lower vertebrates 
and mammals; its most famous member is substance 
P (Erspamer 1981 ; Helke et al. 1990; Krause et al. 1990). 
The peptides of  the tachykinin family are recognized 
by the C-terminus core -FXGLMamide  (where X is F, 
V, Y, or I). Immunocytochemistry with heterologous 
antisera had quite early indicated the presence of  tachyk- 
inin-related peptides in insects (E1-Sahly et al. 1980), but 
not until much later were the first insect neuropeptides 
with sequence homology to vertebrate tachykinins iso- 

lated: the four so-called locustatachykinins (LomTK I 
IV) isolated from extracts of the brain and corpora car- 
diaca of  the locust Locusta migratoria (Schoofs et al. 
1990a, b). The sequence of L o m T K  ! is GPSGFYGV- 
Ramide (Schoofs et al. 1990a) (the bold letters denote 
homologies to physalaemin, a vertebrate tachykinin). 

Another set of  insect neuropeptides that constitute 
a family of insect kinins, distinct from the tachykinins, 
were discovered first in the cockroach Leucophaea and 
then in a cricket and a locust species (Holman et al. 
1990a, b; Schoofs et al. 1992a). Leucokinins have myo- 
tropic action on visceral muscle and effects on ion trans- 
port  in the Malpighian tubules (Holman et al. 1990a, 
b). The octapeptides leucokinin I-VIII  (LK I-VIII) were 
originally considered remotely related to the vertebrate 
tachykinins by virtue of their analogous C-terminus 
core- FXSWGamide,  i.e., four preserved and one vari- 
able residue (Nachman et al. 1990). Here the two types 
of peptides will, however, be treated as kinins (LK I -  
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Fig. 10. Blowfly brain labeled 
with antisera against substance P, 
locustatachykinin I, kassinin, and 
leucokinin L The substance P-im- 
munoreactive neurons (top panel) 
are a subpopulation of the 
FMRFamide-immunoreactive 
neurons like in Drosophila. The 
locustatachykinin-immunoreactive 
neurons (middle panel) can also 
be labeled with a kassinin antise- 
rum and a monoclonal substance 
P antiserum. The leucokinin-im- 
munoreactive neurons (bottom 
panel) could not be labeled with 
any other antiserum. Note that 
these three neuron populations do 
not overlap. The lower case ab- 
breviations indicate neuron types. 
Other abbreviations: AL antennal 
lobe; E esophageal foramen; EB 
ellipsoid body; FB fan-shaped 
body; No noduli; OL optic lobe 
neurons; PB protocerebral 
bridge; SEG subesophageal gan- 
glion. Altered from Nfissel et al. 
(1991, 1992c) 



VIII, achetakinins I-V and locustakinin I) and tachykin- 
ins (LomTK I-IV). 

Antisera raised in our laboratory against LK I 
(DPAFNSWGamide) and LomTK I have recently been 
applied to nervous tissue of a range of insect species 
(N/issel and Lundquist 1991 ; Cantera et al. 1992; Nfissel 
et al. 1992a, b; N/issel 1993). The different antisera re- 
cognize two separate populations of neurons, leucokin- 
in-immunoreactive (LKIR) and locustatachykinin-im- 
munoreactive (LTKIR) ones, in each tested species. In 
the brain of Leucophaea we found about 160 LKIR neu- 
ronal cell bodies all located in the protocerebrum and 
optic lobes (Nfissel et al. 1992a). Both interneurons and 
neurosecretory cells are labeled, and many glomerular 
and nonglomerular neuropil regions are innervated as 
shown in Fig. 9. About 40 LTKIR neurons are distrib- 
uted in the proto-, deuto- and tritocerebrum of the same 
species. These are mainly interneurons, except a few 
small cells in the lateral neurosecretory group. The distri- 
bution of LKIR and LTKIR processes overlaps to some 
extent, but the morphology and projections of the indi- 
vidual neurons differ between the two types of immuno- 
reactive peptides (unpublished observations). 

In the blowfly brain about 60 LKIR and 160 LTKIR 
neurons have been found, both distributed in proto-, 
deuto-, and tritocerebrum (Fig. 10; see also Fig. 6g, h). 
Of the LKIR neurons only neurosecretory cells and two 
protocerebral descending neurons appear similar to the 
LKIR cockroach neurons, and most of the LTKIR neu- 
rons also appear to be of different types in the two spe- 
cies. We found that the LTKIR neurons also react with 
an antiserum against the vertebrate tachykinin kassinin 
(N~issel et al. 1992b; C.T. Lundquist and D. N/issel, in 
prep.). A third population of neurons, a subpopulation 
of the FLI neurons, can be labeled with two potyclonal 
substance P antisera in Calliphora (Fig. 10) and Drosoph- 
ila (Fig. 4b; Nfissel et al. 1990, 1992b). Both kinins and 
tachykinins seem to act as neuromodulators, and at least 
the kinins may have important roles as neurohormones. 

