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Summary. The presence and differential distribution of substances antigenically 
related to known vertebrate neuropeptides demonstrated within the corpus 
cardiacum of  the insect Leucophaea  are as follows: Of  ten mammalian antisera 
tested, six yielded substantial immunoreactive deposits resembling oxytocin, 
somatostatin, Substance P, met-enkephalin, bombesin, and neurotensin, 
respectively. In the remaining four, the reaction was moderate (vasopressin, fl- 
endorphin) or marginal (LH-RF, calcitonin). With regard to their regional 
distribution, these biochemically distinct reaction products seem to fall into two 
groups: (1) Materials resembling oxytocin, vasopressin, met-enkephalin, /3- 
endorphin (and presumably also neurotensin and LH-RF)  predominate in the 
central release area of  the organ and are considered to be of  extrinsic (cerebral) 
origin. (2) Substances localized primarily in areas rich in intrinsic glandular cells 
of  the corpus cardiacum, and revealed by antisera raised against somatostatin,  
Substance P, and bombesin, are judged to be synthesized and stored within this 
organ. In peptidergic fibers entering the adjacent corpora allata, thus far 
Substance P-, fl-endorphin-, and LH-RF-like immunoreactivities have been 
demonstrated. Some of  these "new" neuropeptides may be contained in 
classical neurosecretory neurons, formerly identified by less specific methods, 
others must be assigned to additional peptidergic neurons heretofore unknown. 
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The rapidly growing body of information on the wide distribution and diverse roles 
of  neuropeptides has evoked considerable interest in their evolutionary history. 
The search for such active principles, above and beyond those furnished by classical 
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neurosecre tory  neurons ,  has yie lded posi t ive results in all m a j o r  phyla  o f  
inver tebra tes  including the coelenterates  (see Haynes  1980). In  insects, with their  
ra ther  complex  neuroendocr ine  cont ro l  mechanisms,  the ope ra t ion  o f  a var ie ty  of  
neuropep t ides  would  seem to be as plausible  as in ver tebrates .  Much  of  the current  
in fo rmat ion  on the loca l iza t ion  o f  cer ta in  " m a m m a l i a n "  as well as " inve r t eb ra t e"  
neuropep t ides  in this g roup  o f  a r t h r o p o d s  has been ob ta ined  by i m m u n o c y t o -  
chemical  tests (e.g., R6my and Dubo i s  1981). A dd i t i ona l  evidence has resulted 
f rom r a d i o i m m u n o a s s a y  (e.g., Gros  et al. 1978; P roux  et al. 1980) and  receptor  
b inding  studies (Stefano and  Scharrer  1981). M o s t  o f  these da t a  refer to the 
demons t r a t i on  o f  such neuroact ive  substances  in the central  nervous  system of  
var ious  insect species, only  a few to those found  in the co rpo ra  cardiaca,  i.e., 
neurohemal  organs  for pept ides  o f  cerebral  as well as intr insic origin. The present  
s tudy deals  with the immunocy tochemica l  demons t r a t i on  o f  reac t ion  p roduc t s  o f  
several ant isera  to m a m m a l i a n  neuropep t ides  in the corpus  ca rd i acum-a l l a tum of  
the b la t t a r i an  insect Leucophaea maderae. 

Materials and methods 

The corpora cardiaca, together with the adjacent corpora allata, of adult males and females of 
Leucophaea were fixed in situ in Bouin's solution. Sections of the paraffin-embedded tissues, cut at 6 gin, 
were used for immunocytochemical tests according to the unlabelled-antibody enzyme method of 
Sternberger (1979). The procedural details were as previously described (Hansen et al. 1980; Hansen and 
Hansen 1982). Antisera obtained from INC (Immuno Nuclear Corporation, Stillwater, Minnesota) 
were all raised in rabbits against synthetic products. These sera have been evaluated by the manufacturer 
to contain specificity against the ligands and are claimed to react with cells in the rat brain and pituitary 
known to contain the peptides in question. 

