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Summary. The distribution of octopamine-immunoreac- 
tive neurons is described using whole-mount prepara- 
tions of all central ganglia of the cricket, Gryllus bimacu- 
latus. Up to 160 octopamine-immunoreactive somata 
were mapped per animal. Medial unpaired octopamine- 
immunoreactive neurons occur in all but the cerebral 
ganglia and show segment-specific differences in 
number. The position and form of these cells are in ac- 
cordance with well-known, segmentally-organized clus- 
ters of large dorsal and ventral unpaired medial neurons 
demonstrated by other techniques. In addition, bilateral- 
ly arranged groups of immunoreactive somata have been 
labelled in the cerebral, suboesophageal and terminal 
ganglia. A detailed histological description of octopa- 
mine-immunoreactive elements in the prothoracic gan- 
glion is given. Octopamine-immunoreactive somata and 
axons correspond to the different dorsal unpaired medial 
cell types identified by intracellular single-cell staining. 
In the prothoracic ganglion, all efferent neurons whose 
primary neurites are found in the fibre bundle of dorsal 
unpaired cells are immunoreactive. Intersegmental octo- 
pamine-immunoreactive neurons are also present. Col- 
laterals originating from dorsal intersegmental fibres ter- 
minate in different neuropils and fibre tracts. Fine vari- 
cose fibres have been located in several fibre tracts, mo- 
tor and sensory neuropils. Peripheral varicose octo- 
pamine-immunoreactive fibres found on several nerves 
are discussed in terms of possible neurohemal releasing 
sites for octopamine. 
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Octopamine (OA) acts as a neuroactive substance in sev- 
eral invertebrate groups (for review, see David and Cou- 
lon 1985; Evans 1985; Agricola et al. 1988). In the lob- 
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ster, a change from aggressive towards evasive behaviour 
and vice versa can be induced by injection of OA or 
serotonin, respectively (Livingstone et al. 1980; Kravitz 
1988). In the nervous system of insects, the presence 
of OA has been shown in several studies employing dif- 
ferent techniques. Physiological and pharmacological ex- 
periments provide evidence that OA acts as a neurohor- 
mone (Goosey and Candy 1980, 1982; Davenport and 
Evans 1984), neuromodulator (Hoyle 1974, 1975, 1978; 
O'Shea and Evans 1979; Sombati and Hoyle 1984; Ma- 
lamud et al. 1988; O'Gara and Drewes 1990) and neu- 
rotransmitter in insects (Christensen and Carlson 1981, 
1982; Carlson and Jalenak 1986; Orchard et al. 1986). 

Monoamine-containing cells have been stained by the 
vital dye Neutral Red in several invertebrates (see Adams 
et al. 1983). Although the Chemical nature of this stain- 
ing reaction is unclear, it has been considered as a selec- 
tive but non-specific marker of putative octopaminergic 
neurons in insects (Evans I980). Based on this staining, 
it has been suggested that large dorsal unpaired medial 
(DUM) neurons contain OA as a neuroactive substance 
(Goodman et al. 1980; Evans 1980). However, OA has 
been biochemically determined only in the isolated so- 
mata of some DUM cells (Hoyle and Barker 1975; 
Evans and O'Shea 1978; Dymond and Evans 1979; Or- 
chard and Lange 1985). 

DUM and ventral unpaired medial (VUM) neurons 
have been morphologically identified in the ventral gan- 
glia of various insect species (Plotnikova 1969; Cross- 
man et al. 1971; Evans and O'Shea 1978; Hoyle 1978; 
Watson 1984; Arikawa et al. 1984; Lange and Orchard 
1986; Brfiunig 1988; Pfliiger and Watson 1988 ; Tanaka 
and Washio 1988; Ferber and Pfliiger 1990; Hahnel and 
Brfiunig 1989; Brgunig et al. 1990). 

In a recent investigation, Konings et al. (1988) suc- 
cessfully employed an antibody against an OA-conjugate 
in the central nervous system (CNS) of an insect for 
the first time. They found OA-immunoreactivity in a 
number of unpaired and paired neurons in the metatho- 
racic ganglion and in various neuropil areas in the brain 
of the locust. 
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The  p resen t  s tudy  deals  wi th  the i m m u n o c y t o c h e m i -  
cal desc r ip t ion  o f  o c t o p a m i n e r g i c  neu rons  in the ent i re  
C N S  o f  the cr icket ,  Gryllus bimaculatus. We show the 
n u m b e r  and  d i s t r ibu t ion  o f  O A - i m m u n o r e a c t i v e  (OA- i r )  
neu rons  and  p rov ide  some evidence for  segment-speci f ic  
va r i a t ions  o f  s ta ined  cells. F o r  a de ta i l ed  m o r p h o l o g i c a l  
s tudy,  we have  selected the  p r o t h o r a c i c  gangl ion ,  as dif- 
ferent  D U M  cell types  o f  only  this  gang l ion  have  been  
t h o r o u g h l y  inves t iga ted  by  means  o f  Luci fe r -Yel low sin- 
gle-cell  s tains and  e l ec t rophys io logy  dur ing  b e h a v i o u r  
( G r a s  et al. 1990). The  Luci fer -Yel low h i s to logy  o f  the  
D U M  cells thus  serves as a c o m p a r i s o n  for  the  O A - i r  
med ia l  cells o f  this gangl ion .  

Materials and methods 

Immunoeytochemistry 

Female and male crickets (Gryllus bimaculatus de Geer), freshly 
moulted or up to 14 days after imaginal ecdysis, were collected 
from a breeding colony (28 ~ C, 12 h-12 h light and dark cycle). 
Successful immunolabelling seemed to be dependent on the treat- 
ment of crickets prior to fixation. Enhanced motor activity of ani- 
mals prior to immunostaining experiments was often correlated 
with a reduction of the intensity of immunolabelling. Therefore, 
collected animals were kept immobilized by cooling (4 ~ C) 3-6 h 
prior to preparation. The animals were anaesthetized by cooling 
and then pinned down in a slightly stretched condition. During 
preparation, the ganglia were kept in special buffer (see Taghert 
and Goodman 1984) and then quickly immersed in fixative. In 
situ whole-mounts (for details, see Dircksen et al. 1991) were fixed 
during preparation. The immunostained ganglia of 65 animals were 
examined. 

The following fixation procedures were used. (1) Glutaralde- 
hyde fixative: 1.5 % glutaraldehyde (v/v) in 0.1 M cacodylate buffer 
containing 1% sodium metabisulfite (SMB, Na2SzOs, Merck, 
Darmstadt, FRG; w/v), pH 6.8 for 0.5-1 h and pH 4.0 overnight, 
or only pH 4.0 overnight, at 0 ~ C. (2) Glutaraldehyde-fixative (see 
above) containing 0.25%-1% Triton X-100 (Sigma, Deisenhofen, 
FRG, w/v). (3) A mixture of glutaraldehyde and picric acid (GPA, 
Konings et al. 1988) containing 1% SMB (w/v), for 4-6 h or over- 
night, at 0 ~ C. Fixation with the GPA fixative revealed only weak 
immunohistochemical staining. 