In Drosophila two different G-protein-coupled ta- 
chykinin receptors have been isolated by recombinant 
DNA technique, one of these responds best to locustata- 
chykinin II when expressed in a cell line, the other has 
been tested only with vertebrate tachykinin ligands (Li 
etal. 1991; Monnier etal. 1992). From the original 
bioassays from which the leucokinins were isolated and 
from structure-activity analysis with leucokinin analogs, 
it would seem that specific receptors for leucokinins also 
exist, at least in the intestine (Nachman et al. 1990). 

Pigment-dispersing factors 
(pigment-dispersing hormones) 

A number of 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 have been named 
pigment-dispersing hormones (PDH) in crustaceans and 
pigment-dispersing factors (PDF) in insects. The PDF 
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of the cockroach Periplaneta has the sequence NSE- 
LINSLLGLPKVLNDAamide (Mohrherr etal. 1991) 
and those isolated from a grasshopper (Table 2) and a 
cricket species are very similar (Rao et al. 1991). In head 
extracts of the blowflies Calliphora and Phormia, PDF 
activity can be demonstrated in the crab bioassay and 
ELISA and has been purified and partially characterized 
(Nfissel et al. 1993). In Calliphora the peptide is clearly 
a PDH family member. 

Antiserum raised against the fl-PDH of the fiddler 
crab Uca pugilator has been used for localization of 
PDH-like immunoreactive (PDHLI) neurons in a variety 
of insects including grasshoppers, crickets, locusts, cock- 
roaches, a phasmid, blowflies, and fruitflies (Homberg 
et al. 1991b; N~issel et al. 1991, 1993). One interesting 
finding that emerged from these studies is that the most 
prominent sets of PDHLI neurons are associated with 
the visual system and they are fairly well preserved mor- 
phologically between species (Fig. 11 a, b). PDHLI cell 
bodies at the base of medulla form widely arborizing 
processes in the medulla, lamina, and several regions 
of the midbrain. In all orthopterans, except crickets, and 
in blowflies and Drosophila these neurons form strong 
bilateral connections (N/issel et al. 1991, 1993). The mor- 
phology and projections of the bilateral PDHLI neurons 
make them suitable candidates for being incorporated 
into a bilaterally synchronized circadian pacemaker sys- 
tem possibly connected to a system of extraocular photo- 
receptors (Homberg et al. 1991b; Nfissel 1991; N/issel 
et al. 1991). 

There are small sets of additional PDHLI neurons 
in some insect species, e.g., neurons supplying the locust 
tritocerebrum (Homberg et al. 1991 b) and PDHLI neu- 
rosecretory cells in the median neurosecretory cell group 
(MNC) of the cricket Acheta and the moth Manduca 
(Homberg et al. 1991 a, b) and lateral neurosecretory cell 
group (LNC) of the blowfly (N/issel et al. 1993). 

Peptides of the PDF type may thus be involved in 
regulatory functions related to the visual system, possi- 
bly associated with a circadian pacemaker system. Com- 
pared to many of the other insect neuropeptides that 
are presented here, brain PDFs seem to have rather lim- 
ited sites of action. Furthermore, the peptide may have 
a neurohormonal role, but not in control of pigment 
dispersion since this phenomenon is not known in the 
studied insects. 

Vasopressinlike peptide (locust F2 peptide) 

R6my and Girardie (1980) described two neurons in the 
subesophageal ganglion of the locust Locusta migratoria 
that react with antisera against vasopressin and neu- 
rophysin. These neurons have axonal projections 
throughout the nervous system, including the brain and 
optic lobes as well as plexuses of immunoreactive termi- 
nals in peripheral nerve roots. Later two locust neu- 
ropeptides, F1 and F2 (Table 2), were isolated by moni- 
toring fractions in radioimmunoassay with arginine va- 
sopressin antiserum (Proux et al. 1987). F1 is a monomer 



�9 M e  

' , ~ - -  POTu - ~ ,  ~~,~.~-~.~, , - . ,~ ._~___.~_~ .~..~---~ , 

P O C o  

~ ~  , 

�9 , .  SLP . . . . .  �9 . 
Lo ', ~ , -  ' .  , ~ ' . ~ ~ _  , .. 

