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Summary. A neuropeptide related to the mammalian neu- 
ropeptide Y (NPY) is present in various neurosecretory cells 
(NSC) of the cephalic and thoracic nervous systems of the 
insect Locusta migratoria. Immunoreactive perikarya are 
detected in the protocerebrum, tritocerebrum, optic lobes 
and the suboesophageal and thoracic ganglia. They give 
rise to many immunoreactive processes that ramify exten- 
sively throughout the neuropiles. In the brain, prominent 
axon bundles tightly surround the tractus I to the corpora 
cardiaca. This fiber pattern suggests that the NPY-like sub- 
stance may have a neuromodulator and/or neurotransmit- 
ter function. This substance may also have a neurohor- 
monal role, since some immunoreactive tracts penetrate 
into neurohaemal organs via the nervi corporis cardiaci II 
and the thoracic median nerves. NCS containing NPY-like 
neuropeptide also display an FMRFamide-like immunore- 
activity (except for the abdominal part of the metathoracic 
ganglion). NPY or FMRFamide antisera are not inacti- 
vated after preabsorption with FMRFamide or NPY, re- 
spectively. It might therefore be inferred that in locust NSC 
these two antisera recognize two distinct antigenic sites be- 
longing either to a large polypeptide, or to two distinct 
neuropeptides. 
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The existence of immunological relationships between in- 
vertebrate and vertebrate neuropeptides has been demon- 
strated repeatedly over the past ten years. By use of antisera 
raised against vertebrate neuropeptides, immunohistologi- 
cal experiments have been carried out in various species 
belonging to different classes of invertebrates, more particu- 
larly in insects (for a review, see R6my and Vieillemaringe 
1987). Antisera raised against FMRFamide (a molluscan 
cardio-excitatory peptide originally extracted by Price and 
Greenberg 1977) revealed a related neuropeptide in the cen- 
tral nervous system of insects (Boer et al. 1980). More re- 
cent results suggested a possible relationship of some neu- 
rosecretory products of insects with bovine pancreatic poly- 
peptide (BPP) and FMRFamide. Antisera raised against 
FMRFamide revealed immunoreactivity in many insect 
neurons which also showed BPP-like immunoreactivity and 
vice versa (Veenstra 1984; Veenstra and Schooneveld 1984; 
Myers and Evans 1985a, b; Verhaert et al. 1985). Various 
interpretations have been put forward in an attempt to ex- 
plain this cross-reactivity. 

Neuropeptide Y (NPY) is a 36-amino-acid peptide of 
porcine brain purified and characterized by Tatemoto 

Table 1. Amino acid sequences of NPY, BPP and FMRFamide 

N P Y  

BPP 

i 2 3 4 5 6 7 8 9 I0 ii 12 15 14 15 16 17 18 

Tyr-Pro-Ser-Lys-Pro-Asp-Asn-Pro-Gly-Glu-Asp-Ala-Pro-Ala-Glu-Asp-Leu-Ala- 

Ala-Pro-Leu-Glu-Pro-Glu-Tyr-Pro-Gly-Asp-Asn-Ala-Thr-Pro-Glu-Gln-Met-Ala- 

N P Y  

BPP 

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 

Arg-Tyr-Tyr-Ser-Ala-Leu-Arg-His-Tyr-lle-Asn-Leu-lle-Thr-Arg-Gln-Arg_Tyr_NH2 

Gln-Tyr-Ala-Ala-Glu-Leu-Arg-Arg-Tyr-lle-Asn Met-Leu-Thr-Arg-Pro-Arg-Tyr-NH2 

FMRFamide 
1 2 3 4 

Phe-Met-Arg-Phe-NH2 
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Fig. 1. Stereogram of locust brain showing distribution of NPY/ 
FMRF amide-like immunoreactivity in perikarya (~k'), fibers, and 
arborizations ( . . . .  ). cba Central-body area; coe circum-oesopha- 
geal connective; la lamina; 1o lobula; m medulla; n H nervus cor- 
poris cardiaci II; ol optic lobe; pi pars intercerebralis; pr protocere- 
brum; tI tractus I to corpora cardiaca; tr tritocerebrum 