After fixation, the ganglia were processed for whole-mounts 
or serial sectioning. Either Paraplast (thickness: 5-10 Ixm) or Vibra- 
tome sections (thickness: 40-70 gm) were used for immunolabell- 
ing. Horizontal, sagittal and frontal Vibratome sections were cut 
from agarose-embedded ganglia (agarose: Biomol, Hamburg, 
FRG; 5% v/w). Whole-mounts were rinsed in 0.05 M TRIS-HC1 
buffer (pH 7.2) containing 0.9% NaC1 (w/v) and 0.25% Triton 
X-100 (Sigma; w/v), for 3-4 days. In addition, to facilitate antibody 
penetration, whole-mounts were subjected to a collagenase-dispase 
(Boehringer Mannheim, Mannheim, FRG) treatment prior to im- 
munohistochemical staining (1 mg/ml buffer, for 0.5-1.5 h). Vibra- 
tome sections were treated with 0.05 M TRIS-HC1 buffer (pH 7.2) 
containing 0.9% NaC1 (w/v) and 0.25% Triton X-100 (w/v), for 
2-12 h. In order to saturate double bonds (McRae-Degueurce and 
Geffard 1986), all preparations were washed in a 0.13 M sodium 
borohydride (NaBH4, Sigma; 5-10rain) in TRIS-HC1 buffer 
(pH 7.6). After subsequent washing in buffer, preparations were 
incubated with normal goat serum (10% v/v; Dakopatts, Ham- 
burg, FRG; 1 h, 4 ~ C) in phosphate buffer. Background labelling 
was reduced by diluting the antisera in 0.01 M phosphate buffer 
with a high sodium chloride concentration (Davis et al. 1989) and 
extended washes between successive antiserum incubations (1-2 h). 
The peroxidase-antiperoxidase (PAP) technique (Sternberger 1979) 
was used for sections and whole-mounts. Generally, we sequential- 

ly employed rabbit antiserum against OA (1:250-1:750 v/v in 
phosphate buffer containing 0.25% (w/v) Triton X-100, 12-24 h, 
4 ~ C), goat anti-rabbit antiserum (Sigma, 1:40 v/v, 12 h, 4 ~ C), 
and rabbit PAP-complex (Dakopatts, 1:40-1:160 v/v, 12 h, 4 ~ C). 
The staining process was monitored during treatment of the prepa- 
rations with 0.02% 3.3-diaminobenzidine tetrachloride (DAB, Al- 
drich, Steinheim, FRG; w/v) in TRIS-HC1 buffer (final pH 7.6) 
containing 0.005% H202 (v/v). After washing in TRIS-HC1 buffer, 
the whole-mounts were dehydrated and embedded in Durcupan 
(Fluka, Neu-Ulm, FRG). Mounted Vibratome sections were post- 
fixed in osmium tetroxide (0.5%-1.5%, w/v, I 5 min), rinsed in 
phosphate buffer, dehydrated and embedded. 

Paraplast sections showed weak ammunostaining or high back- 
ground labelling together with poor neuropil preservation and were 
found to be of poor quality when compared with Vibratome sec- 
tions, For comparative morphological studies, prothoracic ganglia 
were treated with osmium-ethylgallate staining modified after 
Wigglesworth (1957), embedded in Durcupan and cut in serial sec- 
tions (thickness: 20 ~tm). 

For comparison with unpaired medial OA-ir neurons, DUM 
neurons that had been intracellularly stained with Lucifer-Yellow 
(see Gras et al. 1990) were prepared as whole-mounts or sections. 
Our attempts to obtain double labelling of single DUM cells with 
Lucifer-Yellow and OA-immunocytology failed. This negative re- 
sult is probably obtained because of the stress-induced release of 
OA during preparation and the membrane damage from intracelhi- 
lar recording. 

With respect to classification, the largest diameters of somata 
were measured from photographs or camera lucida drawings, 
showing whole-mounts of cerebral ganglia in ventro-lateral view 
and the other ganglia in dorsal or ventral view. 

Antiserum and specificity tests 

The antiserum to OA was prepared by immunizing rabbits with 
OA coupled to thyroglobulin (Th) by glutaraldehyde. This antigen 
was obtained according to the method of Buijs et al. (1989) by 
mixing the following solutions: 0.8 ml Th (2.5 mg/ml), 0.1 ml OA 
(6.5 mg in 1 ml phosphate buffer, pH 7.4), and 0.1 ml glutaralde- 
hyde (1% solution). After 30 min, the reaction was stopped by 
adding 5 mg NaBH4. Thereafter, the immunogene was dialyzed 
against 0.2% Na2SzOs-buffer (pH 6, 4 ~ C). A rabbit was immu- 
nized with a mixture of 1 ml conjugate and 1 ml complete Freund's 
adjuvant administered in equal parts intramuscularly and subcuta- 
neously. Blood was collected from the rabbit 6, 7 and 8 weeks 
after immunization; it was kept at 4~ for several hours, and 
centrifuged at 3000 rpm, for 10 rain. The supernatant was collected 
and freeze-dried. 

The specificity of the OA-antiserum was tested by determining 
the immunoreactivity of the antiserum with OA, noradrenaline, 
dopamine, tyramine and 5-hydroxytryptamine (serotonin). Known 
amounts of neuroactive substances (ranging from 0.6-1000 ng/gl 
per spot) were fixed by means of glutaraldehyde onto a nitrocellu- 
lose-gelatin matrix. The nitrocellulose was incubated according to 
Van der Sluis et al. (1988) and, after staining with DAB-nickel, 
the optical density of the spots was measured using an IBAS-Kon- 
tron image analyzing system. 

As a control, ventral ganglia cut in sections were stained after 
omission of the first, second or third antibody, or with the primary 
antiserum preabsorbed with OA, tyramine, Th and the glutaralde- 
hyde-coupled conjugates Th-OA and Th-tyramine. 

Results 

Antibody specificity 

All  specif i ty tests m e n t i o n e d  above  d e m o n s t r a t e d  the 
very h igh  aff ini ty  o f  the an t i s e rum for  the  T h - O A  conju-  
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Table 1. Results of control reactions with preabsorbed antiserum. 
The thyroglobulin(Th)-amine conjugates were prepared according 
to Geffard et al. (1984). + + +, Regular staining (result as in con- 
trols without preabsorption); + +, moderate staining; +, weak 
staining; - ,  no staining 

Octopamine antiserum at working Staining 
dilution preabsorbed with: intensity 

Octopamine 10- 7 M + + + 
10 -5 M + 
10 -3 M 

Tyramine HCL 10 7 M + + + 
10-5M + + +  
10 - 3  M + + 

Tyramine CHR 10 - 7  M + + + 
10 5M + + +  
10 3M + + +  

Th-Octopamine 2.5 ~tg/ml antiserum + + + 
25 pg/ml antiserum _+ 
250 gg/ml antiserum 

Th-Tyramine HCL 2.5 gg/ml antiserum + + + 
Th-Tyramine HCL 25 gg/ml antiserum + + + 
Th-Tyrarnine HCL 250 gg/ml antiserum + + 

Th-Tyramine CHR 2.5 gg/ml antiserum + + + 
Th-Tyramine CHR 25 gg/ml antiserum + + + 
Th-Tyramine CHR 250 gg/ml antiserum + + 

Thyroglobulin 250 gg/ml antiserum + + + 

gate. The cross-reactivity with tyramine was greater than 
1 : 20 (affinity of  the OA-antiserum was 20 times greater 
for OA than for tyramine), with dopamine greater than 
1:300, with noradrenaline and serotonin greater than 
1:600. No immunoreactive structures were observed 
after the omission of  the first, second or third antibody, 
and the control reactions with preabsorbed antiserum 
showed only a slight cross-reactivity with tyramine (Ta- 
ble 1). OA-ir immunostaining could not be blocked with 
OA itself or the OA-Th conjugate at concentrations of 
10 -7, as has been shown for another antibody in a pre- 
vious paper (Konings et al. 1988). 