' :CAM ........ : i  . C a L  
: aL ,, . ~ ~ _ ~ j _ . j ~ , , ~  ~.. 

S M P  

- P  ~,~ ~ �9 

...... VLP  . . . . . . . . . . . . . . . . . . . . . . . . .  bL ............... ... ....... : .. 
�9 " . . . . . . . . . . . . . . .  " . . . . . . . . . .  v . . . .  

::: A L  
" .  X. L . 

".. !. 

f 7"-- 

,,\ L 

/ 
\ 

Me 

S E G  

lOOpm 



19 

with the sequence CLITNCPRGamide ,  and F2, which 
is the biologically active compound,  is an antiparallel 
dimer of  F1. Proux et al. (1987) showed that F2 has 
diuretic activity in the locust. Recently a detailed investi- 
gation was made of the arginine vasopressinlike immu- 
noreactive (VPLI) neurons of  Locusta migratoria, with 
immunocytochemistry combined with intracellular re- 
cordings and staining (Thompson et al. 1991; Thompson 
and Bacon 1991). Intracellular recordings from these 
neurons indicate a photosensory input: the spiking activ- 
ity in the VPLI neurons is greater in the dark than in 
light (Thompson and Bacon 1991). It appears that the 
inputs to the VPLI neurons in the subesophageal gangli- 
on are derived from descending neurons of  the protocer- 
ebrum. Either these descending neurons are photosen- 
sory themselves or they have inputs from extraocular 
photoreceptors. Thompson and Bacon (1991) suggest 
that the VPLI neurons with their inputs from extraocu- 
lar photoreceptors are integrated into a circadian control 
system, where possibly F2 or VPLI material is released 
in a circadian fashion. Recently Coast et al. (1992) found 
that synthetic F2 does not have any effect on fluid secre- 
tion or cyclic AMP levels of  the locust Malpighian tu- 
bules (in contrast to locust diuretic peptide, Locusta- 
DP). These authors also dispute hormonal  release of 
F2 into the circulation. Coast et al. (1992) suggest that 
all release is within the CNS, and that the varicose VPLI 
fibers in the nerve roots, which earlier were proposed 
to be in neurohemal release areas, are inside the neural 
sheath. In fact, in another locust species, Schistocerca 
gregaria, no VPLI fibers at all are found in peripheral 
nerve roots (Evans and Cournil 1990). 

In the blowfly we have so far not been able to label 
any neurons in the subesophageal ganglion (or any other 
ganglion) with different arginine vasopressin antisera. 
When an antiserum against lysine vasopressin (LVP) 
that labels the VPLI cells in the locust subesophageal 
ganglion and additional cells elsewhere (Thompson et al. 
1991) is applied to the blowfly, neurons can be labeled 
only in the abdominal ganglia (Nfissel et al. 1989). It 
would thus appear that the blowfly uses a peptide struc- 
turally different from F I /F2  and arginine vasopressin, 
if indeed this system is present at all. Davis and Hilde- 
brand (1992) have shown that the same LVP antiserum 
labels neurons in the brain and ventral ganglia of cock- 

< 

Fig. 11. Frontal reconstructions of pigment-dispersing hormonelike 
immunoreactive (PDHLI) neurons in the brains of the cockroach 
Periplaneta americana (a) and the blowfly Phormia terraenovae (b). 
a The PDHLI neurons have cell bodies (arrows) near the medulla 
(Me) and innervate the medulla, accessory medulla (AMe) and 
protocerebral neuropil (ILP, SLP, VLP, SMP, POTu). Other ab- 
breviations: AL antennal lobe; aL, bL, CaL, CaM; P portions 
of mushroom body; Lo lobula; POCo posterior commissure. Scale 
bar: 200 p~m. Figure from Homberg et al. (1991) with permission 
from U. Homberg and Springer Verlag. b In the blowfly similar 
PDHLI neurons were resolved. Their cell bodies (Cb, Sc) are at 
the medullar base and their processes run in a posterior commissure 
(Corn) and have collaterals to the lateral horn (LH) and arboriza- 
tions in the medulla (Me), lamina and lobula (not shown here). 
Altered from N/issel et al. (1991, 1992c) 

roaches and mantids, and in Leucophaea the neurons 
labeled with this LVP antiserum are a major subpopula- 
tion of the leucokinin-immunoreactive neurons (N/issel 
et al. 1992 a; Fig. 9). 

Other sequenced insect neuropeptides 

The insect neuropeptides below are treated more briefly 
either because they have not been mapped in the brain 
in full detail yet or because their distribution in the brain 
is very restricted. 

