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Introduction 

Insects were once considered as 'mechanical black boxes' which function without hormones. Thanks to the 
pioneering work of  V. B. Wigglesworth, B. Scharrer, E. Thomsen, G. Fraenkel, C. M. Williams, P. Karlson, 
J. de Wilde, S. Fukuda and many others, it is clear that metamorphosis, reproduction and some other processes 
are controlled by hormones. Major achievements in insect endocrinology include the elucidation of the struc- 
tural formula of ecdysone by Butenandt & Karlson (1954) and of juvenile hormone-I by R611er et al. (1967). 
The peptide hormones produced by the neurosecretory cells were more difficult to isolate and identify. Only 
in a few cases has the primary structure been determined, e.g. the adipokinetic hormone(s) (AKH) (Stone et 
al., 1976; Cheeseman et al., 1977; GS.de et al., 1986) and proctolin (Brown, 1975). Heroic efforts have been 
made and are still continuing by the Japanese research groups of A. Suzuki and H. Ishizahi and by the American 
teams of L. I. Gilbert and W. Bollenbacher and by T. G. Kingan to establish the amino acid sequence of the 
prothoracicotrophic hormone (PTTH) of different lepidopteran species. It has recently been shown that PTTH 
of Bombyx bears some similarity to insulin (Nagasawa et aL, 1984). The discoveries of  insulin-like material 
in Calliphora by Duve & Thorpe (1979) and of  'vertebrate-type steroids' in Sarcophaga by De Clerck et al. 
(1984) have stimulated renewed research activity in insect endocrinology. As a result, a dramatically changed 

concept of the insect hormonal  system appears: it seems much more similar to the vertebrate endocrine system 
than generally assumed and it certainly is much more complex than was imagined 5 years ago. Modern technol- 
ogy made the identification and the determination of the amino acid sequence of peptides easier. As a result 
insect endocrinology is now finding its second wind. 

Non-ecdysteroid steroids in insects 

Ecdysone, 20-OH ecdysone and other ecdysteroids are highly polar steroids which are synthesized from 
cholesterol by arthropods, molluscs and worms but not by chordates. High concentrations of particular ecdy- 
steroids have been found in certain plants. Chordates seem to lack the enzyme systems for ecdysteroid synthesis: 
instead they make less polar C~8, C19 and C21 steroids (e.g. estradiol, a C~8; testosterone, a C~9; progesterone, 
a Ca~ and many others). Pregnenolone, itself a derivative of cholesterol, functions as an essential intermediate 
in the biosynthetic pathway. However, a number of typically 'vertebrate-type' steroids are found in defense 
secretions of  a few water beetles (Schildknecht, 1970). Additionally, many enzymes essential for the biosynthe- 
sis of steroid hormones are present in a wide range of invertebrates belonging to different phyla (review 
Sandor & Mehdi, 1979). A few years ago, the question was raised in our laboratory whether 'vertebrate-type' 
steroids occur in the haemolymph of insects and, if so, whether they might perhaps be used as hormones. By 

means of  gas chromatography-mass spectrometry, we identified the following C18, C19 and C21 steroids in 
haemolymph of larvae of the fleshfly Sarcophaga bullata." progesterone, 17 o~-hydroxyprogesterone, 17 c~, 
20 3-dihydroprogesterone, testosterone, 5 ~-dihydrotestosterone, 11 3-hydroxytestosterone, ll-ketotestoster- 
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one, 5 c~-androstane-3 ~3, 17/3-diol, 5/3-androstane-3 c~, 17/3-diol, androstenedione, androst-5-ene-3 ~, 
17-/3 diol (De Clerck et al., 1984). 

Mechoulam et al. (1984) undertook a similar but completely independent study in the same species at the 
same time. They also demonstrated a number of these steroids and, moreover, they found estrogens in adult 
flies. In the Colorado potato beetle (Leptinotarsa deeemlineata), three more steroids were identified, namely 
pregnenolone, 17 c~-hydroxypregnenolone and dehydroepiandrosterone (Diederik et al., 1984). 