(1982). This neuropeptide,  though displaying a high degree 
of  homology  with BPP, also shows a few differences in 
its amino acid sequence (Table 1). As far as we know, no 
repor t  concerning the existence of  immunological  relation- 
ships between NPY and invertebrate  neurosecretory prod-  
ucts has been published to date. In the insect Schistocerca 
gregaria, using an N P Y  antiserum, Myers  and Evans 
(1985a) failed to obta in  positive results. An immunohis to-  
logical investigation was therefore conducted in the cephalic 
and thoracic  central nervous systems of  Locusta migratoria 
with an N P Y  antiserum, and numerous  controls  were per- 
formed on adjacent  sections with an F M R F a m i d e  antise- 
rum. 

Materials and methods 

Animals and tissue preparation 

This study was carried out  on forty-five 10- to 20-day-old 
female adul t  locusts, Locusta rnigratoria migratorioides R 
and F. The tissues were fixed for 24 h in Bouin-Hol lande 
fixative without  acetic acid, to which a saturated mercuric 
chloride solut ion was added  (10% v/v). Brains and sub- 
esophageal  and thoracic ganglia were washed overnight, 
embedded  in paraff in and cut into 7 lam serial sections. 

Antisera 

The antisera used were ant i -porcine NPY, a n t i - F M R F a -  
mide; ant i -methionine enkephal in  and ant i -neurophysin II. 
The prepara t ion  and specificity of  these antisera have been 
described in detail  in previous reports:  ant i-porcine NPY 
(Pelletier et al. 1984), a n t i - F M R F a m i d e  (Boer et al. 1980; 
Schot et al. 1984), ant i -met-enkephal in  (R6my and Dubois  
1981) and ant i -neurophysin  II  (R6my et al. 1979). 

Fig. 2. Treatment with NPY antiserum, right side of protocere- 
brum. Two immunoreactive perikarya (arrow) in outer part of lat- 
eral NSC area; fluorescent network in neuropile and two immuno- 
reactive tracts (arrowheads) surrounding tractus I to corpora car- 
diaca, n Neuropile; p mushroom-body pedunculus; pi pars intercer- 
ebralis; tl tractus I to corpora cardiaca; tr tritocerebrum, x 75 

Immunoreaction 

Rehydrated  sections were stained according to the indirect 
fluorescent ant ibody technique (Coons et al. 1955). Incuba-  
tions were carried out for 24 h at 4 ~ C in a moist  a tmosphere 
with pr imary antisera diluted in veronal buffer (0.1 M, 
pH 7.2), an t i -NPY:  1:400+2Tooo bovine serum albumin, 
a n t i - F M R F a m i d e :  1 : 400 + 2%0 thyroglobulin,  ant i-met  en- 
kephalin:  1 : 150 + 2~o human serum albumine, anti-neu- 
rophysin II :  1:150. To obtain reliable staining with the 
N P Y  or F M R F a m i d e  antisera, the limit of  dilution was 
about  1:2000. After  washing, the sections were treated with 
fluorescein isothiocyanate-conjugated sheep ant i - rabbi t - Ig  
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Fig. 3a-b. Protocerebrum, e--f Tritocerebrum, g-i Optic lobes, a Perikarya immunoreactive with FMFRamide antiserum in inner part 
of lateral NSC area. x 180. b NPY antiserum. Inner part of lateral NSC area, showing immunoreactive perikaryon and its axon running 
towards neuropilar fluorescent network, x 250. e FMRFamide antiserum, right side. Four of five immunoreactive perikarya on lateral 
face. x 250. d NPYantiserum, right side. Immunoreactive perikarya on lateral face (arrow) and immunoreactive tract on medial face 
(arrowhead). x 125. e FMRFamide antiserum. Immunoreactive tracts and fiber networks on medial faces, x 75. f NPY antiserum. Fluores- 
cent fiber networks ending protocerebral (arrow) and tritocerebral (arrowhead) tracts in central body area. x 100. g FMRFamide antiserum, 
right optic lobe. Two round cell bodies (arrowhead) and cell cluster (arrow) in basal part. x 50. h NPY antiserum. Immunoreactive 
cell cluster between medulla and lamina (anterior edge), x 160. i FMRFamide antiserum. Tiny processes in outer chiasma, x 175. 
c Mushroom-body calyx; la lamina; lo lobula; m medulla; n neuropile; p protocerebrum 

immunoglobul in  (Institut Pasteur, France) at a concentra- 
tion of 1:50 for 1 h at room temperature (20 ~ C). Evans 
blue (0.01%) was used to obtain better contrast. 