Allatostatins and allatotropins. Five peptides, allatosta- 
tins A1-4 and B2, that inhibit juvenile hormone synthe- 
sis have been isolated from cockroach brain-retrocere- 
bral complexes (Pratt et al. 1991); the sequence of alla- 
tostatin A2 is APSGAQRLYGFGLamide .  Another al- 
latostatin has been isolated from the moth Manduca 
(Kramer et al. 1991) with a different sequence given in 
Table 2. Antiserum against the cockroach allatostatin 
A1 has been used to map immunoreactive neurons in 
the cricket and cockroach brains (Schildberger and Agri- 
cola 1992). Neurosecretory cells (LNC) with axons to 
corpora allata have been seen as well as neurons inner- 
vating the antennal lobes, central complex and nonglo- 
merular protocerebral neuropil. The allatostatin antise- 
rum thus labels more than neurosecretory cells, and alla- 
tostatin-related peptide(s) may have additional roles as 
neuroregulators in the CNS. 

A peptide stimulating secretion of  juvenile hormone 
from corpora allata of  Manduca has also been isolated 
and sequenced (Kataoka et al. 1989). This peptide (se- 
quence in Table 2), termed allatotropin, has not  yet been 
localized by immunocytochemistry. 

Crustacean cardioactive peptide (CCAP) .  A cardioactive 
peptide with the structure PFCNAFTGCamide ,  called 
CCAP, has been sequenced both from a crab and the 
locust Locusta migratoria (Stangier et al. 1989). Interest- 
ingly, it turned out that one of the Manduca cardioacce- 
leratory peptides (CAP2a) has an amino acid sequence 
identical to the crab and locust CCAP (Loi et al. 1992). 
The distribution of  CAPs in the abdominal ganglia of 
larval Manduca has been studied with immunocytochem- 
istry using antibodies to purified CAPs (Tublitz et al. 
1992). In the ventral cord of  the locust an antiserum 
against CCAP labels prominent efferent and interseg- 
mental neuronal systems (Dircksen et al. 1991). So far 
data on the distribution of  CCAP-immunoreactive neu- 
rons in the brain has been published only for the meal 
beetle Tenebrio molitor (Breidbach and Dircksen 1991). 
Ten neurons of  the lateral neurosecretory cell clusters 
with processes in superior median protocerebrum and 
tritocerebrum display immunoreactivity. 

Corazonin. Another cardioactive peptide, corazonin, 
with the sequence pQTFQYSRGWTNamide  has been 
isolated from the cockroach Periplaneta (Veenstra 1989). 
Its distribution has been published for the cockroach 
brain (Predel et al. 1992), where neurosecretory cells 
with axons to the retrocerebral complex are immunore- 
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active. In the blowfly, neurosecretory cells of the LNC 
group and two protocerebral descending neurons have 
been detected with a corazonin antiserum (D. N/issel, 
R. Cantera and J.A. Veenstra, in prep.). 

Locustamyotropin. An antiserum to the myotropic pep- 
tide locustamyotropin II (Lore MT II; EGNFTPRLa- 
mide) labels neurons and neurosecretory cells of the lo- 
cust tritocerebrum and processes in proto- and tritocere- 
bruin, frontal ganglion, corpora cardiaca, and corpora 
allata (Schoofs et al. 1992b). This antiserum may also 
recognize locustapyrokinin-, PBAN- and MRCH-like 
peptides since these peptides share the C-terminus se- 
quence -PRLamide (see Tables 1 and 2). A locust myoin- 
hibitory peptide with a sequence related to the mollusc 
peptide APGW has been isolated but not mapped by 
immunocytochemistry (Schoofs et al. 1991). 

Pheromone biosynthesis activating neuropeptide 
(PBAN). A peptide controlling pheromone production 
in the pheromone glands was first isolated from the 
moth Heliothis zea (Raina et al. 1989; Table 2). PBAN- 
immunoreactive neurons have been described recently 
in the CNS of the moth Helicoverpa zea (Kingan et al. 
1992). Some of these are neurosecretory cells of the sub- 
esophageal ganglion with terminals in the corpora car- 
diaca; others are neurons with release terminals within 
the subesophageal and body ganglia. 

Locust accessory gland myotropin. This myotropin Lom- 
AG-MT I (Tables 1, 2) is actually the only insect peptide 
isolated from a nonneural tissue (male accessory repro- 
ductive gland) with a distribution also in the brain (Pae- 
men et al. 1991, 1992). The distribution of immunoreac- 
rive cell bodies in proto- and deutocerebrum as well as 
the optic lobes and fibers in many neuropil regions 
throughout the brain indicate an important regulatory 
role of this peptide (with no sequence resemblance to 
any known neuropeptide). 