Immunolabelling 

Whole-mount preparations were suitable for soma map- 
ping but gave less information about the distribution 
of fibres. In Vibratome sections, axons, collaterals and 
fine varicose branches were labelled, in addition to the 
somata. The antiserum to OA consistently labelled dis- 
tinct cell groups, but variations in the numbers of  cells 
and intensity of labelling were observed. The partially 
incomplete and discontinuous staining of  OA-ir neurons 
and the overlapping of  fine fibres prevented single-cell 
description. 

Distribution of OA-ir neurons in ganglia of the CNS 

Whole-mount  preparations revealed up to 160 OA-ir so- 
mata in the CNS; single cells and cell clusters were classi- 

fled according to their location and soma size. Since 
whole-mounts gave only limited information about OA- 
ir fibre tracts and neuropils, we examined serial sections 
of  the prothoracic ganglion. This specific approach al- 
lowed the identification of  OA-ir neurons that corre- 
sponded with single-cell staining from D U M  cells of  the 
prothoracic ganglion obtained in electrophysiological 
experiments. 

Cerebral ganglion. OA-ir somata (n = 11-32) were pri- 
marily associated with rostral soma layers and were ar- 
ranged in five paired groups (C1-5, Figs. 1 a c, 3a, 4). 
C1 somata (n= 6 8, diameter: about 30 gin) were locat- 
ed in the ventro-rostral part  of  the cerebral ganglion 
(Fig. 1 a, b). A pair of  large OA-ir somata (C2; diameter: 
30-50 gm) was found at the border between the deuto- 
and tritocerebrum (Fig. 1 a, c). The other OA-ir soma 
groups (C3-5) could only be detected in a few prepara- 
tions. Up to i0 somata (C3; diameter: 10-20gin;  
Figs. 1 a, 3a) were found in the rostro-medial part of 
the protocerebrum. Lateral to group C3, 3-5 somata 
(C4; diameter: about 20 gin) were distributed in each 
hemiganglion. Another  pair of somata (C5; diameter: 
30 gm) was found in the lateral brain area dorsal to 
the antennal nerves (Fig. 3a). Furthermore, a pair of 
weakly-labelled somata (diameter: about 30 gin) was ob- 
served at the lateral edge of  the tritocerebrum. Some 
somata (n = 1-3; diameter: about 10 gin) were found in 
the antero-lateral soma layer between the lamina and 
medulla of the optic lobes. OA-ir somata in the brain 
appeared to be labelled with varying intensity, the C2 
somata usually being the most strongly stained. 

Suboesophageal ganglion. Paired lateral and unpaired 
medial OA-ir somata (n-= 17 30) could be attributed to 
three neuromers of  the suboesophageal ganglion, and 
were divided into 7 groups ($1-7, Figs. 1 d, e, 3b, 4), 
Four groups of medial somata (diameter: about 30 gin) 
were present. Group S1 (n=  1-3) and $2 (n=0-6 )  were 
located near the dorsal ganglion surface, and group $4 
(n = 2) near the ventral surface, whereas the large somata 
of  group $3 (n = 2-4) were distributed between the dorsal 
and ventral surface of  the posterior ganglion parts 
(Fig. 1 d, e). A pair of  small somata (diameter: 15- 
20 gin) was always observed ventro-laterally to the large 
$3 somata. Each of  the three dorsal medial OA-ir groups 
(S1-3) corresponded to one of the three neuromeres pre- 
viously identified by serial homologous serotonin-ir neu, 
rons in Gryllus (Sp6rhase-Eichmann and Schfirmann 
1988) and Locusta (Tyrer et al. 1984). An additional ven- 
tral group ($4) was found in the second neuromere 
(Fig. 3 b), whereas we only sporadically observed scat, 
tered ventro-medial somata in the first neuromere. The 
somata of  group $4 were always less intensely labelled 
than the somata of  the groups S 1-3. 

The soma groups $5-7 were located in the lateral 
region of  the ganglion. One pair of  somata ($5; diame- 
ter: about 20 ~tm) was usually located ventro-laterally, 
anteriorly to the maxillary nerve (Fig. 1 e). The $6 and 
$7 somata (diameter: 30-50 gin) occurred bilaterally, 
but typically either the right or left hemiganglion con- 
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rained more somata; sometimes one side contained no 
labelled cells. In group $6, somata were more frequently 
absent in one hemiganglion than in group $7. Somata 
of  $6 and $7, usually found in a dorso-lateral location, 
sometimes appeared shifted medially, projecting their 
axons towards the dorsal midline. The pear-shaped so- 
mata of group $6 (n=0 -10  per ganglion, Fig. ld )  lay 
posteriorly to the margin of  the maxillary nerve. Somata 
of group $7 (n=2 -14  per ganglion, Fig. I d, e) were lo- 
cated near the labial nerve roots. Up to 20 fibres in 
each brain connective and up to 6 0 A - i r  fibres in each 
neck connective were stained. 

Prothoracic ganglion. In contrast to the head ganglia, 
exclusively medial unpaired OA-ir somata (n=10-15)  
forming an anterior (P1, n = 0 - 2 )  and a posterior (P2, 
n = 8-14) group were present in the prothoracic ganglion 
(Figs. If ,  g, 3c). One of  the P1 somata (diameter: about 
40 gin) was located medially between the ventral and 
dorsal surface; the other lay more posteriorly, close to 
the dorsal surface. The large medial P2 somata (n = 8 11, 
diameter: 40-60 gin) were located close to either the pos- 
terior dorsal or ventral surface. In addition, up to 4 
small OA-ir somata in group P2 (diameter: about 20 gin) 
were found near the large ventral medial OA-ir somata 
(Figs. 1 g, 3 c). 

In each hemiganglion, up to 4 0 A - i r  fibres were 
marked at the level of  the medial dorsal tract (MDT), 
further one at the lateral dorsal (LDT) and another near 
the lateral ventral (LVT) tract (tract terminology accord- 
ing to Wohlers and Huber 1985). A more detailed de- 
scription is given below. 

Mesothoracic ganglion. One group of  unpaired medial 
OA-ir somata (n=  8-12) was found in the posterior re- 
gion of  the mesothoracic ganglion (Figs. 2 a, 3 d, 4). Two 
to 3 somata were located dorsally, whereas the others 
were aligned near the posterior and ventral surface of  
the ganglion. As observed in the prothoracic ganglion, 
small somata (n = 1-2, diameter: about 20 gm) lay later- 
ally to the large ventral somata (diameter: 40-60 gm, 
Fig. 3 d). Longitudinally running OA-ir fibres with col- 
laterals appeared at the level of  the dorsal fibre bundles. 
Up to 8 0 A - i r  fibres were traced in the dorsal half of  
an anterior connective and up to 6 in the posterior con- 
nective. In addition, a fibre in the LVT was traced 

< 

Fig. 1 a-g. OA-ir somata in whole-mount preparations of the cere- 
bral, suboesophageal and prothoracic ganglion, a-e Cerebral gan- 
glion, rostral views; ant antenna[ lobe of deuterocerebrum; tl trito- 
cerebral lobe; b113-lobe of mushroom bodies, a OA-ir somata of 
groups CI-4. • 115. b C1 somata, x 85. c Large C2 soma. x 125. 
8, e Suboesophageal ganglion, cell groups S I &  and $5-$7. d Dor- 
sal view, OA-ir fibres in brain connectives (be); MxN maxillary 
nerve root. x 120. e Medio-ventral aspect; small cell bodies of 
group $3 (arrows) near the midline, x 125. f, g Prothoracic gangli- 
on. f Anterior (P1) and posterior (P2) cell group; focus dorsal; 
N3, N5 roots of lateral nerves 3 and 5. x 95. g Posterior cell group 
(P2), and small soma of P2 (arrow). x 240. Scale bars: a-f 100 gm; 
g 50 gm 

through the ganglion, from anterior to posterior, as in 
the prothoracic ganglion. 