Estrogens have also been detected in ovaries o f B o m b y x  (Onishi et al., 1985). In Sarcophaga, the biosynthetic 
pathway of most of these steroids has been clarified, the system being very similar to that of vertebrates 
(De Clerck et al., 1987). Data obtained by other laboratories in other insect species, some crustaceans and mol- 
luscs strongly suggest that at least some C18, C19 and C21 steroids occur in many, if not all, invertebrates. Such 
steroids are probably quite universally distributed throughout the animal kingdom. This might mean that 
steroids are ancient molecules and that the enzymes which are used for their synthesis and metabolism have 
been very well conserved during evolution. At this moment quantitative measurements of the concentrations 
of several of these steroids are being performed in several laboratories, this as a first step towards the elucidation 
of their possible functions. 

lmmunocytochemistry revealed a large number o f  different neurosecretory cell types in the central 
nervous system 

Immunocytochemical methods are extremely powerful in indicating presence or absence of a given antigenic 
determinant (epitope) in tissues or cells. Suppose that insulin were present in e.g. only one pair of cells in the 
brain of an insect. This cell pair can be detected, provided a complete set of serial sections is studied and a 
good anti-insulin antiserum is used in proper staining protocols. This method therefore is extremely sensitive, 
but it also has its limitations. Immunochemical detection methods only allow conclusions about epitope 
similarity, not about identity. The better an antiserum is characterized, the more informative the results are. 
In 1979, Duve & Thorpe reported on the presence of insulin-like material in the brain of fleshfly Calliphora. 
Since then, many different antibodies, especially polyclonal ones, and more recently monoclonal ones, directed 
against a wide variety of peptides with hormonal function in vertebrates, have been used in immuno- 
histochemistry and radioimmunoassays of insect nervous systems. The data collected in this domain are so 
numerous that it cannot possibly be covered by this minireview. We refer readers tO the review paper of R6my 
(1982) and to reviews which will soon be published by other authors. I will restrict myself to the results obtained 
in our laboratory on 3 insect species (Table 1). This list, which continues to grow as new antisera becomes availa- 
ble, clearly illustrates that the insect central nervous system and also the midgut contain many more cell types, 
some of them clearly secretory, than could be deduced from the classical histochemical staining methods. From 
these results and those obtained by our colleagues (see Raabe, 1982), it has become clear that insects have 
molecules in distinct cells of the nervous system and the alimentary canal which share common epitopes with 
peptides which have a hormonal function in vertebrates. This suggests, that during evolution, despite the many 
mutations which may have occurred, some peptide hormones may, like the steroids, also have been highly con- 
served. Hence, it might not be surprising that, if a certain peptide originating from an insect would bear a 
phylogenetically well conserved peptide sequence, which coresponds to the hormonally active region of the 
molecule, this insect peptide might bind to the corresponding vertebrate receptor and elicit physiological effects 
there. As will discussed further, there are already some indications that this might be the case, at least for some 

peptides. 
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Table l. l m m u n o c y t o c h e m i c a l  loca l i sa t ion  of substances  re la ted to pept ides  wi th  h o r m o n a l  funct ion(s)  in ver tebra tes .  All  resul ts  ob- 

ta ined  in our  l abora to ry .  