Other insect peptides. Diuretic hormone, eclosion hor- 
mone, prothoracicotropic hormone (PTTH), and bom- 
byxin (see Schooley et al. 1991; Nagasawa 1992; Ta- 
ble 2) have been detected only in neurosecretory cells 
of the moths Manduea sexta and Bombyx mori (Copen- 
haver and Truman 1986; Mizoguchi et al. 1987; Kono 
et al. 1990; Veenstra and Hagedorn 1991; Nagasawa 
1992). The neuroparsins A and B (Table 2) from Locus- 
ta, with some sequence homologies to human neurophy- 
sin (Girardie et al. 1989; Hietter et al. 1991), and with 
possible roles in regulation of fluid reabsorption in the 
rectum and increase of lipid and trehalose levels in the 
hemolymph, can also be found only in neurosecretory 
cells of insects (Girardie et al. 1989; Tamarelle and Gir- 
ardie 1989). 

Opioid-related peptides in insects ? 

Opioid-related neuropeptides have not yet been isolated 
and sequenced from insect tissue, but probably will be 
in the near future, since pentapeptides identical to Met- 

and Leu-enkephalin (YGGFM and YGGFL, respective- 
ly) have been isolated from the mollusc Mytilus (Leung 
and Stefano 1984) and the crab Carcinus maenas 
(Liischen et al. 1991). There is no lack of indications 
that peptides closely related to or identical to Met- and 
Leu-enkephalin are used as messengers in the insect ner- 
vous system. Radioimmunoassay and immunocyto- 
chemistry have demonstrated enkephalinlike material in 
locust, cockroach, and fly tissue (Pag6s et al. 1983; Da- 
venport and Evans 1986; Duve and Thorpe 1988). High- 
affinity binding sites for Met-enkephalin analogs can be 
shown in the brain and midgut of the cockroach Leuco- 
phaea maderae, and in the same insect, administration 
of a Met-enkephalin analog results in a decrease of loco- 
motor activity, whereas a Leu-enkephalin analog and 
dynorphin enhance locomotor activity (Stefano and 
Scharrer 1981 ; Ford et al. 1986; Scharrer et al. 1988). 

In the cockroach brain, Met-enkephalinlike immuno- 
reactivity (M-ENK-LI) has been seen in median neu- 
rosecretory cells with axons to corpora cardiaca and in 
neurons of the tritocerebrum (Verhaert and De Loof 
1985). In the blowfly Leu-enkephalinlike immunoreac- 
tivity (L-ENK-LI) and M-ENK-LI have been found to 
be distributed in distinctly different sets of neurons 
(Duve and Thorpe t988). M-ENK-LI is seen in a rather 
small number of protocerebral and subesophageal neu- 
rons, and L-ENK-LI can be demonstrated in a few medi- 
an neurosecretory cells and protecerebral and subesoph- 
ageal cells. Also, distinct fiber labeling has been shown 
in tritocerebral neuropil and one layer of the fan-shaped 
body. Enkephalinlike peptide(s) may have both central 
neuromodulatory and peripheral neurohormonal role(s) 
in insects. 

Recently it has also been shown that a Met-enkepha- 
lin analog induces enhancement of adherence and migra- 
tion of hemocytes in Leucophaea and the clam Mytilus, 
indicating a cytokine function of this opioid peptide (see 
Scharrer 199i). The hemocytes appear to possess high- 
affinity opioid receptors and like in the mammals (John- 
son et al. 1992; Plata-Salam/m 1991), there may be a 
link between the neuroendocrine and "immune" sys- 
tems in insects. 

Is there a myomodulinlike peptide in insects ? 

Myomodulin A with the sequence PMSMLRLamide has 
been isolated from the accessory radula closer (ARC) 
buccal muscle of the marine mollusc Aplysia californica 
(Cropper et al. 1987). This peptide is released from a 
cholinergic motor neuron, BI 6, that innervates the ARC 
muscle, and its action is to potentiate the muscle's re- 
sponse to acetylcholine during consummatory biting 
(Cropper et al. 1987). Except for the immunocytochem- 
istry presented here and by N/issel et al. (1992c) there 
is no evidence for the presence of a myomodulinlike 
peptide in insects. 