Metathoracic  ganglion. OA-ir somata (n = 16-19) formed 
three clusters (MT1 3) along the midline of  the ganglion. 
Each of  them was located in one of  the three neuromers 
(Figs. 2c~t ,  3e, 4). In the metathoracic neuromere, me- 
dial OA-ir cell bodies (MT1; n=11-13 ;  diameter: 40-  
60 gin) were aligned along the dorsal midline of  the gan- 
glion (Fig. 2c). In the first abdominal neuromere, 3 so- 
mata (MT2), viz. one small soma (diameter: about 
30 ~m) and two large ones (diameter: 40-50 gm), were 
located dorsally (Fig. 2 c). In the second abdominal neu- 
romere, two OA-ir cell bodies (MT3; diameter: 30- 
40 lain) had a ventral location (Fig. 2d); another soma 
(diameter: about 30 gin; Fig. 4) was occasionally pres- 
ent. Up to 8 0 A - i r  fibres were stained in each anterior 
connective (Fig. 2b). About 4 fibres were immunoreac- 
tive in each posterior connective. 

Abdominal  ganglia. Each of the unfused abdominal gan- 
glia 1-4 contained a set of two medial somata of differ- 
ent sizes (diameters: about 30 lain and 40 gin, respective- 
ly) arranged remarkably regular in the posterior region 
of  the ganglion (Figs. 2e, f, 3f). This set corresponded 
to the MT3 cells of  the second abdominal neuromere 
of the metathoracic ganglion. Occasionally, we observed 
an additional cell in the fourth abdominal ganglion and 
the absence of  one cell in the first abdominal ganglion 
(Fig. 4). In contrast to other ganglia, fine OA-ir fibres 
were stained in whole-mounts of  these small abdominal 
ganglia. The dorsal fibre tracts (MDT, LDT)  contained 
intersegmental OA-ir axons, that sent small collaterals 
into lateral neuropil areas. In some preparations, we 
traced one ventral and 4-6 dorsal intersegmental OA-ir 
fibres running from the anterior margin of  the first ab- 
dominal ganglion through the abdominal connectives 
and ganglia posterior to the terminal ganglion. The 
number of  stained intersegmental axon profiles agreed 
with results obtained in the thoracic connectives, where- 
as primary neurites of  OA-ir somata were never 
immunostained in our preparations (Fig. 2e, f). 

Terminal ganglion. Medial and lateral OA-ir somata (to- 
tal number: n = 22-50) were labelled in the terminal gan- 
glion. A clear separation of  large unpaired medial soma- 
ta in the anterior ganglion region from small mostly 
lateral paired somata in the posterior part of the termi- 
nal ganglion was present. In contrast to all other ventral 
ganglia, large medial OA-ir somata (TDI-3 ,  TV1-2) 
were not detected in each of  the 5 neuromers described 
by Murphy (1981) in the terminal ganglion. These medial 
somata (n=21-24 ;  diameter: 20-50 gm) belonged to 
three dorsal (TD1 ; n = 2-3 : TD2; n = 5-9: TD3 ; n = d~5) 
and two ventral (TV1; n = l - 5 :  TV2; n=5 -11 )  soma 
clusters (Figs. 2g, i, 3g). In addition, a single large ven- 
tral cell body (diameter: about 50 gm) was labelled in 
some preparations (Fig. 3 g). This soma was located lat- 
erally near the TV1 somata in the anterior ganglion re- 
gion. Furthermore, up to 26 small cell bodies (diameter: 
about 10 gm) were stained in the posterior ganglion re- 
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Fig. 3a-g. Schematic diagrams 
summarizing the general arrange- 
ment of OA-ir somata in the cen- 
tral ganglia of Gryllus birnacula- 
tus. a Cerebral ganglion; C1-5 
OA-ir cell groups; frontal view. 
b--g Black sornata are located in 
the ventral region of each gangli- 
on; b-f dorsal views, b Suboeso- 
phageal ganglion; S1-70A- ir  cell 
groups, e Prothoracic ganglion; 
P1-20A- i r  cell groups, d Meso- 
thoracic ganglion with posterior 
OA-ir cell cluster, e Metathoracic 
ganglion; MT1-30A- i r  cell 
groups, f Abdominal ganglion. 
g Terminal gangiion; dorsal as- 
pect (left) with the OA-ir cell 
groups TD1-3 and TDL; ventral 
aspect (right) with the OA-ir cell 
groups TV1 2, TPM and TVL. 
Note the large soma placed later- 
al to the TVI group (arrowhead). 
ae Anterior interganglionic con- 
nective; AntN antennal nerve; bc 
brain connective; CN cercal 
nerve; Lopt lobus opticus; LbN 
labial nerve; MdN mandibular 
nerve; M x N  maxillary nerve; N1- 
9 lateral nerves 1 9; pc posterior 
interganglionic connective. Scale 
bars: 100 gm 

< 
Fig. 2 a-i. OA-ir somata in whole-mount preparations of the meso- 
thoracic, metathoracic, abdominal and terminal ganglion, a Meso- 
thoracic ganglion; OA-ir somata in the posterior ganglion region; 
OA-ir fibres at the level of the median dorsal tract (double arrows) 
and lateral dorsal fibre tract (arrow); dorsal view; N3, N5 roots 
of lateral nerves 3 and 5. x 80. b---d Metathoracic ganglion, b OA-ir 
fibres in anterior connectives in the domain of the median dorsal 
(arrow) and lateral dorsal fibre tracts (arrowhead). x 110. c OA-ir 
cell groups MT1 and MT2; N5 root of lateral nerve 5. x 90. d 
Ventral OA-ir somata (MT3) in the second abdominal neuromere. 
x 90. e, f Third abdominal ganglion, e OA-ir intersegmental fibres 
(arrow); dorsal view. x 120. f OA-ir somata, same whole-mount 
as in e; ventral aspect, x 120. g-i Terminal ganglion, g Dorsal 
soma groups (TD1-3). x 80. h Branches of intersegmental OA-ir 
fibres in the anterior region of the ganglion, x 190. i Postero- 
ventral aspect of the ganglion with medial somata TV2, small me- 
dial (TPM) and lateral somata (TVL). x 125. Scale bars: a-g, i 
100 i~m; h 50 gm 

gion (Figs. 2i, 3g). These somata  were a r ranged  in 3 
groups,  one medial  cluster (TPM) near  the ventra l  sur- 
face of  the gangl ion  a nd  two bilateral  clusters, posi- 
t ioned ventra l ly  (TVL) and  dorsally (TDL,  Fig. 3 g). In 
the anter ior  region of  the gangl ion,  branches  of  interseg,  
men ta l  OA-i r  fibres projected into different neuropi l  ar- 
eas (Fig. 2h). 