Pa  Lm Sb 

NS 

NS IC IF NS IC 

C R F  (cor t ico t rop in  re leas ing factor)  + + + 0 0 0 

A C T H  (cor t ico t ropin)  sequence 01 - 2 4  + + + + + + 

sequence 11 - 24 + + + + + + 

me t -ENK (meth ion ine -enkepha l in )  + + + + + + 

Ieu-ENK ( leucine-enkephal in)  + + + + 0 + 

/3-END (/3-endorphin) + + + + 0 + 

"~-END (3,-endorphin) - 0 0 - 0 + 

a - M S H  (c~-melanocyte s t imula t ing  ho rmone)  + + - + + + 

r (/~-melanocyte s t imula t ing  ho rmone)  0 0 0 + 0 + 

3,3-MSH (3,3-melanocyte s t imula t ing  ho rmone)  + 0 0 - 0 - 

G n R H  (gonado t rop in  re leas ing ho rmone)  + + - + 0 + 

h F S H  (foll icle s t imula t ing  ho rmone)  + - - + 0 + 

h L H  ( lute iniz ing ho rmone)  m o n o c l o n a l  an t ibody  + 0 0 0 0 0 

po lyc lona l  an t i se rum + - - + 0 + 

VT (vasotocin)  + 0 0 + 0 0 

A V P  (argin ine  vasopress in)  + + + + 0 + 

O T  (oxytocin)  + ? 9 + 0 + 

IT ( isotocin)  ? 0 0 0 0 0 

N P I  (neurophys in  I) + + + + 0 + 

N P I I  (neurophys in  I1) + ? ? ? 0 0 

SP (Substance  P) m o n o c l o n a l  a n t i b o d y  + 0 0 0 0 0 

po lyc lona l  an t i se rum + + + 0 0 0 

BB ( B o m b e s i n ) / G R P  (gastr in  re leas ing pept ide)  + 0 0 - 0 0 

Gas t r in  + + + + 0 0 

CCK (cholecys tokinin)  + + + 0 0 + 

V1P (vasoact ive  in tes t ina l  po lypept ide)  + 0 0 0 0 0 

P H I  (pept ide  his t id ine  isoleucine)  + 0 0 + 0 - 

N P Y  (neuropep t ide  tyrosine)  - 0 0 0 0 0 

bPP  (pancrea t ic  polypept ide)  + + + + 0 + 

[GF I ( insul in- l ike  g rowth  factor)  m o n o c l o n a l  an t ibody  + 0 0 0 0 0 

INS (insulin) + + + + + + 

SRIF  ( somatos ta t in )  + 0 0 + 0 - 

h G R F  (growth  h o r m o n e  releasing factor)  + 0 0 + 0 + 

h G H  (growth  h o r m o n e )  + - + + 0 + 

b G H  + 0 0 + 0 - 

fGH + 0 0 0 0 0 

h P R L  (prolact in)  + ? + + 0 + 

f P R L  + 0 0 0 0 0 

NT (neurotens in)  + - - 0 0 0 

P T H  (pa ra tho rmone)  ? 0 0 0 0 0 

C G R P  (calc i tonin  gene related pept ide)  + 0 0 0 0 0 

A N F  (atr ial  na t r iure t ic  fac tor  (a ea rd iod i l a t in  sequence)) + 0 0 0 0 0 

TSH ( thyroid  s t imula t ing  ho rmone)  - 0 0 0 0 0 

T R H  ( thyro t rop in  releasing ho rmone)  0 0 0 0 0 

F M R F a  (pheny la lan ine -meth ion ine -a rg in ine -pheny la lan ine -amide)  + + + + 0 + 

A K H  (ad ipokine t ic  ho rmone)  + 0 0 + 0 0 

P T T H  (Bombyx  4K p ro tho rac i co t rop ic  h o r m o n e )  m o n o c l o n a l  a n t i b o d y  + 0 0 0 0 0 

legend: Pa ,  Periptaneta americana; Lm, Locusta migratoria; Sb, Sarcophaga bullata; NS, nervous  sys tem;  IC,  in tes t ina l  ceils 

(paraneuron- type) ;  IF, in tes t ine  innerva t ing  nerve fibres; h, h u m a n ;  b, bovine;  f, fish (sa lmonid) ;  + posi t ive  i m m u n o h i s t o c h e m i c a l  reac- 

t ion;  - ,  no t  i m m u n o c y t o c h e m i c a l l y  detected;  ?, weak (doubt fu l )  i m m u n o s t a i n i n g ;  0, not  tested.  
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The midgut: an important endocrine gland? 