In the brain of the cockroach, Leucophaea, there are 
about 120 MMLI cell bodies distributed in the proto-, 
deuto-, and tritocerebrum, but not in the optic lobes 
(Fig. 12A). Immunoreactive fibers innervate many neu- 
ropil regions of the brain, including the calyces of the 
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Fig. 12. Myomodulin-like immu- 
noreactive (MMLI) neurons in 
the cockroach (A) and blowfly 
brains (B) in frontal views. Only 
the cell bodies are shown here 
(for fiber staining, see Fig. 13). 
Major differences between the 
species is that deutocerebral cells 
(Dc) are seen only in the cock- 
roach, whereas only in the blow- 
fly neurosecretory cells (aMNC) 
and optic lobe neurons (Me) were 
detected. Possibly homologous 
cells are seen in the tritocerebrum 
(TC)I From N/issel et al. (1992c) 
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mushroom bodies, the fan-shaped body, and the anten- 
hal lobes. The MMLI  neurons are efferents of the trito- 
cerebrum and interneurons in other regions. As a com- 
parison the blowfly brain contains about 140 M M L I  cell 
bodies, distributed in the optic lobe, proto- and tritocere- 
brum, but not in the deutocerebrum (Figs. 12B, 13a-c). 
Additionally there are about 18 large MMLI  cell bodies 
in the subesophageal ganglion. The M M L I  neurons in 
Phormia are efferents of the tritocerebrum, neurosecre- 
tory cells of  the anterior portion of  the median neurosec- 
retory cell group, and interneurons in the midbrain and 
optic lobe, but not in the mushroom bodies and fan- 
shaped body (Fig. 13 a, b). It is thus clear that the only 
candidates for homologous neurons displaying M M L I  
in the blowfly and cockroach brain are the tritocerebral 
neurons. Double labeling experiments have shown that 
only a single pair of  M M L I  neurons also display 
FMRFamide  and SCPB-like immunoreactivity 
(Fig. 13c). This unique distribution indicates that the 
native MMLI  peptide has a specific function in a set 
of neurons where so far no other neuropeptide or mono- 
amine has been demonstrated (except in the FLI sub- 
esophageal giant neurons). 

Are there neuropeptides related to galanin 
and galanin-message associated peptide in insects ? 

Galanin (GAL), which consists of  29 amino acid resi- 
dues, has been isolated from pig small intestine but has 
a widespread distribution in the mammalian central and 
peripheral nervous system and has multiple functions 
(R6kaeus 1987). On the GAL precursor (preproGAL) 
a second peptide consisting of 59 residues named GMAP 
has been found (R6kaeus and Brownstein 1986). The 
sequences of  GAL and GMAP display no homologies 
to known insect peptides. 

In the blowfly central nervous system both GAL- 
and GMAP-like immunoreactive (GALI and GMAPLI)  
neurons and neurosecretory cells can be found (Lund- 
quist et al. 1991, 1992). The distribution of  GALI  fibers 
in the fan-shaped body is shown in Fig. ] 3 e, If  the fly 
peptides were derived from a common precursor, as in 
mammals, one would expect GALI  and G M A P L I  mate- 
rial to be colocalized in neurons of the fly brain. Indeed, 
double labeling experiments have demonstrated that 
about half  of  the GALI  neurons also react with GMAP 
antiserum (Lundquist et al. 1992). There are, however, 
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neurons reacting only with G M A P  antiserum or GAL 
antiserum. It is not clear whether this is due to the fact 
that the two immunoreactive peptides in flies are derived 
from two different precursors (unlike mammals), or if 
differential gene splicing, differential posttranslational 
processing, or neuropeptide turnover causes differential 
expression of  immunoreactive material in the neurons. 

We have demonstrated 125I-GAL binding sites in the 
blowfly brain by autoradiography (Johard et al. 1992). 
Specific binding of  porcine 125I-GAL1 29 (the holopep- 
tide) as well as its C-terminus fragment~25I-GAL15-29 
can be seen.The highest binding intensity is obtained 
with the C-terminus fragment. Specific binding sites are 
seen in the fan-shaped body, the antennal lobes, the me- 
dulla of  the optic lobe, pars intercerebralis, and the sub- 
esophageal ganglion. All binding sites, except the anten- 
nal lobes, correspond well to the neuropil regions with 
dense innervation by GALI  fiber terminals (Lundquist 
et al. 1991 ; Johard et al. 1992). 

Concluding remarks 

Immunocytochemistry is clearly not sufficient to obtain 
an understanding of neuropeptide function, but there 
are cases where the distribution of immunoreactive neu- 
ropeptide in insects may reflect a possible function or 
at least a distinct target for peptide release. Obvious 
examples are when neuropeptides are expressed in effer- 
ent neurons, for instance proctolin in efferents to the 
hindgut (see Eckert et al. 1981) and to skeletal muscles 
(O'Shea and Schaffer 1985), where modulatory actions 
on muscle activity can be demonstrated (O'Shea and 
Schaffer 1985). 