Immunological specificity (first level controls) of the primary antisera was judged by the criterium of 
differences in the distribution and morphology of the positively "stained" structures. In the present 
material, no other controls are entirely valid (see Discussion). Method specificity (second level controls) 
was determined as follows: (1) application of nonimmune rabbit IgG and serum instead of primary 
specific antiserum; (2) comparative use of sera with different specificities (these contribute to the method 
controls as the recommended use of known hyperimmune immunoglobulin replacing the primary 
antiserum); (3) successive omission of secondary layers. Sensitivity of immunostaining was tested by 
progressive dilutions of the primary antisera used from 1 : 100 to 1:2,000. 

The list of antisera tested (Table 1) includes two raised against the neurohypophysial hormones 
vasopressin and oxytocin, two against the hypophysiotropins somatostatin and LH-RF (luteinizing- 
hormone releasing factor), two against the endogenous opioids/~-endorphin and met-enkephalin, and 
four raised against Substance P, neurotensin, bombesin, and calcitonin, respectively. 

Results 

Method specificity. N o  staining was ob ta ined  after cont ro l  t rea tments  (1) and  (3) as 
specified in Mate r ia l s  and  methods .  

Immunological specificity. Use o f  the different  hype r immune  sera resulted in 
s ta ining o f  different ial ly d i s t r ibu ted  mater ia l  in the serially sect ioned corpus  
card iacum.  This result  s imul taneous ly  suppor t s  the m e t h o d  specificity (see i tem 2 
under  Mate r ia l s  and  methods)  and  the specificity of  the p r imary  an t ibodies  to be 
di rected agains t  different  antigens.  
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Table 1. Antisera raised against 
mammalian neuropeptides yielding 
reaction products in the corpora cardiaca 
of  Leucophaea 

Type of  peptide Degree of  reaction 

Oxytocin + + + 
Somatostatin + + + 
Substance P + + + 
Met-enkephalin + + + 
Bombesin + + + 
Neurotensin + + + / +  + 
Vasopressin + + 
/~-endorphin + + 
LH-RF ( + ) 
Calcitonin ( + ) 

Sensitivity of immunostaining. Progressive dilution of the primary antisera 
gradually decreases staining. At dilutions of anti-oxytocin 1:1,000, anti- 
vasopressin 1:800, anti-somatostatin 1:1,500, anti-LH-RF 1:1,000, anti-/% 
endorphin 1:400, anti-met-enkephalin 1:2,000, anti-Substance P 1:500, anti- 
neurotensin I : 1,000, anti-bombesin 1 : 800, and anti-calcitonin 1 : 800 staining was 
no longer observable. Optimal staining for each of the antisera tested was observed 
at dilutions from 1:100 to 1:400. 

The result of this study was the demonstration of the presence and differential 
distribution of several substances antigenically related to known vertebrate 
neuropeptides in the corpus cardiacum, a component of the neuroendocrine system 
of the insect Leucophaea. Six of the ten mammalian antisera tested yielded 
substantial immunoreactive deposits in distinctive areas of the corpora cardiaca. In 
two others the reaction was moderate, and in two marginal (Table 1). 

The fact that the distribution of these reaction products is regional rather than 
diffuse is meaningful in that it reflects the topography characteristic of the corpora 
cardiaca of Leucophaea (Scharrer 1963). This paired elongated structure which lines 
the dorsal blood vessel is a composite organ known to contain several peptides with 
distinctive neurohormonal properties of intrinsic as well as extrinsic origin. Their 
cells of origin have been identified by means of selective staining methods, e.g., 
aldehyde fuchsin, and by electron microscopy. The central (neural) zone of the 
organ consists primarily of nerve fibers, the peripheral (lateral) layer is rich in 
intrinsic neuroglandular cells. The latter are more diffusely arranged in the caudal 
area where the corpora cardiaca are contiguous with the corpora alIata. 