In vertebrates, the alimentary canal contains a large number of  cells producing a variety of  peptide hormones. 
The best known gastric hormones are insulin, glucagon, gastrin, cholecystokinin, pancreatic polypeptide, 
vasoactive intestinal polypeptide, but this list is far from exhaustive. Until very recently, the search for peptide 
hormones in invertebrates has been restricted to the nervous system. Application of immunocytochemical 
methods to serial sections of  the gut of  a few insect species - Periplaneta americana being the best studied 
one - revealed that the midgut especially contains a large number of  cells having epitopes recognized by anti- 
sera directed against vertebrate neuro- or/and gastro-entero-pancreatic peptide hormones. In our laboratory, 
out of  about 25 different antisera which stained distinct cells in the central nervous system, 20 gave positive 
results, mostly on midgut sections. The fore- and hindgut contain very few, if any, immunopositive cells. Im- 
munoreactive products are also present in nerve endings which innervate the muscle layer of the gut. In 
Periplaneta, about 8 000 cells in the midgut react with antisera against opiates and the different peptide hor- 
mones derived from pro-opiomelanocortin (Schols et aL, 1987). The total number of  cells which are recognized 
by the antisera which have so far been used in this animal exceeds 30000 (Verhaert P., Schols D., De Loof  A., 
in prep.). This is at least one order of  magnitude higher than the number of neurosecretory cells in the central 
nervous system. Nothing is as yet known about the possible functions of all these peptides. It could be suggested 
that they may be involved in controlling the permeability of  the epithelial cells for nutrients and ions, in regener- 
ation of the epithelial cells, in controlling the production and/or  secretion of digestive enzymes and of gut 
motility. The minimal conclusion which can be drawn from all the immunocytochemical data is that in both 
the nervous system and midgut many different cell types contain molecules with epitopes identical or very simi- 
lar to those that are present in a wide variety of peptide hormones of vertebrates. Exact determination of the 
amino acid sequence of  peptides has to be made with other methods than immunochemical ones. This implies 
that the peptide has to be available in pure form, or that the encoding DNA has to be cloned and sequenced. 

Amino acid sequence of  the vertebrate-type peptides of  insects 

It will be necessary to determine the amino acid sequence of  peptides in order to perform physiological experi- 
ments. Just as it turned out to be the case for the adipokinetic hormone (AKH), it is likely that a given peptide 
may differ slightly from species to species: most probably, peptide families will show up. 

For stable peptides, it may not be impossible to collect enough undegraded material from tisses by means 
of classical extraction and chromatography procedures to perform the sequencing. The major problem with 
this technique is that one needs a procedure to monitor the successive purification steps. This can be done 
either by radioimmunoassay, provided a good antiserum is available or by a suitable bioassay. However as the 
functions of the materials under investigation are not known yet, such insect bioassays are not presently availa- 
ble. It may be possible to use vertebrate bioassays as will be discussed further. 

For larger (and more labile) peptides, e.g. those of the glyco- and holoprotein hormone-type (such as luteiniz- 
ing hormone- and growth hormone-like materials respectively) it will be extremely difficult, even with the most 
sophisticated analytical techniques, to obtain sufficient undegraded material for amino acid sequencing. For- 
tunately, another approach is now possible. The most promising technique which is being introduced in several 
laboratories including ours, is the cloning of the genes coding for the peptides of interest into bacteria. Two 
types of DNA libraries can be constructed using insect tissues namely genomic DNA and cDNA libraries. Con- 
struction of  genomic DNA libraries involves insertion of small fragments of insect DNA into the genome of 
E. coli. Construction of  cDNA libraries involves copying mRNA's from e.g. neural or intestinal tissue using 
reverse transcriptase. This cDNA can be inserted into some vector DNA derived e.g. from the genome of  a 
phage. The vector with the DNA insert can then be introduced into E. coli to amplify the DNA. If the phage 
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containing the insect DNA is an expression vector, like e.g. X gt 11, the transformed E. coti will produce, under 

proper conditions, the corresponding mRNA and protein. After a DNA library has been made, the bacterial 

clones, which contain the DNA sequences encoding for the peptides one is interested in, have to be identified 
and selected. In principle, this can be done in two ways. A first possibility, which may be applied to both genomic 
and copy DNA libraries, is that hybridisation is done with available DNA probes for vertebrate peptide hor- 
mones. Quite a number of such vertebrate genes have already been cloned and are available for experiments. 
In Periplaneta and Sarcophaga this approach has already given some positive indications about its potential. 
RNA of both insects hybridised in dot blot experiments with cDNA for both rat growth hormone and prolactin 
(Verhaert etaL, 1985). This approach has advantages and limitations. False cross reactions are possible, especial- 
ly when low stringency conditions are used during hybridization. Furthermore, even if some insect species con- 
tain a peptide with an amino acid sequence similar to a well-characterized vertebrate peptide hormone, it is 
quite possible that the similarity of  the DNA base sequence is not very high. Many amino acids are specified 
by several codons. Thus, a highly conserved amino acid sequence can be coded for by genes with different 

codons. 
A second possible 'screening' technique, which can only be used if an expression vector was successfully 

applied for the bacterial transformation, makes use of the fact that the clones synthesize at least part of the 
protein o f interest. It simply uses antibodies directed against (vertebrate) peptide hormones as detection probes. 
Here as well, false positive reactions cannot completely be ruled out. However, this approach is very promising 
in that it would create the possibility that a number of insect peptides may be identified and characterized 
in a relatively short time, without the need to extract huge quantities of insect tissue. Once the amino acid 
sequence of a given peptide can be deduced from the nucleotide sequence in the inserted DNA, the peptide 
or part of it can be synthesised and physiological experiments on the elucidation of functions can begin. 