< 

Fig. 13. Fluorescence micrographs of double labeling of frontal 
sections of the blowfly brain, a, b Double exposure of double label- 
ing with rabbit anti-myomodulin (TRITC, red) and mouse anti- 
SCPB (AMCA, blue). In these two adjacent sections the two anti- 
sera each recognize a unique set of neural processes, a Dense myo- 
modulinlike immunoreactivity (MMLI) is seen in varicose fibers 
in pars intercerebralis of dorsomedial protocerebrum (top of micro- 
graph) whereas SCPB immunoreactivity (SCLI) is seen in two layers 
of the fan-shaped body (FB). E Esophageal foramen. In b arboriz- 
ing MMLI fibers (red) are seen in the subesophageal ganglion 
(lower part of micrograph). Scale bar a, b" 50 ~xm. e MMLI and 
SCLI material (labeling as in a and b) in the subesophageal gangli- 
on. In one pair of large cells (arrow) MMLI and SCLI material 
is colocalized. Scale as in a. d-f These figures illustrate that in 
the blowfly brain monoamines and neuropeptides are not coloca- 
lized, d Double exposure of double labeling with rabbit antiserum 
against leucokinin I (TRITC, red) and mouse anti-tyrosin hydroxy- 
lase (AMCA, blue). The frontalmost part of protocerebrum is 
shown with a group of leucokinin-immunoreactive (LKIR) neu- 
rosecretory cells. Note the partial overlap of LKIR varicosities 
(red) and tyrosin hydroxylase immunoreactive processes in neu- 
ropil. Scale as in a. e, f Double labeling of the same section of 
the central complex with anti-galanin (FITC, yellow green) and 
anti-tyrosin hydroxylase (TRITC, red). The two antigens are dis- 
tributed in separate neuron populations, but with partly overlap- 
ping fields of innervation in the fan-shaped body, bot not in ellip- 
soid body (arrow). Scale as in a 

It is rare to see insect neuropeptides with a distribu- 
tion indicating a single or a few defined functions. Two 
examples are the PDHLI  visual interneurons in dipteran 
and orthopteran insects (Homberg et al. 1991; N/issel 
et al. 1991), and neurokinin A-like immunoreactive neu- 
rons restricted to the visual system of the cockroach 
Leucophaea (N/issel 1991; N/issel et al. 1992b). These 
systems might lend themselves to studies of  neuropeptide 
action by a combination of  pharmacology and intracel- 
lular recordings. Some of  the peptide neurohormones,  
like PTTH,  eclosion hormone, and diuretic hormone, 
appear to be restricted to single neurosecretory systems 
(see Tublitz et al. 1986; Raabe 1989; Veenstra and Hage- 
dorn 1991), which may limit the search for functions 
to hormonal  actions. 

Many neuropeptides, however, have extensive distri- 
butions in large populations of neurons in the brain and 
appear to have multiple functions in the organism. Ex- 
amples are the FaRPs and leucokininlike peptides, which 
exist in many forms, are distributed in diverse classes 
of neurons, and may act on multiple types of receptors, 
similar to for instance neuropeptide Y and tachykinins 
in mammals (Lehmann 1990; Helke et al, 1990; Krause 
et al. 1990). Here the distributed actions of individual 
peptide species may be hard to get a handle on due 
to the small size of the insect brain. 

A few aspects of  peptide distribution patterns may 
be worthwhile summarizing. Some specific neuropil re- 
gions appear especially rich in innervation by neurons 
expressing different neuropeptides. In the blowfly the 
fan-shaped body of  the central complex is innervated 
by different neurons reacting with antisera against 
FaRPs, proctolin, AKH,  leucokinins, locustatachykin- 
ins, Leu-enkephalin, galanin, and GMAP.  The neuropil 
in the superior protocerebrum associated with pars inter- 
cerebralis and the basal portion of the medulla in the 
optic lobe are other regions with about the same number 
of different immunoreactive neuropeptides. On the other 
hand there are some neuropils in which so far only one 
neuropeptide has been detected, e.g., the ellipsoid body 
of the central complex, the different compartments of  
the mushroom bodies, and the lamina of  the optic lobes. 
This differential distribution may imply that peptidergic 
modulatory actions are more important  and complex 
in some centers than in others, or alternatively that many 
neuropeptides have escaped detection in the listed neu- 
ropils since antisera against them are not yet available. 