Extrinsic peptides, manufactured by classical neurosecretory neurons located in 
the protocerebrum, are transported to their neurohemal storage site in the corpus 
cardiacum via the nervi corporis cardiaci. These axon bundles running in antero- 
posterior direction occupy the more medial area of the organ. Their terminals, lined 
up along the lumen of the dorsal vessel, afford the secretory product ready access to 
the circulation. Other peptides, furnished by the intrinsic neuroglandular cells, also 
are stored in cellular processes extending to the ventral and lateral as well as medial 
surfaces of the corpus cardiacum. These too can reach the circulation, either by 
release into the dorsal blood vessel or into the hemocoel surrounding the entire 
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Figs. 1-4. Longitudinal sections through corpora cardiaca o f  Leucophaea showing reaction products of 
vasopressin (Fig. 1), oxytocin (Fig. 2), IgG control (Fig. 3), neurotensin (Fig. 4). l lumen of dorsal blood 
vessel in center; pt  peptidergic terminals; ncc nervus corporis cardiaci; gz  glandular (intrinsic) zone of 
corpus cardiacum, lateral; nr nervus recurrens. Figs. 1 3, x 170; Fig. 4, x 440 



Fig. 5. Longitudinal section through corpus cardiacum and adjacent corpus allatum showing Substance 
P-like material (arrows), in intrinsic-cell zone of  c. cardiacum (cc) and within c. allatum (ca). • 510 

Fig. 6. Strong somatostatin-like immunoreactivity in intrinsic (lateral) zone of c. cardiacum (cc). dv 
dorsal vessel; p t  peptidergic terminals with some reaction product;  ncc nervus corporis cardiaci; nr 
nervus recurrens. • 170 

Fig. 7. Bombesin-like material in intrinsic-cell zone of  c. cardiacum (cc). x 440 
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Figs. 8-9. Pair of sections showing met-enkephalin reactivity in central release zone (pt) facing dorsal 
vessel (Fig. 8) and IgG control (Fig. 9). • 170 

Figs. 10-11. Corpus allatum sections showing fl-endorphin-like (Fig. 10) and LH-RF-Iike material 
(Fig. 11) (arrows); cc corpus cardiacum, x 440 
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organ. Some peptidergic fibers, presumably of protocerebral origin, make direct 
contact with intrinsic corpus cardiacum cells, others can be traced to the adjacent 
corpora allata where they terminate in close proximity to the cells of this endocrine 
organ. 

The immunoreactive deposits demonstrated in the present study, like the 
previously recognized neuropeptides, seem to fall into two groups according to 
their predominant localization within the corpus cardiacum. Group one includes 
the materials resembling oxytocin, vasopressin, met-enkephatin, fl-endorphin, and 
presumably also neurotensin and LH-RF (Figs. 1, 2, 4, 8). As exemplified by the 
"oxytocin" pattern (Fig. 2), their reaction products predominate in the central 
release area facing the dorsal blood vessel, and may be visible also in the path of the 
nervi corporis cardiaci. They seem to be absent in the cellular area of the organ 
(compare Figs. 1 and 3). In group two, comprised of the reaction products of 
somatostatin (Fig. 6), Substance P (Fig. 5) and bombesin (Fig. 7), the localization 
is primarily in the area of the intrinsic cells and to a smaller extent in that of their 
processes. 

It is reasonable to suggest, therefore, that the immunoreactive material 
accumulated primarily in and close to the central release zone (group 1) represents 
"new" neuropeptides of extrinsic origin, stored in the neurohemal part of the organ. 
By the same token, the reaction products demonstrated in the lateral area of the 
corpus cardiacum (group 2) indicate that additional substances resembling 
"vertebrate" neuropeptides may be synthesized in loco, i.e., in the intrinsic 
neuroglandular cells. Because of the differential distribution of these newly detected 
neuropeptides, presumed to reflect biochemical distinctiveness, the immunoreac- 
tive deposits of group one may serve as controls for those of group two, and vice 
versa. 

Preliminary examination of the corpora allata, known to receive directives from 
peptidergic neurons entering via the corpora cardiaca, revealed reaction products in 
sections treated with antisera against Substance P,/%endorphin, or LH-RF (Figs. 5, 
10, 11) in amounts commensurate with the localized nature of their putative role. 