Segment-speci f ic  differences in number o f  OA-ir  somata 

Al though  the total  n u m b e r  of i m m u n o s t a i n e d  cells var- 
ied to some extent  between different animals ,  clear seg- 
ment-specific propert ies existed in the compos i t ion  of  
equivalent  cell groups (Fig. 4). Whereas  large number s  
of segmental ly organized large medial  OA-i r  cells were 
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Fig. 4. Mean numbers of OA-ir somata (non-linear ordinate) in 
central ganglia of 31 animals. Vertical bars indicate the observed 
range (=max / r a in  cell number)  of interindividual variation for 
each ganglion and different cell groups, abd Abdominal ;  cb cere- 
bral;  so suboesophageal; ms mesothoracic; mt  metathoracic;  p t  
prothoracic;  ter terminal ganglion; N number  of preparations. 
Mean number  of OA-ir somata (@) per ganglion; mean number  
of: large medial somata $1-4 (~), P1 (zx), P2 ( . ) ,  MTI  (B), MT2 
([]), MT3 ( , ) ,  T D I - 3  & TV1-2 (O); large lateral somata $5-7 
( , ) ,  small somata TDL, TVL & TPM male (v)/female (•) 

detected in the thoracic ganglia, abdominal neuromers 
contained only a few neurons of the given type. General- 
ly, interindividual differences concerning the number 
and location of large medial OA-ir cells were small, 
especially in the second and third abdominal ganglia, 
where constant numbers were found throughout. In the 
suboesophageal ganglion, we found, in addition to large 
medial cells lateral groups of large cells in each of its 
three neuromeres. Interestingly, even within the neu- 
romers of this fused ganglion, segment specific-varia- 
tions in the number of cells were observed in both medial 
and lateral groups : the mean number of OA-ir cells as- 
signed to the three neuromeres (group S1, $5; mean= 
3.4: group $2, $4, $6; mean=9A : $3, $7; mean=12.5) 
increased from anterior to posterior segments (ranges 
of values per neuromere: 2-5, 2-14, 7-18; n=12). In 
the terminal ganglion, small somata (TDL, TVL, TPM) 
showed remarkable variations in number and between 
sexes (9-26 in females versus 0-5 in males), compared 
with medial somata. 

Peripheral varicose OA-ir fibres 

Fine varicose OA-ir fibres forming networks on nerves 
were revealed in known neurohemal areas of the median 
and transversal nerves, and on several lateral nerves. 
These OA-ir varicose fibre networks seemed to be re- 
stricted to abdominal parts of the ganglion chain and 
the metathoracic ganglion. They were found in nerve 
stumps of whole-mounts, and in situ preparations, but 
their somata could not be identified. In comparison with 
stainings of central somata and fibres, OA-ir fibre net- 
works on nerves were less constant regarding labelling. 
Fine varicose OA-ir fibres were labelled reliably on the 

'~ =DUMf/ 
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Fig. 5a-d.  Prothoracic D U M  cell types; camera 
lucida drawings of D U M  neurons stained with 
Lucifer-Yellow. a D U M a  neuron with lateral 
neurites in nerve 3, 4. b, e D U M b  neurons, b 
Ascending D U M b  neuron with posterior soma. 
c Descending D U M b  neuron with anterior 
soma. d D U M c  neuron with paired ascending 
and descending axons. Arrowheads indicate me- 
dial collaterals projecting into the MDT. 
D U M f f i b r e  bundle of  the D U M  cell group;  
L D T  lateral dorsal tract;  M D T  median dorsal 
tract. Scale bar: 100 pm 



a 

N3 

N 5  

N 4  T / -  X 

b 
c 
d 
e 

f 

b 

C 

d 

e 

" J g s  OvLr f 

~ t,,,% -~,.L.~*. " ) 
~ ~ . % ~ ,  . ~ \ ~  /,4 / 

:::: iii ivAs i i i ~::i~ ~ : Z " /  
~i,:~, ii ii:~i '/,,!ii ~ i ~ v  ~" 

",T : ~  V_d) , 7 / / ' - "  

::::::::::::::::::::: i:: : : ~ o L V T  

VT 

0 

Osmium-ethy lga l la te  
staining 

Octopamine 
immunostaining 

Fig. 6a-f.  Schematic drawing showing the dis- 
tribution and arrangement of prominent OA- 
ir somata and fibres in longitudinal fibre 
tracts and the course of prominent OA-ir col- 
laterals compared with osmium-ethylgallate 
staining in the prothoracic ganglion, a Posi- 
tions of selected frontal sections as shown in 
b--f. b--f OA-ir bilateral symmetrical collater- 
als originate in distinct regions of the gangli- 
on. Each figure shows, on the left, a hemi- 
ganglion with prominent morphological struc- 
tures as revealed from ethylgallate stainings, 
and on the right, OA-ir structures together 
with the margins of the longitudinal fibre 
tracts of the same region. OA-ir collaterals of 
the MDT run dorso-laterally and curve ven- 
trally (b, d-t), or medio-ventrally (c). Collat- 
erals in the LDT could only be traced over 
short distances (b, d, f). alSN anterior inter- 
mediate sensory neuropil (neuropil terminolo- 
gy according to R6mer et al. 1988); DCI- 
DCVI  dorsal commissures I-VI ; CT C-tract i 
DIT dorsal intermediate tract; D M T  dorsal 
median tract; D U M f  fibre bundle of the 
D U M  cell group; ISN  intermediate sensory 
neuropil; L D T  lateral dorsal tract; L V T  lat- 
eral ventral tract; iL VT  inner lateral ventral 
tract; o L V T  outer lateral ventral tract; M D T  
median dorsal tract; M N  median nerve; 
M V T  median ventral tract; N1-6 lateral 
nerves 1-6; VAC ventral association centre; 
VCI-III  ventral commissures I - I I I ;  V L T  ven- 
tral lateral tract; V M T  ventral median tract 
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following nerves of  the metathoracic ganglion: lateral 
branch of  nerve 1, nerve 3, 5, 7, 8 and transverse nerves; 
unfused abdominal  ganglia: nerve 1 and 2, all associated 
median and transverse nerves, and the connectives be- 
tween the 4th  abdominal  and terminal ganglion 
(Fig. 7 g-i);  terminal ganglion: ventral and dorsal nerves 
of  the abdominal  neuromers 7-9. The OA-ir networks 
on nerves differed f rom each other with respect to fibre 
density and intensity of  staining. Nerves 1 and 2 of  all 
unfused abdominal  ganglia showed an intense fibre 
staining and high fibre density. Typically, proximal  re- 
gions of  the peripheral nerves remained unstained, 
whereas varicose fibres were stained in their more  distal 
parts;  peripheral fibre staining was not observed. 

OA-immunoreact ivi ty  in the prothoracic ganglion 

Identified D U M  cells. Three morphological  types of  
D U M  cells (terminology according to Gras  et al. 1990) 
have so far been identified in the prothoracic ganglion 
(Fig. 5). For a comparison of  medial OA-ir neurons with 
the identified D U M  cell types, we give some morpholog-  
ical features of  D U M  cells that  have not previously been 
described in detail (for tracts and neuropils see schemes 
in Figs. 5, 6). 

D U M a  neurons. These neurons with axons in the lateral 
nerves projected into the MDT,  LDT,  the dorsal median 
tract (DMT)  and the ventral median tract  (VMT, 
Fig. 5a). In addition, fine fibres of  D U M a  cells were 
predominant ly  observed in dorso-medial  neuropils sur- 
rounding the fibre tracts and in some dorso-lateral neu- 
ropil areas, whereas fine branches were only rarely found 
in ventral neuropils. Collaterals of  D U M b  neurons with 
descending axons in the M D T  projected mainly into the 
DMT,  dorsal intermediate tract (DIT),  ventral interme- 
diate tract (VIT, Figs. 5 c, 8 f) and the dorso-medial  neu- 
ropil. D U M c  neurons with paired ascending and de- 
scending axons in the L D T  projected predominant ly  into 
the D M T  and D I T  (Figs. 5d, 8e). Axon collaterals of  
D U M c  neurons projected in dorso-medial  and dorso- 
lateral neuropil regions, including more  lateral parts not 
totally invaded by D U M a / b  cells. Lucifer-Yellow-la- 
belled terminals of  intersegmental D U M  cells were not 
observed in ventral neuropils. 