Very few suggestions about functions of  peptidergic 
systems in the CNS centers are available. Is it even justi- 
fied to say that there are peptidergic systems within the 
insect brain? Is it possible that peptides are always re- 
leased with other primary messengers and have modula- 
tory actions on synaptic transmission only? Two differ- 
ent peptidergic systems have been proposed in the insect 
CNS : the PDHLI  neurons associated with the accessory 
medulla and the subesophageal vasopressin immunore- 
active neurons have both been implicated in circadian 
regulatory functions (Homberg et al. 1991 b; Thompson 
and Bacon 1991; Stengl and Homberg 1992). Both sys- 
tems are amenable to experimental studies, and it may 
turn out that neuropeptides can be mediators of  syn- 
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chronization of circadian activity as has been seen in 
the rat suprachiasmatic nucleus (see Albers et al. 1991). 

There is ample evidence for colocalized peptides in 
insect neurons (see section on FaRPs and Figs. 5, 6). 
Surprisingly few examples of colocalization of neuropep- 
tides and monoamines and other neurotransmitters 
have, however, been published for insects, although stu- 
dies of mammalian systems provide numerous cases of 
coexistence (Lundberg and H6kfelt 1983; Bartfai et al. 
1988). A few examples in insects are: coexistence of 
FMRFamide-related peptides and GABA and serotonin 
(Homberg etal. 1990), ~-endorphin and dopamine 
(Takeda etal. 1986), and proctolin and glutamate 
(Adams and O'Shea 1983). Superposition of peptidergic 
and monoaminergic processes in neuropil (Fig. 13d-f) 
is on the other hand fairly common. 

One of the most urgent aspects of neuropeptide biolo- 
gy to pursue in insects is the spectrum of actions of 
neuropeptides in the central and peripheral nervous sys- 
tem. The rate by which new peptides are sequenced and 
subsequently mapped by immunocytochemistry is by no 
means matched by attempts to delineate their functions. 
It is obvious that the fastest route to understanding the 
cellular and molecular mechanisms of peptide action is 
to select accessible neuron-target systems, such as glands 
and muscles (or studying hormonal actions). Conse- 
quently this is where most progress has been made (see 
O'Shea and Schaffer 1985; O'Shea et al. 1985; Evans 
and Myers 1986; Tublitz et al. 1986, 1991; Cuthbert and 
Evans 1989; Raabe 1989; Walker 1992). To understand 
the diversity of actions of different neuropeptides, how- 
ever, it is crucial also to include central circuits. The 
shortage of peptide ligands (of peptide and nonpeptide 
nature) that can traverse the blood-brain barrier com- 
monly precludes simple systemic delivery of substances 
for behavioral analysis. However, in a simple behavior, 
such as the proboscis extension reflex of the honeybee, 
the antagonistic modulatory actions of FMRFamide and 
CCK8 on the gustatory and olfactory responses can be 
analyzed after injection of the peptides into the mush- 
room bodies (Erber et al. 1991). In small simple ganglia 
such as the crustacean stomatogastric ganglion, with less 
well-developed blood brain barriers, modulatory actions 
of neuropeptides have been studied extensively (Harris- 
Warrick and Marder 1991). 

Another rather uncharted domain in insect neuropep- 
tide biology is the characterization of peptide receptors 
and associated second messenger systems, although 
quite some progress has been made in this area for ace- 
tylcholine, amino acid transmitters, and monoamines 
(see Restifo and White 1990; Buchner 1991). One neu- 
ropeptide Y- and two tachykininlike receptors have been 
cloned from Drosophila. One of the tachykinin receptors 
(NKD), when expressed in mouse NIH-3T3 cells, in- 
duces increases in inositoltriphosphate (IP3) synthesis 
in response to tachykinins, notably locustatachykinin II 
(Monnier et al. 1992). When the other receptor (DTKR) 
is expressed in J(enopus oocytes, substance P evokes in- 
ward chloride currents, a response that can be blocked 
by pertussis toxin indicating that the DTKR is a G- 
protein coupled receptor and can activate the phospholi- 
pase C pathway (Li et al. 1991). 

With the advances of molecular genetics in Drosophila 
(see Buchner 1991) it is to be expected that we will see 
rapid progress in understanding of neuropeptide recep- 
tors and second messenger pathways. Some work on 
neuropeptides and their receptors indicates, that this 
class of bioactive substances also has roles during em- 
bryonic development (H6kfelt 1991 ; Li et al. 1991, 1992; 
Monnier 1992) and as cytokines in the immune system 
(Scharrer 1991 ; Johnson et al. 1992), fields that still are 
in their infancy in insects. 
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(1992). A few interesting reviews on insect neuropeptides have ap- 
peared recently (Masler et al. 1993; Raina and Menn 1993). 
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