Discussion 

A recurring question in immunocytochemical determinations concerns the 
specificity of the antibodies used and the validity of the results in terms of a precise 
definition of previously unknown invertebrate neuropeptides. First level controls 
are of utmost importance in immunocytochemical techniques, and so far 
absorption controls represent the only way of detecting antibody specificity. 
However, in a study such as the present, with the use of antibodies prepared against 
mammalian peptides in the search for reaction products in insects, absorption of the 
antibodies with known mammalian peptides is of little informative value. 

The correct absorption controls for the present purpose, i.e., the characteri- 
zation of the respective antibodies/antigens would involve the use of extraction 
products from the insect in question. At present, the chemical nature of such 
putative insect antigens is largely unknown, and the positive immunoreaction may 
therefore be considered as in situ absorption, providing additional information 
about the anatomical distribution of material antigenically cross-reactive with one 
or another of the mammalian peptides against which the antibodies used are 
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directed. This may provide the basic information for future extraction experiments 
in order to characterize cross-reactive material of insects. 

The fact that neuropeptides resembling those of vertebrates occur in 
neuroendocrine centers of many invertebrates is, however, well established (see 
Frontali and Gainer 1977; Scharrer 1978; Haynes 1980). In insects, a number of 
such substances have been demonstrated in the central nervous system, especially 
the cerebral and subesophageal ganglia, by immunocytochemical procedures. 
These include peptides resembling vasopressin and neurophysin (e.g., Strambi et al. 
1979; Girardie and R6my 1980; R6my and Girardie 1980), somatostatin (Doerr- 
Schott et al. 1978), the endogenous opioids enkephalin (R6my and Dubois 1981) 
and endorphin (Rdmy et al. 1978), and members of the gastroenteropancreatic 
system (Duve and Thorpe t979, 1980, 1981; Yui et al. 1980; E1-Salhy 1981). 

By contrast, only two comparable immunocytochemical tests with antisera to 
vertebrate peptides have thus far been reported for the corpus cardiacum, 
suggesting the presence of a somatostatin-like material in Locusta (Doerr-Schott et 
al. 1978) and of an insulin-like material in Bombyx (Yui et al. 1980). 
Radioimmunoassays have revealed glucagon- as well as insulin-like peptides in 
corpus cardiacum-corpus allatum complexes of Manduea (Tager et al. 1976), and 
enkephalin-like material in the corpus cardiacum and in the central nervous ganglia 
of Locusta (Gros et al. 1978). 

Thus, with the exception of somatostatin and met-enkephalin the immunoreac- 
tivities reported in the present study introduce a series of "new" vertebrate-type 
neuropeptides for the corpus cardiacum. What can be surmised from these data 
with reasonable assurance is that the variety of neuropeptides present in the corpus 
cardiacum of Leucophaea, and presumably of other species, is greater than 
anticipated, and that these substances contain amino-acid sequences shared by a 
number of known vertebrate peptides. The existence of such commonalities is 
further documented by the fact that antiserum to a chemically identified molluscan 
tetrapeptide, FMRF-amide, elicits positive responses in neuroendocrine systems 
not only of insects, but also of fishes and mammals (Boer et al. 1980). 

Another problem to be discussed is the relationship of the neuropeptides 
detected in the present study to the neurosecretory substances previously identified 
by means of aldehyde fuchsin staining, and by their ultrastructural characteristics. 
The concept of the structural and functional complexity of the corpus cardiacum- 
allatum based on these earlier studies has certainly been reinforced by the present 
data as well as comparable recent reports. However, it is not yet possible to decide 
which, if any, of the neuroactive principles envisioned by the present experiments 
may be contained in classical neurosecretory neurons demonstrable by less specific 
methods in the same "reactive" areas. An argument in favor of such a relationship, 
aside from the parallelism in localization within the organ, is the knowledge that in 
insects (as in vertebrates), one and the same neurosecretory neuron may contain 
more than one neuropeptide. For example, insulin reactivity has been de- 
monstrated in the classical, aldehyde-fuchsin stainable, and gastrin reactivity in the 
smaller orange-G stainable neurosecretory neurons of the brain ofBombyx (Yui et 
al. 1980). The same holds for typical neurosecretory A-cells in the subesophageal 
ganglion of Locusta which strongly react to treatment with anti-vasopressin and 
anti-neurophysin II (R6my et al. 1979). On the other hand, a number of the 



Vertebrate-type neuropeptides in an insect 327 

immunoreactive structures under consideration must be classified as parts of 
heretofore unknown peptidergic neurons the recognition of which had to await the 
development of the more specific cytochemical methods now available. This group 
is exemplified by four met-enkephalinergic neurons in Loeusta that are in close 
spatial relationship with, but distinct from, the classical neurosecretory neurons of 
the protocerebrum giving rise to the nervi corporis cardiaci (R+my and Dubois 
1981). 