Elucidation of  the functions of candidate hormones: a difficult task 

The classical approach to unravel the function(s) of a hormone is to study the effects of extirpation and reim- 
plantation of the gland which synthesizes the hormone. This approach can only be used when the gland can 
be removed, not when there are multiple sites of synthesis. In case of the newly discovered steroids it is as yet 
not known whether there might be sites of synthesis other than the gonads. 

For the candidate peptide hormones, the situation is more complex. Immunohistochemistry demonstrated 
that, depending on the peptide, there may be several to many cells which produce the same or a similar peptide. 
These cells may be simultaneously present in different sites of the brain, the ventral ganglia and even the gut. 
Moreover, these cells can only be located after immunocytochemical detection. There is no method available 
at present by which they may be visualized in vivo and thus, it is not feasible to extirpate them. 

Another problem is that one cannot a priori predict which effect to look for. A further problem, especially 
relevant to the peptides, is that most of them have as yet not been purified. It is not certain at all that their 
immunochemically similar counterparts from vertebrates are also active in insects, and if they are, that they 
exert similar actions. 

In our laboratory, we developed a strategy to escape from this cul de sac. Our immunocytochemical data 
suggest that some peptides, which have a hormonal function in vertebrates, might have been well conserved 
during evolution. We thought it might be worthwhile to investigate whether insect material could yield positive 
results in vertebrate bioassays. So far, we have tried two such assays and obtained positive results in both cases: 
(a) Melanophore simulating hormone (MSH) causes spreading of the melanophores in a piece of skin of  a 
frog adapted to a pale background. Homogenates of pituitary, which contains MSH, have a stimulatory effect. 
When acidic extracts of  corpora cardiaca of Periplaneta were tried in this assay, they proved to be very active 
(Verhaert et al., 1987). In our laboratory, this bioassay is now being used to monitor the purification of a peptide 
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which resembles vertebrate MSH from the brain of insects. (b) Luteinising hormone (LH) stimulates testoster- 
one production by the Leydig cells of murine testis. Homogenates of corpora cardiaca of Periplaneta (Verhaert 
& De Loof, 1986) and Locusta (Theunis et al., 1987), also have a stimulatory effect. 

It is also possible to develop bioassays in an insect system. After detecting FMRFamide-like material in the 
alimentary canal by immunocytochemistry, we investigated whether FMRFamide has an effect on motility of 
the fore-, mid- and hindgut. Strong contractions are induced at concentrations of 10 -1~ M in the perifusion 
fluid (Verhaert et al., 1987). Taking into account the possible functions of peptides in the gut, several bioassays 
can be worked out as already shown for insulin (Meneses & Ortiz, 1975; Duve et al., 1979; Moreau et al., 1986) 
and glucagon (O'Lea & Van Handel, 1970; Tager et al., 1976). 

In our opinion, the localization of receptors, either in the plasma membrane or in the nucleus, may be a 
straightforward approach to localize target tissues. Here again, results already obtained in vertebrates, may 
be helpful in developing the methodology for insect material. It is as yet not clear whether steroid hormones 
act through a cytoplasmic receptor or whether plasmamembrane receptors are also involved (De Loof, 1985). 
Fully reliable results for peptide hormones will only be obtained when the pure peptides are available. 

Several of the candidate hormones may be involved in control of some aspects of behaviour. Behaviour can 
be defined as the total sum of all movements an organism makes. The exciting discovery that in the mollusc 
Aplysia egg laying behaviour is regulated by peptide hormones, points in this direction (Scheller & Axel, 1984). 
The fact that in insects so many different peptides are localized in well-defined cells in the brain, thoracic and 
abdominal ganglia and nerve endings, suggests that other specific behaviour patterns could be under local 
peptide hormone control. In vertebrates steroids also influence behaviour; thus, in insects some of the 
vertebrate-type steroids may also be involved in control of behaviour. 