Control tests 

Controls were performed on adjacent sections with nonim-  
mune rabbit  serum and with antigen-inactivated antisera 
(2 gg of antigen/ml of diluted antiserum 1:400, 4 h, at room 
temperature). Other controls included the use of the NPY 
antiserum preabsorbed with synthetic F M R F a m i d e  (Sigma) 
and the F M R F a m i d e  antiserum preabsorbed with synthetic 
NPY. 

Results 

Immunoreactive cells were found in the brain and in the 
suboesophageal and three thoracic ganglia. Except for the 

metathoracic ganglion, ant i -NPY and an t i -FMRFamide  
sera stained the same cells. 

Brain 

Perikarya containing NPY-like material are located in the 
protocerebrum, the tri tocerebrum and the optic lobes 
(Fig. 1). 

Protocerebrum. In the lateral neurosecretory cell (NSC) 
area, 12-14 pearshaped reactive perikarya are visible in 
each brain half. Six of them are scattered in the outer part  
of this area (mean diameter: 30 gm) (Fig. 2) ; the immunore-  
active fibers found close to the root of the nervus corporis 
cardiaci II (NCC II) probably belong to these cells. These 
fibers penetrate the N C C  II and reach the neural port ion 
of the corpora cardiaca where small amounts  of NPY-like 
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Fig. 4a-f. Suboesophageal ganglion, a NPY antiserum, anterior group of immunoreactive cells. Axons (arrows) on both sides of sagittal 
plane giving rise to fiber network (arrowhead). x 160. b NPY antiserum. Transverse section of immunoreactive network in dorsal neuropile 
(n). • 200. e NPY antiserum. Second group of immunoreactive cells in median part of ganglion. Axons cross in sagittal plane, x 140. 
d-e Two adjacent sections of second group of immunoreactive perikarya, x 300. fl NPY antiserum, e NPY antiserum preincubated 
with NPY. No reaction at level of perikarya (arrows) stained in d. f NPY antiserum. Two large posterior immunoreactive perikarya. 
x 300 

mater ial  are clearly visible. In the inner par t  of  the lateral 
NSC zone, 6-8 cell bodies (30 gm) are located under the 
mushroom-body  calyx (Fig. 3 a), in the vicinity of  the peri- 
karyon containing met-enkephalin-l ike neuropept ide pre- 
viously described in Locusta (Rrmy and Dubois  1981). 
An t i -NPY immunoreact ive  cells and ant i -met-enkephal in 
immunoreact ive  cells are distinct, as confirmed by the use 
of  antisera against  N P Y  or  met-enkephalin on adjacent  sec- 
tions. The axons of  these 6-8 N P Y  per ikarya  generally ex- 
hibit  a bright  fluorescence and can be easily traced in the 
protocerebra l  neuropile (Fig. 3 b). They cross in the proto-  
cerebrum, jus t  behind the mushroom-body  pedunculus and 
give rise to various immunoreact ive  collaterals and arbori-  
zations. These arbor iza t ions  form an impor tan t  neuropi lar  
network (Fig. 2), from the calyx to the pars  intercerebralis 
edge and the root  of  the tractus I to the corpora  cardiaca.  
The axons join  in a fluorescent t ract  which curves inwards 
in the central par t  of  the brain, joins the tractus I to the 
corpora  cardiaca,  and tightly follows the same pathway 
(Fig. 2). Except for a few very thin collaterals that  enter 
the tractus I, no ramificat ion is visible along the fluorescent 
bundle which terminates under  the central body in a fiber 
network (coupled with tractus I). The small size of  the fiber 
network is in striking contras t  with that  of  the tract. 