The sites of production of neuropeptides demonstrated in different areas of the 
corpus cardiacum of Leucophaea cannot be as readily determined as, for example, 
in Locusta where the topographic separation of the organ into a neural 
(neurohemal) storage lobe and a glandular lobe is clear-cut. Nevertheless, the 
suggestion that, for example, the vasopressin-like, and the closely related oxytocin- 
like peptides present in the central "neural" area of the organ in Leucophaea are 
derived from the brain seems reasonable since this location corresponds to the 
pathway of the nervi corporis cardiaci and their terminals whose cells of origin lie in 
the brain. Moreover, in Locusta a putative neurophysin-like carrier protein of these 
peptides has been demonstrated not only in the corresponding neurohemal 
(storage) area but also in neurosecretory cells of the pars intercerebralis of the brain 
sending their axons to the corpora cardiaca via the tractus nervi corporis cardiaci 
(Friedel et al. 1980). It is of interest that this arrangement is analogous to that in the 
hypothalamic-neurohypophysial system. A comparable parallelism between sites 
of reactivity in the brain as well as the neurohemal component of the corpus 
cardiacum seems to obtain for the met-enkephalin-like material demonstrated in 
Locusta (R6my and Dubois 1981) and in Leucophaea (present study), and also for 
the somatostatin-like deposits in Locusta (Doerr-Schott et al. 1978). 

The characterization of certain immunoreactive peptides observed in the corpus 
cardiacum of Leucophaea as intrinsic products rests on the fact that they 
predominate in the laterial and caudal, i.e., cellular areas of the organ. On this basis, 
the somatostatin-like material in Leucophaea appears to be of intrinsic origin, a 
conclusion that does not parallel that in Locusta. Genus differences may offer a 
possible explanation for this discrepancy. 

The present additions to the list of neuropeptides previously demonstrated in 
the corpus cardiacum-allatum raise the question of their functional significance. 
Their interpretation in terms of the common precursor theory suggests the 
possibility that some of the substances revealed by their immunoreactivity to anti- 
vertebrate antisera may be functionless in the insect. On the other hand, 
"additional" neuropeptides in insects would not seem to be out of place since modes 
of peptide-mediated communication other than that by neurohormones are 
considered to occur in this group as well as in vertebrates. 

One of these roles, i.e., neurotransmitter-like mediation, is suggested by the 
existence of synapse-like structures between peptidergic neurons and various 
effectors (cells in the corpus cardiacum and the corpus allatum, neurons). Another 
variant, postulated on the basis of spatial relationships, is neuromodulatory 
control, e.g., of classical neurosecretory neurons in the neuroendocrine system of 
locusts by a met-enkephalin-like endogenous opioid (R6my and Dubois 1981; see 
also Girardie and Rbmy 1980). Finally, the conclusion that met-enkephalin-like 
neuroregulators operate in insects is strengthened by the recent demonstration of 



328 B.L. Hansen et al. 

high affinity binding sites for a synthetic analog (DALA, D-ala2-met- 
enkephalinamide) in the brain of Leucophaea (Stefano and Scharrer 1981). The 
high density of the putative receptor sites in pregnant adults revealed by these 
results, and the absence of a sex-related difference in nymphal (i.e., immature) 
stages may indicate participation of opioid peptides in reproductive physiology. 
This view is in line with the demonstration, in the present study, of/%endorphin as 
well as LH-RF and Substance-P immunoreactivity in nerves entering the corpus 
allatum, the source of juvenile hormone long known to control egg maturation. 
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