OA-ir  sornata. The OA-ir somata  corresponded to the 
different types of  D U M  cells described above. The ante- 
rior PI soma exactly matched the position of  the de- 
scending D U M b  neuron (for comparison,  see Figs. 5c, 
6b). The position of  the P2 neurons correlated with 
those of  D U M a  and ascending D U M b  cells. The most  
anterior soma of  the P2 group had a similar or identical 
position of  the D U M c  cell. 

Fibre bundle o f  D U M  neurons. The pr imary  neurites of  
D U M  neurons located in the medio-posterior  region of  
the ganglion, classified as D U M a  and ascending D U M b  
neurons (Gras et al. 1990), formed a distinct bundle. 
This bundle ran ventrally to dorsal commissure VI 

(DCVI),  then passed through DCIV,  and projected fur- 
ther antero-dorsally (Figs. 5a, 7a), where the neurites 
bifurcated. In frontal sections, 12 fibre profiles (diame- 
ters: 4-8 ~tm) associated with some small fibres (diame- 
ter: 2 gm) formed a compact  bundle (Fig. 7c). 

In favourable preparations,  a uniformly OA-ir la- 
belled fibre bundle of  D U M  neurons could be traced 
antero-dorsad and clearly showed that Lucifer-Yellow- 
filled axons were identical with OA-ir fibres (Fig. 7d f). 
In addition, some fine OA-ir fibres accompanying the 
bundle appeared similar to those seen in ethylgallate sec- 
tions. In contrast  to Lucifer-Yellow-staining, lateral 
D U M a  neurites located within the ganglion or lateral 
nerves were never immunostained.  

OA-ir f ibres  in tracts and neuropils. Longitudinal fibre 
tracts contained two types of  OA-ir elements: straight 
longitudinally-running and fine twisted varicose fibres. 
Longitudinally oriented OA-ir fibres were traced along 
the whole antero-posterior  axis of  the prothoracic gan- 
glion and were found in the following fibre tracts: the 
M D T  contains 4-6 fibres (diameters: 4-5 gin; Fig. 8 c), 
the L D T  one fibre (diameter: 6-7 gm; Fig. 8d), the LVT 
3 fibres (diameters: about  2 gin; Fig. 9g), and the V M T  
2-3 fibres (diameters: 3-5 gin; Fig. 8 h, i). One immuno-  
stained fibre was occasionally observed in the D I T  and 
VIT (Fig. 8k). The majori ty of  these fibres could be 
traced intersegmentally in the connectives (Fig. 8 a). The 
position of  some OA-ir fibres in the M D T  corresponded 
welt with fibres of  the descending D U M b  neuron re- 
vealed by Lucifer-Yellow-staining, and the OA-ir  fibres 
in both LDTs  could be correlated with the axons of  
a D U M c  neuron (Fig. 8 c-f). In addition, 2 or 3 longitu- 
dinal fibres were observed running medially between the 
M D T  and D M T  at the level of  nerve roots 2 5; they 
probably  represent fibre elements of  descending D U M b  

> 

Fig. 7a-i. OA-immunoreactivity in the fibre bundle of DUM cells 
in the prothoracic ganglion and peripheral OA-ir fibres on abdomi- 
nal nerves, a Sagittal section (thickness: 20 gm) of an osmium- 
ethylgallate stained ganglion with somata and axons (arrowheads) 
of DUM neurons. Note cross-sectioned commissures, x 180. b--f 
The position of each section is depicted in the insets, b Sagittal 
Vibratome section equivalent to a (thickness 40-50 gin) with OA-ir 
P2 somata along the postero-ventral and one near the dorsal (aster- 
isk) ganglion border, x 200. e Frontal section (thickness : 20 gm) 
of an osmium-ethylgallate stained ganglion with the DUM fibre 
bundle, x/500, d Frontal Vibratome section (thickness: 40 gin) 
of the same ganglion region as in e showing uniform labelling 
of the DUM cell fibre bundle, x 1000. e Horizontal Vibratome 
section (thickness: 40 p~m) showing the OA-ir DUM fibre bundle 
passing through the DCIV. x 650. f Horizontal Vibratome section, 
OA-ir DUM fibre bundle (arrows) curving anteriorly, x 600. g-i 
Fine varicose OA-ir fibres covering nerves, g Transverse nerve of 
the third abdominal ganglion, x 100. h First lateral nerve of the 
third abdominal ganglion, x I90. i Median nerve located between 
the fourth abdominal and terminal ganglion, x 400. alSN anterior 
intermediate sensory neuropil; DCI-VI dorsal commissures I-VI; 
DMT dorsal median tract; Nl-6 lateral nerves 1-6; PC posterior 
interganglionic connective; PCI posterior ventral commissure; 
SMC supramedian commissure; TT T-tract; VCI ventral com- 
missure I; VAC ventral association centre; VMT ventral median 
tract. Scale bars: a, b, h 50 ttm: e. d 10 urn: e. f. i 20 ttm: ~ 100 am 
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neurons (Figs. 8f, 9f). No correspondence of  interseg- 
mental  fibres of  the ventral tracts (LVT, VMT) with 
neurites of  intracellularly stained D U M  cells of  the pro- 
thoracic ganglion was found. 

Fine varicose fibres, representing the second type of  
OA-ir fibres in the tracts, were predominant ly found 
near the lateral margins of  tracts. In the MDT,  LDT,  
DIT  and VIT, we observed both OA-ir and Lucifer- 
Yellow-stained terminals (Fig. 8j, k). However,  promi- 
nent D U M  cell arborizations in the D M T  shown only 
by Lucifer-Yellow-filling could not be labelled with im- 
munocytochemical  methods,  whereas in the median ven- 
tral tract (MVT), immunoreact ive terminals were ob- 
served, al though Lucifer-Yellow-stained branches were 
absent. 

Varicose OA-ir fibre ramifications were observed in 
all neuropils. Generally, more OA-ir varicosities ap- 
peared in dorsal neuropils than in ventral neuropils. Typ- 
ically, fine varicose OA-ir fibres were observed in the 
immediate vicinity of  large fibres partly identified as ele- 
ments of  nerve roots and collaterals of  intersegmental 
fibres (Fig. 9 c). In some preparations,  fibre branches (di- 
ameter: < 1 ~tm) originated f rom collaterals of  OA-ir 
fibres located in dorsal fibre tracts. These collaterals (di- 
ameters: 1-3 gin) arose in different regions of  the gangli- 
on (see Fig. 6). Unlike those of the LDT,  collaterals in 
the M D T  could be traced until they merged into synaptic 
neuropil areas. Collaterals originating from the M D T  
differed in their routes: some projected longitudinally 
(Fig. 9d), whereas others left the tract directly after ar- 
borization and showed a strict dorso-ventral  orientation 
(Fig. 9 b, f). The latter terminated symmetrically in dif- 
ferent neuropils and ventral fibre tracts (MVT, VIT) 