The influence of day length on some physiological processes like reproduction and diapause is well estab- 
lished in some insect species. Somehow, rhythms must be perceived and/or transmitted through the brain. In 
Locusta migratoria, out of more than 30 antisera that have so far been screened, only the antiserum against 
~-MSH yielded positive reaction in the ocelli (Schoofs et al., 1987). This might suggest that an MSH-like sub- 
stance could be involved in rhythms. 

It is evident that we are just at the beginning of the unravelling of possible functions of the many candidate 
hormones. 

Thinking in terms of  a balance of  hormones 

Through a variety of feedback mechanisms, the synthesis of hormones, their release and actions in the target 
organs can be influenced by other hormones. Furthermore, the distinction between the supposed mode of ac- 
tion of lipid (such as steroid) and peptide hormones is not so clear (review: Szego & Pietras, 1985). Thus, a 
given physiological process is usually not controlled by a single hormone but by a balance of hormones. 
Although only a few insect hormones have presently been identified, there is no reason to assume that the 
situation in these animals would be different. Target cells must have mechanisms to take into account the effects 
of a variety of factors such as the availability of amino acids, sugars etc., and the presence of different hormones, 
physical factors etc. In the nervous system, the fast system for communication, interneurons are influenced 
by a large number of synapses which have a variety of different neurotransmittors. An interneuron makes the 
decision whether or not to transmit an impulse by making the sum of all ion fluxes elicited by the release of 
the neurotransmittor substances. In the endocrine system, the slow system for communication, a variety of 
hormones, peptides as well as steroids, also influence the permeability of the target cell plasma membrane 
for ions and, as in the case of insulin, perhaps also for nutrients because their transport is coupled to that 
of ions. Much like a neuron, target cells have to make the sum of all changes in membrane permeability caused 
by a balance of factors. 



111 

The resulting 'ionic environment' within the cell and its organelles, which comprises ionic concentrations, 
pH, transcellular ionic fluxes, transceUular electrical currents, voltage and secondary chemical gradients, has 
its effects on a number of cellular functions, including transcription. Many cell types - if not all - are minia- 
ture electrophoresis chambers (reciew De Loof, 1986) with all inherent properties. This dynamic concept of 
a cell takes simultaneously into account the 5 known dimensions of cells, namely the 4 classical ones (those 
of space and time) and the electrical one. The latter, which has been very well studied in excitable cells, but 
which has been almost completely overlooked in target cells of hormones may be the one which will bring 
unity in endocrinology (De Loof, 1985, 1986). 

Conclusions 

Insect endocrinology is entering a period of exciting developments. The concept that the endocrine system 
of invertebrates is much simpler and totally different from that of vertebrates can no longer be held. So far 
the differences between insects and vertebrates have been emphasized: ecdysteroids, juvenile hormones, AKH. 
Now the time has come for the study of the similarities. 

The strict distinction between the mode of action of peptide hormones and steroids is also gradually disap- 
pearing. There can be no doubt that models, which take into account all presently known dimensions of cells, 
will be needed to understand the mode of action of hormones and the way a balance of hormones can exert 
its effects. The borderline between vertebrate and invertebrate endocrinology is rapidly vanishing: 'universal 
endocrinology' is taking shape. The novel developments suggest that the basic principles of the endocrine 
system were already very well developed before Protostomians and Deuterostomians diverged and that they 
have been remarkably well conserved. After all, almost all endocrinologists including ourselves, have been 

Fig. 1. Vertebrates and invertebrates closer together than expected. 
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misled by the pronounced difference in external morphology between insects and vertebrates. Similarly pro- 
nounced differences in physiology and endocrinology were intuitively assumed to exist. 

The search for similarities instead of differences between the endocrine system of vertebrates and inver- 
tebrates, will most probably cause rapid progress in insect endocrinology in the next years. Insect endocrinology 
is taking a second wind, apparently a deep one. In our laboratory, Fig. 1 serves as the emblem of our compara- 
tive endocrinology team: the reader wiI1 understand why. 
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