Tritocerebrum. In each half  of  the poster ior  t r i tocerebrum, 
NPY-l ike  immunoreact iv i ty  is detected at the level of  five 

round-shaped per ikarya (20 lam) forming a linear pat tern 
on the lateral face, close to the circumoesophageal  connec- 
tive (Fig. 3c). Their axons come together in an impor tan t  
tract  running along the medial face of  the t r i tocerebrum 
towards  the central-body area (Fig. 3d, e). This tract  runs 
parallel  to the poster ior  par t  of  tractus I to the corpora  
cardiaca and terminates in a small network, in the immedi-  
ate vicinity of  the immunoreact ive protocerebral  tract. 
When the plane of  section is adequate,  the right and left 
proto-  and tr i tocerebral  bundles are almost  perfectly X- 
shaped and the centre of  the X is situated right below the 
central body (Fig. 3f). In the dorso-lateral  t r i tocerebrum, 
the ant i -NPY serum reacts, on each side, with the neurosec- 
retory product  of  three scattered cells of  larger size (35 p.m) 
whose axons do not  seem to be par t  of  the tr i tocerebral  
immunoreact ive tracts described above. 

Optic lobes. In the basal por t ion of  each optic lobe, between 
the poster ior  protocerebrum and the lobula, 7-8 round- 
shaped per ikarya (35 p.m) showing NPY-l ike  mater ial  were 
found in the vicinity of  a per ikaryon immunoreact ing with 
an anti-met-enkephalin serum (Rrmy and Dubois  1981). 
Some axons of  these cells run to the poster ior  protocerebral  
neuropile;  they could not  be traced any farther. In each 
optic lobe, three cell clusters of  20-30 immunoreact ive small 
spherical per ikarya (20 p.m) lie at the anterior  edge, behind 
the lobula, between the lobula  and the medulla,  and be- 
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Fig. 5~--i. Thoracic ganglia, a FMRFamide antiserum, mesothoracic ganglion. Two lateral groups of immunoreactive cells (arrows). 
x 60. b NPY antiserum. One of two immunoreactive cell clusters visible in a. x 250. e FMRFamide antiserum, metathoracic ganglion. 
Two lateral groups of immunoreactive perikarya (arrows). x 60. d NPY antiserum. One of two immunoreactive cell groups visible 
in e. Axons enter neuropile diagonally, x 150. e-f NPY antiserum, mesothoracic ganglion, e Immunoreactive ramifications near root 
of thoracic connective, x 150. f Some tiny immunoreactive collaterals (arrows) penetrating perpendicularly into root of thoracic connective. 
x 300. g NPY antiserum, abdominal part of metathoracic ganglion. Immunoreactive perikarya (arrows) behind neuropile of abdominal 
neuromeres, x 150. h-i Two adjacent sections in abdominal part of metathoracic ganglion, h NPY antiserum. Immunoreactive material 
in perikarya and in abdominal median nerve (arrows). i FMRFamide antiserum. NPY-like material not related to FMRFamide (arrows). 
x 140. an Abdominal neuromere; n neuropile; n3 segmental nerve 3; tc thoracic connective 

tween the medulla and the lamina, respectively (Fig. 3g, 
h). Very tiny processes originate from these perikarya, run 
in a transverse direction and contain very small fluorescent 
swellings throughout  the outer chiasma and the postretinal 
fibers (Fig. 3 i). 

Suboesophageal ganglion 

Cells showing NPY-like immunoreactive material are found 
in three defined regions of the ventral midline. The most 
anterior group, located at one fifth of the ganglion, consists 
of four rounded cells (40 ~tm) whose axons run on both 

sides of the sagittal plane to the dorsal edge of the neuropile 
where they generate a longitudinal  fiber network (Fig. 4a, 
b). In the median part  of  the ganglion, about  15 immunore-  
active pearshaped perikarya (30 lam) form a large cell clus- 
ter adjacent to the two perikarya containing a vasopressin- 
neurophysin-like neuropeptide (Rrmy et al. 1979) (Fig. 4c, 
d). All axons originating in this large cluster form an immu- 
noreactive bundle crossing the ganglion in the sagittal plane 
and reaching the dorsal edge of the neuropile where it joins 
the longitudinal fiber network. The last group, situated at 
four-fifths of the ganglion's  length, consists of two spherical 
very large perikarya (60 ~tm) (Fig. 4f). Their axons run in 
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the sagittal plane to the dorsal zone where they curve in- 
wards on each side, forming an arc in the dorso-lateral 
neuropile. 