< 

Fig. 8 a-k. Location of OA-ir elements in longitudinal tracts and 
various neuropil areas of the prothoracic ganglion. The position 
of each frontal section is depicted in the inset, dorsal being at 
the top. a Vibratome section (thickness: 70 gm); OA-ir fibres in 
the anterior connectives. Dorso-median fibres (arrowheads) are as- 
sociated with the MDT, dorso-lateral fibres (asterisk) with the 
LDT, ventro-median fibres (arrow) with the VMT and ventro-later- 
al fibres (white arrow) with the LVT of the prothoracic ganglion. 
x 180. b Paraplast section (thickness: t0 lain); anterior Pl soma; 
some intersegmental OA-ir fibres (arrowheads, arrows) can be de- 
tected as in a. x 200. e-d Vibratome sections (thickness: 40-50 gin), 
OA-ir fibres in the dorsal fibre tracts, e OA-ir fibres (arrowheads) 
in the MDT. x 475. d OA-ir axon and fine fibres (arrows) in the 
LDT. x 500. e, f Intracellular Lucifer-Yeilow-staining (thickness 
10 gin). e DUMc neuron with paired axons (arrows) in the LDT 
and branches (arrowhead) in the DMT. • 215. f DUMb neuron 
with descending axons (arrows) in the MDT and a median collater- 
al (arrowhead). x230. g-k Vibratome sections (thickness: 50- 
60 gin). g OA-ir fibres (arrows) in the LVT. x 700. h, i OA-ir 
fibres in the VMT at different focus levels, x 450. h Longitudinal 
OA-ir fibres, i OA-ir commissural fibre branches, j Branch (arrow- 
head) of an OA-ir collateral originating from a MDT fibre and 
fine varicose fibres in the VAC. x 450. k OA-ir fibre in the dorso- 
median region of the DIT and in the median region of the VIT; 
fine branches are associated with larger unlabelled elements (ar- 
row). DIT Dorsal intermediate tract; LDT lateral dorsal tract; 
M V T  median ventral tract; N1-6 lateral nerves 1-6; VAC ventral 
association centre; VIT ventral intermediate tract; VMT ventral 
median tract. Scale bars: a, b, e, f 50 Ixm; e, d, g--k 20 gm 

in each hemiganglion. These collaterals of  fibres in the 
M D T  projected into functionally different compart -  
ments of  the ganglion, as they were found in both neu- 
ropils and fibre tracts. Furthermore,  functionally differ- 
ent neuropils (dorsal and ventral neuropils) contained 
branches of  one and the same collateral. On their dorso- 
lateral route, some collaterals were accompanied by fine 
varicose OA-ir arborizations and large unlabelled pro- 
files originating f rom the MDT,  and were par t  of  the 
DCV (Fig. 9 a, e, g, h). 

Discussion 

OA-irnmunolabelling 

We have demonstrated the presence of  OA-ir cells in 
the CNS of  Gryllus bimaculatus employing a well-charac-~ 
terized antiserum to an OA-conjugate. Stained cells, ei- 
ther grouped into ganglion-specific or serially homolo-  
gous clusters, or singly arranged, belong to unpaired 
medial or lateral paired neurons. Variability in the: 
number  of  stained somata  of  a given group has been 
detected mainly in the cerebral, suboesophageal and ter- 
minal ganglia. In such ganglia, insufficient penetration 
of the ant ibody may  occur. Therefore, it is unclear 
whether the variability in the number  of  OA-ir cells is 
simply an experimental artefact or the result of  real bio- 
logical differences. In these ganglia, we find intensely 
stained cell groups with constant numbers of  s o m a t a  
(cerebral ganglion: C1-2;  suboesophageal ganglion: S1- 
3, $5; terminal ganglion: T D I - 3 ,  TV1-2) located close 
to less intensely immunoreactive groups with variable 
neuron number  (cerebral ganglion: C3-5;  suboesopha- 
geal ganglion: $4; terminal ganglion: TPM, TDL,  TVL). 
Based on these findings, the differences concerning the 
cell number  and intensity of  immunostaining cannot 
merely be explained by the methods used. The variability 
in staining intensity may reflect differences in antigen 
distribution or expression of  OA-titres in a given cell 
according to its physiological state. 

Incomplete and variable staining intensity in OA-ir 
neurons is also detected at the level of  nerve fibres. This 
can best be demonstrated by the segmental efferent 
D U M  neurons previously stained with Lucifer-Yellow 
( D U M a  cells, Gras  et al. 1990). Their lateral neurites 
are not labelled by OA antibodies, whereas the bundle 
of  their pr imary neurites is immunostained. In compari-  
son, this bundle is less intensely stained than neurites 
of  intersegmental OA-ir cells. Similar observations on 
the incomplete demonstrat ion of neurons have been re- 
ported for immunolabelled serotoninergic neurons in 
snails (Murphy 1985) and insects (Orchard et al. 1989) 
and have been attributed to the inhomogeneous intracel- 
lular distribution of  antigen. 

Medial  OA-ir  and D U M  neurons 

Large medial OA-ir neurons grouped in serial homolo-  
gous clusters exist in all ganglia of  the ventral nerve 



300 

J 

N5 ~ 

Fig. 9a-h.  OA-ir collaterals originating from fibres of the median 
dorsal tract, a-g Immunostained Vibratome sections (thickness 40- 
50 ~tm); the location of each section is depicted separately in the 
insets, a Horizontal section; antero-median area of the ganglion 
with one P1 soma. OA-ir fibres in the MDT (arrowhead); latero- 

g,h 

v 
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N5 

dorsal running collaterals (arrows). x 190. b Frontal section; collat- 
eral (arrows) of a MDT-axon; P1 soma (asterisk). x 240. c Frontal 
section; fine varicose OA-ir fibres (arrowhead) near the origin of 
nerve 5. • 500. d, e Horizontal sections; unlabelled large fibre of 
the MDT (asterisk). x 420. d OA-ir fibres in the MDT with lateral 
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cord in Grytlus. A direct interspecific comparison of  OA- 
ir neurons in GrylIus can only be made for some of  
the selected ganglia so far investigated in Locusta (Kon- 
ings et al. 1988; Stevenson et al. 1991) and Periplaneta 
(Rapus and Eckert 1990). OA-ir clusters C1 and C2 in 
the cricket brain correspond to similar cell groups in 
locusts (Konings et al. 1988). The metathoracic neu- 
romere of the metathoracic ganglion contains OA-ir 
neurons in corresponding medial clusters (Konings et al. 
1988; Stevenson et al. 1991). In contrast to locusts, 
paired OA-ir cells are not observed in the metathoracic 
ganglion of  Gryllus, and the pattern in the fused abdomi- 
nal neuromers differs. In the cockroach and cricket ter- 
minal ganglion, dorsal OA-ir clusters are considered as 
equivalently represented (Rapus and Eckert 1990). How- 
ever, three ventral immunoreactive clusters that are 
stained in this ganglion of  the cockroach using a differ- 
ent antibody against OA are absent in the cricket. 