Thoracic ganglia 

As in the brain and suboesophageal ganglion, antisera 
raised against NPY or FMRFamide react with the same 
cells in the pro- and mesothoracic ganglia. In the meta- 
thoracic ganglion, these antisera identify two distinct types 
of immunoreactive cells. 

The patterns of immunoreactive perikarya and pro- 
cesses are quite similar in the pro- and mesothoracic gan- 
glia. NPY-like immunoreactivity is found in 4-5 rounded 
cell bodies (25 lam) in the ventral midline of the ganglia 
and in two symmetrical lateral groups of cells (Fig. 5a, c). 
Each of these two groups that occupy a position immediatly 
posterior to the root of the last segmental nerve (nerve 3, 
Albrecht 1953) consists of 8-9 rounded or elliptical peri- 
karya (20 • 30 lam) (Fig. 5b). Their axons enter the neu- 
ropile diagonally (Fig. 5d) and form a large network of 
ramifications visible in almost the entire part of this neu- 
ropile. Immunoreactive ramifications are visible mainly in 
the midline of the ganglia, around the roots of the thoracic 
connectives and close to several nonimmunoreactive fiber 
bundles (Fig. 5 e). Some tiny immunoreactive processes run 
forward from the network and penetrate these fiber bundles 
perpendicularly (Fig. 5 f). Further down, the axons contain- 
ing NPY-like material gather in the midline of the dorsal 
neuropile and form a fluorescent tract which joins the medi- 
an sympathetic nerve. 

The metathoracic ganglion of the locust results from 
the fusion of the third thoracic ganglion and the first three 
abdominal ganglia. The distribution of cells reacting with 
antisera against NPY or FMRFamide in the thoracic por- 
tion of the ganglion is quite similar to that in the first 
two thoracic ganglia. In the abdominal part, no immuno- 
reaction could be obtained with the anti-FMRFamide se- 
rum (Fig. 5i). Only the anti-NPY serum reacts with three 
cell clusters, each of them containing 5 6 spherical peri- 
karya situated in the midline, respectively, behind the neu- 
ropile of each abdominal neuromere (Fig. 5g, h). These 
perikarya (35 ~tm) are larger than the thoracic cell bodies 
showing NPY/FMRFamide-like immunoreactivity; never- 
theless, the intensity of their immunoreaction was slightly 
weaker. The axons originating in each of the three cell clus- 
ters enter the first, second, and third abdominal median 
nerves, respectively, where they form a dense network of 
immunofluorescent swellings (Fig. 5h). 

Control and cross-absorption tests 

Sections treated with antisera preabsorbed with their ho- 
mologous antigens gave negative results, as did sections 
treated with a nonimmune serum (Fig. 4d, e). However, 
the activity of the NPY antiserum was not blocked by prein- 
cubation with FMRFamide. Likewise, the activity of the 
FMRFamide antiserum was not suppressed by preincuba- 
tion with NPY. 