We demonstrate in detail that, in the prothoracic gan- 
glion of  Gryllus, the morphology of  OA-ir cells corre- 
sponds to D U M  cell types characterized by Lucifer-Yel- 
low-staining and electrophysiology (Gras et al. 1990). In 
general, the position of  medial OA-ir somata near the 
posterior border  of  each neuromere in the cricket corre- 
sponds to serial homologous clusters of D U M  neurons 
shown for a number of  insect species by ionophoretic 
and backfill staining (Crossman et al. 1971; Evans and 
O'Shea 1978; Hoyle 1978; Watson 1984; Arikawa et al. 
1984; Pflfiger and Watson 1988; Tanaka and Washio 
1988; Thompson and Siegler 1991). As found regarding 
D U M  neurons, the number of OA-ir neurons is large 
in thoracic neuromers in comparison to abdominal neu- 
romers. In general, 2 0 A - i r  cells occur in abdominal 
ganglia not associated with genital organs. These OA-ir 
neurons correspond well to the two large efferent D U M  
neurons innervating the ventral and dorsal somatic mus- 
cles of the locust (Pfliiger and Watson 1988). In Gryllus, 
the occurrence of  additional DUM-type  neurons can be 
expected, as shown for the locust (Ferber and Pflfiger 
1990), but they may contain neuroactive compounds 
other than OA. Such a discrepancy between the number 
of  OA-ir neurons and D U M  cells revealed by cobalt 
backfills (Yamaguchi et al. 1985) exists with respect to 
the terminal ganglion of  the cricket. Recently, D U M  
neurons with a lateral soma position have been demon- 
strated in the suboesophageal ganglion of Locusta 
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(arrowheads) and longitudinal (arrow) running collaterals, e Later- 
ally projecting collaterals (arrowheads); focus further dorsal than 
in d. Note fine varicose OA-ir fibres in the dorsal neuropil, f Frontal 
section, medio-ventral collateral of the MDT; immunoreactive 
fibres (arrows) run medially between the DMT and MDT. • 220. 
g Saginal section; OA-ir collateral (arrowhead) associated with 
some large fibres of the DCV. x 550. h Sagittal section (thickness : 
20 gm) of an osmium-ethylgallate stained prothoracic ganglion. 
Arrowheads indicate large fibres usually accompanied with OA-ir 
collaterals as seen in g. x 220. DCV Dorsal commissure V; DIT 
dorsal intermediate tract; DMT dorsal median tract; MD T median 
dorsal tract; N1-6 lateral nerves i-6; LDT lateral dorsal tract; 
VIT ventral intermediate tract; VLT ventral lateral tract. Scale 
bars: a-e, f, h 50 ~tm; e, g 20 Ixm 

(Br~iunig 1991). These neurons have also been suggested 
to contain OA and may correspond to the $6 and $7 
neurons of Gryllus. 

From a comparison of soma mapping of OA-ir cells 
in Gryllus with embryological studies (Bate 1976; Good- 
man et al. 1980; Goodman and Bate 1981), we can infer 
the neuronal precursor cells of  the unpaired median neu- 
rons. (1) Serial homologous, medial immunoreactive 
neurons located posteriorly in each neuromere can be 
attributed to the first born progeny of  the median neu- 
roblast. (2) The anterior PI neurons are assumed to stem 
from a different anterior neuroblast, exclusively de- 
scribed for the prothoracic ganglion of Gryllus (Miyamo- 
to and Shimozawa 1983). (3) The OA-ir H-shaped 
D U Mc neuron can be attributed to a third neuronal 
precursor cell (median precursor 3, Bate et al. 1981). The: 
origin of  the ventral medial cells and paired lateral OA-ir 
cells in the suboesophageal and terminal ganglion re- 
mains obscure. Positional variation of large lateral OA-ir 
neurons with a tendency to form asymmetric clusters; 
in the suboesophageal ganglion can be interpreted as 
a lateral shift of medial cells during ontogenesis. This 
interpretation is also supported by the results of Br/iunig 
(1991) in Locusta, described above. The progeny and 
functional role of  unpaired medial neurons containing 
serotonin (Orchard et al. 1989), proctolin (Bishop and 
O'Shea 1982; Agricola et al. 1985 ; Breidbach and Dirck- 
sen 1989) or FMRF-amide  (Ferber 1989) remain to be 
clarified. 

Distribution of  central OA-ir fibres 

In the prothoracic ganglion, fine OA-ir varicosities are 
obviously distributed throughout  the different synaptic 
neuropils and in most tracts. However, both OA-ir fibres 
and Lucifer-Yellow-stained branches of  D U M cells ap- 
pear more densely distributed in dorsal neuropils, where 
motoneurons predominantly have their dendritic do- 
mains (Honegger etal .  1984; Laurent and Richard 
1986). Our immunohistochemical data and previous 
physiological studies (Sombati and Hoyle 1984; Gras 
et al. 1990) suggest a functional role of OA in motor  
neuropils. 

Peripheral OA-ir fibres on nerves 

In insects, OA is contained not only in the nervous sys- 
tem, but also in neurohemal organs and in the hemo- 
lymph (Evans 1978; David and Coulon 1979; Dymond 
and Evans 1979; Orchard et al. 1986). Hemolymph titres 
of OA correlate with physiological states and behaviour- 
al conditions (Goosey and Candy 1982; Baily et al. 
1983; Davenport  and Evans 1984; David et al. 1985; 
Woodring et al. 1988, 1989). Classical neurohemal or- 
gans (corpora cardiaca, perisympathetic organs) are gen- 
erally considered to be the main release sites for secreto- 
ry and neurosecretory products. In addition, the ex- 
istence of  neurohemal areas spread over peripheral 
nerves has been reported for some insect species (John- 
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son 1966; F i n l a y s o n  and  O s b o r n e  1968; Mi l l e r  a n d  
T h o m s o n  1968; A n w y l  and  F in l ayson  1973; Fi f ie ld  and  
F i n l a y s o n  1978). The  O A - i r  var icos i t ies  de tec ted  by  ou r  
s tudy  in the cr icket  c o r r e s p o n d  to some areas  o f  pu ta t ive  
n e u r o h e m a l  release p rev ious ly  descr ibed  by  R a a b e  
(1985), and  are  ma in ly  assoc ia ted  wi th  the surface o f  
nerves.  O A - i r  f ibre ne tworks  con t r i bu t e  to a d is t inct  pa t -  
tern  o f  special ized neu rosec re to ry  nerves,  and  are of ten 
f o u n d  to be co -d i s t r ibu ted  wi th  o the r  aminerg ic  and  pep-  
t idergic  var icosi t ies  ( S p 6 r h a s e - E i c h m a n n  e t a l .  1991). 
I m m u n o c y t o c h e m i c a l  s tudies  on neuroac t ive  com-  
p o u n d s  in f ibre var icos i t ies  o f  nerve and  g a n g l i o n  
sheaths  o f  a n u m b e r  o f  insect  species (N/issel and  Elekes 
1985; Br/ iunig 1987; Dav i s  1985, 1987; D u v e  et al. 1988; 
S p 6 r h a s e - E i c h m a n n  and  Schf i rmann  1988; Gr i ss  1989; 
O r c h a r d  et al. 1989; D i r cksen  et al. 1991) c o m p l e m e n t  
the view o f  neu rosec re to ry  release o f  amines  and  pep-  
tides. A dis t inct  p a t t e r n  o f  pu ta t ive  neu rosec re to ry  re- 
lease sites o f  amines  a n d  pep t ides  emerges.  Such a diver-  
sified sys tem can  be in t e rp re t ed  as one m o d e  o f  supply-  
ing poss ib le  t a rge t  o rgans  by  shor t  d i f fus ion  pa thways ,  
no t  involv ing  the large n e u r o h e m a l  organs .  

O u r  i m m u n o h i s t o c h e m i c a l  s tudies  s u p p o r t  the view 
tha t  O A  m a y  serve mul t ip le  func t ions  in the  C N S  o f  
insects,  inc lud ing  a role  as neu ro t r ansmi t t e r ,  n e u r o m o -  
d u l a t o r  and  n e u r o h o r m o n e  (Agr ico la  et al. 1988). In  ad-  
d i t ion  to  the p rev ious ly  descr ibed  pe r iphe ra l  O A  ac t ions  
via  efferent  D U M  cell t e rmina l s  a t  muscles ,  our  resul ts  
suggest  the presence  o f  cen t ra l  re leas ing sites and  neu- 
r o h e m a l  a reas  sp read  over  nerves.  Our  m o r p h o l o g i c a l  
f indings  ind ica te  regions  where  the d i f ferent  roles o f  O A  
cou ld  be inves t iga ted  in future.  
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