Discussion 

In the brain and the suboesophageal and thoracic ganglia 
of Locusta migratoria, a large number of NSC synthetize 

a neuropeptide related to NPY and FMRFamide. A few 
of these cells, located in the suboesophageal ganglion, have 
been previously described by Chalaye (1967) as azocar- 
minophil cells, then characterized by Veenstra (1984) by 
use of BPP or FMRFamide antisera. In the brain, the NPY- 
like immunoreactivity revealed for the first time a particular 
category of NSC in the protocerebrum, tritocerebrum and 
optic lobes. The axons of some protocerebral immunoreac- 
tive cells enter the NCC II and reach the neurohaemal cor- 
pora cardiaca. This suggests a neurohormonal function for 
the NPY/FMRFamide-like neuropeptide. However, this 
immunoreactive neuropeptide may also act as a neuromo- 
dulator or a neurotransmitter within the brain, as suggested 
by the large immunoreactive network of fibers in the proto- 
cerebral neuropile. These fibers are not only coupled with 
the tractus I to the corpora cardiaca but also reach the 
central-body area, a major meeting point of fibres originat- 
ing in several parts of the insect brain. A similar diversity 
of functions can be attributed to the suboesophageal and 
thoracic NPY/FMRFamide-like material present in large 
fiber networks and in tracts penetrating the thoracic neu- 
rohaemal organs, via the median sympathetic nerves. Final- 
ly, the existence of numerous immunoreactive neurons in 
the optic lobes suggests that this locust neuropeptide could 
be concerned with visual function. 

The distribution of the NPY-like material within the 
cephalic and thoracic nervous systems of Locusta is compa- 
rable to the distribution of the BPP/FMRFamide-like neu- 
ropeptide observed in insects belonging to distinct orders: 
Periplaneta americana, (Dictyoptera, Endo et al. 1942; Ver- 
haert et al. 1985), Manduca sexta, (Lepidoptera, E1-Salhy 
et al. 1983), Calliphora erythrocephala and C. vomitoria, 
(Diptera, Duve and Thorpe 1980, 1982), Leptinotarsa de- 
cemlineata, (Coleoptera, Veenstra and Schooneveld 1984). 
In orthopteran species, only the ventral nerve cord of 
Schistocerca gregaria has been studied (Myers and Evans 
1985a, b). The distribution of the BPP/FMRFamide-like 
immunoreactivity in this species is, in this part of the ner- 
vous system, the same as the NPY immunoreactivity in 
Locusta. The controls with the FMRFamide antiserum 
show that the anti-NPY immunoreactive cells of Locusta 
correspond to the anti-BPP immunoreactive cells observed 
in other insects. Consequently, it can be inferred that a 
neurosecretory product related to the vertebrate pancreatic 
polypeptide family is commonly found in the insect world. 

The immunoreactivity of the BPP antiserum is sup- 
pressed by absorption with FMRFamide (Verhaert et al. 
1985). The results we obtained with the cross-absorption 
tests are markedly different. In Loeusta the immunoreactivi- 
ty of the NPY antiserum preabsorbed with FMRFamide 
is not affected; similarly the FMRFamide antiserum is not 
inhibited after preabsorption with NPY. On the other hand, 
similar concentrations of the antigens thoroughly inhibit 
the homologous antisera. This would then mean that, in 
the locust antigen, the antibodies of the NPY antiserum 
recognize antigenic sites that are not related to FMRFa- 
mide. The fact that the immunoreactivity of the FMRFa- 
mide antiserum is not suppressed after preabsorption with 
NPY seems surprising; yet the same results were obtained 
by Myers and Evans (1985b) with an FMRFamide antise- 
rum preabsorbed with BPP. The anti-FMRFamide serum 
could therefore recognize, in the locust neurosecretory 
product, antigenic sites much more closely related to 
FMRFamide than to NPY, these sites being distinct from 
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those recognized by the NPY antiserum. Consequently, it 
seems logical to conclude that the locust immunoreactive 
neurosecretory product is made up of (1) either a large 
neuropeptide with antigenic sites identical to those of the 
NPY-BPP family, and other antigenic sites similar to those 
of FMRFamide ,  (2) or two neuropeptides simultaneously 
synthetized, one related to the NPY-BPP family, the other 
to FMRFamide .  The latter assumption seems to receive 
further support from the fact that some locust metathoracic 
cells crossreact only with the NPY antiserum (in these cells, 
the FMRFamide- l ike  material may therefore be absent). 
Further  evidence for this assumption was provided by Duve 
et al. (1981, 1982) who were able to identify a neuropeptide 
with a primary structure similar to that of BPP in Calliphora 
vomitoria. 
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